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Editorial on the Research Topic Atrial fibrillation: insights on mechanisms, mapping and catheter ablation

Atrial fibrillation (AF) is the most common type of cardiac arrhythmia and is associated with an increased risk of stroke, heart failure, and mortality (1). The number of patients affected is expected to grow continuously in the following years, owing to extended longevity in the general population and intensifying screening for undiagnosed AF (1). In recent years, significant progress has been made regarding identifying and treating risk factors, evaluating electrical and structural remodeling, preprocedural imaging, understanding electrophysiological mechanisms and substrates underlying AF, and ablation strategies and technologies. The main “players” widely recognized as the mechanisms underlying AF are the pulmonary veins (PVs) and extra-PVs triggers and their interaction with the left atrial substrate. A better understanding of these mechanisms has influenced AF's mapping and ablation strategies. In particular, technological and technical improvements of catheter ablation are highly impressive. Indeed, the continuous implementation of new technologies has made AF ablation faster, more effective, and safer. Within the last years, high-definition mapping technologies, additional improvements with novel point-by-point radiofrequency (RF), and single-shot devices have captured the interest of most of the scientific community. The most important innovation, however, seems to be the introduction of pulsed-field ablation (PFA) technology.

In addition, research is rich in new publications focusing on the timing of AF treatment. The findings of the EAST-AFNET 4 are giving further impulse to the electrophysiology community to propose a prompt treatment of atrial fibrillation (2). Since the late 90s, catheter ablation emerged as a promising treatment strategy for patients with AF. After the seminal work of Haissaguerre et al. (3) led to the development of pulmonary vein isolation (PVI), aiming at electrical disconnection of the PVs, nowadays catheter ablation is a well-established treatment for patients with symptomatic, drug-refractory AF. Recent guidelines clearly state that the cornerstone of any AF ablation procedure is the complete isolation of the PVs by linear lesions around their antrum, either using point-by-point RF ablation or single-shot ablation devices, irrespective of the AF type (1). However, there is still a lack of consensus regarding the ablation strategy to be adopted, especially in specific sets of patients.

Through contributions from leading experts in the field, the present Special Issue presents a contemporary perspective on AF mechanisms, mapping, and catheter ablation. In recent years, several studies focused on defining the substrate of the left atrium in patients with AF. The ERASE-AF trial recently showed that ablation of fibrotic tissue determined by mapping low-voltage areas improved the outcome in patients with persistent AF (4). In this Issue, Shao et al. evaluated the role of left atrial epicardial adipose tissue and low-voltage areas. Moreover, two reviews have been included in the Issue focused on how to deal with and manage atrial fibrotic tissue. In the RF field, after contact force sensing catheters, the introduction of more advanced lesion parameters, such as the Ablation Index (AI) and Lesion1 Index (LSI), allowed operators to perform ablation procedures more safely and efficiently. The reader of the Issue will find insights on the lesion durability of LSI-guided PVI and the risk factors for late reconnections of PVs in the paper of Mujovic et al.. Liu et al. compared the role of AI in guiding AF ablation using high-power vs. low-power settings. Beyond PVI, the optimal ablation strategy remains a matter of debate. The role of the vein of Marshall has been assessed in the VENUS randomized clinical trial and, more recently, in the prospective single-center Marshall-PLAN (5, 6). Langmuur et al. reported an accurate method to localize the ligament of Marshall by using unipolar electrograms in activation and voltage maps.

Finally, what can be a real game-changer in the treatment of AF, or at least it has been expected, is the introduction in the clinical practice of PFA. An increasing body of evidence confirms the more than promising outcomes of this new technology. The PULSED AF Pivotal trial reported that PFA was successful at treating AF at 12 months in 66.2% of patients with paroxysmal AF and 55.1% with persistent AF (7). In this Issue, Magni et al. reported their initial experience on a large population undergoing AF ablation using PFA.

There is no doubt that more has to come from ongoing and future research, particularly in the field of tailored approaches in persistent and long-standing persistent AF patients, imaging and substrate mapping integration, comparison between different technologies, and evaluation of long-term outcomes. In the meantime, we hope the Frontiers in Cardiovascular Medicine readers will find the current Special Issue interesting and helpful in broadening their knowledge of current state-of-the-art AF research.
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Introduction: Although the dominant frequency (DF) localizes the reentrant drivers and the maximal slope of the action potential duration (APD) restitution curve (Smax) reflects the tendency of the wave-break, their interaction has never been studied. We hypothesized that DF ablation has different effects on atrial fibrillation (AF) depending on Smax.

Methods: We studied the DF and Smax in 25 realistic human persistent AF model samples (68% male, 60 ± 10 years old). Virtual AF was induced by ramp pacing measuring Smax, followed by spatiotemporal DF evaluation for 34 s. We assessed the DF ablation effect depending on Smax in both computational modeling and a previous clinical trial, CUVIA-AF (170 patients with persistent AF, 70.6% male, 60 ± 11 years old).

Results: Mean DF had an inverse relationship with Smax regardless of AF acquisition timing (p < 0.001). Virtual DF ablations increased the defragmentation rate compared to pulmonary vein isolation (PVI) alone (p = 0.015), especially at Smax <1 (61.5 vs. 7.7%, p = 0.011). In post-DF ablation defragmentation episodes, DF was significantly higher (p = 0.002), and Smax was lower (p = 0.003) than in episodes without defragmentation. In the post-hoc analysis of CUVIA-AF2, we replicated the inverse relationship between Smax and DF (r = −0.47, p < 0.001), and we observed better rhythm outcomes of clinical DF ablations in addition to a PVI than of empirical PVI at Smax <1 [hazard ratio 0.45, 95% CI (0.22–0.89), p = 0.022; log-rank p = 0.021] but not at ≥ 1 (log-rank p = 0.177).

Conclusion: We found an inverse relationship between DF and Smax and the outcome of DF ablation after PVI was superior at the condition with Smax <1 in both in-silico and clinical trials.

Keywords: atrial fibrillation, computational modeling, dominant frequency, restitution, recurrence


INTRODUCTION

Atrial fibrillation catheter ablation (AFCA) is a modality for atrial fibrillation (AF) rhythm control and has a beneficial effect on heart failure mortality and heart failure admission (1, 2). Nevertheless, it is difficult to maintain long-lasting sinus rhythm after AFCA in especially patients with persistent AF (3). Extrapulmonary vein (PV) foci, and PV, can have an essential role in maintaining long-lasting sinus rhythm after the AFCA (4). However, additional ablation, including linear ablation and complex fractionated electrograms (CFAE) ablation after circumferential PV isolation (CPVI), did not improve ablation outcomes (5). Based on personalized pathophysiology of AF, ablation for targeting AF drivers improved the rhythm outcome of AFCA (6). However, in the clinical setting, there was a controversial result of AFCA for targeting AF drivers (7). In addition, it might be difficult to determine the exact location of AF drivers in the clinical AF mapping system (8). Ablation for targeting AF drivers, which were visualized and located precisely by computational simulation, might improve the ablation outcome of AFCA.

We previously reported that AF drivers were well localized by dominant frequency (DF), and ablation for AF drivers localized by DF showed better rhythm outcomes in computational simulation (9, 10). During the clinical ablation based on a computational simulation, Boyle et al. showed the possibility and feasibility of a clinical AF ablation targeting computationally detected reentrant drivers using MRI (11). Further, Baek et al. reported that a computational-guided DF ablation could benefit the clinical AF rhythm outcomes (12). However, it has not been well established whether ablation of clinically detected AF drivers has a beneficial effect on rhythm outcomes (13–16). Kim et al. reported that the maximal slope of the action potential duration (APD) restitution curve (Smax) was related to the perpetuation of AF (17). The APD restitution reflects the dynamic heterogeneity of the APD, and a continuous wave-break is easily maintained under a condition with a high Smax and large change in the APD in response to a constant diastolic interval (DI) change (18–21). The slope of the APD restitution curve consists of the APD as the Y-axis and DI as the X-axis in the coordinate plot (Supplementary Figure 1). The preceding DI determines the following APD in the APD restitution curve (20, 21). Especially, when the slope of the APD restitution curve is steep (>1), a small change in the DI results in a large change in the APD as compared to a low slope of the APD restitution curve (20, 21). When this oscillation of the APD becomes large enough, the differences in the refractoriness between adjacent cardiomyocytes result in a local partial conduction block leading to wave-break at some point of the reentrant wavefronts (18–21). Therefore, AF maintenance could consist of several mechanisms instead of a single pathway (22). However, the direct relationship between Smax and DF has not yet been known. In this study, we hypothesized that DF ablation has different effects on AF depending on Smax. We investigated the relationship between Smax and DF and the rhythm outcomes of DF ablation depending on the value of Smax in computational simulation and clinical patients with AF.



METHODS


Study Population

This study protocol adhered to the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of the Yonsei University Health System. All patients provided written informed consent for inclusion in the Yonsei Cohort Database (ClinicalTrials.gov Identifier: NCT02138695). Twenty-five patients (68% male, 60 ± 10 years old, 32% paroxysmal AF) who underwent AFCA in the Yonsei AF Cohort were included in this study for computational modeling. We evaluated the clinical role of wave dynamics in 170 clinical patients (70.6% male, 60 ± 11 years old, mean 13 ± 6.5 months of follow-up) from the previous randomized clinical trial CUVIA AF2 database (12) who underwent AFCA for persistent AF. The exclusion criteria of CUVIA AF2 were as follows: (1) age younger than 20 or older than 80 years, (2) paroxysmal AF, (3) valvular AF, (4) significant structural heart disease other than left ventricular hypertrophy, (5) left atrial (LA) diameter > 55 mm, (6) previous history of AF ablation or cardiac surgery, and (7) an LA voltage map was not available due to recurrent (>3 episodes) or reinitiated AF after cardioversion.



Computational Modeling of AF

To develop a computational AF modeling reflecting the individual atrial anatomy, tissue characteristics, and electrophysiology, we integrated the clinical electroanatomical map (voltage and local activation time maps) acquired during sinus rhythm into the computational modeling software (CUVIA, Model:SH01; Laonmed Incorporation, Seoul, Korea) to develop realistic atrial modeling (23). Figure 1 shows the summary of the computational atrial modeling in this study.


[image: Figure 1]
FIGURE 1. Study protocol of computational atrial modeling. CT, computed tomography; LAT, local activation time; LA, left atrium; AF, atrial fibrillation; Smax, the maximal slope of action potential restitution curve; DF, dominant frequency.



Electroanatomical Mapping Merged With CT Images

Merging of the electroanatomical mapping with the CT images was conducted by four consecutive steps: geometry, trimming, field scaling, and alignment steps. To acquire the clinical LA voltage map and local activation map, a clinical electroanatomical map merged with the CT image was obtained during the clinical ablation procedure in each patient. Using an Ensite NavX system (Abbott Inc., Lake Bluff, Illinois, USA), we obtained the clinical LA voltage data during sinus rhythm based on the bipolar electrograms recorded from about 500 points on the LA during the AFCA. Using the method embedded in the Ensite NaVx system, the technician coordinated the 3D LA modeling results with the clinical map after merging it with the cardiac CT images of the patient. Furthermore, we also stored the LA voltage data from each clinical catheter point during the procedure.



Developing a Computational 3D Mesh Model Derived From the CT Image and Ionic Remodeling

In the computational simulation lab, using the CUVIA software (23), a 3D mesh model of the LA geometry was developed based on the CT images, and the mesh of the LA surface was refined as a triangular shape. About 400,000 nodes were developed in this model. The distance between adjacent nodes was about 300 μm. We used the human atrial myocyte model developed by Courtemanche et al. (24) for the ionic currents of each cell. For the ionic remodeling of AF, the IK1 and INCX were increased by 100 and 40%, respectively, and the INa, Ito, ICaL, and IKur were decreased by 10, 70, 50, and 50%, respectively (25).



Developing the Fiber Orientation and Virtual Voltage Map

We used the atlas-based method (26) to estimate a personalized fiber orientation, which reflected the anisotropic conduction flow from the isotropic triangular mesh. The GPU-based fiber tracking process was performed with two steps: tracking and visualization. Fiber tracking involved a parallel task including GPU-based fiber tracking and visualization of the fiber orientation on the 3D-local activation time map. We determined the vector of the fiber orientation at each node on the 3D mesh model according to the myocardial fiber direction. The fiber tracking method determined the difference in the conduction based on the fiber orientation (23). The conduction velocity in the same direction as the fiber vector was faster than that in the perpendicular direction to the fiber vector.

The virtual voltage data were developed through interpolation of the clinical bipolar voltage data. The inverse distance weighting (IDW) method (27) was used to interpolate the clinical voltage data for the virtual voltage data. The detailed equation for the IDW was as follows:

[image: image]

where W indicated the weighted average of the neighboring values; i and j indicated the unknown and known values of the respective points; [image: image] was the distance between the unknown and known points; Rj indicated the interpolation value at the unknown point j; and Rij indicated the known point of the value. The interpolation process produced the virtual voltage data with an amplitude within a 10-mm radius from the region of interest.



Developing the Spatial Distribution of the Fibrosis and Conduction Velocity

The fibrosis area was determined based on a clinically obtained bipolar voltage map. The clinical bipolar voltage data was interpolated into the nodes on the computational 3D LA model. After that, we obtained each node's virtual voltage data to determine the fibrosis of the computational 3D LA model. To assess the fibrosis status (yes/no) for each node, we used the following equation (28):

[image: image]

where X indicated the virtual voltage at each node, with a range from 0 to 1.74 mV. If X was >1.74 mV, then Pfibrosis would be zero. Based on the fiber orientation and fibrosis map, the conductivity values of our model (29) were 0.1264 S/m (nonfibrotic longitudinal cell), 0.0546 S/m (fibrotic longitudinal cell), 0.0252 S/m (nonfibrotic longitudinal cells), and 0.0068 S/m (fibrotic longitudinal cell).



Synchronization Between the Clinical and Virtual Local Activation Time

The virtual local activation time (LAT) map was synchronized with the individual clinical local activation time map. Before a preliminary simulation, the conduction velocity was calculated by measuring the distance and travel time from the pacing site to the LA appendage. The conduction velocity of the clinical and virtual LAT maps was matched by modulating the diffusion coefficient (23). After that, a color scale indicating the conduction time was examined to achieve a realistic conduction environment. Most conduction velocities were adjusted appropriately when the voltage map-based fibrosis was applied at the default conductivity (29). If a difference from the LAT map still existed, we delicately adjusted the diffusion coefficient, which reflected the node to node conductivity, to synchronize the clinical and virtual LAT maps.




Protocol of AF Induction and Analysis for Smax and DF

Figures 2, 3 represent the simulation protocol in this study. The CUVIA software (Model: SH01; Laonmed Incorporation, Seoul, Korea) was utilized to conduct virtual AF induction and analysis of wave dynamics including DF and Smax, and perform virtual DF ablation. To induce virtual AF, the ramp-pacing stimulation was initiated on the anterior side of the LA and was conducted with eight cycles of lengths of 200–120 ms (10). The duration of the pacing was set from 0 to 11.52 s to induce AF. If AF was induced within 11.52 s, we observed the maintenance of AF from the onset of AF induction to 34 s. The summary of how the Smax and DF were measured for the virtually induced AF is presented in Figure 2. To determine the Smax, the value of the APD90 and DI were measured during pacing on the anterior side of the LA from the start of the pacing to 3 beats after the AF induction at each node. The Smax was calculated as the maximum slope of the restitution curve and was defined for all nodes of the LA model. The nonlinear fitting of the APD90 and DI was calculated using the following correlation equation (30):

[image: image]

where y0 and A1 are free-fitting variables, and τ1 is a time constant. In each patient, we obtained the Smax of each node and calculated the mean Smax value in 10 regions of the LA. Also, we calculated the mean Smax value of a patient based on the Smax value of all nodes.


[image: Figure 2]
FIGURE 2. Summary and example of how the Smax and dominant frequency were measured during the virtually induced atrial fibrillation. Smax, the maximal slope of action potential restitution curve; DF, dominant frequency.



[image: Figure 3]
FIGURE 3. Study protocol of computational virtual DF ablation and AF induction on postablation status. DF, dominant frequency; AF, atrial fibrillation; AT, atrial tachyarrhythmia.


The DF was defined as the frequency with the highest peak on the magnitude spectrum and was derived from a Fourier transform for 6 s of action potentials at each node (10). After measuring the Smax, the DF was measured during the maintenance of AF at each node for three consecutive time periods: 16–22, 22–28, and 28–34 s. We obtained the value of the DF for all nodes of the LA model. To perform regional LA analysis, the LA was separated into 10 regions per patient depending on a previous study (31). The mean Smax and DF were calculated in each LA region to use for analysis. AF maintenance was determined by assessing the electrogram and 3D activation map. AF defragmentation included AF termination or conversion of AF to atrial tachycardia.



Computational DF Ablation

To perform virtual ablations, the conduction block was processed by adjusting the diffusion coefficient parameter. The ablated region in the simulation model was considered as the area in which the electrical conduction could not occur. After the virtual CPVI, virtual DF ablation was performed in the highest 5% of the DF area. The highest 5% of the DF area included all nodes that were within 5% of the highest DF value. At conditions of CPVI alone or CPVI with DF ablation, AF was induced by ramp-pacing stimulation for 11.5 s (Figure 1B). After that, we observed the rhythm status for 10 s to investigate AF termination or AF defragmentation, defined as AF termination or conversion to atrial tachycardia.



Clinical AFCA With DF Ablation

A detailed ablation protocol of CUVIA-AF2 was reported in a previous study (20). In summary, the operator generated an electroanatomical map, including the bipolar voltage map and local activation map, using a multielectrode catheter (AFocus, Abbott, Chicago, Illinois, USA) under the EnSite™ NavX™ system before ablation. Afterward, the computational DF mapping for additional ablation in the virtual DF-guided ablation group was developed using the digital data of the LA substrate map until the operator conducted the CPVI. Also, the operator conducted additional ablation to target DF areas in the virtual DF-guided ablation group, whereas additional DF ablation was not conducted in the empirical PVI group.

An open irrigated-tip catheter or a contract-force sensing ablation catheter was used to perform the CPVI and DF ablations using 3D electroanatomical mapping (EnSite™ NavX™) merged with 3D-spiral CT. The CPVI with a bidirectional block was performed in all the patients in this study. An additional ablation after CPVI was conducted based on the virtual DF mapping in the DF ablation group and at the operator's discretion in the empirical PVI group. We ablated the DF areas located in the CT-merged 3D electroanatomical map using the focal ablation technique. We used 40–50 W of RF energy for 10–15 s in other LA lesions except for the posterior side of the LA or LA appendage. The procedure was completed unless an AF immediately recurred during the 10-min observation period following cardioversion with an isoproterenol infusion (5–10 μg/min depending on ß-blocker use; target sinus heart rate of 120 bpm; AF induction by a ramp pacing cycle length of 120 ms). In the case of mappable AF triggers or premature atrial beats, extra-PV foci were ablated as much as possible.



Postablation Management and Follow-Up in Clinical Patients

Patients were scheduled to regularly visit an outpatient clinic at 1, 3, 6, and 12 months after AFCA and every 6 months thereafter or whenever symptoms developed. Patients underwent an ECG at every visit. A 24-h Holter monitoring was performed at 3, 6, and 12 months and then every 6 months after the AFCA according to the guideline (1). Whenever the patients experienced symptoms of palpitations, we examined the Holter/event-monitor results to investigate the possibility of an arrhythmia recurrence. We defined an AF/AT recurrence as any episode of AT or AF lasting 30 s or more. Any electrocardiography documentation of an AF recurrence after a 3-month blanking period was classified as clinical recurrence.



Statistical Analysis

Categorical variables were reported as numbers (percentages). To investigate the normal distribution, continuous variables were tested by the Shapiro–Wilk or the Kolmogorov–Smirnov test. Continuous variables without normal distribution were expressed as medians with interquartile range (IQR), while those with normal distribution were expressed as means ± SD. The proportion of categorical variables was compared among groups using the chi-squared test or Fisher's exact test. Continuous variables without normal distribution were analyzed using the Mann–Whitney U-test between the two groups and using the Kruskal–Wallis test among the three groups. Continuous variables with normal distribution were tested using the ANOVA test among the three groups. The correlation between DF and Smax in the computational model and among the clinical patients was assessed by the Spearman test. The Kaplan–Meier analysis with a log-rank test was performed to assess the freedom from AF/AT recurrence after the AFCA among the clinical patients according to ablation strategy. A Cox regression analysis was used to assess the differences in risk for AF/AT recurrence among the three ablation strategies. A p < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS (Statistical Package for Social Sciences, Chicago, IL, United States) software for Windows (version 23.0) and the R software [R Core Team (2021). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/].




RESULTS


Inverse Modest Relationship Between DF and Smax: A Modeling Study

We evaluated the Smax of more than 400,000 nodes of atrial computational modeling during ramp pacing. After AF induction followed by ramp pacing, we evaluated DF at each node over three periods (16–22, 22–28, and 28–34 s). Mean DF and mean Smax were inversely modestly correlated with each other during the three consecutive periods: in the first period (Spearman r = −0.51, p < 0.001, Figure 4A), the second period (Spearman r = −0.47, p < 0.001, Figure 4B), and the third period (Spearman r = −0.50, p < 0.001, Figure 4C). The 13 AF computational models with low Smax (<1) had significantly higher mean DF in the three consecutive AF periods (p < 0.001 in three periods, Table 1) compared to the 12 in-silico models with high Smax (≥1) with consistency (Table 1).


[image: Figure 4]
FIGURE 4. The relationship between the Smax and DF in the computational simulation using 250 regions in 25 patients. The correlation between Smax and DF during 16–22 s (A), 22–28 s (B), and 28–34 s (C) after virtual AF induction. Comparing the Smax (D) and the DF in three periods (E) according to AF defragmentation after virtual DF ablation. A point indicates Smax and DF in a single region of LA. Smax, the maximal slope of action potential restitution curve; DF, dominant frequency; AF, atrial fibrillation; LA, left atrium.



Table 1. Comparing the dominant frequency of three consecutive periods between the low and high Smax conditions in computational simulation.

[image: Table 1]



Better Anti-AF Effects of DF Ablation at Lower Smax Conditions: A Modeling Study

Additional virtual DF ablation after CPVI showed a significantly higher defragmentation rate of AF compared to CPVI alone (48 vs. 16%, p = 0.015, Table 2). The rate was especially high at the condition with Smax <1 and additional virtual DF ablation showed a higher defragmentation rate of AF than of CPVI alone (61.5 vs. 7.7%, p = 0.011). However, this was not the case with Smax ≥ 1 (33.3 vs. 25%, p > 0.999, Table 2). The episode with AF defragmentation after virtual DF ablation showed a significantly lower Smax [0.81 (IQR: 0.49–1.44) vs. 1.17 (IQR: 0.65, 1.89), p = 0.003] compared to the episodes without AF defragmentation (Figure 4D). In the episodes with AF defragmentation after virtual DF ablation, the mean DF value was significantly higher than in those without defragmentation at the first [7.22 Hz (IQR: 6.64–7.95) vs. 6.88 Hz (IRQ: 5.97–7.85), p = 0.030, Figure 4E] and third AF periods [7.31 Hz (IQR: 6.50–8.17) vs. 6.94 Hz (IQR: 5.64–7.79), p = 0.002, Figure 4E].


Table 2. The rate of AF termination or defragmentation after virtual ablation.

[image: Table 2]



Clinical DF Ablation Effects in the CUVIA-AF2 Trial

Baseline characteristics of included patients in the CUVIA-AF2 trial (20) are summarized in Supplementary Table 1. There is no significant difference in clinical parameters, namely, age, sex, and echocardiographic parameters between DF ablation with the low Smax (<1) group and DF ablation with the high Smax (≥1) patient group. Consistent with the virtual modeling studies, there was an inverse modest correlation between Smax and DF (Spearman r = −0.47, p < 0.001, Figure 5A). DF was significantly higher in low Smax (<1) patients than in high Smax (≥1) patients [6.80 Hz (IQR: 6.45–7.15) vs. 6.27 Hz (IQR: 5.60–6.78), p < 0.001, Figure 5B].


[image: Figure 5]
FIGURE 5. The relationship between the Smax and DF in the clinical patients from the CUVIA AF2 population. The correlation between the Smax and DF in the clinical patients (A). Comparing the DF between low Smax (<1) and high Smax (≥1) conditions in the clinical patients (B). Kaplan–Meier (KM) analysis for clinical AF/AT recurrence among three ablation groups in the clinical patients (C). Smax, the maximal slope of action potential restitution curve; DF, dominant frequency; AF, atrial fibrillation; AT, atrial tachycardia; ABL, ablation.


Table 3 compares baseline characteristics among the empirical ablation (n = 83), DF ablation at Smax <1 (n = 48), and DF ablation at Smax ≥ 1 (n = 38) groups in the CUVIA-AF2 trial (20). The rhythm outcome of clinical AF ablation was significantly superior in the DF ablation at Smax <1 group than in the empirical ablation group (log-rank p = 0.021, Figure 5C) but not in the DF ablation at Smax ≥ 1 group (log-rank p = 0.177). In multivariate Cox regression analysis, DF ablation in addition to CPVI at Smax <1 was independently associated with better rhythm outcome after persistent AF ablation [adjusted HR 0.45, 95% CI (0.222–0.891), p = 0.022, Table 4].


Table 3. Baseline characteristics among the three ablation groups in the clinical patients.

[image: Table 3]


Table 4. The Cox regression analysis for AF/AT recurrence in the clinical patients.
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DISCUSSION


Main Findings

In this study, we demonstrated an inverse modest relationship between Smax and DF in both computational simulation and clinical study. There was a trend for high DF value in low Smax conditions. Virtual DF ablation in addition to CPVI showed a higher defragmentation rate of AF compared to CPVI alone, especially with Smax <1. In the CUVIA-AF2 clinical trial, clinical DF ablation at the condition with Smax <1 showed better rhythm outcomes compared to empirical PVI, consistent with the computational modeling studies.



Extra-PV Ablations in Persistent AF

Uniform additional ablations beyond CPVI that do not take into account individual electroanatomical remodeling of LA in all patients with persistent AF can no longer be considered a proper strategy to improve ablation outcomes (5). Depending on personalized substrate remodeling or the mechanisms of AF, tailored ablation strategies, namely, MRI-detected low voltage ablation (32), rotor or focal source ablation (33), and DF mapping-guided ablation (34), have been developed to improve the rhythm outcomes of AFCA. However, because their efficacy for rhythm outcomes is lacking and controversial, additional ablation strategies as the next step after CPVI are not definitely recommended in the current guideline (1), Rotor ablation using a multipolar basket catheter revealed an inconsistent rhythm outcome of AFCA (6, 7), with the limitation of spatial resolution of the rotational activation map (8). CFAE ablation also showed the inconsistent outcome of AFCA (35, 36) depending on the mapping systems and a definition of CFAEs in those studies (37). There was a difference in the results of the DF ablation between the RADAR-AF trial (34) and CUVIA AF2 trial (12), which had different mapping methods for targeting the DF.

In the current situation where the superior outcome of DF mapping-guided ablation is not solid (13). this study demonstrated that ablation for targeting high DF areas among patients with low Smax (<1) showed better rhythm outcomes in the computational simulation and clinical patients.



AF Drivers and Passive Wave-Break

The focal AF drivers and multiple wavelets hypothesis are considered the main mechanisms of AF maintenance. The focal AF drivers explain that a spiral-wave reentry around phase singularity produces focal source drivers or rotors that maintain AF (38). The multiple wavelets hypothesis explains that multiple independent wavelets propagate and are disrupted into wandering daughter wavelets, which sustain fibrillatory waves (39). High DF represented the location of rotors or focal source AF drivers (9), and the value of Smax reflected the degree of wave-break to maintain fibrillation waves (40), In particular, a high Smax (>1) was related to a high probability of wave-breakup and fibrillatory waves (40). Therefore, we considered DF to be an indicator of the AF mechanism related to focal AF drivers and Smax to be an indicator of passive wave-break. The priority mechanism of AF maintenance can be variable depending on the tissue condition and electrical characteristics. In flat action potential restitution with a low tendency of wave-break, focal source AF drivers might sustain fibrillation waves (41).



AF at the Condition of Smax <1.0

APD restitution is the myocardial cellular characteristic that reflects the change of APD to the constant DI change (18, 19). Therefore, the oscillation or dynamic heterogeneity of APD becomes more significant with short-coupled premature beats or rapid pacing at the condition of the higher maximal slope of APD restitution, Smax (20, 42). Smax at the myocardial tissue level represents the vulnerability of fibrillatory wave-break because differences in the refractoriness among adjacent cardiomyocytes result in local partial conduction block leading to the re-entrant wavefronts (17, 40). Mathematically, continuous and passive wave-break of spiral waves are easily maintained at Smax > 1 condition because extra beats do not converge to the original restitution curve (20, 42). In contrast, myocardial condition with Smax <1 is hard to maintain AF after induction. However, there are cases where AF is maintained even in the low Smax state. In this situation, the dominant rotor or driver exists somewhere in the atrium as an engine of AF maintenance. In this study, we demonstrated the inverse relationship between Smax and DF, an index of the active driver. In addition, DF ablation was more effective in AF rhythm control at the condition of Smax <1 by analyzing the results of the CUVIA-AF2 clinical study (12).



Computational Modeling Reflects Realistic AF Wave Dynamics and Future Direction

Computational modeling has been reported to investigate AF mechanisms (13). Recently, MRI-based computational AF modeling was based on personalized atrial anatomy and fibrosis (11). In contrast, the current AF model included personalized electrophysiology in addition to anatomy and fibrosis (23). Therefore, this modeling reflected both AF mechanisms, namely, Smax and DF, and showed better rhythm outcomes of AFCA in clinical settings. However, our AF model needs invasive parameters and fast on-site computation to develop a realistic and physiological simulation during an ablation procedure. In addition to the parameters used in this study, the location of the AF drivers was determined according to the gradient of the atrial wall thickness (43, 44). The cardiac autonomic activity changed the intracellular calcium concentration and APD, leading to the triggering and perpetuation of AF (45–47). The cardiac adipose tissue was associated with inflammation and atrial fibrosis (48). The mechanoelectrical feedback affected the dynamics and behavior of the spiral waves (49, 50). Because all those parameters could affect the atrial electroanatomical remodeling leading to a change in the potential pathophysiology and mechanisms of AF, the location and dynamics of the focal AF source drivers in the simulation model could differ if considering those parameters as compared to the current simulation model.



Limitations

This study had several limitations in computational simulation and clinical settings. First, biatrial modeling, including interatrial conduction, was not reflected in this modeling study. Second, there was a possibility that atrial fibrosis could not be measured precisely by bipolar voltage because of differences in mapping systems, catheters, and operators compared to those of MRI-detected atrial fibrosis. Third, because we included a small number of patients in the computational simulation and CUVIA AF 2 cohort, the results derived from the virtual simulation and clinical ablation cannot be generalized to all patients with AF. Fourth, this study was an observational cohort study from a single center that included patients who were referred for AF ablation. Fifth, we are not sure DF ablation in addition to CPVI can be applied to patients with high Smax. Sixth, because the definition and cut-off value for detecting focal source drivers cannot always be the same in all clinical settings (37), the current AF modeling may not always find the target for ablation using the Smax and DF. Seventh, classical restitution properties are cellular electrophysiological properties recorded by single-cell membrane potential. For that reason, our computational modeling was designed to implement a node size that was relatively similar to the size of the cardiomyocytes so that the restitution property could be applied to each node. Eighth, although we measured the DF for 6 s three times sequentially (total 18 s), the DF may be spatiotemporally unstable depending on the tissue condition, especially regarding the conduction velocity (51–53). Ninth, discordant alternans induce spatial dispersion of the refractoriness, which causes a conduction block at some cardiomyocytes leading to fibrillation waves (54, 55). but was not reflected in the current computational model.




CONCLUSION

In this computational AF model, there was an inverse modest correlation between Smax and DF. The additional DF ablation under the low Smax (<1) condition showed beneficial rhythm outcomes in computational simulation and clinical settings. These results suggest that both the focal source driver and passive wave-break are needed to perpetuate AF and should be considered simultaneously to improve ablation outcomes.
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Supplementary Figure 1. The example of the APD restitution curve with a high Smax (≥1) in one node (A) and a low Smax (<1) in another node (B). APD, action potential duration; Smax, the maximal slope of action potential restitution curve; DI, diastolic interval.

Supplementary Figure 2. The enrollment of the clinical patients from the CUVIA AF2 trial. AF, atrial fibrillation; PVI, pulmonary vein isolation; DF, dominant frequency; Smax, the maximal slope of action potential restitution curve.

Supplementary Table 1. Baseline characteristics in the clinical patients with high and low Smax. Abbreviations were shown in Table 3.
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Long Atrial Fibrillation Duration and Early Recurrence Are Reliable Predictors of Late Recurrence After Radiofrequency Catheter Ablation
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Background: Recurrence after atrial fibrillation (AF) ablation is still common.

Objective: This study aimed to evaluate the predictive abilities of AF duration and early recurrence (ER) to discriminate high-risk patients for recurrence.

Methods: We enrolled 1,763 consecutive patients with AF who were scheduled to receive the index radiofrequency catheter ablation (RFCA) from January 2016 to August 2021 in Dalian, China. Long AF duration (LAFD) was considered if the course of AF lasted for ≥ 12 months. ER was defined as any atrial tachycardia (AT) or AF event longer than 30 s occurring within a 3-month post-RFCA.

Results: Late recurrence occurred in 643 (36.5%) of the 1,763 patients at a median of 35 months after RFCA. Multivariate analysis identified LAFD (hazard ratio (HR): 1.80, 95% confidence interval (CI): 1.38–2.35, p < 0.001) and ER (HR: 2.34, 95% CI: 1.82–3.01, p < 0.001) as strong independent predictors of late recurrence in non-paroxysmal AF. Similarly, LAFD (HR: 1.48, 95% CI: 1.20–1.84, p < 0.001) and ER (HR: 3.40, 95% CI: 2.68–4.30, p < 0.001) were significantly associated with late recurrence in paroxysmal AF. Receiver operating curve analyses revealed that the CAAP-AF (CAD, Atrial diameter, Age, Persistent or longstanding AF, Antiarrhythmic drugs failed, Female) had the highest predict power [area under ROC curve (AUC) 0.586]. The addition of ER and LAFD to the CAAP-AF score significantly improved risk discrimination for late recurrence after AF ablation from 0.586 to 0.686.

Conclusion: Long AF duration and ER were independently associated with late recurrence. The prediction performance of the CAAP-AF model for recurrence was improved by the addition of LAFD and ER.

Keywords: atrial fibrillation, catheter ablation, recurrence, early recurrence, AF duration


INTRODUCTION

Atrial fibrillation (AF) is one of the most common arrhythmias, which affects 1 in 200 patients worldwide (1) and is associated with poor outcomes. Radiofrequency catheter ablation (RFCA) is a common and effective therapy for drug-refractory symptomatic patients with AF (2). Despite an obvious advantage in procedures and technology, the recurrence rate of AF after the ablation remained significant and ranged from 30 to 60% (3). Various risk factors for AF recurrence have now been identified, and several scoring systems based on antecedent cardiovascular events, comorbidities, and biomarkers for AF recurrence have been established (2). However, the discriminatory ability of these models is highly variable, and there are no widely used models for quantitative prediction of AF recurrence in patients who underwent RFCA (4).

Long AF duration (LAFD) before the ablation procedure, which is often considered as a surrogate marker of heavier AF burden and more advanced atrial remodeling, indicates a poor prognosis (5) and is independently linked to late recurrence (6, 7). Early recurrence (ER) is defined as any atrial tachycardia (AT) or AF event longer than 30 s occurring within a 3-month post-RFCA (which is known as the blanking period). ER is not considered a real recurrence in most studies (8, 9) because it is often considered as transient inflammation related to ablation, not affecting long-term results. However, ER is common after RFCA and has been associated with an increased risk of late AF recurrence (10–12). Although, a few prediction models have included LAFD and ER as the risk stratification factors of late recurrence.

In this study, we aimed (i) to assess the association between LAFD and ER observations and late recurrence and (ii) to verify whether the addition of LAFD and ER can improve the prediction efficiency of the previously recommended models in the guideline.



MATERIALS AND METHODS


Study Participants

This retrospective study enrolled 1,763 consecutive patients with AF who were scheduled to receive the index RFCA from January 2016 to August 2021 in the First Affiliated Hospital of Dalian Medical University (FAHDMU). Patients who had previously received ablation were excluded. Likewise, patients with missing/incomplete data were excluded. The flow chart of subject inclusion is summarized in Figure 1. The study was approved by the Institutional Review Board of the First Affiliated Hospital of the Dalian Medical University, and the requirement for informed consent was waived. The research was conducted according to the Helsinki declaration guidelines, and all procedures were carried out in accordance with the approved guidelines.
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FIGURE 1. The overview of the selection of study participants.




Definition of the Explanatory Variables

Demographic, medical history, and laboratory data were obtained from the electronic medical record of FAHDMU. Diabetes mellitus (DM) was defined as a fasting glucose level ≥ 126 mg/dl (or random blood glucose level ≥ 200 mg/dl), a history of DM diagnosis by a physician or the use of diabetes medications (13). Congestive heart failure (CHF) was defined as a previous diagnosis of heart failure combined with the treatment with diuretics (14). Coronary artery disease (CAD) was defined if patients have at least one of the following characteristics: a previous diagnosis of CAD or the presence of ≥ 50% luminal stenosis in at least one major coronary artery in coronary angiography (15). Hypertension (HTN) was defined as systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg at two or more visits or a past medical history of HTN or the use of antihypertensive medications (16). Dyslipidemia was defined if patients have one or more of the following conditions: TC ≥ 6.22 mmol/L, LDL-C ≥ 4.14 mmol/L, HDL-C ≤ 1.04 mmol/L, TG ≥ 2.26 mmol/L, or the use of anti-dyslipidemia medication (17). The definition and classification of AF were according to the guideline (18). Non-paroxysmal AF was composed of persistent, long-standing persistent, and permanent AF. The duration of AF was measured based on the length of time from the first diagnosis of AF based on electrocardiogram (ECG) to RFCA.



Ablation Procedure

The preprocedural anticoagulant protocol and ablation procedure have been previously described (19). Three-dimensional LA and pulmonary vein (PV) anatomy were reconstructed by electroanatomic mapping systems (CARTO, Biosense Webster Inc., United States). Briefly, PV isolation was performed by ablation catheter (SmartTouch/SmartTouch Surround Flow, Biosense Webster, Inc., United States) using contiguous circumferential lesions guided by multispline catheter (PentaRay, Biosense Webster Inc., Diamond Bar, United States) or a circumferential mapping catheter (LASSO, Biosense Webster, Inc., United States). After initial circumferential pulmonary vein isolation (CPVI), if AF continued, linear ablation (LINE; left atrial roof, mitral isthmus, or tricuspid isthmus) was performed to achieve a bidirectional block or restore sinus rhythm. Then, complex fractionated atrial electrograms (CFAEs) were identified and ablated in the atrium and coronary sinus. The endpoint of ablation included the conversion of AF to sinus rhythm and the establishment of a bidirectional conduction block, which was demonstrated by pacing maneuvers, and voltage reduction or disappearance of CFAE. If AF was organized to AT, entrainment or activation mapping was performed to target and ablate the critical isthmus for macro-reentrant AT or the earliest activation of focal AT. If AF or AT continued despite the abovementioned ablation, external electrical or/and drug cardioversion was finally performed. The electrical power was set as bidirectional 200J, and the pharmacological cardioversion was carried out by ibutilide (1 mg) or amiodarone. If the triggered firing was noted in the superior vena cava (SVC), then the segmental isolation of the SVC was performed. According to the patient’s electronic medical record, the procedural strategies were categorized into CPVI alone, CPVI plus LINE, CPVI plus the ablation of CFAEs, and CPVI plus LINE plus CFAE (9).



Post-ablation Management and Follow-Up

Oral anticoagulation therapy was continued for at least 3 months in all patients. Patients were recommended to visit the outpatient clinic regularly at 1, 3, 6, and 12 months and then annually or whenever symptoms occurred after the RFCA. All patients underwent ECG and 24-h Holter recording during each visit. Outcome data were obtained from outpatient visits and the hospital database system. AF recurrence was defined as any episode of AF/AT lasting for more than 30s. Recurrence within a 3-month blanking period was considered as ER, and an AF recurrence after 3-month post-RFCA was considered as late recurrence.



Statistical Analysis

Statistical analyses were performed using R software (version 3.3.0). For continuous data, normality was evaluated with the Shapiro–Wilk test. Because all the continuous variables were not normally distributed (p < 0.05), these variables are presented as medians (interquartile range) and compared using the Mann–Whitney test. The categorical data were presented as frequencies (percentages) and analyzed by the χ2-test or Fisher exact test. All analyses were stratified by AF type due to different atrial substrates between the paroxysmal and non-paroxysmal AF. We first defined the cut point of AF duration by restricted cubic splines (RCSs). The number of knots was determined by the minimum value for the Akaike information criterion (AIC). Finally, we chose 4 knots located at the 5th, 35th, 65th, and 95th percentiles of AF duration. A hazard ratio (HR) = 1 indicates a reference value (cut point), HR greater than 1 indicating a higher risk of recurrence, and HR less than 1 indicating a lower risk of recurrence.

We further calculated HR and corresponding 95% confidence intervals (CIs) for the AF recurrence associated with LAFD and ER. Considering the potential confounding factors, we adjusted for the risk factors for AF recurrence identified from the guideline, including age, smoking, sex gender, HTN, estimating glomerular filtration rate (eGFR), CAD, DM, ER, body mass index (BMI), left atrial dimension (LAD), and left ventricular ejection fraction (LVEF) (2). We used three different models: Model 1, crude model; Model 2 was adjusted for age and sex; and Model 3 was adjusted for all the aforementioned variables. Kaplan–Meier curves were used to estimate the freedom from late recurrence with a log-rank test used to discriminate between Kaplan–Meier curves.

To evaluate the discriminatory power of AF recurrence at 5 years among different models in guideline (2), we invited time-dependent Receiver operating characteristics (ROC) curves, Harrell’s concordance statistics (C-statistics), net reclassification index (NRI), and integrated discrimination improvement (IDI). To evaluate the performance of the final combined model (CAAP-AF + LAFD + ER), we used the calibration plot with 1,000 bootstrap samples to decrease the overfit bias. In addition, a decision curve analysis (DCA) was performed to evaluate the clinical benefit of our final model. P < 0.05 was considered statistically significant.




RESULTS


Baseline Characteristics

A total of 1,763 patients were enrolled in the study with a median age of 63 years. During a median follow-up of 35 months, 643 patients (36.5%) experienced AF recurrence. The baseline characteristics of the included patients are shown in Table 1. The rate of the applied ablation strategies in the recurrence and non-recurrence group can be summarized as follows: CPVI alone (31.2 vs. 37.8% in non-paroxysmal AF and 85.3 vs. 83.4% in paroxysmal AF), CPVI + LINE (44.6 vs. 42.6% in non-paroxysmal AF and 12.8 vs. 16.1% in paroxysmal AF), CPVI + CFAE (2.9 vs. 3.8% in non-paroxysmal AF and 0.3 vs. 0.3% in paroxysmal AF), and CPVI + LINE + CFAE (21.4 vs. 15.8% in non-paroxysmal AF and 1.6 vs. 0.1% in paroxysmal AF). Compared with patients without recurrence, patients with AF recurrence were more likely to suffer from ER and a longer AF duration (all p < 0.05). In both paroxysmal and non-paroxysmal AF, there were no significant differences in terms of age, HTN, chronic heart failure, and previous stroke/transient ischemic attack (TIA), eGFR, LAD, LVEF, types of anticoagulant, ablation strategies, and complications between recurrence and non-recurrence groups.


TABLE 1. Baseline characteristics.
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Relationship Between Long AF Duration, Early Recurrence of Atrial Fibrillation, and Late Recurrence

We further explored the association between AF duration and late recurrence using an RCS analysis by stratifying patients into low- and high-risk groups based on the reference value of AF duration (Figures 2A,B). For both paroxysmal and non-paroxysmal AF, we observed a very narrow interval cutoff point for late recurrence. The cutoff points for late recurrence in paroxysmal AF and non-paroxysmal AF were 12.1 and 11.9 months, respectively. As a result, we defined patients with the AF course ≥ 12 months as “LAFD.”
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FIGURE 2. (A,B) Multivariable-adjusted hazard ratios (HRs) for atrial fibrillation (AF) recurrence according to levels of AF duration on a continuous scale. (A) Paroxysmal AF and (B) non-paroxysmal AF. Red lines are multivariable-adjusted HRs, with pink areas showing 95% confidence intervals (CIs) derived from RCS regressions with four knots located at the 5th, 35th, 65th, and 95th percentiles. Reference lines for no association are indicated by the dashed gray lines at an HR of 1.0. Analyses were adjusted for age, smoking, sex gender, hypertension (HTN), estimating glomerular filtration rate (eGFR), coronary artery disease (CAD), diabetes mellitus (DM), early recurrence (ER), body mass index (BMI), left atrial dimension (LAD), and left ventricular ejection fraction (LVEF). (C,D) Kaplan–Meier curves show the incidence of recurrence. (C) Kaplan–Meier survival curves for long AF duration (LAFD), the cutoff points for AF duration 12 months in both non-paroxysmal AF and paroxysmal AF. (D) Kaplan–Meier survival curves for ER.


The association between a long duration and ER of AF and the risk of recurrence is presented in Table 2. In the fully adjusted model, ER was associated with a 1.34-fold increase in AF recurrence among patients who were in the non-paroxysmal category (HR: 2.34, 95% CI: 1.82–3.01, p < 0.001). Similarly, we observed a 2.40-fold increase in the risk for late recurrence in paroxysmal AF (HR: 3.40, 95% CI: 2.68–4.30, p < 0.001). Moreover, LAFD was associated with an increase of 80.0% for the risk of late recurrence among patients with non-paroxysmal AF (HR: 1.80, 95% CI: 1.38–2.35, p < 0.001). In addition, we observed a 48.3% increase in the risk for late recurrence in paroxysmal AF (HR: 1.48, 95% CI: 1.20–1.84, p < 0.001).


TABLE 2. Hazard ratios (HRs) for the association between long atrial fibrillation (AF) duration and ER with AF recurrence.
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The Kaplan–Meier survival curve analysis showed that LAFD and ER were found to significantly affect the free-AF survival rate. For instance, the incidence of AF recurrence was higher in patients with LAFD compared to those without LAFD (Figure 2C). Similarly, the incidence of late recurrence was higher in patients who experience ER compared to those without ER (Figure 2D). These findings suggest that LAFD and ER can efficiently distinguish between high- and low-risk patients.

The AF recurrence rates according to the different categories of LAFD and ER statuses are shown in Figure 3. We divided patients into four groups based on the low- and high-risk subset defined by the spline curve of LAFD and ER to represent the different combinations of the two observations. These include group 1: patients with neither LAFD nor ER; group 2: patients with LAFD and no ER; group 3: patients with ER and no LAFD; and group 4: patients with both LAFD and ER. Those patients categorized in group 4 had the highest incidence of late recurrence (log-rank test, p < 0.001).
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FIGURE 3. Kaplan–Meier curve showing the incidence of recurrence. All patients were divided into four categories. The lines represent the following: group 1: patients with both short AF duration and no ER (blue); group 2: patients with LAFD and no ER (green); group 3: patients with short AF duration and ER (red); and group 4: patients with both LAFD and ER (light green).




The Additive Effect of Long AF Duration and Early Recurrence on the CAAP-AF Model

We performed a ROC analysis to compare the diagnostic performance of the models recommended by the guideline. The CAAP-AF score showed the highest area under the ROC curve (AUC) among the 5 scores (AUC 0.586, 95% CI: 0.559–0.613) (Figure 4A). We then tested whether combining LAFD and ER to the CAAP-AF model could improve the identification of patients with late recurrence (Figure 4B). The combination of the CAAP-AF model, LAFD, and ER (final model) had the highest AUC (0.686, 95% CI: 0.660–0.711) followed by the model of CAAP-AF and ER (0.662, 95% CI: 0.636–0.690), and CAAP-AF and LAFD (0.630, 95% CI: 0.603–0.657). To further evaluate an added prognostic discriminatory power for LAFD and ER, we assessed IDI and NRI and observed a significant incremental improvement of IDI and NRI compared to the CAAP-AF model (Table 3). Overall, the detection of late recurrence was improved by the addition of LAFD and ER to the CAAP-AF in both the NRI (NRI = 0.143, p < 0.001) and IDI (IDI = 0.073, p < 0.001) analysis.
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FIGURE 4. Model-comparison results of predicting the 5-year incidence of recurrence. (A) Receiver operating characteristics (ROC) curves of freedom from recurrence at 5 years for the different risk prediction models recommended by the guideline. (B) ROC curves of freedom from recurrence at 5 years for the CAAP-AF model and combined model. (C) Validation of the final model (CAAP-AF model + LAFD + ER) showing observed incidences of recurrence within 5 years. The diagonal gray line represents a situation of perfect prediction when the observed incidences would be identical to the predicted baseline risks. Points are drawn to represent the averages in six discretized bins, and error bars are 95% CIs for the proportion of events in each group. The rug under the plot illustrates the distribution of predictions. (D) Decision curve analyses (DCAs) of the CAAP-AF model and final model for 5-year recurrence incidence. The x-axis indicates the threshold incidence for recurrence at 5 years and the y-axis indicates the net benefit. The horizontal dark gray line: to assume no patients will experience the event; the light gray line: to assume all patients will experience the event. The final model had enhanced net benefit compared with the CAAP-AF model at a threshold probability of 0.4–0.75.



TABLE 3. Comparison of different risk prediction models.
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The calibration plot in Figure 4C showed that the observed frequencies and the estimated probability of late recurrence showed a good calibration curve for the risk estimation. In addition, the decision curve showed the clinical usefulness of the CAAP-AF model and final model (Figure 4D). The analysis showed that the final model had a higher net benefit at a threshold probability of 0.4–0.75.




DISCUSSION

In this study, we investigated the impact of LAFD and ER on the long-term prognosis of patients undergoing RFCA. We found that LAFD and ER were significantly associated with increased incidence of late recurrence after RFCA and added discriminatory capacity to the CAAP-AF model to identify patients with a high risk of late recurrence after the index RFCA.

The prevalence of recurrence for patients with AF who underwent RFCA varied from 30 to 60% (3). In our study, the late recurrence rate after RFCA was 36.5%. In this study, two variables including LAFD and ER that were not included in the CAAP-AF model were found to be independent predictors of late recurrence. Therefore, it may be reasonable to consider AF patients with LAFD and ER as candidates for a more intensive follow-up.

Atrial fibrillation often manifests as a progressive disease, and a longer AF duration is associated with heavier AF burden and atrial remodeling, both of which are known to contribute to the maintenance of AF (20, 21) and may be accompanied by serious complications and poor prognosis (22–25). A possible explanation for the relationship between AF duration and AF recurrence completes a vicious circle. The longer AF is sustained, the more it causes tissue remodeling and the greater the extent of tissue remodeling, the longer AF is sustained. This accounts for the need for appropriate patient selection and choices on anticoagulants after ablation during a follow-up.

The early treatment of atrial fibrillation for the stroke prevention (EAST-AFNET 4) trial found that early rhythm-control therapy was associated with a lower risk of adverse cardiovascular outcomes (5). However, this study did not investigate the effect of early rhythm control on later recurrence. Similarly, our study found that patients with AF of longer duration have a higher risk of recurrence, which suggested that early rhythm intervention might reduce late recurrence. Therefore, a further longitudinal study is required to confirm the impact of early rhythm control in AF recurrence following RFCA.

In the past, ER was common after the ablation procedure. Steinberg et al. reported that the incidence of ER ranges between 16 and 65%, depending on the type of ambulatory rhythm monitoring used (26). Consistent with the published data, our study showed a 16.8% incidence rate of ER. The mechanisms underlying ER are multifactorial, including post-ablation inflammation (27), short-term autonomic imbalance (28), the reconnection of PV conduction, and non-PV foci triggering (29). Increased inflammation marker is reported to be associated with ER (27, 30). This phenomenon could partly be explained by local myocardial injury as well as a systemic inflammatory process. Previous research has found that ganglionated plexus (GP) is associated with the clinical recurrence and an additional GP ablation could decrease the arrhythmia recurrence after AF ablation (28). The additional benefit may result from complete autonomic denervation by GP ablation combined with PVI. This also emphasizes the importance of autonomic imbalance on recurrence. Taken together, numerous factors affect ER through alterations in atrial myocardial conduction and refractoriness. In line with previous studies (31–34), we confirmed the experience of ER as a powerful independent predictor for late recurrence.

In most of the studies, we usually consider the first 3 months after RFCA as a blanking period, ERs during the blanking period were not appraised, because it was traditionally seen as a transient stimulatory effect of the acute inflammatory response following the histopathologic tissue damage that resulted from radiofrequency energy, not affecting long-term results. However, the 3-month definition of a blanking period has been challenged by recent studies (26, 29) with later onset of ER (the 2nd and 3rd month after RFCA) being more predictive for late recurrence. As post-ablation inflammatory phase is usually limited to a few days after RFCA (27), and the recovery of transient autonomic dysfunction is usually limited to 1 month after RFCA (35). Additionally, well-demarcated homogenous lesions could be formed within 1 week after RFCA (36, 37). Further prospective, multicenter, large sample studies on the appropriate management of ER are highly desirable, and the necessity to redefine a more clinically predictive postprocedure blanking period is emphasized.

Another interesting finding of the present study is that there is no difference between procedural strategies and late recurrence in patients with both non-paroxysmal and paroxysmal AFs, which is consistent with the Substrate and Trigger Ablation for Reduction of Atrial Fibrillation Trial Part II (STAR AF II) trial (9). This may be due to incomplete ablation or progressive atrial substrate (38). Performing additional, and perhaps unnecessary, ablation could increase the risk as well as increased exposure to fluoroscopy for the patient and operator (39). The adverse effects of x-ray radiation on human health are of increasing concern worldwide (40). The zero x-ray ablation approach is gaining increasing attention. More studies focusing on the balance between occupational radiation exposure and ablation outcome are needed in the future.

In this study, we found that LAFD and ER were independent risk factors of late recurrence, by combining them with the CAAP-AF model, we constructed a new model. Based on the analysis of our data, we endorse 12 months in paroxysmal AF and non-paroxysmal AF as the cutoff value of AF duration, and those patients with LAFD and ER should be recognized as a high-risk group for recurrence and require an intensive and strict follow-up to prevent the risk of recurrence.

Our study has some limitations. First, this was a non-randomized, observational study, and thus it is necessary to validate the results from a prospective study with larger sample size. Second, the AF duration in our study was documented based on ECG. However, asymptomatic subclinical AF is common, the ECG-based AF duration may not precisely detect AF duration. Third, the use of 24-h Holter recordings during a follow-up may overestimate the success rate. However, the method and frequency of follow-up were identical in all groups. Future research with more precise monitoring in patients with AF is needed. Also, with the ongoing technological advances in catheter ablation, treatment improvement has been achieved in recent years, there might be a difference in late recurrence across different years. However, patients were recruited continuously to reduce the bias between groups. Large well-designed RCTs are still needed to validate our findings. Finally, our study did not include all predictors of the MB-LATER score and ALARMEc score, thus we were unable to evaluate those scores.



CONCLUSION

In conclusion, we found strong associations between LAFD, ER, and late recurrence in patients who underwent RFCA for AF. The combination of LAFD and ER with the CAAP-AF model significantly improved the prediction of recurrence in patients with AF who underwent RFCA, indicating that the application of these two factors to the prediction model can significantly improve discrimination for late recurrence.
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Background: The literature data on the outcomes of radiofrequency catheter ablation for atrial fibrillation (AF) in women are contradictory.

Aim: To determine and compare the outcomes and complications of cryoballoon pulmonary vein isolation (cryo-PVI) in men vs. women, and to identify predictors of atrial tachyarrhythmia (ATa) recurrence.

Methods: We included all consecutive patients having undergone cryo-PVI for the treatment of symptomatic AF in our center since 2012. Peri-operative complications were documented. All patients were prospectively monitored for the recurrence of ATa, and predictors were assessed.

Results: A total of 733 patients were included (550 men (75%) and 183 (25%) women). Paroxysmal AF was recorded in 112 (61%) female patients and 252 male patients (46%; p < 0.001). Female patients were older (p < 0.001) and had a greater symptom burden (p = 0.04). Female patients were more likely to experience complications (p = 0.02). After cryo-PVI for paroxysmal AF, 66% of the female patients and 79% of the male patients were free of ATa at 24 months (p = 0.001). Female sex was the only independent predictive factor for ATa recurrence (hazard ratio [95% confidence interval] = 1.87 [1.28; 2.73]; p = 0.001). After cryo-PVI for non-paroxysmal AF, 37% of the male patients and 39% of the female patients were free of ATa at 36 months (p = 0.73). Female patients were less likely than male patients to undergo repeat ablation after an index cryo-PVI for non-paroxysmal AF (p = 0.019).

Conclusion: A single cryo-PVI procedure for paroxysmal AF was significantly less successful in female patients than in male patients. Overall, the complication rate was higher in women than in men.

Keywords: female, atrial fibrillation, paroxysmal atrial fibrillation (PAF), persistent atrial fibrillation, cryoballoon ablation


INTRODUCTION

Although atrial fibrillation (AF) is a serious disease in both sexes (1), some researchers have stated that this condition is a stronger risk factor for cardiovascular disease (2) and death in women than in men (2, 3). However, women undergo ablation less frequently (4–6)—even though they typically have a greater symptom burden (5–12)—and are referred to a specialist later in the course of the disease (13, 14).

Some studies (5, 14–21) [but not others (11, 13, 22–25)] indicate that women have more complications after radiofrequency ablation. Furthermore, some researchers argue that the outcome of radiofrequency ablation is worse in women (11, 14, 19, 20, 26, 27), which might dissuade cardiologists from suggesting this procedure. Conversely, other studies did not evidence sex difference in the outcome of radiofrequency ablation (5, 12, 13, 22–24, 28, 29).

Hence, we sought to determine whether sex differences were observed in a large cohort of patients having undergone cryoballoon pulmonary vein isolation (cryo-PVI) for AF. We also sought to identify predictors of the long-term recurrence of atrial tachyarrhythmia (ATa).



METHOD


Study Design

We included all consecutive patients having undergone cryo-PVI for the treatment of AF since the introduction of second-generation cryoballoon ablation at the Amiens University Hospital (Amiens, France) between September 2012 and July 2019. The patients gave their written informed consent to participation in the study. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. In line with the French legislation on studies of routine clinical practice, the study protocol was approved by a hospital committee with competency for studies not requiring approval by an institutional review board. Furthermore, the study database was registered with the French National Data Protection Commission [Commission nationale de l'informatique et des libertés (Paris, France); reference: PI2020_843_0080].

The study's primary objective was to compare male vs. female patients with regard to success rates and complication rates after an index cryo-PVI procedure. The secondary objective was to identify the long-term predictors of ATa.



Study Population

Patients were included if they had undergone cryo-PVI for the treatment of AF documented with a 12-lead ECG. The exclusion criteria were (i) prior left atrial (LA) ablation, (ii) LA tachycardia at the time of cryo-PVI, (iii) age under 18, (iv) loss to follow-up after the cryo-PVI procedure, and (v) a prosthetic heart valve or congenital heart disease. Patients with intracavitary thrombus or a contraindication to anticoagulation (heparin, vitamin K antagonist or direct oral anticoagulant use) were excluded before the cryo-PVI.

Atrial fibrillation was classified according to the 2020 European Society of Cardiology guidelines (30). Persistent AF was defined as AF lasting for more than seven days, including episodes terminated by cardioversion. Patients with long-standing, persistent AF (i.e. continuous AF for a year or more) were also included. The duration of AF was defined as the time interval between the first episode of AF and the cryo-PVI procedure.

The LA area was measured by echocardiography with a four-chamber view. The left ventricular ejection fraction (LVEF) before cryo-PVI was also estimated. The LA volume was obtained from the segmentation of multidetector CT data using AW VolumeShare 5 software (General Electric, Fairfield, CT, USA). The first centimeter of each pulmonary vein and the LA appendage were included in the LA volume. The presence of an accessory vein or a left common trunk was assessed on a CT scan.

Hypertension was defined as repeated in-office or out-of-office systolic blood pressure values ≥ 140 mmHg and/or diastolic blood pressure values ≥ 90 mmHg prior to treatment for hypertension.



The Cryo-PVI Procedure

Cryoballoon ablations were preceded by at least three weeks of treatment with an oral anticoagulant and then by a contrast-enhanced multislice CT assessment of the left atrium.

Access to the left atrium was gained after fluoroscopy-guided transseptal puncture (Abbott Laboratories, Abbott Park, IL, USA). The sheath was flushed continuously with heparinized saline. Only one four-minute application was performed with a second- or third generation cryoballoon (the 23- or 28-mm Advance balloon, Cryocath, Medtronic, Dublin, Republic of Ireland). An intraluminal catheter (AchieveTM, Medtronic) was used for all procedures; it enabled real-time visualization of the arteriovenous block during the cryoapplication. At the end of the applications and then again 15 min later, we checked for a bidirectional block in each of the pulmonary veins by alternately stimulating the AchieveTM catheter and the coronary sinus. This ensured that the pulmonary vein isolation was complete at the end of the procedure, including in patients for whom the block was not visible during the shots. A second cryoapplication was initiated (to achieve a complete block) only when venous conduction persisted.

The shots were stopped when the temperature fell below −60°. During cryoablation over the right pulmonary veins, a quadripolar catheter was used to continuously pace the phrenic nerve adjacent to the superior vena cava. In order to avoid right phrenic nerve palsy, cryo-PVI was discontinued immediately if the diaphragm stopped contracting.

Data collected during the procedure included: the time to effect, the trough temperature during cryo-ablation for each PV, the duration of cryo-ablation for each PV, the cumulative duration of cryo-ablation to the PVs, the number of cryoballoon applications for each PV, the fluoroscopy time, and the fluoroscopy dose.

All adverse events occurring during the procedure or in the month thereafter were recorded.



Follow-Up

After cryo-PVI, antiarrhythmic and anticoagulant treatments were maintained for at least the three-month blanking period.

Patients underwent follow-up examinations in our institution 3, 6, and 12 months after the cryo-PVI procedure; this included a physical check-up, screening for arrhythmia-related symptoms, a 12-lead ECG, and 24 h Holter monitoring. After the first year, patients were followed up by their cardiologist at least annually, with a 12-lead ECG and 24 h Holter monitoring. The presence of any symptoms after ablation prompted an assessment with a 12-lead ECG and 24 h Holter monitoring. Previously implanted pacemakers or dual-chamber implantable cardioverter defibrillators were checked for atrial high-rate events at each follow-up visit.



Endpoints

The primary endpoint was the recurrence of ATa; this was defined as a documented episode of AF, LA flutter or LA tachycardia (whether symptomatic or not) lasting for 30 s or more on any cardiac rhythm recording made during a planned or symptom-driven consultation after the three-month blanking period. Electrophysiologically confirmed recurrences of right atrial flutter were not included because they are easier to treat (i.e. with higher success rates and fewer complications) than left atrial arrhythmia.

The secondary endpoint was the frequency of complications of any type during the procedure or in the month thereafter.



Statistical Analysis

Continuous variables were expressed as the mean ± standard deviation (SD) or the median [interquartile range (IQR)] for normally and non-normally distributed data, respectively, and were compared using Student's t-test or the Mann–Whitney–Wilcoxon test, as appropriate. Categorical variables were expressed as the frequency (percentage) and were compared using a chi-squared test or Fisher's exact test.

The cumulative probability of ATa-free survival was estimated using the Kaplan-Meier method. Survival curves were compared using the log-rank test.

Cox proportional hazard models were used to identify factors associated with ATa recurrence, with an estimation of the hazard ratio (HR) and its 95% confidence interval (CI). Variables with p < 0.10 in the univariate analysis were included in a multivariate Cox model.

All tests were two-tailed, and the threshold for statistical significance was set to p < 0.05. All statistical analyses were performed with SPSS for Windows software (version 22.0, SPSS Inc., Chicago, IL, USA).

The only missing data concerned the LA area (28%), the overall duration of the procedure (8%), the balloon dwell time in the LA (6%), the fluoroscopy time (11%), the fluoroscopy dose (14%) and the duration of the cryo-PVI procedure (8%).




RESULTS


Patient Characteristics

A total of 762 patients met the study's inclusion criteria. Sixteen patients were excluded because they had been lost to follow-up after cryo-PVI, and two were excluded because they were in LA flutter at the cryo-PVI. Eleven patients with a prosthetic heart valve were also excluded. Hence, 733 patients (550 male patients (75%) and 183 (25%) female patients) were included in the final analysis (Figure 1).


[image: Figure 1]
FIGURE 1. Study flow chart.


Paroxysmal AF was observed in 112 (61%) female patients and 252 (46%) male patients (p < 0.001). On average, the female patients were older than the male patients at the time of the cryo-PVI procedure (mean ± SD age: 63 ± 9 vs. 60 ± 10, respectively; p < 0.001). The diagnosis-to-ablation time was similar in men and women, regardless of whether they suffered from paroxysmal or non-paroxysmal AF (Table 1). Female patients had a greater symptom burden at baseline (mean European Heart Rhythm Association (EHRA) score: 2.3 ± 0.5, vs. 2.2 ± 0.4 in male patients; p = 0.04). Female patients had a lower mean creatinine clearance rate (78 ± 21, vs. 83 ± 21 mL/min in male patients; p = 0.002) and were more likely to have hypothyroidism (17%, vs. 8% in male patients; p = 0.001). Structural heart disease was less common in women than in men (19% vs. 31%, respectively; p = 0.001). The LA area and LA volume were significantly smaller in female patients than in male patients (respectively 23 ± 5 vs. 25 ± 5 cm2 for the mean LA area, and 133 ± 45 vs. 149 ± 45 ml for the mean LA volume; p < 0.001 for both).


Table 1. Characteristics of the study population.
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One hundred and sixty one (64%) of the male patients with paroxysmal AF and 58 (52%) of the female patients with paroxysmal AF had been treated with one or more antiarrhythmic drugs before the cryo-PVI. One hundred and eighty six (62%) of the male patients with non-paroxysmal AF and 38 (54%) of the female patients with non-paroxysmal AF had been treated with one or more antiarrhythmic drugs before the cryo-PVI.



Characteristics of the Cryo-PVI Procedure

The 23 mm-cryoballoon was used in 27 (15%) female patients and 20 (4%) male patients (Supplementary Table 1). The trough temperature was lower in male patients than in female patients. We did not observe sex differences in the time to effect, the number of cryoballoon applications, the overall procedure time, the balloon dwell time in the LA, or the fluoroscopy time. The mean fluoroscopy dose was lower in female patients (126 ± 188, vs. 189 ± 283 mGy in male patients; p = 0.002).



Complications

Female patients were more likely to experience complications (p = 0.02) in general and stroke (1.6%, vs. 0.2% in male patients, p = 0.05) and pericardial effusion/tamponade (1.6%, vs. 0.2% in male patients, p = 0.05) in particular (Table 2).


Table 2. Complications.
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The three strokes in female patients were due to sylvian artery occlusion, whereas the male patient had experienced a multifocal stroke. One patient had speech sequelae. Three women experienced pericardial effusion without the need for drainage. One male experienced cardiac tamponade, which resolved after percutaneous drainage. The vascular complications comprised four cases (three women and one man) with hematoma (with no need for transfusion), a man with arteriovenous fistulae (treated successfully with a covered stent), and a man with a pseudoaneurysm, which disappeared spontaneously. Among the 22 patients with phrenic nerve palsy, the recovery time was <1 month for 11 (50%), between 2 and 6 months for three (14%), and between 7 and 12 months for six (27%). Two patients with phrenic nerve palsy (both women) did not recover: one is asymptomatic and the other required surgery.



Follow-Up

Seven hundred and twenty-five patients (99%) completed at least 12 months of follow-up. The median length of follow-up was 31 months (IQR 18–50) for the study population as a whole, 32 months (IQR 18–52) for male patients, and 29 months (IQR 18–46) for female patients (p = 0.22). The mean ± SD time to recurrence was 26 ± 21 months in male patients and 23 ± 19 months in female patients (p = 0.13).



Outcome After Cryo-PVI for Paroxysmal AF, and Predictors of ATa Recurrence

ATa recurred in 46 (41%) of the 112 female patients and in 69 (27%) of the 252 male patients who had undergone cryo-PVI for paroxysmal AF (Table 3). The Kaplan-Meier estimate of the ATa-free survival rate at 24 months was 66% [61–70%] for female patients and 79% [77–82%] for male patients. Female patients had a significantly higher risk of ATa recurrence after an index cryo-PVI for paroxysmal AF (p = 0.001) (Figure 2). In a univariate analysis, female sex (HR [95%CI] =1.84 [1.26; 2.68]; p = 0.002) and height (HR [95%CI] = 0.05 [0.006; 0.39]; p = 0.004) were predictors of ATa recurrence (Supplementary Table 2). In a multivariate analysis, female sex (HR [95%CI] = 1.87 [1.28; 2.73]; p = 0.001) was the only predictor of ATa recurrence (Table 4). The LA volume index was close to being statistically significant (HR [95%CI] = 1.011 [1.00; 1.02]; p = 0.052).


Table 3. Sex differences in outcomes after an index cryo-PVI for paroxysmal AF.
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FIGURE 2. Kaplan-Meier analysis of cumulative survival for ATa recurrence after cryo-PVI for paroxysmal AF. Female patients had a significantly higher risk of recurrence (p = 0.001).



Table 4. Predictive factors (multivariate analysis) of ATa recurrence after an index cryo-PVI for paroxysmal AF.
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Outcome After Cryo-PVI for Non-paroxysmal AF, and Predictors of ATa Recurrence

ATa recurred in 41 (60%) of the 71 female patients and in 178 (60%) of the 298 male patients who underwent cryo-PVI for non-paroxysmal AF (Table 5). The Kaplan-Meier estimate of the ATa-free survival rate at 24 months was 46% [40–52%] for female patients and 45% [42–48%] for male patients. There was no difference in the risk of ATa recurrence between male and female patients with non-paroxysmal AF (p = 0.73) (Figure 3). The predictors of ATa recurrence in a univariate analysis are shown in Supplementary Table 3. In a multivariate analysis (Table 6), body mass index (HR [95%CI] = 1.03 [1.003; 1.07]; p = 0.03), long-standing persistent AF (HR [95%CI] = 2.03 [1.38;2.98]; p < 0.001), accessory veins (HR [95%CI] = 1.67 [1.06; 2.61]; p = 0.03), and the LA volume index (HR [95%CI] = 1.01 [1.007; 1.02]; p < 0.001) were found to be predictors of ATa recurrence.


Table 5. Sex differences in outcomes after an index cryo-PVI for non-paroxysmal AF.
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FIGURE 3. Kaplan-Meier analysis of cumulative survival for ATa recurrence after cryo-PVI for non-paroxysmal AF. There was no sex difference in the risk of recurrence (p = 0.73).



Table 6. Predictive factors (multivariate analysis) of ATa recurrence after index cryo-PVI for non-paroxysmal AF.
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Outcomes After Repeat Procedures

Of the 46 female patients and 69 male patients with ATa recurrence after cryo-PVI for paroxysmal AF, respectively 30 (65%) and 39 (57%) underwent at least one repeat procedure (p = 0.44). We found at least one reconnected PV at the first repeat procedure in 24 (80%) female patients and 29 (74%) male patients (p = 0.77). The mean number of reconnected PVs was 1.9 ± 1.2 in female patients and 1.8 ± 1.2 in male patients (p = 0.75). The right inferior PV was the most frequently reconnected PV in both female patients (53%) and male patients (56%, p = 0.81, Supplementary Table 4). The mean number of repeat procedures was 1.3 ± 0.5 in female patients and 1.2 ± 0.5 in male patients (p = 0.12). After the last procedure, 88 (79%) of the female patients and 215 (85%) of the male patients were in sinus rhythm (p = 0.13). At last follow-up after an index cryo-PVI for paroxysmal AF, 69 male patients (27%) and 27 (24%) female patients were still taking antiarrhythmic drugs (p = 0.61).

Of the 41 female patients and 178 male patients with ATa recurrence after cryo-PVI for non-paroxysmal AF, respectively 20 (49%) and 122 (69%) underwent at least one repeat procedure (p = 0.019). We found at least one reconnected PV at the first repeat procedure in 12 (60%) female patients and 64 (52%) male patients (p = 0.63). The mean number of reconnected PVs at the first repeat procedure was 1.0 ± 1.0 in female patients and 0.9 ± 1.0 in male patients (p = 0.62). The mean number of procedures was 1.3±0.5 in female patients and 1.5 ± 0.7 in male patients (p = 0.002). After the last procedure, 42 (59%) female patients and 210 (70%) male patients were in sinus rhythm (p = 0.09). At last follow-up after an index cryo-PVI for non-paroxysmal AF, there was no difference in the persistence of antiarrhythmic drug treatment between male patients and female patients (32 vs. 31%, respectively; p = 1).

The reasons for non-performance of a repeat procedure after the first ATa recurrence (123 patients) were similar in men and women (p = 0.56): the electrophysiologist's decision for 60 male patients (70%) and 23 female patients (62%), the patient's decision for 12 male patients (14%) and eight female patients (22%), and non-referral to the ablation center for 14 male patients (16%) and six female patients (16%).




DISCUSSION

Our present results showed that relative to male patients, female patients were more likely to be in paroxysmal AF. Although the women were older, they were not referred to an ablation center later than men. We also found that the index cryo-PVI for paroxysmal AF was significantly less successful in women than in men, and that the complication rate was slightly higher in women than in men. Lastly, female patients with non-paroxysmal AF were less likely to undergo a repeat procedure after ATa recurrence.


Patient Characteristics

In cases of paroxysmal AF, the proportion of patients undergoing cryo-PVI was higher for women than for men (61% vs. 46%, respectively; p < 0.001); this difference is often reported in the literature (7, 11, 12, 20, 24, 25, 29). Female patients had a greater symptom burden at baseline (mean EHRA scores: 2.3 ± 0.5, vs. 2.2 ± 0.4 in men; p = 0.04), as also extensively reported in the literature (5–12, 25). This difference might be due to the higher average heart rate in women (31). Furthermore, women with AF were more likely to experience longer symptomatic episodes and more frequent recurrences of AF (32). We also found that female patients were older than male patients at the time of the cryo-PVI (63 ± 9 vs. 60 ± 10, respectively; p < 0.001), as observed previously (4, 11–14, 16–20, 22–25, 29). Population-based studies have demonstrated that on average, new-onset AF starts 5 years later in women than in men (33). It has been suggested that sex-dependent physiological and pathophysiological mechanisms predispose men to AF earlier in life. In our study, however, the diagnosis-to-ablation-time was similar in the two sexes; this suggest that women were not referred later than men in our study—in contrast to two former studies (13, 14). However, our results are in line with the recent reports by Ricciardi et al. (11) and Singh et al. (22); this might indicate a change in practice over time. Female patients had a significantly lower mean creatinine clearance rate [p = 0.001, as in other studies (19, 29)] and were more likely to suffer from hypothyroidism [p = 0.001, as in the study by Bukari et al. (29)]. In contrast, structural heart disease was less prevalent in women (20% vs. 31% in men; p = 0.005), as was less coronary artery disease (p < 0.001); these differences are well-known (12, 14, 16, 17, 19, 20, 23, 29).



Outcomes of Cryo-PVI

In the present study, female patients had a higher risk of recurrence after an index cryo-PVI for paroxysmal AF (p = 0.001), and female sex was the only independent predictor of ATa recurrence—even though the LA volume index was close to being statistically significant. In Kuck et al.'s study (19) (which included patients with paroxysmal AF), female sex was also independently associated with the recurrence of atrial arrhythmia. Many other studies [including studies of non-paroxysmal AF, and particular Cheung et al.'s study of 54,597 patients (16)] found that the success rate for cryo-ablation was lower in women than in men (11, 14, 20) and that female sex was an independent predictor of AF recurrence (11, 14). In a meta-analysis published in 2019, Cheng et al. also confirmed that the recurrence rate was higher in women (34). In our study, women were not referred later for ablation and did not have a greater comorbidity burden. Consequently, this variable could not explain the sex difference in the ablation success rate. Several studies have shown that non-PV triggers are more frequent in women than in men (14, 35); this might explain the lower ablation success rate. This hypothesis is strengthened by the fact that after eliminating non-PV foci, Takigawa et al. (23) did not observed the same sex differences as we did. In the present study, the cryo-PVI trough temperature was lower in male patients than in female patients; this might have enabled the creation of longer-lasting lesions. Alternatively, the sex difference might be due to more frequent consultation for symptomatic recurrence by women than by men. Lastly, sex hormones might have a role in the progression of AF. In the CIRCA-DOSE sub study (36) that used implantable monitors, no difference was found in men vs. women who underwent cryo-PVI for paroxysmal AF. This difference could be explained by our protocol of atrial arrhythmia monitoring which does not include continuous monitoring.

In contrast, we did not find a sex difference in the outcome of the index cryo-PVI for non-paroxysmal AF. A study (22) that looked at patients with persistent AF gave the same result. The other studies included all types of AF, with a high proportion of patients with paroxysmal AF; this difference prevents valid interstudy comparisons.



Complications of Cryo-PVI

The results of large studies have demonstrated clearly that female patients suffer more than male patients from cardiac perforation/effusion/tamponade (5, 15–18, 34). Our findings are in line with the literature data, even though we observed few complications. The incidence of pericardial effusion/tamponade was slightly higher among women than among men (p = 0.05). Kaiser et al. (17) hypothesized that differences in LA size and geometry increase the risk of perforation.

We also found that female patients were more likely to suffer from peri-operative stroke (p = 0.05). A similar trend was observed in the large studies performed by Kaiser et al. (17) (p = 0.09) and Elayi et al. (18) (p = 0.07). Likewise, Cheng et al.'s meta-analysis found that women had an greater risk of stroke or transient ischemic attack (34). Female sex is a well-known independent risk factor for thromboembolism (37).

In the present study, the male vs. female difference in the incidence of bleeding/vascular complications was not statistically significant. However, the literature data (5, 14–19) show clearly that these complications are more frequent among women. Sex differences in vascular anatomy and anticoagulation responses may explain the elevated incidence of vascular complications in women.



Repeat Procedures

For patients with ATa recurrence after cryo-PVI for paroxysmal AF, women underwent repeat procedures as often as male patients did (p = 0.12); this probably explains why the overall success rate at last follow-up in women (79% in sinus rhythm) was as good as in men (85%; p = 0.13). However, female patients in non-paroxysmal AF at the time of the index cryo-PVI were less likely to undergo a repeat procedure than male patients (p = 0.002). This difference might explain the non-significant trend toward a lower success rate for women at last follow-up (59% of the female patients and 70% of the male patients were in sinus rhythm; p = 0.09) despite the absence of a sex difference after the index cryo-PVI procedure. Winkle et al. (28) made the same observation; the overall success rate was lower for women because they underwent fewer repeat ablations. Kaiser et al. (17) also found that women were less likely to undergo repeat ablation. In the present study, female patients did not refuse the repeat procedure more than male patients; the difference in the repeat ablation rate was mostly due to the electrophysiologist's decision.

In our repeat procedures, the mean number of reconnected PVs was similar in men and women. In contrast, Sugumar et al. (27) found that lasting PV isolation was significantly more frequent in women than in men (p = 0.01); however, this difference might have been be due to Sugumar et al.'s use of radiofrequency ablation rather than cryo-PVI.



Limitations

Firstly, this was a single-center study, and so its conclusions cannot be extrapolated to other settings. Secondly, echocardiographic measurement of the LA area is subject to interobserver variability and so conclusions based on this variable must be considered with caution. However, these readily available data are rarely mentioned in the literature. CT volume measurement is a new parameter and might be less subject to less interobserver variability. The absence of long-term monitoring (a loop recorder or 7-day Holter) means that the frequency of atrial arrhythmia recurrence and asymptomatic episodes might have been underestimated.




CONCLUSION

Relative to men, women referred for cryo-PVI were more likely to be in paroxysmal AF. Furthermore, the women were older, more symptomatic at the time of the index cryo-PVI procedure, and more likely to experience periprocedural complications. For patients with paroxysmal AF (but not those with non-paroxysmal AF), female sex was the only independent predictor of recurrence after cryo-PVI. Repeat ablation was less common in female patients treated for non-paroxysmal AF.
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Case Report: Acute Renal and Splenic Infarctions Secondary to Atrial Fibrillation

Li Yihan, Fan Guanqi, Hu Tong, Ge Junye, Jingquan Zhong* and Tongshuai Chen*

Key Laboratory of Cardiovascular Remodeling and Function Research, Chinese Ministry of Education, Chinese National Health Commission and Chinese Academy of Medical Sciences, State and Shandong Province Joint Key Laboratory of Translational Cardiovascular Medicine, Department of Cardiology, Qilu Hospital, Cheeloo College of Medicine, Shandong University, Jinan, China

Edited by:
Sergio Conti, ARNAS Ospedali Civico Di Cristina Benfratelli, Italy

Reviewed by:
Mangmang Pan, Shanghai Jiao Tong University, China
 Weifeng Jiang, Shanghai Jiao Tong University, China

*Correspondence: Jingquan Zhong, 18560086597@163.com
 Tongshuai Chen, chentongshuai@163.com

Specialty section: This article was submitted to Cardiac Rhythmology, a section of the journal Frontiers in Cardiovascular Medicine

Received: 19 February 2022
 Accepted: 27 April 2022
 Published: 24 May 2022

Citation: Yihan L, Guanqi F, Tong H, Junye G, Zhong J and Chen T (2022) Case Report: Acute Renal and Splenic Infarctions Secondary to Atrial Fibrillation. Front. Cardiovasc. Med. 9:879322. doi: 10.3389/fcvm.2022.879322



Acute renal and splenic infarctions are an uncommon condition that can result from obstruction or decrease of renal and splenic arterial flow. We described a 73-year-old woman who presented with right flank pain and nocturnal dyspnea. The computed tomography (CT) scan with intravenous contrast showed multiple infarcts in both bilateral kidneys and spleen. Serum creatinine clearance was impaired. Further investigation by electrocardiogram (ECG) and 24-h Holter revealed that the patient had paroxysmal atrial fibrillation (PAF). Transthoracic and transesophageal echocardiographic findings were unremarkable except for severe spontaneous echo contrast (SEC) in the left atrial appendage. The development of thromboembolic renal and splenic infarction was attributed to embolism caused by atrial fibrillation. Anticoagulant therapy was initiated with low molecular weight heparin (LMWH) and followed by an oral anticoagulant. To manage PAF and prevent further embolism, the “One-stop” procedure, including atrial fibrillation catheter ablation and left atrial appendage occlusion (LAAO), was applied to this patient. Follow-up at 1 month showed normal sinus rhythm, improved renal function, and relieved renal and splenic infarction.

Keywords: renal infarctions, splenic infarctions, atrial fibrillation, Radiofrequency ablation, left atrial appendage occlusion


INTRODUCTION

Acute renal infarctions (RI) and splenic infarctions (SI) are rare events; the incidence of which is estimated to be 0.004–0.01% in hospitalized patients (1), and delayed diagnosis or misdiagnosis often leads to rapid deterioration of the patient (2). The initial symptoms of both RI and SI often begin with a sudden onset of severe flank pain. Patients may also present with non-specific symptoms, including low-grade fever, nausea, vomiting, and frequent elevation of lactate dehydrogenase (LDH) levels (3). Enhanced CT imaging is the gold standard for the diagnosis of RI and SI (4). It is generally agreed upon that the causes of acute renal infarction are renal artery lesions, atrial fibrillation (AF), valvular or ischemic heart disease, peripheral vascular disease, and hypercoagulable state, among which AF seems to be the leading cause, but its frequency differs among studies (5, 6). AF is also the most common associated predisposing condition in SI (7). Virchow's triad at the AF state produces imbalances between thrombotic and thrombolytic factors, leading to the formation of embolus, which may dislodge and travel through the systemic circulation, finally resulting in embolism in the end organs (8). If the diagnosis of acute RI is missed initially or delayed, patients are at risk of renal failure, which can lead to death (9).

We present a patient with embolic renal and splenic infarction secondary to atrial fibrillation. Anticoagulation therapy was given according to the CHA2DS2VASc score, and then, a “One-stop” procedure, including atrial fibrillation catheter ablation and left atrial appendage occlusion, was applied to restore sinus rhythm and prevent further embolism.



CASE PRESENTATION

A 73-year-old female patient (height:153 cm, weigh:45 kg) was presented to our emergency department with the new symptom of right flank pain for 10 days, accompanied by palpitation and nocturnal dyspnea, the patient suffered a cerebral infarction 25 years ago, but no medication has been taken routinely. Before admission, the patient received drug therapy, including diuretic, antiplatelet, hepatic protectant, etc., for diagnosis of atrial fibrillation and heart failure in a county hospital, but failed to improve symptoms.

Her vital signs were all normal except for the HR was 114 bpm. A physical examination revealed that the heart rhythm was irregular, and the ECG showed atrial fibrillation (AF) with a rapid ventricular rate(Figure 1A). Her white blood cell count was 15.55 × 109 per L, red blood cell was 3.87*10∧9/L, and platelet count was 171*10∧9/L, respectively. A urinalysis showed negative protein, 23.5 white blood cells (<25/ul), and 24.5 red blood cells (<25/ul), within normal limits. LDL-C was 3.91 mmol/L. The D-Dimer was over 20 ug/ml (<0.5 ug/ml). The blood creatinine concentration was 116 umol/L, and GFR calculated by Cockcroft-Gault was 27.27 ml/min. The liver function tests were abnormal: Serum alanine aminotransaminase (ALT) was 808 IU/L (0–40 U/L) and aspartate aminotransaminase (AST) was 1112 IU/L (0–40 U/L). Also, the total bilirubin, indirect bilirubin, direct bilirubin, and albumin levels were normal (19 umol/L, 10 umol/L, 0 umol/L, and 39 g/L, respectively). The N-terminal b-type natriuretic peptide precursor (NT-proBNP) was 4,577 pg/ml (normal range, ≤ 900 pg/ml aged 50–75).


[image: Figure 1]
FIGURE 1. (A) Electrocardiogram showing atrial fibrillation with a rapid rate. (B) Transesophageal echocardiography showing spontaneous echo contrast (SEC) in left atrium and atrial appendage. (C) Abdominal CT scan with intravenous contrast shows infarctions (arrows) in the middle right and (D) Inferior left renal parenchyma and the inferior aspect of the spleen.


With consideration of her complaint about abdominal discomfort, two possible causes include (1) hepatalgia caused by congestion of the liver, and (2) high possibility of detachment of thrombosis during atrial fibrillation cardioversion, which can cause mesenteric artery embolism and intestinal ischemia. A mesenteric artery CT angiography (CTA) was done, mesenteric artery CTA showed a mild to moderate stenosis in the trunk section due to eccentric thickening of the vascular wall, with focal calcification. Additionally, multiple infarcts were detected in both kidneys and spleen, but no obvious thrombosis in the renal artery and splenic artery (Figures 1C,D). Transthoracic echocardiography (TTE) revealed all four chambers of the heart were of normal sizes with a left atrium dimension of 2.8 cm. Transesophageal echocardiography (TEE) was performed for suspected intracardiac thrombus formation; there was no intracardiac thrombus, but a severe spontaneous echo contrast (SEC) in both atrium and atrial appendage (Figure 1B). Holter monitoring recorded the whole episodes of atrial fibrillation at 24-h follow-up. Interestingly, the patient's CHA2DS2VASc score was six based on her age, sex, hypertension, vascular disease, and thromboembolic events: one point for age 65–74 years, one point for female, one point for a history of hypertension, one point for peripheral artery disease, and two points for the current embolic event. Also, the patient's HAS-BLED score was three based on her age, hypertension, and liver function abnormality; one point for age >65 years, one point for a history of hypertension, and one point for ALT > three times the upper limit of normal.

Anticoagulation therapy was initiated with an enoxaparin sodium injection of 120 mg/day, and then, switched to rivaroxaban 20 mg/day. Drug cardioversion of AF including amiodarone intravenous injection failed, and the rapid heart rate was hard to control by β-blockers, digitalis, etc. An electrophysiological study and catheter ablation was recommended to restore sinus rhythm for the AF refractory to drug therapy. Percutaneous left atrial appendage occlusion has also been considered to decrease the risk of stroke in this patient. After a combination of ablation (Figures 2A,B) and left atrial appendage occlusion (LAAO) (Figures 2C-F) as a “One-stop” procedure, the patient restored sinus rhythm. The patient's symptoms quickly improved, and the patient was discharged 2 days later. After 1 month of follow-up, the patient complained of no special discomfort, and the holter showed sinus rhythm. GFR was 35.23 ml/min (27.27 ml/min when first examined). The liver function improved: ALT was 26 IU/L (0–40 U/L) and AST was 42 IU/L (0–40 U/L). Coronary artery CT angiography showed no protruding thrombi around the occlusion device and peri-device leak (Figure 3A). Renal artery CT angiography showed no new-onset infarction, the range of old infarcted lesions got smaller, and the margin of renal and splenic infarction got irregular (Figure 3B). The patient continued oral anticoagulation of rivaroxaban for 45 days after discharge, followed by 6 months of dual platelet inhibition, with clopidogrel 75 mg and lifelong continuation of ASA 100 mg/day alone. We will follow up with the patient in 1 month, 3 months, and 6 months after surgery. Then, she will be followed up every 6 months.


[image: Figure 2]
FIGURE 2. (A) 3D modeling and substrate mapping of left atrium. (B) Catheter ablation at pulmonary veins, left atrium roof, and mitral isthmus. (C,D) Intracardiac echocardiography image of left atrial appendage (LAA) before or after LAA occlusion. (E,F) Fluoroscopy image of left atrial appendage (LAA) before or after LAA occlusion.
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FIGURE 3. (A) Coronary artery CT angiography showing no protruding device-related thrombus and peri-device leak. (B) Renal artery CT angiography showing no new onset infarction.




DISCUSSION

Renal infarction and splenic infarction are rare events in clinical practice. Patients with renal infarction and splenic infarction are often confused with urinary tract infection (UTI), nephrolithiasis, biliary pathologies, appendicitis, and mesenteric ischemia because they do not have specific clinical symptoms. Clinicians should have a low threshold for suspicion of RI and SI because of the difference in the way it is treated compared to other diagnoses for these non-specific symptoms.

Renal infarction can affect one or two kidneys to varying degrees. In a retrospective study by Yang et al., 19.1% of the patients had bilateral renal infarction. Moreover, they reported that 34.8% of the patients with acute renal infarction had a renal failure at the time of diagnosis and 27.4% of patients with renal infarction are at risk for developing CKD (10). Nagasawa et al. reported that the size of the renal artery orifice may be a factor that contributes to the laterality of ARI, and assessment of anatomical features is important when considering the laterality of the disease (11). Also, the volume of the infarction may be a factor in the degree of renal function decline in ARI, and assessment of infarct volume in ARI is important (12). It was noted that acute kidney injury(AKI)is often associated with acute renal infarction. Although most AKIs recover spontaneously, renal impairment following acute renal infarction can persist. Thus, early diagnosis and intervention are needed to preserve renal function. Splenic infarction is a thromboembolic disease that is also frequently missed in acute settings. Splenic infarction patients often presented with left upper abdominal pain and tachycardia. A history of hypertension, atrial fibrillation, and a laboratory result of leukocytosis or thrombocytopenia may provide a clue for clinicians to include splenic infarction in the differential list. In a retrospective analysis of SI patients (13), SI could be the initial presentation of previously unknown medical conditions in 38% of patients. The main underlying mechanisms were cardioembolic (54.4%), vascular (20%), hematologic disorders (15.6%), and multiple causes (21.1%). Atrial fibrillation and atherosclerosis were common in older patients (age>70 years), while antiphospholipid syndrome occurred exclusively in younger individuals. In addition, pancreatic disorders also appear to be an important cause of splenic infarction, presumably due to the proximity of the pancreas to the splenic vessels (14).

The origin of renal infarction is usually cardioembolic, especially due to atrial fibrillation (15). Atrial fibrillation is present in only 18–64% of patients according to different series, however, it is noted that in 30–60% of patients with renal infarction, no provoking factor is identified (16, 17). A retrospective study reported an additional 10% of the patients were identified with atrial fibrillation during follow-up, suggesting that patients with RI with paroxysmal atrial fibrillation may be underrecognized by routine monitoring. Interestingly, the patients with provoked factors, such as atrial fibrillation had a higher rate of recurrence of arterial thrombosis, during follow-up (18). In a randomized clinical trial, among older community-dwelling individuals with hypertension, AF screening with a wearable cECG monitor was increased AF detection 10-fold and prompted the initiation of anticoagulant therapy in most cases. Compared with continuous ECG, intermittent oscillometric screening with a BP monitor was an inferior strategy for detecting paroxysmal AF (19). So, it is reasonable to apply intensive ECG monitoring for patients with a high risk of thromboses, such as stroke or renal infarction.

Treatment of RI and SI depends on the etiology. To date, there is no guideline regarding the antithrombotic treatment of RI either in the early phase or in long term. Anti-coagulation is a necessary and classical therapy for artery infarction and should be adopted as soon as possible to restore the renal perfusion and improve the prognosis (20). In retrospective studies, patients with RI have an all-cause mortality rate of 19.7% at 40 months, despite a rare evolution to dialysis or end-stage renal disease (2% at 41 months) (21). This means that the poor long-term outcome is not due to the severity of the kidney injury, but mainly to cardiovascular events and patient's comorbidities with an outcome rate of 12% at 48 months (22). Similarly, strokes related to AF are associated with higher mortality and morbidity when compared with non-AF strokes, emphasizing the need for more effective stroke prevention in these patients (23). It has been shown that in patients with non-valvular AF, 90% of thrombi are located in the LAA (24). Left atrial appendage occlusion as means to prevent thromboembolism in AF is based on the observation that the majority of thrombi in non-valvular AF form in this cul de sac structure. Left atrial appendage occlusion using interventional techniques has been demonstrated to be equivalent to oral VKAs in reducing thromboembolic events, while reducing the OAC inherent risk for major bleeds. The 5-year outcomes of the PREVAIL trial, combined with the 5-year outcomes of the PROTECT AF trial, demonstrate that LAAO with the Watchman device provides stroke prevention in nonvalvular atrial fibrillation comparable to warfarin, with additional reductions in major bleeding, particularly hemorrhagic stroke, and mortality (25). Therefore, in patients with an elevated bleeding and thrombosis risk who undergo left AF ablation, combining ablation and LAA occluder implantation in one procedure, may be a “reasonable opportunity”: AF ablation requires a transseptal approach, which allows additional occluder implantation using the same left atrial access and, therefore, avoids an additional procedure with the transseptal procedure (26).

In conclusion, acute renal infarction and splenic infarction are rare but very important clinical problems. It must be kept in mind in the differential diagnosis of flank pain and AKI. Patients should be examined in detail in terms of etiological factors and treated properly.
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The presence of a low-voltage areas (LVAs) is a major feature of the progression of atrial fibrillation. Typically, the LVA is determined by invasive left atrial voltage mapping. In addition to pulmonary vein electrical isolation, Voltage-guided substrate modification by targeting LVAs in addition to PVI has been shown to be superior to conventional PVI “only” approaches regarding freedom from AF recurrences after ablation. Recent studies have found Atrial wall thickness correlates with low voltage areas, and the degree of atrial myocardial fibrosis can be better assessed by CT or MRI in combination with voltage mapping, which might help reduce the recurrence of AF after catheter ablation.
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WHAT IS THE LOW VOLTAGE AREA?

In patients with persistent AF, the incidence and size of LA low-voltage areas are higher than in patients with paroxysmal AF, and they are frequently found in the anterior left atrial wall, septum and posterior left atrial wall (1, 2). Most studies define the cutoff value for left atrial low voltage as a bipolar voltage ≤ 0.5 mV measured during sinus rhythm, and the low voltage zone is mainly located in the anterior, posterior, and interstitial walls. Recently, seveal studies have shown that it is feasible to conduct voltage measurements in atrial fibrillation rhythm, but the cutoff value differs from that of sinus rhythm, which was found to be <0.2 mV in the low voltage region when the left atrial voltage in conventional sinus rhythm was ≤ 0.5 mV as a reference standard (3). The presence of a low-voltage zone is associated with recurrent AF, stroke, and left atrial function after catheter ablation, and is more extensive in patients with persistent AF than in those with paroxysmal AF (2). A substantial amount of studies are known to suggest a correlation between atrial fibrosis and low voltage areas, and there is a high correlation between scarred areas identified by LGE-CMR and low voltage areas identified by electroanatomical calibrations. Electro-mapping might predict atrial fibrosis (4).



LOW VOLTAGE AREAS DO NOT ABSOLUTELY REFLECT ATRIAL MYOCARDIAL FIBROSIS

The low voltage region does not absolutely reflect the degree of atrial fibrosis. A few influencing factors including different atrial rhythms, atrial wall thickness and contact area between the recording catheter and the atrial wall, conduction velocity, fiber alignment, and recording catheter characteristics (electrode size, spacing, and orientation with respect to the tissue) can affect voltage labeling, which has been demonstrated in animal and human studies. Andrés et al. reported a wider range of low-voltage areas scaled under atrial fibrillation rhythm (AF) than in sinus rhythm (SR) (5).



EFFECT OF ATRIAL THICKNESS ON ELECTROANATOMICAL MAPPING

In addition to reflecting atrial muscle fibrosis in the low-voltage area of mapping, we also need to consider the influence of atrial muscle thickness on the mapping results. Recent studies have shown evidence that changes in left atrial myocardial thickness are an important part of this pathological remodeling process. Autopsy and imaging studies have demonstrated changes in atrial wall thickness between patients with different clinical histories. Combined with atrial tissue characterization, a comprehensive assessment of atrial structure might help predict atrial electrophysiological behavior and guide regional RF treatment based on atrial wall thickness. Platonov et al. observed (6) the posterior wall of the left atrium in 298 consecutive pathological specimens in routine autopsy. In this study, patients with a history of atrial fibrillation had significantly thinner posterior left atrial walls compared with patients without a history of atrial fibrillation. In the present study, the mean posterior wall thickness in the middle and lower parts of the posterior wall in the non-AF group was 2.6 and 2.9 mm, respectively, and the mean posterior wall thickness at each segment in the AF group was 0.4 mm. Atrial wall thickness is likely to be a useful marker of atrial pathological remodeling in patients at risk for AF or in patients already diagnosed with AF.

Studies have shown that atrial muscle thickness is closely related to low-voltage areas. For example, Wi et al. (7) confirmed the relationship between atrial wall thickness and fragmentation potential measured by computed tomography (CT). Takahashi et al. (8) also demonstrated that the thinning of the pulmonary vein-atrial junction was accompanied by a decrease in bipolar voltage, and the pulmonary vein-atrial junction correlated with bipolar voltage amplitude. Nakatani et al. (9) suggested that left atrial wall thickness is a predictor of reconnection and resting conduction after pulmonary vein electrical isolation. Recently, Nakatani et al. confirmed (10) that atrial wall thickness correlates with low voltage areas. Atrial wall thickness might reflects atrial remodeling, and atrial wall thickness is also related to the local reduced potential of atrial tissue. Atrial wall thickness reflects atrial remodeling, and atrial wall thickness is also associated with locally reduced potentials in atrial tissue, and the authors suggest that atrial wall thickness may change as atrial fibrillation progresses. Atrial wall thickness is thicker in patients with paroxysmal atrial fibrillation than in healthy individuals. The atrial wall thickness is thinner in persistent AF than in paroxysmal AF, probably because the increased atrial pressure and atrial volume reduces the atrial wall thickness. In this study, atrial wall thickness assessed by contrast-enhanced CT correlated with low-voltage areas of atrial tissue measured by three-dimensional mapping in 43 patients with paroxysmal atrial fibrillation who underwent first catheter ablation and underwent electrical mapping. Preoperative multi-slice spiral CT was used to measure the thickness of the atrial wall (excluding fat) of the research subjects, and the left atrium was artificially divided into 21 parts, including the septal wall (3 parts), the anterior wall of the left atrium (3 parts), and the apex. Wall (3 parts), bottom wall (3 parts), rear wall (9 parts). It was confirmed that the thickness of different parts of the left atrium varies greatly, and the thickness of the septal wall is the thinnest compared with other parts. In addition, the anterior and the roof walls of the atrium are significantly thicker than the posterior and bottom walls. The division of the left atrial 3D reconstruction area by electrical mapping is consistent with the method of CT division. In this study, a correlation analysis was performed between the atrial thickness and the low-voltage area measured by the electrical mapping performed during the operation, and the univariate linear regression obtained the left atrium. Wall thickness, left atrial volume, and left atrial appendage blood flow velocity were significantly associated with left atrial low-voltage areas. Multivariate linear regression showed that left atrial wall thickness and left atrial volume were independent determinants of the low voltage area of the left atrium (P = 0.005, P = 0.002). Myocardial thickness at 215 sites in 43 patients was divided into 3 groups: low, medium and high. Compared with the medium thickness group (1.76–2.14 mm) and the high thickness group (≥2.14 mm), the myocardial thickness in the low thickness group (<1.76 mm) was lower. The presence of voltage regions is more extensive. Therefore, the thin left atrium can map a larger area of low voltage. Through ROC curve analysis, the atrial wall below 1.9 mm can predict a wider low-voltage area, that is, the thinner the left atrial wall thickness, the wider the degree and scope of the atrial low-voltage area. Based on the study, the authors concluded that regions of the atrial wall smaller than 1.9 mm require accurate voltage mapping. Therefore, we can predict the extent and extent of the low-voltage zone by measuring the thickness of the atrial wall.

There are also some studies showing that atrial muscle thickness can predict the recurrence of atrial fibrillation, and three-dimensional mapping of low-voltage areas has certain limitations compared with imaging. Nakatani et al. (10) also evaluated the effect of atrial muscle thickness on the recurrence of atrial fibrillation by evaluating the thickness of the atrial wall in each region by contrast-enhanced CT. The study included 128 patients with paroxysmal atrial fibrillation and 85 patients with persistent atrial fibrillation. The atrial wall thickness in each region was assessed by contrast-enhanced CT. Compared with the non-Af recurrence group, the Af recurrence group had thicker atrial walls and the coefficient of variation of wall thickness was larger, which inferred that atrial wall thickness could predict AF recurrence. However, voltage mapping has its own limitations, representing only tissue features within a few millimeters of the catheter tip, limiting their sensitivity to detect fibrosis and scarring in the middle of the myocardium. Kucukseymen et al. (11) obtained inconsistencies between delayed enhancement scar regions and low-voltage regions detected by 3D mapping through animal experiments, highlighting the limitations of current 3D mapping systems in detecting scars in thick-walled myocardial wall regions. The authors concluded that in AF patients with thicker atrial walls, the mapping of low-voltage areas was affected by atrial wall thickness. Because the area with thicker atrial wall has fewer low-voltage areas detected by mapping than the area with thinner atrial wall, less matrix modification is performed on the thicker atrial wall, so the recurrence rate of atrial fibrillation is affected by this aspect.

So does the thinner the myocardial thickness, the larger the left atrial volume? Nakatani et al. also compared the atrial wall thickness of patients with paroxysmal Af and persistent Af, and concluded that the atrial wall thickness in patients with paroxysmal Af is thicker than that in persistent Af. Notably, this study also concluded that there was no correlation between LA wall thickness and LA volume, and concluded that the hypothesis of LA wall thinning due to LA volume pressure overload is not valid. The analysis suggested that the thinning of the left atrial wall in persistent atrial fibrillation may be the result of structural remodeling. During Af, rapid atrial activation caused relative ischemia and oxidative stress in the atrial myocardium, which could lead to apoptosis and necrosis of atrial myocytes. Decreased myocardial mass and reactive interstitial fibrosis may reduce local atrial wall thickness and potential amplitude. Seewöster et al. (12) report that the relationship between left atrial volume and left atrial fibrosis was rather unpredictable, as some patients had extensive fibrosis but normal left atrial volume. Therefore, it is necessary to investigate whether there is a correlation between atrial wall thickness and left atrial volume.



SUMMARY AND CLINICAL OUTLOOK

At present, it is generally believed that low-voltage area is more extensive in patients with the persistent Af, and the ablation effect of the low-voltage area in patients with persistent atrial fibrillation is more significant than that of pulmonary vein electrical isolation alone (13). Different studies on the degree of left atrial fibrosis have drawn different conclusions. Some people with paroxysmal AF have severe fibrosis, while others with persistent AF have less fibrosis. Therefore, preoperative CT or MR examination can be used to more systematically and comprehensively identify the atrial muscle thickness, degree of atrial muscle fibrosis, and the relationship between the thickness of the left atrial wall and the low-voltage area in patients with atrial fibrillation, reducing the need for intraoperative three-dimensional markers. It is of great significance to prevent the misjudgment of measurement, reduce postoperative recurrence, and formulate more accurate ablation strategies for atrial fibrillation.
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Objective: This study was aimed to investigate the risk of recurrence in patients with atrial fibrillation (AF) after radiofrequency ablation and predict risk of recurrence using C2HEST and HATCH scores.

Methods: We retrospectively included 322 patients with AF from Second Hospital of Lanzhou University, and 261 patients were included in the analysis finally. They had AF and were admitted for radiofrequency catheter ablation. We compared the ability of C2HEST and HATCH scores to predict recurrence after radiofrequency ablation of AF. The predictive ability of C2HEST and HATCH scores for AF recurrence was estimated by the area under the receiver operating characteristic curve (AUROC). The difference in receiver operating characteristic curve between the two models was compared using the DeLong test.

Results: Of the 261 patients included in the analysis, 83 (31.6%) patients suffered a late recurrence of AF after radiofrequency ablation. The risk of postoperative recurrence of AF increased with increasing C2HEST and HATCH scores. The AUROC of C2HEST and HATCH scores in predicting postoperative recurrence of AF was 0.773 (95%CI, 0.713–0.833) and 0.801 (95% CI, 0.740–0.861), respectively. There was no significant difference between the two models in their ability to evaluate patients for postoperative recurrence of AF (DeLong test p-value = 0.36). Among the risk factors in both models, hypertension and heart failure (HF) contributed the most to postoperative recurrence after AF, and higher blood pressure and lower cardiac ejection fraction (EF) were associated with a higher risk of recurrence.

Conclusion: Both C2HEST and HATCH scores were significantly associated with the risk of late recurrence after radiofrequency ablation of AF. Besides hypertension and HF contributed the most to postoperative recurrence after AF.

Keywords: atrial fibrillation, radiofrequency ablation, hypertension, heart failure, C2HEST scores, HATCH scores


INTRODUCTION

Atrial fibrillation (AF) is one of the most common clinical arrhythmias. Epidemiological studies show that about 2% of the world’s population suffers from AF (1). It is estimated that by 2050, there will be 6–12 million patients with AF in the United States, and by 2060, there will be 17.9 million patients with AF in Europe (2). AF can cause heart failure (HF), ischemic stroke (IS), and dementia, increase morbidity and mortality in this population, and cause a significant disease burden (3). In existing studies, several models for predicting new-onset AF have been validated. However, most of them are based on Western demographic data and have not been further confirmed in Asian populations (4–8). More importantly, to the best of our knowledge, these models are rarely or not used to predict the recurrence of AF after radiofrequency ablation. Radiofrequency ablation of AF, as one of the most effective ways to control AF rhythm and maintain sinus rhythm, has been recommended as a first-line treatment in many guidelines (9, 10). However, due to insufficient evidence, the existing AF guidelines do not recommend using these models to provide a reference for radiofrequency catheter ablation of AF. In addition, current studies have shown that the occurrence and maintenance of AF depend on electrophysiological substrates (11). Therefore, we can put forward a reasonable hypothesis in which models used to predict the occurrence of AF can also predict the recurrence of AF after radiofrequency ablation, which is very important to guide the individualized treatment of AF patients.

The C2HEST score is used to predict the risk of developing AF in people without structural heart disease: C2: coronary artery disease (CAD) and chronic obstructive pulmonary disease (COPD) (each gets 1 point), H: hypertension (1 point), E: elderly (age ≥ 75 years, 2 points), S: systolic HF (2 points), and T: thyroid disease (hyperthyroidism, 1 point). The HATCH score is applied to predict the risk of progression to persistent AF in patients with paroxysmal AF: H: hypertension (1 point), A: age > 75 years (1 point), T: transient ischemic attack (TIA) or cerebrovascular accident (CVA) (2 points), C: COPD (1 point), H: heart failure (2 points) (12–17).

The predictive value of C2HEST and HATCH models for new-onset AF has been demonstrated in Asian populations. In many studies, the value of the C2HEST score in predicting the occurrence of AF is superior to other prediction models (16, 18). However, as far as we know, there is no study using the C2HEST scoring system to predict the risk of late recurrence after radiofrequency ablation of AF, and the evidence using the HATCH score to predict recurrence after radiofrequency ablation in patients with AF is also very limited. For patients with AF, predicting the risk of recurrence after radiofrequency ablation is very important for selecting individualized treatment for patients. However, understanding which patients will benefit from ablation remains a considerable challenge. Therefore, the C2HEST and HATCH scores were used to predict the recurrence risk after radiofrequency ablation in patients with AF, and their predictive power was compared.



MATERIALS AND METHODS


Data Sources and Trial Design

The study was a retrospective cohort study with strict inclusion and exclusion criteria. It was approved by the Ethics Committee of the Second Hospital of Lanzhou University with visa-free informed consent. All patients have signed informed consent for radiofrequency ablation. In the Cardiovascular Department of the hospital, we collected patients who underwent radiofrequency ablation for AF from April 2017 to July 2020. The privacy of all subjects was fully protected, and the patient’s private information was encrypted before this data was released. The study adheres to the principles outlined in the Declaration of Helsinki.



Patient Selection and Follow-Up

We retrospectively recruited consecutive patients with AF in the electronic medical record database of the Second Hospital of Lanzhou University. Based on the purpose of our study, the inclusion criteria for subjects were as follows: 1. The patient’s age is greater than 18 years old. 2. The patient first presented with AF on the 24-h ambulatory electrocardiogram or standard 12-lead electrocardiogram (ECG) during this admission, and the diagnosis was based on the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM). 3. The patient meets the indications for radiofrequency ablation of AF. Subject exclusion criteria: (1) The patient has a history of valvular heart disease (e.g., valve replacement, valvular disease related to hemodynamics). (2) The patient has undergone previous operations for AF (such as radiofrequency ablation, cryo-balloon, and surgical maze procedures). (3) The patient’s preoperative transesophageal echocardiography showed a left atrial thrombus. (4) The patient is in the active stage of hemorrhagic disease, systemic infection, or organ failure and cannot tolerate the operation. (5) Radiofrequency ablation was rejected by patients with AF. Primary indications for radiofrequency ablation in patients with AF: (1) The patient has frequent episodes of symptoms, and at least one class I or class III antiarrhythmic drug treatment is ineffective or intolerable. (2) Patients with frequent symptoms and unwilling to take drug treatment. (3) The patient is asymptomatic, but after comprehensively considering the efficacy and risk of drug and catheter ablation, catheter ablation is more beneficial. For all included subjects, 3 months after radiofrequency ablation of AF was used as a blank period and did not participate in follow-up. Within 3 months after the operation, all patients had been prescribed amiodarone for 3 months according to the guidelines recommended. Follow-up was started 3 months after radiofrequency ablation, and the minimum follow-up was 3 times (3 months, 6 months, and 1 year after operation). When the patient did not follow up on time, the patient was contacted by phone and advised to follow up on time. In addition, when the patient has symptoms, he will be admitted to the hospital for ECG examination immediately or outpatient ECG examination at any time when the patient needs it. ECG diagnosis and follow-up time were recorded during the examination. The most prolonged follow-up period for patients is 9 months, and the follow-up is stopped after the endpoint event occurs, and the follow-up time ended in July 2021. AF was diagnosed according to the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM). C2HEST and HATCH scores were calculated for each subject to predict the risk of AF recurrence. For each risk factor in the C2HEST and HATCH scores, the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) was used as the diagnostic criteria.



Ablation Procedure

The main radiofrequency ablation procedure was circumferential pulmonary vein isolation. A three-dimensional mapping system was used in all patients (NavX or CARTO). The endpoint of the operation was a bidirectional block of pulmonary vein and left atrium, which was recorded by mapping or ablation catheter or verified by pacing. Radiofrequency (RF) pulses were delivered using a 3.5 mm cooled-tip catheter, with a temperature setting up to 45 degree centigrade and an energy up to 42 W. When ablation was performed in the posterior wall, RF power was reduced to 25 W to reduce the risk of injuring the surrounding structures. Additional substrate modification (linear ablations or complex fractionated electrogram-guided ablations) was left to the discretion of the operating electrophysiologist. A fairly conservative strategy for additional ablations was followed. Cavotricuspid isthmus block was performed in patients with documented typical atrial flutter.



Outcomes

The study was a single outcome. The endpoint was the patient’s late recurrence of AF after radiofrequency ablation during the 9-month follow-up. Late postoperative recurrence is defined as rapid atrial arrhythmias such as AF, atrial tachycardia, or atrial flutter found on ECG or ambulatory ECG within 3–12 months after radiofrequency ablation of AF, with a duration of more than 30 s (9).



Statistical Analysis

In the baseline characteristics of the included subjects, categorical variables are represented by absolute numbers (percentages), continuous variables that satisfy the normal distribution are represented by the mean (standard deviation), and those that do not satisfy the normal distribution are represented by the median (Interquartile range). Normality was assessed using the Kolmogorov-Smirnov method, QQ plot and histogram. The recurrence rate of patients with AF after radiofrequency ablation was calculated by multiplying the number of events of atrial fibrillation recurrence by the survival time divided by the total number of follow-up person-months. Both C2HEST and HATCH scores were divided into three groups: 0, 1, and greater than or equal to 2. The Kaplan-Meier curves of C2HEST and HATCH scores under different scores were drawn, and the ordinate was the cumulative risk of postoperative recurrence of AF. Furthermore, we use the Logrank test to detect whether the curves under different scores are different. The hazard ratio (HR) and 95% CI of C2HEST and HATCH scores for predicting postoperative recurrence of AF under different scores were calculated by Cox regression, the model effect was evaluated by −2 log-likelihood, and the overall model was tested by Omnibus test. Then, other risk factors were included in different groups, the model was adjusted, and adjusted HR and their 95% CI were calculated. The area under the receiver operating characteristic curve was used to estimate the predictive power of the C2HEST and HATCH models for AF recurrence, and the Hosmer-Lemeshow goodness-of-fit test was used to evaluate the model. The DeLong test was used to compare the area under the receiver operating characteristic curve between two different prediction models. Statistical analysis was performed using SPSS 24.0 or R software. The drawing of pictures was realized using SPSS 24.0 version or R software. The significance level of the two-sided test for the p-value was set at 0.05.




RESULTS


Trial Population

From April 2017 to July 2020, a total of 322 patients with a first-time diagnosis of AF were enrolled at the Second Hospital of Lanzhou University (Figure 1). All patients underwent radiofrequency catheter ablation of AF. 49 patients were lost to follow-up and data were missing for 12 patients. A total of 261 patients were finally included in the analysis.


[image: image]

FIGURE 1. Screening and follow-up.


Among the included patients, the mean age was 58.4 years, and 36.0% were female. Among them, there were 12 patients (12.6%) with COPD, 51 patients (19.5%) with CAD, 118 patients (45.2%) with hypertension, 71 patients with HF (27.1%), 5 patients with hyperthyroidism (1.9%) and 23 patients (8.8%) with CVA or TIA. The patient’s C2HEST score was 1 (IQR, 0–1), and the HATCH score was 1 (IQR, 0–2). The median follow-up of patients was 9 months (Table 1).


TABLE 1. Baseline characteristics of study subjects.

[image: Table 1]


Outcomes

In the Cox regression proportional hazards model, patients with C2HEST scores of 0, 1, and ≥ 2 had AF postoperative recurrence rate of 3.01/Per 100 person-months, 9.10/Per 100 person-months, and 6.03/Per 100 person-months, respectively. Before adjusting for confounders, patients with a C2HEST score of 0, 1, and ≥ 2 had Crude HR of 1.00 (reference), 5.30 (95%CI, 2.56–10.98), and 12.69 (95%CI, 6.09–26.4), respectively. After adjusting for relevant confounding factors, the adjusted HR was 1.00 (reference), 4.41 (95% CI, 2.10–9.26), and 12.72 (95% CI, 6.00–27.00) (Table 2).


TABLE 2. Incidence and hazard ratios of atrial fibrillation late recurrence stratified by C2HEST score.

[image: Table 2]
Similarly, patients with HATCH scores of 0, 1, and ≥ 2 had AF postoperative recurrence rates of 3.32/Per 100 person-months, 4.24/Per 100 person-months, and 10.60/Per 100 person-months, respectively. Before adjusting for confounders, Crude HR was 1.00 (reference), 2.65 (95%CI, 1.20–5.84), and 8.58 (95%CI, 4.37–16.83) for patients with a HATCH score of 0, 1, and ≥ 2, respectively. After adjusting for confounding factors, adjusted HR was 1.00 (reference), 2.20 (95% CI, 2.10–9.26) and 7.44 (95%CI, 3.70–14.94) (Table 3).


TABLE 3. Incidence and hazard ratios of atrial fibrillation late recurrence stratified by HATCH score.

[image: Table 3]
As seen in the Kaplan Meier curve, the cumulative risk of postoperative recurrence of AF increased with the extension of follow-up time under different scores of the C2HEST and HATCH models. Figure 2 show that the cumulative risk of postoperative recurrence of AF presents different trends under different scores. Patients with C2HEST scores of 0, 1, and ≥ 2 had a gradient increase in the cumulative risk of postoperative recurrence of AF, with a Logrank test p-value < 0.001.


[image: image]

FIGURE 2. Cumulative incidence curves of atrial fibrillation recurrence stratified by C2HEST (A) and HATCH (B) scores.




Evaluation of Predictive Models and Cox Regression Analysis of Risk Factors

It can be seen from the receiver operating characteristic curve that both C2HEST and HATCH scores can effectively predict the recurrence of AF, and the areas under the curve are 0.773 (95%CI, 0.713–0.833) and 0.801(95% CI, 0.740–0.861), respectively (Figure 3). Using the DeLong test with a p-value of 0.36, there was no statistical difference in the ability of the two prediction models to predict postoperative recurrence of AF.


[image: image]

FIGURE 3. Receiver operating characteristic curves for the C2HEST and HATCH score in predicting incident atrial fibrillation recurrence, and the DeLong test was used to compare the predictive power between C2HEST and HATCH score.


In the forest plot displayed by Cox regression, we can see that the difference in gender and age (65–74 years) did not lead to an increase in the recurrence rate of AF, with HR of 0.80 (95%CI, 0.48–1.35, P = 0.05), 1.12 (95%CI, 0.65–1.94, P = 0.69), respectively (Figure 4). COPD and hyperthyroidism also did not increase the risk of AF recurrence, with HR of 0.54 (0.16–1.82, P = 0.32) and 1.75 (0.41–7.54, P = 0.45), respectively. Moreover, other risk factors in C2HEST and HATCH scores can increase the risk of postoperative recurrence of AF. Among them, hypertension and heart failure caused the highest risk of postoperative recurrence of AF and showed a trend that the higher the blood pressure and the lower ejection fraction, the higher the risk of postoperative recurrence of AF.
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FIGURE 4. Hazard Ratio for the outcome and its risk factors in C2HEST and HATCH scores.





DISCUSSION

This study is the first to evaluate the risk of recurrence after radiofrequency ablation of AF using the C2HEST score. It provided evidence that the score can be used as a predictor of the risk of postoperative recurrence of AF. In the model, the area under the receiver operating characteristic curve is 0.733 (95% CI, 0.713–0.833), indicating that the model is a good predictor. At the same time, we should note that in this model, the risk of AF recurrence increased with increasing C2HEST score (Logrank test p < 0.001). Similar findings were also found in the HATCH score, and there was no statistical difference in the ability of the two models to predict postoperative recurrence of AF (DeLong test p = 0.36). We note in the C2HEST and HATCH scores. The most significant differences between the two scores are TIA, CVA, CAD, and Hyperthyroidism, while the rest of the risk factors are the same. CAD and Hyperthyroidism were added to the C2HEST score, while TIA and CVA were added to the HATCH score. So the similarity in predictive power between the two is explicable. However, some controversies in the HATCH score must be pointed out. As far as we know, three studies have examined the relationship between HATCH score and recurrence after catheter ablation of AF, of which there is no multicenter study with large sample size. In the study of Tang et al. the HATCH score was considered to have no predictive value for postoperative recurrence of AF (19). Through comparison, we found the possible reasons for the difference in results. The subjects in this study were operated on from January 2005 to September 2007. Since then, radiofrequency ablation of AF has been dramatically developed, while this may have an impact on the findings of the study. In addition, we found that patients were not strictly included and excluded in this study, and the duration of AF, the type of AF, the screening method of AF follow-up, and whether they were complicated with valvular heart disease all affect the risk of postoperative recurrence (20, 21). More importantly, the study’s operative endpoint required only an entry block when defining pulmonary vein isolation, whereas our operative endpoint required both an entry and exit block. Bidirectional blockade allows complete pulmonary vein isolation and longer pulmonary vein isolation, which directly affects the trial’s outcome (22–24). In the study of Mulder et al. it was also concluded that the HATCH score had no predictive value for the recurrence of AF (25). In this article, we found that it did not exclude patients with previous atrial fibrillation (patients may be persistent atrial fibrillation or long-standing persistent atrial fibrillation) or patients with valvular heart disease, which may increase the recurrence rate and reduce the prediction ability of the model. Secondly, the main inclusion criteria is that patients should have the results of cardiac CT or cardiac MRI before radiofrequency ablation, and patients with poor image quality are excluded, which may lead to selection bias. In terms of follow-up time, the median time of patients was 29 (IQR, 12–68) months. However, the longer the time of AF, the greater the possibility of postoperative recurrence of AF, which will further reduce the prediction ability of the model (26). Different from the above study, in the study of Bai et al. we reached a similar conclusion that the HATCH score can predict the risk of postoperative recurrence of AF (27). In addition, consistent with our results, they also believe that among the risk factors included in the model, HF and hypertension make a significant contribution to the postoperative recurrence of AF. However, we note that the area under the receiver operating characteristic curve of this study is 0.58 (95% CI, 0.52–0.63), which is relatively poor in predictive power compared to our findings. After further comparison, it was found that the study population was patients with AF combined with pulmonary disease, and there was no previous research data in this area. The extent to which it will affect the results of the study needs further research. At the same time, the study did not mention the exclusion criteria of patients, which would lead to a further increase in the variability of the results and a further decrease in the predictive power. In addition, the median follow-up time of the study was 6 months after the operation, which seems to be insufficient for the evaluation of late recurrence of AF. More importantly, the endpoint of the study was the duration of AF > 30 s, which did not seem to include other atrial tachyarrhythmias, which would significantly impact the study’s outcome. Unlike the above three studies, we note that the age of the included population in our existing study is relatively small (58.44 ± 9.44 years), which may also lead to the decline of confounding factors for the study outcome, improving the predictability of the model.

In our study, patients aged 65–74 years did not have an increased risk of recurrence after radiofrequency ablation of AF compared with age ≤ 64 years. Patients ≥ 75 years of age are at increased risk of recurrence. In a recent study by Li et al. it was found that the modified mC2HEST score (with age ≥ 65 years added as 1 point) increased the predictive power for atrial fibrillation (28). However, from our results, this was not observed for postoperative recurrence of AF. In addition, elderly patients with AF have a reduced ability to clear and metabolize antiarrhythmic drugs and are prone to proarrhythmic effects and drug-related bradycardia. Therefore, radiofrequency catheter ablation of AF can be considered in the elderly (29). At the same time, several research results suggest that the success rate of catheter ablation in patients aged ≥ 75 years is similar to that in young patients, while there is no difference in the incidence of complications. However, our study suggests that for patients aged ≥ 75 years, the risk of late postoperative recurrence of AF is increased, which provides another consideration for clinicians’ decision-making. Of course, this needs to be further verified in a large sample and multicenter studies.

In our study, hypertension also leads to increased recurrence of AF after radiofrequency ablation, which has also been confirmed in other studies (30). However, there is currently insufficient evidence that blood pressure control improves the success rate of catheter ablation of AF. In recent years, catheter ablation has achieved an apparent curative effect in patients with AF complicated with HF, and its success rate is similar to that in patients with AF without HF. At the same time, in the sinus rhythm maintenance group, the postoperative cardiac function indexes and quality of life were significantly improved, while the incidence of perioperative complications had no significant difference compared with those without HF (31–33). In addition, the CASTLE-AF study showed that for patients with HF complicated with AF, the composite endpoint of all-cause death or hospitalization due to deterioration of HF in patients with catheter ablation was significantly lower than that of drug treatment (31). However, it should be noted that patients with HF who had AF have a higher recurrence rate and complication rate after catheter ablation due to cardiac remodeling and combined structural heart disease. This was also confirmed in our study, where HF contributed the most to the late recurrence of AF in both models, and the lower the ejection fraction, the higher risk of recurrence. However, the sample size of our study was small, especially for patients with HFrEF, so further large-sample studies are necessary. In addition, for some special cases, it should be pointed out that for AF caused by worsening HF, a rhythm control strategy is not superior to ventricular rate control, and catheter ablation is an optional strategy (34). At this point, two predictive models can help clinicians make further decisions. For CAD, TIA or CVA can promote the recurrence of AF, which has also been verified in previous studies (16, 35). In our study, they promoted postoperative recurrence of AF, but their contribution was limited.

The clinical significance of this study is mainly that C2HEST and HATCH scores can guide the decision-making process of clinicians. First, patients with high C2HEST and HATCH scores are at increased risk of recurrence, requiring more frequent monitoring. In addition, patients with high C2HEST and HATCH scores tend to choose procedures with lower recurrence rates. Conversely, clinicians largely have to consider the risk of recurrence and the economic cost-effectiveness of patients after catheter ablation. Therefore, excessive radiofrequency ablation may be avoided in patients with high C2HEST and HATCH scores. Obviously, the clinical value of the C2HEST and HATCH scores needs further clinical trial validation.


Study Limitations

First, the study was a single-center study, and a retrospective cohort study was used in the trial design. Therefore, the study may not be extrapolated to other centers. At the same time, the study used radiofrequency catheter ablation for AF, so it may not be extrapolated to other operation treatments. However, this does not deny the original clinical significance of the study. Second, the study had a short follow-up period and did not perform continuous regular monitoring of postoperative AF recurrence. Several studies have shown that many patients with postoperative recurrence of AF are asymptomatic, which may lead to underestimating the risk of postoperative recurrence in patients and affect the evaluation of the model (36–38). Third, while helping to clarify the nature of the problem, strict inclusion and exclusion criteria limit the extrapolation of conclusions across different AF patients. Fourth, although we screened 508 samples and included 322 patients with AF when we performed the analysis, especially the sample size of patients aged ≥ 75 years and HFrEF was small, resulting in a wide CI for the HR, which has a certain impact on the accuracy of the trial conclusion and requires further validation by a large sample study. However, in our opinion, this does not reduce the overall predictive power of the C2HEST and HATCH scores.




CONCLUSION

Both C2HEST and HATCH scores are reliable predictors of recurrence after radiofrequency ablation of AF, and there is no difference in predictive ability between the two models. Besides, we found that hypertension and HF contributed the most among the risk factors in both models. C2HEST and HATCH scores can provide a reference for clinicians’ decision-making process.
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Introduction: Continuous progress in atrial fibrillation (AF) ablation techniques has led to an increasing number of procedures with improved outcome. However, about 30–50% of patients still experience recurrences within 1 year after their ablation. Comprehensive translational research approaches integrated in clinical care pathways may improve our understanding of the complex pathophysiology of AF and improve patient selection for AF ablation.

Objectives: Within the “IntenSive mOlecular and eLectropathological chAracterization of patienTs undergoIng atrial fibrillatiOn ablatioN” (ISOLATION) study, we aim to identify predictors of successful AF ablation in the following domains: (1) clinical factors, (2) AF patterns, (3) anatomical characteristics, (4) electrophysiological characteristics, (5) circulating biomarkers, and (6) genetic background. Herein, the design of the ISOLATION study and the integration of all study procedures into a standardized pathway for patients undergoing AF ablation are described.

Methods: ISOLATION (NCT04342312) is a two-center prospective cohort study including 650 patients undergoing AF ablation. Clinical characteristics and routine clinical test results will be collected, as well as results from the following additional diagnostics: determination of body composition, pre-procedural rhythm monitoring, extended surface electrocardiogram, biomarker testing, genetic analysis, and questionnaires. A multimodality model including a combination of established predictors and novel techniques will be developed to predict ablation success.

Discussion: In this study, several domains will be examined to identify predictors of successful AF ablation. The results may be used to improve patient selection for invasive AF management and to tailor treatment decisions to individual patients.

Keywords: atrial fibrillation, catheter ablation, pulmonary vein isolation, atrial fibrillation ablation, study design, translational research, prediction model


INTRODUCTION

The prevalence of atrial fibrillation (AF) has risen substantially over the past decade, and it continues to rise due to the aging population and the increasing rate of concomitant risk factors and underlying structural heart diseases (1). AF is associated with an increased risk of ischemic stroke, developing and worsening of heart failure, and a significant symptom and financial burden (2). To maintain sinus rhythm and to decrease symptoms related to AF, catheter ablation is recommended in symptomatic patients (3). However, despite advanced ablation techniques and improved ablation outcomes over the last decade, about 30–50% of patients still experience recurrences of atrial arrhythmias within 1 year after the procedure (4, 5).

Although several readily available characteristics (including demographic information, established clinical AF risk factors, and left atrial volume) have previously been identified as predictors for AF ablation success, it remains challenging to estimate the success rate for an individual patient (6). A range of novel techniques estimating the extent of the atrial AF substrate has been proposed: to aid in the prediction of individual success rates biomarkers, such as inflammatory mediators and markers for fibrosis (7, 8), common gene variants associated with AF, and non-invasive electrophysiological characteristics recorded on surface electrocardiograms (ECG) (9, 10). Additionally, a more detailed characterization of different AF patterns based on frequency, duration, and manner of conversion of AF episodes might further help to characterize the AF phenotype, although its predictive value for ablation success has not yet been described (11).

It is the aim of the multicenter prospective “IntenSive mOlecular and eLectropathological chAracterization of patienTs undergoIng atrial fibrillatiOn ablatioN (ISOLATION)” cohort study to systematically examine predictors of successful AF ablation in the following domains: (1) clinical factors, (2) AF patterns detected using rhythm monitoring devices, (3) anatomical characteristics, (4) electrophysiological characteristics, (5) circulating biomarkers, and (6) individual genetic background. Factors from these domains will be combined in a multimodality model for the prediction of ablation success, which may help to improve patient selection for invasive AF management. Herein, we outline the design of the ISOLATION study and describe how all study procedures are implemented into a standardized, integrated clinical care and research AF ablation pathway.



METHODS AND ANALYSIS


Study Design

The ISOLATION is a multicenter prospective cohort study designed to identify predictors of successful AF ablation in six different domains (Figure 1). The study was initiated in July 2020 and aims to include 650 patients scheduled for AF ablation in two Dutch university hospitals, the Maastricht University Medical Centre (MUMC) and the Radboud University Medical Centre (Radboudumc). Clinical characteristics, results of routine clinical tests (e.g., laboratory results, cardiovascular imaging) and several additional study procedures are collected before, during, and after the ablation. The study protocol was reviewed and approved by the ethics committee of the MUMC (METC azM/UM, NL70787.068.19) and is registered at clinicaltrials.gov (NCT04342312) and in the Netherlands Trial Register (NL7894).


[image: image]

FIGURE 1. The 6 domains of interest in which predictors for successful atrial fibrillation ablation are sought: (1) clinical risk factors, (2) pre-procedural AF patterns, (3) anatomical characteristics, (4) electrophysiological characteristics, (5) circulating biomarkers, and (6) genetic background. AF, atrial fibrillation; CT, computed tomography; ECG, electrocardiogram; MRI, magnetic resonance imaging. Study procedures with an asterisk are conducted for a subset of patients.




Study Population

Patients are eligible for participation in this study if they are 18 years of age or older, have documented AF, are scheduled for an AF ablation (first procedure or redo) in either participating center, and are able and willing to provide written informed consent. There are no restrictions for AF ablation modality nor for potential previous ablation procedures. Possible ablation modalities include percutaneous techniques (cryoballoon ablation or radiofrequency ablation), surgical ablations (epicardial ablation, concomitant ablation) or a combined procedure (hybrid ablation). Patients are excluded if they are deemed unfit to participate due to a serious medical condition or if they undergo an emergency procedure. In- and exclusion criteria are listed in Table 1.


TABLE 1. In- and exclusion criteria of the ISOLATION study.
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Endpoints

The primary outcome measure is ablation success, defined as freedom from documented recurrence of atrial arrhythmia 12 months after the index procedure. Recurrences in the first 3 months are exempted (blanking period). Atrial arrhythmias are defined as AF, atrial tachycardia, or non-isthmus dependent atrial flutter. Episodes of atrial arrhythmia must be documented on an ECG, Holter monitoring (minimum duration of 30 seconds), or an implanted device (atrial high rate episode during at least 5 minutes or mode switch, confirmed as being AF or other atrial arrhythmia by a trained physician). To detect symptomatic and asymptomatic recurrences of atrial arrhythmias, 48-h Holter monitoring is performed at 6 and 12 months after the ablation procedure. Holter recordings may be extended or additional Holter recordings may be added when clinically indicated. 12-lead ECGs are obtained at 3 and 12 months, and patients are encouraged to have additional ECGs recorded if they experience symptoms between visits.

Key secondary outcomes include time to first recurrence of atrial arrhythmia or AF after the blanking period, freedom from documented recurrence of atrial arrhythmia at 24 months, redo procedures, disease progression to persistent or permanent AF, changes in circulating biomarkers, and changes in non-invasive electrophysiological markers for substrate quantification (Table 2).


TABLE 2. Primary and secondary endpoints in the ISOLATION study.
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Study Enrollment

Patients accepted for AF ablation receive verbal and written information about the ISOLATION study and are scheduled to visit a standardized AF ablation work-up pathway. Patients willing to participate provide written informed consent for ISOLATION prior to their visit at the work-up pathway, or during this pathway but prior to all study procedures. Patients that decline participation in the ISOLATION study are asked to participate in the “light” version of the study, the “Clinical electrophysiology registry MUMC + and Radboudumc” (ethical committee number 2019–1022). Participants in this ISOLATION “light” registry undergo the same standardized pre- and post AF ablation pathway, with the exception that most of the study procedures are omitted. Patients that do not wish to participate in either study complete the standardized pathway without any additional study procedures (Figure 2).
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FIGURE 2. Flowchart of the standardized, integrated clinical care and research pre- and post AF ablation pathway. Structure of the pre- and post AF ablation pathway and general recommendations for the type of AF ablation. Treating physicians may choose to deviate from these recommendations depending on specific patient characteristics of patient preference. *Thoracocopic/hybrid ablation is strongly considered if LAVi >5− ml/m2 or in case of patient preference. AF, atrial fibrillation; LAVi, left atrial volume index; RF, radiofrequency.




Pre-ablation Work-Up

The standard work-up for ablation in the participating centers consists of a systematic collection of clinical information, vital signs, 12-lead ECG, blood tests, imaging to assess pulmonary vein anatomy (either computed tomography or cardiac magnetic resonance imaging), and screening by an anesthesiologist. Echocardiography is performed in patients without recent imaging or when recent imaging is of insufficient quality. During the work-up, patients are systematically screened for common comorbidities and triggers for AF such as hypertension, obesity, hyperlipidemia, diabetes mellitus, and chronic obstructive pulmonary disease (COPD) according to current AF guidelines (3). In addition, all patients without known obstructive sleep apnea (OSA) are referred for remote testing for sleep disordered breathing, as described previously in more detail (12). If any of the risk factors is present, applicable treatment is initiated parallel to the AF treatment.

The pre-ablation preparation is structured in a care pathway at the outpatient clinic that allows the entire work-up to be completed in a single visit (Figure 3A, standard work-up procedures in white). All patients scheduled for AF ablation complete this pre-AF ablation work-up, regardless of study participation.
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FIGURE 3. Integration of clinical diagnostics and study procedures in the work-up before (A) and the follow-up after (B) AF ablation. Procedures in white are standard clinical procedures, procedures in black are added for research purposes. *When applicable (in case of epicardial or hybrid ablation). AF, atrial fibrillation; BMI, body mass index; CMR, cardiac magnetic resonance imaging; CT, computed tomography; ECG, electrocardiogram; extECG, extended surface electrocardiogram; LAA, left atrial appendage; MoCa, Montreal Cognitive Assessment.



Study Procedures During Pre-ablation Work-Up

For ISOLATION study participants, the standard pre-AF ablation work-up is combined with the following baseline study procedures: determination of body composition, extended surface ECG (extECG), analysis of biomarkers and common gene variants, questionnaires, and characterization of AF patterns (Figure 3A, study procedures in black). For ISOLATION “light” registry participants the study procedures are limited to analysis of biomarkers, common gene variants, and questionnaires.

Both the clinical facets and research aspects of the pre-ablation work-up are overseen by a case manager. The case manager educates patients on the AF ablation procedure and study participation, coordinates study procedures, notifies abnormalities in results of diagnostic tests, and provides patients with information on logistics and planning.




Atrial Fibrillation Ablation

AF ablation comprises pulmonary vein isolation (PVI) with or without additional lesions. The type of ablation that is performed is determined in a multidisciplinary team meeting and depends on the patient’s preference and characteristics. The choice of ablation strategy is not influenced by study participation. In the participating centers, first ablations for paroxysmal AF and for persistent AF with normal to modestly dilated atria or in elderly patients are usually performed by cryoablation (Figure 2). First ablations for persistent AF with advanced atrial dilation or with concomitant atrial flutter or atrial tachycardia are mostly performed by wide atrial circumferential ablation (WACA) using radiofrequency applications, if needed complemented with cavo-tricuspid isthmus ablation (in case of typical atrial flutters). Patients with longstanding persistent AF (> 1 year) are usually treated with thoracoscopic or hybrid AF ablation. Patients with recurrent AF undergoing a second (redo) procedure are mainly treated with radiofrequency ablation or thoracoscopic/hybrid AF ablation, whereas for third or further procedures hybrid procedures are recommended, if patients are suitable candidates and no earlier hybrid treatment was performed. Patients with an indication for cardiac surgery and known AF are discussed in an arrhythmia team and considered for concomitant epicardial AF ablation. Treating physicians may choose to deviate from these recommendations depending on specific patient characteristics and patient preference. All patients planned to undergo an endocardial procedure are treated with oral anticoagulants around the ablation (3). In addition, a transesophageal echocardiogram is performed prior to all endocardial procedures to exclude intracardiac thrombi.


Study Procedures During Atrial Fibrillation Ablation

Whether additional, optional study procedures are performed during the procedure depends on the type of ablation selected (Figure 3B). If endocardial electroanatomical mapping is performed during the ablation procedure, these data may be used for additional offline analyses. In the case of hybrid or concomitant epicardial ablation, additional epicardial mapping, and left atrial appendage (LAA) biopsies may be performed (Supplementary Material 1).




Post-ablation Follow-Up

After the ablation procedure, patients return to the outpatient clinic at 3 and 12 months and have scheduled teleconsultations after 6 and 24 months. Prior to the contacts at 6, 12, and 24 months, a 48-h Holter recording is performed. 12-lead ECGs are obtained during every on-site follow-up visit. In addition, patients receive an on-demand 7-day prescription for the use of the smartphone application FibriCheck (Qompium, Hasselt, Belgium) prior to all scheduled consultations. FibriCheck is an app that uses photoplethysmogram (PPG) signals to assess heart rate regularity and symptom-rhythm correlation (13). Patients are instructed to measure 3 times per day and in the case of symptoms, in accordance with the TeleCheck-AF approach (14). If irregularity of the heartbeat is detected and AF is suspected, additional or longer Holter recordings may be performed to confirm AF recurrence by ECG documentation (Figure 3B, standard follow-up procedures in white).


Study Procedures During Post-ablation Follow-Up

For ISOLATION participants, on-site follow-up visits are complemented with the following study procedures: determination of body composition, extECG, and analysis of biomarkers. Questionnaires are repeated at 3, 12, and 24 months after the ablation (Figure 3B, study procedures in black). For ISOLATION “light” registry participants, study procedures are limited to the questionnaires.




Short Description of Study Procedures

The rationale for the different study procedures is described in Supplementary Material 1, along with detailed descriptions of the procedures. A condensed version is provided here.


Determination of Body Composition

To explore the correlation between different anthropometric measures and ablation success, weight, fat percentage and lean body mass indices are estimated using bioelectrical impedance measurements obtained with body composition monitors. The results of these measurements are part of domain 1: clinical factors (Figure 1).




Pre-procedural Rhythm Monitoring

To gain more insight into pre-ablation AF patterns, patients awaiting the AF ablation procedure receive a handheld patient-operated device which records single-lead ECGs. Patients are asked to record their heart rhythm three times a day during a maximum of 4 weeks. Additional registrations are recorded at each onset or relief of arrhythmia symptoms. Symptoms and their correlation to ECG recordings are documented in a patient diary. The obtained AF patterns are studied in domain 2 (Figure 1).



Extended Surface Electrocardiogram

Detailed analysis of P-wave and fibrillation wave (F-wave) features from surface ECGs are increasingly used to characterize the degree of electrophysiological changes in the atria. In this study, unfiltered extECGs using a total of 21 leads will be recorded for up to 5 min to allow for signal-averaged analyzation of P-waves (for patients in sinus rhythm) and for examination of F-wave frequency and complexity (for patients in AF). The results are a component of domain 4: electrophysiological characteristics (Figure 1).



Blood Samples

Blood for biomarker analyses is drawn at three separate time points during the study. Genetic analysis is performed on the blood drawn at baseline. Biomarkers of interest include inflammatory mediators, markers of myocardial wall stress, markers of fibrosis, markers of endothelial dysfunction and pro-thrombotic state, and markers for expression of genes regulating electrophysiological characteristics. The results are studied in domain 5: circulating biomarkers and 6: genetic background (Figure 1).



Questionnaires

The following questionnaires are completed: Montreal Cognitive Assessment (MoCA), Toronto AF Severity Scale (AFSS), Atrial Fibrillation Effect on QualiTy-of-life (AFEQT), STOP-Bang, and a combined COPD questionnaire. Additional information on the questionnaires is provided in Supplementary Material 1.



Additional Procedures for Substudies

Specific subsets of patients may be eligible to participate in a substudy of the ISOLATION study and/or ISOLATION “light” registry. Current areas of interest include cardiovascular imaging, non-invasive and invasive electrophysiological characterization, and concomitant comorbidities. Substudies that are currently actively enrolling patients and their primary objectives are listed in Supplementary Material 2. Patients eligible for participation in a substudy are asked for additional consent.



Data Management

Patient identifiers are removed from study data, biological samples and recordings and replaced with a unique study number. Coded data is entered in a password-protected, secure electronic CRF [Castor EDC]. Raw data of procedures (e.g., extECGs) are stored under the respective patient identifier and will be available for further offline analysis. All information generated in this study will be considered confidential and is handled in according to the General Data Protection Regulation and the Dutch Act on Implementation of the General Data Protection Regulation. Monitoring is performed by the Clinical Trial Center Maastricht (CTCM) in accordance with the predefined monitoring plan and prevailing guidelines.



Statistical Considerations

Data analyses will be performed with SPSS Statistics, version 25.0 or higher (IBM SPSS Inc., Chicago IL). Baseline data will be presented by count (percentage) for categorical variables and compared using the Chi-square test. Continuous data will be presented as means (± standard deviation) or medians (interquartile range) and compared using the independent samples t-test or Mann-Whitney U-test. Missing data will be estimated using multiple imputation by chained equations. Uni- and multivariable regression analyses will be performed to analyze the relation of dependent variables with the primary and applicable secondary endpoints. The secondary endpoints time to recurrence of atrial arrhythmia and AF will be assessed using Cox proportional hazard regression. All endpoints will be assessed using a level of significance of α = 0.05.


Development of Prediction Model and Sample Size Calculation

An exploratory multimodality model will be created to predict the primary endpoint (ablation success). Ideally, to develop a reliable prediction model all variables of interest that will be studied in the model should be defined prior to the data collection. However, this study includes several relatively new techniques, which each provide a multitude of possible variables of interest for which the predictive value has not been established. Defining variables to be included in the model up-front could limit its eventual predictive value, as the predefined variables might not prove to be the most discriminative variables. Therefore, an exploratory analysis of variables in the following categories will be performed first (Figure 1): (1) clinical risk factors, (2) pre-procedural AF patterns, (3) anatomical characteristics, (4) electrophysiological characteristics, (5) circulating biomarkers, and (6) genetic background. For subcategory 1–5 the three variables with the strongest correlation to ablation success are selected and presented to the model. For subcategory 6 the two strongest predictors are used. The ablation technique that is chosen is used as a separate predictor. This approach leads to a total of 18 variables used to develop the multimodality model. To ensure sufficient power to explore these 18 variables, a total of 180 events is required to conform to the rule-of-thumb to aim for 10 events per variable. When assuming an event rate of 32% (68% successful AF ablations) (4, 5), inclusion of 563 patients is required to achieve sufficient events. Accounting for a lost-to-follow-up rate of 15%, the aim is to include 650 patients scheduled for first catheter ablation.

Variables with possible interrelation (e.g., left atrial volume index or AF type with chosen ablation technique) will be tested for interaction and, if present, interaction terms will be included in the model. The model will be developed using logistic regression by forward selection with the use of the Akaike Information Criterion (AIC) as stopping rule. The discriminative performance of the model is evaluated by calculating the area under the receiver operator characteristic (AUROC) curve (C-statistic) and by comparisons of observed groups of different predictive frequencies. To assess the potential confounding effect of the ablation strategy that was chosen, performance analyses will be done for the entire cohort and separately for patients treated with different ablation strategies for sensitivity purposes.




Current Study Status

The first ISOLATION patient was enrolled on 8 July 2020. On 1 January 2022, 405 patients have been included in the ISOLATION study (267 in the MUMC and 147 in the Radboudumc). In the same time period, 206 patients have been included in the ISOLATION “light” registry, and only 79 patients undergoing AF ablation did not consent to study participation (Supplementary Material 3). The intended number of 650 participants is expected to be reached in October 2022, with complete follow-up data in October 2024.




DISCUSSION

Despite the advances in ablation techniques and the increasing knowledge of AF mechanisms, ablation outcomes remain relatively poor (4). Improved patient selection for invasive management and a graded choice for the type of ablation could help to enhance success rates and avoid unnecessary procedures and associated risks. In the multicenter, prospective ISOLATION cohort study, a range of possible predictors for ablation success is investigated. As AF is a multifactorial disease with numerous possible underlying mechanisms, predictors for successful treatment can be identified in several different domains. Combining recognized predictors with newer techniques that take different disease mechanisms into account may improve patient selection strategies. For this purpose, several established predictors within the clinical domain (e.g., age and comorbidities) are collected and complemented with possible predictors from investigational methods such as anthropometric information (15). Preprocedural AF patterns, while traditionally only described as paroxysmal, persistent, or longstanding persistent, are further specified toward a more detailed pattern description concerning the duration and frequency of the episodes. Echocardiography-derived information on cardiac anatomy will be supplemented with findings from cardiac CT or CMR. Non-invasive electrophysiological information will incorporate predictors derived from extECGs, in addition to those from the standard 12-lead ECGs. Biomarkers reflecting inflammation, prothrombotic state and endothelial dysfunction are measured and related to AF ablation success and common gene variants are scrutinized to determine the predictive value of an individual’s genetic background.

Keeping in mind the daily clinical practice, it would be desirable to implement a limited number of additional modalities to improve patient selection. Therefore, results from different examinations will be grouped and compared to determine the most suitable variable(s) and modalities for outcome prediction. Identifying these variables which hold the largest predictive value may help to tailor treatment strategy and timing to the individual patient.

To achieve a clinically relevant, heterogeneous study population, the aim is to include a representative cohort of consecutive patients undergoing AF ablation in the two participating centers. Therefore, the in- and exclusion criteria are broad and the study is embedded in the pre-ablation work-up to ensure maximum efficiency for patients, clinicians, nurses, and researchers. The seamless integration of the informed consent procedure and research procedures in the clinical pathway reduces “missed inclusions” due to logistical reasons or lack of identification of eligible patients, and it decreases the additional time burden placed on participating patients. Patients who are still apprehensive of participation in ISOLATION are offered participation in the “light” version of the study, which omits almost all additional study procedures and primarily facilitates collection of data which are collected as part of clinical care. With this approach, almost 90% of consecutive AF ablation patients have been included in either of the studies in the first year of enrollment, providing a nearly complete representation of patients undergoing AF ablation in the two ablation centers.

Besides integrating clinical care and research, this pathway also provides the opportunity to integrate important components of AF management as recommended in the European Society of Cardiology (ESC) AF guidelines (3). All patients undergo structured risk factor assessment as part of the pre-AF ablation work-up, and in this context they are screened for hypertension, hyperlipidemia, diabetes mellitus, obesity, OSA, and structural heart disease. This approach makes it one of the first large cohorts with systematically assessed data on all classical comorbidities in AF patients, which are often underreported in other studies. Furthermore, it enables timely initiation of treatment of these risk factors. Patient engagement is encouraged by extensive education upon AF, risk factors, research participation, and the ablation procedure itself. The entire process, from patient education to management of comorbidities and research participation, is organized in an integrated, multidisciplinary care approach, overseen by a case manager, thus implementing all guideline-recommended pillars of AF care.

The described AF ablation pathway provides a research platform in which not only the primary aim is addressed, but which also offers opportunities to study numerous secondary objectives. Interventional or other observational substudies can easily be incorporated, either for the entire cohort or subgroups of patients. In addition, it is possible to include a randomization module into this observational study to realize a registry-based randomized clinical trial. This type of study is gaining popularity, as it combines the advantages of a prospective randomized trial (high level of evidence, strict control of confounding factors) with those of a large-scale all-comers clinical registry (less selection bias, fewer logistical challenges) (16). Questions regarding small process or treatment variations may be easily addressed with such a randomization module, without the disadvantage of constructing an entirely new logistical pathway with its associated costs. During the course of the study, several collaborations with (sub) specialties within our institutions have been established, such as cardiac imaging (e.g., evaluation of extent of fibrosis on cardiac magnetic resonance imaging before and after AF ablation, examination of flow patterns), translational cardiac electrophysiology (e.g., ECG-imaging, analysis of endocardial mapping signals), cardio-thoracic surgery (LA biopsies, epicardial mapping), pulmonology, and anesthesiology. This illustrates the role of ISOLATION as a crucial step toward the structural integration of high profile electrophysiological research in top referral clinical care pathways (17).


Limitations

The ISOLATION study and ISOLATION “light” registry have several limitations. First, the type of AF ablation that is performed is not standardized but is decided upon by a patients’ treating physician. Success rates of different strategies vary and this may impact the rate in which the primary endpoint occurs. Second, monitoring for recurrences of atrial arrhythmia is performed intermittently using ECGs, Holter recordings, and PPG-based monitoring, but lack of continuous rhythm monitoring may lead to an underestimation of the number of endpoints (18). Third, only AF patients scheduled for AF ablation are included. Results found in this cohort may not be generalizable to the entire AF population. Fourth, not all patients undergoing AF ablation will agree to study participation. Although the integration with the ISOLATION “light” registry helps to include nearly all patients undergoing AF ablation, the specific study procedures are only conducted for participants in the main ISOLATION study. Fifth, the study reflects a large, real-world cohort of AF ablation patients. Due to the world-wide COVID-19 pandemic and to incident logistical reasons, protocol deviations may occur (e.g., a longer than desirable waiting time for ablation or out-of-window follow-up visits).




CONCLUSION

This cohort study explores 6 different domains for predictors of successful AF ablation: (1) clinical factors, (2) AF patterns, (3) anatomical characteristics, (4) electrophysiological characteristics, (5) circulating biomarkers, and (6) genetic background. All study procedures are incorporated into a standardized, integrated clinical care and research pathway allowing an almost complete consecutive recruitment of patients undergoing AF ablation in two Dutch AF centers. The findings from different domains will be combined to determine the optimal combination of established predictors and novel techniques. This combination of predictors could then be used to tailor treatment decisions specifically to individual patients and to improve patient selection for invasive management.
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Atrial fibrillation (AF) is the most common sustained arrhythmia in the population and is associated with a significant clinical and economic burden. Rigorous assessment of the presence and degree of an atrial arrhythmic substrate is essential for determining treatment options, predicting long-term success after catheter ablation, and as a substrate critical in the pathophysiology of atrial thrombogenesis. Catheter ablation of AF has developed into an essential rhythm-control strategy. Nowadays is one of the most common cardiac ablation procedures performed worldwide, with its success inversely related to the extent of atrial structural disease. Although atrial substrate evaluation remains complex, several diagnostic resources allow for a more comprehensive assessment and quantification of the extent of left atrial structural remodeling and the presence of atrial fibrosis. In this review, we summarize the current knowledge on the pathophysiology, etiology, and electrophysiological aspects of atrial substrates promoting the development of AF. We also describe the risk factors for its development and how to diagnose its presence using imaging, electrocardiograms, and electroanatomic voltage mapping. Finally, we discuss recent data regarding fibrosis biomarkers that could help diagnose atrial fibrotic substrates.
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INTRODUCTION

Atrial fibrillation (AF) is the most common sustained arrhythmia and is associated with a substantial economic burden and significant morbidity and mortality (1, 2). AF can be asymptomatic or lead to symptoms such as palpitations, dyspnoea, and dizziness. The condition is associated with an increased risk of serious complications, including stroke (3), dementia (4), ventricular dysfunction, and death (3, 5). With a rising prevalence, it is estimated to affect nearly 17 million people in Europe by 2030, primarily driven by the aging of the population and increased survival with chronic cardiovascular diseases (3, 6–9).

In the past two decades, the knowledge of AF pathophysiology has led to significant developments in the treatment options, particularly regarding catheter ablation (10–13). Paroxysmal forms of AF are thought to primarily depend on triggers, primarily from the pulmonary veins (PV), while persistent forms involve a more significant modification of the atrial substrate (14, 15), promoting multiple re-entrant waves that maintain the arrhythmia.

Since a significant percentage of AF patients may have an indication for catheter ablation, analysis of the potential arrhythmogenic substrate is an essential part of the clinical evaluation of AF patients. Moreover, identifying the various risk factors promoting the development of a fibrotic substrate will enable a comprehensive approach to correct these factors, thus preventing the future progression of the arrhythmic substrate and increasing long-term therapeutic success.

Fibrotic atrial cardiomyopathy (FAC), a clinical entity proposed by Kottkamp (16), and one of the EHRAS atrial cardiomyopathy consensus classes (17), is a primary form of atrial pathology, characterized by extensive fibrosis as the substrate underlying atrial arrhythmias. This concept has been evolving ever since, and some authors (18) have used it more broadly to define significant atrial fibrosis due to several insults from different aetiologies. Understanding the multiple factors and mechanisms contributing to the complex development of atrial fibrosis and the management of AF based on arrhythmogenic substrates represents a challenge for interventional electrophysiology. At the same time, it may contribute to a more personalized approach, as the presence of atrial fibrosis and its characterization may guide the operator to modify the atrial substrate beyond PV isolation and estimate prognosis based on fibrosis characteristics.

Although atrial fibrosis has different clinical manifestations (like cardiac conduction disease and atrial thrombus formation), in this manuscript, we will review the role of the atrial fibrotic substrate in the context of AF. We will discuss the electrophysiology of the atria, the pathophysiology of atrial fibrillation, the molecular and genetic aspects, and the risk factors for fibrosis development. We will also review the principal elements of diagnosing the presence of atrial fibrosis using the 12-lead electrocardiogram, imaging, and electroanatomic voltage mapping and will discuss the most clinically relevant fibrosis biomarkers.



PATHOPHYSIOLOGY OF ATRIAL FIBRILLATION IN THE FIBROTIC ATRIAL SUBSTRATE


Conceptual Framework for Atrial Fibrillation Pathophysiology

Atrial fibrillation has a multi-factorial nature and complex pathogenesis. Underlying mechanisms involve structural and electrical remodeling, autonomic nervous system dysfunction (19), and calcium dysregulation (20–23). The pathophysiological triangle for AF comprises triggers (for the arrhythmia initiation), a structural (typically fibrotic) substrate (for the maintenance of AF), and different modulators (that promote the propensity to AF through multiple potential mechanisms) (9, 16, 24, 25) (Figure 1). Re-entry is considered the primary mechanism for AF maintenance. Generally, it requires a vulnerable substrate characterized by slow conduction and short effective refractory periods, combined with a trigger to initiate the unidirectional block.
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FIGURE 1. Pathophysiological dynamics in atrial fibrillation. Adapted from Kottkamp and Schreiber (24). JACC Clin Electrophysiol. AF, atrial fibrillation; PV, pulmonary veins.


Cardiac structural remodeling is characterized by atrial enlargement, a vital determinant of the persistence of AF-maintaining re-entry, and tissue fibrosis, characterized by the excessive accumulation of collagenous material in the extracellular space (12, 20, 26). Fibrotic atrial cardiomyopathy is a progressive disease with heterogeneous expressions, from mild to severe, and wide clinical variations, from asymptomatic to multiple arrhythmic manifestations (12, 16, 25, 27). Fibrosis is promoted by various risk factors (discussed below). It is involved in nearly all types of heart disease, including different ischemic and non-ischemic aetiologies (28). In many patients, AF can be understood as a manifestation of pre-existing atrial fibrosis, integrated into a gradual remodeling process (20, 27), albeit with a highly variable rate of progression determined by the dynamics of the fibrosis-promoting risk factors (29). In addition, AF itself promotes atrial fibrosis, which will contribute to AF progression and the development of therapeutic resistance in patients with long-standing arrhythmia (20, 30). Atrial fibrosis can interfere directly with impulse propagation by forming barriers to electrical conduction and separating the well-connected syncytium (31, 32). The increase in the extracellular matrix will disturb the continuity of the fibers bundle, causing local conduction disturbances (33). Additionally, direct electrical fibroblast-cardiomyocyte interactions may cause changes in cardiomyocyte electrophysiology (20, 34). Cardiac fibroblasts express multiple ion channels (35). Even though fibroblasts do not generate action potentials, they may influence cardiac electrophysiology by electrical coupling via gap junctions with cardiomyocytes (36). Finally, perivascular fibrosis around intracoronary vessels may impair oxygen and nutrient availability, promoting myocyte ischemia (37).



Prevalence and Mechanisms of Atrial Fibrosis

Cardiac fibrosis is pathological extracellular matrix (ECM) remodeling resulting in abnormal matrix composition (38). The cardiac ECM serves as a mechanical scaffold and is involved in the transmission of contractile force (39). The ECM consists of several proteins (40) like type I collagen (the most abundant protein), type III collagen, and a wide range of glycoproteins, glycosaminoglycans, and proteoglycans, and is a reservoir of stored latent growth factors and proteases, that can be rapidly activated following injury (41). Tissue remodeling results from an imbalance in the equilibrium of the normal synthesis process and degradation of ECM components (42). Extracellular matrix deposition is a physiologic and protective process essential for wound healing (Figure 2), but excessive or prolonged deposition can impair tissue function (43).
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FIGURE 2. Fibroblast and Fibrin Activity in tissue healing. Visual representation of the pathophysiological process of reparative fibrosis after an injury to the cell.


In the normal heart, thin layers of perimysium and endomysium surround myocardial bundles and individual myocytes, respectively. The walls of the blood vessels also contain adventitial fibroblasts that contribute to the endomysial collagen network (44). In histologic analyses, two predominant types of myocardial fibrosis can be identified: interstitial fibrosis and replacement fibrosis (40). In a typical example of necrosis - myocardial infarction - necrotic cardiomyocytes are replaced by collagen-based scar, causing ‘replacement fibrosis.’ ‘Interstitial fibrosis’ (also called “reactive”) (45) describes the expansion of the endomysial and perimysial space caused by the net accumulation of ECM proteins in the absence of significant cardiomyocyte loss. The term ‘perivascular fibrosis’ is used to describe the expansion of the microvascular adventitia (46).

In the heart, ECM deposition is primarily mediated by the activation of fibroblasts in response to injury, transforming them into ECM-secreting myofibroblasts (47). Fibroblast-mediated fibrosis can affect every tissue and is a frequent pathological feature of chronic inflammatory diseases (48, 49). Similarly, expansion of the cardiac interstitium and deposition of ECM proteins are consistently noted in experimental models of heart failure (HF) and human patients with cardiomyopathic conditions, regardless of etiology (50).

Fibroblasts are the primary regulator of cardiac ECM. In response to disease stimuli, cardiac fibroblasts undergo cell state transitions to a myofibroblast phenotype (51). This transition is a dynamic state that underlies the fibrotic response (52). Most activated myofibroblasts in the infarcted and pressure-overloaded hearts derive from resident fibroblast populations (47). Myofibroblasts are fibroblast-smooth muscle cell hybrid that more effectively secretes and remodels the ECM positioned between all myocytes (53). Myofibroblasts have typically been defined by critical phenotypic features, including the de novo expression of markers including α-smooth muscle actin and periostin, increased production of ECM, and the ability to contract (54). Myofibroblasts are intimately associated with hypertrophic fibrotic scars in various injury models, and differentiation from fibroblast to myofibroblast is promoted by transforming growth factor-β (TGF-β), cytokines, the ECM, and other growth factors (55).

Several cytokines, chemokines, and growth factors are induced in the injured heart. In conjunction with elevated wall tension, specific signaling pathways and downstream effectors are mobilized to initiate myofibroblast differentiation (53). While the signaling mechanisms governing fibroblast to myofibroblast conversion are not fully elucidated, much has been discovered. Transforming growth factor β1 (TGFβ1) is considered a master regulator (56). The TGFβ-Smad signaling pathway has long been known to be involved in this process and is arguably one of the most potent inductive mechanisms (57). TGFβ drives fibroblast activation via the activation of phosphorylation of Smad2 and/or Smad3, which complex with Smad4, translocate to the nucleus and form a transcriptional complex that can directly bind to and transactivate essential ECM genes such as those encoding type I collagen (58). TGFβ may also work via a parallel non-canonical signaling pathway involving the activation of protein kinases such as p42/p44 MAPK (59). Several potential critical drivers of fibroblast activation post-MI include IL-1α/β, TGF-β1, collagen, fibronectin, osteopontin, thrombospondin-1, and secreted protein acidic and rich in cysteine (SPARC) as well as mechanical signals (e.g., scleraxis, TRPC, and MRTF/SRF) (60).

This is an area of intense and prolific investigation, leading to a rapid evolution of knowledge. Recent data on transcriptome maturation suggest that muscle blind-like 1 (MBNL1) is a post-transcriptional switch, controlling fibroblast state plasticity during cardiac wound healing (52). In this study, in healthy mice, cardiac fibroblast-specific overexpression of MBNL1 transitioned the fibroblast transcriptome to that of a myofibroblast and, after injury promoted myocyte remodeling and scar maturation.

Nonetheless, there are important existing knowledge gaps, the complete list of factors that involve fibroblast activation still needs to be identified, and the importance of individual factors ranked (51).

The gold standard for determining atrial structural remodeling is histology, which is challenging to apply in the clinical setting. Nevertheless, a few studies have included histological analyses, mainly in the surgical context. In these studies, hypertrophy of myocytes and areas of fibrosis, particularly in the left atrium, constitute the basis for AF in hypertensive patients (61). In addition, in valvular heart disease, severe fibrosis and hypertrophy with degenerative changes in atrial cardiomyocytes are the most prominent histologic findings in AF patients (62). Patients with long-standing persistent (‘chronic’) AF undergoing mitral valve surgery displayed abundant collagen fibers, inflammatory infiltrates, and sympathetic nerve twigs surrounding individual atrial cardiomyocytes, thus breaking up their clusters typically seen in sinus rhythm patients (63).

In a study investigating whether patients who develop postoperative AF show pre-existent alterations in right-atrial histopathology (64), the investigators analyzed samples from the right atrial appendage (immediately collected after opening the pericardium) from seventy patients undergoing elective coronary revascularization. The histologic abnormalities associated with the development of postoperative AF in 22 (31%) patients were interstitial fibrosis, vacuolization, and nuclear derangement of myocytes. In multivariate analysis, myocyte vacuolization and nuclear derangement represented independent predictors of postoperative AF.




MOLECULAR ASPECTS OF ATRIAL FIBROGENESIS

The development of fibrosis is a highly complex, multifactorial, and patient-specific process (Figure 3). Despite the growing interest in the subject over the past few years, the precise molecular mechanisms and signaling pathways involved in developing the human AF substrate are not entirely understood. Nevertheless, three interrelated signaling pathways appear to play a central role: the renin-angiotensin system (RAAS), the transforming growth factor-β1 (TGF-β1), and the oxidative stress pathways (65–67).
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FIGURE 3. Etiology of atrial fibrosis. Different pathological insults, risk factors, and certain genetic diseases induce atrial fibrosis. Atrial fibrosis is characterized by myofibroblast growth and extracellular matrix (ECM) remodeling.


The RAAS plays a crucial role in cardiac structural remodeling and the development of myocardial fibrosis in several diseases states, including cardiomyopathy (65). Activation of the RAAS induces oxidative stress, which contributes to cardiovascular inflammation, fibrosis, and dysfunction (68). Angiotensin-converting enzyme (ACE) overexpression results in atrial fibrosis in several animal models (69–71), whereas the use of ACE inhibitors delays atrial fibrosis and reduces AF vulnerability and AF progression (65, 72, 73). In the right atrial tissue of patients undergoing open-heart surgery (74), the increase of atrial collagen deposition observed in atrial samples from AF patients undergoing open-heart surgery was also attenuated in those previously under ACE-inhibitor therapy, and the atrial micro-capillary density in these patients was similar to patients in normal sinus rhythm. In agreement, other studies have shown that ACE-inhibitor therapy is associated with a significant reduction in recurrent AF (75–77).

TGF-β1 is implicated in tissue repair and development of fibrosis, including atrial myocardial fibrosis, by enhancing collagen synthesis (18).

Inflammation has been implicated in various AF-related pathological processes, including oxidative stress, fibrosis, and thrombogenesis (78). Inflammation and oxidative stress may promote AF, as suggested by increased C-reactive protein (CRP) and evidence of oxidative injury seen during AF (79–81). AF induces substantial oxidative stress in fibrillating atrial tissue (14).

In many diseases, tissue inflammation is a significant trigger for fibrosis development (82). The inflammatory response is mediated by inflammasomes, which are intracellular multiprotein complexes that can trigger the host-defense response (83). The inflammasomes comprise a family of cytosolic pattern-recognition receptors called nucleotide-binding oligomerization domain (NOD)–like receptors (NLRs) that are involved in innate immune recognition of pathogen-associated molecular patterns as well as intracellular and extracellular damage-associated molecular patterns (84). Functionally, inflammasomes are sensors and receptors of the innate immune system that can induce inflammation in response to pathogens and molecules derived from host proteins. In response to these “cellular danger signals,” the inflammasomes activate caspase-1 and release both IL-1β and IL-18 via pores formed by the N-termini of gasdermin-D, which are cleaved by activated caspase-1 (85). Activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome is increased in patients with paroxysmal and long-standing-persistent AF (86), patients that go on to develop post-operative AF (87), and patients with risk factors for AF such as diabetes and obesity (88, 89) via both priming (increased expression of components of the NLRP3 inflammasome) and triggering (assembly of the NLRP3 complex) mechanisms. Activating NLRP3 selectively in atrial cardiomyocytes is sufficient to promote atrial structural remodeling (atrial hypertrophy), spontaneous premature atrial contractions, and inducible AF (86). The previously cited and fascinating clinical study (87) analyzed tissue from patients with postoperative AF, preexisting Ca2+-handling abnormalities, and activation of NLRP3-inflammasome/CaMKII signaling were evident in atrial cardiomyocytes.

Inflammasome signaling and downstream cytokine responses mediated by the inflammasome have been found to play an important role not only in wound healing but also in fibrosis.

Inflammasome activation induces the differentiation of quiescent fibroblasts to myofibroblasts (84). In addition, it is hypothesized that chronic dysregulation of the inflammasome promotes the differentiation of myofibroblasts, leading to excessive extracellular matrix accumulation and subsequent failure of the affected organ (90). The inflammasome regulates the secretion of IL-1β and IL-18 cytokines (91), and both are critical for repairing damaged tissue and play a role in fibrosis. Inflammasome-mediated activation of IL-18 in the myocardium is a crucial trigger for the cytokine cascade and macrophage infiltration in the heart, leading to adverse cardiac remodeling (92). However, what dictates the delicate balance between routine wound healing versus fibrosis is yet to be fully elucidated (90).

Several studies have linked fibrosis to perturbations in cardiac (myo)fibroblast calcium (Ca2+) handling and electrophysiology, providing a basis for future investigation of molecular targets for the prevention of fibrosis progression (93, 94). For example, transient receptor potential (TRP) channel remodeling has been implicated in profibrotic atrial remodeling in large animal models and human samples. TRP melastatin-related 7 (TRPM7) is a Ca2+-permeable channel upregulated in atrial fibroblasts from AF patients, likely in a TGF-β1-dependent manner (95). TRPM7 downregulation reduced basal AF fibroblast differentiation as well as TGF-β1 induced fibroblast differentiation in culture (95). Similarly, TRP canonical 3 (TRPC3) expression is upregulated in atria from AF patients, goats with electrically maintained AF, and dogs with tachypacing-induced HF, whereas TRPC3 knockdown decreased canine atrial fibroblast proliferation (96). Moreover, in vivo administration of the TRPC3 blocker pyrazole-3 suppressed AF in dogs while decreasing fibroblast proliferation and extracellular matrix gene expression (96). Various molecules have been associated with disturbances in atrial Ca2+ handling in AF. Patients with AF have elevated atrial endothelin-1 levels, associated with increased atrial preexcitation (97), inadequate Ca2+ leak, and increased intracellular overload. Additionally, mice with cardiac-specific knockout of liver kinase B1 (LKB1), a protein highly expressed in the heart and responsible for regulating myofilament response to Ca2+, developed early-onset atrial cardiomyopathy (98). Fibrosis progression has also been associated with atrial ion channel remodeling (36). Wiedmann et al. (99) showed that the TASK-1 [two-pore-domain potassium (K+) channel that contributes to the regulation of atrial action potential duration] is decreased in AF-prone transgenic mice, leading to both FAC and AF progression. For some K+ channels expressed in atrial fibroblasts, their profibrotic effects have been attributed to increasing the driving force for fibroblast Ca2+ entry, e.g., in the case of HF-related upregulation of KCNJ2, underlying the inward-rectifier K+ current (100). Similarly, mutations in the voltage-gated sodium channel have been associated with LA dilatation (101).



GENETIC BASIS OF ATRIAL FIBRILLATION

Atrial fibrillation has precise genetic determinants, including common and rare gene variants with variable penetrance (17, 102–104). Over the last decades, multiple studies have observed familial aggregation of individuals with lone AF (105). A family history of AF in a first-degree relative independently increases AF risk twofold (7), with the most substantial risks associated with young age at AF onset and multiple affected relatives (106). Genome-wide association studies have identified genetic variants associated with increased susceptibility to atrial fibrillation, with the strongest hits clustering on chromosome 4q25, close to the gene for the homeobox transcription factor PITX2 and single nucleotide polymorphisms in T-box (TBX)5 (107–110). However, in most individuals, atrial fibrillation is a complex trait reflecting the combined effects of aging, genetic predisposition, comorbidities, and environmental factors (111). Both standard and rare genetic variants increase susceptibility to AF in the presence of specific risk factors (104).

Inherited arrhythmia syndromes are commonly known as ‘channelopathies,’ highlighting that mutations in genes encoding cardiac ion channels are the predominant cause of these conditions (112). There is considerable overlap in ion channel genes responsible for causing arrhythmia syndromes between atria and ventricles, with genetic defects recognized to cause episodic arrhythmias in either chamber (113). Similarly, in a significant percentage of patients atrial dilated cardiomyopathy with the fibrotic structural substrate may represent the counterpart of idiopathic ventricular dilated cardiomyopathy, which is often of genetic origin (114). Still, very little information is about the genetic causes of specific atrial cardiomyopathy. Nevertheless, some studies have identified variants in non-ion channel genes as a cause of primary arrhythmogenic atrial cardiomyopathy in the last years. Hodgson-Zingman et al. (115) reported a genetic mutation in the atrial natriuretic peptide gene – Natriuretic Peptide Precursor A (NPPA) – in a large family with AF. They demonstrated the novel observation of the effects of this neuro-hormone on the action potential of the atrial myocardium. Subsequent work has implicated this gene mutation in inherited atrial cardiomyopathy (114). They investigated the evolving arrhythmic substrate in 5 patients with isolated arrhythmogenic atrial cardiomyopathy, caused by NPPA gene mutation, with repeated electroanatomic mapping and tomographic evaluations and reported that the evolution of the arrhythmic patterns to sinus node disease with atrial standstill was associated with giant atria with extensive areas of low voltage and atrial scarring. They concluded that the evolution of the amount and distribution of atrial scarring/fibrosis constitutes the structural substrate for the different types of atrial arrhythmias in a pure genetic model of arrhythmogenic atrial cardiomyopathy.

Peng et al. (116) identified a family with heritable atrial cardiomyopathy manifesting as progressive atrial−selective electromechanical dysfunction, tachyarrhythmias, and bradyarrhythmias requiring pacemaker implantation. Myosin light−chain 4 (MYL4), encoding the atrial−selective essential myosin light chain, was identified as a candidate gene. Genetically modified rat models knocking out the MYL4 gene or knocking in the human MYL4 p.E11K mutation showed early atrial fibrosis associated with enhanced proapoptotic and profibrotic signaling associated with atrial cardiomyopathy featuring atrial arrhythmia, atrial contractile failure, and atrial enlargement. The C allele and CC genotype of rs4968309 in MYL4 were also associated with AF onset and recurrence in patients after catheter ablation (117).

Interestingly, in silico and functional studies suggest that atrial fibrillation-associated genetic variants generate an arrhythmogenic atrial cardiomyopathic substrate (111). A better understanding of AF heritability will improve AF prediction models and be the next step toward more efficient personalized treatment strategies (118). Nevertheless, most patients have significant acquired risk factors predisposing to this fibrotic response, which we will describe in the next section.



RISK FACTORS FOR THE DEVELOPMENT OF ATRIAL FIBROSIS

Numerous risk factors have been identified as contributors to fibrosis and AF’s development and dynamic progression. They include but are not limited to advanced age, HF, obesity, hypertension, sleep-disordered breathing, and diabetes (119).


Aging

Incidence and prevalence of AF are age-dependent (7, 120), with increasing fibrosis being a characteristic of the aging heart (49, 121). Age-associated changes of the atria include global and regional reductions in atrial voltage with an increased heterogeneity, conduction slowing (with alterations of the wavefront propagation), prolongation of atrial refractoriness, fractionated electrograms, and double potentials (122, 123).



Heart Failure

Atrial fibrillation and congestive HF are commonly encountered together, and each condition predisposes to the other. In the Framingham cohort (124), HF was significantly associated with AF risk in both sexes (OR, 4.5 for men and 5.9 for women). The prevalence of AF in patients with HF increases from <10% in those with New York Heart Association (NYHA) functional class I HF to approximately 50% in those with NYHA functional class IV HF (125). Moreover, diastolic dysfunction appears to be a potent precursor of AF, with an independent, graded relationship between the severity of diastolic dysfunction and the development of AF (126). Patients with HF who have concurrent AF have worse outcomes (127).

The HF and AF share common mechanisms, including myocardial fibrosis and dysregulation of intracellular calcium and neuroendocrine function (128). In animal models of HF induced by rapid ventricular pacing, there was a more significant atrial interstitial fibrosis than in AF induced by rapid atrial pacing (129). This study’s histological analysis displayed extensive interstitial fibrosis accompanied by cell loss, degenerative changes, and hypertrophy. The connective tissue was composed of increased numbers of fibroblasts, large amounts of collagen, ground substance, and occasionally fat cells. These changes were more extensive in LA. Subsequent work (130) revealed that apoptosis, leukocyte infiltration, and an increased cell death rate occur before arrhythmogenic atrial structural remodeling associated with experimental HF. These authors suggested that apoptosis is more likely associated with the pathophysiological mechanisms leading to the AF substrate rather than a result of AF per se.

Although both experimental paradigms promote AF, the atrial cellular electrophysiological substrate produced by HF is different from that seen with atrial tachycardia-induced remodeling. Similarly, HF and cAF produce distinct electrical and calcium-handling remodeling in human atrial samples, with repolarization shortening in cAF but not HF (131). By contrast, protein levels of ECM components are significantly increased in HF patients (131), suggesting a significant role of re-entry-promoting structural remodeling in AF development. Thus, HF promotes the presence of AF (by producing an altered substrate), and, in turn, the presence of AF worsens the prognosis of the patient with HF. It should be highlighted that CHF has different dynamic components with distinct time courses, which can further modulate the interaction between AF and HF (29).



Obesity

There is a strong correlation between obesity and AF (132–134). In a meta-analysis of 16 studies (135), obesity increased the risk of developing AF by 49% in the general population. Additionally, obesity is usually accompanied by several other risk factors predisposing to developing AF (136). Epicardial adipose tissue is metabolically active (137), with its cardiometabolic risk being comparable to other visceral fat stores. Specifically, it can directly affect the atrial myocardium by releasing adipokines, which promote inflammation and fibrosis (138). Epicardial adipose tissue accumulation is closely associated with atrial and ventricular arrhythmias and electrocardiographic signs associated with arrhythmogenesis (139). Patients with AF have higher levels of epicardial adipose tissue than controls, and those with chronic AF are more likely to have a higher volume of epicardial adipose tissue than those with paroxysmal AF (140, 141). Volume or thickness of epicardial adipose tissue, measured on cardiac computed tomography (CT) and cardiac magnetic resonance (CMR), are predictors of the presence, severity, and recurrence of AF (142).



Hypertension

There is a well-established association between hypertension and AF (143–146). Although, from an epidemiological perspective, it is still unclear whether the risk of AF rises linearly with blood pressure (BP) or whether there is a BP threshold above which the risk increases (147). In the Framingham study, hypertension added an excess risk for AF of 50% in men and 40% in women (124). In animal models of experimental hypertension, the high BP rapidly induced LA hypertrophy, fibrosis, and inflammation (14). In humans chronic systemic hypertension with left ventricular hypertrophy is accompanied by atrial remodeling characterized by slowing of global and regional conduction, increase in low voltage areas, and easier inducibility of sustained AF (148). LA enlargement and associated P-wave changes predict AF occurrence in hypertensive patients (149, 150). Hypertension is also a risk factor for arrhythmia recurrence after AF ablation, but it is unclear whether this is independent of other factors such as atrial size (17).



Sleep-Disordered Breathing

Sleep-disordered breathing (SDB) has been linked to long-term adverse outcomes and is proposed as an additional and independent risk factor for cardiovascular diseases (151). SDB is highly prevalent among AF patients (from 21 to 74%), promotes arrhythmogenesis, and impairs treatment efficacy (152, 153). There is evidence that SDB – may – promote atrial fibrosis in animal models. Previous studies showed that SDB induces conduction slowing decreases matrix metalloproteinase-2, changes atrial connexin-43 expression and distribution, and significantly increases atrial fibrous tissue content (154, 155). In the clinical setting, the atria of SDB patients have extensive areas of low voltage and conduction abnormalities (156). A meta-analysis of observational studies concluded that SDB was associated with AF recurrence after catheter ablation (157). Patients with SDB had a 31% greater risk of AF recurrence after successful catheter ablation than patients without SDB. Importantly, in the same study, the efficacy of catheter ablation for AF was similar between patients without SDB and those with SDB undergoing continuous positive airway pressure treatment.



Diabetes Mellitus

Diabetes mellitus (DM) is an independent risk factor for the development and progression of AF (158). Patients with DM have a 40% higher risk of developing AF than patients without DM (159). They have increased levels of angiotensin II, TGF-β signaling, adipose tissue, systemic inflammation Campo (160), larger atria, lower atrial voltage, and higher recurrence of AF after ablation (161). Evidence of widespread fibrotic deposits in the atria was also found in DM animal models (162).



Sex

There are well-established sex differences in AF regarding its epidemiology, with a lower age-specific prevalence in women (women presenting at a later age) and its clinical presentation, with women more likely to be symptomatic (163). Globally the number of men and women with AF are similar since, on average, women live longer than men (164), and after 75 years of age, about 60% of the people with AF are women. Women with AF have an increased risk of stroke and death compared to men (165), which, besides differences in treatment, might in part be explained by the interesting observation that women with AF have a more significant atrial fibrosis burden, which may predispose them to more AF-associated complications. In a study with CMR in 939 patients (166), advancing age and female sex were associated with a higher burden of atrial fibrosis in AF patients. Women with a prior history of stroke also had more fibrosis than women and men without a history of stroke. In another study, female sex and AF persistence were independently associated with the presence of fibrosis on delayed enhancement CMR (167). The delayed enhancement was variably distributed in this population but more frequently detected in the posterior wall. Thus, females may have a higher probability of the presence of atrial fibrosis and atrial myopathy. Despite these observations, the mechanisms underlying differences between sexes are mainly unknown.




IDENTIFYING FIBROTIC ATRIAL SUBSTRATES BY ELECTROCARDIOGRAM

The electrocardiogram (ECG) during normal sinus rhythm could be a tool to characterize the fibrotic substrate and predict AF risk (168). Interestingly in a study with 285,933 individuals (169), compared with the reference group (P wave duration of 100–105 ms), individuals with very short (≤89 ms; hazard ratio [HR] 1.60, 95% confidence interval [CI] 1.41–1.81), and very long P-wave duration (≥130 ms; HR 2.06, 95% CI 1.89–2.23) had an increased risk of incident AF.

The rationale behind using ECG as a prediction tool is that atrial remodeling is associated with an increased risk of AF and can be detected by a shift in the P-wave axis (170). The terminal force of the P wave during sinus rhythm in lead V1 (PTFV1) correlates with LA anomalies (171). A PTFV1 > 0.06 mm/s is associated with an increased risk for the development of AF (hazard ratio 4.02, 95% confidence interval 1.25–17.8; P = 0.018) (172, 173), and PTVF1 is independently related to cryptogenic, cardioembolic and ischemic strokes (174, 175). Suppose this evidence of inter-atrial conduction block is present in the absence of chamber enlargement or ischemia (especially in elderly patients with P-wave duration >140 ms). In that case, it can be a marker of short-term development of AF, an association called Bayés syndrome (176). Furthermore, PTFV1 ≥0.04 mm/s, along with P-wave duration ≥125 ms and P-wave dispersion ≥40 ms, are predictors of AF recurrence post-PVI (P wave duration >125 ms had 60% sensitivity, 90% specificity, positive predictive value of 72% and negative predictive value of 83.7%) (177).

Recently, a deep convolutional neural network trained on >1 million 12-lead resting ECGs predicted new-onset AF within 1 year (178). This model classified 62% of all patients who experienced an AF-related stroke within 3 years of the index ECG as being at high risk for new-onset AF. Thus, electrocardiographic analysis during sinus rhythm could be an additional tool to detect the presence of a vulnerable atrial substrate. However, the exact pathophysiological features and mechanisms detected by such approaches remain incompletely understood. A better insight into the underlying mechanisms may help improve early tailored treatment to prevent substrate progression and the occurrence of adverse outcomes. Even though the ECG is one of the oldest ancillary exams in cardiology, the widespread availability of standardized digital ECGs provides an opportunity for deep learning to make a significant clinical impact in cardiac electrophysiology, including characterization of the atrial cardiomyopathy (179).



CHARACTERIZING ATRIAL STRUCTURAL REMODELING BY NON-INVASIVE IMAGING

Non-invasive imaging is a powerful tool for identifying patients with atrial fibrosis. Echocardiography, CT, and CMR are useful for assessing the LA structure.


Echocardiography

Echocardiography is the modality of choice for screening patients with cardiac pathologies, including those involving the LA (180). Given the non-uniform nature of remodeling (17), real-time 3D echocardiography (3DE) technology compared with CMR reference is more accurate than conventional 2D-based analyses, resulting in fewer patients with undetected atrial enlargement [3DE-derived LA Volume values showed higher correlation with CMR than 2DE measurements (r = 0.93 vs. r = 0.74 for maximal LAV; r = 0.88 vs. r = 0.82 for minimal LAV)] (181).

Increased LA size on echocardiography is associated with a higher recurrence rate of AF treated with ablation (182) and an increased risk of stroke in patients with non-valvular AF (183, 184). Assessment of LA function can be performed by pulsed-wave Doppler measurements. Certain features, like LA active relaxation and contraction, are altered in AF patients compared to subjects with sinus rhythm, regardless of LA size and age (185). Total atrial conduction time during sinus rhythm can be estimated as the interval from the beginning of the P-wave on the body-surface ECG to the peak A’-wave on the tissue-doppler imaging (TDI) tracing of the LA lateral wall on echocardiography. This echocardiography-derived PA-TDI duration reflects electrical and structural changes to the atria (186). PA-TDI is prolonged in AF patients, including those without overt cardiovascular disease (idiopathic AF) (187), and is associated with AF recurrence after ablation in paroxysmal AF patients (188). Two-dimensional speckle-tracking echocardiography, a method to quantify atrial deformation, has also been used as a sensitive marker to detect early functional remodeling before anatomical alterations occur (189). Reduced atrial strain, as calculated using speckle-tracking, has been correlated with reduced atrial compliance and increased fibrosis. In a study by Rivner et al. (168), it was reported that global compliance tended to be an independent determinant of the presence of low-voltage zones (odds ratio 1.347, P = 0.046) and is a predictor of the development of AF and AF recurrence after ablation.



Cardiac Computed Tomography

Cardiac CT is a method with excellent spatial resolution compared to CMR (190), enabling accurate assessment of atrial volume and LA wall thickness. On the other hand, it has a low contrast-to-noise ratio, which reduces its ability to distinguish between normal myocardium and scar (191). Before catheter ablation, LA volume and LA asymmetry (asymmetry over 60% predicted AF recurrence with 74% sensitivity and 73% specificity), predict the likelihood of maintaining sinus rhythm post-AF ablation (192, 193). CT-based local wall deformations correlate better with extended low-voltage areas than other remodeling surrogates (194). The progression of the shape of the LA roof determined by CT correlates with the development of non-PV arrhythmic substrate in patients undergoing AF ablation (195, 196).



Cardiac Magnetic Resonance

Cardiac magnetic resonance has become the gold standard in volumetric LA structure and function assessments.

Contrast-enhanced CMR with gadolinium is additionally used to detect atrial fibrosis (197, 198) and can non-invasively identify atrial scar, which has been shown to spatially correlate with low-voltage areas (199). Other studies have reported the feasibility of delayed-enhancement CMR to quantify fibrosis in the LA and show that a high degree of delayed enhancement in the LA is associated with a more complex and extensive ablation with AF termination as the endpoint (200). Spragg et al. (201) reported a sensitivity and specificity of LGE for discrimination of low-voltage areas of 0.84 and 0.68, respectively. Delayed-enhancement CMR correlates with surgical biopsy results and is strongly associated with AF recurrence after catheter ablation (202, 203).

Marrouche’s group introduced the Utah scoring system (204). This score classified patients by the extent of enhanced LA area into four groups: 1 (<5%), 2 (5–20%), 3 (20–35%), and 4 (>35%). In this study, procedural outcomes were predicted by the baseline LA scar burden. During follow-up, all patients in group 1 were free of AF, but in group 4, only 4% of patients remained AF free. Other studies also found that LA fibrosis detected by CMR is associated with appendage thrombus and spontaneous contrast (205) and is an independent risk factor for stroke in patients with AF (206, 207).

Technological developments have expanded CMR use, and atrial 4-dimensional flow CMR recently emerged as a novel non-invasive approach that characterizes Campo’s atrial flow dynamics. It allows measurement of 3D blood flow and the derivation of stasis maps, providing visualization and quantification of potentially thrombogenic stasis in the LA and left atrial appendage (208–211). Similarly, non-invasive digital atrial twins based on patient-specific CMR imaging can integrate anatomical, structural, and functional determinants of atrial electrophysiology and arrhythmogenesis (29). Proof-of-concept studies have shown the promise of this approach for guiding AF ablation, and initial randomized trials comparing simulation-guided versus standard clinical therapy are ongoing (119). With these recent advances, CMR imaging can provide comprehensive images of the heart in patients with various cardiac diseases, adding prognostic value (212).




IDENTIFYING ATRIAL FIBROSIS BY ELECTROANATOMIC VOLTAGE MAPPING

Electroanatomic voltage mapping (EAVM) plays an essential role in diagnostic and therapeutic mapping and ablation in AF patients (17), providing information regarding local voltage abnormalities that may be used as a surrogate marker of myocardial health (213). Animal studies have demonstrated the histological correlation between low voltage areas (LVA) and atrial scars (214). However, the methodology for defining LVA has not been standardized, and a clear voltage threshold for abnormality has never been histologically validated (215). Several studies have compared the voltage maps with CMR findings, correlating the bipolar voltage with late gadolinium enhancement (203, 214, 216). In one of these studies, the overlap of late gadolinium enhancement areas with LVA (defined as <0.5 mV) had a sensitivity of 84% but a specificity of only 68% (201). One potentially confounding factor is the atrial rhythm during mapping, an important determinant of voltage (217). The voltage of bipolar signals during AF is significantly reduced compared to sinus rhythm (218). It has been suggested that the correlation between LVA and posterior LA delayed enhancement on CMR (219) is significantly improved when acquired during AF compared to sinus rhythm because the fixed-rate and wavefront characteristics present during sinus rhythm may not accurately reflect underlying functional vulnerabilities responsible for AF maintenance. This is an important area of investigation to improve the correlation between voltage mapping and atrial fibrosis. New technological developments like omnipole mapping and dynamic voltage attenuation may further enhance the detection of the abnormal atrial substrate (220).

During the last decade, technological developments of EAVM have helped identify different arrhythmia patterns and locations, generating new insights into the pathophysiological mechanisms of AF. In addition, progress in body-surface mapping and computer processing has allowed non-invasive mapping of atrial activation with increasing accuracy (221). For example, Metzner et al. (222) reported that non-invasive epicardial and endocardial electrophysiology systems produce comparable characterization of rotational sources with invasive mapping. A non-invasive evaluation of segmented images (223), used to construct personalized 3D models of the fibrotic atria with biophysically realistic atrial electrophysiology, demonstrated that AF in fibrotic substrates is perpetuated by re-entrant drivers (rotors). This and several other observations have led to the hypothesis that fibrillation mechanisms may exist along a continuous spectrum, with the specific electrophenotype determined by the degree of remodeling of the underlying myocardial substrate (224) particularly the extent of atrial fibrosis.

Finally, the presence of LVA could be considered in thromboembolic risk stratification, as the presence of LA LVA correlates with a higher incidence of previous stroke or the presence of pre-existing procedure-independent silent cerebral events on cerebral delayed enhancement MRI (225).



BIOMARKERS OF ATRIAL FIBROSIS

Several biological markers reflecting atrial stress, inflammation, endothelial dysfunction, kidney dysfunction, and atherosclerosis have been associated with future AF events, further supporting the correlation between inflammation (and fibrosis) and atrial dysfunction in a population at risk for AF (226). The utility of these markers is the possible identification of the presence of atrial myopathy during incipient stages of the disease and the identification of ‘high-risk’ patients for thromboembolic complications and stroke. For example, inflammation and fibrosis biomarkers (CXCL16, FABP3, PIGF, and MMP-9) were higher in subjects with worse LA reservoir function (227) in a population at risk of AF. Furthermore, blood-derived biomarkers (such as markers of inflammation, coagulation activity, cardiovascular stress, myocardial injury, and cardiac and renal dysfunction) can contribute to refining risk assessment for stroke outcomes and mortality in the presence of AF (228), since currently used clinical scores (e.g., CHA2DS2-VASc) only provide modest discrimination of stroke risk. Recent studies of biomarkers in AF have shown that they significantly improve risk stratification (229, 230).


Troponin

Elevated troponin levels have been associated with an increased incidence of AF (231–233). However, the optimal cut-off to determine the risk of AF is unclear. There are no AF primary prevention studies using troponin screening, so it is unclear how detectable troponin levels in the absence of AF will change clinical management (234). Troponin levels increase immediately after AF ablation. More significant elevation of troponin levels is related to favorable outcomes after ablation and more significant reversal of structural remodeling. In multivariate analysis, the TnT level was the only independent predictor for responders (odds ratio 90.1; 95% confidence interval 14.95–543.3; P < 0.0001) (235). The reason for this paradoxical observation may be the presence of healthy myocardium, as more troponin T would be released by radiofrequency ablation in a healthy LA than in a ‘sick’ LA (in which the myocardium had already degenerated into fibrous tissue) and postprocedural troponin levels may therefore reflect preservation of healthy LA myocardium.



Natriuretic Peptides

Some studies have shown that natriuretic peptides are elevated in patients with paroxysmal AF compared with matched controls in sinus rhythm (236, 237). Natriuretic peptides levels fall rapidly after restoring sinus rhythm (238, 239). However, the usefulness of natriuretic peptide (NT-proBNP) levels to predict the maintenance of sinus rhythm after successful cardioversion remains controversial (240, 241). Nevertheless, the addition of NT-proBNP to the CHADS2 and CHA2DS2-VASc risk stratification models significantly improves discrimination performance (242). Hijazi et al. (228) reported an adjusted hazard ratio of 4.0 (95% confidence interval, 3.2 to 5.0; P < 0.001).



Collagen

There are two significant biomarkers of collagen metabolism, the procollagen type-III N-terminal propeptide (PIIINP) and collagen type-I carboxy-terminal telopeptide (ICTP). PIIINP reflects collagen synthesis and degradation, whereas ICTP reflects collagen degradation only (243). In a large cardiovascular disease-free, multi-ethnic, and middle-aged sample population, PIIINP and ICTP predicted new onset of AF during a median follow-up of 10 years (244). A combination of circulating biomarkers reflecting excessive myocardial ICTP is also associated with higher AF prevalence, incidence, and recurrence after ablation (245). In the later study, the adjusted hazard ratio for AF recurrence was 3.4 (p = 0.008).



ST2

Suppression of tumorigenicity 2 (ST2) is a member of the IL-1 receptor (IL-1R) family that plays a major role in immune and inflammatory responses (246). In recent years, knowledge about ST2’s role in the pathophysiology of cardiovascular diseases has expanded, with strong links to myocardial dysfunction, fibrosis, cardiovascular stress, and remodeling (247). Although ST2 concentrations do not improve risk discrimination in AF patients (231) its levels are of prognostic value in patients on anticoagulation (248). Concentrations of sST2 were also significantly associated with the risk of mortality, even after adjusting for the CHA2 DS2 -VASc score [HR: 1.007 (1.001–1.013); P = 0.014] (248). ST2 has been proposed as a screening tool to detect atrial fibrosis in AF patients to allow a more aggressive therapy (234). Likewise, ST2 may be an objective biomarker to predict the risk of arrhythmia recurrence after ablation, emergency admission, or HF events (249, 250). In a study by Kim et al. (251), mean ST2 was higher in AF, persistent AF, and symptomatic AF and decreased after ablation. Another study, in a population of patients scheduled for cryoballoon catheter ablation (252) analyzed the relationship between ST2 and recurrence of AF. ST2 was the only independent parameter predicting AF recurrence [sensitivity: 77.3%, specificity: 79.5%; area under the curve was 0.831 (p < 0.001)]. It might therefore be a useful marker for detecting patients with high-grade fibrosis who will benefit less from ablation.



Galectin-3

Galectin-3 is a marker of myocardial fibrosis, which may be involved in AF-promoting atrial remodeling (253). Galectin-3 levels correlate with LA volume and are increased in AF patients (254). In a study that compared galectin-3 levels in patients with myocardial infarction and with or without AF (255) the patients with AF had higher levels of C-reactive protein (p < 0.01) and galectin-3 (p < 0.05) than those without AF. Patients with high galectin-3 had 4.4 times greater odds of having AF. Galectin-3 levels were lower in patients without AF (p < 0.01) than in those with permanent/persistent AF.

A recent meta-analysis showed that higher galectin-3 levels might be associated with an increased risk of AF recurrence in catheter ablation patients (256).



Transforming Growth Factor-β1

Several stimuli that promote AF converge in increased expression levels of TGF-β1, which in turn provokes interstitial fibrosis (257). TGF-β1 is a profibrotic cytokine and a central growth factor involved in regulating atrial fibrosis (258). Upon binding to its receptor, TGF-β1 leads to the activation of intracellular signaling cascades, which ultimately alter the expression of genes involved in differentiation, chemotaxis, and proliferation (259).

High plasma levels of TGF-β1 have been correlated with increased LA volumes and reduced bipolar voltage on electroanatomic voltage mapping (260), but results regarding its effect on the incidence of AF have been contradictory (261–263).

Therefore, researchers have been actively looking for additional biomarkers to predict therapeutic failure or morbidity mortality in patients with AF in the last decades. The measurement of several of the above-described biomarkers, such as troponin and natriuretic peptides, has consistently been demonstrated to improve risk prediction in addition to the clinical risk stratification models. However, there are still several significant uncertainties concerning its real value in detecting underlying atrial disease, partly due to these biomarkers’ unspecific nature.




TREATMENT

Determining the degree of the atrial fibrotic substrate is important for deciding the therapeutic strategy. This determination may help identify patients with the highest probability of success if treated with ablation therapy or, on the contrary, the population of patients with evidence of advanced disease and should be managed with medical treatment only.


Medical Treatment


Preclinical and Investigational Pharmacological Agents That May Directly Modulate the Fibrotic Substrate

As previously stated, diffuse excessive production and deposition of ECM is the primary manifestation of fibrosis. Despite extensive research in this area, there is a lack of efficacious therapies for inhibiting or reversing cardiac fibrosis, mainly due to the complexity of the cell types and signaling pathways involved (264). As an example, a clinical study that sought to determine whether matrix metalloproteinase (MMP) inhibitor, PG-116800, reduced left ventricular (LV) remodeling after myocardial infarction (MI) failed to show this objective and improve clinical outcomes (265).

The TGFβ is one of the regulators in the heart remodeling after injury. By this, the targeting of the TGFβ signaling pathway (266) has been explored as a potential therapy to inhibit fibrosis. In this context, Inhibitors of TGFβ Receptors I and II (receptors that activate the TGFβ signaling) have been tested. These inhibitors have demonstrated that they reduce myocardial fibrosis in animal models of Chagas disease and myocardial infarction (267, 268). Despite these beneficial effects, increased mortality and inflammation were observed (269, 270), and in long-term inhibition, cardiac toxicity (271). Nonetheless, novel TGFβ receptor inhibitors in experimental studies to treat cardiac fibrosis revealed an improved pharmacokinetic profile (272) and minimal toxic effects (273).

In the clinical setting, Pirfenidone (a drug that is inhibitory of TGFβ signaling) is approved as an oral anti-fibrotic drug for the treatment of idiopathic pulmonary fibrosis (274), and its use in treating cardiac fibrosis is actively studied (275). The recently published PIROUETTE trial (276) showed that pirfenidone appeared to be beneficial at reducing myocardial fibrosis among patients with heart failure with preserved ejection fraction. This medication was associated with a modest reduction in myocardial fibrosis, as assessed by cardiac MRI, compared with placebo. Despite this observation, presently, its clinical significance is still undetermined.

Tranilast is a drug used to treat allergic disorders (277–279) and dermatological diseases (280) has been demonstrated to inhibit collagen deposition by inhibiting fibroblast proliferation (281) and limit TGF-β-induced collagen synthesis by keloid-derived fibroblasts (282). Suppression of TGF- β, and more specifically, its action against tumor cells, is a proven action of tranilast that could have practical therapeutic applications (283, 284). Laboratory studies conducted on various populations of fibroblasts showed that tranilast inhibited its proliferation (285, 286). Notwithstanding clinical and experimental evidence supporting the anti-fibrotic effects of tranilast, its prolonged use can have hepatic toxicity (287), limiting its clinical application.

After the observation that in Galectin-3 knockout mice, left ventricular hypertrophy was prevented and left ventricular function was ameliorated (288), the possible application of Galectin-3 inhibition as a therapeutic target capable of slowing the progression of cardiac fibrosis (289) has been considered. Up to date, no clinical studies have been published.

As it is thought that endothelin can play a role in the pathophysiology of fibrosis, the endothelin receptor blockade has been considered another potential therapeutic target, but clinical studies have shown disappointing results (290, 291).



Clinical Use of Pharmacological Agents That May Modulate the Fibrotic Substrate

The guidelines from the principal Cardiac Societies (292) recommend established HF therapies that target neurohumoral pathways and may reduce mortality in HF patients, at least in part through inhibition of progressive structural remodeling (Table 1). Some of these therapies have also been studied in the population of patients with AF, and data on the potential usefulness in modifying the substrate using this so-called ‘upstream therapy’ have been published. These pharmacologic agents are ACE inhibitors (as explained previously), AT1 receptor blockers, mineralocorticoid antagonists (293, 294), and β-adrenoceptor blockers. However, the results have not been consistent (295–297). Other therapies like statins have also been studied because these agents seem to exert antifibrotic effects, modulate metalloproteinases, and interact with endothelial nitric oxide synthase that protects atrial myocardium during ischemia. However, results have been either neutral or inconsistent (298–301).


TABLE 1. Potential antifibrotic mechanisms of currently used pharmacologic agents.

[image: Table 1]
Debatable results have also been reported for the effects of fish oils (327). These conflicting data may be related to diverse study populations, differences in AF history, and concomitant diseases, resulting in heterogeneous baseline remodeling, in combination with the limited reversibility of structural remodeling once it has been established (328).




Ablation

Although pulmonary vein isolation (PVI) is very effective in maintaining sinus rhythm in patients with paroxysmal AF (329), it is much less so in persistent AF, with a reported 5-year AF freedom rate of 20% after a single and 45% after multiple procedures (330, 331). Progression of paroxysmal to persistent forms of AF occurs in 4–15% of patients per year, depending on risk factors (332–334). In recent years, several studies have shown that the earlier the treatment of patients with AF, the better the results regarding arrhythmia recurrence, hospitalization, and repeat procedures (329, 335–337). Also, early catheter ablation was superior to antiarrhythmic drug therapy in patients with drug-refractory paroxysmal AF in delaying progression to persistent AF (338). This suggests that early intervention can slow the substrate development and the progression to established atrial fibrosis and highlights a potential role for (non-invasive) characterization of the atrial substrate in guiding therapeutic decisions.

Considerable research has shown that patients with persistent AF have a more advanced atrial disease than those with paroxysmal AF (339), and different studies have shown that the extent of fibrosis before ablation is independently associated with the likelihood of AF recurrence (340). The higher the burden of atrial fibrosis, the lower the probability of sinus rhythm maintenance. These observations led to the assessment of various strategies for modifying the arrhythmic substrate beyond PVI. Clinical and experimental studies suggest that re-entrant drivers (i.e., rotors) might maintain persistent AF (341, 342). A clinical study to evaluate the relationship between fibrosis imaged by delayed-enhancement CMR and atrial electrograms in persistent AF reported that 90 percent of complex fractionated atrial electrogram sites occur at non-delayed-enhancement and patchy delayed-enhancement LA sites (343). A fascinating animal study (344), which analyzed the histological characteristics of Complex Fractionated Electrograms (CFAE) with atrial myocardial thickness and fibrosis sites, found the presence of a thicker wall and a more significant amount of fibrosis. The atrial myocardium was significantly thicker at CFAE sites (1757.5 ± 560.5 μm) than at non-CFAE sites (1279.5 ± 337.2 μm) (p = 0.036). At CFAE sites, it was filled with substantially more considerable fibrotic tissue than at non-CFAE sites (22.8 ± 6.9% versus 7.2 ± 4.7%, p < 0.001).

A 3D, biophysically detailed computational modeling study in patient-derived atrial models with individualized fibrosis distributions – derived from late enhancement CMR - showed that AF is inducible by programmed electrical stimulation in models with a sufficient amount of fibrosis. The induced AF is perpetuated by re-entrant drivers that persist in spatially confined regions. The latter areas constitute boundary zones, between fibrotic and non-fibrotic tissue characterized by high fibrosis density and entropy values (223).

Invasive electrical mapping data from a 64-pole basket catheter have been employed in a clinical computational mapping approach, revealing sustained electrical rotors and repetitive focal beats during human AF (345). Based on these observations, these authors have pioneered the CONFIRM study (346), in which the ablation in patients with persistent AF, guided by the computational mapping approach when compared with the conventional approach, showed higher freedom from AF (82.4% versus 44.9%; p < 0.001) after a single procedure. Although this focal impulse and rotor modulation (FIRM) approach initially gained some popularity, a meta-analysis that evaluated the results of PVI versus PVI + FIRM ablation demonstrated no therapeutic benefit of the additional focal impulse and rotor modulation approach over PVI alone (347).

A personalized substrate modification has been tested in the last decade, essentially with ablation targeting LA LVA or guided based on CMR-derived fibrosis patterns. Four strategies have been evaluated: Isolation of fibrotic areas (Box Isolation of the Fibrotic Area, BIFA) (348), homogenization of the LVA (349, 350), selective ablation of atrial LVA (351) and different combinations of part of these strategies (352). A meta-analysis that included studies with linear ablation or ablation of complex fractionated electrograms found disappointing results (353). In this meta-analysis in comparison with PVI alone, the addition of complex fractionated atrial electrograms (CFAE) ablation [RR 0.86; 95% confidence intervals (CI) 0.64, 1.16; P = 0.32] or left atrial linear ablation (LALA) at the roof and mitral isthmus (RR 0.64; 95% CI 0.37, 1.09; P = 0.10) offered no significant improvement in arrhythmia-free survival. However, adjunctive CFAE ablation was associated with significant increases (P < 0.05) in procedure and fluoroscopy times.

Another meta-analysis that analyzed specifically studies with a voltage-guided substrate modification by targeting LVA in addition to PVI found that this approach was more effective, safer, and with a lower proarrhythmic potential than conventional approaches (354). A common finding in different studies is that the absence of LVA identifies patients who respond well to a PVI−based ablation strategy (355).

Nonetheless, a recently published randomized controlled trial (VOLCANO trial, (356)) demonstrated that LVA ablation, in addition to PVI, had no beneficial impact on rhythm outcomes in patients with paroxysmal AF undergoing AF ablation. Patients with LVAs showed lower AF−recurrence−free survival rates (88%) than those without LVA (57%, P < 0.0001; C, 53%, P < 0.0001), and so, the presence of LVA strongly predicted AF recurrence (356). Similarly, recently presented (357) results of the DECAAFII trial suggest that fibrosis-guided ablation was not superior to conventional PVI in reducing atrial arrhythmia recurrence but significantly increased adverse events.

This is an area of active research, and probably soon, we will have data that will allow us to perform ablation tailored to the substrate observed in the particular patient. Based on the information from the different studies cited above, the most consistent finding is that the greater the degree of the atrial fibrotic substrate, the less probable is sinus rhythm maintenance.




CONCLUSION

Catheter ablation for AF has developed as an important rhythm-control strategy and nowadays is one of the most common cardiac ablation procedures performed worldwide. A rigorous assessment of the presence of atrial fibrotic substrate is important for determining the treatment options and as a predictor of long-term success after catheter ablation.

In humans, the progression from paroxysmal AF to persistent forms is marked by structural alterations of the atrial tissue (358). Although the clinical phenotype (paroxysmal vs. persistent AF) typically determines therapeutic choices, it may not be the primary driver determining the success of catheter ablation treatment. Instead, the underlying factors, primarily the extent of atrial fibrosis, may be decisive.

Despite the complexity of atrial substrate evaluation, we currently have several diagnostic resources (imaging, ECG, biomarkers, etc.) that enable a comprehensive assessment and quantification of the extent of LA structural remodeling and the presence of fibrotic atrial substrates. Given the central role of fibrosis in AF pathophysiology and therapy, such a comprehensive understanding is expected to improve AF management and patient outcomes.
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Objective: Epicardial adipose tissue (EAT) is related to atrial fibrillation (AF), but the specific mechanism is still unclear. Left atrial (LA) low voltage zones (LVZ) can well reflect atrial fibrosis. This study investigated the relationship between EAT and LVZ in non-valvular AF (NVAF) patients.

Methods: This observational study including patients with NVAF (n = 214) undergoing radiofrequency ablation (RFCA) for the first time in our hospital and 62 matched controls. The EAT volume and attenuation were measured by contrast-enhanced computed tomography. A three-dimensional mapping system was used to map the left atrial endocardium and evaluate LA-LVZ. Patients were divided into LVZ and non-LVZ groups according to the presence or absence of LVZ.

Results: Patients with AF showed higher LA-EAT volume and lower attenuation value than controls (29.7 ± 11.2 cm3 vs. 20.9 ± 8.6 cm3, P = 0.021; −91.2 ± 5.6 HU vs. −88.7 ± 5.9 HU, P < 0.001). Compared with the group without LVZ, there were significant differences in age [65 (59–71) vs. 60 (52–69), P = 0.006], LAVI [75.1 ± 20.7 ml/m2 vs. 67.2 ± 20.9 ml/m2, P = 0.018], LA-EAT volume (34.8 ± 11.5 cm3 vs. 28.1 ± 10.6 cm3, P < 0.001) and LA-EAT attenuation (−93.9 ± 5.3 HU vs. −90.4 ± 5.5 HU, P < 0.001). Multivariate regression analysis showed that age (OR = 1.040; 95%CI: 1.001–1.078, P = 0.042), LAVI (OR = 1.019; 95%CI: 1.002–1.037, P = 0.032), LA-EAT volume (OR = 1.193; 95%CI: 1.015–1.402, P = 0.034) and attenuation value (OR = 0.801; 95%CI: 0.701–0.916 P = 0.001) were independent predictors of LVZ. After LA-EAT attenuation was incorporated into the clinical model, the comprehensive discrimination and net reclassification tended to improve (IDI and NRI > 0, P < 0.05).

Conclusion: LA-EAT volume and attenuation values can independently predict the presence of LVZ, and LA-EAT attenuation has a better predictive value than LA-EAT volume.
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atrial fibrillation, epicardial adipose tissue, fibrosis, low voltage zones, radio frequency catheter ablation


Introduction

Atrial fibrillation (AF) is the most common arrhythmia with clinical significance. Complications such as heart failure, thromboembolism, and the risk of death are significantly increased in patients with AF (1). In recent years, obesity has been considered a significant risk factor for AF (2, 3). Although subcutaneous adipose and visceral adipose are both adipose tissue, the two structures are different. Compared with subcutaneous adipose tissue, visceral adipose tissue plays an essential role in cardiovascular disease by secreting higher levels of pro-inflammatory adipokines (4–6). Epicardial adipose tissue (EAT) is a particular form of visceral adipose tissue. Because there is no myofascial separation between EAT and myocardium, EAT shares the same coronary circulation and has local and systemic effects (7, 8). More and more evidence showed that EAT is related to the occurrence and recurrence of AF (9, 10), but the specific mechanism is unclear. Basic studies have shown that EAT can induce atrial fibrosis by secreting various inflammatory or fibrogenic mediators (11, 12). It is well known that atrial structural remodeling characterized by atrial fibrosis is the core of the maintenance mechanism of AF (13). The main ways to evaluate atrial myocardial fibrosis are endocardial biopsy, intracardiac voltage mapping, and Cardiac Magnetic Resonance (CMR) imaging (14). Intracardiac voltage mapping is widely used because of its high accuracy and safety (15, 16). In this study, CT was used to determine the EAT volume and attenuation in patients with non-valvular AF, and left atrial voltage was determined by left atrial voltage mapping under the guidance of the intraoperative CARTO3 three-dimensional mapping system to explore the relationship between EAT and Left atrial low voltage zones (LA-LVZ) in patients with non-valvular AF (NVAF).



Materials and methods


Study population

This is a single-center retrospective clinical observation study. We systematically reviewed 316 patients with NVAF who were admitted to the affiliated Hospital of Xuzhou Medical University for the first time from January 2020 to May 2021. The definition of AF is consistent with current guidelines (17). All patients received a CTA examination of the left atrium and pulmonary vein before the operation. Exclusion criteria: (1) Incomplete for CTA image or contraindication; (2) Sinus rhythm cannot be restored after radiofrequency catheter ablation; (3) Previous history of radiofrequency catheter ablation; (4) History of rheumatic valvular disease, moderate to severe valvular stenosis or insufficiency, congenital heart disease; (5) Cardiac dysfunction; (6) Severe hepatic and renal insufficiency, thyroid dysfunction, respiratory disease, and history of the malignant tumor. A total of 214 patients with NVAF were finally included (Figure 1). This group was compared to 62 matched (age, sex, BMI) controls who underwent multidetector computed tomography for screening of CAD and had no history of AF (Figure 1).
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FIGURE 1
Flow chart detailing the inclusion and exclusion criteria.


The ethics committee of the Affiliated Hospital of Xuzhou Medical University has reviewed the research scheme, and all patients have signed informed consent forms.



Cardiac computed tomography imaging

Spiral CT (SOMATOM Definition, SIEMENS Germany) to obtain CT imaging data. 60–80 ml iohexol was injected into the elbow vein at the flow rate of 5 ml/s, and then saline of 50 ml was injected at the speed of 5 ml/s. The contrast agent tracking technique triggered the enhanced scan—trigger plane: ascending aorta root level; trigger threshold: 90∼100 Hu. The scanning time was 5∼12 s after 6 s delay, and the scanning range was from 1 cm under the trachea Carina to 1.5 cm of the inferior margin of the heart. Scanning parameters: tube current 280∼350 mA, tube voltage 120 kV.



Image post-processing technology and observation method of measurement

All images were reconstructed by retrospective ECG-gated reconstruction, slice thickness 0.5 mm, overlapping 0.3 mm, visual reconstruction field was adjusted according to the patient’s physique and heart size, and the heart volume data of 75% of the Rmurr gap was reconstructed. All data are sent to (Advantage workstation GE 3.2 United States workstation) for image post-processing. The axial images from the bifurcation of the pulmonary artery to the apical were semi-automatically reconstructed from the adjacent 0.625 mm slices. The volume was measured by combining the slice method with the threshold method. Firstly, the cardiac parietal and visceral layers were found, the epicardial boundary was outlined layer by layer, the CT value of −50 HU ∼ −200 HU was set as adipose tissue, and the total EAT, and radiation attenuation were calculated automatically (Figure 2). After that, the pericardial adipose in the left ventricle in front of the mitral annulus, the epicardial adipose in the right atrium in front of the right superior pulmonary vein, and the epicardial adipose below the plane of the coronary sinus were manually removed, and the remaining epicardial adipose was LA-EAT. The LA-EAT volume and radiation attenuation were calculated (Figure 3). For the purposes of this analysis, the LA was segmented as posterior LA, anterior LA, septal LA, inferior LA, lateral LA, and LA roof, as previously described (18). Left atrial volume (LAV) and left atrial volume index (LAVI) were calculated by volume reconstruction of the left atrium, which was defined as left atrial volume divided by body surface area. The volume and attenuation of LA EAT were measured offline by two clinicians who did not know the clinical data of the patients.
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FIGURE 2
Total EAT volume and attenuation calculated by post-processing software (A) cardiac axial map; (B) cardiac coronal map; (C) yellow area represents total EAT, and the volume is calculated by Volume software; (D) total EAT attenuation.
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FIGURE 3
LA-EAT volume and attenuation calculated by post-processing software (A) cardiac axial map; (B) cardiac coronal map; (C) yellow area represents LA- EAT, and the volume is calculated by Volume software; (D) LA- EAT attenuation.




Detection of the low voltage zone

All patients underwent circumferential pulmonary vein isolation (CPVI) first and then left atrial voltage was mapped in sinus rhythm. The voltage points are collected using the CONFIDENCE Module (Biosense Webster, Inc., Diamond Bar, CA, United States) and mapped continuously using the following settings: 5% CL filtering, 3 ms LAT-stability, 3 mm position stability, and 1 mm density. For each marked site, steady contact is required between the local atrial tissue and each pair of electrodes of the Lasso catheter. Then, use the ablation catheter (ThermoCool SF, Biosense Webster, Inc., Diamond Bar, CA, United States) to confirm the LVZ. Steady contact is also needed between the local atrial tissue and the tip of parallel alignment of the ablation catheter. LVZ was defined as sites of ≥ 3 adjacent low-voltage points < 0.5 mV (15).



Statistical analysis

If the measurement data are normally distributed, they are expressed as the mean ± SD. If they do not conform to a normal distribution, they are described by the median (quartile spacing), that is, M (Q25 Q75), and the counting data are described by the number (percentage). The counting data were compared by t-tests or rank-sum tests (non-normal distribution), and the classified variables were compared by chi-square tests or Fisher’s exact test. Pearson or Spearman correlation tests evaluated the relationship between LA-EAT and various parameters. A ROC curve analysis was carried out to define a cut-off value. LA-EAT volume and attenuation were examined per 5 cm3 and 2 HU increase respectively. The association between clinical, laboratory, echocardiographic and LA-EAT variables, and LVZ was assessed in univariable regression analyses. Variables demonstrating a significant association with the LVZ (P < 0.05) were included in a multivariable model performed using forward stepwise logistic regression analysis.

Additionally, 60 random studies were assessed for interobserver and intraobserver agreement. Intraobserver and interobserver reliability measurements and agreement between reference and proposed methods were assessed with the intraclass correlation coefficient (ICC). Additionally, Reproducibility was appraised with Bland–Altman analysis and reported as bias and coefficient of repeatability. The mean difference was presented as the bias, and 95% limits of agreement around the bias were expressed as the mean difference of 1.96 ± SDs.

LA-EAT volume or attenuation was added to the starting clinical model. To assess the incremental predictive value of LA-EAT volume or attenuation to clinical models, all variables in the model were included as continuous variables with additional discrimination of risk factors evaluated using the c-index and the integrated discrimination improvement (IDI). Continuous net reclassification index (NRI) was calculated, with IDI and NRI > 0 indicating positive improvement, and each model was calculated and compared. P < 0.05 was considered statistically significant. All statistical analyses were carried out using SPSS version 24.0 software (SPSS, Chicago, IL, United States).




Results


Characteristics of the study population

62 patients fulfilled the inclusion criteria and were enrolled in the study (Figure 1). Gastrointestinal disease incidence is higher in the AF group. Patients with AF had a significantly higher EAT volume and lower attenuation value than the control group in Table 1. According to the intraluminal voltage mapping results under the guidance of the intraoperative CARTO3 three-dimensional mapping system, the patients of AF were divided into the LVZ group and the non-LVZ group. The basic clinical data of patients in the two groups are shown in Table 2. Patients with LVZ were older (P = 0.006). There was more persistent AF (P = 0.021) and a significantly higher LAVI in the LVZ group compared with the no LVZ group (P = 0.018). The remaining variables were not statistically different (P > 0.05).


TABLE 1    Demographics and baseline characteristics: controls and patients with atrial fibrillation.
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TABLE 2    Comparison of clinical and anatomic variables in patients with and without LVZ in atrial fibrillation.
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Epicardial adipose tissue

There were no statistically significant differences in total eat volume (146.4 ± 47.1 vs. 137.4 ± 45.4 cm3, P = 0.229) and Total EAT attenuation value (−95.6 ± 6.4 Hu vs. −94.1 ± 6.7 Hu, P = 0.159) between the two groups. LA-EAT volume was larger in the LVZ group (34.8 ± 11.5 vs. 28.1 ± 10.6 cm3, P < 0.001), and attenuation was reduced (−93.9 ± 5.3 Hu vs. −90.4 ± 5.5 Hu, P < 0.001) compared with the no LVZ group (Table 2).



Measurements reproducibility and agreement

The ICC values for interobserver and intraobserver measurements of LA-EAT volume and attenuation were excellent correlations (Table 3). The Bland-Altman analysis showed a good agreement between interobserver and intraobserver measurement variations (Figure 4).


TABLE 3    Interobserver and intraobserver variability measurement.
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FIGURE 4
Bland-Altman bias and limits of agreement for LA-EAT volume and attenuation between interobserver. LA-EAT volume, with a bias of 2.68 ± 4.61 cm3 and the 95% limits of agreement was –6.34–11.7 cm3 (A); LA-EAT attenuation, with a bias of 0.47 ± 2.07 HU and the 95% limits of agreement was –3.59–4.55 HU (B). Bland-Altman bias and limits of agreement for LA-EAT volume and attenuation between intraobserver. LA-EAT volume, with a bias of 1.32 ± 3.51 cm3 and the 95% limits of agreement was –5.57–8.21 cm3 (C); LA-EAT attenuation, with a bias of 0.23 ± 1.96 HU and the 95% limits of agreement was –3.61–4.07 HU (D).




The distribution of left atrial-epicardial adipose tissue

In patients with NVAF, EAT was mainly distributed in the pulmonary veins, left atrial septum, left lateral atrial wall, anterior wall, and roof. The pulmonary vein was involved in 86.9% of cases, the anterior LA in 81.3%, the septum in 77.1%, the inferior wall in 82.2%, the posterior LA in 52.3%, the lateral LA in 87.4%, and the Mitral isthmus in 95.3%.



Clinical correlates of epicardial adipose tissue volume and attenuation

The patients with non-paroxysmal AF had larger LA-EAT volume (32.8 ± 11.1 cm3 vs. 27.1 ± 10.2 cm3, P < 0.001) and lower LA-EAT attenuation (−91.9 ± 5.7 HU vs. −89.8 ± 5.3 HU, P < 0.006). The attenuation value of LA-EAT in females was lower than that in males (−91.9 ± 5.3 HU vs. −90.1 ± 5.7 HU, P = 0.020), but there was no difference in LA-EAT volume. Linear correlation analysis showed that age (r = 0.177), BMI (r = 0.268) and LAVI (r = 0.247) correlated with LA-EAT volume, but had no significant correlation with LA-EAT attenuation (Table 4).


TABLE 4    Correlation between LA-EAT volume and attenuation and clinical variables.
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The prevalence and distribution of low voltage zones

Left atrial voltage mapping was completed in all patients under sinus rhythm after CPVI, with an average of 674 ± 82 marked points in each case. LVZ was detected in 52 patients (24.3%). In the LVZ group, the posterior wall was 71.2%, the roof was 53.8%, the anterior wall was 46.2%, the septum was 25.0%, the inferior was 17.3%, and the lateral was 5.7%. Figure 5 shows the voltage mapping results of a typical patient. Figure 6 shows the distribution of LVZ in each segment of the left atrium and the consistency of overlap with LA-EAT.
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FIGURE 5
The bipolar voltage was used to measure the LVZ. The purple area represented the standard atrial matrix, and the color area represented the LVZ area. (A) No LVZ; (B) mild LVZ; (C) severe LVZ (AP, anterior-posterior position; PA, posterior-anterior position).
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FIGURE 6
The distribution of LVZ in each segment of the left atrium and the consistency of overlap with LA-EAT.




Predictors of left atrial-low voltage zones

Univariate analysis showed that the patients in the LVZ group were older and had more non-paroxysmal AF (P < 0.01). In addition, LAVI and LA-EAT in the LVZ group were higher than those in the non-LVZ group. Multivariate analysis showed that advanced age (OR = 1.040; 95%CI: 1.002–1.080, P = 0.041), LAVI (OR = 1.019; 95%CI: 1.002–1.037, P = 0.032), LA-EAT volume (OR = 1.193; 95%CI: 1.015–1.402, P = 0.034) and attenuation (OR = 0.801; 95%CI: 0.701–0.916, P = 0.001) were independent predictors of LVZ (Table 5). From Youden index analysis, the cut-off value for LA-EAT volume was 30.0 cm3, and for EAT attenuation was −90.5 HU. In multivariable analysis, increased EAT volume and decreased EAT attenuation were independently associated with LVZ (Table 5).


TABLE 5    Association of patient characteristics with LVZ: univariate and multivariate regression analysis.
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Discrimination and reclassification accuracy of the predictors of low voltage zones

The constructed clinical model includes two risk factors, age and LAVI, and the volume and attenuation of LA-EAT are added into the constructed clinical model, respectively. When LA-EAT volume (AUC = 0.725) or LA-EAT attenuation (AUC = 0.747) were included in the model, the predictive power of left atrial LVZ was significantly improved. Although IDI showed an increase of 0.046 (P = 0.013) after LA-EAT volume was included, the NRI was not (0.156, P = 0.162). When LA-EAT attenuation was incorporated into the model, both IDI and NRI were improved (IDI 0.072, P = 0.043; NRI 0.183, P < 0.001) (Table 6).


TABLE 6    Discrimination accuracy and reclassification of risk markers of LA-LVZ.
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Discussion

The main findings of this study are as follows: (1) Patients with AF showed higher volume of EAT and lower attenuation value. (2) Compared with the group without LVZ, the volume of LA-EAT in the LVZ group was more extensive, and the attenuation was lower. (3) After adjusting the clinical risk factors of left atrial LVZ, advanced age, increased LA-EAT volume and decreased radiation attenuation were independent risk factors for left atrial fibrosis. (4) LA-EAT attenuation is more valuable than LA-EAT volume prediction.

Many studies have discussed the distribution of LVZ in patients with AF, and different studies have reported different results. Hori et al. (19) used the combination of electro anatomic mapping and CT to find that the areas involved in LVZ are often concentrated in the anterior wall, posterior wall, and the area around the orifice of the pulmonary vein of LA. In this study, LVZ is mainly located in the posterior wall, in addition, the posterior wall of a single diseased segment is still the most common remodeling site, but the lateral wall and septum are not found, which is consistent with the previous findings of Radoslaw et al. (20). Possible explanations are as follow. (1) The baseline characteristics of patients in the study are not consistent. In our study, more patients have paroxysmal AF (57.9%). Theoretically, with the prolongation of the course of the disease, patients with persistent AF will have secondary structural remodeling, leading to the expansion of low-voltage areas. We found that the most common site of left atrial fibrosis in patients with paroxysmal AF is the posterior wall, suggesting that posterior wall fibrosis may be a cause rather than a result of AF. Intervention on the posterior wall (such as Box ablation) may improve the success rate of AF ablation (21). (2) Voltage mapping strategies are significantly different among different studies. Mapping tools, catheter direction, and especially the contact between catheter and tissue will affect the mapping results, resulting in false-positive results of LVZ. In this study, when the pressure catheter was used for voltage mapping during the operation, the pressure at each measuring point was guaranteed to be greater than 5 g, and the “pseudo-LVZ” was excluded.

In recent years, the relationship between EAT and AF has received much attention. Basic research showed (22, 23) that EAT could lead to fibrosis through fatty infiltration, pro-fibrosis, and inflammatory responses (autocrine and paracrine secretion of pro-inflammatory cytokines). A previous study demonstrated that human EAT could induce atrial fibrosis in rats (12). In clinical studies, it was found that EAT rather than systemic obesity is associated with AF, and EAT is an independent predictor of AF (24–26). In order to exclude the interference of factors such as inflammation, inflammation-related diseases were excluded in this study. Consistent with the above studies it was found that patients with AF had a significantly higher EAT volume and lower attenuation value in this study. Recent studies have shown that left atrial EAT thickness is associated with the occurrence and maintenance of AF (9, 10). Because the thickness of different parts of EAT varies greatly and the repeatability of measurement is poor, this study improves the accuracy by measuring the volume of EAT. This study is the first to investigate the relationship between EAT and LVZ in patients with NVAF. Our study found that LA-EAT volume was closely related to left atrial LVZ and was an independent risk factor, suggesting that left atrial EAT may be involved in atrial fibrosis in patients with NVAF. Interestingly, however, our study shows that the left atrial LVZ is less consistent with the LA-EAT distribution area, especially in the posterior wall, with an overlap rate of only 48.6%. It is suggested that the local infiltration effect of LA-EAT is not the leading cause of atrial fibrosis. We speculate that LA-EAT can secrete various substances through paracrine and autocrine and affect the distant atrial myocardium by regulating ion current and electrical coupling or stimulating fibrosis. This may explain the mechanism of EAT in the occurrence of AF from a new perspective. In addition, it can better explain the study of Nakatani Y et al. (27), which found that even complete isolation of the area where the posterior wall overlaps with LA-EAT could not inhibit the recurrence of atrial fibrillation. Kitagawa et al. (28) showed that the attenuation of EAT was significantly correlated with 18F-deoxyglucose uptake, suggesting that EAT attenuation was related to local inflammation. Evaluation of peri-atrial adipose tissue attenuation using CT imaging is a novel method translated from the assessment of vascular inflammation. Kusayama et al. (22) showed that attenuation values decrease with adipocyte proliferation and increase with adipocyte vascularization and fibrosis. Previous studies have found that lower- adipose attenuation is associated with AF recurrence after catheter ablation, but the specific mechanism is not precise (29, 30). Our study found that LVZ is associated with lower adipose attenuation. Its potential mechanism is related to adipocyte hypertrophy and adipose tissue density. Hypertrophic adipocytes may lead to decreased capillary density, inducing adipose tissue hypoxia, macrophage accumulation, and inflammation (31). In addition, larger adipocytes can also increase metabolic activity and secretion of adipose cytokines (such as activity A and matrix metalloproteinases) (12, 32). In our study, advanced age and left atrial volume index were clinical parameters related to left atrial LVZ. This is consistent with Seewöster et al. (33). Consistent with previous studies (34, 35), the AF group had a higher incidence of gastrointestinal disease, which can lead to arrhythmias through vagal as well as inflammatory stimulation. However, in this study, gastrointestinal disease was not statistically different between the LVZ group and the non-LVZ group, possibly because gastrointestinal disease may just be a trigger for this arrhythmia, it has less effect on the atrial stroma that maintains AF (36). In addition, the sample size of this study was relatively small.

Building a prediction model, we find that LA-EAT attenuation may be a more sensitive marker than LA-EAT volume in predicting LVZ. Previous studies have shown that the presence of LVZ is a strong predictor of AF recurrence after catheter ablation (37, 38). The purpose of individualized AF catheter ablation is to improve the matrix for the existence of LVZ, especially in the area with local fragmentation potential, to improve the ablation effect. LA-EAT provides us with a new idea. Our study shows that the volume and attenuation of LA-EAT are related to the occurrence of left atrial LVZ. Therefore, by measuring EAT under CT before the operation, we can understand the situation of left atrial fibrosis, which has important clinical significance for individualized treatment decision-making of AF before operation.


Limitations

There are still some limitations in this study. First, this study is a single-center, small sample size study, so a multicenter, large sample size study is needed to explore the factors affecting LA-LVZ in patients with NVAF. Second, because this study is a retrospective study, we did not take blood samples from the coronary sinus to evaluate local inflammatory cytokines. Third, we performed left atrial voltage mapping under CPVI or cardioversion sinus rhythm, which may not be able to determine the LVZ of the pulmonary venous sinus, thus reducing the overall LVZ of the left atrium.




Conclusion

Patients with AF showed higher volume of EAT and lower attenuation value. The volume and attenuation of LA-EAT are associated with the presence of LVZ, a surrogate for atrial fibrosis, within the myocardium. When predicting the existence of LVZ, LA-EAT attenuation is more valuable than LA-EAT volume.
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Although left atrial (LA) dimension (LAD) is one of the predictors of atrial fibrillation (AF) recurrence after catheter ablation, repetitive recurrences occur in patients without enlarged LAD. We explored the predictive value of pulmonary vein (PV) to LA volume percent ratio (PV/LA%vol) for rhythm outcomes after AF catheter ablation (AFCA). We included 2913 patients (73.5% male, 60.0 [52.0–67.0] years old, 60.6% paroxysmal AF) who underwent AFCA. We evaluated the association between PV/LA%vol and AF recurrence after AFCA and compared the predictive value for AF recurrences according to the LA size with LAD. We additionally investigated the association between PV/LA%vol and PITX2 gene using a genome-wide association study. LAD affected 1-year recurrence only in the highest tertile group (T3, p = 0.046), but PV/LA%vol determined 1-year recurrence in all LAD groups (T1, p = 0.044; T2, p = 0.021; and T3, p = 0.045). During 20.0 (8.0–45.0) months of follow-up, AF recurrence rate was significantly higher in patients with lower PV/LA%vol (Log-rank p = 0.004, HR 0.91 [0.84–1.00], p = 0.044). In the T1 and T2 LAD groups, predicting AF recurrences was better with PV/LA%vol than with LAD (AUC 0.63 vs. 0.51, p < 0.001 at T1; AUC 0.61 vs. 0.50, p = 0.007 at T2). We replicated PITX2-related rs12646447, which was independently associated with PV/LA%vol (β = 0.15 [0–0.30], p = 0.047). In conclusion, smaller PV volumes after LA volume adjustments have genetic background of PITX2 gene and predictive value for poorer rhythm outcomes after AFCA, especially in patients without LA enlargement.
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Introduction

Catheter ablation is the most effective method of rhythm control for atrial fibrillation (AF). However, this progressive disease is accompanied by continuous long-term recurrence despite invasive procedures (1, 2). The left atrial (LA) dimension (LAD) measured by echocardiography is traditionally known as a reliable predictor of post-AF catheter ablation (AFCA) recurrence (3). However, repeated recurrences after AFCA still occur, even in patients without enlarged LA. Invasive or processed indicators such as LA pressure and LA voltage have predictive power for the recurrence risk after AFCA (4–6). However, there are limited risk factors that can predict post-AFCA recurrences in AF patients with normal or mildly remodeled LA. It has been well established that the pulmonary veins (PVs) play an essential role in initiating and maintaining AF (7). The relationship between the PV morphology and AF triggers was previously reported (8, 9). However, no study has examined the morphological relationship between PV-LA and AF recurrence after AFCA. In addition, AF is a heritable disease and PITX2 is known as the most common AF-associated genome among over 100 related SNPs that has a significant effect on PV-LA development (10, 11). However, little is known about the relationship between PITX2 genome and PV-LA morphology and AF recurrence.

Therefore, herein, we explored the risk factors for AF recurrence after AFCA in patients without significant LA enlargement by using imaging index representing the morphological relationship between PV and LA. We also compared and evaluated the correlation between the PV-LA morphological index and PITX2 genome.



Materials and methods


Study population

The study protocol adhered to the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of the Yonsei University Health System. All patients provided written informed consent for inclusion in the Yonsei AF Ablation Cohort. A total of 2,913 consecutive patients who underwent de novo AFCA between March 2009 and January 2020 in a single center were prospectively enrolled in this study. In all patients, we performed transthoracic echocardiography and cardiac computed tomography (CT) within 3 months before the procedure. We divided the patients into three groups according to the LAD tertile value and compared their clinical parameters, including the 1-year recurrence rate after AFCA. We also divided patients into three groups based on the tertile value of PV to LA volume percent ratio (PV/LA%vol) measured on three-dimensionally (3D) reconstructed CT. The exclusion criteria were as follows: (1) AF refractory to electrical cardioversion; (2) no available data on LA and PV volume measured on CT; (3) AF with rheumatic valvular disease; and (4) prior AF ablation or cardiac surgery. All patients stopped all anti-arrhythmic drugs (AAD) for a period corresponding to at least five half-lives before the AFCA.



Contrast-enhanced cardiac computed tomography scan and measurement of pulmonary vein and left atrial volume

We acquired contrast-enhanced 64-slice cardiac multi-detector row CT (MDCT) (Somatom Sensation 64; Siemens Medical Solutions, Forchheim, Germany) scans by injecting bolus of 60–80 mL of iopamidol (Iopamiro 370; Bracco, Italy) at a flow rate of 5 mL/s. We reconstructed the CT images at the end-systolic and mid-diastolic phases, using a slice thickness of 0.75 mm. The volumes of the LA and PV were measured with 3D reconstructed images using an Advantage Workstation Volume Share 4.6 (GE Healthcare, United States). We measured the LA volume from the mitral valve area to the posterior wall of the LA, and PV volume from the PV ostia to primary tributaries with equal horizontal bilateral extension (Supplementary Figure 1). In case of common ostium of PV, PV volume was measured from common ostium to the primary bifurcation of superior and inferior PVs. After the summation of each PV volume, we calculated PV/LA%vol by dividing PV volume by LA volume and multiplying the value by 100. The correlation coefficients for the intraobserver reliability was 0.97 for the 3D-CT volumetric analysis.



Genetic analysis for PV/LA%vol

Genomic deoxyribonucleic acid (DNA) was obtained from blood samples using the QuickGene DNA Whole Blood Kit S with a QuickGene mini 80 (KURABO, Osaka, Japan). DNA genotyping data were obtained using the Axiom Precision Medicine Research Array (PMRA; Thermo Fisher Scientific, MA, United States). We searched a PV/LA%vol-associated single nucleotide polymorphism (SNP) in PITX2 gene, the most common AF-associated genome that affects PV development, using PMRA data. Cohorts 1 and 2 included 1,020 patients and 1,131 patients, respectively, and we investigated PV/LA%vol-associated SNP with p-values < 0.05. Linkage disequilibrium pruning was conducted to eliminate all relevant variants with variance inflation factor of 0.2. After that, we analyzed the genome-wide association study (GWAS) data of 2,051 patients out of 2,913 included patients. Using PV/LA%vol-associated SNP, we investigated the association between PV/LA%vol and PITX2 among the included patients.



Electrophysiological studies and catheter ablation

The electrophysiological mapping method and AFCA technique/strategy used during the study period were consistently performed as described previously (12). In brief, open irrigated-tip catheter (Celsius, Johnson & Johnson Inc., Diamond Bar, CA, United States; NaviStar ThermoCool, Biosense Webster Inc., Diamond Bar, CA, United States; ThermoCool SF, Biosense Webster Inc.; ThermoCool SmartTouch, Biosense Webster Inc.; Coolflex, Abbott Inc., Minnetonka, MN, United States; FlexAbility, Abbott Inc.; and TactiCath, Abbott Inc.) was used to deliver radiofrequency energy for the ablation under 3D electroanatomical mapping (NavX, Abbott, Inc., Chicago, IL, United States; CARTO system, Biosense Webster, Diamond Bar, CA, United States) merged with 3D CT. High-quality voltage maps were acquired using a circumferential mapping catheter during high right atrial pacing at 500 ms. We obtained the contact bipolar electrograms of 500–1,000 points on the LA endocardium and calculated the mean LA electrogram voltage by analyzing the peak-to-peak amplitude. All patients initially underwent a circumferential PV isolation. Depending on each patient’s condition and degree of atrial remodeling, the roof line, posterior-inferior line, anterior line, or complex fractionated atrial electrogram-guided ablation were added at the operator’s discretion. The procedure was considered complete when there was no immediate recurrence of AF after cardioversion with isoproterenol infusion. In the case of mappable AF triggers, extra-PV foci were mapped and ablated as much as possible. Systemic anticoagulation was achieved with intravenous heparin, while an activated clotting time of 350–400 s was maintained during the procedure.



Post-ablation management and follow-up

All patients visited the scheduled outpatient clinic at 1, 3, 6, and 12 months after the AFCA and every 6 months thereafter or whenever symptoms occurred. All patients underwent electrocardiography at every visit and 24-h Holter recording at 3 and 6 months, then every 6 months for 2 years, annually at 2–5 years, and then biannually after 5 years according to the modified 2012 HRS/EHRA/ECAS expert consensus statement guidelines (13). Whenever patients reported palpitations, we obtained Holter or event monitor recordings to check for arrhythmia recurrence. AF recurrence was defined as any episode of AF or atrial tachycardia lasting at least 30 s. Any electrocardiographic documentation of AF recurrence 3 months after the blanking period was identified as clinical recurrence.



Statistical analysis

Continuous variables are expressed as mean ± standard deviation for normally distributed variables and as median (interquartile range) for non-normally distributed variables and were compared using Student’s t-test and the Wilcoxon rank-sum test, respectively. We used the chi-square or Fisher’s exact test to compare categorical variables reported as counts (percentages). Three or more groups were compared using one-way analysis of variance, and the Bonferroni method was used to account for multiple comparisons between groups. Linear regression analysis was used to investigate the variables related to PV/LA%vol. We conducted a Kaplan–Meier analysis with log-rank test to analyze the probability of freedom from AF recurrence. The proportional hazard assumption was tested based on the Schoenfeld residuals. Using Cox regression analysis, we identified predictors of AF recurrence after AFCA. The variables selected for the multivariate analysis were those with a p-value < 0.05 on univariate analysis. Two multivariate models were separately presented because LAD and PV/LA%vol had a multicollinearity to each other. The area under the receiver operating characteristic curve (AUC) was used to investigate the predictive power of the parameters. The hazard ratios (HRs) and AUC of AF recurrence among patients who underwent circumferential PV isolation alone were additionally investigated as a sensitivity analysis. We used Statistical Package for the Social Sciences version 25.0 for Windows (IBM Corporation, Armonk, NY, United States) and R software version 3.6.2 (The R Foundation for Statistical Computing, Vienna, Austria) for the data analysis.




Results


Characteristics of patients with a low PV/LA%vol

We enrolled total of 2,913 patients (73.5% male, 60.0 [52.0–67.0] years, 60.6% with paroxysmal AF) who underwent de novo AFCA. Table 1 presents the baseline characteristics according to the LAD tertiles. Depending on the T1–T3 of LAD, there was a higher proportion of older (p < 0.001) men (p < 0.001) and non-paroxysmal AF (p < 0.001), longer AF duration (p = 0.011), and comorbidities in the higher tertile LAD groups (Table 1). In the cardiac imaging analyses, the higher tertile LAD group had lower ejection fraction (p < 0.001), higher ratio of the peak mitral flow velocity of the early rapid filling to the early diastolic velocity of the mitral annulus (E/Em, p < 0.001) and PV volume (p < 0.001), and lower PV/LA%vol (p < 0.001) (Table 1).


TABLE 1    Baseline characteristics among the three groups according to the tertile value of LA dimension.

[image: Table 1]

In Table 2, we divided the patients into three groups according to the PV/LA%vol tertiles. Although the pattern of clinical characteristics in T1–T3 was the same as that of LAD, the direction of each variable difference was opposite. On linear regression analysis (Model 1 in Table 3), PV/LA%vol was independently associated with lesser remodeled AF: paroxysmal AF (β = 0.41 [0.28–0.55], p < 0.001), male sex (β = 0.61 [0.45–0.76], p < 0.001), younger age (β = −0.01 [−0.02–0], p = 0.005), absence of hypertension (β = −0.22 [−0.35 – −0.09], p = 0.001), left ventricular ejection fraction (β = 0.01 [0–0.02], p = 0.030), and lower E/Em (β = −0.02 [−0.04 – −0.01], p = 0.007).


TABLE 2    Clinical and procedural characteristics among the three groups according to PV/LA%vol tertiles.
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TABLE 3    Linear regression analysis for PV/LA%vol.
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Atrial fibrillation recurrence after atrial fibrillation catheter ablation according to the PV/LA%vol

During 20.0 (8.0–45.0) months of follow-up, although the post-AFCA recurrence rate was higher in the higher tertile LAD group (p < 0.001, Table 1), LAD revealed significant difference according to the 1-year AF recurrence in the T3 group (p = 0.046) but not in T1 and T2 groups (Figure 1A). In patients who experienced AF recurrence within a year, LA volume measured by CT was higher in the T2 (p = 0.042) and T3 (p = 0.004, Figure 1B) groups, and LA voltage was lower in the T2 LAD group alone (p = 0.008, Figure 1C). However, PV/LA%vol was consistently lower in patients with 1-year AF recurrence in all groups (T1, p = 0.044; T2, p = 0.021; and T3, p = 0.045, Figure 1D).


[image: image]

FIGURE 1
Comparisons of the variables according to the recurrence of AF at 1-year after the AFCA among the tertile groups of LA dimension. Comparisons of the LA dimension (A), CT-measured LA volume (B), mean LA voltage (C), and PV/LA%vol (D). AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; CT, computed tomography; LA, left atrium or left atrial; PV, pulmonary vein; PV/LA%vol, pulmonary vein to left atrium volume percent ratio.


Atrial fibrillation recurrence rate was significantly higher in the lowest tertile PV/LA%vol group (Log-rank p = 0.004, Figure 2A). In the multivariate Cox regression analysis, PV/LA%vol (HR 0.91 [0.84–1.00], p = 0.044), persistent AF (HR 1.42 [1.12–1.80], p = 0.003), mean LA voltage (HR 0.84 [0.70–1.00], p = 0.049), extra-PV foci (HR 1.80 [1.38–2.34], p < 0.001), and LAD (Model 2; HR 1.03 [1.02–1.05], p < 0.001) were independently associated with clinical recurrence after AFCA (Table 4).
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FIGURE 2
The Kaplan-Meier curve for clinical recurrence of AF according to the tertile groups of PV/LA%vol and presence of the PITX2 gene. (A) The AF recurrence rate was significantly higher in the lowest tertile PV/LA%vol group (Log-rank p = 0.004). (B) However, AF recurrence did not differ according to the presence of an SNP in the PITX2 gene (Log-rank p = 0.368). AF, atrial fibrillation; PV/LA%vol, pulmonary vein to left atrium volume percent ratio; SNP, single nucleotide polymorphism.



TABLE 4    Cox regression analysis for clinical recurrence after AFCA.
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PV/LA%vol as a predictor of atrial fibrillation recurrence in patients without significant left atrial enlargement

In the subgroup analyses, T1 PV/LA%vol was independently associated with post-AFCA recurrence regardless of sex or the presence of heart failure (Figure 3). T1 PV/LA%vol was also independently associated with AF recurrence in patients with persistent AF, those older than 65 years, or those with no extra-PV foci without intergroup differences (Figure 3). When we compared the overall sensitivity and specificity of LAD, LA volume, and PV/LA%vol for clinical recurrence, the AUC of PV/LA%vol was better than that of LAD in T1 (AUC 0.629 vs. 0.511, p < 0.001) or T2 (AUC 0.605 vs. 0.503, p = 0.007), but not in the T3 LAD group (AUC 0.637 vs. 0.565, p = 0.053, Figures 4A–C). Moreover, PV/LA%vol also showed higher AUC value than LA volume in T1 (AUC 0.629 vs. 0.543, p < 0.001) or T2 (AUC 0.605 vs. 0.555, p = 0.022), but not in the T3 LAD group (AUC 0.637 vs. 0.614, p = 0.356, Figures 4A–C).
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FIGURE 3
Subgroup analysis of AF recurrence after AFCA according to PV/LA%vol. AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; LA, left atrium or left atrial; PV, pulmonary vein; PV/LA%vol, pulmonary vein to left atrium volume percent ratio.
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FIGURE 4
Comparisons of the predictive value of AF recurrence among LA dimension, LA volume, PV/LA%vol, and PV/LA%vol with PITX2 genome in the tertile groups according to the LA dimension. Comparisons of AUCs between PV/LA%vol, LA volume, and LA dimension in the T1 (A), T2 (B), and T3 (C) LA dimension groups. Comparisons of AUCs between PV/LA%vol and PV/LA%vol with PITX2 gene in the T1 (D), T2 (E), and T3 (F) LA dimension groups. AF, atrial fibrillation; AUC, Area under the receiver operating characteristic curve; LA, left atrium or left atrial; PV/LA%vol, pulmonary vein to left atrium volume percent ratio.


In sensitivity analysis with selected patients who underwent circumferential PV isolation alone, PV/LA%vol (HR 0.90 [0.82–1.00], p = 0.040) was independently associated with AF recurrence after adjustment with other variables (Supplementary Table 1). Furthermore, AUC of PV/LA%vol was also significantly better than that of LAD in T1 (AUC 0.651 vs. 0.512, p < 0.001) and T2 (AUC 0.593 vs. 0.507, p = 0.008) LAD groups in selected patients (Supplementary Figures 2A–C).



Genetic influence on PV/LA%vol

We divided the 2,151 patients into two cohorts randomly and found eight PITX2 SNPs in cohort 1 and four PITX2 SNPs in cohort 2 that were associated with PV/LA%vol by linear regression analysis. Among them, one PITX2 SNP, rs12646447, was replicated to be associated with PV/LA%vol in two independent cohorts (Supplementary Table 2). The prevalence of rs12646447 did not differ among the T1–T3 PV/LA%vol groups (p = 0.090, Table 2). On multivariate linear regression analyses, PITX2 rs12646447 was independently associated with PV/LA%vol (β = 0.20 [0.05–0.35], p = 0.010, Model 2 in Table 3), but not with the AF recurrence after AFCA (Lon-rank p = 0.368, Figure 2B; HR 0.93 [0.80–1.09], p = 0.371, Table 4). Although the PITX2 genome was associated with PV/LA%vol, it did not have incremental benefits in addition to PV/LA%vol as a predictor of AF recurrence after AFCA (Figures 4D–F).




Discussion


Main findings

This study explored the atrial structural factors affecting post-ablation AF recurrence in patients without significant LA enlargement. We found that PV/LA%vol measured on cardiac CT imaging was consistently predictive of 1-year AF recurrence in all tertile groups classified by LAD and was independently associated with overall recurrence after AFCA. PV/LA%vol had a significantly better predictive power for AF recurrence than LAD in patients with normal or mild LA enlargement (T1 and T2 LAD groups). We also confirmed the association between PV/LA%vol and the PITX2 gene, which plays a role in LA-PV development. It seems that both acquired atrial remodeling and innate genetic factors influence PV/LA%vol. However, PITX2 genetic factors did not affect the long-term rhythm outcomes after AFCA, which appeared to properly control its genetic influence.



Left atrial dimension vs. left atrial and pulmonary vein volume in atrial fibrillation

Dilatation of the LA reflects AF remodeling or progression, and is known to be related to the risk of recurrence after AFCA (13, 14). Because it is easy to obtain, LAD measured on echocardiography has been widely used to predict AF recurrence after AFCA (3). However, because the LA is an asymmetrical cavity, the LAD could be insensitive to changes in its size. Previous studies have reported that LA volume measured by MDCT is a good predictive marker of an AF recurrence after AFCA (15). Several efforts have been made to relate PV morphology with arrhythmogenicity, but the outcomes have been inconsistent (8, 9, 16). A large PV size was recently postulated as being associated with the risk of AF recurrence (17, 18). We also found that the patients with larger LAD have higher PV volume and lower PV/LA%vol in this study (Table 1).



PV/LA%vol and clinical recurrence after atrial fibrillation catheter ablation

Although LAD or volume has been traditionally used as a predictor of recurrence after AFCA (3, 19), AF recurrence still occurs even in patients with normal LA size or without any significant atrial remodeling (20). Therefore, LAD may not be suitable for predicting AF recurrence after AFCA in patients without enlarged LA. Recent studies reported that large PV volume on CT images is associated with arrhythmogenic PV trigger or AF recurrence after catheter ablation (9, 17, 18). In the present study, we investigated a new parameter, PV/LA%vol, and found that a smaller PV/LA%vol was related to a poor rhythm outcome after AFCA. There are several potential mechanisms underlying this result. First, a relatively high wall stress acts on LA as compared to PVs in a low PV/LA%vol condition and is associated with a high recurrence rate (21). Second, patients with a low PV/LA%vol had a low LA voltage and high E/Em (Table 2), which are factors that are related to post-ablation recurrence (6, 22, 23). Third, PV/LA%vol is affected by innate genetic factors such as PITX2 gene as well as acquired AF progression and atrial remodeling. Although PITX2 gene did not directly affect the recurrence rate in this study, it affected AAD responsiveness (24), and morphological PV-LA development may play some role as AF recurrence mechanism in patients with mild LA enlargement. According to the outcomes of the present study, the new parameter, PV/LA%vol, provided additional information about the procedural effect prior to AFCA.



Genetic association of PITX2 gene and PV/LA%vol

Atrial fibrillation is a heritable disease, and PITX2 gene is known as the most common AF-associated genome among over 100 related SNPs (10, 25). PITX2 gene is embryologically involved in LA and right atrium asymmetry, PV, and pacemaker cell development and is electrophysiologically related to PV-triggered activity (10, 11, 25–28). Clinically, AAD responsiveness or recurrence after cardioversion differs among PITX2 variants in patients with AF (24); however, its relationship with the rhythm outcome after AFCA is controversial (28, 29). We found here for the first time the association between PITX2 rs12646447 and PV/LA%vol, which was a predictor of post-AFCA recurrence in patients with minimal or mild atrial remodeling. The rs12646447 is also associated with cardioembolic stroke, and the risk-allelic frequency was 0.49 in the Asian population (30). Nevertheless, this genetic predisposition for PV/LA%vol was not significantly associated with AF recurrence following catheter ablation, which is consistent with the findings of our previous study (28). That suggested that PV isolation effectively controls the PITX2 genetic influence on the mechanism of AF.



Study limitations

This study had several limitations. First, the study may have included a highly selected group of patients referred for AFCA due to its single-center prospective observational nature. However, we kept a consistent ablation protocol by obtaining the data from a single center. In addition, the mean CHA2DS2-VASc score of the patients included in this study was relatively low as in another AFCA studies. Therefore, we cannot generalize the results of this study to all AF population. Second, although we kept a consistent ablation protocol used by experienced operators, the catheter technology and mapping technologies kept changing during the long enrollment period. Third, there is no gold standard for the boundary of the PV and LA for volume measurements, and PV anatomy is variable. Therefore, in this study, a single technician, who was blinded to the clinical factors, measured the PV/LA%vol using a consistent technique. Fourth, we evaluated the susceptible SNPs of the PITX2 gene screened using a commercial GWAS kit. SNPs associated with PV/LA%vol might have been missing. Moreover, our study included a highly selected group of Korean patients. Therefore, the generalizability of our results requires testing in further large-scale multicenter studies.




Conclusion

After the adjustment for LA volume, a smaller PV volume (PV/LA%vol) was independently associated with poorer rhythm outcomes after AFCA. Although there was genetic association between PITX2 gene and PV/LA%vol, no significant genetic predisposition was seen with the rhythm outcome after catheter ablation for AF.
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Pulmonary vein isolation (PVI) represents the mainstay of atrial fibrillation (AF) ablation, and PVI with cryoballoon catheter (CB) ablation (CB-A) has proven to be as effective and safe as radiofrequency ablation (RF-A). Although AF is initiated by triggers arising from the pulmonary veins (PV) and non-PV foci, the intrinsic cardiac nervous system (ICNS) plays a significant role in the induction and maintenance of AF. The ICNS is an epicardial neural system composed of ganglionated plexi (GPs) and a complex network of interconnecting neurons. In the left atrium, the major GPs are located in proximity to the PV-left atrial junction. Vagal reactions have been described as markers of autonomic modulation during PVI with both RF-A and CB-A. The occurrence of neuromodulation during PVI with CB-A may be explained by both the anatomical relationship between the GPs and the PVs and the characteristics of the CB. Due to the CB/PV size mismatch, the CB creates a wide ablation area that extends from the PV ostium toward the antrum, possibly including the GPs. Although targeted GPs ablation, as a supplemental strategy to PVI, has been associated with a better AF outcome in patients undergoing RF-A, the additional clinical benefit of neuromodulation during PVI with CB-A remains a matter of debate. In this review, we provide an overview of the anatomy of the ICNS, the relationship between the ICNS and AF pathophysiology, and the current evidence on the clinical relevance of neuromodulation during PVI with CB-A.
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Introduction

Atrial fibrillation (AF) is known to be initiated by arrhythmogenic triggers originating from pulmonary vein (PV) and non-PV foci (1–3). According to the current guidelines, electrical isolation of the pulmonary veins (PVI) remains the cornerstone of AF ablation (4), and PVI with cryoballoon catheter (CB) ablation (CB-A) has been proven to be non-inferior to radiofrequency (RF) ablation (RF-A) with regard to safety and clinical outcomes (5).

Preclinical and clinical studies have shown that the intrinsic cardiac nervous system (ICNS) plays a crucial role in the induction and maintenance of AF through the regulation of different components of atrial cellular electrophysiology (6–9). The ICNS is an epicardial neural system composed of ganglionated plexi (GPs) and a complex network of interconnecting neurons that regulate cardiac electrical and mechanical functions on a beat-to-beat basis (10). In the atria, the major GPs are located in epicardial fat pads in close proximity to the PVs. Histological examination of the human heart has demonstrated that autonomic nerve density is mainly represented in the anterosuperior segments of both superior PVs and inferior segments of both inferior PVs, within 5 mm of the PV-left atrial (LA) junction, and in the epicardium (11).

The evidence of a vagal reflex, as a marker of GPs modification, during PVI with RF-A has posed the basis for the investigation of the role of neuromodulation on AF outcome. Several observational and few randomized studies have suggested that GPs ablation, as a supplemental strategy to PVI, might be associated with an additional clinical benefit in patients undergoing RF-A for both paroxysmal and persistent AF (12–14). Vagal reactions have also been reported during PVI with CB-A (15), especially during ablation of the left superior PV (16). The rationale behind neuromodulation during CB-A of AF is represented by both the close anatomical relationship between the GPs and the PVs, and the characteristics of the CB. Due to the size mismatch between the CB and the PV, the balloon is often in contact with atrial tissue distant from the PV orifice (17, 18), creating a large antral ablation area that can include the GPs (19). Although sometimes considered as part of the therapeutic effect (20), the clinical significance of GPs ablation in the context of CB-A for AF remains to be fully elucidated.

The aim of this review is to provide an overview of the anatomical basis, pathophysiological principles, and clinical significance of neuromodulation in the context of CB-A for AF.



Anatomy of the cardiac autonomic nervous system: Relevant concepts for neuromodulation

The autonomic innervation of the heart relies on both sympathetic and parasympathetic fibers (21) and it can be anatomically divided into the extrinsic cardiac nervous system (ECNS) and the ICNS.

The ECNS consists of the nuclei in the brain stem, the ganglia along the cervical and thoracic segments of the spinal cord, and their axons that converge to the heart. Preganglionic sympathetic neurons arise from the spinal cord, synapse with the second sympathetic neurons in the paravertebral ganglia (mainly the cervical and stellate ganglia), and emit postganglionic axons that innervate the cardiomyocytes. Preganglionic parasympathetic neurons are located primarily in the dorsal vagus nerve and the nucleus ambiguus, and synapse with the second parasympathetic neurons, which lie in the epicardial clusters of autonomic ganglia, known as GPs (22, 23).

The ICNS is a complex epicardial neural network composed of the epicardial GPs, afferent and efferent nerve axons, and interconnecting neurons. GPs contain both sympathetic and parasympathetic elements, as well as multiple neuropeptides and neuromodulators, including calcitonin gene-related peptide, vasoactive intestinal polypeptide, substance P, and nitric oxide (24). The function of GPs is not only to modulate the autonomic interplay between the ECNS and the ICNS as “integration-centers” but also to independently regulate cardiac electrical and mechanical functions through the transduction of local signals (25). Epicardial ganglia in the human heart are present in both the atria and the ventricles and range in size from those containing a few neurons to large ganglia that measure up to 1 mm, containing over 200 neurons (26).

The anatomical localization of the atrial GPs represents a matter of scientific interest, especially for the identification of specific targets for arrhythmia treatment. The most commonly used classification of the atrial GPs in experimental and clinical studies is the one described by Armour et al. (26). The authors identified five major atrial GPs: (1) the superior right atrial GP, located on the posterosuperior surface of the right atrium (RA) adjacent to the junction of the superior vena cava (SVC) and the RA; (2) the superior left atrial GP, located on the posterosuperior surface of the LA between the PVs; (3) the posterior right atrial GP, located on the posterior surface of the RA, adjacent to the interatrial groove; (4) the posteromedial left atrial GP, located on the posteromedial surface of the LA; and (5) the posterolateral left atrial GP, located on the posterolateral surface of the LA base. The septal extensions of the posterior right atrial and posteromedial left atrial GPs form the interatrial septal GP.

For easier communication between electrophysiologists, the GPs have been renamed according to their relationship with the PVs (27): (1) the superior left GP (SLGP), located on the roof of the LA, 1–2 cm medial to the left superior PV; (2) the anterior right GP (ARGP), located anterior to the right superior PV; (3) the inferior left GP (ILGP); and (4) the inferior right GP (IRGP), situated at the inferior aspect of the posterior wall of the LA, 1–3 cm below the inferior PVs (Figure 1).


[image: Figure 1]
FIGURE 1
 Anatomical localization of the major left atrial ganglionated plexi. Posterior view of the left and right atria displaying the presumed location of the major atrial ganglionated plexi (GPs) and the ligament of Marshall (LOM). The SLGP is located on the roof of the left atrium (LA), near the LSPV-LA junction; the ILGP is situated at the inferior aspect of the posterior wall of the LA; the ARGP is located anterior to the RSPV; the IRGP is situated at the inferior aspect of the LA. The ILGP and the IRGP are normally located 1–3 cm below the lower edge of the inferior pulmonary veins. SLGP, superior left GP; ILGP, inferior left GP; ARGP, anterior right GP; IRGP, inferior right GP; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; CS, coronary sinus; SVC, superior vena cava; IVC, inferior vena cava.


The concept of GPs as a grouping of ganglia in different epicardial sites has been challenged by later studies on whole heart preparations, which demonstrated that the GPs are densely interconnected by thinner nerves and should be considered as distinctive ganglionated areas of a single continuous cardiac ganglionated nerve plexus, from which intrinsic nerves extend to distinct cardiac regions (28). Both the ganglia and their connections were defined as ganglionated subplexi (sGP). In the atrium, 5 sGPs were identified: (1) the ventral right atrial sGP, which covers the ventral superior RA, the ventral side of the root of the SVC, and the ventral inferior RA; (2) the ventral left atrial sGP, which covers the ventral superior LA; (3) the left dorsal sGP, which covers the region across the left coronary sulcus; (4) the middle dorsal sGP, which covers the dorsal superior LA and the region around the crux cordis; and (5) the dorsal right atrial sGP, which covers the dorsal superior RA, the dorsal side of the root of the SVC, and the region over the interatrial septum (29).

Although different classifications exist for the identification of atrial GPs, there is considerable anatomical overlap between them (Table 1).


TABLE 1 Anatomical classifications of epicardial ganglia.
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The innervation of the sinus node (SN) and the atrioventricular node (AVN) is mediated by different GPs (30). The SN is primarily regulated by the ventral and dorsal right atrial sGPs (corresponding to the anterior right GPs), whereas the AVN is supplied by fibers originating from the left dorsal, middle dorsal, ventral right, and dorsal right sGPs, extending toward the interatrial septum (corresponding to the inferior right GP).

Another component of the ICNS is represented by the ligament of Marshall (LOM), which is a developmental vestige of the embryonic left SVC, described by John Marshall in 1850 (31). This structure is innervated by predominantly parasympathetic fibers, which originate from the left vagus, travel through the LOM, and innervate surrounding left atrial structures, including the PVs, left atrial appendage, coronary sinus, and posterior left atrial fat pad. The vagal effects mediated by the LOM in the left atrium provide the basis for its arrhythmogenic role in the genesis and maintenance of AF (32).



Pathophysiology of atrial fibrillation: The role of the autonomic nervous system

Pathophysiology of AF results from a complex interplay between triggers (3), drivers (33), and substrate (34). In this context, the autonomic nervous system can modulate different components of atrial cellular electrophysiology inducing and sustaining AF (35). Animal studies demonstrated that all AF episodes are preceded by the activation of the ICNS and that its ablation can reduce atrial vulnerability, thus suggesting the importance of the ICNS in AF arrhythmogenesis (36, 37).

PVs are a known source of AF triggers due to the short action potential duration (APD) of PV cells, the APD gradient at the PVs-LA junction, and the short coupling interval for excitation (38). Therefore, excitation during repolarization, or early after depolarizations (EADs), is the result of the typical electrophysiological characteristics of PV cells. In canine PVs preparations, pacing-induced EADs were able to generate only rare single beats and never repetitive rhythms when exposed only to catecholamines. With combined exposition to catecholamines and acetylcholine, pacing-induced EADs were able to provoke rapid firing from PVs (39). This finding suggests a role of both sympathetic and parasympathetic effects in AF initiation. Sympathetic tone enhances the Ca2+ transient, characterized by an increase in calcium entry, storage, and release in the heart (40). Parasympathetic activity is mediated by the activation of the acetylcholine-activated potassium channel (IK−Ach), which decreases the APD (39). The final combined result promotes the development of late phase 3 EAD-induced triggered activity in the atria and the PVs (41).

Furthermore, parasympathetic stimulation induces a significant increase in the heterogeneity of the atrial effective refractory period (ERP) (42), which may allow multiple-circuit reentry by reducing minimum circuit size and allowing more circuits to be accommodated in the atria (34).

The autonomic nervous system may play a role in arrhythmogenesis also inducing atrial electrical remodeling, thus contributing to AF perpetuation. In animal models, rapid atrial pacing (RAP) simulating AF was able to induce electrical remodeling, characterized by a progressive reduction of ERP, progressive increase in ERP dispersion, and enhanced AF inducibility. This electrical remodeling induced by RAP could be prevented by GPs ablation or autonomic pharmacological blockade with atropine and propranolol (43). RAP could also induce autonomic remodeling, characterized by increased parasympathetic and sympathetic activity, which was able to further enhance electrical remodeling, therefore creating a vicious cycle causing AF perpetuation (“AF begets AF”) (44).

Thus, the elimination of adrenergic and cholinergic fibers within GPs might improve outcomes in patients with AF. The coexistence of adrenergic and cholinergic fibers in the GPs renders it nearly impossible to selectively ablate their adrenergic or cholinergic component. However, the anatomical distribution of the parasympathetic postganglionic neuronal bodies in the epicardial GPs makes parasympathetic reinnervation after ablation less likely (45).



Autonomic denervation during cryoballoon catheter ablation for atrial fibrillation


Principles of autonomic denervation with cryoballoon ablation

The presence of atrial GPs hyperactivity has been demonstrated before episodes of AF on animal models (36), but the exact extent of these “hyperactive” GPs is still unknown. Three techniques have been described to localize and target autonomic GPs: (1) the anatomic approach, which relies on GPs ablation at their presumed anatomical locations (14), (2) high-frequency stimulation (HFS; 20 Hz, 10–150 V, pulse width 1–10 ms for 2–5 s), which relies on the identification of HFS-evoked vagal responses (≥50% increase in mean R-R interval during AF) to differentiate GPs from atrial myocardium (27), and (3) electrogram analysis, to identify fragmented atrial potentials. Using fast Fourier transformation, Pachon et al. (45) defined compact and fibrillar atrial potentials during sinus rhythm and postulated that fragmented fibrillar atrial potentials were the markers of GPs insertion in the atrial tissue. Furthermore, the presence of at least four deflections in the signal at the ablation site has been demonstrated to be the best predictor of a vagal response during RF ablation (46).

HFS-induced vagal response has proven to be a specific but not sensitive method to target the GPs, probably due to the limited effect of the endocardial stimulation of the GPs which are located epicardially (27). Furthermore, despite its theoretical principle, RF ablation of GPs based on HFS has not been demonstrated to be superior to the anatomic approach (47). One postulated explanation is related to the wider ablation area in the anatomic approach compared to the HFS-based strategy, suggesting better results with more extensive regional ablation. Another possible explanation might be the relatively small anatomical variations of the main left atrial GPs, which lie close to the PV-left atrial junction.

These findings explain the rationale for the possible concomitant neuromodulation during CB-A for AF. PVI with CB-A, especially with the 28-mm CB catheter, is associated with a broad antral ablation area that extends from the PV ostium toward the LA (17, 18), thus increasing the possibility of concomitant and extended GPs ablation (19). Compared to RF-A, PVI with CB-A has been demonstrated to involve a wider surface of the ICNS (18). Common antral PVI with RF-A is typically characterized by concomitant transection of two of the four GPs (i.e., ARGP and SLGP) since the inferior GPs are typically distant from the inferior edge of the usual antral isolation area (27). CB-A of PVs with the 28-mm CB catheter, instead, can simultaneously affect all the major GPs, possibly including the hyperactive GPs, with a higher effect on the SLGP and ARGP and a smaller involvement of the ILGP, likely due to its anatomical variations (20). Indeed, a vagal response has been observed in 38.3% of the patients undergoing PVI with CB-A (48), while it has been reported only in 17% of patients during RF-A, mostly during ablation of the left PVs (49).



Assessment of neuromodulation during cryoballoon ablation for atrial fibrillation

The effect of CB-A on the ICNS can be assessed both in the acute phase after PVI (i.e., intraoperatively or within 24 h after PVI) and in the longer term (after the first 24 h post-PVI) (Table 2).


TABLE 2 Neuromodulation assessment after cryoballoon ablation for atrial fibrillation.
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In the acute phase, neuromodulation during CB-A may be demonstrated intraoperatively with the occurrence of a vagal reaction, defined as sinus bradycardia <40 bpm, asystole, atrioventricular block, or hypotension, which has been described during balloon thawing and balloon deflation in 40.7% of patients (19). Moreover, neuromodulation during PVI with CB-A can be assessed 24 h after PVI with an increase in heart rate (HR) and with a lowering in systolic blood pressure increase during the handgrip test (51). HR increase after PVI has been significantly associated with: age at ablation, baseline heart rate before CB-A, and nadir temperature in each right PV (53).

A method to reliably quantify the acute degree of vagal denervation is extracardiac vagal stimulation (ECVS) (54). In brief, a quadripolar catheter is advanced through the right femoral vein to the right internal jugular vein in the region of the jugular foramen, directed medially. Usually, in this place, there is proximity to the vagus nerve. ECVS is obtained by a pulsed electric field (pulse amplitude of 0.5–1 V/kg body weight up to 70 V, 50 ms pulse width, 50 Hz frequency, lasting 5 s) within the jugular vein to elicit a vagal response. The typical response is transitory sinus arrest or bradycardia, defined as prolongation of the RR interval by >50%, and/or atrioventricular block. ECVS is performed before and after PVI, and neuromodulation is confirmed if a reduction in the vagal response is achieved (Figure 2). In all patients with paroxysmal AF undergoing PVI with CB-A, ECVS demonstrated a varying degree of parasympathetic denervation, and ablation of the RSPV has been associated with the most significant acute reduction of parasympathetic tone (55). This response has proven to be more sensitive in quantifying vagal denervation than the increase in heart rate (50).


[image: Figure 2]
FIGURE 2
 Extracardiac vagal stimulation during cryoballoon ablation. (A) Anteroposterior fluoroscopic view of a quadripolar catheter advanced through the right jugular vein to the jugular foramen for vagal stimulation. (B) Example of cryoballoon ablation of the right superior pulmonary vein (anteroposterior fluoroscopic view). (C) Extracardiac vagal stimulation before PVI showing a marked vagal response (asystole of around 14 s) followed by atrial fibrillation induction. (D) Extracardiac vagal stimulation at the end of cryoballoon ablation showing the absence of a vagal response (RR interval changes from 834 to 868 ms).


The longer-term (>24 h after PVI) effect of CB-A on vagal denervation has been described using HR and Heart Rate Variability (HRV), as surrogates for GPs modulation. Oswald et al. (52), who were the first to investigate the effect of CB-A on the ICNS, demonstrated that in the majority of patients CB-A was associated with significant changes in HRV during follow-up. Furthermore, in a cohort of 103 patients undergoing PVI with the 28-mm second-generation CB catheter, increased HR persisted in 37.9% of patients even at 12 months after PVI (56).



Prognostic impact of neuromodulation with cryoballoon ablation for atrial fibrillation

Numerous studies investigated the role of neuromodulation associated with CB-A of PVs on AF outcome (Table 3).


TABLE 3 Summary of the principal studies investigating the role of neuromodulation with cryoballoon ablation on atrial fibrillation outcome.
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In patients with persistent AF, the occurrence of an intraprocedural vagal reaction, defined as bradycardia <40 beats/min, asystole, or high-degree atrioventricular block, was an independent predictor of AF-free survival after PVI with CB-A (58). Comparable results were confirmed also in patients with paroxysmal AF undergoing CB-A (16, 57). In this population, the occurrence of vagal reactions during PVI was associated with an inferior rate of AF recurrence in the mid-term. Similarly, an intraprocedural vagal reaction requiring atropine administration or temporary pacing decreased the risk of AF recurrence (19).

Furthermore, high parasympathetic activity after RF-A and CB-A of PVs has been associated with AF recurrence. An HR increase ≥15 bpm after CB-A compared to pre-PVI could stratify patients with a higher AF-free survival at a 2-years follow-up (53). Similarly, Tang et al. (60) observed that daytime and nighttime heart rates were significantly higher in patients without AF recurrence, compared to patients with AF recurrence. Moreover, high deceleration capacity (DC) at ECG Holter monitoring could predict AF recurrence after PVI with CB-A (59). Interestingly, high parasympathetic tone, expressed by DC and other surrogate markers, could predict not only AF recurrence but also PV reconnection (61). Right-sided only PVs reconnection was associated with higher parasympathetic tone than left-sided only PVs reconnection. This might be explained by a suboptimal lesion created during CB-A, with associated incomplete PVI and preserved function of GPs in the region of reconnected PVs. In particular, suboptimal lesions on right-sided PVs are associated with higher persistence of parasympathetic tone because of the preserved function of the ARGP, which represents the final common parasympathetic pathway to the SN.

Despite these results, other authors failed to prove any positive clinical correlation between autonomic modulation and AF recurrence after CB-A. In one study analyzing 103 patients with paroxysmal AF undergoing PVI with the 28-mm second-generation CB catheter, neither intra-procedural vagal reactions nor HR increase could predict AF recurrence (56).

Direct comparative data on RF-A vs. CB-A of GPs on AF outcome is scarce; however, some evidence suggests that no significant difference exists between the two ablation strategies (60, 62).

Along with its beneficial effect on AF outcome, GPs ablation has also been associated with a potential proarrhythmic effect. With RF-A, GPs ablation added to PVI has been reported to carry a higher risk of ablation-induced left atrial tachycardias than PVI alone, mostly due to the creation of supplemental atrial lesions (27). Selective anatomic or HFS-mediated radiofrequency GPs ablation has been complicated by atrial macroreentry in 2–10% of patients (14). A notably increased proarrhythmic risk has been described in animal models with selective GPs ablation without PVI, likely secondary to a decreased atrial ERP and a hyper-reinnervation of both sympathetic and parasympathetic nerves after 8 weeks (63). However, with CB-A, neuromodulation is a concomitant effect obtained during PVI, and no additional applications are delivered to selectively target the GPs. Therefore, the proarrhythmic effect related to concomitant neuromodulation during CB-A is the one related to PVI with the cryoballoon (64, 65), which may cause an increased heterogeneity of refractoriness within the atria.




Discussion and future perspectives

The significant role of the ICNS in the initiation and maintenance of AF is well-known, however conflicting results still exist regarding the association between autonomic modulation during PVI with CB-A and AF outcome. The explanation of this phenomenon may be multifactorial.

First, adequate patient selection might play a major role in the additional benefit of neuromodulation on AF recurrence. Although GPs ablation has demonstrated additional benefits when associated with PVI in paroxysmal AF, the results of the AFACT study (66) demonstrated that GPs ablation during thoracoscopic surgical ablation of advanced AF had no beneficial effect on AF recurrence. This evidence may suggest that the therapeutic advantage of GPs ablation is more evident at an earlier stage of AF when the role of the ICNS in AF initiation and perpetuation is more significant.

Second, the use in the literature of different markers of autonomic modulation (e.g., vagal reaction, HR, and HRV) to evaluate the impact of autonomic denervation on AF recurrence limits the comparison between studies for outcome analysis. Furthermore, vagal reactions, HR increase, and decreased HRV may be imprecise in reflecting complete vagal denervation. The adoption of a standardized approach, like the ECVS, to assess vagal denervation after PVI may allow more reliable data on the real incidence and clinical significance of complete vagal denervation with CB-A. However, future studies are needed to support this theory.

Third, a potential limitation of the effect of neuromodulation on AF outcome in the long-term is the possible occurrence of reinnervation post-PVI, as already reported after both surgical excision and RF-A of GPs (67, 68). Prior studies on CB-A with the first-generation CB showed that autonomic modulation expressed as increased HR and decreased HRV, recovered after 3–6 months post-PVI (52). More recent evidence on CB-A with the second-generation CB reported a persistent effect on neuromodulation up to 12 months post-PVI (56). This difference might be explained by the more extensive ablation lesion created by the second-generation CB, which may cause destruction not only of nerve axons but also of nerve cell bodies. Similar durable effects of neuromodulation have also been described with RF-A (69).

Finally, autonomic modulation with CB-A is a concomitant effect obtained during PVI. Despite the evidence of a wide ablation area created by the CB catheter, GPs ablation during PVI may be incomplete in some cases, thus reducing its beneficial effect or increasing the arrhythmic risk. Only recently, different mapping systems, like the dielectric imaging and navigation system (KODEX-EPD™; EPD Solutions, Philips, Eindhoven, The Netherlands), have been developed to allow the visualization of the multipolar mapping catheter used during CB-A to facilitate the procedure (70). Future research in this field may focus on the implementation of those mapping systems (e.g., refined electrogram analysis) to precisely target the GPs and achieve complete GPs ablation during PVI with CB-A or perform selective neuromodulation with the CB catheter.

Besides RF-A and CB-A, new energy sources are available for the treatment of AF (71). Among them, pulsed-field ablation (PFA) is emerging as a promising non-thermal ablation modality that creates lesions through irreversible electroporation. One of the main advantages of PFA is its theoretical superior safety profile related to tissue selectivity for cardiac tissue, with no or minimal effects on adjacent structures (72). Animal studies demonstrated the preservation of phrenic nerve and esophageal tissue despite exposure to clinical PFA energies (73, 74). However, currently, no clinical data is available on the effect of PFA on the ICNS, and future studies are needed to determine its role in neuromodulation during AF ablation.



Conclusion

Due to the anatomical proximity of the main left atrial GPs with the PVs and the characteristics of the CB, neuromodulation is a common concomitant effect obtained during PVI with CB-A. Although some evidence supports this theory, the real additional beneficial effect of neuromodulation during CB-A on AF outcome has still not been completely clarified.
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Background: High power-ablation index (HP-AI)-guided ablation for atrial fibrillation (AF) targeting high AIs has been implemented in European countries. However, milder AI targets are widely used in Asia. The safety and efficacy of HP-AI-guided ablation compared with those of low-power AI-guided ablation in a milder AI-targeting setting are unknown. The goal of this study was to explore the efficacy and safety of HP-AI-guided ablation in a milder AI-targeting setting.

Methods: Patients who underwent pulmonary vein isolation (PVI) for AI-guided atrial fibrillation ablation in our center were enrolled and divided into 2 groups according to the ablation power used. In the HP-AI group, the ablation power was over 45 W, while the low power-AI group was ablated with <35 W power. The targeted AIs were 450–500 in the anterior wall and 350–400 in the posterior wall. The efficacy outcome was expressed as the single-procedure atrial arrhythmia-free survival between 91 days and 1 year. Safety outcomes included severe adverse events (SAEs), including symptomatic pulmonary vein (PV) stenosis, atrioesophagal fistula, cardiac tamponade, stroke, thromboembolism events, myocardial infarction, and major bleeding.

Results: A total of 134 patients were enrolled, of whom 74 underwent PVI using HP-AI, while 60 received low power-AI ablation. After a mean follow-up time of 7.4 months, 22 (16.4%) patients showed arrhythmia recurrence: 5 (6.8%) patients in the HP-AI group and 17 (28.3%) patients in the low power-AI group. The HP-AI group showed a significantly higher arrhythmia-free survival than the low power-AI group (p = 0.011). Two patients in the low power-AI group and 1 patient in the HP-AI group developed an SAE (p = NS). Compared with the low power-AI group, the HP-AI group demonstrated a higher PV first-pass isolation rate, shorter ablation time, and fewer patients with anatomical leakages and sites of unreached AI.

Conclusion: In a milder AI setting, HP-AI ablation might result in significantly higher arrhythmia-free survival than low power-AI ablation and a similar safety profile.

KEYWORDS
 atrial fibrillation, high power, ablation index, pulmonary vein isolation, catheter ablation


Introduction

Atrial fibrillation (AF) ablation is an effective method for controlling symptoms in AF patients. While it has evolved considerably in the past two decades, pulmonary vein isolation (PVI) has been established as the cornerstone for the invasive treatment of AF (1). Late reconnection of the pulmonary veins (PV) after ablation leads to recurrence of AF (2). Good ablation lesion quality is crucial for achieving durable isolation of the PV. With the utility of a new lesion surrogate, the ablation index (AI), calculated by integrating ablation time, energy, catheter stability, and contact force, several studies have identified that AI-guided ablation is superior to contact force-guided (3, 4) or other forms of lesion surrogate-guided ablation (5). High AI ablation targeting an AI of 550 for the PV anterior wall and 400 for the PV posterior wall with an inter-lesion distance (ILD) <6 mm, also called the “CLOSE” protocol, has been used as a reference for many other studies (4, 6, 7). Most ablations under the CLOSE protocol are performed using low power, ranging between 30 and 35 W (3, 4). For more efficient ablation, high-power (HP) ablation with radiofrequency application between 45 and 55 W have also evolved for AF ablation and has been found to be safe (8–10) and efficient (11, 12) in European AF patients. However, a narrower safety margin has also been observed when using high-power ablation targeting high AIs with the CLOSE protocol (6). In addition, milder AI targeting and conventional ablation power applications are more commonly used in Asia (13–15). In this study, we attempted to evaluate the safety and efficacy of HP-AI-guided ablation in a milder AI-targeted setting compared with low-power AI-guided ablation.



Materials and methods


Study design and study population

In this prospective study, all patients who underwent catheter ablation for AF were admitted to the hospital from December 2020 to December 2021. The enrollment criteria were as follows: (1) Eligible patients aged 18 to 80 years with documented symptomatic non-valvular AF episodes receiving their first radiofrequency catheter ablation guided by AI. (2) Patients with paroxysmal AF and very short period persistent AF patients (with evidence of AF last <1 month), in whom only PVI was performed in the left atrium and the need for no other substrate modifications. The exclusion criteria were as follows: (1) Uncontrollable hypertension (systolic blood pressure (SBP) > 180 mmHg or diastolic blood pressure (DBP) > 110 mmHg with antihypertensive medications). (2) New York Heart Association function class IV, left ventricular ejection fraction <30%. (3) Terminal illnesses with life expectancy <1 year. (4) Prior AF catheter ablation. (5) Contraindications to anticoagulation.

The study population was divided into two groups based on the radiofrequency ablation power used, i.e., the high-power group (≥45 W, HP-AI) and the low-power group (≤ 35 W, low power-AI). The subjects were grouped depends on the order of the operation. The first operation on each operation day is high-power ablation, followed by low-power ablation, and back and forth in this order. And all the study subjects were enrolled consecutively.

The collected data included demographic characteristics, procedure-related characteristics, and clinical outcomes. All patients signed informed consent. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a prior approval by the human research committee of the institution.



Preprocedure preparation

Transesophageal echocardiography was performed before the procedure to rule out intracardiac thrombus. For patients who underwent vitamin K antagonist (VKA) therapy, the VKA was uninterrupted, targeting an international normalized ratio (INR) of 2–2.5. For patients who underwent non-vitamin K antagonist oral anticoagulant (NOAC) therapy, the morning dose was skipped and resumed 6 h after the procedure.



Mapping and ablation procedure

All PVI procedures were performed by one experienced operator, who had individually performed more than 1,000 AF ablation cases in the last 5 years, consistently using the standardized institutional approach. The procedure was performed under conscious sedation using fentanyl and midazolam. A surface electrocardiogram (ECG) and bipolar endocardial electrograms were continuously monitored and recorded with a computer-based digital amplifier and recording system (Bard Electrophysiology). After placing a 6F decapolar catheter into the coronary sinus and an 11F intracardiac echocardiography (ICE) catheter into the right atrium, transseptal puncture was performed under ICE guidance using a modified Brockenbrough technique. One 8.5F sheath (SL1, Abbott, USA) was introduced into the left atrium. After transseptal puncture, 100 units/kg heparin was injected into the left atrium (LA), followed by repeated injections of heparin every 15–20 min to maintain an activated clotting time of 250–300 s during the procedure.

Three-dimensional reconstruction of the LA geometry was performed using an electroanatomical mapping system (CARTO 3; Biosense Webster Inc.) with a steerable five-spine 20-pole mapping catheter (PentaRay, Biosense Webster, USA; interelectrode spacing 2-6-2 mm) and a 3.5-mm open-irrigated tip contact force-sensing ablation catheter (Thermocool SmartTouch or SmartTouch surround flow; Biosense-Webster Inc.). The ostium of the ipsilateral pulmonary vein was tagged in the LA geometry for ablation guidance. The PVI ablation lesion was created at the ostium of the pulmonary vein in a point-by-point fashion using the ablation catheter. For high-power ablation (≥45 W), a surround flow-irrigated catheter was used. For lower power ablation (all ablated with 35 W), a 6-hole irrigated catheter or surround flow-irrigated catheter was used at the operator's discretion. The power setting was not changed during an individual PVI procedure. All ablations were performed to target an AI of 450–500 for the anterior segments and 350–400 for the posterior wall. All RF applications were depicted on the electroanatomic map with automated tags (CARTO VISITAG, Biosense Webster Inc., Diamond Bar, CA, USA). The Visitag settings were as follows: catheter position stability: minimum force 5 g, minimum time 5 s, force-overtime 30%, maximum range 4 mm, and lesion-tag size 2 mm. First-pass isolation (FPI) was defined as isolation of ipsilateral PV that occurred either before or at the completion of the circumferential lesion set, without the need for ablation of the PV carina or additional segmental ablation. If reconnection was found, reisolation was performed by targeting the earliest activated PV potential. Following confirmation of PVI, bipolar pacing (output 10 mA, pulse width 2 ms) was performed with the ablation catheter just inside the ablation line to identify excitable gaps. Acute PVI success was defined as achievement of entrance block into all PV under an isoproterenol/ATP challenge 30 min after PVI. In all enrolled patients, ablation was restricted to PVI, regardless of AF type, except for patients with documented typical right atrial flutter for whom additional cavotricuspid isthmus (CTI) ablation was performed.



Ablation and procedure data

The total ablation time was counted offline as the accumulation of the ablation times of all lesion tags. For all patients, the number of lesions created to achieve PVI, the mean ablation time, contact force, and AI of each lesion were documented for further comparison. During the PVI procedure, the ILD was not standardized and was determined at the operator's discretion. However, an ILD over 5 mm was noted and defined as the presence of anatomic leakage. In addition, lesions with an AI below the target were also noted.



Postablation care and follow-up

Patients were monitored continuously with transtelephonic electrocardiography for 24 h in the hospital. Pericardial effusion was ruled out by transthoracic echocardiography. Patients was given a proton pump inhibitor (PPI) and anticoagulant for 2 months after the procedure. Antiarrhythmic drugs (AADs) were prescribed if atrial arrhythmia was documented via in-hospital ECG monitoring and were stopped 1 month after the procedure. If chest discomfort was reported, contrast-enhanced X-ray computed tomography was performed to detect PV stenosis and/or atrioesophageal fistula. Cerebral magnetic resonance imaging was performed for any patients who had newly developed neurological symptoms to identify possible stroke.

A blanking period of 3 months was allowed. The follow-up data were obtained at 3, 6, and 12 months after the procedure.



Study outcome

The primary efficacy outcome was expressed as the single-procedure atrial arrhythmia-free survival between 91 days and 1 year, which was defined as freedom from any AF or atrial tachycardia (AT) episodes >30 s as recorded by electrocardiogram, transtelephonic electrocardiographic monitoring, 24 h Holter monitoring, or telemetry. Short-term procedure-related efficacy outcomes included the acute PVI success rate and FPI rate. Safety outcomes included severe adverse events (SAEs), including symptomatic PV stenosis, atrioesophageal fistula, cardiac tamponade, stroke, thromboembolism events, myocardial infarction, and major bleeding.



Statistical analysis

Continuous variables are reported as the mean ± SD or the median and 25th and 75th percentiles according to their distribution. Categorical data are expressed in terms of frequency and percentage. The Kolmogorov–Smirnov test was performed to assess the normality of continuous variables. Student's t test was performed to assess the differences in continuous, normally distributed, and homoscedastic data between the two groups; the Mann–Whitney test was used otherwise. Fisher's chi-square test was performed to investigate the relationships between dichotomous variables. Pearson's chi-square test was performed to investigate the relationships between grouping variables. Kaplan–Meier analysis was used to assess freedom from AF/AT during the follow-up. Cox regression was used to assess the influence on the arrhythmia-free survival of the procedures. For all tests, a P-value < 0.05 (two tailed) was considered significant. All statistical analyses were performed using SPSS software (version 23.0, SPSS Inc.).




Results


Patient demographic characteristics

The demographic information and baseline data of the 134 study participants are provided in Table 1.


TABLE 1 Characteristics of the HP-AI group and the low power-AI group.
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The mean age of the enrolled patients was 66.6 ± 9.7 years; 83 (61.9%) patients were male. The mean left atrium diameter was 39.5 ± 4.6 mm. One hundred and eight patients (80.6%) had paroxysmal atrial fibrillation at the time of enrollment. For patients who received HP-AI-guided PVI, the left atrial diameter was slightly larger than that among patients who received low power-AI-guided PVI. Other demographic conditions, comorbidities (mainly presented as CHA2DS2-VASC scores) and medication statuses were similar between the two groups of patients.



Procedure data

Of all enrolled patients, 74 received PVI using the HP-AI technique, while 60 received low-power AI-guided ablation (Figure 1). Detailed ablation parameters of the two groups are presented in Table 2. Extrapulmonary vein trigger elimination (superior vena cava isolation) was performed more often in patients in the HP-AI group. CTI linear ablation was performed in similar proportions in the two groups. For PVI ablation, the total ablation time of the procedure and the ablation time for each lesion in the HP-AI group were much shorter than those in the low power-AI PVI group. Other parameters, including contact force for each lesion, average AI for each lesion, and lesion numbers for creating the ablation circles, were similar between the two groups.


[image: Figure 1]
FIGURE 1
 Examples of HP-AI- and low-power AI-guided PVI procedures. The detailed ablation parameters of the highlighted (with yellow arrow) lesion are presented. The red-colored-tags represent lesions with an AI ranging from 400 to 500. Tags in pink represent lesions with an AI ranging between 350 and 399. Note that the power delivered between the two groups was different (35 and 45 W, respectively). AI, Ablation index, calculated with contact force, power delivered, and ablation time. PA view, posterioanterior view; RPV, right pulmonary vein; LPV, left pulmonary vein.



TABLE 2 Procedure data between the HP-AI group and the low power-AI group.
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The HP-AI group had a higher first-pass isolation rate for both the left and right PV circles than the low power-AI group (HP-AI vs. low-power AI: LPV first-pass isolation 78.4 vs. 58.3%, p = 0.012; RPV first-pass isolation 74.3 vs. 43.3%, p < 0.001). Acute PVI success was achieved in all patients. The distribution of additional lesions targeting residual gaps to achieve acute PVI success is presented in Figure 2. The incidence of PV reconnection was similar between groups (Table 2). The reconnected areas were mainly distributed in the carina between the superior and inferior veins for both the left and right PV (Figure 2).


[image: Figure 2]
FIGURE 2
 The distribution of additional lesions for closing gaps for acute PVI (blue dots) and reconnected sites for the two groups (red dots). Of note, the low power-AI group required more ablation sites to achieve PVI. The distribution of gaps and reconnections was mainly located in the carinal area between the superior and inferior veins.


The AI cutoff value was not reached in 20 different patients (27.4%) in the HP-AI group and 27 different cases (45.0%) in the low power-AI group, and this difference was statistically significant. Similarly, more anatomical leakages were found in the low-power AI group (Table 2). The detailed anatomic locations of below-target AI ablation tags and anatomical leakages are presented in Figure 3.
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FIGURE 3
 The distribution of anatomical leakages after PVI (yellow dots) and sites of below-target AI (white dots).


Of note, the ridge of the left PV and roof of both the left and right PV were the main sites of clustering for anatomical leakages and below-target AI ablations, which was caused by catheter manipulation difficulties in these areas. Anatomical leakages and sites of below-target AI at the posterior wall were due to the fear of causing esophageal damage, based on the anatomical proximity or patients' complaints of more severe chest pain.



Periprocedural and 90-day severe adverse events

Two patients in the low power-AI group developed SAEs, including 1 cardiac tamponade and 1 severe bleeding caused by femoral pseudoaneurysm. One patient in the HP-AI group developed PV stenosis because additional ablation inside the PV to eliminate the residual PV potential was implemented in this patient. No death, atrioesophageal fistula, stroke, thromboembolism event, or myocardial infarction was observed in the other patients.



Atrial arrhythmia-free survival

During the 3-month blanking period, 31 (23.1%) patients had early recurrence, all were treated with electrical cardioversion, and clinical follow-up was performed.

The process of clinical follow-up after the blanking period is illustrated in Figure 4. A mean follow-up time of 7.4 months was achieved in 134 patients. During the follow-up, 22 (16.4%) patients showed arrhythmia recurrence: 5 (6.8%) patients in the HP-AI group and 17 (28.3%) patients in the low power-AI group. Kaplan–Meier curves (Figure 4) showed a significantly higher arrhythmia-free survival in the HP-AI group than in the low power-AI group (p = 0.011).
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FIGURE 4
 Kaplan–Meier curves of the HP-AI and low power-AI groups.


Clinical parameters that might indicate recurrence are summarized in Table 3, and ablation parameters that might affect recurrence are summarized in Table 4. Because compared with low power-AI PVI, HP-AI PVI resulted in a shorter ablation time, higher rates of FPI of PV, and a smaller number of patients with anatomical leakages or sites of below-target AI, only the group category, other than the detailed changes resulting from different ablation power applications, was used for further analysis to determine predictors for recurrence. After multivariate analysis, the HP-AI group was associated with lower rates of recurrence (odds ratio 0.285, 95% CI 0.103–0.784, p = 0.015) after adjusting for CTI ablation, which seems to promote recurrence according to the present data.


TABLE 3 Clinical characteristics for recurrence.
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TABLE 4 Ablation characteristics for recurrence.
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Discussion


Key findings

The major findings of the study are as follows: (1) In a milder AI-targeted setting, the HP-AI group was associated with higher rates of atrial arrhythmia freedom during an intermediate follow-up period; (2) The HP-AI group was associated with a shorter ablation time, higher rates of FPI for both the left and right PV, and a smaller proportion of patients who presented with anatomical leakages and sites with below-target AI targets; and (3) The HP-AI group had a similar rate of SAEs as the low power-AI group.



High power in milder ablation index target guided ablation

The AI guided ablation has improved outcome considerably based on recent observations. Taghji et al. (16) used low power (25–35 W)-AI guidance and the CLOSE protocol (targeted AI of 550 for the anterior wall and 400 for the posterior wall, ILD 6 mm) for PVI and reached a FPI percentage of 98%. At 12 months, single-procedure freedom from AF/AT/AFL was 91.3% in 104 patients off antiarrhythmic drug therapy and 96.2% in 26 patients on antiarrhythmic drug therapy. Similar results were seen in the study by Phlips et al. (4), who compared AI-guided AF ablation using the CLOSE protocol targeting high AIs (550 for the anterior wall and 400 for the posterior wall) by low-power (35 W) ablation with contact force-guided ablation. Significantly higher FPI percentages (98 vs. 54%, p < 0.001) and one-year AF freedom survival rates (94 vs. 80%, p < 0.05) were observed in the AI-guided ablation group. Chen et al. (12) performed high-AI target CLOSE protocol-guided ablation using high power (over 45 w) for PVI in atrial fibrillation patients. The FPI rate was 96.7%, and the 15-month AF freedom survival rate was 85.2%. Wielandts et al. (6) randomized patients who underwent high-AI target CLOSE protocol-guided ablation into two groups who were ablated using low power (35 w) and high power (45 w). The 6-month AF recurrence rates were 8 and 10%, respectively, which were not significantly different between the groups. While the CLOSE protocol with high-AI target-guided ablation is widely used in Western countries (4, 10, 16, 17), milder AI targeting is more commonly used in Asian countries (13, 14). The possible reasons for this are as follows: (1) Asians have a smaller atrium than people of other ethnicities (18); (2) An aggressive AI might be associated with a higher risk of complications (6, 19); and (3) The threshold AI for no reconnection in the anterior wall and roof are 480 and 370 for the posterior wall and floor, respectively, according to the study by Das et al. (20). In this study, we compared high power and low power in a setting involving milder targeted AIs, which were 450–500 for the anterior wall and 350–400 for the posterior wall. We observed that FPI for at least one PV was achieved in 91.9% of patients in the HP-AI group, which was significantly higher than that in the low power-AI group (68.3% for at least one PV). Of greater importance, we observed a higher AF/AFL-free survival in the HP-AI group (93.8%) than in the low-power-AI group (71.7%) during a mean follow-up time of 7.4 months. These findings were in accordance with a previous study showing that a high FPI rate was associated with a higher probability of remaining 1-year AF free (21). The better clinical outcome could be the result of better lesion quality using high power. Recent studies found differences of lesion geometries in same AI but variate power applied (22, 23). In general, high-power lesions were wider than low-power lesions. In this study, we observed that fewer patients in the HP-AI group had anatomical leakages or sites of below-target AI. In addition, a high rate of FPI was also found in patients treated with HP-AI-guided ablation, in accordance with a previous study (15). This can be the result of different lesion formation process under different ablation power. As in previous study (23), we also observed that lesion formation was much faster in HP-AI ablation group. In a beating heart, stabilizing the catheter for longer period at a point is obviously much more difficult than ablation for much shorter time. Especially when the patient does not have mechanical ventilation under general anesthesia, the irregular breathing movement caused by pain will easily interrupt the AI calculation, making the targeted AI unreachable. This is more likely to occur in long-term ablation than in short-term ablation. In addition, not only the lesion geometries, and the ablation time, but also the biophysics of ablation might influence lesion quality. Radiofrequency ablation lesions form mostly during the initial period of ablation and that lesion size invariably increases with power: the application of higher power leads to the direct heating of a larger zone by resistive heating and, to a lesser extent, by slow, conductive heating. This makes the lesion prone to be irreversible (24). For thin tissue, such as the LA, a higher power can consistently lead to broader and irreversible transmural lesions, improving lesion-to-lesion uniformity and durability in contiguous lesion cooking, avoiding gaps in PV encirclement. This is very important for certain sites for which catheter manipulation is difficult, for example, the roof and anterior ridge of the left PV, where consistent contact force over the PV ostia is difficult, and fast heating and a larger core of resistant heating can potentially help achieve better lesion quality.

An important note must be made with respect to the safety aspect of HP ablation; the safety margin was relatively low because of the fast and irreversible lesion formation. However, we decreased the targeted AI as presented in the CLOSE protocol for safety concerns. One patient with PV stenosis was observed in the HP-AI group because additional ablation was performed inside the PV to eliminate the residual PV potential. Caution is needed when using the HP-AI technique.

Another interesting finding in this study is that more patients with CTI ablation have recurrence. The effect of additional prophylaxis CTI ablation on the prognosis of patients with atrial fibrillation ablation is still controversial. Lim et al. (25) found that additional CTI ablation after PVI can improve the prognosis of patients with atrial fibrillation ablation. However, study by Pontoppidan et al. (26) and Kim et al. (27) did not reveal additional benefit with prophylaxis CTI ablation. Even in the study of Lee et al. (28), additional CTI ablation can be problematic. However, a history of AFL or the occurrence of AFL during ablation were predictors of symptomatic AFL during follow-up in AF patients undergoing PVI without CTI block ablation (29). Therefore, current guideline (30) recommend CTI ablation in addition to AF ablation in patients with previous documented or induced typical type AFL. And we followed the above recommendation in this study. Similar to the result of study by Moreira et al. (31), even though, additional CTI ablation was performed for AF patients with AFL, more recurrence observed in these patients. The reasons may be as follows: Even if CTI is blocked acutelly in operation, the recovery of CTI conduction after operation is not uncommon, which may lead to the recurrence of atrial arrhythmia in some patients. AFL can be a sign of advanced remodeling of both atria in patients with AF who also have a history of sustained common-type AFL (31).



Clinical implications

In a milder AI setting for AF ablation, which is widely applied in Asian countries, HP-AI results not only in a shorter ablation time but also in better clinical AF/AFL-free survival.



Limitations

The study has several limitations: (1) This study was conducted in a single center, with a limited number of patients; however, the sample size is comparable to that of other studies conducting AI-guided ablation (4, 6, 12, 15); (2) The study was conducted prospectively; however, the characteristics between groups were different in some aspects. Patients in the HP-AI ablation group have more extra-PV triggers and larger left atrium. These are related. Extra-PV triggers were commonly found in AF patients with significant remodeling atria which tend to be larger as reported by Kim et al. (32). However, presence of extra-PV trigger (even ablated in the index procedure) and larger LA showed a worse outcome (33). In contrast, we saw more patients maintaining sinus rhythm in the HP ablation group.; (3) Endoscopic evaluation or thermal monitoring of the esophagus was not performed because a previous study showed that important esophageal lesions did not occur beneath an AI of 400 on the posterior wall (34); and (4) The present study focused on procedure characteristics and short-term outcomes. Continued follow-up is needed to evaluate long-term efficacy.




Conclusion

In a milder AI setting, HP-AI ablation might result in significantly higher arrhythmia-free survival than low power-AI ablation with a similar safety profile.
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Background and objective: Growth differentiation factor-15 (GDF-15) and fibroblast growth factor-23 (FGF-23) are considered predictors of the incidence of cardiovascular diseases. The present meta-analysis aimed to elucidate the associations between GDF-15 and FGF-23 in the risk of atrial fibrillation (AF).

Methods: An electronic search was conducted in the Cochrane Library, PubMed, and Embase databases from inception until February 27, 2021. The study protocol was registered in the PROSPERO database (CRD42020182226).

Results: In total, 15 studies that enrolled 36,017 participants were included. Both serum FGF-23 and GDF-15 were elevated in patients with AF. Analysis of categorical variables showed higher serum FGF-23 levels were associated with an increased risk of AF [relative risk (RR) = 1.28, 95% confidence interval (CI): 1.05–1.56]. In contrast, this association was not found with GDF-15 (RR = 0.91, 95% CI: 0.20–4.04). In dose-response analysis, a linear positive association was noted between serum FGF-23 levels and the risk of AF (P nonlinear = 0.9507), with a RR elevation of 7% for every 20 pg/ml increase in the serum FGF-23 levels (95% CI: 1.02–1.13). No remarkable relationship was found between serum GDF-15 levels and the risk of AF, and the overall RR for the association between a 100 ng/L increment in GDF-15 levels and AF was 1.01 (95% CI: 0.998–1.02).

Conclusion: Our study showed a positive linear correlation between serum FGF-23 levels and the risk of AF. However, no significant association was found between GDF-15 and the risk of AF. Further studies are warranted to clarify whether serum FGF-23 levels may be considered in predicting the risk of AF.

Systematic Review Registration: http:www.york.ac.uk/inst/crd, identifier CRD42020182226.

KEYWORDS
  atrial fibrillation, biomarker, arrhythmia, GDF-15, FGF-23


Introduction

Atrial fibrillation (AF) is the most prevalent sustained arrhythmia in clinical practice and is associated with high morbidity and mortality (1, 2). Although several traditional clinical risk factors such as hypertension, age, and metabolic syndrome were identified, the potentially modifiable risk factors for AF remain to be elucidated (3, 4). In recent years, several biomarkers have shown a strong association with the incidence and development of cardiovascular diseases, such as myocardial infarction, heart failure, and AF (5–7). Among them, growth/differentiation factor-15 (GDF-15) and fibroblast growth factor-23 (FGF-23) have been comprehensively investigated (8).

FGF-23 is a bone-derived hormone that plays an essential role in regulating the metabolism of phosphate and 1,25-dihydroxyvitamin D (9). In addition, it inhibits the renal synthesis of calcitriol and the secretion of parathyroid hormone from the parathyroid glands (9). Furthermore, higher FGF23 levels are linked with an increased risk of cardiovascular mortality (8, 10). GDF-15 is a growth factor that belongs to the transforming growth factor-β family. The expression of GDF15 rapidly increases in response to oxidative stress, myocardial stretch, volume overload, and myocardial inflammation (11). The expression levels of GDF-15 and FGF-23 have been shown to be associated with the prognosis of severe cardiovascular diseases, such as heart failure and AF (12, 13). Moreover, these markers may be closely correlated with an increased risk of AF in the general population (9, 12, 14–16). Conversely, several cohorts have reported a null association (17). Therefore, this study aims to assess the relationship between baseline GDF-15/FGF-23 levels and the risk of AF, and the potential dose-dependent effects.



Methods

This study was conducted following the guidelines of the Preferred Reporting Item for Systematic Review and Meta-Analysis (PRISMA) (Supplementary Table 1). Additionally, this study was registered with PROSPERO (International prospective register of systematic reviews. http:www.york.ac.uk/inst/crd)-registration number-CRD42020182226.


Literature search

The PubMed database, Embase database, and Cochrane database were searched using the following keywords up to February 27, 2021, with no language restriction. The search terms according to PICOS were as follows:

Exposure:

For GDF-15: “growth differentiation factor 15” OR “macrophage inhibitory cytokine 1” OR “prostate differentiation factor” OR “GDF-15”.

For FGF-23: “fibroblast growth factor-23” OR “FGF-23 protein” OR “fibroblast growth factor 23” OR “FGF-23 protein” OR “phosphatonin” OR “tumor-derived hypophosphatemia inducing factor”.

Outcomes:

For AF: “atrial fibrillation” OR “atrial flutter” OR “atrial arrhythmia” OR “atrial tachycardia”.

The detailed description of the search strategy was described in Supplementary Table 2.



Study selection

The Endnote X9 (Thomson Reuters, New York, NY) database was used to manage all citations. The abstracts of the studies investigating the association between GDF-15 and FGF-23 were reviewed and the full texts were then searched.

The inclusion criteria were: (1) The article reported serum GDF-15/FGF-23 levels in the AF and non-AF populations; (2) Studies designed as observational studies (cohort, nest-control, or case-control) reported the association between baseline serum GDF-15/FGF-23 level and risk of AF, with adjusted odds ratios (OR), relative risk (RR) or hazard ratio (HR), and the corresponding 95% confidence interval (CI), or providing data to calculate these effects size. The exclusion criteria were: (1) articles with incomplete data provided, such as letters, comments, and reviews; (2) the cross-sectional studies were excluded due to the high risk for bias; (3) articles involved specific genetic polymorphisms; (4) AF were expressed at tissue or cell level, such as the degree of structural remodeling.

If the same population was used in multiple studies, the most informative article was included.



Data extraction and quality assessment

According to the above inclusion criteria, the researchers (Z.Q-T and X-L) independently evaluated the eligibility of the literature. The basic characteristics of each study were extracted, including the first author, year of publication, age, gender, complications, sample size, adjusted estimated effect, 95% confidence interval of each category, and adjustments. The Newcastle-Ottawa Scale (NOS) was used for quality assessment of the articles, with scores ranging from 0 to 9. A higher grade (≥7) indicates a moderate-high quality; otherwise, the articles were regarded as low-quality (18, 19).



Statistical analysis and bias risk assessment

The researchers converted the effect measure into its natural logarithm (RR) and calculated the standard error [selog (RR)] according to the corresponding 95% CI. Random-effects models were used considering the potential heterogeneity across studies. GDF-15 and FGF-23 levels were converted into a uniform unit across all included studies (pg/ml for FGF-23, ng/ml for GDF-15). To compare the GDF-15 levels between the AF and control groups, the GDF-15 and FGF-23 levels that were originally expressed as quartiles and medians were converted to mean and standard deviation (20, 21). The standardized mean difference (SMD) in GDF-15/FGF-23 between those with AF and those without AF was calculated. The SMD represents the difference between the weighted mean and SD of the GDF-15/FGF-23 of individuals with AF compared to the controls. In the linear exposure-effect analysis, the method described by Greenland and Longnecker (22) was used to estimate study-specific slopes and 95% CIs. The robust error meta-regression method developed by Xu and Doi (23, 24) was applied for the non-linear dose-response analysis. The levels of GDF-15 and FGF-23 and their effect size with variance estimates were required for at least two quantitative exposure categories. If the median or average level was not provided in the article, the average of the lower and upper limits of each category were used to estimate the midpoint. If the terminal category was open, the length of the open interval was assumed to be the same as that of the adjacent interval (25, 26). We applied I2 statistics to estimate the heterogeneity between studies. Low heterogeneity, moderate heterogeneity, and high heterogeneity were defined as I2 <50%, 50–75%, >75%, respectively (27). Review Manager (RevMan) version 5.4.1 (The Cochrane Collaboration 2014; Nordic Cochrane Center Copenhagen, Denmark) and STATA (Version 16.0, Stata Corp LP, College Station, Texas, USA) software were used for statistical analysis. Two-tailed P < 0.05 was considered statistically significant. In addition, to study the possible factors influencing the results, subgroup analysis was stratified by study design and adjustments (sex, NT-pro BNP and CRP).




Results


Study selection

A total of 389 publications were initially retrieved (PubMed = 78; the Cochrane Library = 48; and Embase = 263). After removing 50 duplicates and 188 irrelevant citations, the full text of the remaining 151 articles were reviewed, and 15 studies (9 for GDF-15 and 6 for FGF-23) were finally included. The flowchart of the study selection is shown in Figure 1. The excluded studies (n = 31) are summarized with detailed reasons in Supplementary Table 3.


[image: Figure 1]
FIGURE 1
 Flowchart of the study selection.




Study characteristics and quality of the eligible studies

Table 1 shows the characteristics of the eligible studies. For GDF-15, 9 studies with 1,721 cases/10,602 individuals were included. In general, the eligible studies were published from 2011 to 2020, and their sample size ranged from 100 to 3,217 participants. Four studies reported the association between serum GDF-15 levels and the risk of AF in the general population (12–14, 29); 2 studies concentrated on patients who received coronary artery bypass graft (17, 28); and 2 studies reported this association in patients with recurrent AF after catheter ablation (30, 34). The majority of the eligible studies were performed in Europe (12, 15, 17, 28, 29, 34) (n = 6), two studies were undertaken in China (13, 30), and only one study was conducted in the United States (14).


TABLE 1 Basic characteristics of the articles included in the meta-analysis of GDF 15, FGF-23 and risk of atrial fibrillation.

[image: Table 1]

Six studies enrolling 3,138 cases and 25,415 participants reported the association between serum FGF-23 levels and the risk of AF from 2014 to 2020 (8–10, 31–33). Four studies reported an association between FGF-23 and AF in the general population (8, 9, 31, 32), one study was based on patients with CKD (10), and one study reported an association between FGF-23 and postoperative atrial fibrillation (33). Among them, 3 studies were performed in the United States (8–10), and others were conducted in Asian (n = 1) (31) or European countries (n = 2) (32, 33).

Ascertainment of AF in most studies was mainly conducted through electrocardiography or medical records; Shao's study did not specify the method of AF diagnosis (13).

These studies achieved Newcastle-Ottawa Scale (NOS) scores >6 points, and their estimated quality was acceptable (Supplementary Table 4).



GDF-15
 
Comparison of serum GDF-15 levels between patients with and without AF

A total of 7 studies with 1,200 cases/4,332 individuals were included (12, 13, 17, 28–30, 34). Serum GDF-15 levels were elevated in patients with AF [standardized mean difference (SMD): 0.25, 95% CI: 0.07–0.42; I2 = 75%] compared to patients without AF, with a significant heterogeneity (Figure 2A).
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FIGURE 2
 Forest plot showing the differences in serum growth differentiation factor 15 in controls without AF and patients with AF (A) and the association between serum growth differentiation factor 15 and atrial fibrillation (B), upper panel: categorical analysis between growth differentiation factor 15 level and the risk of AF; lower panel: dose-response association between growth differentiation factor 15 and the risk of atrial fibrillation, per a 100 ng/ml increase.




Association between GDF-15 and risk of AF

Two cohorts (313 cases and 3,153 individuals) were included in the categorical analysis (14, 28). The results showed that elevated GDF-15 levels were not significantly associated with a decreased risk of AF (RR = 0.91, 95% CI: 0.20–4.04; I2 = 87%), and significant heterogeneity was detected (Figure 2B).

In the dose-effect analysis, 5 cohorts from four publications (14, 15, 29, 30), covering 819 cases and 8,281 individuals, were included. The overall RR for assessing the association between a 100 ng/L increment in GDF-15 level and AF risk was 1.01 (95% CI: 0.998–1.02; I2 = 35%), with no evidence of heterogeneity (Figure 2B). The non-linear analysis was not performed due to limited data. In the pre-defined subgroup analyses stratified by study design, adjusted for gender, NT-pro BNP, and CRP, the results were still not significant. No significant subgroup differences were found among these groups (P > 0.05) (Supplementary Figures 1A–D).




FGF-23
 
Comparison of FGF-23 levels between patients with and without AF

Four studies (10, 31–33) that enrolled 994 cases and 5,318 individuals were included to explore the difference in FGF-23 levels between AF and non-AF patients. Patients with AF exhibited elevated serum FGF-23 levels (SMD: 0.55, 95% CI: 0.13–0.98; I2 = 94%), with substantial evidence of heterogeneity (Figure 3A).
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FIGURE 3
 Forest plot showing the differences in serum fibroblast growth factor-23 level in controls without AF and patients with AF (A) and the association between serum fibroblast growth factor-23 level and the risk of AF (B), upper panel: categorical analysis between fibroblast growth factor-23 level and the risk of AF; lower panel: dose-response association between fibroblast growth factor-23 level and the risk of AF, per 20 pg/ml increase.




Association between FGF-23 level and risk of AF

In the categorical analysis, three studies with 2,752 cases and 23,973 participants were included (8–10). The pooled RR for the correlation of serum FGF-23 level with AF risk was 1.28 (95% CI: 1.05–1.56, I2 = 34%), with no evidence of heterogeneity (Figure 3B). According to pre-defined subgroup analyses, the results were stable, and no subgroup differences were detected among these groups (P > 0.05) (Supplementary Figures 1E–G).

Three cohorts in two studies, covering 2,092 AF cases and 20,097 participants, were included in the dose-response analysis (8, 9). There was a linear correlation between serum FGF-23 levels and the risk of AF (Pnon−linear = 0.9507), with an FGF-23 cutoff value of 62 pg/ml indicating a significantly increased risk of AF (Figure 4). The overall RR for the association between a 20 pg/ml increase in serum FGF-23 level with AF risk was 1.07 (95% CI: 1.02–1.13; I2 = 0%), with no evidence of heterogeneity (Figure 3B). All included studies were adjusted for gender and NT-pro BNP in the exposure-response analysis; thus, the dose-response analysis in subgroups stratified by gender and NT-pro BNP were not performed.
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FIGURE 4
 The dose-response association between the fibroblast growth factor-23 level and the risk of AF. In a non-linear exposure-effect analysis, the solid and dashed lines represent the estimated relative risk and the 95% confidence interval, respectively.






Discussion


Major findings

The present study showed that serum FGF-23 levels were linearly correlated with the risk of AF, with a RR increase of 7% for every 20 pg/ml elevation in the FGF-23 level. However, although AF patients had a higher serum GDF-15 level, a positive association between serum GDF-15 levels and the risk of AF was not established, either in the categorical or continuous variables analyses.



Comparison with previous studies
 
GDF-15

The relationship between serum GDF-15 levels and the risk of AF remains inconclusive (14, 30). Importantly, although we found a noticeable increase in serum GDF-15 levels in patients with AF compared with those without AF, no positive association between GDF-15 and AF risk was found. This result was confirmed in the sensitivity and subgroup analyses. In addition, in a community-based Swedish study, a neutral association was reported between serum GDF-15 levels and the risk of AF [hazard ratio (HR): 1.141, P = 0.12] (35). Notably, GDF-15 levels can predict adverse outcomes (e.g., major bleeding) in patients with AF, rather than being markers for AF incidence among the general population. Moreover, the prognostic value of GDF-15 for other outcomes of AF patients, such as recurrence of AF after catheter ablation, was also reported in several studies (30, 36, 37). However, owing to the limited sample size, the association between serum GDF-15 levels and the risk of AF should be further evaluated.



FGF-23

Previous studies regarding the association between serum FGF-23 levels and the risk of AF yielded inconsistent results (8–10). A cross-sectional study of Japanese cardiac patients first reported a U-shaped relationship between serum FGF23 levels and the prevalence of AF (38). However, the ARIC study demonstrated an approximately linear correlation between serum FGF-23 levels and AF incidence (9). A meta-analysis showed a positive correlation of serum FGF-23 levels with the risk of AF, but only categorical variables were analyzed, and the potential dose-dependent effects were not evaluated (39). For the first time, the present study showed a positive linear correlation between serum FGF-23 levels with the risk of AF, with a 7% increased risk of AF for each 20 pg/ml elevation in serum FGF-23 levels. Notably, the relationship between serum FGF23 levels and AF incidence might be markedly influenced by kidney function. Alson et al. found a linear association in the overall population in the ARIC cohort. However, a U-shaped relationship was found for the subgroup with eGFR >60 mL/min per 1.73 m2, and an inverse U-shaped relationship was suggested for the subgroup with eGFR <60 mL/min per 1.73 m2 (9). FGF-23 is a well-known mediator in the pathology of chronic kidney disease (CKD) (40), which could explain the above discrepancies. In the present meta-analysis, all included studies were adjusted for CKD, resulting in a CKD-independent effect assessment of the association between serum FGF-23 level and the risk of AF. Consistently, another prospective cohort study which enrolled 3,876 patients with mild-to-severe CKD reported that a 1-U increase in serum FGF23 level increased the risk of AF by 47% (10). The potential reasons for the discrepancies among these studies might be attributed to significant differences in the relevant risk factor profiles or the incidence of AF. Moreover, as an early biomarker for CKD, Klotho deficiency contributes to soft-tissue calcification in CKD, and Klotho was considered a co-receptor for FGF23 function (41). In addition, α-Klotho deficiency in CKD patients may exacerbate α-Klotho-independent cardiac toxicity of FGF23, thereby promoting the incidence of AF (42). However, a limited number of studies have detected the serum α-Klotho levels. Therefore, further studies are warranted to assess the role of α-Klotho in the association between serum FGF-23 level and the risk of AF, especially in patients with CKD.




Potential mechanisms

Several potential mechanisms can explain the association between serum GDF-15 and FGF-23 levels and the risk of AF. GDF-15 is a non-specific indicator of cellular stress, inflammation, and biological aging (43). Experiments have shown that GDF-15 secretion increases after myocardial cells are stimulated. It enhances the proliferation of fibroblasts and may be involved in the progression of myocardial fibrosis (44). At the same time, GDF-15 blocks norepinephrine-induced myocardial hypertrophy activation through a new pathway of inhibition of epidermal growth factor receptors, which is closely related to atrial structural remodeling and atrial fibrosis (30, 45). GDF-15 may also play an essential role in atrial structural remodeling through collagen synthesis and transformation, thus participating in the occurrence of AF (30). In addition, GDF-15 is closely related to inflammation (46), which may stimulate an increase in the production of inflammatory factors such as IL-6. However, the causal relationship between AF and inflammation has not been clarified (47), and the inflammatory mechanism associated with GDF-15 still needs to be further explored.

FGF-23 plays a pivotal role in regulating mineral homeostasis and can promote myocardial remodeling and myocardial hypertrophy, causing endothelial dysfunction (8, 38). High serum levels of FGF-23 lead to dysregulation of the levels of calcium, phosphorus, and vitamin D in the body. Evidence suggests that elevated FGF-23 parallels decreased α-klotho and calcitriol levels. Reduced α-klotho levels may promote the aging of cardiomyocytes and is associated with the development of AF. As calcitriol is a key factor in regulating calcium and phosphorus metabolism, the imbalance of calcium ions in the body directly leads to cardiac electrical activity disorder, eventually resulting in AF (48). FGF-23 upregulation may also activate the renin-angiotensin-aldosterone system (RAAS), which plays a role in atrium remodeling and influences the hemodynamics of the kidneys (49), thereby indirectly affecting the cardiac function (50). The reninic effect of calcitriol also affects the RAAS system (48). Furthermore, studies have demonstrated that FGF-23 significantly activates the protein kinase C (PKC) signaling pathway, resulting in abnormal sodium channel conductance, affecting cardiac function, and disrupting the heart rate (51, 52). In addition, FGF-23 can also activate the TGF-β signaling pathway, leading to the activation of fibroblasts (53). During AF, the atrium undergoes fibrosis, resulting from abnormal collagen metabolism caused by FGF-23, such as type I and type III collagen imbalances; and collagen fiber alignment disorders can further lead to the occurrence of AF (53, 54). The roles of the inflammatory factor IL6 and TNF have also been reported, but the specific mechanisms have not been investigated thoroughly (48).



Implications and further research

NT-pro BNP and inflammation play important roles in the occurrence and development of AF (17). No significant association between serum FGF-23 levels and the risk of AF was found in the subgroups without adjustment for NT-pro BNP and CRP levels in the categorical analysis, but only one study was included. In contrast, in the dose-dependent effect analysis, all studies were adjusted for NT-pro BNP/CRP, and positive results were observed. The above-mentioned results suggested that FGF-23 could increase the risk of AF irrespective of NT-pro BNP and CRP levels. However, additional studies are required to confirm our results.

To date, several risk models have been established to predict the incidence of AF in the general population (31–33). Recent studies explored the roles of biomarkers in improving the predictive abilities of AF risk scores. This study demonstrated the predictive value of serum FGF-23 levels in AF. Further studies are needed to investigate its predictive performance by including FGF-23 to the existing AF prediction scores.

Furthermore, although our study did not yield a positive correlation between GDF-15 and AF risk, GDF-15 has been applied as a biomarker for predicting the risk of cardiovascular disease (46, 55), and the prognosis of AF (56). According to several large cohort studies, the biomarker-based ABC (age, biomarker, and clinical history) score incorporating GDF-15 has demonstrated good predictive ability for embolization and bleeding events in AF patients (57–59). Hijazi et al. showed that the ABC bleeding score performed better than the HAS-BLED and ORBIT scores (60), suggesting a promising clinical application.

However, FGF-23 may be applied in predicting renal outcomes in diabetic nephropathy (61), assessing glomerular filtration rate, and identifying abnormalities associated with chronic kidney disease (62, 63). This implies that FGF-23 levels are affected by other diseases, which may interfere with the prediction of atrial fibrillation. Limited by the specificity and sensitivity of biomarkers in predicting AF, these two biomarkers are not yet routinely performed in many hospitals and laboratories, restricting their widespread use. We believe that a single biomarker alone is unlikely to meet all expectations and that a combination of other biomarkers and further exploration is required for clinical application.



Study limitations

This was the first study that assessed the dose-dependent associations of FGF-23 and GDF-15 with the risk of AF. Nevertheless, several limitations of this study should be pointed out. Firstly, only a relatively small number of articles was included in this meta-analysis, and some articles used unconventional units of GDF-15 levels, and they were excluded (35). Due to the inherent flaws of observational studies, causality cannot be drawn. Secondly, a moderate or a high degree of heterogeneity was found in this meta-analysis. The heterogeneity might be partly due to differences in participants' characteristics, study design, and analysis methods. Heterogeneity decreased after removing Chen's study (31), suggesting the heterogeneity was due to regional differences. Furthermore, considering the limited number of included studies (N < 10), the meta-regression was not conducted to assess the source of heterogeneity according to the guidelines (64). Thirdly, although serum FGF-23 levels were elevated in patients with CKD, subgroup analyses stratified by CKD were not conducted due to data restrictions. Further studies are needed to elucidate the association of serum FGF23 levels with the risk of AF in patients with or without CKD. Finally, multiple other confounders, such as diabetes, hypertension, ischemic heart disease, and heart failure, were not included in the subgroup analysis due to data restriction. Further prospective studies are needed to independently assess the association of GDF-15/FGF-23 to the risk of AF.




Conclusions

In summary, our study showed a positive linear association of serum FGF-23 levels with the risk of AF. No significant association between serum GDF-15 levels and the risk of AF was found. Further studies are needed to verify whether FGF-23 may be applied in predicting the risk of AF.
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Background: Three-dimensional activation mapping during sinus rhythm can demonstrate the earliest atrial activation (EAA) site, which could be the sinoatrial node (SAN). We aimed to compare the electroanatomical characteristics of superior vena cava (SVC), myocardial sleeve, and SAN between patients with atrial fibrillation (AF) and non-AF.

Materials and methods: In this study, 136 patients with AF were assigned to the study group, and 20 patients with premature ventricular contractions (PVCs) who had no history of AF were assigned to the control group. The right atrium (RA) and SVC anatomical activation models were constructed, and the EAA of SAN was delineated using the CARTO3 mapping system. The length of the SVC myocardial sleeve (LSVC) was measured.

Results: Of the 136 patients, 93 patients had paroxysmal AF (PAF), and 43 patients had persistent AF (PsAF). The LSVC was not significantly different among AF and non-AF, PAF, and PsAF. The LSVC in men was longer than in women (42.1 ± 9.4 mm vs. 35.4 ± 8.1 mm, p < 0.001). The LSVC was longer in patients with EAA of SAN above the RA-SVC junction than in those with below the RA-SVC junction (p < 0.001). The EAA of SAN was below the RA-SVC junction in 64/136 (47.1%) and was above the junction in 72/136 (52.9%) patients with AF. The spatial distribution of the EAA of SAN between PAF and PsAF was not different. There was a trend of statistical difference in the distribution of the EAA of SAN between PsAF and non-AF.

Conclusion: The EAA of SAN was located in the SVC in most of the patients, especially in patients with PsAF.
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atrial fibrillation, sinoatrial node, superior vena cava, myocardial sleeve, the earliest activation


Introduction

Pulmonary veins (PVs) isolation is the cornerstone of radiofrequency ablation of atrial fibrillation (AF) because ectopic foci arising from PVs are the primary sources for the initiation and maintenance of AF (1). Nevertheless, ectopic activities from non-PV foci can also contribute to the occurrence of AF (2, 3). The superior vena cava (SVC) appears to be the most common source of ectopics of AF, accounting for 26–30% of non-PV foci (4). It has been reported that the adjunctive role of superior vena cava isolation (SVCI), in addition to pulmonary veins isolation (PVI), can improve the outcome of AF ablation (5–7). Recently, the standard electrical SVCI method is ablating 5–10 mm above the SVC-right atrium (RA) junction defined fluoroscopically using multiple projections of the SVC angiography. But unfortunately, the SVCI may result in potential sinoatrial node (SAN) injury, with a risk rate of 2–4.5%, especially when the procedure is performed under an inaccurate delineation of the SVC-RA junction near the SAN location (8, 9).

Additionally, the SAN location shows great heterogeneity, 10–25% of patients with AF showed the SAN above the SVC-RA junction (10), which undoubtedly increases the risk of SAN injury. To safely and effectively perform the SVCI without SAN dysfunction, identifying the SAN location at the level of the SVC-RA junction and the location of the SAN is essential. The activation mapping utilizing a 3D mapping system during sinus rhythm could demonstrate the earliest activation (EAA) that could be localized as the SAN (11). This method has been successfully applied to modify SAN in patients with inappropriate SAN tachycardia but is limited to a few AF (8, 12). This study aimed to (1) compare the electroanatomical characteristics of SVC, myocardial sleeve, and SAN between patients with and without AF by using a three-dimensional electroanatomical mapping system (Carto3); and (2) provide the anatomical basis for the design of the SVC isolation pathway and improve the safety of SVCI.



Materials and methods


Patient population

In this study, one hundred thirty-six patients with AF who underwent radiofrequency catheter ablation for the first time at the first affiliated hospital of Nanjing medical university were assigned to the study group. Furthermore, 20 patients with premature ventricular contractions (PVCs) who had no history of AF and excluded structural heart disease were regarded as the control group. The exclusion criteria were left atrial diameter >55 mm, left ventricular ejection fraction (LVEF) <35%, New York Heart Association functional classes III or IV, contraindications for anticoagulation, prior AF ablation, left atrial thrombus, or presence of SVC stenosis, and previous SAN dysfunction. The study procedure complied with the principles of the Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University. Written informed consent was obtained from all the participants.



Electrophysiology study

All antiarrhythmic drugs except amiodarone were discontinued more than five half-lives before the ablation procedure. The entire procedure was performed in a conscious or deep, sedated state. All patients with AF received anticoagulation therapy for at least 1 month. Before the procedure, transesophageal echocardiography or contrasted computed tomography was performed to exclude intracardiac thrombus. A 6F decapolar catheter (St. Jude Medical, Inc., St. Paul, MN, United States) was positioned via the left femoral vein in the coronary sinus. A 6F quadripolar catheter (St. Jude Medical, Inc.) was advanced into the right ventricle via a femoral vein. In addition, two 8.5 F long sheaths (SL1, St. Jude Medical, Inc) were advanced to the left atrium (LA) through a standard transseptal puncture. A deflectable decapolar circular catheter (Biosense Webster, United States.) was advanced through the sheath for PV mapping, and a deflectable quadripolar open irrigated SmartTouch (ST) catheter (Biosense Webster, United States) was inserted into the LA for mapping and ablation. After a transseptal puncture, intravenous heparin was administered to maintain an activated clotting time of 300–350 s. Activated clotting time was monitored every 60 min, and the heparin dose was adjusted accordingly. Intracardiac electrograms were recorded using a digital electrophysiological recording system (Bard CardioLab, Inc., United States) and were filtered from 30 to 300 Hz. The three-dimensional anatomical or activation mapping mode of RA-SVC reconstruction was guided by the CARTO3 three-dimensional mapping system (BioSense Webster, United States) under the premise of sinus rhythm. Direct current cardioversion was performed if patients with AF did not restore sinus rhythm after bilateral circumferential pulmonary vein isolation (CPVI). The RA-SVC model construction and activation mapping were performed in the control group after the corresponding type of procedure.



Right atrium-superior vena cava mapping

As for patients with AF, electroanatomical geometry of the RA and SVC was constructed using the ST ablation catheter with the CARTO3 three-dimensional mapping system (BioSense Webster, United States) after completing CPVI. In the control group, the RA-SVC model construction and activation mapping were performed after the corresponding type of procedure. The ST catheter can quantitatively display the attachment strength between the catheter tip and tissue in real-time. During the modeling process of the ablation catheter, the contact force was kept at 3–5 g to avoid a false cavity, and the complete anatomical models of RA and SVC were constructed. The RA-SVC junction was defined as the ostium of the SVC where the diameter of the SVC abruptly changed on the created geometry from the cranial to caudal direction.



Superior vena cava mapping

The activation mapping was performed during stable sinus rhythm to localize the actual site of the SAN. If AF was still sustainable during mapping, sinus rhythm was restored with cardioversion. The sequential recording was then performed at multiple points by manipulating the catheter along the SVC circumference to reconstruct the 3D activation map of RA and SVC. A bipolar electrogram from the coronary sinus was used as the timing reference, and the local activation time was annotated manually at the onset of the bipolar spike. For patients with sinus rhythm, the RA was predominantly activated by the discharges from SAN. Therefore, the SAN region was tagged as the earliest breakthrough of RA on the activation map (13). To reveal the location of SAN, we divided it into two regions: above the RA-SVC junction (namely, within SVC) and below the RA-SVC junction, with the RA-SVC junction as the boundary. For the former, we divided the SVC into four aspects: anterior, lateral, posterior, and septal. For the latter, the RA was divided into three equal parts in the right anterior oblique position, namely, high, middle, and low RA. Meanwhile, the vertical distance from the EAA point of SAN to the junction of RA-SVC was measured. If the EAA of SAN was located above the RA-SVC junction, the vertical distance between them was recorded as a positive value, and if it was located at the RA-SVC junction or below, the vertical distance between them was recorded as zero or a negative value, respectively (Figure 1).


[image: image]

FIGURE 1
An example of mapping catheter-guided SVC activation mapping. Manipulating the mapping catheter along with the RA from the caudal to the cranial direction to reconstruct the 3D activation map of RA and SVC. At the junction of RA-SVC, both the proximal 1–2 electrode and the distal 3–4 electrode could record the SVC potential. Then, the catheter was slowly moved toward the cranial direction with 3–5 g pressure. When the SVC potential of the proximal electrode of the catheter just disappeared, and at the same time, the SVC potential of the distal electrode still existed (red arrow on the left plan), the plane of the proximal electrode of the catheter was indicated the end of SVC musculature sleeve. The myocardial sleeve length of SVC was defined as the vertical distance from the junction of RA-SVC to the distal end of the myocardial sleeve. The RA was divided into three equal parts in the right anterior oblique position, namely, high, middle, and low RA. Note that the red region indicates the location of the SAN. RA, right atrium; SVC, superior vena cava.




Mapping and measurement of superior vena cava myocardial sleeve

After constructing RA and SVC anatomical models, the catheter was gradually manipulated from the caudal to the cranial direction along the SVC circumference. At the junction of RA-SVC, both the proximal 1–2 electrode and the distal 3–4 electrode could record the SVC potential, and then the catheter was slowly moved toward the head with 3–5 g pressure. When the SVC potential of the proximal electrode of the catheter just disappeared and that of the distal electrode still existed, the plane of the proximal electrode of the catheter was defined as the distal end of the SVC myocardial sleeve and tagged in the 3D anatomical model. The length of the SVC myocardial sleeve (LSVC) was defined as the vertical distance from the junction of RA-SVC to the distal end of the myocardial sleeve in the 3D mapping system (Figure 1).



Statistical analysis

All data were expressed as mean ± standard deviation (SD). Continuous variables were compared using Student’s t-test. Categorical variables were presented as percentages and compared by χ2 tests or Fisher’s exact tests. All statistical tests and confidence intervals were two-sided, with a significance level of 0.05.




Results


Basal characteristics

A total of 136 patients with AF (PAF and PsAF) from January 2019 to January 2021 were included in this study. Basal characteristics between the PAF and PsAF were balanced except for age, left axis deviation (LAD), right axis deviation (RAD), and LVEF. The mean age was 58.7 ± 8.1 years, 48 patients (35.3%) were women, and 43 (31.6%) patients were PsAF in Table 1. Furthermore, twenty patients with non-AF were assigned to the control group. Among them, 5 were men, and 15 were women, with an average age of 50.3 ± 13.5 years. All of them had no obvious structural heart disease. General information is listed in Table 2.


TABLE 1    Baseline characteristics of patients with PAF and PsAF.
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TABLE 2    Baseline characteristics of patients with AF and non-AF.
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The length of the SVC myocardial sleeve in patients with atrial fibrillation and non-atrial fibrillation

The LSVC was not significantly different between patients with AF and non-AF (39.8 ± 9.5 mm vs. 35.7 ± 8.5 mm, p = 0.07). There was no difference in the LSVC between patients with PAF and PsAF (39.4 ± 9.0 mm vs. 40.5 ± 10.7 mm, p = 0.51). However, in patients with AF, the LSVC was significantly longer in men than in women (42.1 ± 9.4 mm vs. 35.4 ± 8.1 mm, p < 0.001). The LSVC was longer in patients with EAA of SAN above the RA-SVC junction than in those with below the RA-SVC junction (p < 0.001) (Figure 2).
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FIGURE 2
Subgroup analysis of LSVC in patients with atrial fibrillation (AF). (A) There was no difference between PAF and PsAF. (B) The length of the myocardial sleeve in men was longer than in women. (C) When the location of SAN was above the RA-SVC junction, the length of the SVC myocardial sleeve was longer than that below the junction. PAF, paroxysmal atrial fibrillation; PsAF, persistent atrial fibrillation; M, male; F, female; RA, right atrium; SAN, sinus node; SVC, superior vena cava, #p > 0.05; **p < 0.01.




Factors associated with length of the SVC myocardial sleeve

The Pearson correlation analysis shows that the LSVC was positively correlated with height (r = 0.34, p < 0.01) (Table 3); However, there was no significant correlation between the LSVC and the cardiac parameters, such as RAD, but a significant linear relationship between LSVC and height (R = 0.43, p < 0.001) (Figure 3). After adjusting for gender and weight, height was still a risk factor for the LSVC (Table 4).


TABLE 3    Correlation analysis of LSVC.
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FIGURE 3
Scatter plot of height and LSVC. A significant linear relationship between myocardial sleeve length and height (R = 0.43, p < 0.001). LSVC: SVC myocardial sleeve length.



TABLE 4    Multiple linear regression analysis of LSVC.
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Distribution of earliest atrial activation of sinoatrial node in patients with atrial fibrillation

The EAA of SAN was located below the RA-SVC junction in 64 (47.1%) patients with AF, of which it was located in high RA in 60 (93.8%) patients with AF and in the middle RA of the remaining 4 (6.2%) patients with AF. The average distance between the EAA of SAN and RA-SVC junction was −8.9 ± 6.1 mm. The EAA of SAN was located above the RA-SVC junction in 72/136 (52.9%) patients with AF, of which it was located in the lateral wall in 46 (63.9%), anterior wall in 14 (19.4%), septal aspect in 8 (11.1%), and posterior wall in 4 (5.6%) patients. The mean distance between the EAA of SAN and the RA-SVC junction was 10.2 ± 4.7 mm. There was no significant difference in the spatial distribution of the EAA and the distance between EAA and RA-SVC junction for patients with PAF and PsAF. The SAN was predominantly located in the high RA in patients with EAA of SAN below the RA-SVC junction. In patients with EAA of SAN located in the SVC, the SAN was mainly found on the lateral wall/aspect (Figure 4 and Table 5).
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FIGURE 4
A schematic illustration demonstrating the SAN location. (A) This case demonstrates the SAN located above the RA-SVC junction. (B) The SAN was below the RA-SVC junction. The yellow arrow indicates the location of the SAN. The white dotted line indicates the RA-SVC junction. RA, right atrium; SAN, sinus node; SVC, superior vena cava.



TABLE 5    Distribution of EAA of SAN in patients with AF.
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Distribution of earliest atrial activation of sinoatrial node in patients with non-atrial fibrillation

The EAA of SAN was below the RA-SVC junction in 13/20 (65.0%) patients with non-AF, of which it was located in high RA in 11 (84.6%) and in the median RA of the remaining 2 (15.4%) patients with non-AF. The average distance between the EAA and the RA-SVC junction was −9.0 ± 4.9 mm. In 7/20 (35%) patients with non-AF, the EAA was located above the RA-SVC junction. In 4 of them (57.1%), it was located in the lateral wall of the SVC. In 2 (28.6%) patients, it was located in the anterior wall and in the posterior wall of the remaining 1 (14.3%) patient. The mean distance between the EAA and the RA-SVC junction was 9.5 ± 6.2 mm (Table 6).


TABLE 6    Comparison of the distribution of EAA of SAN between AF and non-AF patients.
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Comparison of the distribution of earliest atrial activation of sinoatrial node between patients with atrial fibrillation and non-atrial fibrillation

The distribution of the EAA of SAN among patients with AF and non-AF, and patients with PAF and non-AF showed no difference, respectively. However, there was a trend of statistical difference in the distribution of the EAA of SAN and the relative distance between the EAA and the RA-SVC junction between patients with PsAF and non-AF (Tables 6, 7).


TABLE 7    Comparison of the distribution of EAA of SAN between PsAF and non-AF patients.
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Discussion


Major findings

The major findings in the current study are: (1) the LSVC in patients with AF and non-AF patients, PAF and PsAF were not different. (2) Height was a risk factor for the LSVC. (3) The EAA of SAN was located below the RA-SVC junction in some patients, but surprisingly, in most of the patients, it was located above the RA-SVC junction; that is, within the SVC, especially for patients with PsAF, the proportion was as high as 60.5%. (4) The SAN was predominantly located in the high RA in patients with EAA of SAN below the RA-SVC junction. In patients with EAA of SAN within the SVC, it was mostly located in the anterior and lateral wall of the SVC.

Previous studies have demonstrated that empirical SVCI combined with PVI could improve the outcome of PAF (5–7). During the SVCI, major concerns are the unintentional ablation of the SAN and the phrenic nerve. To avoid phrenic nerve palsy, a pacing maneuver was conventionally employed for localizing the phrenic nerve and proved simple and reliable (14). While the SAN site was mainly localized via the fluoroscopy delineation, this largely depends on the operator’s experience and lacks accuracy. Traditional circular mapping catheter-guided isolation is useful for SVCI (15). However, if the circular mapping catheter is placed diagonally against the SVC, the EAA site may be close to the SAN. For safe and effective SVCI, it requires knowledge of the locations of the SAN. Within this context, after delineation of SAN anatomical sites defined as the EAA revealed by the activation mapping, the electrical connection around the RA-SVC junction was ablated under the guidance of a mapping catheter.



Myocardial extension into the superior vena cava

The mean length of the myocardial sleeve inside the SVC in the present study measured by electroanatomic mapping was 39.8 ± 9.5 mm. In addition, Spach et al. observed that excitation extended 20–50 mm above the junction of SVC with the base of the right atrial appendage in patients undergoing cardiac surgery (16). A human histological study demonstrated that cardiac myocytes in the RA wall extend to the SVC venous walls and form a muscular layer, covering a length of 45 mm (17). The histological finding of this study was comparable to the electrically activated sleeve length in our study. Conversely, Kholová et al. reported that myocardial sleeves were recognized in 19 out of 25 SVCs (76%), with a mean length of 13.7 mm (maximum, up to 47 mm) (18). The measurements are discordant with findings in our study on account of the heterogeneity of the study population. All patients in our study had a definite history of AF, while the proportion in Kholová’s study was only 28%.

Moreover, Higuchi et al. demonstrated that the SVC sleeve was longer in patients with arrhythmogenic SVC than in those without (34.7 ± 4.4 mm vs. 16.6 ± 11.4 mm, p < 0.0001) (19). Similarly, Tsai et al. performed electrophysiologic mapping of the SVC in patients with AF, and the mean distance determined by the electrical measurement was 33 ± 7 mm, ranging from 24 to 44 mm (20). More recently, ultra-high-resolution human SVC mapping conducted by Miyazaki et al. demonstrate that SVC musculature sleeve length was asymmetric and longest at the anteroseptal SVC (27.0–28.0 mm) and was shortest at the posterolateral SVC (22.0–23.0 mm) (21). This disparity between the mapping and morphological data may be explained by the bias attributable to the selection of patients with AF, variation in defining the RA-SVC junction, and potential for recording local electro-potential extending beyond the gross anatomic visible myocardial sleeve.



The location of the sinoatrial node

Histologically, the shape of the SAN is more reminiscent of a tadpole with a head, body, and tail with nodal extensions (22). The head and proximal body of SAN usually are situated subepicardial, near the SVC orifice and beneath the adipose tissues, varying from 10 to 20 mm in length. In contrast, the remaining body and tail portions penetrate obliquely into the musculature of the crista terminalis and are located toward the endocardium (22, 23). The transitional cells regarded as histological and electrophysiological characteristics intermediate between SAN cells and atrial myocytes from the head and body of the SAN extend into the crista terminal crest, the entrance of the inferior vena cava, or occasionally the muscular sleeve of the SVC (24). These anatomical observations were in line with our present findings, in which some cases of SAN below the RA-SVC were from the middle to superior RA. However, the location of the SAN was increased within the SVC in some patients. In addition, Yamashita et al. performed ultra-high resolution mapping of the SVC in a relatively small sample of patients with AF. They showed that 25% (10/40) of patients had a SAN located above the RA-SVC junction (10). Whereas Tanaka et al. reported that none of 113 patients with AF presented the SAN within the SVC using ultra-high resolution mapping (25). However, in our study, in nearly 60.5% of PsAF patients, SAN was located above the RA-SVC junction. The main difference between the above-mentioned studies and the current study is the variation in defining the RA-SVC junction. In Tanaka et al.’s study, the SVC angiogram in all patients was taken with a manual injection of contrast media. The junction of the convex RA wall and the straight SVC wall on the angiogram was defined as the radiological RA-SVC junction. While the definition of the RA-SVC junction in Yamashita et al.’s study was not mentioned. We defined the ostium of the SVC where the diameter of the SVC abruptly changed in the created geometry from cranial to caudal direction as the electroanatomic RA-SVC junction. A second important difference between the results presented by Yamashita et al. and Tanaka et al and our results arise from the selection of patients with AF and the proportion of paroxysmal and non-paroxysmal AF. A third disparity is that RA-SVC construct models based on the different three-dimensional mapping systems. The former two studies used the Ryhthmia system while we employed the CARTO3 system. Finally, the location of the SN can change depending on the autonomic state (26). The average distance between the SAN and the RA-SVC junction was 10.2 mm. In the setting of the SVCI ablation line for these patients, attention should be paid to the SAN position to avoid damaging the SAN, and the ablation line should be as far away from the SAN location as possible. It has been reported that extension from the RA-SVC junction by more than 10 mm may effectively preclude ablation of SAN and perinodal tissues (9). However, our study found that the SAN was located more than 10 mm above the RA-SVC junction in some patients with AF. When performing SVCI, the safe distance between the isolation line and the RA-SVC junction was not enough. Therefore, delineating the location of SAN is helpful to preset a safe ablation pathway.



Clinical implications

Sinoatrial node injury is the major complication during SVCI that must be avoided. It usually occurs when an RF application is applied too close to the SAN region. Identifying the location of the SAN can help us avoid SAN injury during SVCI. Previous studies have reported that SAN injury occurred during SVCI in 2–4.5% of cases (8, 9). Our study confirmed the feasibility of using the 3D activation mapping system to visualize the detailed SAN location as an adjunctive strategy to SVCI. We found identification of the SAN location in patients who had them very useful because almost 52.9% of SAN locations were situated just above the RA-SVC junction, allowing us to forego unnecessary RF delivery near the SAN. Therefore, the ablation site should be far away from the SAN to avoid the SAN injury. Our results also provide the anatomical basis for the design of the SVCI pathway and improve the safety of SVCI.




Limitations

There are some limitations to our study. First, we failed to map the EAA of SAN from epicardium because of limitations in the current technology and did not have additional data to further probe the activation sites in patients with sinus dysfunction or heart failure. However, Joung et al.’s studies may have provide an insight into the activation sites in patients with sinus dysfunction. They found that the superior sinoatrial node in patients with AF and symptomatic bradycardia had no response to sympathetic stimulation (27, 28). Further studies are needed to pay attention to this issue. In addition, our study located the farthest distance of SVC muscle sleeve potential and did not further analyze the SVC myocardial sleeve potential in multi-dimensional space. Some studies have demonstrated that SVC myocardial extension was asymmetric (21), which may also be one of the reasons for the heterogeneity of LSVC in various studies. Finally, the study population, especially the patients with PsAF and non-AF, was relatively small. Although no statistical difference in the distribution of sinoatrial node was reached, it is possible that there would be a difference if the sample size was increased.



Conclusion

The EAA of SAN was located in the SVC in most of the patients, especially in patients with PsAF. The assumed pathway of SVC ablation should be noted at this anatomical location of SAN.
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The incidence of stroke or transient ischemic attacks (TIA) in atrial fibrillation (AF) catheter ablation procedures is around 1% and may be unnoted under anesthesia. The artery of Percheron (AOP) infarction is a rare kind of stroke with heterogeneity in manifestation, which further makes the perioperative early detection and diagnosis a challenge. Herein, we present one patient who underwent AF ablation and presented mental status alteration after withdrawing anesthetics. An emergency head CT was obtained, which revealed no apparent pathological changes. A late MRI test confirmed the diagnosis of AOP infarction. With oral anticoagulants and rehabilitation therapies, the patient’s awareness improved and fully recovered on the sixth-month follow-up. Variability in manifestation, no positive radiological finding on initial CT, and a low incidence has made few clinicians to gain much experience with this type of infarct, which delays the diagnosis and initiation of appropriate treatment.
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Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in adults, and catheter ablation has been recommended as the first-line therapy (1). With the development of devices and a deeper understanding of AF, the ablation procedure has proven to be a safe operation, especially in high-volume centers (2). However, though presenting a low incidence, severe complications such as death, atrio-esophageal fistula, tamponade, and stroke or transient ischemic attacks (TIA) still happen in clinical practice (3, 4). Early detection and treatment play important roles in the management of these complications.

Thalami are symmetric, paired, midline structures of the diencephalon regulating consciousness, sleep, and alertness (5). The thalamus and the midbrain have a complex arterial supply mainly originating from the posterior cerebral artery (PCA) (6). The artery of Percheron is one of four variants of this complex blood supply system and only counts 0.7% of all (5, 7). The artery of Percheron (AOP) infarction usually happens with cardioembolism and small artery disease (5, 8), presenting a set of symptoms, such as bilateral vertical gaze palsy, memory impairment, coma, hypersomnolence, akinetic mutism, and behavioral disorders (8, 9). Its heterogeneity and complexity in symptoms often delay the diagnosis of this rare stroke. As late diagnosis often happens, seldom could thrombolytic therapy be performed within the therapeutic window, which may further worsen the prognosis.

We report a case of a patient who underwent AF catheter ablation under local anesthesia and presented severe drowsiness after withdrawing anesthetics. The MRI scan taken 3 days later revealed a bilateral infarction of the thalamus, confirming the diagnosis of AOP infarction. A well understanding of this unusual procedure complication may further improve the management.



Case description

A 58-year-old man was admitted to the cardiovascular department due to palpitation and shortness of breath. He was diagnosed with paroxysmal atrial fibrillation 3 years ago, and no treatment is given. Recent ECG and Holter monitoring confirmed its persistent episode. After being anticoagulated (rivaroxaban 20 mg daily) for 3 weeks, he was admitted and prepared for AF catheter ablation. He had a history of well-controlled hypertension. Physical examination and ECG confirmed the diagnosis of persistent AF. All blood tests and echocardiography were within normal limits, and preoperative left atrium CT angiography demonstrated no intracardiac thrombus (Figures 1A,B).


[image: image]

FIGURE 1
(A,B) Preoperative left atrium computed tomography (CT) angiography excludes the intracardiac thrombus.


Radiofrequency catheter ablation was performed under local anesthesia with intravenous fentanyl and dexmedetomidine. The detailed periprocedural management and ablation strategy has been described previously (10). In brief, the patient underwent pulmonary vein isolation first and cardioversion was used to restore sinus rhythm. Detailed voltage mapping and drug provocation revealed a low voltage zone and premature atrial contractions at the left atrial posterior wall. Accordingly, substrate modification was performed. Intravenous heparin was given to maintain an activated clotting time (ACT) of 300 ± 50 s during the procedure. The vitals were stable during the procedure, and no sinus arrest or pericardial effusion was noted.

However, after withdrawal of all anesthetics, the patient remains severe drowsiness. The vitals were stable and physical examination showed that the pupils were equal and reactive. On the neurological examination, the patient presented a fluctuant consciousness state fully reversible under pain stimuli and bilateral positive pathologic signs. After having a consultation with the neurology and anesthesiology department, lasting effects of anesthetics and acute cerebral infarction were highly suspected. Naloxone was prescribed but no symptom relief was noted after intravenous drip. Then, an emergency head CT was obtained 2 h after the ablation procedure, and it revealed no apparent pathological changes. He was admitted to the cardiac care unit for further observation.

In the cardiac care unit, the patient’s consciousness gradually improved but still presented moderate drowsiness. To ascertain the pathogenesis of altered consciousness, a head MRI was ordered on the third day after the procedure. It showed symmetrical lesions in the paramedian thalamus, in the territory of the artery of Percheron. The lesions presented with an abnormal restriction of water diffusion on diffusion-weighted imaging (DWI) and hyperintensity in FLAIR and T2-weighted sequence on the paramedian thalamus level, without the midbrain involved (Figures 2, 3). MRI and corresponding clinic manifestations confirmed the diagnosis of an AOP infarction.
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FIGURE 2
(A) Axial diffusion-weighted magnetic resonance imaging (MRI) showing bilateral paramedian thalamic hyperintense signal due to restricted diffusion and (B) no involvement on the midbrain level.
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FIGURE 3
Axial magnetic resonance imaging (MRI) presenting bilateral high-signal intensity on the paramedian thalamus in (A) T2-weighted sequence, and (B) FLAIR sequence.


Routine oral anticoagulants and supporting therapies were prescribed after the procedure. Due to the late diagnosis of AOP infarction, thrombolytic therapy was not applied, and rehabilitation therapy was soon prescribed after MRI. By the fifth day after the procedure, the patient’s consciousness gradually recovered and presented slight dyscalculia and memory impairment. Computed tomography perfusion was done but still revealed no abnormalities. On the tenth day, the patient was discharged with outpatient follow-up. After following up for 6 months, the patient has fully recovered without any neurological deficiency. A timeline of events is given in Supplementary Figure 1.



Discussion

Atrial fibrillation is the most common sustained cardiac arrhythmia in adults around the world, counting for 2–4% of the population (11). Catheter ablation has been recommended as the first-line therapy, especially for patients who are refractory to drugs or present with heart failure (1). The incidence of symptomatic stroke and TIA was reported around 1% (4, 12). The mechanism of embolism formation during the procedure includes air emboli in sheaths or was generated by heating blood, particulate emboli originating from tissue denaturation, and thromboses due to activation of the coagulation system (13). In the case of this patient, the ACT was kept for 300 ± 50 s during the procedure, and bubbles were not noticed by either catheter movement or X-ray. Tissue denaturation might be the most reasonable explanation for stroke. However, as thrombus aspiration was not performed, the definite reason for stroke still remained unclear. Most cerebral embolisms during the procedure are asymptomatic, and impaired left ventricular ejection fraction and low ACT levels may be associated with episodes (14). As reported in our case, the patient underwent a symptomatic AOP infarction during ablation, which has not been reported before. Normal preoperative echocardiography and a compliance ACT level during the procedure had proven for the patient to be away from mentioned risk factors, while a higher ACT control level (>350 s) might further reduce the embolic risk (15).

The artery of Percheron is a rare anatomic variant that provides arterial supply to the paramedian thalami and rostral midbrain, which was first described by Gérard Percheron in 1973 (7). It is a single arterial trunk that arises from the posterior cerebral artery, which significantly differs from other variants of the thalamic vascular supply (Figure 4). The incidence of AOP was reported to be 4–12% of the population (16), and AOP infarction only counts for 0.7% of all ischemic strokes (5). The main cause of AOP infarction was cardioembolism and small artery diseases (5, 8). The clinical manifestations of AOP infarction are extremely variable, including bilateral vertical gaze palsy, memory impairment, coma, and hypersomnolence (16). Altered consciousness, dysarthria, and motor paresis may indicate ischemia of posterior circulation territory. Memory loss, cognitive impairment, and executive could last months after the first episode. Behavioral consequences including apathy, inappropriate social conduct, and flattened emotions were reported (17). In our reported case, severe drowsiness was noted as the main presentation of AOP infarction. This altered mental status could be explained by the interruption of dopaminergic and noradrenergic impulses from the ascending reticular activating system to the thalamus (16).
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FIGURE 4
Variants of the vascular anatomy of the thalami and the midbrain. AOP, artery of Percheron; BA, basilar artery; M, midbrain; PCA, posterior cerebral artery; T, thalamus.


The heterogeneity and complexity of AOP infarction explain why it is always lately diagnosed or even not detected. Apart from clues from manifestations, the imaging test plays an important role in its diagnosis. Currently, MRI is the gold standard to demonstrate AOP infarction (9), and routine initial CT scan is often normal (6, 9, 16). Lazzaro et al. first identified four patterns of AOP infarction, including bilateral paramedian thalamic with midbrain (43%), bilateral paramedian thalamic without midbrain (38%), bilateral paramedian thalamic with anterior thalamus and midbrain (14%), and bilateral paramedian thalamic with anterior thalamus without midbrain (5%) (18). Along with the “V” sign on FLAIR and DWI sequences, these ischemic patterns enable the quick diagnosis of AOP infarction.

Apart from AOP infarction, several other diseases could also lead to bilateral thalamic lesions (19, 20). Top of the basilar syndrome may occasionally result in infarcts in posterior cerebral artery territories but often alone with the superior cerebellar. Deep venous thrombosis may result in bilateral symmetric involvement of the thalami. While abnormally hyperdense veins could be seen on CT scans, corresponding T1 hyperintensity from a clot in the sinuses may be seen on MR images (6, 20, 21). Other differential diagnoses could include primary neoplasm, metabolic and toxic disorders, and infections (20).

As with other ischemic strokes, the most effective treatment for AOP infarction is intravenous heparin and thrombolysis with a tissue plasminogen activator, especially for those within the therapeutic window (6 h) (8). However, due to the usually delayed diagnosis, seldom could thrombolysis be carried out in clinic practice (22). In our case, AOP infarction was confirmed on the third day since hypersomnolence, which has been out of the thrombolysis window. An oral anticoagulant was prescribed to prevent future episodes. The patient’s mental status gradually improved on the tenth day. This may attribute to discontinued anticoagulation therapy and unaffected midbrain arterial supply. As reported, even without therapy, the prognosis is significantly better when the midbrain is unaffected, which counts for 43% of AOP occlusion cases (8).

In summary, we reported one case of AOP infarction after an AF ablation procedure whose main manifestation was severe drowsiness. Initial CT was normal, and lately performed MRI confirmed the diagnosis. Due to being out of the thrombolysis window, oral anticoagulant, supporting therapy, and rehabilitation were performed. The patient’s condition improved and was discharged on the tenth day, and the 6-month follow-up confirmed the full recovery. Further systematic clinical studies are needed to further clarify the early diagnosis and optimal management of AOP infarction. In addition, attention should be paid to cardiologists performing catheter ablation when facing patients with atypical altered mental status during the perioperative period.
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Atrial fibrillation (AF), one of the most common arrhythmias, is associated with chronic emotional disorder. Chronic pain represents a psychological instability condition related to cardiovascular diseases, but the mechanistic linkage connecting chronic pain to AF occurrence remains unknown. Wild-type C57BL/6J male mice were randomly divided into sham and chronic pain groups. Autonomic nerve remodeling was reflected by the increased atrial parasympathetic tension and muscarinic acetylcholine receptor M2 expression. AF susceptibility was assessed through transesophageal burst stimulation in combination with electrocardiogram recording and investigating AERP in Langendorff perfused hearts. Our results demonstrated the elevated protein expression of muscarinic acetylcholine receptor M2 in the atria of mice subjected to chronic pain stress. Moreover, chronic pain induced the increase of atrial PR interval, and atrial effective refractory periods as compared to the sham group, underlying the enhanced susceptibility of AF. Thus, autonomic cholinergic nerve may mediate mice AF in the setting of chronic pain.
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Introduction

Atrial fibrillation (AF) is one of the most common arrhythmia and cardiovascular diseases. It is tightly associated with high morbidity and mortality, due to secondary cardiac dysfunction, stroke, and myocardial infarction (1–3). Emerging studies have revealed that psychological stress and negative emotions, including depression (4, 5), stress (6, 7), and posttraumatic stress disorder (PTSD) (8), contribute to AF initiation and maintenance.

Multiple pieces of evidence indicate that chronic pain is associated with abnormal psychological stresses (9–11), and patients with chronic pain presented ECG changes including AF (12). In fact, acute or chronic pain is associated with an increased risk of cardiovascular disease (13–15). A systematic review demonstrated that chronic pain was significantly associated with mortality caused by cardiovascular disorders and implicated a possible dose–response relationship (16). The incidence of AF increases with age and is consistent with the age distribution of chronic pain.

The autonomic disorder is critical for arrhythmogenesis. In the atria, activity of the parasympathetic system enhances the G-protein-gated potassium channel (Ik−Ach) to shorten the action potential duration (APD) and increases the spatial dispersion of refractoriness, facilitating ectopic excitation points and reentry (17). Cholinergic and adrenergic important autonomic nervous system on myocardium activities through G protein receptors expressed on the cardiac myocytes (18–21). Chronic pain induces cardiovascular dysfunction but the mechanistic linkage connecting chronic pain to AF occurrence remains unknown. Chronic pain caused autonomic nervous disturbances (22) and psychological-emotional disorder. There have been no reports regarding the effects of chronic pain on AF and the related mechanisms. Herein, we hypothesized that chronic pain might enhance the occurrence of AF by affecting the balance of the autonomic nervous system activity and signaling.



Methods


Animals and study groups

All the animal experimental procedures including feeding, intervention, and sampling followed the regulations of the Guide for the Care and Use of Laboratory Animals (NIH, No. 85–23) and were ethically authorized by the Nanjing Medical University Animal Ethics Committee (ethical code: IACUC-1808001). Wild type 8-week-old male mice, weighing 21–25 g on a C57BL/6J background, purchased from Nanjing Medical University Experimental Animal Center, were randomly divided into two groups: sham-operated (sham group, n = 10), and right sciatic nerve constricted (pain group, n = 14). All were maintained at a constant temperature (23–25°C), constant humidity (50–65%), and 12-h light or dark cycle with free access to general diet and water. All the mice were presented to the measurements detailed below.



The chronic pain animal model and measurement of nociceptive behaviors

Pain-associated depression and stress are co-morbidities of chronic pain (23), which can be modeled in mice by chronic sciatic nerve compression injury (CCI) (24). To establish the chronic pain experimental model, CCI was performed on the right sciatic nerve, exposed at the mid-thigh level and constricted with four chromic gut (4/0) loose ligatures spaced at about 1 mm, according to a previously described method (24, 25). In the sham group, the right sciatic nerve was exposed without ligation. Then, 1 day before surgery and for 4 weeks afterward, punctate hyperalgesia was measured by the von Frey hair test on the right paw. The significant increase in the percentage of paw withdrawal frequency was regarded as a successful model of chronic pain. After surgery, mice were kept at 37°C until consciousness, and chow and water were guaranteed available ad libitum. Weighted every 5 days, mice were sure to have been given a normal diet and did not suffer from malnutrition and dehydration.



Preoperative preparation

Then, 4 weeks after the successful establishment of the chronic pain and sham group mice, they were removed from their chambers and were anesthetized with an intraperitoneal injection of the sedative pentobarbital (20 mg/kg, Merck) and the analgesic fentanyl (0.125 mg/kg, Yichangrenfu Technology Co), and the anesthesia was considered successful by no movement of the clamped limb. Each was fixed in a supine position on the operating table, and a heating blanket was used to maintain body temperature in the normal physiological range (36.5–38°C).



Electrocardiogram recordings

The electrocardiogram (ECG) was recorded continuously for 5 min via standard ECG limb lead II using four 25-gauge subcutaneous platinum electrodes (Grass Instrument, Quincy, MA) placed at the base of each limb. ECG signals were sampled three times by the system (BL-4205, Chengdu, China) after anesthesia, tracheal intubation, and artificial ventilation (SAR-1000, Yuyan, China; tidal volume = 6 ml/kg; respiratory rate = 110 breaths/min). Basic ECG parameters were measured, after artificial ventilation ECG stable, as follows: PR interval (the earliest P-wave onset to the earliest onset of the QRS complex onset), QT interval (the earliest Q or R-wave onset to the end of T wave), and HR.



Investigation of susceptibility to atrial fibrillation

After collecting the basic ECG data, and supported by artificial ventilation through endotracheal intubation (tidal volume = 6 ml/kg; respiratory rate = 110 breaths/min), a 2-French catheter electrode (Japan Lifeline) was implanted in the esophagus dorsal to the left atrium through the mouth. The surface lead-II ECG was then recorded simultaneously. Transesophageal burst pacing (TEB) was implemented to investigate the susceptibility to AF using an automated stimulator (BL-4205, Chengdu, China). A 2-s burst pacing protocol was used (the first stimulation with a 40-ms cycle length, reducing by 2 ms in each successive burst to a 20-ms cycle length). A rapid irregular atrial rhythm, with disordered R-R intervals lasting at least 2 s, was defined as AF. The duration was gauged from the onset of the rapid irregular atrial rhythm triggered by TEB to the onset of the first normal sinus beat (26, 27).



Investigation of the atrial effective refractory period
 
Establishing the langendorff-perfused assay

The Langendorff perfusion assay model is described elsewhere (28). It is a stable technique for studying electrophysiology characteristics. The whole heart is perfused with an appropriate perfusion solution, reducing the interference from central neural influences and from endogenous substances. After measuring basic electrophysiological parameters and maintaining anesthesia, opening the chest, and exposing the heart, the heart was rapidly excised and submerged in ice-cold Krebs-Henseleit (K-H) solution (NaCl 119 mM, NaHCO3 25 mM, KCl 4 mM, KH2PO4 1.2 mM, MgCl2 1 mM, CaCl2 1.8 mM, glucose 10 mM, and sodium pyruvate 2 mM, pH 7.4) bubbled with 95% O2 and 5% CO2. Aortic cannulation was performed using a tailor-made 21-gauge cannula prefilled with ice-cold K-H buffer placed outside the aortic valve. Then, the heart was quickly transferred and attached to the Langendorff perfusion apparatus (Radnoti, BIOPRBE), by which the aorta was continuously perfused with K-H solution, filtered by 5-μm filters, and warmed to 37°C by a water jacket and circulator, at a rate of 2.5 ml/min. After continuous stable perfusion for 30 min to reduce the effects of endogenous substances and drugs, the hearts with a pink color, which were spontaneously contracting, were further studied for their electrophysiological characteristics.



Investigating the left atrial effective refractory period

Paired platinum electrodes (1-mm inter-pole distance) were attached to the high left atrial epicardium (29) for programmed electrical stimulation (PES). PES was implemented by eight trains of burst pacing as S1 stimulation (8 Hz, 125 ms basic cycle length, 2 ms duration square-wave at three times the atrial excitation threshold), followed by a premature S2 extra-stimulation with a decreasing S1S2 interval. The S1S2 intervals from basic cycle length were successively reduced by 1 ms, every train depending on the atrial effective refractory period appearance. Bipolar electrogram (BEG) was collected from the high left atrial epicardium by a paired platinum electrode (1-mm inter-pole distance), and atrial effective refractory period (AERP) could be manifested as the longest S1S2 interval with a failed atrial signal initiated by S2 extra-stimulation (30).




Investigating the role of the autonomic nervous system in atrial fibrillation
 
Parasympathetic effects in AF

After baseline electrophysiological experiments as above, intraperitoneal injection of the nonselective muscarinic receptor agonist carbachol (0.05 mg/kg, sigma, LRAB3674) over 2 min, TEB was implemented according to the preceding scheme to investigate AF susceptibility. Then, after 5 min of sinus recovery, the muscarinic receptor blocker atropine (0.5 mg/kg, Xinxiangshi Changle Pharmaceutical Co) followed by carbachol (0.05 mg/kg, sigma, LRAB3674) was administered by intraperitoneal injection, over 2 min, and TEB was implemented following the same procedure to investigate AF susceptibility. After a 5-min observation, the samples were collected.



Sympathetic effects in AF

After baseline electrophysiological experiments as above, intraperitoneal injection of the noradrenergic β receptor agonist isoproterenol (0.25 mg/kg, shanghai Harvest Pharmaceutical Co) over 2 min, TEB was implemented according to the preceding scheme to investigate AF susceptibility. Then, after keeping the sinus stable for 5 min, the β-receptor blocker propranolol (1 mg/kg, Sigma, BCBQ4523V) followed by isoproterenol (0.25 mg/kg, shanghai Harvest Pharmaceutical Co) was administered by intraperitoneal injection, over 2 min, and TEB was implemented following the same procedure to investigate AF susceptibility. After a continuous 5-min observation, the samples were collected.




Western blot analysis

Western blot analysis was applied to quantitatively evaluate the expression of TH, Chat, β1, and M2. The frozen isolated atrial tissues were pulverized, homogenized on ice, and centrifuged at 14,000 g (4°C, 10 min) in a buffer. Protein concentration in the samples was assessed with the BCA protein assay (Beyotime), and 10 μg of protein was loaded on each lane. The samples were analyzed using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred on polyvinylidene fluoride membranes (Millipore, 0.45 μm). After blocking in 5% nonfat milk in TBST (20 mM Tris-HCl pH 7.5, 137 mM NaCl, 0.1% (v/v) Tween 20) for 2 h at room temperature, the blots were, respectively incubated in appropriate primary antibodies at 4°C overnight. These were rabbit anti-TH antibody (ab112, Abcam, 1:200), rabbit anti-choline acetyltransferase antibody [EPR13024(B)] (ab181023, Abcam, 1: 1000), rabbit anti-β1-adrenergic receptor (ab3442, Abcam, 1:1000), mouse anti-M2 muscarinic receptor (ab2805, Abcam, 1:1000), and GAPDH (Cell Signaling Technology, 1:2500,). Then, membranes were washed with TBST × 3 and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies for 1 h at room temperature. After washing with TBST × 4, chemiluminescence signals were detected with SuperSignal Chemiluminescent Substrate (AB301B1/AB301A1, BIO vision), visualized with protein simple (Bio-Techne), and analyzed with the ImageJ system software.



Immunofluorescence

The isolated fixed frozen hearts (nsham = 5, npain = 5) were embedded in OCT medium, rapidly frozen, and cryosectioned into a series of 5-μm sections using a Leica 1850 cryostat (Leica CM1900, Germany). After heating at 60°C for 5 min, slices were permeabilized with 0.05% Triton-X100 in phosphate-buffered saline (PBS) for 10 min and washed for 3 × 10 min with PBS. Then, slides were blocked with 10% donkey serum for 1 h. Subsequently, for immunofluorescence, heart sections were incubated, respectively with primary antibodies against tyrosine hydroxylase (TH) (ab112, Abcam, 1:750), choline acetyltransferase (Chat) (ab181023, Abcam, 1:100), β1 (ab3442, Abcam, 1:100), and M2 (ab2805, Abcam, 1:200) overnight at room temperature. They were then washed for 3 × 10 min with PBS, and slides were incubated with appropriate secondary antibodies AlexaFluor 488 donkey anti-rabbit IgG (ab6721, Abcam, 1:1000) and AlexaFluor 568 goat anti-rat IgG (ab150153, Abcam, 1:1000) for 60 min at room temperature and washed for 3 × 10 min with PBS. Slides were sealed with a coverslip and observed with a fluorescence inverted microscope (Olympus CX41) and statistically analyzed using six slides for each group by the ImageJ software, ensuring at least one sample per heart was included in the analysis. Each section from a different left atrial sample was processed simultaneously, and the image conditions were the same to reduce variability among samples.



Statistical analysis

The measurement data are all in the form of mean ± standard deviation. For comparing continuous measurement data, certificated normal distribution, the randomly non-paired t-test or the F-test was used, and for the counting data, the chi-squared test and Fisher's exact test were used. SPSS v22.0 software was used for statistical analysis. The results were plotted using GraphPad prism 6.0. p-Value of < 0.05 was considered statistically significant.




Results


Chronic pain induces the prolongation of PR intervals in mice

The chronic pain mice with successful CCI modeling (Supplementary Figure S1) that suffered constricting injury on the right sciatic nerve for 4 weeks displayed a longer PR interval (sham group: 28.69 ± 0.83 ms vs. pain group: 47.56 ± 2.37 ms, p < 0.0001) on ECG recordings under basal conditions, whereas other parameters (QT, HR) were not significantly different (Figures 1C–E and Table 1).


[image: Figure 1]
FIGURE 1
 The measurement of left atrial bipolar cardiogram and basic characteristics of the electrocardiogram from lead II. (A) The left atrial effective refractory period (AERP) measured from the bipolar cardiogram (BCG) in sham and pain groups; (B) the AERP obtained from the BCG; the measurement of (C) PR interval, (D) QT interval, and (E) heart rate obtained from the surface ECG lead II in the sham and pain groups. The results are expressed as mean ± standard deviation. The scatter plot represents values from individual mice, with horizontal bars and error bars showing means and standard errors of the mean, respectively. **** represents p < 0.0001 (two-tailed Student's t-tests).



TABLE 1 The measurement of basic electrocardiograms in sham and pain groups.

[image: Table 1]



Chronic pain predisposes the mice to atrial fibrillation

Next, AF vulnerability was assessed. AF was defined as an episode of rapid and irregular atrial rhythm with a disordered ventricular response (irregular RR intervals) lasting at least 2 s. We found that approximately 15% of spontaneous AF episodes were observed (n = 2, 2/14) in CCI pain mice but not in sham control mice (n = 0, 0/10) before the transesophageal burst pacing (Figure 2C). After 5-min stabilization, one recovered sinus rate (paroxysmal AF, for 10 s), and the other showed persistent atrial fibrillation, which required atropine (0.5 mg/kg) to terminate. The latter mouse was removed from the study.


[image: Figure 2]
FIGURE 2
 The susceptibility to atrial fibrillation. (A) The basic ECG in sham and pain groups; (B) the ECG after transesophageal burst pacing (TEB) in sham and pain groups; (C) the occurrence number of spontaneous AF before TEB in sham and pain groups; (D) the occurrence number of AF after TEB in sham and pain groups. The results are expressed as numbers and percentages. Histograms represent numbers and percentages. ** represents p < 0.01 (two-tailed Fisher's exact test).


Then, a transesophageal programmed stimulation at the esophageal position dorsal to the left atrial was performed to test the induction of AF. The result was that programmed burst pacing induced the occurrence of AF more in the pain group (n = 7, 7/13) than in the sham group (n = 0, 0/10) (Figures 2A,B,D, 3A). The increased AF propensity by CCI was further substantiated in vitro in Langendorff perfused hearts, in which programmed S1S2 stimulation induced a shortening of AERP as compared to that in sham hearts (sham group: 54.90 ± 1.14 ms vs. pain group: 43.38 ± 1.26 ms, p < 0.0001) (Figures 1A,B and Table 2). Together, these data indicated that chronic pain increases the vulnerability of AF in mice.


[image: Figure 3]
FIGURE 3
 The protocol for investigating electrophysiological characteristics, atrial susceptibility, and the occurrence of atrial fibrillation. (A) The protocol and results of the AF susceptibility by transesophageal burst pacing (TEB) in sham and pain groups; (B) the grouping scheme of pain group; (C) the protocol and results of the effects of the autonomic nervous system in AF susceptibility between sham and pain groups.



TABLE 2 The measurement of electrophysiological characteristics in the Langendorff perfusion model in sham and pain groups.
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Muscarinic receptor overactivation mediates the chronic pain-induced AF

We went on to ask whether chronic pain-induced AF involves the changed activity of sympathetic or parasympathetic nerves. Carbachol, a nonselective muscarinic receptor agonist increases AF occurrence (3, 16, 17, 19), significantly increased AF susceptibility with transesophageal burst pacing in the pain group (n = 7, 7/7), consistent with enhanced cholinergic sensitivity in CCI mice. Administration of atropine, a muscarinic receptor blocker, almost completely prevented the induction of AF by transesophageal burst pacing in the pain group (n = 0, 0/7) (7/7 vs. 0/7, p = 0.0006 <0.001) (Figures 3B,C, 4). These results indicated that cholinergic receptor activation was important in enhancing AF vulnerability in CCI mice.


[image: Figure 4]
FIGURE 4
 Vagal effects (A–D) and sympathetic effects (E–H) on atrial fibrillation. (A) The basic ECG in sham and pain groups; (B) the ECG after transesophageal burst pacing (TEB) in sham and pain groups; (C) the ECG after TEB with carbachol pretreatment in sham and pain groups; (D) the ECG after atropine/carbachol and TEB in sham and pain groups; (E) the basic ECG in sham and pain groups; (F) the ECG after TEB in sham and pain groups; (G) the ECG after TEB with isoproterenol pretreatment in sham and pain groups; (H) the ECG after propranolol/isoproterenol and TEB in sham and pain groups; (I) the AF induced percent pretreated, respectively with carbachol and atropine/carbachol after TEB in sham and pain groups; and (J) the AF induced percent pretreated, respectively with isoproterenol and propranolol/isoproterenol after TEB in sham and pain groups. The results are expressed as numbers and percentages. Histograms represent percent. *** represents p < 0.001 (two-tailed Fisher's exact test).


The potential contribution of sympathetic activity in AF inducibility was also examined. In CCI and sham control mice subjected to transesophageal burst pacing, intraperitoneal injection of isoproterenol, a noradrenergic β1 and β2 receptor agonist, did not affect the AF susceptibility in the sham (n = 0, 0/5) or the pain groups (n = 3, 3/6) which showed paroxysmal AF induced by TEB alone. After 5-min stabilization, recovery sinus rate, propranolol, followed by isoproterenol, did not significantly enhance AF susceptibility with TEB in sham (n = 0, 0/5) or the pain groups (n = 1, 1/6) (Figures 3B,C, 4).

At the same time, the noradrenergic α1 receptor arrhythmogenic effect by pretreatment α-blocker phentolamine and found that it has no effect on the AF occurrence by transesophageal burst pacing in sham (n = 0, 0/5) or the pain groups (n = 5, 5/5) (Supplementary Figure S2).

Collectively, the AF prompting effects of chronic pain in mice were dependent on parasympathetic overactivation, as atropine completely eliminates the AF inducibility.

Chronic pain induces the increase of muscarinic acetylcholine receptor-2 expression.

To evaluate the expression of neural remodeling proteins, we used Western blot and immunofluorescence to analyze the expression of autonomic nervous receptors. Anti-tyrosine hydroxylase (TH) and anti-choline acetyltransferase (Chat) were further applied to investigate the distribution and quantity of adrenergic and cholinergic neurons. The results showed that the M2 AChR expression increased more significantly in the pain group (1.89 ± 0.34 vs. 0.13 ± 0.02, p = 0.0067 < 0.05), and there were no differences in the distribution of adrenergic and cholinergic neurons, or in β1 receptor expression (Figure 5). The M2 AChR membrane protein expression was applied to investigate the distribution of M2 AChR distribution on the cell membrane, which found more expression in the pain group (1.47 ± 0.09 vs. 0.95 ± 0.14, p = 0.0378 < 0.05) (Supplementary Figure S3).


[image: Figure 5]
FIGURE 5
 Autonomic nervous system related protein expression by Western blot. (A) Tyrosine hydroxylase (TH), (B) choline acetyltransferase (Chat), (C) adrenergic β1 receptor, and (D) muscarinic acetylcholine M2 receptor expression with Western blot in sham and pain groups. The results are expressed as mean ± standard deviation. The histograms represent values. ** represents p < 0.01 (two-tailed Student's t-tests).


The immunofluorescence results were consistent with the Western blot findings. We found that the M2 expression increased more significantly in the pain group (0.56 ± 0.03 vs. 2.89 ± 0.18, p < 0.0001), and there were no significant differences in TH, Chat, or β1 expressions (Figure 6).


[image: Figure 6]
FIGURE 6
 Autonomic nervous system-related protein expression distribution by immunofluorescence. (A) Tyrosine hydroxylase (TH), (B) choline acetyltransferase (Chat), (C) adrenergic β1 receptor, and (D) muscarinic acetylcholine M2 receptor expression distribution with immunofluorescence in sham and pain groups. The results are expressed as mean ± standard deviation. The histograms represent values. **** represents p < 0.0001 (two-tailed Student's t-tests).


RGS4, the M2 receptor signaling cascade, was investigated by Western blot, which showed that the RGS4 expression was more in the pain group (0.87 ± 0.05 vs. 0.51 ± 0.03, p = 0.0035 < 0.005) (Supplementary Figure S4).




Discussion

We found that mice with chronic pain were substantially more susceptible to AF provoked by TEB pacing than those without chronic pain. This was confirmed by electrophysiological characteristics: the PR interval was longer indicating slower atrial conduction; the AERP was shorter indicating that atrial substrates in these animals may be more prone to arrhythmias.

Numerous possible factors may contribute to the relationship between chronic pain and cardiovascular disorders (31–33). Cardiovascular risk factors, metabolic syndromes (such as high body mass index, and high serum triglycerides), inflammation (such as increase in C-reactive protein and fibrinogen), and lifestyle (such as smoking, sedentary behavior, and increasing age) are associated with chronic pain (31–33). Werner et al. (14) noted that patients with chronic non-cancer pain had many complex confounding risk factors, such as inactivity, respiratory diseases, and metabolic disorders. Our study excluded those interfering factors by establishing a valid animal model.

It is known that parasympathetic activation is a factor in AF (16, 34). Yu Jin et al. (22) reported that cardiovascular function was mainly regulated through parasympathetic tone 2 weeks after CCI. Chronic intermittent hypoxia worsened AF susceptibility in rat with enhanced parasympathetic sensitivity, reflected in increased cholinergic responses, and increased M2 muscarinic receptors (35).

For the first time, our study found that the cholinergic nervous system had a noticeable role in enhancing AF sensitivity in mice with chronic pain. The occurrence of AF was driven by enhanced atrial cholinergic responses, accompanied by greater M2 AChR expression. M2 AChR is a plasma membrane protein and performs physiological functions on the cell membrane. The M2 AChR on the plasma membrane, indicating the distribution on the cell membrane, was found more expression in the pain group. Many studies have shown that cholinergic signaling increased atrial Ik−Ach activity, thus enhancing spatial dispersion of refractoriness, and this might be a potential mechanism in chronic pain (17, 19, 36). Our study found that the shortening of AERP might be consistent with this hypothesis, although a single-point measurement. Sympathetic nervous system activity also can promote AF, and catecholamine can facilitate cholinergically induced AF (37). The noradrenergic might contribute to AF vulnerability in CCI chronic pain mice, as shown in our research β-receptor blocker propranolol preventing TEB induction AF occurrence in one mouse, although these data failed to reach statistical significance. α1 receptor is a G-protein-coupled receptor and causes Ca2+ release from SR by generating IP3 and DAD, which thought may contribute to atrial fibrillation (20, 38, 39). There was no effect on the AF occurrence between the two groups by pretreatment of α-blocker phentolamine. These results might suggest that parasympathetic activation is more important than sympathetic activation for inducing AF susceptibility in CCI chronic pain mice. Regulators of G-protein signaling 4 (RGS4) is the M2 receptor signaling cascade to deactivate G-protein signaling and damp down the parasympathetic input. It was known that RGS4 was expressed more in the SA node than in the atrial. RGS4 absence results in a predisposition to atrial fibrillation through the IP3-Ca2+ release way (40, 41). Our research showed that the RGS4 of atrial cell expression was more in CCI chronic pain mice, which might be one of the compensatory mechanisms in the development of chronic pain-related AF that deserves our future study.

It was a fact that there was no significant difference between groups in basic heart rate and some pain mice even have faster heart rates than sham ones, which might suggest that M2R various may have less effect on the sinoatrial note. We have investigated the ECG trace of the first few AF beats afterward burst pacing, which performs less morphological variation in P-wave. It might indicate that the mechanism of chronic pain-related AF was the focal source. Additionally, we should investigate the atrial structure remodeling in our further research. Limitations of our study were small sample size, no female animals, and the electrophysiological parameter AERP should have been measured in vivo and in multiple parts of the atrial. We cannot completely preclude the potential influence of pentobarbital on the autonomic nerve, despite the impact may be weak. The M2 AChR atria spatial expression dispersion is a significantly possible mechanism of chronic pain-related AF. So, we should investigate this in our next research. The M2 AChR expression in chronic pain mice atrial is an important observation in our research, which should be confirmed in the M2RKO mouse model in further experiments. We established a chronic pain CCI animal model for simulating the emotion-related chronic stress-induced associated with AF. It will be interesting to evaluate the chronic pain mice emotional situation in our model and further investigate the neural remodeling in chronic stress-induced pain and AF. Many studies have reported that cardiomyocytes are able to synthesize and release acetylcholine and compose the non-neuronal cholinergic system (NNCS), which can regulate energy metabolism, sarcoplasmic reticulum Ca2+ mobilization, and local inflammatory responses with the neuronal cholinergic system (42–44). NNCS may play an important role in chronic pain-related AF. We should do further research on this issue.

Our study has shown that wild-type C57BL/6J male mice with chronic pain from CCI were more prone to AF and had increased susceptibility to AF after treatment with carbachol. We found that the atria expressing more M2 receptors after chronic pain develops may be a novel mechanism of AF susceptibility.
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Supplementary Figure S1. Nociceptive behaviors in sham and pain groups were evaluated by the von Frey filament test applied on the right paw before chronic constriction injury to the sciatic nerve, and 4 weeks later. The percentage of paw withdrawal frequency in sham and pain groups. **** represents p < 0.0001 (two-way ANOVA).

Supplementary Figure S2. The adrenergic α1 receptor effect on atrial fibrillation. (A) The basic ECG in sham and pain groups; (B) the ECG after transesophageal burst pacing (TEB) in sham and pain groups; (C) the ECG after TEB with phentolamine pretreatment in sham and pain groups. The results are expressed as numbers and percentages. Histograms represent percent (two-tailed Fisher's exact test).

Supplementary Figure S3. The adrenergic β1 receptor and M2 ACh receptor expression on the cell plasma membrane by Western blot. (A) Adrenergic β1 receptor and (B) muscarinic acetylcholine M2 receptor expression on the plasma membrane with Western blot in sham and pain groups. The results are expressed as mean ± standard deviation. The histograms represent values. *represents p < 0.05 (two-tailed Student's t-tests).

Supplementary Figure S4. The RGS4 protein expression by Western blot in sham and pain groups. The results are expressed as mean ± standard deviation. The histograms represent values. **represents p < 0.005 (two-tailed Student's t-tests).
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Atypical atrial flutter is seen post-ablation in patients, and it can be challenging to map. These flutters are typically set up around areas of scar in the left atrium. MRI can reliably identify left atrial scar. We propose a personalized computational model using patient specific scar information, to generate a monodomain model. In the model conductivities are adjusted for different tissue regions and flutter was induced with a premature pacing protocol. The model was tested prospectively in patients undergoing atypical flutter ablation. The simulation-predicted flutters were visualized and presented to clinicians. Validation of the computational model was motivated by recording from electroanatomical mapping. These personalized models successfully predicted clinically observed atypical flutter circuits and at times even better than invasive maps leading to flutter termination at isthmus sites predicted by the model.
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Introduction

Atypical left atrial flutter (ALAF) is an often-stable arrhythmia commonly seen in approximately 80% of the 20% of ablations for atrial fibrillation that results in atrial arrhythmias (1). The most promising treatment for ALAF is ablation, with reported acute success rates between 51% and 100% (2, 3). However, just one-year post-ablation, the recurrence is reported between 23% and 62% (2). The recurrence pathways in flutter are different from original pathways (3), meaning previously unobserved flutters are created. Thus, to prevent a recurrence, additional information besides the current activation pattern is required.

Computer simulation provides a powerful option to leverage patient-specific information and predict atrial arrhythmias (4, 5). ALAF is typically a macro-reentrant circuit around areas of scar that can be visualized using the Late-Gadolinium-Enhancement MRI (LGE-MRI). Attempts to use computer simulation for ALAF pathways (5) have been limited because they depended on invasive electro-anatomical mapping studies to inform the models rather than deriving them from non-invasive medical imaging alone.

We report here promising results from personalized computational models based entirely on information derived from LGE-MRI that can predict ALAF prospectively.



Methods


Patient selection

The study was approved by the Internal Review Board of The University of Utah. The inclusion criteria were to have at least one prior left-atrial ablation, planned ablation for ALAF, and a pre-procedural LGE-MRI.



Geometric model generation

The left atrial LGE-MRI was obtained as previously described (6) and linearly interpolated to a resolution of 0.625 mm, 0.625 mm, and 0.625 mm. An affine registration was performed to align the magnetic resonance angiography (MRA) to LGE-MRI images. The left atrial wall and blood pool were segmented from the MRA using Corview (The University of Utah, Salt Lake City, United States). To segment the scarred regions, we set an intensity-based threshold according to the function

[image: image]

where, w is a pixel in the LGE-MRI, B is the set of all pixels in the blood pool with mean value [image: image] and sample standard deviation s(B). The value of f (w) served as a threshold for segmentation into the category of fibrosis (2 < f (w) < 3) or scar(f (w) ≥ 3).

From the wall segmentation, the surface model was extracted with the Iso2Mesh library (7). The endocardial surface was isolated and moved outward by 1.5 mm to approximate the epicardial surface. On both instances, the scar and fibrosis segmentations were projected.

The final step of creating a volumetric model of the geometry was to build a tetrahedral mesh using TetGen (WIAS, Berlin, Germany) based on the endocardial and epicardial surface models. To also include realistic myocardial fiber structure, we mapped the averaged myocardial fiber orientation from seven patients (8) to the new mesh. Finally, the mesh was optimized with openCARP (9) to have an edge length 400 to 900 μm.



Computation simulation

We used the open-source package openCARP (9) to implement the monodomain model with membrane behavior described by the Courtemanche model of human atrial cells (10). The ionic conductivities were modified as listed in Table 1, which also lists the associated conduction velocities.


TABLE 1    Ionic conductivity multiplicators and conduction velocity.

[image: Table 1]

We carried out Virtual EP studies which tested 72 different combinations of pacing locations and intervals. A total of nine different pacing sites were simulated. At each site a train of eight pulses with a cycle length of 600 ms was delivered, followed by a single S2 beat. The S2 coupling interval started ranged from 250 ms to 180 ms in 10 ms intervals leading to eight different simulations for each pacing location. The simulation was run for a minimum of 700 ms after the last paced beat, and if tissue was still active at that point, the simulation was continued for a minimum of 1,700 ms to observe any arrhythmias. If ALAF was induced, we used the activation pattern to identify flutter circuits. Depending on the flutter circuit and scar distribution, potential ablation sites were identified.



Clinical procedure

After the simulations were completed, all flutter circuits and virtual ablation results were presented to the electrophysiologist before the procedure. If the patient was in a flutter, the episode was mapped. Otherwise, a map was created in sinus rhythm and the pacing was conducted to induce flutter. For all the mapping studies CARTO (Biosense Webster, Irvine, CA, United States) mapping system was used. The pentaray catheter was used to make the maps and a few thousand points were collected for these maps as is routine for these studies. Ablation was done by using the Smarttouch ablation catheter. Both the activation map and the voltage map were visually compared to the scar segmentation and predicted flutter path. The simulation results together with the clinical findings were used by the electrophysiologist when ablating. During the electrophysiology study, an activation map of the flutter was made. Then the ablation sites were chosen based on the prediction of the simulation and the invasive map made during the electrophysiology study. If the two were congruent then the ablation was carried out at that site. If not, then the ablation was done first based on the map. If the flutter still persisted ablation sites predicted by simulation were ablated.




Results


Clinical results population

Four patients were recruited and underwent personalized computational model development and prediction of left atrial flutter circuits before the procedure. Maps from the first three cases showed a single stable flutter path which was also predicted by the computational model. As shown in Table 2, the computational model also predicted additional pathways that could sustain a flutter. In case four only two of the three clinically observed flutters were predicted by the model.


TABLE 2    Simulation and clinical summary.

[image: Table 2]

Specifically, in case one the model predicted a flutter circuit around the right superior pulmonary vein (RSPV) (Figure 1), which matched the clinical observation. The critical circuit included a slow conduction region that, when ablated (between the RSPV and right interior pulmonary vein), terminated the flutter.


[image: image]

FIGURE 1
Summary of simulated and measured flutter circuits in four subjects. The left-hand panel contains a sequence of five simulated maps of transmembrane potential throughout a single re-entry cycle for each of the four cases. The sixth column shows the geometric model with scar and fibrosis, as obtained from LGE-MRI. The rightmost column contains the activation maps measured from each case.


In the second case, the model showed reentry arising from an incomplete RSPV isolation line, leading to a figure of eight patterns (Figure 1). Mapping during sinus rhythm confirmed slow conduction in the posterior wall and the flutter circuit was induced on Isuprel and terminated with ablation.

In the third case, the simulation and clinical observations did not match at first (Figure 2). The measured activation map showed a slow conduction region inferior to the left interior pulmonary vein (LIPV) (Figures 2A,B). However, ablation there did not terminate, or even change the flutter cycle length or activation pattern. The simulation suggested a different circuit with a critical isthmus on the posterior wall of the LA (Figure 2C). Subsequent ablation of this region terminated the flutter successfully (Figure 2D).


[image: image]

FIGURE 2
Examples in which the simulations were more accurate in predicting flutter circuits than high-density mapping. (A) Contains the pre-ablation activation map and (B) the associated bipolar voltage maps of the flutter. (C) Shows the simulated flutter with an isthmus on the posterior wall. (D) Shows a post-ablation map labeled with the initial (pink spheres), failed first ablation site, and the subsequent (red spheres), successful site of ablation.


In the last case, there was no stable circuit. The patient presented in sinus rhythm and attempts to induce flutter during the mapping procedure resulted in three non-sustained or self-terminating flutter circuits. One such circuit spread around the mitral valve and was also predicted from the simulation (Figure 1). A second circuit on the anterior wall in the form of a figure-of-eight pattern was predicted and found clinically. The third circuit found during mapping was a rotor on the posterior wall below the LIPV, which the simulations failed to confirm.




Discussion

We present the development of new personalized computational models based entirely on LGE-MRI to determine anatomy and substrate information that prospectively predict left atrial flutter circuits, including the critical isthmus. In one example, the model prediction was even more accurate than the high-density activation map of the flutter. This was likely because of the extensive regions of scar presenting with very low voltage, making it difficult to correctly identify the local activation time, a common problem when dealing with ALAF.

Our model in general predicted more potential flutter circuits than those observed clinically. These additional circuits reveal themselves in response to multiple pacing sites and could be latent circuits that become clinically significant at a later time. The support for this interpretation comes from cases in patients who show new circuits after initial ALAF ablation. We will monitor the patients in this study for recurrence from such new circuits and compare them to those predicted by the simulations. It is also possible that some of these predicted additional circuits arose from inaccuracies in the scar determination or modeling of ionic currents. Despite these limitations, the results are very promising and underscore the potential benefits of exploring possible sustained circuits prospectively.

Scar in the left atrium is an essential part of ALAF and therefore it is essential for the personalized model of ALAF. We have shown for the first time in this setting that scar information is available from modern MRI with sufficient precision to enable accurate predictions of reentrant ALAF patterns.
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Background: Pulmonary vein antrum isolation (PVAI) is the cornerstone of atrial fibrillation (AF) ablation, but the clinical outcomes of PVAI are unsatisfactory in patients with persistent AF and a large left atrium (LA).

Objectives: We investigated the clinical outcomes following radiofrequency ablation (RFCA), cryoballoon ablation (CBA), and thoracoscopic maze in patients with persistent AF and a large LA.

Methods: We included patients with consecutive persistent AF who had a large LA (LA diameter >50 mm) and underwent RFCA, CBA, or thoracoscopic maze surgery. In the RFCA group, additional linear ablation was performed at the physician’s discretion. The endpoint was 12 months without recurrence of an atrial arrhythmia, including AF, atrial flutter, and atrial tachycardia, following a 90-day blanking period.

Results: We recruited 89 persistent AF patients with a large LA who underwent RFCA (n = 32), CBA (n = 38), or the thoracoscopic maze procedure (n = 19). During the 12-month follow-up, 48 (53.9%) cases of AF recurrence were observed. There was no prognostic difference between groups (50.0% in RFCA vs. 52.6% in CBA vs. 63.2% in thoracoscopic maze, all P > 0.05). Early recurrence during the blanking period was a significant predictor of late recurrence for RFCA and CBA, but not for the thoracoscopic maze.

Conclusion: In persistent AF patients with a large LA, we did not find a prognostic difference RFCA, CBA, or a thoracoscopic maze procedure in recurrence of atrial arrhythmia. Early recurrence predicted late recurrence in catheter ablation, but not in thoracoscopic maze.
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atrial fibrillation, enlarged left atrium, radiofrequency catheter ablation, cryoablation, thoracoscopic maze, recurrence


Introduction

Atrial fibrillation (AF) is the most common clinical arrhythmia and is associated with substantial morbidity and mortality rates worldwide (1, 2). Due to the associated disease burden, various attempts have been made to improve the prognosis for patients with AF. During the past decade, the clinical outcomes following interventional treatment of AF have improved. Catheter ablation is now considered a well-established treatment for AF management, and pulmonary vein antrum isolation (PVAI) with catheter ablation has become the cornerstone approach to AF ablation (3–5). Radiofrequency catheter ablation (RFCA) can produce superior sinus rhythm maintenance rates over those of anti-arrhythmic drug medications (6, 7). Based on the beneficial effects of catheter ablation, the current guidelines recommend such when rhythm control is selected for long-term management of patients with AF (4).

In recent randomized trials, cryoballoon ablation (CBA) showed similar outcomes to those of RFCA in managing patients with AF; arrhythmia-free survival and complication rates were comparable between the two energy sources (8–10). In addition, the thoracoscopic maze procedure has been shown to have a lower recurrence rate of AF than that of RFCA (11), but with higher complication rates and longer hospitalizations (12, 13). However, previous studies that investigated the favorable outcomes of these ablation strategies mainly included patients with paroxysmal AF (8, 9, 14, 15), those with persistent AF without long-standing AF (>1 year) (7, 16), or AF patients with a limited size of the left atrium (LA) (7–9). Indeed, the clinical outcomes of PVAI in chronic AF patients with a large LA are unsatisfactory and less available (17, 18). Therefore, it remains unclear which interventional strategy would be preferred for managing persistent AF patients with a large LA (4, 5).

Therefore, we sought to investigate the clinical outcomes of interventional approaches to rhythm control, including RFCA, CBA, and the thoracoscopic maze procedure, in patients with long-persistent AF with a large LA.



Materials and methods


Study population and data collection

We screened patients with persistent AF who had a large LA (left atrial diameter >50 mm) and underwent RFCA, CBA, or thoracoscopic maze surgery. We excluded those with a previous history of AF ablation. We enrolled patients with RFCA and CBA between April 2019 and May 2020 as CBA was first introduced and has been performed to Seoul National University Hospital since 2019. Patients with previous atrial flutter were treated with RFCA instead of CBA for cavotricuspid isthmus (CTI) ablation. As only five patients underwent thoracoscopic maze surgery during this period, patients undergoing the thoracoscopic maze procedure were recruited between August 2016 and May 2020. Baseline characteristics, including demographic data, underlying diseases, echocardiographic data, and medication history, were retrieved from electronic medical records. Echocardiographic assessments were performed within 1 month preceding the interventional treatment. This study was conducted in accordance with the Declaration of Helsinki and was approved by the institutional review board of Seoul National University Hospital (IRB No. H-2108-190-1248).



Ablation procedures

RFCA was performed using available irrigation catheters from the Navistar Thermocool SF/Thermocool Smart Touch (Biosense Webster). Electroanatomical maps of the atria and pulmonary veins were created via three-dimensional mapping with the CARTO−3 (Biosense Webster). All patients initially underwent circumferential PVAI. An additional bidirectional block of the CTI was performed if the patient had a previous history of atrial flutter. Additionally, a roof line, posteroinferior line, mitral isthmus line, and/or anterior line were also performed at the discretion of the electrophysiologist. The targeted ablation index was previously reported elsewhere (19, 20). The point-by-point RFCA applications were delivered using the power-controlled mode with 30–40 W (irrigation flow up to 15 mL/min) at the anterior/roof segments and 25–30 W (irrigation flow up to 8 mL/min) at the posterior/inferior/carina segments. Briefly, RF energy was delivered until an AI of ≥450 was attained at the anterior/roof segments, and an AI of ≥350 was attained at the posterior/inferior/carina segments. The targeted catheter force was between 5 and 20 g. Each annotation point was presented according to the ablation index as a lesion tag size of 2 mm (radius 2 mm ball), and the maximal interlesion distance between neighboring lesions was ≤4 mm. If the catheter dislocated before reaching the target AI, a new RF ablation was applied to reach the ablation index target.

CBA was performed for PVAI using the Arctic Front Advance Catheter (Medtronic) and Achieve Mapping catheter (Medtronic). During CBA, superior vena cava (SVC) pacing was performed to detect phrenic nerve injury during right-sided PVAI. Optimal PV occlusion was confirmed by contrast media injection through the catheter. Then, PVAI was performed by freezing each PV antrum upto 240 s. If PVAI was not achieved during 90 s of CBA, we terminated the freeze and repositioned the catheter for an optimal PV occlusion. After the CBA, we confirmed the entrance and exit block of the PV with a Achieve Mapping catheter.

Thoracoscopic maze surgery was performed using a bilateral thoracoscopic approach as previously described (21, 22). Briefly, the procedure was performed under general anesthesia. In addition to PVAI, LA lines, including both superior and inferior lines, were created, and the ligament of Marshall was divided. The ganglionated plexus was ablated, and the left atrial appendage was removed or obliterated—a selectively performed ablation of the trigone (aortic root line) and line from the SVC to the IVC. In the RFCA group and CBA group, left atrial appendage occlusion was not performed.



Clinical outcomes and variables

The endpoint of this study was late recurrence of atrial arrhythmia during the 12-month follow-up. Late recurrence was defined as a ≥30-s recurrence of atrial arrhythmia, including AF, atrial flutter, and atrial tachycardia following a 90-day blanking period. Atrial arrhythmia during the blanking period was defined as early recurrence and was not considered an endpoint. Patients were managed according to the standard of care based on clinical guidelines (4, 5). If AF persisted after ablation, internal or external electrical cardioversion was performed. When atrial arrhythmia occurred during the blanking period, cardioversion was performed. To detect recurrence of atrial arrhythmia, follow-up visits were arranged after the blanking period from 3, 6, 9, and 12 months. A 12-lead electrocardiogram was performed at each follow-up visit, and a 24-h Holter monitoring was performed at 3- and 12-month visits. Patients were prescribed anti-arrhythmic drug medications after the interventional rhythm control according to the physician’s discretion. For safety outcomes, we collected data on procedure-related complications including steam pop, major bleeding requiring intervention, atrial-esophageal fistula, phrenic nerve palsy, cardiac tamponade, thromboembolic events, complications that require unplanned intervention, and deaths up to 12 months. Thromboembolic events include stroke, TIA and other thromboembolic events. Vascular events are defined as prior myocardial infarction, peripheral artery disease and aortic plaque (23).



Statistical analysis

Categorical variables were presented as numbers and frequencies, and continuous variables were expressed as mean ± standard deviation or median with interquartile ranges. For comparison between groups, the chi-square test (or Fisher’s exact test when any expected cell count was <5 for a 2 × 2 table) was used for categorical variables, and the unpaired Student’s t-test for continuous variables. The chronological trend of outcomes was expressed in Kaplan–Meier estimates and compared to that of the interventional treatment. The log-rank test was performed to compare the differences in clinical outcomes between the two groups. The Cox proportional hazard regression model was used to determine prognostic significance of each variable for RFCA, CBA, and thoracoscopic maze surgery. Two-sided P-values <0.05 were considered statistically significant. Statistical tests were performed using IBM SPSS statistics version 25 (SPSS Inc., Chicago, IL, USA).




Results


Baseline characteristics of the study population

We included 89 persistent AF patients with a large LA (left atrial diameter >50 mm) in this study; 32 (36.0%) patients underwent RFCA, 38 (42.7%) underwent cryoablation, and 19 (21.3%) underwent the thoracoscopic maze procedure during the recruitment period. The mean age was 63.5 ± 6.8 years, 79.8% were male, 16.9% had heart failure, 69.7% had hypertension, and 21.3% had diabetes mellitus. Among the study population, 70.8% had a history of direct current cardioversion for rhythm control. Before ablation, patients were diagnosed with AF for 4.2 ± 3.7 years (median 2.7 years with interquartile range 1.3–5.9 years).

The baseline characteristics of the study population are presented in Table 1. Patients who underwent RFCA or CBA had a more frequent history of diabetes mellitus than those who underwent the thoracoscopic maze surgery (28.1 vs. 26.3 vs. 0.0%, P = 0.037). Consequently, patients who underwent the thoracoscopic maze procedure had a more frequent history of thromboembolic events (3.1 vs. 0.0 vs. 15.8%, P = 0.023), and larger LA size (54.5 ± 3.7 mm vs. 53.8 ± 2.4 mm vs. 58.1 ± 4.8 mm for RFCA, CBA, and thoracoscopic maze, P < 0.001). There was no statistically significant difference in the prevalence of heart failure and hypertension across the treatment groups. At 3-month visits and 12-month visits, the 24-hour Holter monitoring was performed equivalently across the treatment groups (P = 0.822 and P = 0.670, respectively).


TABLE 1    Baseline characteristics of PeAF patients with large LA.
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Clinical outcomes according to treatment strategy

During the blanking period, patients who underwent the thoracoscopic maze procedure had higher early recurrence rates during the blanking period (50.0 vs. 55.3 vs. 89.5% for RFCA, CBA, and thoracoscopic maze, P = 0.014). During the 12-month follow-up, 48 (53.9%) cases of late recurrence were observed. As shown in Supplementary Table 1, no statistical difference was observed between those with and without late recurrence in terms of age, sex, and previous history of heart failure, hypertension, diabetes mellitus, thromboembolic events, and CHA2DS2-VASc score. In contrast, patients with late recurrence showed higher left ventricular ejection fraction levels and early recurrence rate during the blanking period than those without late recurrence. Supplementary Table 2 shows the use of anti-arrhythmic drugs in 48 patients with late recurrence at the time of recurrence. Among patients with late recurrence, nine patients underwent redo procedures (three patients in the CBA group, three patients in RFCA group, and three patients in the thoracoscopic maze surgery group) during the 12-month follow-up. These patients were all treated with redo RFCA. Among these nine patients, PV reconnection was observed in eight subjects. Additional ablation to PVAI was performed in seven patients (LA roof line in six patients, posteroinferior line in two patients, CTI in two patients, and within the posterior wall in three patients), and six patients experienced a recurrence of AF within 12 months after redo RFCA.

Kaplan-Meier recurrence free survival curves for each ablation strategy are presented in Figure 1. There were no prognostic differences between RFCA and CBA (late recurrence rates 50.0 vs. 52.6%, Log-rank P = 0.568), between RFCA and thoracoscopic maze (late recurrence rates 50.0 vs. 63.2%, log-rank P = 0.244), and between CBA and thoracoscopic maze (late recurrence rates 52.6 vs. 63.2%, log-rank P = 0.521). After adjusting for age and LA diameter, there was still no prognostic difference across ablation strategies (between RFCA and CBA, P = 0.566, between RFCA and thoracoscopic maze, P = 0.402, and between CBA and thoracoscopic maze, P = 0.933).
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FIGURE 1
Clinical outcomes according to each treatment strategy. The Kaplan-Meier survival curves for freedom from 12-month late recurrence in patients treated with RFCA, those with CBA, and those treated with thoracoscopic maze surgery are presented. CBA, cryoballoon ablation; RFCA, radiofrequency catheter ablation.


We further stratified patients with RFCA into PVAI only (n = 17) vs. PVAI with additional ablation (n = 15). CTI ablation was the most frequently performed extra-ablation (12/15). Detailed information on additional ablation is presented in Supplementary Table 3. In brief, ablation of the CTI was most frequently performed (12/15, 80%), and LA roof line (5/15, 33.3%), LA inferior line (2/15, 13.3%), and other ablations were also performed according to the electrophysiologist’s decision. Patients with RFCA PVAI with additional ablation had similar baseline characteristics, except for male preponderance, decreased history of hypertension, and lower CHA2DS2-VASc scores (Supplementary Table 4). Supplementary Figure 1A shows chronological trends of AF recurrence when patients were stratified with those RFCA PVAI with additional ablation, patients with PVAI only (RFCA or CBA), and patients with thoracoscopic maze surgery. Baseline characteristics and clinical outcomes when patients were stratified into RFCA PVAI, RFCA PVAI with additional ablation, CBA, and thoracoscopic maze surgery are presented in the Supplementary Figure 1B. Among included, one patient treated with thoracoscopic maze surgery was suffered from thromboembolic stroke 1-month after operation and died.

When patients were stratified according to the use of any anti-arrhythmic drug medications or according to the use of class Ic drugs and class III drugs, no prognostic difference was observed (Log-rank P = 0.301 and Log-rank P = 0.806, respectively).



Predictors for atrial fibrillation recurrence according to ablation strategies

We investigated parameters that could predict AF according to ablation strategies: age, sex, CHA2DS2-VASc score, years diagnosed with AF, LA diameter, and early recurrence (Table 2). For the RFCA group, early recurrence showed significant prognostic value (hazard ratio [HR] 4.698, 95% confidence interval [CI] 1.498–14.738, P = 0.008), while other factors did not. Similarly, early recurrence was predictive for late recurrence in the CBA group (HR 3.410, 95% CI 1.291–9.007, P = 0.013). However, neither early recurrence nor other factors showed significant predictive power in the thoracoscopic maze group. The proportion of patients diagnosed with early and late recurrence in each group is shown in Figure 2.


TABLE 2    Cox regression analyses to evaluate prognostic implication of each variable (univariate analysis for RFCA, CBA, and thoracoscopic maze).
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FIGURE 2
Association between early and late recurrence. The incidence of early recurrence and late recurrence in each treatment group [(A) CBA group, (B) RFCA group, and (C) Thoracoscopic Maze group] is demonstrated. CBA, cryoballoon ablation; RFCA, radiofrequency catheter ablation.





Discussion

The main findings of our study were as follows: (1) among patients with persistent AF and a large LA, more than half experienced late recurrence after ablation during the 12-month follow up; (2) rhythm control intervention strategies, including RFCA, CBA, and the thoracoscopic maze procedure, did not show a significant difference in AF recurrence; (3) early recurrence was a significant predictor of late recurrence in patients who underwent RFCA or CBA, but not in those treated with the maze procedure.

For patients with persistent AF, extra-ablation in addition to PVAI has been shown to achieve better clinical benefits from RFCA (24, 25). In patients who were previously diagnosed with CTI-dependent atrial flutter, CTI ablation can prevent atrial flutter (24, 26). To decrease the risk of AF recurrence, linear ablation of the left atrium, ablation of complex fractionated electrograms, isolation of the SVC or left atrial appendage, ablation to non-pulmonary foci, etc., can be considered (25, 27–29). In the past decade, adding an extra-ablation to PVAI during the first ablation procedure has proven controversial (30, 31). Notably, the Substrate and Trigger Ablation for Reduction of Atrial Fibrillation Trial Part II (STAR AF II) study showed that neither linear ablation nor ablation of complex fractionated electrograms reduced recurrence in patients with persistent AF (32). However, previous studies have mainly focused on persistent AF with a relatively small LA. The STAR AF II study and the Ablation at St. Georg Hospital for Long-Standing Persistent Atrial Fibrillation study (Alster-Lost-AF study) excluded patients with persistent AF who had a long history of AF or larger LA (31, 32). Another study also reported that LA posterior wall isolation, in addition to PVAI, did not improve outcomes compared to PVAI alone (30). While this study enrolled both paroxysmal and persistent AF patients, paroxysmal AF patients accounted for the majority (60%) of the study population. These studies also provided additional ablation to the standardized protocol after randomization. In contrast, recent studies have shown that individually tailored substrate modification, rather than additional standardized ablation, could provide a better prognosis (33, 34), which might explain the limited therapeutic efficacy of additional ablation in previous reports. Due to limited number of included subjects, whether tailored substrate modification could provide more benefits in patients with persistent AF and a large LA remains undetermined in this study.

CBA is another well-established interventional treatment for AF (4). Various studies based on real-world registries have suggested that CBA might be a safe, effective, and efficient treatment strategy for persistent AF (17, 35). However the trials showing that CBA could be applied in patients with persistent AF with similar results to those of RFCA were small, and additional randomized studies to verify the value of CBA in persistent AF are necessary (36). The maze procedure, a surgical approach to treating AF, has produced notable advances in the management of AF patients. Thoracoscopic maze surgery has generated remarkable therapeutic results (11), and reportedly can lower AF recurrence rates but has higher complication rates than those of catheter ablation (37, 38). Indeed, however, there is a paucity of data regarding treatment of patients with persistent AF, a long history and large LA size, who are prone to frequent AF recurrence. To answer this unanswered question, we explored the clinical outcomes of RFCA, CBA, and thoracoscopic maze surgery in patients with high recurrence risks.

AF recurrence is frequently observed during the first 3 months after ablation (39). Inflammation caused by catheter ablation has been suggested as a major cause of early recurrence. There is a consensus that AF recurrence during the blanking period is not a true AF recurrence (4). Despite the concept of a blanking period, however, early recurrence has proven to be predictive of late recurrence of AF (39, 40). In this study, the risks of late recurrence were equivalently observed across the RFCA, CBA, and thoracoscopic maze treatment groups, whereas the risk of early recurrence was significantly higher in the thoracoscopic maze group. Furthermore, early recurrence was a significant predictor of late recurrence in the RFCA and CBA groups, but not in the thoracoscopic maze groups. This suggests that the transient inflammatory status of LA after RFCA or CBA might be different from that of LA after thoracoscopic maze. Authors acknowledge that careful consideration should be demanded as thoracoscopic maze group was prescribed with class III anti-arrhythmic agents more frequently.

This study provided important clinical information. In spite of robust evidences for benefits of interventional rhythm control strategies, there is a paucity of data regarding outcomes in patients with persistent AF and a large LA. In this study, we included patients with persistent AF and a larger LA, who have rarely been included in previous reports. We also analyzed and compared the therapeutic efficacy of RFCA, CBA, and thoracoscopic maze surgery during the concurrent period. We found that persistent AF patients with a larger LA received similar benefits from RFCA, CBA, and thoracoscopic maze. This finding does not negate the need for clinicians to focus on ablation strategies. In contrast, we suggest that treatment strategies should be carefully adapted according to each patient’s clinical characteristics.

This study has several limitations. This was a retrospective cohort study with a small number of patients, hence, larger, prospective studies are warranted to validate our findings. Accordingly, limited statistical power was found in this manuscript (power = 0.50, alpha = 0.05, and two-sided design). Indeed, we only analyzed 19 patients who underwent thoracoscopic maze surgery with a longer inclusion period. The authors acknowledge that there is a possibility of unmeasured confounding variables and biases and that the statistical power was limited. For example, proportion of patients taking class III anti-arrhythmic agents was different across groups, and careful consideration should be demanded. However, this study suggests the necessity of further studies regarding long-persistent AF patients with a large LA; a larger prospective cohort or a randomized trial is required to verify our results with substantial statistical power. Second, the subjects included in this study were limited to East Asian patients; extrapolation to other ethnicities needs further investigation.



Conclusion

RFCA, CBA, or the thoracoscopic maze procedure did not find a prognostic difference among patients with persistent AF and a large LA. Early recurrence predicted late recurrence in patients treated with catheter ablation, but not in those treated with thoracoscopic maze.
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Introduction: Anatomical variations and characteristics of the left atrium (LA) may have a previously undescribed effect on source locations in atrial fibrillation (AF). This is the first study aiming to investigate the relationship between anatomical characteristics of the LA and non-PV sources detected by electrographic flow (EGF) mapping in patients with persistent AF.

Materials and methods: We analyzed cardiac computed tomography (CT) and EGF mapping data in patients who underwent radiofrequency catheter ablation (CA). EGF mapping is a novel method based on Horn–Schunk flow estimation algorithm, used to estimate cardiac action potential flow in the atria that can detect AF sources in patients with persistent AF. By analyzing EGF maps obtained during CA procedures, we localized non-PV sources in the LA.

Results: Thirty patients were included in this study (mean age 62.4 ± 6.8 years). Ten patients had AF sources near the LA ridge, while twenty patients had no leading source (source activity > 26%) near the LA ridge. LA anatomical characteristics, left atrial appendage (LAA) length, and ostial diameter showed no correlation with the presence of a leading source. We documented 19 patients with abutting LAA and left superior pulmonary vein (LSPV) (distance < 2 mm), and 11 patients with non-abutting LAA–LSPV (distance > 2 mm). Three out of 19 patients presented with a leading source near ridge in the abutting LAA–LSPV group, while 7 out of 11 patients presented with a leading source near the ridge in the non-abutting LAA-LSPV group (p = 0.01).

Conclusion: Our data suggests that non-abutting LAA-LSPV is associated with the presence of AF sources near the LA ridge.
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Introduction

Pulmonary vein isolation (PVI) provides a highly effective treatment option for patients with paroxysmal atrial fibrillation (PAF) (1). However, patients with persistent atrial fibrillation (AF) or long-standing persistent AF remain a challenging group to treat with PVI, owing to the long duration of the arrhythmia and pathophysiologic complexity that may include multiple triggers and abnormal substrate (2, 3). Long-term success rates after catheter ablation (CA) in persistent AF are significantly lower than in paroxysmal AF (2). This may be attributable to deficiencies in our understanding of underlying mechanisms of extra pulmonary vein (PV) sources. Research to date has not yet determined the exact relation of atrial substrate outside the PVs to the left atrial (LA) and right atrial (RA) anatomy. Previous studies show that the left atrial appendage (LAA) can represent a trigger site of AF, and may be responsible for arrhythmia recurrences in 27% of patients scheduled for redo CA (4). It has also been demonstrated that LAA isolation in addition to PVI may improve long-term outcomes in patients with persistent AF compared with the targeting PV alone strategy (5, 6). Anatomical variations of the LA may have an effect on source location in AF as in the case of paroxysmal AF patients. Electrographic flow (EGF) mapping is an innovative technique using computer vision and optical flow algorithm to estimate cardiac action potential flow in the atria and detect AF sources.

The aim of this study is to explore the relation of extra PV sources to atrial anatomy in patients with persistent AF. We hypothesized that the characteristics and anatomical variations of LAA might correlate with active sources detected by EGF mapping in the LA, and it might predispose patients to a higher chance of AF recurrence.



Materials and methods


Study population

We analyzed cardiac computed tomography (CT) and EGF mapping data in patients who underwent de novo and redo radiofrequency CA for persistent AF at the Erasmus Medical Center, Rotterdam, Netherlands, between October of 2018 and March of 2021. In this study, a pre-procedural cardiac CT was performed in all included patients for in-depth assessment of LA anatomy. We collected demographic, anthropometric, clinical, and procedural data from all patients using the electronic health records and analyzed them in accordance with the hospital institutional review board policies (MEC-2019-0023). All subjects gave informed consent.



Cardiac computed tomography imaging

Our standard scan acquisition protocol consists of a high-pitch acquisition in the arterial phase covering at least the LA and a delayed phase high-pitch acquisition of at least the LAA. CT angiography examinations were performed with a 384-slice scanner (SIEMENS SOMATOM Force, Siemens Healthlineers) with prospective electrocardiogram (ECG)-triggered axial acquisition mode. For cardiac CT, 80–100 kV with 200–300°mAs tube current was used based on patient anthropometrics. Image acquisition was performed with 2 mm × 192 mm × 0.6 mm detector collimation and 0.25 s gantry rotation time. Heart rate control medication was not routinely administered prior to scanning. Contrast material was injected with a flow rate of 4.5–5.5 ml/s through antecubital vein access via 18-gauge peripheral IV using a four-phasic protocol. Bolus tracking in the LA was used to obtain the proper scan timing. CT datasets were reconstructed with 0.6-mm slice thickness with 0.4 mm increments. We examined LAA morphology classification, the approximate LAA length, diameters of the LAA ostium (axial, coronal, and sagittal plane), LAA shape, and relationship of the LAA to the left superior pulmonary vein (LSPV). The spatial relationship between LAA and LSPV was determined using two-dimensional axial CT images. Abutting LAA–LSPV was defined as cases when the LSPV touched the posterior aspect of LAA, and the maximal distance between the two structures was less than 2 mm (Figure 1A). Those cases where the distance between LAA and LSPV was more than 2 mm were defined as non-abutting LAA-LSPV (Figure 1B). CT scans were examined, and measurements were made by two-blinded observers (NS and JS).
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FIGURE 1
Defining abutting and non-abutting left atrial appendage–left superior pulmonary vein (LAA-LSPV). (A) Two examples of cardiac computed tomography (CT) scans from patients with abutting LAA (written in black) and LSPV (written in red). The measured distance between LAA and LSPV in these cases was less than 2 mm. (B) Two examples of CT scans from patients with persistent atrial fibrillation showing different trajectory of non-abutting LAA and LSPV. The measured distance between these two structures was more than 2 mm in both patients.




Electrophysiology procedure and catheter ablation

Antiarrhythmic drug therapy was not interrupted for patients prior to CA procedures. A decapolar catheter was advanced into the coronary sinus (CS), and AF was induced with decremental atrial burst pacing in all cases if the patient arrived in the electrophysiology lab in sinus rhythm. To reach activated clotting time (ACT) > 300 s before the introduction of the basket catheter, intravenous heparin was administered for every patient. Sustained AF of more than 5-min duration was recorded using a 64-pole basket catheter (FIRMap, Abbott, Abbott Park, IL, USA), which was introduced through an 8.5 Fr SL1 sheath in the RA and later in the LA. In redo cases, isolation of the PVs was checked and re-PVI was completed whenever necessary. The basket catheter was introduced into the LA and EGF mapping was performed. Using the EGF mapping software (Ablamap®, Ablacon, Inc., Wheat Ridge, CO, USA), clinically relevant active AF sources above the threshold (see below) were identified and then ablated using a 3.5 mm irrigated-tip catheter (Navistar® RMT ThermoCool®, Biosense Webster, Irvine, CA, USA). Radiofrequency energy was applied with the following power settings: 25–50 W, temperature limit 43°C, flow rate 17–30 ml/min, using the Stereotaxis remote magnetic navigation system (Stereotaxis, St. Louis, MO, USA). In some cases, an extensive ablation at the LAA level was necessary.



Electrographic flow mapping

The EGF mapping is a novel method used to estimate cardiac action potential flow in the atria that can detect AF sources in patients with persistent AF. EGF maps are generated from unipolar EGMs recorded from a 64-electrode basket catheter over 1 min. The software pre-processes these unipolar electrograms to remove far-field artifacts and normalizes the signals before they undergo flow analysis. The electrical potential profile between the electrode positions at a given point in time is estimated using Green’s algorithm assuming micro-electro-neutrality and undisturbed spreading of electrical fields. Using Horn-Schunk flow estimation, these Green’s interpolation frames taken every 19 ms are assembled to determine the spatial voltage gradient compared with the temporal voltage gradients derived from each two subsequent frames. The flow vector fields generated by the Horn–Schunk algorithm are analyzed to identify singularities where the flow vector angles around a point cover 360 degrees. These singularities are then evaluated for the divergence of the flow vector patterns to determine whether the singularity represents an active (divergent or centrifugal flow vectors) or passive (convergent or centripetal flow vectors) source. Because these origins of electrographic flow often occur repeatedly despite the stochastic variability of the flow fields in AF, this repetitive behavior can be integrated over time and is displayed in the EGF summary map. On EGF summary maps active sources appear redder the higher their rate of detection or prevalence and bluer the lower their prevalence. Correspondingly, passive rotors appear whiter the higher their prevalence and grayer the lower their prevalence. The radius of the source depends on the velocity detected around the singularity. The percentage of time a source can be detected at its highest intensity in a 19 ms segment is defined as source activity. Variability of the leading source is determined as the percentage of the surface of the total recording area in electrode distance units necessary to cover 80% of the source activity.

Patients with individual stable sources with a source activity above threshold (leading source > 26%) were classified as having an S-Type EGF signature with source-dependent AF. Patients with no stable active source pattern and no leading source with a source activity above threshold were characterized having a C-Type EGF signature consistent with source-independent AF. The classification of patient EGF signatures into S-Type and C-Type has been previously published (7). EGF source parameters were compared between subgroups of de novo and redo-PVI patients.



Follow-up

Routine follow-up visits were scheduled at the outpatient clinic of our department for all patients 3, 6, and 12 months after the procedures. A total of 24-h Holter recordings were employed during these visits for documentation of recurrent arrhythmias. For long-term follow-up, patient records were analyzed. We compared echocardiography data between patients with AF recurrence and no AF recurrence, and between patients with AT recurrence and no AT recurrence. Outcome data were compared between subgroups of de novo and redo-PVI patients.



Statistical analysis

Continuous variables are expressed as mean ± SD or median and quartiles. Categorical data are shown as percentages. We used the independent-samples T test and Pearson chi-Square to compare data between our groups. To measure inter-observer reliability, we used Cohen’s original Kappa analysis. Statistical analysis was performed using SPSS Statistics for Windows, Version 25.0.




Results


Demographic and baseline clinical data

Thirty patients were included in this study (mean age 62.3 ± 6.7 years). Three patients had concomitant atrial tachycardia/atrial flutter. In 23 patients, we found an S-Type EGF signature (77%), and in seven patients, we found a C-Type EGF signature (23%). We identified 10 patients with leading AF source near the LA ridge (structure between the left pulmonary veins ostia and the orifice of the LAA). The remaining 20 patients did not have a leading LA source near the ridge; six patients had a source at the LA roof; four patients had a source originating from the RA; two patients had a source in the septum; and two patients had a source originating inside the LAA. In five patients, we found an AF source localizing to the following areas: anterior wall, below LIPV, posterior wall, septum, near RSPV, and the infero-posterior wall. In one patient, we found no active AF source. Based on the EGF results, we created two patient groups: (1) patients with leading LA source near the ridge (n = 10); and (2) patients with no leading LA source near ridge (n = 20). Baseline patient demographics are summarized in Table 1. Catheter ablation was performed in 29 patients. Procedural data are summarized in Table 2. We further created two subgroups of patients: (a) patients who underwent prior PVI (n = 18), and (b) patients without prior PVI (n = 12). In subgroup (a), 13 patients (72.2%) had leading source near the LAA ridge; in subgroup (b), eight patients (66.6%) had leading source near the ridge (p = 0.46). In subgroup (a), 15 patients (83.3%) had an S-Type EGF signature; in subgroup (b), eight patients (66.6%) had S-Type EGF signature (p = 0.39).


TABLE 1    Demographic and main clinical data.

[image: Table 1]


TABLE 2    Procedural data.
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Morphological and electrographic flow data

The mean LAA length from the ostial plane to the LAA apex (primary lobe) was 42.1 ± 9.2 mm. Diameters of the LAA ostium measured in the axial, coronal and sagittal planes were 21.4 ± 4.3, 20.2 ± 2.7, and 20.0 ± 3.8 mm. There was no correlation found between LAA dimensions and leading AF sources near the ridge (p = 0.80). We identified four patients (13.3%) with chicken wing LAA shape, 22 patients (73.3%) with windsock, two patients (6.7%) with cauliflower, and two patients (6.7%) with cactus-shaped LAA. There was no correlation found between LAA shape and leading AF source near the ridge (p = 0.69). When analyzing the spatial relationship between LAA and LSPV, we identified 19 patients with abutting LAA-LSPV, and 11 patients with non-abutting LAA-LSPV. Three out of 19 patients presented with the leading AF source near the ridge in the abutting patient group, 7 out of 11 patients presented with the leading AF source near the ridge in the non-abutting patient group (p = 0.01) (Figure 2). In 24 patients, the leading source corresponded with the anatomical relation of LAA to LSPV on CT images described by our observers. LA data are summarized in Table 3 and EGF data are summarized in Table 4.
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FIGURE 2
Leading left atrium (LA) source near left atrial ridge. Chart representing the presence of leading source near left atrial ridge compared between abutting and non-abutting left atrial appendage–left superior pulmonary vein (LAA-LSPV) patient groups.



TABLE 3    Left atrium data.

[image: Table 3]


TABLE 4    Electrographic flow data.

[image: Table 4]

Regarding the classification of abutting vs. non-abutting LAA-LSPV, the inter-observer reliability calculated with Cohen’s Kappa test was 0.92, showing a high level of agreement between the two observers.



Follow-up data

Follow-up data show that 3 out of 30 patients presented with symptomatic AF recurrence during the 12-months follow-up period. All three patients had non-abutting LAA-LSPV and presented leading AF source near the ridge (AF recurrence in abutting vs. non-abutting LAA-LSPV patient group 0 vs. 3, p = 0.05). Patients with AF recurrence had larger LA diameters (56.7 vs. 46.2 mm, p = 0.01) and higher LAVI values (61.0 vs. 42.8 ml/m2, p = 0.01) than AF free patients. In subgroup (a), two patients (11.1%) had documented recurrence; and in subgroup (b), one patient (8.3%) had AF recurrence (p = 1.00). Six additional patients presented with atrial tachycardia during the 12-months follow-up period. In subgroup (a) four patients (22.2%), in subgroup (b) two patients (16.6%) had documented AT recurrence (p = 1.00). Comparing echocardiography data between the AT recurrence and AT free patient groups, we found that LAA ostium sagittal diameters were larger in the AT recurrence group (23.8 vs. 18.7 mm, p < 0.01). We found no differences in LAA length (43.7 ± 11.7 vs. 41.8 ± 9.0, p = 0.66), LA diameter (47.6 ± 3.5 vs. 48.1 ± 7.9, p = 0.89), LA volume (87.5 ± 29.2 vs. 96.5 ± 35.9, p = 0.66), LAVI (43.5 ± 14.8 vs. 47.9 ± 12.2, p = 0.63), and LVEF (50.0 ± 10.6 vs. 53.6 ± 7.9, p = 0.36) between AT recurrence and AT free patient groups. Two patients underwent a repeat procedure.




Discussion

This is the first study to evaluate the correlation between anatomical characteristics of the LA (including LAA) and the presence of extra-PV sources in patients with persistent AF. We found that LA characteristics and LAA dimensions do not correlate with the presence of extra PV sources; however, the spatial relationship between the LAA and LSPV showed a significant correlation with the presence of sources in the LA. In patients with a non-abutting LAA-LSPV, EGF maps showed frequent AF sources near the LA ridge.

There appears to be a ceiling of efficacy achieved with PVI-alone for the treatment of persistent AF and as such, extra PV sources like the LAA have been proposed to play a role in the initiation and maintenance of AF. Examining 987 consecutive patients undergoing redo-CA for AF, 71% of which were non-paroxysmal, Di Biase et al., found that 27% of patients with intact PVI had to fire from the LAA, and of these patients, in 8.7% of the LAA was the only apparent source of AF (4). In a study conducted by Hocini et al. it is demonstrated that the LAA is an important source of localized reentrant atrial tachycardias after unsuccessful AF ablations in patients with persistent AF (8). Consistent with the literature, this research found that the LAA does play a role in source localization in patients with persistent AF.

Due to the complex embryological development of the LA, LAA, and pulmonary veins, the LAA may represent a potential conduction zone for arrhythmogenesis. Douglas et al., described that the PV walls are surrounded by extra-pericardially differentiated myocardial cells that become incorporated into the LA myocardium along with the PVs (9). However, the LAA consists of both endocardial and myocardial layers without the PV wall component, creating a discontinuity of myocardium such that the LAA may initiate AF similar to the PVs (9).

Small clinical studies have been published associating the morphological structure of the LAA with AF recurrence after radiofrequency ablation and cryoablation (10–14). A more recently published study evaluated the anatomical relationship between LAA and LSPV in paroxysmal AF patients in a large cohort. It was shown that the spatial relationship of the LAA and LSPV has an impact on the efficacy of AF ablation (15, 16). Our current findings put previous data into perspective. Although our study was powered as a morphology study and for outcome it is underpowered, it is still surprising to appreciate the difference in AF recurrences during the 12 months follow-up period. The number of recurrences in patients presenting leading AF source near ridge vs. in patients with no leading AF source near ridge is different, suggesting that recurrences appear more likely in patients with non-abutting LAA-LSPV, with larger LA diameters, and higher LAVI values. Interestingly enough, we also found that AT recurrences are more frequently observed in patients with larger LAA ostial sagittal diameter. Based on this, we hypothesize that LA anatomical variations do play a role in AF source localization and also in arrhythmia recurrence.

There are several approaches based on phase mapping and activation mapping used for the identification of AF sources (17). However, software algorithms based on phase and/or activation mapping suffer significant technical limitations, such as poor spatiotemporal resolution, lack of map reproducibility over time, creation of false positives and epiphenomena, and the inability to differentiate between active and passive AF sources (18, 19). Modern mapping systems with ultra-high density mapping tools offer other possible approaches, such as stochastic trajectory analysis of ranked signals (STAR mapping), to guide AF ablation with promising initial results (20). These novel concepts contribute to the improvement of invasive electrophysiology procedures by shortening procedure times and decreasing fluoroscopy use. Utilizing all available technical possibilities and tailoring non-fluoroscopic imaging tools to the electrophysiology procedures, X-ray exposure can be minimized (21). The radiation dose and risk awareness during electrophysiology procedures is fundamental today in the risk-benefits assessment (22).

The EGF mapping is the first technology to discriminate between active and passive rotors during endocardial mapping (23). EGF mapping enables the spatial and temporal reconstruction of electrographic potentials derived from endocardial unipolar electrogram data (24). Source detection with EGF mapping uses an optical flow algorithm that provides better spatial resolution than the basket grid constant used to record the signals (Figure 3). The inter-procedural reproducibility and spatiotemporal stability of EGF maps and EGF-identified sources suggest that signal acquisition using a basket catheter is sufficient for the localization of AF sources (25). Its ability to classify AF as being source-dependent (S-type EGF signature) versus source-independent (C-type EGF signature) may be clinically useful for patient stratification and ablation strategy planning (7). Using this technology, non-PV sources (S-type signatures) can be detected and targeted with ablation to improve clinical outcomes.
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FIGURE 3
Merged computed tomography (CT) and electrographic flow (EGF) map reconstructions. Sources detected by the EGF software are projected on the CT surface to demonstrate the exact anatomical location within the cardiac chamber. (A) EGF map reconstruction shows electric flow emerging from the left inferior pulmonary vein (LIPV) (see white arrows). (B) EGF reconstructions identify an extra-PV source emerging from the ridge between left atrial appendage–left superior pulmonary vein (LAA-LSPV) (orange patch).


Our results demonstrate a trend toward less efficient CA procedures (longer procedures, more fluoroscopy, and RF applications) in patients with leading source near ridge. This can be explained by the necessity of more excessive ablation of AF sources identified in the ridge area.

The EGF mapping offers a new perspective in active source detection in persistent AF. With this technology, we are now able to identify and target extra-PV sources, which together with the standard PVI technique may result in improved ablation outcomes, particularly for patients with persistent AF. EGF mapping opens new possibilities in the assessment of unexplored correlations between extra-PV sources and LA characteristics. Although the BELIEF randomized study suggested that empirical electrical isolation of the LAA improved ablation outcomes for long-standing persistent AF patients, electrical isolation of the LAA poses a potential thromboembolic risk, requiring systemic anticoagulation (6). The identification of focal extra-PV sources of AF along the LA ridge may allow for targeted ablation of these triggers without the need for empiric LAA isolation. Further large-scale, prospective studies are required.


Study limitations

This was an exploratory study of patients who prospectively underwent EGF mapping and ablation of EGF-identified sources with a relatively small sample size and has important limitations. Although, this can be attributed to the fact that the above-mentioned technology is commercially not yet available. The use of a basket catheter to record intracardiac signals raises the possibility of non-uniform endocardial contact, basket spline deformation such as bunching and splaying, and incomplete atrial coverage that may affect the quality of signal acquisition. The most accurate follow-up includes loop recorder implantation for possible asymptomatic recurrence detection, quality of life evaluation, and long-term mortality and morbidity assessment (26). Although patients were followed clinically including ECG and Holter monitoring, asymptomatic AF recurrences may have been missed resulting in an underestimation of the overall recurrence rate during follow-up.



Future perspectives

Electrographic flow (EGF) is a novel technology especially designed to account for spatially incoherent arrhythmias like AF. Our center is one of the five centers in the EU where this technology is available. We strongly believe that if implemented in everyday clinical practice, this novel technology will help to better understand the underlying mechanisms of AF, and offer an optimal treatment option for patients suffering from persistent AF. As a future perspective, combining 3D CT images and EGF mapping data with VR (virtual reality) we would be able to achieve a better visual inspection of anatomy, and extra-PV source identification.




Conclusion

The presence of EGF-identified extra-PV sources near the LA ridge correlates with the anatomical relation of the LAA to the LSPV in patients with persistent AF.
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Aim: Advanced liver fibrosis is independently associated with new onset of atrial fibrillation (AF). Non-invasive liver fibrosis scores are considered an effective strategy for assessing liver fibrosis. This study aimed to investigate the association between advanced liver fibrosis and AF recurrence after ablation in patients with non-alcoholic fatty liver disease (NAFLD).

Materials and methods: A total of 345 AF patients with NAFLD who underwent de novo ablation between 2019 and 2020 at two large hospitals in China were included in this study. AF recurrence was defined as the occurrence of atrial arrhythmia for more than 30 s by electrocardiogram or 24 h Holter monitoring after the first 3 months of ablation. Predictive values of non-alcoholic fatty liver disease fibrosis score (NFS) and Fibrosis-4 (FIB-4) scores for AF burden and recurrence after ablation were assessed.

Results: At the 1 year follow-up after ablation, 38.8% of patients showed recurrence. Patients with recurrence who had higher FIB-4 and NFS scores were more likely to have persistent AF and a duration of AF ≥ 3 years. In Kaplan–Meier analysis, patients with intermediate and high NFS and FIB-4 risk categories had a higher risk of AF recurrence. Compared to patients with the low risk, intermediate and high NFS, and FIB-4 risk were independently associated with AF recurrence in multivariate Cox regression analysis (high risk: NFS, hazard ratio (HR): 3.11, 95% confidence interval (CI): 1.68∼5.76, p < 0.001; FIB-4, HR: 3.91, 95% CI: 2.19∼6.98, p < 0.001; intermediate risk: NFS, HR: 1.85, 95% CI: 1.10∼3.10, p = 0.020; FIB-4, HR: 2.08, 95% CI: 1.27∼3.41, p = 0.003).

Conclusion: NFS and FIB-4 scores for advanced liver fibrosis are associated with AF burden. Advanced liver fibrosis is independently associated with AF recurrence following ablation. Advanced liver fibrosis might be meaningful in risk classification for patients after AF ablation.
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atrial fibrillation, non-alcoholic fatty liver disease, liver fibrosis, radiofrequency ablation, recurrence


Introduction

Non-alcoholic fatty liver disease (NAFLD) has rapidly become the most common chronic liver disease, with a global prevalence of approximately 25% in adults (1). NAFLD is a multisystem disease affecting extrahepatic organs. NAFLD increases the risk of type 2 diabetes mellitus, cardiovascular disease, and chronic kidney disease. NAFLD is associated with an increased risk of cardiovascular disease/events (2), and most deaths among NAFLD patients are attributable to cardiovascular events (3). NAFLD is associated with about 2-fold greater incidence of atrial fibrillation (AF) among general individuals and about 6-fold greater incidence among populations with diabetes (4). NAFLD is also associated with an increased risk of AF in middle-aged and elderly subjects (5). The fatty liver index for advanced liver fibrosis shows a clear linear association between NAFLD and the risk of AF. NAFLD suggests a 2.1-fold risk of AF diagnosis, independent of other risk factors (6). Some risk factors linking AF and NAFLD have been shared, including insulin resistance, metabolic disorder, and inflammation (2).

Atrial fibrillation is the most common arrhythmia that has been increasing dramatically in the world. Catheter ablation is an effective approach for maintaining sinus rhythm, alleviating symptoms, and improving cardiovascular outcomes. Approximately 50% of patients develop recurrent arrhythmia within 5 years of ablation (7, 8). NAFLD is an independent risk factor for arrhythmia recurrence after AF ablation (9). Advanced liver fibrosis is associated with the incidence of AF in patients with NAFLD (10). To date, the association between liver fibrosis level and AF recurrence after radiofrequency catheter ablation (RFCA) has not been identified. This study aimed to investigate the relationship between AF recurrence after RFCA and advanced liver fibrosis, as determined using two non-invasive scoring systems in AF patients with NAFLD.



Materials and methods


Study design and populations

We conducted a retrospective study of AF patients admitted for RFCA from January 2019 to December 2020 to the First Affiliated Hospital of Zhengzhou University and China-Japan Friendship Hospital. The inclusion criteria were as follows: ➀ admitted to the hospital for the first RFCA treatment; ➁ diagnosed with NAFLD. The exclusion criteria were hypertrophic cardiomyopathy, advanced valvular heart disease, end-stage renal disease, and thyroid dysfunction. Patients who died or lost to follow-up were also excluded from the analysis. As the diagnostic accuracy of advanced fibrosis using the NAFLD fibrosis score (NFS) and Fibrosis-4 (FIB-4) was low in patients under 35 years, we excluded these patients (11).

The study protocol adhered to the principles of the Declaration of Helsinki and was approved by the local ethical review board. All enrolled patients provided written informed consent to participate in this study.



Clinical and laboratory data

The following data were collected for all patients: demographic parameters, comorbidities, echocardiography parameters, and medications on admission. Echocardiography parameters included the left ventricular end-diastolic diameter, left ventricular ejection fraction, E/A ratio, and left atrial diameter (LAD). We also collected the duration from AF diagnosis to ablation, type of AF, use of anti-arrhythmic drugs (AADs) before ablation, and use of anticoagulants within 3 months of ablation. Paroxysmal AF was defined as AF lasting for less than 7 days, and persistent AF was defined as AF lasting for more than 7 days. The duration of AF was calculated by the time from the date of initial symptom onset or first diagnosis of AF to the RFCA index date. The CHA2DS2-VASc score was calculated for each patient (12).



Diagnosis of non-alcoholic fatty liver disease and degree of liver fibrosis

The diagnosis of NAFLD was based on the following three criteria: non-excessive alcohol consumption, detection of hepatic steatosis by ultrasound, and appropriate exclusion of other liver diseases. In this study, any degree of liver fibrosis was classified as NAFLD without secondary causes based on the Asia-Pacific Working Group on NAFLD guidelines (11). A diagnosis of fatty liver was based on ultrasonography using a 3.5 MHz transducer (Philips, Cambridge MA, USA) before ablation. Ultrasonography was performed by two experienced radiologists who were unaware of the laboratory findings. A participant was considered to have excessive alcohol consumption if it is >140 g/week for males and >70 g/week for females (13).

We calculated two non-invasive liver fibrosis scores for each participant based on the parameters collected before ablation. The liver fibrosis score was calculated by the following formula: FIB-4 = aspartate transaminase (AST, IU/L) × age (years)/[alanine aminotransferase (ALT, IU/L)1/2 × platelet (× 109/L)], with cutoffs of 1.30 and 2.67 for low-, intermediate-, and high-risk categories, respectively. The cutoff value of advanced liver fibrosis at 2.67 was used as determined in the current study (14–16). NFS = 0.094 × body mass index (BMI, kg/m2) + 0.037 × age (years) + 0.99 × [AST (IU/L)/ALT (IU/L)] + 1.13 × hyperglycemia/diabetes (yes = 1, no = 0) − 0.66 × albumin (ALB, g/dL) − 0.013 × platelet count (× 109/L) − 1.675, with two cutoffs at − 1.455 and 0.676 for low-, intermediate-, and high-risk categories; the cutoff value of NFS was 0.676, which was defined as advanced liver fibrosis (14, 17, 18).



Ablation protocol

For all enrolled patients, non-vitamin K antagonist oral anticoagulant (NOAC) or warfarin with a target international normalized ratio between 2.0 and 3.0 was administered to the patients. The cardiac computed tomography angiography and transesophageal echocardiography before ablation were performed to rule out the possibility of an actual thrombus.

The RFCA procedure has been described previously (19, 20). In brief, the three-dimensional electroanatomic mapping system (CARTO, Johnson & Johnson Medical, Biosense Webster, Inc., Irvine, CA, USA) was used. Circumferential pulmonary vein isolation was performed for all patients. Linear ablation (including tricuspid isthmus line, mitral valve isthmus line, left atrial roof line) or an additional complex fractionated atrial electrogram-guided procedure were performed in selected patients, especially with persistent AF. Isolation of superior vena cava (SVC) was performed if induced tachycardia from SVC or the potential of SVC was active. If AF could not be terminated after ablation, sinus rhythm was restored by cardioversion. At the end of the procedure, circumferential pulmonary vein isolation and bidirectional block of the lines were verified, and if necessary, an additional touch-up operation was conducted.



Outcomes and follow-up at 1 year

Recurrent AF was defined as any atrial arrhythmia lasting for more than 30 s based on a 12-lead electrocardiogram or 24 h Holter monitoring after the 3 month blanking period during 1 year of follow-up. NOACs were reinitiated after ablation and continued for at least 3 months after ablation, and non-recurrent patients might not have used anticoagulants after 3 months of ablation. All patients were prescribed AADs for 3 months after ablation to prevent an early recurrence. Subsequent use of AADs was determined by the physicians and patients (16). Patients were scheduled for follow-up in the outpatient setting at 3 month intervals during the first year after RFCA. Patients who had any symptoms related to AF were asked to immediately complete an additional outpatient visit.



Statistical analysis

Continuous variables were compared among groups using the Student’s t-test or the Mann-Whitney test depending on whether the data were normally distributed. The data are described as the mean ± standard deviation (SD) or the median (Q1–Q3 quartiles). Categorical variables were compared between two groups by the χ2 test, and the results are presented as numbers (percentage). Multivariate Cox regression analyses were performed to investigate risk factors for AF recurrence. The hazard ratio (HR) is provided with a 95% confidence interval (CI). Variables with p < 0.10 in univariate analysis for AF recurrence were retained for multivariate Cox regression, including age, hypertension, persistent AF, duration of AF (≥3 years), LAD, BMI, CHA2DS2-VASc score, NFS, and FIB-4 risk categories for advanced liver fibrosis. However, variables in the score formula for advanced liver fibrosis were not together in the multivariate Cox analysis models, including age and FIB-4 or BMI and NFS. Model 1 included hypertension, duration of AF (≥3 years), persistent AF, LAD, CHA2DS2-VASc score, BMI, and FIB-4 risk categories; Model 2 included hypertension, duration of AF (≥3 years), persistent AF, LAD, CHA2DS2-VASc score, age, and NFS risk categories. The Kaplan–Meier method was used to analyze the AF-free survival rate after RFCA among groups and the log-rank test to assess statistical significance.

Further univariate analyses stratified by AF type were performed to identify the association between advanced liver fibrosis and recurrence of AF after ablation. Different models were used to evaluate the ability to predict AF recurrence. The predictive model of traditional risk was established by variables with p < 0.10 in univariate analysis except for NFS, and FIB-4 for AF recurrence, incorporated age, hypertension, persistent AF, duration of AF (≥3 years), LAD, BMI, and CHA2DS2-VASc score. For clinical models 5 and 6, we added FIB-4 risk categories and NFS risk categories to the traditional risk model, respectively. The discriminatory abilities of clinical models 5 and 6 were assessed by the reclassification performance of each using the area under the receiver operating characteristic curve (AUC), relative integrated discrimination improvement (IDI), and category-free net reclassification improvement (NRI) values. A p-value < 0.05 was considered statistically significant. The statistical analyses were conducted using R software (version 4.0.3) and SPSS software (version 21.0).




Results


Patient characteristics

A total of 1,587 patients with AF who underwent successful RFCA were screened for eligibility and 345 patients with AF were included in this analysis, as described in the flowchart (Supplementary Figure 1). The mean time from the ultrasound test to RFCA was 2.9 ± 1.2 days in all patients. The mean age was 62.1 ± 9.4 years, and 33.6% (116/345) were female. The percentage of patients with PAF was 59.7% (206/345). A total of 91.9% (317/345) of patients used NOACs and 8.1% (28/345) warfarin within 3 months of ablation. The use of NOACs was not different between those with high NFS and FIB-4 risk category, compared with low-risk category. The proportions of patients with low-, intermediate-, and high-risk FIB-4 were 29.9% (103), 55.7% (192), and 14.5% (50), respectively. According to NFS risk categories, 27.0% (93), 57.1% (197), and 15.9% (55) of the patients were classified into low, intermediate, and high-risk categories, respectively.

Overall, 38.8% (134/345) of the patients experienced a recurrence of AF during the 1 year follow-up. Compared to those without AF recurrence, patients with recurrence were older (63.4 ± 9.0 vs. 61.2 ± 9.5, p = 0.033), more likely to have hypertension (59.0% vs. 47.9%, p = 0.044) and persistent AF (52.2% vs. 32.7%, p < 0.001), duration of AF ≥ 3 years (50.7% vs. 34.6%, p = 0.003), higher CHA2DS2-VASc score [3 (2, 4) vs. 2 (1, 4), p = 0.021], and larger LAD (41.9 ± 6.2 mm vs. 39.3 ± 5.9 mm, p < 0.001). Notably, patients with recurrence had higher NFS [−0.34 (−1.22, 0.60) vs. −1.00 (−1.65, −0.05), p < 0.001] and FIB-4 [1.71 (1.39, 2.66) vs. 1.53 (1.19, 2.01), p = 0.001]. However, there were no differences in BMI, E/A ratio, SVC ablation, linear ablation, and the use of NOACs within 3 months of ablation between the two groups (p > 0.05), as shown in Table 1. The E/A ratio was significantly higher in the populations at intermediate and high risk for advanced liver fibrosis than in the low-risk population according to the risk stratification of FIB-4 and NFS for advanced liver fibrosis. A comparison of baseline characteristics between the three groups according to the NFS and FIB-4 risk categories is shown in Supplementary Tables 1, 2.


TABLE 1    Baseline characteristics of the patients with and without atrial fibrillation (AF) recurrence.
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Association between fibrosis-4 and non-alcoholic fatty liver disease fibrosis score categories with a duration of atrial fibrillation ≥3 years and persistent atrial fibrillation

The proportion of patients with a duration of AF ≥ 3 years significantly increased with the degrees of liver fibrosis according to FIB-4 (p for trend = 0.003) and NFS (p for trend < 0.001) (Figure 1A). The proportion of patients with persistent AF was higher among those with an intermediate and high risk of FIB-4 than those with low risk (all p for trend < 0.001, Figure 1B).
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FIGURE 1
(A,B) Distribution of the patients with a duration of atrial fibrillation (AF) ≥ 3 years, and persistent atrial fibrillation (PeAF) according to fibrosis-4 (FIB-4), and non-alcoholic fatty liver disease fibrosis score (NFS) risk categories. AF, atrial fibrillation; PeAF, persistent atrial fibrillation; NFS, non-alcoholic fatty liver disease fibrosis score; FIB-4, fibrosis-4.




Association between advanced liver fibrosis and recurrence of atrial fibrillation

Recurrence rates of AF were 20.4, 43.2, and 60.0% in the low, intermediate, and high risk for advanced liver fibrosis groups, respectively, based on the FIB-4 risk categories. According to NFS risk categories, AF recurrence rates were 21.5, 40.6, and 61.8% in those with low, intermediate, and high risk, respectively (all p for trend < 0.001), as described in Supplementary Figure 2.

Kaplan–Meier curve analysis showed that patients in the intermediate and high-risk category of NFS and FIB-4 had a higher risk of recurrence than those in the low-risk category (p < 0.001), as depicted in Figures 2, 3.
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FIGURE 2
Kaplan–Meier curve of risk categories of non-alcoholic fatty liver disease fibrosis score (NFS) for atrial fibrillation (AF) recurrence in patients with non-alcoholic fatty liver disease (NAFLD). NFS, non-alcoholic fatty liver disease fibrosis score; AF, atrial fibrillation; NAFLD, non-alcoholic fatty liver disease.
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FIGURE 3
Kaplan–Meier curve of risk categories of fibrosis-4 (FIB-4) for atrial fibrillation (AF) recurrence in patients with non-alcoholic fatty liver disease (NAFLD). FIB-4, fibrosis-4; AF, atrial fibrillation; NAFLD, non-alcoholic fatty liver disease.


Compared to patients with the first interquartile (IQR) of FIB-4 and NFS, the HR for AF recurrence increased significantly with FIB-4 level above IQR 2, with IQR 3 (HR: 2.89, 95% CI: 1.68∼4.96, p < 0.001), and IQR 4 (HR = 2.95, 95% CI 1.72∼5.06, p < 0.001). Patients with an IQR of 2–4 for NFS also had a significantly increased NFS level above IQR 1 (all p < 0.05), as illustrated in Figure 4.
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FIGURE 4
Hazard ratio (HR) by interquartile (IQR) of fibrosis-4 (FIB-4) and non-alcoholic fatty liver disease fibrosis score (NFS). Filled circles and vertical lines indicate the HR and 95% confidence interval (CI) for IQR 2–4 of FIB-4 and NFS, relative to IQR 1 of FIB-4 and NFS. IQR 1 of FIB-4: FIB-4 < 1.238; IQR 2 of FIB-4: 1.238 ≤ FIB-4 < 1.614; IQR 3 of FIB-4: 1.614 ≤ FIB-4 < 2.098; IQR 4 of FIB-4: 2.098 ≤ FIB-4. IQR 1 of NFS: NFS < −1.520; IQR 2 of NFS: −1.520 ≤ NFS < −0.746; IQR 3 of NFS: −0.746 ≤ NFS < 0.058; IQR 4 of NFS: 0.058 ≤ NFS. NFS, non-alcoholic fatty liver disease fibrosis score; FIB-4, fibrosis-4; IQR, interquartile; HR hazard ratio; CI, confidence interval.




Independent risk factors for atrial fibrillation recurrence

The multivariate analysis showed that LAD, duration of AF ≥ 3 years, and higher risk categories of FIB-4 and NFS were independently associated with AF recurrence at the 1 year follow-up. The risk of AF recurrence was increased in patients with intermediate and high NFS and FIB-4 categories compared with those in the low risk category (intermediate NFS category: HR = 1.85, 95% CI: 1.10∼3.10, p = 0.020; high NFS category: HR: 3.11, 95% CI: 1.68∼5.76, p < 0.001; intermediate FIB-4 category: HR: 2.08, 95% CI: 1.27∼3.41, p = 0.003; high FIB-4 category: HR: 3.91, 95% CI: 2.19∼6.98, p < 0.001; Table 2). Moreover, the association between FIB-4 and NFS as continuous variables and AF recurrence remained significant after multivariate adjustment (NFS, HR: 1.28, 95% CI: 1.07∼1.52, p = 0.008; FIB-4, HR: 1.24, 95% CI: 1.12∼1.38, p < 0.001), as shown in Table 3. Overall, the risk of AF recurrence was significantly increased for NFS and FIB-4 groups at higher risk for advanced liver fibrosis compared with those in the low-risk group, both among patients with paroxysmal and persistent AF, as shown in Supplementary Table 3.


TABLE 2    Risk factors for recurrence of atrial fibrillation (AF) by multivariate Cox regression analysis model.
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TABLE 3    Risk factors for recurrence of atrial fibrillation (AF) by multivariate Cox regression analysis model.
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Comparison of clinical models for predicting atrial fibrillation recurrence

Addition of FIB-4 and NFS for advanced liver fibrosis as categorical variables enhanced predictive ability compared with the traditional risk model (AUC, 0.729 vs. 0.689, p = 0.017; 0.715 vs. 0.689, p = 0.063, respectively). To further evaluate the discriminatory ability of the models, we considered the following categories of risk of AF recurrence: 0–30.0% low, 30.0–70.0% intermediate, and 70.0% or more high. The cutoff values used to calculate the net reclassifications were 30 and 70%. Compared to the traditional risk model, both model 5 and 6 showed higher discriminant capacity. The incremental reclassification efficacy for predicting AF recurrence was significantly improved by adding the FIB-4 risk categories (relative IDI, 0.056, p < 0.001; categorical NRI, 0.153, p = 0.003) and NFS risk categories (relative IDI, 0.032, p = 0.006; categorical NRI, 0.103, p = 0.043), as indicated in Table 4.


TABLE 4    Comparison of discriminant and reclassification capacities of each model for predicting atrial fibrillation (AF) recurrence.
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Discussion

In this exploratory study, we found that the recurrence rate of AF was 38.8% in NAFLD patients after the first ablation. Higher FIB-4 and NFS risk categories for advanced liver fibrosis were observed in patients with persistent AF and duration of AF ≥ 3 years. Importantly, high-risk categories of FIB-4 and NFS were independently associated with a high risk of AF recurrence after ablation, constituting useful predictors for AF recurrence in NAFLD patients.

RFCA can improve symptoms and quality of life related to AF (8). However, the recurrence rate was 10–30% for patients with paroxysmal AF and 25–35% for patients with persistent AF during 1 year follow-up (7). NAFLD may represent a common determinant of the risk of several cardiovascular diseases. A systematic review and meta-analysis found that patients with NAFLD are at a higher risk of myocardial infarction, ischemic stroke, heart failure, and AF in NAFLD patients compared with patients without NAFLD (21). NAFLD is associated with an increased risk of persistent or permanent AF in diabetes mellitus patients (22). One cohort study reported a higher recurrence rate of AF of 56% (50/89) in NAFLD patients compared with 21% (37/178) without NAFLD during a mean follow-up of 29 months, and NAFLD is an independent risk factor for recurrence after ablation (9). Individuals with NAFLD are more likely to exhibit impaired lipid metabolism than healthy control individuals (23). In this study, we found high recurrence rates of AF of 31.1 and 50.4% in patients with paroxysmal AF and persistent AF, respectively. This may be because the patients included all patients with NAFLD in this study, suggesting that NAFLD may reduce the AF ablation effect. This result further stresses the point that NAFLD has an important influence on the recurrence of AF.

We found a lower E/A ratio for advanced hepatic fibrosis, compared with a low risk of NFS and FIB-4, which indicates that advanced hepatic fibrosis is associated with the worsening of left ventricular diastolic function. Advanced liver fibrosis is considered a hepatic manifestation of metabolic syndrome that can have deleterious effects on cardiac function (24). NFS and FIB-4 scores are well-accepted and validated markers for advanced liver fibrosis (14). In a prospective study with patients over 65 years of age, NFS and FIB-4 scores were superior to other liver fibrosis scores in predicting cardiovascular events (25). Another study found that the prevalence of persistent and permanent AF was significantly higher in proportion to those with a high FIB-4 (≥2.51), and that the FIB-4 index was an independent prognostic indicator for identifying AF type and load (26). Both NFS and FIB-4 scores are independently associated with new-onset AF in patients with NAFLD (27). Our study found a significant correlation between NFS and FIB-4 risk categories and type of AF and duration of AF, which suggests that advanced liver fibrosis is associated with AF burden. In general, the level of advanced liver fibrosis can reflect the degree of metabolic disorder, AF closely related to metabolic disorders (28). Advanced liver fibrosis in patients with NAFLD is reversible, indicating that interventions may be able to reverse advanced liver fibrosis and effectively prevent the development of AF (29).

Several risk factors for recurrence of AF after ablation have been identified, such as LAD, long duration of AF, metabolic syndrome, and insulin resistance (7). Our study also found a large LAD and duration of AF ≥ 3 years to be independent risk factors for recurrence after RFCA, consistent with previous studies (8). Importantly, we reveal that advanced liver fibrosis is an independent risk factor for AF recurrence. A previous study found that myocardial steatosis and the increase of epicardial adipose tissue may produce adverse reactions, resulting in dysfunction of myocardial function and structure and promoting arrhythmia in NAFLD patients (30). It has been reported that lifestyle changes, such as dietary changes, physical activity, and weight control, may decrease advanced liver fibrosis in patients with NAFLD (29). In AF management, adherence to the ABC pathway is recommended by the most recent guidelines on AF management and the positive impact of the pathway has already been found in some studies (31, 32). Comprehensive risk-factor modification and interventions that target underlying patient conditions have led to a reduction in AF burden and recurrence after ablation. And weight reduction and physical activity may reduce the occurrence and development of AF (33). Thus, lifestyle management may be a bridge between liver fibrosis and AF. Improving advanced liver fibrosis may have important clinical significance for the treatment of AF patients with NAFLD.

Some intertwined pathophysiological mechanistic links between advanced liver fibrosis and AF have been proposed, including inflammation, metabolic disorders, and autonomic dysfunction (10). One possible pathway involves the association between advanced hepatic fibrosis and chronic activation of proinflammatory transcription factors, which may promote cardiac fibrosis and the formation of atrial low-voltage areas and contribute to atrial arrhythmogenicity (23, 28). Patients who have advanced hepatic fibrosis often have metabolic disorders, including impaired glucose homeostasis, insulin resistance, and abnormal lipid metabolism, which may slow electrical conduction in the atrial and aggravate cardiac electrical remodeling (34, 35). Additionally, advanced liver fibrosis may be associated with an abnormal autonomic activity. On the one hand, vagus nerve stimulation may lead to a decrease in the atrial refractory period and an increase in the atrial refractory dispersion. On the other hand, abnormal sympathetic activity may cause myocardial injury and alter intracellular ion currents, leading to instability of cardiac electrical activity. The autonomic nervous system may be a potent modulator of the initiation and perpetuation of arrhythmia (35, 36). We found a significant impact of advanced liver fibrosis on the efficacy of RFCA in patients with NAFLD. Nevertheless, whether treatment for advanced liver fibrosis can reduce the burden of AF requires further research. Large, prospective studies are needed to confirm the effect of advanced liver fibrosis on AF recurrence in patients with NAFLD.



Limitations

Some potential limitations need to be acknowledged. First, the study had a retrospective nature, and selection bias could not be avoided. We cannot completely rule out the possibility that some patients had other liver diseases with undetected hepatic steatosis. Further examination will be necessary to assess cardiac fibrosis by cardiac magnetic resonance in patients. Second, we did not use a strict monitoring device for detecting asymptomatic arrhythmia, which limits the generalizability of the results. Third, the study is limited by the potential for unmeasured confounding variables. We did not completely collect data for inflammation markers associated with AF progression. HS-CRP was available for only 65.7% of AF recurrence patients and 67.8% of recurrence patients. There was no record parameter of obstructive sleep apnea, left atrial volume index (LAVI) by echocardiography, the results of AF patient’s 3D mapping, and bleeding events in our study. We used LAD instead of LAVI, and previous studies revealed that LAD is an associated risk factor with AF development (7). Hepatic patients may have more bleeding events compared to patients without hepatic involvement. Identifying those with high bleeding risk, NAFLD patients may help make a further risk assessment. Finally, the use of ultrasound for the diagnosis of NAFLD is non-quantitative and less accurate for detecting mild hepatic steatosis. Regardless, it is inexpensive, non-invasive, and well accepted in daily practice.



Conclusion

This study demonstrates that FIB-4 and NFS indexes for advanced liver fibrosis are associated with AF burden. Advanced liver fibrosis is independently associated with AF recurrence after RFCA in AF patients with NAFLD and suggesting a more careful evaluation and better risk-stratification for the AF patients affected by hepatic fibrosis before a planned ablation.
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Atrial fibrosis and atrial inflammation are associated with the pathogenesis of atrial fibrillation (AF). Basic helix–loop–helix family member E40 (Bhlhe40) is an important transcription factor, which is involved in tumors, inflammation, apoptosis, viral infection, and hypoxia. However, its role and molecular mechanism in AF remain unclear. In this study, a mouse model of AF was induced by Ang II infusion. The atrial diameter was evaluated using echocardiography. Induction and duration of AF were measured by programmed electrical stimulation. Atrial structural remodeling was detected using routine histologic examinations. Our results showed that Bhlhe40 was significantly upregulated in angiotensin II (Ang II)-stimulated atrial cardiomyocytes and atrial tissues and in tissues from patients with AF. Cardiac-specific knockdown of Bhlhe40 in mice by a type 9 recombinant adeno-associated virus (rAAV9)-shBhlhe40 significantly ameliorated Ang II-induced atrial dilatation, atrial fibrosis, and atrial inflammation, as well as the inducibility and duration of AF. Mechanistically, cardiac-specific knockdown of Bhlhe40 attenuated Ang II-induced activation of NF-κB/NLRP3, TGF-1β/Smad2 signals, the increased expression of CX43, and the decreased expression of Kv4.3 in the atria. This is the first study to suggest that Bhlhe40 is a novel regulator of AF progression, and identifying Bhlhe40 may be a new therapeutic target for hypertrophic remodeling and heart failure.
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Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, with considerable morbidity and mortality, and it increased the risk of embolic stroke and heart failure. Current pharmacological strategies for AF have limited effectiveness and significant adverse-effect potential, and also have high recurrences and potential complications for AF ablation (1, 2). Thus, a better understanding of the mechanisms in the initiation and progression of AF and identifying new targets are needed for creating and exploiting novel therapeutic avenues (2).

Atrial tissue fibrosis is a main factor of the persistence and progression of AF and a central pathophysiological feature of AF (3). The renin–angiotensin system (RAS) hormone angiotensin II (Ang II) plays an important role in the initiation and development of AF (4). Increasing evidence has demonstrated that the Ang II cell membrane receptor, mainly angiotensin II type 1 receptor (AT1R), which via multiple signaling pathways, such as transforming growth factor-β (TGF-β)/mothers against decapentaplegic 2/3 (Smad2/3) and NACHT, LRR, and PYD domains-containing protein-3 (NLRP3)/nuclear factor kappa-B (NF-κB), regulate fibrosis formation and inflammation, and play a prominent role in AF (5). Recently, studies demonstrated that cardiomyocyte (CM) NLRP3 inflammasome activation and NF-κB activation are key proarrhythmic mediators of multiple pathophysiological signals in AF and have direct effects on atrial fibrosis, ion channel, and connexin dysfunction in mouse and rabbit atria (4, 6, 7). Thus, blocking the NLRP3 inflammasome activation and/or NF-κB activation helps prevent AF progression.

Bhlhe40 (also called DEC1, stra13, and sharp2) is one of the basic helix–loop–helix (bHLH) transcriptional factors containing three domains, including, a basic DNA-binding domain (DBD), an HLH domain mediating dimerization, and orange domain, which is a domain-mediated protein–protein interaction. It can directly bind to DNA at E-box DNA response elements and functions primarily as a transcriptional repressor (8, 9). Previous studies indicate that Bhlhe40 plays a critical role in several pathological conditions, including tumors, inflammation, apoptosis, and hypoxia. It has been reported that it controls cytokine production, including IL-10, GM-CSF, and other cytokines, in T cells during infection and autoimmunity (10–12). Recently, a study using single-cell RNA sequencing has reported that the expression of Bhlhe40 is increased in atrial cardiac fibroblasts (ACFs) derived from patients with AF (13). However, the function of Bhlhe40 in cardiac arrhythmia, particularly in Ang II-induced AF, has not been investigated.

In this study, we explored the expression and effects of Bhlhe40 on the maintenance and progression of AF in an Ang II-induced mice model. The expression of Bhlhe40 was significantly increased both in Ang II-induced atrial tissues in mice and in the atrial tissues from patients with AF. Meanwhile, cardiac-specific Bhlhe40-knockdown mice showed significantly attenuated susceptibility to AF, and repressed atrial structural and electrical remodeling in Ang II-infused mice. Furthermore, the mechanistic study showed that the protective effect of knockdown of Bhlhe40 is associated with the inhibition of multiple signaling pathways (TGF-β1/Smad2, NF-κB/NLRP3, and the expression of Kv4.3 and CX43). Collectively, our results suggest that Bhlhe40 contributes to atrial remodeling and may be a novel target for the treatment of hypertensive AF.



Materials and methods


Study subjects

A total of 49 patients with proven AF (paroxysmal or persistent AF) were recruited, who underwent catheter ablation for the first time from March 2021 to March 2022. In this study, the control subjects (n = 35) with normal sinus rhythm, without any family history of AF, and no obvious abnormalities in physical examination (routine examination, clinical examination, laboratory reports, and B-ultrasonography reports) were also recruited. Exclusion criteria are as follows: patients with ventricular structural remodeling (EF < 50% or BNP > 500 ng/ml), myocardial structural lesions, diabetes, stroke, thyroid disease, hematologic system diseases, surgery, or trauma within 2 years, acute or chronic infectious disease, cancer, and significant renal dysfunction (estimated glomerular filtration rate < 30 ml/min per 1.73 m2). Before catheter ablation, a series of blood samples were collected from SR controls or patients with AF for ELISA. Moreover, among the SR controls and patients with AF, we only obtained atrial tissues from seven SR controls and patients with AF, respectively, which are prepared for histologic examinations. Patients who participated in this study gave their informed consent, and the study was approved by the Ethics Committee of the First Affiliated Hospital of Dalian Medical University.



Animal experiments

For this experiment, 2-month-old male C57BL/6 mice purchased from the Jackson Laboratory (Bar Harbor, ME, USA) were anesthetized with an intraperitoneal injection of 2.5% tribromoethanol (0.02 ml/g; Sigma-Aldrich, St. Louis, MO, USA) and infused with Ang II (2,000 ng/kg/min, A107852; Aladdin, Shanghai, CHN) or saline using osmotic mini-pumps (Alzet model 1004; Durect, Cupertino, CA, USA) for 3 weeks, as previously described (14). This entire study was approved by the Institutional Ethics Committee of the First Affiliated Hospital of Dalian Medical University (No. LCKY2016-31) and conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996).



Isolation and culture of neonatal rat atrial cardiomyocytes

The atria were isolated from the hearts of the 1- to 3-day-old Sprague–Dawley rats and digested in trypsin (25200056, Thermo Fisher, Waltham, MA, USA) at 37°C for 6–8 cycles. The cells were collected and incubated for 90 min at 37°C. Then, cell suspension was collected and centrifuged at 1,000 rpm for 10 min, and then cultured in DMEM/F12 (SH30023.01B, Hyclone, South Logan, UT, USA) with 10% FBS (16140071, Gibco, Grand Island, NY, USA), 1% penicillin/streptomycin, and 100 mM BrdU. After 36-h incubation, the cells were serum-starved for 12 h and then treated with Ang II (100 nM) or saline for 24 h.



Injection of recombinant adeno-associated virus

Recombinant adeno-associated virus serotype 9 (rAAV9) vectors containing short hairpin RNAs (shRNAs) targeted at Bhlhe40 (rAAV9-shBhlhe40) or a control scramble sequence (rAAV9-shCON) were used, which were purchased from Vigene Biosciences. The sequences were used as follows: siRNA1, GGAGAACGTGTCAGCACAAT; siRNA2, GCCTTCCCTTCTATCTCAT; siRNA3, GGATCTCCTACCCGAACATCT; and siRNA4, GCGGTTTACAAGCTGGTGAT. The shRNA expression 4 in 1 was driven by a mouse U6 promoter (pol III), followed by the reporter sequence (GFP). The final content of the virus (2 × 1011 vg) was diluted in normal saline (saline).



Blood pressure measurement

Measurements of systolic blood pressure (SBP) were taken from the beginning of Ang II or saline infusion and every 3 days after infusion using a tail-cuff system (BP-2010, Softron, Tokyo, JPN), as reported previously (15).



Echocardiographic measurement

The mice were anesthetized with 1.5% isoflurane (Sigma-Aldrich). An echocardiographic measurement of the left atrial diameter of the mice was performed using a Vevo 2100 High-Resolution Imaging System (Visual Sonics, Inc, Toronto, Ontario, Canada), as reported previously (15).



Induction and duration of atrial fibrillation

The mice were anesthetized with an intraperitoneal injection of 2.5% tribromoethanol at a dose of 0.02 ml/g (Sigma-Aldrich, St. Louis, MO, USA). An electric blanket waterproof heating pad for mice (JRD-7w; Nomoy Pet, Jiaxing, China) was used to maintain the body temperature of the mice at about 37°C. A recording/stimulation electrophysiology catheter, a Millar 1.9F octapolar electrophysiology catheter (Scisense, London, Ontario, Canada), was inserted into the right jugular vein and then into the right atrium to achieve the intracardiac pacing. Burst pacing containing 33 impulses for each individual mouse, at different voltage magnitudes and different frequencies, was used to induce AF. After burst pacing with different impulses, the duration of the AF was recorded, as reported previously (16). AF was defined as rapid (atrial rates > 1,500 beat/min) and irregular atrial episodes lasting ≥ 0.5 s.



Histological analysis

Atrial samples from the patients with AF or mice were removed and fixed in 4% paraformaldehyde for more than 2 days and then embedded in paraffin. Serial sections of 4 μm thickness were cut and stained with an H&E staining kit (Nanjing Jiangcheng Bio Inc., Nanjing, China) and a Masson staining kit (Nanjing Jiangcheng Bio Inc., Nanjing, China). The quantification of the areas of fibrosis was measured by ImageJ software. Immunohistochemistry (IHC) was incubated with indicated first antibodies: anti-Bhlhe40 (1:100; 17895-1-AP), anti-α-SMA (1:200; 67735-1-Ig), anti-NLRP3 (1:200; 19771-1-ap) (Proteintech, Wuhan, HB, China), or anti-F4/80 (1:100; ab6640, Abcam, Cambridge, MA, USA) overnight at 4°C and then incubated with appropriate secondary antibodies for 30 mins at 37°C and detected using a DAB Kit (E-IR-R217, Elabscience Biotechnology Co., Ltd, Wuhan, China). Quantitative analysis of histologic staining was performed by ImageJ, as previously described (17).



Immunofluorescence

The sections were blocked in blocking buffer (Triton X-100, 0.3M glycine, and 1% BSA) for 30 min at room temperature, and then the sections were incubated with anti-CX43 (1:100, 26980-1-AP, Proteintech) or anti-F4/80 (1:100; ab6640, Abcam, Cambridge, MA, USA) overnight at 4°C in PBS and washed with PBS. The sections were incubated with the secondary antibodies (A0453, Beyotime) for 30 mins at 37°C. Nuclear DNA was labeled with DAPI. The image was taken with a 63x objective on a Leica STELLARIS 5 confocal microscope. The quantification of the intensity of CX43-positive cells was measured by ImageJ software.



Quantitative real-time PCR analysis

Total RNA from each atrial tissue was extracted using TRIzol (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA, USA) and then was used to synthesize the first-strand cDNA using Random Primers/Oligo (dT)-primer mix RT kits (11141ES60; Yeasen, Shanghai, China) according to the manufacturer’s protocol. The mRNA levels of Bhlhe40, the fibrotic marker collagen I (Col I) and collagen III (Col III), and the inflammatory markers IL-1β and IL-6 were determined by real-time PCR (qPCR) analysis using SYBR Green (RR820A, Takara Bio Inc. Shiga, Japan) on a 7500 Real-Time PCR System (Applied Biosystems, USA). The relative expression of each gene was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers were purchased from Sangon Biotech (Shanghai, China). Primer sequences are provided in Table 1.


TABLE 1    Primers used in qPCR.
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Immunoblotting analysis

Protein lysates, extracted from atrial tissues, were lysed with radioimmunoprecipitation assay (RIPA) buffer (Solarbio Science Technology Co., Beijing, China) and then concentrated using a BCA protein assay. The same amount of protein (40–60 μg) was electrophoresed on 8–12% polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Bio-Rad), which was incubated with primary antibodies. The antibodies against Bhlhe40 (1:100; 17895-1-AP), TGF-β1 (1:1,000; 21898-1-AP), CX43 (1:1,000; 26980-1-AP), NLRP3 (1:1,000; 19771-1-ap), and tubulin (1:3,000, 66031-1-Ig) were purchased from Proteintech (Wuhan, HB, China). Smad2 (1:1,000; 5339S) and p65 (1:1,000; 4764S) were bought from Cell Signaling Technologies (Boston, MA, USA). The antibodies phosphorylated (p)-Smad2 (1:1,000; ab280888) and Kv4.3 (1:1,000; ab65794) were obtained from Abcam. p-p65 (1:500; 310013) antibody was purchased from Zen Bioscience (Chengdu, Sichuan, China). HRP-labeled secondary antibodies were bought from Beyotime (A0208, A0216). All blots were detected, analyzed, and normalized to tubulin.



Enzyme-linked immunosorbent assay

In brief, the samples consisted of 49 serum samples obtained from individuals with AF and 35 serum samples from individuals with SR. Then, serum levels of total Bhlhe40 were determined using human sharp2/Bhlhe40 ELISA kits (FS204153; Westang Bio Inc., Shanghai, China) according to the manufacturer’s instructions.



Statistical analysis

Statistical calculations were analyzed using GraphPad Prism 8.0. A normality test was conducted first. If all the groups satisfied the normality criteria and variances between the groups were equal, we applied Student’s t-test or one-way ANOVA (with the Bonferroni post hoc test), where appropriate; if the aforementioned conditions were not met, we used the nonparametric Mann–Whitney U test. Statistical differences were determined by p < 0.05. Results are presented as mean ± SD.

Univariable logistic regression and multivariable logistic regression were used to investigate possible factors associated with AF. A total of three models were analyzed: model 1, the crude model without covariate adjustment; model 2, the multivariable model that adjusted for sex and age, and model 3, the full risk adjustment model that adjusted potential confounders that were significant on univariate analysis and those known to be associated with AF, including sex, age, LA diameter, total cholesterol (TC), and HDL cholesterol.




Results


Expression of Bhlhe40 is upregulated in patients with atrial fibrillation

To identify the changes of Bhlhe40 in the progression of AF, we detected the expression of Bhlhe40 both in patients with AF and sinus rhythm (SR). Immunohistochemical staining indicated that the Bhlhe40-positive area was significantly increased in atrial tissues from patients with AF compared with sinus rhythm (SR) controls (Figures 1A,B). Meanwhile, Masson, H&E, and immunofluorescent staining revealed that the degree of atrial fibrosis and infiltration of inflammatory cells, including F4/80-positive macrophages, were obviously higher in atrial tissues from patients with AF than in SR controls (Figure 1C). To test whether Bhlhe40 has a critical role in human AF, we further examined the serum Bhlhe40 level in patients with AF. ELISA showed that the mean serum Bhlhe40 level was significantly higher in patients with AF than in the SR control (P<0.001) (Figure 1D). We also found that the patients with AF had a higher LA diameter and total cholesterol and lower LDL cholesterol than the sinus rhythm (SR) control (P<0.05) (Table 2). We then evaluated the association of AF and blood (serum or plasma) Bhlhe40 with both univariable and multivariable logistic regression models (Table 3). After being adjusted for the aforementioned confounding factors in model 3, we found that Bhlhe40 is causally associated with AF. Specifically, the odds ratio (OR) of AF per 1 standard deviation (SD) increase in Bhlhe40 is estimated to be 2.763 [95% CI, 1.238, 6.169; P = 0.013], suggesting that the upregulation of Bhlhe40 may play a role in the development of AF.
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FIGURE 1
Expression of Bhlhe40 was increased in patients with AF. (A,B) Immunohistochemical (IHC) staining of Bhlhe40 expression in atria from sinus rhythm (SR) controls and patients with AF (left), and quantification of the Bhlhe40-positive area (brown color; n = 7, left). Scale bar = 50 μm. (C) Masson staining (upper) of atrial sections for examination of fibrosis (blue); H&E staining (middle) of atrial sections for detection of inflammatory cell infiltration (blue), and immunofluorescent staining (lower) of atrial sections for examination of F4/80-positive macrophages (green) and nuclei (DAPI, blue) (n = 7). Scale bar = 50 μm. (D) ELISA of the serum Bhlhe40 level from SR controls (n = 35) and patients with AF (n = 49). **P < 0.01 vs normal SR controls.



TABLE 2    Clinical characteristics.
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TABLE 3    Multiple logistic regression analysis of Bhlhe40 associated with AF.
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Enhanced expression of Bhlhe40 is found in Ang II-induced atrial tissue

Next, we detected the changes of Bhlhe40 expression in Ang II-infused WT atrial tissues. After 21 days of Ang II or saline infusion, qPCR and immunoblotting analysis showed that Bhlhe40 expression at both mRNA and protein levels was significantly elevated in Ang II-infused atrial tissues compared with saline-treated controls (Figures 2A,B). Furthermore, immunohistochemical staining further demonstrated the increased expression of Bhlhe40 in Ang II-infused atrial tissues (Figure 2C). Similarly, a significant increase in the protein level of Bhlhe40 was also observed in cultured atrial cardiomyocytes (ACMs) treated with Ang II (Figure 2D). Thus, the increased expression of Bhlhe40 indicated that Bhlhe40 in ACMs may participate in the development of AF.
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FIGURE 2
Expression of Bhlhe40 was significantly upregulated in Ang II-induced atrial tissues and atrial myocytes. (A) qPCR analysis of the mRNA level of Bhlhe40 in Ang II-infused or saline-infused atrial tissues (n = 6). (B) Immunoblotting analysis of Bhlhe40 expression in atrial tissues from each group (upper), and quantification of the Bhlhe40 level (lower, n = 4). (C) IHC staining of Bhlhe40 (left) and the quantification of the Bhlhe40-positive area (right) in atrial tissues from Ang II-infused or saline-infused mice (n = 6). Scale bar = 50 μm. (D) primary atrial cardiomyocytes (ACMs) were treated with Ang II (100 nM) or Saline for 24 h. Bhlhe40 protein levels in ACMs were detected by immunoblotting analysis (left) and quantified (right) (n = 4). **P < 0.01 vs saline-treated WT mice.




Cardiac-specific knockdown of Bhlhe40 attenuates Ang II-induced atrial remodeling and atrial fibrillation inducibility in mice

To determine the role of Bhlhe40 in AF development, we generated recombination adenoassociated virus type 9 (rAAV9)-expressing shBhlhe40 to selectively knock down endogenous Bhlhe40 expression in cardiomyocytes (CMs). The wild-type (WT) mice were injected with rAAV9-shBhlhe40 or its control vector (rAAV9-shCON) for 2 weeks and then treated with Ang II (2,000 ng/kg/min) infusion for additional 3 weeks to induce AF (Figure 3A). The efficiency and specificity of rAAV9-shBhlhe40 knockdown in the atria were confirmed by immunoblotting assay and IHC staining (Figure 3B and Supplementary Figure 1A). We found that rAAV9-shBhlhe40 injection significantly reduced the Bhlhe40 protein level by 30% in the atrial tissues, by IHC staining, but not in lungs and skeletal muscles, compared with rAAV9-shCON injection (Supplementary Figures 1A–C). Thus, these data indicate that rAAV9-shBhlhe40 injection selectively knocks down endogenous Bhlhe40 expression in ACMs. Moreover, following Ang II infusion, both rAAV9-shCON (control)- and rAAV9-shBhlhe40-injected mice had elevated systolic blood pressure (SBP) compared with baseline levels, but the cardiac-specific knockdown of Bhlhe40 did not affect SBP elevations caused by Ang II infusion (Figure 3C). Since atrial structural remodeling is a central pathophysiological feature of AF, we aimed to examine the effect of Bhlhe40 on atrial dilation by using echocardiography. Ang II-induced elevation of the dilatation of the left atrium (LA) was significantly reduced in the rAAV9-shBhlhe40 group (Figure 3D).
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FIGURE 3
Knockdown of Bhlhe40 by rAAV9-shBhlhe40 injection attenuates Ang II-induced atrial remodeling and AF in mice. (A) Protocol for injection of rAAV9 in mice of cardiac remodeling. Mice were injected with rAAV9-shBhlhe40 or rAAV9-shCON for 2 weeks and then treated with Ang II (2,000 ng/kg/min) infusion for additional 3 weeks. (B) Immunoblotting analysis of Bhlhe40 expression in mice injected with rAAV9s and infused with Ang II or saline (left). The quantification of the Bhlhe40 level (right, n = 4). (C) Systolic blood pressure (SBP) was measured by the tail-cuff method every 3 days after Ang II administration (n = 6). (D) Echocardiographic measurement LA dilation (left) and the quantification (right) in Ang II or saline-infused mouse (n = 6). (E) Representative atrial electrogram recordings for AF or SR control. The solid lines indicate burst pacing, and the dashed lines indicate AF. (F) Percentage of mice with AF in each group (n = 7–11). (G) Total AF duration for each rAAV9-shCON-injected and rAAV9-shBhlhe40-injected mouse treated with Ang II or saline infusion. *P < 0.05, **P < 0.01.


To further assess the role of Bhlhe40 in the development of AF, we examined the vulnerability to AF by programmed electrical stimulation (Figure 3E), as measured by the inducibility and duration of Ang II-infused AF in rAAV9-shBhlhe40- or rAAV9-shCON-injected mice. The inducibility of AF was obviously increased in Ang II-infused mice both in the rAAV9-shCON group and rAAV9-shBhlhe40 group compared with the saline-infused mice, respectively (Figure 3F, 72.7 versus 14.3%, and 50 versus 12.5%). However, the knockdown of Bhlhe40 reduced Ang II-triggered AF inducibility (50 versus 72.7%). The total duration of AF was also preserved in the Ang II-infused rAAV9-shBhlhe40 group (Figure 3G). In addition, the heart rates of the mice in all groups were not significantly changed between the rAAV9-shBhlhe40 group and rAAV9-shCON group with saline or Ang II infusion. There is no significant difference between the rAAV9-shCON group and rAAV9-shBhlhe40 group (Figures 3C–G).



Cardiac-specific knockdown of Bhlhe40 attenuates Ang II-induced fibrosis

We then determined the effect of Bhlhe40 on atrial fibrosis, a central pathophysiological feature and a main factor of AF. As shown by Masson staining, the atrial fibrotic area augmented in Ang II-infused mice compared with saline infused mice whereas knockdown of Bhlhe40 significantly attenuated this effect (Figure 4A). Furthermore, immunohistochemical staining revealed the Ang II-induced increase in the number of α-SMA-positive cells was markedly attenuated in the rAAV9-shBhlhe40-injected mice compared with that in the rAAV9-shCON-injected mice (Figure 4B). In addition, the Ang II-induced elevation of the fibrotic markers (collagen I and III) at the transcriptional level was also reduced in the rAAV9-shBhlhe40-injected mice (Figures 4C,D).
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FIGURE 4
Knockdown of Bhlhe40 by rAAV9-shBhlhe40 injection inhibits Ang II-induced atrial fibrosis. (A) Representative Masson staining for fibrosis that stained in blue (left) and quantification of the fibrotic area of the Masson-stained sections from the rAAV9-shCON-treated/rAAV9-shBhlhe40- treated and Ang II-infused/saline-infused hearts (right; n = 6 mice per group). (B) Representative IHC and quantification of α-SMA-positive cells (right; n = 6 mice per group). (C,D) qPCR analyses of collagen I and collagen III mRNA levels in Ang II-induced atrial tissues. (E) Immunoblotting analyses of TGF-β1, p-Smad2, and Smad2 protein levels in atrial tissues (left), and the quantification of each protein (right, n = 4). n indicates the number of animals used in each group. *P < 0.05, **P < 0.01.


As our preceding data showed that knockdown of Bhlhe40 attenuates Ang II-induced AF, we next determined whether the knockdown of Bhlhe40 could reduce the fibrosis-related signaling pathways in Ang II-induced AF. Ang II-induced activation of TGF-1β/Smad2/3 signals in the atria of the rAAV9-shCON-injected mice was markedly reversed in the rAAV9-shBhlhe40-injected mice (Figure 4E). Together, these results suggest that the knockdown of Bhlhe40 inhibits Ang II-induced fibrosis and atrial remodeling.



Cardiac-specific knockdown of Bhlhe40 attenuates Ang II-induced electrical remodeling

We further assessed whether the loss of Bhlhe40 reduced vulnerability to AF by regulating the distribution and expression of ion channel and gap junction proteins in atrial tissues (18). Immunofluorescence staining for CX43 (red) was regular and mainly located at the cell poles in the saline-infused group, while the pattern in the Ang II-infused group was irregular, heterogeneous, and located both at the cell poles and at the lateral side of the cells (Figures 5A,B). Moreover, the expression of Kv4.3 (K+ channel, potassium voltage-gated channel subfamily D member 3) induced by Ang II infusion was decreased in the atria of the rAAV9-shCON-injected mice but was reversed in the Bhlhe40-knockdown mice (Figure 5C). Meanwhile, the increased protein level of CX43 (connexin 43), induced by Ang II infusion, was markedly reversed in the Bhlhe40-knockdown mice (Figure 5C). There was no significant change in CX43 and Kv4.3 expression between the rAAV9-shCON- and rAAV9-shBhlhe40-injected mice after saline or Ang II infusion (Figures 5A–C).
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FIGURE 5
Knockdown of Bhlhe40 by rAAV9-shBhlhe40 injection reduces Ang II-induced atrial electrical remodeling. (A) Representative immunofluorescence for Cx43 (red) in atrial tissues from Ang II-infused or saline-infused mice. (B) Quantification of the intensity of CX43 expression in atrial tissues. (C) Immunoblotting analyses (left) and quantification of ion channel subunits and connexin (Kv4.3and CX43) in atrial tissues (n = 4). Tubulin was used as an internal control. n represents the number of animals (n = 4). *P < 0.05, **P < 0.01.




Cardiac-specific knockdown of Bhlhe40 attenuates Ang II-induced inflammation

According to reports, the activation of cardiomyocyte NLRP3 inflammasomes is common in AF and is associated with atrial fibrosis and electrical remodeling (6, 7). We further assessed whether cardiac-specific knockdown of Bhlhe40 influences the inflammatory response and the NLRP3 inflammasome pathway in the atria. The rAAV9-shCON-injected mice showed a significant increase in inflammatory cell infiltration after Ang II injection, including F4/80-positive macrophages, but this increase was attenuated in the rAAV9-shBhlhe40-injected mice (Figure 6A). Moreover, the Ang II-induced increase in NLRP3 expression observed in the rAAV9-shCON-injected mice was decreased in the rAAV9-shBhlhe40-injected mice, as measured by immunohistochemistry (Figure 6B). In addition, the mRNA levels of IL-1β and IL-6 (pro-inflammatory cytokines and downstream targets of NLRP3 inflammasome activation) was downregulated in atrial tissue from the rAAV9-shBhlhe40-injected group compared with the rAAV9-shCON-injected group that treated with Ang II infusion (Figures 6C,D).
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FIGURE 6
Knockdown of Bhlhe40 by rAAV9-shBhlhe40 injection suppresses Ang II-induced atrial inflammation. (A) Representative hematoxylin–eosin (H&E) staining (top in left), IHC staining of F4/80 (bottom in left), and the quantification of F4/80-positive cells (right) from the IHC-stained sections from the rAAV9-shCON/rAAV9-shBhlhe40-treated and Ang II/saline-infused atrial tissues (n = 6 mice per group). (B) Representative images of NLRP3 immunohistochemistry (left) and the quantification of NLRP3-positive cells (right; n = 6 mice per group). (C,D) qPCR analyses of pro-inflammatory cytokine levels (IL-1β and IL-6) in atrial tissues (n = 6). (E) Immunoblotting analyses (Left) and quantification of ion channel subunits and connexin (Kv4.3and CX43) in atrial tissues (n = 4). Tubulin served as an internal control. n indicates the number of animals. *P < 0.05 and **P < 0.01.


NLRP3 and/or NF-κB activation is key proarrhythmic mediators of multiple pathophysiological signals in AF (5). We next determined whether the knockdown of Bhlhe40 could reduce the inflammation-related signaling pathways in Ang II-induced AF. Ang II-induced activation of p65 and NLRP3 signals in the atria of the rAAV9-shCON-injected mice was markedly reversed in the rAAV9-shBhlhe40-injected mice (Figure 6E). Neither group treated with saline showed significant differences in these parameters (Figures 6A–E).




Discussion

In this study, for the first time, we demonstrated the role of Bhlhe40 in regulating Ang II-induced atrial fibrosis, atrial electrical remodeling, atrial inflammation, and the progression of AF. Bhlhe40 was significantly upregulated both in the serum of patients with AF and in atrial tissues from patients with AF. In a mice model of AF, the transcription and translation of Bhlhe40 were also upregulated by Ang II infusion. Functionally, atrial enlargement, susceptibility to atrial fibrillation, atrial fibrosis, atrial electrical remodeling, and atrial inflammation were found in the WT mice of Ang II infusion, whereas the loss of Bhlhe40 significantly attenuated Ang II-induced five-index changes. Mechanistically, we demonstrated that knockdown of Bhlhe40 blocked the activation of TGF-β/Smad2 and NF-κB/NLRP3/IL-1β signaling pathways, as well as the expression of CX43 and Kv4.3, in Ang II-infused mice. A working model is illustrated in Figure 7.
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FIGURE 7
Working model of the effect of knockdown of Bhlhe40 on Ang II-induced AF. Cardiac-specific knockdown of Bhlhe40 suppresses Ang II-induced atrial inflammation, atrial fibrosis, electrical remodeling, and signaling pathways (NF-κB, NLRP3/IL-1β, TGF-β/Smad2, Kv4.3, and CX43) in mice.


Growing evidence has revealed the role of the circadian rhythm genes in the development of cardiovascular diseases, such as hypertension, myocardial infarction, stroke, and AF (19, 20). Transcriptional factor Bhlhe40, also known as an important circadian rhythm factor, is a member of the Hairy/E(spl)/HES subgroup within the bHLH transcription factor family. Several studies reported that Bhlhe40 also plays a key role in cardiovascular diseases. For example, Bhlhe40 regulates the circadian rhythm of blood pressure through the transcriptional repression of ATP1B1 in the cardiovascular system (21). Systemic Bhlhe40 knockout protects the heart from pressure overload-induced fibrosis, inflammation, and myocardial cell apoptosis and improves the cardiac contractile function (22, 23). Interestingly, as we know, hypertension, LV hypertrophy, and congestive heart failure, induced by Ang II or pressure overload in mice models, predispose the mice to AF (24), suggesting that Bhlhe40 may be involved in the development of AF. Thus, we aim to investigate whether Bhlhe40 participated in hypertension/hypertrophic stimulus-induced atrial fibrosis, atrial inflammation, and the progression of AF and to confirm the underlying mechanism in Bhlhe40-knockdown mice.

Bhlhe40 is induced by various stress stimuli, such as hypoxia, tumor necrosis factor-α, irradiation, paclitaxel, and transforming growth factor-beta (TGF-β) (24), and participates in several pathogenic processes, including inflammation, apoptosis, tumor growth, and fibrosis (11, 25, 26). For example, Bhlhe40-deficient mice developed lymphoid organ hyperplasia and autoimmunity with age (8). Bhlhe40 deficiency inhibits the proliferation of CD4+ T cells and the production of interleukin (IL)-2, interferon-gamma (IFN-γ), and IL-4 (8). Bhlhe40 deficiency attenuates pulmonary fibrosis and repressed the PI3K/AKT/GSK-3β/β-catenin-integrated signaling pathway in mice and in A549 cells (27). These studies examined the canonical function of Bhlhe40 in immune cells or using systemic Bhlhe40-knockout mice, which could not distinguish the effect of Bhlhe40 in cardiomyocytes from that in other types of cells. Interestingly, our study demonstrated that Bhlhe40 is upregulated with Ang II infusion in atrial cardiomyocytes (Figures 2C,D). Similarly, previous studies reported that Bhlhe40 is upregulated not only in stromal cells but also in myocardial cells in TAC-induced hypertrophic heart tissues, suggesting that Bhlhe40 may play an important role in myocardial cells. Here, our study, using recombinant adeno-associated virus serotype 9 (rAAV9) to cardiac-specifically knock down Bhlhe40, is the first to demonstrate a direct relationship between the augmented expression of Bhlhe40 in atrial cardiomyocytes and patients with AF.

Inflammation, a common factor in a variety of cardiovascular diseases, increases the risk of AF and inflammatory cytokines, such as IL (interleukin)-1β, IL-6, GM-CSF (granulocyte–macrophage colony-stimulating factor), and TNF (tumor necrosis factor)-α, and is associated with atrial structural and electrical remodeling that triggers AF (28, 29). Inflammation is implicated in the pathophysiology of AF, and excessive inflammatory mediators diffuse into atrial tissue, altering its structural and electrical properties (30). Bhlhe40 also shows a potent pro-inflammatory effect. Bhlhe40 promotes inflammation and glycolysis in response to LPS via elevating the expression of HIF-1α in macrophages (31). Meanwhile, studies have reported that Bhlhe40 targets and inhibits the expression of IL-10, an anti-inflammatory cytokine, during M. tuberculosis infection (32). Our data demonstrated that the expression of two pro-inflammatory cytokines (IL-1β and IL-6 at the transcriptional level) and the extent of inflammatory cell infiltration (F4/80-positive cells), were decreased in cardiac-specific Bhlhe40-knockdown mice with Ang II infusion compare with the control mice with Ang II infusion, suggesting that Bhlhe40 may regulate Ang II-induced AF via regulating atrial inflammation. Recent studies demonstrate that cardiomyocyte (CM) NLRP3 (NACHT, LRR, and PYD domains-containing protein-3) inflammasome activation and NF-κB activation are key proarrhythmic mediators of multiple pathophysiological signals in AF and have direct effects on atrial fibrosis, ion channel, and connexin dysfunction in mouse and rabbit atria (4, 6, 7). For instance, it has been reported that mice with cardiomyocyte-restricted constitutive activation of the NLRP3 inflammasome have increased atrial ectopic activity and AF susceptibility, as well as enhanced mRNA expression of key ion channel subunits (RyR2, Kv1.5, GIRK1, and GIRK4) (6). In addition, the increased activation of NLRP3 inflammasomes can activate caspase-1 and promote the release of IL-1β and IL-18 (6). Moreover, NF-κB, an important transcriptional factor, has been implicated in the regulation of pro-inflammatory cytokines (IL-1β and IL-6) (33), ion channels (Kv4.3 and SCN5A), and gap junction proteins (CX43) (34). Our data showed that cardiac-specific knockdown of Bhlhe40 blocked the atrial inflammation and fibrosis caused by Ang II infusion and was accompanied by the inhibition of NF-κB activation, NLRP3/IL-1β, and TGF-β/Smad2 signaling. Meanwhile, the Ang II-induced increased expression of CX43 protein and decreased expression of Kv4.3 protein were reversed in the cardiac-specific knockdown of Bhlhe40 mice. Together, our data suggested that Bhlhe40 may involve in atrial remodeling and the progression of AF via regulating inflammatory signaling pathways, and inhibition of Bhlhe40 may be a potential novel anti-AF approach.

There are several limitations in our study. First, we confirmed an increased expression of Bhlhe40 in CMs of patients with AF and Ang II-infused mice, but we did not investigate the upstream factors that promote the expression of Bhlhe40 in the current study. Due to the limited access to atrial tissue samples we were unable to separate the nuclear fragments and cytoplasmic fragments from atrial tissues to assess the nuclear levels of Bhlhe40 in patients with AF, which the nuclear-translocation of Bhlhe40 has the activation of transcriptional suppressor promoted by SUMOylation (35). Thus, it is unclear whether post-translational modification, such as ubiquitination or SUMOylation, participated in regulating the expression or transcriptional activity of Bhlhe40 in patients with AF. In addition, because AAV9 is expressed in both atrial and ventricular CMs, the cardiac-specific knockdown of Bhlhe40 should affect both atrial and ventricular functions. Therefore, a loss of expression of Bhlhe40 in the atrium could be utilized to demonstrate that the increased atrial Bhlhe40 activity may be an underlying cause of AF development. In future, these important issues need to be well addressed.

In summary, our current research has revealed that the increased expression of Bhlhe40 in atrial tissues and cardiomyocytes both in patients with AF and in Ang II-induced mice plays an important role in the pathogenesis of AF. The cardiac-specific expression of Bhlhe40 is required for the progression of AF and the underlying atrial structure and electrical remodeling events. As far as we know, this study is the first to demonstrate a connection between cardiac Bhlhe40 and AF pathophysiology. Our results suggest that inhibition of the expression and/or transcriptional activity of Bhlhe40 prevents AF promotion and may be used as a novel approach to counteract AF by targeting both electrical and structural remodeling.
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SUPPLEMENTARY FIGURE 1
The efficiency of knockdown of Bhlhe40 by rAAV9-shBhlhe40 injection in atria, lungs and skeletal muscles. The IHC staining of Bhlhe40 (left) and the quantification of the Bhlhe40-positive area (right) in (A) atria, (B) lungs, and (C) skeletal muscles from Ang II-infused or saline-infused mice (n = 6). Scale bar = 50 μm. *P < 0.05 and ns = not significant.
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Background: Tissue inhibitor of metalloproteinase-1 (TIMP-1) levels is strongly associated with cardiac extracellular matrix accumulation and atrial fibrosis. Whether serum levels of TIMP-1 are associated with atrial fibrillation (AF) recurrence following radiofrequency catheter ablation (RFCA) remains unknown.

Materials and methods: Serum TIMP-1 levels of patients with AF before they underwent initial RFCA were measured using ELISA. Univariate and multivariate-adjusted Cox models were constructed to determine the relationship between TIMP-1 levels and AF recurrence. Multivariate logistic regression analyses were performed to determine predictors of AF recurrence.

Results: Of the 194 enrolled patients, 61 (31.4%) had AF recurrence within the median 30.0 months (interquartile range: 16.5–33.7 months) of follow-up. These patients had significantly higher baseline TIMP-1 levels than those without AF recurrence (129.8 ± 65.7 vs. 112.0 ± 51.0 ng/ml, P = 0.041). The same was true of high-sensitivity C-reactive protein (3.9 ± 6.0 vs. 1.9 ± 2.8 ng/ml, P = 0.001). When a TIMP-1 cutoff of 124.15 ng/ml was set, patients with TIMP-1 ≥ 124.15 ng/ml had a higher risk of recurrent AF than those with TIMP-1 < 124.15 ng/ml (HR, 1.961, 95% CI, 1.182–2. 253, P = 0.009). Multivariate Cox regression analysis revealed that high TIMP-1 was an independent risk factor for AF recurrence. Univariate Cox regression analysis found that substrate modification surgery does not affect AF recurrence (P = 0.553). Subgroup analysis revealed that female sex, age < 65 years, hypertension (HTN), body mass index (BMI) ≥ 24 kg/m2, CHA2DS2-VASc score < 2, HAS-BLED score < 3, and EHRA score = 3 combined with high TIMP-1 level would perform well at predicting AF recurrence after RFCA.

Conclusion: Elevated preoperative TIMP-1 levels are related to a higher risk of AF recurrence and can independently predict AF recurrence following RFCA.
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atrial fibrillation recurrence, tissue inhibitor of metalloproteinase-1, radiofrequency catheter ablation, atrial fibrillation, extracellular matrix


Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia (1). Patients with AF face a high risk of stroke, left ventricular (LV) diastolic dysfunction, heart failure, and sudden cardiac death, which seriously compromise their quality of life. The elderly population is most susceptible to AF, which has increased their rate of mortality, morbidity, and disability (2).

Radiofrequency catheter ablation (RFCA) has become the first-line therapy in patients with symptomatic, drug-resistant AF (3). AF recurrence is a major complication after RFCA, and the rates of AF recurrence are estimated to range from 24 to 45% following ablation (4, 5). AF recurrence after RFCA is defined as AF, atrial flutter, or atrial tachycardia for 30 s or more after a 3-month blanking period without antiarrhythmic drugs (3, 5).

Evidence suggests that atrial remodeling and atrial fibrosis are correlated with AF progression (2, 6, 7). Atrial fibrosis is the process by which extracellular matrix (ECM) is deposited within the atria, and ECM turnover is regulated by the balance of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) (8, 9). Some specific molecular markers of fibrosis increase with higher arrhythmia burden (10, 11), such as tissue inhibitor of metalloproteinase-1 (TIMP-1) (12), matrix metalloproteinase 9 (MMP-9) (13), and bone morphogenic protein-10 (BMP10) (14). Previous studies showed that high plasma concentrations of TGF-β and TIMP-1 and low ejection fraction were closely related to the voltage and volume of the left atrium (LA) in patients with non-valvular AF (15). Some data suggest that plasma TIMP-1 concentrations less than 107 ng/ml combined with the absence of a variant allele at rs10033464 might predict a lower rate of paroxysmal AF recurrence after RFCA (16).

Despite the importance of atrial fibrosis being associated with a higher risk of recurrent AF in patients (9), less is known about whether some biomarkers for fibrosis provide additional predictive value in risk stratification for disease severity and AF recurrence. Therefore, we hypothesized that the serum concentration of TIMP-1 can be used to predict AF recurrence in patients. The purpose of this study was to define the association of serum TIMP-1 concentration with AF recurrence in patients after RFCA.



Materials and methods


Study design and population

This study is a prospective cohort study, which comprised 249 patients with AF who underwent their initial RFCA in the Department of Cardiology of Beijing Anzhen Hospital between January 2019 and December 2020. The flowchart of this study is shown in Figure 1.
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FIGURE 1
Flow diagram showing population selection and study design. The algorithm of patients included in this study after excluding patients not meeting the inclusion criteria. Refer to the text for details with regard to the exclusion criteria.


The inclusion criteria were as follows: (1) enrolling patients > 18 years of age; (2) enrolling patients who were diagnosed AF and underwent RFCA treatment for the first time; and (3) voluntary participation in this study and signed informed consent.

The exclusion criteria were as follows: (1) history or findings of cardiovascular disease, including heart failure symptoms, abnormal cardiac structural disease, and history of coronary artery bypass graft surgery (CABG), cryoballoon ablation, and other cardiac surgeries; (2) other diseases including mental disease, severe renal dysfunction, advanced malignant tumor, acute and chronic inflammatory diseases, and autoimmune diseases; (3) pregnancy; and (4) LA anteroposterior diameter > 50 mm.

This study was designed and performed in accordance with the Declaration of Helsinki for Human Research and was approved by the Beijing Anzhen Hospital Ethics Committee (Approval No: 2022042X). Informed consent was obtained from all participants.



Data collection

The following demographic and clinical data of all patients were collected: (1) general clinical data: age, gender, body mass index (BMI, kg/m2), type of AF, comorbidities and calculation of EHRA score, CHA2DS2-VASc score, HAS-BLED score, and history of medication and echocardiographic parameters (preoperative measurements were performed with a Philips 7C color Doppler ultrasound); (2) hematological indices (results of fasting blood sample obtained on the latest preoperative morning): white blood cell (WBC), red blood cell (RBC), platelet count (PLT), hemoglobin (Hb), creatinine (CREA), fasting blood glucose (Glu), glycated albumin (GA), homocysteine (HCY), alanine aminotransferase (ALT), aspartate transaminase (AST), gamma-glutamyl transpeptidase (GGT), total protein (TP), albumin (Alb), globulin (Glo), total bilirubin (Tbil), triacylglycerol (TG), total cholesterol (Tcho), and low-density lipoprotein cholesterol (LDL-c). Three biomarkers were measured including high-sensitivity C-reactive protein (hs-CRP), B-type natriuretic peptide (BNP), and D-dimer.



Blood sampling and enzyme-linked immunosorbent assay

Serum samples separated from peripheral venous blood were obtained and processed on the day prior to RFCA. Serum TIMP-1 levels were determined using an enzyme-linked immunosorbent assay (ELISA) (Bioss, # bsk11100, Beijing, China). The 96-well microtiter plates were coated with diluted capture TIMP-1 primary antibody and incubated overnight at 4°C. After being washed and blocked, the plates were ready to add diluted samples or standards and incubated for 2 h at room temperature (RT). Then, the detection antibody was incubated for 1 h, and streptavidin-HPR was incubated for 20 min at RT. The 3,3’,5,5’-tetramethylbenzidine (TMB) liquid substrate solution was added and incubated in the dark for 15 min. The color reaction was arrested by adding a stop solution. Optical density was immediately measured using a microplate reader at a wavelength of 450 nm. A standard curve was constructed by plotting absorbance for standard samples, and then the TIMP-1 concentration of the serum sample was calculated.



Radiofrequency catheter ablation

All patients underwent transesophageal echocardiography to exclude atrial thrombus before RFCA. After written informed consent was obtained from patients, ablation procedures were performed under local anesthesia with mild conscious sedation. Circumferential pulmonary vein isolation (CPVI) was the initial part of ablation in all participants and was achieved by circumferential ablation around PV ostia. Intravenous heparin was administered continuously to maintain an activated clotting time between 300 and 350 s after the transseptal puncture. A mapping catheter (PentaRay®; Biosense Webster, Diamond Bar, California, United States) and an ST ablation catheter (Thermocool smarttouch®; Biosense Webster, Diamond Bar, California, United States) were inserted into the LA through non-steerable long sheathes, followed by 3-dimensional mapping conducted using PentaRay. CPVI was performed using irrigated ablation catheters (Thermocool Smarttouch; Biosense Webster, Diamond Bar, California, United States) in a power control mode at 35 W (irrigation flow 17 ml/min). The procedural endpoint of ablation was AF termination. Selective additional atrial ablation (i.e., cavotricuspid isthmus ablation, superior vena cava isolation, or LA linear ablation) was only performed in patients with AF persisting despite completion of CPVI according to the mapping results [selective ablation of complex-fractionated atrial electrograms, atrial low-voltage sites, or other atrial arrhythmias (atrial flutter and atrial tachycardia)]. The electrophysiological endpoint of CPVI was a bidirectional conduction block between the LA and PVs.



Follow-up

Regular follow-up visits in outpatient clinics were conducted at 3, 6, 12, 24, and 36 months. At each visit, a detailed medical and physical examination, 12-lead electrocardiogram (ECG), and 24-h Holter monitoring were performed. They were strongly recommended to visit the nearest hospital for an ECG if they felt symptoms that could be attributed to arrhythmia or noticed any irregularity of their peripheral pulse by routine self-measurement. The outcome was AF recurrence defined as any documented atrial tachyarrhythmia (AF, atrial flutter, or atrial tachycardia) episode lasting for at least 30 s after ablation, excluding a 3-month blanking period.

Follow-up records were based on telephone interviews, and patients’ regular visits to outpatient clinics at the Beijing Anzhen Hospital and outcomes were adjudicated by trained study personnel and cardiologists.



Statistical analysis

Continuous variables with normal distribution are expressed as mean ± standard deviation (SD), and non-normally distributed variables were described as the median and interquartile range (IQR). Comparisons of means between groups were analyzed using the independent sample t-test for normally distributed data and the Mann-Whitney U-test for non-normally distributed data. Categorical data were presented as frequencies or percentages and compared between groups using the chi-squared test or Fisher’s exact test, as appropriate. Univariate and multivariate Cox regression analyses were performed to determine risk factors for AF recurrence, and the hazard ratio (HR) and 95% CI were calculated. Variables with values of P < 0.05 in the univariate analysis were included in the multivariate analysis. Time-dependent survival between groups (TIMP1 and hs-CRP) was evaluated using Kaplan-Meier curves and the log-rank test. To enhance the ability of biomarkers predicting AF recurrence after ablation, a receiver operating characteristic (ROC) curve was constructed, and the area under the curve (AUC) best cutoff value was calculated. Stratified analyses were also performed using the following variables: age (≥ 65 vs. < 65 years), BMI (≥ 24 kg/m2 vs. < 24 kg/m2), sex, hypertension (HTN), diabetes, coronary artery disease, LV ejection fraction (≥ 50 vs. < 50%), hypertriglyceridemia (> 1.7 mmol/L), and hyperhomocysteinemia (> 15 μmol/L). Multiplicative interactions were calculated in each subgroup. All data were analyzed using the SPSS 20.0 (IBM Corp., Armonk, NY, USA), R (version 4.0.4), and GraphPad Prism 6.0 software (CA, USA). Two-tailed P-values of < 0.05 were considered statistically significant.




Results


Patient clinical characteristics

From January 2019 to December 2020, we enrolled 249 patients with AF who underwent their initial RFCA at the Department of Cardiology of Beijing Anzhen Hospital in the study. We excluded 55 patients, i.e., 32 patients were lost to follow-up, 15 patients had incomplete clinical information, and 8 patients had a follow-up of less than 1 year (Figure 1).

All patients were followed up for at least 12 months following ablation. Of the 194 patients with AF (aged 59.9 ± 10.2 years, 66.5% male) included in our analyses, 61 (31.4%) experienced AF recurrence after ablation, as shown in Figure 1.

The baseline clinical characteristics of the participants are shown in Tables 1, 2. As shown in Table 1, more men underwent AF ablation than women (66.5% vs. 33.5%), but the proportion of women in the recurrence group was higher than that in the non-recurrence group (44.3 vs. 28.6%, P < 0.05). A total of 94 people underwent substrate modification surgery (recurrence group 31 (50.8%) vs. no-recurrence group 63 (47.4%), P = 0.657). We found no significant differences in clinical characteristics, including age, BMI, medical history, AF-related score, echocardiographic parameters, and laboratory examination (Table 2) between the recurrence and non-recurrence groups.


TABLE 1    Baseline clinical characteristics of the participants stratified according to post-ablation AF recurrence.
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TABLE 2    Baseline laboratory examination of the participants stratified according to post-ablation atrial fibrillation recurrence.
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Baseline TIMP-1 and hs-cRP level is positively correlated with atrial fibrillation recurrence

We measured the levels of TIMP-1 and hs-CRP using serum samples obtained from patients before AF ablation. Patients were assigned to two groups according to the recurrence of AF after the 3-month blanking period.

Figure 2 compares TIMP-1 and hs-CRP concentrations between the AF recurrence and non-recurrence groups. The level of TIMP-1 in the recurrence group was significantly higher than that in the non-recurrence group (129.8 ± 65.7 ng/ml vs. 112.0 ± 51.0 ng/ml, P = 0.041), and participants with AF recurrence had a significantly higher level of hs-CRP than those without AF recurrence (3.9 ± 6.0 mg/L vs. 1.9 ± 2.8 mg/L, P < 0.05). Among the patients with AF, there was no statistically significant difference in the level of BNP (135.0 ± 123.7 vs. 121.4 ± 103.1, P = 0.449) or D-dimer (215.8 ± 794.1 vs. 111.0 ± 152.4, P = 0.145) between patients with AF recurrence and those without (Table 3).
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FIGURE 2
Circulating levels of tissue inhibitor of metalloproteinase-1 (TIMP-1) and high-sensitivity C-reactive protein (hs-CRP) in patients with atrial fibrillation (AF) recurrence compared with the non-recurrence group. ***P < 0.05.



TABLE 3    Baseline biomarkers of the participants stratified according to post-ablation atrial fibrillation recurrence.
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Clinical outcomes and subgroup analysis

The median follow-up time after RFCA was 30.0 months (IQR: 16.5–33.7 months), and 61 patients experienced recurrence after AF ablation during the follow-up period. The Kaplan–Meier survival table showed that the rate of 12 months of freedom from AF recurrence was 85.4% (Figure 3), with paroxysmal AF at 90.3% and persistent AF at 80.8% (P = 0.053). The AUC of the continuous variables was calculated for the ROC, and the best cutoff value was selected as the boundary value of the categorical variables. Finally, the variables with P < 0.05 by univariate Cox analysis were TIMP-1, hs-CRP, PLT, and TCHO levels (Supplementary Table 1). We can also find from Supplementary Figure 1 whether undergoing substrate modification surgery does not affect AF recurrence.
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FIGURE 3
Kaplan-Meier survival curves for freedom from AF recurrence of all patients and stratified by TIMP-1 and hsCRP.


Subsequently, we performed multivariate Cox analyses using the above variables, and the results showed that a high TIMP-1 level was an independent risk factor for AF recurrence (Table 4). The HR for AF recurrence was 1.793 (95% CI: 1.062–3.021, P = 0.029).


TABLE 4    Multivariate Cox analysis of risk factors for atrial fibrillation recurrence.
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The unadjusted models revealed the relationship between high TIMP-1 level and AF recurrence, and the HR of high TIMP-1 level in predicting AF recurrence was largely unchanged after model adjustment, as shown in Table 5.


TABLE 5    Adjusted hazard ratios of post-ablation AF recurrence by a high level of TIMP-1 (>124.15 ng/ml) relative to the level of TIMP-1 (≤124.15 ng/ml).

[image: Table 5]

Subgroup analyses of participants based on serum TIMP-1 level and age, sex, type of AF, BMI, HTN, and AF-related score were carried out to determine the factors associated with AF recurrence. From Figure 4, we found that female sex, age < 65 years, HTN, BMI ≥ 24 kg/m2, CHA2DS2-VASc score < 2, HAS-BLED score < 3, and EHRA score = 3 combined with high TIMP-1 level could better predict AF recurrence after RFCA. No significant difference was found in other subgroup comparisons.
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FIGURE 4
Based on serum TIMP-1 level for atrial fibrillation recurrence in different subgroups.





Discussion

In this study, we prospectively explored the predictive value of the TIMP-1 level for AF recurrence after RFCA. We found that patients with AF who had elevated preoperative baseline levels of TIMP-1 had an increased rate of recurrence. These findings were consistently observed whether TIMP-1 levels were analyzed as continuous data or dichotomized around a cutoff value of 124.15 ng/ml, indicating that the present results are robust and do not depend on a certain cutoff point. In this study, further univariate Cox regression analysis revealed that high TIMP-1, hs-CRP, PLT, and TCHO levels were significantly associated with AF recurrence after RFCA. Multivariate Cox regression analysis showed that a high TIMP-1 level was an independent risk factor for AF recurrence.

Atrial fibrosis is a pathological process of AF structural remodeling (17). Atrial fibrosis in AF causes an imbalance in ECM formation and degradation. In profibrotic stimuli, the homeostatic balance in the ECM was disrupted by an increase in ECM formation over degradation. TIMPs are thought to regulate ECM remodeling through direct inhibition of MMP-dependent ECM proteolysis. Four TIMPs and 23 MMPs have been described in humans and play roles in cardiac fibrosis (18). A study evaluating atrial remodeling in aortic stenosis patients with chronic AF showed a decrease in the MMP16/TIMP4 ratio in patients with AF along with an increased serum TIMP1 and TIMP2 proteins (7). Prior studies have associated high plasma TGF-β1 and TIMP-1 levels with the electroanatomical remodeling of the LA in patients with non-valvular AF (15). Chromosome 4q25 variant alleles and TIMP-1 levels are also associated with clinical outcomes in those with paroxysmal AF (16). Our study showed that TIMP-1 is an independent risk factor for AF recurrence following RFCA. These studies have yielded meaningful results and may provide predictive value in risk stratification for AF recurrence after RFCA.

Previous studies have reported various biomarkers of AF, such as hs-CRP (19), MMP-9 (18), N-terminal pro-B type natriuretic peptide (NT-proBNP) (20), bone morphogenic protein-10 (BMP10) (14), growth differentiation factor (GDF-15) (21), and serum soluble ST2 (sST2) (22). The appearance of AF is closely related to atrial structural remodeling and electrical remodeling. In the meantime, some studies also suggested that inflammation may play an important role in atrial remodeling (23–25). hs-CRP is a biological marker of local and systemic inflammation (19, 26). Many studies have shown that elevated levels of hs-CRP are independently associated with an increased risk of incident AF and AF recurrence after catheter ablation (26). Therefore, hs-CRP was used as a positive reference for predicting AF recurrence in our study compared with TIMP1. Our results showed that baseline TIMP-1 levels were associated with AF recurrence after a median follow-up period of 30 months. This TIMP-1 activity could help us understand AF pathogenesis and help predict cardiovascular risk and event recurrence. At the same time, high TIMP-1 levels and combined with women, age < 65 years, HTN, BMI ≥ 24 kg/m2, low CHA2DS2-VASc score, low HAS-BLED score, and high EHRA score will have a tendency to AF recurrence after RFCA.



Conclusion

In a monocentric cohort of AF patients, baseline serum TIMP-1 levels before the initial RFCA procedure had an independent prognostic value in predicting long-term recurrence. Patients with a high TIMP-1 level were related to a higher risk of recurrent AF.



Limitations

There are four limitations to our study. First, we measured serum TIMP-1 levels only at baseline and, thus, could not assess the effects of postoperative TIMP-1 levels, or the effect of the changes in TIMP-1 levels over time. Second, 24-h Holter monitoring may lead to an underestimation of the recurrence rates compared with the implanted loop recorder. Third, TIMP1 is not a routine laboratory examination in hospitals. Fourth, the study sample included patients with AF after RFCA and is a single-center study with a small sample size, and the generalizability of the results to other populations is unclear.
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Background: Atrial fibrillation (AF) is the most frequent arrythmia managed in clinical practice. Several mechanisms have been proposed to contribute to the occurrence and persistence of AF, in which oxidative stress plays a non-negligible role. The endocannabinoid system (ECS) is involved in a variety physiological and pathological processes. Cannabinoid receptor 1 (CB1R) and cannabinoid receptor 2 (CB2R) are expressed in the heart, and studies have shown that activating CB2R has a protective effect on the myocardium. However, the role of CB2R in AF is unknown.

Materials and methods: Angiotensin II (Ang II)-infused mice were treated with the CB2R agonist AM1241 intraperitoneally for 21 days. Atrial structural remodeling, AF inducibility, electrical transmission, oxidative stress and fibrosis were measured in mice.

Results: The susceptibility to AF and the level of oxidative stress were increased significantly in Ang II-infused mice. In addition, nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2), NOX4, and oxidized Ca2+/calmodulin-dependent protein kinase II (ox-CaMKII) were highly expressed. More importantly, treatment with AM1241 activated CB2R, resulting in a protective effect.

Conclusion: The present study demonstrates that pharmacological activation of CB2R exerts a protective effect against AF via a potential NOX/CaMKII mechanism. CB2R is a potential therapeutic target for AF.
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Introduction

Atrial fibrillation (AF), the most common arrhythmia in clinical practice, affects nearly 2% of the general population and is associated with a pronounced increase in the incidence of heart disease and death (1). During recent decades, our understanding of the mechanisms driving the pathogenesis and maintenance of AF has increased considerably. Atrial remodeling, including electrophysiological changes and structural remodeling, is the main cause of the occurrence and persistence of AF (2). Oxidative stress has been investigated as a potential essential link between AF and atrial remodeling (3). Oxidative stress is an imbalance between oxidants and antioxidants in favor of the former, resulting in excess reactive oxygen species (ROS) accumulation and leading to cellular damage. Numerous studies have shown that excess ROS directly affect ion channels and cause electrical remodeling (4). In addition, research evidence suggests that hydroxyl radicals, a type of ROS, can alter myofibrillar protein structure and function and further contribute to structural remodeling, which is a feature of atrial fibrosis (5). Given this, reducing oxidative stress may be an attractive target for the treatment of AF.

The endocannabinoid system (ECS) consists of endogenous ligands, enzymes for synthesis, degradation and transport, and cannabinoid receptors (CBRs). Cannabinoid receptor 1 (CB1R) was cloned from a rat cerebral cortex cDNA library in 1987 and characterized as the specific membrane receptor of a cannabinoid compound 1 year later. It was not until 5 years later that another cannabinoid receptor was found in macrophages of the spleen and named cannabinoid receptor 2 (CB2R). The endogenous ligands anandamide (AEA) and 2-arachidonoylglycerol (2-AG) were discovered in 1992 and 1995 (6). The ECS has been reported to play an important role in the pathogenesis and progression of diseases (7), and pharmacological inhibition of CB1R or activation of CB2R exerts cardioprotective effects (8). Unlike CB1R, which is mainly distributed in the central nervous system, CB2R has gained attention as an important therapeutic target due to its lack of psychoactivity. Moreover, it has been confirmed in various animal models of atherosclerosis and myocardial ischemia/reperfusion injury that CB2R activation by natural and synthetic agonists shows antioxidative effects (9). However, little is known about the role of CB2R in AF, and we were curious as to whether it can decrease oxidative stress in AF.

Mitochondria, dynamic organelles regulated by fission and fusion, are major sources of ROS (10). Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is the most important enzyme in oxidative stress, and it has been reported that Ca2+/calmodulin-dependent protein kinase II (CaMKII), a well-described serine-threonine kinase related to cardiovascular diseases (11), can be oxidized by NOX at methionines 281 and 282 to form oxidized CaMKII (ox-CaMKII) (12). In addition, a series of studies have confirmed that ox-CaMKII plays a proarrhythmic role in both AF and sinoatrial node dysfunction and functions upstream of ROS by inducing mitochondrial damage (13–16).

Therefore, the CB2R agonist AM1241 was used as an adjuvant to reduce the susceptibility of AF in Angiotensin II (Ang II)-infused mice. In addition, the involvement of the NOX/CaMKII mechanism in the protective action of AM1241 was evaluated.



Materials and methods


Animals and treatment

Eight-week-old male C57BL/6 mice (HUAFUKANG Bioscience Co., Ltd., Beijing, China) were kept under standard housing conditions. After a 1-week acclimatization period, the mice were randomly assigned to 5 groups (n = 15 for each group): the control group, the Ang II group, the Ang II + vehicle (Veh) group, the Ang II + AM1241 group, and the Ang II + AM630 group. Ang II (2,000 ng/kg/min) (A1042, APExBIO, Houston, TX, USA) was subcutaneously infused into the mice for 3 weeks with osmotic pumps (Alzet model 2004; Durect, CA, USA). The control group underwent sham operation. The CB2R agonist AM1241 (S1544, Selleck Chemicals, Houston, TX, USA) and CB2R antagonist AM630 (HY-15421, MedChemExpress, Monmouth Junction, NJ, USA) were dissolved in solvents containing DMSO, Tween-20 and PBS (1:1:8). The concentration of AM1241 was 20 mg/kg, the concentration of AM630 was 3 mg/kg, and the solvent was injected into the Ang II + Veh group (8). The drug injection volume per day was 0.1 mL per mouse for 21 days. For the first time, the drugs were administered intraperitoneally for 1 h before the pumps were implanted, and then the injection was performed at the same time every day.



Blood pressure measurement and echocardiographic measurement of the left atrium

The blood pressure (BP) of mice was measured before and at the end of treatment with a tail-cuff system (BP-2010, Softron Biotechnology, Beijing, China). Each measurement was repeated three times, and the average BP was calculated. On the 21st day post-Ang-II infusion, echocardiography was performed with a high-resolution ultrasound imaging system (D700, Vinno, Suzhou, China). Mice were anesthetized with 1.5% isoflurane. The left atrium (LA) movement was recorded on the parasternal long-axis view, and the left atrium diameter (LAD) was measured at the left ventricular end systole.



Atrial fibrillation stimulation

Surface electrocardiogram (ECG) was recorded in anesthetized mice (1% pentobarbital sodium) using PowerLab monitoring systems and LabChart v7 software (ADInstruments, Castle Hill, Australia). A 1.1 F octapolar electrode catheter (Transonic Scisense Inc., Ontario, Canada) was inserted into the right atrium via the jugular vein. The inducibility of AF was evaluated by bust stimulation (iWorx System Inc., Dover, NH, USA) for 2 s starting with a cycle length (CL) of 40 ms and decreasing in each burst by a 2 ms decrement to a CL of 20 ms (17). The burst pacing protocols were repeated three times after stabilization for 5 min, and AF was considered to be inducible if 2 or 3 bursts evoked an AF episode for at least 2 s on the ECG. AF duration was defined as the total period of time from the end of burst pacing to the first P wave detected in each individual mouse (18).



Atrial electrophysiological mapping

Atrial electrophysiological mapping was performed according to a previous study (19). In brief, the mice were placed on the operating table after anesthetizing and ventilation (Taimeng Technology, Chengdu, China). The thorax was opened, and the LA was exposed. A 64-electrode microelectrode array was placed on the surface of the LA. A 64-channel electrophysiological mapping system (MappingLab Inc., UK) was used to record electrograms. The mean conduction velocity and absolute inhomogeneity were acquired using EMapScope5 software (MappingLab Inc., UK). Then, the mice were sacrificed immediately for blood and heart samples.



Serological experiment

The serum samples were separated by centrifugation in anticoagulant tubes (1,000 g, 10 min). The activity of superoxide dismutase (SOD) and the contents of malondialdehyde (MDA), glutathione (GSH), Ang II, and aldosterone (ALD) were determined by colorimetric reagent kits from the Nanjing Jiancheng Bioengineering Institute.



Histological staining analysis

Atrial paraffin sections at 5 μm were deparaffinized and hydrated and then stained by H&E staining (KGA224, KeyGEN Bio TECH Corp., Jiangsu, China) and Masson’s trichrome staining (BA4079, Baso Diagnostics Inc., Zhuhai, China). The pictures were captured by a UB203i microscope (Aopu Technology, Chongqing, China). To visualize the ROS in the atrium, frozen atrial sections at 8 μm were incubated with 20 μM dihydroethidium operating fluid (KGAF019, KeyGEN Bio TECH Corp., Jiangsu, China) at room temperature for 30 min. All fluorescence images were taken by a Nikon C2 Plus confocal microscope (Nikon, Tokyo, Japan). At least 3 fields from each sample were randomly selected for quantitative analysis via ImageJ software.



Transmission electron microscopy

Atrial samples (1 mm3 blocks) were fixed with 2.5% glutaraldehyde at 4°C overnight and then postfixed in 1% osmium tetroxide for 1 h. The blocks were dehydrated with a graded series of ethanol solutions and embedded in epoxy resin. Thereafter, they were cut into 60 nm ultrathin sections (EM UC7, Leica, Vienna, Austria), which were subsequently observed with a transmission electron microscope (TEM) (HI7700, Hitachi, Tokyo, Japan). The images were analyzed using ImageJ software.



Western blot analysis

Total proteins were prepared using RIPA lysis buffer (abs9225, Absin, Shanghai, China) containing 1% protease inhibitor (BP101, Bio-Platform, Shanghai, China). Tissue lysates were separated by electrophoresis and transferred onto polyvinylidene difluoride (PVDF) membranes (IPVH00010, Merck Millipore Ltd., MA, USA) by the sandwich method. The membranes were incubated with primary antibodies against CB2R (PA569179, Thermo Fisher, Shanghai, China), CaMKII (4436, Cell Signaling Technology, Boston, MA, USA), and ox-CaMKII (36254, GeneTex, Southern California, CA, USA) overnight at 4°C followed by a horseradish peroxidase peroxidase-conjugated secondary antibody for 1 h at room temperature. The blots were detected by enhanced chemiluminescence (P10300, NCM, Suzhou, China) and were scanned by a Tanon image analysis system (5200, Tanon, Shanghai, China).



Statistical analysis

All data are presented as the mean ± SEM (standard error of the mean). Differences were assessed with Student’s t test or one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test (v9.0, GraphPad Software, San Diego, CA, USA). A value of P < 0.05 was considered to indicate statistical significance.




Results


Under Angiotensin II stimulation, the RAAS was activated, and blood pressure rose

Before the treatment, there were no significant differences in BP among the five groups. After 21 days of treatment, there was still no significant change in the control group. However, the BPs of the other four groups rose significantly compared with that of the control group in the same period (Figure 1A). Serological examination showed that the levels of Ang II and ALD in the four groups other than the control group were higher than those before treatment (Figures 1B,C). AM1241 and AM630 did not affect BP or the levels of Ang II and ALD.
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FIGURE 1
Under Angiotensin II stimulation, the RAAS was activated, and blood pressure (BP) rose. Ang II (2,000 ng/kg/min) was subcutaneously infused into the mice for 21 days. In addition, solvent (0.1 ml), AM1241 (20 mg/kg), and AM630 (3 mg/kg) were administered intraperitoneally every day to the animals. Before the treatment, there were no significant differences in blood pressure (BP) among the five groups. After 21 days of different treatments, BP increased significantly in all groups except the control group (A). The content of Angiotensin II (B), aldosterone (ALD) (C), malondialdehyde (MDA) (D) and glutathione (GSH) (E), and the enzyme activity of superoxide dismutase (SOD) (F) were determined by serological examination. The data represent the mean ± SEM. *P < 0.05 vs. control group. &p < 0.05 vs. before treatment. #P < 0.05 vs. Ang II + AM1241 group.




Administration of AM1241 reduced the inducibility of atrial fibrillation in Angiotensin II-infused mice

Compared to those in the control mice, the inducibility and duration of AF in Ang II-infused mice were increased significantly. However, after administration of AM1241, the inducibility and duration decreased, while they did not change significantly after AM630 treatment (Figures 2A–C). In addition, the electrophysiological mapping experiment showed that Ang II significantly decreased the mean conduction velocity and increased absolute inhomogeneity. These effects were also suppressed by AM1241 administration, and AM630 treatment did not affect the above changes (Figures 2D–F). Next, the echocardiographic data showed that AM1241 administration attenuated Ang II-induced LA chamber enlargement, and AM630 treatment did not (Figures 2G,H).
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FIGURE 2
Administration of AM1241 reduced the inducibility of atrial fibrillation (AF) in Angiotensin II-infused mice. (A) Simultaneous recordings of surface electrocardiogram (ECG) after 21-day infusion of Ang II (2,000 ng/kg/min). Solid underlines indicate the burst pacing period, and dashed underlines highlight the AF period. The above two ECGs recorded representative ECG waves of AF and SR after a burst of electrical stimuli. The bottom recorded ECG waves of AF followed by spontaneous conversion to SR. Bar = 300 ms. (B) Inducibility of AF. (C) Duration of AF. (D) Electrophysiological mapping images of spontaneous conduction in the LA. The bars from red to blue indicate the total time from the first to the last measurement within one heartbeat. (E) Mean conduction velocity. (F) Absolute inhomogeneity of left atrial electrical conduction. (G) Representative M-mode echocardiography of the LA. (H) Quantification of LAD. The data represent the mean ± SEM. *P < 0.05 vs. control group. #P < 0.05 vs. Ang II + AM1241 group.




Administration of AM1241 attenuated oxidative stress in the atrial tissue of Angiotensin II-infused mice by activating cannabinoid receptor 2

Immunoblotting of atrial tissue showed that the expression of CB2R was slightly decreased in Ang II-infused mice but increased significantly after administration of AM1241 and AM630 (Figure 3A). MDA is a main lipid peroxidation product that reflects the level of oxidative stress. GSH and SOD are the major antioxidants. Ang II-infused mice showed elevated MDA levels, reduced GSH levels and reduced SOD enzyme activity. The adverse outcomes were remarkably reversed by the addition of AM1241 (Figures 1D–F). Later, oxidative stress in LA was detected. Fluorescence staining demonstrated that the mean ROS intensity was increased in Ang II-infused mice but decreased after treatment with AM1241 (Figures 3B,C). In addition, western blot analysis showed that the levels of ox-CaMKII, NOX2 and NOX4 were increased in the Ang II-infused mice but were decreased by AM1241 treatment (Figures 3D,E). However, no distinct changes occurred after AM630 administration.
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FIGURE 3
Administration of AM1241 attenuated oxidative stress in the atrial tissue of Angiotensin II-infused mice by activating cannabinoid receptor 2 (CB2R). (A) Representative western blot image and relative expression of CB2R. (B) Representative picture of reactive oxygen species (ROS) (red) by dihydroethidium staining. Bar = 100 μm. (C) Quantitative analysis of reactive oxygen species (ROS) mean intensity. (D) Representative western blot image and relative expression of NOX2 and NOX4. (E) Representative western blot image and relative expression of ox-CaMKII and CaMKII. Lane 1: control group; Lane 2: Ang II group; Lane 3: Ang II + Veh group; Lane 4: Ang II + AM1241 group; Lane 5: Ang II + AM630 group. The data represent the mean ± SEM. *P < 0.05 vs. control group. #P < 0.05 vs. Ang II + AM1241 group. @P < 0.05 vs. Ang II group. $P < 0.05 vs. Ang II + Veh group.




Administration of AM1241 attenuated mitochondrial damage in Angiotensin II-infused mice

Morphological changes in mitochondria in LA were detected by TEM. As shown in Figure 4A, mitochondria were intact in the control group, and the cristae were in order and clear. After damage by Ang II, most of the mitochondria were swollen and even cavitated, and the cristae were deformed and dissolved. The occurrence of swollen mitochondria increased (Figure 4B), and the length ratio of the cristae membrane to mitochondrial outer membrane decreased significantly (Figure 4C). After AM1241 administration, there were fewer disorganized mitochondria, and the pathological changes were attenuated. Fission is an important feature of mitochondrial dynamics, and phosphorylation of Drp1 Ser616 promotes mitochondrial fission. In Ang II-infused mice, western blotting confirmed the increased phosphorylation of Drp1 at Ser616 (Figure 4D). Notably, AM1241 showed deterrent effects on Drp1 phosphorylation, and there was no significant difference in the above changes between the Ang II + AM360 group and Ang II group.
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FIGURE 4
Administration of AM1241 attenuated mitochondrial damage in Angiotensin II-infused mice. (A) Representative transmission electron microscopic images of atrial samples. Bar = 1 μm. (B) Fraction of swollen mitochondria. (C) Length ratio of the mitochondrial cristae membrane and outer membrane, a parameter of mitochondrial cristae density. For each analyzed mitochondrion, the total length of the cristae membrane was obtained by adding the lengths of all the cristae together and multiplying by 2. The ratio was determined by dividing the total length of the cristae membrane by the mitochondrion perimeter. (D) Representative western blot image and relative expression of p-Drp1 and Drp1. Lane 1: control group; Lane 2: Ang II group; Lane 3: Ang II + Veh group; Lane 4: Ang II + AM1241 group; Lane 5: Ang II + AM630 group. The data represent the mean ± SEM. *P < 0.05 vs. control group. #P < 0.05 vs. Ang II + AM1241 group.




Administration of AM1241 attenuated atrial fibrosis in Angiotensin II-infused mice

Atria from Ang II-infused mice displayed large fibrotic areas, as indicated by Masson’s trichrome staining and H&E staining, while treatment with AM124 alleviated fibrosis (Figures 5A–C). Moreover, significant atrial fibrosis was evidenced by western blotting analysis of TGF-β, MMP, collagen I and collagen III, but the expression of these proteins was restored in mice in the Ang II + AM1241 group (Figure 5D). As with previous results, AM630 did not ameliorate the impact of Ang II.
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FIGURE 5
Administration of AM1241 attenuated atrial fibrosis in Ang II-infused mice. (A) Representative images of Masson’s trichrome staining. Bar = 50 μm. (B) Relative myocardial fibrosis. (C) Representative images of H&E staining. Bar = 50 μm. (D) Representative western blot image and relative expression of TGF-β, MMP9, collagen I and collagen III. Lane 1: control group; Lane 2: Ang II group; Lane 3: Ang II + Veh group; Lane 4: Ang II + AM1241 group; Lane 5: Ang II + AM630 group. The data represent the mean ± SEM. *P < 0.05 vs. control group. #P < 0.05 vs. Ang II + AM1241 group.





Discussion

As the global life expectancy increases, the prevalence of AF in the general population is rising sharply. Thus, AF is becoming an urgent public health issue. In addition, AF may seriously affect patients’ quality of life, as it is related to serious complications, such as stroke, heart failure, and cardiac arrest, which result in increased morbidity, mortality and health care costs (20). Therefore, effective treatment of AF is critically needed. AF treatment is largely based on catheter ablation. The currently available pharmacotherapies for AF have poor efficacy, mainly because they are not directed at the molecular cause of AF (21). Oxidative stress and fibrosis are indispensable pathogenic mechanisms in AF. The experimental results showed that the susceptibility of Ang II-infused mice to AF was significantly increased and that oxidative stress and fibrosis were also altered. Notably, these changes were reversed after treatment with the CB2R receptor-specific agonist AM1241, while the adverse consequences of Ang II were not improved after administration of the CB2R antagonist AM630.

Angiotensin II is the main regulator of cardiac oxidative stress and increases the production of ROS in the cardiovascular system by activating membrane-bound NOX, endoplasmic reticulum stress and mitochondrial oxidative stress (22). ROS can ultimately cause myocardial fibrosis and promote the appearance and persistence of AF. This creates a dangerous positive feedback loop, predisposing patients to AF and thus further fibrosis (23). Moreover, Professor Anderson found that targeted loss of ox-CaMKII in oxidation-resistant CaMKII MMVV mice [a mouse model whose methionine pair (281/282) was replaced by valine] was sufficient to prevent the proarrhythmic response of Ang II in AF (16). They reasoned that CaMKII is an upstream signal of ROS and can be activated by NOX (12). In our study, the expression of NOX2 and NOX4 was increased in the Ang II-infused mice, and ox-CaMKII also changed accordingly, resulting in mitochondrial damage; this enhanced oxidative stress and fibrosis and ultimately increased the susceptibility to AF.

The ECS is an intricate and heterogeneous signaling network composed of (i) endogenous cannabinoids (eCBs) such as AEA and 2-AG and other cannabimimetic ligands, e.g., oleoylethanolamide and stearoylethanolamine; (ii) metabolic enzymes such as fatty acid amide hydrolase (FAAH), monoacylglycerol lipase (MAGL) and other enzymes that regulate eCBs; and (iii) the G protein-coupled receptors CB1R and CB2R (6). The interactions among them controls the activity level of the ECS, which plays a vital role in pathophysiology during each stage of life (24). In the cardiovascular system, the expression of CBRs is not high, and it is still unclear what role the ECS plays in the physiological process, but under pathological conditions, the expression of ECS-related components undergoes dramatic changes. Sugamura et al. found that the levels of AEA and 2-AG in blood samples of patients with coronary heart disease were significantly increased and that the expression of CB1R was increased in coronary atherosclerotic plaques (25). Interestingly, in patients with ischemic cardiomyopathy, the expression of CB1R in myocardial tissue is increased, and the expression of CB2R is decreased (26). Moreover, in mouse models, inhibition of CB1R or activation of CB2R alleviates quetiapine (27) or clozapine-induced (28) myocardial damage. Considering the possible undesirable side effects of CB1R modulators (9), the current experiment was carried out for CB2R. We hypothesized that the expression of CB2R would decrease with continuous Ang II infusion, while pharmaceutical agonism of CB2R would reduce susceptibility to AF. Ultimately, our results fully verified this conjecture.

Cannabinoid receptor 2 (CB2R) activation has an obvious protective effect on the myocardium. It has been confirmed that activation of CB2R reduces necroptosis of the myocardium induced by ethanol (8). It has also been reported that CB2R deficiency impairs regulation of immune activity and apoptosis, resulting in myocardial maladaptation to pressure overload (29). On the other hand, Danielle et al. perfused rat hearts with the CB2R agonist CB13 in a Langendorff setup and found that CB13 inhibited atrial remodeling caused by tachyarrhythmias (30). In addition, Meeran et al. confirmed that the activation of CB2R had antioxidant, anti-inflammatory and anti-apoptotic effects in rats with myocardial infarction induced by isoproterenol and chronic cardiotoxicity induced by doxorubicin (31, 32). In the current study, considering that Ang II-induced myocardial injury is mainly caused by excessive oxidative stress, we sought to elucidate CB2R-related antioxidant stress pathways. In a series of studies on renal dysfunction, CB2R was found to modulate the expression of NOX (33). However, CB2R has not been studied in the context of myocardial protection, let alone in AF. As expected, after AM1241 treatment, CB2R expression was increased, NOX expression and downstream ox-CaMKII expression were decreased, mitochondrial damage was alleviated, the content of ROS was decreased, and the degree of fibrosis was decreased. Finally, the myocardial conduction velocity increased, and the susceptibility to AF was reduced.



Conclusion

In summary, we found that in Ang II-infused mice, susceptibility to AF was reduced by pharmacological activation of CB2R, and the signaling pathway involved NOX/CaMKII (Figure 6). Since the onset and persistence of AF are inseparable from oxidative stress, we believe that CB2R will become a potential therapeutic target for the treatment of AF.
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FIGURE 6
Proposed model describing the role of cannabinoid receptor 2 (CB2R) activation in the treatment of atrial fibrillation (AF).


Nevertheless, our research had some limitations. More accurate knockout, overexpression, and other interventions for in-depth research on the molecular mechanism are needed. Although the Ang II-induced mouse model of AF has been widely used and is representative (34), the role of the endocannabinoid system in AF should be validated in more animal models, such as transverse aortic constriction (TAC) mice. In addition, AM1241 is not a myocardial-specific CB2R agonist, and it is difficult to rule out the possibility that the drug affected the heart through its effects on other systems. Research on myocardial-specific CB2R agonists is urgently needed.

Although the current study was performed only on an Ang II-induced mouse model, the positive results are very promising, and the potential psychiatric side effects of CB1R were avoided. We believe CB2R agonists will be beneficial for the treatment of AF.
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Background: Several studies suggest that circulating biomarkers of myocardial fibrosis are associated with worse prognosis in subjects with atrial fibrillation (AF). Here, we aimed to explore associations between fibrosis biomarkers, prevalent AF, and left atrial volume (LAV) enlargement in subjects with heart failure (HF). Additionally, we evaluated the prognostic impact of fibrotic biomarkers in HF with co-existing AF.

Materials and methods: Patients hospitalized for HF (n = 316, mean age 75 years; 30% women) were screened for AF. Seven proteins previously associated with myocardial fibrosis [metalloproteinase inhibitor 4 (TIMP-4), suppression of tumorigenicity 2 (ST-2), galectin-3 (GAL-3), growth/differentiation factor-15 (GDF-15), and matrix metalloproteinase 2, 3, and 9 (MMP-3, MMP-3, and MMP-9, respectively)] were analyzed using a proximity extension assay. Proteins with significant Bonferroni-corrected associations with mortality and re-hospitalization risk were taken forward to multivariable Cox regression analyses. Further, Bonferroni-corrected multivariable logistic regression models were used to study associations between protein plasma levels, prevalent AF, and severely enlarged left atrial volume index (LAVI ≥ 48 ml/m2).

Results: Prevalent AF was observed in 194 patients at the hospitalization of whom 178 (92%) were re-hospitalized and 111 (57%) died during the follow-up period. In multivariable logistic regression models, increased plasma levels of TIMP-4, GDF-15, and ST-2 were associated with the prevalence of AF, whereas none of the seven proteins showed any significant association with severely enlarged LAVI. Increased plasma levels of five proteins yielded significant associations with all-cause mortality in patients with co-existing AF; TIMP-4 (HR 1.33; CI95% 1.07–1.66; p = 0.010), GDF-15 (HR 1.30; CI95% 1.05–1.62; p = 0.017), GAL-3 (HR 1.29; CI95% 1.03–1.61; p = 0.029), ST-2 (HR 1.48; CI95% 1.18–1.85; p < 0.001), and MMP-3 (HR 1.33; CI95% 1.09–1.63; p = 0.006). None of the proteins showed any significant association with re-hospitalization risk.

Conclusion: In this study, we were able to demonstrate that elevated levels of three plasma proteins previously linked to myocardial fibrosis are associated with prevalent AF in a HF population. Additionally, higher levels of five plasma proteins yielded an increased risk of mortality in the HF population with or without co-existing AF.

KEYWORDS
heart failure, biomarkers, fibrosis, echocardiography, atrial fibrillation


Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia worldwide and a leading risk factor for morbidity and mortality, thus representing a high burden to affected patients and the healthcare system (1). AF often co-exists with heart failure which constitutes a challenging dilemma for clinicians since the occurrence of both conditions aggravates each other and is associated with worse prognosis (2). In this aspect, the interest in finding new pathophysiological links between AF and HF has emerged, where growing evidence suggests that myocardial fibrosis is a contributing factor for both AF and HF development (3, 4). By its contribution to cardiac remodeling, myocardial fibrosis subsequently leads to declined cardiac relaxation and contractility (5) and constitutes an atrial substrate associated with increased left atrial volume (LAV) and development of AF (6). Thus, it is well-known that each of these conditions can be either the cause or consequence of the other (7). In recent studies, several blood-based biomarkers have been suggested as markers of the fibrotic cardiac process seen in patients with AF (8). Furthermore, many of these biomarkers including transforming growth factor β 1 (TGF-β1) have also been implicated in the pathology and prognosis of HF (9). However, there is a lack of knowledge about whether biomarkers that reflect the fibrotic process within the heart are associated with the prognosis of individuals with HF and co-existing AF. The use of myocardial fibrosis biomarkers in day-to-day clinical practice can potentially bring a better understanding of the mutual pathophysiology between AF and HF. Thus, here we aim to explore if plasma levels of myocardial fibrotic proteins are associated with the prevalence of AF and enlarged LAV in a HF population as well as to explore the prognostic impact of each protein in regard to incident mortality and re-hospitalization risk in HF patients with and without AF.



Materials and methods


Study population

The HeARt and Brain Failure inVESTigation study (HARVEST) is a prospective study undertaken in patients hospitalized for the diagnosis of HF (ICD-10: I50-) at Skane University Hospital, Sweden (10). Admission to the department of internal medicine or cardiology for the treatment of newly diagnosed or exacerbated chronic HF is the inclusion criteria for the HARVEST study. Participants who are unable to deliver informed consent are excluded. In cases of severe cognitive impairment, the relatives are informed and asked for permission on the patient’s behalf. Between 20 March 2014 and 22 January 2018, a total of 324 consecutive patients were included and underwent a clinical examination. These participants had consecutively from the study start until January 2018, been analyzed with a proximity extension assay consisting of 92 proteins. Eight patients had missing values on relevant co-variates, rendering a study population of 316 eligible participants with the complete dataset. Within the study population, 194 patients were diagnosed with co-existing AF (Figure 1). The Ethical Review Board at Lund University, Sweden has approved the study and it fulfills the Declaration of Helsinki. Written informed consent was obtained from all participants or relatives as described above.
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FIGURE 1
Flowchart of the study population.




Co-variates

Anthropometric measurements and blood samples were obtained after an overnight fast.

Body mass index (BMI) was calculated as kilograms per square meter, and data regarding the study participants’ medication were collected. Prevalent diabetes was defined as a self-reported diagnosis of type 2 diabetes, the use of antidiabetic medication, or fasting plasma glucose >7 mmol/L. Prevalent smoking status was self-reported as yes or no, where never and previous smokers were regarded as non-smokers, and present-day smokers were defined as smokers. Systolic and diastolic blood pressures (BPs) were measured by trained nurses using a validated automated BP monitor Boso Medicus (Bosch + Sohn GmbH u. Co. KG, Jungingen, Germany). The upper arm cuff of appropriate size was placed on the right side, and the arm was supported at the heart level. Hypertension was defined as either systolic blood pressure (SBP) ≥140 mmHg and/or diastolic blood pressure (DBP) ≥90 mmHg. Atrial fibrillation (AF) was defined as the presence of AF on an electrocardiogram at the time of hospitalization or history of AF according to the patient’s medical documentation. The use of anticoagulation medication was defined as receiving treatment with either Warfarin or novel oral anticoagulants (NOACs).



Proteomic profiling

A proximity extension assay (PEA) technique using the Proseek Multiplex CVD III 96 × 96 reagents kit (Olink Bioscience, Uppsala, Sweden) was used to measure plasma levels of 92 CVD proteins (11). The PEA technique uses two oligonucleotide-labeled specific antibodies to bind to each target protein, which allows the formation of a polymerase chain reaction sequence that can then be detected and quantified. All data are presented as arbitrary units. The CVD III panel includes 92 proteins, with established or proposed associations with metabolism, inflammation, and CVD. Across all assays, the mean intra-assay and inter-assay variations were observed to be 8.1 and 11.4%, respectively. Additional information regarding the assays is available on the Olink homepage.1 Seven proteins included in the CVD III panel were selected to be part of further analyses aiming to explore the cross-sectional relationship between prevalent AF and severely enlarged LAV as well as the prognostic impact of each protein for participants with and without AF. The selected proteins have been previously associated with myocardial fibrosis, metalloproteinase inhibitor 4 (TIMP-4) (12), suppression of tumorigenicity 2 (ST-2) (13), galectin-3 (GAL-3) (14), growth/differentiation factor-15 (GDF-15) (15), and matrix metalloproteinase 2, 3, and 9 (MMP-2, MMP-3, and MMP-9, respectively) (16, 17).



Echocardiography

Transthoracic echocardiograms were available in 237 (75%) study participants and obtained using a Philips IE33 (Philips, Andover, MA, USA) with a 1–5 MHz transducer (S5-1), or with a GE Vingmed Vivid 7 Ultrasound (GE, Vingmed Ultrasound, Horten, Norway) with a 1–4 MHz transducer (M3S). All studies were performed by experienced sonographers as a part of the clinical routine at a central echocardiographic laboratory. Measurements from the parasternal long axis, apical four- and two-chamber views were done offline using Xcelera 4.1.1 (Philips Medical Systems, Netherlands) according to the recommendations of the American Society of Echocardiography. The parasternal long-axis view was used to measure internal left and right ventricular dimensions at end-diastole. Measurements of wall thickness were obtained in a two-dimensional end-diastolic parasternal long-axis view. The Simpson method was used to calculate left ventricular volumes by manual tracing (papillary muscles included in the cavity) in two-dimensional end-diastolic and end-systolic frames defined as the largest and smallest left ventricular cavities, respectively, in apical four- and two-chamber projections. The ejection fraction (EF) was calculated automatically from end-diastolic volumes (EDV) and end-systolic volume (ESV) using the following formula: EF = (EDV-ESV)/EDV. Tricuspid annular plane systolic excursion (TAPSE) and pulsed tissue Doppler (DTI)-derived tricuspid annular systolic velocity (S’) were used to measure right ventricular systolic function. M-mode images in apical four-chamber view, with the cursor optimally aligned along the direction of the tricuspid annulus, were used to obtain TAPSE. To assess S’-wave velocity, pulsed DTI images were obtained in an apical four-chamber view on the free-wall side of the right ventricle, with the basal segment and the annulus aligned with the Doppler cursor. The LA endocardial borders were manually traced in both apical four-chamber and two-chamber views. For the assessment of left atrium (LA) volumes, the biplane area-length method was used: LA volume = (0.85 × area apical four-chamber × area apical two-chamber)/(shortest atrial length). The values were indexed to BSA and defined as left atrial volume index (LAVI). Severely enlarged atrial volume was defined as LAVI ≥ 48 ml/m2 (18).



Primary endpoints

The primary endpoints were all-cause mortality and the first post-discharge hospitalization. All-cause mortality was defined as death by any cause and was retrieved from the National Board of Health and Welfare’s Cause of Death Register. Re-hospitalizations defined as the first of any re-admission to the hospital were retrieved from electronic medical charts (Melior, Siemens Health Services, Solna, Sweden). All subjects were followed from study inclusion until 31 December 2020.



Statistics

Group differences in continuous variables between study participants with or without prevalent AF were compared using a one-way ANOVA test, whereas categorical variables were compared using Pearson’s chi-square test. The variables are presented as means (standard deviation (SD)) and medians (25–75 interquartile range). All analyses were performed using SPSS Windows version 25.0 and R version 4.0.4, and a p-value of < 0.05 was considered statistically significant.



Analyses of proteins associations with prevalent atrial fibrillation and left atrial volume index

In 316 subjects with a complete dataset on all co-variates, unadjusted logistic regressions were carried out exploring associations between the seven proteins and prevalence of AF. Proteins that presented with significant Bonferroni-corrected associations with prevalent AF were further adjusted for age and sex (Model 1). Proteins with significant associations with prevalent AF in Model 1 were further adjusted according to Model 2 [prevalent diabetes, current smoking, BMI, systolic blood pressure (SBP), New York heart association classification (NYHA class), anticoagulation treatment, and prior HF]. To analyze the associations of the seven myocardial fibrosis proteins with the severely enlarged atrial volume defined as LAVI ≥48 ml/m2, the same statistical procedure as described above was performed. Pearson’s correlation analysis was performed to explore correlations between the levels of proteins in the whole population.



Survival analyses

In the next set of analyses, associations between the seven proteins and (1) mortality and (2) re-hospitalization risk were explored using unadjusted Cox regression analyses in three groups; all patients, subjects with and without prevalent AF. Associations that were Bonferroni-corrected significantly associated with (1) mortality and/or (2) re-hospitalization risk were further adjusted according to Model 1 (age and sex). Associations that were significant in Model 1 were further adjusted according to Model 2 (prevalent diabetes, current smoking, BMI, SBP, NYHA class, prior HF, and anticoagulation treatment). In Cox regression models including all patients, prevalent AF was added as a confounder in Model 2.




Results


Patient characteristics

The study population had a mean age of 75 (±12) years and was predominantly male participants (70%; n = 220) (Table 1). More than half of the study population had known AF diagnosed by the time of index admission, i.e., prevalent AF (61%; n = 194). Of these, 83% (n = 161) had at baseline ongoing treatment with an anticoagulant agent. Patients with co-existing AF were more likely to be older, and have lower BMI and lower SBP compared to individuals without AF. The prevalence of diabetes, current smoking, or level of NYHA class at admission did not differ between the groups (Table 1). Except for GAL-3 and MMP-9, patients with AF had higher levels of proteins associated with myocardial fibrosis as compared to those without co-existing AF. Correlations between the proteins are shown in Supplementary Table 1.


TABLE 1    Characteristics of study participants (n = 316) at baseline stratified according to the prevalence of atrial fibrillation.
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Association between atrial fibrillation, atrial size, and fibrosis biomarkers

In multivariable logistic regression models (Model 2), increased plasma levels of TIMP-4 (OR 1.58; CI95% 1.15–2.18; p = 0.005), ST-2 (OR 1.42; CI95% 1.06–1.91; p = 0.020), and GDF-15 (OR 1.40; CI95% 1.01–1.94; p = 0.046) were associated with prevalent AF (Table 2). In a sub-analysis stratified according to gender, increased plasma levels of TIMP-4 and ST-2 were associated with prevalent AF in male participants (Supplementary Table 2). In female participants, none of the proteins showed any significant association with prevalent AF. In multivariable logistic regression models (Model 2), none of the proteins were associated with severely enlarged LAVI (≥48 ml/m2) (Supplementary Table 3).


TABLE 2    Logistic regression analysis examining proteins association with prevalent atrial fibrillation.
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Association between fibrosis biomarkers, mortality, and re-hospitalization risk

During the follow-up period (March 2014 to January 2018), a total of 277 (88%) were re-hospitalized and 177 (56%) patients died. The median follow-up time to hospital admission and death was 136 [interquartile range (IQR) 533] and 1,180 (IQR 1178) days, respectively. Of these cases, 178 (64%) and 111 (63%) had AF, respectively. In the whole population, increased levels of six proteins were associated with mortality; TIMP-4, GDF-15, GAL-3, ST-2, MMP-2, and MMP-3. For re-hospitalization risk within the whole population, increased levels of TIMP-4 remained significant in the fully adjusted model (Supplementary Table 4). In multivariable Cox regression models (Model 2), increased plasma levels of five proteins yielded significant associations with increased risk of mortality for study participants with AF; TIMP-4, GDF-15, GAL-3, ST-2, and MMP-3 (Table 3). None of the proteins were found to be significantly associated with re-hospitalization risk (Table 3). For participants without AF, multivariable Cox regression models (Model 2) showed that increased levels of TIMP-4, ST-2, MMP-2, MMP-3, and GDF-15 yielded significant associations with mortality whereas only higher levels of GDF-15 were significantly associated with re-hospitalization (Table 4).


TABLE 3    Cox regression analyses display associations between myocardial fibrosis biomarkers and mortality and re-hospitalization in patients with prevalent AF.
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TABLE 4    Cox regression analyses displaying the associations between myocardial fibrosis biomarkers and mortality and re-hospitalization for participants without prevalent AF.
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Discussion

In this study, we were able to demonstrate that elevated levels of three plasma proteins previously linked to myocardial fibrosis are associated with prevalent AF in a HF population. Additionally, higher levels of five plasma proteins previously linked to myocardial fibrosis yielded an increased risk of mortality in the HF population with or without co-existing AF.

The co-existence between atrial fibrillation (AF) and heart failure has been well-established over the last decade and together they are responsible for substantial morbidity and burden on the healthcare system (1). Despite sharing common precipitating factors such as older age, hypertension, diabetes, obesity, and ischemic and non-ischemic cardiac disease, there are still limited data providing insights into the causal relationship between AF and HF. Hence, a better understanding of the pathophysiological properties of these conditions is crucial for sustainable treatment in this challenging patient population. The above-mentioned risk factors principally lead to cellular and extracellular myocardial changes such as electrophysiological and neurohormonal changes within the heart (19, 20). Furthermore, AF or HF may facilitate the progression and development of each other in several ways such as inflammatory cardiac (myocarditis and pericarditis) and non-cardiac (infections and inflammatory bowel diseases) conditions, whereas ischemic heart diseases contribute to AF/HF development due to subclinical inflammatory appearances (21–23). Evidence from large HF trials has shown that the prevalence of AF increases with the severity of HF symptoms (24) ranging from 10% in HF with NYHA classes I–II to 50% in HF with NYHA class IV. Correspondingly, studies of AF have revealed a high burden of concomitant HF with a prevalence between 21 and 68% (25). The most unfavorable hemodynamic effect linked with AF results mainly from the loss of atrial systole, ventricular chronotropic ineffectiveness, and irregular ventricular rate leading to shortened diastolic phase (26). In addition to atrial contractility loss, AF further contributes to dysfunctional ventricular filling and reduced stroke volume. The impaired atrial systolic function can precipitate HF in situations of dysfunctional ventricular filling that often accompany AF, such as mitral stenosis, ischemic heart disease, and diastolic dysfunction (27). This property together with the suboptimal electromechanical function and activation of the neurohumoral system due to reduced cardiac output creates an environment causing the deterioration of AF and HF simultaneously (28).

Increasing evidence suggests myocardial fibrosis as a crucial contributor to the cardiac remodeling seen in patients with AF (29). Myocardial fibrosis is histologically defined by a dispersed disposition of excess fibrous tissue in relation to the total mass of cardiomyocytes within the myocardial interstitium (8, 30). Replacement fibrosis is frequently initiated by cardiomyocyte death, which causes inflammatory responses and release of cytokines, chemokines, and oxidative stress, whereas in reactive fibrosis, various stimuli such as ischemia, metabolic injury, or pressure overload are responsible for the accumulation of fibrotic tissue in the absence of cell death (8, 31–33). Additionally, different cell types are involved with the fibrotic response, either directly by myofibroblast (producing fibrous tissue) or indirectly by macrophages, lymphocytes, cardiomyocytes, and mast cells (secreting profibrotic mediators). Significant accumulation of fibrotic tissue within the heart will eventually lead to left ventricular (LV) dysfunction and risk of arrhythmia (34, 35).

Although the golden standard method to assess myocardial fibrosis is through tissue biopsy, increasing evidence has shown promising links between circulating biomarkers and myocardial fibrosis. Recently Lopez et al. considered 28 plasma molecules as potential candidates for myocardial fibrosis (8). To date, only procollagen types I and III have been proven to be associated with histologically verified myocardial fibrosis (8).


Protein biomarkers

Matrix metalloproteinases (MMPs) belong to zinc-dependent proteolytic enzymes and, together with tissue metalloproteinase inhibitors (TIMPs), regulate extracellular matrix (ECM) (16, 36). The balance between the synthesis and degradation process is maintained by ECM homeostasis (16). A misbalance toward MMPs results in increased fragmentation of ECM proteins, while a misbalance toward TIMP results in the protection of ECM proteins (37). High levels of both MMP-2 and TIMP-4 were demonstrated in this study, which most likely represents the counterbalance between the two proteins. Usually, profibrotic stimuli, such as proinflammatory cytokines or intensification of oxidative stress, cause a disruption in favor of the ECM protein synthesis process causing excessive fibrosis (38). Increased TIMP is suggested to be involved in ECM deposition or fibrotic processes, while reduced levels or loss of TIMP prolong the ECM degradation (39). Thus, in the normal state, TIMP can directly inhibit ECM degradation or MMP activation. Reports confirm that AF is mediated by increased activity of MMPs which has also been shown to predict HF development (40). The current study could not find any associations between AF, LAVI, and MMP-2, even though the associations were estimated as borderline significant. The lack of balance between TIMPs and MMPs could potentially be the major component of the heart remodeling process, and an area with a clear need for more evidence.

Galectin-3 is a galactoside-binding lectin involved in important regulatory processes such as inflammation, fibrosis, adhesion, and immunity (41). Activated macrophages secrete galectin leading to the proliferation of fibroblasts, collagen disposition following cardiac fibrosis, and myocyte disruption and potentially predispose AF (42, 43). The ARIC study (n = 8,436) with a median follow-up time of 16 years stated that elevated plasma galectin-3 is associated with an increased risk of incident AF (44). After adjustment for AF risk factors, participants with galectin-3 levels above the 90th percentile had a significantly higher risk of incident AF. Furthermore, studies have shown that elevated galectin-3 levels are associated with a more advanced AF, accompanied by severe comorbidities and worse outcomes (45). Even though levels of Gal-3 did not differ between participants with or without co-existent AF, higher levels of Gal-3 were associated with all-cause mortality only in participants with AF.

ST-2 belongs to the interleukin-1 receptor family and is released from the myocardium and vascular endothelial cells in response to pressure and hemodynamic volume overload (46). From the pathophysiological point of view, increased hemodynamic load with subsequent atrial stretch is a mechanism of AF pathophysiology and is responsible for the release of brain natriuretic peptide. Additionally, atrial stretch may lead to increased levels of ST-2. ST-2 actions within the cardiovascular system have raised questions about whether it could potentially become a novel biomarker of cardiac remodeling, myocardial infarction, HF, and AF (47). Chen et al. also pointed out that increased ST-2 levels in an AF population could be associated with an increase in the heart rate and atrial pressure compared to patients with sinus rhythm. Based on these findings, the significant association between elevated levels of ST-2 and prevalent AF demonstrated in the current study is not surprising.

Growth differentiation factor-15 (GDF-15) is a member of the transforming growth factor b cytokine superfamily and is described as a stress-responsive cytokine. Based on current evidence, it may be involved in inflammation, coagulation, oxidative stress, endothelial dysfunction, and homeostasis (48). The PARADIGM-HF trial has shown that higher levels of GDF-15 were associated with mortality and cardiovascular events in patients with HF with reduced ejection fraction (49). A two-sample Mendelian randomization study by Wang et al. was carried out using five independent large genome-wide association studies to investigate the causal association between circulating GDF-15 levels and prevalent CVD. This study provided genetic evidence, suggesting that circulating GDF-15 levels are significantly linked to the increased risk of AF, coronary artery disease, myocardial infarction, and cardioembolic stroke (50). The ARISTOTLE trail has also pinpointed that increased concentration of GDF-15 is associated with mortality, major bleeding, and stroke in a population with prevalent AF (51). Thus, GDF-15 is increased in several conditions which might explain our findings that higher GDF-15 is strongly associated with mortality also in those without prevalent AF (p = 4.1 × 10–4) and is the only protein biomarker associated with re-hospitalization.



Strengths and limitations

As this is an observational study, no conclusions about causality can be drawn. Further, increased levels of several proteins were associated with mortality for both study sub-populations, prevalent AF vs. no AF. This might be explained by the fact that the current cohort consists of HF patients with a high burden of CV risk factors which might have affected the levels of the included proteins. Additionally, the association between higher levels of the proteins and higher mortality risk might be an adverse effect of severe HF since the vast majority belong to NYHA classes III–IV. Another limitation is the lack of complete data on echocardiographic variables, which might have affected the power needed to explore associations between proteins and left atrial volume. Blood samples were obtained after an overnight fast. It is, therefore, possible that the initial medical treatment (including furosemide) for decompensated HF might have influenced the plasma levels of biomarkers included in the CVD III panel. The collected data origin from a single regional hospital and the included participants are mainly of Caucasian descent. Hence, the applicability for other HF populations is limited.




Conclusion

In this study, we were able to demonstrate that elevated levels of five plasma proteins previously associated with myocardial fibrosis were associated with increased mortality in a HF population with and without co-existing AF. Additionally, higher levels of four fibrosis-associated proteins were significantly associated with prevalent atrial fibrillation. Considering our findings, one may argue that we still lack an understanding of the accurate pathophysiological mechanism taking part in HF with co-existing AF. To establish this, further studies are warranted.
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Background: Greater epicardial adipose tissue (EAT) is related to higher recurrences after atrial fibrillation catheter ablation (AFCA). We investigated the effects of posterior wall box isolation (POBI) in conjunction with circumferential pulmonary vein isolation (CPVI) on rhythm outcomes according to varying EAT volumes among patients with persistent atrial fibrillation (PeAF).

Materials and methods: We included 1,187 patients with PeAF undergoing a de novo AFCA including those receiving CPVI alone (n = 687) and those receiving additional POBI (n = 500). The rhythm outcomes at 2 years post-AFCA were compared in subgroups stratified by the EAT volume using propensity overlap weighting.

Results: A reduced EAT volume was linearly associated with more favorable rhythm outcomes for additional POBI than for CPVI alone (P for interaction = 0.002). Among the patients with smaller EAT volumes (≤116.23 mL, the median value, n = 594), additional POBI was associated with a reduced AF recurrence risk as compared to CPVI only [weighted HR (hazard ratio) 0.74, 95% CI (confidence interval) 0.56–0.99]. In contrast, among the remaining 593 patients with greater EAT volumes (>116.23 mL), No difference was observed in the recurrence risk between the additional POBI and CPVI alone groups (weighted HR 1.13, 95% CI 0.84–1.52). Among 205 patients with repeat ablations, the POBI reconnection rate was more frequent in the large EAT group (77.4%) than in the small EAT group (56.7%, P = 0.034).

Conclusion: While PeAF patients with a smaller EAT volume averted AF recurrence by additional POBI after CPVI, no benefit of the POBI was observed in those with a greater EAT volume.
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Introduction

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, increases the risk of morbidity and mortality arising owing to strokes and congestive heart failure. Those events are associated with a high burden of healthcare costs (1). Obesity is regarded as a modifiable risk factor for AF (2), and the mechanism of its occurrence is unclear; however, it might be mediated by epicardial adipose tissue (EAT) (3, 4). A strong relationship between the body mass index (BMI) and amount of EAT has been suggested (5). Abnormal EAT is a source of proinflammatory and fibrotic molecules that can affect the adjacent atria (6). Several studies have revealed a relationship between increased EAT and the AF severity and remodeling of the left atrium (LA) (3, 7). Increased EAT is also related to a higher risk of clinical recurrence after AF catheter ablation (AFCA) (3, 8).

Catheter ablation is an effective treatment for AF as it reduces the number of acute episodes and prolongs the maintenance of sinus rhythm. Circumferential pulmonary vein (PV) isolation (CPVI) is the cornerstone technique of AFCA. However, extra-PV triggers play an important role in pathophysiology of persistent AF (PeAF), and a CPVI alone generally does not achieve a satisfactory clinical outcome. The creation of linear lesions in the LA in addition to a CPVI has been widely adopted as the strategy of substrate modification for AF (9). While electrical isolation of the LA posterior wall [posterior box isolation (POBI)] has been reported to be beneficial (10), it does not improve the rhythm outcomes as compared to a CPVI alone in patients with PeAF from a randomized clinical trial (RCT) by Lee et al. (11). Identifying patients who may benefit from additional linear ablation remains an important clinical question. We hypothesized that the effect of a POBI added to the CPVI, as compared to a CPVI alone, varies per the EAT volume in patients with AF.



Materials and methods


Study population

This study was a single-center retrospective observational cohort study. The study protocol adhered to the Declaration of Helsinki and was approved by the Yonsei University Health System’s institutional review board. We obtained written informed consent from all patients included in the Yonsei AF Ablation Cohort Database (NCT02138695). Among the 1,653 patients who received AFCA for symptomatic drug-refractory PeAF between March 2009 and July 2021 at a tertiary referral center (Yonsei University Severance Hospital, Republic of Korea), 1,187 patients with available data regarding their EAT volume at the time of the ablation procedure and without a previous AFCA or AF surgery were enrolled in this study (Figure 1). All antiarrhythmic drugs (AADs) were discontinued for at least five half-lives, and amiodarone was discontinued for more than a month prior to the procedure.


[image: image]

FIGURE 1
Flow chart for the present study. AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; CPVI, circumferential pulmonary vein isolation; EAT, epicardial adipose tissue; PeAF, persistent atrial fibrillation; POBI, posterior wall box isolation.




Measurement of epicardial adipose tissue

Computed tomography (CT) images of all patients were obtained via the electrocardiography (ECG)-gated method before the AFCA (Figure 2). EAT was defined as the adipose tissue located between the myocardium and pericardium. The CT attenuation threshold for detection of the adipose tissue ranged from −190 to −30 Hounsfield units, as used in previous studies (4). The procedure for measuring the EAT was detailed in a previous study that utilized 600 patients (8). Briefly, the pericardial contours were obtained using a three-dimensional active tool after placing 10–15 control points on the pericardium at intervals of 10 mm from the superior border of the pulmonary artery bifurcation to the most distal end of the left ventricle. Subsequently, a CT attenuation threshold was applied inside the pericardial contour to obtain adipose tissue and, if deemed appropriate, fine-tuned using the paintbrush tool. The EAT volume was calculated using the final obtained fat voxels. Then, the EATs of the atrium and the ventricles were separated based on the tricuspid and mitral valve, as shown in Supplementary Figure 1. This procedure to quantify the EAT was performed using an application software [ITK-SNAP; Penn Image Computing, Science Laboratory (PICSL), University of Pennsylvania, PA, USA, and AMBER; Laonmed Inc., Seoul, Korea] by two independent investigators. The intraobserver and interobserver reproducibility of EAT analysis was assessed in 10 randomly selected samples using intraclass correlation coefficient (ICC) analysis.
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FIGURE 2
Measurement of epicardial adipose tissue volume using 3-dimensional computed tomography and ablation lesions and voltage map of the strategies of circumferential pulmonary vein isolation alone and additional posterior box isolation in patients with small or large epicardial adipose tissue volume. CPVI, circumferential pulmonary vein isolation; POBI, posterior wall box isolation.




Electrophysiological mapping and radiofrequency catheter ablation

The details of the electrophysiological mapping and AFCA technique are presented in Supplementary Methods. Figure 2 depicts the examples of ablation lesions and voltage map after catheter ablation in the CPVI alone and POBI groups. All patients received a CPVI during the procedure. Of the enrolled patients, 42.1% (500/1,187) received linear ablation along the roof and posterior-inferior wall by connecting both sides of the CPVI at the top and bottom levels, respectively. We defined a POBI as a voltage abatement of < 0.1 mV on the LA posterior wall with successful bidirectional block of the roof line. After a successful bidirectional block of the roof line, if the POBI could not be achieved after two attempts of a posterior inferior line ablation, we eliminated the remnant potential in the posterior LA by touch-up ablation. After completion of the protocol-based ablation, the procedure was ended when AF recurrence was not observed within 10 min after cardioversion with an isoproterenol infusion (5–20 μg/min depending on ß-blocker use, target sinus heart rate, 120 bpm).



Post-ablation management, follow-up, and clinical outcome

The details of management and follow-up after AFCA are presented in Supplementary Methods. If recurrent AF or atrial tachycardia (AT) was observed repeatedly under AADs after the de novo AFCA, a repeat AFCA was recommended. The details about the repeat ablation procedures have been addressed previously (12).

The primary outcome was a clinical recurrence, defined as any episode of AF or AT lasting for at least 30 s occurring more than 3 months during 2 years of follow-up after the procedure. Any documented AF or AT within a 3-month blanking period was defined as early recurrence. An ECG was performed in all patients visiting the outpatient clinic at 1, 3, 6, and 12 months following the AFCA and every 6 months thereafter or whenever symptoms developed. Twenty-four-hour Holter recordings were performed at 3, 6, and 12 months and every 6 months thereafter. Patients who reported episodes of palpitations suggestive of an arrhythmia recurrence received Holter monitoring or event monitoring recordings.



Statistical analysis

Continuous variables are presented as the mean ± standard deviation or median (interquartile range) and compared using the Student’s t-test or Mann-Whitney U-test, while categorical variables are presented as frequencies (percentages) and compared using either the chi-square test or Fisher’s exact test. To analyze the EAT-dependent effect of an additional POBI on the primary outcome, a multivariable Cox regression model was fitted to the entire study population using an interaction term for the total, atrial, or ventricular EAT volume (modeled as a cubic spline) and ablation strategies (additional POBI or CPVI alone). The age, sex, BMI, CHA2DS2-VASc score, medical history, and echocardiographic parameters were included as covariates in the regression models. Standard errors were computed using 1,000 bootstrap replicates.

Subgroup analyses stratified by the median total EAT volume (116.23 mL) were performed using propensity overlap weighting to account for the differences in the baseline characteristics between the patients who received an additional POBI and those who received a CPVI alone in each subgroup. The details of the propensity overlap weighting are presented in Supplementary Methods. The distribution of the propensity scores before and after propensity weighting is shown in Supplementary Figure 2. We compared the incidence of the outcomes using the weighted log-rank test and plotted the weighted Kaplan-Meier survival curves. We used a Cox regression to estimate the relative hazards of primary outcome. Cofactors that were not balanced by weighting were included as covariates in the Cox regression analysis. The statistical analyses were performed using R version 4.1.1 software (The R Foundation).1




Results

Table 1 presents the baseline characteristics of the patients with PeAF who underwent catheter ablation stratified according to the median value of the total EAT volume. The median age was 60 (interquartile range 53–67) years, and 20.4% were female. Patients with a greater EAT volume were likely to be older and had a higher BMI, higher CHA2DS2-VASc score, higher prevalence of hypertension and diabetes, larger LA, and higher E/Em than those with a smaller volume. Intra and inter-observer ICC in the measurement of EAT were 0.996 and 0.994, respectively.


TABLE 1    Baseline clinical characteristics.
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Epicardial adipose tissue volume and the relative benefit from posterior wall box isolation

Figure 3A shows a comparison between the strategies of a CPVI alone and an additional POBI in terms of the relationship between the total EAT volume and risk of a clinical recurrence outcome. The treatment benefits of an additional POBI varied as a function of the total EAT volume. With a smaller EAT volume, a linearly increasing association was observed between an additional POBI and a lower risk of clinical recurrence when compared with that of a CPVI alone. The beneficial effects of an additional POBI on the rhythm outcome compared to a CPVI alone were more prominent with a smaller atrial EAT volume (Figure 3B) than with a smaller ventricular EAT volume (Figure 3C).
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FIGURE 3
Relationship between the total epicardial adipose tissue (EAT) volume (A), atrial EAT volume (B), and ventricular EAT volume (C) and risk of a clinical recurrence in the group receiving only a circumferential pulmonary vein isolation (CPVI) and the group receiving an additional posterior wall box isolation (POBI). The x-axis shows the total EAT volume and the y-axis shows the hazard ratios (HRs) for clinical recurrence associated with the additional POBI treatment as compared to a CPVI treatment alone. The purple horizontal line indicates HR = 1, which corresponds to an equal risk of outcomes in patients treated with an additional POBI treatment as compared to those receiving a CPVI alone. The dashed black lines indicate the 95% confidence intervals (CIs). AF, atrial fibrillation; CPVI, circumferential pulmonary vein isolation; EAT, epicardial adipose tissue; HR, hazard ratio; POBI, posterior wall box isolation.


Subgroup analyses in which the patients were stratified according to the median value of the total EAT volume in the patients included in this study (116.23 mL) showed that there was an interaction between the EAT volume and the effect of the additional POBI on clinical recurrence (P for interaction = 0.002).



Role of posterior wall box isolation in patients with a smaller epicardial adipose tissue volume

Among 594 patients with a total EAT volume of ≤ 116.23 mL (the median value in this cohort), 319 and 275 patients underwent a CPVI alone and an additional POBI, respectively. The median follow-up duration was 20 months. Patients in the additional POBI group more frequently had a history of vascular disease and had a larger LA size than those in the CPVI alone group (Table 2). After overlap weighting, all the characteristics were balanced between the groups (Supplementary Table 1). The ablation time (median: 6,140 vs. 2,665 s) was longer in the additional POBI group than in the CPVI alone group (Table 2). There was no difference in the major complication rates between the two groups (2.2% in the additional POBI group vs. 2.2% in the CPVI alone group).


TABLE 2    Clinical and procedure-related characteristics.
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After overlap weighting, the early recurrence rate was not different between the CPVI alone and additional POBI groups (48.3% vs. 47.3%, P = 0.812) (Table 3). The cumulative incidence of clinical recurrence at 2 years after the AFCA was lower in the additional POBI group (34.7%) than CPVI alone group (42.5%) (weighted log-rank P = 0.039) (Figure 4A). Among those with early or clinical recurrence, the proportions of AT were higher in the additional POBI than in the CPVI alone group (P < 0.001 for early recurrence; P = 0.014 for clinical recurrence). Performing the POBI additionally was associated with a 26% decreased risk of clinical recurrence as compared to a CPVI alone [hazard ratio (HR) 0.74, 95% confidence interval (CI) 0.56–0.99].


TABLE 3    Rhythm outcomes.

[image: Table 3]


[image: image]

FIGURE 4
Kaplan–Meier analyses of the clinical recurrence-free survival in patients with a small total epicardial adipose tissue EAT volume (A) and in patients with a large EAT volume (B). AF, atrial fibrillation; CI, confidence interval; CPVI, circumferential pulmonary vein isolation; HR, hazard ratio; POBI, posterior wall box isolation.




Additional posterior wall box isolation in patients with a larger epicardial adipose tissue volume

Among the 593 patients with a total EAT volume > the median value, 368 and 225 patients underwent a CPVI alone and an additional POBI, respectively. The median follow-up duration was 15 months. Similar to the observations in those with a small EAT volume, the patients undergoing an additional POBI had a larger LA size than those undergoing a CPVI alone (Table 2). After overlap weighting, all the characteristics were balanced between the groups (Supplementary Table 2). The ablation time was longer in the additional POBI group (median: 6,270 s) than in the CPVI alone group (median 2,392 s) (Table 2). The major complication rates did not differ between the two groups (1.3% in the additional POBI group vs. 1.9% in the CPVI alone group).

After overlap weighting, the early recurrence was less frequent in the additional POBI group (39.4%) than in the CPVI alone group (54.1%) (P = 0.001) (Table 3). The cumulative incidence of clinical recurrence did not differ between the groups (41.7% in the additional POBI group vs. 38.0% in the CPVI alone group, weighted log-rank P = 0.409; HR 1.13, 95% CI 0.84–1.52) (Figure 4B). Among those with early or clinical recurrence, the proportions of AT were higher in the additional POBI than in the CPVI alone group (P < 0.001 for both early and clinical recurrence).



Findings of redo ablation

Repeat ablation was performed in 102 and 103 patients in the small and large EAT groups, respectively (Table 4). The time interval between the index procedure and repeat procedure did not differ according to the EAT volume (22 months in the small EAT vs. 20 months in the large EAT group, P = 0.590). The PV reconnection rate (57.8% vs. 68.0%; P = 0.175) was not significantly between the small and large EAT groups. The POBI reconnection was more frequent in the large EAT group (77.4%) than in the small EAT group (56.7%) (P = 0.034).


TABLE 4    Mapping findings in the patients undergoing repeat ablation procedures.
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Discussion


Main findings

In this study, the beneficial association between an additional POBI in conjunction with a CPVI and lower recurrence risk exhibited a linear decrease with an increasing EAT volume (especially atrial EAT volume) in the patients with PeAF. Among the patients with a smaller EAT volume, the additional POBI was related to a 26% decreased risk for AF recurrence as compared to that with a CPVI alone. In contrast, among those with a greater EAT volume, the risk for AF recurrent did not differ between an additional POBI and a CPVI alone.



Epicardial adipose tissue and atrial fibrillation

An EAT accumulation has been associated with the prevalence, severity, and recurrence of AF (3, 4, 7, 8). Basic and translational studies have suggested infiltration of adipocyte, oxidative stress, paracrine effects, autonomic dysfunction, and other pathways as arrhythmogenic mechanisms (13, 14). EAT acts as sources of inflammatory mediators and the adiposity-induced inflammation has been regarded to responsible for AF (15). Nalliah et al. reported that local myocardial infiltration of the EAT is related to conduction slowing and heterogeneity (16). Increased atrial EAT, especially, was associated with endothelial dysfunction in patients with AF (17). Kim et al. found that a high EAT volume in patients with PeAF predicted a poor clinical outcome after catheter ablation, but not in those with paroxysmal AF (PAF) (8). The role of the metabolic atrial substrate in the pathophysiology of PAF is less obvious than in PeAF. Different ablation approaches might be needed according to the amount and position of EAT, especially in PeAF.



Role of additional linear ablation

Previous RCTs that investigated whether an empirical POBI improved the rhythm outcomes for PeAF or PeAF converted to PAF have demonstrated no improvements following the addition of a POBI, suggesting that a uniform empirical linear ablation is not beneficial (11, 18). Therefore, identifying patients who may benefit from additional linear ablation remains an important clinical question. Since the suggested mechanism elucidating the association between the EAT and AF is mainly that EAT contributes to a remodeled atrial substrate (14), the lower efficacy of a POBI (i.e., substrate modification) among patients with a large EAT observed in this study appears to be a paradox. In the study of Nakatani et al., EAT overlap on POBI lines is related to a high AF freedom rate after performing POBI and CPVI (19). However, there was no comparator group receiving CPVI alone in the study. Thus, the additional benefits from POBI according to varying EAT volume were not assessed. In contrast, the findings of this study suggested that substrate modification can be effective when performed in patients with a relatively lesser burden of atrial remodeling.



Epicardial adipose tissue and reconnections of posterior wall box isolation

There have been several issues related to the substantially high reconnection rates after linear ablation. Pambrun et al. reported that conduction gaps through the roof line are common (33%) and are related to preserved epicardial conduction via the septopulmonary bundle (20). The low electrical and thermal conductivity properties characteristic of fat could make it difficult for radiofrequency current and heat conduction to penetrate to underlying tissue. An in vitro study by Suarez et al. demonstrated that increasing EAT was associated with a decrease of the tissue temperature and the depth of the lesion in the atrial wall induced by radiofrequency current at constant voltage (21). In line with these reports, Oudin et al. observed that the ablation procedure tended to be longer when EAT is more abundant (22). Our previous studies have reported a reconnection rate of up to 50% with a POBI during redo mapping (23). In this study, the reconnection rate of a POBI was 66.4% among those who underwent repeat ablation procedures. When stratified into three groups according to total EAT volume, a larger EAT was associated with a greater POBI reconnection rate (P for trend = 0.022) with reconnection rates of 84.2 and 59.5% in the largest and smallest EAT groups, respectively (Supplementary Table 3). Among the patients with a large EAT volume in this study, the early recurrence rate was significantly lower in the additional POBI group than in the CPVI alone group, despite no difference in the risk for clinical recurrence between the groups. This finding also suggested the possibility of frequent POBI reconnections during the follow-up in patients with a large EAT volume. Such high reconnection rates might explain the lower efficacy of an additional POBI in patients with a greater EAT volume. A future study investigating the association between the EAT and long-lasting permanent POBI is warranted.



Study limitations

This study had several limitations. First, this was a single-center retrospective cohort study; consequently, the findings cannot be used to establish causal relationships and might have involved selection bias. Second, the proportion of patients with a BMI over 30 kg/m2 was smaller in this study (7.8%) than observed in Western countries. Third, the exact cumulative AF burden could not be assessed in this study. Fourth, even after propensity score weighting, residual confounding may persist. Unmeasured confounders might have influenced the findings (e.g., body weight changes during follow-up).




Conclusion

In patients with PeAF, an additional POBI was associated with less frequent AF recurrences than a CPVI alone among the patients with smaller total EAT volumes. The beneficial association between an additional POBI and the rhythm outcomes exhibited a linear decrease with an increasing EAT volume. These results suggested that different ablation approaches could be considered in relation to the amount of epicardial fat.



Data availability statement

The data analyzed in this study is subject to the following licenses/restrictions: Data, analytic methods and study materials are available upon reasonable request to other researchers who want to reproduce the results or replicate the procedure. Requests to access these datasets should be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by the study protocol adhered to the Declaration of Helsinki and was approved by the Yonsei University Health System’s institutional review board. The patients/participants provided their written informed consent to participate in this study.



Author contributions

DK and H-NP contributed to the conception and design of the work, interpretation of data, and drafting of the manuscript. O-SK contributed to the acquisition and analysis of data. HY, T-HK, J-SU, BJ, and M-HL contributed to the conception and design of the work and revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by a grant (HI21C0011) from the Ministry of Health and Welfare, a grant (NRF-2020R1A2B5B01001695) from the Basic Science Research Program run by the National Research Foundation of Korea (NRF) which was funded by the Ministry of Science, ICT and Future Planning (MSIP), and a grant (RS-2022-00141473) from Cross-ministerial tasks.



Acknowledgments

We would like to thank Mr. John Martin for his linguistic assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.1005760/full#supplementary-material


Footnotes

1     www.R-project.org


References

1. Kim D, Yang PS, Jang E, Yu HT, Kim TH, Uhm JS, et al. Increasing trends in hospital care burden of atrial fibrillation in Korea, 2006 through 2015. Heart. (2018) 104:2010–7. doi: 10.1136/heartjnl-2017-312930

2. Wang TJ, Parise H, Levy D, D’Agostino RB Sr., Wolf PA, Vasan RS, et al. Obesity and the risk of new-onset atrial fibrillation. JAMA. (2004) 292:2471–7. doi: 10.1001/jama.292.20.2471

3. Wong CX, Abed HS, Molaee P, Nelson AJ, Brooks AG, Sharma G, et al. Pericardial fat is associated with atrial fibrillation severity and ablation outcome. J Am Coll Cardiol. (2011) 57:1745–51. doi: 10.1016/j.jacc.2010.11.045

4. Al Chekakie MO, Welles CC, Metoyer R, Ibrahim A, Shapira AR, Cytron J, et al. Pericardial fat is independently associated with human atrial fibrillation. J Am Coll Cardiol. (2010) 56:784–8. doi: 10.1016/j.jacc.2010.03.071

5. Rabkin SW. The relationship between epicardial fat and indices of obesity and the metabolic syndrome: a systematic review and meta-analysis. Metab Syndr Relat Disord. (2014) 12:31–42. doi: 10.1089/met.2013.0107

6. Mazurek T, Kiliszek M, Kobylecka M, Skubisz-Głuchowska J, Kochman J, Filipiak K, et al. Relation of proinflammatory activity of epicardial adipose tissue to the occurrence of atrial fibrillation. Am J Cardiol. (2014) 113:1505–8. doi: 10.1016/j.amjcard.2014.02.005

7. Greif M, von Ziegler F, Wakili R, Tittus J, Becker C, Helbig S, et al. Increased pericardial adipose tissue is correlated with atrial fibrillation and left atrial dilatation. Clin Res Cardiol. (2013) 102:555–62. doi: 10.1007/s00392-013-0566-1

8. Kim TH, Park J, Park JK, Uhm JS, Joung B, Lee MH, et al. Pericardial fat volume is associated with clinical recurrence after catheter ablation for persistent atrial fibrillation, but not paroxysmal atrial fibrillation: an analysis of over 600-patients. Int J Cardiol. (2014) 176:841–6. doi: 10.1016/j.ijcard.2014.08.008

9. Verma A, Jiang CY, Betts TR, Chen J, Deisenhofer I, Mantovan R, et al. Approaches to catheter ablation for persistent atrial fibrillation. N Engl J Med. (2015) 372:1812–22. doi: 10.1056/NEJMoa1408288

10. Thiyagarajah A, Kadhim K, Lau DH, Emami M, Linz D, Khokhar K, et al. Feasibility, safety, and efficacy of posterior wall isolation during atrial fibrillation ablation: a systematic review and meta-analysis. Circ Arrhythm Electrophysiol. (2019) 12:e007005. doi: 10.1161/circep.118.007005

11. Lee JM, Shim J, Park J, Yu HT, Kim TH, Park JK, et al. The electrical isolation of the left atrial posterior wall in catheter ablation of persistent atrial fibrillation. JACC Clin Electrophysiol. (2019) 5:1253–61. doi: 10.1016/j.jacep.2019.08.021

12. Kim TH, Park J, Uhm JS, Joung B, Lee MH, Pak HN. Pulmonary vein reconnection predicts good clinical outcome after second catheter ablation for atrial fibrillation. Europace. (2017) 19:961–7. doi: 10.1093/europace/euw128

13. Hatem SN, Sanders P. Epicardial adipose tissue and atrial fibrillation. Cardiovasc Res. (2014) 102:205–13. doi: 10.1093/cvr/cvu045

14. Wong CX, Ganesan AN, Selvanayagam JB. Epicardial fat and atrial fibrillation: current evidence, potential mechanisms, clinical implications, and future directions. Eur Heart J. (2017) 38:1294–302. doi: 10.1093/eurheartj/ehw045

15. Scridon A, Dobreanu D, Chevalier P, Şerban RC. Inflammation, a link between obesity and atrial fibrillation. Inflamm Res. (2015) 64:383–93. doi: 10.1007/s00011-015-0827-8

16. Nalliah CJ, Bell JR, Raaijmakers AJA, Waddell HM, Wells SP, Bernasochi GB, et al. Epicardial adipose tissue accumulation confers atrial conduction abnormality. J Am Coll Cardiol. (2020) 76:1197–211. doi: 10.1016/j.jacc.2020.07.017

17. Girerd N, Scridon A, Bessière F, Chauveau S, Geloen A, Boussel L, et al. Periatrial epicardial fat is associated with markers of endothelial dysfunction in patients with atrial fibrillation. PLoS One. (2013) 8:e77167. doi: 10.1371/journal.pone.0077167

18. Pak HN, Park J, Park JW, Yang SY, Yu HT, Kim TH, et al. Electrical posterior box isolation in persistent atrial fibrillation changed to paroxysmal atrial fibrillation: a multicenter, prospective, randomized study. Circ Arrhythm Electrophysiol. (2020) 13:e008531. doi: 10.1161/circep.120.008531

19. Nakatani Y, Sakamoto T, Yamaguchi Y, Tsujino Y, Kinugawa K. Epicardial adipose tissue affects the efficacy of left atrial posterior wall isolation for persistent atrial fibrillation. J Arrhyth. (2020) 36:652–9. doi: 10.1002/joa3.12359

20. Pambrun T, Duchateau J, Delgove A, Denis A, Constantin M, Ramirez FD, et al. Epicardial course of the septopulmonary bundle: anatomical considerations and clinical implications for roof line completion. Heart Rhythm. (2021) 18:349–57. doi: 10.1016/j.hrthm.2020.11.008

21. Suárez AG, Hornero F, Berjano EJ. Mathematical modeling of epicardial RF ablation of atrial tissue with overlying epicardial fat. Open Biomed Eng J. (2010) 4:47–55. doi: 10.2174/1874120701004020047

22. Oudin V, Marcus C, Faroux L, Espinosa M, Metz D, Lesaffre F. Impact of epicardial fat on the duration of radiofrequency energy delivery during catheter ablation of atrial fibrillation. Int J Cardiol Heart Vasc. (2020) 29:100555. doi: 10.1016/j.ijcha.2020.100555

23. Kim TH, Park J, Uhm JS, Kim JY, Joung B, Lee MH, et al. Challenging achievement of bidirectional block after linear ablation affects the rhythm outcome in patients with persistent atrial fibrillation. J Am Heart Assoc. (2016) 5:e003894. doi: 10.1161/jaha.116.00389













	 
	

	TYPE Original Research
PUBLISHED 01 November 2022
DOI 10.3389/fcvm.2022.1010443





Elevated tissue inhibitor of metalloproteinase-1 along with left atrium hypertrophy predict atrial fibrillation recurrence after catheter ablation

Weiping Sun1,2, Haiwei Li1, Zefeng Wang1, Qin Li2, Haichu Wen2, Yongquan Wu1* and Jie Du1,2*

1Department of Cardiology, Beijing Anzhen Hospital, Capital Medical University, Beijing, China

2Beijing Institute of Heart Lung and Blood Vessel Disease, Beijing, China

[image: image]

OPEN ACCESS

EDITED BY
Sergio Conti, A.R.N.A.S. Ospedali Civico Di Cristina Benfratelli, Italy

REVIEWED BY
Emanuele Bertaglia, Clinica Cardiologica - Azienda Ospedale Università, Italy
Junjie Xiao, Shanghai University, China

*CORRESPONDENCE
Yongquan Wu, wuyongquan67@163.com
Jie Du, jiedu@ccmu.edu.cn

SPECIALTY SECTION
This article was submitted to Cardiac Rhythmology, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 03 August 2022
ACCEPTED 17 October 2022
PUBLISHED 01 November 2022

CITATION
Sun W, Li H, Wang Z, Li Q, Wen H, Wu Y and Du J (2022) Elevated tissue inhibitor of metalloproteinase-1 along with left atrium hypertrophy predict atrial fibrillation recurrence after catheter ablation.
Front. Cardiovasc. Med. 9:1010443.
doi: 10.3389/fcvm.2022.1010443

COPYRIGHT
© 2022 Sun, Li, Wang, Li, Wen, Wu and Du. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

This study aimed to establish a model that predicts atrial fibrillation (AF) recurrence after catheter ablation using clinical risk factors and biomarkers. We used a prospective cohort study, including 230 consecutive persistent AF patients successfully treated with catheter ablation from January 2019 to December 2020 in our hospital. AF recurrence was followed-up after catheter ablation, and clinical risk factors and biomarkers for AF recurrence were analyzed. AF recurred after radiofrequency ablation in 72 (31%) patients. Multiple multivariate logistic regression analysis demonstrated that tissue inhibitor of metalloproteinase-1 (TIMP-1) and left atrium diameter (LAd) were closely associated with AF recurrence. The prediction model constructed by combining TIMP-1 and LAd effectively predicted AF recurrence. Additionally, the model’s performance discrimination, accuracy, and calibration were confirmed through internal validation using bootstrap resampling (1,000 times). The model showed good fitting (Hosmer–Lemeshow goodness chi-square 3.76138, p = 0.926) and had a superior discrimination ability (the area under the receiver operation characteristic curve0.917; 95% CI 0.882–0.952). The calibration curve showed good agreement between the predicted probability and the actual probability. Moreover, the decision curve analysis (DCA) showed the clinical useful of the nomogram. In conclusion, our predictive model based on serum TIMP-1 and LAd levels could predict AF recurrence after catheter ablation.

KEYWORDS
atrial fibrillation, biomarkers, TIMP metallopeptidase inhibitor 1, recurrence, left atrium diameter


Introduction

Atrial fibrillation (AF) is the most common arrhythmia. The prevalence of AF in adults has been reported to be between 2 and 4%, and the annual rate of paroxysmal AF progression to persistent AF ranges from < 1 to 15% (1, 2). Furthermore, AF is a major risk factor for stroke and heart failure (3).

Catheter ablation has become the routine treatment for AF. However, it is associated with a low success rate and high recurrence rate (4); patients experiencing AF recurrence require repeat procedures. Owing to possible recurrence in up to 50% cases, patient selection is crucial for optimal catheter ablation as shown in the STAR AF II trial (5). Currently, the most powerful and independent preprocedural predictor of AF recurrence after radiofrequency (RF) ablation is left atrium (LA) diameter (LAd) (6). Moreover, atrial remodeling leads to atrial dilatation, which reduces the effectiveness of radiofrequency ablation for AF (7). LAd is associated with AF recurrence after catheter ablation and is an independent predictor of AF recurrence (7). However, the clinical value of LA size in selecting patients for catheter ablation is limited. Severe enlargement of the LA can predict AF recurrence, but mild-to-moderate enlargement of the LA has a mixed response to RF catheter ablation. However, the relationship between LA size and atrial fibrosis is uncertain (7). Therefore, LA size alone is not enough to predict AF recurrence following RF ablation. Clinically, the main method used to evaluate the degree of atrial fibrosis is contrast-enhanced MRI (CE-MRI). However, CE-MRI is not widely available, and for patients with severe renal dysfunction, its use of contrast may not be recommended. Circulatory fibrosis markers have the potential to replace MRI. Including atrial fibrosis biomarkers associated with AF in risk models may yield more precisive predictions of AF risk. Previous studies have shown that tissue inhibitor of metalloproteinase-1 (TIMP-1) levels in the atrial appendage tissue, which is correlated with left atrial diameter, are higher in patients with AF than in patients with sinus rhythm (8, 9). Moreover, TIMP-1 promotes myocardial fibrosis by mediating CD63-integrin β1 interactions (10). AF progression is associated with a gradual increase in the expression of matrix metalloproteinase 9 (MMP9)/TIMP-1 (11). The activities of MMP9 that can degrade matrix might be expected to be under-expressed in fibrosis. MMP9 can modulate arrange of biological process. TIMP-1 is an inhibitory molecule that regulates matrix metalloproteinases and plays a crucial role in extracellular matrix. An imbalance of activity between TIMPs and MMPs can lead to the degeneration and replacement of the extracellular matrix, leading to atrial remodeling and fibrosis. Fibrosis can lead to left atrium enlargement and lead to electrical remodeling and structure remodeling in AF (12), which is the mechanism of maintaining persistent AF.

In this study, we tested a hypothesis that changes in structure and remodeling-related biomarkers could predict AF recurrence after RF catheter ablation.



Materials and methods


Participants

Data of patients with AF undergoing catheter ablation were retrieved from the medical records of our hospital from January 1, 2019 to December 30, 2020. Patients were enrolled if they met the following inclusion criteria: age > 18 years and a diagnosis of AF based on the 2020 ESC AF guidelines made by two expert cardiologists (3). Persistent AF was determined using 12-lead electrocardiography and/or 24 h Holter monitoring as lasting for more than 7 days. AF recurrence was defined as the existence of AF confirmed by 12-lead electrocardiography and Holter electrocardiography 3 months after RF ablation (13). Exclusion criteria included presence of other concomitant cardiac conditions, a malignant tumor, inflammatory response, or end-stage disease. Approval for this study was obtained from the Ethics Committee of our Hospital (No. 2022042X). Written informed consent were obtained from all patients prior to enrollment.



Data collection

Clinical and laboratory data were extracted from the medical records by two independent doctors. The clinical data of the patients were collected, including age, sex, hypertension, coronary artery disease (CAD), diabetes mellitus (DM), heart failure (HF), hypertension (HTN), and other indicators. At the same time, laboratory examinations of the patients were conducted, including white blood cell, red blood cell, and platelet counts, and hemoglobin levels. Left atrium diameter (LAd), left ventricular end of systolic diameter (LVESD), left ventricular end of diastolic diameter (LVEDD), and left ventricular ejection fraction (LVEF) were measured. Blood levels of TIMP-1, high-sensitivity C-reactive protein (hs-CRP), and B-type natriuretic peptide (BNP) were measured. The CHA2DS2-VASc and HAS-BLED scores were calculated for all the patients. AF recurrence was followed up by telephone after AF ablation.



Statistical analysis

Continuous data were expressed as mean ± standard deviation and analyzed using Student’s t-test (comparisons between two groups). Non-normally distributed continuous data were described as median and interquartile range and compared between groups using the Kolmogorov–Smirnov test. Categorical variables are presented as numbers (percentages) and were analyzed using the chi-square test or Fisher’s exact test. Parameters with values of p < 0.1 in univariable logistic regression analysis were included in multivariate logistic regression analysis using the backward LR method. The final model was selected based on the AIC rule. Differentiating the diagnosis degree as determined by area under curve (AUC) and Hosmer–Lemeshow, calibration analysis, decision curve analysis, and nomograms were analyzed using R software. The receiver operating characteristic (ROC) curve was cross-validated ten times using Stata 15.0. Statistical significance was set at p < 0.05. The analyses followed the framework proposed by Steyerberg and Vergouwe for the derivation and validation of the prediction models. The model was internally validated using 1000 bootstrap samples. The final models were presented as nomograms. Clinical usefulness and net benefit were estimated using decision curve analysis. Data were analyzed using R version 3.2, SPSS 23 (IBM Corp., Armonk, NY, USA), and Stata 15.0 (StataCorp.).




Results


Baseline characteristics

Overall, 281 patients admitted to Anzhen Hospital, Capital Medical University, who underwent catheter radiofrequency ablation from January 2019 to December 2020 were reviewed in this study. Figure 1 illustrates the enrollment process of the study participants. Finally, 230 patients with persistent AF were enrolled as 32 patients were excluded for various reasons: 8 patients, autoimmune disease; 4 patients, tumor; 5 patients, elevated white blood cells; and 15 patients, unavailability of blood samples. Furthermore, 19 patients were lost during follow-up. During the follow-up, 72 patients (31%) experienced AF recurrence.
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FIGURE 1
Patient selection flow chart.


The baseline characteristics are shown in Table 1. Age and sex did not differ significantly between patients with and without recurrence (63.0 [55.0–66.8] vs. 61.0 [51.0–67.0], p = 0.315; 48 [66.67] vs. 108 [68.35], p = 0.799, respectively). Obesity had significant effect on AF recurrence (BMI: 26.4 [25.1–29.7] vs. 25.4 [23.4–28.4], p < 0.05). Patients’ medical history revealed no significant differences between the AF recurrence and no recurrence groups according to CAD, HTN, DM, HF, smoking, or drinking. With regard to laboratory findings, hsCRP and BNP levels were significantly higher in the AF recurrence group than in the no recurrence group (1.5 [0.7–4.1] vs. 1.0 [0.5–2.0], p < 0.05, 127.5 [85.0–244.0] vs. 83.5 [44.5–149.0], p < 0.001, respectively). There were no significant differences between the AF recurrence and no recurrence groups with regards to estimated glomerular filtration rate (93.0 [80.6–100.4] vs. 94 [85–102.5], p = 0.342]. Echocardiographic data including LVEF (62.0 [56.0–65.0] vs. 62.0 [59.0–66.0], p = 0.224), LVEDD (48.0 [45.0–52.0] vs. 48.0 [45.0–50.0], p = 0.124), and LVESD (31.0 [28.0–35.0] vs. 31.0 [28.0–33.5], p = 0.850) between the two groups. The LAd of the AF recurrence group was larger than that of the no recurrence group, and there was a significant difference between the two groups (46.0 [43.0–49.0] vs. 39.0 [36.0–42.0], p < 0.001).


TABLE 1    Baseline characteristics.
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The concentration of TIMP-1 was significantly higher in the AF recurrence group than in the no recurrence group (147.4 [87.1–200.8] vs. 94.4 [72.4–127.2], p < 0.001).



Development and internal validation of predicting model associated with atrial fibrillation recurrence after catheter ablation

A predictive model for AF recurrence was constructed based on 230 enrolled persistent AF patients and 72 AF recurrences. The predictive factors of the model were selected using univariate binary logistic regression analysis. Variables in the model included clinical risk factors (age, sex, smoking, alcohol consumption, BNP, LVEDD, LVEF, body weight, LAd, hsCRP, and other clinical indicators) and TIMP-1 (Figure 2). The variables included in the model were LAd and TIMP-1 (p < 0.05), as determined by multivariate logistic stepwise regression analysis (Table 2). The area under the ROC curve of the model was 0.917 (95% CI, 0.882–0.952). To verify the stability of model discrimination, cross-validation was performed ten times on the model, and the area under the ROC curve, 0.912 (0.861–0.948), revealed a good model discrimination effect (Figure 3).
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FIGURE 2
Corrected confounding factors. CI, confidence interval; BMI, body mass index; HTN, hypertension; hsCRP, high-sensitivity C-reactive protein; ST2, Soluble suppression of tumorigenicity-2; TIMP1, tissue inhibitor of metalloproteinase-1; EF, ejection fraction; LAD, left atrium diameter.



TABLE 2    AF recurrence after radiofrequency ablation: Predictors.
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FIGURE 3
Model discrimination. (A) The ROC curve and AUC of the predicting model, 0.917 (95% CI 0.882–0.952). (B) The stability of the predicting model discrimination was verified. Cross-validation was done ten times and the area under the ROC curve of the 10-fold cross-validation was AUC = 0.9120. The model discrimination ability was very good. ROC, receiver operating characteristic; AUC, area under curve.


In addition, the model calibration ability was tested using the Hosmer–Lemeshow test; The chi-square value was 3.76 (p = 0.926), indicating good model prediction accuracy. The bootstrap self-sampling method was used to verify the internal accuracy of the model, and the number of internal samplings was 1,000, indicating that the actual value of the model was in good agreement with the predicted value. The analysis and evaluation of clinical benefits by the decision curve revealed that the prediction model had good clinical benefits (Figure 4). Clinical implementation of the prediction model was based on the nomogram (Figure 5).
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FIGURE 4
Calibration plot of the predicting model. (A) The constructed model was subjected to the degree of calibration Hosmer–Lemeshow (HL) test, and the HL chi-square value was obtained as 3.76138, P = 0.926. The results revealed that the prediction accuracy of the model was good. In order to verify the accuracy of the model, the Bootstrap self-help sampling method was conducted 1,000 times to verify the internal accuracy; this indicated that the actual value of the model was in good agreement with the predicted value. (B) The model had good clinical net benefit over the probability threshold of 0.5–0.8.
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FIGURE 5
Nomogram for AF recurrence after catheter ablation. Points were assigned for TIMP1 and LAd on the 0–100 scale at the top of the nomogram and may be summed. The number on the “Total Points” scale indicates the corresponding risk predictions of AF recurrence presented beneath. TIMP1, tissue inhibitor of metalloproteinase-1; LAd, left atrium diameter; AF, atrial fibrillation.





Discussion

We present a novel model to predict AF recurrence after catheter ablation, based on a combination of LAd and fibrosis biomarker TIMP-1. The model showed good fitting and superior discrimination ability. The calibration curve shows agreement between the predicted probability and the actual probability. Moreover, the decision curve analysis showed the clinical utility of the nomogram. Overall, the model has clinical benefits for preoperative evaluation and clinical decision-making.

Previous AF recurrence predictive models have incorporated demographic, medical history, electrocardiographic, echocardiographic, and cardiac images (14–16). These predictive models focused solely on clinical parameters, while the pathophysiologic biomarkers were not evaluated. Our predictive model of AF recurrence after catheter ablation incorporates not only the risk factors of atrial structural changes, but also the important biomarkers involved in atrial fibrosis. This type of model is more effective than those using atrial structural changes or biomarkers alone to predict AF. TIMP-1 is involved in the pathophysiological process of atrial fibrosis and can elevate the predictive model accuracy to identify the population with AF recurrence, unlike echocardiology which can be influenced by the examiner. To date, several predictors of recurrence have been identified in various studies. The major risk factors are structural heart disease, LAd, incomplete pulmonary vein (PV) isolation, low LA voltage, C-reactive protein, AF duration, obesity, non-PV triggers, and NT-proBNP (17). In our study, the clinical risk factors were included but the parameters during the catheter ablation procedure were not included. Our model is more suitable for preoperative screening of patients with AF.

The fibrosis biomarker TIMP-1 was incorporated in this model. TIMP-1 plays an important role in the maintenance of extensive atrial fibrosis and AF (18). Enhancement of atrial fibrosis and structural remodeling provides a sufficient substrate for AF. Cardiac fibrosis is a process that leads to an imbalance between extracellular matrix (ECM) deposition and degradation within the heart, resulting in excessive fibroblast proliferation and buildup of ECM proteins within the cardiac interstitial space (19). Increased TIMP-1 activity promotes atrial ECM remodeling in AF (20). TIMP-1 is a tissue inhibitor of metalloproteinases, and a glycoprotein with a molecular weight of 28 kDa (21) that is a natural inhibitor of matrix metalloproteinases (MMPs). MMPs are a group of proteases that are involved in extracellular degradation. Tissue inhibitors of MMPs (TIMPs) can inhibit the proteolytic activity of MMPs in the extracellular matrix. TIMPs are important regulators of ECM renewal, tissue remodeling, and cell behavior (22). An imbalance of activity between TIMPs and MMPs can lead to the degeneration and replacement of the extracellular matrix, leading to atrial remodeling and fibrosis (22, 23). Atrial fibrosis can lead to changes in the refractory period of atrial myocytes, resulting in multiple microreentrants in the atrium and a higher recurrence rate of catheter ablation (24). In patients with advanced atrial fibrosis, AF ablation is associated with a high procedural failure rate (25). Therefore, TIMP-1 levels can reflect the degree of fibrosis and can predict AF recurrence after catheter ablation.

In addition, AF is associated with atrial structural and electrical remodeling. Atrial structural remodeling is evidenced by interstitial fibrosis, leading to atrial dilatation, which in turn reduces the effectiveness of catheter ablation for AF. This increased space between cardiomyocytes, which is likely to occur due to the loss of cells and fibrotic replacement and expansion of ECM, may also cause electrical conduction delays between cardiomyocytes and allow for alternate pathways of conduction (19), such as unidirectional conduction block, slowing of conduction velocity, non-uniform anisotropic propagation, and refractoriness dispersion (26). Voltage reduction in the LA is a diffuse process associated with fibrosis (27). LA voltage in patients with high blood TIMP-1 levels is lower than that in patients with low blood TIMP-1 levels (11, 15), indicating that atrial fibrosis is severe (28), and it provides the substrate for AF occurrence and maintenance. LAd is associated with AF recurrence after catheter ablation and is an independent predictor of AF recurrence (28). Therefore, this predictive model that combines TIMP-1 and LAd can accurately predict AF recurrence after catheter ablation.

In summary, this AF recurrence prediction model including the fibrosis biomarker TIMP-1 and structural remodeling factor LAd had good discrimination ability, accuracy, and clinical benefits. Importantly, the combination of TIMP-1 and LAd may be a valuable tool for identifying patients at risk of AF recurrence before catheter ablation.


Limitations

Our study has several limitations. First, we conducted a prospective cohort study, which may have introduced unavoidable selection bias. To further confirm the efficiency of these factors in evaluating recurrence after AF catheter ablation, a prospective, multicenter randomized controlled trial is required. Our data warrants further confirmation through a larger sample size study to confirm the prognostic value of TIMP-1 combined with clinical factors in identifying patients at high risk of AF recurrence after catheter ablation. Second, these two biomarkers are not heart-specific, and we did not support our findings using atrial tissue biopsy data or coronary sinus sampling. Third, owing to the small sample size, external verification was not conducted. However, internal verification was conducted 1,000 times by bootstrap and 10 times by cross-validation. The developed model has a high accuracy and discrimination ability. Finally, the relationship between TIMP-1 levels and atrial tissue fibrosis in patients with AF was not investigated in the present study. Future studies should attempt to test this predictive model and collect coronary sinus samples.

In patients with AF who underwent catheter ablation, the combination of the biomarker TIMP-1 and cardiac structural remodeling index LAd can better predict AF recurrence. The prediction model for AF recurrence established in this study has good differentiation ability and a good net clinical benefit.
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Background: Left atrial appendage closure (LAAC) combined with radiofrequency catheter ablation is an emerging one-stop hybrid procedure for non-valvular atrial fibrillation (AF). This study was performed to compare the efficacy and safety of the Watchman device vs. the LAmbre device for this combined procedure.

Methods: Two hundred and thirty two patients with AF who underwent the combined procedure were enrolled and divided into two subgroups depending on the device choice: the Watchman-combined group (n = 118) and the LAmbre-combined group (n = 114). The periprocedural and follow-up adverse events in both groups were documented.

Results: The mean CHA2DS2-VASc score and HAS-BLED score in the Watchman-combined group and LAmbre-combined group were 3.7 ± 1.5 vs. 3.8 ± 1.5 and 2.5 ± 1.1 vs. 2.3 ± 1.1, respectively (all P > 0.05). Successful LAAC was achieved in all patients. The rate of major periprocedural complications and AF recurrence at 6 months post-procedure were similar between the Watchman-combined group and LAmbre-combined group (0.8 vs. 0.9%, P = 1.00; 22.0 vs. 15.8%, P = 0.23). During 2.6 ±0 .7 vs.1.6 ± 1.6 years follow-up, the rate of major clinical adverse events, including stroke and major bleeding, were comparable between the Watchman-combined group and the LAmbre-combined group (2.6 vs. 1.1% per 100 patient-years, P = 0.33). The intraprocedural peri-device leakage (PDL) rate was similar between the Watchman-combined group and the LAmbre-combined group (5.1 vs. 6.1%, P = 0.73), but the PDL rate was significantly higher at 3–6 months transesophageal echocardiography (TEE) follow-up than the intraprocedural PDL rate in both groups (21.6 vs. 5.1%; 36.6 vs. 6.1%, respectively), with a more obvious increase in minimal PDL rate in the LAmbre-combined group than the Watchman-combined group (36.6 vs. 21.6%, P < 0.05).

Conclusion: The Watchman and LAmbre devices were comparable in efficacy and safety for the combined procedure. The minimal PDL rate at short-term TEE follow-up was higher in the LAmbre-combined group than the Watchman-combined group.

KEYWORDS
 left atrial appendage closure, radiofrequency catheter ablation, atrial fibrillation, Watchman, LAmbre


Introduction

Radiofrequency catheter ablation (RFCA) combined with left atrial appendage (LAA) closure (LAAC) is an emerging one-stop procedure. This combined procedure not only improves patients' symptoms but also prevents stroke and reduces the risk of bleeding in patients with non-valvular atrial fibrillation (AF) compared with oral anticoagulants (OAC) (1–3). There are two main types of LAAC devices currently available for clinical application: “plug” and “disk” devices. Several large clinical trials have demonstrated that LAAC with implantation of the Watchman device (Boston Scientific, Marlborough, MA, USA) effectively reduced the incidence of all-cause stroke, bleeding events, and adverse cardiovascular and cerebrovascular events (4–7). The LAmbre device (Lifetech Scientific, Shenzhen, China) is a type of “disk” device with a classic double-disk structure. Previous studies have confirmed that LAAC with the LAmbre is as effective and safe as the “plug” device (8–10). However, no comparative studies have focused on the outcomes of the one-stop combined procedure using the Watchman and LAmbre devices. The purpose of this study was to compare the clinical effectiveness and safety of the one-stop combined procedure performed with the Watchman and LAmbre devices.



Study methods


Study population

A total of 232 consecutive patients with non-valvular AF who underwent LAAC combined with RFCA at the Second Affiliated Hospital of Wenzhou Medical University from August 2018 to October 2021 were included in this retrospective study. Depending on the device choice, the patients were divided into two subgroups: the Watchman-combined group and the LAmbre-combined group. The inclusion criteria were symptomatic non-valvular AF, age ≥18 years, with the CHA2DS2-VASc score of ≥2 and satisfaction of any of the following criteria: (1) history of bleeding, (2) difficulty maintaining a stable international normalized ratio with warfarin, (3) poor compliance with OAC therapy, or (4) the HAS-BLED score of ≥3. The exclusion criteria are as follows: (1) a history of artificial heart valve replacement, or (2) a thrombus found in the LAA.

In this study, all patients' baseline characteristics, periprocedural, and follow-up data were collected. The study conformed to the Declaration of Helsinki and was approved by the Ethics Committee of the Second Affiliated Hospital of Wenzhou Medical University. Informed consent was obtained from each patient for this study.



Device introduction
 
Watchman device

The nickel-titanium alloy skeleton of the occlusion device is shaped like a “jellyfish” and covered with a polyester fiber membrane with barbs to hold it in the LAA. There are five sizes of the device (21, 24, 27, 30, and 33 mm) to accommodate different races and sizes of LAA. In clinical practice, the Watchman device that is 10% to 20% larger than the LAA ostial width is usually chosen to achieve complete occlusion and less postoperative residual shunting.



LAmbre device

The LAmbre consists of a disk and an umbrella-shaped structure with barbs and a waist attached in the middle. The disk surface is 4 to 6 mm larger than the umbrella-shaped structure, and the device has different models ranging from 16 to 36 mm. The device is usually 2 to 6 mm larger than the LAA. The delivery sheath tube is sent to the proximal end of the LAA. The LAmbre device has two advantages: (1) The small delivery sheath tube facilitates operation and also reduces the risk of intraoperative thrombosis, perforation to pericardial tamponade, and puncture injury. (2) The device has a small disk and a large cover, which makes it suitable for the treatment of patients with multiple lobes and other complex LAA anatomy (8).



Preoperative preparation

All patients underwent preoperative uninterrupted OAC treatment and transesophageal echocardiography (TEE) to rule out LAA thrombosis.



Left atrial appendage closure

The details of the LAAC procedure have been previously reported (9, 11, 12). Briefly, the procedure was performed after the patient had received local or general anesthesia. To obtain an activated clotting time of 250–300 s, patients received intravenous heparin during the combined procedure (13). The morphology and size of the LAA were delineated by preoperative TEE and LAA angiogram to guide the selection of the LAAC device. The device was selected at the discretion of the operators. The appropriately sized device was pushed to the LAA through the delivery sheath. Then a tug test was conducted under fluoroscopy to check the stability of the device. Successful LAAC was defined as proper deployment and implantation of the LAA occlusion device and PDL ~3 mm by intraprocedural angiography/TEE, whereas complete occlusion is defined as no PDL.




Radiofrequency catheter ablation

Ablation was performed with radiofrequency energy. All patients underwent standard pulmonary vein isolation (PVI). Individualized additional linear ablations (left anterior wall line, mitral isthmus line, left roof line, superior vena cava isolation, tricuspid isthmus line, or other linear lesions as considered appropriate) were performed based on the demands for persistent AF, longstanding persistent AF, or redo ablation procedures. RFCA was performed either before or after LAAC according to the operator's experience. Nevertheless, for patients who underwent LAAC before RFCA, RFCA was performed carefully to avoid adverse events such as displacement or embolization of the device when it was close to the newly implanted device.



Post-procedural anticoagulation and follow-up

All patients routinely received anticoagulation therapy for at least 3 months after the combined procedure. The anticoagulation regimen was usually either warfarin or novel OACs depending on the individual patient. Follow-up was performed during conventional clinical visits, and a 12-lead electrocardiogram was obtained at 1, 3, and 6 months and every 6 months thereafter. Additionally, 24-h Holter monitoring was performed at 3 and 6 months and every 6 months thereafter. AF recurrence was defined as AF rhythm detected by electrocardiography or 24-h Holter monitoring in the absence of antiarrhythmic drugs after a 3-month blank period. TEE was performed 3–6 months after the combined procedure to assess device stability, and LAA sealing as well as to rule out pericardial effusion (PE) and device-related thrombus (DRT). If the TEE examination suggested satisfying LAA sealing (PDL <3 mm or no PDL at any angle) and no DRT during follow-up, the patient was subsequently treated with single antiplatelet therapy (SAT) for the long-term. If DRT was detected during follow-up, anticoagulation was restarted and TEE was performed every 3 months until the thrombus disappeared. The decision to maintain or discontinue anticoagulation in patients who did not have follow-up imaging was made on an individual basis depending on LAAC procedure records at the discretion of the physician.



Events definition

The major periprocedural complications include: hemorrhagic or ischemic stroke and death related to the procedure, procedural thrombosis formation, device-related complications requiring open surgery or major endovascular intervention, any bleeding related to the combined procedure need for transfusions of red blood cell (RBC) ≥2 units within 24 h and PE requiring pericardiocentesis. The minor periprocedural adverse events include mild PE (<10 mm) (14), and puncture complications without intervention. During follow-up, major clinical adverse events include all-cause death, hemorrhagic or ischemic stroke, transient ischemic attack (TIA), systemic embolism, and major bleeding requiring surgery or transfusion of RBC. Adverse events were assessed according to the Munich consensus document on definitions, endpoints, and data collection requirements (15), the 2017 Cardiovascular and Stroke Endpoint Definitions (16), and the Bleeding Academic Research Consortium (BARC) (17).



Statistical analysis

Statistical analyses were performed by R software version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). Continuous variables are presented as mean ± standard deviation, and categorical variables are presented as count and percentage. The chi-square test or Fisher's exact test was used to compare categorical variables. Continuous variables were compared between two groups by the t-test or Mann–Whitney U test. The incidence rates of adverse events are reported as annualized rates (events/patient-years of follow-up). The Kaplan–Meier method was used for the graphical analysis of time-dependent events. The log-rank (Mantel-Cox) test was used to compare event curves. A P value of <0.05 was considered statistically significant.




Results


Study population

In total, 232 patients who underwent LAAC combined with RFCA procedure using the Watchman (Watchman-combined group, n = 118) or LAmbre (LAmbre-combined group, n = 114) device were enrolled in this retrospective study. The patients' baseline characteristics are shown in Table 1. All relevant baseline characteristics of the Watchman-combined group and LAmbre-combined group were comparable, particularly the risk of stroke and bleeding (mean CHA2DS2-VASc score of 3.7 ± 1.5 vs. 3.8 ± 1.5, P = 0.56; mean HAS-BLED score of 2.5 ± 1.1 vs. 2.3 ± 1.1, P = 0.29). A history of catheter ablation was present in 15 (12.7%) patients in the Watchman-combined group and 12 (10.5%) patients in the LAmbre-combined group (P = 0.60) (Table 1).


TABLE 1 Baseline characteristics.
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Procedural characteristics

PVI was performed in 50 (42.4%) and 39 (34.2%) patients in the Watchman-combined group and LAmbre-combined group, respectively, while the remaining 68 (57.6%) and 75 (65.8%) patients underwent PVI plus linear ablation. There was no significant difference in the procedural duration between the Watchman-combined group and the LAmbre-combined group (160.8 ± 51.9 min vs. 170.5 ± 48.6 min, P = 0.06). As presented in Table 2, LAA angiography showed that a cauliflower LAA morphology was the most common morphological type in the two groups. In addition, LAA ostial width and depth were greater in the LAmbre-combined group than the Watchman-combined group (LAA ostial width 25.9 ± 4.3 mm vs. 23.0 ± 3.1 mm; LAA depth 26.2 ± 5.7 mm vs. 22.4 ± 4.0 mm, all P < 0.05). Two patients in each group crossed over LAAC device types to the other group due to complex LAA anatomy. The device implantation success rate was 100% in both groups. More patients in the LAmbre-combined group needed to change device size due to suboptimal device implantation than the Watchman-combined group [15/114 (13.2%) vs. 6/118 (5.1%), P < 0.05]. The intraprocedural PDL rate was similar between the Watchman-combined group and the LAmbre-combined group (5.1 vs. 6.1%, P = 0.73), neither group detected PDL of >3 mm. In terms of cost-effectiveness between the two groups, the Watchman-combined group had higher procedure costs than the LAmbre-combined group ($ 16083.6 ± 1434.4 vs. $ 15253.9 ± 1174.2, P < 0.05).


TABLE 2 Procedural.
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Periprocedural events

The periprocedural complications are shown in Table 3. No patients in either group developed procedure-related death, stroke, device dislodgment, or procedural thrombosis formation. One patient in each group developed severe PE as detected by transthoracic echocardiography within 24 h after the combined procedure. The effusion improved after aggressive pericardial puncture, drainage and blood transfusion. Mild PE (<10 mm) was detected by transthoracic echocardiography before discharge in 15 (12.7%) patients in the Watchman-combined group and 18 (15.8%) patients in the LAmbre-combined group (P = 0.50). The rate of minor puncture complications was numerically higher in the Watchman-combined group than in the LAmbre-combined group, but there was no statistical difference (6.8 vs. 3.5%, P = 0.26).


TABLE 3 Peri-procedural adverse events and antithrombotic therapy.
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Follow-up
 
Antithrombotic therapy management and TEE

The anticoagulation therapy after the combined procedure is summarized in Table 3. Excluding patients who refused or were not suitable for TEE examination, data on TEE imaging within 3–6 months postoperatively were available in 74.6% (88/118) of patients in the Watchman-combined group and 81.6% (93/114) of patients in the LAmbre-combined group (P = 0.20, Table 4). The rate of complete LAA sealing was higher in the Watchman-combined group than in the LAmbre-combined group [(78.4% (69/88) vs. 63.4% (59/93); P < 0.05)]. The rate of minimal PDL during TEE follow-up was significantly higher in the LAmbre-combined group than in the Watchman-combined group (36.6 vs. 21.6%, P < 0.05) (Table 4). In addition, the rate of mild PE <10 mm was similar between the Watchman-combined group and the LAmbre-combined group (4.2 vs. 5.3%; P = 0.71). One patient in the Watchman-combined group developed a DRT event, and the thrombus dissolved completely after changing the anticoagulant regimen to warfarin. Based on the TEE examination, 98.9% (87/88) of patients in the Watchman-combined group and 100% (93/93) in the LAmbre-combined group were treated with SAT. At 6-month postoperatively, 93.2% (110/118) of patients in the Watchman-combined group and 95.6% (109/114) of patients in the LAmbre-combined group discontinued their anticoagulants, which was based on the physician's judgment for patients who did not undergo TEE examination at follow-up.


TABLE 4 Follow-up.
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AF recurrence

The recurrence rate of AF was similar between both groups at the 6-month follow-up (Table 4). The AF recurrence rate was 34.7% in the Watchman-combined group during 2.6 ± 0.7 years and 26.3% in the LAmbre-combined group during 1.6 ± 1.6 years.

No patients underwent repeat ablation except for two patients in the Watchman-combined group and three patients in the LAmbre-combined group.



Clinical adverse events

The clinical adverse events are summarized in Table 4. Rates of the adverse events were calculated as the number of events per 100 patient-years of follow-up. Meier curves of the adverse events are shown in Figure 2. All-cause death, all-cause stroke/TIA, and systemic embolism occurred in 4 of 118 patients with the Watchman-combined group during 303 patient-years, 1.3% per 100 patient-years, and no such adverse events occurred in the LAmbre-combined group during 182 patient-years. Any bleeding events occurred 18/303 (5.9%) in the Watchman-combined group and 16/182 (8.8%) in the LAmbre-combined group (HR, 0.88; 95% CI, 0.45–1.74; P = 0.87). Compared with estimated annual rates from CHA2DS2-VASc (18) score and HAS-BLED (19) score, the decline of stroke and bleeding events rates in the two combined groups was documented in Figure 1.


[image: Figure 1]
FIGURE 1
 Effectiveness of combined procedure with Watchman and LAmbre devices in reducing stroke and bleeding rate.





Discussion

To the best of our knowledge, this study is the first to compare the combined procedural success and mid-term clinical outcome between the Watchman and LAmbre devices. The main findings of this study were that the efficacy and safety of Watchman and LAmbre devices were comparable in the combined procedure. The rate of PDL was significantly higher at 3–6 months TEE follow-up than in the periprocedural period, and it was higher in the LAmbre-combined group than the Watchman-combined group.

RFCA has become an effective method for rhythm control in patients with NVAF (20), but there is a risk of AF recurrence after RFCA (21). Current guidelines recommend continued anticoagulation for patients with NVAF who have a high CHA2DS2-VASc score even if ablation is successfully performed (20). LAAC has been proven to have efficacy in preventing strokes equal to OACs for patients with NVAF (20, 22). Because of the similarities between RFCA and LAAC in terms of atrial septal puncture, anesthesia, and postoperative anticoagulation, the combination therapy of AF ablation with LAAC not only avoids the added risk of multiple procedures but also controls AF symptoms and permanently reduces the stroke risk. Clinically available LAAC devices are divided into two types: “plug” and “disk” devices. Of the “plug” devices, the Watchman is the most commonly used in clinical practice, and several studies have confirmed its safety and efficacy in hybrid procedures (1–3, 12). The LAmbre has been proposed to be feasible in the LAAC procedure, (9, 23, 24) but data regarding its use in the combined procedure are limited. At present, there is still controversy regarding whether the Watchman or LAmbre device is superior or inferior in the combined procedure.

The device implantation success rate was 100% for both devices in the combined procedure, similar to other studies of the Watchman [91 (25), 95 (26), and 98.3% (27)] and LAmbre [99.3 (9) and 100% (26)] devices. The LAmbre may be more suitable than the Watchman in patients with complex anatomies, such as an LAA with a larger size, and this was reflected in our study. The LAA ostial diameter (25.9 ± 4.3 mm vs. 23.0 ± 3.1 mm, P < 0.05) and depth (26.2 ± 5.7 mm vs. 22.4 ± 4.0 mm, P < 0.05) were larger in the LAmbre-combined group than in the Watchman-combined group, which is attributed to the LAmbre device's variety of available sizes and unique stabilization mechanism by catching the LAA trabeculations with its eight claws (24). However, the rate of one-time device release in the LAmbre-combined group was significantly lower than that in the Watchman-combined group, mainly for the following reasons: (1) the LAmbre outer disk impacted the nearby tissues, such as the mitral valve and pulmonary vein; (2) due to the greater variety in the LAmbre device, it was more difficult to choose the most optimal device size; and (3) more patients had a large LAA ostial diameter and complex LAA morphology in the LAmbre-combined group, which affected the selection of the device.

The rate of major periprocedural complications was similar in both groups and was lower than in other combined procedure studies [2.1% (3) and 8.6% (28)]. The adverse event included one case of pericardial tamponade within 24 h after the combined procedure in both groups which was not caused by the device but was related to the procedure.

In both groups, the rate of PDL was significantly higher at TEE follow-up than in the periprocedural period. Additionally, the rate of PDL was significantly higher in the LAmbre-combined group than Watchman-combined group [36.6% (34/93) vs. 21.6% (19/88), P < 0.05], however, no PDL >3 mm was detected in either group. LAA measuring for device selection was conducted without CCTA, which is the gold standard. This could be a part of the explanation for the high rate of PDL. Another reason for the high rate of PDL during the follow-up period in the LAmbre-combined group may be related to more patients with complex LAA anatomies and thus LAAC procedure is more difficult (more co-axiality requirements). Acute edematous change of the left atrial ridge (LAR) caused by ablation may have been one of the causes. The EWOLUTION/WASP data showed a similar increase in the incidence of PDL during follow-up, but the increase was greater in the combined procedure than in Watchman LAAC alone (29). Ren et al. (30) reported that swelling of the LAR was observed in patients who underwent the combined procedure, and the swelling was characterized by a huge change in the diameter of the outer ostium but only a slight change in the inner ostium. Therefore, these lesions may affect the measurement of the LAmbre device but have little impact on the Watchman device. We propose that when selecting the size of the LAmbre's outer disk, the operator should take into account the pre-ablation measurements or choose a larger outer disk if the only measurements were taken after ablation. In addition, the occlusion-first operation strategy in the combined procedure may reduce the risk of PDL because it minimizes the probability of improper LAA outer ostium measurement caused by edematous tissue at the ridge region (31). The relationship between PDL and thromboembolic events is controversial, with Holmes et al. (7) stating that there is no evidence that minimal PDL is associated with postoperative thromboembolic events while others suggest that incomplete occlusion increases the risk of thrombosis compared with complete occlusion (32). In our study, although the incidence of PDL was higher in the LAmbre-combined group than the Watchman-combined group, there were no thromboembolic events in the LAmbre-combined group, whereas two TIA and one DRT occurred in the Watchman-combined group were not detected PDL at TEE follow-up. To the best of our knowledge, none of these events were associated with the PDL.

Delayed PE is a serious complication, and a recent randomized clinical trial showed that delayed PE events are more likely to occur with “disk” devices than with “plug” devices (33). The rates of delayed PE were comparable between the Watchman-combined group and the LAmbre-combined group in our study. A possible explanation for this result is that we adopted a modified implantation method in the LAmbre-combined group: the umbrella was initially deployed half open outside the LAA and fully deployed to the landing zone, facilitating the full opening of the umbrella and thus reducing the mechanical force against the LAA wall (34).

In this retrospective study, the incidence of major adverse events during the follow-up period was not significantly different between the two groups (Figure 2) and similar to the results of previous studies [Watchman: 2.8 (4) and 4.1% (8); LAmbre: 2.6 (9) and 3.8% (8)]. The annual incidence of all-cause stroke and TIA was 1.0% in the Watchman-combined group and 0% in the LAmbre-combined group, which declined to 78% and 100% as the expected stroke rate at the same CHA2DS2-VASc score, respectively (Figure 1) (18). In this study, both groups had a low rate of bleeding events during follow-up, probably because more than 90% of patients in both groups (93.2% in the Watchman-combined group vs. 95.6% in the LAmbre-combined group) discontinued OAC treatment 6 months after the combined procedure. The rate of bleeding events was lower in both groups compared to previous studies [Watchman: 3.6% (35); LAmbre: 4.1% (8)], and the annual incidence of major bleeding decreased to 64% in the Watchman-combined group and 69% in the LAmbre-combined group, compared with the expected bleeding rate at the same HAS-BLED score (Figure 1) (19).
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FIGURE 2
 Kaplan-Meier curves of (A) freedom from all-cause stroke, TIA and death, (B) freedom from bleeding events, and (C) freedom from atrial fibrillation recurrence.


Previous studies have shown a heavier AF burden in the blanking period when LAAC was combined with PVI, but whether LAA occlusion had a significant effect on long-term ablation success was not determined (36). In the present study, AF recurrence rate was not statistically different at 6-month follow-up between the two groups. Additionally, the AF recurrence rate was not significantly higher in either group than in previous combined procedure studies [23.8 (1), 23 (12), 26.8% (31)].


Limitations

This study had several limitations. First, the sample size of this study was small, limiting the generalization of the findings. Second, this was a retrospective study, and the patients were followed for a relatively short time; thus, long-term risk reduction could not be predicted. Third, the operators tended to choose the Watchman device in the early phase of this study, which resulted in longer follow-up in the Watchman-combined group than in the LAmbre-combined group. However, it did not affect the analysis since the adverse events rates were calculated as the number of events per 100 patient-years of follow-up. Fourth, some patients did not undergo TEE during the follow-up period because of poor tolerance (due to advanced age) or personal preference, which may have affected the duration of OAC. For most patients, only one TEE examination was performed during the follow-up period, and small DRT or PDL may have been missed; thus, the number of DRT and PDL reported may have been less than the actual number.




Conclusion

The efficacy and safety of Watchman and LAmbre devices in the combined procedure were comparable. The rate of PDL was significantly higher at 3–6 months TEE follow-up than in the intraprocedural period, and it was higher in the LAmbre-combined group than the Watchman-combined group.
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Background: The ligament of Marshall (LOM) may play a role in the pathophysiology of several tachyarrhythmias and accurate electrophysiological localization of this structure is crucial for effective ablation therapy. This study therefore quantifies electrophysiological properties of the LOM, and identifies which electrogram (EGM) recording (uni- or bipolar) and processing technologies [local activation time (LAT) and/or voltage mapping] are most suitable for accurate localization of the LOM.

Methods: The LOM was electrophysiologically identified in 19 patients (mean age 66 ± 14 years; 12 male) undergoing elective cardiac surgery using intra-operative high-density epicardial mapping, to quantify and visualize EGM features during sinus rhythm.

Results: Only a third of LOM potentials that were visualized using unipolar EGMs, were still visible in bipolar activation maps. Unipolar LOM potentials had lower voltages (P50: LOM: 1.51 (0.42–4.29) mV vs. left atrium (LA): 8.34 (1.50–17.91) mV, p < 0.001), less steep slopes (P50: LOM: –0.48 (–1.96 to –0.17) V/s vs. LA: –1.24 (–2.59 to –0.21) V/s, p < 0.001), and prolonged activation duration (LOM: 20 (7.5–30.5) ms vs. LA: 16.5 (6–28) ms, p = 0.008) compared to LA potentials. Likewise, bipolar LOM voltages were also smaller (P50: LOM: 1.54 (0.48–3.28) mV vs. LA: 3.12 (0.50–7.19) mV, p < 0.001).

Conclusion: The LOM was most accurately localized in activation and voltage maps by using unipolar EGMs with annotation of primary deflections in case of single potentials and secondary deflections in case of double or fractionated potentials.

KEYWORDS
ligament of Marshall, cardiac mapping, cardiac surgery, atrial fibrillation, sinus rhythm, voltage mapping, activation mapping, epicardial mapping


Introduction

In 1850, Marshall first described a vestigial fold of the pericardium at the back of the left atrium (LA) between the left auricle and the left pulmonary veins (PVs) (1). This is now known as the ligament of Marshall (LOM), which results from embryonic obliteration of the left anterior cardinal vein when the venous system transfers from a symmetric to a right-sided one (2). The LOM contains the vein of Marshall (VOM)—which is also referred to as the oblique vein of the LA—, small sympathetic and parasympathetic nervous fibers, and multiple myocardial tracts toward the LA free wall, known as Marshall bundles (1, 3–10). As a consequence, the LOM is much more than just an embryological remnant: it forms an electro-anatomical connection between the coronary sinus (CS), the left lateral ridge, and the PVs.

The LOM may play an important role in the pathophysiology of various tachyarrhythmias, including ventricular tachycardias, atrioventricular re-entrant tachycardias, ridge-related perimitral atrial flutters, and atrial fibrillation (AF) (11–18). In patients with AF, the LOM may serve as either a source of triggered ectopic activity (8, 14, 19) or as an arrhythmogenic substrate (17, 18).

Because of its arrhythmogenic properties, the LOM has recently gained interest as a target of anti-arrhythmic therapies. This includes additional endocardial or epicardial ablative lesions on the LOM in adjunct to PV isolation, using a catheter-based, surgical or hybrid approach, and the recently introduced technique of VOM ethanol infusion (13, 20–25).

For these ablation approaches, it is of paramount importance to accurately localize the LOM electrophysiologically. However, it is yet unclear what the most suitable mapping approach for this purpose should be. The objectives of this study are therefore to quantify electrophysiological properties of the LOM using an intra-operative high-density epicardial mapping approach, and to identify which electrogram (EGM) recording (uni- or bipolar) and processing technologies [local activation time (LAT) and/or voltage mapping] are most suitable for accurate electrophysiological localization of the LOM.



Materials and methods


Study population

Patients undergoing elective open-heart surgery at the Erasmus Medical Center Rotterdam were eligible for inclusion. Exclusion criteria were hemodynamic instability, usage of inotropic agents, emergency cardiac surgery or redo cardiac surgery. All patients signed informed consent to participate in the study protocol approved by the institutional ethical committee (MEC2010-054/MEC2014-393) (26, 27). Patient characteristics were collected from the electronic medical records. The study was conducted according to the principles of the Declaration of Helsinki.



Mapping procedure

Intra-operative high-density epicardial mapping was performed during sinus rhythm (SR), prior to commencement of extracorporeal circulation, as previously described in detail (26, 27). A custom-made 192-electrode array (interelectrode distance 2 mm, electrode diameter 0.45 mm) was used to record unipolar EGMs for 5 s. This study was part of a more elaborate mapping protocol, that has been described in detail before (27). As this study focused on electrophysiological identification of the LOM, which courses anatomically from the CS obliquely above the LA appendage and lateral to the left PVs, only the LA mapping location was included for analysis (3). At this mapping location, the electrode array was positioned from the lower border of the left inferior PV toward the LA appendage (Figure 1).
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FIGURE 1
(A) A schematic overview of the position and orientation of the electrode array (green rectangle) on the LA. (B) A picture of the LOM in a human specimen and the location of the electrode array during LOM mapping (striped rectangle). The white solid line marks the LOM. CS, coronary sinus; LA, left atrium; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LOM, ligament of Marshall; LSPV, left superior pulmonary vein; LV, left ventricle.


A steel wire attached to the thoracic subcutaneous tissue served as the indifferent electrode and a temporal bipolar epicardial pacemaker wire in the right atrial appendage as the reference electrode. Recordings included a surface electrocardiogram (ECG) lead I, a calibration signal of 1,000 ms and 2 mV, a bipolar reference EGM and all unipolar EGMs. After amplification (gain 1,000), filtering (bandwidth 0.5–400 Hz), sampling (1 kHz), and analog to digital conversion (16 bits), all data were stored on a hard disk. Bipolar EGMs were created by subtracting two neighboring unipolar EGMs in horizontal and vertical direction. These bipolar EGMs were subsequently filtered (30–400 Hz).



Data processing

EGMs were analyzed semi-automatically using custom-made software that annotates the negative slope of each atrial deflection when it was at least–0.05 V/s. Within each potential, the steepest segment of each negative deflection was defined as the LAT; the steepest negative deflection was labeled the primary deflection. Potentials with a single negative deflection (single potentials) only contain a primary deflection. In case of double or fractionated potentials, all others deflections were labeled as secondary deflections.

Premature atrial complexes and activation maps with simultaneous activation were excluded from analysis. Annotations were all manually checked by two investigators.

Color-coded local activation maps were constructed to investigate spatial activation patterns. Conduction delay was defined as minimal difference in LAT between adjacent electrodes of 7–11 ms and conduction block as ≥ 12 ms (28). Potentials were subdivided into single (one deflection), short double (two deflections with a deflection interval < 15 ms), long double (two deflections with a deflection interval ≥ 15 ms), or fractionated (≥ 3 deflections) potentials.

Within bipolar EGMs, potentials were identified using a timeframe of 200 ms surrounding unipolar LATs. Bipolar LAT was defined as the maximum absolute voltage within this timeframe (29). In order to compute the bipolar peak-to-peak voltage of the LA and LOM separately, unipolar activation times of the LA and LOM deflections were used to distinguish between bipolar LA and LOM potentials; the maximum absolute voltage was used as LA and LOM bipolar voltage.



Identification of ligament of Marshall by different signal processing techniques

Mapping data were screened for activation maps covering the LOM by consensus of two investigators.

For this purpose, two different signal processing techniques were applied to construct LAT maps: (1) annotation of only primary deflections and (2) annotation of both primary and secondary deflections, in case of double or fractionated potentials. In this case, the LAT of the latest deflection was visualized (30). Likewise, two different types of voltage maps were constructed, using either the peak-to-peak amplitude of the primary deflection or the peak-to-peak amplitude of the largest secondary deflection.

As demonstrated in Figure 3, LOM was presumed to be present in an activation map if the following criteria were met. An activation map should contain a circumscriptive area (1) from which double or fractionated potentials are recorded, (2) which is bordered by either two parallel lines of conduction block or one line of conduction block and one line of conduction delay. Patients were excluded from analysis if the full length of this area was either parallel to the border of the electrode or the area was activated simultaneously.



Data analysis

In patients in whom a LOM was electrophysiologically identified, the first deflection of each double or fractionated potential was classified as LA potential, and all other deflections were classified as LOM potentials. In case of accidental overlap of adjacent mapping locations, whilst both locations included the LOM, the recording in which the largest part of the LOM was visible was included for analysis.

From each unipolar EGM, the peak-to-peak amplitudes and slopes were measured of both LA and LOM potentials. Total duration of LOM activation was defined as the time difference between the first and last LAT of the area containing LOM potentials. Duration of LA activation was calculated as the time difference between the first and last LAT in this same area.

Potential fractionation duration was defined as the time difference (ms) between the first and the last deflection. The maximum time difference between the LOM and the surrounding LA tissue was defined as maximum conduction time (CTmax).



Statistical analysis

Data were tested for normality using histograms, QQ-plots and Shapiro-Wilk tests. Continuous variables were reported as mean ± SD if distributed normally and as median (range) otherwise for patient characteristics. Categorical variables were given as number (percentage).

For each individual patient, the 10th, 50th, and 90th percentile of unipolar and bipolar voltages and unipolar slopes, were calculated as a summary measure per patient, separately for the LA and LOM potentials. These were then presented as median with range and compared to see if a difference could be identified between LA and LOM potentials. A similar analysis was performed for the median duration of LOM and LA activation for each patient.

Wilcoxon signed rank tests were performed to compare characteristics of LA and LOM potentials. A p-value < 0.05 was considered statistically significant. Data were analyzed using R (version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria).




Results


Patient selection

LA mapping locations obtained from 108 patients were screened for the presence of the LOM. A total of 89 patients were excluded because they did not meet the inclusion criteria. Thus, 19 patients were further analyzed.



Patient characteristics

Table 1 shows characteristics of the 19 patients [mean age: 65.5 ± 13.8 years, male sex: 12 (63.2%)]. Most patients underwent coronary artery bypass graft (CABG) surgery [9 (47.4%)]; others had aortic [4 (21.1%)] or mitral [4 (21.1%)] valve repair or replacement, surgery for congenital heart disease [7 (36.8%)] or arrhythmia surgery [4 (21.1%)]. A history of AF prior to surgery was present in 5 (26.3%) patients, of whom 3 (16.7%) had paroxysmal and 2 (11.1%) persistent AF.


TABLE 1    Patient characteristics.
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Mapping data characteristics

A total of 22,725 potentials were included for analysis, of which 19,536 (86.0%) were classified as LA potentials and 3,189 (14.0%) as LOM potentials (ca. 6 SR beats per patient). This resulted in a median of 1,098 (744–1,316) LA potentials and 165 (28–369) LOM potentials per patient.



Patterns of activation at the ligament of Marshall area

Figure 2 shows color-coded activation maps obtained from the same beat of a 30-year old female patient who underwent surgery for closure of an atrial septal defect and tricuspid valve repair. This figure illustrates that the LOM can be most easily identified when not only primary unipolar deflections are annotated (unipolarp), but also the secondary deflections (unipolars) (Figure 2A). When constructing a voltage map in which either primary deflections, in case of single potentials, or secondary deflections, in case of double and fractionated potentials, are presented, the LOM is easily recognizable as an area containing potentials with lower voltages (Figure 2B).
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FIGURE 2
(A) Two activation maps from the same patient, constructed using unipolar LATs from only primary deflections (unipolarP, left) and a combination of primary deflections in case of single potentials and secondary deflections in case of double or fractionated potentials (unipolarS, right). (B) Voltage map from the same patient, using the voltages from unipolar primary deflections and the secondary deflections with the largest peak-to-peak amplitude (in case more than one secondary deflection was present).
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FIGURE 3
Four examples of color-coded activation maps containing LOMs derived from different patients, constructed using all unipolar deflections. Examples of corresponding EGMs recorded at distinct locations of the LOM are shown outside the activation map, demonstrating the variable morphology of LOM potentials. EGM, electrogram; LOM, ligament of Marshall; TAT, total activation time. The bold black lines represent lines of conduction block and the black triangle in the EGM indicates a LOM potential. The white asterisk indicates a focal pattern of activation.


Using the annotation of secondary deflections to construct activation maps, different patterns of activation were identified. Figure 3 presents four examples of activation maps in which a LOM is visible. These examples show that there is considerable inter-individual variation in activation patterns, size and the total activation time of the LOM.

Median total activation time of the LOM was longer than median total activation time of the surrounding LA tissue [LOM: 20 (7.5–30.5) ms vs. LA: 16.5 (6–28) ms, p = 0.008]. The maximum conduction delay between the LOM and the surrounding LA tissue (CTmax) in each patient ranged between 16 and 65 ms (median: 38 ms).



Characteristics of unipolar electrograms

Unipolar potentials recorded from the LOM area consisted of short double (34.4%), long double (57.1%), or fractionated potentials (8.5%).

Figure 4 shows a typical example of a color-coded activation map obtained from the same patient as in Figure 2, annotated using primary deflections of single potentials or secondary deflections of double or fractionated potentials. A few EGMs recorded within the LOM area are illustrated, in which the first deflection clearly represents the LA activation and the other, usually smaller deflections, the LOM activation.
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FIGURE 4
A color-coded activation map, constructed using unipolar EGMs in which all negative deflections are annotated. Additionally, examples of EGMs in the LOM area recorded at distinct moments of LOM activation are shown. The EGMs are depicted in chronological order of LOM activation and the color surrounding each EGM represents the LAT of the recording site within the LOM. EGM, electrogram; LAT, local activation time; LOM, ligament of Marshall; TAT, total activation time. The bold black lines represent lines of conduction block and the black triangle in the EGM indicates a LOM potential.


As demonstrated in Table 2, characteristics of unipolar LOM EGMs and remaining LA EGMs differed significantly. Compared to LA potentials, median peak-to-peak amplitudes of LOM potentials were significantly lower (P50: LOM: 1.51 (0.42–4.29) mV vs. LA: 8.34 (1.50–17.91) mV, p < 0.001). Also, the median slope of LOM potentials was less steep (P50: LOM: –0.48 (–1.96 to –0.17) V/s vs. LA:-1.24 (–2.59 to –0.21) V/s, p < 0.001).


TABLE 2    Characteristics of unipolar EGMs.

[image: Table 2]

In a median of 98.4% (71.5–100%) of the unipolar potentials per patient, LOM potentials had lower voltages than LA potentials and 30.4% (0–45.7%) of their slopes were steeper than the LA potentials.



Characteristics of bipolar electrograms

Bipolar activation maps were created using LATs of bipolar EGMs recorded in both vertical and horizontal direction. As the moment of LAT of the bipolar EGM is represented by the moment of the maximum absolute bipolar voltage, the maximum voltage determines which part of the LOM is visible on the corresponding bipolar activation map (29).

Figure 5 demonstrates an example of a unipolar and corresponding bipolar activation maps, obtained from the same patient as used in Figures 2, 4. In the bipolar activation maps, the mapping area representing LOM activation is smaller, as compared to the unipolar activation map that was constructed using both primary and secondary deflections. The unipolar activation map clearly shows a larger continuous area of LOM activation.


[image: image]

FIGURE 5
Unipolar and corresponding bipolar vertical and bipolar horizontal activation map obtained from one patient. The percentages on top of the activation maps show how often the amplitude of the LOM was larger than the amplitude of LA tissue for bipolar activation maps. (A) Map was constructed using unipolar EGMs in which all negative deflections were annotated (UEGM). (B) Map was constructed using bipolar EGMs, created by subtracting EGMs in vertical direction (BiEGMV). (C) Map was constructed using bipolar EGMs, created by subtracting EGMs in horizontal direction (BiEGMH). EGM, electrogram; LA, left atrium; LOM, ligament of Marshall; TAT, total activation time. The bold black lines represent lines of conduction block.


Bipolar voltage characteristics of the LOM and LA potentials recorded from all patients are listed in Table 3. Comparing the reconstructed bipolar EGMs of the LOM and the LA in horizontal and vertical direction, respectively, only 36.7% (0–51.7%) and 30.0% (0–59.5%) of bipolar LOM voltages were larger than bipolar LA voltages. Combining data from both directions, this percentage increased to 35.1% (0.7–54.5%). Thus, only a median of respectively, 36.7, 30.0, or 35.1% of the LOM that is visible in a unipolar activation map in which all negative deflections are annotated, is also visualized in bipolar activation maps.


TABLE 3    Characteristics of bipolar EGMs.
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Comparable to unipolar EGMs, median voltages of bipolar EGMs were higher in LA than in LOM (P50: LOM: 1.54 (0.48–3.28) mV vs. LA: 3.12 (0.50–7.19) mV, p < 0.001).




Discussion

The ligament of Marshall has gained interest in the field of electrophysiology for its arrhythmogenic properties and therapeutic possibilities related to AF. It is therefore important to accurately localize the LOM electrophysiologically, although the most optimal mapping approach for this purpose has not yet been elucidated.

The key finding of our study is that unipolar EGMs are more useful than bipolar EGMs in localizing the LOM, in particular LAT and voltage mapping of primary deflections of single potentials combined with secondary deflections of double and fractionated potentials. Due to differences in activation direction, the LOM that was identified using unipolar EGMs, remained only partially visible in the bipolar activation maps. Therefore, unipolar EGMs are preferred to accurately localize a LOM.


Electrogram characteristics

Bipolar LOM potentials were first described by Scherlag et al. (8). As reported previously, LOM potentials consist of two deflections of which the first corresponds to local left atrial activation and the second, narrower and smaller deflection to LOM activation (13, 15, 31). However, this sequence depends on the excitation pattern of the atria, which is variable even during sinus rhythm (32).

The majority of LOM potentials measured in this study consisted of two deflections; these double potentials are generally related to areas of conduction block (33). LOM potentials recorded with either uni- or bipolar technique had smaller voltages and less steep slopes compared to LA potentials, as a result of the smaller bundle structure of the LOM (3). However, as expected, there were considerable differences in bipolar voltage according to the recording direction. In a third of bipolar EGMs, LOM potentials were larger compared to LA potentials. Hence, the LOM was less detectable in bipolar than in unipolar activation maps.

In canine atria, Scherlag et al. measured an interval between LA and LOM bipolar EGMs of 60 ms or more at the most distal point in the LOM (8). In humans, a mean interval of 73 ms measured by a multipolar catheter inside the VOM has been reported (13). The maximum time difference between LOM and LA tissue measured in the current study population was much shorter [38 (16–65) ms]. Smaller time differences may be explained by the fact that our array did not cover the entire VOM and hence the most distal point of the LOM with the largest time difference could have been missed. In our study population, we also measured time differences up to 65 ms. Additionally, activation of the LOM was considerably prolonged compared to the surrounding LA tissue of comparable lengths. This localized slowing of conduction could partly explain the role of the LOM in initiation or perpetuation of atrial tachyarrhythmias.

Prior endo-epicardial mapping studies demonstrated that—except for areas of endo-epicardial asynchrony—features of endo- and opposite epicardial EGMs are comparable (34). Hence, the results of our study are also relevant for endovascular mapping approaches. As expected, all unipolar and bipolar LOM potentials consisted of double or fractionated potentials reflecting local asynchronous activation of underlying superimposed LOM and LA tissue.



Anatomy and activation patterns

The LOM is the remnant of the embryologic left superior caval vein, but is much more than just a remnant. It has several neuronal and muscular morphological features, comprising the CS musculature, PV sleeves and LA free wall (3, 5, 6). The LOM forms the neural connecting pathway between intrathoracic and intracardiac ganglia with abundant (para) sympathetic to atrial connections that have an interesting topographical neural density variation along the ligament (5, 12). Additionally, the LOM contains the vein of Marshall, which is electrically connected to the CS through its muscular sleeve and to the LA free wall through Marshall bundles (1, 3–10). LOM activation patterns differ between patients, which is caused by differences in LOM anatomy and the number of connections between the LOM and the surrounding tissue, as demonstrated by Han et al. (15). In their study, patients were categorized into having single, double or multiple LOM connections, which was determined by application of differential pacing from the CS, left PVs, and LA appendage. In patients with a single connection, the LOM is only electrically connected to the CS, causing a proximal-to-distal activation sequence. Because the remainder of the LA is pre-excited by the sinus wavefront from Bachmann’s bundle, typical double potentials are visible during SR. This was also observed in the present study. In patients with double or multiple connections, the LOM is not only electrically connected to the CS, but also to the LA or PVs. During SR, wavefronts from Bachmann’s bundle and the CS are therefore competing and LOM potentials might not be clearly separable. This explains why LOM potentials can be difficult to distinguish from the LA potentials during SR in patients with double or multiple LOM connections.



Role of the ligament of Marshall in arrhythmogenesis

The LOM may have different roles in the pathophysiology of atrial tachyarrhythmias. Firstly, focal activity may be present in the LOM and it can therefore serve as a trigger for atrial tachyarrhythmias (13, 14). Secondly, the LOM is influenced by the autonomic nervous system through its rich sympathetic and parasympathetic innervation, stimulation of which can induce arrhythmias. Thirdly, the LOM can serve as a bypass tract between the coronary sinus and pulmonary veins, when more than one connection is present, possibly facilitating macro-re-entry circuits (13, 15). The LOM can cause AF recurrences after PV isolation, through LOM-mediated PV reconnection (16). Also, the LOM can serve as a portion of a macro-re-entry circuit, for example in peri-mitral atrial tachycardias (17, 18). Additionally, the LOM causes localized areas of conduction block, which may contribute to the initiation and perpetuation of AF and thereby serve as a substrate for AF (35).



Therapeutic options

Several recently published studies demonstrated a variety of therapeutic options targeting the LOM. This includes using a catheter-based, surgical or hybrid approach for additional endocardial or epicardial ablative lesions on the LOM in adjunct to PV isolation (13, 20, 24, 25). Hence, in these procedures, a linear catheter is preferred over a balloon-based catheter for endovascular PV isolation. Retrograde infusion of ethanol into the VOM after performing a CS venogram is another technique to ablate the LOM and has recently been investigated in several RCTs (21–23). This procedure has proven to be effective during a follow-up of 12 months in AF patients with arrhythmogenic activity in the LOM and decreases AF recurrence rates after combined catheter ablation and ethanol infusion. However, a potential disadvantage of VOM ethanol-infusion could be the lack of specificity in the area that is ablated, causing unnecessary damage of atrial tissue in an area larger than what is contributing to the arrhythmia.



Clinical implications

Prior mapping studies of the LOM have mainly used bipolar LAT mapping strategies to identify the LOM and target it for treatment. However, we have demonstrated, by using a high-density epicardial mapping approach, that the LOM can be localized more accurately using unipolar EGMs in which both primary deflections of single potentials and secondary deflections of double and fractionated potentials are visualized in activation as well as voltage maps. In daily clinical practice, this signal processing approach may aid in visualizing the LOM real-time during both mapping guided arrhythmia surgery and endovascular interventions targeting the LOM. Real-time LOM visualization could lead to more specific ablation of solely the LOM, eliminating the need to ablate the entire area using VOM ethanol infusion, thereby bypassing its potential disadvantages.



Limitations

Due to the strict nature of the selection criteria used to select LA locations containing a LOM, it is possible that the number of patients in which a LOM is found in this study is an underestimation. However, it was not the primary aim of this study to correctly identify the number of patients in whom a LOM could be detected.

Additionally, it is not possible to directly correlate the exact anatomical Marshall bundle structure and histological properties of the area mapped to the electrophysiological properties, which is inherent to the applied mapping technique. In a future prospective study, this could be partially addressed by confirmation by the surgeon that the electrode array is positioned on the LOM, which is visible and accessible after a small rightward shift of the heart. Besides, programmed electrical stimulation at the LOM could confirm the electrophysiological properties as demonstrated in the current study.




Conclusion

Unipolar mapping of the LA with annotation and visualization of both primary deflections of single potentials and secondary deflections of double and fractionated potentials in activation and voltage maps is the most accurate signal recording and processing approach to electrophysiologically visualize the LOM. Additional studies are required to further develop this technique. The next step is intra-operative real-time visualization of the LOM using the signal recording and processing approach as discussed in this article, and to use this approach to guide ablation therapy targeting the LOM in patients undergoing arrhythmia surgery.
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Introduction: Pulsed field ablation (PFA) was recently introduced for the treatment of symptomatic atrial fibrillation (AF) with the claim of selectively ablating the myocardium while sparing surrounding tissues. We present our initial experience with a PFA catheter for pulmonary vein isolation (PVI) and describe procedural findings and peri-procedural safety of the first 100 patients.

Materials and methods: We investigated 100 patients treated for symptomatic AF using the FARAWAVE PFA catheter (Farapulse, Menlo Park, CA, USA) between July 2021 and March 2022. Procedure workflow and electrophysiological findings at the time of ablation, peri-procedural complications, and operator learning curves are described.

Results: The mean age of patients was 62.9 ± 9.4 years, 62% were male subjects and 80% had paroxysmal AF. The median CHA2DS2-VASc score was 1.5 (IQR: 1.0–2.0) and the mean left atrial volume index was 35.7 ± 9.6 ml/m2. In 88 (88%) patients, PVI alone was performed and in 12 (12%) patients additional ablation of the posterior wall was performed. 3D-electroanatomic mapping was performed in 18 (18%) patients. Procedures without mapping lasted for 52.3 ± 16.6 min. The mean number of applications per pulmonary vein (PV) was 8.1 ± 0.6. In all patients (100%), all PVs were confirmed to be isolated. The learning curves of the two operators who performed > 20 procedures showed a negligible variation of performance over time and practice did not significantly predict procedure time [Operator 1 (senior): R2 = 0.034, p = 0.35; Operator 2 (junior): R2 = 0.004, p = 0.73]. There was no difference between the procedure times between senior and junior operators (Operator 1: 46.9 ± 9.7 min vs. Operator 2: 45.9 ± 9.9 min; p = 0.73). The only complications observed were two cases of bleeding at the site of percutaneous access.

Conclusion: Our initial experience shows that use of the PFA catheter for pulmonary vein isolation (PVI) is safe, fast, and easy to learn.

KEYWORDS
atrial fibrillation, posterior wall ablation, learning curve, pulsed field ablation, catheter ablation


Introduction

Catheter ablation of the pulmonary veins (PVI) is the mainstay for the long-term treatment of symptomatic AF (1). PVI has been traditionally performed using thermal energy sources, such as radiofrequency ablation or cryoenergy ablation (1, 2). Both ablation technologies have shown excellent acute PVI rates, and long-term freedom of AF following ablation is comparable for both techniques in patients with paroxysmal AF (1, 2). However, severe complications (phrenic nerve palsy and atrio-oesophageal fistula) associated with the non-discriminatory nature of thermal injury still occur (1–4).

Recently, a new ablation technique has been introduced: pulsed field ablation (PFA). PFA is a non-thermal ablative modality leveraging ultrarapid electric fields which destabilize cell membranes of target tissues by forming irreversible nanoscale pores leading to leakage of cell contents and, eventually, apoptosis (5, 6). Importantly, the threshold for inducing cell death varies for different tissues (7, 8). This differential tissue sensitivity translates into the potential ability to perform full transmural lesions in the atrial myocardium while sparing adjacent tissues and structures. Although several pre-clinical studies investigated the safety and feasibility of PFA, limited reports have been published so far describing the clinical application of this novel catheter technology. In this study, we present our initial center experience with this novel ablation catheter and describe procedural findings and acute safety and efficacy in the first 100 patients treated with the PFA catheter for pulmonary vein isolation (PVI).



Materials and methods


Patient population

In this study, we investigated the first 100 patients treated for symptomatic AF using PFA at the University Medical Center Groningen (UMCG), Netherlands, between July 2021 and March 2022. Patients with paroxysmal, as well as persistent AF, were considered eligible for the procedure. All patients provided written informed consent. Pre-procedural investigations included trans-thoracic echocardiogram (TTE), cardiac computed tomography (CT) scan, electrocardiogram (ECG), and lab work. Pre-procedural TEE to exclude the presence of thrombi in the left atrial appendage (LAA) was performed in patients who had an inconclusive/no recent CT scan, CT scan with the suggestion of LAA thrombus, or when CHA2DS2-VASc score was higher than 2 in male subjects and 3 in female subjects. Anticoagulation was initiated at least 4 weeks before the procedure and continued for at least 3 months afterward.



Procedure description

All procedures were performed using protocolized conscious sedation executed by a sedation specialist. Three femoral echo-guided venous punctures were performed to obtain venous access. A decapolar catheter was positioned in the coronary sinus. An ICE catheter (ViewFlex™ Xtra, Abbott, Chicago, IL, USA) was positioned in the right atrium for echo-guided transseptal puncture and for the visualization of ablation catheter contact with the pulmonary veins. Transseptal puncture was performed using an SL0 sheath. After a guidewire was positioned in the left superior PV, the SL0 sheath was exchanged for the Faradrive (Farapulse, Menlo Park, CA, USA) sheath and the Farawave (Farapulse) catheter was advanced into the left atrium. Heparin (100 IU/kg) was given prior to transseptal puncture, and the target activated clotting time (ACT) was > 300 s.



Pulsed field ablation

The PFA system had three components: a custom generator (Farastar, Farapulse) that delivered a high-voltage pulsed field waveform over multiple channels, a PFA catheter (31 or 35 mm diameter), and a 12-F steerable sheath (Faradrive, Farapulse). The 35 mm catheter size was used in patients with larger atria (LAVI > 40 ml/m2), left common ostium (LCO), or persistent AF. The 12-F over-the-wire PFA ablation catheter (Farawave, Farapulse) had five splines that each contain four electrodes and could be deployed in either a flower petal or basket configuration (Figure 1). When fully deployed into a flower pose, the maximum diameter of the distal portion was 31 or 35 mm, depending on the catheter size. The catheter was advanced over a guidewire until the splines achieved circumferential contact/proximity with the PV antra. To ensure contact between the catheter and PV ostium/antrum, we used fluoroscopy and/or ICE (Figure 1). On ICE, contact was assessed by observing visual contact of the catheter in the basket and flower positions (see Figure 1A), and on fluoroscopy when further advancement of the catheter was not possible (no contrast was used). The ICE was maneuvered in a clockwise fashion to bring into view the left and then the right pulmonary veins (9). The ablative energy was delivered from all electrodes; the third electrode on each spline could also record electrograms. The structure of the waveforms was a hierarchical set of microsecond-scale biphasic pulses, unsynchronized to cardiac rhythm (Figure 1). The catheter was rotated every two applications to ensure circumferential PV ostial and antral coverage. Four applications were given with the catheter in the basket shape and four additional applications were given in the flower shape. Each application consisted of five pulses. The application protocol for the LCO was dependent on the size of the LCO (assessed with ICE). For LCOs larger than the catheter’s diameter in the basket position, applications in the basket configuration were delivered in separate veins, and applications in the flower positions were delivered ideally at the LCO itself. If the LCO was narrower than the catheter’s diameter in the basket position, then applications in both basket and flower position were delivered at the LCO. Pre-and post-ablation electrograms were recorded with the Farawave (Farapulse) catheter positioned in the PV. Isolation after ablation was confirmed by the disappearance of PV potentials after ablation. Pacing at bipolar pairs (10 mA) was performed after ablation with the ablation catheter in the PV to verify the exit block. Of note, no contrast injections were used. For the isolation of the right-sided veins, no phrenic nerve pacing was performed. Following ablation, diaphragmatic movement was verified using fluoroscopy. When a vagal reaction occurred during ablation, leading to asystole (> 10 s), this was handled by administrating atropine.
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FIGURE 1
Pulsed field ablation system and workflow. (A) (In order from top to bottom) Physical, fluoroscopy, and echocardiogram view of the FARAWAVE catheter in both basket and flower shapes. (B) Electrograms showing biphasic waveform application with five pulses.




Posterior wall isolation

In a subgroup of patients, left atrial posterior wall isolation (PWI) was performed. For these procedures, 3D electroanatomic mapping was used (EnSite Precision™, Abbott, or Rhythmia HDx™, Boston Scientific, Marlborough, MA, USA) and the 3D anatomy was created with a high-density mapping catheter (Advisor™ HD grid, Abbott, or IntellaMap Orion™, Boston Scientific) or with the Farawave (Farapulse) catheter. After the isolation of every PV, the catheter in the flower shape—with the guidewire still in the PV ostium—was positioned against the posterior wall and two applications were delivered. This process was repeated for each PV. Subsequently, overlapping applications across the entire posterior wall were performed to ensure redundant coverage of the entire posterior wall. Before each application, the position of the Farawave® catheter was depicted on the 3D map using a “shadow.” Following ablation, remapping was performed to verify the presence of a posterior box lesion. Pacing was performed for the exit block. No oesophageal temperature probe was used.



Peri-procedural and secondary outcomes

Procedural findings include procedure time (from venous puncture to sheath removal), left atrial time (LA time: transeptal puncture to venous sheath removal), confirmed PV isolation, and number of applications per PV, as well as procedure-related complications during follow-up. Learning curves of operators who performed more than 20 procedures without mapping are described (Operator 1 and Operator 2). At the time of the study, Operator 1 had more than 10 years of experience (senior) and Operator 2 had less than 5 years of experience (junior). We provide a comparison of procedure times and radiation exposure with PVI-only cryoballoon ablations performed by the same operators involved in this study. The cryoballoon procedure description can be found in Supplementary material.

Procedure-related complications were classified into major and minor complications, in accordance with the consensus statement on surgical and catheter ablation and the classifications utilized by previous similar studies. Major complications included bleeding requiring thoracotomy or transfusion, permanent phrenic nerve paralysis, pacemaker device implantation, stroke/transient ischemic attack, atrio-esophageal fistula requiring surgery, and death. Minor complications included hemoptysis, pneumonia, and temporary phrenic nerve paralysis.



Follow-up

Follow-up was scheduled for all patients to receive periodic ECG controls at the outpatient clinic at 3, 6, and 12 months after the procedure. A 72-h Holter monitoring was performed at 3, 6, and 12 months to check for the evidence of AF recurrence. If patients experienced AF-related symptoms, outpatient visits were scheduled before the upcoming follow-up visit.



Statistical analyses

Patient characteristics, rate of complications, and procedure-related data are presented as mean and standard deviation for continuous variables and median and interquartile range or number and percentages for categorical variables. Spearman’s rank correlation was used to determine the correlation between practice (consecutive patients) and procedure time. The analyses were conducted using IBM SPSS Statistics for Windows, version 23 (IBM Corp., Armonk, NY, USA), and statistical significance was set at a p-value smaller than 0.05.




Results


Patient characteristics

Table 1 shows the baseline characteristics of the first 100 patients with symptomatic AF who were treated with PFA at our center. The mean age was 62.9 ± 9.4 years and most were men (62%). Prior to ablation, patients suffered predominantly from paroxysmal AF (80.0%). The median CHA2DS2-VASc score was 1.5 (1.0–2.0), and the mean left atrial volume index (LAVI) was 35.7 ± 9.6 ml/m2. Nine patients received PFA as a redo procedure following prior catheter ablation (3 radiofrequency and 6 cryoballoon) and in 8 of these 9, additional PWI was performed.


TABLE 1    Baseline characteristics.
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Procedural findings

Procedural findings are shown in Table 2. The 31 and 35 mm catheters were used in 77% (77) and in 23% (23) of procedures, respectively. In 88 patients, PVI alone was performed. The remaining 12 patients underwent additional PWI. Overall, the mean procedure time was 60.9 ± 26.8 min, and the mean radiation time and dose were 13.5 ± 7.5 min and 658.0 (376.0–1037.0) μGy/m2, respectively. Procedures without 3D mapping lasted a mean of 52.3 ± 16.6 min. 3D Mapping was performed in six patients during the early experience for PVI-only ablation, and later mapping was exclusively in patients scheduled for PVI + PWI (10), eight of which were redo cases after prior cryoballoon/RF ablation. In total, 3D electroanatomic mapping was performed during 18 procedures, with a mean procedure time of 105.5 ± 25.5 min and mean radiation time and dose of 16.0 ± 5.1 min and 731.6 (563.0–1265.0) μGy/m2, respectively.


TABLE 2    Procedural findings.
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For the 72 cryoballoon procedures performed by five (Operators 1, 2, 3, 5, and 6) of the six operators who performed the PFA procedures in this study, the mean procedure time for PVI was 74.5 ± 21.7 min and the mean LA time was 59.0 ± 19.7 min. Mean radiation time and median radiation dose were 14.1 ± 9.6 min and 985.5 (306.2–1652.1) μGy/m2, respectively.

The independent sample t-test showed significantly lower mean procedure time—of PVI-only procedures without mapping—(PFA: 52.6 ± 16.6 min vs. cryoballoon: 74.5 ± 21.7 min; p < 0.001) and lower mean LA time (PFA: 37.1 ± 14.1 vs. cryoballoon: 59.0 ± 19.7; p < 0.001) with PFA compared to cryoballoon ablation. The Mann–Whitney U test showed no significant difference in radiation dose between PFA and cryoballoon [PFA: 985.5 (306.2–1652.1) μGy/m2 vs. cryoballoon: 985.5 (306.2–1652.1) μGy/m2; p = 0.152]. No significant difference was shown in fluoroscopy time (PFA: 13.0 ± 7.9 vs. cryoballoon: 14.1 ± 9.6; p = 0.425).

The mean number of applications per PV was 8.1 ± 0.6. Nine patients had a left common ostium, for which the mean number of applications was 11.1 ± 2.7. In all patients, all PVs (100%) were confirmed to be isolated at the end of ablation (Figure 2). No radiofrequency catheter touch up was performed. Figure 3 shows a 3D electroanatomic map of the left atrium after PVI and PWI and the shadows show the location of the ablation catheter during each application. The average number of PFA applications to the posterior wall was 19.2 ± 8.7.
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FIGURE 2
Three-dimensional electrophysiological voltage maps after pulmonary vein isolation were performed with pulsed field ablation. On the right, pre-and post-ablation electrograms demonstrate the isolation of, in this case, the right superior pulmonary vein (RSPV). The scale of the electrograms shown is 100 mm/sec.
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FIGURE 3
Three-dimensional electrophysiological voltage maps after pulmonary vein isolation + posterior wall ablation performed with pulsed field ablation. The circular catheters show the locations where PFA was applied with a catheter in the flower position.




Learning curve

Six different operators performed the ablations described in this study: Operator 1 performed 37 procedures (37%); Operator 2 performed 35 procedures (35%); Operator 3 performed 14 procedures (14%); Operator 4 performed six procedures (6%); Operator 5 performed four procedures (4%); and Operator 6 performed four procedures (4%). Figure 4 shows the learning curves for Operators 1 and 2 who both performed more than 20 procedures without mapping. The comparison showed no significant difference between the mean procedure times of the two operators (Operator 1: 46.9 ± 9.7 min; Operator 2: 45.9 ± 9.9 min; p = 0.73). In addition, Spearman’s rank correlation showed that practice was not correlated with procedure time (Operator 1: correlation coefficient = −0.246, p = 0.283; Operator 2: correlation coefficient = −0.139, p = 0.439).
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FIGURE 4
Learning curve for pulsed field ablation (of operators who performed > 20 procedures). Operator 1 (senior) had more than 10 years of experience with AF ablation, while Operator 2 (junior) had less than 5 years of experience with AF ablation.




Early follow-up findings

Three-month follow-up was available for 76 patients (76%). The median follow-up was 90.5 (83–98) days. All but one patient had rhythm monitoring (24-h Holter at 3 months visit or implantable loop recorder) which revealed early recurrence of AF in six (6%) patients and atypical flutter in two (2%) patients. Two patients underwent electrical cardioversion due to a recurrence of AF during the blanking period.



Safety

Table 3 summarizes the complications observed in our cohort during the available follow-up period. No patients suffered major complications during or after the ablation. Two patients (2%) suffered bleedings at the percutaneous access sites of the femoral vein after the procedure. This was managed by applying pressure and compression bandages.


TABLE 3    Rate of procedural complications.
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Discussion

In this study, we presented our initial experience with a PFA catheter for PVI for the treatment of symptomatic AF in 100 patients. We observed that PFA is a safe ablation modality with effective acute isolation of the PVs. Procedure times were short since the early phases of the learning curve, and comparable between operators with different levels of experience. In addition, ablation beyond the PVs (left atrial posterior wall ablation) is feasible.


Pulsed field ablation so far: Procedural findings and efficacy

Over the last decade, pre-clinical studies investigating PFA for the ablation of AF in animal models showed favorable safety profiles and lesion durability (11). Histological assessment of the treated myocardium confirmed that PFA achieved transmural lesions with superior durability (biphasic = 100%; monophasic = 55.6%; RFA = 50%; P = 0.002) and greater organization of fibrotic tissue compared to RFA lesions, all while sparing adjacent and surrounding structures (11).

To date, few studies have reported the use of PFA in the clinical setting for the treatment of symptomatic AF. These utilized different catheters and waveform protocols which makes the comparison of outcomes difficult.

The first clinical application was described by Reddy et al., who used PFA to perform endocardial PVI on 15 patients with paroxysmal AF (12). Acute isolation was achieved in 100% of the PVs after 12.4 ± 1.0 applications per patient (3.26 ± 0.5 applications/PV), with a total average procedure time of 67 ± 10.5 min. In 2020, the same group reported the 1-year outcomes of the first-in-human, non-randomized feasibility trials, which enrolled a total of 121 patients across three centers (10). Acute PVI was achieved in 100% of patients after a mean of 7.2 applications per PV, with a mean procedure time of 96.2 ± 30.3 min (including mapping). Re-mapping after ablation revealed durable PVI in 84.1% of patients, following the optimization of the pulsed field waveform. At 1 year, 81.1% of patients were free from AF. A similar acute PVI rate was shown in a recent study using a variable loop catheter to perform PFA, which also reported 100% acute PVI in all 10 patients included (13). A recent study by Kueffer et al. investigated a multipolar PFA catheter in 56 patients (14). Acute PVI assessed using the PFA catheter was achieved in 100% of PVs, while secondary assessment using high-density 3D mapping revealed isolation in 93% of PVs. Following additional applications, 100% of PVs were confirmed to be isolated. In line with all these studies, we also achieved 100% acute PVI with a similar number of applications per PV [for those who used the Farawave (Farapulse) catheter] and showed freedom from AF/AFL during early follow-up in 82% of patients.

Only one study investigated PFA for the treatment of persistent AF, in 25 patients who received PVI, PWI, and cavo-tricuspid isthmus line (15). Re-mapping at 3 months after ablation confirmed durable PVI, PWI, and cavo-tricuspid isthmus line in 96%, 100%, and 100% of the cases, respectively. An early report of the long-term outcomes of this series showed a 92 ± 5.4% 1-year freedom from atrial tachyarrhythmias (16). In line with this study, we also showed that ablation beyond the PVs is feasible with PFA (posterior wall ablation).



Safety profile and tissue selectivity

The distinguishing feature of PFA is the alleged ability to selectively ablate the myocardium without damaging adjacent tissues and structures (e.g., phrenic nerve palsy and atrio-oesophageal fistula) (6–8, 10–13, 15). In agreement with findings from previous studies, we observed only two minor complications (both bleedings from the femoral access site). Of note, we did not observe any phrenic nerve palsy, nor did we observe clinical evidence of oesophageal involvement. One patient suffered a vagal reaction during the ablation of the LSPV, leading to asystole which was handled by administrating atropine. One study reported ST elevation following PFA application, (13) and another study reported coronary spasm following PFA application at the mitral isthmus (17). Furthermore, other safety concerns encountered with conventional ablation modalities, such as silent gas emboli, seem to persist with PFA but the evidence is lacking thus far (13, 18, 19). Therefore, additional targeted safety studies are warranted.



Learning curve: Pulsed field ablation vs. thermal techniques

In addition to favorable safety and efficacy profiles, PFA appears to be associated with quick procedure times and short learning curves. In our study, we observed a mean procedure time without the mapping of 52.3 ± 16.6 min and with mapping of 105.5 ± 25.5 min. Most previous studies performed mapping as standard and procedure times are comparable with ours where mapping was performed. Our findings also highlight that PFA is associated with a very short learning curve. Since the earliest interventions, operators achieved quick procedure times, without compromising the rate of acute PVI. Furthermore, results were consistent and comparable between operators with different levels of experience (Operator 1: > 10 years, Operator 2: < 5 years). Indirect comparison with radiofrequency and cryoballoon ablation highlights slower procedure times (mean procedure time: 124–141 min) and longer learning curves with the thermal ablation modalities compared to PFA (20). Direct comparison with cryoballoon PVI procedures performed at our center revealed significantly lower procedure time and LA time with PFA compared to cryoballoon ablation (p < 0.001). The fast uptake of the correct PFA handling and over-the-wire technique may have been facilitated by the experience operators already possessed with cryoballoon ablation.



Limitations

In the present observational study, we provide an early report on our first experience with PFA for the treatment of symptomatic AF but had only a small sample and limited follow-up. Therefore, we cannot draw conclusions on the mid or long-term efficacy of PFA. In addition, the lack of remapping data after ablation prevents us from drawing conclusions on the durability of PFA lesions (10). The operators included in this study were already experienced with one-shot cryoballoon ablation. This may have impacted our learning curves, with rather short procedure times since the earliest cases and no significant improvement. Additionally, we monitored for the occurrence of major and minor complications (see Table 3) but no targeted investigations were carried out for the detection of complications, such as silent gas emboli, PV stenosis, or oesophageal involvement (18).



Future studies and implications

Future studies should investigate the long-term freedom from AF and lesion durability of PFA, in order to draw more stringent conclusions on PFA’s long-term efficacy. Randomized controlled trials comparing PFA to conventional thermal ablative technologies will be necessary to show differences between these two ablation modalities. Larger studies providing targeted safety investigations are necessary to confirm the favorable safety findings observed in our and previous studies and provide greater clarity on the safety of PFA.




Conclusion

In this single-center study, we report our initial experience with the PFA catheter for PVI in 100 patients. In this initial series, we observed short learning curves and no signs of serious complications. Future studies are warranted to determine long-term efficacy and safety outcomes.
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Introduction: Unrecognized incomplete pulmonary vein (PV) isolation during the index procedure, can be a major cause of clinical recurrences of atrial fibrillation (AF) after cryoballoon (CB) ablation. We aimed to characterize the extension of the lesions produced by CB ablation and to assess the value of using an ultra-high resolution electroanatomic mapping (UHDM) system to detect incomplete CB lesions.

Materials and methods: Twenty-nine consecutive patients from the CHARISMA registry undergoing AF ablation at four Italian centers were prospectively evaluated. The Rhythmia™ mapping system and the Orion™ (Boston Scientific) mapping catheter were used to systematically map the left atrium and PVs before and after cryoablation.

Results: A total of 116 PVs were targeted and isolated. Quantitative assessment of the lesions revealed a significant reduction of the antral surface area of the PV, resulting in an ablated area of 5.7 ± 0.7 cm2 and 5.1 ± 0.8 cm2 for the left PV pair and right PV pair, respectively (p = 0.0068). The mean posterior wall (PW) area was 22.9 ± 2 cm2 and, following PV isolation, 44.8 ± 6% of the PW area was ablated. After CB ablation, complete isolation of each PV was documented by the POLARMap™ catheter in all patients. By contrast, confirmatory UHDM and the Lumipoint™ tool unveiled PV signals in 1 out of 114 of the PVs (0.9%). Over 30-day follow-up, no major procedure-related adverse events were reported. After a mean follow-up of 333 days, 89.7% of patients were free from arrhythmia recurrence.

Conclusion: The lesion extension achieved by the new CB ablation system involved the PV antrum, with less than 50% of the PW remaining untouched. The new system, with short tip and circular mapping catheter, failed to achieve PV isolation in only 0.9% of all PVs treated.

Clinical trial registration: [http://clinicaltrials.gov/], identifier [NCT03793998].
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atrial fibrillation, ablation < electrophysiology, cryoballoon ablation, scar ablation, electrograms


Introduction

In paroxysmal atrial fibrillation (AF), pulmonary vein isolation (PVI) by means of a cryoballoon (CB) has been associated with better results than radiofrequency ablation, in terms of safety and long-term efficacy, and displays less inter-operator variability in terms of success (1, 2). Recently, a new CB technology (POLARx; Boston Scientific) for PVI in patients with AF has been introduced. This new CB ablation system, compared to previous system, includes a more compliant 28 mm balloon catheter, designed to maintain the same volume during application of cryoenergy. Moreover, a difference can be found in the gas pressure, that is kept stable and lower in POLARx system (2.5 psi), while it increases to higher values during cryoenergy applications with previous system (3–7).

Theoretically the semi-elastic thermoplastic material used for this balloon and the constant pressure during the ablation phase could allow for better compliance and stability during veins occlusion. After CB ablation by means of the standard technology, characterization of the lesion set has revealed a large area of antral PVI in the acute phase and significant regression of the cryoablated zone during second procedures (8, 9). Only one study, involving 8 patients, has evaluated acute lesion characteristics after PVI with the POLARx™; this showed a large antral lesion and ablation of 50% of the posterior wall (10). The use of high-resolution mapping during CB ablation is useful not only in order to characterize the tissue, but also to detect incomplete PVI unrecognized by means of conventional circular mapping catheter mapping (11–13). A new map analysis tool (Lumipoint™, Boston Scientific) automatically identifies fragmented potentials and continuous activation, and seems to detect residual antral potentials after PVI better than other tools (14).

The aim of this study was to describe the extent and morphology of PVI lesions, in order to determine the rate of unidentified incomplete PVI and to quantify residual antral potentials after CB ablation with the new POLARx™ system, which uses ultra-high-resolution mapping (UHDM).



Materials and methods


Patient population and study design

The Catheter Ablation of Arrhythmias with a High-Density Mapping System in the Real-World Practice (CHARISMA) (ClinicalTrials.gov Identifier: NCT03793998) is a prospective, single-arm, multicenter, continued-access cohort study designed to describe clinical practice regarding the approach to the ablation of various arrhythmias. The study complies with the Declaration of Helsinki, the locally appointed ethics committee approved the research protocol, and informed consent was obtained from all patients prior to enrollment.

Patients were enrolled in four Italian centers. The study population consisted of 29 consecutive patients with symptomatic paroxysmal AF who underwent PVI by means of a novel CB system. High-resolution 3D atrial mapping was performed before and immediately after PVI, in order to assess lesion characteristics. AF was defined according to the 2017 expert consensus statement (15). The patients enrolled had a history of failed rhythm control with class I or III antiarrhythmic drugs.



Ablation procedure

Imaging procedures and the management of antiarrhythmic and anticoagulation medication up to the time of the procedure were at the discretion of the operator, in accordance with the standard workflow adopted at each institution.

The ablation procedure was performed under conscious sedation. A decapolar (Dynamic XT™, Boston Scientific, Marlborough, MA, USA) and a quadripolar catheter were placed in the coronary sinus and superior vena cava (SVC), respectively, to obtain a stable reference for the Rhythmia mapping system and for the detection of phrenic stimulation. After single transseptal puncture under fluoroscopic guidance or intracardiac echocardiography, intravenous unfractionated heparin boluses were administered, in order to maintain an activated clotting time of >300 s.

The basket mapping catheter (IntellaMap Orion, Boston Scientific, Marlborough, MA, USA) was introduced through the sheath and used in combination with the Rhythmia HDx mapping system to create a 3-dimensional UHDM of the left atrium in sinus rhythm.

After obtaining a bipolar voltage map of the left atrial substrate, we switched to the steerable 12.7Fr POLARSHEATH under fluoroscopy control. Once the sheath had been connected to a continuous saline flush, the short-tip (5 mm) POLARx CB (28 mm) was inserted into the left atrium over a circular inner lumen octopolar mapping catheter/guidewire (POLARMAP). The POLARMap was connected through the breakout box to the Rhythmia HDx mapping system, to allow POLARMap visualization in the acquired 3D map, which helped to cannulate the four veins without using fluoroscopy.

Prior to each application, PV occlusion was verified by means of contrast venography, and the CB was positioned until total contrast retention had been achieved without visible leaks during contrast injection.

The application time for each vein was calculated as the time-to-isolation (TTI), and the circular mapping catheter was positioned at the proximal part of the ostium before each freeze (16). A standard 180 s cryoenergy application was delivered if the TTI was 60 s or less; otherwise, the application was prolonged to 240 s. An additional CB application was performed in patients displaying a PV potential after the first application.

In order to avoid phrenic nerve palsy, continuous high-output pacing to capture the phrenic nerve was performed during right-PV applications. Cryoablation was immediately stopped if there was a loss or reduction of phrenic nerve capture. Specifically, a movement sensor (Diaphragm Movement Sensor, DMS, Boston Scientific), in addition to conventional methods, was used to check nerve capture during CB ablation.

Acute entry block (absence of local PV potential inside the vein) and paced exit block (using any pair of electrodes of the circular catheter) were verified at the end of the procedure by means of the POLARMap™, which was placed at the ostium of every PV. Pacing from the distal tip of the coronary sinus catheter or superior vena cava catheter was used to distinguish far-field atrial signals from PV potentials recorded on the circular mapping catheter.



Mapping procedure

Ultra-high-resolution 3-D left atrium mapping was performed by means of the Rhythmia™ system in all patients before and immediately after PVI. A multipolar mini-basket catheter (IntellaNAV Orion™) consisting of 8 splines with a total of 64 electrodes, an inter-electrode spacing of 2.5 mm and surface area of each electrode of 0.4 mm2, was inserted through the POLARSHEATH™ to create a bipolar voltage map of the left atrium, before and after CB-PVI, in sinus rhythm. The left atrial shell was acquired in expiration timing, and the system was programmed with strict criteria of cycle length stability, coronary sinus activation and electrode positioning for automatic mapping. In one case, in which the PV was not isolated by means of the CB, a touch-up application with an irrigated radiofrequency ablation catheter (IntellaNAV™ Mifi OI, Boston Scientific Boston Scientific, Marlborough, MA, USA) was performed; this was guided by the local impedance drop, targeting a minimum local impedance drop of 10 Ω within 30 s, and was stopped when a maximum cutoff local impedance drop of ≥40 Ω was observed. After radiofrequency touch-up, a new map of the PV was acquired in order to confirm entry and exit block.

Electrograms with voltages above 0.5 mV were considered to indicate healthy and unablated tissue, while EGMs with voltages less than 0.2 mV were deemed to indicate dense scar tissue. Points with voltages between 0.2 and 0.5 mV were defined as indicating damaged but viable tissue. The Lumipoint™ map analysis tool, which automatically identifies fragmented potentials and continuous activation, was used in both maps sequentially on each PV component, in order to assess the presence of PV gaps and the change in the antral potentials after PVI.

In our series the PV ostium was identified as the point of maximal inflection between the PV wall and LA wall, and the PV antrum was defined as the region proximal to the PV ostium excluding the PVs whereas the LA posterior wall surface area was defined as the area bordered by the PV lesions and two lines connecting the most superior- and inferior- aspects of the circumferential ablation lines (L1 and L2, respectively), as described in several papers on this topic (17, 18; Figure 1). The surface area of the left and right PV, the ablated antral area of each vein and the non-ablated area of the posterior wall were manually calculated by means of the measurement tool of the Rhythmia™ system. Moreover, another two isthmus lines were manually measured between the right and left anterior carina and the mitral annulus (L3 and L4, respectively) (Supplementary Figure 1).
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FIGURE 1
Characterization of cryoablation lesions by measuring distance and area in the posterior wall, before and immediately after ablation, using 3D high-density mapping. All four panels show postero-anterior view of the left atrium of one patient. In the upper panels (A,B), bipolar voltage maps before (A) and after (B) cryoablation. On the right, the first (L1) and second line (L2) show the posterior distance between the ostium of the superior and inferior PV, respectively; on the left, L1 and L2 show the posterior distance between the two ablated and isolated PV areas. In the lower panels (C,D), examples of measurement of ablated area of the posterior wall with PV-cryoballoon applications.




Statistical analysis

Descriptive statistics are reported as means ± SD for normally distributed continuous variables, or medians with 25th to 75th percentiles in the case of skewed distribution. Normality of distribution was tested by means of the non-parametric Kolmogorov–Smirnov test. Differences between mean data were compared by means of a t-test for Gaussian variables, and the F-test was used to check the hypothesis of equality of variance. The Mann–Whitney non-parametric test was used to compare non-Gaussian variables. Differences in proportions were compared by applying χ2 analysis or Fisher’s exact test, as appropriate. A p-value < 0.05 was considered significant for all tests. All statistical analyses were performed by means of STATISTICA software, version 7.1 (StatSoft, Inc., Tulsa, OK, USA).




Results


Study population

Twenty-nine consecutive patients were enrolled. All these patients had a history of paroxysmal AF: duration of the longest AF episode was >1 h in 19 (65.5%) cases; >6 h in 7 (24.1%) cases and >24 h in 3 (10.3%). Besides AF, five (17.2%) patients had a history of atrial flutter/AT. The mean age was 62.1 ± 10 years, and 62% were males (n = 18). Twenty-seven patients (93%) experienced mild- to moderate symptoms according to the EHRA AF-related Symptoms Scale. Baseline clinical characteristics are shown in Table 1.


TABLE 1    Baseline clinical characteristics of the study population.
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Procedural characteristics

A total of 116 PVs were targeted in the whole population and PVI was achieved by means of CB ablation in all but one case, which required an additional radiofrequency touch-up after remapping with the Orion catheter. The mean number of freeze applications per patient was 4.8 ± 1.0 (1.2 ± 0.5 for left inferior PV, 1.2 ± 0.4 for left superior PV, 1.4 ± 0.6 for right inferior PV and 1.1 ± 0.5 for right superior PV). Twelve (41.4%) patients were treated with a single application to each of the PVs. TTI was available in 74 (64.9%) PVs, the median TTI being 38 [30–48] sec (median temperature at TTI = −42°C [−48 to −39]). The median nadir temperature was −56.0°C [−59 to −52], the median time to target at −40°C was 30 [28–34] s, the median thaw time to 0°C was 16 [14–20] s and the median deflation time (from 0 to 20°C) was 23 [20–29] s. Complete occlusion of the PV was achieved in 93 (81.6%) of the PVs treated. Detailed procedural data are reported in Table 2.


TABLE 2    Procedural characteristics according to PVs.
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Assessment of cryothermal lesion extension

Acute lesion characterization was completed in all 29 patients. All the patients were in sinus rhythm at the time of 3D map. Quantitative assessment of the lesions revealed a significant reduction of the antral surface area of the PV, resulting in an ablated area of 5.7 ± 0.7 cm2 and 5.1 ± 0.8 cm2 for the left PV pair and right PV pair, respectively (p = 0.0068). All the lesions were localized in the PV antrum. The mean PW area was 22.9 ± 2 cm2 and, following PVI, 44.8 ± 6% (10.4 ± 2 cm2) of the PW area was ablated, as shown in Figures 2A,B. In five (17%) cases, the ablated area was larger than 50% of the initial PW area. The distance measurements between lesions created in the PW (L1), in the superior PV line (L2) and at the right (L3) and left (L4) isthmus showed a significant reduction after PVI (L1: 46.7 ± 7 mm vs. 24.8 ± 10 mm, p < 0.0001, 46.4 ± 20% reduction; L2: 47.5 ± 7 mm vs. 30.1 ± 9 mm, p < 0.0001, 36.1 ± 18% reduction; L3: 54.0 ± 12 mm vs. 43.9 ± 11 mm, p = 0.0017, 18.6 ± 11% reduction; L4: 31.1 ± 7 mm vs. 21.6 ± 7 mm, p < 0.0001, 27.6 ± 24% reduction). Details are reported in Figure 3. Figure 1 and Supplementary material show an example of the pre- and post-ablation high-definition maps used to quantify the extent of ablation on the left atrium PW and the distances between lesions.
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FIGURE 2
Post-cryoballoon ablation measurements of left atrial ablated areas (A,B). (A) Antral ablated area of the PVs. (B) Posterior wall area before and following PVI.
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FIGURE 3
Distance measurements pre- and post-ablation according to different atrial anatomical structures.




Characteristics of low-voltage potentials within the antral region, on confirmatory high-density mapping

Before PVI, fragmented potentials (mean 205 area of 2.7 ± 0.7 cm2) were detected by means of the Lumipoint™ tool between the antral region of the PV and the PW [11.7 ± 3.4% of the entire PW area in 11 (38%) patients]. The most frequent location of these signals was around the posterior carina of the right and left PVs, the anterior carina of the right PV and the left posterior roof. After PVI, all these areas proved to have been included in the antral ablation circles, and the Lumipoint™ tool revealed no fragmented potentials around the PV. An example of these potentials before and after the procedure is shown in Figure 4.
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FIGURE 4
Abnormal area of fragmented potentials within the antral area, revealed by Lumipoint™ tool before and after ablation. In the left panel (A), postero-anterior view of the left atrium with the Lumipoint™ tool activated, showing an area of fragmented potential around the antrum of right PVs and on the carina between the veins, and a small area around the LSPV. The Orion high-density mapping catheter in that area shows fragmented signals with more than seven deflections on the splines G and H. In the right panel (B), the same tool was turned on after the ablation, and showed the absence of the previously identified fragmented signals within the antrum.




Outcome

After CB ablation, complete isolation of each PV was documented by the POLARMap™ catheter in all patients. By contrast, confirmatory high-density mapping through the Orion™ catheter and the Lumipoint™ tool unveiled PV signals in 1 out of 114 of the PVs (0.9%–1 patient with PV gap: 3.5%). These signals were associated with the presence of a visual gap on the LA bipolar UHDM and activation map (linear extension of 9.98 mm with a mean voltage of 0.45 mV at the gap spot) located in the postero-inferior portion of the right inferior PV (Figure 5). Five touch-up RF applications at 35W were performed to completely isolate the PV, with a mean local impedance drop of 15 ohms. At the end of the procedure, all PVs were checked again with the high-density catheter, and proved to have been successfully isolated. Over 30-day follow-up, no major procedure-related adverse events were reported. After a mean follow-up of 333 ± 74 days, 3 patients (10.3%) suffered an AF/AT recurrence after 90-day blanking period. All recurrences reordered were AF; after the index procedure, time to recurrence, respectively for the three patients, was 6, 8, and 9 months after the index procedure. Ten patients (34%) were on antiarrhythmic treatment at the first follow-up visit.
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FIGURE 5
Unidentified PV potential in the right inferior PV after cryoablation; re-isolation was necessary. In one patient, the Orion™ high-density mapping catheter was able to identify PV potentials after ablation, despite the absence of PV potentials on decapolar circular mapping (POLARMAP). In the right panel (B), the electroanatomical map and activation map analyzed by means of Lumipoint™ show a 9.98 mm gap in the posteroinferior portion of the RIPV and the presence of low-amplitude fragmented signals in that region, as shown on splines E, F, and G. Five RF applications were able to isolate the vein and eliminate the previously recorded signals [Left panel (A)].





Discussion

To the best of our knowledge, this is the largest study to evaluate the acute lesion extension, the effect on the antral fragmented electrogram and the rate of unidentified PV signals after CB ablation by means of a novel system (POLARx™ Cryoablation) using left atrium 3D UHDM in patients with paroxysmal AF. The main findings of our study are: (1) the lesions created with the new CB ablation system involve the PV antrum, with about 50% of the PW remaining untouched; (2) the new system, which uses a short-tip CB and a circular mapping catheter, failed to achieve PVI in only 0.8% of all PVs treated; (3) antral fragmented potentials were completely eliminated by CB ablation, without any residual antral potentials being identified by Lumipoint™; (4) the novel CB system is a safe and effective means of achieving PV occlusion and isolation.


Extension of acute ablation lesions created by the POLARx™ cryoballoon system, as assessed with the basket catheter

The atrial antrum seems to be important in the physiopathology of atrial fibrillation, and PVI by means of a wide antral approach is reported to yield better results than ostial PVI in terms of freedom from total atrial tachyarrhythmia recurrence during long-term follow-up (19). In our observational multicenter study, all the PV lesions were antral, the ablated antral area being 5.7 cm2 and 5.1 cm2 in left and right PVs, respectively; on average, 45% of the PW was ablated, and more than 50% was ablated in 17% of patients. In the right septal antrum and on the left anterior ridge, the maps also showed an effective reduction of the isthmus line. These data are similar to those from previous studies using the Arctic Front cryoballon system (6, 9). A recent study analyzed the ablation lesion set in a subpopulation of nine patients who had undergone cryoablation by means of the POLARx™ system with the aid of a circular mapping catheter (10). The authors reported that 50% (44–59%) of the posterior wall had been ablated by the CB, with no difference in the antral surface area of ablation between right and left PVs. In our study, the use of a basket catheter with 64 small electrodes yielded the same results in terms of ablation extension; moreover, it allowed us to qualitatively assess the presence of notch-like normal voltage areas on the left posterior side of the carina, which had not been possible in the previous study (Figure 1).



Role of high-resolution basket mapping catheter in identifying pulmonary vein gaps

The conventional circular mapping catheter used in CB ablation to assess the PVs may fail to detect small strains of conductive tissue in the PV, leading to an increased rate of arrhythmia recurrence due to incomplete PVI during the index ablation procedure. This shortcoming of the conventional mapping catheter is due to the large electrode size, the large inter-electrode distance and the oblique orientation of the catheter once it is positioned inside the PV. In this setting, the 64-electrode basket UHDM catheter is superior in detecting PV potentials after ablation, especially around the antrum-ostium of the PV, where its greater stability enables it to acquire points more effectively. In previous studies, an 8-pole circular catheter used in combination with a short-tip balloon was compared with a basket catheter (Orion™ catheter). The 8-pole catheter missed PV potentials in 24% of cases in which an older-generation balloon was used and in 1.4% of procedures done with a fourth-generation balloon (11, 12). In our study, the discordance between the new POLARx™ circular catheter used in combination with a short-tip balloon and the Orion basket catheter was only 0.9%. The one case in which a PV gap was detected, it was located on the postero-inferior tract of the right inferior PV; the gap was wide and had a mean Voltage of 0.45 mV and was successfully and easily ablated by means of radiofrequency touch-up applications. This finding is in line with that of a multicenter study that analyzed PV gaps by means of an UHDM basket catheter on redo procedures; after cryoablation, gaps are fewer but wider, and voltage mapping seems to be better able to detect them than during post-RF procedures (20).



Elimination of antral fragmented potentials identified by the Lumipoint™ tool

Fractionated signals in atrial muscle tissue cause repetitive atrial firing; this increases susceptibility to AF and has been used as an indicator of atrial vulnerability. A recent study aimed at identifying the best number of peak slider deflections that correlated with non-PV triggers in the left atrium suggested that, on using the Lumipoint™ tool to identify fragmented potentials (>7 deflections) could cause repetitive atrial firing (21). Moreover, in a recent study, local residual antral potentials were easily discernible by means of the UHDM system and Lumipoint™ software, in both de novo and redo patients, when no PV conduction was present. In our population, CB ablation was able to create bilateral wide antral lesions that included all areas of fragmented electrograms identified by the Lumipoint™ tool in patients with paroxysmal AF, without additional PV applications. The same tool, when used to check for the presence of residual antral electrograms, highlighted the absence of previously recorded abnormal signals after ablation.



Limitations

The present study has some limitations. First, the study group was small (only 29 patients) and there was no control group undergoing RF ablation. Although the results are concordant with those of a previous study, a larger study is needed in order to assess the discordance between the POLARMap™ catheter and the basket catheter in detecting unidentified PV potentials and to check for the elimination of all antral potentials assessed by means of Lumipoint™. Second, this was a multicenter study involving four Italian centers with inter-center variability; however, there is less inter-operator variability in CB ablation procedures. “Finally, the significant variability of PV-LA anatomy may have impacted the quantitatively assessment of the antral region or the posterior wall region and derived parameters on the ablation effects.”




Conclusion

Pulmonary vein isolation by means of this novel cryoballoon created wide antral lesions and eliminated antral fragmented potentials. The new system, with short tip and circular mapping catheter, failed to achieve PV isolation in only 0.9% of all PVs treated.
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Aims: This study aimed to evaluate the efficacy of low-voltage area (LVA)-guided substrate modification catheter ablation in patients with atrial fibrillation (AF).

Methods: Systematic searches of the PubMed, EMBASE, and Cochrane databases were performed from inception to July 2022 for all available studies. The effect estimates were combined with the Mantel–Haenszel random-effects model. Subgroup analyses, sensitivity analysis, and meta-regression were conducted to explore the sources of statistical heterogeneity.

Results: A total of 16 studies involving 1942 subjects (mean age: 61 ± 10 years, 69% male) were identified. All studies included patients with paroxysmal AF, non-paroxysmal AF, or both. At a mean follow-up of 18.9 months, patients who underwent LVA-guided substrate modification ablation had significantly higher freedom from all-atrial tachycardia recurrence than patients who underwent control ablation [67.7% vs. 48.9%, risk ratios (RR) 0.64, 95% confidence interval (CI) 0.55–0.76, P < 0.001], with 36% relative risk and 18.7% absolute risk reductions in all-atrial tachycardia recurrence. Subgroup analysis based on AF types demonstrated that the decreased risk of all-atrial tachycardia recurrence was present predominantly in non-paroxysmal AF compared with paroxysmal AF (RR 0.60, 95% CI 0.52–0.69 vs. RR 0.96, 95% CI 0.81–1.13).

Conclusion: Low-voltage area-guided substrate modification ablation combined with PVI appears to have a significant beneficial effect of improving freedom from all-atrial tachycardia recurrence, especially in patients with non-paroxysmal AF.

KEYWORDS
atrial fibrillation, catheter ablation, pulmonary vein isolation, low-voltage areas, recurrence


Introduction

Atrial fibrillation (AF), one of the most frequent chronic arrhythmias, has a prevalence of 0.4–1.0% in the general population and is associated with a threefold increased risk of heart failure, fivefold increased risk of stroke, and twofold increased risk of all-cause mortality. Catheter ablation using the technique of pulmonary vein isolation (PVI) has emerged as a first-line treatment strategy for patients with paroxysmal AF, but PVI alone is much less successful in non-paroxysmal AF, with a reported 2-year AF freedom rate of 40–50% (1–4). Although several additional ablation strategies, including substrate modification, have been developed, to date, there have been no uniform approaches revealing additional benefit over PVI alone (5, 6).

It is generally acknowledged that atrial structural remodeling involving atrial tissue fibrosis and scarring is an essential factor in the pathogenesis and progression of AF (7, 8). Several trials have suggested that the existence of LVA was strongly associated with AF recurrence after catheter ablation for all AF types (9–12). In this context, in Rolf et al. initially proposed LVA-guided ablation as an atrial substrate modification approach (9). To date, numerous studies have investigated the feasibility and effectiveness of LVA-guided substrate modification in AF ablation given the theoretical and practical rationality (13–15). However, their results were surprisingly conflicting. In addition, most of the identified studies were single-center studies with small sample-sizes, which compromised the credibility of the results (16). In 2017, a previously published meta-analysis from Blandino et al. suggested that LVA ablation in addition to PVI was superior to the traditional technique without a significant increase in rates of adverse events (17). However, only six studies with one randomized trial met the inclusion criteria, and high heterogeneity might affect the interpretation of results. Moreover, several additional articles were reported after this systematic review, especially some randomized trials revealing conflicting results. Against this background, we conducted a comprehensive meta-analysis of all the available studies to assess the efficacy of LVA-guided substrate modification catheter ablation of AF.



Methods


Search strategy

The study followed the guidelines specified in the Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P) (18). Systematic searches of the PubMed, EMBASE, and Cochrane databases were conducted from database inception to July 2022. The search terms included “atrial fibrillation,” “catheter ablation,” “pulmonary vein isolation,” “low voltage areas,” and “recurrence.” We searched for articles without language restriction, and the reference lists of possible eligibility were also reviewed.



Selection criteria

Studies were considered eligible if (1) they had a prospective or retrospective design. (2) The study population was composed of AF patients undergoing voltage mapping and catheter ablation. (3) Comparisons were conducted between the study group (LVA ablation plus PVI) and the control group (PVI strategy). (4) The outcome was AF or all-atrial tachycardia recurrence. (5) The follow-up duration to determine outcomes was at least 6 months. (6) Enough data were provided to assess risk ratios (RR). In the case of duplicate reporting on the same subjects, the largest sample or most comprehensive information was selected.



Data extraction and quality assessment

Data were extracted by two independent investigators (YZ and HZ) using a standardized data extraction form. The form included the following characteristics of each study: first author’s name, year of publication, study design, sample size, geographical location, mean age, sex, AF type, left atrial diameter (LAD), left ventricular ejection fraction (LVEF), treatment group ablation schemes, control group ablation schemes, cutoff of LVA, rhythm during voltage mapping [sinus rhythm (SR) or AF], procedure time, radiofrequency ablation time, radiofrequency power settings, type of 3D mapping system, type of high density mapping catheter, number of points mapped, endpoint of LAV-guided ablation, antiarrhythmic drugs (AADs) after ablation, follow-up duration, and outcomes. Disagreements between the two independent investigators were resolved by consensus.

The methodological quality of eligible trials was evaluated by two authors (YZ and HZ) using the Cochrane Handbook for Systematic Reviews of Interventions Criteria (19) for randomized controlled trials (RCT) and the Newcastle–Ottawa Scale (NOS) (20). Quality Assessment Scale for cohort studies. Discrepancies were resolved by a third reviewer (PY).



Outcome measures

The primary outcome was AF or all-atrial tachycardia recurrence during follow-up. Holter monitoring was used to detect arrhythmia, defined by an AF or all-atrial tachycardia episode of at least 30 s duration.



Statistical analysis

The overall effect estimates of all outcomes analyzed by RR and their 95% confidence intervals (CI). The effect estimates were combined with the Mantel–Haenszel random-effects model because heterogeneity was anticipated among studies using a profile likelihood model in Stata/MP 14 (Stata Corp.). Between-group heterogeneity was assessed using the I2 statistic. We considered I2 values < 25% as low heterogeneity and >75% as high heterogeneity. The sources of heterogeneity were investigated by subgroup analyses, sensitivity analysis, and meta-regression.

We further evaluated whether the benefit of LVA-guided substrate modification ablation depended on features such as study design (RCT vs. non-RCT), AF type (paroxysmal AF, non-paroxysmal AF, or both types), rhythm during voltage mapping (during SR vs. AF), the sequence of ablation and mapping (ablation before mapping vs. ablation after mapping), cutoff of LVA (≤0.5 mV vs. 0.1–0.4 mV), follow-up duration (≤24 months vs. >24 months), LAD (≤45 mm vs. >45 mm), and ablation targets (LVA ablation vs. LVA + transitional zones ablation). A random-effects meta-regression model was applied to examine subgroup differences. Publication bias was assessed by visual symmetry of funnel plots and Egger’s and Begg’s tests. Statistical analyses were performed using STATA 14.0 (Stata Corp., College Station, TX, USA) and Review Manager version 5.3. A 2-tailed P-value ≤ 0.05 was considered statistically significant for all analyses except for subgroup interactions, for which the significance level was defined as P ≤ 0.10.




Results


Study selection

The systematic search identified 1,596 records that were screened by their titles and abstracts for possible eligibility after the duplicates were removed. After screening, 52 studies were identified as potentially relevant, and their full-text manuscripts were carefully reviewed for possible inclusion. Finally, 16 articles fulfilled the inclusion criteria and were analyzed in our meta-analysis (9, 13–15, 21–32) (Supplementary Figure 1).



Study characteristics

Overall, 1942 patients (mean age of 61 ± 10 years, 69% male) from 16 studies [six RCT (13, 15, 21, 28–30), three prospective studies (9, 23, 26), and seven retrospective studies (14, 22, 24, 25, 27, 31, 32)] were identified. The sample sizes ranged from 50 to 229, and the mean duration of follow-up was 18.9 months, ranging from 9.3 to 48 months. Two studies (15, 26) enrolled 173 participants with paroxysmal AF, 11 studies recruited a total of 1,377 patients with non-paroxysmal AF, and the remaining three studies (9, 27, 29) included 392 participants with both AF types. In the study group, LVA ablation was performed after PVI in all trials, and the transitional zones were targeted for elimination in three studies (21, 25, 28). However, in the control group, ten studies involved traditional PVI, and six studies used PVI plus other ablation strategies, including stepwise ablation in three studies (21, 25, 28), box isolation in one study (30), and empirical linear ablation in two studies (29, 32). In the meta-analysis, two definitions of LVAs were adopted. Fourteen studies used a cutoff of LVA ≤ 0.5 mV as the qualification for a positive “LVA,” while the remaining two articles (25, 28) used a cutoff of LVA 0.1–0.4 mV. High-density mapping was performed during stable sinus rhythm in 12 of the 16 studies and during AF in the remaining three studies (13, 14, 27). The mean LAD and LVEF were 44 ± 7 mm and 57 ± 11%, respectively. All identified studies had a primary endpoint of all-atrial arrhythmia recurrence, and of these, one study (32) used AF or atrial flutter recurrence as the primary endpoint. Detailed information on the baseline characteristics of the included studies is summarized in Table 1.


TABLE 1    Study characteristics.
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In most of the included studies, the concept of LVA ablation was more dependent on LVA size. Smaller LVAs were approached by regional ablation aiming at tissue homogenization. Larger LVAs were targeted by linear ablation traversing the LVA and connecting non-excitable areas. Broader LVAs were approached by encircling the LVA at the border of normal voltage tissue. No between-group difference could be found with respect to the proportions of patients with LVA. The endpoint of LVA ablation was defined as the absence of local electrical potential using high output pacing at the ablation site or elimination of the local potentials. Total procedural time was reported in 14 studies (9, 13, 15, 21, 23–32), and there were no statistically significant differences between the LAV ablation group and the control group (194.24 min vs. 189.26 min, P = 0.15). Radiofrequency ablation time was reported in 12 studies (9, 13, 14, 21–23, 25–27, 29–31), and similarly, no between-group difference was found (62.69 ± 29.66 vs. 61.33 ± 31.59, P = 0.40). Power delivery was limited to 20–25 Watts on the posterior wall near the esophagus and to 25–48 W for the remaining left atrium regions. More than 500 points in the left atrium were acquired to create a voltage map in most of the included studies (15, 23–25, 28, 30–32). The CARTO3 system (13, 14, 21, 22, 26, 27, 31) and EnSite-NavX mapping system (24, 25, 28, 30, 32) were the most common 3D mapping systems. The majority of articles used HD grids (23–25, 28, 30, 32), pentaray catheters (15, 31), or Lasso-Nav catheters (13, 21, 26, 27, 29) as the mapping catheter. All patients without AADs after ablation were reported in five studies (13–15, 23, 32), and AADs were discontinued 3 months after ablation in seven studies (21, 22, 25, 26, 28–30), 1.5 months in one study (31), 3–6 months in one study (27), and 6 months in one study (24). Detailed information on the procedural characteristics of the included studies is shown in Supplementary Table 1.



Quality assessment

In general, all ten identified non-randomized articles were of high quality in terms of risk of bias based on the NOS assessment, with only one study (24) showing the lowest score of seven. However, the overall risk of bias of the six included randomized trials was deemed high for three trials (15, 21, 29) in terms of the performance bias and detection bias and unclear for three trials (13, 25, 30) because the information on random sequence generation, allocation concealment, and blinding of participants and personnel was unclear using the Cochrane Handbook for Systematic Reviews of Interventions criteria. All assessment results are shown in Figure 1.
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FIGURE 1
(A) Assessment of methodological quality of the included randomized studies using the Cochrane Risk of Bias Assessment Tool. (B) Assessment of methodological quality of the included cohort studies using the Newcastle–Ottawa Quality Assessment Scale. Stacked bars represent the proportion of studies with a high (red), unclear (yellow), or low (green) risk of bias and applicability concerns.




Overall analysis

In the overall analysis, at a mean follow-up of 18.9 months, freedom from all-atrial tachycardia recurrence in patients who underwent LVA ablation was significantly higher than that in those who underwent control ablation (67.7% vs. 48.9%, RR 0.64, 95% CI 0.55–0.76, P < 0.001), with moderate heterogeneity (I2 = 57%). A 36% relative risk reduction and 18.7% absolute risk reduction in all-atrial arrhythmia recurrence were yielded in the LVA ablation group (Figure 2). Six studies (13, 26, 28, 29, 31, 32) assessed the incidence of ischemic stroke or transient ischemic attack (TIA) between the two groups. However, no stroke or TIA occurred in most of these studies, and thus, we did not perform a pooled analysis.
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FIGURE 2
Forest plots of all-atrial tachycardia recurrence among patients with LVA-guided substrate modification ablation compared with those who underwent control ablation. The size of the circle-plotting symbol is proportional to the size of the study. Horizontal lines are the 95% CI. LVA, atrial low-voltage areas; RR, risk ratios; CI, confidence intervals.




Subgroup analyses

Subgroup analysis based on study design revealed a slight decrease recurrence in non-RCT group (RR 0.59, 95% CI 0.46–0.76 vs. RR 0.73, 95% CI 0.61–0.87) with moderate heterogeneity in the former group (I2 = 72%) and significantly decreased heterogeneity in the latter group (I2 = 0%). In the six RCT studies, a further analysis stratified by control group ablation schemes (PVI only or PVI + adjunctive ablations) demonstrated an increased all-atrial tachycardia recurrence in PVI only group (RR 0.84, 95% CI 0.60–1.18 vs. RR 0.69, 95% CI 0.55–0.85) with a negligible level of heterogeneity in both group (Supplementary Figure 2).

Subgroup analysis based on AF types, the decreased risk of all-atrial tachycardia recurrence was present predominantly in non-paroxysmal AF group (RR 0.60, 95% CI 0.52–0.69) with I2 values of 0% and mixed AF group (RR 0.60, 95% CI 0.37–0.97) with I2 values of 66%. However, the RR did not reach statistical significance in the paroxysmal AF group (RR 0.96, 95% CI 0.81–1.13) with I2 values of 0%.

Subgroup analysis based on rhythm during voltage mapping, the sequence of ablation and mapping, cutoff of LVA, follow-up duration, LAD and ablation targets demonstrated comparable rhythm outcomes between the two groups. There were no differences noted among the subgroups except for the AF types based on the meta-regression analysis (Supplementary Table 2). All details are illustrated in Figure 3.
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FIGURE 3
Pooled summary results by subgroups. LVA, atrial low-voltage areas; RR, risk ratios; CI, confidence intervals; RCT, randomized controlled trials; AF, atrial fibrillation; SR, sinus rhythm; LAD, left atrial diameter.




Sensitivity analysis and publication bias

Sensitivity analysis showed that the overall results did not change significantly after excluding one study at a time, which suggested that the results of this study were statistically reliable (Supplementary Figure 3). Neither Begg’s funnel plot nor Egger’s test (P = 0.21) showed evidence of publication bias (Supplementary Figure 4).




Discussion

In view of the increasing recognition of the arrhythmogenic role of LVA, we systematically assessed the evidence known on LVA-guided substrate modification ablation in addition to PVI in AF patients undergoing catheter ablation. The present meta-analysis, involving 1942 individuals from 16 studies, with a mean follow-up of 18.9 months, analyzed the long-term role of LVA-guided ablation. Several important findings were demonstrated as follows: (1) At a mean follow-up of 18.9 months, a 36% relative risk reduction and an 18.7% absolute risk reduction in all-atrial tachycardia recurrence were noted with LVA-guided substrate modification ablation compared to the traditional PVI strategy. (2) The effectiveness of LVA ablation was evident predominantly in non-paroxysmal AF patients.

In an attempt to improve ablation outcomes, more adjunctive substrate modification ablation approaches were frequently used, including continuous fractionated electrograms, left atrial appendage electrical isolation, or application of a roof or mitral isthmus line beyond PVI (33, 34), but the results did not provide additional benefits according to the available data (5, 35). The discouraging conclusion of these studies might suggest that the above ablation strategies possibly fail to address the specific mechanisms that were responsible for perpetuating AF in some patients. It is well recognized that atrial remodeling, including atrial fibrosis and scarring, plays a critical role in AF pathogenesis because conduction slows the predisposition to reentry (36). Several studies have shown that cardiac magnetic resonance imaging (MRI) is a promising technique to evaluate atrial fibrosis (37), but it is challenging in thin-walled atria (6). High-density voltage mapping of LVA serves as a reliable surrogate technique for the evaluation of atrial substrate since it correlates well with cardiac MRI scans. Several studies have explored the association between the severity of LVA and AF/AT recurrence. Most of them used a criterion of the LVA described as ≤0.5 or 0.4 mV covering > 10% or 5 cm2 of the total left atrial surface and demonstrated a causal relationship between increased LVA% and AF/AT recurrence (38, 39). These findings from the rationale for voltage-guided substrate modification suggest that ablation strategies targeting LVA might improve ablation outcomes. In the meta-analysis, 32.4% of patients in the LVA ablation group experienced all-atrial arrhythmia recurrence compared to 51.1% of those treated with PVI. The results indicated that this strategy was a low-potential proarrhythmic technique. Therefore, the LVA substrate ablation strategy provided the possibility of a personally tailored ablation approach based on the extent of atrial disease and could also be seen as guidance for identifying appropriate candidates for catheter ablation of AF, accounting for its excellent efficacy.

Usually, cerebral thromboembolism following AF ablation is an essential safety concern. An extensive linear ablation approach to isolating the LVA could compromise LA contractile function and lead to a prothrombotic state. In addition, it was noted that appropriate anticoagulant regimens were not used for every patient with indications. Among the studies included in the present meta-analysis, six studies reported the endpoints of cerebral thromboembolism, and no stroke/TIA occurred during the follow-up period in 5/6 studies either in the LVA ablation group or in the control group. In the study by Kircher et al. (29), stroke/TIA was observed in 0/59 patients in the LVA ablation group and 1/59 patients in the control group. Based on these data, it seemed that LVA ablation in addition to PVI did not sacrifice cerebral safety. However, due to the lack of stroke/TIA events, we did not perform pooled analysis. Further adequately powered RCT are needed to clarify the cerebral complications of LVA-guided catheter ablation of AF.

The benefits of LVA ablation were limited to patients with non-paroxysmal AF in the present meta-analysis. Two hypotheses might explain the different responses between paroxysmal AF and non-paroxysmal AF. First, the mechanisms of AF recurrence after ablation were substantially different in different AF types. Several studies have suggested that reconnection of the PV represents the dominant mechanism of all-atrial tachycardia recurrence in paroxysmal AF, whereas in non-paroxysmal AF, local re-entry and fibrillatory conduction related to atrial remodeling might be the dominant factor (40). Therefore, the efficacy of LVA ablation was greater in non-paroxysmal AF since ablation targeting LVA changed diseased conduction areas into scar areas with no electrical conduction. Second, the generation of LVAs in paroxysmal AF was more dependent on upstream factors causing atrial remodeling persistently even after ablation, such as atrial pressure, aging, and female sex (41, 42). However, non-paroxysmal AF was more likely to depend on the atrial substrate caused by AF burden than paroxysmal AF (43, 44). Accordingly, LVA ablation might not provide a good clinical effect if the LVA was not caused by the atrial substrate. It is worth noting that an ablation strategy cannot be developed solely on the basis of the type of AF, accounting for the impact of atrial fibrosis in perpetuating AF and its persuasive role in predicting AF ablation failure. However, the result should be interpreted with caution because only two paroxysmal AF studies were included (15, 26).

Low-voltage area ablation in addition to PVI obtained more beneficial clinical outcomes than PVI both in RCT group and non-RCT group, whereas freedom from all-atrial tachycardia recurrence in non-RCT group was higher than RCT group. Part of the reason leading to this discrepancy might be that RCT group enrolled higher proportion of participants with paroxysmal AF (20% vs. 12%). However, the effectiveness of LVA ablation was present predominantly in non-paroxysmal AF patients.



Limitations

The present study has several limitations. First, any meta-analysis inherits the biases in each of the included studies, and our study is not immune. The characteristics regarding the LVA definition, concept of LVA ablation, endpoint of LAV-guided ablation, radiofrequency power settings, type of 3D mapping system, number of points mapped, ablation targets, and type of high-density mapping catheter were not consistent in all available studies, which creates heterogeneity that has compromised the credibility. Second, both RCT and observational cohort studies were included in this meta-analysis. The application of formal meta-analytic methods to observational studies is controversial. Third, although all of the identified studies adopted Holter monitoring to detect AF/atrial tachycardia recurrence, the duration of Holter monitoring varied widely, ranging from 24 h to 2 weeks. In addition, silent AF/atrial tachycardia recurrence episodes might not have been detected since continuous monitoring was not performed. Fourth, we used unadjusted RR, which does not account for other factor-to-event differences in statistical analysis and might provide an inaccurate impression of the compared effects.



Conclusion

Low-voltage area-guided substrate modification ablation combined with PVI appears to have a significant beneficial effect of improving freedom from all-atrial tachycardia recurrence, especially in patients with non-paroxysmal AF. Further adequately powered RCT studies are needed to clarify the efficacy and safety of this new substrate modification approach.
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SUPPLEMENTARY FIGURE 1
Flow diagram of the review process. LVA, atrial low-voltage areas; PVI, pulmonary vein isolation.

SUPPLEMENTARY FIGURE 2
Forest plots of all-atrial tachycardia recurrence among patients with LVA-guided substrate modification ablation compared with those who underwent control ablation in six RCT studies. The size of the circle-plotting symbol is proportional to the size of the study. Horizontal lines are the 95% CI. LVA, atrial low-voltage areas; RR, risk ratios; CI, confidence intervals.
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Sensitivity analysis.
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Begg’s funnel plot for checking publication bias.
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Background: The strategy of ablation index (AI)-guided high-power ablation seems to be a novel strategy for performing pulmonary vein isolation (PVI). An AI-guided high-power ablation strategy was used in this study to determine whether superior vena cava isolation (SVCI) after PVI was feasible and safe for patients with AF.

Methods: Data from 53 patients with AF were collected. Mapping and ablation of SVC were performed. The applied power was set at 45 W and the procedure was guided by AI. The SVC was divided into six segments in a cranial view. The RF applications and AI values in different segments were compared and analyzed. Using receiver operating characteristic (ROC) analysis, the diagnostic accuracy of AI value for predicting segment block was evaluated.

Results: Electrical SVCIs were successfully achieved in all patients. SVCI was performed by segment ablation in most cases, with RF applications in different segments. The mean AI value in non-lateral walls was higher than that of the lateral wall (392 ± 28 vs. 371 ± 37, P < 0.001). Acutely blocked sites had significantly larger AI values compared with no-blocked sites (390 ± 30 vs. 343 ± 23, P < 0.001). The optimal AI cut-off value for non-lateral segments was 379 (sensitivity: 75.9%, specificity: 100%) and for lateral segments was 345 (sensitivity: 82.3%, specificity: 100%).

Conclusion: The AI values were predictive of the acute conduction block of SVCI. With AI values of 345 and 379, respectively, conduction block was achieved in the lateral walls at a lower level than in the non-lateral walls.
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Introduction

In recent years, there has been a growing interest in the high-power ablation strategy (1–6). The ablation index (AI), which weighs contact force (CF), radiofrequency time, and applied power, has been shown to aid in the creation of long-lasting ablation lesions (7–9). There are several studies, which applied AI-guided high-power ablation strategy in atrial fibrillation (AF) ablation and had been validated to improve clinical outcomes after ablation (10–12).

The superior vena cava (SVC) plays an important role in non-pulmonary veins (PVs) foci to trigger AF, and SVC isolation (SVCI) has been demonstrated to reduce AF recurrence in the several reports (13–17). However, because of potential risks, including sinus node injury (SNI), phrenic nerve injury (PNI), and SVC stenosis, there haven’t been optimal ablation strategies for SVCI in previous reports. This study was undertaken to evaluate the AI-guided high-power ablation strategy for SVCI.



Materials and methods


Study population

We analyzed a total of 53 objects with paroxysmal AF who received the first ablation operation in our center from September 2020 to August 2021. All objects were sedated using general anesthesia protocol by anesthetists. All patients performed PV isolation (PVI), after which an electrophysiological examination was performed. SVCI was undergone when there are trigger foci Inducing tachycardia or active superior vena cava potentials. No liner ablation was performed except for a related atrial arrhythmia. All patients received cardiac contrast-enhanced Computed tomography or transesophageal echocardiography to exclude left atrial thrombosis. All patients took warfarin or new oral anticoagulants (noacs) for at least 4 weeks and stopped more than five half-lives for all antiarrhythmic medications. The study met the requirements of the Declaration of Helsinki and received approval from the institutional ethics committee. Before any procedures, all patients provided their signed, informed permission.



Mapping and ablation protocol

After puncturing jugular and femoral veins, under the guidance of X-ray or intracardiac echocardiography, a decapolar catheter was inserted into the coronary sinus, and a single transseptal puncture was made with a Swartz sheath (Abbott, Chicago, USA). After the transseptal puncture, Heparin was given at a dose of 100 U/kg body weight, and it was given again to keep the activated clotting time between 300 and 350 s. Under the direction of an electro-anatomy mapping system (EAM; Biosense Webster, Irvine, USA), mapping and ablation were performed by experienced electrophysiological doctors, using a Pentaray mapping catheter (Biosense Webster, Irvine, USA) and Thermocool Smart touch SF catheter (Biosense Webster, Irvine, USA). Ablation points were marked automatically according to VisiTag (Biosense Webster, Irvine, USA) settings. (The size of the lesion tag was set at 2.5 mm, minimum time 3 s.) Throughout the process, the irrigation flow was 15 ml per minute and the radiofrequency (RF) power was set to 45 W.



The protocol of superior vena cava isolation

After finishing PVI, operators used a PentaRay catheter to create Electroanatomical maps of the right atrium (RA) and SVC during sinus rhythm. Besides, an electrophysiological examination was performed at the same time. The SVC was divided into six segments in a cranial view: anterior, anterolateral, posterolateral, posterior, posteroseptal, and anteroseptal portions (Figure 1A). High output pacing (10 mA) was performed at locations on the lateral wall prior to the administration of RF to locate the phrenic nerve and mark its position on the Electroanatomical SVC map. Fluoroscopy showed diaphragmatic movement at the phrenic nerve capture site during the RF delivery. The delivery was immediately halted as soon as PNI was suspected. If the ablation catheter recorded local SVC potentials (Figure 1B), SVCI was performed in the order of the anteroseptal, posteroseptal, posterior, anterior, anterolateral, and then posterolateral segments at the roofline level of the right PVI (generally 10 mm above the RA-SVC junction). Catheter operators used point-by-point ablation and spaced lesions ≤6 mm apart. The AI values were selected at the catheter operator’s discretion based on the achievement of SVCI. RF applications were tagged on the electroanatomic map. A second electrophysiological examination was performed during sinus rhythm after a 20-min waiting period to find conduction gaps or local potentials within segments. Touch-up ablations were carried out in the event that gaps or local potentials were discovered. The endpoint of the SVCI was the bidirectional block and absence or dissociation of potential from SVC until the end of the procedure (Figures 1C,D).


[image: image]

FIGURE 1
Mapping and ablation of superior vena cava (SVC). (A) Anterior, anterolateral, posterolateral, posterior, posteroseptal, and anteroseptal segments in a cranial view. (B) Potentials from sinus rhythm in SVC before ablation. (C) Absence potential in SVC after ablation. (D) Dissociation of SVC potential during pacing.


Before, during, and after the ablation procedure, electrocardiogram (ECG) recordings and diaphragmatic movement were monitored. All patients underwent a chest X-ray prior to and the day after the procedure. Phrenic nerve injury was defined as the elevation of the ipsilateral diaphragm under X-ray fluoroscopy and abnormal movement of the diaphragm during inspiratory movement. Sinus node injury was defined as ECG showing an average heart rate of <45 beats/min or sinus arrest >3S. Besides, complications including pericardial effusion, pericardial tamponade, esophagus injury, and cardiovascular ischemic attack had also been recorded.

Patients were scheduled for follow-up at 1, 3, 6, and every 6 months thereafter, or whenever they showed signs of arrhythmia. At each visit, an electrocardiogram (ECG) with 12 leads and a Holter monitoring for 24 h were collected. After a 3-month blanking period, any symptomatic or asymptomatic atrial arrhythmia lasting longer than 30 s was considered a recurrence of AF.



Statistical analysis

The SPSS 25.0 software from SPSS Inc., was used for all statistical analyses. A Student’s t-test was used to compare continuous variables, which are expressed as the mean ± the standard deviation (SD) for normally distributed variables. The Mann–Whitney U test is utilized for group comparisons, and the skew distribution measurement data are expressed in M (Q1, Q3). The Fisher-s exact test or the chi-square test was used to examine categorical variables. A receiver operating characteristic (ROC) curve analysis of AI values in segments with and without block was also carried out. As a measure of diagnostic accuracy, the area under the ROC curve (AUC) was calculated. When a physician determined block and AI values predicted block, this was considered a true positive. Using the Youden Index, the best cut-off values were determined from the ROC analysis. A p-value of 0.05 was considered to be statistically significant for each two-tailed test.




Results


Patient characteristics

There were 46 patients with paroxysmal AF in whom SVCI, following the PVI, was performed. SVCI wasn’t performed due to the lack of SVC potential in the remaining seven patients. Table 1 displays the characteristics of patients. The average age of the patients was 62.3 ± 11.0 years, and 19 (35.8%) of them were female; the median duration was 3.0 (2.0, 7.0) years; the CHA2DS2-VASc score was 2.0 (1.0, 3.0); the average left atrial diameter (LAD) was 40.0 ± 4.9 mm; the average left ventricular ejection fraction (LVEF) was 63.9 ± 4.7%.


TABLE 1    Baseline clinical characteristics (N = 53).
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Superior vena cava isolation

The ablation area was divided into six circumferential SVC segments for the regional analysis, as depicted in Figure 1A.

Superior vena cava isolation was performed in 46 of the 53 patients. A total of 45 W power was used exclusively for all ablation lesions. The SVCI’s procedure time was 9.5 ± 4.5 min. With a mean of 7.6 ± 2.9 RF applications, all patients were able to achieve SVCIs. A first pass block was obtained in 251 segments (90.9%). The total number of RF applications until SVC isolation was 353 points.

Table 2 depicts the characteristics of each segment of SVCI lesions. The endpoint of the SVCI could be achieved by segment ablation in most cases. The ablation was performed at the different SVC walls. RF applications were located on the anteroseptal wall in 20 patients (43.5%), posteroseptal wall in 38 patients (82.6%), posterior wall in 40 patients (87.0%), anterior wall in 37 patients (80.4%), anterolateral wall in 27 patients (58.7%), and posterolateral wall in 23 patients (50.0%).


TABLE 2    Characteristics of the SVC ablation lesions in different segments.
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The number of RF applications and parallel AI values to eliminate SVC potential was different on different walls, which was shown in Figure 2. RF applications were needed at 38 (10.8%) points (mean AI value of 395 ± 25) in the anteroseptal segment, 74 (21.0%, 391 ± 26) in the posteroseptal segment, 81 (22.9%, 393 ± 31) in the posterior segment, 72 (20.4%, 390 ± 28) in the anterior segment, 45 (12.7%, 370 ± 37) in the anterolateral segment, and 43 (12.2%, 371 ± 38) in the posterolateral segment. It was demonstrated that the mean AI value in septal, posterior, and anterior walls were similar, which was higher than that of the lateral wall (392 ± 28 vs. 371 ± 37, P < 0.001).


[image: image]

FIGURE 2
The value of ablation index (AI) in different walls.


Figure 3 shows that AI values for acutely blocked sites were significantly larger than for no-blocked sites (390 ± 30 vs. 343 ± 23 P < 0.001, left). The optimal AI cut-off value (Youden Index) was determined by ROC analysis at 369 (sensitivity: 78.7%, specificity: 92.0% Figure 3, right). The AUC was 0.888.
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FIGURE 3
Relationship between AI value and acute block after first-pass encirclement. Mean AI value in acutely blocked and no-blocked sites (Left) and corresponding ROC curve analysis (Right).


The relationship between mean AI value and acutely block was further evaluated in lateral and non-lateral segments. Acutely blocked sites had significantly larger mean AI compared with no-blocked sites in non-lateral segments (396 ± 25 vs. 342 ± 19 P < 0.001, Figure 4A, left). Similar to this, in lateral segments, acutely blocked sites exhibited much higher mean AI than no-blocked sites (377 ± 33 vs. 318 ± 20 P < 0.001, Figure 4B, left). Non-lateral segments had an optimal AI cut-off value of 379 (sensitivity: 75.9%, specificity: 100%, Figure 4A, right), while lateral segments had an optimal cut-off value of 345 (sensitivity: 82.3%, specificity: 100%, Figure 4B, right).
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FIGURE 4
Relationship between AI value and acute block after first-pass encirclement. (A) Mean AI value in non-lateral segments acutely blocked and no-blocked sites (Left) and corresponding ROC curve analysis (Right). (B) Mean AI value in lateral segments acutely blocked and no-blocked sites (Left) and corresponding ROC curve analysis (Right).


There were no complications in any patients, including SNI and PNI, which were related to the procedure of SVCI. Every patient was followed up for at least 6 months, There were three patients with AF recurrence documented by ECG or holter, one of whom had atrial tachycardia and received the second ablation. It is the reconnection of the right PV that contributed to the occurrence of arrhythmia. The AF-free survival rate at 6 months was 94.3%.




Discussion

To the best of our knowledge, the AI-guided high-power ablation technique for SVCI is being introduced for the first time in our study. In all patients, an electrical SVCI was achieved without compromising the risk of complications. The majority of cases involved segment ablation for SVCI. The acute block of SVCI could be predicted by the AI values applied during ablation. In comparison to the non-lateral segments, the conduction block could be achieved with a significantly lower AI value in the lateral segments. Optimal AI values were 379 for the non-lateral segments and 345 for the lateral walls.


Superior vena cava isolation

In the past two decades, catheter ablation has been well-developed and is the mainstream method for the treatment of AF. PVI has become the foundation of AF ablation because ectopic beats in the PVs are the most common cause of AF (18). However, the outcome of a PVI alone is unsatisfactory. Therefore, In order to improve the outcome of AF ablation, it is necessary to look for new ablation techniques in addition to PVI. It was reported that AF was also triggered and maintained by non-PV ectopic beats, which could come from the crista terminalis, coronary sinus ostium, or SVC, among other places (13–15). After the first ablation, mapping and ablating non-PV AF triggers were also essential for AF freedom.

Superior vena cava was reported to be the most common non-PVs foci to trigger AF, the incidence of which was 5.3–12.0% (13–17). Therefore, in addition to the PVI, it was anticipated that the SVCI would be helpful in enhancing the clinical outcomes of AF ablation. However, there weren’t all studies in support of this (19). We consider that performing SVCI has limited effect and is controversial for the reason that due to the close proximity of the sinus node and phrenic nerve, it is challenging to create a lasting lesion around the SVC (20, 21).



Ablation index-guided high-power ablation

The quality of RF lesions was recognized as a major determinant of arrhythmias recurrence. The objective of ablation is to produce transmural lesions while minimizing collateral damage to important structures. A high-power ablation strategy for PVI has been demonstrated to create contiguous and durable RF lesions without compromise on complications in several studies (1–6). The delivered energy causes lesions through a combination of resistive and conductive heating phases. While the latter conducts heating to deeper tissue, the former causes local, immediate tissue injury (22). A high-power ablation strategy makes it possible to deliver the same amount of energy in a shorter ablation time, which reduces conductive heating to limit collateral damages and increases local resistive heating to create transmural lesions (23).

However, the atrial myocardium extending into the SVC is thinner than that of PVs (24). Besides, the right phrenic nerve runs close to the lateral wall of the SVC and the ablation sites are near the sinus node (20, 21). Considering the above reasons, an optimal setting of RF energy delivered was needed to ensure the efficacy and safety of SVCI. AI as an ideal parameter for PVI showed a high single procedure success in several clinical studies (7–9). In a recent paper, Kawano et al. examined the SVCI’s target AI value for the first time and revealed that 350 may be the SVCI’s target AI value, and this information could be helpful to the safety and efficacy of SVCI (25). In our study, the AI value is bigger and the reasons may be the followings. Firstly, the applied power was higher in our study. Secondly, the level of the ablation line and endpoint of each lesion were different.

Ablation index-guided high-power ablation strategy is a combined ablation technique, which incorporates ideal ablation parameters into high-power ablation and makes the ablation procedure safer and more effective (10–12). On one hand, it uses high-power to achieve transmural lesions; on the other hand, limits the collateral damages. Moreover, the strategy may be an optimal ablation technique for SVCI.

In all patients, an electrical SVCI was achieved in our studies. What’s more, the AI-guided high-power ablation for SVCI seemed not to be associated with additionally increased complications, including SNI and phrenic nerve injury. The SVCI time was 9.5 ± 4.5 min. During the waiting period for PV reconnections following the CPVI, which has been reported to be very important for achieving a durable PVI, we carried out an empiric SVCI (26). As a result, the SVCI’s procedural time was not wasteful or time-consuming.

It was reported that the myocardial sleeves extending into the SVC were discontinuous in most cases. Besides, the RA-SVC myocardial connection varied in thickness and length (24). In our study, more RF applications were located on septal, posterior, and anterior walls, and in which higher AI value was needed to achieve the electrical SVCI. The following reasons may account for this fact. Firstly, the myocardial sleeves in the septal, posterior, and anterior walls were thicker. Secondly, the lateral wall had a potential risk of SNI or PNI, therefore, the performer used a lower AI value in this area.

Ablation index-guided high-power ablation with different target AI values for lateral and non-lateral regions may increase the likelihood of successful acute SVCI, given that AI value has been shown in this study to be predictive of the acute block. The non-lateral segments’ optimal values were 379, while the lateral walls’ optimal values were 345, providing the best balance between safety and efficacy. However, concerns regarding efficacy and safety differ between RA regions, with the non-lateral wall having a lower risk of extra-cardiac injury. In order to evaluate this strategy’s safety and efficacy, a future prospective study with large sample size is required to validate these suggested target values.



Study limitations

This was a small study with a single center and a small sample. To determine whether AI-guided high-power ablation for SVCI is safe and effective, large-scale research is required. The optimal AI values that this study found pertain to acute conduction block and may not result in the formation of lasting lesions. Due to the brief follow-up period, neither the SVC stenosis nor the long-term efficacy was thoroughly evaluated.




Conclusion

In patients with paroxysmal AF, The AI values during ablation were predictive of the acute block of SVCI. The lateral walls required smaller AI values for conduction block compared to the non-lateral walls, with AI values of 345 and 379, respectively.
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Background: Pulmonary vein isolation (PVI) is the cornerstone of atrial fibrillation (AF) ablation. Success is associated with autonomic function modulation; however, the relationship between the changes after ablation is not fully understood. We aimed to investigate the effect of ablation on autonomic modulation by skin sympathetic nerve activity (SKNA) using conventional electrocardiogram (ECG) electrodes and to predict the treatment success.

Methods: We enrolled 79 patients. We recorded neuECG for 10 min at 10 kHz before and after ablation. The NeuECG was bandpass-filtered (500–1,000 Hz) and integrated at intervals of 100 ms (iSKNA). iSKNA was averaged over different time windows (1-, 5-,10-s; aSKNAs), and burst analyses were derived from aSKNAs to quantify the dynamics of sympathetic activities. AF recurrence after 3 months was defined as the study endpoint.

Results: Sixteen patients experienced AF recurrence after the ablation. For burst analysis of 1-s aSKNA, the recurrence group had a higher bursting frequency than the non-recurrence group (0.074 ± 0.055 vs. 0.109 ± 0.067; p < 0.05) before ablation. The differences between pre- and post-ablation of firing duration longer than 2 s were more in the non-recurrence group (2.75 ± 6.41 vs. −1.41 ± 5.14; p < 0.05), while no significant changes were observed in the percentage of duration longer than 10 s using 5-s aSKNA. In addition, decreases in differences in firing frequency and percentage of both overall firing duration and longer firing duration (> 2 s) between pre- and post-ablation were independently associated with AF recurrence and more area under receiver operating characteristics (ROC) curve in combination with CHADS2 score (0.833).

Conclusion: We demonstrated the applicability of neuECG for determining sympathetic modulation during AF ablation. Decreasing sympathetic activity is the key to successful ablation.
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skin sympathetic nerve activity, neuECG, atrial fibrillation, catheter ablation, cryoablation


Introduction

Catheter ablation for paroxysmal or persistent atrial fibrillation (AF) has been regarded as a therapeutic choice, especially for patients who are refractory to one or two types of anti-arrhythmia drugs. Isolation of the pulmonary vein by radiofrequency catheter ablation (RFCA) or cryoballoon ablation has been reported with satisfactory results, with a recurrence rate of approximately 10–20%. Several methods have been reported to predict recurrence. Reports have shown a correlation between sympathetic nervous system activation and the onset and termination of AF (1). Some methods for AF ablation also target the parasympathetic ganglion plexus and have been shown to have a high success rates (2, 3). However, its correlation with sympathetic activity has not yet been discussed in detail. A study of heart rate variability tests for AF has been proposed (4, 5). However, this method is not applicable in patients with persistent AF, and in some patients with paroxysmal AF, sinus node dysfunction coexists, making the accuracy of this method questionable.

Recent studies have shown that signals with frequencies beyond 150 Hz on electrocardiography (ECG), usually considered as noise, can convey information about skin sympathetic nerve activity (SKNA) (1, 6). Although the method has been validated by invasive nerve recording showing that SKNA is consistent with stellate ganglion and thoracic sympathetic nerve activities (6, 7), the associations between the changes in the amplitude or frequency of SKNA firing and autonomic nervous system (ANS) control are still controversial. For example, the clustered firing of integrated SKNA (iSKNA; the sum of the activity over 100 ms) and elevated average SKNA (aSKNA; an average of iSKNA over 10 s) were found to be associated with both the initiation and termination of cardiac arrhythmias, such as AF and ventricular tachycardia (1, 8). Therefore, several short-term SKNA bursting analyses have been proposed to better represent the underlying sympathetic activity during different disease states, such as arrhythmogenicity in patients with coronary heart disease and changes in autonomic function in patients with acute myocardial infarction and critical illness (9–11).

In this study, we believe that short-term burst analysis of SKNA detected by neuECG could provide information on sympathetic control in patients with AF. We collected data from patients who underwent RFCA or cryoablation and recorded their SKNA. By analyzing the complex dynamics of SKNA and its clinical outcomes, we hypothesized that substrate modification could influence the short-term bursting characteristics of SKNA and that short-term sympathetic activities could carry information related to the maintenance mechanism of AF and could potentially be used as indicators for predicting AF recurrence.



Materials and methods

From November 2017 to January 2020, we recruited patients who underwent RFCA or cryoablation for AF for the first time. The choice of treatment method depended on the attending electrophysiologist and the patient’s preferences. For RFCA, we performed only pulmonary vein isolation (PVI), and the technical details have been described in our previous publication (12). For cryoablation, we used standard methods and confirmed entry and exit blocks by electro anatomical mapping using the Ensite Presidion mapping system (Abbott, USA) (if patients are still in AF rhythm after ablation, we check the entry block only). In addition to routine continuous ECG monitoring, an additional channel of surface electrocardiogram was recorded for 10 min digitized at 10,000 Hz by a fully programmable amplifier/data acquisition unit (MP36, BIOPAC, USA) for the analysis of SKNA. Before ablation, we recorded the SKNA for 10 min, after propofol-conscious sedation and before vessel cannulation. After ablation, we re-recorded SKNA in patients who were still in a sedated state to avoid the possible influence of the environment. We did our best to maintain the same sedation level perceived by our trained staff and used a similar dosage of propofol. We converted the AF to sinus rhythm and checked the entry and exit blocks. The patients’ AF types, CHADS2 (congestive heart failure, hypertension, age, diabetes, stroke), CHA2DS2VASc scores (congestive heart failure, hypertension, diabetes, stroke, vascular disease, sex) (13), left ventricle function, and left atrium size were reviewed using charts. The patients were followed up for recurrence with a blanking period of 3 months (14, 15). Recurrence was defined as documented AF on 12-lead ECG or 24-h Holter ECG (13, 16, 17). We continued to follow up with the patients until June 2021 and recorded if there was a recurrence of AF. The study did not involve the clinical management of the patients. Offline analysis of the SKNA data was performed using custom-developed MATLAB programs. This study was performed in compliance with the principles of the Declaration of Helsinki. This study was approved by the local ethics committee for analysis (202107096RINA).


Data processing

The electrical signal on the skin was detected using standard ECG patch electrodes connected to a fully programmable amplifier (MP36, BIOPAC, USA). A high-pass filter with a cut-off frequency of 500 Hz was used to distinguish the electrical signals from different sources, such as electrocardiograms and myopotential signals. In addition, a 1,000-Hz low-pass filter was used to attenuate the electrical noise by radio frequency interference (Figure 1A). The filtered signals, namely, SKNA, were rectified. The summation of the instantaneous rectified SKNA over a 100-ms time window is denoted as integrated SKNA (iSKNA). We analyzed the average iSKNA for each time window (1, 2, and 10 s). The averaged iSKNA of the 1-/5-s recordings were used as a parameter to represent overall SKNA (Figure 1B). Deriving ideas from frequency domain analysis in heart rate variability tests (18), we assumed that a 1-s time window was more likely to represent a balance between the sympathetic and parasympathetic activity, while windows larger than 5 s might represent sympathetic activities more. Windows > 10 s were not applied for further analysis because of the limited recording time.
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FIGURE 1
(A) The framework for skin nerve activity (SKNA) extraction: neuECG signal was originally recorded for 10 min sampling at 10,000 Hz and the neural activity signal was extracted by a 500-Hz high-pass filter and then a 1,000 Hz low-pass filter to remove the ECG signal. (B) Illustration of the extracted iSKNA (integrated SKNA) and aSKNA (averaged SKNA) signals: (1) the recorded neuECG signal; (2) the SKNA signal after high-pass filtering; (3) the iSKNA signal was derived by rectifying and summing up the SKNA signal with a non-overlapping 100 ms time window; (4) the iSKNA signal can be further averaged for different durations (e.g., 1, 5, or 10 s) to represent the dynamics of the sympathetic system interacting with the parasympathetic system for different time frames.




Burst analysis

The presence of SKNA bursts may be related to the initiation and termination of cardiac arrhythmia (8). Burst activity can be differentiated from the baseline, which consists of random single spikes with large amplitudes and durations. To differentiate between baseline and burst (7, 8), we used the K-means algorithm to cluster unsupervised data (aSKNA) into two groups (background noise and SKNA) (Figure 2B). The cutoff threshold of each subject was determined by the mean value plus three times the standard deviation of the background noise group, and the burst activities can be viewed as activities over background noise (Figure 2A). A complete burst starts at the point where the amplitude of an aSKNA signal exceeds the threshold and ends at the point where the amplitude of the signal is below the threshold. The aSKNA parameters were calculated as follows:
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FIGURE 2
(A) Definition of burst activities of aSKNA signal by an individualized threshold. (B) The amplitudes of the aSKNA signal were classified into two clusters (background noise and sympathetic nerve activity) by K means algorithm. The cutoff threshold of each subject was determined by the mean value plus three times the standard deviation of the background group and the burst activity can be viewed as the activities over background noise.



1.The burst amplitude (μV) is the average voltage during a burst within the evaluated time frame.

2.Burst frequency (bursts/min) is the total number of “On,” amplitudes of aSKNA that exceed the threshold for every minute.

3.Burst duration (%) = total span of burst (min)/total span of the time frame being evaluated (min) × 100.

4.The study duration was further divided into short and long periods. The long firing duration in 1-s window mean > 2 s and that in 5-s window implies > 10 s.

5.The total burst area (μV⋅min) is the sum of the burst areas (μV min) within the time frame being evaluated.





Statistical analysis

Continuous variables with normal distribution were expressed as mean ± standard deviation. Categorical variables were expressed as percentages. The demographics, comorbid diseases, and medication use of the surviving and expired patients were compared. The normality of the variables was tested using the Shapiro–Wilk test, the between-group differences of continuous variables with normal distribution were tested using Student’s t-test, and the Mann–Whitney U test was used for the non-normally distributed variables. Categorical variables were compared between the patients with different outcomes using Fisher’s exact test. The hazard ratios of variables with significant between-group differences were further estimated using the Cox proportional hazard regression model. The optimal dichotomization cut-off points of the variables were determined by the best results of the log-rank test sought from the 30th to the 70th percentile by the fifth percentile increment for each time. The multivariate model was adjusted for age, sex, treatment, and other comorbidities. Kaplan–Meier survival and log-rank analyses were performed to test whether the event-free probabilities of the stratified groups were significantly different. In addition, the area under the receiver operating characteristic curves (AUC) of the SKNA parameters and CHADS2 score were computed to evaluate the discriminative ability, and the model incorporating the proposed parameters was also compared using the bootstrap method. All statistical analyses were performed using R software (Version 3.5.0). Statistical significance was set at p-value < 0.05.




Results

A total of 79 patients were enrolled in the study. General patient characteristics are listed in Table 1. Sixteen of the 79 patients had recurrent AF after ablation. Diabetes was more prevalent in the recurrence group (p = 0.045) and patients with recurrence had higher CHADS2 scores. The remaining parameters are listed in Table 2. Echocardiographic measurements of left atrium size and left ventricular relaxation in both groups were similar.


TABLE 1    Baseline characteristics of the study participants.
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TABLE 2    Relevant data.
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Changes of short-term sympathetic nerve activity after catheter ablation

The burst frequency of 1-s SKNA was significantly increased after ablation (0.08 ± 0.058 vs. 0.098 ± 0.062 bursts/min; p = 0.03), and bursting patterns shifted toward increasing long-duration bursting (5.764 ± 5.092% vs. 7.709 ± 5.696%; p = 0.01), while the duration of bursting remained the same (13.65 ± 7.59% vs. 14.51 ± 6.97%; p = 0.33) (Table 1). However, there were no significant differences in the SKNA over 5 s.



Differences between short-term sympathetic nerve activity in patients with and without recurrence

For the 1-s SKNA (Table 3), the firing frequency before ablation was higher in the recurrent group (0.074 ± 0.055 vs. 0.109 ± 0.067 bursts/min, p = 0.036). After ablation, although the aSKNA parameters were similar, the changes (post-ablation minus pre-ablation) in the firing frequency and duration, especially for the percentage of long-duration epochs (i.e., > 2 s), were significant. Compared with the pre-ablation aSKNA, the recurrence group had a lower firing frequency and longer duration epochs. The aSKNA analyses of patients are shown in Figure 3. For the 5-s SKNA burst analysis, the firing frequency and long-duration epochs were significantly lower in the recurrence group (Table 4). For ablation changes, only the firing frequency was significantly decreased in the recurrent group. A representative patient is shown in Figure 4.


TABLE 3    SKNA (1 s).
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FIGURE 3
The representative figure showed firing duration in a 1-s window during baseline (Before Treatment) and after ablation (After Treatment) in (A) recurred and (B) non-recurred patients. The post-ablation burst duration, esp. long duration (> 2 s) was more frequent in the non-recurrence group. The upper panels of (A,B) represent the temporal changes of mean aSKNA (black line) and the determined threshold (red line). The lower panels of (A,B) showed the epochs with short duration of burst (black) and epochs with burst duration > 2 s (red).



TABLE 4    SKNA data (5 s).
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FIGURE 4
The representative figure showed firing duration in a 5-s window during baseline (Before Treatment) and after ablation (After Treatment) in (A) recurred and (B) non-recurred patients. The post-ablation burst duration, esp. long duration (> 10 s) was more frequent in the non-recurrence group. The upper panels of (A,B) represent the temporal changes of mean aSKNA (black line) and the determined threshold (red line). The lower panels of (A,B) showed the epochs with short duration of burst (black) and epochs with burst duration > 10 s (red).




Prognostic values of the parameters derived from short-term burst analysis

Predictors of recurrent AF were selected from 1-s and 5-s burst analyses according to the p-value, and the univariable and multivariable logistic regression models were shown in Table 5. Diabetes mellitus (DM) and high CHADS2 scores predict recurrence after ablation. Baseline (pre-ablation) firing frequency on a 1-s scale, post-ablation changes in firing frequency and duration in 1-s scale and firing frequency on a 5-s scale predict recurrence. After adjustment, DM and pre-ablation firing frequency on a 1-s scale and post-ablation firing frequency on a 5-s scale were independent predictors of recurrence. We also performed a multivariate analysis adjusting for DM and high CHA2DS2VASc scores (≥ 3). The predictive value of firing frequency at the 1-s scale was still significant (Supplementary Table 1). Receiver operating characteristic (ROC) curves from logistic regression models with CHADS2 score, pre-ablation 1-s frequency of skin SKNA, and post-ablation 5-s frequency of skin SKNA predicting the 3-month recurrence of AF (Figure 5A) and the derived differences between pre- and post-ablation of long-duration, bursting frequency, and duration in combination with CHADS2 can better predict recurrence (Figure 5B).


TABLE 5    Predictors of recurrent atrial fibrillation in the univariable and multivariable logistic regression model (1 and 5 s).
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FIGURE 5
Receiver operating characteristic (ROC) curves from logistic regression models with CHADS2 score, pre-ablation 1-s frequency of skin SKNA, and post-ablation 5-s frequency of skin SKNA predicting the 3-month recurrence of AF (A) and the derived differences between pre- and post- ablation of long-duration, bursting frequency, and duration in combination with CHADS2 can better predict recurrence (B). *Denotes most significant.





Discussion

In this study, we found that neuECG is a feasible tool for evaluating SKNA, particularly in patients with AF. The firing frequency and duration were significantly lower in the post-ablation aSKNA data of the recurrent group in the 1-s window, and the firing frequency significantly decreased in the recurrence group in the 5-s window. We first shortened the window of aSKNA to 1 and 5 s and performed short- and long-burst analyses to facilitate our understanding of SKNA and neuECG.

Autonomic nervous system activation plays a crucial role in AF initiation and termination. Modulation of the sympathetic ANS showed that suppression of sympathetic tone wounds remarkably reduced atrial vulnerability to AF induction and post-ablation AF recurrence (2, 19, 20). However, in young patients, AF might trigger vagus nerve activation, which is called vagal AF (21). In our study, the mean patient age was approximately 65 years. Besides standard PVI, which is based on the theory of PV-triggered AF, there are many strategies of ablation, such as ablation of complex fractionated electrogram, creation of root line and mitral line, and BOX ablation, etc. (22). However, current randomized studies showed no difference in recurrence rate as compared with PV isolation only (17). Ganglion plexi are positioned mostly within the epicardial fat pad and are composed of various ganglia and interconnected axons (19, 23). In the atrium, ganglionic plexi are mostly located in the posterior wall of the left atrium, and ablation of the ganglion plexi has been proposed as one of the strategies (3, 24, 25). However, there is a lack of evidence of superiority in terms of the recurrence of ganglion plexi ablation. One possibility is that the plexi were mostly located in the left atrium-PV junction; therefore, PV isolation could also modify vagal activity. Our study showed that an increased SKNA firing frequency, especially for long-duration epochs, was the key to successful ablation. The baseline firing frequencies in the 1-s window were higher in the recurrent group. In the 1-s window, the recurrence group had a decreased SKNA firing frequency after ablation, which might mean that in the recurrence group, the sympathetic nervous system was more deteriorated, the parasympathetic nervous system was less active, and the patients’ AF neuronal trigger remained. In the 5-s window, the phenomenon was less prominent, which might mean that only sympathetic involvement is not as important as the balance between the sympathetic and parasympathetic nervous systems.

Previous studies have shown that burst amplitude was significantly higher in patients with AF clustering than in those without AF clustering, whereas the frequency and duration of SKNA bursts were not significantly different. SKNA precedes the onset and offset of AF and large bursts are associated with AF termination (1, 8). In our study, as illustrated in Figure 3, in the 1-s time window, aSKNA firing duration > 2 s was significantly higher after ablation. These results echo the idea that large bursts of SKNA are the key mechanisms for successful AF ablation. A large burst of SKNA in the 1-s window might indicate parasympathetic and sympathetic activation to avoid bradycardia or hypotension. In the 5-s window, pre-ablation long bursts and a higher frequency of bursts were associated with non-recurrence, and ablation decreased the SKNA firing frequency in the non-recurrence group. This finding supports the notion that sympathetic activity is involved in AF initiation and termination. However, from the 1-s window data, we believe that the interplay between the sympathetic nervous system and parasympathetic nervous system is more important than that of the sympathetic nervous system alone.

We used RF and cryoablation for PV isolation according to the electrophysiologist or patient preference. However, neither univariate nor multivariate predictors of recurrence were superior. Vagal reactions (i.e., severe bradycardia or hypotension) during cryoablation-based PV isolation are common. Some authors have considered vagal reactions during PV cryoablation to be a marker of ANS modification (26). We believe that cryoablation has effects on the ANS, according to our SKNA analysis. Further studies are needed to determine the degree of ANS modification by energy source and its correlation with clinical outcomes.

A recent study has showed that SKNA increased on day 1 after ablation and returned to baseline after 3 months (27). Increased SKNA levels were associated with early and late recurrences. Our study had a different study design in which we recorded the SKNA when patients were in a sedated state, and by which we believed we could minimize the effect of the environment and patients’ nervousness before and after the procedure. We also performed meticulous analyses of SKNA data, including burst duration and burst frequency analyses, according to published protocols (7). We also used different time windows of aSKNA to analyze our data to further expand our understanding of SKNA and neuECG, besides as predictors of recurrence.

This study provides insights into AF and AF ablation mechanisms, that is, besides creating entry and exit blocks in the pulmonary vein, what else does the energy (either radiofrequency or cryoablation) do to the ANS, which is crucial in cardiac arrhythmia initiation and termination. The interplay between the sympathetic and parasympathetic nervous systems is complex, and both the stellate ganglion and vagal nerve contain components of the sympathetic and parasympathetic nervous systems, as proven by staining of tyrosine hydroxylase and choline acetyltransferase at both sites (19). Using the neuECG method, the sympathetic nervous system and the complex interplay of the ANS can be evaluated non-invasively, but the initiation and termination of AF is also associated with other factors, such as PV triggers and arteriopathy in addition to neuronal mechanisms (13, 16, 22, 28). In addition to ablation, treatments for diabetes, obesity, hypertension, and heart failure are crucial for preventing recurrence (13, 29).

In addition to predicting AF recurrence, there are new applications in neuECG, such as acting as markers of orthostatic hypotension and recurrent syncope (30, 31), predicting the occurrence of ventricular arrhythmia in acute coronary syndrome (32), and correlating with intradialytic weight gain in patients with end-stage renal disease (33). It has also been proposed as a marker of fitness (34) and to predict neurological recovery of patients who had cardiac arrest and are undergoing therapeutic hypothermia (35). An ambulatory electrogram monitor was developed to record the SKNA (36). We hope that by real-time analysis of SKNA dynamics during AF ablation, we could monitor the effect of autonomic modulation and reduce recurrence after RF or cryoablation.

We used propofol during the whole procedure and recorded SKNA when patients were in a sedated state. Previous study showed that propofol can significantly suppress neural activities. Liu et al. showed that for patients undergoing cardioversion, bolus propofol administration can significantly suppress average SKNA amplitude (from 1.11 ± 0.25 μV to 0.77 ± 0.15 μV; P = 0.001) and the prolonged effect after the procedure can be noticed (37). However, sedation was necessary for patients who underwent AF ablation. If the SKNA was recorded before and after full recovery from sedation, the changes of SKNA before and after ablation can be attributed to the differences of the psychological conditions (e.g., feeling relieved on completion of ablation). We Therefore, we evaluated the changes of SKNA before and after ablation under sedation. In addition, we applied burst analysis which can take the firing pattern of the neural activity into account rather than only the absolute voltage summation and use different time windows of aSKNA to quantify the patterns of neural firing, to further expand our understanding of SKNA and neuECG.

This study has several limitations. The number of cases were limited, and the ablation method (RF or cryoablation) was not randomized. The temporal pattern of AF, i.e., paroxysmal or persistent AF might affect the recurrence rate, however we did not separate them into different patient groups. However, as shown in Table 5, we adjusted for persistent AF as a predictor of recurrence. Cases of patients receiving RFCA or cryoablation were also limited. Therefore, we could not compare the sympathetic modulation effect of different energy sources. We followed up for recurrence only, but the exact timing of the first recurrence could not be traced because some patients did not have symptoms. The recording time was only 10 min owing to time constraints in the procedures. Third, we did not differentiate between patients with vagal- and adrenergic-mediated AF. However, most patients were aged more than 50 years.

In conclusion, we found that AF ablation could modify the patterns of firing frequencies and duration of the sympathetic nervous system using neuECG methods and that increased long-duration epochs incorporated with a minimal decrease in firing frequency predicted AF recurrence. In addition, proving the efficacy of these methods, this study provides insights into possible AF mechanisms in patients with recurrence and potential responders to AF ablation.
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Objective: This study sought to study the feasibility, efficacy, and safety of using multiscale entropy (MSE) analysis to guide catheter ablation for persistent atrial fibrillation (PsAF) and predict ablation outcomes.

Methods: We prospectively enrolled 108 patients undergoing initial ablation for PsAF. MSE was calculated based on bipolar intracardiac electrograms (iEGMs) to measure the dynamical complexity of biological signals. The iEGMs data were exported after pulmonary vein isolation (PVI), then calculated in a customed platform, and finally re-annotated into the CARTO system. After PVI, regions of the highest mean MSE (mMSE) values were ablated in descending order until AF termination, or three areas had been ablated.

Results: Baseline characteristics were evenly distributed between the AF termination (n = 38, 35.19%) and the non-termination group. The RA-to-LA mean MSE (mMSE) gradient demonstrated a positive gradient in the non-termination group and a negative gradient in the termination group (0.105 ± 0.180 vs. −0.235 ± 0.256, P < 0.001). During a 12-month follow-up, 29 patients (26.9%) had arrhythmia recurrence after single ablation, and 18 of them had AF (62.1%). The termination group had lower rates of arrhythmia recurrence (15.79 vs. 32.86%, Log-Rank P = 0.053) and AF recurrence (10.53 vs. 20%, Log-Rank P = 0.173) after single ablation and a lower rate of arrhythmia recurrence (7.89 vs. 27.14%, Log-Rank P = 0.018) after repeated ablation. Correspondingly, subjects with negative RA-to-LA mMSE gradient had lower incidences of arrhythmia (16.67 vs. 35%, Log-Rank P = 0.028) and AF (16.67 vs. 35%, Log-Rank P = 0.032) recurrence after single ablation and arrhythmia recurrence after repeated ablation (12.5 vs. 26.67%, Log-Rank P = 0.062). Marginal peri-procedural safety outcomes were observed.

Conclusion: MSE analysis-guided driver ablation in addition to PVI for PsAF could be feasible, efficient, and safe. An RA < LA mMSE gradient before ablation could predict freedom from arrhythmia. The RA-LA MSE gradient could be useful for guiding ablation strategy selection.
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia and contributes to morbidity and mortality (1). At its cornerstone, catheter ablation with pulmonary vein (PV) isolation (PVI) has been established as a treatment option for paroxysmal and persistent symptomatic AF. However, rhythm outcome is far from assured for persistent AF (PsAF) ablation, with reported freedom from AF of only 20–30% 1-year post-procedure (2).

Identifying and targeting mechanisms for AF maintenance or AF drivers is likely the key to improving the efficacy of AF ablations. Multiple mechanisms have been proposed to initiate and maintain AF; a localized driver caused by the rotor is one of the major mechanisms (3, 4). Early basic studies have identified that stable, self-sustained rotors can exist in the atria. High-frequency activation by such rotors results in the complex patterns of activation that characterize AF (5). Lately, by optically mapping diseased human right atria ex vivo, Hansen et al. revealed that the complex atrial microstructure caused significant differences between Endo vs. Epi activation during pacing and sustained AF driven by intramural re-entry anchored to fibrosis-insulated atrial bundles (6). Most importantly, the results from CONFIRM trial (Conventional Ablation for Atrial Fibrillation With or Without Focal Impulse and Rotor Modulation) have demonstrated the superiority of focal impulse and rotor modulation plus conventional ablation over conventional ablation alone regarding the acute AF termination rate and long-term freedom from AF rate (7, 8). However, the CONFIRM trial used a specialized basket mapping catheter to acquire a computational AF map, but the catheter is sometimes unavailable in the current clinical practice. Therefore, there is a demand to develop algorithms based on existing hardware conditions to improve the detection of the core of rotors.

Many mapping algorithms have been developed to guide driver-based AF ablation, such as local activation time, complex fractionated electrograms, and dominant frequency (DF) mapping (9–11). While incremental benefit has been reported with some of these approaches, other studies have shown highly frustrating results. This phenomenon is likely in part due to the technical limitations of the methods, which led to inaccurate identification of drivers (12). These approaches are still far from achieving further technological advances to decrease the gap between the gold-standard optical mapping and current clinically available technology.

The multiscale entropy (MSE) technique was recently proposed for coarse-grained time-scaling procedures to offer a more robust determination of the complexity of time series data (13). MSE is a quantitative method developed to measure the dynamical complexity of biological signals on multiple spatial and temporal scales. Although MSE has been used to accurately identify rotor cores using optical mapping data from rabbit hearts and computer-simulated human intracardiac electrograms (iEGMs) (14–16), the feasibility, efficacy, and safety of MSE-guided driver ablation in the clinical practice are still not clear. Accordingly, our study aimed to evaluate the feasibility, efficacy, and safety of using the mean MSE (mMSE)-based AF driver mapping technique to guide ablation and predict rhythm outcomes in patients with persistent atrial fibrillation (PsAF).



Materials and methods

The study protocol was approved by the Institutional Review Board/Ethics Committee of Shanghai Chest Hospital (KSY21312). Written informed consent was obtained from every participant.


Study population

In this prospective cohort study, patients with symptomatic PsAF refractory to or intolerant of at least one antiarrhythmic drug who opted to receive catheter ablation were included. Key exclusion criteria included prior left atrial ablation (surgical or catheter), valvular heart disease, cardiomyopathy, severe pulmonary disease, presence of intracardiac thrombi, cardiac surgery, renal failure, thyroid dysfunction, and a left ventricular ejection fraction (LVEF) < 35% or left atrial diameter of ≥60 mm measured on transthoracic or transesophageal echocardiogram. A total of 697 patients with persistent AF were screened in our study. Among them, 273 subjects were excluded due to prior ablation; 161 subjects were excluded due to valvular heart disease, cardiomyopathy, severe pulmonary disease, presence of intracardiac thrombi, cardiac surgery, renal failure, thyroid dysfunction, and a left ventricular ejection fraction (LVEF) < 35% or left atrial diameter of ≥ 60 mm measured on transthoracic or transesophageal echocardiogram; and 155 subjects were excluded because they refused to participate in our study (Figure 1). Finally, we enrolled 108 consecutive patients undergoing their first RFA procedure for PsAF from November 2019 to December 2020 and completed a 12-month follow-up. All variables in this study, including baseline characteristics and echocardiographic parameters, were prospectively collected.
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FIGURE 1
Flow chart of the enrollment process.




Electrophysiological study

The electrophysiology study was performed after discontinuing antiarrhythmic medications for five half-lives or more than 60 days for amiodarone. Catheters were advanced from the femoral veins to the right atrium (RA), coronary sinus (CS), and transeptally to the left atrium (LA). A decapolar mapping catheter (Biosense Webster, Inc., Diamond Bar, CA, USA) was positioned in the CS via the left femoral vein. Two SL1-type Swartz sheaths (St. Jude Medical, St. Paul, MN, USA) were advanced into the LA after two successful transseptal punctures. After transseptal catheterization, systemic anticoagulation was achieved with intravenous heparin (100 IU/kg) to maintain an activated clotting time between 300 and 350 s. Selective PV venography was performed to identify all PV ostia before ablation. PentaRay NAV catheter (Biosense Webster, Inc., Diamond Bar, CA, USA) was used as a navigational mapping catheter.



Multiscale entropy analysis and driver mapping

The MSE-based driver mapping was performed after PVI, and all MSE maps were performed under AF. Detailed data collection and MSE analysis approach can be founded in a prior research (16) and our Supplementary material. In brief, the MSE analysis approach could be divided into three major parts (displayed in Figure 2): (1) Mapping Data Collection: During an electrophysiological study, the iEGMs were acquired from both LA and RA. The CARTO (Biosense Webster, Inc., Diamond Bar, CA, USA) system was utilized to perform the electro-anatomical mapping. The high-resolution PentaRay NAV catheter was employed through a sequential scanning approach to map both atria evenly and thoroughly. Real-time 3D geometry of LA and RA were reconstructed. The CARTO system recorded both unipolar and bipolar iEGMs at a frequency of 1000 Hz, allowing the electrophysiological information to be coded with color and attached to the reconstructed model of LA and RA. An automated point collection mode (ConfiDENSE Continuous mapping) was used to avoid inappropriate point collection when electrodes did not contact the inner face of the atria. This mode allows point collection only when an appropriate contact is detected at the tip of the catheter. Multiple points were taken to create geometry with a fill threshold of 20 with uniform distribution across both chambers. (2) Data extraction and analysis: When the mapping was completed and the iEGMs data stored in the CARTO database, iEGMs data from both atria were extracted from the CARTO database manually and exported in the format of SAV. For MSE analysis, bipolar electrograms recorded by ten specified electrode pairs in the PentaRay catheter were needed for every mapping site. Due to the restriction of the CARTO system, a maximum of 2.5 s of electrograms at each mapping site were exported along with the surface ECG. The raw iEGMs were imported into a customized analyzing platform (Eclipse, solvusoft, Las Vegas, NV, USA). After that, the desired ten bipolar electrogram signals from the PentaRay catheter and surface ECG signals were captured with the assistance of artificial intelligence. After pre-processing noise canceling, the MSE values were calculated based on the ten bipolar electrograms and sorted automatically. In the current study, we used the mean MSE (mMSE) value of each mapping site rather than the MSE value of each electrode pair to construct the 3D MSE map due to technical limitations. Finally, the results were exported in the format of TXT. (3) Patient-specific 3D MSE map construction: The top five calculated mMSE values at each atrium were manually re-annotated back to the mapping sites from where the electrograms came from. The annotated mMSE data were then superimposed on the anatomical map to obtain the patient-specific 3D MSE distribution in the atria by interpolating the CARTO points for visualization. The data from our pre-study exploration of the mMSE-guided driver ablation demonstrated that the mean of all MSE values in the left or right atrium did not associate with intraprocedural termination. However, the top 5 MSE values differed between groups. Therefore, to facilitate and shorten the calculation process of MSE analysis, our current analysis only used the mMSE value of the top five mapping sites (When calculating mMSEs, we rank the mMSE values in both LA and RA individually) in each atrium. The RA-to-LA mMSE gradient was calculated as the difference between the means of the five highest mMSE values from RA and LA (equation: RA-to-LA mMSE gradient = mean of the top five mMSE values in RA—mean of the top five mMSE values in LA).
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FIGURE 2
Multiscale entropy (MSE) calculation process and cases display. Panel (A) demonstrated the workflow for the calculation of MSE. Panel (B) displayed 1 case with successful AF termination by mMSE-guided ablation. The termination sites were located in the dotted circles, and the MSE values were listed below. Panels (C,D) displayed another case; yellow points indicated the area with the highest mMSE value, green points indicated the area with the second highest mMSE value, blue points indicated the area with the third highest mMSE value. We ablated the area with yellow points, and the AF terminated into sinus rhythm during the ablation. Therefore, we stopped the mMSE-guided ablation.




Ablation protocol

All patients presented with AF. mMSE-guided driver ablation plus circumferential PVI was performed in all patients. PVI was performed after the construction of the 3D atrial model. PVI was conducted via an Ablation index-guided circumferential approach during AF (17, 18). After PVI, driver mapping was performed in the LA and RA. High-density MSE mapping at each atrium was performed with > 600 points in each patient (at least 300 surface points for each atrium were requested) using a PentaRay catheter with an interspace of 3.0 mm.

The mMSE-guided driver ablation was only performed in LA under the guidance of the CARTO system in descending order according to the mMSE value. ThermoCool SmartTouch (STSF) Catheter (Biosense Webster, Inc., Diamond Bar, CA) was used to perform the ablation. Radiofrequency power output was 45 W, the temperature was 43°C, the ablation time for each lesion was 20–30 s, and the saline infusion rate was 20–25 ml/min. We attempted to homogenize all tissue in about 3 cm2 for each targeted mapping region. The septum was mapped from both RA and LA, and if the top five mMSE values were located at any side of the septum, we ablated the septum from the left side of the septum. We sought a complete “flattening” of the bipolar signal amplitude at each radiofrequency application location. The primary endpoint of ablation was AF termination, defined as conversion to SR or a stable atrial flutter/tachycardia (AFL/AT). If the AF was not terminated after the targeted mapping area ablation, cardioversions were delivered to restore SR. Dechanneling was done by linear ablation, including mitral isthmus ablation, roofline ablation, and anterior line ablation, if necessary, based on the substrates. Transduction block was verified for each linear ablation, we strived to achieve a transduction block, and there was a mandate for a block in the tricuspid and the roof line but no mandate for the mitral line if failed after multiple ablation approaches. When ablation of the driver regions resulted in rhythm regularization into AFL/AT, the AFL/AT was mapped and ablated. No more than three targeted mapping regions were ablated to prevent over-ablation for each patient. For repeat procedure, if recurrence of AT/AFL, mapping of the arrhythmia was conducted, and dechannelling was performed according to the mapping results, reinforcement of PVI was conducted according to the operator’s judgment; if recurrence of AF, PVI was re-conducted, and then the ablation strategy was the same as the first procedure.



Follow-up

All patients were hospitalized for at least 3 days following the ablation procedure, and cardiac rhythm was continuously monitored during the first 48 h. Antiarrhythmic medications were discontinued in all patients 3 months after the ablation. Outpatient visits and 48 h Holter monitoring were scheduled at 1, 3, 6, 9, 12 months, and every 6 months if the patient remained asymptomatic. Monthly telephone interviews were also done. All patients were asked to undergo additional ECGs and 7-day Holter recordings when their symptoms suggested tachycardia. A “recurrence” of atrial arrhythmia was considered any episode lasting 30 s (symptomatic or asymptomatic) detected by electrocardiography and/or Holter 3 months after the initial ablation procedure.



Study endpoints

The study’s primary endpoint was acute AF termination during the procedure (7, 19). Secondary endpoints included: (1) freedom from atrial arrhythmia (AF/AFL/AT) after a single procedure on and off antiarrhythmic medications (excluding the first 3 months after ablation) at 12 months; (2) freedom from AF/AFL/AT after repeated ablation procedures at 12 months; (3) incidence of peri-procedural complications.



Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) or median with interquartile range and compared using independent sample t-tests or non-parametric tests. In contrast, categorical variables were expressed as percentages and compared using Chi-square tests. Survival curves were performed using the Kaplan–Meier (KM) curve, and comparisons were performed using the Log-rank test. Cox proportional hazards regression model was used to identify the association between intraprocedural AF termination and freedom from arrhythmia and AF following ablation. All tests were two-sided, with a probability of <0.05 to be considered significant. All statistical analyses were performed using STATA (version 15.0, StataCorp, TX, USA) and SPSS (IBM, Armonk, NY, USA).




Results


Baseline characteristics

Baseline characteristics were summarized in Table 1. The AF termination rate was 35.19%. The results showed marginal differences in age, AF duration, medication, CHA2DS2-VASc score, HAS-BLED score, and LVEF between groups. Patients in the AF termination group had a higher male percentage and higher rates of hypertension, diabetes, structural heart disease, and stroke/transient ischemic attack (TIA) history than patients in the non-termination group, but these differences were statistically insignificant. Notably, the results displayed a trend toward a smaller LA anteroposterior diameter in the termination group (P = 0.052).


TABLE 1    Baseline characteristics of enrolled subjects.
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Acute procedure outcome and intraprocedural parameters

Among the patients, no patients presented with AF termination after PVI. 38 (35.19%) patients had AF termination during the mMSE-guided ablation procedure, while 70 patients converted to sinus rhythm (SR) through electrical cardioversion (Table 2). In the AF termination group, 17 (44.74%) patients converted to SR, while 21 (55.26%) patients converted to AFL/AT. The mean value of the LA mapping point number and the RA mapping point number were not significantly different between the non-termination and termination groups (609.93 ± 35.77 vs. 615.72 ± 32.73, P = 0.409 and 356.80 ± 31.72 vs. 349.04 ± 26.02, P = 0.199, respectively). As measured by the CARTO system, the non-termination group had a significantly larger LA volume than the termination group (141.04 ± 31.54 ml vs. 123.13 ± 28.35 ml, P = 0.004). However, in the termination group, patients who converted to SR had smaller LA volumes than patients who converted to AT/AFL (116.47 ± 26.60 ml vs. 128.52 ± 29.20 ml, P = 0.196). Similarly, the results revealed that RA volume was significantly larger in the non-termination group than in the termination group (69.84 ± 18.41 ml vs. 60.42 ± 15.93 ml, P = 0.009), but the subgroups in the termination group did not show a difference in the RA volume (P = 0.195). Additionally, the ablated area was significantly less in the termination group than in the non-termination group (1.97 ± 0.75 vs. 2.30 ± 0.73, P = 0.030). There was no significant difference in the ablated area in the termination group between patients who converted to SR and those who converted to AT/AFL (1.94 ± 0.83 vs. 2.00 ± 0.71, P = 0.814). The most common ablation site was the posterior wall, followed by the roof and the base of the left pulmonary vein. The most common termination site was the roof, the posterior wall, the anterior wall, and the base of the left pulmonary vein (detailed information was shown in Supplementary Figure 1). According to our protocol, all patients converted to AT/AFL received additional linear ablation after mMSE-guided ablation. Patients restored to SR after mMSE-guided ablation and those who did not achieve AF termination received additional termination linear ablation according to operators’ judgment. In non-termination group, 52 patients (74.29%) received linear ablation, similar to the percentage in termination group (30 patients, 78.95%, P = 0.588). Regarding the specific line, the percentage of mitral isthmus ablation, Cavo-tricuspid isthmus ablation, roofline ablation, and anterior line ablation did not differ between the non-termination group and termination group. Among patients with AF termination, patients converted to AT/AFL had a higher mitral isthmus and roofline ablation rate, while other lines’ ablation was similar in both subgroups. Lastly, we also collected procedure-related times. Total procedure time, fluoroscopy time, MSE ablation time, and total ablation time were significantly longer in the non-termination group than in the termination group, while mapping time and MSE calculation time showed no significant difference between the termination and the non-termination group. All above procedure-related time did not differ between subjects restored to SR and subjects converted to AT/AFL. However, termination time was significantly longer in patients restored to SR than in those converted to AT/AFL (P = 0.003).


TABLE 2    Acute procedure outcome and intraprocedural parameters of subjects.
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Multiscale entropy difference between ablation termination and non-termination group

The AF termination group had a significantly higher LA mMSE value than the non-termination group (0.89 ± 0.139 vs. 0.728 ± 0.125, P < 0.001, Figure 3A). In contrast, the mMSE value in RA was significantly higher in the non-termination group than in the termination group (0.833 ± 0.154 vs. 0.665 ± 0.187, P < 0.001, Figure 3B). As for the RA-to-LA mMSE gradient, the results demonstrated a positive gradient in the non-termination group (0.105 ± 0.180), a negative gradient in the termination group (−0.235 ± 0.256), and the difference between groups was significant (P < 0.001, Figure 3C).
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FIGURE 3
Comparison of mMSE values between groups. (A) The left atrial mMSE value was significantly higher in the termination group than in the non-termination group, with a P-value for comparison < 0.001. (B) Non-termination had a higher right atrial mMSE value than the termination group, with a P-value for comparison < 0.001. (C) RA-to-LA mMSE gradient was significantly higher in the non-termination group than in the termination group (P < 0.001).




Follow-up outcome

With a median follow-up time of 12.0 months, 29 patients (26.9%) had arrhythmia recurrence after single ablation (Figure 4). Among these patients, 18 patients had AF (62.1%), and 11 patients (37.9%) had AFL or AT recurrence. 6 of the 29 recurred patients were patients who converted to SR or stable AT/AFL during the ablation, while 23 were patients in the non-termination group (Log-rank P = 0.053, Figure 4A). Among the 18 patients with recurrent AF, 14 were in the AF non-termination group, and four were in the AF termination group (Log-rank P = 0.173, Figure 4B). Similarly, 2 of the 11 patients with AFL/AT recurrence were from the termination group, and the rest were from the non-termination group. When taking repeated ablation into account, only 3 out of 38 patients (7.89%) in the termination group had arrhythmia recurrence during the follow-up. In comparison, 19 out of 70 patients (27.14%) of the non-termination group had arrhythmia recurrence, and the difference between the groups was significant (Log-rank P = 0.018, Figure 4C). Our study observed similar KM results when dividing subjects into groups according to the RA-to-LA mMSE gradient. The group of negative RA-to-LA gradient showed a significantly lower rate of arrhythmia recurrence (16.67 vs. 35%, Log-Rank P = 0.028) and AF recurrence (8.33 vs. 23.33%, Log-Rank P = 0.032) after single ablation process. Regarding the arrhythmia-free rate after repeated ablation, the group of negative RA-to-LA mMSE gradient also displayed a higher rate than the group of positive RA-to-LA mMSE gradient (26.67 vs. 12.5%), but the difference only demonstrated a trend toward statistical significance (Log-Rank P = 0.062, Figure 4F). To further evaluate the independent association between RA-to-LA mMSE gradient, intraprocedural termination, and follow-up outcomes, our analysis employed Cox regression (Figure 5). All models were adjusted for age, gender, AF duration, and LA volume. The results were consistent with the KM curve. In Figure 5A, the results showed that a RA < LA mMSE gradient could reduce the risk of arrhythmia recurrence after single ablation by 54.4% (P = 0.101). Similarly, the risk of AF recurrence after single ablation was reduced to 51.5% in the RA < LA mMSE group than that in the RA > LA mMSE group, and the association was also insignificant (P = 0.264). Finally, the RA < LA mMSE group had a significant 73.6% risk reduction for arrhythmia recurrence after repeated ablation than the RA > LA mMSE group (P = 0.037). In Figure 5B, intraprocedural termination was associated with reduced risk of all three outcomes. However, none of the associations reached statistical significance.
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FIGURE 4
Kaplan–Meier curve for the survival rates after mMSE guided catheter ablation. The median follow-up time was 12.0 months. (A) The termination group had a substantially higher rate of arrhythmia survival after a single mMSE-guided catheter ablation, with a trend toward statistical significance (Log-Rank P = 0.053). (B) AF survival rate was higher in the termination group than in the non-termination group (Log-Rank P = 0.173). (C) Arrhythmia survival was significantly higher in the termination group than in the non-termination group (Log-Rank P = 0.018). (D,E) Subjects with a negative RA-to-LA mMSE gradient had a lower arrhythmia recurrence rate (Log-Rank P = 0.028) and AF recurrence rate (Log-Rank P = 0.032) than their counterparts after a single ablation process. (F) The negative RA-to-LA mMSE gradient group had higher rates of arrhythmia-free survival than the positive RA-to-LA mMSE gradient group after repeated ablation.
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FIGURE 5
Cox proportional hazards regression model assessing the association between RA < LA mMSE gradient, intraprocedural termination, and follow-up outcomes. All models were adjusted for age, gender, AF duration, and LA volume. (A) RA < LA mMSE gradient reduced the risk of arrhythmia recurrence after single ablation by 54.4% (P = 0.101). Similarly, the risk of AF recurrence after single ablation was decreased to 51.5% in RA < LA mMSE gradient group than that in RA > LA mMSE gradient group (P = 0.264). Finally, RA < LA mMSE gradient group had a significant 73.6% risk reduction for arrhythmia recurrence after repeated ablation than RA > LA mMSE gradient group (P = 0.037). (B) Intraprocedural termination also showed associations with reduced risk of arrhythmia recurrence after single ablation, AF recurrence after single ablation, and arrhythmia recurrence after repeated ablation. However, the associations between intraprocedural termination and follow-up outcomes did not achieve statistical significance.




Complications

Procedure-related vascular complications occurred in 13 patients, with femoral hematoma in ten, A-V fistula in two, and pseudoaneurysm in one. Serious adverse events include one patient with pericardial effusion and one who suffered from a TIA. They were managed conservatively with no long-term sequelae. There was no occurrence of significant PV stenosis, other embolic complications, atrial-esophageal fistula, or death.




Discussion

To the best of our knowledge, this is the first clinical study evaluating the feasibility, efficacy, and safety of MSE-guided driver ablation in patients with PsAF. Our main findings are as follows: (1) Ablation of AF driver guided by the novel MSE analysis mapping approach was associated with the successful ablation in a PsAF cohort; a negative baseline RA-to-LA mMSE gradient could associate with a higher rate of successful AF termination during catheter ablation; (2) Patients with a baseline negative RA-to-LA mMSE gradient could correlate with a higher rate of free from arrhythmias recurrence with repeated ablation; (3) Procedural AF termination could predict the long-term success rate with repeated ablation. Our findings still need larger studies with detailed information collection to validate.


Driver mapping and ablation for persistent atrial fibrillation

The optimal ablation strategy beyond PVI for PsAF remains unclear (20). Additional anatomical-based ablation strategies have failed to show incremental advantage due to paying scant attention to the underlying mechanisms of complex wave propagation dynamics during AF. Recent developments in mapping tools and computational methods for advanced signal processing made novel strategies to identify atrial regions associated with AF maintenance (8, 21–23). A few prior studies have examined other techniques for AF driver identification to aid ablation (7, 8, 24–26). The CONFIRM trial studied ablation guided by focal impulse and rotor modulation, using a 64-pole basket catheter in the atrium to collect electrogram data for analysis and reported promising results (27). However, other groups have not replicated these results, most notably the larger REAFFIRM trial (28). The 252-electrode surface electrocardiography mapping vest is another technology used to map AF drivers. This non-invasive technology uses sophisticated computer back-extrapolation to deduce electric activity on the heart surface from signals collected from a multielectrode array on the chest (29). These approaches rely on calculating phase singularities to identify potential AF drivers rather than traditional mapping and electrogram processing techniques. They are also impeded by the lower spatial resolution of these technologies, which can cause drivers to be missed, incorrectly located, or artifactually created where they do not exist (12). Seitz et al. recently reported that regional spatiotemporal electrogram dispersion was associated with the presence of AF driver, and ablation of dispersion regions achieved a significantly higher AF termination rate and favorable outcome compared with the PVI ablation strategy (11). However, this method is too subjective in its judgment of potential and lacks quantitative standards.

In contrast, the novel approach guided by MSE Analysis uses high-density contact mapping and standard electrogram processing techniques to circumvent these limitations. The MSE approach was proposed using a coarse-grained time scaling procedure for a more robust determination of the complexity of time series data (30). This approach was introduced with time-averaged time series over multiple time scales for short time series analysis. Ravikumar et al. demonstrated that the MSE approach accurately identified the pivot point of both stationary and meandering rotors from both unipolar and bipolar iEGMs and performed marginally better for the multielectrode multi-spline simulations, that is, low spatial resolution (15). In this study, we reported the first-in-human results of the MSE approach to identify drivers for ablation in PsAF.



Prediction of acute procedure outcome by complexity characteristics

Correlations between acute or long-term ablation outcomes and electrophysiological parameters have been studied, with longer AF cycle lengths (AFCLs), higher activation pattern recurrence, and lower AF complexity predicting favorable outcomes (31). We hypothesized that greater RA vs. LA MSE, or a positive RA-to-LA mMSE gradient, correlates with failure of left-sided ablation. The results confirmed our hypothesis. In our cohort, the termination group had a significantly higher LA mMSE value, a lower RA mMSE value, and a lower RA-to-LA mMSE gradient than the non-termination group.

The correlation between lower AF complexity and acute ablation success is consistent with previous studies reporting comparable results on complexity parameters based on DF, AFCL variability, and SampEn (31–33). The MSE approach correlates not only with AFCL variability but also with activation pattern variability, electrogram morphology variability, and fractionation, all of which have been associated with AF substrate (16). The association between the RA-to-LA MSE gradient at baseline and AF recurrence on follow-up indicates differences in the underlying AF-maintaining substrate. Unlike AFCL, DF, and SampEn, MSE is likely sensitive to different electrogram characteristics, and therefore better at predicting acute and long-term ablation rhythm outcomes. This study suggested a readily measurable intra-procedural predictor (LA > RA MSE gradient) of left-sided ablation success after PVI.

The findings from our work were consistent with the conclusion of a published study. Johner et al. (31) have identified that higher RA electrical complexity than CS electrical complexity could predict unfavorable acute outcomes of left-side PsAF ablation (31). In their results, PsAF patients with successful ablation had a significantly lower positive RA-to-CS sample entropy (SampEn) gradient than those with failed ablation (19 vs. 48%, P = 0.015). Similarly, our results suggested that PsAF patients with AF termination had a significantly higher rate of negative RA-to-LA MSE gradient than those without AF termination. However, our study still had differences with Johner et al.’s study. First, our study used MSE instead of SampEn to assess the degree of electrical complexity. MSE is a modified scale of entropy compared to SampEn; it assesses the complexity more comprehensively via multiple scales; MSE improved the accuracy of the estimation of complexity by implementing a moving average time series estimate (34). Second, Johner et al.’s study only used a fixed CS electrode and a fixed 10-electrode catheter in RA to reflect the electrical signal complexity in atria. Our study used signals collected by the PentaRay catheter in the atria instead. Therefore, we believe our data reflected the complexity of the atria more accurately. Most importantly, our study used the mMSE value to guide the location of ablation in addition to PVI. In other words, MSE was not only a predictor of the outcomes of the left-side ablation, but also a potential tool for achieving a novel ablation strategy. But in Johner et al.’s study, they merely used SampEn to predict the outcomes of conventional ablation strategies.

It is necessary to discuss the rationale for the association between the RA-to-LA mMSE gradient and the AF termination rate. The whole study and the mMSE-based ablation were based on the theory that the AF was maintained by the rotor (3, 4). According to the re-entry nature of the rotor, the closer to the core, or the phase singularity of the rotor, the more chaotic and high-frequency electric signals were recorded. On the contrary, the electrode will detect relatively low-frequency and regular electric signals. The MSE technique was designed to measure the degree of signal complexity. Therefore, if the core of rotors exists in the LA, the top five mMSE values in LA will indicate the location of the core in the LA, and the top five mMSE values in RA could only indicate the sites with moderate signal complexity in the relatively outer layer of the rotor. In this scenario, the RA-to-LA mMSE gradient was negative, and if we ablate the sites with the highest mMSE values in LA, the AF termination will probably occur. However, suppose the core of rotors exists in the RA. In that case, the top five mMSE values in LA will indicate the sites with moderate signal complexity in the relatively outer layer of the rotor. Still, the top five mMSE values in RA could indicate the location of the core in the RA. Under this condition, RA-to-LA mMSE gradient was positive, and if we ablate the sites with the highest mMSE values in LA, the possibility of AF termination is low.

In Table 2, the non-termination group had a significantly large volume of LA than the termination group, suggesting the association between increasing LA size and increasing AF drivers. The observed association could be explained by the primary two points: First, a larger LA size provides a large area for multiple rotors to maintain; Second, a larger LA size is always accompanied by significant atrial fibrosis, which prolongs potential transduction, reduces the areas needed to maintain drivers, and influences the location of the phase singularities, and thereby increasing the number of AF drivers (35, 36).



Multiscale entropy gradient, acute atrial fibrillation termination, and relation with long-term outcome

For driver-based AF ablations, termination of AF during ablation has been proposed as an indicator of successful AF substrate modification and therefore an ablation endpoint, but evidence supporting this use is still inconclusive. While AF termination during ablation appeared to be a strong predictor of success in several studies (19, 37), the rate of PsAF termination by ablation varied significantly between different approaches and centers, and studies such as the IU-FIRM study failed to demonstrate an association between the termination of AF during FIRM ablation and long-term freedom from recurrent AF (38). Inconsistent with their findings, we found that patients with acute AF termination could have better outcomes than those without AF termination. During the follow-up, the termination group had a higher rate of freedom from arrhythmia recurrence after a single ablation process than the non-termination group, and the difference showed a trend toward statistical significance. Similarly, the AF recurrence rate was also lower in the termination group, but the difference with the rate in the non-termination group displayed no trend toward significance. Consistently, after dividing subjects according to their RA-to-LA mMSE gradient, we observed that subjects with negative RA-to-LA mMSE gradient had significantly lower rates of arrhythmia and AF recurrence, implicating the potential impact of RA-to-LA mMSE gradient in predicting arrhythmia recurrence after catheter ablation. The Cox regression demonstrated similar results to the survival curve. After adjusting age, gender, AF duration, and LA volume, our results identified that the RA < LA mMSE gradient was associated with arrhythmia and AF recurrence rate after single ablation, but the associations were insignificant. However, because of the small sample size and the low incidence of recurrence, we believe the insignificance mainly resulted from a lack of statistical power. Finally, the arrhythmia recurrence rate after repeated ablation was significantly lower in the RA < LA mMSE gradient group than the RA > LA mMSE gradient group, suggesting the positive prognostic value of the mMSE-guided successful ablation. We propose that the discrepancy in findings might be caused by the following factors: (1) The heterogeneity of the study subjects is likely to affect the results. They evaluated a mixed cohort of paroxysmal and persistent AF. For paroxysmal AF, in patients whose AF is initiated by pacing maneuvers, we cannot exclude the possibility that ablation may lead to a serendipitous termination. (2) Different mapping methods in driver detection contributed to different results. Either a false negative or false positive may cause the leading AF driver to be missed.

Our long-term follow-up results also showed consistency with Johner et al.’s study (31). In their study, successful ablation and a negative RA-to-CS SampEn gradient were associated with fewer AF recurrences and freedom from AF. Our data also supported the significant association between termination, a negative RA-to-LA mMSE value, and a higher rate of freedom from arrhythmia recurrence.

It is necessary to discuss the applicating condition of the MSE-guided ablation. In Figure 3, we observed a negative RA-to-LA gradient of mMSE gradient in the termination group, and a positive gradient of mMSE gradient in the non-termination group. If we put LA and RA mMSE values together and take the top 5 from the pool, the target area would distribute in one atrium, possibly LA for the termination group and RA for the non-termination group. If all the top 5 mMSE values are located in RA, we believe we still cannot leave LA alone and ablate in RA only. Because currently the MSE technology is still in the developing stage. Even with promising results in the current study, the ablation strategy should not deviate from the common path, LA ablation is still fundamental for the PsAF ablation, and the MSE-guided ablation could only provide a method to facilitate and improve the ablation strategy selection.



Complications

Regarding safety endpoints, our study observed 2 cases of serious complications, one with pericardial effusion, the cause of this case was inappropriate atrial septum perforation and was not correlated with the ablation process. One with a TIA. However, this patient had a TIA history before the ablation and was reported to have severe carotid artery calcification. Therefore, the possibility that the ablation process directly led to TIA, in this case, is relatively low. Our study showed a relatively higher rate of vascular complications. The reason is that we routinely used intracardiac echocardiography to replace transesophageal echocardiography to exclude intracardiac thrombi, and the coronary sinus electrode was planted through femoral vein access. Therefore, a total of four femoral vein puncture was conducted for every patient. In the early stage of switching to this strategy, the incidence of vascular complications was relatively high, and this study was conducted during this stage, after months of practice, the rate of vascular complications returned to a lower range.




Limitations

The study has significant limitations. Firstly, the study used a single-arm design, making the comparison with other ablation strategies difficult, including the PVI-only plus electrical cardioversion strategy. Therefore, from our current work, we cannot answer whether targeting MSE will reduce AF recurrence with less additional AFL/AT compared to other established methods. Furthermore, whether MSE analysis and Driver mapping will significantly increase the overall procedure time compared with PVI only or PVI plus other strategies can also not be concluded based on our study. However, because our study is the first study employing MSE analysis to guide the ablation strategy for PsAF, we believe that exploring the feasibility, efficiency, and safety of the MSE-guided ablation through a limited sample size is more important than comparing the MSE-guided ablation with other ablation strategies through a randomized controlled trial (RCT) with a larger sample size in the current work. By elucidating the feasibility, efficiency, and safety of the MSE-guided ablation first, we can avoid potential ethic problems, and provide data for to design RCT to compare the MSE-guided ablation with other catheter ablation strategy. Nevertheless, due to the observational design of our current study, more studies with double or three-arm randomized designs should be conducted to address this question. Secondly, although the MSE technique was validated using optical mapping in animal models and computer-simulated mapping, mapping catheters in current use has a lower resolution which may affect the accuracy of calculated MSE. Furthermore, because the current workflow of MSE calculation involved a series of manual work, including export, import, and annotation in the CARTO system, the whole process was time-consuming. And the current MSE analysis cannot be implemented into the CARTO system, which caused a time delay between mapping and ablation. Therefore, we used the mMSE value of each mapping site rather than MSE value of each electrode pair to construct the 3D MSE map. This action would compromise the resolution of the 3D MSE map and subsequently jeopardize the efficacy of MSE-guided ablation, but it can minimize the MSE calculation process to an acceptable range. More integrated workflow and software are needed to accelerate the MSE calculation process and improve the efficacy of MSE-guided ablation in the future. Thirdly, due to the limited area of recording by the Pentaray catheter, temporal and spatial variation of the rotors could be underestimated under the current hardware condition, thereby limiting the efficiency of the mMSE mapping system. Therefore, development of suitable hardware is needed to improve the performance of the mMSE mapping system. Fourthly, as a pilot study, our study was designed to evaluate the efficacy and safety of MSE-guided catheter ablation in human subjects. We only enrolled 108 patients with PsAF, and follow-up results revealed a lack of statistical power. Due to this small sample size, we were unable to compare MSE and other traditional methods like DF. Additionally, we cannot calculate DF in the current workflow due to software and hardware issues. Therefore, more studies with larger sample sizes, more powerful software and hardware supports, and more detailed information collection are needed to confirm our findings. Fifthly, as with other observational research, unrecorded variates can also cause residual confounding, thereby introducing bias into our results. For example, we could not adjust the confounding effect caused by the remodeled substrate because we did not quantify the size of the remodeled substrate. This may compromise the value of the finding that mMSE-guided ablation could provide useful information about the ablation sites. However, even in patients with a low degree of substrate remodeling, AF termination is not likely to be achieved by ablating 1.97 ± 0.75 atrial areas without any electrogram-based guidance. The common strategy is based on linear ablation if there is no electrogram-based guidance. Therefore, even with the confounding effect caused by the remodeled substrate, our results still suggested but did not conclude that the mMSE-guided ablation could provide some useful guidance for the ablation sites. However, this finding should be verified in future studies which record detailed information about the size of the remodeled substrate. Sixthly, our current ablation strategy did not include any RA ablation. A positive RA-to-LA mMSE gradient was suggestive of RA-originated AF from our results. RA ablation in these subjects may improve the total success rate of procedural AF termination. Future studies with ablation strategies including RA ablation are needed to address this point. Sixthly, the current study focused on the performance of mMSE-guided ablation in PsAF patients with mild-to-moderate LA lesions, we excluded patients with LAD equal to or more than 60 mm. Hence, our results could not provide evidence for the usefulness of mMSE-guided ablation in PsAF patients with severe LA lesions. More studies are needed to explore this point. Lastly, this study also did not include paroxysmal AF patients. Therefore, the current results cannot be extrapolated to all the AF population. Despite these apparent limitations, the initial outcomes are favorable in this refractory population of patients with PsAF.

In conclusion, our results suggest that the MSE analysis-guided driver ablation in addition to PVI for PsAF could be feasible, efficient, and safe. A negative RA-to-LA mMSE gradient before ablation was predictive of successful AF termination and freedom from AF. The RA-to-LA MSE gradient may be useful for guiding ablation strategy selection.
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Aims: Several models have been developed to predict the risk of atrial fibrillation (AF) recurrence after radiofrequency catheter ablation (RFCA). However, these models are of poor quality from the start. We, therefore, aimed to develop and validate a predictive model for post-operative recurrence of AF.

Materials and methods: In a study including 433 patients undergoing the first circumferential pulmonary vein isolation (CPVI) procedure, independent predictors of AF recurrence were retrospectively identified. Using the Cox regression of designated variables, a risk model was developed in a random sample of 70% of the patients (development cohort) and validated in the remaining (validation cohort) 30%. The accuracy and discriminative power of the predictive models were evaluated in both cohorts.

Results: During the established 12 months follow-up, 134 patients (31%) recurred. Six variables were identified in the model including age, coronary artery disease (CAD), heart failure (HF), hypertension, transient ischemic attack (TIA) or cerebrovascular accident (CVA), and left atrial diameter (LAD). The model showed good discriminative power in the development cohort, with an AUC of 0.77 (95% confidence interval [CI], 0.69–0.86). Furthermore, the model shows good agreement between actual and predicted probabilities in the calibration curve. The above results were confirmed in the validation cohort. Meanwhile, decision curve analysis (DCA) for this model also demonstrates the advantages of clinical application.

Conclusion: A simple risk model to predict AF recurrence after ablation was developed and validated, showing good discriminative power and calibration.

KEYWORDS
atrial fibrillation, radiofrequency catheter ablation, atrial fibrillation recurrence, prediction model, recurrence risk


Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia in clinical practice. As of 2019, there were approximately 59.7 million cases of AF (including atrial flutter) worldwide (1). AF can lead to complications such as heart failure (HF) and stroke, increasing mortality and disability (2). Therefore, rhythm control of AF has become essential to treating and preventing complications. Many clinical studies have confirmed the efficacy and safety of radiofrequency catheter ablation (RFCA) for AF, which is significantly better than drug therapy in maintaining sinus rhythm and can significantly improve symptoms and quality of life of patients (3–5).

Unfortunately, post-operative recurrence of catheter ablation (CA) of AF is relatively common. The recurrence rate of AF after CA based on circumferential pulmonary vein isolation (CPVI) is between 20 and 45% (6, 7). Such high recurrence rates may counteract the benefits of CA, so identifying patients at high risk of recurrence after CA appears to increase operative success while reducing unnecessary CA procedures and costs. Therefore, there is an increasing clinical need to identify the individual risk of AF recurrence after CA.

Existing studies have shown that many risk factors are associated with the development of AF, including obesity, age, hypertension, and HF (8, 9). However, risk factors associated with post-operative recurrence of AF are not well established. The main predictors of AF recurrence after CA include age, duration of AF, left atrial diameter (LAD), atrial substrate (requires MRI assessment), and renal function (10–13). Therefore, it is necessary to combine several indicators to generate a clinical individual risk prediction model for AF recurrence after the CA.

In previous studies, 12 models have been developed to predict AF recurrence, but their performance was disappointing (14). During model development, only two studies (17%) (15, 16) correctly assigned predictor weights based on regression coefficients, while the remaining 83% had no relevant information or used incorrect methods (such as simply assigning one point per variable). Furthermore, 92% of studies did not have validation, which could lead to overfitting of the model and thus overestimate the performance of the model. Meanwhile, in all relevant studies, no discrimination or calibration measures were reported in 30% of the analyses (14). We, therefore, developed and validated a predictive model to identify the individual risk of AF recurrence after CA. In previous studies by our team, the superiority of the C2HEST score (our previous research) for predicting post-operative recurrence in patients with AF has been demonstrated (17). Therefore, we would also further compare the two models.



Materials and methods


Patient population and study design

This study was a retrospective cohort study. We consecutively included all patients who underwent RFCA of AF in Lanzhou University Second Hospital from April 2018 to August 2021. To our best knowledge, no previous studies have established a prediction model specific to paroxysmal atrial fibrillation (PAF). However, recent studies have confirmed that RFCA is safe and effective as the preferred treatment for symptomatic PAF, which provides a support for RFCA as the first-line treatment of PAF, and the recurrence rate of PAF patients after CA also lower (5, 18, 19). Consequently, only patients with PAF were included in this study. For the study, the patient inclusion criteria were as follows: (1) patients were 18 years old or greater; (2) The patient was diagnosed with PAF by 12-lead ECG or 24 h Holter ECG; (3) The patient met the indications and underwent first RFCA of AF. The exclusion criteria for patients were as follows: (1) patient has a medical history of valvular heart disease (such as valvular stenosis, valvular insufficiency); (2) The patient has previously received AF ablation (including RFCA, cryoballoon ablation, surgical maze III and IV procedure); (3) Acute liver and kidney insufficiency or other reasons cause the inability to complete the procedure. (4) No detailed information describes the patient’s procedure (e.g., whether it was based on CVPI or linear ablation was added); (5) Patients were followed up for less than 6 months after the procedure. Finally, 433 patients were included in the final analysis and divided into training and validation sets according to a ratio of 7–3. PAF was defined as discontinuation within 7 days of onset, either automatically or after intervention (20). For risk factors (underlying disease) involved in the recurrence of AF after RFCA, the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) was used as the diagnostic criteria.

The study was approved by the Ethics Committee of the Second Hospital of Lanzhou University. All patients had signed the informed consent before RFCA. In addition, the study was approved for visa-free clinical trial informed consent. The study observed the 1964 Declaration of Helsinki and its later amendments.



Radiofrequency ablation strategy

Preoperative 12-lead ECG and 24 h Holter monitoring were performed to evaluate the patient’s heart rhythm. Simultaneously, transthoracic and transoesophageal echocardiography were performed to evaluate the patient’s cardiac structure and to exclude left atrial thrombus. Besides, pulmonary vein CT and three-dimensional cardiac imaging were used to evaluate pulmonary vein and left atrial structure. Patients taking antiarrhythmic drugs (AADs) mainly including amiodarone and propafenone before RFCA should discontinue the drug for at least five half-lives.

All included patients with AF underwent ablation procedures based on CPVI. Intravenous fentanyl 1 ug/kg was administered at the beginning of the RFCA, followed by continuous fentanyl 1 ug/(kg/h) infusion. A decapolar catheter was placed from the patient’s right internal jugular vein to the coronary sinus. Then, the right femoral vein was punctured, and a septal sheath and a septal needle were inserted. If the right internal jugular vein fails or is anatomically abnormal, the right femoral vein may be selected. After successfully puncturing the interatrial septum, a 3.5 mm irrigated-tip ablation catheter was introduced, modeled under the guidance of CARTO3, for CPVI ablation with 30–40 W of energy and a set maximum temperature of 43°C. During ablation of the posterior wall, the RFCA power was reduced to 25 W to reduce the risk of damaging surrounding structures. Whether to perform additional ablation (such as linear ablation or complex fractionated atrial electrogram ablation) was up to the electrophysiologist. A fairly conservative strategy for additional ablations was followed. Cavotricuspid isthmus ablation was performed in patients with documented typical atrial flutter. The failure of pulmonary vein pacing to outward conduction can confirm efferent block, but it is necessary to avoid far-field capture of adjacent atrial tissue which lead to misjudgment. Observe 30 min after CPVI and verify the bidirectional block between the left atrium and pulmonary veins.

The patient was free of bleeding within 5 h after CA and resumed oral anticoagulant use. Oral anticoagulants were maintained for 6 months, and after 6 months, the drug was discontinued or continued according to the CHA2DS2-VASc criteria. All patients with AF were treated with amiodarone (amiodarone 200 mg orally, three times a day for 4 weeks, followed by 200 mg orally, once a day for maintenance therapy) or propafenone (propafenone 300 mg orally, three times a day for maintenance therapy), and AADs were discontinued after 3 months.



Study endpoint and patient follow-up

The study endpoint was a late recurrence of AF, which could be symptomatic or asymptomatic, defined as any atrial arrhythmia (including atrial tachycardia, atrial flutter, and AF) lasting more than 30 s between 3 and 12 months after RFCA. There were at least four outpatient follow-ups (3rd, 6th, 9th, and 12th months) after ablation, and 12-lead ECG and 24 h Holter monitoring were required for each follow-up. If they experienced symptoms of AF recurrence after the blank period to the end of the follow-up period, an ECG or electrocardiographic event recording should be performed immediately. When the patients did not follow up as planned, the patients were followed up by telephone. It should be emphasized that patients who still could not stop AADs after blank period were considered to have a AF recurrence.



Statistical analysis

To avoid overfitting during model building, at least 10 events per variable were performed (21). Considering that the type of data missing was Missing At Random and the missing data was less than 20%, multiple imputation was conducted based on the predictive mean matching method (22). A total of five-fold multiple imputation were performed, and the maximum number of iterations for each imputation was 50, and the results were combined for analysis. The study population was split into development and validation cohorts by randomizing in a ratio of 7–3.

Continuous variables were expressed as mean ± standard deviation (SD) or median [interquartile range (IQR)], and statistical differences were estimated using the independent samples t-test or the Mann–Whitney U test. Categorical variables were presented as frequencies (percentages), and differences between groups were compared using the χ2 test or Fisher’s exact test. The statistical significance level was set at a two-sided P < 0.05. Follow-up time was calculated from data received at the first RFCA until data reached the primary study endpoint. Univariate proportional-hazards Cox regression was used to identify predictors of post-operative AF recurrence in the development cohorts. Variables were evaluated, including age, gender, chronic obstructive pulmonary disease (COPD), coronary artery disease (CAD), hypertension, HF, hyperthyroidism, transient ischemic attack (TIA) or cerebrovascular accident (CVA), hyperlipidemia, hyperuricemia, diabetes, obstructive sleep apnea hypopnea syndrome (OSAHS), chronic kidney disease (CKD), LAD, and left ventricular ejection fraction (LVEF). It should be noted that HF is divided into heart failure with reduced ejection fraction (HFrEF), heart failure with mid-range ejection fraction (HFmEF), and heart failure with preserved ejection fraction (HFpEF), so LVEF was not included in univariate proportional-hazards Cox regression analysis. In univariate analysis, variables with p < 0.05 were included in the multivariate Cox regression model. Then stepwise regression is then performed based on the Akaike information criterion (AIC) to obtain the optimal model while preventing overfitting. 12 months survival nomogram was plotted based on the final multivariate Cox regression model.

In development cohorts, the area under the curve (AUC) was used to evaluate the discriminative power of the survival nomogram. AUC > 0.7 indicates that the model has a high discriminative ability. A calibration curve was performed to assess the accuracy of the survival nomogram. The predictive ability of the newly built model and the C2HEST model is then compared using the Net Reclassification Index (NRI) and Integrated Discrimination Improvement (IDI). Besides, decision curve analysis (DCA) curves were drawn to assess the clinical benefit of the prognostic model (23). Nomogram was derived and validated against checklists in the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) guideline (24). Further, we use validation cohorts to perform an internal validation. The AUC curve, calibration curve, and DCA were plotted again in the validation cohort, and then NRI and IDI were calculated to compare the two models.




Results


Characteristics of the study population

A total of 706 patients were included in the screening, and 433 were involved in the final analysis (Figure 1). Baseline characteristics of the study population were presented in Table 1. Overall, the development and validation cohort were balanced. In the development cohort, the mean age of patients was 60.30 (±10.50) years, and 190 (62.3%) were male. In the validation cohort, the mean age of patients was 59.11 (±9.36) years, and 78 (60.9%) were male. During the follow-up period, the median survival time (the time from the post-operative follow-up to the first recurrence) of patients in the development cohort was 12.00 [IQR, 35.00, 45.00] months, and in the validation cohort was 12.00 [IQR, 10.00, 12.00], there was no statistically significant difference between the two groups (P < 0.05). In addition, during the follow-up period, the number of patients who relapsed in development cohorts was 96 (31.5%), and in the validation cohort was 38 (29.7%), with no statistically significant difference between the two groups (p > 0.05).
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FIGURE 1
Patient was screened and followed up.



TABLE 1    Patients characteristics of the development and validation cohorts.
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Development cohort

Preoperative variables were performed to univariate Cox regression analysis. The analysis identified ten variables (Age, CAD, COPD, hypertension, HF, TIAorCVA, hyperlipidemie, diabetes, OSAHS, LAD) highly associated with AF recurrence between 3 and 12 months after RFCA. Further, these 10 variables were included in a multivariate Cox regression analysis, and six independent variables (including Age, CAD, hypertension, HF, TIAorCVA, and LAD) were obtained to predict the AF recurrence after RFCA (Table 2). The results of multivariate Cox regression analysis were used to generate a nomogram to predict the risk of AF recurrence between 3 and 12 months after RFCA (Figure 2). The receiver operating characteristic curves (ROC) of post-operative 12 months follow-up indicated that the model had high predictive power, with an AUC of 0.81 (95% confidence interval [CI], 0.75–0.87) (Figure 3A). The calibration curve suggested good consistency between predicted and actual probabilities, demonstrating a good fit (Figure 4A).


TABLE 2    Multivariate Cox regression of atrial fibrillation (AF) recurrence risk between 3 and 12 months after radiofrequency catheter ablation (RFCA) for patients with paroxysmal atrial fibrillation (PAF).
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FIGURE 2
Nomogram for predicting atrial fibrillation (AF)-free survival probability between 3 and 12 months after radiofrequency catheter ablation (RFCA). CAD, coronary artery disease; HFrEF, heart failure with reduced ejection fraction; HFmrEF, heart failure with mid-range ejection fraction; HFpEF, heart failure with preserved ejection fraction; TIA, transient ischemic attack; CVA, cerebrovascular accident; LAD, left atrial diameter.
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FIGURE 3
The receiver operating characteristic curves (ROC) of post-operative 12 months follow-up present area under the curve (AUC) in development cohort (A) and validation cohort (B).
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FIGURE 4
The calibration curves were predicted by nomogram in development cohort (A) and validation cohort (B).




Validation cohort

The model derived from development cohort was tested using internal validation. Similarly, in the validation cohort, the model also showed good predictive ability with an AUC of 0.77 (95% CI, 0.69–0.86) (Figure 3B). Simultaneously, it also shows a high degree of consistency in the internally verified calibration curve (Figure 4B), where the nomogram-predicted probability of 12 months survival (x-axis) matched the actual 12 months survival probability (y-axis).



Clinical application

The DCA of the model in development cohort (Figure 5A) and validation cohort (Figure 5B) suggests better application ability. It can be observed from the decision curve that the model provides a clear net benefit relative to “all individuals with AF recurrence” or “no individuals with AF recurrence.”
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FIGURE 5
The decision curve analysis (DCA) was performed in development cohorts (A) and validation cohorts (B).




Comparing with C2HEST model

In our previous study, we have confirmed that the C2HEST score, including CAD and COPD (each gets one point), H: hypertension (one point), E: elderly (age ≥ 75 years, two points), S: systolic HF (two points), and T: thyroid disease (hyperthyroidism, one point), can be used to predict the AF recurrence after RFCA, and it has excellent discriminative power. In the development cohort, when the C2HEST score is used as the standard model, and the model established by development cohort is used as the new model, the calculated NRI (Table 3) was 0.085 (95% CI, −0.090–0.173), and the two models do not show a statistical difference in the accuracy of predictive ability. Further, the calculated IDI was 0.015(P = 0.096), indicating that the new model did not significantly improve its predictive power compared to the standard model. In validation cohorts, similar results were observed. NRI and IDI were −0.089 (95% CI, −0.169–0.160) and 0.002 (P = 0.418), respectively, with no statistical significance.


TABLE 3    The calculated net reclassification index (NRI) in the development cohort and validation cohort.
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Discussion


Main findings and significance of the study

This study developed a new model to predict the risk of late recurrence of AF after RFCA in development cohort. The model had good discriminative power with an AUC of 0.81 (95% CI, 0.75–0.87), and the calibration curve also suggested good agreement between predicted and actual probabilities. After further clinical DCA, it was found that predicting AF recurrence based on this model could lead to a net clinical benefit. In validation cohort, the performance of the model is similar to that in development cohort, further indicating that the model is stable while reducing the risk of overfitting.

A recent meta-analysis summarized 33 studies on 13 models for predicting post-operative AF recurrence (14). Unfortunately, no single model consistently has poor or good discriminative power across related studies and is highly variable across studies (25–32). Only two of these studies were evaluated for model calibration. Furthermore, none of the studies were evaluated for internal validation in the model established, which may lead to the overfitting of the model. Therefore, there is the fact that models were often poorly developed in the first place. To address the above issues, we conducted this study. To the best of our knowledge, this is the first study to conduct internal validation early in model development. Simultaneously, this is also the first predictive model specifically for post-operative recurrence of PAF patients. Most of the previous studies included various types of AF patients. Although this increases the extrapolation of the model, it also increases the heterogeneity within studies. A fact that we should not ignore is that PAF patients are the main body of AF patients and also the primary population for RFCA.



New model as a predictor for atrial fibrillation recurrences

In our newly developed model, the following risk factors were included: age, CAD, hypertension, HF, TIA or CVA, and LAD. Previous studies have shown that aging is a risk factor for AF, and the incidence of AF has been increasing with years. Elderly patients are often accompanied by various chronic diseases, the metabolic clearance capacity of AADs is reduced, and drug-related arrhythmias are more likely to occur. Besides, some studies suggest that the short-term success rate of CA for AF in elderly patients with indications (>75 years old) is comparable to that in younger patients, and there is no significant difference in the incidence of complications (25). The above evidence suggests that elderly patients with AF may benefit from RFCA. However, it should be noted that increasing age may be accompanied by an aggravation of myocardial fibrosis, and myocardial fibrosis is an independent risk factor for recurrence after AF ablation. In recent studies, aging has also been shown to be a risk factor for AF recurrence after RFCA (17, 26–28). Obviously, RFCA for elderly patients with AF is a trade-off procedure. For patients with CAD, it can cause chronic ischemia of the myocardium, and this process will produce myocardial fibrosis, which is the substrate of AF, promoting the formation of reentry and maintaining the onset of AF (29). At the same time, this risk factor has also been confirmed in other studies predicting AF recurrence (30–32).

Epidemiological studies suggest that hypertension is the most crucial risk factor in patients with AF (33). If blood pressure is not well controlled, the risk of developing AF in hypertensive patients is significantly increased (34). The mechanism may be related to increased left atrial pressure, atrial fibrosis, and inflammatory cell infiltration (34). Hypertension also predicts the risk of AF recurrence after RFCA, but there is currently insufficient evidence that aggressive blood pressure control improves ablation success (35). In patients with decreased LVEF or left ventricular hypertrophy, angiotensin converting enzyme inhibitors and angiotensin receptor blockers may reduce the risk of post-operative AF recurrence (36). Besides, in our study, it was found that patients with higher hypertension also had a higher risk of post-operative AF recurrence, which was confirmed in previous studies (17). In our study, HF increased the risk of post-operative AF recurrence. This result has also been confirmed in other studies (37, 38). However, some studies have confirmed that the success rate of RFCA in HF with AF patients is not significantly different from that in AF without HF patients (39). After further comparison, the most likely reason is the difference in the included population because the above study is for hypertrophic obstructive cardiomyopathy, which obviously does not represent the majority of patients with HF. The CASTLE-AF study showed that compared with medical therapy, RFCA in patients with HF and AF can reduce all-cause mortality and hospitalization due to worsening HF (40). Therefore, in clinical patients with AF and HF, RFCA should be the preferred treatment option.

TIA or CVA often exists as a complication of AF. In addition, they are also risk factors for predicting the risk of stroke in patients with AF. There are few previous studies on TIA or CVA leading to post-operative AF recurrence. As far as we know, several studies have verified TIA or CVA as a risk factor for post-operative AF recurrence (17, 41). Furthermore, increased LAD leads to an increased chance of reentry, as well as structural remodeling of the atrium, which contributes to the development of AF. The present study further demonstrates that increased LAD is also significantly associated with post-operative AF recurrence (30, 31, 42) and that LAD is the most common risk factor in all predictive models.



New model and C2HEST model

The C2HEST model was initially used to evaluate the risk of AF in individuals. But many of its risk factors are related to the recurrence of AF, so it was innovatively used by us to evaluate the recurrence of AF after RFCA and was verified. However, the model was not initially used to evaluate the post-operative recurrence of AF, so there was a particular bias from the beginning. In addition, we also found that the population with paroxysmal AF has not been specifically studied in previous studies, but this is the main body of AF patients and the main population for the long-term benefit of RFCA (the C2HEST model also includes paroxysmal AF and persistent AF patients). Finally, combined with previous post-operative recurrence prediction models for AF, the establishment is inferior (none of the models have been reasonably internally validated at the beginning of establishment). To address the above three problems, we conducted this study. Even though the model we built did not show better predictive ability than the C2HEST model, it is evident that the two models are different (including the purpose of building the model and the study subjects), so the clinical significance of the model cannot be denied.



To help clinical decision

In our new model, all risk factors are available before RFCA, which means it can be used for preoperative guidance. The risk of recurrence in AF patients can be thoroughly evaluated before RFCA. That is to say, the risk of AF recurrence can be predicted based on the nomogram. Therefore, we can hypothesize that patients with a predicted recurrence risk of less than lower limit of recurrence rate in our center are the most suitable population for CA. For patients with a recurrence risk higher than upper limit of recurrence, CA is generally not recommended to avoid an unnecessary procedure. It should be noted that post-operative AF recurrence is definitely related to the type of AF and screening methods for recurrence (43, 44). Due to the fact that we screen for AF more frequently and more strictly defined, the recurrence rate will be higher than reported in the literature. In our study, it has been clarified that the research subject is PAF patients, and a clear definition of the screening program has also been given, so its scope of application is clear. Furthermore, it should be emphasized that clinical decision-making is a complex process that requires multiple pieces of evidence, so this model only provides more reference for clinicians. Obviously, whether its applicable subject can be further extrapolated and how its benefits will require further clinical research.




Study limitations

This study has several limitations. First, the study was single-center and could not be extrapolated to other centers. In addition, this study employed RFCA based on CPVI and, therefore, could not be easily generalized to other operation treatments. Second, the AF recurrence may be asymptomatic, so it is vital to strengthen the monitoring of heart rhythm. However, in our study, an implantable ECG event recorder was not used, so the AF recurrence rate may be underestimated to some extent. Third, and most importantly, we did not perform an external validation of the model, which could lead to an under-evaluation of the model. Obviously, to resolve the above problems, a multicenter, large sample study is needed to monitor patients after RFCA continuously.



Conclusion

A new model was developed to predict the 12 months risk of AF recurrence after RFCA. The variables included in the model included age, CAD, hypertension, HF, TIA or CVA, and LAD. The model presents good discriminative power and calibration. In addition, the model demonstrated a net clinical benefit in DCA. Further, the above conclusion are confirmed in the verification cohorts.
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Recurrent atrial tachycardia (AT) is a common phenomenon after catheter ablation for AF, particularly in the setting of additional substrate ablation, with many studies demonstrating gap-related macro re-entrant AT (predominantly mitral and roof dependent) to be the dominant mechanism. Although multiple inducible ATs after ablation of the clinical AT are commonly described at repeat procedures, the optimal ablation strategy, and procedural endpoints are unclear in this setting. A recent randomized study addressing the question of non-inducibility as a procedural endpoint demonstrated no additional benefits to the ablation of all induced, non-clinical ATs, but it was limited by small numbers and high rates of non-inducibility. Nevertheless, once ablation of the clinical AT has been successfully performed, ensuring durable linear block and PV isolation may be sufficient for the prevention of further AT. Durable linear block, particularly at the mitral isthmus, is difficult to achieve but may be facilitated by the real-time evaluation of lesion quality and contiguity and the novel technique of vein of Marshall ethanol infusion. Large-scale, randomized trials are needed, nonetheless, to fully assess the optimal ablation strategy in the setting of recurrent AT post-AF ablation.
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Introduction

Atrial fibrillation (AF) represents the most common cardiac arrhythmia worldwide. Catheter ablation is a cornerstone therapy and carries a class I indication for the management of symptomatic drug-resistant, paroxysmal, and persistent AF (1). Advances in catheter and mapping technology over the last decade have been reflected in greater numbers referred for ablation, and a related consequence is the increased incidence of atrial tachycardia (AT) post-index procedure, which varies from 5 to 40% in the literature (2). These tachycardias tend to be incessant, poorly tolerated, and unresponsive to pharmacological agents (3, 4). Given the often-continuous nature of arrhythmia, catheter ablation is the treatment of choice and is facilitated by high-density mapping systems. An important issue with repeat ablation for recurrent AT is that of further inducible ATs after the ablation of clinical AT. The majority of studies evaluating recurrent AT after index AF ablation tend to target these additional inducible ATs for ablation and use non-inducibility as a procedural endpoint (5–11). Nevertheless, the evidence to support this strategy is scanty with a paucity of studies evaluating the value of inducibility testing and indeed the prognostic implications of persistent, inducible AT at the procedural end. While the elimination of all inducible ATs seems reasonable, it may serve only to prolong procedure times and to create a further substrate for recurrent arrhythmias. In this mini-review, we outline the literature regarding the ablation of AT post-AF ablation, specifically in relation to multiple inducible ATs and procedural endpoints.



Type, prevalence, and management of recurrent atrial tachycardia post ablation

The widespread adoption of catheter ablation for AF coupled with the advent of novel single-shot technologies may result in increased numbers undergoing redo procedures for recurrent AT in the coming years. Ablation strategy at index procedure plays a key role in the likelihood of developing post-procedure AT. With pulmonary vein isolation (PVI) alone, AT has been reported at <5% and may relate to PV reconduction, with focal ATs often described in the setting of earlier studies of segmental or ostial PVI (12, 13). The incidence of AT rises in the setting of additional ablation beyond PVI, increasing left atrial size and non-paroxysmal AF (14) with macro re-entrant ATs predominating (8), most commonly mitral isthmus and roof-dependent (7). More recently, recurrent AT has been described with new “single-shot” techniques, including cryoballoon PVI, and again frequently takes the form of macro re-entrant tachycardia (10, 11). Additionally, micro re-entrant ATs have been described in zones of previous ablation and slow conduction (15) and may be associated with extensive prior ablation. Although the guidelines are clear regarding the role of index catheter ablation for AF, there are no current recommendations with respect to the indication for, or ablation strategy during redo AT ablation. The 2019 ESC guidelines for the management of supraventricular tachycardia suggest that intervention for recurrent AT should be delayed for at least 3 months post-AF ablation procedure, and that pharmacological rate or rhythm control may be preferable initially but makes no formal recommendations on the subject (16).

In real-world practice, ablation strategy during redo AT ablation is facilitated by high-density mapping systems, allowing for accurate determination of AF mechanisms and critical isthmuses. Although acute procedural success rates of up to 85% have been previously described, with high rates of termination of focal and micro re-entrant ATs in particular (7), recurrence rates of ∼30% are reported (7, 17). In particular, macro re-entrant ATs tend to recur, most commonly peri-mitral flutter (18). This highlights the need for the optimization of procedural workflows and a better understanding of appropriate endpoints.



Atrial tachycardia non-inducibility as a procedural endpoint: Evidence and current practice

As aforementioned, in many patients with recurrent AT after AF ablation, multiple ATs beyond the clinical AT were seen at the time of the redo procedure. Chae et al. mapped 155 ATs in 78 patients undergoing repeat procedures after prior PVI (7), while multiple ATs were successfully characterized in >50% of patients in a subsequent prospective cohort of 128 patients post-AF ablation (19). Furthermore, Rostock et al. reported an average of 2.2 ATs per patient in a similar population (20). It appears to be a widely accepted practice to attempt to induce further ATs after ablation of the clinical AT and to target these for ablation until non-inducibility (5, 6, 8, 10, 21). Inducibility protocols that are frequently described include rapid atrial pacing to atrial refractoriness and programmed atrial stimulation with or without the use of isoprenaline (7–10). While ablation of all ATs to non-inducibility may be considered a reasonable procedural endpoint, data are lacking regarding the benefits of further ablation beyond the clinical tachycardia and the prognostic implications of such additional inducible ATs. Although programmed atrial stimulation for inducing AT may be useful in patients with documented arrhythmia, it is not a highly sensitive or specific technique (22, 23). Furthermore, studies evaluating the prognostic significance of inducible AT were predominantly performed at the time of AF ablation rather than during the repeat procedure for recurrent AT. In 2005 Chugh et al. (9) reported an association between spontaneous or induced AT seen after ablation for AF and recurrent AT on follow-up. Nevertheless, only a small proportion underwent a repeat ablation for AT in this study. More recently, a non-randomized study by Nagamoto et al. reported rates of inducible AT of >50% in patients undergoing PVI and substrate ablation (24). While there was no overall difference in outcome according to inducibility status, recurrent AT was lower in those in whom inducible ATs were successfully ablated compared to those still inducible at the procedural end. Nevertheless, recurrent AT on follow-up tended to be different from that induced at the time of the index procedure, questioning the overall relevance of inducible AT post-AF ablation. In 2018 Santangeli et al. (25) reported on 305, predominantly paroxysmal, patients with AF undergoing an induction protocol before and immediately after AF ablation. They described a 39% rate of inducible AT or AF post-ablation with no relationship between inducibility status and outcome. Unlike the study by Nagamoto et al., however, no inducible ATs were targeted for ablation in this study. Similarly, in 2019 Kawai et al. (26) found no association between non-ablated inducible AT (or AF) after persistent AF ablation and outcomes, except in those with left atrial size enlargement on sub-analysis.



Prognostic implications of atrial tachycardia inducibility

Overall, the above studies do not appear to suggest a benefit from inducibility testing at the time of AF ablation and do not address the issue at the time of the repeat procedure for clinically relevant AT. A small, recently published, randomized study (Inducath) attempted to bridge this knowledge gap and answer the question of whether ablation of all inducible ATs to non-inducibility, during repeat AT ablation, would improve outcomes (27). In total, 52 patients with recurrent AT post first-time ablation for persistent AF were randomized into either a conservative group, in whom ablation of the clinical AT only was performed in addition to re-isolation of the PVs and re- or new ablation of lines (with confirmed block) or a “non-inducibility” group, who underwent this strategy with additional ablation of further inducible ATs (Figure 1). The inducibility protocol consisted of repetitive atrial burst pacing to a minimum rate of 200 ms. In line with prior reports, the majority of clinical ATs were peri-mitral re-entries. Interestingly, after ablation of the clinical AT and re-ablation of prior lesion sets, a high rate of non-inducibility was seen with inducible AT in 19 vs. 35% in either group (P = n/s). There was no difference in arrhythmia-free survival at 1 year between those with vs. without further inducible AT nor did non-inducibility at the procedural end affect the outcome. Furthermore, in those patients with inducible AT, there was no difference in outcome between those undergoing ablation to non-inducibility vs. a conservative ablation strategy (Figure 1). A major limitation of the study was its small size, which, coupled with the low rate of non-inducibility limited the number of patients undergoing the protocol-mandated ablation strategy.
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FIGURE 1
Study design (left panel) and results (right panel) from the randomized Inducath study. No difference in arrhythmia-free survival was seen between those undergoing ablation of inducible atrial tachycardias (ATs) to non-inducibility compared to those undergoing ablation of the clinical AT only.


Bearing in mind its limitations, the results of the Inducath study suggest that achieving long-term durability of both the PV and linear lesion sets may be of greater value than ablating all non-clinical ATs to non-inducibility in the future prevention of AT. Low rates of additional inducible AT may reflect the effect of ablation of the clinical AT on the underlying arrhythmia substrate and importantly the re-ablation of prior lines and PVs (in those demonstrating recovered conduction) prior to the induction protocol, potentially eliminating additional critical isthmuses for AT.

A recent study by Takigawa et al. reported on AT mechanisms at first and second repeat AT ablation after initial AF ablation (18). Consistent with prior literature, macro re-entrant mitral and roof-dependent AT were predominant mechanisms. Despite effective termination of the clinical AT and even with subsequent non-inducibility, recurrence occurred in 38%, again with a predominance of mitral followed by roof-dependent AT. Conversely, while localized ATs also tended to recur, they were not of the same mechanism at redo vs. initial AT procedure. Local re-entry is commonly described in the setting of prior extensive ablation, and ablation strategies for these ATs are aimed at eliminating areas of fractionation, indicating slow conduction in low-voltage regions (28). Given the results of the above-mentioned two studies, it may be the case that rather than a procedural target, further inducible ATs of this nature may merely represent a marker of more advanced arrhythmogenic remodeling. Indeed, ablation of these sites without linking to an anatomical structure may increase the risk of further recurrences. Overall, these studies would suggest that durable mitral isthmus and roof block are the key determinants of a successful outcome in AT ablation of this nature.



Importance of durable linear lesion sets

Regarding the effect of linear ablation during AF ablation on the risk of developing recurrent AT, conflicting reports exist in the literature. A randomized study in 2004 demonstrated a reduced incidence of AT when linear roof and mitral ablation was performed in addition to PVI during AF ablation (29), findings echoed by Knecht et al. (30). Conversely, several subsequent studies demonstrated increased rates of macro re-entrant AT with linear ablation beyond PVI (8, 14). When performing lines at the index AF procedure, the importance of durability is undisputed, however, with much evidence to support the presence of gaps as critical to the development of recurrent macro re-entrant AT (7, 30–32). Indeed, in prior studies, up to 90% of recurrent AT have been demonstrated to be gap-related (7), with up to 60% described as having a critical isthmus at the mitral isthmus (9). In recent years, improvements in catheter and ablation technology have focused on lesion set durability at the index procedure. To this end, protocols employing contiguous lesions with targeted “ablation index” values have translated into robust acute and long-term success rates for PVI with high rates of durability seen at repeat procedure (33–35). With respect to linear ablation, the ALINE study examined the effect of similarly optimized, contiguous RF lesion delivery on the rate of first-pass block at the left atrial roof and mitral isthmus and reported a high rate of first-pass block at the roof but not the mitral line using this protocol (36). Additional endocardial and epicardial applications resulted in a final rate of bidirectional mitral line block of 80%, emphasizing the challenges with RF ablation alone at this site. In the above-mentioned study of AT mechanisms by Takigawa et al., epicardial structures were involved in 75% of mitral macro re-entrant circuits, predominantly the coronary sinus and vein of Marshall (VoM) system, with a lesser proportion of roof-dependent ATs also utilizing epicardial structures (18). This and the predominance of peri-mitral and roof flutters seen post-AF ablation again underscore the importance of durable linear block and highlight the difficulty of achieving this on the long term, particularly at the mitral isthmus.



Epicardial connections and novel techniques

Most notably in the case of the complex three-dimensional anatomy of the mitral isthmus, endocardial block may be difficult to achieve, with gaps frequently resulting from coronary sinus and VoM epicardial connections (18). The latter is electrically insulated from the left atrial myocardium by adipose tissue (37), which may further explain the low rate of block achieved with endocardial ablation alone. As such ethanol infusion of VoM was developed as an adjunct to RF ablation, with recent work indicating more durable block at repeat procedure and less RF ablation (endocardially and in the coronary sinus) needed to achieve acute intraprocedural block (38–40). Furthermore, a randomized study demonstrated reduced rates of recurrent AT (and AF) on follow-up in those receiving adjunct VoM ethanol infusion during ablation for persistent AF (41), with peri-mitral block identified as a significant determinant of outcome (42). A recently published meta-analysis of the technique confirmed these findings with greater freedom from recurrent AT and AF with adjunct VoM ethanol infusion compared with ablation alone in patients with AF (43). Epicardial connections across roof lines utilizing the septopulmonary bundle, which again may be insulated by fat, have been demonstrated to be a common cause of failure to achieve roof line block (44). In this setting, a floor line may be appropriate and is associated with high rates of transmural block.



Conclusion

In the case of recurrent AT after index AF ablation, once ablation of the clinical tachycardia has been performed and linear block confirmed, the prognostic value of AT inducibility testing and the use of non-inducibility as a procedural endpoint appears questionable. While macro re-entrant roof and peri-mitral tachycardias tend to recur at repeat procedure, recurrent localized ATs can be different in mechanism from those seen at the initial AT procedure. Indeed, ablating the clinical AT alone and ensuring durable linear block and PV isolation may be the optimal strategy in this setting. Further ablation of inducible ATs may serve only to prolong procedure times and create an additional substrate for recurrent arrhythmia, although this still warrants evaluation in large-scale trials.

Given the high rate of peri-mitral flutters seen in prior studies, obtaining persistent block at the mitral isthmus may represent one of the most important factors in the long-term maintenance of sinus rhythm but is difficult to achieve with endocardial ablation alone. VoM ethanol infusion demonstrates promise for facilitating durable mitral isthmus block and preventing recurrent AT, but needs ongoing assessment in prospective clinical trials.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Hindricks G, Potpara T, Dagres N, Bax JJ, Boriani G, Dan GA, et al. 2020 ESC guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with the European association for cardio-thoracic surgery (EACTS). Eur Heart J. (2021) 42:373–498.

2. Hung Y, Chang SL, Lin WS, Lin WY, Chen SA. Atrial tachycardias after atrial fibrillation ablation: how to manage? Arrhythm Electrophysiol Rev. (2020) 9:54–60. doi: 10.15420/aer.2020.07

3. Liu Y, Shehata M, Wang X. Atrial tachycardias after atrial fibrillation ablation: what matters for identification of the region of interest? Circ Arrhythm Electrophysiol. (2018) 11:6480. doi: 10.1161/CIRCEP.118.006480

4. Mountantonakis S, Gerstenfeld EP. Atrial tachycardias occurring after atrial fibrillation ablation: strategies for mapping and ablation. J Atrial Fibrill. (2010) 3:290. doi: 10.4022/jafib.v2i2.582

5. Patel AM, d’Avila A, Neuzil P, Kim M, Steven J, Mela T, et al. Atrial tachycardia after ablation of persistent atrial fibrillation. Circ Arrhythm Electrophysiol. (2008) 1:14–22. doi: 10.1161/CIRCEP.107.748160

6. Deisenhofer I, Estner H, Zrenner B, Schreieck J, Weyerbrock S, Hessling G, et al. Left atrial tachycardia after circumferential pulmonary vein ablation for atrial fibrillation: incidence, electrophysiological characteristics, and results of radiofrequency ablation. EP Europace. (2006) 8:573–82. doi: 10.1093/europace/eul077

7. Chae S, Oral H, Good E, Dey S, Wimmer A, Crawford T, et al. Atrial tachycardia after circumferential pulmonary vein ablation of atrial fibrillation. mechanistic insights, results of catheter ablation, and risk factors for recurrence. J Am Coll Cardiol. (2007) 50:1781–7. doi: 10.1016/j.jacc.2007.07.044

8. Sawhney N, Anousheh R, Chen W, Feld GK. Circumferential pulmonary vein ablation with additional linear ablation results in an increased incidence of left atrial flutter compared with segmental pulmonary vein isolation as an initial approach to ablation of paroxysmal atrial fibrillation. Circ Arrhythm Electrophysiol. (2010) 3:243–8. doi: 10.1161/CIRCEP.109.924878

9. Chugh A, Oral H, Lemola K, Hall B, Cheung P, Good E, et al. Prevalence, mechanisms, and clinical significance of macroreentrant atrial tachycardia during and following left atrial ablation for atrial fibrillation. Heart Rhythm. (2005) 2:464–71. doi: 10.1016/j.hrthm.2005.01.027

10. Lyan E, Yalin K, Abdin A, Sawan N, Liosis S, Lange SA, et al. Mechanism, underlying substrate and predictors of atrial tachycardia following atrial fibrillation ablation using the second-generation cryoballoon. J Cardiol. (2019) 73:497–506. doi: 10.1016/j.jjcc.2019.02.006

11. Hermida A, Kubala M, Traullé S, Buiciuc O, Quenum S, Hermida JS. Prevalence and predictive factors of left atrial tachycardia occurring after second-generation cryoballoon ablation of atrial fibrillation. J Cardiovasc Electrophysiol. (2018) 29:46–54. doi: 10.1111/jce.13364

12. Gerstenfeld EP, Callans DJ, Dixit S, Russo AM, Nayak H, Lin D, et al. Mechanisms of organized left atrial tachycardias occurring after pulmonary vein isolation. Circulation. (2004) 110:1351–7. doi: 10.1161/01.CIR.0000141369.50476.D3

13. Ouyang F, Antz M, Ernst S, Hachiya H, Mavrakis H, Deger FT, et al. Recovered pulmonary vein conduction as a dominant factor for recurrent atrial tachyarrhythmias after complete circular isolation of the pulmonary veins: lessons from double Lasso technique. Circulation. (2005) 111:127–35. doi: 10.1161/01.CIR.0000151289.73085.36

14. Wójcik M, Berkowitsch A, Zaltsberg S, Hamm CW, Pitschner HF, Kuniss M, et al. Predictors of early and late left atrial tachycardia and left atrial flutter after catheter ablation of atrial fibrillation: long-term follow-up. Cardiol J. (2015) 22:557–66. doi: 10.5603/CJ.a2015.0040

15. Jaïs P, Sanders P, Hsu LF, Hocini M, Sacher F, Takahashi Y, et al. Flutter localized to the anterior left atrium after catheter ablation of atrial fibrillation. J Cardiovasc Electrophysiol. (2006) 17:279–85. doi: 10.1111/j.1540-8167.2005.00292.x

16. Brugada J, Katritsis DG, Arbelo E, Arribas F, Bax JJ, Blomström-Lundqvist C, et al. 2019 ESC Guidelines for the management of patients with supraventricular tachycardiaThe Task Force for the management of patients with supraventricular tachycardia of the European Society of Cardiology (ESC): developed in collaboration with the Association for European Paediatric and Congenital Cardiology (AEPC). Eur Heart J. (2020) 41:655–720.

17. Takigawa M, Derval N, Frontera A, Martin R, Yamashita S, Cheniti G, et al. Revisiting anatomic macroreentrant tachycardia after atrial fibrillation ablation using ultrahigh-resolution mapping: implications for ablation. Heart Rhythm. (2018) 15:326–33. doi: 10.1016/j.hrthm.2017.10.029

18. Takigawa M, Derval N, Martin CA, Vlachos K, Denis A, Nakatani Y, et al. Mechanism of recurrence of atrial tachycardia. Circ Arrhythm Electrophysiol. (2020) 13:e007273.

19. Jaïs P, Matsuo S, Knecht S, Weerasooriya R, Hocini M, Sacher F, et al. A deductive mapping strategy for atrial tachycardia following atrial fibrillation ablation: importance of localized reentry. J Cardiovasc Electrophysiol. (2009) 20:480–91. doi: 10.1111/j.1540-8167.2008.01373.x

20. Rostock T, Drewitz I, Steven D, Hoffmann BA, Salukhe TV, Bock K, et al. Characterization, mapping, and catheter ablation of recurrent atrial tachycardias after stepwise ablation of long-lasting persistent atrial fibrillation. Circ Arrhythm Electrophysiol. (2010) 3:160–9. doi: 10.1161/CIRCEP.109.899021

21. Wasmer K, Mönnig G, Bittner A, Dechering D, Zellerhoff S, Milberg P, et al. Incidence, characteristics, and outcome of left atrial tachycardias after circumferential antral ablation of atrial fibrillation. Heart Rhythm. (2012) 9:1660–6. doi: 10.1016/j.hrthm.2012.06.007

22. Manolis AS, Manolis AS, Deering T, Han EH, Estes NAM. Sensitivity and specificity of programmed atrial stimulation for induction of supraventricular tachycardias. Clin Cardiol. (1988) 11:307–10. doi: 10.1002/clc.4960110507

23. Brembilla-Perrot B, Houriez P, Claudon O, Beurrier D, Preiss JP, Chaise AT, et al. Reproducibility of response to programmed atrial stimulation. Pacing Clin Electrophysiol. (2000) 23:214–9. doi: 10.1111/j.1540-8159.2000.tb00802.x

24. Nagamoto Y, Park JS, Tanubudi D, Ko YK, Ban JE, Kwak JJ, et al. Clinical significance of induced atrial tachycardia after termination of longstanding persistent atrial fibrillation using a stepwise approach. J Cardiovasc Electrophysiol. (2012) 23:1171–8. doi: 10.1111/j.1540-8167.2012.02382.x

25. Santangeli P, Zado ES, Garcia FC, Riley MP, Lin D, Frankel DS, et al. Lack of prognostic value of atrial arrhythmia inducibility and change in inducibility status after catheter ablation of atrial fibrillation. Heart Rhythm. (2018) 15:660–5. doi: 10.1016/j.hrthm.2017.10.023

26. Kawai S, Mukai Y, Inoue S, Yakabe D, Nagaoka K, Sakamoto K, et al. Predictive value of the induction test with atrial burst pacing with regard to long-term recurrence after ablation in persistent atrial fibrillation. J Arrhythmia. (2019) 35:223–9. doi: 10.1002/joa3.12150

27. O’Neill L, Duytschaever M, Le Polain De Waroux JB, Konrad T, Rostock T, Derval N, et al. Noninducibility as an ablation strategy for atrial tachycardia after first-time persistent AF ablation. JACC Clin Electrophysiol. (2022) 8:1320–2. doi: 10.1016/j.jacep.2022.05.015

28. Frontera A, Takigawa M, Martin R, Thompson N, Cheniti G, Massoullié G, et al. Electrogram signature of specific activation patterns: analysis of atrial tachycardias at high-density endocardial mapping. Heart Rhythm. (2018) 15:28–37. doi: 10.1016/j.hrthm.2017.08.001

29. Pappone C, Manguso F, Vicedomini G, Gugliotta F, Santinelli O, Ferro A, et al. Prevention of iatrogenic atrial tachycardia after ablation of atrial fibrillation: a prospective randomized study comparing circumferential pulmonary vein ablation with a modified approach. Circulation. (2004) 110:3036–42. doi: 10.1161/01.CIR.0000147186.83715.95

30. Knecht S, Hocini M, Wright M, Lellouche N, O’Neill MD, Matsuo S, et al. Left atrial linear lesions are required for successful treatment of persistent atrial fibrillation. Eur Heart J. (2008) 29:2359–66. doi: 10.1093/eurheartj/ehn302

31. Hocini M, Jaïs P, Sanders P, Takahashi Y, Rotter M, Rostock T, et al. Techniques, evaluation, and consequences of linear block at the left atrial roof in paroxysmal atrial fibrillation: a prospective randomized study. Circulation. (2005) 112:3688–96. doi: 10.1161/CIRCULATIONAHA.105.541052

32. Jaïs P, Hocini M, Hsu LF, Sanders P, Scavee C, Weerasooriya R, et al. Technique and results of linear ablation at the mitral isthmus. Circulation. (2004) 110:2996–3002. doi: 10.1161/01.CIR.0000146917.75041.58

33. Taghji P, El Haddad M, Phlips T, Wolf M, Knecht S, Vandekerckhove Y, et al. Evaluation of a strategy aiming to enclose the pulmonary veins with contiguous and optimized radiofrequency lesions in paroxysmal atrial fibrillation: a pilot study. JACC Clin Electrophysiol. (2018) 4:99–108. doi: 10.1016/j.jacep.2017.06.023

34. Duytschaever M, De Pooter J, Demolder A, El Haddad M, Phlips T, Strisciuglio T, et al. Long-term impact of catheter ablation on arrhythmia burden in low-risk patients with paroxysmal atrial fibrillation: the CLOSE to CURE study. Heart Rhythm. (2020) 17:535–43. doi: 10.1016/j.hrthm.2019.11.004

35. Phlips T, Taghji P, El Haddad M, Wolf M, Knecht S, Vandekerckhove Y, et al. Improving procedural and one-year outcome after contact force-guided pulmonary vein isolation: the role of interlesion distance, ablation index, and contact force variability in the ‘CLOSE’-protocol. EP Europace. (2018) 20:f419–27. doi: 10.1093/europace/eux376

36. Wolf M, El Haddad M, Fedida J, Taghji P, Van Beeumen K, Strisciuglio T, et al. Evaluation of left atrial linear ablation using contiguous and optimized radiofrequency lesions: the ALINE study. Europace. (2018) 20:f401–9. doi: 10.1093/europace/eux350

37. Kim DT, Lai AC, Hwang C, Fan LT, Karagueuzian HS, Chen PS, et al. The ligament of Marshall: a structural analysis in human hearts with implications for atrial arrhythmias. J Am Coll Cardiol. (2000) 36:1324–7. doi: 10.1016/S0735-1097(00)00819-6

38. Báez-Escudero JL, Morales PF, Dave AS, Sasaridis CM, Kim YH, Okishige K, et al. Ethanol infusion in the vein of Marshall facilitates mitral isthmus ablation. Heart Rhythm. (2012) 9:1207–15. doi: 10.1016/j.hrthm.2012.03.008

39. Nakashima T, Pambrun T, Vlachos K, Goujeau C, André C, Krisai P, et al. Impact of vein of marshall ethanol infusion on mitral isthmus block: efficacy and durability. Circ Arrhythm Electrophysiol. (2020) 13:e008884. doi: 10.1161/CIRCEP.120.008884

40. Gillis K, O’Neill L, Wielandts JY, Hilfiker G, Almorad A, Lycke M, et al. Vein of marshall ethanol infusion as first step for mitral isthmus linear ablation. JACC Clin Electrophysiol. (2022) 8:367–76. doi: 10.1016/j.jacep.2021.11.019

41. Valderrábano M, Peterson LE, Swarup V, Schurmann PA, Makkar A, Doshi RN, et al. Effect of Catheter ablation with vein of marshall ethanol infusion vs catheter ablation alone on persistent atrial fibrillation: the VENUS randomized clinical trial. JAMA J Am Med Assoc. (2020) 324:1620–8. doi: 10.1001/jama.2020.16195

42. Lador A, Peterson LE, Swarup V, Schurmann PA, Makkar A, Doshi RN, et al. Determinants of outcome impact of vein of Marshall ethanol infusion when added to catheter ablation of persistent atrial fibrillation: a secondary analysis of the VENUS randomized clinical trial. Heart Rhythm. (2021) 18:1045–54. doi: 10.1016/j.hrthm.2021.01.005

43. Li F, Sun JY, Wu LD, Zhang L, Qu Q, Wang C, et al. The long-term outcomes of ablation with vein of marshall ethanol infusion vs. ablation alone in patients with atrial fibrillation: a meta-analysis. Front Cardiovasc Med. (2022) 9:871654. doi: 10.3389/fcvm.2022.871654

44. Pambrun T, Derval N, Duchateau J, Denis A, Chauvel R, Tixier R, et al. Epicardial course of the musculature related to the great cardiac vein: anatomical considerations and clinical implications for mitral isthmus block after vein of marshall ethanol infusion. Heart Rhythm. (2021) 18:1951–8. doi: 10.1016/j.hrthm.2021.06.1202













	 
	

	TYPE Original Research
PUBLISHED 06 January 2023
DOI 10.3389/fcvm.2022.1042938





Causal association of peripheral immune cell counts and atrial fibrillation: A Mendelian randomization study

Yuntao Feng, Xuebo Liu and Hongwei Tan*

Department of Cardiology, Tongji Hospital, Tongji University School of Medicine, Shanghai, China

[image: image]

OPEN ACCESS

EDITED BY
Sergio Conti, ARNAS Ospedali Civico Di Cristina Benfratelli, Italy

REVIEWED BY
Shi-Zhu Bian, Xinqiao Hospital, China
Jiang-Shan Tan, Chinese Academy of Medical Sciences and Peking Union Medical College, China

*CORRESPONDENCE
Hongwei Tan, [image: image] tanhongweikoui@163.com

SPECIALTY SECTION
This article was submitted to Cardiac Rhythmology, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 13 September 2022
ACCEPTED 14 December 2022
PUBLISHED 06 January 2023

CITATION
Feng Y, Liu X and Tan H (2023) Causal association of peripheral immune cell counts and atrial fibrillation: A Mendelian randomization study.
Front. Cardiovasc. Med. 9:1042938.
doi: 10.3389/fcvm.2022.1042938

COPYRIGHT
© 2023 Feng, Liu and Tan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Background: Atrial fibrillation (AF) is the most common and persistent form of arrhythmia. Recently, increasing evidence has shown a link between immune responses and atrial fibrillation. However, whether the immune response is a cause or consequence of AF remains unknown. We aimed to determine whether genetically predicted peripheral immunity might have a causal effect on AF.

Methods: First, we performed Mendelian randomization (MR) analyses using genetic variants strongly associated with neutrophil, eosinophil, basophil, lymphocyte, and monocyte cell counts as instrumental variables (IVs). Lymphocyte counts were then subjected to further subgroup analysis. The effect of immune cell counts on AF risk was measured using summary statistics from genome-wide association studies (GWAS).

Results: Two-sample MR analysis revealed that a higher neutrophil count, basophil count and lymphocyte count had a causal effect on AF [Odds ratio (OR), 1.06, 95% confidence interval (CI), 1.01–1.10, P = 0.0070; OR, 1.10; 95% CI, 1.04–1.17; P = 0.0015; OR, 0.96; 95% CI, 0.93–0.99; P = 0.0359]. In addition, in our further analysis, genetically predicted increases in CD4 + T-cell counts were also associated with an increased risk of AF (OR, 1.04; 95% CI, 1.0–.09; P = 0.0493).

Conclusion: Our MR analysis provided evidence of a genetically predicted causal relationship between higher peripheral immune cell counts and AF. Subgroup analysis revealed the key role of peripheral lymphocytes in AF, especially the causal relationship between CD4 + T cell count and AF. These findings are beneficial for future exploration of the mechanism of AF.
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1. Introduction

Atrial fibrillation (AF) is the most common and persistent form of arrhythmia and one of the most important factors leading to increased mortality. Approximately 46.3 million people suffer from AF globally (1). In addition, the burden of AF is expected to increase by more than 60% over the next 30 years and become one of the most significant epidemic and public health challenges (2).

Electrical remodeling, structural remodeling, and autonomic nerve remodeling are the pathological basis of AF; the immune system is known to play an important role in this process (3, 4). Inflammation mediated by immune cells in the myocardium is known to contribute to AF, thereby causing a cycle of malignant progression of atrial remodeling, inducing AF and increasing thrombosis (5). Furthermore, peripheral immunity is also correlated with AF (6). In order to uncover the association between white blood cell counts and AF, a subset of the Framingham Heart Study and a Norwegian study that followed 936 eligible participants for up to 5 years found that higher white blood cell (WBC) counts in peripheral immune cells were associated with an increased risk of AF (7). In addition, a high neutrophil-to-lymphocyte ratio (NLR) in peripheral immune cells was associated with an increased risk of new-onset AF in 21,118 subjects (8).

Although these previous clinical studies have revealed an association between peripheral immunity and AF, granulocyte counts in peripheral blood, particularly neutrophils, have been associated with an increased incidence of other cardiovascular diseases, such as hypertension, coronary heart disease and diabetes (9–11). However, the presence of these common risk factors may have caused bias. Furthermore, observational analysis may not remove potential confounders and unmeasured reverse causality (12). In addition, large-scale randomized clinical trials are expensive. Mendelian randomization (MR) analysis is a method that has been mainly used for etiological inference in epidemiology over recent years. Associations between exposure-related genetic variants and outcomes can represent the effect of exposure on outcomes (13). Since genetic variation is randomly assigned at conception, this effect is not affected by confounding factors and reverse causality, thus, providing another method for inferring causality (14). MR is a tool for analyzing causality between exposure and outcome using genetic variation as instrumental variants (IVs) (15).

Therefore, in this study, we selected single nucleotide polymorphism (SNP) data from large genome-wide association studies (GWAS) of hematologic traits as instrumental variables of exposure to assess the causal relationship between WBC counts and AF through a MR approach.



2. Materials and methods


2.1. Data sources

Peripheral blood cell counts and AF candidate genetic instruments (SNPs) were selected from previous genome-wide association studies (GWAS). To prevent pleiotropic bias in cross-lineage cases (16), all individuals in the study were of European ancestry. Peripheral blood cell counts, including neutrophils, lymphocytes, monocytes, neutrophils, eosinophils, and basophils were obtained from the Blood Cell Consortium meta-analysis, which includes data from 563,085 individuals of European ancestry (17). For further cell subpopulation analysis, including absolute cell counts for T-cell subtypes and B-cell subtypes, we used GWAS summary statistics for 3,757 individuals analyzed by flow cytometry (18). The genetic association dataset for AF was derived from a large meta-analysis of six discovery cohorts (The Nord-Trøndelag Health Study (HUNT), deCODE, the Michigan Genomics Initiative (MGI), DiscovEHR, UK Biobank, and the AFGen Consortium), including 1,030,836 subjects of European ancestry, which were divided into 60,620 AF cases and 970,216 controls (19) (Table 1).


TABLE 1    Description of included trails in the study.
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2.2. Selection of genetic IVs

Three key assumptions needed to be met in the study design: (1) IVs were significantly correlated with interest exposure; (2) IVs were not associated with any confounders of the exposure-outcome association; and (3) IVs impact outcomes only through exposure (20).

To meet these conditions, we first set parameters for identifying IVs, including a P-value of 5 × 10–8 for genome-wide significance, a linkage disequilibrium clustering algorithm with an R2 threshold = 0.001 over the 10 Kb region to ensure the independence of IVs exposure and allowing a minor allele frequency of 0.3 for SNPs in the palindromic region. Statistics relating to the association between these genetic variants and AF were then extracted as an outcome with a more relaxed aggregation threshold (R2 < 0.01). Following identification, Phenoscanner (21) was used to remove SNPs that may have violated the second and third key hypothesis and which may have a pleiotropic effect on other phenotypes (body mass index, smoking status, hypertension, coronary artery disease, chronic renal failure, and diabetes). Finally, pleiotropic outliers were identified and excluded with MR pleiotropy residual sum and outlier (MR-PRESSO) (22). A flow chart of our selection of IVs is given in Supplementary Figure 1 and summary information for the SNPs used for MR analyses are given in Supplementary Tables 1–6.

The proportion of variance explained (PVE) by each IV was used to explain the strength of the selected SNPs and was calculated as PVE = 2 × EAF × (1-EAF) × β2 (EAF, effect allele frequency; β, effect size on the exposure). Instrument strength was then assessed by the F-statistic which reflects the exposure variance explained by the instrument variables (23). Calculation of the F-statistic was based on PVE value via [PVE × (n – 1 – k)]/[(1 – PVE) × k], where n represented the effective sample size in the exposure GWAS, and k representsed the number of variants included in the IV model. To determine the power of MR outcomes, we use an online calculator1 to perform power estimation through a given type I error rate of alpha 0.05 and the OR from IVW estimates. A summary of information for the IVs used for MR analyses after clumping and data harmonization can be found in Supplementary Table 7.



2.3. Statistical analysis

The MR study was performed in R version 4.0.2 (The R Development Core Team, Vienna, Austria) using the TwoSampleMR (TSMR) R package version 0.5.5. TSMR analysis was used to determine the causal relationship between peripheral immunity and HF in which the inverse variance-weighted (IVW) method was used to estimate the causal relationship between exposure and results (24). Highest precision and unbiased causal estimates can be provided by IVW when there are no invalid genetic instrumental variables (25). Additional analyses were performed, including the weighted median method and the MR-PRESSO method (26) to avoid the bias of pleiotropic effects. To address the potential violation of the IV hypothesis, we applied constrained maximum likelihood and model averaging and the Bayesian Information Criterion (cML-MA-BIC) method (27). Potential directional pleiotropy was evaluated by MR-Egger regression intercept (28). All GWAS analyses were calibrated using the Bonferroni method. Leave-one-out (LOO) sensitivity analysis was then used to determine the association of individual SNPs and whether the results were driven by any single SNP (29). Finally, funnel plots and scatter plots were used to visually investigate heterogeneity (30, 31).



2.4. Data availability statement

The datasets processed in this study were derived from GWAS (17–19). GWAS data are publicly available abstract level data (32); thus, no ethical approval was required.




3. Results


3.1. Effects of genetically predicted peripheral blood cell counts on AF

The analysis after evaluation and removal of SNPs associated with confounding is shown in Figure 1. Since no significant heterogeneity was observed in the Cochran Q test, a fixed-effects model was used to estimate MR effect sizes. IVW (fixed effects) analysis showed that higher neutrophil counts were strongly associated with an increased susceptibility to AF [odds ratio (OR), 1.06; 95% confidence interval (CI), 1.01–1.10; P = 0.0070]. In addition, basophil counts were also observed to be associated with an increased susceptibility to AF in other leukocyte subtypes (OR, 1.10; 95% CI, 1.04–1.17; P = 0.0018). However, lymphocyte count was inversely associated with disease risk (OR, 0.97; 95% CI, 0.93–0.99; P = 0.0481), thus, suggesting the protective role of lymphocytes in AF. Sensitivity analyses showed no genetic polymorphism bias in any of the genetically predicted immune cell count analyses. LOO analysis further showed that the significance of the results was not driven by any single SNP. No obvious horizontal polytropism was found by visual inspection of funnel plots and analysis of MR-Egger regression intercepts. The results of the heterogeneity test, the polytropy test and the F-statistic are summarized in Supplementary Table 7. However, eosinophil or monocyte counts were not significantly associated with AF, although a positive trend was observed.


[image: image]

FIGURE 1
Mendelian randomization estimates of the association between blood cell counts and risk of atrial fibrillation. OR, odds ratio; CI, confidence interval.




3.2. Causal effect of lymphocyte subtype on AF

Next, we extended our analysis by further measuring causal estimates of the risk of AF by natural killer (NK), T and B cells in lymphocytes. Due to the small sample size of GWAS, we only evaluated eight lymphocyte subsets by MR, including NK cells, NKT cells, resting Tregs, secreting Tregs, CD4+ T cells, CD8+T cells, B cells, and unswitched memory B cells. If there were less than two IV variables available, Wald ratio results are shown instead of IVW and when there were fewer than three IVs, only IVW and CML-BIC are shown (Figure 2). Our analysis showed that increased CD4 + T-cell counts were associated with a higher risk of AF (OR, 1.04; 95% CI, 1.0–1.09; P = 0.0493). An increase of NK cell count was associated with a protective effect on AF (OR, 0.97; 95% CI, 0.94–0.99; P = 0.0368) and the NKT cell count was also negatively correlated with AF (OR, 0.96; 95% CI, 0.93–1.00; P = 0.0728), although the results were not significant. However, we also observed that genetically predicted increases in CD4 + T-cell counts were associated with a higher risk of AF (OR, 1.04; 95% CI, 1.0–1.09; P = 0.0493). In addition, due to the sample size, we did not observe a causal effect of other cell subtypes on AF risk and all results were supported by other MR methods.
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FIGURE 2
Mendelian randomization results for the relationship between cell counts of lymphocyte subpopulation and atrial fibrillation. AC, absolute count.





4. Discussion

Recent studies have shown that considerable changes in the immune system occur during AF, including the recruitment and activation of immune cells and the secretion of their immune molecules induced by various factors; this is a process called immune remodeling (33). Immune remodeling runs through the entire process of the occurrence and maintenance of AF. This process does not only cause myocardial electrical, structural, and neural changes, but also induces AF-related pathological changes including fibrosis, thus playing an important role in AF (34). Furthermore, the results of observational studies indicate that immune cell-mediated atrial remodeling and inflammation are present in AF atria but not in non-AF atria (35). Therefore, the peripheral immune status of AF patients may also be different, thus, indicating the causal relationship between peripheral immunity and AF.

Neutrophils are an important component of peripheral immunity and can increase AF susceptibility by releasing cytokines, such as IL-6, TNF-α, and IL-1β (36). In addition, granulocytes are also the main source of reactive oxygen species (ROS) and myeloperoxidase (MPO), which can mediate AF by mediating oxidative stress (37). Here, we provide evidence of genetic causality between neutrophil count and AF, thus, suggesting an enhanced effect on AF. Peripheral eosinophils play an important role in inflammation and atrial remodeling in AF, and eosinophil products, such as major basic protein (MBP), can lead to endocardial fibrosis (38, 39). In addition, peripheral basophils play an important role in tissue fibrosis in heart allograft models. The depletion of basophils can inhibit the progression of allograft fibrosis (40). In the previous study, however, no association was found between eosinophils or basophils and AF (7). Our results elucidate the positive genetic causality between basophil count and AF. However, there is no evidence for a causal relationship between genetically predicted eosinophil counts and AF. More data from randomized clinical trials are still needed to support our hypothesis. Monocytes in the peripheral immune system can trigger an inflammatory cascade involving cytokine release and play an important role in fibrosis and heart failure; however, their role in AF remains unknown (41). Our results also cannot reveal the genetic causality between monocyte count and AF. More data from randomized clinical trials are now needed to prove this relationship. It has been reported that a low peripheral lymphocyte count is associated with inflammation and a reduction in lymphocyte count reflects the level of inflammation. In addition, a high level of NLR is also a risk predictor of AF (8, 42). Consistent with previous reports, we provide evidence of a negative genetic causal association between lymphocyte count and AF, thus, suggesting that lymphocytes may have a protective effect against AF.

Lymphocytes play different roles in AF and the combination of different roles of different lymphocytes in AF constitutes the protective effect of total lymphocyte count in AF. NK cells could alter the local cytokine environment by preventing the maturation and trafficking of inflammatory cells. In the myocardium, NK cells can prevent the development of cardiac fibrosis by limiting collagen formation in cardiac fibroblasts and by inhibiting the accumulation of specific inflammatory populations and profibrotic cells in the heart (43); this is consistent with our results in that NK cell counts have a protective effect on AF. NKT cells are mainly found in the liver and a core component of the immune response during liver fibrosis (44). Moreover, the adoptive transfer of NKT cells was also shown to protect mice from pulmonary fibrosis (45). In our experiment, it was observed that NKT cell count was negatively correlated with AF, although this was not significant. More experiments are needed to prove this point. CD4+ T can be activated by Toll-like receptor 2 (TLR2) and TLR4 to participate in the activation of AF (36). In response to antigens, co-stimulators, and cytokines, CD4+ T cells can differentiate into different subsets of helper T (Th) cells. TH1 cells promote macrophage efficacy and mediate inflammation in AF by secreting interferon-γ (44). In contrast, Th2 cells counteract the Th1 response by secreting several pro-fibrotic cytokines (46). Th17 cells can promote the development of AF by secreting IL-17A to promote inflammation and cardiac fibrosis (47). CD4 + CD25 + regulatory T cells (Tregs) have been recognized to play an important role in maintaining peripheral tolerance and limiting inflammatory disease; furthermore, the depletion of Tregs can aggravate myocardial fibrosis (48). Studies on the role of CD8+ T in AF are rarely reported (36). B lymphocytes play a role in the humoral immune component of the adaptive immune system mainly by secreting antibodies (49). The abnormal activation of B cells can produce pathological autoantibodies. Evidence suggests that autoimmunity can mediate cardiovascular disease and may be a possible mechanism for AF (50). To explore the relationship between lymphocyte subtypes and AF, we further analyzed several subtypes of B and T cells and found a genetic causal relationship between CD4+T cell counts and AF. However, our results do not indicate a causal relationship between genetically predicted other lymphocyte subtypes and AF, which means that more data from randomized clinical trials are still needed to explore their relationship.

In conclusion, we demonstrate a causal effect of peripheral immunity on AF based on MR results obtained from large-scale aggregated GWAS data. In addition, the protective effect of total lymphocyte cell count in AF may be synthesized by the protective and promotive effects in NK cells and CD4+ T cells. Our research enhances current understanding of the role of the peripheral immune system in AF. Further studies are now necessary to understand the relationship between different peripheral immune cells and AF and the underlying mechanisms.



5. Limitations

There are some limitations to our study that need to be considered. First, the results of other MR methods are not entirely consistent with IVW methods in univariate MR analysis. We cannot completely exclude the possibility of pleiotropy in peripheral immunity and AF. Second, our study mainly included participants of European descent, which cannot be generalized to other ethnic groups (51, 52). More data are now needed to be replicated in other populations. Third, we lack data on the quantity of peripheral immunity. Furthermore, we did not assess potential differences in the risk of AF among the orders of magnitude of peripheral immune cells. Fourth, lymphocyte subtype analysis based on small sample size may lead to insufficient power to detect the influence of lymphocyte subtype on AF.
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Background: Contact force (CF) and related parameters have been evaluated as an effective guide mark for pulmonary vein isolation, yet not for linear ablation of the cavotricuspid isthmus (CTI) dependent atrial flutter (AFL). We thus studied the efficacy and safety of CF related parameter-guided ablation for CTI-AFL.

Methods: Systematic search was performed on databases involving PubMed, EMbase, Cochrane Library and Web of Science (through June 2022). Original articles comparing CF related parameter-guided ablation and conventional parameter-guided ablation for CTI-AFL were included. One-by-one elimination, subgroup analysis and meta-regression were used for heterogeneity test between studies.

Results: Ten studies reporting on 761 patients were identified after screening with inclusion and exclusion criteria. Radiofrequency (RF) duration was significantly shorter in CF related parameter-guided group (p = 0.01), while procedural time (p = 0.13) and fluoroscopy time (p = 0.07) were no significant difference between two groups. CF related parameter-guided group had less RF lesions (p = 0.0003) and greater CF of catheter-tissue (p = 0.0002). Touch-up needed after first ablation line was less in CF related parameter-guided group (p = 0.004). In addition, there were no statistical significance between two groups on acute conduction recovery rates (p = 0.25), recurrence rates (p = 0.92), and complication rates (p = 0.80). Meta-regression analysis revealed no specific covariate as an influencing factor for above results (p > 0.10).

Conclusion: CF related parameters guidance improves the efficiency of CTI ablation, with the better catheter-tissue contact, the lower RF duration and the comparable safety as compared with conventional method, but does not improve the acute success rate and long-term outcome.
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1. Introduction

Cavotricuspid isthmus (CTI) dependent atrial flutter (AFL), also known as typical AFL, is the most common macro-reentrant atrial tachycardia which can lead to thromboembolic events and heart failure (1). As the critical zone of slow conduction, CTI is the ideal target to interrupt the reentrant circuit (2, 3). Currently, radiofrequency (RF) catheter ablation (CA) has become an effective treatment for CTI-AFL (4, 5), whereas there is still a recurrence rate of more than 5% which often related to re-connection of isthmus (6).

Previous studies have shown the importance of transmural lesion for effective and long-lasting RF lesion (7). Sufficient contact between the ablation catheter tip and the target tissue is crucial to achieve transmural necrosis and scar formation (8), whereas excessive tissue contact may be potentially hazardous (9). Therefore, optimal tissue contact has become one of the pursuits of electrophysiologists for RF ablation. Although traditional CTI ablation can indirectly observe catheter-tissues contact using a combination of qualitative measures, such as reduced catheter movements and electrogram amplitudes, these methods are not accurate enough. With the development of ablation-assisted techniques, more parameters have been available for quantitative assessment of catheter-target tissue contact. Contact force (CF) as a new parameter reflecting the real-time catheter tip-tissue contact, had been confirmed to help transmural lesion formation in pulmonary vein isolation (PVI) (10). Previous studies have suggested that use of optimal CF value during PVI is associated with increased lesion volumes, and provides greater security in complication risks such as cardiac perforation (11, 12). In addition, in recent years, there are some CF related parameters, which have similar principle and function with CF, and also reflect the catheter-tissue contact, have been utilized in AFL ablation. Ablation index (AI) is an updated parameter of atrial fibrillation (AF) ablation, which incorporates CF, time, and power though a special algorithm, and can be reflected in real time during the ablation (13). Electrical coupling index (ECI) is another catheter-tissue contact related parameter created for AF ablation. ECI does not give direct information about the pressure of catheter tip-tissue interface, but reflects the real-time complex impedance and describes characteristic of tissue heating and lesion formation.

The effect of these parameters in achieving transmural lesion has been demonstrated in AF ablation (14–16), but there is a lack of evidence that they are equally effective in CTI-AFL ablation. Recently, there have been some relevant studies on influences of CF related parameters in CTI-AFL ablation, but results of these small, single center studies were not completely same. Accordingly, we conducted a meta-analysis to assess feasibility, safety and efficacy of CTI-AFL ablation guided by CF related parameters.



2. Methods


2.1. Data sources and search strategies

This meta-analysis was performed referring to established methods (17). An electronic databases search was performed on PubMed, EMbase, Cochrane Library and Web of Science (from inception to July 2022) by two independent reviewers (N.P., J.G.), using the following search terms: “atrial flutter,” “cavotricuspid isthmus,” “catheter ablation,” “radiofrequency ablation,” “contact force,” “ablation index” and “electrical coupling index” with no language restriction. Additional literature was further searched from review articles and references of relevant researches manually. Any discrepancies were arbitrated by the third reviewer (R.W.).



2.2. Study selection and quality assessment

Inclusion criteria were applied as follows: (a) randomized-controlled trials (RCTs) and observational studies on RF ablation of CTI-AFL; (b) compared to procedural parameters and clinical outcomes between CF related parameters-guided and conventional parameters-guided ablation; (c) baseline information and outcome data were complete and accurate. Reviews, case reports, editorials, single cohort studies, and animal studies were excluded. Included studies were not restricted by race, sex, age, or research country.

Two independent reviewers (N.P., J.G.) formally performed quality assessment. RCTs were evaluated using the Cochrane Collaboration bias risk assessment tool (18). Non-RCTs were assessed using the Newcastle-Ottawa Scale (NOS), with scores varying from 0 to 9 depending on the quality of studies, and papers were considered high quality if they scored 7 or higher. Any disagreements were adjudicated by the third reviewer (R.W.).



2.3. Data extraction

Two reviewers (NP and JG) independently extracted the data from the original articles and raw data files of all eligible studies, and entered into a predetermined spreadsheet as follows: (a) study information (first author’s name, published year, research country, type of study design, sample size, parameters that guide ablation); (b) participant characteristics (mean age, male gender, race, and baseline characteristics); (c) outcome indicators: RF duration, total procedural time, fluoroscopy time, RF lesion numbers, average CF values, acute conduction recovery, touch-up needed, recurrence/re-conduction rates, and risk of complications.



2.4. Statistical analysis

Statistical analyses in this meta-analysis were performed with Review Manager (RevMan, version 5.3) and Stata (version 12.0). The mean difference or standard mean difference and respective 95% confidence intervals (95% CI) were used as the measure of data for continuous variables, risk ratio (RR) and respective 95% CI were used as the measure of data for binary variables. If the heterogeneity across studies was less than 50%, data were pooled using fixed-effect model, otherwise, the random-effect model was used. Statistical significance was set as p-value of less than 0.05. Data of continuous variables represented by median and interquartile range were converted to mean and standard deviation to perform data synthesis and statistical analyses after checking for the normal distribution (19, 20). Heterogeneity was assessed by calculating I2 and Cochran Q test, with I2 value more than 50% or p-value of the Q test less than 0.1 was considered evidence of significant inconsistency (21, 22). If heterogeneity was present, sensitivity analysis was conducted to inspect the effect of a single study on the overall risk estimate by omitting one study at a time. Meta-regression analysis was also performed to examine the sources of differences among studies. If a particular covariate had a significant effect on heterogeneity (p < 0.10), further subgroup analysis was performed. We generated funnel plot to assess potential publication bias, and the asymmetry of the plot was evaluated by Egger’s test, with p-value of less than 0.05 indicating apparent asymmetry.




3. Results


3.1. Search results

The thorough literature search resulted in 144 records (141 from electronic databases and three from manual search). 36 duplicate studies were removed from the search results. After screening based on the inclusion and exclusion criteria, 21 studies were selected for full-text review. Of these, 11 studies were further excluded because no clear outcome data or no control group were available. Ten studies were eventually identified and included in the meta-analysis, which involved four RCTs (23–25) and six observational studies (26–31). Figure 1 shows the flowchart of the inclusions and exclusions.
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FIGURE 1
Flow diagram for study identification and inclusion.




3.2. Study characteristics and quality assessment

Included studies were conducted in centers across the United Kingdom, Canada, Denmark, Australia, and Japan. A total of 761 patients were enrolled in the entire cohort, 437 (57.4%) underwent ablation guided by CF related parameters and 324 (42.6%) underwent conventional parameters-guided ablation (control group). The mean age of the participants was 66.1 years, and there were predominantly males (78.2%). Regarding the ablation parameters, seven studies performed procedures guided by CF parameter, two guided by ECI, and one guided by AI. The summary of study characteristics is presented in Table 1. All included studies performed procedures using point-by-point ablation from the tricuspid valve annulus to the inferior cava veins, and clearly verified the bidirectional block after ablation and at procedure end by a separate double potential at the distal bipoles of an ablation catheter during the CS pacing and differential pacing maneuvers.


TABLE 1    Summary of included studies.

[image: Table 1]

The four RCTs were assessed as high quality according to the Cochrane Collaboration criteria, although partial possible biases were unclear. The six observational studies were classified as high quality based on at least seven point of NOS scores, indicating a low risk of bias and suitable for analysis. Figure 2 and Table 2 show the results of quality assessment for RCTs and observational studies, respectively.
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FIGURE 2
Risk of bias summary of included RCTs in the meta-analysis.



TABLE 2    Quality assessment of non-RCTs.
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3.3. Outcomes of procedural parameters

The differences of RF duration, procedural time, fluoroscopy time, average CF values, and number of RF lesions were assessed between the two groups.

RF duration was available in eight studies. Of these, five studies favored the guided by CF related parameters, whereas three studies had the opposite results. Pooled analysis showed that CF related parameters-guided ablation had a statistically significant shorter RF duration (SMD: –0.37, random-effect model, –0.65 to –0.09, p = 0.01; Figure 3A) with moderate heterogeneity across studies (I2 = 52%, p = 0.04 of Q-test).


[image: image]

FIGURE 3
Forest plots comparing (A) RF duration, (B) total procedural time, (C) fluoroscopy time, (D) number of RF lesions and (E) average CF values between the CF related parameter-guided group and the conventional parameter-guided group.


In addition, there were seven studies and eight studies, respectively, reported the procedural time and fluoroscopy time. The results of quantitative synthesis showed that CF related parameters-guided ablation was associated with shorter procedural time (SMD: –0.25, random-effect model, –0.56 to 0.07, p = 0.13; moderate heterogeneity, I2 = 65%) (Figure 3B) and fluoroscopy time (SMD: –0.42, random-effect model, –0.87 to 0.03, p = 0.07; high heterogeneity, I2 = 86%) (Figure 3C) compared to conventional parameters-guided ablation, but did not reach statistical significance.

Regarding the number of RF lesions to achieve CTI bidirectional block, analysis of available data from six studies showed that ablation guided by CF related parameters was associated with less RF lesions compared to that guided by conventional parameters (SMD: –0.35, fixed-effect model, –0.54 to –0.16, p = 0.0003; low heterogeneity, I2 = 39%) (Figure 3D).

Average CF values during ablation were reported in five of the seven studies on CF parameter, with data from three studies of which were available for comparison. The average CF values of CF-guided group was 15.1 grams (g) (from five studies), while that was 13.2 g of control group. Pooled analysis showed that CF-guided ablation was characterize by significantly increased catheter-tissue contact (MD: 2.68, fixed-effect model, 1.26–4.11, p = 0.0002; Figure 3E) with low heterogeneity (I2 = 43%, p = 0.18).



3.4. Ablation efficacy and safety

Ablation guided by CF related parameters was associated with a higher success rate of bidirectional isthmus block after first ablation line achieved according our analysis, which meant less cases needed touch-up (16.6% vs. 24.9%, RR: 0.57, fixed-effect model, 0.39–0.84, p = 0.004; Figure 4A). An extremely low heterogeneity was observed (I2 = 0%, p = 0.91).
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FIGURE 4
Forest plots comparing the (A) touch-up needed after first ablation line, (B) acute conduction recovery, (C) recurrence risk and (D) ablation complications between the CF related parameter-guided group and the conventional parameter-guided group.


A total seven studies reported the information of acute conduction recovery after procedures (approximately 20–30 min after achieving CTI bidirectional block). There was no significant difference between the two groups (7.6% vs. 10.6%, RR: 0.74, fixed-effect model, 0.44–1.24, p = 0.25; Figure 4B) with an extremely low heterogeneity across studies (I2 = 0%, p = 0.48).

In terms of recurrence rates, ablation guided by CF related parameters showed similar risk as the control group (15.4% vs. 15.5%, RR: 1.02, fixed-effect model, 0.66–1.58, p = 0.92; Figure 4C). I2 was 0%, which indicated an extremely low heterogeneity.

The ablation complication risks of the two groups were no statistically significant which the data were obtained from five studies (RR: 0.94, fixed-effect model, 95% CI, 0.59–1.51, p = 0.80; Figure 4D). An extremely low heterogeneity was found (I2 = 0%, p = 0.65).



3.5. Publication bias assessment for included studies

No significant publication biases were found in all nine observed indicators of included studies by funnel plots and Egger’s tests (Figure 5).
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FIGURE 5
Assess the publication bias of (A) RF duration, (B) total procedural time, (C) fluoroscopy time, (D) number of RF lesions, (E) average CF values, (F) touch-up needed after first ablation line, (G) acute conduction recovery, (H) recurrence risk and (I) ablation complications by funnel plots and Egger’s tests.




3.6. Sensitivity analysis and subgroup analysis

Sensitivity analysis was performed to examine the solidity of the results of this work and the sources of heterogeneity between studies. The results of omitting one study at a time showed no significant change in research results and heterogeneity, except for one indicator (the same as in the subgroup analysis).

The intervention group of this study included a total three parameters (CF, ECI, and AI), we thus further performed subgroup analysis to separately evaluate the impact of each parameter on CTI ablation. Since the comparison of average CF values only contained CF parameter, so it was not included in the subgroup analysis. The results of the other six outcome indicators showed that only pooled analysis on fluoroscopy time had significant inter-group heterogeneity (I2 = 94.6%). The source of heterogeneity was the study in AI subgroup, which supported a significant reduction in fluoroscopy time in the intervention group, while the remaining subgroups showed no significant difference (Supplementary Figure 1). Heterogeneity between subgroups of the other outcome indicators was extremely low (I2 = 0%), indicating that different intervention parameters have little influence on the results.



3.7. Meta-regression analysis

The source of heterogeneity was further explored through meta-regression analysis. Covariates included published year, country where research was conducted, study design (RCT or observational study), interventional parameters (CF, ECI, or AI), mean age and male proportion of participants. The detailed results of the meta-regression analysis are showed in Table 3. All of above included covariates are not the main factors affecting heterogeneity between studies (p > 0.10).


TABLE 3    Results of meta-regression analysis for outcome indicators.
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4. Discussion

In this study, we compared the efficacy and safety of CTI ablation between CF related parameters guidance and the conventional method. To our knowledge, it is the first meta-analysis on this issue. The main findings include the following: (1) ablation guided by CF related parameters significantly increases catheter tip-tissue contact; (2) it reduces RF duration and the number of RF lesions but does not significantly reduce total procedural time and fluoroscopy time; (3) it improves the success rate of bidirectional isthmus block after first ablation line achieved, but does not reduce the acute conduction recovery and recurrence rate; (4) it has the same safety compared with the conventional method.

Successful RF lesion formation has been shown to be dependent on transmural necrosis of target tissue, which is associated with several factors including temperature at the catheter-tissue interface, power and time of RF application, among them, good catheter-tissue contact is essential for the formation of effective lesion (9, 32, 33). Previous studies have shown that ablation guided by CF related parameters improved catheter-tissue contact in PVI, and reduced the acute gap formation and conduction recovery (34, 35), despite the latest meta-analysis has shown no significant reduction in recurrence rate (36). Although the value of CF related parameters has been confirmed in AF ablation, they cannot be considered to be identical fully in CTI ablation. Specifically, the structure of CTI is complicated, with the highly non-uniform thickness, as well as the presence of a prominent Eustachian ridge or sub-Eustachian pouches, which may alter the ability to create an adequate ablation lesion (31). Therefore, more stable contact is needed to achieve uniform and effective transmural lesions.

Previous studies have shown that the use of conventional parameters during CTI ablation in the absence of real-time CF sensing resulted in nearly half of all lesions being low CF with marked inhomogeneity of CF in different lesion regions (37). Low CF was implicated in more RF applications, longer time to achieve isthmus block, and increased risk of acute reconnection (27, 31). These findings underscored the importance of real-time CF measurements for optimizing ablation of typical AFL. As a comprehensive review of all relevant high-quality studies, this meta-analysis further confirmed that the use of CF related parameters offered CTI ablation more efficiency. Catheter-tissue contact was significantly increased when the CF was visible, thus reducing the time to acute isthmus block. At the same time, ablation guided by CF related parameters did not result in additional complications, or more steam pops. This is consistent with the results of previous studies of PVI and CTI ablation.

In this study, although no statistically significant differences were found between the two groups in terms of total procedural time and fluoroscopy time, there was a trend toward a decrease in all time parameters in the CF related parameters-guided ablation. We consider that it might be related to the small number of included studies and samples, i.e., sampling error leads to insignificant difference. Moreover, the inexperience of operators in CF related parameters-guided ablation could affect the operation efficiency, which might also lead to potential bias. However, based on the current evidence, CF related parameters guidance cannot be considered to shorten procedural time and fluoroscopy time in CTI ablation.

In terms of ablation effectiveness, although ablation guided by CF related parameters reduces the need for touch-up after completion of the first ablation line, acute reconnection and long-term outcomes are not improved. One possible reason for that is related to inappropriate CF. Specifically, although real-time CF is visible during RF application, the optimal CF value for CTI ablation still has not been confirmed, meaning that the contact may still be poor during ablation and cannot achieve transmural necrosis and lesion durability, thus gradual reconnection may occur after completion of the first ablation line. Furthermore, catheter stability and lesion continuity are also key elements influencing effective linear lesion formation (38, 39). That means excessively wide spacing between ablation points may result in incomplete electrical isolation, and catheter movement during RF application may result in insufficient ablation depth to reach transmural lesions.

In addition to maintain good catheter-tissue contact, adequate energy delivery causing thermal coagulation necrosis is also needed to achieve formation of a line of block across the CTI from the tricuspid annulus to the inferior vena cava, given the inhomogeneity of isthmus anatomy (40). Previous studies have shown that higher power can affect more effective isthmus lines by forming larger and deeper lesions, thus improve the long-term success rate of flutter ablation (41). But it is worth noting that higher power output is also potentially associated with a higher risk of complications, including coronary artery injury, pops, and even cardiac perforation (42). Moreover, the use of large-tip catheters has advantage of creating wider and deeper lesions than the conventional catheter (43). Thereby improving the continuity of lesions. The superior clinical efficacy of 8-mm tip electrode catheter compared to the conventional 4-mm catheter for flutter ablation has been confirmed by several studies (44). However, the optimal power setting has not been established for CF-guided and temperature controlled flutter ablation with large-tip catheters, and that should be investigated in the future to improve the overall efficacy of this procedure.

Recently, high-power short-duration (HPSD) ablation has been proposed as an effective and safe strategy for CTI ablation, allowing for more rapid superficial tissue ablation while avoiding complications associated with deeper lesions (45). Published studies showed the combined use of HPSD and CF technique was associated with a substantial reduction in total RF time compared to using only HPSD or traditional settings (46).

Notably, this meta-analysis involved three different contact parameters (CF, ECI, and AI), so we conducted a subgroup analysis to explore differences of their effects on CTI ablation. The result showed that effects of all three parameters were similar and did not significantly increase the inter-group heterogeneity, except for that on fluoroscopy time. Specifically, the only article involving AI showed a significant reduction in fluoroscopy time in the intervention group, while the other subgroups and the overall result were not statistically significant (29). We re-analyzed the methodology of this study and found that it was the only prospective, non-randomized study, as well as the only one involving Asians. Of note, the intracardiac echocardiography (ICE) was used in this study, which determined potential benefits in terms of reduction of ionizing radiation duration. The combination of CF related parameters and ICE may further improve ablation efficiency and reduce fluoroscopy time (47). More studies are needed in the future to confirmed it, although it does not have the crucial effect on the overall conclusion of this study.

Overall, CF related parameters offer possible incremental benefits in terms of efficiency without sacrificing safety and effectiveness. More studies are needed in the future to determine the exact optimal parameter values and verify its benefits of combination of it and other tools, as noted above.



5. Limitations

A limitation of this study is that some studies are of limited quality, given their characteristics such as non-RCTs, open-label design or funding from related instrument companies, that pose potential bias risk. Another limitation is that, moderate-high heterogeneity is found in some of the results, that should be interpreted with caution. It is associated with the quality of included data was not high enough. Although we have analyzed the source of heterogeneity, its effect on outcomes cannot be fully assessed, given differences of basic characteristics of patients and experience of operators. Furthermore, the limited data of included studies lead a lack of discussion about zero X-ray flutter ablation, a strategy with potential clinical benefits in terms of reduction of ionizing radiation exposure (47). With the rapid development of some facilitated tools, including 3D electroanatomic mapping systems, magnetic navigation and ICE, zero X-ray ablation should be more applied to improve safety of procedures and operators. Finally, due to the limited available ablation data, the effect of CF related parameters guidance on different anatomical segments of CTI during AFL ablation cannot be specifically analyzed.



6. Conclusion

CF related parameters guidance increases catheter-tissue contact in CTI ablation with the comparable safety as compared with conventional method, thus improves the effect of bidirectional isthmus block after first ablation line finished and reduces RF duration. However, it does not reduce the risks of acute conduction recovery and recurrent atrial arrhythmia.
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Background: The impact of ablation parameters on acute tissue lesion formation after pulmonary vein isolation (PVI) has not been sufficiently evaluated in patients with atrial fibrillation. Radiofrequency ablation lesion can be visualized by late gadolinium enhancement cardiac magnetic resonance (LGE-CMR). We sought to quantitatively analyze the relationship between ablation parameter and tissue lesion following PVI at different segments of pulmonary vein (PV) using LGE-CMR.

Methods: Twenty-one patients with atrial fibrillation who underwent PVI procedure were retrospectively enrolled. All patients underwent LGE-CMR examination within 3 days after radiofrequency ablation. Ablation parameters during PVI were documented, including lesion size index (LSI), force–time integral (FTI), power, contact force, temperature, and time of duration. The ablation point was projected onto 3-dimensional (3D) left atrial shell constructed base on LGE-CMR and corresponding image intensity ratio (IIR) was calculated on the same shell. A tissue lesion point was defined when the LGE-CMR IIR was > 1.2.

Results: In total, 1,759 ablation points were analyzed. The ablation parameters and IIRs for each PV segment were significantly different (P < 0.0001). IIRs corresponding to ablation points at posterior of PV tended to be higher than those at non-posterior of PV when similar ablation parameters were applied during ablation. LSI was a better predictor of tissue lesion existence following PVI than FTI, contact force, power, temperature, and duration time at non-posterior wall of PV. The IIR showed positive correlation with LSI at non-posterior wall of PV (non-posterior of right PV, r = 0.13, P = 0.001, non-posterior of left PV, r = 0.26, P < 0.0001).

Conclusion: When similar ablation parameters were applied during PVI, the posterior wall of PV had more severe tissue lesion than non-posterior wall of PV. Therefore, it was reasonable to decrease ablation energy at posterior wall of PV. Moreover, LSI was a better index to reflect tissue lesion quality following PVI at non-posterior of PV.

KEYWORDS
atrial fibrillation, radiofrequency ablation, pulmonary vein isolation, lesion size index, magnetic resonance imaging, late gadolinium


1. Introduction

Radiofrequency catheter ablation is a widely practiced and effective treatment for atrial fibrillation (1). Pulmonary vein isolation (PVI) forms the cornerstone of atrial fibrillation ablation (2). Proper radiofrequency delivery during catheter ablation is crucial to obtain an effective lesion, whereas excessively high radiofrequency delivery can possibly lead to cardiac perforation, steam pop, and collateral damage (3, 4).

The left atrium is a thin-walled tissue in which radiofrequency ablation must be precisely titrated. It has been reported that the left atrium wall thickness is not uniform under the catheter ablation line, and excessive ablation for thin walls may induce potential damage to extracardiac structures (5). Furthermore, histological studies have revealed that the area surrounding the pulmonary veins (PVs) is anatomically heterogeneous (6). Based on these features, we hypothesized that similar ablation parameters applied during radiofrequency ablation may cause different tissue lesion at different location of left atrium.

Power, temperature, time of duration, and contact force are important determinants in ablation lesion formation and are usually monitored during radiofrequency ablation (7). However, these parameters provided limited accuracy in assessing lesion quality (8). Force–time integral (FTI) combines contact force and duration time to provide accuracy information on lesion size (9). However, FTI does not take the important role of power into account. Lesion size index (LSI) is a multi-parametric index that incorporates power, contact force, and duration time. In vitro studies have revealed that LSI provides better real-time information on ablation lesion size than FTI (10). Whether LSI could predict the extent of myocardial tissue lesion in human bodies has not been well investigated.

Late gadolinium enhancement cardiac magnetic resonance (LGE-CMR) is a non-invasive tool used to detect myocardial damage with high sensitivity (11). LGE-CMR imaging allows good visualization of acute ablation lesions (12). The image intensity ratio (IIR) was proposed to homogenize the CMR from different individuals, with an IIR > 1.2 representing unhealthy left atrial tissue intensity (13). We sought to quantitative evaluate the extent of left atrial tissue lesion using IIR.

The purpose of this study was to estimate the relationship between ablation parameter and tissue lesion following PVI at different segments of PV using LGE-CMR IIR.



2. Methods


2.1. Patients

This was a single institution, retrospective, observational study. Participants were identified using the electronic medical record system of the hospital. A total of 536 patients with atrial fibrillation were identified underwent radiofrequency ablation procedure in our center during March 2021–October 2021. Among them 33 patients underwent LGE-CMR examination within 3 days after procedure. Four patients who had previous left atrial ablation and eight patients with inadequate LGE-CMR image quality were excluded. LGE-CMR image exclusion criteria included low quality image with defocus, image with artifacts passing through the left atrial region. Ultimately, 21 patients were included in the analyses. Patients who met the inclusion criteria were consecutively recruited. The flow chart of the study design was shown in Figure 1. Demographic characteristics were recorded from all cases. This study followed the Declaration of Helsinki, the research protocol was approved by the Institutional Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (Approved ID:TJ-IRB20220814).
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FIGURE 1
Flow chart of the study design and outcome. PVI, pulmonary vein isolation; LGE-CMR, late-gadolinium enhancement cardiac magnetic resonance; Mar, March; Sep, September; PV, pulmonary vein.




2.2. PVI procedure and AutoMark setting

Before the ablation procedure, transesophageal echocardiography was performed in all patients to exclude left atrial thrombus. Antiarrhythmic medications were discontinued at least five half-lives before the procedure. After achievement of femoral venous access, a 10-electrode catheter (Inquiry™, St. Jude Medical, MN, USA) was inserted and positioned into the coronary sinus, and a double trans-septal puncture was performed. Through trans-septal accesses, Swarts long sheath (St. Jude Medical, St. Paul, MN, USA) and Agilis steerable sheath (St. Jude Medical Inc., St. Paul, MN, USA) were placed into the left atrium. Heparin was administered to achieve and maintain activated clotting time values of 200–300 s throughout the radiofrequency ablation procedure. Under the guidance of EnSite Velocity TM V5.0 (St Jude Medical, St. Paul, MN, USA) 3-dimensional navigation and mapping system, 3D anatomical model of the left atrium and PV were constructed. Radiofrequency ablation procedure was performed under conscious sedation. Radiofrequency ablation was delivered using an open irrigated, fiber-optic CF-sensing ablation catheter (TactiCath™ Quartz catheter, TCQ, St. Jude Medical, MN, USA). The radiofrequency generator was set at temperature-controlled mode, with the temperature was limited to 43°C. The ablation power was 30 W in the posterior and inferior wall of left PV and 40 W in other areas of PV. The irrigation flow rate was 17–30 ml/min during ablation. The radiofrequency was terminated at each ablation point when the target LSI was reached at 4.0–4.5, and the catheter was moved to an adjacent point. The ablation was performed point by point until the PV potential was completely isolated. Locations and ablation parameters of ablation points were documented on 3D mappings using AutoMark system. This automated system recorded average power, temperature, contact force, duration time, and automatically calculated FTI and LSI when the ablation catheter stayed within the confined area.



2.3. LGE-CMR imaging acquisition and post-processing

All patients underwent LGE-CMR examination within 3 days after the PVI procedure using a 3-Tesla scanner system equipped with a 32 channel cardiac coil. At the time of LGE-CMR examination, all patients were in sinus rhythm. A total of 0.2 mmol/kg gadobutrol was injected 20 min before the examination. Axial projection was performed using a 3D ECG-triggered inversion recovery gradient echo sequence and free-breathing navigator. A total of 30–50 slices were set to obtain complete left atrium coverage.

Late gadolinium enhancement cardiac magnetic resonance images were post-processed using ADAS 3D LA software. Left atrial wall layer was manually drawn at each axial plane and was adjusted by the software automatically to build the 3D shell (Figures 2A, B). The IIR was calculated as each pixel signal intensity to the mean blood pool intensity ratio. IIRs were projected onto the 3D shell of left atrium and were color-coded (Figures 2C, D).
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FIGURE 2
Process for ablation points projected onto LGE-CMR left atrial shell. (A) Acquire axial view of left atrium. (B) Manually drawn left atrial wall contour. (C) Posterior view of 3D color-coded LGE-CMR shell. (D) Anterior view of 3D color-coded LGE-CMR shell (E) 3D electroanatomic map of left atrium. (F) The merge of LGE-CMR shell and electroanatomic map. Ablation points were projected onto the surface of 3D LGE-CMR shell of left atrium. IIR, image intensity ratio.




2.4. LGE-CMR imaging and electroanatomic map correlation

Ablation points were projected onto the surface of 3D electroanatomic map (Figure 2E). Processed LGE-CMR left atrial shells were merged with the 3D electroanatomic maps using ADAS 3D LA software (Figure 2F). The fused model was refined using a series of characteristic fiducial points, for example, aortic root, mitral annulus, left ventricular apex, and left atrium, to further align the local mismatch of the two surfaces. Ablation points with projection distance > 5 mm further from the LGE-CMR shell surface or points projected onto wrong segment of PV were excluded from the analysis. Each PV antrum was divided into 8 segments under the ablation line, including roof, anterior-superior, anterior-carina, anterior-inferior, bottom, posterior-inferior, posterior-carina, and posterior-superior (Figure 3). The areas around the PVs were further divided into four anatomical regions, including non-posterior of right PV, posterior of right PV, non-posterior of left PV and posterior of left PV. The number of visual gaps in each segment was calculated. Visual gap was defined as a site > 4 mm with no gadolinium enhancement under the ablation line (14).
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FIGURE 3
Segmentation of the pulmonary vein. RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; R-R, right roof; R-AS, right anterior superior; R-AC, right anterior carina; R-AI, right anterior inferior; R-B, right bottom; R-PI, right posterior inferior; R-PC, right posterior carina; R-PS, right posterior superior; L-R, left roof; L-AS, left anterior superior; L-AC, left anterior carina; L-AI, left anterior inferior; L-B, left bottom; L-PI, left posterior inferior; L-PC, left posterior carina; L-PS, left posterior superior; PV, pulmonary vein.




2.5. Statistical analysis

Statistical analysis of the data was performed using SPSS 25.0 software. Categorical variables were expressed as number (%), and data were compared using the χ2 test or Fisher’s exact test. For continuous variables, the normality test was firstly performed. Data were presented as the mean ± standard deviation (SD) or median (interquartile range, IQR) for continuous variables. The differences between two groups were analyzed using unpaired t-tests for normal distribution variables. The Mann–Whitney test were performed to compare non-normally distributed variables. The level of statistical significance was set at P < 0.05.




3. Results


3.1. Patient Characteristics

Between March 2021 and October 2021, 33 patients with atrial fibrillation received PVI ablation procedure and underwent LGE-CMR examination within 3 days after ablation. Four patients who had previously undergone left atrial ablation procedure were excluded. Eight patients were ruled out due to poor LGE-CMR image quality. Twenty-one patients who met the inclusion criteria were retrospectively included (Figure 1). Baseline characteristics of the patients were presented in Table 1. The average age of the patient population was 60 ± 5 years and 12 out of 21 (43%) were men. Sixteen patients had paroxysmal atrial fibrillation, and five patients had persistent atrial fibrillation. PVI was successfully performed in all patients. No major complications were observed during the ablation procedure.


TABLE 1    Baseline characteristics of the population (N = 21).
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3.2. Regional variations of IIR, ablation parameter, and visual gap

A total of 1,759 ablation points were analyzed in this study. These ablation points were assigned to eight segments of PVs according to where they were projected on the left atrial shell. The ablation parameters applied at each PV segment showed large variation. Ablation parameters including LSI, FTI, power, temperature, and time of duration were lower at posterior wall (posterior-superior, posterior-carina, posterior-inferior) of left PV (Figure 4A and Table 2). The lowest contact force was observed at the left anterior inferior wall (left anterior carina, left anterior inferior, left bottom) of left atrium (Figure 4A and Table 2). The IIRs of the left atrial tissue corresponding to the ablation points were calculated using ADAS software. Figure 4B showed the distribution of IIR at each segment of PV. Posterior wall of PV had relatively higher IIR than non-posterior wall of PV. LSI applied during PVI were divided into 3 different levels. Compared with IIRs at posterior wall of PV, we found that IIRs at non-posterior wall of PV were higher when similar levels of LSI were applied (Figure 5A). Other ablation parameters were also divided into 3 different level groups, similarly, IIRs at posterior wall of PV tended to be higher than non-posterior wall of PV among these groups (Figures 5B–F). Visual gaps were detected in 12 (75%) PV segments (Supplementary Figure 1). A total of 16 (76.2%) patients showed at least one visual gap. The greatest number of visual gaps was six and were located in the anterior-carina of right PV. No gaps were detected in the posterior-carina, posterior-superior, bottom of left PV and posterior-carina of right PV. Furthermore, visual gaps concentrated in the anterior and roof walls [36 (81.8%)]. The incidence rate and distribution of gaps on LGE-CMR images were similar of those reported by other authors (15, 16).
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FIGURE 4
Image intensity ratio and ablation parameters of each PV segment under the ablation line. (A) The distribution of LSI, FTI, duration, power, contact force, and temperature at each segment of PV. (B) Myocardial wall image intensity ratio of each PV segment under ablation line. LSI, lesion size index; FTI, force–time integral; R-R, right roof; R-AS, right anterior superior; R-AC, right anterior carina; R-AI, right anterior inferior; R-B, right bottom; R-PI, right posterior inferior; R-PC, right posterior carina; R-PS, right posterior superior; L-R, left roof; L-AS, left anterior superior; L-AC, left anterior carina; L-AI, left anterior inferior; L-B, left bottom; L-PI, left posterior inferior; L-PC, left posterior carina; L-PS, left posterior superior; RPV, right pulmonary vein; LPV, left pulmonary vein.



TABLE 2    Ablation parameters for each segment under the ablation line.
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FIGURE 5
Comparison of image intensity ratios between different locations of left atrium under different level ablation parameter categories. Comparison of the image intensity ratio between non-posterior of right PV, posterior of right PV, non-posterior of left PV and posterior of left PV with three levels of (A) LSI, (B) FTI, (C) power, (D) duration, (E) contact force, (F) temperature applications. LSI, lesion size index; FTI, force–time integral; CF, contact force; T, temperature; ns, non-significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




3.3. Prediction of tissue lesion existence after PVI at different anatomical locations of PV

Tissue lesion point was defined when corresponding IIR was > 1.2. The LSI, FTI, power, temperature, and time of duration corresponding to the tissue lesion points were lower at posterior wall of left PV (Supplementary Figure 2). Receiver operating characteristic (ROC) curves were made for LSI, FTI, power, contact force, temperature, and time of duration to determine the parameter that best predict tissue lesion point existence. At non-posterior of right PV, LSI showed the best prediction value with an area under the ROC curve of 0.733 (95% CI 0.676–0.790) (Figure 6A). Similarly, LSI showed the best prediction value at non-posterior of left PV with an area under the ROC curve of 0.703 (95% CI 0.647–0.759) (Figure 6B). The LSI > 4.15 was highly predictive of tissue lesion existence at non-posterior of right PV (sensitivity 70.8%, specificity 66.8%). The LSI > 3.95 was highly predictive of tissue lesion existence at non-posterior of left PV (sensitivity 78.6%, specificity 58.6%). The areas under the ROC curves of these ablation parameters were close to 0.5 at posterior of PV, indicating that these ablation parameters had poor predictive performance of tissue lesion existence (Supplementary Figures 3A, B).
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FIGURE 6
Prediction of tissue lesion existence after pulmonary vein isolation. (A) Receiver operating characteristic curve analysis for tissue damage existence predictability at non-posterior of right PV. LSI showed the best predictive value with an area under the Receiver operating characteristic (ROC) curve of 0.733 (95% CI 0.676–0.790). Area under the ROC curve for FTI, contact force, temperature, power and duration was 0.661, 0.665, 0.646, 0.582, and 0.514, respectively. The best cutoff value for LSI for tissue lesion was 4.15 (sensitivity 70.8%, specificity 66.8%). (B) Receiver operating characteristic curve analysis for tissue damage existence predictability at non-posterior of left PV. LSI showed the best predictive value with an area under the ROC curve of 0.703 (95% CI 0.647–0.759). Area under the ROC curve for FTI, contact force, temperature, power and duration was 0.668, 0.549, 0.635, 0.600, and 0.651, respectively. The best cutoff value for LSI for tissue lesion was 3.95 (sensitivity 78.6%, specificity 58.6%).




3.4. Relationship between IIR and LSI at different anatomical locations of PV

Positive correlations between IIR and LSI were found at non-posterior of right PV and non-posterior of left PV (r = 0.13 P = 0.001, r = 0.26 P < 0.0001, respectively) (Figures 7A, C). The IIR was not linearly correlated with LSI at posterior of right PV and posterior of left PV (r < 0.01 P = 0.9399, r = −0.04, P = 0.5284, respectively) (Figures 7B, D).
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FIGURE 7
Correlation between image intensity ratio and LSI. (A) Positive correlation between image intensity ratio and LSI at non-posterior of right PV (r = 0.13). (B) There was no correlation between image intensity ratio and LSI at posterior of right PV. (C) Positive correlation between image intensity ratio and LSI at non-posterior of left PV (r = 0.26). (D) There was no correlation between image intensity ratio and LSI at posterior of left PV.





4. Discussion

This study described a new application of LGE-CMR IIR in evaluating the relationship between ablation parameter and left atrial tissue lesion following PVI. Our major findings were as follows: (1) Compared with non-posterior wall of PV, the posterior wall of PV had higher IIR when similar ablation parameters were applied during ablation. (2) ROC curve analysis identified that at non-posterior of PV, LSI was a better predictor of acute tissue lesion existence following PVI than FTI, contact force, average power, temperature, and duration time. (3) There were positive correlations between IIR and LSI at non-posterior wall of PV.

According to current atrial fibrillation ablation guidelines, lower radiofrequency energy applied on the posterior wall of the left atrium is recommended to reduce the risk of esophageal damage (2). The ablation procedures in this study were in line with the guidelines as lowest ablation parameters including LSI, FTI, power, temperature, and time of duration were observed at posterior of left PV. Consistent with previous studies that atrial ridge between ipsilateral PVs may reduce catheter stability (17, 18), we found contact force was lowest at left anterior inferior wall of PV. Several previous studies have reported that the thickness of the left atrial wall varies at different locations under the ablation line, with the posterior wall being thinner than the anterior wall of PV (5, 16, 19, 20). For thicker wall, the ablation parameters sufficient to create transmural lesions are higher. Conversely, excessive ablation for thin walls may bring damage to extracardiac structures. Furthermore, the composition of left atrial wall was not uniform at different anatomical site of left atrium, which may influence the conduction of radiofrequency heat to deep myocardial tissue (6). In this study, we found that IIRs tended to be higher at posterior wall of PV compared to the anterior wall of PV when similar ablation parameters were applied during PVI. Moreover, visual gaps concentrated in the non-posterior wall of PV. These results suggested that posterior wall of PV was more vulnerable to ablation injury. The ablation parameters applied at posterior wall of left PV were lower, while the corresponding IIR values were higher than non-posterior wall of PV. Therefore, the posterior wall of PV, especially the left posterior wall of PV, does not require excessive ablation during PVI. Firstly, it was easy to achieve adequate ablation efficacy in posterior wall of PV. Secondly, the extensive ablation energy delivered to the posterior wall of the left atrial might increase the incidence of atrial esophageal fistula.

The generation of myocardial lesion is the basis of successful atrial fibrillation ablation (21, 22). Power, temperature, duration time, and contact force are important parameters that determinate lesion quality (7). The FTI is an ablation index that combining contact force and radiofrequency time. Several studies have shown the correlation between FTI and lesion dimension during ablation in vitro (9). Recently, the LSI was developed to allow better prediction of lesion size. In vitro validations have shown that LSI was a better predictor of radiofrequency lesion dimension than contact force and FTI (10). The optimal LSI for creating appropriate ablation tissue lesion during PVI has not been verified. Our study found that LSI > 3.95 (sensitivity 78.6%, specificity 58.6%) was highly predictive of tissue lesion existence at non-posterior of left PV and LSI > 4.15 (sensitivity 70.8%, specificity 66.8%) showed relatively high sensitivity for predicting tissue lesion existence at non-posterior of right PV. The results indicated that LSI was a better predictor of tissue lesion existence following PVI than FTI, contact force, power, temperature, and duration time at the non-posterior wall of PV in patients with atrial fibrillation. However, ablation parameters had poor predictive performance for tissue lesion existence at posterior wall of PV. The posterior wall of PV was more vulnerable to ablation injury. The application of lower ablation parameters on the PV posterior wall would also lead to the IIR of the ablation point easily reaching the set threshold of 1.2, resulting in the area under the ROC curve was approaching to 0.5. This suggested that ablation parameters such as LSI were less accurate in determining ablation lesion existence at posterior wall of PV than at other PV segments. Moreover, CMR image resolution might also have an influence on this result. When ablation produced sufficient atrial tissue lesion but did not show high signal intensity on CMR image, the accuracy of ablation parameters in predicting atrial tissue lesion existence would also be less estimated.

Late gadolinium enhancement cardiac magnetic resonance has been used to visualize tissue lesion induced by radiofrequency ablation (15). Previous studies have defined ablation lesions as LGE sites with signal intensity 2 SD higher than healthy left atrial wall (23). IIR reflected the extent of myocardial tissue damage, and IIR ≤ 1.2 was the LGE-CMR threshold for healthy left atrial tissue in healthy individuals (13). Therefore, IIR > 1.2 identified the existence of left atrial tissue lesion. Ablation points were projected onto the post-processed left atrium LGE-CMR shells and IIRs of left atrial tissue corresponding to ablation points were obtained. We found that IIR increased with increasing LSI at non-posterior of PV, whereas the correlation was less marked at posterior of PV. The contrast agent entered into the cardiac tissue and presented high signal intensity when myocardial was damaged by radiofrequency ablation (24). The IIR value was mostly dependent on the amount of contrast agent distributed in the myocardium. At posterior wall of PV where the tissue lesion was relatively severe, the contrast agent distributed in the myocardial tissue might reach saturation. In this case, the IIR no longer continued to increase and reached a plateau at posterior wall of PV. Given the above results, we speculated that a real-time measurement of LSI during PVI might reflected the tissue lesion at non-posterior wall of PV in human bodies. Although the LSI has been well established, it is sometimes difficult to achieve first-pass PVI even with LSI-guided procedures (25). In our study, we found LSI was less accurate in determining acute ablation lesion at posterior wall of PV than at other areas under the ablation line. LSI is a multi-parametric index that considering contact force, power, and duration time of ablation. However, LSI does not take into account regional variations of left atrial tissue, such as composition and thickness. Our results suggested that LSI could be optimized to obtain a better novel parameter to reflect radiofrequency lesion, and LGE-CMR could be used as a tool to quantitative assess the predictive accuracy of optimized novel parameter to perform PVI in the future.



5. Study limitations

The present study has several limitations. First, this was a retrospective single center study, and selection bias could not be ruled out. Second, LGE-CMR examination could not be performed on patients with chronic kidney disease. Thus, the study results could not be generalized to such populations. Third, patients did not undergo LGE-CMR examination before radiofrequency ablation procedure. Therefore, we were unable to determine whether myocardial damage was entirely caused by radiofrequency ablation. There might had existed tissue damage of the left atrium under the ablation line. Fourth, patients did not undergo LGE-CMR re-examination 3 months after ablation procedure. Creating durable transmural radiofrequency lesions are quite important for the success rate of atrial fibrillation ablation, whether acute tissue lesion formation after PVI reflected by LGE was correlated with durable transmural radiofrequency lesion formation has not been explored in our study. Fifth, left atrial tissue damage was evaluated only in the acute phase, prospective studies with larger sample sizes and with long term re-examination of LGE-CMR are needed to identify the correlations between ablation characteristics and long-term clinical outcomes.



6. Conclusion

This study demonstrated that posterior of PV was more vulnerable to radiofrequency ablation lesion than non-posterior of PV when similar ablation parameters were applied. At posterior wall of PV, radiofrequency ablation needs to be more caution and does not require excessive ablation. LSI was a better predictor of tissue lesion existence following PVI than FTI, contact force, power, temperature, and duration time and there was a correlation between IIR and LSI at non-posterior wall of PV. Moreover, quantitative LGE-CMR IIR could be used as a tool to evaluate the relationship between ablation parameters and tissue lesion quality after PVI.
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Background: Single-ring isolation (SRI) of the pulmonary veins and the left atrial post wall (LAPW) is an accepted strategy in atrial fibrillation ablation. Whether SRI combined with superior vena cava isolation (SVCI) could further increase the success rate of paroxysmal atrial fibrillation (PAF) has not been reported.

Objective: This study aimed to investigate whether SRI combined with SVCI was feasible and whether it could improve the success rate of PAF ablation.

Methods and results: In our study, sixty patients with PAF from May 2019 to March 2021 were included. SRI plus SVCI was completed with ablation index (AI)-guided high-power ablation. The success rates of SRI and SVCI were 100% and 97%, respectively. One-pass SRI was achieved in 41 out of 60 patients, with 19 out of 60 patients requiring additional ablation to complete the SRI. SVC was not isolated in 2 out of the 60 cases due to concerns about the phrenic nerve (PN) injury. Among the enrolled patients, 2 patients had anomalous pulmonary veins (PVs) (common ostium of inferior PVs). SRI was applied to achieve the PV and PW isolation. After ablation, one patient had an ischemic stroke but recovered without severe morbidity. The average follow-up period was (20 ± 7) months, and single-procedure freedom from atrial arrhythmia was 91.7%. AT/AF recurred in five patients, and 2 out of 5 patients underwent redo ablation. The multi-procedure freedom from atrial arrhythmia was 95%.

Conclusion: Our novel ablation strategy, SRI combined with SVCI, in patients with PAF was feasible and safe, with a relatively high success rate.

KEYWORDS
 ablation, catheter, pulmonary vein isolation, paroxysmal atrial fibrillation, superior vena cava isolation, common ostium of pulmonary veins, single ring isolation, left atrial posterior wall isolation


Introduction

The muscle sleeves around the pulmonary veins (PVs) are an established source of ectopic beats, initiating frequent paroxysms of atrial fibrillation (AF) (1). Pulmonary vein isolation (PVI) is the cornerstone of catheter ablation of AF (2). Commonly, two separate rings around the ipsilateral PVs are used (3, 4). However, the non-pulmonary vein (PV) ectopic beats initiating PAF should also be taken into account, especially the left atrial posterior wall (LAPW) (5). Previous studies reported that single-ring isolation (SRI) for paroxysmal and persistent AF and long-term freedom from arrhythmia were comparable to other AF ablation techniques (6–8). In addition, the superior vena cava (SVC) has been shown as one of the most important sites of non-PV AF triggers, and SVC isolation (SVCI), in addition to PV isolation, reduces the recurrence of AF (9–13). SRI plus SVCI in PAF has not been reported, and whether such an ablation strategy could improve the success rate of catheter ablation of PAF is unknown.

The aim of this study was to investigate the safety and feasibility of this ablation strategy for PAF and its success rate.



Methods


 Patient selection

From May 2019 to March 2021, 60 patients with PAF were included in our study. PAF was defined as a sustained episode lasting≦7 days. The exclusion criteria included valvular AF, history of cardiac surgery, dialysis or heart failure (LVEF < 30% and New York Heart Association classification III or IV), left atrial thrombus, and age over 80 years. Written informed consent was obtained from all patients. All data were analyzed retrospectively and anonymously. Our study protocol has been approved by the Wuhan Asian Heart Hospital Ethical Committee.



General principles of ablation

The procedure was performed under general anesthesia using the CARTO 3 System (Biosense Webster, Diamond Bar, CA). A decapolar coronary sinus (CS) catheter was introduced via the left subclavian vein. When two atrial septal punctures were completed, the following two catheters were introduced via the femoral vein: (1) an irrigated-tip radiofrequency (RF) ablation catheter (ThermoCool SmartTouch STSF; Biosense Webster) and (2) a multipolar mapping catheter (Pentaray; Biosense Webster). The target activated clotting time was 300–350 s. A left atrial 3D electroanatomical map using the CARTO 3 System was obtained with the Pentaray® catheter. The linear ablation was completed under AI-guided high-power ablation pattern. High-power (45 W; temperature 43°C; saline irrigation 15 ml/min) ablation was applied until the AI target was achieved (Figures 1A,B). The VisiTag module was used during the ablation (catheter stability range of motion of 3 mm for 5 s; force ranges 10–15 g for 70% of the time; Biosense Webster). Serious procedure-related complications were defined as cardiac tamponade, thromboembolic complications, phrenic palsy, PV stenosis, or atrioesophageal fistula.


[image: Figure 1]
FIGURE 1
 (A,B) Schematic figure of ablation strategy used in this study.




Single-ring isolation of pulmonary veins and PLA

The single-ring isolation line was divided into six segments as follows: the roof of the left PV, the roof line, the roof of the right PV, the anterior wall of the right PV, the ridge, and the inferior line. The ring was started from the roof of the left PV, followed by the ablation of the ridge, the inferior line, the roof line, the roof of the right PV, and the anterior wall of the right PV. The ablation line was completed at the bottom of the right PV (Figures 2A,B). The AI (ablation index) target was set to 450 for the LA roof and the posterior inferior line and 500 for the ridge and the anterior of the right PVs. The procedural endpoint of SRI was defined as follows: (1) PVs and LAPW potential disappeared or dissociated potentials as coronary sinus (CS) pacing (Figures 2C,D) and (2) pacing at the LAPW to identify the LAPW exit block (Figures 3A,B). If the PVs and PW were not isolated when the ablation line was completed, activation mapping was used to locate the gaps. Pacing at the distal CS/proximal CS (CSd/CSp) was performed to locate the gaps, and additional ablation was performed until the PVs and LAPW isolation was achieved (Figures 3C,D, Supplementary Video 1).


[image: Figure 2]
FIGURE 2
 (A) Sequence of linear ablation. (B) The ablation line was completed at the bottom of the right pulmonary veins (blue dots indicate the last ablation point). (C) When the ablation line was completed, PVI was also completed (red arrows). (D) Autonomic potentials recorded with PENTARAY® catheter within the ablation line.



[image: Figure 3]
FIGURE 3
 (A) The PENTARAY® catheter was placed at the LAPW. (B) Efferent blocks could be recorded when pacing at the LAPW. (C) Activation mapping when pacing at the distal CS (CSd). The gap was located along the ablation line (blue dots). (D) Additional ablation was performed at the gap, and the potential was eliminated (red arrows).




SVC isolation

Before the SVCI, the PENTARAY® catheter was placed at the SVC right atrium (RA) junction guided by SVC angiography. The regions of SVC were divided into four segments as follows: anterolateral, lateral, posterolateral, and septal. The order of ablation was the septal, anterolateral, and posterolateral. High-output pacing (output 10–15 V; pulse width 2–4 ms) was performed around SVC, and the phrenic nerve (PN) capture sites were marked before ablation. Automated lesion annotation was performed using the VisiTag module. Ablation power was 45 W at septal and 25 W at lateral, and the AI target was set to 400. Ablation was terminated immediately at the time of detectable reduction in diaphragmatic contraction strength. The marked PN capture sites were skipped to avoid PN injury (Figures 4A,B). The endpoint of SVCI was the elimination of SVC sleeve potentials or complete conduction block of SVC potentials to the right atrium.


[image: Figure 4]
FIGURE 4
 (A) Pacing was performed around SVC, and the phrenic nerve (PN) capture sites were marked (white dots). The marked PN capture sites (white dots) were skipped during the SVCI ablation (red dots). (B) The SVC potentials disappeared during the ablation (red arrows).




Postprocedural management and follow-up

All patients received proton pump inhibitors (PPI) (80 mg per day orally) for 4 weeks after ablation. Use of anti-arrhythmic drugs during the blanking period was allowed, but discontinuation after the blanking period was strongly recommended.

After the index ablation procedure, follow-up at 1, 3, 6, 12, and 24 months and beyond was scheduled for each patient. Briefly, a 7–14 day Holter ECG was acquired at 3, 6, 12, and 24 months after the operation. In addition to the scheduled follow-up, telephone follow-up has been carried out by dedicated follow-up commissioners, and patients were strongly recommended to visit the clinics for Holter ECG monitoring if they felt palpitation, shortness of breath, or irregularity of pulses. Arrhythmia recurrence was defined as any AF/AT episode lasting over 30 s after the 90-day blanking period.



Statistical analysis

Continuous data were given as mean ± SD. Categorical variables were given as absolute numbers with percentages. Freedom from atrial arrhythmia recurrence during follow-up was analyzed using survival analysis, including Kaplan–Meier estimates and Cox regression. Odds ratios were presented with 95% Cl. A P-value ≦ 0.05 was deemed statistically significant. All statistical analyses were completed using SPSS (Version 26, IBM Corp. Armonk, NY, USA).




Results


Patient characteristics

From May 2019 to March 2021, a total of 60 patients were included. Baseline characteristics are summarized in Table 1. The mean age was 60 ± 9 years, and 41 (68.3%) of them were men. The mean left atrial diameter was 38.6 ± 4.9 mm. A CHA2DS2-VASc score below 3 was obtained on 35 out of 60 (58.3%) patients. All patients were treated with oral anticoagulants (NOACs), and 45 out of 60 (75%) patients were treated with antiarrhythmic drug (AAD) therapy after index ablation during the blanking period. All other patients had an intolerance or contraindication to chronic AAD therapy.


TABLE 1 Patient baseline characteristics.
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Clinical outcome

The procedural data are shown in Table 2. The total procedural time was 109.9 ± 52.9 m and the fluoroscopy time was 29.6 ± 14.5 m. Acute SRI and SVCI rates were 100 and 97%, respectively.


TABLE 2 Procedural characteristics and complication.
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Single-ring isolation

In 41 out of 60 patients, one-pass SRI was achieved. In 37/41 of patients, SRI of PVs and LAPW were achieved when the ablation line was completed at the bottom of the right PV. In 4 our of 41 cases, the left PV potential was eliminated with ablation line sparing. To be specific, in 2 patients, left PVs were isolated after the ridge and roof ablation lines were completed. In 2 (5%) patients, left PVs were isolated when ablating at the right posterior-superior right PVs, after the left ridge line, the roof line, and the inferior line were completed (Figure 5).


[image: Figure 5]
FIGURE 5
 The left PV isolation was achieved with ablation line sparing. (A) The left PV isolation was achieved after the ridge and roof lines were completed. (B) The elimination of the left PV potential (red arrow) when the ridge line and the left PV roof lines were completed. (C) The superior and inferior left PVs were isolated when ablating at the roof near the right superior PV after the left ridge line and the inferior line were completed. (D) The elimination of the left PV potentials (red arrow) when ablating at the roof near the right superior PV.


In the remaining 19 out of 60 (31.7%) patients, additional ablation was necessary to achieve PVI and PWI. Gaps were defined as the earliest activation points on the ablation line or within the circle when pacing was at CS. The most common gaps were located on the roof line near the right superior pulmonary vein (RSPV), accounting for 10 (16.7%) gaps. At the ridge of the left PVs, two gaps (3.3%) were located, and at the middle of the inferior line, one gap (1.7%) was located. In 6 (10%) patients, the gaps were within the circle, over 10 mm away from the ablation lines, suggesting the conduction of epicardial insertions.

Superior vena cava isolation

Isolation of SVC was attempted in all patients during the index ablation. In all patients, the PNs were captured, and the capture points were marked. In 58 (96.7%) patients, the SVCI was achieved. A total of 10 SVCIs were completed at the septal wall, 12 at the anterolateral and septal walls, 14 at the posterolateral and septal walls, and 22 at the anterolateral and septal walls and the posterolateral wall. The SVCI was not completed in 2 cases due to concerns about the phrenic nerve (PN) injury. After isolation of SVC, pacing at the SVC markers was repeated to check whether PN was injured. After SVCI, one patient had decreased diaphragmatic contraction, which was restored 15 min later.



Complications

During the follow-up period, one patient had an ischemic stroke but recovered fully after medical treatment. Two patients had minor groin hematomas. There were no deaths or other severe complications like cardiac tamponade, PV/SVC stenosis, the sinoatrial node, phrenic nerve injury, major bleeding, PV stenosis, and atrioesophageal fistula.



Follow-up

The average follow-up period was 20 ± 7 months. There were no deaths or any stroke/TIA events. Notably, 45 (75%) patients were taking AAD, and all patients were taking NOACs. After their de novo ablation, 55 (91.7%) patients remained free from >30 s AF/AT (Figure 6). Transient AF or AT episodes lasting less than 30 s were noted in 3 (5%) patients. Recurrences were recorded in 5 (8%) patients, of which 4 had paroxysmal AF and 1 had organized atrial tachycardia. Among the 5 patients, 2 underwent redo ablation for paroxysmal AF episodes. In the redo ablation, the conduction of both the PVs and the LAPW had been recovered. In one patient, a gap was located at the ridge of the left PVs. In the other patient, the gap was located at the bottom of the right inferior PV. SVC potential had not recovered in these 2 patients. In addition, the 2 patients were continuously followed after their redo ablations, and no recurrence was recorded. Altogether, 57 (95%) patients remained free of AF/AT episodes lasting over 30 s after multiple ablations.


[image: Figure 6]
FIGURE 6
 Survival curve after the single catheter ablation procedure.





Discussion


Main findings

This is the first attempt to an investigation of the ablation strategy using SRI combined with SVCI for PAF. SRI plus SVCI could be completed safely. It shows potential for improving clinical outcomes in contrast to previous studies (14, 15). SRI is particularly suitable for patients with the common ostium of the inferior pulmonary veins.



Single-ring isolation of pulmonary veins

Some previous studies reported the ablation technique of SRI for paroxysmal and persistent AF (6, 16) and that SRI could improve the success rate (7, 17). However, it also had the following disadvantages: the single-ring ablation line was relatively long and it was difficult to isolate the PVs at the initial ablation attempt. In this study, we used AI-guided high-power ablation to ensure durable lesion formation, considering the VISITAG SURPOINT was a lesion-quality marker that improved the outcomes of AF ablation (18, 19). At the same time, high-power ablation has also been proven to be effective in PVI ablation (20). In our study, one-pass single-ring PVI could be completed in most of the patients without additional ablation (41/60, 68%). We postulated that high power could be effective in achieving the transmural tissue injury and that AI-guided ablation could monitor the stability of the catheters, both of which could improve the success rate of SRI.

We would have expected that the four pulmonary veins would be isolated simultaneously after the ablation line was completed. However, in four cases, before the ablation line was completed, the left pulmonary vein potential disappeared. The left pulmonary vein may have a less fibrous connection with the posterior wall of the left atrium as well as the right PV.

For the patients whose PVs and LAPW potential were not eliminated after the ablation lines were completed, activation mapping under CS pacing was effective in locating the gaps. In our study, 19 out of 60 patients needed additional ablation to complete the electrical isolation. Gaps at the roof line close to the right superior PV were located in 10 out of 19 cases. The relatively thicker atrial muscle and more atrial fibers crossing this region may have contributed to this result (21, 22).

On the LAPW wall, 6 gaps were located far from the ablation lines (Figures 7A,B, Supplementary Video 1). Recent research showed that the septopulmonary bundle (SPB) mediates epicardial conduction across the roof line to the LAPW (23–25). When the PVs and LAPW potential were not isolated, epicardial connections on the LAPW should also be taken into account.


[image: Figure 7]
FIGURE 7
 (A) Activation mapping under the CS pacing. The earliest activation site was located on the LAPW (white arrows). (B) During the additional ablation at the LAPW earliest activation point, the potential disappeared. (C,D) The common ostium of inferior pulmonary veins of the anatomical models.




The common ostium of inferior pulmonary veins (PVs)

The common ostium of the inferior pulmonary veins (COIPV) is an uncommon anatomical variation of the PVs (Figures 7C,D), as reported in previous studies (26, 27). It is rare but challenging for PVI ablation (28, 29). Yu et al. (28) used the “tri-circle” strategy to finish the circumferential PV isolation, and Li et al. (30) used the second-generation cryoballoon at the ostium of the left and right inferior pulmonary veins. The above methods inevitably increase the ablation dosing of LAPW. SRPVI could isolate the PVs with unusual PV anatomical variation (common left PV ostium, common right PV ostium, COIPV, and supernumerary PVs), without increasing the ablation dosing on the LAPW.



Electrical isolation of the SVC

Previous studies showed that additional SVCI could improve the success rate of PAF (10, 12, 31). However, SVC ablation might be related to complications such as PN injury and sinus node injury (32, 33). To prevent the occurrence of PN injury, the electrical isolation of the SVC can be achieved by segmental ablation, and PN pacing was required during ablation or before ablation. It was very important to precisely locate the junction according to SVC angiography as well as to maximize the marked diaphragmatic capturing sites with high output pacing at the lateral segment of SVC. Although we safely accomplished most of the SVCI, there was still one patient who had a transient decrease in diaphragmatic contraction after ablation. Ablation near the site of diaphragmatic stimulation requires great care, although we observed reduced power consumption in this area.




Conclusion

Ablation strategy (SRI combined with SVCI) appears to be an effective and safe strategy for paroxysmal atrial fibrillation. It is a promising ablation strategy for patients with the common ostium of inferior PVs.


Limitations

This was an uncontrolled retrospective single-center study with a small sample size, and prospective randomized controlled studies and future studies with larger samples are needed to confirm its validity.
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Premature ventricular contractions (PVCs) stemming from the aortic sinus cusp often have preferential conduction to two exits in the outflow tract and exhibited two different morphologies of PVCs, which may render radiofrequency catheter ablation (RFCA) difficult. A 67-year-old male patient underwent RACF for premature ventricular contractions (PVCs) characterizing by bi-morphology (left and right bundle branch block) on electrocardiogram. Dynamic changes in QRS morphology during ablation and evident local voltage potentials during electro-anatomical mapping were critical for identifying the real foci of origin of PVCs. Successful ablation was achieved at the left-right coronary cusp commissure.
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Highlights


-Dynamic changes in QRS morphology of premature ventricular contractions (PVCs) during ablation and evident local voltage potentials during electro-anatomical mapping were critical for identifying the real foci of origin of PVCs.

-Premature ventricular contractions (PVCs) stemming from the left-right coronary cusp commissure often show preferential conduction to the RVOT.

-Bi-morphic QRS (LBBB and RBBB with an inferior axis) on ECG before the procedure may facilitate successful ablation of PVCs.





Introduction

Premature ventricular contractions (PVCs) and ventricular tachycardia (VT) have plentiful origins, which are widely distributed in both the right and left ventricles, including outflow tract, the vicinity of the tricuspid/mitral annulus and the His bundle, the papillary muscle, and so on (1). PVCs usually have one exit showing a single QRS morphology, but sometimes have multiple exit sites showing polymorphic QRS in both the right ventricular outflow tract (RVOT) and left ventricular outflow tract (LVOT) with preferential pathways (2–6). Variation of PVCs origins and morphology, especially dynamic changes in QRS during ablation, is a challenge to location and ablation of PVCs (3, 4, 7). In addition, a local voltage potential (LVP) preceding the onset of the surface QRS during PVCs, may help identify the origin of PVCs, according to a previous study (8). Here, we report a case of PVCs, whose successful ablation depended on dynamic alterations in QRS morphology during ablation and evident local voltage potentials during electro-anatomical mapping, originating from the left-right coronary cusp commissure (L-RCC).



Case report

The patient was a 67-year-old man with a 2-year history of shortness of breath and frequent palpitation while resting. And he had a history of hypertension and coronary heart disease. The symptoms could not be explained by these diseases, because that LV ejection fraction (69%) was kept within reasonable bounds, and local stenosis in the middle left anterior descending coronary artery was unchanged compared to 2 years ago. In addition, electrocardiogram (ECG) was normal during sinus rhythm. However, a serious of ECGs show frequent bi-morphic PVCs characterized by left bundle branch block (LBBB) and/or right bundle branch block (RBBB) in Figure 1, whose QRS wave were upright in leads II, III, and aVF (an inferior axis). The PVCs with inverted (LBBB) and upright (RBBB) QRS wave in lead V1, were defined as PVC-1 and PVC-2, respectively. The coexistence of PVC-1 and PVC-2 was reconfirmed in the preoperative 24 h of ambulatory Holter monitoring, and PVC burden was 22,915 (26.3%), which was mainly composed of PVC-1. The symptomatic PVCs were refractory to antiarrhythmic medications. Therefore, this patient was referred for radiofrequency catheter ablation (RFCA) of the PVCs.


[image: image]

FIGURE 1
Twelve lead-ECG recorded before the procedure showing sinus rhythm, PVC-1, and PVC-2. ECG, electrocardiogram; PVC, premature ventricular contraction.


After informed written consent was given, the electrophysiologic study and RFCA for the PVCs were carried out using conventional fluoroscopically guided mapping, according to a previous report (3). The PVCs were featured with PVC-1 before the ablation procedure, suggesting that they originated from RVOT. Subsequently, electro-anatomic mapping (CARTO, Biosense Webster) of RVOT was performed using a 3.5-mm open irrigated tip (SmartTouch, Biosense Webster). The foci of origin of PVCs was determined using detailed activation and pace mapping. The site of earliest activation (−36 ms before the onset of the surface QRS), was distinguished, which was located in the anterior septum of RVOT (Figure 2A). Radiofrequency ablations (35 W, 17 ml/min, 2 min, 45°C) in this location reduced the occurrence of PVC-1, but the onset of PVC-2 shortly became frequent. Then, we performed electro-anatomical mapping in the aortic sinus cusp. The site of earliest activation (−41 ms before the onset of the surface QRS), was identified near the left coronary cusp (LCC) (Figure 2B). PVC-2 disappeared after similar ablation, but surprisingly, PVC-1 reappeared. However, Discrete and fragmented LVPs related to reappearing PVC-1 were observed near this ablation site, and then a systematical electro-anatomical mapping was again added to the aortic sinus cusp (ASC) based on previous research (3). The L-RCC was focused (−44 ms before the onset of the surface QRS) and PVC elimination was achieved after ablation in this location (Figure 2C). This patient recovered well and have been symptom-free for 3 months after discharge.
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FIGURE 2
Activation mapping of PVCs. (A) Intracardiac ECG (left panel) and electro-anatomic map (right panel) obtained during activation mapping of PVC-1 in the anterior septum of RVOT. (B) Intracardiac ECG (left panel) and electro-anatomic map (right panel) obtained during activation mapping of PVC-2 near the LCC. (C) Intracardiac ECG (left panel) and electro-anatomic map (right panel) obtained during activation mapping of PVC-1 at the L-RCC. The bipolar ECG exhibited the LVP preceding the QRS onset, and electro-anatomic map showed ablation site in different electro-anatomic mapping areas. ECG, electrocardiogram; LCC, left coronary cusp; L-RCC, the left-right coronary cusp commissure; LVP, local voltage potential; MAP1, unipolar ECG; MAP1-2, bipolar ECG; RCC, right coronary cusp; PVC, premature ventricular contraction; RVOT, right ventricular outflow tract.




Discussion and conclusion

Premature ventricular contractions (PVCs) and ventricular tachycardia (VT) originating from the ASC, which are typically regarded as originating from the LCC, the L-RCC, or the right coronary cusp (RCC), often show preferential pathway to RVOT, resulting in a LBBB morphology on ECG (3). In our case, we present PVCs with two morphologies (LBBB and RBBB with an inferior axis) on ECG, whose successful ablation was achieved at the L-RCC. Importantly, the QRS morphology surprisingly changed twice during ablation, and obvious LVPs were recorded during mapping, which were crucial to determination the real site of origin of PVCs.

Despite alteration in QRS morphology during ablation has been previously reported (4, 7), the reappearance of the QRS morphology (PVC-1) related to LBBB during ablation, was firstly described in the current case. Our findings further supported the hypothesis that PVCs originating from the ASC often show preferential conduction to the RVOT, exhibiting more LBBB and less RBBB on ECG. Moreover, the sequential shift from PVC-1 to PVC-2 to PVC-1, especially the reappearance of PVC-1, indicated that preferential conduction may be functional.

It is reported that LVPs are recorded close to the site of origin of ventricular ectopy in the vast majority of patients with idiopathic outflow tract ectopy, and LVPs may reflect an area of depressed conductivity known to be a prerequisite for experimental ventricular ectopy (8). Similarly, discrete and fragmented LVPs provided clues for the final successful ablation foci in this case. Of note, LVPs represents the area of impaired and anisotropic conduction, which may be an explanation for preferential conduction.

The process of ablation was not smooth due to misinterpretation of the PVCs origin. After several electro-anatomical mappings, attempted ablation was delivered sequentially at the RVOT, the site near the LCC, and the L-RCC. Luckly, successful ablation was achieved at the L-RCC. However, two QRS morphologies of PVCs (LBBB and RBBB with an inferior axis) on ECG, which may feature two breakout sites and only a single origin, could be a predictor of PVCs originating from ASC, according to a preceding report (3). Thus, bi-morphic QRS may have important implications for RACF in the current case. Specifically, on condition that the ablation at the RVOT was unsuccessful, electro-anatomical mapping should be added to the ASC without hesitation, which may make the operation effortless and efficient.

In the present case, our results have important clinical implications. Firstly, dynamic changes in QRS morphology of PVCs during ablation and evident LVPs during electro-anatomical mapping indicate PVCs may originate from the ASC. Secondly, bi-morphic QRS (LBBB and RBBB with an inferior axis) on ECG before the procedure may facilitate successful ablation of PVCs.
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Background: Impairment of conduction across Bachmann’s Bundle (BB) may cause advanced interatrial block (a-IAB), which in turn is associated with development of atrial fibrillation. However, the exact relation between a complete transverse line of conduction block (CB) across BB and the presence of a-IAB has not been studied.

Objective: The aims of this study are to determine whether (1) a complete transversal line of CB across BB established by high resolution mapping correlates with a-IAB on the surface ECG, (2) conduction abnormalities at the right and left atria correlate with a-IAB, and (3) excitation patterns are associated with ECG characteristics of a-IAB.

Methods: We included 40 patients in whom epicardial mapping revealed a complete transverse line of CB across BB. Pre-operative ECGs and post-operative telemetry were assessed for the presence of (a) typical a-IAB and de novo early post-operative AF (EPOAF), respectively. Total atrial excitation time (TAET) and RA-LA delay were calculated. Entry site and trajectory of the main sinus rhythm wavefront at the pulmonary vein area (PVA) were assessed.

Results: Thirteen patients were classified as a-IAB (32.5%). In the entire atria and BB there were no differences in conduction disorders, though, patients with a-IAB had an increased TAET and longer RA-LA delay compared to patients without a-IAB (90.0 ± 21.9 ms vs. 74.9 ± 13.0 ms, p = 0.017; 160.0 ± 27.0 ms vs. 136.0 ± 24.1 ms, p = 0.012, respectively). Patients with typical a-IAB solely had caudocranial activation of the PVA, without additional cranial entry sites. Prevalence of de novo EPOAF was 69.2% and was similar between patients with and without a-IAB.

Conclusion: A transverse line of CB across BB partly explains the ECG characteristics of a-IAB. We found atrial excitation patterns underlying the ECG characteristics of both atypical and typical a-IAB. Regardless of the presence of a-IAB, the clinical impact of a complete transverse line of CB across BB was reflected by a high incidence of de novo EPOAF.
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epicardial mapping, Bachmann’s Bundle, atrial fibrillation, interatrial block (IAB), ECG


Introduction

Bachmann’s Bundle (BB) is the main preferential route for interatrial conduction (1, 2). Data from recent studies suggest that conduction disorders at BB are involved in the pathophysiology of atrial fibrillation (AF) (3, 4), but the mechanistic relationship is yet to be elucidated. Impairment of conduction across BB causes advanced interatrial block (a-IAB), which is in turn strongly associated with development of supraventricular tachycardia, including AF (5–7).

The relationship between BB and a-IAB was substantiated by the observation that a surgical lesion across BB resulted in electrocardiogram (ECG) characteristics similar to a-IAB; namely, biphasic P waves appearing particularly in the inferior leads of the surface ECG (8). These ECG characteristics have been attributed to a caudocranial activation of the left atrium (LA) due to other dormant interatrial connection, but exact activation patterns underlying a-IAB are scarcely reported (7, 9). Introduction of typical and atypical a-IAB—subvariants of a-IAB based on alternative ECG patterns–has further complicated understanding of the excitation patterns (10).

Importantly, the relation between a complete transverse line of conduction block (CB) across BB in patients with ECG features of a-IAB has never been investigated, even though this is thought to underlie a-IAB (8). Recent reports even suggest that the site of CB is not between right atrium (RA) and LA, but rather the roof of the LA (11, 12). Epicardial mapping during cardiac surgery provides a unique methodology to examine impairment of conduction across BB on a high-resolution scale. The aims of this study are therefore to determine whether (1) a complete transversal line of CB across BB established by high resolution mapping correlates with a-IAB on the surface ECG, (2) conduction abnormalities at the right and left atria correlate with a-IAB, and (3) excitation patterns are associated with ECG characteristics of a-IAB.



Materials and methods


Study population

Patients (≥18 years) undergoing elective cardiac surgery with or without a history of AF were included in this current study. Exclusion criteria were hemodynamic instability, presence of an implanted pacemaker with atrial pacing, previous cardiac surgery, end-stage renal failure, or severely impaired left ventricular function. This study is part of the QUASAR (MEC 2010-054) and Halt and Reverse (MEC 2014-393) studies, which follow the declaration of Helsinki principles (13, 14). Patient characteristics were obtained from electronic medical files. Written informed consent was obtained from all patients.



Identification of inter-atrial conduction block

For this study, we solely selected patients in whom epicardial mapping revealed a complete transverse line of CB (impairing longitudinal conduction) across BB, which was defined as a continuous line of CB from the superior to the inferior border of BB (Figure 1 left panel). Subsequently, pre-operative ECGs of these patients were evaluated by two independent investigators for signs of advanced (atypical) a-IAB as described by Bayes de Luna et al. including a P wave duration ≥120 ms and biphasic P wave morphology in leads II, III and aVF (10). P wave duration was measured both manually and automatically by using custom-made MEANS-algorithm (15). We classified our selected patients into patients with a-IAB (typical or atypical a-IAB) and patients without a-IAB. Subsequently, we subdivided patients with a-IAB into patients with typical and atypical a-IAB based on the presence or absence of a biphasic P wave in lead II, respectively (10).
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FIGURE 1
The left panel shows an example of a complete line of conduction block across BB, ranging from the superior border up to the inferior border. The right panel shows examples of activation patterns at the pulmonary vein area (PVA). In example A and C the PVA is activated in a caudocranial direction, in B and D craniocaudal direction. In examples A, B, and C the entry sites of the wavefronts are, respectively caudal, cranial and mid right-sided. In example D, there are two entry sites of the wavefront, one left-sided and one cranial. Black lines indicate conduction block. Black arrows show the direction of the wavefront. BB, Bachmann’s bundle; LAVG, left atrioventricular groove; PVA, pulmonary vein area; RA, right atrium; SVC, superior caval vein; IVC, inferior caval vein.




Mapping procedure

Prior to initiation of extracorporeal circulation, epicardial mapping was performed during cardiac surgery at the RA, BB, and LA, consisting of the left atrioventricular groove (LAVG) and pulmonary vein area (PVA) (13). A schematic overview of the atrial mapping sites is provided in the Figure 1 lower part. Mapping was performed during sinus rhythm (SR), with either a custom-made 128- or a 192-unipolar electrode array (inter-electrode distances of both arrays: 2 mm). At every mapping site, signals were recorded during SR for 5 s, including a surface ECG, bipolar reference electrode and a calibration signal of 2 mV and 1,000 ms. Recordings were amplified with gain 1,000, sampled with a rate of 1 kHz, filtered with bandwidth 0.5–400 Hz, analog-to-digital converted (16 bits) and stored on hard disk.



Data processing

Mapping data was analyzed by using custom-made software previously described in detail (13). Color-coded local activation time maps were constructed by annotating the steepest negative atrial deflection. Mapping locations were excluded when deflections were marked in less than 40% of the mapping array due to a poor signal-to-noise ratio. Atrial extra systolic beats were excluded. For every mapping location [RA, BB, LA (= LAVG + PVA)] total activation times (TAT) were calculated by finding the first and last activation of the corresponding mapping sites compared to the bipolar reference electrode. Similarly, total atrial excitation time (TAET) for both atria, including BB, was determined. Furthermore, the time difference between first activation at the RA and onset of LA activation (RA-LA delay) was determined.

Conduction times (CTs) were calculated by calculating the difference in local activation time between adjacent electrodes. Similar to previous studies, CB was determined as CT differences of ≥12 ms between two electrodes (16). If an area of conduction delay (CD, CTs 7–11 ms) was connected to a CB area it was labeled as a continuous CDCB area (cCDCB). The prevalence of CB was determined as the percentage CTs ≥12 ms in comparison to all CTs.

In order to elucidate the ECG characteristics of a-IAB, we investigated the activation patterns at the LA. Both entry site and trajectory of the main SR wavefronts at the pulmonary vein area (PVA) were determined, as illustrated in the Figure 1 right panel. The direction of the wavefront was assessed for caudocranial excitation (Figure 1 panel B and D) and the presence additional cranial entry sites (Figure 1 panel D).



Detection of post-operative atrial fibrillation

Cardiac rhythms of all patients were continuously recorded from the moment of arrival on the surgical ward to the end of the fifth post-operative day using bedside monitors (Draeger Infinity™, Lübeck, Germany). Automatic algorithms were used to detect early post-operative AF (EPOAF) episodes lasting >30 s. All episodes detected by the software were cross-checked by two blinded operators in order to eliminate potential false positive registrations induced by artifacts.



Statistical analysis

Normally distributed continuous variables were expressed as mean ± standard deviation, skewed variables as median values with interquartile ranges and categorical data as numbers and percentages. Continuous data was analyzed using the Mann–Whitney U-test or independent t-test and categorical data with χ2 or Fisher exact test when appropriate. A P-value <0.05 was considered statistically significant. All statistical analyses were performed with IBM SPSS statistics for Windows, version 25 (IBM Corp., Armonk, NY, USA).




Results


Baseline characteristics

A total of 40 patients were included [age: 71.5 ± 7.3 years, 30 male (75.0%)]. The indication for surgery for most patients was ischemic heart disease (n = 18, 45.0%), followed by aortic valve disease (n = 16, 40%), and mitral valve disease (n = 6, 15.0%). Thirteen patients (32.5%) had a history of AF; only one patient (2.5%) had atrial flutter.

Based on the aforementioned Bayes de Luna criteria, only 13 patients were classified as a-IAB (32.5%) [patients without a-IAB n = 27 (67.5%)]. The median time interval between the pre-operative ECGs and cardiac surgery was 15 days (interquartile range: 6–22 days). Baseline characteristics of both patient groups are described in Table 1. Patients with a-IAB did not differ from patients without a-IAB, except for age; patients with a-IAB were older than patients without a-IAB (74.9 ± 6.6 years vs. 69.9 ± 7.1 years, p = 0.038).


TABLE 1    Baseline characteristics.
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Relation between a-IAB and conduction properties

As demonstrated by the boxplots in Figure 2A, TAT-BB did not differ significantly between patients with a-IAB and patients without a-IAB (75.7 ± 19.7 ms vs. 65.0 ± 13.2 ms, p = 0.051, respectively). While long TAT-BB were expected in all patients, three patients (1 a-IAB, 2 no a-IAB) had a considerably shorter TAT-BB compared to other patients. Figure 2B demonstrates color-coded activation time maps from two of these patient with short TAT-BB. The left and right color-coded maps correspond to a patients with a-IAB and a patient without a-IAB, respectively. Although both patients have a similar TAT-BB, the entry site of the SR wavefront into BB is different between the patients. In the patient without a-IAB, the earliest activation at BB is a wavefront entering in the corner of the right atrial site. In contrast, in the patient with a-IAB the earliest wavefronts emerge from the middle of BB, indicated with a white star in Figure 2. Hence, these wavefronts did not originate from the RA site of BB, indicating an obstruction between the superior RA and the RA insert site of BB, inhibiting a right-to-left activation of BB. Thus, even though the TAT-BB is short in this patient, the BB activation pattern of the patient with a-IAB still suggests an abnormal route of wavefront propagation during SR.
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FIGURE 2
In the left panel, boxplots depict the differences in activation time (A) and prevalence of CB (C) at BB between the no a-IAB and a-IAB group. In the right panel, color-coded activation maps of BB show examples of a short TAT of BB in a patient from the no a-IAB group (B) and one from the a-IAB group (B). See the text for further description. Activation maps are depicted with 10 ms isochrones and arrows showing the main direction of wavefront propagation. Black lines indicate an area of CB and a star represents an epicardial breakthrough wave. AT, activation time; BB, Bachmann’s bundle; CB, conduction block; IHD, ischemic heart disease; LA, left atrium; MVD, mitral valve disease; RA, right atrium.


Besides the complete transverse line of CB across BB, multiple additional lines of CB were also present at BB. However, the amount and maximum length of CB at BB, including the complete transverse line, did not differ significantly between patients with or without a-IAB [amount of CB: 9.1 ± 4.6% vs. 7.5 ± 3.1%, p = 0.194; maximum CB length: 32 (24–48) mm vs. 34 (24–40) mm, p = 0.776, respectively], as shown in Figure 2C.

RA—LA delay was longer in the a-IAB group (Figure 3A; a-IAB: 90.0 ± 21.9 ms vs. no a-IAB: 74.9 ± 13.0 ms, p = 0.017). In addition, TAET was also longer in the a-IAB group (Figure 3B, a-IAB: 160.0 ± 27.0 ms vs. no a-IAB: 136.0 ± 24.1 ms, p = 0.012). However, no differences were found in TAT-RA or TAT-LA between both groups [RA: a-IAB: 82 (63.8–115.3) ms vs. no a-IAB: 82.3 (71.9–95.3) ms, p = 0.794; LA: a-IAB: 69.5 (60.8–90.9) ms vs. no a-IAB: 56.0 (51.0–71.0) ms, p = 0.096]. Thus, although there is a longer RA-LA delay and TAET in patients with a-IAB, there is no preferential site of conduction slowing in RA or LA.
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FIGURE 3
The left and right boxplots show (A,B) the time differences in LA activation delay and total atrial excitation time between the no a-IAB and a-IAB groups. RA, right atrium; LA, left atrium.


Caudocranial activation of the main SR wavefront at the PVA was present in patients with a-IAB 91.7%, while only 70.8% of the patients without a-IAB had a caudocranial activation (p = 0.224). Caudocranial activation is thus frequently observed in patients with a-IAB, however it is not specific for a-IAB as it is also common in patients without a-IAB. Additional excitation of the PVA via a cranial entry was equally often present in patients with a-IAB and patients without a-IAB (41.7% vs. 58.3%, p = 0.345, respectively).



Development of EPOAF

The prevalence of de novo EPOAF was as high as 69.2% (18/26 patients). However, the prevalence of de novo EPOAF did not differ between patients with and without a-IAB (62.5% vs. 72.2%, p = 0.667, respectively).



Typical a-IAB vs. atypical a-IAB

In the entire study population, typical and atypical a-IAB were present in respectively, five and eight patients. Seven patients had ECGs corresponding to type 1 atypical a-IAB (87.5%) and 1 (12.5%) had type 2 atypical a-IAB. Patients with typical a-IAB pattern were older than patients with atypical a-IAB (80.1 ± 2.9 years vs. 71.7 ± 6.2 years, p = 0.017, respectively). Development of de novo EPOAF did not differ between these groups (typical a-IAB: 66.7% vs. atypical a-IAB: 60.0%, p = 1.000).

Patients with typical and atypical a-IAB differed in entry site of SR wavefronts at the PVA. An additional cranial entry site was never present in patients with typical a-IAB, while 71.4% patients with atypical a-IAB had a cranial entry site (p = 0.028). All patients with an additional cranial entry site also had caudal or mid-right entry site of the main SR wavefront. Therefore, both groups, except for one patient in the atypical a-IAB group, showed caudocranial activation of the PVA during SR.

In addition, patients with typical a-IAB had longer TAT-LA compared to patients with atypical a-IAB (84.6 ± 14.4 ms vs. 58.8 ± 16.8 ms, p = 0.031, respectively). As shown in Supplementary Table 1, with exception of TAT-LA, patients with typical a-IAB demonstrated similar conduction properties as patients with atypical a-IAB.




Discussion


Key findings

This high-resolution epicardial mapping study revealed that a-IAB is only present in a part of the patients with a complete transverse line of CB across BB. In the entire RA, LA and BB there were no differences in conduction disorders. Nevertheless, patients with a-IAB had a delayed onset of LA activation and increased TAET in comparison to patients without a-IAB. Patients with typical a-IAB showed only a single caudocranial propagating wavefront activating the PVA, and TAT-LA was increased compared to patients with atypical a-IAB. Independently of the presence of a-IAB, patients with a complete transverse line of CB at BB demonstrated a high incidence of de novo EPOAF.



Pathophysiology of a-IAB

Although impaired conduction at BB may underlie a-IAB (8), only one-third of our patients had ECG characteristics of (a) typical a-IAB. We therefore provide evidence that a-IAB is not solely related to interatrial conduction at BB. The low prevalence of a-IAB in this study can be explained by the presence of alternative (preferential) interatrial conduction routes. In humans, there is significant inter-individual variation in interatrial conduction through various routes, which include conduction (1) anteriorly via BB, (2) posteriorly via myocardial pathways or bridges at the level of the right pulmonary veins (also known as fossa ovalis connections), and (3) inferiorly via myocardial sleeves extending from the coronary sinus to the inferior part of the LA (17–20). The SR wavefront propagates predominantly across the anterior pathway (21). In up to one-third of the patients, initial LA breakthrough during SR is observed in the fossa ovalis region, which corresponds to conduction via the posterior interatrial connection (21). Variability in number, location, and thickness of these interatrial connections may partly explain why some individuals develop a-IAB whereas others do not. If interatrial conduction across BB is impaired, some patients will have the posterior route as an alternative option and will avoid a-IAB on ECG. However, other patients, who lack interatrial impulse propagation in the anterior and posterior parts of the interatrial septum due to advanced remodeling, will be dependent on the inferior route for interatrial conduction. They will therefore have caudocranial activation of the LA and a-IAB on ECG.

We observed no clear preferential sites for conduction slowing in the RA and LA, though patients with a-IAB did have delayed onset of LA activation and longer TAET, which suggests that conduction is likely also impaired outside the regions that are mapped, such as other interatrial conduction pathways. Compared with healthy controls, patients with AF indeed have more often impaired conduction across the anterior and posterior interatrial connections (4, 22).

Several studies have investigated the direct relation between injury of BB and ECG changes corresponding to a-IAB (8, 23, 24). In an animal model, Waldo et al. showed that a surgical lesion across the middle of BB resulted in ECG characteristics similar to a-IAB (8). Mikhaylov et al. demonstrated that ablation at the anteroseptal RA—close to the insertion of BB–will result in a-IAB on ECG (23). Moser et al. highlighted the importance of various inputs (muscle strands) of BB onto the LA for development of a-IAB (24). BB has both superficial epicardial fibers connecting to the left atrial appendage, as well as fibers from deeper layers coursing close the right pulmonary vein. Distal injury of either tract will therefore not directly result in a-IAB. In addition, BB is also connected with other parts of the atria through various (epicardial) bundles (19). For example, a posterosuperior bundle joins the posterior part of BB from the posterior right atrial wall. A wavefront entering BB in the center of the mapping array, as observed in the example in Figure 2B, can also be explained by the finding that BB is connected to the surrounding myocardial tissue as it transverses the interatrial groove. This mid-entry wavefront presumably originates from other interatrial septal pathways and continues at BB.



Caudocranial activation

All patients with a-IAB in our study had caudocranial activation of the PVA, except for one patient with atypical a-IAB. Moreover, patients with typical a-IAB never had an additional cranial entry site at the PVA. The electrophysiological mechanism underlying the ECG pattern seen in typical a-IAB had only been investigated in a few patients (9, 11, 21). Cosio et al. also found caudocranial activation of the LA in three patients with a-IAB during catheterization (11). In a more recent mapping study, it was demonstrated in two patients with a-IAB that the LA is activated only via the coronary sinus and not via BB or the interatrial septum (21). We now provide evidence that right to left propagation over BB is completely interrupted in patients with a complete transverse line of CB at BB and typical a-IAB, as these patients did not have a cranial entry site at the PVA region.

In 2018 Bayes de Luna et al. introduced atypical a-IAB, with a variety of p-wave morphologies in the inferior leads, but with a terminal negative component in lead aVF, which still indicates caudocranial activation of the LA (10). Bayes de Luna et al. defined three subtypes of atypical a-IAB, which include (1) the terminal component of the P wave in lead II to be “isodiphasic” (flat rather than negative), (2) the terminal component of the P wave in lead II to be “biphasic” (“negative-positive”) and (3) first component of the P-wave to be isodiphasic in leads III and aVF, but biphasic in lead II (which requires ectopic atrial rhythms as differential diagnosis). In our mapping study, we only found ECGs corresponding to type 1 (n = 7) and type 2 atypical a-IAB (n = 1). In these patients the LA was predominantly activated by a caudocranial wavefront, though a (small) wavefront entering the cranial LA was still present. The presence of an extra cranial entry site in patients with atypical a-IAB could be responsible for the different terminal component of the p-wave in II, which corroborates why these patients have atypical a-IAB on ECG instead of typical a-IAB.



Early post-operative atrial fibrillation

While a-IAB is strongly associated with development of AF, patients with and without a-IAB did not differ in the incidence of de novo EPOAF (5–7). For that reason, in patients with a complete line of CB on BB, a-IAB does not seem to further contribute to development of EPOAF. Instead the presence of a-IAB in our patients may rather be an indicator of extensive (electrical and/or structural) remodeling than a culprit itself in the development of AF. However, the incidence of de novo EPOAF is still considerably high in these patients compared to other populations undergoing cardiac surgery (25). Patients with mitral valve disease are considered to have the highest risk of developing EPOAF with a prevalence between 29.9 and 44.1% (25). In patients with an complete line of CB on BB, almost 70% of the patients developed EPOAF, which is considerably higher than patients with mitral valve disease. Conde et al. found a similar prevalence of EPOAF (66.7%) in 36 patients with a-IAB undergoing coronary artery bypass grafting (26). In line with our findings, Teuwen et al. already demonstrated that patients with long lines of transverse CB (>12 mm) across BB had a three times higher risk to develop EPOAF (4).

Currently, various mechanisms and risk factor factors for EPOAF have been suggested, and many preventive treatments for this arrhythmia have been proposed, but the prevalence of POAF remains substantial and troublesome (27). Our results provide further insights into the development of EPOAF by characterizing its pre-existing arrhythmogenic substrate. A deeper understanding of the underlying mechanisms of EPOAF will help better identify patients at risk for EPOAF, which could stimulate novel (preventive) treatments.



Limitations

The surface ECG was obtained prior to the mapping procedure, so there was no simultaneous registration of the surface ECG and electrograms. We did not perform endocardial mapping of the interatrial septum, as this is not possible in the current setting.




Conclusion

In the present study, we demonstrated that a complete transverse line of CB across BB partly explains the ECG characteristics of a-IAB. Patients with a-IAB had a delayed onset of LA activation and increased TAET. We found atrial excitation patterns underlying the ECG characteristics of both atypical and typical a-IAB. Patients with typical a-IAB solely had caudocranial activation of the PVA, without additional cranial entry sites. Regardless of the presence of a-IAB, the clinical impact of a complete transverse CB at BB was reflected by a high incidence of de novo EPOAF.
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Background: Late reconnections (LR) of pulmonary veins (PVs) after wide antral circumferential ablation (WACA) using point-to-point radiofrequency (RF) ablation are common. Lesion size index (LSI) is a novel marker of lesion quality proposed by Ensite Precision mapping system, expected to improve PV isolation durability. This study aimed to assess the durability of LSI-guided PVI and the risk factors for LR of PVs.

Methods: The prospective study included 33 patients with paroxysmal atrial fibrillation (PAF) who underwent (1) the index LSI-guided WACA procedure (with target LSI of 5.5-6.0 for anterior and 5.0-5.5 for posterior WACA segments) and (2) the 3-month protocol-mandated re-mapping procedure in all patients, irrespective of AF recurrence after the index procedure. Ablation parameters reported by Ensite mapping system were collected retrospectively. The inter-lesion distance (ILD) between all adjacent WACA lesions was calculated off-line. Association between index ablation parameters and the LRs of PVs at 3 months was analyzed.

Results: The median patient age was 61 (IQR: 53–64) years and 55% of them were males. At index procedure, the first-pass WACA isolation rate was higher for the left PVs than the right PVs (64 vs. 33%, p = 0.014). In addition, a low acute reconnection rates were observed, as follows: in 12.1% of patients, in 6.1% of WACA circles, in 3.8% of WACA segments and in 4.5% of PVs. However, the 3-month remapping study revealed LR of PV in 63.6% of patients, 37.9% of WACA circles, 20.5% of WACA segments and 26.5% of PVs. The LRs were identified mostly along the left anterior WACA segment. Independent risk factors for the LR of WACA were left-sided WACA location (OR 3.216 [95%CI: 1.065–9.716], p = 0.038) and longer ILD (OR 1.256 [95%CI: 1.035–1.523] for each 1-mm increase, p = 0.021). The ILD of > 8.0 mm showed a predictive value for the LR of WACA, with the sensitivity of 84% and specificity of 46%. A single case of cardiac tamponade occurred following the re-mapping invasive procedure. No other complications were encountered.

Conclusion: Although the LSI-guided PVI ensures a consistent PVI during the index procedure, LRs of PVs are still common. Besides the LSI, the PVI durability requires an optimal ILD between adjacent lesions, especially along the anterior lateral ridge.
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atrial fibrillation, catheter-ablation, pulmonary vein isolation, pulmonary vein reconnection, lesion size index, WACA, durability


Introduction

Pulmonary vein isolation (PVI) using wide antral circumferential ablation (WACA) guided by 3D mapping system is a cornerstone of catheter-ablation (CA) for paroxysmal atrial fibrillation (PAF) (1). However, achieving durable PVI is challenging, requiring multiple procedures in 20-40% of patients (1). A long-term quality of WACA lesion using point-to-point ablation is related to many factors, including catheter tip-to-tissue contact force (CF), power output, catheter stability, time of radiofrequency (RF) delivery, distance between neighboring lesions and atrial wall thickness (2). If the parameters that ensure transmurality and continuity of WACA lesion(s) were determined, it could improve the PVI durability after single CA.

The CF measuring catheters facilitate creation of more effective lesions (3, 4). Although the force-time integral (FTI)-guided ablation increases PVI durability compared with routine CF-guided ablation, 40% of the patients still exhibited late reconnections (LR) of pulmonary veins (PVs) (4). The lesion size index (LSI) is a novel marker of lesion quality that combines FTI and applied power, and has been shown to strongly correlate with RF lesion width and depth in vitro (5). Recently, the AutoMark module of the Ensite mapping system (Abbott, USA) for automated lesion tagging has been proposed to generate a tag only if prespecified requirements during lesion formation are met, thus providing an opportunity for better standardization and reproducibility of the PVI procedure (6). Although these technological advancements are expected to reduce LR of PVs, the PVI durability after LSI-guided WACA using the AutoMark software for automated lesion tagging is not reported yet.

The study objectives were: (1) to determine the durability of the index LSI-guided PVI performed with assistance of the AutoMark software, and assessed by the 3-month protocol-mandated invasive remapping procedure in patients with PAF, and (2) to evaluate the risk factors for the LR of PVs.



Materials and methods


Patient selection

This prospective, single-center study was conducted in Clinical Center of Serbia. Of 148 consecutive CA procedures for AF, performed between November 2017 and January 2019, 115 procedures were excluded from further analysis due to non-paroxysmal AF (n = 35), substrate ablation beyond PVI (n = 17), re-do CA (n = 25), PVI not guided by LSI (n = 37) or patient refusal of the follow-up invasive procedure (n = 1).

Therefore, the study group (n = 33) consisted of patients with PAF, who underwent the two-step ablation strategy, consisting of the index LSI-guided PVI as a stand-alone CA treatment and the 3-month repeat invasive procedure. All patients provided written informed consent and the study protocol was approved by the hospital ethics committee.



The index PVI procedure

All patients received optimal preprocedural anticoagulation for 4-6 weeks and all antiarrhythmic drugs (AADs) were discontinued for at least 3-5 half-lives before CA (1). The invasive procedure was performed under a deep sedation with propofol, midazolam, fentanyl and/or ketamine. The procedure strategy was previously presented in details elsewhere (7). After selective PV angiography, the left atrial (LA) geometry was collected by circular duo-decapolar catheter (20 mm diameter, AF Focus II, Abbott, USA) and electro-anatomical mapping system (Ensite Precision, Abbott, USA); afterward, the 3D map was integrated with the segmented computed tomography (CT) image of the LA. The esophagus was segmented from the CT scan to visualize its relation to the posterior LA and to optimize selection of the ablation trajectory.


The WACA circle ablation

Ipsilateral PVs were isolated in pairs by WACA circle lesions, consisting of adjacent point-by-point RF lesions deployed approximately 1-2 cm away from PV ostia, Figure 1. Initially, each WACA circle was divided into the 2 segments: the “anterior” segment, including superior and anterior WACA regions, and the “posterior” segment, consisting of inferior and posterior WACA regions, Figure 1A. During WACA ablation, residual PV activity was monitored using circular catheter. Ablation started at superior WACA region and continued along the predetermined WACA line, encircling both ipsilateral PVs. The ablation end-point was entrance and exit PV-LA block, confirmed by usual pacing maneuvers (7). If both ipsilateral PVs were not isolated during the first-pass WACA, further ablation was guided by PV activity on the circular catheter. The isolation status of ipsilateral PVs was re-evaluated using circular catheter 30 minutes after their initial isolation. All acute PV(s) reconnections were re-mapped and closed by additional regional ablation. The patients with history of typical atrial flutter (AFL) underwent cavo-tricuspid isthmus ablation (1).
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FIGURE 1
Schema representing ipsilateral PV isolation by left and right WACA circles and the sites of reconnections (A). Each WACA circle was anatomically divided into the anterior segment (dark red dots) and the posterior segment (light red dots). The point-to-point LSI-guided ablation of the anterior segment was performed with target LSI from 5.5 (superior region of WACA) to 6.0 (anterior region of WACA). Ablation of the posterior segment was performed with target LSI from 5.0 (posterior region of WACA) to 5.5 (inferior region of WACA). The sites of the acute and the late WACA segment reconnections are illustrated by blue circles and red triangles, respectively. The posterior view of the left atrium (B). The lesion tags were annotated automatedly by the AutoMark software of the Ensite Precision mapping system, as the 3D red balls. The tag size was 5 mm in diameter for lesions reaching LSI 5.0-5.5, and 6 mm for those with LSI > 5.5. LSI, lesion size index; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; WACA, wide antral circumferential ablation.




The lSI-guided ablation

Ablation was performed using CF ablation catheter (TactiCath Quartz, Abbott, USA), which was navigated by steerable long sheath (8.5 Fr, Agilis NT medium curl, Abbott, USA). The ablation set-up was 30-35W and 25-30W, on the anterior and the posterior LA wall, respectively, with irrigation rate of 17 ml/min and with the CF target between 5-30 gr. The LSI formula integrates the data on CF, applied power and duration of RF delivery (6). Regional ablation was guided by prespecified LSI target of 5.5-6.0 and 5.0-5.5 along the “anterior” and the “posterior” WACA segments, respectively (8, 9), as illustrated in Figure 1A. If LSI target was not achieved (due to low CF, catheter instability or patient’s movements), ablation at the same site was repeated; FTI data during ablation were monitored but were not targeted. RF delivery was terminated immediately in case of impedance drop > 18 (Ω) or any impedance rise (10). The strategy to prevent esophageal damage included a modification of WACA trajectory at posterior LA wall according to esophagus location determined by CT (11), reduction of RF power to 20-25W, shortening of RF delivery time to 20 s, limitation of LSI to 5.0, decreasing CF to < 20 g (12) and/or abrupt termination of RF delivery if pain occurs (1).

The lesion tags were annotated automatedly by the AutoMark module of Ensite Precision mapping system, and only if pre-defined requirements on LSI were met. The tag size was 5 mm in diameter for lesions reaching LSI between 5.0 and 5.5, and 6 mm for those with LSI > 5.5, see Figure 1B. Following AutoMark settings were used: the lesion spacing = 6 mm, away time = 3 s and minimum lesion time = 8 s. After the AutoMark generated a tag at the site of “successful” ablation, application of RF current was terminated and catheter tip was moved approximately 4-5 mm along intended WACA circle, to start a new ablation and to create a new adjacent lesion.




The repeat electrophysiology procedure

The invasive re-mapping procedure was performed 3 months after the index CA. Preprocedural preparing and ablation strategy were the same as in the index CA. All 4 PVs were re-evaluated using circular catheter for the entrance and the exit block, and the number and the sites of possible WACA circle/segment LRs were recorded. Finally, all LRs were closed by touch-up ablation, regardless of the arrhythmia recurrence between the procedures.



Analysis of the ablation lesion parameters

A retrospective analysis of relationship between the index CA lesion data and the LR of WACA included whole study cohort (n = 33) and all tags along the WACA lesions (n = 2179). For each patient, the lesion tag sequence in the AutoMark data report was re-coded according to lesions’ visual sequence along the WACA circle(s) on the 3D map from index CA, to ensure the analysis of neighboring lesion tags along the ablation line. Lesion tags of additional RF ablations, applied to close acute WACA reconnections during the index procedure, were included in the analysis of LRs. For each lesion tag, following data were collected from the AutoMark report: mean RF power (W), mean CF (g), mean impedance drop (Ω), FTI (gs) and LSI.


Calculation of inter-lesion distance

For each lesion tag the AutoMark module reported x-y-z coordinates (on 3 orthogonal axes) from the reference system point. Inter-lesion distance (ILD) between centers of two neighboring lesions was calculated off-line, using the Pythagorean Theorem formula for the 3D coordinate system, as presented in Figures 2A–C.
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FIGURE 2
Principles of off-line measurement of ILD between the centers of two contiguous ablation lesion tags, T1 and T2 (A,B), using the 3D Pythagorean Theorem equation (C). For each lesion tag the AutoMark module reported x-y-z coordinates (on 3 orthogonal axes) from the reference system point. ILD, inter-lesion distance.


Finally, the “weakest” values of the ablation parameters were determined for each WACA circle and for each WACA segment, as those tags exhibiting a minimum RF power, minimum CF, minimum impedance drop, minimum FTI, minimum LSI or maximum ILD.




Follow-up after CA

The AAD and oral anticoagulant drug that were used before the CA were administered during the 3-month blanking period post-CA in all patients. Afterward, AADs were discontinued in all patients, while anticoagulation was continued in those with a CHA2DS2–VASc score of > 1 (1).

The follow-up rhythm monitoring consisted of serial 24h Holter-recordings at discharge, 1, 3, 6 and 12 months post-CA, and every 6 months thereafter. Any (symptomatic or asymptomatic) documented atrial arrhythmia after CA, such as AF, atrial tachycardia (AT) or AFL, sustaining > 30 sec and re-occurring within the first 3 months post-CA or after 3 months post-CA, was considered as early or late recurrence of atrial arrhythmia (ERAA and LRAA), respectively (1, 7).



Statistics

Continuous variables are presented as mean ± Standard Deviation or median with 25th and 75th percentiles, while categorical variables are given as percentages. Continuous variables are compared using independent t-test or Mann-Whitney test, as appropriate, and differences between proportions were evaluated by Chi-squared test or Fisher’s test. A cut-off value of continuous variables was determined using Receiver Operating Characteristic (ROC) analysis. Association between the index CA parameters and late WACA reconnection was initially assessed using univariate logistic regression analysis and then all variables with p-value of < 0.10 were included in the multivariate model, reporting Odds Ratio (OR) and Confidence Interval (CI). A two-sided P-value of < 0.05 was considered as significant. Statistics was conducted using the SPSS software (version 20.0, IBM, USA).




Results

The study group included 33 patients (median age 61, IQR: 53 – 64 years); 18 patients (55%) were males. Baseline clinical characteristics of the patients are presented in Table 1.


TABLE 1    Baseline clinical characteristics of the study patients.
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The index CA procedure

A common left PV trunk was identified in 6 patients (18%), while right-sided PVs’ ostia were clearly separated in all patients. The ablation was started during sinus rhythm (n = 23) or AF/AFL/AT (n = 10).

The region-prespecified LSI was achieved in 95% (IQR: 90 – 98) of all lesions along the WACA. The first-pass ipsilateral PVs isolation rate was two-fold higher among the left-sided than among the right-sided PVs pairs (64 vs. 33%, p = 0.014). All PVs were isolated.

There were no significant differences between the left- and right-sided WACA circles with respect to majority of ablation parameters presented in Table 2 (all p > 0.05), except that the ablation time was significantly higher for the left-sided, while the CF and LSI were significantly higher for the right-sided WACA circles.


TABLE 2    Ablation data from the index procedure.
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A more aggressive ablation strategy along the anterior (vs. the posterior) LA wall is reflected by a significantly higher number of RF lesions, higher RF power, a longer ablation time, a more pronounced impedance drop, and higher FTI and LSI (per lesion) on the anterior compared with the posterior WACA segments (all p < 0.001, see Table 2).

The 30-minute acute PV reconnections were observed in 4/33 patients (12.1%), 4/66 WACA circles (6.1%), 5/132 WACA segments (3.8%) and 6/132 PVs (4.5%). The anatomical distribution of the WACA segments with acute reconnection was as follows: 2 left-sided anterior segments, 2 right-sided posterior segments and 1 right-sided anterior segment. The distribution of PVs exhibiting acute reconnection was as follows: left superior PVs 2, right superior PVs 2, left inferior PV 1 and right inferior PV 1. All acute reconnections were closed by touch-up ablation resulting in the mean total RF delivery time for PVI of 31.7 ± 6.5 min. Subsequent ablation of typical AFL (n = 10) or AVNRT (n = 1) was successful in all patients and total fluoroscopy procedure time was 15.1 ± 5.1 min. There were no major periprocedural complications, including fatal outcome, cardiac tamponade, stroke, groin hematoma and esophageal damage.

The ERAA was detected in 6 patients (18.2%) in the form of PAF in all of them, after 16 (IQR: 2-34) days following the CA.



The repeat electrophysiology procedure

The median time from index to repeat invasive procedure was 112 (IQR: 105 – 132) days.

The LR (of PVs) was identified in 21/33 patients (63.6%), 25/66 WACA circles (37.9%), 27/132 WACA segments (20.5%) and 35/132 PVs (26.5%). The median number of reconnected PVs per patient was 1.0 (IQR: 0.0 – 2.0) and the distribution of PVs exhibiting the LR was as follows: left superior PVs 14 (10.6%), left inferior PVs 10 (8.6%), right superior PVs 6 (4.5%) and right inferior PVs 5 (3.8%). Majority of reconnected WACA segments (24/27 [88.9%]) exhibited only 1 conduction gap, except 3 segments (left anterior, left posterior and right posterior segment) showing 2 gaps each.

The LR of WACA circles were significantly more common among males than among females (15/21 [71%] vs. 6/21 [29%], p = 0.014) as well as among the left-sided compared with the right-sided WACA lesions (17/25 [68%] vs. 8/25 [32%], p = 0.022), see Table 1 and Figure 3. In addition, the LR tended to be more common along the anterior than posterior WACA segments (18/27 [67%] vs. 9/27 [33%], p = 0.052).
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FIGURE 3
Risk factors for the late WACA circle/segment reconnection: the male gender (A), the left-sided location of WACA circle (B), the maximum ILD along WACA circle (C) and the anterior segment of WACA (D). All abbreviations as in previous figures.


All reconnected PVs were successfully re-isolated by RF ablation, irrespective of previous clinical arrhythmia relapse. The total RF ablation time and fluoroscopy time were 5.0 (IQR: 2.7 – 7.1) min and 10.9 (IQR: 7.6 – 13.1) min, respectively. A single case of cardiac tamponade occurred following left PVs re-isolation and the patient has fully recovered after percutaneous pericardial drainage. No other major complications were encountered (see Table 3).


TABLE 3    Risk factors for the WACA segment reconnection.
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Risk factors for the LR


The LR of WACA circle

On univariate analysis, the LR of WACA circle was significantly associated with left-sided location of WACA and maximum ILD (mm) along WACA circle, Table 4. The association was also significant on multivariate analysis: OR 3.216 [95%CI: 1.065 – 9.716], p = 0.038 for the left-sided WACA, and OR 1.256 [95%CI: 1.035 – 1.523] for each 1 mm increase, p = 0.021) for maximum ILD along the WACA. The maximum ILD showed moderate predictive ability for the LR of WACA circle (area under curve - AUC 0.686 [95%CI: 0.552 – 0.821], p = 0.012). On the cut-off analysis, a maximum ILD of > 8.0 mm had a sensitivity of 84% and specificity of 46% in predicting the LR of WACA circle. Figure 4 illustrates the relationship between the maximum ILD and the 3-month isolation status of WACA circles. Thus, in > 95% of isolated WACA circles the maximum ILD was ≤ 6 mm, while > 40% of WACA circles with LR had the maximum ILD of > 8 mm.


TABLE 4    Risk factors for the late WACA circle reconnection.
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FIGURE 4
Distribution of the maximum ILD according to the 3-month isolation status of WACA circles. On the cut-off analysis, a maximum ILD of > 8.0 mm showed significant predictive value for the late WACA reconnection, with sensitivity 84% and specificity 46%. In > 95% of isolated WACA circles the maximum ILD was < 6 mm, while > 40% of WACA circles with late reconnection had the maximum ILD > 8 mm. All abbreviations as in previous figures.




The LR of WACA segments

Although univariate analysis showed potential association between the LR of WACA segments and several factors, such as the anterior location of segment, segment length, maximum ILD (mm) and presence of maximum ILD > 8.0 mm along the segment (Table 4), a multivariate analysis identified the maximum ILD of > 8.0 mm within the segment (OR 2.884 [1.185 – 7.020], p = 0.020) as single independent risk factor for the LR of WACA segment.




Clinical follow-up after ablation treatment

During the follow-up of 17 ± 5 months after the repeat procedure, class I/III AAD therapy was re-introduced in 6 patients (flecainide in 4 and amiodarone in 2) due to detected ERAA (n = 3), frequent ventricular premature beats (n = 2) or LRAA (n = 1), while 26 patients received a beta-blocker. All 12 patients with durable PVI after the first ablation procedure were free from AF during the follow-up. After the invasive EP study was repeated and all of the PV reconnections were closed by second ablation (n = 21 patients), the freedom from AF was 32/33 (97%).




Discussion

This prospective study of 33 patients with PAF who underwent a structured invasive treatment strategy consisting of the index LSI-guided WACA and 3-month protocol-mandated re-mapping procedure demonstrated the LR (of PVs) in 64% of patients and in 38% of WACA circles. The LR of WACA was independently associated with the left-sided location of WACA lesion and maximum ILD between neighboring lesions along the WACA circle. The maximum ILD of > 8 mm showed a significant predictive value for the LR.


Markers of lesion quality and durability of PVI

Achieving the continuous and transmural WACA lesion(s) for PVI in a single CA procedure using point-by-point RF ablation is challenging and depends on several factors, including CF, power output, catheter stability during RF delivery, time of RF delivery, contiguity of adjacent lesions and wall thickness (2).

At constant power and duration of RF delivery, CF is a critical determinant of lesion size (13). Although the CF-measuring catheters (vs. non-CF-sensing catheters) improved the effectiveness of PVI procedure, a significant proportion (62%) of patients still exhibited the LR of PVs as a substrate for AF relapse (3, 4). In order to further improve PVI procedure several novel markers of RF lesion quality, such as FTI, LSI and ablation index (AI) were recently proposed (2–4, 8, 9, 14). The FTI integrates the total CF applied over the time of RF delivery (2). In vitro study demonstrated a good linear correlation between FTI and RF lesion size (5). In addition, the PVI using constant FTI target of > 400 gs almost doubled the proportion of patients with permanently isolated PVs, compared with routine non-CF-sensing PVI procedure (65% vs. 35%), but with an excess in cardiac perforation rate (8%) (4).

The indices using weighted formulas (i.e., LSI and AI) which incorporate CF, ablation time and power, in vitro correlate better with lesion dimension than FTI (5, 15). The minimum AI along WACA circle was independently predictive of durable PVI (16). Recently, the true durability of the AI-guided PVI, targeting AI of > 400 at the posterior and AI of > 500 at the anterior LA wall, was tested prospectively in patients with persistent AF (17). At the 2-month protocol-mandated repeat electrophysiology study, all PVs were isolated in 78% of patients (17). In addition, small clinical studies demonstrated that PVI guided by AI or LSI provides a low rate of acute/dormant PV reconnections (2-14%) (8, 18) and an excellent mid-term single-procedure clinical success (> 90%) among PAF patients (9, 18).

The PVI is very demanding procedure, and its success, safety and duration significantly depend on operator experience (19). In addition, manual annotation of lesion tags during PVI is prone to subjective assessment of catheter stability and position during RF delivery. In order to make PVI procedure more reproducible, two automated lesion tagging softwares (e.g., the Visitag by CARTO - Biosense Webster, USA and the AutoMark by Ensite Precision – Abbott, USA) based on catheter stability were developed (6). These modules annotate a new tag only if predefined criteria during ongoing ablation session are met, ensuring a more standardized procedure (6).



The lSI-guided PVI

To the best of our knowledge, we were the first to analyze true durability of LSI-guided PVI, performed with assistance of the AutoMark software for automated lesion tag annotation (8, 9). According to previous clinical study and non-uniformity of LA wall thickness, our ablation strategy targeted LSI of 5.5-6.0 and 5.0-5.5 at thicker anterior/superior (2.8 ± 1.1 mm) and thinner posterior/inferior WACA segment (1.7 ± 0.8 mm), respectively (8, 9, 20).

Although LSI-guided PVI in our study confirmed a very low acute WACA and PV reconnection rate (app. 5% each), the rates of subsequent LR (of PVs) among patients, WACA circles and PVs were considerably higher - 64%, 38% and 27%, respectively. However, majority of reconnected WACA segments exhibited only single conduction gap, typically at the left lateral ridge and the right posterior WACA segment, reflecting a quite consistent previous ablation for the most remaining part of WACA circles. The independent risk factors for the LR of WACA were the left-sided WACA location and a longer maximum ILD (mm) along WACA, increasing the LR probability by 3.2-fold and 1.25-fold, respectively. In addition, reconnections were more common among males and along anterior WACA segments. These findings are not surprising, because the left lateral ridge is the thickest part of muscular LA wall, reaching > 4 mm in thickness (20). Moreover, CF during PVI is significantly lower at all positions in the left PVs (vs. right PVs), especially at the left lateral ridge (3). When CF is weak, a longer RF delivery time is required to achieve the targeted LSI (2). However, keeping the catheter in a stable position at the lateral ridge during extended RF delivery can be very challenging, potentially affecting the lesion quality (1).

The creation of continuous ablation line by point-to-point RF ablation requires not only an optimal quality of each lesion along the line, but also an optimal distance between adjacent lesions (2, 16). Ablation lesions have an ellipsoid shape with a diameter up to 70% greater than their depth, and the lesion diameter is smaller at superficial (endocardial and epicardial) surfaces than deeper within the myocardium. Therefore, a substantial overlapping of neighboring lesions is a prerequisite for the line continuity and this could be even more important in the thicker LA wall regions (2).

The distance between delivered lesions is a critical determinant of histological continuity of ablation line in vitro and no gaps should remain when the visual lesion separation is < 1.5 mm above the mean LSI of adjacent lesions (21). Clinical study recognized the maximum ILD (between centers of two adjacent lesions) as an independent risk factor for the LR of PVs/WACA, with significantly better PVI/WACA durability among patients with maximum ILD < 6 mm than among those with wider inter-lesion gaps (16). The “CLOSE” protocol for PVI (CARTO, Biosense Webster), that combines the AI regional targets - guided PVI and the maximum ILD of < 6 mm along WACA circle, promoted a very high rate of first-pass ipsilateral PVI (98%), low acute PV reconnection rates (3%), and excellent 1-year single-procedure rhythm outcome (94%) (22).

The current version of the Ensite Precision does not provide real time ILD data during ablation. In our study, the ILD were retrospectively calculated, using a simple mathematical formula. The maximum ILD of > 8 mm arose as a high-sensitive but low-specific marker of the LR, because there is a lot of overlap in maximum ILD between the patients who exhibited and those not exhibiting the reconnection. This finding may be explained by several factors. First, pre-existing fibrosis of unablated areas along intended WACA line could facilitate the isolation of WACA segments, in spite of substantial inter-lesion gap(s) (23, 24). In addition, the AutoMark software displays the 3D ball tags with a preselected diameter (e.g., 4 mm, 5 mm, or 6 mm) which usually does not exactly match the LSI achieved, thus potentially affecting visual assessment of the ablation line continuity. Furthermore, visual gaps along WACA segments superimposed over the esophagus were skipped because of safety issues. Finally, the patients with “wider” gaps along the WACA (e.g., ILD > 6 mm) or “non-optimal” WACA circle(s) were excluded from the analysis in previous studies (16, 17), but not in our study. We believe that future update(s) of AutoMark software should provide a real time ILD feedback to operator during catheter re-positioning along the ablation line and the ability to select lesion tag size in accordance with the LSI achieved. These improvements could further increase the LSI-guided PVI durability. In our study, visual consistency of WACA lesions ensured a low acute PV reconnection rate at index CA. However, non-availability of real-time ILD data during ablation resulted in suboptimal ILD along WACA and substantially higher LR rate, probably due to resolution of edema between adjacent lesions in the days and weeks after the procedure (25).



Limitations

The number of patients in our study is small and limited by ethical issues for the referral of arrhythmia-free patients to protocol-mandated repeat invasive procedure.

In line with the institutional protocol, the procedure was performed under a deep sedation, while general anesthesia was not used, which potentially could affect the ILD during WACA. Although general anesthesia (vs. deep sedation) provides better catheter stability and may decrease the PV reconnection rate at redo CA in patients with clinical recurrence of AF (26), the recent meta-analysis reported conflicting results (27).

Adenosine testing was not performed, and dormant conduction gaps could be missed in the index procedure. However, recent study demonstrated similar late PV reconnection rates between the adenosine testing and the 30-min “waiting” strategy after index PVI (28).

Esophageal temperature monitoring was not available, however alternative recommended strategies (1, 12) for preventing esophageal damage were used (see the Methods section). In addition, in previous study (9) on the LSI-guided PVI with esophageal temperature monitoring, no safety concern was reported during posterior LA wall ablation.




Conclusion

Although the LSI-guided WACA, using the AutoMark automated tagging software, ensures a very low acute PV reconnection rate of approximately 5%, the LRs are still common. At the 3-month protocol mandated re-mapping study, the LR (of PVs) were seen in 64% of patients, 38% of WACA circles, 21% of WACA segments and 27% of PVs. However, majority of reconnected WACA segments showed only a single conduction gap, which was identified most frequently along the lateral ridge of LA. The independent risk factors for the LR of WACA circle were the left-sided location of WACA and the longer maximum ILD along WACA created in the index CA procedure. The maximum ILD of > 8 mm is a high-sensitive marker of later WACA reconnection. Our findings suggest that the availability of real time ILD feedback to operator during the index procedure could potentially improve the PVI durability after single CA.
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Objectives: The aim of this study was to evaluate the shape of the dose-response relationship between body mass index (BMI) and atrial fibrillation (AF) recurrence in patients who have undergone radiofrequency ablation.

Methods: Studies investigating BMI and AF recurrence in patients with AF after ablation were identified through electronic searches in the PubMed, EMBASE, and Cochrane Library databases. The potential non-linear relationship was fitted using robust error meta-regression. Our study was registered with PROSPERO (CRD42019121373).

Results: Twenty-six cohort studies with 7,878 cases/26,450 individuals were included, and a linear dose-response relationship between BMI and AF recurrence (Pnon–linearity = 0.12) was found. The risk of AF recurrence in patients with a BMI over 28 was significantly increased. Specifically, for each 5 kg/m2 increase in BMI, the risk of AF recurrence increased by 15% (95% CI: 1.08–1.22) with moderate heterogeneity (I2 = 53%). Subgroup analyses showed that the pooled risk ratio was not significantly changed in subgroup analysis adjustment for the following important potential intermediate factors: left atrial diameter and obstructive sleep apnea.

Conclusion: This study showed that there is a borderline positive linear association between BMI and AF recurrence post ablation. Overweight and obesity are significantly associated with AF recurrence.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42019128770.
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Introduction

Obesity is a rapidly growing global public health concern (1). For example, in the United States, nearly 65% of the population is overweight, and 31% is obese (2). The direct association between obesity and the incidence of atrial fibrillation (AF) has been well-established in large, long-term general population-based cohorts (3, 4). According to a report, obesity increased the risk of developing AF by 49% in the general population, and the risk increased in parallel with increasing body mass index (BMI) (5). AF is the most common cardiac rhythm dysfunction worldwide and leads to significant morbidity and mortality. Over the past decade, radiofrequency ablation, an alternative treatment for AF, has shown advantages over pharmacological methods of rhythm control and has evolved into an important therapy for AF. However, reports of long-term outcomes of ablation demonstrate reduced success over time. The actuarial recurrence at 2 years post ablation was 20% and increased to 40–45% at 5 years.

Body mass index, an important predictor of the incidence of AF in the general population, has also been linked to increased AF recurrence after ablation (6, 7). However, the results regarding the impact of BMI in patients undergoing ablation therapy have been controversial, with several studies demonstrating no clear association (7–11). Five meta-analyses have been conducted to show an increased risk of AF recurrence in patients with elevated BMI (12–16). These studies have provided valuable information; however, there are certain limitations to be addressed. First, a categorical model they applied has the risk of losing power and precision by dividing the exposure into several groups (17). Second, previous meta-analyses have not taken into account confounding factors between obesity and AF recurrence, and it remains unclear whether obesity independently increases the risk of AF recurrence. Second, previous meta-analyses have not taken into account confounding factors between obesity and AF recurrence, and it remains unclear whether obesity independently increases the risk of AF recurrence. Routine risk factors such as hypertension, diabetes, obstructive sleep apnea (OSA) and left atrial diameter (LAD) have been reported to be more prevalent in obese individuals and those undergoing ablation therapy. Also the 2020 ESC guidelines review OSA as one of the potential confounders between obesity and AF recurrence (18). Third, only one meta-analysis has examined dose-response analysis of BMI and AF recurrence after catheter ablation, but it included a limited number of articles and had high publication bias and heterogeneity. In addition, this study did not demonstrate a statistically significant effect of linear dose-response analysis on AF recurrence, and the effect estimate at the obesity threshold was not significant. Whether there are any threshold effects between BMI and the risk of AF recurrence after ablation is unclear, and clarifying the dose-response association is necessary and would be of major importance for facilitating better outcomes for patients with obesity and AF undergoing ablation. Thus, we conducted a meta-analysis to clarify the dose-response relationship between BMI and the risk of AF recurrence after ablation.



Methods

The protocol of this study was registered with PROSPERO (International prospective register of systematic reviews) (https://www.crd.york.ac.uk/PROSPERO/: registration number-CRD 42019128770).

We performed this meta-analysis following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Supplementary Table 1).


Literature search

Two authors (FL and XL) independently systematically searched the Cochrane Library, PubMed, and Embase databases for eligible studies until October 5, 2021. Three groups of keywords (linked to BMI, AF, radiofrequency ablation, respectively) were combined using the Boolean operator “and.” In addition, we searched the reference lists of three previous published meta-analyses (12, 13, 16) or other relevant publications to identify further studies. All discrepancies were resolved through discussion with each other. No language restrictions were applied in the whole literature search. The detail search strategy was provided in Supplementary Table 2.



Study selection

According to the PICOS (population, intervention, comparison, outcome, and study design), the selection criteria were as follows: (i) population: patients with AF undergoing radiofrequency ablation; (ii) and exposure and comparison: high vs. low BMI level; (iii) outcomes: reported the association between of BMI on AF recurrence. No blank period was pre-defined: (iv) study design: cohort, nested case-control, or clinical trials. For multiple publications/reports created from the same data, the studies with the longest follow-up period or the largest number of AF cases were included. We only included studies with multivariate analysis. Case-control and univariate analysis studies were excluded considering their larger bias. Certain publication types (e.g., reviews, editorials, and animal studies), or studies with insufficient data were excluded from this study. The details reasons of excluded studies were listed in Supplementary Table 3.



Data extraction and quality assessment

Basic information of each study, including the authors, publication year, region, study design, participants (sex, age), follow-up time, adjustments for confounders, categories of BMI and adjusted risk ratios (RRs) with its 95% confidence intervals (CIs) for each BMI category were extracted. If multi-adjusted RRs were reported in one study, we extracted the most completely adjusted one.

The quality of all included observational studies were assessed by using Newcastle-Ottawa quality assessment scale (NOS) (19). The validated NOS items with a total of 9 stars involved three aspects including the selection of studies, the comparability of cohorts, and the assessment of the outcome. A NOS score of ≥7 stars was considered as acceptable quality, otherwise, as low-quality studies (20).



Statistical analyses

Summary RRs and 95% CIs for a 5-unit increment in BMI were using a random effects model. Study-specific slopes (linear trends) and 95% CIs from the natural logs of the reported RRs and CIs across categories of BMI were calculated by using the method of Greenland and Longnecker (21). Non-linear dose-response analysis were performed by using the robust error meta-regression method described by Xu and Sar (22). This method is based on a “one-stage approach” which treating each study as a cluster of the whole sample and considering the within study correlations by clustered robust error. It requires known levels of BMI and RRs with variance estimates for at least two quantitative exposure categories. For studies that did not set the lowest BMI group as a reference, data were transformed using a method described by Hamling et al. (23) which requires the number of cases and participants in each category. If these data could not be obtained from an article, the evidence was not pooled. If the median or mean BMI was not provided and reported in ranges, we estimated the midpoint of each category by averaging the lower and upper boundaries of that category (20). If the highest or lowest category was open-ended, we assumed that the open-ended interval length was the same as the adjacent interval. To assess the heterogeneity of RRs across studies, the I2 (95% CI) statistic was calculated with the following interpretation: low heterogeneity, defined as I2 < 50%; moderate heterogeneity, defined as I2 50–75%; and high heterogeneity, defined as I2 > 75% (24, 25). Publication bias was explored by Egger’s test, Begg’s test, and funnel plot. Sensitivity analysis was performed by excluding a bank period < 3 months and leave one-out methods to confirm the robustness of primary analysis. P-value < 0.05 was considered statistically significant.




Results


Study selection

As shown in Figure 1, we identified 1,723 articles through an initial database search (Cochrane Library = 30, PubMed = 332, and EMBASE = 1,361) (Figure 1). After removing duplicate articles (n = 801), 922 studies remained. We further excluded 863 records by quickly screening the titles and abstracts, and 59 articles were reviewed in the detailed evaluation. Of the 59 records, 33 were excluded after the full-text review for the following reasons: (1) Reviews or meta-analyses (n = 2); (2) without target populations (n = 1); (3) without target exposure (n = 11); without target outcome (n = 3); (4) publications with insufficient data (n = 2); (5) studies based on duplicate population (n = 3); (6) case-control studies (n = 2); (7) univariate analysis (n = 9). Supplementary Table 3 provides the detailed reasons for exclusion following the full-text review. Finally, 26 (6–11, 26–45) studies were included in present study.
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FIGURE 1
Flow diagram of study selection for the dose-response meta-analysis of body mass index and atrial fibrillation recurrence in patients undergoing radiofrequency ablation.




Study characteristics and quality

Table 1 shows the baseline characteristics of the patients included in the study. Overall, the publication years ranged from 2008 to 2021, with ten conducted in North America (the USA and Canada), eight in Asia, and eight in Europe. The age range of patients in the included studies was 52–65 years, sample size range was 72–3,333, and follow-up time range was 3–42 months. Among the 26 articles, 14 and 12 was prospective and retrospective cohort studies, respectively. AF recurrence in the included studies was detected by using 12-lead ECG or 24 h Holter monitoring.


TABLE 1    Basic characteristics of the included studies in the dose-response meta-analysis of BMI and AF recurrence in patients post ablation.
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The quality of the articles was acceptable, with a majority (n = 23) of studies scores Newcastle-Ottawa Scale ≥ 7 points (Supplementary Table 4).



Dose-response analysis of the association of BMI with the risk of post ablation AF recurrence

Twenty-six (6–11, 26–45) studies including 7,878 cases/26,450 individuals were included in the dose-response analysis. The summary RR for a 5-unit increase in BMI was 1.15 (95% CI: 1.08–1.22, I2 = 53%), with moderate heterogeneity (Figure 2). There was little evidence of heterogeneity (I2 = 34%) after excluding studies from Cai et al. (29) and Kang et al. (7), but a positive association remained (RR = 1.12, 95% CI: 1.07–1.18). In the non-linear analysis, we found a borderline positive linear association between BMI and AF recurrence after ablation (Pnon–linearity = 0.12) (Figure 3). Supplementary Table 5 displays the RR estimates and 95% CIs from the specific BMI values derived from the dose-response figures.
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FIGURE 2
Body mass index and atrial fibrillation recurrence in patients undergoing radiofrequency ablation based on a dose-response analysis, per 5 units.
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FIGURE 3
Body mass index and atrial fibrillation recurrence in patients undergoing radiofrequency ablation based on a non-linear dose-response analysis. The solid and dashed lines represent the estimated relative risk and the 95% confidence interval, respectively.




Subgroup analysis, sensitivity analysis, and publication bias

There may be a stronger association between BMI and AF recurrence among groups with larger AF recurrence cases (Pheterogeneity = 0.006). The positive association between BMI and AF recurrence persisted in almost all subgroups stratified by age, time of follow-up, region, and sample size after adjusting for confoundings (e.g., OSA), and there was little evidence of heterogeneity across these subgroups (Table 2).


TABLE 2    Subgroup analysis of BMI and AF recurrence in patients after catheter ablation, dose-response analysis, per 5 unit increase.
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In the sensitivity analysis, the pooled results were stable when omitting one study at a time, with an RR range from 1.13 (95% CI: 1.07–1.20, I2 = 47%) to 1.16 (95% CI: 1.09–1.25, I2 = 53%). The result was also stable by excluding studies with a blank period < 3 months (RR: 1.15, 95% CI: 1.08–1.23) (Supplementary Figure 1). Publication bias was assessed using Egger’s test (p = 0.004), Begg’s test (p = 0.019), or funnel plots (Supplementary Figure 2). However, metatrim analysis showed that the addition of six missing studies did not significantly change the results, with a decreased magnitude of the pooled effect size (RR: 1.11; 95% CI: 1.03–1.18) (Supplementary Figure 3).




Discussion


Main findings

Based on available cohort studies, we showed a borderline positive linear dose-response relationship between baseline BMI and AF recurrence in patients after ablation. We found a 15% increase in AF recurrence per 5-unit increase in BMI. These results were confirmed in all subgroups stratified by age, sex, study design, region, follow-up duration, sample size, and adjustment. Overall, our results showed that overweigh (BMI > 28 kg/m2) or obesity was independently positively associated with AF recurrence after ablation.

Several well-known risk factors, including age, hypertension, diabetes, and enlarged LAD, have been linked to the recurrence of AF after ablation. Moreover, these comorbidities were common in patients with obesity. Therefore, whether the role of obesity is independent of these comorbidities is still unclear. For example, Jongnarangsin et al. showed that obesity was not associated AF recurrence post AF ablation after adjustments (26), suggesting obesity may simply be a phenotypic marker of profibrillatory comorbidities and not the key predictor of ablation failure. Moreover, although several previous meta-analyses (12, 13, 16) showed that obesity was associated with an increased risk of AF, none of them conducted a stratified analysis according to these confounding factors; therefore, this relationship is still under debate. We showed that the positive association of BMI and AF recurrence after ablation was still positive in all subgroups after adjustments, including those for hypertension, diabetes, age, OSA, and LAD (Table 2), which suggested that obesity was a factor contributing to AF recurrence, independent of conventional risk factors.

Although we found a linear association between BMI and AF (p for non-linearity = 0.12), we should explain these results with caution. As shown in Figure 3, we should figure out that the dose-response curve is much steeper at the BMI > 35. Specifically, a change in BMI of 25–30 kg/m2 increases the RR from 1.08 to 1.38, while RR increased sharply (1.95–2.78) between the 35 and 40 kg/m2 BMI group, somewhat reflecting a non-linear trend at higher BMI values. This observation reinforces the previous findings, showing severe obesity was a strong risk factor for cardiovascular diseases, including incident AF. A previous meta-analysis (14) also examined the dose-response analysis of BMI and risk of AF recurrence, but it failed to demonstrate the existence of a linear dose-response relationship. Although we demonstrated a borderline linear relationship between BMI and AF recurrence, the study demonstrated a dramatic increase in the risk of AF recurrence when BMI was greater than 35 kg/m2, so we would carefully interpret the borderline linear association. We should include more relevant studies. The non-linear p value might be significant if more population with high BMI were include. Overall, we should point out that grade II obesity substantially increased the risk of AF relapse after ablation. Weight loss intervention might be encouraged for these patients with severe obesity to reduce rate of AF relapse. 2020 European Society of Cardiology guidelines did not set a BMI threshold value for weight loss in obese patients who plan to receive AF ablation, while our results provide a valuable information for this.



Comparison with other studies

In the context of AF ablation, obesity was not a new topic. Several reviews have shown that obesity increases the risk of AF relapse after ablation. Three showed that the obese group had a significantly increased risk of AF recurrence (13, 15, 16). In another excellent review by Wong et al., for every 5-unit increase in BMI, there was a 13% greater excess risk of post AF ablation (12). A recent meta-analysis included 12 studies reported a positive non-linear dose-response relationship between BMI and AF ablation (14). Interestingly, with the inclusion of more studies (N = 26), our results were opposite to theirs, showing a borderline positive linear dose-response relationship (P = 0.16), revealing a threshold effect between BMI and the risk of AF recurrence after ablation. In addition, the five published meta-analyses did not take into account confounding factors such as age, hypertension, AF category, diabetes, OSA, and LAD and did not demonstrate whether obesity could independently increase the risk of AF recurrence. We showed that the positive association of BMI and AF recurrence after ablation was still positive in all subgroups after adjustments, which suggested that obesity was a factor contributing to AF recurrence, independent of conventional risk factors.



Underlying mechanism

Several potential mechanisms could explain this association. First, obesity could result in many changes involving various domains, such as hemodynamics, neurohumoral factors, inflammatory factors, metabolic factors, adipokines, and autonomics. For example, obesity leads to a high cardiac output state and the presence of left ventricular hypertrophy (eccentric or concentric) in association with left ventricular diastolic dysfunction (46). The hemodynamic changes associated with the elevation in left atrial and systolic blood pressure and left ventricular diastolic dysfunction contribute to atrial stretch and “trigger” AF (47). Furthermore, obesity is considered a state of chronic low-grade inflammation (48, 49). Studies have shown that patients with a higher BMI exhibit increased levels of several inflammatory and oxidative stress markers, including high-sensitivity C-reactive protein, serum creatinine, fibrinogen, and uric acid (50). Numerous studies have also demonstrated the implication of inflammation and oxidative stress in the pathophysiology of AF (51, 52). Therefore, it is reasonable to assume that obesity-associated inflammation may contribute to AF recurrence after ablation. Finally, it must be noted that the pathophysiological mechanisms linking obesity and AF are highly complex and remain incompletely understood. It is likely that a combination of multiple factors previously mentioned contributes to the recurrence of AF after ablation.



Future research

Some authors proposed that obesity was a phenotypic marker of OSA that is associated with AF recurrence. Obesity is an important risk factor for the incidence of OSA (53), and the association between OSA and AF has been explored extensively (28). A meta-analysis reported that patients with OSA had a 25% greater risk of AF recurrence after ablation than those without OSA (53). The present study showed that the positive association was significant regardless of adjustment for OSA, which suggested that obesity increased the risk of AF recurrence independently of OSA. Therefore, we hypothesized that OSA may not be a mechanism by which obesity results in AF recurrence. Furthermore, a large retrospective cohort study also showed that obesity remains a powerful predictor of incident AF in patients without OSA based on the gold standard diagnostic test (54). This finding was consistent with our results, which suggested that obesity contributes to AF recurrence after ablation independent of OSA. However, considering the limited studies in the subgroup (N = 7), further prospective studies are needed to confirm our results.

The association between underweight and AF relapse is still inconclusive. Based on a retrospective cohort study in China, Deng et al. showed that underweight (BMI < 18.5 kg/m2) significantly increased the risk of AF recurrence (HR 1.85, P = 0.02) (11). In contrast, by using a different definition of underweight (BMI < 20 kg/m2), Bunch et al. did not find an elevated risk of AF recurrence of underweight in the US (33). However, the scarcity of studies precludes us from performing a dose-response analysis, which may be attributed to the high prevalence of obesity in Western countries. However, evidence from several population-based studies has shown that underweight is a risk factor for AF. Therefore, although the results regarding underweight and AF relapse were inconclusive, we supposed there may be a positive association between underweight and the risk of AF recurrence in patients undergoing ablation. More studies are warranted to address this issue.

In addition, although BMI is widely adopted because it is convenient to apply and inexpensive, BMI is not perfect as a measure of obesity. Because BMI is an indirect measure of obesity, it cannot distinguish between fat and lean tissue and can produce a certain amount of error (55). The problem may lead to misclassification of the experimental population in terms of body fat and may introduce bias. The impact of other parameters of body fat and body composition (e.g., waist circumference and waist-hip ratio) on outcomes among patients undergoing ablation should be further assessed by future studies.



Policy implications

As shown in our results, the likelihood of AF recurrence after ablation increasing with BMI. In patients with grade II obesity (BMI > 35 kg/m2), the risk of AF recurrence increased by 95%. Our findings provide valuable insight for the clinical prevention of AF recurrence after ablation. For patients with severe obesity (BMI > 35 kg/m2), cardiologists should consider that their likelihood of AF relapse is much higher than that of individuals with a normal BMI. Therefore, for those patients strongly considering AF ablation, the risks and benefits should be carefully evaluated.

Weight loss is associated with improvements in risk factors (e.g., hypertension, OSA, and glycemic control), decreased morbidity and mortality, and a decreased risk of AF. Evidence from observational studies, such as the Long-Term Effect of Goal-Directed Weight Management in an Atrial Fibrillation (LEGACY) study, showed that long-term weight loss (bariatric surgery or weight management) could reduce AF risk and burden in people with AF (56). Moreover, the benefit of weight loss from the prevention of AF was dose-dependent. A 10% weight loss with accompanied risk factor modification reduced the risk among arrhythmia-free patients by 45% compared with that associated with 3% weight loss (56). Therefore, current guidelines set the weight loss target at > 10% weight reduction with lifestyle modifications for BMI < 27 kg/m2 (18) to improve AF ablation. However, weight loss, either through lifestyle or bariatric surgery, is typically a long process. It is well-described that increasing the duration of AF has negative effects on ablation success rates. The time required for weight loss would have resulted in a delay of ablation of at least 6 months, which would have led to AF progression with worsening of success rates. Therefore, it is not recommended for all patients with overweight or obesity to lose weight; the benefits and risks should be carefully considered.



Strengths and limitations

The strengths and limitations of this study merit careful consideration. This is the first dose-response meta-analysis that demonstrated a positive linear association between BMI and AF recurrence after ablation with a large sample size and robustness of the findings based on multiple subgroups (e.g., age, sex, duration of follow-up and adjustment for confounding and potential intermediate factors). However, it was limited by the inclusion of observational studies, which cannot definitively prove causation. Although most studies were adjusted for other comorbidities, it is impossible to fully take into account all confounding factors. For example, the dose of antiarrhythmic medication may differ between studies, and studies have shown that LA volume is more accurate than diameter. Second, several studies have shown that underweight and AF patients have worse outcomes (11). However, due to data restrictions, the impact of underweight (BMI < 18.5) on AF recurrence after ablation was not analyzed and needs to be further investigated. Third, BMI may not accurately indicate the degree of body adiposity, and the impact of other parameters of body fat and body composition (e.g., waist circumference and waist-hip ratio) on outcomes among patients undergoing ablation should be further assessed by future studies. Fourth, ablation techniques across studies may also influence our results. Overall, further well-designed, larger clinical trials are needed to confirm our results.




Conclusion

This study demonstrated a positive independent association between BMI and AF recurrence among patients undergoing ablation, and overweight and obesity were found to be significantly associated with AF recurrence. Further well-designed, prospective studies are required to determine the effect of weight loss on AF recurrence post ablation.
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Background: Atrial fibrillation (AF) has been a worldwide health issue with increasing prevalence and mortality. Recently, increasing attention has been gained to the relationship between heart rate variability (HRV) and the clinical prognosis of AF catheter ablation. We aimed to evaluate the prognostic value of HRV in AF recurrence.

Methods: We systematically searched Web of Science, PubMed, and Embase from inception until 17 August 2022 to conduct the systematic review and meta-analysis. We included the studies reporting the predictive value of HRV parameters for AF recurrence or in which HRV parameters in AF recurrence and non-recurrence groups were individually reported.

Results: Finally, we enrolled 16 studies, including 2,352 patients. Higher rMSSD could independently predict AF recurrence following catheter ablation (OR: 1.02, 95% CI: 1.00–1.04; p = 0.03). Higher HF (OR: 1.55, 95% CI: 1.05–2.28; p = 0.03) and lower LF/HF (OR: 1.12, 95% CI: 1.03–1.20; p = 0.004) could independently predict AF recurrence within 1 year. Higher SDNN (OR: 1.02, 95% CI: 101–1.02; p = 0.0006) could independently predict AF recurrence among patients with paroxysmal AF. Almost all HRV parameters within 3 days after catheter ablation and lnHF, lnLF, and rMSSD at 3 months after catheter ablation performed significant differences in AF recurrence and non-recurrence groups.

Conclusion: Heart rate variability, especially higher rMSSD (within short-term and long-term periods), was closely related to recurrent AF following catheter ablation, highlighting the clinical importance of HRV in the prognosis of AF following catheter ablation.
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1. Introduction

Atrial fibrillation (AF) gradually became the most common arrhythmia with increasing age (1, 2). Patients with AF are at a higher incidence of several major adverse cardiovascular events, including arterial embolism, decompensate heart failure, and even mortality (3). Catheter ablation has been increasingly received as an efficient and even first-line treatment strategy for patients with AF due to its effectiveness at rhythm control when compared with anti-arrhythmic drugs (4, 5). Current catheter ablation has been recommended by several authoritative guidelines for AF management due to the quality of life (QoL) improvement, reduction of heart failure hospitalization, and almost similar prognosis compared with receiving surgical ablation among patients with long-standing persistent AF (6–8). However, some patients with AF still experience AF recurrence after catheter ablation (9).

Heart rate variability (HRV), primarily mediated by cardiac sympathetic and vagal innervation, is a sensitive, quantitative, convincing, and non-invasive index of autonomic neurocardiac function (10, 11). High HRV represents adaptable internal and external stimuli and the dynamic autonomic nervous system (12), while low HRV symbolizes an impaired autonomic nervous ability to maintain homeostasis, which sometimes equals severe cardiac morbidity (13, 14).

However, the relationship between HRV and AF prognosis remains not yet completely determined. There are no meta-analyses supporting a significant relationship between HRV and the increasing incidence rate of AF recurrence following catheter ablation in the general population. Therefore, we performed a meta-analysis to assess the relationship between HRV and AF recurrence rates following catheter ablation.



2. Methods

We designed, conducted, and reported the meta-analysis in accordance with guidelines previously introduced (15). All statistical analyses were based on previously published research; therefore, no ethical approval and patient consent are required.


2.1. Literature search

We searched the relevant cohort studies from electronic databases including Web of Science, PubMed, and Embase, from inception to 17 August 2022. A combined search term was utilized of “heart rate variability” OR “PNN50” OR “rMSSD” OR “SDNN” OR “low frequency” OR “high frequency” OR “parasympathetic” OR “vagus” OR “sympathetic,” with “atrial fibrillation” and “ablation” OR “pulmonary vein isolation” OR “recurrence.” We only enrolled the studies published in English. As complementation, we further manually searched the references of the related original studies for potentially related articles.



2.2. Inclusion and exclusion criteria

We enrolled the studies to fulfill the following inclusion criteria: (1) cohort studies; (2) patients with AF receiving catheter ablation; (3) individually reported HRV parameters in AF recurrence and non-recurrence groups within 3 days or 3 months following catheter ablation procedure as continuous variables OR, and (4) reported the odds ratios (ORs) for AF recurrence as categorical variables.

No restrictions of minimal sample sizes or shortest follow-up duration were applied. The latest research with the longest follow-up duration and the largest sample was enrolled, while different studies reported or shared a part of the same cohort. The most adequately adjusted ORs were extracted when different ORs of HRV were reported.

Exclusion criteria included as follows: (1) animal studies, case reports, reviews, abstracts only, or letters; (2) articles that provide insufficient data on any HRV parameters; and (3) duplicate reports.



2.3. Data extracting and quality evaluation

Two authors (EZ and WM) independently performed a literature search, extracted data, and assessed the quality of enrolled studies. The third author (FL) processed the consultation to resolve discrepancies. We finally recorded the following data: first author name, publication year, study region, sample size, study type, ablation procedure method, the proportion of paroxysmal AF, blanking period and follow-up duration after the procedure, age and sex distribution of the included patients, the prevalence rate of hypertension, diabetes mellitus and prior stroke, left ventricular ejection fraction and left atrial diameter of the patients, reported HRV parameters and detailed recorded time point, and AF recurrence rate following catheter ablation. The quality of the included studies was assessed with the Newcastle–Ottawa Scale (NOS) (33). AF recurrence was defined as any episode of AF or atrial tachycardia of at least 30 s recorded with electrocardiogram and 24-h Holter after the blanking period (if mentioned) from ablation.

All the HRV parameters were obtained from the 24-h Holter monitoring. In the time domain, the standard deviation of the normal-to-normal sinus-initiated inter-beat intervals (SDNN), root-mean-square of successive RR-interval differences (RMSSD), and percentage of adjacent NN intervals varying by more than 50 ms (pNN50) were analyzed. In the frequency domain, low frequency (LF), high frequency (HF), and LF/HF ratio were calculated (34).

Low frequency and HF are expressed either by absolute powers, reported in units of ms2 (square milliseconds) or natural logarithm (Ln). RMSSD and pNN50 are associated with HF, which represents parasympathetic nerve activity, whereas SDNN is related to LF, which both reflect the total sympathetic and parasympathetic tone activity (35). LF/HF ratio represented the balance of the sympathovagal nerve (Table 1).


TABLE 1 Descriptive characteristics of HRV parameters.
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2.4. Statistical analyses

Data of ORs and their corresponding standard errors were calculated according to 95% confidence intervals (CIs) when the value of HRV parameters in predicting AF recurrence was provided. Mean value and standard deviation were performed when HRV parameters of the AF recurrence group and non-recurrence group were offered individually as continuous variables. We performed Cochrane's Q-test and I2 test to evaluate the heterogeneity (36). HRV parameters within 3 days or 3 months following catheter ablation in the AF recurrence group and non-recurrence group were compared with each other. We applied the random-effect model when significant heterogeneity exists among enrolled studies (I2 > 50% or p < 0.05), or we used the fixed-effect model (36). Sensitivity analyses were performed to assess the outcome stability (37). Subgroup analyses were performed to assess the potential influences of type of AF, patient ethnicity, and follow-up duration on results. We performed the funnel plots to show the publication bias. The asymmetrical plot was regarded as the existence of publication bias (38). A p-value of < 0.05 was considered a significant statistical difference. We used RevMan (Version 5.3) and RStudio software (Version 1.3.959) for statistical analysis.




3. Results


3.1. Results of database search and study inclusion

The literature search and identification process are shown in Figure 1. A total of 238 studies were initially enrolled by excluding duplicated research, and 213 were further eliminated through screening abstracts. Full-text readings were processed among the remaining 25 studies. Of them, nine studies were finally eliminated (Figure 1). Finally, 16 cohort studies from China, Japan, America, Korea, Russia, Serbia, and Canada, including 2,352 patients with AF who received catheter ablation were enrolled (16–26, 28–32).
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FIGURE 1
 Literature search and identification process.




3.2. Study characteristics and quality evaluation

The clinical characteristics, design details, and HRV parameters of the enrolled studies are shown in Table 2. Overall, two (22, 23) of them were prospective studies, while the other three were retrospective cohorts. The sample sizes varied from 42 (16) to 614 (19). Of them, nine studies included paroxysmal AF (20, 22–24, 26, 28, 30–32), while the other two included both paroxysmal and persistent AF. Patients in all included research underwent pulmonary vein isolation [linear, triggers (28, 31), cavotricuspid isthmus (16, 25, 26, 30), mitral isthmus (26), complex fractionated atrial electrogram (21, 24, 30), superior vena cava (19, 26, 28, 31), ganglionated plexi (24) ablation, or BOX (29) if necessary] as the ablation strategy for AF. The follow-up duration varied between 6 (16) and 62 (26) months. The recurrence incidence rate varied between 13.3% (32) and 69.7% (18) (Table 3). The NOS of all enrolled articles ranged from seven to nine (Table 2), prompting good research quality.


TABLE 2 The characteristics of all studies included in the systematic review.
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TABLE 3 Patient clinical and ultrasonographic characteristics, pooled from studies included in the meta-analysis.
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3.3. Association between HRV and AF recurrence after catheter ablation

Notably, nine studies (16, 18, 19, 21, 22, 24, 26, 30, 31) referred to the potential value of different HRV parameters within 3 days after catheter ablation (more than three articles mentioned SDNN, rMSSD, HF, and LF/HF) in predicting AF recurrence following catheter ablation.

The pooled OR for SDNN in predicting AF recurrence after catheter ablation was 1.01 (95% CI: 1.00–1.03; p = 0.13, Figure 2A). All five researchers came from China. Significant heterogeneity existed among the enrolled researchers (I2 = 75%, P for Cochrane's Q-test = 0.003). Sensitivity analyses reached similar results. Subgroup analysis enrolled three studies of patients with purely paroxysmal AF, which showed that SDNN could independently predict AF recurrence (OR: 1.02, 95% CI: 1.01–1.02; p = 0.0006).
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FIGURE 2
 (A–D) Association between HRV and AF recurrence after catheter ablation.


The rMSSD was independently related to an increased incidence rate of AF recurrence following catheter ablation (OR: 1.02, 95% CI: 1.00–1.04; p = 0.03, Figure 2B). Significant heterogeneity was observed among the included studies (I2 = 74%, P for Cochrane's Q-test = 0.002). Sensitivity analyses reached similar results.

The pooled OR for HF in predicting AF recurrence following catheter ablation was 1.02 (95% CI: 0.98–1.07; p = 0.34, Figure 2C); further subgroup analysis enrolled four studies of patients with purely paroxysmal AF, which showed that HF still could not independently predict AF recurrence (OR: 1.49, 95% CI: 0.98–2.26; p = 0.06). Significant heterogeneity existed among the enrolled studies (I2 = 76%, P for Cochrane's Q-test < 0.0001). Sensitivity analyses reached similar results. Subgroup analysis enrolled four studies with a relatively short follow-up period (<12 months) and showed that HF could independently predict AF recurrence (OR: 1.79, 95% CI: 1.41–2.27; p < 0.00001).

The pooled OR for LF/HF in predicting AF recurrence following catheter ablation was 0.86 (95% CI: 0.61–1.20; p = 0.37, Figure 2D). Medium heterogeneity was observed among the included studies (I2 = 51%, P for Cochrane's Q-test = 0.06). Sensitivity analyses omitting one study at a time were found when the study by Jian et al. (18) with the highest recurrence rate (69.7%) was omitted, the heterogeneity sharply decreased (I2 = 23%, P for Cochrane's Q-test = 0.26). Subgroup analysis enrolled four studies with a relatively short follow-up period (12 months) which showed that LF/HF could independently predict AF recurrence (OR: 1.12, 95% CI: 1.03–1.20; p = 0.004).

In summary, higher rMSSD could independently predict AF recurrence following catheter ablation. Higher HF and lower LF/HF could independently predict AF recurrence within 1 year. Higher SDNN could independently predict AF recurrence among patients with paroxysmal AF.



3.4. Difference in HRV parameters within 3 days after catheter ablation compared with baseline in the AF recurrence group and non-recurrence group

Some articles (17, 18, 22–26, 28, 29, 31, 32) reported different HRV parameters within 3 days after catheter ablation in the AF recurrence group and non-recurrence group separately. The data pooled for comparing SDNN difference were 12.72 (95% CI: 6.07–19.36, p = 0.0002, I2 = 74%, Figure 3A), while rMSSD difference was 13.44 (95% CI: 7.99–18.88, p < 0.00001, I2 = 84%, Figure 3B), PNN50 difference was 0.32 (95% CI: 3.31–5.66, p = 0.006, I2 = 97%, Figure 3C), lnLF difference was 0.32 (95% CI: 0.14–0.50, p = 0.0004, I2 = 5%, Figure 3D), lnHF difference was 0.42 (95% CI: 0.1–0.73, p = 0.009, I2 = 60%, Figure 3E), and LF/HF difference was −0.21 (95% CI: −0.35 to −0.07, p = 0.004, I2 = 85%, Figure 3F).
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FIGURE 3
 (A–F) Difference in HRV within 3 days after catheter ablation compared with baseline in the AF recurrence and non-recurrence group.


Sensitivity analyses omitting one study at a time in individual meta-analyses all retrieved similar results. Almost all HRV parameters within 3 days after catheter ablation performed significant differences in AF recurrence and non-recurrence groups.



3.5. Difference in HRV parameters at 3 months after catheter ablation compared with baseline in the AF recurrence group and non-recurrence group

Some articles (20, 23–25, 29, 30) reported different HRV parameters at 3 months after catheter ablation individually in the AF recurrence group and non-recurrence group separately.

The data pooled for comparing SDNN difference at 3 months in patients suffering recurrence and free from recurrence were 4.03 (95% CI: −3.47 to 11.52, p = 0.29, I2 = 70%, Figure 4A). Subgroups according to the ethnicity of the patients, AF type, and follow-up duration did not show any significant influence. rMSSD difference at 3 months in patients suffering recurrence and free from recurrence was 12.29 (95% CI: 0.43–0.42, p = 24.14, I2 = 90%, Figure 4B). PNN50 difference at 3 months in patients suffering recurrence and free from recurrence was −0.08 (95% CI: −4.25 to 4.08, p = 0.97, I2 = 81%, Figure 4C); only three articles were enrolled; hence, subgroup analysis was not further performed. lnLF difference at 3 months in patients suffering recurrence and free from recurrence was 0.23 (95% CI: 0.04–0.42, p = 0.02, I2 = 14%, Figure 4D), lnHF difference at 3 months in patients suffering recurrence and free from recurrence was 0.41 (95% CI: 0.02–0.79, p = 0.04, I2 = 72%, Figure 4E), LF/HF difference at 3 months in patients suffering recurrence and free from recurrence was−0.03 (95% CI: −0.29 to 0.22, p = 0.80, I2 = 81%, Figure 4F), and subgroup according to the ethnicity of the patients, AF type, and follow-up duration did not show any significant influence.
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FIGURE 4
 (A–F) Difference in HRV parameters at 3 months after catheter ablation compared with baseline in the AF recurrence and non-recurrence group.


Sensitivity analyses omitting one study at a time in individual meta-analyses all retrieved similar results. lnHF, lnLF, and rMSSD at 3 months after catheter ablation performed significant differences in AF recurrence and non-recurrence groups.



3.6. Publication bias

Publication bias exploration was conducted through meta-analysis, including more than five studies. Funnel plots of the association between HRV parameters and AF recurrence following catheter ablation were asymmetrical on visual inspection, indicating a high risk of publication bias (figures not shown).




4. Discussions

In this meta-analysis, we found that higher rMSSD could independently predict AF recurrence following catheter ablation. Higher HF and lower LF/HF could independently predict AF recurrence within 1 year. Higher HF and SDNN could independently predict AF recurrence among patients with paroxysmal AF. Almost all perioperative HRV parameters performed significant differences in AF recurrence and non-recurrence groups, while only lnHF, lnLF, and rMSSD at 3 months after catheter ablation performed significant differences in AF recurrence and non-recurrence groups. Further sensitivity analysis confirmed the stability of our results. Taken together, these results suggested that HRV, especially for rMSSD, was an independent predictive factor in AF recurrence following catheter ablation. These findings should be further validated in larger-scale prospective studies. To the best of our knowledge, this is the first meta-analysis assessing the association between HRV and AF recurrence following catheter ablation.

Heart rate variability, as a momentous means for quantitative evaluation of autonomic nervous activity nowadays, is concerned with the tiny temporal change of time among adjacent cardiac cycles. The autonomic nervous activity dysfunction could trigger and maintain AF episodes by increasing the left atrial electric heterogeneity. The autonomic nervous system tension change occurs in the onset, development, persistence, and complexity of AF (39, 40). Some patients with AF could not benefit from catheter ablation; the involvement of the autonomic nervous system in the AF propagation may give a satisfactory explanation. Different improvement degrees following AF intervention may help screen patients with autonomic dysfunction and potentially poor prognosis (41). During a mean follow-up of 19.4 years among 11,715 adults in a large cohort, lower SDNN (HR: 1.14, 95% CI: 1.08–1.21), RMSSD (HR: 1.07, 95% CI: 1.01–1.14), HF (HR: 1.12, 95% CI: 1.06–1.17), LF (HR: 1.17, 95% CI: 1.11–1.23) (above HR are expressed per standard deviation lower HRV measures), as well as increased LF/HF (HR: 1.08, 95% CI: 1.03–1.14), were all independently associated with a higher incidence of AF (42). In patients free from AF recurrence, the LnHF decreased and LF/HF increased significantly after box isolation. LnHF was significantly lower in patients who maintained sinus rhythm following surgery (29). HRV appears to show a close relationship with AF recurrence following catheter ablation (18). Lower ΔLF and ΔHF following catheter ablation both predict AF recurrence (22). Reducing overall vagosympathetic activity and minimizing imbalance between the sympathetic/parasympathetic nerve system both contributed to the prevention of AF from recurrence following catheter ablation (20). High parasympathetic tones accurately predict pulmonary vein reconnection among recurrent patients with AF receiving redo catheter ablation, no matter on vein-per-vein analysis or case-per-case analysis (43). The degree and sustained duration of parasympathetic denervation after catheter ablation were both proved related closely to AF recurrence (23). Ln HF 12 months after catheter ablation still predicted AF recurrence (30).

Three decades ago, researchers from Japan demonstrated that the quantitative relationship between the dispersion of refractoriness and the atrial effective refractory period (ERP) could predict increased atrial vulnerability (44). Animal studies found that increased intrinsic vagus tension acts a crucial role in AF triggering by several potential independent mechanisms, a combination of right atrial pacing with 500 beats/min and right cervical vagus trunk simulation in canines resulted in higher AF induction rate and longer AF duration, along with shorter atrial ERP and greater dispersion of ERP, comparison to purely right atrial pacing with 500 beats/min (45). Stimulation of the vagus nerve could increase the frequency and prolong the AF episodes duration in vivo by shortening atrial ERP and reducing interatrial conduction velocity (46).

In addition, extrinsic cardiac nerve stimulation from the spinal cord could increase AF inducibility by facilitating the vagus stimulation and attenuating the reaction on left stellate ganglion stimulation (47). Catheter ablation evokes differentiated sympathetic responses directed to the heart and skeletal muscles at different time points. During the procedure, cardiac parasympathetic activity raised and muscle sympathetic nerve activity decreased, while 1 day after the procedure, cardiac parasympathetic activity fell and muscle sympathetic nerve activity raised, which prompted some afferent feedback existing between the cardiac and peripheral autonomic nervous system (48).

A late recent review article found that LF/HF and lower total power could individually be predictors for intraoperative hypotension under spinal and general anesthesia during cardiopulmonary operation (including coronary artery bypass graft, valve surgery, and pulmonary resection) (49).

Pulmonary vein isolation gives rise to remarkable and sustained autonomic nerve alteration reflected by HRV parameters, which were associated closely with procedural outcomes and independent of the ablation method (50). Cardiac ganglionated plexi stimulation by activating the autonomic nervous system induces pulmonary vein triggers and promotes atrial arrhythmogenicity and local reentries at the left atrium–pulmonary vein junction (51). Ablating ganglionated plexi areas around the left atrium extensively, along with pulmonary vein antrum isolation, could enhance the autonomic nerve system denervation through fat pad modification and confers a significantly lower incidence rate of AF recurrence (17, 52). Injection of CaCl2 into the four major atrial ganglionated plexi could significantly reduce the risk of postoperative new-onset atrial fibrillation after cardiac surgery. HF and LF both decreased in the CaCl2 group without the imbalance of the sympathetic/parasympathetic nerve system, which prompts the Ca-mediated neurotoxicity and could inhibit the ganglionated plexi function and arrhythmia onset (27). The recent multicenter randomized clinical trial ERADICATE-AF concluded that a combination of renal denervation and catheter ablation significantly decreased the incidence of AF recurrence within 1 year among patients with paroxysmal AF and hypertension (53).



5. Limitations

Several limitations exist in our study. First, this is a meta-analysis enrolling observational cohort studies with heterogeneous design, follow-up duration, ethnicity, and sample sizes. Second, some of the enrolled researchers did not provide the appropriate data in the format required. We failed to obtain available data via conventional data conversion, which may lead to selection bias. Some other selection biases may originate from the exclusion of abstract only. Third, although our meta-analysis enrolled 16 studies, articles referred to each HRV parameter only include a part of them. The funnel plot revealed the publication bias due to the small number of enrolled articles. Fourth, studies from Africa are not found, which may affect the sample representativeness in terms of ethnicity and region.



6. Conclusion

Heart rate variability, especially higher rMSSD (within either short-term or long-term periods), was associated with AF recurrence following catheter ablation, indicating that the autonomic activity may be associated with the AF mechanisms, development, and sustainment of AF.
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Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, once thought to be benign as long as the ventricular rate was controlled, is associated with significant cardiac morbidity and mortality. Increasing life expectancy driven by improved health care and decreased fertility rates has, in most of the world, resulted in the population aged ≥65 years growing more rapidly than the overall population. As the population ages, projections suggest that the burden of AF may increase more than 60% by 2050. Although considerable progress has been made in the treatment and management of AF, primary prevention, secondary prevention, and prevention of thromboembolic complications remain a work in progress. This narrative review was facilitated by a search of MEDLINE to identify peer-reviewed clinical trials, randomized controlled trials, meta-analyses, and other clinically relevant studies. The search was limited to English-language reports published between 1950 and 2021. Atrial fibrillation was searched using the terms primary prevention, hyperthyroidism, Wolff-Parkinson-White syndrome, catheter ablation, surgical ablation, hybrid ablation, stroke prevention, anticoagulation, left atrial occlusion and atrial excision. Google and Google scholar as well as bibliographies of identified articles were reviewed for additional references. In these two manuscripts, we discuss the current strategies available to prevent AF, then compare non-invasive and invasive treatment strategies to diminish AF recurrence. In addition, we examine the pharmacological, percutaneous device and surgical approaches to prevent stroke as well as other types of thromboembolic events.
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Introduction

Atrial fibrillation (AF) is the most common sustained tachyarrhythmia affecting millions of people worldwide. AF prevalence increases with advancing age. Left untreated, AF increases the risk and severity of heart failure, stroke and death (1). The mortality rate from AF as the primary or contributing etiology has been rising for over two decades (2).

In the United States, AF is the primary diagnosis in over 450,000 hospitalizations each year (3). AF contributes to more than 150,000 deaths each year (2). In 2019, AF was noted on 183,321 death certificates and was the underlying cause of death in 26,535 (2).

Worldwide AF is more common in developed nations and among individuals of European descent. Nevertheless, AF is hardly confined to these regions and demographics. In the Real-life global survey evaluating patients with atrial fibrillation (RealiseAF) a large-scale, cross-sectional international survey (from 26 countries) of 9,816 patients with AF who had ≥1 episode in the past 12 months, as AF progressed from paroxysmal to persistent and permanent types, the prevalence of comorbidities, including heart failure (32.9, 44.3, and 55.6%), coronary artery disease (30.0, 32.9, and 34.3%), cerebrovascular disease (11.7, 10.8, and 17.6%), and valvular disease (16.7, 21.2, and 35.8%), increased (4). Even the greater burden of morbidity and mortality experienced by young Indigenous Australians may, in part contributed to AF and it has speculated been that better prevention and management strategies may reduce this burden (5).

In part 2 we discuss catheter ablation in heart failure, compare and contrast catheter ablation modalities (including new energy sources), discuss surgical and hybrid AF ablative options, and review the pharnacological, interventional, and surgical options to prevent stroke and thromboembolism.



AF catheter ablation in heart failure

A commonly adopted concept is that heart failure (HF) begets AF and AF begets HF due to shared pathophysiological mechanisms and risk factors (6). Several relatively small studies have compared PVI to pharmacologic rate control in patients with AF and heart failure (HF). In three studies, PVI demonstrated superior outcomes (7–9).

A multicenter randomized trial revealed that catheter ablation of AF was superior to amiodarone in achieving long-term freedom from AF as well as reducing unplanned hospitalization and mortality in patients with HF and persistent AF (10). MacDonald et al. randomized 41 patients with severe left ventricular systolic dysfunction [left ventricular ejection fraction (LVEF): 20.0 ± 5.5%] to receive catheter ablation or medical therapy and found no significant improvement in LVEF. A reduced ablation success rate (50%) in their advanced heart failure population may account for these findings (10).

The Pulmonary vein antrum isolation vs. AV node ablation with Bi-ventricular pacing for treatment of AF in patients with Congestive Heart Failure (PABA-CHF), compared AV junction ablation (the definitive approach to rate control) to PVI ± additional linear lesions and/or ablation of complex fractionated electrograms (11). Patients with symptomatic drug-resistant atrial fibrillation, a left ventricular ejection fraction (LVEF) ≤ 40%, and New York Heart Association (NYHA) class II or III HF were randomly assigned in a 1:1 fashion to undergo either pulmonary vein isolation or atrioventricular node (AVN) ablation with biventricular pacing.

In this randomized controlled trial, 41 patients underwent pulmonary vein isolation, and 40 underwent atrioventricular node ablation with biventricular pacing (via CRT-D). The primary end point was a composite of ejection fraction, distance on the 6-minute walk test, and Minnesota Living with Heart Failure (MLWHF) questionnaire score (11). Both groups had improved (lower) MLWHF scores after 6 months follow up, however the improvement was greater in the PVI group with a reduction from 89 ± 12 at baseline to 60 ± 8 vs. 89 ± 11 at baseline to 82 ± 14 in the AVN ablation group (P < 0.001).

In addition, the PVI group walked significantly farther (340 ± 49 m vs. 297 ± 36 m, P < 0.001), and had a significantly higher mean ejection fraction (35 ± 9% vs. 28 ± 6%, P < 0.001) (12). Arrhythmic progression, defined as AF that was becoming more advanced (e.g., from paroxysmal to persistent), did not occur in the patients who underwent pulmonary vein isolation but was noted in 30% of patients who underwent AV nodal (AVN) ablation with biventricular pacing (P < 0.001). The authors concluded PVI was superior to AVN ablation with biventricular pacing in heart failure patients with drug refractory atrial fibrillation (11).

Nevertheless, data from the Ablate and Pace for Atrial Fibrillation—cardiac resynchronization therapy (APAF-CRT) trial suggests that AV node/junction ablation and CRT should not be entirely dismissed. Patients with severely symptomatic permanent AF and narrow (< 110 ms) QRS complexes and ≥1 HF hospitalization in the previous year were randomized in a 1:1 manner to Ablation + CRT or to pharmacological rate control. In the rate control arm, therapy was optimized to attain a resting heart rate of < 110 beats/minute. The mean patient age was 72 ± 10 years (12, 13).

Patients were followed for a median of 16 months in phase I of the trial. Death due to HF, or HF hospitalization or worsening HF occurred in 20% of patients in the Ablation + CRT group and 38% of patients in the pharmacological rate control group (P = 0.013). Fewer patients in the Ablation + CRT group died from any cause or underwent hospitalization for HF (P = 0.008). Likewise, Ablation + CRT patients had a 36% decrease in symptoms and physical limitations related to AF at 1 year follow-up compared with the pharmacological rate control group (P = 0.004) (12).

In phase II of the ongoing APAF-CRT trial 133 patients were similarly randomized. The primary endpoint was time to all-cause mortality. The secondary endpoint was time to the composite of all-cause mortality or HF hospitalization, whichever occurred first. Both the primary and secondary endpoints were reduced significantly in the Ablation + CRT group compared to the pharmacological rate control group. The mortality benefit was not significantly different between patients with an EF ≤ 35% compared to those whose EF was >35% (13).

CASTLE-AF was a multicenter, randomized, controlled trial conducted to assess whether catheter ablation reduced morbidity and mortality compared with medical therapy (rate or rhythm control) in patients with paroxysmal or persistent AF as well as medically managed New York Heart Association (NYHA) class II–IV heart failure with an LVEF ≤ 35% (14). All patients were required to have had an ICD or CRT-D device with automatic daily remote-monitoring capabilities.

Participants in the trial included 179 patients randomized to ablation and 184 randomized to medical therapy. In patients randomized to medical therapy, efforts to maintain sinus rhythm were recommended, however, a rhythm control strategy was employed in only ~30%. For patients treated with rate control, ventricular rates of 60–80 beats per minute at rest and 90–115 beats per minute during moderate exercise were targeted. Twenty-eight patients in the ablation group crossed over to medical therapy and 18 patients in the medical therapy group crossed over to ablation (15).

The study's primary end point was a composite of death from any cause or worsening heart failure that led to an unplanned overnight hospitalization. Major secondary end points were death from any cause, death from cardiovascular disease, unplanned cardiovascular disease or heart failure hospitalization, any hospitalization, and cerebrovascular accident. In the ablation group, procedure-related adverse events and AF-free intervals were also assessed (14).

The primary composite end point was significantly lower in the ablation group. Likewise, death, cardiovascular death and hospitalizations were all significantly lower in the ablation group. AF recurred in 50% of ablation patients followed for 60 months, however, 63.1% of ablated patients were in sinus rhythm at their 60-month follow-up visit vs. 21.7% in the medical therapy group (P < 0.001) (14). A small, but statistically significant increase in LVEF was noted in the ablation group compared to the medical therapy group. The median absolute increase in LVEF from baseline to the 60-month follow-up visit was 8.0% in the ablation group and was 0.2% in the medical-therapy group (P = 0.005). The authors concluded that catheter ablation was associated with lower mortality rates from any cause, reduced rates of AF hospitalization, a lower AF burden and improved LVEF (14).

CABANA, an international, multicenter trial, randomized 2,204 AF patients to a strategy of catheter ablation or drug therapy, and followed them longitudinally for an average of 4 years for mortality and a comprehensive series of clinically relevant cardiovascular outcomes, quality of life, and AF recurrence (15, 16). Patients randomized to ablation had a significantly lower AF recurrence rate (49.9 vs. 69.5%, P < 0.001), but did not experience a significant change in the primary composite end point of disabling stroke, serious bleeding, cardiac arrest or death compared with patients randomized to receive drug therapy (8.0 vs. 9.2%, P = 0.30) (15, 16). The secondary end point of death and cardiovascular hospitalization, was significantly lower in the ablation group (51.7 vs. 58.1%, P = 0.001), primarily due to a reduced incidence of hospitalizations for antiarrhythmic drug titration, toxicity, and pacemaker implantation (15, 16). Using three prespecified QOL assessments, both treatment groups had significant improvements in quality of life, however, the improvement was significantly greater in the catheter ablation group (P < 0.001 for all 3 assessments) (16, 17). No clinically relevant treatment-related differences between men and women in the primary and secondary clinical outcomes of CABANA were noted, and there were no gender differences in adverse events (18). In the North American CABANA cohort, catheter ablation significantly improved major clinical outcomes in racial/ethnic minorities compared with drug therapy. Although primary event rates in racial/ethnic minority and non-minority participants were similar in the ablation arm, racial and ethnic minorities had a much higher event rate than non-minority participants when randomized to drug therapy (19).

In AF patients with clinically stable HF at CABANA trial entry, catheter ablation produced clinically important improvements in freedom from AF recurrence, quality of life and survival relative to drug therapy (20). Unfortunately, only 9.3% of patients with available data had an EF < 40% and in 11.7% EF ranged between 40 and 50% (20). In an editorial accompanying this report, Rosenfeld and Enriquez noted that there were too few patients with HF and reduced ejection fraction (HFrEF) to draw conclusions about this subgroup. They suggested that this was the largest randomized trial to compare AF catheter ablation to drug therapy in patients with HF and preserved ejection fraction (HFpEF) (21).



Ablation modalities: Comparative efficacy and new techniques

The two ablation technologies most frequently used for pulmonary vein isolation differ in their energy source and mode of application. Radiofrequency (RF) current has been delivered in a point-by-point fashion, leading to tissue heating and cellular necrosis. The cryoballoon was developed create circular lesions around each pulmonary vein in a comparatively simpler manner. Cryogenic energy delivered via the balloon in a single-step (AKA “single shot”) mode, leads to necrosis by freezing.

The FIRE AND ICE Investigators were the first to compare RF and cryoablation for drug-refractory paroxysmal AF. Cryoballoon ablation efficacy was non-inferior to radiofrequency ablation for treatment of drug-refractory paroxysmal AF. There was no significant difference between the two methods in overall safety. RF ablation for AF requires limited fluoroscopy use because catheter guidance is achieved via electroanatomical mapping. However, cryoballoon ablation requires more extensive fluoroscopic guidance to position the balloon catheter at the pulmonary venous antra (22).

A 2020 meta-analysis comparing saline-irrigated radiofrequency ablation with contact force measurement (SRFA-CF) to the 2nd generation cryoballoon ablation (CBA-2G) revealed no difference in freedom from atrial arrhythmia, acute PV isolation, and total complications (23).

A retrospective comparison between a novel cryoballoon technology (POLARx; Boston Scientific Corporation, Marlborough, MA, USA) and the Arctic Front PRO (Medtronic Inc., Minneapolis, MN, USA) revealed similar efficacy, however the newer POLARx procedure times were 1.5 times longer and required more cryoablation applications (24, 25).

The fourth-generation Medtronic cryoballoon (Arctic Front Advance Pro; CB4) was retrospectively compared to their second generation cryoballoon (Arctic Front Advance; CB2). The Arctic Front Advance PRO was designed with a shorter tip (8 mm) in order to allow more proximal mapping catheter placement in the pulmonary vein and increase visualization of real-time pulmonary vein recordings during ablation. Real-time pulmonary vein isolation was visualized in 33.3% of the veins in CB2 group and 74.7% of the veins in the CB4 group (P < 0.001). This facilitated observation of the time-to-effect (TTE), which for practical purposes, is the time from the onset of the freeze until the pulmonary vein is isolated. CB4 significantly reduced procedure and fluoroscopy times, as well as the number of cryoapplications (26).

In 2021, the Arctic Front Advance and Arctic Front Advance Pro Cardiac Cryoablation Catheters were approved by the U.S. Food and Drug Administration for treatment of drug refractory recurrent symptomatic paroxysmal and persistent AF as well as an initial rhythm control strategy for treatment of recurrent symptomatic paroxysmal and persistent AF. The Freezor MAX Cardiac Cryoablation Catheter was also approved as an adjunctive device to complete pulmonary vein isolation by closing gaps, for focal triggers, and to creation an ablation line between the tricuspid valve and the inferior vena cava (27).

The endoscopic laser balloon ablation system (Heartlight®, CardioFocus, Inc., Marlborough, MA, USA), currently in its third generation, is the only commercially available device utilizing laser technology for pulmonary vein antral isolation. A multicenter, non-inferiority randomized control trial including 353 drug-refractory paroxysmal AF patients compared laser balloon ablation (LBA) to RF ablation for paroxysmal AF treatment. Freedom from recurrent symptomatic AF at 12 months was similar in both groups. Complication rates were non-inferior in the LBA group compared to the RF group, with pulmonary vein stenosis being less common in the LBA (28, 29).

In a multicenter European trial involving 135 persistent AF patients, comparable clinical efficacy of LBA and RF ablation was seen for the primary endpoint of freedom from AF between 90 and 365 days (median duration 14 months) in both treatment groups (71.2% in the LBA, vs. 69.3% in the RF group, P = 0.40). Similar complication rates were noted in both groups (28, 30).

While there are fewer head-to-head comparisons between cryoballoon ablation (CBA) and LBA techniques, the limited data available suggests comparable, if not slightly greater, procedural efficacy of LBA over cryoballoon ablation (28, 31, 32). CBA and LBA techniques have been found to have similar safety profiles (28).

In Part 1 of this series, we discussed the possible benefits of left atrial posterior wall ablation for persistent AF. In contrast, Verma et al., found no reduction in the AF recurrence rate when either linear ablation or ablation of complex fractionated electrograms was added to pulmonary vein isolation in patients with persistent AF (33). Other targets have been chosen for ablation of persistent AF (rotors, voltage-guided ablation, ganglionic plexus ablation), and it remains unclear if targeting anything beyond isolating the pulmonary veins is universally applicable, or of incremental benefit (33–35).

Ablation index (AI; Biosense Webster, Inc., Diamond Bar, CA, USA) is a commercially available new marker/index that combines contact force, radiofrequency time, and radiofrequency power in a non-linear formula in real time. In the PRAISE Study, 40 consecutive patients with persistent AF of < 12 months duration and no significant structural heart disease underwent AI-guided pulmonary vein isolation via point-by-point wide area circumferential ablation. Pre-specified AI targets were used in different regions. Ablation index regional target-guided ablation resulted in 93% of pulmonary veins remaining durably isolated at repeat (2 months) electrophysiology study. AI-guided PVI only ablation strategy was associated with a successful outcome in the vast majority of patients for >12 months, most likely due to durable PVI (35).

In a meta-analysis of 11 studies, including 2,306 patients, 1,046 (45.4%) underwent AI-guided ablation and 1,260 (54.5%) underwent non-AI guided ablation (control group). AI-guided catheter ablation was associated with significantly reduced procedural, fluoroscopy, and ablation times. PV isolation after single encirclement was more frequent in the AI-guided radiofrequency group, while acute PV reconnection was more frequently observed in the non-AI-guided ablation group. Data available data from 6 studies revealed that AI-guided catheter ablation was associated with significantly less AF recurrence compared to non-AI ablation studies (P = 0.0003) (36).

Newer ablation technologies such as the use of phased array radiofrequency ablation employ specialized circular catheters to achieve PVI. The original multi-electrode phased array radiofrequency pulmonary vein ablation catheter (PVAC, Medtronic Inc., Minneapolis, MN, USA) was designed to allow circumferential pulmonary vein isolation using a “single-shot” approach with the aim of reducing procedure time, while retaining efficacy and safety. Concerns about asymptomatic cerebral emboli led to development of the second-generation multi-electrode catheter (PVAC GOLD, Medtronic Inc., Minneapolis, MN, USA) (37). The electrodes were changed from platinum to gold, the number of electrodes reduced to nine from ten with PVAC, the inter-electrode spacing was increased from 3.00 to 3.75 mm and a 20° forward tilt was added to the array (37).

A recently published large registry of 1,017 patients, reported that PVI was successfully achieved in 95–99% of paroxysmal, persistent and long-standing AF patients. Procedure times were reduced, and safety was maintained (38). Additional phased array products (Medtronic Inc., Minneapolis, MN, USA) include the Multi-Array Septal Catheter (MASC) and the Multi-Array Ablation Catheter (MAAC) which are designed to facilitate elimination of non-pulmonary vein triggers and arrhythmogenic substrates in the atria (38). Pending additional investigation none of these products have received approval from the U.S. Food and Drug Administration (FDA).

Pulsed-field ablation (PFA) is currently being investigated for use as an alternate non-thermal energy source for ablation of cardiac arrhythmias. PFA employs high voltage electrical fields applied in close proximity to targeted tissues to create injury via irreversible electroporation. Increased cellular permeability from pore formation in the plasma membrane may result in in homeostatic changes and cell death from apoptosis (39).

While tissue-catheter contact is pivotal in creation of adequate lesions during thermal ablation, PFA's effects on tissue are proximity dependent because they are a result of the electric field created. Electroporation depends on current conduction between two electrodes. In accordance with Ohm's law current is directly proportional to voltage and inversely proportional to tissue resistence. Typically when current is applied between electrodes, the local current density in the tissue decreases with the square of the distance from the electrodes (39).

PFA is uniquely tissue specific. Its effect on tissue is dependent on tissue characteristics, fiber orientation, and heterogeneities in the local environment. Myocardium is very susceptible to irreversible injury, however, the esophagus, phrenic nerves, pulmonary veins (stenosis does not appear to occur), and coronary arteries are relatively resistant to injury (39).

In 2019, Reddy et al. reported the results of the IMPULSE (a safety and feasibility study of the IOWA approach endocardial ablation system to treat atrial fibrillation) and PEFCAT (a safety and feasibility study of the FARAPULSE endocardial ablation system to treat paroxysmal atrial fibrillation) studies (40). These were two-center, first-in-human, non-randomized feasibility trials of PFA for paroxysmal AF ablation. These studies were funded by Farapulse, Inc. [Farapulse Menlo Park, California, USA (formerly Iowa Approach)] (40).

All pulmonary veins were acutely isolated by monophasic or biphasic PFA. Although the optimal waveform (for safety and efficacy) for catheter ablation utilizing PFA has not been completely determined (39, 40) after waveform refinement, as the investigators gained experience and the system went through iterations, the durability of PVI at 3 months improved from 18 to 100% of patients with all PVs isolated. Patients in the latter group were treated with biphasic pulses at 1800–2000 V, with eight or more pulse deliveries per catheter position, and multiple catheter positions for each vein. There was one procedure-related pericardial tamponade, but over a median follow-up of 120 days there were no additional primary adverse events such as phrenic nerve injury, PV stenosis, esophageal injury or stroke. The authors concluded that PFA preferentially affected myocardial tissue, allowing facile ultra-rapid PV isolation with excellent durability and chronic safety (40).

In 2021, these authors and additional investigators reported the 1 year follow up results of IMPULSE, PEFCAT and PEFCAT II (expanded safety and feasibility study of the FARAPULSE endocardial multi ablation system to treat paroxysmal atrial fibrillation) (41). Acute PVI was achieved in 100% of 121 patients with PFA. Remapping performed at 93.0 ± 30.1 days revealed durable PVI in 96% of patients treated with optimized biphasic energy PFA. Primary adverse events occurred in 2.5% of patients (2 pericardial effusions or tamponade, 1 hematoma) and, in addition, there was 1 transient ischemic attack. There were no instances of atrioesophageal fistula, stroke, PV stenosis >70%, or phrenic nerve injury (41).

The median follow-up duration was 360 days and 80.2% of patients were followed for at least 1 year. The Kaplan-Meier estimate for freedom from atrial tachycardia, atrial flutter, and AF at 1 year was 78.5 ± 3.8%. The authors concluded that the data help allay concerns that the novel non-thermal PFA ablation modality masks undiscovered compromises to clinical success (41).

In 2021, Farapulse (Farapulse Menlo Park, California, USA) became the first company to commercialize a cardiac PFA technology after receiving CE Mark for the FARAPULSE PFA System in Europe in 2021. The company also initiated its pivotal U.S. IDE trial (the ADVENT trial) in the first quarter of 2021. In 6/21, Boston Scientific (Marlborough, MA, USA) announced it would acquire the FARAPULSE PFA System (42).

Medtronic, Inc. (Minneapolis, MN, USA) has initiated The PULSED AF trial, a prospective, non-randomized, multi-center clinical trial aiming to enroll up to 500 patients for treatment with their PulseSelect System in as many as 50 sites in the U.S., Canada, Europe, and Australia (43).

The initial in-human pilot phase evaluated the feasibility and efficacy of pulmonary vein isolation using a novel (PulseSelect; Medtronic, Inc., Minneapolis, MN, USA) PFA system delivering bipolar, biphasic electrical fields through a circular multielectrode array catheter (44).

Acute electrical isolation was achieved in 100% of pulmonary veins (n = 152) in 38 patients with paroxysmal or persistent AF. The total procedure time was 160 ± 91 mins, left atrial dwell time was 82 ± 35 mins, and fluoroscopy time was 28 ± 9 mins (44).

In the United States, Farapulse and Boston Scientific have launched the ADVENT trial (a prospective randomized pivotal trial of the FARAPULSE pulsed field ablation system compared with standard of care ablation in patients with paroxysmal atrial fibrillation) (45). The ADVENT trial is a randomized controlled trial that will involve at least 350 patients [estimated enrollment 900 patients (46)] in over 30 US centers. Patients will be randomized in a 1:1 fashion to either standard ablation (via radiofrequency or cryoballoon) or FARAPULSE PFA. The primary endpoint will be freedom from AF for 12 months after a single ablation procedure (46).

In 2007, Edgerton et al. introduced a minimally invasive surgical approach that combined pulmonary vein antral isolation and partial autonomic denervation. The investigators concluded that pulmonary vein isolation combined with targeted partial autonomic denervation was a safe and efficacious approach for the treatment of paroxysmal AF (47).

This concept has been extended to AF catheter ablation. The five major left atrial autonomic ganglionic plexi (GPs) locations are the superior left GP, inferior left GP, anterior right GP, inferior right GP, and within the ligament of Marshall. They can be located by recording highly fractionated atrial potentials (FAPs) which are also known as complex fractionated atrial electrograms (CFAEs). High frequency stimulation (HFS) of the left atrial endocardium delivered via a mapping or ablation catheter is useful to confirm a GP's location.

A positive (transient AV block or a decrease in mean ventricular rate > 50%) HFS response confirms the location. Unfortunately, the utility of catheter ablation of autonomic ganglia as an initial or repeat ablation strategy for paroxysmal, persistent, and long-standing persistent AF is not well established (48).

The work of Wolf, Edgerton, and others played a key role the development of hybrid ablation which was first described in 2012 (see below).



A few words of caution

While there is great enthusiasm for catheter ablation of AF, the net clinical benefit depends on the safety of the ablation procedure in real-world practice (49). AF ablation is a complex procedure with a relatively high inherent risk (48). It should be no surprise that operator inexperience and low hospital procedure volumes are important predictors of complications. Most of the risk associated with catheter ablation of AF occurs during the acute procedural period (48). Even in highly experienced centers, about 4–5% of patients will experience complications (50). Major complications include thromboembolism (stroke and transient ischemic attacks), cardiac tamponade, significant pulmonary vein stenosis (≥70%), deep vein thrombosis, retroperitoneal bleeding and/or hematoma, femoral pseudoaneurysms and arteriovenous fistulae, atrioesophageal fistulae, and death (48, 50).

Vascular injuries are the most common complications of AF ablation. However, the incidence of serious complications such as arteriovenous fistula, femoral pseudoaneurysm, and retroperitoneal bleeding ranges from 0.2–1.5%. Cardiac tamponade (reported incidence 0–6%) is the most common life-threatening complication of AF ablation. Thromboembolic events (reported incidence 0–7%) usually occur within 24 h after ablation (the risk remains high for 2 weeks). In experienced hands, the incidence of symptomatic PV stenosis approaches zero. However, it is difficult to treat and can (rarely) result in death. Symptomatic patients may require pulmonary venous angioplasty and stenting. Atrioesophageal fistulae (incidence 0.2–0.11%), usually manifest 2–4 weeks post ablation. Treatment of atrioesophageal fistulae requires urgent surgical repair. Even with surgical repair, mortality is 34% (48). Esophageal injury has been observed most frequently with percutaneous radiofrequency ablation, but other energy sources (including but not limited to cryoablation) have been implicated as well. Luminal esophageal temperature (LET) monitoring does not prevent ablation-induced esophageal lesions (51). Likewise, mechanical techniques that aim to shift the esophagus away from the tip of the ablation catheter have not been proven to have a favorable risk-benefit ratio (52). Promising results have been noted with active esophageal cooling. In a large, randomized trial 188 patients undergoing RF ablation were randomized to active esophageal cooling vs. placement of a single-sensor temperature probe. Ultimately, 60 patients in each group underwent endoscopy 7 days post-ablation. Endoscopy demonstrated significantly fewer thermal injuries in patients protected by active esophageal cooling compared to the control group (2/60 vs. 12/60, P = 0.008) (53).

Phrenic nerve (PN) palsy is most commonly associated with cryoballoon ablation (incidence 3.5%−11.2%) but may occur after ablation with other energy sources. The right PN is most commonly affected during ablation in the right pulmonary veins or (less commonly) the superior vena cava. During cryothermal ablation, most PN injuries are transient, resolving within minutes. Persistent injuries are less common. Fortunately, cryothermal ablation is rarely associated with permanent PN paralysis. Even in persistent cases, nearly all recover within 12 months, however, 18–24 months may be required (48).

Asymptomatic cerebral emboli occur in 2–15% of procedures. Air embolism (usually due to suboptimal management of the transseptal sheath) occurs in < 1%. Coronary artery stenosis/occlusion occurs < 0.1% of AF catheter ablations and is addressed by prompt angioplasty. Pyloric spasm and gastric hypomotility has been reported to occur in as few as 0% and as many as 17% of procedures (48). Our experience suggests this is a very rare with an incidence of about 0.3% (54).

Radiation exposure has been associated with erythema, burns, hair loss, and necrosis of the skin as well as malignancies, cataracts, genetic diseases, and thyroid dysfunction.

Deterministic adverse effects occur after the radiation dose exceeds a specific threshold. Stochastic adverse effects are not threshold dependent. While their onset may increase in proportion to the intensity of exposure, their severity cannot be predicted by the radiation dose delivered (55).

Catheter ablation for cardiac arrhythmias has traditionally been guided by fluoroscopy. AF catheter ablation has required significantly longer fluoroscopy times and more radiation exposure than less complex catheter ablation procedures (48). Two recent meta-analyses have compared the use of low fluoroscopic (LF) and zero fluoroscopic approaches to conventional fluoroscopically guided AF ablation (56, 57). The low fluoroscopy technique had no significant differences in clinical efficacy or safety when compared to the conventional approach (56). In addition, important procedure parameters such as total procedure duration, fluoroscopy time, and dose area product were all significantly lower when employing an LF PVI approach (56). Zero fluoroscopy was also highly effective with acute procedure success rates and arrhythmia recurrence-free survival comparable to a more traditional conventional and low fluoroscopic approaches, but without radiation exposure to the patient, operator, and lab staff (57).

Recurrence of AF post ablation is observed in 30%−50% of patients by 1 year (58, 59). Recurrence is particularly problematic in patients with persistent AF. In addition, left atrial enlargement is generally acknowledged as a risk factor (60). AF catheter ablation can be an effective, durable long-term (≥3 years) therapeutic strategy for some patients however, multiple ablative procedures may be required (61).

The APPLE score [one point for age > 65 years, persistent AF, impaired eGFR (< 60 ml/min/1.73 m2), LA diameter ≥43 mm, EF < 50%] has been associated with AF recurrence and is a better predictor than the CHADS2 and CHA2DS2-VASc scores (60). Additional scores developed for predicting AF recurrence include the BASE-AF2 score, HATCH score, MB-LATER score ALARMc and CAAP-AF scores (62, 63).

The BASE-AF2 was derived to predict recurrences in AF patients after cryoballoon ablation. It seems to be best in patients with pulmonary disease (62, 63). The MB-LATER score [male, bundle branch block, left atrium ≥47 mm, type of AF (paroxysmal, persistent or long-standing persistent), and ER-AF = early recurrent AF], had better predictive ability for very late AF recurrence (>12 months) than the APPLE, ALARMEc, BASE-AF2, CHADS2, CHA2DS2VASc or HATCH scores (63). The ALARMEc score (nonparoxysmal AF [NPAF], normalized LA area >10.25, eGFR < 68 ml/min, metabolic syndrome and cardiomyopathy) has a good predictive ability of AF recurrence during a 2-year follow-up after redo procedure(s) (63). The CAAP-AF score was developed to predict AF freedom after RF ablation. CAD, LA diameter, age, persistent or long-standing persistent AF, antiarrhythmics failed and female sex are included in this predictive model (63).

Although favorable composite data exists (64), the long-term impact of AF catheter ablation on stroke (65) and mortality (64) has yet to be defined.



Surgical AF ablation

The first Cox-maze (CMP) procedure was performed in 1987 (66–68). The original procedure was effective but caused two undesirable problems: (1) frequent inability to achieve appropriate sinus tachycardia in response to maximal exercise and (2) occasional dysfunction of the left atrium (67, 69).

In the maze II procedure, the incision through the sinus node area was eliminated. Additionally, the transverse atriotomy across the dome of the left atrium was moved posteriorly to permit better intra-atrial conduction. Unfortunately, this modification required complete transection of the superior vena cava to gain left atrial exposure (67, 70). The Cox-maze III procedure placed the septal incision posterior to the superior vena cava orifice and improved the exposure of the left atrium. The technically less demanding Cox-maze III resulted in a greater incidence of postoperative sinus rhythm, improved long-term sinus node function, decreased pacemaker requirements, less arrhythmia recurrence, and improved long-term atrial transport function (67, 71).

Cox-maze III results were compared in patients with lone AF who underwent “stand-alone AF surgery” and patients who underwent “concomitant AF surgery.” The most common concomitant surgeries were mitral repair, mitral valve replacement, and coronary artery bypass grafting. In the lone AF group 72/112 (64%) patients had paroxysmal AF and 40 (36%) had persistent AF. The mean follow-up duration was 5.4 ± 3.0 and 5.4 ± 2.7 years in the lone and concomitant groups respectively. At the conclusion of follow-up, 78 (79.6%) of stand-alone patients were not in AF and free of antiarrhythmic medications. Similarly, 58 (73.4%) patients in the concomitant group were in sinus rhythm and off all antiarrhythmic medication. An additional 19 (24%) patients were free of AF but were taking medications. There was no significant difference between the groups (72).

Minimally invasive approaches, as well the use of radiofrequency and cryothermal procedures (to replace the so-called “cut and sew” techniques) were introduced in 2002. Alternate energy sources such radiofrequency, microwave and laser were also tried. In general, alternate energy sources do not all function as well as radiofrequency or cryoablation (73). Microwave energy results were less than satisfactory (74, 75). When new ablation technology, including bipolar RF energy and new cryoablation systems, is used in the open chest and a complete biatrial Cox-maze lesion set performed, the procedure has been deemed the Cox-maze IV procedure. The Cox-maze IV procedure was introduced in 2002 (76). In this modification, the pulmonary veins were isolated bilaterally, and a connecting lesion was applied rather than performing the original box lesion around all four pulmonary veins. Importantly, cross-clamp times were shorter with the Cox-Maze IV procedure and a Cox-Maze IV procedure through a small, right inframammary incision was perfected. Two years after its original iteration, the final version of the CMP-IV isolated the entire posterior left atrium by adding a superior connecting line, to “recreate” the box lesion-set (73).

In 2007, Lall et al. compared 242 patients who underwent surgically based AF ablation using COX-maze III (154 patients) and COX-maze IV (88 patients) techniques. Their analysis revealed no significant difference in freedom from AF at 12 months (96% for COX-maze III and 93% for COX-MAZE IV group). The authors concluded that bipolar radiofrequency ablation simplified the Cox-Maze procedure, making it applicable to virtually all patients with atrial fibrillation undergoing concomitant cardiac surgery (77).

Data collected prospectively (during 1992–2010) from 212 consecutive patients (mean age, 53.5 ± 10.4 years; 78% male) who underwent a stand-alone Cox-maze-III (n = 112) or Cox-maze IV (n = 100) procedure was assessed. The median preoperative AF duration was six years. AF types were (paroxysmal 48%) and persistent or long-standing persistent (52%). Overall, 30-day mortality was 1.4%. There were no intraoperative deaths. A strict follow-up regimen was implemented with all patients having ECGs or 24-h Holter monitoring at 3, 6, and 12 months and annually thereafter. Follow-up, at a mean of 3.6 ± 3.1 years, revealed, freedom from AF was 93% (82% off antiarrhythmics). At 10 years, freedom from symptomatic AF was 85%. One late stroke occurred, with 80% of patients not receiving anticoagulation therapy. The less invasive CMP-IV had shorter cross-clamp times (41 ± 13 vs. 92 ± 26 mins; P < 0.001) while maintaining high success rates (90% freedom from AF; 84% freedom without antiarrhythmics at 2 years) (76).

In 2005, Wolf described video-assisted bilateral thoracoscopic pulmonary vein isolation with to plus excision of the left atrial appendage as feasible and safe. Although 91.3% of patients were reported to be AF free, follow-up was limited to 3 months (78). These types of techniques are frequently used in hybrid ablation (see below).

We have previously noted the report from Edgerton et al. on the efficacy of a minimally invasive surgical approach to treat AF that combined pulmonary vein antral isolation with targeted partial autonomic denervation (47). The authors reported performance of pulmonary vein antral electrical isolation (with confirmation of block) and partial autonomic denervation in 83 AF patients. The results for 57 patients (39 paroxysmal, 18 persistent/longstanding persistent) with ≥6 months of follow up and pacemaker interrogation (9), 14- to 21-day event monitors (24), or a 24-h Holter monitor (24) were reported. Success was defined as no episodes of atrial fibrillation >15 s in duration recorded via these monitoring modalities. Treatment was successful in 32 of 39 (82.1%) patients with paroxysmal atrial fibrillation and 10 of 18 (55.6%) with persistent/long-standing persistent atrial fibrillation (47). We are unaware of additional evaluation of this technique.

In a 2012 consensus document (79) the primary AF surgical indication was the presence of symptomatic AF, refractory or intolerant to at least one Class I or Class III anti-arrhythmic drug. Currently, most patients have also had ≥1 unsuccessful catheter ablation procedure prior to surgical referral, unless they have a strong preference for cure with a single procedure (48).

In 2015, Gillinov et al. reported results from 260 patients with persistent or long-standing persistent AF who underwent mitral-valve surgery and were randomly assigned to undergo concomitant surgical ablation or no ablation (control group) during their operation. Patients in the ablation group were further randomized to a biatrial maze procedure or pulmonary vein isolation. Freedom from AF was not significantly different between the two ablation techniques. More patients in the ablation group than the control group were free from AF at both 6 and 12 months (63.2 vs. 29.4%, P < 0.001). Ablation was associated with more permanent pacemaker implantations than no ablation (P = 0.01) (80).

Responses to this study suggested the low rate of success of the biatrial maze procedure indicated either incorrectly performed surgery or inadequate lesions. It was also noted that maze procedures include ablation of the coronary sinus, and that such ablation was not mentioned (81).

In terms of efficacy, it should be noted that although lesion sets were standardized, energy sources were not (80, 82). Surgeons were permitted to use a combination of bipolar and unipolar radiofrequencies and cryothermy (82). Pison et al. pointed out that bipolar pulmonary vein isolation was performed in only 53 patients, as compared with unipolar ablation or cryoablation in 110 patients and noted that unipolar and cryoablation energies are less effective in creating transmural lesions and are associated with pulmonary vein reconnection. Therefore, they raised was associated question of whether greater use of bipolar radiofrequency ablation would have resulted in higher success rates (83). Gillinov et al. (82) responded that bipolar radiofrequency was used in 43% of the 67 patients who underwent pulmonary vein isolation and greater freedom from atrial fibrillation was not observed in this small group.

The validity of finding that the maze procedure caused patients to need more postoperative pacing was also questioned (81). The authors (82) admitted surprise that the need for pacing was so high (17%). They had raised the possibility that it was caused by valve replacement, multivalve surgical procedures (~50% of patients who underwent ablation had multivalve surgery) or that >50% of the patients who underwent ablation were 70 years of age or older, all factors that increase the risk of postoperative atrioventricular block (80). They also speculated that it could be due to the biatrial maze (82). A previous trial noted that addition of right atrial lesions to an extended left atrial lesion set did not improve efficacy but did increase the rate of pacemaker placement (to 16.5%). However, in that study cohort, the increase was due to sinus node dysfunction (84).

In the ACC/AHA/HRS 2014 guidelines, surgical ablation was only recommended for: (a) selected patients with AF undergoing cardiac surgery for other indications (Recommendation Class IIa, level of evidence C) and (b) selected patients with highly symptomatic AF not well managed with other approaches (85, 86). The 2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical ablation of atrial fibrillation (48) provides a more extensive list of surgical AF ablation indications (see Table 1).


TABLE 1 Indications for surgical ablation of atrial fibrillation.
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Direct comparisons of surgical and catheter ablation of AF

The 2012 FAST trial included 124 patients with antiarrhythmic drug–refractory AF with left atrial dilatation and hypertension (42 patients, 33%) or prior failed catheter ablation (82 patients, 67%) were randomized to catheter ablation (63 patients) or video-assisted thoracoscopic surgical ablation. Catheter ablation included antral pulmonary vein isolation ± additional lines. Surgical ablation included bipolar radiofrequency isolation of the bilateral pulmonary veins, ganglionated plexi ablation, and left atrial appendage excision ± additional lines.

Six- and 12-month follow-up was performed by ECG and 7-day Holter recording. The primary end point, freedom (without antiarrhythmic drugs) from >30 s of left atrial arrhythmia after 12 months, was 36.5% in the catheter ablation group and 65.6% in the surgical ablation group (P = 0.0022). The primary safety end point, significant adverse events during the 12-month follow-up, were higher for surgical ablation than catheter ablation (34.4 vs. 15.9%; P = 0.027), primarily due to procedural complications such as pneumothorax, major bleeding, and the need for a pacemaker. In the catheter ablation group, one patient died at one month from a subarachnoid hemorrhage (87).

Phan et al. performed a systematic review and meta-analysis of eight studies comparing catheter ablation to video-assisted thoracoscopic surgical ablation. Twelve-month, freedom from AF off antiarrhythmic drugs (AAD) was significantly higher in the surgical cohort versus the catheter ablation cohort (78.4 vs. 53%; P < 0.0001). Twelve-month freedom from AF on antiarrhythmic drugs results for surgical ablation were also superior (82.6 vs. 45.7%; P < 0.00001). Freedom from AF/arrhythmias at 12-months off-AAD was compared for paroxysmal AF and persistent AF. Surgical ablation results were superior for paroxysmal AF (82.0 vs. 62.5%; P = 0.04). Surgical ablation results were also better for persistent AF (74.4 vs. 51.1%; P = 0.002). Not surprisingly, complications were significantly higher in the surgical ablation group (28.2 vs. 7.8%; P = 0.0003) (88).

The SCALAF trial directly enrolled 52 patients who had failure of ≥1 class I or III antiarrhythmic drugs. The investigators compared minimally invasive thoracoscopic PVI with left atrial appendage ligation (surgical MIPI) versus percutaneous catheter ablation comprised of PVI as primary AF treatment. The follow-up strategy in this study was continuous rhythm monitoring with an ILR in all patients. Single-procedure arrhythmia-free survival without antiarrhythmic drugs after 2 years of follow-up was higher in the catheter ablation group compared to surgical ablation (2-year Kaplan-Meier event rate estimates, 56.0 and 29.2%, respectively), however this difference did not reach statistical significance. Procedure-related adverse events during follow-up occurred more often in the surgical group (P = 0.046). This was primarily due to major complications (P = 0.029). The authors concluded catheter ablation was non-inferior to surgical ablation for treatment of paroxysmal and early persistent AF (89). Patients who underwent catheter ablation reported significantly fewer physical problems and less body pain 3 months post treatment (90).

Long-standing persistent AF has been associated with suboptimal catheter ablation outcomes. The CASA-AF trial randomized 120 patients with longstanding persistent AF to surgical or catheter ablation. The primary outcome was single procedure freedom from AF/atrial tachycardia (≥30 s) at 12 months without antiarrhythmic drugs. Secondary outcomes included clinical success (≥75% reduction in AF/atrial tachycardia burden); procedure-related serious adverse events; symptom changes and quality-of-life scores; as well as cost-effectiveness.

Catheter ablation was performed with point-by-point radiofrequency ablation including PVI, roof and inferior lines to create a posterior wall box lesion as well as lateral mitral isthmus and cavotricuspid isthmus lines. Video-assisted thoracoscopic AF surgery included pulmonary vein isolation, ganglionic plexus ablation, followed by linear roof and inferior lines to create a posterior wall box lesion. The LAA was excluded using the AtriClip® LAA excluder system (AtriCure Mason, Ohio, USA). At 12 months, freedom from AF/AT was not significantly different in the two groups (26% in the surgical cohort vs. 28% in the catheter ablation cohort). Reduction in AF/AT burden ≥75% was also not significantly different in the two groups (67% in the surgical cohort vs. 77% in the catheter ablation cohort). Somewhat surprisingly, procedure-related serious adverse events occurring within 30 days of intervention were not significantly different in the two groups.

However, surgical ablation was more expensive and provided fewer quality-adjusted life-years compared to catheter ablation (P = 0.02) (91). Interestingly, despite similar low success rates, catheter ablation provided greater symptom improvements and accrued significantly more quality-adjusted life-years during follow-up (91).

Currently, surgical ablation has a Class I recommendation for AF patients undergoing concomitant open surgery, and a Class IIa for patients with AF undergoing closed surgery (coronary artery bypass grafting, aortic valve replacement). Catheter ablation currently has a Class IA recommendation for symptomatic paroxysmal AF refractory to antiarrhythmic medication. For persistent and longstanding persistent AF (>1 year), the recommendations are IIa, and IIb respectively. For persistent or long-standing persistent AF, posterior wall isolation and ablation of non PV triggers also has a Class IIb recommendation (92).

We believe that the take home message from these trials is that early intervention is crucial to success.



Hybrid AF ablation

In 2011, Krul et al. described a “hybrid” approach to AF ablation similar to what was described by Edgerton et al. (47) for thoracoscopic AF ablation. Briefly, the procedure consisted of isolating the pulmonary venous antra, left atrial ablation lines, and ganglionated plexus (GP) ablation. The ganglionic plexi were located via high frequency pacing and ablated with bipolar radiofrequency energy. A rubber banding was placed under the pulmonary venous antrum. An AtriCure Isolator Transpolar Clamp (AtriCure Mason, Ohio, USA) was then connected to the rubber banding and gently positioned around the antrum. Isolation of the pulmonary venous antra was accomplished via application of bipolar radiofrequency energy to the clamps around each PV antrum. A standard decapolar electrophysiology catheter was positioned behind the left atrium to record electrograms pre- and post-procedure to confirm isolation. In patients with persistent AF or longstanding persistent AF additional ablation lines connected the pulmonary veins and isolated the posterior LA wall. Entrance and exit block of the “box” was confirmed with pacing maneuvers. The entire procedure was epicardial (93).

In 2011, during the same month, Mahapatra et al. reported results from 45 patients who underwent sequential surgical epicardial-catheter endocardial ablation for persistent and long-standing persistent AF vs. catheter ablation alone. All patients had a failed previous catheter ablation. The sequential catheter ablation was performed 4.3 ± 1.3 days after the surgical procedure. After a mean follow-up of 20.7 ± 4.5 months, 86.7% (13/15) of sequential patients were free of atrial arrhythmias and off antiarrhythmic drugs, compared to 53.3% (16/30) of catheter-alone patients (P = 0.04) (94).

In 2012, Pison et al. reported a cohort of 26 consecutive AF patients who underwent simultaneous hybrid thoracoscopic surgical and transvenous catheter ablation followed for up to 1 year. The epicardial lesions were not transmural in 23% of the patients, and endocardial touch-up was needed. The procedure was deemed feasible and safe. The single-procedure success rate was 83% at 1 year (95). Thus, hybrid ablation in its current form was shown to be effective.

A 2015 systematic review compared the efficacy and safety of the Cox-Maze procedure (with cardiopulmonary bypass support [CPB]), beating-heart epicardial ablation, and the hybrid procedure. At 1-year, sinus rhythm restoration rates were 93, 80 and 70%, and sinus restoration without anti-arrhythmic medication was 87, 72 and 71%, for Cox-Maze, epicardial and hybrid procedures, respectively. The minimally invasive Cox-Maze procedure with CPB had important safety advantages in conversion to sternotomy and the lowest incidence of reoperation for major bleeding (96).

Despite the apparent superb results of surgical AF ablation, its morbidity (especially for stand-alone procedures) has limited widespread use (97). Minimally invasive thoracoscopic surgery may exceed AF catheter ablation results, but limitations in creation of transmural roof and floor lesions on the left atrial posterior wall can reduce its efficacy compared to open CPB surgery. Despite use of various ablation strategies for persistent AF, single procedure success rates have ranged from ~20–60% (98, 99). For the combination of persistent and longstanding persistent AF, efficacy rates are ~30–40%. Efficacy seems somewhat dependent on the procedural approach used. Long-standing persistent AF may be effectively treated with a composite of extensive index catheter ablation, repeat procedures, and/or pharmaceuticals (98–100). Rostock et al. reported that after 2.3 ± 0.6 ablation procedures in 395 patients, 312 (79%) were free of arrhythmia (with concomitant antiarrhythmic treatment in 38%) at mean follow-up of 15 ± 9 months after their last procedure (100). A 2017 report (not confined to persistent and longstanding persistent AF) found that patients with an additional ablation had $39,409 more in costs the following year (101).

These results, as well as the knowledge that thoracoscopic surgical and catheter ablation of AF may result in incomplete isolation of the pulmonary veins and the posterior left atrial wall, spurred further development of hybrid strategies combining these approaches (46, 98–100).

Hybrid AF ablation employs subsets of the Cox-Maze IV minimally invasive epicardial lesion sets followed by endocardial catheter ablation to fill in non-transmural gaps between ablation lesions and address additional atrial reentrant circuits. Unfortunately, similar to surgical approaches, (68, 77, 82, 97) lack of uniformity remains in the procedural approach including (but not limited to) pericardioscopic vs. thoracoscopic approaches, energy sources, the lesion set applied, timing of the surgical and catheter components, management of the left atrial appendage (LAA), and the medical management of these patients (97).

There have been superior outcomes using a bilateral thoracoscopic ablation compared with the pericardioscopic approach including lower rates of morbidity and mortality. The bilateral thoracoscopic approach excludes (e.g., clipping, ligation, or excision) the LAA in patients with persistent or long-standing persistent AF. LAA exclusion has potential to reduce their lifetime risk of stroke as well as electrically isolate any AF triggers from the LAA (97, 102). Benefit from surgical LAA ligation/excision is discussed in more detail under stroke/thromboembolic prevention.

As noted above, hybrid ablation studies have plagued by lack of uniformity in approaches, lesion sets, catheter ablation timing relative to the surgical approach, and follow-up protocols (92).

CONVERGE (Convergence of Epicardial and Endocardial Ablation for the Treatment of Symptomatic Persistent AF), a multicenter randomized controlled trial, evaluated the safety of hybrid ablation and compared its efficacy to catheter ablation for treatment of persistent and long-standing persistent AF (103). Epicardial and endocardial procedures were performed in a single setting (103).

In this industry sponsored trial (AtriCure, Mason, OH, USA), patients (ages 18–80 years) with symptomatic persistent AF intolerant of or refractory to ≥1 class I/III antiarrhythmic agent and a left atrial diameter ≤ 6 cm were randomized in a 2:1 ratio to Hybrid Convergent or endocardial catheter ablation. Long-standing persistent AF was present in 42% of patients enrolled (103).

In contrast to “preferred” methods noted above, epicardial ablation was performed via pericardioscopic access with the vacuum-assisted, unipolar radiofrequency device (EPi-Sense, AtriCure, Mason, OH, USA). Endocardial ablation was subsequently performed using an irrigated radiofrequency catheter aiming to assure complete PVI, close gaps in linear lesions, and create cavotricuspid isthmus block (103). If AF termination did not occur, CFAEs could be targeted at the operator's discretion (103).

Following a 3-month blanking period, the primary end point was freedom from AF/atrial flutter (AFL)/atrial tachycardia (AT) in the absence of class I/III antiarrhythmic agents, except previously failed or intolerable antiarrhythmic agents as long as the dose was not increased. Secondary endpoints included a 90% reduction in AF burden as well as freedom from AF (only) in the absence of dose increases or new class I/III antiarrhythmic agents. The targeted follow-up duration was 1 year.

Hybrid Convergent ablation was superior to endocardial catheter ablation in persistent and long-standing persistent AF. Freedom from atrial arrhythmia in the absence of new/increased dosage of previously failed class I/III antiarrhythmic agents was 67.7 vs. 50.0% (P = 0.036). Success rates off antiarrhythmic drugs were 53.5% vs. 32.0% (P = 0.0128). Additional follow-up at 18 months (via 7-day Holter monitor) revealed that 74% of Hybrid Convergent patients achieved ≥90% AF burden reduction compared to 55% who only underwent endocardial catheter ablation. Major adverse events were more common in the Hybrid Convergent group (8/102, 7.8 vs. 0/51, 0%, P = 0.0525) although this difference did not quite reach statistical significance (104).

The “Pivotal Study Of A Dual Epicardial and Endocardial Procedure (DEEP) Approach for Treatment of Subjects With Persistent or Long Standing Persistent Atrial Fibrillation With Radiofrequency Ablation” aims to establish the safety and efficacy of a combined epicardial and endocardial ablation procedure for patients with persistent AF or longstanding persistent AF using the AtriCure Bipolar System and AtriClip® PRO LAA Exclusion System (AtriCure, Mason, OH, USA) in an endoscopic or open ablation procedure, followed by an endocardial mapping and ablation procedure performed with available RF based, irrigated, power controlled, catheters and endocardial only lesions. The endocardial procedure will be added 90 days after the epicardial surgical procedure. The initial results are expected to be reported in late 2022 (105).

In addition to DEEP, 7 other hybrid ablation studies are underway in Europe and Asia. It is hoped that these ongoing clinical trials will lead to standardization of hybrid protocols with respect to lesions sets, catheter ablation timing in relationship to surgery as well as follow up protocols (92).



AF and pharmacologic stroke/thromboembolic prevention

AF is associated with a 4-to-5-fold increase in the risk of stroke. An estimated 15% of all strokes are caused by AF and this proportion increases substantially with age (104, 105).

AF-related stroke is associated with greater early severity, disability, fatality, and cost compared with non-AF stroke (105–110). Stroke patients with AF are at high risk of death in the first 28–30 days post event as well as during subsequent years after their first acute stroke (108, 109, 111). In a prospective, population-based study, only 14% of patients with AF-related strokes were alive and independent at 5 years and 26% required nursing-home care (107). However, in this study, only 32% of ischemic AF-stroke survivors were prescribed oral anticoagulant (OAC) therapy with warfarin after treatment of their index stroke, and only 48% were on OAC treatment at 5 years (107).

Among patients with AF treated with OAC, annual stroke risk is lowered by approximately two-thirds. Although the risk of systemic embolism or stroke generally outweigh the bleeding risk in AF patients, analysis of individual risk and benefit of anticoagulation is requisite. The CHA2DS2-VASc score (112, 113) (Table 2A) generally outperforms other risk assessment scales, particularly in identifying low risk individuals (CHA2DS2-VASc score of 0 in males or 1 in females) in whom anticoagulation is generally not recommended.


TABLE 2 CHA2DS2-VASc and HAS-BLED risk scores.
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Chronic oral anticoagulation is recommended when the CHA2DS2-VASc score is ≥2 in males or ≥3 in females. When the CHA2DS2-VASc score is 1 in males or 2 in females, clinical judgment and bleeding risk assessment are even more pivotal. Age 65–74 years is the strongest risk factor among the risks conferring one CHA2DS2-VASc score point. Chronic oral anticoagulation is recommended in this specific cohort. In patients under age 65 with CHA2DS2-VASc scores in this range due to other risk factors who have a very low AF burden, it is reasonable to forgo anticoagulation unless the patient strongly prefers drug therapy.

The HAS-BLED risk score (Table 2B) generally outperforms other bleeding risk assessment scales (112, 113). The most important predictors of major bleeding (including intracranial hemorrhage) are older patient age, excessive warfarin anticoagulation (INR> 3.0), and prior stroke. Bleeding risk is significantly higher in the presence of thrombocytopenia or known coagulation defect(s), prior severe bleeding on an oral anticoagulant, active bleeding or recent surgery, combination use of anticoagulant and antiplatelet therapy, aortic dissection and malignant hypertension (112). Patients with elevated CHA2DS2-VASc scores and significant bleeding risk(s) should be considered as candidates for percutaneous left atrial appendage occlusion (see below).

It should be noted that seeking AF catheter ablation to avoid long-term oral anticoagulation is not recommended. Current recommendations suggest that anticoagulation should be continued at least 2 months post ablation and thereafter guided by CHA2DS2-VASc scores (48).

Phase I of the international Global Registry on Long-Term Oral Anti-thrombotic TReatment In PAtients With Atrial Fibrillation (Gloria-AF) aimed to characterize the newly diagnosed non-valvular AF patients at risk for stroke and the selection of antithrombotic treatment for stroke prevention in a real-world setting prior to approval of the first direct oral anticoagulant (dabigatran) for prevention of strokes and systemic emboli in non-valvular AF patients (114, 115).

In the RE-LY trial (116), dabigatran 150 mg twice daily was superior to warfarin for preventing stroke/systemic embolism and ischemic stroke in non-valvular AF patients. Major bleeding rates were similar to warfarin. Dabigatran 110 mg twice-daily was non-inferior to warfarin for prevention of stroke/systemic embolism, with substantially less major bleeding. Both dabigatran doses resulted in less intracranial hemorrhage compared with warfarin (116). Gloria-AF Phase II confirmed the sustained efficacy and safety of dabigatran over 2 years of observation in clinical practice (117).

There are now four FDA approved and available direct oral anticoagulants (DOACs; AKA non-vitamin K oral anticoagulants [NOACs]) for use in patients with non-valvular AF. A fifth DOAC, betrixaban (approved for venous thrombosis prophylaxis) has been removed from the market for business reasons (118). Dabigatran is a direct thrombin inhibitor. Rivaroxaban, edoxaban, and apixaban are factor Xa inhibitors. There have been four randomized controlled trials comparing DOACs with warfarin (119). These trials (116, 120–122) consistently provided evidence of at least non-inferiority for the combined endpoint of stroke or systemic embolism.

Ruff and colleagues performed a meta-analysis of 71,683 participants included in the RE-LY, ROCKET AF, ARISTOTLE, and ENGAGE AF-TIMI 48 trials. The main outcomes analyzed were stroke and systemic embolic events, ischemic stroke, hemorrhagic stroke, myocardial infarction, major bleeding, gastrointestinal bleeding, intracranial hemorrhage, and all cause mortality. In these trials, 42,411 participants received a direct oral anticoagulant and 29,272 received warfarin. Compared with warfarin, DOACs significantly reduced stroke or systemic embolism by 19% (P < 0.0001), predominantly due to a reduction in hemorrhagic stroke (P < 0.0001). DOACs also reduced intracranial hemorrhage (P < 0.0001) and mortality (P < 0.0003). Use of DOACs increased gastrointestinal bleeding (P = 0.04). Overall major bleeding was similar between the two treatment modalities (123). DOACs are recommended as first-line therapy for prevention of ischemic stroke in AF patients by both European and North American guidelines (119, 124).

A 2022 meta-analysis collected from the same population demonstrated that use of standard-dose DOACs results in decreased incidence of stroke, death, and intracranial hemorrhage with no difference in major bleeding. The authors suggested that younger patients and those with lower body weight may derive greater benefit in regard to major bleeding from standard-dose DOACs vs. warfarin (125).

Eligibility for DOACs requires meeting the criteria for non-valvular AF. The distinction between non-valvular and valvular AF can be confusing. Non-valvular AF does not mean complete absence of valvular heart disease. For anticoagulant management purposes non-valvular AF is present when moderate-to-severe mitral stenosis or a mechanical heart valve are absent.

Valvular AF refers to its presence in the setting of moderate-to-severe mitral stenosis (possibly requiring surgery) or when a mechanical heart valve is present and is an indication for long-term warfarin anticoagulation (119). For valvular AF patients treated with warfarin an international normalized ratio (INR) of 2.5–3.5 is recommended.

Although DOAC therapy does not require regular INR monitoring it is pivotal to understand that reduced clearance increases bleeding risk and enhanced metabolism increases risk of stroke or systemic embolization. An analysis of 14,865 AF patients with renal dysfunction demonstrated that DOAC overdosing was associated with a 2.2-fold increased risk of major bleeding (126, 127). Apixaban underdosing was associated with 4.9-fold increased risk of stroke (126). There was no significant increase in stroke with underdosing of rivaroxaban or dabigatran (126).

All DOACs have some level of renal clearance (80% for dabigatran, 50% for edoxaban, 35% for rivaroxaban, and 27% for apixaban). Dose reduction of DOACs is indicated in patients with non-valvular AF and significant renal impairment. Clinicians should carefully review renal function prior to initiating DOAC treatment (126).

Dabigatran-treated patients with an eGFR < 30 ml/min/1.73 m2 would qualify for dose reduction to 110 mg in Europe, but this dose was not approved by the U.S. Food and Drug Administration (FDA) and 75 mg twice daily is recommended for creatinine clearances (CrCL) between 15 and 30 ml/min. The indication for apixaban dose reduction requires two of the following three criteria: age ≥ 80 years, weight ≤ 60 kg, and serum creatinine level ≥ 1.5 mg/dl. Apixaban's renal indication for dose reduction correlates closely with eGFR < 50 ml/min/1.73 m2, which is the renal indication for rivaroxaban dose reduction to 15 mg daily. The recommended dose of edoxaban is 60 mg daily. A reduced dose of 30 mg daily is recommended for patients with CrCL 15–50 ml/min. Edoxaban blood levels are lower in patients with better renal function (~50% of an edoxaban dose is excreted by the kidneys). There is an inverse relationship between edoxaban blood levels and CrCL (128). Trough levels are reduced, and an increased risk of ischemic stroke compared to warfarin has been demonstrated (123, 126, 128, 129). In the United States, the FDA issued a Boxed Warning that edoxaban (brand name: SAVAYSA) should not be used in patients with a CrCL > 95 ml/min. In contrast, the European Medicines Agency (EMA) and the Korean Ministry of Food and Drug Safety (MFDS) advise that edoxaban should only be used in patients with NVAF and high CrCL after careful evaluation of individual thromboembolic and bleeding risk. In Japan, the Pharmaceuticals and Medical Devices Agency (PMDA) has not issued either a warning or cautions (130).

In addition to knowing adjusted renal doses, prescribers need to be aware of drug-drug interactions (DDIs) with DOACs. The most common DOAC DDIs involve drugs metabolized by the cytochrome P450 enzymes (primarily CYP3A4) and/or the transporter permeability glycoprotein (P-gp). Isolated P-gp inducers are believed to have little clinical impact on DOAC dosing, however strong data is lacking (131). P-gp inducers frequently also induce CYP3A4. Other transport mechanisms have also been implicated. Indications for DOAC dose adjustments and contraindications are summarized in Table 3.


TABLE 3 DOACs: drug interactions.
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A recent meta-analysis included 21 studies from 2010 to 2018, with a total of 9,758,637 patients and 197,483 had AF. Eleven studies were European, 3 were North American, 4 Asian, 1 Oceanian (i.e., Australia, Fiji, Kiribati, the Marshall Islands, Micronesia, Nauru, New Zealand, Palau, Papua New Guinea, Samoa, the Solomon Islands, Tonga, Tuvalu, and Vanuatu), 1 South American and 1 study with both worldwide and North American data (132). The prevalence of oral anticoagulation use among eligible AF patients rose from 42% in 2010 to 78% 2018. Global initiation of oral anticoagulation among newly eligible AF patients rose from 43 to 75% during this time frame. The proportion of DOACs among this group rose from 0 to 68% while the proportion starting vitamin K antagonists fell from 42 to 6%. Although trends tended to be similar in different regions DOAC uptake occurred earlier in North America. Prevalence of oral anticoagulant use was lower in Asia (data from China was lacking) compared to North America and Europe. This is similar to what was noted in the Garfield-AF registry where, from 2010 to 2013, Asian use of vitamin K antagonists in AF patients lagged behind other regions of the world (37.8 vs. 53.3%) and time spent in the therapeutic range of 2.0–3.0 was considerably lower (31.1 vs. 54.1%) (132, 133).

Although most AF patients with an anticoagulation indication should be prescribed a DOAC, continued use of warfarin remains reasonable for current recipients with an annual time in the therapeutic (2.0–3.0) range ≥70%. Warfarin candidates also include patients unlikely to comply with twice daily dosing of dabigatran or apixaban and are unable to use rivaroxaban or edoxaban due to intolerance or contraindications. In addition, lack of insurance coverage for DOACs (in the United States) may make their costs prohibitive and result in warfarin becoming patients' sole viable option (131).

Warfarin's anticoagulation effects occur via reduced synthesis of vitamin K-dependent clotting factors (II, VII, IX, and X) and anticoagulant proteins C and S. Multiple herbal products and medications can potentiate or inhibit warfarin effects. Warfarin's hepatic metabolism and protein binding are the most common mechanisms for the occurrence of drug-drug interactions. Warfarin is metabolized by the cytochrome P450 system via CYP 2C9, 1A2, and 3A4. Major interactions may occur with concomitant use of the CYP inhibitors metronidazole, trimethoprim-sulfamethoxazole, and ciprofloxacin resulting in increased INRs. Rifampin is a CYP inducer and higher warfarin doses may be required to maintain therapeutic levels during concomitant use. Short term use of phenytoin may increase the INR via displacement of warfarin from protein binding sites.

Long term phenytoin use may decrease the INR since it is a CYP inducer (134, 135). Clinicians should consider consulting a drug information source when starting new medications in warfarin recipients and should always do so when suspecting a drug-drug interaction with warfarin (135).

The interaction between warfarin and amiodarone is particularly important because they are commonly used together in the management of AF patients (136). Amiodarone inhibits plasma clearance of warfarin, thereby increasing its anticoagulant action. This effect appears to be mediated by competitive inhibition of hepatic cytochrome P450, family 2, subfamily C, polypeptide 9 gene (CYP2C9) and the vitamin K epoxide reductase subunit 1 gene (VKORC1). However, hyperthyroidism afflicts ~0.9–10% of amiodarone recipients. It has been our experience that the most common clinical presentation is the sudden recrudescence of previously controlled atrial and/or ventricular tachyarrhythmias. In patients with recurrent AF, prevention of thromboembolic events may be particularly problematic. Although thyrotoxicosis modifies the balance between coagulation and fibrinolysis and exerts a procoagulant effect increasing the risk of thromboembolism; in patients receiving warfarin, thyrotoxicosis has been associated with increased warfarin sensitivity (regardless of the thyroid disorder's etiology). Hyperthyroid patients exhibit an exaggerated depression in functional clotting factors (II, VII. IX and X) in response to warfarin and accentuation of prothrombin times. Amiodarone's long half-life prevents any immediate benefit from drug discontinuation. Thyrotoxicosis may take as long as 8 months to subside after amiodarone is discontinued (135, 137).

Green leafy vegetables are high in vitamin K and may inhibit warfarin's anticoagulant efficacy. Nevertheless, they can be consumed in moderation. While cranberry juice has been suggested to potentiate warfarin, the evidence is questionable and moderate consumption seems to be fine (138). Alcohol acutely inhibits warfarin metabolism, however, chronic use may induce hepatic metabolism and decrease INR (135).



Special circumstances

Although cardioversion of AF to maintain sinus rhythm has previously been described as “A Road to Nowhere” (139), biphasic electrical (direct current) cardioversion terminates AF in over 90% of cases. It is the treatment of choice in severely hemodynamically compromised individuals with new-onset AF (140). This procedure remains widely used in AF patients when a rhythm control strategy is pursued (140).

Peri-procedural thromboembolic event rates range between 1.1–2% in patients insufficiently or not anticoagulated and 0.00–0.8% in patients sufficiently anticoagulated (140, 141). Although (traditionally) patients with AF lasting < 48 h were believed to have a low risk of thromboembolic events post-cardioversion (~0.7%), the risk of thromboembolic events increases with higher CHA2DS2-VASc scores (140). In 2016, two large studies clarified this issue. In a study from the Cleveland Clinic, 567 cardioversions in 484 patients were performed without therapeutic anticoagulation and 898 cardioversions in 709 patients were performed on therapeutic anticoagulation. There were six neurologic events (1.06%) in the group without therapeutic anticoagulation and 2 (0.22%) in the group on therapeutic anticoagulation (P = 0.03) No events occurred in patients with CHA2DS2-VASc scores < 2 (142). In the FinCV Study, a retrospective, multicenter study of 3,143 patients, who underwent 7,660 cardioversions for acute (within 48 h) AF, thromboembolic complications increased significantly from 0.4% in patients with a CHA2DS2-VASc score of 0 to 1 to 2.3% in patients with a score of ≥5 (P < 0.001). Thromboembolic complications were significantly lower in cardioversions performed on anticoagulation (P = 0.001). Anticoagulation's preventive effect was significant in patients whose score was ≥2 (P = 0.001) (143). Multivariate analysis revealed that age per year (P < 0.001), duration of AF episode > 12 hours (P < 0.001), heart failure (P = 0.007) and female gender (P = 0.038) were significant independent predictors of thromboembolic complications in patients who were not anticoagulated. Although the vast major of thromboembolic events occur within 10 days post-procedure, we believe therapeutic oral anticoagulation should be maintained for at least 4 weeks. Current North American guidelines (119) recommend therapeutic anticoagulation for 3 weeks prior to cardioversion in patients who have been in AF for ≥48 h and that therapeutic anticoagulation should be continued for at least 4 weeks. The 2020 European guidelines recommend adherence to DOACs before and after cardioversion (Class I). These guidelines also recommend (Class IIa) that, for patients with AF > 24 h in duration, therapeutic anticoagulation should be continued for at least 4 weeks after undergoing cardioversion (124). In patients with AF of a duration ≤ 24 h and a very low stroke risk (CHA2DS2-VASc of 0 in men or 1 in women), omission of anticoagulation for 4 weeks post-cardioversion may be considered (124). DOACs and warfarin appear to be similarly effective pre and post procedure (119, 124, 140).

If a strategy of electrical cardioversion is planned without therapeutic anticoagulation for 3 weeks prior to cardioversion, transesophageal echocardiography-guided cardioversion is recommended. If sufficient anticoagulation is achieved prior to transesophageal echocardiography and no left atrial thrombus is identified, cardioversion can be performed safely. However, a left atrial thrombus is observed (most commonly in the left atrial appendage) in approximately 10% of non-valvular AF. When a thrombus is identified, therapeutic anticoagulation is recommended for ≥3 weeks before repeating transesophageal echocardiography to confirm thrombus resolution (140).

“Bridging” refers to use of unfractionated or low molecular weight heparin in patients undergoing procedures that require interruption of warfarin therapy (144). The BRIDGE Investigators conducted a randomized, double-blind, placebo-controlled trial. Following perioperative warfarin interruption (5 days prior to their procedure), patients were randomly assigned to receive bridging anticoagulation with low-molecular-weight heparin (dalteparin 100 IU/kilogram body weight) or matching placebo administered subcutaneously twice a day, from 3 days pre-procedure until 24 h prior to an elective operation or an elective invasive procedure and for 5–10 days post-procedure. Primary outcomes were arterial thromboembolism and major bleeding. Nearly 1,900 patients were enrolled. Waiving bridging anticoagulation was non-inferior to perioperative bridging with low-molecular-weight heparin for arterial thromboembolism prevention and reduced the risk of major bleeding (P = 0.005) (145).

Patient-specific high bleeding risk factors include recent (< 3 months) major bleeding, thrombocytopenia or other known bleeding diathesis, concurrent anti-platelet medication use (especially P2Y12 inhibitors; see below), an INR >1.7, a HAS-BLED score ≥3 and prior peri-procedural bleeding. Procedures associated with a high bleeding risk include urologic procedures/surgery, permanent pacemaker and ICD placement, surgery in highly vascularized organs (liver, kidney, spleen), bowel resection, cardiac, intracranial, or spinal surgery, and other major surgeries resulting in extensive tissue injury such as joint arthroplasty, cancer surgery and reconstructive plastic surgery (146).

DOACs have a much shorter time-to-onset and half-life, virtually eliminating the need for overlapping or bridging anticoagulation (146). There is a relative paucity of data to guide which procedures can be performed safely, without temporary interruption, in patients taking DOACs. However, if temporary DOAC interruption is chosen the recommended discontinuation time periods are 2–3 half-lives for low procedural bleeding risk and 4–5 half-lives for uncertain, intermediate, or high bleeding risk based on the patient's estimated creatinine clearance (147). All decisions for or against bridging therapy should balance stroke risk with the risk of bleeding (148) (see below).

Bridging therapy may be considered for AF patients with a mechanical heart valve (MHV) undergoing procedures requiring warfarin interruption. Thromboembolic risk is related to valve type and location. The highest thromboembolic risk is associated with multiple mechanical heart valves, followed by mitral mechanical valves, and the lowest is seen with aortic mechanical valves. Additional thromboembolic risks include AF, left ventricular ejection fraction < 35%, older age, hypercoagulable conditions, and a history of previous thromboembolism. The thromboembolic risk (0.08–0.36% without bridging) must be weighed against the major bleeding risk which bridging increases by an estimated 4–8% (149).

Bridging is reasonable when the INR is subtherapeutic in patients who are undergoing invasive or surgical procedures with a mechanical aortic valve and an additional thromboembolic risk factor, an older-generation mechanical aortic valve, or a mechanical mitral valve. Temporary warfarin interruption, without bridging while the INR is subtherapeutic, is recommended in patients with a bileaflet mechanical AVR and no other thrombosis risk factors who to undergo surgical or invasive procedures. Bridging is initiated when the INR falls below the therapeutic range (typically 36–48 h prior to surgery) and stopped (4–6 h for intravenous heparin and 12 h for low molecular weight heparin) pre-procedure. Warfarin is usually restarted 12–24 h post-procedure (150).

Tan and associates have suggested a pre/post-operative approach based on thromboembolic and bleeding risks. They have suggested incorporating the BleedMAP score (one point each for: history of previous bleeding, mitral MHV, active cancer, and thrombocytopenia < 150,000 cells/ml). Low bleeding risk patients would be undergoing a minor procedure or have a BleedMAP score ≤ 1. Moderate to high-risk bleeding patients would be undergoing a major procedure or have a BleedMAP score ≥2. Patients with a low thromboembolic risk would have a mechanical bileaflet aortic valve and normal sinus rhythm. Patients with a moderate to high thromboembolic risk would have a mechanical mitral valve or a mechanical aortic valve with at least one additional risk factor. Pre-operative bridging with low molecular weight heparin and post-operative bridging with either low molecular weight or intravenous heparin was recommended for individuals who fit both moderate to high-risk categories (149). To the best of our knowledge the validity of this recommendation has not been confirmed. AF ablation recipients have an increased thromboembolic risk during, immediately after, and for days to months following the procedure (48).

Aspirin has a limited role in stroke prevention for the majority of AF patients, being an inferior strategy and is not necessarily safer than the anticoagulant warfarin (151). Antiplatelet monotherapy is less effective in stroke prevention than warfarin and has a similar bleeding risk in patients over age 75 (152). In the ACTIVE W trial, dual antiplatelet therapy with clopidogrel and aspirin was not as effective as warfarin for prevention of systemic embolism, myocardial infarction, stroke, and vascular death (P = 0.0003), with a similar rate of bleeding (153). In the ACTIVE A trial, patients had a decreased rate of thromboembolism when clopidogrel was added to aspirin, however with a significant increase in major bleeding (154). Thus, dual antiplatelet therapy (DAPT) should not be used to prevent stroke in AF patients (124).

The RE-CIRCUIT (Randomized Evaluation of Dabigatran Etexilate Compared to Warfarin in Pulmonary Vein Ablation: Assessment of an Uninterrupted Periprocedural Anticoagulation Strategy) trial revealed that patients who underwent ablation of AF on uninterrupted dabigatran had less major bleeding compared to those who were ablated on uninterrupted warfarin (48, 155). The Venture AF investigators randomized 248 AF ablation patients to uninterrupted rivaroxaban or uninterrupted vitamin K antagonists (VKAs). Adverse events rates were low and similar in both arms of the study. Incidences of major bleeding and thromboembolic events were low (0.4% and 0.8% respectively; 1 major bleeding event, 1 ischemic stroke and 1 vascular death occurred). Each of these events transpired in the VKA arm 1–27 days post-procedure (156). Based on this data, for patients undergoing AF catheter ablation who have been anticoagulated therapeutically for ≥3 weeks with warfarin, rivaroxaban, or dabigatran procedure performance without anticoagulant interruption is guideline recommended (48). Performance of ablation without interruption after therapeutic anticoagulation for ≥3 weeks with apixaban or edoxaban was considered reasonable in the 2017 guidelines (48).

Subsequent studies have examined uninterrupted edoxaban and apixaban vs. uninterrupted VKAs. In the ELIMINATE-AF trial, the incidence of major bleeding was not significantly different between groups. The risk of thromboembolic events was low, two patients suffered strokes (one ischemic and one hemorrhagic), both were in the edoxaban group (157). AXAFA–AFNET 5 compared uninterrupted apixaban to uninterrupted VKAs. The composite primary outcome of death, stroke, or bleeding occurred nearly identically in both groups. The primary apixaban non-inferiority hypothesis was tested using a pre-specified absolute margin of 0.075 (7.5% absolute difference) and verified (non-inferiority P = 0.0002). The authors concluded that continuous apixaban is effective and safe for patients undergoing AF ablation (158).

Pre-procedural transesophageal echocardiography performed in patients undergoing AF ablation who have been therapeutically anticoagulated for ≥3 weeks has demonstrated that 1.6–2.1% will have thrombus or “sludge” in the left atrial appendage. Thrombus has been identified in < 0.3% of individuals whose CHA2DS2-VASc score is zero vs. >5% of those with a CHA2DS2-VASc score of ≥2. Although clinical practice varies, performing pre-procedural transesophageal echocardiography in all patients presenting for AF ablation regardless of presenting rhythm and anticoagulation status is reasonable. If thrombus is identified in the LAA prior to catheter ablation, the intervention should not be performed (48). Intracardiac echocardiographic (ICE) imaging from the pulmonary artery can be considered for patients who cannot undergo TEE (48).

Once a decision to proceed with AF catheter ablation has been made, heparin should be administered (prior to or immediately after transseptal puncture) and adjusted to achieve and maintain an activated clotting time (ACT) of at least 300 s (48). Unfractionated heparin doses required to achieve this goal are similar for dabigatran and VKAs, but higher heparin doses may be required to achieve this ACT target for ablation on uninterrupted factor Xa inhibitors. It has been speculated that this could result in heparin overdosage and result in increased bleeding (159). Reversing heparin with protamine post-procedure is considered reasonable (48).

Patients who have not been anticoagulated prior to catheter ablation should receive low molecular weight or intravenous heparin as a bridge to initiation of warfarin anticoagulation.

For patients who have not been anticoagulated prior to AF catheter ablation or those whose anticoagulation has been interrupted, it is reasonable to administer a DOAC 3 to 5 h after achieving procedural hemostasis.

Following AF catheter ablation therapeutic anticoagulation with a DOAC or VKAs should be continued for at least 2 months. A decision to continue systemic anticoagulation >2 months after ablation should be based on each patient's stroke risk profile (primarily their CHA2DS2-VASc score) rather than whether or not the procedure was perceived to be successful. Ideally, discontinuation of anticoagulation based on patient preferences should be accompanied by frequent or continuous ECG monitoring to detect AF recurrence (48).

Treatment with VKAs and DOACs may result in major bleeding. A detailed discussion of the management of reversal of coagulopathies related to these agents is beyond the scope of this review. Nevertheless, Tomaselli and associates (160) have suggested a contemporary management approach for oral anticoagulant-induced bleeding which is summarized in Figure 1.
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FIGURE 1
 Considerations for Reversal/Hemostatic agents*. 4F-PCC, four-factor prothrombin complex concentrate; aPCC, activated prothrombin complex concentrate; DOAC, direct-acting oral anticoagulant; DTI, direct thrombin inhibitor; FXa, Factor Xa; h, hours; ICH, intracranial hemorrhage; INR, international normalized ratio; IV, intravenous; OAC, oral anticoagulant, including DOACs and VKAs; PCC, prothrombin complex concentrate; VKA, vitamin K antagonist; *Reversal/hemostatic agents include repletion strategies such as PCCs, plasma, vitamin K, and specific reversal agents for DOACs (e.g., idarucizumab for dabigatran; andexanet alfa for apixaban or rivaroxaban).†When PCCs are used to reverse VKAs, vitamin K should also always be given. Adapted from Tomaselli et al. (160) with permission.




AF and interventional stroke/thromboembolic prevention

Thrombus in the LAA is the primary source (91%) of thromboembolism in non-rheumatic AF patients (161). The pivotal role of the LAA as a thromboembolic source has made surgical and percutaneous LAA occlusion or excision an important option for patients with contraindications to long term anticoagulation (162). In addition to the patient risk factors previously mentioned (146), poor compliance with or intolerance of anticoagulant therapy are contraindications to long term pharmacologic protection. The implications of a missed dose of a factor Xa or direct thrombin inhibitor are more severe due to their shorter half-lives compared to warfarin and may place the patient at short-term risk for thromboembolism (163). Patients should be taught about dosing and the need for compliance. In order to help prevent adverse drug reactions, patients should be cautioned against initiating therapy with other drugs (prescribed or over the counter) without first speaking to their healthcare provider (164).

In 1999, Man-Son-Hing et al. performed a meta-analysis to assess whether a history of falls should influence prescription of antithrombotic therapy in elderly AF patients. They concluded that a history of or risks factors for falling should not influence the decision to prescribe anticoagulation in elderly AF patients. The risk of fall related subdural hematoma was extremely rare and markedly outweighed by the 6% per year risk of stroke (165). Nevertheless, physician related fear intracranial hemorrhage has continued to limit appropriate anticoagulation (166, 167).

AF patients who have contraindications to long term anticoagulation accompanied by significant risk of thromboembolic complications fall into two categories based on whether (or not) cardiac surgery is planned.

If cardiac surgery is not planned, percutaneous placement of an LAA occlusion (LAAO) device is strongly advised. The currently approved and marketed LAAO devices in the U.S. are the Amplatzer Amulet device (Abbott Vascular, Santa Clara, CA) and the Watchman and Watchman FLX devices (Boston Scientific, Marlborough, MA). The PROTECT AF (WATCHMAN left atrial appendage system for embolic protection in patients with atrial fibrillation) and the PREVAIL (Evaluation of the WATCHMAN LAA closure device in patients with atrial fibrillation vs. long term warfarin therapy) trials randomized non-valvular AF patients (2:1 ratio) to WATCHMAN implantation or warfarin (168). A meta-analysis of these trials' 5-year outcomes demonstrated that, in non-valvular atrial fibrillation, LAA closure with WATCHMAN provided comparable to warfarin stroke prevention, as well as significant reductions in non-procedure-related major bleeding, particularly hemorrhagic stroke, and all-cause mortality (168). The newer-generation WATCHMAN FLX device has improved procedural safety and (in most centers) is replacing the older WATCHMAN device (162).

The WATCHMAN FLX received CE-mark approval in 2015 but was removed from the European market in March 2016 because of increased implant embolization incidents (169).

It is important to note that gender differences may complicate decisions about risks involved in percutaneous LAAO. Using data from the National Cardiovascular Data Registry (NCDR) LAAO Registry, a cohort study of 49,357 patients including 20,388 women (41.3%) and 28,969 (58.7%) men who underwent percutaneous LAAO with the WATCHMAN device was performed. Women were more likely to experience any adverse events (P < 0.001) or major adverse events (due to major bleeding and pericardial effusion requiring drainage) [P < 0.001]. Women were more likely than men to experience a hospital stay >1 day (P < 0.001) and death, albeit minimal, was also more common in women (P < 0.001) (170).

A more recent study, using data on 31,994 patients from the National Cardiovascular Data Registry (NCDR) LAAO Registry, evaluated post-procedure care after LAAO with the WATCHMAN device and compared the risk of adverse events for different antithrombotic discharge strategies in clinical practice. Only 12.2% received the full post-procedure treatment protocol studied in pivotal trials. The most common deviations involved discharge antithrombotic medications. The most frequently prescribed discharge regimens were warfarin and aspirin (36.9%), DOAC and aspirin (20.8%), warfarin only (13.5%), DOAC only (12.3%), and DAPT (5.0%). At 45-day follow-up warfarin alone and DOAC only performed significantly better than the other regimens in frequency of any adverse event. The rate of all adverse events after discharge until the 6-month follow-up was highest in patients receiving warfarin and aspirin (10.3%), followed by dual antiplatelet therapy (9.1%), DOAC and aspirin (9.1%), warfarin (8.5%), and DOAC (8.3%). At 6 months, the major adverse event rates were warfarin and aspirin (9.7%), followed by DAPT (9.3%), DOAC and aspirin (8.9%), warfarin (8.6%), and DOAC (8.0%). Interestingly, at this juncture, only warfarin alone performed significantly better than the other regimens in frequency of adverse events. At both time intervals, differences in adverse events were largely driven by rates of bleeding. No significant differences were found in the risk of stroke or TIA (171).

The PINNACLE FLX study (Protection against embolism for non-valvular AF patients: investigational device evaluation of the watchman FLX LAA closure technology) evaluated the safety and efficacy of the WATCHMAN FLX LAA closure device in NVAF patients who had an appropriate reason (or reasons) to seek a non-pharmacological alternative. Results were reported in 2021 (172).

The primary safety end point was occurrence of one of the following ≤ 7 days post procedure or by hospital discharge, whichever happened later: death, ischemic stroke, systemic embolism, or device/procedure-related complications requiring cardiac surgery. The primary effectiveness end point was the incidence of effective LAA closure (peri-device flow ≤ 5 mm), by echocardiographic assessment at 12-month follow-up (172).

Among the 400 patients enrolled, the mean age was 73.8 ± 8.6 years and their mean CHA2DS2-VASc score was 4.2 ± 1.5. The 0.5% incidence of the primary safety end point met the performance goal of 4.2% (P < 0.0001). The 100% incidence of the primary effectiveness end point met the performance goal of 97% (P < 0.0001). Device-related thrombus was reported in 7 patients, there were no pericardial effusions that required open cardiac surgery, and (in contrast to the European experience) device embolization did not occur (172).

The Amplatzer Cardiac plug (ACP) 1 (Abbott Vascular, Santa Clara, CA) aimed to seal the body and ostium of the LAA. The mechanism by which the distal lobe and proximal disk for seal the LAA orifice is termed the “pacifier principle” (162, 172). The ACP 1 as well as the Wave Crest device (Biosense Webster, Irvine, CA, USA) are alternative options when the LAA cannot (is too small to) accommodate deeper devices. The Amulet or ACP 2 (Abbott Vascular, Santa Clara, CA) includes significant improvements such as more stabilizing wires, larger disc diameters, longer lobe and waist length. It can be implanted deeper (~12 vs. ~10 mm) inside the LAA cavity and post-deployment adjustment has been facilitated (173, 174).

The recently published Amulet IDE trial (175) randomly (1:1) assigned 1,878 patients with NVAF at increased risk of stroke to the Amplatzer™ Amulet™ (Abbott Vascular, Santa Clara, CA) or the WATCHMAN device. Patients with a CHADS2 score ≥ 2 or CHA2DS2−VASc score of ≥ 3 (averages 4.5 and 4.7 in the Amulet and WATCHMAN groups, respectively) were eligible for enrollment. In addition, patients had to be suitable for 6 months of anticoagulation while having justifiable reason to seek a non-pharmacological alternative (HASBLED averages 3.2 and 3.3 in the Amulet and WATCHMAN groups, respectively).

Implant success rates were similar in the two groups, however unsuitable patient anatomy was less common in the Amulet cohort. Amulet was non-inferior (non-inferiority margin 5.8%, P < 0.001) for the primary composite safety endpoint of all-cause death, or major bleeding through 12 months as well as the primary composite efficacy endpoint of ischemic stroke or systemic embolism (non-inferiority margin 3.2%, P < 0.001) through 18 months. At 45 days, device-based LAA occlusion with a residual jet < 5 mm was significantly better in the Amulet group (P = 0.003) perhaps related to its dual vs. Watchman's single mechanism (173–175).

Procedure-related complications were more common in the Amulet group, possibly as a result of non-European implanters having less experience (175). The Amulet received CE Mark in 2013 (174), while the U.S. Food and Drug Administration (FDA) approved the Amplatzer™ Amulet™ on August 16, 2021, largely as a result of the Amulet IDE trial (176).

For Watchman recipients, 45 days of warfarin followed by 6 months of DAPT after LAA closure is recommended in the Food and Drug Administration–approved label to prevent device related thrombosis (DRT) before the occluder is completely endothelialized (177). DRT rates were similar between in the Amulet IDE trial groups despite the reduced rate of post-procedure anticoagulation in the Amulet group (175). It is currently purported that Amplatzer™ Amulet™ patients may be discharged without oral anticoagulation. In a meta-analysis of observational data from 83 studies including 12,326 patients, there were no differences in the occurrence of stroke, major bleeding, DRT, or all-cause mortality in patients treated with short-term oral anticoagulation or anti-platelet therapy following LAAO. Likewise, there were no differences among patients who received different LAAO devices (178).

The CHAMPION-AF study (WATCHMAN FLX vs. NOAC for Embolic ProtectION in in the Management of Patients With Non-Valvular Atrial Fibrillation) is an FDA-approved randomized controlled trial currently enrolling AF patients in order to compare WATCHMAN FLX to long-term DOAC anticoagulation. It is expected to be completed in 12/27 (162, 179).

The CATALYST trial Clinical Trial of Atrial Fibrillation Patients Comparing Left Atrial Appendage Occlusion Therapy to Non-vitamin K Antagonist Oral Anticoagulants will evaluate the efficacy and safety of the Amplatzer™ Amulet™ device in comparison to DOAC therapy. It is expected to be completed in 4/29 (162, 180).

The LARIAT system requires percutaneous access to cardiac endocardial and the epicardial spaces. An endocardial magnetic guide placed within the LAA to allow an epicardially placed lasso to tie off the LAA (162).

In 2015, the US FDA issued a safety communication stating that death and other complications such as cardiac laceration or perforation or complete LAA detachment from the heart had been associated with LARIAT use (162, 181). To a large extent, this tempered enthusiasm for this approach.

The aMAZE trial (sponsored by AtriCure, Mason, OH, USA) an FDA-approved, prospective, multicenter, randomized controlled, superiority-designed trial evaluated the LARIAT® Suture Delivery Device for LAA exclusion as an adjunctive to PVI catheter ablation for the treatment of persistent and long-standing persistent AF. Its aim was to determine if LAA ligation as adjunct to PVI (vs. PVI alone) increased maintenance of sinus rhythm in patients with persistent and long-standing persistent AF (182, 183). Primary end points included 30-day safety of the LARIAT procedure and freedom from documented AF, atrial flutter, or atrial tachycardia >30 s at 12 months after PVI off antiarrhythmic drugs. Key secondary outcomes included a composite of cardiovascular death and stroke, as well as quality of life. Although the primary safety endpoint was met, left atrial appendage ligation/pulmonary vein antral isolation failed to meet the criterion for effectiveness, since recurrent atrial arrhythmia recurrences were similar between treatment groups (184).

In patients with AF and valvular heart disease for whom surgical intervention is planned, the risks and benefits of simultaneous arrhythmia surgery should be discussed thoroughly.

For symptomatic patients with paroxysmal or persistent AF who are undergoing valve surgery, simultaneous pulmonary vein isolation or a maze procedure can be beneficial to reduce symptoms and prevent arrhythmia recurrence. LA appendage ligation/excision is reasonable to reduce the thromboembolic risk in patients with AF or atrial flutter who are undergoing valve surgery. A role for LAA occlusion has not been established in patients without atrial arrhythmias. In the absence of atrial arrhythmias, LA appendage occlusion/exclusion/amputation is potentially harmful (185).

AF patients with an indication for as well as a concomitant contraindication to long-term anticoagulation, who will be undergoing cardiac surgery for a different indication, are candidates for surgical LAA occlusion. Some experts recommend that AF patients with a CHA2DS2-VASc score ≥2 undergoing cardiac surgery for a different indication have simultaneous surgical LAA occlusion (162) (see the evidence below). A variety of techniques are available which add little additional morbidity or mortality risk. These include amputation, ligation, stapler closure, or an approved surgical occlusion device such as an AtriClipTM device (AtriCure, Mason, OH, USA) (162, 186, 187). Intraoperative and post-operative TEE confirmation of LAA closure is recommended. After a brief learning curve surgeons achieve nearly 90% success (186).

The LAAOS III Investigators conducted a multicenter, randomized trial involving participants with atrial fibrillation and a CHA2DS2-VASc score ≥2 scheduled to undergo cardiac surgery for another indication. The mean patient age was 71 and the mean CHA2DS2-VASc score was 4.2. The study included 2,379 participants in the left atrial occlusion group and 2,391 in the no-occlusion group. At baseline, ~50% of the participants were receiving oral anticoagulation. The assigned procedure was performed in 92.1% of the participants. At 3 years, 76.8% of the participants were receiving oral anticoagulation.

The different risk of stroke between the two groups was more pronounced after the first 30-days post-surgery. The authors postulated that early after surgery, some strokes are probably related to the surgery itself and that after the perioperative period, a larger proportion of strokes are caused by cardiac thromboembolism related to atrial fibrillation, for which occlusion is effective.

Overall, systemic embolism or stroke occurred in 114 participants (4.8%) in the occlusion group and 168 (7.0%) in the no-occlusion group (P = 0.001). The incidence of perioperative bleeding, heart failure, or death was not significantly different between the trial groups.

The authors cautioned that LAAOS III did not compare left atrial appendage occlusion with anticoagulation, and it would be incorrect to conclude that occlusion at the time of surgery should be considered as a replacement for anticoagulation. They concluded that AF patients who had undergone cardiac surgery, most of whom continued to receiving antithrombotic therapy, the risk of stroke or systemic embolism was lower when concomitant left atrial appendage occlusion was performed during the surgery than when it was not (188).

Although implantable loop recorders (ILRs) do not prevent stroke or systemic emboli they play an important diagnostic role in patients at risk of AF as well as for detection of AF as a source of cryptogenic stroke. The diagnostic yield from ILRs (with nearly 3 years of battery life) significantly exceeds 24-h Holter, 30-day event, or 30-day mobile cardiovascular telemetry monitors (189).



Conclusions

In part 2 of this review, we have discussed AF catheter ablation in heart failure patients, compared the efficacy of various ablation modalities, and provided a view of evolving new techniques (while tempering our vast enthusiasm with words of caution). In addition, we have examined surgical AF ablation, compared catheter and surgical AF ablation, provided an update on hybrid AF ablation, all while focusing on the benefits of early intervention.

To conclude this treatise, we have addressed pharmacological thromboembolic prevention and have provided an overview of peri-procedural management of anticoagulation. Lastly, we have covered the strengths and limitations of percutaneous as well as surgical approaches to preventing AF-related stroke/thromboembolism.
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Atrial fibrillation (AF), is the most common sustained cardiac arrhythmia. It was once thought to be benign as long as the ventricular rate was controlled, however, AF is associated with significant cardiac morbidity and mortality. Increasing life expectancy driven by improved health care and decreased fertility rates has, in most of the world, resulted in the population aged ≥65 years growing more rapidly than the overall population. As the population ages, projections suggest that the burden of AF may increase more than 60% by 2050. Although considerable progress has been made in the treatment and management of AF, primary prevention, secondary prevention, and prevention of thromboembolic complications remain a work in progress. This narrative review was facilitated by a MEDLINE search to identify peer-reviewed clinical trials, randomized controlled trials, meta-analyses, and other clinically relevant studies. The search was limited to English-language reports published between 1950 and 2021. Atrial fibrillation was searched via the terms primary prevention, hyperthyroidism, Wolff-Parkinson-White syndrome, catheter ablation, surgical ablation, hybrid ablation, stroke prevention, anticoagulation, left atrial occlusion and atrial excision. Google and Google scholar as well as bibliographies of identified articles were reviewed for additional references. In these two manuscripts, we discuss the current strategies available to prevent AF, then compare noninvasive and invasive treatment strategies to diminish AF recurrence. In addition, we examine the pharmacological, percutaneous device and surgical approaches to prevent stroke as well as other types of thromboembolic events.


KEYWORDS
pathophysiology, epidemiology, lifestyle modification, pharmacological interventions, catheter ablation—atrial fibrillation





Introduction

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and is associated with significant morbidity and mortality (1). A 2010 estimate suggested that as the global population ages, AF is predicted to affect 6–12 million individuals in the United States by 2050, 17.9 million Europeans by 2060, and may exceed 70 million in Asia alone by 2050 (2–6).

In addition to the aging global population AF's increasing prevalence has been driven by a high burden of risk factors and comorbidities, thereby raising significant issues about the use of healthcare systems and economic costs (7). This review will focus on modifiable risk factors for AF, prevention of AF recurrence (including antiarrhythmic drug therapy, catheter, surgical, and hybrid ablation), and stroke prevention.



Pathophysiology

AF is a complex disorder with shared environmental and genetic factors contributing to its pathogenesis. Three broad genetic approaches, that are not mutually exclusive, have been applied to AF. Linkage analysis uses families with Mendelian forms of AF. Genome-wide association studies (GWAS) use genotyping array data. Analyses of coding variation are gathered from whole-exome or whole-genome sequencing data (8).

Rapid progress has identified many common variant loci in GWAS for AF, yet major challenges remain in moving from disease associations to specific mechanisms. Recent genome and exome-based sequencing studies have identified TTN as the most common gene associated with mutations in individuals with AF. Future studies will aim to explore application of polygenic risk scores (PRS) to clinical care, building out genetic studies in non-Europeans, and further expand single-cell sequencing and genomic technologies in tissues and cells related to AF. Refinement of AF's genetic basis ultimately will facilitate identification of new therapeutic targets and enable more precise risk stratification for this tachyarrhythmia (8).

Four main pathophysiological mechanisms contribute to AF: electrical remodeling, structural remodeling, autonomic nervous system changes, and Ca++ handling abnormalities. These may result from cardiac disease fostering AF development. In turn, AF-induced atrial remodeling enhances cardiac vulnerability to AF induction and maintenance (9) (Table 1).


TABLE 1 Pathophysiologic mechanisms.

[image: Table 1]

There is extensive evidence that initiation and maintenance of AF involves atrial ectopic triggers and a substrate prone to reentry. The pulmonary veins (PVs) play a central role as both ectopic sources and zones of reentry. Disturbances in conduction related to tissue fibrosis and/or connexin-abnormalities predispose to reentry. Abbreviated refractoriness is a potential contributor (1). Autonomic tone is a key regulator (1, 10). However, this entity is a diagnosis of exclusion and may be related to the effort made to identify underlying comorbidities. In patients with structural heart disease, paroxysms more typically occur during sympathetic predominance (8).

Two animal models demonstrated that sustained AF was inducible after rapid atrial pacing in dogs (11, 12). In the later study the right atrial refractory period decreased and an increase in atrial area of at least 40% was necessary to induce sustained AF (12). The phrase “atrial fibrillation begets atrial fibrillation” was introduced in a goat model in 1995. Initial induction of AF produced episodes lasting seconds. However, artificial maintenance of AF via rapid pacing led to marked shortening of the atrial effective refractory period (AERP) and development of sustained AF episodes. The authors noted that the presence of multiple wavelets needed to sustain AF would correlate with atrial enlargement because the number of circuits in the atria increases with the square of the atrial diameter (13).

A study of 35 patients with accessory pathways and no history of AF evaluated the effect of induction of brief AF episodes within 30 min post successful ablation. Under baseline conditions, the PVs demonstrated significantly longer ERPs compared to the atria (PVs vs. LA: 248 ± 27 ms vs. 233 ± 23 ms; P = 0.021) and right atrium 248 ± 27 ms vs. 207 ± 24 ms; P < 0.001. All 4 PVs demonstrated a significantly shorter ERP after the AF exposure compared with their baseline ERP. The mean ERP of all PVs decreased to a significantly greater extent as compared to the atria (PVs vs. RA: 37 ± 34 ms vs. 17 ± 19 ms; P = 0.005 and PVs vs. LA: 37 ± 34 ms vs. 19 ± 20 ms; P = 0.009). The authors suggested that because these changes are significantly more pronounced in the PVs as compared with the atria, they provide evidence that “AF begets AF in the PVs” (14).

Risk factors and possible causes of AF include advanced age, male sex, left ventricular dysfunction/heart failure (HF), hypertrophic cardiomyopathy/left ventricular hypertrophy, ischemic heart disease, rheumatic/valvular heart disease, hypertension, diabetes, left atrial dilatation, and smoking/pulmonary disease. Obesity (obese individuals have a 51% greater risk of AF development compared with non-obese counterparts) (15), sleep apnea, congenital heart disease, diuretic use, cardiothoracic surgery, hyperthyroidism, pericarditis, binge drinking/alcohol poisoning, autonomic dysfunction, sinus node dysfunction, and supraventricular tachyarrhythmias (especially those mediated via accessory pathways when manifest preexcitation is present) (16) have also been associated with AF (17).

Hypertensive heart disease (67%–76%) and coronary (ischemic) heart disease are the most common underlying disorders in AF patients from developed nations. Rheumatic heart disease, now uncommon in developed nations, is associated with a much higher incidence of AF (18).

This review will focus on modifiable risk factors for AF, prevention of AF incidence and recurrence (including antiarrhythmic drug therapy, as well as catheter, surgical and hybrid ablation), prevention of AF after cardiothoracic surgery, plus special circumstances where treatment/elimination of the underlying condition may reduce or eliminate AF burden and stroke prevention in AF.



Epidemiology of atrial fibrillation

AF incidence doubles with each decade of adult life (19); increasing from 2 to 3 new cases per 1,000 persons/year at ages <64 years, to ∼19.2 per 1,000 person-years in those 65–74 years old and reaching as high as 31.4–38.0 in octogenarians (19–21). Clinical and community-based studies report a 20%–50% lower age- and sex-adjusted risk of clinically detected atrial fibrillation or flutter in African Americans than in whites. Racial disparities in the treatment of AF patients may account for this difference (22). However, African Americans have a higher prevalence of AF risk factors including hypertension, obesity, and diabetes, and a higher stroke risk (22). Nevertheless, in an inception cohort of 3,507 new patients with AF, blacks with new-onset AF were more likely to have an ischemic stroke before or after the diagnosis of AF (23).

In an attempt to clarify these apparent discrepancies, 1,556 patients from the Multi-Ethnic Study of Atherosclerosis (MESA) participated in an ancillary study (22). Among 1,556 participants, 41% were white, 25% African American, 21% Hispanic, 14% Chinese and 61% were women. After 14.4 years of follow-up, the prevalence of clinically-detected AF was 11.3% in whites, 6.6% in African Americans, 7.8% in Hispanics, and 9.9% in the Chinese. The difference in clinically detected AF between whites and African Americans was statistically significant (P < 0.001). The prevalence of clinically-detected AF did not differ significantly between Hispanics or Chinese and white patients. Fourteen days of ambulatory ECG monitoring was then performed. The investigators reported episodes of monitor-detected AF lasting over 24 h. The proportions with monitor-detected AF were similar in the four racial/ethnic groups. In analyses limited to those without clinically-detected AF, the proportion with monitor-detected AF was again similar in the four race/ethnic groups. In patients with clinically-detected AF, the proportion with monitor-detected AF was higher in African American and Hispanic participants (42% and 40%) than in white and Chinese participants (28% and 19%). These results supported the hypothesis of differential detection by race/ethnicity in the clinical recognition of AF (22). In contrast, Osman and colleagues calculated the prevalence of AF among white, Hispanic, and Black patients in 6 common hospital admission categories. In order to adjust for differences in risk profile, they used a multilevel mixed-effects logistic regression model that included age, sex, hypertension, hyperlipidemia, diabetes, vascular disease, carotid stenosis, coronary disease, prior sternotomy, and smoking. More than 5 million weighted hospitalizations were included. AF prevalence among Black and Hispanic patients was significantly lower than in white patients across all admission categories. The authors acknowledged that a large difference in hospitalization rates across different races could neutralize the differences in AF prevalence in this study. However, they pointed out that this was highly unlikely for two reasons: (1) prior studies using granular rhythm detection methods in ambulatory patients showed similarly lower AF rates among non-white patients, and (2) the incidence of hospitalizations for certain diseases (included in the analysis) was higher in non-white patients. For example, stroke and pulmonary embolism were more common in black vs. white patients, which made "undersampling" of these patients due to the inclusion of inpatients admissions only unlikely (24). In the Atherosclerosis Risk in Communities (ARIC) Study 15,343 participants (aged 45–64) without baseline AF were recruited from 1987 to 1989 and followed until 2014. In this large cohort, the lifetime risk of AF was ∼1 in 3 among whites and 1 in 5 among African Americans, however risk was inversely proportional to socioeconomic status (25).

In Europe, studies performed in the global population between 2007 and 2013 reported an incidence of AF ranging from 0.23 per 1,000 person/years in Iceland to 0.41 in Germany and 0.9 in Scotland (26). A 2019 study from Italy reported an AF prevalence of 7.3% in individuals over the age of 65 and predicted an increase in the European Union by 89% in 2060 (27). AF affects an estimated 11 million people in Europe and by 2050, Europe is projected to have the greatest increase in AF (to 18 million people) compared to other regions globally (28). In Asia, the incidence and prevalence of AF has also increased in recent years, although great variability still exists among Asian nations. A systematic review of AF in Asian countries (mainly from China, Japan, and Korea) found an incidence of 5.38 per 1,000 person-years after meta-analyzing 10 studies from three countries (29).

Caution should be exercised in evaluation of AF in Europe because the continent is not a homogeneous entity. A temporal (1990–2017) analysis of data from the 2017 Global Burden of Disease Database was performed to evaluate changing trends in AF incidence and mortality in 20 European countries. The analysis identified no across-the-board trend descriptive of all nations. Mortality-to-incidence ratios were calculated for each country. Although AF incidence was higher in men, mortality to incidence ratios were higher in all countries in women (30).

These differences were attributed either to biological differences or health care inequality. Surprisingly, a national low gross domestic product (predominantly in Eastern European and the Baltic nations) was related to lower AF incidence and AF-related mortality. The authors speculated that residents in high gross domestic product countries receive better healthcare and live long enough to be diagnosed with and/or suffer from the serious complications of AF (a survivor effect). In addition, the authors speculated that low gross domestic product countries had poorer health systems resulting in underdiagnosis/underreporting of AF and its consequences (30). Thus, it was also possible that improved awareness and detection of AF may have contributed to higher AF associated mortality, in the higher GDP countries (31).

The overall prevalence of AF is higher in men than women. However, because women typically live longer than men, there are nearly twice as many women as men aged >75 years. Beyond the age of 75 years (the median onset age for AF), ∼60% of individuals with AF are women (32, 33). Men with AF have more ischemic heart disease and women have more valvular disease (34). The Canadian Registry of Atrial Fibrillation (CARAF) database showed that women with AF had an increased prevalence of hypertension and thyroid dysfunction (35, 36). In the absence of anticoagulation, women are at higher risk than men for AF-related thromboembolism (37). A large meta-analysis clearly established that women with AF carry a persistently higher stroke risk, even when adequate anticoagulation is prescribed (38). Sex-associated risk, during treatment with direct oral anticoagulants (DOACs) is not completely understood (39).



Modern approach to atrial fibrillation management and prevention

The 2020 ESC Guidelines on the Diagnosis and Management of AF have provided a systematic approach to AF detection, characterization, and management (see Figure 1) (7, 40). Considerable progress has been made in AF detection (including asymptomatic AF episodes). A variety of wearable technologies and several implantable loop recorders are now available to detect and record AF episodes (7).


[image: Figure 1]
FIGURE 1
AF patient management based on the 2020 ESC guidelines. AHRE, atrial high-rate episode; CIEDs, cardiac implantable electronic devices; EDG, electrocardiogram; NOAC, non-vitamin K antagonist; VKA, vitamin K antagonist. Reproduced from reference (7) with permission.


Characterization was initially proposed as a paradigm shift to address specific domains having treatment and prognostic implications. The 4S-AF scheme (stroke risk, symptom severity, severity of AF burden and substrate for AF), a novel pathophysiology-based characterization of AF patients, can be employed in daily practice and supports decision-making regarding prescription of oral anticoagulation (OAC), rate or rhythm control strategies (AF ablation or antiarrhythmic drugs) as well as management of concomitant risk factors and comorbidities (7).

The AF Better Care (ABC) pathway (A: avoid stroke; B: better symptom control; C: comorbidities and risk factors) (7, 41) streamlines management of AF patients (see Figure 1 for additional details). Treatment strategies that are consistent with the ABC pathway have improved outcomes for AF patients by reducing the rates of rehospitalization (see below), cardiovascular events and all-cause mortality (7, 42, 43).

The mAF-App II Trial Investigators randomized Chinese patients from 40 cities to investigate the merits of this more holistic and integrated approach to AF management. Patients (1676) received integrated care based on a mobile AF Application (mAFA) incorporating the ABC (Atrial Fibrillation Better Care) Pathway or usual care (1678). The composite outcome of ischemic stroke/systemic thromboembolism, death, and rehospitalization was lower with the mAFA intervention compared with usual care (P < 0.001). Rates of rehospitalization were also lower with the mAFA intervention (P < 0.001). Subgroup analyses by sex, age, AF type, risk score, and comorbidities demonstrated consistently lower hazard ratios for the composite outcome for patients receiving the mAFA intervention compared with usual care (all P-values <0.05) (43). Figure 2 illustrates various AF detection modalities (40).


[image: Figure 2]
FIGURE 2
Systems used for AF screening. Reproduced from reference (40) with permission.


In addition, the benefits of the 4S-AF scheme and ABC pathway adherent care have been clearly demonstrated to be associated with reduction in cardiovascular death, major bleeding, and stroke compared to usual care. The ABC pathway is also recommended in the 2021 Asia-Pacific Heart Rhythm Society Guidelines (7, 44).



Are there readily reversible AF precipitants?

Past consensus guidelines stated “AF may be related to acute, temporary causes, including alcohol intake (‘holiday heart syndrome’), surgery, electrocution, MI, pericarditis, myocarditis, pulmonary embolism or other pulmonary diseases, hyperthyroidism, and other metabolic disorders. In such cases, successful treatment of the underlying condition often eliminates AF” (45).

Additional secondary precipitants including fever/infection and acute alcohol consumption were identified among 1,409 Framingham Heart Study patients with new-onset AF. AF recurred in 544 of 846 eligible individuals without permanent AF (5-, 10-, and 15-year recurrences of 42%, 56%, and 62% with vs. 59%, 69%, and 71% without secondary precipitants). Although the 15-year incidence of AF recurrence was significantly lower among participants with secondary precipitants, AF eventually recurred in the majority with of individuals with “reversible causes” (46). Although iron deficiency and anemia are common conditions in AF patients, a clearcut cause and effect relationship is not well established (47).

It is commonly assumed that AF related to accessory pathways and hyperthyroidism is reversible. These assumptions are not entirely accurate.

Hyperthyroidism is a known precipitant of AF. However, <1% of AF cases are secondary to acute hyperthyroidism (48, 49). Pharmacologic rhythm control is not usually recommended. In one report, 8.3% of patients with new-onset hyperthyroidism developed AF or atrial flutter within 30 days (48, 50). In a retrospective study including 163 patients with hyperthyroidism and AF, 101 (62%) reverted to normal sinus rhythm after becoming euthyroid (51). Most (75%) who reverted to sinus rhythm did so within 3 weeks. Increased risk of hyperthyroidism induced AF is associated with male gender, advancing age, coronary artery disease, congestive heart failure and valvular heart disease, which are also traditional AF risk factors in the general population (48, 50, 52).

Whether the risk of developing stroke and thrombotic episodes is increased in hyperthyroidism induced AF is controversial. It has been suggested that thromboembolic events are primarily related to advanced age. Souza et al. noted that among patients younger than 65 years of age with atrial fibrillation related to hyperthyroidism, there was no association between clinical risk factors with transesophageal markers of a thrombogenic milieu. In this study it was found that only age was an accurate predictor of a thrombogenic milieu with other risk factors having a low yield (53). In the very large Swedish Atrial Fibrillation cohort study, hyperthyroidism was not an independent stroke risk factor (54). A 2015 study reported that in patients with hyperthyroidism related-AF and a CHA2DS2-VASc score of 0, the risk of ischemic stroke was virtually nil, irrespective of the type of AF (self-limiting or not), thus the use of anticoagulation therapy was deemed inappropriate. However, it also noted that among patients with CHA2DS2-VASc score ≥1, warfarin therapy was associated with a reduced ischemic stroke risk only in those with non–self-limiting AF, not those with self-limiting AF (55). A large more recent retrospective cohort study suggested that hyperthyroidism-related AF patients have a greater risk of ischemic stroke and systemic embolism like nonthyroidal AF, especially when initially diagnosed. The risk was reduced by treating hyperthyroidism (56). The 2020 ESC Guidelines on the Diagnosis and Management of AF recommends anticoagulation based on standard CHA2DS2-VASC score criteria (40).

The long-term prognosis of hyperthyroidism induced AF is not well known (due to limited long term follow up). Nevertheless, atrial premature beats are more frequent in thyrotoxic patients compared to matched controls before and after treatment. This raises the possibility that the risk of AF recurrence and the long-term prognosis are similar in euthyroid and hyperthyroid AF groups (48, 57).

AF is a potentially life-threatening arrhythmia in patients with rapid antegrade conduction (pre-excitation) via an accessory pathway (AP) since it may lead to ventricular fibrillation (VF). Patients with APs that only conduct in the retrograde direction may also develop AF (58). However, in the absence of preexcitation, degeneration of AF to VF is extremely rare (59).

Proposed mechanisms of AF initiation in patients with APs include enhanced atrial vulnerability and degeneration of atrioventricular reentrant tachycardia into atrial fibrillation. Although surgical studies have suggested virtually no recurrence of AF after AP resection, radiofrequency catheter ablation has become the treatment of choice for symptomatic patients (57).

Dagres and colleagues compared AF recurrence rates of in 91 patients with history of paroxysmal AF who underwent successful AP catheter ablation to a control group consisting of 100 consecutive patients without a history of paroxysmal AF who underwent successful radiofrequency ablation of an accessory pathway. During a mean follow-up of 23.9 ± 12.3 months, AF recurrence/occurrence was significantly lower in the control group than in the study group (4 of 100 patients in the control group patients vs. 18 of 91 study group patients, (P = 0.001). The authors only identified age >50 years as a significant independent predictor of atrial fibrillation recurrence (P = 0.02) (57).



Primary prevention of atrial fibrillation

Primary prevention strategies for AF have not been well-explored. However, individuals with optimal cardiovascular health have a 62% lower risk of AF (59, 60). Many risk factors and underlying conditions predisposing to AF are also risk factors for other cardiovascular issues such as coronary artery disease (CAD), vascular disease, and HF. Patients with multiple risk factors are the most susceptible to AF and therefore, the most appropriate target population for primary prevention strategies (60). There is emerging evidence suggesting that addressing modifiable risk factors may be effective for primary (and secondary) AF prevention (61). Targeting predispositions (Figure 1) as soon as possible (preferably before AF becomes manifest clinically) may potentially avert or reverse atrial remodeling, thus preventing AF or limiting its progression. Interventions aimed at risk factors should be tailored to individual patient needs (7, 60, 61). Unfortunately, the efficacy of intensive lifestyle intervention in reducing incident AF remains to be fully established (see below) (62).



Pharmacologic and dietary approaches


Beta blockers, amiodarone, ivabradine: emphasis on postoperative AF

The efficacy of beta-blocking agents for AF rate control is well established (62–64). Most of the evidence for AF in primary prevention relates to prophylaxis against postoperative AF after cardiac surgery (62). Amiodarone, which produces noncompetitive β-blockade (65), has also been shown to be effective in this setting (66). A trial randomly assigned 316 patients to receive a 48-hour infusion of metoprolol, 1 to 3 mg/h, according to heart rate, or amiodarone, 15 mg/kg of body weight daily, with a maximum daily dose of 1,000 mg, starting 15 to 21 h after cardiac surgery. AF occurrence was similar in the two groups (67). While acknowledging the limitations of their study, the authors endorsed adherence to guidelines and recommended use of β-blockers as first-line prophylaxis of postoperative AF (67). It has been suggested that combining ivabradine with a beta blocker is more effective in prevention of postoperative AF than either agent alone (68, 69). This approach has not been widely adopted.



Statins

In short term trials, statin treatment seemed to reduce the odds of an episode of atrial fibrillation however, longer term (mostly larger) trials of statin vs. control treatment were not associated with significant AF reduction (62, 70). Like beta-blockers, pre-operative statin prophylaxis reduces AF post cardiac surgery. A meta-analysis of nearly 800 patients revealed that pre-operative statin prophylaxis resulted in a 43% reduction in post-operative AF (62, 71). The duration of preoperative statin prophylaxis resulted in increased postoperative AF risk reduction (3% per day) (71).



Omega-3 fatty acids and vitamin D

Omega-3 fatty acids [n-3 polyunsaturated fatty acids (n3-PUFA), such as fish oil] exert anti-inflammatory effects similar to statins (62). In the Cardiovascular Health Study, higher levels of circulating n3-PUFA were associated with a lower risk of incident AF (62, 72). Prospective observational data from the same study suggested consumption of broiled or baked fish, common n3-PUFA sources, was linearly linked to lower AF incidence (62, 73). Larger epidemiologic studies did not show a beneficial effect of fish intake on atrial arrhythmias (62, 74, 75). Small studies suggested that pre-operative oral and intravenous n3-PUFA demonstrated efficacy in AF prevention post cardiac surgery (62, 76, 77). More recent randomized trials did not reproduce the same results (62, 78, 79). Hence, clinical utility of n3-PUFA supplementation for primary prevention of AF has not been established (62).

Vitamin D is a natural antioxidant. Although some reports have suggested that antioxidant vitamin supplementation might play a role in preventing AF, there had been no clear-cut clinical evidence supporting its efficacy in primary AF prevention (62), because (like omega-3 fatty acids) large-scale, long-term randomized trial data was unavailable. However, in 2021, the efficacy of marine omega-3 fatty acid and vitamin D supplementation on the incidence of AF was reported in a large randomized clinical trial. Over 25,000 participants were randomized and included in the analysis. Participants were randomized to receive: the (1) marine omega-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) + vitamin D3; (2) EPA-DHA and placebo; (3) vitamin D3 and placebo; or (4) 2 placebos. In this large-scale, primary prevention trial, marine omega-3 fatty acids and/or vitamin D3 did not significantly reduce or increase the primary end point of incident AF compared with placebo during a median treatment duration of 5.3 years. There was no evidence of an interaction between the agents employed. The authors concluded their findings did not support use of supplemental EPA-DHA and/or vitamin D3 for primary prevention of AF (80).



Protein consumption

Preliminary data from a secondary analysis of postmenopausal women from the Women's Health Initiative Clinical Trial and Observational Study suggests that protein consumption of 58–74 grams/day was associated with a statistically significant reduction in the risk of AF across all levels of physical activity (81). Additional information on diet and weight loss is discussed under secondary prevention below.



Renin-angiotensin-aldosterone system (RAAS) inhibitors

Retrospective analyses of large, randomized trials suggested a role for renin-angiotensin-aldosterone system inhibitors in primary AF prevention. In the Trandolapril Cardiac Evaluation (TRACE) study, trandolapril treatment was associated with a 47% lower incidence of new-onset AF in post-MI patients with systolic dysfunction (62, 82). A subanalysis of the Studies of Left Ventricle Dysfunction (SOLVD) revealed a 78% risk reduction in AF in heart failure patients receiving enalapril compared to placebo (62, 83). A post-hoc analysis of the Losartan Intervention for Endpoint Reduction in Hypertension (LIFE) study, revealed a 33% risk reduction in new-onset AF in hypertensive patients treated with losartan comparison to atenolol (10, 62). In the Val-HEFT (Valsartan Heart Failure Trial) a 37% lower AF incidence was seen in heart failure patients treated with valsartan (62, 84). In the CHARM trial (Candesartan in Heart Failure: an Assessment of Reduction in Mortality and Morbidity), an 18% reduction in AF occurrence was seen in symptomatic heart failure patients treated with candesartan (62, 85). The Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial (ONTARGET) demonstrated a trivial (statistically insignificant) trend towards lower incidence of new-onset AF in high-risk hypertensive patients receiving combination telmisartan and ramipril therapy compared to either telmisartan or ramipril alone (62, 86). More recent trials are less encouraging. In the Heart Outcomes Prevention Evaluation (HOPE), ramipril had no effect on AF incidence compared to placebo in high-risk cardiovascular patients (62, 87). Likewise, in the Telmisartan Randomised Assessment Study in ACE-intolerant Subjects with Cardiovascular Disease (TRANSCEND), no difference was seen in AF incidence between treatment with telmisartan or placebo in patients with high-risk for cardiovascular disease (62, 88).

Aldosterone creates a substrate susceptible to atrial arrhythmias, characterized by atrial fibrosis, myocyte hypertrophy, and conduction disturbances (89). Mineralocorticoid receptor antagonists (MRAs) have emerged as potential preventive therapy for AF. A meta-analysis (14 studies, 5,332 patients, a history of heart failure in 2,866 patients) showed a reduction in new-onset AF and recurrent AF, but not post-operative AF (90). Likewise, finerenone reduced new-onset atrial fibrillation or atrial flutter in patients with chronic kidney disease and type 2 diabetes (91). However, in contrast to results in cohorts of patients with HF and a reduced ejection fraction, spironolactone does not reduce the risk of new-onset AF or AF recurrence in patients with HF and a preserved ejection fraction (HFpEF) (92).



SGLT2 inhibitors

DECLARE-TIMI 58 (Dapagliflozin Effect on Cardiovascular Events– Thrombolysis in Myocardial Infarction 58) studied the safety and efficacy of dapagliflozin [a sodium-glucose cotransporter (SGLT2) inhibitor] vs. placebo in 17,160 type 2 diabetes mellitus patients with either multiple risk factors for atherosclerotic cardiovascular disease (n = 10,186) or known atherosclerotic cardiovascular disease (n = 6,974). Dapagliflozin decreased the incidence of reported AF and atrial flutter episodes adverse events in high-risk patients with type 2 diabetes mellitus. This beneficial effect was consistent regardless of the patient's prior history of AF, atherosclerotic cardiovascular disease, or HF (93). However, in an accompanying editorial, it was noted that in the absence of clear prospective definitions and systematic data collection, AF events may have been reported that should not have been, and that there could have been unreported AF episodes resulting in underestimation of the true incidence of events documented (94). In a substudy of the EMPA-REG OUTCOME (Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes) trial (95, 96) the HF benefits from use of the SGLT2 inhibitor empagliflozin, including early signs or symptoms of HF were consistent whether or not AF was present at baseline. In the CANVAS (Canagliflozin Cardiovascular Assessment Study) Program, there was no detectable effect of canagliflozin compared with placebo on AF for the subsets of participants with and without AF history at baseline (97).

A 2018 meta-analysis of 10,512 participants also did not find a significant association between SGLT2 inhibitor treatment and AF (98). A subsequent larger meta-analysis (including 16 trials consisting of 38,335 type 2 diabetics) found that SGLT2 inhibitors significantly reduced the combined endpoint of AF and atrial flutter (P  =  0.001) (99). An even larger systematic review and meta-analysis (22 trials including 52,115 patients) likewise found that SGLT2 inhibitors significantly reduced the risk of the combined endpoint of AF and atrial flutter by 18%. The authors noted that SGLT2 inhibitor treatment might be associated with a lower AF risk and contended that AF and AFL have similar clinical significance and consequences (100). We believe that this contention is not entirely correct. Although the CHA(2)DS(2)-VASc score is useful for stroke risk stratification in patients with atrial flutter, curative ablation of isthmus dependent atrial flutter is far more likely to occur than permanent elimination of atrial fibrillation (101).

Based on these (and other) reports, we remain somewhat hesitant to draw a firm conclusion about the benefits of SGLT2 inhibitors in AF prevention (102). Nevertheless, given that poor glycemic control may increase the risk of AF (see below) use of an SGLT2 inhibitor to decrease hemoglobin A1c seems reasonable.

Figure 3 provides a summary of the various pharmacological and dietary interventions that have been explored for primary AF prevention. Amiodarone, beta blockers and (to a lesser extent) ivabradine have demonstrated efficacy in prevention and management of post-operative AF. Benefits of dietary measures remain unproven. We believe, (perhaps) apart from RAAS inhibitors, pharmacological treatment for primary prevention of AF remains a work in progress.
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FIGURE 3
Summary of investigated pharmacological and dietary approaches for primary AF prevention.





Risk factor modification for AF prevention and reduction

Addressing and reducing/eliminating risk factors for AF is not an easy task. It requires unique partnerships that are not easily achieved. All caregivers need to be knowledgeable and provide clear goals in a manner that is simultaneously informative, firm, and empathetic. Patients need to be introspective, cooperative and highly motivated.



Obesity

Obesity [defined as body mass index (BMI) ≥30 kg/m2] is an important, strong risk factor associated with incident AF and persistent AF (103). Although obesity and elevated body mass index (BMI) predispose individuals to AF risk factors such as hypertension, diabetes mellitus, MI, left ventricular (LV) hypertrophy, left atrial enlargement, LV diastolic dysfunction, HF, and obstructive sleep apnea, they are considered an independent risk factor for AF (103).

In a study from 2002, each unit increase of BMI was associated with a significant 6% increase in the adjusted relative risks of total, ischemic, and hemorrhagic stroke (104). In 2004, Wang and colleagues observed a 4% increase in the risk of AF per 1-U increase in body mass index (BMI), at a mean follow-up of 13.7 years (105).

In a meta-analysis of five population-based cohort studies, obese individuals were noted to have a 49% increased risk of developing AF compared to nonobese individuals. In contrast, in a meta-analysis of 11 postcardiac surgery studies, obesity did not confer an increased risk of post-operative AF (106). However, a subsequent systematic review and random-effects meta-analysis of 18 observational studies revealed a modestly higher risk of post-operative AF in obese compared with nonobese patients (odds ratio: 1.12; 95% CI, 1.04–1.21; P = 0.002) (107).

A secondary analysis from the FANTASIIA (Atrial fibrillation: influence of the level and type of anticoagulation on the incidence of ischemic and hemorrhagic stroke) registry examined the influence of weight on the risk of adverse events in 1956 anticoagulated AF patients. In the study cohort, 358 (18.3%) had a normal body mass index, 871 (44.5%) were overweight, and 727 (37.2%) were obese. Body mass index was not independently associated with all-cause mortality, cardiovascular mortality, stroke, major bleeding, or major adverse cardiovascular events (108).

In the Atrial Fibrillation Follow-Up Investigation of Rhythm Management (AFFIRM) study, 2,492 patients with established AF were categorized and analyzed in three BMI groups. These included normal: 18.5 to <25; overweight: 25 to <30; and obese: ≥30. All-cause mortality was highest in the normal group. Cardiovascular mortality was highest in the normal group (3.1 per 100 patient-years), lowest in the overweight group (1.5 per 100 patient-years), and intermediate in the obese group (2.1 per 100 patient-years). After adjustment for baseline characteristics and risk factors, all-cause mortality did not differ significantly between the groups. However, overweight remained associated with a reduced risk of cardiovascular death (Hazard ratio 0.47, P = 0.002) (109).

In the ENGAGE AF-TIMI 48 trial, AF patients were randomized to anticoagulation with warfarin or edoxaban. The 21,028-patient cohort was divided into six BMI (kg/m2) categories (underweight (<18.5) 0.8%, normal (18.5 to <25) 21.4%, overweight (25 to <30) 37.6%, moderately obese (30 to <35) 24.8%, severely obese (35 to <40) 10.0%, and very severely obese (≥40) 5.5%). The effects of edoxaban compared to warfarin on stroke/systemic embolic events, major bleeding, and net clinical outcome were similar across BMI groups. Higher BMI was significantly and independently associated with lower risks of stroke/systemic embolic events (HR: 0.88, P = 0.0001), ischemic stroke/systemic embolic events (HR 0.87, P < 0.0001), and death (HR 0.91, P < 0.0001). However, higher BMI was associated with increased risks of major (HR 1.06, P = 0.025) and major or clinically relevant non-major bleeding (HR 1.05, P = 0.0007) (110).

These and other studies have reported that obesity confers a survival advantage among patients with cardiovascular disease, cancer, diabetes, respiratory disease, and renal disease, among other conditions. These studies have led to the notion of an “obesity paradox”. Adoption of this concept has led to some skepticism. In a meta-analysis of 239 prospective studies including over 10 million subjects from four continents (Asia, Australia and New Zealand, Europe, and North America), all-cause mortality was lowest for BMIs between 20 and 25 kg/m2 and increased to its highest levels as the BMI rose from 30 to ≤60 kg/m2. At the highest level of obesity, BMI 40 to ≤60 kg/m2, the hazard ratio was 2.76, 95% CI, 2.60–2.92. These results challenged speculation about the protective metabolic effects of increased body fat (111).

Proposed explanations for the obesity paradox include: (1) body fat aiding survival during periods of low nutrition; (2) inclusion of patients who have lost weight as a result of more severe illness among the nonobese population; (3) body mass index (BMI) poorly representing body fat; (4) inappropriate BMI cut-offs; and (5) obese people being diagnosed sooner (112).

Banack and Stokes voiced their doubts about the paradox in an editorial. They noted collider stratification bias (unmeasured confounding induced by selection bias) as a possible reason for the apparent paradox. In addition, they suggested (as noted above) that a possible explanation is the potential for bias due to illness related weight loss (113). Sperrin and colleagues have contended that collider bias may partially explain the obesity paradox but is unlikely to be the main explanation for a reverse direction of an association to a true causal relationship (112).

Like Sperrin et al., we believe that because obesity is a risk factor for AF and other comorbidities, the obesity paradox challenges common sense. Based on the conflicting data described above, we believe skepticism has a role in leading to clarification of this paradox, but we cannot deny that this paradox may be true (112).

A mendelian randomization analysis of over 50,000 individuals of European ancestry revealed genetic variants associated with a high BMI correlated with AF incidence, suggesting a causal relationship between BMI and AF (114). Targeting at least a 10% reduction in weight has been suggested to effect reductions in AF burden. BMI reduction to <27 kg/m2 has been advocated (115, 116). However, BMI has limitations. The risk of AF as determined in a large cohort analysis appeared to be driven by low lean body mass rather than BMI alone or anthropomorphic obesity patterns such as hip or waist circumference (117).

The results above are summarized in Table 2. We believe that targeting a 10% weight reduction is a reasonable goal. The obesity paradox is thought provoking and is a puzzle that needs to be “solved”. We look forward to additional clarification of this issue.


TABLE 2 Obesity and AF.
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Weight loss is recommended to treat obstructive sleep apnea (another AF risk factor which is discussed in more detail below).



Physical inactivity

A sedentary lifestyle is associated with higher AF risk (103, 118). Inactivity, in turn, increases the risk of other AF risk factors, including hypertension, obesity, and diabetes. It is also associated with obesity and obstructive apnea. Moderate, regular, physical activity is a cornerstone of a healthy lifestyle (119). It is inversely and independently associated with clinical AF incidence and progression. A number of studies indicate beneficial effects on AF prevention and/or progression in individuals pursuing regular physical actvity (118–122).

In the AusDiab study, after adjustments for associations between prevalent AF and baseline characteristics, the prevalence ratio of AF was 2.1 when sedentary individuals were compared to those deemed to have sufficient physical activity (120). Likewise, Calvo et al. found that that compared to sedentary individuals, those with a lifetime history of <2,000 h of high-intensity training had significant protection against lone AF [OR 0.38 (0.12–0.98)] (121). In the Cardiovascular Health Study, Mozaffarian and associates followed 5,446 adults ≥65 years old for 12 years and documented 1,061 new AF cases (incidence rate 22.4 cases per 1,000 person-years). Compared to individuals without regular exercise, moderate-intensity exercise resulted in a 28% lower risk of AF, however, individuals with high-intensity exercise did not have significantly lower risk than those who did not exercise regularly (122). In a prospective study of 2,869 patients with paroxysmal or persistent AF, after a median follow up of 3 years, regular physical activity was inversely predictive of progression from paroxysmal to non-paroxysmal or persistent AF to permanent AF (HR, 0.80; 95% CI, 0.66–0.98) (119).

In contrast, extreme levels of physical activity may be associated with a higher AF risk (103, 118) and have paradoxically been associated with increased AF burden. Calvo and associates noted that AF risk increased with ≥2,000 h lifetime-accumulated high-intensity training [OR 3.88 (1.55–9.73)] (121).

In a meta-analysis 655 athletes and 895 controls were compared. Mean age was 51 ± 9 years and 93% were men. There were 147 (23%) vs. 116 (12.5%) cases of AF among athletes compared with controls. The overall risk of AF was significantly higher in athletes than in controls with odds ratio (95% confidence interval) = 5.29 (3.57–7.85), P = 0.0001 (123).

Athletes who engage in endurance sports such as runners, cyclists and skiers are more prone to AF than other athletes (124). The mechanisms by which exercise training increases AF risk are complex and may include atrial dilation, adrenergic activation, vagal tone, chronic inflammation, pulmonary foci and interstitial fibrosis, resulting from excessive strain through augmented cardiac output and atrial stretch (125, 126).

High-intensity interval training (HIIT) involves performing repeated periods of intense exercise interspersed with low-intensity exercise or periods of rest with varied recovery times. Exercise periods may range from 5 seconds to 8 minutes long with recovery periods varying in length and total exercise duration lasting between 20 and 60 minutes (127). In a recent randomized clinical trial including 86 individuals with AF, HIIT was as efficacious as moderate to vigorous intensity continuous training (MICT) in improving functional capacity and general quality of life, despite a substantially lower total exercise volume. HIIT was also as effective as MICT in improving disease-specific resting heart rate, physical activity levels and quality of life (128). HIIT improves fitness and cardiac function, however its impact on LA structural and electrical remodeling as well as AF burden is not completely understood. It should be noted that in endurance-trained men, HITT resulted in left atrial enlargement. The extent of LA dimensional remodeling in highly trained athletes may be relevant, and absolute LA size can overlap atrial dilation observed in patients with cardiac disease (129). This implies, but does not prove, the potential to develop AF.

Regular aerobic exercise at the levels recommended by the 2018 Physical Activity Guidelines Advisory Committee (150 min/week of moderate-intensity or 75 min/week of vigorous-intensity aerobic exercise) does not increase AF risk and may reduce the risk of new-onset AF (130).

Hence, regular moderate exercise is likely to help prevent AF incidence and progression. In contrast, high intensity endurance athletics increase the risk of incident AF. Whether HIIT provides protection from AF is unknown.

Interestingly, a relatively small single-center study enrolled 49 patients with symptomatic paroxysmal AF who underwent an initial 3-month control noninterventional observation period followed by an interventional phase of twice-weekly 60-min yoga training (a combination of structured physical exercises, breathing techniques, and meditation) for next 3 months. Yoga significantly reduced the number of symptomatic and asymptomatic AF episodes from the end of control phase to the end of intervention phase. Although the precise mechanisms underlying yoga's AF benefits were unknown, the authors speculated that yoga may prevent initiation and perpetuation of AF via one or more of the following mechanisms: increasing the baseline parasympathetic tone, suppressing extreme sympathetic/parasympathetic fluctuations, and decreasing arrhythmia progression by preventing or minimizing atrial remodeling (131).

We think that exercise has important clinical benefits. We agree with Shakespeare that “Nothing comes from doing nothing” and wonder “Why then, can one desire too much of a good thing?”. Table 3 summarizes key components of the data provided above.


TABLE 3 Physical inactivity.
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Hypertension

Because of hypertension's high prevalence, this risk factor is associated with the highest attributable risk for AF development (21, 132). It has been estimated that hypertension is responsible for 14% of all AF cases and it is the most significant population-attributable (the proportional reduction in population disease if exposure was reduced to an alternative ideal scenario) AF risk factor (133, 134). Hypertension was present in >70% of AF patients in epidemiological studies (133, 135, 136) and recent AF real-world registries (133, 137–139), and in 49%–86% of patients in randomized AF trials (133, 140, 141).

As noted above, employing angiotensin-converting enzyme inhibitors and angiotensin receptor blockers as antihypertension therapy has yielded inconsistent results with regard to AF primary prevention. In contrast, mineralocorticoid receptor antagonist treatment was associated with reduced AF risk and recurrence. The Substrate Modification With Aggressive Blood Pressure Control study (SMAC AF) was a randomized, open-label trial of tight BP control compared with standard care in patients undergoing AF ablation. When moderate hypertension was managed as an isolated risk factor, no difference in arrhythmia control was observed (142). In contrast, two studies randomized patients (27 and 76) with severe resistant hypertension and symptomatic AF to ablation (pulmonary vein isolation) with or without renal sympathetic denervation. In the smaller of these two studies, weekly ECGs were obtained for the first month, and 24-h Holter recordings were performed at 3, 6, 9, and 12 months. In the latter study, all patients received an implantable loop recorder on the day of their ablation. Renal sympathetic denervation was associated with a significant reduction in BP and AF burden at 12 months (143, 144). The ASAF trial is ongoing and will attempt to further elucidate whether renal denervation plus pulmonary vein isolation reduces AF recurrence. The investigators aim to randomize 138 hypertensive patients with AF and signs of sympathetic overdrive in a 1:1 fashion to pulmonary vein isolation alone vs. pulmonary vein isolation plus renal sympathetic denervation (145).

Management of hypertension is a pivotal part of AF amelioration. Addressing the renin-angiotensin-aldosterone system is a very important part of this goal. As noted above, aldosterone creates a substrate susceptible to atrial arrhythmias (89) and mineralocorticoid receptor antagonists (MRAs) have emerged as potential preventive therapy for AF (90). Table 4 below, summarizes some of the key issues associated with AF and hypertension.


TABLE 4 Hypertension and AF.
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AF and chronic kidney disease

AF and chronic kidney disease (CKD) are linked by common predispositions such as hypertension, diabetes mellitus, and coronary artery disease. The presence of CKD increases the risk of AF incidence while the presence of AF is associated with development and progression of CKD (bidirectional relationship). In CKD, the overall prevalence of AF is about 2- to 3- fold greater than the estimate of 2%–4% in the general population (146).

In a 2010 report, the [prospective] Chronic Renal Insufficiency Cohort (CRIC) study enrolled 3,267 adult participants. AF was present in 18% of the study participants and >25% of those ≥70 years old (147). In a 2016 report, among 3,091. participants without AF at entry, 172 (5.6%) developed incident AF during follow-up. During a mean follow-up of 5.9 years, 43 patients had end stage renal disease (ESRD) that occurred after the onset of incident AF (11.8/100 person-years) compared with 581 patients without incident atrial fibrillation (3.4/100 person-years). Incident AF was associated with a substantially greater rate of ESRD (hazard ratio, 3.2; 95% confidence interval, 1.9 to 5.2). This association was consistent across subgroups by age, sex, race, diabetes status, and baseline eGFR (148).

Laukkanen and associates performed a prospective study designed to evaluate whether cystatin C- and creatinine-based estimation of glomerular filtration rate (eGFRcys and eGFRcreat) and urinary albumin/creatinine ratio (ACR) were associated with a risk of AF. The study population included 1,840 subjects between the ages 61–82 years. During a follow-up (median 3.7 years), 159 (8.6%) incident AF cases occurred. Reduced eGFR and albuminuria were associated with an increased risk of atrial fibrillation. In subjects with eGFRcys of 15–59 ml/min per 1.73 m2 compared to those with ≥90 ml/min per 1.73 m2, AF risk was increased [hazard ratio 2.74, 95% confidence interval (CI) 1.56–4.81, P < 0.001]. Comparing participants defined by their eGFRcreat levels produced similar results (hazard ratio 2.41, CI, 1.09–5.30, P = 0.029). Individuals with an ACR ≥300 mg/g were compared to those with an ACR < 30 mg/g and, likewise, had an increased incidence of AF (hazard ratio 2.16, CI, 1.35–2.82, P < 0.001) (149). Likewise, in a meta-analysis of 3 cohorts (16,769 participants), reduced eGFR and elevated urine albumin-to-creatinine ratio were significantly associated in a stepwise inverse pattern where decreasing function posed a greater risk of incident AF (150).

Amongst 116,184 adults with CKD enrolled in The Stockholm CREAtinine Measurements (SCREAM) Project, 13,412 (12%) developed clinically apparent AF during a mean follow-up of 3.9 years. AF incidence increased across lower eGFR strata: from 29.4 to 46.3 atrial fibrillations per 1,000 person-years in subjects with eGFR = 45–60 and <30 ml/min per 1.73 m2. Incident AF was associated with higher risk of stroke which was similar across all eGFR strata (hazard ratio, 2.00; 95% confidence interval, 1.88 to 2.14) and death (hazard ratio, 1.76; 95% confidence interval, 1.71 to 1.82). This was attributed to both ischemic stroke (hazard ratio, 2.11; 95% confidence interval, 1.96 to 2.28) and intracranial bleeds (hazard ratio, 1.64; 95% confidence interval, 1.42–1.90) (151).

Watanabe et al. performed a prospective community-based observational cohort study including 235,818 Japanese subjects. During 5.9 ± 2.4 years of follow up 2,947 subjects (1.3%) developed AF. Baseline serum creatinine and estimated glomerular filtration rate (GFR) were associated with a subsequent risk of AF. The hazard ratios [HRs (95% CI)] for AF were 1.32 (1.08–1.62) and 1.57 (0.89–2.77) for GFRs 30 to 59 and <30 ml/min per 1.73 m2, respectively. During follow-up, 7,791 subjects (3.3%) developed renal dysfunction (GFR <60 ml/min per 1.73 m2 and 11,307 subjects (4.9%) developed proteinuria. AF at entry was associated with development of both renal dysfunction (HRs [95% CI], 1.77 [1.50–2.10]) and proteinuria (HR [95% CI], 2.20 [1.92–2.52]) (152).

In the REGARDS study, the association of CKD with ECG-detected AF was evaluated in 26,917 African-American and white United States adults ≥45 years old. Patients were grouped in stages according to renal function: no CKD (eGFR ≥60 ml/min/1.73 m2 without albuminuria, n = 21,081), stage 1 to 2 CKD (eGFR ≥60 ml/min/1.73 m2 with albuminuria n = 2,938), stage 3 CKD (eGFR 30 to 59 ml/min/1.73 m2, n = 2,683) and stage 4 to 5 CKD (eGFR <30 ml/min/1.73 m2, n = 215). The AF prevalence was 1.0% among adults without CKD, and 2.8%, 2.7% and 4.2% among adults with stage 1–2, stage 3 and stage 4–5 CKD, respectively (153).

The EurObservational Research Programme AF General Pilot Registry (EORP-AF) assessed 1-year outcomes in 2,398 patients with AF in relation to kidney function. Glomerular filtration rate (eGFR) was an independent predictor of stroke/TIA or death, with elevated odds ratios concordant with the severity of renal impairment: eGFR < 30 ml/min/1.73 m2 [OR 3.641, 95% CI, 1.572–8.433, P < 0.0001], 30–49 ml/min/1.73 m2 [OR 3.303, 95% CI, 1.740–6.270, P = 0.0026] or 50–79 ml/min/1.73 m2 [OR 2.094, 95% CI, 1.194–3.672, P = 0.0003] (154).

Fauchier and colleagues examined the impact of declining eGFR in 2,653 AF patients with information on worsening of kidney function during a mean of 1,499 days of follow-up. Patients were divided into 4 quartiles based on the slope of their worsening renal function. There was an increased risk of stroke/thromboembolism when the decline in eGFR was more marked (HR 1.226, 95% CI, 1.087–1.381 for each change of quartile) and the risk was markedly increased when patients in the 4th quartile were compared to other patient groups (HR 1.803, 95% CI, 1.367–2.378). Likewise, there was an increased bleeding risk when the decline in eGFR was more marked (HR 1.184, 95% CI, 1.071–1.308 for each change of quartile) and the risk was particularly increased when patients in the 4th quartile were compared to other patients (HR 1.582, 95% CI, 1.245–2.010). Stroke/thromboembolism and all-cause mortality rates were lower in individuals on oral anticoagulation (OAC), compared with those not on OAC. The effect was not significantly affected by worsening eGFR quartiles. Bleeding rates were higher in individuals on OAC, compared with non-anticoagulated patients. This effect was also not significantly affected by eGFR worsening quartiles (155).

Taken together these findings are consistent with the bidirectional relationship between AF and CKD. The impact of advancing renal disease on AF incidence (AKA the dose-response) and adverse AF related outcomes is clear. Table 5 below summarizes studies that emphasize the bidirectional influences between AF and CKD (146, 148–152, 156–160).


TABLE 5 Bidirectional relationship between AF and CKD.
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AF and diabetes mellitus (DM)

DM may predispose to structural, electrical, and autonomic changes and is associated with a higher risk of AF (161). Data from the Framingham Heart Study revealed that men and women with diabetes mellitus had a 40% and 60% increased risk of developing AF. Evidence suggests that AF development is associated with poor glycemic control and may be related to longer diabetes mellitus duration (21, 103).

In a sample of 3,014 patients from the Non-invasive Monitoring for Early Detection of Atrial Fibrillation (NOMED-AF) study, Polish participants were divided into two groups based on the presence or absence of diabetes mellitus. In the diabetes group, none had type 1, therefore, the analyses comprised solely type 2 diabetics.

AF was noted in 22.6% of the study population. AF prevalence was significantly higher in diabetic individuals compared to those without diabetes (25%; 95% CI, 22.5%–27.8% vs. 17%; 95% CI, 15.4%–18.5% respectively, P  <  0.001). Asymptomatic (“silent”) AF (SAF) was more common among the diabetic group (9%; 95% CI, 7.9–11.4 vs. 7%; 95% CI, 5.6–7.5, P  <  0.001). Likewise, persistent/permanent AF was more common in the diabetic group (12.2%; 95% CI, 10.3–14.3 vs. 6.9%; 95% CI, 5.9–8.1, P  <  0.001).

The diabetic group had a significantly higher prevalence of each of the following comorbidities: acute coronary syndrome, peripheral artery disease, and hypertension. Additionally, they were less physically active and significantly more obese. The most significant limitation of this study included the absence of differentiation between atrial fibrillation and atrial flutter (162).

In a 2011 meta-analysis involving information on 108,703 AF cases among 1,686,097 individuals from 7 prospective cohort and 4 case-control studies, DM was associated with an overall increase of nearly 40% in the risk of AF after correcting for the presence of publication bias (163). A 2018 Swedish study that included 71,483 adults with type 1 and type 2 DM found that both were associated with increased risk of major cardiovascular disease outcomes. However, only insulin-dependent type 2 DM of ≥20 years duration was associated with increased risk of AF (164).

Dublin et al. noted that the risk of AF increased 3%/year in pharmacologically treated diabetics. Compared to non-diabetics, the adjusted odds ratios for AF in treated diabetics with an average hemoglobin A1c ≤7 was 1.06 (95% CI, 0.74–1.51); for A1c >7 but ≤8, 1.48 (95% CI, 1.09–2.01); for A1c >8 but ≤9, 1.46 (95% CI, 1.02–2.08); and for A1c >9, 1.96 (95% CI, 1.22–3.14) (165).

Two large Taiwanese studies demonstrated that aggressive blood sugar control was associated with a decreased risk of AF incidence and recurrence. A population-based study (645,710 subjects) revealed that using metformin was associated with a 19% lower risk of AF over 13 years compared with controls (166). In 12,605 patients with non-insulin dependent DM, treatment with a thiazolidinedione (rosiglitazone) over a period of 5-years, after adjustment for age and comorbidities, was associated with reduced risk of AF occurrence by approximately 30% (167).

Saliba et al. Investigated an Israeli cohort of 37,358 individuals with AF. Diabetes mellitus was noted in 11,713 (30.9%). The remaining 26,182 (69.1%) were not diabetic. The diabetic patients were divided into four group according to their HgbA1c: 1) <6.35%; 2) 6.35%–6.90%; 3) >6.90%–7.70% 4) >7.70%, After adjusting for CHA2DS2-VASc score risk factors, TIA and stroke were significantly more common in both group 3 (P < .001) and group 4 (P < .001) (168).

In contrast, data from 1933 diabetic patients in the ATRIA (Anticoagulation and Risk Factors in Atrial Fibrillation) cohort of AF patients revealed that 46% had a HbA1c < 7.0%, 36% between 7.0% and 8.9%, and 19% ≥9.0% at baseline. Moderate (7.0–8.9%) or poor (≥9.0%) glycemic control was not associated with a significantly increased ischemic stroke rate compared with patients who had HbA1c < 7.0%. A diabetes duration of ≥3 years was associated with an increased ischemic stroke rate compared with a duration <3 years (adjusted hazard ratio [HR]: 1.74, 95% confidence interval [CI], 1.10 to 2.76) (169).

Among a cohort of 135,222 Danish patients with AF, 12.4% were identified as having both AF and diabetes mellitus. The diabetic patients were divided (and analyzed) according to diabetes duration into 4 groups (0–4 years, 5–9 years, 10–14 years and ≥15 years). The thromboembolic risk was lowest in the 0 to 4 years duration category (hazard ratio, 1.11; 95% confidence interval, 1.03–1.20), and highest in the longest duration category of ≥15 years (hazard ratio, 1.48; 95% confidence interval, 1.29–1.70) (170).

Most of the studies discussed above were racially and ethnically homogenous. It is important to recognize that large numbers of studies have demonstrated that AF is less prevalent in individuals of African descent compared to those of European ancestry. The risk of AF among blacks, has been independently associated with increasing percentage of European ancestry. In the Candidate-Gene Association Resource Study for every 10% increase in European ancestry, there was a 16% to 20% increased risk of AF. The prevalence of AF in Hispanic and Asians residing in the United States is also lower than in white individuals (103, 171–173).

Knowing that pancreatic transplantation is not a standard procedure and is only applicable for type 1 diabetes, addressing the disease duration is difficult. Therefore, despite the conflicting results noted above, we believe that optimal glycemic control is paramount to AF prevention. Table 6 provides more information from the studies noted above.


TABLE 6 AF and diabetes.
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Smoking

Use of tobacco has been associated with an increased risk of AF (103). Smoking has been has been identified as an AF risk factor across ethnicities and races (103, 174).

In the prospective, population-based Rotterdam Study, the association between smoking cigarettes and risk of AF development was examined in 5,668 subjects without baseline AF. During a median follow up of 7.2 years, AF was identified in 371 cases. After multivariate adjustment, current and former smokers had an increased relative risk (RR) of AF compared to subjects that never smoked (RR: 1.51, 95% CI, 1.07–2.12; and RR: 1.49, 95% CI, 1.14–1.97, respectively) (175).

In the Atherosclerosis Risk in Communities (ARIC) study, 15,329 participants were available for a smoking status analysis, and 15,078 were available for a cigarette-years and a combined smoking status and amount analyses. Subjects were classified as never, ever, and current smokers. AF incidence was 9.8% in ever smokers and 5.7% in never smokers. Multivariable-adjusted AF hazard ratios were (HR: 1.32; 95% CI, 1.10–1.57) in former smokers, (HR: 2.05; 95% CI, 1.71–2.47) in current smokers, and (HR: 1.58; 95% CI, 1.35–1.85) in ever smokers. Among participants with the highest amounts of cumulative smoking the risk of AF was 2.1 times higher than among those who never smoked (176).

The CHARGE-AF consortium collected and analyzed data from the Framingham Heart Study, ARIC, and the Cardiovascular Health Study [CHS]. AF incidence was 1.44 times higher in current smokers compared with nonsmokers (177).

The REasons for Geographic And Racial Differences in Stroke (REGARDS) Study examined the influence of secondhand exposure to tobacco on the risk of AF. A total of 2,503 participants (21%) reported environmental tobacco smoke exposure. Such exposure was significantly associated with AF (OR: 1.27; 95% CI, 1.08–1.50) (178).

A meta-analysis of 29 prospective studies suggested that smoking is associated with an increased risk of AF in a dose-dependent manner, but the association was stronger among current smokers compared to former smokers (179).

Although cigar and pipe smoking have been associated with cardiovascular disease, a link to AF has not been reported. In a 22-year follow-up study, both primary and secondary (former cigarette smokers) pipe/cigar smokers showed significantly greater risk of major coronary heart disease and stroke events compared to never smokers. There was little difference between the effects of primary and secondary pipe/cigar smoking after adjustment for differences in lifestyle and biological characteristics (180). A 2015 systematic review of the risks associated with cigar smoking linked it to increased all-cause and coronary heart disease mortality (181). Similarly, a 2018 study followed 357,420 participants who reported exclusively using cigar, pipes, or cigarettes or never using any type of tobacco product from 1985 to 2011. There was an elevated risk of death among exclusive current cigar and pipe users in relation to never tobacco users, although the hazard ratio for pipe users was statistically significant only in an age-adjusted model (182).

The use of alternative products, such as hookah, electronic cigarettes, vapes, e-hookahs, e-pipes and e-cigars is increasing. While use of hookah involves inhalation of flavored tobacco, the battery-operated electronic devices (heat-not-burn products) allow the user to breathe in nicotine through a vapor. The cardiovascular disease risk associated with these entities remains unclear (183, 184).

Smoking cessation counseling and support are recommended as an optimal approach to maintaining cardiovascular health and as an AF prevention strategy (103). Few smokers (∼4%) quit without assistance. A variety of nicotine replacement products are available to help. Table 7 below summarizes key studies linking AF to smoking.


TABLE 7 Cigarette smoking and AF.
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Alcohol

Alcohol consumption is strongly embedded in the food and societal culture of westernized countries (most countries of the European Union as well as the U.K., Norway, Iceland, Switzerland, the United States, Canada, Australia, and New Zealand) (185). Moderate to excessive alcohol drinking is associated with adverse atrial remodeling and incident AF. Adults who consumed 10 or more drinks containing approximately 12 g of pure alcohol weekly and who had paroxysmal or persistent AF on a rhythm control strategy were randomized in a 1:1 fashion to either abstain from alcohol or continue their usual alcohol consumption. In reality, the abstinence group reduced their intake by 87.5% and the continue their usual alcohol (control) group reduced their intake by 19.5%. The abstinence group had a significantly longer period before AF recurrence compared to the control group (P = 0.005) as well as a significantly reduced AF burden over 6 months follow up (P = 0.01) (186). Unfortunately, for many persons with AF, total abstinence from alcohol may be a difficult goal to achieve (185).

Binge drinking (defined as 5 or more drinks on at least one occasion for men or 4 or more drinks for women) is the most common and costly pattern of excessive alcohol use (187). In the United States (U.S.) in 2018, one in six U.S. adults reported binge drinking during the past 30 days (188). Binge drinking is on the rise among U.S. adults ≥65 years of age and in women (103). Interestingly, in a 2019 study that included a total of 9,776,956 Korean patients in its analysis, the number of drinking sessions per week was significantly associated with the developing new-onset AF, whereas there was a significant inverse relationship between the amount of alcohol consumed per drinking session and the risk of new-onset AF (189). Another Korean study, that included 9,797,409 subjects without a prior AF diagnosis, highlighted that heavy drinkers had a substantial risk of developing AF if aged ≥30 years old. Mild to moderate drinking increased the susceptibility to AF in subjects ≥60 years old (190, 191).

In the past, triggers of discrete AF episodes were poorly studied and incompletely characterized. In a study with 1295 participants designed to describe common AF triggers, 74% of these individuals reported triggers. Alcohol (35%) was the most commonly noted trigger (192). In order to further evaluate the hypothesis that acute alcohol consumption (drinking within a few hours before an episode) is independently associated with increased risk for a discrete AF episode, 100 patients aged ≥21 years with documented paroxysmal AF who consumed (on average) at least 1 standard alcoholic drink per month were equipped with wearable ECG monitors for 4 weeks. They were instructed to press an activator button on the ECG monitor only when and every time they had an alcoholic drink. In addition, they wore a transdermal alcohol sensor placed around the ankle for passive alcohol monitoring. On return clinic visits at 2 and 4 weeks a fingerstick blood spot was collected to test for phosphatidylethanol, an abnormal phospholipid formed in blood only in the presence of alcohol use. The Spearman correlation (statistical dependence between the rankings of two variables) between real-time recordings of alcohol consumption and daily areas under the curve for the transdermal alcohol sensor detected events was 0.52 (P < 0.001). Although no apparent threshold effects existed between the amount of alcohol consumed and risk for a discrete AF event, AF episodes were associated with increased blood alcohol concentration measured via the transdermal alcohol sensor during the previous 12 h (193).

Therefore, it is clear that alcohol consumption substantially increases the chance of a discrete AF episode within a few hours (193) and that alcohol is the most common precipitant of discrete AF episodes (194).

A summary of the studies related to alcohol is present in Table 8 below.


TABLE 8 Alcohol consumption and AF.
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AF and sleep disordered breathing

It has been estimated that the global prevalence of obstructive sleep apnea approaches a billion individuals (195). Obstructive sleep apnea (OSA) or obstructive sleep apnea-hypopnea syndrome (OSAHS) (196) is highly prevalent among AF patients. In population-based studies, the prevalence of OSA ranges from 3% to 49% and from 21% to 74% in AF patients (197). It remains uncertain whether AF is a risk factor for OSA (198).

A meta-analysis of 8 studies including 603,532 non-OSAHS and 14,799 OSAHS patients revealed that OSAHS increased the risk of AF (RR = 1.70, 95% CI, 1.53–1.89, P = 0.002). There was a significant association between mild SAHS and the risk of AF (RR = 1.52, 95% CI, 1.28–1.79, P = 0.01), moderate SAHS (RR = 1.88: 95% CI, 1.55–2.27, P = 0.017), and severe SAHS (RR = 2.16, 95% CI, 1.78–2.62, P < 0.001). These results suggested that the greater the OSAHS severity, the higher the risk of AF (199). Unfortunately, a meta-regression analysis to evaluate the influence of variables such as a history of cardiovascular disease and body mass index on AF risk was not performed because these variables were unavailable in the studies included (196, 199).

Youssef and associates performed a meta-analysis of nine observational studies with a pooled sample size of 7,582 non-OSAHS and 12,255 OSAHS patients. The risk of AF was higher in OSAHS group vs. the control group (OR: 2.1, 95% CI, 1.84–2.43, P: < 0.001) (200). The meta-analysis had several limitations. The study design of ∼40% of studies was cross-sectional which could limit the ability to make conclusions about the impact of OSAHS on AF incidence. In addition, quality scores for the included studies were not reported and other confounding factors were not examined using meta-regression analysis (196, 200).

It is unclear whether treatment of sleep disorders has an impact on AF incidence (196). However, benefits from continuous positive airway pressure (CPAP) therapy post-AF catheter ablation have been noted. Patients who receive CPAP therapy appear to have a lower risk of AF recurrence after AF ablation and cardioversion (103, 196, 197, 201).

In a multi-center study 3,000 patients underwent AF catheter ablation. OSA was present in 640 (21.3%). Overall, the OSA group was noted to have more non-pulmonary vein AF triggers (HR = 1.68, 95% CI, 1.12–2.52, P < 0.009).

During a mean follow up of 32 ± 14 months, 78% of the non-OSA group were free of AF vs. 73% in the OSA group (P = 0.024). Among the OSA patients, the non-CPAP group had more early recurrences than the CPAP group: 178 (55%) vs. 105 (33%) respectively (P < 0.001). Paroxysmal AF patients who used CPAP had 31 (20%) procedural failures compared with 36 (33%) of the non-CPAP group (P = 0.019). Non-paroxysmal AF patients who used CPAP had 128 (79%) success vs. 150 (68%) in a non-CPAP population (P = 0.032) (202).

Fein and associates reported the results from 426 (62 with OSA) patients who underwent pulmonary vein isolation procedures for AF between 2007 and 2010 and were followed for 1 year. Thirty-two of the 62 (51.6%) with OSA used CPAP and 30 (48.4%) did not. The AF recurrence rate in CPAP users was similar to patients without OSA. In non-users AF recurrence was significantly higher (HR: 2.4, P < 0.02) and similar to that of OSA patients managed without ablation (HR: 2.1, P = 0.68) (203).

During a follow-up period of 18.8 ± 10.3 months, Naruse et al. also reported higher AF recurrence rates post-ablation among 34 untreated OSA patients compared to 82 CPAP users. They concluded that appropriate treatment with CPAP in patients with OSA is associated with reduced recurrence of AF (204).

In a 2014 meta-analysis of 5 observational studies (including 3743 patients), individuals with OSA had a 31% greater risk of AF recurrence after catheter ablation compared to those without OSA [relative ratio (RR) = 1.31, P = 0.00]. This risk increased by 57% in patients with OSA not receiving CPAP therapy (RR = 1.57, P = 0.00). CPAP users had a risk of AF recurrence similar to that of patients without OSA (RR = 1.25, P = 0.37). This similarity was maintained after the removal of study heterogeneity (205).

It has been noted that most of the data gathered on AF and sleep disordered breathing has been observational. In contrast, Hunt et al. randomized patients with paroxysmal AF and an apnea-hypopnea index >15 events/hour who underwent pulmonary vein isolation to treatment with CPAP (in 37patients) or standard care (in 46 patients). Treatment with CPAP did not further reduce the risk of recurrent AF after ablation (206). Nevertheless, the preponderance of evidence suggests a concordant relationship between the severity of sleep disordered breathing and AF incidence, burden, and therapeutic response. Individuals with severe sleep disordered breathing are less likely to respond to antiarrhythmic drug therapy than those with milder forms (207).

Although underpowered for AF, the large multicenter randomized SAVE study (Sleep Apnea Cardiovascular Endpoints), that compared CPAP to usual care alone and did not show a reduction in cardiovascular events, including incident new-onset AF, in patients with moderate to severe OSA and established cardiovascular disease. Nevertheless, until more randomized data is available, screening for concomitant sleep disordered breathing should be considered important in AF patients because treatment may decrease their AF burden. Clinicians need to be aware that, in sleep apnea, patient compliance with CPAP can be difficult to achieve (208).

While the overall benefit of CPAP on AF is not significant, the use of CPAP may reduce the risk of AF recurrence post ablation. A collection of studies that pertain to OSA and sleep apnea is summarized in Table 9 below.


TABLE 9 AF and sleep disordered breathng.
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Caffeine

Despite an absence of supportive evidence, many clinicians continue to recommend that patients with atrial arrhythmias avoid coffee and other caffeinated beverages (209). Table 10 summarizes 13 studies examining the relationship between caffeinated beverages and atrial arrhythmia (209–222). A small case-control study without adjustments for confounders reported that coffee was detrimental (211). The remaining studies (210, 212–222) showed benefit or no significant interaction (209).


TABLE 10 Caffeine and atrial arrhythmias.
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AF in ischemic and structural heart disease

The prevalence of AF among patients with CAD has been estimated to range from 0.2% to 5%. In contrast, the reported prevalence of CAD in patients with AF has ranged from 17% to 46.5% (223). In a meta-analysis of 43 myocardial infarction (MI) studies (including 278,854 subjects) which evaluated mortality related to AF, both new onset and preexisting AF conferred an increased likelihood of death. The reported incidence of new AF was 10% and the incidence of prior AF was 7%. A similar significant association between AF and mortality was noted when the analysis was performed for new AF and prior AF individually. The mortality OR for new AF was 1.37 (95% CI, 1.26 to 1.49) and for prior AF was 1.28 (95% CI, 1.16 to 1.40). The follow up time varied widely across studies but was primarily ≤ the duration of patients' hospital stay (224).

A smaller study of 3,220 patients hospitalized with MI revealed prior AF in 304 (9.4%) and new AF in 729 (22.6%). New AF post MI occurred in 218 patients [30%] within 2 days, 119 [16%] between 3 and 30 days, and 392 [54%] after >30 days. During a mean follow-up of 6.6 years, AF was associated with an increased risk of mortality (hazard ratio, 3.77; 95% confidence interval 3.37 to 4.21) compared to patients without AF. The risk of death was highest when AF occurred >30 days post MI (hazard ratio, 2.58; 95% confidence interval 2.21 to 3.00) (225).

In a 2003 report, The Global Registry of Acute Coronary Events (GRACE) examined the relationship between AF and acute coronary syndromes (ACS), including ST segment elevation acute MI, non-ST segment elevation acute MI, and unstable angina (defined as presence of new or accelerated ischemic symptoms with or without electrocardiographic changes, but without elevation of cardiac enzymes). AF included both prior and new-onset atrial fibrillation and atrial flutter.

Compared with patients without AF, those with new-onset AF were more likely to have had an anterior or any ST-segment elevation MI and cardiac arrest on hospital arrival. While patients with ACS and any AF had worse in-hospital outcomes than those without any AF, all complication rates were higher in patients with ACS and new-onset AF than in those with prior AF. Patients with new AF were significantly more likely to receive temporary pacing, mechanical ventilation, a pulmonary artery catheter, and an intra-aortic balloon pump. Cardiac catheterization rates were similar, coronary artery bypass surgery was more frequent and percutaneous intervention (PCI) less frequent. Among patients with prior AF, cardiac catheterization, PCI, and coronary artery bypass surgery were employed less frequently. Use of temporary pacing, pulmonary artery catheterization, and intra-aortic balloon pumps were statistically less frequent, but percentagewise quite similar to non-AF patients. All AF patients were more likely to experience pulmonary edema, cardiac arrest and death. New AF patients were also more likely to suffer a stroke, reinfarction, major bleeding, and have a longer length of hospital stay (226).

More recently, it has been estimated that 5%–15% of AF patients will require PCI/stenting at some point in their lives. In these individuals, it is pivotal that the risk of bleeding be balanced against the risk of stent occlusion/reinfarction/ACS and/or cerebral infarction. It has been suggested that triple therapy (DAPT + an oral anticoagulant) may be continued for up to 6 months post ACS if the HAS-BLED score is <3. Dual therapy with an a single antiplatelet + oral anticoagulant (a P2Y12 inhibitor is favored over aspirin) should be used over the next 6 months and at 1 year followed by lifelong use of an oral anticoagulant. If the HAS-BLED score is ≥3 a duration of 1 month of triple therapy has been recommended. Dual therapy with an a single antiplatelet + oral anticoagulant is recommended for the next 11 months and at 1 year followed by lifelong use of an oral anticoagulant.

After elective PCI, triple therapy is appropriate for 1 month regardless of the HAS-BLED score. If the HAS-BLED score is <3, dual therapy with an a single antiplatelet + oral anticoagulant (a P2Y12 inhibitor is favored over aspirin) is recommended for the next 11 months and at 1 year is followed by lifelong use of an oral anticoagulant. If the HAS-BLED score is ≥3, following 1 month of triple therapy with 5 months of dual therapy is reasonable followed by lifelong use of an oral anticoagulant (223).

AF with a rapid ventricular response may be accompanied by ST segment depression and symptoms suggesting ischemia in the absence of significant obstructive coronary artery disease. Even troponin release may occur in the absence of obstructive CAD. AF has also been independently linked with up to a 3-fold increased risk of cardiac arrest due to VF. The mechanism is likely multifactorial and may result from one or more of the following: a direct proarrhythmic effect of AF, an increased cardiac workload, tachycardia-induced ischemia, or heart failure (227).

Structural heart disease typically refers to non-coronary cardiovascular disease and related interventions. Screening for structural heart disease has an important role in the care of AF patients.

Steinberg and associates have described a spectrum of structural heart disease which including valvular heart disease and paravalvular leaks, hypertrophic cardiomyopathy, atrial (including patent foramen ovale) and ventricular septal defects, patent ductus arteriosus, the left atrial appendage (as a source of thromboemboli) and left ventricular aneurysm (which is usually related to myocardial infarction) (228). A detailed discussion of each of these entities is beyond the scope of this discussion. Not all experts agree with the spectrum as described.

The consequences of structural heart disease may lead to heart failure (HF). The risk of AF increases 4.5 to 5.9-fold in the presence of HF and AF is present in more than 15% of HF patients. The prevalence of AF increases as HF severity worsens (5%–10% in mild HF, 10%–26% in moderate HF, and up to 50% in advanced HF). As many as 25%–35% of individuals with decompensated HF present in AF. Among patients with HF, AF develops at a rate of 6%–8%/year. AF may precipitate HF exacerbation and HF may trigger AF (229).

The key features of AF management in HF include optimizing HF medical management, assessing thromboembolic risk and anticoagulation, rate control (pharmacological or via AV junction ablation) and evaluating the need for cardioversion and maintenance of sinus rhythm as well as choosing the method to achieve it (pharmacological, catheter or surgical ablation). Recently, greater emphasis has been placed on using rhythm control (typically with antiarrhythmic drugs and/or AF ablation) rather than rate control to reduce adverse cardiovascular outcomes. Evidence increasingly supports early rhythm control for AF that has not become long-standing. Early rhythm control may reduce irreversible atrial remodeling and prevent AF-related deaths, heart failure, and strokes in high-risk patients. In patients with HF and AF, catheter ablation may be preferred to AADs due to challenges in optimizing pharmacological strategy in this population (40, 229, 230).

Cardiomyopathic disorders are not due to coronary disease, hypertension, and congenital, valvular, or pericardial abnormalities. Cardiomyopathies may be divided into 4 main subtypes hypertrophic, dilated, restrictive, and arrhythmogenic right ventricular cardiomyopathy. In a retrospective cohort study of 634,885 cardiomyopathy patients, concomitant AF was present in 14,675 (2.3%) patients with hypertrophic, 90,117 (7.0%) with restrictive, and 37,685 (5.9%) with dilated cardiomyopathy. Significantly higher odds of hospitalization, incident HF, and stroke were noted in all cardiomyopathy subtypes. AF was associated with significantly greater odds of all-cause mortality in hypertrophic (OR:1.26; 95% CI, 1.13–1.40) and dilated [1.36 (1.27–1.46)], but not restrictive [0.98 (0.94–1.02)], cardiomyopathy. AF catheter ablation was associated with significantly lower odds of all-cause mortality at 12 months across each of the cardiomyopathy subtypes (231).

The most dramatic example we have seen was of AF's adverse influence on cardiomyopathy was reported in 1986. A 15-year-old male with non-obstructive hypertrophic cardiomyopathy suffered an out of hospital cardiac arrest. He was evaluated with invasive electrophysiologic testing. Although, no ventricular arrhythmias were inducible, we had observed that transient ST elevation occurred during rapid atrial pacing (Figure 4A). Near the procedure's end, rapid right atrial pacing at progressively accelerating rates induced AF with a ventricular rate of 180–190 beats/min. The patient complained of substernal constricting chest discomfort. After 100 seconds of this arrhythmia, there was a sudden degeneration of the rhythm to ventricular fibrillation (VF) requiring electrical defibrillation with a 360 Joule shock to restore sinus rhythm (Figure 4B).


[image: Figure 4]
FIGURE 4
(A) during rapid pacing ST segment elevation is present. (B) Atrial fibrillation with a rapid ventricular response was induced. 100 s later, the rhythm degenerated into ventricular which was terminated with a 360 joule shock. Adapted from reference (59) with permission.


He was discharged on a combination of metoprolol and verapamil therapy. During a follow-up period of 5 months, he had one asymptomatic spontaneous AF episode. The ventricular rate was 95 to 100/min, and he was hemodynamically stable. Direct current cardioversion restored sinus rhythm. To the best of our knowledge, this was the first report of AF progressing to VF in the absence of preexcitation (59).

Table 11 summarizes key points about the relationships between ischemic and structural heart disease and AF.


TABLE 11 Ischemic, structural heart disease and AF.
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Multiple morbidities and prevention of sequelae

Some individuals with AF, particularly older people, are asymptomatic. Many experience one or more of the following: palpitations (irregular beats, rapid rates), dyspnea, reduced exercise tolerance, lightheadedness, and chest pain. AF is associated with an increased risk of all-cause mortality, stroke, higher medical costs and a reduced quality of life (232, 233). Odutayo and associates performed a meta-analysis of 104 eligible cohort studies involving 9,686,513 participants (AF in 589,867 subjects). AF was associated with increased all-cause mortality, cardiovascular mortality, major cardiovascular events, any stroke, ischemic stroke, hemorrhagic stroke, ischemic heart disease, sudden cardiac death, congestive heart failure, chronic kidney disease, and peripheral arterial disease. Among these, the pooled relative risk of incident congestive heart failure was highest (RR:4.99; 95% CI, 3.04–8.22) (234).

Risk factors often do not occur in isolation. In the (previously noted) mAFA-II Randomized Clinical Trial, 833 AF patients with multiple morbidities used a mobile health (mHealth) technology that implemented the ABC pathway and 1,057 AF patients with multiple morbidities were allocated to usual care. The composite outcome of stroke or thromboembolism, all-cause death, and rehospitalization was significantly reduced in the ABC intervention group (P < .001). Likewise, sole analysis of rehospitalization also revealed significant reduction (P < .001). Analysis of the C component of the pathway (Comorbidities and Risk Factors) demonstrated that, during follow-up, rates of uncontrolled blood pressure, heart failure and acute coronary syndrome were lower in the intervention group (P < .001). Subgroup analyses by age, prior stroke, and sex demonstrated consistently lower hazard ratios for the primary composite outcome and rehospitalization in the intervention patient group (233).



The way various risk factors impact AF incidence and progression

Although structural remodeling is a common end point of most AF-promoting risk factors, the process occurs slowly. Slow progressive structural remodeling due to advancing age and comorbidities such as hypertension likely contribute strongly to AF maintenance and progression (i.e., from paroxysmal to persistent or permanent AF) (235).

Nevertheless, it is important to understand that fluctuations in triggers and/or components of the substrate that occur transiently can result in temporal variability in AF risk. Although speculative, it seems likely that partial/incomplete recovery may from transient disturbances may ultimately lead to an accumulation of progressive AF risk (235).

It has become clear that some risk factors exhibit strong temporal variability. Examples of transiently increased AF risk include heart failure exacerbation and inflammation post-cardiac surgery. Several other AF risk factors may demonstrate a high day-to-day variability (e.g., sleep apnea) or may occur only during specific conditions such as exercise-induced hypertension (235).

Hence, risk factors contribute to both a progressive AF-promoting substrate and transient changes in AF risk. Components of static risk exposure and transient risk exposure are illustrated in Figure 5 (235).


[image: Figure 5]
FIGURE 5
Dynamic substrate for atrial fibrillation. Reproduced from reference (235) with permission.




Managing potentially reversible AF risk factors

Figure 6 outlines primary and secondary approaches to potentially reversible risk factors for AF and includes the roles of catheter, surgical and hybrid ablative therapies (236). A detailed discussion of all pharmacological agents that may precipitate AF is beyond the scope of this discussion. Readers are referred to reference (237) for additional information.


[image: Figure 6]
FIGURE 6
Potentially reversible risk factors. Adapted from reference (236) with permission.




Cardiac pacing in arrhythmia detection, primary and secondary AF prevention

Choosing an optimal pacing mode facilitates primary AF prevention and may play an important role in delaying or preventing progression of paroxysmal AF to persistent or permanent AF. Past studies consistently demonstrated a decreased frequency of AF with atrial-based (atrial or dual-chamber) vs. single-chamber right ventricular pacing in patients with sinus node dysfunction. Their findings suggested that time might be needed to see potential biological (remodeling) effects of right atrial pacing for AF prevention (238). Right ventricular pacing (RVP) has been associated with an increased incidence of AF (239). In a study population of dual chamber pacemaker recipients extracted from the MOde Selection Trial (MOST), ventricular desynchronization imposed by a high burden of right ventricular pacing (even when atrioventricular synchrony was preserved) increased the risk of AF in patients with sinus node dysfunction and a normal baseline QRS duration (240).

The efficacy of atrial based pacing (AAI or DDD modes) vs. single chamber ventricular pacing (VVI mode) has also been studied extensively with respect to multiple clinical outcomes in addition to new-onset AF, including heart failure hospitalization, stroke incidence, quality of life (QOL) and mortality. The most consistent clinical benefit of dual chamber pacing over single chamber ventricular pacing was reduction of incident AF (241).

AF-preventive algorithms have been designed to increase the baseline atrial pacing rate by overdrive-pacing the atrium, suppressing PACs or preventing pauses. They have not shown unequivocal clinical efficacy, and definitive conclusions about their merit have not been reached (242).

A variety of AF-termination [all are forms of atrial anti-tachycardia pacing (ATP)] algorithms have been tried with variable success. Termination options include Burst ATP, Burst+, Ramp ATP, and Reactive ATP (242).

Reactive ATP (Medtronic, Inc. Minneapolis, MN, USA), allows multiple deliveries upon detecting changes in rhythm regularity or cycle length, thus allowing additional ATP attempts during long atrial tachycardia/atrial flutter episodes or when AF organizes to either of these entities (242, 243). Reactive ATP (rATP) may prevent episodes from becoming sustained for hours, days, or weeks (243).

In 2015, the MINERVA Investigators demonstrated the efficacy of combining atrial preventive pacing, atrial rATP (DDDRP mode), and managed ventricular pacing (MVP), in preventing progression to persistent or permanent AF patients with bradycardia and prior atrial tachyarrhythmias (244).

In 2019, the risks of AT/AF events were compared between 4,016 patients with rATP-enabled vs. 4,016 control patients with rATP-disabled or unavailable in their device. The rATP group had significantly lower risks of AT/AF events lasting ≥1 day (HR 0.81), ≥7 days (HR 0.64), and ≥30 days (HR 0.56) compared to controls (all P < 0.0001) (243).

Older data has suggested the possibility that atrial pacing might increase AF. A 2008 study followed 309 recipients of cardiac resynchronization therapy for a mean of 18.1 ± 13.3 months. Slightly more than 2/3 of the patients (209 of 309, 67.6%) developed AF. Right atrial pacing percentage was associated with a greater risk of postimplant AF. The incidence of AF increased incrementally within RA pacing quartiles: 44.6%, 64.3%, 79.7%, and 81.6%, respectively (P < .001). Upon multivariate analysis, RA pacing quartile remained a significant predictor of post-CRT AF (hazard ratio: 1.92; 95% CI, 1.40–2.62, P < .001) (245).

Data from four pacemaker studies including 1,507 patients was analyzed and reported in 2011. During a mean follow-up of 14.3 ± 8.7 months, 77 patients developed AF. The AF incidence in the first (0%–32%), second (32%–66%), third (66%–89%), and fourth (89%–100%) quartiles of %AP was 1.3%, 5.3%, 5.8%, and 8.0%, respectively (P < 0.001). Multivariable analysis found that atrial pacing above the first quartile was associated with a relative risk of 2.93 (95% CI, 1.16–7.39, P = 0.023) (246). Algorithms to minimize atrial pacing may help prevent AF.

In 2008, De Voogt and Van Hemel discussed technical pitfalls that weakened the accuracy of atrial tachyarrhythmia diagnosis by pacemakers available at that time. These limitations included: (1) inappropriate sensing of AF because of variable and low voltage signals during AF, which might cause inappropriate detection of the onset and/or perpetuation of AF and other atrial arrhythmias; (2) far-field R wave sensing which might be prevented by adaptation of other pacemaker parameters which, in turn, could not only obscure far-field R wave sensing as well as every second beat of an atrial tachycardia; and 3) insufficient memory capacity of the pacemaker to store all atrial tachyarrhythmic episodes (247, 248).

More recently, Tayal and colleagues compared 16,383 pacemaker recipients free of AF 3 months after device implantation to 86,167 control patients. During a 2-year follow-up, pacemaker recipients had higher cumulative AF incidence (5.2% vs. 2.7%, P < 0.001). These investigators also compared 2202 pacemaker recipients to 2202 loop recorder recipients. During the 2-year follow-up, the AF incidence in the groups was 7.9% vs. 8.4% (loop vs. pacemaker). They concluded that pacemaker patients were at increased risk of being diagnosed with AF in comparison to a general cohort, likely due to continuous monitoring (249).

Ravi et al. compared the occurrence of new-onset AF and assessed AF disease progression between His bundle pacing (HBP) and RVP in 225 patients during long-term follow-up. There were 105 patients in the HBP group and 120 patients in the RVP group. There were 72 patients in the HBP group and 76 patients in the RVP group without a prior AF history (250).

Age was significantly lower (about 4 years) in the HBP group compared with the RVP group (P = 0.006). There was no significant difference between the two groups in the rest of their baseline characteristics. After adjustment for the confounder of age, the risk of new-onset AF remained lower (P = 0.046) in the HBP group. A significantly lower burden of new-onset AF was observed in HBP across all pacing burden subgroups (≥20%, ≥40%, ≥60%, ≥80%) except for patients with His or RV pacing burden <20% where no significant difference was noted (250).

There were 44 patients in the RVP group and 33 patients in the HBP group who had a prior history of AF. Progression of AF was defined as an increase in AF burden by ≥10%. There was a trend toward lower risk of AF progression with HBP in the patients with His or RV pacing burden ≥40% (P = 0.072) which did not reach statistical significance (250).

Pastore and colleagues compared HBP with RV septal pacing and RV apical pacing in patients with and without a prior history of paroxysmal AF (mean follow-up 58.5 + 26.5 months). These investigators found that HBP resulted in a lower overall risk of progression to persistent or permanent AF (251) (P = 0.022). This finding was significant in 108 patients without a prior history of paroxysmal AF (P = 0.005), but was likely underpowered to reach statistical significance in the 38 patients with a prior history of paroxysmal AF (P = 0.086) (251).

Results from the Geisinger-Rush Conduction System Pacing Registry suggest that left bundle branch area pacing (LBBAP) has similar benefits to HBP. In patients with a ventricular pacing burden ≥20% LBBAP was associated with a lower risk of new-onset AF (≥30 seconds, P = 0.002). There was also a signifcant reduction in the new diagnosis of AF ≥6 min with LBBAP (P = 0.035) compared to conventional RVP (252).

Although AF frequently presents with symptoms, (as noted) it also may be asymptomatic (253–255). Paroxysmal atrial fibrillation (PAF), as opposed to permanent AF, is transient and infrequent. A small study of 8 patients with PAF suggested that asymptomatic PAF episodes occur much more frequently than symptomatic episodes (250, 256). Recent studies have concentrated on the frequency of asymptomatic short AF episodes, which have been termed atrial high-rate episodes (AHREs) (253).

AHREs are detected in pacemaker or implantable cardioverter defibrillator (ICD) recipients and often occur in the absence of AF diagnosed by the usual methods of electrocardiography or Holter monitoring (253, 257). The definition of AHREs refers to episodes lasting >6 min, predominately to reduce inclusion of electrical artefacts, and is usually confined to patients who do not have clinically detected AF (253, 258). A definition of 5 minutes has been used in some key studies, based on previously published data suggesting that a 5 minute cutoff excludes most episodes of oversensing (253, 259).

Boriani et al. analyzed pooled data from 3 prospective studies in 6,850 patients (mean age 67 ± 12, 72% male) with cardiac implanted electronic devices and no history of AF or use of anticoagulants. An AF burden of ≥5 min, was detected during a follow-up period of 2.4 ± 1.7 years in 2,244 (34%) of patients. At 36 months, the cumulative incidence of a daily AF burden of ≥5 min was 40.4% [95% confidence interval (CI): 38.9%–41.9%]. In 53% of cases the first detected AF burden ranged between 5 min and <1 h. Overall, the cumulative incidence of transition to a higher device-detected daily AF burden was 41.0% (95% CI, 38.8%–43.1%) in the first 6 months and 57.5% (95% CI, 54.8%–60.1%) at 36 months (260). Figure 7 summarizes the European Heart Rhythm Association recommendations for management of AHRE (40). Multiple studies have established a clear association between AHRE and an increased risk of stroke. These studies and their implications are summarized in Table 12 (253, 261–266).
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FIGURE 7
Recommendations for management of patients with AHRE. Reproduced from reference (40) with permission.



TABLE 12 Summary of studies investigating the association between AHREs and stroke risk.
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Pacing primarily has an adjunctive role in AF therapy. In order to take advantage of the therapeutic options, physicians need intricate knowledge of device features so that precision programming can facilitate optimal patient outcomes.



Classification of atrial fibrillation

AF is classified based on the temporal characteristics of the arrhythmia. When AF is first detected it is designated “recent-onset” (present for <48–72 h) (267, 268). AF is considered recurrent when a patient develops ≥ 2 episodes. Episodes that terminate spontaneously (by consensus within 7 days) are paroxysmal or persistent if cardioversion (electrical or pharmacological) is required to terminate AF. Successful termination of AF does not alter classification of persistent AF. Longstanding persistent AF (≥1 year) when not successfully terminated by cardioversion, or when cardioversion is not pursued, is classified as permanent (269).



Evolving paradigms in AF management

Early in the first decade of the 21st century, several studies compared rate control and rhythm control strategies for AF. These studies suggested that a rate-control strategy would be an acceptable primary approach for patients with recurrent, persistent AF (142, 270–275) and rate control became front-line therapy in AF management.

In 2010, the RACE II Investigators reported a comparison of lenient to strict rate control in AF patients. They randomly assigned 614 permanent AF patients to undergo a lenient rate-control strategy (resting heart rate <110 beats per minute) or a strict rate-control strategy (resting heart rate <80 beats per minute and heart rate during moderate exercise <110 beats per minute). The composite primary outcome included death from a cardiovascular cause (or causes), heart failure hospitalization, stroke, systemic embolism, bleeding, and life-threatening arrhythmic events. The overall incidence as well as the components of the primary outcome were similar between the two groups. Significantly more patients in the lenient-control group met the heart-rate target or targets (P<0.001) and required fewer follow-up visits. Symptoms and adverse effects were similar in the two groups (276).

For most AF patients, rhythm control using available antiarrhythmic drugs was more expensive and associated with adverse drug reactions, but not more effective than the rate control strategy in preventing major adverse events. Restoration of sinus rhythm was no longer deemed imperative in asymptomatic and hemodynamically stable patients (270, 275, 276). Newer evidence has demonstrated the benefits of early intervention, either pharmacologic or ablative, and a rate control strategy should be chosen only when acceptance of the arrhythmia's permanence has been accepted by both the physician involved in the care process and the affected patient (277).



Potential influence of the chosen rate control strategy

The ventricular rate in AF is reduced with beta blockers or nondihydropyridine calcium channel blockers (verapamil and diltiazem) and, less commonly, digoxin or amiodarone. The largest sample size and longest follow-up comparing rate control agents is a post-hoc analysis from the AFFIRM trial (278, 279). Beta-blockers were the most effective single agents. Unfortunately, drug selection was not randomized and there were significant differences between patients treated with different regimens. Beta blockers were more commonly chosen in patients with coronary disease, calcium channel blockers were more often prescribed to women and patients with pulmonary disease, digoxin was used more often in individuals with cardiomyopathy and in people of color. The impact, of these differences, on adequacy of rate control is unknown. Only 18% of patients assigned to a rate control strategy had an initial assessment of rate control adequacy at rest and with exertion. Many patients spontaneously reverted to sinus rhythm and rate control could not be assessed. Additionally, a limited number of patients in AF had their heart rate assessed with exertion (278, 279).

In a recently published post hoc analysis of the RACE 4 randomized trial (280, 281), the effect of rate control medication on AF progression in paroxysmal AF was analyzed. A total of 666 patients with paroxysmal AF were included in the analysis. Patients using class I or III antiarrhythmic drugs were excluded (281).

Based on evidence that non-dihydropyridine calcium channel antagonists reduce tachycardia-induced electrical remodeling in AF and that verapamil has been shown to reduce progression to persistent AF (compared to beta blockers and digoxin) in patients with vagally mediated paroxysmal AF (see below) (281–284), the authors hypothesized that this benefit might extend to the general AF population (281).

Verapamil was used in 47 patients, beta blockers in 383 and 236 patients were not using rate control drugs. The primary outcome was AF progression, defined as the need for catheter ablation, electrical or chemical cardioversion. Secondary outcomes included the individual components of the primary outcome and a composite of hospital admission for arrhythmias, heart failure, thromboembolic events, major bleeding, acute coronary syndrome, life-threatening drug effects, or cardiovascular death (280).

The verapamil group was significantly younger than the beta blocker group and had fewer men than the no rate control group. After adjustments were made for baseline characteristics, the verapamil group had a significantly lower probability of electrical or chemical cardioversion compared to the beta blocker group as well as the no rate control group. There were no significant differences in catheter ablation between groups. Likewise, there was no significant difference in the multi-component secondary outcome between the groups. The authors concluded that in patients with newly diagnosed paroxysmal AF, verapamil was associated with less progression of AF, compared to beta blockers and no rate control medication. Nevertheless, they characterized the study outcomes as hypotheses generating rather than hypothesis confirming. This cautious interpretation was based on lack of rate control treatment randomization in RACE 4, the small size of the verapamil group and the possibility of confounding factors related to differences in contraindications and adverse effects of the two drugs or after adjusting for baseline characteristics (280, 281).



Secondary prevention: the limitations of antiarrhythmic drug therapy

Although antiarrhythmic drugs reduce AF recurrences, until recently there was little or no evidence of any benefit for other clinical outcomes compared with placebo or no treatment. A meta-analysis of 59 randomized controlled trials (20,981 patients) studied the risk and benefits of quinidine, disopyramide, propafenone, flecainide, metoprolol, amiodarone, dofetilide, dronedarone and sotalol. The outcomes analyzed included all-cause mortality, drug withdrawals due to adverse effects, proarrhythmia, stroke and AF recurrence. The authors considered study limitations, consistency of effect, imprecision, indirectness, and publication bias in order to assess the certainty of a body of evidence (270).

No antiarrhythmic drug produced a benefit on mortality. High-certainty evidence from 5 randomized controlled trials indicated that treatment with sotalol resulted in a higher all-cause mortality rate than placebo or no treatment. Quinidine was associated with a low-certainty increase in all-cause mortality compared with placebo or no treatment. Drugs with no apparent effect on mortality included metoprolol, amiodarone, dofetilide and dronedarone (270). However, two meta-analyses, focused on dronedarone and included patients with AF but also with heart failure (270, 285, 286). Both revealed a trend toward increased all-cause and cardiovascular mortality with dronedarone, compared to placebo, in this population. The more recent of these (286), suggested that dronedarone should be used cautiously as second-line medication and exclusively for the secondary prevention of paroxysmal or persistent AF, in patients without signs or symptoms of heart failure. Little or no data on mortality was available for disopyramide, flecainide or propafenone (270). In addition, it is important to note that disopyramide can cause QT prolongation and Torsade de Pointes.

Virtually all the antiarrhythmics resulted in more treatment withdrawals due to adverse effects and were associated with more proarrhythmia (the definition included severe, symptomatic bradycardia and AV block) compared with placebo or no treatment. Quinidine (at higher doses) and sotalol appeared to result in more withdrawals because of adverse events compared to controls and to other antiarrhythmic drugs. Although amiodarone compared favorably with class I agents, it had a very high relative risk (6.70) for increased withdrawal compared to placebo. These results were at 1 year of follow up. It is pivotal to remember that amiodarone's adverse effects are both dose and time dependent (65, 270).

Although antiarrhythmic drug therapy (including metoprolol) reduced AF recurrences by 20%–50%, AF still recurred in 43%–67% of participants treated with antiarrhythmics at one year. Amiodarone seems to be the most effective agent (65) in preventing recurrences. Nevertheless, AF recurred at one year in 43% of amiodarone treated participants (270).

Beta-blockers, sotalol, digitalis and propafenone may exacerbate episodes of vagally induced AF. In 2008, the Euro Heart Survey identified 91 patients whose AF appeared to be triggered only by vagal tone (were nocturnal or postprandial) (287). Per the 2006 AF guidelines (288), patients with vagal AF were more frequently treated with Class Ic anti-arrhythmic drugs compared with patients with adrenergic AF (P = 0.007). Overall, 72% of patients with vagal AF were treated with non-recommended medication, especially β-blockers (including sotalol 57%). In vagally mediated paroxysmal AF patients, non-recommended treatment was associated with deterioration to persistent or permanent AF in 19% of patients during 1-year follow-up, compared to none treated with recommended medication, however this difference did not quite reach statistical significance (P = 0.06) (287).



Value of early intervention

While this evidence seems compelling, recent data suggest that early intervention with antiarrhythmic drug therapy or catheter ablation may be an effective approach. The EAST-AFNET 4 Trial Investigators (289) randomized 2,789 patients who had early atrial fibrillation (diagnosed ≤1 year before enrollment) to early rhythm control (1,395 assigned) vs. usual care (1,394 assigned). It should be noted that prior to this trial the main indication for rhythm control was the presence of symptoms. Patients who were randomly assigned to early rhythm-control therapy were asked to transmit a patient-operated single-lead electrocardiogram twice weekly and when symptomatic. Patients who were randomly assigned to usual care were initially treated with rate-control therapy without rhythm-control therapy. Rhythm-control therapy was added solely to mitigate uncontrolled AF–related symptoms.

The first primary outcome was a composite of cardiovascular death, stroke, or hospitalization due to deteriorating heart failure or acute coronary syndrome. The second primary outcome was the number of nights spent hospitalized per year. The primary safety outcome was a composite of death, stroke, or serious adverse events related to rhythm-control therapy. Secondary outcomes, including symptoms as well as left ventricular function, were also evaluated (289).

The first primary composite outcome was significantly reduced in the early rhythm control group. In contrast, the number of nights spent in the hospital did not differ significantly between the two groups. The percentage of patients with a primary safety outcome event did not significantly differ between the groups. Anticoagulation was maintained in 88.0% of patients assigned to early rhythm control and 90.9% of patients assigned to usual care. Likewise, symptoms and left ventricular function at 2 years did not differ significantly between the groups (289).

The authors noted that previous studies comparing rate-control and rhythm-control strategies did not show better outcomes with rhythm control compared to rate control. The authors speculated that AF ablation might have contributed to the superiority of early rhythm control in this trial (289). This seems unlikely.

Nevertheless, in the rhythm-control arm, the initial of strategy was flecainide 36%, amiodarone 20%, AF ablation 8%. By year 5 ablation accounted for only 20% of the rhythm control strategy. Results, at 5 years, from this important trial indicate that a rhythm-control strategy is superior to usual care (rate control in the majority of instances) in improving cardiovascular outcomes in patients with recently diagnosed AF and concomitant cardiovascular conditions. Results were similar in the heart failure subgroup of patients and were irrespective of symptom status. Significant reductions were noted for the primary composite endpoint, as well as for stroke and cardiovascular death. The effectiveness of early rhythm control therapy was mediated by the presence of sinus rhythm at 12 months (290).

A retrospective population-based cohort study including 22,635 Korean AF patients compared groups newly treated with rhythm control (antiarrhythmic drugs or ablation) or rate control from 2011 to 2015. When rhythm control initiated within 1 year of AF diagnosis was compared to rate control it resulted in a decreased risk of stroke. Rhythm control initiated within 6 months of AF diagnosis also reduced the risk of heart failure hospitalization. Risks of myocardial infarction and cardiovascular death did not differ between rate and rhythm control groups regardless of treatment timing (291).



Evolving concepts in catheter ablation of AF

It is generally accepted that AF results from simultaneous reentrant wavelets. In 1998, Haïssaguerre and colleagues described the role of the pulmonary veins as an important source of ectopic beats initiating paroxysms of AF. Radiofrequency (RF) catheter ablation was performed at the earliest recorded site of ectopic activity within a main pulmonary vein or one of its proximal branches. The earliest local activity was marked by a “spike” (pulmonary vein potential) preceding the onset of the ectopic P wave. During a mean follow-up period of 8 ± 6 months, AF was completely eliminated in 62% of patients without the use of drug therapy (292).

Unfortunately, targeting focal ectopy is limited by unpredictability, inconsistent inducibility, and the risk of AF induction requiring multiple cardioversions. In addition, ablating sites within the veins presents a significant risk of pulmonary vein stenosis with a prevalence of as high as 42% (293, 294).

Embryologically the pulmonary veins originate from the posterior left atrial wall and muscular continuity between the left atrium and the tubular pulmonary veins seemed likely. Therefore, the antrum of the pulmonary veins is believed to have arrhythmogenic potential similar to the veins themselves. Recognition that pulmonary vein potentials (breakthroughs into the left atrium) could be recorded at the venous ostia allowed ostial pulmonary vein disconnection by eliminating all ostial potentials in a segmental fashion (partial perimetric ablation) (295, 296).

Segmental elimination of all ostial potentials has largely been abandoned in favor of circumferential antral pulmonary vein isolation. The circumferential antral pulmonary vein isolation procedure is easier to perform because it does not require localization of potentials and can be performed during atrial fibrillation. In addition, it reduces the likelihood of pulmonary vein stenosis. It is also more amenable to anatomic variants. Most importantly, it is more effective in preventing arrhythmic recurrence than segmental ostial isolation (71% vs. 64% for paroxysmal AF) and is a preferred ablation strategy for persistent AF (296) (see below).

Isolation of only the arrhythmogenic vein(s) has had a limited success rate. The prevalence of multiple arrhythmic pulmonary veins exceeds 70% (296, 297). Almost all pulmonary veins are capable of triggering AF. Therefore, isolation of a single arrhythmogenic vein may lead to emergence of focal ectopy from another pulmonary vein which may result in AF recurrence. Therefore, all pulmonary veins should be isolated whenever possible.

In 2000, Pappone and colleagues described an alternate technique to isolate the pulmonary veins. Because all 4 pulmonary veins were viewed as potential sources of AF, the end point was creation of circumferential lines of conduction block around each vein. Contiguous focal lesions were delivered ≥5 mm from the venous ostia. Radiofrequency energy application aimed to reduce bipolar amplitudes at each site by 80%. They used two criteria to define lesion/line continuity, low peak-to-peak bipolar potentials (amplitude during coronary sinus and right atrial pacing ≤0.1 mV) inside the circumferential lesions and local endocardial activation times during atrial pacing >30 ms between contiguous points lying in the same axial plane on the external and internal sides of lesions encircling each vein. After a follow-up period of 9 ± 3 months of follow-up, 22/26 patients (85%) had stable sinus rhythm (62% without antiarrhythmic drugs, 23% on pharmacologic therapy) (298).

Although these authors reported no outcome differences between patients with paroxysmal and permanent AF, long term success rates with circumferential left atrial antral ablation have ranged from 59%–89% for paroxysmal AF and 50%–70% for persistent AF (296).

Encircling of the pulmonary veins has been referred to as wide area circumferential ablation (298), wide antral circumferential ablation (WACA) (299), or wide area left atrial ablation (296) and may be accomplished by encircling the ipsilateral inferior and superior veins with one loop on the right and another on the left. While some studies reported that pulmonary vein isolation was not required for procedural success, complete pulmonary vein isolation improves the success rate of circumferential left atrial ablation (296, 299–301). Therefore, regardless of which energy source is used, isolation of the pulmonary veins is recommended.

Pulmonary vein isolation alone may be insufficient for treatment of patients with persistent AF. The posterior left atrial region encompassed by the LA roof, superiorly, the left and the right PVs, laterally, and the plane extending from the lower borders of the left and the right inferior PVs, form the PV component of the left atrial posterior wall, which has been implicated in genesis and maintenance of persistent AF (302). Surgical literature has suggested that isolating the “box” between the PVs in the left atrial posterior wall (LAPW) is associated with improved AF outcomes (302).

Catheter-based isolation of the left atrial posterior wall may provide additional benefit over pulmonary vein antral isolation alone in treatment of persistent AF. Posterior wall isolation (PWI) debulks the potential substrate. In addition, posterior wall isolation creates conduction block to prevent potential reentrant circuits and reduces the likelihood of small gaps in the posterior aspect of pulmonary vein isolation lesion sets which may result in AF triggers from conduction recovery. PWI may lead to more reliable ablation of ganglionated plexi (303). In addition, (as implied above) the posterior wall has embryologic links and is histologically similar to pulmonary venous tissue (304). This concept is controversial and will be discussed further under ablation technologies. There is no definite evidence that ablative techniques beyond pulmonary vein isolation improves outcomes beyond what can be achieved via pulmonary vein isolation.



Catheter ablation as first-line therapy for paroxysmal AF

Past clinical guidelines have recommended a minimum of one trial of antiarrhythmic drug therapy before considering ablation therapy for AF. However, the 2014 AHA/ACC/HRS guidelines for the management of AF patients added a class IIa recommendation that, after weighing the outcomes and risks of drug and ablation therapy, catheter ablation is a reasonable initial rhythm-control strategy in symptomatic patients with, recurrent paroxysmal AF (305).

Two recent studies compared cryoablation to drug therapy for initial AF treatment (306, 307). In one multicenter study, Andrade and colleagues (306) randomly assigned (∼1:1 ratio) 303 patients with symptomatic, paroxysmal, untreated AF to undergo cryoballoon ablation or to receive antiarrhythmic drug therapy. Flecainide was the was the most frequently prescribed drug for initial rhythm control followed by sotalol, propafenone, and dronedarone. Amiodarone was employed only as a second or third drug option.

All patients had an implantable cardiac monitor (Reveal LINQ, Medtronic, Minneapolis MN) inserted within 24 h of therapy initiation. The primary end point was the first documented recurrence of any atrial tachyarrhythmia lasting ≥30 seconds between 91 and 365 days (a 90 day “blanking” period was included) after starting antiarrhythmic drug therapy or completing the catheter ablation procedure. Secondary end points included freedom from symptomatic arrhythmia, AF burden, and quality of life. Adverse events were considered serious if they resulted in death or functional disability, warranted an intervention, or resulted in a hospital stay >24 h (306).

After 1 year of follow-up, recurrence of atrial tachyarrhythmia occurred in 42.9% of cryoablation recipients and 67.8% of patients assigned to receive antiarrhythmic drugs (P < 0.001). Symptomatic atrial tachyarrhythmia recurred in 11.0% of the ablation cohort and 26.2% of patients assigned to receive antiarrhythmic drugs ((hazard ratio, 0.39; 95% CI, 0.22 to 0.68). The median percentage of total time in AF was 0% (interquartile range, 0 to 0.08) in patients who underwent catheter ablation and 0.13% (interquartile range, 0 to 1.60) in those assigned to the antiarrhythmic drug cohort. Quality of life scores improved more in the ablation group (higher scores indicated better health-related quality of life). Serious adverse events occurred in 5 ablation group patients (three had phrenic nerve palsy which resolved within one month) and 6 patients in the antiarrhythmic drug group (306).

The authors acknowledged that invasive procedures are associated with more up-front risk than medical therapy, the AF burden was similar in both groups and that the follow-up duration was limited to one year. Nevertheless, they concluded that cryoballoon ablation resulted in a significantly lower rate of recurrent atrial tachyarrhythmias compared to antiarrhythmic drug therapy (306).

Wazni et al. performed a similar multicenter study (307), enrolling 203 patients with paroxysmal AF who were randomly assigned (∼1:1 ratio) to receive antiarrhythmic drugs (class I or III agents) or cryoballoon pulmonary vein isolation. A twelve-lead electrocardiogram (ECG) was recorded at baseline and at 1,3,6 and 12 months. After a 90-day blanking period, patient-activated trans-telephonic monitoring was conducted weekly (and whenever symptoms occurred) during months 3 through 12. Ambulatory 24-hour monitoring was performed at 6 and 12 months.

The primary end point was treatment success at 12 months, defined as freedom from initial procedural failure; any subsequent AF surgery or left atrial ablation (including procedures performed during the blanking period); or atrial arrhythmia recurrence (atrial fibrillation, atrial flutter, or atrial tachycardia ≥30 seconds in duration documented via ambulatory monitoring or for ≥10 seconds on a 12-lead ECG), cardioversion, or use of class I or III antiarrhythmic drugs (ablation group only) beyond the 90-day blanking period (307).

The composite primary safety end point (evaluated solely in the ablation group) included the following serious procedure-related or cryoballoon system-related adverse events: clinically significant pericardial effusion within 30 days, atrial–esophageal fistula or symptomatic pulmonary vein stenosis within 12 months, phrenic nerve injury that had not recovered at 12 months, transient ischemic attack, stroke, myocardial infarction, major vascular complication, or major bleeding within 7 days post-procedure (102). Prespecified secondary end points included a quality-of life comparison (also evaluated only in the ablation group) between baseline and 12 months post-procedure and a health care utilization comparison between the two treatment groups (307).

Treatment success rates at 12 months were 74.6% [95% confidence interval (CI), 65.0 to 82.0] in the ablation group and 45.0% (95% CI, 34.6 to 54.7) in the drug-therapy group (P < 0.001). A post hoc analysis of the 78 patients in the drug-therapy group who took a therapeutic dose of an antiarrhythmic drug throughout this trial revealed treatment success in 40 patients (51%) at 1 year. Although only 1.9% of patients in the ablation group had a primary safety event at 12 months, serious adverse events occurred in 14% of patients in each study group. Quality of life improved significantly from baseline in the ablation group at 12 months. Health care utilization did not differ significantly between the groups (307).

The authors concluded that “cryoballoon ablation was superior to antiarrhythmic drug therapy for the prevention of atrial arrhythmia recurrence in patients with paroxysmal atrial fibrillation”. Nevertheless, they acknowledged several study limitations including follow-up limited to 1 year and the possibility that some patients [in the antiarrhythmic drug group] may have been undertreated, which might have increased the comparative benefit of ablation (307).

A recent meta-analysis of 997 AF patients (98% paroxysmal) from five randomized trials revealed that, compared with anti-arrhythmic drugs, catheter as first-line therapy was associated with significantly higher freedom from arrhythmia recurrence (69% vs. 48%, P  <  0.001). This significance was maintained in subgroup analyses of 1- and 2-year follow-up (P  <  0.001). Catheter ablation was associated with significantly greater improvement in QoL scores. The incidence of serious adverse events was similar between ablation and AADs group (5.6% vs. 4.9%, P  =  0.62) (308).



Antiarrhythmic drugs versus ablation as first-line choices

While the data from Andrade et al. and Wazni is impressive and suggests superiority of catheter ablation as initial therapy, data from the EAST-AFNET 4 Trial Investigators (289, 290) and the very large Korean population-based cohort study (291), strongly suggest that antiarrhythmic drugs remain valuable in AF management. We believe the take home message is that a rhythm control choice should be made quickly, before AF becomes persistent and that rate control strategies should employed almost exclusively when a shared decision has been made between patient and physician that AF is permanent.



Conclusion

In part 1 of this treatise, we have discussed the pathophysiology, epidemiology, risk factors and comorbidities associated with AF. We have commented on diet, lifestyle modifications, and pharmacological interventions for primary and secondary AF prevention/burden reduction, the benefits of antiarrhythmic drugs for secondary AF prevention/burden reduction, as well as catheter ablation for paroxysmal and persistent AF. We have outlined the benefits of early intervention for secondary AF prevention/burden reduction and reducing the risks of stroke, death, and hospitalization. In part 2, we will discuss the role of AF catheter ablation in heart failure, evolving AF catheter ablation technologies, surgical and hybrid AF ablation, as well as prevention of thromboembolic complications related to AF.
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Aims: To investigate the correlation and predictive value of left atrial diameter and blood uric acid levels with the occurrence of left atrial thrombus or dense spontaneous echo contrast in atrial fibrillation patients with low to moderate CHA2DS2-VASc scores.



Methods and results: A total of 849 inpatients diagnosed with atrial fibrillation who had low to moderate CHA2DS2-VASc scores and complete transesophageal echocardiography were included in this study. Among them, 66 patients had left atrial thrombus or dense spontaneous echo contrast. When different models were used to correct other known risk factors, acid levels and abnormal left atrial diameter were identified as additional risk factors for left atrial thrombus or dense spontaneous echo contrast. The incidence of left atrial thrombus or dense spontaneous echo contrast was higher in patients with abnormal serum uric acid levels than in the control group (12.4% vs. 5.6%, p < 0.05), and this difference persisted after correcting the baseline data with propensity score matching (10.6% vs. 4.1%, p < 0.05). Abnormal left atrial diameter was another risk factor suggested by regression analysis, with an increased incidence of left atrial thrombus or dense spontaneous echo contrast in the abnormal left atrial diameter group compared to the control group, both before (18.0% vs. 3.5%, p < 0.05) and after (15.5% vs. 5.2%, p < 0.05) propensity score matching. The best predictive value was obtained by adding both abnormal serum uric acid levels and abnormal left atrial diameter.



Conclusion: Left atrial enlargement and high uric acid levels increase the risk of left atrial thrombus or dense spontaneous echo contrast in atrial fibrillation patients with low to moderate CHA2DS2-VASc scores.
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Introduction

Atrial fibrillation (AF) is a common type of rapid supraventricular arrhythmia characterized by uncoordinated atrial excitation and consequently ineffective atrial contraction. Ischemic stroke and embolism of circulatory arteries are major complications in patients with AF, and the risk of ischemic stroke is 5 times higher among these patients. If cardioembolic stroke occurs, it may be followed by high mortality rates (up to 20%) and disability rates (60%) (1–4).

A left atrial thrombus (LAT) may occur if the duration of AF exceeds 48 h. The presence of spontaneous echo contrast (SEC) is an important marker of thrombus formation. Previous studies have shown both dense SEC (Fatkin class 3+ and 4+) and LAT to be prerequisites for thromboembolism in patients with AF, as both have been independently associated with thromboembolic events in these patients (5–9).

Previous studies have shown that hypertension, diabetes, female sex, congestive heart failure, advanced age, left atrial enlargement, renal insufficiency, N-terminal brain natriuretic peptide precursor, left atrial appendage morphology, and blood emptying velocity are independent risk factors for stroke in patients with AF (10–12). Serum uric acid (SUA) level has also been reported to be associated with LAT (13). In addition, endothelial dysfunction (decreased endothelial nitric oxide synthase activity and expression) and changes in blood components (platelet activation, inflammatory response) have been associated with thrombosis in patients with AF (14, 15).

The CHA2DS2-VASc score is currently guideline-recommended for stratifying the risk of thromboembolism in patients with AF. Men with a CHA2DS2-VASc scor ≥2 and women with a CHA2DS2-VASc score ≥3 are considered high-risk patients for whom oral anticoagulant therapy is recommended, and patients with a CHA2DS2-VASc score of 0 or 1 (including women with a score of 2) are considered to be at low to moderate risk of stroke. However, previous studies have shown that a certain percentage of patients with AF who were deemed to be at low to moderate risk still developed thromboembolic stroke, suggesting that unknown factors were contributing to the development of LAT and SEC besides the known risk factors included within the CHA2DS2-VASc score. There are few studies about the risk factors of stroke in patients with AF who are otherwise classified as low risk. In one such study, Yan et al. proposed that a high Lp(a) plasma level and left atrial dilatation might be independent risk factors of thrombotic events for AF patients with a low CHA2DS2-VASc score (16). In a different study, Yao et al. found that an elevated plasma homocysteine level increases the risk of LA/LAA thrombus in AF patients with a low CHA2DS2-VASc score (17). In addition, LAA anatomy could be a risk factor (18). Recently, an increasing amount of research has focused on the relationship between SUA and thromboembolism risk. However, it remains unclear whether SUA can offer sufficient predictive value for LAT/dense SEC in AF patients with a low to moderate CHA2DS2-VASc score.

Identifying patients who are at high risk of LAT or dense SEC from among those who are typically defined as low to moderate risk according to their CHA2DS2-VASc score has important clinical implications. To that end, we retrospectively analyzed the clinical data of 849 AF patients with low to moderate risk CHA2DS2-VASc scores to discern risk factors not included in the CHA2DS2-VASc score that may point to LAT or dense SEC in an effort to help further identify patients at high risk of thromboembolism.



Methods


Study population

Inpatients diagnosed with AF who also had complete transesophageal echocardiography (TEE) performed at Sun Yat-sen Memorial Hospital of Sun Yat-sen University from January 2007 to July 2019 were included in this study. Exclusion criteria were as follows: (1) rheumatic mitral stenosis, post mitral valve repair, or post-mechanical or biological valve replacement; (2) congenital heart disease; (3) severe infectious or autoimmune disease; (4) severe hepatic or renal insufficiency; (5) hyperthyroidism; (6) malignancy; (7) coagulation disorders; (8) those with psychiatric abnormalities; and (9) high CHA2DS2-VASc scores. Clinical data on gender, age, body mass index (BMI), anteroposterior LA diameter (LAD), left ventricular ejection fraction (LVEF), serum uric acid (SUA), hypertension, diabetes mellitus, stroke, peripheral vascular disease, heart failure, and history of gout were collected. Anteroposterior LAD ≥4 cm was defined as LA enlargement (abLAD). Serum uric acid >420 μmol/L was defined as hyperuricemia (abSUA). Patients were divided into a LAT/dense SEC group and a control non-LAT/dense SEC group according to the presence of both LAT and dense SEC.



Assessment of CHA2DS2-VASc score

The CHA2DS2-VASc score was assessed for congestive heart failure (CHF), hypertension, diabetes mellitus, vascular disease (including peripheral vascular disease and myocardial infarction), age (1 point for ages 65–74 years and 2 points for ages ≥75 years), gender (1 point for women), and history of previous stroke/TIA. A score equal to 0 for men or 1 for women was considered low risk, 1 for men or 2 for women was considered moderate risk, and ≥2 for men or ≥3 for women was considered high risk. A total of 849 patients with low- to moderate-risk CHA2DS2-VASc scores were included in this study.



Transesophageal echocardiography (TEE)

All patients with AF routinely undergo TEE 48h before ablation or cardioversion. LAT was defined as an echogenic image in the left atrium that is well-defined, homogeneous in density, and different from the density of adjacent myocardial tissue. SEC was defined as a TEE finding that shows cloudy, swirling, or pre-thrombotic echogenicity in the left atrium. Dense SEC was defined by a Fatkin classification of 3+ and 4+ according to the Fatkin classification of 5 levels of severity (5).



Statistical analysis

Continuous variables were expressed as mean ± standard deviation, and independent sample t-tests were used for comparison between groups. Categorical variables were expressed as frequencies and percentages. Chi-square tests or Fisher's exact method tests were used for comparison between groups. Binary logistic regression analysis was used to screen for risk factors. All statistical tests were performed using SPSS 25.0.

Imbalanced baseline information data were adjusted by using a 1:1 propensity score match (PSM) without replacement. Propensity score matching was used to achieve balance in the baseline exposure group. Propensity scores were obtained using a logistic regression model. The variables used for matching were specifically reported in corresponding tables. The width of the caliper value used was equal to the log standard deviation of a propensity score of 0.02. The degree of balance between the baseline variables was assessed by standardized differences, with a standard deviation of ≤0.1indicating a high level of balance. PSM was performed using R3.6.3.

Receiver operating characteristic (ROC) analysis was used to evaluate the predictive effect of each variable on LAT/dense SEC. ROC analysis was performed using SPSS 25.0. A p-value <0.05 was considered statistically significant.



Baseline information

A total of 849 patients were included in this study, including 31 with LAT and 35 with dense SEC. The LAT/dense SEC group had a lower LVEF; higher creatinine, SUA, LAD, and LVDD values; and a higher proportion of abSUA, abLAD, CHF, and alcohol consumption. The difference in CHA2DS2-VASc scores between the two groups was not statistically significant. The clinical and demographic characteristics of the patients are presented in Table 1.


TABLE 1 Comparison of baseline information between the LAT/dense SEC and non-LAT/dense SEC groups.

[image: Table 1]



Binary logistic regression analysis of risk factors

Binary logistic regression analysis was used to screen for risk factors other than those included within the CHA2DS2-VASc score (Table 2). Of the included variables, abSUA, abLAD, current alcohol consumption, and LVDD were not included in the final score. Different models were used to correct other known risk factors. In model 1, after correction for age, sex, hypertension, diabetes, and CHF, we found that abSUA and abLAD were risk factors for LAT/dense SEC. In model 2, abSUA and abLAD were identified as risk factors for LAT/dense SEC after correction for age, sex, hypertension, diabetes, CHF, current alcohol consumption, creatinine, LVEF, LVDD, and CHA2DS2-VASc. In model 3, abSUA and abLAD were found to be risk markers for LAT/dense SEC after adjusting for current alcohol consumption, creatinine, LVEF, LVDD, and CHA2DS2-VASc. Overall, abSUA and abLAD were both found to be risk factors for LAT/dense SEC, so further analysis was done to corroborate these findings.


TABLE 2 Association between risk factors and the presence of LAT/dense SEC.
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abSUA is a risk factor for LAT/dense SEC

Because regression analysis suggested abSUA as a risk factor for LAT/dense SEC, further analysis was performed. The incidence of LAT/dense SEC was found to be higher in patients with abSUA than in the control group (12.4% vs. 5.6%, p < 0.05), and this difference persisted after correcting the baseline data with PSM (10.6% vs. 4.1%, p < 0.05) (Table 3).


TABLE 3 Comparison between abSUA and normal patients (PSM).
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abLAD is a risk factor for LAT/dense SEC

abLAD was another risk factor suggested by the regression analysis, with an increased incidence of LAT/dense SEC in the abLAD group compared to the control group, both before (18.0% vs. 3.5%, p < 0.05) and after (15.5% vs. 5.2%, p < 0.05) PSM was performed (Table 4). In conclusion, abSUA and abLAD were both found to be associated risk factors for LAT/dense SEC.


TABLE 4 Comparison between abLAD and normal patients (PSM).
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New predictive models

Based on the above results, we considered abSUA and abLAD as independent risk factors for LAT/dense SEC. After adding these new risk factors to the patients' existing CHA2DS2-VASc scores, the area under the ROC curve was used to clarify the predictive effect of the model for LAT/dense SEC in patients with AF. The results showed that the CHA2DS2-VASc score had no predictive value for the occurrence of LAT/dense SEC in AF patients at low to moderate risk; however, the new prediction model had low to moderate predictive power after the respective addition of abSUA and abLAD. The best predictive value was obtained by adding both abSUA and abLAD (Figure 1).


[image: Figure 1]
FIGURE 1
Receiver operating characteristic analysis for LAT/dense SEC prediction model.





Discussion

By retrospectively analyzing the clinical characteristics, both abSUA and abLAD were identified as risk factors beyond the indicators within CHA2DS2-VASc score for LAT/dense SEC in low to moderate—risk patients with AF. Current guidelines do not explicitly recommend anticoagulants for patients who are deemed low to moderate risk because of their CHA2DS2-VASc score, but a subset of these patients still develop LAT/dense SEC. It is crucial to assess and predict the thromboembolic risk in this group of patients more comprehensively, as well as to provide better dosing guidance and management.

Many previous studies have confirmed the role of uric acid in the development of cardiovascular events. Lazzeroni et al. found that serum uric acid levels could be used to predict mortality and adverse cardiovascular outcomes in patients undergoing myocardial revascularization and/or heart valve surgery, even after correction for age, sex, hypertension, diabetes mellitus, glomerular filtration rate, and medication (19). Several studies have also confirmed uric acid as a risk factor for AF as well as LAT (20). Other research has likewise suggested that uric acid may contribute to the production of LAT/SEC in patients with AF through the following mechanisms. First, uric acid is the end product of purine metabolism by xanthine oxidase, and the oxygen radicals formed during metabolism increase the level of oxidative stress in atrial tissue. At the same time, uric acid inhibits nitric oxide production by endothelial cells and promotes tissue inflammation, leading to endothelial cell damage (15, 21). Secondly, high uric acid levels activate platelets in the body and promote platelet adhesion and aggregation, which leads to thrombosis (14).

To clarify the relationship between abSUA and LAT/dense SEC in patients with AF, we screened patients with AF who had low to moderate—risk CHA2DS2-VASc scores for further analysis and found abSUA to be one of their risk factors. The prevalence of LAT/dense SEC was significantly higher in patients with abSUA than in the control group, and this difference persisted after balancing the baseline data between the two groups using PSM.

The association of LA enlargement with increased risk of stroke and thromboembolism in patients with AF was first proposed in the 1980s (22, 23). Over time, more and more studies have demonstrated that LA enlargement is independently associated with an increased risk of stroke in patients with AF, although the endpoint of some studies has been a surrogate marker of stroke on TEE (10, 24–26). Several mechanisms have been proposed to explain the association of LA enlargement with the risk of thromboembolism in patients with AF. AF can lead to structural and functional changes in the atria that are causally related to LA enlargement. The increased internal diameter of the left atrium reduces its blood flow velocity, while the regular contraction of the atrial muscle is replaced by irregular peristalsis in AF. This makes the blood flow prone to vortex formation and even stasis, leading to the retention of organic fractions in the atria. Severe eddies create a shear-like mechanical force on the atrial wall, which in turn damages the endothelia. The slow blood flow causes the atrial endothelium to become hypoxic and necrotic, depriving it of its ability to synthesize and secrete anticoagulant substances, and produces pro-thrombotic substances such as tissue factor, ultimately leading to thrombosis.

In this study, the prevalence of LAT/dense SEC was significantly higher in patients with abLAD than in the control group, and this difference persisted after balancing the baseline information between the two groups using PSM.

The CHA2DS2-VASc score had no predictive value for the development of LAT/dense SEC in patients with AF who were at low to moderate risk. After the addition of new risk markers using ROC analysis, the results showed that the new model with the respective addition of abSUA and abLAD, especially the combined addition of both abSUA and abLAD, had predictive power for LAT/dense SEC. This finding further suggests that abSUA and abLAD have predictive value for thromboembolic risk in AF patients previously identified as low to moderate risk.

The molecular mechanism of hyperuricemia is a current hot topic of research. Both lifestyle changes and pharmacological interventions can influence uric acid levels. A limitation of this study is that only single measurements of uric acid were included, which provides a somewhat incomplete picture of the long-term uric acid metabolism of patients. In addition, it is unclear whether patients with previous gout or hyperuricemia who were taking uric acid-lowering medication to achieve normal uric acid levels have the same physical impact as patients with naturally-occurring normal uric acid levels. Given the small sample size of this group of patients, a separate analysis could not be performed. The clinical data of this study were obtained from inpatient examination findings of patients. The LAD measured in the hospital was the anterior-posterior LAD, and because of differences in body size and anatomy, the size of the anterior-posterior LAD was often not an accurate assessment of the volumetric size of the left atrium. Some studies have found that the LA volume index better reflects the size of the patient's left atrium (27–29). An association between LAT formation and left auricular morphology and function in AF patients has also previously been found, but given that this study was retrospective, relevant data could not be collected for further analysis (30).

TEE has 100% sensitivity and 99% specificity in detecting LAT as measured by surgical exploration (31), and as such TEE is now considered the gold standard for detecting LAT. In both the present study and previous studies, LAT/dense SEC was present in a certain proportion of patients even at low to moderate risk, and in many centers, TEE is an essential test before invasive treatment in all patients with AF. However, some centers believe that pre-ablation TEE can be reasonably avoided in AF patients without high-risk features. The rate of pre-ablation TEE at Johns Hopkins Hospital was reported to have decreased from 86% in 2010 to 42% in 2015 (32). With the decline in TEE use, risk assessment of LAT in patients with AF becomes critical, especially for patients with AF and a low to moderate—risk score.

In the present study, we found that abSUA and abLAD were risk factors for LAT/dense SEC in AF patients who were previously identified as low to moderate risk according to their CHA2DS2-VASc scores, suggesting the diagnostic and predictive value of these two commonly used clinical parameters. Future studies and evidence are needed to confirm their correlation.
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Background: Antiarrhythmic drugs (AADs) are frequently prescribed following catheter ablation (CA) for atrial fibrillation (AF). However, to date, there is a lack of large-scale, multicenter controlled studies that have confirmed the efficacy of AADs in reducing the incidence of late recurrence of AF after CA. Furthermore, the optimal duration of short-term use of AADs after CA remains a controversial topic.



Methods: PubMed, Embase, Cochrane Library, CNKI, and ClinicalTrials.gov were searched until April 25, 2022. We conducted a meta-analysis of randomized controlled trials (RCTs) to assess the efficacy of blanking period AADs in predicting both early and late recurrence of AF. In addition, Grading of Recommendations Assessment, Development and Evaluation (GRADE) was used to assess the quality of evidence in this meta-analysis.



Results: 12 RCTs with 3,625 patients were included in this meta-analysis. Short-term use of AADs after AF ablation reduced the risk of early recurrence of AF compared with the no-AADs group. In the subgroup analysis of AADs use time, it was found that only using AADs for more than 2 months can reduce the early recurrence of AF after CA. However, when compared with the no-AADs group, short-term use of AADs after CA did not reduce the incidence of late recurrence of AF.



Conclusions: Short-term use of AADs (more than 2 months) can reduce the early recurrence but not the late recurrence of AF after CA.
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Introduction

Atrial fibrillation (AF) is a common arrhythmia in clinical practice that increases the risk of stroke and heart failure. As of 2019, there were approximately 59.7 million patients of AF (including atrial flutter) worldwide (1). While the lifetime risk of AF was previously about one in four (2, 3), recent studies have reported that one in three people of European ancestry over 55 has AF (4, 5). The EAST-AFNET4 study showed that in patients with newly diagnosed AF within 1 year, the incidence of major cardiovascular events in early rhythm control was lower than that in the conventional treatment group (mainly ventricular rate control). Additionally, the maintenance of sinus rhythm is higher in the early rhythm control group. Catheter ablation (CA) can be used as the first treatment for AF. However, due to proarrhythmic milieu caused by CA lesions, AF recurrence is common within the first few months of post-ablation. Because of “AF begets AF”, those patients with early recurrence after post-ablation are also more likely to have a late recurrence (6). This notion has also been confirmed that post-ablation blanking period episodes are independent predictors of AF recurrence (7). Therefore, the use of AADs after AF ablation aim not only to reduce early recurrence but also to reduce late recurrence. However, most of the existing studies have shown that the use of AADs cannot reduce the late recurrence of AF after CA. It should be noted that the sample size of previous studies is not enough to clarify this issue, so this conclusion is controversial.

Xu et al. (8) conducted a meta-analysis to evaluate the efficacy of AADs and found that short-term use of AADs could reduce the incidence of early recurrence of AF but could not prevent late recurrence of AF. However, the study had several limitations. First, this meta-analysis included few studies, only six randomized controlled trials (RCTs), which resulted in an insufficient sample size. Second, sources of heterogeneity were not adequately analyzed (Subgroup analysis was not sufficient and meta regressions were not performed). Third, exploration of the stability of the results is not enough (Subgroup analysis was not sufficient and sensitivity analysis was not performed). Finally, an assessment of publication bias was not performed. In addition, they did not evaluate a more meaningful indicator: the use time of AADs in the blanking period after CA of AF, which is crucial for clinical treatment. To shed further light on this issue, we conducted a meta-analysis that, in addition to ameliorating the deficits mentioned above, explored the duration of drug use to reduce AF early recurrence after CA. Simultaneously, we evaluated the quality of evidence using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) approach to facilitate its clinical application.



Methods

This meta-analysis was performed according to the recommendations of the Cochrane Handbook for Systematic Reviews of Interventions and The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) checklist guided the protocol reporting (9). There was no registered protocol for this meta-analysis.


Literature search strategy

PubMed, Embase, Cochrane Library, CNKI, and ClinicalTrials.gov were searched until April 25, 2022. The systematic electronic searches were conducted using exploded Medical Subject Headings (MeSH) terms and the corresponding keywords in Title, Abstract, or All Fields. The search terms used in this meta-analysis were (MeSH exp “Atrial Fibrillation”, and keywords “atrial fibrillation OR atrial fibrillat* OR auricular fibrillat* OR atrium fibrillat* OR AF”), (MeSH exp “AntiArrhythmia Agents”, and keywords “Antiarrhythmia agents OR anti-arrhythmia drugs OR antiarrhythmi* OR procainamide OR disopyramide OR mexiletine OR flecainide OR propafenone OR bisoprolol OR esmolol OR amiodarone OR dofetilide OR sotalol OR ibutilide OR azimilide OR moricizine OR cibenzoline”), and (MeSH exp “Catheter Ablation” and keywords “catheter ablation OR radiofrequency OR cryoablation OR PVI OR pulmonary vein isolation”). We applied filters to restrict the type of trials to RCTs involving human subjects only, without any language restrictions. To ensure that no relevant articles were overlooked, we conducted a subsequent search on April 28, 2022. In addition, we manually searched the references in the included literature to identify potential eligible trials.



Selection criteria

Published studies meeting the following criteria were included: (1) Patients: AF patients underwent CA with pulmonary vein isolation (PVI)-based strategy; (2) Intervention: patients were treated with AADs within the first 3 months after CA (blanking period); (3) Comparison: patients were not on AADs treatment, either placebo or usual care; (4) Outcome: early recurrence of atrial arrhythmia lasted more than 30 s within the first 3 months after CA, and late recurrence of atrial arrhythmia lasted more than 30 s post the 3 months after CA; and (5) Study type: all articles included were RCTs. Exclusion criteria: (1) We excluded duplicate reports; (2) We excluded conference abstracts unless they were accompanied by a full-text publication in a peer-reviewed journal; (3) We excluded animal experiments; (4) We excluded performed additional atrioventricular node ablation, pacing therapy, and surgical ablation patients.



Study inclusion and data extraction

Two reviewers (G.L. and G.C.) conducted initial searches, removed duplicates, and screened titles and abstracts to identify eligible articles. In instances where there were discrepancies in the inclusion of literature, the full-text article was obtained to determine eligibility. Any uncertainties or disagreements were resolved through discussion and consensus. Data collection was performed by G.L. and independently confirmed by other authors (G.C. and D.Z.). Additionally, we also reviewed supplementary appendices of included RCTs and contacted the corresponding authors to verify extracted data and request the unavailable data, if needed. All discrepancies were resolved by discussion and consensus. The scheduled primary outcome was the early recurrence, and the secondary outcome was the late recurrence of AF.



Risk of bias assessment and grading quality of evidence

The risk of bias was assessed in duplicate by independent reviewers (G.L. and G.C.) using the Cochrane risk-of-bias tool (10). A study was considered high risk if only one domain of the trials had rated as high risk; the study was regarded as low risk if all domains had rated as low risk; otherwise, they were considered at unclear risk of bias. The quality of the evidence in this meta-analysis was independently assessed (G.L. and G.C.) according to the GRADE.



Statistical analysis

Statistical analyses were performed using Stata 14.0 and Review Manager 5.4. Relative risk (RR) was used as the effect size indicator for enumeration data. Point estimates and 95% confidence interval (CI) were calculated for dichotomous outcomes. The heterogeneity of the included studies was analyzed using the Q test (test level α = 0.1), and the I2 statistic was used to quantify the heterogeneity between studies. I2 values between 25% and 50% were considered mild heterogeneity, between 50% and 75% were considered moderate heterogeneity, and those above 75% were considered high heterogeneity (11). Regardless of the value of I2, the Mantel-Haenszel method was used to pool the RR and 95% CI with the random-effects model. If there was significant heterogeneity in this meta-analysis, subgroup analyses are applied to identify sources of heterogeneity. Prespecified subgroup analyses included time of drug use, publication time of literature, the sample size of individual studies, and the risk of individual studies. In addition, sensitivity analysis was applied to assess the effect of individual or small sample studies on the overall effect size. If the heterogeneity was significant and could not be resolved by the above methods, the meta-analysis was abandoned, and only qualitative analysis was performed. Since the visual assessment of whether a funnel plot was symmetric could be subjective, we used the Egger test to detect potential publication bias (12). P-value < 0.05 was considered statistically significant unless previously defined, such as p-value < 0.1 indicated statistically significant for heterogeneity test.




Results


Literature search

The literature search and selection results are shown in the PRISMA flowchart (Figure 1). Our initial search yielded 1,510 articles. After removing duplicates and screening titles and abstracts, 31 articles were considered likely to meet the inclusion criteria. After a full-text review, 12 published articles from 11 RCTs were finally included in this meta-analysis. Two articles were derived from the same study with different results at 6 weeks and 6 months.


[image: Figure 1]
FIGURE 1
Selection of RCTs for this meta-analysis.




Trials characteristics and risk of bias assessment

The main characteristics of included 12 RCTs with 3,625 patients are shown in Table 1. The sample size of trials ranged from 74 to 2,038. A total of 1,937 patients were administered AADs, while 1,689 patients received no-AADs treatment. The primary AAD used was amiodarone. All patients underwent CA using a PVI-based strategy. Patients in the AAD group received drug treatment lasting between 6 weeks and 3 months. The RCTs had a mean follow-up duration ranging from 3 to 28 months. Detailed information on the risk of bias is presented in Figures 2, 3.


TABLE 1 Included studies: key characteristics and monitoring details.
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FIGURE 2
Risk of bias for this meta-analysis: judgments about each risk of bias item presented as percentages across all included randomized controlled trials.



[image: Figure 3]
FIGURE 3
Summary of risk of bias summary of the included randomized controlled trials: details about each risk of bias item for each included trial. Green = low risk of bias, Yellow = unclear risk of bias, Red = high risk of bias.




Primary outcomes

10 RCTs including a total of 3,519 patients were analyzed to provide relevant evidence regarding the primary outcomes of early recurrence of AF. Short-term use of AADs significantly reduced the risk of AF recurrence after CA in the blanking period compared to the no-AADs prescription group (RR, 0.72; 95% CI, 0.59–0.89; p = 0.002; Figure 4), with moderate heterogeneity (I2 = 62%; phet = 0.005). Given the moderate heterogeneity, subgroup analysis was performed to evaluate the influence of different groups on primary outcomes. When grouped by publication time <2014 and ≥2014, it can be seen that the I2 of both groups decreased to less than 50%, and publication time can be considered the main source of heterogeneity in this meta-analysis (Supplementary Figure S1). In addition, when grouped by drug use time, it can be found that drug use time ≤2 months is ineffective (RR, 0.67; 95% CI, 0.43–1.06; p = 0.09) for early recurrence of AF, while drug use time >2 months is effective (RR, 0.75; 95% CI, 0.62–0.91; p = 0.004; Supplementary Figure S2). Further, when grouped by sample size and risk of study, respectively, it can be found that the subgroup with a sample size of less than 200 and the subgroup with a high risk of study both obtained the same conclusion that the use of AADs in the blanking period is ineffective for the early recurrence of AF. The subgroup with a sample size of more than 200 and the subgroup with no-high risk of study obtained the opposite conclusion (Supplementary Figures S3, S4). To assess the robustness of this meta-analysis, a sensitivity analysis consecutively excluding one trial each time was applied to assess the impact of individual studies. As a result, no trials had significant effect on the pooled estimate and 95% CI (Supplementary Figure S5). We conducted an assessment of publication bias using the Egger test (Figure 5) and found no evidence of potential publication bias.


[image: Figure 4]
FIGURE 4
Effect of short-term AADs use versus no-AADs prescription after atrial fibrillation ablation on early recurrence of atrial arrhythmias.
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FIGURE 5
Egger test for publication bias in the meta-analysis.




Secondary outcomes

For late recurrence of AF, 2,929 patients were included in nine RCTs. Compared with no-AADs prescription group, short-term use of AADs did not reduce the risk of late recurrence of AF after CA (RR, 0.96; 95% CI, 0.88–1.06; p = 0.45; Supplementary Figure S6), with mild heterogeneity (I2 = 29%; phet = 0.19). Although such heterogeneity is acceptable, we further evaluated the stability of this meta-analysis. Similar methods were used to evaluate the late recurrence of AF. We performed the same subgroup and sensitivity analyses in the late recurrence of AF. All results showed that short-term use of AADs cannot reduce the risk of late recurrence of AF (Supplementary Figures S7–S11).



GRADE profile evidence

The GRADE profile evidence for this meta-analysis in the primary and secondary outcomes is presented in Table 2.


TABLE 2 The GRADE evidence profile for the primary and secondary outcomes of this meta-analysis.
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Discussion

The main innovations of this meta-analysis are as follows: (1) the topic of this meta-analysis is an essential issue in clinical practice, but it is controversial whether to use AADs in the blanking period after the CA of AF. At the same time, there is insufficient evidence for guidelines recommending the use of AADs in the blanking period. (2) The meta-analysis on this topic is not updated after 2016. Only six RCTs were included in the studies by Xu et al. (8) and Chen et al. (24), the numbers of studies were too small, and there was no way to evaluate publication bias while we addressed this issue. In addition, we adequately evaluated the stability and heterogeneity in this meta-analysis. (3) The previous guidelines and expert consensus did not recommend the specific time of AADs use during the blanking period. Our study demonstrated that even preventing early recurrence of AF requires at least 2 months of AADs use, which helps guide clinical practice.

The main conclusions of this meta-analysis are as follows: (1) The use of AADs in the blanking period can reduce the early recurrence of AF after CA. (2) The use of AADs in the blanking period cannot reduce the late recurrence of AF after CA. Existing studies have shown that 60% of patients with early recurrence automatically return to sinus rhythm, but early recurrence is an independent predictor of AF late recurrence after CA (7, 20, 25). There are two issues that need to be addressed. First, why do patients with early recurrence automatically return to sinus rhythm? Second, AADs can reduce the early recurrence, so they can theoretically reduce the AF late recurrence. However, our study is consistent with previous studies showing that using AADs in the blanking period does not reduce the risk of late recurrence of AF. So how do we interpret this result? Regarding the first issue, there may be the following reasons: (1) Inflammatory response is one of the reasons for the recurrence of AF in the blanking period post-ablation, which is also confirmed by using anti-inflammatory drugs to reduce the early recurrence of AF. In addition, elevated inflammatory cytokines return to baseline within 30 days after CA (26–30). (2) The potential side effect of AF ablation is the imbalance of cardiac autonomic nerve regulation. Studies have found that circumferential pulmonary vein ablation can change the autonomic nerve activity dominating the sinoatrial node, leading to the recurrence of AF, which often disappears within 1 month (31). (3) The electrical conduction of the left atrium and pulmonary veins recover early after CA, which is caused by incomplete ablation lesions. (4) Development of a permanent atrial lesions by scar rigidification may cause delayed cure. In this process, due to the postoperative inflammatory response and autonomic imbalance disappear within 1 month, patients with AF recurrence in the second and third months after CA may be stronger predictors of AF late recurrence than those in the first month. This inference has also been confirmed in some studies (32–34).

As far as the second issue is concerned, the following reasons can partially explain this phenomenon: (1) The most important reason is incomplete PVI, which leads to the restoration of conduction between the left atrium and the pulmonary veins (35, 36); (2) Another common reason is the trigger foci outside the pulmonary veins, which can be mapped and identified after intravenous infusion of high-dose isoproterenol; (3) The experience of CA for AF patients also affects the late recurrence rate of AF. The above problems cannot be effectively solved by the use of AADs.

In addition, we also need to pay attention to the fact that the type of AF and the means of recurrence screening also have an important impact on the late recurrence rate of AF (37, 38). To further exclude the above factors affecting our results, the type of AF and the means of recurrence screening detail are described in our baseline data.

In this meta-analysis, there was moderate heterogeneity (I2 = 62%) for the pooled primary outcome, and further subgroup analysis revealed that the main source of heterogeneity was publication time. After grouping by 2014 as the cutoff value, the heterogeneity of the pooled results was significantly reduced. This result can be explained because there has been some progress in CA of AF during this period. Cardiologists came to recognize that the extent of CA lesions depends on the stability of the catheter, contact pressure, energy output, temperature, and ablation time (39). In addition, it is more important to recognize that the initial pulmonary veins isolation is observed for 20–30 min and to reevaluate that a bidirectional block can improve the permanent isolation rate. Some special patients can be monitored for 60–90 min to perform a reevaluation (40).

When we grouped studies by sample size and risk of bias, respectively, we found that studies with a sample size of less than 200 and studies classified as high risk all concluded that AADs were ineffective in preventing early AF relapse. Meanwhile, studies with a sample size greater than 200 and those classified as non-high risk reached opposite conclusion. This suggests that the relatively small sample size and poor quality of the studies may lead to erroneous conclusions. In fact, the result should be more robust. Furthermore, we found that pooled results heterogeneity was low for secondary outcomes, and the results were robust under all grouping factors.

Another notable finding is that previous studies have shown that continuous AADs use for less than 2 months after CA can reduce incidence of atrial arrhythmias during the blanking period. However, our study confirmed that only continuous application of AADs for more than 2 months could reduce the episodes of the blanking period with a larger sample size. This finding provides valuable insights for clinicians regarding the optimal duration of medication during the blanking period.



Limitations

(1) This meta-analysis does not utilize individual patient data, which limits our ability to identify the presence or absence of effect modification. (2) Many studies included in our meta-analysis were open-label and required additional ECG and/or Holter monitoring if patients developed arrhythmia-related symptoms. Patients in the control group with more ECG and/or Holter monitoring (more likely to experience arrhythmia-related symptoms) had more opportunities to document AF recurrence. (3) The RCTs included in this meta-analysis exhibited differences in terms of the ablation procedures applied, follow-up periods used, physician experience, and type of AADs administered.



Conclusions

Short-term use of AADs post-AF ablation can lower the risk of early recurrence of AF. However, it does not result in a corresponding reduction in the risk of late recurrence of AF. More importantly, the risk of early relapse can be reduced only when AADs are used continuously for 2 months or more in the blanking period.
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References N.of  Type of AF Type of CB Neuromodulation Follow-up  Effect on AF outcome
patients assessment

Oswald etal. (52) 14 Paroxysmal Arctic Front, 28mm  VR* during CB-A, HRV 3months  Noassociation with AF recurrence
during follow-up
Yorgun etal. (19) 145 Paroxysmal (1=117)  Arctic Front, 28mm  VR* during CB-A 17(4-27) months VR was more common in patients
and persistent (n = 28) without AF recurrence (46.2 vs

15.4%, P = 0.004); VR requiring
atropine or temporary pacing was
an independent predictor of AF-free
survival (HR 0.064; 95% CI
0.008-0.48, p = 0.008)

Aytemiretal.(57) 306 Paroxysmal (n=247)  Arctic Front,28mm VR during CB-A 22(13-34)  VRwasa predictor of AF-free
and persistent (1 =59) (1= 197) and Arctic months  survival (HR 0550, 95% CI
Front Advance, 0.331-0.915, p = 0.021)
28mm (n = 109)
Miyazaki et al. 103 Paroxysmal Arctic Front Advance, VR* during CB-A, 150 (12.0-180)  No association with AF recurrence
(56) 28mm increased HR during months (p=0300and p=0224,
follow-up respectively)
Teetal. (16) 39 Paroxysmal Arctic Front Advance, VR during CB-A 146 months  Increased AF-free survival of
28mm patients with VR compared to

patients without VR (log rank p =

0.006)
Guckel etal. (58) 250 Persistent Arctic Front Advance, VR during CB-A 12months VR was an independent predictor of
28mm AF-free survival (HR 0.11; 95% CI
0.03-0.34; p < 0.01)
Maj etal. (53) 472 Paroxysmal (1 =459)  Arctic Front Advance HRincrease >15bpmafter 277125 Patients with HR increase >15 bpm
and persistent (1= 13)  Pro, 28 mm CB-A compared to baseline months presented higher AF-free survival

(83.1 vs. 66.3%, respectively; Log
Rank p = 0.021)

Cilbureanetal.  110;CB-A  Paroxysmal (1=72)  Arctic Front Advance - DC on ECG Holter after 15.4(7.0-282)  Higher DC was an independent
(59) and persistent (1= 38) ~ Pro, 28 mm CB-A months predictor of AF recurrence (HR
1.68,95% CI 1.35-1.82, p = 0.004)
Tangetal. (60)  346;,CB-A  Paroxysmal Arctic Front Advance, HR increase after CB-A 12months  Patients without AF recurrence
n=231 23 or 28-mm measured with ICM presented faster daytime (114 11

vs. 8 12 bpm, p = 0.001) and
nighttime HR (8 % 9 vs. 6 = 8 bpm,
p=0.049) compared to patients

with AF recurrence

AR, atrial fibrillation; CB, cryoballoon, CB-A, cryoballoon ablation; VR, vagal reaction; HR, heart rate; HRY heart rate variabilitys HR, hazard ratio; CI, confidence interval; DC, deceleration
capacity; ICM, implantable cardiac mons
*Sinus bradycardia (heart rate <40 bpm), asystole, complete atrioventricular block, or hypotension (systolic blood pressure <90 mm Hg,
e by at least 20 mm Hg).

tolic blood pressure <60 mm Hg or a sudden

drop in blood pressure from baseli
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Classification Anatomical location

SVC-RA RSPV RIPV-IAS LSPV-LA roof LIPV-LA PW LOM
Armour et al. (26) SRAGP SRAGP PMLAGP SLAGP PLLGP !
Poetal. (27) / ARGP IRGP SLGP. LGP LOM
Pauza etal. (29) VRASGP DRASGP DRASGP/MDsGP MDsGP/LDsGP MDsGP/LDsGP LDsGP

RSPV, right superior pulmonary vein; RIPY, right inferior pulmonary vein;
IPV; leftinferior pulmonary vein; PW, posterior wall; LOM, ligament of Marshall; GP, ganglionated plexu
) superior left atri PLLGP, posterolateral left atrial GP; ARGP, anterior right GP; IRG
 VRASGP, ventral right atrial sGP; DRASGP, dorsal right atrial sG iddle dorsal sGI

C, superior vena cava; RA, right atr

al

MLAG, posteromedial left
ubganglionated

ferior right G erior left GP:

LDSGE let dorsal sGP.
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Method

Vagal reaction

Extracardiac vagal

Heart rate (HR)

increase

Handgrip test

Heart rate
variability (HRV)

Definition

Sinus bradycardia <40 bpm, asystole, atrioventricular
block, or hypotension

Quantification of vagal reaction (prolongation of the
RR interval by >50%, and/or atrioventricular block)
through vagus nerve stimulation by pulsed electric field
before and after PVI

Increase in HR after PVI compared to HR pre-PV1

Lowering in systolic blood pressure increase during
handgrip test after PV compared to pre-PVI

HRY tested by Holter ECG for SDNN and T1 before
PVIand after 1 and 3 months post-PVI

; CB-A, cryoballoon ablation; AF, atrial fibrillation; SDNN, standard d¢

Timing
Intraoperatively

Intraoperatively

24h post-PVIorat

6 months
24h post-PVI

1-3 months

post-PVI

fation of normal-to-normal intervals; T}

Evidence

40.7% of patients during balloon thawing and balloon
deflation (19)

Varying degree of parasympathetic denervation in all
patients undergoing PVI with CB-A for paroxysmal AF
(mean pause duration 10,130.6 = 3,280.0 ms pre-PVI
vs. 1,687.5 & 2,183.7 ms post-PVI, p < 0.001) (50)

HR increased from 57.93  9.06 bpm pre-PVI to 71.10
£ 1275 bpm 24-h post-PVI and 62.59  7.89 bpm 6
months post-PVI (p < 0.001) (51)

30.50  25.49 mmHg pre-PVI vs. 19.40  22.40 mmHg
24h post-PVI (p=0.041) (51)

HRV decreased significantly immediately after PV for
both SDNN and T1 until 1 month, gradually

normalizing toward 3 months follow-up (52)

triangular index.
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Univariate Multivariate model 1* Multivariate model 2*

HR (95% CI) P HR (95% CI) P HR (95% CI) P
Persistent AF 1.54 (1.35-1.76) <0.001 1.42 (1.12-1.80) 0.003 1.35 (1.07-1.71) 0.013
Female 1.17 (1.01-1.35) 0.038 1.10 (0.88-1.37) 0.387 1.19 (0.95-1.48) 0.128
Age 1.00 (1.00-1.01) 0.583
Body mass index 1.02 (1.00-1.04) 0.110
Comorbidity
Hypertension 1.12 (0.98-1.28) 0.103
Diabetes 1.11 (0.93-1.33) 0.246
Heart failure 1.26 (1.04-1.53) 0.017 1.15 (0.86-1.53) 0.353 1.01 (0.76-1.36) 0.926
Vascular disease 0.93 (0.76-1.15) 0.523
LV ejection fraction 0.99 (0.98-1.00) 0.012 0.99 (0.98-1.01) 0.403 1.00 (0.98-1.01) 0.439
E/Em 1.01 (1.00-1.03) 0.084
Mean LA voltage 0.64 (0.56-0.72) <0.001 0.84 (0.70-1.00) 0.049 0.86 (0.72-1.02) 0.080
Extra-PV foci 1.99 (1.59-2.49) <0.001 1.80 (1.38-2.34) <0.001 1.82 (1.40-2.37) <0.001
Empirical extra-PV LA ablation 1.54 (1.34-1.77) <0.001 1.13 (0.89-1.42) 0.325 1.10 (0.87-1.39) 0.420
LA dimension* 1.04 (1.03-1.06) <0.001 1.03 (1.02-1.05) <0.001
PV/LA%vol* 0.89 (0.84-0.94) <0.001 0.91 (0.84-1.00) 0.044
PV anatomy 1.06 (0.95-1.18) 0.312
Genetic study (n = 2,051) (2)
15126464477 0.93 (0.80-1.09) 0.371

*Two multivariate models were separately presented because LA dimension and PV/LA volume ratio had a multicollinearity to each other.

T Univariate analysis was performed in 2051 out of 2913 patients who had data on genetic study.

AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; CI, confidence interval; E/Em, ratio of the peak mitral flow velocity of the early rapid filling to the early diastolic velocity
of the mitral annulus; LA, left atrium; LV, left ventricular; PV, pulmonary vein; PV/LA%vol, pulmonary vein to left atrium volume percent ratio.
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Redo mapping

Median duration between the de novo and redo

procedures, months

PV reconnection, n (%)

1~2 PV reconnections, # (% in PV reconnection)
3~4 PV reconnections, n (% in PV reconnection)
CTI reconnection, n (% in whom a CTT ablation
was performed during the de novo procedure)
POBI reconnection, 7 (% in whom a POBI was

performed during the de novo procedure)

Overall
(n=205)
20 (12-44)

129 (62.9)

95 (73.6)

34(26.4)
51/185 (27.6)

75/113 (66.4)

Small EAT
(<116.23 mL)

(n=102)
22 (12-46)

59 (57.8)

43 (72.9)

16 (27.1)
25/93 (26.9)

34/60 (56.7)

CTI, cavotricuspid isthmus; EAT, epicardial adipose tissue; POBI, posterior wall box isolation; PV, pulmonary vein.

Large EAT
(>116.23 mL)

(n=103)
20 (12-40)

70 (68.0)

52 (74.3)

18 (25.7)
26/92 (28.3)

41/53 (77.4)

P-value

0.589

0.175
1.000

0.964

0.034
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Early recurrence

Crude event number (%)

Recurrence type AF, (% in early recurrence)
Recurrence type AT, n (% in early recurrence)
Weighted%

Clinical recurrence

Crude event number (%)

Recurrence type AF, (% in recurrence)
Recurrence type AT, n (% in recurrence)
Weighted%

Weighted hazard ratio (95% CI)

Small EAT (<116.23 mL)

Large EAT (>116.23 mL)

CPVI alone
(n=319)

153 (48.0)

131 (85.6)

22 (14.4)
483

111 (34.8)
95 (85.6)
16 (14.4)
36.6
1 (ref)

Additional POBI
(n=275)

129 (46.9)

86 (66.7)

43 (333)
47.3

91 (33.1)
64 (703)
27 (29.7)
325
0.74 (0.56-0.99)

P-value

0.862
<0.001

0.812

0.726
0.014

0.313
0.040

CPVI alone
(n=368)

193 (52.4)
176 (91.2)
17 (8.8)
54.1

109 (29.6)
100 (91.7)
9(8.3)
30.8
1 (ref)

Additional POBI

(n=225)

89 (39.6)

54 (60.7)

35(39.3)
394

86 (38.2)
57 (66.3)
29 (33.7)
385
1.13(0.84-1.52)

P-value

0.003
<0.001

0.001

0.038
<0.001

0.070
0.409

AF atrial fibrillation; AT, atrial tachycardia; CI, confidence interval; CPVI, circumferential pulmonary vein isolation; EAT, epicardial adipose tissue; POBI, posterior wall box isolation.
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Age, years

Female

BMI, kg/m?
CHA,DS,;-VASc score
Comorbidities

Heart failure

Hypertension

Diabetes mellitus

Stroke

Vascular disease
Echocardiographic parameters
LA dimension, mm

LVEE%

E/Em

AAD use before the ablation
Class Ic

Class I1I

AAD use after the ablation
At discharge

After 3 months

Total EAT volume, mL
Atrial EAT volume, mL
Ventricular EAT volume, mL
Procedure-related characteristics
Ablation time, sec
Complications

Major complications
Atrioesophageal fistula
Cardiac tamponade

Phrenic nerve palsy

Small EAT (<116.23 mL) (n = 594)

Large EAT (>116.23 mL) (n = 593)

CPVI alone
(n=319)

59 (52-66)
81 (25.4)
242 (22.5-26.0)
2(1-2)

68 (21.3)
137 (42.9)
47 (14.7)
33(10.3)
18 (5.6)

42 (38-46)
62 (57-67)
9.0 (7.2-10.8)

141 (44.2)
205 (64.3)

140 (43.9)
159 (49.8)
89.3 (70.3-104.3)
36.7 (29.6-43.9)
50.9 (40.7-59.5)

2,665 (1,683-4,226)
14 (4.4)
7(2.2)

0
7
1

Additional POBI

(n=275)

59 (53-66)
75(27.3)
24.0 (22.6-25.8)
1(1-3)

54 (19.6)
119 (43.3)
36(13.1)
30(10.9)
31(11.3)

44 (40-48)
62 (58-67)
9.2 (7.2-12.1)

141 (51.3)
160 (58.2)

102 (37.1)
139 (50.5)
84.9 (68.3-100.4)
34.3 (26.6-41.1)
50.1 (39.1-58.9)

6,140 (5,145-7,018)

15 (5.5)
6(2.2)
1
2
1

P-value

0.993
0.670
0.785
0.644

0.687
1.000
0.648
0.929
0.019

<0.001
0.801
0.019

<0.001
0.152

0.110
0.930
0.031
0.006
0.340

<0.001
1.000
1.000

CPVI alone
(n=368)

60 (53-67.25)
54 (14.7)
26.5 (24.5-28.4)
2(1-3)

86(23.4)

211 (57.3)
101 (27.4)
33(9.0)

35(9.5)

44 (41-48)
62 (58-65.62)
9.53 (8-12.17)

161 (43.8)
240 (65.2)

169 (45.9)

186 (50.5)
150.1 (132.5-170.7)
63.6 (55.0-73.6)
85.4 (75.1-100.6)

2,392 (1,575-3,536)
10 (2.7)
7(1.9)

0
7
0

Additional POBI

(n=225)

60 (53-68)
32(14.2)
26.7 (24.8-28.5)
2(1-3)

41(18.2)
143 (63.6)
46 (20.4)
27 (12.0)
35 (15.6)

48 (44-51)
62 (57-67)
10 (8-13.29)

104 (46.2)
146 (64.9)

90 (40.0)

106 (47.1)
148.4 (132.5-178.8)
61.9 (52.4-75.2)
88.0 (75.2-105.7)

6,270 (4,638-7,298)
7(3.1)
3(1.3)

0
3
0

P-value

0.890
0.975
0.533
0.849

0.168
0.158
0.069
0.295
0.037

<0.001
0.962
0.038

0.615
1.000

0.185
0.467
0.333
0.190
0.438

<0.001
0.980
0.847

Values are presented as the median (interquartile range) or number (%). AAD, antiarrhythmic drug; BMI, body mass index; CPVI, circumferential pulmonary vein isolation; EAT,

epicardial adipose tissue; E/Em, mitral inflow velocity/mitral annulus tissue velocity; LA, left atrium; LVEE left ventricle ejection fraction; POBI, posterior wall box isolation.
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Variables

Age, years

Female

BMI, kg/m?

CHA;,DS;-VASc score
Comorbidities

Heart failure

Hypertension

Diabetes mellitus

Stroke

Vascular disease
Echocardiographic parameters
LA dimension, mm

LVEE%

E/Em

AAD use before the ablation
Class Ic

Class I1I

Total EAT volume, mL
Atrial EAT volume, mL
Ventricular EAT volume, mL
Mean LA wall thickness, mm
Mean LA voltage, mV

Overall
(n=1,187)

60 (53 — 67)
242 (20.4)
25.3(23.5 — 27.4)
2(1-3)

249 (21.0)
610 (51.4)
230 (19.4)
123 (10.4)
119 (10.0)

44 (40 — 48)
62 (57 — 67)
9.3 (7.6 —12.1)

547 (46.1)
751 (63.3)

116.2 (87.1 — 149.2)
48.2(35.5 — 63.0)
67.5(50.7 — 86.0)
1.91 (1.67 — 2.13)
1.06 (0.64 — 1.59)

Small EAT
(<116.23 mL)

(n=594)

59 (52 — 66)
156 (26.3)
24.2(22.6 — 25.9)
11-2)

122 (20.5)

256 (43.1)
83 (14.0)
63 (10.6)
49 (8.2)

43 (39 — 47)
62 (57 — 67)
9.0 (7.2 —11.8)

282 (47.5)

365 (61.4)
87.1(69.9 — 102.1)
35.6(27.6 — 42.7)
50.7 (39.8 — 59.3)
1.93 (1.72 — 2.14)
1.03 (0.61 — 1.58)

Large EAT
(>116.23 mL)

(n=593)

60 (53 — 68)
86 (14.5)
26.6 (24.6 — 28.4)
2(1-3)

127 (21.4)
354 (59.7)
147 (24.8)
60 (10.1)
70 (11.8)

45 (42 — 49)
62 (57 — 66)
9.9 (8.0 — 12.7)

265 (44.7)
386 (65.1)

149.2 (132.5 — 172.8)
63.0 (53.8 — 73.9)
86.0 (75.1 — 103.3)
1.89 (1.63 — 2.09)
1.10 (0.67 — 1.61)

P-value

0.006
<0.001
<0.001

0.001

0.764
<0.001
<0.001

0.857

0.052

<0.001
0.310
<0.001

0.366
0.214
<0.001
<0.001
<0.001
0.007
0.150

Values are presented as the median (interquartile range) or number (%). AAD, antiarrhythmic drug; AF, atrial fibrillation; BMI, body mass index; EAT, epicardial adipose tissue; E/Em,

mitral inflow velocity/mitral annulus tissue velocity; LA, left atrium; LVEF, left ventricular ejection fraction.
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Interclass correlation coefficient

Interobserver Intraobserver

Two Readers (60 patients)
LA-EAT volume (cm?) 0.92 (95% CI, 0.86-0.96)  0.96 (95% CI, 0.93-0.97)
LA-EAT attenuation (HU)  0.93 (95% CI, 0.89-0.95)  0.95 (95% CI, 0.91-0.96)

LA-EAT, left atrial epicardial adipose tissue.
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LA-EAT volume  LA-EAT attenuation

B P-value B P-value

Age (years) 0.177 0.042 —0.15 0.12
Female, n (%) 0.296 0.432 —0.216 0.025
BMI (kg/m?) 0.268 < 0.001 —0.03 0.625
Diabetes mellitus, n (%) 0.127 0.060 —0.076 0.27
AF pattern 0.285 < 0.001 —0.154 0.03
CHA;,DS,-VASc score  0.220 0.247 0.101 0.147
LVEF% —0.182 0.124 —0.034 0.66
LAVI (ml/m?) 0.253 0.034 —0.057 0.403
CRP (mg/L) 0.076 0.270 0.101 0.14
BMI, body mass index; LVEF, left ventricular ejection fraction; LAVI, left atrial volume

index; LVMI, left ventricular mass index; LA-EAT, left atrial epicardial adipose tissue; AF,
atrial fibrillation; hs-CRP, high sensitivity c-reactive protein.
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Control group AF group P-value

(n=62) (n=214)

Age (years) 61 (56-67) 62 (54-69) 0.774
Male, n (%) 38 (61.3) 143 (66.8) 0.450
BMI (kg/m?2) 254425 251431 0.436
Hypertension, n (%) 27 (43.5) 89 (41.6) 0.884
Coronary disease, n (%) 10 (16.1) 33(15.4) 0.845
Diabetes mellitus, n (%) 36 (19.4) 36 (16.8) 0.704
Gastrointestinal disorders, n (%) 4(6.5) 36 (16.8) 0.042
LVEF (%) 59.5+ 4.6 58954 0.438
E/e 10.1 +4.3 109 £4.1 0.139
LAVI (mL/m?) 5494138 69.1 £21.1 <0.001
LVMI (g/m?) 8924154 93.1+£17.6 0.119
CRP (mg/L) 11415 15426 0.264
eGFR (mL/min/1.73 mz) 102.57 £ 14.58 100.40 £ 16.51 0.358
Total-EAT volume (cm?) 12415+ 39.4 139.8 £ 45.9 0.016
Total-EAT attenuation (HU) 912 £5.7 94.5 £ 6.6 < 0.001
LA-EAT volume (cm?) 209 £+ 8.6 29.7 £11.2 < 0.001
LA-EAT attenuation (HU) 88.7 £5.9 912 £5.6 < 0.001
Gastrointestinal disorders, gastroesophageal reflux and/or inflammatory bowel diseases;

BMI, body mass index; LVEE, left ventricular ejection fraction; E, diastolic early
transmitral flow velocity; €, diastolic early mitral annular velocity; LAVT, left atrial volume
index; LVMI, left ventricular mass index; LA-EAT, left atrial epicardial adipose tissue.
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AF P-value

LVZ (n=52)No LVZ (n=162)

Age (years) 65 (59-71) 60 (52-69) 0.006
Male, n (%) 31 (59.6) 112 (69.1) 0.205
BMI (kg/mz) 2531k 3.2 254+£29 0.604
CHA,DS,-VASc score 2 (1-3) 1(1-2) 0.455
Non-paroxysmal AF, n (%) 29 (55.9) 61 (37.3) 0.021
AF duration (months) 36 (10.7-69) 24 (8.7-36) 0.091
Hypertension, n (%) 21 (40.4) 68 (42.0) 0.840
Coronary disease, n (%) 6(11.5) 27 (16.7) 0.373
Diabetes mellitus, n (%) 13 (25.0) 23(14.2) 0.070
Gastrointestinal disorders, n (%) 7 (13.5) 29(17.9) 0.456
Beta-blocker, n (%) 18 (34.6) 77 (47.5) 0.103
Propanone, n (%) 14 (26.9) 42 (25.9) 0.887
Amiodarone, n (%) 23 (44.2) 66 (40.7) 0.657
LVEF (%) 59.1 = 5.3 584 %58 0.411
E/e 11.8+48 10.7 £3.9 0.089
LAVI (mL/m?) 751+ 20.7 67.2 £20.9 0.018
LVMI (g/mz) 95.4+19.2 924+17.1 0.381
CRP (mg/L) 19+34 14+£23 0.210
eGFR (mL/min/1.73 m?) 103.85 £ 13.95 99.58 £ 17.02 0.220
Total-EAT volume (cm?) 146.4 +47.1 13744454 0.229
Total-EAT attenuation (HU) —95.6+ 6.4 —94.14+6.7 0.159
LA-EAT volume (cm?) 348+ 11.5 28.1 +£10.6 < 0.001
LA-EAT attenuation (HU) 93.9+53 90.4 4+ 5.5 < 0.001

Gastrointestinal disorders, gastroesophageal reflux and/or inflammatory bowel diseases;
BMI, body mass index; LVEE left ventricular ejection fraction; E, diastolic early
transmitral flow velocity; €, diastolic early mitral annular velocity; LAVIL, left atrial volume
index; LVMI, left ventricular mass index; LA-EAT, left atrial epicardial adipose tissue.
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316 undergoing primary RFCA for NVAF patients
(January 2020 to May 2021)

Patients excluded (n=102)
-Incomplete for CTA image or contraindication (n=24)

-Prior AF catheter ablation (n=7)
-Moderate to severe valvular stenosis (n=12)

-Hepatic or renal disease (n=14)

-Thyroid dysfunction (n=18)

-Cardiac dysfunction or LVEF=40% (n=16)

-Malignant tumors or active systemic inflammation (n=11)

A

Matched control group Patients included
(n=62) (n=214)

LVZ group No LVZ group
(n=52) (n=162)
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Paroxysmal AF
Male sex

Age

Body mass index
Hypertension
Diabetes

Heart failure

LV ejection fraction
E/Em

Extra-PV foci
Genetic study (n =2,051) *
1512646447

Univariate

Multivariate model 1

Multivariate model 2*

B (95% CI)

0.47 (0.34-0.60)
0.17 (0.54-0.83)
—0.11 (—0.02 - —0.01)
0 (—0.02-0.02)
—0.10 (—0.47 - —0.21)
—0.01 (—0.22-0.14)
—0.03 (—0.35-0.03)
0.05 (0-0.02)
—0.13 (—0.07 - —0.04)
—0.03 (—0.38-0.11)

0.15 (0-0.30)

<0.001
<0.001
<0.001
0.830
<0.001
0.632
0.105
0.006
<0.001
0.270

0.047

B (95% CI)

0.41 (0.28-0.55)
0.61 (0.45-0.76)
—0.01 (—0.02-0)

—0.22 (—0.35 - —0.09)

0.01 (0-0.02)
—0.02 (—0.04 - —0.01)

<0.001
<0.001
0.005

0.001

0.030
0.007

B (95% CI)

0.36 (0.20-0.51)

0.58 (0.40-0.76)

—0.01 (—=0.02 - —0)

—0.18 (—0.33 - —0.03)

0.01 (0-0.02)
—0.02 (—0.04-0)

0.20 (0.05-0.35)

<0.001

<0.001

<0.001

0.023

0.233
0.061

0.010

*In model 2, 2,051 out of 2,913 patients who had data on genetic study were analyzed, and the presence of PV/LA%vol associated SNP was adjusted with clinically significant variables in

the univariate analysis.

AF, atrial fibrillation; CI, confidence interval; E/Em, ratio of the peak mitral flow velocity of the early rapid filling to the early diastolic velocity of the mitral annulus; LA, left atrium; LV,
left ventricular; PV, pulmonary vein; PV/LA%vol, pulmonary vein to left atrium volume percent ratio.
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Age (year)

Male sex, n (%)

Paroxysmal AF, n (%)

AF duration

Comorbidity, n (%)
Hypertension

Diabetes

Stroke/TTA

Vascular disease

Heart failure

Body mass index (kg/m?)
CHA,DS;-VASc score
Echocardiography parameters
LA dimension (mm)

LV ejection fraction (%)
E/Em

CT parameters

LA volume (cm?)

PV volume (cm?)
PV/LA%vol (%)

PV anatomy, n (%)

Normal PV anatomy
Common PV trunk
Accessory PV

Ablation time (min)
Procedure time (min)
Ablation lesion, n (%)

CPVI

Empirical extra-PV LA ablation
Mean LA voltage (mV) (n = 1,918)
Extra PV foci, n (%)

Early recurrence, n (%)
Clinical recurrence, n (%)
1-year recurrence, n (%)

1-3 years recurrence, n (%)
>3 years recurrence, n (%)
P value

Genetic study (n = 2,051) (1)
rs12646447*

All subjects
(n=2,913)

60.0 (52.0-67.0)
2140 (73.5)
1765 (60.6)

20.0 (8.0-45.0)

1369 (47.0)
438 (15.0)
320 (11.0)
275 (9.4)
382 (13.1)
24.7 (23.0-26.7)
1.0 (1.0-3.0)

41.0 (37.0-45.0)
64.0 (60.0-69.0)
9.0 (7.3-12.0)

147.2 (121.9-178.5)
5.3 (4.1-7.1)
3.7 (2.8-4.8)

2625 (90.1)
83 (2.8)
205 (7.0)
63.0 (39.9-84.5)
154.5 (111.0-191.0)

2913 (100)
694 (23.8)
1.4(0.9-1.9)
229 (12.3)
808 (29.7)
874 (32.1)
419 (19.3)
285 (16.6)
170 (20.0)
0.046

1089 (50.6)

LA dimension, 1st
tertile (<38 mm)
(n = 1,003)

58.0 (49.0-65.0)
686 (68.4)°
783 (78.1)

17.0 (7.0-36.5)*

355 (35.4)°
103 (10.3)?
83 (8.3)°
70 (7.0)?
71 (7.1)2
23.7 (22.0-25.4)
1.0 (0-2.0)

35.0 (33.0-37.0)*
65.0 (60.0-69.0)*
8.0 (7.0-10.2)*

124.2 (106.7-144.0)
49 (3.9-6.5)
4.0 (3.1-5.3)

913 (91.0)
27 (27)
63 (6.3)
58.1 (36.7-76.8)"
145.0 (103.0-180.0)°

1003 (100)
134 (13.4)2
1.5 (1.1-1.9)*
78 (12.3)
231 (24.3)°
232 (24.4)
109 (14.5)
79 (12.5)%
44 (13.9)°
0.652

393 (53.0)

Values are presented as median (Q1-Q3 quartiles [25th and 75th percentiles]) or number (%).

*2,051 out of 2,913 patients had data on genetic study, and the presence of PV/LA%vol associated SNP was analyzed in 2,051 patients.

@~ “There were significant differences between the groups with different alphabets.

AF, atrial fibrillation; CT, computed tomography; E/Em, ratio of the peak mitral flow velocity of the early rapid filling to the early diastolic velocity of the mitral annulus; LA, left atrium;
LV, left ventricular; PV, pulmonary vein; PV/LA%vol, pulmonary vein to left atrium volume percent ratio; TIA, transient ischemic attack.

LA dimension, 2nd
tertile (>38 mm
and < 45 mm)
(n=1,082)

60.0 (53.0-67.0)°
816 (75.4)
682 (63.0)°

21.0 (8.0-45.0)

525 (48.5)°
177 (16.4)°
129 (11.9)°
101 (9.3)°
128 (11.8)°
25.0 (23.5-26.9)°
1.0 (1.0-3.0)

41.0 (40.0-43.0)°
64.0 (60.0-69.0)
9.1 (7.7-12.0)

147.0 (126.5-169.4)°
5.4 (4.2-6.8)°
3.6 (2.8-4.8)P

974 (90.0)
33 (3.0)
75 (6.9)
62.5 (38.9-82.3)°
153.5 (108.0-189.0)*

1082 (100)
214 (19.8)°
1.4 (0.9-2.0)*
87 (12.7)
296 (29.4)°
317 (31.5)
165 (20.5)P
85 (13.6)*
67 (20.6)°
0.001

391 (49.5)

LA dimension, 3rd
tertile (>45 mm)
(n = 828)

61.0 (54.0-68.0)
638 (77.1)°
300 (36.2)¢

23.0 (9.0-48.0)°

489 (59.1)¢
158 (19.1)¢
108 (13.0)°
104 (12.6)¢
183 (22.1)¢
25.7 (24.0-27.8)¢
2.0 (1.0-3.0)°

48.0 (46.0-50.0)°
63.0 (58.0-68.0)P
10.3 (8.3-13.3)¢

184.1 (156.5-214.4)°
5.9 (4.5-7.9)¢
3.3 (2.5-4.3)¢

738 (89.1)
23(2.8)
67 (8.1)
72.1 (45.3-100.0)°
171.0 (129.0-213.0)°

828 (100)
346 (41.8)
1.2 (0.7-1.7)®
64 (11.9)
281 (36.6)
325 (42.4)
145 (23.7)¢
121 (26.2)°
59 (28.2)
0.360

305 (49.2)

<0.001

<0.001

<0.001
0.011

<0.001
<0.001
0.002
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
0.631

<0.001
<0.001

<0.001
<0.001
0.913
<0.001
<0.001
<0.001
<0.001
<0.001

0.268
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T1 PV/LA%vol
(<3.10) (n=971)

T2 PV/LA%vol (>3.10,
<4.35) (n=971)

T3 PV/LA%vol
(>4.35) (n=971)

Age (year) 60.0 (53.0-67.0)* 60.0 (52.0-67.0) 59.0 (51.0-66.0)° 0.001
Male sex, n (%) 612 (63.0)* 727 (74.9)b 801 (82.5)¢ <0.001
Paroxysmal AF, n (%) 505 (52.0)* 602 (62.0)° 658 (67.8)¢ <0.001
AF duration (months) 24.0 (10.0-52.0)* 20.0 (7.5-48.0) 18.0 (8.0-36.0)° 0.010
Comorbidity, n (%)

Hypertension 486 (50.1)* 488 (50.3)* 395 (40.7)® <0.001
Diabetes mellitus 131 (13.5) 164 (16.9) 143 (14.7) 0.105
Stroke/TIA 117 (12.0) 112 (11.5) 91 (9.4) 0.135
Vascular disease 111 (11.4)° 108 (111 56 (5.8) <0.001
Heart failure 143 (14.7) 117 (12.0) 122 (12.6) 0.179
Body mass index (kg/mz) 24.8 (23.1-26.7) 24.8 (23.0-26.8) 24.7 (23.0-26.7) 0.668
CHA,DS;-VASc score 2.0 (1.0-3.0)* 1.0 (1.0-3.0)* 1.0 (0—2.0)b <0.001
Echocardiography parameters

LA dimension (mm) 43.0 (39.0-46.0)* 41.0 (37.0-45.0)° 39.0 (35.0-44.0)¢ <0.001
LV ejection fraction (%) 64.0 (59.0-69.0) 64.0 (60.0-68.0) 64.0 (60.0-69.0) 0.198
E/Em 10.0 (8.0-12.4)* 9.0 (7.1-11.9)° 9.0 (7.1-11.0)° <0.001
CT parameters

LA volume (cm?) 165.6 (138.6-194.8)* 144.4 (122.2—173.3)b 131.4 (110.4-158.2)¢ <0.001
PV volume (cm?) 3.9 (3.3-4.8)* 5.3 (4.4-6.3)P 7.6 (6.1-9.7)¢ <0.001
PV/LA%vol (%) 2.5 (2.1-2.8) 3.7 (3.4-4.0) 5.5 (4.8-6.6) <0.001
PV anatomy, n (%) <0.001
Normal PV anatomy 816 (84.0)* 884 (91.0) 925 (95.3)b

Common PV trunk 43 (4.4)* 28(2.9) 12 (l.Z)b

Accessory PV 112 (11.5)% 59 (6.1) 34 (3.5)°

Ablation time (min) 74.3 (54.9-93.8)* 68.2 (45.1-88.5)° 43.2 (28.2-67.3)¢ <0.001
Procedure time (min) 173.0 (140.0-209.0)* 162.0 (125.0-198.0)° 120.0 (88.0-160.0)¢ <0.001
Ablation lesion, n (%)

CPVI 971 (100) 971 (100) 971 (100) 1
Empirical extra-PV LA ablation 327 (33.7)* 246 (25.4)° 121 (12.5)¢ <0.001
Mean LA voltage (mV) (n = 1,918) 1.1 (0.7-1.6)* 1.4 (0.9-1.9)° 1.7 (1.3-2.2)¢ <0.001
Extra-PV foci, n (%) 86 (13.8) 73 (11.7) 70 (11.5) 0.395
Early recurrence, n (%) 342 (35.4)* 264 (27.8)b 202 (24.9)¢ <0.001
Clinical recurrence, n (%) 407 (42.1)* 309 (32.6)° 158 (19.5)¢ <0.001
1-year recurrence, n (%) 167 (19.0) 151 (18.5) 101 (21.5) 0.381
1-3 years recurrence, n (%) 153 (21.7)* 94 (14.3)° 38 (10.8)¢ <0.001
>3 years recurrence, n (%) 87 (23.6)* 64 (18.6)° 19 (13.8)¢ 0.032
P value 0.142 0.070 <0.001

Genetic study (n = 2,051)*

rs12646447 (1) 329 (47.6) 360 (50.6) 400 (53.4) 0.090

Values are presented as median (Q1-Q3 quartiles [25th and 75th percentiles]) or number (%).

*2,051 out of 2,913 patients had data on genetic study, and the presence of PV/LA%vol associated SNP was analyzed in 2051 patients.

@~ “There were significant differences between the groups with different alphabets.

AR, atrial fibrillation; CPVI, circumferential pulmonary vein isolation; E/Em, ratio of the peak mitral flow velocity of the early rapid filling to the early diastolic velocity of the mitral
annulus; LA, left atrium; LV, left ventricular; PV, pulmonary vein; PV/LA%vol, pulmonary vein to left atrium volume percent ratio; T1, first tertile; T2, second tertile; T3, third tertile; TIA,
transient ischemic attack.
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C-index (95% CI) IDI (95% CI) P NRI (95% CI) P

Continuous markers

Clinical models 0.667 (0.589-0.745) - - - -
+ LA-EAT volume 0.725 (0.654-0.796) 0.046 (0.010-0.083) 0.013 0.156 (—0.063-0.375) 0.162
+ LA-EAT attenuation 0.747 (0.675-0.819) 0.072 (0.033-0.109) < 0.001 0.183 (—0.004-0.371) 0.043

CI, confidence interval; LA-EAT left atrial epicardial adipose tissue; ID], integrated discrimination improvement; NRI, continuous net reclassification index.

The established model included all the clinical risk markers for LA-LVZ which remained significant predictors of LVZ in the Cox multivariate hazards model (age, LAVI).
The biomarkers LA-EAT volume and attenuation were added to the model separately and together.

The analyses were performed both with all markers as continuous.
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Variable

Age (years)

Female, n (%)

Non-paroxysmal AF, n (%)

AF duration (months)
Hypertension, n (%)

Diabetes, n (%)

Gastrointestinal disorders, n (%)
Hs-CRP (mg/L)

eGFR (mL/min/1.73 m?)

LVEF (%)

E/e

LAVI (mL/m?)

LA-EAT volume, per 5 cm?
LA-EAT attenuation, per 2 HU
LA-EAT volume > 30.0 cm?®
LA-EAT attenuation < —90.5 HU

protein; eGFR, estimated glomerular filtration rate;

Univariate

HR (95% CI)

.052 (1.016-

.005 (0.998-

2.014 (0.935-4

1069 (0.959—
1012 (0.990-
0.976 (0.922-
1067 (0.990-

018 (1.003-

323 (1.138-

.088)

517 (0.795-2.897)
2.088 (1.109-3.031)

012)

068 (0.565-2.017)

339)

1402 (0.575-3.420)

192)
.035)
034)
.149)
033)
538)

0.784 (0.690-0.890)
2.747 (1.432-5.271)
3.635 (1.662-7.953)

P-value

0.004

0.206

0.023

0.

08

0.840

0.074

0.4

58

0.228

0.283

0.4

09

0.090

0.020

< 0.001
< 0.001

0.002

0.001

Model 1

HR (95% CI)

1.040 (1.001-1.079)

1.019 (1.002-1.037)
1.193 (1.015-1.402)

0.801 (0.701-0.916)

Multivariate

P-value

0.042

0.032
0.034
0.001

Model 2
HR (95% CI) P-value
1.042 (1.004-1.081) 0.029
1.017 (1.001-1.035) 0.044
2.169 (1.086-4.330) 0.028
3.504 (1.538-7.985) 0.003

LVEE left ventricular ejection fraction; E, diastolic early transmitral flow velocity; €, diastolic early mitral annular velocity; LAVI, left atrial volume index; hs-CRP, high sensitivity c-reactive
LA-EAT, left atrial epicardial adipose tissue; AF, atrial fibrillation.
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Overall CPVI+DF  CPVlalone P value

(n=50) (n=25) (n=25)

Overall

AF termination 6(12%) 4(16%) 2(8%) 0667
AF defragmentation 16 (32%) 12 (48%) 4(16%) 0015
Low Smax < 1 n=26 n=13 n=13

AF termination 4(15.4%) 3(23.1%) 1(7.7%) 0593
AF defragmentation ~ 9(34.6%) 8 (61.5%) 1(7.7%) 0.011
High Smax > 1 n=24 n=12 n=12

AF termination 2(8:3%) 1(83%) 183%  >0.99
AF defragmentation 7 (292%) 4 (33.3%) 3(25%)  >0999

AF, atrial fibrillation; DF, dominant frequency; CPVI, circumferential pulmonary vein
isolation; Smax, the maximal slope of action potential restitution curve. The bold means
statistically significant value (p-value < 0.05).
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Empirical PVI (n = 83) Low Smax < 1DF ablation(n = 48) High Smax = 1 DF ablation (1 = 38) P value

Age, years 61(52.5, 69) 585 (51, 64) 6155, 66) 0475
Male, n 53(63.9%) 36 (75%) 31(81.6%) 0.106
AF duration, months 24 (12, 60) 17 (9, 48) 26(10, 48) 0.320
CHF 18 (21.7%) 12 (25%) 10 (26.3%) 0.829
Hypertension 42 (50.6%) 27 (56.2%) 23 (60.5%) 0570
Diabetes melltus 20 (24.1%) 9(18.8%) 9(23.7%) 0.764
Stroke or TIA 14.(16.9%) 7 (14.6%) 8(21.1%) 0728
Vascular disease 4(4.8%) 5(10.4%) 3(7.9%) 0.474
CHA2DS2VASC score 2(1,9 2(1,2) 2(1,9 0727
LA dimension 447 £55 443£60 45750 0.454
LA volume index 39.0(31.4, 49.0) 355 (280, 44.1) 420(32.9,488) 0254
LV ejection fraction 62 (57, 65) 61 (56, 67) 60 (55, 65) 0.433
E/Em 9.0(7.6,11.9) 88(7.5,11.2) 8.7(7.3,12.3) 0.532

PVI, pumonary vein isolation; Smex, the maximal slope of action potential restitution curve; DF, dominant frequency; AF, atrial fibrilation; CHF, congestive heart failure; TIA, transient
ischemic attack; LA, left atrium; LV, left ventricle; E/Em, mitral inflow velocity/mitral annulus tissue velocity.
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Variables Univariate analysis Multivariate analysis

HR (95% CI) Pvalue HR (95% CI) P value
Age 0.995 (0.972-1.019) 0689 0.993 (0.969-1.017) 0548
Male 0984 (0.562-1.724) 0956 1.100 (0.602-2.009) 0756
AF duration 1.002 (0.996-1.007) 0595

Congestive heart failure 0.754 (0.397-1.432) 0.389

Hypertension 1.077 (0.633-1.833) 0.784

Diabetes melltus 1.153 (0.630-2.109) 0644

Stroke or TIA 1.817 (0.991-3.331) 0053

Vascular disease 0.723 (0.226-2.317) 0585

CHADS,VASC score 1.045 (0.886-1.233) 0601

LA dimension 1.011 (0.963-1.061) 0664 1.015 (0.966-1.067) 0559
LV ejection fraction 1.006 (0.975-1.038) 0714

E/Em 0.989 (0.933-1.048) 0707

Empirical PVl ablation Reference Reference

DF ablation in low Smax (<1) 0.468 (0.237-0.926) 0.029 0.445 (0.222-0.891) 0.022
DF ablation in high Smax (= 1) 0644 (0.327-1.269) 0.204 0557 (0.272-1.138) 0.108

AT, atrial tachycardia, other abbreviations were shown in Table 3. The bold means statistically significant value (p-value < 0.05).
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Low smax < 1
(=13,
130 regions)

Smax 0.61[0.41,0.98)
Mean DF at 1st duration  7.66 [6.96, 8.13]
Mean DF at 2nd duration ~ 7.91 [6.86, 8.23)
Mean DF at3rd duration  7.80 [7.03, 8.37)

High smax > 1
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regions)
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P value

<0.001
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Smax, the maximal slope of action potential restitution curve; DF, dominant frequency.
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Crude HR 95%CI Adjusted HR* 95%ClI
0 106 9 59 3.01 1.00 Reference 1.00 Reference
1 99 38 178 9.10 5.30 2.56-10.98 4.41 2.10-9.26
>2 56 36 118 6.03 12.69 6.09-26.40 12.72 6.00-27.00
P for trend P < 0.001 P < 0.001

#Per 100 person-months.

*Adjusted for gender, TIA or CVA, hyperlipidemia, hyperuricemia, OSAHS, CKD, LA, RA, PFO.

&Person-months of recurrent events after atrial fibrillation radiofrequency ablation.
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1 64 16 83 4.24
=2 98 57 207 10.60
P for trend

#Per 100 person-months.
*Adjusted for gender, CAD, hyperlipidemia, hyperuricemia, OSAHS, CKD, LA, RA, PFO.
&pPerson-months of recurrent events after atrial fibrillation radiofrequency ablation.
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Adjusted HR*
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Variables N =261

Age, years

<64 189 (72.4%)
65-74 66 (25.3%)
>75 6 (2.3%)
Mean + SD 58.44 + 9.44
Gender

Male 167 (64.0%)
Female 94 (36.0%)
Type of AF

Paroxysmal AF 108
Persistent AF 153

Risk factors (Components of C2HEST and
HATCH scores)

COPD 12 (4.6%)
CAD 51 (19.5%)
Hypertension 118 (45.2%)
Hypertension grade 1 16 (6.1%)
Hypertension grade 2 32 (12.3%)
Hypertension grade 3 70 (26.8%)
HF 71(27.1%)
HFrEF 4 (1.5%)
HFmrEF 9 (3.4%)
HFpEF 58 (22.2%)
Hyperthyroidism 5(1.9%)
TIA or CVA 23 (8.8%)
Other risk factors

Hyperlipidemia 43 (16.5%)
Hyperuricemia 18 (6.9%)
Diabetes 56 (21.5%)
OSAHS 12 (4.6%)
CKD 8 (3.1%)
Echocardiography, mm (preoperative)

LA 40.3 (36.0-46.3)
RA 39.0 (35.1-45.0)
LVEF 60.0 (65.5-65.0)
PFO 32 (12.3%)
E/E 10.6 (10.0-11.2)
C2HEST score 1(0-1)
HATCH score 1(0-2)
CHA2DS2-VASCc score 2 (1-3)
Follow-up for AF recurrence, months 9 (6-9)

Values are presented as n (%), mean (SD), or median (IQR). COPD, chronic obstruc-
tive pulmonary disease; CAD, coronary artery disease; HFEF, heart failure with
reduced ejection fraction; HFmreF, heart failure with mid-range ejection fraction;
HFPEF, heart failure with preserved ejection fraction; TIA, transient ischemic
attack; CVA, cerebrovascular accident; OSAHS, obstructive sleep apnea hypopnea
syndrome; CKD, chronic kidney disease; LVEF, left ventricular ejection fraction.
PFO, patent foramen ovale.
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508 individuals assessed for eligibility

186 ineligible
31 did not meet inclusion criteria
155 met exclusion criteria
80 had previous valvular heart disease
52 had previously undergone operation
23 refused radiofrequency ablation

’

v

322 were enrolled in the
follow-up cohort

149 lost to follow-up
" 112 data missing

v

261 with know outcome status
and in analysis
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Pharmacologic agent

Beta- blockers

Mineralocorticoid
receptors antagonists

ACE
inhibitors/Angiotensin
receptor blockers

Statins

Target

B—adrenergic—receptor

mineralocorticoid receptors

Prevent the hydrolysis of Angiotensin |
to Angiotensin I

Pleiotropic effects, e.g.,
anti-inflammatory, antifibrotic, and
immune-modulatory (317).

Mechanism

Blocking the effects of beta-agonism,
therefore

reducing sympathetic overactivity
decreasing inflammation (302).
Anti-inflammatory and pro-angiogenic
properties (increase cytokine IL-10;
decrease cytokine IL-1p) (303).

Reduce the proinflammatory and profibrotic
effects of aldosterone (307-309)

Angiotensin-converting enzyme (ACE)
promotes inflammation in the heart, kidney,
and vasculature through Angiotensin Il as
the effector (311, 312).

Angiotensin Il induces fibrosis via the
stimulation of TGF-g (313).

Statins may have a beneficial effect on
various factors that promote fibrosis, such
as endothelial dysfunction, VEGF, IL-6, and
TNFa (318).

They have been found to improve
endothelial function, exert an
anti-inflammatory effect and lower the
expression of VEGF (319).

Description

B—adrenergic—receptor agonists, including
epinephrine and norepinephrine, could produce
cardiac hypertrophy and fibrosis in vivo (304).
Cardiac fibroblasts have adrenergic receptors, and
stimulation of the p2—adrenergic receptor leads to
increased proliferation of human and rodent cardiac
fibroblasts (305, 306).

Aldosterone stimulates the expression of profibrotic
molecules, such as transforming growth factor-g1
(TGF-p1), plasminogen activator inhibitor 1 (PAI-1),
endothelin 1 (ET-1), placental growth factor (PGF),
connective tissue growth factor (CTGF),
osteopontin, and galectin-3 (310).

ACEls reduce inflammation and fibrosis through the
reduction of IL-6 and TNF-a (312).

ACEls have an effect on reducing TGF-1, TGF-p2,
and Th2 cytokines (314).

Induce the apoptosis of cardiac fibroblasts (315).
Reduction of sST2 (316).

Reduce the differentiation of MRC5 fibroblasts into
myofibroblasts (320).

Induce fibroblast apoptosis (321).

Suppress epithelial-mesenchymal transition (EMT)
by attenuating TGF-B signaling (322, 323).
Reduce the expression of transforming growth
factor (TGF)-B1, connective tissue growth factor
(CTGF), RhoA and cyclin D1 (324, 325).

Inhibition of geranylgeranylated Rho protein (326).
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Primary endpoint

Ablation success, defined as freedom from documented recurrence of atrial arrhythmia after 12 months. Recurrences in the first 3 months after the index procedure
(blanking period) are exempted.

Secondary endpoints

Time to recurrence of atrial arrhythmia after the blanking period;

Time to recurrence of AF after the blanking period;

Freedom from documented recurrence of atrial arrhythmia after 24 months. Recurrences in the blanking period are exempted;

Early AF recurrences, defined as any episode of AF during the blanking period;

Early recurrences of atrial arrhythmia, defined as any episode of AF, atrial tachycardia or non-isthmus dependent atrial flutter during the blanking period;
Disease progression to persistent or permanent AF;

Changes in circulating biomarkers and non-invasive electrophysiological markers for substrate quantification;

Use of antiarrhythmic drugs 1 year after ablation;

Redo procedures, defined as repeated ablation procedure with the goal to prevent recurrence of AF or reduce the AF burden after one or more previous attempts to
achieve the same goal;

Number of veins with pulmonary vein reconnection at redo procedure;
Major adverse cardiovascular events.
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Inclusion criteria

1 18 years of age or older;

2 Documented atrial fibrillation;

3 Scheduled for atrial fibrillation ablation or redo atrial fibrillation ablation;
4 Able and willing to provide written informed consent.

Exclusion criteria

| Patients deemed unfit to participate due to a serious medical condition
before ablation, as deemed by their treating physician;

2 Patients undergoing an emergency ablation procedure.
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Al patients Men Women p

n=733 n =550 (75%) n =183 (25%)
Demographic variables
Age (years) 6110 6010 63£9 <0.001
Medical history
Height (m) 174401 1.78:40.1 1,65+ 0.1 <0.001
Weight (k) 87+ 17 9016 78416 <0.001
Body mass index (kg/m?) 2945 2945 29+6 0.81
Body surface area (m?) 2,07 02 212+02 191402 <0.001
Gardioversion 0809 0809 081 0.96
Number of failed antiarrhythmic drugs 14£07 11£07 11£08 0.87
Greatinine clearance rate (ml/min) 8221 83:£21 78421 0.002
Hypertension, n (%) 338 (46) 254 (46) 84 (46) 1
Diabetes, n (%) 85(12) 66(12) 19 (10) 0.60
Stroke, n (%) 49(7) 33(6) 16(9) 0.23
Hypothyroidism, n (%) 73(10) 42 31(17) 0.001
Heart failure, n (%) 97 (13) 72(18) 25 (14) 0.90
Structural heart disease, n (%) 204 (28) 170 (31) 34(19) 0.001
Goronary artery disease, n (%) 87(12) 82(15) 5@ <0.001
Oral anticoagulation therapy

DOA, n (%) 549 (75) 410 (74) 139 (76) 0.7

VKA, n (%) 184 (25) 140 (26) 44 (24)
GHA,DS,-VASG score, n (%) 1714 14£13 25%12

0 175 (24) 175 (32) 0()

1 201 (27) 158 (29) 44 (24)

2 159 (22) 110 (20) 49 (27)

3 114 (16) 58(10) 56 (31) <0.001

4 61() 36 (6) 25 (14)

5 16(2) 102 6(3)

6 6(1) 4(1) 2(1)

7 1(0.1) 00 1(05)
EHRA score, n (%) 22404 22404 23405 0.04

| 5(1) 4(1) 101

I 506 (77) 395 (79) 111(70)

1] 148 (22) 102 (20) 46 (29)

v 1(02) 102 0()
Previous CTI ablation, n (%) 71(10) 59 (1) 12(7) 0.1
AF characteristics
Paroxysmal AF, n (%) 364 (50) 252 (46) 112 61) <0.001
Non-paroxysmal AF, n (%) 369 (50) 298 (54) 71(39)
Diagnosis-to-ablation time (months)

Paroxysmal AF 46+ 54 48458 40 + 44 0.14

Non-paroxysmal AF 19420 19421 15418 0.06
LA and LV parameters
LA area (om?) 2645 2545 28+5 <0.001
LA volume (m) 144 + 45 1494 45 133 4 45 <0.001
LA volume index (ml/m?) 70+ 21 70420 70424 093
LVEF (%) 5711 56+ 11 58+ 10 0.13
LVEF < 40%, n (%) 90(12) 72 (13) 18(10) 0.30
PV anatomy
LSPV diameter (mm) 1942 1942 182 <0.001
LIPV diameter (mm) 1742 1742 1643 <0.001
RSPV diameter (mm) 1942 1942 1842 <0.001
RIPV diameter (mm) 18£2 1842 1742 <0.001
LCT, n (%) 106 (14) 78 (14) 28 (15) 072
Accessory veins 96(13) 73(13) 23(13) 0.90

AF, atrial fibrilation; CT, cavotricuspid isthmus; DOA, direct oral anticoaguiant; LA, left atrium; LCT, left common trunk of PV: LIPV, left inerior pulmonary vein; LSPV, left superior
puimonary vein; LVEF, left ventriculer ejection fraction; LV, left ventricie; PV, pulmonery vein; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; VKA, vitemin
K antagonist.

The bold values indicate the values of p < 0.05.
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AUC (95% ClI)
P-value

C-index (95% Cl)
IDI (95% ClI)
P-value

NRI (95% Cl)
P-value

CAAP-AF

0.586 (0.559-0.613)

0.576 (0.548-0.604)
Ref

Ref

AUC, area under ROC curve; ER, early recurrence.

CAAP-AF + LAFD

0.630 (0.603-0.657)
<0.001

0.612 (0.586-0.637)

0.016 (0.005-0.032)
<0.001

0.116 (0.057-0.175)
<0.001

CAAP-AF + ER

0.662 (0.636-0.690)
<0.001

0.657 (0.631-0.683)

0.064 (0.041-0.091)
<0.001

0.201 (0.1564-0.246)
<0.001

CAAP-AF + LAFD + ER

0.686 (0.660-0.711)
<0.001

0.669 (0.645-0.693)

0.073 (0.049-0.101)
<0.001

0.143 (0.079-0.227)
<0.001
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Log rank P < 0.0001
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Non-paroxysmal AF Paroxysmal AF

Variable Total Recurrence Non- P-value Total Recurrence Non- P-value

(n = 649) (n =276) recurrence (n=1114) (n =367) recurrence

(n=373) (n=747)

Age, years 64 (57-68) 64 (57-69) 63 (57-68) 0.385 63 (57-68) 63 (58-69) 63 (57-68) 0.487
Male, n (%) 439 (67.6) 179 (64.9) 260 (69.7) 0.192 633 (56.8) 189 (51.5) 444 (59.4) 0.012
Smoking, n (%) 133 (20.5) 58 (21.0) 75 (20.1) 0.777 203 (18.2) 73(19.9) 130 (17.4) 0.312
Drinking, n (%) 84 (12.9) 38 (13.8) 46 (12.3) 0.590 114 (10.2) 43 (11.7) 71 (9.5) 0.252
AF duration, month 12.0(2.4-60.0) 24.0(4.8-60.0) 9.6 (2.4-36.0) < 0.001 12.0(1.2-36.0) 18.0(2.4-48.0) 6.0(1.2-36.0) < 0.001
Medical history
HTN, n (%) 347 (53.5) 150 (54.3) 197 (562.8) 0.699 559 (50.2) 186 (50.7) 373 (49.9) 0.814
CHF, n (%) 140 (21.6) 55(19 9) 5 (22.8) 0.381 55 (4.9) 21 (6.7) 4 (4.6) 0.397
DM, n (%) 122 (18.8) (21 7) 62 (16.6) 0.099 217 (19.5) 84 (22.9) 133 (17.8) 0.044
Stroke/TIA, n (%) 99 (156.3) 3 (15.6) 56 (15.0) 0.843 120 (10.8) 37 (10.1) 83 (11.1) 0.602
CAD, n (%) 100 (15.4) (17 8) 1(13.7) 0.1585 209 (18 8) 83 (22.6) 126 (16.9) 0.021
Vascular disease, n 29 (4.5) 14 (6.1) 15 (4.0) 0.522 1(4.6) 17 (4.6) 34 (4.6) 0.952
(%)
CHA2DS2-VASC 1(1-3) 2(1-3) 1(1-3) 0.128 1(1-2) 1(1-2) 1(1-2) 0.129
score
Procedure
CPVI alone, n (%) 227 (35.0) 86 (31.2) 141 (37.8) 0.079 936 (84.0) 313 (85.3) 623 (83.4) 0.419
CPVI + LINE, n (%) 282 (43.5) 123 (44.6) 159 (42. 6) 0.622 168 (15.1) 47 (12.8) 121 (16.1) 0.137
CPVI + CFAE, n (%) 22 (3.4) 8(2.9) 4 (3.8 0.552 3(0.3 1(0.9) 2 (0.3 1.000
CPVI + LINE + CFAE, 118 (18.2) 59 (21.4) 59 (15.8) 0.069 7 (0.6) 6 (1.6) 1(0.1) 0.01
n (%)
AF termination during 184 (28.4) 77 (27.9) 107 (28.7) 0.826 1066 (95.7) 345 (94.0) 721 (96.5) 0.052
ablation, n (%)
Periprocedural complications
Cardiac tamponade, 3(0.5) 0(0) 3(0.8) 0.364 13(1.2) 6 (1.6) 7(0.9) 0.470
n (%)
Pseudoaneurysm, n 4(0.6) 3(1.1) 1(0.9 0.418 4(0.4) 1(0.9 3(0.4) 1.0
(%)
Perioperative stroke, 4(0.6) 3(1.1) 1(0.9) 0.188 1(0.1) 1(0.9 0 0.329
n (%)
Early recurrence, n 146 (22.5) 99 (35.9) 47 (12.6) < 0.001 150 (13.5) 101 (27.5) 49 (6.6) < 0.001
(%)
Medications
Antiplatelet, n (%) 34 (5.2) 6 (5.8) 8 (4.8) 0.583 88 (7.9) 30 (8.2 58 (7.8) 0.812
ACEI/ARB, n (%) 251 (38.7) 118 (42.8) 133 (35.7) 0.066 354 (31.8) 120 (32. 7) 234 (31.3) 0.644
B-blocker, n (%) 392 (60.4) 164 (569.4) 228 (61.1) 0.660 596 (53.5) 225 (61.3) 371 (49.74) < 0.001
Amiodarone, n (%) 568 (87.5) 247 (89.5) 321 (86.1) 0.191 695 (62.4) 248 (67.6) 447 (59.8) 0.012
Statin, n (%) 318 (49.0) 143 (51.8) 175 (46.9) 0.218 559 (50.2) 208 (56.7) 351 (47.0) 0.002
Warfarin, n (%) 206 (31.7) 96 (34.8) 110 (29.5) 0.152 304 (27.3) 112 (30.5) 192 (25.7) 0.090
NOAC, n (%) 443 (68.3) 180 (65.2) 263 (70.5) 0.152 810 (72.7) 255 (69.5) 555 (74.3) 0.090
Diuretics, n (%) 165 (25.4) 71(25.7) 94 (25.2) 0.880 112 (10.1) 51(13.9) 61(8.2) 0.003
Echocardiogram parameters
LAD, mm 42 (39-45) 42 (39-45) 42 (39-45) 0.255 37 (35-40) 38 (35-40) 37 (35-39) 0.077
LVEDD, mm 48 (45-51) 48 (45-50) 48 (46-51) 0.437 47 (44-49) 46 (44-49) 47 (44-49) 0.117
LVEF, % 57 (65-59) 57 (65-59) 57 (65-58) 0.061 59 (68-59) 59 (68-59) 59 (568-59) 0.567
Biomarkers
Uric Acid, wmol/L 373(320-430) 361 (308-427) 375(328-432) 0.081 335 (284-393)  335(283-399) 335 (284-392) 0.814
Dyslipidemia, n (%) 350 (53.9) 157 (56.9) 193 (561.7) 0.194 642 (57.6) 222 (60.5) 420 (56.2) 0.176
eGFR, m2|/(min 90 (79-101) 90 (79-102) 90 (79-100) 0.612 93 (81-104) 93 (81-105) 93 (80-104) 0.974
m1.73 m*)

ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin-converting enzyme receptor blockers; CAD, coronary artery disease; CFAE, complex fractionated
electrograms; CHF, congestive heart failure; CPVI, circumferential pulmonary vein isolation; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HTN,
hypertension; LAD, left atrium diameter; LINE, linear ablation; LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction;, NOAC, new oral
anticoagulants; TIA, transient ischemic attack.
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Long AF duration vs. Short AF duration

Early recurrence vs. No early recurrence

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
Non-paroxysmal AF 1.905 1.911 1.800 2.500 2.324 2.339
(1.470-2.469)** (1.474-2.478)** (1.378-2.352)** (1.953-3.199)** (1.812-2.981)** (1.820-3.006)**
Paroxysmal AF 1.617 1.583 1.483 3.480 3.292 3.398

***p < 0.001.

(1.198-1.836)""

(1.309-1.997) (1.280-1.957)"*

(2.683-4.303)"

(2.765-4.379)* (2.613-4.148)*

Model 1, crude; Model 2, adjustment for sex and age; Model 3, full-adjustment model [adjustment for age, smoking, sex gender, hypertension (HTN), estimating glomerular
filtration rate (eGFR), coronary artery disease (CAD), diabetes mellitus (DM), early recurrence (ER), body mass index (BMI), left atrial dimension (LAD), and left ventricular

ejection fraction (LVEF)].





OPS/images/fcvm-09-919873/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-879322/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-879322/fcvm-09-879322-g001.gif





OPS/images/fcvm-09-879322/fcvm-09-879322-g002.gif





OPS/images/fcvm-09-879322/fcvm-09-879322-g003.gif





OPS/images/fcvm-09-893553/fcvm-09-893553-t003.jpg
Paroxysmal AF at the
time of cryo-PVI

ATa recurrence, n (%)

Type of recurrence, n (%)
paroxysmal AF
non-paroxysmal AF
left atrial flutter

Kaplan-Meier estimation of
the ATa-free survival rate, %

24 months
36 months

AF, atrial fibrillation; ATe, atral tachyarthythmia; PVI; pulmonary vein isolation.

“In a log-rank test

Men
N =252

69(27)
50(72)

11(16)
8(12)

79 (77-82)
76[73-79)

The bold values indicate the values of p < 0.05.

Women
N=112

46 (41)

32(70)
10(22)
48

6661-70]
55 [50-61]

0.01

0.68

0.001*
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Paroxysmal AF n = 364

HR [95%Cl] in a

multivariate
analysis

Female sex, n (%) 187 [1.28; 2.73]
Height (m) 0.16(0.01; 2.24)
Body surface area (m?) 0.99(0.33; 291]
Structural heart disease, n 0.74[0.44; 1.24)
(%)

LA volume index (ml/m?) 1.01[1.00; 1.02)

AF, atrial fibrilation; ATa, atrial tachyarrhythmia; LA, left atrium.
The bold values indicate the values of p < 0.05.

P

0.001
0.17
0.98
0.26

0.052
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Non-paroxysmal AF at the Men Women P

time of cryo-PVI N =298 N=T1
ATa recurrence, n (%) 178 (60) 41(58) 079
Type of recurrence, n (%)
paroxysmal AF 26 (15) 9(22)
non-paroxysmal AF 127 (71) 27 (66) 051
left atrial flutter 25(14) 5(12)

Kaplan-Meier estimation of the
ATa-free survival rate, %

24 months 45 [42-48) 46 [40-62) 073"
36 months 37 [33-40) 39 [32-46)

AF, atrial fibrillation; ATa, atrial tachyarrhythmia; PV, puimonary vein isolation.
“In a log-rank test.
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Patients with non-paroxysmal AF n = 369

HR [95%Cl] in a P
multivariate
analysis

Body mass index (kg/m?) 1.03[1.003; 1.07) 0.03
Long-standing persistent 2.03[1.38;2.98] <0.001
AR, (%)

Hypertension, n (%) 1.18[0.86:1.61] 030
LA area (om?) 1.03(0.99;1.08] 0.19
LA volume (mi) 0.99(0.98:1.01] 037
LA volume index (ml/m?) 1.01[1.007; 1.02] <0.001
Accessory vein, n (%) 1.67 [1.06; 2.61] 0.03

AF, atrial fibrilation; ATa, atrial tachyarrhythmia; LA, left atrium.
The bold values indicate the values of p < 0.05.
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Complications
phrenic nerve palsy
stroke
vascular complication
pericardial effusion/tamponade
gastroparesis

Outcome after phrenic nerve palsy
recovery after < 1 month
recovery after 2 to 6 months
recovery after 7 to 12 months
persistence of palsy

The bold values indicate the values of p < 0.05.

Al patients
n=733

38(5.2)
22(3.0)
4(08)
6(0.8)
4(05)
2(0.9

11(50)
3(14)
6(27)
209

Men
n = 550 (75%)

22(3.0)
15(2.7)
102
3(05)
102
2(0.4)

8(53)

320

41
o

‘Women
183 (25%)

16(8.7)

738

3(1.6)

3(16)

3(1.6)
0

3(42)

2(29)
2(29)

0.02
0.46
0.05
0.17
0.05

0.12
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Patients with atrial fibrillation who underwent PVI and underwent LGE-CMR
examination within 3 days after ablation between Mar-Sep, 2021 (N=33)

Excluded patients:
=* -Previous left atrial ablation (N=4)
-Low-quality of LGE-CMR image (N=8)

\ 4

Enrolled (N=21), ablation points (n=3609)

Excluded ablation points:
-Ablation points > 5 mm from the LGE-CMR

shell surface or projected onto wrong segment
of PV (n=1850)

v

Ablation points included in the analysis (n=1759)
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Segment FTI (gs) Contact force  Temperature = Duration (s) Power (W)

(9) (°C)
R-R 147 3.9 (3.4-42) 73 (52-98) 5(3-7) 35 (34-36) 13 (9-18) 39 (36-41)
R-AS 125 4(3.65-4.2) 78 (49-102) 5(3-7) 34 (34-36) 14 (10-20.5) 39 (36-41)
R-AC 121 4.1 (3.9-4.45) 95 (74-125) 7 (6-8) 35 (34-36) 13 (9.5-17.5) 38 (35-40)
R-AI 124 4.1 (3.8-4.4) 104 (71.5-123.8) 8(7-9) 37 (35-37) 12 (9-16) 36 (34-40)
R-B 123 4(3.7-4.3) 96 (73-121) 8 (6-10) 36 (35-37) 11 (9-15) 36 (34-40)
R-PI 81 4(3.7-4.3) 88 (70-116.5) 7 (6-10.5) 36 (35-37) 12 (9-15) 37 (34-40)
R-PC 105 3.7 (3.4-4) 66 (49.5-91) 5(4-6) 34 (34-35) 13 (10-18) 38 (35.5-40)
R-PS 100 3.8 (3.5-4.1) 70.5 (53.3-93.8) 5(4.25-7) 34 (34-35) 13 (10-17) 38.5 (36-40)
L-R 99 3.8(3.3-4.1) 75 (43-106) 5 (4-6) 34 (34-35) 14 (9-20) 38 (35-40)
L-AS 84 3.9 (3.5-4.2) 76.5 (47-107.8) 5(3-6) 34 (34-36) 17.5 (12-23) 40 (37-42)
L-AC 125 4(3.6-4.2) 73 (46.5-99.5) 4(3-6) 35 (34-36) 15 (11-23) 40 (38-44)
L-Al 122 3.9(3.5-4.1) 63 (44.5-91) 4(3-5) 35 (34-36) 16 (12-22) 40 (36-42)
L-B 97 3.8(3.2-4.1) 63 (35.5-97.5) 4(3-6) 34 (34-35) 15 (11-19.5) 40 (37-40.5)
L-PI 84 3.7 (3.32-4.1) 65 (50.3-96.5) 6(5-7) 34 (34-35) 11 (9-16) 38 (33.3-40)
L-PC 118 3.45 (3.2-3.7) 61 (47-72.3) 6(5-7) 34 (33-35) 10 (8-12) 34 (32-36)
L-PS 104 3.5(3.2-3.8) 65.5 (49.3-83) 6(5-7) 34 (33-35) 11 (8.25-14) 35(33-38)

LSI, lesion size index, FTI, force-time integral, R-R, right roof, R-AS, right anterior superior, R-AC, right anterior carina, R-Al, right anterior inferior, R-B, right bottom, R-PI, right
posterior inferior, R-PC, right posterior carina, R-PS, right posterior superior, L-R, left roof, L-AS, left anterior superior, L-AC, left anterior carina, L-Al, left anterior inferior, L-B, left
bottom, L-PI, left posterior inferior, L-PC, left posterior carina, L-PS, left posterior superior.
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Demographics

Patients (N = 21)

Age (years), mean £ SD 59.7+53
Men, 1 (%) 12 (57.1)
Hypertension, 1 (%) 9 (42.9)
Diabetes mellitus, n (%) 4(19.0)
Hyperlipidemia, 1 (%) 3(14.3)
Stroke, 1 (%) 1(4.8)
CHA2DS2-VASC Score, mean £ SD 20+1.2
AF duration (months), median (IQR) 5(1-30)
Paroxysmal atrial fibrillation, 7 (%) 16 (76.2)
Echocardiography data, mean £ SD

LA anteroposterior diameter (mm) 41.1+£5.0
LV anteroposterior diameter (mm) 493+£35
LV ejection fraction (%) 58.4+5.7
Underlying cardiomyopathies, n (%)

Mitral or aortic valve insufficiency 5(23.8)
Hypertrophic 1(4.8)
Heart failure 1(4.8)
Time from PVI procedure to the MRI examination 2(2-3)
(days), median (IQR)

LA, left atrial; LV, left ventricular; SD, standard deviation, AE atrial fibrillation.
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B OR 95% CI P-value

TIMP-1 0.022 1.023 1.014-1.031 <0.001
LAd 0.434 1.543 1.358-1.752 <0.001
Constant -21.949

TIMP-1, tissue inhibitor of metalloproteinase-1; LAd, left atrium diameter.
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Characteristic Without recurrence  Recurrence P-value

(n=158) (n=72)
Age, years 59.2 +10.8 60.7 £9.6 0.297
Male (n,%) 108 (68.35) 48 (66.67) 0.799
BMI 25.5(23.4-28.4) 26.7 (25.1-29.6)  <0.05*
CAD 16 (10.13) 7(9.72) 0.924
HTN 85 (53.80) 39 (54.17) 0.958
DM 22(13.92) 7(9.72) 0.373
HF 6(3.80) 5(6.94) 0.305
Smoking 45 (28.48) 20 (27.78) 0913
Drinking 11 (6.96) 4 (5.56) 0.689
CHA;,DS,-VASc (n,%) 0.231
Oorl 94 (59.49) 39 (54.16)
2or3 52(32.91) 26 (36.11)
>4 12 (7.6) 7(9.72)
LVEE% 62.0 (59.0-66.0) 62.0 (56.5-65.0) 0.224
LVEDD, mm 475+42 48.6 £ 4.6 0.078
LVESD, mm 31.0 (28.0-33.0) 31.0 (28.0-35.0) 0.893
eGFR 94.6 (85.0-102.4) 93.5 0.342
(80.6-100.2)
hs-CRP, mg/l 1.0 (0.5-2.0) 1.2 (0.7-3.8) <0.05*
BNP, pg/ml 94.0 (49.0-142.0) 115.0 =0.01%*
(87.5-233.5)
LAd, mm 39.0 +4.5 458 4.6 <0.01**
TIMP-1, ng/ml 97.4 (73.3-124.2) 147.3 <0.01**
(87.1-200.1)

BMI, body mass index; CAD, coronary artery disease; HTN, hypertension; DM, diabetes
mellitus; HE heart failure; LVEF, left ventricular ejection fraction; LVEDD, left ventric-
ular end-diastolic dimension; LVESD, left ventricular end-systolic dimension; eGFR,
estimated glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; BNP,
B-type natriuretic peptide; LAd, left atrium diameter; TIMP-1, tissue inhibitor of
metalloproteinase-1. *P < 0.05; **P < 0.01.
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Variables Odds Ratios (95% Cl) P-value
Demographic and lifestyle i
:
Age l—io—l 1.013 (0.956, 1.073) 0.662
Gender < i | 0.640 (0.189, 2.159) 0.472
Smoking < i | 0.642 (0.224, 1.838) 0.409
Drinking < i > 0.444 (0.055, 3.577) 0.446
Health status E
BMI |—:w—| 1.029 (0.904, 1.170) 0.667
HTN < E | 0.636 (0.232, 1.740) 0.378
CHA2DS2-VASc H—*¢ i | 0.891 (0.553, 1.437) 0.637
.
Laboratory test E
hsCRP r:—o—i 1.062 (0.974, 1.157) 0.173
ST2 l—‘:—i 0.992 (0.948, 1.038) 0.717
TIMP1 i’ 1.023 (1.015, 1.033)" <0.001
Echocardiology examinatior;‘l
EF |—:f¢—+ 1.027 (0.953, 1.107) 0.485
LAD E l‘ * | 1.655 (1.413, 1.937) <0.001

0.8

1.0 1.2 1.4 1.6 1.8 2.0 2.2
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281 Patients with atrial fibrillation undergoing catheter ablation
between January 2019 and December 2020 in China

A

249 patients met criteria

i

32 Excluded
Immunological disease(n=8)
Increased white blood cell(n=5)
Missing blood sample (n=15)
Tumor (n=4)

A

230 Patients included in the final analysis

19 Lost to follow up
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Clinical characteristics

Procedural time (min)
Fluoroscopy time (min)
Acute PVI success rate 1 (%)
SVCI success rate 71 (%)
Complication
Diaphragmatic paralysis
Stroke

Other complication

Cardiac tamponade
Hematoma

Femoral pseudoaneurysm

SVCI, superior vena cava isolation; PVI, pulmonary veins isolation.

Value

109.9 + 529

296+ 145
60 (100%)
58 (97%)
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Clinical characteristics Value

Age (years) 60+9
Male gender 7 (%) 41 (68.3%)
Hypertension 1 (%) 39 (65%)
Diabetes mellitus 7 (%) 13 (21.7%)
Coronary artery disease 7 (%) 14 (23.3%)
History of stroke or TIA 1 (%) 26 (43.3%)
CHA2DS2-VASc score

0 11

1 13

2 11

3 10

>4 15

Echocardiography parameters

Left ventricular ejection fraction (%) 57+4
Left atrial diameter (mm) 38.6+4.9
Drug therapy

Oral anticoagulant therapy 60 (100%)
AAD therapy 45 (75%)

Values are presented as mean = SD or as  (%). ADD, antiarrhythmic drug; TIA, transient
schemic attack.
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Variables AF Non-AF P-value

(n=136) (n=20)
Age (years) 58.7 £ 8.1 5034135 <0.001
Male, 1 (%) 88 (64.7) 5(25) 0.002
Height (cm) 167.6 £ 7.5 162.8 £4.5 0.01
Weight (kg) 70.2 £10.5 60.1 £5.6 <0.001
BMI (kg/m?) 249430 227 £2.5 0.002
Smoke, 71 (%) 39 (28.7) 2(10.0) 0.13
Alcohol, n (%) 34 (25.0) 2 (10.0) 0.23
Hypertension, #n (%) 75 (55.1) 8 (40) 0.31
Diabetes, 1 (%) 16 (11.8) 1(5.0) 0.60
CAD, n (%) 15 (11.0) 0(0) 0.25
Stroke, 1 (%) 9 (6.6) 0(0) 0.50
LAD (mm) 384 +£4.7 34.5+4.0 <0.001
RAD (mm) 354+49 30.0 £ 2.5 <0.001
LVDD (mm) 472 +42 458 +£6.4 0.20
LVDS (mm) 316433 31.6 4.6 1.00
LVEF (%) 62.7:+:3.8 62.5+55 0.84

BMI, body mass index; CAD, coronary heart disease; LAD, left atrial diameter; RAD, right
atrial diameter; LVDD, left ventricular end-diastolic diameter; LVDS, left ventricular end
systolic diameter; LVEE left ventricular ejection fraction.
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Variables PAF PsAF P-value

(n=93) (n=43)

Age (years) 57.7%£ 79 61.0 = 8.4 0.03
Male, n (%) 60 (64.5) 28 (65.1) 0.95
Height (cm) 167.6 £ 7.5 167.5£7.5 0.99
Weight (kg) 69.7 £ 9.6 713 £ 12.3 0.42
BMI (kg/m?) 248426 253 +3.8 0.37
Smoke, 1 (%) 25 (26.9) 14 (32.6) 0.50
Alcohol, 1 (%) 25(26.9) 9 (20.9) 0.46
Hypertension, # (%) 52 (55.9) 23 (53.5) 0.80
Diabetes, 1 (%) 11 (11.8) 5(11.6) 0.97
CAD, n (%) 8 (8.6) 7 (16.3) 0.30
Stroke, 1 (%) 4(4.3) 5(11.6) 0.22
LAD (mm) 36.8+ 3.8 42.0£45 <0.001
RAD (mm) 33.1+£33 40.0 =4.6 <0.001
LVDD (mm) 472+29 45.6 £5.3 0.34
LVDS (mm) 31.14+24 31.8+4.4 0.34
LVEF (%) 63.24+33 60.6 4.1 0.04
Amiodarone, n (%) 85 (91.4) 36 (83.7) 0.30
Beta-blocker, n (%) 80 (86.0) 33 (76.7) 0.18
Propafenone, 1 (%) 10 (10.8) 7 (16.3) 0.37
ACEI/ARB, n (%) 48 (51.6) 20 (46.5) 0.23
CCB, 1 (%) 4(4.3) 3(7.0) 0.68
Statin, 1 (%) 20 (21.5) 11 (25.6) 0.60
Hypoglycemic 6 (6.5) 5(11.6) 0.49
drugs, n (%)

NOAC, n (%) 90 (96.8) 40 (93.0) 0.38

BMI, body mass index; CAD, coronary heart disease; LAD, left atrial diameter; RAD, right
atrial diameter; LVDD, left ventricular end-diastolic diameter; LVDS, left ventricular end
systolic diameter; LVEE left ventricular ejection fraction; NOAC, new oral anticoagulants.
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Number of studies 95% CI

Within Between
subgroup subgroup

Result of primary analysis 21 115 1.08,1.22 54% 0.002 NA

Age* <60 13 1.10 1.03,1.17 38% 0.005 0.19
>60 7 1.20 1.08, 1.33 60% 0.003

Study design Retrospective cohort 10 1.11 1.02,1.21 39 0.001 0.12
Prospective cohort 11 1.25 1.11, 1.39 68 0.001

Region Northern America 8 1.08 1.03,1.12 0% 0.0003 0.06
Europe 6 1.18 1.06, 1.33 46% 0.004
Asia 7 1.30 1.08, 1.56 65% 0.006

NOS scores <7 scores 2 1.16 1.00, 1.36 26% 0.06 0.76
7 or high scores 19 1.13 1.07, 1.20 51% <0.001

Publication years 2008-2013 9 1.13 1.07, 1.19 43% <0.001 0.28
2014-2021 12 1.28 1.03, 1.60 65% 0.03

Sample size <1,000 14 1.24 1.08,1.43 57% 0.003 0.11
> 1,000 7 1.10 1.05, 1.15 22% 0.0001

Cases <100 9 1.70 1.26,2.31 54% 0.006 0.006
>100 12 1.10 1.05,1.14 26% 0.001

Adjusted factors Age (4) 11 1.21 1.04, 1.21 57% 0.003 0.26
Age (—) 10 123 1.07, 1.42 60% 0.004
Sex (+) 13 1.19 1.09, 1.31 59% <0.001 0.90
Sex (—) 8 1.21 1.05, 1.40 63% 0.01
DM (+) 11 1.29 1.14,1.47 76% <0.001 0.02
DM (-) 10 1.09 1.02, 1.17 11% 0.001
left atrial size (+) 9 1.16 1.04, 1.30 64% 0.004 0.86
left atrial size (—) 12 115 1.06, 1.23 45% 0.04
Hypertension (4) 15 1.14 1.08, 1.20 30% <0.001 0.37
Hypertension (—) 6 1.26 1.02, 1.57 73% 0.03
AF categories (+) 10 1.11 1.04, 1.18 42% 0.08 0.07
AF categories (—) 11 1.29 1.11, 1.51 62% 0.001
Obstructive sleep 7 1.11 1.05,1.17 36% <0.001 0.23
apnea (+)
Obstructive sleep 14 1.20 1.07, 1.36 60% 0.003
apnea (—)

AF atrial fibrillation; BMI, body mass index; DM, diabetes mellitus. *The mean age of Khair et al. was not available. Bolded values are meant to be the total results of all studies before subgroup

analysis.
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References, Source of participants | AF cases, | Mean age | Follow-up Stu AF type BMI data Adjustment for confounders Ablation
country sample (years), (month), | design, AF reported strategy
size male blank period | detection (kg/m?)
Non-Par
Jongnarangsin et al. University of Michigan 127/324 57,76% 12, 8 weeks PC, ECG 72% 28% <25 Age, gender, type and duration of AFE, left atrial size, and CPVI
(26), USA 25-29 LVEF
>30
Continuous
Chang et al. (8), National Yang-Ming University 84/282 52,76% 12, 2 months PC, ECG 76.6% 23.4% Continuous | HTN, diabetes, fasting glucose, triglycerides, high-density CPVI
China School of Medicine lipoprotein cholesterol, Mets score
Letsas etal. (27), NA 28/72 55,81% 13, 1 month PC, ECG 64% 36% Continuous Use of statins, ACEIs/ARBs, spironolactone, WBC count, CPVI
Germany C-reactive protein
Tang et al. (28), Beijing An Zhen Hospital 242/654 57,71% 16, 3 months RC,ECG 79.8% 20.2% <25 AF duration, AF type, LAD, left ventricular end-diastolic CVPI
China >25 diameter and ablative strategy
Continuous
Chilukuri et al. (10), Johns Hopkins Hospital 34/109 60, 78% 11, 3 months PC, ECG 67% 33% <25.0 Age, persistent AF, OSA, female, left atrial size, LVEF SPVI
USA 25.0-29.9
>30.0
Continuous
Patel et al. (6), USA Medical Center, Cleveland 781/3265 56, 84% 12, 8 weeks RC, ECG 53.3% 46.7% <30 Age, type of AF, echo parameters, type I DM, HTN, CAD PVAI
>30
Kang et al. (7), Korea | Korea University Anam Hospital 32/94 59, 81% 9, 3 months PC, ECG NA NA Continuous AF duration, DM, and required cardioversion during CPVI
ablation
Cai etal. (29), China | Hospital of Chongqing Medical 47/186 55, 66% 24, 3 months PC, ECG 85.6% 13.4% <25 MetS, AF type, duration of AF history, LAD, DM, ablation SPVIor
University >25 strategies, procedural failure, and ERAF. CPVA
He et al. (30), China Beijing Anzhen Hospital 106/330 59, 68% 12, 3 months RC, ECG 100% 0% Continuous | Gender, HTN, Hs-CRP, serum triglyceride, LAD, and eGFR CPVI
Sotomi etal. (31), Sakurabashi-Watanabe Hospital 40/392 62, 76% 32, 3 months RC, ECG 71.2% 28.8% <25 HTN, persistent AF, high CRP CVPI
Japan >25
Baek et al. (32), Yonsei AF ablation cohort in 523/1,825 58, 74% 42, 3 months PC, ECG NA NA <25 Age, sex, persistent AF, dyslipidemia, and HTN CPVI
Japan Japan >25
Bunch et al. (33), LDS Hospital or Intermountain 1,067/1,558 65,61% 36, 3-month RC, ECG 56.9% 43.1% 21-25 Age, sex, HTN, hyperlipidemia, DM, HE, renal failure, OSA, PVI
USA Medical Center 26-30 prior cardioversion, CHADS2
>30
Winkle et al. (9), Sequoia Hospital 678/2,715 64, 70% 12, 3-month PC, ECG 32.7% 54.9% <35 Age, LAD, sex, AF type, previous cardioversion, number of CPVI
USA >35 AAD:s failed, OSA, previous CVA/TIA, diabetes, CAD, AF
duration
Sivasambu et al. (35), Johns Hopkins Hospital 354/701 59, 72% 12, 3-month RC, ECG 59.1% 40.9% 18.5-25 HTN, OSA, CHA2DS2-VASC score, and persistent AF PVI
USA 25-30
30-40
>40
Glover et al. (36), Cardiology of Queen’s University 636/3,333 58, 68% 20, 3 month PC, ECG 67.2% 27.8% <25 AAD after procedure, achievement of exit and entrance CPVIor
Canada 25-30 block, first or redo procedure, HTN, CHA2D2S-VAS, OSA, SPVI
>30 type of AF
Continuous
Providencia et al. 7 European centers 916/2497 61,72% 12, 3-month PC,ECG 57.6% 32.8% Continuous | Age, female, AF duration, AF type, mean of procedures time, PVI
(37), multi-country CHA2DAS2-VASC, CHF, HTN, DM, stroke, TIA, vascular
in Europe disease, OSA, eGFR, LAD, LVEE, procedure duration,
additional LA line, AAD, fluoroscopy duration,
cavotricuspid isthmus ablation
Trines et al. (38), ESC-EHRA-AFA LT registry 1008/3069 59, 68% 12, 3 months PC, mixed 68.3% 27% Continuous HTN CPVI
Sweden
Baek etal. (39), Inha University College of 416/2221 55,79% 54, 3 months RC, ECG 59% NA <25 Age, sex, non-paroxysmal AE, HE HTN, DM, LAD, AF CPVI
Korea Medicine and Inha University >25 duration, and MR LGE > 25%
Hospital
Bose et al. (40), USA NA 19/103 60, 29% 12, NA RC, ECG 100% 0 £925 Age, sex, CAD, CHD, HTN, DM, dyslipidemia, valvular CPVI
25-30 heart diseases, beta blocker, CCB, AAD
30-35
35-40
>40
Deng et al. (11), Guangdong General Hospital 365/1,410 57,68% 21, 3 months PC,ECG NA NA 18.5-25 Age, gender, bundle branch block, AF duration, COPD, CPVI
China >30 alcohol consumption, smoking, HTN, DM, stroke/TIA,
Continuous | CAD, LVEE vascular disease, early recurrence, LAD, and AF
type
De Maat et al. (34), University Medical Center 146/414 56, 76% 46, 3-month RC,ECG 75% 25% Continuous | Age, sex, OSA, AAD, LAD, AF duration, AF type, CHD, total CPVI
Netherlands Groningen cholesterol, number of PVI procedures HTN, DM, vascular
disease, and stroke
Donnellan et al. (42), Cleveland Clinic 87/267 65, 69% 12, 3 months RC, ECG NA NA <31.7 OSA, AF type, and LA size, OSA, HF CPVI
USA >31.7
Kong etal. (43), USA University of Chicago 217 64, 68.2% 12, NA RC, ECG Na Na <30 Age, gender, smoking, HTN, DM, HE, eGFR, and type of AF PVI
>30
Calero Nunez et al. Albacete University Hospital 34/114 54, 70% 12, NA RC, ECG 70.2% 29.8% Continuous Type of AE, OSA, LA size, ejection fraction, and HTN CPVI
(41), Spain
Abou El Khair (44), Region Virmland and Orebro 19/90 63,73% 12, 3 months RC,ECG NA NA Continuous Age, sex, CHA2DS2-VASc score, DM, HE, HTN, LVEDd, CPVI
Sweden and right atrial area.
Mugnai et al. (45), Electrophysiology centre of 89/208 59, 66% 62, 3 months RC,ECG 100% 0 Continuous Duration of symptoms, LAD Index PV
Belgium Brussels isolation
RC, retrospective cohort; PC, prospective cohort; ECG, electrocardiograph; NA, not available; PVI, pulmonary vein isolation; CPVI, circumferential pulmonary vein isolation; SPVI, segmental pulmonary vein isolation; CPVA, circumferential pulmonary vein ablation; LAD,
eft atrial diameter; MetS, metabolic syndrome; ERAF, early recurrence of AF after ablation; OSA, obstructive sleep apnea; WBC, white blood cell; CRP, C-reactive protein; CAD, coronary artery disease; AAD, antiarrhythmic drugs; CHRD, centre for heart rhythm disorders;
LVEF, left ventricular ejection fraction; eGFR, estimated glomerular filtration rate; ACEIs/ARBs, ACE inhibitors/ARB inhibitors; SHD, structural heart disease; CHF, congestive HF; CVA, cerebrovascular accident; TIA, transient ischemic attack; AF, atrial fibrillation; BMI,

body mass index; Par, paroxysmal; HTN, hypertension; COPD, chronic obstructive pulmonary disease; USA, United States of America; MR LGE, late gadolinium enhancement on cardiac magnetic resonance.
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Bipolar EGMs Value

Horizontal + vertical voltage (mV) P50
P10
P90
% LOM > LA—horizontal P50
% LOM > LA—vertical P50
% LOM > LA—all P50

EGM, electrogram; LA, left atrium; LOM, ligament of Marshall.
Values are presented as median (range).

Ligament of Marshall Left atrium
1.54 (0.48-3.28) 3.12(0.50-7.19)
0.47 (0.22-1.79) 0.87(0.13-2.72)
3.90 (0.94-13.07) 10.99 (1.39-19.78)

36.7% (0-51.7%)
30.0% (0-59.5%)
35.1% (0.7-54.5%)

P-value

<0.001
0.007
<0.001
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,BMI and AF recurrence post ablation, dose-response analysis, per 5 kg/m?increase

Heterogeneity: Tau? = 0.01; Chi? = 42.56, df = 20 (P = 0.002); I1?> = 53%
Test for overall effect: Z=4.55 (P <0.00001)

Risk Ratio Risk Ratio
Study or Subgroup log[Risk Ratio] SE Weight IV. Random, 95% CI IV. Random, 95% CI
Baek,2016 0.28152 0.108977 4.9% 1.33[1.07, 1.64] T
Bose,2021 -0.0528 0.254025 1.3% 0.95[0.58, 1.56] .
Bunch,2016 0.06203633 0.047109 10.2% 1.06 [0.97, 1.17] ™
Cai,2011 0.84682403 0.282552 1.1% 2.33 [1.34, 4.06]
Chang,2008 0.2439508 0.2547364 1.3% 1.28 [0.77, 2.10] i
Chilukuri,2010 0.52472853 0.241877 1.4% 1.69 [1.05, 2.72] .
Deng,2018 0.2926353 0.0869302 6.4% 1.34 [1.13, 1.59] B
Glover,2018 0.0920248 0.044566 10.4% 1.10 [1.00, 1.20] Rl
He,2013 -0.0250627 0.1831692 2.3% 0.98 [0.68, 1.40] N
Jongnarangsin,2008 -0.05129329 0.114385 4.6% 0.95[0.76, 1.19] e
kang,2012 1.202972 0.384234 0.6% 3.33[1.57, 7.07]
Khair,2020 1.98100147 1.473112 0.0% 7.25[0.40, 130.09] »
Letsas,2008 0.3195666 0.3921588 0.6% 1.38 [0.64, 2.97] "
Maat,2018 0.430888 0.176619 2.4% 1.54 [1.09, 2.18] T
Mugnai,2020 0.324255 0.139807 3.5% 1.38 [1.05, 1.82] T
Providencia,2019 0.147794 0.0495406 9.9% 1.16 [1.05, 1.28] b
Sivasambu, 2017 0.1065171 0.0589676 8.9% 1.11 [0.99, 1.25] -
Sotomi,2013 0.1831595 0.1482207 3.2% 1.20[0.90, 1.61] 1T
Tang,2009 -0.05129329 0.114385 4.6% 0.95[0.76, 1.19] T
Trines, 2020 0.064581 0.041535 10.7% 1.07 [0.98, 1.16] i
Winkle,2017 0.0652024 0.0311402 11.8% 1.07 [1.00, 1.13] g
Total (95% CI) 100.0% 1.15[1.08, 1.22] ¢

Decreased AF

0.2 0.5 1 2
Increased AF
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Study
design/mean
follow-up time
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Retrospective cohort/17
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Prospective cohort/NA

Retrospective cohor/10.6
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Retrospective cohor/7.7

yearst

Retrospective cohort/$
years
Prospective cohort/7.6

years

Case-control study/NA

isolation; CRP, C-react

Cases/
sample

Study populations
size

NA postoperative atrial 38/229

fibrillation

University Hospital of 34/100

Dijon

Postoperative

atrial fibrillation

Chronic Renal 279/3053

Insufficiency Cohort

study

CKD patients

242/3217

Framingham Heart
Study

Six centers in Scotland 733/1758

Second Hospital of 671134
Tianjin Medical
University
University Medical 30/100
Center Groningen

AF recurrence

‘The Uppsala 113/883
Longitudinal Study of
Adult Men

‘The Prospective 148/978
Investigation of the
Vasculature in Uppsala
Seniors

Peking University third ~ 37/150
hospital

Postoperative

atrial fibrillation
Atherosclerosis Riskin ~ 1572/12349

Communities study

Dongguan Songshan 2401390
Lake Central Hospital
Multi-Ethnic Study of
Atherosclerosis study
Multi-Ethnic Study of

Atherosclerosis

771983

291/6398

Cardiovaseular Health
Study
Chronic Renal

229/1350

660/3876
Insufficiency Cohort

KD patients

Na 69NA
Postoperative

atrial fibrillation

lectrocardiograms; NT-proBNP, N-terminal pro-B-type natriuretic peptide;
electrocardiogram; AF, Atrial fibri
¢ protein; BNP, B-type natriuretic peptide;
.ase; CKD, chronic kidney disease. Difference, comparison of serum GDF-15 or

tion; NT-proBNE,

rminal pro-brain natriuretic peptide;
3F-23, fibroblast growth factor-23; GDF

Mean  Baseline

comorbidities
(%)

age/male

68.45/83.41% NA

64.02/92.00% Hypertension: 64.0
Diabetes: 36.0

NA/NA  CVD history: 28.0
HE history: 6.0

Diabetes: 48.0

59.00/46.00% Diabetes: 1.0
HE: 10
Myocardial

infarction: 4.0

72.50/72.53% Diabetes history: 34.5;
Stroke history: 10.4;
Hypertension history:
689

66.60/43.38% Hypertension: 65.7
Diabetes: 13.4

65.00/74.00% Hypertension: 67.0
HE history: 20.0
Coronary artery disease:
180
Diabetes: 14.0
71.00/100.00% Diabetes: 10.3

70.00/49.00% Diabets: 11.7

64.00/56.76% Hypertension 62.7
Diabetes: 23.3
Coronary artery diseas:
127
Chronic HF: 6.7

NA/NA  Diabetes: 14.3

60.01/68.21% NA
59.68/43.03% Diabetes: 11.2

NA/46.73%  Diabetes:

23

Hypertension:

NA/28.67%  Diabetes: 10.6

6.0

Hypertension:
57.66/55.21% Hypertension: 86.1
Diabets
HF:9.7

:48.5

CVD: 135

56.59/66.70% Coronary artery disease:
203
Hypertension: 59.4
Diabetes: 17.4

erleukin 6; €GFR, es

R,

ated glomerular filtration rate;
ated glomerular filtration rate; LAD, left atrial diam
5, Growth differentiation factor-15; E
level between patients with and without AF.

AF Outcome
diagnosis  report
ECG Difference
ECG Difference
Risk of AF
ECG Risk of AF
ECG Risk of AF
ECG Difference
NA Difference
Risk of AF
ECG Difference
ECG Difference
ECG Difference
Risk of AF
ECG Risk of AF
ECG Difference
ECG Difference
Risk of AF
ECGand Risk of AR
physician
claims data
ECG Difference
Risk of AR
ECG Difference

Adjustment for covariates

NA

Age, the EuroSCORE (age, cardiac
systolic function, cardiovascular risk

factors) and left atrial diameter.

Age, sex, race, site, diabetes mellitus,
cardiovascular disease, smoking, 24 h
urinary protein, estimated glomerular
filtration rate, systolic blood pressure,
body mass index, low-density
lipoprotein, high-density lipoprotein,
angiotensin-converting enzyme
inhibitor/angiotensin IT receptor
blockers, diuretics, B-blockers,
phosphate, parathyroid hormone,
FGF-23.

Sex, age, smoking status, height, weight,
systolic and diastolic blood pressure,
hypertension treatment, diabetes status,
heart failure, myocardial infarction,
logeCRP and logeBNP.

NA

NA

NA

NA

Age, persistent A, diabetes mellitus,
NT-proBNP, eGFR, LAD, LAAV,
ablative strategy (CPVI-only).

Age, race, sex, study site, body mass
index, smoking, education, height,
diabetes, systolic and diastolic blood
pressure, use of antihypertensive
‘medication, prevalent coronary heart
disease, prevalent heart failure,
ECG-based left ventricular hypertrophy,
NT-proBNP, high-sensitivity C-reactive
protein, eGER, serum calcium,
phosphorus, parathyroid hormone and
25-hydroxyvitamin D.

NA

Age, gender, current smoking status, Ln
NT-proBNE Ln IL-6.

Age, gender, racefethnicity, study site,
attained education, low density
cholesterol, use of lipid-lowering
medications, current smoking, diabetes,
physical activity, height, height squared,
weight, urine albumin-creatinine-ratio,
estimated glomerular fltration rate,
systolic blood pressure, use of
hypertension medication, the serum
concentrations of calcium, phosphate,
25-hydroxyvitamin D and parathyroid
hormone, NT-proBNF.

Age, sex, race/ethnicity, cardiovascular
disease, systolic blood pressure, diabetes,
smoking, diuretic use, estimated
glomerular filtration rate, ratio of
urinary albumin to creatinine, levels of
calcium, phosphate, and parathyroid
hormone.

NA

CE, cjection fractions; LY, left-ventricular; BB, beta-blockers; ACE-1,

LAAV, left atri
European System for Cardiac Operative

appendage flow
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Unipolar EGMs

Voltage (mV)

Slope (V/s)

CTmax (ms)

Duration of activation (ms)

Value

P50
P10
P90
P50
P10
P90
max

P50

Ligament of Marshall

1.51 (0.42-4.29)

0.62 (0.19-2.14)

3.86 (0.75-24.47)
~0.48 (-1.96 to —0.17)
~1.40 (~12.24 to -0.35)
~0.16 (~0.87 to —0.06)

38 (16-65)
20 (7.5-30.5)

Left atrium

834 (1.50-17.91)
437 (0.80-7.71)
15.52 (2.65-49.07)
~1.24 (-2.59 to -0.21)
~4.14 (~17.96 to —0.46)
~0.40 (-1.01 to —0.09)

16.5 (6-28)

P-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.008

CT max, maximum conduction time between two neighboring electrodes; EGM, electrogram.

Values are presented as median (range).
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Identification

Screening

Eligibility

Records identified through database
searching
(n=1723)

Included

v

Records screened
(n =922)

\ 4

Duplicated records removed

(n=801)

Full-text articles assessed
for eligibility
(n = 59)

\ 4

Records excluded based on

the titles/abstracts
(n =863)

Studies included in
quantitative synthesis
(meta-analysis)

(n =26)

Full-text articles excluded
(n=33)

a)
b)
c)
d)

&)
f)

g)

h)

Reviews or meta-
analyses(n=2)
Without target
population(n=1)
Without target
exposure(n=11)
Without target
outcome(n=3)
Insufficient data(n=2)
Duplicate
population(n=3)
Case-control
studies(n=2)
Univariate analysis(n=9)
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Overall (n=19)

Age (years) 66+ 14
Male sex 12 (63.2%)
Operation indication
CABG 9 (47.4%)
AVD 4(21.1%)
MVD 4(21.1%)
CHD 7 (36.8%)
Maze 4(21.1%)
Preoperative AF

None 14 (73.7%)

Paroxysmal 3(15.8%)

Persistent 2 (10.5%)
BMI 28.5 £ 5.09
Hypertension 11 (57.9%)
Dyslipidemia 6 (31.6%)
Diabetes mellitus 4(21.1%)
Myocardial infarction 6(31.6%)

AF atrial fibrillation; AVD, aortic valve disease; BMI, body mass index; CABG, coronary
artery bypass graft; CHD, congenital heart disease; MVD, mitral valve disease.
Continuous variables are presented as mean =+ SD. Categorical variables are presented as
number (percentage).
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WACA circles (n = 66)

Univariate analysis Multivariate analysis
With LR Without LR OR (95% Cl) P-value OR (95% Cl) P-value
(n = 25) (n = 41)
First-pass WACA isolation 9 (36%) 23 (56%) 0.440 (0.158-1.225)
Left-sided WACA 17 (68%) 16 (39%) 3.320(1.163-9.477) 0.025 3.216 (1.065-9.716) 0.038
Number of RF tags (n) 3248 3346 0.982 (0.913-1.057) 0.635 - -
Percent of RF tags with achieved 93 (90-98) 96 (90-98) 0.990 (0.938-1.046) 0.729 - -
LSI target
WACA length (mm) 145 +24 139:4:26 1.010 (0.990-1.031) 0.324 - -
Min. RF power (W) 27 (25-27) 27 (26-28) 0.761 (0.546-1.060) 0.106 = .
Min. RF time (sec) 9 (9-10) 9(8-11) 0.919 (0.715-1.182) 0.510 . .
Min. CF (g) 7 (69) 6 (5-8) 1.163 (0.930-1.453) 0.186 - -
Min. Impedance drop (Q) 6 (5-8) 5(5-8) 1.201 (0.920-1.567) 0.179 - -
Min. FTI (gs) 142 (82-193) 130 (80-197) 1.001 (0.994-1.007) 0.852 . =
Min. LSI 3.9 (3.2-4.4) 4.1 (3.5-4.7) 0.684 (0.373-1.256) 0.221 = .
Max. ILD (mm) 10.0 (8.3-13.0) 82 (7.3-10.0) 1.269 (1.046-1.539) 0.016 1.256 (1.035-1.523) 0.021
Max. ILD > 8.0 mm 21 (84%) 22 (54%) 4.534 (1.321-15.557) 0.016 - -

Data are presented as mean + SD, median (with quartiles) or percentages. LR, late reconnection; OR, Odds Ratio; CI, Confidence Interval. Other abbreviations as in previous tables.
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RAD LAD RVDd LVDD LVDS Height

LSVC p=054 p=097 p=0.64 =034 p=0.42 P <0.001
.05

~0.003 r=0.04 r=008 r=007 034

.

LSVC, SVC myocardial sleeve length; LAD, left atrial diameter; RAD, right atrial diameter; RVDd, right ventricular end-diastolic diameter; LVDD, left ventricular end-diastolic diameter; LVDS,
left ventricular end systolic diameter; LVEE, left ventricular ejection fraction.,
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WACA segments (n = 132)
Univariate analysis Multivariate analysis

Without LR OR (95% CI) P-value OR (95% CI) P-value
(n = 105)

49 (47%)

Left-sided WACA segments 17 (63%) 1.943 (0.814-4.638)

Anterior WACA segments 18 (67%) 48 (46%) 2.375(0.978-5.769) 0.056 - -
Number of RF tags (n) 3049 30+7 1.010 (0.955-1.068) 0.731 - -
WACA segment length (mm) 76 (63-85) 67 (55-81) 1.024 (0.999-1.050) 0.060 - -
Min. RF power (W) 28 (27-28) 28 (27-28) 0.988 (0.838-1.164) 0.884 = =

Min. RF time (sec) 11 (9-15) 11 (9-14) 0.980 (0.893-1.076)

Min. CF (g) 7 (7-10) 8(6-9) 0.995 (0.857-1.155)

Min. Impedance drop (Q) 8(6-9) 7 (5-8) 1.181 (0.960-1.453) 0.115 - -
Min. FTT (gs) 188 (115-269) 185 (125-245) 1.000 (0.996-1.004) 0.965 = =
Min. LSI 4.6 (3.8-5.1) 4.7 (3.8-5.0) 0.923 (0.557-1.529) 0.755 - -
Max. ILD (mm) 8.5(7.3-11.0) 7.5 (6.5-9.0) 1.147 (0.996-1.320) 0.057 - =
Max. ILD > 8.0 mm 18 (67%) 43 (41%) 2.884 (1.185-7.020) 0.020 2.884 (1.185-7.020) 0.020

Data are presented as mean + SD, median (with quartiles) or percentages. All abbreviations as in previous tables.
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WACA circles (n = 66) WACA segments (n = 132)

Left-sided Right -sided P-value Anterior segments | Posterior segments
WACA (n = 33)  WACA (n = 33) (n = 66) (n = 66)

First-pass isolation of 21 (64%) 11 (33%) 0.014 - - —
ipsilateral PVs

Number of RF tags 32+7 3446 0350 33 (28-38) 27 (23-31) <0.001
WACA length (mm) 138 425 145 +25 0231 75+ 17 66+ 16 0.002
RF power (W) 31+1 31+2 0.283 32(31-33) 30 (28-32) <0.001
RFtime (sec) 32(27-36) 25 (22-28) <0.001 33(28-39) 22 (19-25) <0.001
CF(g) 15 (12-18) 18 (16-19) 0.003 16+4 1745 0.042
Impedance drop (Q) 14£2 1342 0.314 14£2 1342 <0.001
FTI (gs) 418 + 80 409 £79 0.660 463 (406-525) 358 (307-401) <0.001
LSI 5.5 (5.4-5.6) 5.6 (5.5-5.7) 0.005 5.8 (5.6-5.9) 53 (5.2-5.4) <0.001
ILD (mm) 4.3(3.9-4.6) 4.2(3.8-4.9) 0.903 4.3 (3.9-4.8) 4.1 (3.6-4.7) 0.203

Data are presented as mean + SD, median (with quartiles) or percentages. WACA, wide antral circumferential ablation; PV, pulmonary vein; RE, radiofrequency; CF, contact force; FTI, force-time
integral; LSI, lesion size index; ILD, inter-lesion distance.
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All patients (n = 33)

Patients with late
WACA reconnection

(n=21)

Patients without late
WACA reconnection
(n=12)

Congestive heart failure

Age (years) 61 (53-64) 62 (52-65) 60 (52-64) 0.567
Male sex 18 (55%) 15 (71%) 3(25%) 0.014
BMI (kg/m2) 2644 2744 2645 0.942
Pre-CA history of AF (years) 4.5+3.2 49+ 36 39423 0.391
LA diameter (mm) 40 +4 40+ 4 3943 0.475
Left ventricular EF (%) 60 (59-62) 60 (60-62) 60 (58-62) 0.671
Hypertension 25 (76%) 15 (71%) 10 (83%) 0.678
Ischemic heart disease 1(3%) 1 (5%) 0 >0.999
Diabetes mellitus 3(9%) 2 (10%) 1(8%) >0.999

CHA, DS, VASc score 2(1-2) 1(0-2) 2(1-2) 0.200
GFR (ml/min) 94 +27 97 £ 29 89 +22 0.482
Number of failed Class IC/III 2:3:=510.9 2.1 £09 27409 0.119
AADs

Amiodarone before CA 18 (55%) 11 (52%) 7 (58%) 0.741
Beta-blocker before CA 26 (79%) 16 (76%) 10 (83%) >0.999
Typical flutter ablation 10 (30%) 6 (29%) 4(33%) >0.999
Fluoroscopy time (min) 15.1 £5.1 158+ 49 13.84+ 5.5 0.303
ERAA after index CA 6(18%) 5 (24%) 1(8%) 0.379

Data are presented as mean & SD, median (with quartiles) or percentages. WACA, wide antral circumferential ablation; BMI, body mass index; CA, catheter-ablation; AF, atrial fibrillation; LA, left

atrium; EF, ejection fraction; GFR, glomerular filtration rate; AAD, antiarrhythmic drug; ERAA, early recurrence of atrial arrhythmia.
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Variable ‘Watchman-combined (; LAmbre-combined (n = 114) P-value
Follow-up in y, mean % SD 26407 16£16 <005
AF recurrence 6-month post-procedure, 1 (%) 26 (22.0%) 18 (15.8%) 023
TEE follow-up (3-6month)

TEE performed, 1 (%) 88 (74.6%) 93 (81.6%) 020
DRI, n (%) 1(11%) 0 100
Complete LAA sealing 69 (78.4%) 59(63.4%) <005
PDL, > 3mm 0 0 -
PDL, < 3mm 19(21.6%) 34(36.6%) <005
Device dislodgment, » (%) 0 0

PE, n (%) 5(4.2%) 6(5.3%) 071
Adverse events in follow-up Events/patient-y Observed rate Events/patient-y Observed rate

Serious adverse events 8/303 2.6(1.1-5.1) 2182 11(0.1-3.9) 033
All-cause death 17303 0.3(0.01-1.8) 0182 0(00-2.0) 1.00
Cardiovascular/unexplained death 0/303 0(0.0-1.2) o182 0(0.0-2.0)

Stroke and TIA (any) 3/303 10(02-29) 0182 0(0.0-2.0) 030
Systemic embolism 0/303 0(0.0-12) 0182 0(0.0-2.0) -
Any bleeding 18/303 59(3.6-9.2) 16/182 88 (5.1-13.9) 087
Major bleeding 47303 13(04-3.3) 2182 1.1(0.1-3.9) 1.00

ransesophageal echocardiography; DRT,

related thrombus; LAA, left atrial appendage; PDL, peri-

TIA, transient ische

E, pericardial effusion;
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Variable

Peri-procedural serious adverse events, 1 (%)
Procedure-related death, 1 (%)
Procedure-related stroke, n (%)

Procedural thrombosis formation, 1 (%)

Major bleeding, 1 (%)

PE requiring pericardiocentesis

Device dislodgment, (%)
Anti-thrombotic therapy post-procedure
Warfarin, n (%)

Rivaroxaban, n (%)

Dabigatran, 7 (%)

¢, pericardial ef

‘Watchman-combined (n = 118)

1(0.8%)
0
0
0
1(0.8%)
1(0.8%)
0

14 (11.9%)
103 (87.3%)
1(08%)

LAmbre-combined (n = 114)

1(0.9%)

0

0

0
1(0.9%)
1(0.9%)

15 (13.2%)
98 (86.0%)
10.9%)

p-values

1.00

1.00
1.00

077
0.63
1.00
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Variable

Anesthesia

General anesthesia, n (%)
Local anesthesia, 7 (%)
Procedure time (min)
Procedure costs ($)

LAAC characteristics

Device size (mm)

LAA ostial width (mm)

LAA depth (mm)

LAA morphology

Windsock, 1 (%)

Cauliflower, 1 (%)

Chicken, n (%)

Cactus, n (%)

Implant success, 7 (%)
Complete occlusion, 7 (%)
PDL, 1 (%)

>3mm, n (%)

<3mm, n (%)

Device released for one time, 7 (%)
RFCA characteristics

RECA prior to LAAC of AF, n (%)
RECA, 1 (%)

PVIonly, n (%)

PVI plus linear ablation, # (%)

LAAC,

ft atrial appendage closure; LAA, left atrial appendage; AF, atrial fibrillati

‘Watchman-combined (n = 118)

7 (59%)
111 (94.1%)
16084519
16083.6  1434.4

277431
230%31
24+40

16 (13.6%)
82 (69.5%)
15 (12.7%)
5(42%)
118 (100%)
112 (94.9%)
6(5.1%)
0
6(5.1%)
112 (94.9%)

102 (86.4%)
118 (100%)
50 (42.4%)
68 (57.6%)

PDL, peri-device leakage;

LAmbre-combined (n = 114)

4(35%)
110 (96.5%)
1705+ 48.6
15253.9 % 11742

32940
259443
26257

18 (15.8%)
62 (54.4%)
28 (24.6%)

2(1.8%)
114 (100%)
107 (93.9%)

7(6.1%)

0

7 (6.1%)

99 (86.8%)

111 (97.4%)
114 (100%)
39 (34.2%)
75 (65.8%)

CA, radiofrequency catheter ablation; PV, pulmonary

p-values
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039

0.06
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<0.05
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0.02
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Variable ‘Watchman-combined (n = 118) LAmbre-combined (n = 114) p-values

Demographics and clinical features

Ages (years) 67.4£88 68.4+84 038
Body mass index (kg/m’) 25.0£33 246£33 030
Female gender, 1 (%) 149 (41.5%) 46 (40.4%) 086
LVEF (%) 626£7.9 615£100 039
Coronary artery disease, 1 (%) 17 (14.4%) 20 (17.5%) 051
Prior PCI/CAGB, 1 (%) 5(4.2%) 9(7.9%) 024
Prior ablation, # (%) 15 (12.7%) 12 (10.5%) 0.60
AF phenotypes

Paroxysmal AR, 1 (%) 52 (44.1%) 42 (36.8%) 026
Persistent AF, 7 (%) 38 (32.2%) 41 (36.0%) 055
Long-standing persistent AF, 7 (%) 28 (23.7%) 31(27.2%) 054
CHA2DS2-VASc score 37£15 38%15 056
Prior stroke/TIA, n (%) 35(29.7%) 26 (22:8%) 024
Congestive heart failure, 1 (%) 27 (22.9%) 27 (23.7%) 089
Arterial hypertension, 7 (%) 90 (76.3%) 75 (65.8%) 008
Age 75 (years), n (%) 29(24.6%) 25 (21.9%) 063
Vascular disease, n (%) 48 (40.7%) 44 (38.6%) 075
Diabetes mellitus, 7 (%) 36 (30.5%) 28 (24.6%) 031
HAS-BELD score 2511 23+ 11 029
Prior bleeding, 1 (%) 10 (8.5%) 13 (11.4%) 046
Labile INR, 7 (%) 33 (28.0%) 26 (22.8%) 037
Kidney disease, 1t (%) 12 (10.2%) 7(6.1%) 026
Liver disease, (%) 7(5.9%) 5(4.4%) 0.60
Drugs with predisposition to bleeding, » (%) 22(18.6%) 26 (22.8%) 043
Alcohol abuse, n (%) 16 (13.6%) 22(19.3%) 024

LVEE, left ventricular ejection fraction; PCI, percutaneous coronary interv ABG, coronary artery bypass grafting; AF, atrial fibrillation; TIA, transient ischemic attack; INR,

ternational normalized rati
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a-lAB P-value

(n =13)
Age 69.9+7.1 749 £ 6.6 0.038
BMI 28.2+45 27.6£3.6 0.714
Gender (male) 18 (66.7%) 12 (92.3%) 0.124
History of SVT 9 (33.3%) 5(38.5%) 1.000
UHD
IHD 11 (40.7%) 7 (53.8%) 0.739
AVD (/ + IHD) 12 (44.4%) 4(30.8%)
MVD (/ + IHD) 4(14.8%) 2 (15.4%)
AAD
Class I 1(3.7%) 0 1.000
Class IT 18 (66.7%) 10 (76.9%) 0.716
Class I1I 0 2 (15.4%) 0.100
Class IV 0 0 -
Hypertension 16 (59.3%) 9 (69.2%) 0.730
Dyslipedemia 15 (55.6%) 4(30.8%) 0.141
Diabetes mellitus 6(22.2%) 5(38.5%) 0.451
Myocardial infarction 8(29.6%) 2 (15.4%) 0.451
Thyroid disease 4 (14.8%) 0 0.284
LAVI 30.1 (4-39) 47 (26.3-84.3) 0.343
Systolic LVF
Normal 21 (77.8%) 10 (76.9%) 1.000
Mild dysfunction 5(18.5%) 3(23.1%)
Moderate dysfunction 1(3.7%) 0
P wave duration >120 ms 21 (77.7%) 13 (100%)

AVD, aortic valve disease; BMI, body mass index; IHD, ischemic heart disease; LAV, left atrial
volume index; LVE left ventricular function; MVD, mitral valve disease; SV'T, supraventricular
tachycardia; UHD, underlying heart disease. AAD, antiarrhythmic drugs. A p-value < 0.05 was
considered statistically significant.
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Shamgroup Pain group P
Mean £ 8D (1 =10) Mean % SD (n =13)

AERP (ms) 5490+ 1.14 4338+ 126 <0.0001

(Mean = Standard Deviation).





OPS/images/fcvm-09-1033297/fcvm-09-1033297-g002.jpg
ablation index (Al) value

410

400

390

380

370

360

350

Al Value in different walls

392+28 VS 371137, P < 0.001

395425
393431
391426 3@9;28
&
@
©
T = 371438
370+37 —r—
38(10.8%) 0 81(22.9% s
74(21.0%) ( ) 72(20.4%)
® ]
45(12.7%) 43(12.2%)
anteroseptal posteroseptal posterior anterior anterolateral posterolateral walls





OPS/images/fcvm-10-1060030/fcvm-10-1060030-g007.jpg
Recommendations

In patients with AHRE/subclinical AF detected by
CIED or insertable cardiac monitor, it is recom-
mended to conduct:

e Complete cardiovascular evaluation with ECG
recording, clinical risk factors/comorbidity
evaluation, and thrombo-embolic risk assess-
ment using the CHA,DS,-VASc score.

e Continued patient follow-up and monitoring
(preferably with the support of remote moni-
toring) to detect progression to clinical AF,
monitor the AHRE/subclinical AF burden
(especially transition to >24 h), and detect
changes in underlying clinical conditions.

Class®

Level®

AF = atrial fibrillation; AHRE = atrial high-rate episode; CIED = cardiac implant-

able electronic device; ECG = electrocardiogram.
*Class of recommendation.
®Level of evidence.
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Classical and emergin,
comorbidities and risk factors

» Advancing age

 Hypertension

+ Heart failure (decompensation)

- Valvular heart disease

+ (Cardiac) surgery

- Sex

- Obesity and metabolic syndrome
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» Sleep apnea

+ Exercise

Static
exposure

Transient
exposure
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Author

Wang et al. (21) China RCT

Rolfetal. (9) Germany  Prospective

Yang et al. (25) China  Retrospective
Jadidietal. (23)  Germany  Prospective
Cutler et al. (22) USA Retrospective
Yamaguchi et al. Japan  Retrospective
(29

Yang et al. (28) China RCT
Yagishita et al. USA  Retrospective
(27)

Mohanty et al. USA Prospective
(26)

Kircher et al. Germany RCT

(29)

Kumagai et al. Japan RCT
(30

Nery et al. (31) Canada  Retrospective
Masuda et al. Japan RCT
(15)

Liuetal. (14) China  Retrospective
Hwangetal. (13)  Korea RCT
Suzuki et al. (32) Japan  Retrospective

Location Design Sample

124

73

164

151

141

55

229

201

111

118

54

145

62

136

50

128

Male
(%)

76 (61)
40 (55)
126 (77)
104 (70)
93 (66)
35 (63)
176 (77)
113 (56)
79 (71)
77 (65)
39(72)
117 (80)
18 (29)
105 (72)
43 (86)

97 (76)

Age
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)
oo
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AF type

Non-paroxysmal AF

Paroxysmal AF and
non-paroxysmal AF

£o]

Non-paroxysmal Al

e

Non-paroxysmal Al

Non-paroxysmal AF

£o]

Non-paroxysmal Al

e

Non-paroxysmal Al

Paroxysmal AF and

non-paroxysmal AF

Paroxysmal AF
Paroxysmal AF and
non-paroxysmal AF
Non-paroxysmal AF
Non-paroxysmal AF

Paroxysmal AF
Non-paroxysmal AF

Non-paroxysmal AF

Non-paroxysmal AF

Follow-up LVA cutoffs
(moths)

12 <0.5mV
12 <0.5mV
30 0.1-04 mV
13 <0.5mV
12 <0.5mV
18 <0.5mV
18 0.1-04 mV
12 <0.5mV
27 <0.5mV
12 <0.5mV
24 <0.5mV
18 <0.5mV
25 <0.5mV
48 <0.5mV
12 <0.5mV
93 <0.5mV

Rhythm
during
voltage

mapping

During SR
During SR

During SR

During AF or SR

During SR

During SR

During SR

During AF

During SR

During SR

During SR

During SR

During SR

During AF

During AF

During SR

LAD LVEF
(mm) (%)

4544 64+5
447 5940
2+5 247
4545 5449

44+6 49+ 14

44£5 63+12

41£5 62+7

46 £8 50+13

40£5 54+7
43+£6 60+8
46 £5 61+7
42+11 52+6

)
(=)}
'

39 4

49£5 59411

46£6 59+ 14

Treatment

group
ablation
schemes

PV

PV

PV

PV

PV

PV

PV

PV

PV

PV

LVA

LVA

LVA

LVA

LVA

LVA

LVA

LVA

LVA

LVA

PVI + BOX
+LVA

PV

PV

PV

PV

PV

+

LVA

LVA

LVA

LVA

LVA

Control

group
ablation
schemes

PVI + stepwise

PVI

PVI + stepwise

PVI

PVI

PVI

PVI + stepwise

PVI

PVI

PVI + linear

PVI+BOX

PVI

PVI

PVI

PVI

PVI + linear

Primary
endpoints

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

recurrence

All-atrial

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

achycardia

recurrence

AF or atrial flutter

recurrence

LVA, atrial low-voltage areas; RCT, randomized controlled trials; AF, atrial fibrillation; SR, sinus rhythm; LAD, left atrial diameter; LVEE, left ventricular ejection fraction; PVI, pulmonary veins isolation.
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Subgroups No.of @ LVAablation Control RR(95% CI) 12, %
Studies Events/total Events/total Favours LVA ablation Favours Control
I
Total 16 365/1128 416/814 0.64(0.55, 0.76) 57 R
. i
Study design I
1
RCT 6 116/325 156/312 0.73(0.61, 0.87) 0 —— L p=0a1
Non-RCT |
10 249/803 260/502 0.59(0.46, 0.76) 72 —— !
AF type :
1
Paroxysmal AF 2 69/96 56/77 0.96(0.81, 1.13) 0 :
Non-paroxysmal AF 11 218/767 295/610 0.60(0.52, 0.69) 0 . .I d
2 1
Mixed types of AF 3 78/265 65/127 0.60(0.37,0.97) 66 ; & —
Rhythm during voltage :
mapping :
‘ 1
During SR 12 267/762 339/642 0.64(0.53, 0.78) 64 —— | P=0.67
. 1
During AF 3 72/281 42/106 0.68(0.44,1.06) 46 ——
The sequence of ablation and :
mapping :
‘ i
Before mapping 10 250/723 333/638 0.64(0.53, 0.78) 61 —— | P=0.67
. 1
After mapping 6 115/405 83/176 0.64(0.45,0.92) 59 ——i
Cutoff of LVA :
1
<0.5mv 14 299/928 320/621 0.64(0.53, 0.78) 60 —®— |, P=085
0.1-0.4mv 2 66/200 96/193 0.65(0.44, 0.96) 60 ——,
Follow-up :
|
>24 months 5 126/312 128/215 0.73(0.52, 1.04) 75 —_— L,
<24 months ! a
11 239/816 288/599 0.61(0.53, 0.70) 7 —— '
LAD |
1
>45 mm 5 107/366 99/218 0.67(0.53,0.84) 2 —— |
! P=0.45
<45 mm 10 241/665 302/557 0.64(0.51, 0.80) 69 ——
Ablation targets :
. 1
LVA ablation 13 277/864 287/561 0.64(0.52, 0.79) 63 ——t |
LVA+ transitional : P=0.93
zones ablation 3 88/264 129/253 0.64(0.51, 0.82) 21 —— |

J—

RR (95% CI)
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Parameter

Total number of PVs, n

Total mapping time, min

Total ablation time, min

Total fluoroscopy time, min
Mean number of CBAs, n
Single CBA, n (%)

2 CBAs, n (%)

>2 CBAs, n (%)

Patients treated with single CBA of each of the PV's
TTI measured per vein, n (%)
TTI (s)

Temperature at TTI (°C)

Time to target (—40°C) (s)
Nadir temperature (°C)

Thaw time (to 0°C) (s)
Deflation time (0°C to 20°C) (s)

Complete occlusion (Occlusion grade = 4)

All PVs

114*
147 +4
179+5
186+8
48+1.0
92 (80.7)
18 (15.8)

4(3.5)
12 (41.4)
74 (64.9)

38 [30-48]

—42 [—48 to —39]

30 [28-34]

—56 [—59 to —52]

16 [14-20]
23 [20-29]
93 (81.6)

LIPV

29

12405

24(82.8)

4(13.8)
1(34)

19 (65.5)

42 [21-66]
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30 [28-34]
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15 [14-19]
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22(75.9)
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29

12404

23(79.3)
6 (20.7)
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—58 [—64 to —54]
18 [16-21]

25 [20-30]

27 (93.1)

RIPV

28

14406

20 (71.4)
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14 (50.0)

43 [33-73]
—48 [—52 to —40]
32[29-35]
—55 [—58 to —51]
15 [12-18]

20 [17-25]

23(82.1)

RSPV

28

11405
25 (89.3)
2(7.1)
1(3.6)

18 (64.3)

37 [27-55]
—49 [—53 to —38]
29 [27-34]
—57 [—60 to —51]
16 [13-20]

24 [20-25]

21 (75.0)

PV, Pulmonary Vein; CBA, Cryoballoon application; TTI, Time to isolation; LIPV, Left inferior pulmonary vein; LSPV; Left superior pulmonary vein; RIPV, Right inferior pulmonary

vein; RSPV, Right superior pulmonary vein. *A right middle PV was present in two patients, data not included here. “Cardiomyopathy: patients with mild impaired left ventricle ejection

fraction (LVEF < 50%); History of heart failure: patients with history of hospitalization for acute heart failure during atrial fibrillation.”
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DOAC Mechanism
of action
Dabigatran Direct thrombin
inhibition
Rivaroxaban Factor Xa
inhibition
Apixaban Factor Xa
inhibition
Edoxaban Factor Xa
inhibition

Adapted from Hindricks et al. (124), Wiggins et al.

Dosing

150 mg p.o. b.i.d. CrCl > 30 ml/min
110 mg p.o. bid. if:

Age > 80

Concomitant use of verapamil
Increased bleeding risk 75 mg p.o. b.i.d.

(see Management recommendations)

20mg p.o. qd

15 mg p.o. qd (CrCl < 50 ml/min)
CrCl < 15 ml/min. or dialysis: not
recommended

5mgp.o. bid.

2.5mgp.o. bi.d. (ifat least 2 of 3: age >
80, creatinine > 1.5 mg/dl, weight <

60kg)

CrCl > 95 ml/min: not reccommended
(U.S. only)

CrCl51-95 ml/min: 60 mg p.o. qd
CrCl 15-50 ml/min: 30 mg p.o. qd

. (127), and Manning et al. (131) with permission.

J Effect

P-gp inducers can
decrease dabigatran

effect

Strong CYP3A4 inducers
and/or P-gp inducers can
decrease rivaroxaban
effect

Strong CYP3A4 inducers
and/or P-gp inducers can

decrease apixaban effect

P-gp inducers can

decrease edoxaban effect

1 Effect

P-gp inhibitors can

increase dabigatran effect

Strong dual CYP3A4 and
P-gp inhibitors can
increase rivaroxaban
effect

Strong dual CYP3A4 and
P-gp inhibitors can
increase apixaban effect
Strong single CYP3A4
inhibitors can also

increase apixaban effect

P-gp inhibitors can

increase edoxaban effect

Drug-drug
interactions

Dronedarone

Amiodarone

Verapamil
Dronedarone
Amiodarone
Verapamil
Diltiazem

Enzyme inducers
such as phenytoin,
carbamazepine,
primidone,

phenobarbital,

rifampin, St. John's

wart

Dronedarone

Management
recommendations

Administer 2 h before
dronedarone

Reduce dose to 75 mg twice daily
for CrCl 30-50 ml/min

Avoid use if CrCl < 30 ml/min

Safe if CrCl > 50 ml/min

Avoid combination if CrCl < 30
ml/min

Avoid use if CrCl < 30 ml/min
Avoid combination if CrCl < 80

ml/min

Avoid use; consider warfarin

Reduce dose by 50% to 30 mg
po.qd
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A

CHA,DS;-VASc stroke risk score

Characteristic

Congestive heart failure/LV dysfunction
Hypertension

Aged > 75 years

Diabetes mellitus

Stroke/TIA/TE

Vascular disease (prior MI, PAD, or aortic plaque)

Aged 65-74 years

Sex category (female gender)

Maximum score

*Chronic dialysis or renal transplantation or serum creatinine >2.26 mg/dl.

Score

B

HAS-BLED risk score

Characteristic

Hypertension (systolic BP >160)

Abnormal renal* (1 point) or liver** (1 point) function
Stroke

Bleeding

Labile INRs

Elderly (age > 65)

Drugs: antiplatelet agents or NSAIDS (1 point)
Alcohol > 8 drinks per week (1 point)

Maximum score

Score

lor2

" Chronic hepatic discase, bilirubin >2x upper limit of normal, in association with aspartate transaminase/alanine transaminase/alkaline phosphatase > 3x upper limit of normal.

Adapted from reference (113) with permission.
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Parameter All patients (n =29)

Age, years 62.1 =10
Male gender, n (%) 18 (62.1)
History of AF: 29 (100)
e Duration of the longest episode > 1h: ® 19 (65.5)
e Duration of the longest episode > 6h: 07 (24.1)
e Duration of the longest episode > 24h: ©3(10.3)
History of atrial flutter/atrial tachycardia: 5(17.2)
LVEE % 56 £9
Cardiomyopathy, n (%) 6 (20.7)
Hypertension, n (%) 13 (44.8)
Coronary artery disease, n (%) 3(10.3)
History of heart failure, n (%) 1(3.4)
COPD, n (%) 1(3.4)
EHRA score of AF-related symptoms:

e 1—No symptoms o1 (34)
e 2a—Mild symptoms e 18 (62.1)
e 2b—Moderate symptoms 09 (31.0)
e 3—Severe symptoms o1 (34)
e 4—Disabling symptoms ¢ 0(0.0)

AFE, Atrial fibrillation; COPD, Chronic obstructive pulmonary disease; EHRA,
European Heart Rhythm Association; LVEE Left ventricular ejection fraction; PVI,

Pulmonary vein isolation.





OPS/images/fcvm-09-914123/fcvm-09-914123-g003.jpg





OPS/images/fcvm-09-985182/fcvm-09-985182-g005.jpg
150 ms

osSmy

02 mv






OPS/images/fcvm-09-1060096/fcvm-09-1060096-t001.jpg
Clinical scenario

AF type

(A) Indications for concomitant open (such as mitral valve) surgical ablation of atrial fibrillation

Symptomatic AF refractory or intolerant to at least one Class I or ITT

antiarrhythmic medication

Symptomatic AF prior to initiation of antiarrhythmic therapy with a Class I

or Il antiarrhythmic medication

Paroxysmal AF

Persistent AF
Long-standing persistent
AF

Paroxysmal AF

Persistent AF
Long-standing persistent

AF

(B) Indications for concomitant closed (such as CABG and AVR) surgical ablation of atrial fibrillation

Symptomatic AF refractory or intolerant to at least one Class I or I1I

antiarrhythmic medication

Symptomatic AF prior to initiation of antiarrhythmic therapy with a Class I

or Il antiarrhythmic medication

(C) Indications for stand-alone and hybrid surgical ablation of atrial fibrillation

Symptomatic AF refractory or intolerant to at least one Class I or 111

antiarrhythmic medication

Patients being considered for hybrid surgical AF ablation

AR atrial fibrillation; LOE, Level of evidence; B-NR, Data derived from non-randomized trials; EO, Expert Opinion.
Adapted from Calkins et al. (48) with permission.

Paroxysmal AF

Persistent AF
Long-standing persistent
AF

Paroxysmal AF
Persistent AF
Long-standing persistent

AF

Paroxysmal AF

Persistent AF

Long-standing persistent
AF

Recommendation

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is recommended

Surgical ablation is reasonable

Surgical ablation is reasonable

Surgical ablation is reasonable

Stand-alone surgical ablation can be considered for patients who have failed one or more
attempts at catheter ablation and also for those who are intolerant or refractory to
antiarrhythmic drug therapy and prefer a surgical approach, after review of the relative
safety and efficacy of catheter ablation vs. a stand-alone surgical approach.

Stand-alone surgical ablation is reasonable for patients who have failed one or more
attempts at catheter ablation and also for those who prefer a surgical approach, after review
of the relative safety and efficacy of catheter ablation vs. a stand-alone surgical approach.
Stand-alone surgical ablation is reasonable for patients who have failed one or more
attempts at catheter ablation and also for those who prefer a surgical approach, after review
of the relative safety and efficacy of catheter ablation vs. a stand-alone surgical approach.

It might be reasonable to apply the indications for stand-alone surgical ablation described

above to patients being considered for hybrid surgical AF ablation.

Class

1Ia

1Ia
1Ia

Ila

11b

LOE

B-NR

B-NR
B-NR

B-NR

B-NR

B-NR

B-NR

B-NR
B-NR

B-NR

B-NR

B-NR

B-NR

B-NR

B-NR

C-EO
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Distance measurements: pre- and post- ablation
70.0

60.0
50.0
40.0
30.0
20.0

10.0

0.0
Posterior Wall Superior PVs line Right isthmus Left isthmus

® Pre-ablation ™ Post ablation





OPS/images/fcvm-09-1060096/crossmark.jpg
(®) Check for updates





OPS/images/fcvm-09-914123/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-985182/fcvm-09-985182-g002.jpg
.
cm

0.0

LIPV

LSPV

Antral ablated area of the PVs

p=0.0068
5.7
5.1
2.5
Total ablated tissue RIPV RSPV Total ablated tissue

area LPV area RPV

)
cme

PW area

PW area

PW area following Ablated PW area
PVI





OPS/images/fcvm-09-1048398/fcvm-09-1048398-t003.jpg
Mean Female, Prior abetes Hyper-  LAD, Blanking Recurrence HRV Holter

age % stroke,% mellitus, tension, mm 73 period ~ incidence, parameters recording
% % (month % time
(post-
ablation)
Hao etal. 58 38.1 NA NA NA 43.0 574 NA 40.5 SDDN 1,3,6 months
(16)
Higuchi 65 417 10.0 183 56.7 NA NA 3 43.3 SDNN 1day
etal.(17)
Jian etal. 55 46.6 NA 157 NA NA NA 3 69.7 SDNN; rMSSD; 2-3days
(18) PNNS0; LF; HF;
LE/HF
Jinetal. 58 267 8.0 10.1 44.0 59.9; 64.0 3 36.2 SDNN; rMSSD; 3,12,24 months
(19) LE; HE;
LE/HF
Kanda 63 268 18 196 62.5 364 712 NA 17.9 rMSSD; LF; HE; 3,6 months
etal. (20) LE/HF
Kangetal. 57 292 97 153 493 41.0 64.0 - 29 rMSSD; HF; 3,6,12,18,24
(1) LE/HF months
Liuetal. 58 375 NA 152 68.1 356 622 3 18.1 SDNN; rMSSD; 3 days
(22) LE; HE;
LE/HF
Marinkovi¢ 56 39.0 9.0 NA 49.0 394 622 3 38.0 SDNN; rMSSD; 1day 1,3,6,12
etal. (23) PNN50; months
LE/HE
Pokushalov 57 145 NA 6.5 16.1 47.0 57.6 2 29.0 SDNN; rMSSD; Immediately
etal. (24) LF; HF; and 3,6,9,12
LE/HF months
Seaborn 57 24.1 NA 14.5 NA 40.9 NA NA 325 SDNN; rMSSD; 1 hour, 1 day
etal. (25) PNNSO; LE HF; | 153,612
LE/HF ‘months
Wang 58 375 NA NA 39.1 36.7 58.5 3 328 SDNN; rMSSD 2-3 days
etal. (26) 1,3,6,12,36,60
SPVI months
Wang 60 243 37.8 36.9 58.3 315
etal. (27)
CPVI
Yamada 58 240 NA NA NA 344 68.0 NA 4.0 SDNN; rMSSD; Immediately
etal. (28) LEHF,LE/HE | and 1,3,6,12
SPVI months
Yamada 59 216 34.8 66.6 216
etal. (28)
CPVI
Yamaguchi 60 196 NA NA 56.5 403 64.3 3 174 rMSSD; 2 days 3,6,12
etal. (29) PNN50; SDNN; | months
LE; HF; LE/HF
Yanagisawa 62 298 NA NA NA 36.6 64.5 & 19.1 SDNN; LF; HF; 1,3,6,12 months
etal.(30) LE/HF
Yoshida 59 234 NA NA NA 343 67.3 NA 338 SDNN; rMSSD; Immediately
etal. (31) LEHF,LE/HE | and 1,3,6,12
months
Zhuetal. 64 412 NA 108 NA 39.8 625 3 133 SDNN; PNN50 1 day
(32) MSSD; LF; HE;
LE/HF

LVEE left ventricular cjection fraction, LAD, left atrial diameters AF, atrial fibrillation; N/A, not available; HE, high frequency; LE low frequency; SDNN, standard deviation of all NN intervals;
PNNS50, percentage of adjacent NN interval differences >50 ms; rMSSD, root mean square of the differences between adjacent NN intervals.
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PsAF Non-AF P
(n=43) (n=20)
SAN location 0.06
distribution
SAN above RA-SVC 26 (60.5) 7 (35.0)
junction, n (%)
SAN below RA-SVC 17 (39.5) 13 (65.0)
junction, n (%)
Relative distance of 344+11.0 —2.54+10.4 0.05

RA-SVC
junction-SAN (mm)

SVC, superior vena cava; RA, right atrium; SAN, sinoatrial node.
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Sample size  Study type Ablation Paroxysmal Follow-up

procedure AF, % (months)
Hao et al. (16) China 42 NA PVI(CTI) 59.5 6 7
Higuchi etal. (17) America 60 R PVI (linear) 53.3 12 7
Jian etal. (18) China 337 R NA NA 12 7
Jinetal. (19) China 614 R PVI(SVC) 86.3 41 8
Kanda et al. (20) Japan 56 NA CRYO (linear) 100 10 7
Kang etal. (21) Korea 144 NA PVI (linear 83.3 20 8
CAFE)
Liuetal. (22) China 7 P PVI (linear) 100 12 8
Marinkovi¢ et al. Serbia 100 P PVI (linear) 100 33 9
(23)
Pokushalov et al. Russia 62 NA PVI (GP+CAFE) 100 12 7
@4
Seaborn et al. (25) Canada 83 R PVI (CTI) 67.5 12 7
‘Wang et al. (26) China 64 NA PVI(SVC MI 100 62 8
SPVI CTI)
Wang et al. (27) 111
CPVI
Yamada et al. (28) Japan 50 R PVI (SVC 100 12 8
SPVI triggers)
Yamada et al. (28) 51
CPVI
‘Yamaguchi et al. Japan 92 R BOX 75.0 16 7
(29
Yanagisawa et al. Japan 235 R PVI+CRYO 100 15 8
(30) (linear CAFE
cTI)
Yoshida et al. (31) Japan 77 NA PVI (SVC 100 12 7
triggers)
Zhu etal. (32) China 102 NA PVI 100 24 8

CFAE, Complex fractionated atrial electrogram; CRYO, Cryoballoon; R, Retrospectively; P, Prospectively; N/A, not available; GP, ganglionated plexis CTI, cavotricuspid isthmus; SPVI, scgmental
pulmonary vein isolation; CPV, circumferential pulmonary vein isolation; SVC, superior vena cava; M1, mitral isthmus; NOS, Newcastle-Ottawa Scale.
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AF Non-AF P
(n=136) (n=20)
SAN location distribution 0.13
SAN above RA-SVC junction, 72 (52.9) 7 (35.0)
n (%)
SAN below RA-SVC 64 (47.1) 13 (65.0)
junction, # (%)
SAN above RA-SVC junction, 72 (52.9) 7 (35.0) 0.72
n (%)
Lateral, n (%) 46 (63.9) 4 (57.1)
Anterior, n (%) 14 (19.4) 2 (28.6)
Septal, n (%) 8 (11.1) 0(0)
Posterior, 1 (%) 4 (5.6) 1(14.3)
Distance of RA-SVC 10.2 4.7 9.5+6.2 0.69
junction-SAN, mm
SAN below RA-SVC 64 (47.1) 13 (65.0) 0.27
junction, n (%)
High RA, n (%) 60 (93.8) 11 (84.6)
Middle RA, n (%) 4(6.2) 2(15.4)
Distance of RA-SVC —89+£6.1 —9.0 £4.9 0.99

junction-SAN (mm)

SVC, superior vena cava; RA, right atrium; SAN, sinoatrial node.
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Acronym (unit) Full name
Time-domain
SDNN (ms) Standard deviation Correlated with LF
normal-to-normal of RR power
intervals
rMSSD (ms) Root mean square of Associated with HF
successive RR-intervals power and hence
differences parasympathetic
activity
PNNS0 (%) Percentage of adjacent NN Associated with HF
intervals varying by more power and hence
than 50 milliseconds parasympathetic
activity
Frequency-domain
LF (ms2) Power of the Index of both
high-frequency band sympathetic and
(0.04-0.15Hz) parasympathetic
activity, with a
predominance of
sympathetic
HF (ms2) Power of the Represents the most
high-frequency band efferent vagal
(0.15-0.4 Hz) (parasympathetic)
activity to the sinus
node
LF/HF LF/HF ratio Sympathovagal
balance
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SAN location distribution

SAN above RA-SVC junction, 1 (%)
SAN below RA-SVC junction, 1 (%)
SAN above RA-SVC junction, n (%)
Lateral, n (%)

Anterior, n (%)

Septal, n (%)

Posterior, 1 (%)

Distance of RA-SVC junction-SAN, mm
SAN below RA-SVC junction, 1 (%)
High RA, 1 (%)

Middle RA, 1 (%)

Distance of RA-SVC junction-SAN (mm)

SVC, superior vena cava; RA, right atrium; SAN, sinoatrial node.

All patients
(n=136)

72(52.9)
64 (47.1)
72(52.9)
46 (63.9)
14(19.4)
8(1L.1)
4(5.6)
102:£47
64 (47.1)
60 (93.8)
4(62)
-89£6.1

PAF
(n=93)

46 (495)
47 (50.5)
46 (49.5)
30(652)
9(19.6)
4(87)
3(65)
9747
47 (50.5)
43 (91.5)
4(85)
—9.1£63

PsAF
(n=43)

26(60.5)
17(39.5)
26(60.5)
16 (61.5)
5(19.2)
4(154)
1(39)
12448
17 (39.5)
17 (100)
0(0)
—86%56

023

082

020

057

078
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Adverse events PFA (N =100)

Major complications’

- Death 0% (0)
~ TIA/CVA 0% (0)
- Atrio-oesophageal fistula 0% (0)
- Permanent phrenic nerve palsy 0% (0)
- Bleeding requiring intervention* 0% (0)

Minor complications'

- Temporary phrenic nerve palsy 0% (0)
- Access site bleeding 2% (2)
Total 2% (2)

*Thoracotomy or transfusion.
t1n accordance with the consensus statement on surgical and catheter ablation (2) and
the classifications utilized by previous similar studies.
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Variables

Sex
Weight
Height

Standard
error

2.12
0.09
0.16

Standardized
coeflicient

0.20
—0.14
0.29

1.90
—1.33
2.28

0.06
0.19
0.02
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Procedural findings

N procedures performed
- Operator 1

- Operator 2

- Operator 3

- Operator 4

- Operator 5

- Operator 6

Mapping

Posterior wall isolation

- Average applications

Procedure time (skin to skin) [min]

- With mapping

- Without mapping

- Total

LA time [min]

Same day discharge
Radiation time [min]
Radiation dose [|LGy/m?]
RF touch up

Isolated PVs (isolated/total PVs)
Total applications

Average applications per PV
- RSPV

- RIPV

- LSPV

- LIPV

-LCO

PFA catheter

- 31 mm

- 35 mm

PFA (N = 100)*

37% (37)
35% (35)
14% (14)
6% (6)
4% (4)
4% (4)
18% (18)
12% (12)
192487

105.5 4+ 25.5
523+ 16.6
60.9 £ 26.8
448 £235
81% (81)
135475
658 (376-1037)
0% (0)
100% (391/391)
323425
8.140.6
82+ 1.0
81405
83412
82408
111427

77% (77)
23% (23)

LA, left atrium; RE, radiofrequency; PV, pulmonary vein; RSPV, right superior PV; RIPV,
right inferior PV; LSPV, left superior PV; LIPV, left inferior PV; LCO, left common

ostium; PFA, pulsed field ablation.

*Data are presented as mean and standard deviation for continuous variables and median

and interquartile range or number and percentages for categorical variables.
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Baseline characteristics PFA (n =100)*

Age 629494
Sex (M) 62% (62)
BMI 274+36
Duration AF (months) 44.0 (16.6-95.6)
Type AF

- Paroxysmal 80% (80)
— Persistent 18% (18)
- Long-standing persistent 2% (2)
Previous AF ablation 10% (10)
Heart failure 7% (7)
Cardiomyopathy 4% (4)
Coronary artery disease 19% (19)
Congenital heart disease 2% (2)
Pacemaker 2% (2)
Stroke/TTA 4% (4)
Thromboembolic event 7% (7)
COPD 3% (3)
Vascular disease 3% (3)
Renal failure 3% (3)
OSAS 3% (3)
Hypertension 37% (37)
Diabetes mellitus 7% (7)
Family history of AF 3% (3)
Failed AAD1 36% (36)
Failed AAD2 39% (39)
Failed AAD3 29% (29)
Failed AAD4 29% (29)
LVEF [%] 547 +37
LAVI [mL/m?] 357496
CHA,;DS;-VASc score 1.5 (1.0-2.0)

BMI, body mass index; AF, atrial fibrillation; TIA, transient ischemic accident; COPD,
chronic obstructive pulmonary disease; OSAS, obstructive sleep apnea syndrome;
AAD, antiarrhythmic drug; LVEE left ventricular ejection fraction; LAVI, left
atrial volume index.

*Data are presented as mean and standard deviation for continuous variables and median
and interquartile range or number and percentages for categorical variables.
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Outcomes

Arrhythmia recurrence after single ablation
Af recurrence after single ablation

Arrhythmia recurrence after repeated ablation
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37.8 £16.0
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0.51
0.01
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LA diameter (mm)

LAVI (mL/m?)

LAA length (mm)

LAA ostium diam. horizontal (mm)
LAA ostium diam. coronal

LAA ostium diam. sagittal

Ao. Ascendens (mm)

Ao. Sinus (mm)

TAPSE

Source near ridge

484+ 8.6
57385
415+6.9
213 +4.9
19.1£2.6
18.9 +.3.7
371%£79
350+1.0
214+6.7

No source near ridge

478 £6.6
44.6 £11.7
42.5+10.6
21.7 £4.1
208 £2.7
20.6 £3.9
87.1 =51
38.0+7.2
229+6.2

LA, left atrium; LAV, left atrial volume index; LAA, left atrial appendage; Ao, aorta; TAPSE, tricuspid annular plane systolic excursion.

P-value

0.84
0.06
0.78
0.80
0.13
0.28
0.98
0.51
0.57
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Before matching

After matching

Control p-value Control p-value
N=599 N=174
Age (years) 56.84 + 8.55 55.31 +10.43 56.87 +8.67 56.40 +9.44
Female 71 (28.4%) 231 (38.6%) 55 (31.6%) 52 (29.9%)
BMI (kg/m’) 2595+351 24.11+3.09 25.22+3.47 2537313
Current smoking 78 (31.2%) 132 (22.0%) 44 (253%) 51 (29.3%)
Carrent alcohol drinking 26 (104%) 39 (65%) 14 (8.0%) 19 (10.9%)
Hypertension 102 (40.8%) 143 (23.9%) 61 (35.1%) 62 (35.6%)
Diabetes. 10 (4.0%) 23 (3.8%) 6 (3.4%) 10 (5.7%)
CHF 11 (4.4%) 5 (0.8%) 3 (1.7%) 1(0.6%)
CAD 21 (84%) 68 (11.4%) 14 (8.0%) 12 (6.9%)
Vascular disease 1(04%) 4(07%) 0 1(06%)
Creatinine (umol/L) 86.18+18.24 83.25+19.42 84.94+17.98 8682+ 1837
©GFR (ml/min/1.73 m?) 84.39+22.88 80.37 +24.64 82.35+23.12 8291 +27.09
LVEF (%) 6389981 6770+643 65724842 6588615
SUA (umol/L) 41463210723 369.01 + 83.68 389.76 £ 89.12 3942428792
aabSUA 109 (43.6%) 165 (27.5%) 59 (33.9%) 69 (39.7%)
LVDD (mm) 5073536 4741406 49.12£4.65 48.08 2397
CHA,DS, VASc score 093070 084073 0084 089074 090=0.70 0.882
LAT/dense SEC 45 (18.0%) 21 (3.5%) <0.001 27 (15.5%) 9 (5.2%) 0.002

abSUA, abnormal serum uric acid; BMI, body mass index: CHF, congestive heart failure; CAD, coronary artery disease; eGFR, estimated glomerularfiltrationrate; LVEF, lef
ventricular ejection fraction; LAD, left atrial anteroposterior diameter; LVDD, left ventricular end diastolic diameter; LAT, left atrial thrombosis; SEC, spontaneous echo
contrast; PSM, propensity score matching. Age, gender, BMI, current smoking, current alcohol drinking, hypertension, diabetes, CHF, CAD, vascular disease, LVEF, SUA,
EABE il el SR it Soe 4 BCRA.





OPS/images/fcvm-09-928384/fcvm-09-928384-t002.jpg
Application number
Ablation time (s)
Procedure duration (min)
Fluoroscopy dose (mGy)
DAP (mGy/cmz)

DAP, dose area product.

Leading source near ridge

33.0 (18.8-47.7)
2206.8 & 1250.2
215.8 +38.4
190.5 (120.0-505.5)
20118.2 (14434.5-50660.4)

No leading source near ridge

26.5 (16.0-38.0)
1740.6 + 7345
171.2 + 4576
243.5 (134.5-319.0)
201572 (12791.0-29809.7)

P-value

0.21
0.21
0.01
1.00
0.30
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Before matching After matching

Control p-value Control p-value
N=575 N=224
Age (years) 5501 £10.30 5612+9.75 55.30 1047 55.5429.79
Female 54 (19.7%) 248 (43.1%) X 52 (23.2%) 46 (20.5%)
BMI (kg/m’) 2565346 2418315 2513330 25.043.04
Current smoking 94 (34.3%) 116 (20.2%) X 66 (29.5%) 68 (30.4%)
Current alcohol drinking 30 (10.9%) 35 (6.1%) 22 (98%) 21 (94%)
Hypertension 93 (33.9%) 152 (26.4%) 70 (31.3%) 71 (31.7%)
Diabetes 16 (5.8%) 17 (3.0%) 13 (5.8%) 8 (3.6%)
CHF 8 (2.9%) 8 (1.4%) 4 (1.8%) 3 (1.3%)
CAD 28 (10.2%) 61 (10.6%) 21 (9.4%) 23 (10.3%)
Vascular disease 2(0.7%) 3 (0.5%) 1(04%) 2 (0.9%)
Creatinine (umol/L) 9049 £ 18.41 81071871 X 88.62+ 18.46 88.13+17.06
€GFR (ml/min/1.73 m’) 8387+25.17 80.44 +23.65 83.40+26.16 814242476
LVEF (%) 6482856 67.41%7.23 6588747 66.017.63
LAD (mm) 3847£592 3622553 37.59+528 36.96+5.37
abLAD 109 (39.8%) 141 (245%) <0.001 76 (33.9%) 65 (29.0%) 0263
LVDD (mm) 4929+5.05 47.96 £ 4.51 <0.001 48.66+4.58 48.53 2450 0759
CHA,DS, VASc score 0.77=0.68 0912073 0.007 0772071 0722066 0410
LAT/dense SEC 34 (12.4%) 32 (5.6%) <0.001 27 (12.1%) 14 (63%) 0033

abSUA, abnormal serum uric acid; BMI, body mass index; CHF, congestive heart failure; CAD, coronary artery disease; eGFR, estimated glomerularfiltrationrate; LVEF, left
ventricular ejection fraction; LAD, left atrial anteroposterior diameter; LVDD, left ventricular end diastolic diameter: LAT, left atrial thrombosis; SEC, spontaneous echo
contrast; PSM, propensity score matching. Age, gender, BMI, current smoking, current alcohol drinking, hypertension, diabetes, CHF, CAD, vascular disease, LVEF, LAD,
PAIOD. il AP e s i tra het BERA
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Source near ridge No source near ridge P-value

Number of patients, n 10 20

Age (years) 64.7 £ 8.4 61.3+5.7 0.96
LVEF (%) 533 £10.1 52.6+7.9 0.84
AF duration (years) 6.0 +3.8 7.4+6.6 0.11
Prior PVL, n (%) 5 (50%) 13 (65%) 0.34
Hypertension, n (%) 7 (70%) 10 (50%) 0.25
Hyperlipidemia, n (%) 2 (20%) 4 (20%) 0.69
Diabetes, n (%) 3(30%) 1 (5%) 0.09
Sleep apnea, n (%) 0 (0%) 2 (10%) 0.46
Ischemic heart disease, n (%) 2 (2%) 0 (0%) 0.10
Dilated cardiomyopathy, n (%) 0 (5%) 2 (10%) 0.43
CHA,DS;-VASc-score 23+1.1 1.6 +14 0.92

AF, atrial fibrillation; LVEE left ventricular ejection fraction; PVI, pulmonary vein isolation.
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697 patients with symptomatic PSAF refractory to or intolerant of
> 1 anti-arrhythmic drug who opted to receive catheter ablation

\

424 patients

2773 patients with prior
ablation
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263 patients

\

161 patients met other
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\4

108 patients enrolled into the current study

\4

155 patients refused to
participate
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Model 3

Model 1 Model 2
OR (95% Cl) OR (95% CI) OR (95% CI)
1.886 (1.113-3.195) 1.792 (1.048-3.066) 1725 (1.012-2.942)
abLAD <0001 5.251 (3025-9.114) <0.001 4503 (2.564-7.910) <0.001 4663 (2655-8.190)
LVEF - - 0.001 0952 (0.925-0.979) 0002 0958 (0.932-0.985)
CHF 0037 3357 (1.074-10.493) - - - -
Age - - 0.020 1.037 (1.006-1.070) & =

OR, odds ratio; CI, Confidence Interval; abSUA, Serum uric acid >420 umol/L; abLAD, Anteroposterior LAD >4 cm: LVEF, left ventricular ejection fraction; LVDD, left

ventricular end diastolic diameter; CHF, chronic heart failure.

Model 1: age, sex, hypertension, diabetes and CHF were adjusted
Model 2: age, sex, hypertension, diabetes, CHF, current alcohol drinking, creatinine, LVEF, LVDD and CHA,DS,-VASc were adjusted.

Model 3: current alcohol drinking, creatinine, LVEF, LVDD and CHA,DS,-VASc were adjusted.
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Characteristics LAT/dense | Non-LAT/dense | p-value
SEC group SEC group
(n=66) (Control) (n=783)
Age (years) 5805+ 845 55.57 +10.03
Female 21 (31.8%) 281 (35.9%)
BMI (kg/m’) 2533357 2460330
Current smoking 22 (33.3%) 188 (24.0%)
Current alcohol drinking 10 (15.2%) 55 (7.0%) 0.017
Hypertension 23 (34.8%) 222 (28.4%) 0263
Diabetes 3 (450%) 30 (3.80%) 0737
CHF 5 (7.60%) 11 (1.40%) 0.005
Coronary artery disease 6 (9.10%) 83 (10.6%) 0701
Vascular disease 0 5 (0.60%) 1.000
Creatinine (umol/L) 89.45 £ 19.00 83.66+19.07
€GFR (ml/min/1.73 m?) | 7672 +22.86 81.96 +2427
Urine protein 0 12 (26%)
D-Dimer (mg/L FEU) 0.40 =056 042228 0.958
SUA (umol/L) 43480+ 108.70 37793+93.74 <0.001
abSUA 34 (51.5%) 232 (29.6%) <0.001
LVEF (%) 61.80%9.25 6695+7.60
LAD (mm) 42974733 3643533
abLAD 43 (65.2%) 211 (26.9%)
LVDD (mm) 5077 6.10 48.19+4.54
CHA,DS,-VASc score 1020.67 085072
Antiplatelet 16 (24.2%) 130 (16.6%)

11 (16.7%) 96 (12.3%) 0.300
B-blocker 20 (30.3%) 165 (21.1%) 0.081
ACEVARB 7 (10.6%) 72 (92%) 0.705
Amiodarone 2 (3.0%) 68 (8.7%) 0.109

Data are presented as n (%) or mean + SD. BMI, body mass index; CHF, chronic
heart failure; SUA, Serum uric acid; LVEF, left ventricular ejection fraction; LAD,
left atrial diameter; LVDD, left ventricular end diastolic diameter; abLAD,
Anteroposterior LAD >4 cm; abSUA, Serum uric acid >420 umol/L; LAT, left atria
thrombus; SEC, spontaneous echo contrast; ACE, Angiotensin Converting
Erovme hiibitor: ARE. Angictersin: Becenior flacker.
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Age (year)

Male, no. (%)

PAfib, no. (%)

History of HF

Hypertension

Diabetes mellitus

Prior stroke/TIA

PAD

CAD

CHADS,; score

CHA,DS; Vasc

Cryoablation

Pre-ablation (1 s)

Frequency > 0.042 (b/m)

Difference (1 s)

Frequency > -0.012 (b/m)

Duration > -1.67 (%)

Duration, long > -0.83 (%)

Pre-ablation (5 s)

Duration > 3.33 (%)
Post-ablation (5 s)

Frequency > 0.05 (b/m)

Difference (5 s)

Frequency > -0.008 (b/m)

Duration, long > 0 (%)

*Adjusted for age, sex, persistent atrial fibrillation, CHADS,; score, and cryoballoon use.

Univariable

OR

1.037
0.375
0.425
1.385
2.250
3.306
2.677
2.292
2.192
1.774
1373
0.465

1.610

0.095

0.204

0.204

0.503

0.493

0.268
0.468

95% CI

0.980-1.097
0.097-1.453
0.130-1.385
0.328-5.845
0.653-7.750
1.025-10.660
0.567-12.645
0.592-8.866
0.484-9.936
1.147-2.743
0.974-1.935
0.153-1.417

0.493-6.293

0.024-0.319

0.061-0.636

0.061-0.636

0.157-1.575

0.155-1.589

0.075-0.853
0.141-1.457

P-value

0.204
0.156
0.155
0.658
0.199
0.045
0.214
0.230
0.309
0.010
0.070
0.178

0.450

<1073

<1072

<1072

0.236

0.228

0.030
0.195

Multivariable*

OR 95% CI P-value
1.007 0.912-1.113 0.887
1.139 0.166-7.841 0.894
0.371 0.040-3.484 0.386
2.758 1.033-7.360 0.043
0.062 0.011-0.263 <1073
0.175 0.042-0.627 <1072
0.165 0.037-0.636 0.01
0.288 0.072-1.033 0.06

CI, confidence interval; OR, odds ratio; pAFE, paroxysmal atrial fibrillation; HF, heart failure; PAD, peripheral artery disease; CAD, coronary artery disease.

Please refer to the text for definition of SKNA parameters.

Bold values mean p < 0.05.
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ROC Curve

Sensitivity

CHA2DS2-VASc Score

—— CHA2DS2-VASc Score_abSUA
CHA2DS2-VASc Score_abLAD
CHA2DS2-VASc Score_abSUA_abLAD

0.4 3 08 L0
1 - Specificity
AUC (95%Cl) P value
CHA2DS2-VASc Score 0.562 (0.495-0.630) 0.092
CHA2DS2-VASc Score_abSUA 0.645 (0.577-0.714) <0.001
CHA2DS2-VASc Score_abLAD 0.720 (0.650-0.791) <0.001
( )

CHA2DS2-VASc Score_abSUA_abLAD 0.762 (0.703-0.821 <0.001
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SKNA

Pre-ablation
Baseline (V)
Threshold (V)
Frequency (b/m)
Duration (%)
Duration, long (%)
Duration, short (%)
Amplitude (LV)
Area (WV*min)
Post-ablation
Baseline (LV)
Threshold (nV)
Frequency (b/m)
Duration (%)
Duration, long (%)
Duration, short (%)
Amplitude (LV)
Area (WV*min)
Difference
Baseline (LV)
Threshold (V)
Frequency (b/m)
Duration (%)
Duration, long (%)
Duration, short (%)
Amplitude (LV)
Area (WV*min)

No recurrent Recurrence
N=63 N=16
0.042 4 0.013 0.041 & 0.011
0.049 £ 0.012 0.049 £ 0.017
0.069 = 0.044 0.066 & 0.033

14.775 £ 9.551
4.683 + 3.975
10.093 + 9.194
0.059 + 0.034
0.017 +0.014

0.043 +0.013
0.049 +0.018
0.086 % 0.051
14.127 £ 7.348
6.217 + 4.610
7.910 & 6.661
0.056 + 0.045
0.013 4+ 0.017

0.0008 £ 0.0078
0.0000 £ 0.0134
0.0168 £ 0.0622
—0.6481 £ 10.741
1.534 £ 5.652
—2.183 £ 10.540
—0.0029 + 0.0526
—0.0046 £ 0.0227

16.146 + 12.663
4.010 +2.792
12.135+ 11.887
0.058 & 0.034
0.019 +0.018

0.043 +0.013
0.050 = 0.019
0.053 + 0.031
12.111+ 7.721
8.722 £2.517
8.389 & 6.542
0.082 % 0.087
0.021 + 0.025

0.0019 £ 0.0066
0.0015 £ 0.0069
—0.0144 £ 0.0309
—4.611 £ 11.091
—0.444 £ 2.595
—4.167 £ 10.852
0.0226 & 0.0529
0.012 % 0.0299

P-value

0.663
0.991
0.823
0.634
0.527
0.458
0.901
0.613

0.944
0.706
0.003
0.347
0.007
0.802
0.114
0.108

0.612
0.661
0.008
0.206
0.191
0.517
0.096
0.412

All values are expressed as mean = SD. SKNA, skin sympathetic nerve activity.

Bold values mean p < 0.05.
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SKNA

Pre-ablation
Baseline (V)
Threshold (V)
Frequency (b/m)
Duration (%)
Duration, long (%)
Duration, short (%)
Amplitude (LV)
Area (WV*min)
Post-ablation
Baseline (LV)
Threshold (nV)
Frequency (b/m)
Duration (%)
Duration, long (%)
Duration, short (%)
Amplitude (LV)
Area (WV*min)
Difference
Baseline (LV)
Threshold (V)
Frequency (b/m)
Duration (%)
Duration, long (%)
Duration, short (%)
Amplitude (LV)
Area (WV*min)

No recurrent Recurrence
N=63 N=16

0.041 4 0.013 0.040 + 0.011
0.051 & 0.012 0.051 +0.016
0.074 % 0.055 0.109 =+ 0.067
12.828 + 6.910 16.979 + 9.505
5.286 & 0.4.780 7.927 4 5.961
7.542 4 5.203 9.052 4 7.238
0.065 & 0.043 0.065 = 0.041
0.020 & 0.013 0.025 + 0.015
0.042 4 0.013 0.040 + 0.013
0.051 £ 0.019 0.054 % 0.025
0.102 + 0.063 0.084 + 0.058

14.611 £ 6.621
8.034 £ 5.847
6.577 £ 4.235
0.059 + 0.042
0.019 +0.018

0.0002 £ 0.0076
—0.0007 £ 0.0151
0.0375 + 0.0694
1.783 £+ 7.509
2.749 £ 6.410
—0.966 + 6.284
—0.0059 + 0.0563
—0.0009 £ 0.0217

All values are expressed as mean =+ SD.

14.146 + 8.445
6.521 £5.033
7.635 £ 5.940
0.082 £ 0.085
0.036 £ 0.047

0.002 + 0.0087
0.0035 £+ 0.0345
—0.0250 £ 0.0556
—2.833 +8.093
—1.406 4 5.143
—1.427 1 8.388
0.0166 £ 0.0762
0.0110 £ 0.0501

SKNA: skin sympathetic nerve activity, please refer to text for definition.

Bold values mean p < 0.05.

P-value

0.647
0.855
0.036
0.051
0.065
0.343
1.000
0.155

0.663
0.533
0.292
0.813
0.346
0.420
0.319
0.167

0.994
0.392
0.006
0.034
0.019
0.808
0.189
0.366
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Pre-HR (63 vs. 16)
Post-HR (63 vs. 16)
Delta HR (63 vs. 16)
LA diameter (40 vs. 14)
E (41 vs. 13)

E’ lateral (12 vs. 4)

E’ medial (12 vs. 3)
LVEE (39 vs. 13)

No recurrent  Recurrence
N=63 N=16
66 (26) 73.5 (23.5)
70.0 4+ 11.8 713 +16.0
—1.7+16.1 —3.6+157
420456 44.1 + 6.4
84.5 4 25.1 88.4 4+ 25.3
10.05 (6.03) 7.75 (7.10)
78428 83456
68.4 % 10.0 64.4 % 8.0

P-value

0.550
0.727
0.680
0.241
0.640
0.671
0.824
0.175

Values are expressed as the mean =+ standard deviation, median (interquartile range), or

number (percentage).

HR, heart rate; LA, left atrium; LVEE left ventricular ejection fraction.
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MOST (261)

TRENDS (262)

Study type and
duration
Subgroup analysis of
RCT, 6 years

Prospective
observational Study,
mean follow-up 1.4
years

Study Population

=312, median age 74, 55%
female, and 60% had a history of

| n=2,486 with >1 risk factor for

stroke

Criteria for the diagnosis of AHRE

Atrial rate 220 bpm for 10 consecutive
beats.

| AT/AF burden = longest total AT/AF

duration on any given day during the prior
30-day period and classified as subsets: zero,
low [<5.5 h (median duration)], and high
(255 h duration)

Outcomes

Compared with controls, AHREs were
associated with increased total mortality
(HR 2.48; 95% CI, 1.25-491, P=0.0092),
death or non-fatal stroke (HR 2.79; 95% CI,
151-5.15, P=0.0011), and AF (HR 593;
95% CI, 2.88-12.2, P=0.0001)

Compared with zero burden, AF burden was
associated with increased TE: (HR 0.98; 95%
CI, 034-2.82, P=097) and (HR 220; 95%
CI, 096-5.05, P =0.06) for low and high,
respectively

ASSERT (263)

Prospective
observational

Study, mean follow-up
2.5 years

7=2,580, age 265 years, with
hypertension and no history of AF

Atrial rate >190 bpm for >6 min

By 3 months, AHREs occurred in 10.1%.
AHREs were associated with an increased
risk of clinical AF (HR 5.56; 95% CI, 3.78—
8.17; P < 0.001) and of ischemic stroke or SE
(HR 2.49; 95% CI, 1.28-4.85; P =0.007).
After adjustment for predictors of stroke,
AHREs remained associated with stroke/SE
(HR 2.50; 95% CI, 1.28-4.89; P = 0.008)

Carelink/VA
(264)

Case crossover study;
analysis of data 30 days
preceding a stroke

1=9,850, median age 65 years,
99% male, and 98% had a
defibrillator

255 of AF on 21 day in the preceding 30
days

AHREs were associated with a four-fold
increased risk of stroke within 30 days (OR
=4.33; 95% CI, 1.19-23.7). Risk was highest
in the 5-10 days after AHRE and rapidly
declined after 10 days

Belgrade (265)
Atrial
Fibrillation
Study

SOS AF (266)
project

Single-centre registry
and mean follow-up
9.9+6.1 years

Pooled analysis of
individual patient data
from 5 prospective
studies

7=1,100, mean age 52.7 +12.2,
13.3% had asymptomatic AF

7=10,016, median age 70 years.
Patients without permanent AF
were included if they had at least 3
months of follow-up

Asymptomatic presentation of first
diagnosed AF

| Devicedetected AF. Cutoff points of AF

burden defined as:
5min, 1,6,12,and 23 h

Ischemic stroke risk (log-rank test = 6.2, P=
0.013) was significantly worse for patients
with asymptomatic AF compared with those
with symptomatic AF

AF burden 1 h was associated with the risk
of ischemic stroke (HR 2.11; 95% CI, 1.22—
3.64, P=0.008)

AF, atrial fibrillation; AHRE, atrial high-rate event; AT, atrial tachycardia; bpm, beats per minute; RCT, randomized controlled trial; SE, systemic embolism; SND, sinus node
dysfunction; TE, thromboembolic event
Adapted from reference (253) with permission.
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Ref. # Year

Michniewicz
etal. (223) 2018

Cases/
participants

Age,
years

Follow-up, years
(unless otherwise
indicated)

Study type

Key findings/message

+ Prevalence of AF among patients with CAD has been
estimated to range from 0.2% to 5%.
Reported prevalence of CAD in patients with AF has ranged
from 17% to 46.5%.
Patients with ACS and AF have had worse in-hospital
outcomes than those without any AF. Complications are
higher with new onset vs. prior AF.

Jabre et al. (224)
2011

278,854 with AF
and MI

Varied widely among
studies

Systematic review and
‘meta-analysis

‘There was a significant association between AF and mortality
(OR: 1.46; 95% CI, 1.35-1.58).

Mortality for new AF (OR: 137; 95% CI, 1.26-149).
Mortality for prior AF (OR: 1.28; (5% CI, 1.16-1.40).

Mehta et al.
(226) 2003

2921/21,785

In-hospital

Sample from Global
Registry of Acute
Coronary Events

(GRACE)

Patients with ACS and any AF were more likely to have a
complicated in-hospital course than those without AF.

With new-onset AF there was a 25- to 4-fold increase in the
adverse events of reinfarction, cardiogenic shock, pulmonary
edema, cardiac arrest, major bleeding, and stroke.

As a result, in-hospital death rates were increased nearly
threefold in patients with new-onset AF. Importantly, almost
all complications remained higher in patients with new-onset
AF compared with no AF:

In contrast, although in-hospital mortality was increased
twofold in patients with previous AF the independent effect of
previous AF on in-hospital mortality was not upheld when
potentially confounding prognostic factors were controlled
for in a multivariate regression analysis.

Smid et al. (227)
2017

AF with a rapid ventricular response may be accompanied by
ST segment depression and symptomms suggesting ischemia in
the absence of significant obstructive coronary artery disease.
Even troponin release may oceur in the absence of obstructive
CAD.

AF has been independently linked with up to a 3-fold
increased risk of cardiac arrest due to VE.

“The mechanism for VE may result from one or more of the
following: a direct proarrhythmic effect of AF, an increased
cardiac workload, tachycardia-induced ischemia, or heart
failure.

Mortality s 2-4-fold higher in individuals with AF.

Darby et al. (229)
2012

The risk of AF increases 4.5 1o 5.9-fold in the presence of
heart failure (HF) and AF is present in >15% of HF patients.
‘The prevalence of AF increases as HF severity worsens
(5-10% in mild HF, 10-26% in moderate HF, and up to 50%
in advanced HE).

25%-35% of individuals with decompensated HF present

in AF.

Among patients with HF, AF develops at a rate of 6-8%/year.
AF may precipitate HF exacerbation and HF may trigger AF.
AF management in HF includes optimizing HF medical
management, assessing thromboembolic risk and
anticoagulation, rate control and evaluating the need for
cardioversion and maintenance of sinus rhythm as well as
choosing the method to achieve it.

Buckley et al.
(231) 2021

142,477 /634,885

HCM +AF:

526200
HCM -AF:
653146

DCM +AF:

665 (13.7)
DCM -AF:
570%175

Retrospective cohort study

Concomitant AF was present in 14,675 (2.3%) patients with
hypertrophic, 90,117 (7.0%) with restrictive, and 37,685
(5.9%) with dilated cardiomyopathy.

Significantly higher odds of hospitalization, incident HF, and
stroke were noted in all cardiomyopathy subtypes.

AF was associated with significantly greater odds of all-cause
mortality in hypertrophic (OR:126; 95% CI, 1.13-140) and
dilated [1.36 (1.27-1.46)], but not restrictive [0.98
(0.94-1.02)], cardiomyopathy.

AF catheter ablation was associated with significantly lower
‘odds of all-cause mortality at 12 months across each of the
cardiomyopathy subtypes.
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Parameters

RFCA

Age (years)

Male

CHA2DS2-VASc score (points)
Years diagnosed with AF (years)
LA diameter (mm)

Early recurrence

CBA

Age (years)

Male

CHA2DS2-VASc score (points)
Years diagnosed with AF (years)
LA diameter (mm)

Early recurrence
Thoracoscopic maze

Age (years)

Male

CHA2DS2-VASc score (points)
Years diagnosed with AF (years)
LA diameter (mm)

Early recurrence

AFE,  atrial fibrillation; CBA, cryoballoon ablation;

radiofrequency ablation.

Hazard
ratio

1.036
0.574
1.150
1.005
0.936
4.698

1.025
0.357
1.040
1.046
0.967
3.410

1.009
1.692
1.051
0.976
1.079
1.560

95%
confidence
interval

0.953-1.126
0.213-1.543
0.838-1.578
0.850-1.189
0.810-1.081
1.498-14.738

0.949-1.107
0.118-1.079
0.637-1.698
0.952-1.148
0.806-1.161
1.291-9.007

0.947-1.075
0.218-13.148
0.689-1.604
0.805-1.184
0.947-1.229
0.201-12.120

P-value

0.403
0.271
0.387
0.950
0.367
0.008

0.535
0.068
0.874
0.349
0.722
0.013

0.775
0.615
0.816
0.808
0.252
0.671

LA, left atrium; RFCA,
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Demographic data

Age (years)

Men (%)

BMI (kg/m?)

Past medical history (%)
Heart failure
Hypertension

Diabetes mellitus
Thromboembolic events
Vascular events
CHA2DS2-VASc

Atrial fibrillation history
Years diagnosed with AF
Previous DCC (%)
Echocardiography

LAD (mm)

LAvolume index (ml/m?)
LVEF (%)

Medications at discharge (%)
Class Ic drug

Class IIT drug
Beta-blocker

Calcium channel blocker
Holter monitoring during follow up (%)
3-month visits

12-month visits

At least once
Medications at 3 month follow-up (%)
Class Ic drug

Class ITI drug
Beta-blocker

Calcium channel blocker
Recurrence (%)

Early recurrence

RFCA
(n=32)

642+ 5.6
21 (65.6)
259434

4(12.5)
22 (68.8)
9(28.1)
1(3.1)
0(0.0)
204 1.4

40432
24 (75.0)

54,5+ 3.7
66.9 +20.7
55.1 8.7

13 (40.6)

10 (31.3)

11 (34.4)
3(9.4)

17 (53.1)
14 (43.8)
22 (68.8)

12 (31.6)

17 (44.7)

13 (34.2)
3(7.9)

16 (50.0)

CBA
(n=38)

64.8 + 6.0
34 (89.5)
26125

8 (21.1)
28 (73.7)
10 (26.3)
0(0.0)
0(0.0)
19409

44142
22 (57.9)

53.8+24
66.2+15.9
58.0 6.7

11 (28.9)

21(55.3)

10 (26.3)
2(5.3)

23 (60.5)
14 (36.8)
26 (68.4)

6(18.8)
8(25.0)
14 (43.8)
4(12.5)

21(55.3)

Thoracoscopic maze
(n=19)

59.8 £ 8.9
16 (84.2)
262431

3(15.8)
12 (63.2)
0(0)
3(15.8)
0(0)
25+12

41436
17 (89.5)

5814438
80.6 £ 19.3
60.3+5.5

2(10.5)
16 (84.2)
7 (36.8)
7 (36.8)

11 (57.9)
6(31.6)
11 (61.1)

4(21.1)
16 (84.2)
5(26.3)
8 (42.1)

17 (89.5)

P-value

0.023
0.040
0.917

0.629
0.710
0.037
0.023
N/A
0.171

0.928
0.038

<0.001
0.032
0.043

0.073
0.001
0.655
0.003

0.822
0.670
0.835

0.425
<0.001
0.436
0.004

0.014

AFE atrial fibrillation; BMI, body mass index; CBA, cryoballon ablation; DCC, direct current cardioversion; LA, left atrium; LVEE left ventricular ejection fraction; RFCA,

radiofrequency ablation.
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Basic
characteristics

Age (year)

Male, no. (%)
Paroxysmal atrial
fibrillation, no. (%)
History of heart failure
Hypertension

Diabetes mellitus

Prior stroke/TTA
Peripheral artery disease
Coronary artery disease
CHADS; score
CHA, DS, VASc score
Cryoablation

No recurrent

N=63

64 (15)
39 (61.9)
50 (79.4)

9(14.3)
36 (57.1)
12 (19.0)
5(7.9)
8(12.7)
6(9.5)
1(2)
2(2)
43 (68.3)

Recurrence

N=16

66 (16.75)
13 (81.3)
10 (62.5)

3(18.8)
12 (75.0)
7 (43.8)
3(18.8)
4(25.0)
3(18.8)
2(2)
25(3.5)
8 (50.0)

P-value

0.291
0.121
0.140

0.456
0.154
0.045
0.200
0.197
0.261
0.012
0.081
0.143

Values are expressed as mean =+ standard deviation, median (interquartile range), or

number (percentage).

TIA, transient ischemic attack; CHADS,, congestive heart failure, hypertension, age,

diabetes, stroke; CHA; DS, VASc, congestive heart failure, hypertension, diabetes, stroke,

vascular disease, sex.
Bold values mean p < 0.05.
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Wilhelmsen et al. (210) 2001

Cases/
participants
75417495

%
Males

Age
(years)

Follow-up | Study Design

(years)

Population-based
cohort study

Key findings

Coffee consumption was not associated with an increased
risk of hospitalization for AF.

Compared to nondrinkers, (OR: 1.24; 95% CI, 100 to
1.54) for 1-4 cups/day, and OR: 1.09; 95% CI, 0.87 to 1.38)
for >5 cups/day.

Mattioli (211) et al. 2005

116/232

Case control

Higher coffee intake, >3 cups/day, was associated with a
lower rate of spontaneous conversion from AF (OR: 0.3;
95% CI, 0.11 to 0.49;

Frost et al. (212) 2006

Mukamal et al. (213) 2009

555/47,949

163/1,369

Prospective cohort

Prospective cohort

Compared with the lowest quintile, there was no
association between caffeine intake and incident AF
(lowest risk was third quintile, ~584 mg/day; HR: 0.85;
95% CI, 0.65 to 1.12).

In patients with previous myocardial infarction, coffee
drinkers in the 4 highest categories of intake had ~30%
lower risk of developing AF (HR for >1 cup/day: 0.
95% CI, 0.40 to 1.05).

Conen et al. (214) 2010

945/33,638

Prospective cohort

U-shaped relationship with lowest risk of incident AF in
third quartile of intake with median 285 mg/day (HR:
0.78; 95% CI, 0.64 to 0.95; P for quadratic trend = 0.03).
None of the individual caffeine components (tea, coffee,
cola, chocolate) was associated with incident AF.

Shen et al. (215) 2011

296/4,526

Prospective cohort

No correlation between caffeine intake and risk of incident
AF for quartiles of intake (for Q1 HR: 0.84; 95% CI, 0.62
10 115 vs. Q4 HR: 0.98; 95% CI, 0.7 to 1.3% P for trend =
084).

Klatsky et al. (216) 2011

Caldeira et al (217) 2013

1,512/130,054

Total of 115993
participants

Retrospective
population cohort

Meta-analysis

Higher coffee intake was associated with lower rates of
‘hospitalization for AF (HR: 0.81; 95% CI, 0.69 to 0.96 for
24 cups/day) and SVT (HR: 0.63; 95% CI, 0.41 to 0.98 for
4 cups/day).

‘There was no significant association between caffeine
exposure and AF risk (OR 0.92; 95% CI, 082 to 1.04).
People with low caffeine intake may be at lower risk of AF
(OR 085; 95% CI, 078 to 0.92).

After excluding “poorer quality” studies the pooled
estimate became significant with a 13% reduction in the
odds of AF among caffeine consumers (OR 0.87; 95% CI,
0.80 10 0.94).

Cheng et al. (218) 2014

4,261/228,465

Meta-analysis

‘The pooled RR for AF incidence of habitual caffeine
exposure was 0.90 (95% CI, 0.81-1.01; P=0.07).

In subgroup analyses based on the level of caffeine intake,
low and high doses of caffeine intake reduced AF risk by
6% (RR, 094; 95% CI, 0.83-1.07; P=0.02) and 12% 12%
(RR, 0.88; 95% CI, 0.78-0.99, P=0.13).

In subgroup analyses based on comparability bias,
habitual caffeine intake reduced AF incidence by 14% (RR,
0.86; 95% CI, 0.78-0.94, P =0.002)

Larsson et al. (219) 2015

7.041/76,475

Population-based
cohort study

No association between coffee consumption and risk of
incident AF at all levels of consumption (multivariate RR:
0.98 for 2-3 cups/days RR: 101 for 25 cups/day; P=0.64
for trend).

Liu et al. (220) 2016

401/801

Case control

Green tea was protective against incident AF (multivariate
OR: 0.349; 95% CI, 0.25 to 0.48) in a dose-dependent
‘manner (P for trend = <0.001).

Dixit et al. (221) 2016

Observational
study
(24-hr Holter)

No correlation between atrial ectopics/h and intake of
coffee (P=0.28) or tea (P=0.57).

No correlation between SVT runs and intake of coffee
(P=022) or tea (P=0.90).

Mostofsky et al. (222) 2016

3415/57,053

Population-based
cohort study

Higher coffee intake was associated with lower rate of
incident AF (linear trend: P=0.02).

Compared to nondrinkers, (OR: 0.86; 95% CI, 071 to
1.04) for 2-3 cusps per day, and (OR: 0.79; 95% CI, 0.64 to
0.98) for 6-7 cups per day.
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Zhao et al.
(199) 2018

Cases/participants

14,799/618,331

Age, years

Minimum mean age
38.9 and maximum
mean age 75.0.

Follow-up, years
(unless  otherwise
indicated)

2 years 4 months to a
mean of 9.2 years

Study type

Meta-analysis

Key findings/messages

+ Sleep apnea increased the risk of AF significantly.
«+ After adjustment for confounders, the relative risk
(RR) of AF was 1.40 (95% CI: 1.12-174, P < 0.001)

Yousef et al.
(200) 2018

1404/19,837 (entire group)
+ OSA: 943/12,255 -
OSAA461/7582

N/A

Meta-analysis

The risk of AF was found to be higher among OSA
versus control group (OR; 2.120; CI: 1.845-2.436,
P<0.001).

Monahan
etal. (207)
2012

61/61 (atrial fibrillation
and flutter)

Cohort study

Anti-arrhythmic drug (AAD) response defined as:
remaining on the same AAD for > 6 months with
275% reduction in symptomatic AF burden.

49% were responders. The response rate was twice as
high in those with non-severe OSA compared to those
with severe OSA (61 vs 30%; p = 0.02).

McAvoy et al.
(208) 2016

+CPAP:1359/2717
-CPAP: 1358/2717

Secondary
‘prevention trial

Mean duration of CPAP adherence dropped from
4.4+2.2 hours per night to 3.5+2.4 hours at 1 year.
In this large group of adults with both cardiovascular
disease and moderate-to-severe obstructive sleep
apnea, the use of CPAP therapy had no significant
effect on the prevention of recurrent serious
cardiovascular events

Patel et al.
(202) 2010

640/3000
+CPAP 315
-CPAP 325

+OSA 51 = 10
OSA 57 = 11

3214 months

Multicenter
cohort study

Patients with OSA had a higher prevalence of non-PV
triggers (20% versus 8%, P<0.001). Non-paroxysmal

AF patients without OSA had fewer non-PV triggers
compared with patients with OSA (19% versus 31%,
P<0.001).

Success was achieved in 78% of the non-OSA group

compared with 73% in the OSA group (P=0.024)

Fein et al.
(203) 2013

Ablation group: (PVI)
62/426

+CPAP 32

~CPAP 30

Control group: -CPAP 30
Medical Rx (No PVI)
+CPAP

Ablation +CPAP:
568 +12
Ablation -CPAP:
585+ 1.4
Med Rx +CPAP
560 + 1.8

Prospective
cohort study

Post ablation, patients were treated with AADs
(usually class IC agents or sotalol for 3-6 months.
Post ablation atrial tachyarthythmia-free survival rate
was significantly higher in the +CPAP group
compared with the -CPAP Group (71.9% vs. 36.7%;
P =001

Arthythmia-free survival without AADs/repeat
ablation was significantly higher in the +CPAP group
compared with the -CPAP group (65.6% vs. 33.3%;
P = 0.02).

Naruse et al.
(204) 2013

153/209

116 +OSA

37 -0SA
82/116 +CPAP
34/116 -CPAP

Mean 188 + 03 months

Prospective
cohort study

51 (33%) patients experienced AF recurrences after
ablation.

Recurrence: +OSA (hazard ratio 2.61; 95% CI: 112~
609 P < 05).

Appropriate CPAP treatment in OSA patients is
associated with a lower recurrence of AF (HR 0.41;
95% CI: 022-0.76; P < .01)

Lietal (205)
2014

Hunt et al.
(206) 2022

3473

83 total +CPAP 36 - CPAP
47

510101060 = 8

Total 62 + §
+CPAP 62 + 8
“CPAP 62 = 7

7-20 months

Meta-analysis

Randomized
Trial

OSA patients had a 31% greater risk of AF recurrence
after successful catheter ablation than the non-OSA
patients.

Risk of recurrent AF increased by 57% in patients who
did not receive CPAP therapy.

OSA patients who received CPAP therapy had a risk
of recurrent AF similar to that of the non-OSA
patients.

PVI reduced AF burden in OSA patients.

CPAP did not improve risk of AF recurrence after
ablation beyond the benefit of PVI.
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Author
Ref. # Year
Voskoboinik

et al. (189)
2020

Cases/participants | Age, years
70/140 Abstinence
group: 70; Control
group: 70.

Follow-up, years
(unless otherwise
indicated)

6 months

Study type
Multicenter, prospective, open-
label, randomized, controlled trial

Key findings/messages

« “Abstinence” group patients reduced
their alcohol intake from 1687.7 to
2.1#3.7 drinks/week. 61% achieved
complete abstinence.
In the control group; alcohol intake was
reduced from 16.4+6.9 to 13.2+6.5
drinks/week. At 6 months, AF had
recurred in 37 abstinence patients (53%)
and in 51 control patients (73%). Time
to AF recurrence was longer in the
abstinence group (HR: 0.55; 95% CI: 0.36
10 0.84; P=0.005). AF burden was
significantly lower in the abstinence
group (P=001).

Gillis (188)
2020

Editorial Comment on
Voskoboinik et al. (above)

Moderate-to-heavy alcohol (ETOH)
consumption is strongly associated with
incident atrial fibrillation in both men
and women. Alcohol has been reported
to be a common trigger for PAF.

Raises important questions: Abstinence
is effective for PAF, but is it sustainable?
Is abstinence effective if the AF burden is
high? Would moderation work?

Kim et al. (192)
2

2021

195,829/9,776,956
developed AF

No ETOH:
50.65+14.28
Mild ETOH:
4289 = 1289
Moderate
ETOH: 43.52 +
1232

Heavy ETOH:
4429 = 1268

2009 checkup date until to

the date of diagnosis of new-

onset AF or December 2017
if no new-onset AF was
detected.

Population-based study from the
[South] Korean National Health
Insurance Service (K-NHIS)
database

Influence of drinking frequency (day per
week), alcohol consumption per
drinking session (grams per session),
and alcohol consumption per week were
studied.

Heavy drinkers had the greatest risk
(21.5%) for new-onset AF (HR 1215,
95% CI 1.193-1.238). The number of
drinking sessions/week was associated
with the risk of new-onset AF.

‘The amount of alcohol consumed/
drinking session was inversely related to
new-onset AF.

Binge drinking was not associated with
new-onset AF.

Groh et al.
(195) 2019

957/1295 of patients
with symptomatic
paroxysmal AF reported
triggers

Via online survey

Report of respondents recruited
from patients enrolled in the
Health eHeart Study and through
the patient-centered advocacy
organization StopAfib.org

‘The most common reported AF triggers
were alcohol (35%), caffeine (28%),
exercise (23%), and lack of sleep (21%).
Younger patients, women, and those
with an AF family history more
commonly experienced various triggers.
Female sex, Hispanic ethnicity,
obstructive sleep apnea each were
associated with a greater number of AF
triggers.

Marcus et al.
(196) 2021

56/100

Prospective, case-crossover
analysis

Participants wore a continuous
electrocardiogram (ECG) monitor and
had an ankle-worn transdermal ethanol
sensor for 4 weeks. Real-time
documentation of each alcoholic drink.
was self-recorded via a button on the
ECG monitor.

Fingerstick blood tests for
phosphatidylethanol (PEth) were used to
corroborate drinking events.

An AF episode was associated with
2-fold higher odds of 1 alcoholic drink
(OR: 202; 95% CI: 138 to 3.17)) and >
3-fold higher odds of at least 2 drinks
(OR: 358 95% CI: 1.63 to 7.89) in the
preceding 4 hours.

Aung et al.
(197) 2022

1,269,054 breath alcohol
measurements were
obtained from 36,158
individuals

Instrumental variable analysis

Analyzed breathalyzer data and
identified eight recurrent and nationally
recognized events associated with
increased alcohol consumption.
Compared rates of AF and new-onset AF
during and 6 d after instrumental
variable events compared with all other
days of the year, alcohol consumption
inferred from these events was associated
with a statistically significant increase in
ED visits for AF and for new-onset AF.
‘The data suggests that acute alcohol
consumption in the general population is
associated with a higher risk of discrete
AF episodes as well as for new-onset AF.
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1st Author Ref.
# Year

Staerk et al. (103)
2017

Cases/
participants

Age, years

Follow-up,
years

Study type

Review

Key findings/message

In-depth review of AF epidemiology

Schnabel et al.
(174) 2015

1544/9,611

Prevalence age
adjusted

Cohort study

During 50 years observed about a fourfold increase in the age-adjusted
prevalence and more than a tripling in age-adjusted incidence of atrial
fibrillation.

Frequency of smoking among individuals with new-onset AF has
decreased

Heering et al. (175)
2008

371/5,668

Never smoked:
71298
Former smoker:
674276
Current

7.2 (median)

Prospective,
population-based

Current and former smokers had increased risks of atrial fibrillation as
compared to never smokers (RR: 1.51; 95% CI, 1.07-2.12; and RR: 1.49;
95% CI, 1.14-1.97, respectively).

In former smokers, increased smoking duration of was associated with
AF risk in a way that was compatible with a dose-response relationship.

Chamberlain (176)
2011

876/15,329

Never smoked:
54058
Former smoker:
548+58
Current
smoker:
53657

Prospective
investigation

AF hazard ratios were: (HR:1.32; 95% CI, 1.10-157) in former smokers,
(HR: 2.05; 95% CI, 1.71-2.47) in current smokers, and (HR:158; 95%
CI, 135-185) in ever smokers.

In participants with the highest cumulative amounts of smoking the AF
risk of was 2.1 times higher than among those who never smoked.

Alonso (177) 2013

Derivation
cohorts:
1,186/18,556
Validation
Cohorts:
585/7,652

60+810766

5-year
predictive
model

Data from 5
cohorts

A simple 5-year predictive model (including variables age, race, height,
weight, systolic and diastolic blood pressure, current smoking, use of
antihypertensive medication, diabetes, history of myocardial infarction,
and heart failure) readily available in primary care settings adequately
predicted AF in diverse populations.

O'Neal (178) 2015

2,503/12,021

REGARDS Sub-
study

After adjustment for age, sex, race, income, and education,
environmental tobacco smoke (ETS) exposure was associated with AF
(OR=1.30, 95% CI=1.10-1.53)). After further adjustment for
cardiovascular risk factors and potential confounders, the association
between ETS exposure and AF remained statistically significant (OR =
127, 95% CI = 1.08-150).

A stronger association was observed between ETS exposure and AF for
black (OR = 1.63, 95% CI = 1.27, 2.08) compared with white (OR = 1.03,
95% CI=0.82, 1.30) participants (P-interaction = 0.0007).
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Gumptecht
etal. (162)
2021

Cases/
participants

881/3,014

Age, years

775 = 8.06

Follow-up, years
(unless otherwise
indicated)
Mean ECG monitoring
interval 2007 + 898

days

Study type

Sample from the cross-
sectional NOMED-AF
study

Key findings/message

AF was identified in 22.6%.
AF prevalence greater in diabetics 25%; (95% CI,
22.5-27.8%) vs. non-diabetics 17%; (95% CI, 15.:
18.5%) respectively, P < 0.001.

Asymptomatic (silent) AF greater in diabetics 9%;
(95% CI, 7.9-11.4 vs. non-diabetics 7%; 95% CI,
5.6-7.5, P < 0.001).

Huxley et al.
(163) 2011

108,703/
1,686,097

Systematic review and
meta-analysis

Patients with DM had an approximately 40%
greater excess risk of AF compared to non-diabetic
patients.

It was not possible to fully account for other
known and putative risk factors. The authors
suggested that the true risk between DM and
subsequent risk of AF may be closer to 25%.

Dublin et al.
(165) 2010

DM in 252/1,410
with AF

DM in 311/2,203
Without AF

Median age for AF
patients: 74

Median age for non-AF
‘patients: 68

Population-based case-
control study

The risk of AF increased 3%/year in
pharmacologically treated diabetics. Compared to
non-diabetics, the adjusted odds ratios for AF in
treated diabetics with an average hemoglobin Alc
<7 was 1.06 (95% CI, 0.74-1.51); for Alc >7 but
<8, 1.48 (95% CI, 1.09-2.01); for Alc >8 but <9,
146 (95% CL, 1.02-2.08); and for Alc >9, 1.96
(95% CI, 1.22-3.14).

OR for atrial fibrillation was 140 (95% CI, 115~
1.71) for people with treated diabetes compared to
those without diabetes.

‘The association between treated diabetes and atrial
fbrillation was stronger in people who were obese
(OR 1.64; 95% CI, 1.27-2.12)

Chang et al.
(166) 2014

85,198/645,710

+metformin:
586+17.1
—metformin:
570148

Data from Taiwan’s
Longtudinal cohort of
diabetes patient data base
1999-2010

The AF rate for the metformin user group was
significantly lower than that of the non-user group
(245 for metformin users and 293 for nonusers,
P < 0.0001).

After adjustment the metformin group had a
significantly lower AF occurrence rate with a HR
of 0.81 (95% CI, 0.76-0.86, P < 0.001).

Chao et al.
(167) 2012

4137/12,065

+Thiazolidinediones
(TZDs)

537+12.0
~Thiazolidinediones
(TZDs)

541+122

63+25 months

Data from Taiwan’s
National Health Insurance
Research Database cohort

‘The TZD group was associated with lower AF
occurrence rate compared to the control group
(1.2% versus 1.8%; P-value = 0.008).
After adjustment TZD could significantly lower
the new AF occurrence rate (hazard ratio 0.69;
95% CI: = 0.49-091, P value = 0.02

Saliba et al.
(168) 2015

11,713/37,358

72:145

Population-based historical
cohort study

Diabetic patients divided into 4 groups via Hgb
Alc.

After adjusting for CHA,DS,-VASc score the two
higher Alc groups were at greater risk of TIA or
stroke (P< 001 for each group).

Ashburner
etal. (169)
2016

Duration <3
years:

839/2,101
Duration >3
years:
1,261/2,101

Alc <7.0%:
883/1,933

Alc 7.0%-8.9%:
690/1,933

Alc >9.0%:
360/1,933

Duration <3 years:
69=11

Duration 23 years:
717489

Alc <7.0%:
715496

Ale 7.0%-8.9%:
705+9.7

Al >9.0%:
679297

Data from the ATRIA
cohort

HgbAlc values were categorized at common
clinical cut points: <7.0%, 7.0% to 8.9%, and
29.0%.

‘There was no significant increase in ischemic
stroke rates using only baseline HgbAlc values.
After adjustment for stroke risk factors, there was
an increased rate of ischemic stroke associated
with >3 years diabetes duration (adjusted HR:
174, 95% CI, 110 to 2.76).

Overvad (170)
2015

17,018/137,222

Median age: 729

Median available
follow-up time was 4.0
years.

Nationwide Danish Cohort
Study

DM patients with the shortest duration (04 years)
were at the lowest risk of thromboembolism.

DM patients with the longest diabetes duration (215
years) appeared 1o be at the highest risk of
thromboembolism (adjusted HR, 1.48; 95% CI,
129-170).
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Study (year)

Guo et al.
(2019) (156)

Population

Chinese adults

88,312

Groups

CKD vs. non-CKD

Follow-up

(years)

Finding(s)

Increased prevalence of AF by four-fold in CKD;
dose-response relation between incident AF and
worsening CKD

Carrero etal. | eGFR <60 without AF | 116,184 | eGFR 60-89; 45-59; 30-44; and <30 39 Dose-response relation between incident AF and
(018) (151) worsening éGFR; éGFR <30 was associated with a 1.6-
fold increased risk of incident AF (reference e€GFR 45—
60)
Marcos et al. | Population-based cohort, | 8,265 | Creatinine, eGFR, cystatin C and urine | 9.8 No association between incidence of AF and markers
(2017) (157) enriched by those with albumin excretion as continuous variables of renal function (creatinine, eGFR, and cystatin C);
albuminuria dose-response relation between incident AF and urine
albumin excretion
Laukkanen Population-based cohort | 1,840 | eGFR 290 vs. eGFR 60-89 vs. eGER 15~ | 3.7 GFR 15-59 was associated with a 2.7-fold increased
etal. (2016) 59; macroalbuminuria vs. no albuminuria risk of incident AF (reference éGER 290); higher
(149) incidence of AF with macroalbuminuria
Alonso et al. Population-based cohort | 10,328 | eGFR 290 vs. eGFR 60-80 vs. eGFR 30-59 | 10.1 Dose-response relation between incident AF and
(011) (158) vs. eGFR 15-29; macroalbuminuria vs. worsening eGER; risk of incident AF increased even
microalbuminuria vs. no albuminuria with mild renal dysfunction; eGFR 15-29 was
associated with 3.2-fold increased risk of incident AF
(reference éGFR 290); higher incidence of AF with
albuminuria
Deo et al. Ambulatory elderly 4,663 | Cystatin C quartiles; €GFR 260 vs. eGFR | 74 No association between incidence or prevalence of AF
(2010) (159) | patients <60 and eGFR; two highest quartiles of cystatin C levels
were each associated with a 1.5-fold increased risk of
incident AF (reference Quartile 1); no association
between prevalence of AF and cystatin C levels
Iguchi et al. Population-based cohort | 41,417 | eGFR tertiles NA Higher prevalence of AF with decreasing eGFR
(2008) (160) tertiles; OR 1.91 (95% CI of 1.54-2.38) in the lowest
tertile compared to the highest tertile
Bansaletal. | CKD without AFand | 3,091 | Incident AF vs. no incident AF 59 Incident AF in CKD was associated with a 3.2-fold
(2016) (148) | ESRD. increased risk of developing ESRD requiring RRT or
Kidney transplant
Bansal etal. | Meta-analysis of 16,769 | eGER was modeled continuously (per 20 | JHS85=27 | Reduced eGFR and elevated urine albumin-to-
(2017) (150) | 3 prospective cohorts ml/min per 173 m* lower eGFR) as well | MESA10+30 | creatinine ratio were significantly associated with
across categories of as in categories (90, 60-89, 45-59, CHS125+7.1 | greater risk of incident AF.
decreasing GFR and 30-44, and <30 ml/min per 1.73 m*). There was a stepwise increase in the adjusted risk of
increasing incident AF across categories of decreasing eGFR. The
urine albumin-to- UACR was modeled continuously and in greatest risk was among participants with an eGFR
creatinine clinically based categories: <15, 15-29, <30 ml/min per 1.73 m%
ratio 30-299, and >300 mgig. Meta-analysis of JHS and MESA, revealed a stepwise
association between higher UACR and risk of incident
AF, with the greatest risk among participants with
UACR 300 mg/g (hazard ratio, 1.76; 95% confidence
interval, 118 to 2.62) compared with those with
UACR<15 mg/g.
‘Watanabe et al. | Population-based cohort | 235,818 | Incident AF vs. no incident AF; eGFR 260 | 5.9 Incident AF was associated with a three-fold increased

(2009) (152)

vs. eGFR 30-59 vs. éGFR <30

risk developing CKD; higher incidence of AF with
worsening eGFR

AF, atrial fibrillation; C, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; OR, odds ratio; RRT,
renal replacement therapy; UACR, urine albumin-to-creatinine ratio; JHS, Jackson Heart Study, MESA, Multi-Ethnic Study of Atherosclerosis; CHS, Cardiovascular Health

Study.

Adapted from reference (146) with permission.
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Lip etal. (133)
2017

Cases/
participants

Age, years

Follow-up,
years

Study type

Consensus.
statement

Key findings/message

AF should be considered as a manifestation of hypertensive heart disease,
and hypertension management should be optimized.

Stroke prevention is central to the management of AF patients; detection of
hypertension and good blood pressure control should be achieved to
‘minimize the risk of stroke/thromboembolism, as well as the bleeding risk
on anti therapy.

Kannel et al.
(134) 1998

562/4,731

Framingham Heart
Study

Hypertension is responsible for 14% of all AF cases.

Men have a 1.5-fold greater risk of developing AF than women.

AF prevalence doubles with each decade of age, from 0.5% at age 50-59
years to almost 9% at age 80-89 years.

AF is becoming more prevalent.

Kakkar et al.
(135) 2013

8249/10614

702112

International
observational study

77.8% of the participants had hypertension.

Worldwide observational data on non-valvular AT, collected at the end of

the vitamin K antagonist-only era, demonstrated that these drugs are

frequently not being used per stroke risk scores and guidelines.

Mean CHA,DS,-VASc score was 32 + 1.6, and 84.4% (8,957/10,607) had a

score 2.

40.7% of the patients with a CHA,DS,-VASc score >2 did not receive
deli hyl

g

Chiang CE et al.
(136) 2012

10,546/10,546

Paroxysmal
647 %124
Persistent
660+11.8
Permanent
683+11.8

International survey

2,606 (26.5%) had paroxysmal, 2,341 (23.8%) persistent, and 4,869 (49.6%)
permanent AF.

Hypertension was the most common cardiovascular risk factor
(paroxysmal AF 74.6%, persistent AF 73.2%, permanent AF 71.6%).
Over half of all patients with AF qualified for oral anticoagulants, but they
were used

Lip GY et al.
(137) 2014

2,162/3,049

688

Pilot General
Registry

Hypertension present in 70.9%.

Oral anticoagulants were used in 80% overall, most often vitamin K
antagonists (71.6%), with novel OACs being used in 8.4%.

Oral anticoagulants were used in 56.4% of CHA,DS, VASc=0.
Oral anticoagulant use was only 66.7% in CHA,DS,VASc score 9.

Potpara T et al.
(139) 2016

2,108/2,663

69.1210.9

BALKAN-AF
Survey

Hypertension present in 79.2%.

Overall, 73.6% received oral anticoagulants (17.2% DOACs).

56.5% of very low risk (CHA;DS,-VASc =0 [males], or 1 [females])
subjects received OAC.

Hohnloser § et al.
(140) 2000

123/252

group 60 = 10

Randomized Trial

125 patients randomized to amiodarone; 127 to diltiazem.
Hypertension present in 49%.

No difference in symptoms or quality of life between the groups.
‘Amiodarone restored sinus rhythm more often (56% vs. 10%, P < 0-001)
but caused more side effects (P=0011).

Connolly S (141)
2011

4,837/5,599

70

Randomized Trial

Hypertension was present in 86% of patients.

Designed to compare the efficacy and safety of apixaban, 5 mg twice daily,
vs. aspirin, at a dose of 81 to 324 mg daily.

Risk of stroke or system embolism lower with apixaban (HR: 0.45; 95% CI,
0.32-0.62; P<0.001).

No difference in risk of major bleeding.
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Characteristic Value

Age (y) 623 £11.0
Sex: female 19 (35.8%)
AF history (y) 3.0 (2.0,7.0)
CHA2DS2-VASc score 2.0 (1.0, 3.0)
LAD (mm) 400 £4.9
LVEF (%) 639+47

AF atrial fibrillation; LAD, left atrial diameter; LVEF, left ventricular ejection fraction.
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Diouf et al. (120)
2015

Cases/
participants

90/8,273

Age, years

566117

Follow-up, years
(unless otherwise
indicated)

3.6 years 10 6.0 years
(Average 5.0 years)

Study type

National population-
based sample

Key findings/messages

+ AF prevalence was higher among individuals
classified as “sedentary” compared to those
classified as having “sufficient physical activity”
(prevalence ratio 2.1; 95% CI, 1.2-3.6).

Calvoetal. (121)
2016

115/172

Accumulated lifetime
activity

Prospective,
observational, cross-
sectional study

AF risk increased with an accumulated lifetime
endurance sport activity 22,000 h compared with
sedentary individuals (OR: 3.88; 95% CI, 1.5 -9.73).
A history of <2000 h of high-intensity training
protected against AF when compared with sedentary
individuals (OR 0.38; 95% CI, 0.12-098).

After adjusting for cumulative hours of exercise,
endurance sports carried a higher AF risk in
comparison to team sports (OR 5.68; 95%CI, 172 -
187).

Morzaffarian
et al. (122) 2008

1,061/5,446

72856

Meta-analysis

Light to moderate physical activities, particularly
leisure-time activity and walking, were associated
with significantly lower AF incidence in older (age
65) adults.

Individuals with moderate intensity exercise had
28% lower AF risk, but those with high intensity
exercise did not have significantly lower risk than
those with no regular exercise.

Abdulla et al.
(123) 2009

Athletes: 147/655
Controls: 116/895

Systematic review and
meta-analysis

Atrial flutter cases were included under the
designation AF.

‘The overall risk of AF was significantly higher in
athletes compared to controls (OR: 529 95% CI,
3.57-7.85, P=0.0001).

Newman et al.
(125) 2016

6816/70,478

Systematic review and
‘meta-analysis

Inathletesand non-athletes without CVD risk factors,
athletes had a significantly greater relative risk of AF
(OR: 3.66;95% CI,2.28 10 588, P < 0.001). Younger
athletes (OR:3.60;95% CI, 2.09106.29, P < 0.001) had
asignificantly higher relative risk of AF than older
athletes (OR: 176; 95% CI, 097 t03.21, P= 0065).
Mixed (both genders vs. hybrid??) sports conferred
a higher risk of AF compared to endurance sports.
A definition of mixed sports was not provided.

Reed et al. (128)
2022

86/94 participated

Randomized clinical
trial

Participants had persistent or permanent AF.
Compared the effects of 12 weeks of High-intensity
interval training (HIIT) to moderate to vigorous
intensity continuous training (MICT)-based
cardiovascular rehabilitation (CR) on functional
capacity and general QOL in patients with
persistent and permanent AF.

No significant differences in improvements in
functional capacity (6-minute walk test).
Nosignificant difference in improvement of disease
specific QUL between protocols.

Trwice weekly 23-minute HIIT was as efficacious as
twice weekly 60-minute cardiac rehabilitation in
improving functional capacity, general and disease-
specific QOL, resting HR, and physical activity.

Mahjoub et al.
(129) 2019

8/17: 85% maximal
aerobic power
(HIITys).
9/17: 115% maximal
aerobic power
(HIIT, 15).

NJ/A extension of a
study where the
‘mean age was 277

Study duration 6 weeks

6 weeks of high-intensity interval training in
endurance athletes increases left atrial volumes
irrespective of training intensity (85 or 115%
‘maximal aerobic power).
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1st  Author
Ref. # Year

Wang et al.
(105) 2004

Cases/
participants

526/5,282

Age, years

Follow-up, years
(unless otherwise
indicated)

Study type

Prospective, community-
based observational cohort

Key findings/messages

« Body mass index (BMI) analyzed as continuous
and categorical variables (normal <25.0;
overweight, 25.0 to <30.0; and obese, >30.0).
Age-adjusted incidence rates for AF increased
across the 3 BMI categories.

A 4% increase in AF risk per 1-unit increase in
BMI was observed in men [95% confidence interval
(CI), 1%-7%; P=.02] and women (95% CI, 1%
7%; P =.009). Adjusted AF hazard ratios associated
with obesity were (HR:1.52; 95% CI, 109-2.13; P
= 02) and (HR:1.46; 95% CI, 1.03-2.07; P= .03) for
men and women, respectively, when compared
with individuals with normal BML.

‘The excess AF risk associated with obesity
appeared to be mediated by left atrial dilatation.

Wanahita et al.
(106) 2008

Normal weight:
407130,597
Overweight:
614/29,429
Obese:
358/11,139

Population-based
cohorts:

56+2

Post-cardiac surgery:
64+2

47 10 25.2 years in the
population-based cohort
studies.

Post-cardiac surgery
during index
hospitalization

Meta-analysis

Based on the population-based cohort studies, obese
individuals had a 49% increased risk of developing
AF.

In the post-cardiac surgery cohort, obesity did not
result in an increased risk of developing AF

Bertomeu-
Gonzalez et al.
(108) 2020

72711,956

738+94

1,070 days

Observational,
multicenter, and
prospective registry

In this patient cohort anticoagulated for AF,
obesity was highly prevalent and was associated
with more comorbidities, but not with poor
prognosis (all-cause mortalty, cardiovascular
mortality, stroke, major bleeding, or major adverse
cardiovascular events).

Ardestani et al.
(109) 2010

890/2,492

Normal BML: 724 =
71

Overweight:
724271

Obese: 664284

Mean follow-up was 3.5
(range: 0-6 years)

Affirm sub-study

‘There was no significant difference in the rate of
stroke.

‘The observed cardiovascular death rate was highest
among patients in the normal BMI group.

‘The total observed death rate was significantly
higher among patients in the normal BMI group.
Obesity (even severe and extreme obesity) was not
associated with a higher risk of death.

Overweight was independently associated with a
substantially reduced risk of death from
cardiovascular causes.

Boriani et al.
(110) 2019

Underweight:
177/21,028
Normal weight:
4,491/21,028
Ovenweight:
7903/21,028
Moderately obese:
5209/21,028
Severely obese:
2,099/21,028
Very severely
obese:
1,149/21,028

Underweight:

73

Normal weight: 75
Overweight: 75
Moderately obese: 71
Severely obese: 68
Very severely obese: 64

Median 2.8

ENGAGE AF-TIMI 48
trial sub-study

Higher BMI was significantly and independently
associated with lower risks of stroke/systemic
embolic events (SEE) (HR 0.8, 95% Cl, 0.82-0.94,
P=0.0001);ischemic stroke/SEE (HR 0.87; 95% CI,
0.81-0.93, P <0.0001), and of death (HR 091; 95%
€I, 0.87-0.95, P=0.0001).

However, increasing BMI was independently
associated with a greater risk of major bleeding
(HR 1.06; 95% CI, 101-1.12, P=0.025) and of
major or clinically relevant non-major bleeding
(HR 1.05; 95% CI, 1.02-1.08, 007).

Chatterjee (114)
2017

4178/51,646

Ranged from 49 to 76

74-192

Meta-analysis
OSA patients who
received CPAP therapy
had a risk of recurrent
AF similar to that of the
non-OSA patients.

Used 2 genetic tools: 1) FTO single-mucleotide

polymorphism (SNP; rs1558902) locus that

demonstrated the strongest association with BMI in

previous genetic analyses. 2) A weighted genetic

score (BMI gene score) using 39 single-nucleotide

polymorphisms.

Increasing BMI was uniformly associated with a

significantly increased risk of incident AF.

After adjustment for potential confounders the

hazard ratio for the association was (HR: 1.04; 95%

CI, 1.03-105; P <0.001).

Genetic variants assodiated with increasing BMI were
it i A B

risk ranged from 3%1t06% per 1 kg/m’ increasein BML.

Pathak (116)
2015

355/1,415

Weight loss by group
210% 65+ 11

3-9% 63+ 11

<3% 63211

Months

210%: 484 £18.2
3-9%: 460 £ 16.7, <3%:
483+184

Cohort study

Systolic BP decreased the most in the > 10% group.
For diabetics, glycemic control improved with more
weight loss.

Greater reduction in low-density cholesterol,
triglycerides, and total cholesterol levels was seen in
the 10% group (P < 0.001).

AF frequency, duration, symptoms, and symptom
severity were improved in groups with weight loss
23% compared with <3% group.

Left atrial volume indexed for body surface area
decreased significantly with >3% weight loss.
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Electrical remodeling

Down-regulation of Icat

Structural remodeling

Atrial enlargement-key
determinant of the persistent AF-
‘maintaining reentry

Autonomic nervous system
changes

Adrenergic activation increases risk of

delayed afterdepolarizations (DADs) and

formation of ectopic activity

Ca"* handling abnormalities

Ca™* signaling plays a role in electrical remodeling

Up-regulation I,

Atrial ibrosis — local conduction
disturbances, promotes AF

Autonomic hyperinnervation is a
consequence of AF-related remodeling

CaMKII activation promotes DADS/triggered activity
CaMKII phosphorylation also activates downstream
effectors of remodeling

T mediates acetylcholine
effects and underlis the ability of
vagal activation to promote AF

AF promotes atrial fibrosis which
contributes to therapeutic
resistance in longstanding AF

Protein kinase C is stimulated by an increased
intracellular Ca*™* and induces downstream signaling

cascades controlling diverse functions such as fibroblast
activation, cardiomyocyte hypertrophy, and inflammation

AF suppresses Iacy but enhances
a constitutive form (Ixachds
promoting AF maintenance

Ca™* signaling plays a role in structural remodeling;
evidence points to a key role of cell Ca™* in atrial
structural remodeling

Up-regulation of the small
conductance Ca™ -activated K*
channel

CaMKII hyperphosphorylation of RyR2, results in Ca™
leak from the sarcoplasmic reticulum; blockade prevents
structural remodeling and AF in animal models

Altered gap junction function
contributes to AF-induced
remodeling’

*Mutations in GJAS underlie cases of idiopathic AF. GIAS promoter sequence variants are associated with AF vulnerability.
Adapted from reference (9) with permission.
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From 1/2019 to 12/2020, patients with atrial

fibrillation who underwent first radiofrequency

catheter ablation were enrolled in this trial.
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\ Sign consent I
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Follow-up

194 consecutive patients enrolled

32 patients lost to follow-up

1S patients incomplete clinical
information

8 patients follow-up less than 1 year

l

l

Recurrence
N=61

No recurrence

N=133
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Bhlhe40, per SD OR (95%CI) P-value
increment

Model 1 3.381 (1.799, 6.353) < 0.001
Model 2 3.292 (1.745, 6.208) < 0.001
Model 3 2.763 (1.238, 6.169) 0.013

Model 1 was unadjusted, model 2 was adjusted for sex and age, and model 3 was adjusted
for all potential confounders, including sex, age, LA diameter, total cholesterol (TC), and
LDL cholesterol.
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Parameters SR(n=35) AF(n=49) P-value

Demographics

Male, 1 (%) 62.9 61.2

Age,y 61.1+£8.3 644+ 114 0.151
Hemodynamic variables

Resting heart rate, 76.5+11.0 79.3+17.8 0.412
beats/min

SBP, mmHg 136.7 £ 13.2 135.1 £ 16.0 0.624
DBP, mmHg 90.2+£9.2 89.5+£10.7 0.728
BMI, kg/m? 241+£32 254+43 0.140
Echocardiography

LVEE % 562+ 1.7 57.3+£3.2 0.054
LA diameter, mm 359+26 394437 <0.001**
Blood-based biomarkers

Bhlhe40, ng/ml 0.097 £ 0.031 0.133 £ 0.040 <0.001**
FBG, mmol/L 54+ 1.1 52+£09 0.302
AST, umol/L 21.1+£7.0 482 £194.0 0.334
SCr, umol/L 723+ 13.6 76.5+£27.9 0.358
TC, mmol/L 51+£1.1 43413 0.002**
LDL, mmol/L 28£08 23£1.0 0.010*
HDL, mmol/L 1.16 £0.3 1.13£04 0.636
BNP, pg/ml NA 260.24 + 308.21

*P < 0.05, **P < 0.01 vs SR control.

SR, sinus rhythm; AF, atrial fibrillation; SBP, systolic blood pressure; DBP, diastolic
blood pressure; LA, left atrial; LVEF, left ventricular ejection fraction; FBG, fasting blood
glucose; AST, aspartate transaminase; SCr, serum creatinine; TC, total cholesterol; and
LDL, low-density lipoprotein; HDL, high-density lipoprotein; NA, not applicable; and.
BNP indicates B-type natriuretic peptide. The parameters are mean (SD) or 1 (%).
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Contribution | Traits Sample size  Number of SNPs | Author Population | GWAS ID

Exposure Neutrophil cell count 5,63,946 = Vuckovic et al. European ieu-b-34
Basophil cell count 5,63,085 - Vuckovic et al. European ieu-b-29
Lymphocyte cell count 5,63,085 - Vuckovic et al. European ieu-b-32
Monocyte cell count 5,63,085 - Vuckovic et al. European ieu-b-31
Eosinophil cell count 5,63,085 - Vuckovic et al. European ieu-b-33
HLA DR + Natural Killer 3,580 1,51,58,016 Valeria Orriretal. | European ebi-a-GCST90001648
Absolute Count
Natural Killer T AC 3,653 1,51,95,758 Valeria Orriretal. | European ebi-a-GCST90001621
CD4 + CD8dim AC 3,652 1,51,95,743 Valeria Orriretal. | European ebi-a-GCST90001609
CD8 + AC 3,652 1,51,95,743 Valeria Orriretal. | European ebi-a-GCST90001592
Resting Treg AC 3,405 1,51,31,843 Valeria Orruetal. | European ebi-a-GCST90001480
Secreting Treg AC 3,405 1,51,31,843 Valeria Orriretal. | European ebi-a-GCST90001492
B cell AC 3,653 1,51,95,758 Valeria Orriretal. | European ebi-a-GCST90001642
Unswitched memory B cell AC 3,656 1,50,48,937 Valeria Orriretal. | European ebi-a-GCST90001398
Outcome Atrial fibrillation 10,30,836 10,30,836 Nielsen JB et al. European ebi-a-GCST006414

AC, absolute count.
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Gene

Bhlhe40
collagen I
collagen IIT
IL-1B
IL-6

Forward primer

TGGTGATTTGTCGGGAAGAAA
AGTCGATGGCTGCTCCAAAA
TCCTGGTGGTCCTGGTACTG
TGAAAACACAGAAGTAACGTCCG
TTCCATCCAGTTGCCTTCTITG

Reverse primer

ACGGGCACAAGTCTGGAAAC
AGCACCACCAATGTCCAGAG
AGGAGAACCACTGTTGCCTG
CCCAGGAGGAAATTGTAATGGGA
TTGGGAGTGGTATCCTCTGTGA
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Exposure
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Natural Killer AC

T cell subgroup
Natural Killer T AC

CD4(+) TAC

CD8(+) TAC

Resting Treg AC

Secreting Treg AC

B cell subgroup

B cell AC

Unswitched memory B cell AC

Methods
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Weighted median
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cML-BIC

Inverse variance weighted
Weighted median
MR-PRESSO

cML-BIC
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Inverse variance weighted
cML-BIC

Inverse varnance weighted
Weighted median
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Exposure
neutrophil cell count

basophil cell count

lymphocyte cell count

monocyte cell count

eosinophil cell count
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Group Estimate Lower Upper

(95% CI) (95% CI)

Development cohort

NRI 0.085 —0.059 0.175
NRI+ 0.042 —0.063 0.106
NRI- 0.043 —0.036 0.096
Validation cohort

NRI —0.089 —0.169 0.160
NRI+ 0 —0.121 0.160
NRI- —0.089 —0.121 0.097

NRI, net reclassification index; CI, confidence interval. NRI+ means to calculate NRI
in the AF recurrence patients. NRI- means to calculate NRI in the without AF
recurrence patients.
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Variables aHR Lower 95% Upper 95% p

Age 1.06 1.03 1.08 <0.001
CAD 175 113 2.72 0.013
Hypertension

Grade 1 2.48 133 4.63 0.004
Grade 2 3.34 1.86 6.00 <0.001
Grade 3 4.19 2.49 7.06 <0.001
HF

HFrEF 9.91 4.23 23.26 <0.001
HFmrEF 6.90 3.04 15.67 <0.001
HFpEF 1.92 119 3.09 0.007
TIAorCVA 2.17 1.26 3.73 0.005
LAD 1.02 1.00 1.05 0.078

aHR, adjusted hazard ratio; CAD, coronary artery disease; HFrEF, heart failure with
reduced ejection fraction; HFmrEF, heart failure with mid-range ejection fraction;
HFpEE heart failure with preserved ejection fraction; TIA, transient ischemic attack;
CVA, cerebrovascular accident; LAD, left atrial diameter.
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Variables

Age (mean [SD])
Gender (%)

Previous medical
history

COPD (%)

CAD (%)
Hypertension (%)
Grade hypertension 1
Grade hypertension 2
Grade hypertension 3
HF (%)

HFrEF

HFmrEF

HFpEF
Hyperthyroidism (%)
TIAorCVA (%)
Hyperlipidemia (%)
Hyperuricemia (%)
Diabetes (%)

OSAHS (%)

CKD (%)

Imaging

LAD (median [IQR])
LVEF (median [IQR])
E/E’ (median [IQR])
AADs

Amiodarone
Propafenone

Other AADs

Survival time (median

[IQR])

AF recurrence (%)

Development
cohorts

(N = 305)

60.30 (10.50)
190 (62.3)

14 (4.6)
72 (23.6)

46 (15.1)
36 (11.8)
50 (16.4)

8(2.6)
14 (4.6)
72 (23.6)
17 (5.6)
35
92
33
45
59
57

11.5
30.2
10.8
14.8
19.3

(
(
(
(
(
(18.7

)
)
)
)
)
)

40.00 [35.00, 45.00]
61.00 [55.00, 65.00]
12.00 [8.00, 16.00]

244 (80.0)

37 (12.1)

24 (7.89)
12.00 [9.00, 12.00]

96 (31.5)

Validation
cohorts

(N =128)

59.11 (9.36)
78 (60.9)

6(4.7)
28 (21.9)

25(19.5)
13 (10.2)
21 (16.4)

3(2.3)
9(7.0)
27 (21.1)
7 (5.5)
15(11.7)
36(28.1)
21 (16.4)
13(10.2)
19 (14.8)
20 (15.6)
38.95 [35.00, 44.70]
64.00 [57.75, 66.00]
12.00 [8.00, 14.25]

101 (78.9)

14 (10.9)

13 (10.2)
12.00 [10.00, 12.00]

38(29.7)

0.27
0.88

1.00
0.79
0.70

0.73

1.00
1.00
0.76
0.15
0.26
0.33
0.53

0.57
0.05
0.46
0.70

0.94

0.80

Values are presented as n (%), mean (SD), or median (IQR). COPD, chronic obstructive
pulmonary disease; CAD, coronary artery disease; HFrEF, heart failure with reduced

ejection fraction; HFmrEE, heart failure with mid-range ejection fraction; HFpEE

heart failure with preserved ejection fraction; TIA, transient ischemic attack; CVA,

cerebrovascular accident; OSAHS, obstructive sleep apnea hypopnea syndrome; CKD,

chronic kidney disease; LAD, left atrial diameter; LVEE, left ventricular ejection fraction.

E/E’ represents the ratio of the peak flow velocity of the mitral valve in early diastole and

the peak flow velocity of the mitral annulus in late diastole; AADs, antiarrhythmic drugs.
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Relative IDI Categorical NRI

AUC  Pwvalue  IDI(95%CI)  Pvalue  NRI(95%CI)  P-value
Traditional risk model 0.689 Reference Reference Reference
Clinical model 5 (traditional risk model + FIB-4 0.729 0017 0.056 (0.021~0.102) <0.001 0.153 (0.050~0.255) 0.003
risk categories)
Clinical model 6 (traditional risk model + NFS risk 0.715 0.063 0.032 (0.008~0.073) 0.006 0.103 (0.003~0.203) 0.043

categories)

Three predictive models were constructed as follows: traditional risk model included age, hypertension, duration of AR persistent AF, LAD, CHA2DS2-VASc score, and BMI; Clinical

model 4 included a combination of traditional risk model and FIB-4

fibrillation; LAD, left atri

categories; Clinical model 5 included a combination of traditional risk model and NES risk categori
diameter; BMI body mass index; FIB-4, fibrosis-4; NFS, non-alcoholic fatty liver disease fibrosis score; AUC, area under the receiver operating characteristic

crrvee €Y conlilence ity S intboyatad sttt hnprovwatadty NI st ot wlion inrorevermont:

. AR, atrial
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Variable Model 3 Model 4
HR (95% CI) P-value HR (95% CI) P-value

Hypertension 1.22 (0.82~1.81) 0.336 1.29 (0.86~1.92) 0.219
Duration of AF (=3 years) 1.54 (1.08~2.18) 0.017 1.48 (1.04~2.11) 0.032
Persistent AF 1.56 (1.10~2.20) 0.012 1.46 (1.03~2.07) 0.035
LAD 1.06 (1.03~1.09) <0.001 1.06 (1.03~1.09) <0.001
CHA2DS2-VASc score 1.05 (0.95~1.17) 0.357 1.06 (0.92~1.22) 0.443
BMI 1.03 (0.97~1.08) 0.368
Age 1.00 (0.98~1.03) 0976
FIB-4, continuous variable 1.24(1.12~1.38) <0.001

1.28 (1.07~1.52) 0.008

Model 3 included hypertension, duration of AF (3 years), persistent AF, LAD, CHA2DS2-VASc score, BMI, and FIB-4; Model 4 included hypertension, duration of AF (>3 years),
persistent AF, LAD, CHA2DS2-VASc score, age, and NFS. The variables in the liver fibrosis score formula were not enrolled in the multivariate Cox analysis model. AF, atrial fibrillation;

LAD, left atrial diameter; BMI, body mass index; FIB-4, fibros

DS, sicins slesibibic fatly Bvac disuaes fiberiis s IR et

Cl, confidence

vl
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Variable Model 1 Model 2

HR (95% CI) P-value HR (95% CI) P-value
Hypertension 38 (0.92~2.07) 0.117 1.25 (0.84~1.87) 0.272
Duration of AF (=3 years) 1.46 (1.03~2.08) 0.035 1.46 (1.02~2.09) 0.038
Persistent AF 37 (0.97~1.95) 0.077 1.39 (0.98~1.98) 0.066
LAD 1.05 (1.02~1.09) 0.001 06 (1.03~1.09) <0.001
CHA2DS2-VASc score 1.04 (0.94~1.15) 0.436 1.01 (0.89~1.15) 0.846
BMI 1.03 (0.98~1.08) 0.294
Age 00 (0.97~1.02) 0.826
FIB-4 risk categories
Low Reference
Intermediate 2.08(1.27~3.41) 0.003
High 3.91(2.19~6.98) <0.001
NFS risk categories
Low Reference
Intermediate 1.85 (1.10~3.10) 0.020
High 3.11(1.68~5.76) <0.001

Model 1 included hypertension, duration of AR, persistent AE, LAD, CHA2DS2-VASc score, BMI, and FIB-4 risk categories; Model 2 included hypertension, duration of A, Persistent

AF, LAD, CHA2DS2-VASc score, age, NFS risk categories. The variables in the liver fibrosis score formula were not enrolled in the mu

LAD, left atrial diameter; BMI, body mass index; FIB-4, fibros P8 vica:alcoliohic fulty By disy iae Sliros scora: HE: laaid n

iate Cox analysis model. AF, atrial fibrillation;
Cl, confidence interval.
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Effect Quality | Importance

Quality assessment No. of patients

No. of Study Risk of | Inconsistency | Indirectness | Imprecision Other Short-term Control Relative (95% | Absolute (95%
studies design bias considerations AADs Cl) Cl)

Early recurrence of AF after CA following short-term AADs use
10 RCTs Serious® No serious® No serious No serious 669/1,887 737/1,632 RR 0.73 (061-0.88) | 122 fewer per 1,000 CRITICAL
(35.5%) (45.2%) (from 176 fewer
to 54 fewer)

Late recurrence of AF after CA following short-term AADs use

9 RCTs Serious® No serious No serious No serious None 532/1,500 531/1429 | RR 0.9 (0.88-1.06) | 15 fewer per 1,000 K @@&®Q) CRITICAL
(35.5%) (37.2%) (from 45 fewer | Moderate
to 22 more)

RCTS, randomized controlled trials; AF, atrial fibrillation; CA, catheter ablation; Cl, confidence interval; RR, risk ratio.
*Although two included RCTs were judged as high risk of performance bias because of without blinding of participants and personnel, and high risk of detection bias because of without blinding of outcome assessment, and one included

RCT was judged as high risk of attrition bias because of with incomplete outcome data, the predefined objective outcome was just partly influenced.

"Although /? was 62%, grouping by publication time could explain the heterogeneity of this result
“Although two included RCTs were judged as high risk of performance bias because of without blinding of participants and personnel, and high risk of detection bias because of without blinding of outcome assessment, the predefined

ohiective OUNcOmE W st partly ifilisnced.
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All (n=345) Non-recurrence Recurrence P-value
(n=211) (n=134)

Age, years 621494 612£95 634£90 0.033

Female gender 116 (336) 70 (322) 46 (34.3) 0825

BMI, kg/m? 259433 256432 263£35 0.079

Current smoking 96(27.8) 64(30.3) 32(239) 0193

Current drinking 85 (24.6) 54(25.6) 31(23.0) 0.606

Hypertension 180 (522) 101 (47.9) 79 (59.0) 0044

Diabetes mellitus 93(27.0) 52(246) 41(30.6) 0225

Dyslipidemia 200 (58.0) 121(57.3) 79 (59.0) 0768

CHD 104 (30.1) 62(29.4) 2(13) 0699

Heart failure 53(154) 30142 23(17.3) 0460

Prior stroke 59 (17.1) 310147 28(209) 0136

Medication

ACEVARB 142(412) 81(38.4) 61(45.5) 0.189

AADs of 233 (675) 139 (65.9) 94(70.1) 0409

pre-ablation

Statins 135 (39.1) 76 (36.0) 59 (44.0) 0137

Use of anticoagulants within 3 months of ablation 0723

NOACs 317 (919) 193 (91.5) 124 (92.5)

Warfarin 28(8.1) 18 (8.5) 10(7.5)

CHA2DS2-VASc 201,49 20,4 329 0.021

score

Laboratory test

TC, mmol/L 38+10 38409 37410

HDL-C, mmol/L 1103 11403 11£03

LDL-C, mmol/L 23409 23408 23£10

UA, mmol/l 34134946 34214877 3399+ 1050

Cr, pmoll 76.1£167 758£178 766+ 149

HS-CRE, mg/L. 115(0.58, 2.14) 1.10(0.55,2.08) 1.20(0.63,2.28)

AST, UL 22(18,27) 21(19,26) 24(18,31)

ALT, UL 20(15,28) 20 (15, 30) 20(16,29)

ALB,g/L 419445 21+41 415£52

FPG, mmol/L 58+19 57420 58+18

HbALc, % 60%10 60+ 10 61£ 11

LVEE, % 625280 624£83 628+75

LAD, mm 03462 393£59 419+62

LVEDD, mm 483454 480£56 486£50

E/A ratio 09+04 0904 0904

Duration of AF 141 (409) 73 (346) 68(50.7)

(23 years)

Type of AF <0.001

Paroxysmal 206 (59.7) 142 (67.3) 64(47.8)

Persistent 139 (40.4) 69 (32.7) 70 (52.2)

Linear ablation 149 (432) 85 (40.3) 64(47.8) 0172

SVC isolation 52(15.1) 34(16.1) 18(134) 0498

NES 075 (~152, —1.00 (—1.65, ~0.05) —0.34(~1.22,0.60) <0.001
0.06)

NES risk categories < 0.001

Low 93(27.0) 73 (346) 20 (149)

Intermediate 197 (57.1) 117 (55.5) 80(59.7)

High 55(15.9) 21 (10.0) 34(254)

FIB-4 1.61(1.24,2.10) 153 (1.19,2.01) 171(1.39, 2.66) 0001

FIB-4 risk categories <0.001

Low 103(29.9) 82(38.9) 21(15.7)

Intermediate 192(55.7) 109 (51.7) 83 (61.9)

High 50 (14.5) 20(9.5) 30 (224)

Continuous data are presented as means = standard deviation (SD) or median (inter-quartile range), and categorical data were shown as 1 (%). BMI, body mass index; CHD, coronary
heart disease; ACEIL angiotensin-converting enzyme inhibitor; AR, angiotensin receptor blocker; AADs, anti-arrhythmic drugs; TC, total cholesterol; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; UA, uric acid; Cr, creatinine; FPG, fasting plasma glucose; AST, aspartate transaminase; ALT, alanine aminotransferase; ALB,

albumin; HS-CRP, high-sensitivity C-reactive protein; HbA1c, glycosylated hemoglobin; LAD, left atrial diameter; LVEE, left ventricular jection fra
diastolic diameter; AF atrial fibrillation; SVC, superior vena cava; NFS, non-alcoholic fatty

n; LVEDD, left ventricular end-






OPS/images/fcvm-09-1042573/fcvm-09-1042573-g002.jpg
0 1 100
POIntS I T T I TR TR S Y S SR S | | | | | | | PR |
Age | | | | | I I I I I I I |

25 30 35 40 45 50 55 60 65 70 75 80 85 90

yes

CAD . '

no

_ grade 1 hypertension
Hypertension | ' —
No hypertension grade 2 hypertension
HFpEF HFrEF
HF . ' ' |
no HF HFmrHF
yes

TIAorCVA | !

no
LAD | I I | I | I | | I | |

20 3 40 50 60 70
TOtaIPOintS frrrrjprrerprexrprer g rEr PR rerr g pr vt e EvE R

0 20 40 60 80 100 120 140 160 180 200 220

12-months Survival Probability

| | | | | | | |
0.9 0.8 0.7 0.60.50.40.30.2 0.1





OPS/images/fcvm-10-1071950/fcvm-10-1071950-t001.jpg
Author (year)

Wa et al. (2008) (13)

Study location

China

AF pattern

Paroxysmal or persistent

Sample size | Male (%)

Mean follow-up
(months)

Mean age or median
(years)
5212181

Turco et al. (2007) (14)

Italy

Paroxysmal or persistent

57.0 =100

Roux et al. (2009) (15)

the United States

‘paroxysmal

55.0=9.0

Kettering and Gramley
(018) (16)

Germany

persistent

612112

Darkner et al. (2014) (17)

Denmark

Paroxysmal or persistent

61.0, IQR (54.0-66.0)

Leong Sit et al. (2011) (7)

the United States

Paroxysmal

55.029.0

Hayashi et al. (2014) (18)

Japan

Paroxysmal or persistent

630110

Lodzitiski et al. (2014) (19)

Poland

No description

502112

Kaitani et al. (2016) (20)

Japan

Paroxysmal or persistent
or long lasting

633100

‘Tarasov et al. (2017) (21)

Russian

No description

56.1+10.1

Mohanty et al. (2015) (22)

Multi-center

long lasting

610105

Tang et al. (2009) (23)

Author (year)

Wa et al. (2008) (13)

China

Paroxysmal or persistent

AADs period
(month)

Monitoring for
recurrence
Ambulatory ECG once a
month; ECG when
experiencing symptoms.

57.0+12.0

Definition of recurrence

Any documented ATa lasting 230 s Early: within
3 months Late: >3 months

Turco et al. (2007) (14) Class T Cor 10 Weekly transtelephonic ECG; | Any documented ATa lasting >30 s Early: within
Amiodarone ECG and ambulatory ECG at | 1 month Late: >1 month
month 1, 4, 7, 10 and 13 visits.
Roux et al. (2009) (15) Class T C or Class IIl 15 Auto-trigger transtelephonic | Any documented ATa lasting >24 h Early: within
‘monitor for 30 days. 6 weeks Late: no definition
Kettering and Gramley Amiodarone 30 ECG and ambulatory ECG at | Any documented ATa lasting >30 s Early: within
(2018) (16) month 1 and 3 visit, then every | 3 months Late: >3 months
3 months; after 1 year, every
12 months.
Darkner et al. (2014) (17) | Amiodarone 20 ECG at month 1,3 and 6 visits; | Any documented ATa lasting >30 s Early: within
ambulatory ECG at 6 weeks and | 3 months Late: >3 months
6 months.
LeongSit et al. (2011) (7) | Class I C or Class IIl 15 30-day transtelephonic monitor | Early: within 6 months, any documented ATa lasting
at post-operative and month 6. | >24 h Late: >3 months, any documented AF lasting
21 min
Hayashi et al. (2014) (18) | Flecainide 30 Cardiac event recorder for Any documented ATa lasting >30 s Early: within
4 months twice a day for 30s | 3 months Late: >3 months
each; ECG at week 2, month 1,
2,3,4,5,6,8, 10, and 12 visits,
then every 3 months;
ambulatory ECG at month 6
and 12 visits.
Lodziriski et al. (2014) (19) | Class T C or Class IIl 20 24-h Holter ECG at month | Any documented ATa lasting >30 s Early: within
1 and 2 visits. 2 months Late: no definition
Kaitani et al. (2016) (20) | Class I or Class IIl 30 ECG at month 3,6,and 12| Any documented ATa lasting >30 s Early: within
visits; ambulatory ECG at 3 months Late: >3 months
month 6 and 12.
Tarasov et al. (2017) (21) | Class I C or Class IIl 30 ECG, Holter monitor, and Based on PC and EC Early: within 3 months Late:
112 patients had an implantable | no definition
loop recorder for constant
monitoring.
Mohanty et al. (2015) (22) | Amiodarone 20 ECG and Holter ECG at month | Any documented ATa lasting >30 s Early: within
3,6,9, 12 visits, then every | 2 months Late: >2 months
6 months; event recorder for
5 months after ablation at least
twice per week.
Tang et al. (2009) (23) Class T C or Class IIl 30 ECG and Holter ECG at month | Any documented ATa lasting >30 s Early: within

1,3,6, 12 visits, then every
6 months.

3 months Late: >3 months

AAD, antiarrhythmic drug; AF, atrial fibrllation; ATa, atrial tachyarrhythmia (atrial fibrillation, atrial tachycardia, atrial flutter); ECG, electrocardiography; PC, pharmacological

cardioversior

C electrical cardioversions.
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607 individuals assessed for eligibility

\ 4

219 patients ineligible

62 patients did not met inclusion criteria

157 patients met exclusion criteria
85 patients had previously valvular heart disease
53 patients had previously atrial fibrillation ablation
19 patients could be unable to successfully ablation

487 patients were enrolled in the
follow-up cohort

_| 54 patients were followed

Y

433 patients were

included in the final
analysis

" | up for less than six months
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AADs no-AADs Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H.Random.95% CI M-H. Random. 95% Cl
Darkner 2014 37 108 55 104 137% 0.65(0.47,089] .
Hayashi 2014 23 62 63 105% 0.90(0.58,1.39] =
Kaitani 2016 417 1017 490 1021 19.8% 0.85(0.77,0.94] o)
Kettering 2018 19 115 34 115 81% 0.56(0.34,0.92] i
Lodziriski 2014 61 114 26 57 133% 1.17[0.84,1.63] A=
ux 201 2 53 15 57 18% 0.14(0.03,0.60]

Tang 2009 52 145 36 65 140% 0.65(0.48,0.88] =
Tarasov 2017 36 183 13 60  7.9% 0.91(0.52,1.59] i

020 9 3 19 53 6.0% 0.47(0.24,099) =T

5 37 14 37 3.9% 036([0.14,089) —

Total (95% Cl) 1887 1632 100.0% 0.72[0.59, 0.89] *
Total events 661
Heterogeneity: Tau®= 0.05; Chi*= 23.66, df= 9 (P = 0.005); F=62% '001 100'

01 10
Favours AADs Favours no-AADs
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Parameters

LA mapping point number
RA mapping point number
LA volume (ml)

RA volume (ml)

Number of ablated areas
Linear ablation (%)

MI ablation (%)

CTI ablation (%)

Roof line ablation (%)
Anterior line ablation (%)
Total procedure time (min)

Fluoroscopy time (min)
Total ablation time (min)
Termination time (min)*
Total mapping time (min)
MSE calculation time (min)
MSE ablation time (min)
Cycle length (baseline, ms)
Cycle length (after PVI, ms)

Cycle length (after
MSE-guided ablation, ms)

Non-termination
group (n = 70)

609.93 & 35.77
356.80 & 31.72
141.04 + 3154
69.84 & 18.41
230+ 073
52 (74.29)
47 (67.14)
24 (34.29)
30 (42.86)
10 (14.29)
153.48 + 12.03
114£21
62.13 +11.72
262440
147 £32
22.70 +7.92
153.41 % 15.65
157.10 + 14.35
170.84 + 22.76

Termination group (n = 38)

Total

615.72 +32.73
349.04 & 26.02
123.13 +28.35
6042 % 15.93
197 £0.75
30 (78.95)
24(63.18)
11 (28.95)
16 (42.11)
8(21.05)
147.05 % 11.09
99426
53.88 +8.32
3307 £8.23
261+63
150 £ 4.0
12.58 £ 5.74
15471 +14.15
159.00 =+ 18.82
466.36 & 265.52

*Comparison between non-termination group and termination group.

TComparison between restored to SR group and converted to AFL/AT group.

*Termination time included the time from PVI to AF termination during mMSE-guided ablation, but not included the time for MSE mapping and calculation after PVI.

Restored to SR

(n=17)

620.46 & 37.57
354.06 & 26.19
116.47 % 26.60
64.18 + 12,57
1.94+083
9 (52.94)
8 (47.06)
4(2353)
4(23.53)
2(11.76)
145.00 + 1121
99426
52324855
37334875
272452
147 £42
11.46 = 5.69
153.58 + 15.01
160.56 = 18.90
753.23 & 59.21

Converted to AT/AFL

(n=21)

611.90 + 28.61
344.97 +25.78
12852 +29.20
5738 +17.92
2.00 +0.71
21 (100)
16 (76.19)
7(33.33)

12 (57.14)
6(28.57)
148.70 & 10.98
99427
55.13 + 53.76
29.62 + 6.00
252470
152440
1348 £5.77
155.63 +13.73
157.74 +19.12
23413 £ 32.26

SR, sinus rhythm; AT, atrial tachycardia; AFL, atrial flutter; LA, left atrium; RA, right atrium; MI, mitral isthmus; CTI, Cavo-tricuspid isthmus.

P-value'

0.430
0.291
0.196
0.195
0.814
<0.001
<0.001
0.508
0.037
0.206
0.313
0.977
0.307
0.003
0.341
0.712
0.289
0.663
0.653
<0.001

P-value*

0.409
0.199
0.004
0.009
0.030
0.588
0.677
0.571
0.940
0.368
0.007
0.002
<0.001

0.885
0.607
<0.001
0.672
0.557
<0.001
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All patients (n = 108)

Age (year) 64.27 +£10.41
Male (%) 80 (71.43)
AF duration (m) 24 (6-60)
Medication

Number of failed AADs 2(1-2)
Amiodarone (%) 103 (91.96)
Comorbidity

Hypertension (%) 60 (53.57)
Diabetes (%) 11(9.82)
Structural heart disease (%) 8(7.21)
Stroke/TIA (%) 10 (8.93)
CHA2DS2-VASc score 2.09 +1.36
HAS-BLED score 1.51 + 1.08
LA anterio-posterior diameter (mm) 44.45 £+ 544
LVEF (%) 61.63 £ 8.58

Termination (n = 38) Non-termination (n = 70)
65.37 £ 10.37 64.28 +9.95
14 (36.84) 16 (23.19)
24 (6-63) 24 (7-54)
2(1-2) 2(1-2)

34 (89.47) 64 (81.01)
23 (79.31) 34 (43.04)
6 (20.69) 5(6.33)
4(13.79) 4(5.06)
5(17.24) 4 (5.06)
232+ 1.53 24125
1.68 +1.19 143 +1.02
4297 £5.16 45.13 £ 5.58
62.87 % 4.90 60.69 % 10.20

Data were summarized as mean (SD), median (quartile I-quartile 3), and numbers (percentage) according to their data type and distribution.

P-value*

0.593
0.132
0.634

0.605
0.519

0.264
0.164
0.385
0.189
0.251
0.257
0.052
0.218

*Student’s t-test or Mann-Whitney test was used to compare continuous variates between groups. Chi-square test and Rank-sum test were used to compare categorical

variables between groups.

AADs, antiarrhythmic drugs; TIA, transient ischemic attack; LA, left atrium; LVEE left ventricular ejection fraction.
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Records identified through data Additional records identified through
searching (n=1510) other sources (n=4)

l |

Records after duplicates removed
(n=1149)

l

Records screened Records excluded based
(n=1149) on titles/abstracts (n=1118)

Full-text articles excluded:
Full-text articles assessed for
eligibility (n=31)

No available data (n=3)

Not met inclusion criteria (n=14)
Used data from other studies (n=2)
Studies in qualitative
synthesis (n=12)

Studies in qualitative synthesis
(meta-analysis)
n=12)
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Mortality Unadjusted Model 1 Model 2

HR 95%CI P HR 95%CI P HR 95%CI P
TIMP-4 1.40 1.16-1.70 43 x10~* 133 1.09-1.63 0.005 1.33 1.07-1.66 0.010
ST2 1.44 1.20-1.74 1.3 x 1074 1.47 1.21-1.79 3.9x107° 1.48 1.18-1.85 6.5 x 1074
MMP-2 1.25 1.03-1.52 0.024 - - — - - -
MMP-9 1.07 0.89-1.29 0.471 = = = = = =
MMP-3 1.44 1.20-1.73 8.1x107° 1.34 1.10-1.63 0.003 1.33 1.09-1.63 0.006
GAL-3 1.32 1.11-1.57 0.002 1.24 1.03-1.50 0.027 1.29 1.03-1.61 0.029
GDF-15 1.45 1.22-1.72 24 x107° 1.40 1.16-1.68 42 x107% 1.30 1.05-1.62 0.017
Re-hospitalization Unadjusted Model 1 Model 2

HR 95%CI P HR 95%CI P HR 95%CI P
TIMP-4 1.23 1.05-1.5 0.013 - - - - - =
ST2 0.95 0.82-1.09 0.464 - = = = = =
MMP-2 1 0.6-1.17 0.99 - - - - - =
MMP-9 0.96 0.83-1.11 0.578 - = = = = =
MMP-3 1.02 0.87-1.19 0.839 - - - - - =
GAL-3 0.98 0.84-1.14 0.785 - = = = = =
GDEF-15 1.09 0.94-1.26 0.249 - - - - - =

TIMP-4, Metalloproteinase inhibitor 4; ST-2, suppression of tumorigenicity 2; GAL-3, galectin-3. Matrix metalloproteinase 2, 3, and 9 (MMP-2, MMP-3, and MMP-9, respectively).
Model 1: age and sex. Model 2: age, sex, body mass index, systolic blood pressure at admission, prevalence of diabetes, prior heart failure, current smoking, anticoagulation treatment, and
New York heart association class (NYHA class) as independent variables. Bolded values represent significant P-values.
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Proteins

TIMP-4
ST-2
MMP-2
GDEF-15
GAL-3
MMP-9
MMP-3

Unadjusted Model 1

OR 95%CI p-value OR 95%CI p-value
1.70 1.33-2.18 31x107° 1.56 1.19-2.03 0.001
1.40 1.10-1.78 0.006 1.36 1.07-1.74 0.013
1.54 1.21-1.95 49 x 107 1.53 1.19-1.97 0.001
1.59 1.24-1.04 29x 107 1.42 1.10-1.83 0.007
1.01 0.81-1.27 0.906 — - -
0.75 0.60-0.95 0.017 = = =
131 1.03-1.65 0.026 - - -

Model 2
OR 95%CI p-value
1.58 1.15-2.18 0.005
1.42 1.06-1.91 0.020
1.32 0.97-1.78 0.075
1.40 1.01-1.94 0.046

TIMP-4, Metalloproteinase inhibitor 4; ST-2, suppression of tumorigenicity 2; GAL-3, galectin-3. Matrix metalloproteinase 2, 3, and 9 (MMP-2, MMP-3, and MMP-9, respectively).
Model 1: age and sex. Model 2: age, sex, body mass index, systolic blood pressure at admission, prevalence of diabetes, prior heart failure, current smoking, anticoagulation treatment, and

New York heart association class (NYHA class) as independent variables.
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Baseline characteristic Whole population  Prevalent atrial fibrillation =~ Non-Atrial fibrillation group  p-value

n =316 n=194 n=122

Age [years (SD)] 75(12) 77 (10) 71 (13) <0.001
Sex [female 1 (%)] 96 (30) 57 (29) 39(32) 0.706

NYHA-class LII-IV [1 (%)] 270 (85) 170 (88) 100 (82) 0.185
Current smoking [ (%)] 39(12) 20 (10) 19 (16) 0.218

BMI [kg/m? (SD)] 28(6) 27.3 (5.4) 28.6(6.5) 0.046

SBP [mmHg (SD)] 136 (27) 134 (25) 140 (30) 0.037

DBP [mmHg (SD)] 79 (16) 79 (15) 80 (17) 0.351

Prevalent diabetes [ (%)] 117 (37) 69 (36) 48 (39) 0.550

Anticoagulation treatment [# (%)] 197 (62) 161 (83) 36 (29) <0.001
Antihypertensive treatment

ACEi [1 (%)] 170 (54) 102 (53) 68 (56) 0.643

ARBs [11 (%)] 81(26) 49 (25) 32(26) 0.895

Beta blocker [n (%)] 279 (88) 172 (89) 107 (88) 0.858

Diuretics [11 (%)] 304 (96) 189 (97) 115 (94) 0.225

Aldosteron receptor antagonists [# (%)] 93 (29) 56 (29) 37 (30) 0.439

Prior heart failure [n (%)] 203 (64) 136 (70) 67 (55) 0.023

New onset of myocardial infarction [# (%)] 21(7) 14 (7) 7(6) 0.651

Prior myocardial infarction [# (%)] 123 (39) 73 (38) 50 (41) 0.635

Ejection fraction [% (SD)], (n = 237) 39 (16) 40 (15) 37 (17) 0.105

HErEF [; (%)] 123 (39) 61 (45) 62 (51) 0.017

HFmrEF [1; (%)] 43 (14) 29(22) 14 (12) 0.125

HFpEF [1; (%)] 71(23) 45(33) 26 (21) 0.192

LAVI [ml/m? (SD)], (n = 234) 54.9 (20) 59.8 (22) 48.2 (16) <0.001
LAVI > 48 ml/m? [ (%)] 134 (42) 89 (66) 45 (45) 0.001

ST-2 (SD) 5.59 (0.93) 5.71 (0.86) 5.41 (0.99) 0.005

MMP-2 (SD) 4.43 (0.58) 4.52(0.58) 4.28(0.59) <0.001
MMP-9 (SD) 4.82 (1.01) 4.70 (1.0) 4.99 (1.0) 0.016

MMP-3 (SD) 7.11 (1.01) 7.21 (0.95) 6.95 (1.08) 0.025

GAL-3 (SD) 5.99 (0.52) 5.99 (0.50) 5.98 (0.55) 0.907

NYHA class, New York Heart Association, BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HFrEF, heart failure with reduced ejection fraction; HFmrEF,
heart failure with mildly reduced ejection fraction; HFpEEF, heart failure with preserved ejection fraction; LAVT, left atrial volume index; ACEi, Angiotensin-converting enzyme inhibitors;
ARBs, angiotensin receptor blockers; TIMP-4, metalloproteinase inhibitor 4; ST-2, suppression of tumorigenicity 2; GAL-3, galectin-3; GDF-15, growth/differentiation factor-15; MMP-2,
3, and 9, matrix metalloproteinase 2, 3, and 9.
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Mortality

TIMP-4
ST2
MMP-2
MMP-9
MMP-3
GAL-3
GDEF-15

Re-hospitalization

TIMP-4
ST2
MMP-2
MMP-9
MMP-3
GAL-3
GDF-15

Unadjusted Model 1 Model 2

HR  95%CI P HR 95.0% CIforHR p HR 95.0%CIforHR p

1.39 1.11-1.74  0.004 1.33 1.02-1.74 0.035 132 1.01-1.74 0.045

1.46 1.18-1.81 4.6 x 107* 1.59 1.27-1.99 6.8 x 107 1.55 1.22-1.97 3.5x 1074

1.46 1.14-1.85  0.002 1.52 1.16-1.99 0.002 145 1.10-1.91 0.008

1.19 0.92-1.54  0.179 = = = = = =

1.42 1.18-1.72 28 x107* 1.42 1.16-1.74 7.2x107% 1.46 1.17-1.84 9.8 x 107*

1.36 1.09-1.70  0.008 = = = = - =

1.5 1.26-1.79  5x107° 1.63 1.30-2.04 25%x107° 1.56 1.22-1.99 41 %1074
Unadjusted Model 1 Model 2

HR  95%CI P HR 95.0% CIforHR p HR 95.0%CIforHR p

1.08 0.88-1.31  0.471 - - - - - -

1.21 0.01-1.45  0.044 = = - - - =

1.16 0.94-1.44  0.155 - - - - - -

0.96 0.78-1.17  0.664 = = - - - =

1.06 0.89-1.25  0.49 - - - - - -

1.2 0.01-1.44  0.049 = = - - - =

1.3 1.08-1.55  0.003 1.29 1.07-1.55 0.007 1.24 1.01-1.53 0.039

TIMP-4, Metalloproteinase inhibitor 4; ST-2, suppression of tumorigenicity 2; GAL-3, galectin-3. Matrix metalloproteinase 2, 3, and 9 (MMP-2, MMP-3, and MMP-9, respectively).
Model 1: age and sex. Model 2: age, sex, body mass index, systolic blood pressure at admission, prevalence of diabetes, prior heart failure, current smoking, anticoagulation treatment, and
New York heart association class (NYHA class) as independent variables. Bolded values represent significant P-values.
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Model adjustment

Unadjusted TIMP1
Model 1 TIMP1
Model 2 TIMP1
Model 3 TIMP1

AF, atrial fibrillation; TIMP-1, tissue inhibitors of metalloproteinase-1.

Recurrence
HR (95% CI) P value
1.961(1.182-3.253) 0.009
2.228(1.309-3.79) 0.003
2.28(1.289-4.034) 0.005
2.052(1.118-3.767) 0.02

Model 1: adjusted for age (>65 years, <65 years), sex.
Model 2: adjusted for age, sex, hypertension (HTN), diabetes, CAD, stroke,

smoking, and drinking.

Model 3: adjusted for age, sex, HTN, diabetes, CAD, stroke, smoking, drinking,
LVEF (>50%, <50%), BMI (>24, <24 kg/mz), type of AE AF duration, and

substrate modification.
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RF duration
Published year —0.041778 0.1990302 —0.21 0.868 —2.570697 2.487141
Research country 0.0478591 0.8627267 0.06 0.965 —10.91412 11.00984
Study design —0.4796924 1.918133 —0.25 0.844 —24.85189 23.8925
Interventional parameter —0.3700575 1.088199 —0.34 0.791 —14.19694 13.45682
Mean age 0.352579 0.5520906 0.64 0.638 —6.662397 7.367555
Male gender 3.60509 9.821638 0.37 0.776 —121.1907 128.4008
Procedural time
Published year —0.2000909 0.1660483 —1.21 0.441 —2.309935 1.909753
Research country —0.0383034 0.515673 —0.07 0.953 —6.59055 6.513943
Study design —0.2750035 0.6548081 —0.42 0.747 —8.595129 8.045123
Interventional parameter —0.9803946 0.8344757 =117 0.449 —11.58341 9.622624
Mean age 0.1243999 0.1646027 0.76 0.588 —1.967075 2.215875
Fluoroscopy time
Published year —0.1397646 0.0628184 —2.22 0.269 —0.9379486 0.6584194
Research country 0.9589619 0.59878 1.6 0.355 —6.64926 8.567184
Study design —1.693153 0.9998991 —1.69 0.340 —14.39808 11.01177
Interventional parameter —0.4049631 0.1679673 —2.41 0.250 —2.53919 1.729263
Mean age —0.8643761 0.6181539 —1.4 0.395 —8.718766 6.990013
Male gender —21.91214 14.32837 —1.53 0.369 —203.9713 160.147
Number of RF lesions
Published year 0.3492074 0.1253937 2.78 0.219 —1.244071 1.942486
Research country 0.4072841 0.2026555 2.01 0.294 —2.167699 2.982267
Study design 1.166482 0.4745546 2.46 0.246 —4.863306 7.19627
Interventional parameter —2.486559 1.047482 —2.37 0.254 —15.79608 10.82297
Touch-up needed
Published year 0.0478391 0.0766701 0.62 0.645 —0.9263472 1.022025
Study design —0.0552741 0.4386066 —0.13 0.920 —5.628299 5.517751
Acute conduction recovery
Published year 0.0616289 0.6462428 0.1 0.939 —8.149665 8.272922
Research country —0.3444556 3.792939 —0.09 0.942 —48.53832 47.84941
Study design —0.1481234 1.674416 —0.09 0.944 —21.4236 21.12736
Interventional parameter —10.58069 11.3521 —0.93 0.522 —154.8228 133.6614
Mean age —4.791256 5.455508 —0.88 0.541 —74.11005 64.52754
Male gender —9.694279 11.71157 —0.83 0.560 —158.5038 139.1153
Recurrence rates
Published year 0.7603328 2.394938 0.32 0.804 —29.67024 31.1909
Research country —0.3884593 1.125114 —0.35 0.788 —14.68438 13.90746
Study design 1.527826 4.029201 0.38 0.769 —49.66803 52.72368
Mean age 0.1156787 1.155708 0.1 0.936 —14.56898 14.80034
Complications
Published year —0.9955774 0.8425855 —1.18 0.447 —11.70164 9.710487
Research country —0.7651117 0.8790133 —0.87 0.544 —11.93403 10.40381
Mean age 0.8118284 0.7133147 1.14 0.459 —8.251694 9.87535

Some covariates were not included in the meta-regression analysis of partial observational indicators because sensitivity analyses by eliminating studies one by one had been performed
or the number of including studies was insufficient for analysis.
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Parameter Recurrence

HR (95% CI) Pvalue  Best cut-off value

Hs-CRP 1.513(0.883-2.593) 0.132 1.12
TIMP-1 1.793(1.062-3.021) 0.029 124.15
PLT 1.65(0.893-3.047) 0.11 196.5
TCHO 1.847(0.851-4.008) 0.121 5.94

AEF atrial fibrillation; TIMP-1, tissue inhibitors of metalloproteinase-1; hs-CRP, high-
sensitivity C-reactive protein; PLT, platelet count; Tcho, total cholesterol.
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References Study design NOS score
Boles et al. (26) Retrospective study 8
Gould et al. (27) Retrospective study 7
Giil et al. (28) Retrospective study 7
Sakama et al. (29) Prospective study 7
Saraf et al. (30) Retrospective study 9
Venier et al. (31) Retrospective study 8

RCT, randomized controlled trials; NOS, Newcastle-Ottawa Scale.
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Characteristic Total Recurrence
(194) (61)

TIMP-1, ng/ml  117.6 £ 56.5 129.8 + 65.7
hsCRP, ng/ml 25442 39460

BNP, pg/ml 125.6 £109.6  135.0 £+ 123.7
D-dimer, ng/ml  143.7 £461.6  215.8 £794.1

No recurrence
(133)

112.0 £ 51.0
19+28
1214 +103.1
111.0 + 1524

P
value

0.041
0.001
0.449
0.145

AF atrial fibrillation; TIMP-1, tissue inhibitors of metalloproteinase-1; hsCRP, high-
sensitivity C-reactive protein; BNP, B-type natriuretic peptide.
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References Research Study design Parameter Sample size Age mean Males n (%)
country (£SD)
Begg et al. (23) UK RCT CF 53 64.0 (11.5) 45 (84.9)
Begg et al. (23) UK RCT ECI 45 63.7 (10.9) 39(86.7)
Boles et al. (26) Canada Retrospective study CF 38 67.4(9.5) 26 (68.4)
Giehm-Reese et al. (24) Denmark RCT CF 156 67.6 (9.7) 120 (76.9)
Gould et al. (27) Australia Retrospective study CF 60 64.0 (9.5) 47 (78.3)
Giil et al. (28) Canada Retrospective study CF 37 66.2 (10.0) 26 (70.3)
Jones et al. (25) UK RCT ECI 101 65.5 (11.0) 79 (78.2)
Sakama et al. (29) Japan Prospective study Al 181 68.2 (9.7) 133 (73.5)
Saraf et al. (30) UK Retrospective study CF 20 65.5 (8.5) 19 (95.0)
Venier et al. (31) Canada Retrospective study CF 70 62.7 (10.9) 61 (87.1)

UK, United Kingdom; RCT, randomized controlled trial; CE, contact force; ECI, electrical coupling index; Al ablation index.
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Characteristic Total Recurrence No recurrence P

(194) (61) (133) value
RBC, 10%/1 48+05 48+07 47405 0.555
WBC, 10°/1 67+15 6.7+ 1.6 67+15 0.916
PLT, 10°/1 217.0 4527 22574477 212.9 + 54.6 0.117
Hb, g/l 1493+ 188 149.5+ 167 149.3 £ 19.8 0.935
CREA, umol/l 7444403  67.1£150 77.7+£473 0.089
GLU, mmol/l 58+ 13 584+ 1.1 58+ 13 0.749
GA, % 14.5+25 143423 14.6 4+ 2.6 0.426
HCY, umol/l 156+84  151+10.1 158+ 7.5 0.626
ALT, U/l 2534200  27.94262 2424164 0.234
AST, U/ 2444150 2504150 24.1+15.0 0.693
GGT, U/l 3484280 3594296 3434273 0.717
TP, g/l 715454 714449 71.6 £ 5.6 0.764
Alb, g/l 446+ 43 445441 447443 0.768
Glo, g/l 269+ 48 269436 269452 0.938
Thil, umol/l 14.8 + 6.9 152+74 14.7 £ 6.6 0.654
TG, mmol/l 17412 14407 1.84 14 0.078
Tcho, mmol/l 444+1.0 45+ 1.1 44409 0.428
LDL-c, mmol/l 2.7+ 1.0 28+ 1.1 27409 0.544

AF atrial fibrillation; WBC, white blood cell; RBC, red blood cell; PLT, platelet count;
Hb, hemoglobin; CREA, creatinine; Glu, fasting blood glucose; GA, glycated albumin;
HCY, homocysteine; ALT, alanine aminotransferase; AST, aspartate transaminase; GGT,
gamma-glutamyl transpeptidase; TP, total protein; Alb, albumin; Glo, globulin; Tbil,
total bilirubin; TG, triacylglycerol; Tcho, total cholesterol; LDL-c, low-density lipopro-
tein cholesterol.
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Characteristic Total

Demographics
Age, years
Gender (M, %)
BMI, kg/m?

Duration of AE,
months

Type of atrial
fibrillation

Paroxysmal, n(%)
Persistent, n(%)

Medical
history

CAD, %
HTN, %

DM, %
Stroke, %
Smoking, %
Drinking, %
Drug
administration
Diuretic, %
Statins, %
ACEI/ARB, %
CCB, %
Beta-block, %
AF related

score
EHRA score
1, n(%)
2, n(%)
3, n(%)

CHA2DS2-VASc
score

0or1,n(%)

=2, n(%)
HAS-BLED score
=3, n(%)

Substrate modifi-

cation, n(%)

Echocardiography

LAd, mm
LVEE %
LVEDD, mm
LVESD, mm

(194)

59.9 4 10.2
129(66.5)
266 +42

406 +44.4

93(47.9)
101(52.1)

21(10.8)
102(52.6)
27(13.9)
15(7.7)
54(27.8)
12(6.2)

42.1)
43(22.2)
39(20.1)
25(12.9)
31(16.0)

15(7.7)
108(55.7)
71(36.5)

110(56.7)
84(43.3)

10(5.2)
94(48.5)

409 £5.6
62.0 5.5
479 +4.5
315+4.1

(61)

59.54 9.6
34(55.7)
26.6 + 4.1
44.1445.1

25(41.0)
36(59.0)

6(9.8)
31(50.8)
7(14.5)

6(9.8)
12(19.7)

3(4.9)

0
12(19.7)
15(24.6)
8(13.1)
10(16.4)

6(9.8)
33(54.1)
22(36.1)

33(54.1)
28(45.9)

2(3.3)
31(50.8)

40.5+ 6.0
623+ 5.6
47.1+49
31.2+47

Recurrence No recurrence

(133)

60.0 +10.4
95(71.4)
26.6 4.2
38.9 +44.2

68(51.1)
65(48.9)

15(11.3)
71(53.4)
20(15.0)
9(6.8)
42(31.6)
9(6.8)

4(3.0)
31(23.3)
24(18)
17(12.8)
21(15.8)

9(14.8)
75(56.4)
49(36.8)

77(57.9)
56(42.1)

8(6.0)
63(47.4)

41.1+£54
61.9+54
482 +42
31.7+£39

value

0.76
0.032
0.993
0.447

0.19

0.765
0.741
0.507
0.459
0.087
0.622

0.172
0.572
0.292
0.949
0915

0.736

0.621

0.425

0.657

0.478
0.665
0.118
0.457

AF atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; HTN,
hypertension; DM, diabetes mellitus; ACEI, angiotensin-converting enzyme inhibitors;

ARB, angiotensin receptor blocker; CCB, calcium channel blocker; LAd, left atrium

diameter; LVEE left ventricular ejection fraction; LVEDD, left ventricular end-diastolic

dimension; LVESD, left ventricular end-systolic dimension.
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A

Risk Ratio

Study or Subgroup _Events Total Events Total Weight M-H. Fixed, 95% CI

Giehm 2020
Jones 2014
Sakama 2022
Venier 2017

Total (95% CI)
Total events

CF related Control
11 78 17 77 31.3%
o 50 12 51 21.7%
31 151 10 30 30.5%
5 35 9 35 16.5%
314 193 100.0%
52 48

Heterogeneity: Chi? = 0.52, df =3 (P = 0.91); I?7= 0%
Test for overall effect: Z = 2.87 (P = 0.004)

Risk Ratio

0.64 [0.32, 1.27]
0.42 [0.16, 1.12]
0.62 [0.34, 1.12]
0.56 [0.21, 1.49]

0.57 [0.39, 0.84]

Risk Ratio

l

M-H. Fixed. 95% CI
— ==

_._J_

D

1 1 l

0.1

05 1 2 5 10

Favours CF related Favours Control

Risk Ratio
M-H. Fixed. 95% CI

0.83 [0.25, 2.76]
1.39 [0.35, 5.53]
1.53 [0.24, 9.74]
2.96 [0.31, 27.85]
0.14 [0.01, 2.65]
1.89[0.19, 19.13]
0.42 [0.16, 1.12]
0.33 [0.04, 3.05]

0.74 [0.44, 1.24]

B CF related Control
_Study or Subgroup  Events Total Events Total Weight M-H. Fixed, 95% Cl

Begg CF 2019 4 26 5 27 16.4%
Begg ECI 2019 4 22 3 23 9.8%
Boles 2017 2 15 2 23 5.3%
Giehm 2020 3 78 1 i §4 3.4%
Gould 2016 0 30 3 30 11.7%
Gul 2018 2 19 1 18 3.4%
Jones 2014 5 50 12 51 39.8%
Venier 2017 1 35 3 35 10.1%
Total (95% CI) 275 284 100.0%
Total events 21 30

Heterogeneity: Chi? = 6.53, df =7 (P = 0.48); I? = 0%
Test for overall effect: Z = 1.14 (P = 0.25)

Begg CF 2019
Begg ECI 2019
Giehm 2020
Gould 2016
Gul 2018
Venier 2017

Total (95% CI)
Total events

CF related
Even
3 24
4 21
21 66
0 30
2 19
0 35
195
30

Control

Even

-
—_ =2 W ooW,

3

1

|_Weigh
24 16.0%
20  9.9%
73  54.8%
30 11.2%
18 3.3%
35 4.8%

200 100.0%

Heterogeneity: Chi? = 3.95, df =5 (P = 0.56); I? = 0%
Test for overall effect: Z=0.10 (P = 0.92)

D

Risk Ratio
M-H, Fix 5% CI

_._

’

0.002

0.1 1 10

Favours CF related Favours Control

Risk Ratio

0.60 [0.16, 2.23]
1.27 [0.32, 4.98]
1.29 [0.76, 2.20]
0.14 [0.01, 2.65]
1.89[0.19, 19.13]
0.33 [0.01, 7.91]

1.02 [0.66, 1.58]

Risk Ratio

_Study or Subgroup  Events Total Events Total Weight M-H. Fixed.95% ClI

Begg ECI 2019
Giehm 2020
Gould 2016
Gul 2018
Venier 2017

Total (95% ClI)
Total events

CF related Control

1 21 1 20 3.6%
19 79 21 77 75.1%
4 30 3 30 10.6%
2 19 0 18 1.8%
0 35 2 35 8.8%
184 180 100.0%

26 27

Heterogeneity: Chi? = 2.46, df =4 (P = 0.65); I’ = 0%
Test for overall effect: Z = 0.25 (P = 0.80)

M-H, Fixed, 95% CI

1

0.005

0.1 1 10

Favours CF related Favours Control

Risk Ratio

M-H. Fixed. 95% CI

0.95 [0.06, 14.22]
0.88 [0.52, 1.51]
1.33 [0.33, 5.45]

4.75 [0.24, 92.65]
0.20 [0.01, 4.02)

0.94 [0.59, 1.51]

200

-

===

0.002

0.1 i 10

Favours CF related Favours Control

500
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Subgroup No.of TIMP15124.15ng/ml TIMP1>124.15ng/ml Hazard Ratio(95% CI) P value

AF patients No.of recurrence(%) No.of recurrence(%)

paroxysmal 93 16(22.2) 9(42.9) ; - ) 2.026(0.895-4.589) 0.09

persistent 101 15(30.6) 21(40.4) = 1.62(0.83-3.164) 0.158

gender

men 129 19 (23.8) 15(30.6) i 1.495 (0.756-2.956) 0.247

women 65 12(29.3) 15(62.5) 2 2859 (1.3246.171) 0.007

age

<65 127 23(26.7) 17(47.5) — . 2274 (1.202-4.302) 0.012

=65 67 8(22.9) 13(40.6) = 1.705 (0.707-4.114) 0.235

HTN

No 92 19(29.2) 11(40.7) — . 1.685(0.797-3.563) 0.172

Yes 102 12(21.4) 19(41.3) = 2.359(1.139-4.884) 0.021

BMI

<24 o1 13(34.2) 4(30.8) —s . 1.271(0.412-3.927) 0677

=24 142 18(22) 26(43.3) = 2.305(1.256-4.228) 0.007

CHA2DS2-VASc score

<2 110 18(25.4) 15(38.5) - , 2.132(1.057-4.3) 0.034

) 84 13(26) 15(44.1) — - 1.759(0.854-3.775) 0.123

HAS-BLED score

<3 184 30(26.3) 29(41.4) —— 1.955(1.168-3.271) 0.011

=3 10 1(14.3) 1(33.3) " = 2.16(0.135-34.608) 0.586

EHRA score

1 15 4(40) 2(40) = 1.209(0.218-6.706) 0.828

2 108 18(28.1) 15(34.1) —— 1.351(0.68-2.683) 0.391

3 71 9(19.1) 13(54.2) & 4.114(1.726-9.807) 0.001
lowOTIN;P1 2 hiagl'\ 'IEIMP1
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CF related Control Std. Mean Difference Std. Mean Difference
idy or Subg ean 1 ean : 2ig Random, 95% CI IV, Random, 95% CI
Begg CF 2019 561 636.09 26 667 407.78 27 13.1% -0.20 [-0.74, 0.34] .
Begg ECI 2019 641 338.39 22 1,131 564.18 23 11.2% -1.03 [-1.65, -0.40] -
Boles 2017 306 138 15 456 288 23 10.4% -0.61 [-1.28, 0.06] -
Gould 2016 787.2 1344 30 921.2 175.47 30 13.3% -0.85 [-1.38, -0.32] N
Gul 2018 677.27 846.62 19 636.21 372.46 18 10.8% 0.06 [-0.58, 0.71]
Jones 2014 580 312 50 574 287 51 17.0% 0.02 [-0.37, 0.41] N
Sakama 2022 252 144 151 306 150 30 16.9% -0.37 [-0.76, 0.02] —
Saraf 2022 342 120 10 336 162 10 7.3% 0.04 [-0.84, 0.92]
Total (95% CI) 323 212 100.0%  -0.37 [-0.65, -0.09] o
Heterogeneity: Tau? = 0.08; Chi? = 14.57, df = 7 (P = 0.04); I? = 52% 2 1 5 1 2
Test for overall effect: 2 = 2.55 (P = 0.01) Favours CF related Favours Control
B CF related Control Std. Mean Difference Std. Mean Difference
1dy © 23 ' 3 ¥ : 2ig andom, 95% CI IV, Random. 95% CI
Begg CF 2019 73 26.12 26 80 26.22 27 13.8% -0.26 [-0.80, 0.28] i B
Begg ECI 2019 74 15.06 22 97 18.17 23 11.6% -1.35 [-2.00, -0.70] o
Boles 2017 87.7 242 15 93.2 46.3 23 11.7% -0.14 [-0.79, 0.51] s
Giehm 2020 49.94 17.37 78 51.41 15.11 77 18.8% -0.09 [-0.40, 0.23] -
Gul 2018 82.84 40.05 19 7147 21.72 18 11.7% 0.34 [-0.31, 0.99] T
Jones 2014 62.7 33 50 62.3 33 51 171% 0.01 [-0.38, 0.40] =
Venier 2017 826 245 35 101.3 60 35 15.2% -0.40 [-0.88, 0.07] =
Total (95% CI) 245 254 100.0% -0.25 [-0.56, 0.07] "
Heterogeneity: Tau? = 0.11; Chi2 = 17.00, df = 6 (P = 0.009); I = 65% §’ 2 6 2 j1
Test for overall effect: Z = 1.52 (P = 0.13) Favours CF related Favours Control
C CF related Control Std. Mean Difference Std. Mean Difference
1dy © ean 8 t ean X 2ig and 5% 1V, Random, 95% CI_
Begg CF 2019 137 148.24 26 238 171.41 27 12.2% -0.62 [-1.17, -0.07] L
Begg ECI 2019 123 140.27 22 311 305.8 23 11.7% -0.77 [-1.38, -0.16] T
Boles 2017 648 534 15 738 726 23 11.4% -0.13 [-0.79, 0.52] s
Giehm 2020 483.45 317.23 78 501.15 317.31 77 13.9% -0.06 [-0.37, 0.26] E B
Gul 2018 1,068.08 913.1 19 888.25 434.41 18 11.4% 0.24 [-0.40, 0.89] i iedi
Jones 2014 718 STT 50 721 583 51 13.4% -0.01 [-0.40, 0.38] i
Sakama 2022 12 24 151 102 120 30 13.1% -1.69 [-2.12, -1.26] T
Venier 2017 492 288 35 612 576 35 12.8% -0.26 [-0.73, 0.21] S B
Total (95% ClI) 396 284 100.0% -0.42 [-0.87, 0.03] <
Heterogeneity: Tau? = 0.36; Chi? = 49.95, df = 7 (P < 0.00001); I? = 86% _; 2 : 2 i
Test for overall effect: Z = 1.81 (P = 0.07) Favours CF related Favours Control
D CF related Control Std. Mean Difference Std. Mean Difference
—Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl| IV, Fixed, 95% CI
Boles 2017 83 76 16 132 9 23 8.1% -0.57 [-1.23, 0.10] &
Giehm 2020 13 6.04 78 1541 6.04 77 35.3% -0.40 [-0.72, -0.08] —
Gould 2016 19 14 30 2 13 30 13.9% -0.22 [-0.73, 0.29] i
Sakama 2022 11 5 151 12 4 30 23.2% -0.21 [-0.60, 0.19] =
Saraf 2022 126 6.5 10 92 35 10 4.4% 0.62 [-0.28, 1.53] B
Venier 2017 12.47 7.34 35 2292 184 . O W, -0.74 [-1.22, -0.25] T
Total (95% CI) 319 205 100.0% -0.35 [-0.54, -0.16] L
Heterogeneity: Chi? = 8.19, df =5 (P = 0.15); I = 39% _; j 0 j 42_
Test for overall effect: Z = 3.61 (P = 0.0003) v e e tiband. P Pl
E CF related Control Mean Difference Mean Difference
1dy © hg an [c 1 pan [g . 1 210 ixed, 95% v IV, Fixed, 95% Cl [g]
Begg CF 2019 113 435 26 9.03 58 27 26.7% 2.27 [-0.49, 5.03] T
Giehm 2020 16.71 7.55 78 16.41 12.09 77 20.1% 0.30 [-2.88, 3.48]
Venier 2017 1311 332 35 9.32 487 35 53.2% 3.79 [1.84, 5.74] ——
Total (95% Cl) 139 139 100.0% 2.68 [1.26, 4.11] .
Heterogeneity: Chi? = 3.48, df = 2 (P = 0.18); I = 43% ] 1 0 5 : 5 1*0

Test for overall effect: Z = 3.69 (P = 0.0002)

Favours CF related Favours Control
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