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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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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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