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Introduction: Outcomes of catheter ablation for non-paroxysmal atrial fibrillation (AF) remain suboptimal. Non-invasive stratification of patients based on the presence of atrial cardiomyopathy (ACM) could allow to identify the best responders to pulmonary vein isolation (PVI).



Methods: Observational multicentre retrospective study in patients undergoing cryoballoon-PVI for non-paroxysmal AF. The duration of amplified P-wave (APW) was measured from a digitally recorded 12-lead electrocardiogram during the procedure. If patients were in AF, direct-current cardioversion was performed to allow APW measurement in sinus rhythm. An APW cut-off of 150 ms was used to identify patients with significant ACM. We assessed freedom from arrhythmia recurrence at long-term follow-up in patients with APW ≥ 150 ms vs. APW < 150 ms.



Results: We included 295 patients (mean age 62.3 ± 10.6), of whom 193 (65.4%) suffered from persistent AF and the remaining 102 (34.6%) from long-standing persistent AF. One-hundred-forty-two patients (50.2%) experienced arrhythmia recurrence during a mean follow-up of 793 ± 604 days. Patients with APW ≥ 150 ms had a significantly higher recurrence rate post ablation compared to those with APW < 150 ms (57.0% vs. 41.6%; log-rank p < 0.001). On a multivariable Cox-regression analysis, APW≥150 ms was the only independent predictor of arrhythmia recurrence post ablation (HR 2.03 CI95% 1.28–3.21; p = 0.002).



Conclusion: APW duration predicts arrhythmia recurrence post cryoballoon-PVI in persistent and long-standing persistent AF. An APW cut-off of 150 ms allows to identify patients with significant ACM who have worse outcomes post PVI. Analysis of APW represents an easy, non-invasive and highly reproducible diagnostic tool which allows to identify patients who are the most likely to benefit from PVI-only approach.
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Introduction

Catheter ablation represents the most effective treatment for AF, but long-term outcomes in persistent AF are suboptimal, with AF recurring in up to 50% of patients within 12–18 months (1). Low-voltage substrate (LVS) within the left atrium (LA) occurs in atrial cardiomyopathy (ACM) (2–4) and has emerged in the last decade as a relevant arrhythmogenic contributor and possible ablation target in patients with AF (2–9). Several small studies have suggested improved outcomes in persistent AF when LVS was targeted in addition to PVI (2, 5–8). On the other hand, patients with persistent AF and preserved LA voltage are more likely to benefit from PVI-only (3, 10). Non-invasive stratification of patients based on the expected degree of LA fibrosis could allow to identify the best responders to PVI.

Local slow conduction occurs in areas with extensive LVS, causing a prolongation of the total LA activation time and amplified sinus-P-wave (APW) measured from a digitally recorded/amplified 12-lead electrocardiogram (ECG) (3, 10). As such, a prolonged APW enables accurate identification of patients with significant LVS and predicted the increased risk of AF recurrence following PVI in small single-centre studies (3, 10, 11). The aim of the current multicentre study was to investigate the role of APW duration in predicting outcomes of cryoballoon-PVI for non-paroxysmal AF.



Methods


Study design

In this observational retrospective study, patients undergoing PVI were included in four tertiary ablation centres in France, the UK and Greece (Centre Hospitalier Universitaire de Grenoble, Grenoble; Clinique Pasteur, Toulouse; Barts Heart Centre, London; Henry Dunant Hospital Center, Athens). Inclusion criteria were age >18 years, persistent (1–12 months of continuous AF) or long-persistent AF (>12 months of continuous AF) and first PVI using cryoballoon-ablation only. Exclusion criteria were prior left-atrial ablations, prior cardiac surgery or adjunctive left-atrial ablations at the index procedure. The endpoint was survival free of any atrial arrhythmia (AF or atrial tachycardia) during follow-up. The study complied with the Declaration of Helsinki and the research protocol was approved by the local review boards.



Catheter ablation

Procedures were performed under sedation or general anaesthesia, according to each institution's protocol. Venous access was obtained via the femoral vein, with use of vascular ultrasound at operator's discretion. A single transseptal puncture was performed under fluoroscopic guidance. Transoesophageal echocardiography was used based on operator preference. All procedures were performed on uninterrupted anticoagulation (therapeutic warfarin or direct oral anticoagulant). Patients received intravenous heparin to maintain an activated clotting time of 300–350 s. Details of the cryoballoon-PVI technique and peri-procedural management at our institutions have been published previously (12, 13). A Medtronic Artic Front Advance™ 28 mm cryoballoon system was adopted for all cases. PVI assessed by entrance and exit block was the procedural endpoint.



Amplified sinus-P-wave analysis from digital 12-lead electrocardiogram

A 12-lead ECG with electrodes in standard positions was recorded digitally in all patients during sinus rhythm on the day of the procedure using BARD LabsystemPro (Boston Scientific, Marlborough, MA, United States) at 1 kHz sample rate with 0.05 Hz high-pass and 100 Hz low-pass filter settings. If patients were in AF at the beginning of the procedure, direct-current electrical cardioversion was performed in order to allow APW measurement in sinus rhythm. No additional noise filtering/notch filtering was applied to the surface ECG signals. Raw data were then digitally post-processed and amplified to 40–100 mm/mV with 100–200 mm/s sweep speed. APW duration was defined as the interval (ms) between the earliest P wave onset to the latest activation (latest return to the isoelectric line) in any lead. Examples of APW measurement are shown in Figure 1. Patients were stratified based on APW duration using the cut-off of 150 ms which was validated in previous studies (3, 10, 11). An APW duration ≥150 ms was adopted to identify patients with significant ACM, based on previous evidence (10). In addition, a morphological analysis of APW was performed to identify the presence of interatrial block or late-terminal P wave, which have been previously shown to correlate with LA LVS. APW-analysis was performed by experienced on-site cardiologists and reassessed by a second cardiologist in an external ECG core laboratory. All of them were blinded to the individual patient's medical history and expected outcome.


[image: Figure 1]
FIGURE 1
Examples onf amplified-P wave (APW) measurement. 12-lead-ECG in sinus rhythm was recorded digitally at 1,000 Hz sample rate and amplified to 100–200 mm/s sweep speed and 50–100 mm/mV, in order to allow visualization of low voltage portions of the p-wave. (A) This illustrates an example of APW measurement in a patient without pathological p-wave prolongation (total p-duration = 116 ms). (B) Measurement of the APW reveals a prolonged P-wave duration of 202 ms in this patient.In this example, the late portions of the p-wave are best visualized in the leads I, aVL, II, II, aVF (blue arrows).




Outcomes and follow-up

The main efficacy endpoint was freedom from any symptomatic or asymptomatic atrial arrhythmia (AF or atrial tachycardia) lasting >30 s following a blanking period of 3 months. Patients were evaluated at 3- and 12- months' post procedure, with further follow-up and testing allowed in case of symptoms. Information collected during follow-up included ECG, and/or 24-hour or 48-hour ECG Holter monitoring and/or implantable cardiac rhythm device check at each visit, according to each institution protocol. Antiarrhythmic drugs post procedure were prescribed at the operator's discretion.



Statistical analysis

The χ2 test was used for categorical data and Student's t-test for comparison of means was used for comparison of continuous variables. Levene's test was used to check the homogeneity of variance; equivalent non-parametric tests were used when Kolmogorov–Smirnov was in favour of the absence of normal distribution. Kaplan-Meier curves were traced for illustrating freedom from arrhythmia recurrence based on the APW duration (cut-off 150 ms, based on previous studies) (10, 11), and the log rank P test was used for assessing existing differences. Independent predictors of sinus rhythm maintenance after ablation procedure were assessed through Cox regression (Method: Forward Likelihood Ratio, Probability for Stepwise 0.05). Covariates with p < 0.10 in the univariable analysis were included in the multivariable model. Results with p < 0.05 were regarded as significant. SPSS version 27.0 was used for statistical analysis.




Results

We included 295 patients (mean age 62.3 ± 10.6, 29.2% female). One-hundred-ninety-three patients (65.4%) suffered from persistent AF and the remaining 102 (34.6%) from long-standing persistent AF. Baseline population characteristics are reported in Table 1. The mean LA diameter and left ventricular ejection fraction were 42.1 ± 7.3 mm and 54.5 ± 10.6%, respectively. The mean APW duration was 154 ± 24 ms (range 90.0–326.0 ms). Significant ACM (i.e., APW duration ≥150 ms) was identified in 168 of 295 patients (57%). Notably, significant ACM was more frequent in patients with a clinical phenotype of persistent AF compared to those with long-standing persistent AF (63% vs. 46%, p = 0.006; Table 1). There was no significant difference in use of antiarrhythmic drugs pre and post ablation in patients with APW≥150 ms vs. APW < 150 ms (p = 0.56 and p = 0.41, respectively). The APW duration did not differ between patients who were on or off antiarrhythmic drugs at the time of procedure (154.1 ± 21.0 vs. 155.2 ± 28.4, respectively; p = 0.75). Patients with APW ≥ 150 ms were older compared to those with APW < 150 ms (p < 0.001) and had lower GFR (68.8 ± 16.8 vs. 76.6 ± 17.3, p = 0.03), but did not differ in other pertinent clinical variables. The large majority of patients were followed-up with serial ECGs and ECG Holter; 11 patients (3.8%) had cardiac rhythm implantable device with arrhythmia detection and storage capacity.


TABLE 1 Baseline characteristics of the study population.
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Outcomes post ablation

A total of 142 patients (50.2%) experienced arrhythmia recurrence during a mean follow-up of 793 ± 604 days. Twelve patients (4.1%) were lost during follow-up. Patients with APW≥150 ms had a significantly higher recurrence rate post ablation compared to those with APW < 150 ms (57.0% vs. 41.6%, respectively; log-rank p < 0.001—Figure 2). The mean APW duration was significantly higher in patients who suffered from arrhythmia recurrence compared to those who did not (149.7 ± 19.0 ms vs. 158.7 ± 27.2 ms, p = 0.001). Distribution of APW duration based on outcomes post PVI is shown in Figure 3. On a ROC analysis, APW duration demonstrated an acceptable predictive value for arrhythmia recurrence (AUC 0.60, CI, 0.53–0.66; p = 0.03; Youden's index 151 ms; sensitivity 61%, specificity 57.4%).


[image: Figure 2]
FIGURE 2
Kaplan-Meier for freedom from atrial arrhythmia relapse stratified by APW duration (APW ≥ 150 ms vs. APW < 150 ms).



[image: Figure 3]
FIGURE 3
Distribution of APW duration stratified by atrial arrhythmia relapse.


Among patients with APW ≥ 150 ms, the rate of arrhythmia recurrence was 55% and 63% in those with persistent vs. long-standing persistent AF, respectively. These results are shown in Figure 4.


[image: Figure 4]
FIGURE 4
Outcomes of cryoballoon pulmonary vein isolation in patients with atrial cardiomyopathy (i.e. APW ≥ 150 ms), stratified by type of atrial fibrillation (persistent vs. long-standing persistent).


Assessment of independent predictors of arrhythmia relapse is illustrated in Table 2. LA diameter, gender and APW ≥ 150 ms were predictors of recurrence on univariable Cox regression analysis. On multivariable analysis, only APW ≥ 150 ms remained an independent predictor of arrhythmia recurrence post ablation (HR 2.03 CI95% 1.28–3.21; p = 0.002).


TABLE 2 Predictors of post-blanking atrial arrhythmia relapse.
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Subgroup analysis of APW morphology

A combined analysis of APW morphology and duration was conducted in a subgroup of 162 patients. Interatrial block or late-terminal P wave were identified in 38 patients (23.5%) and all but 3 had an APW ≥ 150 ms. Among all patients with APW ≥ 150 ms, incidence of arrhythmia recurrence was slightly higher in those with concomitant interatrial block or late-terminal P waves but this difference was not statistically significant (64.3% vs. 59.2%, p = 0.64).





Discussion

The main finding of the present study is that analysis of APW-duration is effective in predicting long-term success rate of cryoballoon-PVI for non-paroxysmal AF. Patients with significant ACM (i.e., APW duration ≥150 ms), which represent approximately half of this study's cohort, have a significantly higher rate of arrhythmia recurrence post ablation compared to those with APW < 150 ms at a long-term follow-up.

There is a growing body of evidence showing a proarrhythmogenic role of LA fibrosis, which results from the activation and proliferation of cardiac fibroblasts in response to cytokines, hormones and stress factors (14). Fibrotic remodelling of the atria can favour AF onset and maintenance by several mechanisms, including changes in the Ca2+ handling and promotion of re-entry (15). LVS defined on electroanatomic mapping has been shown to identify patients with atrial slow conduction substrate who are at increased risk for arrhythmia recurrence post PVI (5–7). Furthermore, targeting LVS may improve long-term efficacy of catheter ablation. Three independent non-randomised clinical studies by Rolf et al. (7), Jadidi et al. (6) and Yamagouchi et al. (5) have shown that patients with persistent AF receiving PVI + LVS ablation had a significantly higher freedom from arrhythmia recurrence compared to PVI-only strategy. These results were also confirmed by a recently published randomised controlled trial by Huo et al. (16). Previous research has demonstrated the high diagnostic performance of APW in identifying patients with ACM presenting LA LVS in endocardial voltage mapping. In a study including 72 patients with persistent AF, Jadidi et al. (10) found that APW duration highly correlated with the extent of LVS measured with electroanatomic bipolar mapping; APW duration ≥150 ms was found to have a 94.3% sensitivity and 91.7% specificity in identifying presence of LVS. Furthermore, APW duration was an independent predictor of the one-year success rate following radiofrequency PVI, with an APW ≥ 150 ms identifying subjects at higher risk of arrhythmia recurrence. In a recent study by Moreno-Weidmann et al. (11), APW duration was an independent predictor of recurrence post radiofrequency ablation for paroxysmal and persistent AF. Similar findings were observed in small single-centre experiences by Liu et al. (17) and Ohguchi et al. (18). Of note, none of the previous studies have explored the predictive value of APW following cryoballoon ablation.

The pattern of progression of LA LVS and related APW modification have been recently described by Müller-Edenborn et al. (3) in a study including 95 patients with persistent AF undergoing high-density activation and voltage mapping in sinus rhythm. The authors found that LVS initially develops in the anteroseptal LA area and leads to a conduction slowing in the Bachmann's bundle, with subsequent APW prolongation. Increasing anteroseptal LVS determines a further conduction delay at the Bachmann's bundle level and results in inter-atrial block, which manifests into a biphasic positive (right atrial)-negative (left atrial) APW morphology in the inferior leads (due to the superiorly directed activation wavefront from the coronary sinus up to the posterior LA wall). Extensive LVS including the LA roof and posterior wall causes a marked prolongation of the APW-duration. Furthermore, in a group of patients with extensive and widespread LA fibrosis, the authors demonstrated the presence of positive deflections (i.e., late-terminal P waves) in the leads I, aVL, V2-V6 resulting from the latest activation of the best-preserved areas with higher voltage at the level of the LA appendage and lateral LA wall. The authors proposed a three-step algorithm based on the analysis of both APW duration and morphology in order to improve patients’ stratification with regards to PVI outcome. In our cohort, the large majority of patients with either a biphasic APW in the inferior leads or late-terminal P wave had also an APW ≥ 150 ms. Rate of arrhythmia recurrence was not significantly higher in patients with concomitant APW ≥ 150 ms and APW morphological changes, although the small sample size of this subgroup should be taken into account. Further studies with large sample size should clarify whether concomitant analysis of P-wave duration and morphology may improve risk stratification.

In keeping with the above observations, the present study confirms in a large and multicentre cohort that APW represents a valuable tool to predict long-term efficacy of PVI. To the best of our knowledge, this is the first study to investigate the prognostic role of APW in patients undergoing cryoballoon-PVI. We believe that this represents a strength of this study because outcomes of cryoballoon-PVI have been proved to be more reproducible and less operator-dependent compared to PVI using radiofrequency techniques (19). The multicentre design of the present study demonstrates the high reproducibility of APW analysis. In addition, with a mean follow-up 793 ± 604 days, this is the first study to confirm that APW analysis can predict PVI outcomes after the first-year post ablation.

Importantly, our cohort included a significant proportion of patients with long-standing persistent AF (i.e., duration >12 months), who were excluded in previous studies on this topic. Long-standing persistent AF was not a significant predictor of arrhythmia recurrence in our multivariable regression model. This finding is particularly relevant as it highlights how the conventional distinction between persistent and long-standing persistent AF may sometimes have a poor correlation with ablation outcomes. This is in agreement with a recent meta-analysis by Clarnette et al. (20). Based on our results, we suggest that a classification of AF based on the degree of LA slow conduction remodelling would be more useful in the clinical setting and the analysis of APW may represent an easy, non-invasive and accurate instrument for this purpose. Cardiac MRI is an alternative method to quantify LA fibrosis (21), however its widespread use is limited by costs, time, necessity of intravenous injection of magnetic resonance contrast agents, as well as need of dedicated sequence/fibrosis detection software, and a trained staff that is currently unavailable at most hospitals.

Finally, an important implication of our data is that the analysis of the APW helps sub-phenotyping persistent and long-persistent AF patients and identifying a subgroup of patients who do well with PVI alone, and a second group of patients whose AF and stage of LA remodelling does not respond as well to PVI. It is therefore clear that PVI-alone may not be enough to patients with APW ≥ 150 ms and it is possible that such group may derive benefit from additional therapy, either with novel drugs or with additional ablation beyond PVI, for example targeting LVS or other non-pulmonary vein triggers. Therefore, routine use of radiofrequency rather than cryoballoon technique may be advocated in this extensive low-voltage sub-phenotype, as the former allows a more extensive and tailored approach. However, this hypothesis should be further investigated in randomised controlled trials. Given that the majority of patients with non-paroxysmal AF are in AF when arrive in the electrophysiology laboratory, physicians may consider performing a direct-current cardioversion before or at the beginning of the procedure in order to measure the APW in sinus rhythm and decide on the ablation strategy.

The main limitation of the present study is its retrospective design which inevitably increases the risk of bias. Thus, our results should be confirmed in prospective studies. We cannot rule out that a proportion of eligible patients were excluded due to impossibility of cardioverting to sinus rhythm and hence measuring the APW; this may have led to a selection bias. Furthermore, this was a multicentre study including experienced large volume centres and may not represent the type of ablation activity performed in other centres with lower caseloads. However, cryoballoon ablation is a very reproducible technique with limited inter-operator differences in terms of efficacy (19). Detection of arrhythmia recurrence was mainly based on a combination of serial ECG and ECG Holter during follow-up, as only a minority of patients had implantable cardiac rhythm device such as loop recorders or pacemakers. As such, we are unable to provide data on AF burden. LA size was assessed using diameter only as no data on LA volume or area were available. Intra-observer reproducibility of APW analysis was not formally assessed. However, in our experience APW measurement is easy and highly reproducible and this also in keeping with previous literature (3, 10, 11). Finally, electrical cardioversion may have caused acute changes of the APW duration and therefore influenced APW measurements in patients requiring cardioversion on the day of the procedure. However, such changes are likely to be minor (22).



Conclusions

The current multicentre study demonstrates that analysis of amplified p-wave duration in digital 12-lead-ECG (APW) in sinus rhythm predicts arrhythmia recurrence post PVI-only cryoballoon ablation in non-paroxysmal AF. Analysis of APW represents an easy, non-invasive and highly reproducible diagnostic tool which allows to identify patients who are the most likely to benefit from a PVI-only first-intention ablation strategy.
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