

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-5429-6
DOI 10.3389/978-2-8325-5429-6

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Atrial fibrillation: Selection of management strategy and evaluation of outcomes

Topic editors

Rui Providencia – University College London, United Kingdom

Serge Boveda – Clinique Pasteur, France

Teresa Strisciuglio – University of Naples Federico II, Italy

Topic coordinator

Alexandre Almorad – University Hospital Brussels, Belgium

Citation

Providencia, R., Boveda, S., Strisciuglio, T., Almorad, A., eds. (2024). Atrial fibrillation: Selection of management strategy and evaluation of outcomes. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-5429-6





Table of Contents




Editorial: Atrial fibrillation: selection of management strategy and evaluation of outcomes

Daniel A. Gomes, Teresa Strisciuglio, Alexandre Almorad, Serge Boveda and Rui Providência

Amplified sinus-P-wave analysis predicts outcomes of cryoballoon ablation in patients with persistent and long-standing persistent atrial fibrillation: A multicentre study

Antonio Creta, Sandrine Venier, Konstantinos Tampakis, Rui Providencia, Juno Sunny, Pascal Defaye, Mark J. Earley, Malcolm Finlay, Ross J. Hunter, Pier D. Lambiase, Nikolaos Papageorgiou, Richard J. Schilling, Simon Sporton, George Andrikopoulos, Elodie Deschamps, Jean-Paul Albenque, Christèle Cardin, Nicolas Combes, Stéphane Combes, Xavier Vinolas, Zoraida Moreno-Weidmann, Taiyuan Huang, Martin Eichenlaub, Björn Müller-Edenborn, Thomas Arentz, Amir S. Jadidi and Serge Boveda

Periprocedural outcome in patients undergoing left atrial appendage occlusion with the Watchman FLX device: The ITALIAN-FLX registry

Sergio Berti, Alberto Ranieri De Caterina, Carmelo Grasso, Gavino Casu, Giuseppe Giacchi, Paolo Pagnotta, Michele Maremmani, Patrizio Mazzone, Luca Limite, Francesco Tomassini, Francesco Greco, Maria Rita Romeo, Giuseppe Caramanno, Gaetano Fassini, Salvatore Geraci, Mauro Chiarito, Claudio Tondo, Corrado Tamburino and Marco Contarini

Catheter ablation in Asian patients with atrial fibrillation and hypertrophic cardiomyopathy: electrophysiological characteristics of recurrence and long-term clinical outcomes

Chih-Hsien Lin, Chin-Yu Lin, Fa-Po Chung, Yenn-Jiang Lin, Shih-Lin Chang, Li-Wei Lo, Yu-Feng Hu, Tze-Fan Chao, Jo-Nan Liao, Ting-Yung Chang, Ta-Chuan Tuan, Ling Kuo, Cheng-I Wu, Chih-Min Liu, Shin-Huei Liu, Guan-Yi Li, Ming-Jen Kuo, Chi-Jen Weng and Shih-Ann Chen

Left atrial strain predicts fibrosis of left atrial appendage in patients with atrial fibrillation undergoing totally thoracoscopic ablation

Jihoon Kim, Sung-Ji Park, Dong Seop Jeong, Suryeun Chung, Kina Jeon, Minjung Bak, Darae Kim, Eun Kyoung Kim, Sung-A Chang, Sang-Chol Lee and Seung Woo Park

Insight into contact force local impedance technology for predicting effective pulmonary vein isolation

Antoine Lepillier, Ruggero Maggio, Valerio De Sanctis, Maurizio Malacrida, Giuseppe Stabile, Cyril Zakine, Laure Champ-Rigot, Matteo Anselmino, Luca Segreti, Gabriele Dell’Era, Fabien Garnier, Giuseppe Mascia, Claudio Pandozi, Antonio Dello Russo, Marco Scaglione, Giuseppe Cosaro, Anna Ferraro, Olivier Paziaud, Giampiero Maglia and Francesco Solimene

Long-Term Follow-Up In Paroxysmal Atrial Fibrillation Patients With Documented Isolated Trigger

Zefferino Palamà, Antonio Gianluca Robles, Matteo Paoletti, Martina Nesti, Ermenegildo De Ruvo, Antonio Scarà, Alessio Borrelli, Gabriele De Masi De Luca, Mariano Rillo, Leonardo Calò, Elena Cavarretta, Silvio Romano and Luigi Sciarra

Implementation of the multielectrode radiofrequency-balloon in real-world clinical practice—operator learning curve and procedural outcome at a high-volume center

Maura M. Zylla, Lydia Starrach, Ann-Kathrin Rahm, Dierk Thomas, Norbert Frey and Patrick Lugenbiel

Atrial fibrillation activation patterns predict freedom from arrhythmias after catheter ablation: utility of ExTRa mapping™

Daisetsu Aoyama, Shinsuke Miyazaki, Kanae Hasegawa, Ryohei Nomura, Shota Kakehashi, Moe Mukai, Machiko Miyoshi, Junya Yamaguchi, Yusuke Sato, Yuichiro Shiomi, Hiroyuki Ikeda, Kentaro Ishida, Hiroyasu Uzui and Hiroshi Tada

The impact of empirical Marshall vein ethanol infusion as a first-choice intraoperative strategy on the long-term outcomes in patients with persistent atrial fibrillation undergoing mitral isthmus ablation

Xianfeng Du, Chenxu Luo, Caijie Shen, Yao Xu, Mingjun Feng, He Jin, Guohua Fu, Binhao Wang, Jin Liu, Fang Gao and Huimin Chu

High-density mapping of the average complex interval helps localizing atrial fibrillation drivers and predicts catheter ablation outcomes

Fabien Squara, Didier Scarlatti, Sok-Sithikun Bun, Pamela Moceri, Emile Ferrari, Olivier Meste and Vicente Zarzoso

Post-TAVR patients with atrial fibrillation: are NOACs better than VKAs?—A meta-analysis

Lu Wang, Wanyue Sang, Yi Jian, Xiaoxue Zhang, Yafan Han, Feifei Wang, Liang Wang, Suxia Yang, Subinuer Wubulikasimu, Li Yang, Huaxin Sun and Yaodong Li

Impact of pulmonary artery pressure on recurrence after catheter ablation in patients with atrial fibrillation

Yun Young Choi, Jong-Il Choi, Joo Hee Jeong, Hyoung Seok Lee, Yun Gi Kim, Mi-Na Kim, Seung-Young Roh, Jaemin Shim, Jin Seok Kim, Seong-Mi Park and Young-Hoon Kim

Clinical benefits of oral anticoagulants in atrial fibrillation patients with dementia: a systematic review and meta-analysis

Dayang Wang, Xiaoqing Xu, Xiaowan Han, Jing Xie, Hufang Zhou, Wenhua Peng and Guozhong Pan

Single-shot technique of cryoablation for atrial fibrillation has comparable effective and safety outcomes compared to standard technique: insights from multiple clinical studies

Changjian He, Wenchang Zhang, Lei Yin, Mingzhuang Sun, Zihan Zhao, Guojie Ye, Tengfei Liu, Wence Shi, Da Zhang, Feng Li and Chunhua Ding

Association between cardiovascular risk factors and atrial fibrillation

Guohao Wu, Jingguo Wu, Qin Lu, Yunjiu Cheng and Weiyi Mei

Ongoing substrate-driven atrial fibrillation “boxed” in the left atrial posterior wall with ablation: a case report

Vassil Traykov, Daniel Marchov, Emiliyan Martinov, Asmaa El Abbady, Valeri Gelev and Wolfgang Dichtl

Effective superior vena cava isolation using a novel C-shaped approach

Chun-Kai Chen and Chih-Chieh Yu

Electronic health record-wide association study for atrial fibrillation in a British cohort

Sheng-Chia Chung, Amand F. Schmit, Gregory Y. H. Lip and Rui Providencia

Comparison of pulmonary vein isolation using cryoballoon, high-power short-duration, and conventional radiofrequency ablation for atrial fibrillation: a propensity score-weighted study

Hanjin Park, Je-Wook Park, Daehoon Kim, Hee Tae Yu, Tae-Hoon Kim, Jae-Sun Uhm, Boyoung Joung, Moon-Hyoung Lee, Chun Hwang and Hui-Nam Pak

Comparison of intracardiac vs. transesophageal echocardiography for “one-stop” procedures of combined radiofrequency catheter ablation and left atrial appendage closure with the Watchman device in the treatment of atrial fibrillation

Xining Shang, Mingyu Sun, Zulu Wang, Zhiqing Jin and Ming Liang

Prevention of new-onset atrial fibrillation in elderly patients undergoing anatomic pulmonary resection by infusion of magnesium sulfate: protocol for a randomized controlled trial

Shuqing Jin, Long An, Linsong Chen, Huqing Liu, Hongfei Chen and Xin Lv

Efficacy and safety of the vein of Marshall ethanol infusion with radiofrequency catheter ablation for the treatment of persistent atrial fibrillation in elderly patients

Tao Luo, Yanhong Chen, Xiong Xiong, Guanghui Cheng, Chenggang Deng and Jinlin Zhang

Exploring postoperative atrial fibrillation after non-cardiac surgery: mechanisms, risk factors, and prevention strategies

Shengjie Jiang, Xiaozu Liao, Yong Chen and Binfei Li

Association of typical atrial flutter and cavotricuspid isthmus ablation on clinical recurrence after cryoballoon ablation for atrial fibrillation

Joo Hee Jeong, Hyoung Seok Lee, Yun Young Choi, Yun Gi Kim, Jong-Il Choi, Young-Hoon Kim, Hong Euy Lim, Il-Young Oh, Myung-Jin Cha, So-Ryoung Lee, Ju Youn Kim, Chang Hee Kwon, Sung Ho Lee, Junbeom Park, Ki-Hun Kim, Pil-Sung Yang, Jun-Hyung Kim and Jaemin Shim

Is catheter ablation associated with preservation of cognitive function? An analysis from the SAGE-AF observational cohort study

Bahadar S. Srichawla, Alexander P. Hamel, Philip Cook, Rozaleen Aleyadeh, Darleen Lessard, Edith M. Otabil, Jordy Mehawej, Jane S. Saczynski, David D. McManus and Majaz Moonis

Long-term results of ablation index guided atrial fibrillation ablation: insights after 5+ years of follow-up from the MPH AF Ablation Registry

N. Fitzpatrick, S. Herczeg, K. Hong, F. Seaver, L. Rosalejos, U. Boles, G. Jauvert, E. Keelan, J. O’Brien, T. Tahin, J. Galvin and G. Széplaki

Oral anticoagulants increased 30-day survival in sepsis patients complicated with atrial fibrillation: a retrospective analysis from MIMIC-IV database

Gaoyuan Ge, Dan Bo, Rongli Jiang, Wei Zhao and Yao Lu

Clinical effect of vein of Marshall ethanol infusion on mitral isthmus ablation

Wei-Li Ge, Yi-Fei Lu, Tao Li, Ye Wang, Jie Yin, Xin-Ran Li, Jian-Jun Jiang, Ya-Fei Mi, Tao-Hsin Tung and Su-Hua Yan

Pulmonary vein capture is a predictor for long-term success of stand-alone pulmonary vein isolation with cryoballoon ablation in patients with persistent atrial fibrillation

Alexey Babak, Christine Bienvenue Kauffman, Cynthia Lynady, Reginald McClellan, Kalpathi Venkatachalam and Fred Kusumoto

Combination of early rhythm control and healthy lifestyle on the risk of stroke in elderly patients with new-onset atrial fibrillation: a nationwide population-based cohort study

Woo-Hyun Lim, So-Ryoung Lee, Eue-Keun Choi, Seung-Woo Lee, Kyung-Do Han, Seil Oh and Gregory Y. H. Lip

Left atrial remodeling and voltage-guided ablation outcome in obese patients with persistent atrial fibrillation

Halim Marzak, Simon Fitouchi, Aïssam Labani, Justine Hammann, Romain Ringele, Mohamad Kanso, Thomas Cardi, Alexandre Schatz, Patrick Ohlmann, Olivier Morel and Laurence Jesel

New-onset atrial fibrillation following arteriovenous fistula increases adverse clinical events in dialysis patients with end-stage renal disease

Wenhui Song, Lizhou Wu, Chong Sun, Xianglei Kong and Haiyan Wang

Radiofrequency catheter ablation for re-do procedure after single-shot pulmonary vein isolation with pulsed field ablation for paroxysmal atrial fibrillation: case report

Xinyan Yang, Mingjie Lin, Yan Zhang, Juntao Wang and Jingquan Zhong

Association between types of antihypertensive medication and the risk of atrial fibrillation: a nationwide population study

JungMin Choi, So-Ryoung Lee, Eue-Keun Choi, Kyung-Yeon Lee, Hyo-Jeong Ahn, Soonil Kwon, Bongseong Kim, Kyung-Do Han, Seil Oh and Gregory Y. H. Lip

Cardiocerebrovascular benefits of early rhythm control in patients with atrial fibrillation detected after stroke: a systematic review and meta-analysis

Liang Ma, Baofu Wang, Jiasai Fan, Hufang Zhou, Jingen Li, Weisheng Li, Xiangying Zheng and Xian Wang

Clinical characteristics of apixaban prescription in AF patients with single dose-reduction criterion: the ASPIRE (efficAcy and safety of aPixaban in rEal-world practice in Korean frail patients with atrial fibrillation) study

JungMin Choi, So-Ryoung Lee, Soonil Kwon, Hyo-Jeong Ahn, Kyung-Yeon Lee, Jong-Sung Park, Jong-Il Choi, Sung Ho Lee, Jung Ho Heo, Il-Young Oh, Young Keun On, Hee Tae Yu, Kwang-No Lee, Nam-Ho Kim, Hyung Wook Park, Ki Hong Lee, Seung Yong Shin, Seil Oh, Gregory Y. H. Lip, Seongwook Han and Eue-Keun Choi on behalf of the ASPIR. E. investigators

Management of complications associated with percutaneous left atrial appendage closure with or without ablation: experience from 512 cases over a 4-year period

Qi Zou, Cheng Jiang, Pengyang Lin, Yangyang Yu, Jiazheng Li, Feng Zhao, Hao Hu and Shougang Sun

The safety and efficacy of third- and fourth-generation cryoballoons for atrial fibrillation: a systematic review and meta-analysis

Man-Li Zhang, Chao Zhang, Jian-Yong Peng, Shu-Qiao Xing, Jian Guo, Chen-Long Wei, Neng-Fang Zhang, En Ma and Wen-Sheng Chen












	
	TYPE Editorial

PUBLISHED 03 September 2024
DOI 10.3389/fcvm.2024.1481893






[image: image2]

Editorial: Atrial fibrillation: selection of management strategy and evaluation of outcomes

Daniel A. Gomes1, Teresa Strisciuglio2, Alexandre Almorad3, Serge Boveda3,4 and Rui Providência5,6*

1Department of Cardiology, Hospital de Santa Cruz, Lisbon, Portugal

2Division of Cardiology, Department of Advanced Biomedical Sciences, Federico II University of Naples, Naples, Italy

3Heart Rhythm Management Centre, Postgraduate Program in Cardiac Electrophysiology and Pacing, Vrije Universiteit Brussel, Universitair Ziekenhuis Brussel, Brussels, Belgium

4Heart Rhythm Management Department, Clinique Pasteur, Toulouse, France

5Institute of Health Informatics Research, University College London, London, United Kingdom

6Barts Heart Centre, St Bartholomew’s Hospital, Barts Health NHS Trust, London, United Kingdom

Edited and Reviewed by: Peter Martin Wenaweser, Heart Clinic Zurich, Switzerland

*CORRESPONDENCE Rui Providência r.providencia@ucl.ac.uk

RECEIVED 16 August 2024
ACCEPTED 26 August 2024
PUBLISHED 03 September 2024

CITATION Gomes DA, Strisciuglio T, Almorad A, Boveda S and Providência R (2024) Editorial: Atrial fibrillation: selection of management strategy and evaluation of outcomes.
Front. Cardiovasc. Med. 11:1481893.
doi: 10.3389/fcvm.2024.1481893

COPYRIGHT © 2024 Gomes, Strisciuglio, Almorad, Boveda and Providência. 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.



KEYWORDS
atrial fibrillation, arrhythmia, diagnosis, treatment, prognosis





Editorial on the Research Topic Atrial fibrillation: selection of management strategy and evaluation of outcomes



Atrial fibrillation (AF) is the most common sustained arrhythmia worldwide and it is associated with significant healthcare burden from hospitalisations and complications (1). Focusing on improving cardiovascular outcomes and symptoms, contemporary AF management includes approaches for stroke prevention, rate or rhythm-control strategies, and the identification and treatment of associated cardiovascular risk factors and comorbidities (1). Catheter ablation, and particularly pulmonary vein isolation (PVI), is currently an established first-line treatment for symptomatic paroxysmal AF aiming for sinus rhythm maintenance (1). However, despite significant scientific and technological advances in the past decades, it is still associated with suboptimal outcomes in persistent AF (2). A tailored approach, by targeting patient-specific abnormal substrate and mechanisms of AF initiation and maintenance, is therefore necessary to improve success rates.

This Research Topic covered three active areas of contemporary AF research.


	i.Prediction and improvement of outcomes in the new-onset AF population



A large UK linked primary and secondary care electronic health record (EHR) study including almost 200,000 patients with new-onset AF, showed that the most frequent healthcare interactions of patients with AF were cardiac, cerebrovascular, and peripheral-vascular when compared to non-AF age- and sex-matched controls. Using a novel methodology of EHR-wide association study, this work provides further data into the heterogeneity of AF presentation and associated comorbidities, before and after being diagnosed with arrhythmia, suggesting that the development of AF is a harbinger of worsening of cardiovascular and non-cardiovascular health. A better understanding of the leading causes of frequent healthcare services utilisation preceding the diagnosis of AF may help pinpoint high-risk subgroups that could benefit from intensive screening. This is particularly relevant if identifying such patients is followed by timely appropriate treatments, including stroke prevention, risk factor modification, and rhythm control, potentially improving prognosis. This hypothesis was corroborated by findings from: (i) a systematic review by Ma et al., including more than 95,000 patients with AF detected after stroke, which found that an early rhythm control strategy was associated with a 36% risk reduction in the incidence of recurrent cerebrovascular events when compared to usual care; (ii) a Korean nationwide cohort study with over 41,000 elderly patients with new-onset AF and followed for a median follow-up of 3.4 years. Combining early rhythm control and maintaining a healthy lifestyle was associated with the lowest risk of ischemic stroke and death in this patient group.


	ii.Identification of patients less likely to respond to pulmonary vein isolation



It is long known that rhythm-control interventions are less effective in persistent AF forms (2). The presence of abnormal structural and electrical substrates outside the pulmonary veins and limitations in the achievement of persistent transmural lesions might contribute to this (1, 2). Creta and colleagues reported on the association between duration of surface ECG amplified P-wave (APW) in sinus rhythm and relapse following PVI for persistent AF. In this observational multicentre study including 295 patients undergoing cryoballoon PVI-only, an APW cut-off of >150 ms conferred a two-fold increase in risk of AF recurrence during a mean follow-up of 2.2 years. This simple measurement may help in differentiating patients who benefit most from a PVI-only approach vs. those where PVI-only is less likely to be successful, and where identification and treatment of further triggers might potentially be of benefit.

Hemodynamic changes and wall shear stress can also contribute to AF progression. Choi et al. showed that among 2,300 patients undergoing PVI, pulmonary artery pressure (PAP) ≥35 mmHg measured prior to the procedure through transthoracic echocardiography (TTE) was associated with AF recurrence. Importantly, this was true only for paroxysmal AF forms, possibly explained by the fact that hemodynamic abnormalities precede the development of structural modifications. Another factor to be taken into account is possible lack of precision when measurement of PAP through TTE in persistent AF patients (i.e., more likely to be in AF at the time of TTE).


	iii.New mapping and ablation strategies



A pilot work from Squara et al. including 29 patients with persistent AF showed that high-density average complex interval (ACI) mapping on top of visual identification of fractionated electrograms may be useful for identification of active AF drivers, yielding a moderate discrimination (area under the curve 0.728) across 159 analysed atrial areas. If properly validated by larger-scale prospective studies, and if associated with better long-term arrhythmia-free survival, ACI mapping might be of interest for establishing a hierarchical approach by prioritizing ablation from the shortest to the longest ACI zone.

Aoyama and colleagues performed bi-atrial endocardial driver mapping using a real-time phase-mapping system and observed that baseline AF activation pattern mapping may aid in predicting freedom from arrhythmia, as driver activity levels were associated with higher recurrence rates following PVI. Future studies should assess whether adding substrate modification to PVI in these patients is associated to a better outcome.

Finally, Zhang et al. performed a systematic review on the efficacy and safety of third and fourth generation cryoballoons for PVI. Among 3,281 AF patients from thirteen observational studies, third and fourth generation cryoballoons seemed to be more effective and faster than the second generation cryoballoon, allowing documentation of real-time PVI in more patients, with a similar safety profile.

Further studies are necessary to clarify the potential impact of novel technologies and sources of energy (e.g., ultra-low temperature cryoablation, pulsed-field ablation) in improving clinical outcomes in persistent AF.

Overall, this Research Topic covers several studies on AF management strategies and outcomes, offering insight into the challenges of improving patient care. To address these issues, future studies should focus on deeper understanding the biological and pathophysiological mechanisms of AF progression and maintenance. Ideally, the future of AF treatment should shift towards a more personalised, patient-tailored approach.
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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).
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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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Introduction: The Watchman FLX is a novel device for transcatheter left atrial appendage occlusion (LAAO) specifically designed to improve procedural performance in more complex anatomies with a better safety profile. Recently, small prospective non-randomized studies have shown good procedural success and safety compared with previous experiences. Results from large multicenter registries are needed to confirm the safety and efficacy of the Watchman FLX device in a real-world setting.



Methods: Italian FLX registry is a retrospective, non-randomized, multicentric study across 25 investigational centers in Italy including consecutive patients undergoing LAAO with the Watchman FLX between March 2019 and September 2021 (N = 772). The primary efficacy outcome was the technical success of the LAAO procedure (peri-device flow ≤ 5 mm) as assessed by intra-procedural imaging. The peri-procedural safety outcome was defined as the occurrence of one of the following events within 7 days after the procedure or by hospital discharge: death, stroke, transient ischemic attack, major extracranial bleeding (BARC type 3 or 5), pericardial effusion with tamponade or device embolization.



Results: A total of 772 patients were enrolled. The mean age was 76 ± 8 with a mean CHA2DS2-VASc score of 4.1 ± 1.4 and a mean HAS-BLED score of 3.7 ± 1.1. Technical success was achieved in 772 (100%) patients with the first device implanted in 760 (98.4%) patients. A peri-procedural safety outcome event occurred in 21 patients (2.7%) with major extracranial bleeding being the most common (1.7%). No device embolization occurred. At discharge 459 patients (59.4%) were treated with dual antiplatelet therapy (DAPT).



Conclusions: The Italian FLX registry represents the largest multicenter retrospective real-world study reporting periprocedural outcome of LAAO with the Watchman FLX device, resulting in a procedural success rate of 100% and a low incidence of peri-procedural major adverse events (2.7%).
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Background

Transcatheter left atrial appendage occlusion (LAAO) represents a valuable therapeutic option for stroke prevention in patients with non-valvular atrial fibrillation (NVAF) (1, 2). Among the available percutaneous left atrial appendage (LAA) closure device, Watchman™ (Boston Scientific Inc) is the only device for which randomized trials have shown comparable efficacy and safety with a long-term vitamin-k antagonist (VKA) for the prevention of stroke and systemic embolization (3–5).

First-generation devices for LAAO, including Watchman, provide a high technical success rate and relatively low procedure-related adverse events incidence (6, 7). However, there are still some limitations, especially in more complex LAA anatomies. The novel Watchman FLX device has been designed to overcome these limitations allowing simplified implantation on a wider range of LAA anatomies. Some observational studies reported a low incidence of adverse events and a high incidence of anatomic closure with the new-generation device (8–12). However, only a few numbers of patients were enrolled and data reflecting real-world experience are missing. More importantly, the exclusion of patients with contraindication to oral anticoagulation (8) limits the possibility to generalize these results to those patients who would benefit most from LAAO.

This study aims to report the largest experience of LAAO using the novel generation Watchman FLX device in an all-comers consecutive cohort of patients with AF at high bleeding risk.



Methods

The ITALIAN FLX Registry is a retrospective, non-randomized, multicentric study across 25 investigational centers in Italy enrolling all consecutive patients undergoing LAAO with the Watchman FLX between March 2019 and September 2021 (N = 772). The registry intended to monitor the early and late performance of the Watchman FLX devices regardless of the specific protocol for implantation used in each institution. Therefore, there were no restrictions to any given personal or institutional protocols with respect to the indications, pre-procedural planning, device implantation, drug therapy, and follow-up. Informed consent was obtained from each patient, and the study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee.


WATCHMAN FLX device

The new-generation WATCHMAN FLX device for transcatheter LAAO was designed to simplify implantation on a broader range of LAA anatomies (13). Compared to the previous generation of WATCHMAN devices, it is characterized by (1) less device height allowing improved handling in shallow left atrial appendage (LAA) anatomies; (2) a closed distal device end aiming for less traumatic and capable of full recapture and repositioning; (3) a recessed screw with reduced metal surface area, possibly reducing DAT; (4) an increased number of hooks, from 10 to 18, redistributed into two rows with a J-shaped form to minimize trauma to the appendage wall, possibly reducing pericardial effusion.



Study protocol

Clinical characteristics and clinical indications to LAAO were reported for each patient. Specifically, CHA2DS2-VASc score (congestive heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke/transient ischemic attack, vascular disease, age 65–74 years, sex category) as well as HAS-BLED score (hypertension, abnormal renal/liver function [1 or 2 points], stroke, bleeding history or predisposition, labile international normalized ratio, elderly [>65 years], drugs/alcohol concomitantly) were accurately collected. All patients underwent pre-procedural imaging with cardiac computed tomography (CT) or transesophageal imaging (TEE) as per standard institutional practice to exclude LAA thrombosis and obtain accurate device sizing. The pre-procedural acquisition protocol has been described previously in detail (14–16). No anatomical variant was excluded from the closure attempt.

The primary efficacy outcome was the technical success of the LAAO procedure,defined as successful deployment and implantation of the device with any peri-device flow with jet size ≤5 mm as assessed by intra-procedural imaging. The periprocedural safety outcome was defined as the occurrence of one of the following events within 7 days after the procedure or by hospital discharge: death, stroke, transient ischemic attack, major extracranial bleeding (Bleeding Academic Research Consortium type 3 or higher), pericardial effusion with tamponade or device embolization. All outcome variables were defined according to the Munich consensus document on definitions and endpoints in LAAO (17). The optimal antithrombotic treatment at discharge was individualized on patient-specific characteristics balancing the thrombotic and hemorrhagic risk; when safe, patients were discharged on dual antiplatelet therapy (DAPT) regimen for up to 6 months.

Follow-up reflected schedules of each enrollment site. Generally, an initial visit was planned at 1–3 months, followed by a routine follow-up at 1 year. All data collection and adverse event reporting was performed directly by the individual sites and captured in a standardized central database. Clinical outcomes during follow-up were reported as total events and incidence rate of all-causedeath, stroke, and major bleeding. Adverse events such as death, stroke, major bleeding, cardiac tamponade, and device thrombosis were monitored during follow-up. Bleeding was assessed according to the BARC (Bleeding Academic Research Consortium) criteria (18). Stroke was classified according to the criteria defined by Leon et al. (19). All data and events were adjudicated and entered into the central database by the local investigators. Verification of source data was carried out during site visits, and for major adverse events, the source documents were requested at the sites and reviewed remotely. These included as a minimum death from all causes, all strokes, TIA, systemic embolism (SE), and all adverse events occurring within 7 days of implantation, regardless of whether the event was judged to be severe and whether or not it was related to the device/procedure.



Statistical analysis

Descriptive statistics were used, with continuous variables expressed as mean ± SD or median [interquartile range (IQR)] as appropriate. Categorical variables are expressed as absolute numbers and proportions.Significance between the groups was assessed by analysis of the student t-test. In case two or more variables were compared, Bonferroni-adjusted significance was used.




Results


Study population

Clinical characteristics of the population are reported in Table 1. A total of 772 were enrolled during the study period. The mean age was 76 ± 8 with almost two-thirds of patients being male (66%). Of note, more than one-third of patients (36.1%) had a history of previous cerebrovascular accidents. The mean CHA2DS2-VASc was 4.1 ± 1.5 and the mean HAS-BLED score of 3.7 ± 1.1. A history of major bleeding was present in 440 patients (57%) and one out of six patients underwent LAAO due to severe chronic kidney disease contraindicating oral anticoagulation.


TABLE 1 Baseline characteristics (N 772).
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Procedural success

Procedural characteristics are presented in Table 2. Technical success was achieved by 772 (100%) patients with the first selected device implanted in 760 (98.4%) patients. No intraprocedural device embolization occurred. Device implantation and procedure were mainly driven by fluoroscopy and TEE (83.2%) or by intracardiac echocardiography (18.9%); the comprehensive median procedure time was 60 min (38–80 min). The median hospital length of stay was 4 (3–5) days.


TABLE 2 Procedural characteristics (N 772).
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Periprocedural safety

Peri-procedural adverse events are summarized in Table 3. A periprocedural safety outcome event occurred in 21 patients (2.7%), with major extracranial bleeding being the most common (1.7%). Among the major extracranial bleedings (BARC type 3 or 5), 6 were related to femoral venous access (0.77%), with only 1 patient requiring vascular surgery due to the presence of a pseudoaneurysm. We also observed 1 case of genito-urinary bleeding due to a Foley catheter insertion, 1 abdominal hemorrhage due to the presence of a uterine polyp, 1 epistasis, and 1 case of massive gastrointestinal bleeding leading to death; the latter was an 83-year-old man with multiple comorbidities (hypertension and diabetes) and a history of gastrointestinal bleeding, impaired renal function, ischemic heart disease (previous MI and multiple PCI) and an elevated thrombotic and hemorrhagic profile risk (CHA2DS2-VASc score of 5—HAS-BLED score of 6) who experienced a massive post-procedural gastro-intestinal bleeding with hemorrhagic shock which led to death 2 days after the index procedure.Two patients (0.3%) experienced a peri-procedural pericardial tamponade requiring percutaneous drainage.


TABLE 3 Peri-procedural complications (N 772).
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We also observed 2 cases of periprocedural stroke (0.3%). One patient experienced a periprocedural hemorrhagic stroke. The patient was a 79 years old diabetic man with a history of intracranial hemorrhage, impaired renal function, and carotid disease. During the procedure, he experienced a subarachnoid hemorrhage without surgical indication. After clinical stabilization, he was discharged after 7 days from the index procedure without antithrombotic treatment due to the prohibitive bleeding risk. One patient (0.1%) presented with aphasia and right sensitivity and motor deficit two days after the procedure due to a left hemisphere ischemic stroke confirmed by the computed tomography scan. The TEE showed a device-related thrombosis (DRT) despite early initiation of DAPT; thus, after a 48 h safety window, the patient switched to aspirin plus VKA. After 30 days of rehabilitation, the patient was discharged with full neurological recovery and any DRT revealed by TEE.

Peri-procedural death was observed in 3 patients. One patient, an 80-year-old diabetic female with impaired renal function and chronic heart failure with ascitis, experienced an arrhythmic death 3 days after the index procedure. However, echocardiography did not reveal LAAO device migration or DRT, so the link between LAAO procedure and death appears elusive. A second patient, previously described, died as a consequence of a massive post-procedural gastro-intestinal bleeding with hemorrhagic shock 2 days after the index procedure. A third patient, an 85-year-old man with advanced chronic heart failure, died 14 days after the index procedure due to refractory cardiogenic shock.

Collectively, we categorized 10 (1.3%) procedure-related complications (6 cases of access-related bleeding, 2 cases of pericardial hemorrhage and 2 cases of periprocedural stroke), with only 1 (0.1%) classified as a device-related complication (1 DRT).



PostLAAO antithrombotic therapy

At discharge, a total of 459 patients (59.4%) were treated with DAPT (aspirin plus clopidogrel), 111 (14,4%) with a combination of low molecular weight heparin (LMWH) plus SAPT, 96 (12.4%) with SAPT, 34 (4.4%) with LMWH alone, 24 (3.1%) with NOAC alone, 4 (0.3%) with VKA alone and 44 (5.6%) patients with any antithrombotic therapy due to prohibitive risk of bleeding. The mean time indication for dual antithrombotic treatment at discharge was 3.4 ± 3.3 months.




Discussion

The present study represents the largest multicenter prospective study to report the efficacy and safety outcomes of the novel WATCHMAN Flex device for transcatheter LAAO. Our major findings are that the procedure of LAAO using the WATCHMAN Flex device was associated with a procedural success rate of 100% irrespective of LAA anatomy. The observed incidence of periprocedural safety events of 2.7%. The incidence of peri-procedural major bleeding (BARC type 3 or 5) was 1.8% with major extra-cranial bleeding being the most common (N = 13; 1.7%). Overall, 2 patients experienced pericardial effusion requiring percutaneous drainage (0.3%).


A real high-risk population

Although still confined into a recommendation of class IIb both in European and American Guidelines (1, 20) LAAO represents a valuable option to reduce cardioembolic risk in patients with AF and high bleeding risk and/or contraindication to oral anticoagulation. A recent meta-analysis including three randomized open-label controlled trials (Protect-AF, Prevail, and Prague-17), demonstrated that LAAO with the Watchman device had a similar rate of stroke when compared with those for OAC (VKA or NOAC) in the prevention of thromboembolism in NVAF, with observed reduction in hemorrhagic stroke, cardiovascular and all-cause death (5). The population enrolled in the Italian Flex registry represents a particularly high-risk subset of patients, at higher bleeding risk compared to what is currently reported in the literature but in line with patients routinely referred to LAAO in our everyday practice. In fact, while CHA2DS2-VASc score was similar compared to other registries or metanalysis, including those using the Watchman FLX device (8–12) in our population, we observed a mean HAS-BLED score of 3.7—much higher than that reported, for instance, in the EWOLUTION trial with Watchman device (2.1) (7), in the Amulet Observational registry by Landmesser (3.3) (21) and in previous experience with Watchman FLX device (2.4) (9). Of the total of 772 patients, 518 (67.1%) had a CHA2DS2-VASc score ≥4 and 667 (86.4%) had a HAS-BLED score ≥3. Moreover, 553 patients (69%) had an absolute or relative contraindication to oral anticoagulation therapy.



Procedural success

In our study procedural success was achieved in 100% of cases. Of note, the implantation was performed with the first selected device implanted in 98.4% of cases. This very high rate of successful implantation represents the highest ever reported in an all-comers high-risk population undergoing LAAO. In the initial experience with the Watchman device, technical success was achieved in 88% in the PROTECT-AF trial, then it progressively increased over time to 95.1% in the PREVAIL trial and 98.5% in the EWOLUTION trial. Similarly, our reported technical success appears to be higher than that reported with the Amulet device (97.3% as found by Tsikas etal and 99% in the Prospective Global AMPLATZER Amulet Observational Study). In the PINNACLE study (8) as well in the initial European experience (9–11)—reporting the initial experience with the Watchman FLX device—technical success approximated 100% of cases (100% in 3 cases and 99% in the fourth), but collectively these 4 studies did not reach the numerosity of the Italian FLX registry (n = 400, 165, 38 and 91, respectively vs. n = 772 of the Italian FLX registry).

The progressive increase of technical success over time in the field of LAAO is the result of the learning curve of the operators combined with the increased reliance on pre-procedural imaging and planning.On the other hand, the technological refinement of devices plays a major role. In this regard, the novel Watchman Flex has been designed to provide an improved conformability, a full or partial recapture during implant, better device stability and maneuverability within the appendage as well as a shorter length and wider sizing matrix to treat a wider variety of anatomies. These technical characteristics have clearly influenced the technical success first observed in the PINNACLE (8) and in the studies from Korsholm et al. (9), Grygier et al. (10) and Cruz-González et al. (11) and now confirmed by our data. In addition, no intraprocedural device embolization occurred.The innovative design with two rows of anchors and the possibility to fully recapture and reposition the device allowing for optimal deployment are both aspects that may have contributed to this remarkable outcome.



Periprocedural safety

The reported incidence of a periprocedural safety event using the WATCHMAN FLX, ranges from 0.5% to 5.5% (8, 11); such variability may be partly related to differences in the baseline risk of bleeding as well as the variable sample size. The PINNACLE FLX trial, the largest prospective study available at this moment (400 patients), reported an incidence of a periprocedural safety event of 0.5% which is lower than that observed in ITALIAN FLX (2.7%) [8]. However, it should be noted that patients enrolled in this trial had a relatively low risk of bleeding (mean HAS-BLED score of 2.0 ± 1.0) and a history of major bleeding in only 33% of participants.Moreover, patients enrolled in the PINNACLE were prescribed a DOAC for at least 45 days [8]. Conversely, patients enrolled in the Italian FLX were representative of a particularly high bleeding risk population having a higher mean HAS-BLED score (3.7 ± 1.1, p < 0,0001)and a higher rate of previous major bleeding (PINNACLE FLX 33% vs. ITALIAN FLX 46.4%, p < 0.0001). Of note, we observed 3 cases of periprocedural death. Only one of these cases might be theoretically related to the procedure—an arrhythmic death 3 days after the procedure. In the other 2 cases—one hemorrhagic shock after gastro-instestinal bleeding and one cardiogenic shock 2 weeks after LAAO- the final cause of death seems to be related more to the extreme patient's frailty rather than to the procedure itself.

Our observed procedural safety is in line with that observed in the EWOLUTION study, the largest prospective multicenter registryreflecting real-world experience with the previous generation WATCHMAN device (7). Such study enrolled 1021 patients undergoing LAAO, with a mean age of 73.4 ± 8.9 years, a mean HAS-BLED score of 2.3 ± 1.2. Oral anticoagulation was contraindi­cated in 62% of patients and 45% had suffered a prior stroke. A periprocedural major adverse cardiac event was seen in 18 patients (1.8%); in particular: 9 major bleeding (BARC type 3 or 5),3 cardiac tamponades,4 deaths, and 2 device embolization. These results, representing real-life clinical outcomes with the predecessor WATCHMAN device, were consistent with our findings (EWOLUTION 1.8% vs. ITALIAN FLX 2.7%, p > 0,05).

Periprocedural stroke occurred in 2 patients (0.2%), one was ischemic (0.1%) and 1 was hemorrhagic (0.1%). The hemorrhagic stroke appeared unrelated to the device, but as a result of the high hemorrhagic risk of the patient who presented with a positive history of major intracranial bleeding. Conversely, the ischemic stroke was procedure-related, as TEE showed a DRT two days after the procedure. The patient was treated with dual antiplatelet therapy soon after the procedure. The EWOLUTION study reported an incidence rate of DRT of 4.1%, but recent data have downgraded its incidence to 1.7%/year (22). The postimplant antithrombotic strategy observed in our registry was highly variable and representative of a real-world scenario. DAPT was chosen in 60% of patients. The post-procedural anti-thrombotic treatment strategy observed in our registry was in line with this finding as 459 patients (59.4%) were treated with DAPT at discharge (EWOLUTION 60% vs. ITALIAN FLX 59%, p > 0.05).


Study limitation

The current registry has several weaknesses. First, retrospective design has intrinsic limitations, lacking a randomized group and leaving it vulnerable to bias and misunderstanding. Second, caution should be made when comparing outcomes between populations with different baseline characteristics, especially in the absence of a propensity-matched score analysis. Third, the multicentric design of the registry limits the possibility of a standardized post-procedural anti-thrombotic management as well as scheduled follow-up and data collection. Although high- and low-volume centers coexist in the current registry, we didn't observe significant differences between the two in terms of procedural success, nor peri-procedural adverse events. Nevertheless, the study cohort represented a real-world population of NVAF patients at highrisk of stroke and bleeding encountered in daily practice. Follow-up data, soon available, will be essential to confirm the long-term safety and effectiveness of the device, as well as the incidence rate of DRT.





Conclusion

In this large, multicenter retrospective real-world cohort, LAA occlusion with the Watchman FLX device was associated with a procedural success rate of 100% and a low incidence of peri-procedural major adverse events (2.7%).
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Background: Catheter ablation (CA) is a treatment strategy for atrial fibrillation (AF) in patients with hypertrophic cardiomyopathy (HCM). We investigated the electrophysiological characteristics of recurrence in a tertiary referral center and compared long-term clinical outcomes after CA therapy with patients who did not undergo CA.



Methods: Patients with HCM and AF who underwent CA (group 1, n = 60) or pharmacological treatment (group 2, n = 298) between 2006 and 2021 were enrolled in this study. The baseline characteristics and electrophysiological characteristics of group 1 patients were examined to elucidate the reason for the recurrence of AF after CA therapy. The clinical results of the patients in Group 1 and Group 2 were compared using a propensity score (PS)-matched method.



Results: The most common cause of recurrence was pulmonary vein reconnection (86.5%), followed by non-pulmonary vein triggers (40.5%), cavotricuspid isthmus flutter (29.7%), and atypical flutter (24.3%). Thyroid disease (HR, 14.713; P < 0.01), diabetes (HR, 3.074; P = 0.03), and non-paroxysmal AF (HR, 4.012; P = 0.01); these factors independently predicted recurrence. After the first recurrence, patients who underwent repeat CA showed a better arrhythmia-free state (74.1%) than those who underwent drug escalation therapy (29.4%, P < 0.01). After matching, PS-group 1 patients showed significantly better outcomes in all-cause mortality, heart failure hospitalization, and left atrial reverse remodeling than PS-group 2 patients.



Conclusions: Patients who underwent CA showed better clinical outcomes than those who underwent drug therapy. The main predictors of recurrence were thyroid disease, diabetes, and non-paroxysmal AF.
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Introduction

Atrial fibrillation (AF) is the most common sustained arrhythmia in patients with hypertrophic cardiomyopathy (HCM), which appears to be 4- to 6-fold in patients with HCM more common than in the general population (1). The prevalence of AF was approximately 22% in a previous cohort of HCM (2). Diastolic dysfunction, mitral regurgitation, and obstruction of the left ventricular (LV) outflow tract in patients with HCM could increase the left atrial afterload and vulnerability to the occurrence of AF, further promoting LA dilatation and electric remodeling, resulting in a vicious circle (2). Atrial fibrillation is a significant contributor to morbidity and mortality in patients with HCM as it increases the risk of ischemic stroke, worsens symptoms of heart failure (HF), and causes functional disability and death (3–5). Despite the relatively high incidence of AF in patients with HCM and the association of morbidity with this arrhythmia, only a few studies have systematically addressed the clinical implications of AF ablation in patients with HCM.

Catheter ablation (CA) is a well-accepted therapeutic strategy for treating AF. However, the success rates of CA in patients with HCM are lower than in patients without HCM (6, 7), and continued procedures after initial treatment are often necessary to restore long-term sinus rhythm (8). One previous report with a propensity score (PS)-matched suggested that CA protected the renal function (9); however, data on long-term clinical outcomes of patients with HCM undergoing radiofrequency catheter ablation (RFCA) are not well-established. The present study aimed to investigate the electrophysiological characteristics of recurrent AF and the impact of RFCA on long-term outcomes of patients with HCM compared with patients undergoing pharmacological treatment alone.



Methods


Study population

The present retrospective cohort study included consecutive patients with documented HCM and AF who underwent CA for drug-refractory AF (group 1) and those who did not receive CA (group 2) between June 2006 and October 2021 at Taipei Veterans General Hospital. The clinical tachycardia observed was only AF in our study cohort. The baseline characteristics, echocardiographic parameters and electrophysiological findings of the patients were assessed. The diagnosis of HCM was based on two-dimensional echocardiographic evidence of a non-dilated hypertrophied left ventricle (maximum wall thickness ≥ 15 mm) in the absence of any other cardiac or systemic disease capable of inducing the magnitude of evident hypertrophy. AF was diagnosed on the basis of electrocardiographic recordings or Holter monitoring in the hospital. AF was defined as paroxysmal if the episodes ended spontaneously or with intervention, within 7 days after the onset. All patients who had a history of thyroid disease were now under euthyroid status. The Institutional Ethics Review Board of Taipei Veterans General Hospital approved this study (IRB No. 2021-11-015BC). Given the retrospective nature of the study, the institutional review board waived the requirement for informed consent.



Exclusion criteria

Patients who had undergone a maze procedure previously, had a history of valvular AF, alcohol septal ablation, had undergone surgical myectomy, or were unable to visit our hospital or receive a telephone interview after enrollment were excluded from this study.



The ablation procedure in the group 1 patient

The details of the protocol have been described in our previous studies (10, 11). All antiarrhythmic drugs, except amiodarone, were discontinued for at least five half-lives before the procedure. A 7F decapolar catheter with a distance of 2 mm between electrodes and a spacing of 5 mm between each electrode pair was inserted into the coronary sinus through the right internal jugular vein. Transseptal atrial puncture was performed using fluoroscopic landmarks and an 8.5F SL-0 sheath (St. Jude Medical, Inc.). Patients with paroxysmal AF underwent pulmonary vein isolation (PVI) and non-pulmonary vein (PV) trigger ablation. The CA procedure was performed as described in our previous studies (10). The cavotricuspid isthmus (CTI) line was performed during the procedure in patients with a history of isthmus-dependent atrial flutter or induced isthmus-dependent atrial flutter. AF was induced in patients with paroxysmal AF at the end of the ablation procedure. If LA flutter sustained for more than 1 min, the reentry circuit of LA flutter was identified by isochrone mapping, entrainment maneuvers, and postpacing interval analysis, followed by linear ablation to eliminate atrial flutter. If the AF was still inducible, cardioversion was performed if the AF did not end spontaneously. The endpoints of the procedure were the entrance/exit block of the pulmonary veins and the elimination of non-PV triggers (11).

PVI was performed as previously described in patients with non-paroxysmal AF. If AF recurred after the first step, additional linear ablation or complex atrial fractionated electrographically guided substrate ablation was performed at the operator's discretion. If AF recurred after ablation, sinus rhythm was restored through electric cardioversion. Non-PV trigger ablation is performed routinely in our laboratory. If AF became organized during ablation, electroanatomic mapping and radiofrequency ablation were performed to stop organized tachycardia (11). In patients with non-paroxysmal AF, if AF recurred or was inducible after the ablation procedure, an additional complex fractionated atrial electrogram (CFAE) ablation was performed before 2015.

In patients undergoing repeat procedures, the CA strategy was similar to the methods described in the index procedure. Furthermore, the cause of the recurrence was investigated.



Follow-up and definition of arrhythmia recurrence

After discharge, patients were followed-up (two weeks after CA, then every 1 to 3 months) in our cardiology clinic or by referring physicians. Routine electrocardiograms (ECGs) were obtained at each outpatient visit, and a 24-h Holter electrocardiogram was performed at 3, 6, and 12 months. When patients experienced symptoms suggestive of tachycardia after ablation, 24-h Holter monitoring or cardiac event recording was performed to define the cause of clinical symptoms. Recurrence was defined as any episode of documented AF or atrial tachycardia > 30s after the initial 3 months of the blank period. A telephone interview was conducted with all patients in May 2022.



Propensity score matching

To minimize the impact of confounding factors on clinical characteristics, we employed propensity analysis and matching techniques. We matched pairs one-to-one (Group 1 vs. Group 2) with identical propensity scores and a 0.01 caliper width. The suitability was assessed by estimating the standardized differences between the two groups for age, sex, hypertension, HF, type of AF and left atrial diameter (LAD) (12).



Outcome assessment

Patients received scheduled follow-ups every 1 to 3 months, depending on their clinical course. The follow-up data of all participants was retrieved from Taipei Veterans General Hospital Database. The primary endpoint was the all-cause mortality rate. Secondary endpoints were cardiovascular (CV) death, acute myocardial infarction (AMI), hospitalization for HF, cerebrovascular accident (CVA) and changes in LAD and left ventricular ejection fraction (LVEF) on echocardiography. CV death included those resulting from AMI, sudden cardiac death, HF, stroke, and other CV causes. CVA included stroke and transient ischemic attack. Primary and secondary endpoints were investigated in detail based on medical records from the Taipei Veterans General Hospital, the Ministry of Health and Welfare and telephone interviews. The overall follow-up period extended upto May 2022.



Statistical analysis

Descriptive statistics are reported as mean values and standard deviation values for continuous variables, and percentages for categorical variables. Comparisons between groups were made using the unpaired Student's t-test for continuous data and the chi-square test for categorical variables. A multivariate Cox regression model was used to identify predictors of recurrence. The variables selected for the multivariate analysis were parameters with P < 0.1 in the univariate model. Long-term survival curves were plotted using the Kaplan-Meier method and statistical significance was examined using the log-rank test. Relative change was defined as the difference between follow-up and baseline values divided by the baseline value. All tests were two-sided and statistical significance was set at P < 0.05.




Results


Study population

The study enrolled 358 patients with HCM and AF. Sixty patients underwent CA (group 1), and 298 did not undergo CA (group 2). The baseline characteristics of the two study groups are summarized in Supplementary Table S1. After applying propensity score matching to balance the characteristics between patient groups, 49 patients treated with CA (PS-group 1) and 49 patients without CA (PS-group 2) were compared. The baseline characteristics of the two groups were balanced (Table 1).


TABLE 1 Baseline characteristics of 49 patients in PS-group 1 and 49 patients in PS-group 2 after propensity score matching.
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Procedural details of the index catheter ablation

There were 38 patients (63.3%) with paroxysmal AF in Group 1. PVI and CTI ablations were performed in all patients in the index procedure (Figure 1). Among the 22 patients with non-paroxysmal AF, seven underwent CFAE ablation and five received linear ablation. Non-PV triggers were identified in three patients with paroxysmal AF from the LA posterior wall (two) and superior vena cava (SVC) (one) and in seven patients with non-paroxysmal AF from the LA posterior wall (three), LA septum (two), vein of Marshall (one) and SVC (one).


[image: Figure 1]
FIGURE 1
Ablation strategy and outcomes. The figure demonstrated the ablation strategies and long-term outcomes. CFAE, complex fractionated atrial electrogram; CTI, cavotricuspid isthmus; MFL, mitral flutter; NPAF, non-paroxysmal atrial fibrillation; NPV, non-pulmonary vein; PAF, paroxysmal atrial fibrillation; PV, pulmonary vein; PVI, pulmonary vein isolation; RFL, roof flutter.




Recurrence patterns and causes of recurrence

After the first procedure, 44 of 60 patients (73.3%) experienced AF recurrence and 27 (61.3%, 27/44) underwent a second ablation procedure. Twelve patients experienced a recurrence of AF after the second procedure, and six (50.0%, 6/12) underwent the third procedure. Two patients had AF recurrence after the third procedure and two (100%) underwent the fourth and fifth procedures. In the 37 repeat procedures, the most common cause of recurrence was PV reconnection (86.5%, 32/37), followed by non-PV triggers (40.5%, 15/37), CTI reconnection (29.7%, 11/37), and mitral or roof line reconnection (24.3%, 9/37). New atypical flutter was observed in 16.2% of the patients (6/37, two mitral flutters and four roof flutters).



Follow-up after catheter ablation

The index procedure was recurrence-free in 16 (26.7%) patients. The freedom from recurrence reached 60% (36/60) after the final procedure. Following the index procedure, AF recurrence was observed in 44 patients (73.3%), 17 of whom (38.6%) underwent drug escalation therapy instead of CA. Patients who underwent repeated CA demonstrated significantly improved atrial arrhythmia-free status (74.1%, 20/27) than those who underwent drug escalating therapy (29.4%, 5/17, P < 0.01). After a mean follow-up of 7.1 ± 4.2 years, with an average of 1.6 ± 0.9 times ablation, 41 of 60 patients (68.3%) in group 1 were completely free from atrial arrhythmias (Figure 2).


[image: Figure 2]
FIGURE 2
Survival of freedom from atrial arrhythmias of group 1. After an average of 1.6 ± 0.9 times of ablation, patients with HCM who underwent repeat CAs demonstrated significantly better atrial arrhythmia-free status. CA, catheter ablation; HCM, hypertrophic cardiomyopathy.




Predictors of recurrence after catheter ablation

Multivariate analysis demonstrated that diabetes mellitus (DM) (hazard ratio [HR]: 3.074, 95% confidence interval [CI]: 1.089–8.678, P = 0.03), thyroid disease (HR: 14.713, 95% CI: 3.972–54.497, P < 0.01), and non-paroxysmal AF (HR: 4.012, 95% CI: 1.476–10.905, P < 0.01) were independent predictors of AF recurrence after ablation (Table 2).


TABLE 2 Predictors of recurrence after catheter ablation. .
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Long-term clinical outcomes

During the follow-up period of 7.1 ± 4.3 years, none of the patients in group 1 experienced mortality, CVA, AMI, or HF hospitalization. On the contrary, all-cause mortality occurred in 76 of 298 patients (25.5%) in Group 2. CV death occurred in 19 of 298 patients (6.4%), while CVA occurred in 36 of 298 patients (12.1%). Acute myocardial infarction and hospitalization with HF occurred in five (1.7%) and 99 (33.2%) patients, respectively. All-cause mortality, CVA and hospitalization for HF were significantly higher in group 2 than in group 1 during the follow-up period (Supplementary Figure S1).

After applying propensity score matching, 49 patients treated with CA (PS-group 1) and 49 patients without CA (PS-group 2) were compared. No AMI or CV death events occurred in PS-group 1 during follow-up. All-cause mortality occurred in seven patients (14.3%) in PS-group 2. Hospitalization for CVA and HF was observed in one patient (2.0%) and six patients (12.2%) in PS-group 2, respectively. The Kaplan-Meier curves for all-cause mortality, CVA, and hospitalization for HF in PS-matched patients are presented in Figure 3. All-cause mortality and hospitalization for HF were significantly higher in PS group 2 than in PS group 1 during a mean follow-up period of 7.2 ± 4.2 years.


[image: Figure 3]
FIGURE 3
Kaplan-Meier survival plots for all-cause mortality (A), AMI (B), CV death (C), CVA (D), and HF hospitalization (E) of the PS-matched patients. All-cause mortality and HF hospitalization were significantly higher in PS-group 2 than in PS-group 1 during a mean follow-up period of 7.2 ± 4.2 years. AMI, acute myocardial infarction; CV, cardiovascular; CVA, cerebrovascular accident; HF, heart failure.




Comparison of echocardiogram parameters

We compared LAD and LVEF of PS-matched patients. Forty-six patients in PS-group 1 and 40 in PS-group 2 underwent an echocardiogram examination at the end of follow-up (Table 3). The LAD of PS-group 1 decreased significantly at the end of follow-up compared to the baseline LAD (P = 0.04). For PS-group 2, the LAD increased significantly at the end of follow-up compared to the baseline LAD (P < 0.01). The relative changes in LAD between the two groups during the follow-up period were significant (PS-group 1 vs. PS-group 2: −2.7 ± 12.9% vs. 6.4 ± 14.3%, P < 0.01). There was no significant change in LVEF at the end of follow-up in PS-group 1 (P = 0.52) and PS-group 2 (P = 0.43). The relative changes in LVEF between these two groups at the end of follow-up was also not significantly different (PS-group 1 vs. PS-group 2: 5.6 ± 28.4% vs. −0.84 ± 13.5%, P = 0.20).


TABLE 3 Comparison of baseline and follow-up echocardiogram parameters of the propensity-matched patients.
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Discussion


Main finding

The present study is the first to compare CA of AF with pharmacological therapy in the HCM population using PS-matching, and it has several significant findings. First, complete recovery from AF could be achieved in patients with HCM after performing single or multiple RFCA for AF. Second, PV reconnection was the most common cause of recurrence. Thyroid disease, DM, and non-paroxysmal AF were independent predictors of recurrence. Third, patients with AF and HCM who received RFCA showed significantly better all-cause mortality and HF hospitalization outcomes than those who did not undergo CA. Fourth, LA dilatation in patients with AF and HCM could be significantly improved after CA therapy during follow-up compared with that in patients who only received pharmacological treatment.



Recurrence in HCM patients with AF after RFCA

Castagno et al. conducted a retrospective cohort study that included 116 patients with HCM and AF who underwent RFCA. Over a median follow-up of six years, with an average of 1.6 procedures, 67 (61%) patients showed sinus rhythm (SR) (13). Dinshaw et al. retrospectively enrolled 65 patients with HCM who underwent AF ablation. After 1.9 ± 1.2 ablation procedures and a follow-up of 48.1 ± 32.5 months, no recurrence was observed in 60.0% of the patients (14). Similarly, Zheng et al. retrospectively evaluated the outcome of 120 patients with HCM after AF ablation; after a single procedure, 70 (58.3%) patients experienced AF recurrence. After repeat procedures, 82 (68.3%) of 120 patients recovered completely from AF/AT as per the last follow-up (15). Previous studies showed a long-term arrhythmia-free survival rate between 60% and 70%. Our results are comparable to previous studies. Santangeli et al. noted that non-PV triggers are responsible for late recurrences (16). In the present study, we further demonstrated that the most common recurrent pattern in AF ablation in HCM patients was PV reconnection, followed by non-PV triggers and LA flutter. A previous study reported that AF recurrence after the first isolation of the PV antrum is higher in patients with HCM (17). The cause of PV reconnection reported in our study may be the presence of thickened atrial muscle resulting from high LA pressure, atrial fibrosis and the nature of cardiomyopathy (17).

In patients with HCM with AF recurrence after the first CA, the benefits of repeat CA or drug escalation therapy have not been investigated. We showed that patients who underwent repeat CA had a significantly better atrial arrhythmia-free status than those who underwent drug escalation therapy (P < 0.01). Repeat CA can be an effective method for controlling rhythm in patients with HCM and recurrent AF.



Catheter ablation vs. pharmacological therapy in HCM patients with AF

Higuchi et al. compared patients with HCM treated for AF with CA (n = 34) and those who did not undergo CA (n = 60). They found that the combined incidence of clinical events, including HCM-related death, hospitalization for HF or new-onset thromboembolic strokes, was significantly lower in the CA group than in the non-CA group (P = 0.03) during a mean follow-up of 5.8 years (18). Zheng et al. also compared the composite clinical event rates after ablation between HCM patients with (n = 120) and without CA (n = 32), which included all-cause mortality, unplanned hospitalization for HF, and new-onset thromboembolic stroke. The results showed that the composite rate of clinical events was lower in the CA group than in the non-CA group (P = 0.02) (15). In our study, we consecutively enrolled patients with HCM and AF from 2006 to 2021, and investigated long-term clinical events individually, rather than studying composite results. The results showed significantly good outcomes in terms of all-cause mortality and hospitalization due to HF. In patients with HCM, AF is usually poorly tolerated due to loss of atrial contraction, with worsening diastolic dysfunction. In addition to the impact on diastolic function, several reports have indicated that patients with HCM who develop AF have a higher risk of mortality, ischemic stroke, and exacerbation of HF than those without AF (3–5, 19, 20). The association between AF and mortality and morbidity suggests that AF should be carefully and skillfully managed in patients with HCM. Our results suggest that rhythm control by RFCA in patients with HCM and AF can reverse or slow the process to a disappointing prognosis.



Change of LAD in HCM patients with AF

The occurrence of AF in patients with HCM is likely due to increased LA pressure and volume (4). Diastolic dysfunction and reduced LV compliance due to myocyte hypertrophy and disorganization play a key role in the enlargement of the left atrium (1). Dilated LA volume is correlated with the appearance of AF in patients with HCM, which implies the critical role of the vicious cycle between AF and LA volume in HCM. Therefore, an aggressive rhythm control strategy with CA can interrupt the vicious cycle and improve outcomes in patients with HCM and AF.

In the present study, we demonstrated an improvement in LA dilatation after AF ablation in patients with HCM compared with the non-CA patients (Table 3). This result may imply that LA enlargement is not only a precipitator of the development of AF, but also a secondary phenomenon of AF. RFCA rhythm control may slow the LA remodeling process and delay the comorbidity of AF and HCM. The study also did not show a significant change in LVEF at the end of follow-up in both PS-group 1 and PS-group 2. Common mechanisms of HF in patients with HCM include LVOT obstruction and diastolic LV dysfunction. The left ventricular ejection fraction is typically preserved in patients with HCM. It is reasonable that AF ablation did not affect LVEF. To our knowledge, this is the first study to investigate LAD and LVEF after RFCA in patients with HCM and AF. Due to the retrospective nature of this study, more studies are needed to clarify the relationship between AF ablation and LA remodeling in patients with HCM.



Limitation

First, the number of subjects included in the present retrospective study was small, especially in the context of the prediction of the risk of recurrence of AF after ablation, and the primary endpoint of mortality. Second, the number of adverse outcomes in Group 1 was relatively small. The study cohort was retrospectively enrolled in this study. Selection bias is one of the limitations and may introduce the difference in the baseline characteristics and outcomes. We applied propensity score matching to attenuate selection bias. More randomized controlled studies are required to validate these results. Third, the diagnosis of HCM was based on clinical and echocardiographic findings. MRI and genetic testing were not performed routinely in all patients. Fourth, ECG or Holter monitoring was performed only during routine follow-up. Therefore, some patients with a low burden of asymptomatic paroxysmal AF may not have been identified. Fifth, the number of patients who underwent repeat CA in Group 1 was relatively small, which may limit the study findings on the mechanisms of recurrence.




Conclusions

Although a single CA shows a high recurrence rate of AF, multiple CAs are effective for long-term control of AF. The main predictors of recurrence were thyroid disease, DM, and non-paroxysmal AF. PV reconnection is the most common cause of recurrence. Patients who underwent CA had better clinical outcomes, with lower mortality and hospitalization rates for HF. Reverse LA remodeling was observed in patients who underwent invasive electroanatomic mapping and CA. Additionally, repeat CA is better than drug escalation therapy for patients who experience AF recurrence after the first CA.
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Background: Left atrial (LA) fibrosis is related with development and severity of atrial fibrillation (AF). The aim of this study was to investigate the association between LA strain and LA fibrosis in patients undergoing totally thoracoscopic ablation (TTA) for AF.



Methods: Between February 2012 and March 2015, a total of 128 patients who underwent TTA were enrolled from a tertiary hospital. Left atrial appendage (LAA) was harvested during surgery to determine the degree of fibrosis. LAA fibrosis was classified as mild (1st quartile), moderate (2nd and 3rd quartile), or severe (4th quartile). Clinical outcome was 5-year recurrence rate of AF detected on electrocardiogram or 24 h Holter monitoring.



Results: The mean age was 54.3 ± 8.8 years and 18.8% had paroxysmal AF. Patients with mild LAA fibrosis had a significantly lower rate of recurrent AF (23.3%) at 5 years after TTA compared with those with moderate (51.4%; hazard ratio [HR] 2.69; 95% confidence interval [CI] 1.19–6.12) or severe (53.2%; HR 2.84; 95% CI 1.16–6.97) fibrosis. Among clinical and echocardiographic parameters, peak LA strain was the only predictor of mild LAA fibrosis (coefficient 0.10, p = 0.005) with the best cutoff value of 14.7% (area under the curve 0.732). The prevalence of mild LAA fibrosis was 40.6% in patients with peak LA strain ≥14.7%, but only 6.8% in those with peak LA strain <14.7%.



Conclusions: In patients undergoing TTA for AF, mild LAA fibrosis was associated with a lower risk of 5-year AF recurrence. LA strain was the only predictor of mild LAA fibrosis that reflects a lower risk of 5-year AF recurrence.
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia and a growing disease affecting more than 3 million new cases each year (1). Structural atrial remodeling is a key element in AF development and progression. There are number of studies demonstrating the relationship between atrial fibrosis and AF (2, 3). Atrial fibrosis can be directly approached by invasive methods. Endomyocardial biopsy (4) or surgical biopsy during open heart surgery (5–7) allows pathological evaluation of atrial fibrosis. Electroanatomic mapping also can be used to detect areas of remodeling or fibrosis (8). As a noninvasive method, delayed enhancement magnetic resonance imaging (MRI) provides information on left atrial (LA) fibrosis and predicts outcome after catheter ablation of AF (9, 10).

Traditionally, echocardiographic assessment of LA remodeling has been limited to LA diameter and volume, or tissue velocity. LA strain by two-dimensional speckle-tracking echocardiography enables to assess myocardial function and cardiac chamber deformation. In patients with AF, LA strain can predict successful electrical cardioversion (11) or catheter ablation (12). Although several studies have attempted to identify the direct relationship between LA strain and extent of fibrosis, these studies were conducted in patients with mitral valve disease (13) or undergoing heart transplantation (14), not those with AF. The aim of this study was to evaluate the association of LA strain with LA fibrosis and outcomes in patients with AF undergoing thoracoscopic ablation.



Materials and methods


Study population

Between February 2012 and March 2015, patients undergoing totally thoracoscopic ablation (TTA) were enrolled in a prospective registry in Samsung Medical Center, Republic of Korea. Patients with AF refractory to at least 1 antiarrhythmic drug or electrical cardioversion were candidates for TTA. The indications for TTA also included refractory symptom, history of stroke, or intolerance for anticoagulant therapy. TTA was contraindicated in patients with LA thrombi or who were intolerant of one-lung ventilation (15, 16).

Among a total of 150 consecutive patients who underwent TTA during the study period, 22 patients were excluded from the present study as follows: (1) those who did not undergo adequate surgical procedure due to huge LA or severe pericardial adhesion (3 patients), or who underwent left atrial appendage (LAA) resection alone for stroke prevention (1 patient); (2) those who did not undergo LAA resection during the surgery (17 patients); (3) who did not have adequate echocardiographic images for analysis. Finally, 128 patients were eligible for final analysis (Figure 1). Eligible patients were divided into 3 groups according to the interquartile range of degree of LAA fibrosis as mild (1st quartile), moderate (2nd and 3rd quartile), or severe (4th quartile).


[image: Figure 1]
FIGURE 1
Study population. AF, atrial fibrillation; LAA, left atrial appendage; TTA, totally thoracoscopic ablation.


The Samsung Medical Center Institutional Review Bord approved the present study (2020-05-146-003).



Thoracoscopic procedures

TTA was a video-assisted thoracoscopic surgical technique without thoracotomy and cardiopulmonary bypass. A bilateral approach was required, and the detailed techniques of TTA were described in our previous report (17). Ablation lines for pulmonary vein isolation were created using an AtriCure Isolator Transpolar Clamp (Atricure, Inc., Cincinnati, Ohio) and the left atrial roof and floor lesions connecting both pulmonary veins were created with a linear pen device (Atricure, Inc., Cincinnati, Ohio). After creating pulmonary vein isolation and box lesions, exit and entrance block test using an AtriCure Cooltip pen (Atricure, Inc., Cincinnati, Ohio) are performed. Next, the ganglionated plexuses were checked and ablated. The ligament of Marshall, which might be a source of adrenergic atrial tachycardia, was always divided and ablated (18). LAA was removed by stapling with an Echelon Flex 60 articulating endoscopic linear stapler (Ethicon Endo-Surgery Inc., Cincinnati, OH, USA).



Postoperative care and endpoint

Patients were monitored in intensive care unit for the first 24 h. Heparin was administered after 2 h postoperatively and conversion to either warfarin or novel oral anticoagulant as soon as possible. Oral amiodarone was prescribed if the heart rate was >80 beats/min with AF rhythm at rest. Patients were followed up at 3, 6, and 12 months, and annually thereafter with 24 h Holter monitoring. Antiarrhythmic drugs were discontinued after 3 months or up to 6 months based on the results of 24 h Holter monitoring. Anticoagulants were also discontinued after 3 months considering the risk of stroke for each patient.

Clinical outcome was recurrent AF or atrial flutter (AFL) detected on electrocardiogram or lasting more than 30 s in 24 h Holter monitoring during the 5 years after TTA. The median follow-up duration of study subjects was 5.0 years.



Histological analysis

We analyzed the pathology of LAA after resection. Portion of each LA tissue (about 2 × 4 mm to 4 × 10 mm) was fixed in 10% buffered formalin and embedded in paraffin (Figure 2). To quantify the extent of atrial fibrosis, sections (5 µm) stained with Picro Sirius red were scanned (×400) and the percentage of fibrosis area was automatically measured using the Image Pro Plus program (Media Cybernetics, Inc., Bethesda, MD). Because automatic measure of myocardial fibrosis tends to overestimate the real pathologic sclerotic tissue, we excluded non-pathologic fibrosis areas such as peri-adventitial, adipose tissue, and tangentially cut subendocardial portions. Average values of 5 random fields from each slide were calculated (19).
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FIGURE 2
Representative histologic images of left atrial appendage fibrosis. Left panel, negative staining for fibrosis; right panel, strong positive staining for fibrosis.




Echocardiography and speckle-tracking imaging

Preoperative comprehensive transthoracic echocardiography was performed with commercially available equipment (Vivid 7, GE Medical Systems, Milwaukee, WI, USA; Acuson 512, Siemens Medical Solution, Mountain View, CA, USA, or; Sonos 5500, Philips Medical System, Andover, MA, USA) according to the practice guideline (20). Left ventricular end-diastolic and end-systolic diameter, and LA diameter were calculated from parasternal long-axis view. Left ventricular ejection fraction were calculated from 2-dimensional recordings using the modified biplane Simpson's method. LA volume was assessed by the modified biplane area-length method and was indexed to body surface area (LA volume index, LAVI). Early diastolic mitral inflow velocity (E) was measured using the pulsed wave Doppler method, by placing the sample volume at the level of the mitral valve leaflet tips. The tissue Doppler-derived early diastolic mitral annular velocity (e′) was measured from the septal corner of the mitral annulus in the apical 4-chamber view. For patients with AF rhythm, the average of 5 consecutive doppler signals was used.

Peak longitudinal LA strain (reservoir strain) was calculated using vender-independent dedicated software (2D cardiac Performance Analysis 1.4, Tomtec Imaging System) according to the current guideline (Supplementary Figure S1) (21). LA endocardial border was automatically traced by the software then was manually adjusted in both apical four- and two-chamber views. Pulmonary veins and LAA orifices were carefully excluded. The regions of interest encompassed endocardial border of the mitral annulus, and the thickness of regions of interest was adjusted to the thinnest part to adapt to the atria. The data were analyzed by two independent echocardiologists blinded to clinical status. All strain values were calculated from cardiac cycle with heart rate less than 110 per minute to avoid inadequate LA emptying or filling. LA stiffness index was defined as E/e′ divided by peak longitudinal LA strain.



Statistical analysis

Continuous variables were presented as mean ± standard deviation or median [interquartile range]. Categorical variables were compared using the chi-square test. Continuous variables were compared using the Student's t test or Mann–Whitney U test as appropriate. Distribution of patients with mild, moderate, and severe LAA fibrosis was assessed according to the median value of LA strain, LA diameter and LAVI, paroxysmal AF, or LA stiffness index in baseline characteristics of the overall population. The incidence of recurrent AF or AFL at 5 years after TTA were estimated using the Kaplan-Meier method. Survival curves were compared with the log-rank test. The best cutoff value of extent of LAA fibrosis to maximize the difference in 5-year recurrence rate was estimated by plotting the standardized log-rank statistic. Association of LAA fibrosis extent with clinical or echocardiographic parameters was analyzed using logistic regression. In multivariable logistic regression analysis, strain-derived indices (LA strain and stiffness index) were not adjusted simultaneously because of multicollinearity. Receiver-operating characteristic analysis was used to find the best cutoff value of echocardiographic parameters for predicting mild LAA fibrosis.

Since the rhythm status during echocardiography may affect LA strain measurements, we conducted a subgroup analysis that included only patients with non-paroxysmal AF. All tests were two-sided, and a p value <0.05 was considered statistically significant. Statistical analysis was performed using R 3.6.2 (R Foundation for Statistical Computing).




Results


Baseline characteristics

Of 128 study subjects, mean age was 54.3 ± 8.8 years, 95.3% were male, and 18.8% had paroxysmal AF (Table 1). The median LA diameter and LAVI was 45.0 mm (40.0‒50.0) and 45.2 ml/m2 [36.4‒54.8], respectively. A median value of LA strain was 15.3% [12.1‒19.2] and a median value of LAA fibrosis extent was 38.6% [33.1‒44.7].


TABLE 1 Baseline characteristics.

[image: Table 1]

Patients were divided into 3 groups according to the interquartile range of degree of LAA fibrosis as mild (1st quartile), moderate (2nd and 3rd quartile), or severe (4th quartile). Peak LA strain and LA stiffness index were significantly different among the 3 groups, but other echocardiographic parameters including LA diameter and LAVI were not. Clinical variables were not significantly different among the 3 groups except for gender.



Clinical outcome according to degree of LAA fibrosis

During the 5-year follow-up period, the risk of recurrent AF or AFL was significantly different according the 3 groups (log rank p = 0.035, Figure 3). The risk of 5-year AF or AFL recurrence was significantly lower in patients with mild LAA fibrosis (23.3%) compared with those with moderate (51.4%, hazard ratio [HR] 2.69; 95% confidence interval [CI] 1.19‒6.12; p = 0.018) and those with severe (53.2%; HR 2.84; 95% CI 1.16‒6.97; p = 0.023) LAA fibrosis.


[image: Figure 3]
FIGURE 3
Five-year incidence of recurrent AF or AFL after thoracoscopic ablation according to degree of fibrosis. The degree of fibrosis was defined as mild (the first quartile), moderate (the second and third quartile), or severe (the fourth quartile). There was a significant difference in the risk of recurrent AF or AFL among the fibrosis group. AF, atrial fibrillation; AFL, atrial flutter; CI, confidence interval; HR, hazard ratio; LAA, left atrial appendage.


The best cutoff value of degree of LAA fibrosis for the risk of 5-year AF or AFL recurrence was 33.6%, which was similar to the definition of mild LAA fibrosis (Supplementary Figure S2).



Prevalence of mild LAA fibrosis according to baseline variables

Figure 4 shows distributions of the 3 fibrosis groups according to the median value of baseline variables. In patients with LA strain ≥15.3%, 40.6% of patients had mild LAA fibrosis, whereas only 9.4% had mild fibrosis in those with LA strain <15.3% (p < 0.001). The proportion of mild LAA fibrosis was not significantly different between LA diameter <45 vs. ≥45 mm, LAVI <45.2 vs. ≥45.2 ml/m2, paroxysmal AF vs. non-paroxysmal AF, or LA stiffness index <0.5%−1 vs. ≥0.5%−1.


[image: Figure 4]
FIGURE 4
Distribution of fibrosis group according to preoperative parameters. The cutoff values were determined as the median of baseline parameters in overall population. (A) LA strain; (B), LA diameter, (C), LA volume index; (D), paroxysmal AF; (E), LA stiffness index. AF, atrial fibrillation; LA, left atrium.




Independent predictor for mild LAA fibrosis

Lower LA strain was the only parameter significantly associated with mild LAA fibrosis in univariable and multivariable analysis (Table 2).


TABLE 2 Variables associated with mild fibrosis of left atrial appendage.

[image: Table 2]

The best cutoff value of LA strain for predicting mild LAA fibrosis was 14.7% with area under the curve of 0.732 (Figure 5). In patients with LA strain ≥14.7%, 40% of patients had mild LAA fibrosis, whereas only 6.9% had mild LAA fibrosis in those with LA strain >14.7% (p = 0.001).
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FIGURE 5
Receiver-operating characteristic analysis for the optimal cutoff value to predict mild LAA fibrosis. LA strain of 14.7% was the best cutoff value for predicting mild LAA fibrosis. LA, left atrium; LAD, left atrial diameter; LAVI, left atrial volume index; NPV, negative predictive value; PPV, positive predictive value.




Subgroup analysis excluding patients with paroxysmal AF

A total of 104 patients with non-paroxysmal AF were included in a subgroup analysis, comprising 24 (23.1%) with mild LAA fibrosis, 56 (53.8%) with moderate LAA fibrosis, and 24 (23.1%) with severe LAA fibrosis. Significant differences were observed in LA strain and LA stiffness index among the three groups (Supplementary Table S1). Of the clinical and echocardiographic variables, only LA strain was significantly associated with mild LAA fibrosis (Supplementary Table S2).




Discussion

The main findings of this study were as follows. First, mild LAA fibrosis was associated with a lower risk of recurrent AF or AFL at 5 years after TTA for AF. However, the risk of recurrent AF or AFL was not significantly different between the moderate and severe LAA fibrosis. Second, LA strain was the only parameter for predicting mild LAA fibrosis invasively assessed, whereas the conventional echocardiographic parameters such as LA diameter and LAVI were not.

Atrial fibrosis is a main pathophysiology that disrupts electrical activity and results in conduction abnormalities (3, 5, 22). In patients with AF, attempts to predict outcomes by quantifying atrial fibrosis have been largely based on MRI. Degree of fibrosis assessed by delayed enhancement MRI is known to be independently associated with arrhythmia recurrence after catheter ablation (9, 10, 23, 24). However, data on the prognosis of rhythm control management in patients with AF based on histologic evaluation are limited. In observational studies analyzing surgical specimens, advanced LA fibrosis was related with an unsuccessful maze operation (7) or a reduced recovery of atrial mechanical contraction (19). Recently, TTA has been highlighted with minimal invasiveness and favorable outcomes (25–27) because traditional maze procedure is highly invasive in patients not planned for cardiac surgery. Ma et al. reported that the degree of LAA fibrosis was an independent predictor of 5-year recurrence rate after TTA (28). In our study, only mild LAA fibrosis was significantly associated with a lower recurrence rate compared with severe fibrosis, but moderate fibrosis was not. The different findings between the 2 TTA studies may be due to patients' characteristics. Our study patients had more advanced AF, such as larger LA diameter, higher prevalence of persistent AF and history of previous catheter ablation, and higher recurrence rate compared with the study by Ma et al. Our finding suggests that more complex or enhanced therapeutic strategies may be needed to prevent AF recurrence in patients with advanced atrial fibrosis (10).

Limited data are available on the relationship between echocardiographic parameters and degree of fibrosis determined by histopathology in patients with AF. In this issue, LA strain has emerged as a potential parameter representing atrial function and remodeling. In patients undergoing mitral valve surgery, LA strain was independently correlated with the degree of LA fibrosis (13, 29). In these studies, however, all patients had either severe mitral stenosis or mitral regurgitation resulting in chronic pressure or volume overload on LA, and a large number of patients had no AF. A recent study reported that LA strain had a good correlation with degree of LA fibrosis, but the results were derived from patients with advanced heart failure undergoing heart transplantation (14). In our study, LA strain was an independent predictor of mild LAA fibrosis that was related with favorable outcome after TTA. Patients with LA strain ≥15.3%, comped with those with LA strain <15.3%, had a 4-fold higher prevalence of mild LAA fibrosis. Whereas classic indices such as LA diameter, LAVI, E/e′, or paroxysmal AF were not associated with the degree of LAA fibrosis. In line with previous studies, our study suggests that in patients with lone AF, LA fibrosis cannot be predicted by classic morphologic parameters, while LA strain predicts the atrial fibrosis and provides prognostic information. However, it should be noted that these findings were derived from patients undergoing TTA Therefore, it is necessary to verify the clinical implications of LA strain in a wider population of individuals with AF. The absence of a significant difference in fibrosis degree between patients with lower and higher LA stiffness index may be attributed to the lack of a significant difference in E/e′ values among the mild, moderate, and severe fibrosis groups. This could have resulted in a dilution of the difference in LA strain, leading to our observed findings.

Several factors may influence LA strain measurements, such as the patient's rhythm status during measurements or prior radiofrequency catheter ablation. However, we observed a consistent association between higher LA strain and less LAA fibrosis after excluding patients with paroxysmal AF. Given that one of the indications of thoracoscopic surgical ablation is for patients who have failed percutaneous AF ablation (30), a history of prior radiofrequency ablation is relatively common in TTA candidates. In a meta-analysis of TTA, 52.9% of patients had a history of one or more failed catheter ablation (31). Therefore, the prevalence of prior radiofrequency catheter ablation of 15.6% in our study is not particularly high for use of LA strain in this population. In fact, out of 108 patients without previous RFCA, those with mild, moderate, and severe LAA fibrosis had median LA strain values of 18.7% [15.8–20.9], 15.6% [13.1–19.2], and 10.7% [9.6–13.8], respectively (p < 0.001).

Whether the LAA fibrosis is representative of LA fibrosis is a separate issue. A previous autopsy study found similar degrees of fibrosis in different locations of the LA in patients with AF (32). Moreover, a study using high-density bipolar voltage mapping suggested that voltage reduction in the LA is a diffuse process associated with fibrosis, indicating that AF-related structural remodeling is widespread (33). Our study revealed a significant association between mild LAA fibrosis and a reduced risk of AF recurrence after TTA, which could be predicted by LA strain, a surrogate for LA remodeling. These findings suggest that LAA fibrosis may serve as a marker for whole LA remodeling in patients with AF, which is consistent with previous studies.

Our study had several limitations. First, this was a single-center retrospective study. Characteristics of patients and experience with TTA might be different by centers. Second, the best cutoff value or predictive power of LA strain might be different by image quality of echocardiography, experience for delineation of region of interests, or speckle-tracking software (21). Third, the present findings were derived from limited population who underwent TTA. However, the relationship between preoperative LA strain and degree of fibrosis would not be influenced by treatment modality. In addition, although data are limited, studies on Maze procedure also have suggested the degree of atrial fibrosis as a prognostic factor after AF ablation. Last, as this study was observational, it may not have had sufficient statistical power to evaluate the predictive value of several echocardiographic variables, such as LA diameter and LA volume index, on LAA fibrosis. However, our findings suggest that patients with LA enlargement did not have more fibrosis than those without LA enlargement, either numerically or statistically.

The strength of our study is that it directly compared noninvasive parameters with histologically confirmed atrial fibrosis in patients with AF and provides prognostic implications of atrial fibrosis and LA strain in rhythm control management. Future large-scale studies are needed to confirm the current findings.



Conclusions

In patients with AF, mild LAA fibrosis was associated with a lower risk of 5-year AF recurrence after TTA. LA strain was the only predictor of mild LAA fibrosis that reflects a lower risk of 5-year AF recurrence.
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Background: Highly localized impedance (LI) measurements during atrial fibrillation (AF) ablation have the potential to act as a reliable predictor of the durability of the lesions created.



Objective: We aimed to collect data on the procedural parameters affecting LI-guided ablation in a large multicenter registry.



Methods: A total of 212 consecutive patients enrolled in the CHARISMA registry and undergoing their first pulmonary vein (PV) isolation for paroxysmal and persistent AF were included.



Results: In all, 13,891 radiofrequency (RF) applications of ≥3 s duration were assessed. The first-pass PV isolation rate was 93.3%. A total of 80 PV gaps were detected. At successful ablation spots, baseline LI and absolute LI drop were larger than at PV gap spots (161.4 ± 19 Ω vs. 153.0 ± 13 Ω, p < 0.0001 for baseline LI; 22.1 ± 9 Ω vs. 14.4 ± 5 Ω, p < 0.0001 for LI drop). On the basis of Receiver operating characteristic curve analysis, the ideal LI drop, which predicted successful ablation, was >21 Ω at anterior sites and >18 Ω at posterior sites. There was a non-linear association between the magnitude of LI drop and contact-force (CF) (r = 0.14, 95% CI: 0.13–0.16, p < 0.0001) whereas both CF and LI drop were inversely related with delivery time (DT) (−0.22, −0.23 to −0.20, p < 0.0001 for CF; −0.27, −0.29 to −0.26, p < 0.0001 for LI drop).



Conclusion: An LI drop >21 Ω at anterior sites and >18 Ω at posterior sites predicts successful ablation. A higher CF was associated with an increased likelihood of ideal LI drop. The combination of good CF and adequate LI drop allows a significant reduction in RF DT.



Clinical trial registration: http://clinicaltrials.gov/, identifier: NCT03793998.
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Introduction

Pulmonary vein (PV) isolation is the cornerstone of atrial fibrillation ablation (AF). The likelihood of obtaining permanent PV isolation is related to the quality of ablation energy delivery and lesion formation. With radiofrequency (RF) energy, it is known that catheter stability, contact force (CF), power output, temperature and duration affect the size and transmurality of the lesion created (1). Generator impedance (GI) drop, defined as the difference between the minimum impedance value during RF application and the baseline impedance, encompasses the effects of several of these parameters, and has, indeed, been used as a surrogate of ablation efficacy (2–5). Recently, new ablation catheters have enabled the possibility to measure highly localized impedance (LI) during AF ablation: this innovative real-time measurement has the potential to act as viable indicator of tissue characteristics and a reliable predictor of the durability of the lesions created (6–9).

The aim of the present study was to collect data on all contact force local impedance technology parameters in a large, international, multicenter registry on AF ablation, in order to assess their relationships with effective PV isolation.



Methods


Patient population and study design

CHARISMA is a prospective, multicenter cohort study designed to collect data on clinical practice concerning the ablation approach to 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. From June 2021 to June 2022, 212 consecutive patients referred for paroxysmal and persistent AF ablation and undergoing their first high-resolution mapping and ablation procedure with a novel CF- and LI-featured catheter in 16 European centers were included. Of these, twenty cases (out of 45) with complete information were analyzed from our previous pilot study (9). All patients were followed up at the same hospital, from the time of first ablation to the last follow-up visit.



Ablation procedure

The ablation procedure was adapted on our pilot experience in order to standardize each operator's approach (9). Briefly, all procedures were performed under conscious sedation or general anesthesia. Vitamin K antagonist treatment was not interrupted, while non-vitamin K anticoagulants were withheld on the morning of the procedure. A decapolar catheter was used to cannulate the coronary sinus. After single or double transseptal punctures under fluoroscopic guidance, intravenous unfractionated heparin boluses were administered, in order to maintain an activated clotting time of >300 s. The basket mapping catheter (Orion™, Boston Scientific, Marlborough, MA, USA) and the ablation catheter (Stablepoint™ catheter, Boston Scientific, Marlborough, MA, USA) were then inserted. A standard, steerable (i.e., Agilis®, Abbott) or non-steerable sheath was used. The Orion™ catheter was used in combination with the Rhythmia™ HDx mapping system (Rhythmia™, Boston Scientific, Marlborough, MA, USA) to create a 3-dimensional electro-anatomical voltage and activation map of the left atrium. Mapping and ablation were primarily carried out in sinus rhythm; in patients in AF, electrical cardioversion was attempted in order to restore sinus rhythm, at the beginning of the procedure and before re-mapping. Point-by-point RF delivery was performed in such a way as to create contiguous ablation spots encircling the PVs. CF settings were at the individual operator's discretion, within the range of 5–40 g. Ablation was guided by the magnitude and time course of the impedance drop during RF delivery. RF applications were targeted to a minimum LI drop of 15 Ω within 15 s and were stopped when a maximum cutoff LI drop of ≥40 Ω was observed. On the basis of previous experimental data, the general indication was to reach an LI drop of 20–30 Ω (10). Radiofrequency energy was applied in the power-controlled mode (45–50 W) with a temperature limit of 43°C. The irrigation rate, with normal saline solution (NaCl 0.9%), was 30 ml/min during applications and 2 ml/min during mapping. The recommended maximum distance between adjacent ablation spots (center-to-center) was ≤6 mm. The ablation points were marked automatically with 6-mm diameter and numbered by means of AutoTags™. The baseline LI, LI drop and percentage LI drop during RF were recorded. The endpoint of ablation was PV isolation, as assessed on the basis of entry and exit block by means of the 64-pole Orion™ catheter placed sequentially in each PV. In the absence of first-pass PV isolation (i.e., no isolation upon complete encirclement of ipsilateral veins), PV isolation was accomplished by means of additional RF applications at the investigator's discretion.



Local impedance

A 3-electrode method with separate circuits for field creation and measurement was used to measure LI. As described elsewhere, non-stimulatory alternating current was delivered between the tip electrode and the proximal ring; voltage was passively measured between the tip electrode and the distal ring (11). As the study catheter does not have mini-electrodes, the resulting voltage was measured from the catheter tip. Impedance was calculated by dividing the voltage by the stimulatory current. In a pilot study, we defined a standardized approach to record and analyze local impedance information (9). Briefly, to measure the baseline reference impedance of the blood pool, once the reference map had been completed, the ablation catheter was positioned in the blood pool for 10 s, and the value was calculated when no EGM recordings from the ablation catheter were present. Baseline tissue impedance and impedance drop for each ablation lesion were measured. To analyze the impedance information, the isolation line around each pair of PVs was divided into seven distinct sections, in accordance with previous literature (12). RF current applications were then retrospectively analyzed. All numbered AutoTagTM points were exported from the system for off-line analysis.



Contact force

The ablation catheter used in the current study, in addition to measuring LI from a local electric field generated at the tip of the catheter, has the ability to monitor real-time CF. The force applied to the tip electrodes is transferred to inductive sensors via a spring. The signal change measured by the inductive sensors is then converted to a 3-dimensional force vector by means of known spring dynamics. The target CF was 5–40 g, at the operator's discretion. The following data on each first-pass ablation point were collected: power, minimum CF, maximum CF and mean CF. In addition, the CF range during the applications was calculated by subtracting the minimum CF from the maximum CF at the ablation point.



Statistical analysis

Continuous data are expressed as mean ± standard deviation or median values with interquartile range, as appropriate, for all the variables. Continuous variables were compared by means of Student's t-test, analysis of variance, or non-parametric test (median test or Mann–Whitney U-test), as appropriate. Categorical data were compared by means of the v2 test (Pearson, Yates or Fisher's exact test, as appropriate). To determine relationships among CF, RF DT and LI drop a linear regression analysis was applied. Logistic regression was performed to determine the parameters associated with successful applications (i.e., first-pass isolation). A probability value of p less than 0.05 was considered statistically significant. To determine the ideal LI drop, able to distinguish acutely successful ablation applications from ineffective ones, a receiver-operator characteristic (ROC) curve was constructed. Youden's index was used to determine the optimal LI drop cutoff value. All statistical analyses were performed by means of STATISTICA software, version 7.1 (StatSoft, Inc., Tulsa, OK).




Results


Study population and procedural parameters

Patient characteristics and procedural data are summarized in Table 1. Briefly, 130 (61.3%) patients had paroxysmal and 82 (38.7%) persistent AF. Most patients were men (n = 146, 68.9%) and the mean age was 61 ± 10 years. The mean procedure duration and fluoroscopy times were 115 ± 41 and 10 ± 7 min, respectively. A total of 15,599 RF applications were delivered, with a mean number of 68 ± 23 ablation spots, during a mean RF duration time of 9.2 ± 4 s, without any steam popping. No case of tamponade, stroke or esophageal fistula occurred.


TABLE 1 Clinical characteristics of the study population.
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Local tissue impedance values

A total of 13,891 (89.5%) high-quality RF applications of ≥3 s duration around PVs were assessed. LI prior to ablation was 161.2 ± 19 Ω (139.2 ± 15 Ω after ablation, p < 0.0001), the absolute LI drop was 21.9 ± 9 Ω (LI drop rate of 3.2 ± 2 Ω/s) and the percentage LI drop was 13.5 ± 5%. The majority (n = 10,266, 74%) of RF applications resulted in an LI drop greater than 15 Ω within 15 s, and in about half of the applications (n = 7,742, 56%) it was achieved within 10 s. Both the magnitude of the impedance drop and the LI drop rate were predicted by baseline LI [correlation coefficient r 0.56, confidence interval (CI): 0.55–0.57 for absolute LI drop, p < 0.0001; r = 0.55, 95% CI: 0.53–0.56, p < 0.0001 for LI drop rate, p < 0.0001]. Of the 13,891 RF applications, 7,421 (53.4%) were to the right PVs and 6,470 (46.6%) to the left PVs. Key parameters were also stratified by left atrial anatomical region. Baseline impedance was homogenous between anterior and posterior sites (161.1 ± 19 Ω at anterior vs. 161.3 ± 18 Ω at posterior sites, p = 0.8472) whereas other parameters differed: LI drops were greater (23.0 ± 8 Ω vs. 20.4 ± 9 Ω, p < 0.0001), percentages of LI drop were higher (14.1 ± 4% vs. 12.5 ± 4%, p < 0.0001), RF delivery times were longer (9.7 ± 4 s vs. 8.9 ± 4 s, p < 0.0001) and CF values were lower (11.8 ± 7 g vs. 13.0 ± 7 g, p < 0.0001) at anterior sites than at posterior sites. Details of RF application CF values, LI drops, percentages of LI drop and RF delivery times, according to anatomical location, are reported in Figure 1.
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FIGURE 1
Procedural parameters according to ablation site (anterior vs. posterior).




First-pass isolation and location of PV gaps

The first-pass PV isolation rate per vein was 93.3% [in 180 out of 212 (84.9%) patients]. A total of 80 PV gaps were detected, mostly at the right PVs (63.7%, p = 0.013). PV gaps were located at anterior (n = 25, 31.3%), posterior (n = 25, 31.3%), carina (n = 16, 20%), superior (n = 8, 10%) and inferior (n = 6, 7.5%) sites, respectively. Details of the distribution of the PV gaps are depicted in Figure 2. At successful ablation spots, baseline LI, absolute LI drop and percentage of LI drop were greater than at PV gap spots (161.4 ± 19 Ω vs. 153.0 ± 13 Ω, p < 0.0001 for baseline LI; 22.1 ± 9 Ω vs. 14.4 ± 5 Ω, p < 0.0001 for LI drop and 13.5 ± 5% vs. 9.4 ± 3%, p < 0.0001 for percentage LI drop), whereas RF delivery time was shorter (9.1 ± 4 at successful ablation spots vs. 10.1 ± 4 s at PV gap spots, p < 0.0001). CF values were higher at successful ablation spots than at PV gap spots (12.5 ± 7 g vs. 11.4 ± 6 g, p = 0.0592) (Figure 3). On the basis of ROC analysis, the ideal LI drop, able to predict a successful ablation spot, was >20 Ω (Sensitivity = 56.8%, Specificity = 93.2%, PPV = 99.7%, Area under the ROC curve = 0.7841, p < 0.0001). Optimal LI drops were also identified for each left atrial anatomical region, being >21 Ω (60.2%, 93.5%, 99.8%, 0.8066, p < 0.0001) for anterior sites and >18 Ω (55.9%, 86.3%, 99.4%, 0.7368, p < 0.0001) for posterior sites. In terms of percentage LI drop, the ideal cut-off point was >12.5% (58.9%, 87.7%, 99.5%, 0.7782, p < 0.0001): > 14% (67.3%, 80.5%, 99.4%, 0.7949, p < 0.0001) for anterior sites and >12% (52.6%, 84.2%, 99.2%, 0.7315, p < 0.0001) for posterior sites. Logistic regression analysis was performed by setting successful lesions as the outcome. Every 5-point increment in LI drop was associated with successful ablation, with an OR of 2.03 (95% CI: 1.9–2.2, p < 0.0001; details are reported in Table 2). No steam pops or complications were reported during the procedures. At the end of the procedures, all PVs had been successfully isolated in all patients.


[image: Figure 2]
FIGURE 2
Distribution of PV gaps in patients without first-pass isolation.



[image: Figure 3]
FIGURE 3
Procedural parameters at successful ablation spots and PV gaps (first-pass isolation sites vs. PV gap sites). FPI, first-pass isolation; FPNA, first-pass isolation not achieved.



TABLE 2 Logistic regression analysis by setting successful lesions as the outcome.

[image: Table 2]



Correlation between local impedance and key procedural parameters

The mean RF delivery time was 9.2 ± 4 s (median RF delivery time of 8.3 [6.0–11.8] s) and the mean CF was 12.5 ± 7 g (median CF of 10.5 [7.5–15.1] g). The higher the baseline LI was, the shorter the RF ablation time to the target drop was (r = −0.33, 95% CI: −0.34 to −0.31, p < 0.0001). Increasing CF showed a trend towards lower baseline LI (r = 0.02, 95% CI: 0.01–0.04, p = 0.0045). A non-linear association, with a weak correlation, emerged between the magnitude of LI drop and CF (r = 0.14, 95% CI: 0.13–0.16, p < 0.0001) whereas both CF and LI drop were inversely related to DT (r = −0.22, 95% CI: −0.23 to −0.20, p < 0.0001 for CF; r = −0.27, 95% CI: −0.29 to −0.26, p < 0.0001 for LI drop) (Figure 4). Details of the relationships among LI drop, CF and DT values, stratified by different intervals, are reported in Supplementary Figures S1, S2.


[image: Figure 4]
FIGURE 4
Correlation between key procedural parameters. Radar plots (on the left) showing the relationship between RF delivery time and CF values according to different degrees of LI drop (A); RF delivery time and LI drop values according to different degrees of CF (B); and LI drop and CF values according to different degrees of RF delivery time (C). Details of relationships among the three key parameters (on the right): RF delivery time and LI drop according to different levels of CF (A); RF delivery time and CF according to different degrees of LI drop (B); and CF and LI drop according to different values of RF delivery time (C).





Discussion


Main findings

In this multicenter prospective study, PV isolation by means of an ablation catheter with integrated CF- and LI-sensing capabilities was achieved in all patients, causing no steam pops or major complications. An LI drop >21 Ω at anterior and >18 Ω at posterior anatomical sites predicted an acutely successful application. A higher CF was associated with an increased likelihood of optimal LI drop. Combining good CF with an adequate LI drop enabled RF delivery time to be reduced.



The importance of a durable, transmural lesion

While several ablation approaches have been proposed, PV and/or PV antrum isolation remains the cornerstone of AF ablation. Although procedural success is achieved in almost all patients, the arrhythmia may recur, mainly owing to the lack of permanent, transmural electrical isolation of the PVs. Thus, the creation of high-quality lesions should improve the clinical outcome of AF ablation; for this reason, optimizing the available technology has been a constant challenge in catheter ablation.



Ablation guided by local impedance

In previous studies, GI has proved to be related to RF-induced lesion dimension (3, 13), and an impedance fall ≥10 Ω is usually considered a marker of adequate lesion formation. LI measurement has the potential to increase the accuracy of lesion characterization and improve the outcome of RF ablations (14) by acting as a viable real-time indicator of tissue characteristics and predicting the durability of the lesions created (6–9). Previous studies (6–8) have demonstrated that: (1) LI is related to local tissue voltage and is higher in high-voltage areas; (2) the higher the basal LI value, the greater the LI drop during ablation; (3) the magnitude of the LI drop is proportional to the likelihood of achieving effective ablation; (4) an LI-guided ablation strategy presents a 100% rate of acute procedural effectiveness, without major complications, and, in a mixed population of paroxysmal and persistent AF patients, the AT/AF recurrence-free rate without a blanking period reaches >88% at 12 months. The additional value of LI may lie in the 4 times greater working range of LI, which allow a more precise titration of energy delivery (10) than generator impedance, especially during high power application when tissue heating occurs rapidly.



Ablation guided by contact force and local impedance

The new Stablepoint™ ablation catheter can record LI together with CF, thereby allowing both mechanical contact and electrical coupling to be evaluated and enabling safe and effective lesions to be created (9). In our study, CF greater than 25 g between the catheter tip and the tissue did not have a major impact on LI drop. In addition, the overall data on the initial LI, LI drop and percentage LI drop were significantly higher in the success tags than in the failure tags. With the Stablepoint™ catheter, the optimal LI cut-off values seem to be higher than those obtained with other ablation catheters, such as the IntellaNav MiFi OI catheter (Boston Scientific, Marlborough, MA, USA). With this latter ablation catheter, Das et al. (7) reported that the optimal LI cut-off value was 16.1 Ω (PPV for block: 96.3%) for anterior/roof segments and 12.3 Ω (PPV for block: 98.1%) for posterior/inferior segments. In a pilot study involving 8 patients with paroxysmal or persistent AF, Szegedi et al. (15) demonstrated for the first time that measuring LI by means of the StablepointTM catheter could predict optimal lesion formation. A local impedance drop >21.80 Ω on the anterior wall and >18.30 Ω on the posterior wall significantly increased the probability of creating a successful lesion. Similarly, in an LI-blind prospective study, Fukaya et al. (16) found that an insufficient LI drop, as measured by the Stablepoint™ catheter, was associated with gap formation during PVI, and that the best cutoff values for the LI drop and percentage LI drop were 20.0 Ω and 11.6%, respectively. In the present, large, multicenter study, our analysis of 13,891 ablation points confirmed these data and suggested new ideal LI drops of >21 Ω for the anterior and >18 Ω for the posterior left atrium. A non-linear association, with a weak correlation, emerged between the magnitude of LI drop and CF, therefore higher the CF at posterior sites did not translate into higher LI drop. LI is a direct measure of the resistive load at the catheter–tissue interface and, therefore, how the subsequent RF application is capable of creating significant resistive heating. It is well recognized that there are markedly different wall thicknesses in different regions of the LA, with thicker tissue present anteriorly, particularly at the left pulmonary vein/LA appendage ridge, and thinner tissue in the posterior region (7) and underlying tissue thickness could be a driver of the LI drop.



Efficiency in radiofrequency AF ablation

The right combination between local impedance and contact force may make the AF ablation procedure more efficient. When dealing with a very well-established procedure such as PVI, and in competition with single-shot and established RF energy delivery techniques, procedural efficiency, such as first-pass PVI, is very important. The CF information facilitated better tissue contact for each RF lesion, and the Directsense™ local impedance information through the DirectsenseTM technology allowed precise titration of RF to the underlying tissue with energy tailored to the evolving effects in real time. This ensures first-pass isolation of both vein pairs, thereby greatly reducing RF time. The proposed approach results in a very high rate of first-past isolation, despite the delivery of a small amount of RF. Taraji et al. (17) described an ablation protocol (CLOSE) that respected strict criteria for lesion depth and contiguity using predefined ablation index cut-offs of 400 at the posterior wall and 550 at the anterior wall. This strategy resulted in a high rate of acute PV isolation and a low recurrence rate. In addition, a recent large multicenter study that systematically employed the CLOSE protocol reported a first-pass PV isolation rate of 82.4% (18). The results of the present study are comparable in terms of acute PV isolation. However, the RF required in order to achieve these results was significantly lower. Indeed, the mean RF delivery time was 6 ± 2 and 5 ± 2 min (for right and left PV, respectively) compared with 16 ± 4 and 18 ± 6 min in the CLOSE study, and the mean total RF time was 11 ± 4 min, compared with 35.2 ± 11.1 in the VISTAX trial. Although caution is mandatory when comparing different technologies, the low values of RF needed to isolate the PVs probably stem from the efficiency of the proposed method, which uses a multiparametric approach to guide PV isolation. Moreover, the high power setting applied (≥ 45 W) increased procedural efficiency in comparison with our previous experience (6, 8) with an LI-guided approach through the IntellaNav MiFi OI catheter (35 W), in that the average RF delivery time was reduced to a third (9.2 ± 4 s vs. 31 ± 23 s). Although Ablation Index, Force-Time-Integral, and Lesion Size Index have contributed to improving the quality of PVI, a major limitation is that they do not consider tissue information. Beyond the ablation index-guided approach, which includes catheter-tip to tissue contact force, power and ablation duration, AF patients may benefit from further personalized ablation strategies. Apart from local impedance, adapting the ablation index to the left atrial wall thickness may also allow lower RF delivery, less fluoroscopy and shorter procedure times, while yielding a high rate of AF-free survival, as demonstrated by Teres et al. (19).



Multiparametric approach to guide pulmonary vein isolation

In a national pilot study (9) we demonstrated that CF significantly impacts on effective lesion formation during RF PVI and the benefit of higher than 25 g contact between the catheter and the tissue appears to have less impact on LI drop (9). LI values that we used were empirically chosen and, due to the number (n = 45) of cases evaluated, we were unpowered to carry out advanced analyses, such as first pass isolation and regional ablation target. With our current large, international analysis of consecutive de novo AF cases, we demonstrated that an ablation strategy guided by LI and CF information results in a very high first pass isolation rate and LI drop is predictive of PV segment isolation. On the basis of the present findings and those of previous studies on LI technology (6–11), a multiparametric approach based on LI and CF measurements seems highly efficient in guiding effective PV isolation. Before starting RF delivery, we should search for adequate electromechanical coupling, aiming to obtain a minimum CF ≥ 5 g and a minimum baseline LI ≥ 100 Ω. RF energy is then applied in the power-controlled mode (45–50 W) with a temperature limit of 43°C, the aim being to achieve an LI drop of >21 Ω on the anterior and >18 Ω on the posterior wall within 10 s. RF delivery time seems to contribute more than CF in resulting LI drop thus, only in the event of failure to achieve the target LI drop, CF may be increased up to a value of 25 g.



Limitations

This study had some limitations. Firstly, it was non-randomized. No deviation from the clinical practice of each center and operator was required. Although all patients underwent the same ablation protocol, some aspects, such as pre-procedural imaging and oral anticoagulant management, were not standardized. However, this observational prospective study may provide a representative image of the real-life scenario regarding the use of CF-LI technology in AF ablation. Secondly, esophageal temperature monitoring was not performed. However, no steam pops or major complications, including atrio-esophageal fistula or tamponade, occurred during or after the procedures. We cannot compare contact-force LI sensing with other technologies since different catheter types, measurements from different methods (e.g., generator impedance vs. local impedance) and proprietary software (e.g., DirectSense), may lead to different results. Lastly, we evaluated the impact of CF and LI on acute PV isolation. No data are as yet available on its impact on the medium- and long-term outcome.




Conclusion

On the basis of the present multicenter prospective study of AF patients undergoing transcatheter ablation by means of a catheter with CF- and LI-measurement capability, an LI drop >21 Ω on the anterior and >18 Ω on the posterior left atrial wall predicts the achievement of first-pass PV isolation. A higher CF was associated with an increased likelihood of ideal LI drop. Combining good CF with an adequate LI drop allows RF delivery time to be significantly reduced.
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Aims: Supraventricular tachycardias may trigger atrial fibrillation (AF). The aim of the study was to evaluate the prevalence of supraventricular tachycardia (SVT) inducibility in patients referred for AF ablation and to evaluate the effects of SVT ablation on AF recurrences.



Methods and results: 249 patients (mean age: 54 ± 14 years) referred for paroxysmal AF ablation were studied. In all patients, only AF relapses had been documented in the clinical history. 47 patients (19%; mean age: 42 ± 11 years) had inducible SVT during the electrophysiological study and underwent an ablation targeted only at SVT suppression. Ablation was successful in all 47 patients. The ablative procedures were: 11 slow-pathway ablations for atrioventricular nodal re-entrant tachycardia; 6 concealed accessory pathway ablations for atrioventricular re-entrant tachycardia; 17 focal ectopic atrial tachycardia ablations; 13 with only one arrhythmogenic pulmonary vein. No recurrences of SVT were observed during the follow-up (32 ± 18 months). 4 patients (8.5%) showed recurrence of at least one episode of AF. Patients with inducible SVT had less structural heart disease and were younger than those without inducible SVT.



Conclusion: A significant proportion of candidates for AF ablation are inducible for an SVT. SVT ablation showed a preventive effect on AF recurrences. Those patients should be selected for simpler ablation procedures tailored only to the triggering arrhythmia suppression.



KEYWORDS
atrial fibrillation ablation, tailored approach, supraventricular tachycardia, PVI catheter ablation, PVI only





Introduction

Atrial fibrillation (AF) is a disease with several possible pathogenetic mechanisms, which are partially explained by the knowledge available today (1). In most cases, the trigger factor is given by the foci in the pulmonary veins (2) but in other cases, other anatomical structures or arrhythmic conditions may act as trigger (3–5). These pathophysiological notions are in contrast with the classification of atrial fibrillation, which continues to be merely temporal (first diagnosis, paroxysmal, persistent, long-standing persistent). Certainly, we can say that the weight of triggers in paroxysmal AF is more important than in persistent/permanent; on the other side, the role of the substrate is more critical in permanent/persistent AF than in paroxysmal (1). However, this cannot be established a priori without proper clinical and instrumental investigation, both non-invasive (through echocardiography, stress tests, 24-hour Holter-ECG recording and loop recorder) and invasive (electrophysiological study).

From these considerations, it seems logical and well-founded that there is no unique type of ablative treatment valid for any patient with AF, conversely, a tailor-made treatment could simplify the ablative treatment of patients with AF while ensuring a reduction in risk complications and a lower relapse rate (6). Indeed, it has been shown that a small but not negligible proportion of patients with atrial fibrillation have a concomitant supraventricular tachycardia (SVT) that acts as a trigger factor for atrial fibrillation, and these patients may benefit from a simpler ablative approach targeted only at the underlying arrhythmia elimination, without any other extra lesion (7). Ensure this tailored ablative approach is clearly the key role of a deep preliminary investigation of each patient to search for a trigger and easily-eliminable arrhythmia.



Methods


Study population

The study enrolled consecutive 249 patients [204 (81.9%) males] referred to Casilino Polyclinic from 2016 to 2018 for catheter ablation of paroxysmal AF with no previous documentation of synchronized SVT. In particular, the patients had recurrent episodes of paroxysmal atrial fibrillation despite antiarrhythmic therapy. The mean age of the patients was 54 ± 14 years old. Risk conditions for heart disease [hypertension, coronary artery disease (CAD), hypercholesterolemia, diabetes] were investigated for all patients by taking a medical history, cardiologic examination, and non-invasive instrumental tests (ECG and echocardiography). Specifically, were found 33 patients to be suffering from CAD (13%), 127 hypertensive (51%), 52 had hypercholesterolemia (21%), and 32 diabetics (13%). 57 patients (23%) had no heart disease (defined by the absence of CAD, valvular diseases and cardiomyopathies). ECG documented 27 (11%) atrioventricular conduction disorders, 22 (9%) left bundle branch blocks, and 52 (21%) right bundle branch blocks. Finally, echocardiography documented a mean ejection fraction (EF) value of 54.7%, a mean septal thickness of 10.8 mm, and a mean left atrium volume of 24.3 ml/m2. Ongoing antiarrhythmic therapy in the study population included drugs such as amiodarone, flecainide, propafenone, sotalol, beta-blockers, verapamil, and digoxin. The most widely used were beta-blockers (137, 55%), amiodarone (92, 37%), and flecainide (77, 31%). Patients were examined with electrocardiographic recordings, and if the presence of a synchronized trigger was suspected by the clinic, 24-hour ECG Holter recordings or implantable loop recorder were performed. Then, if triggers were detected, trigger-directed procedures were scheduled and they were not included in the study. While not the primary focus of the study, a comparison with a control group of paroxysmal AF patients treated in other centers (2016–2018) with a PVI-only approach was made and was resumed in Table 1.


TABLE 1 Clinical differences between study patients and control group.
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Electrophysiological study and ablation procedure

Any antiarrhythmic drugs were stopped for at least 5 half-lives before the procedure (for amiodarone at least 1 month before). Patients signed informed consent before undergoing the EPS and subsequent procedures; the procedure was conducted under local anesthesia and also mild sedation when required. If AF was present at the time of the EPS, electrical cardioversion was operated. If there was a recurrence of AF after 3 shocks, the study was stopped. Fortunately, this eventuality never occurred. To conduct the EPS, 3 femoral venous accesses, generally, 2 right and 1 left, were taken in the patient prepared however for AF ablation. A diagnostic decapolar catheter and a mapping/ablator catheter were deployed. The decapolar catheter was placed in the coronary sinus and the mapping catheter in the region of the para-hissian region in order to versatility manage atrial and ventricular pacing maneuvers, alternatively. Basal AH and HV intervals were recorded. Ventriculo-atrial retro-conduction was assessed with ventricular programmed stimulation in order to search for concealed accessory pathways. Atrial incremental pacing and programmed stimulation (up to three extra stimuli) were carried out in order to assess nodal-hissian antegrade conduction properties, and SVT inducibility, also by adrenergic activation with isoproterenol (with 0.5–4 μg/min dose to increase the rate of sinus rhythm by 25% compared to pre-administration). The mean procedural time for EPS was 5 min. If the trigger was identified, ablation of the trigger alone was performed; if the trigger remained undetermined, transcatheter ablation for pulmonary vein isolation (PVI) was performed. All PVIs (even in the control group with PVI-only standard approach) were performed using CARTO® V3 software with a PentaRay™ mapping catheter, a SmartTouch™ ablation catheter in a power-controlled mode (30–35 Watts) and Ablation Index module (450 in left atrium anterior wall and 330 in left atrium posterior wall, interlinear distance <6 mm) as described in other papers (8–10). Atrioventricular nodal re-entrant tachycardias (AVRNT) were treated with the slow-pathway ablation using a 4-mm, large, curved, nonirrigated ablation catheter (Blazer; Boston Scientific, Natick, MA, USA) set in the temperature-controlled mode (50 W–60°C, at least 60 s in junctional rhythm point without VA block). Atrioventricular re-entrant tachycardias (AVRT) were treated with accessory pathway ablation using non irrigated ablation catheter (Blazer) or irrigated ablation catheter (SmartTouch™) according to the judgment of the operator and based on the location (at least 60 s after accessory pathway elimination). Focal ectopic atrial tachycardias (FAT) were located initially using Kistler's electrocardiographic criteria (11) and subsequently confirmed by electroanatomical mapping during tachycardia and subsequently treated using irrigated ablation catheter (SmartTouch™) and ablation index settings as previously reported for PVI (8–10). In this group only sustained FAT were considered clinically relevant and subsequently mapped and treated.



Follow-up

For all patients, anti-arrhythmic therapy was discontinued after the index ablation. Telemedicine was used for remote follow-up: in particular, by trans-telephonic ECG monitoring for 1 month after the procedure, recordings were taken twice daily and in any case of symptoms. Clinical evaluation, associated each time with a previous 12-lead ECG and 24-h ECG Holter, was performed at 3–6–12–24–48 months. Patients were educated to contact the Clinic if any symptoms appeared in order to add an extra visit.



Statistical analysis

Statistical analysis was performed using SPSS statistical software (version 15.00, Chicago, IL, USA). Continuous variables were presented as means ± SD and categorical values as frequencies (%). The association between categorical variables was evaluated using Fisher's exact test. Differences in continuous variables were determined for statistical significance using independent samples of t-test or Mann–Whitney test. Statistical significance was defined as a two-sided probability value <0.01.




Results


Findings about clinical differences between patients with and without documented trigger

The EPS demonstrated the presence of a documentable trigger factor in 47 patients (18.8%) and therefore they were treated with an ablation procedure only directed to eliminate that form of SVT. The trigger was not documented in 202 patients (81.2%), who were treated with transcatheter PVI.

As shown in Table 2, patients with documented triggers were significantly younger, while the prevalence of males (however, more represented in our study) was more marked in the group without triggers. Regarding cardiovascular risk factors and the presence of heart disease, we observed that in the group of patients with documented triggers, the prevalence of CAD, hypertension, and diabetes was significantly lower, compared with the group without a documented trigger. Electrocardiographic and echocardiographic observations were also consistent with this picture. Indeed, in the group with the documented trigger we recorded on 12-lead ECG only one patient with atrioventricular conduction disturbance, no patients with left bundle branch block, and 4 patients with right bundle branch block, while in the group without documented trigger there were 26 patients with atrioventricular conduction disturbances, 22 with left bundle branch block and 48 with right bundle branch block. About echocardiography, we observed a slightly lower ejection fraction (EF) in those patients without a documented trigger (53.7% vs. 58.9%) but the difference had no statistical significance. On the other hand, there were statistically significant differences in interventricular septal thickness, which was thicker in the group without a documented trigger (11.3 ± 2.1 mm vs. 8.9 ± 2.3 mm) and there were statistically significant differences in left atrium volume, which was more dilated in the group with documented trigger than in the group without a documented trigger (25.2 ± 3.4 ml/m2 vs. 20.3 ± 2.2 ml/m2). Finally, about drug therapy, a statistically significant difference in amiodarone and digoxin use was found; amiodarone was widely used in patients without a documented trigger (44%) and scarcely in patients with documented trigger (4%), the same situation occurred for digoxin (19% vs. 4%).


TABLE 2 Findings about clinical differences between patients with and without documented triggers.
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Electrophysiological study and ablation results

The electrophysiological study results were (Figure 1): 11 patients had AVNRT, 6 patients had AVRT due to concealed Kent's bundle, 17 patients had FAT that, more precisely speaking, in 3 patients originated in the left atrium outside the pulmonary veins, in 6 patients from the crista terminalis, in 3 patients from the coronary sinus, in 4 others from the tricuspid annulus and in one patient from the right appendage. 13 patients had the trigger in a single arrhythmogenic pulmonary vein. However in two patients, there were two arrhythmogenic pulmonary veins, and in these cases, complete PVI was performed).


[image: Figure 1]
FIGURE 1
Graphic representation of the results obtained from the electrophysiological study in AF patients with documented trigger. In AVRNT group short RP interval during tachycardia in V1 lead as shown in ECG trace. In AVRT group (due to concealed Kent's bundle) long RP interval during tachycardia in II lead as shown in ECG trace. In FAT group “P on T” phenomena as shown in ECG trace. AVRNT, Atrioventricular nodal re-entrant tachycardia; AVRT, Atrioventricular re-entrant tachycardias; FAT, focal atrial tachycardia.


Subsequently, the ablation procedure was performed (classical PVI or trigger-targeted ablation according to whether the patient belonged to one of the two groups) and it was successful in all patients. The ablation procedure was guided by the ablation index (AI) in PVI patients and in a patient with focal ectopic atrial tachycardia from a single pulmonary vein. There were no serious complications in either group, only 5 groin hematomas needing no treatment were detected in the group undergoing PVI. Mean ablation time in PVI group was 30 ± 11 min, 4 ± 2 in triggered ablation group, 31 ± 9 in control group. Fluoroscopy times observed were: 4 ± 1.6 min in the 47 SVT patients, 7 ± 2 min in PVI patients and 6 ± 2 in control group.



Follow-up

In the PVI-treated group, 121 (60%) patients remained free from atrial fibrillation recurrences at 32 ± 18 months follow-up, 96 (47%) patients needed to resume antiarrhythmic therapy, and 46 (23%) patients underwent a second PVI procedure. In the group with identified triggers, in 32 ± 18 months mean follow-up there were 4 patients (8.5%) who had atrial fibrillation recurrences (one patient treated for AVNRT, 2 for FAT, and another one had a single arrhythmogenic pulmonary vein at the previous EPS); excluding these 4 patients, no other patients needed to take any antiarrhythmic therapy.



AF-free survival

Figure 2 shows the AF-free survival curves of the two groups (PVI-only group and trigger-targeted ablation) also compared with the control group of patients treated using a PVI-only approach. At 2 years follow-up non-significant differences were observed between our PVI-only group and the control group, but a favourable trend is evident in the control group. On the other hand, the advantage of trigger-targeted ablation is substantial, which is confirmed in the long-term follow-up.


[image: Figure 2]
FIGURE 2
AF-free survival group in trigger ablation (blue line) and PVI-only (red line) patients of our study and in the control group (grey line) treated with a PVI-only approach without trigger research.





Discussion


Main findings

In our study, we observed that in an unselected population of patients who were candidates for PVI to treat paroxysmal atrial fibrillation, as many as 18.8% had a definite trigger mechanism that could be documented during an electrophysiological study, which could be represented by the presence of atrioventricular nodal re-entrant tachycardia (AVNRT), atrioventricular re-entrant tachycardia (AVRT), focal ectopic atrial tachycardia (FAT), including some from a single arrhythmogenic pulmonary vein originating tachycardia. Patients belonging to this sub-population were more likely to be younger and with a lower incidence of structural heart disease, cardiovascular risk factors, and AV and IV conduction disturbances. These patients were treated with a targeted ablation procedure exclusively at the trigger mechanism identified in the EPS; the safety and long-term efficacy (91.5%) of such ablation procedures were shown to be excellent, confirmed by an average follow-up time of 32 ± 18 months in which the recurrence rates of atrial fibrillation were very low and almost no patients (only 4 out of 47) had to resume rhythm control therapy or repeat the ablation procedure.



Tailoring the ablation

PVI is the cornerstone of the transcatheter ablation procedure for atrial fibrillation. The reason is that the pulmonary veins represent the most common “trigger site” for arrhythmogenic activity, as first demonstrated by Haissaguerre (2); in addition, the lesions produced during PVI also affect other less common trigger sites (Marshall's vein and ligament, posterior atrial wall of the left atrium) and according to some authors could also act on the substrate, due to the elimination of tissue that can host reentry circuits, as well as on the disruption of sympathetic and parasympathetic innervation (3). However, the efficacy outcomes in both the short and long term and the safety profile of PVI, which are not yet satisfactory as demonstrated by the failure to decrease complication rates over the years (12, 13), must force the scientific community to seek in every way to increase the performance of the transcatheter ablation procedure.

From all these considerations it seems clear to us that we can improve the outcomes of ablations for atrial fibrillation only by working from all points of view (organizational, technological, and pathophysiological-procedural) on the daily clinical practice of atrial fibrillation treatment. Our study focused precisely on the pathophysiological aspect underlying the ablation procedure, starting from the consideration that it is true that the pulmonary veins represent the main site stimulating arrhythmogenic activity underlying atrial fibrillation, but it is equally true that they are not the exclusive site and that other supraventricular tachycardia may trigger atrial fibrillation. In 2010 it was shown that in clinical practice it also happens that patients in whom only atrial fibrillation is known to be present (either paroxysmal or persistent) and who are candidates for classical PVI, when subjected to electrophysiological study as many as 10.1% (26 out of 257 total patients) had undiagnosed atrial focal tachycardia, AVNRT or AVRT; treating these patients with ablation targeted only at the elimination of supraventricular tachycardia showed excellent efficacy results, with only two AF relapses in the follow-up time of 21 ± 11 months (7). Previously other studies had already evaluated the efficacy of catheter ablation for AVRT and AVRNT and subsequent AF recurrences, in patients suffering from the latter. In 2005, Wang and colleagues demonstrated that out of 33 patients with AVRT and atrial fibrillation in whom an ablation procedure had been performed on the atrioventricular accessory pathway, AF recurrence was observed in 4 patients. These 4 patients had a much higher mean age (64 ± 5 vs. 40 ± 11) than the group without AF recurrence (14). It is therefore evident that it is necessary to better understand, in presence of patients with supraventricular tachycardia, those who can be healed by eliminating the tachycardia, identifying the main risk factors for atrial fibrillation relapse. The importance of age as a risk factor for atrial fibrillation relapse after ablation of supraventricular tachycardia was confirmed by a meta-analysis published in 2020 (15).

Although age is considered the only independent risk factor for AF relapse in this meta-analysis, it is reasonable to think that younger and also healthier hearts are more likely to be free of mechanisms (i.e., structural remodeling) that, depending or not depending of the presence of SVT, may promote the relapse of AF. In our study, of the 47 patients with documented triggers, the mean age was 42 years, there were no diabetics, and as many as 43 out of 47 had no structural heart disease; the percentage of hypertensives was also low (10% of total).

One of the new findings of our study is the treatment of atrial fibrillation triggered by a single arrhythmogenic pulmonary vein, which consisted of isolation of only the affected vein. This case involved 13 patients out of 249 total (5.2%), which is certainly not an insignificant number. What is most interesting is the long-term efficacy of the procedure: of these 13 patients only one needed to take antiarrhythmic drugs at the 32-month follow-up. Thus, the treatment had a very high (92.3%) long-term efficacy. Few reports are available regarding the ideal treatment for patients with a single arrhythmogenic vein. In one case study, published in 2004, a single arrhythmogenic vein inducing high ventricular rate AF was treated with circumferential ablation at the responsible pulmonary vein ostium thus favorably resolving the condition (16). Other studies have demonstrated efficacy in randomized trials of such treatment around 75% (17) with a well-known consistent role of triggering vein for atrial fibrillation recurrence due to its long-term reconnection (18). However, our study was carried out in an era in which the use of lesion parameters such as Ablation index demonstrated high efficacy pulmonary veins isolation, even in the long term (9), thus justifying the high efficacy of treatment in our series. The characterization of the vein responsible for the arrhythmia in these patients allows it to be treated exclusively, in order to avoid additional lesions in the left atrium, with a reduction in possible complications, procedural times and iatrogenic arrhythmias induced by PVI (i.e., atypical flutter) (19, 20).

However, a challenge is to define those patients who can really be healed by a target ablation. Greater attention to the clinic is necessary: in our series of 47 patients who had never been diagnosed with paroxysmal supraventricular tachycardia, 12 reported episodes of palpitations with a rhythmic pulse and a “change in the symptom palpitations which then became irregular”. Thus, in this case, medical history was a valuable means of understanding the diagnosis.



It's a matter of time

Recently EAST-AFNET 4 trial (21) demonstrated the superiority of early rhythm control strategy vs. usual care (rate control) in an elderly population with heart disease. The reasons for the difference in outcome between the old trials [including the famous AFFIRM (22)] and the new ones are various, including certainly the use in the more recent studies of PVI as a method for rhythm control, but great importance is also attributable to the “time factor”: in EAST-AFNET 4 the rhythm control intervention was always instated early, within 12 months of the diagnosis of atrial fibrillation. From these considerations may follow the importance of rhythm control strategy once the decision has been made to pursue this therapeutic approach. The question then arises spontaneously: is our “tailored approach” time-consuming? No, it's not. The patients involved in our study were already candidates for pulmonary vein ablation and simply underwent a pre-ablation electrophysiological study, thus not delaying the ablation procedure in any way.



Comment on our results

In our study of 249 PVI candidate patients for paroxysmal atrial fibrillation, we conducted an electrophysiological study looking for a subpopulation in which supraventricular tachycardia was the trigger factor of atrial fibrillation. The young age and the good health conditions of many patients, the clinical condition of paroxysmal [and non-persistent, different from the 2010 previous paper (7)] atrial fibrillation as well as a suggestive clinic in 12 patients (who reported episodes of palpitations with a rhythmic pulse that then became irregular) suggested that it was probable to find a good percentage of patients with supraventricular tachycardia. On these patients (in which we also included 13 patients with tachycardia originating from a single pulmonary vein, PVT) we conducted an ablation aimed exclusively at the elimination of the trigger. Even if the transition from supraventricular tachycardia to atrial fibrillation was observed in the electrophysiological study in only a part of the patients (44% of AVNRT, 50% of AVRT, 46% of FAT, and 54% of PVT), nevertheless the good efficacy final tells us that patients with a high a priori possibility of having a form of atrial fibrillation secondary to supraventricular tachycardia have been well identified. A loop recorder was not implanted in the follow-up and this could be one of the limitations of the study considering that this instrument has greater sensitivity in identifying recurrences of atrial fibrillation (23), however, we believe that in our specific study population this is not a great limitation as our patients with supraventricular tachycardia were strongly symptomatic and would have reported the return of symptoms during the trans-telephonic monitoring or the periodic ambulatory visit. In terms of comparison between the standard PVI strategy and our approach, a limitation of the study was the comparison with a control group of paroxysmal AF patients not treated in the same center with different operators, a choice made in order to have a group of patients who were homogenous in terms of clinical characteristics and procedural aspects [PVI-only approach with Ablation Index module (8–10)]. The favorable trend of the control group in terms of survival (albeit with a non-equal length of follow-up) can be justified by the fact that a PVI-only approach also includes the ablation of patients with FAT originating from a single pulmonary vein, which in our study belong to the triggered ablation group.

Another limit of our study is the sample size, which, however, if adequately increased in a polycentric study could lead to a poly parametric score (clinical-anamnestic-electrocardiographic and echocardiographic) capable of predicting subjects with a high probability of SVT in which a pre-PVI EPS study could be mandatory. In fact, based on our study, we can indicate younger subjects, without ECG and Echocardiographic alterations, as at risk for SVT-triggered AF without however being able to indicate precise cutoffs.




Conclusions

A subpopulation can be selected from the candidates for PVI that can be targeted for highly effective and low-risk ablations, characterized by short procedural times and minimal lesion load required. The efficacy and safety of the procedures are supported by long-term follow-up. We need further studies to know how better and earlier identify patients who can be cured by tailored ablations and at the same time to understand in which patients there are major risk factors for atrial fibrillation recurrence after a tailored approach or, conversely, if simply the age can be considered the only marker of the risk of AF recurrence.
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Background: The novel multielectrode radiofrequency (RF) balloon catheter (HELIOSTAR™, Biosense Webster) is a new technology for pulmonary vein isolation (PVI) in atrial fibrillation (AF), combining RF-ablation and 3D-mapping visualization with the concept of a “single-shot”-ablation device. This study evaluates the operator learning curve und procedural outcome during implementation of the multielectrode RF-balloon at a high-volume center.



Methods: The first 40 patients undergoing PVI by multielectrode RF-balloon catheter at Heidelberg University Hospital were included in this prospective study. Procedural outcome was analyzed over the course of increasing experience with the device.



Results: 157/157 pulmonary veins (PVs) were successfully isolated with the RF-balloon catheter, in 73.2% by a single RF-application. Median time to isolation (TTI) was 11.0 s (Q1 = 8.0 s; Q3 = 13.8 s). Median procedure time was 62.5 min (Q1 = 50.0 min; Q3 = 70.5 min). LA-dwell time was 28.5 min (Q1 = 23.3 min; Q3 = 36.5 min). Median fluoroscopy duration was 11.6 min (Q1 = 10.1 min; Q3 = 13.7 min). No serious procedure-related complications were observed, apart from one case of unclear, post-procedural acute-on-chronic kidney injury. With increasing operator experience, an additional reduction in procedure duration was observed.



Conclusion: Rapid implementation of a “single shot”-ablation device combining RF-ablation and 3D-mapping can be achieved with high acute procedural efficacy and safety at a high-volume center. Previous experience with “single-shot” ablation devices may be advantageous for time-efficient introduction of the novel RF-balloon catheter into clinical practice.




Clinical Trial Registration: ClinicalTrials.gov; Identifier NCT0560361.
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Introduction

Catheter ablation has emerged as a widely established interventional therapy for rhythm control in atrial fibrillation (AF). Pulmonary vein isolation (PVI) is the cornerstone of AF ablation, targeting mechanistic triggers located at the PV-ostia (1). Circumferential “point-by-point” PVI with radiofrequency (RF) energy delivery via linear ablation catheters and cryoballoon (CB) ablation using over-the-wire “single-shot” ablation catheters are commonly used methods. Whereas both techniques are associated with comparable success rates and safety, they offer different advantages and are associated with different potential—albeit rare—complications (2).

The novel multielectrode RF-balloon catheter (HELIOSTAR™) (Biosense Webster, Johnson & Johnson, Irvine, CA, USA) strives to combine the advantages of these two methods. It enables delivering tailored local RF-energy applications and visualization in the CARTO® 3D-mapping system (Biosense Webster) while employing the concept of “single-shot”-ablation device, with the aim of reducing procedure times and complexity of operator training. Additionally, the multielectrode RF-balloon catheter offers the potential to reduce radiation dose and contrast application by verifying adequate contact with the PV-ostia via impedance and temperature measurements. Previous multicenter studies showed safety and high acute efficacy of PVI with the novel RF-balloon catheter (3, 4).

Due to the increasing prevalence of AF and, thus, growing demand for interventional AF-therapies, a time-efficient introduction of new technologies into clinical routine is of utmost importance. This study evaluates procedural parameters during implementation of the RF-balloon catheter at a high-volume AF-ablation center, as well as the operator learning curve in an operator experienced in CB-ablation.



Methods

The aim of this prospective, observational analysis was to evaluate procedural parameters, as well as the operator learning curve, during implementation of the multielectrode RF-balloon catheter in real-world clinical practice at a high-volume center. This study was performed in accordance with the principles of the Declaration of Helsinki. It has been approved by local ethics committee (Study Identifier: S-815/2021) and registered on ClinicalTrials.gov (Identifier Number: NCT05603611).


Study population

Data from 40 consecutive patients from a high-volume ablation center (∼800 ablation procedures/year, >350 PVIs/years) undergoing ablation by the novel RF-balloon catheter were analyzed. Procedures were performed by an operator proficient in CB-ablation (experience of >600 procedures) but without prior experience with the investigated device. Patients were recruited from regular clinical routine and presented to the Heidelberger University Hospital with an indication for AF ablation. Inclusion criteria were age ≥18 years, ability to provide informed consent and at least one episode of ECG-documented paroxysmal or persistent AF. Exclusion criteria were history of prior AF ablation, left atrial thrombus, irregular PV-anatomy in pre-procedural transesophageal echocardiography (TOE) which was suspected to be inaccessible for standard PVI protocols or contraindication for peri-procedural anticoagulation therapy. Demographic and clinical baseline parameters were systematically recorded at recruitment. Procedures were performed between 10/2021 and 07/2022.



Index procedure and peri-procedural management

The procedure was performed according to guidelines and the center’s standards in conjunction with the manufacturer’s instructions as to handling of the multielectrode RF-balloon catheter.

All patients received oral anticoagulation therapy for at least 3 weeks prior to the procedure. Patients with CHA2DS2-VASc-Scores of ≥1 (men) or ≥2 (women) additionally underwent pre-procedural TOE to rule out intracardiac thrombus prior to PVI. Patients receiving NOAC were advised to pause anticoagulation medication at least 12 h (in case of NOAC b.i.d) prior to the ablation procedure. Vitamin K antagonists were continued with a target INR of 2.0–2.5 at the time of procedure. The right femoral vein was used as preferred access site. A quadripolar diagnostic catheter was placed in the coronary sinus. Temperature in the surrounding tissues was monitored by an esophageal probe. During the procedure, heparin was administered to achieve an activated clotting time (ACT) between 300 and 400 s. Pre-ablation 3D-mapping was performed with the help of the LASSO-NAV™ catheter (Biosense Webster) due to non-availability of the navigational LASSOSTAR™-catheter during the limited market release period. Prior to RF-energy delivery, local PV-activity was monitored after introducing the LASSOSTAR™ catheter (non-navigational) into the PV-ostium. After inflation of the RF-balloon catheter, PV-angiography was performed to additionally assess co-axiality and optimize occlusion before PV-ablation (Figure 1A). Target values for optimal local contact prior to energy application were an inflation index of >0.8, temperature below 31°C and an impedance of >100 Ω with minimum variation across all electrodes. These were in accordance with the optimized procedural workflow for the RF-balloon catheter (5). RF-energy of 15 Watts was delivered for 20 s at the posterior wall and 60 s at the other segments. Target impedance drop during lesion creation was >12 Ohm. During ablation of the right pulmonary veins phrenic nerve function was monitored by diaphragmatic motion during phrenic pacing. Prior to energy application at the septal PVs, critically close anatomical location of the phrenic nerve was excluded by pacing via the anteriorly located electrodes of RF-balloon catheter. Local energy application was stopped in case of sudden temperature rise >2°C in the esophageal probe or loss of phrenic capture.


[image: Figure 1]
FIGURE 1
Example of PVI with the novel multielectrode RF-balloon catheter. (A) Fluoroscopy-guided angiography to verify contact between HELIOSTAR™ and left superior PV-ostium. The oesophageal temperature probe is positioned in direct proximity to the ablation catheter. (B) Left atrial electroanatomical, bipolar map before (left) and after (right) PVI by HELIOSTAR™. Note the clearly demarcated ostial lesions after ablation. (C) Example tracing during PVI with HELIOSTAR™. Black arrows indicate PV-signals in the LASSOSTAR™ catheter, with entrance block after PVI (*). Yellow flash-symbol indicates start of ablation. PVI is achieved after 12.5 s. PV, pulmonary vein.


Acute PV-reconnection was excluded by a 3D-remap or assessment of local electrograms in the LASSOSTAR™ catheter at the end of the procedure. The center-specific protocol did not include a prolonged intraprocedural waiting time after PVI nor adenosine application for assessment of dormant PV conduction. Echocardiography was performed routinely after the procedure and repeated after 24 h to exclude pericardial effusion. Anticoagulation was resumed immediately after the procedure. Endoscopy was only performed in patients with clinical suspicion of oseophageal lesions or atrio-oesophageal fistula.



Endpoints and follow-up

Procedural endpoints, including overall procedure duration, radiation exposure, number and duration of energy applications and time to PV-isolation (TTI) were assessed. Additional efficacy endpoints investigated in an exploratory manner included rate of successful PVI, short-term arrhythmia recurrence during index hospital stay and arrhythmia recurrence >3 months after the index procedure. The first three months after the index procedure were regarded as the “blanking period” in analogy with previous AF-ablation studies. Arrhythmia recurrence was defined as recurrence of any symptomatic and documented episode of AF or left atrial arrhythmia lasting >30 s. Occurrence of typical atrial flutter during the follow-up period was recorded but not included in the efficacy analysis due to the underlying pathophysiological mechanism independent from the index procedure. Safety endpoints for exploratory analysis included major and minor procedure-associated complications. For clinical follow-up, patients were subsequently included in a prospective registry with outpatient follow-up visits after 3 months and telephone-based follow-ups at 6 and 12 months after the index procedure. Additionally, any unscheduled outpatient or in-hospital visits for cardiovascular reasons were recorded for endpoint evaluation.

Repeat ablations were performed using the CARTO® 3D-mapping system (Biosense Webster) in order to detect PV re-connection and characterize atrial substrate. In cases of atrial tachycardia, both an activation map of the arrhythmia and a substrate map were created. Tachycardia was induced in patients presenting in sinus rhythm who had ECG-documented regular atrial tachycardia or atrial flutter. PV re-isolation or specific ablation according to arrhythmia mechanism was performed by RF-ablation via a linear ablation catheter (Thermocool Smarttouch®, Biosense Webster).



Statistical analysis

In order to evaluate the operator learning curve, procedural endpoints were analyzed over the course of increasing experience with the device and compared between the subgroup of the first ten patients and the last ten patients included. Endpoints were analyzed in an observational manner. Due to the exploratory character of this analysis, the P-values are of descriptive nature and no adjustment for multiple testing was applied. For descriptive analyses, continuous variables are reported as median with inter-quartile range (Q1, Q3). Comparisons between groups were performed using Fisher’s exact test in case of categorical variables or Mann–Whitney-U test in case of continuous variables. Correlations between outcome variables were calculated as Pearson correlation coefficients and corresponding confidence intervals. P-values <0.05 were denoted as statistically significant. The statistical analysis was performed using SPSS-version 29.0.




Results


Patient cohort undergoing PVI with the novel multielectrode RF-balloon catheter

The majority of patients in this cohort were male, displayed preserved ejection left ventricular fraction and mildly dilated left atria (Table 1). Most patients had been diagnosed with paroxysmal AF, whereas 32.5% of patients suffered from persistent AF. Arterial hypertension was the most common cardiac co-morbidity. In 15.0% of patients, pharmacological rhythm control strategies had been previously attempted but had not yielded sufficient symptom control (Table 1).


TABLE 1 Baseline parameters.
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Procedural and medium-term clinical outcome

In the first 40 patients treated with the multielectrode RF-balloon catheter at our center, 157/157 pulmonary veins (PVs) could be successfully isolated, including three cases with left common PV-ostia. In 115 PVs (73.2%) ablation was achieved by a “single-shot” RF-application. This includes single-shot PVI in PVs with measurable ectopic PV-activity, as well as PVs with no local activity at the time of ablation but at which procedural target values regarding RF-energy application were met. In PVs in which ectopic PV-activity could be detected via the LASSOSTAR™ or in the balloon electrodes prior to ablation (n = 66) (Figure 1C), median TTI was 11.0 s (Q1 = 8.0 s; Q3 = 13.8 s). Median procedure duration (“skin-to-skin”) was 62.5 min (Q1 = 50.0 min; Q3 = 70.5 min). This also included time to LA-access (median = 11.0 min; Q1 = 8.3 min; Q3:14.0 min) and mapping time (median = 9.0 min; Q1 = 7.0 min; Q3 = 10.0 min). Median LA-dwell time was 28.5 min (Q1 = 23.3 min; Q3 = 36.5 min) and median duration of RF-energy application was 5.0 min (Q1 = 4.0 min; Q3 = 6.8 min). A 3D-remap was performed in six cases (median duration = 8.0 min; Q1 = 6.0 min; Q3 = 10.5 min) (Figure 1B), in the other cases persistent post-procedural PVI was verified by real-time electrogram analysis with the help of the LASSOSTAR™ catheter. Median fluoroscopy duration was 11.6 min (Q1 = 10.1 min; Q3 = 13.7 min) and median fluoroscopy dose amounted to 3.1 Gyxcm2 (Q1 = 2.4 Gyxcm2; Q3 = 4.3 Gyxcm2).

RF-application had to be prematurely terminated at 13 PVs (8.3%) due to temperature rise in the oesophageal probe (maximum temperature rise to 47°C). At 4 PVs (2.5%), only segmental ablation was performed due to phrenic capture at safety pacing via the HELIOSTAR™-electrodes. In 9 PVs (5.7%), acute reconnection was observed resulting in re-ablation during the index procedure leading to additional RF-energy delivery. During 9 procedures (22.5%), intra-procedural troubleshooting was necessary due to technical issues with generator, sheath or mapping system causing procedural delays. Time for troubleshooting were included in the procedural and LA dwell times outlined above. There was no statistically significant difference in procedure duration between sexes (P = 0.192) or according to type of AF (P = 0.85), and no significant correlation with LA-diameter [correlation coefficient = 0.056, (CI = −0.260;0.362)]. Procedure duration showed a weak correlation with BMI [correlation coefficient = 0.432, (CI = 0.129;0.649)] and patients in the last quartile of the cohort had a slightly lower median BMI [27.7 kg/m2 (Q1 = 24.2 kg/m2; Q3 = 30.3 kg/m2)] than patients in the first quartile [29.0 kg/m2 (Q1 = 26.6 kg/m2; Q3 = 33.1 kg/m2)], P = 0.045).

Follow-up data from six months after the index procedure were available in 34 patients. Nine patients continued antiarrhythmic medication (26.5%), of which three patients received amiodarone (8.8%). Sixteen patients (47.1%) experienced arrhythmia recurrence and 5 patients (14.7%) underwent repeat ablation during the follow-up period. In two patients, persistent PV isolation was confirmed. In one of these patients, three distinct mechanisms of atrial flutter were diagnosed in the redo procedure and were treated by establishing an LA roof line, an anterior LA line as well cavotricuspid isthmus block. No arrhythmia was inducible after ablation. In the other patient a focal tachycardia originating from an inhomogeneous region near the ostium of the right superior PV was diagnosed in 3D mapping. The arrhythmia terminated and was no longer inducible after local ablation in this region. In the remaining three patients with arrhythmia recurrence, the reconnected veins were isolated, without the creation of additional ablation lines or ablation of complex fractionated atrial electrograms (CFAE). In one patient, the left superior PV was shown to be reconnected and re-isolated during the redo-procedure. In another patient re-connection at a left common ostium and both septal PVs was detected. In this patient, only segmental ablation had been performed at the septal PVs during the index procedure due to phrenic capture at safety pacing via the balloon electrodes prior to ablation. All veins could be successfully re-isolated during the redo-procedure. In the last patient undergoing a repeat ablation, reconnection of both septal PVs was shown with persistent isolation of the lateral PVs. In the index procedure, ablation of the right inferior PV had been terminated at <60 s, after establishing entrance block, due to temperature rise in the esophageal probe. The septal PVs could be re-isolated successfully in the redo-procedure.

In order to assess the role of disease progression for rhythm-associated outcome, we performed a subgroup analysis of patients according to type of AF (Table 2). Patients with persistent AF were characterized by larger LA diameters and lower LVEF (Table 2). However, median ejection fraction was preserved in both subgroups. Demographic baseline parameters, other co-morbidities and procedural endpoints did not differ between the two subgroups. The rate of arrhythmia recurrence was numerically higher in patients with persistent AF, however without reaching statistical significance. The majority of patients with paroxysmal AF and documented arrhythmia recurrence again developed AF as recurrent arrhythmia, whereas nearly a third of patients with persistent AF developed atrial tachycardia (Table 2).


TABLE 2 Subgroup analysis according to type of atrial fibrillation.
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In order to detect potential predictors for arrhythmia recurrence, baseline parameters between patients with and without arrhythmia recurrence at six months were compared. There was no statistically significant difference regarding age, sex, LA diameter, type of AF, LVEF, cardiovascular risk factors, BMI or rate of in-hospital recurrence between the two subgroups (Supplementary Table S1).



Operator learning curve

The operator learning curve over the course of increasing experience with the device showed a certain degree of inter-procedural variability in procedural parameters, possibly influenced by technical (e.g., troubleshooting) as well as patient-specific factors (Figure 2A). Comparing the operator learning curve with respect to the first and the last 10 patients of this cohort undergoing PVI by HELIOSTAR™, there was a statistically significant decrease in overall procedure duration whereas there was no significant additional reduction in LA dwell times or fluoroscopy duration (Figure 2B).
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FIGURE 2
Operator learning curve with the multielectrode RF-balloon catheter. (A) Procedure duration (left), left atrial dwell time (middle) and fluoroscopy duration (right) with increasing operator experience in 40 consecutive patients in the HELIOSTAR™-cohort. (B) Boxplot of procedural parameters (see above) in the HELIOSTAR™- cohort with increasing operator experience. The cohort of consecutive patients were divided into subgroups by quartiles. The first and last 10 patients were compared, respectively. LA, left atrial.




Complications

One female patient (age 70 years) showed acute on chronic renal failure, lactate acidosis and elevated liver enzymes ∼8 h after the procedure. In echocardiography, minimal pericardial effusion without hemodynamic significance was detected. As only 40 ml of contrast had been applied in this case during the procedure and other causes for this clinical deterioration could be excluded, it was presumed that undetected post-procedural hypotension due to possibly incorrect blood pressure measurements in this obese patient might have been the underlying cause. A pathophysiological relation to the ablation procedure could not be established. The patient was transferred to ICU for close monitoring. Both renal and metabolic function improved spontaneously after additional fluid replacement therapy. As to minor complications, not necessitating medical intervention, one patient complained of local inflammation and pain at the puncture site with spontaneous recovery after 1 week.

In-hospital arrhythmia recurrence occurred in 4 patients (10.0%) and terminated spontaneously or was cardioverted before discharge. Of note, no atrio-esophageal fistula or phrenic palsy was observed in this cohort.




Discussion

The relevant health burden associated with AF and recent data implicating a potential prognostic benefit of early rhythm control underline the need for durable and safe therapies which can be implemented at ablation centers in a time-efficient manner (6).

This study shows that PVI with the multielectrode RF-balloon catheter could be introduced with high procedural efficacy and safety at a high-volume ablation center. Overall procedure and fluoroscopy duration were low with respect to implementation of a novel device (7). Even though procedure times were already satisfactorily low during the initial procedures performed with the RF-balloon catheter, they could be reduced even further with increasing operator training.

The multielectrode RF-balloon-catheter has been demonstrated to offer high procedural efficacy and safety in initial multicenter trials (3, 4). In comparison to these trials, the cohort analyzed in this study consisted of non-selected, real-world patients presenting for AF-ablation via everyday clinical routine. Accordingly, one third of patients suffered from persistent AF whereas previous studies evaluating this new technology only included patients with paroxysmal AF. In addition, patients in this cohort were older and more often diagnosed with cardiac co-morbidities and more progressed LA-dilation in comparison to the initial multicenter trials. This might have potentially predisposed for a higher risk of procedural complications and reduced success rates. Nevertheless, rates of successful acute PVI, single-shot isolation and short-term PV-reconnection were comparable to the previous multicenter trials in this real-world cohort. Furthermore, rates of serious procedural complications were very low and consisted of one case of acute on chronic renal failure without clear causal relation to the procedure.

In comparison to the procedural characteristics from the Multi-electrode Radiofrequency Balloon Catheter use for the Isolation of the Pulmonary Veins trial (SHINE), procedure times and LA dwell times were shorter whereas fluoroscopy duration was similar in our cohort. This may be due to further optimizations in the workflow introduced by the manufacturer since the first trials. In comparison to a recently published real-world experience from two European centers, procedure and LA dwell times were also shorter in our cohort, whereas fluoroscopy duration was higher (8). Two other recently published studies including real-world patient data from experienced, high-volume centers describe similar procedural characteristics in comparison to our data (9, 10). Some variation in procedural data between studies may be due to different center-specific approaches as to catheter visualization during mapping and ablation. Previous experience of the operator with CB-ablation may have contributed to the comparably short initial procedure times as several steps in the workflow are transferable to this technology.

In more than one in five procedures technical troubleshooting led to time delays. Necessary troubleshooting is to be expected in every new technology. In our cohort, there were no complications or relevant procedural risks associated with intermittent malfunctions of technical equipment. However, in order to reflect the real-world experience of implementation of this novel -technology at a high-volume ablation center we included time delays due to troubleshooting into the analysis of overall procedure duration and LA dwell times. Nevertheless, our study data show satisfactory procedural parameters revealing that this technology can be easily implemented at experienced ablation centers with previous experience in “single-shot”- or “over-the-wire”-techniques.

As to the operator learning curve, there was an additional decrease in procedure duration over the course of increasing operator experience, whereas LA dwell times and fluoroscopy duration showed no significant decrease. Previous CB-ablation experience and transfer of selected aspects of the workflow to ablation with the novel RF-balloon catheter may have contributed to a lack of further improvement of procedural parameters. BMI showed a weak correlation with procedure duration. The absolute difference in BMI between patients in the first and last quartiles of the cohort was small and its clinical significance can be doubted. Nevertheless, an influence of this baseline parameter in addition to the learning curve cannot be excluded.

Previous data on the implementation of a novel cryoballoon (POLARx™, Boston Scientific, St. Paul, USA) at high-volume centers also show acceptable procedure and fluoroscopy times at implementation, with a tendency of further reduction over the course of increasing operator experience (11). Additionally, in that study a reduction in complication rates with a novel CB was observed after about 25 cases. Due to the exceptionally low complication rate in our cohort we could not analyze this aspect of the learning curve. However, the low incidence of device- and ablation-related complications corresponds to previous observations from the multicenter SHINE trial. as well as to data from a large real-world study from a high-volume ablation center (3, 9). This highlights the fact that new implementation of the RF-balloon technology can be performed time-efficiently and safely at experienced AF-ablation centers.

Even though balloon-based ablation techniques have been shown to enable a steep learning curve as to procedural outcome and reduction of complications in inexperienced operators, the overall and case volume of the center plays a vital role as to efficacy and safety of AF-ablation (12, 13). In our study, the operator possessed extensive experience in both CB- and RF-based AF-ablation. However, even at high-volume centers and in experienced operators, an ongoing, long-term learning curve has been shown with respect to additional reduction in procedure duration and fluoroscopy times (14).

In a medium-term clinical follow-up of six months after the index procedure, arrhythmia recurrence rate was higher in this cohort than in previous studies on this device. This may be due to the unselected real-world patient cohort at a university hospital analyzed in this study which was characterized by higher rates of persistent AF, adverse LA remodeling and more co-morbidities in comparison to previous published cohorts of initial trails evaluating the device. Subgroup analyses of patients with and without arrhythmia recurrence revealed numerical differences in sex and rates of persistent AF, however, none of the analyzed baseline parameters showed a statistically significant difference between subgroups. Statistical analyses of predictors for arrhythmia recurrence may be limited be due to the small subgroup size.

Another real-world study of 104 patients recently reported freedom from recurrent arrhythmia of 82.9%. However, patients with persistent AF constituted the minority in this cohort and more than a third of all patients still received antiarrhythmic drug therapy at follow-up (9). A prospective, real-world observation from the AURORA collaboration showed acute procedural efficacy in a cohort with a higher rate of persistent AF (43% of patients) (10). Long-term results of this study are awaited with interest and will contribute essential evidence regarding experience with the RF-balloon from everyday clinical practice.

In the subgroup analysis of our cohort, patients with persistent AF, constituting a third of the overall cohort, showed increased LA diameters and a lower median LVEF. With respect to other baseline and procedural parameters there were no statistically significant differences, reflecting an otherwise homogenous cohort. Progressive atrial remodeling in a relevant number of patients in this study may have contributed to the higher arrhythmia recurrence rate. As 10 of 40 patients could not be contacted successfully by telephone follow-up, there may be a bias towards patients with documented arrhythmia recurrence who presented at the center due to arrhythmia symptoms. Additionally, anatomical and technical limitations in the index procedure, e.g., close proximity to the phrenic nerve or a significant esophageal temperature rise, may have contributed to medium-term PV reconnection. This was seen in single cases undergoing repeat ablation in our cohort. Potential limitations of the device as to isolation of left common ostia has to be evaluated in larger patient populations. However, long-term clinical outcome may additionally improve with increasing operator experience and should be the subject of future larger-scale studies.

With respect to the long-term outcome, therapy stratification and adequate patient selection may be crucial for technologies like CB-ablation, primarily targeting PV-dependent AF. The 3D-mapping-based substrate characterization obtained during HELIOSTAR™-procedures may provide additional patient-specific information on the arrhythmic substrate in order to individualize treatment strategies. A previous case report and a prospective cohort study describe the feasibility of ablating extra-PV targets using the multielectrode RF-balloon catheter. In the latter study, no serious complications occurred using the RF-balloon catheter for posterior wall isolation. Dedicated large studies evaluating efficacy and safety of the device for this approach would be of interest (15, 16). In case of AF-recurrence, previous information on the degree of pre-existent adverse LA-remodeling may be useful for patient counseling on individualized prognostic evaluation with respect to subsequent rhythm control strategies.


Study limitations

The primary goal of this study was to assess the early phase of implementation of this technology in a real-world cohort. Therefore, the number of patients considered is limited. Nevertheless, a relevant learning curve as to procedure duration could be distinguished. Long-term outcome data are subject to ongoing analyses and the effect of operator experience on long-term rhythm-associated endpoints was not included in this first part of the study, focusing on immediate procedural, in-hospital and medium-term clinical outcome. The low number of patients with available follow-up data at this stage of the study constitutes an additional limitation, particularly affecting efficacy analysis. Additionally, limited cohort size may have had impact on the subgroup analysis of patients with paroxysmal or persistent AF, as clinically relevant numerical differences in arrhythmia recurrence rates failed to show statistical significance.

In the time period between initiation of the study and full market release of this technology, several additional modifications and optimizations have been introduced by the manufacturer. This includes improved visualization of the navigational LASSOSTAR™ NAV in the 3D-mapping system, which may further support reduction in fluoroscopy use and facilitate quick and safe implementation of this technology. Detection rate of ectopic PV activity was low in our cohort (42%). Quality of PV electrogram recording may additionally improve with technical optimizations of the catheters. In the majority of cases, acute PV-reconnection was excluded by assessing local electrograms at PV ostia using the LASSOSTAR™ catheter rather that repeat 3D-mapping at the end of the procedure. This may be associated with diagnostic limitations. However, it corresponds to the center’s standard protocol for other single-shot PVI-devices (e.g., cryoballoon-ablation, pulsed field ablation). Additionally, neither a prolonged intraprocedural waiting time after PVI nor adenosine application were part of the center-specific standards during for PVI, thus, dormant PV conduction may have been missed. As to the detection of oesophageal lesions or atrio-oesophageal fistula, endoscopy was not routinely performed and only scheduled for patients with clinical suspicion of these conditions.

The single-center design of the study is associated with inherent limitations as the presented data reflect the experience of only one high-volume ablation center and one operator with respect to the learning curve. However, procedural workflow was standardized and is described in detail in the Methods section for comparability of procedural data. Previously acquired expertise of the operator in LA- and CB-ablation ensured skilled performance of transseptal puncture and catheter navigation in the LA. Transferability of these results to less experienced physicians or centers is therefore limited. However, these prerequisites enhanced comparability of procedural outcomes to other technologies excluding non-device-related but rather operator-associated confounders.




Conclusion

At a high-volume ablation center, PVI with the novel multielectrode RF-balloon catheter can be achieved with high acute procedural efficacy and safety. Previous experience and established workflows with “single-shot” ablation techniques may be beneficial for time-efficient introduction of this novel technology in clinical practice. Future, multicenter trials are needed to analyze long-term clinical outcome in larger real-world patient cohorts undergoing AF-ablation with this new technology.
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Background: Mechanisms underlying atrial fibrillation (AF) are widely complex and vary tremendously among individuals.



Objectives: This retrospective study aimed to investigate the association between AF activation patterns and clinical outcomes post-ablation.



Methods: Fifty-five AF patients (64.0 ± 12.9 years; 41 men; 17 paroxysmal) underwent bi-atrial endocardial driver mapping during AF pre-ablation with a real-time phase mapping system (ExTRa Mapping). The nonpassively activated ratio (%NP) of meandering rotors and multiple wavelets relative to the recording time was evaluated in 26 atrial segments [15 in the left atrium (LA) and 11 in the right atrium]. Irrespective of the mapping results, all patients underwent standard AF ablation via cryoballoons and/or radiofrequency catheters.



Results: In a median follow-up interval of 27(14–30) months, 69.1% of patients were free from recurrent arrhythmias and antiarrhythmic drugs at one year post-procedure. Patients with recurrent AF were more likely to have non-paroxysmal AF, a significantly larger LA size, and higher LA maximal %NP(LAmax%NP) and LA anterior wall %NP(LAAW%NP) than those without recurrent AF. A multivariate Cox regression analysis showed that both an LAmax%NP (hazard ratio [HR] = 1.075; 95% confidence interval [CI] = 1.02–1.14, p = 0.012) and LAAW%NP (HR = 1.061; 95% CI = 1.01–1.11, p = 0.013) were independent predictors of atrial arrhythmia recurrence. The optimal cutoff points for the LAmax%NP and LAAW%NP for predicting AF recurrence were 64.5% and 60.0%, respectively. A Kaplan-Meier analysis demonstrated that both an LAmax%NP > 64.5% (p = 0.0062) and LAAW%NP > 60.0% (p = 0.014) were associated with more frequent AF recurrences.



Conclusion: Baseline AF activation pattern mapping may aid in predicting freedom from arrhythmias after standard AF ablation procedures.
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Introduction

Atrial fibrillation (AF) has a major impact on global morbidity and mortality rates as the most common of all sustained cardiac arrhythmias worldwide. Currently, catheter ablation is a well-accepted therapeutic strategy for all types of AF, as confirmed by various guidelines (1). However, the sprocedure's success rates are limited, particularly in non-paroxysmal AF (2). Although various adjunctive ablation strategies for eliminating the AF maintenance mechanism have been devised, including left atrial (LA) linear ablation (i.e., ablation of the roof and mitral isthmus line), ablation of complex fractionated atrial electrograms, and magnetic resonance imaging-guided fibrosis ablation, they have not indicated any significant efficacy benefit over pulmonary vein (PV) isolation alone in non-paroxysmal AF patients (3, 4). AF activation flow pattern mapping has been developed as a method to detect action potential sources in the atriums of AF patients (5, 6). This technology, through the use of various devices has the potential to distinguish between active and passive rotational activities. This method can be used to determine which active sources significantly contribute to the perpetuation of fibrillation in the atrium. However, electrical rotor ablation, which identifies and ablates the AF driver as the causative mechanism of AF, has demonstrated a wide variability in its success rates (7–9).

A novel phase mapping system (ExTRa Mapping™, NIHON KOHDEN, Tokyo, Japan), which can visualize intra-atrial signals by means of a specialized artificial intelligence algorithm, was developed to address issues with other mapping systems (6). It provides a high-density movie with a nonpassively activated ratio, which is the ratio of meandering AF rotors and multiple wavelets assumed to contain AF drivers to the recording time. We hypothesized that the results of real-time driver mapping may predict clinical outcomes after standard AF ablation. This study aimed to investigate the association between the baseline AF activation patterns and clinical outcomes after standard AF ablation.



Methods


Study population

This was a single-center retrospective cohort analysis. A total of 62 patients completed bi-atrial endocardial driver mapping during AF pre-ablation with a real-time phase-mapping system, ExTRa Mapping, between April 2019 and April 2020. Patients with severe LA dilatation [LA dimension (LAD) > 50 mm] and those with a follow-up period of <1 year were excluded. Additionally, 4 patients taking antiarrhythmic agents (class I, III, and bepridil) at the last follow-up were also excluded to remove the impact of antiarrhythmic agents on the rhythm status and clinical outcomes. Ultimately, 55 patients were included in this study. This study was conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from all the patients. The hospital's institutional review board approved the study protocol.



AF ablation protocol and follow-up

Direct oral anticoagulant use was uninterrupted throughout the periprocedural period, and an activated clotting time of 300–350 s was maintained during the procedure. A 20-electrode catheter (10 in the coronary sinus, 8 in the right atrium [RA], 2 in the superior vena cava [SVC]; BeeAT SAOC; Japan Lifeline Co., Ltd., Tokyo, Japan) was inserted through the right jugular vein. Following a transseptal puncture, bi-atrial endocardial driver mapping was performed using the ExTRa mapping™ system during AF (further procedural details are described later). When the baseline rhythm was sinus rhythm, AF was induced by burst pacing from the coronary sinus without administration of isoproterenol, followed by mapping during AF after at least 15 min of waiting. Subsequently, PV isolation was performed using a contact force-sensing irrigated-tip radiofrequency catheter (SmartTouch Surround Flow, Biosense Webster, Diamond Bar, CA, USA) or a 28 mm fourth-generation cryoballoon (Arctic Front Advance, Medtronic, Minneapolis, MN, USA) guided by the CARTO3 (Biosense Webster) or Rhythmia (Boston Scientific, Natick, MA, USA) three-dimensional electroanatomic mapping system. Additional substrate modification, mainly LA roof area ablation with cryoballoon (10), was performed mainly for patients with a relatively large LA, according to the operator's preference. The construction of an LA voltage map ensued using a 20-pole mapping catheter (PentaRay, Biosense Webster, Irvine, CA, USA) or 64-electrode minibasket mapping catheter (Intellamap Orion, Boston Scientific, Marlborough, MA, USA) during coronary sinus pacing. The low-voltage area (LVA) was delineated based on a bipolar voltage of <0.5 mV. No ablation targeting those LVAs was performed in any patients.

We continued in-hospital electrocardiogram monitoring for 3–5 days after the procedure. Regular follow-up consisted of outpatient clinic visits at 1 and 3 months after the procedure. Subsequent follow-up visits consisted of a clinical interview, 12-lead electrocardiogram, and/or 24-hour Holter electrocardiogram recordings performed every 3 months. Anticoagulation therapy was continued for at least three months. Recurrence was defined as an atrial arrhythmia lasting longer than 30 s after a 3-month blanking period following the latest guidelines (1). Clinical outcomes were examined using electronic medical records.



Real-time phase mapping analysis

To detect the distribution of AF drivers, a commercially available online real-time phase mapping system (ExTRa Mapping™ system) was used (6). This mapping system was based on 41 bipolar intra-atrial electrograms (20 unipolar, 12 physiological bipolar, and 9 virtual bipolar electrocardiograms) per 5 cm2, recorded by a deflectable 20-pole spiral-shaped mapping catheter with a diameter of 2.5 cm (Reflexion HD, St. Jude Medical, St. Paul, MN, USA) (Figure 1A), and the analysis results are automatically calculated. Catheter contact was carefully confirmed through electrogram recording and fluoroscopy. The reliability color was automatically judged from the number of electrocardiograms with an amplitude above 0.03 mV among the 41 electrocardiograms and visualized in real-time on the system. This system can provide a high-density (>4 signals/cm2) movie of the contact mapping area in real-time (6).


[image: Figure 1]
FIGURE 1
Fluoroscopic images of bi-atrial segments evaluated for activation patterns. (A) A deflectable 20-pole spiral-shaped mapping catheter (Reflexion HD, St. Jude Medical, St. Paul, MN, USA). (B) Fluoroscopic images of 26 atrial segments (15 LA and 11 RA) evaluated for activation patterns are shown. AP, anteroposterior; LA, left atrial; LAO, left anterior oblique; LI, left inferior; LS, left superior; PV, pulmonary vein; RA, right atrial; RAO, right anterior oblique; RI, right inferior; RS, right superior.


To determine the location of AF drivers, nonpassively activated areas, in which rotational activations were frequently observed and multiple wavelets were also partly observed, were automatically detected according to the value of the nonpassively activated ratio (%NP) (6). The %NP indicates the ratio of the nonpassively activated period (comprised of meandering rotors and multiple wavelets assumed to contain AF drivers) to the recording time, and the recording time was set to 8 s as a technically maximum setting within a range of 5–8 s. A longer recording time of 8 s, relative to 5 s, improves instability and increases reliability (11). Based on the 8 s wave dynamics during AF, each phase map was automatically created (Supplementary Video S1). The %NP was evaluated in 26 atrial segments to cover all atrial areas: 15 segments were in the LA, consisting of the left superior PV antrum, left inferior PV antrum, right superior PV antrum, right inferior PV antrum, roof, posterior wall, low posterior wall, mitral isthmus, septum, inferior wall, appendage, lateral wall, anterior roof, high septum, and anterior wall; 11 were in the RA, comprised of the SVC, high RA, septum, cavo-tricuspid isthmus, coronary sinus ostium, posterior wall, low posterior wall, lateral wall, low lateral wall, appendage, and anterior wall (Figure 1B). In addition, two sequential repetitive recordings (a total of 16 s) were acquired at each site to obtain higher reliability. The average %NP value was then calculated for each site where sufficient tissue-catheter contact was confirmed. All mapping data were analyzed offline after the procedure. No ablation targeting those high % NP areas was performed in any patients.



Statistical analysis

Continuous data are expressed as means ± standard deviation for normally distributed variables and as the median [25th, 75th percentiles] for non-normally distributed variables and were compared using Student's t-test or Mann-Whitney U-test, respectively. Categorical variables were compared using the chi-squared test. A Cox proportional hazard model was used for multivariate analyses to identify independent preprocedural and procedural parameters for recurrent atrial arrhythmias, with the entry criteria of p < 0.05 on univariate analysis. Because of the strong correlation between the LA maximal %NP (LAmax%NP) and LA anterior wall %NP (LAAW%NP), two models were created for each parameter. Model A was created using LAmax%NP and Model B was created using LAAW%NP. Receiver operating characteristic (ROC) analysis was used to evaluate the predictive value of LAmax%NP and LAAW%NP for the determination of the presence or absence of AF recurrence. The area under the curve (AUC) was calculated, and possible cutoff points were selected. Kaplan-Meier analysis was used to evaluate atrial arrhythmia recurrence in patients, and the log-rank test was used to compare groups. A p-value of p < 0.05 was considered statistically significant. Statistical analyses were performed using JMP version 12.0 (SAS Institute Inc., Cary, NC, USA).




Results


Patient characteristics and bi-atrial mapping

Fifty-five patients with AF (64.0 ± 12.9 years, 41 men, 17 paroxysmal AF) who underwent bi-atrial endocardial phase mapping followed by AF ablation were included. Among them, 18 (32.7%) patients required AF induction because the baseline rhythm was sinus rhythm. The distribution of the average %NP values for each of the 26 atrial segments (15 LA and 11 RA) is shown in Figure 2. Driver activity was not present throughout the AF mapping period in any of the mapping areas. The maximal and mean %NPs were significantly higher in the LA than in the RA (maximal %NP: 60.5 ± 8.7% vs. 55.0 ± 9.1%, p = 0.0003; mean %NP: 38.7 ± 8.0% vs. 35.2 ± 8.7%, p = 0.0048). Furthermore, the maximal and mean %NPs in 4 PVs and SVC were significantly lower than those seen in the remaining segments, except for those observed in the LA/RA appendage (bi-atrial body) (maximal %NP; 49.5 ± 12.6 vs. 60.8 ± 7.4, p < 0.0001; mean %NP: 29.5 ± 9.3 vs. 41.0 ± 8.2, p < 0.0001). Moreover, maximal and mean %NPs in the LA/RA appendage were significantly lower than those in the bi-atrial body (maximal %NP; 36.1 ± 17.0 vs. 60.8 ± 7.4, p < 0.0001, mean %NP; 27.0 ± 14.4 vs. 41.0 ± 8.2, p < 0.0001). LVAs in the LA were identified in six (10.9%) patients (on the anterior wall in three, on the septum in two, and on the posterior wall in one). The median %LVA (LVA/total LA surface area) was 3.3% (0.9%–6.5%) and the value was less than 10% in all patients.
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FIGURE 2
Baseline %NP values for each evaluated bi-atrial segment. The horizontal line indicates the mean %NP values of each of the 26 atrial segments (15 LA and 11 RA) in all the patients. The black line represents the standard deviation for each value. %NP, nonpassively activated ratio; LA, left atrial; LI, left inferior; LS, left superior; PV, pulmonary vein; RA, right atrial; RI, right inferior; RS, right superior.




Clinical outcomes and predictors of arrhythmia recurrence

All patients underwent a successful PV isolation, and an LA roof line ablation was performed in 42 patients (76.4%). A cavo-tricuspid isthmus linear ablation, SVC isolation, bottom line ablation, and ablation of non-PV foci were added in 52, 7, 6, and 2 patients, respectively (Table 1). No ablation targeting high %NP areas or low voltage areas was performed in any patients. No complications were observed except for in one patient who experienced transient gastric hypomotility and another with cardiac tamponade. AF was terminated during or after ablation in 9 patients (paroxysmal AF in 7 and persistent AF in 2), while electrical cardioversion was required to restore sinus rhythm in the remaining 46 patients. Of the 9 patients, AF terminated during and immediately after the PV isolation in 4 patients (left superior PV in 3 and right inferior PV in 1) and during and soon after the roof line ablation in the remaining 5 patients. The mean %NP value of the area where AF was terminated by ablation was 39.9%, and the area was not the highest %NP area in all 9 patients except for in one patient. The %NP values were similar in the patients with AF termination by ablation and those by electrical cardioversion (maximal %NP; 60.4 ± 6.9 vs. 60.5 ± 9.1, p = 0.99, mean %NP; 36.3 ± 7.1 vs. 39.2 ± 8.1, p = 0.32). During a median follow-up interval of 27 (14–30) months, 69.1% of the patients were noted to be free from recurrent arrhythmias and antiarrhythmic drug use. No hospitalizations due to cardiovascular events were recorded; however, one patient died due to acute lymphoblastic leukemia, 2 years after the procedure.


TABLE 1 Patient clinical characteristics and ablation strategy.
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Patients with recurrent AF were more likely to have non-paroxysmal AF (p = 0.041) and a significantly larger LAD (p = 0.038) than patients without recurrent AF, but there was no significant difference in the ablation strategies between the patients with and those without recurrent AF (Table 1). Additionally, the LAmax%NP value (p = 0.015) and LAAW%NP value (p = 0.022) were significantly higher in patients with AF recurrence than those without, although there were no between-group significant differences in the RA %NP values (Table 2). LAAW%NP correlated significantly with LAmax%NP with moderate accuracy (r = 0.66, p < 0.001), and LAAW%NP had the strongest correlation with LAmax%NP among all the LA %NP values. In multivariate Cox proportional hazard model analysis, LAmax%NP (hazard ratio [HR] = 1.075; 95% confidence interval [CI] = 1.02–1.14, p = 0.012) was the only independent predictor of AF recurrence after the procedure (Table 3, Model A). LAAW%NP [odds ratio (OR) = 1.061; 95%CI = 1.01–1.11; p = 0.013] also predicted arrhythmia recurrence after the procedure (Table 3, Model B). An ROC analysis demonstrated that an LAmax%NP value of 64.0% was the optimal cutoff value for predicting AF recurrence with 58.8% sensitivity, 79.0% specificity, 55.6% positive predictive value, and 81.1% negative predictive value (AUC:0.67, p = 0.021; Figure 3A). Similarly, an LAAW %NP value of 60.0% was the optimal cutoff value for predicting AF recurrence with 57.1% sensitivity, 85.3% specificity, 61.5% positive predictive value, and 82.9% negative predictive value (AUC:0.71, p = 0.025; Figure 3B). Kaplan-Meier analysis showed that LAmax%NP values ≤64.0% (log-rank, p = 0.0062) and LAAW %NP values ≤60.0% (log-rank, p = 0.014) were associated with significantly higher freedom from arrhythmia after the procedure (Figure 3C,D).


TABLE 2 Procedural characteristics.
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TABLE 3 Predictors of AF recurrence in the multivariate analysis of a Cox proportional hazard model.

[image: Table 3]


[image: Figure 3]
FIGURE 3
Baseline %NP values and clinical outcomes after the procedure. Receiver operating characteristic curves show the optimal cut-off values (red arrows) of LAmax%NP (A) and LAAW%NP (B) for predicting freedom from arrhythmia after AF ablation. In the Kaplan-Meier analysis, LAmax%NP >64.0% (C) and LAAW%NP >60.0% (D) were significantly associated with higher arrhythmia recurrence after the procedure. AF, atrial fibrillation; AUC, area under the curve; LAAW%NP, left atrial anterior wall nonpassively activated ratio; LAmax%NP. Left atrial maximal nonpassively activated ratio.





Discussion

The present study demonstrated the results of bi-atrial endocardial driver mapping using a real-time phase-mapping system prior to AF ablation. Our results can be summarized as follows: (1) driver activity was not present throughout the AF mapping period and most of them were transitory; (2) drivers were most frequently observed at the LA anterior wall, LA septum, and LA roof area; (3) passive activity was dominant in the 4 PVs, SVC, RA/LA appendages, and lateral LA during most of the mapping time; and (4) the majority of the patients were arrhythmia-free after standard AF ablation even without targeting the highest driver activity area. However, baseline LA driver activity level predicted arrhythmia freedom after ablation.


AF mechanisms and driver mapping

Electric and structural remodeling is fundamental to the AF disease process, and the appearance of fibrosis increases substrate dimensions. This remodeling process is thought to lead to rotor facilitation and the multiplication of randomly circulating waves associated with a decreased atrial refractory period and heterogeneous tissue structure (11). Multiple atrial wavelets, meandering rotors, macroreentries, and localized (focal or reentrant) sources have all been reported to contribute to the substrate of persistent AF (12, 13). In humans, AF drivers have been demonstrated during endocardial and epicardial mapping with the use of multielectrode tools or noninvasive torso electrode arrays using activation, spectral, or phase mapping (14–16), although the mapping results are inconsistent, presumably due to the different mapping methodologies involved.

The ExTRa mapping system is a commercially available mapping system that enables real-time phase-mapping during AF ablation. The system demonstrates rotational activations (meandering rotors and/or multiple wavelets) and passively activated planar wave propagation with high spatial density (6). The reliability of the phase mapping data obtained by the system (the threshold setting was 0.03 mV) has already been validated through the simultaneous measurement of high-resolution optical membrane potential mapping in rabbit ventricular myocardium (17), and the system has been used in some clinical studies for human AF (17, 18). The advantage of the system lies in its capability for real-time phase mapping based on the local electrograms recorded by contact mapping. One limitation of the system is its difficulty in identifying intermittent firing and spatial meandering because of sequential temporospatial mapping, as in other systems. This study is distinctive from previous research that employed the ExTRa mapping system (18, 19) because this study not only mapped the LA but also the RA to identify the AF driver domain, unlike previous studies that only mapped the LA. This study also utilized a considerably longer recording time (sequential repetitive 8 s recording) to improve the temporal stability unlike the single 5 s recordings used in previous studies (20).



Real-time phase mapping of human AF

The present phase mapping data showed unstable reentries in wide spatial domains, with short-lived generated rotors, mixed with other mechanistic patterns of activation, in accordance with the results of panoramic noninvasive mapping data (15). Our bi-atrial contact mapping also observed the anatomic distribution of AF drivers and identified predominant domains such as the LA anterior wall, LA septum, and LA roof area. In contrast, passive waves (organized activity) prevailed in the PVs, SVC, LA/RA appendage, and lateral LA throughout the cumulative AF mapping period. Nevertheless, the majority of patients were free from AF after standard AF ablation without targeting specific AF driver areas, although the present study population consisted of patients with a relatively healthy atrium (without significant LVAs). Given these findings, it seems reasonable to consider that 4 PVs and SVC mainly play a role in triggering AF and the atrial body plays a role in driving AF, although the limited mapping period reflects the limitations of sequential endocardial contact mapping.

The current study observed that the presence of high %NP areas was associated with arrhythmia recurrence after AF ablation, indicating that the residual AF substrate might be predisposed to AF recurrence. Nakamura et al. previously showed that nonpassive activations were mainly located in tissue exhibiting heterogenous myocardial fibrosis amongst healthy tissue, which could be detected as heterogenous late gadolinium enhancement on cardiac magnetic resonance imaging (20). Given the study results, we assume that the fibrotic process may have contributed to the development of high %NP areas. This mapping system possesses the utility of identifying the dominant AF driver domain and aids in predicting clinical outcomes after standard AF ablation procedures.



Ablation targeting AF drivers

Several studies have reported an ablation strategy targeting AF drivers though the results are conflicting (8). If a discrete number of rotors, temporally stable for hours, are present in a limited special domain, ablation targeting the rotors seems to be reasonable (16). However, the periodic occurrence of unstable reentries is theoretically less amenable to ablation. Proposed ablation strategies involve ablation targeting the region with the highest driver activity identified by body surface electrode mapping until AF termination (15), and ablation targeting the area with the highest %NP values identified by the ExTRa mapping system until the reduction of %NP at the area (6). However, randomized prospective studies showing the additional benefit of rotor ablation beyond standard AF ablation are nonexistent, and no definitive mapping technique or ablation endpoint has ever been established. Further studies are needed to characterize the respective contributions of AF drivers and establish appropriate ablation strategies for these drivers.



Clinical implications

The mechanisms of sustained AF and strategies targeting AF substrates in patients with persistent AF remain unclear. Currently, it is well known that patients with LVAs and advanced atrial disease have worse outcomes than those without LVAs (21). However, limited data have focused on the factors predicting clinical outcomes after AF ablation in patients with AF without advanced atrial disease. The present study included these populations. A real-time phase mapping system could identify the AF driver domain and aid in predicting clinical outcomes after the procedure in these populations. Moreover, this may facilitate the identification of patients who require substrate modification following the standard AF ablation procedure.



Limitations

First, this was a single-center retrospective observational study, and the study population was relatively small. Second, patients in whom AF did not persist over a 15 min waiting time or terminated during mapping were not included. Third, patients with severe LA dilatation (>50 mm) were not included because good tissue contact with the specific mapping catheter was challenging in patients with a large LA and the accuracy of the driver mapping has not been validated in scar areas, where the signal amplitude is below 0.03 mV. Fourth, the mapping time of AF was limited as with the other mapping systems. Fifth, the impact of AF driver ablation was undetermined because ablation targeting the driver area was not performed in this study.




Conclusions

Bi-atrial sequential endocardial phase mapping of human AF demonstrated that most AF driver activities were transitory and widely distributed. The baseline AF driver activity level predicted freedom from arrhythmias after a standard AF ablation procedure.
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SUPPLEMENTARY VIDEO S1

Representative movie of a non-passively activated area. Representative images of a high %NP area on the LA anterior wall. The recording time was set to 8 s and the video is played at 0.1× speed. The value of the %NP and passively activated ratio (%P) was 70% and 30%, respectively. The %NP and %P are listed at the top of the screen, and the %NP also lists the %values for rotors as R and multiple wavelets as M; when rotors, multiple wavelets, and a passively activated pattern appears, the respective letters are highlighted.
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Background: Marshall vein ethanol infusion (MVEI) as an additional therapy to conventional catheter ablation (CA) has been proved to be efficacious in patients with persistent atrial fibrillation (PeAF). However, whether empirical MVEI could be the first-line strategy in mitral isthmus (MI) ablation has seldom been investigated. Here, we aim to compare the efficacy, safety, and long-term outcomes between provisional and empirical MVEI in PeAF patients undergoing the index MI ablation procedure.



Methods: We enrolled 133 patients with PeAF either in the provisional group (n = 38, MVEI was performed when conventional endocardial and/or epicardial ablation procedures were inadequate to achieve bidirectional MI block) or in the empirical group (n = 95, MVEI was performed empirically before MI CA).



Results: All of the baseline characteristics were comparable. Less spontaneous or inducible atrial tachycardias (ATs) were encountered in the empirical group of patients (P < 0.001). More epicardial ablations were applied (26.3% vs. 9.5%, P = 0.016) and a higher incidence of CA-facilitated restoration of sinus rhythm was recorded (86.8% vs. 11.7%, P < 0.001) in the provisional group of patients. Although more fluoroscopy time (6.4[4.2, 9.3] vs. 9.5[5.9, 11.6] min, P = 0.019) and radiation exposure (69.0[25.3, 160.2] vs. 122.0[62.5, 234.1] mGy, P = 0.010) were documented in the empirical group with comparable procedure time, less time (455.9 ± 192.2 vs. 366.5 ± 161.3 s, P = 0.038) was consumed to achieve bidirectional MI block during endocardial ablation in the provisional group. Incidences of procedure-related complications were similar between the two groups. During a 16.5 ± 4.4-month follow-up, the empirical group of patients showed a significantly higher rate of freedom from AT recurrence (95.8% vs. 81.6%, log-rank P = 0.003), while the rate of freedom from AF or atrial tachyarrhythmias (combining AF and AT) was similar. Both univariate (HR 0.19, 95% CI 0.05–0.64, P = 0.008) and multivariate (HR 0.25, 95% CI 0.07–0.92, P = 0.037) Cox regression analyses indicated that empirical MVEI was independently associated with lower long-term AT recurrence.



Conclusion: Among patients with PeAF who underwent the index MI ablation procedure, empirical MVEI could reduce endocardial MI ablation time and provide greater long-term freedom from AT recurrence.
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1. Introduction

Mitral isthmus (MI)-dependent conduction has been considered one of the most important substrates in persistent atrial fibrillation (PeAF) (1). In most cases, bidirectional block of MI could not be achieved only with endocardial catheter ablation (CA), even with supplementary epicardial ablation from the distal coronary sinus (CS). Muscle bundles and vein within the Marshall ligament connecting the left atrium (LA) around the left pulmonary veins (PVs) and CS have been recognized as participants in the maintenance of the AF (2, 3). It is reported that adjunctive Marshall vein ethanol infusion (MVEI) could improve the efficacy of MI ablation and its outcomes in PeAF patients (4–9). However, whether MVEI should be performed empirically before using other conventional ablation strategies or applied provisionally when bidirectional block could not be achieved after conventional ablation steps in PeAF patients undergoing the index MI ablation procedure has been seldom investigated. Against this background, the purpose of this study is to evaluate the efficacy and safety of empirical MVEI in patients with PeAF.



2. Materials and methods


2.1. Study populations

Among all consecutive patients with PeAF who underwent CA during the period between April 2019 and March 2022 in our center, those who underwent CS venogram and first-time AF ablation were included retrospectively. Patients who had MV and complete data were enrolled in either the provisional group (MVEI was performed when conventional endocardial and/or epicardial ablation procedures were inadequate to achieve bidirectional MI block) or in the empirical group [MVEI was performed empirically before MI CA (Figure 1]. All patients met the indications of CA on the basis of the current guidelines (10, 11). The exclusion criteria were as follows: (i) permanent AF refractory to medical or electrical cardioversion; (ii) associated structural heart disease other than left ventricular hypertrophy; (iii) a previous AF CA procedure or cardiac surgery; and (iv) AF with valvular disease ⩾grade 2. All patients were provided written informed consent. All antiarrhythmic drugs were discontinued for at least 5 half-lives and amiodarone was stopped at least 4 weeks before the ablation procedure. The study protocol adhered to the principle of the Declaration of Helsinki and was approved by the local Institutional Review Board (register number 2022RS105).


[image: Figure 1]
FIGURE 1
Study flowchart. PeAF, persistent atrial fibrillation; CA, catheter ablation; MI, mitral isthmus; MVEI, Marshall vein ethanol infusion.




2.2. Ablation procedures

The absence of thrombus in the LA or left atrial appendage (LAA) was confirmed by transesophageal echocardiography within 48 hrs before the procedure. All ablation procedures were performed under local anesthesia and deep sedation. Intravenous heparin was administered after femoral venous access to maintain an intraprocedural activated clotting time of 250–350 s. Intracardiac electrograms were recorded using the multichannel electrophysiology system (EP-Workmate, Abbott, USA), and radiofrequency CAs were performed under the guidance of 3D electroanatomic mapping systems (Carto3, Biosense-Webster, USA or Ensite Precision, Abbott, USA). A decapolar mapping CS catheter was introduced via the left femoral vein and double transseptal punctures were performed under the guidance of fluoroscopy. A geometrical reconstruction of the LA and PVs and activation/voltage mapping were done using multipolar mapping catheters (Pentaray Nav, Biosense-Webster, USA or Doubleloop, Abbott, USA). An open irrigated-tip contact force (CF)-sensing catheter (Thermocool SmartTouch, Biosense-Webster, USA or TCQ, Abbott, USA) was applied to deliver radiofrequency ablations. Circular or linear ablation lesions were delivered at a quantitative ablation target [for the LA anterior wall, LA roof, MI endocardial aspect, and cavotricuspid isthmus (CTI): an ablation index (AI) of 500–550 and a lesion size index (LSI) of 5.0–5.5; for the LA posterior wall, LA bottom, and MI epicardial aspect within the CS: an AI of 350–400 and an LSI of 3.5–4.0] and at a center-to-center interlesion distance <6 mm with a target CF of 5–20 g (12).

MVEI has been described in detail in previous studies (4, 6, 8, 9, 13–15). Briefly, the presence and location of the MV were identified by using a subselective venogram with a 6-Fr JR 4.0 guiding catheter via a steerable sheath (Agilis NxT, Abbott, USA or Vizigo, Biosense-Webster, USA) cannulated into the CS. Then, a 0.014″ angioplasty guidewire (Runthrough, Terumo, Japan) was introduced into the MV, over which an over-the-wire balloon (Emerge, Boston Scientific, USA) was advanced to the ostium of the MV. A selective venogram was performed to delineate the branching pattern of the MV and to identify the occlusion of the MV by inflating the balloon. Then, two infusions of 6–8 ml 98% ethanol were injected gently into the occluded MV at its distal and proximal part, respectively. Repeated contrast injection was administered to check the MV after ethanol infusions.

For patients in the provisional group, bilateral pulmonary vein isolation (PVI) was performed initially. Spontaneous or inducible MI-dependent atrial tachycardia (AT) was confirmed by activation and entrainment mapping. Endocardial MI linear ablation and/or epicardial ablation within the CS at the reciprocal aspect to the MI line were applied. If the RF ablation was insufficient to achieve the bidirectional block of MI, MVEI was performed. Additional linear ablations such as LA roof line, posterior BOX line (roof plus posterior linear ablations with the isolation of the posterior wall as the endpoint), CTI line, anterior wall line, or superior vena cava (SVC) isolation were performed at the discretion of the surgeon (Figure 1).

For patients in the empirical group, MVEI was performed before RF ablation procedures. Voltage mapping before and after MVEI were performed and compared. Then, bilateral PVI and linear ablations including the MI line from the endocardial aspect were delivered (Figure 1).

Sinus rhythm was restored either by CA of tachyarrhythmias, intravenous injection of ibutilide, and MVEI or by synchronous electrical cardioversion (SECV).

The endpoint of the ablation procedure was the bidirectional block between all PVs and LA and across all ablation lines. A Complete bidirectional block across the MI line was confirmed by the activation sequence in the CS showing a proximal-to-distal pattern when pacing from the LAA. High-density activation mapping was performed to locate the conducting gap when the block was incomplete and additional endocardial and/or epicardial ablation applications were delivered at gaps to achieve complete block.



2.3. Postprocedure treatments and follow-up

All antiarrhythmic drugs were discontinued in all patients after the 3-month blanking period. Long-term oral anticoagulants were recommended on the basis of thromboembolic risk evaluations in accordance with the current guidelines (11, 16). Clinic outpatient visits such as echocardiography and 24-h Holter tests were arranged regularly at 3, 6, and 12 months after the index ablation procedure and then every 6 months or whenever patients experienced symptoms. Clinical recurrence was defined as any documented episode of AF or ATs (including atrial flutter and tachycardia) lasting for at least 30 s after the blanking period (11, 16).



2.4. Statistical analysis

Statistical analysis was performed using SPSS software (version 26.0, IBM, USA). Continuous variables were expressed as mean ± standard deviation (SD) or median (interquartile range, IQR) for non-normal distributions, and categorical variables were reported as frequency (percentage). Parametric (Student's t-test) or nonparametric tests (Mann–Whitney U test and chi-square test/Fisher's exact test) were used to compare differences in clinical and ablation parameters between the two groups. Kaplan–Meier analyses with log-rank tests were used to calculate AF/AT recurrence-free survival over time and to compare recurrence rates between the two groups. Univariate and multivariate Cox regression analyses were used to evaluate the predictors of atrial arrhythmia recurrence. A P-value of <0.05 (two-sided) was considered statistically significant.




3. Results


3.1. Baseline characteristics

A total of 334 patients underwent MI ablation from 1,042 consecutive PeAF patients who were screened. One hundred and thirty-eight patients underwent CS venogram and the absence of MV was identified in 5 (3.6%) patients. The remaining 133 patients were divided into either the provisional group (n = 38) or the empirical group (n = 95, Figure 1). The baseline characteristics of all participants were comparable between the two groups (Table 1).


TABLE 1 Comparison of baseline characteristics.
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3.2. Procedural characteristics

As seen in Table 2, more spontaneous or inducible ATs were recorded in the provisional group of patients (57.9% vs. 7.4%, P < 0.001), in which more ATs were MI-dependent (50.0% vs. 2.1%, P < 0.001). Endocardial contiguous linear lesions between the left inferior pulmonary vein (LIPV) and the mitral annulus (MA) were applied in all patients, while more epicardial ablation lesions within the CS were delivered in the provisional group of patients (26.3% vs. 9.5%, P = 0.016). The distribution of other ablation strategies was comparable between the two groups. A higher incidence of SR restoration by CA was observed in the provisional group (86.8% vs. 11.7%, P < 0.001), while more arrhythmia terminations were achieved by SECV in the empirical group (13.2% vs. 78.9%, P < 0.001).


TABLE 2 Comparison of procedure-related results.
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The total procedure time did not differ between the two groups. However, more fluoroscopy time (6.4[4.2, 9.3] vs. 9.5[5.9, 11.6] min, P = 0.019) and radiation exposure (69.0[25.3, 160.2] vs. 122.0[62.5, 234.1] mGy, P = 0.010) were recorded in the empirical group. Although the total ablation time was similar between the groups, the endocardial ablation time in the empirical group was significantly less (455.9 ± 192.2 vs. 368.0 ± 163.6 s, P = 0.038).

The incidences of procedure-related complications were low and similar between the groups (Table 2).



3.3. Long-term follow-up and predictors of arrhythmia recurrence

After a 16.5 ± 4.4-month follow-up, the AT-free success rate was significantly higher in the empirical group of patients (95.8% vs. 81.6%, log-rank P = 0.003, Figure 2C). However, freedom from atrial tachyarrhythmias (ATA, combining AF and AT, 76.8% vs. 68.4%, log-rank P = 0.109, Figure 2A) and AF (78.9% vs. 76.3%, log-rank P = 0.334, Figure 2B) recurrence between the groups was comparable.
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FIGURE 2
Comparison of atrial tachyarrhythmias recurrences between two groups (panels A–C) and among patients with or without MVEI in the provisional group (panels D–F) during follow-up. ATA, atrial tachyarrhythmia; AF, atrial fibrillation; AT, atrial tachycardia; MVEI, Marshall vein ethanol infusion.


When compared with those patients who underwent MVEI in the provisional group, similar success rates of freedom from ATA (70.6% for MVEI[−] vs. 66.7% for MVEI[+], log-rank P = 0.867), AF (76.5% for MVEI[−] vs. 76.2% for MVEI[+], log-rank P = 0.995), or AT (70.6% for MVEI[−] vs. 90.5% for MVEI[+], log-rank P = 0.134) were observed in patients without MVEI (Figures 2D–F).

In the univariate Cox regression analysis, the LA diameter, history of hypertension, performance of empirical MVEI, intraprocedural AT, especially MI-dependent AT, and restoration of SR by ablation were associated with lower AT recurrence (all P values <0.05). However, the performance of empirical MVEI had an independent association with lower AT recurrence (P = 0.037, Table 3) in the multivariate COX regression analysis.


TABLE 3 Univariate and multivariate cox regression analyses of AT recurrence.
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4. Discussion

The present study evaluated the efficacy and safety of empirical MVEI in PeAF patients undergoing the index MI ablation procedure. The main findings are as follows. (1) Less spontaneous or inducible ATs were documented when MVEI was performed empirically before the conventional ablation procedure. (2) More epicardial ablation procedures were required to achieve a bidirectional block of MI if MVEI was performed in a provisional manner. (3) Although more fluoroscopy exposures were recorded, performing MVEI empirically helped reduce endocardial MI ablation time. (4) Empirical MVEI was independently associated with lower long-term AT-free success.


4.1. Electrophysiological considerations of MV

In clinical scenarios that include documented MI-dependent macro reentry ATs or anatomical lesion sets that aim at atrial compartmentalization beyond PVI, endocardial and/or epicardial linear ablation connecting LIPV and MA would be performed. However, to achieve a bidirectional block across MI might be challenging sometimes for the occurrence of unavoidable residual conduction gaps (17). A non-transmural lesion set across MI is one of the main risk factors for gap conduction and tachyarrhythmia recurrence (3).

The MV surrounded by the Marshall bundle (MB) descending obliquely over the epicardial aspect of the LA lateral ridge has been considered one of the non-PV origins of ectopy initiating atrial tachyarrhythmias (17, 18). A distinct MB potential during SR and rapid and fractionated activations during AF could be recorded with a thin multielectrode catheter inserted within the MV (2). Ectopic activities from the distal or middle part of the MV triggering AF could be documented and eliminated to achieve MI block (19, 20). MB-dependent ATs such as macro- and localized reentries could be visualized by high-density activation mapping and confirmed with entrainment along the circuits. Although all of those reentries could be terminated by RF ablation and complementary MVEI, higher recurrence was observed after RF ablation compared with ethanol infusion (21). In our study, the incidence of intraprocedure spontaneous or inducible ATs, especially MI-dependent ones, was significantly lower in the empirical group than in the provisional group. It is hypothesized that ethanol infusion prior to RF ablation might modify the substrate of MI-dependent tachyarrhythmias partially. Whether empirical MVEI can reduce MI-dependent arrhythmogenicity has yet to be proved with prospective studies.



4.2. The role of MVEI played in PeAF ablation

Retrograde ethanol infusion into the MV has been recognized as a therapeutic tool in AF ablation (4, 13–15, 20, 22). Adjunctive MVEI can facilitate the efficacy of PVI (14, 23). Anatomical ablation strategies such as MB elimination, PVI, and line completion can also improve the success rate in patients with PeAF (6–8, 24). In patients with non-paroxysmal AF, added MVEI can reduce the risk of atrial arrhythmia recurrence and improve the procedural termination rate significantly compared with PVI or PVI plus substrate modification. Multivariate analysis revealed MEVI as an independent predictor of freedom from AF and AT recurrence (24). In the prospective, single-center Marshall-PLAN study, the full lesion set (PVI plus MVEI and linear lesions across MI, roof, and CTI) was completed successfully in 91% patients. The one-year rate of freedom from AF/AT after a single procedure was 72% in the overall cohort and 79% in the complete lesion set subgroup (8). The “conventional 2C3l” approach comprising bilateral PVI and bidirectional block in the roofline, CTI, and MI can also be facilitated with an upgraded strategy of additional MVEI with a shorter LPV antrum and MI ablation time and lower recurrence rate (7). The VENUS randomized multicenter trial also demonstrated remarkably higher rates of freedom from AF/AT after a single procedure in PeAF patients who underwent CA plus MVEI. The rates of reduction of AF burden, freedom from AF after multiple procedures, and success in achieving perimetral block also improved significantly in MV-treated patients (6). In our study, long-term success rates from AF recurrence in both groups (76.2% and 78.9%, respectively) could also be documented when MVEI was performed. The durability of the MVEI-related atrial lesion could be identified by comparing the area of the acute low bipolar voltage region in the index procedure and that of the chronic scar in the redo procedure (25). However, all procedures in this study were performed by using SmartTouch or TCQ ablation catheters. We do believe that the rate of achievement of the endocardial MI block would be improved and outcomes with or without MVEI would be reduced with a more wide use of new-generation ablation catheters (e.g., SmartTouch SurroundFlow, Biosense-Webster, USA).



4.3. Should MVEI be the first-step ablation strategy?

Whether MVEI should be the first step in the PeAF ablation procedures has seldom been investigated. A secondary analysis of the VENUS trial indicated that adding MVEI to CA favored the outcomes of PeAF patients with perimetral block in high-volume centers (26). However, the VENUS trial did not indicate whether MVEI should be performed empirically prior to CA. Recently, Gillis et al. investigated the added value of MVEI as a first step in CA-guided MI block in a small-volume randomized study (27). Added MVEI could be associated with a higher incidence of MI block after endocardial and epicardial ablation procedures and reduced number of ablations needed to achieve MI block. In our study, the need for performing epicardial ablation procedures to achieve MI block (26.3% vs. 9.5%, P = 0.016) and reduce endocardial MI ablation time (455.9 ± 192.2 vs. 368.0 ± 163.6 min, P = 0.038) was markedly lower in the empirical group of patients than in the provisional group of patients.

Moreover, the efficacy of MVEI might also be reduced because of the complexity of the MV anatomy (14). This could partially explain why in our study, the AF-free success rate did not show statistical improvement after the implementation of the empirical MVEI strategy (78.9% vs. 7 6.3%, log-rank P = 0.334). However, ultrahigh-resolution mapping and entrainment pacing along the MA demonstrated that about two-thirds of the perimitral ATs were MV-dependent (28). Addition of MVEI to CA could reduce the incidence of AT recurrence when patients underwent empirical ethanol infusion (95.8% vs. 81.6%, log-rank P = 0.003).




5. Limitations

Firstly, we had not achieved the encouraging results like those from the VENUS study in improvement of freedom from AF either in the provisional group or the empirical group limited to the volume of this retrospective study. However, a reduction of long-term AT incidence was observed in the empirical group. A future prospective multicenter randomized study with a large number of participants is needed to validate the conclusions of the present study.

Secondly, to compare the efficacy of the empirical MVEI, we preclude the cases without the Marshall vein. This selection bias might overestimate the advantage of MVEI in reducing postprocedure recurrence from AF and/or AT.

Finally, since MVEI was not performed in all patients in this study, the areas of the low-voltage zone before and after the performance of MVEI were not investigated quantificationally. Therefore, measurements and comparisons can be applied in future studies.



6. Conclusion

Empirical Marshall vein ethanol infusion performed before conventional catheter ablation could significantly reduce endocardial mitral isthmus ablation time and risk of atrial tachycardia recurrence after a long-term follow-up in patients with persistent atrial fibrillation who underwent index mitral isthmus ablations. However, large-scale prospective studies are warranted to verify our findings.
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High-density mapping of the average complex interval helps localizing atrial fibrillation drivers and predicts catheter ablation outcomes
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Background: Persistent Atrial Fibrillation (PersAF) electrogram-based ablation is complex, and appropriate identification of atrial substrate is critical. Little is known regarding the value of the Average Complex Interval (ACI) feature for PersAF ablation.



Objective: Using the evolution of AF complexity by sequentially computing AF dominant frequency (DF) along the ablation procedure, we sought to evaluate the value of ACI for discriminating active drivers (AD) from bystander zones (BZ), for predicting AF termination during ablation, and for predicting AF recurrence during follow-up.



Methods: We included PersAF patients undergoing radiofrequency catheter ablation by pulmonary vein isolation and ablation of atrial substrate identified by Spatiotemporal Dispersion or Complex Fractionated Atrial Electrograms (>70% of recording). Operators were blinded to ACI measurement which was sought for each documented atrial substrate area. AF DF was measured by Independent Component Analysis on 1-minute 12-lead ECGs at baseline and after ablation of each atrial zone. AD were differentiated from BZ either by a significant decrease in DF (>10%), or by AF termination. Arrhythmia recurrence was monitored during follow-up.



Results: We analyzed 159 atrial areas (129 treated by radiofrequency during AF) in 29 patients. ACI was shorter in AD than BZ (76.4 ± 13.6 vs. 86.6 ± 20.3 ms; p = 0.0055), and mean ACI of all substrate zones was shorter in patients for whom radiofrequency failed to terminate AF [71.3 (67.5–77.8) vs. 82.4 (74.4–98.5) ms; p = 0.0126]. ACI predicted AD [AUC 0.728 (0.629–0.826)]. An ACI < 70 ms was specific for predicting AD (Sp 0.831, Se 0.526), whereas areas with an ACI > 100 ms had almost no chances of being active in AF maintenance. AF recurrence was associated with more ACI zones with identical shortest value [3.5 (3–4) vs. 1 (0–1) zones; p = 0.021]. In multivariate analysis, ACI < 70 ms predicted AD [OR = 4.02 (1.49–10.84), p = 0.006] and mean ACI > 75 ms predicted AF termination [OR = 9.94 (1.14–86.7), p = 0.038].



Conclusion: ACI helps in identifying AF drivers, and is correlated with AF termination and AF recurrence during follow-up. It can help in establishing an ablation plan, by prioritizing ablation from the shortest to the longest ACI zone.
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Introduction

Catheter radiofrequency ablation is the therapy of choice in symptomatic drug-refractory Persistent Atrial Fibrillation (PersAF). Empirical pulmonary vein isolation (PVI) remains the cornerstone of the ablation strategy (1). However, many additional substrate-based ablation strategies have been developed for improving ablation results, but the most appropriate target for PersAF ablation is still under debate.

As a potential target for PersAF ablation, Complex Fractionated Atrial Electrograms (CFAE) ablation has been described with variable success (2–4). One major issue when performing CFAE ablation is the difficulty in discriminating “active” – i.e., participating in AF maintenance – from “passive” fractionated zones. Since fractionated electrogram (EGM) distribution is variable and depends on direction and rate of activation of the myocardium, a significant proportion of CFAE may be functional in nature (5, 6). Several previous studies focused on the characteristics of CFAE that would predict favorable response to ablation, and highlighted the temporal gradient of activation between mapping electrodes and the percentage of continuous electrical activity as predictors of active CFAE zones (6–8). This has led to the advent of ablation guided by Spatiotemporal Electrogram Dispersion (STD) with promising preliminary results (9). However, despite these improvements in AF substrate understanding, the discrimination between active and passive atrial zones remains largely suboptimal (10). As such, new tools might help the electrophysiologist to target the most desirable atrial substrate zones for successful ablation.

The Average Complex Interval (ACI) is a feature embedded in the Carto system (Biosense Webster Inc., Irvine, CA, USA), allowing for an automated assessment of the average interval between EGM deflections at each recorded atrial point. This reflects the degree of complexity of the local atrial signal, and is related to the local AF cycle length. Using the contemporary high-density atrial mapping, the continuous ACI value might help the electrophysiologist to further identify the most appropriate substrate zones in addition to the binary detection of STD presence, since most complex electrograms appear to be localized to zones displaying the maximal local dominant frequency (DF) that are known to perpetuate AF (11).

In this study, we sought to determine the potential value of ACI for helping the electrophysiologist find the atrial zones that would be appropriate targets in the setting of PersAF radiofrequency ablation. To this end, we analyze the value of ACI for (1) discriminating AF Active Drivers (AD) from Bystander Zones (BZ) determined by the evolution of AF complexity by means of sequential DF computation on surface ECG during ablation, (2) predicting AF termination during radiofrequency ablation, and (3) predicting AF recurrence during follow-up.



Methods


Study population

Consecutive patients undergoing first time radiofrequency ablation for persistent or long-standing persistent symptomatic AF at Pasteur University Hospital, Nice, France, were included. Any patient with history of previous ablation within the left atrium was excluded. The study was approved by the institutional review board, and all patients gave written informed consent. Study data will be made available upon reasonable request to the corresponding author.



Electroanatomical mapping and ablation procedure

Procedures were performed under general anesthesia. High-density electroanatomical mapping (>1,000 points) of the entire left atrium (LA) was performed in AF with the Carto system V6 or V7, using the Pentaray catheter (Biosense Webster Inc.) inserted transseptally via a non-steerable sheath (Fast-Cath SL0; St. Jude Medical, Minnetonka, MN, USA). Detailed mapping of electrical activation of the LA was performed, with live visual annotation by the electrophysiologist of zones of STD (defined by clusters of electrograms, either fractionated or non-fractionated, that displayed interelectrode time and space dispersion at a minimum of 3 adjacent bipoles such that activation spread over all the AF cycle length) (9) and of CFAE with continuous electrical activity during >70% of the recording, also using visual appreciation. At baseline, AF cycle length was measured in the left atrial appendage (LAA) by averaging 10 cycles. LA volume (ml) and LA surface (cm2) were assessed using high-density electroanatomical mapping with the Carto system, after excluding the inside portion of PVs and the mitral valve.

Point-by-point ablations were performed with endpoints of circumferential pulmonary veins (PV) disconnection, ablation at STD and CFAE sites, and block across the lines (if performed). Roof lines, anterior mitral lines or lateral mitral lines were performed in cases of presence of STD or CFAEs in the area. Each area was strictly ablated in a sequential manner, to allow assessment of the effect of each area ablation on AF DF. The order of the treatment of each documented atrial area was left to the physician's choice. LA areas were defined as: left PVs ostia, right PVs ostia, roof, anterior, septal, floor, lateral isthmus and LAA base.

High-power short duration irrigated radiofrequency was delivered using a power of 50 W and with an ablation index target of 350 Arbitrary Units (AU) on the posterior wall of the LA, and 420 AU elsewhere. If coronary sinus (CS) ablation was performed, radiofrequency power was limited to 25–30 W.

AF termination during ablation was defined as sinus rhythm resumption or its change to a stable atrial tachyarrhythmia. Nevertheless, this was not a procedural endpoint, and operators ended the procedures after PV isolation, complete ablation of the annotated STD and CFAE sites and, when appropriate, block across the lines. Associated atrial tachyarrhythmia ablation was performed. In cases without AF or atrial tachyarrhythmia termination at the end of the procedure, an electrical cardioversion was performed (200 J biphasic, repeated up to three times).



Average complex interval measurement

Operators were blinded to the ACI measurements which were performed off-line after the procedure. The ACI is a feature embedded in the Carto System, which works by assessing the mean interval between automatically tagged EGM deflections recorded over a 2.5 s period. In order to be counted by the software, a deflection must meet amplitude and interval criteria that can be modified by the user. In this study, the amplitude window was set as 0.05 mV (noise level) to 2 mV (to avoid counting of far field ventricular EGMs from sites near the mitral annulus), the minimal interval between two deflections was 50 ms (atrial refractory period), and the maximal interval was ≥200 ms.

Then, the ACI mapping of the LA was displayed, and we measured the ACI value of each atrial area that was previously tagged as STD or CFAE during the procedure. To achieve this, the cursor of the highest ACI threshold was first set to the minimal value so that the entire map appears purple; then, it was progressively moved rightwards until each tagged atrial area appeared on the ACI map with at least three adjacent points displaying any color but purple (Figure 1, panels C and G). This minimal ACI value for three adjacent points of an atrial area to appear on the ACI map defined the ACI of the area. Temporal stability and validity of ACI measurements were confirmed by means of sequential mapping: presence of ≥3 adjacent points presenting identical shortest ACI value in each atrial area, and immediately surrounding points demonstrating a progressive increase of ACI value (Figure 1, panels D and H).


[image: Figure 1]
FIGURE 1
Steps for identifying the ACI value of atrial substrate zones in two patients. To ease visualization, manual annotations of STD/CFAE zones are hidden. Panels A and E display the raw ACI mapping, and panels B and F the ACI mapping with the highest ACI threshold set to the minimal value so that the entire map appears purple. Then, the cursor is progressively moved rightwards until atrial areas appear on the ACI map with at least three adjacent points displaying any color but purple (Panels C and G), defining the ACI of the zone. Note that in patient 1 (Panel C), only one zone flashes out whereas in patient 2 (Panel G), two zones appear simultaneously with an identical ACI value. When further moving rightwards the cursor (Panel D and H), the detected zones now spread around the shortest ACI values. Samples of the 2.5 s EGM recordings for ACI measurements are shown.




Other assessed electrophysiological parameters

We also recorded the surface of each atrial substrate zone, the ratio between the surface of each atrial substrate zone and total LA surface, the ratio between the surface of each atrial substrate zone and the total surface of atrial substrate, the integration of the treated atrial zone into a complete line of block, the localization of each atrial substrate zone, and the order of the treated zone during the ablation procedure.



Signal acquisition and processing


ECG signal acquisition

ECG signals were acquired on a digital electrophysiological recording system (Labsystem Pro EP, Boston Scientific, Marlborough, MA, USA), including 0.05–40 Hz band pass and 50 Hz notch filters. For every patient, a 1-minute standard 12-lead ECG in AF was recorded at a sampling rate of 1,000 Hz at the beginning of the procedure and after each LA area ablation.



AF dominant frequency assessment

AF DF is related to the refractory period of atrial myocardium cells, and thus to the degree of complexity of the disease and the probability of spontaneous cardioversion (12). We favored DF measure over sequential LAA cycle assessment because regional radiofrequency ablation in the vicinity of LAA can affect LAA cycle, and as such, it might not reliably reflect AF complexity evolution during the ablation procedure. In this work, we assessed DF at every step of the ablation procedure by means of Robust Independent Component Analysis in the frequency domain (RobustICA-f). This approach to atrial activity extraction relies on the observation that atrial activity and ventricular activity can be considered statistically independent phenomena during AF (13). Techniques for the separation of independent signals such as RobustICA-f can then be applied on the 12-lead ECG to search for the atrial activity source, thus allowing the reconstruction of atrial activity in all leads free from ventricular activity and other interference. Details on the technique have been given previously (14).

The atrial activity source is automatically selected as the extracted component with the highest spectral concentration among the sources with dominant peak in the interval [3–9] Hz, the typical AF frequency band. RobustICA-f was implemented using MATLAB, version 2020b (MathWorks). Figure 2 illustrates the signal processing for DF measurement using RobustICA-f.


[image: Figure 2]
FIGURE 2
Signal processing for dominant frequency measurement using RobustICA-f. Left panel: separation of the independent signals acquired from the 12-lead ECG; to ease visualization, only 10 s of the recordings are shown. Right panel: frequency spectra of the signals shown in the left panel. The atrial activity source is identified as the extracted component with dominant frequency in the interval [3–9] Hz with the highest spectral concentration value. In both panels, the identified atrial activity source is displayed in red.





Discrimination between active drivers and bystander zones

AD were differentiated from BZ either by a significant decrease of the AF DF measured by RobustICA-f after ablation of the atrial area, or by AF termination during ablation of the area.

In order to establish a cut-off value from which a variation of the DF would be considered significant, we first performed three measurements of the basal DF in every patient, before any ablation. These measurements were obtained from three 1-minute ECGs taken randomly in a period of time of 30 min, under general anesthesia. Spontaneous variation of the baseline DF varied from 0% to a maximum of 8.8% (Figure 3). Accordingly, a variation of >10% was taken as a strong cut-off value to determine a significant decrease of the DF after ablation steps.


[image: Figure 3]
FIGURE 3
Spontaneous evolution of basal AF DF, measured under general anesthesia on three randomly taken ECG in every patient. The maximal spontaneous variation was 8.8%; thus, a cut-off value of 10% has been chosen for determining a significant evolution after ablation.




Follow-up

A blanking period of 1 month was chosen in this study, since early arrhythmia recurrences at 1–3 months have proven to be predictive of late arrhythmia recurrences (15–17). After this 1-month blanking period, patients were followed for clinical and asymptomatic recurrences for at least 12 months. Follow-up was performed in a real-life setting, by regular visits to the treating cardiologist, with repeated ECG and 24-hour Holter monitoring in all cases (every 3 months during the first year after ablation; every 6 months afterwards). Supplementary documentation by ECG or Holter was sought in case of recurring symptoms suggestive of arrhythmia. Recurrence of sustained (>30 s) AF or flutter was recorded.



Statistical analysis

Normal distribution of continuous variables was checked with the Kolmogorov–Smirnov test. Categorical variables were presented as percentages and continuous variables as mean and standard deviation in case of normal distribution, or median and confidence interval otherwise. Under data normality, groups were compared by a parametric unpaired or paired t-test as appropriate, whereas a non-parametric Mann–Whitney U-test was used when the variables did not show a normal distribution. Proportion analysis was based on the χ2 test. Predictive value of the ACI was assessed using the receiving operator characteristics (ROC) curve analysis. Multivariate analysis was made using logistic regression. Covariates were assessed initially in a univariate fashion, and those with a p–value of ≤ 0.1 were entered into the multivariate model. Statistical significance was defined by a p-value < 0.05.




Results

A total of 159 atrial areas were documented as displaying STD or continuous CFAEs and were analyzed, in a study cohort of 29 patients (age 67.9 ± 9.2 years; 27.6% females). Amongst these atrial areas, 129 were treated by radiofrequency application during AF. The remaining 30 areas were either not ablated because AF termination occurred previously, or ablated in atrial tachycardia or in sinus rhythm; therefore, sequential analysis of AF DF was not performed for these areas. Clinical and procedural characteristics are given in Table 1. Mean AF duration was 21.7 ± 20.4 months, and 15/29 patients (51.7%) had a long-standing persistent AF (>12 months). AF cycle length measured in the LAA at baseline was 180.4 ± 24.3 ms. We performed a high resolution electroanatomical mapping of the LA substrate with 3,171 ± 1,864 points acquired with the Carto system. We documented 5.5 ± 1.5 (from 2 to 8) atrial zones of STD or continuous CFAEs per patient. The total surface of LA zones with STD or CFAEs was 21.3 ± 8.7 cm2 per patient, representing 8.9% ± 3.6% of the total LA surface.


TABLE 1 Clinical and procedural characteristics.

[image: Table 1]


Characteristics of active drivers vs. bystander zones

Amongst the 129 atrial areas treated by radiofrequency application during AF, 41 (31.8%) led either to a significant decrease in AF DF (22 areas) or to AF termination (19 areas), and were classified as AD; the remaining 88 (68.2%) atrial areas were classified as BZ. Ablation of the AD areas not inducing AF termination led to a 14.0% ± 3.9% decrease in AF DF, vs. 4.4% ± 3.1% (p < 0.001) for BZ areas.

In univariate analyses, ACI parameters demonstrated significant differences between AD and BZ (Table 2). Mean ACI was significantly shorter in AD than in BZ (76.4 ± 13.6 vs. 86.6 ± 20.3 ms; p = 0.0055), and the ratio between ACI and AF cycle length in LAA was also smaller in AD than in BZ (41.8 ± 6.6 vs. 47.5% ± 10.0%; p = 0.0019).


TABLE 2 Active drivers vs. bystander zones (univariate analyses).
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Also, importantly, the ACI value of all other zones than the assessed one had an influence on AD vs. BZ discrimination, and more specifically the number of other atrial zones having a shorter or an identical ACI value. Indeed, the number of other zones with shorter or similar (± 5 ms) ACI value was lower in zones determined as AD than in zones determined as BZ (0.97 ± 1.24 vs. 2.12 ± 1.48 zones; p = 0.0001). In other terms, the ablation of an atrial zone was less likely to induce AF DF decrease or AF termination–and thus be classified as AD–when several other atrial zones demonstrated a shorter or similar ACI value, highlighting the global interest of this parameter.

The other studied parameters did not demonstrate a significant difference in univariate analysis between AD and BZ: surface of the treated atrial zone (p = 0.06), ratio between the surface of the treated atrial zone and the total LA surface (p = 0.1204), ratio between the surface of the treated atrial zone and the total surface of STD or CFAEs (p = 0.4425), peripulmonary vein localization (p = 0.481), integration of the treated zone into a complete line of block (p = 0.246), and order of the treated zone during the ablation procedure (p = 0.1).

ACI predicted AD with an area under the ROC curve of 0.728 (0.629–0.826). The best documented threshold was an ACI < 70 ms for predicting AD, with a specificity of 0.83 but a low sensitivity (0.53). Conversely, an ACI value <100 ms was very sensitive (0.98) for predicting AD but with a specificity of 0.33. In other terms, atrial areas having an ACI > 100 ms had very little chances of being active in AF maintenance, while areas with an ACI value <70 ms were likely to reduce AF DF or to terminate AF during ablation.

In multivariate analysis (Table 3), AD was predicted by an ACI of the zone <70 ms [OR = 4.02 (1.49–10.84); p = 0.006], and by a number ≤2 of other atrial zones with similar or lower ACI than the considered zone [OR = 4.32 (1.33–14.05); p = 0.015]. The order of the treated atrial zone along ablation procedure had no influence to predict AD vs. BZ (OR =  1.06; p = 0.652). Finally, a smaller surface of the atrial substrate zone was associated with AD [OR = 0.76 (0.62–0.95); p = 0.009].


TABLE 3 Predictors of active drivers in multivariate analysis.
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Predictors of AF termination with radiofrequency ablation

AF termination during radiofrequency was obtained in 19/29 patients (65.5%), the remaining 10 patients underwent electrical cardioversion at the end of the procedure.

In univariate analysis (Table 4), mean ACI of all documented atrial STD/CFAE zones was longer in patients for whom AF termination was reached per ablation as compared to those who underwent electrical cardioversion at the end of the procedure [82.4 (74.4–98.5) vs. 71.3 (67.5–77.8) ms; p = 0.0126], and the number of atrial zones having a similar (± 5 ms) ACI than the shortest ACI zone was smaller [0 (0–1) vs. 2 (0–4) zones; p = 0.0141]. Also, there was a higher gradient between ACI values of all STD/CFAE zones in patients for whom AF termination was reached per ablation; this translated into a greater mean difference between the fastest ACI zone and other STD/CFAE zones [15.2 (11.6–20.9) vs. 7.6 (3.9–13.5) ms; p = 0.0032].


TABLE 4 Af termination vs. No AF termination (univariate analyses).
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Additionally, baseline DF was lower in patients for whom AF termination was obtained [5.37 (5.13–6.1) vs. 6.1 (5.6–6.6) Hz; p = 0.042], as well as AF duration [9 (6–25.8) vs. 30 (9.23–48) months; p = 0.021] and LA volume [143 (138–176) vs. 193 (149–230) ml; p = 0.014].

The mean ACI value of all documented atrial zones predicted AF termination with an area under the ROC curve of 0.789 (0.619–0.959). The best point on the ROC curve for predicting AF termination was a mean ACI > 75 ms (Se 0.78, Sp 0.80).

In multivariate analysis (Table 5), a mean ACI value >75 ms predicted AF termination with OR = 9.94 (1.14–86.7), p = 0.038.


TABLE 5 Predictors of AF termination in multivariate analysis.
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Arrhythmia recurrence during follow-up

After a follow-up of 23.3 ± 9.8 months, 2/29 patients (6.9%) had AF recurrence and 11/29 patients (37.9%) demonstrated left atrial flutter; 16/29 (55.2%) remained free from any arrhythmia after a single ablation procedure (Table 6).


TABLE 6 Characteristics in patients without AF recurrence during follow-up, compared to recurring patients.
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Patients with recurring AF had a longer AF duration before ablation [72 (48–96) vs. 12 (6–27.3) months; p = 0.0221], a larger LA [238 (226–251) vs. 165 (141–177) ml; p = 0.0252], a higher DF [6.53 (6.47–6.59) vs. 5.62 (5.24–6.09) Hz; p = 0.0371], and a greater number of atrial zones with similar ACI than the fastest ACI zone [4 (3–4) vs. 1 (0–1) zones; p = 0.021].

No studied parameter was different in patients recurring with any type of arrhythmia (AF or atrial flutter) than in non-recurring patients.




Discussion


Main results

In this study, we aimed at determining readily measurable electrophysiological characteristics that would help the cardiologist to find the most appropriate substrate zones in the setting of PersAF radiofrequency ablation. Several different levels of response to ablation were assessed: the impact of each individual atrial area ablation on AF complexity, the ability to terminate AF, and the recurrence of AF during follow-up. Our results suggest that ACI parameters are valuable in identifying the most appropriate atrial targets when used on top of visual STD or continuous CFAE determination, although the long-term clinical benefit of ablation of these atrial areas remains to be proven.

Our main results are as follows: (1) An ACI value <70 ms is specific for discriminating active drivers from bystander zones; (2) atrial zones with an ACI >100 ms are very likely bystanders; (3) ablation of an atrial zone has little chances of inducing a reduction in AF complexity if several other atrial zones having a shorter ACI value have not been previously ablated; (4) AF termination is more likely to occur when the average ACI value of all substrate zones is >75 ms; (5) AF termination is more likely to occur when the ACI gradient between all substrate zones is high; and (6) the risk of AF recurrence after ablation seems higher when several atrial zones have ACI values similar to the shortest one.



Active and passive CFAE zones

CFAE ablation has been described long ago by Nademanee et al. and has led to variable success rates (2–4). One important issue is that electrogram fractionation is dependent on the direction and the rate of activation (5, 6), and therefore, a significant proportion of CFAE have a functional nature and are unrelated to AF maintenance. In a study using magnetic resonance imaging (MRI) with delayed enhancement for identifying atrial fibrosis, Jadidi et al. (18) found that nearly half of the areas displaying CFAE did not demonstrate any scar in MRI, while most of the remaining CFAE areas arose in patchy delayed enhancement zones. Discrimination between passive and active CFAE zones – participating in AF maintenance and localized in the vicinity of atrial tissue fibrosis which is known to harbor AF drivers (19–21) – is thus critical for appropriate AF substrate targeting.

Some electrophysiological characteristics such as the temporal gradient of activation between mapping electrodes and the percentage of continuous electrical activity have been previously described as predictors of active CFAE zones (6–8). In the present study, we attempted to add more precision to the discrimination between active and passive zones by performing a high resolution mapping of the ACI on top of visual annotation of continuous CFAE (>70% of the sample) and STD areas. Our favorable results demonstrate the interest of ACI mapping in the setting of PersAF ablation. However, attention should not only be paid to the ACI of a specific atrial zone, but rather on a wider scale to the ACI of every annotated atrial substrate zones, in order to prioritize the ablation plan. Indeed, AF has a complex physiopathology and numerous drivers may coexist at the same time (22). As a consequence, AF complexity might visibly remain unchanged even after ablation of a driver, due to remaining drivers that might be faster and perpetuate AF. The interplay between all these coexisting drivers is critical to acknowledge and is a plausible explanation for the lack of impact on AF complexity of ablation of atrial zones when remaining non-ablated areas display a shorter ACI.

The ACI value reflects the degree of fragmentation of the signal, and is correlated with the local AF cycle length. In a previous study (11), atrial electrograms demonstrated the highest degree of fractionation at the core or in immediate proximity of zones displaying the maximal dominant frequency, which are known maintainers of AF (23–25). This is the most likely physiopathological explanation for our favorable results using ACI: shortest ACI zones permit localization of the fastest local dominant frequency zones, explaining the positive impact of their ablation on AF complexity, especially when there are no other shorter ACI zones maintaining AF. Additionally, Lin et al. (11) also found that a higher gradient of dominant frequency in LA had a better response to catheter ablation. These findings are comparable to ours using ACI, where a higher gradient of ACI values in LA was found in patients for whom AF termination was reached per-ablation.

Several previous studies have confirmed that AF DF was a marker of procedural success (26, 27), however, studies specifically targeting highest DF zones for AF ablation have led to disappointing results (28, 29). Possible explanations for this apparent paradox are the low density of electroanatomical mapping (≈300 points per map) used in these study procedures performed more than a decade ago, and the variability and reproducibility of intracardiac DF assessment due to changes in amplitude and morphology of the EGMs which can impair the reliability of the measurement using Fourier analysis, especially when sample duration is short and mapping density is low (30). As current 3D-mapping technologies now allow very high density mapping but do not embed DF measurement software, ACI mapping might be an interesting alternative for a more targeted ablation approach.

Finally, we found in the present study that small LA zones displaying STD or CFAE were more likely to be active in AF maintenance than large ones. Non-contact mapping of AF sources and rotors (22, 31) revealed that the size of the drivers usually approximated 2 cm2. Hence, atrial CFAE or STD zones largely exceeding 2 cm2 might be considered as likely functional, i.e., passive areas.

Nevertheless, the optimal strategy for persistent AF ablation is still a much debated issue, and it is unclear if electrogram-based ablation after PV isolation is superior to PV isolation alone. Typically after STD ablation, AF recurrence is low but at the price of frequent recurrent atrial flutter/tachycardia (9). In our study, only 6.9% of the patients presented AF recurrence despite a mean AF duration before ablation of 21.7 months, with most patients having long-standing persistent AF; however, 37.9% of the patients recurred with atrial flutter.



Clinical implications

The results of our study suggest that when EGM-based substrate ablation is sought during PersAF ablation, a high-density ACI mapping may be useful on top of visual identification of STD and continuous CFAE zones for establishing an ablation plan. One should prioritize ablation from the shortest to the longest ACI zone with a specific focus on zones having an ACI <70 ms, since shortest ACI indicate a close proximity to highest local DF zones and are more likely to be active in AF maintenance. However, areas having an ACI value >100 ms are likely functional (i.e., passive), and should therefore not be ablated.

Additionally, the presence of multiple short ACI zones–inducing a low mean ACI value and a low gradient between ACI zones is predictive of AF termination failure and AF recurrence.

Prospective randomized studies are warranted to evaluate whether the help of the ACI for determining the most appropriate zones leads to better ablation outcomes.



Limitations

Our database is relatively small, with 29 patients included. The assessment of AF DF was carried out by means of atrial source separation taking into account all ECG leads simultaneously, and it is unknown whether sequential single lead analyses using ventricular cancellation based on average beat subtraction followed by the Fourier Transform method would have given comparable results.

Since ACI is measured on 2.5 s EGM samples, it is very important to perform a high-resolution mapping for replicating ACI assessment; sequential acquisitions will thus ensure temporal stability and validity of ACI measurements at every atrial zone, with shortest ACI values surrounded by points demonstrating a progressive increase of ACI. Also, ACI value might be flawed by artifacts or poor contact of the mapping electrode. Restrictive settings of the tissue proximity indicator (TPI) of the Carto system can help in decreasing points with poor contact; nonetheless, careful review of all shortest ACI zones is critical.




Conclusion

ACI helps in identifying AF drivers, is correlated with AF termination and seems to be correlated with AF recurrence during follow-up. The ACI mapping may be useful on top of binary visual identification of STD and continuous CFAE zones for establishing an ablation plan, in order to prioritize ablation from the shortest to the longest ACI zone.
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Objective: This study aimed to compare the efficacy of novel oral anticoagulants (NOACs) with traditional anticoagulants vitamin K antagonists (VKAs) in patients with atrial fibrillation (AF) post transcatheter aortic valve replacement (TAVR).



Methods: Studies comparing the usage of NOACs and VKAs in AF patients with oral anticoagulant indication post-TAVR were retrieved from PubMed, EMBASE, Medline, and Cochrane databases from their building-up to Jan. 2023. The literature was screened in line of inclusion and exclusion criteria. Risk ratio (RR) or odds ratio (OR),95% confidence interval (CI) and number needed to treat (NNT) were calculated for four main indexes that composite endpoints composed mainly of any clinically relevant risk events, stroke, major bleeding, and all-cause mortality. Subsequently, a meta-analysis was performed using the RevMan5.3 and Stata 16.0 software.



Results: In the aggregate of thirteen studies, contained 30388 post-TAVR patients with AF, were included in this meta-analysis. Our results indicated that there was no significant difference in stroke between the NOACs group and the VKAs group, and the NOACs group had a numerically but non-significantly higher number of composite endpoint events compared with the other group. Nevertheless, the incidence of major bleeding [11.29% vs. 13.89%, RR 0.82, 95%CI (0.77,0.88), P < 0.00001, I² = 69%, NNT = 38] and all-cause mortality [14.18% vs. 17.61%, RR 0.83, 95%CI (0.79,0.88), p < 0.00001, I² = 82%, NNT = 29] were significantly lower in the NOACs group than another group.



Conclusion: Taken together, our data indicated that the usage of NOACs reduced the incidence of major bleeding and all-cause mortality compared to VKAs in post-TAVR patients with AF.
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1. Introduction

Transcatheter aortic valve replacement (TAVR), also referred to as transcatheter aortic valve implantation; TAVI), has significantly reduced the rate of death in patients with severe aortic stenosis compared with surgical aortic valve replacement (SAVR) (1). Therefore, it is an ideal treatment option for patients with severe aortic stenosis, with higher surgical risk or contraindications (2). Atrial fibrillation (AF) is a common tachyarrhythmia after TAVR, which can be divided into pre-existing AF and new-onset AF. Pre-existing AF refers to the AF before TAVR, or the presence of AF during admission or operation. The incidence of pre-existing AF in TAVR patients has been reported as high as 49% (3). New-onset AF refers to new AF after TAVR, Sannino et al.(4) found that there are 60% of patients with new-onset AF after TAVR through Meta analysis. In addition, AF events significantly increase the risk of stroke, bleeding, and death after TAVR (5, 6). Therefore, there is need for anticoagulant therapy for such patients.

Currently, the common anticoagulants in clinical practice mainly include vitamin K antagonists (VKAs) and new oral anticoagulants (NOACs). The NOACs include factor Xa inhibitors such as rivaroxaban, apixaban or edoxaban, and factor Ⅱa inhibitors such as dabigatran. Data from studies on anticoagulation treatment of post-TAVR patients with AF demonstrated the superiority of the efficacy of NOACs compared to that of VKAs (7). However, due to insufficient evidence, there is still no consensus among clinicians on the use of anticoagulation treatment in these patients. Here, we performed a meta-analysis to determine and compare the efficacy of NOACs and VKAs in post-TAVR patients with AF.



2. Materials and methods


2.1. Search strategies

This study was guided by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (8). A comprehensive search of PubMed, Cochrane, EMBASE, Medline and other databases (until January 2023) was conducted to identify all eligible trials and primary references. The following search terms were used: ((oral anticoagulation) OR (oral anticoagulant*) OR (OAC*) OR (VKA*) OR (warfarin) OR (DOAC*) OR (NOAC*) OR (Dabigatran) OR (Apixaban) OR (Rivaroxaban) OR (Edoxaban)) AND ((transcatheter aortic valve) OR (TAVR) OR (TAVI)) AND ((atrial fibrillation) OR (AF)) AND (trial). In addition, to fill in any omission, we manually searched the references in all reviews in related fields for other relevant studies, which yielded a total of 357 studies.



2.2. Inclusion and exclusion criteria

We used EndNoteX9, the literature management software, to manage and avoid duplicate studies. Two researchers independently reviewed the title and abstract of the articles following the inclusion and exclusion criteria. In case of a disagreement, a third researcher re-read the articles and reached a conclusion. When a highly relevant article was encountered during the review process, the full text was read in detail to determine whether it met the inclusion criteria.


2.2.1. Inclusion criteria

This study included randomized controlled trials (RCT) or observational studies such as cohort or case-control studies, which compared the anticoagulation effects of NOACs and VKAs in post-TAVR patients with AF. The studies or trials with any of the following end points: composite endpoints of any related clinical risk events (death from all causes, myocardial infarction, stroke, systemic thromboembolism, valvular thrombosis, or hemorrhage), all-cause mortality, major bleeding, or stroke were included. In addition, the included studies' patients >18 years old.



2.2.2. Exclusion criteria

We excluded studies where oral anticoagulants were not used, conference abstracts, case reports, review articles and animal experiments. Besides, studies whose data could not be extracted and those with patients at high blood risk we also excluded from the analysis.




2.3. Data extraction

Two researchers independently extracted basic information in the studies, such as title, author's name, country of publication, and race as well as baseline characteristics such as sample size, gender composition, mean age, and duration of follow-up. The researchers also extracted details of the usage of NOACs and antiplatelet drugs post-TAVR as well as study end points, which included composite endpoints consisting of any relevant clinical adverse events, all-cause mortality, major bleeding or stroke. Data extraction was conducted by mutual negotiation, and all disagreements were resolved by consensus with the third researcher.



2.4. Quality evaluation and statistics

The quality of each study was assessed using the Cochrane collaboration tool (9). Meta-analysis was performed using RevMan5.3 and Stata 16.0, while the random effects model was employed to calculate RR and 95% confidence interval (CI). P < 0.05 was considered statistically significant. Cochran's q test and heterogeneity test (I²) were also performed. If I² < 50% indicated low heterogeneity, fixed-effect model was adopted while if I² > 50% indicated high heterogeneity, the random effects model was employed to analyze the data (10). Absolute risk reduction (ARR) was calculated by subtracting the events rate of the NOACs group to VKAs treated patients, and then we calculated the NNT using the formula NNT = 1/ ARR. Publication bias was tested using funnel plots when more than 10 studies were included in the analysis.




3. Results


3.1. Search results and study characteristics

Out of the 357 literatures retrieved in this study, thirteen met the inclusion criteria (7, 11–22). The literature retrieval process is displayed in Figure 1, the baseline characteristics of the included studies are displayed in Table 1, while the details of the usage of NOACs and antiplatelet drugs post-TAVR are shown in Figure 2 and Table 2. The included literatures included 3 RCTs and 10 observational studies containing 30,388 post-TAVR patients with AF, which were published before January 2023. Eleven out of the 13 retrieved literatures reported the primary composite endpoints.


[image: Figure 1]
FIGURE 1
Flow diagram showing the literature search and study selection.



TABLE 1 Characteristics of included studies.
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FIGURE 2
Subgroup analysis. (A): CHA2DS2-VASc score; (B): HAS-BLED score; (C): Combination of antiplatelet drugs; (D): Drug usage of SAPT; (E): Drug usage of NOAC; (F): Analysis of indexes of different NOAC drug therapy; NOAC, novel oral anticoagulant; VKA, vitamin K antagonist; SAPT, single drug antiplatelet therapy; DAPT, double drug antiplatelet therapy; Dabi, dabigatran; Riva, rivaroxaban; Api, apixaban; Edo, edoxaban.



TABLE 2 Usage of NOACs and antiplatelet drugs.
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3.2. Study quality and data synthesis

The quality of the included literatures was analyzed as shown in Figure 3.


[image: Figure 3]
FIGURE 3
Quality evaluation.


We performed meta-analysis of the 11 studies which reported composite endpoints using random-effects models. The data showed that the incidence of major bleeding [11.29% vs. 13.89%, RR 0.82, 95%CI (0.77, 0.88), p < 0.00001, I² = 69%, NNT = 38] and all-cause mortality [14.18% vs. 17.61%, RR 0.83, 95%CI (0.79, 0.88), p < 0.00001, I² = 82%, NNT = 29] were significantly lower in the NOACs group compared to those in the VKAs group. Nevertheless, the NOACs group had a numerically but non-significantly higher number of composite endpoint events compared with the other group [6.14% vs. 5.85%, RR 1.04, 95%CI (0.94, 1.14), p = 0.48, I² = 66%], and there was no prominent difference in the incidence of stroke after comparing the two groups [2.99% vs. 2.83%, RR 1.05, 95%CI (0.92, 1.20), p = 0.48, I² = 7%] (Figure 4).


[image: Figure 4]
FIGURE 4
Forest plot. (A): composite endpoints; (B): stroke; (C): major bleeding; (D): all-cause mortality; NOACs, novel oral anticoagulant; VKA, vitamin K antagonist; CI, confidence interval.



3.2.1. Subgroup analysis

Our analysis showed that in the observational study group, there was no significant reduction in composite endpoints incidence [4.30% vs. 4.84%, OR 0.94, 95%CI (0.68,1.31), p = 0.72, I² = 75%] and all-cause mortality [14.59% vs. 18.17%, OR 0.76, 95%CI (0.55,1.06), p = 0.10, I² = 86%] in the NOACs group compared with the other group (Figure 5).


[image: Figure 5]
FIGURE 5
Subgroup analysis. (A): composite endpoints; (B): all-cause mortality; NOAC, novel oral anticoagulant; VKA, vitamin K antagonist; CI, confidence interval.


In addition, the data showed that CHA2DS2VASc score (4.80 vs. 4.78, p = 0.92) and HAS-BLED score (3.05 vs. 2.98, p = 0.74) were slightly lower in the NOACs group than the VKAs group (Figures 2A,B, Table 2).

On the other hand, combined single drug antiplatelet therapy (SAPT) yielded more effect than single anticoagulant therapy in both groups, while combined double drug antiplatelet therapy (DAPT) was least (53.28 vs. 34.46 vs. 12.27, p < 0.0001). Meanwhile, aspirin conferred more effect compared to clopidogrel in SAPT (42.73 vs. 22.34, p = 0.06) (Figures 2C,D, Table 2).

Analysis of the usage of NOACs drugs showed that rivaroxaban was the most used, followed by apixaban and dabigatran, while edoxaban was the least (46.50 vs. 37.52 vs. 14.98 vs. 1.00, p < 0.0001). Nevertheless, the incidence of adverse events was slightly lower with apixaban than edoxaban, but higher with dabigatran (12.95 vs. 13.38 vs. 14.85, p = 0.94) (Figures 2E,F, Table 2). The incidence of adverse events associated with the use of rivaroxaban could not be analyzed because there were no studies that used rivaroxaban alone.




3.3. Publication bias and sensitivity analysis

As shown in the funnel plot (Supplementary Figure S1), studies are evenly distributed on both sides of the line, basically symmetrical, and large sample studies are distributed at the top of the funnel. Simultaneously, Egger's test also indicated lack of significant publication bias (p > 0.05). Sensitivity analysis was performed to determine the primary source of heterogeneity, and after omitting all studies one by one, the OR and 95%CI intervals remained aligned and in a similar range (Figure 6). Once again, we conducted a sensitivity analysis including only data from the 3 RCTs and the similar result is obtained (Supplementary Figure S2). Therefore, the analysis results can be considered stable and reliable.


[image: Figure 6]
FIGURE 6
Sensitivity analysis. (A): composite endpoints; (B): stroke; (C): major bleeding; (D): all-cause mortality; NOAC, novel oral anticoagulant; VKA, vitamin K antagonist; CI, confidence interval.





4. Discussion

TAVR is now extensively used in high-risk patients with aortic stenosis (23). Nevertheless, the incidence of postoperative AF remains high, superimposing the risk of thromboembolism. Therefore, the usage of anticoagulant therapy in these type of patients remains a significant issue. The 2020 ACC and AHA guidelines (24) advise that patients at high-risk of major bleeding post-TAVR (CHA2DS2-VASc score: ≥3 for women and ≥2 for men) should be firstly treated with DAPT for six months, meanwhile patients at low risk of major bleeding should be firstly treated with oral anticoagulants for three months, after that, lifelong use of SAPT. Yet, detailed recommendations in the guidelines with regard to oral anticoagulation still imprecision, and the usage of NOACs in post-TAVR patients with AF continues to be controversial (25). Based on this, the study aims to explore the efficacy of NOACs and VKAs in post-TAVR patients with AF, so as to provide evidence for clinical medication.

In a previous meta-analysis, Li et al. (26) analyzed 10 studies with a total of 10,563 TAVR patients with AF, and the results demonstrated that there was no significant difference in the incidence of stroke after comparing the two groups [HR1.20, 95%CI (0.71, 2.04), p = 0.50], which was in accordance with our results. This may be because TAVR patients are older, have more complications, and have a higher risk of non-AF related stroke (27). Oliveri et al. (28) performed a meta-analysis of 29,485 TAVR patients with AF in ten literatures and indicated that all-cause mortality was lower in the NOACs group compared with the VKAs group [RR0.90; 95% CI (0.81,0.99), p = 0.04]. In addition, we also found that all-cause mortality was lower in the NOACs group than in the VKAs group, which is consistent with previous findings. However, compared to previous meta-analyses, our study for the first time found a lower incidence of major bleeding in the NOACs group, suggesting a lower risk of hemorrhoea in the NOAC group, which may be related to the fact that: Compared with the VKAs group, the CHA2DS2-VASc and HAS-BLED scores in the NOACs group were slightly lower, so anticoagulants were used less. In the meantime, low NNT of major bleeding and all-cause mortality means that less clinical effort is required to produce a favorable result in post-TAVR patients with AF who use NOACs. Nevertheless, in subgroup analysis of randomized controlled trials and observational studies, four main indexes indicated no significant statistical differences. This maybe because there are few randomized controlled studies and most of the included studies were retrospective, which have inherent limitations compared to prospective studies. Additionally, this is also the main source of heterogeneity in this study. Furthermore, the results of sensitivity analysis possibly due to lacking of power in the smaller sample or bias in the non-RCTs with more favorable results and publication bias (though not confirmed in the funnel plots). Combined with the above indicators, the results of this study found that compared with VKAs, the use of NOACs for anticoagulation therapy in post-TAVR patients with AF is generally beneficial.

In addition, we conducted an in-depth analysis of the selection of NOACs combined with antiplatelet drugs in post-TAVR patients with AF. The findings showed that rivaroxaban was the most used NOAC drug, followed by apixaban and dabigatran, while edoxaban was the least used. Hayat et al. (29) conducted a real-world study of 668 patients with AF which showed that rivaroxaban had significantly better compliance and lower bleeding risk than dabigatran and Apoxaban. Therefore, Rivaroxaban has become the most popular new oral anticoagulant drug in clinic due to its once-daily dosing schedule and better anticoagulant effect. In terms of the use of combined antiplatelet drugs, the analysis showed that combined SAPT yielded more effect than anticoagulant therapy alone, while combined DAPT conferred the least effect. It may be due to the patients have more complications. To sum up, most clinicians are more inclined to choose the regimen of rivaroxaban combined with aspirin. It is speculated that this regimen has relatively few side effects on patients, so patients' compliance is better. In addition, it may also be due to clinical experience which indicate that this regimen is more conducive to the prognosis of patients.

Analysis of the literatures included in this study indicated that AF patients with perioperative anticoagulation mostly stopped VKAs nearly seven days pre-TAVR, whereas NOACs were stopped nearly 2 days pre-TAVR, whereupon, resumed oral anticoagulation 12–48 h post-TAVR. In addition, our research shows that, in the choice of drug dosage, the habituation of most DOACs was identical. For instance, apixaban 5 mg, bid; 2.5 mg together with antiplatelet therapy, bid. But the dosage of rivaroxaban is different under distinct conditions. When patients' creatinine clearance (CrCl) ≥50 ml/min, rivaroxaban was given 15 mg/d in Japan, and 20 mg/d in Europe or the United States. When patients' CrCl 30–49 ml/min, rivaroxaban was given 10 mg/d in Japan, while 15 mg/d in Europe and the United States (30, 31). Given the widespread use of rivaroxaban in post-TAVR patients with AF, there is a need for larger studies to harmonize the dosage. In addition, this study showed that different countries have similar dosing choices for antiplatelet drugs: Patients receiving combined SAPT take 75–100 mg of aspirin daily, whereas clopidogrel 75 mg/d is added only when there is a necessary coronary indication for DAPT.

Combined with the findings of the present study and the overall state of the available evidence, the use of NOACs is an effective and safe anticoagulant strategy. In particular, factor Xa inhibitors (rivaroxaban, edoxaban, and apixaban) have certain antiplatelet effects (32), and may be more suitable for patients with anticoagulant and antiplatelet needs. Although dabigatrun, a direct Ⅱa inhibitor, had little effect on platelet aggregation, its P2Y12 reaction unit was significantly higher than that of factor Xa inhibitors (32), which may be more suitable for patients requiring anticoagulation alone. As a consequence, there are more need to expand the scale of the research to standardize medication regimens in order to achieve an optimal anticoagulant effect.

Additionally, the left atrial appendage is the main source of thrombosis in patients with AF (about 90%). Therefore, left atrial appendage closure (LAAC) can achieve the effect of anticoagulant therapy at the source (33). It has been shown that, currently, it is more common to choose LAAC post-TAVR, but there are also a few reports on the feasibility of “one-stop” surgery than TAVR combined with LAAC (34), and these reports all show the safety, feasibility and effectiveness of LAAC in TAVR patients with AF. Although “one-stop” surgery has been shown to be safe and effective in some small exploratory studies, and its ability to reduce all-cause mortality compared with warfarin, larger randomized clinical trials with longer follow-up are needed to confirm its efficacy and safety. The ongoing Watch-TAVR is a multicenter randomized controlled trial (35), designed to compare the efficacy of Watchman left atrial appendage closure therapy with TAVR combined with drug therapy in TAVR patients, is expected to provide stronger evidence for the application of anticoagulant therapy in post-TAVR patients with AF.



5. Limitations

Since the heterogeneity between the two groups was high, this study used a random effects model. This was because there are few randomized controlled studies and most of the included studies were retrospective, which have inherent limitations compared to prospective studies. Besides, the specific drugs used in the studies were not the same and there was significant heterogeneity between studies, possibly due to differences in country, ethnicity and type of study. In addition, some studies included a small sample of patients, which was not very representative.



6. Conclusions

Taken together, our analysis demonstrated that NOACs have a lower mortality and a lower incidence of major bleeding in patients of AF with oral anticoagulant indications post-TAVR compared with VKAs, indicating that NOACs is a potential alternative to VKAs. However, there is a need for more high-quality randomized controlled clinical trials to confirm this conclusion.
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Background: The pulmonary veins play a major role in the pathogenesis of atrial fibrillation (AF) and may be affected by cardiac remodeling due to pulmonary vascular dysfunction. It remains to be determined whether pulmonary artery pressure (PAP) is associated with the recurrence of AF after radiofrequency catheter ablation (RFCA).



Methods: Consecutive patients with paroxysmal and persistent AF who underwent RFCA, including wide circumferential pulmonary vein isolation, were analyzed. Systolic PAP was measured using transthoracic echocardiography, and clinical outcomes were compared between patients with PAP <35 mmHg and those with PAP ≥35 mmHg.



Results: Among 2,379 patients (mean age 56.7 ± 10.6 years, 77% men), 1,893 (79.6%) had PAP <35 mmHg and 486 (20.4%) had PAP ≥35 mmHg. During the median follow-up of 25.4 months, in patients with paroxysmal AF (n = 1,294), the recurrence rate was significantly greater in the PAP ≥35 mmHg group than in the PAP <35 mmHg group (35.1% vs. 23.8%, log-rank p = 0.008). However, in patients with persistent AF (n = 1,085), the recurrence rate was not significantly different between the two groups (52.2% vs. 49.7%, log-rank p = 0.409). Multivariate analysis using Cox regression showed that PAP ≥35 mmHg was significantly associated with clinical recurrence (hazard ratio 1.19, 95% confidence interval 1.02–1.40, p = 0.027).



Conclusion: This study showed that a higher PAP was associated with an increased risk of recurrence after RFCA in patients with paroxysmal AF, suggesting a mechanism by which a pulmonary vascular pathology may cause impairment of the pulmonary veins and remodeling of the left atrium.
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Highlights


	•This is the first study on the association between pulmonary artery pressure (PAP) and recurrence after radiofrequency catheter ablation (RFCA) in patients with atrial fibrillation (AF).

	•Higher PAP measured by echocardiography was associated with an increased risk of recurrence after RFCA in patients with paroxysmal AF.





Introduction

Atrial fibrillation (AF) is associated with left atrial (LA) remodeling and abnormal pulmonary vascular–right ventricular (RV) coupling due to the larger LA volume and myocardial fibrosis in patients with AF than in those with sinus rhythm (1, 2). LA enlargement is a risk factor for AF and stroke, while myocardial fibrosis due to LA remodeling causes electromechanical conduction delay and forms the substrate for AF (3, 4). It is also known that patients with persistent AF may have low treatment responsiveness or less reversible cardiac remodeling, which may affect cardiac function (3).

The risk of progression to permanent AF is greater in patients with larger reductions in LA compliance and strain (2). AF and RV dysfunction are common in patients with heart failure with preserved ejection fraction (HFpEF) and are known to be associated with poor prognosis when they occur. The pulmonary veins (PVs) are the main source of AF triggers, and radiofrequency catheter ablation (RFCA) is the most commonly performed and most effective treatment for patients with antiarrhythmic drug-refractory AF or symptoms (5). Several studies have shown that RV remodeling, which is associated with pulmonary artery systolic pressure (PAP), triggers LA remodeling and that LA volume is a more important predictor of recurrence after PV isolation (PVI) than the type of AF (3). Tricuspid regurgitation (TR), required when calculating PAP, is also well known to be associated with increased mortality regardless of patients with and without AF (6, 7).

PAP is a parameter reflecting cardiac remodeling that can be measured using echocardiography. In this study, we aimed to investigate whether PAP is associated with the recurrence of AF after RFCA.



Methods


Study population and design

All consecutive patients who underwent RFCA of AF between January 2005 and April 2019 were retrospectively analyzed. The Korea University Anam Hospital Institutional Review Board (No. 2021AN0018) approved the study protocol and waived the documentation of informed consent for this study.



Echocardiography

All patients underwent transthoracic echocardiography (TTE) (GE Vivid E9; Vingmed Ultrasound, Horten, Norway) before RFCA, and echocardiographic parameters were analyzed. The LA size was measured using two-dimensional-guided M-mode echocardiography according to the 2015 American Society of Echocardiography guidelines. The anteroposterior diameter of the left atrium was measured from the parasternal long-axis view at the end of the left ventricular (LV) systole (8). The normal values of LA anteroposterior diameter are 27–38 mm in women and 30–40 mm in men. Global LV function was assessed by measuring the difference between the end-diastolic and end-systolic estimates as follows: EF = ([end-diastolic volume]−[end-systolic volume])/[end-diastolic volume]. Pulmonary artery systolic pressure was estimated from the tricuspid regurgitation (TR) velocity. To evaluate the estimation of pulmonary pressure, right atrial (RA) pressure was assessed by measuring the diameter of the inferior vena cava and the respiratory collapse. Systolic PAP was estimated using the following formula: 4*TR peak velocity2 + RA pressure (Bernoulli equation)4 (Figure 1). Echocardiographic guidelines recommend measuring at least five beats in AF to assess average TR velocity (9). The TR velocity was measured once during SR to accurately measure systolic PAP, whereas the TR velocity was measured three times during AF to estimate the mean rate. All echocardiographic examinations were performed by a skilled echocardiographer with more than 3 years of experience and confirmed by a board-certified cardiologist.


[image: Figure 1]
FIGURE 1
Measurement of pulmonary artery systolic pressure. Example of measurements of pulmonary artery systolic pressure <35 and ≥35 mmHg. The mean tricuspid regurgitation velocity was estimated by measuring the TR velocity of four or more beats. To evaluate the estimation of pulmonary pressure, right atrial pressure was assessed by measuring the diameter of the inferior vena cava (yellow arrow) and the respiratory collapse during inspiration (blue arrow). Pulmonary artery systolic pressure was estimated using the following formula. (A) In the case of PAP <35 mmHg, the mean TR velocity was 2.1 m/s and IVC almost completely collapsed during inspiration. So, pulmonary artery systolic pressure was 22.6 mmHg. (B) In the case of PAP ≥35 mmHg, the mean TR velocity was 3.2 m/s and IVC collapsed to less than 50% during inspiration. So, pulmonary artery systolic pressure was 55.9 mmHg. TR, tricuspid regurgitation; IVC, inferior vena cava; PAP, pulmonary artery pressure.




Electrophysiologic studies and catheter ablation

Patients were sedated by intravenous injection of midazolam and propofol, and arterial blood gas analysis was performed hourly. Ablation was performed using RFCA under three-dimensional (3D) electroanatomical mapping (CARTO3, Johnson & Johnson Inc., Diamond Bar, CA, USA; NavX, St. Jude Medical Inc., Minnetonka, MN, USA) merged with cardiac magnetic resonance imaging or 3D spiral computed tomography. Low RA and intracardiac electrocardiograms of the coronary sinus were mapped with a duodecapolar catheter (St. Jude Medical, Inc., Minnetonka, MN, USA), a decapolar catheter (Bard Electrophysiology, Inc., Lowell, MA, USA) was positioned in the high RA, and a quadripolar catheter was positioned in the right ventricle (RV). Two transseptal punctures were performed using long sheaths (Fast-Cath™ and Swartz™ SL1; St. Jude Medical Inc., AF Division, Minnetonka, MN, USA) and a Brockenbrough needle under fluoroscopic guidance. From the time of performing the septal puncture, unfractionated heparin was injected to maintain an activated clotting time between 300 and 350 s. Radiofrequency energy was delivered using a 3.5-mm open, irrigated-tip ablation catheter at a maximum temperature of 35°C and power of 25–35 W at the physicians' discretion. All patients underwent circumferential PVI. The ablation strategy was performed as previously described (10). We evaluated the triggers of sustained AF during catheter ablation for AF and targeted it after circumferential PVI. Multiple electrical cardioversions were performed in patients with AF initiated under infusion of isoproterenol (10–20 μg/min) to identify triggers that sustained AF. The endpoint of the procedure for patients with AF was to eliminate all triggers, including those of PVs. For patients with persistent AF, 3D-guided substrate modification or linear ablation was performed, including the roof line, posterior inferior line, peri-mitral isthmus line, or anterior line at the physicians' discretion. When AF was converted to atrial tachycardia (AT) during PVI or substrate modification, activation, and entrainment mapping were performed again, and additional ablation was performed. Cavotricuspid isthmus linear ablation was performed in patients with clinical atrial flutter, and the bidirectional block was confirmed.



Follow-up and definition of recurrence after catheter ablation

If there were no complications, the patients were discharged within 2 days after RFCA and visited an outpatient clinic 2 weeks later. All patients had regular follow-up outpatient visits at 1, 3, 6, and every 6 months after that. Electrocardiography (ECG) was routinely performed at each outpatient visit, and 24-h Holter monitoring was performed at 3, 6, and 12 months after RFCA. If the patient had palpitations or dizziness, 24-h or 3-day Holter monitoring or event recording was performed to evaluate the cause. Atrial arrhythmias that lasted for more than 30 s within 3 months after the procedure were defined as early recurrences as a blanking period, and arrhythmias occurring 3 months later were defined as late recurrence. Antiarrhythmic drugs were taken for 3 months after the procedure and then discontinued at the physician's discretion.



Statistical analysis

Continuous variables are presented as mean ± standard deviation. The Student's t-test was used to compare continuous variables between two groups of patients. Categorical variables were compared using the chi-square or Fisher's exact test. A Kaplan–Meier analysis using log-rank testing was performed to compare recurrence free rates. Univariate and multivariate Cox regression analyses were performed. Two-tailed p-values were reported, and results were considered statistically significant at p < 0.05. Statistical analyses were performed using SPSS statistical software (version 24.0; SPSS Inc., Chicago, IL, USA).




Results


Study patients

Among 2,914 consecutive patients, 535 patients without PAP measurements of which an adequate tricuspid regurgitation rate could not be estimated due to poor technical quality by TTE were excluded. The median follow-up duration was 25.4 months. Of the remaining 2,379 patients, 1,294 (54.4%) had paroxysmal AF and 1,085 (45.6%) had persistent AF. According to the stratification based on PAP, 22% of patients with paroxysmal AF and 18.5% of those with persistent AF had PAP ≥35 mmHg (Figure 2).
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FIGURE 2
Flow of the study design. Among 2,379 consecutive patients who underwent RFCA for AF, 1,294 (54.4%) had PAF. According to the stratification based on PAP, 78% of patients with PAF had a PAP <35 mmHg. RFCA, radiofrequency catheter ablation; AF, atrial fibrillation; PAP, pulmonary artery pressure; PAF, paroxysmal atrial fibrillation; PsAF, persistent atrial fibrillation.




Baseline characteristics

The baseline demographics of patients in the two groups are shown in Table 1. Patients with PAP <35 mmHg were younger and less likely to have a history of paroxysmal AF, hypertension, diabetes mellitus, or vascular disease and had a significantly lower median CHA2DS2-VASc (congestive heart failure, hypertension, age ≥75 years, diabetes, stroke, vascular disease, age 65–74 years, and female sex) score, E/e′, LA volume, and mean LA diameter than those with PAP ≥35 mmHg. LA pressure was measured in 34 patients with PAP ≥35 mmHg and 218 patients with PAP <35 mmHg. LA pressure was significantly higher in patients with PAP ≥35 mmHg than in patients with PAP <35 mmHg (17.7 ± 4.2 mmHg vs. 15.1 ± 4.8 mmHg, p = 0.003). Figure 3 shows a scatter plot of the relationship between PAP and LA diameter, LA volume, and LVEF. The bar graph shows that patients with PAP ≥35 mmHg were more likely to have paroxysmal AF. When comparing patients according to AF type, those with persistent AF had lower LVEF (52.6 ± 7.1% vs. 55.7 ± 4.9%, p < 0.001), larger LA volume (114.7 ± 38.7 mL vs. 86.8 ± 25.1 mL, p < 0.001), and greater LA enlargement (44.4 ± 5.5 mm vs. 39.4 ± 5.2 mm, p < 0.001) than those with paroxysmal AF. Substrate modification (56% vs. 9%, p < 0.001) and LA linear ablation (54% vs. 17.6%, p < 0.001) were significantly more frequently performed in persistent AF (Supplementary Table S1). When a non-PV trigger was confirmed during isoproterenol infusion, the non-PV trigger was eliminated. Among patients with paroxysmal AF, the rate of substrate modification was significantly different between the PAP <35 mmHg group and the PAP ≥35 mmHg group (8.6% vs. 10.2%, p = 0.07). However, among patients with persistent AF, substrate modification was more frequently performed in those with PAP <35 mmHg than in those with PAP ≥35 mmHg (57.9% vs. 47.3%, p = 0.07). The rate of LA linear ablation was not significantly different between the PAP <35 mmHg group and the PAP ≥35 mmHg group, regardless of the AF type (Supplementary Table S2).


TABLE 1 Baseline characteristics of patients who underwent AF ablation stratified according to PAP.
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FIGURE 3
Scatter plot of the relation between PAP and LA. The scatter plot shows the relationship between PAP and (A) LA diameter, (B) LA volume, and (C) LVEF. (D) Bar graph shows that patients with PAP ≥35 mmHg were more likely to have paroxysmal AF. PAP, pulmonary artery pressure; LA, left atrial; AF, atrial fibrillation.




Recurrence of AF after RFCA

Patients with PAP ≥35 mmHg showed a significantly higher recurrence rate than those with PAP <35 mmHg (42.2% vs. 35.9%, log-rank p = 0.008) (Figure 4). Recurrence occurred as AF in 547 (61.9%) patients and as AT in 337 (38.1%) patients. Among patients with PAP <35 mmHg, recurrence occurred as AF in 60.8% and as organized AT in 39.2%, whereas in those with PAP ≥35 mmHg, recurrence occurred as AF and AT in 65.2% and 34.6%, respectively (Supplementary Figure S1). When comparing the rate of recurrence according to AF type, 340 (26.3%) were in paroxysmal AF and 544 (50.1%) were in persistent AF (Supplementary Figure S2). Among patients with paroxysmal AF, the recurrence rate was significantly higher in those with PAP ≥35 mmHg than in those with PAP <35 mmHg (35.1% vs. 23.8%, log-rank p = 0.008). However, among patients with persistent AF, the recurrence rate was not significantly different between the two groups (49.7% vs. 52.2%, log-rank p = 0.409) (Figure 5).
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FIGURE 4
Kaplan–Meier analysis of freedom from recurrence according to PAP. Kaplan–Meier analysis with log-rank test was performed to compare freedom from recurrence. Patients with PAP ≥35 mmHg showed a significantly higher recurrence rate than those with PAP <35 mmHg. RFCA, radiofrequency catheter ablation; AF, atrial fibrillation; PAP, pulmonary artery pressure.
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FIGURE 5
Kaplan–Meier analysis of freedom from recurrence according to AF type. Kaplan–Meier analysis with log-rank test was performed to compare freedom from recurrence rate. Among patients with paroxysmal AF, the recurrence rate was significantly higher in those with PAP ≥35 mmHg than in those with PAP <35 mmHg. However, among patients with persistent AF, the recurrence rate was not significantly different between the two groups. RFCA, radiofrequency catheter ablation; AF, atrial fibrillation; PAP, pulmonary artery pressure; PAF, paroxysmal atrial fibrillation; PsAF, persistent atrial fibrillation.




PAP predicts recurrence

The results of Cox regression analysis for AF recurrence are presented in Table 2. In univariate analysis, PAP ≥35 mmHg [hazard ratio (HR) 1.17, 95% confidence interval (CI) 1.00–1.37, p = 0.046], history of congestive heart failure (HR 1.40, 95% CI 1.10–1.78, p = 0.007), and stroke/TIA (HR 1.35, 95% CI 1.08–1.67, p = 0.007) were associated with an increased risk of recurrence of atrial tachyarrhythmias. Substrate modification (HR 2.55, 95% CI 2.23–2.91, p = 0.001) and LA linear ablation (HR 1.48, 95% CI 1.30–1.69, p = 0.001) were also associated with an increased risk of recurrence. Multivariate analysis showed that PAP ≥35 mmHg was independently associated with recurrence (HR 1.19, 95% CI 1.02–1.40, p = 0.027) after adjusting for age, sex, congestive heart failure, stroke/TIA, PAP, LVEF, substrate modification, and linear ablation.


TABLE 2 Cox regression analysis for recurrence of atrial arrhythmia after RFCA.
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Discussion

The major findings of this study are as follows: First, patients with PAP ≥35 mmHg showed a significantly higher recurrence rate than those with PAP <35 mmHg. Second, among patients with paroxysmal AF, the recurrence rate was higher in those with PAP ≥35 mmHg than in those with PAP <35 mmHg; however, in patients with persistent AF, the recurrence rate was not significantly different between the two groups. Third, PAP ≥35 mmHg was independently associated with recurrence (Supplementary Figure S3).

RFCA of AF has been demonstrated to improve quality of life better than administering antiarrhythmic drugs. RFCA reduces the risk of stroke in patients with AF and improves all-cause mortality in patients with both AF and heart failure, according to the CASTLE-AF trial (11, 12). However, despite recent data on reduced recurrence after RFCA, the recurrence of atrial arrhythmia remains challenging. Several studies have shown that a history of diabetes mellitus, hypertension, impaired renal function, increasing CHA2DS2-VASc score, and long duration of AF significantly increase the risk of AF recurrence (13, 14). Also, among echocardiographic risk factors, enlarged LA diameter, decreased ejection fraction, and increased E/e′ are known to be associated with increased late recurrence (12). We found that PAP ≥35 mmHg was a robust risk factor that could predict AF recurrence after RFCA.


LA remodeling and AF

LA volume is an important predictor of recurrence after RFCA (4), and our study also found that an LA volume of ≥80 mL was associated with an increased risk of recurrence. A larger LA volume increases the LA surface area, wall thickness, and stress. This is associated with the possibility of PV reconduction because of the formation of a more transmural lesion (15). Therefore, the larger the LA volume, the greater the likelihood of reconduction, which may be a predictor of recurrence. LVEF <50% has also been shown to be associated with recurrence after RFCA. LV dysfunction can increase the RV size, LA filling pressure, and LA volume. The increasing burden of AF during pathophysiologic progression has been associated with decreased LA reservoir strain and reduced LA compliance, induced by abnormal LA mechanics, remodeling, and RV–pulmonary artery coupling (2). Among patients with HFpEF, those with AF have a twofold larger atrial volume, a greater burden of RV dysfunction, and poorer exercise capacity than those without AF (15, 16). Therefore, as the burden of AF increases, the LA size increases. Roh et al. demonstrated the association between late gadolinium enhancement (LGE), which indicates fibrosis on MRI, and LA pressure, showing that the recurrence rate in patients with persistent AF was significantly higher in the extent-LGE group (LGE ≥20%) than in the small-LGE group (LGE <20%) (17). In our study, the recurrence rate was significantly different according to PAP in patients with paroxysmal AF before LA remodeling, and LGE was significantly larger in patients with persistent AF compared to those with paroxysmal AF (17.2 ± 10.6 vs. 15.4 ± 10.3%, p = 0.005) (Supplementary Table S1), indicating that fibrosis was more advanced in persistent AF. Therefore, PAP measured by TTE, a noninvasive method, is effective in predicting recurrence in patients with paroxysmal AF.



Pulmonary vascular impairment and AF

The left atrium is known to play an important role in the occurrence of AF. However, AF can also develop in patients with right-sided heart disease (18). Atrial remodeling, including fibrosis, is common in patients with AF (19). In a previous study, monocrotaline rats show a fivefold higher RA fibrous tissue content than control rats. Atrial fibrosis is a major cause of conduction changes in AF, and the RA mRNA expression levels of fibrosis-related genes FnI, Col1α1, Col3α1, Mmp2, Mmp, and Acta1 were upregulated in MCT rats (20). Patients with pulmonary hypertension (PH) show reduced electrogram voltage, slower RA conduction, and electrically silent areas due to fibrous scarring and increased AF induction (21). In patients with HFpEF and AF, the cardiac volume increases as the AF burden increases, which has been demonstrated to be due to higher RA-to-pulmonary capillary wedge pressure (PCWP) ratio and RA pressure (2). Kawasaki et al. suggested that LA pressure, rather than LA function or volume, may be an important risk factor for the recurrence of AF after ablation (22).

The E/e′ ratio has been suggested as an initial measurement to estimate LV filling pressure, especially in patients with preserved systolic function. Elevated LA pressure lowers pulmonary artery compliance. Therefore, elevated LV filling pressure increases the RV afterload and decreases pulmonary artery compliance (23).



Catheter ablation and PAP

Among patients with paroxysmal AF, substrate modification was more frequently performed among those with PAP ≥35 mmHg. That is why increasing PAP may affect the LA pressure and LA volume, which can potentially lead to more AF triggers and recurrences. Conversely, among patients with persistent AF, additional ablation, such as substrate modification or line ablation, was more frequently performed among those with PAP <35 mmHg. This may be caused by an existing LA in persistent AF, and more remodeling occurs when PAP is ≥35 mmHg (Supplementary Table S2).



Limitations

This study had several limitations. First, right heart catheterization or LA pressure assessment before ablation was not performed simultaneously with echocardiography; therefore, LA pressure data were obtained from 252 patients. Second, the measured values varied depending on the presence of AF or sinus rhythm during the measurements of echocardiographic parameters, especially LVEF and E/e′ ratio. However, our hospital has a standard protocol for measuring TR velocity during AF. Third, the etiology of TR, such as functional TR or isolated TR, has not been classified. Fourth, there were limited data on MRI, inflammatory markers, brain natriuretic peptide, and history of lung disease that identify fibrosis. More analyses about the markers in the future are warranted to better assess the causal link between AF recurrence postablation and the augmentation of PAP.



Clinical implications

In this study, most patients with AF and PAP ≥35 mmHg had EF >50%, E/e′ ratio <15, and PCWP <20 mmHg. Thus, PH is more likely due to an increase in LA pressure. The E/e′ ratio is correlated with PCWP (24). Therefore, it can be presumed that PH is less likely to be caused by congestive heart failure. This can explain the strong association between elevated PAP and increased LA pressure, subsequently increasing the risk of AF recurrence. As an indirect measure of LA pressure, echocardiography is a useful noninvasive method.




Conclusion

This study demonstrated that a higher PAP was associated with an increased risk of recurrence after RFCA in patients with paroxysmal AF, suggesting a mechanism by which PAP may influence the remodeling process at the junction between the left atrium and PV. This study also showed that PAP ≥35 mmHg was an independent factor for atrial arrhythmia recurrence. Therefore, RFCA should be considered before the remodeling process proceeds by measuring PAP.
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Background: The management of atrial fibrillation (AF) with oral anticoagulants (OAC) is generally recommended to reduce the risk of stroke. However, the decision to prescribe these medications for patients with AF and dementia remains controversial.



Methods: A systematic review and meta-analysis of retrospective cohort studies were conducted. The search encompassed PubMed, Cochrane Library, Web of Science, and Embase databases from inception until May 1st, 2023, with language limited to English. Eligible studies included comparisons between exposure to OAC vs. non-OAC in the AF population with dementia or cognitive impairment. Studies that compared the effects of direct oral anticoagulants (DOAC) and vitamin-K antagonists were also included. The primary outcome was all-cause mortality, and the secondary outcomes were ischemic stroke and major bleeding. This study was registered with PROSPERO (No. CRD42023420678).



Results: A total of five studies (N = 21,962 patients) met the eligibility criteria and were included in this review. The follow-up duration ranged from 1 to 4 years. Meta-analysis demonstrated that OAC treatment was associated with a lower risk of all-cause mortality in AF patients with dementia with a hazard ratio (HR) of 0.79 and a 95% confidence interval (CI) ranging from 0.68 to 0.92, compared to non-OAC treatment. No statistical differences were observed in the risk of major bleeding (HR = 1.12, 95% CI: 0.88–1.42) or ischemic stroke (HR = 0.77, 95% CI: 0.58–1.00). Three studies reported comparisons between DOAC and warfarin; however, pooled analysis was not performed due to heterogeneity.



Conclusion: The use of OACs in individuals diagnosed with both AF and dementia holds the potential to reduce all-cause mortality rates, thereby improving the overall clinical prognosis within this specific population.



Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023420678, PROSPERO identifier, CRD42023420678.
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1. Introduction

Ischemic stroke is the primary risk contributing to an unfavorable prognosis in patients diagnosed with atrial fibrillation (AF) (1). Oral anticoagulant (OAC) therapy plays a pivotal role in preventing ischemic stroke in AF patients, significantly improving clinical outcomes, reducing overall mortality, and lowering stroke incidence (2). Despite the association of OAC use with an increased risk of bleeding, the overall benefits outweigh the risks of not using OACs (2).

However, controversy surrounds the benefits of anticoagulant therapy in individuals with pre-existing dementia or cognitive impairment. Good adherence to OACs is foundational for clinical benefits (3). However, individuals with dementia exhibit significantly lower medication adherence, even with medical care, compared to those without dementia (4), significantly impacting the ischemic protection benefits of OACs (5). On the other hand, the risk of intracranial hemorrhage associated with OAC use is also increased in individuals with dementia (6). Furthermore, individuals with dementia are generally older, have multiple comorbidities, and have a shorter life expectancy. Therefore, further exploration is necessary to determine whether individuals with dementia can still derive benefits from OAC therapy.

Current studies have yielded divergent conclusions regarding the impact of OAC therapy on individuals with dementia. Some studies suggest that OACs can improve prognosis in patients with dementia (7, 8), while others indicate that it may worsen outcomes (9). On the other hand, direct oral anticoagulants (DOACs) have lower adherence requirements compared to vitamin K antagonists (VKA), or warfarin, as they do not require regular monitoring of international normalized ratio (INR). Theoretically, the use of DOACs in patients with non-valvular atrial fibrillation may offer greater benefits in this population compared to VKAs.

Therefore, we conducted a systematic review and meta-analysis aiming to evaluate the benefits of OAC use in patients diagnosed with AF and dementia/cognitive impairment, as well as to determine whether DOACs offer greater advantages compared to VKAs.



2. Methods

The protocol of this studies was registered with PROSPERO (No. CRD42023420678) (10). This review was planned, conducted, and reported according to the Preferred Reporting Items for a Systematic Review and Meta-analysis 2020 update (PRISMA 2020) (11); the PRISMA checklist was attached in Supplementary Appendix.


2.1. Data sources and searches

The searches were conducted in four databases: PubMed, EMBASE, Cochrane Library, and Web of Science, covering publications from the inception until May 1st, 2023. To perform the search, we utilized subject terms and free words, including “dementia,” “Alzheimer’s,” “cognitive impairment,” “anticoagulation,” “direct oral anticoagulants,” “antithrombins,” and others. Before final analyses, additional searches were performed, and relevant studies were retrieved for inclusion. For detailed search strategies, refer to Supplementary Material.



2.2. Eligibility criteria and study selection

Studies were considered eligible for inclusion if they met following criterion: (1) study type: cohort study; (2) patients: diagnosed with AF and dementia/cognitive impairment at baseline; (3) exposure: receiving OAC; control: non-OAC; (4) outcome: estimated the risk for all-cause mortality, ischemic stroke and major bleeding with adjusted hazard ratio (HR) and 95% confidence interval (95% CI); The process of study selection advanced as follows: (1) exclude duplicate publications; (2) read study titles and abstracts and exclude the non-cohort studies; (3) read the abstracts and exclude studies not related to AF; (4) read the full-text and exclude the studies with non-conforming exposures, populations, and outcomes. Two independent reviewers (DW and XX) scanned titles and abstracts according to the inclusion criteria. Any discrepancy regarding searches and selection was discussed in consultation with and resolved by a third reviewer (GP). If a study potentially met the inclusion criteria, the full text was retrieved for further inspection.



2.3. Data extraction

Upon identifying the included studies, two reviewers independently conducted data extraction. The extracted data encompassed the following categories: (1) general information, including study name, year of publication, country of study, population, sample size, follow-up duration, reported outcomes, type of anticoagulation, and dementia ascertainment; (2) baseline information, comprising sex, age, percentage of diabetes, hypertension, prior ischemic stroke, heart failure, CHA2DS2-VASc score, and estimated glomerular filtration rate (eGFR); (3) adjusted HR and 95% CI for outcomes; (4) adjusted confounders of HR. After extraction, the data were thoroughly checked. Any discrepancies were verified and resolved by a third reviewer (GP). Records of studies were managed with the Endnote X9 software (RRID:SCR_014001). In this review, the management of missing values followed the processing method reported in the original studies.



2.4. Outcomes and definitions

The primary outcome in this study is all-cause mortality. The secondary outcome is ischemic stroke and major bleeding. The ascertainment strategy of dementia or cognitive impairment include but are not restricted to Reisberg Global Deterioration Scale (RGDS), Cognitive Performance Scale (CPS); Montreal Cognitive Assessment (MoCA), International Classification of Diseases (ICD) code, and database documented records. OAC include DOAC or VKA. Antiplatelet drugs (aspirin for example) are not involved.



2.5. Risk of bias and sensitivity assessment

The risk of bias in cohort studies was assessed by two reviewers (DY and XX) independently using the Newcastle-Ottawa Scale (NOS) with a scoring range from 0 to 9 (12). Regarding the follow-up time in the NOS, due to the relatively high incidence of outcomes in the very elderly population, we stipulated that a minimum follow-up of 6 months would be scored to account for the occurrence of primary and secondary outcomes. Potential publication bias was evaluated through funnel plots generated by RevMan 5.4.1 software (RRID: SCR_003581) (13).

Sensitivity analysis was systematically performed by sequentially excluding individual studies from the analysis to examine their impact on the results.



2.6. Statistical analysis

Meta-analyses were conducted for comparable studies. Primary and secondary outcome effect measures with adjusted HR and 95% CI were pooled using RevMan 5.4.1 software. The value of logHR and its standard error (SE) required for pooled analysis were derived from the HR and 95% CI as reported in the original articles. Results are presented visually using forest plots. Heterogeneity was quantitatively assessed using Higgins's index (I2), and p value. Random-effect models were applied independently of the levels of I2 due to the inter-study heterogeneity derived from population OAC type, follow-up course etc.; In cases where quantitative data were insufficient or highly heterogeneous, a descriptive synthesis approach was employed. All statistical tests were two-sided and set at a significance threshold of p < 0.05.




3. Results


3.1. Study selection

A total of 2,501 records were obtained from the initial search, and 1,032 duplicate records were removed.

We screened the remaining 1,469 records by reading their titles and abstracts and excluded 1,141 records as they were deemed inappropriate article types or lacked association with AF. After assessing the full text of the remaining 328 articles, we excluded 207 records due to discrepancies in exposure, 92 due to discrepancies in the study population, and 22 due to discrepancies in outcomes. One article was identified as a consensus document and was not included in the systematic review. Ultimately, eight studies met the inclusion criteria and were included in the systematic review. Among them, one study [Madhavan et al. (14)] failed to provide detailed raw data of HR or 95% CI; two studies only reported comparison between DOAC and VKA (15, 16). Consequently, five studies were included in the meta-analysis (7–9, 17, 18). The process of study selection is visually depicted in Figure 1.


[image: Figure 1]
FIGURE 1
Flow chart of the article selection procedure for meta-analysis.




3.2. Study characteristics

A total of 21,962 patients with dementia and AF from five studies were included in meta-analysis. All five studies were retrospective cohort studies. The follow-up course ranged from 1 to 4 years. All five studies provided outcomes of all-cause mortality, major bleeding, and ischemic stroke. In terms of type of anticoagulants, three studies involved VKA or DOAC, while two studies involved only VKA. The methods of dementia ascertainment varied from the studies. RGDS, CPS and MoCA were employed in one study respectively. Two studies used ICD code in the previous database. The NOS score ranged from 4 to 6 in included studies (Figure 2). General characteristics of the studies are shown in Table 1. The average age of patients included in all five studies exceeded 75 years old, with a high prevalence of concomitant diseases. Table 2 displays the baseline characteristics of the studies. Significant differences in the rate of concomitant diseases were observed between the OAC and non-OAC groups. All five studies utilized multivariable model adjustment to control for HR. Supplementary Table S1 lists the adjustment of confounders in the included studies.


[image: Figure 2]
FIGURE 2
Newcastle-Ottawa Scale for included studies in meta-analysis.



TABLE 1 General characteristics of the included studies.
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TABLE 2 Baseline characteristics of the included studies.
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3.3. Total results of meta-analysis


3.3.1. OAC vs. non-OAC

All five studies reported the outcome of all-cause mortality. The heterogeneity analysis yielded an I2 = 72% with a p value of 0.007. Consequently, the random-effects model was adopted for the meta-analysis, resulting in a pooled HR of 0.79 (95% CI: 0.68–0.92), indicating a lower risk of all-cause mortality in AF patients with dementia treated with OAC compared to non-OAC (Figure 3).


[image: Figure 3]
FIGURE 3
Forest plot of meta-analysis of studies involving efficacy and safety results between OAC and non-OAC in AF population with dementia. SE, standard error.


All five studies reported outcome of major bleeding. Heterogeneity analysis showed a result of I2 = 70% with a p value of 0.01. Therefore, we adopted the random-effects model to perform the meta-analysis and reached a pooled HR = 1.12 (95% CI: 0.88–1.42). The data indicated that OAC use and non-OAC use manifested no statistical difference in terms of risk of major bleeding (Figure 3).

Similarly, all five studies reported the outcome of ischemic stroke. Heterogeneity analysis showed a result of I2 = 53% with a p value of 0.08. Therefore, we adopted the random-effects model. The meta-analysis reached a pooled HR = 0.77 (95% CI: 0.58–1.00), which showed that OAC treatment had no benefit in lowering risk of ischemic stroke (Figure 3).



3.3.2. DOAC vs. VKA

Three studies compared clinical outcomes between DOAC and VKA [Lin et al. (15); Fanning et al. (16) and Wang et al. (9)]. Due to the heterogeneity of the three studies (including variations in population, DOAC type, and follow-up time, etc.), the pooled analysis was not conducted, and only the individual study outcomes were described. In the first two studies, the warfarin group had a higher risk of major bleeding and a lower risk of Ischemic stroke than DOAC group. In terms of all-cause mortality, there were differences between the two studies (Figure 4). Furthermore, Wang et al. (9) compared the benefits of a composite outcome involving major bleeding or all-cause mortality, which did not show any superiority (HR = 1.17, 95% CI: 0.78–1.76).


[image: Figure 4]
FIGURE 4
Forest plot of meta-analysis of studies involving efficacy and safety results between DOAC vs. VKA. SE, standard error. DOAC, direct oral anticoagulants. VKA, Vitamin K Antagonist.





3.4. Sensitivity analysis

In the sensitivity analysis, we sequentially removed each study from the pooled analysis to investigate its influence on the overall effect size. By omitting study Ouellet, 2022 and Orkaby, 2017, the pooled effect of all-cause mortality HR changed to 0.86 (95% CI: 0.69–1.06) and 0.83 (95% CI: 0.68–1.02) respectively. The effect on ischemic stroke was similarly changed by omitting study Ouellet 2022 (HR = 0.70, 95% CI: 0.57–0.87). The pooled effects of major bleeding remained unchanged with the omission of a single study (Supplementary Figure S1).



3.5. Publication bias

The funnel plot (Supplementary Figure S2) of OAC treatment on all-cause mortality, major bleeding and ischemic stroke showed asymmetry, indicating possible publication bias.




4. Discussion


4.1. Main findings and interpretations

Our study revealed that AF patients with concomitant dementia can derive benefits from OAC therapy. The meta-analysis demonstrated a reduction in all-cause mortality with OAC therapy, and this effect may not be solely explained by its protective effect against ischemic stroke. There was no significant increase in the risk of major bleeding.

Presently, the HAS-BLED score is recommended for stratifying bleeding risk in anticoagulant therapy in AF patients. Despite dementia being categorized as a high-risk factor for bleeding in the guidelines (19), there is currently insufficient evidence to support discontinuing OAC in this population. Our findings suggest that AF patients with concomitant dementia can still benefit from OAC therapy, consistent with the prevailing guideline recommendations.

The five cohort studies showed heterogeneity in the three outcomes of interest. In relation to all-cause mortality, three large-sample studies demonstrate that OAC is superior to non-OAC. The results of these three studies confirm the beneficial effect of OAC in reducing all-cause mortality in the pooled analysis. Two studies indicated that OAC has a higher bleeding risk than non-OAC. One study (Orkaby 2017) exhibited a trend inconsistent with the overall results, suggesting a tendency towards reduced bleeding risk with OAC compared to non-OAC. The extended follow-up duration in Orkaby 2017 study led to a relatively high incidence of major bleeding, significantly impacting the overall results. Nevertheless, sensitivity analysis revealed that excluding this study did not impact the overall results of the study. Three studies demonstrated that the stroke risk with OAC is lower than with non-OAC, but the overall results did not indicate a significant benefit. The heterogeneity mainly originated from the large-sample study Ouellet 2022, and sensitivity analysis indicated that excluding this study would impact the stability of the results (overall effect p = 0.001). The inclusion of the five studies resulted in high heterogeneity concerning the study population and outcomes (I2 reaching 72%, 70%, and 53% respectively). Nevertheless, the five studies employed adjusted confounders that generally accounted for known factors that may cause bias, and we believe that including these five studies in the pooled analysis is appropriate.

Regarding the comparison between DOACs and VKAs, theoretically, the reduced adherence requirement makes DOACs more suitable for patients with concurrent dementia, potentially leading to improved outcomes. However, only three articles meeting the inclusion criteria were retrieved, and they exhibited significant heterogeneity in the results. Additionally, one of the articles solely provided data on composite outcomes. Therefore, the results of this study are not sufficient to draw a conclusive recommendation favoring DOACs.



4.2. How can OAC benefit patients with AF and dementia?

This study showed that OAC reduced all-cause mortality, but did not demonstrate a preventive effect on ischemic stroke in AF patients with concurrent dementia. The discrepancy can be attributed to benefits of OAC in other comorbidities. Elderly individuals commonly experience comorbid hypercoagulability, which subsequently elevates their risk of thrombotic events (20). The utilization of OAC may lead to a reduction in these adverse events. For instance, elderly individuals with dementia often experience bedridden conditions, which consequently increases the risk of venous thrombosis. The advantage of employing OAC in this particular population might be attributed to a decrease in pulmonary embolism. Additionally, among the five studies included, there was a significant prevalence of concomitant coronary artery disease. Drawing from the established benefits of OAC in atherosclerotic cardiovascular disease (21), we speculated that the patients could also derive benefits from a decrease in acute cardiovascular events. These potential advantages may account for the observed decline in all-cause mortality among the patients.

However, the clinical benefits for individuals with both AF and dementia present a complex and challenging issue. Quality of life remains a significant aspect of clinical benefits even for patients with concurrent dementia. While existing evidence suggests that administering OAC to reduce stroke incidence can increase quality-adjusted life-years at high health economics cost (22), there is a lack of direct evidence demonstrating an improvement in the quality of life in this population. Apart from the decline in quality of life caused by complications such as stroke or major bleeding, the treatment itself (particularly strict adherence to medical advice, including the use of VKA and monitoring the INR) often imposes significant burdens on both patients and care providers. As a result, quantifying the quality of life for this population remains a challenging endeavor. The only quantifiable benefits for such patients may lie in the extension of life and the reduction in mortality rates.



4.3. Relationship with previous studies

Stratified management is critical for anticoagulants treatment of AF. Currently, the CHA2DS2-VASc and HAS-BLED scores are the recommended tools for risk stratification in guidelines. However, clinical situations are complex, making the decision to use OAC in high-risk patients quite difficult. Previous studies have identified factors that lead to discontinuation of OAC, including advanced age (23), concomitant chronic kidney disease (24, 25), concomitant chronic obstructive pulmonary disease (24), and dementia/cognitive impairment (4, 26). The main reasons for OAC discontinuation in dementia patients are twofold: on one hand, ensuring adherence in these patients is challenging, and non-adherence or overdosing is common, leading to reduced benefits (27); on the other hand, doctors or patients may be concerned about an increased risk of major bleeding (28). However, discontinuing OAC based on these concerns lacks sufficient evidence. Therefore, previous viewpoints have suggested that dementia is not reason to withhold anticoagulation in AF management (29). The results of our study support this viewpoint.



4.4. Limitations

Our study has several limitations: Firstly, All the included studies are retrospective cohort studies. The issue of baseline imbalance is inevitable. Although multivariate adjustment can be performed, it cannot completely eliminate bias caused by baseline differences. However, conducting randomized controlled trials in this population is extremely challenging due to issues of adherence control and ethical considerations. Therefore, there are currently no RCTs available in this regard. Secondly, overall medication adherence data were not obtained. These data are assumed as a premise, but very few of the included studies provided this data. Acquiring such data is challenging. Therefore, it was not included in the analysis. Next, there was significant heterogeneity among included studies. The included studies had differences in study populations, such as the inclusion of veterans in study Orkaby 2017, (where the proportion of females was low) and the pre-exclusion of patients with contraindications to OAC in study Wang 2023. Excluding these studies with high heterogeneity might affect the overall results. Lastly, based on the funnel plot, the five studies incorporated into the meta-analysis potentially exhibit publication bias. However, due to the limited number of articles included in the consolidated statistics, it may not be appropriate to conduct further quantitative analysis of publication bias (30). Therefore, we believe our study didn't provide solid conclusion, and still should be considered hypothesis-generating. Additional studies are needed to better define the risk-benefit ratio of anticoagulation in patients with dementia.



4.5. Prospect of further studies

We recommend that future research should focus on exploring the following areas: (1) Further clarification of the target beneficiary population is warranted. Based on the articles involved in this study, potential subgroups that may experience greater benefits include individuals with improved caregiving conditions, normal kidney function, mild cognitive impairments, and no history of intracranial hemorrhage. (2) A deeper understanding of the advantages of DOACs compared to VKAs within this specific population should be pursued. While conducting randomized controlled trials poses challenges, prospective cohort studies can be undertaken to yield higher-quality clinical evidence.




5. Conclusion

Collectively, we found that the administration of OAC in patients with AF and dementia may lead to a reduction in all-cause mortality. The results provide evidence supporting the continued use of OAC in individuals with AF and dementia, thereby enabling more patients to derive benefits from this treatment.
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Background: Although there are many freezing protocols available, the optimal freezing dose is still not determined. We aimed to evaluate the effectiveness and safety of different freeze strategies of CBA in the treatment of AF.



Methods: PubMed, Cochrane Library, Web of Science, and Embase were searched up to 1st December 2022. Studies comparing the outcomes between single-shot technique and standard technique of cryoablation were included. Subgroup analysis identified potential determinants for single-shot technique procedure.



Results: Our search resulted in 3407 records after deduplication. A total of 17 qualified studies met our inclusion criteria. Compared with standard technique, single-shot technique of cryoablation has a comparable rate of freedom from AF/AT(RR 1.00; P = 0.968), a trend for lower rate of procedure complications (RR 0.80; P = 0.069), a lower rate in transient phrenic paralysis (t-PNP) (RR 0.67; P = 0.038), a similar rate in persistent phrenic paralysis (per-PNP) (RR 1.15; P = 0.645), as well as a comparable procedure parameters. Importantly, potentially significant treatment covariable interactions in procedure complications were found in freeze strategy subgroup, male proportion subgroup and age subgroup, including single-shot freeze (RR 1.02; P = 0.915) and TTI-guided (RR 0.63; P = 0.007) with interaction P = 0.051, high male proportion (RR 0.54; P = 0.005) and a low male proportion (RR 0.94; P = 0.759) with interaction P = 0.074, as well as age ≥ 65 (RR0.91; P = 0.642) and age <65 (RR 0.54; P = 0.006),interaction P = 0.090. Meanwhile, only one significant treatment covariable interactions in procedure complications was found in the hypertension subgroup, including HT > 60% (RR 0.89; P = 0.549) and HT ≤ 60% (RR 0. 46; P < 0.01) with interaction P = 0.043.



Conclusions: Our study suggested that single-shot technique of cryoablation has comparable effective and safety outcomes for AF ablation compared to standard technique.
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1. Introduction

Pulmonary vein isolation (PVI) is the cornerstone of catheter ablation in patients with atrial fibrillation (AF). Cryo-balloon ablation (CBA) has been widely used for AF treatment worldwide. Whether in patients with paroxysmal atrial fibrillation (PFA) or persistent atrial fibrillation (per-AF), PVI alone has achieved satisfactory curative effects (1–3), which is superior to drug therapy and not inferior to radiofrequency ablation(RFA). CBA is characterized by less procedural complexity and a shorter learning curve. Different center and operator experience had a weaker impact on program success in CBA than in RFA procedure (4). Recently, several studies have demonstrated high acute efficacy and low complication rates using CBA for PVI in paroxysmal or persistent AF in both low-volume and high-volume centers (5, 6).

Due to the cumbersome nature of RFA to achieve PVI, CBA was developed to further simplify the PVI procedure by homogenizing the results of operators with different experience. However, the ideal energy dose has not yet been standardized, and preclinical and clinical studies have been trying to find the optimal cryo-energy dose that results in durable PVI with the shortest effective cryo-duration. The current CBA protocol are varied, including fixed cycle single ablation or double ablation, cryo-dose guided by TTI, and cryo-dose based on temperature monitoring (7, 8). This may hinder its application and promotion, and often confuses beginners, thus affecting the safety and effectiveness of CBA. The latest CB−2 ablation studies have demonstrated high single-procedure success rates for PVI, with good long-term clinical outcomes even when “no addition” cryo-protocols or shorter cryo-cycles were applied (9–15). Moreover, the rate of persistent PVI was high in patients who underwent re-acceptance of atrial tachyarrhythmias ablation after CB-2 ablation (16, 17). In addition, recent studies have shown that time-to-isolation (TTI) has the potential to be the best indicator for cryo-dose monitoring and a strong marker for predicting acute and durable PVI (18, 19). However, the current ability to monitor TTI needs to be further improved, and the TTI protocol has not yet formed a standardized unified scheme.

Therefore, in this study, we aimed to evaluate the effectiveness and safety of different administration strategies of CBA in the treatment of AF.



2. Methods


2.1. Search strategy

We conducted this systematic review according to the Preferred Reporting Items for Reviews and Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines (20). The study protocol was registered in the PROSPERO database (Registration ID: CRD42022382336).

A comprehensive literature search was conducted with four online search engines, including PubMed, Cochrane Library, Web of Science, and Embase, by two independent reviewers (C.J.H and F.L) from the establishment of the databases up to 1st December 2022. Search keywords included “cryoballon”, “cryoablation”, “ablation”, and “atrial fibrillation”. Trials comparing the therapeutic effects between single-shot technique of cryoablation and standard technique in patients with AF were included. In addition, the reference list of review literature and retrieved eligible literature were hand-searched for potential publications not being identified previously.



2.2. Study design

A clinical study was eligible if it met the following inclusion criteria: (1) randomized controlled trials and cohorts, observational studies, and case controls. (2) studies comparing the results of different freezing strategies, including long-term freedom of atrial fibrillation / AT, phrenic paralysis, pericardial effusion, stroke / transient ischemic attack (TIA) and surgery-related death. Phrenic nerve palsy (PNP)was classified as either transient or persistent. Transient phrenic nerve palsies (t- PNP), defined as palsy resolution by the end of the cryo-balloon procedure or before discharge, whereas persistent phrenic nerve palsy (per-PNP) was characterized by continued loss of phrenic nerve function that persisted during follow-up. (3) full-text studies published in English in peer-reviewed journals. (4) for multiple publications of the same trial or cohort, only the research containing the most data is included. Meanwhile, single-arm study, studies without original data, review articles, case reports, letters, editorials, and animal studies were excluded. Two independent reviewers (C.J.H and F.L) searched and reviewed the titles, abstracts, and full texts to determine the eligible study. Any disagreements about eligibility were resolved by consulting a third reviewer (C.H.D).

The intervention evaluated was CBA for AF. In this study, the single-shot technique was defined as the AF patients underwent single-shot freeze or TTI-guided single freeze. The standard technique was defined as the AF patients underwent double freeze or bonus freeze. Moreover, single-shot technique was allowed for additional freeze to reduce the concerns about lesion durability when sensory isolation was not achieved or achieved lately in the freezing process.



2.3. Data extraction

For each eligible study, data were extracted by two independent researchers (C.J.H and F.L), and any differences were resolved through discussion with a third researcher (C.H.D). We first recorded the eligible characteristics of the study, including the first author, year of publication, study design, number of patients, and follow-up time. At the same time, the demographic and clinical characteristics of the patients and the indicators related to the procedure were also recorded.



2.4. Quality assessment

Given the heterogeneity of the eligible studies, the quality of each study was assessed using two different critical appraisal tools by two independent researchers. For randomized clinical trial included in our review, the Cochrane risk of bias assessment tool was used. The Newcastle-Ottawa Quality Assessment Scale (NOS) was used to assess observational studies. We also assessed the potential publication using Egger's and Begg's test.



2.5. Statistical analysis

Categorical variables were presented as frequencies or percentages, and continuous variables were presented as means ± standard deviations, or median with interquartile range, as appropriate. The Stata version 16.0 (College Station, Texas 77845 USA, StataCorp LP) was used for all statistical analyses, and P < 0.05 was considered statistically significant.

We used I2 to quantify the proportion of variance derived from between-study heterogeneity (21) and I2 values of 0, <25%, 25%–49%, and >50% were considered as no, low, moderate, and high heterogeneity, respectively. If I2 value was more than 50%, a random effect model was adopted. Otherwise, a fixed effect model was used. Meanwhile, when significant heterogeneity was presented, we performed a sensitivity analysis to examine the effect of a single study on the overall risk estimate by sequentially omitting one study at a time. We also assessed the potential publication bias using Egger's tests.

In addition, subgroup analysis was performed to screen sources of heterogeneity and potential determinants of AF ablation outcomes between single-shot technique of cryoablation and standard technique. According to the characteristics of eligible studies, some potential factors, and previously reported factors, a total of nine subgroup factors were identified, including study design, follow-up time, sample size, age cutoff, male proportion, hypertension (HT) proportion, paroxysmal atrial fibrillation (PAF) proportion, left atrial diameter (LAD) and freeze strategy. If the study design included only one center, it was defined as a single-center subgroup; otherwise, it was defined as a multicenter subgroup. Follow-up time was divided into two subgroups (>12 months and ≤12 months). According to the cutoff value 100 and 65, the group sample size and the age cutoff were divided into two subgroups, respectively. According to cutoff values of 60%, the male proportion and HT proportion were divided into two subgroups, respectively. According to the cutoff value 100% and 40, the PAF proportion and LAD were divided into two subgroups, respectively. Based on the freeze strategy, single-shot and TTI-guided subgroups were defined.




3. Results


3.1. Study selection and quality assessment

The research selection flow chart is shown in Figure 1. Our search resulted in 3,407 records after deduplication. Abstracts were independently screened by two investigators. Finally, a total of 17 qualified studies met our inclusion criteria, including 6 prospective studies (15, 22–26) and 11 retrospective studies (8, 13, 14, 17, 27–33), including 4,688 patients with AF (2,526 in single-shot technique group and 2,162 in standard technique group). In two multicenter studies (17, 29), the only two subgroups, including bonus-freeze protocol group and the time-to-effect protocol group, were extracted due to their comparability. The demographic and clinical characteristics was presented in Table 1. Details of cryoablation are shown in Table 2.


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



TABLE 1 The demographic and clinical characteristics.
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3.2. Efficacy between single-shot technique and standard technique

A total of 14 studies (8, 13, 14, 15, 17, 22–33) reported 3,971 patients getting rid of AF/atrial tachycardia (AT), including 1990 in the single-shot technique group and 1981 in the standard technique group. Using the random effect model, the recurrence rate of AF/AT in the single-shot technique group was similar to that in the standard technique group (RR, 1.00; 95%CI, 0.97–1.03; P = 0.968; I2 = 0.0%; Figure 2).


[image: Figure 2]
FIGURE 2
Forest plot of the freedom from atrial fibrillation (AF)/atrial tachycardia (AT). Comparison of the rate of freedom from AF/AT between single-shot technique and standard technique. AF, atrial fibrillation; AT, atrial tachycardia.


A total of nine subgroup factors of the freedom of AF were analyzed, and the results were shown in Figure 3 and Supplementary Table S1. There was no significant statistical difference among the subgroups. Interestingly, we found that in the predetermined subgroups, the success rates of ablation in single-shot freeze and TTI-guided groups were the same, and both were comparable to those in standard technique.
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FIGURE 3
Forest plot of subgroup analysis for freedom from AF. Subgroup analysis of the rate of freedom from AF/AT between single-shot technique and standard technique.


Moreover, the sensitivity analysis show that there was no significant change for the pooled proportion, ranging from 0.99 (0.95–1.03) to 1.01 (0.97–1.05). Meanwhile, there was no publication bias with Egger's test (P = 0.94). These results suggested that our pooled results were robust.



3.3. Safety between single-shot technique and standard technique

14 studies reported procedure complications, 13 reported transient phrenic paralysis (t-PNP), and 11 reported per-PNP. The risk of complications in single-shot technique group showed a trend for lower rate than that in standard technique group. (RR, 0.80; 95%CI, 0.63–1.02; P = 0.069; I2 = 36.9%; Figure 4). Moreover, the sensitivity analysis show that there was no significant change for the pooled proportion, ranging from 0.69 (0.52–0.91) to 0.85 (0.67–1.09). Meanwhile, there was no publication bias with Egger's test (P = 0.18). These results suggested that our pooled results were robust.
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FIGURE 4
Forest plot of the procedure complications. Comparison of the procedure complications between single-shot technique and standard technique.


In our meta-analysis, the subgroup analysis results are shown in Figure 5 and Supplementary Table S2. The single center subgroup (RR, 0.70; 95%CI, 0.49–0.99; P = 0.042; I2 = 50.6%), sample size <100 subgroup (RR, 0.71; 95%CI, 0.52–0.97; P = 0.030; I2 = 38.5%), high male proportion subgroup (RR, 0.54; 95%CI, 0.35–0.83; P = 0.005; I2 = 19.9%), age <65 subgroup (RR, 0.54; 95%CI, 0.35–0.84; P = 0.006; I2 = 23.3%), low proportion of HT subgroup (RR, 0.46; 95%CI, 0.27–0.76; P = 0.003; I2 = 4.6%), simple paroxysmal atrial fibrillation subgroup (RR, 0.54; 95%CI, 0.30–0.99; P = 0.045; I2 = 0.0%), and TTI-guided subgroup (RR, 0.63; 95%CI, 0.45–0.88; P = 0.007; I2 = 45.8%) are significant statistical differences. There was no significant difference in left atrial diameter subgroup and follow-up time subgroup. Importantly, potentially significant treatment covariable interactions in the risk of complications were found in freeze strategy subgroup, male proportion subgroup and age subgroup, including single-shot freeze (RR 1.02; 95%CI, 0.72–1.43; P = 0.915) and TTI-guided(RR 0.63; 95%CI, 0.45–0.88; P = 0.007), interaction P = 0.051; high male proportion (RR 0.54; 95%CI, 0.35–0.83; P = 0.005) and a low male proportion (RR 0.94; 95%CI, 0.61–1.43; P = 0.759), interaction P = 0.074; age ≥ 65 (RR0.91; 95%CI, 0.61–1.36; P = 0.642) and age <65 (RR 0.54; 95%CI, 0.35–0.84; P = 0.006), interaction P = 0.090. In addition, significant treatment covariable interactions in the risk of complications were found in the hypertension subgroup, including HT > 60% (RR 0.89; 95%CI, 0.60–1.31; P = 0.549) and HT ≤ 60% (RR 0.46; 95%CI, 0.27–0.76; P < 0.01), interaction P = 0.043.


[image: Figure 5]
FIGURE 5
Forest plot of subgroup analysis for procedure complications. Subgroup analysis of the procedure complications between single-shot technique and standard technique.


Compared with standard technique group, single-shot technique group had a lower incidence of t-PNP (RR, 0.67; 95%CI, 0.45–0.96; P = 0.038; I2 = 0.0%). The sensitivity analysis show that there was no significant change for the pooled proportion, ranging from 0.57 (0.38–0.87) to 0.71 (0.48–1.07). No publication bias was presented with Egger's test (P = 0.06). These results suggested that our pooled results were robust. In addition, a similar risk of per-PNP was showed between standard technique group and single-shot technique group (RR, 1.15; 95%CI, 0.63–2.10; P = 0.645; I2 = 0.0%). The sensitivity analysis, ranging from 1.00 (0.54–1.86) to 1.37 (0.71–2.65), as well as Egger's test (P = 0.96) also showed that our pooled results were robust.



3.4. Procedure parameters

Total operation time was reported in 15 studies(8, 13–17, 22–25, 27, 29–32), freeze time in 8 studies(8, 13, 15, 22, 24, 26, 29, 31), and fluoroscopy time in 14 studies(8, 13–15, 17, 22–25, 27, 30–33). The results showed that the total operation time of single-shot technique group was significantly shorter than that of standard technique group. (SMD: −25.2; 95%CI: −35.25, −15.80; I2 = 97.5%, P < 0.001),and the freezing application time is significantly reduced (SMD: −11.73; 95%CI: −16.33, −7.2; I2 = 99.0%, P < 0.001). In terms of fluoroscopy time, the single-shot technique group decreased slightly (SMD: −3.3; 95%CI: −6.03,−0.58; I2 = 96.9%, P < 0.001).



3.5. Risk of bias

Of the seventeen studies, three were randomized clinical trials (RCT) studies and the remaining fourteen were Non-RCT studies. The Quality of the eligible studies was moderate to good (Tables 3, 4). All the three RCTs lacked blinding of participants and personnel to the intervention, and all observational studies had control groups and obtained their data directly from medical records. The NOS score varied between 8 and 9 which means they were high-quality observational studies.


TABLE 2 Details of CBA.
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TABLE 3 Quality assessment for randomized clinical trials according to the cochrane risk of bias assessment tool.
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TABLE 4 Quality assessment of enrolled studies according to the Newcastle-Ottawa quality Assessment scale (NOS).
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3.6. Sensitivity analysis for RCT and Non-RCT studies

Sensitivity analysis was performed for RCT and Non-RCT studies, and the method was to recalculate the pooled OR/SMD estimates of the remaining studies after excluding each trial item by item. The results showed that there was no individual study having a significant impact on the overall estimation of any outcome expect for the sensitivity results of the procedural complications in terms of RCT (Supplementary Table S3).




4. Discussion

We systematically evaluated 4,688 AF patients (2,526 in single-shot technique group and 2,162 in standard technique group) derived from a total of 17 original articles. To our knowledge, this registered study had the relatively large samples to explore the ablation results of AF with different freezing strategies. The main results included (1) single-shot technique of cryoablation for AF has comparable effective and safety outcomes compared to standard technique; (2) compared with the standard technique group, the single-shot technique group showed an extent advantage in terms of the total operation time and freeze time and fluoroscopy time.

At present, there is no accepted opinion on the dose strategy for CBA. The scope of the ablation protocol has developed from a rather conservative fixed freeze cycle to an empirical bonus freeze, following with a more tailored and personalized ablation strategy to implement “time-to-isolation”. Previous studies have revealed that the single freeze showed a similar efficacy and better safety compared to the double/bonus freeze (22, 23, 27–30). Similarly, a recent meta-analysis has indicated that the single freeze strategy was as effective as the empirical double /bonus freeze strategy for CBA, while it was likely to be safer and faster (34). Unsimilar with previous studies, our registered study had the relatively large samples to explore the ablation results of AF, as well as potential determinants of AF ablation outcomes, between single-shot technique of cryoablation and standard technique. Additionally, a meta-analysis performed by Tsiachris et al. (35) showed that the personalized TTI-guided strategy based on TTI and the prolonging the duration of CBA (more than two minutes after TTI) is associated with less AF recurrence after ablation, which did not affect the safety of AF ablation and shorten the duration of ablation.

TTI, an acute biophysical indicator of PVI reflecting the transmural cold transmission, was considered as a significantly valuable and quantifiable index to evaluate the success of operation (24). Preliminary studies indicated that Cryo-application based on TTI may be significantly associated with the better long-term results (25). Recently, the INDI-FREEZE trial further reported that compared to the fixed protocol, the TTI-guided individualized approach provides a similar safety profile and clinical outcome, while reducing the total freezing time (36). It appears reasonable to implement TTI into individualized energy dosing protocols. However, the high incidence of real-time pulmonary vein potential recording is a necessary condition for the personalized PVI based on TTI. The tip length of the CB2 is 13.5 mm, which limits its real-time monitoring of TTI, and the new CB4 is characterized by a shorter tip, which may facilitate to better TTI monitoring. Although the ability of TTI monitoring had been significantly improved with the emergence of CB4, the overall capacity failed to completely satisfactory, with the success monitoring rate ranging from 70% to 86.2%. Therefore, it seemed necessary to further improve the CB system to improve the ability of TTI monitoring (37, 38). Since TTI is not acquired in each individual application, single-shot freeze still has its significance and value.

In this study, our results showed that the similar success rates of ablation were displayed in in single-shot freeze and TTI-guided group, both of which were comparable to standard technique. In relatively inexperienced centers, or even large centers with rich experience, when TTI is difficult to be recording, single-shot freeze might achieve a satisfactory success rate for AF ablation without significant increase of complications. It is worth noting that although the efficacy in single-shot freeze group and TTI-guided group was similar, the risk of complications in the TTI-guided group was significantly lower than that in the single-shot freeze group and shorten the freezing time, suggesting that personalization and optimal freeze dose are still our ultimate goals. In addition, efforts should be made to develop tools to guide ablation techniques as accurately as possible to achieve irreversible targeted myocardial tissue injury. Studies based on animal models have shown that impedance measurements of annular electrodes may provide valuable data on ice propagation. This real-time measurement may be used to guide cryopreservation applications and further reduce the risk of extracardiac injury while ensuring that PVI (39).

The confounder of gender played a significant role on CBA is still controversial. Recently, Hermida et al. (40) found that the success rate of single freeze for PVI in female patients with PAF was significantly lower than that in male patients, and the incidence of complications in female patients was higher than that in male patients. In another study, the efficacy of CBA was similar in men and women, but the risk of complications was higher in women (41). In this study, our subgroup analysis showed that there was no significant difference in the effect of sex on CBA. However, in the high male proportion subgroup, there were fewer complications in the Single-shot technique group than in standard technique group.

Our subgroup analysis showed that age had no significant effect on the efficacy of cryotherapy. Interestingly, in the age <65 subgroup, there were fewer complications in the single-shot technique group than in the standard technique group. CBA is a relatively simple procedure that can be easily applied to elderly patients. Short operation time is very important for elderly patients and can minimize the incidence of complications. Moreover, another advantage of single application over double applications is that it may reduce pain, and older patients are better tolerated. Age should not be the only factor excluding elderly patients receiving CBA for AF. As an effective and safe procedure, CBA on elderly AF patients has similar success rate and complication rate compared with young ones (42, 43). In a multi-center study for the long-term efficacy and safety of CBA in octogenarian individuals, the results showed that CBA was effective even in patients over 80 years old, with a seemingly acceptable risk profile and a lower risk of complications (44). In a large all-comer study, they found that CBA was effective in all age groups. Although more recurrence was observed in the elderly in the late stage of follow up, age was not an independent predictor of recurrence. And the incidence of perioperative adverse events is very low, and age has nothing to do with increased risk (45).

Ablation strategies with additional freeze cycles require longer freeze time, which may be associated with an increased risk of collateral damage to extracardiac structures such as phrenic nerve (PN), esophagus, and bronchial trees. In a prospective study on the endoscopic examination of mediastinal and esophageal changes caused by frozen balloon PVI, the results showed that compared with conventional protocol, TTI-guided with CB2 reduced the incidence and size of mediastinal and esophageal lesions and had a similar effect in the treatment of AF (26). Previous studies have found that less freeze application may be associated with a lower incidence of complications. Our subgroup analysis shows that single-shot technique appears to be safer for the safety of ablation, and complications of TTI-guided groups are significantly lower than those in single-shot freeze and standard technique groups. In addition, consistent with previous studies (29, 31, 32), we also found that the single-shot technique group significantly shortened the total operation time, freeze time and fluoroscopy time without increase of the procedure risk, which was beneficial to accelerate the turnover of the operating room. Interestingly, Heeger et al. (46) found that in patients with premature CB application abortion due to PNP, a high rate of persistent PVI was found at repeat procedures. It is expected to further shorten the application of freezing without affecting the success rate of ablation.

PNP is a typical complication of PVI with CBA. In the case of phrenic nerve injury, the movement of the diaphragm can be limited or even cancelled, resulting in severe dyspnea, which may counteract the clinical benefits of restoring sinus rhythm. The reported incidence of PNP is ranged from 1.1% to 6.2%. In the latest multicenter, multinational retrospective registration study, the incidence of PNP during CBA was approximately 4.2%. Overall, 97% of PNP was likely to recover within 12 months. Symptomatic and per-PNP is very rare after CBA based PVI (0.06%) (47). The recovery rate of PNP is high, and clinically related perioperative PNP seems to be rare in CBA-based PVI. Some studies had shown that there was no difference in the average numbers of freeze times between patients without PNP and patients with pers-PNP during right superior pulmonary vein isolation, suggesting that PNP had nothing to do with more cryo-application times (48). Moreover, Bianchini et al. (33) found that the number of double 120 s freeze strategy seems to be significantly less than that of a single 240 s PNP event, and only shows a short-term form of damage. However, another study showed that PNP patients had shorter freeze times and total freeze time than non-PNP patients. The authors speculate that the reason may be due to the result of the operator's emergency termination of the freeze application in the event of compound muscle action potential (CMAP) reduction or PN capture loss (49). Our meta-analysis found that compared with standard technique group, single-shot technique group had a lower incidence of t-PNP, both have a similar risk of per-PNP. We speculate that this may be due to the shorter freezing time and the more individual freezing application in the single-shot technique group. And one of the reasons for this result is the high clinical recovery rate of persistent phrenic nerve paralysis. This also indicated that the single-shot technique group reduced the incidence of phrenic nerve paralysis while shortening the operation time. Although both the left and right phrenic nerves may theoretically be injured, the right phrenic nerves are most likely to be injured during cryoablation of the right pulmonary vein because they are close to each other. Studies have shown that the use of near-end sealing technology and avoiding deeper balloon position, combined with CMAP detection is helpful to reduce the number of PNP (50).

Sensitivity analysis of effective and safety outcomes between single-shot technique vs. standard technique was performed for RCT and Non-RCT studies. The sensitivity analysis results verified the robustness of our meta-analysis results, expect the results of the procedural complications in RCT. This suggested that procedural complications between single-shot technique of cryoablation and standard technique should be interpreted with caution, and more RCTs will be needed to further confirm our results.



5. Limitations

Three studies focused on the safety of surgery without mentioning further follow-up, and none of the studies were achieved with five- or ten-year follow-up, making it a challenge to objectively evaluate the long-term efficacy and safety of the single-shot technique group compared with the standard technique group. The results of subgroup analysis may be limited by a limited number of available studies, which leads to the need for careful interpretation of subgroup results. Therefore, large cohort randomized controlled trials and longer follow-up are needed to further confirm the clinical results. The included study could not rule out the potential effects of different freezing duration on cryoablation (such as 240 and 180 s).



6. Conclusions

Our study suggested that single-shot technique of cryoablation has comparable effective and safety outcomes for AF ablation compared to standard technique.
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Background: The most prevalent sustained arrhythmia in medical practice, atrial fibrillation (AF) is closely associated with a high risk of cardiovascular disease. Nevertheless, the risk of AF associated with cardiovascular risk factors has not been well elucidated. We pooled all published studies to provide a better depiction of the relationship among cardiovascular risk factors with AF.



Methods: Studies were searched in the MEDLINE, Web of Science, and EMBASE databases since initiation until January 15, 2022. Prospective cohort studies assessing the relationship a minimum of single cardiovascular risk factors to AF incidence were included if they contained adequate data for obtaining relative risks (RR) and 95% confidence intervals (CI). Random-effects models were utilized to perform independent meta-analyses on each cardiovascular risk factor. PROSPERO registry number: CRD42022310882.



Results: A total of 17,098,955 individuals and 738,843 incident cases were reported for data from 101 studies included in the analysis. In all, the risk of AF was 1.39 (95% CI, 1.30–1.49) for obesity, 1.27 (95% CI, 1.22–1.32) per 5 kg/m2 for increase in body mass index, 1.19 (95% CI, 1.10–1.28) for former smokers, 1.23 (95% CI, 1.09–1.38) for current smokers, 1.31 (95% CI, 1.23–1.39) for diabetes mellitus, 1.68 (95% CI, 1.51–1.87) for hypertension, and 1.12 (95% CI, 0.95–1.32) for dyslipidemia.



Interpretation: Adverse cardiovascular risk factors correlate with an increased risk of AF, yet dyslipidemia does not increase the risk of AF in the general population, potentially providing new insights for AF screening strategies among patients with these risk factors.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/, PROSPERO identifier (CRD42022310882).
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1. Introduction

As the most prevalent arrhythmia diagnosed in medical practice (1), atrial fibrillation (AF) represents an enormous public health challenge with increasing clinical and public health expenses (2). The worldwide incidence in 2010 was evaluated at 5 million cases (3), whereas the prevalence in 2015 was evaluated at 33 million (4). There will be an expected rise in the prevalence of AF in people above 60 years of age from 3.9 million to 9 million by 2050 (5). Patients with AF are at high risk for stroke, thromboembolism and heart failure, leading to severe mortality and morbidity (6, 7). Costs to the economy caused by AF in the United States have been evaluated to exceed $6 billion per year (8). Therefore, primary prevention by changing risk factors is an important way to deal with the increased burden of atrial fibrillation (9).

Risk factors not subject to change, including age and gender, are non-controllable characteristics that have been shown to affect the occurrence of AF (10). As is well known, the general risk factors of cardiovascular disease comprise, obesity, smoking, dyslipidemia, diabetes and hypertension (11). Within prior studies, obesity, increment in body mass index (BMI), diabetes, and smoking have been proved to be related to elevated risk of AF (12–18). These meta-analyses, however, were only inclusive of studies released prior to 2017. Additional, data on dyslipidemia are finite and fairly disparate. Some observational studies unexpectedly found a “cholesterol paradox” in AF (19, 20), whereas others showed nonsignificant association (21–27). Contrary to expectations, certain observational studies revealed a counterintuitive link between blood cholesterol levels and atrial fibrillation risk, while a Mendelian randomization study involving individuals of European heritage failed to substantiate this correlation (28). Although the review showed that hypertension is a significant risk factor of AF (29), there is no available meta-analysis on the incidence of AF after hypertension based on prospective cohort studies.

Within this research, a systematic review and meta-analysis of prospective cohort studies were conducted performed to assess relationships among main cardiovascular risk factors, such as hypertension, diabetes mellitus, obesity, smoking, and dyslipidemia and the incidence of AF, focusing specifically on the intensity of effects of single risk factors.



2. Materials and methods


2.1. Search strategy

We conducted and reported this systematic review based on the prespecified standards (30) outlined by the PRISMA guidelines (31). The research program was registered with PROSPERO (number CRD42022310882). We systematically scoured the Web of Science, EMBASE, and MEDLINE databases from initiation until January 15, 2022, in search of studies regarding the relationship among cardiovascular risk factors with AF. The complete search strategies are provided on the appendix. All reference lists of previous meta-analyses, related reviews, and major reports were manually scoured to find additional matching studies.



2.2. Study selection

Abstracts and titles from searched articles were screened for eligibility independently by two reviewers (Wu G and Wu J). A third reviewer (Cheng Y) adjudicated disagreement. All studies deemed eligible based on title and abstract screening were reviewed for full text by two independent reviewers (Wu G, Wu J) using the same criteria. Discussion or involvement of a third reviewer (Cheng Y) was used to resolve inconsistent eligibility ratings. Studies were eligible for inclusion if they (1) were prospective cohort studies. (2) assessed the relationship for a minimum of one cardiovascular risk factor with occurrence of AF. (3) reported outcomes for hazard ratio (HR) or relative risk (RR) with 95% confidence intervals (CI), or offered adequate data to compute these outcomes. In case of a number of publications from an identical population, we included the most informative data (having enough baseline features and the most fully adjusted risk estimates). Exclusion criteria in detail can be found in the supplement.



2.3. Date extraction and quality assessment

Data were extracted individually by two authors (Wu G and Lu Q) using a standardized data extraction table. We extracted the following features from each qualifying study: name of the first author, year of publication, population source, geo-location, gender category, mean age at baseline, mean follow-up time, number of enrollees, number of incidents, approach of evaluating exposures and results, RR with respective 95% CIs, and adjusted covariates in multivariate analysis. The quality of included studies was assessed using the Newcastle-Ottawa scale (NOS) (32) for assessable items. In the present study, we regarded studies with score of six or above to be of high quality. Any disagreements were settled via consensus.



2.4. Data synthesis and analysis

The aggregated RRs were calculated using random effects models for each study's RR or HR. Random effects were utilized since these studies were performed in a broad setting with diverse population groups. This method would require that heterogeneity be taken into account while estimating aggregate effects. When the actual RRs were unavailable, the RRs and 95% CIs were calculated based on raw data. If RRs were usable, the most complete adjusted risk estimates presented in the publication were used. Pooled relative risks were expressed with 95% confidence intervals (CIs). We expressed continuous outcome data as weighted mean differences (WMDs) or mean differences (MDs) with 95% CIs. We used the Cochran's χ2 test to evaluate heterogeneity across studies, with quantification by the Cochran's Q and I2 statistics. A value in the range of 0–25% represented minimal heterogeneity, in the range of 26–75% indicated moderate heterogeneity, whereas in the range of over 75% denoted substantial heterogeneity (33).

The publication bias was tested using funnel plots and Egger's and Begg's regression tests (34, 35). Further publication bias was adjusted using Duval and Tweedie nonparametric trimming and filling procedures (36). To summarize, after assessing the number of studies in the asymmetric part, the approach removed the asymmetric edges of the funnel plot. To evaluate the actual center of the funnel by applying symmetric residual studies. Next, with the real center as the axis of symmetry, the studies pruned during the first step were first appended back to the trimmed funnel plot, while an equal number of predicted studies symmetrical to the trimmed studies were also appended back to the funnel plot. The ultimate composite estimation was derived in accordance with the filled funnel plot (37). We performed a number of sensitivity analyses to examine the robustness of the primary findings and to estimate possible sources of dissimilarity. To begin, fixed effects meta-analysis was conducted to evaluate the coherence of the primary outcomes of the random effects model. Next, to investigate the influence of study quality, sensitivity analyses were performed on significant quality ingredients, comprising covariates adjusted for in multivariate analyses (<3 factors or ≥3 factors), NOS scores (<6 or ≥6), average follow-up time (<10 or ≥10 years), case identification method (self-reported or measured), and subjective representativeness (occupation-based or population/community-based). Lastly, we excluded the two largest and outlier study estimates so as to investigate the impact of these studies on the aggregate RR. In all of our analyses, we utilized STATA, version 16.0 (Stata Corp LP, College Station, TX, USA). Bilateral P values <0.05 were deemed statistically significant.




3. Results


3.1. Study selection and baseline characteristics

The systematic search of articles published before January 15, 2022, identified 7,556 results. After title and abstract screening, 471 articles were considered potentially relevant. Ultimately, 101 articles were included in the meta-analysis after a full-text review (Figure 1). The characteristics of the study are described in Table 1 while detailed information is presented in Supplementary Tables S1–S11. The typical results of this study are summarized in Figure 2. In total, 17, 098, 955 participants were included in this study to check the risk of AF in individuals with cardiovascular risk factors in comparison to those without, for a total of 738,843 AF cases. For all participants, the mean age was 56.6 years (each study ranged from 18.2 to 75.8 years). The studies selected were conducted and published among the years 1995 to 2021. 31 of these studies were carried out from North America, 49 from Europe, 17 from Asia, as well as 4 from Oceania.


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



TABLE 1 Characteristics of all studies included in the meta-analysis.
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FIGURE 2
Central illustration of the association between cardiovascular risk factors and atrial fibrillation.


On the quality of research, 91% of enrolled studies were considered to be of excellent quality (NOS ≥ 6). There were 22 studies from occupational populations, 14 community-based researches, and 65 population-based researches among the 101 enrolled studies. Risk factor exposure was measured in 17 studies, self-reported in 2 studies, and established by additional approaches (combined physician diagnosis/medical history/present medication use/self-reported and measured data) in 82 studies. Adjusted RRs were provided for 87 studies, 77 of which adjusted for age and 76 for at least 3 significant comorbidity factors. Non-adjusted RRs were reported in 14 studies, and adjusted confounders were not available in a single study.



3.2. Obesity/BMI

An aggregate of 5,824,726 participants with 120,266 events enrolled in the investigation of the relationship of obesity/BMI with AF risk. On the whole, patients with AF had a higher mean BMI than controls (MD, 0.74 kg/m2; 95% CI, 0.52 -0.95), and there was statistically significant heterogeneity between studies (I2 = 90.2%; P < 0.01) (Supplementary figure S1). With a pooled RR on AF of 1.39 (95% CI, 1.30–1.49) for obesity and 1.27 (95% CI, 1.22–1.32) for each 5-unit increase in BMI, there was proof for a high degree of heterogeneity between the studies (I2 = 85.9% for obesity, P < 0.01; I2 = 90.5% for increased BMI, P < 0.01) (Figures 3A,B). After analyses of studies of excellent quality, studies enrolled in communities/populations, studies of average follow-up over 10 years, studies measuring height and weight, and fixed-effects models, there was no substantial variation in AF risk estimates associated with obesity or BMI, yet a high degree of heterogeneity remained (Supplementary Table S12). There was no measurable change in the pooled RR after excluding the two largest and outlier studies, and the estimated values for each case lay inside the confidence range of the aggregate estimate (Supplementary Table S12). Nevertheless, when the analysis of obesity and AF was limited to population/community-based studies, the summary RRs revealed no material variation, but significantly less heterogeneity (I2 = 4.6%, P = 0.40). Neither funnel plot, Egger's test, nor Begg's test published evidence of bias (Supplementary Figures S3A,B).


[image: Figure 3]
FIGURE 3
Forest plots for atrial fibrillation incidence (A) summary relative risks for obesity; (B) summary relative risks for Per 5 kg/m2 increase in body mass Index.




3.3. Smoking

This analysis included 18 studies reporting risk estimates for AF among former and current smokers as compared to never smokers, involving 412,307 participants and 19,907 events. Totally, for current smokers vs. never smokers and former smokers vs. never smokers, the pooled RRs were 1.23 (95% CI, 1.09–1.38) and 1.19 (95% CI, 1.10–1.28), separately (Figures 4A,B). Consistent increases in AF risk were observed among current and former smokers when analyses were repeated using fixed-effects models, comprising studies based on population/community, studies with an average follow-up exceeding 10 years, studies of high quality, and studies adjusted for over 3 confounders (Supplementary Table S14). Heterogeneity between studies was statistically significant in the analysis of current smokers, but partially not in the analysis of former smokers (I2 ranged from 59.5% to 89.8% for current smokers and 1.9% to 74.0% for former smokers, Supplementary Table S14). The sensitivity analysis showed no meaningful difference in RR after omitting an outlier study from the main analysis (Supplementary Table S14). Meanwhile, for current smokers (Egger's, t = − 0.79, P = 0.44; Begg's, z = 0.68, P = 0.50) and former smokers (Egger's, t = 0.49, P = 0.63; Begg's, z = 0.77, P = 0.44), no statistical proof of publication bias was available (data not shown).


[image: Figure 4]
FIGURE 4
Forest plots for atrial fibrillation incidence (A) summary relative risks for former smokers vs. nonsmokers; (B) summary relative risks for current smokers versus nonsmokers.




3.4. Diabetes mellitus

With regard to diabetes mellitus, there were forty-eight studies included in the analysis, which reported 543,572 events in 106,863,776 participants. The overall pooled RR for the risk of AF in association with diabetes was 1.31 (95% CI, 1.23–1.39), with a high degree of heterogeneity between studies (I2 = 87.8%, P < 0.01) (Figure 5A). The pooled RRs did not vary significantly following analysis using fixed-effects models, inclusion of studies with an average duration of follow-up over 10 years, population/community-based studies, or high-quality studies, with a high degree of heterogeneity among studies (Supplementary Table S15). Heterogeneity remained after exclusion of the two largest studies (I2 = 81.1%, P < 0.01), and sensitivity analysis omitting one outlier study from the main analysis showed no material variation in the results (Supplementary Table S15). Potential publication bias was noted based on asymmetric funnel plots, Egger's test (t = 4.12, P < 0.01) and Begg's test (z = 2.43, P = 0.02) (data not shown). For assessing the effect of underlying publication bias, the trim and fill approach along with 15 extra estimation studies were applied to balance the funnel plot and an adjusted summary random-effects RR was calculated, which showed a statistically significant relationship of diabetes and AF [RR = 1.12 (95% CI, 1.05–1.19)], indicating that when we considered the effect of publication bias, there was still a positive association (Supplementary Figure S4).


[image: Figure 5]
FIGURE 5
Forest plots for atrial fibrillation incidence (A) summary relative risks for diabetes; (B) summary relative risks for hypertension.




3.5. Hypertension

Reported 12,834,666 individuals and 634,988 events in 44 studies were included to assess the risk of AF among participants with hypertension. Altogether, compared with normotensive participants, hypertensive participants had an increased risk of AF [RR = 1.68 (95% CI, 1.51–1.87) for the random-effects model; RR = 1.51 (95% CI, 1.50–1.52) for the fixed-effects model] (Figure 5B). There was high heterogeneity among studies (I2 = 99.3%, P < 0.01) (Supplementary Table S15). There was little variation in risk estimates based on the different exclusion and inclusion criteria, but heterogeneity remained, as indicated by the results of the sensitivity analysis (Supplementary Table S15). According to the Egger's test (t = 1.45, P = 0.15) or the Begg's test (z = 0.23, P = 0.82), no significant publication bias was observed (data not shown).



3.6. Dyslipidemia

Involving 928,247 participants and 29,834 events, the analyses were performed to explore the relationship between AF prevalence and dyslipidemia. The overall pooled RR for the risk of AF associated with dyslipidemia was 1.12 (95% CI, 0.95–1.32), with a high degree of heterogeneity between studies (I2 = 92.9%, P < 0.01) (Figure 6). The mean levels of total cholesterol and triglycerides were not significantly related to AF (Supplementary Figures S2A,B). In addition, Low-density lipoprotein cholesterol (LDL-C) levels had no effect on the occurrence of AF (WMD, 0.02 mmol/L; 95% CI, −0.05 to 0.09), with statistically significant heterogeneity (I2 = 61.8%; P = 0.02). High-density lipoprotein cholesterol (HDL-C) levels were on average 0.05 mmol/L (95% CI, −0.07 to −0.02) lower in patients with atrial fibrillation than in controls, again with significant heterogeneity (I2 = 81.6%; P < 0.01). The results of sensitivity analyses showed no substantial change in the risk estimates for AF associated with dyslipidemia according to various exclusion and inclusion criteria, whereas heterogeneity persisted (Supplementary Table S16). When we repeated the analysis of total cholesterol and AF in studies with long-term follow-up (≥10 years), studies based on population/community, and studies of high quality, the pooled WMD remained statistically insignificant (Supplementary Table S17). Regarding the association between triglycerides and AF, the positive correlation was noted when we limited the meta-analysis to studies with a longer follow-up (≥10 years) (Supplementary Table S17). The negative association between HDL-C and AF persisted in analyses of studies based on population/community, high quality studies, and studies with an average follow-up over 10 years (I2 statistic values ranged from 72.7% to 87.7%), but disappeared in analyses of studies adjusted for at least 3 confounders and studies with large cohorts (Supplementary Table S18). No evidence of bias was published by funnel plot, Begg's test, or Egger's test (Supplementary Figures S5A,S6).


[image: Figure 6]
FIGURE 6
Forest plots for atrial fibrillation incidence (summary relative risks for dyslipidemia).





4. Discussion

The major risk factors for cardiovascular disease were discovered in association with enhanced risk of AF in this meta-analysis of a large sample size (over 17 million participants). The findings of our study broaden previous reports by showing not only that individual with well-established risk factors always underwent a heightened risk of AF, as well as demonstrating the relationship between AF and less well-defined risk factors. As far as we know, this is the first meta-analysis based entirely on prospective cohort studies summarizing literature on the association between hypertension with new-onset AF. Our pooled data reinforce findings from single studies. It is worth noting that there is no significant association between dyslipidemia and AF risk. Consistent to prior studies, the positive relationships among diabetes, smoking, increased BMI, obesity and AF were also demonstrated in our study. Despite the fact that obesity has been identified as a risk factor for AF, it is commonly found in conjunction with additional metabolic abnormalities, like dyslipidemia, hypertension and hyperglycemia, potentially mediating the relationship of obesity with the risk of AF (16, 38, 39). Recent studies found that both metabolically healthy and unhealthy obesity increase the risk of atrial fibrillation (40). Furthermore, there is a positive correlation between the cumulative burden of metabolic syndrome diagnostic criteria and its components over time and the risk of developing AF (41). In line to these discoveries, our study included obese individuals with a minimum of one metabolic abnormality and did observe a 39% increased risk of AF. In addition, the joint presence of risk factors probably related to additive impacts. Consequently, a thorough assessment of relevant risk factors is necessary when assessing the risk of AF.

Regarding hypertension, studies are numerous, but inconclusive. Several prospective cohort studies have shown that a strong risk factor for cardiovascular disease (CVD), including atrial fibrillation, is hypertension (29). Furthermore, in the study reported by Coccina F et al, both ambulatory and clinical systolic blood pressure prospectively predicted the onset of AF and daytime, nighttime, and 24-hour systolic blood pressure had similar correlations with future AF (42). Nevertheless, these studies covered a limited subgroup of population in general and were based on systolic blood pressure, potentially biasing the outcomes. Conversely, in a more general population, we indeed observed an increased risk of AF in those with pre-existing hypertension by 68%.

Despite our demonstration of an increased risk of AF in patients with hypertension and diabetes, it remains uncertain whether changing risk factors reduces the risk of AF. A meta-analysis conducted by Healey, J.S. et al. in 2005 included 11 randomized controlled human trials and demonstrated a 28% reduction in the risk of AF in angiotensin-converting enzyme inhibitor/angiotensin receptor blocker (ACEI/ARB) users compared to non-users (43). In addition, a 2015 meta-analysis showed that ACEI/ARBS could reduce the incidence of atrial fibrillation recurrence within 3 months and in long-term follow-up (44). For the treatment of diabetes, a meta-analysis based on 35 randomized controlled trials showed that sodium-glucose co-transport 2 (SGLT2) inhibitors significantly reduced the incidence of AF compared to placebo (45). Most recent meta-analyses also revealed that SGLT2 inhibitors were associated with a lower risk of AF (46, 47). These further suggest that hypertension and diabetes may be a cause of AF. However, recent evidence suggested a lack of significant protective effect of statins in the primary prevention of AF in the general population (48, 49), which also indicated that there was no apparent association between dyslipidemia and the risk of AF. With the exception of this, there was no causal relationship between total cholesterol, triglycerides, LDL cholesterol, HDL cholesterol and AF in the latest multivariate mendelian randomization study (50).

The specific bio-mechanisms behind these correlations are not completely clear, but can be attributed to some extent to the effects of structural (e.g., left atrial size), hemodynamic (e.g., left atrial stretch), electrical (e.g., altered conduction patterns due to atrial myocardial fibrosis), neurological (e.g., autonomic dysregulation), and inflammatory changes.


4.1. Inflammatory factors

It has been shown that accumulation of pericardial fat (51) and a systemic pro-inflammatory state produced by cytokines released from adipose tissue (52), as well as progressive atrial structural and electrical remodeling associated with obesity (53), may mediate the risk of atrial fibrillation.



4.2. Role of nicotine

Levels of nicotine in cigarettes produce an increase in plasma catecholamine levels (54), blood pressure and heart rate (55), and act as a potent inhibitor of cardiac A-type K+ channels. In addition, there is microRNA downregulation and transforming growth factor upregulation by nicotine, which leads to proarrhythmic atrial fibrosis (56).



4.3. Blood pressure and arterial stiffness

The relationship between increased blood pressure and atrial fibrillation exists for several explanations. It is directly related to the increase in left atrial diameter and blood pressure (57). Furthermore, measured by pulse pressure, increased arterial stiffness is associated with atrial fibrillation (58). Inflammation of the left atrium and arterial stiffness, which is associated with pulmonary venous fibrosis, which is the origin of atrial fibrillation, are potentially seen in people with elevated blood pressure, including pre-hypertension (59).



4.4. Insulin resistance and left ventricular hypertrophy

The cardiac autonomic neuropathy, similar to the peripheral autonomic neuropathy observed in diabetes, is a serious but neglected complication of diabetes (60, 61). Whereas, it is a hypothesis that cardiac autonomic dysfunction may be an important mechanism for the increased tendency of AF in diabetic patients. Added to this, insulin resistance is associated with an increased risk of left ventricular hypertrophy, which is itself a major risk factor for AF (62).



4.5. Dyslipidemia, cardiac load, and hyperthyroid status

Despite limited research on the mechanisms of dyslipidemia and AF, corresponding alterations in cardiac load (23), alterations in cardiac ion channels (63–65), and hyperthyroid status (66) may play a role. But whether this mechanism explains the observed association is hypothetical and requires further study.

Our findings may be useful in informing public health policy and allocating scarce resources for prevention. The RRs of each included study were pooled in our study to assess the intensity of the correlation, perform sensitivity analyses to examine the coherence of the relationship, and discuss potential biological mechanisms. In addition, the temporal nature of the prior exposure of the results was supported by the fact that all studies included in our analysis were prospective cohort designs. Moreover, the proof that treating several risk factors can decrease AF risk has been added. With this indicating that risk factors for CVD might as well be causative contributors to AF, more in-depth screening for AF in individuals having such risk factors is warranted.

To be acknowledged, the present meta-analysis was limited in the following aspects. First, we limited our analysis to individual risk elements, and there was a clear potential for the intensity of correlation to be weaker when multi-factor analysis was used. Second, there was substantial heterogeneity noted among the analyses of cardiovascular risk factors in spite of attempts at managing cross-study heterogeneity through proper meta-analysis techniques. However, in several sensitivity analyses, the risk estimates did not differ substantially, suggesting that heterogeneity may not affect the main results. Third, the potential for remnant or non-measured confounders could not be excluded, although the studies we included made attempts at controlling for a variety of identified risk factors. Fourth, some evidence suggested that publication bias was present solely within the analysis of diabetes. As shown in the funnel plot, there were some studies that lacked neutral or negative findings, indicating a potential overvaluation in the relationship. Fifth, the causal relationship cannot be determined in light of our present data based on observational studies, even though our results were robust and coherent across various sensitivity analyses. Sixth, cohorts of patients in some of the studies included in our meta-analysis were comparatively young and followed up for a short period of time, possibly contributing to the low prevalence of AF. The pooled RRs, nevertheless, did not materially vary when we performed repeated analyses of studies followed for over 10 years. Seventh, it was important to note that to extend such discoveries into African populations should be approached cautiously and would warrant additional inquiry, as our meta-analysis was primarily grounded in non-African research. Eighth, The studies we assessed might not have consistently differentiated between the various types of AF and diabetes. This disparity could lead to result discrepancies owing to variations in pathophysiological mechanisms and clinical implications within these subtypes. Future studies could enhance their insights by employing stratified analyses based on AF and diabetes subtypes.

Collectively, adverse cardiovascular risk factors were related to elevated risk of AF. Nevertheless, dyslipidemia does not increase the risk of AF. People with hypertension have a 68% increased relative risk of developing AF compared to those without hypertension, while obese patients had a 39% increased risk. In addition, current and former smoking were also associated with an increased risk of AF. Meanwhile, there is a need for caution in explaining the relationship of diabetes with AF, as publication bias is required to be considered.
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Ongoing substrate-driven atrial fibrillation “boxed” in the left atrial posterior wall with ablation: a case report
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Patients undergoing valve surgery for rheumatic heart disease are expected to develop significant atrial arrhythmogenic substrates outside of the pulmonary veins, which sometimes require complex ablation techniques for the treatment of symptomatic arrhythmias. We describe, herein, the case of a 76-year-old male undergoing endocardial ablation for the treatment of symptomatic persistent atrial fibrillation which developed after aortic and mitral valve replacement with a simultaneous tricuspid ring annuloplasty. Following pulmonary vein isolation, the patient's atrial fibrillation was converted into cavotricuspid isthmus-dependent atrial flutter. After a successful cavotricuspid isthmus ablation, the arrhythmia reverted back to a left atrial tachyarrhythmia originating from the posterior wall. A linear left atrial lesion led to the electrical isolation of a large area, which included the posterior wall, as well as the containment of the ongoing fibrillatory activity, while sinus rhythm was restored in the rest of the atria. In conclusion, successful left atrial posterior wall isolation can be achieved in the setting of severe scarring due to previous atriotomy by creating a linear lesion on the atrial roof, in conjunction with pulmonary vein isolation, sparing the patient from requiring bottom-line ablation, and avoiding possible esophageal injury. Such compartmentalization of the left atrium may effectively contain local fibrillatory activity, while allowing for the restoration of sinus rhythm.
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Introduction

Pulmonary vein isolation (PVI) is the mainstay of atrial fibrillation (AF) ablation. At present, it is unclear whether or not the ablation of additional substrates targeting electrical isolation in other atrial areas, such as the left atrium (LA) or left atrial posterior wall (LAPW), provides the same benefit, as no randomized clinical trials have shown improved benefits (1, 2). Macroreentrant atrial arrhythmias can occur late after mitral valve replacement due to the scarring associated with atriotomy. Extensive scarring may also occur in remote areas of the LA, particularly in patients with a history of rheumatic heart disease (3). The case report presented herein describes the case of a patient with a long history of AF, who underwent mitral and aortic valve replacement in conjunction with tricuspid ring annuloplasty for the treatment of rheumatic valvular heart disease. The patient underwent a successful isolation of a large low-voltage area of the LAPW through PVI and the creation of a linear lesion on the roof of the LA, which resulted in the restoration of sinus rhythm (SR) to the rest of the atria, although fibrillatory activity continued in the isolated area.



Case description

A 76-year-old male was referred to a tertiary arrhythmia center with palpitations and shortness of breath. The patient had a childhood history of numerous bouts of rheumatic fever, which resulted in severe mitral regurgitation and moderate stenosis, along with moderate aortic and severe tricuspid regurgitation. Subsequently, the patient underwent aortic and mitral valve replacement with tissue valves, as well as tricuspid ring annuloplasty, at 71 years of age. Over time, the patient developed AF, which had already been staged as permanent at the time he had the aforementioned surgery (Supplementary Table).

Five years after his valve replacement surgery, the patient presented to his general cardiologist with symptomatic AF (European Heart Rhythm Association class III), which required rate control optimization. Echocardiography demonstrated a severely dilated LA (59 mm diameter, LA volume index calculated at 52 ml/m2); although the left ventricular size and ejection fraction were normal, as were the tissue valves and the pulmonary artery systolic pressure, which was estimated to be 43 mmHg. Due to the difficulty in achieving rate control, the patient was fitted with an implanted single-chamber pacemaker for physiological pacing of the left bundle branch area in preparation for an atrioventricular node ablation, which was scheduled for 6 weeks later. Surprisingly, upon admission for the ablation, the patient presented with SR); however, despite the initiation of amiodarone therapy, the patient experienced a recurrence of atrial fibrillation shortly thereafter. A decision involving the patient and heart team was made to pursue rhythm control, and after providing written informed consent, the patient was scheduled for a complex catheter ablation.

After securing double transseptal access, a high-density electroanatomical map of the LA was created using a commercially available mapping system (CARTO3; Biosense Webster, Irvine, CA, USA) and a multipolar mapping catheter (PentaRay; Biosense Webster, Irvine, CA, USA). Created while the patient was in AF, the voltage map demonstrated large areas of low voltage, primarily along the posterior wall of the LA, sparing the vestibular portion and the left atrial appendage (Figure 1). Voltage cut-off was 0.24 mV, as suggested by Rodríguez-Mañero et al. (4). PVI was performed with an irrigated-tip catheter (Thermocool Smarttouch SF; Biosense Webster, Irvine, CA, USA) following the CLOSE protocol (5).


[image: Figure 1]
FIGURE 1
Left atrial voltage map in posteroanterior (A) and anteroposterior (B) views, created during AF demonstrating a large area of low voltage occupying mainly, but not exclusively, the LAPW. Color bar settings 0.1–0.24 mV as suggested by Rodríguez-Mañero et al. (4). AF, atrial fibrillation; LAPW, left atrial posterior wall.


During delivery of energy to the LA ridge, the AF was converted into atrial flutter with a cycle length of 240 ms, demonstrating proximal-to-distal coronary sinus activation. Biatrial mapping revealed passive left atrial activation and clockwise peritricuspid atrial flutter circuit (Figure 2A). During ablation at the cavotricuspid isthmus, there was a sudden change in the coronary sinus activation pattern, which reversed to a distal-to-proximal direction, suggesting a left atrial origin (Figure 2B). At the same time, the LAPW was activated with a shorter cycle length, which varied between 200 and 230 ms. Posterior wall isolation was then performed, starting with the roof line. A few lesions on the roof of the LA in the zone of fragmented signals resulted in a progressive delay of conduction from the LAPW to the remaining atria, while SR was eventually restored and the atrial arrhythmia was fully contained in the LAPW (Figure 3). Isolation of the LAPW with persistent atrial arrhythmia and an exit block to the rest of the LA was maintained through the end of the procedure. No attempt at restoration of normal rhythm in the isolated area was made. The isolated area was measured offline, and found to be 72.1 cm2, accounting for 28.2% of the surface area of the LA.


[image: Figure 2]
FIGURE 2
(A) Biatrial map during atrial flutter demonstrating the presence of a clockwise peritricuspid re-entry circuit with passively activated LA. (B) Surface ECG leads I, II, V1 and V6, along with intracardiac recordings from the multipolar mapping catheter (Pen) located at the LAPW, the ablation catheter (Abl) located at the cavotricuspid isthmus, and a decapolar catheter in the CS. Note the change in the activation in the activation sequence in the CS. Sweep speed was 100 mm/s. LA, left atrium; ECG, electrocardiogram; CS, coronary sinus; other abbreviations as in Figure 1.
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FIGURE 3
(A) Left atrial voltage map in anteroposterior view demonstrating the lesion set including circumferential lesions encircling both PV antra as well as a linear lesion at the LA roof. The asterisk denotes the location at which RF application resulted in LAPW isolation and arrhythmia termination. (B) Surface ECG leads I, II, V1 and V6, along with intracardiac recordings from the multipolar mapping catheter located at the LAPW (Pen), the mapping/ablation catheter, and the decapolar catheter in the coronary sinus. Note the termination of arrhythmia in the rest of the atria as seen on the coronary sinus catheter bipoles and ongoing atrial fibrillation/atrial flutter at the LAPW. Sweep speed was 100 mm/s. MAP, mapping/ablation catheter; RF, radiofrequency; other abbreviations as in Figures 1, 2.


The day after the procedure, when he was discharged, the patient was confirmed to be in SR, and no periprocedural complications were observed. Over the course of a 12-month follow-up, the patient remained in SR, and had a significantly improved quality of life. Life-long oral anticoagulation therapy was recommended.



Discussion

The LAPW stems from the same embryological origin as the pulmonary veins, and the heterogeneous arrangement of its myocardial fibers may result in non-uniform anisotropy with delayed conduction, a unidirectional block, and localized reentry. Compared to other areas of the LA, the cells in the LAPW have larger late sodium currents, more calcium content, and smaller potassium currents, resulting in a low resting membrane potential and short action potential duration (6, 7). In patients who experience rheumatic heart disease following mitral valve surgery, significant scarring at the LAPW, independent from the atriotomy lines, has been described as a marker of atrial cardiomyopathy (8).

In the case presented herein, LAPW isolation was achieved via PVI and a roof line only, without creating an inferior line, a finding which can be explained by several mechanisms. Using a right lateral approach to the left atrium, atriotomy for mitral valve replacement can be extended to run parallel to the mitral annulus. This, in turn, may explain how point ablation could lead to a delay in conduction from the LAPW across the roof, and why LAPW isolation could be accomplished via a roof line only (Figure 4). An alternative explanation for this would be the presence of a pre-existing functional block at the inferior periphery of the scar, which is primarily due to abrupt changes in myocardial strand orientation (9), scarring by the rheumatic process itself (3), or both. The large surface area of the box created during the ablation, which extended to the anterior wall and atrial septum, could have also contributed to the success of the procedure, due to LA compartmentalization (10).


[image: Figure 4]
FIGURE 4
(A) Left atrial voltage map in posteroanterior view demonstrating a wide area of low voltage occupying the LAPW. The lesion set consisting of circumferential antral PV isolation and a roof line lesion connecting the upper veins is also shown. The silhouette of the multipolar mapping catheter is shown to be located on the LAPW. (B) Surface ECG leads I, II, aVF, V1 and V6, along with intracardiac recordings from the multipolar mapping catheter (Pen) located at the LAPW, the mapping/ablation catheter, and the decapolar catheter in the coronary sinus. Note the ongoing atrial fibrillation/atrial flutter at the LAPW, while the rest of the atrium is activated following retrograde ventriculoatrial conduction by the pacemaker effectively stimulating the conduction system. Sweep speed was 100 mm/s. Sweep speed was 100 mm/s. The dotted line shows the presumed atriotomy line, which most likely aided LAPW isolation using a roof line only. Color bar settings 0.1–0.5 mV. Abbreviations as in Figures 1, 2.


Similar case reports are scarce, as we found only one relevant case report, describing the final isolation of the posterior LA and restoration of SR with single-point ablation to the roofline gap after an unsuccessful thoracoscopic ablation in a patient with longstanding persistent AF (11).

In conclusion, the case presented herein supports the concept that a large and completely isolated box lesion is the key to a successful ablation in patients with advanced atrial cardiomyopathy due to a history of rheumatic disease. Additionally, the present case report indicated that scarring due to a previous atriotomy affects the ablation strategy.
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Introduction: Superior vena cava (SVC) isolation has been proposed as part of the ablation strategy for atrial fibrillation. However, circumferential isolation of the SVC can lead to late-onset complications, such as SVC stenosis.



Methods: We describe a detailed observation of the SVC conduction pattern and present a newly developed approach for SVC isolation that involves creating a C-shaped non-circumferential ablation line while sparing the lateral segment.



Results: Twelve consecutive patients were included in the study, all of whom achieved bidirectional block during the ablation procedure.



Discussion: This approach to SVC isolation is effective and has the potential to reduce ablation related complications; however, larger studies and long-term follow-up is warranted to confirm these findings.
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1. Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia affecting millions of individuals worldwide. Catheter ablation has become a cornerstone of AF management, with the primary goal of achieving electrical isolation of the pulmonary veins (PVs) (1). Late-onset complications, such as PV stenosis, are associated with the application of ablation energy inside the PVs; the risks of these complications have been significantly reduced by relocating the ablation lines to the antral area. The superior vena cava (SVC) has been reported as a potential source of non-PV triggers of AF, and SVC muscle sleeve length has been linked to AF recurrence after PV isolation (2). However, SVC isolation has been associated with acute phrenic nerve injury and late SVC stenosis. Segmental catheter ablation has been proposed as a safe and effective alternative for achieving complete SVC isolation (3). However, the heterogeneous distribution of muscle sleeves among patients makes this process challenging.

In this study, we introduced a novel approach for SVC isolation using a C-shaped non-circumferential ablation line that spares the lateral segment. This approach minimizes the risk of sinus node injury and latent SVC strictures, and potentially reduces the risk of phrenic nerve injury. Furthermore, this technique can be easily applied to all patients who require SVC isolation, making it a valuable addition to current ablation procedures.



2. Methods

The authors confirm that written consent for the submission and publication of this study was obtained from the patients, in line with the COPE guidelines.

Following a clinical diagnosis of AF, the patients underwent ablation following discussions with their physicians. The procedures were performed under propofol sedation and vascular tunnels were accessed under echocardiographic guidance. A transeptal puncture was performed under fluoroscopic guidance. The procedures were performed using the CARTO 3 mapping system with a 20-pole circular mapping catheter and a contact-force irrigation ablation catheter (THERMOCOOL SMARTTOUCH SF Catheter; Biosense Webster, Irvine, CA, USA), in a power-controlled mode (40 W) and using the ablation index module (400 in the posterior/inferior and 450–500 in the anterior/superior segments). An isoproterenol inducibility test was performed (up to 20 mcg/min) to detect PV isorhythms and uncover potential non-PV triggers. If an SVC trigger was identified or if delayed SVC activation was observed during sinus rhythm, SVC isolation was performed.

For SVC isolation, it was always performed after PV isolation. The location of the sinus node area was identified by finding the earliest activation site on the 3D map (Figure 1Ac, near the red area on the activation map). A 20-pole circular catheter was then placed inside the SVC where the local signals were clear (Figure 1B, yellow square frame). An ablation line was created approximately 1 cm above the sinus node (Figure 1Ab) and below the 20-pole circular catheter (30 W; ablation index for blunting of the local signal plus 50, usually around 300–350). The isolation line was created by applying energy point-by-point from the anterior/medial segment in a counterclockwise direction in the superior view until the SVC signals disappeared (Figure 2). The deflection point between the SVC and the right atrium (RA) was defined as the anatomical SVC-RA junction (Figure 1Ad). The distances from the anatomical SVC-RA junction (Figure 1Ad) to the end of the muscle sleeves (Figure 1Aa), ablation line (Figure 1Ab), and earliest activation site during sinus rhythm (Figure 1Ac) were measured. Results are presented as mean ± standard deviation.


[image: Figure 1]
FIGURE 1
Demonstration of the landmarks and the representative local electrograms. (A) Landmarks, from top to bottom: (a) end of the muscle sleeves, (b) ablation line, (c) earliest activation site during sinus rhythm, and (d) anatomical SVC—RA junction in the RAO 30° view; (B) Activation maps during sinus rhythm, RAO and left anterior oblique 60° views; the Lasso electrograms demonstrate clear SVC signals without far-field RA signals; (C) The same activation maps during sinus rhythm as in (B), but the Lasso catheter was placed lower, at the electrical SVC-RA junction where sharp SVC potentials were superimposed with blunt far-field RA electrograms. The arrows indicate the locations of the Lasso catheter. The square frames highlight the electrograms at the location of the Lasso catheter. SVC, superior vena cava; RA, right atrium; RAO, right anterior oblique.



[image: Figure 2]
FIGURE 2
A novel technique for isolating the superior vena cava (SVC) using a non-circumferential approach from the anterior-medial to posterior-lateral aspects was effective in isolating the SVC and reducing the risk of SVC stricture. Detailed ablation line schemes are demonstrated for all 12 cases. Except #4, all patients achieved SVC isolation without circumferential ablation. Among the 12 patients, the true lateral segment was ablated in 3 patients (#4, #5, and #10) and 5 patients had the posterolateral segment ablated (#2, #3, #7, #8, and #12).


The Kolmogorov–Smirnov test was used to confirm the normality of all variables.



3. Results

From March 2021 to the end of 2022, SVC isolation using the methods described above was performed in 12 patients, whose baseline characteristics are shown in Table 1. SVC isolation with bidirectional block was achieved in all patients. The distribution of ablation points for all patients in the superior view is shown in Figure 2. Notably, only one patient needed circumferential ablation to achieve SVC isolation. The length of the muscle sleeves, as measured from the SVC-RA junction to the end of the local signal, was 33.9 ± 6.7 mm. The distance between the SVC-RA junction and the ablation line was 16.8 ± 7.1 mm, while the distance between the ablation line and the sinus node was 11.9 ± 2.4 mm.


TABLE 1 Patients’ baseline characteristics.

[image: Table 1]

As shown in Figure 1B, the activation map during sinus rhythm before ablation showed slow conduction at the anterolateral segments of the SVC. We achieved SVC isolation by ablating only the anterior-medial to posterior-lateral aspects of the SVC, sparing the anterolateral and lateral segments. In Figure 3, we present two cases of dissociated SVC signals (chaotic) from the RA (sinus rhythm) after creating a non-circumferential ablation line using our approach. During the follow-up period (11.6 ± 6.6 months), there were no clinical events of SVC stenosis, phrenic nerve injury, or sinus dysfunction.


[image: Figure 3]
FIGURE 3
Representative polygraphic tracings from two of the patients. CS 9–10, 7–8, 5–6, 3–4, and 1–2 illustrate the electrograms of the CS from proximal to distal. The Lasso catheter was placed in the SVC and the tracings represent the local SVC electrograms. (A) At the start of the tracing, the atria (demonstrated by CS signals) is in fibrillation. Upon SVC isolation, the atria return to sinus rhythm while the SVC is still in fibrillation. After SVC isolation, the fibrillation inside the SVC remains. (B) Another patient with the same catheter placement. After SVC isolation, a 100-J electrical cardioversion was applied to convert the rhythm. Paroxysmal non-sustained atrial tachycardia was observed inside the SVC, which was dissociated from the right atrium and did not induce atrial fibrillation. CS, coronary sinus; SVC, superior vena cava.




4. Discussion

In this study, we present a novel approach for isolating the SVC that proved to be effective, with the potential to mitigate periprocedural risks. This approach involves starting the ablation from the anterior/medial segments and proceeding towards the posterior/lateral segments in a non-circumferential ablation line while applying a limited amount of energy. This approach may minimize the risks associated with SVC stricture and sinus node injury.

Although some patients show SVC firing, the indiscriminate isolation of the SVC in all patients with AF has not consistently yielded benefits. Chang et al. reported a cohort of 68 patients with AF originating from the SVC, showing acceptable AF-free outcomes following SVC isolation without PV isolation (4). Yoshiga further demonstrated the favorable effect of additional SVC isolation in patients with recurrent AF after previous PV isolation if no PV-reconnection was found (5). Overeinder et al. reported improved freedom from atrial tachycardias following SVC isolation with cryoballoon combined with PV isolation (6). However, a meta-analysis of randomized controlled trials revealed no significant benefit of empirical SVC isolation in addition to PV isolation (7, 8). Xu et al. reported a low prevalence (0.98%) of arrhythmogenic SVC in patients with long-standing persistent AF (8). These observations imply that arrhythmogenic SVC can be an AF trigger, but its prevalence might be too low for routine and empirical isolation. Higuchi et al. suggested that, in patients with long SVC sleeves (>30 mm) and high SVC potentials (>1.0 mV), the arrhythmogenic triggers of AF reside in the SVC (2). Therefore, SVC isolation might benefit only a few, carefully selected patients. In addition to SVC triggers, Palama et al. reported a significant proportion (19%) of supraventricular tachycardia inducibility in young patients referred for AF ablation, and ablation targeting only the supraventricular tachycardia prevented AF recurrence (9). In patients with AF, the triggers of AF should be carefully assessed in electrophysiological studies for adequate patient selection and improved outcomes.

Additionally, there are concerns regarding possible complications of SVC ablation, including SVC stenosis, sinus node injury, and phrenic nerve injury (10–12). To address these concerns, Gianni et al. proposed a segmental ablation approach that targets the septal region and sites of earliest activation in the posterior (electrically defined) SVC-RA junction and RA posterior wall, while avoiding ablation of the lateral segments where the phrenic nerve and sinus node are usually located (3). In their approach, a 20-pole catheter was positioned at the SVC-RA junction, and ablation was initiated at the septal and posterior aspects of the junction, continuing inferiorly to target the sites of early activation until electrical isolation was achieved. However, this strategy requires careful mapping to identify the earliest site on the posterior wall, which could make achieving SVC isolation more challenging. In our study, most patients (91.7%) achieved SVC isolation without the need for careful RA and SVC mapping. We further refined our approach by examining the activation map of the SVC and identifying the area of delayed conduction in the lateral wall. The ablation line was initiated from the anterior border of the region of slow conduction and additional ablation points were added in a counterclockwise direction from the superior view. Typically, the SVC signal disappears when the ablation line reaches the posterolateral region.

Previous studies differ in the definition of the SVC-RA junction. Gianni et al. and Higuchi et al. electrically defined the SVC-RA junction as the level at which sharp SVC potentials overlapped with blunt far-field atrial electrograms (2, 3). According to this definition, their SVC-RA junction is lower than where we placed the 20-pole circular catheter during ablation (Figure 1C, compared with Figure 1B), but we could not compare the precise position on the intracardiac echocardiography (ICE) image since our procedure did not use ICE. Additionally, we did not pay attention to the electrically defined SVC-RA junction because we designed the ablation line based on the sinus node location, with the primary concern of avoiding sinus node injury. Therefore, it is difficult to compare the distances obtained in this study with those reported by Gianni et al. However, both studies reported no reduction or absence of right diaphragmatic movement at the end of the procedure, suggesting that segmental ablation is feasible for SVC isolation.

In all 12 patients, natural conduction barriers were observed at the anterolateral aspect of the SVC. This phenomenon can be explained by embryogenesis. The SVC is formed by the merging of the right anterior and common cardinal veins during embryonic development. It then flows into the primitive RA through the right horn of the sinus venosus. As the sinus venosus is incorporated into the mature RA, it forms a smooth posterior wall known as the sinus venarum. The trabeculated anterolateral wall originating from the primitive RA is separated from the smooth posterior wall by the crista terminalis. The crista terminalis acts as an anisotropic conductor within the RA, which may explain why we were able to isolate the SVC using a non-circumferential ablation approach. Delayed or fragmented local signals were indications for SVC isolation in this study, which may have contributed to the high percentage of conduction barriers detected in the lateral SVC in our cohort. Higuchi et al. reported that SVC arrhythmogenic triggers of AF are associated with long SVC sleeves (>30 mm) and large SVC potentials (>1.0 mV) (2). However, the length of the SVC sleeves was measured fluoroscopically by quantitative angiography, in contrast to the current study, which measured SVC sleeve length on 3D maps. There may be an association between the length of the SVC sleeve and the presence of fragmented or delayed SVC potentials. Nonetheless, further studies are necessary to clarify this association and determine the optimal indicators for SVC isolation.

The limitations of this study are the small sample size and the lack of phrenic nerve function assessment and long term follow up results. A recent study showed that the typical course of the right phrenic nerve in the RA starts in the SVC at a lateral (50%), posterolateral (23%), or anterolateral (14%) position before descending either straight or with a slight curve towards the posterolateral wall of the RA (13). By initially delivering energy to the anterior segment, the lateral wall can be spared from ablation, reducing the chance of injury to the phrenic nerve (Figure 2). It is likely that ablation was performed close to the phrenic nerve in multiple patients in this case series. Although we did not map the course of the phrenic nerve before ablation, none of the patients experienced new-onset of dyspnea or chest discomfort, which are common manifestations of acute or chronic phrenic nerve palsy. We reviewed the medical records, and found that 6/12 patients had post-ablation chest x-ray during follow-up in the clinic for other reasons, and none had new-onset of diaphragm elevation. Since the incidence of phrenic nerve injury with SVC isolation is generally low (≤5%) and the case number of this series is small, the true risk of phrenic nerve injury with our C-shape approach may be underestimated. It would still be higher than that if performed by operators who carefully map the phrenic nerve prior to ablation and avoid it. Considering this, it is possible that our C-shaped ablation may reduce phrenic nerve injury if the phrenic nerve in a particular patient is located adjacent to the non-ablated segments. By starting ablation anteriorly and proceeding in counterclockwise fashion, bidirectional block can often be achieved without ablating the latera/posterolateral segments. However, as the phrenic nerve course is variable, mapping and avoiding it is still recommended prior to ablation. Moreover, the use of relatively low levels of energy for SVC isolation might have reduced the risk of phrenic nerve injury.



4. Conclusion

The proposed non-circumferential isolation line, located above the highest activation point of the sinus node and aiming to spare the lateral wall, is an effective approach to perform SVC isolation. This approach may reduce the risk of sinus node injury and latent SVC stenosis, but it warrants larger and long-term studies. It may be helpful in avoiding phrenic nerve injury in some patients, but care should be taken to map the course of phrenic nerve and avoid it. Our ablation strategy should be considered for patients who require SVC isolation.
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Background: Atrial fibrillation (AF) confers a major healthcare burden from hospitalisations and AF-related complications, such as stroke and heart failure. We performed an electronic health records-wide association study to identify the most frequent reasons for healthcare utilization, pre and post new-onset AF.



Methods: Prospective cohort study with the linked electronic health records of 5.6 million patients in the United Kingdom Clinical Practice Research Datalink (1998–2016). A cohort study with AF patients and their age-and sex matched controls was implemented to compare the top 100 reasons of frequent hospitalisation and primary consultation.



Results: Of the 199,433 patients who developed AF, we found the most frequent healthcare interactions to be cardiac, cerebrovascular and peripheral-vascular conditions, both prior to AF diagnosis (41/100 conditions in secondary care, such as cerebral infarction and valve diseases; and 33/100 conditions in primary care), and subsequently (47/100 conditions hospital care and 48 conditions in primary care). There was a high representation of repeated visits for cancer and infection affecting multiple organ systems. We identified 10 novel conditions which have not yet been associated with AF: folic acid deficiency, pancytopenia, idiopathic thrombocytopenic purpura, seborrheic dermatitis, lymphoedema, angioedema, laryngopharyngeal reflux, rib fracture, haemorrhagic gastritis, inflammatory polyneuropathies.



Conclusion: Our nationwide data provide knowledge and better understanding of the clinical needs of AF patients suggesting: (i) groups at higher risk of AF, where screening may be more cost-effective, and (ii) potential complications developing following new-onset AF that can be prevented through implementation of comprehensive integrated care management and more personalised, tailored treatment.



Clinical trial registration: NCT04786366
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Background

Atrial fibrillation (AF) is the most frequently sustained cardiac arrhythmia worldwide (1). AF is a clinically heterogeneous condition that can have multiple distinct presentations, ranging from an absence of symptoms to palpitations, and from the development of heart failure or stroke to other cardiovascular and non-cardiovascular complications (2). Identification of disease associations or risk factors can be done following a hypothesis-driven approach based on the understanding of the disease pathophysiology, or through a “hypothesis-free” method, which may be advantageous in cases where there is an incomplete understanding of the pathophysiology, for example, genome-wide association studies (GWAS) to identify novel associations & involved pathways (3).

Similarly to GWAS, electronic health records (EHR) have been previously used for such an approach (4), and could be used for further characterizing the clinical heterogeneity of AF in the UK population through the identification of disease associations. This is important given that AF confers a major healthcare burden from hospitalisations and AF-related complications, such as stroke and heart failure.

We therefore conducted an EHR-wide association study to investigate the most frequent reasons for healthcare interactions pre- and post-AF diagnosis, as compared to individuals without AF, in both primary and secondary care (i.e., primary care consultations and hospitalizations). The findings of the study would provide a better understanding of additional healthcare utilization required in individuals prone to AF and may offer opportunities for screening and potentially preventing or delaying the development of the arrhythmia. Meanwhile, frequent clinical visits following an AF diagnosis help identify the progression of the disease and may be used to define AF clinical sub-phenotypes in routine care, whereas groups of AF patients with specific health service interaction patterns may benefit from tailored holistic or integrated care management approaches.



Methods

The Clinical Practice Research Datalink (CPRD) was established in 1987 (5) and as of 2018 includes 7,998,501 patients in the UK with linked data of primary care consultation, hospital data (Hospital Episodes Statistics, HES), national cancer registry (National Cancer Intelligence Network) and death registry data (Office for National Statistics, ONS) (6, 7). The data are generally representative of the age, gender and geographic distribution of the UK population (5), and showed high quality and completeness of clinical information recorded (6–8). The present study was approved by the Medicines and Healthcare products Regulatory Agency Independent Scientific Advisory Committee [17_205].

Our cohort was composed of individuals aged 18 years or older registered in the current primary care practice for at least one year. The study period was between 1 January 1998 and 31 May 2016, and individuals were excluded if they had a prior history of AF before study entry. AF was defined from the International Classification of Diseases (ICD), tenth revision as I48 from HES and Read codes G573400, G573500, 3,272.00, G573000, G573300, G573.00, G573z00 from CPRD.

We implemented a matched case-control study for investigating the most common problems and comorbidities of AF patients when compared to controls. The primary diagnoses at their general practice (GP) consultation and hospitalisation within five years before and after the diagnosis date in individuals with AF were compared with that of their age and sex-matched controls. For each AF patient, the most frequent GP visits recorded in CPRD and primary diagnosis for hospital admissions documented in HES were identified within five years before and after the initial AF diagnosis. Similarly, we summarised the top conditions for most frequent clinical visits pre and post-index date in matched controls.

We reported the frequencies (%) of the conditions as the most frequent reasons for GP visits and hospital admissions in AF patients and their matched controls. We then summarised the differences between individuals with and without AF by relative frequency (frequency ratio) and reported the leading 100 conditions with descending frequency ratios. The uncertainty of the ratios was estimated with bootstrap distributions based on 2,000 samples with the Balanced Bootstrap Resampling method. We reported the clinical conditions requiring hospitalisation by disease groups (Table 1). We performed the analyses in Statistical Analysis System (version 9.4) and R (version 3.6.1).


TABLE 1 Leading 100 frequent causes for hospitalisation or general practise consultation prior to the index date comparing AF and matched controls.
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Results

Between 1 January 1998 and 31 May 2016, 7,998,501 participants in CPRD were eligible for linkage. After excluding individuals aged <18 at study entry (n = 1,061,689), not registered with primary care during the study period (n = 407,430), with invalid entry and exit dates into the study (n = 927,579) and with a previous diagnosis of AF (n = 44,238) we obtained a study cohort of 5,557,405 individuals. Over a median of 10.3 years of follow-up (interquartile range: 4.8–15.0) there were 199,433 (3.6%) patients with a diagnosis of new-onset AF, who constituted our cases. These were matched to an equal number of age and sex-matched non-AF controls. The mean age was 75.8 years (SD 12.7) in patients and 75.7 years (SD 12.7) in matched controls.

We observed a predominance of repeated hospitalisation or GP consultation owing to cardiac, cerebrovascular and peripheral vascular conditions prior to AF diagnosis (33 of the top 100 causes in primary care and 41 of the top 100 causes in secondary care) and also subsequently (47 of the top 100 causes in primary care and 48 of the top 100 causes in secondary care). A synthesis of our findings by disease groups is presented in Tables 1, 2.


TABLE 2 Leading 100 frequent causes for hospitalisation or general practise consultation following the index date comparing AF and matched controls.
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Compared to matched controls, the leading cardiovascular reasons of excess hospitalisation among individuals with AF prior to the initial AF diagnosis were “disorders of both mitral and aortic valves (I08.0)” (frequency ratio: 10.7), “cerebral infarction due to unspecified occlusion or stenosis of cerebral arteries (I63.5)” (frequency ratio: 10.6) and “mitral (valve) insufficiency (I34.0)” (frequency ratio: 9.2) (Supplementary Table S2). In the period prior to an AF diagnosis, the leading non-cardiovascular causes of more frequent hospitalisation compared AF to controls were “malignant neoplasm: Upper lobe, bronchus or lung (C34.1)”, “malignant neoplasm: Lower lobe, bronchus or lung (C34.3)”, and “malignant neoplasm: Bronchus or lung, unspecified (C34.9)” (frequency ratios: 19.0, 12.7, 12.7, respectively, Supplementary Table S2). Following an AF diagnosis, patients were more frequently hospitalised than controls for cardiovascular conditions such as “Cerebral infarction due to embolism of cerebral arteries (I63.4)”, “disorders of both mitral and tricuspid valves (I08.1)” and “combined disorders of mitral, aortic and tricuspid valves (I08.3)” (frequency ratio: 45.2, 30.6, 21.4, respectively) (Supplementary Table S3).

For frequent GP consultations, compared with matched controls, chronic obstructive pulmonary disease, primary pulmonary hypertension, and acute non-ST myocardial infarction were the leading conditions among AF patients prior to diagnosis. (Frequency ratio: 76.1, 35.1, 28.9, respectively. Supplementary Table S4) Individuals with AF were also more likely to frequently visit GP for conditions that seemed unclear at the time (uncertain diagnosis, frequency ratio: 48). After diagnosis, cardiomyopathy, conjunctivitis and multiple organ failure were the leading reasons for frequent GP consultations among AF patients vs. matched controls. (Supplementary Table S5).

The four iris-plots in Figure 1 represent the top reasons (displayed as relative risk vs. controls, the length of each bar, based on Supplementary Tables S2–S5) for healthcare utilization (primary and secondary care) prior and post new-onset AF. The 14 diagnostic groups are organized by different colours and clockwise. The left upper-panel shows an over-representation of cardiac and cancer-related hospitalizations prior to new-onset AF and the right upper-panel shows over-representation of cardiac and cerebrovascular hospitalizations following new-onset AF. In primary care we observed is over-representation of cardiac-related visits both pre and post new-onset AF. Also, representation of consultations due to infectious disease diagnoses seems to increase following new-onset AF.
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FIGURE 1
Top 100 reasons for hospitalisation (2ary care) and GP consultations (1ary care) in atrial fibrillation patients, compared to controls, within 5 years before and in the 5 years after new-onset AF diagnosis. The four iris-plots represent the top reasons (displayed as relative risk vs. controls) for healthcare utilization (primary and secondary care) prior and post new-onset AF. The 14 diagnostic groups are organized by different colours (legend) and clockwise as follows, as per the upper-left iris-plot: bleeding/haemorrhagic (12 h), cancer (1 h to 2 h), cardiac (3–4 h), cerebrovascular (5 h), “endocrine, nutritional or metabolic” & “frailty or multimorbidity” (6 h), gastrointestinal (7 h), haematological and infectious (8 h), osteoarticular & other (9 h), “peripheral other vascular” (10 h), renal (11 h), and respiratory (11–12 h). Different scales were used in the 4 iris-plots to accommodate with the different range of relative risks.




Discussion

We report, using a hypothesis-free approach, the most frequent reasons for repeated hospitalisations or primary care consultations by comparing patients with AF and their non-AF-matched peers. We found a predominance of repeated clinical visits due to cardiac, cerebrovascular and peripheral vascular conditions in AF patients vs. matched controls, suggesting the development of arrhythmia may contribute to the aggravation or worsening cardiovascular or cerebrovascular health.

Our findings are in agreement with previous literature providing evidence on important AF complications and comorbidities, such as stroke (9), vascular dementia (10), valvular heart disease (11), myocardial infarction (12), hypertrophic cardiomyopathy (13), and heart failure (14), but also raise hypotheses towards some other unknown or less reported associations with other vascular disorders, such as peripheral artery disease, aortic aneurysms, which may require validation in a different cohort. Some of these associations, like peripheral artery disease (15), aortic aneurysms (16), and ventricular arrhythmias (17) have been suggested in the literature. Also, we have observed other less frequent causes that have been episodically reported (summarised in Supplementary Table S1).

Our data show excess repeated clinical visits affecting multiple organ systems, including for cancer (especially prior to an AF diagnosis) and frequent visits due to infection (mainly after new-onset AF). The association between AF and cancer had previously been reported (18, 19). Similarly, sepsis (20) and other forms of infection (21) have been reported as important complications associated with new-onset AF.

Our findings further reinforce the importance and high prevalence of comorbidities such as obesity (22) and associated conditions like obstructive sleep apnoea (23), and dysglycaemia in the AF population (24). Some of the reasons for repeated clinical visits occurring prior to an AF diagnosis are potentially reversible, with folic acid or vitamin D deficiency, hyponatraemia, hypomagnesemia, hyperkalaemia, iron deficiency, impaired fasting glycemia and glucose tolerance, being a few examples. Other reasons can have their onset delayed with proper intervention, such as type 2 diabetes mellitus (25) and hypertension. Our results suggest the timely detection and treatment or prevention of some of these conditions may potentially prevent or defer the development of AF. For example, the reduction of AF progression with weight loss has been previously demonstrated in the REVERSE-AF study (26).

Some of the reasons for clinical visits we observed may be the consequence of AF-related interventions. Following the diagnosis of AF, we observed an increase in repeated clinical visits for bleeding events, potentially resulting from the increase in the uptake of anticoagulants. Similarly, we also observe visits due to thyrotoxicosis after the diagnosis of AF. The association of hyperthyroidism with AF is well known (27), and with the frequent use of amiodarone in our cohort (28), thyrotoxicosis could partly be due to its concomitant use.

To the best of our knowledge, some of the reasons for frequent clinical visits experienced by AF patients in this study (folic acid deficiency, pancytopenia, idiopathic thrombocytopenic purpura, seborrheic dermatitis, lymphoedema, angioedema, laryngopharyngeal reflux, rib fracture, haemorrhagic gastritis and inflammatory polyneuropathies) have not yet been reported in the literature, and further studies would be recommended.

We reported for the first time the four iris-plots of healthcare utilization for AF patients. Each of these four iris-plots together provides an “iris pattern” similar to the one observed in the human eye. The “iris pattern” is considered unique to each individual, utilized as a biometric measure used for authentication, and known to more accurate than a fingerprint (29).


Practice implications and future research

The current practice and management of AF emphasise more comprehensive management, as highlighted in the ABC (Atrial fibrillation Better Care) pathway (30) that promotes a holistic or integrated care approach that has been associated with improved clinical outcomes (31, 32) leading to its recommendations in guidelines (33, 34). Also, greater focus on comorbidities, such as the recent HEAD-2-TOES (35), going beyond the arrhythmia to associated cardiovascular and non-cardiovascular health conditions. We utilised nationwide data to provide knowledge and a better understanding of how AF patients frequently interact with the health system. Insights from healthcare contacts may facilitate improvements in preventive and treatment strategies for better management and prevention of subsequent outcomes. The shifting patterns of reasons for excess clinical visits in AF patients may contribute to the elucidation of the clinical heterogeneity of AF. Grouping the reasons AF patients seek medical attention by organ system or disease type, we propose the following AF clinical sub-phenotypes: (1) Vascular – associated with atherosclerotic, cerebrovascular and peripheral artery disease; (2) Myopathic – associated with heart failure, cardiomyopathies; (3) Valvular – associated with heart valve involvement; (4) Neoplastic – associated with cancer, potentially as part of inflammation or paraneoplastic syndrome; (5) Infectious – arising as a result of infection and in patients more prone to develop infection; (6) Endocrine or Metabolic – associated with obesity and impaired glucose tolerance or diabetes; (7) Senile – occurring as a result of aging and associated decline and comorbidities. Due to their nature and associated comorbidities, the partial overlap is likely and multiple clinical sub-phenotypes and treatment needs can coexist in the same individual. As an example, one patient may have AF with both Vascular and Metabolic clinical sub-phenotype, whilst a different patient can present with an overlap of Infectious and Senile AF clinical sub-phenotypes. Further studies are required for understanding the risk factors and prognosis of the proposed AF clinical phenotypes, and methods like cluster analyses or equivalent may be applicable. An in-depth understanding of these clinical phenotypes could not only improve the knowledge of the pathways involved and their interplay but optimise AF prevention and treatment.

A better understanding of the conditions and causes for frequent clinical visits preceding the diagnosis of AF may help identify higher-risk subgroups of patients, such as patients with cancer, cardiovascular, cerebrovascular, peripheral vascular disease, respiratory or gastrointestinal disease, for whom a targeted screening strategy may derive more pronounced benefits, including savings in healthcare costs (36). This is important given systematic screening of the general or certain population subgroups has yielded low or negative net benefits (37).



Research implications

An electronic health record (EHR)-wide association study has been previously conducted for better characterizing COVID-19 outcomes (4) but has not been utilized in the field of cardiovascular disease. In this first AF EHR-wide association study, we found the excess clinical visits associated with AF differed by the primary and secondary care and by before and after the diagnosis date. Our experience indicates the importance of considering the type of healthcare and timing of individuals interacting with the care system in applying the EHR-wide association study method.

In this paper we present the “iris pattern” for AF as a disease interacting with primary and secondary care. Even though “iris patterns” have not yet been reported for other diseases, we can hypothesize that as risk factors and their combination differ across different diseases, different “iris patterns” of healthcare utilization, possibly unique to each disease entity, may also exist. This hypothesis requires further clarification, but if proven may help tackle disease specific aspects at primary and secondary prevention level (i.e., prior and post disease onset).



Strength and limitations

The strengths of our research are the power of electronic health records enabling high-resolution analyses for detailed clinical conditions. The generalisability of our findings based on population electronic health records from routine care allows the findings to be applicable to the general clinical practice in comparable populations. The comprehensive scope of conditions that occur in the AF population and their non-AF peers as documented in our analyses raises the possibility and need for a more individualized system contemplating the needs of specific patients or groups of patients (AF clinical sub-phenotypes), some of whom represent clinically complex patients (38). However, there were also some limitations, including the absence of complete information on AF types (paroxysmal, persistent, permanent). However, the clinical utility of such a temporal pattern/episode-based classification remains inconclusive (39). Additionally, even though CPRD patients are thought to be broadly representative of the UK general population in terms of age, sex and ethnicity (40), and a recent study suggesting that CPRD populations may be representative of the general UK populations in terms of socioeconomic status and rural-urban classification (41), we lack the evidence to say if this population is truly representative of the total AF population in the UK. An ongoing study to develop an artificial intelligence model to identify AF patients in the UK may provide an answer to this important area of uncertainty (42). The study will compare two CPRD datasets: CPRD-Gold (which we have utilized to address our research protocol aiming at clarifying the natural history of AF in the UK) and CPRD-Aurum (established in 2017 and comprising 26.9 million additional individuals). Finally, our analyses did not utilize a competing risk framework and have not accommodated for this potential source of bias. Mortality is known to be higher in AF patients when compared to peers (12). Therefore, it is expected that mortality will be a competitive event in relation to the evaluated diagnoses in the post-AF comparisons performed in our analyses. The earlier mortality of AF patients may have precluded the occurrence of the events of interest being assessed, potentially leading to sub-diagnosis.




Conclusion

In this EHR-wide study for AF, we found cardiac, cerebrovascular and other vascular problems are still amongst the most frequent comorbidities in this population, but other disease groups, such as infection and cancer were also frequent. The need for early detection of AF and management of comorbidities may inform targeted early diagnosis and optimal care strategies for AF.
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Background: The comparative efficacy, saftey, and heart rate variability (HRV) parameters after pulmonary vein isolation using cryoballoon (Cryo-PVI), high-power short-duration (HPSD-PVI), and conventional radiofrequency ablation (conventional-PVI) for atrial fibrillation (AF) is unclear.



Materials and methods: In this propensity score-weighted, retrospective analysis of a single-center cohort, we analyzed 3,395 patients (26.2% female, 74.5% paroxysmal AF) who underwent AF catheter ablation without an empirical left atrial ablation. Procedural factors, recurrence rates, complication rates, and the post-procedural HRV parameters were compared across the Cryo-PVI (n = 625), HPSD-PVI (n = 748), and conventional-PVI (n = 2,022) groups.



Results: Despite the shortest procedural time in the Cryo-PVI group (74 min for Cryo-PVI vs. 104 min for HPSD-PVI vs. 153 min for conventional-PVI, p < 0.001), the major complication (p = 0.906) and clinical recurrence rates were similar across the three ablation groups (weighted log-rank, p = 0.824). However, the Cryo-PVI group was associated with a significantly lower risk of recurrent AF in patients with paroxysmal AF [weighted hazard ratio (WHR) 0.57, 95% confidence interval (CI) 0.37–0.86], whereas it was associated with a higher risk of recurrent AF in patients with persistent AF (WHR 1.41, 95% CI 1.06–1.89, p for interaction of <0.001) compared with the conventional-PVI group. In the subgroup analysis for the HRV, the Cryo-PVI group had the highest low-frequency-to-high-frequency ratio at 1-year post-procedure, whereas the HPSD-PVI group had the lowest low-frequency-to-high-frequency ratio at 1-year post-procedure (p < 0.001).



Conclusions: The Cryo-PVI group had better rhythm outcomes in patients with paroxysmal AF but worse rhythm outcomes in patients with persistent AF and a higher long-term post-procedural sympathetic nervous activity and sympatho-vagal balance compared with the conventional-PVI group.
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Introduction

Atrial fibrillation (AF) is a growing global health burden that is associated with substantial morbidity and mortality (1). Rhythm control for AF improves cardiovascular outcomes (2, 3), and the need for AF catheter ablation (AFCA) is continuously increasing. However, long-term maintenance of sinus rhythm after conventional pulmonary vein isolation (conventional-PVI) has been unsatisfactory (4) and has been limited by frequent pulmonary vein (PV) reconnections due to tissue edema and non-transmural lesion formation (5, 6). Also, conventional-PVI is technically complicated, and the operator’s skills and experiences are important for an efficient and safe procedure. Therefore, alternative ablation technologies have gained interest to improve clinical rhythm outcomes, shorten procedural times, and reduce procedure-related complications in patients with AF.

Recently, high-power short-duration pulmonary vein isolation (HPSD-PVI) has gained interest as an alternative ablation strategy that uses resistive heating with better transmural lesion formation (7, 8). Kottmaier et al. (9) reported that HPSD-PVI (70 W for 5–7 s) improves rhythm outcomes compared with conventional-PVI in patients with paroxysmal AF (PAF). Another promising technology, cryoballoon pulmonary vein isolation (Cryo-PVI), freezes and ablates large volumes of PV ostium at a single shot with less catheter manipulation and is less sensitive to the operator's experiences compared with conventional-PVI. Cryo-PVI showed comparable rhythm outcomes with conventional-PVI among patients with PAF, and a rather low PV reconnection rate has been reported (10–12).

However, studies that directly compare the three ablation modalities (conventional-PVI, HPSD-PVI, and Cryo-PVI) are limited. In this propensity score-weighted study, we compared the efficacy and safety outcomes along with changes in heart rate variability (HRV) parameters after Cryo-PVI, HPSD-PVI, and conventional-PVI in patients with AF.



Materials and methods


Study population

The study protocol was approved by the Institutional Review Board of the Yonsei University Health System. It adhered to the principles of the Declaration of Helsinki. A written informed consent was obtained from each patient in the Yonsei AF ablation cohort. We included 3,395 participants who underwent de novo AFCA without an empirical left atrial (LA) ablation (Figure 1). The exclusion criteria of this study were identified, namely, (1) prior history of AF ablation, (2) AF with rheumatic valvular disease, (3) prior cardiac surgery, and (4) extra-PV LA ablation. The participants were categorized into three groups according to the AFCA modality: Cryo-PVI (n = 625), HPSD-PVI (n = 748), and conventional-PVI (n = 2,022).
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FIGURE 1
Study flow chart. AAD, anti-arrhythmic drugs; AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; ASD, absolute standardized difference; CPVI, circumferential pulmonary vein isolation; E/e’, ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity; HPSD, high-power short-duration; IPTW, inverse probability of treatment weighting; LA, left atrium; LV, left ventricle; LVEDD, left ventricular end diastolic dimension; PVI, pulmonary vein isolation; SVC-RA, superior pulmonary vein-right atrial.




Echocardiographic evaluation

All participants underwent pre-procedural transthoracic echocardiography. The LA volume index (LAVI), LV end-diastolic dimension (LVEDD), LV ejection fraction, and peak trans-mitral inflow velocity to tissue Doppler echocardiography of the peak septal mitral annular velocity (E/e') were assessed in accordance with the guidelines published by the American Society of Echocardiography (13).



Electrophysiological mapping and AFCA

Prucka CardioLab Electrophysiology system (General Electric Medical Systems, Inc., Milwaukee, WI, USA) was used for intracardiac electrogram recordings. After a trans-septal puncture, a multi-view pulmonary venogram was obtained, and 350–400 s of activated clotting time was maintained via intravenous heparin injection. A 3D electro-anatomical mapping system (NavX; Abbott or CARTO; Biosense Webster) merged with 3D spiral CT was used to guide the AFCA in all patients. The luminal esophageal temperature was monitored and maintained below 38.4°C for the HPSD-PVI or conventional-PVI and 15°C for the Cryo-PVI. The esophageal temperature in most of the conventional-PVI group was not monitored because routine esophageal temperature monitoring started in 2019.

For the HPSD-PVI, we used an open irrigated-tip deflectable catheter (FlexAbility; Abbott Inc.). Radiofrequency (RF) power of 50–60 W for 7–15 s and 50 W for <10 s was used for the anterior and posterior area of the LA with a target temperature of 45°C. For the conventional-PVI, we used an open irrigated, 3.5-mm-tip deflectable catheter (Celsius and Smart-Touch; Johnson & Johnson, Inc., Diamond Bar, CA, USA; Coolflex and FlexAbility, Abbott Inc., Minnetonka, MN, USA). RF power of 30–35 and 20–25 W was used for the anterior and posterior area of the LA, respectively. Ablation of the cavotricuspid isthmus (CTI) was performed in most of the patients in the HPSD-PVI and conventional-PVI groups except for those with AV conduction disease. All patients underwent CPVI that encircled the right and left PVs.

For the Cryo-PVI group, a 28-mm cryoballoon (Arctic Front Advance, Medtronic) with a 12 Fr deflectable trans-septal sheath (FlexCath Advance, Medtronic) was used with a multipolar spiral catheter (Achieve, 20 mm; Medtronic). Optimal PV ostium and cryoballoon contact (PV occlusion) was confirmed using a contrast medium. Each PV ostium was frozen for 4 min. The protocol for cryoballoon dosing was modified from the time-to-isolation-based ICE-T (Individualized Cryoballoon Energy Pulmonary Vein Isolation Guided by Real-Time Pulmonary Vein Recordings) protocol (14). The freezing was discontinued, and the catheter was repositioned when the time to isolation exceeded 90 s to achieve better PV occlusion.



Post-ablation management and follow-up

Telemetry monitoring was used in all patients before discharge. Except for those who had extra-PV triggers, symptomatic frequent premature atrial complexes (PACs), non-sustained atrial tachycardia (AT), or AF, all patients were discharged without anti-arrhythmic drugs (AADs). Patients were regularly followed up at the outpatient clinic (1, 3, 6, and 12 months from discharge and every 6 months thereafter) or whenever they experienced signs and symptoms suggestive of arrhythmia recurrence. A 12-lead ECG was obtained at every outpatient clinic visit with regular 24-h Holter recordings (3 and 6 months from discharge and every 6 months thereafter) in accordance with the guidelines issued by the 2017 Heart Rhythm Society/European Heart Rhythm Association/European Cardiac Arrhythmia Society Expert Consensus Statement (15). An 24-h Holter monitoring or event monitor recordings were performed in patients who had signs or symptoms of arrhythmia recurrence. All 24-h Holter recordings were analyzed and verified by an independent researcher.

AF recurrence was defined as any ECG documentation of AF or AT of at least 30 s. Early recurrence was defined as AF recurrence of ≤3 months post-procedure, whereas a clinical recurrence was defined as AF recurrence of >3 months post-procedure.



Holter monitor recordings and the heart rate variability analysis

The HRV parameters were obtained from the 24-h Holter monitor recordings with a GE Marquette MARS 8000 Holter analyzer (General Electric Medical System, Inc.). Premature ventricular complexes, PACs, electrical artifacts, or low-quality recordings were excluded from the analysis. All 24-h Holter recordings were reviewed by an experienced operator. We were not able to obtain HRV parameters from all participants, and a total of 73 of the Cryo-PVI group, 136 of the HPSD-PVI group, and 1,049 of the conventional-PVI group had serial long-term HRV parameter follow-up data at pre-ablation and 3-month and 1-year post-ablation.

As a sensitivity analysis, we provided the HRV results for a total of 1,529, 1,809, 1,464, and 637 individuals who had available HRV data (but without complete serial follow-up data) at pre-ablation and 3-month, 1-year, and 2-year post-ablation periods, respectively. The time-domain HRV parameters analyzed were mean heart rate (HR) and root mean square of the differences between successive NN intervals (rMSSD). The frequency-domain HRV parameters analyzed were low-frequency component (LF; 0.040 Hz–0.150 Hz), high-frequency component (HF; 0.150 Hz–0.400 Hz), and the LF/HF ratio. In brief, the mean HR is a surrogate of the HRV, and rMSSD represents the beat-to-beat variance in the heart rate in which low mean HR and high rMSSD indicate an increased HRV (16). The HF and LF component represents parasympathetic and sympathetic nervous activity, and the LF/HF ratio represents sympatho-vagal balance (17).



Statistical analysis

Categorical variables were reported as numbers (percentages) and were compared using the Chi-square or Fisher's exact test. Continuous variables with normal distribution were reported as mean ± standard deviation and non-normal distribution as medians (interquartile range), in which normality was tested using the Shapiro–Wilk or Kolmogorov–Smirnov test. Continuous variables were compared with using the ANOVA test (normal distribution) or the Kruskal–Wallis test (non-normal distribution).

Among the echocardiographic parameters, 121 missing values for E/e' (10 in Cryo-PVI, 15 in HPSD-PVI, 96 in conventional-PVI), 65 for LAVI (eight in Cryo-PVI, 12 in HPSD-PVI, 45 in conventional-PVI), and 75 for LVEDD (seven in Cryo-PVI, 14 in HPSD-PVI, 54 in conventional-PVI) in our study sample were reported. We used multiple imputation by chain equation using mice package in R statistics to generate 50 matrices of imputed dataset. After then, for an unbiased comparison between the AFCA groups, we used an inverse probability of treatment weighting (IPTW) approach. The propensity score, which is the probability of receiving treatment, was estimated using a multinomial logistic regression based on sociodemographic factors, medical and medication history, and echocardiographic parameters (variables are presented in Table 1). We examined the balance between the AFCA groups using the absolute standardized differences of all covariates with a threshold of 0.1 to indicate an imbalance. The weights were truncated at the 1st and 99th percentiles to avoid extreme weights.


TABLE 1 Baseline characteristics before and after inverse probability of treatment weighting.
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We conducted a weighted Kaplan–Meier analysis to compare the clinical recurrence rates across the three AFCA groups. In addition, the predictors associated with clinical recurrence were assessed using Cox proportional hazard models.

As the AF type and SVC-RA ablation (among the covariates) were not sufficiently balanced after IPTW (Table 1), the weighted Cox proportional hazard model was additionally adjusted for those covariates (doubly robust IPTW model). The proportional hazard assumption was not violated as examined by Schoenfeld residual plots (18). We performed multiple subgroup analyses using the weighted Cox proportional hazards regression analysis by the pre-specified baseline covariates to detect any potential interaction with clinical recurrence according to the AFCA modality. For the subgroup analysis, a BMI of ≥25 kg/m2 was considered obese according to the Asian guidelines on the definition of obesity (19). An LAVI of >34 mL/m2 was considered enlarged LA according to the guidelines published by the American Society of Echocardiography (13).

All analyses were performed using R statistics, version 4.0.2 software (R Foundation for Statistical Computing), and a two-sided p-value of <0.05 was considered statistically significant.



Sensitivity analysis

Several sensitivity analyses were conducted in this study. First, because the study sample included patients who underwent conventional-PVI in earlier years compared with Cryo-PVI (started 2019) or HPSD-PVI (started 2018), we repeated the main analysis after excluding patients who underwent conventional-PVI before the year at which first Cryo-PVI or HPSD-PVI was performed. Second, because the study sample included patients who underwent conventional-PVI with the Celsius catheter, the non-contact force electrode catheter, we repeated the main analysis after excluding patients (0.8%, 27 of 3,395) to reduce the risk of potential confounding. Third, we analyzed the risk of clinical recurrence according to 3-month and 1-year post-ablation HRV. The risk of clinical recurrence according to 1-year post-ablation HRV was calculated only for AF recurrences that occurred after 1 year, whereas that according to 3-month post-ablation HRV included all AF recurrences. The weighted hazard ratios per one-standard deviation increase in each of the HRV parameters were assessed with the same doubly robust IPTW model.




Results


Baseline characteristics and procedural outcomes

Overall, the study participants had a mean age of 60 (52–67) years, 889 (26.2%) were female, and 2,528 (74.5%) had PAF. The baseline characteristics of the study participants according to the AFCA modality are presented in Table 1. After IPTW, the baseline covariates were well-balanced across the three ablation groups (Table 1) except for AF type and SVC-RA ablation (Supplementary Figures S1, S2).

The ablation characteristics are presented in Table 2. The procedural time was shortest in the Cryo-PVI group (p < 0.001 for three groups, Table 2), and early recurrence was lowest in the HPSD-PVI group (p = 0.010 for three groups, Table 2). The median time to recurrence across the three AFCA groups was 8.5 months for Cryo-PVI and 8 months for HPSD-PVI and conventional-PVI groups (p = 0.032 for three groups, Table 2).


TABLE 2 Procedural and clinical outcomes.
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The total and major complication rates did not significantly differ across the three ablation groups (p = 0.906 for major complications, Table 2). Specifically, among the cardiac tamponade, three from conventional-PVI and one from HPSD-PVI required pericardial window formation, whereas others were managed with pericardiocentesis. All the phrenic nerve palsies after Cryo-PVI were transient, and all the strokes in the conventional-PVI did not result in a clinically meaningful sequelae. One pulmonary vein stenosis from conventional-PVI required a percutaneous stent, and one SSS/AVB from conventional-PVI required a pacemaker implantation.



Overall rhythm outcome

Clinical recurrences within 24 months after AFCA were analyzed in this study because of differences in rhythm follow-up duration across the three ablation groups. For a median of 20 (8–24) months, the overall clinical recurrence rate was similar across the three ablation groups (weighted log-rank, p = 0.824 for the three ablation groups, Figure 2A). In the weighted Cox regression analysis, the overall risk of clinical recurrence in the Cryo-PVI or HPSD-PVI group was similar compared with the conventional-PVI group (Supplementary Table S2).
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FIGURE 2
Freedom from clinical recurrence according to the AFCA modality among (A) overall, (B) paroxysmal AF, and (C) persistent AF patients. PaF, paroxysmal atrial fibrillation; PeAF, persistent atrial fibrillation; AAD, anti-arrhythmic drugs; AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; ASD, absolute standardized difference; CPVI, circumferential pulmonary vein isolation; E/e’, ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity; HPSD, high-power short-duration; IPTW, inverse probability of treatment weighting; LA, left atrium; LV, left ventricle; LVEDD, left ventricular end diastolic dimension; PVI, pulmonary vein isolation; SVC-RA, superior pulmonary vein-right atrial.




Subgroup analysis

Among patients with PAF, the Cryo-PVI group had a lower rate of clinical recurrence compared with the conventional-PVI group (weighted log-rank, p = 0.018 for the three groups, p = 0.029 for the Cryo-PVI vs. conventional-PVI group, Figure 2B). Among patients with persistent AF (PeAF), no significant difference in the rate of clinical recurrence across the three ablation groups (weighted log-rank, p = 0.183, Figure 2C) was found. However, the rate of clinical recurrence in the Cryo-PVI group was significantly worse than the rate of clinical recurrence in the conventional-PVI group (weighted log-rank, p = 0.042, Figure 2C).

In the subgroup analysis for the weighted hazard ratio, the risk of clinical recurrence in the Cryo-PVI group was independently associated with AF type compared with the conventional-PVI group (Figure 3A). The risk of clinical recurrence in the Cryo-PVI group was significantly lower among patients with PAF [weighted hazard ratio (WHR) 0.57, 95% CI 0.37–0.86, p = 0.008, Figure 3A], whereas it higher among patients with PeAF (WHR 1.41, 95% CI 1.06–1.89, p = 0.019, Figure 3A) compared with the conventional-PVI group (p for interaction of <0.001, Figure 3A). In addition, a significant interaction with clinical recurrence according to LAVI in the conventional-PVI and HPSD-PVI groups was identified compared with the Cryo-PVI group (LAVI; p for interaction of 0.040 for the conventional-PVI group and 0.030 for the HPSD-PVI group, Figure 3A,B, respectively). In contrast, no significant interaction with clinical recurrence across the specified subgroups in the HPSD-PVI group was noted compared with the conventional-PVI group (Figure 3C).
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FIGURE 3
Subgroup analysis of the risk of clinical recurrence according to the AFCA modality: (A) Cryo-PVI versus Conventional-PVI, (B) HPSD-PVI versus Cryo-PVI, and (C) HPSD-PVI versus Conventional-PVI. AAD, anti-arrhythmic drugs; AF, atrial fibrillation; AFCA, atrial fibrillation catheter ablation; ASD, absolute standardized difference; CPVI, circumferential pulmonary vein isolation; E/e’, ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity; HPSD, high-power short-duration; IPTW, inverse probability of treatment weighting; LA, left atrium; LV, left ventricle; LVEDD, left ventricular end diastolic dimension; PVI, pulmonary vein isolation; SVC-RA, superior pulmonary vein-right atrial. aWeighted HR was additionally adjusted for AF type and SVC-RA ablation.


The sensitivity analyses after excluding patients who underwent conventional-PVI before the first Cryo-PVI or HPSD-PVI (Supplementary Figure S3) and excluding patients who underwent conventional-PVI with the Celsius catheter (Supplementary Figure S4) showed similar findings with the main analysis representing better rhythm outcomes after Cryo-PVI in patients with PAF and worse rhythm outcomes in patients with PeAF.



Changes in the HRV parameters after AFCA

The pre-ablation HRV parameters were not significantly different across the three ablation groups (Table 3). However, the post-ablation LF/HF ratio revealed significant differences that persisted for up to 1 year of follow-up. At 1-year post-procedure, the LF/HF ratio was highest in the Cryo-PVI group and lowest in the HPSD-PVI group (p < 0.001, Table 3). Similar results were found in the sensitivity analysis among those without full serial HRV follow-up data (Supplementary Table S2).


TABLE 3 Pre- and post-ablation heart rate variability analysis according to the AFCA modality.
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The results for risk of clinical recurrence according to post-ablation HRV parameters are provided in Supplementary Table S3. Among the HRV parameters, high LF and increased LF (delta LF) after AFCA were associated with an increased risk of clinical recurrence.




Discussion


Major findings

In this propensity score-weighted, retrospective analysis of a single-center cohort, we compared the efficacy and safety outcomes along with cardiac autonomic nervous activity among AF patients who underwent Cryo-PVI, HPSD-PVI, or conventional-PVI. Similar rhythm outcomes and complication rates among the three ablation groups were reported. However, Cryo-PVI was associated with better rhythm outcomes in patients with PAF but worse rhythm outcomes inpatients with PeAF compared with conventional-PVI. In addition, Cryo-PVI was associated with better rhythm outcomes among patients with an LAVI of <34 mL/m2 compared with HPSD-PVI and conventional-PVI. We found significantly shorter ablation and procedure times but higher cardiac sympathetic nervous activity over long-term periods in the Cryo-PVI group compared with the HPSD-PVI or conventional-PVI group.



AF types and the PVI methodology

Although randomized trials on the efficacy of Cryo-PVI vs. conventional-PVI have reported similar AF recurrences in PAF (20, 21), several studies consistently suggested fewer PV reconnections among patients who underwent Cryo-PVI (22, 23). However, the results of these randomized studies were based on a small number of patients that did not compare the rhythm outcomes among patients with PeAF (24, 25). In terms of PeAF, several case-only comparison studies have reported similar AF recurrences between the Cryo-PVI and conventional-PVI (26–28), and one study group reported that Cryo-PVI had a worse 1-year outcome than conventional-PVI (29).

Our study suggests that patients with PAF may benefit more from Cryo-PVI than from conventional-PVI in contrast to patients with PeAF. The reason for this is not clear, but PV ostium remodeling (diameter and shape) in patients with PeAF might have resulted in an imperfect cryoballoon tissue contact, or the cryothermal energy transfer could have been affected by the degree of tissue fibrosis (30–32). This possibility is supported by better rhythm outcomes among patients with an LAVI of <34 mL/m2 in the Cryo-PVI group compared with the HPSD-PVI or conventional-PVI group.

Martino et al. (33) reported that stepwise additional ablation including endocardial and epicardial LA ablation after PVI showed favorable rhythm outcomes in the patients with non-paroxysmal AF. Because the current study excluded patients who underwent extra-PV LA ablation and showed differing results in rhythm outcomes according to the AF type, future research on the effect of additional LA ablation after both Cryo-PVI and RF-PVI in patients with persistent AF might benefit.



Cardiac autonomic nervous activity after AF ablation

The cardiac autonomic nervous system is reported to initiate and maintain AF, and autonomic neural modulation via a circumferential PVI and SVC-RA ablation is reported to reduce AF recurrence (34–36). The post-procedural HRV analysis in this study suggests that Cryo-PVI is associated with a higher cardiac sympathetic nervous activity and sympatho-vagal balance compared with HPSD-PVI or conventional-PVI. Cryo-PVI may generate large tissue damage due to a larger balloon–tissue contact area compared with conventional-PVI that may result in sympathetic/parasympathetic nerve sprouting that leads to an overall higher post-procedural sympathetic nervous activity and sympatho-vagal balance, especially among patients with PeAF (37, 38). HPSD-PVI had the lowest LF/HF ratio at 1-year post-procedure, suggesting an optimal cardiac autonomic neural modulation but equivalent long-term rhythm outcome.

The clinical implications of post-AFCA HRVs have been described in previous studies. Kang et al. (39) reported that reduced LF/HF ratio after 3 months of AFCA was associated with poor rhythm outcomes. Yu et al. (40) reported that high sinus heart rate after AFCA was associated with decreased LF and better rhythm outcomes. In this study, higher 3-month and 1-year post-ablation sympathetic nervous activity (LF) was associated with an increased risk of clinical recurrence, and patients who underwent Cryo-PVI had higher sympathetic nervous activity and higher sympatho-vagal balance at post-ablation periods. These findings showed that the patients who had increased HRV parameters such as LF and LF/HF ratio after Cryo-PVI, representing high sympathetic activity and sympatho-vagal balance, might be at high risk for clinical recurrence.



Future technologies in AF ablation

Cryo-PVI ablates a large volume of PV ostium at a single shot that involves less catheter manipulation and shorter procedural time compared with RF-PVI. Although Cryo-PVI is associated with higher radiation exposure initially to identify proper PV occlusion using radiation and contrast injection, intracardiac echocardiography-guided zero-fluoroscopy Cryo-PVI showed comparable rhythm outcomes in a recent clinical trial (41). In contrast, RF-PVI ablates PV ostium in a point-to-point manner and requires more catheter manipulation which depends on the operator's skills and experiences. Steerable sheaths help the operators improve contact and stability of the ablation catheter, leading to achieve efficient lesion formation for AF ablation. Recently, with the advent of visualizable steerable sheaths, RF-PVI is associated with minimal radiation exposure (42, 43), and zero-fluoroscopy RF-PVI (44) showed equal efficacy and safety compared with traditional procedures (45). Therefore, future direction for AF ablation using cryoballoon and radiofrequency catheter possibly studies better rhythm outcomes, lower complication rates, reduced procedure time, and also reduced radiation exposure.



Limitations

This study has several potential limitations. First, this was a single-center study from a tertiary hospital, and the study sample may not represent the general AF patients, in which the results of this study need careful interpretation and further multi-center studies would benefit. However, data from a single center are still valuable because the AFCA procedure as well as the rhythm follow-up protocols were largely consistent. Second, the HRV analysis in this study should be interpreted with caution because not all patients had available post-procedural HRV parameters. However, our results are one of the largest single-center, long-term pre- and post-ablation HRV analysis (46) that might provide a reasonable estimation. In addition, the complementary analysis (Supplementary Table S2) that included all patients who underwent HRV at pre- and post-ablation at 3 months, 1 year, and 2 years might provide an additional insight.

Third, despite appropriate efforts to perform unbiased comparisons between the AFCA groups using propensity score-weighted models, a residual confounding from other potential covariates such as AF duration or AF burden, which were not accounted for in this study, remains. In addition, because of the retrospective, observational nature of the study, a causal relationship cannot be drawn, and further randomized trials are needed.

Fourth, this study included patients who received right atrial ablation, and a slight difference in the number of right atrial ablations performed among the three ablation groups was found. Although we performed the doubly robust IPTW model to reduce confounding, concerns for residual confounding remains, and the results of this study requires careful interpretation.




Conclusions

Cryo-PVI, HPSD-PVI, and conventional-PVI had similar rhythm outcomes and complication rates in patients with AF. However, Cryo-PVI was associated with better rhythm outcomes in patients with PAF but worse rhythm outcomes in patients with PeAF compared with conventional-PVI. Cryo-PVI had significantly shorter procedure times but had higher long-term post-procedural sympathetic nervous activity. AF type might be useful information for the selection of AFCA modality for better rhythm outcomes in patients with AF.
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Background and objective: This study aimed to assess the efficacy and safety of “one-stop” procedures that combined radiofrequency catheter ablation and left atrial appendage closure (LAAC) with the Watchman device under the guidance of intracardiac echocardiography (ICE) vs. transesophageal echocardiography (TEE) in patients with atrial fibrillation.



Methods and results: In this study, we prospectively enrolled patients who underwent “one-stop” procedures under the guidance of ICE (n = 193, 109 men, 65.02 ± 8.47 years) or TEE (n = 109, 69 men, 64.23 ± 7.75 years) between January 2021 and October 2022. Intraprocedural thrombus formation in the left atrial appendage (LAA) was observed in 3 (1.46%) patients in the ICE group and 15 (11.63%) patients in the TEE group (P < 0.05) before LAAC. Total fluoroscopy time and dose in the ICE group were less than those in the TEE group. The total “one-stop” turnaround time and LAAC procedure time in the ICE group were significantly shorter than those in the TEE group (P < 0.05). Postoperative esophagus discomfort, nausea and vomiting, and hypotension were more often seen in the TEE group (P < 0.001). There was no significant difference in matched cases between ICE and fluoroscopy measurements (P = 0.082). The TEE results related to LAAC and clinical events were similar between the two groups during the follow-up (P > 0.05).



Conclusion: The ICE-guided “one-stop” procedure was safe and feasible with less radiation exposure, shorter turnaround time, and fewer complications and intraoperative thrombus formations than the TEE group. ICE offered accurate measurements in the LAA dimension during LAAC. Echocardiography during the “one-stop” procedures was necessary to rule out the intraoperative thrombus.
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Introduction

Left atrial appendage closure (LAAC) has been an alternative treatment to prevent thromboembolism for patients who have contraindications to long-term oral anticoagulation (OAC) therapy and has been proven safe and effective for preventing atrial fibrillation (AF)-related stroke, systemic embolism, and bleeding events (1, 2) The “one-stop” procedure, combined catheter ablation and LAAC in a single procedure based on shared operative approaches, could restore sinus rhythm to relieve AF symptoms and prevent stroke in high-risk patients to avoid the need of long-term OAC and reduce the risk of bleeding events (3).

Transesophageal echocardiography (TEE) was performed routinely to guide the LAAC procedure with the need for general anesthesia and endotracheal intubation. Intracardiac echocardiography (ICE)-guided procedure is performed under local anesthesia, which could reduce the risk of esophageal injury and complications of general anesthesia. Previous studies described that ICE had emerged as an alternative to TEE for LAAC device guidance (4, 5). However, few studies compared the use of ICE vs. TEE in terms of the “one-stop” procedure. We hypothesized that ICE could provide comparable measurements of the left atrial appendage (LAA) with TEE and could reduce the complications compared with TEE. In this study, we aimed to assess the efficacy and safety of the “one-stop” procedure guided by ICE or TEE in our single center.



Methods


Study population

We prospectively enrolled 302 consecutive patients with documented non-valvular AF who underwent the “one-stop” procedure in our single center between January 2021 and October 2022. The indications for the procedure are as follows: age more than 18 years; patients with paroxysmal or persistent non-valvular AF; refractory to antiarrhythmic drugs; CHA2DS2-VASc score ≥2 in men or ≥3 in women, plus one of the following situations, e.g., high risk of bleeding (HAS-BLED score ≥ 3), contraindications for long-term OAC therapy (patients with bleeding events or thromboembolic events under OAC), intolerance or refusal to take OAC, and preference for Watchman device implantation as an alternative to long-term OAC (6, 7). The exclusion criteria are as follows: thrombus formation in LAA; left ventricular ejection fraction (LVEF) <30% (8); patients with hyperthyroidism; and patients with rheumatic mitral valve disease and/or an artificial heart valve. This study was approved by the ethics board of the General Hospital of Northern Theater Command, Shenyang, China. The patients signed an informed written consent form.



Preoperative assessment

In patients on warfarin with low time in the INR therapeutic range (TTR < 70%), switching to a non-vitamin K antagonist AOC (NOAC) is recommended according to the 2020 European Society of Cardiology (ESC) guidelines. Continuous NOACs were used in all patients in our study for at least 3 weeks before the procedure. All patients underwent laboratory tests, 12-lead electrocardiography, and cardiac computed tomography angiography. TEE was performed within 2 days before the procedure to exclude LAA thrombus and assess the morphology and size of LAA from different views (0°, 45°, 90°, and 135°). Transthoracic echocardiography (TTE) was performed routinely to evaluate heart structure, cardiac function, and the presence of pericardial effusion.



Procedure workflow


Operation team

Radiofrequency catheter ablation (RFCA), LAAC, and ICE were performed by four experienced operators with more than 100 procedures, whereas general anesthesia and TEE were conducted by a single experienced anesthetist and sonographer, respectively. The procedure strategy was at the discretion of the physician.




RFCA procedure

The RFCA was performed under local anesthesia. Two transseptal punctures were performed with the guidance of ICE and/or x-ray images. After that, heparin was administered, and the activated clotting time (ACT) was maintained at 250–350 s as normal and 300–350 s in the case of left atrial spontaneous echocardiographic contrast (LASEC). Under the guidance of a CARTO 3 mapping system (Biosense Webster, Diamond Bar, CA, USA), circumferential pulmonary vein isolation (CPVI) was performed under the guidance of ablation index in all patients. Additional line ablation and non-pulmonary vein (PV) foci ablation were performed if necessary. The endpoint of RFCA was the elimination of the local PV potential and bidirectional conduction block of the ablation lines. Sinus rhythm was achieved by either ablation or cardioversion.



LAAC procedure

LAAC was performed subsequently if the absence of thrombus in the left atrium (LA) had been proved by ICE or TEE. The diagnostic criteria for thrombus in the LAA are as follows: well-circumscribed, more or less echo refractile mass with a different texture from the atrial wall and uniform consistency, and often pedunculated, as observed in LAA from multi-angle scanning (9, 10). The diagnostic criteria of ICE or TEE for thrombus in the LAA are the same, and the diagnosis is confirmed by experienced operators and sonographers. Otherwise, the procedure would be interrupted, and OAC was administrated until the thrombus disappeared. The WATCHMAN occluder (Boston Scientific, Natick, MA, USA) was implanted under ICE guidance by local anesthesia (ICE group) or under TEE guidance by general anesthesia (TEE group). The ICE catheter was advanced into the LA by the same pathway as the ablation procedure, whereas the TEE probe was advanced into the mid-esophageal level. LAA ostial width and depth were measured in three views on ICE (left superior PV view, LA home view, and mitral annular view), which were close to 45°, 90°, and 135° on TEE. The ostium was measured from the left circumflex or mitral valve annulus to a point 2 cm below the LA ridge. A pigtail catheter was advanced into the LAA, and angiograms were obtained at the right anterior oblique at 30° and caudal at 20° to assess LAA ostial diameter, depth, and morphology. The device was released after device stability and position were verified by position, anchor, size, and seal (PASS) criteria under the guidance of TEE or ICE. Once released, immediate TEE or ICE was performed to reconfirm the position, residual flow, and compression ratio of the device from 45°, 90°, and 135°. Intraprocedural thrombus formation in LAA was defined as the absence of thrombus in LA proved by preoperative TEE within 2 days before the procedure, whereas thrombus in LA was detected by ICE or TEE after the ablation (ICE group) or general anesthesia (TEE group) and before the LAAC procedure. The turnaround time was defined as the time from the start of the transseptal puncture to out of room. Complications were continuously monitored by ultrasonography or fluoroscopy throughout the procedure. The procedure success was defined as no peri-device leak (PDL) >5 mm on ultrasound images, no device-related complications, and no procedure-related complications (11). In the patients who underwent the combined procedure successfully, the measurements of the LAA ostium by different modalities from 135° were matched with the actual device size. Matched measurements were defined as device compression ranging between 10% and 30%, undersized measurements of the LAA ostium were defined as device compression >30%, and oversized measurements of LAA ostium were defined as device compression <10%.



Follow-up

AF recurrence was defined according to the symptoms of the patients and/or documented AF/atrial flutter/atrial tachycardia lasting more than 30 s after the 3-month blanking period. TTE was performed to confirm the position of the implantation and exclude device embolization and pericardial effusion the next day after the procedure. TEE was performed 3 months after the procedure to assess the device position, PDL, and device-related thrombosis (DRT). Outpatient and transtelephonic follow-ups were carried out to evaluate thromboembolic and bleeding events. Antiarrhythmic drugs and anticoagulation therapies were recommended at the original dose for at least 3 months. Dual antiplatelet therapy for another 3 months and then life-long aspirin were recommended if no DRT or PDL >5 mm was detected by TEE (12). Otherwise, the anticoagulation therapy was continued, and TEE was performed after the next 3 months.



Statistical analysis

The continuous variables were reported as means ± standard deviations. Categorical variables were expressed as proportions and compared using the chi-square test. The t-test was used to compare continuous data with normal distribution, and the rank sum test was used to compare the two-sample mean of the non-normal distribution. The agreement between different modalities was assessed with intraclass correlation coefficients (ICC). P-value < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS 26.0 (IBM, Armonk, NY, USA).




Results


Patients’ characteristics

A total of 302 consecutive patients with non-valvular AF underwent the “one-stop” procedure between January 2021 and October 2022 in our single center, including 193 guided by ICE under local anesthesia and 109 guided by TEE under general anesthesia. There were no significant differences between the two groups in terms of age, gender, body mass index, type of AF, HAS-BLED score, comorbidities, left atrial size, left ventricular size, LVEF, LASEC, and LAA flow velocity (P > 0.05). The CHA2DS2-VASc score was higher in the ICE group than in the TEE group (3.87 ± 1.60 vs. 3.41 ± 1.82, P = 0.027). The baseline characteristics are presented in Table 1.


TABLE 1 Baseline characteristics of the study population.
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Procedural characteristics

The study flowchart is represented in Figure 1. Nine patients (4.39%) in the ICE group and 19 patients (14.73%) in the TEE group did not undergo LAAC due to complications during RF or thrombus formation in LAA. Intraprocedural thrombus formation in LAA was observed in 3 (1.46%) patients in the ICE group and 15 (11.63%) patients in the TEE group (P < 0.05) when ultrasonic examinations were performed before the LAAC procedures (Figure 2). Detailed baseline characteristics of the 15 patients with LAA thrombus in the TEE group are presented in Table 2. Anticoagulation status was confirmed, and additional heparin was administered to achieve an ACT at 300–350 s. Reassessment with ultrasound documented no change in the thrombus state in the two groups. Three patients in the ICE group and one patient in the TEE group failed to receive LAAC due to a mismatch between the oversized LAA ostium and optional device size. All PVs were successfully isolated. Additional line ablation was performed in 27 patients (13.99%) in the ICE group and 19 patients (17.43%) in the TEE group (P = 0.424). Cardioversion after CPVI was performed in 63 patients (32.64%) in the ICE group and 39 patients (35.78%) in the TEE group, respectively (P = 0.580). Sinus rhythm was present in all patients after ablation. There was no significant difference in RFCA procedure time between the two groups [(64.36 ± 23.13) min in the ICE group vs. (59.97 ± 21.13) min in the TEE group, P = 0.097]. No significant difference in the thickness of the ridge region after RFCA was seen in the two groups. LAA morphologies and lobes were comparable between the two groups. The Watchman devices were implanted successfully in all the cases in both groups. There was no difference in device diameters between the two groups. Device compression from different views was comparable between the ICE and TEE groups. The proportions of cases presented with residual flow ≤3, >3, and ≤5 mm and had no difference between the two groups. During the procedure, no residual flow >5 mm was observed in either group. The devices were retrieved due to unsatisfactory device compression in 18 patients (9.33%) in the ICE group and nine patients (8.26%) in the TEE group (P > 0.05). Total fluoroscopy time in the ICE group was shorter than that in the TEE group [(21.56 ± 8.86) vs. (25.43 ± 8.83) min, P = 0.002]. The fluoroscopy dose used in the ICE group was less compared with that in the TEE group [(430.64 ± 278.74) vs. (466.63 ± 277.49) mGy, P = 0.015]. The total “one-stop” turnaround time and LAAC procedure time in the ICE group were significantly shorter than those in the TEE group [(126.30 ± 32.43) min vs. (144.18 ± 26.17) min, (60.20 ± 20.65) min vs. (73.94 ± 16.04) min, P < 0.05). Procedural characteristics in the TEE and ICE groups are presented in Table 3.


[image: Figure 1]
FIGURE 1
Study flowchart of the “one-stop” procedure in the ICE and TEE groups.



[image: Figure 2]
FIGURE 2
Thrombus formation in LAA detected by ultrasound before the LAAC procedure. (A1) ICE, (B1) TEE, and (C1) TEE: LASEC detected before thrombus formation in LAA. (A2) ICE, (B2) TEE, and (C2) TEE: thrombus formation in LAA identified before LAAC. Informed consent had been signed by the patients to publish the images.



TABLE 2 Baseline characteristics of the 15 patients with LAA thrombus in the TEE group.
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TABLE 3 Procedural characteristics and outcomes.
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Measurements of LAA dimension by preoperative and intraoperative modalities

ICC was used to assess agreement between different modalities in the ICE group (Table 4). The results showed that all modalities were well correlated (P < 0.001). The agreement between ICE from 135° and fluoroscopy was higher with an ICC of 0.797 than that between TEE from 135° and fluoroscopy and those between preoperative TEE and ICE from different angles. In the 193 patients who underwent the “one-stop” procedure successfully in the ICE group, LAA dimensions measured by fluoroscopy best matched the actual size of the implanted device. Matched measurements were more often obtained by fluoroscopy than preoperative TEE (P < 0.05). There was no significant difference in matched cases between ICE and fluoroscopy measurements (P = 0.082) (Figures 3, 4).


TABLE 4 ICC of LAA ostium measured by different modalities in the ICE group.
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FIGURE 3
Images of the LAAC with the WATCHMAN device from different views in the ICE-guided procedure. (A–C) Assessment of device position by ICE; (A) ICE from left superior pulmonary vein view; (B) ICE from LA home view; (C) ICE from mitral annular view; (D) images of fluoroscopy at right anterior oblique at 30° and caudal at 20°; (E) measurements of the LAA ostium from the three views by preoperative TEE, ICE, and fluoroscopy.
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FIGURE 4
Outcomes of the measurements of the LAA ostium by different modalities from 135° matched with the actual device size.




Perioperative complications

Pericardial tamponade occurred in four (2.07%) patients in the ICE group and three (2.75%) patients in the TEE group (P = 0.706). Of these seven patients, five were successfully treated by pericardiocentesis and two were resolved by cardiac surgery. Two (1.04%) patients in the ICE group and one (0.92%) patient in the TEE group experienced transient ischemic attack with transient limb movement disorder (P > 0.05). The computed tomography brain scanning was negative for ischemic lesions, and all patients were discharged without any clinical sequelae. No procedure-related stroke occurred in the two groups. The occurrence of vagal reflex and pseudoaneurysm showed no statistical difference between the two groups. The pseudoaneurysm was successfully cured by compression under the guidance of ultrasound. Postoperative esophagus discomfort, nausea and vomiting, and hypotension were more often seen in the TEE group (P < 0.001). No air embolism, device embolization, or death was recorded in the two groups. Detailed information on perioperative complications is given in Table 5.


TABLE 5 Perioperative complications.

[image: Table 5]



Follow-up


Arrhythmia recurrence and clinical events

A total of 177 (91.71%) patients in the ICE group and 102 (93.58%) patients in the TEE group were followed up by clinical and telephone interviews for an average time of 15.67 ± 3.76 months and 16.49 ± 2.88 months, respectively (P = 0.075). In addition, 138 (77.97%) patients in the ICE group and 77 (75.49%) patients in the TEE group exhibited sinus rhythm (P = 0.636). In total, 14 (7.91%) patients in the ICE group and seven (6.86%) patients in the TEE group underwent repeated catheter ablation. Ischemic stroke was observed in two patients (1.96%) at 12 days and 6 months post-procedure in the TEE group. Unexplained delayed cardiac tamponade occurred in one patient (0.56%) in the ICE group and one patient (0.98%) in the TEE group. Both were treated successfully by pericardiocentesis. No major bleeding or systemic embolism was observed in either group.




TEE follow-up

TEE follow-up was performed in 160/193 (82.90%) patients in the ICE group and 94/89 (86.24%) patients in the TEE group (P = 0.446) at 3 months postoperatively. LAA occlusion was complete in 143 (89.38%) patients in the ICE group and 79 (84.04%) patients in the TEE group (P = 0.216). A total of 11 (6.87%) patients in the ICE group and 10 (10.64%) patients in the TEE group presented with PDL ≤3 mm, whereas six (3.75%) patients in the ICE group and five (5.32%) patients in the TEE group presented with PDL >3 mm and ≤5 mm, respectively. DRT was detected in one patient in the ICE group and one patient in the TEE group due to early discontinuation of OAC (0.63% vs. 1.06%; P > 0.05) and was resolved by prolonged anticoagulation therapy for another 3 months. Iatrogenic atrial septal defects (iASDs) were detected in 44 (27.50%) patients in the ICE group and 23 (24.47%) patients in the TEE group (P = 0.597). Two residual iASDs were detected in six (3.75%) patients in the ICE group and three (3.19%) patients in the TEE group (P > 0.05). There was no significant difference in the mean size of iASDs between the two groups [(3.97 ± 1.62) mm vs. (4.14 ± 1.57) mm; P = 0.735)].



Post-procedural antithrombotic therapy management

OCA was discontinued in 153 patients (95.63%) in the ICE group and 88 patients (93.62%) in the TEE group at 3 months postoperatively and substituted with dual antiplatelet therapy. Thirteen patients remained on OCA for 6 months due to DRT or PDL >3 mm [seven (4.37%) patients in the ICE group and six (6.38%) patients in the TEE group]. Four patients in the ICE group and four patients in the TEE group remained on dual antiplatelet therapy due to coronary stents, whereas 246 of the 254 patients were prescribed aspirin only 6 months postoperatively. Follow-up results are represented in Table 6.


TABLE 6 Follow-up data.

[image: Table 6]




Discussion

The one-stop procedures may be performed in different sequences with catheter ablation (CA) first or LAAC first. The LAAC success rate after CA in the one-stop procedure was very high, which was similar to the success rate of LAAC alone, as reported in the EWOLUTION study (13). The LAAC procedures were all performed after RFCA in our center, and the success rate of LAAC was 100%, whether guided by ICE or TEE. It had been reported that the edematous ridges had a considerable impact on the LAAC procedure performed by different types of occlusion devices (14). For the CA-first procedure, the acute tissue edema induced by RF heating could lead to inappropriate decisions on the size of the device and increase the risk of PDL after the edema subsided. In our study, the thickness of the ridge region was 5.38 ± 2.30 mm in the ICE group and 6.04 ± 2.13 mm in the TEE group. A total of 11 (6.87%) patients in the ICE group and 10 (10.64%) patients in the TEE group presented with residual flow ≤3 mm, whereas 6 (3.75%) patients in the ICE group and 5 (5.32%) patients in the TEE group presented with PDL >3 mm and ≤5 mm, respectively. The incidence of residual PDL was less than that in the observational studies (15, 16), which may be due to the little impact of edematous ridges on the Watchman device implanted in the LAA inner ostium.

TEE performed by a dedicated sonographer is the gold standard to guide LAAC procedure, but it may pose a risk of esophageal injury (17). General anesthesia and endotracheal intubation are necessary to avoid patient motion and discomfort in TEE-guided procedures. ICE-guided “one-stop” procedure was performed under local anesthesia, saving anesthetic time and avoiding delayed recovery of consciousness. In this study, the total “one-stop” turnaround time and LAAC procedure time in the ICE group were significantly shorter than those in the TEE group. ICE instead of TEE also reduced the risk of esophageal injury. As detected in this study, the rates of postoperative esophagus discomfort, nausea, and vomiting were more often seen in the TEE group than those in the ICE group (P < 0.05).

According to “Left atrial appendage interventions for thromboembolism prevention in patients with atrial fibrillation: current knowledge and recommendation (2019)” in China (8), LAAC is not recommended in patients with LVEF < 30% or New York Heart Association class IV that have not been corrected yet. Low LVEF has been reported to be associated with PDL and DRT (18, 19).

Despite the lower CHA2DS2-VASc score, intraprocedural thrombus formation in LAA was more often observed in the TEE group than in the ICE group when ultrasonic examinations were performed before the LAAC procedures. In this study, the proportion of patients presented with LASEC was 43.52% in the ICE group and 37.61% in the TEE group. Impaired systolic function of the LAA was more often presented in these patients. Moreover, the need for preoperative fasting and general anesthesia resulted in intraprocedural hypotension, which increased the risk of intraprocedural thrombus formation in LAA in the TEE group. Some cardiologists have advocated for fluoroscopy-guided LAAC without echocardiography guidance, which appears feasible and safe (20, 21). In another study (22), to shorten the duration of TEE probe placement, TEE was performed at the end of the procedure to confirm the position and residual flow of the occluder device. As mentioned in our results, we believed that echocardiography was necessary to rule out the intraoperative thrombus and reduce the risk of perioperative stroke during the “one-stop” procedures.

Fluoroscopy is typically used to obtain transseptal access to the LA and guide the LAAC procedure. However, radiation exposure, which was considered a silent complication, is harmful to the health of operators and patients. Previous studies have described that radiation exposure could increase the risk of dermatologic injury, musculoskeletal injury, fatal malignancy, and genetic defects (23). The ALARA principle has been promoted to minimize fluoroscopy exposure in electrophysiologic procedures (24). ICE allows high-resolution real-time visualization to provide an ideal transseptal puncture site, monitor the ablation catheter position, and warrant real-time continuous monitoring for potential intraprocedural complications (25, 26). Considering the advantage of ICE, the total fluoroscopy time and fluoroscopy dose in the ICE group were less than those in the TEE group (P = 0.002, P = 0.015) in this study, which was consistent with previous studies (27). Zero-fluoroscopy “one-stop” procedures have become feasible using a combination of ICE and three-dimensional electroanatomical mapping systems (28, 29). Pericardial effusion could be detected by ICE before hemodynamic changes and be intervened with anticoagulation reversal and pericardiocentesis to prevent the occurrence of cardiac tamponade (25). The incidence of pericardial tamponade had no significant difference between the two groups, while the detection by ICE performed by interventional cardiologists was more convenient and timely. ICE has been proven safe and feasible as an alternative to TEE in guiding LAAC procedures in multiple studies (25, 30, 31) to assess the dimensions and shapes of LAA and guide device placement. In this study, LAA dimensions measured by fluoroscopy were best matched with the actual size of the implanted device in both groups. There was no significant difference in matched cases between ICE and fluoroscopy measurements in the ICE group. The ICE catheter delivered into the LA allows close and multi-angle scanning of the LAA, avoiding the limitations of TEE application in patients with cardiac transposition and atrial appendage variations (32, 33).

It has been hypothesized that the increased rate of iASD associated with ICE guidance may be due to the shear stress caused by crossing of the ICE probe into the LA and subsequent manipulation, in addition to the standard crossing of the delivery system (34). In our study, two transseptal punctures were commonly performed in the “one-stop” procedure to avoid interaction with the LAAC sheath and obtain smaller iASD for each. TEE follow-up at 3 months after the procedure showed no significant difference in the incidence or size of iASD between the ICE and TEE groups. No patients suffered from iASD-related consequences.

In a meta-analysis, the main findings were that there was no significant difference in acute procedural success, complications, fluoroscopy time, and total procedure time between TEE vs. ICE-guided LAAC. The study emphasized that it required a certain level of expertise to guarantee a high success rate and few complications (35). In our study, RFCA, LAAC, and ICE were all performed by experienced operators. Other studies have shown similar results to ours. Hemam et al. (5) reported that an ICE-guided WATCHMAN implant was safe, feasible, and comparable in cost to TEE during LAAC with a Watchman device but avoided GA and expedited procedure turnaround. Gianni et al. described that ICE-guided LAAO with Watchman FLX was safe and feasible, with a significant reduction in procedural time and potential reduction in fluoroscopy dose compared to TEE (36).



Limitations

Our study had several limitations. First, this was a single-center observational study that enrolled a limited number of patients. Further long-term, multicenter, and large-sample studies are required to confirm the conclusion. Second, the measurements of LAA dimensions by various modalities were analyzed by different operators, which may confuse the results. Third, the procedures were performed by operators with extensive experience in using ICE and TEE, which may affect the reproducibility of the results. Fourth, patients with low EF < 30% were excluded from the study. Finally, the WATCHMAN device is the only single LAAC device used in our study, and the results of this study cannot be generalized.



Conclusion

The ICE-guided “one-stop” procedure was safe and feasible with less radiation exposure, shorter turnaround time, and fewer complications and intraoperative thrombus formations than TEE. ICE offered accurate measurements in the LAA dimension during LAAC. Echocardiography was necessary during the “one-stop” procedures to rule out the intraoperative thrombus.
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Atrial fibrillation (AF) is the most commonly sustained arrhythmia after pulmonary resection, which has been shown to predict higher hospital morbidity and mortality. The lack of strong evidence-based medical evidence makes doctors have very few options for medications to prevent new-onset AF following thoracic surgery. Magnesium can prevent perioperative AF in patients undergoing cardiac surgery. However, this has not yet been fully studied in patients undergoing non-cardiac thoracic surgery, which is the aim of this study. This is a single-center, prospective, double-blind, randomized controlled trial. In total, 838 eligible patients were randomly assigned to one of two study groups, namely, the control group or the magnesium group. The patients in the magnesium group preoperatively received 80 mg magnesium sulfate/kg ideal weight in 100 ml normal saline 30 min. The control group received the same volumes of normal saline simultaneously. The primary outcome is the incidence of new-onset AF intra-operative and on the first, second, and third postoperative days. The secondary outcomes are bradycardia, hypertension, hypotension, and flushing. The occurrence of stroke or any other type of arrhythmia is also recorded. Postoperative respiratory suppression and gastrointestinal discomfort, intensive care unit stays and total duration of hospital stays, in-hospital mortality, and 3-month all-cause mortality are also recorded as important outcomes. This study aims to prospectively evaluate the prophylactic effects of magnesium sulfate against AF compared with a placebo control group during and following anatomic pulmonary resection. The results may provide reliable evidence for the prophylactic value of magnesium against AF in patients with lung cancer. The trial was approved by the Clinical Research Ethics Committee of Shanghai Pulmonary Hospital and has been registered at

Chinese Clinical Trial Registry: www.chictr.org.cn, identifier: ChiCTR2300068046.
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Introduction

The incidence rate of atrial fibrillation (AF) ranges from 6% to 40% after non-cardiac thoracic surgery, which is known to be the most commonly sustained arrhythmia (1–7). Following thoracic surgery, most AFs are newly diagnosed (8). New-onset AF refers to the first occurrence of AF in an individual with no prior history of diagnosed AF. Perioperative AF is a high-risk factor for short-/long-term stroke after thoracic surgery. It is also strongly associated with higher hospital morbidity and mortality rates in both short term and long term after general thoracic surgery, longer intensive care unit (ICU) stays and hospital stays, and consequent higher resource utilization (6, 8–16).

Older patients are more likely to develop new-onset AF during or after surgery. Older age was consistently reported as an independent preoperative risk factor most strongly associated with AF (17). Aside from preoperative risk factors such as advanced age, a history of peripheral vascular disease, arrhythmias, and heart failure, male sex, resection of lobectomy, pneumonectomy, mediastinal tumor, and esophagectomy are thought to be independent predictors of the occurrence of AF at multivariate analysis (16, 18, 19).

To prevent the high incidence rate of AF, studies should focus on the effectiveness of pharmacologic interventions after thoracic surgery. While most data are from cardiac surgery, it should be noted that data regarding non-cardiac surgery in the field of lung cancer remain very limited (16).

Not many medications can be used to prevent AF. To date, amiodarone seems to be the most efficient prophylactic for AF after thoracic surgery. Amiodarone can control the ventricular rate and maintain the sinus rhythm (16). While it was reported that amiodarone could induce pulmonary toxicity in lung transplantation or right lung resection surgery, this medication is not widely used (20). In fact, we do not routinely use any drug to prevent AF after surgery because of the lack of strong evidence-based medical support. In our hospital, the approximately 20,000 non-cardiac thoracic surgeries every year and the high incidence of new-onset AF compel us to conduct high-quality clinical studies to find better preventive measures to reduce the incidence of perioperative AF in elderly patients.

As one of the most physiological ions, magnesium can stabilize membrane function to preserve cardiac rhythm (21). Using magnesium sulfate to prevent tachyarrhythmias has a long history. Magnesium supplementation is strongly recommended to effectively prevent postoperative AF in patients undergoing cardiac surgery (22). Only two prospective studies explored the role of magnesium sulfate in preventing AF in patients who underwent non-cardiac thoracic surgery. A comparative study by Khalil et al. published in 2013 evaluated the prophylactic effect of amiodarone and magnesium sulfate as antiarrhythmic agents against AF, showing that both amiodarone and magnesium sulfate can effectively prevent the incidence of AF during the intra- and postoperative periods following pulmonary resection surgery compared with the control group (23). The control patients in their research were retrospectively studied, and the average age of the patients in the magnesium sulfate group and the control group was 64.2 ± 3.8 and 63.7 ± 3.1 years, respectively. Since it is well proved that age is the most important factor in the occurrence of AF, our study only included older patients. Another prospective study focusing on patients undergoing non-cardiac thoracic surgery evaluated the possible efficacy of magnesium in preventing AF. It concluded that infusing MgSO4 can effectively and safely reduce the incidence of atrial tachyarrhythmias (2). In this study, digoxin was given to parts of patients in the control group, influencing the results. Another limitation was that they did not stratify different operations, as it is known that the type of operation affects the incidence of AF.

It should be noted that there is a dearth of data indicating the prophylactic medication for AF, which can effectively improve outcomes for non-cardiac thoracic surgery. In addition, many recommendations are extrapolated from the cardiac surgery arena. In this study, we prospectively evaluated the prophylactic effects of magnesium sulfate against new-onset AF compared with a placebo control group during and following anatomic pulmonary resection.



Materials and methods


Ethical approval

The study was conducted according to the principles of the Declaration of Helsinki and national regulations. The Ethics Committee of Shanghai Pulmonary Hospital approved this study protocol (version 1.3, 10 December 2022). To participate in this study before intervention, the patients/participants provided their written informed consent.



Study design

This is a single-center, prospective, double-blind, randomized controlled trial, designed according to the Standard Protocol Items: Recommendations for Intervention Trials (SPIRIT) 2013 statement (24). This trial has been registered at the Chinese Clinical Trial Registry (www.chictr.org.cn, identifier: ChiCTR2300068046). Figure 1 outlines the flow diagram of the protocol. Table 1 outlines the demonstration of enrollment, interventions, and assessment.
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FIGURE 1
Flowchart of the study design. N.S., normal saline.



TABLE 1 Details of the planned schedule.
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Participants

The participants were recruited from Shanghai Pulmonary Hospital. Patients aged 65 years or older hospitalized for anatomic pulmonary resection were asked for informed consent first and then screened according to the inclusion and exclusion criteria.



Inclusion criteria


	(1)Age ≥65 years;

	(2)Patients who are scheduled for anatomic pulmonary resection;

	(3)Patients who have American Society of Anesthesiologists (ASA) class I, Ⅱ, or Ⅲ at admission;

	(4)Patients who have already signed the informed consent form.





Exclusion criteria


	(1)Abnormal renal function;

	(2)Patients who have arrhythmia within the last 6 months or are currently taking any antiarrhythmic properties;

	(3)Patients with valvular diseases or myocardial diseases;

	(4)Hypermagnesemia (magnesium >1.25 mmol/L);

	(5)Allergy to magnesium;

	(6)FEV1 (forced expiratory volume in first second) ≤1 L;

	(7)Patients who are scheduled to have bilateral lung surgery;

	(8)Patients who had thoracic surgery before;

	(9)Patients who dropped out or were discharged during the study period.





Sample size

In accordance with the incidence of AF from the previous study, the postoperative AF rates were 12.5% and 20.5%, respectively, in the magnesium and control groups (23). The type-Ⅰ error rate (α) was set at 0.05, and the type-Ⅱ error rate was set at 0.2. The sample size was calculated using software PASS 21: Proportions-Two Independence Proportions-Tests for Two Proportions. The sample size of each group was estimated to be 335. Considering a 20% drop-off rate, the sample size should be 419 in each group. Finally, a total of 838 subjects were recruited in this prospective study.



Randomization, allocation concealment, and blinding

After informed consent was received, participants were randomized to the magnesium and control groups at a 1:1 ratio. An independent, blinded statistician generated a random allocation sequence using a research randomizer (http://www.randomizer.org). Randomization was based on preallocated block sizes and stratified by gender; the block size was set to four. Sequentially numbered envelopes, which were opaque and sealed, were used to achieve allocation concealment. The anesthesiologists, participants, and statisticians were blinded to the allocation, which was maintained until the completion of the final analyses. A nurse was in charge of the drug preparation and infusion. The anesthesiologists and surgeons involved in the assessment did not allocate the subjects.



Intervention

A clinical evaluation was conducted before surgery. According to our institutional protocol, the patients received standard perioperative care. A central line was started (usually the right internal jugular vein) for all patients after monitoring pulse oximetry (SpO2), non-invasive blood pressure (BP), and a 5-lead electrocardiogram (ECG) scan. The patient's serum magnesium levels were well monitored before the surgery, 30 min after the start of the surgery, and on the first day after the surgery.

The induction of general anesthesia was performed using standard techniques, including dezocine 5 mg, midazolam 5 mg, fentanyl 0.5–1 μg/kg, propofol 1–2 mg/kg, and rocuronium 1 mg/kg. One-lung ventilation was achieved by inserting a visible double-lumen tube.

Anesthesia was maintained via continuous intravenous boluses of 4–12 mg/kg/h propofol and 5–10 μg/kg/h remifentanil with a 60% oxygen/air mixture. A single shot of 20 mg rocuronium was given when required. Serial blood gas analysis, urine output, and capnography were used to monitor acid–base balance, electrolytes, oxygenation, and ventilation. The tidal volume and respiratory frequency were set at 5–6 ml/kg and 12–14 breaths/min, respectively. In contrast, the tidal volume was adjusted to maintain the end-tidal carbon dioxide tension (PETCO2) at 40 ± 5 mmHg.

Before the start of the operation, patients were randomly allocated to one of the two groups consisting of 419 patients each, using sealed envelopes. The patients in the magnesium group received 80 mg magnesium sulfate/kg ideal weight in 100 ml normal saline 30 min before surgery, while the control group received an equivalent volume of normal saline for the same duration.

After extubation, all patients were transferred to the postanesthesia care unit and monitored for 1 hour. During the hospital stay, the patients were monitored in the surgical ward until discharge. The heart rate, blood pressure, ECG scan, and other routine hemodynamic monitors were used to detect AF.

Continuous 48-h ECG telemetry and oxygen saturation monitoring was performed on patients during the first 2 days after surgery. An anesthesiologist or surgeon diagnosed AF according to the definition in the 2014 Annual Meeting of the American Association for Thoracic Surgery (AATS) guidelines for the prevention and management of perioperative AF and flutter for thoracic surgical procedures (16). The presence of characteristic ECG features was recorded if AF lasted for at least 30 s (15). The anesthetic, fluid volume, and infusion speed were adjusted to maintain stable hemodynamics.



Outcomes

The primary outcome is the incidence of new-onset AF intra-operatively and on the first, second, and third postoperative days. Bradycardia (<40/min), hypertension (>20% baseline), hypotension (<20% baseline), and flushing were recorded as secondary outcomes. The occurrence of stroke or any other type of arrhythmia is also recorded during hospitalization. Postoperative respiratory suppression and gastrointestinal discomfort, ICU stays and total durations of hospital stays, in-hospital mortality, and 3-month all-cause mortality were also recorded as important outcomes. Within 3 months after discharge, an event was recorded if a patient experienced a stroke or visited any medical institution for arrhythmia.



Data management

Based on the case-reported forms (CRFs), an EpiData database was established. Two independent researchers timely and accurately filled in the CRFs and databases back-to-back. The study supervisor should supervise the conduct of the trial, which was performed every 3 months. If necessary, the chief investigator will make the datasets available upon reasonable request.



Data analysis

All statistical analyses were performed using Statistical Product and Service Solutions (SPSS) 26.0 (IBM SPSS Inc., Chicago, IL, USA) statistical software. P < 0.05 (two-sided) was considered statistically significant. The data were collected using the χ2 or Fisher's exact test as appropriate and expressed as frequency with percentage (N, %) for categorical variables. Normally distributed quantitative data were evaluated using independent Student's t-test and expressed as the mean ± standard deviation (SD). Non-normally distributed quantitative data were determined using the Wilcoxon signed-rank test or Mann–Whitney U-test and expressed as median with interquartile range (IQR).




Discussion

Atrial tachyarrhythmias have a particularly high incidence rate in thoracic surgery; most arrhythmias are AF. More than 75% of postoperative AFs occurred within the third day of the operation (2). Approximately 33% of AFs occurred on the second postoperative day (16, 25, 26).

Data on pharmacological prophylactic against new-onset AF in patients undergoing general thoracic surgery are mainly dependent on cardiac surgery. In addition, despite the high incidence rate of perioperative AF, drugs are not widely used to prevent AF peri-operation in non-cardiac thoracic surgery.

White and Hartzell proposed that altering Mg2+ could profoundly affect cardiac physiology. Autonomic control of the heart is dependent upon Mg2+ in numerous ways: binding of neurotransmitters to their receptors, coupling of receptors to adenylate cyclase, activation of G-proteins and adenylate cyclase, activation of proteins by Mg2+-dependent phosphotransferases, rectification of various types of K+ channels, activity of phosphorylated Ca2+ channels, voltage-dependent inactivation of Ca2+ channels, and optimal activity of mechanisms which maintain [Ca2+]i at resting levels (27). Administrating intravenous magnesium to patients with normal serum electrolyte levels caused a significant decrease in sinus node and atrioventricular (AV) node functions. Therefore, magnesium might be useful in treating arrhythmias whose mechanism depends on the participation of the sinoatrial or AV node such as supraventricular arrhythmias (28, 29).

The perioperative parenteral infusion of magnesium has been proven safe in patients with normal renal function, even at high dosages (30). Many studies have investigated the efficacy of magnesium in preventing AF after cardiac surgery. A review including 21 studies and a total of 2,988 participants demonstrated a significant reduction of postoperative AF and supraventricular tachycardia after magnesium treatment without significant side effects (31). By now, only two controlled studies evaluated the prophylactic effects of magnesium during and following non-cardiac thoracic surgeries (2, 23). One study published in 1996 by Terzi et al. reported that MgSO4 infusion was effective and safe for the reduction of postthoracotomy atrial tachyarrhythmias. They excluded video-assisted thoracic surgeries (VATS), while most thoracic surgeries in our hospital are VATS. Another limitation was that, in cases of pneumonectomy or intrapericardial procedure, the older patients (over 70 years old) in the control group received digoxin (0.5 mg) after surgery starting on the day of the operation. However, large randomized clinical trials have clearly proved and demonstrated that taking digoxin in advance does not prevent perioperative AF. In fact, in patients undergoing all types of thoracic surgery, it may increase the incidence of AF (16, 32–34). In addition, they also did not stratify different types of operations, as we know that lobectomy and esophageal resections are risk factors for perioperative AF, and it may result in bias. The other comparative study was unblinded, and the control group patients were studied retrospectively. As the author said, conducting a placebo-controlled, double-blinded prospective study is better.

This is a study protocol for a single-center, randomized, placebo-controlled, double-blind prospective clinical trial. The work aims to study the efficacy and safety of magnesium sulfate in preventing AF in elderly patients undergoing non-cardiac thoracic surgeries. The results will provide reliable evidence for the prophylactic value of magnesium in lung cancer patients.
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Background: Increasing age is a significant risk factor for atrial fibrillation (AF) recurrence after catheter ablation (CA). We accomplished this study to evaluate the efficacy and safety of the vein of Marshall (VOM) ethanol infusion (VOM-EI) with CA in elderly patients with persistent AF (PsAF).



Methods: This retrospective observational study included 360 consecutive adult patients with PsAF, of which 141 were in the Elder group (age ≥65 years) and 219 were in the Younger group (age <65 years), who underwent the VOM-EI and radiofrequency CA (RFCA) between May 2020 and April 2022. The efficacy endpoint was no recurrence of AF within one year after CA.



Results: The VOM-EI was successfully performed in 90.8% of patients from the Elder and 88.6% from the Younger group. All patients achieved PVI; 97.9% of patients from the Elder and 98.6% from the Younger group reached LA roof block, and 93.6% of patients from the Elder and 95.9% from the Younger group achieved MI block. There was no significant difference in 1-year survival without recurrence of AF between the two groups (83.0% and 84.5%, respectively). The incidence of complications within 30 days after the procedure from the two groups was low and did not differ significantly.



Conclusion: The VOM-EI combined with RFCA proved to be an effective and safe strategy for treating PsAF in elderly and younger patients.
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1. Introduction

Atrial fibrillation (AF) is a common tachyarrhythmia in elderly patients, increasing the risk of heart failure and stroke (1). Catheter ablation (CA) has become the most effective strategy for treating AF (2). Current guidelines recommend CA for patients with symptomatic paroxysmal AF or persistent AF (PsAF) refractory to antiarrhythmic drugs (AADs) (3). Pulmonary vein isolation (PVI) can achieve satisfactory clinical results for paroxysmal AF. However, PVI alone is associated with suboptimal outcomes for PsAF, and more expansive ablation is advocated (4–7). Linear and complex fractionated atrial electrogram (CFAE) ablation are widely recommended strategies for atrial substrate modification beyond PVI for treating PsAF (8–10). However, the benefits of adjunctive ablation remain to be determined (11–14). The vein of Marshall (VOM) contains arrhythmogenic foci, myocardial connections, and innervation that can be ablated by ethanol infusion, making it an ideal target in the CA of AF (15). The VOM ethanol infusion (VOM-EI) combined with CA has proven to improve the success rate of CA for PsAF (16, 17). However, increasing age is a significant risk factor for AF recurrence after CA. This retrospective observational study evaluated the efficacy and safety of the VOM-EI with CA in elderly patients with PsAF.



2. Materials and methods


2.1. Study population

This retrospective observational study included consecutive adult patients with PsAF who underwent the VOM-EI and radiofrequency CA (RFCA) between May 2020 and April 2022. We defined the PsAF as constant episodes of AF beyond seven days and an attack terminated after seven days by cardioversion. Long-standing PsAF was defined as continuous episodes of AF beyond one year when a rhythm control strategy was decided (3). Both PsAF and long-standing PsAF were included in this study. We excluded patients with valvular AF and a history of previous ablation for AF. According to the age of the patients, they were divided into the Elder group (age ≥ 65 years) and the Younger group (age <65 years). The study was approved by the Ethics Committee of Wuhan Asian Heart Hospital (No.2023-B021).



2.2. Ablation strategies

The VOM-EI was the initial procedure, followed by RFCA. Circumferential pulmonary vein antrum (CPVA) ablation for achieving PVI and then linear ablation of the left atrium (LA) roof and the mitral isthmus (MI) was performed. If the patient had a history of typical atrial flutter episodes, the cavotricuspid isthmus (CTI) ablation was performed. Activation mapping guided ablation was performed if atrial tachycardia (AT) occurred during the procedure. If AF continued after the above procedures, direct-current cardioversion was performed. PVI and bidirectional block of the ablation line were verified in sinus rhythm. If MI was not blocked, coronary sinus (CS) vein ablation was performed. Complex fractionated atrial electrogram (CFAE) ablation and (or) posterior wall isolation (PWI) were performed at the operator's discretion. The endpoint of ablation was the termination of AF.



2.3. Periprocedural management

All patients underwent transesophageal echocardiography immediately before the procedure to exclude thrombus in the LA. Amiodarone was discontinued for at least two weeks, and other AADs for at least five half-lives.



2.4. The VOM-EI process

All patients underwent general anesthesia, and the bispectral index monitored the level of sedation and state of consciousness. Intravenous heparin maintained an active coagulation time of 300–350 s during the procedure. A typical protocol of the VOM-EI has been described previously (18); the primary process was:


	2.4.1A 6F JR 3.5 guiding catheter was advanced to the CS vein, and CS vein angiography showed VOM (Figure 1A).

	2.4.2The guiding catheter was advanced close to the proximal end of the VOM, then gently ran a guidewire to the distal end of the VOM (Figure 1B).

	2.4.3Approximately 3–6 ml of anhydrous ethanol was slowly injected into the distal end of the VOM through a dilated balloon catheter (Figure 1C).

	2.4.4Another 3–6 ml of anhydrous ethanol was slowly injected after the withdrawal of the balloon catheter to the proximal end of the VOM (Figure 1D).

	2.4.5When VOM angiography was performed, the ethanol-infused myocardium was stained with contrast agents (Figures 1C,D).




[image: Figure 1]
FIGURE 1
The primary process of the VOM-EI procedure in 30° right anterior oblique views. (A) CS vein angiography showed VOM (Arrow indicates the VOM). (B) A guidewire was advanced to the distal end of the VOM (Arrow indicates the guidewire). (C) After the balloon was dilated at the distal end of the VOM and injected with anhydrous ethanol, local myocardial staining was observed (Arrow indicates the dilated balloon at the distal end of the VOM and the myocardium stained with a contrast agent, respectively). (D) After the balloon was dilated at the proximal end of the VOM and injected with anhydrous ethanol, local myocardial staining was observed (Arrow indicates the dilated balloon at the proximal end of the VOM and the myocardium stained with a contrast agent, respectively).




2.5. RFCA procedure

A high-density mapping catheter (Pentaray, Biosense Webster, Diamond Bar, CA, USA) was used to obtain an LA three-dimensional electroanatomical map. RFCA was performed using a thermocool ST SF uni-directional navigation catheter (Biosense Webster, Ciudad Juarez, Chihuahua, Mexico) at a power control mode (power 45W; saline flow rate 15 ml/min; temperature 43°C). CPVA and additional linear ablation were performed using an ablation index (AI)-guided technique (19). The target AI was: anterior wall 400–450; posterior wall 350; roof line 400; MI line 500; CTI line 450. CPVA ablation was accomplished per the “CLOSE” protocol, and PVI was established by the entrance and exit block (20). The LA roof line was created by point-to-point ablation connecting the lesions of the superior pulmonary veins. The conduction block was established by a shorter activation time at the lower than at the upper posterior wall of the LA during pacing at the LA appendage (21). Linear ablation of the posterior MI was accomplished according to procedures described in detail previously, and the bidirectional block was confirmed by differential pacing (22). Point-to-point ablation along the CTI from the ventricle to the atrium was conducted to complete the CTI line, and the bidirectional block was confirmed using a simplified differential pacing technique (23). The ablation within the CS vein was performed using a point-to-point course, with a power of 25W, a saline flow rate of 15 ml/min, and a target temperature of 43°C (24). We defined the CFAEs as continuous electrograms with a mean cycle length of less than 120 ms and conducted the ablation to eliminate all the areas identified with CFAEs altogether (25). Based on the LA roof line created previously, point-to-point ablation was performed to connect the lesions of the inferior pulmonary veins, thus achieving PWI. The exit block confirmed PWI as pacing from the posterior wall (26). After bilateral CPVA ablation, linear ablation of the roof and the MI was completed, and a typical LA electroanatomical map was obtained (Figure 2).


[image: Figure 2]
FIGURE 2
A typical LA electroanatomical map after CPVA and linear ablation in posterior-anterior views. The red dots indicate the site of endocardial ablation, and the blue dots indicate the site of CS vein ablation.




2.6. Postprocedure management

A proton pump inhibitor was administered until one month after the procedure to prevent esophageal injury. Anticoagulation therapy continues until at least three months after the procedure, after which it could be discontinued according to the CHA2DS2-VASc score. AADs were recommended for three months after the procedure, after which they could be stopped.



2.7. Follow-up

At recommended time points, including one month, three months, six months, and one year after the procedure, follow up through outpatient or telephone. An electrocardiogram (ECG) or Holter electrocardiogram (HOLTER) should be performed at the time point of follow-up or at any time when suspected arrhythmia-related symptoms occur. We defined the three months after the procedure as a blank period. AADs were preferred for relapse during the blank period, and a redo procedure could be performed for those who were ineffective or intolerant to drug therapy. Recurrence was defined as an episode of AF or AT longer than 30 s after the blank period or a redo procedure due to a recurrence during the blank period.



2.8. Statistical analysis

We represented the categorical variables as percentages and analyzed the data using Fisher exact test. Continuous standard distribution variables were described by mean ± standard deviation (mean ± SD), and Student's t-test was used for data analysis. A Kaplan–Meier curve represented survival without recurrent AF, and the difference between the two groups was assessed using the log-rank p-test. IBM SPSS 26.0 was used for statistical analysis, and p < 0.05 was considered statistically significant.




3. Results


3.1. Baseline characteristics

We enrolled 360 patients in the study, of which 141 were in the Elder group and 219 were in the Younger group. There was a significant age difference between the two groups, with a mean age difference of 15.5 years (69.6 ± 2.8 vs. 54.1 ± 5.6 years, p < 0.0001). The Elder group had fewer males (58.2% vs. 79.0%, p < 0.0001), a higher CHA2DS2-VASc score (2.71 ± 1.0 vs. 1.12 ± 0.9, p < 0.0001), and a higher baseline prevalence of hypertension (63.1% vs. 45.7%, p = 0.002), coronary atherosclerotic heart disease (30.5% vs. 15.1%, p = 0.0006), history of stroke (17.7% vs. 6.8%, p = 0.002). There were no significant differences in body mass index, LA diameter, time from first AF diagnosis, the prevalence of congestive heart failure, diabetes mellitus, and AAD usage between the two groups (Table 1).


TABLE 1 Baseline characteristics.

[image: Table 1]



3.2. Procedural outcome

Procedural data were summarized in Table 2. The VOM-EI procedure was successfully conducted in 90.8% of the Elder and 88.6% of the Younger group. PVI was achieved in all patients, the LA roof block was achieved in 97.9% of the Elder and 98.6% of the Younger group, and the MI block was achieved in 93.6% of the Elder and 95.9% of the Younger group. The two groups were similar in total time of the procedure and the fluoroscopy, procedural and fluoroscopy time of VOM-EI and CPVA, LA roof, and MI ablation time. The successful rate of VOM-EI, PVI, LA roof block, and MI block was similar in the two groups. In addition, the two groups had no significant differences in the rate of CS vein, CTI, CFAE ablation, the rate of PWI, conversion to sinus rhythm, conversion to AT, and cardioversion.


TABLE 2 Procedural outcome.
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3.3. Clinical outcome of one-year follow-up

With no difference, freedom from AF/AT at one year was reached by 83.0% and 84.5% from the Elder and the Younger groups (Figure 3). The percentage of recurrence following the blank period (17.0% vs. 15.5%, p = 0.77), recurrence with AF or AT (12.8% vs. 12.8%, p > 0.9999; 9.2% vs. 5.0%, p = 0.13), the patients who underwent a redo procedure (7.8% vs. 5.0%, p = 0.37), AADs continuation post-procedure (34.0% vs. 33.3%, p = 0.91), and freedom from AF/AT off AADs (56.7% vs. 57.5%, p = 0.91) were similar between the two groups (Table 3).


[image: Figure 3]
FIGURE 3
Survival curve without recurrence of AF one year after the procedure.



TABLE 3 Clinical outcome of one-year follow-up.
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3.4. Complications within 30 days postprocedure

The incidence of complications 30 days after the procedure, including acute cardiac tamponade (0.71% vs. 0.46%, p > 0.9999), pericardial effusion without pericardiocentesis (0.71% vs. 1.83%, p = 0.65), hematoma (one patient in the Elder group), arteriovenous fistula (one patient in the Elder group), and stroke (0.71% vs. 0.91%, p > 0.9999), was not significantly different between the two groups (Table 4).


TABLE 4 Complications within 30 days postprocedure.
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4. Discussion


4.1. Main findings

The VOM-EI procedure was successfully performed in 90.8% of patients from the Elder group and 88.6% from the Younger groups, suggesting its feasibility as an adjunctive strategy for AF ablation. The one-year AF/AT-free survival rate in the Elder and the Younger groups reached 83.0% and 84.5%, respectively, suggesting the efficacy of VOM-EI combined with RFCA for AF. The VOM-EI combined RFCA strategy was associated with a lower complication incidence within 30 days after the procedure, suggesting the safety of the strategy. There was no significant difference in procedure nor clinical outcomes between the two groups, implying that VOM-EI combined with RFCA could become a recommendable strategy for treating AF in elderly patients.



4.2. Feasibility of the VOM-EI with RFCA strategy

The VOM contains triggers and sympathetic and parasympathetic nerves and is, therefore, implicated in the pathogenesis of AF (27). In addition, the anatomical location of VOM is consistent with that of the MI. It plays a crucial role in MI-dependent atrial flutter, the leading cause of ablation failure for AF (28). The VOM can be ablated by ethanol infusion to eliminate triggers for AF and facilitate MI ablation (15). In the VENUS clinical trial, the VOM-EI combined with RFCA improved sinus rhythm maintenance one year after the procedure in patients with PsAF. The VOM-EI procedure needed approximately 42.5 min on average and had an overall success rate of 83.7% (16). In our investigation, 360 patients completed the VOM-EI procedure and needed approximately 22 min on average, with an overall success rate of roughly 90%. In our study, 38 patients did not complete the VOM-EI procedure, 13 from the elder group and 25 from the younger group (9.2% and 11.4% of the total number of included cases, respectively). In these cases, two from the elder group and three from the younger group, the failure was due to the difficulty of introducing the guidewire or balloon to the VOM. The failure of the remaining 33 cases was due to the absence of VOM after repeated CS vein angiography. The VOM-EI procedure in our study required less time and had a higher success rate, suggesting that additional implementation of VOM-EI during catheter ablation for AF is feasible.



4.3. Efficacy of the VOM-EI with RFCA strategy

PVI is an established AF treatment but is inadequate for PsAF (5–7). Earlier studies have suggested that linear and (or) CFAE ablation, in addition to PVI, failed to improve the ablation outcome (11–14). However, the recent EARNEST-PVI trial suggested that PVI plus linear and (or) CFAE ablation was promising to improve clinical efficacy (10). In the trial, 78.3% of patients in the PVI plus linear and (or) CFAE ablation group had no recurrence of AF one year after a single procedure (10). VOM-EI has become an established ablation strategy for AF in recent years (15). The VENUS clinical trial evaluated the efficacy of CA plus VOM-EI in patients with PsAF and achieved a positive result. CA plus the VOM-EI strategy increased freedom from AF recurrence compared to PVI alone one year after a single procedure (49.2% vs. 38%) (16). Disappointingly, both ablation strategies had low success rates. More recently, another clinical retrospective study evaluated the benefit of additional VOM-EI in patients with PsAF. The adjunctive VOM-EI strategy beyond the PVI plus linear ablation improved freedom from AF recurrence compared with PVI plus linear ablation one year after the procedure (87.9% vs. 64.8%). In addition, the VOM-EI strategy was associated with a higher rate of MI block (95.5% vs. 80.8%) (17). In our study, one year after the procedure, freedom from AF recurrence reached 83.0% and 84.5% in the Elder and Younger groups, respectively. Moreover, the success rate of MI block reached 93.6% and 95.9% in the Elder and Younger groups, respectively. These findings suggested that adjunctive VOM-EI could become an effective ablation strategy, and the benefit might be primarily due to its facilitation of MI ablation.



4.4. Safety of the VOM-EI with RFCA strategy

Total complications within 30 days postprocedure were five from the Elder group and seven from the Younger group. Reviewing the ablation procedures concluded that the reason for acute pericardial tamponade in two cases was that the AI far exceeded the target value. Pericardial effusion occurred in five patients and was absorbed by itself after 1–3 days of observation. We speculated that the cause of pericardial effusion may be pericarditis caused by ablation injury. Three strokes were reported in our study, of which two (one in the elder group and one in the younger group) were due to severe cerebral artery stenosis and perioperative blood pressure fluctuation. Another stroke occurred in the younger group due to intraoperative microthromboembolism. Of the three stroke patients, one underwent an emergency interventional thrombectomy procedure, and the other two went into remission with medication. The overall incidence of complications was 3.55% in the Elder group and 3.2% in the Younger group. Both groups had low complication rates, and no deaths related to the procedure occurred. These results suggested that VOM-EI combined with RFCA could be a safe strategy for PsAF in elderly patients.



4.5. VOM-EI with RFCA strategy for elderly patients

Several studies have suggested that the recurrence and complication rates of elderly patients with AF after ablation are similar to those of non-elderly patients (29–31). A recent meta-analysis indicated that recurrence and complication rates after AF ablation were higher in people ≥60 years than those younger than 60, except those aged ≥5 years (32). In these studies evaluating the efficacy and safety of AF ablation in elderly patients, the types of AF included and the different ablation strategies may be the main reasons for the inconsistent conclusions of the studies. The traditional definition of an older adult is ≥65 years old; in recent years, researchers have defined an older adult as ≥75 (33). At our electrophysiology Center, patients with AF ≥ 75 years of age have a low rate of catheter ablation. Therefore, in our study, older patients with AF were still defined by age ≥65. VOM-EI combined with RFCA has been a widely accepted AF ablation strategy in recent years, and its efficacy and safety are still uncertain in the elderly population. In our study, the efficacy and safety of VOM-EI combined with RFCA for treating PsAF were similar in patients ≥65 years compared with those younger than 65. With the aging of the population, more and more patients ≥75 years of age are receiving VOM-EI combined with RFCA as a therapeutic strategy, and its efficacy and safety need to be evaluated in further studies.



4.6. Limitations

There were several limitations in the study. First, this is only a retrospective observational study; Second, we might miss some recurrence of AF due to the lack of continuous ECG recording; Third, due to the limited sample size, the study lacked a separate comparative study for patients over 75 years old. Finally, the study follow-up period was one year, and more extended follow-up periods should be completed.




5. Conclusions

The adjunctive VOM-EI during RFCA for PsAF was associated with above 80% of one-year AF/AT-free survival and above 90% of MI block. In patients ≥65 years of age, one-year freedom from AF and complications incidence showed no difference compared to patients <65. These findings suggested that VOM-EI combined with RFCA could become a recommended strategy for treating PsAF in elderly patients.
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Atrial fibrillation (AF) stands as the most prevalent persistent arrhythmia and a common complication after surgical procedures. Although the majority of non-cardiac surgery patients experience postoperative AF (POAF) and the condition is typically self-limited and asymptomatic, its detrimental impact on patient outcomes, prolonged hospitalization, and heightened risk of stroke and overall mortality has become increasingly evident. Of significant concern, POAF emerges as a noteworthy risk factor for stroke, myocardial infarction, and mortality in comparison to patients with non-surgical atrial fibrillation. Multiple studies have corroborated the association between POAF and an elevated risk of stroke and mortality. The development of postoperative atrial fibrillation is multifactorial, with the inflammatory response being a primary contributor; additionally, factors such as hypovolemia, intraoperative hypotension, anemia, trauma, and pain can trigger POAF. Risk factors for POAF in non-cardiac surgery primarily relate to age, hypertension, obesity, prior cardiac disease, obstructive sleep apnea, and male sex. Prophylactic treatment with β-blockers, amiodarone, or magnesium has demonstrated efficacy, but further trials are warranted, especially in high-risk populations. This review provides an account of the incidence rate, pathophysiology, and prognosis of atrial fibrillation after non-cardiac surgery, elucidates the underlying mechanisms of its occurrence, and explores various preventive strategies investigated in this domain.
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Introduction

Atrial fibrillation (AF) stands as the most prevalent persistent arrhythmia encountered in both clinical practice and as a common complication following surgical interventions. AF assumes the highest frequency among all rhythm disturbances observed in clinical settings (1). Postoperative atrial fibrillation (POAF), delineated as the emergence of new-onset AF within a 30-day timeframe after surgery, is typically identified through the application of electrocardiography (ECG) techniques, encompassing either a single recording or a comprehensive 24-h monitoring session (2). Estimations suggest that the collective magnitude of major surgical procedures performed on a global scale annually exceeds 300 million cases, constituting approximately 5% of the global population. Notably, the substantial majority, around 85%, pertain to non-cardiac surgery (NCS) (3, 4). Moreover, it is worth highlighting that adults aged 65 years or older account for a notable 37% of all inpatient procedures in the United States, and with advancing age, the cardiovascular risk profile elevates accordingly. Furthermore, the data also imply a correlation between increasing age and augmented susceptibility to postoperative complications (5).

Historically, the occurrence of POAF in NCS patients was mistakenly perceived as a relatively benign complication, primarily due to its self-limiting nature and asymptomatic presentation. However, recent investigations have illuminated the detrimental impact of POAF, which encompasses hemodynamic instability, prolonged hospitalization, infectious complications, pulmonary complications, heightened risk of stroke, elevated in-hospital mortality rates, and escalated healthcare expenditures (2, 6–8).

We conducted a comprehensive search in the Medline and PubMed databases, employing a combination of search terms including “postoperative atrial fibrillation,” “atrial fibrillation,” “mechanism,” “pathophysiology,” “incidence,” “risk factors,” “predictors,” “prognosis,” “prevention,” and “non-cardiac surgery.” This search encompassed relevant articles published between 1995 and 2023. Furthermore, we meticulously examined the reference lists of each article to identify additional relevant publications. In the context of this review, our objective was to provide insights into the fundamental pathophysiology, predictive determinants, prognostic implications, and strategies for preventing POAF following non-cardiac surgical procedures.


Incidence

The occurrence of POAF following NCS demonstrates a wide-ranging incidence rate, spanning from 2% to 30%, with a peak manifestation typically observed within 2–4 days postoperatively (9, 10). In a study conducted by Roselli et al., including 608 patients diagnosed with lung cancer, a noteworthy 19% incidence rate of postoperative atrial fibrillation was observed after thoracic surgery (11). In a prospective study including 799 patients afflicted with malignant neoplasms and undergoing NCS, POAF was observed in approximately 10% of the cases (12). Likewise, a retrospective investigation comprising 461 individuals undergoing liver transplantation documented a prevalence rate of POAF at 10.2%. The median onset of POAF occurred approximately 3 days following the transplantation procedure. Notably, among them, patients with POAF exhibited a significantly higher prevalence rate of thromboembolic events than those without POAF (17.0% vs. 3.1%; P < 0.001) (13).

A cohort study comprising 1,210 patients undergoing upper gastrointestinal surgery documented the aggregate prevalence rate of POAF at 8.3%. Furthermore, the incidence of POAF exhibited variability contingent upon the extent of the procedure and the specific site of resection. Notably, the highest incidence rate was displayed by complex esophagectomy at 45.5%, followed by elective thoracoabdominal esophagectomy at 17.1% and total pancreatectomy at 16.7%. In the context of multiple organ resection surgeries, the incidence rate of atrial fibrillation was documented at 12.7%, while extended gastrectomy, gastrectomy, pancreatic head resection, and gastric sleeve or gastric bypass resection yielded incidence rates of 7.6%, 5.2%, 5.0%, and 1.9%, respectively (14).

In a retrospective analysis comprising 1,171 patients undergoing surgical procedures related to the lower gastrointestinal tract, a prevalence rate of 4.8% was observed in the development of POAF. Specifically, patients undergoing bowel resection for mesenteric ischemia exhibited the highest incidence rate at 26.92%, followed by cytoreductive surgery (CRS) in combination with abdominal thermochemotherapy at 16.67%. Conversely, abdominal perineal proctocolectomy/resection showed an incidence rate of 4.4%, while left hemicolectomy/sigmoid colectomy/anterior rectal resection and Hartmann surgery demonstrated a notably lower incidence rate of POAF at 3.83% (15). It is worth noting that the true incidence rate of POAF in patients may be underestimated since the majority of included studies relied on POAF reports from databases rather than utilizing continuous ECG monitoring to capture arrhythmias. The incidence of POAF could exhibit variability contingent upon the methodology or frequency of ECG surveillance. Notably, Higuchi et al. reported that 83% of patients with postoperative AF were asymptomatic (12), further suggesting that a significant proportion of POAF episodes may go unnoticed.



Pathophysiology

The pathogenesis of POAF is intricate and involves a confluence of factors that render the atria susceptible to the initiation and perpetuation of POAF. In the context of cardiac surgery, cardiomyocyte inflammatory signaling plays a pivotal role in the development of POAF, wherein elevated levels of inflammatory markers, including C-reactive protein (CRP), white blood cells (WBCs), and interleukins, are associated with POAF (16, 17). A comparable underlying process may transpire in the setting of non-cardiac surgery. Notably, aside from systemic inflammation, POAF can be incited by local inflammation of structures adjacent to the resection site or even inflammation within the resected pulmonary veins (18). Mechanistically, surgical stress triggers activation of the sympathetic nervous system, thereby augmenting heart rate and catecholamine release, both of which can contribute to the onset of atrial fibrillation. Moreover, various clinical conditions such as hypovolemia, intraoperative hypotension, anemia, trauma, and pain can also influence sympathetic activity and serve as potential triggers for POAF (19).



Risk factors and predictors

Numerous studies have endeavored to identify potential risk factors and predictors associated with POAF following NCS (Table 1).


TABLE 1 Risk factors and predictors associated with POAF following NCS.
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Patient-related factors

Advanced age has consistently emerged as a significant contributor to the development of POAF (20–23). Amar et al. conducted a study revealing a 1.8-fold increased risk of POAF for every 10-year increment in age (17). Similarly, a meta-analysis by Chebbout et al. involving a large cohort of 52,959 patients demonstrated a positive correlation between age and POAF risk in NCS. Notably, a history of cardiac conditions, particularly congestive heart failure and hypertension, exhibited a significant association with POAF in the aforementioned study (2). Yamashita et al., in another meta-analysis, found that among patients who developed POAF, comorbidities such as heart failure, arterial hypertension, chronic obstructive pulmonary disease (COPD), and myocardial infarction substantially elevated the risk compared to unaffected individuals (24). Furthermore, independent predictors of AF recurrence post-discharge included moderate to severe left atrial enlargement and hypertension, as identified through multivariate analysis (25). Additional factors such as male gender, obesity, previous AF episodes, and poor physical status have been consistently linked to an increased risk of POAF (26–28). Moreover, a multicenter prospective cohort study revealed that unrecognized severe obstructive sleep apnea syndrome (OSAS) significantly heightened the risk of postoperative cardiovascular complications, including AF. Conversely, the type of anesthesia and the use of postoperative opioids did not exert a significant influence on postoperative cardiovascular outcomes, as supported by the study findings (29).



Blood volume

Hypovolemia, arising from factors such as fluid loss, anesthesia-induced cardiovascular depression, or sepsis, can result in reduced venous return to the right atrium, leading to diminished cardiac output. This hemodynamic alteration triggers the release of catecholamines and can ultimately provoke the onset of atrial fibrillation. Intraoperative mean arterial pressure below 60–70 mmHg is associated with myocardial injury and mortality. The severity and duration of hypotension are determinants of the aforementioned complications (30, 31). It is worth considering that myocardial ischemia, potentially attributable to blood loss or anemia, can also precipitate arrhythmias. Excessive blood volume results in increased intravascular volume, leading to stretching of the right atrium and subsequently triggering atrial fibrillation (19). In the context of pulmonary surgery, vasoconstriction of the pulmonary veins can induce elevated right ventricular pressure, further contributing to atrial stretching (50). Furthermore, in patients with chronic AF, the pulmonary veins have been identified as a significant source of ectopic beats, which can serve as triggers for recurrent AF episodes (51).



Surgery related factors

POAF is influenced by the surgical approach, with open surgery exhibiting a higher incidence rate than laparoscopic surgery and procedures involving the thoracic region showing a greater propensity for POAF compared to other interventions (2). Perioperative glycemic fluctuations play an independent role as a risk factor for POAF, with pronounced fluctuations being associated with mitochondrial superoxide production, release of inflammatory cytokines, and oxidative damage (32). Red blood cell transfusion has been shown to modulate inflammation by elevating plasma levels of inflammatory markers, thereby increasing the occurrence of postoperative AF (33). A retrospective study identified prolonged mechanical ventilation as an independent risk factor for postoperative arrhythmias, including AF (34). Mechanical ventilation induces changes in intrathoracic pressure, and both intermittent positive-pressure ventilation and positive end-expiratory pressure contribute to elevated right atrial pressure and heightened sympathetic activity, predisposing individuals to POAF (35). The duration of surgery is positively correlated with the incidence of POAF, with longer surgical procedures associated with a higher risk (52).



Anesthesia management

Most investigations on intraoperative risk factors have focused on surgical aspects, with limited studies exploring the influence of intraoperative anesthesia management. General anesthesia has been associated with a higher incidence rate of AF at 1 year postoperatively than conscious sedation (36). In thoracoscopic lung cancer surgery, combined paravertebral nerve block has shown a reduced incidence rate of POAF when compared to general anesthesia (37). Regarding NCS, there is no significant difference in the incidence rates of POAF between volatile anesthetics and general intravenous anesthesia (53). In a multicenter randomized controlled study, volatile anesthetics demonstrated superior myocardial protection in patients undergoing coronary surgery compared to general intravenous anesthesia (54). However, another study focusing on non-cardiac surgery found no significant myocardial protection provided by volatile anesthetics compared to general intravenous anesthesia (55). Additional research is needed to ascertain whether volatile anesthetics offer cardioprotection in non-cardiac surgical settings.



Postoperative complications

Postoperative complications, including sepsis, pneumonia, and pleural effusion, demonstrated a significant association with the occurrence of POAF, while sepsis exhibited a notable correlation with an increased incidence of POAF (2). Notably, postoperative sepsis emerged as an independent predictor of POAF, as demonstrated in the study conducted by Koshy et al. (13). Furthermore, a study revealed that a twofold rise in the postoperative leukocyte count compared to the preoperative count was associated with a 3.3-fold increase in the odds of developing POAF (17).



Drug related factors

Indeed, research has demonstrated an association between elevated postoperative norepinephrine levels, the utilization of vasopressors or positive inotropic agents, and an increased risk of developing POAF. Conversely, the administration of β-blockers for prophylaxis has been shown to reduce the incidence of POAF (38). A retrospective study revealed that isoproterenol anesthesia was associated with a decreased occurrence of new-onset POAF compared to desflurane (56). On the other hand, in a multicenter randomized controlled trial, dexmedetomidine did not significantly impact the incidence of POAF (57). However, another study demonstrated that the intraoperative use of dexmedetomidine led to a reduction in the occurrence of POAF (58), which may be attributed to its antiarrhythmic effects mediated through its sympathetic properties and activation of the vagus nerve.



Natriuretic peptides

Patients with elevated preoperative B-type natriuretic peptide (BNP) measurements are at an increased risk of developing POAF (39). In a prospective study conducted by Cardinale et al. in 2007, the ability of natriuretic peptide to predict POAF was investigated. NT-proBNP levels were measured in patients 24 h before thoracic surgery and 1 h after surgery. It was observed that patients with an increase in this marker had a significantly higher incidence of POAF than those with normal levels. Both preoperative and postoperative NT-proBNP values demonstrated the ability to predict the occurrence of POAF (40). Another study by Matsuura et al. demonstrated that high preoperative NT-proBNP levels predicted the incidence of POAF in patients undergoing non-extracorporeal coronary artery bypass grafting (OPCAB) (41). A meta-analysis conducted by Cai et al. revealed that natriuretic peptides exhibited a sensitivity of 75% and specificity of 80% for predicting POAF, with a positive likelihood ratio of 3.28. Furthermore, NT-proBNP demonstrated superior predictive power compared to BNP, and postoperative assessment showed greater efficacy than preoperative assessment (42). In a prospective study by Szczeklik et al., higher NT-proBNP values were associated with a greater predictive ability for POAF, and preoperative NT-proBNP levels were independently associated with the development of POAF (43). Gurgo et al. demonstrated that patients who developed POAF had more than two times higher preoperative NT-proBNP levels, and elevated preoperative plasma NT-proBNP levels were linked to the development of POAF in patients undergoing major thoracic surgery (44). Overall, NT-proBNP levels may serve as a useful predictor for identifying patients at higher risk of POAF, enabling proactive administration of prophylactic medication.



Echocardiography

Left ventricular mitral early transmitral velocity/mitral annular early diastolic velocity (E/e’) calculated by echocardiography has been proposed as an independent predictor of POAF, as demonstrated in a study by Iwata et al. (45). In addition, a study by Brecher et al. revealed that in non-cardiac surgery (NCS), both echocardiographic indices of diastolic dysfunction and an increase in preoperative BNP were predictive of POAF. However, when assessing these factors together, the preoperative left atrial diastolic volume index and the deceleration time of transmitral flow emerged as independent predictors of POAF, while BNP did not retain its independent predictive value (46). Furthermore, a study by Mita et al. indicated that preoperative biventricular diastolic dysfunction in patients undergoing lung surgery was associated with the development of POAF (47). Furthermore, Oh et al. demonstrated that an elevated preoperative left atrial volume index (LAVI) assessed by echocardiography was significantly associated with the occurrence of POAF in NCS (48). Nevertheless, in the investigation conducted by Ai et al., preoperative echocardiographic variables were found to lack predictive value for the occurrence of POAF in non-cardiac thoracic surgery (49). The ability of echocardiography to predict the incidence of POAF in patients undergoing NCS continues to be a subject of controversy.



Prognosis

Previously, POAF was regarded as a relatively benign condition primarily confined to the postoperative period (59). Consequently, limited attention has been devoted to the prevention and management of POAF by many investigators. However, an expanding body of evidence has underscored the notable recurrence rate and associated complications of POAF. Of particular significance, patients with POAF face an increased risk of stroke, myocardial infarction, and mortality compared to their counterparts without POAF. These findings have prompted a reevaluation of the significance of POAF and have emphasized the importance of proactive measures targeting its prevention and treatment (10, 60).

Recent meta-analyses have also yielded consistent findings: in a comprehensive meta-analysis, patients with POAF exhibited a 62% higher risk of early stroke, a 37% higher risk of long-term stroke (with a long-term stroke rate of 2.4% in POAF patients compared to 0.4% in patients without POAF), and a 44% and 37% higher risk of early and long-term mortality, respectively, when compared with patients without POAF (61). Notably, the risk of stroke or transient ischemic attack (TIA) in patients with POAF was found to be similar to that in patients without surgical atrial fibrillation [with an absolute risk difference (ARD) of 0.1% (95% CI, −2.9% to 3.1%) at 5 years and a hazard ratio (HR) of 1.01 (CI, 0.77–1.32)]. There were no significant differences observed in cardiovascular or all-cause mortality (62). In a study by Koshy et al., patients undergoing non-cardiac surgery were followed for an average of 1.4 years, and it was determined that the risk of stroke associated with POAF was 2.5 times higher than that in patients without POAF (63). Similarly, in the study conducted by Lin et al., POAF was linked to an increased risk of stroke and death, both in the short term and in the long term, in patients undergoing non-cardiac surgery (61). Furthermore, the study by AlTurki et al. revealed a threefold increase in the short-term risk of stroke and a fourfold increase in the long-term risk of stroke and cardiac machine infarction associated with POAF. In addition, POAF was associated with a threefold increase in 30-day all-cause mortality (10). Finally, in a meta-analysis performed by Albini et al., it was demonstrated that POAF was associated with a fourfold increase in the risk of long-term stroke and an approximately 3.6-fold increase in long-term mortality when compared to patients without atrial fibrillation (60).

Lowres et al. performed a comprehensive analysis incorporating systematic review and meta-analysis to explore the frequency of AF recurrence in patients discharged with restored sinus rhythm following their initial episode of POAF. The study revealed a recurrence rate of 28.3% among the patients. Notably, a significant proportion, ranging from 61% to 100%, experienced recurrent AF within 2 years (64). These findings underscore the importance of considering POAF as more than a transient complication following surgery. It highlights the necessity for enhanced and meticulous monitoring of patients to enable early identification of recurrent POAF. Prompt intervention should be initiated to mitigate the risks of stroke and myocardial infarction, ultimately ensuring that a greater number of patients can derive substantial benefits from such proactive management strategies.



Prevention

Considering the implications of POAF in relation to morbidity, mortality, and financial burdens, various preventive strategies designed to diminish its occurrence have been scrutinized. Various pharmaceutical agents have been employed to prevent POAF; nevertheless, the role of pharmacologic prevention remains a subject of controversy (Table 2). The overarching conclusion is that the implementation of preventive measures appears to yield beneficial outcomes. It is crucial to acknowledge that the efficacy of the various studied preventive approaches is not uniform.


TABLE 2 Common pharmaceuticals to prevent POAF.
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Beta-blockers

Among these agents, metoprolol, a β-blocker, has been extensively studied and is considered one of the primary interventions for preventing POAF. Preoperative administration of β-blockers has demonstrated efficacy in reducing the incidence of POAF (65–68). This was supported by a meta-analysis conducted by Zhao et al., focusing on patients undergoing general thoracic surgery, which confirmed the superior preventive benefits of β-blockers in this setting (69). The findings were also corroborated by another meta-analysis by Wang et al. (70). In specific high-risk patients undergoing NCS, the use of perioperative low-dose bisoprolol patches proved effective in preventing POAF (71). Although β-blockers showed no significant impact on respiratory complications or hypotension, it is important to note that they may potentially increase the risk of bradycardia (72). While this observation implies that preoperative metoprolol administration may deter the onset of POAF, it is crucial to avoid isolating these findings. It is essential to recognize that this intervention is associated with an elevated risk of mortality and stroke.



Amiodarone

In a systematic review and meta-analysis, amiodarone emerged as the most efficacious agent for preventing POAF in lung surgery, demonstrating a remarkable reduction in AF incidence rate from 39.2% to 8.3% without significant adverse effects (73). The effectiveness and safety of amiodarone in preventing POAF during lung surgery have been extensively documented in a study by Riber et al. (74). Riber et al. conducted two separate investigations involving lung cancer patients undergoing thoracic surgery, both revealing significant reductions in POAF incidence with amiodarone usage, although hospitalization time and costs were not significantly affected (75, 76). Another meta-analysis indicated that amiodarone (administered orally or intravenously) was as effective as β-blockers in reducing POAF (77), while the combination of both agents yielded even more favorable outcomes than β-blockers alone (78). However, the safety of prophylactic amiodarone remains a matter of controversy. Lower cumulative doses of amiodarone (<3,000 mg) demonstrated efficacy with fewer adverse events (75, 79, 80). A retrospective study by Tisdale et al. found that although amiodarone significantly reduced the incidence of POAF, it did not impact the length of hospitalization while potentially leading to hypotension, bradycardia, and prolongation of the corrected QT interval (81). This highlights potential side effects associated with amiodarone usage for POAF prevention, prompting cautious consideration, and it is therefore recommended primarily for high-risk patient populations.



Magnesium

Plasma electrolyte calibration represents a promising preventive approach for POAF, with particular attention given to magnesium as a subject of investigation. Preoperative prophylaxis using magnesium sulfate has been shown to effectively reduce the risk of POAF following pneumonectomy (74). In a comparative trial between amiodarone, control, and magnesium groups, magnesium was found to be less effective than amiodarone but exhibited better tolerability (POAF incidence rate of 20.5% in the control group, 10% in the amiodarone group, and 12.5% in the magnesium group) (82). Two separate meta-analyses further confirmed magnesium's efficacy in reducing POAF incidence after cardiac surgery (83, 84). As for its potential to prevent POAF after non-cardiothoracic surgery, we refer to the study conducted by Terzi et al. in 1996, which demonstrated that magnesium infusion successfully decreased the incidence of POAF in such cases (85). Subsequent studies have similarly supported these findings (86, 87).



Calcium channel blockers

Preoperative administration of calcium channel blockers has been identified as an effective prophylactic strategy in reducing the risk of POAF following pulmonary resection (74) without concomitantly increasing the likelihood of respiratory complications, hypotension, or bradycardia (72). In a study conducted by Van Mieghem et al., verapamil demonstrated superiority over placebo in decreasing the incidence of POAF after pulmonary surgery; however, it also induced bradycardia and hypotension in a significant number of patients (88). Nevertheless, there exist several studies with conflicting outcomes; for instance, diltiazem prophylaxis did not exhibit efficacy in reducing the occurrence of POAF after thoracoscopic lobectomy (89, 90). Furthermore, a recent investigation by Hochreiter et al. revealed that diltiazem prophylaxis failed to reduce the incidence of POAF after thoracoabdominal esophagectomy and instead led to increased occurrences of bradycardia and norepinephrine requirements (91). Moreover, calcium channel blockers were found to elevate the risk of bradycardia and hypotension, as documented in a study by Riber et al. (74).



Statins

Statins possess anti-inflammatory and antioxidant properties, which make them potential agents for reducing the incidence of POAF (72). A meta-analysis conducted by Oesterle et al. provided evidence that statin prophylaxis effectively reduces the occurrence of POAF in non-cardiac surgeries, with a relatively low overall risk of short-term adverse events (72). Similarly, in a retrospective study involving 370,447 patients who underwent non-cardiac surgeries, Bhave et al. found that statin prophylaxis was associated with a decreased incidence of POAF (92). These findings were further supported by a meta-analysis carried out by Ma et al. (93). In a study involving patients undergoing pneumonectomy conducted by Amar et al., atorvastatin-treated patients demonstrated a trend toward reduced POAF and other postoperative complications, although the results did not reach statistical significance (94).



Anesthesia management

In a study conducted by Komatsu et al., it was observed that the use of epidural analgesia did not yield a statistically significant reduction in the incidence of POAF compared to general anesthesia during pulmonary resection. However, patients receiving epidural analgesia tended to experience fewer postoperative cardiovascular complications (95). Similarly, in patients undergoing major abdominal surgery with a history of myocardial injury, thoracic segment epidural analgesia was found to reduce the occurrence of arrhythmias, including AF (96). Intraoperative measures aimed at avoiding electrolyte imbalances, hypovolemia, hypotension, anemia, and pain may contribute to the prevention of POAF.

Additional investigations are warranted to ascertain the optimal and efficacious strategies for preventing AF following NCS. Furthermore, there is a need to identify the patient subgroups most likely to derive substantial benefits from AF preventive measures.




Conclusions

POAF represents a prevalent complication in non-cardiac surgeries, and this article provides a concise analysis of its incidence, pathophysiology, mechanisms, prognosis, prediction, and prevention. For patients at elevated risk of POAF, meticulous electrocardiogram monitoring is imperative for early detection. Anesthesiologists should exercise particular vigilance when dealing with the elderly, obese, or those with preoperative comorbidities like cardiovascular disease, COPD, and OSAS, especially male patients. Cautionary attention is warranted for patients with high intraoperative blood transfusions and significant blood glucose fluctuations, necessitating vigilant anesthesia management. Perioperative risk factors, including serum potassium, serum magnesium, cardiac ultrasound, and inflammatory factors, should be closely monitored, and proactive measures should be taken to prevent POAF in patients with critical values.

The delineation of POAF risk factors is becoming clearer, and prophylactic treatments show promise in reducing its incidence. Future investigations should evaluate comprehensive treatment approaches for POAF in high-risk patients, tailoring interventions to individual patients, and reducing the overall occurrence of POAF to mitigate long-term complications. Moreover, the effects of certain medications on POAF remain uncertain, necessitating further exploration into their impact, optimal dosages, and administration methods.


Limitations

It is essential to acknowledge the limitations of this study. The presence of publication bias might have impacted the inclinations of the conclusions presented in this paper. In addition, an in-depth exploration of individual patient attributes, encompassing elements like genetics and comorbidities, which contribute to the predisposition to POAF, was not sufficiently detailed and should be subject to more comprehensive examination in future research endeavors.
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Typical atrial flutter commonly occurs in patients with atrial fibrillation (AF). Limited information exists regarding the effects of concurrent atrial flutter on the long-term outcomes of rhythm control. This study investigated the association between concurrent typical atrial flutter and cavotricuspid isthmus (CTI) ablation and the recurrence of atrial arrhythmia. The data were obtained from a multicenter registry of cryoballoon ablation for AF (n = 2,689). Patients who were screened for typical atrial flutter were included in the analysis (n = 1,907). All the patients with typical atrial flutter underwent CTI ablation. The primary endpoint was the late recurrence of atrial arrhythmia, including AF, atrial flutter, and atrial tachycardia. Among the 1,907 patients, typical atrial flutter was detected in 493 patients (25.9%). Patients with concurrent atrial flutter had a lower incidence of persistent AF and a smaller size of the left atrium. Patients with atrial flutter had a significantly lower recurrence rate of atrial arrhythmia (19.7% vs. 29.9%, p < 0.001). In patients with atrial flutter, the recurrence rate of atrial tachycardia or atrial flutter was more frequent (7.3% vs. 4.7%, p = 0.028), but the recurrence rate of AF was significantly lower (17.0% vs. 29.4%, p < 0.001). Atrial flutter has been identified as an independent predictor of the primary endpoint (adjusted hazard ratio, 0.704; 95% confidence interval, 0.548–0.906; p = 0.006). Typical atrial flutter in patients with AF may serve as a positive marker of the recurrence of atrial arrhythmia, and performing CTI ablation in this population is associated with a reduced likelihood of AF recurrence. Performing routine screening and ablation procedures for coexisting atrial flutter may improve the clinical outcomes of AF.


KEYWORDS
cryoballoon ablation, cavotricuspid isthmus, atrial fibrillation, atrial flutter, radiofrequency ablation





1. Introduction

Catheter ablation is the standard treatment strategy for symptomatic drug-refractory paroxysmal atrial fibrillation (AF). Pulmonary vein isolation (PVI) is most commonly achieved using radiofrequency catheter ablation (RFCA) (1). Cryoballoon ablation is an established technique for PVI in paroxysmal AF and is associated with superior outcomes for AF recurrence compared with antiarrhythmic drugs and non-inferior outcomes compared with RFCA (2, 3).

Typical atrial flutter is the most common form of macro-reentry atrial flutter and involves the cavotricuspid isthmus (CTI) (1). Typical atrial flutter commonly coexists with AF and is known to share a pathological process. Although previous studies have reported that PVI can significantly reduce the clinical recurrence of atrial arrhythmia in patients with AF and concurrent atrial flutter, subsequent studies have revealed that additional CTI ablation improves clinical outcomes by significantly reducing the recurrence of atrial flutter (4, 5). Therefore, linear ablation of the CTI is indicated in patients with concurrent atrial flutter (1). However, the association of concurrent typical atrial flutter and ablation with AF recurrence has not been established. In addition, although cryoballoon ablation is widely used as an initial ablation strategy for AF, it is not suitable for the ablation of typical atrial flutter. Consequently, CTI ablation using radiofrequency energy during cryoablation requires an additional catheter and system, resulting in a significant increase in costs and procedure duration (6). Accordingly, the typical clinical atrial flutter may be neglected in patients undergoing cryoballoon ablation for AF. Therefore, based on a multicenter cryoballoon ablation registry, we investigated the association between concurrent typical atrial flutter and CTI ablation and the recurrence of atrial arrhythmia.



2. Materials and methods


2.1. Study population

The data were obtained from a multicenter, retrospective, observational cohort of cryoballoon ablation in South Korea. Twelve tertiary centers capable of cryoballoon ablation for AF were included in the registry. Cryoballoon ablation was eligible for patients who had been diagnosed with AF based on 12-lead electrocardiography (ECG) and met the following criteria: (i) documented drug-refractory AF after a minimum of 6 weeks of treatment with standard-dose antiarrhythmic drugs or (ii) were unable to continue medication due to side effects, sick sinus syndrome, or bradycardia. Typical atrial flutter was diagnosed if the ECG resembled a counterclockwise atrial flutter (negative flutter wave at the inferior leads and positive flutter wave at v1) or clockwise atrial flutter (positive flutter wave at the inferior leads and negative flutter wave at v1). In cases where the flutter wave was not clear on the clinical ECG (i.e., Holter ECG), an attempt was made to induce typical atrial flutter with repeated rapid atrial pacing until a cycle length of 200 ms was achieved. Patients who underwent cryoballoon ablation for drug-refractory AF were included in the registry (n = 2,689). Patients who were screened for the presence of typical atrial flutter using (i) clinical ECG (12-lead ECG, or Holter ECG) and (ii) induced atrial flutter during the electrophysiologic study were included for further analysis (n = 1,907). This study complied with the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of each hospital.



2.2. Procedure for cryoballoon and radiofrequency ablation

A transseptal puncture was performed to gain access to the left atrium, and a 15-Fr deflectable sheath (FlexCath, Medtronic) was advanced through the left atrium. A circular mapping catheter (Achieve; Medtronic) was used to record pulmonary vein potentials. Cryoenergy was delivered using a 28- or 23-mm balloon (second-generation Arctic Front Advance, Medtronic). The cryoballoon ablation procedure generally conformed to the practice guidelines for cryoballoon ablation in AF, and detailed approaches and dosing regimens, such as cryoenergy delivery time, fluoroscopic or intracardiac echocardiographic guidance for balloon positioning and occlusion, use of general anesthesia, and post-ablation testing, were applied at the operator's discretion (7).

After PVI, CTI ablation was performed in all patients with a typical atrial flutter. CTI ablation was not indicated in patients without documented or induced typical atrial flutter. When indicated, a linear lesion was created along the CTI image using a radiofrequency catheter under fluoroscopic guidance. The radiofrequency energy was set between 25 to 40 W during ablation, and an open-irrigated catheter was used. The choice of ablation catheter and settings were based on the operator's discretion. The CTI ablation was considered successful when a bidirectional block was demonstrated using differential pacing.



2.3. Follow-up and outcome measurement

The data on AF-related clinical variables were obtained, including demographic factors, medical history, clinical characteristics, and procedure-related variables. Complications were recorded during and after the procedures. Patients visited the clinic within 1–2 weeks after discharge and underwent regular follow-up appointments every 3–6 months, during which a 12-lead ECG was performed. A routine screening for AF recurrence with ambulatory ECG monitoring (Holter or patch ECG monitoring) was performed according to the guideline recommendations, and the time interval and type of ambulatory ECG monitoring were chosen according to the physician's discretion (1). If there was no evidence of recurrence following the cryoballoon ablation procedure, the antiarrhythmic medication was withdrawn during the follow-up period, and the timing of drug withdrawal was determined at the physician's discretion. The primary endpoint was defined as the late recurrence of atrial arrhythmia, including AF, atrial flutter, and atrial tachycardia, 90 days after the blanking period. The secondary endpoints included the following: (1) early recurrence of atrial arrhythmia during the blanking period, (2) late recurrence of AF, (3) late recurrence of atrial flutter or atrial tachycardia, (4) acute complications, and (5) major adverse cardiovascular events related to the procedure.



2.4. Statistical analysis

The categorical variables are described as numbers and percentages, and continuous variables are described as means and standard deviations. Student's t-test, Mann–Whitney U, chi-square, or Fisher's exact tests were used to compare variables, as indicated. Kaplan–Meier analysis and log-rank tests were used to assess time-dependent variables. Univariable and multivariable Cox proportional hazards models were used to adjust for covariates. To reduce selection bias, propensity score (PS) matching analysis was conducted to compare patients with and without atrial flutter. For PS matching analysis, the likelihood of atrial flutter was quantified using a multivariable logistic regression model. All previously specified baseline characteristics were included in the model (age, sex, body mass index, creatinine level, duration of AF, persistent AF, heart failure, hypertension, diabetes mellitus, previous stroke or transient ischemic attack, previous myocardial infarction, coronary artery disease, peripheral artery disease, chronic kidney disease, mitral valve disease, sick sinus syndrome, hypertrophic cardiomyopathy, implantable cardioverter defibrillator implant, pacemaker implant, CHA2DS2-VASc score, left atrial diameter, and left ventricular ejection fraction). After calculating the expected probabilities, we matched each patient in the atrial flutter group with those without atrial flutter at a 1:1 ratio using the nearest neighbor method with a caliper width of 0.2 of the standard deviation of the logit PS. PS matching resulted in 370 patients in the atrial flutter group and in those without atrial flutter. All variables used for PS matching were well-balanced (Supplementary Material Figure S1). All statistical analyses and model development were performed using the SPSS software (version 26; SPSS Inc., Chicago, IL, USA) and R Statistical software (version 4.2.3; R Foundation for Statistical Computing, Vienna, Austria).




3. Results

A total of 2,689 patients underwent cryoballoon ablation and were followed up between May 2018 and March 2023 (Figure 1). Consequently, 1,907 patients who were examined for concurrent atrial flutter using clinical ECG and electrophysiological studies were included in the analysis. Among the 1,907 patients, 493 (25.9%) patients were detected with typical atrial flutter and underwent CTI ablation in addition to PVI.


[image: Figure 1]
FIGURE 1
Flowsheet of the study. PVI, pulmonary vein isolation; CTI, cavotricuspid isthmus. *Concurrent atrial flutter was screened using (i) documented typical atrial flutter (on 12-lead ECG or Holter ECG) or (ii) induced typical atrial flutter during the electrophysiology study.


The baseline characteristics of the study cohort are presented in Table 1. In the total cohort, the mean age at the time of the procedure was 61.8 ± 10.4 years, and 1,449 (76.0%) of the patients were male. The mean CHA2DS2-VASc score was 2.1 ± 1.6. The mean duration from the first detection of AF to cryoballoon ablation was 3.1 ± 3.1 years, and 1,024 (53.7%) patients had persistent AF. The mean left atrial diameter was 43.3 ± 6.9 mm, and the mean left ventricular ejection fraction was 58.9% ± 8.8%. Compared with patients without atrial flutter, those with atrial flutter had a lower body mass index and a higher prevalence of comorbidities, including heart failure, diabetes mellitus, and a history of ischemic stroke or transient ischemic attack. Consequently, the patients with atrial flutter had higher CHA2DS2-VASc scores. In contrast, the patients with atrial flutter had a lower proportion of persistent AF, lower left atrial diameter, and lower left ventricular ejection fraction. The proportion of patients with cardioverter defibrillator implants differed significantly between the two groups.


TABLE 1 Baseline characteristics.

[image: Table 1]


3.1. Recurrence of atrial arrhythmia

The recurrence of atrial arrhythmia was assessed during the clinical follow-up. The mean duration of the clinical follow-up was 21.3 ± 11.9 months. A total of 29 patients were lost to follow-up during the control period. During the follow-up, 512 patients (27.3%) experienced recurrence of late atrial arrhythmia. Compared with patients without atrial flutter, those with atrial flutter presented a lower recurrence rate of atrial arrhythmia (19.7% vs. 29.9%, p < 0.001; Table 2, Figure 2A). Of the total cohort, 101 patients (5.4%) experienced recurrence of atrial tachycardia or atrial flutter. The patients with atrial flutter showed a higher recurrence rate of atrial tachycardia or atrial flutter (7.4% vs. 4.7%, p = 0.028; Table 2, Figure 3A). In contrast, late recurrence of AF was significantly lower in patients with atrial flutter (17.0% vs. 29.4%, p < 0.001; Table 2, Figure 3B).


TABLE 2 Primary and secondary endpoints.
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FIGURE 2
Time-to-event curve for the primary endpoint. Time-to-event curve for the primary endpoint (A) in the total cohort and (B) in the propensity score-matched cohort. HR, hazard ratio.
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FIGURE 3
Time-to-event curve for the secondary endpoints. Time-to-event curve for the secondary endpoints: (A) late recurrence of atrial tachycardia or atrial flutter and (B) late recurrence of atrial fibrillation. HR, hazard ratio; AT, atrial tachycardia; AFL, atrial flutter; AF, atrial fibrillation.


The univariable and multivariable Cox regression analysis revealed four independent predictors of the primary endpoint: duration of AF, persistent AF, left atrial diameter, and presence of atrial flutter (Table 3). Persistent AF was the strongest predictor of recurrence of atrial arrhythmia. Compared with paroxysmal AF, persistent AF resulted in 85% increased risk of atrial arrhythmia recurrence (p < 0.001). In addition, prolonged AF (per 1 year) and increased left atrial diameter (per 1 mm) each revealed a 4.0% and 5.1% increased risk of atrial arrhythmia recurrence, respectively. In addition to the baseline variables, the presence of atrial flutter resulted in a 39.6% decreased risk of atrial arrhythmia recurrence.


TABLE 3 Univariable and multivariable Cox regression analysis for primary endpoint.

[image: Table 3]

PS matching was performed between the atrial flutter and non-atrial flutter groups to adjust for variables. After PS matching, no significant differences in baseline characteristics were found between the two groups (Table 1, Supplementary Material Table S1). In the PS-matched cohort, the atrial flutter group revealed a lower incidence rate of the primary endpoint (28.2% vs. 20.2%, p = 0.022, Figure 2B).

The risk of atrial arrhythmia recurrence was evaluated in various subgroups (Figure 4). The patients with persistent AF and those without sick sinus syndrome showed a stronger association between concurrent atrial flutter and recurrence of atrial arrhythmia.


[image: Figure 4]
FIGURE 4
Subgroup analysis. Patients without atrial flutter were set as reference in each subgroup. CI, confidence interval; AF, atrial fibrillation; HTN, hypertension; DM, diabetes mellitus; HCM, hypertrophic cardiomyopathy; ICD, implantable cardioverter defibrillator; LAD, left atrial diameter; LV EF, left ventricular ejection fraction.




3.2. Procedure-related complications

Acute and major adverse cardiac events were recorded post-procedure (Table 2). A total of 103 patients (5.4%) experienced acute complications after the procedure. Transient phrenic nerve injury was the most frequent (48 patients, 2.5%) and did not progress to permanent phrenic nerve injury in any patient. Access site complications were the second most frequent complication (23 patients, 1.2%), and four patients (0.2%) proceeded to intervention for such complications. Pericardial effusion occurred in 13 patients (0.7%), and five consecutive patients (0.3%) required pericardiocentesis. There were few major procedure-related adverse cardiovascular events: one patient experienced cardiac surgery due to complications (0.1%), one patient had acute myocardial infarction (0.1%), one patient suffered from stroke (0.1%), and one patient died (0.1%). The two groups had no significant difference in the prevalence of procedure-related acute complications or major adverse cardiovascular events.




4. Discussion

In the present study, we analyzed patients treated with cryoballoon ablation for drug-refractory AF and investigated the association of concurrent typical atrial flutter and CTI ablation on the long-term outcomes of rhythm control. Among patients with drug-refractory AF that received cryoballoon ablation, approximately one out of four (25.9%) exhibited concurrent typical atrial flutter and received additional CTI ablation. Patients with concurrent atrial flutter had a significantly lower recurrence of atrial arrhythmia after the blanking period. Although late recurrence of atrial tachycardia or atrial flutter was relatively frequent in patients with atrial flutter, AF recurrence was markedly lower, resulting in a lower incidence of overall atrial arrhythmia in patients with atrial flutter. The presence of typical atrial flutter was an independent predictor of atrial arrhythmia recurrence. Concurrent atrial flutter revealed a significantly stronger correlation with the recurrence risk in persistent AF than in paroxysmal AF. Our findings were validated using real-world data from a cryoballoon ablation registry. More than 1,900 patients from multiple tertiary centers were analyzed, and the outcome was robust, supporting active rhythm control in patients with concurrent atrial flutter.


4.1. Cryoballoon ablation in atrial fibrillation

Compared with previous landmark trials on cryoballoon ablation, the patients in our cohort were older and had a larger left atrium and higher CHA2DS2-VASc scores (2, 3). Although cryoballoon ablation is ideally recommended for paroxysmal AF with relatively less progressive atrial remodeling, real-world practice involves older patients with more advanced atrial remodeling and comorbidities. However, in our cohort, the atrial arrhythmia recurrence rate after cryoballoon ablation was lower than that reported in previous clinical trials (2, 3). This finding may be attributed to the absence of protocolized long-term ECG monitoring. This may also be explained by recent developments in ablative technologies and improved technical skills of operators, with various efforts to achieve optimal balloon positioning for durable lesions, such as the use of intracardiac echocardiography. Nonetheless, the beneficial effect of concurrent typical atrial flutter and CTI ablation is indisputable, which is associated with a decreased risk of atrial arrhythmia recurrence of up to 39% after adjusting confounding factors.



4.2. Atrial flutter and atrial fibrillation

CTI-dependent atrial flutter is the most common form of macro-reentry atrial flutter. The ablation procedure for CTI-dependent atrial flutter is relatively simple, with a high success rate and minimal risk of complications (8). However, atrial flutter commonly coexists with AF (5, 9). Patients with isolated typical atrial flutter without AF are highly likely to develop AF. A recent randomized trial that assessed CTI ablation vs. PVI using a cryoballoon in isolated typical atrial flutter revealed no significant difference in the recurrence of atrial flutter, whereas a significant reduction was found in the further occurrence of AF (10).

Conversely, more than one-third of patients with AF present with coexisting typical atrial flutter, necessitating CTI ablation in addition to PVI (9). An earlier randomized study comparing PVI alone with PVI and CTI ablation in patients with AF and typical atrial flutter revealed no significant difference in atrial arrhythmia recurrence, suggesting that PVI may be sufficient even in patients with concurrent atrial flutter (4). A similar study of 133 patients who underwent PVI for AF revealed that the recurrence of symptomatic atrial flutter was relatively common in patients with concurrent atrial flutter, which supported additional CTI ablation in AF patients with either spontaneous or induced typical atrial flutter (5). Consequently, CTI ablation and PVI are currently recommended in patients with AF and concurrent atrial flutter (1). However, prophylactic CTI ablation in patients without typical clinical atrial flutter is not recommended, as no clinical benefit has been found with additional CTI ablation (11, 12). To date, there is a lack of data regarding the effect of concurrent typical atrial flutter and its ablation on the likelihood of clinical recurrence of atrial arrhythmia, particularly in terms of recurrence as AF.



4.3. Mechanisms

A higher recurrence of atrial tachycardia seen in patients with typical atrial flutter is a natural consequence, as atrial flutter could recur if a conduction gap occurs in the linear lesions of the CTI. However, the reason for the lower AF recurrence in the concurrent atrial flutter group is not straightforward. This finding is supported by several mechanisms. First, patients with concurrent atrial flutter had relatively non-persistent AF and a smaller left atrium. A similar finding was reported in a previous prospective study that revealed a higher prevalence of paroxysmal AF and a smaller left atrium in patients with concurrent atrial flutter (11). A larger left atrium with progressive atrial remodeling is a structural substrate of AF, leading to a higher AF burden. Consequently, patients with persistent AF and a larger left atrium may have a higher AF burden and fewer chances of a typical atrial flutter originating from the right atrium. Second, AF and typical atrial flutter commonly occur in combination, with AF leading to atrial flutter and vice versa (13). In other words, typical atrial flutter is frequently preceded by AF, and the intercaval block of the right atrium is linked to the transition from AF to CTI-dependent macro-reentry (5, 13, 14). Typical atrial flutter also easily disorganizes into AF because atrial flutter with a short cycle length may transition to fibrillatory conduction (14). Therefore, CTI ablation may reduce AF recurrence by preventing the organization of AF into atrial flutter, which disrupts AF maintenance (5, 15–17). Finally, linear ablation of the CTI may have affected the right atrial ganglionated plexus. The largest number of ganglia are reported to be located on the posterior surface of the RA, and a previous study of right atrial ganglionated plexi ablation in paroxysmal AF revealed a significant vagal denervation and reduction of AF recurrence (18, 19). Therefore, CTI ablation may also affect vagal denervation in selected patients.



4.4. Clinical implications

The main findings of this study can be used to guide clinical practice. In patients with AF, concurrent typical atrial flutter may be a favorable marker for lower AF recurrence, which should be understood for making informed decisions about pursuing rhythm control. That is, patients with AF and concurrent typical atrial flutter commonly feature favorable factors, such as paroxysmal AF with a smaller left atrium, which encourages active rhythm control. In addition, even if a typical atrial flutter is not documented, active induction of concurrent atrial flutter should be performed in patients scheduled for catheter ablation. If typical atrial flutter is induced or detected on a clinical ECG, catheter ablation should be considered to create a linear lesion with a bidirectional CTI block. If the use of additional radiofrequency energy is not feasible, catheter ablation using a cryoenergy source may be an alternative strategy with similar efficacy (6, 20–22).



4.5. Limitations

This study had several limitations. First, the proportion of patients with typical atrial flutter was lower than the prevalence of concurrent atrial flutter. Patients who were routinely screened for documented or induced atrial flutter were included in the analysis; however, atrial flutter was detected in only one-fourth of the patients. A major reason for the relatively low prevalence of concurrent atrial flutter may be the increased time and cost of CTI ablation using cryoballoon ablation. Second, this study focused on the presence of typical atrial flutter and did not consider whether CTI ablation should be performed. All patients with typical concurrent atrial fibrillation underwent CTI ablation with acute procedural success (bidirectional CTI block). Therefore, we could not determine the independent effects of concurrent atrial flutter or CTI ablation on the recurrence of atrial arrhythmia. However, previous randomized trials reported no significant benefits of prophylactic CTI ablation in patients undergoing RFCA for AF (12). Therefore, CTI ablation may not yield equivalent benefits in patients without a typical atrial flutter. Third, owing to the retrospective nature of the study, periprocedural and postprocedural management varied among the centers. For example, if typical atrial flutter was clinically diagnosed with a 12-lead ECG, further programmed electrical stimulation was not mandated to perform CTI ablation, which might have included focal or reentry atrial tachycardia other than CTI-dependent tachycardia. In addition, monitoring, or the use of antiarrhythmic drugs during the follow-up period, was not strictly protocolized, which may have underestimated the actual incidence of atrial arrhythmia recurrence. The absence of routine ambulatory monitoring may be biased in favor of patients who present mostly with typical atrial flutter, since atrial flutter is more likely to have a persistent form, and atrial flutter-related symptoms may be greatly reduced after catheter ablation, leading to more lenient rhythm surveillance. Nonetheless, various clinical approaches during and after the procedure reflect the outcomes in real-world practice. Further prospective studies are needed to overcome the biases in the retrospective design and validate our findings. Lastly, this study was limited to patients who underwent cryoballoon ablation, and our results may not be generalizable to other rhythm control strategies, such as antiarrhythmic medication or direct current cardioversion. Nonetheless, the major findings of this study can be applied to patients scheduled for de novo catheter ablation for drug-refractory AF, including both cryoballoon and radiofrequency catheter ablations.




5. Conclusion

Among patients with drug-refractory AF who underwent cryoballoon ablation, the presence of concurrent typical atrial flutter and additional CTI ablation resulted in a significantly lower recurrence of atrial arrhythmia, mainly driven by a lower recurrence of AF. Patients with typical concurrent atrial flutter share favorable markers for rhythm control, such as a less persistent form of AF and a smaller left atrium. In patients that have coexisting typical atrial flutter, screening for typical atrial flutter should be performed during catheter ablation.
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Objectives: To examine the associations between catheter ablation treatment (CA) vs. medical management and cognitive impairment among older adults with atrial fibrillation (AF).

Methods: Ambulatory patients who had AF, were ≥65-years-old, and were eligible to receive oral anticoagulation could be enrolled into the SAGE (Systematic Assessment of Geriatric Elements)-AF study from internal medicine and cardiology clinics in Massachusetts and Georgia between 2016 and 2018. Cognitive function was assessed using the Montreal Cognitive Assessment (MoCA) tool at baseline, 1-, and 2 years. Cognitive impairment was defined as a MoCA score ≤ 23. Multivariate-adjusted logistic regression of longitudinal repeated measures was used to examine associations between treatment with CA vs. medical management and cognitive impairment.

Results: 887 participants were included in this analysis. On average, participants were 75.2 ± 6.7 years old, 48.6% women, and 87.4% white non-Hispanic. 193 (21.8%) participants received a CA before enrollment. Participants who had previously undergone CA were significantly less likely to be cognitively impaired during the 2-year study period (aOR 0.70, 95% CI 0.50–0.97) than those medically managed (i.e., rate and/or rhythm control), even after adjusting with propensity score for CA. At the 2-year follow-up a significantly greater number of individuals in the non-CA group were cognitively impaired (MoCA ≤ 23) compared to the CA-group (311 [44.8%] vs. 58 [30.1%], p = 0.0002).

Conclusion: In this 2-year longitudinal prospective cohort study participants who underwent CA for AF before enrollment were less likely to have cognitive impairment than those who had not undergone CA.

KEYWORDS
 atrial fibrillation, cognitive function, ablation, stroke, MoCA, infarction, dementia, cognitive decline


1 Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia in the United States, affecting 3 to 6 million people (1). The Framingham Heart Study demonstrated a 3-fold increase in the prevalence of AF in the past 50 years (2). AF carries a two-fold increased risk of mortality and a five-fold risk of ischemic stroke. AF has also been associated with ischemic phenomena and cardioembolic-mediated infarction to critical organs including the gastrointestinal tract and kidneys, among others (3). To mitigate the risk of stroke secondary to AF, anticoagulants (ACs) such as warfarin and direct oral anticoagulant (DOAC) therapy are often used based on the CHA2DS2-VASc score. The CHA2DS2-VASc score is a clinical prediction rule for estimating the risk of stroke in patients with non-rheumatic atrial fibrillation (AF), a common and irregular heart rhythm. However, the utilization of AC is not without risk. Major hemorrhagic events, including intracerebral hemorrhage (ICH), and gastrointestinal bleeding, are of concern (4).

Previous studies have shown that AF is independently associated with cognitive decline. Proposed pathophysiologic mechanisms include silent ischemic or hemorrhagic cerebral micro-infarction and/or impaired cerebral blood flow (5). Catheter ablation (CA) has become a common rhythm control management strategy for patients with AF and is the most frequently performed cardiac ablation procedure worldwide. Restoring sinus rhythm via CA addresses several of the proposed pathophysiologic mechanisms that may link AF to cognitive decline. Bodagh et al. performed a systematic review that identified 10 studies that assessed cognitive function in patients who underwent CA vs. medical management. Incident dementia was lower among patients who received CA for rhythm control of AF as compared to those treated with medicine. However, other studies involving patients with AF with a more rigorous longitudinal assessment of cognitive function have shown no relation between CA and cognitive decline (6). Finally, one of the major confounders when examining the relations between CA and AF is the use of anticoagulation, which can also have important effects on cerebrovascular health. In addition to the clear reduction in ischemic stroke attributable to anticoagulation, its use has been shown to cause cerebral microbleeds (CMBs) which may reduce cognitive function (7, 8).

In this retrospective analysis, we used data from the Systematic Assessment of Geriatric Elements in Atrial Fibrillation (or SAGE-AF) study, a prospective cohort study that enrolled individuals with AF aged ≥ 65 years and followed them over 2 years to understand the relations between oral anticoagulation, cognitive and physical function. To better understand the potential links between CA and cognitive health, we compared cognitive function at baseline and 1- and 2-year follow-up examinations among those SAGE-AF participants who underwent CA with those treated medically (either rate or rhythm control).



2 Methods


2.1 Design, setting, and participants

We examined data from the prospective cohort multicenter SAGE-AF study, whose details have been previously described (9). Briefly, the SAGE-AF study enrolled patients age ≥ 65 from ambulatory care sites in Massachusetts and Georgia from 2016 to 2018. Patients were eligible if they had a documented diagnosis of AF and a CHA2DS2-VASc (congestive heart failure, hypertension, age ≥ 75, diabetes, stroke, vascular disease, age 65–74, and sex) score ≥ 2. Exclusion criteria included being contraindicated for oral anticoagulants, being unable to provide signed informed consent in English, and being unable to participate in follow-up visits during the 2-year study period. Contraindications to anticoagulants included recent or planned major surgery, recent or active major bleeding, use of anticoagulants for reasons other than AF, or significant thrombocytopenia (platelet count < 50,000).

All participants enrolled in the study provided their informed written consent for protocols approved by the institutional review boards of the University of Massachusetts Medical School, Boston University, and Mercer University. Each participant underwent a routine physical examination, which included an electrocardiogram (ECG) at baseline and 2 years. Participants also had their medical history abstracted in addition to a 60-min computer-assisted interview that assessed mood, cognition, social support, and other key patient-reported measures using standardized measures. We specifically extracted age, sex, race, education level, cognitive ability, frailty, depression, anxiety, social isolation, and smoking status at baseline. Other factors assessed included a history of intracranial hemorrhage, GI bleeding, major bleeding, heart failure, coronary artery disease – myocardial infarction or angina, peripheral vascular disease, hypertension, type II diabetes, dyslipidemia, ischemic stroke, anemia, chronic obstructive pulmonary disease, renal disease, implantable cardiac device, and sleep apnea. Laboratory values extracted included creatinine, hemoglobin, and platelet count. The HAS-BLED score is a clinical prediction rule used to estimate the risk of major bleeding for patients who are on anticoagulation therapy, especially those with atrial fibrillation (AF). The CHA2DS2-VASc and HAS-BLED scores were calculated, and polypharmacy, utilization of anticoagulants, antiplatelet agents, and antiarrhythmics were assessed.



2.2 Global cognitive function assessment

Our primary outcome, cognitive function, was measured using the validated Montreal Cognitive Assessment (MoCA) tool, a 10-min and 30-item screening tool used to detect cognitive impairment (10). MoCA tests memory, visuospatial ability, executive function, attention, concentration, working memory, and orientation and is accepted for use in an older population of patients with strokes (11). Cognitive impairment was defined as a cut-off of ≤23, in accordance with prior studies (12, 13). Each participant included in this analysis completed the MoCA at baseline, 1-year, and 2-years.



2.3 AF treatment

As part of the medical record abstraction, study coordinators collected procedural histories of participants, including prior ablation and medication use. Participants who had previously undergone a catheter ablation prior to their baseline SAGE-AF examination were considered to have undergone CA. 29 participants were ablated before their baseline exam and received another CA during the follow-up period. The specific type of CA performed was not reported, but since all CA participants were enrolled between 2016 and 2018 from US-based clinics, the majority of CA performed during this time were likely to have been radiofrequency ablation pulmonary vein isolation procedures (14).

For each participant, medications were abstracted from the electronic medical record and confirmed with the participant during the in-person interview. Relevant medications abstracted from the health record included OAC as well as rate and rhythm control agents. Specifically, prescriptions of antiarrhythmic, rate control, antiplatelet, and anticoagulant agents (including vitamin K antagonists and DOACs) were abstracted and confirmed with participants. Participants who did not receive CA were considered as ‘medically treated’ and were further subdivided into rate or rhythm control groups, consistent with a prior SAGE-AF analysis (15). In brief, rhythm control was defined as the use of an antiarrhythmic drug or prior cardioversion, while rate control included all SAGE-AF participants who did not report treatment with an antiarrhythmic drug or cardioversion during their baseline examination.



2.4 Clinical outcomes

The pre-specified analysis of major adverse cardiovascular endpoints (MACE) included mortality due to cardiovascular cause (vascular death), myocardial infarction (MI), stroke, deep vein thrombosis (DVT), pulmonary embolism (PE), and major bleeding. These events were obtained from participants’ medical records, death certificates, and follow-up assessments. Major bleeding events were adjudicated by a physician committee and classified according to the International Society of Thrombosis and Hemostasis scale (16). The major bleeds were fatal, occurred in a major organ, or required more than 2 units of transfusion due to hemoglobin loss (17). A subgroup analysis was performed in both groups to assess the effects of warfarin vs. DOACs on cognitive function.



2.5 Quantitative variables and statistical methods

Our analytical sample of 887 included those who had completed cognitive function evaluations (described below) at baseline, 1-year, and 2-year follow-ups. Demographic and baseline clinical characteristics of the participants were compared between participants with a previous ablation procedure at the beginning of the study and participants without a history of ablation using analysis of variance for continuous variables and the Chi-square test for categorical variables. All individuals in the CA group underwent the procedure prior to enrollment in the study.

A propensity score for undergoing CA was calculated for each participant in this analysis. Variables that were included in the propensity score were sex, age, BMI, CHA2DS2-VASc score, AF type (paroxysmal, persistent, or permanent), education level, smoking status, history of hypertension, history of heart failure, history of diabetes, history of stroke, history of renal disease, history of sleep apnea, use of rhythm control drugs, use of rate control drugs, and use of oral anticoagulants. These variables were selected based on clinical relevance and significance in Table 1. Mixed-effects logistic regression was employed for longitudinal binary response data to examine the relationship between prior ablation and cognitive impairment. This relationship was adjusted for the propensity score, maintenance of normal sinus rhythm (NSR) as an indication of CA success, and treatment group (rhythm vs. rate control). The relationship between the type of anticoagulation treatment and cognitive impairment was adjusted for the propensity score only.



TABLE 1 Participant characteristics according to receipt of catheter ablation procedure for AF prior to enrollment.
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We adjusted for clinically relevant and significant Table 1 variables when examining the relationship between prior ablation and clinical outcomes. These components included age, history of CAD, implantable cardiac devices, sleep apnea, use of antiarrhythmics, and use of anticoagulants. Statistical analyses were performed using SAS c9.4 (SAS Institute Inc., Cary, NC).




3 Results

A total of 887 SAGE-AF participants were included in this analysis. The total number of participants at baseline are included both at the 1- and 2-year follow-up period. Participants included in our analysis were on average 75.2 ± 6.7 years old, 48.6% were women, and 87.4% self-identified as non-Hispanic white. Of the total, over half (60.1%) were classified as having paroxysmal atrial fibrillation, and 193 (21.8%) individuals had undergone a CA procedure before enrollment. 336 (37.9%) participants were cognitively impaired at baseline. The mean scores of CHA2DS2-VASc and HAS-BLED at baseline were 4.33 ± 1.57 and 3.20 ± 1.06, respectively.

Demographic and clinical characteristics by CA history are shown in Table 1. Participants who had undergone a CA procedure pre-enrollment were younger and less likely to be taking warfarin (39.9% vs. 63.1%, p < 0.0001) or rate control drugs (80.0% vs. 80.6%, p < 0.05) than were participants in the non-CA group. Of the CA group, 173 (89.6%) were on any OAC at baseline, compared to 585 (84.3%) of the non-CA group (p = 0.06). Those who had undergone a CA were more likely to have persistent AF than participants in the non-CA group (31.1% vs. 22.5%, p < 0.05). Participants who were treated with CA pre-enrollment were more likely to have also undergone ICD implantation (45.6% vs. 27.5%, p < 0.001), and were more likely to have comorbid heart failure (40.9% vs. 32.1%, p < 0.05) and sleep apnea (33.7% vs. 26.1%, p < 0.05), whereas they were less likely to have chronic renal disease (19.2% vs. 27.7%, p < 0.05) when compared with those who did not receive CA (Table 1).


3.1 CA vs. medical management and relation to cognitive impairment

There were no significant differences in rates of cognitive impairment at baseline between SAGE-AF participants who had undergone a CA procedure before enrollment vs. those who did not (32.1% vs. 39.5%, p = 0.06). However, participants in the CA group were significantly less likely to be cognitively impaired over the 2-year study follow-up, even after inclusion in a model adjusting for propensity to undergo CA (aOR1 0.70, 95% CI 0.50–0.97). A second model (Model 2) attenuated the association between CA and cognitive impairment to non-significance by adjusting for AF treatment strategy (rate vs. rhythm control) and maintenance of NSR from baseline to 2-years in addition to propensity score (aOR2 0.75, 95% CI 0.52–1.08) (Table 2). Figure 1 provides a graphics depiction of the MoCA score at baseline, 1- and 2-year follow-up in both the CA and non-CA groups. The total number of individuals with a MoCA ≤ 23 at baseline, 1-, and 2-year follow-up are included in Table 3 and Figure 2. At baseline 62 individuals (32.1%) in the CA had cognitive impairment compared to 274 (39.5%) in the non-CA group (p = 0.06). At the 2-year end point 58 individuals (30.1%) in the CA group and 311 (44.8%) in the non-CA group had a MoCA ≤ 23 (p = 0.0002). Further longitudinal analysis of mean raw MoCA scores for each group is given in Supplementary Table 1. NSR status based on CA at baseline and the 2-year endpoint is provided in Supplementary Table 2. Some individuals were found to be in NSR at “year 2” and not at baseline. Others were found to be in NSR at both baseline and year 2 and have been labeled within the table accordingly.



TABLE 2 Odds (95% Cis) of cognitive impairment (MoCA ≤ 23) over 2-years by prior catheter ablation for AF status at study enrollment.
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FIGURE 1
 Percentage of individuals in the CA and non-CA groups with cognitive impairment defined by a MoCA ≤ 23 at baseline, 1-, and 2-year end points. At baseline (p = 0.06) and at 1-year (p = 0.09) no statistically significant difference in cognitive impairment was observed between both groups. At year 2, a significant proportion of individuals in the non-CA group are cognitively impaired compared to the CA group (p = 0.0002).




TABLE 3 Number of individuals with MoCA ≤ 23 at baseline, 1-, and 2-year follow-up.
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FIGURE 2
 MoCA score at baseline, 1 and 2-year endpoints in both the CA and non-CA groups. A statistically significant drop in the MoCA score was observed at the 2-year end point compared to baseline in the non-CA group (p < 0.0001).




3.2 Major ischemic/hemorrhagic events in CA and medically managed AF patients

After adjusting for confounding variables, we noted no statistically significant association between prior CA and odds of major bleeding (aOR 0.53, 95% CI 0.24–1.16) or the pre-specified composite outcome of all-cause MACE (ischemic stroke, vascular death, MI, and major bleeding; aOR 0.65, 95% CI 0.35–1.20) over 2 years follow-up (Supplementary Table 3).



3.3 Subgroup analysis of warfarin vs. DOACs on cognitive impairment

We did not observe any significant difference in either the CA or the no CA groups between the use of warfarin vs. DOACs on cognitive function, even after adjusting for propensity to receive CA (Table 4). Notably, both the CA and non-CA groups had high rates of oral anticoagulant use, with nearly 90% of the CA group and 84% of the non-CA group being prescribed an oral anticoagulant throughout the study period.



TABLE 4 Odds of cognitive impairment over 2-years using Warfarin vs. all other AC.
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4 Discussion


4.1 Atrial fibrillation and cognitive decline

In this retrospective analysis of an observational study that performed a longitudinal assessment of cognitive function, we found that participants who had undergone CA for AF at baseline were less likely to develop cognitive impairment over a 2-year follow-up compared to those who underwent medical rhythm or rate control, even after adjusting for propensity to undergo CA. These results are consistent with prior studies associating the persistence of AF with cognitive impairment, including an analysis that examined data from both the ONTARGET and TRANSCEND trials in 2012. In this study, the authors showed that AF was associated with an increased risk of cognitive decline (HR 1.14, CI 1.03–1.26), and incident dementia (HR 1.30, CI 1.14–1.49) (18). Our study is one of the few to demonstrate a link between CA and cognitive function among older AF patients using serial objective measures of cognitive health. The EAST-AFNET 4 trial observed no significant difference in MoCA scores at the 2-year follow-up. This contrasts with our findings, where participants who underwent catheter ablation were less likely to develop cognitive impairment.

Several factors may contribute to these differing outcomes. Firstly, the EAST-AFNET 4 trial employed a higher MoCA cut-off of 26 to define mild cognitive impairment, which differs from our cut-off value of 23. This discrepancy in cut-off points could potentially lead to different interpretations of cognitive impairment in the respective cohorts. Moreover, the EAST-AFNET 4 trial’s methodology and patient population may have varied from our study, potentially influencing the outcomes. Differences in the intensity of rhythm control strategies, baseline characteristics of participants, and the extent of continuous ECG monitoring could all contribute to the observed disparities. Furthermore, our study focuses on a specific cohort with certain demographic and clinical characteristics, which might not be entirely representative of the broader AF population. Thus, while our findings suggest a beneficial cognitive outcome associated with catheter ablation, they should be contextualized within the limitations of our study design and population, and the contrasting results of trials such as EAST-AFNET 4 (19).

AF is hypothesized to cause cognitive impairment primarily through cerebrovascular accident and cerebral microbleeds among other causes. Possible mechanisms include decreased cerebral blood flow, impaired autoregulation, endothelial dysfunction, and chronic inflammation (20). Disruptions in the former occur in AF and have been linked with a decline in cognitive function in patients with AF with or without a history of stroke (21, 22). In 37,025 prospectively analyzed patients without AF for 5 years, 10,161 (27%) developed AF and 1,535 (4.1%) developed dementia. AF has been independently associated with developing dementia with an increased risk of mortality (23–26).

It has been hypothesized that effective oral anticoagulation will therefore improve cognitive outcomes (27). Rhythm control through pharmacologic intervention or ablation has also been theorized to have benefits in cognition in AF through the prevention of rapid ventricular response (28). As mentioned, the non-CA group was more cognitively impaired at the 2-year endpoint compared to the CA group. These results are consistent with the AFFIRM study (29). Furthermore, there was no significant increase in both obvious ischemic/hemorrhagic events in patients who underwent CA. The major hypothesis for the observed cognitive benefit is due to a favorable hemodynamic profile in the cerebral microvasculature. Prior studies from the SAGE-AF cohort demonstrated a 9% comorbidity between frailty and cognitive impairment (30). We did observe a non-significant decrease in cognitive impairment in the CA group when controlling for NSR in addition to propensity matching (Table 2).

One study of cognitive outcomes utilizing MoCA score in AF patients who underwent ablation compared to a propensity-matched group who did not undergo ablation found that CA improved performance at 1 year. Similarly, in our cohort, a slightly higher MoCA score at the 2-year endpoint in the CA group (24.42 ± 3.67 vs. 24.61 ± 3.71). Another study utilized near-infrared spectroscopy to identify regional cerebral blood flow and cerebral activity in patients with persistent AF compared to post-ablation AF patients who maintained sinus rhythm found CA improved frontal and temporal brain activities in some patients and was associated with an improvement in depression and cognitive function (31, 32). Our results, in conjunction with previous studies, can help guide future research in identifying definitive biological mechanisms for the neurocognitive benefits of ablation. AF is associated with chronic inflammation, which may contribute to cognitive decline. Effective management of AF through CA might reduce this inflammation. By addressing the underlying arrhythmic issues in the heart, CA might improve overall cardiac function, leading to better systemic and cerebral circulation, thus potentially benefiting cognitive health (33).

In model 2, where we adjusted for AF treatment strategy (rate vs. rhythm control) and maintenance of normal sinus rhythm (NSR), the association between CA and reduced cognitive impairment was attenuated to non-significance. This finding could be interpreted to mean that the maintenance of NSR, rather than the method of achieving it (CA or medication), is a more crucial factor in preserving cognitive function.

The importance of maintaining NSR might be attributed to several mechanisms. Consistent NSR could result in improved cerebral hemodynamic profile and reduced incidence of micro-embolic events, both of which are implicated in cognitive decline. Additionally, NSR may be associated with lower levels of systemic inflammation, which has been linked to various neurocognitive disorders. These results suggest that future research and clinical strategies should perhaps focus more on the effective maintenance of NSR as a primary goal for preserving cognitive function in AF patients, rather than solely on the method of rhythm control. This would underscore the importance of comprehensive management strategies that not only address cardiac arrhythmia but also optimize overall cerebrovascular health.



4.2 Warfarin and OACs on cognitive function

The subgroup analysis revealed no difference in cognitive outcomes between those on warfarin and all other OACs. This result was observed in both AF patients who underwent CA and those who were only medically managed. Previous studies have shown benefits in the utilization of DOACs over warfarin, thought to be due to warfarin’s propensity to cause cerebral microbleeds (CMBs) and silent infarction. Studies comparing warfarin and DOACs reported that patients on DOACs for AF had a lower incidence rate of dementia when compared to warfarin. In our study, both groups were treated highly with anticoagulation due to their advanced age putting them at higher CHA2DS2-VASc scores. There was a higher proportion of patients receiving warfarin in the no-CA group (63.1% vs.39.9%). This could be interpreted to drive the elevated bleeding rates (7.5% vs.4.2%) and MACE (10.4% vs.6.2%) observed in the no-CA vs. CA groups, which was underpowered for significance. Our subgroup analysis argues against warfarin as a cause of elevated MACE, CMBs, or silent infarction as there was no difference in cognitive outcomes. Further prospective head-to-head comparative studies between specific anticoagulants are needed.



4.3 Strengths and limitations

The main strengths of our research are that the data were collected prospectively over 2 years. Furthermore, a validated standardized instrument (MoCA score) was used to examine cognitive function, enhancing reproducibility and sensitivity to subtle changes in cognitive function. However, our study also has several limitations. Our cohort included a smaller proportion of patients who underwent CA compared to those who were medically managed. Furthermore, we did not have a high number of participants who underwent medical rhythm control. We did not distinguish between the specific types of CA procedures or the number of recurrent CA procedures. Participants in our study were primarily non-Hispanic white and well-educated, which may impair the generalizability of our findings to other racial or ethnic groups or less well-educated AF patients. We were unable to compare interactions between CA, warfarin, and cognitive health in comparison to each DOAC as there were insufficient numbers of DOAC-treated patients in each treatment group. Observational studies detect associations and cannot establish causal relations between CA and cognitive health. However, we supported our observations with biologically plausible mechanisms and conducted rigorous propensity score adjustment. Other factors that should be considered when controlling confounders in future studies include occupational status in addition to education. It is pertinent to acknowledge that the time interval between undergoing catheter ablation (CA) and enrollment in our cohort was not analyzed in this study. This variable time interval could potentially impact the cognitive trajectories of participants, as the immediate and long-term effects of CA on cognitive function might differ. In future studies, a more detailed analysis of this time interval, along with its potential implications on cognitive function, should be considered to provide a more nuanced understanding of the relationship between CA and cognitive outcomes. Given continued concerns linking AF and vascular dementia, as well as other neurodegenerative diseases such as Alzheimer’s disease phenotyping patients is needed in future studies. This is ideally conducted using imaging biomarkers and machine learning models in conjunction with a battery of neuropsychological testing. This approach would enable researchers to differentiate between cognitive impairments of likely vascular origin and those without vascular changes. Such data would be invaluable in conducting post-hoc analyses to determine if the etiology of cognitive impairment modifies the relationship between AF and cognitive outcomes.

While our study provides valuable insights into the cognitive outcomes associated with catheter ablation in atrial fibrillation (AF) patients, we acknowledge a limitation in our methodology pertaining to the assessment of AF burden. The ECG monitoring strategy employed in this study involved routine ECG assessments at baseline and at 2-year follow-up, which may not fully capture the intermittent nature of paroxysmal AF. Consequently, our approach may have limited our ability to accurately quantify the AF burden and its potential relationship with cognitive function. Future studies would benefit from the utilization of continuous or long-term rhythm monitoring technologies, such as Holter monitors or implantable loop recorders, to provide a more comprehensive understanding of the AF burden and its impact on cognitive outcomes in this patient population.




5 Conclusion

Catheter ablation is widely performed to improve symptoms and reduce AF burden. Our findings suggest that adults with AF who undergo catheter ablation are also less likely to become cognitively impaired than those who receive medical treatment alone over a 2-year follow-up period. This is not explained by differences in rates or types of oral anticoagulants used between groups or differences in the characteristics of participants at baseline. Further contemporary studies including randomized controlled trials are needed to validate our findings and examine whether ablation technique (e.g., radiofrequency, cryothermal, pulse field), duration of the procedure or post-procedure anticoagulation use, or cerebral hemodynamics further influence cognition after CA among patients with AF.
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Background: Catheter ablation (CA) for symptomatic atrial fibrillation (AF) offers the best outcomes for patients. Despite the benefits of CA, a significant proportion of patients suffer a recurrence; hence, there is scope to potentially improve outcomes through technical innovations such as ablation index (AI) guidance during AF ablation. We present real-world 5-year follow-up data of AI-guided pulmonary vein isolation.



Methods: We retrospectively followed 123 consecutive patients who underwent AI-guided CA shortly after its introduction to routine practice. Data were collected from the MPH AF Ablation Registry with the approval of the institutional research board.



Results: Our patient cohort was older, with higher BMI, greater CHA2DS2-VASc scores, and larger left atrial sizes compared to similar previously published cohorts, while gender balance and other characteristics were similar. The probability of freedom from atrial arrhythmia with repeat procedures is as follows: year 1: 0.95, year 2: 0.92, year 3: 0.85, year 4: 0.79, and year 5: 0.72. Age >75 years (p = 0.02, HR: 2.7, CI: 1.14–6.7), BMI >35 kg/m2 (p = 0.0009, HR: 4.6, CI: 1.8–11.4), and left atrial width as measured on CT in the upper quartile (p = 0.04, HR: 2.5, CI: 1–5.7) were statistically significant independent predictors of recurrent AF.



Conclusion: AI-guided CA is an effective treatment for AF, with 95.8% of patients remaining free from atrial arrhythmia at 1 year and 72.3% at 5 years, allowing for repeat procedures. It is safe with a low major complication rate of 1.25%. Age >75 years, BMI >35 kg/m2, and markedly enlarged atria were associated with higher recurrence rates.
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[image: Graphical Abstract]
Graphical Abstract




Introduction

Pulmonary vein isolation (PVI) remains the cornerstone of treatment for atrial fibrillation (AF), particularly in patients who are refractory or intolerant to anti-arrhythmic medications (1). In paroxysmal AF, circumferential lesions around the pulmonary veins (PVs) effectively target source triggers and isolate them from the rest of the left atrium (2). However, PVI for persistent AF remains suboptimal and is associated with higher recurrence rates of AF and atrial tachycardia, often requiring repeat PVI or additional substrate modification (3).

Several targets have been proposed to maximise the durability of ablation lesions, including contact force (CF) and minimum force–time integral (FTI). While the use of CF and FTI metrics has demonstrated improved AF ablation outcomes, up to two-thirds of patients have been reported with at least one reconnected PV at 2–3 months following the initial intervention (4, 5). Therefore, the ablation index (AI) has emerged as a novel strategy for lesion delivery, incorporating power, CF, and time in a weighted formula to achieve enduring PV isolation.

The AI formula provides an accurate measure of ablation lesion quality monitoring as part of the automated lesion tagging software (VisiTag) in the CARTO 3 V4 electroanatomic mapping system (Biosense Webster, Inc., Diamond Bar, CA, USA). Indeed, AI values of 550/400 (anterior/posterior) with an inter-lesion distance (ILD) of ≤6 mm have been associated with higher rates of acute durable PVI isolation and arrhythmia-free survival at 1 year (6, 7). While the use of AI targets in lowering rates of PV reconnection has previously been investigated (7, 8), studies have shown that durable PVI can be achieved with lower AI targets. Lower effective AI targets can be effective (9), specifically with more intensive catheter tip cooling (10), tailoring to left atrial wall thickness (LAWT) (11, 12), and focusing on ostial rather than wide antral lesions (13). Typical follow-up in these reports was limited to 12–18 months. Also, initial studies were limited to patients with paroxysmal (pAF) only without additional lesion sets and therefore did not truly reflect a real-world scenario. We describe, to the best of our knowledge, the first report of 5-year follow-up clinical outcomes using the index-guided catheter ablation strategy for AF.



Methods


Study design

We retrospectively enrolled 123 consecutive patients who attended our centre after December 2016 (corresponding with the introduction of AI-guided PVI) and underwent a de novo pulmonary vein isolation procedure. Our target was to enrol at least 100 patients who would have long-term regular follow-ups at our institute and a minimum of at least 90 days. Exclusion criteria were kept to a minimum—patients with prior cardiac surgery, patients with prior PVI or left atrial ablation, and any patient not expected to be followed up routinely at our centre were excluded. The patient cohort included both paroxysmal and persistent atrial fibrillation patients. Patients underwent PVI and “PVI plus” procedures as deemed appropriate by the operator based on their subtype of atrial fibrillation, a stepwise ablation strategy, and the degree of low-voltage areas found on mapping of the left atrium; in the cases of the documented atrial flutter, applicable lesions/lines were considered. Institutional review board ethics approval was sought and attained—MMUH/MPH IRB Ethics Approval Reference 1/378/2283.



Patient follow-up

Patients were kept overnight and routinely discharged on day 1 post-procedure. Patients were reviewed at 6 weeks and again at 3 months with 24-h Holter monitoring prior to their clinic visit, along with resting ECGs on the day of their appointment. They were also provided contact details for office hours and out-of-office hours to report any troublesome symptoms. If patients reported symptoms but were found to be in sinus rhythm on resting ECG, a routine 24-h Holter monitoring was arranged. In some cases, patients documented their arrhythmia with their consumer-grade ECG devices (smartphones/smart ECG devices). If patients remained symptom-free, they were followed up routinely on an annual basis. Patients with implantable cardiac devices had device checks at 6 weeks and at 3 months to determine the AF burden. An exhaustive search of all patient correspondence, written notes, investigation reports (including ECGs, Holters, device checks, echocardiography) and procedural reports (coronary angiography, cardioversions, repeat ablation) was completed to look for recurrence of atrial fibrillation or any atrial arrhythmia. Recurrence was defined as greater than 30 s of documented atrial arrhythmia after a 90-day blanking period was applied. Survival time was calculated until the last patient clinic contact if no recurrence occurred. If a patient had a recurrence, but the exact date was unclear, it was assumed to be 1 day after the last documented date when the patient was arrhythmia-free. Where patients had multiple procedures, survival time was the accumulated arrhythmia-free survival for all their procedures.



Procedure details

All patients underwent pre-procedure computed tomography of their left atrium (CTLA) to delineate anatomy. All procedures were performed under general anaesthesia. Transoesophageal echocardiography was utilised to guide transseptal puncture and exclude left atrial thrombus. Vascular ultrasound was used to introduce a 7-Fr sheath, an SL0 sheath (Swartz 63 cm SL0 Transseptal Guiding Introducer Sheath; Abbott Laboratories, Chicago, IL, USA) and a steerable sheath (Agilis NXT Steerable Introducer; Abbott Laboratories, Chicago, IL, USA) into the right femoral vein.

Our anticoagulation strategy was as follows: patients on warfarin were continued without interruption, patients on direct oral anticoagulants (DOACs) had their dose held on the day of the procedure, and DOACs were recommenced after a post-procedure echocardiogram to exclude effusion at 3 h post-procedure. Periprocedural anticoagulation was as follows: 125 units of unfractionated heparin per kg after femoral puncture with a target activated clotting time (ACT) of 300–350 s. Heparin infusions of 1,000 units/h were administered via two long sheaths. The heparin bolus was given after venous access and before access to the left atrium.

A deflectable decapolar catheter (14) (Dynamic Deca; Boston Scientific, Natick, MA, United States) is positioned in the coronary sinus (CS) under fluoroscopy guidance. The transseptal puncture was performed using a 71-cm BRK-1 XS needle (Abbott Laboratories, Chicago, IL, USA) via the SL0 sheath. Whenever possible, the first puncture was double-wired. If the patient was in atrial fibrillation, they were cardioverted (200 J synchronised) after a transseptal puncture. Prior to ablation, a 3D map of the left atrium was created with proximal CS pacing at a cycle length of 600 ms with both voltage and activation data using a Lasso circular or PentaRay multielectrode mapping catheter and a CARTO (15) electro-anatomical mapping system (Biosense Webster, Irvine, CA, USA).

Ablation was performed with a SmartTouch Surround Flow DF catheter (16) (Biosense Webster, Irvine, CA, USA) and guided by the ablation index (9) with targets of 370 and a power of 35 W on the posterior and inferior regions while aiming for 480 with a power of 40 W on the anterior and superior regions. Our ablation lesion strategy was as follows: If the patient's initial rhythm was, or if after cardioversion they maintained, sinus rhythm, PVI only was performed using bilateral wide antral circumferential ablation (WACA) (17, 18) lines. If a short distance was left between the bilateral WACA lines on the roof (<1.5 cm), a roof line was completed. If they failed to maintain sinus rhythm, a posterior wall isolation box was performed. If the patient failed to maintain sinus rhythm at this point, an anterior mitral isthmus line was also created. If they failed to maintain sinus rhythm acutely at this point, additional scar homogenisation and superior vena cava (SVC) isolation were performed. If the patient developed an atrial tachycardia at any point, it was mapped and, where possible, ablated. Cavotricuspid isthmus (CTI) ablation was performed in cases of documented typical atrial flutter.

Validation was performed by remapping the left atrium after a 20-min waiting period, ensuring both entry and exit blocks into all pulmonary veins. Where linear ablation lesions were created, the bidirectional block was confirmed across these lines using appropriate differential pacing. Adenosine was not routinely used to test for pulmonary vein isolation.



Statistical analysis

The normality of data distribution was tested with the Shapiro–Wilk test. Continuous variables were expressed as mean ± standard deviation if normally distributed and medians with interquartile range if non-normally distributed, and dichotomous variables were expressed as percentages. The Student t-test or the Mann–Whitney U-test was used for unpaired group comparison. Categorical variables were compared by the χ2 or Fisher exact test and were presented as frequency and percentage. The Kaplan–Meier estimate was used to compare freedom from atrial arrhythmia between subgroups and dependence on different patient and procedural characteristics. The log-rank test and Cox proportional hazards were used to check for statistically significant differences. Multivariable logistic regression was used to assess the association between the different parameters and recurrence rates. Variables were included in the multivariate analysis if their univariate p-value was less than 0.1 and they were not collinear (denoted by “C” in the p-value column—see Table 1) with an already included variable. p-values <0.05 were considered statistically significant. All statistical analyses were performed using R version 4.1.2 (19). Survival curves were truncated to 5.5 years to ensure that at least 10% of the original cohort was still at risk, as it is considered standard in reporting of Kaplan–Meier survival curves.


TABLE 1 Results of the Cox proportional hazard model of univariate and multivariate regression analyses.
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Results


Patient characteristics

A total of 123 patients were enrolled (mean age: 65.3 ± 9.8 years, 74.8% men). Table 2 details the demographic and baseline data of the study participants. A total of 49% of patients studied had persistent atrial fibrillation. Fifty-four (43%) patients were on class Ic/III anti-arrhythmic drugs (AAD) prior to ablation, and 10 (8%) patients continued their AAD after the blanking period. Seventeen patients exhibited a documented reduced left ventricular systolic function, and six exhibited a normalised left ventricular function after the procedure, where patients responded to appropriate heart failure therapies or systolic dysfunction was tachycardia-mediated.


TABLE 2 Patient characteristics.
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Freedom from arrhythmia recurrence

Patients were followed up for up to 6 years after their ablation (median follow-up: 4.2 years, IQR: 2.75, 5.05). Freedom from arrhythmia recurrence, allowing only for the index procedure and repeat procedure, is detailed in Table 3. Allowing for repeat procedures, Figure 1 describes the arrhythmia free survival curve. Median arrhythmia-free survival was 5.6 years.


TABLE 3 Arrhythmia-free survival.
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FIGURE 1
Kaplan–Meier survival curve with 95% confidence interval showing freedom from arrhythmia recurrence with repeat procedures. +denotes censor.


Out of 123 patients, 44 (35.7%) had a least one recurrence during follow-up. Of these 44 patients, 34 (77% of recurrences) had atrial fibrillation; of these 34 patients, 29% had undergone a PVI “plus” procedure, while 10 patients (40% PVI “plus”) experienced atypical atrial flutter.



Procedural characteristics

Throughout the study, a total of 163 procedures were performed on 123 patients underwent. The mean number of procedures was 1.3 per patient; most index procedures were PVI only (75%), with 25% of patients undergoing additional lesions. Further procedural details are given in Table 4.


TABLE 4 Procedural characteristics.
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Repeat procedures

Of 123 patients, 30 (24%) underwent more than one procedure. Patients requiring multiple procedures had poorer outcomes (log-rank p-value: <0.0001), even allowing for multiple procedures. Remapping the pulmonary veins at the time of the first repeat procedure revealed that 16 patients (53.3%) had no reconnection, 10 (33.3%) had a right PV reconnection only, three (10%) patients had both veins reconnected, and only one (3.3%) patient had a reconnection in the left-sided veins only. Patients with reconnected veins at the time of their first repeat procedure had earlier recurrence (after the initial procedure) compared to patients with isolated veins, with most of these recurrences in the first year (11/14 patients)—see Figure 3. There was no significant difference in arrhythmia-free survival between patients with reconnected veins or not at the time of repeat procedure throughout the study (log-rank p-value: 0.12); however, in the first 2 years, patients with reconnected veins at repeat procedure showed a trend towards better outcomes with no further recurrence until into the second year. The mean number of extrapulmonary vein targets per patient undergoing repeat ablation was 1.53, the most common being posterior wall isolation in 17 patients, followed by anterior mitral isthmus line in 11 patients.


[image: Figure 2]
FIGURE 2
Kaplan–Meier survival curves with 95% confidence intervals for paroxysmal vs. persistent atrial fibrillation. An initial trend of better outcomes in paroxysmal AF does not continue beyond 2 years. Overall survival curves are not statistically different. +denotes censor.




Complications and procedural safety

Four patients had self-resolving vascular minor complications in the form of groin haematomas. Two patients experienced major (20) complications: one in the form of pericarditis requiring pericardiocentesis and steroid therapy, and a second patient with a right phrenic nerve injury. This resulted in a minor vascular complication rate of 4 per 154 procedures (2.5%) and a major complication rate of 2 per 154 procedures (1.25%).



Predictors of recurrence

Univariate and multivariate regression analyses (see Table 1) showed that age >75 years [HR: 2.7 (1.14–6.7)], BMI >35 kg/m2 [HR: 4.6 (1.8–11.4)], and an LA width above the third quartile in size [HR: 2.4 (1–5.7)] were independent statistically significant predictors of worse outcomes. Recurrence of arrhythmia in the blanking period (p = 0.1) showed a trend towards worse outcomes [HR: 1.9(0.89–4)], a finding that has been noted in previous work (21). There was no difference in recurrence rates between AF subtypes (Figure 2) or gender (Figure 4). Patients with reconnected veins at the time of repeat procedure tended to have earlier recurrence (Figure 3).


[image: Figure 3]
FIGURE 3
Kaplan–Meier survival curves of patients who underwent repeat procedures, up to their first recurrence only, stratified by the pulmonary vein connection status at the time of the first repeat procedure. Patients with connected veins tended to recur earlier, with the majority in the first year.
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FIGURE 4
Kaplan–Meier curves comparing arrhythmia-free survival of male vs. female patients and allowing for repeat procedures.





Discussion

This study provides insights into the long-term efficacy and safety of ablation index-guided AF ablation for atrial fibrillation. Although long-term data are available on select patient cohorts (22), for the first time, this study presents long-term follow-up (beyond 5 years) data in a cohort of real-world consecutive patients utilising the ablation index and a pragmatic pre-defined ablation escalation strategy. Five-year data are particularly useful when counselling patients on treatment options as a common concern for them is the prognosis beyond the typically studied 1-year window.

Our patients were older compared with similar studies [PRAISE (7): 61 ± 8, CLOSE (23): 62 ± 10, Casella et al. (24): 60 ± 12]. The body mass index (BMI) (29.1 ± 4.7) was generally higher in our patients [CLOSE (23): 26.6 ± 4.3, Casella et al. (24): 25.4 ± 3.2]. The CHADSVASc (2.1 ± 1.5) score also tended to be higher compared with PRAISE (23) (a median score of 1) and similar to patients in the CLOSE (23) study, where 41% had a score >2. The LA anteroposterior diameter (AP) (46.6 ± 7.4 mm) diameter tended to be longer (although measured on CT rather than by echocardiography) in PRAISE (43 ± 5 mm), CLOSE (40.4 ± 4.4 mm and 39.9 ± 3.9 mm), and Casella et al. (24) (42.3 ± 7.7 mm). In summary, our patients tended to be older, with higher BMI, greater CHADSVASc scores, and larger LA sizes compared to similar studies.

With only a mean of 1.3 procedures per patient, we see an arrhythmia-free survival rate of 95.8% at 1 year, holding to 72.3% at 5 years. These survival rates are modestly lower compared to other studies, likely due to our slightly more challenging patient characteristics.

We observed that older (age >75 years) and morbidly obese (BMI >35 kg/m2) patients remain challenging groups of patients to treat with catheter ablation for atrial fibrillation; in the latter group, this reinforces the importance of lifestyle modification as an integral part of the overall treatment strategy (25). As previously documented (21), there is a possible association between arrhythmia in the blanking period and worse outcomes.

The major complication rate of only 1.25%, with no procedural-related deaths or strokes observed during this study, was quite favourable when compared with large registry studies (26, 27) and comparable to rates seen in published RCTs (28). The authors attribute the low vascular complication rate to the consistent use of vascular ultrasound for all cases, as also evidenced in large retrospective studies (29).

Patients with paroxysmal AF are often considered to be at an earlier disease stage in comparison to those with persistent AF with lower recurrence rates. However, in this study, while patients with paroxysmal AF appeared to do better in the first year, this trend did not reach statistical significance (p = 0.59). The paroxysmal and persistent survival function curves (see Figure 2) overlap shortly after year 2 and follow a similar trajectory from that point onwards. The lack of prognostic difference conveyed by AF subtypes has been noted previously (21) but remains somewhat at odds with the conventional wisdom. To further explore this, we stratified patients by AF subtypes to look for differences in other variables. Except for parameters related to left atrial size (persistent patients tend to have larger atria), there were no statistically significant differences between the two groups. We speculated that the difference between the subtypes may disappear over time as the less severe paroxysmal patients “catch-up” with persistent patients. However, survival analysis stopped at 1 or 2 years showed no statistical differences between subtypes (Figure 2). It may be that persistent AF truly represents a more advanced disease state, but the data from this observational study do not support this nor the concept that paroxysmal patients are less likely to have a recurrence compared to persistent patients.

Next, we considered gender differences; significantly more men than women were enrolled in the study. Although the gender balance (74.8% male) does not differ from that found in similar studies of ablation index-guided PVI [PRAISE study: 75% male (23), CLOSE study (23): intervention 62% vs control 72% male, Casella et al. (24): 74% male]. Women in this study tended to be older, with a higher proportion over 75 years. Consequently, their CHADSVASc score tended to be higher, although there was no difference in non-age-related components of the score. Men were more likely to have persistent atrial fibrillation. Men tended to have smaller left atrial anterior–posterior dimensions, width, and area when indexed by the body surface area (BSA). Women tended to have more procedures and had a trend towards more PVI plus lesion sets. Despite these differences, there was no difference in the survival curves of men vs. women—see Figure 4.

Regarding patients who underwent repeat procedures, there is near equipoise between patients with no pulmonary vein reconnection (51%) and those with at least one at the time of the repeat procedure; among those with reconnection, only one patient out of 14 had reconnection limited to just the left-sided veins. This suggests that further attention needs to be paid to the isolation of the right-sided pulmonary veins as they are the site of greater recurrence than the left-sided veins, a result that was mirrored in the acute recurrence patterns seen in Hussein et al. (7). Second, patients who have non-isolated veins at their repeat procedure tended to recur earlier than those with isolated veins (Figure 3), most within the first year [median: 0.52, IQR: (0.36–1.51) years], while those with isolated pulmonary veins have recurrence at a later date [median: 1.1, IQR: (0.55–2.65) years]. This signal (early time to recurrence) allows us to potentially delineate patients with recurrence due to pulmonary vein reconnection. As such, it offers a potential target for prioritisation in resource-constrained systems of repeat procedures for patients as there is a trend towards better outcomes in these patients, particularly in the first 2 years. Patients with later recurrence likely represent the progression of the disease and the development of clinically significant extrapulmonary vein triggers, which to date have remained recalcitrant to treatment by catheter ablation.


Limitations

This was a single-centre retrospective observational study. High/very high-power short-duration RF ablation technology was not available when the procedures were performed nor were the recent advances in pulsed field ablation technology. Regarding the cohort of patients undergoing repeat procedures, this was relatively small (30 patients), so any inferences from this data should be tempered with caution and used for hypothesis generation only. With only routine clinical follow-up, it is likely that the recurrence rates have also been underestimated.




Conclusion

In conclusion, ablation index-guided pulmonary vein isolation is a safe and effective means of treating atrial fibrillation in symptomatic drug-refractory patients, as evidenced by a 72.3% arrhythmia-free survival at 5 years with repeat procedures. These data are novel in terms of duration of follow-up and is a useful addition to the body of knowledge particularly in terms of counselling patients before CA. Elderly and morbidly obese patients remain a challenging cohort of patients to treat effectively. Patients with arrhythmia recurrence at an earlier stage (between 3 and 12 months) are more likely to have non-isolated pulmonary veins. Such earlier recurrence offers a potential target to prioritise patients for repeat procedures as these patients show a trend towards better outcomes compared to patients with later recurrence, although further work is required to show this conclusively.
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Background: The severity of sepsis is associated with systemic clotting activation. Atrial fibrillation (AF) is the most commonly observed arrhythmia in patients with sepsis and can lead to a poor prognosis. The aim of this study is to elucidate the association between oral anticoagulants and survival from septic patients complicated with AF.



Methods: The data of 8,828 septic patients, including 2,955 AF and 5,873 without AF, were all originated from the Medical Information Mart for Intensive Care IV (MIMIC-IV) database. Patients with sepsis and AF are divided into OAC- group (n = 1,774) and OAC+ group (n = 1,181) based on OAC therapy. Septic patients with no AF were considered as the control group (n = 5,873, sepsis and no AF group). The main outcome endpoint was the survival rate of 30 day. The secondary outcome endpoint was the length of stay (LOS) from intensive care unit and hospital. Propensity score matching (PSM) was used to adjust the influence of superfluous factors, and a restricted mean survival time (RMST) analysis was used for calculating the benefit of survival time and survival rate. Analysis including univariate and multivariate logistic regression analysis was conducted to find prognosis-related predictors.



Results: After PSM, the OAC+group had a higher 30-day survival rate compared to the OAC- group (81.59% vs. 58.10%; P < 0.001) in the ICU. Despite the higher survival, the hospital LOS (14.65 days vs. 16.66 days; P = 0.15) and ICU LOS (6.93 days vs. 5.92 days; P = 0.02) were prolonged at OAC+ group than OAC- group. No difference was found in survival rate of 30 day between the sepsis patients using warfarin and patients using NOAC (85.60% vs. 79.84%, P = 0.12). The sepsis patients using warfarin had a prolonged LOS in ICU and hospital compared with the sepsis patients using NOAC. In the vasopressor subgroup, patients who received NOAC therapy were associated with a reduced 30-day survival rate (73.57% vs. 84.03%; P = 0.04) and reduced LOS in ICU and hospital than those on warfarin therapy.



Conclusion: This study demonstrated that oral anticoagulants may increase the 30-day survival rate of patients with sepsis and AF.
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atrial fibrillation, sepsis, warfarin, novel oral anticoagulant, in-hospital mortality





Introduction

Atrial fibrillation (AF) is the most commonly observed arrhythmia from people who suffer from sepsis (1). There was strong association between sepsis and AF (2). Sepsis is characterized by systemic inflammation activation, intravascular volume overload, excessive adrenergic stimulation, and impairment of cardiovascular system. all factors above can contribute to abnormal development of atrial electrophysiology, resulting in the occurence of AF (3–5).

Sepsis is responsible for the majority of mortality in the ICU (6). Patients who have experienced severe shock and atrial fibrillation tend to cause the aggravation of illness and have poor prognosis (7). Sepsis patients with new-onset AF had higher risk of death than sepsis patients with no AF (8).

The severity of sepsis is highly associated with systemic clotting activation. Enough evidence was found between hemostasis and inflammation and hemostasis is important for the development of illness in patients with sepsis (9). Sepsis patients and DIC may develop severe complications, which can result in failure of multiple organs (10, 11). The evidence was cumulating for beneficial effect of anticoagulation therapy in sepsis patients (12). In addition, more reseach demonstrate that sepsis patients need to prevent venous thrombosis (13).

Novel oral anticoagulants (NOAC) and warfarin are the most common drugs used in clinical anticoagulation therapy, but their effects on the prognosis of sepsis complicated by atrial fibrillation have rarely been studied. This study aimed to better interpret the deep relationship between anticoagulation therapy (NOAC and warfarin) and its impact on prognosis of sepsis and AF patients.



Methods


Study population

This study was a retrospective observational study. The data originated from the MIMIC-IV database (14, 15). This database was identified by the Massachusetts Institute of Technology. The single-center database had 257,366 individuals, including 13,478 sepsis patients according to the International Classification of Diseases (ICD)-9/10 code. We collect patients who were in ICU. The criteria of exclusion as folows: 1) Patients who were not in ICU; 2) Patients who took warfarin in combination with new oral anticoagulants during hospitalization. Of 13,478 patients with sepsis, 4,604 patients who were not in ICU were excluded. Remaining 8,828 patients were included to next analysis (Figure 1). 2,995 (33.9%) septic patients were complicated with AF. Of them, 1,181 (39.4%) patients were treated with OAC (NOAC or warfarin) and included in the OAC+ group. Remaining 1,774 septic patients complicated with AF who had not received OAC during hospitalization included in OAC- group. 5,873 patients with sepsis but no AF included in the control group (Sepsis, no AF).


[image: Figure 1]
FIGURE 1
Flow diagram of the selection of eligible patients.


Patients who had received vasopressor therapy in the hospital were included in a vasopressor subgroup indicating the severe condition of sepsis. The vasopressor subgroup consisted of septic patients who received the vasopressors therapy (norepinephrine, phenylephrine, epinephrine, dopamine, or dobutamine) during hospitalization.



Main and secondary outcomes

The main outcome endpoint was the survival rate of 30 day. The secondary outcome endpoint was the length of stay (LOS) from intensive care unit and hospital.



Establishment of Kaplan–Meier (KM) survival curve

The definition of Kaplan–Meier (KM) survival curve is included in this study (16). We used the R package (“survminer” (https://rpkgs.datanovia.com/survminer/index.html) and “survival” (17)) to establish curves of survical from two groups (OAC+ and the OAC- groups; warfarin and NOAC groups) and compared them in pairs.



Propensity score matching (PSM)

PSM was utilized to eliminate confounding factors from the OAC+ and the OAC- groups, as well as warfarin and NOAC groups. After PSM, standardized mean differences (SMD) were utilized to prove that confounding factors were balanced between the two groups (18).



Statistical analysis

Baseline characteristics of the study patients are showed as mean ± SD or percentages for continuous and categorical variables. T-test was used to compare the patients' characteristics between two groups. The pairwise comparison between the three groups was performed using ANOVA. Variables that is significant in univariate analysis were included in multivariate analysis.




Results


Baseline characteristics for all patients

Demographic characteristics for all sepsis patients are detailed in Supplementary Table S1 and the P-values for pairwise comparison are shown in Supplementary Table S2. The mean age of the study patients was 67.50 ± 16.20 years, 4,006 (45.38%) were female, and 863 (9.78%) had continuous renal replacement therapy (CRRT). 30-day mortality was significantly higher for OAC- group (47.75%) than that of OAC+ group (17.44%) and sepsis, no AF group (26.82%) (P all <0.001). The occurrence of shock induced by sepsis was also significantly higher for OAC- group (31.74%) compared with that of OAC+ group (22.18%) as well as sepsis, no AF group (27.15%) (P all <0.001). The 30-day survival curve suggested significant differences among the three groups (Supplementary Figure S1) (P < 0.001). OAC- group had higher ICU LOS and hospital than OAC+ as well as sepsis, no AF group (control group) (P all <0.001).



30-day survival and LOS in ICU & hospital after PSM

After PSM (1:1), the SMD of variables are totally smaller than 0.1, showing that The confounding factors of the two groups were basically balanced (Table 1). We performed a multifactor analysis of post-PSM data to identify factors that potentially influence 30-day mortality (Supplementary Figure S2A). The KM curve showed that the OAC therapy had an rising survival rate of 30 day (81.59% vs. 58.10%; P < 0.001) (Figure 2A). Prolonged ICU LOS (Length of Stay) (6.93 days vs. 5.92 days; P = 0.02) and shortened hospital LOS (14.65 days vs. 16.66 days; P = 0.15) were found in the OAC+ group compared to the OAC- group (Table 2A), the difference in ICU LOS was significant and the difference in hospital LOS was non-significant.


TABLE 1 Baseline table of demographic characteristics after PSM.
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TABLE 2A Outcomes for all patients.
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TABLE 2B Outcomes for vasopressor subgroup.
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FIGURE 2
Kaplan–Meier survival curve of the OAC + and OAC- groups. Figure 2A showed the Kaplan–Meier survival curve of the OAC+ and OAC- groups after PSM in all patients; Figure 2B showed the Kaplan–Meier survival curve of the OAC+ and OAC- groups after PSM in the vasopressor subgroup. OAC, oral anticoagulants; AF, atrial fibrillation; PSM, propensity score matching.




30-day survival and LOS in vasopressor subgroup after PSM

The use of vasopressor drugs in sepsis is a sign of severe disease, and we analyzed this subset of patients separately. We performed a multifactor analysis of post-PSM data to identify factors that potentially influence 30-day mortality in vasopressor group (Supplementary Figure S2B). After PSM, the KM curve showed that the OAC therapy was associated with an increased 30-day survival rate (78.47% vs. 49.57%; P < 0.001) in the vasopressor subgroup (Figure 2B). The LOS in ICU was reduced in the OAC+ group than in the OAC- group (9.39 days vs.7.23 days; P < 0.001) (Table 2B).



30-day survival and LOS between warfarin group and NOAC group

For oral anticoagulants, it mainly includes warfarin and NOAC. Of 1,181 patients taking anticoagulants, 871 used warfarin, and 310 used NOAC. After PSM (1:1) (Supplementary Table S2), the KM curve showed no difference was found in the 30-day survival rate from the warfarin and NOAC group (85.60% vs. 79.84%, P = 0.12) (Table 3A and Figure 3A). The hospital LOS (18.13 days vs. 13.92 days; P = 0.002) and ICU LOS (6.75 days vs. 4.84 days; P = 0.004) were prolonged in the warfarin group than the NOAC group.


TABLE 3A Outcomes for all patients.
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TABLE 3B Outcomes for vasopressor subgroup.
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FIGURE 3
Kaplan–Meier survival curve of the warfarin and NOAC groups. Figure 3A showed the Kaplan–Meier survival curve of the warfarin and NOAC groups after PSM in all patients; Figure 3B showed the Kaplan–Meier survival curve of the warfarin and NOAC groups after PSM in the vasopressor subgroup. NOAC, novel oral anticoagulants; PSM, propensity score matching.


In the vasopressor subgroup, patients who received NOAC therapy were associated with a reduced 30-day survival rate (73.57% vs. 84.03%; P = 0.04) than the warfarin group after PSM (Table 3B). The ICU LOS (9.43 days vs. 6.46 days, P = 0.003) and hospital LOS (20.66 days vs. 14.82 days; P = 0.003) both were prolonged in the warfarin group compared to the NOAC group (Table 3B).



Risk factors related to all-cause mortality in sepsis combined with AF

We investigated the risk factors related to mortality in sepsis and AF patients. Chronic Kidney disease (CKD) significantly increased all-cause mortality of sepsis patients with an adjusted OR of 1.44 (95% CI, 1.08–1.91; P = 0.012) (Figure 4A). CRRT during hospitalization significantly increased all-cause mortality with an adjusted OR of 2.23 (95% CI, 1.52–3.26; P < 0.001) and 2.49 (95% CI, 1.66–3.74; P < 0.001) in vasopressor subgroup. Use of warfarin and NOAC both significantly reduced all-cause mortality with an adjusted OR of 0.18 (95% CI, 0.13–0.24; P < 0.001) and 0.29 (95% CI, 0.19–0.44; P < 0.001) and verified in vasopressor subgroup. The higher temperature on the first day of hospitalization and lower GCS score reduce all-cause mortality in all patients, including the vasopressor subgroup. In contrast, higher SOFA scores increase all-cause mortality in all patients, including the vasopressor subgroup.
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FIGURE 4
Forest plot of related factors affecting death for sepsis with atrial fibrillation patients. Figure 4A showed a Forest plot of related factors affecting death for sepsis with atrial fibrillation for all patients; Figure 4B showed a Forest plot of related factors affecting death for sepsis with atrial fibrillation for the vasopressor subgroup. CKD, chronic kidney disease; CRRT, continuous renal replacement therapy; NOAC, novel oral anticoagulants; GCS, glasgow coma scale; SOFA, sequential organ failure assessment.





Discussion

In this study, we revealed that oral anticoagulants can increase the 30-day survival rate but prolonged LOS in ICU in sepsis patients complicated with AF after matching heparin use. No difference was found in survival rate of 30 day between warfarin and NOAC groups. However, warfarin showed significantly increased LOS in hospitals and ICU than NOAC in the vasopressor subgroup. CRRT and CKD were independent risk factors for all-cause mortality.

Among patients with severe sepsis, patients with new-onset AF were at increased risk of in-hospital stroke and death compared with patients with no AF and patients with preexisting AF (19, 20). The question of whether patients with sepsis and atrial fibrillation should receive anticoagulation therapy is still controversial (21).We observed that anticoagulant therapy effectively reduces 30-day mortality in septic and AF patients. Allan J Walkey et al. proved that after hospitalization with new-onset AF during sepsis, oral anticoagulation use was uncommon and associated with potentially higher stroke/TIA risk (22). Umemura et al. reported a meta-analysis showing that anticoagulant therapy could improve the mortality in sepsis-induced DIC patients. However there was no beneficial effect on survival in sepsis patients (23). The foundation for anticoagulant method comes from increasing evidence suggesting beneficial effects in sepsis patients (24). More and more studies had reported the important relationship between anticoagulant therapy and inflammation in sepsis patients (24). Damage-associated molecular patterns (DAMPs), has been proved to participate in the pathogenesis of sepsis.

We have not found any difference in survival rate of 30 day between warfarin and NOAC groups in sepsis and AF patients. However, some studies showed that NOAC reduces mortality in AF patients compared with warfarin (25, 26). This may be due to different subjects. In our study, the patients had severe sepsis and AF, while the previous studies included AF patients without sepsis.

Similarly, prolonged LOS in hospital and ICU were found in the OAC+ group compared to the OAC- group, which was different from the previous study (23). In fact, heparin, not NOAC or warfarin, was used for reducing LOS in hospitals of sepsis patients. Studies have shown that NOAC has a shorter hospital stay than warfarin in AF patients with higher body weight or post-cardiac surgery (27, 28). This may contribute to lower complications (such as bleeding) in NOAC compared with warfarin.

A similar conclusion was gained that NOAC had no difference in survival rate compared with warfarin but reduced LOS in hospitals in post-cardiac surgery atrial fibrillation patients (29). We have found that warfarin therapy prolonged LOS in ICU and hospitals compared to NOAC, which was similar with previous studies.

We also found that CRRT and CKD were independent risk factors for all-cause mortality in sepsis patients with AF, which was consistent with previous studies (30).

This study has several limitations. Firstly, PSM analysis may reduce the size of sample. The distribution of matched datasets was less than the main dataset; Secondly, although the PSM were to reduce the confounders, some confounders may not be measured in this study. Thirdly, the data about the outcome of bleeding and embolism after anticoagulant therapy is missing in the MIMIC public database. Fourth, as a retrospective observational study, the credibility of this study needs to be further confirmed in prospective studies. Fively, due to the use of a shared database for analysis, there are too many messy diagnostic codes related to DIC, so it is impossible to assess that the patients who were on vasopressor therapy is DIC. Sixly, the basis that patients with atrial fibrillation and sepsis not treated with an anticoagulant is unclear. Finally, the work completely lacks a reference to which patients had newly diagnosed atrial fibrillation and which ones were previously diagnosed with atrial fibrillation.



Conclusion

This retrospective study confirms that oral anticoagulants can increase the 30-day survival rate in sepsis patients complicated with AF. No significant difference was found in the 30-day survival rate between warfarin and NOAC groups. Warfarin was associated with prolonged LOS in ICU and hospital compared with NOAC.
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Purpose: This study aimed to investigate the effect of Marshall ethanol infusion (VOM-Et) in the vein on mitral isthmus (MI) ablation.



Methods: Patients with persistent atrial fibrillation (AF) were grouped into vein of VOM-Et combined with radiofrequency (RF) ablation (VOM-Et-RF) and RF groups. The primary outcome was MI block immediate block rate after surgery. Stratified analysis was also performed for factors affecting the outcome measures.



Results: A total of 118 consecutive patients underwent AF ablation at Taizhou Hospital of Zhejiang Province from January 2018 to December 2021. Successful bidirectional perimitral block was achieved in 96% of patients in VOM-Et-RF (69 of 72) and in 76% of patients in the RF group (35 of 46) (P < 0.01). In the subgroup analysis, male sex, elder than 60 years, Left atrial diameter <55 mm, and AF duration <3 years were associated with the benefits of VOM-Et in AF Patients.



Conclusion: The vein of Marshall ethanol infusion for catheter ablation can improve the MI block rate. Male sex, elder age, smaller Left atrial diameter and shorter AF duration may have significant benefits for VOM-Et.
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atrial fibrillation, catheter ablation, ethanol infusion, vein of Marshall, mitral isthmus (MI) ablation





Introduction

The prevalence of atrial fibrillation (AF) is increasing with the development of an aging society. At present, for catheter ablation of persistent atrial fibrillation, substrate modifications beyond pulmonary vein isolation is still lacking in evidence for further reducing the long-term recurrence. Some researchers believe that the long-term recurrence rate of persistent AF is related to mitral valve block rate (1).

Vein of Marshall ethanol infusion (VOM-Et) has become a popular topic in recent years. The block rate of the mitral isthmus (MI) can be improved by injecting absolute ethanol into the Marshall vein. In addition, VOM-Et can also play a role in intervening the autonomic nerve and AF triggers originating from the vein of Marshall, so as to reduce the recurrence rate of catheter ablation for persistent AF. However, few study has focus on the effect of VOM-Et on mitral isthmus ablation. The present study aims to investigate the impact of VOM-Et on MI ablation, as well as potential factors associated with the effect size.



Methods


Study design

This is a single-center retrospective study which compared the effectiveness of rhythm control with two ablation strategies for persistent AF: RF alone or with Marshall vein ethanol ablation (VOM-Et-RF) (Figure 1). The protocol of the trial was reviewed and approved by the Institutional Ethics Committee. RF ablation applied a fixed anatomical ablation strategy including circumferential pulmonary vein isolation, left atrial roof, mitral isthmus, and tricuspid isthmus ablation, while additional VOM-Et was performed on the basis of aforementioned RF lesion sets in VOM-Et-RF group (Figures 2A–C).


[image: Figure 1]
FIGURE 1
Study flow diagram of patient entrollment.
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FIGURE 2
(A) A Schematic diagram of VOM-Et (1); (B) Selective angiography of the vein of Marshall; (C) Bi-polar voltage change in the mitral isthmus and left lateral ridge before and after EIVOM; (D) Verification of a bidirectional block of the mitral isthmus.


In this study, the OTW balloon was fixedly placed at the proximal VOM. After inflation of the balloon at 6–8 atm, selective venography was performed to confirm total VOM occlusion, display the arborization of the VOM and identify collateral branches communicating with other structures. In cases, successive 5 times of ethanol was injected with 1–2 ml for each infusion and 1 min apart. At the end of VOM-Et, repeated venography was applied through the lumen of the balloon to observe tissue staining and exclude contrast extravasation into the free pericardium. After the ethanol fusion into the vein of Marshall procedure, we performed radiofrequency ablation.



Setting and participants

A total of 118 consecutive patients underwent persistent AF ablation at Taizhou Hospital of Zhejiang Province from January 2018 to December 2021. Patients were eligible if they met the following inclusion criteria: (1) age 18–85 years; and (2) symptomatic persistent AF refractory to at least1 antiarrhythmic drug (AAD). The exclusion criteria were the following: (1) thrombus on transesophageal or intracardiac echocardiography; and (2) incomplete data.

All patients were divided into two groups according to ablation strategy, which were the following: (1) radiofrequency energy (RF) alone (n = 46); and (2) radiofrequency energy combined with vein of Marshall ethanol infusion (VOM-Et-RF) (n = 72).



Variables

Patient anthropometric and procedural parameters were collected to analyze any significant association with mitral isthmus block (Figure 2D).



Measurement

Clinical assessments were performed at baseline and after the initial ablation treatment under sinus rhythm, bidirectional block of MI was determined by differential pacing techniques (Figure 2).



Quantitative variables

The correlation between MI block rate and alcohol ablation with sex, age, duration of atrial fibrillation, left atrial size, diabetes, hypertension, smoking, and alcohol consumption, was examined by correlation tests. Variables were identified with P-values <0.05 in univariate and multivariate analysis. Multivariate binary logistic regression analysis [odds ratio (OR) and 95% confidence interval (CI)] was performed to evaluate the predictors of MI block.



Statistical methods

All continuous variables are presented as mean ± SD or median (range) if not distributed. Continuous data were compared using Student's t-test if normally distributed or Mann–Whitney U-test if not normally distributed. Categorical data were expressed as counts and proportions and compared using the χ2 test. Statistical threshold was set at P < 0.05. Statistical analysis was performed using the SPSS software (version 26.0; IBM Corporation, Somers, NY, USA).




Results


Baseline characteristics

The baseline characteristics of the patients are summarized in Table 1. A total of 118 patients were enrolled in this study between January 2018 and December 2021. The general patient characteristics were similar in all treatment arms. The mean patient age was 63.67 years. The majority of the study patients were male (73%), but the proportion of males in each group was similar. A repeat ablation procedure was performed in 46 (39.0%) of the RF group and in 72 (61.0%) of the VOM-Et-RF group. There were no significant differences in symptomatic AF episodes before inclusion in the registry between the two patient groups.


TABLE 1 Baseline characteristics.

[image: Table 1]



Acute conduction block at the mitral isthmus

Successful bidirectional perimitral block was achieved in 96% of patients in the VOM-Et-RF group (69 of 72) and in 76% of patients in the RF group (35 of 46) (P < 0.01) (Supplementary Figure S1). There is a significant intergroup difference in MI block rate for males (98% vs. 70%, P < 0.001), but no significant difference in female patients between the VOM-Et-RF group (91%) and RF group (86%) (Figure 3A). In terms of age, the rate of MI conduction block was significantly higher in VOM-Et-RF group (96%) than that in RF group (75%), in patients older than 60 years (Figure 3B).


[image: Figure 3]
FIGURE 3
Influencing factor of acute conduction block at the MI. (A) Sex; (B) Age; (C) Duration of atrial fibrillation; (D) LA diameter; (E) Diabetes; (F) Hypertension; (G) Smoke; (H) Drink. VOM-Et-RF VS RF, *P < 0.05, **P < 0.01, ***P < 0.001.


For the analysis of the duration of atrial fibrillation, the rate of block at the MI was significantly higher in the VOM-Et-RF group (100%) than RF group (78.3%) in patients with duration of AF less than 3 years. However, there was no difference in the rate of perimitral block in patients with the duration of AF more than 3 years (Figure 3C). In addition, in patients with left atrial diameter less than 55 mm, the rate of isthmus block was significantly higher in the VOM-Et-RF group (95.2%) than in the RF group (80.48%), while in patients with left atrial diameter greater than 55 mm, the rate of isthmus block was significantly higher in the VOM-Et-RF group (100%) than in the RF group (40%) (Figure 3D).

Further analysis of clinicopathological factors affecting the progression of AF showed that in non-diabetic patients, the rate of perimitral block was significantly higher in the VOM-Et-RF group (95%) than in the RF group (73%), while there was no statistical difference in the contribution of the two groups to the rate of isthmus block in diabetic patients (Figure 3E). Similarly, in non-hypertensive patients, the rate of isthmus block was dramatically higher in the VOM-Et-RF group (100%) than in the RF group (77%), but there was no significant difference in the rate of perimitral block in hypertensive patients (Figure 3F). Similarly, in non-smoking and non-drinking patients, the rate of isthmus block was remarkably higher in the VOM-Et-RF group (98% and 96%, respectively) than in the RF group (78% and 74%, respectively), while there was no significant difference in the contribution of the two groups to the rate of isthmus block in the non-smoking and non-drinking patients (Figures 3G, H).

Our further stepwise regression analysis found that only LA diameter and whether alcohol ablation was performed or not were included in the regression curve, with a significant effect on MIBB%, and all the remaining variables were removed (Table 2).


TABLE 2 Analysis of the influencing factors of mitral isthmus block rate in patients.
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Discussion

The main findings of the present study, indicate that VOM ethanol infusion facilitates MI conduction block. Furthermore, in the subgroup analysis, our data support that male sex, age >60 years, LA diameter <55 mm and AF duration <3 years were independently associated with the benefits of VOM-Et for AF patients.

The success rates for achieving MI block using RF range from 42% to 92% for the posterior MI line (2–8), 85%–88% for the anterior MI line (9, 10), and 98.2% for the superolateral MI line (11). Acute and long-term success may be impacted by MI thickness and duration. A growing body of research has shown that VOM is significantly associated with arrhythmias, and the main potential pathophysiological mechanisms are proximal VOM autonomic nervous system imbalance, VOM-related AT, VOM-related reentrant activities triggering AF, and focal activities perpetuating AF (12). According to preliminary clinical studies, ethanol effusion into VOM can result in a complete linear lesion along the MI and successfully block the MI (13, 14), making it a viable treatment option for peri-mitral AT. In contrast to catheter ablation alone, catheter ablation with VOM-Et enhanced the likelihood of independence from AF/AT for PeAF with one-year follow-up, according to a recent randomized, multi-center experiment (VENUS trial) (1).

The difficulties in MI ablation and the low block rate is the major consideration that preclude application of MI ablation in clinical practice. Complete MI block may be difficult to achieve due to several physical restrictions, including a thicker and longer MI (15), the heat-sink effect of blood flow in the CS and circumflex arteries, and epicardial fibers like the CS myocardial sleeve and ligament of Marshall (16–18). These factors often result in longer ablation time and higher procedural risk. In our study, we found that the size of LA and the application of VOM-Et are key factors affecting the success rate of MI Block. Atrial structural remodeling is a common phenomenon in patients with atrial fibrillation (AF), usually manifested as increased atrial volume and atrial wall fibrosis, which will increase the success rate of catheter ablation to achieve MI block. Left atrial enlargement is closely related to the severity of atrial fibrillation, especially in persistent atrial fibrillation, which increases the success rate of both PVI isolation and MI block (19).With VOM-Et, MI ablation is much facilitated. Particularly, less RF applications are required in the mid to distal part of MI including the LAA base, which has more trabeculated and creviced structures susceptible to perforation. Although VOM rupture and leaking of ethanol may occur during VOM-Et and cause pericardial effusion or pericarditis, most of these complications could be manage with medical observation and appropriate medications.

It's also critical to understand VOM-Et's own limitations. The VOM is not always available, and the accessibility rate ranges from 71.4% to 96% (13, 20, 21). The difference in techniques, limited sample size of the reports could be the potential explanations that require further research. Of special note, the annulus side of MI is not covered by the VOM-Et lesion. As previously stated and anticipated due to anatomical factors, VOM-Et mostly affects the pulmonary venous side of the mitral isthmus while sparing the annular aspect (22). For mitral isthmus ablation, epicardial ablation via the CS is frequently necessary. Epicardial ablation often targets the annular side of the mitral isthmus due to the path of the CS, paying particular attention to the CS and GCV (23).

Although VOM-Et has a great help in improving the success rate of MI Block, there are some factors that can affect its effectiveness. Our study is the first to analyze individual factors that influence the clinical outcome of VOM-Et, including the sex, age, left atrial size, and duration of atrial fibrillation, as well as hypertension, diabetes, smoking, and alcohol consumption. These factors are also important for the success rate of radiofrequency catheter ablation for atrial fibrillation. In previous reports, it has been found that the success rate of catheter ablation of MI block is affected by the thickness of the isthmus, anatomic isomerism, and connection to the epicardium. It is well known that patients with atrial fibrillation will expand the atrium because of the long duration of AF and age, which will aggravate the degree of myocardial fibrosis. These conditions can lead to a thickening of the isthmus, resulting in a low success rate of MI block for traditional catheter ablation and the need for further VOM for complementary ablation. High blood pressure, diabetes, smoking and alcohol consumption are also risk factors for exacerbating the progression of atrial fibrillation, so it is not difficult to understand their influence on the effect of VOM-Et. Sex differences have been recognized in many aspects of AF management, including epidemiology, clinical presentation, and response to treatment (24). Although current studies reported trivial sex differences in sinus rhythm maintenance after ablation (25–27), there are clues indicating sex differences in the pathophysiology of AF, such as the prevalence of non-PV triggers, atrial fibrosis, PV reconnection rate, and thickness of epicardial adipose tissue (28–31). In the present study, we further suggested a lower MI block rate in male patients who tended to benefit more from VOM-Et.

Other clinically relevant outcomes, such as the AF burden rate of repeat surgeries, showed the benefits of Marshall ethanol as well technique complications were not increased by the VOM-Et technique. The overall aggressive ablation strategy adopted in both groups was consistent with adverse outcomes. These findings further confirm the safety and efficacy of VOM-Et in improving the success rate of MI block and optimizing AF catheter ablation



Limitations

This study has several limitations. First, the study was a single-center, exploratory cross-sectional study, and the end point was immediate intraoperative MI block rate, mainly limited by the lack of follow-up and analysis of redo procedures, not possible to evaluate the long-term injury effect of VOM-Et and its contribution to the success rate of ablation of atrial fibrillation. Subgroup analysis should be interpreted with caution. Although we tried to enroll as many patients as possible, we still do not have adequate power to illustrate the effectiveness of VOM-Et in every subgroup. Therefore, a larger cohort with a longer follow-up period is warranted in the future.



Conclusion

The present study provided further evidence for the effect of VOM-Et on MI ablation in the general population and different subgroups. VOM-Et is recommended to those more refractory to radiofrequency ablation, like younger, male patients.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving humans were approved by Ethics Committee of Taizhou Hospital in Zhejiang Province. The studies were conducted in accordance with the local legislation and institutional requirements. The ethics committee/institutional review board waived the requirement of written informed consent for participation from the participants or the participants’ legal guardians/next of kin because Because this is a retrospective study, there is no need for participants to sign informed consent forms.



Author contributions

W-LG: Conceptualization, Investigation, Writing – original draft. Y-FL: Data curation, Methodology, Writing – original draft. TL: Data curation, Methodology, Writing – original draft. YW: Formal Analysis, Software, Writing – original draft. JY: Formal Analysis, Software, Writing – original draft. X-RL: Formal Analysis, Software, Writing – original draft. J-JJ: Data curation, Methodology, Writing – original draft. Y-FM: Formal Analysis, Software, Writing – original draft. T-HT: Editing data, Editing – original draft. S-HY: Supervision, Writing – review & editing.



Funding

This work was supported by the National Natural Science Foundation of China [82070345, 81870253], Municipal Foundation of Taizhou [22ywa12].



Acknowledgments

Mengting Lin, Xinghui Yin and Jingsong Wei are acknowledged for the statistical analyses.



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.2024.1253554/full#supplementary-material



References

1. 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. (2020) 324(16):1620–8. doi: 10.1001/jama.2020.16195

2. 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(19):2996–3002. doi: 10.1161/01.CIR.0000146917.75041.58

3. 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(19):1812–22. doi: 10.1056/NEJMoa1408288

4. Yokokawa M, Sundaram B, Garg A, Stojanovska J, Oral H, Morady F, et al. Impact of mitral isthmus anatomy on the likelihood of achieving linear block in patients undergoing catheter ablation of persistent atrial fibrillation. Heart Rhythm. (2011) 8(9):1404–10. doi: 10.1016/j.hrthm.2011.04.030

5. 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(18):1781–7. doi: 10.1016/j.jacc.2007.07.044

6. Choi JI, Pak HN, Park JH, Choi EJ, Kim SK, Kwak JJ, et al. Clinical significance of complete conduction block of the left lateral isthmus and its relationship with anatomical variation of the vein of Marshall in patients with nonparoxysmal atrial fibrillation. J Cardiovasc Electrophysiol. (2009) 20(6):616–22. doi: 10.1111/j.1540-8167.2008.01408.x

7. Kurotobi T, Shimada Y, Kino N, Iwakura K, Inoue K, Kimura R, et al. Local coronary flow is associated with an unsuccessful complete block line at the mitral isthmus in patients with atrial fibrillation. Circ Arrhythm Electrophysiol. (2011) 4(6):838–43. doi: 10.1161/CIRCEP.111.964478

8. Latcu DG, Squara F, Massaad Y, Bun SS, Saoudi N, Marchlinski FE. Electroanatomic characteristics of the mitral isthmus associated with successful mitral isthmus ablation. Europace. (2016) 18(2):274–80. doi: 10.1093/europace/euv097

9. Lehrmann H, Jadidi AS, Minners J, Chen J, Müller-Edenborn B, Weber R, et al. Novel electrocardiographic criteria for real-time assessment of anterior mitral line block: “V1 jump” and “V1 delay”. JACC Clin Electrophysiol. (2018) 4(7):920–32. doi: 10.1016/j.jacep.2018.03.007

10. Ammar S, Luik A, Hessling G, Bruhm A, Reents T, Semmler V, et al. Ablation of perimitral flutter: acute and long-term success of the modified anterior line. Europace. (2015) 17(3):447–52. doi: 10.1093/europace/euu297

11. Maurer T, Metzner A, Ho SY, Wohlmuth P, Reißmann B, Heeger C, et al. Catheter ablation of the superolateral mitral isthmus line: a novel approach to reduce the need for epicardial ablation. Circ Arrhythm Electrophysiol. (2017) 10(10):e005191. doi: 10.1161/CIRCEP.117.005191

12. He B, Wang X, Zhao F, Guo T, Po SS, Lu Z. The ligament of Marshall and arrhythmias: a review. Pacing Clin Electrophysiol. (2021) 44(5):792–9. doi: 10.1111/pace.14071

13. 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(12):e008884. doi: 10.1161/CIRCEP.120.008884

14. Sang C, Lai Y, Long D, Li M, Bai R, Jiang C, et al. Ethanol infusion into the vein of Marshall for recurrent perimitral atrial tachycardia after catheter ablation for persistent atrial fibrillation. Pacing Clin Electrophysiol. (2021) 44(5):773–81. doi: 10.1111/pace.14052

15. 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(8):1207–15. doi: 10.1016/j.hrthm.2012.03.008

16. Scherr D, Derval N, Sohal M, Pascale P, Wright M, Jadidi A, et al. Length of the mitral isthmus but not anatomical location of ablation line predicts bidirectional mitral isthmus block in patients undergoing catheter ablation of persistent atrial fibrillation: a randomized controlled trial. J Cardiovasc Electrophysiol. (2015) 26(6):629–34. doi: 10.1111/jce.12667

17. Vlachos K, Denis A, Takigawa M, Kitamura T, Martin CA, Frontera A, et al. The role of Marshall bundle epicardial connections in atrial tachycardias after atrial fibrillation ablation. Heart Rhythm. (2019) 16(9):1341–7. doi: 10.1016/j.hrthm.2019.05.019

18. Takigawa M, Derval N, Martin CA, Vlachos K, Denis A, Nakatani Y, et al. Mechanism of recurrence of atrial tachycardia: comparison between first versus redo procedures in a high-resolution mapping system. Circ Arrhythm Electrophysiol. (2020) 13(1):e007273. doi: 10.1161/CIRCEP.119.007273

19. van Rosendael AR, Smit JM, El’Mahdiui M, van Rosendael PJ, Leung M, Delgado V, et al. Association between left atrial epicardial fat, left atrial volume, and the severity of atrial fibrillation. Europace. (202224(8):1223–8. doi: 10.1093/europace/euac031

20. Holda MK, Koziej M, Holda J, Tyrak K, Piatek K, Krawczyk-Ozóg A, et al. Spatial relationship of blood vessels within the mitral isthmus line. Europace. (2018) 20(4):706–11. doi: 10.1093/europace/euw423

21. Derval N, Duchateau J, Denis A, Ramirez FD, Mahida S, André C, et al. Marshall bundle elimination, pulmonary vein isolation, and line completion for ANatomical ablation of persistent atrial fibrillation (Marshall-PLAN): prospective, single-center study. Heart Rhythm. (2021) 18(4):529–37. doi: 10.1016/j.hrthm.2020.12.023

22. Valderrábano M, Liu X, Sasaridis C, Sidhu J, Little S, Khoury DS. Ethanol infusion in the vein of Marshall: adjunctive effects during ablation of atrial fibrillation. Heart Rhythm. (2009) 6(11):1552–8. doi: 10.1016/j.hrthm.2009.07.036

23. Lam A, Küffer T, Hunziker L, Nozica N, Asatryan B, Franzeck F, et al. Efficacy and safety of ethanol infusion into the vein of Marshall for mitral isthmus ablation. J Cardiovasc Electrophysiol. (2021) 32(6):1610–9. doi: 10.1111/jce.15064

24. Weberndörfer V, Beinart R, Ricciardi D, Ector J, Mahfoud M, Szeplaki G, et al. Sex differences in rate and rhythm control for atrial fibrillation. Europace. (2019) 21(5):690–7. doi: 10.1093/europace/euy295

25. Patel D, Mohanty P, Di Biase L, Sanchez JE, Shaheen MH, Burkhardt JD, et al. Outcomes and complications of catheter ablation for atrial fibrillation in females. Heart Rhythm. (2010) 7(2):167–72. doi: 10.1016/j.hrthm.2009.10.025

26. Ganesan AN, Shipp NJ, Brooks AG, Kuklik P, Lau DH, Lim HS, et al. Long-term outcomes of catheter ablation of atrial fibrillation: a systematic review and meta-analysis. J Am Heart Assoc. (2013) 2(2):e004549. doi: 10.1161/JAHA.112.004549

27. Shah SV, Kruse J, Andrei AC, Li Z, Malaisrie SC, Knight BP, et al. Gender differences in outcomes after surgical ablation of atrial fibrillation. J Thorac Cardiovasc Surg. (2016) 151(2):391–8.e2. doi: 10.1016/j.jtcvs.2015.09.062

28. Goette A, Staack T, Röcken C, Arndt M, Geller JC, Huth C, et al. Increased expression of extracellular signal-regulated kinase and angiotensin-converting enzyme in human atria during atrial fibrillation. J Am Coll Cardiol. (2000) 35(6):1669–77. doi: 10.1016/s0735-1097(00)00611-2

29. Stockand JD, Meszaros JG. Aldosterone stimulates proliferation of cardiac fibroblasts by activating Ki-RasA and MAPK1/2 signaling. Am J Physiol Heart Circ Physiol. (2003) 284(1):H176–84. doi: 10.1152/ajpheart.00421.2002

30. Boos CJ, Anderson RA, Lip GY. Is atrial fibrillation an inflammatory disorder? Eur Heart J. (2006) 27(2):136–49. doi: 10.1093/eurheartj/ehi645

31. Putz DM, Goldner WS, Bar RS, Haynes WG, Sivitz WI. Adiponectin and C-reactive protein in obesity, type 2 diabetes, and monodrug therapy. Metab Clin Exp. (2004) 53(11):1454–61. doi: 10.1016/j.metabol.2004.06.013












	
	TYPE Original Research

PUBLISHED 12 February 2024
DOI 10.3389/fcvm.2023.1150378






[image: image2]

Pulmonary vein capture is a predictor for long-term success of stand-alone pulmonary vein isolation with cryoballoon ablation in patients with persistent atrial fibrillation

Alexey Babak1,2*, Christine Bienvenue Kauffman1, Cynthia Lynady1, Reginald McClellan1, Kalpathi Venkatachalam1 and Fred Kusumoto1

1Department of Cardiovascular Medicine, Mayo Clinic Florida, Jacksonville, FL, United States

2School of Medicine, Emory University, Atlanta, GA, United States

EDITED BY
Rui Providência, Institute of Health Informatics Research—University College London, United Kingdom

REVIEWED BY
Hikmet Yorgun, Hacettepe University, Türkiye
Daehoon Kim, Severance Cardiovascular Hospital, Republic of Korea

*CORRESPONDENCE Alexey Babak a.babakmd@gmail.com

RECEIVED 24 January 2023
ACCEPTED 29 November 2023
PUBLISHED 12 February 2024

CITATION Babak A, Kauffman CB, Lynady C, McClellan R, Venkatachalam K and Kusumoto F (2024) Pulmonary vein capture is a predictor for long-term success of stand-alone pulmonary vein isolation with cryoballoon ablation in patients with persistent atrial fibrillation.
Front. Cardiovasc. Med. 10:1150378.
doi: 10.3389/fcvm.2023.1150378

COPYRIGHT © 2024 Babak, Kauffman, Lynady, McClellan, Venkatachalam and Kusumoto. 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: The mechanisms of AF development and progression are still not completely understood. Despite the relative efficacy of ablation, the risk of AF recurrence is substantial, particularly in patients with persistent AF (perAF). At present we do not have any reliable intra-procedural electrophysiologic predictors of long-term success of AF ablation other than pulmonary vein isolation. We evaluated selected intraprocedural pulmonary vein characteristics that may be helpful in future guidance of persistent AF ablation.



Methods: 390 consecutive procedures using cryoballoon for initial AF ablation were divided by clinical presentation (paroxysmal or persistent AF), and by pulmonary vein (PV) response to pacing after completion of ablation (discrete electrogram elicited with pacing—“PV capture” or not—“Control”). Patients were followed (median 20 months) for recurrent atrial arrhythmias as the primary end point of the study.



Results: PV capture was identified in 20.3% and 17.1% and patients with paroxysmal and persistent AF respectively (ns). In patients with persistent AF presence of PV capture was associated with significantly better outcomes compared to patients without PV capture (p < 0.001). In the group “persistent AF and PV capture”, an initial strategy of PV isolation and reisolation of the PVs (without additional lesions) for patients with recurrent atrial arrhythmias resulted in 20/23 (87%) patients in sinus rhythm off antiarrhythmic medications at study completion. In patients with paroxysmal AF, PV capture was not associated with outcome benefits. Speciﬁc electrophysiologic characteristics of PV (PV capture cycle length: PVCCL) did not have an impact on AF recurrence, although 25% shortening of PVCCL was observed after 60 s periods of pacing at short cycle lengths. No background demographic patient characteristic differences were identiﬁed between patients with vs. without PV capture.



Conclusion: The presence of PV capture was associated with better outcomes in patients with persistent AF. PV capture may identify those patients with persistent AF in whom cryoballoon PV isolation alone is sufficient as an initial ablation procedure and as the primary ablation strategy for recurrent AF.
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Introduction

Randomized controlled trials in patients with atrial ﬁbrillation have demonstrated that catheter ablation is superior to pharmacological therapy with reduced likelihood of recurrent AF and improved quality of life, and may confer a survival beneﬁt in patients with accompanying congestive heart failure (1–4). Mechanisms underlying AF are complex and remain incompletely understood (1, 2). Despite relative efficacy of ablation, the risk of AF recurrence is still substantial, particularly in patients with persistent AF (1). Atrial substrate modiﬁcation in addition to pulmonary vein isolation (PVI) has historically been thought to be necessary to achieve satisfactory success rates in patients with persistent atrial fibrillation (1). However, several randomized trials demonstrated that adjunctive RF ablation strategies did not result in higher freedom from arrhythmia than a PVI-only strategy but were associated with higher ﬂuoroscopy and procedure times (4, 5). Recently, several studies have suggested that cryoballoon ablation of the PVs may be moderately effective for the initial treatment of patients with persistent AF (6–8). The presence of exit block from the pulmonary veins has been used as the traditional endpoint for effective pulmonary vein ablation (1). Evidence of exit block may be difficult to confirm and often its presence is implied by the presence of entrance block [GL (9)]. While successful production of exit block during cryoballoon ablation has been reported, we evaluated whether electrophysiologic properties of pulmonary veins (PV capture and PV cycle length) after cryoballoon ablation could identify patients with persistent atrial ﬁbrillation might be successfully treated with strategies directed solely at PVI both at the index procedure and any necessary subsequent procedures (10).



Methods


Patient population and follow-up

Three hundred ninety consecutive initial PVI procedures using cryoballoon for symptomatic drug-refractory AF were retrospectively evaluated. Patients with self-limited episodes shorter than 7 days duration and no history of prior cardioversion (done for AF episodes less than 48 h duration) were deﬁned as having paroxysmal AF (PAF), patients with AF who did not satisfy these criteria were placed to “persistent AF” group. Patients with a past medical history of atypical atrial ﬂutter or prior ablation for atrial ﬁbrillation were not included in the study. Antiarrhythmic drugs were stopped at least five half-lives prior to the ablation procedure (amiodarone stopped ≥1 month prior). Post-procedure follow-up was performed at a routine cardiology clinic visits at 1 month, 6 months, 12 months, and then annually or earlier as needed according to symptoms, including emergency department visits. All patients underwent ECG monitoring for 7–30 days with duration based on provider preference. Outcome analysis was started 3 months (“blanking period”) after the index ablation procedure. Antiarrhythmic medication was used based on the health provider's judgment during the first 3 months but was stopped after the blanking period.

The primary clinical outcome was recurrence of atrial arrhythmias detected by rhythm monitoring or symptoms reported by a patient at a follow-up visit with the need for additional therapy (cardioversion, re-ablation, drug therapy) or change to a rate control strategy. There were no patients lost to follow-up. Follow-up providers were blinded to electrophysiologic details of the ablation procedure. For patients who underwent a repeat ablation a second blanking period was not instituted.



Ablation procedure

Patients underwent ablation using a 28 mm cryoballoon (Medtronic Inc., Minneapolis, Minnesota). During procedures, patients were in deep analgosedation. Patients who presented in AF were electrically cardioverted to sinus rhythm at the start of the procedure. If patient rhythm could not be converted to sinus rhythm, the ablation procedure was started with the patient in AF, with additional cardioversion delivered as needed after defined milestones such as pulmonary vein encircling. Temperatures lower than −45°C were always sought with ablation of 240 s, shorter time (180 s) if lower temperatures were achieved (−50°C). Ablation stopped if temperature achieved −55°C. Diaphragmatic pacing techniques were used for identifying phrenic nerve injury during ablation of the right-sided pulmonary veins. Additional radiofrequency ablation of the cavotricuspid isthmus with confirmation of bidirectional block was performed for patients with previously clinically documented typical atrial ﬂutter or if typical atrial ﬂutter was induced or identiﬁed during the index procedure. Patients with inducible atypical atrial ﬂutter underwent cardioversion or atrial pacing to resolve the atypical atrial flutter without additional mapping or ablation.



Evaluation of electrophysiologic properties of the PVs

After PV isolation a multipolar Lasso catheter (Johnson & Johnson Medical, New Brunswick, New Jersey) was placed in each PV, and all aspects of the PV were explored, and the presence of spontaneous PV activity was assessed. The lasso catheter allowed exploration of larger territory at the pulmonary vein os to account for PV anatomy variation, could be manipulated within the pulmonary vein to ensure tissue contact to all aspects of the pulmonary vein, and was less expensive in our experience since it can be reused. Since the lasso catheter was used for longer periods in the left atrium, guiding sheaths were flushed in the right atrium to decrease the potential risk of neurologic events. The PV was paced at multiple sites within the PV, beginning at a cycle length (CL) of 600 ms. PV capture was deﬁned as a repetitive discrete EGM response within PV for more than 10 extrastimulus (10 mA) consecutively (Figure 1). The pacing cycle length was progressively decreased and electrogram behavior within the PV was recorded. When 2:1 PV capture was observed, the cycle length was increased to the point where 1:1 capture was reachieved and deﬁned as the initial PV capture cycle length (PVCCL). After continuous pacing at a higher cycle length for 60 s, the pacing cycle length was then again progressively shortened and in most cases, 1:1 capture was observed at shorter cycle lengths that were previously associated with 2:1 block. The process was continued until no additional decrease in pacing cycle length with 1:1 capture was observed. The ﬁnal PVCCL was deﬁned as the minimum pacing cycle length in which 1:1 capture was observed. The ΔPVCCL was the difference between the initial PVCCL and ﬁnal PVCCL. The decision on whether to use the adenosine to demonstrate “dormant” forms of PV-to-atrial conduction was left to the operator (11, 12).


[image: Figure 1]
FIGURE 1
Electrograms demonstrating PV capture dissociated from atrial tissue. Pacing from electrode pair 1,2 at a cycle length of 100 ms results in 1:1 capture in PV tissue recorded by electrode pairs 17,18 and 15,16 and intermittent block in PV tissue recorded by electrode pairs 13,14 and 5,6. PV: Pulmonary vein; CS: Coronary sinus; p: proximal; d: distal.




Data management and statistical analysis

The measured values were checked for distribution type by the Shapiro–Wilk test. Continuous variables with non-normal distribution are represented as median [25th percentile, 75thpercentile], or as mean [ ± standard deviation]. Categorical variables were tested using Chi- square test. Arrhythmia recurrence was evaluated by the Kaplan–Meier method, differences in the freedom from arrhythmia were compared using the log-rank test. Statistical analysis was performed using SPSS version 22.0 (IBM, Armonk, New York, USA) and two-tailed p-values <0.05 were deemed to be statistically signiﬁcant. The authors had full access to and take full responsibility for the integrity of the data. All the authors have read and agree to the manuscript as written.




Results


Baseline characteristics

For purpose of our study patients undergoing AF ablation were divided into 4 groups depending on the type of AF (“persistent” vs. “paroxysmal”) and PV capture—whether discrete PV electrogram was identiﬁed during PV pacing or not (“PV capture” vs. “Control” group). Figure 1 shows an example of PV capture.

The characteristics of the overall population evaluated were as follows: age 67 [60.0; 72.0] years, follow-up period was 20 [9; 36] months, 72% of patients were males, 53.8% of the patients were taking class III antiarrhythmic and 60.8% were taking beta-blockers before the index procedure, arterial hypertension was comorbidity in 62.3% and DM in 23.8% of cases. There were no signiﬁcant differences between the groups studied besides of utilization of class I antiarrhythmics, which was signiﬁcantly higher in patients with “paroxysmal AF and PV capture” vs. other groups (Tables 1 and 2). Left atrial diameter was not significantly different among patients the different groups.


TABLE 1 Baseline characteristics.

[image: Table 1]


TABLE 2 Pv electrophysiologic characteristics in patients based on arrhythmia type or whether or not recurrent AF was identiﬁed.

[image: Table 2]

The predominance of male participants, and significantly older age of female participants (66 [58; 71] vs. 70 [65; 75,5] y.o. respectively) in our study mirrors the overall distribution of AF in population (Table 3). There were no significant cross-gender differences in the distribution of forms of AF and PV properties, as well as in the arrhythmia-free period after ablation.


TABLE 3 Gender distribution of indexes.

[image: Table 3]

We analyzed the predictive value of baseline characteristics on arrhythmia-free survival by univariate and multivariate Cox proportional hazards regression (Tables 4 and 5). The type of arrhythmia and PV capture were the only predictors of the favorable outcome with both univariate and multivariate analysis. Other indicators evaluated such as age, BMI, usage of medications, and history of diabetes, failed to show significance with multivariate analysis.


TABLE 4 Predictors of single-procedure arrhythmia-free survival (univariate regression).

[image: Table 4]


TABLE 5 Predictors of single-procedure arrhythmia-free survival (multivariate regression).
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Outcomes

PV capture was present in 52 of 256 (20.3%) of patients with paroxysmal AF and 23 of 134 (17.1%) of patients with persistent AF (ns). The development of recurrent atrial arrhythmias during follow-up was similar in patients with paroxysmal AF with or without PV capture (p = ns). The median follow-up was 20 months with no significant difference among the four groups. However, the presence of PV capture in persistent AF identiﬁed a group with favorable ablation outcomes similar to patients with paroxysmal AF. These patients had signiﬁcantly fewer recurrent atrial arrhythmias than patients with persistent AF without PV capture (p < 0.001) (Figure 2). Of the 23 patients with persistent AF and pulmonary vein capture, 8 underwent repeat ablation >3 months after the index procedure. At repeat ablation, all patients had recurrent PV conduction and underwent reisolation of the pulmonary veins with no additional atrial lesions (Figure 3). At study completion, 20 of the 23 patients were in sinus rhythm without antiarrhythmic medications. Of the 111 patients with persistent AF and no evidence for pulmonary vein capture, 49 underwent repeat ablation, and 42 of 111 patients were in sinus rhythm without antiarrhythmic medications.


[image: Figure 2]
FIGURE 2
Kaplan–Meier curves of the arrhythmia-free survival after initial ablation procedure.



[image: Figure 3]
FIGURE 3
Map from a repeat ablation procedure showing electrograms measured from different regions of the left atrium and PV in a patient with persistent AF and PV capture identiﬁed at the index procedure. Recurrent conduction to the right-sided pulmonary veins was identiﬁed due to recurrent conduction in the septal and inferior regions of the right inferior pulmonary vein. Limited ablation with reisolation of the pulmonary veins (red circles) resulted in the elimination of recurrent AF at follow-up. The apparent changes in voltages noted in the posterior LA in the post-ablation maps are due to undercollection rather than a new scar.




PV electrophysiologic characteristics

For patients with PV capture, the electrophysiologic characteristics of the pulmonary vein tissue were evaluated (Table 2). The minimal PV capture was dynamic. With initial pacing, 2:1 block would be identiﬁed at the cycle length (CL) would vary, and with continued pacing the cycle length inevitably decreased. In several patients the pacing cycle length decreased to values less than 100 ms (Figure 1). In patients with PV capture CL (PVCCL) less than 150 ms, complex conduction patterns were also observed (Figure 4). The electrophysiologic properties of the PV did not differ between patients with paroxysmal or persistent AF and for the initial and ﬁnal PVCCL, although a more signiﬁcant reduction in PVCCL during pacing was noted in patients with paroxysmal AF. The presence of spontaneous dissociated PV potentials was more commonly observed in patients with paroxysmal AF when compared to patients with persistent AF (paroxysmal AF: 9.6% vs. persistent AF 4.3%; p < 0.001). PV capture was usually observed in only one PV (in almost all cases, the left superior PV or right superior PV), though 3 patients with paroxysmal AF had PV capture identiﬁed in two PVs. No electrophysiologic characteristics of the pulmonary vein were identiﬁed that had an impact on clinical outcomes for the entire group with PV capture or in patients with paroxysmal or persistent AF.


[image: Figure 4]
FIGURE 4
Complex conduction patterns within the PV observed with PV pacing. Pacing from electrode pair 11,12 in the PV results in 1:1 conduction that travels from electrode pairs 7,8 to 1,2 and 2:1 conduction in electrode pair 17,18 (2:1). Progressive delay in conduction is observed that appears to travel from electrode pair 13,14 to 15,16 (arrows) which after block is replaced with rapid 1:1 conduction observed in electrode pair 15,16 but absent activation in electrode pair 13,14. PV: Pulmonary vein; CS: Coronary sinus; p: proximal; d: distal.





Discussion

The present study evaluated whether the characteristics of PV response on pacing during cryoablation are related to long-term AF-freedom. Our results suggest that evidence of PVpotentials (PV capture) after PV isolation is present in 20.3% of patients with paroxysmal AF and 17.1% of patients with persistent AF. The presence of PV capture appears to identify a group of patients with persistent AF in whom PV isolation alone either at the index procedure or at any required follow-up procedure is associated with favorable outcomes. PV capture did not predict the clinical efficacy of PV isolation in paroxysmal AF. In a prior study of patients undergoing catheter ablation using r adiofrequency energy, the presence of dissociated PV potentials was identiﬁed in 19% of patients and their presence did not have an impact on outcomes (13). The majority of patients in this study had paroxysmal atrial fibrillation (74%), and similarly, we found that the presence of PV capture in patients with paroxysmal AF had no impact on the likelihood of recurrent AF. Another related intraprocedural study of 30 patients found that loss of PV capture was identified in 40% of patients acutely after PVI and found that this finding was associated with entrance block (14). Since, the mass of ablated tissue after cryoablation apopears to be larger than pulmonary vein ablation using radiofrequency energy, it may be that local PV capture after cryoablation may identify a subset of patients with persistent atrial fibrillation in whom greater PV muscle mass serves as an important arrhythmia mechanism (15). The difference in the impact of pulmonary vein capture between patients with paroxysmal atrial fibrillation and persistent atrial fibrillation provides indirect additional evidence for the importance of the pulmonary veins in patients with paroxysmal atrial fibrillation regardless of PV sleeve mass, and that patients with pulmonary vein “dependent” atrial fibrillation and larger PV sleeve mass may clinically present with persistent atrial fibrillation. Finally, though probably related, dissociated PV potentials were only observed in a small minority of patients with PV capture after cryoballoon ablation in the current study, and dissociated spontaneous PV potentials and PV capture may have different implications, particularly in the setting of different ablation energy sources (15).

The optimal lesion set for patients with persistent AF has not been established (1). Prior studies using cryoablation have suggested moderate success rates in patients with persistent AF (6–8). It is likely that persistent AF has multiple underlying electrophysiologic mechanisms and identifying the cause in an individual patient will be critical for designing a speciﬁc management or ablation strategy. The current study suggests that the presence of PV capture in patients with persistent AF identiﬁed a subset of patients in whom an initial approach of PV isolation is sufficient not only at initial ablation but also if subsequent ablation is required, even if atypical atrial ﬂutter is induced with atrial pacing protocols. This study along with others emphasize the importance of identifying individual mechanisms that is particularly relevant for patients with persistent atrial fibrillation (16).

Prior studies have shown that heterogeneity of electrophysiologic characteristics of pulmonary vein tissue may be important in the underlying pathophysiology of atrial fibrillation (17, 18). Our study extends these findings and highlights the potential importance of electrophysiologic characteristics in atrial fibrillation. Our results suggest that the PVs have unique electrophysiologic properties such as very short paced PVCCL, in some cases < 100 ms that would develop with the progressive pacing. PVs also displayed rapid rate dependence with signiﬁcant shortening of the PVCCL even after very short periods of tachycardia (60 s) and provides further evidence that “AF begets AF” (19). In addition, complex electrogram patterns suggestive of dynamic development of conduction block within different regions of the pulmonary vein that were dependent on the direction of the depolarization wavefront were identiﬁed similar to what has been described at the PV-left atrial junction and left atrium, but at even shorter cycle lengths (20, 21) However, even though these electrophysiologic characteristics from a mechanistic standpoint would appear to make AF more likely, similar to a previous study that used radiofrequency energy, in the current study the speciﬁc electrophysiologic characteristics of the PV did not have an identiﬁable impact on clinical outcomes in patients with paroxysmal or persistent AF (22). However, in patients with persistent atrial fibrillation, the presence of pulmonary vein capture after cryoballoon ablation may identify a group of patients in whom pulmonary vein isolation alone is sufficient both initially and at any required repeat procedures.

There are several limitations to the current study. The most important limitation is that the results are derived from a single center with relatively small number of participants with persistent AF and PV capture. However, despite the limited number of patients, this design allowed this analysis to be performed, since the ablation strategies for management of patients with paroxysmal AF and persistent AF were consistent and similar. In addition, there are likely many factors that lead to recurrent atrial ﬁbrillation in persistent AF (23). It is notable that a strategy only targeting pulmonary vein isolation at initial study and for repeat ablation resulted in a high likelihood of maintaining sinus rhythm without antiarrhythmic medications in this selected group of patients with persistent AF. Although left atrial diameters were similar among the different study groups, another limitation is the absence of left atrial voltage data, particularly for those patients with persistent atrial fibrillation. A recent meta-analysis suggests that low voltage area-guided substrate modification may have a beneficial effect on outcomes though a randomized controlled trial found that addition ablation at scarred regions identified by MRI and mapping was not associated with improved outcomes (24). However, identifying potential patients with persistent atrial fibrillation in whom pulmonary vein isolation alone could be satisfactory may be a useful strategy to minimize the potential of collateral damage resulting from more extensive ablation in the left atrium.



Conclusion

Currently, no speciﬁc optimal approach for ablation of persistent AF has been identified, and this likely represents the signiﬁcant heterogeneity in underlying mechanisms in these patients which may partially explain the relative lack of success of trials that have evaluated the use of anatomic ablation strategies. At present, we do not have any reliable intra-procedural electrophysiologic predictors of long-term success of AF ablation in patients with persistent atrial fibrillation. However, the presence of PV capture may identify a group of patients in which PV isolation using a cryoballoon approach is sufficient at the index procedure and if recurrent atrial fibrillation (AF) with evident reconnection of a pulmonary vein, directing efforts toward PV reisolation without additional ablation may be optimal.
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Background: The impact of early rhythm control (ERC) combined with healthy lifestyle (HLS) on the risk of ischemic stroke in elderly patients with atrial fibrillation (AF) remains unaddressed.



Objective: To evaluate the impact of combined ERC and HLS on the risk of stroke in elderly patients with new-onset AF.



Methods: Using the Korean National Health Insurance Service database, we included patients aged ≥75 years with new-onset AF from January 2009 to December 2016 (n = 41,315). Patients who received rhythm control therapy within 2 years of AF diagnosis were defined as the ERC group. Non-smoking, non-to-mild alcohol consumption (<105 g/week), and regular exercise were defined as HLS. Subjects were categorized into four groups: group 1 (without ERC and HLS, n = 25,093), 2 (HLS alone, n = 8,351), 3 (ERC alone, n = 5,565), and 4 (both ERC and HLS, n = 2,306). We assessed the incidence of ischemic stroke as the primary outcome, along with admissions for heart failure, all-cause death, and the composite of ischemic stroke, admission for heart failure, and all-cause death.



Results: Median follow-up duration of the study cohort was 3.4 years. After adjusting for multiple variables, groups 2 and 3 were associated with a lower stroke risk (adjusted hazard ratio [aHR]: 95% confidence interval [CI]: 0.867, 0.794–0.948 and 0.713, 0.637–0.798, respectively) than that of group 1. Compared to Group 1, group 4 showed the lowest stroke risk (aHR: 0.694, 95% CI: 0.586–0.822) among all groups, followed by group 3 (0.713, 0.637–0.798) and group 2 (0.857, 0.794–0.948), respectively. Group 4 was associated with the lowest risk of all-cause death (aHR: 0.680, 95% CI: 0.613–0.754) and the composite outcome (aHR: 0.708, 95% CI: 0.649–0.772).



Conclusion: ERC and HLS were associated with a lower risk of ischemic stroke in elderly patients with new-onset AF. Concurrently implementing ERC and maintaining HLS was associated with the lowest risk of death and the composite outcome, with a modest synergistic effect on stroke prevention.
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atrial fibrillation, rhythm control, lifestyle modification, stroke, elderly





Introduction

Atrial fibrillation (AF) is the most prevalent sustained arrhythmia in the elderly (1). Its incidence increases with age, and individuals older than 80 years have a prevalence of AF exceeding 10% (2, 3). Recent data reports that the projected lifetime risk of AF in individuals older than 40 years has increased to 1 in 3 (4). AF is strongly associated with a 5-fold increased risk of ischemic stroke and a 3-fold increase in the risk of heart failure (5, 6). Considering the associations between AF and cardiovascular morbidity and mortality, this arrhythmia imposes a substantial burden on the public health of the elderly.

Guidelines have emphasized the need for an integrated approach to AF management to achieve better clinical outcomes (7, 8). Alongside appropriate anticoagulation therapy and symptom control, the management of cardiovascular risk factors and comorbidities, including lifestyle modification, is crucial (9, 10). Recent studies have demonstrated that early rhythm control (ERC) therapy within 1 year of AF diagnosis can effectively reduce the risk of adverse cardiovascular outcomes compared to conventional care in patients with AF (11, 12). Nevertheless, lifestyle modification is not routinely recommended for elderly patients (13) and older patients with AF are less likely to be offered rhythm control therapy (14). Furthermore, whether ERC therapy and lifestyle modification retain their effectiveness in the elderly remains uncertain.

In this study, we aimed to evaluate the impact of ERC therapy and a healthy lifestyle (HLS) and the combination of both on the risk of ischemic stroke, admission for heart failure, all-cause mortality, and composite clinical outcome in patients with AF aged 75 years and older.



Methods

We conducted an observational cohort study using data from a nationwide claims database administered by the Korean National Health Insurance Service (NHIS). The NHIS provides universal coverage, guaranteeing that the extracted data is considered representative of the entire Korean population. To gather information on lifestyle behaviors, we accessed the health check-up database linked to the NHIS database (15, 16). This database is maintained by the National Health Insurance Corporation and includes biennial health screening check-up data for all Korean adults. Integration of this information with the NHIS database is a well-established practice. As of 2016, the adult health examination rate was estimated to be 85%. It is possible to access the data through the NHIS National Health Insurance Sharing Service homepage (http://nhiss.nhis.or.kr). Applications for access to NHIS data are evaluated by the research support inquiry committee. Upon approval, authorized researchers are granted access to the raw data at designated locations. This study was approved by the Institutional Review Board of Seoul National University Hospital (E-2312-019-1488). The requirement for obtaining informed consent from study participants was waived due to the stringent confidentiality guidelines that encrypt personal identification information during cohort generation.


Study population

We identified patients who were newly diagnosed with AF between January 1, 2009, and December 31, 2016. For inclusion in this study, we selected patients who had undergone a national health check-up within 2 years of their AF diagnosis because most health check-ups were offered biennially. Figure 1 illustrates the enrollment process and Supplementary Figure S1 shows the time-line graph of data collection.


[image: Figure 1]
FIGURE 1
Study flow. AF, atrial fibrillation.




Definition of early rhythm control, healthy lifestyle, and the combination of both

Rhythm control therapy was defined as the prescription of antiarrhythmic drugs (AAD, class Ic, or class III), direct current cardioversion (DCC), or AF catheter ablation (Supplementary Table S1). Patients who received rhythm control therapy within 2 years of new-onset AF were categorized as the ERC group. Lifestyle behaviors, including smoking, drinking, and physical activity, were assessed using self-reported questionnaires during health check-ups. HLS behaviors were defined as non-current smoking, non-to-mild alcohol consumption (<105 g/week), and performing regular exercise (17–19). Regular exercise was further specified as moderate-intensity physical activity (e.g., brisk-pace walking, tennis doubles, or cycling leisurely for more than 30 min) or vigorous-intensity physical activity (e.g., running, climbing, fast cycling, or performing aerobics for more than 20 min) at least once a week (17). In this study, patients displaying all three HLS behaviors (non-smoker, non-to-mild drinker, and regular exerciser) were categorized as the HLS group. Using a two-by-two factorial design, patients were categorized into the following four groups: group 1, without both ERC and HLS; group 2, HLS alone; group 3, ERC alone; and group 4, both ERC and HLS (Figure 1).



Covariates

Patient age, sex, and comorbidities were determined using diagnostic codes, prescription records, inpatient and outpatient hospital visits, and health check-up results. Detailed definitions of comorbidities are provided in Supplementary Table S1. Current medications, including AADs, oral anticoagulants (OACs; e.g., warfarin and direct oral anticoagulants), antiplatelet agents, statins, beta-blockers, calcium channel blockers, digoxin, renin–angiotensin system blockers, and diuretics, were identified based on prescription records. The body mass index (BMI), blood pressure, and estimated glomerular filtration rate were obtained from baseline health check-ups. Using these baseline covariates, the CHA2DS2-VASc score and Charlson comorbidity index (CCI) were calculated on the basis of patients' comorbidities and medical history (Supplementary Tables S1, S2) (20).

Lifestyle behaviors were evaluated through self-reported questionnaires during national health check-ups. The HLS behavior score was computed by assigning 1 point each for non-current smoking, non-to-mild drinking, and regular exercise. The bottom 20% of the household income among all NHIS subscribers was classified as low-income.



Study outcome and follow-up

During the follow-up period, we evaluated outcomes such as ischemic stroke, admission for heart failure, all-cause death, and the composite of these three outcomes. A detailed definition of these outcomes is provided in Supplementary Table S1. Follow-up for study outcomes commenced on the date of the baseline health examination, and patients were monitored until the occurrence of the primary outcome, death, or the end of the study (December 31, 2018), whichever came first. In this study, a detailed investigation into the specific causes of death was not conducted. Nevertheless, we conducted an exploratory analysis for cardiovascular (CV) deaths by defining them arbitrarily as deaths associated with an international classification of disease-10 I code.



Statistical analysis

Continuous variables are presented as means and standard deviations, whereas categorical variables are presented as numbers and percentages. We used one-way analysis of variance to compare continuous variables and the chi-square test for categorical variables to examine the significance of differences among the four groups. Incidence rates (IR) for ischemic stroke as the primary outcome, along with admissions for heart failure, all-cause death, and the composite of ischemic stroke, admission for heart failure, and all-cause death were calculated as the number of events per 100 person-years (PY). We used Cox proportional hazard regression models to estimate hazard ratios (HRs) and the corresponding 95% confidence intervals (CIs). Initially, unadjusted and age-and sex-adjusted HRs were assessed (model 1 and model 2 respectively). Subsequently, a multivariate Cox analysis was conducted, adjusting for age, sex, all comorbidities, CHA2DS2-VASc score, CCI, all medications, BMI, systolic blood pressure, and income (model 3). The criteria for selecting covariates for Model 3 were determined based on all known factors influencing cardiovascular outcomes in patients with AF, along with baseline covariates included in this study (Table 1) that showed a significant difference (p-value < 0.1) between groups. The evaluation of multicollinearity was conducted using the variance inflation factor, indicating the absence of noteworthy collinearity among the incorporated covariates (Variance inflation factor = 1.00–1.70).


TABLE 1 Baseline characteristics.

[image: Table 1]

To assess the impact of adding ERC to HLS and adding HLS to ERC, two sets of comparisons were performed as follows: (1) groups 2 vs. 4 to analyse the impact of adding ERC on HLS; and (2) groups 3 vs. 4 to evaluate the impact of adding HLS on ERC. Propensity score (PS) weighting was applied using stabilized weights calculated from the PS to balance differences between the two groups (21). All covariates, including those in the final multivariate Cox analysis model, were used in the PS calculation. After PS weighting, we evaluated the absolute standardized differences (ASD) of covariates for all baseline variables to confirm the balance between the two groups (22). An ASD exceeding 0.1 indicates an imbalance in a covariate. We evaluated weighted IRs (per 100-PY) and weighted cumulative incidence curves using the Kaplan–Meier method with the log-rank test for the study outcomes. The HR for the study outcomes of the two groups was assessed using weighted Cox proportional hazard regression models with PS weighting. The reference groups in the two comparison sets were groups 2 and 3.

Because OAC therapy significantly affects the risk of ischemic stroke, we conducted a subgroup analysis according to the use or non-use of OAC to determine whether there was an interaction in the effect of ERC, HLS, and their combination, depending on OAC use.

All p-values were two-sided, and statistical significance was defined as a p-value < 0.05. We conducted statistical analyses using SAS version 9.4 (SAS Institute, Cary, NC).




Results


Baseline characteristics

A total of 41,315 patients were finally included (Figure 1). The mean age of the patients was 79.8 ± 3.9 years, the mean CHA2DS2-VASc score was 5.5 ± 1.5, and 98.8% of patients had a CHA2DS2-VASc score of ≥3. The baseline characteristics of the total study population are presented in Table 1. Among the total study population, 19% (groups 3 and 4) received ERC therapy. The mean duration from AF diagnosis to rhythm control was 28.0 ± 84.1 days, and 98.0% of these patients received ERC within 1 year of AF diagnosis. Among those receiving ERC, 99.6% were prescribed AAD, 3.8% received DC cardioversion, and 0.1% underwent AF catheter ablation. According to the prespecified definition, 25,093, 8,351, 5,565, and 2,306 patients were classified into groups 1, 2, 3, and 4, respectively (Figure 1). The baseline characteristics of each group are described in Table 1.



Ischemic stroke, heart failure, all-cause mortality, and composite outcome

During a median 3.4-year follow-up (interquartile range: 2.0–5.4 years), 3,383 patients had ischemic stroke, 3,171 patients were admitted for heart failure, and 10,950 patients died (IR: 2.24, 2.09 and 6.94 per 100 PY, respectively). The crude numbers of events, crude incidence rates, and unadjusted and age- and sex-adjusted HRs for the clinical outcomes of the study groups are shown in Table 2. The Kaplan–Meier curves for the clinical outcomes of the study groups are presented in Figure 2. Figure 3 shows the adjusted HRs using model 3.


TABLE 2 Event numbers, incidence rates, unadjusted and adjusted hazard ratios for ischemic stroke, heart failure, death, composite outcome, and cardiovascular death.
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FIGURE 2
Cumulative incidence curves for the clinical outcomes of the study groups. (A) Ischemic stroke, (B) heart failure, (C) all-cause death, (D) composite outcome. ERC, early rhythm control; HLS, healthy lifestyle.
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FIGURE 3
Adjusted hazard ratios for clinical outcomes of the study groups. *Model 3 was adjusted for age, sex, all comorbidities, CHA2DS2-VASc score, Charlson comorbidity index, all medications, body mass index, systolic blood pressure, and income. CI, confidence interval; ERC, early rhythm control; HLS, healthy lifestyle; HR, hazard ratio.


After multivariate adjustment using model 3, group 2 (maintaining HLS alone) was associated with a lower risk of ischemic stroke by 13% compared to group 1. Group 3 (implementing ERC alone) was also associated with a lower risk of ischemic stroke, showing a numerically greater risk reduction than maintaining HLS alone (by 29% compared to group 1). Group 4, patients receiving ERC and maintaining HLS, showed the greatest risk reduction for ischemic stroke by 31% compared to group 1. For admission with heart failure, group 2 was associated with a lower risk than group 1; however, group 3 did not show a significant difference compared to group 1, while group 4 showed only a borderline significant trend toward a lower risk of admission for heart failure compared to group 1.

Groups 2, 3, and 4 were associated with significantly lower risk of all-cause death than group 1 by 27% (adjusted HR, 95% CI; 0.733, 0.695–0.773), 9% (0.913, 0.860–0.969), and 32% (0.680, 0.613–0.754), respectively. For the composite outcome of ischemic stroke, admission for heart failure, and death, group 4 showed the greatest risk reduction by 29% (0.708, 0.649–0.772) compared to group 1. Groups 2 and 3 were also associated with a lower risk of the composite outcome by 21% (0.786, 0.751–0.822) and 11% (0.888, 0.843–0.934), respectively.



Exploratory analysis for CV death

Among all deaths, CV deaths accounted for 35.4%. Groups 2, 3, and 4 showed significantly lower risk of CV death compared to group 1, with reduction of 28% (adjusted HR, 95% CI; 0.721, 0.658–0.789), 13% (0.866, 0.784–0.957), and 35% (0.680, 0.543–0.778) (Table 2). The reduction in CV death among the groups was similar to that of all-cause death. In other word, the observed reduction in all-cause death within group 2 and group 4 was primarily driven by a decrease in CV mortality.



Sensitivity analyses

To evaluate whether there was an additional association when adding ERC to HLS alone or adding HLS to ERC alone, PS weighting analyses were performed for group 2 vs. group 4 and group 3 vs. group 4.

After PS weighting, the baseline characteristics of the two groups were well balanced with ASD <0.1 in all covariates (Supplementary Tables S3, S4). Compared to group 2, group 4 showed numerically lower weighted IRs for ischemic stroke, admission for heart failure, death, and the composite outcome, but the weighted HRs were not statistically significant (Supplementary Table S5). Compared to group 3, group 4 was associated with a significantly lower risk of composite outcome (weighted HR, 95% CI; 0.857, 0.782–0.940), mainly driven by all-cause death (0.801, 0.719–0.893) (Supplementary Table S6). Regarding the risk of ischemic stroke and admission with heart failure, there were no significant differences between groups 3 and 4.



Subgroup analyses based on oral anticoagulant use

Overall, trends in association with the risk of clinical outcomes were similarly observed in both subgroups (Supplementary Table S7), and there was no significant interaction among subgroups for admission for heart failure and death. For ischemic stroke, the association of HLS alone was more accentuated in the subgroup without OAC treatment, whereas the association of ERC was more accentuated in the subgroup with OAC treatment. Similar findings were observed for HRs of the composite outcome.




Discussion

In this large-scale observational study involving elderly patients with new-onset AF, our key findings were as follows: (1) Both ERC alone and HLS alone were associated with a significantly lower risk of ischemic stroke in patients aged ≥75 years than in those without ERC and HLS. The beneficial effect of ERC alone was more pronounced than that of HLS alone; (2) for all-cause death, both ERC alone and HLS alone were associated with a lower risk compared to those without ERC and HLS; however, a greater HR reduction was observed in the HLS alone group than in the ERC alone group, which exhibited a more modest HR reduction; and (3) in elderly patients with new-onset AF, the greatest risk reduction for the composite outcome was observed in those with both ERC and HLS (by 29%), followed by those with HLS alone (by 21%), and those with ERC alone (by 11%) compared to those without ERC and HLS.

The Early Treatment of Atrial Fibrillation for Stroke Prevention Trial (EAST-AFNET 4) demonstrated that implementing ERC therapy within 1 year of AF diagnosis reduced the incidence of major cardiovascular adverse events, including stroke, by 35% compared to conventional care (11). Several subsequent observational studies validated the findings of the EAST-AFNET 4 trial (12, 23). However, the clinical benefit of ERC therapy seems to be less obvious in the elderly population with AF. According to the EAST-AFNET 4 trial, the effects of ERC were consistent across all age tertial groups. In contrast, Dickow et al. demonstrated that the effects of ERC were greater in patients aged <75 years (23). Our study showed a clear benefit of ERC therapy in elderly individuals in terms of lowering the risk of ischemic stroke or all-cause death.

Elderly patients with AF often present with multiple comorbidities and clinical complexity, which increase the risk of stroke and other adverse outcomes (24). Moreover, advanced age itself is a major risk factor for stroke (25). However, older patients with AF are less likely to receive optimal treatment. Although there are sufficient data to support the use of oral anticoagulants (OAC) in this population (26), older people are less likely to receive OAC (27). Similarly, older patients with AF tend to receive less rhythm control therapy (14), which can offer benefits such as improved symptom control, enhanced quality of life, and potentially reduced long-term complications, including stroke.

In our study, only 48% of the study subjects received anticoagulation therapy, whereas a mere 19% received ERC therapy. Furthermore, among those receiving ERC therapy, only 0.7% underwent AF catheter ablation. Hence, our study suggests that ERC therapy should be actively considered in elderly patients in addition to appropriate anticoagulation and comorbidities control.

Our study reflects real-world practices in the treatment of elderly patients with AF. Out of the study subjects, only 48% received anticoagulation therapy. Although guidelines strongly recommend anticoagulation for patients with AF aged 75 years and older, it is frequently omitted in those with relatively low CHA2DS2-VASc scores (7, 8). Even with the increasing use of direct oral anticoagulants, up to 50% of Korean patients with AF and an OAC indication are not prescribed OAC (28). Furthermore, a mere 19% received ERC therapy, and within this group, only 0.7% underwent AF catheter ablation. Subgroup analysis revealed that the benefits of ERC alone (group 3) were significant only in the OAC group, not in the no OAC group. Additionally, the advantages of the combining ERC and HLS were more pronounced in the OAC group compared to the no OAC group. Taken together, our study suggests that ERC and HLS should be actively considered in elderly AF patients under the premise of appropriate anticoagulation and comorbidity control.

Increasing evidence suggests that lifestyle modification plays a pivotal role in the comprehensive management of AF. Correcting unhealthy lifestyles such as cigarette smoking cessation, regular exercise, alcohol abstinence, and weight reduction is associated with a significant reduction in AF burden and maintenance of sinus rhythm (29–33). As a result, current guidelines emphasize a more holistic or integrated approach to AF management; this includes lifestyle modification (7, 8, 34), which is associated with improved clinical outcomes (35–37). We observed a significant association between HLS and a lower risk of ischemic stroke, heart failure admissions, and all-cause mortality in the elderly population, which is consistent with the results from several recent observational studies of the general population (17–19), clearly demonstrating the importance of HLS in AF management, even among the elderly.

Based on our results, the synergistic effect of ERC and HLS on the risk of ischemic stroke was relatively modest. Nevertheless, HLS appears to be associated with a more substantial reduction in the risk of all-cause mortality than ERC, and the most significant risk reduction for the composite outcome was observed in elderly patients with AF who both implemented ERC and kept HLS. One possible explanation for this observation is that the population-attributable risk of stroke associated with AF increases exponentially with advancing age (5). In elderly individuals, interventions such as anticoagulation and rhythm control therapy can effectively reduce the risk of stroke in the presence of AF. This interpretation is further supported by the finding that the risk reduction of ischemic stroke in the HLS-alone group was more pronounced in the subgroup without OAC treatment.


Study limitations

This study has several limitations. First, given that the study used the NHIS database, it is important to acknowledge that information not available in the database could act as a confounding factor. Second, we failed to obtain information regarding the subjects' rhythm status and maintenance of sinus restoration as well as symptoms related to AF. Third, the definition of HLS was confined to smoking, drinking, and physical activity, which could be assessed using national health check-up data. We did not include several factors such as weight reduction, a healthy diet, or moderation in caffeine consumption, although we adjusted for BMI in the multivariate analysis. Moreover, while ERC represents a newly implemented treatment, the evaluation of lifestyle was based on each individual's pre-existing healthy lifestyle, which was assessed at the time of the new AF diagnosis. To interpret HLS as an intervention, prospective studies would be necessary. Fourth, although patients' lifestyles could change during follow-up, our analyses did not include the impact of maintaining and changes in components of HLS during the follow-up period on clinical outcomes. We believe that having and consistently maintaining healthier lifestyle will result in favorable outcomes. This aspect requires further investigation in future studies. Finally, based on current guidelines, anticoagulation therapy should be initiated in patients with AF aged >75 years, unless there is a clear contraindication (7, 8). Ideally, the rate of anticoagulation treatment should be close to 100%. However, in our study cohort, it was only 52%, which reflects actual practice in the real world (28). Therefore, we conducted subgroup analyses to examine the use of OAC treatment and identified an interaction between the use of OAC and stroke outcomes. Generalizing our findings to populations with higher anticoagulation rates may be challenging.




Conclusion

ERC and HLS may individually be associated with a lower risk of ischemic stroke in elderly patients with new-onset AF. Concurrently implementing ERC and maintaining HLS was associated with the lowest risk of death and the composite outcome, with a modest synergistic effect on stroke prevention. An integrated approach that includes both ERC and HLS should be considered for achieving better clinical outcomes in elderly patients newly diagnosed with AF.
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Background: Obesity is a risk factor for atrial fibrillation (AF). Data regarding left atrial (LA) remodeling in obese patients are scarce. Whether obesity favors AF recurrence after catheter ablation (CA) is still controversial. We assessed the distribution of epicardial atrial fat on computed tomography (CT), LA bipolar voltage, low-voltage zone (LVZ) extent, and the outcome of voltage-guided ablation of persistent AF in obese and non-obese patients.



Methods: A total of 139 patients with persistent AF undergoing a first voltage-guided ablation were enrolled and divided into two groups: 74 were non-obese and 65 were obese. Epicardial adipose tissue (EAT) was assessed on a CT scanner. LA endocardial voltage maps were obtained using a 3D mapping system in sinus rhythm. LVZ was defined as a bipolar peak-to-peak voltage amplitude <0.5 mV.



Results: LA volume, voltage, and EAT amount were similar in the two groups. LVZ was less frequent in obese patients [12 (18.8%) vs. 26 (35.1%), p = 0.05], particularly on the anterior wall. The posterior and lateral EATs were correlated with posterior and lateral LVZ extent, respectively, in obese patients. After 36 months of follow-up, the AF-free survival rate was similar. Lateral EAT [odds ratio (OR) 1.21, 95% confidence interval (CI) 1–1.4, p = 0.04] and P-wave duration (OR 1.03, 95% CI 1–1.05, p = 0.03), but not body mass index (BMI), were predictors of AF recurrence after CA.



Conclusion: In obese patients, LVZ was less marked than in non-obese patients with similar LA volumes, voltage, and EAT amounts. In obese patients, posterior and lateral EATs were correlated with posterior and lateral LVZ extents. Obese patients had a similar and favorable 36-month outcome after AF ablation. BMI was not predictive of AF recurrence.
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Introduction

Obesity is associated with an increased cardiovascular mortality and morbidity (1). Several studies have demonstrated a strong association between obesity and atrial fibrillation (AF) occurrence (2). For every 5 kg/m2 increase in body mass index (BMI), the risk of AF could increase from 10% to 30% (3). Obesity has been identified as an independent risk factor for AF (2). A stable weight loss ≥10% in obese patients with AF is associated with a decrease in both AF recurrence and burden, and an improvement in AF symptom severity (4, 5). Recently, epicardial adipose tissue (EAT) extent has been associated with AF incidence and severity (6, 7). The Framingham Heart Study indicated that higher pericardial fat volume was associated with a nearly 40% higher odds of prevalent AF (6). Batal et al. reported that patients with persistent AF had a significantly thicker posterior EAT associated with increased AF burden independent of age, BMI, or left atrial (LA) area (8). Finally, Wong et al. showed that the patients with an extensive EAT had early recurrence after AF catheter ablation (CA) (7).

This EAT, located between the visceral pericardium and epicardium surface, is considered a metabolically active tissue. In a model of adult rat, human epicardial, but not subcutaneous adipose, tissue secretome could induce atrial fibrosis, a local effect mediated by activin A, an adipo-fibrokine (9). In addition, subepicardial fatty infiltration was also observed in patients with AF with abundant EAT on histological sections. Haemers et al. observed that these fatty infiltrates could progressively become fibrosis affecting subepicardial areas of the atrial myocardium (10). Low-voltage zones (LVZ) recorded with LA three-dimensional (3D) mapping systems are a powerful predictor of recurrence after AF ablation (11). In a model of obese sheep, LA enlargement, conduction abnormalities, and fractionated electrograms were associated with a reduced posterior LA endocardial voltage (12). In obese humans, data on electrophysiological remodeling are scarce. Whether obese patients display more EAT and associated LVZ is still discussed. AF recurrence after catheter ablation in obese patients also remains debated.

The purpose of our study was to evaluate the regional epicardial atrial fat distribution and assess the extent of LVZ and LA regional bipolar voltage amplitude in a cohort of obese patients with persistent AF compared to a cohort of non-obese patients. The 36-month outcome of LA voltage-guided substrate ablation in addition to pulmonary vein isolation (PVI) and predictors of AF recurrence after CA were also assessed.



Methods


Study population

This prospective observational study enrolled 139 consecutive patients presenting for a first persistent AF catheter ablation in our institution. Patients without LA voltage maps obtained in sinus rhythm (SR) and those with structural heart disease were excluded (Figure 1).


[image: Figure 1]
FIGURE 1
Flow chart of the study. Among 305 patients admitted for initial PAF ablation between November 2017 and December 2020, 139 (45.6%) patients met the inclusion criteria. 115 patients (37.7%) had no LA voltage mapping in sinus rhythm and 51 (16.7%) were excluded from analysis due to structural heart disease. VHD, valvular heart disease; HCM, hypertrophic cardiomyopathy; ICM, ischemic cardiomyopathy; DCM, dilated cardiomyopathy; PAF, persistent atrial fibrillation.


Structural heart disease was defined as a previous diagnosis of ischemic heart disease, valve dysfunction (≥moderate), or primary myocardial structural disease including dilated cardiomyopathy and hypertrophic cardiomyopathy. Obesity was defined as BMI ≥30 kg/m2. The cohort was divided into two groups: non-obese [with a BMI <30 kg/m2 (n = 74)] and obese [with a BMI ≥30 kg/m2 (n = 65)]. Patient demographics and baseline clinical characteristics were collected. The study protocol was approved by the institutional review board of Strasbourg University (CE-2023-113). All patients have given their written informed consent for the ablation and participation in this study. Our obese patients were aware of weight loss to improve the results of AF ablation. Therefore, we would advise them to change their lifestyle (diet and exercise) for weight loss before and after AF ablation.



Epicardial adipose tissue measurement

Images were acquired using a 320-row CT scanner (Aquilion ONE Genesis; Canon Medical Systems). Image analysis was performed on a dedicated workstation (AW4.6 workstation; GE Healthcare). All CT scanners were reconstructed in three dedicated cardiac planes, centered on a line (using body imaging planes) from the cardiac apex to the middle of the mitral valve.

EAT was defined as the adipose tissue between the surface of the myocardium and the epicardium. EAT thickness was measured by the same radiologist in millimeters, using a manual 2D caliper, by measuring in the area of maximum thickness the distance between every LA wall and anatomical landmarks, such as the esophagus, for the posterior wall (Figure 2).


[image: Figure 2]
FIGURE 2
EAT measurements were obtained using a cardiac CT scanner. All CT scanners were reconstructed in three dedicated cardiac planes, centered on a line (using body imaging planes) from the cardiac apex to the middle of the mitral valve: short axis plane: perpendicular to true long axis at the level of mid left ventricle; horizontal long axis plane (four-chamber view): horizontal plane perpendicular to short axis; vertical long axis plane (two-chamber view): vertical plane orthogonal to short axis. EAT was defined as the adipose tissue between the surface of the myocardium and the epicardium. EAT thicknesses were measured by the same radiologist in mm, by manual 2D caliper (small yellow line), as the distance between every LA wall and anatomical landmarks: EAT thickness between anterior LA wall and ascending aorta (A); EAT thickness between posterior LA wall and descending thoracic aorta (B); EAT thickness between posterior LA wall and right pulmonary hila (C); EAT thickness between lateral LA wall and visceral pleura of left lung (D); EAT thickness between posterior LA wall and esophagus (E); EAT thickness between periauricular lateral LA wall and mitral root (F).




Procedural preparation

Patients were efficiently anticoagulated for more than 3 weeks. The antiarrhythmic drugs (AADs) were interrupted for ≥5 half-lives before catheter ablation. Thus, amiodarone was discontinued 3 weeks before the procedure. Electrophysiological studies and catheter ablation procedures were performed under general anesthesia using a 3D electroanatomical mapping (3D-EAM) system (CARTO 3, Biosense Webster, Diamond Bar, CA, USA, or EnSite Velocity, Abbott, St Paul, MN, USA) and a deflectable decapolar circular mapping catheter (Lasso catheter of variable diameter size (15–25 mm), interelectrode spacing 6 mm (Biosense Webster, Diamond Bar, CA, USA, or a spiral multipolar pulmonary vein catheter, Afocus II, diameter 20 mm, electrode spacing 5 mm, Abbott, St Paul, MN, USA). A transesophageal echocardiography was performed at the beginning of the procedure, to both exclude any thrombi in the left atrial appendage (LAA) and guide the transseptal puncture.



LA voltage mapping

LA endocardial voltage mapping was performed in SR before radiofrequency ablation (Figures 3A,B). Endocardial contact during point acquisition was validated by a stable contact signal for >2 beats. All points recorded in SR were analyzed to exclude mechanically induced premature beats. Any area with an abnormal voltage resulting from inadequate contact between the circular catheter and LA tissue was reanalyzed with a 4-mm irrigated contact-force ablation catheter (ThermoCool® SmartTouch®; Biosense Webster, Diamond Bar, CA, USA, or Tacticath®; Abbott, St Paul, MN, USA). The LA was divided into six anatomical regions: posterior; anterior; septal; lateral; LAA; and inferior. The roof was part of the anterior region as previously described (13). The bipolar voltage amplitude was recorded for every point and within each individual region. The median LA and regional bipolar voltage amplitude measurements were calculated. Left atrial intracavitary volume (LAIV) excluding LAA was obtained for each patient after LA anatomic reconstruction and was expressed in milliliters. The left atrial intracavitary volume index (LAIVI) corresponded to the LAIV indexed to the body surface (expressed in ml m2). LVZ was defined as sites of >3 adjacent low-voltage points with a bipolar peak-to-peak voltage amplitude of <0.5 mV (14) and covering >5% of the LA surface area (LVZ surface/LA surface >5% without LAA orifice, the pulmonary venous antral region, and mitral valve). This threshold value corresponds to the lowest degree of atrial fibrosis detected using LGE-MRI (15). LVZ extent was categorized as stage I (no or discrete LVZ, ≤5%), II (mild, >5% to ≤20%), III (moderate, >20% to ≤35%), and IV (severe, >35%) according to the UTAH fibrosis classification (15). The surface (cm2) of each atrial region and of the LVZ within each atrial region was measured using the 3D-EAM software.
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FIGURE 3
Left atrial bipolar voltage map obtained in sinus rhythm with Lasso™ NAV from Biosense Webster with visualization of low-voltage zones at the anterior wall and septum (A) and the same map with ablation lesions colored in red (B).




Catheter ablation procedure

Irrigated radiofrequency energy was applied point by point with a target temperature of 43°C, infusion rate of 17 mL/mn via the irrigated ablation catheter, and maximal power limit of 35 W (30–35 W for the anterior wall and 20–25 W for the posterior wall) using the Biosense Webster ablation index by targeting 450–500 and 350–400 for anterior and posterior segments, respectively. For the Abbott's procedure, the lesion size index (LSI) was used by targeting 5.5 and 4.5 for the anterior and posterior walls, respectively. These same target values were applied to all patients without differentiating between the two groups. PVI was widely encircled in all patients with point-by-point applications using a 4-mm irrigated contact-force ablation catheter (ThermoCool® SmartTouch®; Biosense Webster, Diamond Bar, CA, USA, or Tacticath®; Abbott, St Paul, MN, USA) to create the contiguous lesions. For stage I patients, only circumferential PVI was performed, whereas an additional LVZ-guided substrate ablation was carried out for stage II–IV patients. Linear ablation across LVZs was performed when the LVZ ablation area could be considered a critical isthmus site for potential macro-reentrant tachycardia. Thus, when identifying large LVZs close to the roof or in the anterior LA, linear lesions were created to connect the LVZ ablation area to anatomical obstacles to prevent roof-dependent or peri-mitral atrial flutter. Linear lesions were also performed to isolate large LVZs from the rest of the healthy atrium, such as a posterior box by a roofline and an infero-posterior line. Atrial burst pacing to refractoriness was performed. Inducible atrial tachycardias (AT) were ablated with AT termination without reducibility. No additional ablation was performed in cases of induced AF.



Patient follow-up

After the catheter procedure, AADs were continued in all patients for at least 3 months to prevent early arrhythmia recurrences. Patients were reviewed by their cardiologist at 3 months and then every 6 months until the 42nd month. At each visit, 12-lead electrocardiogram (ECG) and routine 24-h ECG Holter monitoring were recorded to document the recurrence of atrial arrhythmias (AAs), which was deﬁned as the presence of any documented atrial fibrillation, atrial flutter, and atrial tachycardia lasting over 30 s. The blanking period corresponded to arrhythmic episodes occurring within the ﬁrst 3 months and was not included in the evaluation of ﬁnal success rates. AADs were gradually discontinued at 3–6 months after ablation in the absence of AA recurrence at the physician's discretion.



Statistical analysis

Categorical variables were presented as absolute values and percentages. A statistical analysis of the categorical variables between the two groups was performed using a chi-square test or Fisher's exact test. The Shapiro–Wilk test was used to determine the Gaussian distribution for each quantitative variable. Continuous variables were expressed as means with standard deviations (SD) for normally distributed data. The variables with a non-normally distribution were presented as medians and interquartile ranges (25th–75th interquartile range). The differences between the continuous variables were analyzed for statistical significance using the Student’s t-test or the Wilcoxon test, depending on data distribution.

The relationships between continuous variables were analyzed using Pearson’s correlation coefficients for parametric data. Kaplan–Meier survival curves were used to analyze freedom from AA recurrence after a single AF catheter procedure between obese patients and non-obese patients using the log-rank test with Bonferroni correction. Binominal logistic regression was applied to calculate the odds ratio (OR) and 95% confidence interval (CI) of independent variables associated with AA recurrence. Variables selected for testing in the multivariate analysis were those with p < 0.1 in the univariate analysis. All statistical analyses were performed using SPSS statistical software, version 23.0 (IBM Corp.). A two-tailed p-value <0.05 was considered statistically significant.




Results


Baseline characteristics

Demographic and clinical characteristics of the patients are shown in Table 1. The patients were mainly men (69.8%). Compared to non-obese patients, obese patients were significantly younger [62 (56–69) vs. 66.5 (62–72) years, p < 0.01] with more cardiovascular risk factors: hypertension [49 (75.38%) vs. 37 (50%), p < 0.01]; diabetes mellitus [20 (30.77%) vs. 6 (8.11%), p < 0.01]; obstructive sleep apnea (OSA) [26 (40%) vs. 16 (21.62%), p < 0.03]. Left ventricular ejection fraction was normal in most patients. There was no significant difference in drug treatments between the two groups. Paroxysmal AF history was less frequent in the obese group [15 (23.08%) vs. 34 (45.95%), p < 0.01]. Indexed to body surface or not, LA intracavitary volume was similar in the two groups [64.7 ml/m2 (57.2–73.4) vs. 60.5 ml/m2 (51.6–68.6), p = 0.07]. At the beginning of the procedure, 23/65 (35.4%) obese patients and 21/77 (28.4%) non-obese patients were in AF (p = 0.48).


TABLE 1 Baseline characteristics of the non-obese and obese groups.
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EAT thickness in non-obese and obese groups

No differences could be seen between the obese and non-obese groups regarding EAT thickness in the left atrial posterior wall (LA-descending thoracic aorta, LA-esophagus, LA-right pulmonary hilum) nor in the anterior, lateral, or inferior walls (Table 2).


TABLE 2 Periatrial fat thickness analysis in non-obese and obese groups.
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Bipolar voltage assessment in non-obese and obese groups

Of the procedures, 73 (52.5%) were performed with the Afocus II. The 66 (47.5%) remaining procedures were performed with the Lasso™ NAV. No difference was found in the use of the type of mapping catheter between the obese and non-obese groups [Abbott: 36 (55%) vs. 37 (50%), p = 0.64 and Biosense Webster: 29 (45%) vs. 37 (50%), p = 0.64].

The number of mapping points per patient was similar in the two groups [998 (673–1,662) vs. 1,031 (566–2,003), p = 0.83] (Table 3). The global LA bipolar voltage was not significantly different in the obese group compared to the non-obese group [2.2 (1.4–2.6) mV vs. 1.8 (1.2–2.7) mV, p = 0.29] (Table 3). When comparing LA bipolar voltage amplitudes according to atrial regions, there was also no difference in bipolar voltage amplitude in the anterior [1.7 (1.1–2.6) mV vs. 1.6 (1–2.4) mV, p = 0.25], septal [1.6 (1–2.3) mV vs. 1.4 (0.8–2.2) mV, p = 0.29], posterior [2.3 (1.3–3.2) mV vs. 1.9 (1.1–2.8) mV, p = 0.22], inferior [2 (1.2–2.7 mV) vs. 1.8 (1.1–2.6 mV), p = 0.34], or lateral [2.3 (1.3–3.4 mV) vs. 2.1 (1.2–2.8 mV), p = 0.29] regions nor the LAA [2.9 (1.8–3.9 mV) vs. 2.6 (1.7–3.5, mV p = 0.13] between the obese and non-obese patients.


TABLE 3 Median regional distribution of bipolar voltage amplitudes of the non-obese and obese groups.
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Low-voltage zone assessment in non-obese and obese groups

LVZs were observed in 27.3% of patients in the whole cohort. LVZs were less frequent in the obese group compared to the non-obese group [12% (18.8%) vs. 26% (35.1%), p = 0.05] (Table 4).


TABLE 4 LVZs extent and distribution analysis in non-obese and obese groups.
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When analyzing LVZs according to the atrial region, anterior LVZs were less frequently seen in the obese group [13% (20.3%) vs. 28% (37.8%), p = 0.04]. In the other atrial regions, no significant difference in LVZs could be observed between the two groups. LA surface indexed-LVZ extents were not significantly different between the two groups [8.2% (3.4%–22.6%) vs. 14% (5.5%–33%), p = 0.17]. LA surface indexed-LVZ extents according to regional atrial surface were also not significantly different, even if the obese group presented less extent, particularly in the anterior, septal, inferior, and lateral regions [18.3% (9.2%–32%) vs. 29.8% (13.9%–52.3%), p = 0.29; 11.4% (8.4%–33.1%) vs. 18.9% (14%–41.4%), p = 0.18; 9.8% (6.2%–14.5%) vs. 12.3% (7.7%–27.2%), p = 0.84; 10.2% (9.3%–35.7%) vs. 26.4% (15.6%–68.9%), p = 0.74, respectively].



Association between EAT thickness and regional LVZ extent

To analyze the relationship between EAT thickness and LVZ extent indexed to regional atrial surface, the Pearson correlation coefficients were calculated, as shown in Table 5. No significant correlation was found in non-obese patients. In obese patients, the EAT thickness of LA-esophagus and the indexed posterior LVZ extent showed a positive Pearson correlation coefficient of 0.45 (p = 0.0001) (Table 5). LA-mitral isthmus was also modestly correlated to indexed lateral LVZ extent (Pearson coefficient 0.26, p = 0.04). There was no significant correlation between LVZ extent and EAT in the other regions.


TABLE 5 Correlation between periatrial fat thicknesses values and percentage of regional LVZ extent in the non-obese patients (A) and in the obese patients (B).
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Ablation procedure

All PVs were successfully isolated during CA. PVI alone was performed in 88 (63.3%) patients of the overall cohort, while the remaining 51 (36.7%) patients had an additional LVZ-guided substrate ablation. Compared to non-obese patients, PVI alone was more frequently performed in obese patients [47 (72.3%) vs. 41 (55.4%), p = 0.06] but the difference was not significant. CTI ablation before or during the procedure was performed in the same proportion in the two groups [13 (17.6%) vs. 13 (20%), p = 0.88]. Total RF duration and fluoroscopy time were also similar (31.9 ± 10.5 min vs. 32.1 ± 11.8 min, p = 0.76; 25.1 ± 11.2 min vs. 24.9 ± 9.4 min, p = 0.66) (Supplementary Table S1).



Long-term clinical outcome after an AF ablation procedure

After a follow-up of 38.1 months (range 34.8–41.4), AAs recurred in 37/138 (26.8%) of the overall cohort after CA. The Kaplan–Meier survival curves are shown in Figure 4. There was no significant difference in AA-free survival rate after CA in the obese and non-obese groups (Log-rank test, p = 0.544). The percentage of patients remaining free from AF/AT 12 months after CA was 93% ± 3% in the obese group and 86% ± 4% in the non-obese group (Figure 4). At 24 months after ablation, 80% ± 6% of the obese group and 75% ± 5% of the non-obese group remained free from AF/AT. Finally, 77% ± 6% of the obese group and 64% ± 7% of the non-obese group remained free from AF/AT 36 months after CA.
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FIGURE 4
Kaplan–Meier survival curves showing the cumulative AAS recurrence-free survival rates in the obese and non-obese patients after a single procedure.


Among patients without AA recurrence at 12 months, AADs were discontinued in 74.4% of the whole cohort: 68.3% in the obese group and 80% in the non-obese group (p = 0.2).

Finally, we found no differences in AA-free survival rate after one procedure between obese patients who received PVI alone and those with additional LVZ ablation (log-rank test, p = 0.712). The percentage of obese patients remaining free of AF/AT after 24 months was 77% ± 8% of those who received PVI alone and 76% ± 13% of those who received additional LVZ ablation (Supplementary Figure S1). For non-obese patients, no differences in AA-free survival rate were observed between PVI alone and additional LVZ ablation (log-rank test, p = 0.548). The percentage of non-obese patients remaining free of AF/AT after 24 months was 68% ± 8% of those who received PVI alone and 75% ± 9% of those who received additional LVZ ablation (Supplementary Figure S2).

During follow-up, we did not observe differences in body weight [102 (94–112) kg vs. 100 (91–112) kg, p = 0.15] and BMI [33 (31–37) kg/m2 vs. 32 (31–36) kg/m2, p = 0.2] in the obese group before and 1 year after AF ablation. An initial weight loss of ≥10% resulted in only 7.7% of obese patients with persistent AF. Of these obese patients, 30% had even gained excess weight at the 1-year follow-up.



Predictive factors of AA recurrence after CA

To evaluate the predictors of AA recurrence after a single CA procedure, univariate and multivariate analyses were carried out in both the obese and the whole cohorts.

In the obese population, P-wave duration (PWD), LA indexed intracavitary volume, and LA-mitral isthmus were chosen as variables (p < 0.1) for a multivariate analysis, but none of them was a significant predictor of AF recurrence (Table 6A).


TABLE 6 Univariate and multivariate analyses for prediction of AAs recurrence after catheter ablation in the obese cohort (A) and in the whole cohort (B).
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In the whole cohort, obstructive sleep apnea, treatment by aldosterone receptor antagonist, PWD, EAT LA-esophagus and EAT LA-mitral isthmus were selected as variables (p < 0.10) for a multivariate analysis. PWD (OR1.03, 95% CI 1–1.05, p = 0.03) and EAT LA-mitral isthmus (OR 1.21, 95% CI 1–1.4, p = 0.04) were significant predictors of AF recurrence after CA (Table 6B).




Discussion

As shown in previous studies (16, 17), we reported an increased occurrence of arterial hypertension, diabetes, and obstructive sleep apnea in the obese cohort, all known to be predisposing factors for AF. We also observed fewer cases with a history of paroxysmal AF in the obese group compared to the non-obese group. These data are consistent with other studies (16, 18) observing that AF became more persistent and less paroxysmal with increasing BMI. The underlying mechanisms are not fully understood and are probably multifactorial, suggesting that cardiovascular risk factors may promote the rapid progression from paroxysmal to persistent AF in obese patients through LA electrical remodeling or left ventricular diastolic dysfunction.

EAT has gained attention in the last few years and could be the link between obesity and the onset of AF. Thanassoulis et al. showed that the extent of epicardial fat was associated with AF occurrence whereas intrathoracic and abdominal fat were not (6). Batal et al. also evidenced that posterior EAT was associated with AF burden (8).

In addition, Wong et al. observed that patients with extensive EAT had early AF recurrence after the ablation procedure (7). Finally, a meta-analysis also underlined an association between increased EAT and AF recurrence in patients undergoing AF ablation (19). As evidenced in previous studies, EAT measured on the lateral wall was also an independent predictor of AF recurrence in our study.

Even if obesity is closely associated with AF occurrence and persistent AF, BMI might not be directly linked to EAT extent. Moreover, the amount of fat is probably not the best way of evaluating EAT. As demonstrated by Venteclef et al., EAT is a reservoir of adipokines acting as pro-inflammatory actors (9). Its metabolic activity measurement could be more relevant but more difficult to highlight. Wang et al. showed that the increased inflammatory activity of LA-EAT was positively correlated with AF (20). In addition, Ciuffo et al. found that the quality of the left periatrial adipose tissue, assessed by CT attenuation, was an independent predictor of AF recurrence after ablation (21).

The quality of LA-EAT, rather than its quantity, may also play an important role in the gender disparity of LA remodeling between LA-EAT and LA-LVZ. All these findings remain to be confirmed and prompt further investigation in future studies.

Matos et al. recently showed for the first time a weak correlation between EAT measured with computed tomography (CT) and LA fibrosis measured with cardiac magnetic resonance. EAT was more strongly associated with AF recurrence than LA fibrosis. This finding suggested that LA fibrosis is not the main mechanism linking EAT and AF (22).

EAT might play a role in AF onset and progression through other mechanisms, such as shortening the potential duration of action (23). In addition, large amounts of ganglionated plexi and cholinergic and adrenergic nerves are mostly embedded in the EAT. An autonomic nervous system (ANS) dysfunction could change the endocrine properties of the epicardial fat through a secretory activity enhancement and adipogenesis (24).

EAT could play an important role in cardiomyocyte function by channel dysfunctions (25) and in atrial inflammation via interleukin-6 elevation (26) inducing atrial electrical remodeling by downregulating cardiac connexins. Recently, NLRP3-inflammasome has been demonstrated to be a key driver of obesity-induced AF (27).

These mechanisms could play an important role in the rapid progression from paroxysmal to persistent AF in obese patients. Moreover, time to treatment was also shorter in the obese cohort, probably because of the persistent behavior of AF. All these elements listed above could explain both the younger age of this cohort and the absence of severe LA dilatation with thus less LVZ in obese group. Indeed, today we know that the presence of LVZ was associated both with age (13, 28) and LA enlargement (13, 29).

Overall, obesity-induced FA could be initiated by EAT-mediated reversible electrophysiological remodeling via electrical and molecular mechanisms as in our younger obese patients.

Indeed, Middeldorp et al. demonstrated that weight loss and management of risk factors may reverse the natural progression of AF. A weight loss of ≥10% resulted in 88% of patients with persistent AF reversal to paroxysmal or no AF, with 45% of patients no longer requiring ablation (30).

In addition, Mahajan et al. demonstrated that weight loss in an obese ovine model was associated with structural and electrophysiological reverse remodeling (31).

Moreover, Schram-Serban et al. recently demonstrated that the percentages of low-voltage potentials were similar between obese and non-obese patients within the majority of atrial locations (posterior LA, inferior LA, mitral isthmus, LAA, right atrium) except the Bachmann bundle using high-resolution epicardial mapping during SR. This mapping was performed during open chest cardiac surgery after sternotomy before connecting the patient to cardiopulmonary bypass circulation (32). These findings are consistent with our data except for the age of the cohort being the same in their study.

Interestingly, BMI was not a predictive factor of AF recurrence after CA. If obesity is clearly identified as a risk factor of AF onset, the impact of BMI on AF ablation outcome is still under debate with contrasting results (16, 33, 34).

Despite fewer LVZs in the obese group, we observed that the EAT amounts on the posterior and lateral walls were significantly correlated with posterior and lateral LVZ extent. The LA surface indexed-LVZ extent was the only one to be increased on the posterior wall compared to the non-obese group, although this was not significant.

Previous studies demonstrated that the presence of EAT was associated with lower bipolar voltage and atrial electrogram fractionation (12, 35). Mahajan et al. even showed that EAT infiltrated the posterior LA in the obese group with reduced endocardial voltage and conduction abnormalities in this region (12). All EAT measurements in their study were consistently greater in the obese group. We could not see such differences in our cohort. When analyzing their population, there were only 16 obese patients and 10 non-obese patients. In the non-obese group, 80% of patients displayed paroxysmal AF, known to be associated with less LA remodeling. Obesity was also defined as a BMI > 27 kg/m2. These elements may explain such differences between the two groups. In our cohort, EAT measurements were not significantly different among obese and non-obese patients, explaining the moderate substrate remodeling in our obese group. We could therefore postulate that the EAT-mediated fibrotic irreversible remodeling may occur later with increasing age in obese patients.

Several studies showed that obesity had a negative impact on AF ablation outcomes (17, 33). In our study, we could not find any difference after one single voltage-guided ablation, which had never been evaluated in an obese cohort. A recent study showed that obesity does not adversely affect the outcome of ablation until BMI exceeds 35 kg/m2 (17). Only patients with morbid obesity (BMI ≥ 35 kg/m2) have a higher recurrence rate of atrial arrhythmias during follow-up in persistent AF compared to other groups. In our obese patients, the median BMI was 32.7 kg/m2, which could explain the absence of difference in the outcome after CA.

Sivasambu et al. evidenced that persistent AF ablation outcome in patients undergoing PVI alone with cryoballoon was not affected by BMI. Freedom from AF recurrence at 1 year was around 45%–50% after PVI alone (36). We reported a better outcome in the obese group after a single LVZ-guided ablation in addition to PVI with 68% of patients off drugs at 1 year. Our study is among the first to evaluate the outcome of LVZ-guided ablation in obese persistent AF patients.

The sole predictive factor of recurrence after CA in our cohort was PWD. Several studies have also reported this association (37): a prolonged PWD attesting to an intra- and inter-atrial abnormal conduction as well the duration and direction of atrial depolarization. Dąbrowska-Kugacka et al. also observed that PWD was highly correlated with atrial electroanatomical delay assessed by tissue Doppler echocardiography (38). Some authors reported that a prolonged PWD was correlated with left atrial enlargement (39). A significant association between LVZ and prolonged PWD was also seen in patients with both paroxysmal and persistent AF (40, 41).

Whatever the chosen strategy of persistent AF ablation, electrophysiologists should not be discouraged from proposing an early persistent AF ablation in obese patients, which is associated with weight loss and physical activity, especially if the BMI is <35 kg/m2.


Study limitations

This was a single-center observational study with a limited number of patients. During 3D mapping, although a great number of points were collected, high-density catheters could have been used for a more rapid and better resolution, particularly for LVZ assessment. The study started using a circular catheter. To have homogeneous data, the same type of catheter was used for the whole study. In addition, the discontinuation of AADs could not be obtained in the whole cohort because the follow-up was conducted by the patients' cardiologists, who were probably less motivated to stop AADs in obese patients. Further studies are needed to assess the long-term follow-up after AF ablation in obese patients.




Conclusion

Obese patients with persistent AF display less electrophysiological substrate remodeling with similar LA volumes, bipolar voltage, and a similar amount of EAT compared to non-obese patients. In obese patients, EAT measured on the posterior and lateral LA wall were correlated with posterior and lateral LVZ extents. Unlike BMI, the EAT extent on the lateral wall and PWD were independent predictors of AF recurrence. Obese patients have a similar and favorable 36-month outcome after one single voltage-guided substrate persistent AF ablation. An early strategy of rhythm control using AF ablation should be proposed in obese patients to improve the cardiovascular prognosis. At the same time, weight loss and management of risk factors are absolutely necessary to reverse the natural progression of AF to avoid EAT-mediated fibrotic irreversible remodeling.
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Background: End-stage renal disease (ESRD) patients have a high potential cardiovascular burden, and cardiovascular disease (CVD) is the leading cause of death in maintenance haemodialysis (MHD) patients. Arteriovenous fistula (AVF) is the preferred vascular access for MHD patients, but AVF significantly affects the haemodynamics of the cardiovascular system, leading to or exacerbating CVD, including atrial fibrillation (AF). This study aimed to evaluate the impact of AVF on cardiac function, especially of the left atrium (LA), in patients with ESRD and to further explore the relationship between AVF establishment and the occurrence of AF.



Methods: We selected 1,107 ESRD patients on haemodialysis using AVF and 550 patients with tunneled-cuffed catheters (TCC) admitted between January 2016 and December 2022 for follow-up to compare the rate of AF between the two groups. A total of 153 patients in the AVF group with complete information (clinical data, echocardiographic and biochemical indices, and other data) were enrolled and retrospectively analysed for risk factors for the development of AF and were followed up for adverse clinical outcomes (including all-cause death, cardiac death, readmission due to heart failure, and stroke).



Results: The incidence of new-onset AF was higher in the AVF group than the TCC group after dialysis access was established (16.30% vs. 5.08%, P < 0.001). Echocardiography showed that the LA anteroposterior diameter increased (P < 0.001) and the incidence of AF increased from 11.76% to 26.14% (P = 0.001) after AVF establishment. Multivariate logistic regression analysis showed that age and LA enlargement were independent risk factors for new-onset AF after AVF establishment (P < 0.05). Adverse clinical outcomes were more common in patients with AF than in patients without AF (P < 0.001). Multivariate Cox risk regression analysis suggested that new-onset AF (HR = 4.08, 95% CI: 2.00–8.34, P < 0.001) and left ventricular systolic dysfunction (HR = 2.42, 95% CI: 1.20–4.88, P = 0.01) after AVF establishment were independent risk factors for adverse clinical outcomes.



Conclusion: LA enlargement after AVF establishment is associated with a significant increase in the incidence of AF, in addition, AF which is as an important influential factor in patients with MHD combined other systemic diseases might increase adverse clinical events.



Clinical Trial Registration: (NCT 06199609)
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Background

In recent years, the total number of patients receiving treatment for end-stage renal disease (ESRD) worldwide has been steadily increasing, with a growth rate exceeding the population growth rate (1). Common renal replacement therapies include dialysis and kidney transplantation, but due to donor limitations, maintenance haemodialysis (MHD) remains the preferred treatment for most ESRD patients. ESRD patients have a high potential cardiovascular burden, and cardiovascular disease (CVD) is the leading cause of death in MHD patients (2). Arteriovenous fistula (AVF) is the preferred vascular access for MHD patients due to its safety, convenience, low complication rate, and high long-term patency (1). However, AVF significantly affects the haemodynamics of the cardiovascular system, leading to or exacerbating the occurrence of CVD, including left ventricular (LV) hypertrophy, heart failure, pulmonary hypertension (PH), and valve dysfunction (3). There have been relatively few long-term follow-up cohort studies on cardiac structure and function after AVF establishment, and most have focused on the association between AVF and LV dysfunction. Clinically, the incidence of atrial fibrillation (AF) in MHD patients undergoing AVF dialysis also appears to be relatively high. AF increases the risk of adverse clinical outcomes such as stroke, systemic arterial embolism, dementia, heart failure, myocardial infarction, venous thromboembolism, and sudden death (4), but there have been no published studies on the relationship between AVF establishment and AF.

This retrospective cohort study aimed to evaluate the impact of AVF on the heart, especially the LA, of MHD patients and to further explore the relationship between AVF establishment and the occurrence of AF and adverse clinical outcomes, providing a theoretical basis for cardioprotective measures.



Materials and methods


Study population

This was a single-centre retrospective cohort study in which patients who received long-term MHD from January 2016 to December 2022 were retrospectively enrolled. The inclusion criteria were patients (1) with end-stage renal disease receiving haemodialysis, with an eGFR <15 ml/min/1.73m2; (2) aged > 18 years; (3) receiving regular dialysis; (4) with AVF or TCC as the sole vascular access; and (5) with AVF flow rates between 0.5-1.0 L/min. The exclusion criteria were as follows: (1) AVF flow > 1.0 L/min; (2) combined heart disease such as severe valvular disease, intracardiac shunts, constrictive pericarditis, or postcardiac transplantation; (3) previous allogeneic kidney transplantation or peritoneal dialysis; (4) discontinued dialysis due to AVF failure; (5) risk factor analysis for new-onset AF, AF and LA enlargement before AVF establishment; and (6) survival analysis and Cox regression analysis of adverse clinical outcomes between the AF group and the non-AF group. Patients with AF before AVF establishment were excluded.



Methods


Differences in haemodialysis access

Patients in the AVF group underwent AVF creation by anastomosing the radial artery in the anterior forearm with the cephalic vein. Patients in the TCC group had a tunnelled cuffed catheter inserted via the internal jugular vein for haemodialysis.



Final study population

Patients in the AVF group with complete medical records within 3 months before and after AVF establishment were enrolled to facilitate long-term, longitudinal evaluation of cardiac structure and function. Clinical data and laboratory and echocardiographic findings were collected from the hospital's electronic medical records system.



AF detection approach

In this study, AF was mainly detected through surface electrocardiograms, dynamic electrocardiograms, and smart wearable devices at home.



Echocardiography examination and measurement

Echocardiography was conducted by an ultrasound diagnostic instrument (PHILIPS Epiq 7c, USA) with an S5-1 cardiac probe operating at a frequency of 2–4 MHz (5). The following parameters were measured: LA anteroposterior diameter (LAD), LA volume (LAV), right atrial diameter (RAD), interventricular septum thickness (IVST), LV posterior wall thickness (LVPW), LV end-diastolic diameter (LVDD), right ventricular end-diastolic diameter (RVDD), and LV ejection fraction (LVEF). The LA volume index was determined using the biplane disc method, and the LV mass index (LVMI) was calculated as LV mass (LVM) divided by body surface area (BSA) (LVMI = LVM/BSA). We assessed pulmonary arterial hypertension followed the guidelines of the American Society of Echocardiography (6), defining PH as pulmonary arterial systolic pressure (PASP) ≥ 35 mmHg (1 mmHg = 0.133 kPa). LA enlargement was defined as LAD >38 mm (males) and LAD >37 mm (females). LV systolic dysfunction was defined as an LVEF <52% (males) or <53% (females) (5).



Primary endpoint and secondary endpoint

The primary endpoint events were defined as all-cause mortality and cardiovascular mortality, while the secondary endpoint events included heart failure readmission and stroke. Patients who underwent kidney transplantation, who changed dialysis methods during follow-up, or who did not experience endpoint events at the end of follow-up were censored.




Statistical analysis

Data analysis was performed using SPSS 26.0. For normally distributed continuous data, the results are expressed as mean ± standard deviation (SD), while skewed distributed data are expressed as M (P25, P75). Group differences were examined using the chi-square test, t-test, or Wilcoxon rank-sum test. The paired-sample t test, Wilcoxon rank-sum tests, or paired chi-square test was used to compare data before and after AVF establishment. Binary logistic regression analysis was employed to assess the risk factors for new-onset AF after AVF establishment. Kaplan-Meier survival curve analysis was used to compare differences in clinical outcomes between groups. Single-factor Cox regression analysis was used to select variables with P < 0.10 for multifactorial Cox regression analysis to evaluate the risk factors for adverse clinical outcomes. The results are expressed as hazard ratios (HRs) and their 95% confidence intervals (95% CIs) and were analysed using a two-tailed test, with P < 0.05 considered statistically significant.




Results

This study included a total of 1,657 ESRD patients, with 1,107 in the AVF group and 550 in the TCC group. The complete medical data of 153 patients in the AVF group were further analysed in detail. Complete data were defined complete echocardiography data, laboratory indicators, and general clinical data both before and after AVF establishment. Among the 1,657 ESRD patients initially included, 1,107 patients underwent AVF haemodialysis, but most patients underwent only AVF surgery at our hospital, which is technically difficult. Their long-term haemodialysis was performed in local hospitals, and medical information for these patients was difficult to collect. Among them, only 153 AVF patients who agreed to long-term dialysis at our hospital with complete medical data were included in this study.


Comparison of AF incidence between the AVF group and TCC group

The incidence of AF in the TCC group was higher than that in the AVF group before the establishment of haemodialysis access (14.18% vs. 10.30%, P = 0.020). Follow-up after haemodialysis revealed a higher incidence of new-onset AF in the AVF group than in the TCC group (16.30% vs. 5.08%, P < 0.001). The median follow-up time was 18 (3, 60) months for the AVF group and 22 (4, 58) months for the TCC group.



Baseline clinical characteristics

The 153 patients with complete medical data in the AVF group were compared with the excluded subjects who had AVF but underwent haemodialysis elsewhere (n = 954). The baseline characteristics were similar (Table 1). The 153 patients were characterized by advanced age, overweight, anaemia, and multiple comorbidities, such as diabetes, hypertension, and heart failure, consistent with a typical ESRD population (Table 2). The aetiology of ESRD was approximately 50.00% diabetic nephropathy, 25.00% for chronic glomerulonephritis, and 25.00% for other causes (hypertension, polycystic kidney disease, and immune-related factors). After AVF establishment, BMI and blood pressure decreased, and heart rate and incidence of AF increased.


TABLE 1 Comparison of baseline information of the study population and the remaining samples excluding the study subjects.
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TABLE 2 General information characteristics of the research population.
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Management of AF in our study

In this study, no AF patients underwent electroconversion or radiofrequency ablation surgery. Approximately 80% of AF patients received anticoagulant therapy (60% of AF patients received anticoagulant combined with ventricular rate control, and approximately 40% of AF patients received anticoagulant combined with antiarrhythmic therapy).



Echocardiographic and laboratory parameters

The median time for echocardiography re-examination after AVF establishment was 21 (7, 46.5) months. Echocardiography revealed an enlarged the LAD and RAD. There were no significant changes in LVDD or RVDD, but the LVMI increased, and the LVEF decreased. Laboratory results showed an increase in red blood cells, haemoglobin, and haematocrit (Table 3).


TABLE 3 Changes in clinical features, echocardiographic and laboratory indices before and after AVF establishment.
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Age and LA enlargement as independent risk factors for new-onset AF after AVF establishment

To clarify the relationship between LA enlargement after AVF establishment and the onset of new AF, 102 patients with pre-existing AF (n = 18) and those with LA enlargement (n = 33) before AVF establishment were excluded. These 102 patients were divided into the LA enlargement group (n = 62) and the normal LA group (n = 40), and the incidence of new-onset AF was 20.97% and 5.00%, respectively (P = 0.026).

Univariate binary logistic analysis revealed no statistically significant differences in sex, concomitant hypertension, diabetes, or hyperlipidaemia (P > 0.05) but did reveal statistically significant differences in age, serum potassium, and LA enlargement (P < 0.05) between patients with and without new-onset AF after AVF establishment. Multivariate logistic regression analysis showed that age (OR 1.09, 95% CI 1.03–1.17) and LA enlargement (OR 5.12, 95% CI 1.04–25.79) were independent risk factors for new-onset AF after AVF establishment (P < 0.05) (Table 4). The dialysis time in this study was 59 (34, 82) months, and both univariate and multivariate logistic regression showed that the duration of dialysis was not an independent risk factor for newly developed AF. However, with longer dialysis time, the cumulative incidence of AF rose (Figure 1).


TABLE 4 Logistic regression analysis affecting new-onset AF in patients after AVF establishment.
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FIGURE 1
Accumulated incidence of AF with hemodialysis time.




Increased incidence of adverse clinical outcomes in the AF group

After excluding patients with a history of AF before AVF establishment (n = 18), the other patients (n = 135) were divided into the AF group (n = 22) and the non-AF group (n = 113), and their clinical outcomes were compared during follow-up. The follow-up period of this study was 40 (25.5, 65.5) months. The AF group met a total of 20 endpoint events (90.90%), including 16 cases of all-cause mortality (80.00%) (of which 37.50% were due to cardiac causes), 2 cases of stroke (10.00%), and 2 cases of rehospitalization due to heart failure (10.00%). The non-AF group had a total of 52 endpoint events (46.00%), including 33 cases of all-cause mortality (63.46%) (of which 42.42% were due to cardiac causes), 4 cases of stroke (7.69%), and 15 cases of rehospitalization due to heart failure (28.85%). Kaplan-Meier survival analysis of the two groups showed a significant difference in the survival curves (P < 0.001), indicating a higher incidence of adverse clinical outcomes in the AF group than in the non-AF group (Figure 2).


[image: Figure 2]
FIGURE 2
Analysis of survival curves of adverse clinical outcomes (all-cause mortality, cardiovascular mortality, heart failure readmission and stroke) in the two groups with or without comorbid AF.




New-onset AF and LV systolic dysfunction as risk factors for adverse clinical outcomes

By the end of the follow-up, after excluding patients who had AF before AVF establishment, among the remaining 135 patients, 49 patients (36.3%) experienced major endpoint events, with 29 patients (59.18%) experiencing all-cause mortality and 20 patients (40.82%) experiencing cardiovascular mortality. Additionally, 23 patients (17.0%) experienced minor endpoint events. Single-factor Cox regression analysis indicated that age, diastolic blood pressure, comorbid diabetes, comorbid coronary heart disease, preoperative haemoglobin level, new-onset AF, and LV systolic dysfunction after AVF establishment were risk factors for adverse clinical outcomes (P < 0.10). After multivariate Cox regression analysis, it was suggested that new-onset AF (HR = 4.08, 95% CI: 2.00–8.34, P < 0.001) and LV systolic dysfunction (HR = 2.42, 95% CI: 1.20–4.88, P = 0.01) were independent risk factors for adverse clinical outcomes in AVF patients (Table 5).


TABLE 5 Univariate and multivariate COX proportional risk regression model analysis of the occurrence of adverse clinical outcome events in AVF patients (n = 135).
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Discussion

Haemodialysis is the preferred treatment for ESRD patients, over 70% them undergoing MHD treatment. Previous studies have reported a wide variation in the prevalence of AF among MHD patients, ranging from 2.8% to 27% (7–10), far higher than that among the general population. This study found that (1) haemodialysis patients with AVF have a significantly higher incidence of new-onset AF in than those with TCC. (2) Echocardiography revealed LA enlargement, increased LVMI, decreased LVEF, and a further increase in the occurrence of AF after AVF establishment. (3) Multivariate logistic regression analysis indicated that age and LA enlargement are independent risk factors for new-onset AF. (4) There were more adverse clinical outcomes in AF patients than in non-AF patients. (5) Multifactorial Cox regression analysis suggested that new-onset AF after AVF establishment and LV systolic dysfunction are independent risk factors for adverse clinical outcomes in MHD patients.

An AVF is a nonphysiological shunt established between the high-pressure, high-resistance arterial system and the low-pressure, high-capacity venous system. On the one hand, it increases the volume of blood returning to the heart, thereby increasing the cardiac volume load. According to Frank-Starling's law, a compensatory increase in myocardial contractility and stroke volume leads to myocardial hypertrophy, ischaemia, and fibrosis and subsequently induces cardiac dysfunction. Higher volume load will also lead to elevated ventricular filling pressure and diastolic dysfunction. On the other hand, long-term hypertension and endothelial dysfunction increase peripheral resistance, decrease arterial compliance, and aggravate the pressure load (11).

In this study, echocardiography showed that LAD and LAV were significantly enlarged, but LVMI increased slightly after the establishment of the AVF, indicating that the impact of the AVF was not only the adaptive changes caused by increased blood volume but also accompanied by an increase in the LV mass, which is consistent with the results of Ori et al. (12) Volume overload and LV hypertrophy can lead to an increase in LV filling pressure and LV diastolic dysfunction. LA enlargement is a potential marker for most cardiovascular diseases and plays an important role in the risk assessment and prognosis of AF, HCM, and hypertensive heart disease. LAD is also a necessary indicator for evaluating LV diastolic function. Echocardiography is the preferred method for evaluating LAD and LAVI, especially in 2015. According to the American Echocardiography Society's quantitative guidelines, LAVI is the most accurate parameter for evaluating LA size. In many retrospective studies, LAVI information is missing, and only the LAD is included in the echocardiographic reports, a shortcoming shared by our study.

AF is one of the most common arrhythmias, and its mechanism is not yet clear, but it is closely related to congestive heart failure and stroke. Studies have shown that LA enlargement is an independent risk factor for AF (13) and is associated with increased mortality (14). Abnormal LA structure might be an intervention point because LA enlargement often occurs in combination with decreased LA compliance, elevated LA pressure, myocardial interstitial fibrosis, neurohormone metabolism disorder, and subclinical inflammation related to diastolic failure. Our study also found that with increasing LA, the incidence of AF further increased, and age and LA enlargement after AVF establishment were found to be independent risk factors for new-onset AF, which is consistent with the findings of Hassanin N et al. (15) and Reddy et al. (16) Furthermore, as blood dialysis progresses, LA enlargement and dysfunction become more pronounced (17). LA enlargement has been closely related to an increase in thromboembolic events in patients with AF, showing independent predictive value for the occurrence of stroke (18).

AF and heart failure are mutually causative, and atrial excitation during AF cannot be transmitted to the ventricle in a normal rhythm, resulting in abnormal ventricular filling and impaired diastolic function, ultimately leading to AF cardiomyopathy and inducing heart failure (19). When heart failure occurs, acute and chronic LA pressure increase, and increased atrial pressure and enlargement promote scar formation and fibrosis, ultimately leading to conduction abnormalities and inducing AF. A meta-analysis indicated that the risk of heart failure in AF patients increased nearly fivefold (20). Another study showed that mortality due to heart failure in AF patients has increased nearly threefold (21). In this study, the incidence of adverse clinical events (including stroke, heart failure, cardiovascular death, and all-cause mortality) in the AF group was significantly higher than that in the non-AF group, indicating a potentially poor prognosis for AVF haemodialysis patients with concomitant AF. Overall, other factors, such as old age, hypertension, diabetes, hyperlipidaemia, coronary heart disease, obesity, long-term drinking, smoking, family history, lack of exercise and other factors, might play a role in adverse clinical events in MHD patients. CVD is not only the main complication but also the leading cause of death in MHD patients. Studies have shown that persistent AF and heart failure are independent risk factors for all-cause mortality and cardiovascular mortality in nonvalvular AF patients (22). In our study, follow-up revealed that 49 patients (32%) died, with one-third attributed to CVD, which is consistent with previous reports (23, 24). By multifactorial Cox regression correction, new-onset AF after AVF establishment and LV systolic dysfunction were independent risk factors for adverse clinical outcomes in MHD patients, which is consistent with Wang et al. (25)

The treatment of MHD patients with concomitant AF is very complex and controversial, and there are currently no ideal clinical treatment guidelines. In clinical practice, it is often a professional AF management team is recommended to provide personalized treatment for patients. The optimal AF management strategy mainly includes improving patient prognosis (anticoagulation and CVD treatment) and improving symptom treatment (ventricular rate control, rhythm control) (26).

Therefore, regular measurements of cardiac structure and function, including LA size, LV wall thickness, LV systolic and diastolic function, and pulmonary artery pressure, could detect cardiac damage caused by AVF in the early period and draw the attention of doctors and patients as soon as possible, and timely treatment might slow or reverse heart damage. In addition, controlling blood pressure, weight, blood glucose, blood lipids, reducing alcohol consumption, quitting smoking, and reasonable exercise may improve cardiac remodelling and cardiac function to some extent and might reduce the induction of AF development.



Limitations

This was a single-centre retrospective cohort study with a relatively small sample, and early echocardiographic parameters were inadequate, which prevented further investigation. This study might have some missing clinical data, and paroxysmal AF was difficult to capture, potentially underestimating its real occurrence. Finally, the study overlooked the impact of certain medications, such as ACE inhibitors, anticoagulants, and antiarrhythmic and heart rate-controlling treatments, on CVD. Multicentre studies with more patients and incorporating more parameters will be needed to definitively establish clinical pathways to improve the prognosis of patients on MHD with AVF access.



Conclusion

LA enlargement and a significant increase in the incidence of AF were observed following AVF establishment in patients with MHD. New-onset AF and LV systolic dysfunction are independent risk factors for adverse clinical outcomes. Active intervention for these risk factors might improve patient prognosis.
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Radiofrequency catheter ablation for re-do procedure after single-shot pulmonary vein isolation with pulsed field ablation for paroxysmal atrial fibrillation: case report

Xinyan Yang1,2†, Mingjie Lin2†, Yan Zhang2, Juntao Wang1,2* and Jingquan Zhong1,2*

1State Key Laboratory for Innovation and Transformation of Luobing Theory, and Key Laboratory of Cardiovascular Remodeling and Function Research, Chinese Ministry of Education, Chinese National Health Commission and Chinese Academy of Medical Sciences, and Department of Cardiology, Qilu Hospital of Shandong University, Jinan, China

2Department of Cardiology, Cheeloo College of Medicine, Qilu Hospital (Qingdao), Shandong University, Qingdao, China

EDITED BY
Teresa Strisciuglio, University of Naples Federico II, Italy

REVIEWED BY
Christian Hendrik Heeger, University of Lübeck, Germany
Vincenzo Mirco La Fazia, Texas Cardiac Arrhythmia Institute, United States

*CORRESPONDENCE Juntao Wang 237165650@qq.com
Jingquan Zhong 198762000778@email.sdu.edu.cn

†These authors have contributed equally to this work

RECEIVED 25 January 2024
ACCEPTED 22 April 2024
PUBLISHED 02 May 2024

CITATION Yang X, Lin M, Zhang Y, Wang J and Zhong J (2024) Radiofrequency catheter ablation for re-do procedure after single-shot pulmonary vein isolation with pulsed field ablation for paroxysmal atrial fibrillation: case report.
Front. Cardiovasc. Med. 11:1376229.
doi: 10.3389/fcvm.2024.1376229

COPYRIGHT © 2024 Yang, Lin, Zhang, Wang and Zhong. 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: Catheter ablation is frequently used to manage recurrent atrial fibrillation (AF) resistant to drug therapy, with pulmonary vein isolation (PVI) as a key tactic. Pulsed field ablation (PFA) has emerged as an innovative technology for PVI but poses challenges for redo procedures.



Case presentation: We report on a 73-year-old female patient who experienced recurrent AF after initial successful PVI using a novel PFA technology and subsequently underwent radiofrequency catheter ablation during a repeat intervention. The reconnection of pulmonary veins was discovered primarily in the anterior region of the right superior PV and the superior portion of the left superior PV. An anatomically-based segmental approach and larger circumferential PVI, followed by additional linear ablations at non-PV trigger sites, proved decisive in preventing further recurrence of atrial tachycardia.



Conclusion: While PFA exhibits promise as a secure and efficient modality for PVI, it necessitates excellent contact quality to ensure lasting results. For patients experiencing AF recurrences post-PFI, expanded strategies incorporating both comprehensive PVI and linear ablations at targeted non-PV sites might enhance treatment outcomes.
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1 Introduction

Catheter ablation is often recommended as the primary treatment for patients with symptomatic, recurrent atrial fibrillation (AF) that has not responded to drug therapy (1). Achieving effective and lasting pulmonary vein isolation (PVI) remains the cornerstone of AF ablation (2, 3).

Pulsed field ablation (PFA) represents an innovative technology designed for PVI, offering the distinct advantage of selective electroporation (4).

Despite these advances, there is currently no established consensus or strategy concerning redo procedures following initial single-shot PVI using PFA. In this report, we discuss a case involving a patient with recurrent AF who underwent radiofrequency catheter ablation after initially receiving PVI with PFA.



2 Case report

A 73-year-old female patient, presenting with recurrent episodes of palpitations, was diagnosed with paroxysmal AF one month prior to her admission to the hospital. She has no history of other cardiovascular conditions. She underwent an initial catheter ablation procedure using PFA technology. PVI was achieved with a lasso-shaped PFA catheter (Shineyo Medical). The position and attachment of the catheter are determined based on pulmonary venography. The generator outputs ranged between 1,000 and 1,500 V per application. Each vein was treated with (5) applications following the instructions of catheter. Verification of entrance and exit blockages was carried out using the PFA catheter in its expanded form at the ostia of the pulmonary veins. Repeated atrial electrical stimulation cannot induce rapid atrial tachycardia. Post-procedurally, the patient was prescribed a daily regimen of rivaroxaban at a dose of 15 mg and amiodarone at a dose of 200 mg.

During the outpatient appointment ten months post-ablation, the 12-lead electrocardiogram displayed a recurrence of atrial fibrillation with a ventricular rate at 145 beats per minute. Re-do procedure was performed under minimal sedation and local anesthesia. 3D electroanatomic mapping system was used for re-do procedure (CARTO3 V6, Biosense Webster). A multipolar mapping catheter (PentaRay, Biosense Webster) was used to evaluate electrical conduction during sinus rhythm. The reconnections of PVs were mainly distributed in the anterior region of the right superior PV, the superior portion of the left superior PV. Special PV potentials were found at the edge of initial ablation line (Figure 1). To achieve complete and durable PVI, an anatomically-based, potential-guided segmental approach and larger circumferential PVI was performed by a standard irrigated ablation catheter (ThermoCool SmartTouch SF catheter, 43°C, 45W, NAVI-STAR; 4-mm-tip; Biosense Webster). After completing PVI, AF was still inducible by atrial burst pacing. Therefore, we performed linear ablations of the posterior wall, i.e., roof and bottom empirically. During the linear ablation, the tachycardia was terminated. Considering that the patient was undergoing a second procedure, the superior vena cava is a common site of focal triggers, so we also performed an ablation. Finally, the atrial tachycardia could not induce with atrial burst pacing. Six months following the repeat procedure, the patient remained free of any recurrence of atrial tachycardia.


[image: Figure 1]
FIGURE 1
Ultra-high-density bipolar voltage maps and visualization of gaps at time of re-do procedure. Arrows depict the potential of pulmonary vein antrum. Color coding magenta is bipolar voltage >0.5 mV and red is bipolar voltage <0.1 mV.




3 Discussion

Durable PVI remains the goal of AF ablation strategies. Rates of PVs reconnections following PVI employing either cryoballoon or radiofrequency ablation have been reported to vary widely, ranging from 22 to 38 percent and reaching as high as 62.5 percent in some cases (6).

PFA is an emerging ablation technology that, while promising, still experiences varying degrees of PV reconnection. Studies by Federico et al. and the IMPULSE trial revealed disparate rates of durable isolation using PFA, with 64.2% and 96% respectively (7–9). In the latest study by Rocca et al, the 1-year freedom from any atrial tachyarrhythmia was comparable among patients with PFA, cryoballoon, and radiofrequency ablation (10). Significant lower PV reconnection rate was observed after PFA (19.1%) during repeat ablation. These studies indicate that PFA can achieve more sustained pulmonary vein isolation rates; however, further exploration of ablation strategies is needed to improve the success rate of PFA ablation.

Federico et al. have demonstrated the prevalent sites of PV reconnections in patients undergoing repeat procedures, as identified by 3D electroanatomic mapping. In their study, 19 out of 53 patients (35.8%) exhibited such reconnections (9). The most frequently observed areas for PV reconnection were found to be the anterior region of the right superior PV, the posterior-inferior segment of the right inferior PV, and the posterior-superior portion of the left superior PV. These findings align with those noted in our case (6, 9). The geometry of the PFA catheter and the applied contact force may also play crucial roles during ablation procedures with PFA (8). The employment of intracardiac echocardiography potentially enhances the safety and effectiveness of ablation procedures. However, reported by Russo et al, PFA can be executed with consistent speed, security, and efficacy. Employing ICE for guidance during PVI did not demonstrate an enhancement in procedural metrics (11).

Re-do strategies after initial single-shot PVI with PFA are still being refined. At present, the approaches to re-do procedures typically involve additional ablation using one of several modalities: cryoballoon, radiofrequency, or a repeat PFA. When it comes to repeat ablations involving either the cryoballoon or PFA methods, challenges may arise due to catheter designs possibly causing inadequate tissue contact in previously treated areas during subsequent interventions. On the other hand, radiofrequency catheter ablation has the potential to be advantageous as a more targeted approach for re-do procedures.

Cardiac electrophysiology experts have assessed various approaches for subsequent interventions following initial cryoballoon and radiofrequency ablation treatments using radiofrequency catheter ablation. These strategies encompass either solely re-isolating the PV in a segmental fashion or implementing an anatomically-driven PVI alongside targeted, segmental isolation based on electrical potential signals. This tailored approach has been deemed to be both safe and efficacious (12).

The superior vena cava, posterior wall, coronary sinus, vein of Marshall, and the annuli of both the mitral and tricuspid valves are frequently identified as non-pulmonary vein (non-PV) trigger sites. Non-PV triggers tend to be more prevalent in certain populations, such as females, older individuals, patients with obstructive sleep apnea, and those with hypertrophic cardiomyopathy. During repeat ablation procedures, it is crucial to target these areas when a trigger has been pinpointed. Empirical ablation may also be justifiable in particular scenarios to enhance the likelihood of maintaining a rhythm free of atrial arrhythmias (13). Based on our case analysis, we posited that re-isolating PVs—with an expanded approach tailored anatomically and directed by mapping potentials—could prove beneficial. This strategy would include segmental approaches and linear ablations such as isolating the posterior wall, creating lines at the mitral isthmus and cavotricuspid isthmus, and isolating the superior vena cava, all of which should be based on potential map guidance.



4 Conclusions

While PFA is recognized as a secure and efficient technology, it requires optimal contact to boost the rate of effective isolation. In cases where patients experience recurrent AF following PFA, adopting an expanded PVI strategy paired with supplemental linear ablation may prove to be an effective tactic. However, additional research is required to assess the histological alterations that follow radiofrequency ablation during repeat interventions post-PFA.
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Association between types of antihypertensive medication and the risk of atrial fibrillation: a nationwide population study
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Background: Patients with hypertension are at a high risk of atrial fibrillation (AF). Recent research has indicated the varying effects of antihypertensive medications on developing AF.



Objectives: We investigated the relationship between different types of antihypertensive medications and the risk of AF occurrence.



Methods: We analyzed data from 113,582 subjects with national health screening examinations between 2009 and 2014. The study population was categorized according to antihypertensive medication type. The primary outcome was the incidence of AF.



Results: Among 113,582 subjects (mean age 59.4 ± 12.0 years, 46.7% men), 93,557 received monotherapy [angiotensin receptor blockers (ARB), angiotensin-converting enzyme inhibitors (ACEi), beta-blockers, calcium channel blockers (CCB), or diuretics], while 34,590 received combination therapy (ARB/beta-blockers, ARB/CCB, ARB/diuretics, or ARB/CCB/diuretics). During a mean follow-up duration of 7.6 ± 2.1 years, 3.9% of patients were newly diagnosed with AF. In monotherapy, ACEi and CCB had similar AF risks as ARB, while beta-blockers and diuretics showed higher AF risks than ARB. In combination therapy, ARBs/CCBs and ARBs/diuretics had the lowest AF risk, whereas ARBs/beta-blockers had the highest compared to ARB/CCB. Among the specific ARBs, the AF risk varied insignificantly, except for telmisartan and candesartan.



Conclusions: In hypertensive patients receiving monotherapy, ACEi and CCB showed a similar AF risk as ARBs, while beta-blockers and diuretics were associated with a higher risk. Among those receiving combination therapy, ARBs/CCBs and ARBs/diuretics had the lowest AF risk, whereas ARBs/beta-blockers showed the highest risk. Various types of ARBs have different associations with AF risk.
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Introduction

Hypertension is one of the most common comorbidities, with a prevalence of 30% among adults in 2019 (1–3). Elevated blood pressure leads to an increased risk of cardiovascular complications, such as coronary heart disease, stroke, and an increased risk of mortality (4–8). Hypertension is also a widely recognized risk factor for atrial fibrillation (AF) (9, 10). Diagnosis of hypertension, whether it is being treated or not, has been shown to increase the likelihood of AF by 70% in a previous systematic review and lowers the spontaneous restoration rate once AF is developed (11, 12). The co-prevalence of hypertension in AF patients increases the risk of major cardiovascular events and mortality compared to those without hypertension (13, 14). Based on these findings, researchers have attempted to identify the antihypertensive medication with the highest efficacy in preventing AF (15–17). The use of renin-angiotensin system inhibitors (RASi) has been associated with a 33% reduction in the risk of AF occurrence (15). The increased attention to the antiarrhythmic effects of various antihypertensive medications has led to studies comparing their differing prophylactic effects on developing AF (16, 18–21). However, the potential impact of antihypertensive medications on the risk of new-onset AF, particularly within different combinations of antihypertensive medication and specific types of angiotensin II receptor blockers (ARB), has not been addressed before.

This nationwide cohort study evaluated the effect of different antihypertensive medications using a large nationwide population.



Methods and materials

This study utilized the comprehensive claims database from the Korean National Health Insurance Service (NHIS), which functions as the exclusive insurer for approximately 52 million individuals and corresponds to the entire population of South Korea in 2019 (22, 23). The Korean National Health Information Database (NHID) contains sociodemographic, healthcare usage, health screening, and healthcare provider data (22, 23). The National Health Screening Database provides detailed information on laboratory findings and lifestyle questionnaires (23). The healthcare utilization database comprises records of prescriptions linked with diagnoses based on the International Classification of Disease, Tenth Revision of Clinical Modification (ICD-10-CM) (22, 23).

The study was conducted following the principles of the Declaration of Helsinki. The data were anonymized; thus, the study was exempt from the Institutional Review Board (IRB) review of Seoul National University Hospital (IRB no. E-2109-118-1255). In addition, because data from the NHIS were de-identified, obtaining informed consent was not feasible. The use of the NHIS database from 2009 to 2014 will be authorized in 2023.


Study population

Figure 1 summarizes the patient flow. Subjects from the Korean National Health Insurance Service claims database who underwent screening between 1 January 2009, and 31 December 2014 (n = 556,888) were screened. Patients who were prescribed antihypertensive medications under hypertension diagnosis were selected (n = 120,481). Patients younger than 20 years (n = 1,500), those with preexisting AF before enrollment (n = 5,177), and those who developed AF before the 1-year follow-up period (n = 1,567) were excluded from the analysis.


[image: Figure 1]
FIGURE 1
Study design. ARB, angiotensin II receptor blocker; ACEi, angiotensin-converting enzyme inhibitor; BB, beta-blocker; CCB, calcium channel blocker; NHIC, national health insurance corporation.


The study population was by antihypertensive prescription: monotherapy [one of ARB, angiotensin-converting enzyme inhibitors (ACEi), beta-blocker, CCB, or diuretics], and combination therapy (combinations of two or three agents: ARB/CCB, ARB/beta-blockers, ARB/diuretics, and ARB/CCB/diuretics). The ARB monotherapy group was further subdivided by specific types: losartan, telmisartan, eprosartan, fimasartan, candesartan, irbesartan, olmesartan, and valsartan.



Covariates

The covariates included patient demographics, comorbidities, medications, lifestyle, and health screening results (more details in Supplementary Table S1). The bottom 20% of NHIS participant income was deemed low. General health screening examinations collected metrics including systolic and diastolic blood pressure (SBP and DBP, respectively), weight, height, body mass index, and waist circumference measurements. Laboratory findings included fasting glucose level, estimated glomerular filtration rate (eGFR), total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein, and triglycerides (23, 24). The self-reported questionnaire included information on smoking patterns, alcohol consumption, and regular exercise (23, 25, 26).



Study outcome and follow-up

The primary outcome was AF incidence during follow-up. AF was defined by ICD-10-CM codes (I48; AF and atrial flutter) (Supplementary Table S1) (23). The index year was the first NHIS health exam, excluding those developing AF within 1 year. Patients were monitored until AF incidence, NHIS exclusion, or study end on 31 December 2018, whichever event occurred first.



Statistical analysis

Baseline characteristics are displayed as either mean ± standard deviation (SD) or median (interquartile range, IQR) for continuous variables and as numbers (percentages) for categorical variables, as deemed suitable. Student's t-tests and χ2 tests were used for continuous and categorical variables, respectively. The incidence rate (IR) was calculated as the number of events per 1,000 person-years (PY) during follow-up.

Survival analysis was performed using the Kaplan–Meier method to determine AF cumulative incidence with different antihypertensives. Cox proportional hazard regression models assessed the hazard ratio (HR) and 95% confidence intervals (CI). Four Cox models were progressively adjusted for covariates: (1) unadjusted model (model 1); (2) model adjusted for age and sex (model 2); (3) model adjusted for age, sex, comorbidities (diabetes mellitus, dyslipidemia, previous myocardial infarction, heart failure, peripheral artery disease, chronic kidney disease, stroke/transient ischemic attack, chronic obstructive pulmonary disease, thyroid disease, and sleep apnea), and social habits (smoking, alcohol consumption, regular exercise, and low income) (model 3); and (4) model 3 with addition of health screening examination measurements [SBP, fasting glucose level, total cholesterol, and body mass index (BMI)] and hypertension duration (model 4).

Subgroup analyses were conducted based on age categories (<65, 65–74, and ≥75 years), sex, obesity (BMI < 25 kg/m2 and ≥25 kg/m2), presence of abdominal obesity (men ≥ 90 cm or women ≥ 85 cm of waist circumference), smoking patterns (never, former, and current), alcohol consumption (none, mild to moderate, and heavy), income levels (low and others), and duration of hypertension (<2 years and ≥2 years). To assess the impact of antihypertensive medication on AF risk among patients without additional AF risks such as comorbidities, further sensitivity analyses were conducted on a healthy population that excluded individuals with comorbidities (diabetes mellitus, dyslipidemia, previous myocardial infarction, heart failure, prior ischemic stroke/transient ischemic attack, peripheral artery disease, chronic kidney disease, chronic obstructive pulmonary disease, and thyroid diseases).

Statistical significance was set at p < 0.05. All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, North Carolina, USA).




Results


Study population

A total of 113,582 participants were included in the final study population. Details of the baseline characteristics for the distinct monotherapy groups are presented in Table 1, whereas those for the combination therapy group are shown in Supplementary Table S2. Specific details regarding the ARB medications are provided in Supplementary Table S3. The mean age of the total population was 59.4 ± 12.0 years old, with 46.7% men and a mean hypertension duration of 4.5 ± 3.4 years. The most prevalent comorbidity was dyslipidemia (38.4%), followed by diabetes mellitus (23.0%). Among the study population, 47.3% were obese, and 35.7% satisfied the criteria for abdominal obesity.


TABLE 1 Baseline characteristics of the study population of monotherapy.

[image: Table 1]



Risk of incident AF according to specific antihypertensive medication

During a mean follow-up duration of 7.6 ± 2.1 years, AF was newly diagnosed in 3,741 (3.9%) patients. The adjusted HR (aHR) with 95% CI and IR according to the type of antihypertensive agent used in patients receiving antihypertensive monotherapy is shown in Figure 2A and Supplementary Table S4. In those on monotherapy, subjects administered beta-blocker exhibited the highest increase in AF risk (aHR, 1.51; 95% CI, 1.33–1.71, p < 0.001), followed by diuretics (aHR, 1.37; 95% CI, 1.19–01.58, p < 0.001), when compared to those receiving ARBs. Subjects taking ACEi or CCBs showed comparable risk of AF with ARBs (aHR, 1.19; 95% CI, 0.96–1.47 for ACEi, and aHR, 1.00; 95% CI, 0.89–1.12 for CCB, respectively, p < 0.001).
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FIGURE 2
Hazard ratio and incidence rate comparison in each antihypertensive medication group; (A) monotherapy group (B) combination therapy group (C) specific ARB type in ARB only prescribed group (D) specific ARB type in combination with other medication group. Model 4: model adjusted for age, sex, comorbidities (diabetes mellitus, dyslipidemia, previous myocardial infarction, heart failure, peripheral artery disease, chronic kidney disease, stroke/transient ischemic attack, chronic obstructive pulmonary disease, thyroid disease, and sleep apnea), and social habits (smoking, alcohol consumption, regular exercise, and low income), health screening examination measurements (SBP, fasting glucose level, total cholesterol, and BMI) and hypertension duration. ARB, angiotensin II receptor blocker; ACEi, angiotensin-converting enzyme inhibitor; BB, beta-blockers; CCB, calcium channel blocker; CI, confidence interval; HTN, hypertension.


Figure 2B shows the aHR (95% CI) and IR based on a particular type of antihypertensive medication in the combination therapy group. Comprehensive details are provided in Supplementary Table S4.

Within the population receiving combination antihypertensive therapy, individuals prescribed ARB/beta-blockers exhibited the highest risk (aHR, 1.54; 95% CI, 1.25–1.92, p < 0.001), followed by ARB/CCB/Diuretics with an aHR of 1.18, 95% CI, 1.03–1.36 (p < 0.001) compared to those taking ARB/CCB. Patients with ARB/diuretics did not show a significant difference in AF risk compared to those taking ARB/CCB (adjusted HR, 0.99; 95% CI, 0.87–1.12, p < 0.001).

Figure 2C illustrates the aHR (95% CI) and IR for specific ARB types in patients who were exclusively prescribed ARB monotherapy. Figure 2D presents the same data for patients receiving ARBs in combination therapy. Additional information is provided in Supplementary Table S5.

In the subset of individuals receiving ARB monotherapy, most ARB medications exhibited no notable variation in AF risk compared with losartan. In the population receiving ARB as part of antihypertensive combination therapy, when compared to losartan, candesartan and telmisartan were associated with a higher risk of AF (aHR, 1.33; 95% CI, 1.15–1.54, and 1.20; 95% CI, 1.05–1.36) (p = 0.004). Other ARBs did not show significant differences compared to losartan.

Figure 3 illustrates the cumulative incidence of AF with distinct antihypertensive medications.
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FIGURE 3
Cumulative incidence curves of AF stratified by antihypertensive medication; (A) monotherapy (B) combination (C) specific type of ARB in ARB monotherapy patients. ARB, angiotensin II receptor blocker; ACEi, angiotensin-converting enzyme inhibitor; BB, beta-blocker; CCB, calcium channel blocker; D, diuretic.




Subgroup analyses

Subgroup analyses conducted for ARB monotherapy, combination therapy, and specific ARB types are provided in Supplementary Tables S6–S8, respectively.

In the monotherapy group, the different effects of antihypertensive medication types on AF risk were notably attenuated among individuals aged >75 years (p for interaction = 0.034). No significant interactions were observed in the other subgroups, including sex, body mass index, abdominal obesity, smoking habits, alcohol consumption, income level, SBP, and duration of hypertension. Within the combination therapy group, in obese patients, compared to ARB/CCB, the relative AF risk of ARB/CCB/diuretics was accentuated (aHR, 1.30; 95% CI, 1.09–1.56, p = 0.007). A similar pattern was observed for those with abdominal obesity (aHR, 1.34; 95% CI, 1.10–1.63, p = 0.014) and SBP over 130 mmHg (aHR, 1.34; 95% CI, 1.13–1.60, p = 0.012). Subgroup analyses of specific ARB types within the ARB monotherapy group did not indicate significant interactions across subgroups.



Sensitivity analyses

In the sensitivity analyses of monotherapy group, subjects taking ACEi, beta-blocker, and diuretics were associated with a higher risk of AF compared to ARB (aHR, 2.40; 95% CI, 1.41–4.08 for ACEi, aHR, 1.85; 95% CI, 1.34–2.55 for beta-blocker, and aHR, 1.59; 95% CI, 1.12–2.27 for diuretics, p < 0.001) (Supplementary Table S8). In the combination therapy group, the result was consistent with the main results, showing ARB/beta-blocker to exhibit the highest AF risk compared to ARB/CCB (aHR, 2.75; 95% CI, 1.44–5.24, p = 0.023). Sensitivity analysis of specific ARB types is shown in Supplementary Table S9. ARB, in combination with other antihypertensive medications, did not show a significant difference in the risk of AF occurrence (p = 0.596).




Discussion

The main findings of this study are as follows: (1) In the hypertensive patient group receiving antihypertensive monotherapy, those treated with ACE inhibitors and CCBs showed a similar AF risk to those treated with ARBs, while those treated with beta-blockers and diuretics showed a higher AF risk; (2) In the group receiving combination therapy, those treated with ARB/diuretics and ARB/CCB/diuretics showed a similar AF risk to those treated with ARB/CCBs, while those treated with ARB/beta-blockers showed a higher AF risk; and (3) Among the specific types of ARBs, the AF risk did not differ significantly except for telmisartan and candesartan in both the monotherapy group and the combination therapy group.

The protective effect of RASi on the risk of AF occurrence for both primary and secondary prevention has been shown in previous studies with other ethnicities (15, 17–19, 27). The Losartan Intervention For End Point Reduction in Hypertension (LIFE) trial showed that losartan intervention was associated with a lower incidence of new-onset AF and associated stroke than atenolol (20).

Comparisons between RASi and diuretics or beta-blockers have been conflicting in previous studies, with randomized clinical trial data only available for ACEis and not ARBs (16, 28, 29). Previous randomized clinical trials have failed to show significant benefits of ACEi compared with diuretics and beta-blockers in AF risk (28, 29). However, a recent nationwide population study on both ACEi and ARB showed a lower incidence of AF in patients prescribed RASi compared with beta-blockers or diuretics (16). This difference may be attributed to the specific type of RASi used in the clinical trial, as we observed slight variations in AF risk among different subtypes of ARBs in our study.

The antiarrhythmic effect on developing AF was most prominent among individuals with left ventricular hypertrophy or heart failure (30). The beneficial effect of RASi on developing AF is thought to be attributable to atrial electrical remodeling of RASi, as seen in animal models (31, 32). Furthermore, recent studies have compared the effect of angiotensin receptor-neprilysin inhibitor (ARNI) with ARB and found a better reduction of atrial electrical instability in the ARNI group in a retrospective study and animal experiment (33). However, there is a limitation in the generalizability of the result, as ARNI is only recommended for heart failure management and not hypertension in current guidelines, and further research is needed (34).

As a result of previous studies on antihypertensive medication, RASi has been stated in the European Society of Cardiology AF management guidelines as an upstream therapy among patients with left ventricular dysfunction, left ventricular hypertrophy, or hypertension (35). Also, as stated in management guidelines, based on a holistic or integrated care management approach, hypertension control is very important for patients who are already diagnosed with AF (35, 36). The coexistence of hypertension in patients with AF increases the risk of stroke, and guidelines emphasize attention to good BP control in AF patients with hypertension to reduce AF and the risk of stroke and bleeding (35). Indeed, adherence to the Atrial fibrillation Better Care (ABC) pathway is associated with improved clinical outcomes (37, 38).

In this study, the use of beta-blockers was associated with a higher risk of AF than ARB monotherapy or ARB/CCB combination therapy. Also, a recent study found the beta-blocker usage to be associated with impaired left atrial function in patients with hypertension and without heart failure or AF (39). In the course of hypertension, uncontrolled blood pressure was associated with reduced early diastolic filling, atrial remodeling, and increased AF inducibility (40, 41). The difference in the preventative effects of atrial remodeling between RASi and beta-blockers may have led to unfavorable outcomes in terms of AF and stroke risk among beta-blocker users compared to RASi users as seen in previous studies (16, 20). Additionally, the prescription of beta blockers to patients with hypertension may be due to suspicion of undiagnosed AF.

In line with the findings of a previous Danish study, our study also observed a higher risk of AF among individuals prescribed diuretics (16). This increased risk may be attributable to the fact that the prescription of diuretics in patients with hypertension could be due to a symptomatic prescription of heart failure that has not yet been diagnosed. While our study found no benefits of diuretics in general hypertensive patients, meta-analyses of heart failure patients suggest that mineralocorticoid receptor blockade may have the potential to reduce AF risk (42). A recent study on a novel, selective, nonsteroidal mineralocorticoid receptor antagonist, finerenone, also found potential for reducing AF risk in patients with chronic kidney disease and type 2 diabetes (43).

To our knowledge, this study is the first to compare the AF risk among different types of ARBs. Previous studies have focused on the comparison between ARBs and placebo or other types of antihypertensive medications, such as diuretics or beta-blockers, for new-onset AF (18–20). The head-to-head comparison of the different types of ARBs has not yet been performed. Although this study had a retrospective design, it is novel in exploring the differences between ARBs in incident AF risk. In this study, most ARBs showed similar AF risks to losartan, except for telmisartan and candesartan, which showed a higher AF risk. These drugs have both been shown to decrease AF risk compared to placebo in previous studies (18, 19). However, caution is needed when interpreting the results, as our study used losartan as a reference and not a placebo. The variation among different types of ARBs may be due to their differing binding affinities, lipophilicities, and metabolism (44). For example, candesartan and telmisartan are known to have the highest binding affinity to AT1 receptor antagonist (45). Telmisartan has distinct characteristics such as partial agonistic effect on the peroxisome proliferator-activated receptor and stronger inhibitory effects on arachidonic acid (46, 47). Candesartan is the only drug among ARBs to be a prodrug and is converted during gastrointestinal absorption (48). These unique characteristics of candesartan and telmisartan might have led to a different effect on AF risk. Furthermore, differences in the study population should also be considered. For example, the TRANSCEND trial (the Telmisartan Randomized AssessmeNt Study in ACE iN-tolerant subjects with cardiovascular disease) and CHARM (the Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity) focused on high-risk patients with cardiovascular disease or diabetes with end-organ damage or symptomatic congestive heart failure, respectively (18, 19).

However, further prospective research will be needed to reach a definitive conclusion.


Study limitations

This study has several limitations. First, AF may have been underestimated in this study because the definition of AF was limited to the ICD-10-CM code diagnosis without a review of electrocardiograms. However, using ICD-10-CM codes for AF diagnosis has shown a predictive value of 94.1% in a previous study (49). Second, only blood pressure at baseline was included, and information on blood pressure control was not considered. The degree of high blood pressure showed a linear increase in systolic blood pressure and AF risk (50). Thus, controlling hypertension with antihypertensive medications may have affected the incidence of AF. Third, the specific dose of antihypertensive medication or the echocardiographic data of the patients could not be evaluated. This limitation was due to the nature of the NHID used in this study. The current NHID dataset does not provide the specific doses of antihypertensive medications or echocardiographic data. Further research is required to compare the effects of different doses of antihypertensive medications. Fourth, changes in antihypertensive medication or diagnosis of new comorbidities could not be accounted for, as only the baseline values were retrieved. These changes may have affected the incidence of AF. Fifth, beta-blockers and diuretics are not only used for hypertension alone but also for other purposes, such as heart failure. Thus, the influence of comorbidities not reported in the NHID (such as impending heart failure) on the incidence cannot be ignored. However, because the sensitivity analyses showed a consistent trend, such confounders' effect was presumed negligible.




Conclusion

In monotherapy, ACEi and CCB exhibited a similar AF risk to that of ARB, while beta-blockers and diuretics were associated with a higher risk. Among those receiving combination therapy, the lowest AF risk was observed with ARBs/CCBs and ARBs/diuretics, whereas ARBs/beta-blockers had the highest risk. Various types of ARBs exhibit varying degrees of association with the risk of AF, suggesting that there may be a nuanced relationship between different types of ARBs and the likelihood of developing AF.
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Objective: This study aimed to evaluate the impact of early rhythm control (ERC) on the occurrence of cardiocerebrovascular events in patients diagnosed with atrial fibrillation detected after stroke (AFDAS).



Methods: A systematic search was conducted across nine databases from inception to October 15, 2023 to identify clinical trials comparing ERC with usual care interventions in AFDAS patients. The primary outcome assessed was recurrent stroke, with secondary outcomes including all-cause mortality, adverse events related to arrhythmias, and dementia.



Results: Analysis of five studies, consisting of two randomized clinical trials (RCTs) involving 490 patients and three cohort studies involving 95,019 patients, revealed a reduced rate of recurrent stroke [odds ratio (OR) = 0.30, 95% confidence interval (CI) 0.11–0.80, P = 0.016 in RCTs; OR = 0.64, 95% CI 0.61–0.68, P < 0.00001 in cohort studies] and all-cause mortality (hazards ratio = 0.94, 95% CI 0.90–0.98, P = 0.005 in cohort studies) in the ERC group compared to the usual care group. In addition, ERC was associated with superior outcomes in terms of dementia.



Conclusions: Patients with AFDAS who underwent ERC treatment exhibited a decreased risk of cardiocerebrovascular events compared to those receiving usual care. These results support the potential benefits of implementing an ERC strategy for this specific patient population.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/, Identifier [CRD42023465994].
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1 Introduction

Atrial fibrillation (AF) is characterized by uncoordinated electrical conduction in the atria, leading to uncoordinated atrial systole and diastole. The estimated global prevalence is over 37 million (1). AF can result in a range of cardiocerebrovascular diseases, including stroke, heart failure, dementia, and ultimately death. Notably, AF significantly increases the risk of stroke by three to five times, highlighting its importance as a key risk factor (2). Conversely, stroke can also trigger the detection of AF, with approximately 1.5 million stroke survivors worldwide later being diagnosed with AF (3). Bernstein et al. discovered that the rate of detecting AF in patients with a history of stroke is 21.7% within a 3-year period (4). Nevertheless, there is a noticeable absence of standardized treatment guidelines for patients with AFDAS (5).

Current therapeutic approaches for AFDAS involve anticoagulant medications to reduce the risk of cardiovascular and cerebrovascular complications. To manage newly diagnosed AF, it is recommended that rate control treatment be prioritized in cases where symptoms manifest. If this approach does not provide any relief, antiarrhythmic drugs (AADs) and ablation procedures must be considered (5). However, recent research suggests that oral anticoagulation therapy in AFDAS may not significantly reduce the risk of stroke or systemic arterial embolism (6, 7). Sposato et al. found that the burden of AF in AFDAS was more severe compared to AF alone (3). Due to post-stroke neurogenic mechanisms, stroke-induced heart injury, autonomic dysfunction, and inflammatory responses, individuals with AFDAS often have a higher burden of AF, increasing the risk of recurrent stroke and exacerbating cardiovascular and cerebrovascular diseases (8, 9). Therefore, in addition to anticoagulation therapy, AFDAS patients must explore proactive antiarrhythmic treatment strategies to improve their prognosis.

The 2020 EAST-AFNET 4 trial revealed that early rhythm control (ERC) for AF patients leads to better long-term outcomes compared to usual care (UC), in which patients were primarily treated with rate control without rhythm control (10). There were no significant differences in adverse effects between the two approaches (10). However, the clinical benefit of rhythm control therapy for AFDAS patients is still uncertain. Due to the associated risks of stroke, thromboembolism, and atrio-esophageal fistula following catheter ablation (11, 12), there is a tendency in clinical practice to avoid prescribing rhythm control therapy for AFDAS considering the real clinical benefit and cost-effectiveness ratio (13).

Therefore, this study aims to investigate the impact of strengthened rhythm control in the early stages of AFDAS on cardiovascular and cerebrovascular outcomes, providing valuable evidence on the effectiveness of ERC for AFDAS.



2 Methods


2.1 Registration

This review adhered to the reporting guidelines for systematic reviews and was registered with PROSPERO, an international prospective register of systematic reviews (CRD42023465994) (14).



2.2 Search strategy

To search for relevant articles, we conducted search in nine databases, namely, PubMed, Embase, Cochrane Library, Web of Science, Clinical Key, ClinicalTrials.gov, CNKI, Wan Fang, and VIP databases, up to October 15, 2023 for relevant clinical trials investigating rhythm control in stroke-complicating AF. The search strategy, detailed in Supplementary Material, was based on combinations of keywords such as “stroke,” “atrial fibrillation,” “rhythm control,” and their synonyms.



2.3 Inclusion and exclusion criteria

The inclusion criteria for the study literature included the following: (1) subjects with a history of stroke and newly diagnosed with AF; (2) the experimental group receiving early AF diagnosis (within 1 year) received antiarrhythmic therapy, whereas the control group received usual treatment; (3) studies reporting adverse events related to cardiovascular and cerebrovascular diseases, including recurrent stroke, all-cause mortality, adverse events related to arrhythmias, and dementia; and (4) unrestricted by age, gender, race, etc.

The exclusion criteria were as follows: (1) non-clinical and irrelevant studies; (2) studies with unpublished or missing data from registered clinical trial results; (3) in case of studies with repetitive or similar data sources, retaining the most comprehensive and relevant report or literature; and (4) clinical trial protocols, reviews, meta-analyses, case reports, and conference abstracts.



2.4 Literature screening and data extraction

Duplicate literature was excluded, and two researchers independently conducted a preliminary review based on titles and abstracts, followed by a full-text review. Relevant information on study design and outcomes was extracted for final inclusion in this study. Two researchers independently performed data extraction, including first author, publication date, sample size, gender, follow-up period, interventions, and outcome indicators. Disagreements were resolved by discussion or, if necessary, with the assistance of a third researcher. The two researchers then independently conducted a full-text assessment to confirm the key information of the included studies. Finally, the extracted information was cross-checked by both researchers, and any discrepancies were resolved through consultation with a third researcher.



2.5 Quality assessment

Two quality-control reviewers assessed the quality of the literature using the Cochrane Handbook's quality assessment criteria for randomized clinical trials (RCTs) and the Newcastle–Ottawa Scale (NOS) for non-randomized controlled trials. Both quality-control officers independently assessed the quality and the risk of bias of each study. In case of a disagreement, a third reviewer performed a reassessment.



2.6 Outcomes and definitions

The primary outcome of this study was recurrent stroke. The secondary outcomes included all-cause mortality, adverse events related to arrhythmias, and dementia. Recurrent stroke was defined as incident stroke during follow-up. Incident stroke was determined by the primary diagnosis during admission using ICD-10-CM codes.



2.7 Statistical methods

Data analysis was performed using Stata14.0. Considering the limited number of included studies, a fixed-effects model was employed (15). Odds ratios (ORs) were used to analyze binary variables, while hazards ratios (HRs) were used for all-cause mortality. P < 0.05 was considered statistically significant.




3 Results


3.1 Study selection

Using a computer system to search the nine databases mentioned above, a comprehensive compilation of 21,102 pertinent pieces of studies on ERC for AFDAS has been amassed as of October 15, 2023. A total of 16,061 duplications were excluded from consideration. A subsequent scrutiny of titles and abstracts led to the exclusion of 5,008 articles that failed to meet the stipulated criteria. Finally, after an exhaustive review of the entire article, five studies were included for the purpose of meta-analysis and systematic review (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart of article selection.




3.2 Basic information of studies

Five eligible studies (16–20) were published in English, involving 95,509 participants, with 22,928 in the ERC group and 7,581 in the UC group. This included two RCTs (18, 19) with 490 patients and three cohort studies (16, 17, 20) with 95,019 patients. Four studies reported recurrent stroke and mortality rates (17–20), while only one study reported dementia (16). The longest follow-up time for each study was taken as the outcome information collection point for research.

For the implementation of treatment strategies, the ERC group received either rhythm control surgery or drug treatment within 1 year of AF diagnosis. Noteworthy distinctions emerged in the approach to the UC group across studies. In their investigation, Lee et al. (16, 17) refrained from administering rhythm control therapy to patients during the observation period, whereas Sagris et al. (20) and Jensen et al. (18) initially applied rate control therapy to the UC group. If adequate rate control failed to restore the sinus rhythm (SR) or provide symptomatic relief, antiarrhythmic control therapy was introduced. In the work of Park et al. (19), usual care involved incorporating antiarrhythmic therapy 2 months after enrollment, depending on the patient's specific condition. The foundational data across all investigations depicted a semblance of comparability, with patients having an average age range of 68–75 years. Table 1 summarizes the basic characteristics reported in each study.


TABLE 1 Basic characteristics of the included studies.

[image: Table 1]



3.3 Risk of bias

In two RCTs (18, 19), the study by Jensen et al. (18) randomized participants using a central randomization list and blinded the outcomes. Park et al. (19) did not provide a detailed description of the random allocation method, and one subject was excluded from both the experimental and control groups. Due to the use of rhythm control methods, such as radiofrequency ablation in both studies, blinding of subjects was not possible, but the impact on outcome indicator detection was not significant. Tables 2 and 3 provide additional information.


TABLE 2 Risk of bias assessment of included randomized controlled trials.
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TABLE 3 Risk of bias assessment of included cohort studies.
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Three cohort studies (16, 17, 20) were prospective. For both the studies of Lee et al. (17) and Sagris et al. (20), relevant medical records were extracted. In the study of Sagris et al. (20), the control group consisted of patients with AF that could spontaneously revert to sinus rhythm, while the experimental group consisted of patients who could revert to sinus rhythm after AF treatment, consequently affecting the intergroup comparability. At the same time, 15.2% of the patients dropped out, which may affect the outcome indicators. Therefore, no score was given for the relevant items. Table 3 displays more detailed items in each domain. The NOS scores of the three studies were 9 (17), 6 (20), and 6 (16), respectively.



3.4 Primary outcome


3.4.1 Recurrent stroke

Four studies (17–20), comprising two RCTs (18, 19) and two cohort studies (17, 20), assessed the incidence of recurrent stroke. The meta-analysis found that the recurrence stroke was lower in the ERC group than in the UC group (OR = 0.64; 95% CI 0.60–0.68; P < 0.00001; Figure 2). In the RCTs, the meta-analysis showed a statistically significant reduction in the occurrence of recurrent strokes in the ERC group than in the UC group after treatment (OR = 0.30, 95% CI 0.11–0.80, Z = 2.40, P = 0.02). In the cohort study, the meta-analysis showed a statistically significant lower incidence of recurrent stroke events in the ERC group than in the UC group (OR = 0.64, 95% CI 0.61–0.68, Z = 15.05, P < 0.00001).


[image: Figure 2]
FIGURE 2
Forest plot of meta-analysis of RCTs and cohort studies involving recurrent stroke between ERC vs. UC.





3.5 Secondary outcome


3.5.1 All-cause mortality rate

Three studies (17, 18, 20), including one RCT (18) and two cohort studies (17, 20), analyzed all-cause mortality. In the RCT (18), all-cause mortality within 8 years of treatment was lower in the ERC group [11% (10%)] than in the UC group [21% (20%)]. In cohort studies, the HR for all-cause mortality was statistically significant, that is, HR = 0.94, 95% CI 0.90–0.98, P = 0.005, as shown in Figure 3. This illustrates a significantly reduced risk of all-cause mortality in the ERC group.


[image: Figure 3]
FIGURE 3
Forest plot of meta-analysis of cohort studies involving all-cause mortality between ERC vs. UC.




3.5.2 Adverse events related to arrhythmia

Regarding the safety aspects of rhythm control treatment, one study (18) reported adverse events associated with rhythm control therapy. The results showed a higher incidence of adverse events in patients receiving ERC than in to those receiving UC [3 (3%) vs. 2 (2%)]. These events included drug-induced bradycardia, syncope attributed to rhythm control therapy, and implantation of a pacemaker or other cardiac devices in the ERC group. In the UC group, there were two events related to hospitalization for AF and drug toxicity of AF-related drug therapy.

Moreover, another study (19) reported arrhythmia-related events. The results showed that there was no statistically significant difference in the incidence of ERC compared to UC [5 (2.8%) vs. 1 (1.1%); P = 0.372]. These adverse arrhythmia events included pacemaker implantations (permanent or temporary) in patients with potential sinus disease (four cases in total) and a single case of syncope.



3.5.3 Dementia

One cohort study (16) reported the incidence of dementia in AFDAS patients. The result showed that ERC treatment was superior to UC treatment in reducing the incidence of dementia, Alzheimer's disease, and vascular dementia (HR: 0.27 vs. 0.33; 0.05 vs. 0.06; 0.21 vs. 0.26).





4 Discussion

This systematic review and meta-analysis revealed that ERC may decrease the risk of recurrent stroke in patients with AFDAS. In addition, ERC was also associated with a lower risk of all-cause mortality and dementia. This study represents the initial systematic review and meta-analysis investigating the effectiveness and safety of ERC in patients with AFDAS.

This study included five studies with a total of 95,509 participants, comparing ERC with UC for patients with AFDAS in relation to cardiocerebrovascular events. The findings indicate that ERC can reduce the risk of recurrent stroke and the incidence of all-cause mortality and alleviate the occurrence of dementia. There was no significant difference in arrhythmia-related adverse event rates between the two groups.

Recent studies have shown that AFDAS can be categorized into neurogenic atrial fibrillation (NAF) and cardiogenic atrial fibrillation (CAF), each with distinct pathological mechanisms that contribute to the occurrence of atrial fibrillation (8, 21). Sposato et al. (7) found that, after excluding the influence of confounding factors such as oral anticoagulants, when comparing patients with AFDAS, stroke with SR, and AF known before the stroke (KAF), there was no statistically significant difference in the 1-year ischemic stroke recurrence rates between AFDAS and SR. Interestingly, the highest incidence of recurrent stroke was observed in KAF. This indicated that the timing of AF onset in stroke patients may be influenced by different pathophysiological factors, including cardiogenic and neurogenic origins.

NAF may result from damage to the dorsal anterior insular cortex, which regulates the parasympathetic nerve after ischemic stroke. This damage can cause an imbalance in the heart and the autonomic nervous system, leading to an upregulated sympathetic nerve activity and a subsequent myocardial injury (22, 23). Compared to SR, no difference was found in stroke incidence; therefore, for NAF, the antiarrhythmic therapy can be appropriately relaxed. However, it is more worthy to monitor changes in heart function as the incidence of acute heart failure or worsening heart failure is 3.6 times compared to KAF (6). ByIn contrast, CAF in AFDAS may stem from cardiac pathology, a well-known high-risk factor for stroke. CAF could potentially precede stroke onset but remain undetected due to the technical limitations of ECG detection. The duration of AF has been identified as a significant factor influencing the risk of stroke (24). AFDAS patients, especially those undetected with AF before the stroke, may have longer AF duration, leading to a higher incidence of stroke and adverse events related to cardiovascular and cerebrovascular events. Therefore, effective antiarrhythmic control therapy, such as the use of ERC, is necessary for this population.

ERC not only alleviates the symptoms of AF but also reduces the atrial fibrillation burden and the hospitalization time (10). Its positive impact extends to cardiac structural and functional recuperation, promoting hemodynamic stability, preventing thrombosis, reducing recurrent stroke rates and adverse events, and enhancing cardiac output and cerebral blood perfusion. These benefits are crucial for protecting the cognitive function (25). Although there is currently a lack of controlled studies comparing NAF and CAF, we believe that ERC for AFDAS may provide greater clinical benefits for patients, regardless of whether they have NAF or CAF, given the potential stroke prevention and cardiac function preservation.

The impact of stroke duration on decision-making for ERC treatment in AFDAS remains unexplored. Regrettably, our study lacked sufficient data for subgroup analysis, limiting our ability to make definitive conclusions. However, Song et al. found that performing radiofrequency ablation surgery on AF patients within 3 months of stroke resulted in similar postoperative complication rates as those without a stroke history. Moreover, there was a reduced risk of recurrent stroke after 12 months of follow-up compared to usual care (26). This evidence suggests that ERC could be a safe and effective treatment for AF patients who recently suffered a stroke within 3 months.

Regarding specific rhythm control treatment choices, no study is currently analyzing the difference between AADs and radiofrequency ablation in patients with AFDAS. Although ablation tools and procedures have advanced, radiofrequency ablation may still carry a risk of subclinical or clinical thromboembolism with an estimated stroke risk of 0.5%–1% during the procedure (27). AADs also have drawbacks, including adverse reactions like arrhythmia and QT interval prolongation, and often require personalized dose adjustments and dynamic monitoring. As direct comparison is lacking, clinicians typically make treatment decisions based on individual patient's characteristics, such as age, heart function, stroke history, and other complications. In some cases, a combination of both AADs and radiofrequency ablation may be necessary to achieve optimal rhythm control.

ERC can decrease cerebrovascular incidence in AFDAS patients and benefit other frail patients affected by AF. Currently, catheter ablation is the first choice in ERC treatment. La Fazia et al. (28) found that human immunodeficiency virus (HIV) patients with AF have more serious inflammation and oxidative stress caused by HIV infection, which can contribute to atrial remodeling and AF burden (28). For HIV + AD patients, undergoing catheter ablation earlier can significantly reduce the incidence of atrial arrhythmias. Sohns et al. (29) found that for end-stage HF with AF, CA was associated with a lower rate of all-cause mortality.


4.1 Comparison with previous studies

This study is the first systematic review and meta-analysis to examine the treatment benefits of ERC in patients with AFDAS. The investigation used a meticulous approach and conducted multiple searches across various online platforms to ensure a comprehensive and exhaustive search strategy. The quality assessment was reasonable, and the included literature exhibited a high level of homogeneity.



4.2 Limitation

Numerous constraints necessitate careful consideration when interpreting our findings. First, the scope of included studies was limited, preventing us from conducting meta-analyses for AF-related subtypes and other adverse events. While we performed a comprehensive literature search for all eligible trials, this limitation may introduce some bias into our study. Furthermore, potential biases may have arisen in the timing of rhythm control treatments within the UC group. It is also possible that some patients with ischemic stroke and KAF had undiagnosed atrial fibrillation in their medical history. Moreover, the complexities of ECG presented technical challenges, making it difficult to determine whether arrhythmias in stroke-complicated AF patients are of cardiac or neurogenic origin.




5 Conclusion

The use of ERC in patients with AFDAS has shown superior outcomes compared to usual care in terms of reducing the risk of cardiocerebrovascular events. However, considering the limited number of studies included in our analysis, the results of this study need to be further validated.
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Background: Data on off-label reduced dose risk among patients with atrial fibrillation (AF) who qualify for a single-dose reduction of apixaban is scarce.



Objectives: We prospectively assessed apixaban dosing and clinical characteristics in AF patients meeting a dose reduction criterion.



Methods: The multicentre, prospective cohort study, the efficAcy and Safety of aPixaban In REal-world practice in Korean frail patients with AF (ASPIRE), encompasses patients with AF who met the criteria for a single-dose reduction of apixaban and were given varying doses of apixaban, either the on-label standard dose or the off-label reduced dose.



Results: Of 2,000 patients (mean age 74.3 ± 7.9 years, 55.8% women), 29.7% were ≥80 years, 62.6% weighed ≤60 kg, and 7.8% had serum creatinine ≥1.5 mg/dL. Of these, 51.3% were prescribed an off-label reduced dose of apixaban. The off-label group was characterized with older age, more comorbidities, and antiplatelet agents, while the on-label group had more prior strokes. Physicians preferred off-label reduced dose in the “marginal zone,” defined as age 75–80 years, weight 60–65 kg, and creatinine levels 1.2–1.5 mg/dL.



Conclusions: In real-world clinical setting of the Korean population, off-label reduced dose apixaban was administered to nearly half of the patients who qualified for a single dose reduction. This reduced dosage was more commonly prescribed to patients with frail characteristics, while patients with a history of stroke were more often given the standard dose as per the label. A future study is planned to contrast the safety and effectiveness of the standard dose against the reduced dose of apixaban in this population.
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apixaban, atrial fibrillation, dose, clinical characteristics, off-label reduced dose





Introduction

Prescription of oral anticoagulation (OAC) is a crucial measure for preventing stroke in patients with atrial fibrillation (AF) (1–3). Direct oral anticoagulant (DOAC) is prioritized except for low stroke risk or contraindications (1–3). In South Korea, similar to global trends, DOAC prescriptions for patients with AF have increased rapidly over the past decade (4).

Guidelines emphasize DOAC dose reduction based on approved criteria for optimal patient benefit (1, 3, 5). However, off-label DOAC dosing, especially underdosing in Asian patients, is common (6–11). DOAC off-label underdosing is linked to a higher risk of ischemic stroke according to several (largely retrospective) observational studies (8, 11, 12).

Based on the pivotal randomised clinical trial (RCT) and practical guideline (5, 13), apixaban dose should be reduced from 5 mg twice daily to 2.5 mg twice daily in patients who met two or more criteria (age ≥80 years, body weight ≤60 kg, and serum creatinine ≥1.5 mg/dL). Given the stringent requirements for apixaban dose reduction, only 4.7% (n = 428) of the apixaban group was prescribed a reduced dose in the ARISTOTLE trial (13). In South Korea, apixaban 2.5 mg is widely prescribed in real-world settings and is mostly used for off-label underdosing (9, 14). The factors associated with off-label underdosing often align with traits of frail patients and dose reduction criteria (e.g., old age, underweight, and renal impairment) (9). Among anticoagulated patients with AF, older adults, those who are underweight or have renal impairment are at high risk of bleeding and stroke (15–17). Although off-label reduced dose apixaban is generally associated with a higher risk of stroke, based on previous observational studies (8, 11, 18), the risk of off-label reduced dose apixaban in patients with AF who meet a single criterion for dose reduction has not been demonstrated. E

In this study, we aimed to describe real-world apixaban dosing patterns in patients meeting a single criterion for dose reduction and assess factors related to off-label reduced dose prescriptions.



Materials and methods

The efficacy and Safety of aPixaban In REal-world practice in Korean frail patients with atrial fibrillation (ASPIRE) study was a prospective, multicentre, non-interventional observational study covering all geographical regions of the Republic of Korea. The study enrolled participants aged >19 years with non-valvular AF receiving apixaban in the outpatient clinics of 32 centres.

The ASPIRE study aimed to delineate the effectiveness and safety results among the participating patients. The data were recorded in a common electronic database at each centre with regular audits. The data gathered was recorded in the iCReaT (Internet-based Clinical Research and Trial Management System), a web-based system for managing clinical research, which is a service provided by the Korean government. The participants were followed up on regularly at 3-month intervals via personal interviews.

Each centre's ethics committee gave their approval for the protocols, which were carried out in compliance with the principles set forth in the Declaration of Helsinki (H-2108-110-1245). This study was registered at ClinicalTrials.gov (NCT05773222). All the patients provided informed consent for inclusion in the study.


Study population

Participants aged >19 years receiving apixaban for stroke prevention due to nonvalvular AF and those with a single criterion for dose reduction for apixaban were screened. The apixaban dose reduction criteria were as follows: (1) age ≥80 years (2) body weight ≤60 kg (3) serum creatinine ≥1.5 mg/dL (13). After excluding participants with protocol violations (n = 6), a total of 2,000 participants were eligible for the study (Figure 1). Among the participants who met the inclusion criteria, the selection of a specific apixaban dose between 5 mg twice daily and 2.5 mg twice daily was left to the physicians. The exclusion criteria were as follows: (1) vulnerability (according to the Korean Good Clinical Practice definition) or disagreement with the study; (2) patients who had a history of clinical events, defined as primary and secondary outcomes of the study, prior to study registration after taking apixaban; and (3) satisfaction of two or more dose reduction criteria for apixaban.
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FIGURE 1
Study flow. The flow diagram of the present study is shown.




Covariates

Demographic information and anthropometric measurements including age, sex, weight, height, and body mass index were collected. Systolic and diastolic blood pressure and heart rate were also collected. Comorbidities, such as hypertension, diabetes mellitus, heart failure, history of stroke/transient ischaemic attack (TIA), bleeding, chronic kidney disease (CKD), liver disease, and malignancy were included as baseline variables. The laboratory results were as follows: complete blood count (haemoglobin and platelets), prothrombin time, international normalised ratio (INR), and chemistry (creatinine, creatinine clearance and estimated glomerular filtration rate). The CHA2DS2-VASc (score and each component: chronic heart failure, hypertension, age ≥75 years, diabetes mellitus, stroke/TIA, vascular disease history, age between 65 and 74 years, female sex), and HAS-BLED scores (score and each component: hypertension, abnormal renal and liver function, stroke history, bleeding, labile INR, age ≥65 years, drugs, or alcohol) were calculated based on the participants' comorbidities and laboratory data (19, 20). The AF diagnosis was collected according to the type [paroxysmal, non-paroxysmal (persistent, long-standing persistent, permanent), and not determined], European Heart Rhythm Association (EHRA) symptom classification, and the presence of rhythm control (21). The baseline pharmacological treatment data included OAC history, specific types of OAC, and antiplatelet therapy (APT).



Statistical analysis

Among the baseline characteristics, continuous variables are displayed as mean ± standard deviation while categorical variables are represented by counts and corresponding percentages. Comparisons between groups were made using the Mann–Whitney U, chi-square, Kruskal–Wallis, and Fisher's exact tests.

To assess the effect of the other two components of dose reduction after one inclusion criteria has been fulfilled, we planned additional analysis on the “marginal zone”. The marginal zone was defined as an age between 75 and 80 years, weight between 60 and 65 kg, and creatinine level between 1.2–1.5 mg/dL. Among the off-label reduced group, those with at least one marginal zone value were grouped into the marginal off-label reduced group and those who did not, were grouped into the non-marginal off-label reduced group.

Factors linked with off-label reduced dose were assessed using logistic regression. For univariable logistic regression, we included marginal zone (age 75–79 years, bodyweight 60–65 kg, serum creatinine 1.2–1.5 mg/dL), sex (female), hypertension, previous history of stroke/TIA, previous history of bleeding, concomitant APT, and anaemia (22). For the multivariable logistic regression, only variables with a significant association in the univariable logistic regression were included. Specifically, in the ≥80 years group, serum creatinine levels of 1.2–1.5 mg/dL and female gender were used. In the bodyweight ≤60 kg group, the variables included were age 75–79 years, serum creatinine levels of 1.2–1.5 mg/dL, previous stroke/TIA, previous bleeding, antiplatelet use, and anaemia. Lastly, in the serum creatinine ≥1.5 mg/dL group, body weight 60–65 kg and female gender were included. Statistical significance was set at p < 0.05. All statistical analyses were performed using SPSS version 25 (IBM Corp., Armonk, NY, USA).




Results

From 12 March 2020 to 15 September 2022 2,000 patients were included in this analysis. The mean age of the total population was 74.3 ± 7.9 years (55.8% women; n = 1,115) and the mean body weight was 60.1 ± 10.0 kg. Overall, 593 (29.7%) patients were aged ≥80 years, 1,251 (62.6%) had body weight ≤60 kg, and 156 (7.8%) had serum creatinine ≥1.5 mg/dL. Baseline characteristics of the study population according to apixaban dosage are shown in Table 1. Patients taking off-label reduced dose apixaban were more likely to have hypertension, heart failure, prior history of bleeding, CKD, and anaemia than those taking on-label standard-dose apixaban. The on-label standard-dose group was more likely to have a history of stroke or TIA. The prevalence of diabetes mellitus, liver disease, and malignancy were similar between the two groups. Concomitant APT use was more common in the off-label reduced dose group. Among the total population, 26.4% were newly prescribed OAC upon enrolment in this study, and 73.6% of participants were prescribed OAC before enrolment. Both groups had similar AF types, mostly paroxysmal (52.2%, n = 1,044), then persistent (35.3%, n = 705). The most common EHRA symptom category was IIa (39.5%, n = 790), followed by category I (23.9%, n = 478).


TABLE 1 Baseline characteristics of the whole study population according to apixaban dose.
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Baseline characteristics according to apixaban dose in subgroups with three different dose reduction criteria

The apixaban dosing pattern in each subgroup according to dose reduction criteria (age, body weight, and serum creatinine level) is presented in Figure 2. Of 593 patients in the age ≥80 years group, 41.7% (n = 247) were receiving on-label standard-dose apixaban and 58.3% (n = 346) were receiving off-label reduced apixaban. In participants with body weight ≤60 kg, 54.0% (n = 675) of them were receiving on-label standard-dose and 46.0% (n = 576) were receiving off-label reduced dose. Among 156 patients with serum creatinine ≥1.5 mg/dL, 33.3% (n = 52) were receiving on-label standard-dose, whereas 66.7% (n = 104) were receiving off-label reduced dose. Among three dose reduction criteria, patients with low body weight (≤60 kg) had the highest proportion of on-label standard-dose apixaban prescription and patients with renal impairment (serum creatinine ≥1.5 mg/dL) had the lowest proportion of on-label standard-dose apixaban prescription.
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FIGURE 2
Proportion of on-label standard-dose and off-label reduced in each inclusion criteria. The doughnut charts show the proportion of on-label standard-dose and off-label reduced in each inclusion criteria (total, age ≥80 years, body weight ≤60 kg, and serum creatinine ≥1.5 mg/dL). More than half of total population were prescribed with off-label reduced dose apixaban.


The baseline characteristics of each dose-reduction criterion according to the apixaban dose group are described in Supplementary Table S2. In all three dose reduction criteria, the off-label reduced dose group was older, had lower body weight, and had significantly lower kidney function than the on-label standard-dose group. Patients in the off-label reduced dose group were more likely to be women in the age ≥80 years or body weight ≤60 kg groups.



Distribution of other two dose reduction components in patients who met a single criterion for dose reduction

The proportions of the “marginal zone” of two dose reduction components other than the index dose reduction component showed different distributions among the on-label standard-dose group and off-label reduced dose group (Supplementary Table S2 and Figure 3). In the age ≥80 years group, the serum creatinine levels between 1.2 and 1.5 mg/dL were more prevalent in off-label reduced dose group (p = 0.013). In the bodyweight ≤60 kg group, the prevalence of both age (between 75 and 80 years) and serum creatinine level (between 1.2 and 1.5 mg/dL) was higher in the off-label reduced dose group (p < 0.001 and p = 0.021, respectively). In the creatinine ≥1.5 mg/dL group, body weight between 60 and 65 kg was more common in off-label reduced dose group (p = 0.001). A scatter plot of the remaining inclusion criteria values for each inclusion criterion is shown in Figure 3. Among all inclusion criteria groups, the off-label reduced group was more likely to be distributed in the marginal zone. This trend was more pronounced in the areas where the two marginal zones overlapped (Supplementary Figure S1).


[image: Figure 3]
FIGURE 3
The violin plot of additional dose reduction criteria in each inclusion criteria. Among all inclusion criteria groups, the off-label reduced group was more likely to be distributed in the marginal zone.




Baseline characteristics of on-label, off-label marginal, and off-label non-marginal groups

The baseline characteristics comparison of on-label standard-dose, marginal off-label reduced dose, and non-marginal off-label reduced dose groups are described in Supplementary Table S3. The marginal off-label reduced dose group was the oldest (mean age 72.7 ± 8.1 years in the on-label standard-dose group, 78.4 ± 4.9 years in marginal off-label reduced dose group, and 73.8 ± 8.1 years in non-marginal off-label reduced dose, p < 0.001) with the highest age marginal zone (75–79 years old) proportion (16.9% in 5 mg on-label standard-dose group, 56.0% in marginal off-label reduced dose group, and 9.1% in non-marginal off-label reduced dose, p < 0.001) compared to other groups. They also had the highest mean CHA₂DS₂-VASc (3.2 ± 1.2 in on-label standard-dose group, 3.8 ± 1.1 in marginal off-label reduced dose group, and 3.2 ± 1.1 in non-marginal off-label reduced dose, p < 0.001) and HAS-BLED scores (1.6 ± 0.9 in on-label standard-dose group, 1.7 ± 0.8 in marginal off-label reduced dose group, and 1.6 ± 0.9 in non-marginal off-label reduced dose, p < 0.015) compared to other groups. Those in the marginal off-label reduced dose group had the lowest mean haemoglobin level (13.0 ± 1.9 g/dl in the on-label standard-dose group, 12.3 ± 1.8 g/dl in the marginal off-label reduced dose group, and 12.7 ± 1.8 g/dl in non-marginal off-label reduced dose, p < 0.001) with the highest anaemia proportion (23.5% in on-label standard-dose group, 32.9% in marginal off-label reduced dose group, and 27.5% in non-marginal off-label reduced dose, p < 0.001).



Factors associated with off-label reduced dose apixaban prescription

Factors significantly associated with off-label reduced dose apixaban prescriptions are summarised in Table 2. In the total population, age and serum creatinine, considered as continuous variables, were significantly associated with off-label dosing. Among the patients aged ≥80 years, serum creatinine levels between 1.2–1.5 mg/dL and women, associated with a higher prevalence of off-label reduced dose (p = 0.004 and p = 0.010, respectively). In the bodyweight ≤60 kg group, age between 75 and 79 years and concomitant APT use remained positively associated with off-label reduced dose (p < 0.001 and p < 0.012, respectively). Previous history of stroke/TIA was negatively associated with off-label reduced dose (p = 0.001). In the serum creatinine ≥1.5 mg/dL group, bodyweight between >60 and 65 kg remained significantly associated with off-label reduced dose in multivariable logistic regression (p = 0.006).


TABLE 2 Factors associated with Off–label reduced dose of apixaban in each inclusion criteria.
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Discussion

In this prospective, multicentre, non-interventional observational study of 2,000 Asian patients with a single criterion for dose reduction for apixaban, we found that (Figure 4) (1) low body weight was the most common cause of off-label dose reduction, followed by old age and renal dysfunction; (2) almost half of the patients received the off-label reduced dose apixaban; (3) the off-label reduced dose group had more hypertension, heart failure, bleeding history, CKD, anaemia, and concomitant APT; and (4) marginal values of other criteria also influenced the off-label prescription.


[image: Figure 4]
FIGURE 4
Graphical abstract of the study. In a multicenter, prospective cohort study of South Korean participants with atrial fibrillation, half of the patients who met one apixaban criterion received off-label reduced doses in real-world practice. Physicians were more likely to prescribe reduced doses to frail patients, whereas those with a history of strokes received on-label doses.


Currently, DOACs are considered the primary treatment option among participants with AF for stroke prevention (1–3). The optimal dose for each patient is an area of interest. Previous observational studies have shown that off-label reduced dose of DOACs is associated with an increased stroke risk (8, 11, 12). Although previous studies used different types of DOACs and study populations, dose reduction of apixaban was associated with increased stroke in both Western and Asian countries (8, 11). Thus, prescribing an on-label dose of apixaban is strongly recommended unless patients fulfil more than two dose reduction criteria (5, 13).

Despite the current dosing guidelines, low-dose apixaban is more likely to be prescribed to Asian populations (9, 14, 23). Among Korean patients with AF prescribed DOAC, apixaban 2.5 mg twice daily was prescribed to more patients than those prescribed 5 mg apixaban twice daily (54.1 vs. 45.9%) (14). In the COmparison study of Drugs for symptom control and complication prEvention of Atrial Fibrillation (CODE-AF) registry, a prospective multicentre registry of Korean patients with AF, the proportion of off-label reduced dose was higher in patients taking apixaban than in those taking other DOACs (9). A nationwide retrospective cohort study in Taiwan also showed a high prevalence of low-dose DOAC use (24). However, few studies have reported clinical outcomes according to the number of dose reduction criteria for apixaban. We previously reported the clinical outcomes of off-label reduced dose apixaban using the Korean nationwide claims database (12). In a previous study, participants taking off-label reduced dose apixaban, despite not fulfilling the dose reduction criteria, exhibited a twice as high risk of ischaemic stroke compared to those receiving the on-label standard dose of apixaban.” (12). However, among patients who met the single criterion for dose reduction, there was no significant difference in the risk of ischaemic stroke between off-label reduced dose and on-label standard-dose apixaban (12).

Although a previous retrospective cohort study based on the Korean nationwide claims database suggested that the clinical impact of off-label reduced dose apixaban on the risk of ischaemic stroke could be negligible in patients with a single criterion for dose reduction, we aimed to evaluate the difference between the on-label standard-dose and off-label reduced dose apixaban among participants who met single dose reduction criteria in a prospectively collected cohort, the ASPIRE study. In the current study, even though the patients only met a single criterion for dose reduction, over 50% of the study population received off-label reduced dose apixaban. One concern regarding off-label reduced dose of apixaban is whether it increases the risk of stroke.

Prior landmark clinical trials have mostly included Caucasian participants with different anthropometric measurements from the Asian population (e.g., heavier mean body weight) (13, 25–28). Thus, concerns remain regarding whether off-label reduced dose in participants who fulfil only a single criterion for dose reduction would result in benefits or harm. A post hoc study using the ENGAGE AF-TIMI 48 trial data showed that a lower-dose edoxaban regimen (LDER) was associated with significantly better net clinical outcomes than the higher-dose edoxaban regimen (HDER) due to less frequent major bleeding events in the Western population (29). Although the previously published ENGAGE AF-TIMI 48 trial showed a 41% increased risk of ischaemic stroke in patients with LDER (25), a recent analysis supports that reduced dose may be a feasible alternative option for patients at high bleeding risk. Similarly, the Edoxaban Low-Dose for Elder Care Atrial Fibrillation Patients (ELDERCARE-AF) trial showed that low-dose edoxaban 15 mg in older adults with bleeding risk factors was beneficial for stroke prevention compared to placebo, with no significant increase in major bleeding in the Japanese population (30).

Pharmacokinetic and pharmacodynamic studies of rivaroxaban in Asian populations indicate higher apparent clearance in Caucasians than in Asians, suggesting that a lower dose might offer comparable thromboembolic event protection in Asians as the standard dose does in Caucasians (31). In a small study that monitored the plasma concentrations of rivaroxaban and apixaban in Asian participants, off-label reduced dose showed an appropriate plasma concentration with no bleeding or thromboembolic events (32). These studies underscore the potential need for dose adjustments based on ethnicity and patient-specific factors.

In previous studies, factors such as age, renal dysfunction, past medical history (prior bleeding, hypertension, and congestive heart failure), anaemia, and concomitant APT were found to affect the physicians' prescription of a reduced dose of DOACs (33–35). In our study, the off-label reduced dose group had more comorbidities, such as hypertension, heart failure, and a history of bleeding, suggesting that physicians might be prescribing reduced doses to mitigate bleeding risks. This practice reflects the delicate balance clinicians must maintain between preventing thromboembolic events and minimizing bleeding risks in frail populations. The three dose reduction criteria for apixaban were not completely exclusive in this study. Although the participants only fully satisfied the single criterion for dose reduction and no other criteria, they were likely to have marginal zone values for the other two dose reduction criteria. Again, such accompanying “marginal zone” factors would have influenced clinicians in prescribing off-label reduced dose apixaban rather than using the on-label standard-dose apixaban. We also assessed additional factors other than the dose reduction criteria that affected the physician in prescribing off-label reduced dose apixaban. In participants aged ≥80 years, female sex significantly affected the physician in choosing a lower dose. In those with a body weight of ≤60 kg, concomitant APT was significantly associated with reduced dose. These factors overlapped with previously reported factors associated with off-label reduced dose (33–35). Therefore, physicians are likely to adopt a lower dose of apixaban for patients with a marginal value of additional dose reduction criteria or other factors that represent frailty.

The apixaban prescription data shown in this study depict the biggest concern that Korean clinicians face in real-life clinical settings, that is, low body weight. This concern arises from the finding that underweight Korean patients with AF receiving OAC have a higher risk of experiencing various clinical events, such as stroke, intracranial haemorrhage, gastrointestinal bleeding, major bleeding, and all-cause death than those with normal body weight (36). Owing to concerns about low body weight, the safety and effectiveness of DOACs have been addressed in low (body weight of ≤60 kg) and very low (body weight <50 kg) body weight patients, resulting in DOACs being a safer and more effective option than warfarin (28). Furthermore, the ENGAGE AF-TIMI 48 trial showed that patients with body weight ≤60 kg may benefit from a lower dose of edoxaban in relation to bleeding events (37). However, the outcome of apixaban off-label reduced dose in patients with only one dose-reduction criterion has not been addressed. Further analysis of the clinical outcomes of these apixaban off-label reduced dose groups will provide an overall insight into the feasibility of an off-label reduced dose of apixaban in the Korean population.

Although this study was not an RCT, it included data from 2,000 Asians with a single frail component and an off-label reduced prescription. As a previous pivotal RCT showed prescription data of reduced dose apixaban among less than 500 participants, our study has strength in a larger real-world study population (13).


Study limitations

There were some limitations to this study. First, this was not an RCT but a non-interventional observational design. Selection of the apixaban dose was solely at the physician's discretion. However, such an observational design would best assess the factors that affect physicians' decisions on apixaban dose in real-world clinical practice beyond current clinical guidelines. Second, generalisability should be considered cautiously, as the study population included only East Asians, specifically Koreans. Third, this study only described the baseline characteristics of different apixaban dose groups and not the subsequent clinical outcomes related to dosage differences, which will be reported in a subsequent analysis.




Conclusions

In practical clinical settings within the Korean population, nearly 50% of patients who met a single criterion for dose reduction of apixaban received an off-label reduced dose of the drug. Korean physicians tended to prescribe this off-label reduced dose to patients exhibiting more signs of frailty, while those with a history of stroke were more likely to receive the on-label standard dose. Further analysis of the clinical outcomes in these apixaban off-label reduced dose groups will provide deeper insights into the feasibility and safety of such practices, especially in the Korean population.
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Background: Percutaneous left atrial appendage closure (LAAC) serves as an alternative prophylactic strategy for patients with non-valvular atrial fibrillation (AF) who cannot undergo anti-coagulation therapy. Proper management of associated complications is crucial to enhancing the procedure's success rate and mitigating perioperative risks and adverse events during follow-up.



Aims: This study aims to summarize our center's experience and strategies in managing procedural-related complications encountered in 512 cases of LAAC with or without ablation for AF conducted from January 2020 to December 2023.



Results: We identified 11 significant intervention-requiring complications associated with LAAC with or without Ablation procedure. These included three cases of intraoperative thrombosis, three instances of pericardial effusion or tamponade, one case of device-related thrombosis, one peri-device leak, one systemic embolism, one bleeding episode, and one additional device-related complication. The categorization of intraoperative thrombosis was as follows: one patient exhibited heparin resistance; one experienced thrombosis due to prolonged device implantation during the LAAC with ablation procedure; and one had unexplained intraoperative thrombosis. The pericardial effusion or tamponade likely resulted from damage to the atrial appendage during LAAC device insertion. Two patients encountered device-related thrombosis and systemic embolism events possibly caused by non-standard postoperative antithrombotic medication use; one patient's peri-device leak may have resulted from incomplete endothelialization of the occluder post-surgery; one patient experienced postoperative bladder bleeding; and one patient's device-related complications occurred due to a dislodged strut frame that damaged the left atrial appendage, leading to pericardial effusion. Our proactive interventions enabled all patients with these surgical-related complications to be safely discharged, with subsequent follow-ups showing no adverse events.



Conclusion: Implementing targeted interventions for immediate procedural-related complications during the LAAC with or without ablation procedures enhances procedural success rates, diminishes postoperative mortality and patient disability, and bolsters stroke prevention efforts. This approach underscores the importance of a strategic response to complications, affirming the procedure's viability and safety in managing non-valvular AF in patients contraindicated for anticoagulation.
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1 Introduction

Atrial fibrillation (AF) stands as one of the most prevalent cardiac arrhythmias today, witnessing a global surge. Data from the Framingham Heart Study reveal a threefold increase in its prevalence over the past five decades (1). Projections indicate that by 2050, AF will afflict at least 72 million individuals across Asia. To prevent stroke events in AF patients, long-term use of anticoagulants like warfarin and DOACs is often required. However, these medications can adversely affect quality of life, causing gastrointestinal issues, allergies, and potential liver and kidney damage (2). The therapeutic window for these drugs is narrow, demanding meticulous dosage control, insufficient amounts render the therapy ineffective, whereas excessive dosages predispose patients to hemorrhagic complications (3). Moreover, certain patient cohorts either exhibit contraindications to enduring anti-coagulation therapy or experience thromboembolic episodes despite rigorous adherence to it. The innovation of percutaneous left atrial appendage closure (LAAC) has emerged as a promising resolution to these quandaries (4).

The left atrial appendage (LAA) is the main site for thrombus formation in AF patients. The LAAC procedure reduces this risk by blocking blood flow to the LAA with a closure device. The 2012 European Society of Cardiology (ESC) guidelines support LAAC as an alternative for patients at high stroke risk who cannot tolerate long-term oral anticoagulation (Class IIb, Level B) (5). This recommendation gained further impetus in 2015 following the U.S. Food and Drug Administration's (FDA) approval of the WATCHMAN device, subsequent to two critical randomized controlled trials, thereby catalyzing the global adoption of this technique (6). An innovative approach has emerged in the form of a LAAC with ablation procedure, offering a comprehensive therapeutic strategy. This dual intervention may confer superior benefits over standalone procedures, particularly for symptomatic AF patients with both elevated ischemic stroke risk and indications for ablation (7). Presently, an assortment of LAAC devices, chiefly categorized as internal plug types (e.g., Watchman/Watchman FLX) and external cover types [e.g., LAmbre and LACbes in China, AMPLATZERTM Cardiac Plug (ACP)/Amulet in the U.S.], are employed globally. Advances in medical technology and accumulative clinical experience have established LAAC as a secure and potent preventive measure. Large-scale clinical trials underscore the procedure's efficacy in preventing strokes (8). Nonetheless, continuous investigations into LAAC have uncovered several procedural complications, including pericardial effusion/tamponade, air embolism, thromboembolism, device dislodgement, and device-related thrombosis (DRT). These findings necessitate a heightened focus on effective complication management (9).

Our study encapsulates insights derived from managing perioperative complications in 11 distinct LAAC procedures within a single institution, underscoring the criticality of prompt and adept complication management. Such interventions enhance procedural success rates, optimize patient prognoses, and curtail potential adverse outcomes.



2 Methods


2.1 Patient population

This study encompasses cases from the Departments of Cardiology at Lanzhou University Second Hospital, China, a tertiary institution incorporating medical services, education, research, a specialized interventional catheterization unit, and a Coronary Care Unit (CCU). Annually, the center conducts approximately 130 LAAC procedures. In adherence to the local ethics committee's stipulations, all participants provided written informed consent. Patient follow-ups, conducted from January 2020 to December 2023, comprised in-person consultations, hospitalization records, and survey data. During this period, we completed a total of 512 cases of LAAC/LAAC with ablation procedure. According to the follow-up data of patients, the occurrence of complications at our center was as follows: Intra-operative Device Thrombosis Events: 3/512 (0.59%), Pericardial Effusion/Tamponade Events: 4/512 (0.78%), Device-Related Thrombosis Events: 7/512 (1.37%), Peri-Device Leak Events: 5/512 (0.98%), Systemic Embolism Events: 1/512 (0.20%), Device-related Complications Events: 1/512 (0.20%), Bleeding Events: 3/512 (0.59%). The specific annual LAAC volume and complication rates at our centre are shown in Table 1. No other complications were observed in our patient cohort at our center. In this study, 11 representative patients with complications were further identified for reporting and discussion of complication management strategies. Patient baseline information and summaries are specifically shown in Table 2. This report emphasizes severe complications necessitating management during either the perioperative period or subsequent follow-ups. A clinical events committee, consisting of two cardiologists and an adjudicating third expert, independently assessed complication events associated with the perioperative phase and follow-up sessions.


TABLE 1 Number of LAAC and complication rates at our centre 2020–2023.
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TABLE 2 Summary of patient baseline and follow-up information.
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2.2 LAAC procedure and LAAC with ablation procedure

The criteria for LAAC, or the LAAC with ablation procedures comply with prevailing guidelines and recommendations. Under general anesthesia, LAAC procedures are performed on patients with AF, following comprehensive preoperative evaluations that include imaging studies, blood assays for cardiac and LAA morphology, cardiac functionality, coagulation status, hepatic and renal functions, complete blood counts, and other relevant clinical indicators. Adhering to international surgical guidelines and manufacturers' protocols for LAAC devices, the selection of specific LAAC procedures and devices resides with the attending specialist. Devices deployed include Watchman™ (Boston Scientific, MA, USA) or LACbes device (PushMed, SHH, CHN). The LAAC with ablation strategy involves a concurrent LAAC procedure and radiofrequency catheter ablation (RFCA). In cases where suitable candidates consent to the approach, pulmonary vein isolation is additionally undertaken. During RFCA, parameters such as the modality of ablation energy, the employment of cardiac navigational systems, ancillary catheters for electrophysiological mapping, and the sequence of procedures are operator-determined. The ablation endpoint is validated by the obliteration of pulmonary vein potentials and the confirmation of bidirectional blockage within the ablation circles or lines. Post-procedural management and antithrombotic therapies are individualized, aligning with each patient's unique risk profile, under the presiding specialist's guidance.



2.3 Definition of perioperative complications and subsequent events during follow-up

Our criteria for identifying perioperative complications and related events during follow-up adhere to the standards set forth in the Munich Consensus Document. This comprehensive guideline was collaboratively established by experts from Europe, North America, the European Society of Cardiology, the medical device industry, and various clinical specialists. It provides detailed definitions for parameters and endpoint events crucial for evaluating LAAC clinical studies (10). The specific definitions of the relevant events are as follows.


2.3.1 Pericardial effusion/tamponade

Pericardial effusion, which may or may not progress to tamponade, stands as a significant potential complication following endoluminal catheter procedures. Clinically significant pericardial effusions are characterized by any of the following criteria: (1) Necessitation of therapeutic pericardiocentesis; (2) Induction of surgical intervention; (3) Requirement for blood transfusion, (4) Precipitation of shock and/or fatality. The temporal parameters defining the onset of pericardial effusion are categorized as follows: (1) Intraprocedural—arising during the index procedure. (2) Acute—manifesting within 48 h post-procedure. (3) Late—developing beyond 48 h post-procedure.



2.3.2 Device-related complications

Device-related complications include a range of issues, including: device-related thrombosis (DRT), device embolism, erosion, adverse interactions with adjacent structures (e.g., circumflex coronary artery, mitral valve, pulmonary artery, pulmonary vein), structural fracture, puncture or laceration, infection, and endocarditis.



2.3.3 Systemic embolism

Acute vascular insufficiency or occlusion of the extremities or any non-CNS organ is identified by clinical, imaging, or surgical/autopsy evidence of arterial occlusion in the absence of other likely mechanisms (e.g., trauma, atherosclerosis, or instrumentation). When there is a presence of prior peripheral artery disease, angiographic, surgical, or autopsy evidence is required to show abrupt arterial occlusion.



2.3.4 Stroke and transient ischemic attack (TIA)

A stroke is identified as an acute event marked by focal or global neurological impairment attributable to hemorrhagic or ischemic vascular disruptions impacting the brain, spinal cord, or retina. In contrast, a transient ischemic attack (TIA) is distinguished from an ischemic stroke by the temporary nature of neurological symptoms, which resolve within 24 h, and the absence of acute cerebral infarction on subsequent imaging evaluations.




2.4 Perioperative and postoperative imaging follow-up


2.4.1 Transesophageal echocardiography (TEE)

TEE is systematically conducted within 48 h preceding the LAAC to meticulously assess several parameters: the LAA's anatomical characteristics (including morphology, orifice dimensions, depth, lobe distribution, and muscular architecture), thrombus presence or spontaneous echocardiographic contrast, interatrial septal features, and LAA emptying velocity alongside systolic function. TEE provides detailed imagery of the septum's superior, inferior, anterior, and posterior aspects. The interatrial septum puncture, guided by TEE, typically utilizes a right anterior oblique 30-degree orientation and a caudal angle of 20 degrees or other suitable angles. The selection of the appropriate LAAC device is informed by both digital subtraction angiography (DSA) and TEE, gauging the LAA orifice's width and viable depth. Upon satisfying the release criteria, the device is fully deployed. Subsequent to this, multi-angle TEE re-evaluation is essential to confirm the device's positioning, its impact on neighboring structures (such as pulmonary veins and mitral valves), and to identify any pericardial effusion. Both the compression ratio and any residual flow are meticulously documented via TEE.



2.4.2 Transthoracic echocardiography (TTE)

TTE, performed typically a week before LAAC, serves as a standard examination to delineate left ventricular systolic function, left atrial dimensions, atrial septal characteristics, cardiac valve conditions, pulmonary arterial pressure, and any pericardial effusion. During subsequent postoperative evaluations, TTE is instrumental not only in verifying the LAAC device's stability and pinpointing pericardial effusion but also in scrutinizing both systolic and diastolic cardiac functions, evaluating valve integrity, and detecting any anatomical alterations.



2.4.3 Cardiac computed tomography angiography (CCTA)

For patients unable to undergo TEE due to intolerance or esophageal pathology, CCTA serves as an alternative for both preoperative assessments and postoperative follow-ups in the LAAC context. It is pivotal to recognize that LAA orifice dimensions obtained via CCTA generally exceed those acquired through TEE by approximately 3 mm. Moreover, the sensitivity and specificity of CCTA in identifying thrombi within the left atrium and LAA are inferior to those of TEE. Consequently, CCTA findings necessitate a judicious and cautious interpretation.




2.5 Perioperative management

Standard preoperative protocols for cardiovascular interventions are meticulously observed, including the removal of dentures, establishment of venous access, and an 8-h fast from food, liquids, and oral medications prior to the procedure. A thorough review of each patient's clinical profile and pertinent test results is essential to reaffirm the indications, contraindications, or specific criteria excluding LAAC. Additionally, understanding the anatomical nuances of the LAA, such as orifice diameter, feasible depth, muscular architecture, and lobing, is crucial, along with assessing the dimensions of both atria, the presence and severity of any pericardial effusion, and historical medical interventions like atrial septal repairs or occlusions. Any concurrent conditions, such as pulmonary surgeries, thoracic anomalies, or cardiac transpositions, must be noted to anticipate the complexity of atrial septal punctures and to guide the selection of suitable LAA devices, thereby ensuring a comprehensive surgical strategy with viable contingency plans anti-coagulation commences upon the patient's eligibility confirmation for LAAC and their consent to proceed. For those on DOACs, administration continues until the day before the procedure and is withheld on the morning of the intervention. Those on warfarin should have their international normalized ratio (INR) monitored daily, continuing intake until one day before and suspending it on the procedure's morning. Patients not on pre-procedural anti-coagulation are provided low-molecular-weight heparin subcutaneously upon admission, which is discontinued in the morning before the procedure.



2.6 Follow up

The schedule for clinical follow-ups is determined by the attending physician's judgment. Typically, patients are advised to undergo follow-up TEE or TTE at 45 days, 3 months, and 6 months postoperatively. For patients unable to tolerate TEE due to esophageal conditions or probe insertion difficulties, CCTA is a viable alternative at both 3 and 6 months post-operation. These assessments are crucial for evaluating the status and severity of pericardial effusion, verifying the LAAC device's positioning, inspecting the adjacent anatomical structures of the LAA, identifying any residual leaks after LAAC, detecting DRT, and confirming endothelialization.




3 Results


3.1 Management of intra-operative device thrombosis events

Three patients, initially thrombus-free in the LAA as per preoperative TEE, developed thrombi during the procedure. One case involved a 59-year-old male with AF and no anti-coagulation history before admission. Due to the high cost of medication, which led to poor adherence, we performed LAAC on this patient to prevent embolic events. Following a comprehensive preoperative assessment and deliberation, we proceeded with LAAC. Post-general anesthesia, we accessed the right femoral vein and initiated heparinization with 3,000 units. A TEE-guided transseptal puncture was successfully executed, followed by an additional 3,500 units of heparin. And then we put in a 14F catheter that carries the left atrial appendage occlusion device. In preparation for further operations, TEE detected flocculent material on the catheter's distal end, indicative of thrombus formation (Figure 1A). Immediate ACT monitoring showed 160 s, prompting an additional 2,000 units of heparin. Approximately 5 min later, ACT read 180 s. Suspecting heparin resistance, we administered another 2,000 units of heparin and aspirated the thrombus via catheter. TEE confirmed the subsequent dissolution of flocculation, and ACT increased to 260 s. To mitigate intraoperative cerebral embolism, we employed a cerebral protection system (CPS, Covidien, MA, USA), placed through femoral access, deploying proximal filters in both internal carotid arteries. A 24–30 mm LACbes device (PushMed, SHH, CHN) was then positioned within the LAA. After recording an ACT of 234 s, we retracted the CPS and removed the catheter from the right femoral vein. Post-procedure analysis of the CPS filter revealed no thrombotic material or tissue debris. The patient exhibited no postoperative systemic embolism or ischemic stroke symptoms. He was discharged on the fifth postoperative day and prescribed a 12-week regimen of rivaroxaban (20 mg daily) and aspirin (100 mg daily) for post-discharge anti-coagulation and antiplatelet therapy. No complications detected on follow-up.
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FIGURE 1
Intraoperative thrombosis during left atrial appendage closure. (A) A 2D TEE image reveals an accumulating flocculent substance at the catheter's tip, identified as a thrombus (15 mm × 5 mm). (A) 3D TEE visualization highlights the thrombus formation (red arrows) at the catheter's head, with the catheter itself marked by green arrows. (B) Post-deployment of a WATCHMAN device, a thrombus (20 mm × 5 mm) is noted at the catheter's tip during its extraction phase. (B) 3D TEE imagery captures the thrombus (red arrows) and the catheter (green arrows). (C) Following the LACbes device deployment, a distinct linear thrombus (25 mm × 2 mm) is observed along the device's central rivet. (C) Enhanced 3D TEE imaging showcases the thrombus detailed in (C), with red arrows pointing to its formation.


In the second patient diagnosed with AF, despite being on DOAC anticoagulation therapy, the patient experienced a stroke event, indicating DOAC failure. Based on current research, for patients with non-valvular AF, the occurrence of ischemic stroke events despite prescribed DOAC therapy is termed “DOAC failure” (11). Given this, our patient experienced a DOAC failure event. To prevent further stroke events, we performed the LAAC with ablation procedure. Post-assessment of the LAA's dimensions and morphology, we positioned a 22-mm WATCHMAN device (Boston Scientific, MA, USA) within the LAA, achieving successful deployment. However, during preparatory steps for extraction, TEE identified thrombus formation on the catheter's distal end, potentially attributed to the prolonged stay of the catheter in the vessel during the LAAC with ablation procedure (Figure 1B). Following CPS deployment, we administered a 50 mg prourokinase (Shanghai Tasly Pharmaceutical Co, Ltd.) thrombolytic treatment, with subsequent ACT recorded at 260 s. TEE post-thrombolysis confirmed thrombus resolution at the catheter's distal end. Post-procedural CPS filter analysis revealed no thrombotic or tissue debris. After the discharge, the patient embarked on a 12-week anti-coagulation and antiplatelet regimen, comprising rivaroxaban (20 mg daily) and aspirin (100 mg daily), with no complications detected on follow-up.

In the third AF patient, due to the patient's self-perceived symptom improvement, they stopped the medication on their own. Additionally, insufficient understanding of DOACs anticoagulation led to poor medication adherence. we introduced a 28–34 mm LACbes device into the LAA following transseptal puncture and an initial 3,000-unit heparin dose. The device was successfully deployed. However, prior to catheter removal, TEE detected a linear thrombus at the device's rivets (Figure 1C). Immediate ACT was 196 s, prompting an additional 5,000-unit heparin dose. ACT readings taken at 5-min intervals post-supplementation were 224 s and 256 s, following 3,000 additional units of heparin. After positioning CPS in the bilateral internal carotid arteries, we administered 50 mg of prourokinase, resulting in thrombus dislodgment within 2 h. CPS retrieval and filter analysis identified a fragmented white thrombus in the right filter. Subsequently, the patient exhibited an unsteady gait, headaches, and nausea, prompting suspicions of an intraoperative thrombus obstructing the cerebellar-supplying branch vessels via the vertebral artery. However, a brain MRI did not detect any occlusion of the PICA or AICA. Instead, it revealed an abnormal signal area in the right parietal lobe, with high signal on DWI sequences and low signal on ADC sequences, suggesting a transient ischemic event due to incomplete capture of small thrombi by the CPS device. Following stabilization, the patient was discharged, commencing standard postoperative anti-coagulation and antiplatelet therapy, including rivaroxaban (20 mg daily) and aspirin (100 mg daily). No complications detected on follow-up.



3.2 Management of device-related thrombosis events

A 72-year-old with a 4-year history of AF and prior long-term aspirin use, with a HAS-BLED score of 5 (Hypertension, Abnormal liver function, Stroke, Elderly, long-term aspirin use), requested LAAC due to a fear of bleeding complications from anticoagulants. The patient underwent a successful LAAC using a 32-mm WATCHMAN device, installed accurately without any residual leaks. Postoperatively, the patient commenced a 12-week regimen of rivaroxaban (20 mg daily) and aspirin (100 mg daily) for combined anticoagulation and antiplatelet therapy. On day 38 post-LAAC, a TEE examination identified a medium-low density echo cluster on the surface of the left atrium and occluder, indicative of potential DRT (Figure 2). Further investigation revealed that, similar to a prior case, this patient had independently ceased taking aspirin postoperatively, continuing only with rivaroxaban. The antithrombotic treatment was promptly reinstated, and after consistent medication for 94 days, a subsequent TEE confirmed the resolution of DRT, showing no abnormal echoes outside the occluder in the left atrium and LAA. Throughout the follow-up period, no ischemic strokes, TIA, or hemorrhagic complications were reported.
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FIGURE 2
DRT events during follow-up. Red arrows indicate thrombus on the surface of the occluder.




3.3 Management of pericardial effusion/tamponade events

Among the patients presenting with pericardial effusion or tamponade during LAAC at our facility, four instances were notable, potentially attributable to atrial appendage injury during device placement. The initial case concerned a 68-year-old female with AF, previously diagnosed with tuberculosis, cerebral embolism, and TIA. The patient had a CHA2DS2-VASc score of 5 (Prior Stroke, peripheral artery disease, age 68, female). This patient had previously experienced a stroke and remained at high risk for subsequent stroke events. Additionally, the patient had cognitive impairment leading to poor medication adherence. Upon admission, a preoperative TEE ruled out a left atrial thrombus, and LAAC was deemed suitable after evaluation. The patient's “pendulous heart” morphology complicated septal puncture, as the elevated atrial septum position necessitated precise puncture site selection. Despite utilizing the right internal jugular vein for access and a CS10 pole electrode in the coronary sinus for guidance, the puncture remained high post-procedure. LAA DSA identified a “reversed chicken wing” morphology, characterized by a diminutive ostium and limited LAA depth (Figure 3A). Intending to optimize left atrial appendage occlusion device placement, we navigated the pigtail catheter farther into the LAA. However, DSA found the catheter had breached the LAA, penetrating the pericardial space (Figure 3B), coinciding with a blood pressure decline to 70/40 mmHg. The patient suddenly developed a pericardial tamponade. Emergency subxiphoid pericardial drainage was initiated, stabilizing the patient's hemodynamics. To expedite stiffened guide-wire insertion into the pericardium, we maintained the pigtail catheter's position, deploying a 10-mm atrial septal occluder (Lifetech Scientific, SZ, CHN) from the pericardial space to the LAA, followed by catheter retraction and occluder release (Figure 3C). Subsequent assessments indicated successful occlusion, with no pericardial blood ingress or effusion recurrence. After the procedure, the patient embarked on a 12-week dual-therapy regimen consisting of rivaroxaban (20 mg, twice daily) and aspirin (100 mg daily). A 33-day postoperative CCTA revealed no anomalies (Figure 3D). Further, a 135-day postoperative TEE detected no device-associated thrombosis or pericardial abnormalities, and a 208-day follow-up CCTA reevaluation showed no abnormality.
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FIGURE 3
The LAAC procedure utilizing an atrial septal defect occluder on a “chicken-wing” shaped LAA. (A) DSA illustrates a superficial “chicken-wing” configuration of the left auricle. (B) Post-puncture of the LAA, instead of immediate catheter retraction following contrast medium diffusion, the catheter was advanced further into the pericardial space through the breach. (C) Utilizing this strategically retained catheter, an atrial septal defect occluder was deployed atop the LAA opening. Subsequent DSA confirmed the halt of bleeding and effective LAA closure by the occluder. The red arrow highlights the 10-mm atrial septal defect occluder positioned within the LAA. (D) On review at 1 month postoperatively, CCTA suggested good position of the occluder, and no adverse events such as residual leakage were detected.


The second case involved a 75-year-old female evaluated for and subsequently undergoing the LAAC procedure. The patient had no prior history of taking anticoagulant medication and had a high risk of stroke (CHA2DS2-VASc score: 5, including Prior Stroke, age 75, female). This patient had previously experienced a stroke and remained at high risk for subsequent stroke events. Additionally, the prior stroke led to cognitive impairment, resulting in poor medication adherence. Therefore, we decided to perform LAAC to prevent further thromboembolic events. An 18–24 mm LACbes device was positioned within the LAA. During the device's deployment, the patient experienced a blood pressure decrease to 85/45 mmHg, concurrent with the emergence of a pericardial effusion identified on TEE. Our immediate response was a provisional device release to seal the perforation, simultaneously summoning cardiac surgical support to address the hemorrhage. Following the device's stabilization, we observed no further escalation in pericardial fluid accumulation (Figure 4), leading us to surmise that the bleeding had ceased due to the device implantation effectively sealing the puncture. The position of the occlusion device was assessed as good using TEE and the patient was discharged after his vital signs were stabilized. Patients are discharged from the hospital and commenced a 12-week regimen of rivaroxaban (20 mg daily) and clopidogrel (75 mg daily) for sustained anti-coagulation and antiplatelet therapy. No complications detected on follow-up.
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FIGURE 4
The cessation of bleeding following a temporary deployment of the LACbes device after inadvertent scratching of the LAA during the LAAC procedure. (A) The LAA undergoes angiographic assessment post-septal puncture, guiding the selection of a suitable occluder. (B) Intraoperative disturbance of the LAA surface resulted in discernible contrast spread into the pericardial space, indicating bleeding. (C) Following the provisional placement of the LACbes device, subsequent angiography revealed the absence of contrast seepage, confirming the halting of hemorrhage.


The third instance concerned a 69-year-old female who found the cost of DOACs to be prohibitively expensive and was unwilling to use them long-term. Consequently, she requested the LAAC procedure. Following preoperative assessment, she received a 21-mm WATCHMAN device implanted within the LAA after septal puncture. The initial device deployment presented sub-optimal positioning, prompting a retrieval attempt for repositioning. During this process, the catheter inadvertently perforated the LAA. Echoing the previous patient's scenario, the hemorrhage was arrested when the device was temporarily released, sealing the LAA perforation and precluding further bleeding exacerbations. Subsequent TEE assessments verified the device's satisfactory placement (Figure 5). This intervention circumvented the necessity for more invasive open-heart surgery. Both patients procedural recovery, commenced a 12-week regimen of rivaroxaban (20 mg daily) and clopidogrel (75 mg daily) for sustained anti-coagulation and antiplatelet therapy. No complications detected on follow-up.
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FIGURE 5
The effective application of a WATCHMAN device to seal a bleeding LAA breach. (A) Initial angiographic scrutiny is performed on the LAA following septal puncture, aiding in the appropriate choice of occluder. (B) A tear within the LAA is visualized with angiographic contrast dispersing into the pericardium, signaling internal bleeding. (C) Post-deployment of a WATCHMAN device to seal the LAA rupture, no further contrast leakage is observed within the pericardial area, signifying successful occlusion. The red arrow points to the WATCHMAN device, strategically positioned as a temporary measure.




3.4 Management of peri-device leak events

A 64-year-old male patient, who stopped his medication after perceiving symptom improvement and had insufficient understanding of DOACs, was unwilling to take any medication long-term. Consequently, he underwent a LAAC with ablation procedure after preoperative assessment. During the procedure, a DSA of the LAA identified a “chicken wing” morphology with an opening diameter of 17 mm and a depth of 21 mm. A 21-mm WATCHMAN device was precisely placed in the LAA, with no residual leaks detected, and the compression ratio ranged from 15% to 20%, ensuring the device was appropriately secure. Post-discharge, the patient was put on a 12-week regimen of rivaroxaban (20 mg daily) and aspirin (100 mg daily) for anticoagulation and antiplatelet therapy. On the 50th day after the procedure, during a routine follow-up, no ischemic stroke, TIA, or bleeding complications were reported. However, a CCTA scan revealed a 5 mm PDL at the lower edge of the device. After ruling out issues related to device size and compression ratio during the procedure, it was speculated that the PDL might be due to incomplete endothelialization around the device. The patient was advised to continue with rivaroxaban and aspirin and undergo regular follow-ups. A CCTA re-examination 2 months later showed that the PDL had reduced to 1.6 mm, and no adverse events were reported in subsequent follow-ups.



3.5 Management of systemic embolism events

A 76-year-old female patient consulted at our center for ischemic stroke treatment, where she was diagnosed with AF following a comprehensive evaluation. The patient had a HAS-BLED score of 6 (Hypertension, Abnormal liver function, Stroke, Labile INR, Elderly, long-term use of NSAIDs) and also had cognitive impairment. Therefore, we performed the LAAC procedure. After ruling out any contraindications, LAAC was performed as a stroke preventative measure. Post femoral vein puncture, 5,500 units of heparin were administered, and ACT was monitored at 320 s after 5 min. Subsequent septal puncture and LAA DSA revealed a “Windsock” morphology. A 21-mm WATCHMAN device was successfully placed within the LAA, achieving a compression ratio of 15%–20%. Upon discharge, the patient commenced antiplatelet therapy with clopidogrel (75 mg daily) and aspirin (100 mg daily). Follow-up evaluations showed the occluder was well-positioned with no PDL, and the patient experienced no ischemic stroke, TIA, or hemorrhagic complications. However, 6 months post-procedure, the patient presented with leg pain after walking. Lower extremity vascular ultrasound revealed occlusion in the left anterior tibial and foot arteries (Figure 6), with elevated D-dimer levels at 3.51 µg/ml. This raised concerns of a potential systemic embolic event following LAAC. Investigation into the patient's medication adherence revealed she had been taking only aspirin postoperatively. We recommended adding rivaroxaban (20 mg daily) to her regimen for enhanced anticoagulation and antiplatelet effect. This adjusted treatment approach led to no further adverse events in subsequent follow-ups.
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FIGURE 6
Lower extremity vascular ultrasound suggests lower extremity arterial thrombosis leading to arterial lumen occlusion.




3.6 Management of bleeding events

A 67-year-old female patient, who enjoys sports and was unwilling to take DOACs, underwent LAAC with the placement of a 23-mm WATCHMAN device, achieving a compression ratio of 15%–20%. Postoperatively, the patient was prescribed rivaroxaban (20 mg daily) and aspirin (100 mg daily) to maintain anticoagulation and antiplatelet therapy. On the third day after procedure, the patient reported reddish urine, and a comprehensive examination revealed significant hematuria with a red blood cell count of 4.41 × 1012/L and hemoglobin level of 134 g/L. The ultrasound of the urinary system showed no abnormalities. Given the potential for urinary bleeding complications linked to the anticoagulant therapy post-LAAC, the patient's medication regimen was immediately revised. Aspirin and rivaroxaban were temporarily discontinued, and she was switched to enoxaparin (0.8 ml twice daily) for anticoagulation, accompanied by bladder irrigation. These measures led to the resolution of hematuria by the 11th postoperative day. Upon discharge, the patient resumed anticoagulant and antiplatelet therapy with rivaroxaban (15 mg daily) and aspirin (100 mg daily) for 12 weeks. No complications detected on follow-up.



3.7 Management of device-related complications events

A 75-year-old male patient, who works outdoors and is unable to take DOACs long-term due to work requirements, underwent the LAAC procedure after evaluation. A 33-mm WATCHMAN device was successfully implanted in the LAA. DSA confirmed that the device was properly positioned without any anomalies. On the second day post-procedure, the patient reported chest discomfort and shortness of breath, coughing frothy sputum, and a sudden drop in blood pressure to 70/40 mmHg, indicating a possible postoperative pericardial effusion. An urgent pericardiocentesis was performed, extracting 450 ml of sanguineous fluid. Further investigation into the sudden bleeding revealed that a strut frame of the implanted occluder had dislodged (Figure 7A), causing damage to the LAA and leading to the bleeding. After draining the fluid, continuous drainage was conducted over the third and fourth postoperative days, totaling an additional 100 ml of fluid. Upon stabilization, the patient was discharged and commenced on oral rivaroxaban (15 mg daily) and aspirin (100 mg daily) for anticoagulation and antiplatelet therapy. One month after discharge, the patient again experienced chest discomfort and shortness of breath. A detailed echocardiogram and CCTA indicated a significant pericardial effusion, prompting another urgent pericardiocentesis that removed 260 ml of sanguineous fluid (Figure 7B). Continuous pericardial fluid drainage was maintained for 20 days, after which no further drainage was needed. The patient's vital signs stabilized and he was discharged. Post-discharge, the patient continued on rivaroxaban for 12 weeks, after which he switched to clopidogrel (75 mg daily) for another 12 weeks before discontinuing the medication. No complications detected on follow-up.
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FIGURE 7
(A) DSA revealed that a strut frame of the implanted occluder had dislodged. (B) CCTA revealed a large pericardial effusion in the pericardial cavity. Red arrow indicates dislodged occluder strut frame.





4 Discussion

This study outlines the effective management of emergent complications during the LAAC procedure. We reviewed 11 cases, each with different complications and their successful resolutions. Three patients experienced intraoperative thrombotic events, managed through thrombus aspiration and thrombolysis. One patient discontinued aspirin post-LAAC, leading to a suspected DRT, which resolved after resuming dual therapy. Three cases of pericardial tamponade were successfully managed with drainage and occluder placement. One patient had a PDL, which decreased with continued medication. Another developed leg pain from arterial occlusion after stopping clopidogrel, resolved by adding rivaroxaban. A patient with hematuria postoperatively was managed with enoxaparin and bladder irrigation. Lastly, a patient with pericardial effusion due to a dislodged device strut required pericardiocentesis and further stabilization. These cases highlight the need for prompt and individualized management strategies during LAAC.


4.1 Intra-operative device thrombosis

Thrombosis ranks among the prevalent complications of the LAAC procedure. Several factors commonly precipitate intraoperative thrombosis, including: (1) absence or insufficiency of preoperative anti-coagulation; (2) extended operative durations, coupled with inadequate ACT monitoring and heparin supplementation; (3) insufficient preoperative heparinized saline flushing of catheters and guidewires; and (4) inherent patient conditions such as a hypercoagulable state or heparin resistance. In our facility, we encountered three instances of intraoperative thrombosis during LAAC. One case involved a patient diagnosed with AF, who received immediate anti-coagulation therapy with DOAC (rivaroxaban 20 mg q.d.). The LAAC procedure was initiated six days post-anticoagulation. Despite the intraoperative administration of 6,000 u of heparin, an increasing presence of flocculent material, indicative of thrombosis, was observed at the catheter's head end. Initial ACT readings were 160 s, increasing marginally to 180 s 5 min after an additional 2,000 u of heparin was administered. Given these dynamics, we hypothesized heparin resistance. Addressing this, we administered another 2,000 u of heparin, after which ACT readings rose to 240 s within 5 min, and the flocculent material substantially receded, corroborating the efficacy of our intervention. Moreover, we recognize that inadequate preoperative anti-coagulation may have also contributed to this patient's intraoperative thrombosis. This realization underscores the clinical imperative of ensuring adequate anti-coagulation before scheduling an LAAC procedure, significantly mitigating the risk of intraoperative thrombosis. Additionally, protracted surgery duration emerges as a critical risk factor for intraoperative thrombosis, necessitating diligent surgical efficiency and vigilant patient monitoring. In another instance, we executed a LAAC with ablation procedure. Research indicates that while the LAAC with ablation strategy can enhance left atrial structure and restore sinus rhythm in AF patients, it also carries potential drawbacks. One significant complication is intraoperative thrombosis. The extended procedure duration and prolonged catheter placement in the vessel trigger clotting factor activation and platelet adhesion. Without timely ACT monitoring and appropriate heparin supplementation, the risk of thrombosis escalates (12). Thus, the inclusion of a CA procedure, extending total operative time, emerges as an additional thrombosis risk factor during LAAC. Moreover, acute atrial myocardial injury from RFCA can lead to postoperative troponin release and tissue edema, heightening thrombus formation risks in the left atrial or on the device surface. In cases of thrombus development, we advocate for proactive thrombolysis. Importantly, prior to thrombolysis, our protocol involves positioning a CPS at the patient's bilateral internal carotid arteries. Although approved for transcatheter aortic valve replacement (TAVR), no consensus or guidelines endorse CPS use in LAAC procedures (13). Perioperative stroke is a devastating complication, with reported rates of perioperative cerebrovascular events (including transient ischemic attacks and embolic strokes) ranging from 0.8% to 1.8% (14, 15). During thrombolysis after intraoperative thrombosis, ruptured and dislodged debris may migrate into cerebral arteries, inducing new ischemic injuries. Although some studies have shown that embolism resulting from this approach is sub-clinical, it can also cause some neurocognitive dysfunction in patients. There are limited strategies to preempt medically induced cerebral embolic events, thus the presence of a CPS is particularly important (16). In a case of intraoperative thrombosis, we employed a CPS, followed by thrombolysis. Post-thrombolysis examination of the CPS revealed a linear white thrombus within the right internal carotid artery's filter, underscoring the CPS's critical function during intraoperative thrombolysis subsequent to LAAC thrombosis. However, the CPS's shielding was not absolute. Its dual arterial filters failed to safeguard the left vertebral and subclavian arteries, along with the descending aorta and coronary arteries. In this case of intraoperative thrombosis, despite bilateral CPS deployment to protect the internal carotid artery prior to thrombolysis, intraoperatively dislodged thrombus passed through the vertebral artery resulting in a transient cerebral ischaemic event. Such events post-CPS placement are seldom highlighted in literature. Hence, the cerebral protective efficacy of CPS should not be overestimated. Future iterations of CPS devices should incorporate considerations for comprehensive cerebral defense intraoperatively to mitigate cerebral embolic incidents. Such advancements could significantly enhance postoperative outcomes and patients' quality of life. In addition, our study emphatically underscores the critical role of TEE within the context of the LAAC procedure. TEE serves a dual purpose: it facilitates the operator's guidance during the septal puncture process and proves instrumental in the prompt detection of intraoperative thrombosis. This timely identification allows for immediate intervention, forestalling the onset of medically induced thromboembolic events.



4.2 Device-related thrombosis

DRT is a significant complication following LAAC, occurring in approximately 2.0%–7.2% of patients. Studies suggest that DRT increases the risk of stroke and systemic embolic events, potentially negating the benefits of LAAC and impacting patients both physically and psychologically (17, 18). Effective prevention of DRT is thus critical during postoperative care. Several factors contribute to the incidence of postoperative DRT: (1) Patient-Related Factors: Advanced age, previous TIA or strokes, existing cardiac diseases, a high CHA₂DS₂-VASc score, and spontaneous echocardiographic contrast in the left atrium are predictive of DRT; (2) Device Implantation Issues: Over-deployment of the occluder, large occluder size, and PDL around the device are linked to DRT and (3) Postoperative Management: Inadequate standardization in LAAC procedures and non-adherence to antithrombotic medication regimens are common issues (19–21). Following LAAC, endothelialization of the occluder requires time, during which the device remains exposed to bloodstream elements, increasing thrombus formation risk. It is crucial to adhere to postoperative anticoagulation and antiplatelet protocols (18, 22).

Current guidelines advocate for 3 months of direct oral anticoagulation followed by 6 months of dual antiplatelet therapy and lifelong aspirin use thereafter, contingent upon the exclusion of DRT (23). Despite these recommendations, non-compliance with medication regimens has led to DRT events at our center. For example, one patient discontinued his combined aspirin and rivaroxaban therapy 1 month post-procedure, resulting in DRT. The patients resumed dual therapy on a 3-month course after being informed of the risks, resulting in no subsequent DRT events. It is important to note that DRT can be classified into early and late occurrences, each with different causes and management strategies. Early DRT typically occurs within a few months post-procedure and is mainly related to technical factors during surgery, incomplete endothelialization of the device, or individual patient differences. Common causes of early DRT include incomplete embedding of the device in the appendage, residual leaks, and local damage caused by intraoperative maneuvers. To prevent early DRT, strict anticoagulation therapy, such as the use of warfarin or DOACs, is usually administered in the initial postoperative period to prevent thrombus formation. Late DRT can occur months to years after the procedure and is often associated with the patient's overall health condition. For example, chronic inflammatory states, prothrombotic conditions, or new-onset arrhythmias can lead to late DRT. Late DRT indicates the need for long-term follow-up and comprehensive evaluation of patients, particularly focusing on underlying systemic diseases and chronic disease management. Additionally, the occurrence of late DRT is closely related to patient compliance, interruptions in long-term anticoagulation therapy, and improper management of underlying conditions. Effective management of late DRT requires long-term imaging follow-up and regular clinical evaluations post-surgery. Furthermore, individualized anticoagulation therapy plans and patient education are crucial for preventing late DRT (4, 24, 25).

While LAAC is an effective stroke prevention strategy in patients with AF, managing DRT remains a challenge. Our experience underscores the importance of stringent postoperative management and patient education regarding antithrombotic medication to prevent DRT.



4.3 Pericardial effusion/tamponade

The occurrence of pericardial effusion and pericardial tamponade is one of the severe complications within LAAC, often attributable to surgical maneuvers. Previous studies have shown that the incidence rates of pericardial effusion and cardiac tamponade are 2.9% and 0.5%, respectively (26). Typical etiologies include: (1) atrial perforation during septal puncture by the needle or sheath. (2). LAA puncture due to improper guide-wire or catheter manipulation. (3). Atrial appendage puncture induced by device placement (4). LAA laceration during device retrieval. (5). LAA tearing from excessive retraction force applied to the device. When pericardial effusion arises, prompt and adept management becomes vital, both for saving lives and enhancing patient prognosis, thereby challenging our professional competence significantly. Among the three pericardial effusion/tamponade incidents at our center, one was complicated by the patient's “pendulous heart” morphology, which precipitated a high septal puncture position and procedural difficulty. This patient developed pericardial effusion following deep LAA catheter penetration. The operator introduced a 10-mm atrial septal defect occluder into the LAA to halt bleeding, circumventing a perilous situation and the necessity for more invasive surgical LAA access. This technique, sparsely documented in the literature, serves as a valuable reference for handling such emergent scenarios, especially for LAA with shallow, broad bases. Crucially, this strategy mandates retaining the guide-wire or catheter within the pericardium post-penetration to ease device delivery. Postoperative assessments confirmed the occluder's optimal positioning, with no subsequent displacement or residual leakage noted. In a case we have encountered, but not mentioned in this report. A patient undergoing a LAAC with ablation procedure experienced a LAA puncture during device placement post-successful RFCA, leading to sudden pericardial effusion. The severity of the bleeding necessitated an emergency open-heart LAA suture by a cardiac surgeon, resulting in a 19-day hospitalization. Unlike the prior incident, this patient's recovery was protracted, and the experience was psychologically taxing due to the invasive nature of an open-heart suture.

In two other instances of pericardial tamponade during the procedure, we adopted a provisional measure to manage the complication while preparing for potential open-heart surgery. We temporarily released the device post-tamponade onset to seal the breach and curtail further bleeding. Fortuitously, we observed that bleeding ceased following the device's release. We postulate that this cessation may have resulted from intraoperative maneuvers that inadvertently scratched the atrial appendage, with the device's release fortuitously sealing the breach. This strategy is contingent on specific circumstances, namely minor bleeding and a smaller breach, and mandates vigilant post-release patient monitoring. In cases of significant bleeding, our inclination is toward an emergency surgical open-chest suture. Intriguingly, all three cases of pericardial effusion and tamponade at our center involved female patients. While our current study does not extrapolate significance from this pattern, prior research offers compelling insights. Schmidt et al. postulated that the female gender might predispose patients to pericardial effusion during LAAC. Concurrently, Yang et al. identified correlations among female gender, paroxysmal atrial fibrillation, sinus rhythm alterations, procedural timing, and the onset of perioperative pericardial effusion in a cohort of 624 LAAC patients (27, 28). Furthermore, a comprehensive meta-analysis encompassing 19 studies revealed a higher propensity for major procedural complications among women undergoing RFCA for atrial fibrillation. These complications include pericardial effusion or tamponade and significant hemorrhage necessitating blood transfusion, diverging noticeably from their male counterparts. This discrepancy may originate from inherent variances in atrial morphology, structure, and function between genders. Additionally, female LAAC candidates often present with advanced age, an extended duration of atrial fibrillation, and a higher burden of chronic diseases (29). Consequently, heightened caution is advisable during patient assessment and LAAC indication evaluation, particularly for elderly women and those undergoing the LAAC with ablation procedure. Proactive engagement in preoperative dialogues and meticulous preparatory measures are essential to anticipate and strategically plan for unforeseen intraoperative occurrences.



4.4 Peri-device leak

In this case series, we observed a 64-year-old male patient who experienced PDL following LAAC. Although accurate measurement of the LAA and the selection of an appropriately sized occluder typically result in low PDL incidence, such complications can still pose significant challenges in patient management and treatment. The clinical significance of PDL is currently debated in research. Some studies suggest that PDL might diminish the benefits of LAAC for AF patients by potentially increasing the risk of DRT. The reported incidence of PDL varies from 0% to 63%, depending on the type of LAAC device used as well as the frequency and method of monitoring (30). For instance, Bai et al. identified PDL as a critical factor influencing DRT occurrence in a cohort of 319 patients post-LAAC, a finding corroborated by other researchers (19, 31, 32). Afzal et al., in a retrospective analysis of 1,039 LAAC patients, noted a higher incidence of TIA and strokes among patients with residual leaks compared to those without (33). Conversely, some studies argue that PDL does not significantly impact clinical outcomes for AF patients (34, 35). The mechanisms leading to PDL include off-axis placement, inadequate sealing due to non-perpendicular alignment between the LAA landing zone and the occluder flaps, gaps around the occluder due to insufficient expansion at the LAA landing zone, incomplete endothelialization, and selection of an inappropriate occluder size or inadequate compression ratio during procedure. Correct occluder selection and placement are crucial for minimizing PDL (36). In this instance, a 21-mm Watchman device was selected based on the LAA's anatomical characteristics, with a compression ratio of 15%–20% suggesting optimal contact and fixation. Nevertheless, a 5 mm PDL was observed in a follow-up CCTA, likely due to incomplete endothelialization. The patient was advised to maintain antithrombotic therapy with rivaroxaban and aspirin. Subsequent imaging showed a reduction in the leak size to 1.6 mm, emphasizing the need for ongoing antithrombotic therapy to manage PDL and prevent thrombotic complications.



4.5 Systemic embolism

Although LAAC procedures are effective in preventing thromboembolic events, they still pose a risk of systemic embolism. Defined by the Munich consensus document, post-LAAC systemic embolism involves acute vascular insufficiency or occlusion of extremities or non-CNS organs, substantiated by clinical, imaging, surgical, or autopsy evidence of arterial occlusion without other probable causes. Research indicates that systemic embolism following LAAC occurs relatively infrequently, with incidences ranging from 0.24% to 0.29% (37, 38). Several factors contribute to systemic embolism, including inadequate interaction between the occluder and cardiac tissue, insufficient postoperative antithrombotic therapy, and individual conditions like increased blood viscosity. This case of a 76-year-old female, who underwent LAAC to prevent stroke associated with AF and later presented with leg pain and elevated D-dimer indicating distal arterial embolism, exemplifies the potential risks. It highlights the need for comprehensive management strategies following LAAC. The patient's reliance solely on aspirin for postoperative antiplatelet therapy may have been insufficient to prevent thrombus formation. A more robust early postoperative management, integrating both antiplatelet and oral anticoagulant therapies, is recommended based on risk assessments. Her treatment regimen, which later included aspirin combined with rivaroxaban, underscores the importance of personalized treatment plans. Moreover, regular monitoring of vascular status and thrombotic markers, such as D-dimer, is essential for the early detection and prevention of thrombotic complications.

This case underlines the risk of systemic embolism post-LAAC and the critical need for tailored antithrombotic strategies in postoperative care. Ongoing clinical and imaging follow-ups, coupled with individualized risk assessment and treatment adjustments, are vital to optimize treatment outcomes and minimize complications. Future research should focus on refining antithrombotic therapy to balance the risks of embolism and bleeding and on developing strategies to monitor and prevent systemic embolic events effectively.



4.6 Bleeding

Anticoagulant and antiplatelet therapies are essential for reducing postoperative thrombosis after LAAC, yet they elevate the risk of bleeding. In this instance, a 67-year-old female developed urinary system bleeding complications post-LAAC, following anticoagulant and antiplatelet treatments. This scenario underscores the necessity of balancing the benefits of anticoagulation with the risks of bleeding and devising appropriate management strategies. Bleeding is a commonly observed complication post-LAAC, especially in elderly patients or those with predispositions to bleeding. The EWOLUTION trial found that the incidence of bleeding post-LAAC is 2.7% (39). Upon detection of bleeding, the medical team implemented judicious measures, including the temporary cessation of oral anticoagulants and antiplatelets, transitioning to enoxaparin for continued anticoagulation. This method provided greater flexibility in managing anticoagulation intensity and facilitated the cautious reintroduction of oral anticoagulants once the bleeding was under control. The patient's adherence to a modified anticoagulation regimen after stabilizing the bleeding highlights the critical balance between minimizing bleeding risks and preventing thrombotic complications. In clinical practice, it is imperative to tailor anticoagulation strategies to individual patient risk profiles. This case illustrates the importance of vigilant monitoring for bleeding in patients on anticoagulation therapy and the necessity for adaptable treatment plans. Furthermore, it demonstrates that prompt and appropriate interventions can effectively manage complications and avert severe outcomes. Physicians must diligently evaluate patients at heightened risk of bleeding and closely monitor them throughout their treatment.



4.7 Device-related complications

This case highlights the complex management of a 75-year-old male who experienced significant postoperative complications following LAAC with a 33 mm Watchman device. The initial presentation of chest discomfort, frothy sputum, and hypotension suggested a cardiovascular etiology, which was confirmed to be pericardial effusion by emergent pericardiocentesis, extracting 450 ml of sanguineous fluid. Further investigations revealed a mechanical complication with the device—a dislodged strut frame—which inflicted damage on the left atrial appendage, leading to bleeding. The displacement of the Watchman device's strut frame underscores the potential mechanical failures that can result in severe clinical outcomes such as cardiac tamponade. Although the incidence of such complications is low, they underscore the necessity for precise device deployment and the potential for structural device failures post-implantation. For the pericardial effusions that did occur, our management strategy included repeated pericardiocentesis and prolonged drainage, suggesting that bleeding complications from mechanical trauma caused by the device persisted. In this context, it is necessary to discuss postoperative monitoring and management protocols for LAAC, especially for patients who present with early signs of postoperative discomfort. Post-discharge, the patient was managed with rivaroxaban and aspirin to mitigate the risk of thromboembolic events. The re-presentation of symptoms and subsequent large pericardial effusion required further intervention, highlighting the delicate balance between preventing thrombosis and exacerbating bleeding risks in post-LAAC patients. The transition from rivaroxaban to clopidogrel and the eventual cessation of antiplatelet therapy illustrate a tailored approach to managing individual patient risks and responses. Stable vital signs and cessation of drainage 20 days post-second intervention allowed for discharge, and subsequent follow-up did not reveal any ischemic or bleeding complications, suggesting effective resolution of the immediate postoperative issues. This case emphasizes the importance of vigilant postoperative monitoring and readiness to address complications through interventional and pharmacologic strategies. For similar cases, we recommend (1) Enhanced Monitoring: Patients receiving LAAC, especially those with complex cardiovascular histories, should be monitored closely for signs of pericardial effusion or device malposition; (2) Readiness for Intervention: Facilities performing LAAC should be equipped and prepared to perform emergency interventions such as pericardiocentesis and (3) Tailored Pharmacotherapy: Anticoagulant and antiplatelet regimens should be personalized based on ongoing assessments of bleeding and thrombotic risks post-LAAC. This case underlines the importance of comprehensive perioperative planning, meticulous procedural execution, and the need for proactive management strategies to address both anticipated and unforeseen complications following LAAC. Further research may focus on refining antithrombotic protocols and enhancing device design to minimize the risk of structural failures and improve patient outcomes.



4.8 Device embolization

Device embolization is a rare but serious complication of LAAC, recognized for its potentially life-threatening effects on patient safety. Clinical studies, including PREVAIL and PROTECT AF, report its incidence at approximately 0.24% (40, 41). Factors contributing to device embolization include: (1) Device Size Mismatch: Inadequately sized occluders may dislocate if they do not fit the left atrial appendage properly; (2) Operational Technique: The expertise and technique of the surgeon can critically influence the stability of the device; (3) Anatomical Specificity: Variability in the size and shape of the LAA can make stable device fixation challenging and (4) Effective management of device embolization is crucial and requires immediate actions to improve the success rate of the procedure and ensure patient safety. Standard management techniques involve repositioning or retrieving the device, utilizing various techniques such as transseptal from the left atrium, transarterial from the aorta, or from the left ventricle, as demonstrated by experts like Shinwan (42). Prompt detection of device embolization is essential, typically involving postoperative imaging studies like echocardiograms or CCTA to identify any signs of displacement. The emergence of new cardiac symptoms such as arrhythmias or hemodynamic changes post-procedure should also prompt consideration of possible device embolization. Minimizing the risk of device embolization necessitates thorough preoperative evaluations and precise device selection. Additionally, employing an experienced procedure team and utilizing real-time imaging during the procedure can significantly reduce the risk of embolization. These strategies emphasize the necessity of meticulous preparation, skilled execution, and swift intervention in the management of complications associated with LAAC procedures. By adhering to these practices, healthcare providers can enhance outcomes for patients undergoing LAAC.



4.9 Pulmonary erosion/perforation

Pulmonary erosion or perforation is a rare but serious complication associated with LAAC devices such as the Watchman. This complication arises when the device or a part of it erodes through the heart or atrial wall into adjacent structures such as the lung or pulmonary veins. The proximity of the left atrial appendage to the pulmonary artery and lung makes this region particularly susceptible to such complications. Patients with pulmonary erosion or perforation may present with symptoms ranging from unexplained dyspnea and chest pain to more severe signs such as hemoptysis and hypotension, which could indicate a life-threatening situation. Diagnosis often involves imaging studies such as CT or echocardiography, which can provide detailed information about the location and extent of the erosion or perforation. Prevention starts with careful patient selection, precise imaging before the procedure to ensure appropriate sizing and positioning of the device, and meticulous surgical technique. It is crucial that the deploying physician ensures the device does not exert excessive pressure on the atrial wall and is well away from the pulmonary structures. Once this complication occurs, prompt and effective management is crucial, and currently effective treatment strategies include (1) Immediate Response: On identification of a pulmonary complication, stabilizing the patient is paramount. This involves managing any acute symptoms, ensuring cardiovascular stability, and providing supportive care; (2) Surgical Intervention: In cases where there is significant erosion or risk of further complications, surgical repair or removal of the device may be necessary. This could involve procedures such as pericardial patch repair or even partial lobectomy depending on the location and severity of the erosion; (3) Long-term Management: Long-term follow-up with regular imaging is advisable to monitor for any late complications or recurrences. In cases where the device remains in situ, close monitoring for signs of infection or device migration is critical and (4) Pharmacological Therapy: Depending on the situation, management may also include the use of antibiotics to prevent infection, and adjustments in anticoagulant therapy to manage bleeding risks without increasing the risk of thrombosis.

While pulmonary erosion or perforation following LAAC is rare, recognizing potential risk factors and early symptoms can be crucial for timely intervention. The development of such complications necessitates a multidisciplinary approach involving cardiologists, cardiothoracic surgeons, and radiologists to ensure optimal patient outcomes. Further research into the prevention and management of this complication is needed to refine guidelines and improve safety for patients undergoing LAAC.




5 Limitation

There may be some limitations to our study. First, the results are based on data from a single center, which may limit their applicability to other settings. Differences in patient demographics, clinical practices, and complication management strategies between centers could affect the study results. Second, the selection of 11 out of the total 24 cases with complications was aimed at ensuring a comprehensive and representative analysis. However, for the remaining complications, some patients did not have follow-up data or lacked complete clinical information, which restricted our ability to include them in the analysis. Third, follow-up could be extended beyond the current duration of 1 year to better capture long-term outcomes and late complications. Longer follow-up is necessary to fully understand the durability of management strategies and the long-term safety of the procedure. Fourth, the lack of randomization in this case series increases the risk of selection bias. Patients included in the study may have specific characteristics that make them more or less likely to develop complications, affecting the validity of the study. Additionally, the retrospective design may introduce reporting bias, as complications could have been under-reported, potentially leading to an underestimation of the true incidence of complications.



6 Conclusion

The study underscores the significance of immediate and targeted interventions for procedural-related complications in LAAC and the LAAC with ablation procedure for AF. Our findings reveal that with the prompt recognition and management of complications such as intraoperative thrombosis and pericardial effusion or tamponade, the procedural success rate can be significantly enhanced, thereby reducing postoperative mortality and morbidity. The strategic deployment of devices in cases of bleeding, has proven effective in ensuring patient safety and improving outcomes. This proactive approach to complication management not only ensures the safe discharge of patients but also contributes to the long-term prevention of stroke without the occurrence of adverse events during follow-up. Our experience and management strategies serve as a testament to the viability and safety of LAAC and the LAAC with ablation procedure as a prophylactic strategy for patients with non-valvular AF who are ineligible for anti-coagulation therapy, thereby reinforcing the procedure's role in comprehensive AF management.
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Objectives: An increasing number of studies have shown that third (CB3)- and fourth-generation cryoballoons (CB4) have been used to treat various types of atrial fibrillation (AF), but previous research regarding the safety and efficacy of CB3 or CB4 ablation remains controversial. Therefore, a meta-analysis was performed to further evaluate the safety and efficacy of pulmonary vein isolation (PVI) using the CB3 and CB4 in the treatment of AF.



Methods: We searched PubMed, the Cochrane Library, Web of Science, China National Knowledge Infrastructure, Wanfang, China Science and Technology Journal Database, and Clinicaltrials.gov up to December 2023 for qualified trials and data extraction according to inclusion and exclusion criteria. All analyses were carried out using Review Manager 5.3 software.



Results: The meta-analysis included 13 observational studies consisting of 3,281 subjects and did not include a randomized controlled trial. Overall analyses indicated that the CB3 significantly reduced total procedure time [weighted mean difference (WMD) = −8.69 min, 95% confidence interval (CI) = −15.45 to −1.94 min, I2 = 93%], increased the PVI recording [relative risk (RR) = 1.24, 95% CI = 1.03–1.49, I2 = 90%], and increased the mean nadir temperature of overall PVs (WMD = 2.80°C, 95% CI = 1.08–4.51°C, I2 = 89%) compared with the CB2. Moreover, the CB4 significantly reduced the total procedure time (WMD = −14.50 min, 95% CI = −20.89 to −8.11 min, I2 = 95%), reduced the fluoroscopy time (WMD = −2.37 min, 95% CI = −4.28 to −0.46 min, I2 = 95%), increased the PVI recording (RR = 1.40, 95% CI = 1.15–1.71, I2 = 90%) compared with the CB2. Time-to-isolation, the success rate of PVI, AF recurrence, and complications in the CB3 and CB4 were not significantly different compared with the CB2.



Conclusion: These findings demonstrated that the CB3 and CB4 tended to be more effective than the CB2 in the treatment of AF, with shorter procedure times, more PVI recording, and similar safety endpoints.
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1 Introduction

Atrial fibrillation (AF) is the most common type of arrhythmia, which is characterized by a rapid and irregular heart rate and loss of effective systolic function (1). The incidence and prevalence of AF have increased steadily over the past two decades, and it is estimated to affect more than 30 million people worldwide (2). The increased incidence of AF is strongly associated with hypertension, diabetes, coronary artery disease, and congenital heart disease. The wider use of more sensitive methods of rhythm monitoring has allowed the earlier detection of arrhythmia (3). In addition, the Framingham Heart Study indicated that AF increases the risk of developing stroke, heart failure, and all-cause mortality in the community, and was related to impaired cognitive function and longitudinal cognitive decline (4). Therefore, the research and development of new drugs and treatments for AF are still needed.

With the maturation and widespread use of cardiac electrophysiology, pulmonary vein isolation (PVI) has proven to be an effective measure in the treatment of AF, and it is still the cornerstone of catheter ablation for all types of AF. At present, the guidelines recommend that patients with symptomatic paroxysmal or persistent AF who are refractory to or intolerant of anti-arrhythmic medications should be treated with catheter ablation (5). Catheter ablation significantly decreases the risk of death, stroke, and hospitalization compared with anti-arrhythmic drugs or rate control drug therapy alone (6). Catheter ablation is a minimally invasive intervention that includes radiofrequency ablation, cryoballoon ablation (CBA), and pulsed field ablation. A previous study showed that the first-generation and second-generation cryoballoons significantly reduced procedural time and major complications compared with radiofrequency ablation (7). Furthermore, patients treated with the second-generation cryoballoon (CB2; Arctic Front Advance, Medtronic, Minneapolis, MN, USA) had less procedure time, less fluoroscopic time, and fewer incidences of AF recrudescence, as well as fewer complications compared with the first-generation cryoballoon (8). With the rapid development of CBA, third-generation cryoballoon (CB3; Arctic Front Advance ST, Medtronic, Minneapolis, MN, USA) and fourth-generation cryoballoon (CB4; Arctic Front Advance PRO, Medtronic, Minnesota, MN, USA) have been used in the clinical treatment of AF. Several centers have published their initial clinical experience with the CB3 or CB4 cryoablation system and compared them with the CB2. However, despite that, several studies that evaluated the safety or efficacy of CB3 or CB4 ablation, some of its indicators were still inconclusive. For instance, compared with the CB2, the CB3 better evaluates the time of PVI and shortens the fluoroscopy time and total procedure time (9). By contrast, several other investigations showed that the CB3 did not shorten the fluoroscopy time and total procedure time in AF ablation (10, 11). Furthermore, similar inconsistent conclusions were observed in previous studies comparing the safety and efficacy of the CB4 and CB2 (12, 13). Consequently, it is still necessary to comprehensively explore the impact of the efficacy and safety indexes in AF patients after CB3 or CB4 ablation. However, no such investigation has been conducted as far as we know.

Based on this background, we herein performed a meta-analysis that synthesized the results from all the available research to assess the safety and efficacy of CB3 and CB4 therapy for AF patients in the hope of providing a basis for the selection of patients and clinical application.



2 Methods


2.1 Literature search strategy

The systematic literature search was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Supplementary Table S1). Scientific databases (PubMed, Cochrane Library, Web of Science, China National Knowledge Infrastructure, Wanfang Database and China Science and Technology Journal Database, and Clinicaltrials.gov) were searched from database inception to December 2023 for eligible original studies comparing CB3 vs. CB2 or CB4 vs. CB2 therapy for AF. The search terms “fourth-generation cryoballoon,” “third-generation cryoballoon,” and “atrial fibrillation” were used in the search. No restrictions were applied to regions or languages. In addition, we manually searched the reference lists of all eligible original studies to include any missed relevant articles. The literature search was conducted by M-LZ and CZ independently, and detailed search information is featured in Supplementary Table S2.



2.2 Eligibility criteria

This study included randomized controlled trials (RCTs) and observational studies (cross-sectional, case–control, and cohort studies) that investigated the safety or efficacy of the CB3 or CB4 in comparison with the CB2 in patients with AF. Eligible studies were considered if they met the following PICO (population, intervention, comparison, and outcome) criteria: (1) the participants were AF patients, (2) the interventions were the CB3 or CB4, (3) comparators were the CB2, and (4) the qualified studies reported outcomes of at least one of the following regarding safety or efficacy: procedure time, total cryoablation time, fluoroscopy time, total freezing time, left atrial dwell time, success rates of PV, real-time PV isolations observed, total time-to-isolation (TTI), overall mean nadir temperature, AF recrudescence, pericardial effusion/cardiac tamponade, phrenic nerve palsy (PNP), groin complication, atrioesophageal fistula, symptomatic PV stenosis, and stroke/transient ischemic attack (complication). Animal trials, case reports, books and documents, laboratory studies, review articles, conferences, and abstracts were excluded in the present study.



2.3 Data extraction and study qualitative assessment

J-YP and S-QX independently extracted data from the qualifying studies and any different judgments were resolved by discussion among all researchers. Extracted data included the following information: the name of the first author, publication year, country, study design, detailed information about the generation of the cryoballoon, number of patients, gender, age, body mass index (BMI), left ventricular ejection fraction (LVEF), follow-up time, AF type, number of paroxysmal AFs, left atrium diameter (LAD), diabetes, hypertension, coronary artery disease, stroke/transient ischemic attack (medical history), and above outcomes of safety or efficacy. Incomplete data were not included in the meta-analysis. Meta-analysis was only performed if each type of data appeared more than three times in the eligible studies. The data describing the basic characteristics of the patient were summarized in a table, and the data on the treatment of AF with CBA were summarized for statistical analysis and displayed in the form of a figure.

Because of the observational design of the included studies, the Newcastle-Ottawa Quality Assessment Scale (NOS) was used to evaluate the quality of studies. In addition, the risk of bias in non-randomized studies was assessed by the NOS, a 0–9 star system. High-quality studies with an NOS score ≥5 were identified, and studies with an NOS score <5 were considered as low-quality studies. The NOS score was assessed by two independent researchers.



2.4 Statistical analysis

All statistical analyses were performed using Review Manager software, version 5.3. The 95% confidence interval (95% CI) of the risk ratio or mean difference was used to evaluate the safety and efficacy of CBA in the treatment of AF patients, and P ≤ 0.05 was considered statistically significant. As all included studies were observational designs, all analyses were conducted using a random-effects model. Continuous variables were expressed as mean ± standard deviation (SD), and categorical variables were expressed as n (%); therefore, the weighted mean difference (WMD) and relative risk (RR) were used to combine the effect quantity. Cochran's Q and I2 statistics were used to analyze the heterogeneity. An I2 value of 25% indicated low heterogeneity, 25%–50% indicated medium heterogeneity, and more than 50% indicated high heterogeneity. In addition, we performed sensitivity analysis to explore the sources of heterogeneity and stability of outcomes by successively deleting each study. Funnel plot analysis was used to assess the potential publication bias. The appearance of a symmetrical inverted funnel shape suggested there was no publication bias.




3 Results


3.1 Study characteristics and quality evaluation of the literature

A total of 131 records were identified from the six electronic databases. After excluding 58 articles that were duplicate studies, 32 articles that were not relevant to the purpose of this study were eliminated by title and abstract and 28 articles without relevant data were excluded; 13 articles were finally included in the meta-analysis study (9–21) (Figure 1). All 13 eligible articles were observational studies; no RCT was included. The characteristics of each included original analysis are shown in Table 1. The publications were from 2016 to 2022, most of which were conducted in Europe. Of the 3,281 patients in all the selected studies, 2,039 received the CB2 ablation procedure, 527 received the CB3 ablation procedure, and 715 received the CB4 ablation procedure. The mean age of the patients ranged from 55.5 to 66.8 years. All studies included paroxysmal AF and persistent AF patients and were independently assessed for quality using the NOS. The overall quality of the studies was rated as high quality.
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FIGURE 1
Flow diagram of the included studies. CNKI, China National Knowledge Infrastructure; VIP, China Science and Technology Journal Database.



TABLE 1 Baseline characteristics of the included trials.
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3.2 Meta-analysis


3.2.1 Meta-analysis of the outcomes of procedure time, fluoroscopy time, and the success rate of PVI

Eight and five studies evaluated the total procedure time of the CB3 and CB4 in the treatment of AF, respectively. As shown in Figure 2A, the CB3 had a significantly shorter procedure time than the CB2 (WMD = −8.69 min, 95% CI = −15.45 to −1.94 min, P < 0.01). As significant heterogeneity was observed (I2 = 93%, p < 0.00001), a random-effects model was applied. The CB4 had a significantly shorter procedure time than the CB2 (WMD = 14.50 min, 95% CI = −20.89 to −8.11 min, P < 0.00001). Eight and five studies evaluated the fluoroscopy time of the CB3 and CB4 in the treatment of AF, respectively. In terms of fluoroscopy time (Figure 2B), there was no significant difference between the CB3 and CB2 (WMD = 0.71 min, 95% CI = −1.71 to 3.13 min, p = 0.179), and the CB4 had a significantly shorter fluoroscopy time than the CB2 (WMD = −2.37 min, 95% CI = −4.28 to −0.46 min, P < 0.02). Five and three studies evaluated the success rate of PVI with the CB3 and CB4 in the treatment of AF, respectively. The success rates of PVI with CB3 vs. CB2 and CB4 vs. CB2 were as follows: RR = 1.00, 95% CI = 1.00–1.01 (p = 0.31), and RR = 0.99, 95% CI= 0.96–1.02 (p = 0.34), suggesting that neither the CB3 nor CB4 improved the success rate of PVI (Figure 2C). Although the PVI success rate of the CB3 was not heterogeneous (I2 = 0%, P = 0.76), other studies showed great heterogeneity. The sensitivity analysis showed that there was no study that greatly affected the result of the meta-analysis (Supplementary Table S3).
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FIGURE 2
Forest plot of the outcome of total procedure time, fluoroscopy time, and success rate of PVI. (A) Total procedure time (min). (B) Fluoroscopy time (min). (C) Success rate of PVI. CB2, second-generation cryoballoon; CB3, third-generation cryoballoon; CB4, fourth-generation cryoballoon.




3.2.2 Meta-analysis of the outcome of the real-time PVI recordings

Six separate studies evaluated the PVI recordings of the CB3 and CB4 in the treatment of AF. As shown in Figure 3A, during left superior pulmonary vein (LSPV) ablation, only the use of the CB3 increased the PVI recording compared with the CB2 group (CB3, RR = 1.48, 95% CI = 1.13–1.94, P = 0.004). During left inferior pulmonary vein (LIPV) ablation, the use of the CB3 and CB4 increased the PVI recording compared with the CB2 group (CB3, RR = 1.33, 95% CI = 1.14–1.54, P < 0.001; CB4, RR = 1.32, 95% CI = 1.11–1.58, P = 0.002). During right superior pulmonary vein (RSPV) ablation, the use of the CB3 and CB4 increased the PVI recording compared with the CB2 group (CB3, RR = 1.38, 95% CI = 1.05–1.80, P = 0.007; CB4, RR = 1.39, 95% CI = 1.27–1.57, P = 0.002). During right inferior pulmonary vein (RIPV) ablation, the use of the CB3 and CB4 increased the PVI recording compared with the CB2 group (CB3, RR = 1.43, 95% CI = 1.08–1.90, P = 0.01; CB4, RR = 1.37, 95% CI = 1.10–1.71, P < 0.001). During all PV ablations, the use of the CB3 and CB4 still increased the PVI recording compared with the CB2 group (CB3, RR = 1.24, 95% CI = 1.03–1.49, P < 0.001; CB4, RR = 1.40, 95% CI = 1.15–1.71, P < 0.03). Except for the study of moderate heterogeneity in the LIPV recording of the CB3 (I2 = 34%, P = 0.02) and RSPV recording of the CB4 (I2 = 44%, P < 0.001), other studies showed moderate heterogeneity. The sensitivity analysis showed that LIPV recording of heterogeneity in the CB4 group was significantly reduced after deleting the Moltrasio et al. (20) study (I2 = 48%, P = 0.11). In addition, RSPV recording of heterogeneity in the CB4 group was reduced after deleting the Rottner et al. (13) (I2 = 30%, P = 0.22) or Manfrin et al. (19) (I2 = 0%, P = 0.52) studies (Supplementary Table S3). This indicated that heterogeneity might be derived from the above studies.
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FIGURE 3
Forest plot of the outcome of real-time PVI recordings. (A) Real-time PVI recordings of CB3 vs. CB2. (B) Real-time PVI recordings of CB4 vs. CB2. CB2, second-generation cryoballoon; CB3, third-generation cryoballoon; CB4, fourth-generation cryoballoon.




3.2.3 Meta-analysis of the outcome of the TTI

Five and six separate studies evaluated the TTI of the CB3 and CB4 in the treatment of AF. The TTI results per individual PV ablation data per individual PV is summarized in Figure 4. The results showed that in the CB3 group, the TTI LSPV was greater than that in the CB2 group (WMD = 2.97 min, 95% CI = 0.03–5.91 min, P = 0.05), and there was lower heterogeneity in the results (I2 = 6%, P = 0.37). The results showed that in the CB4 group, the TTI LIPV was shorter than that in the CB2 group (WMD = −4.31 min, 95% CI = −7.15 to −1.47 min, P = 0.003), and there was no heterogeneity in the results (I2 = 0%, P = 0.003). Conversely, there were no discernible differences in the duration of the TTI LIPV, TTI RSPV, or TTI RIPV between the CB3 and CB2. Moreover, TTI was also similar between the CB3 and CB2. The sensitivity analysis demonstrated that the TTI RIPV in studies of the CB3 vs. CB2 group showed a positive result after eliminating Iacopino et al. (WMD = 3.09 min, 95% CI = 0.41–5.76 min, P = 0.02) (11). The results of TTI LIPV in the CB4 vs. CB2 study was positive after excluding Iacopino et al. (11) (WMD = −4.16 min, 95% CI = −7.11 to −1.21 min, P = 0.006), Manfrin et al. (19) (WMD = −4.53 min, 95% CI = −7.58 to −1.48 min, P = 0.004), Miyazaki et al. (21) (WMD = −4.75 min, 95% CI = −8.20 to −1.30 min, P = 0.007), and Moltrasio et al. (20) (WMD = −4.56 min, 95% CI = −7.51 to −1.62 min, P = 0.02) in turn (Supplementary Table S3).


[image: Figure 4]
FIGURE 4
Forest plot of the outcome of TTI. (A) TTI of CB3 vs. CB2 (min). (B) TTI of CB4 vs. CB2 (min). TTI, time-to-isolation; CB2, second-generation cryoballoon; CB3, third-generation cryoballoon; CB4, fourth-generation cryoballoon.




3.2.4 Meta-analysis of the outcome of the mean nadir temperature

Six and five separate studies evaluated the mean nadir temperature of the CB3 and CB4 in the treatment of AF. Mean nadir temperature results per individual PV ablation data per individual PV are summarized in Figure 5. As shown in the CB3 vs. CB2 study, the mean nadir temperature was significantly more prevalent in the CB3 group compared with the CB2 group. Applying a TTI-guided ablation strategy, the mean nadir temperature was noted for the CB3 targeting the LSPV (WMD = 3.13℃, 95% CI = 0.00℃–6.26℃, P = 0.05), the CB3 targeting the LIPV (WMD = 3.71℃, 95% CI = 1.37℃–6.04℃, p = 0.002), the CB3 targeting the RSPV (WMD = 3.98℃, 95% CI = 1.38℃–6.59℃, P = 0.003), the CB3 targeting the RIPV (WMD = 3.11℃, 95% CI = 0.60℃–5.61℃, P = 0.02), and the CB3 targeting the overall PVs (WMD = 2.80℃, 95% CI = 1.08℃–4.51℃, P = 0.001). As shown in the CB4 vs. CB2 study, the mean nadir temperature was not significantly more prevalent in the CB4 group compared with the CB2 group, and no difference was found for the other PVs. The sensitivity analysis showed that the overall mean nadir temperature in studies of the CB3 vs. CB2 group was significantly reduced after eliminating the Aryana et al. (9) study (I2 = 35%, P = 0.19) (Supplementary Table S3). This indicated that heterogeneity might be derived from this study.
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FIGURE 5
Forest plot of the outcome of mean nadir temperature. (A) Mean nadir temperature of CB3 vs. CB2 (°C). (B) Mean nadir temperature of CB4 vs. CB2 (°C). TTI, time-to-isolation; CB2, second-generation cryoballoon; CB3, third-generation cryoballoon; CB4, fourth-generation cryoballoon.




3.2.5 Meta-analysis of the outcome of the AF recrudescence and complications

As shown in Figure 6, compared with the CB2 group, PVI using CB3 or CB4 did not show fewer AF recurrences, pericardial effusion/cardiac tamponade as well as PNP at follow-up time (P > 0.05). There was no heterogeneity among the studies mentioned above. In addition, the rate of other serious adverse events in our series was considerably low. Groin complications only occurred in two patients in the CB3 group, one patient in the CB4 group, and eight patients in the CB2 group. One patient in each CB2 group developed atrioesophageal fistula and stroke/transient ischemic attack. No symptomatic PV stenosis occurred. Sensitivity analysis showed that no single study had a significant impact on the results of the meta-analysis (Supplementary Table S3).
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FIGURE 6
Forest plot of the outcome of AF recrudescence and complications. (A) AF recurrence. (B) Pericardial effusion/cardiac tamponade. (C) PNP. AF, atrial fibrillation; PNP, phrenic nerve palsy; CB2, second-generation cryoballoon; CB3, third-generation cryoballoon; CB4, fourth-generation cryoballoon.




3.2.6 Analysis of publication bias

The risk of publication bias was evaluated using a funnel plot (Supplementary Figures S1 and S2) with regard to the outcomes of TTI LIPV, mean nadir temperature LSPV, and overall mean nadir temperature in CB3 research. No evidence of potential publication bias was revealed for outcomes in CB3 and CB4 research.





4 Discussion

This meta-analysis investigated the safety and efficacy of the CB3 or CB4 compared with the CB2 for PVI in AF patients. The main findings were as follows: (1) the CB3 and CB4 were safe and efficacious in PVI for the treatment of AF; (2) CB3 or CB4 ablation did not reduce the risk of AF recrudescence and complications, including PNP and pericardial effusion/pericardial tamponade; (3) and the use of the CB3 seemed to reduce the total procedure time, increase the PVI recording, and increase the mean minimum temperature, and the use of the CB4 reduced the total procedure time and fluoroscopy time, and increased PVI recording. In this regard, the findings of the present meta-analysis provided relatively more comprehensive evidence that might be used to inform further clinical decision-making in the treatment of AF ablation.

This study showed that the total procedure times of the CB3 and CB4 groups were shorter than those of the CB2 group. The possible explanation for this is that the advanced design of the CB3 and CB4 groups improved contact with the PV sinus, resulting in faster PVI. Our study found that real-time recording of PV isolation was possible at much higher rates with the CB3 or CB4 compared with the CB2 group. A high live PV signal rate during ablation led to better outcomes, which prevented edema formation, avoided overtreatment when electrical isolation was achieved, and reduced the risk of imperfect lesion formation caused by an ineffective freeze cycle (22). TTI was an important predictor of AF recurrence, and rapid TTI within 60 s was also confirmed to indicate long-lasting isolation (23). However, the sensitivity analysis showed that the results of TTI RIPV in the CB3 vs. CB2 group and TTI LIPV in the CB4 vs. CB2 group were unstable after excluding some studies. Therefore, the TTI of the CB3 or CB4 still needs to be further elucidated. However, excessive ablation may lead to the formation of lesions in the lungs or esophagus. The visibility of potential recordings from the PV is crucial in this context (24). The distal tips of the CB3 and CB4 were 40% shorter than that of the CB2 (14 vs. 8 mm, respectively), which has greatly shortened the distance between the ablation site and the inner lumen mapping catheter position (25, 26). Therefore, it promoted the operability of the catheter and increased the possibility of venous signal recording during ablation. This meta-analysis demonstrated that CB3 exhibited higher temperatures and offered improved safety during ablation. The balloon temperature played a pivotal role in predicting PV reconnection during the index procedure and AF recurrence following CBA (27). In cases in which TTI cannot be recorded, temperature can be used as a reliable measure to evaluate the effectiveness of PVI. However, it is important to consider the impact of temperature on the safety of cryoablation. If the freezing temperature was too low, it might result in damage to the extrapulmonary vein tissue and increase the risk of complications. Hence, the surgical operator would strengthen the standardized training to improve the safety and success rate of the AF ablation. We also noted a new cryoballoon, the POLARx (Boston Scientific, St. Paul, MN, USA), which was technically modified to improve patient outcomes. The multiple previous studies (28–30) proved that the novel POLARx cryoablation showed similar safety and efficacy to the CB4, even showing a higher rate of real-time PV recordings and lower balloon temperature in the Heeger et al. (28) study. Moreover, the balloon diameter of the POLARx FIT system would be expanded from 28 to 31 mm, which improved the ablation area including the pulmonary vein protuberance, and is comparable with the existing POLARx system for AF treatment (31).

With the CBA procedure, freedom from recrudescence was often the most important measurement of its efficacy. AF, atrial flutter, or atrial tachycardia that occurred 3 months after ablation and lasted longer than 30 s was considered as AF recurrence. A previous study showed that anti-arrhythmic drug therapy decreased from 71.7% before CB2 ablation to 33.6% post-ablation, and the freedom from symptomatic AF recurrence was 78% for paroxysmal AF and 77% for persistent AF (32). Our study proved that a follow-up time recrudescence rate of PVI using the CB3 was not higher than the success rates of CB2. The AF recurrence data of the CB4 were insufficient to conduct a meta-analysis but a previous study of the CB4 demonstrated a significant reduction in the recurrence rate of AF among patients treated with CB4 PVI during the 12-month follow-up (19). Our study indicated that the complication rate of the CB3 or CB4 was very low, demonstrating the safety of the procedure, especially for pericardial effusion/cardiac tamponade, PNP, groin complications, atrioesophageal fistula, stroke/transient ischemic attack, and symptomatic PV stenosis. Improper operation of the cryoballoon in the left atrium might lead to left atrial perforation or laceration leading to pericardial tamponade, but the probability of cardiac tamponade in CBA was low. Only one patient and two patients in the CB4 and CB2 had pericardial effusion or pericardial tamponade, respectively (19). Pericardial effusion/cardiac tamponade is a common complication associated with this procedure. Asymptomatic pericardial effusion/cardiac tamponade can be identified through a basic echocardiographical examination. Fortunately, it was demonstrated that pericardial effusion/cardiac tamponade after AF ablation was mainly mild, and most clinical outcomes were benign (33). In our population, approximately 1.1% and 2.0% of patients developed PNP after receiving CB3 and CB4 ablation, respectively. PNP was a common complication that could occur during PVI using the cryoballoon and had the potential to negate the clinical benefits of a restored sinus rhythm. Mild PNP is asymptomatic; patients with severe PNP may present with clinical signs such as dyspnea and shortness of breath with activity. Although most patients would recover during postoperative follow-up, the prevention of PNP was still the focus of CBA in the treatment of AF. The distance between the ablation site and the phrenic nerve was also an important factor in PNP occurrence during catheter ablation (34). Female gender and a lower BMI might be independent predictors of non-transient PNP, and hence diaphragmatic compound motor action potentials should be monitored in this patient population (35, 36). Furthermore, previous studies reported that the application of the intracardiac echocardiography technique reduces the risk of freezing greatly in the vein and the risk of PNP by providing confirmation of the correct positioning of the balloon (37).

It should be mentioned that a certain degree of heterogeneity between the pooled studies was observed in the present study. Several factors may have contributed to this heterogeneity. First, all the data used to evaluate the safety and efficacy of CBA were derived from retrospective rather than randomized studies. The final outcomes were vulnerable to unmeasured unnoticed biases and confounding, even after complex statistical adjustments. Therefore, large-scale double-blind randomization trials are greatly warranted to further verify our results and confirm the safety and efficacy of CBA. Second, safety and efficacy were less exactly defined due to the BMI, LVEF, follow-up time, and history-taking paucity of some data in the literature. The follow-up time in the original studies was also different. Presently, early recurrences of atrial tachyarrhythmias within a blanking period would not be considered when evaluating AF recurrence (38), given the fact that inflammation was one of the reasons for the early recurrence of AF after CBA. Moreover, this meta-analysis did not advance to PROSPERO registration. Finally, the sample size was still relatively small and may not be powered to precisely estimate the clinical outcomes. More studies with larger sample sizes are hence suggested to offer a more representative analysis. These limitations should be noted and addressed in future clinical investigations.



5 Conclusions

Our meta-analysis demonstrated a greater improvement in total procedure time, PVI recording, mean nadir temperature for AF patients referred for the CB3, and total procedure time, fluoroscopy time, and PVI recording for the CB4 compared with the CB2. However, it should be noted that the TTI, success rate of PVI, AF recurrence, and complications in the CB3 and CB4 were comparable with the CB2. In this regard, we recommend that large prospective randomized controlled studies should be performed in the future to validate our results.
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Variants
Gender

Odds ratio

Univariate analysis

95% Cl
0221-2579

P-value

Odds ratio

Multivariate analysis

95% Cl

P-value

Age

0356-3.676

Duration of atrial fibrillation

0.123-1.25

LA diameter

0.005-0.691

0.004-0.892

Hypertension

0.181-1.840

Diabetes

1.055-1212

Smoke

0215-2252

Drink

0.432-28.133

VOM-Et

1.893-27.601

1.581-28.785
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Characteristic RF (n=46) | VOM-Et-RF
[Number (%) (n=72)
ormean | [Number (%)
SD] or
mean + SD]

Age (y) 6267 +8.7 6431 £83
Male sex | 30652 48 (66.6)

Medical history and risk factors

Hypertension 25 (54.3) 63 (87.5)
Diabetes 4(87) 8(1L1)
Coronary disease 122 2(28)
Stroke/TIA 0(0) 0
Heart failure 0(0) 0(0)
Body mass index (kg/m’) 2493428 251334
CHA2DS2-VASc score 148107 165+126
Cardiac
Ejection fraction (%) 585285 5692+80
Left atrial diameter (mm) 436156 4364+52
Time from first AF diagnosis

<3 year
>3 year
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Subgroup Study Pfor

factors number Pvalue interaction RR (95% CI)

Study design

Multi-center 5 0.571 0.274 =S %0853

Single-center ] 0.042 —— 0.70 (0.49. 0.99

Follow-up (months .

>12 8 0.085 0.605 —== 0.78 50.59. 1 ,03;

<=12 3 0211 ——e——1—  064(0.32; 1:29|

Sample size

>10 3 0.789 0.229 —=—— 095 Eo.ss. 1.37

<=100 1 0.030 —_— 0.71 (0.51. 0.97

Male proportion

<60 6 0.759 0.074 ——=—— 094 Eom. 1 .43;

>=60 6 0.005 —_— 0.54 (0.35. 0.83

Age cutoff 2

>265 6 0.642 0.090 —st— 091 50.51. 1 .36{

<65 6 0.006 —_— 0.54 (0.35. 0.84

HT proportion .

<60 6 0.003 0.043 «———— 0.48 82939

>=60 5 0.549 —==1—  0:89(0.60.1.31

PAF proportion

100 4 0.045 0.302 ————————— 054 Eo 30. 0.953

<100 8 0.148 — 0.78 (0.55. 1.09

LAD (mm .

>40 7 0.139 0.944 — 076 20.54. 1 .os;

<=40 4 0327 —=— 1 0.75(0.41.134

Freeze strategy i 12

Single-shot 6 0915 0.051 . ——— 102 5012. 1 .43;

TTl-guided 8 0.007 _— 0.63 (0.45. 0.88
T T

0.3 1.5
Favours single-shot technique Risk Ratio Favous standard technique





OPS/images/fcvm-10-1195492/fcvm-10-1195492-t001.jpg
First author,
year,
reference

Ferrero-2021

Study
design

Prospective
study

Center

Multicenter
center

Sample size

Single-
shot
technique

Standard
technique

Gender (male %)

Single-
shot
technique

Standard
technique

Age

Single-
shot
technique
NA

Standard
technique

NA

Hypertension (%

Single-
shot
technique

Standard
technique

Paroxysmal AF (%)

Single-
shot
technique

Standard
technique

D (mm)

Single-
shot
technique

Standard
technique

Bianchini- 2021

Retrospective
study

Single center

669118

676125

Heeger-2- 2020

Retrospective
study

Multicenter
center

66

64

Cordes-2019

Prospective
study

Single center

58

60

Miyamoto 2019

Prospective
study

Multicenter
center study

631118

640110

377

386

Koektuerk-2019

Retrospective
study

Single center
study

6110

64210

32585

31194

Vallés-2018

Retrospective
study

Single center
study

55.7+87

538102

41666

417257

Yoshiga-2019

Retrospective
study

Single center
study

65.1+100

67.5-83

39.0+56

387:55

Pott-2018

Retrospective
study

Single center
study

650109

653113

4557

4326

Rottner-2018

Retrospective
study

Multicenter
center study

NA

NA

NA

Stroker-2018

Retrospective
study

Multicenter
center study

59+12

60=11

Mortsell- 2018

Prospective

study

Single center
study

619+908

683100

Aryana-2017

Prospective
study

Multicenter
center study

Chun-2016

Prospective
study

Single center
study

Ekizler-2017

Retrospective
study

Single center
study

58 (48-67)

62 (49-68)

39 (36-42)

‘Tebbenjohanns-
2016

Retrospective
study

Single center
study

66+ 10

Heeger 1

Retrospective
study

Single center
study

61+11
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Ferrero et al.-2021

Freeze-protocol

Single-shot techniqu

eryoapplications duration was
180 or 240s

standard
technique
an extra application of
cryothermia was carried
out after the application
that had blocked the
pulmonary vein.

Total procedure time
{min)

Single-shot
technique
1118+ 4055

standard
technique
1156+42.12

Freeze-time (min)

Single-shot
technique

standard
technique

Follow-up
(months)

Bianchini et al.-

TTI<75"Single 240 s
application, no bonus freeze;
TTI >75",120 s bonus freeze

TTI< 75" Double 240 s
application, no bonus.

freeze; TTI > 75%,180 s
bonus freeze

56.7+154

59.7+16.7

Not mentioned

Heeger-2 et al.-
2020

TTI +120s, If no real-time PV
signal recording could be
obtained, an empiric freeze cycle
duration of 180 s was applied.

comprised a fixed
freeze-cycle duration of
240’5, followed by an
additional bonus-freeze
of 240 s after successful
PVI

86.67 284

1234315

Not mentioned

Cordes et al. 2019

TTI +120 s per vein or single
180's in case TTI could not be
measured; if TTT >90 s, applica
tion aborted

2180 per pulmonary
vein

3 and 6 months

Miyamoto et al.-
2019

Single 180 s application

an additional 3-minute
freeze cycle was applied
1o each PV after
achieving PVI

156+ 44

15541

24742

12-month

Koektuerk-2019

Single 240 s application

Two 240 s applications.

718228

102+238

NA

NA

1,3,6,12 months

Vallés-2018

Double factor protocol (DEP):
patients received one shot plus a
bonus shot conditional to TTE
and minT: TTT<605s +

T < - 50% 60sTTI<60s+
T<-40°C:180 s TT1<605+
T>— 40°C: 1805 + 90-180 s
TTI>60'5: 1805 +90-180 5
T<— 40°C: 1805 T > —40°C:
1805 +180 s

‘patients received at least
two shots of 180 s per
vein.

119.8+28

1346337

17558

246+62

Patients had follow-up
at 1, 3, and 6 months
after the procedure and
every 6 months
thereafter.

Yoshiga-2019

Single 180 s application

Afier a successful PVI
one additional bonus
freeze-cycle of a 120-s
duration was applied

1,3,6,12 months

Pott-2018

TTI <30 s, application 120 5; TTI
30- 605, single application 180 s;
TTI >60 5, 180 s application +
180 s bonus; no TTI recording,
single 180 s application

Two 240 s applications.

858273

1157 £27.1

142251

33544

12 lead rest-ECG, and
7-day-Holter-
monitoring at 1, 3, and
6 months after the
procedure and
thereafter every 6
months

Rotner 2018

Afier documentation of PVI the
freeze cycle was prolonged for
additional 120 s. If no real-time
PV signal recording could be
oblained, a standard freeze-cycle
of 180's was applied. No bonus
freeze cycle was applied

Two 240 s applications

86.8+26.1

1435228

16267

245456

Not mentioned

Striker 2018

Single 180/240 s application, give
a second cryoapplication if:
temperature >~40°C within
1 min or no PVI or early

PV

1-2 bonus application
(s) (240 /180 5) after
PVI

106 =25

1, 3, and 6 months,
and every 6 months

Mortsell- 2018

Single 240 s application; either
TTI o temp. <=40°C within
1205

Two 240 s applications

99.4+333

1184343

at 3, 6, and 12 months

Aryana-2017

TI< 60 s,0ne application; TTI +
120'5; TT160-90 s, one
application TTI + 120 s and
bonus 120 5; TTI >90s,
application aborted; no TT PVI,
180 s application plus 120 5
bonus

2-3 applications lasting
2-4 min

at 6-weeks, at 3,6, 9 or
12 months

Chun-2016

TTI <75 s o within 25 s after a
‘pull down, application 240 ; TTI
>75 s or not recorded,
application 240 s and 240 s
bonus

Two 240 s applications.

at 3, 6 and 12 months

Ekizler-2017

Single application 240 s

Two 240 s applications

67107

836106

at 1, 3,6, 12 months,

“Tebbenjohanns-
2016

a freeze cycle of 240 s was
applied, adenosine challenge

Two 240 s applications

7812

9312

177229

288+56

at3, 6,12, and 18
months

Heeger 1

Single 240's application

1 bonus 240's applica
tion after PVI

1138+32

1382429

NA

NA

at 3, 6, 12 months and
in 6-months intervals
thereafter
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Author

Ferrero

Cordes
Miyamoto
Koektuerk
Valles

Yoshiga

Pott

Stroker
Mortsell
Aryana

Chun

Ekizler
Tebbenjohanns
Heeger
Overall, MH

(¥ =0.0%, p = 0.878)

Single-shot
Technique
Year n/N

2021 530/679

2019 28/29
2019 49/55
2019 49/75
2018 69/88
2019 51/67
2017 74/100
2017 182/256
2018 51/69
2017 293/355
2016 44/50
2017 46/56
2015 43/53
2016 41/58

1550/1990

Standard
Technique
n/N

438/553 —
21/25 —
48/55 —
67/92€¢—+—
55/69 —=
26/33€¢——=

76/100 ———=

189/256 —=
50/70 ——

313/400 1
41/50 —
67/80 ——=

110/139 ——
42/59€—=
1543/1981

Risk Ratio
(95% ClI)

0.99 (0.93,
1.15 (0.96,
1.02 (0.89,
0.90 (0.73,
0.98 (0.84,
0.97 (0.77,
0.97 (0.83,
0.96 (0.87,
1.03 (0.84,
1.05 (0.98,
1.07 (0.91,
0.98 (0.84,
1.03 (0.88,
0.99 (0.79,
1.00 (0.97,

T

S o e Gy i ) SR

.04)
.38)
A7)
.10)
.16)
21)
14)
.07)
27)
A13)
27)
.15)
.20)
.25)
.03)

%
Weight

31.81
1.49
3.16
3.97
4.06

T

T

0.8 1.3
Favours single-shot technique Risk Ratio Favous standard technique
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Author

Ferrero
Bianchini
Heeger
Miyamoto
Valles

Yoshiga

Pott

Rottner
Mortsell
Aryana

Chun

Ekizler
Tebbenjohanns
Heeger
Overall, MH
(= 36.9%, p = 0.081)

Year

2021
2021
2020
2019
2018
2019
2017
2017
2018
2017
2016
2017
2015
2016

Single-shot  Standard

Technique Technique Risk Ratio
n/N n/N (95% Cl)
45/679 32/553 g 1.15(0.74, 1.78)
13/80 5/80 | —=> 2.60(0.97, 6.95)
6/94 3/31 ———=——  0.66(0.18,248)
8/56 10/56 e 0.80 (0.34, 1.88)
6/88 13/69 —=—- 0.36 (0.15, 0.90)
4/67 2/33 ———4——> 0.99(0.19, 5.11)
12/100 17/100 —= 0.71(0.36, 1.40)
13/352 5/59 —&—1 0.44 (0.16, 1.18)
2/69 9/70<——— 0.23 (0.05, 1.01)
7/355 11/400 0.72 (0.28, 1.83)
3/50 9/50 0.33(0.10, 1.16)
1/56 7/80<—= 0.20 (0.03, 1.61)
4/50 10/139 — 1.11(0.37, 3.39)
4/58 2/59 ——1—+—> 2.03(0.39, 10.68)
128/2154  135/1779 < 0.80 (0.63, 1.02)

%
Weight

25.39
3.60
3.25
7.20

10.49
1.93

12.24
6.17
6.43
7.45
6.48
4.15
3.81
1.43

100.00

0.1 4
Favours single-shot technique  Risk Ratio Favous standard technique
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Study 1D Population Follow-up Anticoagulants Dementia

Course (year) ascertainment

Cobas Paz | Spain Common population X VKA/DOAC vs. OAC | RGDS (5-7) Retrospective
etal. (18) withdrawal

Orkaby et al. | US. Veterans 1215 40 VKA vs. OAC withdrawal | ICD-9 code Retrospective
®)

Ouellet 2022 | US. Nursing home residents 14877 10 VKA/DOAC vs. OAC | CPS (5-6) Retrospective
a7 withdrawal

Subicetal | Sweden | Common population 5121 17 VKA vs. OAC withdrawal | ICD-10 code Retrospective
@)

Wangetal | US. Patients with contraindications to 528 20 VKA/DOAC vs. OAC | MoCA (<23) Retrospective
2023 (9) were excluded withdrawal

Fanning et al. | UK. Common population 2399 08 DOAC vs. VKA Not mentioned Retrospective
(16)

Lin etal. (15) | US. Common population 40350 05 DOAC vs. VKA 1CD-9/10 code Retrospective

VKA, Vitamin K antagonist: DOAC, direct oral anticoagulants; RGDS, Reisberg Global Deterioration Scale; CPS, Cognitive Performance Scale; ICD, International
Classification of Diseases: MoCA, Montreal Cognitive Assessment.
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Study ID Diabetes, | Hypertension, Ischemic Heart CHA2DS2-VASc |  eGFR, ml/
% stroke, % failure, % score min/1.73 m2

Cobas Pazetal. (18) 5922186

Orkaby et al. (8) 795 14 152 95.0 255 592 - 260 (56.4%)
30-59 (39.9%)

<30 (9.7%)
Ouellet 2022 280 720 380 897 552 25 6192158 -
(82.7%)

Subic et al. (7) 817 472 194 628 372 = =

Wang et al. 2023 75.5 499 278 2.9 372 443 705

Fanning et al. (16) 82 54 22 683 136 40 (30-5.0) -

Lin et al. (15) 8284 595 429 922 835 5.79=1.60 -

eGFR, estimated glomerular filtration rate.

~*, baseline data was not mentioned in the original articles.
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Predictor of Active Driver

during ablation

(Multivariate)

ACI of the treated atrial zone <70 ms 4.02 1.49- 0.006*
1084

Number of other atrial zones with 432 1.33- 0.015*

similar or lower ACI than the treated 14.05

zone <2

Order of the treated atrial zone during 1.06 0.82- 0.652

the ablation procedure 137

Surface of the treated LA zone (cm”) 076 0.62- 0009
095

sclariotes statisiical sionificance (< 0:05),
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AF duration (months)

AF
termination
(n=19)

9 (6-258)

No AF
termination
(n=10)
30 (923-48)

p-value

Left atrial volume (ml)

143 (138-176)

193 (149-230)

AF cycle length in left atrial
appendage (ms)

187 (163-197)

177 (160-188)

Number of left atrial zones
with dispersion-
fragmentation

6(-7)

5(33-67)

Total left atrial surface with
dispersion-fragmentation (cm?)

206 (158-27.2)

213 (115-304)

08291

AF dominant frequency in
ECG (Hz)

537 (5.13-6.1)

6.1 (56-66)

0.042%

Mean ACI of all dispersion-
fragmentation zones (ms)

824 (74.4-985)

713 (67.5-77.8)

00126*

ACI of the fastest dispersion-
fragmentation zone (ms)

715 (62.3-80.0)

667 (63.9-73.6)

05328

Number of atrial zones with
similar ACI than the fastest
dispersion.-fragmentation
zone

0(0-1)

2(0-4)

00141%

Mean difference between
fastest ACI zone and other
dispersion.-fragmentation
zones (ms)

152 (11.6-209)

7.6 (39-13.5)

sdenotes statistical siorificance (o< 0:05)
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Predictor of AF termination | Odds | 95%
during ablation procedure ratio Cl (Multivariate)

AF duration <12 months

Left atrial volume <175 ml

AF dominant frequency in ECG < 6 Hz
Mean ACI of all fragmentation-
dispersion zones >75 ms

scenotes statistical Sonificarice {b-<0.05).
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AF duration (months)

No AF
recurrence
(n=27)
12 (6-27.3)

AF
recurrence
(n=2)
72 (48-96)

p-value

0.0221%

Left atrial volume (ml)

165 (141-177)

238 (226-251)

0.0252"

AF cycle length in left atrial
appendage (ms)
Number of left atrial zones with

dispersion-fragmentation

185 (169.5-190)

5(5-6)

1635 (157-170)

7(6-7)

02646

02514

Total left atrial surface with
dispersion-fragmentation (cm?)

213 (16.1-26.7)

285 (17.8-39.2)

03722

AF termination during ablation
procedure (; %)

19727 (70%)

072 (0%)

0.043*

AF dominant frequency in
ECG (Hz)

562 (5.24-6.09)

6.53 (647-6.59)

0.0371%

Mean ACI of all dispersion-
fragmentation zones (ms)

757 (718-915)

68.1 (67.2-69)

00901

ACI of the fastest dispersion-
zone (ms)

683 (65.0-75.8)

64.2 63.5-65.0)

03261

Number of atrial zones with
similar ACI than the fastest
dispersion-fragmentation zone

1(0-1)

4(3-4)

0.021

Mean difference between fastest
ACI zone and other dispersion-
zones (ms)

139 (109-167)

5.9 (47-72)

Scenotes statistical sionificance {p:<D.05):
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Age (y)

679292

Female gender (n; %)

8129; 27.6%

AF duration (months)

217204

Left atrial volume (ml)

169.7 =37.1

AF cycle length in LAA (ms)

1804 =243

Number of LA dispersion-fragmentation zones per patient (r)

5515

Total LA surface of dispersi ion zones (cm®)

21387

Total LA surface of dispersion-fragmentation zones/Total LA surface
(%)

8936

Right pulmonary vein ostium dispersion-fragmentation zone (r; %)

26129
89.7%

Left pulmonary vein ostium dispersion-fragmentation zone (; %)

26129
89.7%

Anterior dispersion-fragmentation zone (; %)

21129
724%

Left atrial appendage ostium dispersion-fragmentation zone (r; %)

1329
44.8%

Roof dispersion.fragmentation zone (r; %)

1929;
65.5%

Septal dispersion-fragmentation zones (r; %)

19/29;
65.5%

Floor dispersion-fragmentation zones (r; %)

61295 207%

Lateral mitral isthmus dispersi ion zones (1; %)

8129; 27.6%

Basal AF dominant frequency (Hz)

531072

AF termination during radiofrequency ablation procedure (; %)

19/29;
65.5%

Follow-up duration (months)

23398

AF recurrence (1; %)

2/29; 6.9%

Recurrence of any atrial arrhythmia (r; %)

13/29;
448%

Follow-up duration to any atrial arrhythmia recurrence (months)

4.0 (3.0-62)
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Author Design | Group Age (y) BMI | CHA2DS2-VASc | HAS-BLED Composite Stroke Major All-cause Follow-up

score SCOl endpoints (n) (n) bleeding (n) mortality (n) (m)

Butt 2021 | White | RC | NOACs 219 83012 | 539 NA 0% 1. 34109 NA 8 n 15 12010
VKAs 516 8013 | 537 9+ 1. 33+10 14 2 54 27410

Collet 2018 | White | RCT | NOACs 223 823=61 | 498 | 28364 47214 NA 49 23 n 2 120
VKAs 228 825263 | 548 4614 50 7 7 2

Didier 2021 | White | RC | NOAGs| 1378 526 NA NA NA 29 55 161
VKAs 1,093 519 37 91 263

Geis 2018 | White | RC | NOACs 154 494 46+12 27408 17 5 3 12
VKAs 172 453 48+13 29+08 14 2 3 1

Jochheim 2019 | White | PC | NOAGs 32 479 NA NA 6 10 9 47 120
VKAs 636 473 87 13 146 70

Kalogeras 2020 | White | RC | NOACs 15 59.1 NA NA 13 NA 7 13 151238
VKAs 102 578 16 4 16

Kawashima | 2020 | Asian PC | NOACs 227 304 26408 23 NA NA 23 190225
VKAs 176 369 29409 41 41

Kosmidou | 2019 | White | RC | NOAGs 155 656 NA 39 12 8 33 336+36
VKAs 778 234 4 3 207

Mangner 2019 | White | RC | NOACs 182 800 489 2.7 57 3307 2 2 20 1 10
VKAs 17 479 278 2 2 14 4

Montalescot | 2022 | Multiple | RCT | NOACs 370 815261 | 541 | 274254 43:14 NA 35 31 92 32 120
VKAs 392 823263 27147 44214 27 23 91 25

Seeger 2017 | White | PC | NOACs 141 821253 | 496 | 272242 50+12 32:11 2 1 NA 19 120
VKAs 131 805263 | 519 | 274251 49+11 31t11 9 1 6

Tanawuttiwat | 2022 | Multiple| RC | NOACs | 8127 830 569 27.6 30 NA 204 204 967 1284 120
VKAs 13,004 840 566 275 308 308 1951 2,367

Van 2021 | Multiple|  RCT | NOACs 713 821=54 | 513 | 275257 45214 NA 170 29 98 85 185

Mieghem VKAs 713 821+55 | 536 |279+54 45+13 157 35 68 93 17.7

RC reifospactive cohart: RCT: randoried contiolled trial PC. trcspaciive cohiort: NORCE riovl oval aticosgulints: VIS, vitarin K antagoniste: NA hot saplicabls
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Collet Didier Geis Jochheim

VKAs NOACs VKAs NOACs VKAs NOACs VKAs NOACs VKAs
Dabi:30.6% Dabi:12.1% Dabi:9.1% Dabi:7.1%
Riy 1% Riva:35.4% 1.3% Riva:53.7%
Apis2.5% Api39.2%

457% 525%
Clopidogrel 8.1% 64%
DAPT ¥ 102%

23.0%
Author Kalogeras Kawashim: Kosmidou Montalescot

NOACs VKAs NOACs NOAGCs VKAs NOACs VKAs

Api22.5%
Edo:0.5%
NA

Author Van Mieghem

NOAGCs VKAs

Xa inhibitor:91.2%
541%
201%
10.1%.

NOACs, novel oral anticoagulants; VKAs, vitamin K antagonists; DAPT, double drug antiplatelet therapy: Dabi, dabigatran; Riva, rivaroxaban: Api, apixaban; Edo, edoxaban;
Warf, warfarin: NA, not applicable.
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NOAC VKA Risk Ratio Risk Ratio
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Montalescot 2022 35 370 27 392 36%  137(085,222) :
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Tanawuttiwat 2022 204 8127 13004 329%  1.06(0.89, 1.26] o
Van Mieghem 2021 170 713 157 713 218%  1.08[089,131) r
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Patients with new-onset AF
between January 1, 2009 and December 31, 2016
(n=591,284)

) ing patients with valvular AF
(n=15,207)

Patients who underwent national health checkup within
2-year after their AF diagnosis

(n=209,880)
| ing patients aged <75 years |
| (n=167,376)
Patients with missing values among
| national health checkup examination
s (n=1189)
Patients aged 275 years
(n=41,315)
[ I I
Group 1 Group 2 Group 3 Group 4
Early rhythm control (-) Early rhythm control (-) Early rhythm control (+) | | Early rhythm control (+)
Healthy lifestyle (-) Healthy lifestyle (+) Healthy lifestyle (-) Healthy lifestyle (+)
(n=25,093) (n=8351) (n=5565) (n=2306)
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<0,001
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Follow up time Paroxysmal Persistent PV Capture Control
Male 66 [58:71] 21,5 [10,; 36,0]
Female 70 [65:75,5] 240 [10,5; 39,0]

Significance P<0,001 ns
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Paroxysmal AF

Persistent AF Statistics Recurrence No recurrence Statistics
PVCL initial 215250 218+75 NS 216+ 66 21656 NS
PVCLfinal | 160=47 | 187 254 | Ns | 157254 177249 Ns
Delta PVCL | 56+33 [ 34224 | pcoos | 5638 3227 NS
PUCEL Pulmonany vein capturs:cycle lanat; ms.
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Characteristics | Overall across groups Group 1 Group 2 Group 3 Group 4 P-value

PV capture (parox) = Control (parox) | PV capture (persist) | Control (persist)

N 39 52 204 23 11

Gender (M/F), 281/109 38/14 141/63 18/5 84127 Ns
Age 67(60.0772.0] 65[58.0:71.0] 67 [61.0:72.0] 67(60.0,73.0] 67(59.0,71.0] Ns
BMI 302 (5.1) 287 (52) 29.7 (55) 306 (7.9) 319 (7.5) Ns
CHF, % (n) 113 (44) 38 113 (23) 174 (4) 135 (15) Ns
HTN, % (n) 62.3 (243) 558 (29) 652 (133) 522 (12) 62.2 (69) Ns
DM, % (1) 23.8 (48) 316 (6) 210 21) 375 (3) 240 (18) Ns
Class 1 AAM, % (n) 105 (41) 269 (14)" 98 (20) 87(2) 45 (5) 0001
Class 3 AAM, % (n) 53.8 (210) 519 (27) 48.0 (98) 739 (17) 613 (68) Ns
Diuretic, % (n) 21.8 (85) 17.3 (9) 20.1 (41) 217 (5) 27.0 (30) Ns
CCB, % (n) 226 (88) 365 (19) 176 (36) 26.1 (6) 243 (27) Ns
BB, % (1) 60.8 (237) 596 (31) 858 (175) 65.2 (15) 595 (66) Ns
ACEL % (1) 42.1 (164) 404 1) 397 (81) 522 (12) 45.0 (50) Ns
LAD (mm) 42+5 41£45 41243 42251 43249 Ns

BMI, body mass index: CHF, congestive heart failure; HTN, hypertension; DM, diabetes mellitus; A, antiarthythmic medication; CCB, calcium channel blocker: BB, beta-
blocker; ACEI, angiotensin-converting enzyme inhibitor.
"Grou sigrificantly ciffers from each oroup:
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Ischemic stroke

Heart failure

Composite
outcome

Group
1 (ERC(-), HLS (-))
2(ERC(-), HLS (+))
3 (ERC(+), HLS (-))
4 (ERC(+), HLS (+))
1 (ERC(-), HLS (-)
2 (ERC(-), HLS (+))
3 (ERC(+), HLS (-))
4 (ERC(+), HLS (+))
1 (ERC(-), HLS ()
2 (ERC(=), HLS (+))
3 (ERC(+), HLS ()
4 (ERC(+), HLS (+))
1 (ERC(-), HLS (=)
2 (ERC(-), HLS (+))
3 (ERC(+), HLS (=)
4 (ERC(+), HLS (+))

Model 3* HR (95% CI|

1 (reference)
0.867 (0.794—0.948)
0.713 (0.637—0.798)
0.694 (0.586—0.822)

1 (reference)
0.874 (0.794—0.961)
0.979 (0.883—1.086)
0.852 (0.718—1.011)

1 (reference)
0.733 (0.695—0.773)
0.913 (0.860—0.969)
0.680 (0.613—0.754)

1 (reference)
0.786 (0.751—0.822)
0.888 (0.843—0.934)
0.708 (0.649—0.772)

P-value

<0.001

0.018

<0.001

<0.001
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Univariate Multivariate

95%Cl OR
Genders
Age of initiation of dialysis, years ¥ X Y 103-117
Hypertension
Diabetes
High blood fat disease
Hemoglobin
Calcium

Phosphorus
Potassium X .. X . 0.36-4.67

PTH
Hemodialysis time X 0.95-1.00
Left atrial enlargement after AVF establishment . X 1.14-29.98

AVF. arteriovenous fistula: PTH, parathormone.
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Vital Signs

Pre AVF
(n=153)

Post AVF
(n=153)

Mean
difference
[95% Cl]

Heart rate, bpm

Systolic BP, mmHg

=700 (-1291 to
—2.60)

Diastolic BP, mmHg

400 (=703 to
-1.51)

BMI, Kg/m®

-130 (=210 to
-0.51)

Atrial fibrillation, %

Pulmonary
hypertension (%)

LA (mm)

LVEDD (mm)

+0.53 (=046 to
1.52)

LVMI (g/m’)

+13.59 (1.44-25.74)

Longitudinal
diameter of
RA (mm)

+1.84 (0.75-2.93)

Transverse diameter
of RA (mm)

D (mm)

P (mmHg)

LVEF (%)

Erythrocyte count,
100M2/L
Hemoglobin, g/L

+0.28 (0.12-0.49)

Hematocrit

+0.03 (0.01-0.05)

Values represent paired t-test, Wilcoxon rank sum test or paired chi square test

P-values are not adjusted for multiple comparisons.

Cl, confidence interval; BMI, body mass index: LA, left atrial; LV, left ventricle;
LVEDD, left ventricular end diastolic dimension; RA, right atrium; RV, right
ventricle; RVDD, right ventricular end diastolic diameter; LVEF, left ventricular

ejection fraction.
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AVF creation cohort (1

D

Age of initiation of dialysis, years 59 (50, 6)
Male, n (%) 116 (75.82%)
Female, n (%) 37 (24.18%)
BMI, Kg/m* 2571+ 4.49
Heart rate, bpm 80 (72, 87)

Systolic BP, mmHg 15622
Diastolic BP, mmHg 8815
Smoking, (%) 53 (34.64%)
Alcohol consumption, 7 (%) 48 (31.37%)

Primary disease
Diabetes, n (%) 75 (49.02%)
Chronic is, n (%) 41 (26.80%)
Hypertension, n (%) 12 (7.84%)
Polycystic kidney, (%) 7 (4.58%)

Other, n (%) 18 (11.76%)
C
Diabetes, n (%) 85 (55.56%)
Hypertension, n (%) 140 (91.50%)
Coronary artery disease, (%) 50 (32.68%)
Heart failure, (%) 32 (2092%)
Cerebral infarction, n (%) 36 (23.53%)
Cerebral hemorrhage, 7 (%) 6 (3.92%)

Atrial fibrillation, n (%) 18 (11.76%)
37 (24.18%)

Pulmonary arterial hypertension, n (%)

Access site
Left, n (%) [ 139 (90.85%)
Right, (%) [ 14 (9.15%)

f 5

Red blood cell count, 10°12/L 2924063
Haemoglobin, g/L. 87 (73, 99)
Albumin, g/L 3432517
Urea, mmol/L 236 (18.2, 30.08)
Phosphorus, mg/L. 1.6 (137, 1.95)
Calcium, mmol/L 2,07 (1.99, 2.16)
Potassium, mmol/L. 5.35 (3.56, 5.66)
PTH, pgml 189.6 (1067, 3243)

tatist + ., median range] or number (%)
AVF, arteovenous fistula: BMI. body mass index PTH. parsthormons.
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Study The excluded P-
population subjects value
(n=153) (n=954)

D
Age of initiation of 59 (50, 66) 61 (53, 67)
dialysis, years
Male, n (%) 116 (75.82%) 677 (70.96%)

BMI, Kg/m® 2571 %449 2821433

Haemoglobin, g/L 87 (73, 99) 89 (78, 102)

Calcium, mg/L 207 (199, 2.16) 2.10 (1.96, 2.26)
Phosphorus, mg/L 166 (137, 1.95) 177 (142, 2.24)
C
Hypertension, n (%) 140 (91.50%) 830 (87.00%)
Diabetes, 7 (%) 85 (55.56%) 553 (57.97%)
Coronary artery disease, 50 (32.68%) 334 (35.01%)
n (%)
Atrial fibrillation, n (%) 18 (11.76%) 132 (13.84%)

LVEE, % | e1212715 6065+7.34
LA enlargement, n (%) | 35 (22.88%) | 239 (2505%) | 056

Statistics are mean + standard deviation, median (interquartile range) or number (%).
BMI, body mass index: LVEF, left ventricular ejection fraction.
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First author Selection Comparability Outcome
(year)

Representativeness of | Selection of | Ascertainment of Demonstration that Comparability of Assessment of | Was follow-up | Adequacy of

the exposed cohort the non- exposure outcome of interest was | cohorts on the basis outcome long enough for | follow-up of
exposed not present at start of of the design or outcomes to cohorts
cohort study analysis occur

Heeger 2016 * * * * * * * **
‘Tebbenjohanns * * * * * * * *

2016

Ekizler 2017 * * * * * * * * 8
Aryana 2017 * * * * * * * * 8
Stroker 2018 * * * * * * * * 8
Rottner 2018 * * * * * s 2 & a
Pott 2018 * * * * * * * >k 9
e 2019 * * * * * * * >k 9
Valles 2018 * % * * * * ok 8
Koektuerk 2019 * * * * * * * >k 9
Cordes 2019 * * * * * * * * 8
Heeger 2020 * * * * * N N * *
Bianchini 2021 * * * * * ’ N : N
Ferrero 2021 * * * * * * >k 8

Stk frcusad on:this saksty of the procathire.





OPS/images/fcvm-11-1362903/fcvm-11-1362903-t006.jpg
Variable Univariate analysis Multivariate analysis

95% CI 95% CI p-value

0.877-1.104
AF duration > 6 months 0.030-3.802
‘Time to treatment 1.000-1.001
BMI % 0.467-1.240
Hypertension X 0464-28,195
0sA % 0020-2.113
CHA,DS, VAS score 22 X 0.082-8.681
0.961-1.086
1.008-1.123
ACEVARB T 0357-21,187
P-wave duration

LA-esophagus
LA-descending thoracic aorta : 0905-1.525
LA-right pulmonary hilum X 0.559-1.759
LA-ascending thoracic aorta { 0.715-1.475
LA-pulmonary artery X 0.699-1.294
LA-mitral isthmus E 0.998-1.800
LA-left atrial appendage X 0.715-1.322
LA-floor v 0.976-1.619
LA bipolar voltage : 02372215
Presence of LVZs X 0.065-7.253
Only PVI 0357-21.187
(3
Female gender 0.548-12.229
Age 0.939-1.067
Time to treatment
BMI
Dyslipidemia E .382-4. X —
Hypertension Y 0.657-6.550 -
0sA . 0.105-1.061 X 0.233-1.635
Paroxysmal AF history B 0.369-4.344 . -
CHA,DS, VASc score 22 4 0394-4.159 X -
0.976-1.045 . —
0.992-1.057 . —
ACEVARB ¥ 0.320-3.357 -
Aldosterone receptor antagonist % 0.081-0.857 X 0.258-2.352
P-wave duration X 1.014-1.077 X X 1.003-1.050
LA-esophagus ¥ 0.991-1.668 X 0.884-1.444
LA-descending thoracic aorta B 0.968-1.330 . —
LA-right pulmonary hilum X 0.732-1.251 % —
LA-ascending thoracic aorta X 0.847-1.301 X —
LA-pulmonary artery 5 0935-1.305 —
LA-mitral isthmus & 1.052-1.562 X 1.013-1.433
LA-left atrial appendage X 07241119 . —
LA-floor E 0.930-1.307 . —

LA bipolar voltage X 0533-1.758 X —
Presence of LVZ X 0245-2.944
Only PVI 0331-3.476

eGFR, estimated glomerular filtration rate; ACEI/ARB, receptor blocker.
Data are presented as an odds ratio with 95% CI. A two-tailed p-value <0.05 was considered significant
Time to treatment = time from first clinical diagnosis of AF to ablation procedure.
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First author | Random sequence Allocation Blinding of participants Incomplete Selective Other

(year) generation concealment and personnel outcome data reporting [EH
(selection bias) (selection bias) (performance bias) (attrition bias) (reporting bias)

Chun 2016 u u H u L u

Miyamoto 2019 L L H L L u

Mortsell 2018 L L H L L u

L, Low risk of bias: H, High risk of bias: U, Uncertain.
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A

Posterior LVZ/posterior area (%)

LA-esophagus 0000 1000 | 0288 0 0.263
LA-descending thoracic aorta 0.138 0262 | -0.087 100351
LA-right pulmonary hilum 0173 | 0140 | 0345 o 0005

Anterior LVZ/anterior area (%)

LA-ascending thoracic sorta | —0056 | 0633 | ~0.286 10 0.157
LA-pulmonary artery | -0077 | 0514 | 0259100105

Lateral LVZ/lateral area (%)

LA-mitral isthmus [ o9 [ 0277 | 0149100407

LAA LVZ/LAA area (%)

LA- appendage | 0033 | 0780 | -0137100098

Inferior LV Z/inferior area (%)

LA-floor {0160 [ 072 | -0070100378

(8)

Posterior LVZ/posterior area (%)

LA-esophagus 0450 | 00001 | —0.093 100735
LA-descending thoracic aorta 0023 | 0860 | 0161 t00.104
LA-right pulmonary hilum —0046 | 0720 | 0226100222

Anterior LVZ/anterior area (%)

LA-ascending thoracic sorta | 0040 | 0757 | 0321100382
LA-pulmonary artery | 009 | 0441 | 0158100375

Lateral LVZ/lateral area (%)

LA-mitral isthmus [ 0260 | 0040 | 0082100555

LAA LVZ/LAA area (%)

LA-appendage | 0057 | o660 | -0229 100194

Inferior LVZ/inferior area (%)

LA-floor | 0057 | 065 | -0.250 100486

7, Pearson's correlation coefficient
Sionificart value (o< 0.05).
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Non-obese group (n=74)
LVZ extent calculated as the percentage of LA surface area

Obese group (n=65)

p-value

LVZ, n (%) 26 (35.1%) 12 (18.8%) 0.05
Mild LVZ, n (%) 11 (14.9%) 5 (7.8%) 031
Moderate LVZ, n (%) 7 (9.5%) 5 (7.8%) 0.97
Severe LVZ, n (%) 8 (108%) 2(3.1%) 011
No LVZ, n (%) 48 (64.9%) 52 (813%) 0.05
Number of regional LVZ, 1 (%)

Anterior 28 (37.8%) 13 (20.3%) 0.04
Septal 22 (29.7%) 14 (21.9%) 039
Posterior 14 (18.9%) 6(9.4%) 018
Inferior 6 (8.1%) 2(3.1%) 029
Lateral 2 (2.7%) 2 (3.1%) 1

LAA 4(5.4%) 2 (3.1%) 0.69

LVZ surface (cm?) indexed to regional atrial surface (cm?), %

LVZ/LA area 14 (5.5-33) 82 (34-226) 017
Anterior LVZ/anterior area 298 (13.9-523) 183 (92-32) 029
Septal LVZ/septal area 189 (14-41.4) 114 (84-33.1) 018
Posterior LVZ/posterior area 287 (119-423) 359 (193-443) 051
Inferior LV Z/inferior area 123 (7.7-27.2) 9.8 (6.2-14.5) 0.84
Lateral LVZ/lateral area 264 (156-689) 102 (93-35.7) 074
LAA LVZ/LAA area 16.1 (9.7-23.7) 11 (9.7-14) 0.79

All data are presented as a value (percentage) for categorical variables or median (25th-75th percentile) for quantitative variables. A two-tailed p-value <0.05 was

corsidersd sianificant.
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Obesity | Increased | Smoking | Diabetes | Hypertension | Dyslipidemia | Triglyceride Total HDL-C
BMI cholesterol
Number of studies 31 18 48 44 13 7 14
Published year 20002021 | 2005-2019 | 1995-2021 | 1989-2021 2009-2021 2008-2021 2008-2021

Location Europe 17

5
North America 4
Asia 4
Oceania 0

Men & women 2
Men

0

‘Women 1
Population based 7
2

4

Commaunity based
Other

Mean follow-up (year)

Mean follow-up >10 year 2

Mean age (year)

Exposure confirmation 9
0
2

3 0 8 7
Number of cases 71,793 70451 543,572 634,988
Number of subjects 40,6701 37,58,191 10686376 | 12,83,4666
Newaastle-Ottawa score >6 29 35 39
Adjustment for 3 or more important confounding 2 35 31
factors

BMI ody:mass indes: LIDL-C High-dersity Fooprotein cholestarol: LDL-C. [ owsdersity Booprotein cholestsrol
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Non-obese | Obese group | p-

group (n=74) (n=65) value

Posterior wall
LA-descending thoracic 7.9 (64-10) 73 (5.5-9) 011
aorta, mm
LA-esophagus, mm 5.1(3.8-66) 44 (37-57) 04
LA-right pulmonary 10324 107+18 036
hilum, mm

Anterior wall
LA-ascending thoracic 84 (6.7-96) 89 (63-105) ‘ 039
aorta, mm
LA-pulmonary artery, mm | 102 (82-124) | 103 (85-129) | 056
Lateral wall

LA-mitral isthmus, mm 69 (5.5-8.7) 74 (61-103) | 008
LA-appendage, mm 89 (7.6-10.4) 89 (77-119) 05
LA-floor, mm 67 (5.3-8.5) 7.5 (5.9-8.8) 012

Al data are presented as median (25th-75th percentile) or mean + SD. A two-tailed
sl e 05 Wk corsidered sanificant
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Non-obese | Obese group
group (n=74) (n=65) value

Age, years 66.5 (62-72) 62 (56-69)
Female sex, (%) 20 (27.03%) 22 (33.85%)
Weight, kg 818 102
BMI kg/m’ 267 (243-28.1) | 327 (31.4-37)
Dyslipidemia, (%) 25 (33.78%) 25 (38.46%)
Hypertension, n (%) 37 (50%) 49 (75.38%)
Diabetes mellitus, 7 (%) 6(8.11%) 20 (30.77%)
Smoking, n (%) 11 (14.86%) 10 (15.38%)
OSA, n (%) 16 (21.62%) 26 (40%)
Coronary artery disease, 7 (%) 8 (10.81%) 7 (10.77%)
Paroxysmal AF history, n (%) | 34 (45.95%) 15 (23.08%)
Time to treatment, days 739 (204-2071) | 513 (218-1524)
Reported AF duration,
months
<3 56 (75.68%) 52 (81.25%)
>3 10 <6 10 (13.51%) 5 (7.81%)
2610 <9 4(541%) 5 (7.81%)
1(135%) 1(1.56%)
3 (4.05%) 1 (1.56%)
CHA,DS,-VASc Score
0 8 (10.81%) 5 (7.69%)
1 20 (27.03%) 14 (21.54%)
2 19 (25.68%) 15 (23.08%)
3 9 (12.16%) 17 (26.15%)
24 18 (24.32%) 14 (21.55%)
Beta Blocker 59 (79.73%) 56 (86.15%)
ACEi/ARB 40 (54.05%) 46 (70.77%)
Aldosterone receptor 15 (20.27%) 14 (2154%)
antagonist
P-wave duration, ms 12297 +23.65 11665+ 24.67
eGFR, ml/min/1.73* 78 (69-93) 81 (69-96)
LVEF, % 61 (50-68) 58 (50-63)
TTE—LA volume index, 42(1-52) 40 (31-51)
ml/m®
Systolic pulmonary artery 30 (26-32) 28 (24-30)
pressure, mmHg
Per-procedural LAIV 136 (115-150) 129 (110-160)
excluding LAA, ml
Per-procedural LAIVI 647 (572-73.4) | 60.5 (51.6-68.6)
excluding LAA, ml/m”
AF at admission before 21 (28.4%) 23 (35.4%)
procedure
Antiarrhythmic drugs prior to 69 (93.4%) 61 (94.1%)
‘procedure 1 (%)

i 59 (80%) 50 (77%)
Flecainide 9 (12%) 9 (14%)
Sotalol 1(1.4%) 2 (3.1%) 0.6

ACEI/ARB, enzyme Il receptor

blocker; eGFR, estimated glomerular filtration rate; LVEF, left ventricle ejection
fraction; TTE, transthoracic echocardiography.

Data are presented as a value (with percentage) for categorical variables, median
(@5th-75th percentile) or mean+SD for quantitative variables. A two-tailed
p-value <0.05 was considered significant

Tine o st s s o frst disicel dicross: of &F io sblibon Srocsdis:
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Persistent AF catheter ablation
between January 2017 and
cember 2020

No LA voltage map available
in sinus rhythm
n=115

Patient with LA voltage map in

D, , CA, ICM, D
sinus rhythm acquired before NHD-HCM CA ICM, DEM
ablation

n=190

Study population
=139

Obese Non-obese
n=65 n=74
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Number | Event | Incidence rate Model 1 p-value Model 2 p-value Model 3 p-value

(Per 100 PY) HR (95% Cl) HR (95% Cl) HR (95% CI)
Ischemic stroke

Growp 1 | 25093 2239 245 1 (reference) <0.001 1 (reference) <0.001 1 (reference) <0.001
Growp2 | 8351 643 201 0.821 (0.752-0897) 0.845 (0.74-0.923) 0.867 (0.794-0.948)

Growp3 | 5565 356 184 0.747 (0.668-0.836) 0.758 (0.678-0.848) 0.713 (0.637-0.798)

Growp4 | 2306 146 175 0.713 (0.603-0.843) 0.742 (0.627-0.878) 0.694 (0.586-0.822)

Heart failure

Group 1 | 25093 2,038 222 1 (reference) <0.001 1 (reference) <0.001 1 (reference) 0019
Growp2 | 8351 542 168 0.759 (0.690-0834) 0831 (0.756-0.915) 0.874 (0.794-0.961)

Growp3 | 5565 47 232 1043 (0941-1.156) 1088 (0.982-1.205) 0.979 (0.883-1.086)

Growp 4 | 2306 144 171 0.773 (0.653-0915) 0.884 (0.746-1.048) 0852 (0.718-1.011)

Death

Group 1 | 25093 7552 789 1 (reference) <0.001 1 (reference) <0.001 1 (reference) <0001
Growp2 | 8351 1,696 509 0.642 (0.609-0.677) 0,687 (0.651-0.724) 0.733 (0.695-0.773)

Group3 | 5565 1316 656 0.844 (0.796-0895) 0913 (0.860-0.969)

Growp 4 | 2306 386 445 0.571 (0.515-0.632) 0,615 (0.555-0.682) 0.680 (0.613-0.754)
Composite outcome

Growp 1 | 25093 9677 1103 1 (reference) <0.001 1 (reference) <0.001 1 (reference) <0.001
Growp2 | 8351 2382 769 0.696 (0.665-0.728) 0.744 (0.711-0.778) 0.786 (0.751-0.822)

Group3 | 5565 1752 938 0.855 (0.812-0899) 0,899 (0.855-0.946) 0.888 (0.843-0.934)

Growp 4 | 2306 554 683 0.623 (0572-0.679) 0,672 (0.617-0.733) 0.708 (0.649-0.772)
Cardiovascular death?

Growp 1 | 25093 2716 284 1 (reference) <0.001 1 (reference) <0.001 1 (reference) <0.001
Growp2 | 8351 578 174 0.609 (0.556-0.666) 0,678 (0.620-0.743) 0.721 (0.658-0.789)

Growp3 | 5565 460 229 0.821 (0.743-0.906) 0.880 (0.797-0.971) 0.866 (0.784-0.957)

Growp 4 | 2306 126 145 0518 (0.433-0.619) 0,602 (0.503-0.720) 0,650 (0.543-0.778)

Model 1: unadjusted.
Model 2: adjusted for age and sex.

Model 3: adjusted for age, sex, CHA,DS,-VASc score, Charlson index, hype , diabetes mellitus, heart failure, prior ischemic stroke, prior
myocardial infarction, peripheral artery disease, chronic obstructive pulmonary disease, cancer, chronic liver disease, chronic kidney disease, osteoporosis,
hyperthyroidism, hypothyroidism, sleep apnea, body mass index, systolic blood pressure, oral anticoagulants, antiplatelet agents, statin, beta-blocker, non-
dihydropyridine calcium channel blocker, digoxin, dihydropyridine calcium channel blocker, g enzyme receptor blocker,
diuretics, and low income.

CI, confidence interval; HR, hazard ratio; PY, person-year

Group 1, without both early rhythm control (ERC) and healthy lifestyle (HLS); Group 2, HLS alone; Group 3, ERC alone; and Group 4, both ERC and HLS.

N il e i s A o A s A T
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Group 1 Group 2 Group 3 Group 4 P-value
ERC (=), HLS (=) | ERC (-), HLS (+) | ERC (), HLS () | ERC (+) and HLS (+)

41315 5,565 2,306
Duration from AF diagnosis to rhythm control, days
Mean = SD, days | 280841 294+877 246+744
Median (IQR), days [ 008 0(0-7) 0(0-10)
Rhythm control
Anti-arrhythmic agents 7:836 (19.0) 0(0) 0(0) 5,539 (99.5) 2,297 (99.6)
Class Ie 3,906 (95) 0(0) 0(0) 2,686 (48.3) 1,220 (529)
Class 11T 4,555 (11.0) 0(0) 0(0) 3,288 (59.1) 1,267 (54.9)
Direct current cardioversion 300 (0.7) 0(0) 00 201 (3.6) 99 (4.3)
AF catheter ablation 59 (0.1) 0(0) 0(0) 35 (0.6) 24 (1.0)
Healthy lifestyle behavior score
695 (1.7) 579 (23) 00 116 (2.1) 0(0)
5,353 (13.0) 3,603 (14.4) 766 (9.2) 792 (14.2) 192 (8.3)
31,399 (76.0) 20911 (83.3) 4,628 (55.4) 4,657 (83.7) 1,203 (522)
3,868 (94) 0(0) 2,957 (35.4) 0(0) 911 (39.5)
Age, years 798+39 801+ 4.1 791+34 795+36 788+32
Men 20,442 (495) 11,539 (46.0) 4,805 (57.5) 2,641 (47.5) 1,457 (63.2)
CHA,DS,-VASe 5515 5615 53+15 56+16 5216
2 494 (12) 273 (1.1) 131 (16) 60 (1.1) 30 (1.3)
>3 40,821 (98.8) 24,820 (98.9) 8,220 (98.4) 5,505 (98.9) 2,276 (98.7)
ccl 41224 41+24 39423 42424 40+24
Hypertension 38472 (93.1) 23382 (93.2) 7,730 (92.6) 5,208 (93.6) 2,152 (933)
Diabetes mellitus 11425 (27.7) 7.015 (28.0) 2,236 (26.8) 1,563 (28.1) 611 (26.5)
Dyslipidemia 19614 (47.5) 11428 (45.5) 4,063 (48.65) 2909 (523) 1214 (52.7)
Heart failure 20,104 (48.7) 12316 (49.1) 3,626 (43.42) 3,053 (549) 1,109 (48.1)
Prior ischemic stroke 17,524 (42.4) 11,110 (44.3) 3,280 (39.3) 2271 (40.8) 863 (37.4)
Prior ICH 609 (1.5) 378 (1.5) 106 (1.3) 97 (1.7) 28 (1.2)
Prior myocardial infarction 6,348 (15.4) 3,747 (14.9) 1,140 13.7) 1,063 (19.1) 398 (17.3)
Peripheral artery disease 12,460 (30.2) 7,681 (30.6) 2,459 (29.5) 1,666 (29.9) 654 (28.4)
COPD 12,781 (3094) 7,933 (3161) 2,358 (28.24) 1,803 (32.4) 687 (29.8)
Cancer 2,600 (63) 1494 (6.0) 599 (7.2) 329 (5.9) 178 (7.7)
Chronic liver disease 5,887 (14.3) 3,609 (14.4) 1,100 (13.2) 863 (15.5) 315 (13.7)
Chronic kidney disease 13,347 (32.3) 8,230 (32.8) 2,387 (28.6) 1,985 (35.7) 745 (32.3)
Osteoporosis 125509 (303) 7,987 (31.8) 2,206 (26.4) 1,729 (31.1) 587 (25.5)
Hyperthyroidism 2,763 (6.7) 1,575 (63) 540 (65) 479 (8.6) 169 (7.3)
Hypothyroidism 3,722 (9.0) 2,146 (8.6) 688 (8.2) 614 (11.0) 274 (11.9)
Sleep apnea 45(0.1) 25 (0.1) 11(01) 501 4(02)
Body mass index (kg/m’) 235+34 234+35 238+32 235+34 238+31
Body mass index >25 kg/m* 13,179 (31.9) 7,767 (31.0) 2,860 (34.3) 1,777 (319) 775 (33.6)
SBP (mmHg) 1289168 1288+17.0 1289+16.1 1286+17.1 1296157
DBP (mmHg) 767 +10.7 769108 769105 7572108 759103
Estimated GFR (ml/min) 700+27.1 700268 711£265 683%295 69.4+27.0 <0.001
Oral anticoagulants 21,568 (522) 12353 (49.2) 4,368 (52.3) 3,339 (60.0) 1,508 (65.4) <0.001
Warfarin 5850 (142) 3,574 (142) L112 (13.3) 846 (15.2) 318 (13.8) 0.016
DOAC 15,718 (38.0) 8,779 (35.0) 3,256 (39.0) 2,493 (448) 1,190 (51.6) <0.001
Antiplatelet agents 12815 (31.0) 8,017 (32.0) 2,573 (30.8) 1,627 (29.2) 598 (25.9) <0.001
Statin 8307 (20.1) 4,895 (19.5) 1,704 (20.4) 1177 (212) 531 (23.0) <0.001
Beta-blocker 6129 (148) 3,647 (14.5) 1264 (15.1) 861 (15.5) 357 (15.5) 0175
Non-DHP CCB 2,193 (53) 1,294 (5.2) 439 (53) 333 (6.0) 127 (5.5) 0.092
Digoxin 4,178 (10.1) 2,936 (11.7) 842 (10.1) 312 (5.6) 88 (3.8) <0.001
DHP CCB 8508 (20.6) 5,326 (21.2) 1,827 21.9) 974 (17.5) 381 (16.5) <0.001
ACEi/ARB 125582 (305) 7,789 (31.0) 2,626 (31.5) 1,541 (27.7) 626 (27.2) <0.001
Diuretics 11,664 (282) 7,519 (30.0) 2,187 26.1) 1472 (26.5) 486 (21.1) <0.001
Low income 6357 (15.4) 4026 (16.0) 1212 (14.5) 843 (15.2) 276 (12.0) <0.001

ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB angiotensin receptor blocker; CCB, calcium channel blocker; CCI, Charlson comorbidity index:
COPD, chronic obstructive pulmonary disease; DHP, dihydropyridine; DBP, diastolic blood pressure; DOAC, direct oral anticoagulant; ERC, early rhythm control; GFR,
dlorerilar filtration rate: HLS, hasithy Biestvie: ICH,. intracianial hamarrbisos: IGR, intsrquartile range: SBP. systolic blood pressurs: SD. standard devistion:
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Non-obese Obese group p-
group (n=74) (n=65)

Median total mapping 998 (673-1662) | 1031 (566-2003)

‘points/per patient

Median and regional bipolar voltage amplitude, mV
Global left atrium 18 (1.2-27) 22 (14-26) 029
Anterior 16 (1-2.4) 17 (11-26) 025
Septal 14 (0.8-22) 16 (1-23) 029
Posterior 19 (1.1-28) 23(13-32) 022
Inferior 18 (1.1-26) 2 (12-27) 034
Lateral 21(12-28) 23 (13-34) 029
Left atrial appendage 26 (17-35) 29 (18-39) 013

Data are presented as median (25th-75th percentite). A two-tailed p-value <0.05
vaas corsidered siorsficart
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Pre-IPTW Post-IPTW

Cryo-PVI HPSD-PVI | Conventional- | p-Value | Cryo-PVI HPSD-PVI Conventional- | p-Value
PVI

Total, n 625 748 2,022 464 468" 1833
Procedure time, min 72 (61-85) | 110 (95-130) 152 (104-182) <0001 | 74(62-90) | 104 (90-123) 153 (105-183)
Fluoroscopic time, min 17(14-22) | 23(18-28) 30 (20-40) <0001 | 18(14-23) | 23(18-29) 29 (20-40) <0001
Ablation time, s 1146 (963~ | 2,045 (1,718~ | 3,770 (2,698-4703) | <0.001 | 1,165 (963~ | 1918 (1,587~ | 3,792 (2698-4723) | <0.001
1,407) 2,522) 1,457) 2,400)

Post-ablati

ARB/ACEi 237 (37.9) 257 (344) 632 (313) 0.006 163 (352) 160 (34.2) 598 (32.6) 0613
Early recurrence 172 (27.5) 203 27.1) 606 (30.0) 0242 130 (28.0) 111 (23.7) 563 (30.7) 0010
Clinical recurrence 145 (23.4) 141 (18.9) 485 (24.0) 0.015 99 (21.4) 93 (19.9) 449 (245) 0100
Time to clinical recurrence, | 9.0 (50-140) | 8.0 (50-140) 0021 | 85 (50-140) | 80 (50-140) 80 (50-14.0) 0032
months
Total i 33(53) 25(33) 80 (4.0) 0.180 21 (45) 15 (32) 7139 0453
Major complication 2032 18 (2.4) 48 (2.4) 0.501 14 (3.0) 13 28) 45 (25) 0906

Tamponade 7 (35.0) 9 (50.0) 21 (43.8) 5(352) 6 (500) 20 (46.5)

‘Hemopericardium 2(100) 4(222) 8(16.7) 1(117) 3(235) 7(158)

Phrenic nerve palsy 8 (40.0) 0(0.0) 2 (42) 7(37.8) 00 2(38)

Pulmonary vein stenosis 1.0 0(0.0) 1@ 0(4.1) 00 123)

555 or AVB, 0(0.0) 211 4(83) 0(0.0) 1(62) 369

AV fistula 2 (100) 1(56) 6(12.5) 1(112) 2(150) 7(13.9)

AE fistula 0(0.0) 0(0.0) 11 0(0.0) 00 119

Stroke 0(0.0) 2(11) 4(83) 0(0.0) 1(53) 3(71)

Pseudoaneurysm 0(0.0) 0(0.0) 1@ 0(0.0) 00 120

Values are presented as median (st quartile, 3rd quartile} or n (%)

ACEi, angiotensin-converting enzyme inhibitor; AE, aortoesophageal; ARB, angiotensin receptor blocker; AV, arteriovenous; AVB, atrioventricular block. Other
abbreviations are the same as in Table 1.

*Effective sample size.
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Cryo-PVI

Pre-IPTW

HPSD-PVI

Conventional-
PVI

Maximum
ASI

Cryo-PVI

464

Post-IPTW

HPSD-PVI

468"

Conventional-

1833

Maximum
ASD

Total, n 25 748 202
Age, year 63 (55-70) 61 (53-67) 59 (51-66) 0.224 60 (53-67) 60 (52-66) 60 (52-66) 0.046
Male 458 (73.3) 557 (74.5) 1,491 (73.7) 0.018 345 (74.3) 349 (74.5) 1,362 (74.3) 0.004
Height, m 169 (162-174) | 170 (163-175) | 169 (L62-174) |  0.088 | 170 (1.63-174) | 169 (1.63-175) | 169 (1L.62-174) | 0035
Paroxysmal AF 339 (54.2) 471 (63.0) 1,718 (85.0) 0.468 292 (62.9) 328 (70.1) 1,408 (76.8) 0.205
329 (526) 339 (453) 894 (442) 0113 232 (50.) 230 (492) 836 (45.6) 0.060
Diabetes 99 (1538) 121 (162) 282 (139) 0082 70 (15.0) 73 (15.6) 269 (14.7) 0016
BMI kg/m’ 203 (227-264) | 248 (231-268) | 248 (3.1-268) | 0075 | 24.6(23.0-265) | 248 (230-266) | 248 (23.1-268) | 0030
Heart failure 100 (16.0) 133 (17.8) 168 (83) 0190 60 (13.0) 61 (13.) 192 (105) 0052
Vascular disease 340 (5.2) 330 (4.4) 167 (8.3) 0.106 21 (46) 24 (51) 134 (7.3) 0075
CHA,DS, VASc 2(1-3) 1(1-2) 1(0-2) 0.172 1(1-2) 1(1-2) 1(0-2) 0029
H2FPEF score 5 (4-6) 5 (4-6) 5 (4-6) 0.101 5 (4-6) 5 (4-6) 5(4-6) 0036
EF, % 64 (60-69) 64 (59-68) 64 (60-69) 0.059 64(60-69) | 64 (59-69) 64 (60-69) 0014
e 90(70-110) | 92(74-119) | 90 (7.0-1.0) 0074 89 (72-1L1) | 91(73-119) | 90 (7.1-112) 0065
LAVI, mL/m’ 323 (264-400) | 370 (299-45.4) | 323(264-400) | 0278 | 348 (292-429) | 347 (282-430) | 339 (27.4-414) | 0068
LVEDD, mm 50.0 (47.0-53.0) | 50.0 (47.0-53.0) 50.0 (47.0-53.0) 0.086 50.0 (46.1-53.0) | 50.0 (46.0-53.0) | 50.0 (47.0-53.0) 0.029
Procedure characteristics
cpVI 625 (1000) 748 (1000) 2,022 (100.0) NA 464 (100.0) 468 (100.0) 1,833 (100.0) NA
Empirical LA ablation | 0 (00) 000) 0(0.0) NA 0(00) 000 000) NA
SVCRA ablation 136 (218) 614 (821) 935 (462) 0952 128 (276) 261 (55.7) 893 (48.7) 0394
AAD after 3 months | 212 (339) 253 (338) 799 (39.3) 0.079 187 (403) 162 (346) 698 (38.1) 0092
Beta-blocker 326 (522) 364 (487) 797 (39.4) 017 225 (485) 231 (293) 503 (43.8) 0080

Values are presented as mean + standard deviation or n (%)
AAD, anti-arrhythmic drugs; AF, atrial fibrilation; AFCA, atrial fibrillation catheter ablation; ASD, absolute standardized difference; CPVI, circumferential pulmonary vein
solation; E/e’, ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity: HPSD, high-power short-duration; IPTW, inverse probability of
treatment weighting; LA, left atrium; LV, left ventricle; LVEDD, left ventricular end diastolic dimension; PVI, pulmonary vein isolation; SVC-RA, superior pulmonary vein-

right atrial.
*Effective sample size.
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The ASPIRE (efficAcy and Safety of aPixaban In REal-world practice in Korean frail patients with atrial fibrillation) study

+ Participants receiving apixaban for stroke prevention of non-valvular atrial fibrillation with single dose reduction criterion
+ Multicentre (32 centres), prospective cohort study of 2000 participants
+ On-label standard-dose (5mg bid) vs off-label reduced dose (2.5mg bid)

Total study population Factors associated with off-label reduced dose
n=974
i S

+ Serum creatinine 12— 1.5 mg/dL | (- Age 75-79 years ight 600 65 kg
OR1.870 (95% C11.225:2854) OR 3.205 (95% C1 2.383-4.310) OR5.837 (95% Cl 1.668-20422)
p=0004 p<0.001 P=0006

Female
OR 1.626 (95% C1 1.125:2.350) OR2.213 (95% C11.194-4.103)
p=0010 p=0011

n=1026
(51.3%)
= On-label standard-dose
* Offlabel reduced dose

Mransient i ic
OR 0.434 (95% C1 0.266-0.709)
P=0.001

Distribution of other two dose reduction components in patients who met a single dose reduction criterion
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Total study population
n=1026

n=974
(48.7%)
(51.3%)

m On-label standard-dose
Off-label reduced dose

Bodyweight <60 kg

n=675
(54.0%)

m On-label standard-dose
Off-label reduced dose

n=576
(46.0%)

Age 280 years

n=247
(41.7%)

n=346

(58.3%)
m On-label standard-dose
Off-label reduced dose

n=52
(33.3%)

n=104

(66.7%)
m On-label standard-dose
Off-label reduced dose
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5,514 patients who underwent catheter ablation for AF
in the Yonsei AF ablation cohort

Excluded (n=2,119)

-Redo AF ablation (n=653)

— -Prior cardiac surgery or valvular AF (n=200)
-Underwent empirical LA ablation (n=1,193)
-Missing data on clinical recurrence (n=73)

[ 3,395 patients who underwent de-novo catheter ablation for AF |

l

Cryo-PVI HPSD-PVI
(1=625) (n=748)

Conventional-PVI
(n=2,022)

:20 [8-24] months
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Subjects aged over 19 years old who are receiving apixaban
for stroke prevention of non-valvular atrial fibrillation with only single dose reduction criterion

(n=2006)
Exclusion criteria
«  Subjects with protocol violation (n=6)
Final study population
(n=2000)

Age 280 years Bodyweight <60 kg Serum creatinine 21.5mg/dL
(n=593) (n=1251) (n=156)
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Primary care
Cardiac Related (29)

a. Arthythmia (10): 4. Paroxysmal atrial tachycardia,

5. Cardiac dysrhythmia NOS, 19. Cardiac arrhythmias, 25.
Tachycardia (unspecified), 29. Cardiac dysthythmias, 40.
Palpitations, 46. Heart beats irregular, 53. Ventricular
tachycardia, 87. Cardiac arrest, & 95. Supraventricular
tachycardia NOS.
b. Heart failure (:
ventricular syste
Heart failure.

c. Heart valve disease (4): 15. Mitral regurgitation, 31. Mitral
stenosis, 66. Aortic stenosis alone, cause unspecified, & 96.
Aortic regurgitation alone, cause unspecified.

d. Cardiomyopathy (2): 1. Cardiomyopathy, & 24. Ischaemic
cardiomyopathy.

e. Ischaemic heart disease (7): 16. Acute non-ST segment
elevation myocardial infarction, 20. Acute ST-elevation
‘myocardial infarction, 22. Coronary artery bypass occlusion,
34. Acute coronary syndrome, 41. Triple vessel disease of
the heart, 81. Single coronary vessel disease, & 92. Coronary
artery disease.

£ Other (2): 21. Echocardiogram abnormal, & 45. Acute
pericarditis.

42. Pulmonary oedema NOS, 44. Left
dysfunction, 52. Cardiomegaly, & 79.

Cardiac-Related (28)

Secondary care
a. Arrhythmia (7): 18. Ventricular fibrillation and flutter
(149.0), 34. Ventricular tachycardia (147.2), 39.
Supraventricular tachycardia (147.1), 57. Cardiac arrest with
successful resuscitation (146.0), 81. Sick sinus syndrome
(149.5), 93. Other and unspecified atrioventricular block
(144.3), 100. Tachycardia, unspecified (R00.0).
b. Heart failure (2): 8. Fluid overload (E87.7), & 98. Heart
failure (150.0/150.1).
c. Heart valve disease (8): 2. Disorders of valves (108.1),
3. Combined disorders of valves (108.3), 5. Mitral (valve)
insufficiency (134.0), 11. Disorders of both mitral and aortic
valves (108.0), 28. Mechanical complication of heart valve
prosthesis (T82.0), 35. Aortic (valve) stenosis with
insufficiency (135.2), 54. Aortic (valve) insufficiency (I35.1),
& 62. Aortic (valve) stenosis (135.0),
d C (5): 4. Dilated (1420),
20. Cardiomyopathy, unspecified (142.9), 31. Obstructive
hypertrophic cardiomyopathy (142.1), 51. Other
hypertrophic cardiomyopathy (142.2), & 70. Ischaemic
cardiomyopathy (125.5).
e. Ischaemic heart disease (2): 56. Other forms of acute
ischaemic heart disease (124.8), & 82. Acute ischaemic heart
disease, unspecified (124.9).
£ Other (4): 6. Atrial septal defect (Q21.1), 19. Poisoning:
Cardiac-stimulant glycosides and drugs of similar action
(T46.0), 26. Acute pericarditis, unspecified (130.9), & 66.
Disease of pericardium, unspecified (131.9).

Cerebrovascular (7)

10. Right-sided cerebral infarction, 18. Infarction of basal
ganglia, 27. Stroke due to cerebral arterial occlusion, 39.
Cerebral infarction due to thrombosis of cerebral artery, 48.
Cerebellar stroke syndrome, 65. Cerebral infarction due to
unspecified acclusion or stenosis of unspecified cerebral
artery, & 82. Stroke unspecified.

Cerebrovascular (8)

1. Cerebral infarction (163.4), 7. Anoxic brain damage, not
elsewhere classified (G93.1), 22. Cerebral infarction due to
thrombosis of cerebral artery (163.3), 29. Cerebral
infarction due to unspecified occlusion or stenosis of
cerebral arteries (163.5), 33. Cerebral atherosclerosis (167.2),
44. Cerebral infarction due to embolism of precerebral
arteries (163.1), 52. Cerebral infarction due to thrombosis of
precerebral arteries (163.0), & 53. Cerebral infarction due to
unspecified occlusion o stenosis of precerebral arteries
(163.2),

Peripheral or other
vascular (10)

7. primary pulmonary hypertension, 9. Diabetes mellitus
with peripheral circulatory disorder, 54. Bowel infarction,
62. Low blood pressure reading, 67. Mixed venous and
arterial leg ulcer, 70. Abdominal aneurysm which has
ruptured, 76. Pulmonary embolism, 83. Ischaemia of legs,
85. Acute cor pulmonale, 91. Arterial leg ulcer.

Peripheral or other
vascular (4)

9. Thoracic aortic aneurysm (171.2), 30. Primary pulmonary
hypertension (127.0), 76. Other specified complications of
cardiac and vascular prosthetic devices, implants and grafts
(T828), & 95. Vascular disorder of intestine, unspecified
(K55.9).

Bleeding/
Haemorrhagic
complications (1)

13. Subdural haemorrhage NOS.

Bleeding/
Haemorrhagic
complications (7)

23. Haemorrhagic disorder due to circulating anticoagulants
(D68.3), 49. Conjunctival haemorrhage (H11.3), 69.
Haemorrhage and haematoma complicating a procedure
(T81.0), 77. Traumatic subarachnoid haemorrhage (506.6),
79. Intracerebral haemorrhage in hemisphere, cortical
(161.1), 80. Haemarthrosis (M25.0), & 89. Traumatic

(527.2).

Infection (11)

2. Conjunctivitis, 11. Empyema, 35. Clostridium difficile
infection, 36. Sepsis, 43. Viral gastroenteritis, 56. Chronic
osteomyelitis, 59. Other aspiration pneumonia as a
complication of care, 60. Other specified pneumonia or
influenza, 84. Peritonitis, 89. Pneumonia & influenza, 97.
Basal pneumonia due to unspecified organism.

Infection (19)

10. Gastroenteritis and colitis of unspecified origin (A09.9),
15. Acute pancreatitis, unspecified (K85.9), 21. Pneumonia
due to other streptococci (J15.4), 25. Candidiasis of other
sites (B37.8), 27. Acute gastroenteropathy due to Norwalk
agent (A08.1), 36. Acute and subacute infective endocarditis
(133.0), 37. Other and unspecified gastroenteritis and colitis
of infectious origin (A09.0), 38. Pyonephrosis (N13.6), 41.
Legionnaires” disease (A48.1), 45. Pneumonia due to
Haemophilus influenzae (]14), 48. Osteomyelitis,
unspecified (M86.9), 59. Endocarditis, valve unspecified
(138), 61. Calculus of bile duct with cholecystitis (K80.4), 63.
Streptococcal infection, unspecified site (A49.1), 71.
Bacterial pneumonia, unspecified (J15.9), 72. Acute
appendicitis, other and unspecified (K35.8), 83. Unspecified
viral encephalitis (A86), 87. Infection of intervertebral disc
(pyogenic) (M46.3), & 96. Other streptococcal sepsis
(A408),

Cancer (8)

28. Acute myeloid leukaemia, 32. Hepatocelullar carcinoma,
51. Glioblastoma multiforme, 55. Chronic myeloid
leukaemia, 58. Malignant neoplasm of oesophagus NOS, 75.
Meningiomas, 80. Malignant pleural effusion, 9. Malignant
Neoplasm of endometrium of corpus uteri

Cancer (4)

32. Peripheral T-cell lymphoma, not elsewhere classified
(C84.4), 84. Malignant neoplasm: Floor of mouth,
unspecified (C04.9), 85. Other specified types of non-
Hodgkin lymphoma (C85.7), & 97. Hodgkin lymphoma,
unspecified (C81.9).

Respiratory conditions
(8)

26. Respiratory failure, 33. Obstructive sleep apnoea, 61.
Respiratory failure, 68. Pleural effusion NOS, 73.
Laryngopharyngeal reflux, 86. Pleural effusion NOS, 90.
Aspiration pneumonitis, 93. Acute exacerbation of chronic
obstructive airways disease.

Respiratory conditions
@

47. Chronic respiratory failure (J96.1), & 64. Tracheostomy
‘malfunction (J95.0).

Endocrine, nutritional
or metabolic (7)

6. Vitamin D deficiency, 23. Hypomagnesemia, 30. Chronic
pancreatitis, 47. Insulin-dependent diabetes mellitus, 64.
Prediabetes, 78. Thyrotoxicosis, & 88. Folic acid deficiency.

Endocrine, nutritional
or metabolic (5)

16. Other obesity (E66.8), 24. Thyroloxicosis, unspecified
(E05.9), 42. Thyrotoxicosis with toxic multinodular goitre
(E05.2), 60. Hypokalaemia (E87.6), & 94. Other chronic
pancreatitis (K86.1).

Gastrointestinal (3)

8. Acid reflux, 49. Perforation of intestine & 57. Cirrhosis
and chronic liver disease.

Gastrointestinal (6)

17. Fistula of intestine (K63.2), 65. Postoperative intestinal
obstruction (K91.3), 68. Alcoholic hepatitis (K70.1), 75.
Alcoholic cirrhosis of liver (K70.3), 78. Other specified
noninfective gastroenteritis and colitis (K52.8), & 92.
Barrett’s oesophagus (K22.7).

Renal (2)

63. Acute renal failure, 69. Impaired renal function.

Renal (4)

13. Chronic kidney disease stage 5 (N18.5), 46. Acute renal
failure with tubular necrosis (N17.0), 88. Hydronephrosis
with ureteral stricture, not elsewhere classified (N13.1), & 99.
Acute renal failure, unspecified (N17.9).

Haematological (2)

72. Idiopathic thrombocytopenic purpura, & 74.
Pancytopenia acquired.

)

40.7] unspecified (D69.6), & 56. Anaemia
in other chronic diseases classified elsewhere (D63.8).

Osteoarticular &
muscular disorders (3)

14. Fragility fracture, 38. Callosity on foot, & 50.
Pseudogout.

Osteoarticular &
muscular disorders (3)

73. Superficial injury of shoulder and upper arm, unspecified
(540.9), 74. Traumatic ischaemia of muscle (179.6), & 90.
Fracture of sacrum (532.1).

Frailty or
Multimorbidity (4)

3. Multiple organ failure, 12. Mechanical complication of
urethral catheter, 17. Symptoms, signs and ill-defined
conditions, & 77. Wet senile macular degeneration.

Frailty or
Multimorbidity (2)

12. Tendency to fall, not elsewhere classified (R29.6), & 55.
Stage IV decubitus uleer (L89.3).

Other (5)

37. Alcohol withdrawal syndrome, 71. Drug hypersensitivity
NOS, 94. Incisional hernia, 98. Keloid scar, & 100.
Angioedema.

Other (6)

14. Mental and behavioural disorders due to use of alcohol
(F10.3), 43. Localization-related (focal) (partial)
symptomatic epilepsy and epileptic syndromes with simple
partial seizures (G40.1), 50. Visual disturbance, unspecified
(H53.9), 67. Zoster ocular disease (B02.3), 86. Other
inflammatory polyneuropathies (G61.8), & 91. Precordial
pain (R07.2).
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“The patients in the control group all have AF that spontaneously converts to sinus rhythm
*The baseline characteristic of the coronary history was different (P <0.05}.

“Forty-five patients (15.2%) were lost to the scheduled follow-up {from 6 to 75 months).
dNot mentioned.
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Primary care
Cardiac-Related (16)

a. Arrhythmia(7): 6. Atrial flutter, 23. Cardiac arrhythmias,
29. Heart beats irregular, 45. Paroxysmal atrial tachycardia,
57. Sinus tachycardia, 76. Supraventricular tachycardia NOS,
&81. Ectopic beats.

b. Heart failure (1): 30. Cardiac failure.

c. Heart valve disease (4): 7. Aortic stenosis, 10. Mitral
stenosis, 33. Aortic regurgitation alone, cause unspecified, &
53. Mitral regurgitation,

d. Cardiomyopathy (0):

e. Ischaemic heart disease (3): 4. Acute non-ST myocardial
infarction, 5. Acute ST myocardial infarction, & 67. Double
coronary vessel discase,

f Other (1): 59. Ventricular septal defect.

Cardiac-Related (22)

Secondary care
a. Arrhythmia (9): 9. Supraventricular tachycardia (147.1),
14. Palpitations (R00.2), 18. Atrioventricular block, first
degree (144.0), 26. Sick sinus syndrome (149.5), 40. Cardiac
arrest with successful resuscitation (146.0), 53. Trifascicular
block (145.3), 56. Other specified cardiac arrhythmias
(149.8), 60. Paroxysmal tachycardia, unspecified (147.9), &
100. Bradycardia, unspecified (R00.1).
b. Heart failure (3): 10. Heart failure, unspecified (150.9), 50.
Cardiomegaly (151.7), & 55. Heart failure (150.0/150.1).
¢. Heart valve disease (5): 4. Disorders of both mitral and
aortic valves (108.0), 7. Mitral (valve) insufficiency (134.0),
11. Aortic (valve) insufficiency (135.1), 12. Aortic (valve)
stenosis (135.0), & 72. Mitral (valve) prolapse (I34.1).
d. Cardi (1): 37. Dilated (1420).
Ischaemic heart discase (3): 25. Subsequent myocardial
infarction of anterior wall (122.0), 64. Subsequent
myocardial infarction of unspecified site (1229), & 95.
Acute subendocardial myocardial infarction (121.4). Other
(1):22. Atrial septal defect (Q21.1).

Cerebrovascular (7)

20. Left-sided CVA, 38. Stroke due to cerebral arterial
occlusion, 44. CVA - cerebral artery occlusion, 7. Cerebral
infarction NOS, 80. Cerebral infarction due to unspecified
occlusion or stenosis of unspecified cerebral artery, 87. Right
sided cerebral infarction, & 9. Cerebrovascular disease NOS.

Cerebrovascular (6)

5. Cerebral infarction due to unspecified occlusion or
stenosis of cerebral arteries (163.5), 32. Cerebral infarction
due to thrombosis of cerebral arteries (163.3), 36. Other
cerebral infarction (163.8), 42. Cerebral infarction due to
unspecified occlusion or stenosis of precerebral arteries
(163.2), 87. Stroke, not specified (164/163.9), & 96. Multi-
infarct dementia (FO1.1).

Peripheral or other
vascular (9)

3. Primary pulmonary hypertension, 13. Mixed venous and
arterial leg ulcer, 17. Venous ulcer of leg, 47. Arterial leg
ulcer, 64. Peripheral oedema, 84. Lipodermatosclerosis, 89.
Venous ulcer of leg, 95. Raised blood pressure reading, & 98.
AAA - Abdominal aortic aneurysm without mention of
rupture.

Peripheral or other
vascular (1)

15. Hypertensive renal disease with renal failure (112.0), 23.
Thoracic aortic aneurysm, without mention of rupture
(171.2), 30. Atherosclerosis of arteries of extremities (170.2),
39, Embolism and thrombosis of arteries of upper
extremities (174.2), 62. Orthostatic hypotension (195.1), 66.
Lymphoedema, not elsewhere classified (189.0), 71. Disease
of pericardium, unspecified (131.9), 75. Varicose veins of
lower extremities with inflammation (I83.1), 81. Abdominal
aortic aneurysm, ruptured (171.3), 90. Disorder of arteries
and arterioles, unspecified (177.9), & 91. Varicose veins of
lower extremities with both ulcer (183.2).

Bleeding/
Haemorrhagic
ions (1)

91. Intracerebral haemorrhage.

Bleeding/
Haemorrhagic
ions (2)

24. Subdural haemorrhage (acute)(nontraumatic) (162.0), &
89. Vitreous haemorrhage (H43.1).

Infection (13)

15. Acute lower respiratory tract infection, 22. Acute infective
otitis externa, 27. Cellulitis NOS, 35. Paronychia of toe, 42.
Sepsis, 48. Infected dermatitis, 58. Recurrent chest infection,
63. Other cellulitis and abscess, 6. Infection toe, 68. Nasal
vestibulitis, 71. Acute upper respiratory tract infection, 72.
Infective ofitis externa, & 85. Pilonidal sinus/cyst.

Infection (4)

19. Acute and subacute infective endocarditis (133.0), 27.
Sepsis, unspecified (A41.9), 41. Other specified bacterial
intestinal infections (A04.8), & 68. Viral intestinal infection,
unspecified (A08.4).

Cancer (4)

21. Malignant neoplasm of oesophagus, 26. Oesophageal
cancer, 41. Malignant neoplasm of trachea, bronchus and
lung, 97. Polycythaemia vera,

Cancer (22)

1. Malignant neoplasm: Upper lobe, bronchus or lung
(C34.1), 2. Malignant neoplasm: Lower lobe, bronchus or
lung (C343), 3. Malignant neoplasm: Bronchus or lung,
unspecified (C34.9), 6. Malignant neoplasm of ovary (C56),
8. Malignant neoplasm: Oesophagus, unspecified (C15.9),
13. Malignant neoplasm: Cardia (C16.0), 16. Diffuse large
Bcell lymphoma (C83.3), 28. Non-Hodgkin lymphoma,
unspecified (C85.9), 31. Chronic lymphocytic leukaemia of
B-cell type (C91.1), 38. Mesothelioma of pleura (C45.0), 45.
B-cell lymphoma, unspecified (C85.1), 48. Polycythaemia
vera (D45), 52. Malignant neoplasm: Hepatic flexure
(C18.3), 57. Malignant neoplasm: Malignant melanoma of
upper limb (C43.6), 58. Secondary malignant neoplasm of
lung (C78.0), 59. Malignant neoplasm without specification
of site (C80), 65. Malignant neoplasm: Splenic flexure
(C18:5), 70. Other non-follicular lymphoma (C83.8), 80.
Malignant neoplasm: Upper-outer quadrant of breast
(C50.4), 82. Multiple myeloma (C90.0), 97. Malignant
neoplasm: Head of pancreas (C25.0), & 98. Intraductal
carcinoma in situ (D05.1).

Respiratory conditions
©)

1. COPD, 31. Acute exacerbation of chronic obstructive
airways disease, 60. Acute exacerbation of asthma, 73.
Moderate chronic obstructive pulmonary disease, 74. Severe
chronic obstructive pulmonary disease, 78. Diffuse
pulmonary fibrosis,

Respiratory conditions

(6)

21. Emphysema, unspecified (J43.9), 51. Pneumothorax,
unspecified (]93.9), 61. Pleural effusion, not elsewhere
classified (190), 77. Pneumonitis due to food and vomit
(69.0), 83. Chronic obstructive pulmonary disease with
acute lower respiratory infection (J44.0), & 92. Pulmonary
collapse (]98.1).

Endocrine, nutritional
or metabolic (10)

12. Folic acid deficiency, 16. Impaired fasting glycemia, 18.
Impaired glucose tolerance, 19. Insulin-dependent diabetes
‘mellitus, 28. Impaired glucose tolerance, 32. Hyponatraemia,
49. Tron deficiency, 62. Non-proliferative diabetic
retinopathy, 83. Background diabetic retinopathy, & 100.
Glucose intolerance.

Endocrine, nutritional
or metabolic (6)

29. Insulin-dependent diabetes mellitus with peripheral
circulation complications (E10.5), 35. Disorders of calcium
metabolism (E83.5), 74. Hyperkalaemia (E87.5), 76. Non-
insulin-dependent diabetes mellitus with peripheral
circulatory complications (E11.5), 84. Hypo-osmolality and

(E87.1), & 99. N lin-dependent
diabetes mellitus with ketoacidosis (E11.1).

Gastrointestinal (3)

55. Constipation NOS, 69. Small bowel obstruction NOS, &
79. Alcoholic cirrhosis of liver.

Gastrointestinal (7)

20. Polyp of stomach and duodenum (K31.7), 33. Acute
haemorrhagic gastritis (K29.0), 46. Alcoholic cirthosis of
liver (K70.3), 69. Obstruction of bile duct (K83.1), 78.
Perforation of intestine (nontraumatic) (K63.1), 85.
Oesophageal varices without bleeding (185.9), & 94.
Diverticular disease of large intestine with perforation and
abscess (K57.2),

Renal (1)

56. Proteinuria.

Renal (3)

17. Chronic kidney disease (N18.0), 47. Acute renal failure,
unspecified (N17.9), & 93. Other chronic renal failure
(N18.8).

Haematological (3)

40. Chronic anaemia, 43. Microcytic ic anaemia,

& 50. Pancytopenia NOS.

Q@

9.7 unspecified (D69.6), & 88,
Idiopathic thrombocytopenic purpura (D69.3).

Osteoarticular &
muscular disorders (5)

9. Fragility fracture, 24. Arthralgia of hip, 25. Arthropathy
NOS, 37. Leg pain, & 51. Polyarthropathy NEC.

Osteoarticular &
muscular disorders (4)

54. Localized swelling, mass and lump, lower limb (R22.4),
67. Fracture of rib ($22.3), 73. Lumbago with sciatica
(M54.4), & 86. Synovial cyst of popliteal space [Baker]
(M71.2).

Frailty or
Multimorbidity (9)

2. Uncertain Diagnosis, 11. Tired all the time, 34. Catheter
complications, 36. Geriatric fall, 39. Ulcer of skin, 70. Slurred
speech, 75. Confusion, 92. Wet senile macular degeneration,
& 96. Chronic skin ulcer.

Frailty or
Multimorbidity (2)

44, Malaise and fatigue (R53), & 79. Decubitus ulcer and
pressure area (L89).

Other (13)

8. Pruritus vulvae, 14. Seborrhocic dermatitis capitis, 46.
Moderate depressive episode, 52. Scalp psoriasis, 54.
Breathlessness, 61. Bullous pemphigoid, 65. Alcohol
withdrawal syndrome, 82. Homonymous hemianopia, 83.
Injury and poisoning NOS, 86. Problem with vaginal pessary,
88. Generalized anxiety disorder, 90. Skin lesion, & 94.
Ingrowing great toe nail.

Other (3)

34. Dyspnoea (R06.0), 43. Delirium, unspecified (F05.9), &
63. Precordial pain (R07.2).
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1. Recurrent stroke
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etal. (16) 2. Alzheimer dementia
3. Vascular dementia

Values are n (); NR, not reported or cannot combine; SD, standard deviation; T, treatment; C, control; RCT, randormized clinical trial; ERC, earty rhythm control, including AADs and catheter ablation; UC, usual care; NOAC, non-vitamin K
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Sex (male), n (%) 7 (58.3%)
Age, years 6612799
Body mass index, kg/m” 245+3.6
Atrial fibrillation type, 7 (%):
Paroxysmal 8 (66.7%)
Persistent 4(333%)
Atrial fibrillation burden by Holter monitoring, % 463+35.6 %
Coronary artery disease, (%) 0(0%)
Hypertension, n (%) 5 (41.7%)
Diabetes mellitus, (%) 2 (16.7%)
Obese, 1 (%) 1(83%)
Cardiac implantable electronic device, 1 (%) 0(0%)
Cerebral vascular accident, 1 (%) 1(83%)
Congestive heart failure, 7 (%) 2 (167%)
Chronic kidney disease, 7 (%) 1(83%)
End-stage renal disease, n (%) 1 (8.3%)
CHA,DS, VASc score, 1 (%):
[ 1(83%)
1 4(333%)
2 2 (167%)
3 3(25%)
4 2 (16.7%)
Pulmonary vein isolation success, % 100%
SVC isolation success, % 100%
Length of the muscle sleeves, mm 339467
Distance between ablation line and SVC-RA junction, mm 168+ 7.1
Distance between ablation line and sinus node, mm 119424
Fluoroscopy time, minute 72455
LA dwelling time, minute 999228
SVC mapping and isolation time, minute 197468

SVC. superior vers cava: Rk fisht stvium: LA left siriom:
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Age, years

Total
(n=113,582)

ACEi
(n=2,072)

Monotherapy

Beta-blockers
(n=13,238)

CccB
(n=19,882)

Diuretic
(n=8,997)

p-value

Mean = SD

59.4+12.0

580114

606+114

547137

616112

574137

<65

74,024 (65.2)

10,539 (71.3)

1,292 (62.4)

9,832 (74.3)

11,796 (59.3)

6,051 (67.3)

6574

28470 (25.1)

3,156 (214)

584 (28.2)

2,534 (19.1)

5719 (28.8)

2,014 (22.4)

275

11,088 (9.8)

1,083 (7.3)

196 (9.5)

872 (6.6)

2,367 (11.9)

932 (104)

Sex (men)

53,091 (46.7)

7,462 (505)

1,184 (57.1)

5,165 (39.0)

8,574 (43.1)

2,385 (26.5)

C

Diabetes mellitus

26,107 (23.0)

4,380 (29.6)

847 (409)

1,607 (12.1)

3272 (165)

1,160 (12.9)

Dyslipidaemia

43,605 (38.4)

6178 (41.8)

915 (44.2)

4,062 (30.7)

6,743 (33.9)

2617 (29.1)

Heart failure

4,69 (4.1)

426 (29)

93 (4.5)

385 (29)

412 (2.1)

418 (47)

Prior ischemic stroke/TIA

6220 (5.5)

880 (6.0)

163 (7.9)

500 (3.8)

1,109 (5.6)

251 (28)

Prior MI

1,286 (1.1)

131 (0.9)

45 (22)

190 (1.4)

92 (0.5)

49 (0.5)

PAD
CKD

19,819 (17.5)
13,826 (122)

2281 (154)
1,672 (11.3)

369 (17.8)
281 (13.6)

1,738 (13.1)
1,171 (8.9)

3,507 (17.6)
1,867 (94)

1,269 (14.1)
892 (9.9)

CcoPD

10,781 (9.5)

1,256 (8.5)

194 (9:4)

1,165 (838)

1,950 (9.8)

1,052 (11.7)

Sleep apnea

138 (0.1)

22 (02)

30.0)

20 (02)

19.(0.1)

11(0.1)

Thyroid disease

6,945 (6.1)

964 (6.5)

108 (5.2)

1,230 (93)

989 (5.0)

607 (68)

HTN duration, years

45+34

39:33

4831

28+34

44232

21+31

2 years

77,673 (68.4)

9,275 (62.8)

1,553 (75.0)

5714 (43.2)

13,967 (70.3)

3,066 (34.1)

Social history

Smoking

Non-smoker

75,103 (66.1)

9406 (63.7)

1,254 (60.5)

9252 (69.9)

13,815 (69.5)

7,003 (77.8)

Ex-smoker

18410 (16.2)

2,681 (18.1)

438 (21.1)

1,716 (13.0)

2,955 (14.9)

775 (86)

Current smoker

20069 (17.7)

2,691 (182)

380 (18.3)

2,270 (17.2)

3,112 (15.7)

1,219 (13.6)

Alcohol consumption

Non-drinker

71,890 (63.3)

9,122 (61.7)

1,307 (63.1)

8,902 (67.3)

13,154 (66.2)

6,496 (72.2)

Mild to moderate

(0-30 g/day)

33,110 (29.2)

4528 (306)

630 (304)

3,689 (27.9)

5,368 (27.0)

2,078 (23.1)

Heavy (230 g per day)

8,582 (7.6)

1,128 (76)

135 (6.5)

647 (4.9)

1360 (6.8)

423 (47)

Regular exercise

22,654 (20.0)

3,086 (209)

465 (22.4)

2,499 (18.9)

4,010 (202)

1,563 (17.4)

Low income

18,259 (16.1)

2,268 (15.4)

291 (14.0)

2,120 (16.0)

3,114 (15.7)

1,620 (18.0)

Health

SBP (mmHg)

1314+16.6

13224160

130.4+157

1246+158

1335+155

1236+155

DBP (mmHg)

806109

815109

796102

77.0+104

817104

762+ 100

BMI (kg/m”)

249+33

248+32

243+3.0

239+32

245231

243+34

Obesity (BMI > 25)

53,742 (47.3)

6,660 (45.1)

819 (39.5)

4,677 (35.3)

8,387 (42.2)

3,500 (38.9)

WC (cm)

84.12 8.86

8383+86

8345831

80.93 % 9.09

83.15=827

8131 +9.08

‘Abdominal obesity
(Men > 90, Women > 85)

40,575 (35.7)

4,823 (32.6)

616 (29.7)

3,308 (25.0)

6344 (31.9)

2,624 (29.2)

Laboratory results

©GFR (ml/min/1.73 m?)

834358

838337

827+466

86. 64346

8442332

85.1+276

Fasting Glucose (mg/dl)

1065 +31.4

109.3+35.9

1159+433

1005+ 26.1

1035+27.7

1002 +27.8

“Total cholesterol (mg/dl)

1969 39.4

194.8+39.7

1929+39.9

195.2+39.0

2008 =385

2013405

HDL-C (mg/dl)

535227

535245

526189

544+227

545231

563+ 248

LDL-C (mg/dl)

1143386

112.9+37.6

1112+360

11424384

1182371

119.1 386

*1G (mg/dl)

129.1 (1287-1295)

127.4 (1263-128.5)

1254 (1225-128.3)

1182 (117.1-119.3)

1250 (124.1-125.9)

1151 (113.8-116.4)

<0.001

Categorical variables are presented as percentages, and continuous variables are presented as means and standard deviations,
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CCB, calcium channel blocker; CKD, chronic kidney disease;
COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; GFR, estimated glomerular filtration rate; FLI, fatty liver index; HDL-C, high-density
ipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; PAD, peripheral artery disease; SBP, systolic blood pressure.
¥IG is presented as the gsometric mean (95% confidsncs intsrvall.
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Subjects who received national health examination

between January 1,2009 and December 31, 2014
n = 556,888

* Subjects with age below 20 (n = 1,500)
« Subjects with missing values in health ination (n = 14,692)

Subjects who received antihypertensive medication under
hypertension diagnosis

n=120,481
+ Subjects with prevalent atrial fibrillation (n = 5,177)
+ Subjects with atrial fibrillation occurrence before 1 year follow up
(n= 1567)
Study population
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Univariate Multivariate

95%Cl HR 95%Cl
Genders ! 053-1.44
Age of initiation of dialysis, years X 1.02-1.06
BMI, Kg/m* . v 091-1.35
Hypertension X . 022-1.07
Diabetes i 149-4.21 061-221
Coronary artery disease % 198-5.20 093-3.33
Smoking X 064-1.69
Drinking z 075-2.09
LVMI (g/m?) . K 095-1.11
LVEF, % X 096-1.02
Hemoglobin, g/L . 033-0.96 52 z 0.43-153
Calcium, mmol/L X X 098-25.79
Phosphorus, mmol/L z 058-1.33
Changes after AVF
New-onset atrial fibrillation <0.001 611 351-1061 | <0.001 408 2.00-8.34
left atrial enlargement 049 0385 053134 |
Left ventricular systolic dysfunction 0.001 259 149-4.47 | 001 242 120-488

BMI, Body Mass Index: LAVI, left atrial volume index: LV, left ventricl

VEF, left ventricular ejection fraction.
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PS-group 1 | PS-group 2 | P-value
(n=49) (n=49)
Age (Mean +SD) 588+9.9 585+13.1
Male (n, %) 40 (81.6%) 42 (85.7%)
BMI (Mean = SD) 27038 256+43
CHA,DS,-VASc (Mean + SD) 157125 139129
Hypertension (n, %) 17 (347%) 22 (44.9%)
Hyperlipidemia (n, %) 15 (30.6%) 13 (265%)
Diabetes (1, %) 12 (24.5%) 12 (24.5%)
Coronary artery disease (1, %) | 11 (22.5%) 9 (18.4%)
Congestive heart failure (n, %) 7 (14.3%) 6 (12.2%)
Vascular disease (n, %) 1(2.0%) 1(2.0%)
Cerebrovascular disease (n, %) 4(8.2%) 3 (6.1%)
Obstructive sleep apnea (n, %) 3(61%) 120%)
Thyroid disease (n, %) 5 (10.2%) 3 (6.1%)
Type of AF
Paroxysmal 28 (57.1%) 26 (53.1%)
Non-paroxysmal 21 (42.9%) 23 (46.9%)
LAD (mm) (Mean =SD) 448+7.0 45579

38 (77.6%) 37 (75.5%)
8 (163%) 9 (18.4%)
3 (61%) 3(6.1%)

AF, atrial fibrillation; BMI, body mass index; LAD, left atrial diameter; LVEF, left
winticlr slection action: PS, Bropshsity scons matching: SO standard deviation.
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Univariable Multivariable

Parameters HR (95% Cl) HR (95% Cl) p-value

1.023 (0.975-1.072)
1333 (0.379-4.684)
Hypertension 0,659 (0250-1.739) 0.40
Hyperlipidemia 1279 (0498-3281) 061
Diabetes mellitus 2.805 (1.113-7.072) 0.03 3.074 (1.089-8.678) 0.03
‘Coronary artery disease 2,631 (1.047-6.613) 0.04 1.986 (0.733-5.379) 0.18
Congestive heart failure 1280 (0.293-5.589) 074
Thyroid disease 7.376 (2304-23.611) <001 14713 (3972-54.497) <001
Cercbrovascular accident 1495 (0.343-6.509) 059
Obstructive sleep apnea 3574 (0.797-16.023) 0.10 3926 (0.752-20.496) 011
CHA,D, VASc 1245 (0873-1777) 023
Non-paroxysmal AF 3.392 (1.311-8.780) 0.01 4.012 (1.476-10.905) <0.01
1029 (0.968-1.094) 036
LVEF 0.987 (0939-1.038) 060
0.956 (0.849-1.076) 045
1059 (0.954-1175) 028

AF, atrial fibrillation; CI, confidence interval; HR, hazard ratio; IVSd, interventricular septal width in diastole: LAD, left atrial diameter; LVEF, left ventricular ejection fraction;
LVPWA, left ventricle posterior wall thickness in diastole.
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Parameters PS-group 1 | PS-group 2 P-value

(n=46) (n=40)
LAD (mm)
Baseline 450+72 466+7.
End of follow-up 432+63° 49.4+95°
Relative change (%) | -27+129 64+143
LVEF (%)
Baseline 564+ 102 55.4+93
End of follow-up 575+83 54589
Relative change (%) 56+284 -084%135

*significant (p <0.05) when compared with baseline.
LAD, left atrial diameter; LVEF, left ventricular ejection fraction; PS, propensity
score matching.
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29.3+266m 311 26.0x2.1m 23.7£125m
14 procedure » 2% procedure » 3%procedure > 4% procedure » 5" procedure
60 patients 27 patients 6 patients. 2 patients 2 patients.
Patients Type PAF 38 PAF 16 PAF 4 PAF O PAF O
NPAF 22 NPAF 11 NPAF 2 NPAF 2 NPAF 2
PVI 60 PV reconnect 25 PV reconnect 4 PV reconnect 1 PV reconnect 2
NPV 10 NPV trigger 8 NPV trigger 4 NPV trigger 2 NPV trigger 1
Ablation Site MFL/RFL8 MFL/RFL 10 MFL/RFL4 MFL/RFLO MFL/RFL 1
CFAE9 CFAE7 CFAEL CFAE1 CFAEO
CTI 60 CTi reconnect 9 CTi reconnect 2 CTi reconnect 0 CTi reconnect 0
Recurrence 44 Recurrence 12 Recurrence 2 Recurrence 2 Recurrence 1
Outcome
NPAF 19 NPAF 7 NPAF 2 NPAF 2 NPAF 1
Recurrence Free Recurrence Free Recurrence Free Recurrence Free
51.7% (n=31) 58.3% (n=35) 58.3% (n=35) i

Recurrence Free
26.7% (n=16)
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Characteristics

Age (years)

All enrolled
(n=772)
76583

Age 280 years old, n (%)

308 (39.8)

Male gender, r (%) 507 (66)
Body Mass Index, Kg/m” 266+ 4
Arterial hypertension, n (%) 576 (74.6)
Diabetes, n (%) 244 (31.6)
Ischemic heart disease, n (%) 292 (378)
Prior ischemic stroke, n (%) 99 (12.8)
Prior ic stroke, n (%) 123 (159)
Prior TIA, 7 (%) 65 (84)
Cancer 63 (82)
Glomerular filtration rate, ml/min 56 (39-75)
LVEF, % 55 (45-60)
Permanent Atrial Fibrillation 371 (48)

CCHA2DS2-VASc score

41=15

CCHA2DS2-VASc score 24

518 (67.1)

HAS-BLED score

37:11

HAS-BLED score 23

667 (86.4)

OAC contraindication

533 (69.0%)

Primary indication for LAA occlusion

Gastrointestinal bleeding

234 (303)

Intracranial bleeding

110 (142)

Urogenital bleeding

15 (1.9)

Other Spontaneous bleeding

85 (11)

Other indication

Severe CKD or liver disease

121 (15.7)

ic disorder 69 (89)
Ischemic stroke despite OAC 51 (6.6)
Need for triple antithrombotic therapy or prolonged 7 (0.9%)

DAPT after PCI

Cerebrovascular malformation

6 (0.8)

Cercbral Amyloid Angiopathy

9 (LY

Values are mean + SD, n (%), or median (interquartile range).

CKD, chronic kidney disease; DAPT, dual anti-platelet therapy; LAA, left atrial
appendage; LVEF, left ventricular ejection fraction: N, number; OAC, oral anti-
PCI coronary TIA, transient ischemic

Lok
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Size of implanted device

99 (12.8)
201 (26.0)
211 (27.3)
153 (19.8)
91 (11.8)
First device implanted 760 (98.4)
Procedure time, min 60 (38-80)
Contrast use, ml 80 (55-110)
Fluoroscopy time, min 15 (10-23)
Procedural guidance
Intracardiac echocardiography 146 (18.9%)
Transesophageal echocardiography 642 (832)
Length Of Admission, Days 4(3-5)

Values are mean + SD, n (%), or median (interquartile range).
FLX Watchman Flex device: N. number.
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Type of complication

Death 3(04)
Ischemic stroke 1(0.)
Intracranial hemorrhage 1(0.)
TIA 1(01)
Major extracranial bleeding (BARC type 3 or 5)* 13 (1.7)
Pericardial effusion with tamponade 2(03)
Device embolization 0 (00)
D lated i 1(0.)
Procedure related 10 (1.3)

Values are n (%).

BARC, bleeding academic research consortium; ICH, intra-cranial hemorrhage: n,

number; TIA, transient ischemic attack.
ot inckiding peficandisl tariponade and ICH.
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Age, years

(n=219)
69628 54156

Younger | p-value

Male sex, n (%)

82 (582) | 173 (79.0)

Body mass index

25931 | 263+28

CHA2DS2-VASc score

271£10 | 112209

LA diameter, mm

45442 | 450+43

History of stroke, (%)

25(177) | 15(68)

Hypertension, (%) 89 (63.1) | 100 (45.7)
Diabetes mellitus, n (%) 18 (128) | 26(119) | 087
Coronary atherosdlerotic heart disease, n (%) | 43 (305) | 33 (15.1) | 0.0006

Congestive heart failure, 1 (%)

16 (113) | 34 (155)

Time from first AF diagnosis

<1 year, n (%)

| 65 661 | 97 (a3

>1 year, n (%)

| 76 (539) | 122(55.7)

AADs therapy

Class Ic, n (%)

6 (43) 19 8.7)

Class 11, n (%)

28 (199) | 55(251)

Class IIL, n (%)

71(503) | 106 (48.4)

Class IV, n (%)

17 (12.) | 29013.2)

Data are shown as mean + SD or absolute number and percentage (n%). LA, left
stran: AADs. antisrriwihemic driigs
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erly
-# Younger

N
o
=3

60

40

20

Survival without recurrence

o T T
0 5 10

Months of Follow-up
Number at risk
Elderly 141 126 124 121 119 118 17

Younger 219 196 194 191 190 189 187 185
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Reference|Country, Study

design

AF

PAF |Comparison/

intervention

Number
of patients

Gender
(male)

Age (y)

BMI
/

(kg/m?)

LVEF
(%)

LAD

Diabetes | Hypertension

CAD |Stroke/| Follow-

TIA

up time
(months)

NOS

Aryana Cohort study PAFor | 254 CB2/CB3 355 (253/102) | 243 (68.5%) | 64103 | 303+6.0 (5532954362 6.1| 82 (23.1%) | 242 (68.1%) |74 (208%)| 42
etal. (9) PerAF |(71.5%) (11.8%)
Firnkranz | Germany | Cohort study [PAF or | 380 CB2/CB3 472 (423/49) | 274 (58%) | 64=12 NA NA | 40+6 | 48(10%) 352 (75%) 75 (16%) | 62 (13%) NA 6
etal. (14) PerAF |(80.5%)
Heeger Germany |Retrospective [PAF or | 42 CB2/CB3 60 (30/30) | 51(85%) | 613%42 | NA NA | 45%6 | 4(67%) 36 (60%) 7(117%) | NA NA 5
etal. (15) study PerAF | (70%)
Heeger Germany  |Retrospective [PAF or | 71 CB2/CB3 110 (55/55) | 61 (55.5%) |62.1%114 27548 | NA | 4506 | 12 (11%) 69 (63%) 12.(11%) | 7(6%) 12 5
etal. (10) study PerAF |(64.6%)
Tacopino Ttaly Cohort study |PAF or | 182 CB2/CB3 240 (1201120) |171 (713%) [60.6=10.6| 269257 | 5867 [415275| 19 (7.9%) 105 (43.8%) NA | 9(38%) NA 7
etal. (1) PerAF |(75.8%)
PAFor | 172 CB2/CB4 240 (120/120) |174 (725%) | 61497 | 27.324.6 [57.9267| 402+9 | 18 (75%) 88 (37.7%) NA | 9(38%) NA
PerAF |(71.7%)

Mugnai Belgiom | Retrospective |PAF or | 473 CB2/CB3 600 (500/100) | 384 (64%) |58.1=12.9| 267446 58167 429+93| 51 (8%) 261 (43%) 53(9%) | NA 12644 | 6
etal (16) study PerAF |(78.8%) and42+14
Pott et al. (17) | Germany | Retrospective |PAF or | 40 CB2/CB3 74(37/37) | 47 (64%) | 653%95 | NA NA | 4579 | 12 162%) 54 (73%) 22(297%)| NA 6229 6

study PerAF |(54.1%)
Sciarra Indian |Cohort study [PAFor | 46 CB2/CB3 68 (34/34) | 48 (70.6%) | 578296 | NA 5794942249 1(15%) 18 (26.5%) NA NA 12 7
etal (18) PerAF |(67.6%)
Heeger Germany | Retrospective |PAF or | 135 CB2/CB4 300 (150/150) | 182 (60.7%) | 665=11 |  NA NA NA | 40 (133%) 204 (68%)  |71(237%) NA NA 5
etal (12) study PerAF | (45%)
Miyazaki Japan Retrospective |PAF or | 66 CB2/CB4 90 (41/49) | 58 (64.4%) 668111 NA | 623% 38852  NA NA NA NA NA 6
etal. 1) study PerAF |(73.3%) 105
Moltrasio | Ttaly Retrospective |PAF or | 80 CB2/CB4 100 (50/50) | 72 (72.0%) |59.7+12.1| 262+57 [605+8.4| NA 7% 58 (58%) 9(9%) | 6(6%) NA 7
etal. 20) study PerAF | (80%)
Rottner Germany |Retrospective [PAF or | 134 CB2/CB4 200 (100/100) |127 (635%)| 55539 | NA  [585245(441255] 21 (105%) 114 (57%) NA 8 (4%) NA 6
etal. (13) study PerAF | (67%)
Manfrin Tualy Retrospective |PAF or | 274 CB2/CB4 492 (246/246) | 144 (293%) | 61494 | 27.224.4 [584263| 4229 | 37 (7.6%) 277.(563%) | 5 (L1%) | 21 (44%) 12 7
etal. (19) study PerAF |(55.7%)

AF, atrial fibrillaion; PAF, paroxysmal atrial fibrillation; PerAF, persistent atrial fibrillation;

CB2, d-ge

cryoballoon; CB3, third.
fraction; LAD, left atrium diameter; CAD, coronary artery disease; TIA, transient ischemic attack: NA, niot available.

eryoballoon; CB4, fourth-generation cryoballoon; y, years; BMI, body mass index; LVEF, left ventricular ejection





OPS/images/fcvm-10-1276317/fcvm-10-1276317-g002.jpg





OPS/images/fcvm-11-1364893/fcvm-11-1364893-g006.jpg
A AF recrudescence

CB3 CB2 Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H. Random, 95% CI M-H. Random, 95% CI
Aryana 2016 10 34 8 34 16.4% 1.25(0.56, 2.78] — =
Heeger 2019 6 37 5 37 87% 1.20[0.40, 3.59] — e
Mugnai 2016 1 100 93 500 30.4% 0.59 [0.33, 1.06] —a
pott 2016 15 55 15 65 281% 1.00 (0.54, 1.84] ——
Siarra 2017 10 34 8 34 16.4% 1.25(0.56,2.78) e
Total (95% CI) 260 660 100.0% 0.93[0.67, 1.29] <&
Total events 52 129
Heterogeneity: Tau?= 0.00; Chi*= 3.70, df= 4 (P = 0.45); F= 0% b0 1'0 100
Test for overall effect Z= 0.43 (P = 0.67) ) cB3 CB2
Pericardial effusion / cardiac tamponade
cB3 cB2 Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H. Random, 95% CI M-H. Random, 95% CI
Aryana 2016 0 100 1 500 428% 1.65[0.07, 40.30] —
Heeger 2015 0 120 0 120 Not estimable
lacopino 2020 0o 30 o 30 Not estimable
Mugnai 2016 1102 1 253 57.2% 2.48(0.16, 39.28] —
Total (95% CI) 352 903 100.0% 2.09[0.26, 16.84] e ERR—
Total events 1 2
Heterogeneity: Tau? = 0.00; Chi*= 0.04, df= 1 (P = 0.85); F= 0%
Test for overall effect: Z= 0.69 (P = 0.49) e 81 CB3 CB2 L L
PNP
CB3 CcB2 Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H. Random, 95% CI M-H, Random, 95% C1
Aryana 2016 0 100 1 500 9.0% 1.65[0.07, 40.30] T |
Furnkranz 2016 0 120 1 120 9.0% 0.33[0.01,8.10]
Heeger 2015 1 55 0 55 91% 3.00(0.12, 72.08]
Heeger 2019 1 30 0 30 92% 3.00[0.13,70.83] e
lacopino 2020 1 49 22 423 234% 0.39 [0.05, 2.85] —_—
Mugnai 2016 2 102 9 253 401% 0.55[0.12, 2.51] —
Total (95% CI) 456 1381 100.0% 0.73[0.28, 1.91]
Total events 5 33
Heterogeneity: Tau® = 0.00; Chi*= 2.53, df= 5 (P = 0.77); F= 0%
Testfor overall effect Z= 0.64 (P = 0.53) o0 o1 cB3 ! cB2 " 1o
cB4 cB2 Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H. Random, 95% CI M-H, Random, 95% CI
Heeger2021 3 150 3 150 24.0% 1.00[0.21, 4.88]
lacopino 2020 1120 1 120 78% 1.00[0.086, 15.80]
Manftin 2022 3 246 5 246 29.8% 060[0.14,2.48] 5T
Miyazaki 2022 2 49 0 4 6.6% 4.20(0.21,85.08] —n
Moltrasio 2019 2 50 3 50 19.7% 067[0.12,3.82] 1
Rottner 2020 3 100 1 100 11.9% 3.00(0.32,28.35) S . a—
Total (95% CI) 715 707 100.0% 0.99[0.46, 2.16]
Total events 14 13
Heterogeneity: Tau® = 0.00; Chi*= 2.52, df= 5 (P = 0.77); F= 0% o o pin P

Test for overall effect: Z= 0.02 (P = 0.99)
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optional device size (n=3) optional device size (n= 1)

| LAA thrombus detected before LAAC (n=3) }—

LAA thrombus detected before LAAC (n = 15)

ICE-guided “one-stop” procedure (n = 193)

TEE-guided “one-stop” procedure (n = 109)

Devices implanted successfully (n = 193) Devices implanted successfully (n = 109)

Patients underwent clinical or
telephone interviews (n = 177)

‘Patients underwent clinical or
telephone interviews (n = 102)

Patients underwent 3-months
TEE follow-up (n = 160)

Patients underwent 3-months
TEE follow-up (n = 94)
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Pre-IPTW Post-IPTW
HPSD-PVI

Cryo-PVI HPSD-PVI | Conventional-PVI
Total, n 1,049
Pre-ablation HRV.
Mean HR, bpm 63 (58-70) 67 (58-76) 66 (60-74) 63 (58-71) 68 (61-76) 66 (60-74)
MSSD, ms 250 (200-300) | 240 (180-33.0) | 260 (180-340) 0805 | 246 (210-30.0) | 232 (172-300) | 260 (180-340) 0.381
LF, Hz 132 (104-199) | 148 (79-214) 140 (8.7-20.2) 0609 | 142 (111-198) | 135 (9.0-203) 138 (86-19.8) 0.268
HE, Hz 9.6 (68-123) | 93 (6.1-136) 89 (62-129) 0.757 98(7.1-119) | 93(61-122) 89 (62-12.8) 0.446
LF/HF ratio 156 (130-1.94) | 155 (101-1.85) | 150 (117-187) 0511 | 152 (132-197) | 158 (1.04-185) 150 (1.16-186) 0434

p-Value Cryo-PVI

54"

Conventional-PVI | p-Value

Three-month post-ablation HRV
Mean HR, bpm 71 (61-79) 73 (66-81) 73 (66-80) 0.273 71 (61-79) 73 (66-81) 73 (66-80) 0.618
MSSD, ms 160 (130-220) | 150 (110-240) | 150 (11.0-23.0) 0311 | 170 (130-217) | 150 (120-240) 150 (11.0-23.0) 0227

LF, He 74(54-107) | 67 (33-1.0) 62 (36-109) 0001 | 75(54-107) | 85 (40-114) 6.1 (35-108)

HF, Hz 58(46-100) | 55(3893) | 54(3985) | 0205 | 59(4583) | 58(4193) |  54(3986) |
LEHF ratio | 120 (098-163) | 111 (0.83-145) | 107 (078-147) 0018 | 123 (095-165) | 119 (0.9-165) 106 (0.78-1.42) 0.006
One-year post-ablation HRV

Mean HR, bpm | 71 (64-78) 72 (66-79) 73 (6-80) 0.300 72 (65-79) 72 (67-80) 73 (6-80) 0569
£MSSD, ms 170 (133-210) | 160 (120-250) | 150 (110-230) 0196 | 162 (140-210) | 160 (115-250) | 150 (110-230) 0339
LF, Hz 99 (75-125) | 87 (54-128) 76 (49-12.0) <0001 | 102(78-127) | 91 (63-14.2) 76 (49-120) <0.001
HF, Hz 62(50-84) | 57(33-90) 57 (41-85) 0129 | 59(4978) | 64 (43-100) 56 (41-85) 0244
LE/HF ratio | 152 (122-195) | 132 (104-165) | 129 (100-167) <0001 | 159 (1.26-1.99) | 128 (099-166) | 140 (1.06-182) <0001

HRV, heart rate variability: HR, heart rate; rMSSD, root mean square of successive differences; LF, low frequency; HF, high frequency. Other abbreviations are the same as i
Table 1.
*Effective sample size.
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Total

Univariable

OR (95% Cl)

p-value

Multivariable

OR (95% CI) p-value

Age

1.064 (1.051-1.077)

Bodyweight

1.006 (0.997-1.015)

Cr

1,675 (1.334-2.103)

Age >80 years

Bodyweight 60-65 kg

1.251 (0.893-1.751)

Serum creatinine 1.2-1.5 mg/dL

1.688 (1.116-2.553)

1.870 (1.225-2.854)

Female

1.468 (1.024-2.103)

1.626 (1.125-2.350)

Hypertension

1210 (0.807-1.813)

Previous stroke/ TIA

0.638 (0.382-1.067)

Previous bleeding

0947 (0.543-1.652)

Antiplatelet use

1.560 (0.808-3.010)

Anaemia

1.382 (0.932-2.048)

Bodyweight <60 kg

Age 75-79 years

3.487 (2.730-4.455)

3.205 (2383-4310)

Serum creatinine 1.2-1.5 mg/dL

1.791 (1.085-2.957)

1.439 (0.785-2.638)

Female

1.131 (0.880-1.453)

Hypertension

1154 (0.916-1.455)

Previous stroke/ TIA

0476 (0.318-0.713)

0.434 (0.266-0.709)

Previous bleeding

2188 (1.311-3.653)

1.697 (0.900-3.201)

Antiplatelet use

1.937 (1.147-3.272)

2213 (1.194-4.103)

Anaemia

1.412 (1.074-1.858)

1.280 (0.952-1.720)

Creatinine >1.5 mg/dL

Age 75-79 years

1.340 (0.665-2.699)

Bodyweight 60-65 kg

6316 (1.824-21.868)

5837 (1.668-20.422)

Female 5.233 (1.165-23.495) 0031 4569 (0991-21.057) 0.051
Hypertension 0827 (0.349-1.961) 0.667
Previous stroke/ TIA 0805 (0.326-1.987) 0638
Previous bleeding 1.193 (0.430-3.308) 0735
Antiplatelet use 1530 (0.519-4.512) 0.441
Anaemia 1.574 (0.751-3.298) 0230

Cl confidence interval: OR odds ratio: TIA transient ischemic attack.
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Single dose reduction criteria

Apixaban dose

On-label
standard-dose
(n=974)

reduced dose

Off-label

(n=1,026)

p-value

Age 280 years

593 (29.7)

247 (25.4)

346 (33.7)

Body weight <60 kg

1,251 (62.6)

675 (69.3)

576 (56.1)

<0.001

Creatinine >1.5 mg/dL

156 (7.8)

52 (5.3)

104 (10.1)

Age, years

74379

727+79

754279

<65

225 (11.3)

152 (156)

73 (7.1)

691 (345) 410 (42.1) 281 (27.4) <0.001
491 (246) 165 (169) 326 (31.8) <0.001
Sex (female) L115 (55.8) 551 (56.6) 564 (55.0) 0471

Bodyweight (kg)

60.1 +100

59.1+9.2

60.0 = 10.1

<50

253 (127)

107 (11.0)

146 (14.2)

51-60 998 (49.9) 568 (58.3) 430 (41.9) <0.001
>60 749 (37.5) 299 (30.7) 450 (43.9) <0.001
CHA,DS,-VASc score 34%12 31:13 34%12 <0.001
23 1,492 (74.6) 668 (68.6) 724 (80.3) <0.001

HAS-BLED score*

1.6+09

18+10

19+10

23

265 (13.7)

120 (126)

145 (14.8)

@

Hypertension

1,392 (69.9)

653 (67.0)

739 (72.0)

Diabetes Mellitus 610 (305) 283 (29.1) 327 (31.9) 0172
Heart failure 476 (23.8) 207 (21.3) 269 (26.2) 0.009
Prior stroke/TIA 212 (106) 128 (13.1) 84 (8.2) <0.001
Prior bleeding 143 (7.1) 54 (5.5) 89 (8.7) 0.007
CKD 218 (109) 66 (68) 152 (14.8) <0.001
Not on dialysis 178 (8.9) 56 (57) 122 (11.9) 0474
On dialysis 25 (13) 8(0.8) 17 (1.7) 0.855
Previous kidney transplantation 14 (0.7) 2(0.2) 12(1.2) 0175
Liver disease 77 (39) 35 (26) 4240 0.561
Malignancy 270 (135) 122 (125) 148 (14.4) 0214
Antiplatelet use™ 125 (64) 43 (45) 82 (83) 0.001
SAPT 106 (5.3) 36 3.7) 70 (6.8) 0.808
DAPT 6(0.3) 3(03) 3(03) 0.410
Prior OAC 1472 (73.6) 721 (74.0) 751 (73.2) 0.248
Prior VKA 54 (2.7) 23 (24) 31(3.0) 0.359
Prior NOAC 1418 (709) 698 (71.7) 720 (70.2) 0.138
Apixaban 851 (426) 447 (459) 404 (39.4) 0.001
Dabigatran 99 (5.0) 51 (52) 48 (4.7) 0.564
Edoxaban 319 (16.0) 134 (138) 185 (18.0) 0.007

Rivaroxaban

149 (7.5)

66 (6.8)

83 (8.1)

Atrial fibrillation type

Not determined 83 (42) 32(33) 51 (5.0) 0.059
Paroxysmal 1,044 (522) 516 (53.0) 528 (51.5) 0.498
Non paroxysmal 873 (43.7) 426 (43.6) 447 (43.6) 0.939
Persistent 705 (35.3) 334 (343) 371 (36.2) 0382
Long-standing persistent 92 (46) 48 (49) 44.43) 0.495

Permanent

72 (36)

43 (4.4)

29 (28)

EHRA

1

478 (23.9)

225 (23.1)

253 (24.7)

790 (39.5) 387 (49.0) 403 (39.3) 0.835
244 (122) 104 (107) 140 (13.6) 0.043
57 (29) 20 1) 37 (3.6) 0.037
2(0.1) 1(0.1) 1(0.1) 0.971

Unknown

429 (21.4)

237 (243)

192 (18.7)

Lab

Haemoglobin (g/dl)***
Anaemia (men <13 g/dl, female <12 g/dl)

130+18
537 (269)

130+19
229 (235)

125:18
308 (30.0)

Platelet (x10*/ul)

207.8+69.2

209.1+748

2080 =69.0

PT INR™**

12405

12203

12507

Creatinine (mg/dL)

10+07

09+08

11209

CrCl (ml/min)

562174

595+17.2

53.4+190

CrCl <50 (ml/min)

733 (367)

276 (283)

457 (44.5)

€GFR (MDRD) (ml/min/1.73m’) 704265 <0.001
eGER (CKD-EPI) (mL/min/1.73m’) 7104199 753182 678212 <0001
Stage 1 (GFR 290) 276 (138) 185 (19.0) 91 (89) <0001
Stage 2 (60 <eGER <90) 1,123 (562) 578 (59.3) 545 (53.1) 0.025
Stage 3a (45 <eGFR <60) 344 (172) 137 (14.) 207 (202) <0001
Stage 3b (30 <eGFR <45) 156 (78) 55 (56) 101 98) <0.001
Stage 4 (15 <eGER <30) 221 606) 36 (3.5) <0.001
Stage 5 (eGFR <15) 15 (0.8) 3(0.3) 12(1.2) 0.023

Categorical variables were presented as a percentage and continuous variables were presented as mean and standard deviation.
CKD, chronic kidney disease; CrCl, Creatinine clearance: DAPT, dual antiplatelet therapy: eGFR, estimated glomerular filtration rate; EHRA, European Heart Rhythm

Association; MDRD, modification of diet in renal disease; NOAC, N

K antagonist oral

ratio; SAPT, single antiplatelet therapy; TIA, transient ischemic attack; VKA, Vitamin K antagonist.
*N =1934.

PT INR,

time.

normalized
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AF Ablation?
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54(280) 239 (34.4)

58 (30.1) 311(44.8)
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AF ablation Odds ratio (95% CI)

Unadjusted Model 1 Model 2
Yes (n=193) 0.61 (0.4, 0.84) 0.70(0.50,0.97) 075 (0.52,1.08)
No (n=694) Reference

Model 1 adjusts for propensity score [sex, age, BMI, CHA,DS,-VASc score, AF type (paroxysmal, persistent, or permanent), education level, smoking status, history of hypertension, history of
heart falure, history of diabetes, history of stroke, history of renal disease, history of sleep apnea, use of thythm control drugs, use of rate control drugs, and use of oral anticoagulants]. Model
2 adjusts for Model 1 plus treatment group (rate vs. thythm control) and maintenance of NSR. Statistically significant values bolded.
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Characteristics Catheter Ablation Status at Baseline (n)

Socio-demograpl Yes (n=193) No (1=694) prvalue
Age, mean, years (SD)* 730(6.1) 759(68) <0.0001
Age, category (%)

65-74years 123 (63.7) 331 (47.7) <0.001

75-84years 58 (30.1) 277 (39.1)

85 years or older 12(62) 86(12.4)
Female sex (%) 95(49.2) 336 (48.4) 084
Race (%)

Non-Hispanic White 174(902) 601 (86.7) 0.20
Education (%)

College graduate or more 86 (44.6) 309 (45.0) 0.90
AFtype

Paroxysmal 118 (61.1) 415 (59.8) <0.01

Persistent 60 (31.1) 156 (22.5)

Permanent 4@ 41(59)

Other 11(5.7) 82(11.8)
Baseline (%)
Cognitive impairment (MOCA < 23) 62 (32.1) 274(39.5) 0.06
Frailty

Frail 28 (14.5) 76 (1.0) 036

Prefrail 94 (48.7) 364 (52.5)

Not Frail 71(36.8) 254 (36.6)
Able to walk 15t 191(99.0) 678 (97.7) 039
Depression 56(29.0) 165 (23.8) 0.14
Anxiety 50(259) 143 (206) on
Social isolation (MOS < 12) 30(15.5) 84(12.1) 0.21
Smoking status

Never smoker 95 (49.2) 332 (47.8) 0.76

Former smoker 94 (48.7) 341 (49.1)

Current smoker 4@ 21(3.0)
Bleeding history (%)
Intracranial hemorrhage 2(56) 7(57) 100
Gl bleed 24(64.9) 70 (56.9) 0.39
Major bleed 3719.2) 123(17.7) 064
Heart failure 79 (40.9) 223(32.1) 0.02
CAD—MI or angina 48(24.9) 187(27.0) 0.56
Peripheral vascular disease 20 (10.4) 104(15.0) 010
Hypertension 171 (88.6) 619 (89.2) 081
Type Il diabetes 52(26.9) 179258) 0.75
Dyslipidemia 157 (81.4) 562 (81.0) 090
Ischemic stroke 13(67) 71(10.2) 0.14
Anemia 61(31.6) 207(29.8) 0.63
copp 52(26.9) 163 (235) 0.32
Renal discase 37(19.2) 192(27.7) 0.02
Implantable cardiac device 88 (45.6) 191(27.5) <0.0001
Sleep apnea 65(33.7) 181(26.1) 0.04
Blood levels
Creatinine (mg/dL) 1.01(0.29) 1.08 (0.49) o
Hemoglobin (mg/dL) 129(1.8) 132(18) 0.06
Platelets 2056 (63.0) 2107 (73.2) 061
Risk scores
CHA2DS2-VASc score (SD)* 424 (1.46) 436 (1.60) 0.50
HAS-BLED score (SD)* 3.15(101) 3.21(1.08) 0.45
Medications (%)
Total #

1 38 (19.7) 154(222) 041

2 58 (30.1) 173 (249)

3 41212 173 (249)

4+ 56 (29.0) 194(28.0)
Any oral anticoagulant 173 (89.6) 585 (84.3) 0.06
Warfarin 69 (39.9) 370(63.1) <0.0001
Antiplatelet 167) 41(59) 091
Treatment method

Rhythm control 137(71.0) 317 (45.7) <0.0001

Rate control 56(29.0) 377 (54.3)

Only patients with MOCA scores atall time points are included. *Age value, CHAZDS-VASc Score, and HAS-BLED Score reported with no missing data. Statistically significant values bolded.
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Unadjusted Adjusted

Hazard ratio | 95% confidence interval | p-value | Hazard ratio | 95% confidence interval | p-value
Age (per 1 year) X 0.986-1.002 X 0.967-0.998
Sex (male) 0.784-1.171 % 0.542-1.068
Body mass index (per 1 kg/m?) 0.992-1.043 o 0.937-0.99
Creatinine (per 1 mg/dl) 0.945-1.187 X 0.809-1.185
Duration of AF (per 1 year) 1.024-1.076 | 1012-1.069
Persistent AF 1.782-2.59 ¥ 14892313
Atrial flutter 0.507-0.790 % 0.548-0.906
@

Heart failure 0.858-1.282 0.580-1.167
Hypertension 0.737-1.047 0.629-1.152
Diabetes mellitus 0.779-1.19% 0.693-1359
Previous stroke or TIA 0.716-1.223 05751699
Previous myocardial infarction X 0.269-1.566 0.297-1.815
Coronary artery disease 0.859-1.584 0.883-1.956
Peripheral artery disease 0338-3.274 0177-3016
Chronic kidney disease 0.767-1.3% 0.668-1.433
Mitral valve disease « 0.763-3.393 0.129-1334
Sick sinus syndrome X 0.590-1.385 . X 0.631-1.685
Hypertrophic cardiomyopathy ¥ 1.081-2.643 0.567-1.592
1CD implant 0426-2.129 X 0.174-1.802
Pacemaker implant 0.582-1.531 0.640-2.004
CHA,DS,-VASc score (per 1 point) 0917-1.024 0.763-1.205

1.034-1.067
0985-1.010

Left atrial diameter (per 1 mm) | s ] 1.040-1.067
Left ventricular ejection fraction (per 1%) | 0993 | 0.984-1.002 | o

AF. atrial fibrillation: TIA, transient ischemic attack: ICD, implantable cardioverter defibrillator.
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Total No atrial Atrial
(n=1,907) flutter flutter
(n=1,414) | (n=493)
Recurrence
Early recurrence 500 (262) 401 (28.4) 99(201) | <0001
Late recurrence S12/1,878 (27.3) | 416/1,390 (29.9) | 96/488 (19.7) | <0001
Atrial tachycardia or | 101/1,878 (5.4) | 65/1,390 (47) | 36/488 (7.4) | 0.028
atrial flutter
AF 492/1,878 (26.2) | 409/1,390 (29.4) | 83/488 (17.0) | <0.001
Complication
Any complication 103 (5.4) 73 (5.2) 30(61) | 0506
Pericardial effusion 13 (0.7) 7(05) 6(12) | 0174
Pericardial effusion 5(03) 2(0.0) 306 | 0217
needing
Atrial-esophageal 0(00) 0(0.0) 0(0.0) 1000
fistula
Access site 2302 16 (1.1) 7(1.4) 0614
complication
Access site 4(02) 4(03) 0(0.0) 0.045
complication
needing intervention
Complete 1(0.) 1(0.1) 0(0.0) 1.000
atrioventricular block
Transient phrenic 48 (25) 344 1428 | 0716
nerve injury
Permanent phrenic 0(0.0) 0(0.0) 0(0.0) 1.000
nerve injury
Hemoptysis 10 (05) 7(0.5) 3(06) 1000
Pulmonary 1(01) 1(0.1) 0(0.0) 1000
vein stenosis
Gastroparesis 6(03) 6(0.4) 0(00) | 032%
Major adverse cardiovascular event
Cardiac surgery due 10.1) 0(0.0) 1(02) | 0581
to complication
Acute myocardial 1(0.1) 0(0.0) 1(02) | 0581
infarction
Cardiac arrest 0 (0.0) 0(0.0) 0(0.0) 1.000
Stroke 1(0.) 1(0.1) 0(0.0) 1000
Death 1(0.1) 0(0.0) 1(02) 0581

AF atrial fibrillation.
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Total cohort PS-matched cohort (1:1)

Total No atrial flutter | Atrial flutter | p-value | No atrial flutter | Atrial flutter | p-value

(n=1,907) (n=1,414) (n=493) (n=370) (n=370)

Age (years) 61.8+104 61.610.1 6231112 61.0+10.4 622+10.6
Sex (male) 1,449 (76.0) 1,069 (75.6) 380 (77.1) 296 (80.0) 288 (77.8)
Body mass index (kg/m’) 256+34 257435 252+32 X 254+36
Creatinine (mg/dl) 1007 10206 10207 10207
Duration of AF (years)" 31+31 31+32 30430 26+26
Persistent AF 1,024 (53.7) 783 (554) 241 (48.9) 165 (44.6) 180 (48.6)
C

Heart failure” 446 (23.4) 299 (21.1) 147 (29.8) 105 (28.4) 102 (27.6)
Hypertension 1,142 (59.9) 844 (59.7) 298 (60.4) X 204 (55.1) 215 (58.1)
Diabetes mellitus 404 (212) 278 (19.7) 126 (25.6) X 88 (23.8) 90 (24.3)
Previous stroke or TIA 233 (122) 159 (11.2) 74 (15.0) 50 (13.5) 51 (13.8)
Previous myocardial infarction 26 (14) 19 (1.3) 7(14) X 1(03) 5(14)
Coronary artery disease 147 (7.7) 102 (7.2) 45 00) 30 8.1) 32 (86)
Peripheral artery disease 11 (06) 7 (05) 4(08) X 2(05) 2(05)
Chronic kidney disease 168 (838) 117 (83) 51 (10.3) 27(7.3) 32 (86)
End stage renal disease 64 (3.4) 48 (3.4) 16 (32) 11.(3.0) 11.(3.0)
Mitral valve disease® 16 (0.8) 13 (09) 3 (06) 1(03) 2 (0.5)
Sick sinus syndrome 85 (45) 55 (39) 30 (6.1) 21 (5.7) 22 (59)
Hypertrophic cardiomyopathy 45 (24) 30 (2.1) 15 (30) 13 (35) 12 (32)
ICD implant 20 (1.0) 7(05) 13 (2.6) 4(11) 5(14)
Pacemaker implant 71(37) 46 (33) 25 (5.1) X 13 (3.8) 17 (46)
CHA,DS, VASc score 21+16 21+15 2416 21+15 23+16

Left atrial volume index (ml/m?) 490184 493+188 483171 462181 478174
Left atrial diameter (mm) 433269 43669 424266 X 42370 42566
Left ventricular ejection fraction (%) 58988 59482 576103 X 58.1+92 575+102
Ele’ 9437 9335 9.6+42 93+34 96+4.1

CTI, cavotricuspid isthmus; AF, atrial fibrillation; TIA, transient ischemic attack; ICD, implantable cardioverter defibrillator.

*AF duration was defined as the time from the first detection of AF to the date of cryoballoon ablation

"Heart failure was defined as a clinical diagnosis of heart failure or objective signs of reduced or mildly reduced left ventricular ejection fraction (<50%).
SMitral yvalve: cisises vias defined as 8 modarsts or Severs mitral stsrosis and/or 3 history of ritral Valve SUrgeny.
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Hazard ratio with 95% CI

Hazard ratio
(95% CI)

0.73 (0.47 - 1.14)
0.61(0.47-0.78)

0.60 (0.46 - 0.78)
074 (0 48-1.14)
0,99 (0.70 - 1.41)
0.50 (0.37 - 0.67)
0.63 (0.47 - 0.84)
0.64 (0.45 - 0.90)

0.71(0.46 - 1.12)
061 (0.47 - 0.79)

0.65 (0.4 - 0.97)
062 (0.47 - 0.81)

0.99(0.12-8.23)
0.63 (0.50 - 0.78)

1.86 (0.81 - 4.30)
0.58 (0.46 - 0.74)

1.45(0.59 - 3.54)
0.60 (0.48 - 0.76)
276 (0.32 - 23.71)
061(0.49-0.77)

0.85 (0.30 - 2.42)
0.62(0.50 - 0.78)

0.64 (0.49 - 0.85)
0.64 (037 - 1.11)

0.63 (0.50 - 0.80)
0.68 (027 - 1.71)

p-value
(Interaction)
0.502
0.422
0.004
0.965
0.527
0.834
0.694
0.011
0.073
0.117
0.575
0.997

0.876
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Overall (n=55) With AF recurrence (n=17) Without AF recurrence (n = 38) p-value

Age, years 640129 591138 662120 0070
Male gender, 7 (%) 41 (745) 15 (88.2) 26 (68.4) 020
Body mass index (kg/m’) 241+38 253+35 236+38 0097
Chronic heart failure, 1 (%) 5(45) 1(59) 4(105) 044
Hypertension, n (%) 26 (47.3) 7(412) 19 (50.0) 059
Diabetes mellitus, n (%) 2(3.6) 0 (0.0) 2(5.3) 017
Old cerebral infarction, n (%) 3(55) 1(59) 2(53) 0.93
Vascular disease, n (%) 1(1.8) 0 (0.0) 1(26) 0.36
CHADS, score 09410 07+10 10+10 019
CHA,DS, VASc score 18515 12:14 2015 0052
Non-paroxysmal AF, n (%) 38 (69.1) 15 (88.2) 23 (60.5) 0041
AADs resistance, n (%) 11 (20.0) 2(11.8) 9(237) 029
Left ventricular ejection fraction, % 60.9=80 608+88 60.9+77 087
Left atrial dimension, mm 40054 421+40 39.157 0038
Left atrial volume index, mm/m’ 47841 474137 48043 073
LA low-voltage areas, n (%) 6(109) 1(59) 5(139) 037
Ablation strategy

Cavo-tricuspid isthmus line, 1 (%) 52 (945) 16 (94.1) 36 (94.7) 0.80
Superior vena cava isolation, n (%) 7 (12.7) 2(11.8) 5(132) 0.98
Mitral isthmus line, n (%) 0(0.0) 0 (0.0) 0(0.0)

Roof line, 7 (%) 42 (76.4) 12 (70.6) 30 (789) 048
Bottom line, (%) 6(10.9) 4(235) 2(53) 014
Low voltage area, n (%) 0 (0.0) 0 (0.0) 0(0.0)

Non-pulmonary vein foci, n (%) 2(3.6) 2(11.8) 0(0.0) 0.11
Rotor ablation, n (%) 0(0.0) 0 (0.0) 0(0.0)

Values are reported as the mean + standard deviation or number of patients (%), unless otherwise noted. AF, atrial fibrillation: AADs, antiarrhythmic drugs.
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Baseline parameters

Age, years, median (Q1:Q3)

645 (38.3;72.5)

Male, 7 (%) 29 (725)
Paroxysmal AF, n (%) 27 (67.5)
Persistent AF, n (%) 13 (325)
LA-diameter, mm, median (Q1;Q3) 445 (38.8;47.8)
LVEF >55%, n (%) 29 (725)
LVEF 45-54%, n (%) 6 (150)
LVEF 35-44%, n (%) 2(50)
LVEF <35%, n (%) 3(7.5)
Previous therapy with AAD, 1 (%) 6 (15.0)
CHA,DS,-VASc, median (Q1;Q3) 20 (1.03.0)
EHRA, median (Q1,Q3) 20 (2.028)
Hypertension, n (%) 33 (825)
Coronary artery disease, 1 (%) 8 (20.0)

BMI, kg/m?, median (Q1;Q3)

285 (263,309)

AAD, antiarthythmic drugs; BMI, body mass index; EHRA, European Heart Rhythr
Association: LA, left atrium: LVEF, left ventricular ejection fraction.
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Paroxysmal | Persistent | P-value

AF (n=27) | AF (n=13)
Baseline
Age, years, median (Q1; Q3) 640 (58.071.0) | 66.0 (58.0:76.5)
Male, 7 (%) 20 (74.0) 9 (69.0) 1000
LA-diameter, mm, median (Q1; Q3) | 430 (37.0:46.0) | 460 (45.0:51.0) | 0005

LVEF, %, median (Q1; Q3) 580 (55.060.0) 0025
CHA,DS,-VASc, median (Q1; Q3) | 2.0 (1.0:3.0) 0055
Hypertension, n (%) 22 (815) 1000
Coronary artery disease, 1 (%) 6(222) 1.000

BMI, kg/m’, median (Q1; Q3) 276 (263,30.5)

29.4 (26.2,31.6)

Procedure duration (Q1; Q3) 590 (49.071.0)
LA dwell time (Q1; Q3) 27.0 (23.035.0)
Fluoroscopy duration (Q1; Q3) 111 (98133
Duration energy application (Q1;Q3) | 5.0 (4.0:6.0)

68,0 (585:71.0)

0530
130 (113165) | 0.100
50 (4.0:85)

Clinical outcome (n =34)
Arrhythmia recurrence, n (%) 9 (333) 7 (53.8) 0475
Atrial fibrillation, n (%) 8 (88.9) 5(714)
Atrial tachycardia, 7 (%) 13111 2 (28.6)
Repeat ablation, n (%) 4 (14.8) 1(7.7) 0.673

AAD, antiarthythmic drugs; BMI, body mass index; EHRA, European Heart Rhythr
Azsacistion: LA: left atriuny LVEF, left vertricular siection fraction.





OPS/images/fcvm-10-1161691/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1208250/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1208250/fcvm-10-1208250-g001.jpg
Lasso (PV)

Heliostar

12 5 sec






OPS/images/fcvm-10-1303635/fcvm-10-1303635-g003.jpg
A 100 B .
HR167 HRO56
N o4 Atrial ﬂ:mr _ Pty Atrial v:nw
— Yes S — Yes

g e g =

g g o

d g

H H

H H

L e 2w

5 5

8 8

g 2

3 2

3 w0 3 w0

£ £

2 2

k- K]

Z Zw

3 3

2% % 2 2 36
BlarkingPerid  Time to AT/AFL recurrence (Months) Blrking Period Time to AF recurrence (Months)

No. at Risk No.at Risk
Atialfoter 488 3 175 5 Avial futter 315 185 s
No atrial flutter 1380 1088 577 157 Noatrial futter 1390 865 429 18





OPS/images/fcvm-10-1303635/fcvm-10-1303635-g002.jpg
Cumulative incidence of recurrence (%)

No. at Risk
At lutter
No atrial flutter

HR 063
p<0.001

Atrial flutter
— Yes
— o

2

2

Binking Posod Time to atrial arrhythmia recurrence (Months)

88
1390

2%
831

141

2
100

Cumulative incidence of recurrence (%)

Atrial flutter
— Yes
— o

s
Blanking Period Time to atrial arrhythmia recurrence (Months)

No. at Risk
Avialflter 366
No atrial flutter 362

215

107





OPS/images/fcvm-10-1303635/fcvm-10-1303635-g001.jpg
Cryoballoon Ablation registry of South Korea
: 12 tertiary centers, from May 2018 to March 2023
(N=2,689)

|

Patients screened of concurrent atrial flutter*
(N=1,907)

Atrial flutter No atrial flutter
(N=493) (N=1,414)

l l

4 PVI+CTI 4PVI
ablation






OPS/images/fcvm-10-1303635/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1273547/fcvm-10-1273547-t002.jpg
Pharmaceuticals
Beta blockers

Helpful

Studies

Amiodarone

Magnesium

Calcium channel blockers

(89-91)

Statins

-94)






OPS/images/fcvm-10-1273547/fcvm-10-1273547-t001.jpg
Categories
Patient-related

Factors
Advanced age

Studies
(2, 17,20-23)

Heart failure

(&)

Hypertension

(2, 24,25)

COPD

(24

Myocardial infarction

(29

Left atrial enlargement

(25)

Male gender

(26, 27)

Obesity

(28)

Previous AF episodes

(26)

Poor physical status

(26)

0SAS

(29)

Blood volume

Hypovolemia

(30, 31)

Excessive blood volume

Surgery related

Surgical approach

Glycemic fluctuations

Red blood cell transfusion

Mechanical ventilation

Anesthesia management
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Elder | Younger | p-value
(n=141) | (n=219)

Acute cardiac tamponade, n (%) 1(071) | 1(046)
Pericardial effusion without 1(0.71) 4(1.83)
pericardiocentesis, 7 (%)
Hematoma, n (%) 1(071)
Arteriovenous fistula, n (%) 1(0.71)
Stroke, 7 (%) 1071) | 2091 | 50999
Total icatic n (%) 5 (3.55) 7(32) >0.9999

Dhsia e Shown:s menr 4 30 or sksokite manber and percentens ikl
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Freedom from AF/AT at one year, n (%)

Elder

Younger

(n=141) | (n=219)

117 (83.0)

185 (84.5)

p-value

Recurrence following the blank period, n (%)

24 (17.0)

34 (155)

Recurrence with AF, 1 (%) 18 (128) | 28 (12.8)

Recurrence with AT, n (%) 13 (92) 11 (5.0) 0.13
Underwent a redo procedure, (%) 11(78) | 160 037
AADs continuation post-procedure, # (%) | 48 (340) | 73 (333) | 091
Freedom from AF/AT off AADs, n (%) 80 (56.7) 126 (57.5) 0.91

Data are shown as mean + SD or absolute number and percentage (n%).
AF. shial fiwilistion: AT, atvisl techweardis: AADs: antisrrfwtivric druas.
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Younger
(n=219)
Total time of the procedure, min | 1595232 | 157.6+23.0
Total time of the fluoroscopy, min | 22.4+64 25:57
Successful VOM EI 128 (90.8) | 194 (88.6)
Procedural time of VOM-EL min | 224+113 | 219111 068
Fluoroscopy time of VOM-EL, min | 7.6 4.1 72147 041
Successful PVI, n (%) 141 (100) 219 (100)
CPVA ablation time, min 456296 448+8.1
LA roof block, n (%) 138 (97.9) | 216 (986)
LA roof ablation time, min 65+26 58+19
MI block, 7 (%) 132(936) | 210 (959)
MI ablation time, min 18055 170463
CS vein ablation, n (%) 96 (68.1) 138 (63.0)
CTI ablation, n (%) 10 (7.1) 17 (7.8) >0.9999
CFAE ablation, n (%) 15 (10.6) 18 (82) 046

PWIL, (%) 5(35) 16 (7.3) 017

Convert to sinus rhythm, 7 (%) 12 (85) 21 (96) 085

Convert to AT, n (%) 22 (156) 28 (128) 053

Cardioversion, n (%) 107 (73.8) 170(77.6) 070

p-value

Data are shown as mean + SD or absolute number and percentage (1%).
VOM-E, VOM ethanol infusion; PVI, pulmonary vein isolation; CPVA
circumferential pulmonary vein antrum; LA, left atrium; MI, mitral isthmus; CS,
coronary sinus; CTI, cavotricuspid isthmus; CFAE, complex fractionated atria

electrograr

MWL posterior wall olation: AT atiial tachveandis.
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Univariate analysis

HR (95% Cl)

Multivariate analysis

HR (95% Cl)

P-value

Age 0.98 (092-1.04) 0.99 (0.93-1.05)

LA diameter (mm) 0.90 (0.80-1.00) 0.040 0.92 (0.82-1.03) 0127
BMI (kg/m’) 102 (085-1.22) 0.859

Hypertension 0.19 (0.04-088) 0.034

Empirical MVED 0.19 (0.05-0.64) 0.008 025 (0.07-092) 0037
Ethanol volume (ml) 0.88 (0.74-104) 0.140

Intraprocedural AT 3.59 (1.09-11.82) 0.036

MI dependent AT 3.86 (1.12-13.28) 0.032

Roof line ablation 243 (031-19.06) 0397 196 (0.24-15.84) 0527
BOX isolation 050 (0.06-3.94) 0510 0.61 (0.08-5.00) 0.645
CTI line ablation 142 (037-552) 0.610 113 (0.28-4.66) 0862
SVC isolation 0.67 (0.09-526) 0.705

MI epicardial ablation 0.62 (0.08-4.85) 0.649

Ablation to SR 5.90 (1.56-22.29) 0.009

Procedure time (min) 100 (099-1.02) 0.646

Ablation time (min) 100 (1.00-1.00) 0.663

Cl, confidence interval; SR, sinus rhythm; other abbreviations as in Tables 1, 2.

Bold values are of statistic significance.
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Variable Provisional group (n = 38) Empirical group (n =95) P-values
Female, n (%) 17 (447) 31(326)

Age, mean = SD (years) 623111 65084

History of AF, median (IQR) (months) 48.0 (180, 90.0) 120 (3.0, 48.0) 0139
BMI, mean = SD (kg/m’) 25737 24930 0227
Hypertension, n (%) 19 (500) 50 (52.6) 0849
Diabetes mellitus, n (%) 6 (15.8) 13 (13.7) 0.787
Renal dysfunction, n (%) 2(53) 5(54) 1.000
Previous CVA, n (%) 4(105) 12 (12.6) 0.966
Previous bleeding, 7 (%) 00 5(5.4) 0321
LA diameter, mean +SD (mm) 428+52 43546 0119
LVEF, mean +SD (%) 62660 61787 0574
CHA,DS, VASc score, median (IQR) 20 (05, 4.0) 1.0 (20, 40) 0.605
HAS-BLED score, median (IQR) 10 (0, 20 10 (10, 20) 0261
Oral anticoagulants, n (%)

Rivaroxaban 29 (76.3) 78 (82.1) 0473
Dabigatran 8 (2L1) 15 (15.8) 0612
Warfarin 126) 21 1.000

SD, standard deviation; AF, atrial fibrillation; IQR, interquartile range; BMI, body mass index; CVA, cerebral vascular accident, including stroke and transient ischemic attack
LA, left atrium: LVEF, left ventricular ejection fraction.
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precision, n (%)

Provisional group (n = 38)
30 (78.9)/8 (21.1)

Empirical group (n =95)
85 (89.5)/10 (10.5)

Mapping system C:

AT, 1 (%) 2 (579) 704
MI-dependent AT 19 (50.0) 201 <0.001
Ablation strategies, n (%)
PVI plus MIng, line 38 (100) 95 (100) -
Ml ablation 10 (26.3) 9.(95) 0016
MVEI 21 (55.3) 95 (100) <0001
LA roof line 31 (81.6) 75 (789) 0815
BOX line 6(162) 18 (194) 0805
Anterior wall line 00 4(2) 0326
CIl line 8 (216) 19 (202) 1000
CFAE elimination 3(7.9) 9.95) 1000
SVC isolation 7 (189) 11 (116) 0397

patterns, n (%)
Catheter ablation 33 (86.8) 11(11.7) <0.001
Toutilide IV 0 6(63) 0.182
MVEI 0 3062 0557
SECV 5(132) 75 (789) <0.001
i)

Procedure time, median (IQR) (min) 1200 (1125, 156.0) 1200 (1035, 1385) 0255
Total fluoroscopy time, median (IQR) (min) 64 (4.2,9.3) 9.5 (5.9, 11.6) 0.019
Total fluoroscopy exposure, median (IQR) (mGy) 690 (253, 1602) 122.0 (625, 234.1) 0010
Total ablation duration, mean = SD (s) 2,068.1 +877.2 2,2384+738.8 0307
Mg, ablation time, mean + SD (s) 455921922 36801636 0038
Ethanol infusion, mean + SD (ml) 8534 9.4+30 0.165
Procedure-related complications, n (%)
Vascular access complications [ 1(2.6) 3(32) 1.000
Pericardial effusion | 0(0) 101 1000

AT, atrial tachycardia; MI, mitral isthmus; PV, pulmonary vein isolation; Mlence, endocardial aspect of the mitral isthmus; Ml the epicardial aspect of the mitral isthmus
mainly localized in the distal coronary sinus and great cardiac vein; MVEI, Marshall vein ethanol infusion; CTI, cavotricuspid isthmus; CFAE, complex fractionated atria

other as in Table 1.

Slec i BV Siparr e R IV

injection: SECV, electrical





OPS/images/fcvm-10-1161691/fcvm-10-1161691-t002.jpg
No. with available data With AF recurrence Without AF recurrence p-value

%NP values in LA

LA max %NP, % 55 64788 58.68.1 0015
LA mean %NP, % 55 408+40 37960 026
Left superior PV antrum %NP, % 54 3972184 3142172 018
Left inferior PV antrum %NP, % 50 409185 320+148 0.061
Right superior PV antrum %NP, % 52 228+150 300+173 025
Right inferior PV antrum %NP, % 50 370153 3272170 036
LA roof %NP, % 48 465+126 443139 090
LA posterior wall %NP, % 49 464108 384150 015
LA low posterior wall %NP, % 45 439115 413=151 086
LA mitral isthmus %NP, % 39 450135 404+135 032
LA septum %NP, % 50 4922142 469108 051
LA inferior wall %NP, % 44 445163 4552115 092
LA appendage %NP, % 53 236204 251+183 050
LA lateral wall %NP, % 48 409166 3322177 019
LA anterior roof %NP, % 46 459146 446159 087
LA high septum %NP, % 49 3842211 425142 037
LA anterior wall % NP, % 48 563%114 469+ 120 0022
9%NP values in RA

RA max %NP, % 55 533+88 558+9.2 034
RA mean %NP, % 55 328481 36389 016
Superior vena cava %NP, % 51 166207 187187 035
High RA %NP, % 40 426+141 476117 024
RA septum, %NP, % 43 45£115 £33:113 0.68
Cavo-tricuspid isthmus %NP, % 32 354138 378+113 062
Coronary sinus ostium %NP, % 34 403112 413133 071
RA posterior wall %NP, % 46 3925168 445118 020
RA low posterior wall %NP, % 32 43799 405104 037
RA lateral wall %NP, % 49 338186 327142 080
RA low lateral wall %NP, % 45 328+132 347+138 050
RA appendage %NP, % 54 219£119 3122202 0051
RA anterior wall %NP, % 36 284168 289180 080

Values are reported as the number of patients (%), unless otherwise noted.
%NP. Aof-passivaly actiated ratic: LA, 18 -atrtiri PV Sulrmonary veir: RA. okt st
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Model A

Hazard ratio (95%
confidence interval)

p-value

LA max %NP, %
Persistent AF, n

1.075 (1.016-1.143)
2341 (0555-16.262)

LA dimension, mm

1.082 (0.971-1211)

Model B

LA anterior wall %NP, %

1.061 (1.012-1.118)

Persistent AF, n

2077 (0.496-14.285)

0.34

LA dimension, mm

1.087 (0.967-1.232)

0.16

%NP, non-passively activated ratio: AF, atrial fibrillation: LA, left atrial
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Sepsis and AF, OAC-

Values

After PSM (1:1)

(n=1,166)
95% Cl

Sepsis and AF, OAC +

Values

(n=713)
95% Cl

Difference (95%Cl)

30-day survival rate (%) 4957

7847
LOS ICU (days) 723 6.60-7.86 939 857-1021 2.16 (1.12-3.20) <0.001
LOS hospital (days) 1392 12.84-14.99 18.90 17.58-2021 4.98 (3.28-6.68) <0.001

LOS ICU: Length of ICU stay: LOS Hospital: Length of hospital sk

S BroHensity scons ratihing.
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Sepsis and Sepsis and
AF, OAC- AF, OAC+

n =980 n=980

Age (Yr) 7600+1159 | 7616+1095
BMI (kg/m?) 29.37+ 8.66) 28.99+7.66
Female (%) 381 £403) 388+ 411

(g/dl) 10.52+2.24 10.55+2.24
Platelets (x10°/L) 22512212746 | 2227212487
Neutrophils (x10°/L) 8145+1139 | 80.65+1145
First time heart rate (bpm) 95.46 +21.61 95,66+ 22.89
First time SBP (mmHg) 115702414 | 11545+2408
First time temperature (°C) 3685085 36.84 2082
First time spo2 (%) 95922440 95.822424
ALP (IU/L) 1372212936 | 135569595
AST (1U/L) 197.80 £ 66697 | 188.42 £ 69032
Total bilirubin (mg/dl) 161+2.10) 151+185
Creatinine (mg/dl) 192+ 164 199+ 170
INR 2032172 217141
PT () 21.93+18.08 2329+1494
PTT () 40072357 | 40.89+2339
SOFA score 7.35+3.79 7.57 2401
GCS score 1172+381 1155377
CRRT (%) 99 (10.5) 113 (12.0)
Beta blocker (%) 744 (78.7) 729 (77.1) 0.038
CKD (%) 356 (37.7) 378 (400) 0.048
COPD (%) 101 (10.7) 101 (10.7) <0001
CVD (%) 2931 30 32) 0.006
DM (%) 336 (35.6) 322 (34.1) 0031
HP (%) 190 (20.1) 178 (18.8) 0032

G bleeding (%) 26 (28) 28 (3.0) 0013
Cerebral hemorrhage (%) 3(03) 4(04) 0017
Use of heparin (%) 536 (56.7) 556 (58.8) 0043

Data are presented as mean+SD, median (25th-75th percentie) or median
(percentite). NO-OAC, no use of oral anticoagulants; OAC, oral anticoagulants
INR, international normalized ratio; PT, prothrombin time: PTT, partial
thromboplastin time; SOFA, sequential organ failure assessment; GCS, glasgow
coma scale; SBP, systolic blood pressure; NOAC, novel oral anticoagulants; CRRT,
continuous renal replacement therapy; CKD, chronic kidney disease; COPD,
chronic obstructive pulmorary disease; CVD, cardiovascular disease; DM, diabetes
mellis: HE. Fypertension.
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A Forestplot for all patients

Variable OR(95% CI) Pvalue
Beta blocker - 0.54(0.42-0.7) <0.001
CKD v 1.44(1.08-1.91) 0.012
Creatinine “ 0.88(0.81-0.96) 0.004
CRRT —=— 2.23(1.52-3.26) <0.001
Warfarin " 0.18(0.13-0.24) <0.001
NOAC - 0.29(0.19-0.44) <0.001
First time temperature | ® 0.72(0.62-0.83) <0.001
GCS score . 0.91(0.88-0.94) <0.001
Hemoglobin a 0.92(0.87-0.97) 0.001
Heparin bt 1.31(1.02-1.68) 0.032
Neutrophils 0.99(0.99-1)  0.04
PTT 1.01(1-1.02)  0.005
SOFA score . 1.11(1.07-1.16) <0.001

T
o1 2 3
OR

B  Forestplot for vasopressor subgroup

Variable
CRRT
Warfarin
NOAC

First time temperature

GCS score

SOFA score

OR(95% Cl)  Pvalue

—e— 2.49(1.66-3.74) <0.001
0.15(0.11-0.22) <0.001
0.28(0.17-0.47) <0.001
0.71(0.6-0.83) <0.001
0.9(0.87-0.94) <0.001
1.01(1-1.02)  0.012

1.06(1.01-1.11) 0.017
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559 AF patients screened

269 Persistent
atrial fibrillation
were grouped

290 Excluded
(Paroxysmal atrial
fibrillation)

upe:

54 Excluded(No
Marshall vein was found
in angiography)

108 undergo vein of Marshall
ethanol infusion plus catheter
ablation

72 Included in a
treated analysis

107 undergo catheter
ablation only

46 Included in as-
treated analysis
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Variables Overall Mild fibrosis. Moderate fibrosis Severe fibrosis p value

(n=128) (<33.1%, n=32) (33.19-44.7%, n=64) (>44.7% n=32)
LAA fibrosis*, % 38.6 [33.1-44.7) 295 [275-313] 38.6 [36.1-41.0] 526 [47.6-56.2]
Clinical
Age, years 543288 54592 54588 538+84
Body mass index, kg/m” 252228 257+28 252127 257430
Male 122 (95.3%) 29 (90.6%) 64 (100.0%) 29 (90.6%)
Hypertension 49 (38.3%) 10 (31.2%) 28 (43.8%) 11 (34.4%)
Diabetes 12 (94%) 1 (3.1%) 8 (12.5%) 3 (9.4%)
Previous stroke 19 (14.8%) 4 (12.5%) 9 (14.1%) 6 (18.8%)
Paroxysmal AF 24 (18.8%) 8 (25.0%) 8 (125%) 8 (25.0%)
Prior RECA 20 (15.6%) 4 (12.5%) 7 (10.9%) 9 (28.1%)
Hybrid (staged) RFCA 91 (71.1%) 21 (65.6%) 45 (703%) 25 (78.1%)
CHADS; score 1.0 (00-2.0] 10 [0-1.0] 10 [0-2.0] 05 [0-2.0]
CHA,DS, VASc score 1.0 [00-2.0) 10 [0-15] 10 [0-2.0] 10 [0-20]
NT-proBNP, pg/ml 254.8 [150.9-460.7] 2113 [1238-460.1] 265.1 [1509-460.7] 2807 [164.7-460.5]
Antiarrhythmic drugs 96 (75.0%) 26 (812%) 50 (78.1%) 20 (62.5%)
LVEDD, mm 52.0 [49.0-54.5] 52,0 [49.0-56.0] 530 [49.5-55.0] 510 [49.0-53.0] 0213
LVESD, mm 325 [30.0-35.0] 330 [29.0-365] 320 [30.0-35.0] 325 [30.0-35.0] 0.959
LVEF, % 60.0 [56.0-64.0] 60.5 [56.0-66.0] 60.0 [56.0-65.0] 57.5 [55.0-63.0] 0.199
Ele’ 82[63-10.1] 87 [64-10.1] 7.9 [63-102] 8.1[63-99] 0.824
LAD, mm 45.0 [40.0-50.0] 450 [395-495] 460 [405-51.0] 435 [405-48.0] 0462
LAVI, ml/m” 45.2 [36.4-54.38] 48.0 [38.0-51.6] 400 [326-53.4] 0.19
LA peak strain, % 153 [12.1-192] 187 [158-21.3] 155 [13.2-19.5] 106 [93-125] <0.001
Stiffiess index 05 [04-038] 05 [03-06] 05 [03-07) 08 [05-1.0] 0.002

Values are presented as mean + SD, median [IQR], or n (%)
AF, atrial ibrillation; QR interquartile range; LA, left atrium; LA, left atrial appendage; LAD, left atrial diameter; LAVI, left atrial volume index; LVEDD, left ventricular end-
diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; NOAC, novel oral anticoagulant; NT-proBNP, N-terminal-pro
hormone B-type natriuretic peptide; RFCA, radiofrequency catheter ablation

*Degree of LAK florosis was: divided ino 3 aroups aoconding 4o -the 108 as mild (st auariile). moderate: (P and Zod’ qusstish or severe Uit ausriilel:
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Univariable Multivariable

Coefficient | p value | Coefficient | p value

LA strain, %
Age, years
Female
CHA2DS2 VASc

Paroxysmal AF
NT-proBNP
LVESD, mm
LAVI, ml/m*
Ele’

LA diameter”

Stiffness index””

AF. atrial fibrillation; LA, left atrium; LAA, left atrial appendage; LAVI, left atria
volume index; LVESD, left ventricular end-systolic diameter; NA, not available;
NT-proBNP, N-terminal-pro hormone B-type natriuretic peplide.

“Not significant (NS} with a p value >0.05.

“LA diameter and ere not included in analysis due to
overiap.
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Consecutive patients undergoing TTA for AF
Between 2012 and 2015 in Samsung Medical Center (n=150)

Exclusion [ Who without LAA excision (n=17)
Who did not undergo adequate surgical procedure (n=4)

Exclusion P L
o{ Who with images (n=1)

Eligible patients for analysis (n=128)
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HR (95% Cl) for

Degree of LAA fibrosis Sjei AF TocOiisigs

Mild vs. moderate fibrosis 2,69 (1.19-6.12)
Mild vs. severe fibrosis 284 (1.16-6.97)
Moderate vs. severe fibrosis 1.06 (0.57-1.97)
100% @ Mild LAA fibrosis (1st quartile)
@ @ Moderate LAA fibrosis (2nd and 3rd quartile)
< @ Severe LAA fibrosis (4th quartile)
g
% 5%
d
=0.035
38 P 53.2%
4
g 50% ]
3 51.4%
@
e
= 25%
‘:>" 23,3%
)
0%
0 1 2 3 4 5
) Years from surgery
Number at risk
Mild LAA fibrosis =~ 32 30 25 22 21 15
Moderate LAA fibrosis 64 51 36 34 31 18

Severe LAA fibrosis 32 24 18 L ¥ 15 T
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Patient characteristics (n=123)

Male, n (%) 92 (74.8)
Age, mean = SD 65398
Age 275 years, n (%) 23 (18.7)
BMI, kg/m?, mean +SD 287445
BMI 235 kg/m’, n (%) 13 (106)
Persistent AF, n (%) 60 (48.8)
‘CHADSV ASs score, mean + SD 2115

Heart failure, 7 (%) 11.(89)

Hypertension, n (%) 72 (58.5)
Diabetes, n (%) 13 (10.6)
Vascular disease, 7 (%) 26 (21.1)
Stroke or TIA, # (%) 7(57)

LA AP. mm, mean + SD 46.6 +7.45
LA width, mm, mean +SD 7237496

LA AP, left atrial anteroposterior diameter measured by computed tomography.
Tk Ganslart Ischasmic sitacic D). standaid dinistion.
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Univariate analysis Multivariate analysis

(e} Cl p-value
Age (years) 1 097-1.1 048
<65 1 095
275 22 0.069 * 27 1.14-67 0.02 -
Persistent AF 12 059
CHADSVASs 13 0029 - c
CCE 14 05
Hypertension 13 05
Diabetes 26 0032 » 1 04-27 097
Vascular disease 12 0.73
Stroke or TIA 17 038
Female gender 061 023
BMI 11 004 - c
BSA 29 033
Normal BMI 1 094
Overweight 067 031
Obese 037 018
BMI 235 kym2 42 0.0009 i 46 1.8-114 0.0009 -
Recurrence in the blanking period 19 01 * 18 08-41 032
LA AP 1 055
LA width 1 0.08 b C
LA 3Q width 3 14-65 0.0046 » 24 157 004 -

BSA. body surface area; LA AP, left atrium anteroposterior diameter; LA width, left atrial width measured on CTLA; LA 3Q width, above the third quartite of LA width; CCF,
congestive cardiac failure; CT, computed tomography; TIA, transient ischaemic attack

Variables were included in the multivariate analysis if their univariate p-value was less than 0.1 and they were not collinear (denoted by “C" i the p-value column) with an
already included variable

Bold denotes univariate p value <0.1and hence included in multivariate analysis.

“p-values <0.1

wSiatistically siorificant p-values: L. <005
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Study Design

tre retrospective,
observational study of
123 patients.

De novo catheter ablation for
atrial fibrillation ~guided by
Ablation Index.

Followed for 5+ years with

routine clinical follow-up,

with 4.2 years median per
nt follow-up.

0.50

0.25

Results
Freedom from Arrhythmia Recurrence
with Repeat Procedures

T 2 3 a
Follow-up Time (Years)

Conclusions

Al guided PVI is a safe and
effective means of treating atrial
fibrillation  with a  723%
arthythmia free survival at 5
years.

Elderly patients and morbidly
obese patients remain
challenging cohorts to treat.

Patients with earlier recurrence
maybe more likely to have non
isolated PVs and may benefit
from earlier repeat procedures.
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AF with AF without
documented | documented
trigger (47) | trigger (202)

Age (years) 2:11 58+ 14

Male gender (1 %) ) 172 (86%)

Risk factors and heart disease aetiology

CAD 1(2%) 32 (16%)
Hypertension 5 (10%) 122 (60%)
Hypercolesterolemia 3 (6%) 49 (24%)

Diabetes 0 32 (16%)

No heart disease 43 (91%) 14 (7%)

Baseline ECG

Atrioventricular conduction 1(2%) 26 (13%)

disorder

LBBB 0 22 (11%)

RBBB. 4(9%) 48 (24%)

EF (%) 58972 53745 ns
Septal thickness (mm) 89+23 113221 <001
Left atrium volume (ml/m?) 203+22 252+34 <001
Therapy

Amiodarone 2 (4%) 90 (44%) <001
Flecainide 12 (26%) 65 (35%) ns
Propafenone 6 (13%) 60 (30%) ns
Sotalol 4 (9%) 20 (10%) ns
Beta-blockers 20 (42%) 117 (58%) ns
Verapamil 10 (21%) 38 (19%) ns
Digoxin 2 (%) 38 (19%) <0.01

CAD, coronary artery disease; LBBB, left bundle branch block; RBBB, right bundie
branch block: EF, mean ejection fraction.
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Ablation group Odds ratio (95% ClI)

Unadjusted Model 1 Model 2
CA (n=193) 0.80 (043, 1.48) 0.78 (0.41, 1.46) 077 (0.41, 1.43)
No CA (n=694) 107 (076, 1.50) 1.02(0.72,143) 097 (0.69, 1.36)

Model 1 adjusts for propensity score (sex, age, BMI, CHA,DS,-VASc score, AF type (paroxysmal, persistent, or permanent), education level, smoking status, history of hypertension, history of
heart failure, history of diabetes, history of stroke, history of renal disease, history of seep apnea, use of thythm control drugs, use of rate control drugs, and use of oral anticoagulants). Model
2 adjusts for Model 1 plus treatment group (rate vs. rhythm control) and maintenance of NSR.
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Procedure count (n =163)

Patients (%)

1 93 (75.6)

2 22 (17.9)

3 6(49)

4 2(16)
No. of procedures per patient, mean  SD 13206
Index procedure

PVI only 93 (75.6)

PVI “plus” 30 (24.4)

cTt 14
Roofline 10
Posterior wall isolation 4
Carina 3
CFAE 1
Slow pathway modification 1
MIA anterior 2
FAT 2
RE time (mean *SD) 29361
Fluoroscopy time (mean + SD) 67+46
Fluoroscopy dose (mean + SD) 311+343
Fluoroscopy DAP (mean + SD) 281.9+308.6

PVI plus, additional ablation lesions beyond the isolation of the pulmonary veins;
PW, posterior wall box isolation; CFAE, complex fractionated atrial electrograms;

MIA, mitral isthmus ablation: FAT, focal atrial tachycardia.
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Study Control P

population (249) | group (52) | Value
Age (years) 54%14 57:12
Male gender (n %) | 204 (819%) 42 (78%)
Risk factors and heart disease aetiology
CAD 33 (13%) 8 (15%)
Hypertension 127 (51%) 32 (62%)
Hypercolesterolemia 52 (21%) 15 (29%)
Diabetes 32 (13%) 8 (15%)
No heart disease 57 (23%) 8 (15%)
Baseline ECG
Atrioventricular conduction 27 (11%) 5 (10%)
disorder
LBBB 22 (9%) 4(8%)
RBBB. 52 (21%) 11 (21%)

EF (%) 547+62 55.7+48
Septal thickness (mm) 108222 111221
Left atrium volume (ml/m?) 243226 25532

CAD, coronary artery disease; LBBB, left bundle branch block: RBEB, right bundle
branch block: EF, mean ejection fraction.
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Parameter

Age, years 6110
Male Gender, n (%) 146 (68.9)
Indication for ablation
« Paroxysmal AF, n (%) « 130 (61.3)
« Persistent AF, n (%) - 82 (387)
History of atrial flutter/atrial tachycardia, n (%) 44 (208)
LVEF, % 56+ 10
Cardiomyopathy, # (%) 55 (25.9)
Hypertension, 1 (%) 105 (49.5)
Coronary artery disease, 1 (%) 28 (13.2)
History of heart failure, n (%) 36 (17.0)
COPD, n (%) 9(42)
CKD, n (%) 12 (57)
ACE-ARB, n (%) 79 (37.3)
Beta-blockers, 7 (%) 124 (59.0)
Antiarthythmics, n (%) 144 (67.9)
Procedure duration, min 11541

Fluoroscopy time, min 103:7

RE applications, n 6823

RF duration time, s 92+4
Mean Power, W 48+2
C during the procedure, n (%) 0

Minor complications 7(3)
« Vasular complications .
« Pericarditis .3
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Variable
LI drop ()

Odds ratio

95% Cl
11313-11731

Every 5-point increment in LI
drop ()

18534-2.2212

Percentage of LI drop (%)

1.2266-1.3020
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