RISK STRATIFICATION
STRATEGIES FOR CARDIAC
RHYTHM ABNORMALITIES

EDITED BY: N A, Kamalan Jeevaratnam, Konstantinos Letsas, Tong Liu and
Tachapong Ngarmukos
PUBLISHED IN: Frontiers in Cardiovascular Medicine

afrontiers Research Topics


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine

:' frontiers

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 978-2-88976-188-3
DOI 10.3389/978-2-88976-188-3

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

Frontiers in Cardiovascular Medicine

1 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

RISK STRATIFICATION
STRATEGIES FOR CARDIAC
RHYTHM ABNORMALITIES

Topic Editors:

N A, Bonaire, Sint Eustatius and Saba

Kamalan Jeevaratnam, University of Surrey, United Kingdom
Konstantinos Letsas, Evaggelismos General Hospital, Greece
Tong Liu, Tianjin Medical University, China

Tachapong Ngarmukos, Mahidol University, Thailand

Citation: N A, Jeevaratnam, K., Letsas, K., Liu, T., Ngarmukos, T, eds. (2022). Risk
Stratification Strategies for Cardiac Rhythm Abnormalities. Lausanne: Frontiers Media
SA. doi: 10.3389/978-2-88976-188-3

Frontiers in Cardiovascular Medicine

2 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine
http://doi.org/10.3389/978-2-88976-188-3

Table of Contents

08

13

20

32

42

49

60

72

89

99

Editorial: Risk Stratification Strategies for Cardiac Rhythm Abnormalities
Gary Tse, Nan Zhang, Wenhua Song, Konstantinos P. Letsas,

Tachapong Ngarmukos, Kamalan Jeevaratnam and Tong Liu

A Study of Cardiogenic Stroke Risk in Non-valvular Atrial Fibrillation
Patients

Ziliang Song, Kai Xu, Xiaofeng Hu, Weifeng Jiang, Shaohui Wu, Mu Qin and
Xu Liu

Does Serum Uric Acid Status Influence the Association Between Left
Atrium Diameter and Atrial Fibrillation in Hypertension Patients?
Tesfaldet H. Hidru, Yuqi Tang, Fei Liu, Simei Hui, Ruiyuan Gao, Daobo Li,
Xiaolei Yang and Yunlong Xia

Non-linear Association Between Body Mass Index and Ventricular
Tachycardia/Ventricular Fibrillation in Patients With an Implantable
Cardioverter-Defibrillator or Cardiac Resynchronization Therapy
Defibrillator: A Multicenter Cohort Study

Bin Zhou, Shuang Zhao, Min Tang, Keping Chen, Wei Hua, Yangang Su,
Jiefu Yang, Zhaoguang Liang, Wei Xu and Shu Zhang

Automated Electrocardiogram Analysis Identifies Novel Predictors of
Ventricular Arrhythmias in Brugada Syndrome

Gary Tse, Sharen Lee, Andrew Li, Dong Chang, Guangping Li,

Jiandong Zhou, Tong Liu and Qingpeng Zhang

Arrhythmogenic Mechanisms in Hypokalaemia: Insights From Pre-clinical
Models

Gary Tse, Ka Hou Christien Li, Chloe Kwong Yee Cheung,

Konstantinos P. Letsas, Aishwarya Bhardwaj, Abhishek C. Sawant, Tong Liu,
Gan-Xin Yan, Henggui Zhang, Kamalan Jeevaratnam, Nazish Sayed,

Shuk Han Cheng and Wing Tak Wong

Territory-Wide Chinese Cohort of Long QT Syndrome: Random Survival
Forest and Cox Analyses

Gary Tse, Sharen Lee, Jiandong Zhou, Tong Liu, lan Chi Kei Wong,

Chloe Mak, Ngai Shing Mok, Kamalan Jeevaratnam, Qingpeng Zhang,
Shuk Han Cheng and Wing Tak Wong

Mitochondrial Dysfunction Increases Arrhythmic Triggers and
Substrates; Potential Anti-arrhythmic Pharmacological Targets

Khalil Saadeh and Ibrahim Talal Fazmin

The Link Between Sex Hormones and Susceptibility to Cardiac
Arrhythmias: From Molecular Basis to Clinical Implications

Sarah Costa, Ardan M. Saguner, Alessio Gasperetti, Deniz Akdis,

Corinna Brunckhorst and Firat Duru

The Key Role of Uric Acid in Oxidative Stress, Inflammation, Fibrosis,
Apoptosis, and Immunity in the Pathogenesis of Atrial Fibrillation
Yawen Deng, Fei Liu, Xiaolei Yang and Yunlong Xia

Frontiers in Cardiovascular Medicine

3 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine

109

117

129

137

145

158

164

173

181

191

201

209

Theoretical Models and Computational Analysis of Action Potential
Dispersion for Cardiac Arrhythmia Risk Stratification

Uma Mahesh R. Avula, Lea Melki, Jared S. Kushner, Stephanie Liang and
Elaine Y. Wan

Automatic Detection for Multi-Labeled Cardiac Arrhythmia Based on
Frame Blocking Preprocessing and Residual Networks

Zicong Li and Henggui Zhang

Hypertension and Atrial Fibrillation: A Study on Epidemiology and
Mendelian Randomization Causality

Li-Zhen Liao, Xiu-Yun Wen, Shao-Zhao Zhang, Wei-Dong Li and
Xiao-Dong Zhuang

Evaluating the Use of Genetics in Brugada Syndrome Risk Stratification
Michelle M. Monasky, Emanuele Micaglio, Emanuela T. Locati and

Carlo Pappone

Prenatal Management Strategy for Inmune-Associated Congenital Heart
Block in Fetuses

Hongyu Liao, Changging Tang, Lina Qiao, Kaiyu Zhou, Yimin Hua,

Chuan Wang and Yifei Li

Low-Level Stimulation and Ethanol Ablation of the Vein of Marshall
Prevent the Vagal-Mediated AF

Fei Liu, Wei Sun, Yan Li, Yuanjun Sun, Xiaohong Yu, Xiaomeng Yin and
Yunlong Xia

Risk Stratification for Atrial Fibrillation and Outcomes in
Tachycardia-Bradycardia Syndrome: Ablation vs. Pacing

Rongfeng Zhang, Yue Wang, Minghui Yang, Yiheng Yang, Zhengyan Wang,
Xiaomeng Yin, Yingxue Dong, Xiaohong Yu, Xianjie Xiao, Lianjun Gao and
Yunlong Xia

Ventricular Tachyarrhythmia Risk in Paediatric/Young vs. Adult Brugada
Syndrome Patients: A Territory-Wide Study

Sharen Lee, Wing Tak Wong, lan Chi Kei Wong, Chloe Mak, Ngai Shing Mok,
Tong Liu and Gary Tse

Circulating Soluble Suppression of Tumorigenicity 2 Predicts Recurrence
After Radiofrequency Ablation of Persistent Atrial Fibrillation

Ruopeng Tan, Haixu Yu, Xu Han, Yang Liu, Xiaolei Yang, Yun-Long Xia and
Xiaomeng Yin

Clinical and Functional Genetic Characterization of the Role of Cardiac
Calcium Channel Variants in the Early Repolarization Syndrome

Xiu Chen, Hector Barajas-Martinez, Hao Xia, Zhonghe Zhang,

Ganxiao Chen, Bo Yang, Hong Jiang, Charles Antzelevitch and Dan Hu
Age Is a Predictor for the Syncope Recurrence in Elderly Vasovagal
Syncope Patients With a Positive Head-Up Tilt Test

Yongjuan Guo, Xiaomin Chen, Tianze Zeng, Lin Wang and Lvwei Cen

A Review of Biomarkers for Ischemic Stroke Evaluation in Patients With
Non-valvular Atrial Fibrillation

Luxiang Shang, Ling Zhang, Yankai Guo, Huaxin Sun, Xiaoxue Zhang,
Yakun Bo, Xianhui Zhou and Baopeng Tang

Frontiers in Cardiovascular Medicine

4 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine

226

235

251

264

272

282

292

301

311

322

330

Prevalence of Cardiovascular Events and Their Risk Factors in Patients
With Chronic Obstructive Pulmonary Disease and Obstructive Sleep
Apnea Overlap Syndrome

Manyun Tang, Yunxiang Long, Shihong Liu, Xin Yue and Tao Shi
Modulated Calcium Homeostasis and Release Events Under Atrial
Fibrillation and Its Risk Factors: A Meta-Analysis

Sarah Pei Ting Fong, Shaleka Agrawal, Mengqgi Gong and Jichao Zhao
One-Year Change in the H,FPEF Score After Catheter Ablation of Atrial
Fibrillation in Patients With a Normal Left Ventricular Systolic Function
Min Kim, Hee Tae Yu, Tae-Hoon Kim, Jae-Sun Uhm, Boyoung Joung,
Moon-Hyoung Lee and Hui-Nam Pak

Atrial Cardiomyopathy: An Emerging Cause of the Embolic Stroke of
Undetermined Source

Yuye Ning, Gary Tse, Guogang Luo and Guoliang Li

Association of Night-Time Heart Rate With Ventricular Tachyarrhythmias,
Appropriate and Inappropriate Implantable Cardioverter-Defibrillator
Shocks

Xuerong Sun, Bin Zhou, Keping Chen, Wei Hua, Yangang Su, Wei Xu,

Fang Wang, Xiaohan Fan, Hongxia Niu, Yan Dai, Zhimin Liu, Shuang Zhao
and Shu Zhang

Prognostic Impact of the Symptom of New-Onset Atrial Fibrillation in
Acute Myocardial Infarction: Insights From the NOAFCAMI-SH Registry
Jiachen Luo, Baoxin Liu, Honggiang Li, Siling Xu, Mengmeng Gong,
Zhigiang Li, Xiaoming Qin, Beibei Shi, Chuanzhen Hao, Ji Zhang and
Yidong Wei

Prognostic Potential of Heart Rate and Hypertension in Multiple Myeloma
Patients

Jie Wang, Manyun Tang, Yunxiang Long, Jingzhuo Song, Limei Chen,
Mengchang Wang, Yongxin Li, Chaofeng Sun and Yang Yan

Abrogation of CC Chemokine Receptor 9 Ameliorates Ventricular
Electrical Remodeling in Mice After Myocardial Infarction

Yan Huang, Hua-Sheng Ding, Tao Song, Yu-Ting Chen, Teng Wang,
Yan-Hong Tang, Hector Barajas-Martinez, Cong-Xin Huang and Dan Hu
Predicting All-Cause Mortality Risk in Atrial Fibrillation Patients: A Novel
LASSO-Cox Model Generated From a Prospective Dataset

Yu Chen, Shiwan Wu, Jianfeng Ye, Muli Wu, Zhongbo Xiao, Xiaobin Ni,

Bin Wang, Chang Chen, Yequn Chen, Xuerui Tan and Ruisheng Liu
Effectiveness and Safety of Cryoablation in Patients With Atrial Fibrillation
Episodes of <24 h Duration: A Propensity-Matched Analysis

Chunying Jiang, Dongdong Zhao, Kai Tang, Yigian Wang, Xiang Li, Peng Jia,
Yawei Xu and Bing Han

Fragmented QRS Is Independently Predictive of Long-Term Adverse
Clinical Outcomes in Asian Patients Hospitalized for Heart Failure: A
Retrospective Cohort Study

Jeffrey Shi Kai Chan, Jiandong Zhou, Sharen Lee, Andrew Li, Martin Tan,
Keith Sai Kit Leung, Kamalan Jeevaratnam, Tong Liu, Leonardo Roever,
Ying Liu, Gary Tse and Qingpeng Zhang

Frontiers in Cardiovascular Medicine

5 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine

337

346

361

375

387

396

407

414

425

435

442

Incidence of Arrhythmias and Their Prognostic Value in Patients With
Multiple Myeloma

Yongxin Li, Manyun Tang, Liang Zhong, Suhua Wei, Jingzhuo Song, Hui Liu,
Chaofeng Sun and Jie Wang

Differential Risk of Dementia Between Patients With Atrial Flutter and
Atrial Fibrillation: A National Cohort Study

Hui-Ting Wang, Yung-Lung Chen, Yu-Sheng Lin, Huang-Chung Chen,
Shaur-Zheng Chong, Shukai Hsueh, Chang-Ming Chung and

Mien-Cheng Chen

Diagnostic Accuracy of the HAS-BLED Bleeding Score in VKA- or
DOAC-Treated Patients With Atrial Fibrillation: A Systematic Review and
Meta-Analysis

Xinxing Gao, Xingming Cai, Yunyao Yang, Yue Zhou and Wengen Zhu
Post-operative Atrial Fibrillation Impacts on Outcomes in Transcatheter
and Surgical Aortic Valve Replacement

Hyung Ki Jeong, Namsik Yoon, Ju Han Kim, Nuri Lee, Dae Yong Hyun,

Min Chul Kim, Ki Hong Lee, Yo Cheon Jeong, In Seok Jeong, Hyun Ju Yoon,
Kye Hun Kim, Hyung Wook Park, Youngkeun Ahn, Myung Ho Jeong and
Jeong Gwan Cho

Absence of Obesity Paradox in All-Cause Mortality Among Chinese
Patients With an Implantable Cardioverter Defibrillator: A Multicenter
Cohort Study

Bin Zhou, Xuerong Sun, Na Yu, Shuang Zhao, Keping Chen, Wei Hua,
Yangang Su, Jiefu Yang, Zhaoguang Liang, Wei Xu, Min Tang and Shu Zhang
Effects of Hot Balloon vs. Cryoballoon Ablation for Atrial Fibrillation: A
Systematic Review, Meta-Analysis, and Meta-Regression

Xinyi Peng, Xiao Liu, Hongbo Tian, Yu Chen and Xuexun Li

Clinical Features of Patients Undergoing the Head-Up Tilt Test and Its
Safety and Efficacy in Diagnosing Vasovagal Syncope in 4,873 Patients
Lingping Xu, Xiangqgi Cao, Rui Wang, Yichao Duan, Ye Yang, Junlong Hou,
Jing Wang, Bin Chen, Xianjun Xue, Bo Zhang, Hua Ma, Chaofeng Sun and
Fengwei Guo

Exploring the Correlation Between Fibrosis Biomarkers and Clinical
Disease Severity in PLN p.Argl4del Patients

Stephanie M. van der Voorn, Mimount Bourfiss, Anneline S. J. M. te Riele,
Karim Taha, Marc A. Vos, Remco de Brouwer, Tom E. Verstraelen,

Rudolf A. de Boer, Carol Ann Remme and Toon A. B. van Veen

Baseline Corrected QT Interval Dispersion Is Useful to Predict
Effectiveness of Metoprolol on Pediatric Postural Tachycardia Syndrome
Yuanyuan Wang, Yan Sun, Qingyou Zhang, Chunyu Zhang, Ping Liu,

Yuli Wang, Chaoshu Tang, Hongfang Jin and Junbao Du

Leukocyte Telomere Length Predicts Progression From Paroxysmal to
Persistent Atrial Fibrillation in the Long Term After Catheter Ablation
Qianhui Wang, Zheng Liu, Ying Dong, Xinchun Yang, Mulei Chen and
Yuanfeng Gao

Modified Taiwan Atrial Fibrillation Score for the Prediction of Incident
Atrial Fibrillation

Jo-Nan Liao, Su-Shen Lim, Tzeng-Ji Chen, Ta-Chuan Tuan, Shih-Ann Chen
and Tze-Fan Chao

Frontiers in Cardiovascular Medicine

6 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine

450 Ischemic Stroke in Non-Gender-Related CHA,DS ,-VA Score 0~1 Is
Associated With H FPEF Score Among the Patients With Atrial Fibrillation
Min Kim, Hee Tae Yu, Tae-Hoon Kim, Dae-In Lee, Jae-Sun Uhm,
Young Dae Kim, Hyo Suk Nam, Boyoung Joung, Moon-Hyoung Lee,
Ji Hoe Heo and Hui-Nam Pak

459 The Beneficial Effects of Beta Blockers on the Long-Term Prognosis of
Patients With Premature Atrial Complexes
Ting-Chun Huang, Po-Tseng Lee, Mu-Shiang Huang, Pin-Hsuan Chiu,
Pei-Fang Su and Ping-Yen Liu

469 Randomized Controlled Trials of Zhigancao Decoction Combined With
Metoprolol in the Treatment of Arrhythmia: A Systematic Review and
Meta-Analysis
Yan Yang, Fei-Lin Ge, Qian Huang, Rui Zeng, Xin-Yue Zhang, Ping Liu,
Gang Luo, Si-Jin Yang and Qin Sun

Frontiers in Cardiovascular Medicine 7 May 2022 | Risk Stratification for Cardiac Arrhythmias


https://www.frontiersin.org/research-topics/14050/risk-stratification-strategies-for-cardiac-rhythm-abnormalities
https://www.frontiersin.org/journals/cardiovascular-medicine

& frontiers | Frontiers in Cardiovascular Medicine

EDITORIAL
published: 27 April 2022
doi: 10.3389/fcvm.2022.887461

OPEN ACCESS

Edited and reviewed by:
Matteo Anselmino,
University of Turin, ltaly

*Correspondence:
Kamalan Jeevaratnam
drkamalanjeeva@gmail.com
Tong Liu
liutongdoc@126.com

Specialty section:

This article was submitted to
Cardiac Rhythmology,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 01 March 2022
Accepted: 23 March 2022
Published: 27 April 2022

Citation:

Tse G, Zhang N, Song W, Letsas KR,
Ngarmukos T, Jeevaratnam K and
Liu T (2022) Editorial: Risk
Stratification Strategies for Cardiac
Rhythm Abnormalities.

Front. Cardiovasc. Med. 9:887461.
doi: 10.3389/fcvm.2022.887461

Check for
updates

Editorial: Risk Stratification
Strategies for Cardiac Rhythm
Abnormalities

Gary Tse"?>°, Nan Zhang?, Wenhua Song?, Konstantinos P. Letsas?*,
Tachapong Ngarmukos®, Kamalan Jeevaratnam® and Tong Liu?*

" Cardiac Electrophysiology Unit, Cardiovascular Analytics Group, Hong Kong, China, ? Tianjin Key Laboratory of
lonic-Molecular Function of Cardiovascular Disease, Department of Cardiology, Tianjin Institute of Cardiology, Second
Hospital of Tianjin Medical University, Tianjin, China, ® Kent and Medway Medical School, Canterbury, United Kingdom,

4 Arrhythmia Unit, Onassis Cardiac Surgery Centre, Athens, Greece, ° Faculty of Medicine Ramathibodi Hospital, Mahidol
University, Bangkok, Thailand, ° Faculty of Health and Medical Sciences, University of Surrey, Guildford, United Kingdom

Keywords: atrial fibrillation, risk stratification, cardiac rhythm abnormalities, biomarkers, prediction model

Editorial on the Research Topic
Risk Stratification Strategies for Cardiac Rhythm Abnormalities

INTRODUCTION

Cardiac rhythm abnormalities, such as atrial fibrillation (AF) and ventricular tachycardia
(VT)/ventricular fibrillation (VF), account for a significant proportion of adverse cardiac events
and mortality (1). In fact, most cardiovascular pathologies will lead to some form of rhythm
abnormalities as the pathology worsens. In many instances such rhythm abnormalities precede the
fatal event. Accurate risk stratification is central to early and timely treatment in high-risk patients
and to avoid unnecessary invasive procedures. There are protocols and diagnostic algorithms
currently in place that help clinicians to profile the risk associated with a condition. None of
these tools is fully accurate despite ongoing efforts to improve risk stratification strategies (2).
Current clinical practice involves a combination of clinical history, genetic testing, non-invasive
electrocardiographic measurements (3) and invasive electrophysiological studies (4). The aim
of this Research Topic is to (1) investigate the physiological mechanisms that underlie cardiac
rhythm abnormalities, (2) examine current approaches used for risk stratification in different
conditions and their impact on patient outcomes, and (3) explore the use of experimental
models and computational and machine learning algorithms to facilitate the development of risk
stratification tools.

PRE-CLINICAL MODELS FOR STUDYING CARDIAC
ARRHYTHMIAS

Cellular, animal and computational models have been used to study the molecular and
electrophysiological mechanisms underlying cardiac arrhythmias (5). Saadeh and Fazmin review
the mechanisms by which age-related mitochondrial dysfunction promotes arrhythmic triggers
and substrate. This provided insights into novel potential anti-arrhythmic pharmacological
interventions that specifically target upstream mitochondrial function, and hence ameliorates
the need for therapies targeting downstream changes which have constituted traditional
antiarrhythmic therapy. Deng et al. reviews the key role of uric acid in mediating oxidative stress
and inflammation, which underlie fibrotic change of the atria predisposing to AF. Fong et al.
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conducted a meta-analysis into modulated calcium homeostasis
and calcium release events in AF, demonstrating higher
sarco/endoplasmic reticulum Ca®t-ATPase (SERCA) expression
in the between primary diseased AF group, but lower expression
in the secondary AF groups. Costa et al. describe in-depth the
molecular interactions between sex hormones and the cardiac ion
channels, as well as the clinical implications of these interactions
on the cardiac conduction system, in order to understand
the link between these hormones and the susceptibility to
cardiac arrhythmias.

Avula et al. presented APD dispersion data from two-
dimensional optical mapping in a mouse model with F1759A
SCN5A overexpression modeling long QT syndrome type 3. They
then presented theoretical models for APD dispersion, methods
for analysis and calculation of APD dispersion, and showed
that APD dispersion in clustered patterns is the predominant
configuration for spontaneous occurrence and persistence of AF
and VF. Liu et al. conducted experiments to examine the effects
of autonomic input in vein of Marshall-mediated AF. They found
that electrical stimulation of the left superior ganglionated plexi
shortened atrial refractoriness, increased APD dispersion and
the vulnerability window. These effects were prevented by low
level stimulation or ethanol ablation of the vein of Marshall, or
muscarinic blockade by atropine. Acquired causes of VI/VF may
arise from remodeling after myocardial infarction. In a mouse
model with knockout of the CC chemokine receptor 9 (CCRY),
abnormalities in ion currents, calcium handling, gap junction
and action potential conduction were prevented, suggesting that
the CCRY can be a promising therapeutic target for reducing the
likelihood of myocardial infarction-related arrhythmias (Huang
Y. etal).

RISK STRATIFICATION FOR CARDIAC
ARRHYTHMIAS

AF is the commonest cardiac rhythm abnormality observed
in clinical practice and accounts for significant morbidity and
mortality via the development of ischemic stroke (6), dementia
(7, 8) and heart failure (9). Shang et al. reviewed the clinical
applications and utility of AF characteristics, cardiac imaging and
electrocardiogram markers, arterial stiffness and atherosclerosis-
related markers, circulating biomarkers, and novel genetic
markers for the diagnosis of ischaemic stroke and non-valvular
AF. Ning et al. reviewed the current literature on the etiology
of atrial cardiomyopathy in embolic strokes of undetermined
source. Liao L.-Z. et al. conducted a two-sample Mendelian
randomization study demonstrating a causal inference between
hypertension and AF. Hidru et al. conducted a cohort study of
9,618 hypertensive patients and identified serum uric acid levels
and left atrial diameter as significant predictors of AF. Moreover,
the modified Taiwan AF score consisting of age, male gender,
hypertension, heart failure, coronary artery disease and end-stage
renal disease predicted incident AF in a Chinese population with
an area under the curve of 0.86 for 1-year follow-up, 0.83 for 5-
year follow-up, 0.80 for 10-year follow-up, and 0.75 for 16-year
follow-up (Liao J.-N. et al.).

One of the most devastating outcomes of AF is stroke for
which the CHA2DS2-VASc score has been used for its risk
stratification (10). A recent study explored low risk patients
with CHA2DS2-VASc scores of 0 to 1 (Kim, Yu, Kim, Lee et
al.), demonstrating that in patients with normal left ventricular
ejection fraction, high H2FPEF score and increasing age were
independently associated with the development of ischemic
stroke. Song et al. found that a comprehensive evaluation of
serum uric acid and B-type natriuretic peptide levels, left atrial
diameter and left ventricular ejection fraction can stratify the risk
of stroke in patients with non-valvular AF. A large retrospective
cohort study conducted propensity score matching between with
atrial flutter and AF (Wang H.-T. et al.). Among patients without
history of stroke, the risk of dementia was higher in patients with
AF than in patients with AFL.

The following studies investigated the impact of
interventional and medical treatment on outcomes in patients
with AF. Balloon-based catheter ablations, including hot balloon
ablation and cryoballoon ablation, have rapidly emerged as
alternative modalities to conventional catheter ablation owing
to their procedural advantages and better clinical outcomes and
safety profiles. A recent study found that patients undergoing
hot balloon ablation had a higher incidence of touch-up ablation
and longer procedural time, but with comparable clinical
outcomes on mid-term follow-up (Peng et al.). patients with
short episodes of AF <24 h were compared to those with 24 h or
longer in a propensity score-matched analysis for cryoablation
of pulmonary veins isolation (Jiang et al.). Higher success
rate and lower incidence of stroke/transient ischaemic attacks
were observed for the <24h group compared to the >24h
group during follow-up. Recurrence in AF remains a problem
despite improvement in ablation technology. A prospective
cohort study found that leukocyte telomere length predicted
disease progression from paroxysmal to persistent AF following
catheter ablation (Wang Q. et al). Soluble Suppression of
Tumorigenicity 2, was shown to be predictive of AF recurrence
after radiofrequency ablation in patients with persistent AF
(Tan et al). A systematic review and meta-analysis found
that the HAS-BLED score has moderate predictive abilities
for bleeding risks in patients with AF regardless of type of
oral anticoagulants (Gao et al.). For medical treatment of AF,
beta blockers are frequently used. Interestingly, beta blockers
consistently decreased long-term mortality in patients with high-
burden and low-burden of premature atrial complexes, and this
effect appears not to be mediated through a reduction in AF or
new onset stroke (Huang T.-C. et al.). Recent work has explored
traditional Chinese medicine as an adjunct therapy (11, 12). A
systematic review and meta-analysis of randomized controlled
trials on Zhigancao Decoction combined with metoprolol was
performed, demonstrating good efficacy with few adverse events
for different types of arrhythmias that include AF (Yang et al.).

A registry study from Shanghai, China investigated the impact
of new onset AF in patients with acute myocardial infarction.
Interestingly, the authors found that asymptomatic rather than
symptomatic new onset AF was significantly predictive of
cardiovascular mortality and all-cause mortality (Luo et al.). In
a propensity score-matched study between patients undergoing
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transcatheter and surgical aortic valve replacement, post-
operative AF had a worse impact on heart failure-related hospital
admissions and composite outcome of mortality, stroke and
heart failure-related admissions (Jeong et al.). In a single center
prospective study, machine learning models were developed
using least absolute shrinkage and selection operator (LASSO)
and random forest (RF) algorithms for variable selection (Chen
Y. et al.). Their LASSO-Cox model showed an area under the
curve of 0.84 for predicting 1-year mortality.

Age was identified as a risk factor of syncope recurrence in
elderly patients with vasovagal syncope and positive head-up tilt
test (Guo et al.). Another study from the same group examined
a large cohort of 4,873 patients undergoing the head-up tilt
test, finding that direct drug potentiation is safe and sensitive
for diagnosing vasovagal syncope (Xu et al.). Patients with
an overlap syndrome between chronic obstructive pulmonary
disorder and obstructive sleep apnoea showed higher rates of
cardiac arrhythmias (such as AF, premature atrial contraction,
ventricular premature contraction, and atrioventricular or VT)
compared to those with either condition alone (Tang et al.).
Heart rate was shown to be predictive of all-cause mortality in
patients suffering from multiple myeloma, but further work is
needed to explore the prognostic role of cardiac arrhythmias
in this condition (Wang J. et al.). Li and Zhang developed an
autodetection algorithm using neural network combined with the
attention-based bidirectional long-short term memory model for
classifying nine different types of ECG patterns, including normal
electrocardiogram, atrial fibrillation, atrioventricular block, left
bundle branch block, right bundle branch block, premature atrial
complexes, premature ventricular complexes, ST depression and
ST elevation (Li and Zhang). Regarding AF treatment, the
H2FPEF Score, which reflects the degree of left ventricular
diastolic dysfunction, was improved following catheter ablation
(Kim, Yu, Kim, Uhm et al.). Zhang et al. compared the catheter
ablation to pacing in patients with tachycardia-bradycardia
syndrome, reporting lower rates of the composite endpoint
of cardiovascular-related hospitalization and thromboembolic
events, as well as the progression of atrial fibrillation and
heart failure.

VT/VEFE can arise from acquired causes, such as ischaemic
heart disease, electrolyte disturbances and drugs. Tse, Li et al.
reviewed the electrophysiological mechanisms that predispose to
the development of atrial and ventricular arrhythmias by non-
reentrant and reentrant mechanisms in hypokalaemia, a common
electrolyte abnormality in hospitalized patients. Moreover, Zhou,
Zhao et al. identified a non-linear relationship between body
mass index and VT/VF in Chinese patients with implantable
cardioverter-defibrillators (ICDs). Another study from the same
group investigated whether the obesity paradox in all-cause
mortality is present among the Chinese population with an ICD
but did not demonstrate its presence (Zhou, Sun et al.). Sun
et al. found that compared to night-time heart rate of < 50 or
>70 bpm, heart rate between 50 and 70 bpm was associated
with lower risks of ventricular tachyarrhythmias, appropriate
ICD shocks, inappropriate ICD shocks, and all-cause mortality.
A retrospective study from Hong Kong, China investigated
Chinese patients who were hospitalized for acute heart failure,

demonstrating that fragmented QRS was a significant predictor
of VT/VE sudden cardiac death and cardiovascular mortality
(Chan et al.).

Alternatively, VT/VF can be due to inherited heart diseases
such as cardiomyopathies (13) or ion channelopathies
(14). Patients diagnosed with arrhythmogenic and dilated
cardiomyopathy can harbor mutations in the phospholamban
gene. In patients with phospholamban p.Argl4del mutational
carriers, high procollagen type I carboxy-terminal propeptide
to C-terminal telopeptide collagen type I ratios correlated with
end-diastolic and end-systolic volumes, T-wave inversion and
the presence of premature ventricular contractions (van der
Voorn et al.). The commonest ion channelopathy globally is long
QT syndrome, which is more common in Western compared
to Asian populations (15). Nevertheless, Tse, Lee, Zhou et al.
conducted a territory-wide study into the epidemiology of LQTS
in a city of China, and found that the application of random
survival forest technique significantly improved risk prediction
for VT/VF compared to Cox regression.

Brugada syndrome (BrS) is characterized by coved or
saddle-shaped ST segment elevation in the right precordial
leads (16). It has a higher prevalence in Asia compared
to western countries. However, risk stratification is difficult,
especially in asymptomatic subjects (17). Both depolarization
and repolarization abnormalities are hypothesized to underlie
arrhythmogenesis in BrS. ECG indices that are manually
measured have been explored for their ability to predict future
arrhythmic events (18-20). Recent efforts have focused on the
use of automated measurements to facilitate risk prediction in
BrS (21). Thus, in a cohort of Chinese BrS patients, Tse, Lee,
Li et al. identified ST slope as a novel predictor of ventricular
arrhythmogenesis. The use of invasive programmed ventricular
stimulation (PVS) has aided risk stratification although its
sensitivity, specificity, positive predictive value and negative
predictive value can differ depending on the protocols employed
(22). Recent work has demonstrated that right ventricular
outflow tract electro-anatomical abnormalities can predict VF
inducibility (23).

Nevertheless, recent available evidence indicates that risk
prediction is more accurate when a multi-parametric approach
rather than rely on a single investigative method (24).
Monasky et al. evaluated the role of genetic testing for risk
stratification in BrS. They recommend that whole exome or
whole genome testing and family segregation analysis should
always be performed. Chen X. et al. studied the clinical and
genetic characteristics of 104 probands with early repolarization
syndrome, reporting its association with loss-of-function genetic
defects in genes encoding the cardiac calcium channel. They
identified a unique clinical entity characterized by decreased
heart rate and QTc, as well as increased transmural dispersion
of repolarization. In the case of the CACNA1C-P817S variant,
impaired trafficking of the channel to the membrane contributes
to the loss-of-function in the calcium channel.

Finally, several studies examined risk stratification strategies
for other tachycardias and also bradycardias. For example, the
role of baseline-corrected QT interval dispersion (QTcd) in
predicting the effectiveness of metoprolol in pediatric postural
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tachycardia syndrome was examined (Wang Y. et al.). The pre-
treatment baseline QTcd were significantly longer in responders
treated with metoprolol compared to non-responders and that it
was negatively correlated with SS after metoprolol treatment. The
prenatal management for immune-associated congenital heart
block in fetuses was reviewed, in particular issues pertaining to
clinical management, including the roles of autoantibodies in
its pathophysiology, diagnosis and prognosis (Liao H. et al.). A
study of multiple myeloma patients from Xi’an, China found
that approximately half of the patients suffered from cardiac
arrhythmias (Li et al.). In particular, those with sinus bradycardia
had lower incidences of all-cause mortality compared to those
without it.

CONCLUDING REMARKS

The articles collected under this Research Topic advance our
understanding of risk stratification strategies for cardiac rhythm
abnormalities, presenting recent progress on the pre-clinical,
clinical and epidemiological studies on the different cardiac
arrhythmias. There is a growing body of evidence supporting
a more integrative approach by combining new and established
computational and experimental/clinical approaches to improve
our understanding and treatment of cardiac arrhythmias.
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Objectives: We attempted to develop more precisely quantified risk models for
predicting cardiogenic stroke risk in non-valvular atrial fibrillation (NVAF) patients.

Methods: We conducted a case-control study, using data from hospitalized patients
with AF who underwent transesophageal echocardiography at Shanghai Chest Hospital.
A total of 233 high cardiogenic stroke risk patients with left atrial appendage thrombus
(LAT) or left atrial spontaneous echo contrast (LA-SEC) and 233 controls matched for
age, sex, AF type.

Results: AF history, LA diameter enlargement, larger left ventricular end diastolic
diameter, lower ejection fraction, greater serum uric acid (SUA), and brain natriuretic
peptide (BNP) levels showed association with high stroke risk. The multivariate logistic
regression analysis revealed that AF duration, left atrial diameter (LAd), left ventricular
ejection fraction (LVEF), SUA, and BNP were independent risk factors of the LAT/LA-SEC.
We used LAd, LVEF, SUA, and BNP to construct a combined predictive model for
high stroke risk in NVAF patients (the area under ROC curve: 0.784; sensitivity 66.1%;
specificity 76.8%; 95% CI 0.744-0.825, P < 0.001).

Conclusion:  Comprehensive evaluation of LAd, LVEF, SUA, and BNP may
help stratify the cardiogenic stroke risk among non-valvular AF patients, guiding
anticoagulation therapy.

Keywords: atrial fibrillation, cardiogenic stroke, left atrial appendage thrombus, LA-SEC, risk model

INTRODUCTION

Cardiogenic stroke is defined as the ischemic stroke caused by the shedding of a cardiogenic
embolus and embolism corresponding to the cerebral artery. According to reports, it accounts for
14% of all ischemic strokes (1, 2). Atrial fibrillation (with or without other cardiovascular diseases)
related stroke accounts for more than 79% of all cardiogenic stroke, which is the most important
risk factor of cardiogenic stroke (3, 4). Compared with non-AF related stroke, AF related stroke
has more severe symptoms, higher disability rate, higher mortality rate, and is easy to relapse;
the mortality rate is twice as high as non-AF related stroke; the medical cost is 1.5 times as high
as non-AF related stroke (5). Left atrial appendage thrombus (LAT) and left atrial spontaneous
echo contrast (LA-SEC) caused by atrial fibrillation are high risk factors of cardiogenic stroke. The
majority of AF is non-valvular AF. At present, esophageal ultrasound is still the gold standard
for monitoring thrombus in left atrial appendage. Although there is evidence that standardized
anticoagulation therapy can significantly improve the prognosis of patients with high risk of
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thromboembolic events, in fact, most patients with atrial
fibrillation do not use anticoagulation therapy. Strategies for
identifying patients at risk for thromboembolism are commonly
based on the basis of the CHA2DS2 -VASc score (6), however
study found biomarkers could further refine stroke risk
differentiation among patients initially classified as low risk (7).
Clinically, we also found patients with low CHA2DS2 -VASc
score still have a risk of thromboembolic events, more valuable
forecast indicators of biomarkers in patients with AF seems to
be necessary. Therefore, we aimed to develop a more precisely
quantified risk models for predicting cardiogenic stroke risk in
non-valvular atrial fibrillation (NVAF) patients.

METHODS

Study Population

The study population comprised 233 high cardiogenic stroke
risk patients with LAT or LA-SEC and 233 controls matched for
age, sex, AF type, between January 2017 and July 2019. AF was
confirmed by a 12-lead surface electrocardiogram and Holter.
Paroxysmal AF and non-paroxysmal AF were defined according
to the published guideline. Stroke risk was then evaluated
according to the Congestive Heart Failure, Hypertension,
Age>75 Years, Diabetes Mellitus, Stroke, Vascular Disease, Age
65-74 Years, Sex Category (CHA2DS2 -VASc) score. All patients
underwent echocardiography and TEE before catheter ablation,
with written informed consent was obtained.LA thrombus was
diagnosed by a well-circumscribed echogenic mass contrasted
with the adjacent myocardium. LA-SEC was diagnosed by the
presence of dynamic smog-like echoes in the left atrial cavity
and left atrial appendage. The left atrial diameter (LAD) and
left ventricular ejection fraction (LVEF) were measured by
transthoracic two-dimensional echocardiography.

Data on the clinical baseline characteristics of all patients
were collected from electronic medical records and analyzed.
Patients were categorized into a thrombosis group and a normal
group according to the TEE results. The Ethics Study Committee
at Shanghai Chest Hospital approved the study protocols and
agreed that informed consent was not necessary because of the
observational nature of the study.

Statistical Analysis

All analyses were performed with SPSS software version 25.0
(IBM Inc., NY, USA). All continuous data are presented as
the mean £+ SD deviation and were compared using Student
t-test. Categorical variables were compared using Pearson’s
chi-square test or Fisher exact test whenever needed. The
receiver operating characteristic (ROC) curve was constructed
by plotting sensitivity vs. specificity used to discriminate the
power of parameters in identifying the risk of stroke (LA/LAA
thrombus, LAS-EC). Multivariable and univariable logistic
regression was used to identify the risks of LAT or LA-SEC. All
probability values were 2-sided and a P < 0.05 was considered
statistically significant.

TABLE 1 | Baseline characteristics of the matched patient populations.

Variables High-risk Control P-value
(n =233) (n =233)
Age, years 68.2+7.9 68.2+7.9 1.000
Male sex, n (%) 152 (65.2) 152 (65.2) 1.000
Per-AF, n (%) 205 (88.0) 205 (88.0) 1.000
AF history, years 3.8+5.6 27+35 0.010
Hypertension, n (%) 144 (61.8) 129 (65.4) 0.592
Diabetes mellitus, n (%) 38 (16.3) 30 (12.9) 0.295
Congestive heart failure, n (%) 34 (14.6) 19(8.2) < 0.001
Previous stroke/TIA, n (%) 40 (17.2) 39 (16.7) 1.000
Coronary artery disease, n (%) 29 (12.4) 30 (12.9) 0.890
Age > 65 1562 (65.2) 1562 (65.2) 1.000
Age > 75 44 (18.9) 44 (18.9) 1.000
CHA2DS2-VASC score, n (%) 0.080
0 11(4.7) 25 (10.7) 0.023
1 40 (17.2) 45 (19.3) 0.632
>2 182 (78.1) 163 (70.0) 0.057
Serum uric acid, wmol/L 406.4 + 116.2 358.2 +£78.2 < 0.001
Male 428.1 +£121.3 376.0 + 69.5 < 0.001
Female 365.7 + 93.8 324.8 + 83.1 0.004
Creatinine, wmol/L 79.6 £ 20.7 76.5 + 16.6 0.147
Hematocrit, % 44.2 £10.0 43.0+ 4.8 0.159
Platelets, 10 3/uL 186.7 £ 63.2 188.9 £ 52.6 0.762
BNP, pg/mL 397.1 +403.8 188.0 £ 157.5 < 0.001
INR 1.31 £ 0.57 1.23+0.54 0.358
INR >2.0, n (%) 27 (11.6) 19 (8.2) < 0.001
Warfarin use, n (%) 67 (28.8) 49 (21.0) 0.277
NOAC, n (%) 13 (5.6) 17 (7.3) 0.572
Aspirin, n (%) 7 (3.0 198.2) 0.025
LAd, mm 475+5.6 43.5+5.1 < 0.001
LvDd, mm 50.1 £6.3 478 £ 4.2 < 0.001
LVEF, % 57.1+£9.5 62.2 £ 4.1 < 0.001
>Mild MR, n (%) 71 (30.5) 67 (28.8) 0.761

RESULTS

Baseline Characteristics of the High Stroke

Risk Group and Control Group
From January 1, 2017 to December 31, 2018, a total of 3,522
patients underwent TEE at the Shanghai Chest Hospital. After
applying the exclusion criteria, 55 (1.56%) patients with non-
valvular AF were LAT and 178 (5.05%) were LA-SEC. A case-
control study was performed on 233 patients with LAT or LA-
SEC and 233 age, sex, and AF-type matched control patients
selected from a list of subjects who had undergone TEE. The
baseline characteristics of patients in the high risk and control
groups are summarized in Table 1.

As shown in Table1, the patients in high risk group
had greater proportion of congestive heart failure, larger
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LA diameter, larger left ventricular end diastolic diameter,
lower ejection fraction, greater SUA, and BNP than control
group. The mean AF history (3.8 & 5.6 vs. 2.7 & 3.5 years,
P = 0.01) was markedly longer in patients with LAT/LA-
SEC. There were no statistically significant differences in
hypertension, diabetes mellitus, previous stroke/TIA, coronary
artery disease, CHA2DS2-VASc Score, and INR, more than
moderate mitral regurgitation.

Factors Predict High Stroke Risk and ROC

Curve Analysis

Compared with the normal group, the high risk group had
longer AF history, higher serum uric acid and BNP levels,
LA enlargement, LVD enlargement, lower LVEF in high risk
patients than in control group. All the above differences were
statistically significant (P < 0.05). However, the CHA2DS2-VASc
were similar between the two groups.

ROC curve analysis was conducted to evaluate the diagnostic
value of statistically significant parameters in high risk patients
(Table 2). The best cut-off value of SUA was >429.5 pmol/L
(AUC 0.618, sensitivity 39.5%, specificity 83.7%, 95%CI 0.567-
0.669, P < 0.001). The best cut-off value of BNP was >334.5
pg/mL (AUC 0.720, sensitivity 42.5%, specificity 88.8%, 95%CI
0.675-0.766, P < 0.001). The best cut-off value of LAd was
>455mm (AUC 0.705, sensitivity 61.8%, specificity 70.0%,
95%CI 0.659-0.752, P < 0.001). The best cut-off value of LVEF
was <51.5% (AUC 0.677, sensitivity 73.4%, specificity 50.2%,
95%CI 0.629-0.725, P < 0.001).

Multivariable Analysis for LAT or LA-SEC

Multiple candidate clinical predictors and echocardiography
measurements was performed to identify the independent
predictors for LAT/LA-SEC. Our results demonstrated that
AF duration, LAd, LVEE, SUA, and BNP were significantly
correlated with the presence of LAT/LA-SEC. Univariable and
multivariable analysis showed that these parameters were found
to be significantly predictive of high stroke risk in NVAF
patients (Table 3).

Combined Predictive Model

We used SUC, BNP, LAd, and LVEF as independent variables
for further multivariate logistic regression. The results show that
the combined predictive mode had an excellent discriminatory
capacity in predicting high stroke risk (AUC 0.784; sensitivity
66.1%; specificity 76.8%; 95% CI 0.744-0.825, P < 0.001,
Figure 1).

Subgroup Analyses
Stratified analyses were performed to assess the predicted value of
parameters in LAT and LA-SEC group. As shown in Table 4, the
patients in LAT group had greater proportion of hypertension
than LA-SEC group. There were no statistically significant
differences in age, sex, AF type, AF history, diabetes mellitus,
previous stroke/TIA, coronary artery disease, CHA2DS2-VASc
Score, congestive heart failure, LAd, LVEDd, LVEF, creatinine,
hematocrit, platelets, and use of anticoagulant or aspirin.

The SUA levels in LAT group were no statistically significant
differences greater than in LA-SEC group. However, the mean
male SUA level (467.8 £+ 134.0 vs. 417.1 + 115.7 pmol/L,

TABLE 2 | Receiver operating characteristic analysis of the risk factors.

Sensitivity (%) Specificity (%) AUC 95% CI P-value

AF history 20.6 87.6 0.527 0.474-0.580 0.313
SUA 39.5 83.7 0.618 0.567-0.669 <0.001
BNP 42.5 88.8 0.720 0.675-0.766 <0.001
LAd 61.8 70.0 0.705 0.659-0.752 <0.001
LvDd 50.2 65.7 0.595 0.544-0.647 <0.001
LVEF 73.4 50.2 0.677 0.629-0.725 <0.001
TABLE 3 | Univariable and multivariable logistic regression of cardiogenic stroke risk.
Variable Univariable Multivariable

OR 95% ClI P-value OR 95% CI P-value
SUA 1.005 1.003-1.007 <0.001 1.003 1-1.006 0.025
AF history 1.005 1.001-1.008 0.013 1.006 1.002-1.011 0.005
BNP 1.004 1.003-1.005 <0.001 1.002 1.001-1.003 0.006
LAd 1.160 1.113-1.209 <0.001 1.083 1.031-1.138 0.001
LVEDd 1.083 1.044-1.123 <0.001 0.969 0.916-1.025 0.275
LVEF 0.888 0.855-0.921 <0.001 0.9 0.858-0.944 <0.001
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FIGURE 1 | ROC curves analysis for predictive value of combined predictive model.

P =10.033) was significantly higher in patients with LAT than
LA-SEC (Table 4).

The BNP level in LAT group were significantly greater than
in LA-SEC group (592.2 £ 624.9 vs. 336.8 + 281.3 pg/mL,
P =0.005). The corresponding AUC for BNP predicting LAT was
0.627 (95% CI: 0.539-0.715) and the best cut-off point for BNP
predicting LAT was 627 pg/mL, the sensitivity and specificity
were 34.5 and 89.3%, respectively (Figure 2).

DISCUSSION
Main Findings

In this case-control study, we demonstrated a significant positive
association between SUA, BNP, LAd, LVEF and high stroke risk
in non-valvular atrial fibrillation patients. The main findings
were as follows: (1) Patients in the LAT/LA-SEC group had
significantly higher SUA, BNP levels, LAd and lower LVEF than
the control group; (2) Increased SUA and BNP, LA enlargement,
LVEF reduction were independent risk factors and combining
these four factors above is stronger than using any one single
factor for predicting high stroke risk in non-valvular AF patients;
(3) BNP levels in LAT group were significantly higher than LA-
SEC group, which can be a modest predictor of higher stroke risk
in AF patients with LA-SEC.

SUA is the final product of purine metabolism catalyzed
by xanthine oxidase, which plays an important role in the

formation of free radical superoxide anion and oxidative stress,
consequently resulting in calcium overload and decreasing
sodium channels and aggravating cellular damage (8-10).
These pathological processes promote electrical remodeling and
structural remodeling of the left atrium, leading to an increase
of its size and contribute to the occurrence and development
of AF (11-15). High SUA level is an independent risk factor
for stroke and cardiovascular death (16-19). Studies have shown
that hyperuricemia is an important risk factor for stroke and
may improve the clinical risk stratification of patients with
atrial fibrillation (20). Although it is still unable to explain the
mechanism of hyperuricemia and stroke. However, we found
that patients with LAT and LASEC had higher SUA levels, which
means hyperuricemia is associated with a high risk of cardiac
stroke in patients with non-valvular atrial fibrillation. This may
provide clues for screening high-risk groups and strengthening
anticoagulation therapy.

BNP is a sensitive indicator reflecting the increase of cardiac
pressure and volume load, and its level is related to the functional
load of cardiac pump. When atrial fibrillation occurs, the left
atrium cannot contract effectively, the damage of left ventricular
diastolic function and the increase of left ventricular filling
pressure can lead to left atrial blood stasis, presenting as SEC,
and increase the risk of LAA thrombosis (21, 22). Studies have
shown that BNP can predict the risk of atrial fibrillation (23),
thromboembolism (22, 24-27), and general cardiovascular risk
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TABLE 4 | Baseline characteristics of the LAT and LA-SEC patient populations.

Variables LAT LAECS P-value
(n = 55) (n =178)
Age, years 67.1 £89 67.2+84 0.946
Male sex, n (%) 33 (60.0) 119 (66.9) 0.418
Per-AF, n (%) 52 (94.5) 151 (84.8) 0.067
AF history, years 3.8+55 3.8+56 0.973
Hypertension, n (%) 26 (47.3) 118 (66.3) 0.017
Diabetes mellitus, n (%) 6 (10.9) 32 (18.0) 0.296
Congestive heart failure, n (%) 12 (21.8) 22 (12.4) 0.124
Previous stroke/TIA, n (%) 2(3.6) 38 (21.3) 0.002
Coronary artery disease, n (%) 4(7.3) 25 (14.0) 0.244
Age > 65 35 (63.6) 117 (65.7) 0.871
Age > 75 11 (20.0) 33(18.5) 0.844
CHA2DS2-VASc score, n (%) 26+14 3.0+1.7 0.080
0 4(7.3) 7 (3.9 0.293
1 9 (26.4) 36 (20.2) 0.696
>2 42 (76.4) 135 (75.8) 1.000
Serum uric acid, wmol/L 427.7 £ 1201 399.8 + 114.5 0.120
Male 467.8 £ 134.0 4171 £ 1167 0.033
Female 367.5 + 58.2 365.0 + 104.4 0.913
Creatinine, pwmol/L 79.6 £22.4 79.6 £20.2 0.996
Hematocrit, % 457 £17.4 43.8 £ 6.2 0.219
Platelets (10%/uL) 178.1 £68.5 189.3 +61.4 0.249
BNP 592.2 + 624.9 336.8 +281.3 0.005
INR 1.25+0.53 1.32 £ 0.58 0.452
INR >2.0, n (%) 6(10.9) 21(11.8) 1.000
Warfarin use, n (%) 14 (25.5) 53 (29.8) 0.611
NOAC, n (%) 1(1.8) 12 (6.7) 0.310
Aspirin, n (%) 3 (5.5 4(2.2) 0.360
LAd, mm 488+ 7.3 471 +£5.0 0.122
LVDd, mm 515 +7.7 496 +5.7 0.095
LVEF, % 55.7 £12.4 57.5+84 0.316
>Mild MR, n (%) 23 (41.8) 48 (27.0) 0.044

stratification in NVAF patients (28-30). Recent studies have
suggested that BNP is not only a predictor of AF, but also an
early predictor of cerebral embolism in patients with AF (31).
Our study has demonstrated that BNP is associated with LAT and
LA-SEC, and BNP levels in LAT patients are higher than those
in SEC patients. BNP can predict the risk of cardiogenic stroke
independently of CHADS 2 and CHA2DS 2-vasc scores, and a
higher BNP value means a higher risk of stroke.

In our analysis, decreased LVEF was revealed to be a
powerful and independent predictor of LAT/LA-SEC formation
in AF patients, which means high cardiogenic stroke risk.
Previous studies have suggested that incidence of LAT
depending on LVEF, and severe LV systolic dysfunction
(confirmed by echocardiography) was a strong predictor of
stroke (32, 33).

Studies found that LA enlargement is association with LA-SEC
and embolic events (34-36). Left atrial enlargement may lead
to thrombotic stroke by promoting endothelial damage, atrial
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0.4

0.2
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FIGURE 2 | ROC curves analysis for predictive value of BNP level in LAT
group.

blood stasis, and thrombosis (37). Atrial cardiomyopathy caused
by fibrosis of the left atrium can lead to atrial fibrillation over
time. LA enlargement is the manifestation of the severity of atrial
cardiomyopathy, and co-exist with AF (38).

Despite that CHA2DS2-VASc score is mostly used to predict
the stroke risk in atrial fibrillation (39). However, we found that
there was no relationship between the score and LAT/LA-SEC
formation. In this study, we found that there was an independent
correlation between SUA, BNP, LAd, LVEF and LAT/LA-SEC in
AF patients, and subgroup analysis found that the BNP level
in LAT group was higher than that in LA-SEC group, with
significant statistical difference, which may provide clues for
high BNP to increase the risk of cardiogenic stroke and risk in
non-valvular AF patients.

CLINICAL IMPLICATION

The main strength of our study was the generalization of the
different features of the real-world non-valvular atrial fibrillation
population in a matched cohort. Our present study found
that a comprehensive evaluation of left atrial diameter, left
ventricular ejection fraction, serum uric acid, and BNP may
help stratify the cardiogenic stroke risk among non-valvular
AF patients, which may help clinicians in the decision-guiding
anticoagulation therapy.

LIMITATIONS

The present study had several limitations. The number of patients
is relatively insufficient to determine the actual prediction value
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of these parameters for LA-SEC. In addition, most of the study
population met the criteria for catheter ablation of AFE so
selection bias may limit the current statistical analysis, and the
population in this study may not reflect all patients with non-
valvular AF. Considering that this study is a retrospective study,
further prospective clinical trials are necessary to verify the
predictive value of these parameters on the risk of cardiogenic
stroke caused by atrial fibrillation and the guiding significance
of anticoagulation decision-making. The pathophysiological
mechanism of LAT and LA-SEC has not been well-explored. The
mechanism of combined predictive model for cardiogenic stroke
risk in AF needs further study.

CONCLUSION

This study found that the combined predictive model has a
moderate predictive value for cardiogenic stroke risk among
non-valvular AF patients, which will help us strengthen
the screening of high-risk populations and strengthen
anticoagulation therapy.
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Tesfaldet H. Hidru?, Yuqi Tang?, Fei Liu, Simei Hui, Ruiyuan Gao, Daobo Li, Xiaolei Yang*
and Yunlong Xia*

Department of Cardiology, First Affiliated Hospital of Dalian Medical University, Dalian, China

Objective: Both serum uric acid (SUA) levels and left atrium diameter (LAD) associate
with AF. However, the influence of SUA status for the associated risk of AF related to LAD
in hypertension patients is currently unknown.

Methods: We retrospectively analyzed a hospital-based sample of 9,618 hypertension
patients. Standard electrocardiograms were performed on all patients and were
interpreted by expert electro-physiologists.

Results: Overall 1,028 (10.69%) patients had AF out of 9,618 patients. In men >65 years
of age, the prevalence of AF in the1st, 2nd, and 3rd tertiles of SUA among those grouped
in the third tertile of LAD were 9, 12.3, and 21.7%, respectively. In the hyperuricemia
group, the OR (95% CI) of AF for the highest tertile of LAD in men <65 years of age
was 3.150 (1.756, 5.651; P < 0.001). Similarly, the hyperuricemic men in the 3rd LAD
tertile had a higher likelihood of AF than those belonging to the 1st tertile. The ORs and
(95% Cls) were 3.150 (1.756, 5.651; P < 0.001) and 5.522 (2.932, 10.400; P < 0.001)
for patients <65 and >65 years of age. An increase in SUA values was significantly
associated with an increased likelihood of AF among women at the top tertiles of LAD,
with the OR (95% CI) = 4.593 (1.857, 11.358; P = 0.001). Also, men> 65 years of age
with large LAD, present at the third tertile of SUA, had a higher likelihood of AF, with the
OR (95% CI) = 2.427 (1.089, 5.667; P < 0.05).

Conclusion: SUA levels and LAD are associated with AF in patients with hypertension
and the risk of AF associated with LAD increases among those with hyperuricemia.

Keywords: uric acid, atrial fibrillation, hypertension, hyperuicemia, left atrial diameter (LAD)

INTRODUCTION

Atrial fibrillation (AF) is the most sustained arrhythmia, contributing to short and long-term
cardiovascular complications such as hemodynamic instability, stroke, heart failure, and mortality
risk (1-5). Considering the continuous rise in the average life expectancy in recent years and
an increase in cardiac morbidity, the occurrence of AF has been increasing sharply in the past
two decades. Despite advancements in the detection and management of AF, inadequate guidance
persists, regarding primary prevention and risk stratification of this disease (6).
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Several risk factors have been assumed to involve in the
pathophysiology of atrial fibrillation, such as hyperuricemia,
left atrial diameter (LAD), gender, high-sensitivity C-reactive
protein, cystatin-C, obesity, and diabetes (7-9). Of those
hypothesized risk factors, increased focus has been given to the
possible mechanism by which hyperuricemia causes AF. As such,
earlier studies have revealed that elevated serum uric acid (SUA)
plays a role in the development of AF in the general population
(9-12), as well as in patients with hypertension (13).

AF and hypertension often coexist, and AF patients who
experience elevated systolic blood pressure experience increased
adverse events (14). Moreover, left atrium volume, diameter, and
strain were reported to correlate with new-onset AF in patients
suffering from hypertrophic cardiomyopathy (15). Importantly,
a piece of evidence also revealed that left atrium enlargement
is a marker for increased risk of AF (16-20). Considering the
direct effect of LAD in the occurrence and maintenance of AE,
and the role of elevated SUA and hypertension in modifying
the pathophysiology of AFE it is meaningful for the scientific
community to analyze the interaction between SUA level and
LAD in AF patients. We hypothesized that elevated SUA levels,
in combination with widened LAD, could significantly estimate
the risk of AF in patients with hypertension. Therefore, this study
aimed to determine the association between SUA levels and LAD
with AF and investigate their interaction among the Chinese
population with hypertension.

MATERIALS AND METHODS

Population

Hypertension patients, aged 18 to 97 years, hospitalized between
August 2015 and August 2018 at the First Affiliated Hospital
of Dalian Medical University (FAHDMU) were included.
Those with cardiomyopathy, valvular heart disease, myocardial
infarction, heart failure, pericardial disease, undergoing dialysis
of the kidney, chronic kidney diseases-4 (CKD4) /CKD5, and
those patients missing key clinical covariates were excluded.
Finally, the present study contained a total of 9,618 patients.
Figure 1 describes a brief overview of the selection of study
participants. The research was conducted in accordance with
the Helsinki declaration guidelines and was approved by the
institutional review board of the FAHDMU. The informed
consent provision was waived and all procedures listed here were
carried out in compliance with the approved guidelines.

Clinical Measurements and Definition of

Explanatory Variables

Demographic and clinical characteristics including age, gender,
and major risk factors of hypertension including dyslipidemia,
diabetes mellitus, arterial hypertension, alcohol, smoking, and
other CVD comorbidities were ascertained from electronic
health records. A sample of fasting blood from the brachial vein
had been collected. The SUA concentrations were determined
using an autoanalyzer using the Uricase-Peroxidase process
(BECKMAN COULTER AU680 Chemistry Analyzer, USA). We
performed comprehensive 2D transthoracic echocardiography
for each patient. All the measurements, including fasting

glucose level, serum concentrations of triglycerides, total
cholesterol (TC), high-density lipoprotein (HDL) cholesterol,
and low-density lipoprotein (LDL) cholesterol were performed
at the FAHDMU laboratory using the standard protocols.
Hypertension has been characterized as systolic blood pressure
(SBP) > 140 mmHg and/or diastolic blood pressure (DBP) >
90 mm Hg or a self-reported history of hypertension with the
active use of antihypertensive drugs. Diabetes mellitus (DM) has
been defined as fasting 7.0 mmol/L plasma glucose or a self-
reported history of diabetes mellitus and/or currently receiving
antidiabetic treatments. Dyslipidemia was characterized as TC
>240 mg/ dL or LDL cholesterol >160 mg/dL or HDL cholesterol
>40 mg/dL and/or lipid-lowering drug use (21). Participants
were deemed current smokers if reported they are currently
smoking or registered smoking at least 100 cigarettes during
their lifetime (22, 23). The approximate glomerular filtration rate
(eGFR) was determined using the Renal Disease equation for Diet
Modification (24). We measured SUA and LAD when the AF
incident was first diagnosed during hospitalization.

Identification of AF

All subjects received echocardiographic examinations at rest in
the left lateral decubitus position using the Vivid 7 ultrasound
system (GE Vingmed Ultrasound, Horten, Norway). The Left
atrium diameter was obtained based on the American Society of
Echocardiography guidelines, a widely used approach to evaluate
LAD (25). The LAD was assessed from a parasternal long-axis
view at the end-systole (when the LA chamber is at its greatest
dimension). Experienced radiologists who were blinded to the
clinical data reviewed the echocardiography results.

Echocardiographic Assessment

All subjects received echocardiographic examinations at rest in
the left lateral decubitus position using the Vivid 7 ultrasound
system (GE Vingmed Ultrasound, Horten, Norway). The Left
atrium diameter was obtained based on the American Society of
Echocardiography guidelines, a widely used approach to evaluate
LAD (26). The LAD was assessed from a parasternal long-axis
view at the end-systole (when the LA chamber is at its greatest
dimension). Experienced radiologists who were blinded to the
clinical data reviewed the echocardiography results.

Statistical Analysis

All statistical analyses were conducted using SPSS version 21.
Patients were categorized based on age into two groups including,
under 65 years of age and above 65 years of age. SUA levels
and LAD were stratified into tertiles (T) separately for men
and women for the two groups (<65 and >65 years). The
respective cut-off of SUA and LAD values for T1, T2, and
T3 for men and women are given in the footnote of each
table. All categorical variables were expressed as counts and
percentiles and continuous variables were expressed as mean =+
SD. Variables were compared for differences between AF and
non-AF patients using two independent sample ¢-test and x 2 test
for continuous and categorical data, respectively. Binary logistic
regression models were estimated, and the odds ratios (OR) at
95% confidence interval (CIs) were used to approximate the
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FIGURE 1 | The overview of the selection of study participants.

associated risk for AF according to tertiles of SUA levels and
LAD, with the lowest tertile serving as the reference category.
Model 1 was adjusted for age. Model 2 was adjusted for age,
SBP, serum creatinine, and smoking. Model 3 was adjusted for
the covariates in model 2, followed by dyslipidemia and DM,
statin, and antihypertensive agents. Further, we ran a sub-analysis
to estimate the associated AF risk across the tertiles of LAD in
hyperuricemic and normouricemic patients, and the associated
AF risk across tertiles of SUA in patients with normal and
widened LAD. All statistical analyses were two-sided, and a P <
0.05 was considered statistically significant.

RESULTS

Baseline Characteristics of the

Participants

Among the 47,013 patients who were included, a total of 9,618
patients (4,732 men and 4,886 women) were selected in the final
analysis. The mean 4 SD ages of AF and non-AF patients were
69.51 + 9.20 and 66.30 £ 10.49, respectively. In total, 546 of
the 4,732 men (11.54%) had AF, which accounted for 53.11%
of the AF population. In the entire population, the AF patients
had a higher mean age, SUA, and LAD than the non-AF group.
However, patients with AF had a lower mean SBP compared

with non-AF patients. The proportion of patients, who were in
diuretic and B-blocker use, was higher in AF patients compared
to the non-AF group (Table 1).

Unlike younger female patients, male patients under 65 years
of age in the AF group were more likely to have DM and
dyslipidemia. Conversely, women patients who were above 65
years of age, were more likely to have DM and dyslipidemia.
Regardless of the age group, patients in the AF group were more
likely to use B-blockers. Demographic data for the patients in
the two groups separately are shown for men and women in
Supplementary Tables 1, 2, respectively.

The Prevalence of AF

Overall, 1,028 (10.69%) patients had AF out of 9618 patients.
222/2302 AF occurred in men patients who were under 65 years
of age, whereas 324/2430 AF occurred in male subjects over 65
years of age. In the group of <65 years of age, the prevalence of
AF was 9.6% in men and 6.3% in women.

The prevalence of AF in patients <65 years of age, categorized
at the 3rd SUA tertile, was 10.5% compared with the prevalence
of AF in those belonging to 2nd and 1st tertile (8.7 and 5.1%,
respectively). In the group of <65 years of age, the prevalence
of AF was significantly increased from 3.5% in the low tertile
to 6.7 and 14.0% in the middle and high tertiles of LAD,
respectively. Similarly, the prevalence of AF in old aged patients
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TABLE 1 | Baseline characteristics of the participants.

Variables AF (n =1,028) no-AF (n = 8,590) P-value
Male (n/%) 546 (53.1%) 4,186 (48.7%) 0.008
Age (year) 69.51 +9.20 66.30 + 10.49 <0.001
Blood pressure readings

SBP (mm Hg) 141.54 + 19.50 146.29 + 20.96 <0.001
DBP (mm Hg) 82.65 + 13.31 82.90 + 12.81 0.566
DM (n/%) 264 (25.7%) 2,502 (29.1%) 0.021
Dyslipidemia (n/%) 793 (77.1%) 7,078 (82.4%) <0.001
Lipid panel

TC (mg/dL) 179.67 £ 40.27 186.28 + 42.50 <0.001
TG (mg/dL) 132.70 £ 74.56 149.18 £+ 102.96 <0.001
HDL (mg/dL) 47.25 +£10.47 47.25 £ 11.24 0.977
LDL (mg/dL) 104.96 £ 28.97 104.97 £ 30.24 0.995
Smoking (/%) 219 (21.6%) 1,989 (24.6%) 0.037
Alcohol (n/%) 145 (14.6%) 1,242 (15.7%) 0.351
SUA (mol/L) 356.59 + 90.99 340.73 + 89.63 <0.001
Scr (umol/L) 75.24 4+ 42.02 70.59 + 35.85 <0.001
LAEDD (mm) 39.57 + 5.05 36.58 + 3.42 <0.001
Antihypertensive agent

ACEI/ARB (n/%) 569 (55.4%) 4,779 (55.6%) 0.862
B-blocker (n/%) 675 (65.7%) 4,211 (49.0%) <0.001
CCB (n/%) 625 (60.8%) 5,490 (63.9%) 0.500
Statin (n/%) 719 (69.9%) 6,567 (76.4%) <0.001
Diuretic (n/%) 179 (17.45) 1,197 (13.9%) 0.003

AF, Atrial fibrillation; SBR, Systolic blood pressure; DBF, Diastolic blood pressure; DM,
Diabetes mellitus; TC, Total Cholesterol TG, triglyceride; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; SUA, Serum uric acid; Scr, Serum creatinine; LAEDD,
Left atrial end-diastolic diameter; ACEI, Angiotensin-Converting Enzyme Inhibitors; ARB,
angiotensin-converting enzyme receptor blockers; and CCB, Calcium channel blockers.

was significantly increased from 7.8% in the low to 10.1 and
22.9% in the middle and high tertiles of LAD, respectively.

Relationship Between SUA/LAD and AF

The association between the SUA levels and the risk of AF
among patients above 65 years old is presented in Table 2.
When the values of SUA were treated as continuous data, the
adjusted OR and 95% CI for AF in men < 65 years of age was
1.002(1.010, 1.004, P = 0.001). This association persisted when
SUA values were divided into three tertiles. In the <65-year-old
group, the third tertile of SUA concentrations was significantly
associated with AF in both men and women. In the fully adjusted
multivariate analysis, the ORs and 95% ClIs of AF for the patients
in tertile 3 compared to patients in the first tertile of SUA were
2.098 (1.393, 3.161; P < 0.001) and 1.805 (1.070, 3.044; P <
0.05), respectively.

The result of this study also shows a positive association
between the higher tertiles of LAD and the presence of AF in
men and women in both age groups after adjusting for age,
SBP, serum creatinine, and smoking (Supplementary Table 3).
In the men <65-year-old group, compared with the first tertile
of LAD, the multivariate-adjusted OR and 95% CI of AF for the
second and third tertiles were 1.581 (1.029, 2.429); P < 0.05), and

4.473 (2.991, 6.688; P < 0.001), respectively. In the group of >65
years, the OR associated with AF in those belonging to the third
tertile of LAD was increased by nearly four-folds compared to the
first tertile after adjustment for multiple confounding variables
(adjusted OR = 3.992, 95% CI: 2.871, 5.549; P < 0.001). Table 3
presents the prevalence and ORs of AF among men grouped by
the tertiles of SUA levels and LAD.

Women in the third tertile had a higher AF prevalence
compared with those in the first and second LAD tertiles.
This relationship persisted even after adjusting for potential
confounders including, age, SBP, serum creatinine, smoking,
dyslipidemia, DM, statin use, and antihypertensive agents such
as ACEI, ARB, CCB, and p-blocker use. In patients <65 years of
age, the OR (95% CI) of AF for the women in T3 compared to the
first tertile of LAD was 2.628 (1.627, 4.243; P < 0.001). Among
women older than 65 years of age, the third tertile of LAD was
associated with a nearly three-fold increased risk of AF compared
to those in the first tertile of LAD after adjustment for multiple
confounding factors [the adjusted OR (95% CI) = 3.178 (2.366,
4.269; P < 0.001)].

The Effect of SUA and LAD Interaction in
AF

To compute the interaction effect of elevated SUA and enlarged
LAD, we calculated the prevalence of AF and estimated the OR
and 95% CI of AF among those patients grouped in different
tertiles of SUA along their corresponding LAD tertiles. The
prevalence of AF increases across SUA and LAD tertiles, implying
the patients in higher tertiles of SUA and LAD had a higher
prevalence of AF than in lower tertiles. An increase in LAD shows
a progressively higher prevalence of AF across the tertiles of SUA
(Figure 2). With an increase in tertiles of LAD, the men under the
age of 65 years had a higher prevalence of AF across the tertiles
of SUA (6.35 vs. 9.4 vs. 17.6%, respectively). Moreover, those men
>65 years in the 3rd tertile of SUA grouped by LAD tertiles had
a higher prevalence of AF than those belonging to 2nd or 1st
tertile (9, 12.3, and 21.7% for the 1st, 2nd, and 3rd tertiles of SUA,
respectively). The prevalence of AF in thelst, 2nd, and 3rd tertiles
of SUA for those women >65 years of age grouped in the third
tertile of LAD were 18.3, 19.8, and 23.1%, respectively.

Those patients at higher tertiles of SUA grouped by LAD
had a higher risk of AE, with patients in T3 accounting for the
highest risk of AF (OR = 10.49 in men <65 and 4.62 in men>65,
respectively). Similarly, the estimated risk of AF in young aged
women was significantly increased from 3.17 to 4.69% across the
first to third tertile of LAD (in those patients grouped by SUA
tertiles), respectively. At the same time, the women at higher
tertiles of LAD grouped by SUA had a higher risk of AF in
the old aged population, with patients in T3 accounting for the
highest risk of AF (OR = 2.33, 2.68, and 2.95 for T1, T2, and
T3, respectively). Figure 3 describes the risk of AF based on LAD
tertiles in patients grouped by SUA tertiles.

Table 4 presents the odds ratios associated with an increase
in SUA among participants grouped by tertiles of LAD. With
an increase in SUA levels, the regression analysis confirmed that
men under the age of 65 years in the third tertile of LAD had an
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TABLE 2 | The relationship between SUA/LAD and Atrial fibrillation.

Men Unadjusted model Adjusted model

Age <65 (n = 2,302) Age >65 (n = 2,430) Age <65 (n = 2,302) Age >65 (n = 2,430)

OR (95% CI) P-value OR (95% ClI) P-value OR (95% ClI) P-value OR (95% CI) P-value
SUA 1.002 (1.001, 1.004) 0.001 1.020 (1.010, 1.040) 0.017 1.003 (1.001, 1.004) 0.003 1.000 (0.998, 1.001) 0.934
LAEDD 1.229 (1.188, 1.273) <0.001 1.177 (1.143, 1.212) <0.001 1.25 (1.206, 1.304) <0.001 1.189 (1.152, 1.226) <0.001
Women Age <65 (n = 1,966) Age >65 (n = 2,920) Age <65 (n = 1,966) Age >65 (n = 2,920)
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
SUA 1.003 (1.001, 1.005) 0.007 1.001 (1.000, 1.002) 0.090 1.001 (0.999, 1.004) 0.290 1.000 (0.998, 1.001) 0.778
LAEDD 1.227 (1.166, 1.293) <0.001 1.208 (1.173, 1.245) <0.001 1.195 (1.134, 1.260) <0.001 1.212 (1.173, 1.252) <0.001
Adjusted for age, systolic blood pressure, serum creatinine, smoking, dyslipidemia and diabetes mellitus, statin, ACEI, ARB, CCB, B-blocker.
TABLE 3 | The prevalence of AF and the risk estimate for the atrial fibrillation based on the tertiles of SUA/LAD.
Age <65 (n = 4,268) Age >65 (n = 5,350)

Tertiles of serum uric acid levels

T1(n=1,428) T2 (n=1,417) T3 (n = 1,423) T1 (h=1,785) T2 (n=1,799) T3 (n = 1,766)
No. of AF(%) 73 (6.1%) 123 (8.7%) 149 (10.5%) 198 (11.1%) 241 (13.4%) 244 (13.8%)

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% ClI) OR (95% ClI)
Men Ref. 1.892 (1.267, 2.825) 2.098 (1.393, 3.161) Ref. 1.044 (0.764, 1.426) 1.061 (0.774, 1.454)
Women Ref 1.546 (0.923, 2.591) 1.805 (1.070, 3.044)* Ref. 0.868 (0.642, 1.172) 1.009 (0.753, 1.353)
Tertiles of LAD

T1 (h = 1,421) T2 (n = 1,425) T3 (h = 1,422) T1 (h =2,109) T2 (n = 1,754) T3 (n = 1,487)
No. of AF(%) 50 (3.5%) 96 (6.7%) 199 (14.0%) 165 (7.8%) 177 (10.1%) 341 (22.9%)

OR (95% ClI) OR (95% CI) OR (95% ClI) OR (95% CI) OR (95% ClI) OR (95% ClI)
Men Ref. 1.581 (1.029, 2.429)* 4.473 (2.991, 6.688)* Ref. 1.713 (1.201, 2.444) 3.992 (2.871, 5.549)
Women Ref 1.136 (0.647, 1.997) 2.628 (1.627, 4.243)* Ref. 1.056 (0.755, 1.479) 3.178 (2.366, 4.269)

P <0.05, TP <0.01,*P <0.001. Age <65 men = Tertile 1, <303.00 umol/L; SUA-Tertile 2, 303.00-376.93 umol/L, and SUA-Tertile 3, >376.93 wmol/L,; LAEDD-Tertile 1, <35.90 mm,
LAEDD-Tertile 2, 356.90-37.26 mm, and LAEDD-Tertile 3, >37.26 mm. Age >65 men = SUA-Tertile 1, <298.00 umol/L, SUA-Tertile 2, 298.00-366.00 wmol/L, and SUA-Tertile 3,>366.00
wmol/L; LAEDD-Tertile 1, <36.00 mm, LAEDD-Tertile 2, 36.00-38.00 mm, and LAEDD-Tertile 3, >38.00 mm. Adjusted for age, SBR, Serum creatinine, smoking, dyslipidemia and DM,

statin, diuretic, ACEI, ARB, CCB, B-blocker.

independent increase in risk for AF. The ORs (95% ClIs) for the
1st, 2nd, and 3rd tertiles of SUA were 3.403 (1.787, 6.478), 4.596
(2.355, 8.968), and 6.614 (2.870, 15.245), respectively. Similarly,
an increase in SUA values in women was significantly associated
with an increased likelihood of AF among those of the highest
tertiles of LAD, with the OR (95% CI) = 4.593 (1.857, 11.358; P
= 0.001). Also, in the population above 65 years (both men and
women), an increase in SUA values was markedly associated with
an increased risk for AF among those of the highest tertiles of
LAD, suggesting a substantial AF risk was present among those
patients classified at the highest tertile of SUA levels and LAD.

The Impact of Left Atrium End-Diastolic
Diameter in Atrial Fibrillation Patients With

Normouricemia and Hyperuricemia
To investigate whether there was a possibility that the
hyperuricemic status might have influenced the predictive power

of LAD values for AF among the patients with hypertension, we
calculated the multivariable-adjusted ORs and 95% CIs in two
separate groups, normouricemia (n = 7,196) and hyperuricemic
(n = 2,422). Those men with a large LAD value, regardless of the
hyperuricemic status, had a greater likelihood of having AF. The
OR (95% CI) of AF for the highest tertile of LAD was 3.150 (1.756,
5.651; P < 0.001) in hyperuricemic middle-aged men. Likewise,
those hyperuricemic old aged men in the 3rd tertile of LAD had
a higher likelihood of AF than those belonging to the 1st tertile,
the OR (95% CI) was 5.522 (2.932, 10.400; P < 0.001). Similar
findings were observed in the normouricemic group. Compared
to the first tertile of SUA, the OR and 95% CI of AF for men
younger and older than 65 years of age in the highest tertile
were 4.976 (3.044, 8.136: P < 0.001) and 4.150 (2.832, 6.081; P <
0.001), respectively. In the group of >65 years of age, the risk of
AF was significantly increased in the third tertiles of LAD in both
hyperuricemic and normouricemic women (OR = 2.947 and
4.336, respectively). The impact of LAD in atrial fibrillation in
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FIGURE 2 | The prevalence of AF based on LAD tertiles in patients grouped by SUA tertiles.

patients with normouricemia and hyperuricemia is summarized
in Table 5.

The Impact of Serum Uric Acid in Atrial
Fibrillation in Patients With Normal and

Enlarged Left Atrium Diameter

We performed sub-analyses by applying recently published LAD
criteria (27). The left atrium was considered enlarged when left
atrial diameter exceeded 4.2 cm in men and 3.8 cm in women,
thus the patients were grouped into two categories based on
their LAD size: normal LAD <4.2cm and large LAD >4.2cm
in men, and normal LAD <3.8cm and large LAD >3.8cm in
women. When patients were broken down based on the size of
LAD, elevated levels of SUA was associated with greater odds

of AF in those patients with normal LAD in the younger age
group. The effect of SUA appeared most pronounced among
men diagnosed with AF categorized under the age group of
<65 years of age. The ORs (95% CI) for the middle and the
highest tertiles of SUA compared to the lowest tertile were 2.139
[1.361, 3.361; P < 0.01) and 2.228 (1.397, 3.552; P = 0.01)],
respectively. Moreover, those patients >65 years of age with
large LAD, present at the third tertile of SUA, had a higher
likelihood of AF, with the OR (95% CI) = 2.427 (1.039, 5.667;
P < 0.05). The AF risk was lower in the normal LAD group in
women above 65 years of age compared with those patients in
the first tertile [Adjusted OR (95% CI) = 0.656 (0.446, 0.966; P
< 0.05]. However, there was no significant risk of AF associated
with an increase in SUA in the normal LAD and large LAD
groups in the women population. Table 6 presents the impact
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of SUA in AF among hypertension patients with normal and
enlarged LAD.

DISCUSSION

In this cross-sectional study, conducted in 9,618 hypertension
patients from the hospital registry, elevated SUA and LAD were
independently associated with an increased prevalence of AF.
Also, the interaction analysis shows that patients in the highest
SUA and LAD tertile had a significantly increased risk of AF. This
association of the SUA concentrations and LAD with AF remains
consistent even after adjusting for potential confounders, which
confirmed that SUA levels and LAD could predict the presence
of AF.

Hypertension, a well-recognized public health burden
worldwide, is associated with an increased risk of AF
(28). Furthermore, AF and hypertension often coexist in
hyperuricemic patients. For instance, earlier evidence suggested
that increased SUA level positively associates with AF prevalence
in patients with chronic systolic heart failure (29). A recent study,
which enrolled patients aged >35 years in the rural Liaoning
province of China, proposed an independent association between
SUA and AF in the total population and men after adjusting
for conventional CVD risk factors (30). Likewise, the present
data suggested that elevated SUA was associated with AF in
individuals with large LAD. In our study, the prevalence of
AF increased from 5.1 to 10.5% across T1-T3 of SUA levels in
individuals <65-year-old and from 11.1 to 13.8% across T1-T3
of SUA levels in aged patients (>65-year-old). These results
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TABLE 4 | The prevalence of AF according to baseline SUA tertile grouped by LAD in men and women.

Age <65 Years Age >65 Years
SUA T1(N=T7T72) T2 (N = 842) T3 (N = 688) T1 (N =818) T2 (N = 802) T3 (N = 810)
OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
Tertile of LAD in men (N = 4,732)
T Ref. 1.812(0.747,4.398) 0.189  3.403(1.787,6.478) <0.001 Ref. 2.188 (1.156, 4.141)  0.016 3.188(1.867, 5.441) <0.001
T2 Ref. 1.282(0.654,2.514) 0.469  4.596 (2.355,8.968) <0.001 Ref. 1.624 (0.876,3.011)  0.124  4.082 (2.297, 7.255) <0.001
T3 Ref. 1.839(0.888,3.806) 0.101 6.614 (2.870, 15.245) <0.001 Ref. 1.450 (0.790, 2.664) 0.231  4.790 (2.586, 8.872) <0.001
Age <65 Years Age >65 Years
T1(n=712) T2 (n = 599) T3 (n = 655) T1 (n = 973) T2 (n = 973) T3 (n = 974)
SUA OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Tertile of LAD in women (N = 4,868)

ik Ref. 0.862 (0.279,2.658)  0.796  3.347 (1.244,9.006) 0.017 Ref. 1.064 (0.618, 1.798) 0.846 2.331 (1.412,3.847) 0.001
T2 Ref. 0.604 (0.240, 1.621)  0.285  1.488(0.674,3.289)  0.326 Ref. 1.164 (0.621,2.182) 0.637 3.622 (2.190, 5.991) <0.001
T3 Ref. 3.577 (1.283,10.372) 0.019 4.593 (1.857, 11.358)  0.001 Ref. 1.087 (0.557,1.931) 0.909 4.210 (2.364, 7.495) <0.001

Adjusted for age, SBR, Serum creatinine, smoking, dyslipidemia, DM, statin, diuretic, ACEI, ARB, CCB, and B-blocker.

TABLE 5 | The impact of left atrium diameter in atrial fibrillation patients with normouricemia and hyperuricemia.

Men Age <65 Age >65

Tertiles of LAD

T (n = 772) T2 (n = 842) T3 (n = 688) T1 (n = 818) T2 (N = 802) T3 (n = 810)
AF (n, %) 41 (5.3%) 61 (7.2%) 120 (17.4%) 58 (7.1%) 89 (11.1%) 177 (21.9%)

OR (95% CI) OR (95% CI) OR (95% CI) P-trend Ref. OR (95% CI) OR (95% CI) P-trend
Normouricemia Ref. 1.532 (0.908, 2.586) 4.976 (3.044, 8.136)F  <0.001 Ref. 1.824 (1.217, 2,735t 4.150 (2.832, 6.081)F  <0.001
Hyperuricemia Ref. 1.049 (0.502, 2.193)  3.150 (1.756, 5.651)F  <0.001 Ref. 1.521 (0.765, 3.023)  5.522 (2.932, 10.400)f  <0.001
Women T (n = 712) T2 (n = 599) T3 (n = 655) T1 (n = 973) T2 (n = 973) T3 (n =9 74)
AF (n, %) 28 (3.9%) 26 (4.3%) 69 (10.5%) 80 (8.2%) 76 (7.8%) 203 (20.8%)

OR (95% CI) OR (95% CI) OR (95% Cl) P-trend OR (95% CI) OR (95% CI) P-trend
Normouricemia Ref. 1.075 (0.552, 2.094) 2.593 (1.491, 4.511)t  0.001 Ref. 1,015 (0.689, 1.496)  2.947 (2.094, 4.147)F  <0.001
Hyperuricemia Ref. 1.125 (0.416,3.045)  1.668 (0.720, 3.863)  0.227 Ref. 1,190 (0.638, 2.217)  4.336 (2.488, 7.557)F  <0.001

P < 0.01, P < 0.001. In men: <420 wmol/L considered normal SUA levels; and >420 wmol/L level was considered as hyperuricemia. In women: Normal: <360 wmol/L and High:
>360 pmol/L. Men Age <65 = LAD-Tertile 1, <36.00 mm. LAEDD-Tertile 2, 36.00-38.00 mm and LAD-Tertile 3, >38.00 mm. Men Age >65 = LAEDD-Tertile 1, <36.00 mm, LAD-Tertile
2, 36.00-38.09 mm, and LAEDD-Tertile 3, >38.09 mm. Women Age <65 = LAEDD-Tertile 1, <35.00 mm, LAD-Tertile 2, 35.00-36.82 mm; and LAD-Tertile 3, >36.82 mm. Women Age
>65 = LAD-Tertile 1, <35.69 mm; LAD-Tertile 2, 35.69-37.36 mm; LAEDD-Tertile 3, >37.36 mm. Adjusted for age, SBF, Scr, smoking, dyslipidemia, DM, statin, diuretic, ACEI, ARB,
CCB, and B-blocker.

demonstrate a substantial increase in the proportion of AF  amedication that lowers uric acid via xanthine oxidase inhibition
patients with an increase in SUA levels. mechanism, is associated with a lower risk of AF (34). Hence, the
According to the present study, the mean LAD was  possible biological explanations for the link between serum urate
significantly higher in hypertension patients with AF than their =~ and risk of AF could be attributed to the mechanism that involves
counterparts without AF. This finding is in line with the previous  xanthine oxidase-mediated oxidative stress.
observations among the general population (7, 20). Thus, Several biological speculations have been suggested for the
the findings of the present study consolidated the association  link between SUA and the risk of AF. Putative mechanisms
between the LAD and the presence of AF in hypertension  through which SUA participates in AF development can be
patients. As per our results, those patients with an increased  summarized as follows: First, an elevated SUA level is indeed
SUA level and LAD had a higher likelihood of AF. It has  an independent marker of various cardiovascular events. In
been previously demonstrated that hyperuricemia contributes  many instances, there is a mutual relationship between SUA and
to atrial remodeling, large left atrial size (7), ionic channel cardiovascular risk factors (insulin resistance, chronic kidney
remodeling, metabolic syndrome (31), endothelial dysfunction  disease conditions, metabolic syndrome, overweight/obesity);
(32), and arterial stiffness (33). Conversely, the use of allopurinol,  and subsequently teasing out the distinct influence of individual
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TABLE 6 | The impact of serum uric acid in atrial fibrillation patients with normal and wide left atrium diameter.

Age <65 Age >65

Tertiles of SUA
Men T1 (n = 767) T2 (n =771) T3 (n = 764) T1 (n = 818) T2 (n = 803) T3 (n = 809)
AF (n, %) 47 (6.1%) 86 (11.2%) 89 (11.6%) 92 (11.2%) 109 (13.6%) 123 (15.2%)

OR (95% ClI) OR (95% ClI) OR (95% ClI) P-trend OR (95% CI) OR (95% Cl) OR (95% ClI) P-trend
Normal LAEDD Ref. 2.139 (1.361, 3.361)1  2.228 (1.397, 3.552)1  0.001 Ref. 1.116 (0.792, 1.574)  1.094 (0.722, 1.552) 0.639
Large LAEDD Ref. 1.364 (0.549, 3.389)  2.239 (0.901, 5.567) 0.081 Ref. 1.595 (0.738, 3.450)  2.427 (1.039, 5.667)*  0.041
Women T1 (n = 659) T2 (n = 663) T3 (n = 644) T1 (n =977) T2 (n = 972) T3 (n = 971)
AF (n, %) 27 (4.1%) 43 (6.5%) 53 (8.2%) 113 (11.6%) 103 (10.6%) 143 (14.7%)

OR (95% CI) OR (95% CI) OR (95% CI) P-trend OR (95% ClI) OR (95% Cl) OR (95% CI) P-trend
Normal LAEDD Ref. 1.565 (0.860, 2.848)  1.612(0.862, 3.014) 0.148 Ref. 0.703 (0.485,1.019)  0.656 (0.446, 0.966)*  0.033
Large LAEDD Ref. 2.074 (0.850, 5.060)  1.534 (0.590, 3.984) 0.381 Ref. 1.739(1.075,2.812) *  1.600 (0.964, 2.658) 0.086

*P < 0.05, P <0.01. In men: <42 mm considered normal LAD levels; and >42 mm was considered as left atrial enlargement. In women: <38 mm was considered normal LAD and >38
mm was considered as left atrial enlargement. Age <65 men: SUA-Tertile 1, <337.59 wmol/L; SUA-Tertile 2, 337.59-409.00 pwmol/L; SUA-Tertile 3,>409.00 umol/L. Age >65 men:
SUA-Tertile 1,<323.00 wmol/L; SUA-Tertile 2, 323.00-393.00 wmol/L; SUA-Tertile 3,>393.00 wmol/L. Age <65 Women: SUA-Tertile 1, <272.00 wmol/L; SUA-Tertile 2, 272.00-337.00
wmol/L; SUA-Tertile 3, >337.00 umol/L; Age >65 women: SUA-Tertile 1, <279.00 umol/L; SUA-Tertile 2, 279.00-342.00 wmol/L; SUA-Tertile 3,> 342.00 wmol/L. Adjusted for age,
SBR, Scr, smoking, dyslipidemia, DM, statin, diuretic, ACEl, ARB, CCB, and B-blocker.

factors has proven a challenge to the research community.  may support the pathophysiology milieu of vascular function
In this regard, an increased SUA level may be considered as  injury and electrophysiologic theory.

an epiphenomenon of co-existing cardio-metabolic risk or a The interaction analysis among those patients grouped in the
correlate of cardiovascular risk factors. Second, SUA is a product  different tertiles of SUA and their corresponding tertiles of LAD
of xanthine-oxidoreductase activity (XOR), which is known to  demonstrated that most patients at the top tertiles of SUA level
be one of the most essential courses of reactive oxygen species  and LAD had a higher likelihood of AF. These results provide
(ROS) in an organism. XOR per se has extensive implications in  support for the speculated link between SUA and LAD with the
CVD and is closely interrelated to another key ROS producer, the  prevalence of AF. Though the underlying mechanisms of elevated
enzyme NADPH oxidase (35). Itis also well-established that XOR ~ SUA relating to the risk of enlarged LAD are poorly understood,
activity associates with risk factors for CVD and inflammatory  some studies intend to elaborate on the mechanism that involves
markers (36). Furthermore, SUA may represent an endogenous  xanthine oxidase-mediated oxidative stress and inflammation.
signal of cell injury activating the cellular immune response. ~ Xanthine oxidase activity alters several important physiological
In fact, SUA has been associated with systemic inflammatory  functions, including vessel diameter modulation, remodeling,
markers [such as c-reactive protein (CRP), interleukin (IL)-1,  and lesion formation. The consequences of inflammation and
IL-6, IL-8, and tumor necrosis factor-a (TNF-a)] (37). These  oxidative stress can lead to cardiac remodeling and atrial fibrosis,
inflammatory cytokines (IL-6, IL-8, IL-1B, and TNF-a) exert  which may increase the susceptibility of AF. Of note, chronic
differential effects on vascular inflammation and dysfunction in  inflammation is well-known for its contribution to endothelial
patients with gout, a condition characterized by hyperuricemia. = damage, enhanced activity of the platelet, and up-regulated
Additionally, uric acid increases the expression of angiotensin  fibrinogen expression (42). The left atrium has been reported
II in vascular endothelial cells (38) and activates the intrarenal  for its sensitivity to oxidative stress (43), and the xanthine
renin-angiotensin system in humans (39). Likewise, experimental ~ oxidase enzyme present in the left atrium seems to boost atrial
studies showed that uric acid promotes vasoconstriction and  oxidative stress in patients with AF (44). In a recent experimental
vascular smooth muscle cell proliferation (40), which could  study, the enzymatic activity of xanthine oxidase in left atrial
further increase the risk of vascular injury (due to inflammation  appendages was 4.4 times higher in the AF group compared to
and endothelial damage), vascular resistance, and cardiac  the controls (45). Also, documented evidence revealed that SUA
hypertrophy. As such, SUA induced inflammation, oxidative  can result in overloading calcium and reducing sodium channels,
stress, and endothelial dysfunction are factors increasing the  and exacerbating the cellular injury. These pathological processes
risk of AF. Third, the electrophysiological hypothesis is also  endorse left atrial electrical remodeling (46). Besides, SUA has
one of the conceivable mechanisms for the SUA induced AF.  a direct effect on the activation of the local renin-angiotensin
According to the electrophysiological hypothesis, uric acid enters ~ system, endothelial dysfunction, smooth muscle cell proliferation
atrial cells through uric acid transporters and stimulates Kv1.5  (47), and decreasing nitric oxide production (48). It should be
protein expression which could further contribute to anincreased ~ noted that SUA not only promotes inflammation through the
Kv1.5 ion activity and channel/Ikur current that reduce the action  release of pro-inflammatory cytokines (37) but also via localized
potential duration of atrial cardiomyocytes (41). Overall, the  stimulation of the renin-angiotensin system (49). Therefore,
possible explanation for the connection between SUA and AF  the ROS and inflammation associated with the up-regulation
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of xanthine oxidase with hyperuricemia may participate in the
mechanism to explain the observed association.

The development of AF as a result of elevated SUA among
hypertension subjects has not been well-investigated, nor have
mechanisms of such consequences been fully illuminated.
The recent literature suggests a prominent hypertension risk
associated with SUA, presumably because of the decrease in
renal blood flow that would further stimulate urate reabsorption
(45). Consequently, the higher levels of SUA may intensify the
existing inflammation and vascular remodeling that result from
underlying hypertension and influences the process of normal
blood flow hemostasis adversely. Such physiological alterations
due to high SUA levels could contribute to the activation of
the renin-angiotensin system and endothelial dysfunction, which
could eventually lead to AF (50) in hypertension patients. Thus,
the link between SUA and risk of AF in hypertensive patients
could be attributed to abnormal accumulation of SUA associated
with low renal blood flow during the hypertension phase.

When we carried out a secondary analysis to investigate
whether there was a possibility that the uricemic status might
have influenced the predictive power of LAD values for AF in
normouricemic and hyperuricemic group, the findings of the
present study clarified that the estimated risk of AF associated
with SUA varies depending on age groups and gender. Compared
to the lowest tertile, the risk of AF was increased by two-
folds in the highest tertiles of LAD and SUA in normouricemic
women. Those patients with high LAD values, regardless of the
hyperuricemic status, had a greater likelihood of having AF.
Also, when patients were stratified by the size of LAD, SUA
was associated with greater odds of AF in those patients present
with large LAD but not in those patients with normal LAD,
implying wide LAD tends to link more with AF patients than
elevated SUA levels. Moreover, the estimated risk for AF in
the highest tertile of LAD in >65 years women were lower
in normouricemia compared to the hyperuricemia group. The
incidence of AF normally increases with age, and similarly,
the SUA levels increase with age. In males and females, the
pathophysiology of AF can vary slightly. This is not extensively
investigated, but in several studies, the risk factors for AF showed
different strengths and qualities of association in men and women
(10). From the viewpoint of our results, the assortment of such
results depending on the hyperuricemic status, and size of LAD
may resolve the previous conflicting results produced from other
studies. Therefore, the findings can be used to guide the study
designs to strictly classify AF patients based on uricemic status,
and LAD size, in addition to age and gender grouping, to improve
the reliability and robustness of the future studies.

Limitation

The present study has a couple of strengths and limitations. The
sample size of this study was relatively large. To our knowledge,
no study investigated the interaction between the SUA and LAD
in hypertension with AF in depth. Thus, it has been unknown
up to now whether the interaction between elevated SUA levels
and LAD amplifies the risk of AF in patients with hypertension.
However, this study has several limitations. First, the cross-
sectional design restricted the cause and effect relationship

between the SUA/LAD and AF. Similarly, since a clear timeline of
diagnosis and events are not in place, the cause and effect nature
of LAD and SUA cannot be adequately determined. Second,
the study involved hospitalized patients in Dalian, Northeast
China, a region known for consuming seafood, therefore, the
lifestyle and diet customs may significantly influence the SUA
metabolism. Third, our study sample lacks national or regional
representation that limits the ability to generalize the results at
an international level. Thus, the results of this study may require
replication for consistency from other parts of the country or
other regions of the world. Fourth, our study didn’t include data
on left ventricular volume index and left atrial strain, and the lack
of Holter monitoring for some patients in our study and the use
of ECG to determine the presence of AF may negatively influence
the accuracy of AF prevalence as some patients with paroxysmal
AF may escape from ECG. Fifth, our study recruited only patients
with hypertension therefore, further study is required to replicate
and extend the results in the general population. Sixth, we were
unable to rule out the influence of antihypertensive agents on
our findings due to the retrospective design and ethical reasons
that oppose the withdrawal of these medications. Nevertheless,
in the multivariate model, we have considered antihypertensive
treatment to reduce the confounding effect of antihypertensive
use. Seventh, our study does not provide detailed data on the
duration of AE, how long the patients have been on treatment for
and how well-managed are the patients’ co-morbidities (if there
was any co-morbidity that did not fulfill the exclusion criteria).

CONCLUSION

In conclusion, elevated SUA and LAEDD were independently
associated with an increased prevalence of AF. The effect of
SUA appeared most pronounced among those with AF in
younger men. LAD associates independently with AF incidence
in men and women alike. Those patients with high LAD values,
regardless of the hyperuricemic status, had a greater likelihood
of having AF. The risk of AF was increased by 2 folds in the top
tertiles of LAD and SUA in normouricemic middle-aged women,
suggesting that the interaction between SUA and LAD modifies
the estimated risk of AF in women with hypertension. Further
longitudinal studies are needed to prove whether lowering the
SUA level may or may not be necessary to prevent AF in
hypertension patients.
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Background: Results from studies on the effects of obesity on sudden cardiac
death (SCD) or ventricular tachycardia/ventricular fibrillation (VT/VF) in patients with
an implantable cardioverter-defibrillator/cardiac resynchronization therapy defibrillator
(ICD/CRT-D) are inconsistent. Our study aimed to explore the impact of BMI on VT/VF in
patients with an ICD/CRT-D.

Methods: We retrospectively analyzed the data from the Study of Home Monitoring
System Safety and Efficacy in Cardiac Implantable Electronic Device-implanted Patients
in China. Nine hundred and seventy ICD/CRT-D patients were enrolled. The outcome
was the first occurrence of VT/VF requiring appropriate ICD/CRT-D therapy. A general
linear model and general additive model were used to assess the relationship between
BMI and VT/VF.

Results: After a median follow-up of 5.17 years, 352 (36.3%) patients experienced
VT/VF requiring appropriate ICD/CRT-D therapy. BMI, whether as a continuous variable
or a categorical variable classified by various BMI classification criteria, had no
significant effect on VT/VF according to a multivariable Cox proportional hazards
model with adjustment for potential confounders. However, a non-linear association
between BMI and VT/VF was identified using a cubic spline function model and
smooth curve fitting. The inflection point for the curve was found at a BMI level
of 23 kg/m?. The hazard ratios (95% confidence intervals) for VINF were 1.12
(1.01-1.24) and 0.96 (0.90-1.02) to the left and right of the inflection point, respectively.
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Zhou et al. Non-linearity of BMI and VT/VF
Conclusions: BMI is related to VT/VF in a non-linear manner in patients with an
ICD/CRT-D. Our research suggests a complicated role of BMI in VT/VF with different
impacts at different ranges.
Keywords: body mass index, sudden cardiac death, ventricular tachycardia, implantable cardioverter-defibrillator,
non-linearity

INTRODUCTION ventricular ejection fraction (LVEF) and left ventricular end-

Sudden cardiac death (SCD) is a global public health concern,
accounting for up to 50% of all cardiovascular deaths (1).
The exact definition of SCD is sudden and unexpected death
occurring within an hour of the onset of symptoms or occurring
in patients found dead within 24h of being asymptomatic
presumably due to a cardiac arrhythmia or hemodynamic
catastrophe (2). Fatal ventricular tachycardia/ventricular
fibrillation (VT/VEF) plays vital roles in the development of
SCD and results in hemodynamic collapse with cessation
of cardiac mechanical activity (2). Current clinical practice
guidelines recommend the implantation of an implantable
cardioverter-defibrillator/cardiac  resynchronization therapy
defibrillator (ICD/CRT-D) to treat possible ventricular VI/VF
in the management of patients at high risk of SCD (2-4). For
patients with an ICD/CRT-D, VT/VF requiring appropriate
ICD/CRT-D therapy is a commonly used surrogate for SCD
(5,6).

Additionally, as a global health problem, obesity, which is
usually assessed by body mass index (BMI) in clinical practice,
has been recognized as a risk factor for SCD in the general
population (7). However, the results from the few studies on
the effects of obesity on SCD or VT/VF in patients who had
received an ICD/CRT-D due to their high risk of SCD have been
controversial (6, 8-10).

Fully understanding the effect of obesity on the occurrence of
SCD or VT/VF in patients with an ICD/CRT-D is conducive to
risk stratification and helpful for guiding proper treatment for
these patients. Our study intended to explore the impact of BMI
on VT/VF requiring appropriate ICD/CRT-D therapy in patients
with an ICD/CRT-D.

METHODS

Study Design, Setting, and Population

Study of Home Monitoring System Safety and Efficacy in Cardiac
Implantable Electronic Device-implanted Patients (SUMMIT)
was a prospective, observational, multicenter registry used to
evaluate the safety and efficacy of a cardiac implantable electronic
device with a home monitoring (HM) system in China. We
performed a retrospective cohort study based on data from the
SUMMIT registry. A total of 1,015 patients who underwent
ICD or CRT-D implantation with an HM system (Biotronik,
Berlin, Germany) between May 2010 and May 2015 from the
SUMMIT registry were included. Next, we excluded patients
meeting any of the following criteria: (1) patients younger than
18 years (n = 7); (2) patients with missing body mass index
(BMI) data (n = 3); (3) patient with missing data on left

systolic dimension (LVEDD) (n = 1); (4) patients with missing
data on LVEDD alone (n = 33); and (5) patient with missing
data on age (n = 1). Thus, 970 patients were enrolled in the
final analysis. The flowchart of the study population is shown
in Figure 1. According to the clinical practice guidelines (2-4),
all patients were satisfied with indications of primary prevention
or secondary prevention of SCD. Primary prevention of SCD
refers to the use of ICDs in individuals who are at risk for but
have not yet had an episode of sustained VT, VF, or resuscitated
cardiac arrest; secondary prevention refers to the prevention of
SCD in patients who have survived a prior sudden cardiac arrest
or sustained VT or VF (3). A total of 394 patients satisfied
the secondary prevention of SCD in our study. Among these
patients, 98 (25%) had documented VF and resuscitated SCD,
236 (60%) had a history of documented sustained VT and 60
(15%) had a history of unexplained syncope and could be induced
to VI or VF during electrophysiological study. The study
protocols were approved by Ethics Committee of Fuwai Hospital,
Chinese Academy of Medical Sciences (the chief institute) and
all other participating organizations (Zhongshan Hospital, Fudan
University et al.), and were in accordance with the Declaration
of Helsinki. All patients signed informed consent forms
before the study. All reporting followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines (11).

Clinical Data Collection

BMI was calculated as weight (kg) divided by the square of the
patients height (m?) and shown as kg/m?. Because the BMI
cutoff points for overweight and obesity vary under World
Health Organization (WHO) criteria (12), Asian criteria (13),
or Chinese criteria (14), and/or different BMI cutoff points
were used in previous studies, we divided the BMI values into
tertiles, which is a common and convenient method (15). Other
baseline clinical characteristics, including age at implantation,
gender, systolic blood pressure, diastolic blood pressure,
indication of primary or secondary prevention, New York
Heart Association (NYHA) class, implantation of ICD or CRT-D,
ischemic cardiomyopathy, dilated cardiomyopathy, hypertrophic
cardiomyopathy, Long QT syndrome, hypertension, diabetes,
stroke, atrial fibrillation (AF), preimplant syncope, LVEE
LVEDD, f-blockers, amiodarone, angiotensin-converting
enzyme inhibitor or angiotensin receptor blocker, loop diuretic,
and aldosterone antagonists were acquired from the patients’
medical records before ICD/CRT-D implantation. LVEF was
calculated by using the modified Simpson’s biplane rule.
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Patients with ICD/CRT-D from the SUMMIT registry (n=1015)

Excluded:

A 4

A 4

Age less than 18-year-old(n=7)
Missing data on BMI (n=3)

1005 patients in the initial analysis

"|Missing data on LVEDD alone(n=33)

Excluded:
Missing data on LVEF and LVEDD(n=1)

Missing data on age(n=1)

Y

970 patients in the final analysis

FIGURE 1 | Flowchart of the study population. Abbreviations are shown in Table 1.

Device Settings and Outcome

The protocol of device programming settings was consistent
with those of our previous study (16). The detailed
protocol of the device programming settings is shown
in Supplementary Material 1. The outcome was the first
occurrence of VT/VEF requiring appropriate ICD/CRT-D therapy
based on data automatically transmitted to the HM system and
as confirmed by two or more cardiologists through reviewing
the intracardiac electrograms. Inappropriate events, VT with
a heart rate slower than 140 bpm and non-sustained VT were
excluded. Routine follow-ups were conducted, and patient status
was confirmed via phone calls in the event that the transmission
of their data was disrupted. The HM system recorded the interval
from ICD/CRT-D implantation to the first occurrence of VI/VF
requiring appropriate ICD/CRT-D therapy. The last time we
assessed the VT/VF events in the HM system was June 2018.

Statistical Analysis and Sensitivity Analysis
Data are presented as the means £ standard deviation or
proportions. Chi-square test (categorical variables) or one-way
analysis of variance with Bonferroni post-hoc test (continuous
variables) was used to calculate differences between different BMI
groups (tertiles). To investigate the association between BMI and
VT/VEF requiring appropriate ICD/CRT-D therapy, our statistical
analyses consisted of 4 main steps.

Step 1: We plotted Kaplan-Meier curves to compare the
outcomes of different BMI groups (log-rank test). Step 2: We used
a generalized linear model such as the standard Cox proportional
hazards model to assess the association between BMI and VT/VF.
We constructed 4 Cox proportional hazards models: model 1,
adjusted for none; model 2, adjusted for age and gender; model
3, adjusted for variables in model 2 plus variables that had a
statistically significant effect on VT/VF at the 0.05 level in the

univariate Cox model; and model 4, adjusted for all covariates
presented in Table 1. Step 3: To address the non-linearity of the
relation between BMI and an outcome, a generalized additive
model was used. We conducted a cubic spline function model
and smooth curve fitting (penalized spline method) to further
explore the association between BMI and VT/VE. If non-linearity
was detected, we first calculated the inflection point using a
recursive algorithm and then constructed a 2-piecewise Cox
proportional hazards model on both sides of the inflection point.
We determined the best fit model (1-line Cox proportional
hazards model vs. piecewise Cox proportional hazards model)
based on the P-values for the log likelihood ratio test. Step 4: The
subgroup analyses were performed using the Cox proportional
hazards model. For continuous variables, we first converted them
to categorical variables according to the clinical cutoff point and
then performed an interaction test. Tests for effect modification
by subgroup were based on interaction terms between subgroup
indicators followed by likelihood ratio test.

To ensure the robustness of the data analysis, we performed
the following sensitivity analysis. (1) We compared the complete
dataset and missing dataset, and the results demonstrated that
nearly all variables were similar, showing that the selection bias
was relatively small (Supplementary Table 1). (2) We converted
the BMI into a categorical variable by tertiles and calculated
the P for trend. The purpose was to verify the results of BMI
as a continuous variable and to observe the possibility of non-
linearity. (3) We performed the same analysis in steps 1 and
2 using the BMI classification based on WHO criteria, Asian
criteria or Chinese criteria.

All analyses were performed using R version 4.0.0 (R
Foundation for Statistical Computing, Vienna, Austria) and
Empower (R) (X&Y Solutions, Inc., Boston, MA). All P < 0.05
(two-sided) were considered statistically significant.
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TABLE 1 | Baseline characteristics of study population according to BMI.

Characteristics Total (n = 970) Tertile of BMI P-value

Tertile 1 (<22.2 Tertile 2 Tertile 3 (>24.4

kg/m?) (n = 317) (22.2-24.4 kg/m?) (n = 341)

kg/m?) (n = 312)

Age at 60.3 + 13.5 60.4 + 14.6 60.3 + 12.6 60.3 + 13.4 0.988
implantation, years
Male 707 (72.9%) 198 (62.5%) 241 (77.2%) 268 (78.6%) <0.001
SBP, mmHg 1245 +17.4 124.0+17.8 123.0 + 16.5 126.4 +17.7 0.151
DBP, mmHg 76.9 +£10.9 75.6 £11.3 76.5+9.9 78.4+11.2 0.002
Primary prevention 576 (59.4%) 187 (569.0%) 188 (60.3%) 201 (58.9%) 0.930
NYHA, class lll/IV 484 (49.9%) 172 (54.3%) 146 (46.8%) 166 (48.7%) 0.148
CRT-D 266 (27.4%) 89 (28.1%) 91 (29.2%) 86 (25.2%) 0.503
Ischemic 324 (33.4%) 96 (30.3%) 98 (31.4%) 130 (38.1%) 0.069
cardiomyopathy
Dilated 238 (24.5%) 83 (26.2%) 73 (23.4%) 82 (24.0%) 0.695
cardiomyopathy
Hypertrophic 37 (3.8%) 9 (2.8%) 12 (3.8%) 16 (4.7%) 0.463
cardiomyopathy
Long QT 12 (1.2%) 5(1.6%) 3(1.0%) 4 (1.2%) 0.777
syndrome
Hypertension 305 (31.4%) 89 (28.1%) 92 (29.5%) 124 (36.4%) 0.049
Diabetes mellitus 101 (10.4%) 24 (7.6%) 34 (10.9%) 43 (12.6%) 0.101
Stroke 18 (1.9%) 3 (1.0%) 4 (1.3%) 11 (3.2%) 0.076
Atrial fibrillation 104 (10.7%) 38 (12.0%) 33 (10.6%) 33 (9.7%) 0.629
Pre-implant 194 (20.0%) 67 (21.1%) 60 (19.2%) 67 (19.7%) 0.820
syncope
LVEF, % 425 +14.9 41.6+£15.0 42,9 +15.0 42.8 +14.8 0.476
LVEDD, mm 58.8 + 13.1 58.1 +12.8 58.8 + 13.5 59.6 + 13.0 0.301
B-Blocker 566 (58.4%) 177 (55.8%) 181 (58.0%) 208 (61.0%) 0.402
Amiodarone 290 (29.9%) 91 (28.7%) 104 (33.3%) 95 (27.9%) 0.266
ACEI or ARB 360 (37.1%) 128 (40.4%) 100 (32.1%) 132 (38.7%) 0.073
Loop diuretic 280 (28.9%) 84 (26.5%) 93 (29.8%) 103 (30.2%) 0.523
Aldosterone 363 (37.4%) 125 (39.4%) 105 (33.7%) 133 (39.0%) 0.246
antagonists

Continuous data and categorical data were given as mean + SD and number (percentage), respectively.
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CRT-D, cardiac resynchronization therapy defibrillator; DBF, diastolic blood
pressure; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-systolic dimension; NYHA, New York Heart Association; SBF, systolic blood pressure.

RESULTS

Baseline Characteristics of the
Participants

After exclusions, the final analysis dataset consisted of 970
adults (mean age at implantation: 60.34 £ 13.50 years, 72.89%
male). The distribution of the baseline characteristics of
the study population according to BMI tertiles is shown
in Tablel. The ranges of BMI for tertiles 1 through
3 were <222, 22.2-24.4, and >24 kg/m?, respectively.
There were nearly no significant differences between BMI
tertiles for all included characteristics except for gender,
diastolic blood pressure and presence of hypertension.
Compared with those in T1 and T2 of the BMI, the
participants in T3 were more likely to be male, have a higher
diastolic blood pressure and present with hypertension
(all p < 0.05).

Association Between BMI and VT/VF Using
Kaplan-Meier Curves and the Cox

Proportional Hazards Models

The median follow-up duration was 5.17 (interquartile, 4.3-
5.83) years. During the follow-up, 352 (36.3%) patients
experienced VT/VF requiring ICD/CRT-D therapy. Kaplan—
Meier survival curves were plotted to determine the probability
of patients being VT/VF free according to BMI tertile
(Figure 2). The results showed that the probability of being
free from VT/VF for patients in the BMI tertiles was not
significantly different (log-rank, p = 0.073). Additionally, we
plotted the Kaplan-Meier survival curves using different BMI
classification criteria for clinical applications, and the results
were consistent with those using BMI tertiles (Figure 2).
Univariate Cox proportional hazards models of VT/VFE are
shown in Supplementary Table 2. Older age, male, AE, lower
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__ 757 _. 75
S =
T w
E - E **1 Normal: < 25kg/m2
Tertile 1: <22.2kg/m2 e DINAE's SHRGIn
5 Tertile 2: 22.2-24.4 kg/m?2 5 o s e
® 257 Tertile 3: > 24.4 kg/m2 § iy CbeserI0kgm2
ra w
01 p=0.073 01 p=05
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Tertile 1 317 226 170 65 1 Normal 706 509 372 130 1
Tertile 2 312 225 159 50 0 Overweight 242 189 138 45 0
Tertile 3 341 264 194 67 0 Obese 22 di7 13 7 0
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0 24 48 2 96 0 24 48 72 96
Time(months) Time(months)
Number at risk Number at risk
Normal 425 305 219 81 1 Normal 567 404 292 103 1
Overweight 476 357 264 84 0 Overweight 352 270 200 64 0
Obese 69 53 40 1 0 Obese 51 41 31 15 0
FIGURE 2 | Kaplan—Meier estimates of the probability of being free from VT/VF according to the BMI classification of (A) tertiles, (B) WHO criterion, (C) Asian criterion,
(D) Chinese criterion. BMI, body mass index; VT/VF, ventricular tachycardia/ventricular fibrillation; WHO, World Health Organization.

LVEF and wider LVEDD were associated with higher risk of
VT/VF in the univariate Cox proportional hazards models (P
< 0.05). Then, we constructed 4 Cox proportional hazards
models to analyze the independent role of BMI in VT/VEF. The
HRs and 95% CIs for these 4 models are listed in Table 2.
In the unadjusted model (model 1), each 1 kg/m?> BMI
increase was associated with a 4% increased risk of VT/VE.
However, in model 2, after adjusting for age and gender,
the association between BMI and the risk of VT/VF was

not statistically significant. Additionally, after adjusting for
additional covariates in model 3 (adjusting for age, gender,
AF, LVEE, and LVEDD) and all covariates presented in Table 1
in model 4, the results negligibly changed. We also converted
BMI from a continuous variable to a categorical variable
(tertiles). Compared with participants in T1 of the BMI, there
was no significant increased risk of VT/VF for patients in
either T2 or T3 in the adjusted models (models 2-4). The
P trend value was not significant in any of the models,
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TABLE 2 | Association of BMI with VT/VF in different models.

BMI (kg/m?) Model 1 Model 2 Model 3 Model 4

No. of VT/VF HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% Cl) P-value
Continuous 352 1.04 (1.00, 1.07) 0.0364 1.03 (0.99, 1.07) 0.1315 1.03 (0.99, 1.06) 0.1662 1.03 (0.99, 1.07) 0.1510
Tertiles
<22.1 96 Reference Reference Reference Reference
22.1-24.4 126 1.36 (1.04, 1.77) 0.0233 1.28 (0.98, 1.67) 0.0702 1.29 (0.99, 1.69) 0.0616 1.30(0.99, 1.71) 0.0565
>24.4 130 1.20 (0.92, 1.57) 0.1687 1.14 (0.87, 1.48) 0.3517 1.13(0.87, 1.48) 0.3541 1.11(0.84, 1.46) 0.4643
Prreng-value 0.1899 0.3975 0.4072 0.5405
WHO criterion
<25 245 Reference Reference Reference Reference
25-30 100 1.13(0.90, 1.43) 0.3017 1.11 (0.88, 1.40) 0.3786 1.11 (0.88, 1.41) 0.3662 1.08 (0.85, 1.38) 0.5123
>30 7 0.84 (0.40, 1.79) 0.6598 0.83(0.39, 1.75) 0.6170 0.73(0.34, 1.56) 0.4177 0.80(0.36, 1.78) 0.2562
Pieng-value 0.6169 0.7284 0.8864 0.8235
Asian criterion
<23 138 Reference Reference Reference Reference
23-27.5 183 1.14(0.92, 1.42) 0.2406 1.08 (0.87, 1.36) 0.4791 1.09 (0.87, 1.37) 0.4384 1.06 (0.84, 1.34) 0.6014
>27.5 31 1.29 (0.88, 1.91) 0.1943 1.24 (0.84, 1.84) 0.2749 1.22 (0.83, 1.81) 0.3177 1.25(0.83, 1.87) 0.2848
Prreng-value 0.1280 0.2544 0.2691 0.3018
Chinese criterion
<24 197 Reference Reference Reference Reference
24-28 131 1.01 (0.81, 1.26) 0.9188 0.98(0.79, 1.22) 0.8613 0.97 (0.78, 1.21) 0.8057 0.94 (0.75,1.18) 0.6017
>28 24 1.22(0.80, 1.86) 0.3657 1.17 (0.77, 1.80) 0.4565 1.13(0.74, 1.73) 0.56802 1.20(0.77, 1.88) 0.4246
Preng-value 0.5240 0.7202 0.8452 0.8012

Model 1: adjusted for none. Model 2: adjusted for age, gender. Model 3: adjusted for variables in Model 2 plus atrial fibrillation, LVEF, LVEDD. Model 4 adjusted for all covariates presented in Table 1. Cl, confidence interval; HR, hazard
ratio; VVT/VF, ventricular tachycardia /ventricular fibrillation; WHO, World Health Organization; other abbreviations are shown in Table 1.
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indicating a possible non-linear association between BMI and
VT/VE. Moreover, we also performed sensitivity analyses using
different BMI classification criteria for clinical applications,
and the results were nearly the same as those based on the
BMI tertiles.

Association Between BMI and VT/VF Using
the Cubic Spline Function Model and
Smooth Curve Fitting

We conducted a cubic spline function model and smooth curve
fitting (penalized spline method) to visualize the relationship
between BMI and VT/VE. The fully adjusted smooth curve
fitting showed a non-linear association between BMI and VT/VF
(Figure 3). We further conducted a threshold effect analysis of
BMI on VT/VE. We fitted the association between BMI and
VT/VF using a 1-line Cox proportional hazards model and a
2-piecewise Cox proportional hazards model, respectively. The
P-value for the log likelihood ratio test was <0.05, indicating
that the 2-piecewise Cox proportional hazards model was more
suitable for fitting the association between BMI and VT/VF. As
shown in Figure 3, a non-linear association between BMI and
VT/VF was found (P for non-linearity = 0.035). The inflection
point that we detected for the BMI was 23 kg/m?. When the BMI
was <23 kg/m?, the hazard ratio (HR) per unit (kg/m?) of higher
BMI was 1.12 [95% confidence interval (CI) 1.01-1.24]. However,
when the BMI was >23 kg/m?, the higher BMI did not add to the
risk of VT/VF but showed a trend of decreased risk of VI/VF
(HR 0.96, 95% CI 0.90-1.02).

Subgroup Analysis

We further investigated the role of other covariates between BMI
and VT/VE. As shown in Figure 4, the association between BMI
and VT/VF was consistent in the following subgroups: sex, age,
NYHA, primary prevention, CRT-D, ischemic cardiomyopathy,
hypertension, diabetes mellitus, AF, syncope, LVEF and LVEDD
(all P-values for these interactions >0.05).

DISCUSSION

The major findings of this study are as follows: (1) BMI, whether
as a continuous variable or a categorical variable classified by
various BMI classification criteria, had no significant impact on
VT/VF in the ICD/CRT-D patients according to Kaplan-Meier
curves and Cox proportional hazards models. (2) A non-linear
association between BMI and VT/VF was identified using a cubic
spline function model and smooth curve fitting. When the BMI
was <23 kg/m?, a higher BMI was associated with a higher risk
of VT/VE. When the BMI was >23 kg/m?, a higher BMI did not
increase the risk of VT/VF but showed a trend of decreased risk
of VI/VF.

Several studies have illustrated the effect of BMI on the
risk of VI/VF in ICD/CRT-D patients, but the results have
been inconsistent (6, 8-10). Pietrasik et al. conducted a
retrospective analysis of non-diabetic patients with ischemic
left ventricular dysfunction using data from the Multicenter
Automatic Defibrillator Implantation Trial-II (MADIT II) and

Inflection point = 23 kg/m2

S <23 kgim2 | > 23 kg/m2
'-El- HR =1.12(1.01-1.24) | HR = 0.96 (0.90-1.02)
-
>
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FIGURE 3 | Dose response relationship of BMI and VT/VF. A non-linear
association between BMI and VT/VF was found (P for non-linearity = 0.035) in
a generalized additive model. The solid blue line and dashed blue line represent
the estimated values and their corresponding 95% ClI. Adjustment factors
included all covariates presented in Table 1. The inflection point detected for
BMI was 23 kg/m?. When BMI was <23 kg/m?, HR per unit (kg/m?) higher
BMI was 1.12 (95% Cl 1.01-1.24). However, When BMI was > 23 kg/m?,
higher BMI did not add risk of VT/VF but showed a trend of decreased risk of
VT/VF (HR 0.96, 95% CI 0.90-1.02). BMI, body mass index; Cl, confidence
interval; HR, hazard ratio; VT/VF, ventricular tachycardia/ventricular fibrillation.

demonstrated that a higher rate of VT/VF was detected in
obese patients (BMI >30 kg/m?) compared with the rate
in non-obese patients (8). However, a post-hoc analysis of
the ICD/CRT-D patients from the Multicenter Automatic
Defibrillator Implantation trial with Cardiac Resynchronization
Therapy (MADIT-CRT) showed that BMI had no impact on
VT/VF (9). Another study from Spain also found that BMI was
not associated with VT/VF in ICD patients for the purpose
of primary prevention (10). These contradictory results may
be the result of differences in the population characteristics,
sample sizes, racial groups, and the adjustment of confounders.
Moreover, these studies only investigated the linear relationship
between BMI and VT/VF and did not address non-linear
relationships. Gandhi et al. found an interesting phenomenon
in their study that suggested an inverted U-shaped relationship
between BMI and risk of VI/VF among ICD patients with
systolic heart failure, with the highest risk found for the
overweight BMI group (BMI 25-30 kg/m?) and the lower risk
found in the normal group (BMI 18.5-25 kg/m?) and obese group
(BMI >30 kg/ m?) (6). However, this study did not investigate the
non-linear relationship between BMI and VT/VEF. The U-shaped
relationship for BMI and VT/VF was based on the segmentation
effect, which was not intuitive.

Our study used the Kaplan-Meier curve/Cox proportional
hazards model or cubic spline function model/smooth curve
fitting to explore the relationship between BMI and VT/VE.
The results showed that BMI had a non-linear association
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Number of patients HR(95%ClI) P for
n(%) interaction
Overall
Crude 970(100) 1.04 (1.00, 1.07) e
Adjusted 1.03 (0.99, 1.07) ——
Sex 0.971
Female 263 (27.1) 1.02 (0.96~1.11) —_—
Male 707 (72.9) 1.03 (0.98~1.08) ——
Age, years 0.487
<65 565 (58.2) 1.02 (0.97~1.07) ——
>65 405 (41.8) 1.05 (0.99~1.11) ——
NYHA 0.613
Class, I/l 486 (50.1) 1.04 (0.98, 1.09) —_——
Class,llI/IV 484 (49.9) 1.02 (0.96, 1.07) —_——
Primary prevention 0.456
No 394 (40.6) 1.05 (0.98, 1.11) —_——
Yes 576 (59.4) 1.02 (0.97, 1.07) —
CRT-D 0.298
No 704 (72.6) 1.02 (0.97, 1.06) ——
Yes 266 (27.4) 1.06 (0.99, 1.13) —_———
Ischemic cardiomyopathy 0.993
No 646 (66.6) 1.03 (0.98, 1.08) ——
Yes 324 (33.4) 1.03 (0.96, 1.09) —_—
Hypertension 0.829
No 665 (68.6) 1.03 (0.98~1.08) ———
Yes 305 (31.4) 1.04 (0.97~1.11) —_—
Diabetes mellitus 0.255
No 869 (89.6) 1.03 (0.99~1.07) ——
Yes 101 (10.4) 0.94 (0.82~1.09) 4
Atrial fibrillation 0.436
No 866 (89.3) 1.04 (0.99~1.08) ——
Yes 104 (10.7) 0.98 (0.86~1.12) +
Syncope 0.779
No 776 (80.0) 1.04 (1.00~1.08) ——
Yes 194 (20.0) 1.02 (0.93~1.13) 4
LVEF,% 0.611
>35 599 (61.8) 1.02 (0.96~1.08) —_—
<35 371(38.2) 1.04 (0.99~1.10) ——
LVEDD, mm 0.102
<55 428 (44.1) 1.08 (1.01~1.15) —_—
>55 542 (55.9) 1.01 (0.96~1.06) ——
| 1 I
0.8 1.0 1.2
FIGURE 4 | Forest plot illustrating the HR and 95% Cl of BMI and VT/VF in total population and various subgroups. Above models adjusted for all covariates
presented Table 1. In each subgroup, the model is not adjusted for the stratification variable. Cl, confidence interval; HR, hazard ratio; VT/VF, ventricular
tachycardia/ventricular fibrillation. Other abbreviations are shown in Table 1.

with VT/VF. Had we used only a generalized linear model to
identify the association between BMI and VT/VE, the way we
classified the BMI would not have mattered: the result would
be negative. Once the non-linear relationship is identified, it is
not appropriate to use a generalized linear model to analyze
the correlation. The cubic spline function model and smooth
curve fitting were helpful in detecting the non-linear relationship

between BMI and VT/VF. Additionally, the inflection point was
identified to show the role of BMI in different intervals.

The mechanism resulting in this non-linear association
is unclear. In the general population, obesity is associated
with cardiac structural changes (i.e., cardiac hypertrophy and
myocardial abnormalities such as fibrosis or fatty infiltration),
electrical abnormalities (i.e., QT prolongation) and sleep apnea,
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which could lead to an increased risk of ventricular arrhythmias
(17-20). However, the obesity paradox suggesting a positive
association between a higher BMI and positive outcomes has
been found in several cohorts, although the reason remains
unclear (21-23). We suggest that there is a complicated
interaction between the impact of obesity-related cardiac
structural/electrical changes and obesity-related risk factors
compared to the factors accounting for improved outcomes with
obesity in patients at high risk of SCD. The non-linear association
between BMI and VT/VF shows that the impact of BMI is quite
different in different ranges. Perhaps when BMI is in a certain
range (BMI <23 kg/m? in our study), and the BMI is increased,
then the harm caused by BMI dominates, which would lead to the
increased risk of VT/VF; however, when BMI exceeds a certain
range (BMI >23 kg/m? in our study), the benefits conferred by
the BMI play a leading role, and the risk of VI/VF exhibits a
decreasing trend.

Our study has several strengths. First, our research is a
multicenter study with a relatively large sample size and good
generalizability. Second, we used both a generalized linear model
and generalized additive model to explore the relationship
between BMI and VT/VF to the maximum extent. Our results
showed an interesting non-linear relationship between BMI and
VT/VE. Third, we performed sensitivity analyses to enhance the
robustness of the results. However, there are some limitations to
our study. First, our study was an observational study that was
subject to selection bias because patients without complete data
were excluded. However, we sincerely compared the complete
dataset and the missing dataset, and the results demonstrated
that nearly all variables were similar, showing that the selection
bias was relatively small. Second, our study did not collect data
on obstructive sleep apnea and laboratory parameters which may
have influence on the effect of BMI on VT/VE. We could not
adjust for these substantial confounders; therefore, a prospective
study collecting more variables may be necessary to validate
our results. Third, the number of obese patients in our study
was relatively small, which limited the generalizability of our
results. Finally, we only had baseline BMI information, and data
on changes in BMI were not collected during the follow-up.
Higher fluctuations in BMI were related to adverse outcomes
in patients with coronary heart disease (24). In the future, we
will perform a prospective study enrolling a larger sample size to
ensure the sample balance of each group and collect the change
in BMI to better illustrate the influence of BMI at the baseline
and upon dynamic changes in BMI on VT/VF in patients with
an ICD/CRT-D.
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Automated Electrocardiogram
Analysis Identifies Novel Predictors
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Brugada Syndrome

Gary Tse ™, Sharen Lee?, Andrew Li®, Dong Chang*, Guangping Li', Jiandong Zhou?,
Tong Liu™ and Qingpeng Zhang °*
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Science, University of Calgary, Calgary, AB, Canada, * Xiamen Cardiovascular Hospital, Xiamen University, Xiamen, China,
°School of Data Science, City University of Hong Kong, Hong Kong, China

Background: Patients suffering from Brugada syndrome (BrS) are at an increased risk
of life-threatening ventricular arrhythmias. Whilst electrocardiographic (ECG) variables
have been used for risk stratification with varying degrees of success, automated
measurements have not been tested for their ability to predict adverse outcomes in BrS.

Methods: BrS patients presenting in a single tertiary center between 2000 and 2018
were analyzed retrospectively. ECG variables on vector magnitude, axis, amplitude and
duration from all 12 leads were determined. The primary endpoint was spontaneous
ventricular tachycardia/ventricular fibrillation (VT/VF) on follow-up.

Results: This study included 83 patients [93% male, median presenting age: 56 (41-66)
years old, 45% type 1 pattern] with 12 developing the primary endpoint (median
follow-up: 75 (Q1-Q3: 26-114 months). Cox regression showed that QRS frontal axis >
70.0 degrees, QRS horizontal axis > 57.5 degrees, R-wave amplitude (lead l) < 0.67 mV,
R-wave duration (lead lll) > 50.0 ms, S-wave amplitude (lead ) < —0.144 mV, S-wave
duration (lead aVL) > 35.5ms, QRS duration (lead V3) > 96.5ms, QRS area in lead |
< 0.75 Ashman units, ST slope (lead I) > 31.5 deg, T-wave area (lead V1) < —3.05
Ashman units and PR interval (lead V2) > 157 ms were significant predictors. A weighted
score based on dichotomized values provided good predictive performance (hazard ratio:
1.59, 95% confidence interval: 1.27-2.00, P-value<0.0001, area under the curve: 0.84).

Conclusions: Automated ECG analysis revealed novel risk markers in BrS. These
markers should be validated in larger prospective studies.

Keywords: Brugada syndrome, automated ECG, risk stratification, depolarization, repolarization
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Automated ECG Analysis in Brugada Syndrome

INTRODUCTION

Brugada syndrome (BrS), originally described in 1992, is an
electrical disease that is associated with higher risks of life-
threatening ventricular tachycardia (VT)/ventricular fibrillation
(VF) and sudden cardiac death (SCD). Symptoms (1, 2), ECG
markers (3) and invasive tests such as electrophysiological studies
(4-6) have been used for risk stratification, but prediction
remains difficult (7), especially in asymptomatic patients (8). In
prior studies, ECG markers have been determined manually, but
these measurements are limited by inter-observer variability and
have subjective bias. By contrast, automated measurements have
not been used for risk prediction, yet they may reveal useful
information that is difficult to extract manually (9, 10). In this
study, we extracted raw ECG data files, exported the automated
measurements and tested the hypothesis a score system based on
these variables can predict spontaneous VT/VF in a cohort of
BrS patients.

METHODS
Study Population

This retrospective study received Ethics approval from The Joint
Chinese University of Hong Kong — New Territories East Cluster
Clinical Research Ethics Committee and is based on datasets
that have already been made available in an online repository
(https://zenodo.org/record/3266172; https://zenodo.org/record/
3266179; https://zenodo.org/record/3351892). The diagnosis of
BrS is made based on the 2017 ACC/AHA/HRS Guideline (11),
after reviewing documented patient history, and confirmed by
analysis of all documented ECG by S.L. and G.T. Type 1 Brugada
pattern is defined as a coved-shape ST segment with elevation
of >2mm followed by a negative T-wave, and type 2 pattern is
defined as convex ST segment with >0.5 mm elevation followed
by variable T-wave, resulting in a saddleback-shaped morphology
(12). The study inclusion criteria were: (1) BrS diagnosis and (2)
raw ECG data were available for automated ECG analysis.

Baseline Characteristics and ECG

Measurements

Clinical data was extracted from electronic health records.
The following baseline clinical data were collected: (1) sex;
(2) age of initial Brugada pattern presentation; (3) follow-up
period; (4) type of Brugada pattern and presence of fever at
initial presentation; (5) family history of BrS and VF/ SCD;
(6) manifestation of syncope and if present, the number of
episodes; (7) manifestation of VT/VF and if present, the number
of episodes; (8) sodium channel blocker challenge test and results;
(9) concomitant presence of other arrhythmia; (10) implantation
of ICD. Patients presented with two or more episodes of
VT/VF were defined to be of high VT/VF burden. Automatically
measured parameters from ECG related to the P, Q, R, S and
T-wave were extracted. The full list of variables is shown in
Supplementary Table 1.

Primary Outcome, Statistical Analysis, and
Creation of a Score-Based System for Risk

Prediction

The primary outcome was new occurrences of spontaneous
VT/VF after diagnosis of BrS. The outcome was assessed by
review of inpatient and outpatient case records. Cox regression
was used to identify ECG variables that were significant
predictors of the primary outcome. The following steps were
undertaken to create a score system for risk stratification:
(1) the variables related to Q, R, S and T waveforms that
achieved P-values < 0.10 were identified, (2) related variables
were discarded, (3) the location out of all 12 leads with the
lowest P-values was selected, (4) optimum cut-off was calculated
from receiver operating characteristic analysis, (5) each variable
was dichotomized based on the cut-off, (6) calculation of beta
coeflicient and ORs for each dichotomized variable, (7) weight-
adjusted score by proportion of beta coeflicients and P-values.

RESULTS

A total of 83 patients were included [93% male, median
presenting age: 56 (41-66) years old] were included. The
clinical characteristics of this cohort are shown in Table 1. The
prevalence of an initial type 1 Brugada pattern on presentation
was 45%. Twelve patients developed spontaneous VT/VF with
a median follow-up of 74 (Q1-Q3: 26-114) months. Automated
measurements of the ECG variables were extracted from the raw
data (Figure 1).

A weighted score system for risk stratification was created, as
illustrated in Figure 2. Briefly, ECG variables related to Q, R, S
and T waveforms, which achieved significance of P-values < 0.10
on Cox regression, were identified. Their median values (Q1-Q3)
and hazard ratios (HR) with 95% confidence intervals (CIs) for
classifying incident spontaneous VT/VF are shown in Table 2,
whereas optimum cut-off values and area under the curve (AUC)
from receiver operating characteristic (ROC) analysis are shown
in S2. For each variable, the lead with the lowest P-value was
selected. This selection process yielded 11 ECG variables: vector
magnitude of the initial 40 ms of the transverse QRS signal, QRS
horizontal axis, ST horizontal axis, R-wave amplitude in lead I,
R-wave duration in lead III, S-wave amplitude in lead I, S-wave
duration in lead aVL, QRS duration in lead V3, QRS area in lead
aVL, ST slope in lead I, T-wave area in lead V1 and PR interval in
lead V2. Vector magnitude of the initial 40 ms of the transverse
QRS signal was not processed further as not all ECGs had this
variable reported.

The remaining ECG variables were then dichotomized
based on the optimum cut-off values from receiver operating
characteristic (ROC) analysis. The dichotomized ECG variables
were weighted based on the beta coeflicients and P-values. After
dichotomization, two variables lost significance for prediction
(highlighted in red in Supplementary Table 3) and therefore
the final score had a total of eight ECG and three clinical
variables (Supplementary Table 4). A histogram plot for this
weighted score is shown in Supplementary Figure 1. This
weighted score provided good predictive performance when
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TABLE 1 | Baseline characteristics of the Brugada patients (n = 83) included in this study.

Characteristics Count Hazard ratio (HR)* 95% CI P-value Hazard ratio (HR)* 95% CI P-value
Female gender 6 (7) 1.10 0.14-8.50 0.931

Age of Initial 56 (41-66) 0.99 0.95-1.02 0.455 0.98 0.95-1.02 0.383
Presentation

Initial Type 1 BrP 37 (45) 3.64 1.08-12.30 0.037 3.02 0.91-10.04 0.072
Type 1 BrP 52 (63) 1.96 0.563-7.25 0.313 1.94 0.563-7.18 0.319
Evolution 29 (35) 0.46 0.12-1.73 0.251 0.54 0.15-1.99 0.355
Fever-induced type 11(13) 1.49 0.33-6.85 0.607 1.50 0.33-6.86 0.599

1

FH BrS 3(4) 2.03 0.25-16.24 0.503 3.14 0.41-24.33 0.273
Family History of 6 (7) 1.02 0.13-7.92 0.985 1.10 0.14-0.50 0.929
VF/SCD

Syncope at initial 29 (35) 5.24 1.05-26.20 0.044 4.72 0.95-23.39 0.057
presentation

Syncope at any 43 (52) 5.62 1.22-25.94 0.027 4.66 1.02-21.29 0.047
point

# syncope 65 (83) - - - — _ _

VT/VF at initial 9 (11) 714 2.23-22.85 0.001 7.80 2.47-24.58 <0.0001
presentation

VT/VF at any point 16 (19) - - - - - -

High VT/VF Burden 6 (7) 18.96 5.69-63.13 <0.0001 19.38 6.25-60.14 <0.0001
Drug Challenge 51 (61) 0.90 0.27-3.00 0.858 1.03 0.31-3.42 0.966
Performed

Drug Positive* 49 (96) 0.18 0.02-1.60 0.125 0.26 0.03-2.08 0.202
ICD 29 (35) - - - - - -

Other Arrhythmia 12 (14) 0.45 0.06-3.48 0.440 0.50 0.07-3.90 0.512

Hazard ratios for predicting incident spontaneous VT/VF from Cox regression.

*Denominator only included patients undergoing testing. Variables with P < 0.05 are shown in bold text. * Breslow methods for ties. " Parametric model with Weibull distribution.
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analyzed as a continuous variable [hazard ratio (HR): 1.59,
95% confidence interval (CI): 1.27-2.00, P-value < 0.0001, area
under the curve (AUC): 0.84; Supplementary Figure 3] or a
dichotomized variable (HR: 14.88, 95% CI: 3.99-55.50, P-value

< 0.0001, AUC: 0.81) (Supplementary Table 5). A simplified
algorithm was generated using decision tree learning for potential
clinical application (AUC: 0.93, Supplementary Tables 6, 7;
Supplementary Figure 3).
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FIGURE 2 | Steps for creating a weighted score system based on automated ECG measurements on ventricular depolarization and repolarization.

DISCUSSION

The main findings of this study is that (i) automated
measurements from raw ECG data can be extracted and used
for risk stratification, (ii) ST slope was identified as a novel
risk marker, and (iii) a weighted score system based on QRS
frontal axis, R-wave duration (lead III), S-wave duration (lead I),
QRS duration (lead I) and ST slope (lead I) predicted incident
spontaneous VT/VF with an AUC of 0.95.

Previously, investigators have commented that manual
measurements may be susceptible to variations and errors (13).
Indeed, accuracy and reproducibility of measurements made
manually have not been examined (14). Our study provides the
proof-of-concept that the axis of the QRS vector, depolarization
and repolarization variables extracted automatically from raw
ECG data can predict arrhythmic events with good fidelity. In
BrS, both depolarization and repolarization abnormalities are
posited to play important roles in ventricular arrhythmogenesis
(15, 16). ECG indices related depolarization (13), such as QRS
duration, QRS dispersion, R-wave and S-wave durations have
been identified as useful predictors in this condition (3, 17-21).

For Brugada syndrome, QRS vector magnitude was identified as
a predictor of ventricular arrhythmias (22). In keeping with their
findings, our study similarly demonstrated that the magnitude
of initial 40 ms transverse QRS signal was borderline predictive
of VI/VF (P-value = 0.051). However, the magnitude of the
maximum transverse QRS vector or of its terminal portion were
not significant predictors.

By contrast, repolarization abnormalities, as reflected by
alterations in the ST segment, QT or Tpeak-Tenq intervals, are
also important arrhythmogenic substrates in BrS (23-26). Our
novelty is the demonstration that the slope of ST segment is
significantly associated with arrhythmic risk. Whilst the angle
between the R wave and the vertical line has been used to
distinguish Brugada pattern from other causes with similar
morphology, such as right bundle branch block (27), we are
not aware of any previous study demonstrating the use of R or
ST angles for risk stratification. Moreover, T4, and sometimes
Tpeak> can be difficult to determine with a degree of certainty
with different methods of determining its location (28). Recently,
an automated algorithm calculated a global Tpe, based on
the root mean square average of Tpeq from individual leads
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TABLE 2 | Significant ECG variables of Q, R, S, and T waves for predicting incident spontaneous VT/VF from univariate Cox regression.

Characteristics Median (Q1-Q3) Hazard ratio 95% CI P-value Hazard ratio 95% ClI P-value
(HR)* (HR)"

Vector magnitude of 0.43 (0.30-0.70) 8.42 1.05-67.41 0.045 8.21 1.03-65.17 0.046

the initial 40 ms

transverse QRS signal

(deg)

QRS horizontal axis 11 (—8 to 36) 1.01 1.001-1.012 0.024 1.01 1.001-1.012 0.030

(deg)

ST wave horizontal 71 (53-83) 0.98 0.96-0.99 0.009 0.97 0.95-0.99 0.003

axis (deg)

R-wave amplitude in 0.50 (0.33-0.72) 0.06 0.004-0.86 0.038 0.12 0.01-1.35 0.086

lead | (mV)

R-wave duration in 48 (28-60) 1.02 1.002-1.03 0.030 1.02 1.01-1.04 0.006

lead Ill (Ms)

S-wave amplitude in -0.15 0.006 0.0002-0.21 0.005 0.004 0.0001-0.13 0.002

lead | (mV) (—0.26 to —0.07)

S-wave duration in 24 (0-48) 1.03 1.01-1.05 0.001 1.04 1.02-1.06 <0.0001

aVvL (ms)

QRS duration in V3 96 (88-104) 1.03 1.003-1.06 0.029 1.04 1.01-1.07 0.004

(ms)

QRS area in lead | 1.4 (-0.410 3.6) 0.67 0.54-0.84 0.001 0.69 0.56-0.84 <0.0001

(ms.mV)

ST slope in lead | (deg) 18 (9-33) 1.05 1.01-1.10 0.015 1.06 1.02-1.10 0.005

T-wave area in V1 —-2.5 0.82 0.73-0.93 0.002 0.80 0.70-0.90 <0.0001

(ms.mV) (—4.2t0 —0.8)

PR interval in lead V2 156 (144-176) 1.02 1.001-1.03 0.036 1.01 1.0002-1.03 0.046

(ms)

Median (Q1-Q3) and hazard ratios (HRs) with 95% confidence intervals (Cls) are presented. For each variable, only the lead with the lowest P-value across all 12 leads was shown.

#Breslow methods for ties. " Parametric model with Weibull distribution.

with a similar methodology for determining Te,g (29). Whether
these measurements provide more accurate risk stratification
than manual measurements in BrS and other disease cohorts
remain to be tested. Other than outcome prediction, other
investigators have used automated ECG variables for disease
detection and tracking (30). Future studies should examine
whether serial changes in ECG variables can improve disease
detection especially in type 2 Brugada subjects and be used to
track disease progression in BrS.

From our predictive analysis, we generated a simple algorithm
based on decision tree learning method for potential clinical
application, as we have done so previously for other cohorts
(31, 32). For Brugada syndrome, other decision tree-type
algorithms have been proposed (33-35). These algorithms should
be compared for their ability to predict arrhythmic outcomes.
Previously, other groups have developed useful clinical risk
scores for risk stratification in BrS. For example, Subramanian
et al. proposed a score based on four variables: the presence of
spontaneous type 1 pattern, QRS fragmentation in the inferior
leads, S-wave upslope duration >0.8 and Tpea-Tenq intervals
> 100ms with an excellent AUC of 0.95 (36). As not all of
the above variables were obtained from the automated ECG
outputs in our study. Future studies should develop novel
algorithms to automatically identify the presence or absence of
QRS fragmentation and to determine Tpeqr-Tend intervals to
allow comparisons of between the different risk scores.

LIMITATIONS

Several limitations of our study should be noted. Firstly, the size
of our cohort is relatively small. Our findings should be validated
in larger prospective studies. Secondly, the majority of patients
with detected VT/VVF events had ICDs implanted. Therefore,
we cannot exclude ascertainment bias, where silent VT/VF events
were missed in those without ICDs. Secondly, our extraction
did not enable us to determine the Tpeqr-Teng interval. Future
work should focus on modifying existing algorithms to determine
Tpeak and Tepg, which would allow us to determine to extent to
which repolarization abnormalities contribute to the arrhythmic
substrate in BrS. Thirdly, the ECG predictors identified in this
study may not be exclusive for BrS and may also be useful for risk
stratification in other cardiovascular diseases such as myocardial
infarction. This remains to be elucidated in future studies.

CONCLUSIONS

Automated ECG measurements related to depolarization and
repolarization are useful for risk stratification in BrS. These
markers should be validated in larger prospective studies. If
the predictability of automated measurements is verified, they
have the potential to open the gate for the wide application of
advanced machine learning models to facilitate risk stratification
and clinical decision making in BrS and other diseases.
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Potassium is the predominant intracellular cation, with its extracellular concentrations
maintained between 3. 5 and 5mM. Among the different potassium disorders,
hypokalaemia is a common clinical condition that increases the risk of life-threatening
ventricular arrhythmias. This review aims to consolidate pre-clinical findings on the
electrophysiological mechanisms underlying hypokalaemia-induced arrhythmogenicity.
Both triggers and substrates are required for the induction and maintenance of ventricular
arrhythmias. Triggered activity can arise from either early afterdepolarizations (EADSs)
or delayed afterdepolarizations (DADs). Action potential duration (APD) prolongation
can predispose to EADs, whereas intracellular Ca?t overload can cause both
EADs and DADs. Substrates on the other hand can either be static or dynamic.
Static substrates include action potential triangulation, non-uniform APD prolongation,
abnormal transmural repolarization gradients, reduced conduction velocity (CV),
shortened effective refractory period (ERP), reduced excitation wavelength (CV x
ERP) and increased critical intervals for re-excitation (APD-ERP). In contrast, dynamic
substrates comprise increased amplitude of APD alternans, steeper APD restitution
gradients, transient reversal of transmural repolarization gradients and impaired
depolarization-repolarization coupling. The following review article will summarize the
molecular mechanisms that generate these electrophysiological abnormalities and
subsequent arrhythmogenesis.

Keywords: hypokalaemia, potassium, cardiac arrhythmia, conduction, repolarization
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INTRODUCTION

Hypokalaemia is the most common electrolyte abnormality
found in hospitalized patients (1) and therefore represents
an important cause of arrhythmias and associated mortality
observed in clinical practice (2). It is commonly observed in
patients with pre-existing heart conditions (3-5). Hypokalaemia
manifests, in order of decreasing likelihood, due to (i) increased
KT loss, (ii) transcellular Kt shift into cells or (iii) reduced
dietary KT intake. Increased loss of K™ mostly occurs secondary
to the use of diuretics or laxatives, or from diarrhea. Transcellular
shift of KT into cells can be caused by medications, such as
P2 receptor agonists (6), hormonal abnormalities, or metabolic
alkalosis (7). Decreased intake can develop in conditions such as
anorexia, dementia or reduced appetite from malignancy.

The following features are observed on the electrocardiogram
(ECG) during hypokalaemia: ventricular premature complexes
(VPCs), prolonged QT interval, ST segment depression and
the appearance of a U wave (8). Extracellular potassium
concentration ([K*],) is negatively correlated with the
development VPCs, with each unit decrease in [K*], (mM)
corresponding to a 28% increased risk of VPCs (9, 10). A
potentially life-threatening form of ventricular tachycardia (VT)
termed torsade de pointes (TdP) also manifests in hypokalemia
(11), which in turn can degenerate into ventricular fibrillation
(VF) and sudden cardiac death (12). Other cardiac rhythm
abnormalities induced by hypokalaemia include atrial fibrillation
(13) and atrial flutter (14).

Animal models, particularly guinea pigs (15-21) and
mice (22-24), have provided much insight into the
detailed mechanisms underlying hypokalaemia-induced
arrhythmogenicity. In these models, arrhythmic activity
has been observed during regular pacing (Figure 1A),
programmed electrical stimulation that delivers S1S2 pacing
(increasing premature S2 stimuli delivered following trains
of regular S1 stimuli) (Figure1B) and dynamic pacing
(trains of regular S1 stimuli of decreasing basic cycle length)
(Figure 1C). The review article aims to consolidate pre-clinical
findings on the electrophysiological mechanisms underlying
hypokalaemia-induced arrhythmogenicity.

BASIC ELECTROPHYSIOLOGY:
PRE-CLINICAL LESSONS FROM SMALL
ANIMAL MODELS (MICE, RABBIT, AND
GUINEA PIGS)

Whether serving as a disease model for pharmaceutical purposes
or toxicology, the use of animal models as fundamental building
blocks has enabled rapid advances in biomedical knowledge (27).
This is no different in cardiology, with mice, rabbit and guinea
pigs considered to be the most frequently used animal models
in experimental cardiac electrophysiology (28). However, despite
similarities in cardiac ion channel distribution, salient differences
in electrophysiological results are still observed between small
animal species, especially within the context of hypokalaemia.

Triggered Activity Can Arise From

Afterdepolarizations

At the cellular level, reduction in [K'], is expected to
shorten the time course of repolarization by increasing
the Kt electrochemical gradient across the cell membrane.
Recent experiments conducted in rabbit hearts showed that
hypokalaemia activated the apamin-sensitive small-conductance
calcium-activated potassium current (Ixas) to shorten action
potential durations (APD), thereby preserving repolarization
reserve (29). However, prolonged APDs are observed because
of Iky, Ixi, Iks, and I, inhibition (30-34). These repolarization
abnormalities explain the electrocardiographic QT interval
prolongation observed in clinical practice (35). In a similar
hypokalaemic in vivo rabbit model, prolonged exposure to
reduced [K*], was also found to be significantly correlated with
decreased HERG channel density due to its internalization and
subsequent degradation, which may play a major role in APD
prolongation (36). Recently, reduced Na™/K*-ATPase currents
have been identified as a contributory mechanism toward
prolonged repolarization (37, 38). Normally, Na* and Ca?"
handling is closely coupled via the sodium-calcium exchanger
(NCX), which uses the electrochemical gradients of both ions to
exchange three Na* for 1 Ca**

A change in the morphology of the action potential, such
as in triangulation reflected by an increase in the APDyy-
APDjs difference, is thought to increase the likelihood of inward
current re-activation that in turn produces triggered activity over
the terminal phases of action potential repolarization (16, 39).
More severe reductions in [KT], can induce Ca?* overload
due to a combination of suppressed Nat-K*-ATPase activity,
reversal of transport by the NCX, and reduced intracellular ATP
concentrations (40, 41).

Afterdepolarizations refer to the oscillations in the membrane
potential before the next action potential. They can occur
early (early afterdepolarizations, EADs) or late (DADs, delayed
afterdepolarizations). EADs can be subdivided into those that
occur during phase 2 and phase 3. Hypokalaemia can generate
both EAD types by distinct mechanisms. APD prolongation
increases the susceptibility to phase 2 EADs because of a
wider window over which the L-type Ca®* channels can be re-
activated (42, 43). Ca®T overload can promote EADs during
phase 3 of the action potential (and during phase 2 in some
species), thereby activating the NCX to mediate Na™ entry
(44, 45). Recent experiments in rabbit hearts showed that when
combined with increased beta-adrenergic drive, Igatp can be
activated, leading to heterogeneous APD shortening and the
subsequent generation of late phase 3 EADs in the presence of
enhanced Ca?". Intracellular Ca>" accumulation can promote
DADs. Isolated, perfused ventricular muscle in guinea pig
(46) and rabbit (47) hearts have exhibited DADs in severe,
experimental hypokalaemia.

Both EADs and DADs can lead to triggered activity
(Figure 1A), thereby initiating arrhythmic activity and
producing a sustained tachycardia upon encountering favorable
reentrant substrates (48, 49). Such substrates can be revealed
by programmed electrical stimulation (PES) (Figure 1B) or
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FIGURE 1 | (A) Hypokalaemia prolongs APDs, which predisposes to triggered activity (left). This AP prolongation and reduced refractoriness together form a
re-entrant substrate. (B) The use of programmed electrical stimulation can reliably provoke ventricular arrhythmias (right). [Traces reproduced from (25) with
permission]. (C) Hypokalaemia exacerbates APD alternans at fast heart rates during dynamic pacing [Traces reproduced from (24) with permission]. (D) The onset of
alternans can be explained by steep APD restitution. (E) Development of early afterdepolarizations in one region (arrow) can exacerbate transmural differences in
repolarization time, predisposing to unidirectional conduction block and reentry [trace partly adapted from (26) with permission].

dynamic pacing (Figure 1C). Dynamic pacing can unmask
APD alternans at short basic cycle lengths (BCLs), which can
be explained by steep restitution in hypokalaemia compared
to control conditions (Figure 1D). EADs, DADs or triggered
activity can themselves increase the spatial heterogeneity
in repolarization as well as areas of slowed conduction. In
other words, triggers of arrhythmias may themselves create
the substrates for re-entry (50), as demonstrated recently in
modeling studies (51). Normally, endocardial APD is longer than
epicardial APD resulting in a normal repolarization gradient
(Figure 1E, left). When an EAD (arrow) develops, epicardial
APD will be longer than endocardial APD, causing a reversal in
the transmural repolarization gradient (Figure 1E, right) that is
potentially arrhythmogenic (16, 17, 20).

Reentry Is Due to Static and Dynamic
Abnormalities in Repolarization,

Refractoriness and Conduction
Numerous static and dynamic re-entrant substrates contribute to
increased arrhythmogenicity in hypokalaemia (52).

Repolarization: Steep Spatial Gradients

The most important experimental finding consistently observed
across the different species during hypokalaemia is non-uniform
prolongation of repolarization, be it when comparing the left
(LV) and right ventricle (RV), epicardium and endocardium,
or apex and cardiac base (16, 53). Spatial differences in

repolarization are thought to increase the risk of unidirectional
conduction block, a prerequisite for circus-type or spiral wave
reentry (54). Such spatial variations in repolarization may be
present during regular pacing and further exacerbated following
triggered activity, thereby enhancing arrhythmic risk. In guinea
pig hearts, greater APDgg prolongations were seen in the RV
epicardium relative to the LV epicardium (16, 53). These APD
differences were attributed to differing expression patterns and
levels of ion channels, in particular higher density of Ik;
channels in the LV compared to in the RV (55, 56). The
consequence of RV APDgy prolongation during hypokalaemia is
an increased RV-LV transepicardial APDgy difference compared
to control during both regular and S1S2 pacing (16), which
partly underlies the capacity of VPCs to induce sustained VT
(57, 58).

In addition to transepicardial repolarization gradients,
transmural gradients may contribute to arrhythmogenesis in
hypokalaemia. Experimental data obtained from mouse hearts
have been conflicting, as pointed out previously (16). LV
epicardial and LV endocardial APDy difference was found to
be either unaltered (59) or reduced (23, 43). In guinea pig
hearts, there was no demonstratable APDy difference between
the epicardium endocardium under either normokalaemic
or hypokalaemic conditions. Moreover, transient alterations
in transmural repolarization gradients have been explored
in mouse hearts (60). It was shown that the S2 stimulus
proportionally decreased epicardial and endocardial APDgyg.
After the following S3 stimulus, endocardial APDgy decreased

Frontiers in Cardiovascular Medicine | www.frontiersin.org

51

February 2021 | Volume 8 | Article 620539


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Tse et al.

Arrhythmogenic Mechanisms in Hypokalaemia

more sharply than did epicardial APDg, albeit the former
recovered after S4 stimulation.

Repolarization: Steep APD Restitution Gradients and

APD Alternans

The relationships between APD, the diastolic interval (DI) and
basic cycle length are detailed in Figure 2A. The relationship
BCL = APD + DI can be shown graphically as a straight line
with a gradient of —1. The original descriptions of alternans were
based on a graphical method that related them to restitution
of APD (61). APD restitution is the APD abbreviation that
occurs when heart rate is increased and reflects an adaptive
response to maintain a period of diastole, allowing blood to
refill in the cardiac chambers. In a normal APD restitution
curve (Figure 2B), APD is plotted against the previous DI. This
relationship can be represented by the equation APD,y; = f
(DI,,), where fis the function relating the new APD to its previous
DI. When DI shortens, APD also shortens to accommodate. The
region for long DIs is almost flat, whereas the region at short DIs
is steep.

The restitution gradient reflects the recovery of the different
ion channels that are activated during action potential
generation. Na™ channels show the fastest inactivation kinetics
and recover quickly, and their effects on restitution are observed
mostly at the shortest DIs. The Ca?t channels recover at a
slower rate compared to Na™ channels, and their effects are
observed at longer DIs. Because these channels mediate much
of the transmembrane currents during the action potential
plateau, they affect APD restitution greatly. Kt channels have
the slowest recovery rates compared to Na™ and Ca*" channels
and their effects are therefore mostly observed at long DIs.
An important property of K* channels is their reverse use
dependence, in which increasing use leads to a lower level of
channel blockade (62). As hypokalaemia inhibits K channels,
its effects are most prominent at long DIs, which may occur
during a compensatory pause following an ectopic beat, and
bradycardia. In hypokalaemia, due to the APD prolongation, the
DIs can engage the steeper portion of the restitution curve even
when heart rate is normal.

Cobweb plots can be used to illustrate the stability of beat-
to-beat alternations in APD (Figures 2C,D). In the original
formulation, it is assumed that the DI depends on the preceding
APD. The line of the equation, DI = BCL-APD, represents the
feedback mechanism, where DI is inversely related to APD. If
APD is longer, then the next DI is shorter. The APD equilibrium
point at each BCL is located at the intersection between this
line and the restitution curve. A sudden increase in heart rate,
as reflected by a decrease in BCL, leads to shortening of APD.
Under normal conditions, the restitution gradient is <1. With
a perturbation leading to a small decrease in DI, the next APD
decreases. For the next beat, the DI increases, but to a value
smaller than the original DI. Each iteration leads to a smaller
beat-to-beat difference in APD and DI, until eventually a stable
point is reached (Figure 2C). In hypokalemia, the restitution
gradient is steeper at the same range of DIs (63). Each iteration
leads to a successive increase in the beat-to-beat variation in APD,
leading to 2:1 block (Figure 2D). A special case occurs if the

restitution gradient is exactly 1, in this case, alternans do not
converge or diverge, and become stable.

The appearance of APD alternans has been associated with
steeper APD restitution. However, it should be stressed that
restitution is not the only factor that determines the presence
or absence of alternans. Thus, other factors such as electronic
and memory effects can suppress APD alternans even when
the APD restitution gradient is >1 (64). Moreover, normally
APD is closely coupled to the effective refractory period (ERP).
Yet, APD is prolonged but ERP is shortened in hypokalaemia.
Thus, APD restitution may not accurately predict the onset
of alternans in this situation and VERP restitution may be a
better indicator (18). Conversely, APD alternans can occur when
the APD restitution gradient is <1 when restitution-dependent
mechanisms are present (65). However, these effects have not
been studied in detail for hypokalaemia. Finally, the relationships
between repolarization dynamics, membrane excitability and
cardiac memory are complex and warrants further study (66-71).

Electrical restitution can generally be assessed by two
stimulation protocols: dynamic pacing and S1S2 pacing measure
the steady-state response and the intermediate response,
respectively, of the myocardium to a change in the basic
cycle length (BCL). S1S2 pacing has the advantage of safety
because pacing at a high heart rate is not required (19, 72,
73), albeit this method cannot assess beat-to-beat variations,
that is, alternans, in action potential properties. In contrast,
dynamic pacing can induce myocardial ischaemia (74, 75), but
can be used experimentally to quantify alternans. In mice,
greater amplitudes of epicardial APDg, alternans associated
with increased maximum APDg, restitution gradients were
observed during dynamic pacing in hypokalaemia compared
to in normokalaemia (Figure 1D) (63). Endocardial APDg,
maximum APDgg restitution gradients and DI were not
altered (23, 63). However, guinea pig hearts showed significant
differences, such as increased endocardial APDy, restitution
gradients (18) and APDyy alternans despite shallower APDgg
restitution gradients (18). Recent experiments in mouse hearts
have further separated the roles of abnormal electrical restitution
from other electrophysiological substrates in hypokalaemia
(24). Moreover, these data provide the proof-of-concept that
restitution can be assessed by both dynamic and S1S2 pacing
procedures with largely agreeable restitution parameters.

Reduced Refractoriness and Steep ERP Restitution

The refractoriness of the myocardium, which can be measured
experimentally as the effective refractory period (ERP), is an
important determinant of the likelihood of reentry for the
following reasons. Firstly, a decrease in the excitation wavelength,
) [conduction velocity (CV) x ERP] increases the number of
reentry circuits available within the myocardium (Figure 2E)
(76). Secondly, an increase in the critical interval given by
APD-ERP would prolong the time window during which re-
excitation can take place, potentially by reactivation of inward
Nat and Ca?T currents (59). Furthermore, reduced ERP can
decrease the core size around which a spiral wave can meander
(77). Shortening of ERP is observed during hypokalaemia
despite concomitant APD prolongation. Studies in mouse and
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FIGURE 2 | line. The values of Dls at which such gradients are >1 are represented by the gray box. (C) APD restitution curve plotting APD against the previous DI
(solid line) along with their gradients (broken line). The values of DIs with gradients >1 are represented by the gray box. The cobweb plot shows that when the APD
restitution gradient is <1, a stable equilibrium point is produced on successive beats. (D) APD restitution curve plotting APD against the previous DI (solid line) along
with their gradients (broken line). The values of DIs with gradients >1 are represented by the gray box. The cobweb plot shows that when the APD restitution gradient
is >1, an unstable equilibrium point is produced on successive beats, eventually leading to conduction block. Reproduced from (52) with permission. (E) Circus-type
reentry depends on the wavelength of excitation, given by the product of conduction velocity and effective refractory period [Figures adapted from (26) with
permission]. (F) Summary of different electrophysiological mechanisms that are responsible for triggered activity and reentry in hypokalaemia.

guinea pig hearts showed that LV epicardial and endocardial
ERPs were decreased by similar extents (16, 23). Though
debatable, this ERP shortening was found to be associated
with excessive hyperpolarization of the resting membrane
potential in ventricular cardiomyocytes. This subsequently
results in increased activation of fast Na™ channels, leading to a
more pronounced action potential amplitude and an increased
upstroke velocity during the depolarization phase (17). Under
normokalaemic conditions, the critical opening for LV re-
excitation is narrow, rendering the induction of re-excitation
highly unlikely. Therefore, it is no surprise that prolongation
of the critical interval from reduced [K*], is associated with
an increased likelihood of sustained triggered activity over
terminal repolarization (16). Recent experiments in guinea pigs
demonstrate a contributory role of steep ERP restitution in
predisposing the tissues to the generation of alternans and
reentry (18).

Conduction Slowing

Conduction velocity (CV) is governed by Na™ channels and gap
junctions (78). Hypokalaemia is known to decrease CV in the
atria, atrioventricular node, Purkinje fibers and the ventricles (16,
79). The underlying mechanism is thought to involve depressed
membrane excitability from membrane depolarization, increased
threshold potential for Na* channel activation and increased
membrane resistance (80, 81). Enhanced stimulation threshold,
decreased LV to RV transepicardial and LV epicardial to
endocardial transmural CVs were all observed in guinea pigs
during both regular and S1S2 pacing (16). In contrast, local
epicardial and endocardial CV as well as transmural CV were not
altered in hypokalaemic mouse hearts (59).

Impaired Activation-Repolarization
Coupling and Other Arrhythmogenic
Factors

Activation-repolarization coupling is an intrinsic property of
the myocardium, allowing local APD values to be adjusted to
conduction slowing at different myocardial sites along the path
of the propagating action potential (21). This effect has been
attributed to modulation of APD in neighboring cardiomyocytes
by gap junction conduction, which would reduce regional
differences in APD (82). Normally, the APD difference between
the RV and LV is minimized by delayed LV activation, an effect
that is impaired by hypokalaemia (21).

It is worth noting that arrhythmogenicity is stimulation
site-dependent. Experiments in guinea pig hearts showed
that ventricular arrhythmias were readily inducible upon LV
stimulation, whereas RV stimulation failed to induce arrhythmic

events (15). This observation can be attributed to interventricular
differences in ion channel expression. Thus, larger Ik is found
in the LV compared to in the RV, which would be expected
to shorten APDs and therefore ERPs to greater extents in the
LV. A steep repolarization gradient between the epicardium
and endocardium, and between the LV and RV, can lead to a
block of an action potential, favoring reentry. All of the above
electrophysiological mechanisms underlying arrhythmogenesis
in hypokalaemia are summarized in Figure 2F.

BASIC ELECTROPHYSIOLOGY: LARGER
ANIMAL MODELS—CANINE, CAT AND
SHEEP

It is important to note the fundamental relationship and
differences between body weight and various cardiovascular
parameters across all types of laboratory animals. An equation
encapsulating this concept was coined in 1979 as heart weight
(HW (g) = 6.0 x BM%%) and P-R interval (PR (ms) = 53 x
BM®2?4) where BM is body mass in kg (83). Such differences
are reinforced in electrophysiology, where small rodents are
found with significantly shorter APD than humans due to lack
of a prominent plateau phase found in cardiomyocytes (84-86).
Therefore, the rabbit myocardium presents a more representative
model of the human heart. Despite this similarity, important
inter-species variations remain especially when K handling
is examined. Cardiac K* channel expression is significantly
different between rabbits, guinea pigs and humans, accounting
for the increased susceptibility to ventricular fibrillation in rabbit
hearts, as well as the reduced transient outward current and
large slow component of the delayed rectifier current in guinea
pigs (87).

Furthermore, it is imperative to consider the potential usage
of other relevant cardiovascular animal models. Similar to rabbit
models, canine heart models show similar cardiac ion channel
distribution with human hearts, making them suitable for the
study of ion-channel-related mechanisms (e.g., repolarization
and depolarization mechanics) and arrhythmic drug effects.
Moreover, canine heart models have a much more comparable
APD, sino-atrial node activity, Purkinje fiber distribution and
activation sequence to humans (88-90). In contrast, goat and
horse models have also shown to be suitable for the study of atrial
fibrillation given the ease of obtaining ECG recordings (28, 91,
92). Regardless, mainly canine, cat and sheep models have been
used to investigate electrophysiological changes in hypokalaemia.

Canine and sheep models were similar to smaller animal
models with regards to an observed reduction in conduction
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velocity during hypokalaemia across the cardiac conduction
system (atria, atrioventricular node, Purkinje fibers and the
ventricles) (93, 94). The underlying mechanism was thought
to involve depressed membrane excitability from membrane
depolarization, increased threshold potential for Nat channel
activation and increased membrane resistance (80). However,
further experiments have shown differing effects of hypokalaemia
on epicardial vs. endocardial APD parameters (95) as well
as regional differences in repolarization in canine hearts, due
to greater Igs and I, in RV compared to in the LV (96,
97). This shows that both the interlayer restitution gradient
and transepicardial APD difference constitute viable pathways
for arrhythmogenesis.

DIFFERENTIAL EFFECTS OF
HYPOKALAEMIA ON DISTINCT CELL
TYPES

Arrhythmogenic mechanisms in atrial and ventricular cell types
can differ. For example, EADs in ventricular cardiomyocytes
and tubulated atrial cardiomyocytes are attributed to Ca’*
overload (98). However, phase 3 EADs in untubulated atrial
cardiomyocytes are instead linked to the reactivation of
non-equilibrium Na‘t current and are driven by membrane
hyperpolarization and short action potential configurations
(98). Furthermore, hypokalaemia induces Ca?t overload in
ventricular cardiomyocytes by reduced pumping rate of the
Na®-K*-ATPase leading to subsequent Nat accumulation
(37). Moreover, structurally and functionally different small
conductance Ca’>t-activated K+ -channel (KCa2) inhibitors, ICA,
AP14145, and AP30663, exerted anti-arrhythmic effects in
hypokalaemic guinea pig hearts (99). In contrast, KCa2 blockade
was found to be pro-arrhythmic in rabbit hearts (29), the reasons
for which may be attributed to species differences or variations in
the pharmacological agents used (ICA, AP14145, and AP30663
vs. apamin) (99). Both AP14145 and AP30663 can inhibit the late
Na™ current at higher concentrations (100). Indeed, the increase
in intracellular Ca** can activate Ca?>*-calmodulin-dependent
kinase to increase the activity of the late Na® channel (38).
Hypokalaemia can also cause conduction abnormalities in the
cardiac conduction system, although not to the same extent as
hyperkalaemia. Thus, it can cause slowed conduction of action
potentials through the atrioventricular node in canine (94, 101)
and rabbit hearts (81), an abnormality that has also been reported
in humans (102).

BRIDGING OVER FROM BASIC TO
CLINICAL ELECTROPHYSIOLOGY

Human cardiac models tend to have differences in repolarization
reserve when compared to animal models, depending on cardiac
miRNA levels for ion channel subunit production (103). Utilizing
human induced pluripotent stem cell-derived engineered heart
tissue can overcome this human-to-animal model gap to better
simulate physiological outcomes in humans (104). While there
is a limited understanding specifically on the implications of

steep AP restitution gradients within the context of human
hypokalaemia, the heterogeneity of APD restitution slopes have
been proposed as a substrate for arrhythmogenesis in a whole-
heart modeling study (105). This phenomenon was subsequently
confirmed by the introduction of the Regional Restitution
Instability Index (R2I2) by Nicholson and colleagues (106, 107).

HYPOKALAEMIA IN THE CLINICAL
CONTEXT

The importance of understanding the underlying mechanisms
during hypokalaemia resides in its relationship with the
development cardiac arrhythmias in various clinical conditions.
Hypokalaemia is associated with increased risks of atrial
fibrillation amongst hospitalized patients (108). Moreover,
hypokalaemia is common in patients presenting with VT/VE
and those with severe hypokalaemia have found to be
associated with preceding gastrointestinal illness, higher doses
of diuretics (109), use of drugs such as anti-depressants (110),
as well as post-operative settings (111). In patients with
implantable cardioverter-defibrillators (ICDs), hypokalaemia but
not hyperkalaemia has been linked with increasing risk of
recurrent ventricular tachyarrhythmias and appropriate ICD
therapies (112). However, it should be stressed that the
relationship between hypokalaemia and adverse outcomes is
complex, in that it may or may not be an independent predictor
of mortality (113) and that its correction may not lead to
better outcomes in hospitalized patients (114). Moreover, altered
repolarization correlates with prolonged QTc and Tpeak-Tend
intervals in pre-clinical experimental studies (99). Both ECG
indices have been reported to provide predictive value for
arrhythmic risk stratification in the clinical context of acquired
long QT syndrome for humans (115). Indeed, in a Chinese
cohort of patients with acquired long QT syndrome, random
survival forest analysis identified hypokalaemia as the second
most important variable after cancer for predicting all-cause
mortality (116).

In heart failure, the use of diuretics and activation of the renin-
angiotensin system are the predominant causes of hypokalaemia
(117). Ventricular arrhythmias, particularly non-sustained VT,
are common (118, 119), involving both triggered and re-entrant
arrhythmias have been described (120-122). A recent meta-
analysis suggested a strong inverse association between serum K™
channel concentration and ventricular arrhythmias in patients
with myocardial infarction (123). In a large animal model
of chronic post-myocardial infarction fibrosis, hypokalaemia
revealed vulnerable electrophysiological substrates, which
highlighted the importance of conduction slowing over
repolarization instability in its arrhythmogenesis (124). Thus,
clinical decision-making should take into consideration
hypokalaemia as a common side effect of diuretics in patients
with prior myocardial infarction (125, 126). In emergency
settings, serum K' concentrations on admission alone or
together with the co-existing Thrombolysis in Myocardial
Infarction (TIMI) risk score was shown to predict more
accurately short- and long-term risk of malignant ventricular
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arrhythmias respectively (127, 128). Moreover, hypokalaemia
is not only a risk factor for VI/VF in the acute phase of
ST-segment-elevation myocardial infarction (STEMI), but is
also associated with VF before primary percutaneous coronary
intervention (129). Finally, hypokalaemia exerts pro-arrhythmic
effects in congenital long QT syndrome, such as in the context of
salt-wasting nephropathy (130). In otherwise silent mutational
carriers, it can reveal a long QT phenotype (131, 132). In such
patients, K™ supplement can protect congenital LQTS patients
or silent carriers against the development of VT/VF (133, 134).

CONCLUSION

This article reviewed the electrophysiological mechanisms of
triggered and re-entrant arrhythmogenesis in hypokalaemia, in
which the data were largely derived from pre-clinical animal
models. Prolonged repolarization can cause EADs, and Ca?"
handling can lead to the development of both EADS and
DADs, leading to triggered activity. Reduced conduction velocity,
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Introduction: Congenital long QT syndrome (LQTS) is a cardiac ion channelopathy
that predisposes affected individuals to spontaneous ventricular tachycardia/fibrillation
(VT/VF) and sudden cardiac death (SCD). The main aims of the study were to: (1) provide
a description of the local epidemiology of LQTS, (2) identify significant risk factors of
ventricular arrhythmias in this cohort, and (3) compare the performance of traditional
Cox regression with that of random survival forests.

Methods: This was a territory-wide retrospective cohort study of patients diagnosed
with congenital LQTS between 1997 and 2019. The primary outcome was
spontaneous VT/VF

Results: This study included 121 patients [median age of initial presentation: 20
(interquartile range: 8-44) years, 62% female] with a median follow-up of 88 (51-143)
months. Genetic analysis identified novel mutations in KCNQ1, KCNH2, SCN5A,
ANK2, CACNA1C, CAV3, and AKAP9. During follow-up, 23 patients developed
VT/VF. Univariate Cox regression analysis revealed that age [hazard ratio (HR): 1.02
(1.01-1.04), P = 0.007; optimum cut-off: 19 years], presentation with syncope [HR:
3.86 (1.43-10.42), P = 0.008] or VT/VF [HR: 3.68 (1.62-8.37), P = 0.002] and the
presence of PVCs [HR: 2.89 (1.22-6.83), P = 0.015] were significant predictors of
spontaneous VT/VF. Only initial presentation with syncope remained significant after
multivariate adjustment [HR: 3.58 (1.32-9.71), P = 0.011]. Random survival forest (RSF)
model provided significant improvement in prediction performance over Cox regression
(precision: 0.80 vs. 0.69; recall: 0.79 vs. 0.68; AUC: 0.77 vs. 0.68; c-statistic: 0.79 vs.
0.67). Decision rules were generated by RSF model to predict VT/VF post-diagnosis.
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Conclusions: Effective risk stratification in congenital LQTS can be achieved by clinical
history, electrocardiographic indices, and different investigation results, irrespective of
underlying genetic defects. A machine learning approach using RSF can improve risk
prediction over traditional Cox regression models.

Keywords: long QT syndrome, risk stratification, genetic variants, machine learning, random survival forest

INTRODUCTION

Long QT syndrome (LQTS) is characterized by an
abnormally long QT interval on the electrocardiogram, which
predisposes affected individuals to life-threatening ventricular
tachycardia/fibrillation (VT/VF) and sudden cardiac death
(SCD). They can result from a decrease in repolarizing currents
or an increase in depolarizing currents at the cellular level and
can have either congenital or acquired causes. Today, more than
16 genetic subtypes of congenital LQTS have been described.
However, the overall aggregate risk of arrhythmogenesis depends
on not only the genotypes but also on interacting clinical risk
factors, leading to difficulty in accurate risk stratification.

The clinical and genetic epidemiology of congenital LQTS has
been described in detail in Western populations. For example,
differences in electrocardiographic variables have been observed
between LQTS types 1, 2, and 3 (1). Bradycardia is a common
feature regardless of subtype (1) and early-onset atrial fibrillation
may be present (2). In Asia, several large-scale studies have been
conducted in Japan. It was recently reported that pathogenic
variants affecting the pore-forming regions of the ion channels
led to more arrhythmic phenotypes within a particular LQTS
subtype, and that gender-specific differences are seen in LQTS
types 1 and 2, but not type 3 (3). However, the epidemiological
and genetic data in Chinese patients are much less well-defined.
A single-center study of 58 Chinese pediatric patients with
congenital LQTS described the clinical course, confirming the
presence of other arrhythmias such as sinus node dysfunction,
atrioventricular block and atrial tachy-arrhythmias in addition
to VT/VF (4). It also reported that LQTS type 3 was the most
common, followed by Jervell and Lange-Nielsen syndrome type
1, LQTS types 1, 8, 2, and 4. The main aims of this territory-wide
study from Hong Kong are (1) to provide a description of the
local epidemiology of LQTS, (2) to identify significant risk factors
of ventricular arrhythmias in this cohort, and (3) to compare the
performance of traditional Cox regression with that of random
survival forests. In doing so, we describe several novel genetic
mutations that have not been previously identified in cohorts
from other geographical regions.

METHODS
Study Population

This retrospective study was approved by The Joint Chinese
University of Hong Kong - New Territories East Cluster
Clinical Research Ethics Committee (study approval number:
2019.338). The relevant datasets have been made available in an
online repository. The inclusion criteria were patients diagnosed

with congenital LQTS between 1997 and 2019 identified from
searching the electronic health records from the Hospital
Authority of Hong Kong. This system was previously used by
our team to study other ion channelopathies such as Brugada
syndrome (5, 6). Congenital LQTS was diagnosed if any of
the following criteria were met: (i) Schwartz LQTS score >3.5,
(ii) an unequivocally pathogenic mutation in one of the LQTS
genes, (iii) corrected QT interval of >500 ms on repeated 12-lead
ECG in the absence of a secondary cause for QT prolongation,
in accordance with the 2013 Heart Rhythm Society Expert
Consensus Statement (7). Those with unclassified variants were
also included in the present analysis if there is a high clinical
suspicion of LQTS or if prior clinical or functional studies have
reported an arrhythmogenic phenotype.

Extraction of Clinical and

Electrocardiographic Data

Clinical data of included patients were extracted from their
electronic health records. The following baseline clinical data
were collected: (1) sex; (2) presentation age; (3) follow-up
period defined as the time between presenting date and the
date of last follow-up or death, whichever was earlier; (4)
family history of LQTS and VT/VF/SCD; (5) initial presentation
with syncope or spontaneous VT/VE (6) development of
syncope or VT/VF on follow-up and the number of episodes,
if any; (7) electrophysiological study (EPS), 24-h Holter study,
genetic testing and results; (8) performance of treadmill test
and their effects on QTc prolongation on recovery, if present;
(9) concomitant presence of other cardiac arrhythmias; (10)
implantable-converter defibrillator (ICD) insertion; and (11)
dosage regimen on the prescription of beta-adrenergic blockers
and mexiletine.

Automatically measured parameters from baseline ECGs were
extracted, including (1) heart rate; (2) P-wave duration; (3) PR
interval; (4) QRS duration; (5) QT and QTc interval; (6) P-wave,
QRS and T-wave axis; (7) S-wave amplitude in lead V1 and (8)
R-wave amplitude in lead V5.

Statistical and Survival Analyses

All statistical analysis was performed using Stata MP (Version
13.0). Categorical variables were expressed as total number
(percentages). Continuous variables were expressed as mean =+
standard deviation. The primary outcome of this study was
spontaneous VT/VF. The above clinical and ECG variables were
analyzed as risk factors for survival analysis. Cox regression
with Efron’s method for ties was used to identify independent
predictors for shorter time to the first post-diagnosis VI/VF
event. Variables achieving P-value < 0.10 were entered into
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TABLE 1 | Baseline clinical characteristics and electrocardiographic variables of the included subjects.

Variable Overall (n =121) VT/VF on follow-up (n = 25) No VT/VF on follow-up (n = 96) P-value
Female gender 76 (62%) 17 (68%) 59 (61%) 0.221
Age of Initial Presentation 20 (8-44) 42 (21-53) 17 (8-37) 0.003
Follow-up Period (months) 88 (51-143) 131 (38-163) 85 (51-133) 0.332
Family history of LQTS 47 (39%) 7 (28%) 40 (42%) 0.358
Family history of sudden cardiac death 18 (15%) 2 (8%) 16 (17%) 0.355
Initial presentation with syncope 63 (52%) 18 (72%) 45 (47%) 0.005
Syncope 69 (57%) 19 (76%) 50 (52%) 0.006
Stress syncope 12 (10%) 2 (8%) 10 (10%) 0.828
Palpitations 22 (18%) 6 (24%) 16 (17%) 0.275
Premature ventricular complexes 21 (17%) 8 (32%) 13 (14%) 0.014
Initial presentation with VT/VF 31 (26%) 2 (48%) 19 (20%) 0.001
Other arrhythmias* 28 (23%) 6 (24%) 22 (23%) 0.710
EPS performed 6 (5%) 3 (12%) 3 (3%) 0.047
EPS positive 4 (67%) 1(33%) 3 (100%) 0.083
Schwartz score 4 (4-5) 5 (4-5) 4 (4-5) 0.010
Heart rate 71 (60-92) 69 (59-80) 76 (61-93) 0.300
P-wave duration 102 (93-111) 111 (102-135) 102 (91-110) 0.218
PR interval 158 (146-175) 167 (156-184) 156 (138-172) 0.029
QRS duration 90 (84-104) 98 (86-116) 89 (83-100) 0.141
QT interval 447 (402-490) 448 (428-510) 440 (396-482) 0.121
QTc interval 489 (460-516) 4983 (467-522) 486 (456-508) 0.380
P-wave axis 61 (37-73) 67 (51-78) 57 (37-72) 0.123
QRS axis 68 (30-83) 60 (20-82) 69 (44-85) 0.360
T-wave axis 53 (23-75) 38 (11-136) 55 (26-73) 0.769
R-wave amplitude in V5 1.07 (0.79-1.52) 1.04 (0.49-1.58) 1.07 (0.82-1.52) 0.739
S-wave amplitude in V1 0.60 (0.38-0.93) 0.60 (0.25-1.54) 0.60 (0.41-0.84) 0.993

#Other arrhythmias include any brady- or tachy-arrhythmias of non-ventricular origin, sinus node dysfunction and atrio-ventricular block. P-values less than 0.05 are shown in bold text.

multivariate analysis. Duration from the date of initial LQTS
presentation to the first post-diagnosis VT/VF event for patient
subgroups was compared qualitatively by Kaplan-Meier survival
curve and intergroup differences were compared using the log-
rank test.

Random Survival Forest (RSF) analysis was used to examine
the relative importance of different risk predictors. In RSE
statistical methods are used to estimate the hazard function
under the framework of a random forest (8) without making
any assumptions about the individual hazard function (9), and
ranks the significance of predictors for spontaneous VT/VF.
Features and samples are randomly selected for a tree, and log-
rank splitting is used to grow the trees. At the end of each
branch, a cumulative hazard function is calculated for the selected
individual tree. Finally, the ensembled estimated cumulative
hazard function is computed by averaging the results of all
the trees.

The rfsrc() function of rfsrc package and rpart() function
of rpart package in RStudio (Version 1.1.456) was used to fit
a RSF model. Sensitivity analysis on the number of trees and
out-of-bag (OOB) prediction performance of the RSF model
were then assessed. Survival estimates were calculated using the
Brier score (0 = perfect, 1 = poor, and 0.25 = guessing) based

on the inverse probability of censoring weight (IPCW) method
(10). The cohort was stratified into four groups based on 0-25,
25-50, 50-75, and 75-100 percentile values of incident VT/VF
(Figure 4).

RESULTS

Baseline Characteristics, Genetic Testing,

and Pharmacotherapy

This study included 121 consecutive congenital LQTS patients
[median age of initial presentation: 20 (interquartile range:
8-44) years, 62% female] with a median follow-up of 88
(51-143) months. The baseline characteristics of the cohort
are shown in Table 1. The spontaneous VT/VF incidence rate
per 1,000 person-year is 26.2. Family history of LQTS and
SCD was present in 39 and 15% of the cohort, respectively.
Of the cohort, 69 (52%) and 31 (26%) patients had syncope
or spontaneous VT/VF as the initial complaint (of these,
21 patients presented with both syncope and spontaneous
VT/VE). EPS studies were rarely conducted (6/121 patients)
of which four tested positive. Forty-six (38%) patients
underwent 24-h Holter study. Of these, abnormal heart
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FIGURE 1 | Kaplan-Meier survival curves demonstrating freedom from spontaneous ventricular tachycardia/ventricular fibrillation (VT/VF) during follow-up stratified by
age >19 years of age (top left), PVC (top right), initial presentation with syncope (bottom left), initial presentation with VT/VF (bottom right). All showed significant
difference between the two groups by the log-rank test.

rhythms (sinus arrhythmia, sinus bradycardia, atrioventricular
block, progressive cardiac conduction defect, premature atrial
complexes, atrial tachycardia or fibrillation, supraventricular
arrhythmias, ventricular couplets) were detected in 28 (23%)
patients. premature ventricular complexes (PVCs) were seen
in 21 (17%) of the patients. Treadmill exercise tolerance test
was performed in 40 (33%) patients. ICDs were implanted in
48 (40%) patients.

Genetic tests were performed for 61% of the study
cohort (Supplementary Table 1). Positive test results, defined
as identification of pathogenic, likely pathogenic or variant of
uncertain significance if supported by evidence of abnormal
ion channel function from functional or clinical studies, were
found in 81% of the tested individuals. Five patients had
normal genetic tests and the remainder did not undergo testing.
The novel mutations not described in cohorts from other
geographical regions are marked in Supplementary Table 1.
KCNQ1, KCNH2, SCN5A, KCNE1, CACNA1C mutations were

identified in 23, 24, 4, 4, and 6 patients, confirming LQTS
subtypes 1, 2, 3, 5, and 8, respectively. Single mutations
in CAV3 (c.277G>A), AKAPY9 (c.6065A>G) and CALM3
(c.286G>C) were found, which corresponded to LQTS types 9,
11 and 16.

The following six patients had compound mutations.
The first had c.782A>G in KCNQ2 and ¢.328G>A in
SCN3B. The latter has been described in a Japanese cohort
of Brugada Syndrome (11). However, our patient did not
have any Brugada pattern on the ECG. The second patient
had the ¢.31G>A mutation in KCNQI and c.56T>C
KCNH2. The third patient had the c. 1046C>G mutation
in KCNQl and ¢253G>A mutation in KCNEI. The
fourth patient had a variant of uncertain significance
and a low clinical significance variant in SCN10A. She
had recurrent syncope with ICD implantation but no
VT/VE. The final two patients are siblings whose mother
died of SCD, with ¢c.1186G>C mutation in CACNACI1
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TABLE 2A | Univariate Cox regression analysis for shorter time to VT/VF post-diagnosis.

Variable Hazard ratio (HR) 95% confidence intervals (Cls) P-value
Female gender 1.53 0.60-3.90 0.372
Age 1.02 1.01-1.04 0.007
Initial QTc interval 1.08 1.00-1.02 0.107
Family history of LQTS 0.59 0.24-1.45 0.252
Family history of sudden cardiac death 0.63 0.15-2.71 0.537
Family history of LQTS or SCD 0.61 0.26-1.44 0.261
Initial presentation with syncope 3.86 1.43-10.42 0.008
Syncope 4.21 1.43-12.45 0.009
Stress syncope 0.76 0.18-3.23 0.705
Palpitations 1.60 0.63-4.07 0.323
Premature ventricular complexes 2.89 1.22-6.83 0.015
Initial presentation with VT/VF 3.68 1.62-8.37 0.002
Other arrhythmias 0.92 0.36-2.35 0.869
EPS performed 3.77 1.10-12.87 0.034
EPS positive - - -
Schwartz score 1.39 0.88-2.21 0.157
Heart rate 0.99 0.97-1.01 0.398
P-wave duration 1.01 0.96-1.05 0.819
PR interval 1.01 0.995-1.031 0.149
QRS 1.01 0.997-1.028 0.104
QT interval 1.01 0.998-1.012 0.128
QTc interval 1.00 0.995-1.012 0.382
P-wave axis 1.00 0.99-1.01 0.857
QRS axis 1.00 0.99-1.01 0.921
T-wave axis 1.00 0.99-1.01 0.936
R-wave amplitude in V5 0.76 0.33-1.76 0.523
S-wave amplitude in V1 1.30 0.37-4.56 0.679
P-values less than 0.05 are shown in bold text.

TABLE 2B | Multivariate Cox regression analysis for shorter time to VT/VF post-diagnosis.

Variable Hazard ratio (HR) 95% confidence intervals (Cls) P-value
Age 1.02 0.998-1.04 0.073
Initial presentation with syncope 3.68 1.32-9.71 0.011
Initial presentation with VT/VF 2.22 0.87-5.64 0.093
Premature ventricular complexes 2.00 0.77-5.21 0.156

P-values less than 0.05 are shown in bold text.

(pathogenic) and c.1627G>A mutation in ANK2 (variant
of uncertain significance).

In terms of pharmacotherapy, 107 patients (79.9%) were
administered beta-adrenergic receptor blockers. Amongst the
107 patients, the following beta-adrenergic receptor blockers
(most common dosage, daily dose) were prescribed: (1) atenolol
(n =29, 225 + 452 mg); (2) bisoprolol (n = 8, 1.22 £ 1.37 mg);
(3) carvedilol (n = 4, 12.9 £ 11.9mg); (4) labetalol (n = 1,
600 £ 0mg); (5) metoprolol (n = 55, 112 £+ 89.6mg); (6)
nadolol (n 19, 229 £ 915mg); (7) nebivolol (n = 2, 5
£ 0mg); (8) propranolol (n 46, 43.1 + 27.2mg); sotalol
(n =1, 160 & 0 mg). Mexiletine was prescribed to 12 of the 107
patients (364 £ 113 mg).

Follow-Up and Predictors of Spontaneous

VT/VF Outcomes Post-diagnosis

In total, 23 patients developed VT/VF during follow-up. Kaplan-
Meier curves demonstrating freedom from spontaneous VI/VF
stratified by age >19 years old, PVC, initial presentation with
syncope or VT/VF status are shown in Figure 1 (top left, top right,
bottom left and bottom panels). Significant differences were found
between all groups by the log-rank test (P = 0.002, P = 0.011,
P =0.004 and P = 0.001, respectively).

Univariate Cox regression analysis was performed (Table 2A),
revealing that age [hazard ratio (HR): 1.02 (1.01-1.04), P = 0.007;
optimum cut-off: 19 years], presentation with syncope [HR:
3.86 (1.43-10.42), P = 0.008] or VT/VF [HR: 3.68 (1.62-8.37),
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TABLE 3 | Variable importance ranking to predict VT/VF post-diagnosis with RSM

model.
Importance Relative importance

Age 0.0815 1.0000
Schwartz score 0.0057 0.0705

Family LQTS 0.0035 0.0427

Sex 0.0022 0.0269

Family SCD 0.0018 0.0223

Initial QTc interval —0.0030 —0.0369

Other arrhythmias —0.0045 —0.0551

Initial VT/VF —0.0091 —0.1120

P = 0.002] and the presence of PVCs [HR: 2.89 (1.22-6.83),
P = 0.015] were significant predictors of spontaneous VT/VEF.
Only initial presentation with syncope remained significant
after multivariate adjustment [HR: 3.58 (1.32-9.71), P = 0.011;
Table 2B].

Random Survival Forest (RSF) Analysis and
Comparisons With Cox Proportional

Hazard Model

Next, RSF analysis was applied to the present dataset. The data
input into the model and relative importance values of the
included variables for outcome prediction are shown in Table 3.
Sensitivity analysis based on tree number in the RSF model
and the derived variable importance ranking were also obtained
(Figure 2, left panel and right panel). The prediction error
becomes smaller when the number of trees in the RSF model
increases, indicating that the model learns better when the forest
structure becomes more complex. However, this is offset by the
disadvantage that more trees take more time for model training
and potentially lead to over-fitting. The sensitivity analysis
provides a guidance for choosing the optimum number of trees
to yield an acceptable prediction error without overcomplicating
the model. Marginal effects reveal how a dependent outcome
variable varies when the independent variable changes. The
survival curve and cumulative hazard function generated by the
RSF model is detailed in Figure 3 (left panel and right panel).
Survival estimates from the RSF model are shown in Figure 4.
A survival function was determined for each LQTS patient. In the
top left panel, the red line illustrates the overall ensemble survival,
whereas the green line shows the Nelson-Aalen estimator. The
top right panel shows Brier score (0 = perfect, 1 = poor, and
0.25 = guessing) stratified by ensemble spontaneous VT/VF
based on the inverse probability of censoring weight (IPCW)
method (10). The cohort was stratified into four groups of 0-
25, 25-50, 50-75, and 75-100 percentile for the occurrence
of spontaneous VT/VF (the overall non-stratified Brier score
is shown by the red line). The bottom left panel shows the
continuous rank probability score (CRPS) given by the integrated
Brier score divided by time, whereas the bottom right panel
shows a plot of VT/VF postdiagnosis of each patient against time.

Finally, comparative analysis showed that the RSF model
showed an improved performance compared to Cox regression
model as illustrated by the higher values in precision, recall, AUC
and Harrell’s C index with a 5-fold cross validation approach
(Table 4). Decision rules were generated by RSF model to predict
VT/VF post-diagnosis as shown in Figure 5. ROC and AUC of
RSF model to predict VI/VF post-diagnosis were presented in
Figure 6.

DISCUSSION

In this territory-wide study of congenital LQTS patients, the main
findings are: (i) the identification of novel mutations in a number
of putative ion channel genes, (ii) family history of LQTS or
SCD, initial presentation with syncope or VT/VE, the presence of
PVCs, QTc interval and QRS duration were significant predictors
of spontaneous VT/VF on univariate Cox regression and
only prior presentation with VI/VF remained significant after
multivariate adjustment; (iii) RSF model provided significant
improvement in risk prediction over Cox regression.

Genetic Heterogeneity in a Chinese Cohort
of Congenital LQTS

Loss-of-function mutations in various potassium channel
subunits are responsible for LQTS types 1 (KCNQ1), 2 (KCNH2),
5 (KCNE1), 6 (KCNE2), 7 (KCNJ2), and 13 (KCNJ5). Gain-
of-function mutations in sodium channel subunits lead to
LQTS types 3 (SCN5A) and 10 (SCN4B), and in the L-type
calcium channel produces LQT type 8 (CACNAIC, Timothy
syndrome). Mutations in supporting proteins are responsible
for the LQT type 4 (ANKB), 9 (CAV3), 11 (AKAP9), and
12 (SNTA1) phenotypes. The underlying mechanisms can be
due to a direct reduction in gating properties, or altered
expression, localization or trafficking of these ion channel
proteins affecting repolarization or late depolarization. Genetic
analysis identified novel mutations in KCNQ1, KCNH2, SCN5A,
ANK2, CACNAIC, CAV3, AKAPY, and HCN4.

The following novel mutations in KCNQI were identified.
The ¢.31G>A mutation in exon 1 leads to E11K variant, altering
the secondary structure of this subunit. In silico analysis predicts
this mutation to be probably damaging to channel function. The
Human Gene Mutation Database has reported two mutations
in nearby regions, A2V, P7S, in the context of LQTS (12). The
¢.782A>G mutation in exon 6 affects the S4/S5 region and is
predicted to be likely pathogenic. The ¢.1018T>C mutation in
exon 7 affecting the S5-pore-S6 region and ¢.1831G>A in exon
16 affecting the C-terminus are pathogenic. Three novel KCNH2
mutations were found. Firstly, c.211G>T in exon 2 affecting the
N-terminus is pathogenic. A different missense variant affecting
the same codon, ¢.211G>C has been reported previously in
LQTS patients (13, 14). The ¢.1738G>A in exon 7 affects the
S5-pore-S6 region. The ¢.1738G>C mutation affecting the same
codon was reported to be likely pathogenic (VCV000191223.1).

The ¢.1627G>A mutation in ANK2 leads to a change in
amino acid from valine to methionine in the membrane-binding
domain and has not been described in LQTS. It has been classified
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as a variant of uncertain significance, but the valine is located
at a moderately conserved region (VCV000526909.1). In the
two siblings harboring this mutation, the pathogenic variant
¢.1186G>C in CACNAI1C was also found. It was therefore not
possible to examine the relative contributions of these variants to
the electrophysiological phenotype.

Moreover, a mutation in CAV3, c.277G>A leading
to p.Ala92Thr, was identified in a neonatal patient who
presented with supraventricular tachycardia associated with
prolonged QTc of values between 450 and 480ms. CAV3
encodes for the scaffolding protein caveolin-3, which is

the main component of caveolae. Previously, autosomal
recessive ¢.277G>A mutation was associated with rippling
electromyographic discharges with muscular dystrophy (15),
whereas heterozygotes were asymptomatic with normal cardiac
function but electrocardiographic findings were not reported
(16). Nevertheless, the p.Ala85Thr and p.Phe97Cys mutations
were linked to a persistent late sodium current in LQTS (17).
Given that caveolin-3 and the SCN5A subunit co-localize in the
cell membrane, the CAV3 mutation in our patient may increase
the QTc interval by increasing the late sodium current, but this
remains to be elucidated in functional studies.
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TABLE 4 | Performance comparisons of RSF and multivariate Cox models to (c.286G>C leading to p.Asp96His) was also found in one

predict VT/VF post diagnosis with 2-fold cross validation approach. patient. This mutation was previously associated with severe

Model Precision Recall Brier score AUC Harrell’s C index QTC % rOIOHgation to 690ms with 2:1 atrioventricular block
and T-wave alternans, recurrent VF and aborted SCD events

RSF 0.80 0.79 0.10 0.77 0.79 accompanying cerebral seizures (20).

Multivariate Cox 0.69 0.68 0.16 0.68 0.67

Mechanisms of Ventricular

A mutation in AKAP9 was detected in an asymptomatic  Arrhythmogenesis in Congenital LQTS
young boy with ECG findings of QTc prolongation to 485ms,  Univariate =~ Cox  regression  findings using  clinical
slow rising T-waves, T-wave inversion in V1-V3 and notched electrocardiographic data demonstrate that PVCs and prolonged
waves in V4-V6. He initially presented with seizures and  QTc intervals predicted incident spontaneous VT/VF. They
had a diagnosis of XL creatine transporter deficiency. AKAP9  therefore support the trigger-substrate hypothesis in LQTS
encodes for the kinase-anchor protein-9 and is recognized as a  (21). Significant predictors of spontaneous VT/VE were
genetic modifier of congenital LQTS (18). Its loss-of-function  syncope at initial presentation or occurring at follow-up.
mutations have been associated with congenital LQTS type in accordance findings from previous studies investigating
11 (19). congenital LQTS cohorts (22, 23). Family history of LQTS

In addition to the novel mutations described above, our  was identified as a protective factor. The reason is that
study also identified pathogenic variants in KCNQI, KCNH2, family members of the probands who were tested positive
SCN5A, and KCNEL. Moreover, the D96V mutation in CALM3  for the genetic mutations, but without spontaneous VT/VF
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events, were also included. As many were silent carriers,
their inclusion meant that the hazard ratios were skewed to
lower values.

Improved Prediction of Spontaneous VT/VF
Using Random Forest Analysis Compared

to Cox Regression

RSF builds hundreds of trees and generates outcome prediction
by voting method for analyzing right censored survival data
(8). The advantage is that unlike the Cox proportional hazard
model, it does not make assumptions about the individual
hazard function (9) and ranks the significance of predictors
for spontaneous VT/VF. Randomization is introduced in
two forms: a randomly drawn bootstrap sample of data for
growing the tree, and nodes splitting on randomly selected
predictors for growing the tree learner. The boosting tree
structure in RSF can capture the nonlinear effects and complex
interactions among the variables, which can reduce prediction
variance and bias as well as significantly improve learning
performance (9). Moreover, RSF can handle the effects of
the treatments and predictor variables, whereas traditional
methods using Cox or Kaplan Meier analysis utilize a linear
combination of attributes (24). RSF has been applied to

improve prediction of all-cause mortality, heart failure-related
hospitalizations, cost and home days loss in heart failure (25)
in addition to mortality prediction in heart failure patients
undergoing cardiac resynchronization therapy (26). Moreover,
it successfully predicted inpatient mortality following cardiac
arrest after admission to intensive care (27), sudden cardiac
arrest in the Left Ventricular Structural (LV) Predictors of
Sudden Cardiac Death (SCD) Registry (28) and all-cause
mortality prediction in acquired long QT syndrome (29).
Our study demonstrates for the first time that RSF model
can significantly improve spontaneous VT/VE prediction in
inherited LQTS.

LIMITATIONS

Several limitations should be noted. Firstly, this was a
retrospective study. Nevertheless, for most patients, six-monthly
to annual follow-ups were available. In Hong Kong, all public
hospitals have linked electronic health records, meaning that if
patients are admitted to another hospital, the case records and
investigation results can be traced back and viewed electronically.
Secondly, the predictive value of investigations was limited by
the relatively small sample size of this cohort. Thirdly, only
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scanned ECGs were available and therefore the ECG variables
summarized were averaged from the 12 leads. The raw ECG
files could not be obtained and therefore it was not possible
to extract the measurement from each lead. Future work
should explore the possibility of converting scanned images
to electronic ECG files for detailed analyses, for example to
investigate whether the incorporation of novel indices such
as T-wave morphology can further enhance diagnosis or risk
prediction (30, 31). Fourthly, for some patients, only Sanger
sequencing of targeted genes was performed, without next
generation sequencing (NGS) of their entire genomes. Therefore,
contributions from mutations in other genes cannot be excluded.
Because genetic tests were not performed in all of the LQTS
patients included, our risk model did not include genetic
results as a predictive variable. Other studies have reported that
genotype is an important determinant of arrhythmic risk (32—
34), and prospective studies should be conducted to identify
genetic risk factors. Finally, the family history of LQTS was low
because the medical records for the relatives of probands were
often not accessible, unless the attending physicians specifically
noted down the identity details or coded them with ICD-
9 codes.

CONCLUSIONS

Effective risk stratification in congenital LQTS can be
achieved Dby clinical history, electrocardiographic indices,
and different investigation results, irrespective of underlying

genetic defects. A machine learning approach using
RSF can improve risk prediction over traditional Cox
regression models.
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Incidence of cardiac arrhythnmias increases significantly with age. In order to
effectively stratify arrhythmic risk in the aging population it is crucial to elucidate
the relevant underlying molecular mechanisms. The changes underlying age-related
electrophysiological disruption appear to be closely associated with mitochondrial
dysfunction. Thus, the present review examines the mechanisms by which age-related
mitochondrial dysfunction promotes arrhythmic triggers and substrate. Namely, via
alterations in plasmalemmal ionic currents (both sodium and potassium), gap junctions,
cellular Ca?*t homeostasis, and cardiac fibrosis. Stratification of patients’ mitochondrial
function status permits application of appropriate anti-arrhythmic therapies. Here, we
discuss novel potential anti-arrhythmic pharmacological interventions that specifically
target upstream mitochondrial function and hence ameliorates the need for therapies
targeting downstream changes which have constituted traditional antiarrhythmic therapy.

Keywords: arrhythmias, mitochondrial dysfunction, ROS, aging, ion channels

INTRODUCTION

Aging is the progressive decline in the fitness of an organism due to cumulative organ-specific
physiological deterioration (1, 2). The advancement of modern medicine is thus reflected in
increasing human life expectancy (3). However, an aging population offers novel medical challenges
with increasing prevalence of a number of conditions including cardiovascular, oncological, and
neurological diseases. The incidence of cardiovascular diseases increases exponentially in the
elderly population (4, 5). In the aging population, cardiovascular diseases are the leading cause
of morbidity and mortality (3, 5, 6). Thus, cardiovascular diseases have a prevalence of 82.6 million
(36.2%) in the United States (4) carrying a greater financial burden than any other group of diseases
including cancer and benign neoplasms (4). In 2007, 33.6% of all deaths (~814,000 people) in the
United States had cardiovascular disease as the underlying cause of death (4). It is estimated that
eliminating mortality from cardiovascular diseases would add between 5.5 and 7 years to mean life
expectancy (4, 7). As the aging population continues to increase, with the number of elderly people
predicted to double in the next 25 years in the United States age related cardiovascular diseases will
continue to represent a major public health concern (5, 8). As such, it is increasingly important to
be able to stratify risk of cardiovascular diseases by age and understand their underlying age-related
molecular mechanisms in order to develop effective pharmacological therapies.
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Within cardiovascular diseases, cardiac arrhythmias arise due
to disruption in the orderly sequence of cardiomyocyte action
potential activation and recovery through successive regions of
the myocardium compromising cardiac function (9, 10). Of atrial
arrhythmias, atrial fibrillation (AF) is the most common type.
It is associated with major morbidity by increasing the risk of
stroke and heart failure, as well as all-cause mortality (11-13).
Ventricular arrhythmias such as ventricular tachycardia often
degenerating into ventricular fibrillation (VF) are also a major
public health concern. They constitute the primary cause of
sudden cardiac death (SCD), which accounts for 4-5 million
deaths/year worldwide (14) representing over 5% of overall
mortality (15).

Incidence of cardiac rhythm abnormalities increases
exponentially with age (6, 16, 17). Hence, incidence of AF in
the general population increases 23-fold from the 20-24 to the
55-59 years age group (18, 19) and reaches a prevalence of over
13% in the >80 years age group (20). Similarly, incidence of VF
in the general population increases 18-fold from the 20-24 to the
55-59 years age group (21).

Primary electrical abnormalities due to congenital
channelopathies represent an important cause of arrhythmias
and SCD (15, 22, 23). These include long QT syndrome 3
(LQT3) arising from a gain-of-function mutation in the cardiac
sodium Nay1.5 channel gene SCN5A, Brugada Syndrome (BrS)
arising from a loss-of-function mutation in the SCN5A gene,
and catecholaminergic polymorphic ventricular tachycardia
(CPVT) arising from a gain-of-function mutation in RyR2 gene
or loss-of-function mutation in CASQ2 gene encoding cardiac
calcium homeostasis proteins (23, 24). Proarrhythmic inherited
channelopathies demonstrate how each component of the cardiac
electrophysiological system contributes to arrhythmogenesis.
Thus, studying those channelopathies has been crucial to
elucidating the mechanisms underlying arrhythmogenesis in the
general and aging population.

Interestingly, arrhythmic risk in individuals with many
inherited channelopathies, such as BrS and LQT3, increases
markedly with age, despite these individuals carrying the
proarrhythmic mutation from birth (25). For example, LQT3
patients show significantly increased arrhythmic risk after the
40 years of age (26, 27). In CPVT however, patients are usually
diagnosed in the first or second decade of life with the mean
age of onset of symptoms, usually a syncopal episode, is between
age seven and 12 years (28). Therefore, select channelopathies
demonstrate an excellent paradigm to study the effects of age-
related molecular changes on susceptible hearts with inherent
proarrhythmic tendency. This will elucidate the molecular
mechanisms underlying proarrhythmic changes with age and
hence offer novel anti-arrhythmic pharmacological targets.

AGING AND ENERGETIC DYSFUNCTION

It has long been established that central to the aging process
of any organ is energetic dysfunction giving rise to free
radical reactive oxygen species (ROS) that cause damage to
cellular macromolecules, accumulation of this damage leads to
the physiological compromise seen in aging (5, 29). Current
evidence suggests that mitochondrial dysregulation is the cause

and primary target of energetic dysfunction and free radical
production (5, 30). Thus, transgenic mice overexpressing the
cellular antioxidant catalase targeted to the mitochondria had
a reduced ROS-induced damage of the mitochondria and
significantly increased lifespan (31).

A clear link exists between aging and mitochondrial
dysfunction, occurring through various mechanism which
include mitochondrial DNA damage, clonal expansion of
deleterious mutations in mitochondrial DNA and deficiencies
in the enzymes of the mitochondrial respiratory chain,
such as cytochrome-c-oxidase (32-36). This phenomenon of
aging driving mitochondrial genetic instability has thus been
observed not just in humans but several other mammalian
species, including in mice, rats, and rhesus monkeys (37-
39). The link between aging and mitochondrial dysfunction
appears to be bidirectional. For example, increased levels of
mitochondrial DNA mutations are associated with a premature
aging syndrome in mice (34, 40). Therefore, it is apparent
that understanding the biology of mitochondrial instability via
mitochondrial DNA mutations and enzyme deficiencies is key
to understanding cellular- and tissue-level changes that underlie
aging-related pathology.

As such, damaged and dysfunctional mitochondria result
in production of high levels of ROS, disrupted mitochondrial
membrane potentials, reduced ATP production capacity, and
altered cellular redox potential (5, 41-44). The consequent
aberrant mitochondrial signaling predisposes the myocardium to
arrhythmias (9, 43).

This is demonstrated clinically and experimentally.
Mitochondria from human AF patients are abnormal in
terms of morphology and function and show DNA damage
(45-48). Abnormal mitochondria are also seen in animal
models of AF and ventricular arrhythmia (49-51). Additionally,
inherited errors of metabolism involving mitochondria such
as Kearns-Sayre syndrome manifest symptomatically as fatal
rhythm abnormalities (52). Detailed electrophysiological studies
in peroxisome proliferator-activated receptor gamma coactivator
1-alpha (Pgc-1a) and Pgc-1B knockout models of mitochondrial
dysfunction yield similar overt arrhythmic phenotypes whilst also
yielding information on the ionic basis of these arrhythmias. For
example, Pgc-1B-/- mice show decreased atrial and ventricular
conduction velocity, which may be attributed to reduced voltage
gated inward Na™ currents (53-60).

The present review separates the pro-arrhythmic molecular
changes in aging into multiple pathways. However, this is largely
to make the topic more accessible and easier to conceptualize.
In reality these pathways are dependent upon and interact
with each other through complex feedback loops. Physiological
interactions which are important to the arrhythmic process are
also highlighted.

MICE MODELS

Animal models have been pivotal in studying arrhythmias,
permitting experimentation on the cellular and system level.
Mice, often with electrophysiologically stable 129/Sv or C57BL/6
genetic backgrounds, have thus far represented the main
transgenic system for modeling arrhythmic syndromes (61,
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62) typically via well-defined mutations strategically positioned
to reflect the genotypes associated with these syndromes and
reliably reflecting their phenotype (9, 23, 63). From a practical
aspect, mice are inexpensive, easily maintained, and reproduce
rapidly thus allowing provision of aged mice over relatively short
periods (25). Mice also reflect the human aging process such
that they complete their growth before reproduction commences
(1, 64). Furthermore, confounding risk factors which influence
cardiovascular health (e.g., smoking and hypercholesterolaemia)
are absent in murine models and as such their hearts reflect
intrinsic cardiac aging (1). Together, these features of murine
models make them valuable in the study of the mechanisms
underlying cardiac aging.

Despite differences with regards to heart rate, heart size,
as well as calcium- and potassium-mediated repolarization
currents, which limits their ability to model conditions
such as LQT1 and LQT2, murine and human hearts show
significant structural and physiological resemblances (65).
Structural similarities include similar conducting, sinoatrial and
atrioventricular nodes, His-Purkinje systems and contracting
atrial and ventricular chambers (25, 65, 66). Important
electrophysiological similarities exist especially with respect to
their action potential (AP) waveforms where they both share the
same role of the inward sodium current in mediating phase 0
depolarization (25, 65) as well as similar transmural differences
in AP duration and AP conduction velocities (65, 67, 68). These
similarities are critical in permitting mice to effectively model
LQT3 and BrS (9).

MITOCHONDRIAL DYSFUNCTION AND
DISRUPTED SURFACE MEMBRANE IONIC
CURRENTS

Mitochondrial Dysfunction and Sodium

Currents

ROS promote both arrhythmic triggers and substrates and hence
exert numerous proarrhythmic actions through modulation
of intracellular and cell surface ion channels. Firstly, ROS
modifies the expression and function of voltage gated Na™
carrying channel, Nayl.5, causing a decrease in the fast
depolarizing component of the sodium current (In,) but
an increase in the late sodium current (Ina—1) (9, 69-72).
Thus, in human embryonic kidney (HEK) cells and C57BL/6
murine cardiomyocytes, application of cytosolic NADH and
mitochondrial ROS-generating molecules, such as the complex
III inhibitor Anti-mycin A, reduced In, (69, 70). However, this
effect was blocked by application of mitoTEMPO a specific
scavenger of mitochondrial superoxide (69, 70). In murine hearts
modeling mitochondrial dysfunction, increased age and Pgc-
1B-/- genotype interacted to decrease atrial Nay1.5 channel
expression (36). Furthermore, the A280V mutation in glycerol-
3-phosphate dehydrogenase 1-like (GPD1-L) protein, which
causes Brugada syndrome, reduces Iy, via increasing cytosolic
NADH and mitochondrial ROS levels (73, 74). Additionally,
through oxidation of the Ca?*-/calmodulin-dependent kinase

IT (CaMKII), ROS has also been shown to enhance In,_1, (75—
78). Together, these alterations in the cardiomyocyte sodium
current promote arrhythmogenesis through increased triggered
activity and arrhythmic substrate. These findings are summarized
in Figure 1.

Increased In,—1 prolongs membrane repolarization and as
such allows the development of early-after depolarizations
(EADs) through reactivation of voltage-gated Ca®t channels
(VGCC), and in turn, EADs can trigger arrhythmic events
(79, 80). In addition, repolarization defects caused by increased
INa—1 promote spatiotemporal heterogeneity and transmural
dispersion of repolarization arrhythmic substrate (79, 80).
The changes in In, have profound consequences on ordered
action potential propagation through the myocardium. Cardiac
conduction velocity is largely determined by the maximum
rate of membrane depolarization (dV/dt)max, which in turn
is determined by In, and conducted by the Nayl.5 channel.
Reduced conduction velocity forms the arrhythmic substrate
associated with re-entrant arrhythmias (81, 82). Interestingly,
these findings may explain the change in phenotype with age
in certain channelopathies. For example, an overlap syndrome
in aging LQT3 patients describes the emergence of Brugada
syndrome patterns on surface ECGs in addition to the
prolonged QT interval indicative of LQT3 (83, 84). Similarly,
electrophysiological studies on murine LQT3 models report
decreased conduction velocity in aged, but not young, hearts
(85, 86). Therefore, age-related mitochondrial dysfunction and
ROS generation may account for the activation abnormalities
that appear later in life in LQT3 patients and associated with
increased arrhythmic risk. Another important consideration is
the close link between intracellular Nat and Ca?* regulation.
Hence, the increase in Iy, causing increased [Na']; has
been shown to increase [Ca’"]; largely through reversing the
activity of the sodium-calcium exchanger (NCX) (87, 88). In
turn, as discussed later, elevated [CaZt]; promotes proarrhythmic
electrophysiological changes including inhibition of In, (89, 90).

Mitochondrial Dysfunction and Gap

Junctions

Cardiac conduction velocity is also influenced by the axial
resistance (r,) to local current flow between cells as determined
by intercellular gap junction channels formed by connexin (Cx)
proteins (82, 91). ACE8/8 mice are produced by placing the
angiotensin-converting enzyme (ACE) gene under the control of
the a-myosin heavy chain promoter using targeted homologous
recombination. This results in significantly increased cardiac
ACE and angiotensin II levels. Studies on ACE8/8 mice
demonstrated that increased ROS production through renin-
angiotensin system (RAS) activation, increased expression
and activation of the redox-sensitive tyrosine kinase cSrc in
ventricular cardiomyocytes resulting in reduced Cx43 function
and expression (74, 92, 93). This reduced conduction velocity
and increased risk of ventricular arrhythmias (74, 94). Similarly,
Pgc-1P-/- transgenic mice reflecting mitochondrial dysfunction
showed reduced atrial Cx protein expression (36). The latter
finding may represent a direct consequence of ROS induced
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FIGURE 1 | (A) Summarizes the interacting mechanisms by which mitochondrial dysfunction promotes arrhythmogenesis. Mitochondrial dysfunction driven by
mitochondrial DNA damage and defective electron transport chain (ETC) enzymes results in reduced ATP and increased reactive oxygen species (ROS) production. In
turn, this modifies function and/or expression of sarcolemmal ATP-sensitive Kt channels (sarcKare), gap junction proteins (Cx43), cardiac sodium channels (Nay1.5),
cardiac L-type voltage gated Ca?* channels (Cay1.2), and cardiac voltage gated potassium channels (Ky). Moreover, ROS modify endoplasmic reticulum Ca?+
homeostasis proteins ryanodine receptor (RyR) and sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) resulting in elevated cellular Ca* levels which drives the
depolarizing Na+-Ca?* exchanger (NCX). Together, these changes increase arrhythmic triggers and substrates. APD/ERP: action potential duration/effective refractory
period ratios; DADs: delayed after-depolarizations; EADs: early after-depolarizations; TDR: transmural dispersion of repolarization. (B) Summarizes mitochondrial Ca2*+
(Continued)
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FIGURE 1 | handling and its relation to mitochondrial dysfunction and elevated cytosolic Ca®*. Ca®* enters the mitochondria via voltage dependent anion channels
(VDAC) and mitochondrial calcium uniporter (MCU). This is driven by the negative mitochondrial membrane potential (~—180mV). Increased cytosolic Ca®+ through
mechanisms demonstrated in (A) will result in increased uptake and concentration of mitochondrial Ca2*. Mitochondrial Ca?t overload contributes to mitochondrial
dysfunction. Firstly, Ca®* stimulation of the Krebs cycle and the oxidative phosphorylation electron transport chain increasing electron leakage and ROS by-products.
Secondly, Ca?*-cardiolipin complexation disrupting mitochondrial lipid and protein arrangement causing proteins such as cytochrome ¢ dislocation and inhibition of
the electron transport chain and ROS production. Thirdly, through activation of nitric oxide synthase generating NO radicals which inhibit components of the ETC and
promote ROS production. Increased ROS and cytosolic Ca®* also inhibit mitochondrial permeability transition pores (mPTP) impairing Ca®* uptake and contributing
to increased cytosolic Ca®t. Ca* is also extruded through the hydrogen-calcium exchanger (HCX) and the mitochondrial sodium-calcium exchanger (NCX).

pathophysiology, although it may also be linked to the increased
cardiac fibrosis which is seen in these mice, and discussed later in
this review.

Mitochondrial Dysfunction and Potassium

Currents

Voltage gated potassium (Ky) channels are regulated by cellular
metabolism. Ky channels give rise to the transient outward K+
current (Iy,) underlying phase 1 repolarization, and the delayed
rectifier KT current (Ix) underlying repolarization during phases
2 and 3 of the action potential (95). Electrophysiological
studies on diabetic rats have demonstrated repolarization
abnormalities resulting from downregulation Ky currents (96,
97). Experimentally, increased ROS has been shown to reduce
I, and Ik (including Ik, Ixs and Igy) currents (74, 98,
99). This inhibition can be reversed through application of
cellular antioxidant glutathione (74, 97, 100). ROS reduces
Ky currents through reducing channel mRNA and protein
expression levels (74, 99, 101). Peroxisome proliferator-activated
receptor o (PPAR«a) upregulation during metabolic dysfunction
has specifically been associated with reduced transcription
of Ky channels (102). Additionally, ROS modulates Ky
channel function by altering their phosphorylation status
particularly acting through PKC and PKA (74, 103). Reduced
Ky currents results in repolarization abnormalities resulting
in prolonged action potential duration (APD) promoting
EAD arrhythmic triggers (9, 95). Furthermore, altered APD/
effective refractory period (ERP) ratios result in spatiotemporal
heterogeneity in activation and repolarization hence furnishing
an arrhythmic substrate for re-entry arrhythmias (9, 81,
95).

Another group of K channels conduct an inwardly rectifying
KT current (Kj). These include sarcolemmal ATP-sensitive
K* channels. (sarcKarp) predominantly formed by Kir6.2 and
SUR2A and are important in the electrophysiological response to
stresses such as ischemia (104). These are activated by a reduced
ATP/ADP ratio during metabolic stress (105). The high density
of sarcKarp channels means that only 1% of those channels need
to open to significantly shorten the APD and hence the ERP and
action potential wavelength (9, 106). Furthermore, opening of a
large number of channels drives the membrane potential toward
Ex causing the cardiomyocyte to become hyperpolarized and
unexcitable (107). Thus, opening of sarcKarp channels generates
a “current sink” which can slow or block action potential
propagation (108). Together, these changes promote re-entrant
arrhythmias (9, 106, 108, 109).

MITOCHONDRIAL DYSFUNCTION AND
DISRUPTED CALCIUM HOMEOSTASIS

With a 10,000-fold transmembrane gradient, Ca?* is the most
tightly regulated intracellular ion being utilized virtually
ubiquitously in cellular signaling pathways (110, 111).
Cardiomyocyte Ca?t homeostasis is heavily influenced by
cellular metabolism with increased ROS levels increasing
cytosolic Ca>* concentration ([Ca?t];) (74, 112). These findings
are summarized in Figure 1. The addition of H,O, generating
ROS in guinea pig ventricular myocytes resulted in increased
current through the L-type voltage gated Ca**t channels (Icar)
and hence significantly increased [Ca2t]; (113). This, however,
was reversed by application of the mitochondrial inhibitor
myxothiazol or the L-type channel inhibitor nisoldipine (113).
CAMKII activated by ROS has been shown to increase Ic,L
via phosphorylation of the Cay1.2 subunit (114) and similar
accentuating effects on Ic,, were induced by oxidized LDL
in rat ventricular cardiomyocytes (115). Furthermore, L-type
channel appear to undergo direct redox modification and
glutathionylation at cysteine residues in the alpha interacting
domain (116, 117). Interestingly, the effect of ROS accentuating
Ica. has been challenged by other findings obtained under
different experimental conditions which reported reduced Ic,y,
following oxidative stress (118).

In addition to sarcolemmal Ca’t entry, ROS modulates
intracellular Ca?* handling proteins. Both canine and rat
cardiomyocytes show increased opening of RyR2 in response
to elevated ROS which triggers RyR2 Ca?t sparks and
accentuated Ca’* efflux from the sarcoplasmic reticulum
(119-121). Similarly, old rabbit hearts had more depolarized
mitochondria membrane potential and increased rate of ROS
production associated with increased RyR activity and Ca?*
leak which was accentuated under conditions of B-adrenergic
stimulation (122). Treatment with antioxidant dithiothreitol
reduced RyR-mediated SR Ca?* leak to levels of young hearts
highlighting the role of thiol-oxidation of RyR in underlying
pathological SR Ca?* release (122). This response also appears to
depend on calmodulin as a functional mediator of ROS-triggered
Ca?t release (119). In contrast to RyR2, the sarco/endoplasmic
reticulum Ca®t-ATPase (SERCA) activity is reduced in response
to ROS (123, 124). SERCA inhibition by oxidative stress appears
to arise through multiple mechanisms including reduced ATP
supply (125), direct oxidation of thiol groups by ROS (123), and
CAMKII-dependent phosphorylation (74, 126). Interestingly,
adult rat ventricular myocytes expressing redox-insensitive
SERCA where C674 is replaced by serine (C674S) decreased
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basal SR calcium content, attenuated the rise in mitochondrial
Ca’*, and prevented cytochrome c release and apoptosis
(127). Furthermore, beyond ROS generation, dysfunctional
mitochondria contribute to disrupted Ca?* homeostasis through
reduced Ca’" storage capacity. Mitochondria function as an
important cellular Ca?" store with Ca?" ions entering the
inner mitochondrial membrane via the mitochondrial Ca?*
uniporter (MCU) (128). However, under conditions of metabolic
stress, mitochondrial Ca?* handling is disrupted (101). This
results in increased size and frequency of cytosolic Ca’*t
transients resulting in arrhythmogenic Ca®" alternans (129).
For example, in rat ventricular myocytes, stress induced
by thoracic aortic banding enhanced mitochondrial Ca?"
accumulation and hence disrupted global Ca?* handling,
increased spontaneous Ca?* waves, shortened RyR refractoriness
and decreased SR Ca?T content (130). These effects were
inhibited by MCU inhibitor Ru360 which normalized RyR
oxidation state, improved intracellular Ca*" homeostasis and
reduced triggered activity (130). However, other studies have
produced contradicting evidence (130-133). In rabbit atrial
myocytes MCU inhibitor Ru360 increased the severity of
Ca’?t alternans whereas stimulation of Ca?T uptake was
protective (133). In fact, diabetic cardiomyopathy has been
associated with abnormal mitochondrial Ca** handling with
altered MCU expression and reduced mitochondrial Ca®* levels
(134, 135). As such, the mechanisms by which mitochondrial
dysfunction contributes to abnormal Ca?* transients remain
controversial with further experiments required to clarify this
relationship particularly in the context of the pro-arrhythmic
aging heart.

Intriguingly, mitochondrial Ca?>* overload itself contributes
to mitochondrial dysfunction and ROS generation (136, 137).
This perpetuates a positive feedback cycle of ROS-induced Ca?"
overload, Ca?* -induced ROS generation, and ROS-induced ROS
release (74, 138, 139). This occurs via multiple mechanisms.
Firstly, Ca?* stimulation of the Krebs cycle and the electron
transport chain increasing electron leakage and ROS by-products
(140, 141). Secondly, Ca?*-cardiolipin complexation disrupting
mitochondrial lipid and protein arrangement causing proteins
such as cytochrome c dislocation and inhibition of the electron
transport chain and ROS production (142, 143). Thirdly, through
activation of nitric oxide synthase generating NO radicals which
itself has been shown to disrupt Ca?* handling proteins (144,
145) but also to inhibit components of the respiratory chain and
promote ROS production (146, 147).

Therefore, age-related mitochondrial dysfunction results in
disrupted cellular Ca?* handling causing elevated [Ca**];. The
pro-arrhythmic consequences of elevated [Ca?"]; are evident
in CPVT hearts occurring due to mutations in cellular Ca?"
handling components, typically RyR2 or calsequestrin (148-150).
This leads to potentially fatal ventricular arrhythmic episodes,
often biventricular or polymorphic ventricular tachycardia and
VF (151, 152). Interestingly, compared to aging mice where
mitochondrial dysfunction disrupts multiple aspects of Ca?*
homeostasis, 129/Sv mice modeling CPVT demonstrated that
altered function of only one of the Ca?* handling proteins is
sufficient to result in the proarrhythmic phenotype (150, 153).

Disrupted cardiomyocyte Ca?*t homeostasis develops a
number of pro-arrhythmic pathways. Firstly, elevated [Ca?T];
promotes the activity of the electrogenic NCX resulting in
the generation of delayed after-depolarizations (DAD) which
act as arrhythmic triggers (154, 155). As such, ROS causing
cytosolic Ca®* overload has been shown to stimulate NCX
activity in guinea pig ventricular myocytes (112, 156). Secondly,
dysregulation of Ca?* handling allows pathological Ca?*
cycling which has been associated with APD alternans and
spatiotemporal heterogeneities in repolarization (9, 157, 158).
Thirdly, cytosolic Ca** interacts with surface membrane Nay 1.5
and Cx channels causing reduced conduction velocity. Thus,
Ca%" regulates Nay1.5 and reduces Iy, through (1) directly
binding to the EF hand motif, (2) associating with calmodulin
and binding to the IQ domain, and (3) CAMKII-mediated
phosphorylation (89, 90, 159). Inhibition of Cx function occurs
through activating calcineurin-dependent Cx phosphorylation
(160). Finally, increased cytosolic Ca®*, through increased ROS
production, promotes tissue fibrosis which is associated with
slowed conduction velocity (161).

MITOCHONDRIAL DYSFUNCTION AND
CARDIAC FIBROSIS

Aging is associated with increased cardiac fibrosis. Histological
analysis of human hearts also demonstrates age-related
progressive increase in collagen content and myocardial fibrosis
(162, 163). Clinically, this is reflected in echocardiographic
studies in both males and females which showed increased
left ventricular wall thickness representing increased left
ventricular hypertrophy (LVH) with age even in the absence
of cardiovascular risk factors such as hypertension (5, 164). As
such, age-related myocardial fibrosis has been shown to reduce
ventricular elasticity, compromise left ventricular filling, and
cause diastolic dysfunction (164, 165). Similarly, experimental
mouse models also demonstrate increased collagen deposition
in the aging myocardium (166). Transgenic premature aging
(Polg'”/ ") mice show increased interstitial and subendocardial
fibrosis along with greater amyloid deposition, vacuolization of
cytoplasm and hyaline cytoplasmic change (5, 167).

Increased cardiac fibrosis with age reflects a disruption in
the equilibrium of extracellular matrix (ECM) synthesis and
degradation. ECM synthesis is stimulated by fibrogenic growth
factors, such as transforming growth factor (TGF)-B which
induce fibroblast production of matrix proteins and protease
inhibitors such as tissue inhibitors of metalloproteinases (TIMPs)
(168). However, ECM degradation is dependent on tumor
necrosis factor (TNF)-a and interleukin (IL)-1p stimulating
fibroblast production of matrix metalloproteinases (MMPs)
(168). Hence, reduced MMP expression and inhibited ECM
degradation appears to play a pivotal role in increased tissue
fibrosis. As such, aging in murine models was associated
with reduced MMP-1 and MMP-2 transcription and activity
(169, 170).

With age, elevated ROS generation increases TGF-p and its
downstream effector connective tissue growth factor (CTGF)
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(168). TGF-B in turn activates Smad2/3 signaling inducing
fibroblast proliferation, differentiation into myofibroblasts, and
the production of ECM components such as fibrillar collagen,
fibronectin, and proteoglycans (168, 171). This is supported
by studies in C57BL/6 mice which found increased cardiac
fibrosis under conditions of immune dysregulation and tissue
inflammation known to promote ROS production (172).
Additionally, mice overexpressing catalase targeted to the
mitochondria shoed reduced cardiomyocyte hypertrophy and
significantly diminished cardiac fibrosis (167). Similarly, knock-
out of SIRT3, which deacetylates the regulatory component of
the mitochondrial permeability transition pore (mPTP), resulted
in mitochondrial dysfunction, increased ROS production and
accelerated signs of cardiac hypertrophy and fibrosis (173).
Cardiac fibrosis also appears to be regulated by the renin-
angiotensin system (RAS) signaling (174, 175). Angiotensin II
(ANG TII) activates the pro-fibrotic Smad2/3 signaling directly
by acting on the ANG II type 1 receptor (AT1) and indirectly
by promoting TGF-p production (168, 176). Furthermore, RAS
has been shown to increase ROS levels through mechanisms
including activation of NADPH oxidase (168, 177). ROS in turn
have been found to promote the pro-fibrotic effects of ANG II
which were suppressed through the application of antioxidants
and AT1 antagonist losartan (177). Consistent with this,
aged rat hearts demonstrate significantly increased angiotensin
converting enzyme (ACE) and ANG II concentrations (167, 178,
179). Hence, mice carrying a gain-of-function mutation in the
Ang II receptor type 1A developed early and progressive cardiac
fibrosis (180).

Clinical studies strongly associate fibrosis with increased
arrhythmic risk. For example, the origin of arrhythmia post-
myocardial infarction is often mapped to the fibrotic border of
the infarcted zone in patients undergoing ablation for recurrent
VT (181). Similarly, most cases of AF are thought to originate
from the atrial myocardial sleeve extending into the pulmonary
veins. Histological analysis of pulmonary veins of patients with
AF demonstrates increased myocardial content characterized
by severe hypertrophy and fibrosis (182). Isolated Langendorff-
perfused explanted human hearts with extensive infarction or
dilated cardiomyopathy demonstrated increased vulnerability to
triggering of VT due to cardiac fibrosis facilitating re-entry
mechanisms (183, 184). Correspondingly, aged (24 months)
Kunming mice had greater electrocardiographic abnormalities
and inducibility of AF compared to young (2 months) mice
which was associated to age-related increase in atrial fibrosis
(185). Furthermore, transgenic Mkk4 knockout mice had
dysregulated MMP function and upregulated TGEF- p signaling
causing increased susceptibility to atrial tachyarrhythmias (186).
Importantly, these effects were more prominent in aged than
young mice (186).

Interestingly, despite the primary biophysical defect of Nay1.5
haploinsufficiency being present from birth, BrS symptoms occur
mainly in adulthood with mean age of SCD in BrS patients being
40 years (187, 188). The increased arrhythmogenicity later
in age has thus been attributed to age-related structural
changes primarily cardiac fibrosis (25, 188). Hence, old
Scn5a™/~  BrS mice demonstrated reduced conduction

velocity and increased myocardial fibrosis compared to young
mice (189, 190).

Age-related cardiac fibrosis increases arrhythmic tendency
through a variety of mechanisms. Firstly, fibrosis causes slowed
cardiac conduction velocity (82). Fibrosis creates strands of
cardiomyocytes which are electrically isolated from each other
by collagenous septa (191). Thus, this forces the action potential
waves to follow a “zigzag” pattern, conducting circuitously from
one strand to the other resulting in slowed conduction velocity
(181, 192). Fibrosis also results in Cx-mediated cardiomyocyte-
fibroblast coupling which increases cardiomyocyte membrane
capacitance (Cy,) slowing down action potential propagation
(193, 194). Additionally, fibrosis reduces myocyte-myocyte
coupling by decreasing Cx expression and promoting their
redistribution away from the intercalated discz and hence
increasing axial resistance resulting in slowed conduction
velocity (195-198). Secondly, spatial heterogeneity in cardiac
fibrosis and hence in compromised Cx function and altered ionic
currents, including reduced Na™ current density, promotes APD
alternans and dispersions of refractoriness causing unidirectional
conduction block arrhythmic substrate (199-202). Additionally,
patchy or interstitial fibrosis creates cardiomyocyte strands that
are electrically coupled to nonfibrotic regions. Hence, creating
a situation that reflects a 1 dimensional cable entering a 3
dimensional syncytium at which the interface acts as a “current
sink” generating a “current-sink mismatch” due to the unequal
transfer of depolarizing charge (191). Thus, if charge transfer
to the syncytium is insufficient to depolarize the syncytium
then action potential propagation fails (203). On the other
hand, conduction from the syncytium to the 1-dimensional cable
will succeed as the source-to-sink ratio is reversed. Therefore,
this establishes a unidirectional conduction block facilitating
arrhythmic re-entry circuits (191, 204).

TARGETED PHARMACOLOGICAL
THERAPY

Elucidation of the mechanisms by which age-related
mitochondrial dysfunction and ROS generation increases
arrhythmic risk offers a number of potential anti-arrhythmic
pharmacological targets. Some of these targeted therapies,
differentiated from non-targeted antioxidant therapies, are
highlighted in Table 1.

Antioxidant Therapy

Since mechanisms of ionic current dysregulation, disrupted
Ca®* homeostasis, and increased fibrosis all occur downstream
of mitochondrial dysfunction, then it is likely that targeting
upstream mitochondrial dysfunction and ROS generation will
result in significant anti-arrhythmic effects.

Non-targeted Antioxidant Therapy

The first attempts to counteract oxidative damage in aging has
been with the administration of non-targeted antioxidants such
as vitamins E and C and B-carotene. While initial small studies
indicated some protective effects of non-targeted antioxidants
on cardiac function, meta-analysis of larger clinical randomized
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TABLE 1 | Potential targeted therapeutics which may alleviate arrhythmogenic
mitochondrial dysfunction.

Mitochondria- Mechanism
targeted
pharmacological

therapy

Therapeutic effect

Antioxidants

TPP+ conjugated
antioxidants

Highly lipophilic
antioxidants
conjugated to
strongly positive
cations accumulate in

Reduce ROS production

Reduce mitochondrial component
oxidation

Reduce ROS-induced apoptosis
and necrosis

mitochondria
Szeto-Schiller Cationic Scavenge ROS
peptides tetrapeptides, Reduce lipid peroxidation

Reduce Ca2+ induced
mitochondrial swelling
Reduce reperfusion injury

accumulate in the
inner mitochondrial
membrane

Modifiers of mitochondrial biogenesis

SIRT1 activators Upregulation of

SIRT1 transcription

Increasing PGC-1a expression
Antioxidant properties (see above)
Reduced NF-«B activation
Electrophysiological modifications:
Inhibition of Ina—t, lca—L

Reduction of intracellular

Ca?t transients

Reduced ROS production
Reduced cardiac hypertrophy
Normalization of age-related Ca?*
homeostasis disruption

Increased SERCA expression
Reduced RyR current amplitude
Increased mitophagy

Inhibition of MTOR
signaling

Rapamycin

PGC-1a, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ROS,
reactive oxygen species; RyR, ryanodine receptor; SERCA, sarco-/endoplasmic reticulum
Ca?*-ATPase; TPP, triphenylalkylphosphonium ion.

controlled trials collectively involving tens of thousands of
patients found no significant positive effects of non-targeted
antioxidants on cardiovascular health or overall mortality (205-
207). This may be due to the types of antioxidants investigated by
clinical studies. For example, vitamin E has been shown to have
pro-oxidant effects (208). Endogenous non-targeted antioxidant
enzymes such as superoxide dismutase and catalase which were
used in experiments to support the use of antioxidant therapy
are not feasible in a clinical setting due to their size, rapid
degradation, and potential antigenicity (5).

The failure of non-targeted antioxidants in clinical studies
coupled to experimental findings that the source of ROS in
aging arises primarily from the mitochondria has motivated the
development of mitochondria-targeted antioxidants.

Triphenylalkylphosphonium lon (TPP)

Conjugated Antioxidants

The highly negative mitochondrial membrane potential
(150-180mV) has been utilized to target molecules to the
mitochondria. Thus, coupling lipophilic antioxidants to
strongly positive cations such as TPP™ increases accumulation

in the mitochondria by 100- to 1000-fold compared to the
cytosol (5). Such antioxidants include coenzyme Q (MitoQ),
plastoquinone (SkQ1), and piperidine nitroxide in combination
with triphenylphosphonium chloride (MitoTEMPO) (209, 210).
Experimental studies found that they significantly reduce
ROS generation, oxidation of mitochondrial components
such as cardiolipin, ROS-induced apoptosis and necrosis,
and prolonged lifespan of the fungus Podospora anserina,
the crustacean Ceriodaphnia affinis, Drosophila, and mice
models (210-212). Additionally, SkQ1 inhibited development of
age-related conditions including retinopathy and osteoporosis
in mammalian models of those conditions (210). In a rat
model of H;0,- and ischemia/reperfusion-induced cardias
arrhythmias, treatment with SkQ1 for 3 weeks abolished the
steady heart arrhythmia (213). Furthermore, experiments in a
guinea pig model of non-ischemic heart failure that recapitulates
features of prolonged QT interval and high incidence of
spontaneous arrhythmic SCD, MitoTEMPO normalized cellular
ROS levels, avoided and reversed heart failure, and prevented
SCD by decreasing dispersion of repolarization and ventricular
arrhythmias (214). So far, clinical trials are yet to investigate
the anti-arrhythmic effects of TPP™ conjugated antioxidants on
human patients.

Limitations of TPP™ conjugated antioxidants include their
reliance on the mitochondrial membrane potential gradient.
This gradient is disrupted with mitochondrial dysfunction in
aging, as well as a direct effect of the antioxidants at high
concentrations hence limiting their uptake and effectiveness (5,
211, 212). Additionally, at higher micromolar concentrations,
these molecules appear to show pro-oxidant rather than
antioxidant effects (212). It is thus important to clarify the
window between anti- and pro-oxidant concentrations before
proceeding to clinical trials.

Szeto-Schiller (SS) Peptides

SS peptides are synthetic aromatic-cationic tetrapeptides that
selectively target and concentrate in the inner mitochondrial
membrane (215, 216). Hence, in vitro experiments have
shown that SS peptides scavenge ROS including hydrogen
peroxide, hydroxyl radical, and peroxynitrite (215, 217). As
such, they prevent lipid peroxidation as well as Ca?*-mediated
mitochondrial swelling or reperfusion injury by inhibiting
mitochondrial permeability transition and cytochrome c release
(215, 216, 218, 219). In mouse models of ANG II-induced
cardiomyopathy and Gagq-overexpression induced heart failure,
SS peptide administration prevented mitochondrial dysfunction
and ROS generation, downregulated pro-oxidative pathways, and
reduced cardiac hypertrophy and fibrosis (220). Similarly, in a rat
model of ischemia-reperfusion injury, SS peptides significantly
reduced myocardial lipid peroxidation and infarct size as well as
reducing the frequency and severity of cardiac arrhythmias (221).

A significant advantage of SS peptides over MitoQ and SkQ1,
is that SS peptides do not depend on the mitochondrial
membrane potential gradient for accumulation in the
mitochondria as they have been shown to concentrate in
dysfunctional depolarized mitochondria (5, 215). Additionally,
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unlike most oligopeptides, SS peptides are water soluble and
have good transcellular permeability (215, 222).

Targeting Mitochondrial Biogenesis

SIRT1 Activators (Caloric Restriction Mimetics)
Caloric restriction (CR) has been identified as one of the most
potent interventions to improve health and slow down aging
(223). Though the beneficial effects of CR are likely multifactorial,
the sirtuin family of NAD"-dependent histone deacetylases, of
which the predominant mammalian isoform is SIRT1, appear
to be responsible for a large number of those beneficial effects
(224, 225). SIRT1 acts through multiple pathways to regulate
inflammatory responses, cellular senescence and its associated
secretory phenotype, telomere attrition, and DNA damage
responses (161, 226). As such, aging and its related mitochondrial
dysfunction and ROS production are associated with decreased
SIRT1 expression and activity (227). Thus, expression of SIRT1
was induced in rats undergoing CR and in human cells exposed
to serum from CR rats, and in turn SIRT1 deacetylated the
DNA repair factor Ku70 and sequestered the proapoptotic
factor Bax away from mitochondria (224, 227). In mice, gain-
of-function mutation of SIRT1 improved endothelial function
through activating endothelial NO synthase (eNOS), preventing
ROS production, inhibiting NF-«B signaling by deacetylating
RelA/p65, and reducing the inflammatory response (228).
Similarly, other experiments replicated the positive effects of
SIRT1 activation including enhanced mitochondrial biogenesis
by inducing eNOS expression (229). Therefore, it is expected
that compounds capable of activating SIRT1 will recapitulate
the protective anti-aging effects of caloric restriction and
hence prolong life and improve cardiovascular health including
reduced arrhythmic risk. Resveratrol is one such compound
being investigated. Its presence in red wine is thought to account
for the cardiovascular protective effects of red wine drinking
particularly in southern France (230). Resveratrol induced
similar transcription profiles as SIRT1 and CR and promoted
the same protective effects in heart, skeletal muscle and brain
tissue in mice where it also prolonged lifespan and prevented
age-related cardiac dysfunction (231).

One of the main mechanisms through which SIRT1 acts
is through stimulating PGC-1la expression which acts as an
important regulator of mitochondria bioenergetics (232, 233). In
rats, resveratrol demonstrated significant antioxidant properties
in cultured aortic segments and endothelial cells through
reducing ROS production and damage by reducing H,O, levels
and H,0,-mediated apoptosis, preventing UV-induced DNA
damage, as well as increasing expression of antioxidant enzymes
glutathione peroxidase, catalase, and heme oxygenase-1 (230).
Similar antioxidant effects were reported in experiments using
guinea pigs (234). Furthermore, it inhibited NF-xB activation
and reduced vascular tissue inflammation (235). As such,
it has been shown to block age-related cardiac hypertrophy
and fibrosis in animal models (173, 236, 237). Interestingly,
resveratrol has been suggested to normalize intracellular Ca?*
in a murine model of chronic diabetes through increasing
SERCA2a expression (238, 239). Moreover, resveratrol exerts
its antiarrhythmic effects on cardiac electrophysiology through

regulating a number of ionic currents including inhibition of
INa—1, inhibition of Ic,. and reduction in the amplitude of
intracellular Ca?" transients, (232, 237, 240, 241). Intriguingly,
resveratrol effects on repolarization currents appear more
complex with studies finding contradictory changes, nonetheless,
in all of those studies the change exerted antiarrhythmic effects
(232, 233, 241-243). Additionally, resveratrol promotes the
inotropic effect of sympathetic stimulation, without enhancing
their proarrhythmic effects and hence evading sinoatrial
tachycardia (244).

Therefore, in a rat model where ventricular arrhythmias
are enhanced via ischemia-reperfusion, application of
resveratrol significantly reduced the severity of ventricular
arrhythmia and mortality rate (245, 246). Similarly, in a rabbit
model of heart failure, inducibility of atrial fibrillation was
markedly reduced by treatment with resveratrol (237). These
antiarrhythmic properties have been demonstrated under a
number of different experimental models (232, 233, 240, 243)
confirming the potential of resveratrol to act as an effective
cardioprotective antiarrhythmic agent. While significant clinical
data regarding the protective effects of resveratrol, particularly
its antiarrhythmic potential, are yet to be obtained, initial clinical
trials focusing pharmacokinetics and metabolism of resveratrol
have found it to be safe and reasonably well-tolerated at doses of
up to 5 g/day (247).

Rapamycin and mTOR

In addition, mammalian target of rapamycin (mTOR) is an
important component of nutrient signaling pathways implicated
in the aging process (248). mTOR is a protein kinase that forms
the core of two protein complexes, mTOR complex 1 and mTOR
complex 2, which play an important role in aging through
regulation of a variety of cellular pathways controlling cell growth
and proliferation (249). Of those, complex 1 appears to be
more important in cardiac aging accelerating ribosomal synthesis
and cap-dependent translation through phosphorylation of
p70S6K (S6K1) and 4E binding protein 1, respectively (5, 249).
mTOR signaling is increased with age reflecting its role in the
aging mechanism but is normalized with caloric restriction in
mice (250).

Inhibition of mTOR signaling through rapamycin has been
shown to prolong lifespan in numerous animal models including
mice (251). In a murine model of load-induced cardiac
hypertrophy via aortic constriction, rapamycin application
suppressed S6K1 levels and prevented cardiac hypertrophy (252).
Furthermore, application of rapamycin following established
cardiac fibrosis improved ventricular function and reversed
cardiac fibrosis (253, 254). Similar results were replicated
clinically where patients who received rapamycin following
cardiac transplant had reduced cardiac hypertrophy and
improved cardiac function (255). Rapamycin has also been
shown to normalize age-related disruption in ion homeostasis
particularly of Ca?t. As such, rapamycin increased SERCA
expression, and reduced RyR current amplitude, elevation
in [Ca?t]; and activation of downstream Ca?" pathways
such as mitogen-activated protein (MAP) kinases (253, 256,
257). Mitochondrial ROS production and pro-arrhythmic
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disturbances in Ca?* homeostasis are also caused by age-related
decrease in mitochondrial autophagy (mitophagy) (258-260).
Autophagy is negatively regulated by mTOR. Hence enhancing
autophagy via Torinl potent mTOR inhibitor in aged rabbit
hearts reduced the rate of ROS production and restored both
the depolarized mitochondrial membrane potential and defective
Ca’* handling (261). Therefore, rapamycin pharmacological
inhibition of mMTOR may offer feasible anti-aging and hence anti-
arrhythmic therapy. However, the anti-arrhythmic effects are yet
to be explored by laboratory and clinical studies.

CONCLUSION

Aging is a cardinal risk factor for arrhythmic incidence
in the general population and in individuals with inherited
channelopathies. Aging is closely related to mitochondrial
dysfunction which promotes arrhythmogenesis whereby it
increases arrhythmic triggers and substrates via modifying
sodium (Nay1.5) and potassium (Ky, sarcKarp) ion channels,
gap junctions, Ca** homeostasis (Cay1.2, SERCA, RyR), and
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It is well-known that gender is an independent risk factor for some types of cardiac
arrhythmias. For example, males have a greater prevalence of atrial fibrillation and
the Brugada Syndrome. In contrast, females are at increased risk for the Long QT
Syndrome. However, the underlying mechanisms of these gender differences have not
been fully identified. Recently, there has been accumulating evidence indicating that
sex hormones may have a significant impact on the cardiac rhythm. In this review, we
describe in-depth the molecular interactions between sex hormones and the cardiac
ion channels, as well as the clinical implications of these interactions on the cardiac
conduction system, in order to understand the link between these hormones and the
susceptibility to arrhythmias.

Keywords: arrhythmia, sex hormones, cardiomyopathy, channelopathy, testosterone, estrogen

INTRODUCTION

Cardiac arrhythmias encompass a wide spectrum of clinical presentations, ranging from benign
extrasystoles on electrocardiogram (ECG) to arrhythmias that may pose a significant clinical threat,
such as atrial fibrillation (AF), which is an important cause of stroke, and ventricular tachycardia
or fibrillation (VT/VF) that can result in sudden cardiac death (SCD) (1). A significant proportion
of SCD events occurs in patients without any known cardiac disease, and even in the presence of
diagnosis of a cardiac disorder, current knowledge on prediction of arrhythmic risk is limited (2).
It is well-known that gender is an independent risk factor for some types of cardiac arrhythmias.
For example, males have a greater prevalence of AF and the Brugada Syndrome (3, 4). In contrast,
females are at increased risk for Torsade de pointes (TdP), both in congenital and acquired Long
QT Syndrome (LQTS) (5). Despite the fact that the incidence of a variety of cardiac arrhythmias
differs between men and women, the underlying mechanisms of these gender differences have not
been clearly identified.

The predominant factors determining gender differences are the sex hormones. These steroid
hormones are known to exert their multiple physiological effects by binding to cytosolic or
membrane receptors (6). One of the target organs of action of these hormones is the heart, and
there is now accumulating evidence indicating that sex hormones may have a significant impact
on the cardiac rhythm (7, 8). It was initially thought that sex hormones only had genomic actions,
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such as exerting their effects through the regulation of
transcriptional processes, hence influencing gene expression after
nuclear translocation (9). However, recent literature has shown
that their scope of action goes well-beyond that, and encompasses
non-genomic actions, as well. In fact, these hormones can acutely
regulate cardiac ion channels and affect their currents, and these
actions are mediated by transcriptional processes, such as RNA
and protein synthesis (6-8).

In this review, we aim to describe in-depth the molecular
interactions between sex hormones and the cardiac ion channels,
as well as the clinical implications of these interactions on the
cardiac conduction system, in order to understand the link
between these hormones and the susceptibility to arrhythmias.

TYPES AND FUNCTIONS OF SEX
HORMONES

Sex hormones play a key role in reproduction and sexual
development. Moreover, they are also involved in other
processes, such as regulating cholesterol levels and determining
inflammatory response. They are produced by the gonads
(ovaries and testicles) and adrenal glands. Estrogen and
progesterone are the two main female sex hormones. Estrogen
promotes growth of uterine tissue and breasts, maintains
libido and secondary sexual characteristics in females, whereas
progesterone has a significant role in the female menstruation
cycle and pregnancy. The main male sex hormone is testosterone,
but females also produce a small amount of this hormone.
Testosterone affects many organs and has a variety of functions,
including spermatogenesis, muscle growth, maturation of
genitalia and bone metabolism (Figure 1).

Fluctuations in Sex Hormone Levels

The levels of sex hormones change during life as part of
physiological processes. For example, the female sex hormones
increase during adolescence and drop during menopause.
Moreover, cyclic hormonal changes occur during the
reproductive cycle. In certain situations, fluctuations of sex
hormone levels can lead to health issues such as infertility,
change in sexual desire, hair loss, osteoporosis, etc.

Sex hormone fluctuations also occur in the short-term.
For example, there is a substantial circadian variation in the
circulating levels of testosterone. Normal values for testosterone
in a healthy adult male range between 300 and 1,000 ng/dL
(10). The highest level of testosterone is reached in the morning,
and therefore, it is recommended to determine it between 8:00
and 10:00 am in order to achieve accurate (and comparable)
measurements (11). In addition, there may also be a seasonal
variability of testosterone measurements. However, this is a
contradictive issue, since there is both literature supporting and
rejecting this hypothesis (12). After the third decade of life,
men start to have ~1-2% decrease of testosterone per year (13).
Finally, the amount of active serum testosterone is heavily reliant
on the concentrations of sex hormone-binding globulin (SHBG)
and albumin, thus being subject to fluctuations in those proteins.
Such changes of testosterone levels across the healthy population

pose challenges in determining its effect on cardiac physiology, as
values measured have to be adjusted for multiple factors, in order
to have an unbiased result.

Estradiol (E2), the most potent estrogen, has the function
of regulating reproductive cycles in females (Table 1, Figure 2).
Evaluating estradiol levels is challenging, given that it changes
widely during the menstrual cycle. Estradiol increases prior to
ovulation and falls during ovulation, and there is a gradual
increase of estradiol and then decrease prior to its lowest point
in early menses. Moreover, it is also subject to a circadian
variability, which is further affected by the menstrual cycle in
post-menopausal women, estrogen levels decrease and show
fluctuations (14).

Sex Hormones and Exercise

Both testosterone and estrogen play an important role in the
neuromuscular adaptation to exercise in males and females. This
adaptation is mediated by the hypothalamic-pituitary-gonadal
(HPG) axis, which is responsible for both acute and chronic
responses to exercise (15). In males, testosterone is pivotal for
athletic activity during adolescence and in adulthood. While it is
well-known that exercise acutely increases testosterone levels in
men, its impact in the long-term is much less clear (16). Multiple
cross-sectional studies have identified decreased testosterone
levels in endurance and resistance athletes, as compared to
controls. Furthermore, a study by Grandys et al. (17) found
that testosterone levels vary significantly even within the athlete
group, depending on the training period. In fact, testosterone
increases during low-intensity training periods in comparison to
high-intensity training periods. Conversely, in a cross-sectional
study by Fitzgerald et al. (18) which compared trained cyclists to
recreational cyclists, the former group had higher levels of serum
testosterone than the latter. The conflicting results could be due
to the retrospective nature of the studies evaluating the impact of
chronic exercise. On the other hand, the few prospective studies
also showed contradictory results, most likely due to differences
in the training period, the magnitude of training stimulus and the
volume of training load employed. In females, the acute effects
of exercise training on the HPG axis are less well-known. Nindl
et al. (19) have shown that estradiol may increase acutely after
exercise, whereas the long-term effects of exercise still need to
be determined.

THE INTERACTION BETWEEN SEX
HORMONES AND CARDIAC ION
CHANNELS

The differences in cardiac electrical activity between males and
females had been observed with the earliest ECG recordings a
century ago. In the meantime, while the scientific community has
gathered a thorough understanding of the ECG as the net sum
of electrical current flow of ions crossing the cardiomyocyte cell
membrane, the molecular basis underlying gender differences are
still largely debated (20).

The transit of ions across the cell membrane is permitted
by specific transmembrane proteins, ie., ion channels. Any
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TABLE 1 | Sex hormones and their biological functions.

Sex hormones Biological functions

Androgens

Testosterone Development of male genitalia, increase in muscle and
bone mass, growth of body hair

Dihydrotestosterone Catalyzed from testosterone, considerably more potent
agonist of the androgen receptor

Androstenedione Precursor of testosterone, endogenous pro-hormone,
weak androgenic, and estrogenic activity

Estrogens

Estrone (E1) Weak estrogen, precursor of estradiol

Estradiol (E2) Potent estrogenic hormone: regulation of the estrous
and menstrual female reproductive cycle, development
of female genitalia, bone growth and density, skin health,
neuroprotective

Estriol (E3) Weak estrogen, almost undetectable in non-pregnant
women, high levels during pregnancy

Estetrol (E4) Weak estrogen found only in pregnancy, physiological

function unknown

change that affects the flow of ions through these channels will
have an impact on the ECG (21). The voltage-gated channels
are the major ion channel group in charge of cardiac electric
activity. These possess a rapid response mechanism to changes in
membrane voltage and interact with each other to produce the
cellular action potential (AP). In the myocardium, the rapidly
activating sodium channel is the principal driver for cellular
depolarization, while L-type calcium current is responsible for
the plateau phase and the delayed rectifier potassium current
is mostly in charge of the repolarization. These give rise to
the clinically measurable QRS complex, the magnitude and
dispersion of which are strongly influenced by changes to the
sodium current, and the QT interval, which is dependent on the
calcium and potassium currents (22). These parameters are also
widely influenced by cell-cell connections, which are mediated by

the connexin family of proteins at gap junctions, and therefore,
ECG abnormalities often occur in diseases of the connexome
(e.g., arrhythmogenic right ventricular cardiomyopathy). A
decrease in cell-cell conductance typically leads to a longer QRS
duration with or without terminal activation delay (23). Since the
above-mentioned gender differences are not present at birth, but
only appear at puberty, this has led to the hypothesis that they are
dependent on sex hormone regulation (24).

Cardiac myocytes have a variety of receptors for sex
hormones, specifically estrogen, progesterone and testosterone,
whose activation can alter the electrical activity of the heart
through modulation of ion channels. Although literature is
scarce, fluctuating hormone levels can lead to changes in
the behavior and expression of myocardial jon channels
(Figure 3) (25).

The Effect of Sex Hormones on Ventricular

lon Channels

Ventricular Potassium Channels

Potassium channels play a pivotal role in the regulation of muscle
excitability. Potassium conductance through potassium channels
present on the plasma membrane enables the membrane
potential to reach the equilibrium potential of potassium,
leading to hyperpolarization or accelerated repolarization of
action potential in muscle cells. This results in a controlled cell
excitability, elicited by various signals such as depolarization
of membrane potential, ligand-binding, and so on (26). Sex
hormones can regulate these via modulation of gene expression
(by binding to their unique nuclear receptor) or non-genomic
pathways after binding to membrane receptors. The rapid
non-genomic effects of sex hormones are exerted through the
activation of specific signaling pathways, which are initiated
from sex hormone receptors or binding proteins in the plasma
membrane and cytosol. Furthermore, sex hormones may also
directly bind to potassium channels or the auxiliary subunits
to modulate the activities of potassium channel blockers and
potassium channel openers.

Several different types of currents pass through the potassium
channels, i.e., the transient outward current (I;,), the rapid-
delayed rectifier current (), the slow delayed-rectifier current
(Ixs), and the inward rectifier potassium current (Iy;). However,
there are contradicting reports concerning the interaction of sex
hormones and the potassium channels. Previous studies either
showed no influence of sex hormones on I, (27) or greater
expression in males than in females (28, 29). Consequently,
an increased expression of this current was demonstrated
in ovariectomized mice, with a concurrent increase in their
associated channel mRNA (30). This has been confirmed by the
fact that in the high estradiol state (as is pregnancy), a reduction
of I, is observed (31).

Similarly to the I, the Ij, has also been shown to be either not
influenced by gender (29), or less expressed in females (32). This
was confirmed in an in vitro study upon acute administration
of exogenous estradiol on cultured guinea pig cardiomyocytes
with human ether-a-go-go-related gene (hRERG) overexpression,
which unmasked the blockage of the hERG channel and thus
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reduces the KCNET1, thereby reducing Iks. These alterations result in prolongation of AP duration by estrogens, but its shortening by testosterone.
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Ixr (33). In various animal models, the I;; has been observed as
either larger in males (34), larger in females or with no gender
difference at all (29), depending on which region the cells were
taken from. This is in line with increasing evidence suggesting
that the differences exerted by sex hormones may not be uniform
across the heart. As in the case of Iy, this current has also been
shown to be blocked upon administration of exogenous estradiol
through blockage of its related channels (KCNQ1/KCNEI) (35).
Interestingly, while this current is enhanced by progesterone, as
shown in the in vitro patch clamping study by Nakamura et al.
(36) the hERG channel trafficking is reduced with progesterone.
Furthermore, it has been demonstrated in guinea pig ventricular
myocytes through acute applications of physiological serum
levels of testosterone that this increases the outward potassium
currents (I, and Iys) and the inward rectifier current (Iy) (7).
Thus, progesterone and testosterone shorten the ventricular APs,
while estrogen lengthens the APs and may exert a pro-arrhythmic
effect (8).

Ventricular Calcium Channels

The L-type Ca’™ channels are heteromultimeric proteins,
consisting of multiple subunits. Similar to the mechanism with
the above-mentioned potassium channels, signaling of gonadal
steroids has traditionally been associated to a genomic action, i.e.,
the transcriptional control of target genes through binding of the
nuclear receptors and ligands to the genomic consensus sequence
in reproductive organs. However, several biological actions of
gonadal steroids have recently been shown to be too rapid to be
compatible with transcriptional mechanisms.

The evidence on interaction of sex hormones and the cardiac
calcium channels is conflicting. In fact, there are reports of
increased (29), decreased (32), or indifferent calcium currents
(Ica) in females as compared to males (27). Similarly to what
was observed for the cardiac potassium channels, there is
evidence of regional heterogeneity in the different interactions
between sex hormones and ion channels (37). In fact, in
animal studies, gender differences were observed for the Ic, in
the apex, but not in the base of the left ventricle of rabbits
(37). Moreover, an increase in L-type calcium channels was
shown in the basal cardiomyocytes of rabbits by incubating
these with physiological concentrations of estrogen. This effect,
however, was not seen in the apical cardiomyocytes (38). Acute
administration of progesterone was shown to decrease the Ic, by
60% (8). Interestingly, ovariectomized mice had an increase in
the expression of L-type calcium channels, which were reversed
upon administration of exogenous estrogen (39). Testosterone
also plays a part in the modulation of the voltage-gated calcium
channels. It is a selective and potent inhibitor of L-type calcium
channels of vascular smooth muscles (40). The likely reason
may be the fact that it blocks the major o; subunit of the L-
type channel, similarly to the effects of the commonly prescribed
calcium channel antagonists.

Ventricular Sodium Channels

The influence of sex hormones on the cardiac sodium channels
are yet unknown. Even though there is no reported association
between sex hormones and the LQT3 (41), there is increasing

evidence linking sex hormones to the phenotypic expression of
the Brugada Syndrome (42), despite the fact that both diseases
stem from cardiac sodium channel mutations. The interesting
link between the Brugada Syndrome and sex hormones is
thoroughly discussed in the later section.

Ventricular Ryanodine Receptor

The contractile function of the heart is determined by
intracellular calcium concentration, which is influenced by
the expression and activity of calcium regulatory proteins.
When the sarcolemma is depolarized, the voltage-gated L-
type calcium channels are opened and the influx of calcium
into cytosol increases. This influx induces a massive release
of calcium from the sarcoplasmic reticulum via the ryanodine
receptor (RyR). This results in a sudden increase in calcium,
which then triggers cardiac contraction. Tsang et al. (43)
demonstrated how testosterone increased contraction and
relaxation velocities that were associated with increased calcium
release and recovery through activities of the RyR receptor
and sarcoendoplasmic reticulum calcium transport ATPase
(SERCA?2). This observation may explain the predominantly
male phenotype in catecholaminergic polymorphic ventricular
tachycardia (CPVT).

SEX HORMONES AND VENTRICULAR
ARRHYTHMIAS

Sex hormones may alter the susceptibility to ventricular
tachyarrhythmias in patients with underlying structural heart
disease and in those with cardiac channelopathies.

Coronary Artery Disease

The higher incidence of coronary artery disease, and especially of
SCD, in male patients but also in females following menopause,
has highlighted the role of estrogen as a cardioprotective
hormone. It was shown that estrogen has beneficial effects by
improving cardiac function, preserving calcium homeostasis and
inhibiting the mitochondrial apoptotic pathway (44). In the
context of an ischemic insult to the heart, reperfusion that
accompanies the opening of a blocked coronary artery may
trigger arrhythmias and result in SCD. Estrogen was shown
to decrease reperfusion arrhythmias in multiple animal studies.
Savergnini et al. (45) demonstrated in young female rats that
administration of estradiol was protective against this type of
arrhythmia. This finding was also confirmed by Wang et al. (46)
who showed that this action was mediated by the genomic action
of estrogen, mainly the upregulation of the Estrogen Receptor
(Erp) activation.

The role of testosterone during cardiac ischemia and in
the prevention of reperfusion arrhythmias is controversial.
Preclinical studies showed that pretreatment with testosterone
of rat hearts exposed to ischemia decreased arrhythmias, as
effectively as it was the case after estradiol administration
(47). Likewise, testosterone replacement was shown to exert
cardioprotective effects in orchiectomized rats (48). In another
study in isolated rat hearts exposed to acute ischemia,
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testosterone significantly reduced norepinephrine release and
consequent arrhythmias (49).

Arrhythmogenic Cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an
inherited heart disease that is associated with life-threatening
ventricular arrhythmias. It is one of the leading causes of SCD,
especially in the young, athletic population (50). While risk
stratification traditionally relied on measurements of structural
dysfunction and electrophysiological indices (51), there have
been recent attempts to identify circulating biomarkers for
prediction of arrhythmic risk. Among these, sex hormones, and
particularly testosterone, seem to play an important role in
arrhythmogenesis. In the study by Akdis et al. (52) our group
investigated the role of sex hormones and their association
with major arrhythmic cardiac events (MACE) in patients with
ARVC. We observed that elevated serum testosterone levels were
independently associated with MACE in male ARVC patients,
whereas estradiol levels were significantly lower in female
patients with MACE. These findings have recently been validated
in another study by Ren et al. (53) in a different ARVC cohort.
The study showed that testosterone levels were a strong predictor
of future adverse arrhythmic events in male patients with ARVC,
independently from baseline systolic function. However, there
was no association between the circulating levels of sex hormones
and future heart failure events.

It is important to note that SCD may occur during early,
clinically occult stage of ARVC, which still bears the pathological
hallmarks of progressive cardiomyocyte loss and fibrofatty
infiltration. Hence, there is an underlying electrophysiological
substrate in ARVC that can facilitate reentry. This is in contrast
with the mechanisms of arrhythmogenesis in patients with
outflow tract ventricular tachyarrhythmias in the absence of
structural heart disease. The study by Hu et al. (54) did not
reveal any differences in circulating testosterone levels between
diseased and control males with such idiopathic arrhythmias,
while estradiol levels were indeed lower in diseased males. While
the proarrhythmogenic effect of testosterone in ARVC may be
partially related to increased apoptosis and lipogenesis, as shown
in the study by Akdis et al. (52) arrhythmia susceptibility in
patients with idiopathic outflow tract tachyarrhythmias may be
due to estrogen deficiency and its consequences on the cardiac
calcium and potassium channels, as discussed previously.

Takotsubo Syndrome

Takotsubo Syndrome is characterized by acute and mostly
transient left ventricular dysfunction, which is often preceded by
emotional or physical triggers. The patients have a substantial
risk for MACE (55). The fact that this condition typically occurs
in post-menopausal women (up to 90% of cases) has pointed
out the role of estrogen deficiency as a causal factor, although
pathophysiological mechanisms underlying the disease are still
largely debated. The lack of estrogen together with an excess in
catecholamines may not only underlie the pathophysiology of
the disease itself, but also the risk of arrhythmic complications.
This has been shown in a small study by El-Battrawy et al. (56)
on hiPSC-CMs, which demonstrated that catecholamine excess

may increase reactive oxygen species (ROS) production, which
in turn enhances the late sodium current (In,) and suppresses
the Iy, causing prolongation of AP duration. Interestingly,
when these hiPSC-CMs were treated with estradiol, this reduced
their sensitivity to catecholamines by reducing adrenoreceptor
expression, and thus, showed a protective effect of estrogen in the
context of this disease. Further studies are needed to determine
the exact pathophysiologic and prognostic role of sex hormones
in Takotsubo Syndrome.

Cardiac Channelopathies

Long QT Syndrome (LQTS)

This condition defines prolonged rate-corrected QT intervals
(QTc) in patients who are at risk for ventricular tachyarrhythmias
(typically TdP) and SCD (36). LQTS can be either congenital
or acquired (as is the case for drug-induced LQTS). Female
sex is known to be an independent risk factor, as females
have 10-20ms longer QTc intervals. However, the gender
difference only manifests after puberty, suggesting that female
sex hormones may play a role in the increased propensity for
arrhythmias (36, 57, 58).

The QTc is most affected by alterations in phase 2 and 3 of
the AP, which are dominated, respectively, by the L-type calcium
current (upregulation lengthens the QTc) and the delayed
rectifier potassium currents (I, and I, upregulation shortens
the QTc). As mentioned previously, estrogen, progesterone
and testosterone have varying effects on these currents,
which could explain the gender differences (7). While the
hypothesis that increased estrogen might be responsible for
arrhythmogenesis in females has not been proven in humans
yet, there are several clinical studies showing that QTc and
arrhythmogenicity may increase in in males with decreased
testosterone. A recent study by Salem et al. (59) has reported
that male hypogonadism secondary to androgen-deprivation
therapies (ADTs) is associated with acquired LQTS and increased
incidence of TdP. Furthermore, the same group has also studied
hiPSCs from men and treated them either with ADTs and
dihydrotestosterone, reporting that while the ADTs indeed
prolonged the QT interval, this was acutely reversed upon
dihydrotestosterone administration (60).

Brugada Syndrome

This genetically-determined disease is characterized by the
appearance of a coved-type ST segment elevation in the right
precordial ECG leads, and puts the patients at significant risk
for SCD in the absence of an underlying structural heart disease
(61). The most common genetic mutations found in affected
patients (up to 25%) are loss-of-function mutations in the
SCN5A gene, which encodes the o subunit of the cardiac sodium
channel protein (Nav;5) (62). Despite the autosomal dominant
inheritance of the disease, its incidence is significantly higher
in males (8:1 in Western countries and 9:1 in Asia). Indeed,
a study by Shimizu et al. (42) showed that males with the
Brugada Syndrome had significantly higher testosterone levels
as compared to their control counterparts, even after adjusting
for age, exercise, stress, smoking habits, and medications.
Furthermore, there are a few interesting case reports correlating
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the Brugada ECG pattern to blood testosterone levels. Matsuo
et al. (63) described two cases of males with an asymptomatic
Brugada ECG pattern, which disappeared following surgical
castration for prostate cancer. Another recently published case
study by Sichrovsky et al. (64) has demonstrated the development
of a previously unrecognized Brugada pattern and SCD in a
genetic female living as a transgender male through the use of
exogenous testosterone.

As previous literature has suggested, the accentuation of the
epicardial AP notch and loss of its dome induced by a potassium
channel opener, seems to be the cause of the typical Brugada-
type ST segment elevation. This can result in phase II reentry
and trigger ventricular tachycardia or ventricular fibrillation
(65). Moreover, it matches the evidence of the sodium channel
being the primary gene candidate for the Brugada Syndrome.
Since either a decrease in the density or an acceleration of
inactivation of the sodium channel would leave Iy, unopposed
during the early phases of the AP, the mechanism of the AP
notch accentuation may indeed be due to a more prominent I,
which is physiologically more expressed in males as compared to
females. This has been proven in a dog model, showing that the
I, current density of the RV epicardium is significantly higher
in males than in females, culminating in increased transmural
dispersion of repolarization (4). This substrate facilitates the
presence of the Brugada-type ECG pattern and occurrence of
arrhythmias in males. Furthermore, as previously mentioned,
testosterone may augment outward repolarizing currents (such
as Iy, and Iy), and thus, lead to loss of the AP dome, explaining
the male predominance of the Brugada Syndrome. A recently
published in vitro study by Yang et al. (66) examining the
effects of estrogen and testosterone on the wild-type and the
mutant Navy s has shown no influence of these hormones on
either channel, but this study had the limitation of lacking an in
vivo validation.

Catecholaminergic Polymorphic Ventricular
Tachycardia

CPVT is an inherited arrhythmic syndrome, which affects 1
in 10,000 individuals. It is characterized by potentially lethal
ventricular arrhythmias, which are often biventricular or
polymorphic in origin, and which mostly appear following
an adrenergic challenge precipitated by emotional or physical
stress (67). CPVT arises from disrupted intracellular calcium
homeostasis and is most often associated with gene abnormalities
involving the RyR2. The resulting dysregulated RyR2-mediated
leak of sarcoplasmic reticular calcium elevates cytosolic calcium,
increasing electrogenic sodium/calcium exchanger and/or
calcium-activated chloride transient inward currents. The
consequently occurring delayed afterdepolarizations may trigger
arrhythmic events. Interestingly, the majority of phenotypes
related to RyR2 mutations show a higher mortality in males as
compared to females. The molecular basis for this entity has been
explored in a recent study by Saadeh et al. (68) in a murine model
of CPVT (homozygotic RyR2%5), in which they investigated
the impact of gender on the expression levels of molecular
determinants of calcium homeostasis and conduction velocity.
While the authors have found no difference in the expression
levels of calcium homeostasis proteins, they showed a decreased

Cx43 expression, which correlated with slowed conduction
velocity in female mice, but not in males.

HORMONE REPLACEMENT THERAPY
AND ARRHYTHMIAS

Male hypogonadism, which may arise from multiple etiologies
including androgen-deprivation therapy (ADT), has been
reported as a risk factor for acquired LQTS and the occurrence
of TdP. This has led to multiple pharmacovigilance studies
assessing the link between hormone replacement therapy (HRT)
and the incidence of ventricular arrhythmias. Interestingly, this
has helped to shed some light on the link between arrhythmias
and sex hormones, supporting the hypothesis that hypogonadism
is a correctable and identifiable risk factor for TdP, especially
in men. This has clinical implications, for example while
considering ADT, which is the cornerstone of the treatment of
prostate cancer.

Ventricular Arrhythmias

Male hypogonadism is a condition in which clinical symptoms
occur due to testosterone deficiency (69). As discussed
previously, low testosterone values may be associated with
a higher risk of ventricular arrhythmias and SCD due to a
lengthening of the myocardial repolarization phase. In fact, the
QTc values of males after puberty are significantly shorter and
aging men with decreasing testosterone levels seem to have a
gradual increase in QTc. Some types of male hypogonadism
can be treated with testosterone replacement therapy (TRT).
The data available on the effects of TRT on cardiovascular
risks are contradicting. The RHYME study, which investigated
hypogonadal men receiving TRT, did not find any increased
cardiovascular risk (70). The same results were shown in a
systematic review by Corona et al. (71) which reported the
absence of a causal role between TRT and cardiovascular events.
Interestingly, a study by Muensterman et al. (58) reported that in
older men, the use of transdermal testosterone combined with
oral progesterone attenuates drug-induced QTc lengthening.
This shows that there may be a probable protective role of both
testosterone and progesterone on arrhythmia occurrence due to
prolonged QTc.

Concerning hormone replacement in females, there are
several studies in post-menopausal women showing that estrogen
replacement therapy (ERT) prolongs the QTc interval. Indeed,
as mentioned above, estrogen has a lengthening effect on the
myocardial repolarization phase. This effect is not evident in
female children, but only manifests itself after adolescence,
and significantly decreases after menopause (72). A study on
hormone replacement for 1 year confirmed that the use of ERT
increases the QTc interval (73). Interestingly, this effect was
not seen in combined estrogen-progestin replacement therapies,
strengthening the theory that progesterone most likely has a
similar effect on the QTc interval as testosterone. It is important
to note that a study by Saba et al. (74) did not find any
significant difference in QTc interval between premenopausal,
post-menopausal and post-menopausal women treated with
hormone replacement. A major limitation of this study was
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that it was not clear whether hormone replacement consisted
of estrogen alone or combined with progesterone in the study
population (74).

CONCLUSIONS

Gender is known to be an independent risk factor for some
types of cardiac arrhythmias. However, the link between
the sex hormones and susceptibility to arrhythmias is still
a matter of debate. Nonetheless, despite conflicting results,
these hormones may influence arrhythmia occurrence both
in the presence or absence of underlying structural heart
disease. Further studies, which validate or contradict the already
present literature, will be of invaluable importance to fully
understand the pathophysiological mechanisms that lie at the
basis of arrhythmogenesis.
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The Key Role of Uric Acid in
Oxidative Stress, Inflammation,
Fibrosis, Apoptosis, and Immunity in
the Pathogenesis of Atrial Fibrillation

Yawen Deng?, Fei Liu, Xiaolei Yang* and Yunlong Xia*

Department of Cardiology, First Affiliated Hospital of Dalian Medical University, Dalian, China

Atrial fibrillation (AF) is a highly prevalent cardiac arrhythmia that leads to numerous
adverse outcomes including stroke, heart failure, and death. Hyperuricemia is an
important risk factor that contributes to atrium injury and AF, but the underlying molecular
mechanism remains to be elucidated. In this review, we discussed the scientific evidence
for clarifying the role of hyperuricemia in the pathogenesis of AF. Experimental and Clinical
evidence endorse hyperuricemia as an independent risk factor for the incidence of AF.
Various in vivo and in vitro investigations showed that hyperuricemia might play a critical
role in the pathogenesis of AF at different UA concentrations through the activation of
oxidative stress, inflammation, fibrosis, apoptosis, and immunity.

Keywords: uric acid, atrial fibrillation, mechanisms, oxidative stress, inflammation

INTRODUCTION

Atrial fibrillation (AF) is considered to be the most frequent cardiac arrhythmia and its prevalence
is increasing substantially. In 2016, 46.3 million individuals had prevalent AF/atrial flutter globally,
and the prevalence of AF has been estimated between 2 and 4% in adults (1). Also, the prevalence
of AF is expected to rise more than double in the next three decades, largely owing to the extended
life expectancy of the general population, intensifying search for undiagnosed AF (2), and longer
survival with chronic conditions (3). AF is associated with a 5-fold risk for stroke and is estimated
to cause 15% of all strokes (4), and among various cardiac arrhythmia, AF is receiving significant
attention for its contribution to cardiac mortality and morbidity (5).

Chronic diseases such as rheumatic heart disease, hypertension, hyperthyroidism, chronic
kidney disease, and diabetes mellitus have all been regarded as risk factors for AF (6, 7). Although
the pathophysiology underlying AF remains to be fully elucidated, inflammation and oxidative
stress are partially known for their involvement in the pathogenesis of AF (8). Recently, increased
focus has been given to the possible mechanism by which hyperuricemia causes AF. Similarly,
the link between hyperuricemia and other conditions such as hypertension, metabolic syndrome,
diabetes mellitus, and chronic kidney disease has been reported (9-11). Uric acid [UA; 7,9-hihydro-
1H-purine-2,6,8(3H)-trione; C5H4N403; molecular weight of 168.11 Da] is a heterocyclic organic
compound and an end product of purine metabolism in humans. UA acts as an antioxidant and
pro-oxidant at its normal and high concentration, respectively (12). Difficulties in determining
whether UA acts as a risk marker or a risk factor for AF remained debatable due to the
frequent association and intricate relationship with other cardiovascular risk factors. Despite such
controversy, the interest in UA has recently resurrected.
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A recent review on the role of UA in cardiovascular diseases
(CVD) has focused on summarizing the association between
uric acid and various cardiovascular diseases, mainly from
experimental evidence (13). Also, the review was shallow in the
area of AF despite its well-organized content on the relationship
between UA and CVD. Bearing in mind the significance of
bridging the experimental findings with clinical evidence, it is
undoubtedly important to summarize the association of UA
with AF based on both experimental and clinical evidence.
Therefore, this review will discuss the potential mechanism on
how UA involves in AF pathophysiology. In particular, our review
will summarize the effects of fibrosis, apoptosis, and immunity
on the progress of AF and how elevated UA associated with
hypertension and metabolic syndrome aggravates the risk of AF.

THE EXPERIMENTAL EVIDENCE IN AF

Bearing in mind that the extensive overlap exists between
comorbidities and risk factors of hyperuricemia and arrhythmias,
multivariable analyses of epidemiologically collected data cannot
substitute proof generated from basic and clinical studies. As
such, there is a need for further basic research to establish a
causal relationship between UA and AF and to identify the
mechanism by which UA is involved in AF pathology. Elevated
UA can cause arrhythmia either directly or indirectly, depending
on the availability of other risk factors. In this review, we
have summarized in vitro and in vivo studies regarding UA
acting on several cellular signaling pathways in Table 1. The
summary of the elevated UA induced cardiac remolding related
to electrophysiological and structural alterations via various
mechanisms, including oxidative stress, inflammation, fibrosis,
apoptosis, and immunity is described in Figure 1.

UA Participates in the Progress of
Hypertension-Induced AF

Clinically, hypertension is an independent risk factor for
AF. In the past, it was well-established that UA and nitrate
concentrations were positively associated with elevated blood
pressure (27). Some researchers also demonstrated that UA, the
most abundant antioxidant in plasma, reacts directly with nitric
oxide (NO) in a rapidly irreversible reaction resulting in the
formation of 6-aminouracil and depletion of NO (28). Also,
elevated UA was found to inhibit the production of NO in
bovine aortic endothelial cells caused by the vascular endothelial
growth factor (27). This evidence proves that hyperuricemia-
induced vascular insufficiency can be achieved by reducing NO
production. Besides, the angiotensin system is also believed to
involve in UA-induced NO production reduction. According to
earlier evidence, UA activates the renin-angiotensin system and
inhibits NO production by downregulating NOS1 expression.
UA can also indirectly affect NO production through classical
inflammatory pathways. Different concentration of UA in vitro
has been found to involve Ikba phosphorylation via NF-kB
activated inflammatory signaling pathway. This leads to the up-
regulation of inducible NO synthase (iNOS) expression and

excessive NO production, which subsequently contribute to the
injury of cells (17).

Elevated blood pressure is a known risk factor for AF, and
hypertension often coexists with AF. Whereas, hyperuricemia,
as a risk factor of AF, can directly trigger the occurrence of AF
or indirectly contribute to AF through a hypertension-induced
mechanism. Mazzali et al. used oxonic acid (OA) to create a
mild hyper-UA model in vivo. After a low-salt diet in the rats,
they found that the diameter of the arterioles of the mice with
hyperuricemia was shortened and the blood pressure increased
significantly (22). What’s more, vascular hypertension can cause
an increase in cardiac preload, resulting in left atrial structural
remodeling (26). Studies have shown that after entering into
cells through an organic anion transport, UA stimulates the
proliferation of vascular smooth muscle cells. The changes in the
vascular muscle cells may increase the thickness of the vascular
wall, which could further result in cardiac afterload, and long-
term atrial structural remodeling (29, 30), which could be the
potential mechanism of AF.

UA Participates in the Progress of
Metabolic Syndrome-Induced AF

Experimental studies proposed that UA may have a causal role in
metabolic syndrome (MetS) and obesity (22, 31). Earlier evidence
pointed out that UA enters the cell through UA transporters, and
intracellular UA increases the activity of xanthine oxidase (XO)
and NADPH oxidase (NOX) (18). As a result, these activities
promote the formation of superoxide. These common UA
transporters include URATv1, ABCG2, MRP4, and MCT9 (16).
A piece of evidence revealed, soluble UA provokes an increase in
NOX activity in differentiated 3T3-L1 adipocytes by promoting
the action of URATv1. The NOX activity per se is a cytoplasmic
enzyme consisting of at least one catalytic transmembrane-
spanning NOX subunit, which produces ROS by transferring
electrons from NADPH to molecular oxygen. In addition, the
reduction of bioavailability can result in the down-regulation
of NO and an increase in protein nitrosylation and lipid
oxidation (14, 19). Consequently, the formation of downstream
superoxide-dependent ROS is increased, which leads to the up-
regulation of monocyte chemotactic protein (MCP-1). These
pathophysiological alterations can eventually lead to obesity-
related low-grade inflammation, metabolic syndrome, and
cardiovascular diseases (32).

The Role of Oxidative Stress on the
Progress of Elevated UA-Induced AF

A substantial body of evidence suggests that oxidative stress
plays a key role in the pathophysiology of AF. However, the
molecular pathways of this pathologic process are complex.
Therefore, oxidative stress and its modulation in AF require the
development of strategies that target specific sources of ROS
implicated in atrial remodeling (33). XO is deemed to be a
key enzyme in UA metabolism, which is also a critical source
of reactive oxygen species (ROS), free radicals responsible for
oxidative damage (34) in cardiovascular diseases (35). A study
that involved a histochemical staining technique based on the
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TABLE 1 | In vitro and in vivo studies regarding uric acid acting on several cellular signaling pathways in different hyperuricemia models.

The types the cells Concentration Acting duration Pathway Animal model References

Human proximal tubular cell 4,8,16 mg/d! 24,48 and 72h MAPK pathway No (14)

Cardiomyocyte 0-15 mg/dl 12,24,48and 72h ERK/P38 Yes? (15)

Renal proximal tubule cell 500 uM 8h PKC, MAPK, cPLA2, and NF-kB No (15)

Human umbilical vein 10, 50, and 100 60 min MEK/Erk pathway No (16)

endothelial cells a/ml

B-cell 5 mg/dL 24h NF-kB-iNOS-NO signaling axis. VYesP (17)

Mouse atrial myocytes 7 mg/dl 24h ERK pathway No (18)

Pre-adipocyte 3T3-L1 cells 15 mg/dl 5-30min p38 and ERK1/2 MAP kinases No (19)
pathway

Cardiomyocytes 0, 5,10, and 15 30min, 1, 8, 16 and IRS-PI3K-Akt signaling No (20)

mg/dl 24h

Rat cardiac fibroblasts 3-300 uM 24h ERK No 21

Interstitial macrophages 3% UA 7 weeks to feed RAS-NOS1 Yes® (22)

Human vascular smooth 6 to 12 mg/dl 1to48h p38 No (29)

muscle cells

Vascular smooth muscle cells 2.5t0 10 mg/dL 72h MAPK signaling molecules ERK VYes? (24)
p44/42 and p38 NF-kB

Human mesangial cells 8-50 mg/dl 24h COX-2 expression and PGE2 No (25)
synthesis

Pulmonary artery endothelial 2.5-15 mg/dl 24h L-arginine-eNOS pathway No (26)

cells.

a|ntraperitoneal injection of potassium oxonate (300 mg/kg) and intragastric administration of hypoxanthine (500 mg/kg) for 1-2 h to create acute hyperuricemia.
bThe mouse hyperuricemia model was generated by daily intraperitoneal injection of uric acid (250 mg/kg, Sigma) for 4 weeks.
CMild hyperuricemia was induced in rats by providing a uricase inhibitor- oxonic acid (OA) and marked hyperuricemia were fed with 2% OA and 3% UA in the diet.

9OA feeding for rats.

reduction of nitro blue tetrazolium to formazan by superoxide
radical also revealed the presence of XO activity in human
hearts (36). Moreover, an analysis of the correlation between
maximal oxygen and UA level in patients with chronic heart
failure reflects the impairment of oxidative metabolism (37).
Autonomic nervous system activation can induce significant and
heterogeneous changes of atrial electrophysiology and induce
atrial tachyarrhythmias, including atrial tachycardia and AF (38).
Recently, some researchers showed that a continuous 4 weeks
inhibition of XO in infarcted rats down-regulated sympathetic
innervation (39). This suggests that UA involves in sympathetic
nerve activity via sympathetic innervation probably through
a superoxide-dependent pathway, which eventually contributes
to arrhythmia.

Cell experiments have been conducted to reveal the effect of
UA on cardiac remolding by stimulating the vascular Renin-
Angiotensin System (RAS) (40). The study demonstrated that
UA stimulates vascular smooth muscle cell proliferation and
oxidative stress via the vascular renin-angiotensin system.
Landmesser et al. have proved that angiotensin II induces
the increased activity of NOX and XO, and eventually causes
oxidative damage (41). An experimental test by Corry et al. also
found that the mRNA and intracellular protein of angiotensin II
were upgraded after 48 h of UA stimulation of vascular smooth
muscle cells, and this effect was inhibited after the use of losartan
and captopril (40). Moreover, increased oxidative stress levels
that result in the upregulation of hydrogen peroxide and 8-
isoprostatin was slowed down by losartan, captopril, and PD

98059 (a mitogen-activated protein (MAP) kinase inhibitor)
treatment, suggesting UA causes vascular dysfunction through
the angiotensin system.

Note, elevated UA levels cannot only increase the risk of
myocardial oxidative damage through activating RAS but
also lead to cellular damage by activating other pathways.
For instance, a shred of evidence has shown that high
UA can promote the up-regulation of NOX4 expression in
renal proximal tubule cells and result in an increase in ROS
production via activating P38 and ERK1/2 phosphorylation.
Such ROS production through activation of P38 and
ERK1/2 phosphorylation can further inhibit PI3K and Akt
activation, and unbalance Bax/Bcl-2 equilibrium, which could
eventually contribute to increased apoptosis and decreased cell
activity (42).

Hyperuricemia can also cause oxidative damage and
inhibit cardiomyocyte activity. Similar results were obtained
in vivo, consistent with those obtained in wvitro. The
phosphorylation of ERK and P38 was up-regulated in mice
with acute hyperuricemia model (15). Another experimental
study endorsed hyperuricemia-induced oxidative stress in
cardiomyocytes to further progress to myocardial structural
remodeling (43).

Plasma urate level is directly regulated by a voltage-driven
urate efflux transporter (URATv1) in humans (44). Recently,
researchers have found that UA in the blood can promote the
formation of ROS in atrial myocytes through UA transporters. In
their study, they claimed that ROS activates ERK pathways and
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