
EDITED BY :  Jichao Zhao, Oleg Aslanidi, Pawel Kuklik, Geoffrey Lee, Gary Tse, 

Steven Alexander Niederer and Edward Joseph Vigmond

PUBLISHED IN : Frontiers in Physiology

RECENT ADVANCES IN UNDERSTANDING 
THE BASIC MECHANISMS OF ATRIAL 
FIBRILLATION USING NOVEL 
COMPUTATIONAL APPROACHES

https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/journals/physiology


Frontiers in Physiology 1 October 2019 | Recent Advances in AF

Frontiers Copyright Statement

© Copyright 2007-2019 Frontiers 

Media SA. All rights reserved.

All content included on this site,  

such as text, graphics, logos, button 

icons, images, video/audio clips, 

downloads, data compilations and 

software, is the property of or is 

licensed to Frontiers Media SA 

(“Frontiers”) or its licensees and/or 

subcontractors. The copyright in the 

text of individual articles is the property 

of their respective authors, subject to a 

license granted to Frontiers.

The compilation of articles constituting 

this e-book, wherever published,  

as well as the compilation of all other 

content on this site, is the exclusive 

property of Frontiers. For the 

conditions for downloading and 

copying of e-books from Frontiers’ 

website, please see the Terms for 

Website Use. If purchasing Frontiers 

e-books from other websites  

or sources, the conditions of the 

website concerned apply.

Images and graphics not forming part 

of user-contributed materials may  

not be downloaded or copied  

without permission.

Individual articles may be downloaded 

and reproduced in accordance  

with the principles of the CC-BY 

licence subject to any copyright or 

other notices. They may not be re-sold 

as an e-book.

As author or other contributor you 

grant a CC-BY licence to others to 

reproduce your articles, including any 

graphics and third-party materials 

supplied by you, in accordance with 

the Conditions for Website Use and 

subject to any copyright notices which 

you include in connection with your 

articles and materials.

All copyright, and all rights therein,  

are protected by national and 

international copyright laws.

The above represents a summary only. 

For the full conditions see the 

Conditions for Authors and the 

Conditions for Website Use.

ISSN 1664-8714 

ISBN 978-2-88963-184-1 

DOI 10.3389/978-2-88963-184-1

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: researchtopics@frontiersin.org

https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/journals/physiology
http://www.frontiersin.org/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org


Frontiers in Physiology 2 October 2019 | Recent Advances in AF

RECENT ADVANCES IN UNDERSTANDING 
THE BASIC MECHANISMS OF ATRIAL 
FIBRILLATION USING NOVEL 
COMPUTATIONAL APPROACHES

Topic Editors: 
Jichao Zhao,The University of Auckland, New Zealand
Oleg Aslanidi, King’s College London, United Kingdom
Pawel Kuklik, Klinik für Kardiologie, Asklepios Klinik St. Georg, Germany
Geoffrey Lee, Royal Melbourne Hospital, Australia
Gary Tse, Xiamen University Affiliated Cardiovascular Hospital, China
Steven Alexander Niederer, King’s College London, United Kingdom
Edward Joseph Vigmond, Université de Bordeaux, France

Citation: Zhao, J., Aslanidi, O., Kuklik, P., Lee, G., Tse, G., Niederer, S. A.,Vigmond, E. J., eds. 
(2019). Recent Advances in Understanding the Basic Mechanisms of Atrial Fibrillation 
Using Novel Computational Approaches. Lausanne: Frontiers Media.
doi: 10.3389/978-2-88963-184-1

https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/journals/physiology
https://doi.org/10.3389/978-2-88963-184-1


Frontiers in Physiology 3 October 2019 | Recent Advances in AF

Table of Contents

06 Editorial: Recent Advances in Understanding the Basic Mechanisms of 
Atrial Fibrillation Using Novel Computational Approaches

Jichao Zhao, Oleg Aslanidi, Pawel Kuklik, Geoffrey Lee, Gary Tse,  
Steven Niederer and Edward J. Vigmond

11 Atrial Fibrillation Recurrence and Peri-Procedural Complication Rates in 
nMARQ vs. Conventional Ablation Techniques: A Systematic Review and 
Meta-Analysis

Ka H. C. Li, Mei Dong, Mengqi Gong, George Bazoukis, Ishan Lakhani,  
Yan Y. Ting, Sunny H. Wong, Guangping Li, William K. K. Wu,  
Vassilios S. Vassiliou, Martin C. S. Wong, Konstantinos Letsas, Yimei Du, 
Victoria Laxton, Bryan P. Yan, Yat S. Chan, Yunlong Xia, Tong Liu,  
Gary Tse and International Health Informatics Study (IHIS) Network

19 A Machine Learning Aided Systematic Review and Meta-Analysis of the 
Relative Risk of Atrial Fibrillation in Patients With Diabetes Mellitus

Zhaohan Xiong, Tong Liu, Gary Tse, Mengqi Gong, Patrick A. Gladding, 
Bruce H. Smaill, Martin K. Stiles, Anne M. Gillis and Jichao Zhao

31 Noninvasive Assessment of Atrial Fibrillation Complexity in Relation to 
Ablation Characteristics and Outcome

Marianna Meo, Thomas Pambrun, Nicolas Derval, Carole Dumas-Pomier, 
Stéphane Puyo, Josselin Duchâteau, Pierre Jaïs, Mélèze Hocini,  
Michel Haïssaguerre and Rémi Dubois

50 Information Theory and Atrial Fibrillation (AF): A Review

Dhani Dharmaprani, Lukah Dykes, Andrew D. McGavigan, Pawel Kuklik, 
Kenneth Pope and Anand N. Ganesan

69 A Heart for Diversity: Simulating Variability in Cardiac Arrhythmia 
Research

Haibo Ni, Stefano Morotti and Eleonora Grandi

88 Atrial Rotor Dynamics Under Complex Fractional Order Diffusion

Juan P. Ugarte, Catalina Tobón, António M. Lopes and J. A. Tenreiro Machado

102 Stationary Atrial Fibrillation Properties in the Goat do not Entail Stable or 
Recurrent Conduction Patterns

Arne van Hunnik, Stef Zeemering, Piotr Podziemski, Jorik Simons, Giulia Gatta, 
Laura Hannink, Bart Maesen, Marion Kuiper, Sander Verheule and  
Ulrich Schotten

118 Dispersion of Recovery and Vulnerability to Re-entry in a Model of Human 
Atrial Tissue With Simulated Diffuse and Focal Patterns of Fibrosis

Richard H. Clayton

134 The Subcellular Distribution of Ryanodine Receptors and L-Type Ca2+ 
Channels Modulates Ca2+-Transient Properties and Spontaneous  
Ca2+-Release Events in Atrial Cardiomyocytes

Henry Sutanto, Bart van Sloun, Patrick Schönleitner,  
Marc A. M. J. van Zandvoort, Gudrun Antoons and Jordi Heijman

https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/journals/physiology


Frontiers in Physiology 4 October 2019 | Recent Advances in AF

152 Morphological Substrates for Atrial Arrhythmogenesis in a Heart With 
Atrioventricular Septal Defect

Robert S. Stephenson, Jack Rowley-Nobel, Caroline B. Jones, Rafael Guerrero, 
Tristan Lowe, Jichao Zhao, Henggui Zhang and Jonathan C. Jarvis

164 The Fibrotic Substrate in Persistent Atrial Fibrillation Patients: Comparison 
Between Predictions From Computational Modeling and Measurements 
From Focal Impulse and Rotor Mapping

Patrick M. Boyle, Joe B. Hakim, Sohail Zahid, William H. Franceschi,  
Michael J. Murphy, Adityo Prakosa, Konstantinos N. Aronis, Tarek Zghaib, 
Muhammed Balouch, Esra G. Ipek, Jonathan Chrispin, Ronald D. Berger, 
Hiroshi Ashikaga, Joseph E. Marine, Hugh Calkins, Saman Nazarian,  
David D. Spragg and Natalia A. Trayanova

176 Automatic Detection of Atrial Fibrillation Based on Continuous Wavelet 
Transform and 2D Convolutional Neural Networks

Runnan He, Kuanquan Wang, Na Zhao, Yang Liu, Yongfeng Yuan, Qince Li 
and Henggui Zhang

187 Loss of Side-to-Side Connections Affects the Relative Contributions of 
the Sodium and Calcium Current to Transverse Propagation Between 
Strands of Atrial Myocytes

Jichao Zhao, Ulrich Schotten, Bruce Smaill and Sander Verheule

197 Computational Modeling of Electrophysiology and Pharmacotherapy of 
Atrial Fibrillation: Recent Advances and Future Challenges

Márcia R. S. S. Vagos, Ilsbeth G. M. van Herck, Joakim Sundnes, 
Hermenegild J. Arevalo, Andrew G. Edwards and Jussi T. Koivumäki

226 Characterizing Electrogram Signal Fidelity and the Effects of Signal 
Contamination on Mapping Human Persistent Atrial Fibrillation

David Vidmar, Mahmood I. Alhusseini, Sanjiv M. Narayan and  
Wouter-Jan Rappel

237 Description of the Human Atrial Action Potential Derived From a Single, 
Congruent Data Source: Novel Computational Models for Integrated 
Experimental-Numerical Study of Atrial Arrhythmia Mechanisms

Michael A. Colman, Priyanka Saxena, Sarah Kettlewell and Antony J. Workman

254 Wavelength and Fibrosis Affect Phase Singularity Locations During Atrial 
Fibrillation

Mirabeau Saha, Caroline H. Roney, Jason D. Bayer, Marianna Meo,  
Hubert Cochet, Remi Dubois and Edward J. Vigmond

266 Targeting the Substrate in Ablation of Persistent Atrial Fibrillation: Recent 
Lessons and Future Directions

Martin K. Stiles, Prashanthan Sanders and Dennis H. Lau

277 A Computational Framework to Benchmark Basket Catheter Guided 
Ablation in Atrial Fibrillation

Martino Alessandrini, Maddalena Valinoti, Laura Unger, Tobias Oesterlein, 
Olaf Dössel, Cristiana Corsi, Axel Loewe and Stefano Severi

290 Image-Based Computational Evaluation of the Effects of Atrial Wall 
Thickness and Fibrosis on Re-entrant Drivers for Atrial Fibrillation

Aditi Roy, Marta Varela and Oleg Aslanidi

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation


Frontiers in Physiology 5 October 2019 | Recent Advances in AF

306 Myocyte Remodeling Due to Fibro-Fatty Infiltrations Influences 
Arrhythmogenicity

Tim De Coster, Piet Claus, Gunnar Seemann, Rik Willems, Karin R. Sipido 
and Alexander V. Panfilov

319 Commentary: Atrial Rotor Dynamics Under Complex Fractional Order 
Diffusion

Alfonso Bueno-Orovio

322 Atrial Fibrillation Mechanisms and Implications for Catheter Ablation

Ghassen Cheniti, Konstantinos Vlachos, Thomas Pambrun, Darren Hooks, 
Antonio Frontera, Masateru Takigawa, Felix Bourier, Takeshi Kitamura,  
Anna Lam, Claire Martin, Carole Dumas-Pommier, Stephane Puyo,  
Xavier Pillois, Josselin Duchateau, Nicolas Klotz, Arnaud Denis, Nicolas Derval, 
Pierre Jais, Hubert Cochet, Meleze Hocini, Michel Haissaguerre and 
Frederic Sacher

346 Modeling Left Atrial Flow, Energy, Blood Heating Distribution in Response 
to Catheter Ablation Therapy

Desmond Dillon-Murphy, David Marlevi, Bram Ruijsink, Ahmed Qureshi, 
Henry Chubb, Eric Kerfoot, Mark O’Neill, David Nordsletten, Oleg Aslanidi 
and Adelaide de Vecchi

359 Clinical Implications of Unmasking Dormant Conduction After 
Circumferential Pulmonary Vein Isolation in Atrial Fibrillation Using 
Adenosine: A Systematic Review and Meta-Analysis

Cheng Chen, Daobo Li, Jeffery Ho, Tong Liu, Xintao Li, Zhao Wang, Yajuan Lin, 
Fuquan Zou, Gary Tse and Yunlong Xia

374 The Association Between Diabetes Mellitus and Atrial Fibrillation: Clinical 
and Mechanistic Insights

Loryn J. Bohne, Dustin Johnson, Robert A. Rose, Stephen B. Wilton and 
Anne M. Gillis

386 Understanding the Beat-to-Beat Variations of P-Waves Morphologies in 
AF Patients During Sinus Rhythm: A Scoping Review of the Atrial 
Simulation Studies

Dimitrios Filos, Dimitrios Tachmatzidis, Nicos Maglaveras, Vassilios Vassilikos 
and Ioanna Chouvarda

https://www.frontiersin.org/research-topics/6647/recent-advances-in-understanding-the-basic-mechanisms-of-atrial-fibrillation-using-novel-computation
https://www.frontiersin.org/journals/physiology


EDITORIAL
published: 20 August 2019

doi: 10.3389/fphys.2019.01065

Frontiers in Physiology | www.frontiersin.org August 2019 | Volume 10 | Article 1065

Edited and reviewed by:

Raimond L. Winslow,

Johns Hopkins University,

United States

*Correspondence:

Jichao Zhao

j.zhao@auckland.ac.nz

Specialty section:

This article was submitted to

Computational Physiology and

Medicine,

a section of the journal

Frontiers in Physiology

Received: 06 June 2019

Accepted: 02 August 2019

Published: 20 August 2019

Citation:

Zhao J, Aslanidi O, Kuklik P, Lee G,

Tse G, Niederer S and Vigmond EJ

(2019) Editorial: Recent Advances in

Understanding the Basic Mechanisms

of Atrial Fibrillation Using Novel

Computational Approaches.

Front. Physiol. 10:1065.

doi: 10.3389/fphys.2019.01065

Editorial: Recent Advances in
Understanding the Basic
Mechanisms of Atrial Fibrillation
Using Novel Computational
Approaches

Jichao Zhao 1*, Oleg Aslanidi 2, Pawel Kuklik 3, Geoffrey Lee 4,5, Gary Tse 6,7,

Steven Niederer 2 and Edward J. Vigmond 8,9

1 Auckland Bioengineering Institute, University of Auckland, Auckland, New Zealand, 2 School of Biomedical Engineering and

Imaging Sciences, King’s College London, London, United Kingdom, 3Department of Cardiology, University Heart Center

Hamburg, Hamburg, Germany, 4 Royal Melbourne Hospital, Melbourne, VIC, Australia, 5Department of Cardiology, University

of Melbourne, Melbourne, VIC, Australia, 6Department of Medicine and Therapeutics, Faculty of Medicine, Chinese University

of Hong Kong, Hong Kong, China, 7 Faculty of Medicine, Li Ka Shing Institute of Health Sciences, Chinese University of

Hong Kong, Hong Kong, China, 8 IMB, UMR 5251, University of Bordeaux, Pessac, France, 9 IHU Liryc, Electrophysiology

and Heart Modeling Institute, Fondation Bordeaux University, Pessac, France

Keywords: atrial fibrillation, cardiac electrophysiology, computer simulation, computational modeling, arrhythmia

mechanisms

Editorial on the Research Topic

Recent Advances in Understanding the Basic Mechanisms of Atrial Fibrillation Using Novel

Computational Approaches

WHERE WE ARE AT REGARDING ATRIAL FIBRILLATION

Atrial fibrillation (AF) is the most common sustained heart rhythm disturbance, associated with
substantial morbidity and mortality (Andrade et al., 2014). The current prevalence of AF is∼2% of
the general population worldwide and is projected to more than double in the following decades,
becoming a global epidemic due to the aging population and the increasing incidence of heart
failure and other comorbidities such as hypertension and diabetes (Colilla et al., 2013; Krijthe
et al., 2013). Current clinical treatment for AF is suboptimal. Ablation treatment for persistent and
permanent AF and AF with concurrent cardiac diseases is disappointing with long term success
rates being <30% for single ablation procedures (Brooks et al., 2010; Nishida and Nattel, 2014).
Furthermore, anti-arrhythmic drugs (AADs) often lose their efficacy and have side effects (Woods
and Olgin, 2014). The poor clinical outcomes are primarily due to a lack of basic understanding
of the AF mechanism and quantitative tools to optimize treatment strategies in a clinical setting
(Haissaguerre et al., 2007; Hansen et al., 2015).

Novel computational approaches and techniques are playing an important role in our
understanding and treatment of AF. Multi-scale computer models of the human atria have been
used to investigate the important role of fibrosis in AF and consistently demonstrated that AF
is perpetuated by the re-entrant circuits persisting in the fibrotic boundary zones (Bayer et al.,
2016; Morgan et al., 2016; Vigmond et al., 2016; Zahid et al., 2016; Zhao et al., 2017). Moreover,
models have been applied to propose efficient ablation (Bayer et al., 2016) and AAD (Varela
et al., 2016) treatments for AF. To improve patients outcomes, novel computational analysis-aided

6
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ablation strategies have also been proposed. Narayan et al. have
identified stable AF re-entrant drivers in patients using phase
singularity analysis and atrial cellular restitution properties and
demonstrated that it was possible to reverse AF in 80.3% of
patients by directly targeting these regions in their Focal Impulse
and Rotor Modulation (FIRM) trial (Narayan et al., 2014). In
addition to the FIRM trial study, Haissaguerre et al. studied 103
patients with persistent AF using a non-invasive ECG imaging
(ECGI) approach (Haissaguerre et al., 2014) and concluded
that AF is sustained by localized spatially stable drivers where
targeted ablation led to 85% of patients being freed from AF
at 12 months post ablation. These high success rates are yet
to be confirmed in a multi-center randomized clinical trial
and the recent REAFFIRM clinical trial presented during a
late-breaking session at Heart Rhythm 2019, however, failed
to provide evidence of the superiority of the FIRM approach
over pulmonary vein isolation. Meanwhile, machine learning is
proving to be a promising tool for helping us to understand AF.
For example, deep convolutional neural networks have been used
to classify AF from single-lead ECGs (Hannun et al., 2019) and to
reconstruct 3D left atrial chambers from gadolinium-enhanced
MRIs (Xiong et al., 2019) with superior performance.

The aim of this Research Topic was to collect a series of
reviews and original research articles presenting recent advances
toward a better understanding and treatment of AF through
the development or use of: (1) structure-detailed computer
modeling; (2) biophysics-based atrial cellular modeling; (3) signal
processing and clinical mapping; and (4) meta-analysis and
clinical studies. A total of 27 accepted articles were published
under this Research Topic. Here in this editorial, we will
summarize the new knowledge and approaches generated, and
discuss how these can contribute to an improved understanding
of AFmechanisms and clinical treatment, as well as how theymay
shape future research directions.

CRITICAL INSIGHTS LEARNED FROM

STRUCTURE-DETAILED COMPUTER

MODELING

Improvements in clinical imaging and mapping allow
detailed characterization of atrial anatomy, structure and
electrophysiology. Computer models of atrial electrical activation
provide a powerful computational framework for understanding
the structure-function relationship that underlies atrial re-
entrant arrhythmias. Atrial structure, including wall thickness,
fibrosis, and myofiber orientation, have been suggested to dictate
the locations of AF re-entrant drivers in explanted human heart
studies (Bishop et al., 2015; Zhao et al., 2015, 2017). Of all atrial
structures, fibrosis, the hallmark of structural remodeling, has
been investigated extensively in this Research Topic. Clayton
studied the effect of the spatial scale (size) of simulated fibrosis
on electrical propagations by smoothly varying the diffusion
coefficient in 2D atrial tissue models. His study concludes
that the spatial scale of fibrosis has important effects on both
dispersion of recovery and vulnerability to re-entry. The Aslanidi
group evaluated the effects of both atrial wall thickness and

fibrosis on AF re-entrant drivers using two sets of computer
models, a simple model of an atrial tissue slab with a step change
in wall thickness and a synthetic fibrosis patch, and a set of 3D
patient-specific computer models based on MRI (Roy et al.).
In the slab model, they observed that an AF re-entrant driver
drifted toward and along the regions with changes/gradients
in wall thickness. Furthermore, they discovered that additional
patchy fibrosis would pull the AF re-entrant driver toward it,
and that the locations of AF re-entrant drivers were determined
by both fibrosis and wall thickness gradients. On the other hand,
results from the patient-specific computer models suggested
that the interaction between wall thickness and fibrosis plays
a very important role in the right atrium due to extensive
trabecular structure, whilst fibrosis performs a more decisive
role in the left atrium due to a comparably smaller trabecular
structure and more extensive fibrotic remodeling (Roy et al.).
In another study conducted by Stephenson et al. using micro-
CT imaging and anatomically accurate computer modeling,
morphological substrates for atrial arrhythmogenesis were
discovered in archived human hearts with atrioventricular septal
defect. To directly link computer modeling to clinical treatment,
Boyle et al. have carried out a multi-modal assessment of the
arrhythmogenic propensity of the fibrotic substrate in patients
with persistent AF by comparing locations of AF driver regions
found in patient-specific computer simulations to those detected
by the clinical FIRM approach. They discovered that computer
modeling successfully detected most AF driver regions that were
identified and ablated using the FIRM approach.

The interaction and impact of atrial structural and electrical
remodeling on electrical propagation were also investigated in
this Research Topic. The Vigmond group have studied the
effects of fibrosis and wavelength on the locations of AF re-
entrant drivers using bi-layer atrial models (Saha et al.). They
observed that AF re-entrant drivers became more unstable with
decreasing wavelength and that driver locations were largely
influenced by the degree and distribution of fibrosis as well as
the choice of implementation approach. Zhao et al. modeled
the loss of lateral connections in atrial myocytes due to fibrotic
remodeling and investigated the relative contributions of the
sodium and L-type calcium currents to transverse propagation
using a simple computer model of two parallel atrial myocyte
strands. They discovered that although transverse propagation
depends on both sodium and calcium currents, their relative
contribution and sensitivity to channel blockage depends on the
distribution of transverse connections. Fibrosis is important but
structural remodeling involves many factors. Recent experiments
suggest that adipocytes lead to a 69–87% increase in action
potential duration in neighboring cells as well as an increase
in resting membrane potential by 2.5 to 5.5mV (De Coster
et al.). The Panfilov group investigated the electrical interaction
of fat and normal myocytes using multi-scale computer models
and concluded that adipose remodeling may induce spiral wave
dynamics to a complex arrhythmia (De Coster et al.).

Besides, Bueno-Orovio and Ugarte et al. developed a
novel approach to model cardiac structural heterogeneity by
using a fractional diffusion for the description of cardiac
conduction. Their studies remind us that the current cardiac
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modeling approach itself is not perfect and needs improvement.
Dillon-Murphy et al. presented a novel patient-specific modeling
workflow for characterizing the thermal-fluid dynamics in the
human atria. This is a potentially useful tool for evaluating
ablation treatment and minimizing stroke risks.

BIOPHYSICS-BASED ATRIAL CELLULAR

MODELING

The vast majority of patients with AF are treated
pharmacologically. However, AADs are often ineffective in
∼40% of AF patients (Wyse et al., 2002). Cardiac cellular
models were widely used to improve our understanding
of electrical remodeling and to facilitate AAD design and
development. In this Research Topic, Sutanto et al. presented
a novel integrative approach by combining an experimental
animal study, confocal imaging and computer modeling to
study the effects of the subcellular distribution of ryanodine
receptors (RyR2) and L-type Ca2+ channels on Ca2+ transient
properties and spontaneous Ca2+ release events (SCaEs) in atrial
cardiomyocytes. They discovered that SCaEs preferentially arise
from regions of high local RyR2 expression and the propagation
of Ca2+ waves is modulated by the distance between RyR2 bands.
On the other hand, incorporation of axial tubules in various
amounts and locations reduce Ca2+-transient time to peak; and
selective hyperphosphorylation of RyR2 around axial tubules
increases the number of spontaneous waves (Sutanto et al.).
These novel findings significantly enhance our understanding of
the atrial structure-function relationship at the subcellular level.
In another modeling study, Colman et al. developed a human
atrial cell model derived from a single congruent data source
which offers a unique approach for directly relating the model to
the experiment.

There are also two important review articles devoted
to the modeling of atrial cellular electrophysiology and
pharmacotherapy. The Grandi group review recent advances
in statistical and computational techniques, i.e., population-
based and sample-specific modeling, simulating physiological
variability when building cellular computer models of cardiac
electrophysiology in both physiological and diseased conditions
(Ni et al.); The Koivumäki group detail the unique aspects of
AF pathophysiology, modeling approaches for drug testing and
how heterogeneity and variability can be incorporated into AF-
specific models (Vagos et al.).

INSIGHTS ON SIGNAL PROCESSING AND

CLINICAL MAPPING

Ineffective signal processing and atrial mapping approaches
impede our understanding of AF mechanisms and the
identification of effective targets for treatment. To determine
accurate intracardiac maps, the Rappel group investigated AF
re-entrant drivers using phase maps from patients with persistent
AF in the presence of various signal contamination (Vidmar
et al.). They conclude that domains of low fidelity electrograms
can be produced at rotational cores which are most sensitive

to far-field activation. By contrast, based on atrial electrograms
collected using ECGI from patients with persistent AF, Meo
et al. have utilized a new approach to measure AF complexity,
a non-dipolar component index, and have correlated this with
ablation outcomes and AF pathophysiology. Finally, the Zhang
group developed a new 2D convolutional neural network for
automatic detection of AF using the MIT-BIH ECG database
with superior performance (He et al.).

Animal models and computer simulations are often utilized
to validate atrial mapping and signal processing. The Schotten
group mapped 12 goats with persistent AF for 3–4 weeks
using a 249-electrode array and analyzed the AF episodes
collected from the left atrial free wall to quantify its degree of
spatiotemporal stationarity (van Hunnik et al.). They discovered
that AF properties were stationary; however, they argue that this
could not be attributed to stable recurrent conduction patterns.
Instead, they postulate that the structural properties of the atria
may explain the very variable conduction patterns underlying
stationary AF properties. A 64-channel basket mapping catheter
was used in the FIRM trials and widely used now in clinics for
patients with AF; however, it remains uncertain how reliable
this clinical mapping tool is. Alessandrini et al. have developed
a computer modeling framework to evaluate basket catheter
guided AF ablation. They discovered that a stable re-entrant
driver needs a high-density mapping catheter (<3mm) and a low
distance to the atrial surface (<10mm) for accurate mapping.
Finally, the Ganesan group review information theory, such as
Shannon entropy, and its application to AF mapping, in the
hopes of better pinpointing effective targets (Dharmaprani et al.).

META-ANALYSIS AND CLINICAL STUDIES

In this Research Topic, there are four original meta-analysis
articles. Through a pooled analysis of a total of 17 studies
including 5,169 participants, Chen et al. found that the adenosine
test and elimination of dormant conduction provoked by
adenosine may not improve the long-term success rate in AF
patients that undergo circumferential pulmonary vein isolation.
Their study raises a serious question about the clinical usage
of adenosine to unmask dormant conduction of pulmonary
veins as potential reconnection sites. The Tse group has
systematically compared AF recurrence rates and complication
rates between a novel ablation approach (circular irrigated
radiofrequency ablation) and conventional ablation techniques
based on 161 original publications (Li et al.). They found that
the performance between the two is comparable though circular
irrigated radiofrequency ablation has a higher mortality. Filos
et al. conducted a scoping review by mapping existing literature
in the field of atrial models and their associations with AF to
synthesize the vast knowledge toward the mechanism between
AF-related P-wave morphologies and atrial computer models.
The final meta-analysis study was aided by a novel machine
learning approach (Xiong et al.). The growth in medical research
publications is accelerating across the board; therefore, there is
an urgent need to develop an intelligent automated approach,
such as machine learning, to facilitate the identification and
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selection of relevant articles for meta-analysis. The Zhao group
developed a novel machine learning approach to assist in the
screening of potentially relevant articles for large-scale meta-
analyses and systematic review (Xiong et al.). Their approach led
to a 87% reduction in the number of publications needed for
manual screening. More importantly, their study demonstrates
that diabetes mellitus is a strong, independent risk factor for AF,
particularly for women.

It is always important to link or interpret computational
approaches and their results back to clinical settings. There are
three clinical review papers devoted to this area. Stiles et al.
reviewed computational approaches for detecting AF substrates,
ranging from complex fractionated atrial electrograms (CFAEs),
dominant frequency, ECGI, FIRM, and fibrosis-guided ablation
to risk factor modification. Clearly, some of these approaches did
not work that well, as demonstrated by recent high-profile clinical
studies (Verma et al., 2015), due to our lack of understanding
of AF mechanisms. Cheniti et al. focus on reviewing the AF
mechanisms that are further obscured and complicated by
intermingled multilevel atrial remodeling, various concurrent
conditions such as genetic factors (PITX2), obesity/metabolic
syndrome, and the limitations of eachmapping/imaging/ablation
methodology. Bohne et al. systematically review the structural,
electrical, and autonomic remodeling underlying elevated AF
in diabetes mellitus conditions. Further studies are required
to investigate the inter-relationship among obesity, diabetes
mellitus, and metabolic syndrome, as well as the role of insulin
resistance in AF.

CONCLUSIONS AND FUTURE

DIRECTIONS

The articles collected under this Research Topic advance our
understanding of atrial structural and electrical remodeling,
presenting recent progress on the development of computational

modeling, signal processing, atrial mapping, and machine
learning approaches, as well as how the gap between basic and
clinical studies is being bridged. 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
AF. More importantly, computer modeling of AF will need
to be truly multiscale, going from subcellular genetic changes
to tissue-level fibrosis to organ-scale geometry and electrical
connectivity. AF is a complex disease; therefore, future work
should extend the current paradigm to investigate upstream
mechanisms and therapy, such as the genetic factors (PITX2) and
concurrent clinical conditions (metabolic syndrome). Finally, in
the world of meta-data and wearable technology, more effective
computational approaches, such as machine learning and large
physiological and clinical datasets will need to be used to aid
traditional approaches toward further advancements in this
exciting research area. Together, these methods will no doubt be
an important part of global efforts to tackle this most common,
yet elusive, cardiac disease.
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Background and Objectives: Atrial fibrillation is a common abnormal cardiac rhythm

caused by disorganized electrical impulses. AF which is refractory to antiarrhythmic

management is often treated with catheter ablation. Recently a novel ablation system

(nMARQ) was introduced for PV isolation. However, there has not been a systematic

review of its efficacy or safety compared to traditional ablation techniques. Therefore, we

conducted this meta-analysis on the nMARQ ablation system.

Methods: PubMed and EMBASE were searched up until 1st of September 2017 for

articles on nMARQ. A total of 136 studies were found, and after screening, 12 studies

were included in this meta-analysis.

Results: Our meta-analysis shows that the use of nMARQ was associated with higher

odds of AF non-recurrence (n = 1123, odds ratio =6.79, 95% confidence interval

4.01–11.50; P < 0.05; I2 took a value of 83%). Moreover, the recurrence rate of AF using

nMARQ was not significantly different from that of traditional ablation procedures (n =

158 vs. 196; OR = 0.97, 95% confidence interval:0.59–1.61). No significant difference in

complication rates was observed between these groups (RR: 0.86; 95% CI: 0.37–1.99;

P > 0.05). There were four reported mortalities in the nMARQ group compared to none

in the conventional ablation group (relative risk: 1.58; 95% CI: 0.09–29.24; P > 0.05).
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Conclusions: AF recurrence rates are comparable between nMARQ and conventional

ablation techniques. Although general complication rates are similar for both groups, the

higher mortality with nMARQ suggests that conventional techniques should be used for

resistant AF until improved safety profiles of nMARQ can be demonstrated.

Keywords: nMARQ, nMARQTM, ablation, atrial fibrillation, recurrence

INTRODUCTION

Atrial fibrillation (AF) is the most common arrhythmia
encountered in clinical practice. It can have both re-entrant and
triggered mechanisms (Tse et al., 2016), the latter exemplified
by impulses originating from the roots of the pulmonary veins
(Hu et al., 2015). One of the major concerns associated with
AF is an increased risk of thrombo-embolic events (stroke
or systemic embolism). Anticoagulation therapies are therefore
recommended in all patients with AF who are at moderate-
to-high risk of stroke (Singer et al., 2008; Camm et al., 2010),
which include the presence of co-morbidities such as type
2 diabetes mellitus (Marfella et al., 2013; Steinberg et al.,
2015). As well as the increased risk of thrombo-embolic events,
AF also remains a major aetiological factor of heart failure
and increased hospitalization rates. As such, establishing an
effective monitoring system for early AF detection along with
an effective approach to treating AF is essential (Sardu et al.,
2016).

Numerous studies have demonstrated the superiority
of interventions over pharmacological approaches for the
maintenance of sinus rhythm in patients with both paroxysmal
and persistent AF. Considering that the pulmonary vein (PV)
can produce rapid focal activation that contributes to AF
persistence, disruption of the electrical connection between
the left atrium and the left and right PVs by circumferential
PV isolation may prevent occurrence of the arrhythmia
(Calkins et al., 2012b; Camm et al., 2012). Apart from
the irrigated single-tip, point-by-point delivery technique,
innovative technologies such as single-shot devices, balloon
technology, and circumferential multipolar ablation catheters
have been introduced over the last decade as alternatives for
ablation procedures. These new ablation tools have allowed
for safer and more efficient isolation by applying different
forms of energy to create linear lesions at the peri-PV ostia
region (Deneke et al., 2011; Schade et al., 2012; Packer et al.,
2013).

Recently, circular irrigated radiofrequency ablation using the
novel ablation system, nMARQ, (Biosense Webster, Diamond
Bar, CA, USA) has been introduced for circumferential
PV isolation. Several studies have compared nMARQ with
conventional ablation tools. However, the definite efficacy of this
new system has not been clearly elucidated due to differing results
from the studies and there has not been a systematic evaluation
to date. In this study, we therefore conducted a systematic review
and meta-analysis to examine AF recurrence as well as peri-
procedural complications between the nMARQ ablation system
and traditional ablation techniques.

Pathophysiology of AF
Currently, a combination of triggered and re-entrant
mechanisms involving not only the atrium itself but structures
such as ganglionated plexi and the pulmonary veins have been
proposed to underlie the generation and maintenance of AF
(Calkins et al., 2012a). Autonomic modulation is thought to
be an important mediator of arrhythmogenesis (Marrouche
et al., 2014; Rizzo et al., 2015). Recently, Yang Felix et al.
proposed a common pathophysiological pathway that can
cause the development and progression of AF associated with
inflammatory and fibrotic changes (Yang et al., 2017). This
was supported by Cochet et al. who described the difference in
atrial fibrosis distribution between patients with and without AF
(Cochet et al., 2015).

METHODS

Search Strategy, Inclusion, and Exclusion
Criteria
The meta-analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
statement (Moher et al., 2009). PubMed and EMBASE were
searched for studies that investigated AF recurrence rates using
nMARQ and/or conventional ablation techniques. The following
terms were used: “nMARQ” and “nMARQTM.” The search
period was from the beginning of the databases through to 1st
September 2017 with no language restrictions. The following
inclusion criteria were applied: (i) the design was a case-control,
prospective or retrospective cohort study in humans, (ii) AF
recurrence and complication rates were reported for nMARQ
with or without comparison to conventional ablation techniques.
Included studies also adhered to the follow-up recommendations
post-ablation from the 2016 ESC guidelines for the management
of atrial fibrillation developed in collaboration with EACTS.
These suggest that “patients should be seen at least once by a
rhythm specialist in the first 12 months after ablation” (Kirchhof
et al., 2016).

The quality assessment of these studies included in our meta-
analysis was performed using the Newcastle–Ottawa Quality
Assessment Scale (NOS). The point score system evaluated the
categories of study participant selection, comparability of the
results, and quality of the outcomes. The following characteristics
were assessed: (a) representativeness of the exposed cohort;
(b) selection of the non-exposed cohort; (c) ascertainment of
exposure; (d) demonstration that outcome of interest was not
present at the start of study; (e) comparability of cohorts on the
basis of the design or analysis; (f) assessment of outcomes; (g)
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follow-up period sufficiently long for outcomes to occur; and (h)
adequacy of follow-up of cohorts. This scale varied from zero
to nine stars, which indicated that studies were graded as poor
quality if they met <5 criteria, fair if they met 5 to 7 criteria,
and good if they met >8 criteria. The details of the NOS quality
assessment are shown in Supplementary Table 1.

Data Extraction and Statistical Analysis
Data from the studies were entered in a pre-specified spreadsheet
in Microsoft Excel. All publications identified were assessed for
compliance with the inclusion criteria. In this meta-analysis
the extracted data elements consisted of: (i) publication details:
surname name of first author, publication year; (ii) study design;
(iii) follow-up duration; (iv) the quality score; and (v) the
characteristics of the population including sample size, gender,
age. Two reviewers (CL and MD) independently reviewed each
included study and disagreements were resolved by adjudication
with input from a third reviewer (TL). Research findings from
abstracts are frequently significantly different from the final
publication and have not undergone the same degree of rigorous
peer review process as normally required for journal articles. For
these reasons only full-text publications were included in this
meta-analysis.

Heterogeneity across studies was determined using Cochran’s
Q-value and the I2 statistic from the standard chi-square test.
Cochran’s Q-value is the weighted sum of squared differences
between individual study effects and the pooled effect across
studies. The I2 statistic from the standard chi-square test
describes the percentage of variability in the effect estimates
resulting from heterogeneity. I2 > 50% was considered to reflect
significant statistical heterogeneity. The random-effects model
using the inverse variance heterogeneity method was used with
I2 > 50%. To locate the origin of the heterogeneity, subgroup
analyses based on different disease conditions and different
endpoints were performed. Sensitivity analysis excluding one
study at a time was also performed. Funnel plots showing
standard errors or precision against the logarithms of the odds
ratio were constructed. The Begg andMazumdar rank correlation
test and Egger’s test were used to assess for possible publication
bias.

RESULTS

Efficacy of the nMARQ Ablation Technique
A flow diagram detailing the above search strategy with inclusion
and exclusion criteria is shown in Figure 1. A total of 31
publications were found and further assessment demonstrated
that 13 met the inclusion criteria. The Kiss et al. (2014) study
was excluded due to AF recurrence not being reported as an
endpoint. Therefore, a total of 12 studies were included in this
meta-analysis (Scaglione et al., 2014; Zellerhoff et al., 2014; Dello
Russo et al., 2015; Farkash et al., 2015; Mahida et al., 2015;
Burri et al., 2016; Laish-Farkash et al., 2016; Lauschke et al.,
2016; Rodriguez-Entem et al., 2016; Rosso et al., 2016; Vurma
et al., 2016; Wakili et al., 2016). Of these, six reported efficacy
of the novel nMARQ ablation system without any comparison.
Four studies compared it to other ablation techniques such as

FIGURE 1 | Flowchart of the database search and study selection process.

single-catheter ablation catheterisation (SAC) (Lauschke et al.,
2016; Wakili et al., 2016), “Smart Touch” radiofrequency (Rosso
et al., 2016) and pulmonary vein ablation catheterisation (Laish-
Farkash et al., 2016) which uses two circular multi-electrode
catheters. Two studies divided the nMARQ sample into either
different technical approaches (Dello Russo et al., 2015) or into
the efficacy of nMARQ in paroxysmal and persistent AF (Vurma
et al., 2016). The baseline characteristics of these studies are
listed in Table 1. Three were retrospective studies and nine
were prospective studies. The mean follow-up duration was 9.3
months based on 11 out of 12 studies as one study did not provide
information regarding this.

Efficacy of the nMARQ Ablation Technique
Compared to Conventional Ablation
Techniques
The conventional ablation techniques include (i) “point-by-
point” radiofrequency using a single irrigated tip ablation
catheter and (ii) pulmonary vein ablation catheter, which uses
two circular multi-electrode catheters. Three studies compared
nMARQ with single-tip ablation catheter and one with the two
circular multi-electrode catheters. A total of 158 patients were
treated with nMARQ compared to 196 patients undergoing
conventional ablation procedures (Table 2). The mean age for
the conventional ablation group was 61.5± 10.5 years and 61.2%
of the subjects were male. The mean total procedure time was
103.8 ± 32.4min and the mean total fluoroscopy time was 27.9
± 12.4min. Our meta-analysis shows that the recurrence rate
of AF using nMARQ was not significantly different from that
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of traditional ablation procedures (OR = 0.97, 95% confidence
interval: 0.59–1.61; Figure 2).

Peri-Procedural Complications
All studies included in the analysis provided data on
perioperative complications. A total of 47 peri-procedural
complications (4.19%) occurred in the nMARQ group (n =

1123) while complications were observed in 6 patients (3.06%)
in the conventional ablation group (n = 196). The following
complications occurred following the use of nMARQ: groin
hematomas (n = 17), transient ST-segment elevation (n = 8),
access site injury (n = 8), death (n = 4), pericardial tamponade
(n= 4), pericardial effusion (n= 3), phrenic nerve palsy (n= 1),
oesophageal lesion (n = 1), charring injury (n = 1). Regarding
the complications with the conventional ablation techniques
the following occurred: transient ST-segment elevation (n =

3), access site injuries (n = 2), groin haematoma (n = 1). In
terms of peri-procedural mortality, four were reported in the
nMARQ group from the Mahida et al. and Vurma et al. studies
(Mahida et al., 2015; Vurma et al., 2016). Three deaths were
attributed to procedure-induced esophageal-pericardial fistulae.
The remaining death was due to sepsis (Mahida et al., 2015). By
contrast, there was zero mortality in the conventional ablation
group.

Additionally, when head-to-head analysis was conducted, the
conventional ablation group was associated with lower odds of
periprocedural complications (Odds ratio: 2.59; 95% CI: 0.98–
6.80; P = 0.05). In the head-to-head analysis, the nMARQ
group had 1 phrenic nerve palsy, 1 oesophageal lesion, 1
groin haematoma, 1 charring injury, 1 pericardial tamponade, 1
pericardial effusion, 3 transient ST-elevations and 4 access site
injuries. In the conventional ablation group there was only 1
haematoma, 3 transient ST-elevations, and 2 access site injuries.

DISCUSSION

This systematic review andmeta-analysis evaluated the efficacy of
the nMARQ catheter against conventional ablation approaches.
Since the main objective of ablation is to treat drug-resistant AF,
this study defined AF recurrence as the end-point. All studies
adhered to the post-ablation follow-up 2016 ESC guidelines for
the management of AF developed in collaboration with EACTS.
Physical examinations, evaluation of symptoms, 12-lead ECG
recordings, transthoracic echocardiography and Holter ECG
recordings (ranging between 1 and 7 days) were included in
follow-up monitoring. According to multiple studies included
in this meta-analysis AF recurrence is assumed as any atrial
tachyarrhythmia lasting at least 30 s on an ECG loop recorder or
ECG, regardless if it is organized into flutter or not.

The main findings are that (i) the use of the nMARQ
catheter is a useful technique in resolving treatment resistant AF
accompanied by low rates of recurrences; ii) when cross-analyzed
with conventional techniques, nMARQ is equally as effective
as conventional ablation procedures; iii) overall periprocedural
complication risk was greater with the use of nMARQ compared
to conventional techniques, iv) when mortality was analyzed as a

separate end-point higher mortality was observed in the nMARQ
group but this did not achieve statistical significance.

Procedural Parameters
The mean total procedure time (94.6 ± 18.7 vs. 103.8 ±

32.4) and fluoroscopy time (22.1 ± 8.8 vs. 27.9 ± 12.4) were
significantly shorter for nMARQ compared to conventional
approaches. This difference is due to the variability in the
transseptal and procedural approach. Some studies used a dual
trans-septal access approach while others used a single-access
approach without using a circular mapping catheter (CMC) to
confirm pulmonary vein isolation. Studies that used PVmapping
were found to have a longer fluoroscopy time of 31–35min
compared to the 20–24min fluoroscopy time in studies without
PV mapping (Wakili et al., 2016). Another possible difference
in the procedure and fluoroscopy time is the “learning curve.”
In Wakili et al. there was no observable trend in procedural
parameters with time. However, in Rosso et al. a significant
learning curve was observed with decreasing fluoroscopy and
procedural times (Wakili et al., 2016). Burning time was shorter
for nMARQ compared to PVAC. The longer total burning time
was attributed to the availability of 3D mapping used with
nMARQ and not with PVAC. Additionally, nMARQ ablation can
be stopped at any point after PV signals are no longer detected
after 1min (Wakili et al., 2016). In terms of left ventricular
ejection fraction (LVEF), the values were similar between the
nMARQ group (60.4 ± 10.3) and the “Usual” group, which were
only reported specifically by Wakili et al. and Lauschke et al. as
63.4± 7.1 and 59± 8 respectively.

Advantages of nMARQ Over Conventional
Ablation Techniques
The availability of 3D mapping with nMARQ confers many
advantages over conventional ablation techniques. It allows
visualization of catheter position in relation to the PV ostia,
guides voltage mapping of the atrium and adds location points
of the phrenic nerve route. Moreover, fluoroscopy time can be
reduced by using CARTO-MERGE technology. Lines of ablations
outside PV ostium can also be added. According to the same
study higher atrial arrhythmia incidence was observed for PVAC
when compared to nMARQ patients (95 vs. 36.5%, P = 0.0001).
The origin of the arrhythmogenic activity with PVAC system can
be due to the presence of a guide wire stimulating the PV ostia
or the different energy used with unipolar electrodes in nMARQ
compared to bipolar electrodes in PVAC (Wakili et al., 2016).

Concerns With Success in Achieving
Pulmonary Vein Isolation and
Peri-Procedural Complications in nMARQ
vs. Conventional Ablation Procedures
Confirming ablation success is impeditive for accurately
predicting AF recurrence. This is because an incomplete PVI will
more likely give rise to a post-procedural AF. The use of the
novel circulation ablation catheter, nMARQ, has raised concerns
with regard to its ability to successfully achieve successful PVI
(von Bary et al., 2011; Wakili et al., 2016). However, Scaglione
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FIGURE 2 | Efficacy of the nMARQ ablation technique compared to conventional ablation techniques.

et al. and Rosso et al. have adequately addressed this issue (Rosso
et al., 2014; Scaglione et al., 2014). Rosso et al. suggested that
the nMARQ catheter is associated with poor signal concordance
after radiofrequency (RF) application. Their group used a dual
transseptal approach instead of the single approach from the
start of the procedure, thereby potentially facilitating a successful
ablation of residual PV conduction by simultaneous PVmapping
with the CMC. The nMARQ most commonly missed persistent
atrial PV conduction which was observed in 30% of the examined
PVs using a CMC. Similarly, in Scaglione et al., 22% of PVs
were found to be persisting post-procedure even though the
nMARQ catheter suggested complete PVI. These findings are in
keeping with the many studies on nMARQ alone that have all
indicated >98% of PVIs are successful (Scaglione et al., 2014;
Zellerhoff et al., 2014; Mahida et al., 2015; Burri et al., 2016;
Rodriguez-Entem et al., 2016). This is an important aspect to
address as it will determine if nMARQ could effectively substitute
existing approaches or if supplementary post-RF conduction
is required to confirm ablation success (Wakili et al., 2016).
Indeed, Lauschke et al. confirmed that complete PV re-isolation
is possible with nMARQ (Lauschke et al., 2016). The difficulty
in sufficiently isolating the left-inferior pulmonary vein (LIPV)
was shown by Wakili et al. as greater RF energy is required
but it is also associated with oesophageal injury (Wakili et al.,
2016). Another possible complication includes phrenic nerve
palsy, which was reported in only one case and occurred
despite prophylactic phrenic nerve stimulation (Arroja and
Zimmermann, 2015).

In terms of oesophageal complications following ablation,
Halbfass et al. recently conducted a retrospective study into their
incidences in nMARQ vs. conventional ablation. A total 150
endoscopically detected oesophageal lesions were detected. Of
these 26 occurred in 149 patients undergoing nMARQ (17.4%)
and 124 occurred in 683 patients undergoing ablation using
single-tip catheters (18.2%). Of the 150 endoscopically detected
oesophageal lesions detected 98 were erosion injuries and 52 were
ulcers of which 5 (9.6%) progressed to perforation (Halbfass et al.,
2017).

Periprocedural Mortality in nMARQ vs.
Conventional Ablation Techniques
The published studies on nMARQ have demonstrated non-
statistically significant higher mortality rates when compared to

conventional ablation techniques (Mahida et al., 2015; Vurma
et al., 2016). Of the four deaths that occurred in the nMARQ
group, three were due to atrio-oesophageal fistulation and the
one due to sepsis. The only multi-center study was halted
immediately after the two fatalities were observed (Vurma et al.,
2016). Since then it has been recognized that lower power
settings were associated with less oesophageal damage (Dekker,
2016). It is possible that deaths could be prevented with lower
power settings and greater operator experience. The overall
mortality in the nMARQ group was 4.4% compared to 0% in the
conventional group. This may be due to different sample sizes
in the respective groups (1121 vs. 196). However, a multi-center
survey showed that mortality was 0.1% in a sample size of 32,569
patients. This incidence remains much lower than that reported
in our meta-analytical study for the nMARQ group (Cappato
et al., 2009). Further studies on the efficacy of nMARQ have
been stopped due to concerns of increased mortality with its
use.

LIMITATIONS

Several limitations of this study should be noted. Firstly,
a high degree of heterogeneity was found in our meta-
analysis, which may suggest that inconsistency of evidence
and therefore our results must be interpreted with caution.
This high degree of heterogeneity may be due to differences
in the baseline population characteristics between the groups,
such as age. Other potential contributing factors include the
difference in the proportion of patients with paroxysmal and
persistent AF and procedural times in each study. Secondly,
cumulative analysis for parameters such as mean LVEF was
not calculated due to the lack of information provided by
the respective studies. There is also no data with regard to
the inflammatory pathways and epigenetic modifications that
were reported in the included studies and these can have an
influence on therapeutic ablation response (Sardu et al., 2015,
2017).

CONCLUSION

AF recurrence rates are comparable between nMARQ
and conventional ablation techniques. Although general
complication rates are similar for both groups, the higher
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mortality with nMARQ suggests that conventional techniques
should be used for resistant AF until improved safety profiles of
nMARQ can be demonstrated.
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Background: Meta-analysis is a widely used tool in which weighted information from

multiple similar studies is aggregated to increase statistical power. However, the

exponential growth of publications in key areas of medical science has rendered manual

identification of relevant studies increasingly time-consuming. The aim of this work was

to develop a machine learning technique capable of robust automatic study selection

for meta-analysis. We have validated this approach with an up-to-date meta-analysis to

investigate the association between diabetesmellitus (DM) and new-onset atrial fibrillation

(AF).

Methods: The PubMed online database was searched from 1960 to September 2017

where 4,177 publications that mentioned both DM and AF were identified. Relevant

studies were selected as follows. First, publications were clustered based on common

text features using an unsupervised K-means algorithm. Clusters that best matched

the selected set of potentially relevant studies (a “training” set of 139 articles) were

then identified by using maximum entropy classification. The 139 articles selected

automatically on this basis were screenedmanually to identify potentially relevant studies.

To determine the validity of the automated process, a parallel set of studies was also

assembled by manually screening all initially searched publications. Finally, detailed

manual selection was performed on the full texts of the studies in both sets using standard

criteria. Quality assessment, meta-regression random-effects models, sensitivity analysis

and publication bias assessment were then conducted.

Results: Machine learning-assisted screening identified the same 29 studies for

meta-analysis as those identified by using manual screening alone. Machine learning

enabled more robust and efficient study selection, reducing the number of studies

needed for manual screening from 4,177 to 556 articles. A pooled analysis using themost
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conservative estimates indicated that patients with DM had ∼49% greater risk of

developing AF compared with individuals without DM. After adjusting for three additional

risk factors i.e., hypertension, obesity and heart disease, the relative risk was 23%. Using

multivariate adjusted models, the risk for developing AF in patients with DM was similar

for all DM subtypes. Women with DM were 24% more likely to develop AF than men with

DM. The risk for new-onset AF in patients with DM has also increased over the years.

Conclusions: We have developed a novel machine learning method to identify

publications suitable for inclusion in meta-analysis.This approach has the capacity to

provide for a more efficient and more objective study selection process for future such

studies. We have used it to demonstrate that DM is a strong, independent risk factor for

AF, particularly for women.

Keywords: atrial fibrillation, diabetes mellitus, meta-analysis, machine learning, risk factor

INTRODUCTION

Meta-analysis is a powerful epidemiological tool that is
increasingly used in all fields of scientific research. It seeks to
amplify statistical power by aggregating weighted information
from multiple similar studies (Moher et al., 2009). This approach
is driven by the view that common trends, masked by potential
error in individual scientific investigations, will be revealed if
sufficient numbers of conceptually similar studies are combined
and different sources of error are appropriately accounted for.
The exponential growth of publications in key areas of medical
science offers important new opportunities to extend the scope
of meta-analyses, however, it has also rendered conventional
manual identification of relevant studies increasingly time-
consuming. Furthermore, the selection of studies for meta-
analysis must be based on objective criteria and bias that is
introduced from manual selection can affect results.

Atrial fibrillation (AF) is the most commonly sustained
arrhythmia that is associated with substantial morbidity and
mortality (Colilla et al., 2013). In the developed world, one in
five strokes in people aged over 60 years is associated with AF
(Colilla et al., 2013; Krijthe et al., 2013). The overall prevalence
of AF is currently ∼2% of the general population worldwide and
is projected to more than double in the next four decades due
to the aging population and the increasing incidence of other
concurrent diseases (Colilla et al., 2013; Krijthe et al., 2013). Risk
factors of AF include age, hypertension, obesity, valvular heart
disease, heart failure and obstructive sleep apnea (Movahed et al.,
2005). The relationship between AF and diabetes mellitus (DM)
is complex since both diseases are associated with confounders,
such as hypertension, obesity and vascular disease (Schoen et al.,
2012). Some (Krahn et al., 1995; Kannel et al., 1998; Movahed
et al., 2005; Aksnes et al., 2008; Huxley et al., 2011) but not all
epidemiological studies (Frost et al., 2005; Fontes et al., 2012;
Huxley et al., 2012; Johnson et al., 2014) have suggested that
DM represents an independent risk factor for AF. However, these
studies have been limited by their diverse research designs and
lack of a sufficient number of enrolled patients. Individually, no
study has established overwhelming evidence of the association.

The causality of the relationship between DM and AF was
initially investigated by a small-scale meta-analysis (Huxley et al.,
2011) that included only six prospective cohort studies and four
case–control studies with significant heterogeneity selected from
482 publications searched in 2010. Over the past 8 years, more
than 2,000 additional publications have reported the association
between DM and AF. These additional data samples enhance the
statistical power of meta-analyses to determine the association
betweenDMandAF, but they also amplify the burden of selection
at the same time. The aims of this study were therefore to develop
a novel machine learning technique to provide a more efficient
and robust study selection method for meta-analysis, and to
perform an up-to-datemeta-analysis to determine the association
between DM and new-onset AF.

MATERIALS AND METHODS

Data Sources and Searches
We conducted this study in accordance with Preferred Reporting
Items for Systematic Review and Meta-Analysis (PRISMA)
guidelines (Moher et al., 2009) (refer to the PRISMA 2009 Flow
Diagram in Figure S1). A strategic search was conducted on
the PubMed online database of publications from 1960 to 1
September 2017. The search included any studies that contained
the keywords “diabetes”/“diabetic” and “atrial fibrillation” in any
field without language restriction. This identified a wide range of
research studies that involved both DM and AF.

Study Selection Criteria
Study selection was limited to cohort studies, randomized
trials and case-control studies in adult populations (participants
aged >18 years old) where an association between DM and
AF was reported. Patients with established comorbidities such
as cardiac disease, hypertension and obesity/body mass index
(BMI) were included so that the potential influence of these
conditions on AF could be evaluated and the adjusted risk ratios
were calculated. To reduce publication bias, previous review
and meta-analysis papers were excluded. Furthermore, where
multiple findings were reported from the same or overlapping
patient datasets, the most contemporary study was used.
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Machine Learning Assisted Study

Selection and Validation
Conventionally, study selection is a two-stage process. During the
first stage, titles and abstracts of all articles returned from the
initial strategic search are manually screened to decide whether
they potentially meet the study selection criteria. Full texts of the
subset of studies identified are then reviewed in detail and those
that meet the criteria are selected. Decisions are made by two
experts at both stages. Any conflict was referred to a third expert
and resolved by discussion and consensus. A novel machine
learning approach was developed to automate the first-stage
screening process and to facilitate the process of study selection.
This was implemented in R, an open-source environment for
data mining, text processing, machine learning and statistical
analysis (R Core Team, 2013). The approach used is outlined
schematically in Figures 1, 2, where a more detailed description
is provided in the Supplementary Methods.

Articles returned by the PubMed search were grouped into
clusters with common attributes (Figure 1). A well-established
feature detection method was used to assign weighting factors
based on the frequency of occurrence of words and word
combinations in the PubMed texts (including titles and
abstracts). An unsupervised K-means clustering algorithm was
utilized to group publications with similar content (based on
these weightings) and sort them into a limited number of clusters.
This was done by iteratively removing the smallest cluster of
publications and re-clustering the remainder until the number of
remaining publications was<250. The residual studies were then
grouped as a remainder cluster.

A subset of articles from the initial search was extracted
as a training set for machine learning-assisted screening. First,
articles most likely to be relevant were identified by searching
for the keywords “diabetes”/“diabetic” and “atrial fibrillation” in
the title. Titles and abstracts of these articles were then screened
manually and labeled as potentially meeting or not meeting
the selection criteria. Supervised machine learning (maximum
entropy classification) was used to fit a predictive model to
the labeled training set and this was applied across all clusters
to identify clusters of articles that best matched this selection
(Figure 2). Titles and abstracts of the articles in these clusters
were then screened manually to select relevant studies for further
study. Finally, full texts of the studies identified were reviewed
and selections were made according to the stated criteria,
removing any duplicate studies in the process.

To validate our machine learning assisted screening approach,
study selection using this approach was compared to the
results of conventional manual selection (see Figure 1). Identical
manual screening and selection procedures were used in
both study arms. The Newcastle-Ottawa or modified Jadad
Scale was used to evaluate the quality of the included
studies.

Data Synthesis and Analysis
Baseline demographics collected from individual
studies included the nature of the study (cohort/case-
control/randomized), year of subject’s enrolment, country

of the study, number of subjects, AF subtypes, DM subtypes,
sex, age, year of follow up and comorbidities. Quantitative
estimates of the association between DM and AF were also
extracted from the original publications together with their
respective confidence intervals (CIs). These included either
hazard ratios (HR) for cohort/randomized studies or odds
ratio (OR) for retrospective case-control studies. Age-and/or-
gender/none adjusted (minimal adjusted) estimates were
extracted from individual studies as well as other multivariate
adjusted estimates when provided. Relative risk (RR) was
estimated using the DerSimonian and Laird random-effects
model across different studies and subgroups such as men vs.
women.

The most conservative estimates provided in individual
studies were used in the meta-analysis to take advantage
of all included studies. Multivariate adjusted estimates were
applied wherever possible using a subset of these studies by
utilizing the studies with age, sex, and additional multiple
adjustments for various reported risk factors. Furthermore, risk
estimates for AF were adjusted separately for hypertension,
obesity and various heart diseases in addition to other
adjustments.

Sensitivity Analysis and Publication Bias
The effects on RR of CIs, publication year, year of the study,
age, mean follow-up years and number of adjusted factors were
investigated using polynomial regression analysis with Pearson’s
correlation. Throughout this study, statistical significance was
assessed using the 2-tailed T-test. Publication bias was assessed
using the Egger regression test and is presented as a funnel
plot.

RESULTS

Validation of Machine Learning-Assisted

Study Selection
The initial PubMed search yielded a total of 4,177 publications
and these were automatically sorted into 14 groups using
unsupervised clustering. The training dataset consisted of 139
articles of which 26 were labeled as potentially relevant and 113
not relevant (Figure 1). Using machine learning, it was found
that one cluster (#5) had substantially greater similarity to the
26 studies identified as potentially relevant in the training set
than all others (Figure 2B, Figure S2). Manual screening of the
titles and abstracts of the 416 articles in this cluster resulted in 38
being selected as potentially relevant compared to the 45 selected
following direct manual screening of all 4,177 articles. Manual
review of the full articles in both cases yielded the same 29 final
selections (Details of these studies are provided in Tables S1,
S2).

The 29 articles selected for meta-analysis (Tables S1, S2) had a
study population of 8,037,756. Further details of the 9 studies that
were excluded following machine learning assisted screening are
given in Table S3. Scores for the quality assessment (Newcastle-
Ottawa quality assessment scale (NOS)/modified Jadad score)
ranged from 5 to 9 for the cohort/randomized/case-control
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FIGURE 1 | Flowchart of search and selection strategy used in this study. The study selection flowchart is displayed here, in which a machine learning approach was

developed to facilitate the publication selection. Articles from searched publications were first grouped into 14 clusters by unsupervised machine learning. Then

supervised machine learning was used to identify clusters of articles with greatest relevance to the labeled training set identified based on a subset of articles from the

initial search. Full texts of the studies identified were then reviewed and 29 articles were selected for the meta-analysis which was validated by the conventional

manual selection approach.

studies (9 representing the highest quality). The overall average
score was 7.4 (Tables S4, S5).

Risk Estimates of New-Onset AF in

Patients With DM
Baseline Estimates
Analysis of the combined cohort, randomized and case-
control studies identified that patients with DM had ∼49%

greater risk of developing AF (RR 1.49, 95% CI 1.24–
1.79) compared to individuals without DM (Figure 3).
The forest plot shows a significantly lower risk in the
cohort/randomized studies (RR 1.28, 95% CI 1.22–1.35)
compared to the eight case control studies (OR 1.97, 95%
CI 1.53–2.55, p < 0.01). Funnel plot assessment (Figure
S3A) provided evidence for no publication bias (p = 0.87,
z = 0.16).
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FIGURE 2 | (A) 4,177 articles from originally searched publications were used in the meta-analysis. (B) Cluster #5 containing 416 articles was automatically identified

with greatest relevance to the labeled training set. DM, diabetes milieus; AF, atrial fibrillation.

Estimates Adjusted for Confounding Risks
Nine studies were adjusted for risk estimates based only on age-
and/or-gender/none, while 20 included adjustments for multiple
risk factors including different combinations of hypertension,
BMI, height, smoking, blood pressure, alcohol consumption,
various cardiac diseases and race (Figure S4). The levels
of adjustment used in different publications influenced the
calculated RRs. For studies with minimal adjustments (only age-
and/or-gender/none), the summary estimate of risk of AF was
significantly higher (RR 2.28, 95% CI 1.95–2.67), compared with
studies that included adjustments for additional risk factors (RR
1.25, 95% CI 1.12–1.41).

Hypertension, cardiac disease, and obesity are known risk
factors for AF (Movahed et al., 2005). Analysis of the studies that
reported risk of AF after adjusting for at least one of the three
common risk factors yielded lower RRs (1.20, 95% CI 1.15–1.26;
1.27, 95% CI 1.11–1.45; 1.22, 95% CI 1.09–1.38) (Figures 4A–C).
Nine publications with reduced study heterogeneity of 82.8%
(I2 statistic) included adjustments for all the three factors and the
estimated overall risk of AF in patients with DM was lower (RR
1.23, 95% CI 1.03-1.46) (Figure 4D).

Impact of Study Demographics on AF

Incidence
Impact of Major Demographical Components
The effects on RR of the width of the CIs (number of
enrolled patients), publication year, study location, year of
patient enrollment, AF subtype, DM subtype, sex, age and
mean follow-up year were also investigated. Continental location
(Figure S3B) had no significant impact on RRs (p = 0.8),
and mean follow-up duration displayed a minor impact
(Figure S3C). Furthermore, we observed an inverse relationship

between the number of adjusted risk factors and estimated
RRs, as well as between the CI widths and RRs. Removing
the study with the largest population (Pallisgaard et al.,
2016) (narrowest CI) or the paper with relative higher/lower
risk estimate led to negligible changes in the overall risk
estimates. Polynomial regression analysis yielded a positive linear
correlation between age and the RR (Pearson’s correlation:
R2 = 0.32, p= 0.049).

Impact of AF and DM Subtypes
There were only 4 studies exploring the linkage between DM and
a specific AF subtype, compared with 27 studies reporting the
relationship between DM and AF (all subtypes). Our results with
multivariate adjustment for confounders found no significant
difference (p = 0.5) between the risks of the different AF
subtypes (RR 1.4, 95% CI 1.0–1.8; RR 1.3, 95% CI 1.0–1.8; RR
1.3, 95% CI 1.0–1.9 for paroxysmal/persistent/permanent AF,
respectively) in patients with DM, compared with all subtypes of
AF (RR 1.3, 95% CI 1.1–1.5). Similarly, using the multivariate
risk model, no significant difference in the AF risk estimate
(p = 0.4) was observed in the studies grouped by undefined DM
subtypes (N = 6,543,691), DM type 2 (N = 1,012,628), and DM
type 1 (N = 216,238) (Dahlqvist et al., 2017) (Figure 5). The
estimated RRs were 1.2 (95% CI 1.2–1.3), 1.3 (95% CI 1.0–1.7)
and 1.3 (95% CI 1.0–1.7) for the three subgroups, respectively
(Figures S5, S6).

Impact of Gender and Enrolment Date
Our results with multivariate adjustment for confounders
show a higher risk of AF in women (RR 1.38, 95% CI
1.19–1.60) compared to men (RR 1.11, 95% CI 1.01–1.22,
p < 0.001) (Figure 6). Analysis of the median year of
patient enrolment in the 23 studies from the past 35 years
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FIGURE 3 | Estimated risks of AF in patients with DM using the most conservative risk estimates provided in the individual studies. Subgroup summaries for

cohort/randomized and case-control studies are in bold at the bottom of each subgroup. DM, diabetes milieus; AF, atrial fibrillation; RR, relative risk; CI, confidence

interval.

identified an increasing risk of AF over time in patients
with DM using the most conservative adjustment (Figure 7).
The RR estimated for the most recent studies (2001–2016)
was significantly higher than for the studies prior to 2001
(RR 1.62, 95% CI 1.18–2.23 vs. RR 1.30 95%, CI 1.05–1.61,
p < 0.05).

DISCUSSION

This systematic review and meta-analysis systematically analyzed
29 studies with a total of 8,037,756 participants from three
continents, selected from 4,177 articles returned from an initial
strategic search. To our knowledge, this is the largest study of
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FIGURE 4 | Continued.
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FIGURE 4 | Risk estimates with different additional risk factor adjustments. (A) Forest plot of risk values adjusted for hypertension in addition to age-and/or-sex/none

and other included risk factors. (B) RR estimate adjusted for BMI in addition to age-and/or-sex/none and other included risk factors. (C) RR estimate adjusted for

various heart conditions in addition to age-and/or-sex/none and other included risk factors. (D) Summary estimate for RRs after adjusting for hypertension, BMI and

various heart conditions in addition to age-and/or-sex/none and other included risk factors. BMI, body mass index; DM, diabetes milieus; AF, atrial fibrillation; RR,

relative risk; CI, confidence interval.

this kind to explore the association between AF and DM, and the
first to employ a machine learning approach to facilitate study
selection.

Benefits and Validation of Machine

Learning Approach for Study Selection
From our literature research, the total number of publications
related to the association investigated here has increased more
than 4-fold over the last 10 years. The growth in medical research
publications is accelerating across the board and we expect that it
will no longer be feasible in the near future to maintain current
manual study selection methods for large-scale meta-analyses
and systematic review. Therefore, there is an urgent need to
develop an intelligent automated approach, such as machine
learning, to facilitate identification and selection of relevant
articles for this purpose.

In this study, we have used machine learning to assist
the screening of potentially relevant articles for large-scale
meta-analyses and systematic review. To the best of our
knowledge, we are the first to employ such an approach to
facilitate study selection. With our approach, the burden of
manual screening is reduced from all the articles returned
by the initial online strategic search to those in the training
set and in the principal cluster(s) identified by supervised
machine learning. In this study, the number of publications
for which manual screening was needed reduced from 4,177
to 555 using machine learning assisted screening, i.e., an
87% reduction. The iterative clustering approach (unsupervised
machine learning) utilized vastly improved the similarity of
the articles in individual clusters. Subsequent use of supervised
machine learning (maximum entropy classification) with a
representative training data subset enabled us to screen articles
more rapidly than conventional manual procedures.
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Automated methods of meta-analyses have been proposed in
previous studies; however, few have automated the most labour
intensive initial study screening stage. A study by Michelson

FIGURE 5 | No significant difference in risks of AF incidence in patients with

DM for undefined DM subtypes, type 2 DM and type 1 DM using the

multivariate model. DM, diabetes milieus; AF, atrial fibrillation; RR, relative risk.

(2014) proposed a method in which numerical features from
different articles were first extracted into a matrix, and the
matrices from of different articles were then grouped using a
clustering algorithm to sort studies with similar content into the
same group. The initial features were extracted by creating a
program which carefully defined sets of rules based on patterns
in the wording of the articles. Although this study also used
an automated method, it differs significantly from our study.
Manually setting decision criteria for extracting specific features
about each article is time consuming, and does not generalize
well to new data with different formats; while on the other
hand, our proposed methods extracted generalized features not
dependent on any individual study. Previous studies have also
proposed automated methods of text mining to aid the initial
screening stage of meta-analyses (Ananiadou et al., 2009; Kim
et al., 2011; Thomas et al., 2011; Cohen et al., 2012; García Adeva
et al., 2013) as we did in our systematic review. However, for
their proposed supervised machine learning, a manually selected
initial training set will still be required to automate the remaining
literature search (Ananiadou et al., 2009; Cohen et al., 2012;
García Adeva et al., 2013). Furthermore, their studies were not
validated in a large scale meta-analysis. Our study utilizes an
ensemble of methodologies including text mining, clustering and
supervised machine learning to efficiently extract the relevant

FIGURE 6 | Significant difference in the risk of AF incidence between men and women with DM using the multivariate model. Summary estimate for publications that

reported risk values for men (A) and for women (B). DM, diabetes milieus; AF, atrial fibrillation; RR, relative risk; CI, confidence interval.
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FIGURE 7 | The increasing trend for RRs of AF in patients with DM grouped

by the median year of patient enrolment. The risk was estimated using the

most conservative risks provided in included individual studies. DM, diabetes

milieus; AF, atrial fibrillation; RR, relative risk.

literature, and was verified as the literature extracted from our
algorithm was the same as the literature identified through
manual search. Furthermore, our results were also validated by
comparing the risk estimates produced from the meta-analysis
which was consistent with prior clinical studies.

A further benefit of machine learning-assisted selection of
studies for meta-analysis is that identical screening can be
applied and consistent results will be obtained if the meta-
analysis is recapitulated with additional articles, minimizing
the introduction of time-related bias. Machine learning-assisted
screening therefore has the capacity to provide more efficient
and more objective study selection for future meta-analyses. We
expect that the novel automated approaches demonstrated will be
extended and refined in the future.

Impact of Comorbidities on Risk Estimate
AF is associated with several well-established risk factors
including age, hypertension, BMI and various cardiovascular
diseases. The RRs assessed for these established risk factors
have varied between studies and over time. Recent data from
the Framingham Heart Study indicate that mean systolic
blood pressures and evidence of left ventricular hypertrophy
have declined, likely as a consequence of improved therapy
for hypertension. In contrast, increasing BMI and DM have

contributed to increased risk of AF in the population (Schnabel
et al., 2015; Lau et al., 2017).

For reliable estimation of the independent risk of AF due
to DM, it is necessary to adjust for these established risk
factors of AF. In our study, patients with DM have an overall
adjusted RR of 1.49 (95% CI 1.24–1.79) for AF incidence
using the most conservative adjustments provided in each
individual study. After adjusting for three common risk factors
(hypertension/blood pressure, BMI and various cardiovascular
conditions) in addition to age, gender and possible others, the
estimated risk for AF is 1.23 (95% CI 1.03–1.46). Our results are
consistent with others, e.g., Dublin et al. estimated the RR for
AF is 1.40 (95% CI 1.15–1.71) after adjusting for confounders
including hypertension and BMI (Alves-Cabratosa et al., 2016)
and the previous 2010 meta-analysis by Huxley et al. (2011)
reported that patients with DM had a multivariate-adjusted
RR 1.24 (95% CI 1.06–1.44) of new-onset AF than individuals
without DM.

The association among DM, obesity and AF is complex, and
reported results vary. For example, obesity was demonstrated to
be more significantly associated with new-onset AF in Spanish
hypertensive patients compared with DM (RR 1.41, 95% CI 1.22–
1.64 vs. RR 1.11, 95%CI 1.06–1.16) (Alves-Cabratosa et al., 2016).
Interestingly enough, another recent study indicated that DM
is an independent risk factor for AF, but not hypertension and
obesity in 11,956 subjects from rural Chinese areas (Sun et al.,
2015).

Trends of AF Incidence in Patients With DM
AF subtype was not analyzed in most of the studies. Only one
study reported an association between cumulative exposure to
DM and new-onset AF with all three AF subtypes (Dublin et al.,
2010) and 6 studies reported the association between DM and
one AF subtype. For the first time, our study has indicated that
the risk estimate is not significantly different for any AF subtype.
Since few studies have specifically addressed AF subtype and DM,
future studies are warranted.

Patients with type 2 DM were exclusively enrolled in 7 out of
the 29 selected studies, and there was only one study on the risk
estimate of AF in patients with type 1 DM. Twenty-one studies
did not explicitly define DM subtypes in their studies. Our study
found no significant risk difference among these sub-groups.
Interestingly enough, the study on type 1 DM by Dahlqvist
et al. (2017) reported a similar gender difference in AF risk.
Furthermore, they also observed the tendency of higher AF risk
in younger people with DM.

AF incidence and prevalence are lower in women than inmen.
Sex hormones and delayed onset of cardiovascular disease in
women are likely to contribute to these differences. However, the
absolute number of women with AF exceeds that of men because
women live longer (Perez et al., 2013; Gillis, 2017). Furthermore,
women with AF are more likely to develop stroke than men
with AF (Dublin et al., 2010; Sun et al., 2015). Our analysis
confirms the increased risk of AF in women with DM compared
to men, even though the average age between the two (54.16 ±

11.79 vs. 54.88 ± 12.87 year old) is the same. After adjusting
for multiple comorbidities, the risk estimates are reduced but the
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gender difference for AF risk have become more pronounced (an
increase from 17 to 24%).

The prevalence of AF in the general population is projected
to more than double in the next few decades, becoming a
global epidemic (Krijthe et al., 2013). On the other hand, DM
is a common chronic disease and an increasing public health
problem worldwide (Schnabel et al., 2015). Our study indicates
that the trend of AF incidence in patients with DM is also
increasing over time. The RR estimated for studies from 2001
to 2016 is significantly higher than the risk estimate for an
equivalent number of studies from 1982 to 2001 (Figure 7). This
potentially explains the reason why our overall risk estimate
is higher than the estimated risk in the previous 2010 meta-
analysis by Huxley et al. (2011). The increased AF incidence
in diabetic patients may reflect enhanced awareness of this
association and increased screening for AF. The trend also
likely reflects the growing epidemic of obesity particularly in the
developed world and the associated risk of developing metabolic
syndrome.

Nevertheless, there are some important findings that are yet
to be confirmed, such as the impact of median follow-up and
age from new-onset DM on AF risk estimate. Some individual
studies have suggested that the first 4–5 years after new-onset
DM is the most vulnerable period for developing AF (Aksnes
et al., 2008; Dublin et al., 2010; Pallisgaard et al., 2016); while
some studies reported that AF incidence in patients with DM
is most pronounced in young patients (Pallisgaard et al., 2016;
Dahlqvist et al., 2017). However, most individual studies and our
meta-analysis could not provide strong evidence to confirm these
findings.

Clinical Significance
The recent review paper by Lau and his colleagues has proposed
a promising integrated care model that incorporates risk factor
management, including DM, as the fourth pillar of AF care
alone with rate control, rhythm control and anticoagulation
therapy (Lau et al., 2017). The benefits of lifestyle and risk
factor modifications in atrial remodeling, disease progression
and recurrence were clearly demonstrated in their previous
studies (Pathak et al., 2014). The enriched knowledge with
regard to DM and AF generated from our study will provide
additional evidence to support and define a comprehensive
lifestyle and optimal risk factor management for AF as an
upstream therapy, as well as for stroke and mortality prevention
(Lau et al., 2017).

Study Limitations
Our study has several limitations. The utility of a promising
machine learning approach for publication selection is
demonstrated in this study for the first time. However,
future development and validation is needed for this approach
to achieve its full capacity. The studies included in this
meta-analysis are heterogeneous and include differences in
patient demographics and marked variation in follow-up
duration, though it is substantially reduced in subgroup studies.
Furthermore, not all studies were adjusted for the multiple
risk factors known to influence AF incidence. In addition,
the efficacy of glycemic control on AF risk has not been
assessed. Finally, the AF risk estimate for patients with DM in
this study only demonstrates the possible causal association
between DM and AF, the exact underlying mechanism remains
elusive due to the complex nature of concurrent diseases
and the limitations of current population-based clinical
studies.

CONCLUSIONS

We have demonstrated the utility of machine learning for
meta-analyses. Our study has indicated that the AF risk
estimates in patients with DM may be underestimated and
has reinforced the view that DM is an independent risk factor
for AF even after adjusting for other known concurrent risk
factors.
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Background: The use of surface recordings to assess atrial fibrillation (AF) complexity is

still limited in clinical practice. We propose a noninvasive tool to quantify AF complexity

from body surface potential maps (BSPMs) that could be used to choose patients who

are eligible for AF ablation and assess therapy impact.

Methods: BSPMs (mean duration: 7 ± 4 s) were recorded with a 252-lead vest in

97 persistent AF patients (80 male, 64 ± 11 years, duration 9.6 ± 10.4 months)

before undergoing catheter ablation. Baseline cycle length (CL) was measured in the left

atrial appendage. The procedural endpoint was AF termination. The ablation strategy

impact was defined in terms of number of regions ablated, radiofrequency delivery

time to achieve AF termination, and acute outcome. The atrial fibrillatory wave signal

extracted from BSPMs was divided in 0.5-s consecutive segments, each projected on

a 3D subspace determined through principal component analysis (PCA) in the current

frame. We introduced the nondipolar component index (NDI) that quantifies the fraction

of energy retained after subtracting an equivalent PCA dipolar approximation of heart

electrical activity. AF complexity was assessed by the NDI averaged over the entire

recording and compared to ablation strategy.

Results: AF terminated in 77 patients (79%), whose baseline AF CL was 177 ± 40ms,

whereas it was 157± 26ms in patients with unsuccessful ablation outcome (p= 0.0586).

Mean radiofrequency emission duration was 35 ± 21min; 4 ± 2 regions were targeted.

Long-lasting AF patients (≥12 months) exhibited higher complexity, with higher NDI

values (≥12 months: 0.12 ± 0.04 vs. <12 months: 0.09 ± 0.03, p < 0.01) and short

CLs (<160 ms: 0.12 ± 0.03 vs. between 160 and 180 ms: 0.10 ± 0.03 vs. >180 ms:

0.09 ± 0.03, p < 0.01). More organized AF as measured by lower NDI was associated

with successful ablation outcome (termination: 0.10 ± 0.03 vs. no termination:

31

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.00929
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.00929&domain=pdf&date_stamp=2018-07-17
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:marianna.meo@ihu-liryc.fr
https://doi.org/10.3389/fphys.2018.00929
https://www.frontiersin.org/articles/10.3389/fphys.2018.00929/full
http://loop.frontiersin.org/people/282710/overview
http://loop.frontiersin.org/people/545548/overview
http://loop.frontiersin.org/people/577323/overview


Meo et al. AF complexity

0.12 ± 0.04, p < 0.01), shorter procedures (<30 min: 0.09 ± 0.04 vs. ≥30 min: 0.11

± 0.03, p < 0.001) and fewer ablation targets (<4: 0.09 ± 0.03 vs. ≥4: 0.11 ± 0.04,

p < 0.01).

Conclusions: AF complexity can be noninvasively quantified by PCA in BSPMs and

correlates with ablation outcome and AF pathophysiology.

Keywords: atrial fibrillation, catheter ablation, body surface potential maps, principal component analysis, atrial

fibrillation complexity

INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia,
and it is associated with an increased risk of stroke, heart failure,
and mortality (Kirchhof et al., 2016). Despite the apparently
random and uncoordinated electrical wavefronts propagating
through the atria (Moe, 1962), several studies have confirmed
the presence of intrinsic organization of atrial activations during
AF, whose triggering and maintenance may be explained by
some underlying, deterministic mechanisms (Schricker et al.,
2014), involving multiple atrial wavelets and re-entrant sources
(Allessie et al., 1977; Konings et al., 1994; Pandit and Jalife, 2013;
Haissaguerre et al., 2014). Complexity of the atrial substrate is
strictly correlated with the evolutionary nature of AF, and it
tends to increase in more severe, persistent forms of this disease
(Wijffels et al., 1995). Despite the increasing use of catheter
ablation (CA) to treat persistent and chronic AF patients, its
results are not satisfactory yet and extremely disparate due to the
variety of ablation approaches currently adopted (Verma et al.,
2015).

Even though AF electrophysiological complexity can be
assessed using invasive direct contact mapping, there is an
increasing interest in noninvasive methodologies as well, due
to the immediate availability of cardiac body surface potentials
in clinical daily practice (Lankveld et al., 2014) and their
proven ability to predict the outcome of AF cardioversion or
ablation and help identify positive responders to therapy. Most
of the complexity ECG measures investigated so far have been
determined both in the frequency [e.g., dominant frequency,
DF (Bollmann et al., 2003)] and the time domain [fibrillatory
wave amplitude (Nault et al., 2009; Cheng et al., 2013), sample
entropy (Alcaraz et al., 2011), AF cycle length (CL, Matsuo
et al., 2009)]. Correlation between several markers of complexity
from standard electrocardiogram (ECG) and invasive measures
of AF complexity from high density epicardial mapping has
been systematically investigated in Bonizzi et al. (2014). Spectral
measures of spatiotemporal organization computed from surface

Abbreviations: AAD, antiarrhythmic drugs; AF, atrial fibrillation; ANOVA, one-

way analysis of variance; AUC, area under curve; BSPM, body surface potential

map; CA, catheter ablation; CL, cycle length; DCC, electrical cardioversion;

DF, dominant frequency; ECG, electrocardiogram; EGM, electrogram; LA, ,left

atrium; LAA, left atrial appendage; LR, logistic regression; NA, not applicable;

NDI, nondipolar component index; NMSE, normalized mean square error; NRI,

net reclassification improvement; ns, not significant; PCA, principal component

analysis; RA, right atrium; ROC, receiver operating characteristic; std, standard

deviation.

ECG were able to discriminate between persistent and long-
standing AF (Uldry et al., 2012). Atrial complexity indices
from ECG could also predict sinus rhythm (SR) maintenance
in patients undergoing electrical cardioversion, either alone
(Lankveld et al., 2016a) or in combination with other clinical
parameters (Zeemering et al., 2017). An optimal set of ECG
descriptors of AF complexity has also been determined in
Lankveld et al. (2016b), and it was shown to be predictive of CA
outcome.

The main limitation of the aforementioned methods is
that most of them were applied to single or pairs of ECG
leads [typically V1, exhibiting the highest atrial-to-ventricular
amplitude ratio (Petrutiu et al., 2006), or the precordial leads],
thus the spatial diversity of multilead recordings was not fully
exploited. Furthermore, frequency domain measures of AF
complexity may be inaccurate if they are assessed in short ECG
recordings or if QRST cancelation is not properly performed.
This background justifies the interest in exploiting the spatial
diversity of multilead recordings to assess the complexity of the
AF wavefront propagation.

A multilead characterization of AF spatiotemporal
organization in body surface potential maps (BSPMs) has
been proposed in Bonizzi et al. (2010), where it was quantified
as a function of the error of signal estimation by principal
component analysis (PCA). Despite the relevance of these
results and the proven superiority of this methodology over
standard single-lead analysis, its ability to guide AF therapy
and its applicability to a real clinical scenario were not verified
in that study. In Di Marco et al. (2012), AF spatial complexity
was defined in terms of the residual cumulative variance of the
three dominant PCA sources and correlated with its spectral
variability overs BSPM electrodes. However, body surface
cardiac activity characterization has not been correlated with
the properties of the underlying atrial substrate nor correlated
with AF treatment strategy. Multilead measures of atrial signal
amplitude (Meo et al., 2013a) and spatiotemporal variability
(Meo et al., 2013b) obtained by PCA proved to be predictive
of CA outcome. Nevertheless, the lack of comparison with
intracardiac recordings hampered their validation as indices of
AF complexity.

This study takes a step from this research and puts forward
a noninvasive PCA-based approach for the quantification of
AF spatiotemporal complexity. Additionally, in Meo et al.
(2017) some PCA-derived parameters were developed to predict
changes in body surface complexity during ventricular fibrillation
episodes. In this study, a similar methodology is proposed
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to quantify the spatiotemporal organization of AF wavefront
propagation pattern as measured on body surface potentials. The
approach proposed not only provides some insights about AF
chronification reflecting the severity of the alterations of the atrial
substrate, but it also predicts CA outcome and correlates with
procedural characteristics.

METHODS

Study Population
A group of 97 persistent AF patients was enrolled in
this study. Their baseline characteristics are reported in
Table 1.

This study was carried out in accordance with the
recommendations of the protocol CARRY, ID-RCB: 2015-
A00401-48, Comité de Protection des Personnes Sud-Ouest
et Outre Mer III. The protocol was approved by the Comité
de Protection des Personnes Sud-Ouest et Outre Mer III. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki.

BSPM Acquisition and Preprocessing
BSPMs were recorded with a 252-lead vest (CardioInsight,
Medtronic, MN) in AF patients before undergoing CA at a
sampling frequency of 1 kHz. Mean duration of the signals
was 7 ± 4 s. TQ intervals were segmented from BSPMs with
long ventricular pauses (≥ 1 s), either spontaneous or induced

TABLE 1 | Study population characteristics.

n = 97

Sex, male, n (%) 80 (82)

Age, mean ± std, years 64 ± 11

Hypertension, n (%) 42 (42)

Diabetes mellitus, n (%) 10 (17)

Embolic events, n (%) 8 (8)

Structural heart disease, n (%) 61 (62)

Ischemic, n (%) 10 (10)

Valvular, n (%) 6 (6)

Hypertrophic, n (%) 8 (8)

Dilated, n (%) 35 (36)

Other, n (%) 2 (2)

Left ventricular ejection fraction, mean ± std, % 52 ± 13

LA diameter, parasternal long axis, mm 48 ± 7

LA Area, mm2 26 ± 6

Patients presenting in AF, AF duration, months 9.6 ± 10.2

< 12 months 74 (76)

≥ 12 months 23 (24)

Patient presenting in SR, n (%) 48 (49)

Patients with more than 1 DCC, n (%) 54 (56)

Number of AADs before CA, mean ± std 2 ± 1

Patients on amiodarone before CA, n (%) 40 (41)

Baseline characteristics of the AF population; std, standard deviation; DCC, electrical

cardioversion; AAD, antiarrhythmic drugs.

by diltiazem. Since the outcome of the data decomposition
techniques applied in this study was not affected by the
specific temporal location of each signal sample, TQ intervals
could be concatenated and mean-centered to form the atrial
activity signal. Baseline wandering was removed using the
median estimation method (Sörnmo and Laguna, 2005). Atrial
fibrillatory wave (f-wave) signals were arranged as a L × N
matrix Y =

[

y (1) . . . y (N)
]

∈ R
L× N , where L = 252

is the number of BSPM leads, and N the number of samples.
Electrodes with excessive noise level were discarded after signal
visual inspection, thus in certain cases less than L electrodes
were retained. A representative f-wave signal is reported in
Figure 1.

Electrophysiological Atrial Mapping
Intracardiac electrograms (EGMs) were continuously recorded
through a computer-based digital amplifier/recorder system
(Labsystem Pro, Bard Electrophysiology). Baseline CL was
measured in the left atrial appendage (LAA), and monitored
during the procedure to assess local CA impact. For AF
electrophysiological study, we used a 20-pole steerable mapping
catheter with a five-branched star design (1-mm electrodes
separated by 4-mm interelectrode spacing) spanning a surface
with a diameter of 3.5 cm (PentaRay, Biosense-Webster). A
steerable decapolar catheter (5-mm interelectrode spacing,
Xtrem, Sorin Medical, Montrouge, France) was also positioned
in the coronary sinus.

CA Protocol
For the sake of the ablation strategy analysis, the computed
tomography–reconstructed biatrial anatomy was divided into 7
regions (Figure 2).

The ablation was sequentially performed in the LA in the
decreasing order of arrhythmogenic activity as estimated through
noninvasive phase mapping (Haissaguerre et al., 2014) until AF
terminated. Briefly, the acquisition system described in section
Electrophysiological Atrial Mapping enabled the estimation of
unipolar epicardial EGMs from body surface signals. Color-
coded phase maps were derived from EGM phase signals by
plotting the instantaneous phase values on personalized 3D
biatrial geometry, which was previously reconstructed through
CT scan in each patient. Surrogates of the depolarization and
repolarization wavefronts were computed from the isophase
values, equal to π/2 and –π/2, respectively. CA targets were
identified in correspondence to phase singularity points, around
which phase spanned the entire range between the two
aforementioned values, as they identify AF reentrant sources
(Jalife, 2003). The AF wavefront sequences detected were
accumulated in a single spatiotemporal density map, displaying
the distribution of active driver zones and passive conduction
areas. AF drivers were classified as focal, when centrifugal
activation originated from a point or an area, or reentrant,
when at least 1 complete wave rotation around a center
on phase progression could be tracked. Right atrium (RA)
was also inspected and targeted if AF could not terminate
after LA ablation. An irrigated-tip quadripolar catheter with a
distal 3.5-mm tip and three 1-mm proximal electrodes with
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FIGURE 1 | A representative example of f-wave signal extracted from a BSPM recording in an AF patient (lead 1). Concatenated, preprocessed TQ intervals are

separated by dashed, red, vertical lines.

FIGURE 2 | Biatrial schematic representation: 1, left pulmonary veins and

LAA; 2, right pulmonary veins and posterior interatrial groove; 3, inferior and

posterior left atrium; 4, upper half of right atrium and appendage; 5, lower half

of right atrium; 6, anterior left atrium and roof; 7, anterior interatrial groove.

interelectrode distance of 2, 5, and 2mm (Thermocool, Biosense-
Webster) was used for AF ablation. The procedural endpoint
was AF termination, i.e., conversion of AF either to SR or to
intermediate atrial tachycardia (AT). AF CL was determined
simultaneously in the RA with the mapping catheter and in the
LAA with the ablation catheter, before and after ablation of each
region, by automatically averaging 30 consecutive cycles (Bard
Electrophysiology). If AF termination could not be achieved by
CA, electrical cardioversion was performed.

Theoretical Basis of PCA
We investigated whether we could measure AF complexity as a
function of the ability of PCA to compress the input BSPM signal
into a few components while retaining the maximum amount of
information as measured by variance. To this end, BSPMs were
divided inNs = 500-ms segments, and in each frame (s) singular
value decomposition of the input data Y(s) was performed as in
Bonizzi et al. (2010); Meo et al. (2013a,b, 2017):

Y(s)
= USVT

Where U and V represent the left and right singular vectors of
Y(s) respectively, and the diagonal matrix S contains the singular
values σl, l = 1, . . . , L, each associated with the principal
components (PCs) X(s), which are mutually uncorrelated and
linked with the BSPM observations through the linear relation:

Y(s)
= M(s)X(s)

WhereM(s)
= US/

√
Ns represents the PCA transfer matrix. PCs

are computed and ordered so that the first few retain most of the
variance present in the input signals.

Measuring AF Spatiotemporal Complexity
In line with (Bonizzi et al., 2010; Di Marco et al., 2012), we used
the distance between the input BSPM signal and its rank-3 PCA
approximation to measure AF organization. Since heart electrical
activity on surface recordings can be well approximated by an
electric dipole (Holt et al., 1969) and most of the body surface
potential energy can be adequately characterized by the first 3 PCs
(Lux et al., 1981), we hypothesized that organized atrial activity
could be accurately retained by a 3D subspace as spanned by the

first 3 columns of the PCAmixing matrixM
(s)
3 . By contrast, more

complex and unpredictable patterns will require a higher number
of PCs to be described with sufficient accuracy, therefore the
subspace chosen will yield a higher PCA reconstruction error.We
introduced the nondipolar component index (NDI) to quantify
the residual amount of energy which was retained by the PCA
eigenvalues σl, l = 4, . . . , L, outside the projection subspace

spanned by the columnsM
(s)
3 :

NDI = 1−

∑3
l=1 σl

∑L
l=1 σl

.

The global NDI parameter was determined as the average of all
the values computed in each frame and served as a marker of AF
complexity, with higher values denoting more disorganized and
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irregular signal waveforms. To increase statistical confidence, we
required a minimum BSPM duration of 1 s so as to compute the
NDI as the average of at least 2 values in the examined recording.

Comparison With Patient’s Clinical
Characteristics
From previous studies (Rostock et al., 2011; Scherr et al., 2015) it
is known that some clinical parameters are predictive of favorable
CA outcomes, such as a shorter AF duration and smaller LA size.
As a consequence, the proposed signal processing methodology
has been compared to themaximum continuous AF duration and
LA area measured with transesophageal echocardiography.

Comparison With Other Descriptors of AF
Complexity on Surface Recordings
Our multilead approach has been compared with some
traditional single-lead markers of AF organization from surface
recordings. To this end, NDI was also computed on a subset
of BSPM electrodes at the locations of standard ECG leads and
denoted NDIECG, in order to verify whether this ensemble of
electrodes could equally allow for a thorough characterization of
AF spatiotemporal organization. As in Meo et al. (2013a), leads
III and augmented leads aVR, aVL, and aVF were not included
as they are linearly dependent on the other frontal leads. In
order to verify whether any additional information could derived
from posterior BSPM leads, alternative ECG lead placement
configurations were also tested. Accordingly, we assessed NDI
in the optimized atrial cardiogram (OACG) system proposed in
Ihara et al. (2007); van Oosterom et al. (2007), including five of
the standard ECG leads (I, II, III, V1, and V4), three electrodes
on the chest (V1S, above V1; V2RS, at the right of V1S; VLC,
below the left clavicle), and a posterior one (V1P, at the same
level as V1), for a total of nine electrodes. NDI computation was
also performed in the extended ECG described in Petrutiu et al.
(2009), consisting of 15 leads, i.e., the standard 12 ECG leads and
three posterior leads V7, V8, and V9, which are placed below the
left scapula, at the same level as V6, and are considered to better
reflect LA activity than conventional precordial leads.

In keeping with (Nault et al., 2009; Cheng et al., 2013), f-wave
amplitude AV1 was computed in V1 using a custom algorithm
described in Meo et al. (2013a) and based on the interpolation of
atrial signal local extrema through polynomial envelopes. In the
same ECG lead AF CL was also considered as in Matsuo et al.
(2009). Local maxima above a voltage threshold equal to 0.01 mV
were automatically detected based on derivative sign change and
a global marker CLV1 was obtained by averaging all CLs longer
than 90 ms, so as to reject the influence of spurious local extrema.

Somemultileadmethods were also investigated and compared
to our approach. As in Bonizzi et al. (2010), the normalized
mean square error (NMSE) between the input BSPM signal
and its rank-3 PCA reconstruction was determined in V1 and
denoted NMSE3; the same tuning parameters suggested in
that study were set. A multilead extension of this parameter
introduced in Meo et al. (2013b) was also considered, and AF
complexity was quantified as a weighted mean on NMSE values
determined in multiple electrodes in the original signal and

denoted WNMSEBSPM. Finally, a multilead characterization of
f-wave amplitude as illustrated in Meo et al. (2013a) was also
applied to our AF database, and a median descriptor of atrial
amplitude of the rank-1 PCA estimation extracted from the input
ECG was computed (ABSPM). All the BSPM-derived parameters
of AF organization were also computed in the other ECG
configuration previously described, thus yielding WNMSEECG
and AECG for the 12-lead ECG counterpart of WNMSEBSPM
and ABSPM, WNMSEOACG and AOACG in the OACG system,
and WNMSEECG15 and AECG15 in the extended 15-lead ECG,
respectively.

Evaluation of the Clinical Value of AF
Complexity Markers
Body surface AF complexity was linked to the NDI and compared
to patient’s pathophysiology, meant in terms of characteristics
of the underlying atrial substrate and severity of disease.
Accordingly, we investigated whether rapid AF activities as
measured on the baseline CL would reflect on the surface and
correlate with NDI, as intracardiac AF CL is regarded as a
surrogate of local refractory periods (Kim et al., 1996) and
shortens with maintenance of the arrhythmia. Additionally, the
relation between the proposed noninvasive index and continuous
AF duration was examined. Longer AF duration was proven to
be associated with a higher number of atrial AF driving sources,
both focal and rotational (Lim et al., 2017), and a more complex
substrate, i.e., a higher number of activation wavefronts and
breakthrough waves, electrical dissociation, slower conduction
and higher fractionation (De Groot et al., 2010; Lau et al.,
2017). Accordingly, we hypothesized that higher NDI should be
observed in long-lasting AF patients (≥12 months, 23 patients)
rather than in persistent forms (<12 months, 74 patients).

Our PCA-based feature was also compared to the ablation
strategy. We assumed that more severe AF forms will be more
difficult to be treated, as not only the number of driving sources
will be higher, but they will also appear in a higher number of
sites (Haissaguerre et al., 2014; Lim et al., 2017). Therefore, we
expected that CA procedures will be longer (>30min) in terms
of the amount of radiofrequency energy emission required for
tissue cauterization and a higher number of atrial regions (≥4)
will have to be targeted to accomplish CA successfully. Moreover,
acute AF termination is considered less likely to be achieved.

The same analysis was led for the markers of AF organization
reported in section Comparison With Other Descriptors of AF
Complexity on Surface Recordings.

Statistical Analysis and Classification
Performance Assessment
All continuous variables were expressed as mean ± standard
deviation. Parameters’ distribution was checked using a Lilliefors
test. For normally distributed data, intergroup differences were
verified by an unpaired Student’s t-test with Welch’s correction
for unequal group variances and sizes. Otherwise, a Wilcoxon’s
rank sum test was applied. For multivariate comparisons, one-
way analysis of variance (ANOVA) was applied to normally
distributed data, otherwise a Kruskall-Wallis test was used.
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Statistical tests were considered significant if their p-value was
below 0.05.

We reported the area under the curve (AUC) output by
the receiver operating characteristic (ROC) analysis as an index
of univariate prediction performance for all AF complexity
parameters. Additionally, the rates of correct detections per
group were expressed in terms of the sensitivity and the
specificity (i.e., the fraction of true positive and true negative
cases correctly identified, respectively) associated with the
optimal cutoff. Accordingly, CA procedures performed in long-
lasting AF patients, with longer ablation time and a higher
number of atrial targets were associated with higher AF
complexity and therefore referred to as positive cases, whereas
persistent AF forms and less extensive ablations (in terms of
radiofrequency energy emission duration and number of regions)
were regarded as negative cases.

Finally, we verified whether the evaluation of AF ablation
impact (in terms of procedure outcome, duration and number
of targets) based on patient’s clinical data only could benefit from
the integration of information about AF complexity as quantified
by the aforementioned indices. Accordingly, a subset of data
was used for training, whereas the other samples formed the
validation set. To evaluate the ability of the multivariate features
to predict ablation outcome and the number of ablated atrial
sites, features from 77 patients were included in the training,
whereas the remaining ones were used for validation. By contrast,
since AF ablation duration had beenmeasured only for successful
procedures, smaller datasets were considered accordingly (62
training samples and 15 validation samples). Only markers of
AF complexity highlighting statistically significant intergroup
differences (p-value ≤ 0.05) were investigated. Patient’s clinical
data included: age, AF duration, LA area, LVEF. As in Lankveld
et al. (2016b); Zeemering et al. (2017), multivariate prediction
models combining clinical data (FCLIN) and each of the retained
signal complexity parameters (FCLIN+SIG) were built by logistic
regression (LR); 15-fold cross validation was performed in
order to get an unbiased evaluation of a model fit on the
training dataset. The output model was then applied to the
validation set to determine the LR probability estimates and
assign them to the related category. Prediction performance
in the training and validation phase was assessed by ROC
analysis as for the univariate parameters. Training and validation
of classification models were first performed on multivariate
features depending on patient’s clinical information only (FCLIN).
The same procedure was applied again to multivariate classifiers
obtained by integrating clinical data with the parameter of
signal complexity under exam (FCLIN+SIG). Classification models
based on clinical data only were trained, tested and re-evaluated
each time a signal complexity feature was examined, so as
to specifically investigate the effect of the presence/absence
of each measure of AF complexity and ensure a consistent
comparison between classification scores always on the same
datasets, especially in case of missing data. The predictive
accuracy of AF duration was tested using the same methodology
as well and compared with the clinical set of variables FCLIN∗

(including patient’s age, LA area and LVEF). The improvement
in classification accuracy provided by the integration of the

signal-derived parameter was evaluated in terms of the net
reclassification index (NRI), which is defined as the sum of
the net percentages of correctly reclassified samples in the
categories of interest (Pencina et al., 2008). Null NRI values
denote the absence of improvement in the classification by
adding a new variable. The null hypothesis NRI=0 was verified
by a z-test and considered statistically significant if p-value
was <0.05.

RESULTS

Electrophysiological Mapping and Ablation
Baseline AF CL was 178 ± 55ms. It was shorter than 160ms
in 33 patients, between 160 and 180ms in 15 patients, and
longer than 180ms in the remaining ones. LA area was 26
± 6 cm2. Out of 97 patients, 17 of them underwent a redo
ablation (17%). AF induction was performed in 48 patients (49%)
prior to CA. AF converted to SR in 27 patients, to AT in 50
patients (global AF termination rate: 79%). Intracardiac AF CL
was 177 ± 40ms in AF-free patients, whereas it was 157 ±

26ms for failed procedures (p= 0.0586). Mean ablation duration
was 35 ± 21min (<30min in 38 out of 97 patients) and 4
± 2 regions (between 1 and 3 sites in 36 AF patients) were
targeted by CA. BSPM recordings acquired in 3 subjects were
discarded from our analysis as their duration was below our
requirements.

Assessment of AF Complexity in Body
Surface Potentials
Results related to the analysis of the relation between the BSPM
indices of AF organization and intracardiac AF CL are shown in
Figure 3.

A significantly inverse correlation between the NDI and
the CL measured in the LAA was demonstrated, with high
complexity values observed in very advanced AF forms (AF
CL<160ms) and progressively decreasing in less severe cases.
Similar results could be retrieved in the alternative OACG lead
configuration. A significantly direct correlation with intracardiac
CL was remarked for CLV1 instead, i.e., higher body surface
complexity as quantified by high NDI values reflected faster
activations of the atrial substrate. Higher values of the multilead
index of AF complexity WNMSEOACG were also associated with
more rapid intracardiac AF CL.

Statistical analysis outcome for the signal features
assessed in persistent and long-lasting AF cases is shown in
Figure 4.

LA surface did not highlight significant differences between
the two groups of patients (persistent AF: 27 ± 6 cm2; long-
lasting AF: 25 ± 7 cm2, p = 0.38). NDI computed from BSPMs
was the only one parameter highlighting significantly higher
signal disorganization in more advanced AF forms, which were
more accurately discriminated by the parameter according to the
ROC analysis, as shown in Table 2.

The impact of AF complexity on the procedural time was
quantified in Table 3.

Significantly low NDI values characterized shorter CA
procedures, whereas higher complexity was measured by the
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FIGURE 3 | Noninvasive markers of AF complexity and AF CL: correlation of surface signal features with AF disease chronification based on atrial AF CL. (A) The NDI

index measured in BSPMs (NDI, left) and the standard ECG subset (NDIECG, right). (B) Clinical measures of cardiac activity: AF duration (left) and LA area (right). (C)

Single-lead descriptors of atrial amplitude (AV1, left), surface CL (CLV1, middle) and PCA estimation error (NMSE3, right) in V1. (D) Multilead PCA reconstruction error

(WNMSEBSPM, left) and f-wave amplitude (ABSPM, right) computed in BSPMs and in the standard ECG subset (WNMSEECG and AECG). (E) Multilead PCA

reconstruction error (WNMSEOACG, left) and f-wave amplitude (AOACG, right) computed in the modified OACG system and in the extended 15-lead ECG

(WNMSEECG15 and AECG15). *p < 0.05 vs. <160ms; ns, not significant; a.u., arbitrary units.
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FIGURE 4 | Noninvasive markers of AF complexity and continuous AF duration: correlation of surface signal features with AF disease chronification based on the

duration of the last continuous episode. (A) The NDI index measured in BSPMs (NDI, left) and the standard ECG subset (NDIECG, right). (B) Single-lead descriptors of

atrial amplitude (AV1, left), surface CL (CLV1, middle) and PCA estimation error (NMSE3, right) in V1. (C) Multilead PCA reconstruction error (WNMSEBSPM, left) and

f-wave amplitude (ABSPM, right) computed in BSPMs and in the standard ECG subset (WNMSEECG and AECG). (D) Multilead PCA reconstruction error

(WNMSEOACG, left) and f-wave amplitude (AOACG, right) computed in the modified OACG system and in the extended 15-lead ECG (WNMSEECG15 and AECG15).

*p < 0.05 vs. persistent AF; ns, not significant; a.u., arbitrary units.

index in longer ablations. Similarly, NDIECG15 put more
disorganized signal waveforms from the modified 15-lead ECG
in relation to longer procedural time. Finally, the multilead
assessment of f-wave amplitude in the same ECG lead system
underlined statistically significant differences between the groups
examined, even if it unexpectedly correlated lower amplitude
values with shorter CA. Among all multilead descriptors of AF

complexity, NDI assessed in BSPMs was the only one exhibiting
a high predictive power as well, as confirmed by the ROC analysis
in Table 4.

By contrast, NDIECG15 was characterized by low predictive
accuracy as proven by the ROC analysis. Long-lasting AF patients
also underwent significantly longer CA procedures, although
the predictive value of AF duration was quite low. Surface CL
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TABLE 2 | ROC analysis of the AF complexity features and AF duration.

AUC [%] Sensitivity [%] Specificity [%]

NDI [a.u] 70 55 79

LA area [cm2] 59 36 79

AV1 [mV] 52 55 60

CLV1 [ms] 60 45 82

NMSE3 [%] 51 55 60

WNMSEBSPM [%] 58 86 42

ABSPM [mV] 59 91 30

NDIECG [a.u] 63 58 84

WNMSEECG [%] 58 55 68

AECG [mV] 54 58 64

NDIOACG [a.u] 59 37 90

WNMSEOACG [%] 57 47 69

AOACG [mV] 58 79 48

NDIECG15 [a.u] 65 63 76

WNMSEECG15 [%] 56 95 24

AECG15 [mV] 61 42 85

Assessment of the ability of the AF organization markers to discriminate between

persistent and long-lasting AF patients. Sensitivity and specificity indicate the rate of

correct detections in the long-lasting and persistent AF patients’ groups, respectively.

Results for the parameters with the highest classification performance (AUC≥70%) are

highlighted in boldface. AUC, area under curve; a.u., arbitrary units.

CLV1 was also significantly shorter in patients requiring longer
CA procedures, and ROC analysis yielded predictive results as
well. Unexpectedly, the multilead marker of f-wave amplitude
AECG was significantly higher in patients undergoing longer
CA procedures. The same results were output by AECG15 in
the extended 15-lead ECG set. However, in both cases the
ROC analysis underlined low predictive performance, due to the
inability to correctly identify long CA procedures based on AF
complexity content.

In Table 5 we illustrated the relation between AF complexity
and CA effectiveness, expressed in terms of the number of atrial
regions to be ablated to achieve the procedural endpoint.

Also in this case, CA procedures requiring a lower number of
targets to terminate AF characterizedmore organized waveforms,
quantified by significantly lower NDI and higher CLV1 values.
Nevertheless, both indices were characterized by low predictive
accuracy, as confirmed by the ROC analysis in Table 6. Longer
AF duration was also predictive of a more extensive ablation.

Finally, in Figure 5 the ability of the BSPM indices to assess
short-term CA outcome was examined. Low NDI values were
predictive of procedural AF termination, whereas AF forms
which were less likely to be successfully converted to other
rhythms by CA presented higher disorganization, quantified by
higher NDI.

CA outcome prediction performance was assessed by ROC
analysis in Table 7.

It yielded AUC = 69%, sensitivity = 70%, specificity = 67%
for NDI. Moreover, patients with longer AF episodes were
significantly less likely to experience procedural success. AF
termination by CA was also predicted by significantly higher f-
wave amplitude, quantified by higher ABSPM values, but with a
poor ROC analysis outcome. The multilead BSPM descriptors

TABLE 3 | Noninvasive markers of AF complexity and ablation time.

Ablation time

(≤ 30 min)

Ablation time

(> 30 min)

p-value

NDI [a.u] 0.086 ± 0.036 0.107 ± 0.032 0.0009

AF duration [months] 5.9 ± 6.0 9.2 ± 8.7 0.030

LA area [cm2] 26 ± 6 26 ± 7 0.65

AV1 [mV] 0.022 ± 0.015 0.032 ± 0.023 0.063

CLV1 [ms] 168 ± 34 145 ± 32 0.002

NMSE3 [%] 23.4 ± 17.7 25.2 ± 19.4 0.71

WNMSEBSPM [%] 42.4 ± 26.0 53.8 ± 26.3 0.064

ABSPM [mV] 0.013 ± 0.006 0.012 ± 0.005 0.81

NDIECG [a.u] 0.047 ± 0.016 0.055 ± 0.023 0.26

WNMSEECG [%] 42.4 ± 25.3 46.8 ± 24.0 0.49

AECG [mV] 0.010 ± 0.006 0.015 ± 0.008 0.017

NDIOACG [a.u] 0.051 ± 0.022 0.060 ± 0.025 0.15

WNMSEOACG [%] 49.6 ± 27.6 48.0 ± 25.5 0.72

AOACG [mV] 0.010 ± 0.0006 0.013 ± 0.007 0.11

NDIECG15 [a.u] 0.058 ± 0.019 0.071 ± 0.029 0.043

WNMSEECG15 [%] 55.6 ± 25.0 55.3 ± 26.6 0.80

AECG15 [mV] 0.009 ± 0.004 0.013 ± 0.007 0.025

Correlation of body surface signal features with the duration of radiofrequency emission

duration to achieve procedural AF termination; p values in boldface are statistically

significant; a.u., arbitrary units.

of AF organization were also computed in the modified
configurations of the standard 12-lead ECG, and the statistical
analysis results were shown together with the aforementioned
parameters. Nevertheless, overall those parameters did not yield
significant results (p > 0.05).

We also evaluated the classification accuracy of each of
the examined AF complexity markers in combination with AF
patients’ clinical information.

In Table 8 the ability of multivariate classifiers to distinguish
between short and long CA procedures was reported.

Clinical indices alone could not effectively discriminate
ablation interventions based on their duration. Adding an
AF complexity marker considerably improved the classification
accuracy in the validation set in terms of AUC more clearly
than in the training set for the univariate AF CL CLV1
and the multivariate descriptors of amplitude assessed in
the full set of BSPM electrodes (ABSPM) and in the 15-
lead ECG subset (AECG15). Similar findings were made for
the NDI assessed in the same lead configuration (NDIECG15),
but these results could not be reproduced on the original
BSPM lead configuration. However, the degree of improvement
of classification performance as assessed by the NRI was
not statistically significant for any of these multivariate
features.

In Table 9 the ability of the multivariate classifiers to
characterizemore extensive ablation interventions in terms of the
number of procedural targets was investigated.

Classification accuracy based on clinical data was improved
by the introduction of the NDI marker in the validation set
(AUC=86%, sensitivity=86%, specificity=83%). Similarly, CA
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TABLE 4 | ROC analysis of the AF complexity features and ablation time.

AUC [%] Sensitivity [%] Specificity [%]

NDI [a.u] 72 71 78

AF duration [months] 64 28 97

LA area [cm2] 53 51 66

AV1 [mV] 64 61 73

CLV1 [ms] 73 74 70

NMSE3 [%] 53 35 83

WNMSEBSPM [%] 63 79 47

ABSPM [mV] 52 44 71

NDIECG [a.u] 59 63 61

WNMSEECG [%] 56 48 70

AECG [mV] 68 57 79

NDIOACG [a.u] 61 43 82

WNMSEOACG [%] 53 90 29

AOACG [mV] 61 37 89

NDIECG15 [a.u] 65 70 61

WNMSEECG15 [%] 52 23 93

AECG15 [mV] 67 47 86

Assessment of the ability of the AF organization descriptors to distinguish between short

and long AF ablation procedures. Sensitivity and specificity indicate the percentage

of interventions correctly identified by the signal features based on the duration of

radiofrequency emission duration to AF termination, i.e., longer/shorter than 30 min,

respectively. Results for the parameters with the highest classification performance

(AUC≥70%) are highlighted in boldface. AUC, area under curve; a.u., arbitrary units.

procedures could be better discriminated based on the number
of ablated atrial regions by adding CLV1. By contrast, no benefits
were provided by information about AF duration. Overall, none
of these changes was statistically significant according to NRI
analysis.

Finally, in Table 10 the classification performance of
multidimensional predictors of CA outcome was shown.

As in the previous case, prediction accuracy in the
validation phase was higher when NDI was also included
into the classification model (AUC=70%, sensitivity=100%,
specificity=50%). Similar remarks could be made for the single-
lead CL CLV1. Information provided by AF duration to the
classification model was poor instead, both in the training and
the validation phase. However, also in this case changes in the
classification scores as measured by the NRI were not statistically
significant.

DISCUSSION

In this study we proposed a noninvasive PCA-based approach
to evaluate AF complexity in BSPMs, which can be accurately
characterized even in very short recordings (<10 s in our
database). The algorithm overcomes limitations of QRST
cancelation, which may be affected by R peak misalignment or
sudden changes in signal voltage, thus minimizing the influence
of residual ventricular far field. Indeed, since PCA assumptions
rely on signal second-order statistics at zero time lag, i.e., the
coherence between consecutive samples is neglected, the use

TABLE 5 | Noninvasive markers of AF complexity and number of CA targets.

Number of CA

targets (<4)

Number of CA

targets (≥4)

p-value

NDI [a.u] 0.086 ± 0.030 0.111 ± 0.037 0.002

AF duration [months] 4.6 ± 3.4 12.6 ± 13.1 <0.0001

LA area [cm2] 27 ± 6 26 ± 6 0.56

AV1 [mV] 0.024 ± 0.016 0.030 ± 0.024 0.27

CLV1 [ms] 167 ± 35 147 ± 29 0.007

NMSE3 [%] 21.8 ± 18.0 24.4 ± 18.5 0.54

WNMSEBSPM [%] 43.3 ± 27.6 52.8 ± 24.7 0.065

ABSPM [mV] 0.012 ± 0.006 0.011 ± 0.005 0.32

NDIECG [a.u] 0.048 ± 0.019 0.055 ± 0.022 0.18

WNMSEECG [%] 39.1 ± 24.9 46±59 , 23.4 0.49

AECG [mV] 0.011 ± 0.006 0.013 ± 0.008 0.26

NDIOACG [a.u] 0.054 ± 0.027 0.059 ± 0.022 0.18

WNMSEOACG [%] 46.9 ± 29.1 50.8 ± 24.1 0.62

AOACG [mV] 0.012 ± 0.006 0.0012 ± 0.007 0.71

NDIECG15 [a.u] 0.059 ± 0.021 0.071 ± 0.029 0.11

WNMSEECG15 [%] 51.7 ± 26.2 57.4 ± 22.9 0.75

AECG15 [mV] 0.010 ± 0.005 0.011 ± 0.006 0.63

Correlation of BSPM features with the number of atrial sites ablated to achieve procedural

AF termination; p values in boldface are statistically significant; a.u., arbitrary units.

of temporally consecutive samples is not necessary (Bonizzi
et al., 2010). Furthermore, it does not require any a priori
selection of specific electrodes, as it automatically condenses
the most relevant signal information into a few components
based on its energy content. In addition, apart from the duration
of the signal to be processed, no further tuning parameters
need to be set, thus making this tool easier to be implemented
and integrated to AF complexity analysis than other indices
from the state of the art, e.g., sample entropy (Alcaraz et al.,
2011). Our methodology provided relevant insights into the
characteristics of AF disease and substrate and correlated with
CA strategy.

Surface AF Complexity and Characteristics
of AF Disease and Substrate
The proposed methodology can quantify AF organization
in surface recordings and correlate it to the underlying
electrophysiological substrate.

A decreasing trend of NDI as a function of AF CL was
observed, and more rapid local activities in the atria reflected on
higher complexity on body surface.

Similar evidence was found for CLV1, thus proving a direct
correlation between the invasive measure of the atrial fibrillatory
rate and the surface electrical activity, which was previously
demonstrated in (Matsuo et al., 2009) as well.

By contrast, no significant correlation between continuous
AF duration and body surface complexity. Indeed, this clinical
parameter may not reliably reflect the properties of the
underlying atrial substrate, as it is often difficult to determine,
unless continuous long-term ECG monitoring is performed
(Ciconte et al., 2017). However, this approach would not be
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TABLE 6 | ROC analysis of the AF complexity features and number of CA targets.

AUC [%] Sensitivity [%] Specificity [%]

NDI [a.u] 69 67 71

AF duration [months] 75 64 75

LA area [cm2] 54 67 45

AV1 [mV] 58 54 64

CLV1 [ms] 68 85 39

NMSE3 [%] 54 35 82

WNMSEBSPM [%] 61 88 38

ABSPM [mV] 56 23 92

NDIECG [a.u] 59 37 92

WNMSEECG [%] 59 69 50

AECG [mV] 58 80 38

NDIOACG [a.u] 59 47 77

WNMSEOACG [%] 53 82 35

AOACG [mV] 53 86 31

NDIECG15 [a.u] 61 37 88

WNMSEECG15 [%] 56 74 42

AECG15 [mV] 53 92 19

Assessment of the ability of the AF organization descriptors to identify extensive ablation

procedures in terms of the number of atrial sites targeted to achieve AF termination.

Sensitivity and specificity indicate the percentage of procedures correctly classified by

the signal features based on the number of ablation targets, i.e., more/less than 4

sites, respectively. Results for the parameters with the highest classification performance

(AUC≥70%) are highlighted in boldface. AUC, area under curve; a.u., arbitrary units.

helpful in asymptomatic AF patients (Ahmad and Kirchhof,
2013), whose diagnosis is still challenging. Paradoxically, current
guidelines increasingly tend not to distinguish between the
prognostic implications of paroxysmal vs. long-standing AF
(Calkins et al., 2012). Some studies demonstrated that patients
with similar clinical characteristics (including AF history) may
present very different substrates (Kottkamp, 2013) and even
some paroxysmal AF forms may be due to sources other than
those in the pulmonary veins (Sanchez-Quintana et al., 2012).
Nevertheless, the relation between number of AF driving sources
and disease duration has been shown elsewhere (Lim et al., 2017),
thus making it harder to reach a consensus about the role of AF
duration as a marker of complexity.

Higher complexity was measured by higher NDI in patients
with longer AF episode duration, which may result from a
longer electrical remodeling of the atrial substrate, due to disease
progression (Lau et al., 2017) and the onset of multiple sources
located even outside the pulmonary vein areas (Lim et al., 2017).
The strength of this correlation was also supported by the ROC
analysis, confirming the ability of the proposed index to assess
atrial activity rate based on body surface signal complexity.

Surprisingly, longer AF duration and larger LA area did not
show any evident correlation with faster AF CLs, in contrast with
evidence reported in Ammar et al. (2014). However, the same
study claims that variations in intracardiac CL depend both on
other patient’s clinical characteristics, including age and other
comorbidities, and external factors, such as pharmacological
interventions, thus this finding should be investigated in a
broader context.

Body surface measures of f-wave amplitude could not
significantly reflect the properties of the AF wavefront
propagation in terms of CL. Moreover, all amplitude features
did not exhibit any significant correlation with AF duration.
While some studies have discovered a correlation between
atrial amplitude and AF duration and echocardiographic
characteristics (Yamamoto et al., 2005), in Nault et al. (2009)
and other more recent studies that finding was impossible to
reproduce, thus confirming the divergence between results
reported in literature.

Indices of complexity based on PCA reconstruction error
(i.e., NMSE3 and WNMSEBSPM) could not effectively quantify
the degree of AF chronification. In contrast with our intuition,
higher PCA projection errors did not significantly reflect faster
intracardiac AF activation. Additionally, the accuracy of PCA
estimation was not significantly lower in long-lasting AF patients.
This may be partially explained by the use of the setting proposed
in the related reference studies, which may be not suitable
for our signal database. Furthermore, those parameters rather
aimed to quantify the degree of stationarity and repetitiveness
of atrial components across the electrodes, which may not be
sufficiently evident in short recordings as those examined in our
study.

Surface AF Complexity and CA Strategy
Our PCA-derived parameter could also quantify the impact
of AF complexity on the CA therapy strategy. Indeed, higher
complexity was underlined by NDI in surface recordings
in patients undergoing shorter ablation procedures, and
the univariate ROC analysis corroborated the ability of the
index to accurately distinguish between interventions of
different duration based on the signal complexity information.
Furthermore, a lower number of atrial targets and higher
procedural success probability were associated with more
complex AF waveforms, despite the weaker predictive
performance. By contrast, more disorganized AF forms
were less likely to be successfully converted to other rhythms by
CA, and they generally required longer interventions and a more
extensive cauterization of atrial tissue.

Continuous AF duration proved to be a significant univariate
predictor of CA outcome, and long-lasting cases overall required
a more extensive ablation, in line with previous research (Scherr
et al., 2009; Rostock et al., 2011). Despite this performance,
it is essential to keep in mind some of the aforementioned
limitations of AF duration, e.g., the potentially inaccurate
evaluation of its value in certain patients, or the lack of
correlation with the atrial substrate, which may lead to an
erroneous evaluation of the ablation strategy, thus corroborating
the added descriptive value from cardiac signal processing
parameters. Conversely, LA surface did not show any relevant
correlation with CA strategy and effectiveness. This finding
may appear in contrast with current literature (Zhuang et al.,
2012; Scherr et al., 2015). Nevertheless, as pointed out in Hoit
(2014), despite current recommendations for LA size assessment,
clinical studies report a wide variety of 1-dimensional linear and
2D area measurements, which may lead to contrasting results
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FIGURE 5 | Noninvasive markers of AF complexity and CA outcome: correlation of BSPM features with the acute CA outcome. (A) The NDI index measured in

BSPMs (NDI, left) and the standard ECG subset (NDIECG, right). (B) Clinical measures of cardiac activity: AF duration (left) and LA area (right). (C) Single-lead

descriptors of atrial amplitude (AV1, left), surface CL (CLV1, middle) and PCA estimation error (NMSE3, right) in V1. (D) Multilead PCA reconstruction error

(WNMSEBSPM, left) and f-wave amplitude (ABSPM, right) computed in BSPMs and in the standard ECG subset (WNMSEECG and AECG). (E) Multilead PCA

reconstruction error (WNMSEOACG, left) and f-wave amplitude (AOACG, right) computed in the modified OACG system and in the extended 15-lead ECG

(WNMSEECG15 and AECG15). *p < 0.05 vs. AF termination; ns, not significant; a.u., arbitrary units.

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 92942

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Meo et al. AF complexity

TABLE 7 | ROC analysis of the AF complexity features and CA outcome.

AUC [%] Sensitivity [%] Specificity [%]

NDI [a.u] 69 70 67

AF duration [months] 70 55 87

LA area [cm2] 51 65 53

AV1 [mV] 51 84 33

CLV1 [ms] 52 37 75

NMSE3 [%] 56 32 85

WNMSEBSPM [%] 57 95 26

ABSPM [mV] 67 85 40

NDIECG [a.u] 56 37 81

WNMSEECG [%] 53 63 49

AECG [mV] 51 84 33

NDIOACG [a.u] 57 37 88

WNMSEOACG [%] 52 63 52

AOACG [mV] 50 98 24

NDIECG15 [a.u] 58 47 85

WNMSEECG15 [%] 51 95 26

AECG15 [mV] 54 84 33

Assessment of the ability of the AF organization descriptors to predict AF termination

by CA. Sensitivity and specificity indicate the rate of detection of successful and failed

ablation procedures, respectively. Results for the parameters with the highest classification

performance (AUC≥70%) are highlighted in boldface. AUC, area under curve; a.u.,

arbitrary units.

and a make it harder to understand the clinical value of this
parameter.

Preprocedural CL measured in lead V1 (CLV1) also appeared
longer in ablations characterized by a lower number of candidate
atrial sites for CA and with lower amount of radiofrequency
energy emission. In keeping with (Matsuo et al., 2009), this
finding suggests that CA results are not caused by operator
bias, but by an increased complexity of AF substrate, and it is
corroborated by ROC analysis as well. However, the index was
not predictive of acute AF termination by CA, in contrast with
results presented in Matsuo et al. (2009).

Acute CA outcome was significantly predicted by the
multilead amplitude feature ABSPM, which is consistent with
results described in Meo et al. (2013a), despite the weak
predictive performance. By contrast, its single-lead counterpart
AV1 did not significantly discriminate between successful and
failing CA procedures, which is in contradiction with evidence
shown in Nault et al. (2009). However, as pointed out in the same
study, f-wave amplitude measure is highly dependent on ECG
acquisition modalities and it is sensitive to external artifacts, thus
results reported by clinical studies are quite disparate and difficult
to interpret.

Multilead PCA-based descriptors of AF organization NMSE3
and WNMSEBSPM could not significantly quantify the impact
of atrial substrate complexity on AF ablation characteristics. As
explained in section Surface AF Complexity and Characteristics
of AF Disease and Substrate, a potential explanation of their weak
predictive performance can be the impossibility to assess the
spatiotemporal variability of the atrial signal pattern in very short
signals. Nevertheless, this remark should be verified by additional
experiments.

Benefits From the Spatial Variability of
Multilead Recordings
All the multilead PCA-based descriptors of AF complexity
obtained in BSPMs were also computed in an equivalent
set of electrodes of the standard 12-lead ECG, thus yielding
NDIECG, WNMSEECG and AECG, and the same statistical
analysis was performed. Similarly, alternative body surface lead
configurations were tested, i.e., the OACG system developed in
Ihara et al. (2007); van Oosterom et al. (2007) and the extended
15-lead ECG system examined in Petrutiu et al. (2009), with the
AF complexity markers denoted as NDIOACG, WNMSEOACG and
AOACG and NDIECG15, WNMSEECG15, AECG15, respectively.

No index from 12-led ECG did significantly correlate
neither with atrial substrate properties during AF nor with CA
procedure characteristics and outcome. This may be due to
the inability of standard ECG to sufficiently capture the spatial
variability of AF pattern wavefront, which can be instead more
accurately characterized in larger sets of electrodes. Indeed, slight
improvements in this characterization were observed in the
OACG system, thus confirming the benefits of the analysis of the
cardiac electrical activity in additional leads.

The relation between body surface complexity as measured
by WNMSEOACG and intracardiac AF CL in the OACG subset
was also significant, but not strictly decreasing as for the
aforementioned measures of AF organization, thus further
investigation should be performed in the assessment of this
quantitative relation. These results underlined the added value of
the posterior OACG lead, which is assumed to better characterize
LA activity, due to its proximity to lead M of Frank’s vector lead
system (Ihara et al., 2007). However, amore strategic and effective
ECG lead placement configuration should be investigated in
more detail in order to increase the predictive power of the
related AF organization measures.

BSPM capability of providing a more comprehensive view
of surface cardiac electrical activity has been previously
demonstrated for ventricular electrical disorders (Robinson et al.,
2009), and advances in diagnosis and therapy of supraventricular
arrhythmias have been obtained as well, thanks to the more
reliable identification of arrhythmogenic sources driving and
sustaining the pathological rhythm (SippensGroenewegen et al.,
2004; Haissaguerre et al., 2013; Yamashita et al., 2015), thus
corroborating the clinical value of BSPM analysis.

Concerning the CA strategy, the NDI determined from
the extended 15-lead ECG proposed in Petrutiu et al. (2009)
correlated higher body surface complexity with prolonged
ablation procedures, thus demonstrating that relevant insights
into AF therapy can be better provided by additional leads
reflecting the underlying LA activity on body surface (i.e., V7, V8,

and V9) rather than conventional precordial leads, in particular
V1, which is closer to RA (Holm et al., 1998).

The multilead index of f-wave amplitude AECG associated
higher values with longer procedures, despite the poor outcome
of the predictive accuracy analysis. Similar results were reported
for the same parameter computed from the extended 15-lead
ECG. This finding may appear in contrast with our clinical
intuition, which correlates higher atrial amplitude with a more
homogeneous and organized wavefront of tissue depolarization.
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However, similar evidence was also found in Zeemering et al.
(2017), pointing out that higher f-wave amplitude may predict
AF recurrence after pharmacological cardioversion. Due to the
difficult interpretability of the physiological background, such
aspects deserve more detailed investigation.

Assessment of AF Ablation Impact in a
Multivariate Framework
The ability of clinical parameters alone to predict CA
effectiveness and predict larger CA interventions (in terms of
procedural time and targets) was overall limited, in line with
previous research (Lankveld et al., 2016b; Zeemering et al., 2017).
As pointed out in those studies, information about patient’s
clinical background may be incomplete or imprecise. Parameters
such as AF duration may be difficult to evaluate in some patients
due to the asymptomatic or slightly symptomatic nature of
some AF episodes (Lankveld et al., 2016b), thus justifying the
need for the introduction of more objective, quantitative indices
which can be noninvasively quantified from body surface cardiac
signals. Moreover, while clinical parameters from patient’s history
can give an overview of AF disease severity before CA, they
cannot offer any additional information during the procedure
itself, e.g., between two consecutive sets of lesions, or before/after
pulmonary vein isolation (unpublished data). By contrast, BSPMs
can be acquired at any moment of the intervention, thus enabling
a more flexible and dynamic re-evaluation of body surface AF
organization and a providing a more precise indication of CA
intermediate effect on arrhythmia complexity.

Characterization of protracted CA procedures was improved
by the introduction of multilead f-wave amplitude, thus
corroborating its ability to reflect the degree of heterogeneity
of the AF wavefront propagation through the underlying atrial
substrate (De Groot et al., 2010). Similarly, single-lead surface
CL in V1 also contributed to increase classification accuracy, thus
confirming that the degree of complexity of endocardial atrial
activation during AF can be reflected on body surface potentials
(Matsuo et al., 2009) and may require longer CA interventions
to organize the arrhythmia. NDI assessed in the extended 15-
lead ECG, but not in the entire BSPM lead set, equally helped
improving the classification performance of clinical parameters,
suggesting that in this framework the correlation between body
surface AF organization and the duration of the CA procedure
may come from specific anatomical locations only.

CA interventions requiring a higher number of lesions
were also more accurately described in a multidimensional
classification framework when NDI was integrated with patient’s
clinical characteristics, as confirmed by the ROC analysis. This
result may be explained by the presence of a higher number of
AF driving sources, located in multiple atrial locations (Lim et al.,
2017), thus requiring the operator to target a higher number of
atrial regions to terminate AF. Similar evidence was reported for
the AF CL in V1, hinting at a relation between AF firing rate and
the extent of its spatial distribution over atrial tissue.

CA outcome prediction was improved by combining clinical
data with NDI, thus linking body surface AF organization as
estimated by our marker with ablation therapy effectiveness. The
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results obtained were comparable with those reported in previous
studies (Lankveld et al., 2016b; Zeemering et al., 2017) and
underlined the relevance of body surface complexity as a marker
of ablation therapy impact. Also f-wave amplitude contributed
to increase multidimensional classification accuracy, as proved
elsewhere (Lankveld et al., 2016b; Zeemering et al., 2017).

Surprisingly, even though we observed some improvements
in classification performance as quantified by ROC analysis and
we obtained results similar to those shown in other studies,
the changes observed when combining clinical and signal
features overall were not statistically significant according to the
NRI analysis. No benefit was provided by the integration of
information related to body surface AF organization, regardless
of the descriptor chosen. This issue may originate from multiple
factors. First, it may be due to the choice of the classification
model, which may be not appropriate for our dataset, therefore
other classifiers should be investigated in future works. Secondly,
the accuracy of some multidimensional predictors may have
been limited by the reduced number of training observations in
relation to the classifier’s dimension, in particular when dealing
with the analysis of CA duration or with missing feature values,
which could have led to biased estimates. Furthermore, the
absence of improvements in classification accuracy (at least with
regard to the NRI analysis) may be explained by an inappropriate
selection of AF organization markers. In Zeemering et al. (2017),
indices of f-wave amplitude and DF estimated in specific ECG
leads were automatically selected via elastic net regularization
and combined with patient’s weight and right atrial volume.
These results suggest that: (1) more than one signal feature
may be required to better characterize the descriptive power of
AF complexity; (2) contributions from specific BSPM leads (or
subsets of leads) may be more relevant to the classification model
than those provided by other electrodes. On the other hand,
these models may have included parameters whose physiological
interpretation may be less clear. For instance, in Lankveld
et al. (2016b), simultaneous analysis of AF duration and single-
lead f-wave amplitude (in V6) was predictive of CA outcome.
However, lead V1 usually exhibits the maximum ratio of atrial
to ventricular amplitude (Petrutiu et al., 2006), therefore those
findings are more difficult to justify and apply to a real clinical
scenario. Finally, the NRI metric itself may not be suitable for
the comparison between two classification models, especially if
they do not fit the training datasets accurately (Pepe et al., 2015).
Furthermore, since the assessment of NRI significance proposed
by Pencina et al. (2008) has never been systematically validated
(Kerr et al., 2014), further metrics should be investigated to
validate NRI results.

Limitations and Perspectives
The diversity of the criteria used for AF complexity definition
and clinical CA protocols and endpoints made the comparison
between parameters from current literature more challenging.
While a more systematic overview of classical descriptors of AF
spatiotemporal organization has been attempted (Bonizzi et al.,
2014; Lankveld et al., 2014), the integration of such contributions
to clinical practice is still an open issue, and the predictive
accuracy of most of the univariate indices examined needs to be
improved.

To this end, we tested whether our understanding of AF
characteristics and therapy management could benefit from
combining patient’s clinical characteristics and signal complexity
features. However, as pointed out in section Assessment of AF
Ablation Impact in a Multivariate Framework, the evaluation of
multidimensional classifiers may be limited by several factors,
including the limited number of observations, the choice of
the classification model and the complexity indices, and the
metrics used for model comparison. Even though our study
offers some relevant insights into AF multidimensional analysis,
several aspects should be investigated with more attention in
future works, in particular the type of signal features and
the BSPM leads to be selected, potentially through automatic
algorithms, as well as the introduction of information coming
from other imaging systems, such as fibrosis distribution assessed
by magnetic resonance (Jadidi et al., 2013).

The correlation between the examined indices of AF
pathophysiology and impact of the CA strategy and AF duration
could not be significantly quantified by a pairwise Pearson’s linear
analysis neither in our study nor by other groups (Ammar et al.,
2014). This limitation also justifies the choice to discriminate
between persistent and long-lasting AF patients according to
the definition provided in Calkins et al. (2012) and regard AF
duration as a dichotomous variable rather than continuous, since
none of the descriptors of AF organization linearly correlated
with this clinical parameter.

Secondly, frequency measures of AF organization were not
explored in our comparative analysis, due to the impossibility
to retrieve the original BSPMs from the acquisition system, as
TQ interval segmentation is performed at the moment of the
ablation procedure. To this end, we examined the AF CL in lead
V1, which was demonstrated to correlate with the intracardiac
atrial fibrillatory rate in Matsuo et al. (2009). While in that study
thismeasure wasmanually assessed in standard ECG, in our work
we introduced an algorithm for the automatic computation of the
rate of atrial signal local extrema, which may be sensitive to the
presence of artifacts and spurious peaks if proper settings as those
described in section Comparison With Other Descriptors of AF
Complexity on Surface Recordings are not applied.

Some BSPM electrodes may present artifacts due to patient’s
breathing or mechanical motion. As a consequence, all signals
have been visually inspected and electrodes with too high levels
of noise were discarded.

The assumption that more complex AF forms require the
operator to target a higher number of atrial sites is supported
by previous clinical studies claiming that in advanced AF
forms the density of driving sources over atrial tissue tends
to be higher, thus covering more sites (Lim et al., 2017).
However, this should be confirmed by phase mapping analysis
as well.

The ability of the AF complexity parameters to predict
long-term CA outcome has not been investigated due to the
unavailability of such information for some patients at the
moment of the study, and it therefore represents an open
perspective of this research.

Furthermore, it may be clinically relevant to assess changes
in complexity in BSPMs within the CA procedure and between
intermediate steps (for instance, after pulmonary vein isolation),
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so as to understand whether modifications of atrial substrate by
CA immediately reflect on surface electrical activity.

Future research also includes the investigation of the relation
between body surface complexity and AF termination sites. This
task may present some challenges, in particular in relation to the
identification of the most suitable electrodes to be associated with
the atrial regions of interest.

Finally, the application of our noninvasive methodology to
other types of AF therapy (e.g., electrical cardioversion) may help
improve their management.

CONCLUSIONS

This research put forward a tool for the quantification
of AF organization by PCA of multilead BSPMs. Our
analysis underlined a significant correlation of such noninvasive
information with AF chronification and CA practice. This
methodology can provide relevant insights into AF substrate
characterization from the body surface ablation therapy.
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Atrial Fibrillation (AF) is the most common cardiac rhythm disorder seen in hospitals and

in general practice, accounting for up to a third of arrhythmia related hospitalizations.

Unfortunately, AF treatment is in practice complicated by the lack of understanding of the

fundamental mechanisms underlying the arrhythmia, which makes detection of effective

ablation targets particularly difficult. Various approaches to AF mapping have been

explored in the hopes of better pinpointing these effective targets, such as Dominant

Frequency (DF) analysis, complex fractionated electrograms (CFAE) and unipolar

reconstruction (FIRM), but many of these methods have produced conflicting results

or require further investigation. Exploration of AF using information theoretic-based

approaches may have the potential to provide new insights into the complex system

dynamics of AF, whilst also providing the benefit of being less reliant on empirically

derived definitions in comparison to alternate mapping approaches. This work provides

an overview of information theory and reviews its applications in AF analysis, with

particular focus on AF mapping. The works discussed in this review demonstrate how

understanding AF from a signal property perspective can provide new insights into the

arrhythmic phenomena, which may have valuable clinical implications for AF mapping

and ablation in the future.

Keywords: information theory, atrial fibrillation, entropy, AF mapping, catheter ablation

INTRODUCTION

Catheter ablation is a potentially curative treatment for atrial fibrillation (AF) that has
been gaining interest within the last few decades. It uses percutaneously induced catheters
to apply focal burns to specific areas of heart muscle in order to cease or modify the
AF (Baumert et al., 2016). This method was first popularized following the breakthrough
investigation published by Haissaguerre et al. (1998), which reported successful termination
of up to 90% of paroxysmal AF (PAF) cases using catheter ablation on ectopic triggers
located at the pulmonary veins. Although pulmonary vein isolation (PVI) is recognized as a
landmark development for the treatment of paroxysmal AF, the extending application of ablative
therapies for the highly varied persistent AF populace has seen relatively lower rates of success
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(Verma et al., 2015). Consequently, the optimal approach to
ablation in this population is currently the subject of ongoing
debate, as effective ablation targets remain unknown (Verma
et al., 2015).

To help determine potentially effective targets, AF mapping
is employed. The aim of AF mapping is to locate triggers and
substrates that lead to AF termination, which in turn can be used
as targets in clinical ablation procedures (Baumert et al., 2016).
Unfortunately, the highly complex wave dynamics of AF have
thus far been responsible for the difficulties in understanding
what these effective targetsmay be, as themechanisms underlying
AF are arguably one of the most challenging problems in
cardiology. As a result, a number of mapping approaches have
been explored, including complex fractionated electrograms
(CFAE) (Nademanee et al., 2004; Nademanee and Oketani, 2009;
Hayward et al., 2011; Li et al., 2011), dominant frequency (DF)
by Fast Fourier transform (Skanes et al., 1998; Sanders et al.,
2006) and unipolar electrogram reconstruction (FIRM) (Narayan
et al., 2012). Unfortunately, these approaches have either lead
to conflicting outcomes (Nademanee et al., 2004; Narayan et al.,
2012) or are still undergoing investigation (Dawes et al., 1992).
In light of this, it is clear that exploration of new mapping
methods are both warranted and necessary to understanding
the mechanisms of AF and potentially improving the efficacy of
catheter ablation.

Information theoretic-based approaches may be an appealing
new avenue in AF mapping, as they have (i) a strong
theoretical foundation in mathematics and (ii) use quantitative
definitions rooted in intrinsic signal properties, instead of
arbitrary, empirically derived definitions. In addition, although
information theoretic approaches are seldom used in the field
of cardiology, such techniques are already prevalent and widely
accepted in other disciplines such as engineering, neurobiology,
computer science, physics, quantum computing, linguistics, and
cryptography (Verdu, 1998).

The objective of this review is to provide an overview of
information theory in atrial fibrillation (AF). We begin by
introducing the concept of information theory, and follow by
discussing the use of information theoretic-based measures
of entropy in three common areas of AF research: (i) AF
detection, (ii) AF prediction and characterization, and (iii) AF
mapping.Within the context of AF detection, studies successfully
implementing entropy measures to distinguish between normal
sinus patterns and AF are presented. Specifically, such studies
develop AF detection algorithms based on detecting variations
in the RR interval, or changes in the ECG morphology.
Following this, the application of entropy for AF prediction
and characterization is also described, outlining the use of
entropy-based measures to understand the dynamical properties
associated with the onset and termination of AF, as well as
paroxysmal and persistent AF. Finally, we detail the current
studies that employ information theoretic measures for AF
mapping with respect to rotor identification, quantifying AF
synchronization, and studying information flow within the atria.
To conclude, we discuss the potential gaps in AF research that
information theory may be able to address both now, and in the
future.

INFORMATION THEORY

What Is Information Theory?
Information theory is a branch of mathematics that incorporates
probability theory and statistics (Ephremides, 2009). Modern
information theory was established after the publication of
Claude E. Shannon’s seminal original paper (Shannon, 1948),
which earned him the title of pioneer and founding father of
information theory. Shannon’s work introduced, for the first
time, a number of key ideas that shaped the field of information
theory, including the concept of digitizing information into
binary digits known as “bits,” the formal architecture of
communication systems, and source coding, which deals with
the efficiency of data representation (Shannon, 1948). In short,
the scope of information theory focuses on the transmission,
processing, storage, and receiving of messages (Aftab et al.,
2001; Lombardi et al., 2016). Although information theory was
initially developed for use in communication systems, principally
concerning itself with the transmission of telecommunication
signals, it is now commonly used in a number of fields such
as computer science, engineering, neuroscience and linguistics
(Verdu, 1998; Xiong et al., 2017).

What Is Information and How Can It Be

Measured?
As Shannon argued, the semantic aspects of communication can
be thought of as irrelevant to the engineering problem (Shannon,
1948). Consequently, the term “information” in reference to
information theory does not refer to the meaning of a message as
onemight assume intuitively, but instead howmuch can be learnt
from that message (Lombardi et al., 2016). To conceptualize this
further, take for example the scenario in which someone is asked
to guess a number from 1 to 10, whilst obtaining help from a
friend through clues.With respect to information theory, the clue
itself does not matter, but the amount of information that can
be inferred from the clue does. As such, if they are told that the
number is >11, then this clue is deemed uninformative. On the
other hand, if they are told that the number is even, then this fact
is considered much more informative, though revealing that the
number is odd would also be equally as informative, as these both
reduce the possible selections to 5. In this respect, information
can be thought of as howmuch is learnt, rather thanwhat is learnt
(Shannon, 1948).

Relating to this concept is the information theoretic measure
known as “entropy.” As information can alternatively be thought
of as the amount of uncertainty that is eliminated or resolved,
measuring this uncertainty will intuitively quantify information.
Conceptually speaking, entropy utilizes this principle to measure
information content, with greater uncertainty in turn generating
higher entropy (Shannon, 1948; Cover and Thomas, 1991; Gray,
2011). As entropy increases with uncertainty, it will be maximal
for completely random systems (Shannon, 1948; Costa et al.,
2002b). Suchmetrics have potentially useful clinical implications,
particularly with respect to diagnostic tools using biological
signals and understanding the underlying dynamic properties of
physiological systems (Costa et al., 2005).
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Although there are several ways that information can be
measured outside of entropy, it is one of the most prevalently
used classical measures of information theory, particularly in the
context of AF. With this in mind, entropy-based approaches to
quantifying information will be the focus of this review, and an
overview of the various entropy algorithms commonly used to
analyze AF will be described in the following.

SHANNON ENTROPY

Named after Claude E. Shannon himself, Shannon entropy is
the classical measure of information theory and measures the
Shannon information content of a random variable (Shannon,
1948; Xiong et al., 2017). It was first introduced by Shannon
to describe the relationships between information, noise and
power in a digital communication stream (Aftab et al., 2001),
quantifying the amount of storage required to store a signal (in
bits) (Vajapeyam, 2014). Now, it is also commonly used as a
measure of information content across many fields (Aftab et al.,
2001). Shannon entropy (ShEn) can be defined as:

ShEn = −

M
∑

i= 1

p(i) log2 p(i) (1)

where M is the number of discrete values the variable can
take, and p(i) the probability density function of the variable x
assuming the ith value. Note that Shannon entropy is given in the
unit bits (Shannon, 1948).

An intuitive example of how information is quantified using
ShEn is the simple coin toss. A fair coin with a head and tail will
result in maximum entropy, as the outcome cannot be predicted.
As a result, the probability of choosing the correct outcome is
½, as there are two possible outcomes that may occur with equal
probability. Each coin toss will deliver one bit of information, as
(Shannon, 1948):

ShEn = −

2
∑

i= 1

(

1

2

)

log2

(

1

2

)

= 1 bit (2)

Conversely, a double-headed coin will result in an entropy of
zero, as the probability of the outcome is 1/1. Hence there is no
uncertainty, and no information is gained from the outcome of
the coin toss (Shannon, 1948):

ShEn = −

1
∑

i= 1

(1) log2 (1) = 0 bits (3)

In AF analysis, ShEn is often used to measure the information
content of an ECG or EGM. Typically, this is achieved by
constructing the amplitude distribution or histogram of the
signal (Shannon, 1948; Ganesan et al., 2012, 2014; Baumert
et al., 2016). Specifically, a voltage histogram can be acquired
by binning signal samples according to its amplitude. Following
this, the relative probability density function p(i) is obtained
by dividing the sum of counts in each amplitude bin by the
total number of counts. In effect, ECG or EGM with regular

morphologies (i.e., signals that only possess a few states) will
yield a narrow amplitude distribution (Ganesan et al., 2012).
Conversely, complex morphologies containing a number of
dissimilar deflections, such signals in AF, will lead to more
varying amplitudes and in turn a broader amplitude distribution
(Figure 1) (Ganesan et al., 2012). In effect, as ShEn is taken a sum
of the probabilities, broader amplitude distributions will result in
higher ShEn (Ganesan et al., 2012, 2014).

The ShEn equation defined in (1) can be classified as a “static”
measure, as it does not consider any temporal information when
describing the observed probability distribution. In other words,
it measures information content by quantifying the amount of
information contained only in the present value of the time series
(Xiong et al., 2017).

APPROXIMATE ENTROPY

In contrast to the “static” measure of ShEn described in
(1), “dynamic” measures of entropy are those that study the
information content of a process representing the activity of a
system that is changing over time. An example of such a dynamic
measure of entropy is conditional entropy (Xiong et al., 2017).

Conditional entropy, also referred to as the Kolmogorov-
Sinai entropy (Eckmann and Ruelle, 1985), is defined as
the average rate of creation of new information. Generally
speaking, the current state of an observed process is partly
determined by its past, but also conveys some amount
of new information that can’t be inferred from the past.
Conditional entropy measures this residual information to
quantify the rate of creation of new information (Xiong
et al., 2017). In mathematical notation, this can be given
by:

C (X) = H
(

Xn

∣

∣X−

n

)

= H
(

X−

n ,Xn

)

−H
(

X−

n

)

(4)

= −E [log p (xn|x1, . . . , xn−1)]

where p (xn|x1, . . . , xn−1) is the conditional probability that
X assumes the value xn at time n, given that previous
values are taken at x1, . . . , xn−1 (Xiong et al., 2017). In
effect, if the process is fully predictable, the system will not
create new information and hence the conditional entropy is
equal to zero. Contrastingly, a fully random process produces
information at the maximum rate and will yield maximum
conditional entropy. If the process is stationary, the system
will produce information at a constant rate, and therefore the
conditional entropy will not change over time (Xiong et al.,
2017).

A number of entropy estimates and measures have been
developed to quantify conditional entropy. One specific example,
which is commonly used to study physiological signals, is
Approximate Entropy (ApEn). ApEn is a regularity metric that
was originally developed for physiological signals such as heart
rate (Ganesan et al., 2014). As accurate entropy calculation
using regularity statistics is often found unfeasible in real-
life applications due to the influence of system noise and the
large amounts of data required, Pincus developed ApEn to
manage these limitations (Pincus et al., 1991; Ganesan et al.,
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FIGURE 1 | High ShEn correlates to the pivot of a spiral wave. An example of the relationship between ShEn and the amplitude distribution in a simple rotating wave.

An amplitude distribution (histogram) is generated by binning samples of the signal in amplitude bins. Bipoles positioned in location 1 and 2 (at the periphery of the

rotating wave) experience consistent activation direction, leading to more regular EGM morphology and a narrow amplitude histogram. Conversely, the bipole at

position 3 (at the rotor pivot) experiences sharp local deflection (green), but secondary activity as the wavefront changes direction, including intermediate activity

(yellow) and an inverted potential (red). Consequently, signal values are binned over a broader range of amplitudes, leading to higher ShEn. Reprinted from Ganesan

et al. (2012) with permission.

2014). It can be noted that the approximate entropy family of
statistics has been widely implemented in clinical cardiovascular
studies (Pincus et al., 1991, 1993; Dawes et al., 1992; Fleisher
et al., 1993, 1997; Goldberger et al., 1994; Ryan et al., 1994;
Mäkikallio et al., 1996, 1998; Tulppo et al., 1996; Ho et al.,
1997; Lipsitz et al., 1997; Hogue et al., 1998; Nelson et al.,
1998; Palazzolo et al., 1998; Schuckers, 1998; Korpelainen et al.,
1999).

Specifically, ApEn quantifies the amount of regularity
in a signal by measuring the logarithmic likelihood that
runs of patterns similar to one another will remain similar
when incrementally compared (Richman and Moorman, 2000;
Baumert et al., 2016). The prevalence of repetitive patterns in a
signal is identified by forming a sequence of vectors using the
time series data, and measuring the difference between them
(Baumert et al., 2016). If the relative difference between any
pair of corresponding measurements is less than the length
of the pattern, the pattern is deemed similar (Pincus, 1991).
In mathematical notation, this can be expressed using the
equation:

ApEn(SN,m, r) = ln
Cm(r)

Cm+ 1(r)
(5)

where m is the pattern length, r is the similarity criterion or
threshold, and Cm(r) the prevalence of patterns of length m in
the sequence SN (Pincus, 1991). ApEn is quantified in bits.

Conceptualizing ApEn further, take for example two time
series, t1 and t2:

t1 = (1, 2, 1, 2, 1, 2, 1, 2, 1, 2 . . .)

t1 = (1, 2, 1, 1, 1, 2, 1, 2, 2, 1 . . .)

As t1 follows a very regular pattern alternating between 1 and 2 s,
knowing that a term is valued at 1 will consequently allow the
next value to be predicted, which in this case is always 2. Thus,
t1 possesses high predictability and low conditional entropy.
Conversely, t2 demonstrates a much more random pattern and
hence will possess greater conditional entropy. Translating this
to the cardiac space, a signal in normal sinus rhythm will
exhibit periodicity and relatively uniform complexes, thus ApEn
will detect the presence of similar patterns and identify this
regularity (Figure 2). On the other hand, signals with complex
morphologies will exhibit less regular patterns, hence yield higher
ApEn (Pincus, 1991).

Computationally speaking, as opposed to the binning method
used in ShEn algorithms, a kernel estimator is often used when
calculating ApEn. Specifically, the kernel estimator is a model
free approach of constructing a probability distribution of a
variable, which centers kernel functions at each outcome of
the variable and uses the estimated probabilities to compute
appropriate entropy estimates (Xiong et al., 2017). The distance
of each point in the time series to the reference point is
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FIGURE 2 | Simple example of ApEn and SampEn calculation. ApEn and SampEn examine the presence of repetitive patterns by measuring the difference between

the template vector and the rest of the time series data. As ApEn will compare a vector to itself, the regularity of the overall signal is increased. In comparison, SampEn

excludes self matches, thus avoiding biased regularity.

weighted depending on the kernel function, and commonly, a
Heaviside kernel function is used. The Heaviside kernel sets
a threshold r as the weight for each point, which is equal
to the width of the Heaviside kernel function and determines
the precision of the density estimation (Xiong et al., 2017).
A small r obtains a more detailed estimate, but requites
more data points to ensure accuracy, whilst a larger r yields

coarse probability estimates as too many points neighboring
the reference will be included. With this in mind, r is typically
set to a fraction of the data variance in practical applications,
e.g., a function of the standard deviation of the dataset, to
remove the dependence of entropy on the amplitude of the
observed process (Xiong et al., 2017). Other estimators, such
as linear and nearest neighbor estimators, are also available but
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are not as widely utilized in ApEn computation (Xiong et al.,
2017).

Another important computational consideration is the length
of the compared runs or window length m. The window length
m allows the ApEn algorithm to search through the sequence
SN and measure the likelihood or prevalence, Cm (r) , that runs
of patterns similar for m observations remain close on the next
incremental observation (Yentes et al., 2013). Although there
is no established consensus for ApEn parameter selection, it
is typically suggested that an m = 2 be used for clinical
data. Though such a value is frequently used in literature and
allows comparison of study results to other published findings,
it is important to acknowledge that ApEn estimates depend
strongly on the combination choice of m, r and the epoch
length N. Hence, thoughtful consideration with respect to what
m represents in a biological sense is necessary for each individual
dataset (Yentes et al., 2013).

SAMPLE ENTROPY

Another estimate of conditional entropy is sample entropy
(SampEn). SampEn is amodified rendition of ApEn that works in
much the same fashion (Richman and Moorman, 2000; Richman
et al., 2004). Computationally, however, SampEn differs in two
primary ways: (i) it is not length dependent and (ii) it does not
include self-comparison of the template vector (Richman and
Moorman, 2000). In ApEn calculations, the template vector (the
vector being matched to) is compared to all others in the time
signal, including itself. As a consequence, the probability of the
vector Cm(r) will never equal zero (Richman and Moorman,
2000). As a result of this, the overall ApEn is lowered, since
a self-match will create the appearance of increased regularity
(Richman et al., 2004). By foregoing comparisons between a
vector and itself (Figure 2), Richman et al. were able to create
the SampEn family of statistics with an ability to avoid this
biased regularity (Richman and Moorman, 2000). SampEn is
derived from previous approaches established by Grassberger
and Procaccia (1983), Ben-Mizrachi et al. (1984), Grassberger
(1988) and Grassberger et al. (1991), and uses the natural
logarithm of the conditional probability that two vectors that
are similar at m points will remain similar at an incremental
point (Richman and Moorman, 2000). Specifically, SampEn can
be defined mathematically as:

SampEn = − log

∑

Ai
∑

Bi
= − log

A

B
(6)

where Ai is the number of matches of length m + 1 with the
ith template, Bi the number of matches of length m with the ith

template and SampEn the entropy measured in bits (Richman
et al., 2004).

Like ApEn, SampEn is also commonly computed using
kernel estimators. Computationally, estimation of SampEn using
kernel estimation is achieved using the conditional entropy
Equation (7), which is implemented with the Heaviside kernel
function and uses the maximum norm to compute distances

(Xiong et al., 2017):

C (X) = H
(

Xn

∣

∣Xm
n

)

= − ln

〈

p(xn, x
m
n )

〉

p(xmn )
(7)

Where p(xmn ) is used to estimate the joint probability
distributions p(xn−1, . . ., xn−m) and p(xn, x

m
n ) in the m-

dimensional and (m+1)-dimensional spaces spanned by Xm
n and

(Xn, X
m
n ). Note that 〈 . 〉 represents the averaging across patterns,

and K represents the Heaviside kernel function:

K = 2 (‖xn − xi‖) =

{

1, ‖xn − xi‖ ≤ r
0, ‖xn − xi‖ ≤ r

(8)

and p (xn) the kernel estimate of the probability distribution:

p (xn) =
1

N

N
∑

i=1

K(‖xn − xi‖) (9)

where ‖ . ‖ is the maximum norm. Consequently, this kernel
estimate of conditional entropy reduces the bias seen in ApEn
(Xiong et al., 2017).

In studies, SampEn demonstrated greater robustness over
a broad range of conditions, which potentially makes it a
more useful algorithm in studies analyzing physiological data
(Richman and Moorman, 2000). SampEn also showed greater
performance with short datasets, showing less dependency on
the data length in comparison to ApEn estimates (Yentes et al.,
2013). Like ApEn however, SampEn is also sensitive to parameter
choice, though showed greater relative consistency over a broad
range of possible combination values for r, m, and N (Costa
et al., 2005). Despite this, care should still be taken when choosing
SampEn parameters.

MULTISCALE ENTROPY

As discussed, ApEn and SampEn approaches evaluate the
appearance of repetitive patterns to compute the regularity of a
signal and calculate entropy. One potential limitation of these
methods, however, is that increased entropy may not always
translate to increased dynamical complexity (Costa et al., 2002b).
As Costa et al. argue, entropy-based measures such as the
Kolmogorov complexity and entropy rate, grow monotonically
with randomness (Costa et al., 2005). Consequently, such
measures will yield high entropies for uncorrelated random
signals such as white nose, which possess low predictability
but are not structurally “complex.” A randomized time
series will also yield higher entropy than the original signal,
despite the fact that the process of creating surrogate data
destroys correlations and degrades the information content
of the time series (Costa et al., 2002b). With this in mind,
Costa et al. aimed to develop a quantitative measure of
dynamical complexity with three basic hypotheses in mind:
(i) that the complexity of a biological system reflects its
ability to function and adapt in an evolving environment;
(ii) biological systems operate between multiple spatial and
temporal scales, thus possessing multiscaled complexity; and
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(iii) a number of disease states that reduce the adaptive
capacity of the individual seemingly degrades the information
carried by output variables (Costa et al., 2005). As such, Costa
et al. introduce a multiscaled entropy (MSE) approach that
quantifies entropy over a range of time scales (Humeau-Heurtier,
2015).

Using MSE, measurements have the ability to reflect that
both completely ordered and completely random signals are
not truly complex, and identifies that correlated random signals
are more complex than uncorrelated random signals (Costa
et al., 2002a, 2005; Costa and Healey, 2003). The inclusion of
measurements from a variety of temporal scales also includes two
major advantages: (i) the ability to assess complexity at longer and
shorter time scales and (ii) quantification of the overall system
complexity, which is equal to the sum of entropy values over all
temporal scales (Busa and van Emmerik, 2016).

Computationally, MSE implements the SampEn algorithm
to assess complexity. The primary motive for using SampEn
as opposed to ApEn is its greater consistency over a broad
range of r, m, and N values, as well as its reduced dependency
on the time series length (Costa et al., 2005). In comparison
to the multiscaled complexity approach introduced by Zhang
et al. for physical systems (Zhang, 1991), which is based
on ShEn, the use of SampEn also allows MSE to become
better suited to physiologic time series’. The use of Shannon’s
definition of entropy in Zhang’s method requires a large
amount of virtually noiseless data in order to accurately map
to a discrete symbolic sequence, which introduces limitations
when applied to free-running physiologic signals (Costa et al.,
2005).

In recognizing these considerations, Costa bases MSE on a
modification of Zhang’s and Pincus’ approaches. Specifically,
MSE comprises of two steps: (i) “coarse-graining” of the time
series, which derives the representations of a system’s dynamics
at varying temporal scales (a form of resampling) and (ii)
application of SampEn on each of the coarse-grained time series
(Costa et al., 2005). Specifically, construction of a coarse-grained
time series involves averaging a successively increasing number
of data points using non-overlapping windows. Mathematically,
each element of the coarse-grained signal is computed using:

y
(τ )
j = 1/τ

jτ
∑

i=(j−1)τ+1

xi (10)

where τ represents the scale factor and 1 ≤ j ≤ N/τ (Costa et al.,
2002a). In effect, the length of each coarse grained data will equal
the length of the original time series divided by the scaling factor
τ (Wu et al., 2013).

Following this, SampEn is used to calculate an entropy
estimate for each coarse-grained time series plotted as a function
of the scaling factor τ . This step is referred to as the multiscale
entropy analysis. In traditional uses of SampEn, data from certain
pathologic time series that may be chaotic/unpredictable but
arise from less physiologically complex systems andmechanisms,
such as data from episodes of atrial fibrillation, will result in
higher SampEn. This is because such SampEn estimates are

based on a single scale and hence will not account for features
related to structure and organization on other scales (Costa
et al., 2005). The MSE results published by Costa et al. support
this, showing that at a single scale, the entropy assigned to
the time series of atrial fibrillation and congestive heart failure
patients is higher than those of healthy patients. Contrastingly,
when analyzed at multiple scales, the time series of healthy
subjects are assigned with highest entropy, reflecting that healthy
cardiac dynamics are the most physiologically complex (Costa
et al., 2005). Whilst these results contradict those obtained using
traditional ShEn, SampEn, and ApEn algorithms, they more
accurately reflect the physiological complexity of the underlying
system.

It is important to note that although Costa’s MSE algorithm
is widely used in multiple fields, this approach still suffers
from limitations. First, spurious MSE oscillations are introduced
due to the inefficient process of eliminating fast temporal
scales, and the original coarse graining procedure also artificially
reduces MSE (Valencia et al., 2009). To rectify these issues,
Valencia et al. develop a refined multiscale entropy approach
(RMSE) (Valencia et al., 2009). The RSME approach utilizes
a low-pass Butterworth filter instead of an FIR filter to
eliminate fast temporal scales, which ensures a more accurate
elimination of components above the specified cut-off frequency.
In addition, RMSE uses a refined coarse graining procedure that
implements a continuously updating r, defined as a percentage
of the standard deviation of the filtered series. In effect, this
compensates for the decrease in variance related to the filtering
procedure for removal of the fast temporal scales (Valencia et al.,
2009).

Though RSME overcomes spurious MSE oscillations and
biased reduction of MSE estimates, it is difficult to reliably
compute over short time series. In response, Faes et al.
introduce the linear MSE (LMSE) method (Faes et al.,
2017), which utilizes linear state-space models to provide
a multiscale parametric representation of an autoregressive
process observed at multiple time scales. LMSE exploits the
state-space parameters to quantify the complexity of the
process. Results show that in comparison to both RSME
and MSE, application of LMSE to short cardiovascular data
provides a better description of the physiological mechanisms
producing biological oscillations at different temporal scales
(Faes et al., 2017).

Another limitation of MSE is that the statistical reliability of
SampEn for a coarse-grained time series is reduced as the time
scale factor τ increases. This is because for anN point time series,
the length of the coarse-gained series at scale factor τ is N/τ .
Consequently, the larger the scaling factor, the shorter the coarse-
gained series and hence, the variance of the estimated entropy will
increase as the scaling factor increases. To overcome this, Wu
et al. developed the concept of a composite multiscale entropy
(CSME) to reduce the variance of estimated entropy values at
large scales (Wu et al., 2013). Specifically, CSME achieves this
by calculating the sample entropy of all coarse-gained time series
and finding themean of the τ entropy values, rather than only the
first coarse-grained time series as proposed by Costa (Wu et al.,
2013).
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WAVELET ENTROPY

While the aforementioned algorithms all compute entropy in
the time domain, entropy estimates can also be calculated
in the frequency space. Broadly speaking, computing entropy
in the frequency domain consists of transforming the time
series using methods such as the Fourier transform or wavelet
decomposition (Rosso et al., 2001). Although signals used within
the medical field are predominantly presented in the time
domain, representation in the frequency domain may provide
advantages in certain applications. For example, studies have
postulated that the frequency band with the highest strength
correlates to the cycle length derived from time domain analysis
(Ng et al., 2006), which is annotated as the dominant frequency
(DF) (Sanders et al., 2005, 2006). This becomes potentially useful
in signals with deflection, varying amplitudes, and more complex
temporal patterns, wherein time domain measurements of the
cycle length are likely to be inaccurate (Traykov et al., 2012).
As this is often the case during AF, frequency-based analyses
may provide a better measurement of the atrial rate (Traykov
et al., 2012). It should be noted, however, that the frequency
spectrummay also be determined by other factors outside of cycle
length, such as morphology and amplitude (Ng et al., 2006; Elvan
et al., 2009). As such, wavelet entropymethods that combine both
entropy and frequency analysis may provide additional insights
andmore robust analyses in comparison to DF analysis alone (Ng
et al., 2006; Elvan et al., 2009).

Specifically, wavelet entropy (WE) combines entropy and
wavelet decomposition to provide an estimate of the degree of
disorder present within a signal (Rosso et al., 2001). The wavelet
entropy of a signal can be given by:

WE = −

N
∑

j= 1

Ej log (Ej) (11)

Where Ej is the relative energy associated with the wavelet
coefficient at scale j and N the number of wavelet decomposition
levels. Calculating entropy in this way provides a measurement
of the amount of order or disorder in a signal, wherein WE
will assume a value that is very low and close to zero for an
extremely organized signal such as a periodic mono-frequency
event, and high WE for random signals such as white noise
(Ródenas et al., 2015). Consequently, EGM or ECG signals with
greater complexity and irregularity will result in high WE.

TRANSFER ENTROPY

Transfer entropy (TE) is an information theoretic measure that
can be used to understand the information transfer between
joint processes (Barnett et al., 2009). In systems consisting
of more than one component or variable, understanding
information transfer between these variables can be extremely
useful in determining its structure and mechanism. Many
studies have attempted to study such relationships using
an alternate information-theoretic measure known as mutual
information (MI), which provides a model-free approach to

quantifying information overlap between two variables (Vicente
et al., 2011). Specifically, this is achieved by measuring the
amount of information that can be learnt from one random
variable by observing another. Unfortunately, MI measures do
not capture dynamical and directional information exchange,
and hence poorly describe causal relationships (Schreiber,
2000). For example, MI is symmetric under the exchange of
signals and cannot differentiate between response and driver
systems. Secondly, MI captures only the amount of information
that is shared by two signals, rather than the information
being exchanged (which better relates to causal dependence)
(Schreiber, 2000). To provide an asymmetric measure, delayed
MI, which measures MI between a signal and another lagged
signal, has been proposed. Though delayed MI reflects certain
dynamical structures as a result of the time lag, it is still flawed
and can cause issues when shared information from a common
input or history is present (Schreiber, 2000). To address these
problems, Schreiber et al. develop transfer entropy (TE) to
provide an alternative information theoretic measure that shares
some of the desired properties of mutual information, but also
considers the dynamics and directionality of information transfer
(Schreiber, 2000).

To measure TE between two variables X and Y , one needs to
measure the amount of uncertainty (entropy) that is reduced in
future values of Y by knowing past values of X, given the past
values of Y . In mathematical notation, the TE between X and Y
can be given by:

TE ( X → Y) =
∑

yt+1,y
n
t , x

m
t

p(yt+1,y
n
t , x

m
t ) log

p(yt+1|y
n
t , x

m
t )

p(yt+1|y
n
t )

(12)
where xmt = (xt , . . ., xt−m+1), y

n
t = (yt , . . ., yt−n+1), and m

and n the orders of the Markov processes X and Y respectively
(Vicente et al., 2011). Typically, TE estimations use the Shannon
entropy algorithm during computation to provide a measure of
the uncertainty between X and Y (Schreiber, 2000).

It can be noted that the concept of transfer entropy shares
some overlap with the statistical notion of causal influence
termed Granger causality (GC) (Barnett et al., 2009), which
uses prediction via vector auto-regression to measure causality.
Specifically, given sets of inter-dependent variables X and Y ,
Granger causality will say X Granger-causes Y if Y assists in
predicting the future of X, beyond what X already predicts about
its own future (Barnett et al., 2009). In contrast, the information
theoretic notion of transfer entropy is framed in the context of
resolving uncertainty. For example, it can be said that the transfer
entropy from Y to X is the degree to which Y disambiguates
the future of X, beyond what X already disambiguates about its
own future (Barnett et al., 2009). This relationship was explicitly
explored and detailed by Barnett et al. (2009), who shows that
under Gaussian assumptions the concept of Granger Causality
and Transfer entropy are in fact equivalent.

Although TE is prevalently used in neuroscience to
understand the causal relationships between parts of the
brain and responses to stimuli (Vicente et al., 2011), it has thus
far received little attention in the cardiac space.
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Limitations of Entropy
Although entropy is widely used in many fields, reliable
estimation of information-theoretic quantities from empirical
data can prove difficult. Firstly, the sensitivity of entropy
estimates with respect to parameter selection can be problematic.
Discretization of a time series using bins as commonly done in
ShEn algorithms can pose potential problems, as inappropriately
selecting bin-widths can lead to greater bias and reduce the
accuracy of entropy estimates (Purwani et al., 2017).

Additionally, both ApEn and SampEn show significant 2-way
and 3-way interactions betweenm, r, andN, hence are influenced
heavily by the combination choice of these parameters (Yentes
et al., 2013). Appropriate parameter selection is particularly
critical when analyzing short data sets, as ensuring there is
a sufficient number of matches can be problematic (Lake
and Moorman, 2010). This can be seen in rapid diagnosis
of AF. In such cases, choosing an m that is too large or r
that is too small will result in too little template matches to
estimate the conditional probabilities accurately. Conversely,
if m is too small and r too large, all templates will match
each other and cardiac different rhythms cannot be discerned
(Lake and Moorman, 2010). Although SampEn is relatively
more stable across varying data lengths in comparison to ApEn,
inappropriate parameter selection, particularly in the choice
of r, can still lead to inaccurate entropy estimates (Lake and
Moorman, 2010).

In addition, although bipolar EGM entropy-based approaches
of AF mapping (such as ShEn mapping) have been proposed
for identification of rotational activity, problems may be
encountered in areas where wave propagation dynamics mimic
such rotational sources. For example, areas in which multiple
waves precess and cross propagate in varying directions
may instead appear to originate from a single rotational
source and hence, result in high entropy estimates similar
to those seen for rotors. This could potentially present
problems for a targeted entropy guided ablation strategy in the
future.

INFORMATION THEORY AND THE

INTRACARDIAC ELECTROGRAM

To further discuss how information theory can be used
in the context of AF mapping, we will first discuss the
intracardiac electrogram. An intracardiac electrogram (EGM)
is acquired by measuring the voltage difference between two
recording electrodes (Tedrow and Stevenson, 2011). In the
unipolar electrogram configuration, the anodal (positive) input
of the amplifier is by convention connected to the exploring
electrode, which is usually located at the tip of the catheter
and in physical contact with the cardiac tissue (Tedrow and
Stevenson, 2011; Baumert et al., 2016). Another intermediate
electrode, often referred to as the reference electrode, that is
distant from the heart is connected to the cathodal (negative)
input of the amplifier (Tedrow and Stevenson, 2011; Baumert
et al., 2016). As a product of this configuration, the resultant
unipolar signal possesses a characteristic morphology due

to the passing of planar wavefronts toward the recording
electrode (Figure 3) (Tedrow and Stevenson, 2011). A distinctive
biphasic complex is created as the wavefront reaches and
passes the electrode, causing the wavefront deflection to become
steeply negative (Baumert et al., 2016). This generates an
RS complex (Tedrow and Stevenson, 2011). One limitation
of the unipolar EGM is its vulnerability to far field activity
(electrical activity from other parts of the cardiac chamber),
electromagnetic interference (mains noise) and in the case
of AF mapping, interference from ventricular depolarization
(Tedrow and Stevenson, 2011; Baumert et al., 2016). Few
studies have utilized unipolar EGM for mapping, however, these
issues have largely hindered their use within research (Konings
et al., 1994, 1997; Allessie et al., 2010; Tedrow and Stevenson,
2011).

In contrast, bipolar electrograms are obtained via the
subtraction of two unipolar EGMs recorded proximally, which
is typically achieved by subtracting from adjacent poles of
the catheter (Baumert et al., 2016). Due to this configuration,
much of the ventricular contribution to the signal is largely
eliminated, and as such, bipolar EGM are generally preferred in
clinical settings (Tedrow and Stevenson, 2011; Baumert et al.,
2016). Unfortunately, however, the timing of local activations
is less defined in comparison to unipolar EGM, though
in homogeneous tissue the initial peak coincides with local
depolarization time (van der Does and de Groot, 2017). In AF,
bipolar EGM morphologies are generally irregular and complex
in comparison to their sinus rhythm counterpart, possessing
many deflections (Baumert et al., 2016). EGM morphologies can
be categorized into three types, as previously described by Wells
et al. (1978) (Table 1).

Relating to the EGM morphology is the previously
discussed concept of entropy. When applied to the intracardiac
electrogram, entropy approaches have the potential to provide
clinical insights into the underlying dynamics of AF. As
entropy is linked to the information content of a signal,
EGM with complex, non-uniform morphology will result
in greater uncertainty and higher entropy. Conversely, an
EGM with a regular, periodic morphology will result in lower
entropy (Ganesan et al., 2012). This characteristic makes
entropy particularly useful in AF applications in which the
ability to distinguish between AF and non-AF signals is
required (AF detection algorithms), and where changes in
the EGM morphology are thought to correlate to important
AF triggers or substrates (AF mapping). The identification
and localization of rotors provides a particularly interesting
application of entropy within the AF mapping space, as
it has been demonstrated that the pivot zone of a rotor
experiences greater spatial uncertainty of wavefront direction,
resulting in less stable bipolar EGM morphologies that can be
quantified by entropy (Ganesan et al., 2012, 2014; Arunachalam
et al., 2015). Other wave propagation dynamics are less well
explored in relation to entropy, though additional mechanisms
of interest (such as complex wavelet interaction regions)
may also yield useful entropy characteristics. If statistical
information theoretic approaches such as entropy can be
used to pinpoint such potentially important AF landmarks,
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FIGURE 3 | Basic generation of bipolar and unipolar recordings. A schematic to illustrate the basic generation of bipolar and unipolar electrograms. At the top of

(A,B), a horizontal bar is used to represent a sheet of myocardium with depolarization propagating from left to right. Example electrograms are shown in boxes.

(A) Unipolar recording: the wavefront propagates toward the electrode, creating a positive deflection, creating an R wave. As the wavefront propagates past the

recording electrode, an S wave is detected and hence creates the RS complex (middle schematic). Recording at the right side of the tissue (dead end) creates a

monophasic R wave. (B) Bipolar recording: electrodes 1 and 2 are connected to the positive and negative inputs of the amplifier respectively. Electrograms generated

via mathematical simulation are shown below the schematic. Compared to the signal from electrode 1 (Uni-1), the signal from electrode 2 (Uni-2) is slightly delayed

(due to the wavefront reaching it later) and is inverted due to its connection to the negative input of the amplifier. Addition of the two signals generates the bipolar

signal (Bi 1-2) that removes far field signal. Differentiating the signal (Unipolar- filtered) decreases far field component and produces a signal similar to the bipolar

electrogram but slightly time shifted. Differentiating the bipolar signal (Bipolar-filtered) produces additional deflections and further complicates the signal. Indifferent

electrode configurations are shown in (C). Reprinted from Tedrow and Stevenson (2011) with permission.

a targeted ablation strategy may become possible in the
future.

In some ways, the concept of entropy shares some conceptual
overlap with the notion of fractionation. Broadly speaking, the
term fractionation is used to describe EGMs that possess multiple
deflections and are prolonged (van der Does and de Groot,
2017), although no precise consensus definition currently exists
(Baumert et al., 2016). As such, like entropy, CFAE essentially
aims to provide some definition to describe the complexity of an
electrogram. A number of sources are said to be responsible for
fractionation, with the local collision of multiple wavelets, local
re-entry and zones of slow conduction said to result in EGM
fractionation during AF (de Bakker and Wittkampf, 2010; Waks
and Josephson, 2014). Consequently, it is thought that there is
some relationship between CFAE and the maintenance of AF
(Waks and Josephson, 2014), thus CFAE mapping and CFAE
guided ablation have previously been explored (Nademanee et al.,
2004; Nademanee and Oketani, 2009; Berenfeld and Jalife, 2011;
Hayward et al., 2011; Li et al., 2011; Chen et al., 2014). Though
both CFAE and entropy aim to capture the qualitative property
of signal fractionation to some degree, entropy is differentiated

TABLE 1 | Characterization of Atrial Fibrillation (AF) in Man as defined by Wells

et al. (1978).

AF Type Description

Type 1 Discrete atrial complexes with varying morphological

appearance but with discrete isoelectric baseline

Type 2 Discrete beat-to-beat atrial complexes but no isoelectric

baseline

Type 3 Complex and highly irregular atrial EGMs with no discrete

complexes or isoelectric intervals

Characterization of AF into three AF types, which uses the bipolar EGMmorphology during

AF to provide classification.

from CFAE by having a quantitative definition rooted in signal
processing and mathematics, and does not use empirically
derived definitions.

Outside of fractionation, entropy-based analysis of the EGM
also has the potential to provide insights about the complex
wave propagation dynamics underlying AF (Kośna et al., 2015).
For example, transfer entropy may possess the ability to
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FIGURE 4 | AF detection using COSEn (Coefficient of sample entropy). CoSEn values for ECGs from the MIT-BIH atrial fibrillation database used by Lake and

Moorman (2010) to test automated AF detection using SampEn. Although CoSEn was able to differentiate between normal sinus rhythm (A) and atrial fibrillation (B),

sinus rhythm with ectopy (C), and atrial flutter (AFL) (D) resulted in misclassification. This was due to (i) irregular RR intervals for sinus with ectopy, which increased

SampEn and mimicked AF values for CoSEn and (ii) 2:1 AFL creating regular RR intervals, mimicking sinus values for CoSEn. Reprinted from Lake and Moorman

(2010) with permission.

FIGURE 5 | Atrial activity organization time course of ECG recordings measured using SampEn. Average atrial activity (AA) organization, quantified using SampEn, for

(A) the first 5min after AF onset and (B) the last 2min before AF termination as computed by Alcaraz and Rieta (2010). Findings show that SampEn, and in turn the

AA organization, decreases in the first few minutes of AF onset and increases within the last minute of spontaneous AF termination. Reprinted from Alcaraz and Rieta

(2010) with permission.

determine information flow during AF and in turn, uncover
causality and electrophysiological pathways between various
regions of the heart that may be involved during AF propagation.

Consequently, analysis of information flow may be useful for
identifying the atrial regions central to maintaining AF (Kośna
et al., 2015).
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FIGURE 6 | Optimal accuracy of multiscale frequency (MSF), Shannon entropy (SE), kurtosis (Kt), and multiscale entropy (MSE) for the identification of rotors shown

in. Optimal accuracies for MSF, SE, Kt, and MSE measures determined by Annoni et al. (2017). The optimal accuracies are shown for both rotors (Top), the top

meandering rotor (Middle) and bottom stationary rotor (Bottom). Reprinted from Annoni et al. (2017) with permissions.

CURRENT STUDIES USING INFORMATION

THEORETIC APPROACHES IN ATRIAL

FIBRILLATION

Though information theoretic and entropy-based approaches
remain relatively limited within atrial fibrillation research, a
handful of studies have explored their use. Broadly speaking,
the use of entropy in AF can be categorized into three
groups, namely: (i) entropy for AF detection, (ii) entropy
for AF characteristic determination, and lastly (iii) entropy
for AF mapping. Some of the approaches using entropy
in the current literature will be broadly discussed in the
following, with particular focus on the role of entropy in AF
mapping.

Entropy for AF Detection
Presently, with respect to the study of atrial fibrillation
(AF), entropy is most widely used for the detection of
AF in ECG recordings and Holter monitors. As AF

episodes occur paroxysmally in the majority of patients,
human-based diagnosis of AF can oftentimes be difficult
and time consuming, hence automated and computerized
methods of AF detection have become a lucrative diagnostic
application of entropy (Ródenas et al., 2015; Cui et al.,
2017).

Many algorithms have been developed to detect AF, which
can often be broadly categorized as being based on either
(i) P-wave detection or (ii) RR interval (RRI) variability (Lee
et al., 2011). Of these two methods, AF detection using the
temporal variability of the RR interval has become a much
more common approach in literature as analysis of the P-wave
morphology is often difficult, as ECGs can be noisy and
are prone to motion artifact. In addition, the determination
of a P-wave fiducial point is challenging due to its low
amplitude during AF which makes it more susceptible to
corruption through noise, in turn lowering the signal-to-noise
ratio (Dash et al., 2009; Lee et al., 2011; Ródenas et al.,
2015).
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FIGURE 7 | Comparison between different approaches for rotor mapping. 3D

maps showing comparisons between different rotor mapping tools as

computed by Ugarte et al. (2014). (A) Map using the action potential wavefront

delimited by contour lines over the 3D atrial model (human) extracted from an

interval between 1 and 2 s of simulation. Spinning wavefronts around one point

defines the stable rotors R1 and R2. (B) Dynamic ApEn map calculated using

standard parameters and the unipolar EGM. (C) Dynamic ApEn maps using

optimized parameters from Ugarte et al. and unipolar EGM. (D) ShEn map

using unipolar EGM. It can be noted that map (C) illustrates better sensitivity

for identifying rotor tip. (E) Dynamic ApEn map calculated from optimized

parameters and the bipolar EGM with vertical and horizontal orientation. The

region corresponds to the vicinity of the rotor R1. (F) ShEn map using the

bipolar EGM obtained from vicinity of R1. Reprinted from Ugarte et al. (2014)

with permission.

Various studies have used Shannon entropy (ShEn) in
conjunction with various other measures of complexity such
as the Turning Points Ratio (TPR) (Dash et al., 2009), Root
Mean Square (RMS) of successive RR differences (Dash et al.,
2009), symbolic dynamics (Zhou et al., 2014), and time-varying
coherence functions (TVCF) (Lee et al., 2011), among others,
to better capture the randomness in the signal and detect
variability of the RRI time series (Dash et al., 2009; Lee et al.,
2011; Zhou et al., 2014). As ShEn can be used to measure the
level of uncertainty and information size in the signal, it can
reflect whether the ECG morphology exhibits irregularities, and
hence variability in the RRI time series. Results using these
methods demonstrate high rates of sensitivity and specificity
upwards of 95% (Dash et al., 2009; Lee et al., 2011; Zhou et al.,
2014), indicating the feasibility of entropy for detecting RRI
variability.

Although the RRI time series approach is frequently used,
widely available and capable of providing adequate AF detection
in a number of cases, entropy-based approaches have also been
used independently to detect AF (Lake and Moorman, 2010;

Carrara et al., 2015a,b). Sample Entropy (SampEn) algorithms
have been used to detect the probability that runs of AF
will match with others within the time series (Richman and
Moorman, 2000; Lake andMoorman, 2010) (Figure 4). A benefit
of SampEn is its ability to use short runs or bursts of AF
as a template for matching, hence avoiding issues relating
to short AF episode durations that are common with RRI
variability-based methods. These studies showed that SampEn
provided a high degree of accuracy in distinguishing AF from
sinus rhythm (∼95%), but encountered errors when atrial or
ventricular ectopy were present, as this increased the entropy
of the signal (Lake and Moorman, 2010; Carrara et al.,
2015a,b).

The use of wavelet entropy (WE) for AF detection has also
been explored in single lead electrograms (Ródenas et al., 2015).
This method was used under the premise that using entropy and
wavelet decomposition in conjunction increases the robustness of
the detection algorithm to noise, artifacts and non-stationarities
(Ródenas et al., 2015). Ródenas et al. use this method to calculate
the WE on a TQ interval to identify the presence and absence of
the P-wave in each beat of the ECG, which in turn determines
the presence of AF. Results demonstrated a discriminant ability
of approximately 95%, which is comparable to results from other
studies (Lake and Moorman, 2010; Carrara et al., 2015a,b).

Entropy for AF Prediction and

Characteristic Determination
To effectively treat atrial fibrillation, an understanding of the
arrhythmia itself is also crucial. As such, another application
of entropy is its use in determining the various characteristics
of AF. One such area that has been studied are the changes in
the RR interval dynamics preceding the onset of postoperative
AF, as studying these characteristics may enable prediction of
postoperative AF episodes. It has been hypothesized that heart
rate variability (HRV), which can be used as an indicator of
cardiac sympathovagal balance, would alter before the onset
of postoperative AF and could be measured using entropy
algorithms (Hogue et al., 1998). Findings on this have been
conflicting, however, with Hogue et al. showing a decrease in
ApEn upon the onset of AF (Hogue et al., 1998), whilst other
studies show entropy and HRV analyses provide little predictive
value when studying the onset of postoperative AF (Amar et al.,
2003; Chamchad et al., 2011).

Adding to this, it is argued that the ability to predict the
spontaneous onset of AF for non-postoperative patients is also
important as it may allow prevention using electrical stabilization
and various pacing techniques (Tuzcu et al., 2006). A number
of studies have used ApEn and SampEn to predict the onset
of paroxysmal AF (PAF), as these measures have the ability
to measure the regularity of the time series signal, and hence
quantify the heart rate variability (HRV) (Vikman et al., 1999;
Amar et al., 2003; Shin et al., 2006; Tuzcu et al., 2006). Findings
showed that ApEn and SampEn could predict the onset of AF
as entropy of the HRV reduced significantly in ECG preceding
AF, in comparison to those distant from an AF episode (Vikman
et al., 1999; Shin et al., 2006; Tuzcu et al., 2006).
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FIGURE 8 | 3D voltage maps and action potential curves during virtual ablation using phase singularity (PS), dominant frequency (DF), Shannon entropy (SE), and

complex fractionated electrogram (CFAE) approaches. Results from simulated ablation using PS, DF, SE, and CFAE, as performed by Hwang et al. (2016). 3D heart

voltage maps are shown on the (Left), with the black star indicating the action potential recording site. Action potential curves are shown on the (Right). Only

simulated DF ablation resulted in changes of the action potential, converting AF into atrial tachycardia. Reprinted from Hwang et al. (2016) with permissions.

In the same breath, predicting the termination of PAF
may also have clinical implications, as it may in turn help
improve management of the arrhythmia and avoid unnecessary
treatments (Alcaraz and Rieta, 2009a). Specifically, SampEn has
been used to study the atrial activity (AA) organization from
surface electrocardiograms (ECG) and predict the spontaneous
termination of AF. It has been shown that SampEn of terminating
AF episodes are lower in comparison to non-terminating
episodes (Alcaraz and Rieta, 2009a,b, 2010) (Figure 5).

Lastly, analysis of the HRV complexity using SampEn have
also been used to evaluate the characteristics of both PAF and
persistent AF (Sungnoon et al., 2012). The study conducted by
Sungnoon et al. aimed to test the hypothesis that impairment of
cardiac autonomic control relates to increased irregularity in the
AF signal. It was found that increased atrial signal irregularity
as reflected by SampEn was consistent with an impairment of
cardiac autonomic function in both PAF and persistent patients
(Sungnoon et al., 2012).

Entropy for AF Mapping
AF mapping is pivotal to catheter ablation, as this helps locate
AF triggers and substrates to guide the selection of ablation
targets (Baumert et al., 2016). Unfortunately, although ectopic
impulses from the pulmonary veins have been shown to initiate
AF, catheter ablation of these ectopic foci have only shown limited
success in persistent AF cases (Verma et al., 2015). Adding to
this limited success is the fact that optimal ablation targets for
persistent AF are still debated, as the mechanisms underlying
this AF type are not yet well understood (Jalife et al., 2002). As a
consequence of this, many approaches to AF mapping have been
explored.

Masè et al. explore the use of entropy for quantifying
synchronization during atrial fibrillation (Masè et al., 2005).
In this study, a synchronization index (Sy) was developed
using Shannon entropy (ShEn) (Shannon, 1948) to quantify
the degree of synchronization during AF. Although AF is
often described as being desynchronized, a certain amount
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of synchronized electrical activity is in fact present, and
quantifying this was thought to facilitate the identification of
various propagation patterns that may be associated with AF,
and hence improve understanding on AF mechanisms and
treatment (Masè et al., 2005). Sy was defined by quantifying
the complexity of the distribution of the time delays between
sites using ShEn estimates. Findings from this study showed
that a progressive and significant decrease in Sy correlated with
increasing AF complexity (Masè et al., 2005), using definitions
for complexity classes as defined by Wells et al. (1978) (Table 1).
Sy was also calculated on the whole right atrial chamber,
showing the existence of spatial heterogeneities (Masè et al.,
2005).

Following this, a number of studies have also utilized entropy
for the identification of rotors during AF (Ganesan et al.,
2012, 2014; Orozco-Duque et al., 2013; Ugarte et al., 2014).
There exists various schools of thought about the mechanisms
driving an AF episode, with the rotor theory suggesting that
AF is maintained by sites of rotational activation referred
to as spiral waves or rotors (Jalife et al., 2002; Waks and
Josephson, 2014). There is clinical and experimental evidence
to support this theory, and as such, rotors are thought to
be potentially effective targets for ablation (Schuessler et al.,
1992; Skanes et al., 1998; Vaquero et al., 2008; Narayan et al.,
2012). Building on this, Ganesan et al. hypothesized that rotors
could be identified through regions of high Shannon entropy
(Shannon, 1948), as wavefronts encircling the rotor pivot should
result in broadening of the amplitude distribution of bipolar
electrograms (EGM) due to their direction-dependent nature
(Ganesan et al., 2012). Findings showed that maximum ShEn
co-located with the rotor pivot in computer simulated spiral
waves, rat and sheep models, and human AF (Ganesan et al.,
2012). Ganesan et al. also further explored the characteristics
of high ShEn regions at rotor pivot zones (Ganesan et al.,
2014) to test the hypothesis that pivot points possess higher
ShEn than electrograms recorded at the periphery (Ganesan
et al., 2014). It was found that the rotor pivot not only
coincided with higher ShEn than those found at the periphery
of the spiral wave, but also that pivot zones consistently
resulted in maximum ShEn, irrespective of bipolar electrode
spacing, signal filtering and rotor meander (Ganesan et al.,
2014).

In a following independent study, Arunachalam et al.
supported the ability for ShEn to identify rotors in isolated
rabbit hearts (Arunachalam et al., 2015). Specifically, ShEn-based
mapping techniques were used to identify pivotal rotor points in
optically mapped data acquired from the rabbit hearts, following
which the mapping approach was applied to clinical intracardiac
human data. Results demonstrated that ShEn could accurately
identify the rotor pivot in optically mapped data with known
pivot zones (Arunachalam et al., 2015), supporting findings
published by Ganesan et al. (2012, 2014). In a more recent study,
however, Annoni et al. report that the performance of ShEn is
greatly affected by the presence of artifacts, suggesting that other
techniques such as multiscale frequency (MSF), Kurtosis (Kt),
andMultiscale Entropy (MSE) provide more accurate and robust
detection of rotors (Annoni et al., 2017) (Figure 6).

In a similar vein, Orozco-Duque et al. utilize approximate
entropy (ApEn) (Richman and Moorman, 2000) for localizing
rotors, under the hypothesis that CFAE are generated by
the pivot point of a rotor (Orozco-Duque et al., 2013).
Findings suggest that regions of high ApEn also co-located
with the rotor pivot (Orozco-Duque et al., 2013). Ugarte
et al. also study the relationships between CFAE and the
rotor pivot using ApEn (Ugarte et al., 2014) (Figure 7), under
the argument that a non-linear dynamic measure will better
capture the property of fractionation in comparison to the
empirical definitions proposed in the original CFAE study
(Nademanee et al., 2004). After simulating AF in a 3D human
atrial model, results showed a positive correlation between
ApEn and levels of fractionation, suggesting the ability of
high ApEn regions to co-locate areas of high fractionation,
and in turn the rotor pivot (Ugarte et al., 2014). Sample
entropy (SampEn) based approaches have also been explored
for this purpose, with Cirugeda-Roldán et al. using SampEn to
characterize the degree of fractionation in atrial electrograms
(Cirugeda–Roldán et al., 2015). A specificity of 86% and a
sensitivity of 77% was reported when discerning between CFAE
and non-CFAE electrogram signals (Cirugeda–Roldán et al.,
2015).

Investigating the mapping of rotors further, Hwang et al.
examined ablation approaches based on Shannon entropy (ShEn)
in both 2D and 3D models (Hwang et al., 2016) (Figure 8).
The study compared ShEn to other rotor mapping approaches
commonly used in literature, namely: phase singularities (PS),
dominant frequency (DF), and CFAE cycle length (CFAE-CL)
(Hwang et al., 2016). Results from virtual ablation showed that
ShEn, PS and CFAE-CL guided approaches did not result in
AF termination or modify the AF into slow atrial tachychardia,
whilst virtual DF ablation successfully achieved these end-points
(Hwang et al., 2016). Additionally, in 2D and 3D in-silicomodels,
ShEn was shown to overlap with 33.2 and 27.5% of the rotor tip
trajectory respectively, which was outperformed by DF wherein
a 71 and 39.7% overlap was seen in the 2D and 3D models
respectively (Hwang et al., 2016).

Outside of rotor mapping, entropy can also be used to study
causality and information flow. Transfer entropy (TE), which
determines the directed exchange of information between two
systems (Schreiber, 2000), can be used to investigate the direction
and degree of information flow between electrograms. In a study
conducted by Kosna et al., TE was used to study information
flow between electrograms recorded in the high right atrium
(HRA), coronary sinus (CS), and left atrial appendage (LAA)
(Kośna et al., 2015). Findings demonstrated that information flow
in the heart is symmetric, and that the direction and amount of
information flowing between neighboring sites in the atria could
be quantified using TE (Kośna et al., 2015). This suggests that
studying information flow between different areas of the atria
may provide useful insights into the complex wave propagation
dynamics during AF.

Recalling the connections between transfer entropy and
Granger causality (GC) as discussed previously, work published
by Alcaine et al. (2017) uses Granger causality based definitions
to develop a multi-variate predictability framework to study
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information flow and causal relationships between different
cardiac sites during AF. Using GC, causal interactions were
analyzed between different atrial sites during different rhythms,
by considering EGM as stochastic processes that interacts with
neighboring atrial sites through information exchange that is
driven by atrial activity (Alcaine et al., 2017). Predictability
measures were also obtained from the residual variances of
linear predictions performed with multivariate autoregressive
(MVAR)modeling of involved EGM signals (Alcaine et al., 2017).
As such, Alcaine’s framework provides a measure of regularity
for individual EGMs, in addition to the connectivity between
neighboring sites. Using computational simulations and clinical
basket catheter data acquired from patients in paroxysmal AF,
the study showed that the framework not only allowed different
rhythms to be identified (using the regularity measures), but also
that the underlying cardiac activity, acquired from simultaneous
multi-electrode basket recordings, could be tracked and mapped
using GC-based definitions (Alcaine et al., 2017). Although GC
is a statistical concept rather than an information theoretic
approach, this study demonstrates its connection to transfer
entropy and its ability to also study causal relationships.

RESEARCH GAPS AND POTENTIAL

FUTURE DEVELOPMENTS

Within the past decade, a number of EGM-based quantitative
approaches have been developed for AF analysis. These
approaches have brought several developments to the study of
AF, however, clinical application of these techniques have yet to
be achieved due to lack of reproducibility of promising results
(Baumert et al., 2016). Underlying this may be the qualitative
nature of these approaches, or their need for empirically-based
definitions, as well as the lack of understanding of the complex
AF mechanism. With this in mind, information theoretic
measures may have the potential to provide new insights from
study of the statistical properties of signals in AF using a purely
quantitative approach.

Thus far, few information theoretic approaches have been
explored in the context of atrial fibrillation, particularly
in AF mapping applications. Further studies are required
to explore the various characteristics of measures such as
entropy during AF, and understand their relation to the AF
physiology. For example, there is room for future studies to
observe the spatial and temporal stability of EGM entropy,
as this is an area that has not been investigated thus far.
Understanding the spatiotemporal characteristics of AF may
determine the presence or absence of spatial and temporal
stability, which is important for developing novel adjunctive or
primary ablation strategies based on high entropy regions as
targets.

In addition to this, the relationships between information
theoretic approaches to themicro and anatomical structure of the
atrium is also yet to be explored. Anatomical co-registration may
further reveal regions with a predisposition to forming rotors
or other mechanisms that perpetuate AF, as well as electrical

pathways that may be important to AF propagation. Using
information theoretic and statistical approaches such as transfer
entropy (TE) or Granger causality (GC) to observe information
flow between regions of the atria may also help shed light on this,
as analysis of connectivity between atrial regions may help infer
the wave propagation dynamics of AF, which are highly complex
and presently limit the determination of effective ablation targets.
Understanding these wave dynamics may again provide potential
clinical insight that may lead to more effective ablation strategies.

CONCLUSION

Unfortunately, although AF has been a long-standing topic
of research, there remains continuing debate regarding the
mechanisms underlying the dynamics of the heart rhythm
disorder (Schotten et al., 2011). Currently, there is some
consensus that AF is the result of an interplay between
substrate and triggering mechanism, though it is agreed that this
interaction is not yet completely understood, nor is the triggering
mechanism responsible.

Due to the complexity in understanding the AF phenomenon,
establishing effective mapping approaches have proven hugely
difficult, especially for real-time methods that can be used
for guided ablation. While direct wavefront mapping during
clinical AF procedures would be extremely valuable, current
challenges make this approach practically impossible. With
this in mind, a logical substitute is to take advantage of
the intracardiac electrogram (EGM), which is the primary
recordingmodality currently employed in electrophysiology (EP)
clinics. Quantitative analysis of the EGM signal properties using
information theoretic approaches has the potential to provide not
only a clinically interpretable direct translation to what is seen in
practice, but also insights into the system dynamics underlying
AF. Aiming to understand the AF dynamics indirectly through
analysis of the signal properties is not a left-field approach,
as other well studied methods such as CFAE and DF use
similar principles. Unlike these techniques however, information
theoretic approaches have the benefit of being less reliant on
empirically derived definitions.

In summary, while information theory has proved a useful
tool for analysis of physiological signals in other fields, it remains
underutilized and under-explored in AF studies. As the AF
phenomena is far from being understood, understanding the
arrhythmia from a signal property perspective and using new
approaches may be key to determining effective ablation targets
and strategies for the ever increasing AF population.

AUTHOR CONTRIBUTIONS

DD conducted the literature review, drafted the article, provided
critical revision of the article and final approval of the version
to be published. LD, AM, PK, and KP provided critical revision
of the article and final approval of the version to be published.
AG drafted the article, provided critical revision of the article and
final approval of the version to be published.

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 95765

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Dharmaprani et al. Information Theory and Atrial Fibrillation (AF): A Review

REFERENCES

Aftab, O., Cheung, P., Kim, A., Thakkar, S., and Yeddanapudi, N. (2001).

Information Theory and the Digital Age. (Massachusetts, MA: Bandwagon),

9–11.

Alcaine, A., Mase, M., Cristoforetti, A., Ravelli, F., Nollo, G., Laguna, P., et al.

(2017). A multi-variate predictability framework to assess invasive cardiac

activity and interactions during atrial fibrillation. IEEE Trans. Biomed. Eng. 64,

1157–1168. doi: 10.1109/TBME.2016.2592953

Alcaraz, R., and Rieta, J. (2010). A novel application of sample entropy to

the electrocardiogram of atrial fibrillation. Nonlinear Analy. 11, 1026–1035.

doi: 10.1016/j.nonrwa.2009.01.047

Alcaraz, R., and Rieta, J. J. (2009a). Sample entropy of the main atrial wave predicts

spontaneous termination of paroxysmal atrial fibrillation. Med. Eng. Phys. 31,

917–922. doi: 10.1016/j.medengphy.2009.05.002

Alcaraz, R., and Rieta, J. J. (2009b). Non-invasive organization

variation assessment in the onset and termination of paroxysmal

atrial fibrillation. Comput. Methods Programs Biomed. 93, 148–154.

doi: 10.1016/j.cmpb.2008.09.001

Allessie, M. A., de Groot, N. M., Houben, R. P., Schotten, U., Boersma,

E., Smeets, J. L., et al. (2010). Electropathological substrate of long-

standing persistent atrial fibrillation in patients with structural heart

diseaseclinical perspective: longitudinal dissociation. Circulation 3, 606–615.

doi: 10.1161/CIRCEP.109.910125

Amar, D., Zhang, H., Miodownik, S., and Kadish, A. H. (2003). Competing

autonomic mechanisms precedethe onset of postoperative atrial fibrillation.

J. Am. Coll. Cardiol. 42, 1262–1268. doi: 10.1016/S0735-1097(03)00955-0

Annoni, E. M., Arunachalam, S. P., Kapa, S., Mulpuru, S. K., Friedman, P. A., and

Talkachova, E. G. (2017). “Novel quantitative analytical approaches for rotor

identification and associated implications for mapping,” in IEEE Transactions

on Biomedical Engineering (Minnesota, MN)

Arunachalam, S. P., Mulpuru, S. K., Friedman, P. A., and Tolkacheva, E. G.

(2015). “Feasibility of visualizing higher regions of Shannon entropy in atrial

fibrillation patients,” in Engineering in Medicine and Biology Society (EMBC),

37th Annual International Conference of the IEEE, 2015 (Minnesota, MN:

IEEE).

Barnett, L., Barrett, A. B., and Seth, A. K. (2009). Granger causality and transfer

entropy are equivalent for Gaussian variables. Phys. Rev. Lett. 103:238701.

doi: 10.1103/PhysRevLett.103.238701

Baumert, M., Sanders, P., and Ganesan, A. (2016). Quantitative-electrogram-based

methods for guiding catheter ablation in atrial fibrillation. Proc. IEEE 104,

416–431. doi: 10.1109/JPROC.2015.2505318

Ben-Mizrachi, A., Procaccia, I., and Grassberger, P. (1984). Characterization

of experimental (noisy) strange attractors. Phys. Rev. A 29:975.

doi: 10.1103/PhysRevA.29.975

Berenfeld, O., and Jalife, J. (2011). Complex fractionated atrial electrograms: is

this the beast to tame in atrial fibrillation? Circ. Arrhythm. Electrophysiol. 4,

426–428. doi: 10.1161/CIRCEP.111.964841

Busa, M. A., and van Emmerik, R. E. (2016). Multiscale entropy: A tool for

understanding the complexity of postural control. J. Sport Health Sci. 5, 44–51.

doi: 10.1016/j.jshs.2016.01.018

Carrara, M., Carozzi, L., Moss, T. J., de Pasquale, M., Cerutti, S., Ferrario, M.,

et al. (2015a). Heart rate dynamics distinguish among atrial fibrillation, normal

sinus rhythm and sinus rhythm with frequent ectopy. Physiol. Meas. 36:1873.

doi: 10.1088/0967-3334/36/9/1873

Carrara, M., Carozzi, L., Moss, T. J., de Pasquale, M., Cerutti, S., Lake, D. E.,

et al. (2015b). Classification of cardiac rhythm using heart rate dynamical

measures: validation in MIT–BIH databases. J. Electrocardiol. 48, 943–946.

doi: 10.1016/j.jelectrocard.2015.08.002

Chamchad, D., Horrow, J. C., Samuels, L. E., and Nakhamchik, L. (2011).

Heart rate variability measures poorly predict atrial fibrillation after off-

pump coronary artery bypass grafting. J. Clin. Anesth. 23, 451–455.

doi: 10.1016/j.jclinane.2010.12.016

Chen, J., Lin, Y., Chen, L., Yu, J., Du, Z., Li, S., et al. (2014). A decade

of complex fractionated electrograms catheter-based ablation for atrial

fibrillation: literature analysis, meta-analysis and systematic review. IJC Heart

Vessels 4, 63–72. doi: 10.1016/j.ijchv.2014.06.013

Cirugeda–Roldán, E., Novak, D., Kremen, V., Cuesta–Frau, D., Keller, M., Luik,

A., et al. (2015). Characterization of complex fractionated atrial electrograms

by sample entropy: an international multi-center study. Entropy 17, 7493–7509.

doi: 10.3390/e17117493

Costa, M., and Healey, J. (2003). “Multiscale entropy analysis of complex heart

rate dynamics: discrimination of age and heart failure effects,” in Computers in

Cardiology 2003 (Boston, MA: IEEE).

Costa, M., Goldberger, A. L., and Peng, C.-K. (2002b). Multiscale entropy

analysis of complex physiologic time series. Phys. Rev. Lett. 89:068102.

doi: 10.1103/PhysRevLett.89.068102

Costa, M., Goldberger, A. L., and Peng, C.-K. (2005). Multiscale entropy analysis

of biological signals. Phys. Rev. E 71:021906. doi: 10.1103/PhysRevE.71.021906

Costa, M., Goldberger, A., and Peng, C.-K. (2002a). Multiscale entropy to

distinguish physiologic and synthetic RR time series. Comput. Cardiol. 29,

137–140 doi: 10.1109/CIC.2002.1166726

Cover, T. M., and Thomas, J. A. (1991). Entropy, relative entropy and mutual

information. Elements Inform. Theor. 2, 1–55.

Cui, X., Chang, E., Yang, W. H., Jiang, B. C., Yang, A. C., and Peng, C.-K. (2017).

Automated detection of paroxysmal atrial fibrillation using an information-

based similarity approach. Entropy 19:677. doi: 10.3390/e19120677

Dash, S., Chon, K., Lu, S., and Raeder, E. (2009). Automatic real time

detection of atrial fibrillation. Ann. Biomed. Eng. 37, 1701–1709.

doi: 10.1007/s10439-009-9740-z

Dawes, G., Moulden, M., Sheil, O., and Redman, C. (1992). Approximate entropy,

a statistic of regularity, applied to fetal heart rate data before and during labor.

Obstet. Gynecol. 80, 763–768.

de Bakker, J. M., and Wittkampf, F. H. (2010). The pathophysiologic basis of

fractionated and complex electrograms and the impact of recording techniques

on their detection and interpretation. Circ. Arrhythm. Electrophysiol. 3,

204–213. doi: 10.1161/CIRCEP.109.904763

Eckmann, J. P., and Ruelle, D. (1985). “Ergodic theory of chaos and

strange attractors,” in The Theory of Chaotic Attractors, eds B. R.

Hunt, T. Y. Li, J.A. Kennedy, H. E. Nusse (New York, NY: Springer),

273–312.

Elvan, A., Linnenbank, A. C., A.,Misier, R. R., P.,Delnoy, P. H., Beukema, W. P.,

and Jacques, M. (2009). Dominant frequency of atrial fibrillation correlates

poorly with atrial fibrillation cycle length. Circ. Arrhythm. Electrophysiol. 2,

634–44. doi: 10.1161/CIRCEP.108.843284

Ephremides, A. (2009). “How information theory changed the world-a brief review

of the history of the information theory society,” 2009 IEEE Conference on the

History of Technical Societies (IEEE).

Faes, L., Porta, A., Javorka, M., and Nollo, G. (2017). Efficient computation of

multiscale entropy over short biomedical time series based on linear state-space

models. Complexity 2017:1768264. doi: 10.1155/2017/1768264

Fleisher, L. A., Dipietro, J. A., Johnson, T. R., and Pincus, S. (1997).

Complementary and non-coincident increases in heart rate variability

and irregularity during fetal development. Clin. Sci. 92, 345–349.

doi: 10.1042/cs0920345

Fleisher, L. A., Pincus, S.M., and Rosenbaum, S. H. (1993). Approximate entropy of

heart rate as a correlate of postoperative ventricular dysfunction. Anesthesiology

78, 683–692. doi: 10.1097/00000542-199304000-00011

Ganesan, A. N., Kuklik, P., Gharaviri, A., Brooks, A., Chapman, D., Lau, D. H.,

et al. (2014). Origin and characteristics of high Shannon entropy at the pivot

of locally stable rotors: insights from computational simulation. PLoS ONE

9:e110662. doi: 10.1371/journal.pone.0110662

Ganesan, A. N., Kuklik, P., Lau, D. H., Brooks, A. G., Baumert, M., Lim, W.

W., et al. (2012). Bipolar electrogram shannon entropy at sites of rotational

activation: implications for ablation of atrial fibrillation. Circ. Arrhythm.

Electrophysiol. 6, 48–57. doi: 10.1161/CIRCEP.112.976654

Goldberger, A. L., Mietus, J. E., Rigney, D. R., Wood, M. L., and Fortney,

S. M. (1994). Effects of head-down bed rest on complex heart rate

variability: response to LBNP testing. J. Appl. Physiol. 77, 2863–2869.

doi: 10.1152/jappl.1994.77.6.2863

Grassberger, P. (1988). Finite sample corrections to entropy and dimension

estimates. Phys. Lett. A 128, 369–373. doi: 10.1016/0375-9601(88)90193-4

Grassberger, P., and Procaccia, I. (1983). Estimation of the Kolmogorov entropy

from a chaotic signal. Phys. Rev. A 28:2591. doi: 10.1103/PhysRevA.28.2591

Grassberger, P., Schreiber, T., and Schaffrath, C. (1991). Nonlinear time sequence

analysis. Int. J. Bifurc. Chaos 1, 521–547. doi: 10.1142/S0218127491000403

Gray, R. M. (2011). Entropy and Information Theory. New York, NY: Springer

Science & Business Media.

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 95766

https://doi.org/10.1109/TBME.2016.2592953
https://doi.org/10.1016/j.nonrwa.2009.01.047
https://doi.org/10.1016/j.medengphy.2009.05.002
https://doi.org/10.1016/j.cmpb.2008.09.001
https://doi.org/10.1161/CIRCEP.109.910125
https://doi.org/10.1016/S0735-1097(03)00955-0
https://doi.org/10.1103/PhysRevLett.103.238701
https://doi.org/10.1109/JPROC.2015.2505318
https://doi.org/10.1103/PhysRevA.29.975
https://doi.org/10.1161/CIRCEP.111.964841
https://doi.org/10.1016/j.jshs.2016.01.018
https://doi.org/10.1088/0967-3334/36/9/1873
https://doi.org/10.1016/j.jelectrocard.2015.08.002
https://doi.org/10.1016/j.jclinane.2010.12.016
https://doi.org/10.1016/j.ijchv.2014.06.013
https://doi.org/10.3390/e17117493
https://doi.org/10.1103/PhysRevLett.89.068102
https://doi.org/10.1103/PhysRevE.71.021906
https://doi.org/10.1109/CIC.2002.1166726
https://doi.org/10.3390/e19120677
https://doi.org/10.1007/s10439-009-9740-z
https://doi.org/10.1161/CIRCEP.109.904763
https://doi.org/10.1161/CIRCEP.108.843284
https://doi.org/10.1155/2017/1768264
https://doi.org/10.1042/cs0920345
https://doi.org/10.1097/00000542-199304000-00011
https://doi.org/10.1371/journal.pone.0110662
https://doi.org/10.1161/CIRCEP.112.976654
https://doi.org/10.1152/jappl.1994.77.6.2863
https://doi.org/10.1016/0375-9601(88)90193-4
https://doi.org/10.1103/PhysRevA.28.2591
https://doi.org/10.1142/S0218127491000403
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Dharmaprani et al. Information Theory and Atrial Fibrillation (AF): A Review

Haissaguerre, M., Jaïs, P., Shah, D. C., Takahashi, A., Hocini, M., Quiniou,

G., et al. (1998). Spontaneous initiation of atrial fibrillation by ectopic

beats originating in the pulmonary veins. N. Engl. J. Med. 339, 659–666.

doi: 10.1056/NEJM199809033391003

Hayward, R. M., Upadhyay, G. A., Mela, T., Ellinor, P. T., Barrett, C. D., Heist,

E. K., et al. (2011). Pulmonary vein isolation with complex fractionated atrial

electrogram ablation for paroxysmal and nonparoxysmal atrial fibrillation: a

meta-analysis. Heart Rhythm 8, 994–1000. doi: 10.1016/j.hrthm.2011.02.033

Ho, K. K., Moody, G. B., Peng, C.-K., Mietus, J. E., Larson, M. G., Levy, D., et al.

(1997). Predicting survival in heart failure case and control subjects by use of

fully automated methods for deriving nonlinear and conventional indices of

heart rate dynamics. Circulation 96, 842–848. doi: 10.1161/01.CIR.96.3.842

Hogue, C. W., Domitrovich, P. P., Stein, P. K., Despotis, G. D., Re, L.,

Schuessler, R. B., et al. (1998). RR interval dynamics before atrial fibrillation

in patients after coronary artery bypass graft surgery. Circulation 98, 429–434.

doi: 10.1161/01.CIR.98.5.429

Humeau-Heurtier, A. (2015). The multiscale entropy algorithm and its variants: a

review. Entropy 17, 3110–3123. doi: 10.3390/e17053110

Hwang, M., Song, J.-S., Lee, Y.-S., Li, C., Shim, E. B., and Pak, H.-N.

(2016). Electrophysiological rotor ablation in in-silico modeling of atrial

fibrillation: comparisons with dominant frequency, Shannon entropy, and

phase singularity. PLoS ONE 11:e0149695. doi: 10.1371/journal.pone.0149695

Jalife, J., Berenfeld, O., and Mansour, M. (2002). Mother rotors and fibrillatory

conduction: a mechanism of atrial fibrillation. Cardiovasc. Res. 54, 204–216.

doi: 10.1016/S0008-6363(02)00223-7

Konings, K. T., Smeets, J. L., Penn, O. C., Wellens, H. J., and Allessie,

M. A. (1997). Configuration of unipolar atrial electrograms during

electrically induced atrial fibrillation in humans. Circulation 95, 1231–1241.

doi: 10.1161/01.CIR.95.5.1231

Konings, K., Kirchhof, C., Smeets, J., Wellens, H., Penn, O. C., and Allessie, M.

A. (1994). High-density mapping of electrically induced atrial fibrillation in

humans. Circulation 89, 1665–1680. doi: 10.1161/01.CIR.89.4.1665

Korpelainen, J. T., Sotaniemi, K. A., Mäkikallio, A., Huikuri, H. V., and Myllylä,

V. V. (1999). Dynamic behavior of heart rate in ischemic stroke. Stroke 30,

1008–1013. doi: 10.1161/01.STR.30.5.1008
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In cardiac electrophysiology, there exist many sources of inter- and intra-personal

variability. These include variability in conditions and environment, and genotypic and

molecular diversity, including differences in expression and behavior of ion channels and

transporters, which lead to phenotypic diversity (e.g., variable integrated responses at

the cell, tissue, and organ levels). These variabilities play an important role in progression

of heart disease and arrhythmia syndromes and outcomes of therapeutic interventions.

Yet, the traditional in silico framework for investigating cardiac arrhythmias is built

upon a parameter/property-averaging approach that typically overlooks the physiological

diversity. Inspired by work done in genetics and neuroscience, newmodeling frameworks

of cardiac electrophysiology have been recently developed that take advantage of

modern computational capabilities and approaches, and account for the variance in

the biological data they are intended to illuminate. In this review, we outline the recent

advances in statistical and computational techniques that take into account physiological

variability, and move beyond the traditional cardiac model-building scheme that involves

averaging over samples from many individuals in the construction of a highly tuned

composite model. We discuss how these advanced methods have harnessed the power

of big (simulated) data to study the mechanisms of cardiac arrhythmias, with a special

emphasis on atrial fibrillation, and improve the assessment of proarrhythmic risk and drug

response. The challenges of using in silico approaches with variability are also addressed

and future directions are proposed.

Keywords: cardiac electrophysiology, physiological variability, computational modeling, arrhythmia mechanisms,

big data

INTRODUCTION

Beginning with the seminal paper by Hodgkin and Huxley, 1952, mathematical models of
electrophysiology have proven to be valuable tools for better understanding many physiological
processes, especially in cardiac arrhythmia research (Noble et al., 2012; Dibb et al., 2015). Fifty-six
years after publication of the first cardiac model (Noble, 1962), there is currently a computational
model for almost every cell type of the heart, including nodal, atrial, ventricular, and Purkinje
cells (Beeler and Reuter, 1977; Difrancesco and Noble, 1985; Luo and Rudy, 1991; Inada et al.,
2009; Maltsev and Lakatta, 2009; Sampson et al., 2010; Grandi et al., 2011; O’Hara et al., 2011), for
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numerous species, and for various levels of complexity across
multiple spatial scales (e.g., inclusion of disease-associated
remodeling, drug action, contractile, energetics, and signaling
modules) (Fink et al., 2011). Most of these models use
average data from voltage-clamp experiments of individual
ionic membrane currents, and while they have led to many
important advances in studies of cardiac electrophysiology and
pathology, especially cardiac arrhythmias (Sepulveda et al., 1989;
Courtemanche and Winfree, 1991; Panfilov and Holden, 1991;
Gray et al., 1995; Krogh-Madsen and Christini, 2012; Roberts
et al., 2012; Bueno-Orovio et al., 2014), they typically represent
the average behavior of a particular cell type. Because these
models ignore evident inter- and intra-personal variability, they
can fail to capture the properties of any given individual cell
or cells in a given patient (Golowasch et al., 2002; Dokos
and Lovell, 2004; Sarkar and Sobie, 2010; Marder, 2011;
Zaniboni, 2011; Groenendaal et al., 2015; Pathmanathan et al.,
2015). This is in part because incorporating variance that
reflects biological data into cardiac models requires significant
computational capacity, particularly as compared to what was
available when mathematical modeling of electrophysiology
first emerged. Given ever-increasing computational capabilities,
new modeling approaches have been developed to reproduce
and analyze the immense physiological diversity observed in
electrophysiology.

In this review, we discuss the importance of accounting for
variability when building models of cardiac electrophysiology
in both physiological and diseased conditions, and describe
new tools being developed to address the limitations of
traditional modeling approaches. In particular, we focus
on two computational approaches that have emerged as
leading methodologies for studying variability in cardiac
electrophysiology, which we will refer to as (1) population-based
modeling and (2) sample-specific modeling. Both methodologies
have provided valuable insights in the fields of neuroscience,
cardiology, and pharmacology. Here we review how they
have advanced our understanding of the basic mechanisms of
cardiac arrhythmias, and particularly atrial fibrillation (AF).
As these in silico approaches have led to important insights
into arrhythmia risks, mechanisms of arrhythmogenesis, and
variable response to drugs, they should be considered when
determining the regulatory requirements for the proarrhythmia
assessment and drug efficacy and safety evaluation of candidate
compounds.

Abbreviations: AF, atrial fibrillation; AP, action potential; APD, AP duration; cAF,

chronic AF; CaT, Ca2+ transient; CiPA, Comprehensive in vitro Proarrhythmia

Assay; DAD, delayed afterdepolarization; diLQTS, drug-induced long QT

syndrome; EAD, early afterdepolarization; ECG, electrocardiogram; FRD, forward

rate dependence; GA, genetic algorithm; hERG, human ether-à-go-go-related

gene; hMSCs, human mesenchymal stem cells; ICaL, L-type Ca2+ current; Ito,

transient outward K+ current; IKur, ultra-rapid delayed-rectifier K+ current; IKr,

rapid delayed-rectifier K+ current; IKs, slow delayed-rectifier K+ current; IK1,

inward rectifier K+ current; INa, fast Na
+ current; INaL, late Na

+ current; iPSC-

CM, induced pluripotent stem-cell-derived cardiomyocyte; LHS, latin hypercube

sampling; LQT3, long QT syndrome type 3; NCX, Na+/Ca2+ exchanger; nSR,

normal sinus rhythm; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; TdP,

torsades de pointes.

IMPORTANCE OF TAKING INTO ACCOUNT
VARIABILITY IN CARDIAC
ELECTROPHYSIOLOGY

Sources of variability in cardiac electrophysiology encompass
multiple spatial and temporal scales, and include inter-species
(Sham et al., 1995; Su et al., 2003), inter-ethnic (Lau et al.,
2012; Fender et al., 2014), inter-subject (Taneja et al., 2001;
Batchvarov et al., 2002), regional (Feng et al., 1998; Yan
et al., 1998), and temporal (Jeyaraj et al., 2012) differences.
Variability in experimental electrophysiological data does not
only represent natural physiological diversity, but also reflects,
in part, differences in the experimental conditions in which
electrophysiological measurements are performed (Groenendaal
et al., 2015). These conditions can vary from laboratory to
laboratory (Niederer et al., 2009; Fink et al., 2011), experiment
to experiment, or during the same experiment, e.g., due to
deterioration of the experimental preparations over time (Fink
et al., 2011). There is also instrument noise (Mirams et al.,
2016), artifacts, and use of non-physiological temperatures and
solutions (Groenendaal et al., 2015), all of which impact the
structure and function of the cellular or tissue components being
studied. These sources of variation are difficult to control even for
experienced electrophysiologists and are equally as challenging to
account for by modelers.

Mathematical cardiomyocyte models have remained useful
tools for unraveling physiological and pathophysiological
mechanisms, including mechanisms of arrhythmia, and
identifying antiarrhythmic strategies without accounting for
variability (Sepulveda et al., 1989; Courtemanche and Winfree,
1991; Clancy and Rudy, 1999, 2002; Clancy et al., 2002; Rivolta
et al., 2002; Gong et al., 2007; Noble et al., 2007; Tsujimae et al.,
2007; Zhang et al., 2007; Zhu and Clancy, 2007; Campbell et al.,
2008; Comtois et al., 2008; Kharche et al., 2008; Sale et al., 2008;
Ahrens-Nicklas et al., 2009; Butters et al., 2010; Adeniran et al.,
2012; Edwards et al., 2014; Grandi and Maleckar, 2016; Morotti
et al., 2016; Ni et al., 2017). Although average models have also
been successfully applied to the study of sources of variability,
such as sexual and hormonal factors (Yang et al., 2010, 2017;
Yang and Clancy, 2012), age (Behar and Yaniv, 2017), and
circadian regulation (Fotiadis and Forger, 2013), the rationale
for developing novel computational approaches that specifically
account for electrophysiological variability can be summarized
by two main reasons.

Average Data May Not Accurately
Represent Any Specific Individual or
Behavior Well
The traditional cardiac model-building scheme involves
averaging over samples from multiple experiments from many
individuals, both to parameterize themodel and validate it, which
may not represent any specific measured physiological behavior
very well. This “failure of averaging” has been demonstrated in
many fields, most recently in neuroscience (Golowasch et al.,
2002; Marder, 2011), and was particularly well-documented in
1952, the same year that the seminal Hodgkin and Huxley paper
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was published, when Lt. Gilbert S. Daniels of the U.S. Air Force
published a Technical Note that highlighted the fundamental
problem with fitting data to the mean (Daniels, 1952; Rose,
2017). Using data from 4,063 pilots, Lt. Daniels calculated the
average of 10 physical dimensions believed to be most relevant
for design of the cockpit on a plane, including a pilot’s height,
chest circumference, and sleeve length. Surprisingly, he found
that a total of zero individuals fit within the middle 30% of
the range of values for each dimension, and less than 3.5%
of pilots would be average sized on any three dimensions.
After this finding, the U.S. Air Force completely moved from
standardizing all dimensions to an “average pilot,” to making
all the dimensions adjustable to each individual pilot, which
immediately and drastically improved performance and was
soon adopted by all branches of the American military. Modeling
of electrophysiology is undergoing a similar evolution, which
will likely improve the translational significance of the models.

Variability Has Implications on Genesis and
Treatment of Arrhythmia
Variability plays an important role in arrhythmia generation and
treatment, as exemplified by AF. The atria are characterized by a
high degree of phenotypic variability in physiological properties,
with broad and diverging distributions of biomarkers in patients
in normal sinus rhythm (nSR) or chronic AF (cAF, Figure 1A)
(Ravens et al., 2015), likely due to innate variability of the
ionic currents (perhaps due to stochastic gating) that can affect
whole cell and/or tissue proarrhythmic behavior (Pueyo et al.,
2011; Heijman et al., 2013). This phenotypic variability can be
captured by adding variability in the conductance parameters of
a mathematical model of the action potential (AP, Figures 1B,C).
In some circumstances, physiological variability itself can be the
substrate for arrhythmia. For example, increased heterogeneity
of refractoriness is important for the maintenance of AF (Moe
et al., 1964; Boutjdir et al., 1986; Misier et al., 1992; Sato et al.,
1992; Wang et al., 1995, 1996; Gaspo et al., 1997; Liu and Nattel,
1997; Ramirez et al., 2000), and regional differences in atrial ionic
currents play a significant role in atrial arrhythmia initiation
(Feng et al., 1998; Gaborit et al., 2007; Colman et al., 2013).
Consequently, pharmacotherapy that increases dispersion of
refractoriness is an adverse side effect of drugs for the treatment
of AF (Ramanna et al., 2001; Soylu et al., 2003).

It is well-known that individuals may present largely different
responses to same pharmacological interventions. As an example,
it has been shown that drugs that block the hERG (human
ether-à-go-go-related gene) channel are generally responsible
for drug-induced long QT syndrome (diLQTS), but in a
population this adverse response is highly variable, from
minimum changes in the electrocardiogram (ECG) to induction
of lethal ventricular arrhythmias (Singh et al., 2000; Kannankeril
et al., 2011). Accounting for physiological variability may help
better understand why some individuals display adverse side
effects, while others do not. Given the different etiologies of many
cardiac arrhythmias, such as AF, computational approaches that
take into account variability may help us identify subpopulations
in which a particular antiarrhythmic therapy will be effective and

safe, or toxic. Furthermore, when assessing the efficacy and safety
of a drug administration for heart conditions, it is important to
take into account physiological and pathological variabilities to
make sure that results are quantified and valid at the population
level. Such approaches will potentially be more clinically useful in
simulating the effects of drugs and aiding the design of safer and
more effective therapies (Britton et al., 2013, 2017a; Passini et al.,
2016; Yang et al., 2016).

APPROACHES AND INSIGHT ON THE
IMPACT OF VARIABILITY ON CARDIAC
ELECTROPHYSIOLOGY

Although many methods have been developed, two families of
approaches have emerged as leading methodologies to account
for variability in cardiac electrophysiology: (1) population-based
and (2) sample-specific modeling (Figure 2). Both methods
generally start with the building or use of a baseline cardiac cell
model, which has been parameterized and validated to average
data. Population-based approaches generate model variants of
the baseline model that fit given experimental distributions
of electrophysiological outcomes or biomarkers, while sample-
specific modeling approaches re-parameterize the baseline
model based on cell- or patient-specific datasets (Figure 2).
Because their implementation requires computational power, the
advancements in computing capabilities and techniques (Pitt-
Francis et al., 2006; Abramson et al., 2010), especially in parallel
computing (Wang et al., 2011), have helped these methods gain
traction in the last decade.

Population-Based Modeling
Population-basedmodeling approaches have been developed and
employed to obtain results at the population level, which led to
many novel insights into physiological and pathophysiological
variabilities, and variable responses to drug administration.
We refer the readers to a recent review from the Rodriguez
group (Muszkiewicz et al., 2016), where this methodology
is described in detail. Here, we briefly describe the general
approach of population-based modeling, and summarize how it
has contributed to advancing the field as exemplified by some
important studies.

Creating Populations of AP Models
Populations of models are generally created by modifying sets
of parameters in a baseline model (Figure 2). This process
involves determination of the parameters to be varied, over what
range, and a sampling method to select the parameter values.
Frequently, maximal conductances or maximum transport rates
of ion channels, pumps and transporters in AP models are
selected to vary. The parameter space over which these model
parameters vary can be chosen either to reflect the experimental
range, when available, or theoretical upper and lower bounds.
Then, populations of parameter sets are created by sampling the
parameters within the predefined parameter spaces. Typically,
four types of sampling methods have been applied to obtain
the populations of parameter sets: uniform-interval sampling
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FIGURE 1 | Variability in cardiac electrophysiology.(A) Histograms of AP duration at 90% repolarization (APD90) for patients in nSR (black) and cAF (red) show

substantial variability. Reproduced from Ravens et al. (2015) with permission. (B) Example of APs and (C) histogram of APD90 produced using models incorporating

variability in conductances of ionic currents; some models (in blue) are rejected due to non-physiological behaviors.

FIGURE 2 | Flowchart connecting traditional cardiac modeling approach to the new methodologies that account for variability.

(Romero et al., 2009, 2011; Corrias et al., 2011), log-normal
sampling (Sobie, 2009; Sadrieh et al., 2013; Ellinwood et al.,
2017a; Morotti and Grandi, 2017), Latin hypercube sampling
(LHS) (Britton et al., 2013) and its variants such as orthogonal
sampling (Burrage et al., 2015; Donovan et al., 2018), and
sequential Monte Carlo sampling (Muszkiewicz et al., 2017).

After generating hundreds or thousands of model variants,
calibration can be performed to exclude models that display
non-physiological behaviors (Figure 2). This can be done, for
example, by removing models showing repolarization failure
(Sobie, 2009), or exhibiting AP duration (APD) more than
three standard deviations from the population mean (Devenyi
and Sobie, 2016). Population of models are also calibrated to
measured data from patient samples, whereby model variants are
selected based on simulated electrophysiological properties, such
as APD, upstroke velocity, resting membrane potential and/or
Ca2+ transient (CaT) (Britton et al., 2013, 2017a; Sanchez et al.,

2014; Passini et al., 2016; Rees et al., 2018). Other studies use
additional information such as ionic current data (Muszkiewicz
et al., 2017), or ECG data (Mann et al., 2016). This calibration step
is meant to ensure that (1) variants displaying non-physiological
properties are discarded before analysis, and (2) the simulated
electrophysiological properties of models in a given population
are in the same range as experimental data, or, more recently,
correspond to the same distribution of observed experimental
biomarkers (Lawson et al., 2018), thus possiblymaking inferences
from in silico experiments more physiologically relevant.

Analyzing Populations of AP Models
Once a population of cardiac AP models is generated,
and electrophysiological simulations have been performed
corresponding to the scientific question at hand, mechanistic
insights can be obtained using various analysis techniques.
These analyses have contributed to our understanding of the
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relative role of the underlying parameters in modulating the
physiological properties of interest (i.e., sensitivity analysis), or
revealing association of certain parameter ranges or properties
with specific physiological behaviors (e.g., repolarization
abnormalities, ectopic activity, drug response). Many relevant
examples have recently been reviewed (Muszkiewicz et al., 2016).
Here we highlight new recent developments and discuss details
of parameter sensitivity analysis.

Performing parameter sensitivity analysis
A common systematic analysis of populations of models is
sensitivity analysis. It assesses how model outputs, which
typically represent whole cell behavior (e.g., APD), are sensitive
to changes in model parameters, (e.g., conductances and
maximum transport rates). Because many parameters are often
varied to generate the populations of models, multivariable
linear regression (Hair et al., 2010; Draper and Smith, 2014)
has emerged as a frequently utilized tool to perform sensitivity
analysis in cardiac electrophysiology. Moreover, as the number
of independent parameters varied is used to predict a smaller set
of dependent variables, sensitivity analysis is typically performed
using partial least squares regression (Geladi and Kowalski, 1986;
Sobie, 2009), as compared to standard multivariable regression.
The result of linear regression is a set of coefficients (forming
a “regression model”) describing how perturbing a particular
parameter influences an output of interest. This method has been
successfully utilized in other fields such as molecular biology
(Janes et al., 2005) and neuroscience (Weaver andWearne, 2008),
and was first used in cardiac electrophysiology by Sobie (2009),
who applied it to study sensitivities of properties such as APD
and pacing rate threshold for inducing AP alternans. Since the
regression model represents a linear approximation of a highly
non-linear system, it is important to always check the goodness
of fit. Several papers by the Sobie’s group have indeed shown that
the linear approximation actually provides a very good fit of the
AP biomarkers, which was not trivially predictable (Sarkar et al.,
2012).

The approach of varying multiple ionic conductances at once
in a systematic fashion (as opposed to one at a time) and
employing sensitivity analysis using multivariable regression has
led to many important insights in cardiac electrophysiology
(Sarkar and Sobie, 2011; Mann et al., 2012; Heijman et al., 2013;
Walmsley et al., 2013), some of which have been confirmed
experimentally (Lee et al., 2013; Devenyi and Sobie, 2016;
Devenyi et al., 2017). For example, it has been used to study
how different diseased conditions affect the sensitivities of given
electrophysiological properties (Sadrieh et al., 2013; Ellinwood
et al., 2017a; Vagos et al., 2017; Koivumaki et al., 2018),
mechanisms of physiological phenomena (Lee et al., 2013),
and for constraining free parameters (Sarkar and Sobie, 2010).
Through sensitivity analysis, Cummins et al. identified multiple
potential ionic targets mediating forward rate dependence (FRD)
of AP, and demonstrated that modulation of the inward rectifier
K+ current (IK1) or the Na

+/K+ pump current was more likely
to produce FRD (Cummins et al., 2014). Devenyi and Sobie
performed sensitivity analysis of rat ventricular myocyte models,
and quantitatively compared the modulatory role of transient

outward K+ current (Ito) and sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) in CaT amplitude. They found that in
rat epicardial cells Ito plays a more important role than SERCA
in regulating CaT amplitude, and this was analogous to human
atrial cells, where both Ito and ultra-rapid delayed-rectifier K+

current (IKur) had greater impacts on CaT amplitude than did
SERCA (Devenyi and Sobie, 2016). These studies highlight how
sensitivity analysis can be applied to compare and contrast roles
of different ionic processes and Ca2+ handling in regulating
physiological properties and behaviors between cell types and
species. Sensitivity analysis has also been used to compare the
dependence of AP biomarkers on ionic processes in healthy and
diseased conditions. For example, Lee et al. compared the impact
of ionic processes on APD in control and AF-remodeled cells
and found that the Na+/Ca2+ exchanger (NCX) current has little
influence on APD in control cells but more markedly impacts
AF cells; the analysis also revealed that IK1 upregulation plays
a dominant role in APD shortening in AF, and that the L-type
Ca2+ current (ICaL) significantly contributes to rate-dependent
APD changes in both control and AF myocytes (Lee Y. S.
et al., 2016). Most recently, Gong and Sobie described a novel
use of regression models, cross-cell regression, to predict adult
myocyte drug responses from induced pluripotent stem-cell-
derived cardiomyocytes (iPSC-CMs) behaviors (Gong and Sobie,
2018).

Multivariable linear regression is used if the physiological
output of interest is continuous, but, for the study of arrhythmia
mechanisms, another particularly useful and efficient regression
technique is logistic regression, which is used when the outcome
of interest is Boolean (i.e., yes/no, true/false). Applying logistic
regression in studies of physiology is well-described by Lee et al.
who examined Ca2+ spark triggering (an all-or-none event), and
demonstrated the accuracy of logistic regression using receiver
operator characteristic curves (Lee et al., 2013). This method has
since been used to study the probability that a certain arrhythmic
event such as early afterdepolarizations (EADs) will occur and
suggest underlying factors (Morotti and Grandi, 2017).

The main limitation of regression (both linear and logistic)
analysis is that it only highlights how inputs are correlated
to outputs, so the conclusions drawn from the analysis can
be misleading if only a few outputs are considered. For
example, it has been shown that completely different parameter
combinations could produce essentially identical AP shapes
but substantially different CaT amplitudes (Figure 3) (Sarkar
and Sobie, 2010). However, sensitivity analysis can still help
determine whether the relationships between inputs and outputs
in computational models match experimental findings and
assumptions, and whether there are particularly influential
parameters that can be exploited therapeutically or targeted
to better understand a given physiological phenomena (e.g.,
arrhythmia mechanism).

Comparing subpopulations of models
Comparing subgroups in a population of models (often
using statistical difference tests of parameters of interest) can
help identify underlying determinants of different phenotypes,
behaviors, and pathological conditions (Sanchez et al., 2014;

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 95873

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Ni et al. Simulating Variability in Cardiac Arrhythmia Research

FIGURE 3 | Different subcellular parameter combinations can lead to same AP shape. Example of how different model parameter combinations (e.g., ion channel

conductances and maximum transport rates) can produce nearly identical atrial AP morphologies, but notably different CaTs.

Zhou et al., 2016; Britton et al., 2017b; Muszkiewicz et al.,
2017; Vagos et al., 2017; Lawson et al., 2018). For example,
through characterizing ionic parameters of models that are
prone to repolarization abnormalities, Britton et al. found
that the electrogenic Na+/K+ pump is a key determinant
of susceptibility to repolarization abnormalities in human
ventricular cardiomyocytes by applying arrhythmia-provoking
conditions to a population of experimentally-calibrated cardiac
cells (Britton et al., 2017b). A population-based approach has
also been used to tease out the ionic mechanisms underlying
variability in iPSC-CMs (Paci et al., 2017). By calibrating
generated subpopulations of human atrial myocyte models to
ranges of experimental data from a large number of patients
with nSR or cAF, Sanchez et al. characterized potential ionic
determinants of inter-subject variability in AP biomarkers, and
identified similar changes in IK1, IKur, and Ito in cAF vs.
nSR subpopulations that were consistent with experimentally
reported AF-induced remodeling effects (Sanchez et al., 2014).
In a more recent study, instead of calibrating population of
models to the range of experimental dataset, Lawson et al.
proposed a novel method to calibrate these models to the
distributions of multiple experimentally measured biomarkers
(Lawson et al., 2018), which led to an improved characterization
of ionic differences between nSR and cAF. These studies focused
on AP biomarkers at a fixed pacing rate. In a different study,
Vagos et al. expanded the use of population of models to compare
the steady state and dynamic restitution behaviors of AP in
nSR and cAF populations (Vagos et al., 2017). By combining
population-based modeling and experiments, Muszkiewicz et al.
characterized variability in AP and ionic densities and their
impact on CaT in atrial cells from right atrial appendage of
patients exhibiting nSR (Muszkiewicz et al., 2017). In addition to
calibrating model outputs to measured AP biomarkers, they also
extended the experimental calibration of population of human
atrial models to model parameter (inputs) by using experimental
data of major ionic currents.

Quantifying drug modulatory effects, understanding

variability in drug response, and identifying

phenotype-specific therapy
By using a population of models that incorporate variabilities,
drugmodulatory effects on electrophysiological properties can be
interpreted at a whole population level, which also contributes to
limiting potential model-dependent results. For example, Yang
et al. used a population-based approach to simulate effects of
late Na+ current (INaL) and hERG block and found that the
selective INaL blocker GS-458967 could suppress proarrhythmic
markers after hERG block in ventricular myocytes (Yang et al.,
2016). Population-based modeling has also allowed for more
rigorous quantitative comparison of modulatory effects between
multiple drugs. A recent study by Britton et al. calibrated
populations of ventricular models to specific individuals using
data from human trabeculae (Britton et al., 2017a). They then
assessed the effects of four different (selective and non-selective)
blockers of the rapid delayed-rectifier K+ current (IKr), dofetilide,
sotalol, quinidine, and verapamil, to quantitatively compare
changes in AP biomarkers, and demonstrated good agreement
with experiments for the selective IKr blockers (dofetilide and
sotalol) but not for the non-selective IKr inhibitors (quinidine
and verapamil). Paci et al. utilized populations of in silico
iPSC-CMs to evaluate antiarrhythmic effects of mexiletine and
ranolazine to treat iPSC-CM long QT syndrome type 3 (LQT3)
mutants and demonstrated that mexilitine stops spontaneous
APs in more LQT3 models than ranolazine due to its stronger
effects on the fast Na+ current (INa) (Paci et al., 2017). In
contrast to the traditional modeling approach using a single
model, the population-based modeling can gain insights into the
physiologically relevant variability of predictions made in silico,
as demonstrated in these studies.

By taking a step further, simulations using populations
of models incorporating variabilities can also help recognize
the contributing factors underlying the variability observed
in response to drugs. One relevant example is the variable
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outcomes of hERG inhibition, which is frequently linked with
diLQTS. Population-based modeling has offered insights into the
mechanisms underlying the fact that individuals will not exhibit
the same degree of QT interval prolongation after hERG block
(Singh et al., 2000; Kannankeril et al., 2011; Weeke et al., 2014).
Employing a population of models of ventricular myocytes, Sobie
and Sarkar attributed the variable outcomes to the different
ionic properties of the cells (Sarkar and Sobie, 2011). In another
interesting application, Passini et al. implemented an in silico
drug trial using experimentally-calibrated populations of AP
models to investigate the risk of drug-induced arrhythmias,
and to identify specific subpopulations at higher risk for
proarrhythmic cardiotoxicity (Passini et al., 2017). Their
methodology not only demonstrated higher accuracy than
animal models in predicting arrhythmia risk, but also provided
mechanistic insight into the underlying ionic contributors to
repolarization/depolarization abnormalities.

Understanding the bases of variability in electrophysiological
behavior and arrhythmia proclivity may also allow developing
specific antiarrhythmic therapies for different disease
phenotypes. For example, Liberos et al. compared AF models
that had self-sustained vs. self-terminating reentries (Liberos
et al., 2016). They found that AF maintenance was correlated
with high ICaL and INa, and that ICaL block could be an effective
treatment depending on the basal availability of Na+ and
Ca2+ ion channel conductivities (INa depression increased
efficacy). Mayourian et al. employed a comprehensive integrated
approach to study the mechanisms of cardiac contractility
and arrhythmogenicity using experimentally-calibrated human
mesenchymal stem cells (hMSCs) (Mayourian et al., 2017).
In simulations testing proarrhythmic effects, they found that
hMSCs paracrine signaling protected such adverse effects of
heterocellular coupling at various levels of engraftment. This
work highlights that antiarrhythmic strategies can move beyond
simply considering repolarization abnormalities.

Sample-Specific Modeling
Instead of taking a baseline cardiac model and introducing
variability by randomly varying the ionic conductances,
optimization and statistical techniques can also be used to
tailor the baseline model to describe a specific experimental
sample. Depending on the characteristics of the dataset at
hand, sample-specific models can be representative of either
individual myocytes or a particular group of cells. The former
approach, cell-specific modeling, can be helpful when integrating
mathematical modeling into an experimental setup. For example,
Ravagli et al. characterized the role of the “funny” current If
in sinoatrial myocytes using the dynamic clamp technique
by adapting the extent of injected If in a cell-specific fashion,
i.e., based on the basal firing rate measured in each individual
cell (Ravagli et al., 2016). Despite the use of average data,
sample-specific models built from a group of cells (e.g., a cell
line developed in a certain laboratory, myocytes isolated from
disease models, iPSC-CMs derived from a single patient) can
allow for specific characterization of conditions that are far
from the average, or even of personalized physiology (Barichello
et al., 2018). For example, monophasic AP data recorded in

AF patients undergoing ablation procedures have been used
to construct atrial cell models that capture patient-specific
electrophysiological properties (Lombardo et al., 2016). This
approach has the promise of making patient-specific predictions
given interventions such as arrhythmia-provoking protocols
or drug application. Here we summarize methodologies for
building and improving sample-specific cell models. For more
detail, we refer the readers to a previous review on the topic
(Krogh-Madsen et al., 2016).

Fitting Sample-Specific Models
Sample-specific models can be constructed by fitting the
parameters of a baseline model so that the model outputs match
the corresponding physiological behaviors seen in a single patient
or myocyte (Figure 2). Cardiac electrophysiology models can be
optimized using many different fitness functions (Druckmann
et al., 2007; Tomaiuolo et al., 2012), such as global search
heuristics (Vanier and Bower, 1999; Dokos and Lovell, 2004;
Bueno-Orovio et al., 2008; Guo et al., 2010). Recently, many
sample-specific models are generated using the genetic algorithm
(GA), which traces its beginnings to evolutionary biology (Fraser
and Burnell, 1970; Crosby, 1982), but is still being applied
in new ways today (Chen and Guan, 2004; Hussein and El-
Ghazaly, 2004; Leung et al., 2004; Vieira et al., 2004). Its use
for optimization of ionic models is relatively new in both
neuroscience (Achard and De Schutter, 2006; Gurkiewicz and
Korngreen, 2007; Hobbs and Hooper, 2008; Ben-Shalom et al.,
2012) and cardiac electrophysiology (Syed et al., 2005; Bot et al.,
2012; Kaur et al., 2014; Groenendaal et al., 2015). Syed et al.
demonstrated its feasibility for atrial cell models when they
proved they could fit two different cell models (Courtemanche
et al., 1998; Nygren et al., 1998) to any given atrial AP (Syed
et al., 2005). Essentially, the GA optimization procedure is
initialized in the same way as for the population-based approach
(varying maximal conductance and/or transport rates), and then
it iteratively evolves toward better solutions in generations,
while the underlying parameters can be varied, swapped, or
discarded. Sensitivity analysis can be used in conjunction with
generating sample-specific models as it can inform the design of
the error function (i.e., weights) by revealing the conductances
that more significantly impact the electrophysiological outputs
used for fitting. For example, Krogh-Madsen et al. recently
combined sensitivity analysis and global optimization (using
a GA) of a ventricular myocyte model to clinical long QT
data and intracellular Ca2+ and Na+ concentrations, to better
constrain the model parameters (Krogh-Madsen et al., 2017).
They found that this improved prediction of drug-induced
torsades de pointes (TdP), especially in eliminating false-positive
outcomes generated by the baseline model parameters.

Improving Fidelity of Sample-Specific Models
The final solution of an optimization procedure using some
fitness function may not match experimental data well if only
fitting to a single electrophysiological output such as a single
AP, because multiple parameter combinations can potentially
produce the same AP (Figure 3) (Syed et al., 2005; Druckmann
et al., 2007; Sarkar and Sobie, 2010; Guo et al., 2013; Kaur
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et al., 2014; Groenendaal et al., 2015). In this case, although
fitness function itself can be improved, for example, by increasing
the population size or diversity for GAs can improve the fit
of a sample-specific model, it may not necessarily guarantee
that the final solution relates to the global minimum. To
address this issue, many methods have been developed using
(1) additional electrophysiological properties for fitting and/or
(2) more complex electrophysiological protocols to improve
model fidelity. It has been shown that model faithfulness can
be improved by adding membrane resistance as an objective
(Kaur et al., 2014), by optimizing to Ca2+ handling (Dokos and
Lovell, 2004; Sarkar and Sobie, 2010; Rees et al., 2018), or by
accounting for experimental data generated frommultiple pacing
frequencies (Syed et al., 2005; Lombardo et al., 2016) or irregular
pacing protocols (Guo et al., 2013; Groenendaal et al., 2015).

In addition to using multiple electrophysiological properties
to improve the fit of sample-specific models, more intricate
voltage-clamp protocols that capture complex and rich
electrophysiological dynamics have been employed, as first
demonstrated to improve the fit of Markov models of ionic
currents with many parameters (Dokos and Lovell, 2004; Zhou
et al., 2009; Beattie et al., 2018). These can be implemented
over a short time frame and may be used to emphasize certain
currents over others. In the absence of pharmacological isolation,
Groenendaal et al. used only a 6-s protocol that effectively
isolated IK1, ICaL, and slow delayed-rectifier K+ current (IKs)
given their disproportionately large contribution at voltage steps
of −120, +20, +40, and −30mV, respectively (Groenendaal
et al., 2015). They found that using this protocol alone cannot
isolate all ionic currents, and when used in combination with a
stochastic pacing protocol there was a considerable improvement
in parameter estimation. Developing short but information-rich
protocols is useful especially when trying to improve the results
of an optimization procedure for cell-specific modeling, because
longer protocols take longer to implement experimentally
and thus are difficult to perform in a single cell. In a recent
study, Beattie et al. proposed an innovative experimental and
mathematical modeling method that allows to concisely measure
the dominant processes involved in hERG channel gating by
applying a short (8-s long) “sum of sinusoids” voltage-clamp
protocol (Beattie et al., 2018). The sinusoidal waves were able
to provoke a wider range of non-equilibrium behavior than
traditional square voltage steps, thus allowing rich and complete
characterization of hERG channel kinetics in the same cell and
efficient model fitting (Figure 4A).

The final step in improving fidelity of sample-specific models
is to directly experimentally test the predictions of the model
given new protocols (Groenendaal et al., 2015; Devenyi et al.,
2017; Beattie et al., 2018). Figure 4B reports an example of such
validation experiments, where predictions obtained with cell-
specific IKr models (identified applying the sinusoidal protocol
in Figure 4A in 9 cells) are compared to the IKr-voltage
relationships experimentally determined in each cell (Beattie
et al., 2018). The order of the panels in Figure 4B is based on an
index of recording stability (lowest to highest difference in leak
resistance between the vehicle and dofetilide recordings) that is
associated to “data quality”. Cell-specific predictions are excellent

for cells 1–5 (higher data quality), but less accurate for cells 6–
9 (lower data quality). The analysis also shows that cell-specific
models provide better predictions than the average model for
the cells with the highest data quality (cells 1–5). Experimental
validation is an important last step in improving cell-specific
models, as generating cell-specific models is potentially more
susceptible to observational error. Devenyi et al. used a GA
to re-parameterize the Livshitz-Rudy model of the guinea
pig ventricular cardiomyocyte (Livshitz and Rudy, 2009), and
predicted an increase in IKr and a drastic decrease in IKs given
a dynamic clamp protocol as compared to the original model,
and this was validated experimentally (Devenyi et al., 2017).
Their adjusted model predicted that IKs can stabilize the AP and
EADs better as compared to IKr—which improved the ability to
assess arrhythmia risk, given the baseline model did not produce
physiological behaviors that were quantitatively similar to their
experiments.

Models of Patient-Specific Anatomy
While a detailed discussion of patient-specific anatomical
models is beyond the scope of our review, recent studies
have begun investigating how inter-patient differences in
myocardial structure affects atrial arrhythmia, as reviewed by
Barichello et al. (2018). For example, Zhao et al. developed
a 3D human heart-specific atrial computer model integrating
3D high resolution structural and functional mapping data
to test the impact of wall thickness, fibrosis, and myofiber
orientation on AF induction, maintenance, and ablation
strategies (Zhao et al., 2017). Deng et al. demonstrated that
reentrant driver localization dynamics are influenced by inter-
patient variability in the spatial distribution of atrial fibrosis,
APD, and conduction velocity (Deng et al., 2017). This suggests
that incorporating patient-specific electrophysiological models
in patient-specific geometries might enhance their predictive
value. We discuss the computational challenges associated
to this task in the section entitled “Arrhythmia Research
Requires Understanding Variability at Larger Spatial Scales”.
Furthermore, obtaining patient-specific electrophysiological data
might constitute another logistical roadblock.

Overall, methods that incorporate variability are particularly
useful for (1) analyzing variability in cardiac electrophysiology,
(2) assessing proarrhythmic risk, (3) determining the underlying
factors contributing to variable drug response, and (4) identifying
phenotype-specific (and in the future patient-specific)
antiarrhythmic targets. Table 1 summarizes applications of
these approaches and new insights provided by the studies
(shaded areas indicate atrial studies).

CHALLENGES AND FUTURE DIRECTIONS

We reviewed the most common methods used to account
for variability in cardiac electrophysiology, which largely fall
into the two categories of (1) population-based modeling and
(2) sample-specific modeling. These methods complement each
other well, as population-based methods can help characterize
behavior in a particular patient group (healthy, diseased, stressed,
etc.), and sample-specific modeling shows significant promise to
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FIGURE 4 | Improving fit of sample-specific models. (A) Experimental and simulated IKr time courses (bottom) evoked in response to an efficient, information-rich

sum-of-sinusoid voltage protocol (top) that allows rapid characterization of IKr behavior. (B) Steady-state peak IKr-voltage curves comparing cell-specific model

predictions (bold, colored) to cell-specific experimental recordings (dashed, colored). The black lines in each plot are from the model calibrated to averaged sinusoidal

data from all the cells (light gray). Reproduced from Beattie et al. (2018) with permission.

develop personalized medical approaches for individual patients.
Both methods have led to many important insights into the
mechanisms of arrhythmogenesis and antiarrhythmic strategies.
However, there are several important limitations to consider,
which suggest potential future developments in modeling of
cardiac electrophysiology.

Analysis of Electrophysiology From
Populations of Models May Require
Different Statistical Methods
As opposed to the traditional approach of producing a single
value from a single baseline model, models that incorporate
variability have allowed statistical methods to be applied that
can either ask new scientific questions or quantify the impact
of variability on electrophysiological outputs, as performed in
experimental studies. While the statistical analysis methods
used in experimental studies can be directly applied in the
in silico population-based studies, differences in the nature of
experimental and simulation studies may need to be considered.
For example, some population-based techniques generate model
population sizes (often sample sizes in the 1000s) that are much
greater than could be achieved by experiments (often sample

sizes of 3–12) or the traditional cardiac modeling approach
alone. Therefore, given similar effects, results produced in
the population-based simulations have greater statistical power
to detect differences. Furthermore, because even very small
effects can reach statistical significance with large samples,
physiological significance should be assessed (White et al., 2014).
Additionally, when evaluating drug effects on electrophysiology,
in simulations of the same virtual cell (a single model out of
the population-models) can be used to perform both control
and with-drug studies, allowing for paired comparisons, which
is often not practical in experimental studies. The methodologies
for analyzing and interpreting the “big data” produced by
the population of models should be carefully considered and
standards should be established going forward.

Variability Does Not Fully Account for
Uncertainty
Physiologic variability should be thought of in the context of
the broader umbrella of uncertainty, which is the confidence (or
precision) with which a quantity, such as an electrophysiological
output, can be given a value (Mirams et al., 2016). While
here we reviewed how cardiac electrophysiology models have
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TABLE 1 | Applications and main findings of computational methods incorporating cardiac electrophysiological variability (**shaded areas indicate atrial studies).

Author, Year Baseline Model Model Generation Approach Insight

ANALYZING VARIABILITY

Sobie, 2009 MVMMs: Luo and Rudy, 1991; Fox

et al., 2002; Kurata et al., 2005

Sampled from LND MLR New method to rapidly identify ionic

mechanisms shaping AP properties,

CaT, and alternans

Sanchez et al., 2014 HAMMs: Courtemanche et al., 1998;

Maleckar et al., 2009; Grandi et al.,

2011

Sampled over a ±100%

variation range around their

baseline values as

described by Marino et al.

(2008); calibrated to AP

recordings in atrial trabecula

Statistical

difference tests

Ionic determinants of variability in

human AP in nSR vs. cAF

Lee Y. S. et al., 2016 HAMM: Courtemanche et al., 1998 Sampled from LND MLR Comparison of parameter sensitivity

between nSR and AF condition. Ionic

contributions to rate-dependence and

spiral wave dynamics in AF

Devenyi and Sobie, 2016 HAMM: Grandi et al., 2011; HVMM:

Grandi et al., 2010; RVMM: Pandit

et al., 2001

Sampled from LND MLR In human atrial myocytes, both Ito
and IKur had greater impacts on CaT

amplitude than did SERCA. This was

similar in rat left ventricular epicardial

cells, where Ito played a more

important role than SERCA

Vagos et al., 2017 HAMM: Skibsbye et al., 2016 Sampled from Gaussian

distribution

MLR Ionic determinants of unstable

behaviors in nSR vs. cAF

Ellinwood et al., 2017b HAMM: Grandi et al., 2011 Sampled from LND MLR IKur impacts APD and effective

refractory period more in cAF (even

though it is downregulated) vs. nSR

Muszkiewicz et al., 2017 HAMMs: Courtemanche et al., 1998;

Maleckar et al., 2009; Grandi et al.,

2011

Sampled using LHS and

sequential MC; calibrated to

experimental recordings

PCCs, statistical

difference tests

Ionic determinants of

electrophysiological and CaT

properties

Lawson et al., 2018 HAMM: Courtemanche et al., 1998 Sampled over a ±100%

variation range around their

baseline values; sequential

MC; model calibrated based

on distributions of

biomarkers estimated from

multivariate kernel density

estimation

Statistical

difference tests

Accurate identification of inherent

variability within the experimental

population and improved

characterization of ionic differences

between nSR and cAF

ASSESSING ARRHYTHMIA RISK

Walmsley et al., 2013 HVMM: O’Hara et al., 2011 MC sampling from a uniform

distribution (±30%);

calibrated to mRNA

expression data in failing

and non-failing hearts

MLR Combination of low SERCA activity

and high ICaL conductance impacted

the formation of alternans the most in

the non-failing heart population, but

low hERG conductance was the main

contributor to alternans in the failing

heart population

Zhou et al., 2016 HVMM: O’Hara et al., 2011 Sampled using LHS;

calibrated to in vivo

recordings

PCCs, statistical

difference tests

ICaL and NCX current determine the

cell-to-cell differences in repolarization

alternans through intracellular and

sarcoplasmic Ca2+ regulation

Britton et al., 2017b HVMM: O’Hara et al., 2011 Sampled using LHS;

calibrated to data in human

ventricular trabeculae

Logistic

regression, PCCs,

statistical

difference tests

Na+/K+ pump is a key determinant

of repolarization abnormality

susceptibility

Morotti and Grandi, 2017 HAMM: Grandi et al., 2011 Sampled from LND Logistic regression EADs are particularly sensitive to

conductances of INa,

acetylcholine-sensitive and ultra-rapid

K+ channels, and NCX transport rate

Devenyi et al., 2017 Guinea pig left ventricular myocyte

model Livshitz and Rudy, 2009

Fit using GA; sampled from

LND

Dynamic clamp

data for fitting,

MLR

IKs is more capable to stabilize AP

and EADs as compared to IKr

(Continued)
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TABLE 1 | Continued

Author, Year Baseline Model Model Generation Approach Insight

IDENTIFYING ANTIARRHYTHMIC TARGETS

Cummins et al., 2014 MVMMs: Luo and Rudy, 1991; Fox

et al., 2002; Hund and Rudy, 2004;

Ten Tusscher et al., 2004; Ten

Tusscher and Panfilov, 2006; Livshitz

and Rudy, 2009; O’Hara et al., 2011

Sampled from LND MLR IK1 and Na+/K+ pump currents favor

forward rate dependence

Liberos et al., 2016 HAMM: Skibsbye et al., 2016 Sampled using LHS;

calibrated to AP

recordings in atrial

trabeculae in patients

with AF

PCCs, statistical

difference tests

AF maintenance was correlated to

high ICaL and INa, and ICaL block

could be an effective treatment

depending on the basal availability of

Na+ and Ca2+ channel conductivities

Passini et al., 2016 HVMM: O’Hara et al., 2011 Sampled using LHS;

calibrated to

non-diseased and

HCM myocytes AP

recordings

Analysis of

repolarization

properties

ICaL re-activation is the key

mechanism for repolarization

abnormalities in HCM myocytes, and

combined NCX, INaL and ICaL block

is effective to partially reverse the

HCM phenotype

Yang et al., 2016 Rabbit ventricular myocyte model

Soltis and Saucerman, 2010

Randomly selected

within ±10% of

nominal value (uniform

distribution)

Analysis of TRIaD

pro-arrhythmic

markers

GS-458967 suppressed

proarrhythmic markers following

hERG block

ASSESSING THE VARIABLE RESPONSE TO DRUGS

Sarkar and Sobie, 2011 MVMMs: Fox et al., 2002; Hund and

Rudy, 2004; Ten Tusscher et al.,

2004; Kurata et al., 2005; Grandi

et al., 2010

Sampled from LND MLR Individuals do not exhibit the same

degree of QT interval prolongation

due to different ionic ensembles

Britton et al., 2013 Adapted rabbit Purkinje cell model

Corrias et al., 2011

Sampled using LHS;

calibrated to

experimental data

PCCs Quantitatively predicted the

arrhythmia risk of four concentrations

of the K+ channel blocker dofetilide;

baseline IKr conductance is the

primary determinant of APD

prolongation caused by dofetilide

Lancaster and Sobie,

2016

HVMMs: Ten Tusscher et al., 2004;

Grandi et al., 2010; O’Hara et al.,

2011

Sampled from LND;

calibrated to

experimental data

PCA, ROC curves,

TdP risk scores

TdP risk assessment could be

improved by quantifying the impact of

multiple cardiac ion channels (even

those not typically considered to

affect risk)

Britton et al., 2017a HVMM: Adapted O’Hara et al., 2011 Sampled using LHS,

calibrated to

heart-specific ex vivo

measurements

Coefficients of

variation

Good agreement with experiments for

selective IKr blockers, but notable

differences for the non-selective IKr
inhibitors

Passini et al., 2017 HVMM: O’Hara et al., 2011 Sampled using LHS;

calibrated to

experimental data

TdP scoring

system

In silico drug trial demonstrated

higher accuracy than animal models

in predicting arrhythmia risk (89%);

underlying ionic contributions to

repolarization/depolarization

abnormalities

Krogh-Madsen et al.,

2017

HVMM: O’Hara et al., 2011 Fit using GA; optimized

to clinical data

TdP risk prediction TdP risk assessment could be

improved by using global optimization

methods and multi-variable objectives

Gong and Sobie, 2018 HVMM O’Hara et al., 2011 and

human iPSC-CM models Paci et al.,

2017

Sampled from LND Cross-cell MLR Cross-cell regression predicted adult

ventricular myocyte drug responses

from the behaviors of an iPSC-CM in

silico population

HAMM, human atrial myocyte model; HCM, hypertrophic cardiomyopathy; HVMM, human ventricular myocyte model; LHS, Latin hypercube sampling; LND, log-normal distribution;

MLR, multivariable linear regression; MVMM, mammalian ventricular myocyte model; RVMM, rat ventricular myocyte model; PCA, principal component analysis; PCC, partial correlation

coefficient; ROC, receiver operator characteristic; MC, Monte Carlo; TRIaD, Triangulation, Reverse use dependence, beat-to-beat Instability of action potential duration, and temporal

and spatial action potential duration Dispersion.
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begun to account for physiological and experimental variability,
uncertainty analysis should determine whether the baseline
model itself is a valid representation of its physical system.
The extent and rigor of validation during model development
affects uncertainty, whereby the broader the set of constraints,
e.g., the model recapitulates both voltage and Ca2+ responses,
their pacing rate-dependence, short- and long-term behavior, the
lesser the uncertainty in the obtained parameters. Uncertainty
analysis should also verify that the experiments used to construct
the model are appropriate. For example, in experiments, voltage-
clamp protocols used to characterize ionic currents are often
done using non-selective pharmacological block which may
have unidentified effects, over a range narrower than the
entire physiological range, or on larger cells that are easier
to patch-clamp with intrinsically greater than normal maximal
conductances (Courtemanche et al., 1998). All of these would
lead to uncertainties in the initial parameters and conditions
due to experimental error and lack of knowledge. Likewise,
the choice of the computational methods or resources used
to perform the model parameterization and simulations can
produce uncertainty in model results. This is because cardiac
models may use different mathematical equations to describe the
same physiological process, perhaps based on different analyses
or assumptions on the physical-world process. Using more than
one (e.g., cell) model to confirm predictions or validate the
mechanistic understanding of a process is therefore a useful
strategy (see for example Sarkar and Sobie, 2011; Sanchez et al.,
2014; Lancaster and Sobie, 2016; Muszkiewicz et al., 2017).
Additionally, even the choice of the numerical solver used by the
software can lead to variability in model outputs, i.e., simulator
uncertainty (Pathmanathan et al., 2012). Moreover, uncertainty
in model outputs may arise if the code has not been verified to
truly represent the mathematical equations in the computational
model (Niederer et al., 2011a). Finally, optimization procedures
can also introduce uncertainty, whereby the choice of whether to
optimize simplified models with few parameters (Bueno-Orovio
et al., 2008; Al Abed et al., 2013; Guo et al., 2013) or detailed
models but only a few properties (e.g., focusing on specific
currents) (Zhou et al., 2009; Fink et al., 2011) can lead to multiple
distinct models given the same experimental data.

Used in conjunction with the approaches discussed in this
review that take into account electrophysiological variability, new
methods have been developed that try to quantify uncertainty
more generally (Marino et al., 2008). Uncertainty quantification
methods aim to quantify uncertainties in model inputs and
propagation through the model to see how they affect model
predictions (Pathmanathan et al., 2015; Mirams et al., 2016).
This is typically done by assigning probability distribution
functions, rather than fixed values to model parameters, as done
for example by Pathmanathan et al. and applied to the study
of INa steady-state inactivation (Pathmanathan et al., 2015).
However, this process can be slow and tedious (requiring lots of
simulations), especially if using a Monte Carlo sampling method
that chooses input values from a statistical distribution. Also,
in some cases, this statistical distribution of input parameters
can be difficult to obtain or justify experimentally. To solve this
issue, uncertainty quantification analysis has developed surrogate

models or emulators (e.g., polynomial chaos expansions, and
Gaussian process emulators; Chang et al., 2015), which are fast-
running statistical approximations of the computational models
and are quite powerful when fit to carefully constructed training
data. Formal studies using uncertainty quantification in cardiac
models are still limited, given the huge number of parameters
in cardiac models, and may require the development of new
methods or computational techniques (Johnstone et al., 2016).

Potential Covariance in Ionic
Conductances Challenges the Current
Method of Incorporating Variability
Currently, populations of cardiac models and sample-specific
models typically calibrate or fit to maximal conductance values or
transport rates of channels or receptors, based on the observation
that changes in expression levels of ion channels and transport
proteins are the primary contributors to (inter-species) variability
(Rosati et al., 2008). However, this approach does not take
into account that the expression of ion channels will vary
over relatively short time scales given changes in transcription,
translation, degradation, or even circadian rhythm. Moreover,
with a few exceptions (Sarkar and Sobie, 2011; Cummins et al.,
2014) these methods do not typically account for variability in
ion channel kinetics, which is known to change especially in
response to drugs (Clancy et al., 2007). The methods discussed
in this review can attempt to account for these properties using
additional parameters.

Although the correlation between parameters (i.e., maximal
conductances) is assessed sometimes (Britton et al., 2013), neither
population-based nor the sample-specific approaches account
for possible covariance in ion channel conductances, despite the
fact it has been observed in neurons (Schulz et al., 2006, 2007;
Tobin et al., 2009) and cardiac tissue (Schram et al., 2002; Rosati
and Mckinnon, 2004; Deschenes et al., 2008; Xiao et al., 2008;
Banyasz et al., 2011; Milstein et al., 2012). The exact mechanisms
responsible for these covariances are still being explored. Xiao
et al. found that sustained reductions in IKr may lead to
compensatory upregulation of IKs through post-transcriptional
upregulation of underlying subunits (Xiao et al., 2008), which
potentially underlie the observed phenomenon of repolarization
reserve (Roden, 2008). Macromolecular complexes or post-
transcriptional modifications could also facilitate coregulation of
ionic conductances, as demonstrated by the observed structural
or functional complex between Ito and INa (Deschenes et al.,
2008). Rees et al. recently argued that sensing of aggregate CaT
may be sufficient in itself to regulate ionic conductances (of
K+ and inward Ca2+) to maintain normal Ca2+ handling (Rees
et al., 2018). Moreover, knockout and knockdown studies are
consistent with the idea that cardiac cells have compensatory
mechanisms to maintain AP or CaTs (perhaps to prevent
arrhythmias) (Guo et al., 1999; Zhou et al., 2003). The covariance
of ionic conductance can have significant implications for both
calibrating populations of models or fitting sample-specific
models, because it could propose additional constraints for how
the underlying parameters of the computational model can be
varied. Thus, new methods have begun to be developed that

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 95880

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Ni et al. Simulating Variability in Cardiac Arrhythmia Research

measure all ionic conductances at once, and can not only tease
out how ionic conductances are correlated, but the extent to
which they vary between cells (Banyasz et al., 2011; Groenendaal
et al., 2015).

Arrhythmia Research Requires
Understanding Variability at Larger Spatial
Scales
Accounting for variability at tissue and organ-level scales is a
logical, but not trivial (Elshrif and Cherry, 2014), next step. A
thorough investigation of variability would first require including
differences among the cells in the same tissue, and evaluating
the impact of diverse geometrical distributions. One should
also account for patient-specific structural differences, based
on measures of tissue conductivity and anatomic properties,
including heterogeneity in signaling due to non-uniform
innervation. This last step can be particularly problematic
when investigating diseased conditions affected by pronounced
structural remodeling, such as fibrosis, organ dilation, and
alterations in gap junction coupling. Where there has been
meaningful progress in accounting for variability is in developing
personalized atrial model structures based on medical images
(Dossel et al., 2012; Trayanova, 2014). Thesemethods have shown
some promise in developing personalized ablation strategies
(Mcdowell et al., 2015). For example, recently, Soor et al.
implemented a modeling approach to optimize ablation times
based on patient-specific atrial geometries to create lesions for
a given atrial wall thickness (Soor et al., 2016). Combining
these methods that utilize medical images with the methods
described here, could significantly improve the clinical value of
both methods alone (Hansen et al., 2017; Zhao et al., 2017).
For example, Arevalo et al. developed personalized heart models
based on cardiac imaging and published patch-clamp data to
better predict arrhythmic events and possibly avoid unnecessary
implantable cardioverter defibrillators (Arevalo et al., 2016).
Developing multi-scale frameworks that account for variability
is the next frontier in cardiac modeling that will greatly
benefit from further advancements in computing capabilities.
Beyond the availability of large experimental and clinical
datasets, the development of novel techniques to speed model
derivations and to integrate automation will be crucial to capture
variability for different cell types and conditions at various
scales.

Safety Pharmacology Requires
Complementary Electrophysiological
Experimental Methods
The in silico approaches described here are being combined with
other state-of-the-art tools to improve the evaluation of drug
safety. Of significance, these approaches can help further the
mission of the CiPA (Comprehensive in vitro Proarrhythmia
Assay) initiative, which aspires to develop better methods to
predict TdP. Beyond exclusively using steady-state hERG block
as the main predictor of arrhythmia and not at all using
QT interval prolongation, the CiPA initiative attempts to gain

a more comprehensive understanding of proarrhythmic risk
by combining (1) mechanistically-based in vitro assays, (2)
in silico reconstructions of cardiac electrophysiology, and (3)
confirmation using human iPSC-CMs (Colatsky et al., 2016).
The methods described in this review are being utilized to
help meet the mission of the CiPA initiative (Cummins et al.,
2014; Lancaster and Sobie, 2016; Britton et al., 2017a; Passini
et al., 2017). Most of the methods described here that assess
the effects of drugs on populations of cardiac myocytes use
simple pore block schemes. However, it is also clear that the sole
use of steady-state hERG block assays is insufficient to predict
arrhythmia risk, and thus studies are beginning to simulate the
effects drug-binding kinetics and state-specific binding, which
have been shown to affect electrophysiological outcomes (Lee W.
et al., 2016; Dutta et al., 2017; Ellinwood et al., 2017b; Li et al.,
2017). Incorporating more detailed drug-binding effects may
allow studying the effects of populations of drugs characteristics
(e.g., state-dependent block and kinetics) on populations of
cardiomyocytes.

CONCLUSION

Computational approaches that have been developed
over the past decade to account for variability in cardiac
electrophysiology have led to important insights into
mechanisms of arrhythmogenesis, etiology of disease, and
variable response to drugs. The approaches outlined in this
review are used in basic research studies, i.e., quite separately
from actual clinical workflows, where decisions are made
sometimes for a particular patient within minutes. Advanced
computing facilities now allow near real-time simulations of
anatomically realistic, biophysically detailed models of human
cardiac electrophysiology (Niederer et al., 2011b; Okada et al.,
2015, 2017). Suchmassively parallel processes could be optimized
to run personalized cardiac simulations pre-determined to have
clinical value. However, implementing these approaches
more comprehensively into clinical workflows still presents
challenges and simulation of variability may not find immediate
application.
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The mechanisms of atrial fibrillation (AF) are a challenging research topic. The rotor

hypothesis states that the AF is sustained by a reentrant wave that propagates around

an unexcited core. Cardiac tissue heterogeneities, both structural and cellular, play an

important role during fibrillatory dynamics, so that the ionic characteristics of the currents,

their spatial distribution and their structural heterogeneity determine the meandering

of the rotor. Several studies about rotor dynamics implement the standard diffusion

equation. However, this mathematical scheme carries some limitations. It assumes the

myocardium as a continuousmedium, ignoring, therefore, its discrete and heterogeneous

aspects. A computational model integrating both, electrical and structural properties

could complement experimental and clinical results. A new mathematical model of

the action potential propagation, based on complex fractional order derivatives is

presented. The complex derivative order appears of considering the myocardium as

discrete-scale invariant fractal. The main aim is to study the role of a myocardial, with

fractal characteristics, on atrial fibrillatory dynamics. For this purpose, the degree of

structural heterogeneity is described through derivatives of complex order γ = α + jβ.

A set of variations for γ is tested. The real part α takes values ranging from 1.1 to 2

and the imaginary part β from 0 to 0.28. Under this scheme, the standard diffusion is

recovered when α = 2 and β = 0. The effect of γ on the action potential propagation

over an atrial strand is investigated. Rotors are generated in a 2D model of atrial tissue

under electrical remodeling due to chronic AF. The results show that the degree of

structural heterogeneity, given by γ , modulates the electrophysiological properties and

the dynamics of rotor-type reentrant mechanisms. The spatial stability of the rotor and

the area of its unexcited core are modulated. As the real part decreases and the

imaginary part increases, simulating a higher structural heterogeneity, the vulnerable

window to reentrant is increased, as the total meandering of the rotor tip. This in silico

study suggests that structural heterogeneity, described by means of complex order

derivatives, modulates the stability of rotors and that a wide range of rotor dynamics

can be generated.

Keywords: rotor dynamics, atrial fibrillation, complex order diffusion, structural heterogeneity, electrical

remodeling
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1. INTRODUCTION

Atrial fibrillation (AF) represents an important socio-economic
burden for world health systems (Kirchhof et al., 2016).
Research efforts are focused on determining the AF underlying
mechanisms (Zaman and Peters, 2014). Catheter ablation has
improved the outcomes of therapeutic interventions for patients
in early stages of the arrhythmia (Haïssaguerre et al., 1998;
Atienza et al., 2014). However, as the AF perdures in time,
the ablation effectiveness decreases significantly (Kirchhof et al.,
2016; Lim et al., 2017). During this chronic AF (CAF) scenario,
the pathophysiological substrate sustains a more complex form
of the arrhythmia. The rotor hypothesis establishes that an AF
episode is sustained by a single or several spiral waves known
as rotors, activating the surrounding tissue at high rates and
generating complex patterns of propagation (Jalife et al., 2002).
A rotor is a functional reentry that circumvolves an excitable
but unexcited core (Guillem et al., 2016). Recent clinical studies
report high rates of success when targeting rotors as ablation
sites in CAF patients (Narayan et al., 2012, 2013; Miller et al.,
2017). This investigation provides evidence in favor of the rotor
hypothesis, but controversy persists since some researchers were
not able to replicate the results (Buch et al., 2016; Steinberg et al.,
2017). Therefore, a better understanding of the rotor dynamics
and the effect of structural heterogeneity, could lead to deeper
knowledge for determining critical ablation targets.

The electrical and structural remodeling that the atrial tissue
undergoes during CAF, yield a complex interplay in sustaining
the arrhythmia (Trayanova et al., 2014). It is recognized that
abnormal structural changes play a larger role in perpetuating
of CAF than the electrical remodeling alone (Anné et al., 2007).
Electrophysiological models were used for understanding the
start-up and the perpetuation of rotors, since this task is not easy
to develop in experimental terms. The proposed computational
descriptions of rotors propagating in a structurally remodeled
atrial tissue, provided insight of how rotors evolve under such
circumstances (Trayanova et al., 2014; Zhao et al., 2015; Hansen
et al., 2017). Structural heterogeneities are modeled through
non-conducting elements, reduced conductivity elements
and boundary conditions. However, a precise knowledge
of tissular conditions is needed in order to set the model
parameters (Stinstra et al., 2010). Furthermore, the commonly
used standard diffusion equation that models the action potential
(AP) propagation, assumes the myocardium as a continuous
domain (Keener and Sneyd, 1998), while in the real case,
conduction in cardiac tissue is inherently discontinuous (Shaw
and Rudy, 2010).

Fractional differential equations, that generalize the classical

derivatives/integrals of to real or complex valued orders (Oldham

and Spanier, 2006), gained incidence in several fields of

applied mathematics (Ionescu et al., 2017; Machado and
Kiryakova, 2017; Sun et al., 2018). Cardiac electrophysiological
fractional models were recently reported able to characterize
the ventricular repolarization expressed by a structurally
heterogeneous myocardial domain (Bueno-Orovio et al., 2014).
Although it is recognized that fractional derivatives/integrals can
better describe experimental data, how to physically interpret the

fractional order remains as an open problem whose answer is
relative to the specific system under study. In Bueno-Orovio et al.
(2014), the real valued fractional derivative is related with the
average degree of tissular structural inhomogeneities. However,
the estimation of the derivative order is bonded to the goodness
of fit of the data. It would be desirable that a specific value of the
derivative order could be translated to a tissular structure.

Fractal objects have been associated with distinct physical
phenomena (Mandelbrot, 1982). The main feature of fractals is
the self-similarity, meaning that the scaled parts resemble the
whole, yielding to irregular patterns (Captur et al., 2016). Such
patterns partially fill the embedding space, and in consequence
a non integer dimension, or fractal dimension, describes the
object. Thus, the overall morphologic complexity is measured by
the fractal dimension (Bizzarri et al., 2011). Biological systems
have been studied under the fractal perspective (Copley et al.,
2012; Wedman et al., 2015; Lennon et al., 2016; Stankovic
et al., 2016). There are reports suggesting that the fractal
dimension discriminates between healthy and pathological
conditions (Hiroshima et al., 2016; Zehani et al., 2016; Müller
et al., 2017; Zhang et al., 2017; Popovic et al., 2018). In
the cardiac context, structural remodeling generates significant
fractal dimension variations (Zouein et al., 2014; Captur et al.,
2016). Therefore, the fractal analysis could serve as a link between
the geometrical complexity of the myocardium and the AP
propagation dynamics under pathological conditions such as AF.

Bearing this ideas in mind, a new approach for assessing
the effect of structural heterogeneous tissue on rotor dynamics
based on complex fractional order derivatives is developed. We
assume that the structurally remodeled myocardium undergoing
CAF, has a fractal signature. Taking advantage of well developed
mathematical theory, we relate the fractal dimension with the
space fractional derivative order. It is evinced that complex
valued orders arising if the fractal domain have the property of
discrete-scale invariance. Previously, using a simplified cellular
model, we found that the rotor stability is affected by real
valued order derivatives (Ugarte et al., 2017). We extend the
electrophysiological fractional system bymeans of complex order
derivatives to assess the rotor dynamics and to implement
a detailed atrial membrane formalism. The fractal structural
heterogeneity of the tissue is then controlled by two parameters,
namely the real and imaginary parts of the complex derivative.
We test a set of discrete values for the complex derivative order
and we analyze the stability of the rotors generated for each case.
Our simulations include the standard diffusion solution given
that it is a particular case of the new complex fractional order
model.

2. MATERIAL AND METHODS

2.1. Electrical Potential Over a Fractal
Myocardium With Discrete Scale
Invariance
A fractal can be described by a fractional dimension
and generalizes the Euclidean concept of integer space
dimension (Mandelbrot, 1982). A fractal is a self-similar
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object and such property implies scale invariance. An object
f (x) depending on the space variable x, is scale-invariant if after
applying a scale factor ξ the following relation is obtained:

f (x) ∼ ξγ f (ξx), (1)

where γ is the fractal dimension. The scale factor ξ controls
the scale of magnification applied. The value of γ indicates
how the object fills the space and it is a measure of the object
irregularity (heterogeneity). The fractal dimension γ can be real
or complex: if the self-similarity is fulfilled only at discrete scales
of observation (i.e., at discrete zoom factors), then γ is a complex
number and the object is discrete-scale invariant. If self-similarity
is preserved at the full range of scales, then γ is a real number,
and the object is continuous-scale invariant. A mathematical
description is given in the Supplementary Material, and for a
detailed theoretical explanation please refer to Sornette (1998).

Let us assume the puntual current source s(x) over a
discrete-scale invariant fractal myocardium. For simplicity, the
myocardium is embedded on a one-dimensional space. We want
to investigate, how the source s(x) interacts with the fractal
myocardium. For this purpose, the convolution integral (2) over
the bounded myocardium � is calculated, such as:

φ(x) =

∫

�

P(x− u)s(x)du, (2)

where P(x) is the normalized fractal structure-factor of the
myocardium. If the Fourier image of P(x) converges for small and
large values of the Fourier variable (Nigmatullin and LeMehaute,
2005; Nigmatullin and Baleanu, 2013), then the function P(x) has
the form:

P(x) = A09α

1

|x|1−α
+A19α+jβ

1

|x|1−α−jβ
+A19α−jβ

1

|x|1−α+jβ
,

(3)
with:

9α±jβ =
1

π
Ŵ(1− α ∓ jβ) sin

[

(α ± jβ)π

2

]

, (4)

where Ŵ(·) is the Gamma function, A0 and A1 are complex
constants, the operator · represents the complex conjugation,
α is the fractal dimension of domain D� and β correspond to a
log-periodic correction to the fractal dimension.

Each term in the right side of (3) corresponds to the Green
function of the fractional Laplacian operator (Pozrikidis, 2016).
Therefore, Equation (2) can be expressed as:

φ(x) =
[

−A0(−1)−
α
2 − A1(−1)−

α+jβ
2 − A1(−1)−

α−jβ
2

]

s(x),

(5)
where φ(x) can be interpreted as the electrical potential over
a fractal domain generated by a electrical source s(x). If the
fractal myocardial structure is continuous-scale invariant, then
the Laplacian complex-conjugates pair vanishes and the potential
is governed by the real fractional Laplacian (recovering the
model proposed in Bueno-Orovio et al., 2014). Equation (5)

describes the electrical potential over a discrete-scale invariant
fractal myocardium. In what follows, we will evaluate the effect
of the Laplacian conjugates pair over the electrical potential
in a structurally remodeled myocardium (i.e., a discrete-scale
invariant fractal structure) under CAF conditions.

2.2. Complex Fractional Order Diffusion
Model
We propose that the AP propagation in a structurally
heterogeneous two-dimensional (2D) domain can be modeled by
the following equation

∂V

∂t
= κ

(

H
γ
x V +H

γ
y V

)

+
1

C
I, (6)

where V denotes the cellular membrane potential, I is the
ionic transmembrane current, C is membrane capacitance,
κ represents the diffusion coefficient assuming isotropic
propagation, x and y are the spatial variables, t is the time
variable, and γ = α + jβ is the complex fractional order. The
operator H

γ
x involves a pair of complex-conjugate derivative and

is defined by:

H
γ
x = −

1

2

[

(

−
∂2

∂x2

)γ /2

+

(

−
∂2

∂x2

)γ /2
]

, (7)

where γ = α − jβ is the complex conjugate of γ . The operator
H

γ
y in the Equation (6) is defined as in Equation (7) with

respect to the variable x. The purpose on defining Equation (7)
is to obtain a real-valued function after applying the complex
order derivative (Machado, 2013; Hartley et al., 2016). Model (6)
represents a generalization of the classical AP propagation model
based on the standard diffusion operator (Trayanova et al., 2014).

2.3. Model of Chronic Atrial Fibrillation
The Courtemanche atrial membrane formalism (Courtemanche
et al., 1998) is used to calculate the term I in Equation (6).
The ionic conductances are adjusted in order to implement the
electrical remodeling due to CAF. According to experimental
data (Van Wagoner et al., 1997; Bosch et al., 1999; Dobrev
et al., 2001) we modify the maximum conductances of the
transient potassium current (Ito) and the L-type calcium current
(ICaL) by a factor of 0.65, the maximum conductance of delayed
rectifier potassium current (IKur) is reduced by a factor 0.49, and
the maximum conductance of the potassium time independent
current (IK1) is incremented by a factor of 2.1.

Cholinergic activity is known as a factor that promotes CAF.
The cholinergic effect is included in the Courtemanche model
by implementing the acetylcholine-dependent potassium current
(IKACh) (Kneller et al., 2002) and an acetylcholine concentration
of 5 nM.

2.4. Stimulation Protocol
Rotors are generated by applying the S1-S2 cross-field
stimulation protocol. In this protocol, S1 is a train of stimuli
with a basic cycle length of 400 ms and is applied to a boundary
of the 2D domain, aiming to generate plane propagation waves.
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After S1, the S2 is a single premature stimulus applied at the
lower quadrant that is adjacent to the S1 application boundary,
when the last repolarization wave generated by S1 reaches the
half of the domain. The coupling interval is measured as the
difference between the time of the last S1 stimulus and the time
when starting S2. A single stimulus is a rectangular wavefront
current with a duration of 2 ms and an amplitude of twice the
diastolic threshold. Restitution curves are calculated by applying
a S1-S2 stimulation protocol. The S1 is a train of 10 stimuli with
a basic cycle length (BCL) of 1000 ms, and S2 is the premature
stimulus following S1. Measures of APD and CV are registered
at the point located at two thirds of L from the stimulation point,
provided that a wave of propagation is generated.

3. ATRIAL STRAND ANALYSIS

To assess the effect of β on the electrophysiological characteristics
of the Courtemanche model, simulations over atrial strands
are carried out. We use a set of test values for γ with α ∈

[1.1, 2] and β ∈ [0, 0.28], according to stability conditions (see
Supplementary Material).

We perform the analysis at microscopic scale with measures
from a cell within the strand, and atmesoscopic with representing
properties of the atrial strand. At the microscopic scale, the
transmembrane ionic currents and action potential duration
(APD) from the middle cell are measured. At the mesoscopic
scale, the APD dispersion (dAPD), spatial peak currents profiles
and restitution curves are registered. The APD is defined at 90%
of repolarization. The CV is measured between the points located
at one third and two thirds of L. The global dAPD is defined
as the range of the APD values within the strand. The local
dAPD is negative and is defined as the difference between the
minimum APD within the strand and the local APD. The peak
ionic current spatial profiles are build using the peak values of
the corresponding ionic current at each cell of the strand.

3.1. Reentry Vulnerability and Rotor
Dynamics Analysis
The reentry vulnerability analysis is accomplished by applying
the S1-S2 protocol at different coupling intervals. We define
the vulnerable window (VW) as the difference between the
maximum and minimum coupling intervals that triggers a rotor
sustaining for at least two rotations within the domain.

The analysis of the rotor dynamics requires calculating the
rotor tip trajectory from the phase maps (Bray et al., 2001). The
phase analysis defines the rotor tip as the singularity point where
the phase is undefined. A phase map is calculated, based on the
values of V over the space domain at a given time. The Hilbert
transform is obtained from each V time series, and the phase is
calculated from the relation of the imaginary part of the Hilbert
transform and the corresponding V value at a given time. The
rotor dynamics is characterized by the motion of the singularity
through the tissue.

3.2. Simulation Setup
An atrial tissue is modeled as a 2D domain of 4×4 cm2 in surface
and is discretized with uniform space steps of 1x = 1y = 321.5

µm. The time is discretized with a step of 1t = 10−2

ms. The Equation (6) is numerically solved by splitting the
operator (Marchuk, 1968; Strang, 1968). The complex order space
derivative operator is calculated using a semi-spectral scheme
(details are presented in the Supplementary Material). The time
derivatives of the Courtemanche model are obtained using the
explicit Euler approximation.

Initial conditions for the atrial tissue are set from unicellular
simulations, where a single CAF remodeled cell is paced at a
basic cycle length of 400 ms during 60 s. For assessing the rotors
behavior for different degrees of structural heterogeneity, we
define a set of test values for γ . The real part α is varied within the
interval [1.1, 2] with a step of 0.1. The range of the imaginary part
β is bounded to ensure numerical stability of Equation (6) (see
SupplementaryMaterial). Taking this into account, the imaginary
part assumes two values β = {0, 0.28}. The diffusion coefficient
κ is adjusted in order to generate plane propagation with a
conduction velocity (CV) of 63 cm/s, when the CAF remodeling
is not applied to the Courtemanche model. Therefore, a specific
value of κ is defined for each α with β = 0.

Prior to the rotor simulations, the effect of β over the
electrophysiological characteristics of the CAF model are studied
using a 1D model. An atrial strand is modeled as a 1D domain
with L = 2 cm discretized at N = 128 points. Simulations
for a dynamical evolution during 10 seconds are executed. The
stimulation is applied at the left side of the strand at a BCL of
1000 ms. Microscopic measures are registered from the middle
cell of the strand.

4. RESULTS

4.1. Atrial Electrophysiological
Characteristics Under Complex Order
Diffusion
4.1.1. Microscale Analysis
Figure 1A shows the action potentials (AP) registered from the
middle cell within the strand for β = 0.28 fixed. The standard
diffusion case (γ = 2+ j0, dotted line) is also shown. The AP foot
during the depolarization phase describe a smoother transition
from rest to activation as α decreases. The AP repolarization
is also affected and reveals a decreasing APD as α decrease. In
both cases, a significant difference between the standard diffusion
and the new description with γ = 2 + j0.28 is observed. This
is clarified in Figure 1B, that presents the APD map over the
complex plane (α,β). The APD decrease smoothly as α decreases
and β increases. However, β generates greater reductions of the
APD than α. For example, a reduction of 9 ms is achieved by
fixing α = 2 and increasing β from 0 (APD = 108 ms) to 0.28
(APD = 99 ms). In order to generated such an APD reduction
with β = 0, a reduction from 2 to 1.6 is needed.

The effects of β on the ionic currents are shown in Figures 1C,
2. Figure 1C depicts the map of the sodium peak current.
Reducing α, or increasing β , increases the peak value, but the
effect is more significant for β increments. Figure 2 illustrates
the effect of γ over the temporal series of representative ionic
currents. Complex values of γ modulate the ionic current
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FIGURE 1 | (A) Courtemanche’s action potential registered at the center of the atrial strand under CAF conditions. Dashed line corresponds to standard diffusion and

colored curves correspond to test values of γ . (B) APD map over the (α, β) plane. (C) Sodium peak current map over the (α,β) plane. White means that no record is

obtained due to absence of propagation.

FIGURE 2 | Transmembrane ionic currents registered at the center of the atrial strand for several test values of γ . (A) Rectifier potassium current IK1. (B) Outward

transient potassium current Ito. (C) Ultrarapid delayed rectifier potassium current IKur. (D) L-type calcium current ICaL. Dashed line corresponds to standard diffusion

and colored curves correspond to test values of γ .

transients which is in accordance with the modulations observed
during the despolarization and repolarization phases of the atrial
AP.

4.1.2. Mesoscale Analysis
Figure 3 shows the effect of γ over the dAPD. Figure 3A shows
the map of the global dAPD over the complex plane (α,β). The
map suggests that the global dAPD increase with β and with
decrements of α. Although the β modulation is stronger, the
dAPD changes are smaller in magnitude than those observed
in the microscopic analysis. Figure 3B shows the local dAPD

spatial profiles for three representative values of α. For α fixed,
β modulates the local dAPD profiles, producing relevant changes
for small α values.

The spatial profiles of ionic current peaks for INa, Ito, IKur,
and ICal are illustrated in Figure 4. Complex values of γ generate
a family of spatial profiles with differences in magnitude. Note
the gap in magnitude between the profiles family generated with
complex values of γ and the profile for the standard diffusion case
(γ = 2+ j0, dashed line).

Finally, the restitution curves are shown in Figure 5. As it is
characteristic of CAF, flat curves for APD and CV are generated
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FIGURE 3 | (A) Global dAPD map over the (α,β) plane. (B) Local dAPD spatial profiles for three distinct values of α. In each panel, for a given α, the β value varies

between 0 and 0.28.

FIGURE 4 | The spatial profiles of ionic current peaks for several test values of γ . (A) Sodium current INa. (B) Outward transient potassium current Ito. (C) Ultrarapid

delayed rectifier potassium current IKur. (D) L-type calcium current ICaL. Dashed line corresponds to standard diffusion and colored curves correspond to test values

of γ .

for complex values of γ . The coupling interval values for each
family of restitutions curves suggest a non linear behavior:
(i) in the interval 2 ≥ α > 1.2, for decreasing values
of α, the atrial strand generates propagation with premature
stimulus; (ii) for α < 1.3 premature stimulation is accepted
for increasing values of α. For the CV restitution curves, there
is a notorious difference in magnitude between the standard
diffusion case and the family of curves generated with γ

complex. This difference is not evident for the APD restitution
curves.

4.2. Rotor Simulations
We present the results of rotor simulations using the novel
model based on the complex fractional order diffusion operator.

In a unicellular environment, pacing is applied during 60 s to
the Courtemanche model before and after applying the CAF
electrical remodeling. The last AP generated for each case
are shown in Figure 6. Modifications in the AP characteristics
resulting from the CAF conditions can be summarized as: the
action potential duration reduces from 309 ms to 96 ms and
the resting membrane potential decreases from −80.98 mV to
−84.67 mV.

We calculate κ for each variation of γ = α+j0 for generating a
CV of 63 cm/s without CAF. Table 1 shows the adjusted κ values
and the corresponding CV for both physiological conditions. The
CAF remodeling reduces the CV as α decreases or β increases.
This behavior is depicted in the bar graph of Figure 6. The
propagation generated with standard diffusion decreases the CV
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FIGURE 5 | Restitution curves for several test values of γ . (A) APD restitution curve. (B) CV restitution curve. Dashed line corresponds to standard diffusion and

colored curves correspond to test values of γ .

FIGURE 6 | (A) The unicellular AP curves for no CAF and CAF models. (B) CV map over the complex plane (α,β) under CAF conditions. (C) Sample frame of rotor

propagation for γ = 1.6+ j0.28.

by 5%, while for γ = 2+ j0 and γ = 1.2+ j0.28 the CV decreases
by 25% and 55%, respectively. For γ = 1.1 + j0.28 propagation
cannot be generated under CAF conditions.

4.2.1. Vulnerable Window
The analysis of the reentry vulnerability of the tissue is performed
by applying the S1–S2 protocol for each variation of γ and
measuring the VW as detailed above. Under this scheme, we were
not able to generate a sustained reentry for any couple interval
value for γ = {1.2+ j0.28, 1.1+ j0.28}. Table 2 shows the results.
For β = 0 the VW increases as α increases. For β = 0.28 the
VW tends to increase as α decreases, reaching a maximum with

α = 1.4. The values of VW obtained with β = 0.28 are larger
than those obtained with β = 0.

4.2.2. Rotor Dynamics
Fibrillation episodes in the 2D atrial tissue are simulated by
generating rotor mechanisms. We apply the S1–S2 protocol for
simulating fibrillatory episodes of 5 seconds. The variations of
γ = α + j0.28 with α ≤ 1.3 are excluded since propagation
cannot be sustained. We study the effect of γ on the rotor tip
trajectories through the phase singularity motion. Figure 7 shows
the filament of the phase singularity, that represents the temporal
evolution of the rotor tip depicted in the tridimensional space
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TABLE 1 | Adjusted values of κ that yield propagation at 63 cm/s under non-CAF conditions and β = 0. CV (cm/s) for CAF conditions with β = {0, 0.28}.

α 2 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1

κ(cm2/s) 0.40 0.59 0.87 1.26 1.84 2.68 3.81 5.38 7.52 10.28

CAF
CV, β = 0 60.10 57.87 57.87 57.87 57.87 55.80 55.80 53.88 52.08 47.35

CV, β = 0.28 41.11 41.11 40.06 39.06 39.06 38.11 36.34 33.97 28.94 –

The mark–means no sustained propagation.

TABLE 2 | Values of VW (ms) measured for several test values of γ after applying the S1–S2 cross-filed stimulation protocol to the tissue.

α

β 2 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1

0 16 16 16 17 18 21 18 24 31 36

0.28 39 38 38 39 40 42 49 0 0 0

(x, y, t). The filament corresponding to the standard diffusion
case (γ = 2 + j0) stably evolves around an axis parallel to
the t-axis. By varying α and β , the filaments describe distinct
spatially complex trajectories. In order to quantify the effect of
γ over the rotor spatial stability, we estimate the tip maximal
displacement (D) as the maximum euclidean distance between
two points that belongs to the singularity filament, assuming all
points as coplanar:

D = max

{

√

(xj − xk)2 + (yj − yk)2
}

, (8)

where (xj, yj) and (xk, yk) are any couple of points within the
filament. Figure 8 shows the filaments within the same plane
(x, y). The red mark represents the core of the rotor. The black
marks represent the farthest points within the filament, where
the distance between them is equal to D. The standard diffusion
generates the lowest value ofD that can be interpreted as themost
stable rotor dynamics among the γ variations. For β = 0, the
value of D tends to increase as α decreases, depicting filaments
with closed trajectories around the core of the rotor. For β =

0.28, different dynamics can be identified: for α > 1.6 the rotor
meanders without defining a stable core, and for α ≤ 1.6 the
rotor meandering describe closed paths around an stable core.
Note that the values of D with β = 0.28 are greater than their
counterparts with β = 0.

5. DISCUSSION

The present computational study assesses the interplay between
rotors and the structural heterogeneity of a CAF remodeled
tissue. The structural remodeled tissue is modeled as fractal
structure with discrete-scale invariance. Such structural
heterogeneities are implemented using the complex derivative
order γ = α + jβ , that represents the fractal dimension of
the domain with log-periodic corrections. Thus, the proposed
complex fractional order diffusion equation has two degrees
of freedom (α and β) besides those imposed by the cellular

model (reactive term) and the diffusion coefficient (κ). Having
the same electrical remodeling due to CAF, through the
simulations we found that: the incremental changes of β

generates electrophysiological modulation to a greater extent
than the decremental changes of α. The quantitative and
qualitative changes in the repolatization features (such, as
APD, and ionic currents) generated by β are more visible on
the microscale. At the mesoscale, the extent of β modulation
depends on α. The observed restitution properties indicate
that complex values of γ favors the premature propagation.
This result suggests that increasing structural complexity of a
discrete-scale invariant atrial strand, has proarrhythmic effects
which is characteristic of CAF. The reentry vulnerability of the
tissue can be modulated by γ , where the shortest VW achieved
corresponds to the standard diffusion case. Furthermore, the
extent in which the CAF remodeling reduces the CV depends on
the value of γ , having the smaller reduction with the standard
diffusion. Lastly, by varying γ the rotor dynamics is affected,
generating meandering or drifting rotors, and modifying the
area covered by the rotor core.

5.1. The Complex Order Model of AP
Propagation
Fractal analysis and fractional differential equations have proven
to be useful tools for describing real processes (Mandelbrot,
1982; Captur et al., 2016; Ionescu et al., 2017; Machado and
Kiryakova, 2017). Although, there is a general agreement about
a relation between both theories, the formal mathematical
arguments supporting this relation are still being developed.
Important advances in this regard have been made in
the last two decades (Sornette, 1998; Nigmatullin and Le
Mehaute, 2005; Nigmatullin and Baleanu, 2013; Calcagni, 2017;
Nigmatullin et al., 2017). Therefore, this work contextualizes
this theoretical frame and situates it within the scope of
cardiac electrophysiological systems. A complex fractional order
diffusion equation is proposed considering the propagation
medium as a fractal object. The complex derivative order
implies that the myocardium is discrete-scale invariant. Such
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FIGURE 7 | Effect of γ on the rotor dynamics represented by singularity cores.

a property is characteristic of, for example, fractal trees,
percolation and diffusion-limited aggregates (Sornette, 1998).
These mathematical objects have been applied to describe
cardiovascular components: (i) fractal trees are used to
study the human coronary vasculature (Zamir, 1999; Zenin
et al., 2007), the His-Purkinke conduction system (Goldberger
and West, 1987; Berenfeld, 1991), and the atrial pectinate
musculature (Goldberger and West, 1987; Goldberger et al.,
1990); (ii) percolation clusters serve for modeling fibrosis
(Vigmond et al., 2016), and a heterogeneous and discrete
myocardium (Alonso and Bär, 2013); (iii) diffusion-limited
aggregates are used to model fibroblast (Dickinson et al.,
1994; Nogueira et al., 2011). The atrial tissue is composed by
a discrete net of cardiomyocytes, a microscopic structure of
capillaries, and non-myocyte cells such as the fibroblasts. This
complex atrial architecture can be considered as a fractal object,
whose mechanisms lead to discrete-scale invariance. Moreover,
the fractal analysis has been applied to characterize structural
pathological states (Cross, 1997; Fuseler et al., 2007; Zouein
et al., 2014; Captur et al., 2015, 2016). Thus, the complex order

diffusion equation can serve as a good model of atrial structural
remodeling.

Previous report of fractional electrophysiological model
of cardiac propagation (Bueno-Orovio et al., 2014), justified
the adoption of real fractional derivative order as a degree
of structural heterogeneity between a homogeneous domain,
dictated by the standard diffusion model (α = 2,β = 0),
and the domain inhomogeneities, dictated by the ballistic regime
(α = 1,β = 0). We want to stress here that our approach does
not disagree with the one proposed in Bueno-Orovio et al. (2014).
Indeed, a fractal dimension of γ = 2 + j0 corresponds to a
full homogeneous domain. As the fractal dimension decreases
(α → 1), the irregularity of the domain increases (i.e.,
the increasing structural heterogeneities). Thus, the transition
between both regimes is preserved. A purely real derivative
order would imply a system with no characteristic scale, and
a given property is held regardless the scale of observations,
also referred as a scale-free system. However, in real systems,
physical cut-offs prevent the invariance spreading over all scales
Khaluf et al. (2017). Therefore, the complex order derivative
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FIGURE 8 | Trajectory of the rotor tip within the spatial plane (x, y) for several test values of γ . The red mark indicates the rotor core. The D value corresponds to the

distance between the black marks. These marks depict the farthest points within the trajectory.

yields a more realistic model of electrophysiological systems. The
inclusion of the imaginary part β implies the existence of relevant
length scales within the electrophysiological system (Sornette,
1998), one of these scales may be related with the size of a
single cardiomyocyte. Through the complex derivative order,
the characteristic scales that may play a role during the cardiac
dynamics can be identified. For this reason, our complex order
model extends the real fractional model, in order to enhance
the comprehension of the cardiac structure effects on cardiac
propagation.

5.2. The Modulation of Electrophysiological
Properties Through the Complex Fractional
Derivative
We evinced that the depolarization phase of the AP is modulated
by complex derivative order. The slow down of the AP foot
was related to structural heterogeneities in atrial and ventricular
tissue from adult dogs (Spach et al., 1998). This observation
agrees with the results obtained using the complex order diffusion
model.

It is well recognized that the APD is reduced under CAF
conditions due to the electrical remodeling (Wijffels et al., 1995;
Bosch et al., 1999; Workman et al., 2001). Our results suggest
that structural changes reduce the APD under CAF conditions.
Experimental measures of APD reduction were obtained mainly

from unicellular patch clamp experiments. Determining the APD
response to structural remodeling is a difficult task. In fact,
there are some experimental studies reporting, through subrogate
measures, that the APD decreases in patients undergoing CAF
and structural remodeling (Morillo et al., 1995; Graux et al., 1998;
Vasquez et al., 2010) and, therefore, our results agree with those
observations.

Clinical studies described different behaviors for the dAPD
in CAF patients, indicating a global increment of the dAPD
(Boutjdir et al., 1986) and also reporting a regional dependance
(Kamalvand et al., 1999). Our results suggest that, under similar
electrical remodeling conditions, distinct degrees of global dAPD
can be generated by means of γ . This can be used to represent
different regions within the atria, which coincides with the
description of Kamalvand et al. (1999). Furthermore, the local
dAPD profiles obtained by means of the complex order model
indicates a reduction of the APD in the direction of propagation.
This gradient has been observed in rabbit atria, sinoatrial node
zone (Boyett et al., 1999), rat ventricular cellular cultures (Badie
and Bursac, 2009) and human ventricles (Hanson et al., 2009).

The reduction of CV plays an important role in the onset
of AF, because it can favor the occurrence of reentry (Bosch
et al., 1999). The structural remodeling under CAF conditions
is a factor that alters the CV (Jalife and Kaur, 2014; Nattel
and Harada, 2014). Our results agree with those observations:
decreasing CV values are obtained when α decreases or β
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increases and their combination represents different degrees of
structural heterogeneities. The changes in CV result from varying
the complex order γ under the same CAF electrical remodeling
conditions, where the reductions in CV are greater when
increasing the imaginary part β . Local structural characteristics
in the atria are important to determine the propagation of the
AP, meaning that the CV varies according on the region (Lesh
et al., 1996). When the CAF electrical remodeling occurs, the
extent of CV deterioration depends on the atrial zone (Markides
et al., 2003; Xia et al., 2004; Lalani et al., 2012). Using the complex
fractional model it is possible to simulate different atrial tissues
with heterogeneous CV values that can represent distinct atrial
regions.

5.3. Rotor Dynamics
The focal ectopic activity is an important source of reentrant
propagation (Haïssaguerre et al., 1998; Arora et al., 2003).
There is experimental evidence suggesting that the mechanisms
determining the tissue vulnerability to reentry are related with
structural and electrical remodeling interactions (Narayan et al.,
2017). The complex fractional model reveals that increasing
the degrees of structural heterogeneity increase the VW. Under
the conditions of our simulations, these results indicate that
increased vulnerability to reentry might be regulated by the
underlying tissular structure. Additionally, we show that the VW
values increase significantly with the imaginary part, so that β

can be interpreted as a parameter representing a specific type of
structural complexity.

The interest in rotor dynamics research has increased since
clinical reports claim that rotor ablation improves the rates
of success in human CAF treatment (Narayan et al., 2012).
Using in silico models, mechanistic explanations and therapeutic
approaches have been tested (Zhao et al., 2015; Berenfeld, 2016;
Guillem et al., 2016; Tobón et al., 2017). In this work, we assessed
the effect of structural heterogeneities on rotor propagation by
varying the complex derivative order γ . For real values of γ

(i.e., γ = α + j0) meandering quasi-stable rotors, with a shape-
changing core, are generated. For complex values of γ (i.e., γ =

α + j0.28) the rotor dynamics varies from drifting trajectories
(α > 1.6) to meandering trajectories whose core is markedly
greater with respect to those with β = 0. Asmentioned above, the
inclusion of the imaginary part β yields a major modulation of
electrophysiological features. In the case of the standard diffusion
(i.e., γ = 2 + j0), corresponding to a structurally homogeneous
tissue (Bueno-Orovio et al., 2014), the rotor meanders in a
quasi-stable form and describes the minimum tip displacement
among all γ variations. Therefore, by varying γ , the spatial
stability of the rotor can be modulated, obtaining a wide range
of rotor dynamics. Previous simulation studies report quasi-
stable dynamics using the Courtemanche model (Cherry and
Evans, 2008; Wilhelms et al., 2013). Our standard diffusion
simulations agree with those reports. However, additionally we
evinced that using the CAF remoled Courtemanche formalism
and keeping its parameters fixed, unstable rotor trajectories can
ben obtained through γ variations. Thus, we show that using
the complex fractional order diffusion model, it is possible to
simulate realistic CAF conditions in which meandering and

drifting rotors are observed. These dynamics can be related with
increasing degrees of structural heterogeneity causing difficulties
in accurately locating and ablating rotors. Under such conditions
the CAF may be not reverted which agrees with experimental
observations (Buch et al., 2016; Steinberg et al., 2017).

The growing evidence that structural remodeling has
a relevant role in AF dynamics, leads the computational
electrophysiology researchers to incorporate myocardial
structure features in the AP propagation models. There is a lack
of consensus on defining how purely structural properties has
to be included in a computational model. Variable diffusion
tensor (ranging from reduced conductivity to zero conductivity),
boundary conditions and non-cardiomyocite active models, are
proposals for modeling the myocardial structure (Trayanova
et al., 2014; Brown et al., 2015). There is a common element
among these approaches: the standard diffusion equation that
assumes the cardiac tissue as a continuum (Keener and Sneyd,
1998). Although these computational schemes have improved
our knowledge about the CAF mechanisms, modeling the
inherently discontinuous myocardium as a continuous domain
is inconsistent with the cardiac histological structure (Shaw and
Rudy, 2010). In this work, the cardiac structural heterogeneity
is implemented using a complex conjugate derivative operator.
The resulting mathematical model generalizes the previously
established propagation models (Keener and Sneyd, 1998;
Bueno-Orovio et al., 2014) without the restriction of assuming a
homogeneous domain.

5.4. Limitations
The biophysical interpretation of the complex derivative order
is build on the mathematical theory of smoothed functions
averaged over fractal sets (Nigmatullin and Le Mehaute,
2005). This problem has been solved for fractional temporal
derivatives and the relation with the complex dimension has been
stablished (Nigmatullin et al., 2017). This theory is supported by
experimental results (Nigmatullin et al., 2007, 2018). However,
the solution for spatial derivative operators is a more complex
problem and the averaging procedure only admits specific types
of fractals (Nigmatullin and Baleanu, 2013). Therefore, although
in this work a fractal as medium of propagation was assumed,
the specific fractal that is related with the fractional Laplacian
operator has not been stablished. Future investigations will look
into this problem. The simulations are performed in 2D domains.
Nevertheless the atrial tissue is a 3D complex domain, whose
heterogeneities can impact the rotor dynamics (Kharche et al.,
2015). For this reason, our results cannot be generalized until
analyzing 3D experiments of rotor propagation. The lack of
detailed experimental data describing the spatial distribution of
atrial electrophysiological properties does not allow an exhaustive
assessment of the simulation outcomes. Therefore, the results
obtained in this work invite to design experimental setups in
order validate them.

6. CONCLUSIONS

The new complex fractional order diffusion model allows the
simulation of a wide range of rotor dynamics. The results
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can be correlated with changes in the atrial tissular structure
that have been observed in the clinical practice. This approach
is a step toward an integral electrophysiological mathematical
model that embodies the structural and electrical features of the
myocardium.
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Stationary Atrial Fibrillation
Properties in the Goat Do Not Entail
Stable or Recurrent Conduction
Patterns
Arne van Hunnik*, Stef Zeemering, Piotr Podziemski, Jorik Simons, Giulia Gatta,

Laura Hannink, Bart Maesen, Marion Kuiper, Sander Verheule and Ulrich Schotten

Department of Physiology, Cardiovascular Research Institute Maastricht, Maastricht University, Maastricht, Netherlands

Introduction: Electro-anatomical mapping of the atria is used to identify the substrate

of atrial fibrillation (AF). Targeting this substrate by ablation in addition to pulmonary vein

ablation did not consistently improve outcome in clinical trials. Generally, the assessment

of the substrate is based on short recordings (≤10 s, often even shorter). Thus, targeting

the AF substrate assumes spatiotemporal stationarity but little is known about the

variability of electrophysiological properties of AF over time.

Methods: Atrial fibrillation (AF) was maintained for 3–4 weeks after pericardial electrode

implantation in 12 goats. Within a single AF episode 10 consecutive minutes were

mapped on the left atrial free wall using a 249-electrode array (2.25mm inter-electrode

spacing). AF cycle length, fractionation index (FI), lateral dissociation, conduction velocity,

breakthroughs, and preferentiality of conduction (Pref) were assessed per electrode

and AF property maps were constructed. The Pearson correlation coefficient (PCC)

between the 10 AF-property maps was calculated to quantify the degree spatiotemporal

stationarity of AF properties. Furthermore, the number of waves and presence of

re-entrant circuits were analyzed in the first 60-s file. Comparing conduction patterns

over time identified recurrent patterns of AF with the use of recurrence plots.

Results: The averages of AF property maps were highly stable throughout the ten

60-s-recordings. Spatiotemporal stationarity was high for all 6 property maps, PCC

ranged from 0.66 ± 0.11 for Pref to 0.98 ± 0.01 for FI. High stationarity was lost when

AF was interrupted for about 1 h. However, the time delay between the recorded files

within one episode did not affect PCC. Yet, multiple waves (7.7 ± 2.3) were present

simultaneously within the recording area and during 9.2 ± 11% of the analyzed period a

re-entrant circuit was observed. Recurrent patterns occurred rarely and were observed

in only 3 out of 12 goats.

Conclusions: During non-self-terminating AF in the goat, AF properties were stationary.

Since this could not be attributed to stable recurrent conduction patterns during AF, it is

suggested that AF properties are determined by anatomical and structural properties of

the atria even when the conduction patterns are very variable.

Keywords: atrial fibrillation,mapping, conduction patterns, stationary patterns, recurrence quantification analysis,

AF dynamics
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INTRODUCTION

Mapping of conduction patterns has been of
fundamental importance to understand mechanisms that
maintain cardiac arrhythmias (Nattel et al., 2005). The
importance of cardiac mapping in clinical practice was
demonstrated by Haïssaguerre’s et al. (1998) pivotal finding that
atrial fibrillation (AF) was often initiated from the pulmonary
veins (PV) and that ablation of ectopic sites in the PVs terminated
AF. However, many patients experience recurrences of AF in the
months following a PV isolation (Verma et al., 2015), suggesting
that other regions in the atria may contribute to AF perpetuation
as well.

Detailed mapping studies of AF, in both animal models
(Berenfeld et al., 2000; Verheule et al., 2010) and humans
(Konings et al., 1994; Allessie et al., 2010; Lee et al., 2014,
2015), have described fast, irregular and seemingly random
conduction patterns. AF maintenance can be explained by
different conceptual models such as multiple wavelets (Allessie
et al., 1996, 2010), rotor activity (Jalife, 2011) and repetitive focal
activity (Lee et al., 2015). Notably, these mechanisms are not
mutually exclusive and different mechanisms may occur in an
individual patient. Several electrophysiological parameters have
been used to detect local sources of AF. Nedios et al. (2016)
Complex fractionated atrial electrograms (CFAE) and high
frequency zones are thought to reflect driver sites of rotational
or focal activity or to correlate with areas demonstrating high
complexity of AF. Unlike such electrogram parameters, with
focal impulse and rotormapping (FIRM) conduction patterns are
identified that putatively describe focal and rotational activity.
Narayan et al. (2012); Swarup et al. (2014) Unfortunately,
targeting these substrate parameters has variable outcomes in
clinical trials and need further validation (Gadenz et al., 2017;
Krummen et al., 2017; van der Does and de Groot, 2017).

A potential factor contributing to the limited success rates are
the limitations of the mapping techniques used. The atrial surface
can only be mapped with a limited time and spatial resolution.
A limited spatial resolution may lead to misinterpretation of
conduction patterns (Kuklik et al., 2017; Roney et al., 2017). If
higher spatial resolution is obtained, for example by point-by-
point mapping typically relatively short recordings are acquired.
It is unknown whether these recordings are representative for
longer episodes of AF. Also, it is largely unexplored whether AF
driver sites are stable across different AF episodes.

In this study we analyzed left atrial epicardial high-density
recording in goats with 3 to 4 weeks of maintained AF. We
studied the degree of stationarity of local AF properties derived
from ten 60-s-long recordings within a single AF episode
and between different AF episodes. Moreover, we analyzed
complexity and stability of conduction patterns, and rotational
activity. For the assessment of stability of conduction patterns,
we made use of a new recurrence quantification analysis.

MATERIALS AND METHODS

Animal Model
This study was carried out in accordance with the principles
of the Basel Declaration and regulations of European directive

2010/63/EU. The local ethical board for animal experimentation
of the Maastricht University approved the protocol. In total
12 goats, 6 per study, weighing 60 ± 9.8 kg were included.
Goats were anesthetized (sufentanyl 6µg/kg/h and propofol
5–10mg/kg/h, i.v.) and electrodes were implanted on the
pericardium above the left atrium (LA). After 2 weeks of
recovery from surgery, AF was induced by repetitive burst of
stimuli (1 s, 50Hz, 2 times threshold with a maximum of 10V)
using subcutaneously implanted neurostimulator (Itrel 3 or 4,
Medtronic, Minneapolis, Minnesota, USA). AF was subsequently
maintained for 3–4 weeks. For open chest sacrifice experiments,
goats were anesthetized with parenteral sufentanyl 6µg/kg/h,
propofol 10mg/kg/h, and rocuronium 0.3mg/kg/h.

Data Acquisition
A circular mapping array containing 249 electrodes (2.4mm
inter-electrode distance, 14.3 cm2 surface area) was placed on the
left atrial (LA) free wall and kept in stable position throughout
the experiment. Unipolar electrograms were recorded with
1.039 kHz sampling rate, bandwidth of 0.1–408Hz and AD
resolution of 16bit. In a 10-min window ten 60-s files were
recorded during non-selfterminating AF. In a subset of 6
animals 2 additional 10-min windows were recorded (Figure 1).
Electrical cardioversion of AF was performed using a ≤20Joules
synchronized DC shock (Physio-control lifepak 9 B, Medtronic,
Minneapolis, Minnesota, USA). The DC shock was delivered on
endocardial catheters of which one was placed in the coronary
sinus and the other in the right atrial cavity.

Analysis of Local Activation Time and
Direction
The recorded signals were analyzed offline using custom-
made analysis software (MATLAB 8.1, The Mathworks, Inc.,
Natick, Massachusetts, USA). Local deflections, activation times,
and unipolar fractionation index (FI) were identified using
a probabilistic annotation algorithm, as previously described.
Zeemering et al. (2012); Lau et al. (2015) Based on the activation
times, the AF cycle length (AFCL) and conduction direction and
velocity (CV) were determined. For calculation of conduction
vectors, a plane was fitted through the central activation time
and its direct neighbors in space and time (min. 3 max 8). If
the conduction time of a neighboring electrode implied a CV
of <20 cm/s, the occurrence of conduction block was assumed
and the activation time of that neighbor was excluded from
plane fitting. Per electrode the degree for preferential direction of
conduction (Pref) was calculated as Pref = 1-(circular variance
of all conduction vectors). The maximal time difference of
activation times with its neighbors was calculated as a measure
of epicardial lateral dissociation (LD).

AF Property Maps Analysis
Based on the results of the above-mentioned analysis, 6 different
parameters, i.e., FI, AFCL, LD, CV, breakthroughs (BT), and
Pref were obtained for each individual electrode and used to
construct AF property maps. Per parameter the spatial Pearson
correlation coefficient (PCC) between property maps, of all 45
possible comparisons within a 10-min window, was determined
and averaged per animal, producing an intra-episode correlation
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FIGURE 1 | Schematic presentation of the experimental protocol. Grey boxes represent periods of AF. Ten consecutive minutes per AF episode were recorded. Only a

single AF episode was recorded in goats with ID numbers 7–12, see also Table 2. Three different AF episodes were recorded in goats with ID number 1–6. Two

episodes were close in time and 1 episode was separated for about 1 h.

of property maps at various time points. To address potential
correlations due to chance, we randomly reassigned electrodes in
space and recalculated the average PCC. In a subset of 6 animals
three 10-min windows were recorded from 3 different episodes
of AF, in order to determine the inter-episode correlation.

Analysis of Epicardial Waves and
Re-entrant Circuits
Next, we analyzed the fibrillation waves propagating on the
epicardial surface as previously described by Zeemering et al.
(2012) In short, waves were defined as clusters of activation times
that are connected in space and time by an apparent CV of
> 20cm/s. The earliest activation time that cannot be explained
by its surrounding was identified as the starting point of the wave.
This starting point was specified as peripheral, on the border
of the electrode, or breakthrough, separated >1 electrode from
the border, (BT) origin. Furthermore, we analyzed re-entrant
activity based on conduction paths that can be identified based on
the activation times. Conduction paths were determined as the
shortest contiguous trajectory between a starting and end point
of a wave, considering CV ≥ 20 cm/s. If the trajectory had ≥1
intersection(s) it was considered as a re-entrant circuit (RC).

Recurrence Analysis
For a recording with N time samples, a recurrence plot (an
N × N scatter plot with time on the x- and y-axis) can be
constructed. If an event occurs at two time points with sufficient
similarity, it is considered to be recurrent and can be identified
by a dot in the scatter plot. Here, we analyzed the recurrence of
conduction patterns in 60-s-recordings. We considered a pattern
to be recurrent if the wave front(s); (1) reached the same point in

space, (2) propagated in the same direction, and (3) had a similar
shape. To achieve this, we developed a method that is based on
local activation times and corresponding activation intervals. The
linear phase (−π to π) was interpolated for every individual
interval (Figure 2A). This approach does not require Hilbert
transformation or time embedding of the raw electrogram as
frequently used for the identification of phase singularities.

Phase signals were down-sampled to 10 timesteps per AFCL
because the recurrence analysis leads to a large number of
comparisons [(60s∗1.039kHz)2 = 3.9e9] and long computation
times would be required. Based on the phase signals, phase
maps were constructed for all time steps. For individual
electrodes, the difference in phase was calculated by comparing
2 phase maps. Based on all 249 phase differences, the average
phase difference (aPD) was computed. This was executed for
every possible comparison between time steps within the 60-s-
recording. Recurrent patterns were identified at an aPD of <

π/4, corresponding to 1/8 of the AFCL. The rate of recurrent
patterns was calculated as the ratio of the number of observed
recurrences to the number of expected recurrences if the pattern
was fully recurrent. The number of unique recurrent patterns
was subjectively scored (by AvH) with the help of conduction
movies.

To illustrate the impact of conduction patterns on the aPD and
consequent recurrence identification, we can consider the two
hypothetical examples presented in Figures 2B,C.

Example 1, (Figure 2B) demonstrates the effect of time in the
recurrence analysis. One large “recurrent” wave front was present
in the middle mapping area in the first map, timepoint n. In
the second map, n+ 2 timesteps, the wave front had propagated
somewhat further, resulting in an aPD of 1.46. This level of the
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FIGURE 2 | (A) Illustrates that based on the unipolar electrogram activation times (red columns) are identified. Based on the length of the interval, the linear phase

from activation time to activation time was interpolated. (B) Demonstrates the effect of time on the recurrence analysis. One large “recurrent” wave front was present

in the middle mapping area in the first map, timepoint n. In the second map, n+ 2 timesteps, the wave front propagated somewhat further, resulting in an aPD of 1.46.

This level of the aPD is above π/4 (0.7854) and therefore considered to be non-recurrent. At timestep n+4, the aPD increased to a maximum of 2.96. In the following

timesteps (n+ 6 and n+8), aPD decreased again until at n+10 the wave front reoccurred at the same site like timepoint n. Here, the aPD was 0 and consequently

considered to be recurrent. (C) Demonstrates the effect of direction and wave front shape. Map n is presented again as the first map. The wave front in the second

map propagated in the opposite direction compared to map n. The aPD was now calculated to be 1.53, thus not recurrent. In the third map the wave did conduct in

the same direction like map n. However, the wave front shape was now set to be convex instead of planer. The aPD between this map and map n was 1.62, thus also

non-recurrent.

aPD is above π/4 (0.7854) and therefore considered to be non-
recurrent. At timestep n+ 4, the aPD increased to a maximum of
2.96. In the following timesteps (n+ 6 and n+ 8), aPD decreased
until at n+ 10 the wave front reoccurred at the same site like
timepoint n. Here, the aPD was 0 and consequently the pattern
was considered to be recurrent.

Example 2 (Figure 2C) demonstrates the effect of direction
and wave front shape. Map n is again presented as the first map.
The wave front in the second map propagated in the opposite
direction compared to map n. The aPD was now calculated to be

1.53, thus non-recurrent. In the thirdmap the wave did propagate
in the same direction like map n. However, the wave front shape
was now set to be convex instead of planar. The aPD between this
map and map n was 1.62, therefore also non-recurrent.

Statistics
Data are presented as mean ± sd. Data were tested for normality
using a Kolmogorov-Smirnov test. The effect of time was
tested using a repeated measure ANOVA. Intra- and inter-
episode correlation between property maps was assessed using

Frontiers in Physiology | www.frontiersin.org July 2018 | Volume 9 | Article 947105

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


van Hunnik et al. Recurrent Patterns in Atrial Fibrillation

FIGURE 3 | Spatial distribution of 6 AF parameters from goat 2. The left sided column represents property maps of the first 60-s-recording in a 10-min window. The

right column depicts the final minute of the 10-min window. A high agreement for the absolute average of the maps was found between the maps. Interestingly, also a

high degree of stationarity of spatial organization was found when the Pearson correlation coefficient (PCC) was considered. This was true for almost all parameters

but weakest for preferentiality of conduction direction, suggesting highly variable conduction patterns.
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Pearson correlation coefficient (PCC). A Bonferroni’s correction
was applied to correct for multiple comparisons. Inter-episode
correlation differences were tested with a Wilcoxon rank sum
test.

RESULTS

AF Property Maps
Twelve goats a 10-min period within a single AF episode
was recorded. This 10-min period was divided into ten 60-s-
recordings. In Figure 3 two property maps, the first and last
recording in a period, of goat 2 are presented. Only minor
differences in the spatial distribution of the AF properties
between the 2 recordings are apparent. This suggests that the
AF properties remained very stable over this interval of 9min.
This high stability was found in all 6 parameters and all goats
(Figure 4). We further addressed the spatial stationarity of the
different parameters by exploring the correlation between AF
property maps. From Figure 4B it can be appreciated that the
average PCCs were very high, ranging from 0.66 ± 0.11 for Pref
up to 0.98 ± 0.01 for FI and all PCCs were significant (Table 1).
To underscore that this finding was not due to chance we broke
the spatial coherence of the maps by randomly reassigning the
electrodes within the map. This test diminished the average
PCCs to almost 0 (right panel of Figure 4B). These observations
demonstrate that both a high temporal and spatial stationarity
was present.

We also looked at to what extent AF properties vary in space.
High correlations between 60-s-recordings could have occurred
due to a limited spatial diversity of the parameter. Table 1

presents the coefficient of variation and range within the property
maps. Within the AFCL-maps the coefficient of variation was
very low (4.3 ± 2%), demonstrating a fairly homogeneous
spatial distribution. By contrast, for FI-, preferentiality-, and
breakthrough-maps the coefficient of variation was much larger,
ranging from 50 to 78%. This indicates that discrete zones on the
atrial epicardial surface exhibited different properties. In Table 1

the overall characteristics of the 6 different property maps is
presented.

All property maps are available in the Supplemental Materials.
Raw data are not available online because of the large data
size, 240min for 249 unipolar channels at a sampling frequency
of 1039Hz. The raw data supporting the conclusions of this
manuscript will be made available by the authors, without undue
reservation, to any qualified researcher.

Short Term AF Dynamics
Potentially, stable conduction properties can be stable on a beat-
to-beat level or at somewhat longer timespans, e.g., seconds,
could have contributed to the stationary property maps within
single AF episodes. Therefore, we explored dynamic behavior
of AF (Figure 5). On a beat-to-beat level, the AFCL varied by
20 ± 3.7ms, 16 ± 3.6% of the AFCL, and conduction direction
varied with 66± 10 degrees. This high dynamic behavior was also
reflected in the large average number of simultaneously present
waves per cycle, 7.7± 2.3. In total 453 re-entrant trajectories were
found of which 25 lasted >2 rotations. On average re-entrant

activity was present for 9.2 ± 11%. The lifespan of re-entrant
circuits was 149 ± 18ms. Hence, the average lifespan of re-
entries was short and close to the AFCL with a lifespan to AFCL
ratio of 1.2 ± 0.3. These finding demonstrated a large beat-to-
beat variability with high dynamic patterns that cannot explain
stationary AF properties.

Recurrence of Conduction Patterns
On average, AF exhibited a highly dynamic behavior in
terms frequency and patterns, nonetheless a high degree of
spatiotemporal stationarity of AF properties was present. This
could be explained by frequent recurrent patterns that dominate
the property maps. We therefore investigated the occurrence of
recurrent AF patterns.

In Figure 6 a representation of the construction of a
representative recurrence plot is presented. A segment of the AF
recording with recurrent activity is depicted on the left series
of maps in panel A. In the right side a series of maps with a
segment with non-recurrent activity is presented. In Figure 6B,

the recurrence plots over 3 cycles of these two segments are
shown. The recurrent phase presented diagonal lines while
during the segment with chaotic activity no recurrences were
found. In the overall 60s-recurrence plot, we can observe that the
non-recurrent phase was present throughout most of the time.
The recurrent pattern appeared 3 times, at timepoints 32, 48, and
52s, in the 60-s-recordings.

Recurrence plots, wave and re-entrant circuit analysis for each
individual animal are presented in Table 2. In the majority of
goats (9 out of 12, goat number; 1, 3, 4, 6, and 8-12) no frequent
or long lasting recurrent patterns were found. Only 3 goats had
higher recurrence rates. Overall 1.6 ± 0.7 recurrent patterns
per goat were found, with either peripheral or BT origins.
Sixty-four percent of the reentrant circuits with >2 rotations
were identified as recurrent events. No predominant origin of
conduction pattern was found. Frequent disruption occurred,
initiating unique states resulting in a recurrent pattern rate of
0.11 ± 0.19 (Figure 7). The association of recurrent pattern rate
was strong with the number of waves but was weak with the
number of reentrant circuits.

AF Property Maps and Effect of Time and
AF Episode
Potentially, AF property maps could gradually change over a
period of several minutes. Therefore, we investigated the effect of
time on these property maps. In the section above we determined
the average PCC for all comparisons within the 10-min period.
Here we averaged the PCC for the different possible time intervals
(1–9min) between the recordings within the 10-min period
(Figure 8). No changes in PCC occurred for all parameters at the
various time intervals. Thus, within a single AF episode a high
degree of spatiotemporal stationarity was found.

High stationarity could reflect the underlying anatomical
structure. In that case one would expect that different AF
episodes would display comparable AF property distribution.We
therefore explored the spatiotemporal stationarity in 2 additional
AF episodes (n = 6). We chose 2 episodes to be closely apart,
2.1 ± 1min of AF interruption, and the third episode after
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FIGURE 4 | (A) Intra-episode PCC for 6 different AF parameters. On the x-axis the individual animals are given. Panel A represents the absolute average of a map in a

60-s-recording. Per animal 10 values of the 10 consecutive maps are given. (B) In the first panel the average PCC, based on 45 correlations, is given per animal per

parameter. The right-hand panel confirms that this high degree of stationarity did not occur due to chance since breaking the spatial coherence completely removed

the correlation.

∼1h of AF interruption. This resulted into a time difference of
63.4 ± 16.7min for episode 2 vs. 3 and 75.3 ± 17.9min for
episode 1 vs. 3, (Figure 1, goats 1-6). The 2-min AF interruption
led hardly to any changes in average PCC (Figure 9). However,

larger changes for some animals occurred than for others,
specifically for CV. Interestingly, after the 60-min interruption of
AF the PCC led to a large inter-individual variation. The decrease
of PCC was significant for AFCL, CV, and FI.
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DISCUSSION

Major Findings
In the goat model of persistent AF, we demonstrated that
in 60-s-recordings the spatiotemporal distributions of AF
parameters are stationary if measured within a single AF
episode. A short interruption of an AF episode had little
effect on this stationary behavior but interruption of longer
duration changed AF parameters significantly. Sixty-second

TABLE 1 | Spatial variation (coefficient of variation and range) and stability in time

(PCC) of the 6 different AF parameters.

Coefficient

of variation

Range PCC(r) PCC

p-value

Fractionation

index

50 ± 0.8% 4.60 ± 1.5 0.983 ± 0.01 p<0.001

AFCL (ms) 4.3 ± 2% 21.2 ± 8.2 0.956 ± 0.04 p<0.001

Lateral

dissociation (ms)

28 ± 8% 29.8 ± 5.5 0.968 ± 0.01 p<0.001

Conduction

velocity (cm/s)

23 ± 14% 115 ± 76 0.926 ± 0.06 p<0.001

BT

(n/electrode/60 s)

78 ± 34% 53 ± 22 0.799 ± 0.08 p<0.001

Preferentiality 53 ± 11% 3.1 ± 0.02 0.655 ± 0.11 p<0.001

Per animal the average coefficient of variation and average range (max-min) of the 10

maps was calculated. The grand mean ± sd is presented in the table. The grand mean of

the Pearson correlation coefficient (PCC) was based on all 45 comparisons per animal.

recurrence analysis illustrated that recurrent patterns were scarce
and only found in a minority of the animals. AF was also
shown to have highly dynamic behavior at a beat-to-beat level.
Therefore, stationary spatiotemporal properties could not be
attributed to stable recurrent conduction patterns during AF
suggesting that the atrial myocardium may determine average
AF properties even when the conduction patterns are highly
variable.

Stationarity of Ablation Targets
Complex fractionated electrograms (CFAE) were reported to
occur during induced AF at sites of conduction block in
Wolf-Parkinson-White patients and therefore reflect areas with
higher complexity of AF (Konings et al., 1997). Consequently,
they might reflect zones that act as sources for AF. It was
hypothesized that CFAE sites might be suitable targets for AF
ablation (Nademanee et al., 2004). Initially high success rates
were reported but recent randomized controlled trials failed
to show superiority of PV isolation + CFAE ablation above
PV isolation alone (Verma et al., 2015; Vogler et al., 2015).
In other studies, high dominant frequency (DF) was found to
associate with rotor sites in cholinergic AF in sheep hearts
(Berenfeld et al., 2000; Mandapati et al., 2000). This notion
led to hypothesis that ablating DF sites might be a valid target
for AF ablation (Mandapati et al., 2000; Sanders et al., 2005).
Indeed, the presence of high frequency sites inversely correlated
to procedural success rates (Gadenz et al., 2017; Kimata et al.,
2018) but targeting DF sites did not consistently lead to
improvement of clinical outcome (Atienza et al., 2014; Gadenz

FIGURE 5 | Dynamic properties of conduction during AF. On a beat-to-beat level spatiotemporal variability was found, as reflected by the beat-to-beat difference

AFCL and direction of conduction. Furthermore, on average multiple waves were present at every beat. A limited percentage of time re-entrant circuits were present

and showed a high degree of variation.
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FIGURE 6 | A schematic explanation of recurrence analysis of conduction patterns. Goat 10, Table 2, was used for this example. (A) Based on all 249 electrodes a

phase angle map for each time instance, sample, was constructed. In the phase maps, clearly conducting wave fronts can be identified. The analysis was performed

with time steps of AFCL/10 (13.5ms). In the depicted phase map, we used AFCL/5 (27ms) for clarity of the illustration. In the left-hand series of phase maps a period

with recurrent activity is illustrated. Three consecutive waves start at the lower left-hand corner conducting toward the right-hand upper corner. This recurrent phase

was present for 13 cycles. In the right-hand series of phase maps, a phase with non-recurrent activity is depicted. Multiple wave fronts were simultaneously present

propagating in different directions. As can be appreciated from these maps no recurrent patterns were present. (B) Recurrence plots, a N × N scatter plot with time

on the x and y-axis, were constructed by comparing each time instance with any other time instance. A recurrent pattern is visualized by a blue dot. The recurrence

plot always has a central diagonal line, line of identity, because at this timepoint it is compared to itself and is by definition recurrent. Two timepoints were considered

to be recurrent if the average phase angle difference (aPD) was less than π/4. Recurrent phase. Because of the periodic nature of conduction during a recurrent

phase diagonal lines are formed in the plot. The maximal line length within this phase reflects the duration of the recurrent phase. The periodic behavior also leads to

multiple diagonal lines, one for each cycle. Therefore, a recurrent phase will appear as a square around the line of identity. During the non-recurrent phase all time

instances display unique patterns. In the recurrence plot this is reflected by the lack of recurrences or single dots (a random recurrence by chance), as can be seen in

the right upper corner. Within the 60-s-recording, represented by the middle recurrence plot, a majority of the time no recurrence was found. However, at about 32,

48, and 52 s large recurrence blocks can be seen. These blocks exhibited the pattern as depicted in the left panel A. All recurrence blocks showed the same pattern.

et al., 2017). It is unclear whether these negative outcomes entail
that CFAE and high DF indicate bystander sites instead of AF
driver sites or are due to technical limitations of the methods
applied.

Irrespective of the applied methods, the intrinsic assumption
entail that driver sites are stable in time and space. In most
studies, DF and CFAE was determined on electrograms of 2-6s.

Lau et al. (2012), Gadenz et al. (2017) The question is
whether these recording lengths are sufficient to capture potential
transient appearances of CFAE’s or DF’s. Salinet et al. reported
limited reproducibility of DF zones in non-contact intra-
atrial electrograms (Salinet et al., 2014). However, continuous
recordings of bipolar contact electrograms showed that about
75% of CFAE’s remain stable in time (Lau et al., 2015). Similarly,
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FIGURE 7 | Recurrent pattern rates of conduction patterns. (A) Recurrent pattern rates were generally low with only 3 out of 9 animals expressing higher rates. (B)

Recurrent pattern rates as such had a strong, logarithmic association with the number of waves, but not with re-entrant circuits.

FIGURE 8 | Intra-episode spatiotemporal stationarity of AF parameters. PCC

was assessed for all the possible time differences between the

60-s-recordings in a 10-min window. Note, with increasing time difference the

number of comparisons decrease, from 9 comparisons at 1t = 1 to 1

comparison at 1t = 9. The parameters are ordered corresponding to the

legend order. Data is presented as mean ± sd of the 12 animals.

we found very high spatiotemporal stationarity for both FI
and AFCL. Recordings of 60 s within a single episode of AF
were more than sufficient to reliably capture patterns. However,
the determination of the minimal recording length to obtain
representative information was not addressed in this study
and would require further investigations, preferably in human
recordings.

Stationarity of Conduction Properties
Both AFCL and FI are parameters that are derived from
single electrograms. Therefore, they reflect AF properties of a
limited area. Parameters that account for spatial characteristics of
conduction, such as CV and LD had comparably high stationary
properties too. Stationarities were lower when AF patterns were
taken into account. Preferentiality of conduction direction was
subject to largest variability, indicative of dynamic conduction
patterns. Breakthroughs were found at almost all electrodes and
clear preferential regions of epicardial focal spread of activation

were present. Recurrence analysis revealed that half of the
goats exhibit periods of repetitive BT’s of variable durations.
Whether these sites are important for the perpetuation of AF,
as proposed by Lee et al. (Lee et al., 2015), warrants further
investigation.

In general, AF wave and recurrence analysis revealed multiple
propagating wave fronts with a small number of recurrent
patterns. Hence, it is unlikely that the high degree of stationary
of AF property maps is caused by stable and frequent conduction
patterns. Therefore, we conclude that the atrial structure and
local electrophysiological properties are likely to determine
average AF properties even if the conduction patterns as such
are very variable. This might imply that the relatively large
variation in AF complexity (3.8–11 waves/cycle), among animals
without substantial structural remodeling (Verheule et al.,
2010), may—at least partly—be driven by the individual atrial
architecture.

Are AF Properties Independent From the
AF Episode?
If AF properties would only be determined by the atrial
architecture, then the initiation conditions should not affect AF
properties. We therefore examined the effect of different episodes
of AF. We found that stationarity is conserved if two AF episodes
are relative close in time (∼2min). This observation is in line
with Redfearn et al. who found that ∼80% of CFAE regions
were confirmed when the atria were remapped after a 10min
interval of sinus rhythm (Redfearn et al., 2009). This implies that
atrial structure has a prominent role on conduction properties
during AF. However, stationarity of AF properties was lower
when AF was interrupted >1 h. Because atrial structure does
not change in this time interval, we propose that some form
of acute recovery from electrical remodeling affected the atrial
substrate. This observation might be of clinical importance since
some symptomatic AF patients are cardioverted to sinus rhythm
before AF ablation. Re-induction of AF during the procedure
may reveal other AF patterns or drivers than originally were
present with the risk that the leading mechanism cannot be
identified.
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FIGURE 9 | Inter-episode spatiotemporal stationarity of AF parameters. Three different AF episodes were compared. (A) Intra-episode stationarity. The average PCC

based on the 6 goats in the first episode. (B) PCC for inter-episodes stationarity with short time difference. (C) PCC for inter-episodes stationarity with ∼1 h time

difference. Changes in PCC were tested with a Wilcoxon rank sum test without post-hoc analysis. *p < 0.05 vs within episode.

The Use of Recurrence Quantification
Analysis
Recurrence quantification analysis is a technique to identify
recurrent states in non-linear dynamical systems. Recurrence
quantification analysis has been used in various biomedical
disciplines, e.g., postural fluctuation and heart rate variability
(Riley et al., 1999; Arcentales et al., 2011). In AF, recurrence
analysis has been used mostly for (fractionated) electrogram
morphology (Censi et al., 2000; Ng et al., 2014). We made a first
step toward recurrent conduction pattern analysis by applying
principal component analysis on all electrograms from a high-
density array (Zeemering et al., 2015). This approach showed a
good correlation with the number of waves but lacked directional
and wave front information. Hence, recurrence of the degree of
complexity but no recurrence of patterns could be discriminated.
Here, we introduce a method accounting for both directionality
and complexity of conduction patterns. An important finding
is that recurrent patterns were scarce in the overall data set.
The frequency of recurrent patterns was inversely related to the
number of waves. Recurrent patterns mainly occurred in animals
with a low degree of AF complexity. A recurrent pattern in
animals with a higher average number of waves per cycle is
more likely to be disrupted by other waves. In addition, if more
independent wave fronts are present, than the likelihood that all

fronts show a recurrence, i.e., synchronize in time and space, is
relatively low.

Future Perspectives
The introduced recurrence analysis allows addressing AF on
a large time scale and may generate new ideas about AF
perpetuation. For instance, the identification of a recurrent
period within an episode of AF could indicate maintenance of
AF by large circuits, while non-recurrent periods reflect more
localizedmechanisms. In that case the corresponding dimensions
of the recurrence area that matches the local mechanism should
be found. Alternatively, recurrent periods could reflect large
transient reentrant circuits that act as oscillators of the fibrillation
process. These resonators may speed up fibrillation rate with
consequent breakdown in distant areas of the atria. Recurrent
patterns may also occur before cardioversion of AF when AF
complexity becomes low.

LIMITATIONS

An obvious limitation of this study is that the recordings were
performed in the goat model of persistent AF in the presence
of limited structural remodeling. Additional investigations are
required to investigate whether similar patterns occur in patients
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with AF. Also, the effect of the degree of structural remodeling on
recurrent patterns should be addressed in future studies.
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Department of Computer Science, Insigneo Institute for in-silico Medicine, University of Sheffield, Sheffield, United Kingdom

Fibrosis in atrial tissue can act as a substrate for persistent atrial fibrillation, and can be

focal or diffuse. Regions of fibrosis are associated with slowed or blocked conduction,

and several approaches have been used to model these effects. In this study a

computational model of 2D atrial tissue was used to investigate how the spatial scale

of regions of simulated fibrosis influenced the dispersion of action potential duration

(APD) and vulnerability to re-entry in simulated normal human atrial tissue, and human

tissue that has undergone remodeling as a result of persistent atrial fibrillation. Electrical

activity was simulated in a 10 × 10 cm square 2D domain, with a spatially varying

diffusion coefficient as described below. Cellular electrophysiology was represented by

the Courtemanche model for human atrial cells, with the model parameters set for normal

and remodeled cells. The effect of fibrosis was modeled with a smoothly varying diffusion

coefficient, obtained from sampling a Gaussian random field (GRF) with length scales of

between 1.25 and 10.0 mm. Twenty samples were drawn from each field, and used to

allocate a value of diffusion coefficient between 0.05 and 0.2 mm2/ms. Dispersion of

APD was assessed in each sample by pacing at a cycle length of 1,000 ms, followed

by a premature beat with a coupling interval of 400 ms. Vulnerability to re-entry was

assessed with an aggressive pacing protocol with pacing cycle lengths decreasing from

450 to 250 ms in 25 ms intervals for normal tissue and 300–150ms for remodeled

tissue. Simulated fibrosis at smaller spatial scales tended to lengthen APD, increase APD

dispersion, and increase vulnerability to sustained re-entry relative to fibrosis at larger

spatial scales. This study shows that when fibrosis is represented by smoothly varying

tissue diffusion, the spatial scale of fibrosis has important effects on both dispersion of

recovery and vulnerability to re-entry.

Keywords: atrial fibrillation, Courtemanche model, Gaussian random field, fibrosis, computer model, cardiac

electrophysiology

1. INTRODUCTION

Although atrial fibrillation (AF) is a common cardiac arrhythmia, the mechanisms that initiate
and sustain it are complex and remain incompletely understood. Circulating waves of electrical
activation and recovery, often called re-entrant waves or rotors, are believed to sustain AF (Nattel,
2002). The anatomy of the human atria is complex, and structural heterogeneity is considered
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to be an important substrate for atrial arrhythmias (Haissaguerre
et al., 2016; Zhao et al., 2017). Fibrosis is an important component
of heterogeneity (Csepe et al., 2017), although the role played
by regions of fibrosis in anchoring rotors remains controversial
(Nguyen et al., 2014; Trayanova et al., 2014; Sohns et al.,
2017). Magnetic resonance imaging of the heart using delayed
enhancement enables regions of fibrosis to be imaged directly;
this approach has been used to reveal the different spatial scales
of fibrosis that are present (Tanaka et al., 2007), to stratify patients
and guide intervention (Akoum et al., 2012), and to demonstrate
an association between the presence of fibrosis and recurrent
atrial arrhythmias in patients (Marrouche et al., 2014).

Fibrosis is hard to study in experimental preparations because
it is difficult to control the extent of fibrosis and the size of
individual lesions, and so computational models of cardiac cell
and tissue electrophysiology have been used to examine how
regions of simulated fibrosis affect activation and recovery in
cardiac tissue, as well as vulnerability to arrhythmias (Trayanova
et al., 2014). When regions of fibrosis are represented as
inexcitable obstacles, diffuse fibrosis can act to slow activation
and to destabilize re-entry in simulated ventricular tissue (Ten
Tusscher and Panfilov, 2007). This approach was extended
by representing fibroblasts as coupled elements with a fixed
resting potential instead of inexcitable regions, and similar effects
were found (Majumder et al., 2012). A more recent study has
shown that the strength of coupling between normal tissue and
simulated fibroblasts as well as the fibroblast resting potential
can modify the tissue response (Sridhar et al., 2017). The density
of simulated fibrosis was identified as important in a study that
used detailed anatomical models of infarcted rabbit ventricles;
intermediate densities increased susceptibility to arrhythmia
whereas high densities suppressed arrhythmia (McDowell et al.,
2011). In patient specific models of atrial fibrosis, the particular
shape and configuration of fibrotic regions has been observed
to have an important effect on rotor behavior (McDowell et al.,
2015; Morgan et al., 2016). The effect of spatial scale of fibrosis
has also been investigated in simulations where fibrosis was
represented as regions of uncoupled and inexcitable ventricular
tissue; this study found that an increasing amount of fibrosis
and increasing spatial scale both acted to increase vulnerability
to arrhythmia (Kazbanov et al., 2016). In simulated atrial tissue,
the electrotonic effect of regions of fibrosis was studied using
a coupled and detailed fibroblast model to demonstrate that
the effect of fibroblasts could underlie the complex fractionated
electrograms often seen in persistent atrial fibrillation (Ashihara
et al., 2012).

The role of heterogeneous tissue properties in increasing
vulnerability to atrial arrhythmias is well-established (Allessie
et al., 1976; Vigmond et al., 2004; Haissaguerre et al., 2016;
Gokhale et al., 2017), but the role played by the size or length
scale of fibrosed regions is not well-understood. Some simulation
studies have represented heterogeneity by a chequerboard, where
the size of the squares can be modified to control the length scale
(Xie et al., 2001; Clayton and Holden, 2005; Kazbanov et al.,
2016). Other studies have based the configuration of fibrosis
on experimental (Tanaka et al., 2007; Engelman et al., 2010) or
clinical (Morgan et al., 2016; Zahid et al., 2016) images. However

the sharp boundaries imposed by these approaches where tissue
is designated as either fibrosed or normal may not represent the
smooth changes that might be expected in cardiac tissue.

One technique for representing smoothly varying quantities is
a correlated random field, where the overall properties of the field
are random, but neighboring regions are correlated so that the
field varies smoothly according to a correlation length. One class
of correlated random field is a Gaussian random field (GRF) with
exponential covariance, which is specified by a mean, a variance,
and a correlation length. In 2-dimensions (2D), a GRF can be
sampled to produce a series of random fields. In each sample, the
values of the field will be correlated in both principal directions,
and will be normally distributed. However the configuration of
fluctuations in the field will vary from sample to sample. This
approach has been used in models of groundwater flow with
varying hydraulic conductivity (Meerschaert et al., 2013), and the
heterogenous spread of disease (Baptista et al., 2016).

The aim of the present study was to use a GRF to generate
samples of 2D atrial tissue with fibrosis represented as smoothly
varying diffusion, and to investigate the effect of heterogeneous
diffusion at different length scales on electrical activation,
recovery, action potential duration (APD), vulnerability to re-
entry, and dynamics of re-entry.

2. METHODS

2.1. Overall Approach
Electrical activation and recovery were simulated in a 2D
sheet of atrial tissue, to enable the effect of cell and tissue
electrophysiology to be examined without the additional
complexity of anatomical structure. To represent the effect
of fibrosis, the diffusion coefficient was set to vary smoothly
from a low value representing regions of fibrosis, up to higher
levels representing normal excitable tissue. The length scale
of fluctuations in diffusion coefficient was varied by taking
samples from GRFs with different correlation lengths. The
effects of heterogeneities in diffusion at different length scales
were examined by simulating normal beats during pacing at a
steady cycle length, a single premature stimulus, vulnerability
to re-entry during rapid decremental pacing, and behavior of
an imposed spiral wave. These simulations were run using
model parameters set to represent normal human atrial cells,
and cells that have undergone remodeling as a consequence of
persistent AF.

2.2. Cellular Electrophysiology Model and
Implementation
Cardiac cellular electrophysiology was modeled using the
Courtemanche-Ramirez-Nattel (CRN) model of human atrial
cells (Courtemanche et al., 1998). To avoid instability resulting
from drift in intracellular ion concentrations (Cherry and Evans,
2008; Wilhelms et al., 2012), [Na+]i and [K+]i were fixed at their
default initial values of 11.17 and 139.00 mM, respectively. The
CRN model was implemented in C, based on code automatically
generated from the CellML repository (www.cellml.org).

Two variants of the cell model were used in this study. The
first variant, denoted CRNnormal, used model parameters as
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specified in the original paper (Courtemanche et al., 1998) and
curated in CellML. This variant produces an action potential
with a pronounced spike and dome, and an APD of around
300 ms. The second variant, denoted CRNremodelled, simulated
the effects of cellular remodeling due to persistent AF. In
CRNremodelled, the maximum conductance of Ito and ICa,L were
decreased by 65% (i.e., multiplied by 0.35), IK,ur was decreased
by 49%, and the maximum conductance of IK1 was increased
by 110%. These changes are based on those described in a
previous study (Wilhelms et al., 2012), and produced a shortened
action potential with a less prominent spine and dome that
was consistent with experimental observations in cells from
remodeled hearts (Workman et al., 2001). Initial conditions for
gating and other variables in each simulation were set by pacing
each variant at a cycle length of 1,000ms for 40 beats.

2.3. Tissue Model and Gaussian Random
Field
Cardiac tissue was simulated using the monodomain model
(Clayton et al., 2011), where tissue conductivity can be
represented as a diffusion coefficient. Electrical activation and
recovery were studied in a 2D sheet of tissue, with 400 × 400
grid points representing dimensions of 10 × 10 cm, isotropic
diffusion, and no-flux boundary conditions at each edge. The
monodomain model was solved using a finite difference method,
with a space step of 0.25 mm, and an adaptive time step that
ranged between 0.1 and 0.01 ms (Rush and Larsen, 1978; Qu,
1999). With a uniform diffusion coefficient of 0.2 mm2ms−1,
this configuration yielded a plane wave conduction velocity of
0.695 mmms−1 for the CRNnormal variant, which is at the lower
end of the range of conduction velocity observed in human atria
(Weber et al., 2011).

Gaussian random fields (GRFs) can represent a smoothly
varying field in space, and are composed of a mean and
a covariance. The covariance function describes correlations
between the value of the field at a single point and within
its neighborhood. A squared exponential covariance function
includes a correlation length δ, which can be used to vary the
length scale of fluctuations in the field.

Cov(x, y) = exp

{

(|x− y|)2

δ2

}

(1)

Stationary GRFs with mean of 0, variance of 1.0, and an
exponential covariance function were generated with length
scales of 1.25, 2.50, 5.0, and 10.0 mm using the method of
circulant embedding, which is detailed in Kroese and Botev
(2015). Samples of these GRFs with a length scale of 1.25 and
10 mm are illustrated in Figures 1A,B. To translate these fields
into a diffusion field, the raw GRF was offset by 2, and multiplied
by 0.05. GRF raw values of −1, 0, and +1 therefore translated
to diffusion coefficients of 0.05, 0.1, and 0.15 mm2ms−1,
respectively. The value of the diffusion coefficient was capped at
0.2 mm2ms−1.

Regions with a diffusion coefficient less than 0.05 mm2ms−1

were designated areas of fibrosis, and were set to be coupled
but inexcitable, with a diffusion coefficient of 0.05 mm2ms−1.

Inexcitability was imposed by setting the membrane current term
in the monodomain equation to zero, while retaining the term
describing voltage diffusion.

Figures 1C, D show the diffusion fields corresponding to
Figures 1A,B, and the profile of the raw GRF as well as the
diffusion coefficient for the central row of each sample are
plotted in Figures 1E,F. The lower panel of Figures 1 shows the
distribution of diffusion coefficient in the samples of the GRF at
each length scale. In these distributions the median is close to
0.1 mm2ms−1 as expected, and the effect of truncation at 0.05
and 0.2 mm2ms−1 can be seen.

Since the configuration of fibrotic regions would be expected
to affect simulated tissue behavior, 20 samples of the GRF
were obtained at each of the four length scales. The procedure
described above was used to generate a set of 20 diffusion fields,
and these were then used for simulations with the different
pacing protocols described in the next section. Multiple samples
enabled the effect of length scale to be assessed independent of
the specific configuration of a single sample relative to pacing
sites. Each sample was then used to simulate the different
pacing protocols specified below, with both CRNnormal and
CRNremodelled variants.

To compare the effect of the smooth variations in diffusion
coefficient provided by the GRF with abrupt changes, a further
set of diffusion fields were generated. For each length scale, a copy
was made of each of the 20 diffusion fields obtained by sampling
the GRF. These copies were then further processed so that they
contained only two values of diffusion coefficient, with an abrupt
change between the two. In the fibrotic regions, the diffusion
coefficient of 0.05 mm2ms−1 was retained, but elsewhere it was
set to 0.2 mm2ms−1.

Within the 20 diffusion fields generated at each length scale,
the average proportion of simulated fibrotic tissue (i.e., locations
where the diffusion coefficient was 0.05 mm2ms−1, and the cell
model was set to be ineexcitable) was 18.7, 18.0, 19.1, and 17.0%
at length scales of 1.25, 2.50, 5.0, and 10.0 mm, respectively. The
size and configuration of these regions was different in each of
the 20 samples. At a length scale of 10 mm, the proportion of
simulated fibrotic tissue ranged between 4.9 and 25.1% across the
20 samples. With a length scale of 1.25 mm, which was a smaller
length scale relative to the size of the simulated tissue, the range
was 17.9–19.6%.

2.4. Pacing Protocols
2.4.1. S1S2 Pacing
Activation and recovery of normal and remodeled tissue were
studied with regular pacing for three beats at a cycle length
of 1,000 ms followed by a premature stimulus with a coupling
interval of 400ms. Stimuli were delivered with a current injection
of−2000 pA for 1 ms in a 2.5×2.5 mm square region in the lower
left hand corner.

2.4.2. Decremental Pacing
The response of the each sample of the heterogenous tissue to
rapid decremental pacing was examined by pacing from a circular
region in the centre of the tissue with a with radius of 6.25 mm.
Ten pacing stimuli with a current of −2,000 pA and duration of
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FIGURE 1 | Use of a Gaussian random field (GRF) to generate heterogenous and smoothly varying diffusion. Panels (A,B) show samples of GRF with mean of 0 and

variance of 1, with spatial length scales of 1.25 and 10 mm, respectively. Panels (C,D) corresponding diffusion fields, calculated as described in the main text, with a

cut-off of 0.05 and 0.2 mm2ms−1. Panels (E,F) show the profile of GRF (red, dotted) and diffusion coefficient (blue) across the middle row of each sample indicated

by the horizontal gray line in (C,D). Lower panels (G,H) show the distribution of the diffusion fields shown in (C,D).
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1 ms were delivered with an initial coupling interval of 450 ms
for the CRNnormal variant and 300 ms for the CRNremodelled
variant, decreasing by 25 ms with each successive stimulus to a
final coupling interval of 250 ms for normal tissue and 150 ms for
remodeled tissue (Zahid et al., 2016).

2.4.3. Dynamics of Re-entry
The dynamic behavior of re-entry in each sample of
heterogeneous tissue was studied by imposing an Archimedean
spiral on the model as an initial condition using the phase
distribution method (Biktashev and Holden, 1998).

3. RESULTS

Examples of the effect of heterogenous diffusion with a length
scale of 1.25 mm and 10.0 mm on activation, repolarization,
and APD are shown in Figures 2B,C, compared to results
for simulated tissue with a uniform diffusion coefficient of
0.2 mm2ms−1 shown in Figure 2A. In each of these simulations,
activation and recovery times were determined from excursions
of the local action potential above a threshold of−73.0mV, which
corresponds approximately to the voltage at which repolarization
is 90% complete in the CRN model. APD was the difference
between repolarization time and activation time. Activation time,
repolarization time, and APD were not calculated for regions of
fibrotic tissue with diffusion set to 0.05 mm2ms−1, and these are
indicated as white regions in Figures 2B,C.

With uniform diffusion, the activation isochrones were
smooth, and recovery isochrones were modified by the boundary
resulting in a slightly prolonged APD close to the stimulus
site, and a slightly shortened APD on the top and right hand
boundary (Cherry and Fenton, 2011). In this configuration, the
conduction velocity was 0.507 mmms−1 for the CRNnormal and
0.489 mmms−1 CRNremodelled variants.

Heterogeneous diffusion with a length scale of 1.25 mm
delayed activation by up to 120 ms, and recovery by up to
250 ms. As a result, conduction velocity was lower and APD
was prolonged in regions of delayed recovery (Figure 2B).
Heterogeneous diffusion with a length scale of 10 mm resulted
in a similar delay of activation, but with smoother activation
isochrones and a more tortuous activation sequence. Recovery
was not prolonged to the same extent, and APD was only
prolonged slightly compared to simulations with uniform
diffusion (Figure 2C).

The overall effects on activation, recovery, and APD for all
of the simulations are shown in Figure 3. In 14/160 simulations
with smoothly varying diffusion, either S1 and S2 stimuli (9) or
S2 stimuli only (5) were blocked by a region of simulated fibrosis
close to the stimulus site at the lower left hand corner. Data
from these simulations are not plotted. Activation delays relative
to simulations with uniform diffusion were broadly similar for
S1 and S2 stimuli, and for CRNnormal and CRNremodelled cell
model variants. This finding reflects the reduced conduction
velocity relative to uniform diffusion, resulting from the lower
average diffusion in the heterogeneous simulations. The spread
of both median and interquartile range activation delay increased
somewhat with increasing length scale. This was attributed to

different configurations of low diffusion regions having a greater
effect on activation pattern at larger length scales. Figure 2C, for
example, shows activation that proceeds upwards along one edge
before propagating from left to right.

A further set of simulations was conducted using diffusion
fields where the smoothly varying diffusion obtained from the
GRF was replaced by an abrupt transition from a diffusion
coefficient of 0.05 mm2ms−1 in fibrotic regions to a diffusion
coefficient of 0.2mm2ms−1 elsewhere. A modified version
of Figure 3 with these results superimposed is included as
Supplementary Figure A. The delay in activation time compared
to uniform diffusion was much smaller, but otherwise these
simulations showed a broadly similar pattern of behavior.

Delay in recovery was greatest for S1 beats in simulations
with the CRNnormal variant and a length scale between 1.25
and 5.0 mm. The interquartile range of recovery delay was also
greatest for simulations with the CRNnormal variant and length
scales of 2.5 and 5.0 mm. These delays produced the longest
median APD for S1 beats in simulations with the CRNnormal
variant and a length scale between 1.25 and 5.0 mm, and the
greatest APD dispersion for length scales of 2.5 and 5.0 mm.

A more detailed view of the findings is given in Figure 4,
where distributions of APD across all 20 simulations in each
category are shown. For simulations with the CRNnormal
variant, the distribution of APD becamemuch narrower as length
scale increased. The median and symmetry of APD distribution
for the S2 beat was similar at all length scales, whereas the
distribution for the S1 beat was positively skewed toward longer
APD, especially with a length scale of 2.5 and 5.0 mm. In contrast,
with theCRNremodelled variant, the distributions for both S1 and
S2 beats became negatively skewed toward shorter APD at long
length scales.

A possible explanation for these observations is explored in
Figure 5, which shows examples of heterogeneous diffusion at
length scale of 1.25 mm (Figure 5A) and 10 mm (Figure 5B),
together with voltage time series recorded from locations with
diffusion coefficients of 0.2, 0.1, and 0.05 mm2ms−1. In the
model of fibrosis chosen for the present study, regions with a
diffusion coefficient of 0.05 mm2ms−1 were deemed diffusively
coupled but inexcitable. These regions could act as a current
sink during activation, and as either a current source or a
current sink during recovery. The magnitude of this effect was
modulated by the length scale of heterogeneity. In Figure 5A,
the voltage time series obtained from the inexcitable region
with diffusion coefficient of 0.05 mm2ms−1 (shown in yellow)
had a sharp upstroke, and an amplitude and recovery that
were comparable in slope to the other time series shown. In
contrast, the corresponding voltage time series shown for a length
scale of 10 mm in Figure 5B had a much slower upstroke and
downstroke, as well as a lower amplitude. For both length scales
the shorter APD associated with the CRNremodelled variant
produced a lower amplitude deflection in the inexcitable regions.

The interaction of local APD, heterogenous diffusion, and
the length scale of heterogeneities therefore appears to be
complex, and this is emphasized by the range of action potential
shapes seen in Figure 5. Heterogenous diffusion acted to delay
activation because inexcitable regions act as a current sink,
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FIGURE 2 | Activation, recovery and action potential duration (APD) in simulations with uniform diffusion (A), heterogeneous diffusion on a length scale of 1.25 mm

(B), and a length scale of 10.0 mm (C). The delayed activation and repolarization shown in (B,C) are relative to the activation and repolarization in uniform tissue

shown in (A). All isochrone contours are at 25 ms intervals except for APD with uniform diffusion, where the contours are at 5 ms intervals.

slowing the action potential upstroke, and the delay appeared
to be broadly independent of length scale. However, during
the action potential, the voltage of inexitable regions increased
from a resting value, by an amount that depended on both the
length scale of heterogeneity and APD. A greater length scale
combined with the shorter APD of the CRNremodelled variant
resulted in a lower amplitude excursion. The lower amplitude
excursion in the CRNremodelled variant in turn shortened the

recovery of neighboring excitable regions by acting as a current
sink. At longer length scales, these neighboring regions were
smaller in extent, which could explain in the skewed distribution
toward shorter APD seen in the right hand panels of Figure 4,
which became more marked at longer length scales. In contrast,
the larger amplitude voltage excursion in inexcitable regions
produced by the longer APD of the CRNnormal variant could act
as a current source during recovery, acting to prolong APD, an
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FIGURE 3 | (A) Median delay in activation time for each simulation with heterogeneous diffusion compared to uniform diffusion. Red symbols indicate activation

following the third S1 stimulus, and blue symbols the S2 stimulus. Circles denote CRNnormal, and squares CRNremodelled. (B) Corresponding interquartile range of

activation time delay. (C,D) Median and interquartile range of recovery time delay. (E,F) median and interquartile range of APD.
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FIGURE 4 | Distribution of APD in simulations with CRNnormal (left) and CRNremodelled variants, at length scales of 1.25 mm through to 10.0 mm (A–D). Red bars

denote APD following third S1 stimulus, and blue bars APD following S2 stimulus.
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FIGURE 5 | Example action potential shapes from different regions. (A) Left panel shows sample of heterogenous diffusion coefficient with length scale of 1.25 mm,

inset shows an enlargement of square region outlined in blue. Circles denote three points at which action potential time series were recorded as shown in the right

hand panels. Upper panel shows action potential time series with CRNnormal variant and lower panel shows CRNremodelled. Line colors correspond to point 1 (red),

point 2 (blue), and point 3 (yellow). Panel (B) shows corresponding plots for sample of heterogenous diffusion with length scale of 10 mm.

effect that would have had more impact on neighboring regions.
This could explain the skew toward longer APD values seen in
the left hand panels of Figure 4.

The response of this complex tissue model to decremental
pacing with 9 stimuli is illustrated in Figure 6, which shows
results from each group of 20 simulations. Additional action
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FIGURE 6 | Number of action potentials elicited during decremental pacing at the centre of simulated tissue with heterogeneous diffusion at length scales of (A) 1.25,

(B) 2.5, (C) 5.0, and (D) 10.0 mm (see text for details). Blue bars denote simulations with the CRNnormal variant, and red bars simulations with the CRNremodelled

variant.

potentials after the end of the pacing sequence, or sustained
re-entry (deemed to be more than 15 beats), were observed
in only a minority of the simulations. For simulations with
the CRNnormal variant, some configurations of heterogeneity
resulted in one or more of the pacing stimuli being blocked,
and so the number of beats recorded was less than 9. However,
this effect was not observed with the CRNremodelled variant,
which could be attributed to the greater prolongation of APD
in heterogenous tissue with the CRNnormal variant described
above. Overall, the prevalence of additional beats and re-entry
was greater with the CRNremodelled variant, and with shorter
length scales. Additional simulations were run using diffusion

fields where the smoothly varying diffusion obtained from the
GRF was replaced by an abrupt transition, and the maximum
number of beats elicited was 10. These data are included as
Supplementary Figure B.

The precise configuration of regions with lower diffusion
was important for eliciting re-entry, and this is illustrated in
Figure 7. The first activation sequence in Figure 7A shows a
lobe of delayed activation running down from the centre, and
one side of this lobe provided the activation pathway for re-
entry seen in Figure 7B. The narrow activation pathway running
toward the bottom right from the centre in Figure 7C became
blocked during decremental pacing, and provided a pathway for
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FIGURE 7 | Activation isochrones at 10 ms intervals during decremental pacing in simulations with the CRNnormal variant and heterogenous diffusion at a length scale

of 2.5 mm with the CRNnormal variant (A,B) and 5.0 mm with the CRNremodelled variant (C,D). Left hand panels show activation following the first stimulus, and

right hand panels activation following the ninth stimulus. Blue arrows indicate the subsequent activation pathway for spiral re-entry (B), and figure of eight re-entry (D).

re-entry following the final stimulus in Figure 7D. Movies of
these simulations are available as Videos 1, 2, and an additional
example of sustained re-entry in a simulation with a length scale
of 2.5 mm and the CRNremodelled model variant is illustrated in
Video 3.

When a spiral wave was imposed as an initial condition, the
configuration of heterogeneities again played a similar role. The
number of beats resulting from spiral wave initiation are shown
for each length scale in Figure 8. The majority of simulations
with the CRNremodelled variant resulted in sustained re-entry
of more than 2 beats, whereas simulations with the CRNnormal
variant tended to result in non-sustained re-entry (see Video 4).
The length scale of heterogeneity did not play a major role,
although there was a slight tendency for less sustained re-entry
at larger length scales.

The wavelength (minimum APD × conduction velocity) is
an important tissue property, and excitable tissue must be large
enough to accommodate the wavelength in order to sustain
re-entry. Heterogeneous diffusion modulates wavelength by
slowing conduction velocity (delaying activation) and modifying
APD, and so the behavior of re-entry was found to depend
on the configuration of heterogeneities. Figure 9 illustrates
different wavelengths by showing activation isochrones during
one cycle of re-entry in a simulation with the CRNnormal
variant (Figure 9A), and one cycle in a simulation with the
CRNremodelled variant. Both simulations had a length scale of
10.0 mm, and the heterogeneity in diffusion was identical. In
both cases, re-entry propagates clockwise around an inexcitable
region in the top left quadrant of the simulated tissue, and this is
an example of re-entry “pinned” to a heterogeneity (Zahid et al.,
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FIGURE 8 | Number of re-entry cycles following initiation with spiral wave with heterogeneous diffusion at length scales of (A) 1.25, (B) 2.5, (C) 5.0, and (D) 10.0 mm

(see text for details). Blue bars denote simulations with the CRNnormal variant, and red bars simulations with the CRNremodelled variant.

2016; Deng et al., 2017). The activation pathway is illustrated
by a blue arrow, and the wavelength is the distance between
the wavefront (white regions), and the wave back (dark red).
The short wavelength associated with the shorter APD in the
CRNremodelled variant results in a compact re-entrant pathway
(Figure 9), whereas the longer wavelength associated with the
CRNnormal variant results in an extended re-entrant pathway
(Figure 9A), and a much longer period of re-entry. Movies of
these simulations are available as Videos 5, 6.

4. DISCUSSION AND CONCLUSIONS

It is well-known that electrical heterogeneity is an important
factor for determining vulnerability to arrhythmias in cardiac
tissue, and this has been investigated in experimental
preparations (Allessie et al., 1976; Gokhale et al., 2017), in

intact atria (Haissaguerre et al., 2016), and in computer models
(Xie et al., 2001; Vigmond et al., 2004; Clayton and Holden,
2005; McDowell et al., 2015; Kazbanov et al., 2016; Morgan et al.,
2016). Fibrosis is believed to associated with atrial fibrillation
in the human heart, and regions of fibrosis can be focal or
diffuse (McDowell et al., 2015). The present study investigated
how heterogenous diffusion varying on different length scales
influenced electrical activation, electrical recovery, APD,
vulnerability to re-entry, and dynamical behavior of re-entry in
a model of human atrial tissue. Regions of concentrated fibrosis
were represented by coupled but inexcitable tissue. The main
findings of the study are as follows:

• It is possible to represent heterogeneity in cardiac tissue
conductivity at different length scales using samples of a GRF.

• The length scale of heterogeneity did not markedly affect the
median delay in activation time relative to simulations with
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FIGURE 9 | Examples of sustained re-entry elicited by spiral wave initiation with the same pattern of heterogenous diffusion at a length scale of 10 mm. (A) re-entry

pathway with period of around 310 ms in simulated tissue with CRNnormal variant. (B) more compact re-entry pathway with much shorter period of around 130 ms in

simulated tissue with CRNremodelled variant. Activation isochrones spaced at 10 ms intervals.

a uniform diffusion coefficient of 0.2 mm2ms−1, but larger
length scales of 5.0 and 10.0 mm tended to produce a wider
spread of activation delays.

• A delay in recovery relative to simulations with a uniform
diffusion coefficient was found. This tended to be greater
in simulations with heterogeneity on a smaller length
scale, and greater with the CRNnormal variant rather than
CRNremodelled.

• Distributions of APD tended to be positively skewed
toward higher APD with the CRNnormal variant and
negatively skewed toward lower APD with the CRNremodelled
variant. This difference was attributed to inexcitable regions
of simulated fibrosis acting as a current source during
repolarization in simulations with the CRNnormal variant,
and as a current sink in simulations with the CRNremodelled
variant.

• With decremental pacing, simulations with smaller length
scale heterogeneity and the CRNremodelled variant were
most likely to result in sustained re-entry. However, the
configuration of regions of simulated fibrosis also played an
important role.

• With a spiral wave as an initial condition, simulations with
smaller length scale heterogeneity and the CRNremodelled
variant were also most likely to result in sustained re-entry

The interaction of heterogenous diffusion, length scale, simulated
fibrosis, and APD is complex and merits further investigation.
The relationship of this study to previous work is discussed
below.

4.1. Model of Fibrosis
The findings of the present study depend on the way that cellular
electrophysiology and regions of fibrosis have been represented.
In previous studies, regions of fibrosis have been represented
in many different ways including inexcitable obstacles (Ten

Tusscher and Panfilov, 2007), coupled elements with a fixed
resting potential (Majumder et al., 2012), and with detailed
fibroblast models (Sachse et al., 2009; Ashihara et al., 2012;
Morgan et al., 2016; Zahid et al., 2016). The extent of
coupling between fibroblasts and myocytes in the heart remains
controversial because detailed experimental study of fibroblasts
embedded in native cardiac tissue is difficult (Kohl and Gourdie,
2014), but novel experimental techniques have shown that non-
myocytes undergo voltage excursions close to the border of scar
tissue (Quinn et al., 2016). Regions of fibrosis have often been
represented as areas of reduced tissue conductivity or a lower
diffusion coefficient in computational studies (Gonzales et al.,
2014; McDowell et al., 2015; Zahid et al., 2016).

In the present study regions of diffuse fibrosis were
represented by smoothly varying but reduced diffusion, and
focal fibrosis was represented as inexcitable tissue with a fixed
diffusion coefficient of 0.05 mm2ms−1. The slowed upstroke
and lower amplitude of voltage excursion observed in simulated
fibrosed regions compared to normal tissue was comparable to
other studies that have used more detailed models of fibroblast
electrophysiology (Ashihara et al., 2012; Zahid et al., 2016) as
well as experimental observations (Kohl and Gourdie, 2014).
Nevertheless, further work with more detailed fibroblast models
would be a valuable extension to the present study.

An additional set of simulations was done to compare the
effect of simulations that used smoothly varying diffusion fields
with simulations where the diffusion coefficient was set to
0.05 mm2ms−1 in fibrosed regions and 0.2 mm2ms−1 elsewhere
(see Supplementary Figure A). With the CRNnormal variant,
simulations with abrupt changes in diffusion had a longer APD
and greater APD dispersion, especially at shorter length scales,
compared to simulations with smoothly varying diffusion. With
both variants, the delay in activation time was much shorter
compared to simulations with smoothly varying diffusion. The
overall response to decremental pacing was also similar for
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the CRNnormal variant, but it was not possible to elicit more
than one additional beat with the CRNremodelled variant (see
Supplementary Figure B). These findings indicate that there are
important differences in the behavior of simulated tissue with
abrupt and smooth changes in diffusion coefficient.

4.2. Effect of Length Scale
The length scale of heterogeneity was found to play a role in the
prolongation and dispersion of APD, as well as in determining
vulnerability to re-entry and rotor stability. A shorter length scale
favored a longer APD, greater APD dispersion, and sustained re-
entry. The configuration of simulated fibrotic regions was also
important because a small isthmus of tissue often formed part of
the activation pathway during re-entry as illustrated in Figure 7.
Images of human left atria show fibrosis on a range of different
length scales (McDowell et al., 2015), and the observations in
the present study are consistent with result from patient specific
models, where configuration of fibrotic regions was found to
determine rotor location and stability (Zahid et al., 2016; Deng
et al., 2017).

One of the aims of the present study was to investigate the
effect of smooth changes in diffusion. Since diffusion was capped
at 0.2 and 0.05 mm2ms−1, there were discontinuities at the
boundary of these regions as illustrated in Figures 1E,F. While
no obvious numerical problems were identified, a recent study
indicates that numerical approximation of a continuum model
may not capture the biophysics of heterogenous tissue fully
(Gokhale et al., 2017). The conduction velocity observed with a
uniform diffusion coefficient (Figure 2A) in the present study
was lower than those observed clinically (Weber et al., 2011),
with an expected decrease in conduction velocity associated with
fibrosis manifest as an activation delay (Figure 3A). For future
work capping at a higher diffusion coefficient may be needed
to better match conduction velocity, and this could potentially
introduce numerical problems.

4.3. Effect of AF-Induced Remodeling
Persistent or permanent AF leads to changes in the
electrophysiology of atrial myocytes, which act to shorten
APD and hence wavelength, and these changes are consistent
with the observed progression of AF from a short-lived
paroxysmal arrhythmia to a permanent state (Nattel, 2002;
Colman et al., 2013). In the present study, two variants of
the CRN model were used, CRNnormal representing normal
atrial myocytes, and CRNremodelled representing remodeled
atrial myocytes (Wilhelms et al., 2012). The shorter APD of
the CRNremodelled variant tended to modulate the effects
of inexcitable fibrotic regions, and to increase vulnerability
to re-entry. A further consequence of the shorter APD was
the shorter wavelength of the CRNremodelled variant, which
favored sustained re-entry in almost all simulations with the
CRNremodelled variant and a spiral wave as an initial condition
(Figure 8).

It is possible that more complex effects come into play
in real cardiac tissue. Isolated atrial myocytes from canine
right atrium show a wide range of action potential shapes
(Feng et al., 1998), and the variability of APD measured in

human atrial cells indicate that a similar range of shape is
likely in the human heart (Sánchez et al., 2014). A further
consideration is changes in the Ca2+ handling mechanisms,
which are affected by remodeling and also feed back into
action potential shape (Grandi et al., 2011). These effects
are likely to be important because in the present study,
local source and sink effects acted to modify action potential
shape in the absence of underlying cellular heterogeneity
(Figure 5A).

4.4. Insights Into AF Mechanisms
The anatomy and configuration of fibrosis has recently been
shown to be more important in determining rotor location than
cellular electrophysiology (Deng et al., 2017). In the present
study there were strong indications that the configuration of
fibrosed regions, combined with length scale and electrical
remodeling, acted together to determine APD dispersion and
arrhythmogenic potential. Since configuration was found to be
important, there was not a simple association between APD
dispersion and vulnerability to re-entry. Extending this study to
detailed anatomical representations of the human atria (Morgan
et al., 2016; Varela et al., 2016) would begin to shed light on the
underlying principles. While there is progress toward building
patient specific models of human atria based on imaging of
fibrosis as tools to guide therapy (Trayanova et al., 2014; Morgan
et al., 2016), the present study indicates that there is more to
learn about the way that electrical activation and recovery are
modulated by heterogeneous diffusion. A better understanding
of this complexity may in the future lead to improvements in our
understanding of the factors that favor and sustain AF in some
individuals and not others.

4.5. Study Limitations
This study used a very simple representation of fibrosis, as
discussed above. There was no attempt to represent the detailed
anatomy of the human atria, which would add a further
layer of complexity to the findings. In particular, diffusion
was assumed to be isotropic, although fibrosis is known to
have a stronger effect on lateral connections between myocytes,
acting to increase anisotropy (Kohl and Gourdie, 2014). In the
human atria, the action potential acts to initiate and synchronize
mechanical contraction, and fibrosis would be expected to
alter the mechanical properties of atrial tissue. There was no
attempt to include atrial mechanics in the present study, and
heterogeneous contraction may add a further layer of complexity
to the understanding of fibrosis and atrial arrhythmogenesis.
Despite these limitations, this investigation has demonstrated a
novel application of GRFs to represent heterogeneous diffusion
at different length scales in cardiac tissue.
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Supplementary Figure A | Image modified version of Figure 3, which includes

results from simulations with abrupt transitions between normal and fibrotic

regions.

Supplementary Figure B | Image modified version of Figure 6, which includes

results from simulations with abrupt transitions between normal and fibrotic

regions.

Video 1 | Video shows a movie of rapid pacing resulting in sustained re-entry in a

simulation with a length scale of 2.5 mm and the CRNnormal model variant,

corresponding to Figures 7A,B.

Video 2 | Video shows a simulation with a length scale of 5 mm and the

CRNremodelled model variant, corresponding to Figures 7C,D.

Video 3 | Video shows a further example where rapid pacing results in sustained

re-entry in a simulation with a length scale of 2.5 mm and the CRNremodelled

model variant.

Video 4 | Video shows non-sustained re-entry following initiation with a spiral wave

in a simulation with a length scale of 1.25 mm and the CRNnormal model variant.

Video 5 | Video shows sustained re-entry following initiation with a spiral wave in a

simulation with a length scale of 10 mm and the CRNnormal model variant,

corresponding to Figure 9A.

Video 6 | Video shows sustained re-entry following initiation with a spiral wave in a

simulation with a length scale of 10 mm and the CRNremodelled model variant,

corresponding to Figure 9B.
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Spontaneous Ca2+-release events (SCaEs) from the sarcoplasmic reticulum play crucial

roles in the initiation of cardiac arrhythmias by promoting triggered activity. However,

the subcellular determinants of these SCaEs remain incompletely understood. Structural

differences between atrial and ventricular cardiomyocytes, e.g., regarding the density of

T-tubular membrane invaginations, may influence cardiomyocyte Ca2+-handling and the

distribution of cardiac ryanodine receptors (RyR2) has recently been shown to undergo

remodeling in atrial fibrillation. These data suggest that the subcellular distribution of

Ca2+-handling proteins influences proarrhythmic Ca2+-handling abnormalities. Here,

we employ computational modeling to provide an in-depth analysis of the impact of

variations in subcellular RyR2 and L-type Ca2+-channel distributions on Ca2+-transient

properties and SCaEs in a human atrial cardiomyocyte model. We incorporate

experimentally observed RyR2 expression patterns and various configurations of axial

tubules in a previously published model of the human atrial cardiomyocyte. We identify

an increased SCaE incidence for larger heterogeneity in RyR2 expression, in which

SCaEs preferentially arise from regions of high local RyR2 expression. Furthermore,

we show that the propagation of Ca2+ waves is modulated by the distance between

RyR2 bands, as well as the presence of experimentally observed RyR2 clusters

between bands near the lateral membranes. We also show that incorporation of

axial tubules in various amounts and locations reduces Ca2+-transient time to peak.

Furthermore, selective hyperphosphorylation of RyR2 around axial tubules increases

the number of spontaneous waves. Finally, we present a novel model of the human

atrial cardiomyocyte with physiological RyR2 and L-type Ca2+-channel distributions that

reproduces experimentally observed Ca2+-handling properties. Taken together, these

results significantly enhance our understanding of the structure-function relationship in

cardiomyocytes, identifying that RyR2 and L-type Ca2+-channel distributions have a

major impact on systolic Ca2+ transients and SCaEs.

Keywords: calcium, sarcoplasmic reticulum, ryanodine receptor, spontaneous calcium releases, atrial fibrillation,

subcellular distribution, computational modeling
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INTRODUCTION

Despite the significant advances in the treatment of
cardiovascular diseases during the past 50 years, the frequency
of cardiac arrhythmias, particularly atrial fibrillation (AF),
is projected to increase, placing a significant burden on
modern healthcare systems (Chugh et al., 2014; Roth et al.,
2015; Morillo et al., 2017). Ca2+-handling abnormalities play
a key role in ectopic activity and reentry, the two major
arrhythmogenic mechanisms underlying AF (Heijman et al.,
2014, 2016a; Landstrom et al., 2017). Dysfunctional ryanodine
receptor type-2 (RyR2) channels, and/or SR Ca2+ overload can
promote the occurrence of spontaneous sarcoplasmic reticulum
(SR) Ca2+-release events (SCaEs) (Heijman et al., 2016a),
which transiently increase the cytosolic Ca2+ concentration,
activating the Na+/Ca2+-exchanger type-1 (NCX1), resulting
in a depolarizing transient-inward current and promoting
delayed after depolarizations (DADs) and triggered activity.
Although potential proarrhythmic effects of changes in RyR2
expression and phosphorylation have been extensively discussed
(Dobrev and Wehrens, 2014; Houser, 2014), these studies
have generally employed tissue homogenates, ignoring the
subcellular structure of Ca2+-handling proteins. However,
there is increasing evidence that differences in subcellular
structure critically influence cardiomyocyte Ca2+-handling. For
example, there are important structural differences between
atrial and ventricular cardiomyocytes that affect Ca2+-handling,
including a relative paucity of transverse T-tubular structures
in atrial cardiomyocytes, resulting in a centripetal Ca2+ wave
propagating from RyR2 opposing L-type Ca2+ channels (LTCC)
at the sarcolemma to RyR2 in the cell center (Arora et al., 2017).
On the other hand, there is increasing evidence for a role of
axial tubules in atrial cardiomyocyte Ca2+-handling (McNutt
and Fawcett, 1969; Kirk et al., 2003; Dibb et al., 2013; Yue et al.,
2017). Axial tubules promote a faster Ca2+ release from the SR
in the center of the cell, which is partly mediated by coupling
of LTCC to hyperphosphorylated RyR2 surrounding axial
tubules (Brandenburg et al., 2016). Moreover, this axial tubular
system undergoes extensive remodeling during cardiovascular
disease, e.g., proliferating in the presence of atrial hypertrophy
(Brandenburg et al., 2016) or disappearing in mice with atrial-
specific knock-out of NCX1 (Yue et al., 2017). AF-related
remodeling of the RyR2 distribution has also been reported, with
RyR2 cluster fragmentation and redistribution in sheep with
AF, which was associated with increased Ca2+-spark frequency
(Macquaide et al., 2015). However, the exact impact of the
subcellular distribution of RyR2 and LTCC on cardiomyocyte
Ca2+-handling remains largely unknown. It is currently
experimentally challenging to study both (sub)cellular structure
and functional Ca2+-handling in human atrial cardiomyocytes,
as the former usually requires fixation of the cardiomyocyte

Abbreviations: AF, atrial fibrillation; Ca2+, calcium; CICR, Ca2+-induced Ca2+-

release; CRU, Ca2+ Release Unit; DAD, delayed after depolarization; IgG1,

Immunoglobulin-G1; K+, potassium; LTCC, L-type Ca2+ channel; NA, Numerical

Aperture; Na+, sodium; NCX1, Na+/Ca2+ exchanger type-1; RyR2, ryanodine

receptor type-2; SCaE(s), spontaneous Ca2+-release event(s); SR, sarcoplasmic

reticulum; SERCA2a, SR Ca2+-ATPase type-2a.

for antibody staining. The perfect control and observability
provided by computational modeling may help to overcome this
challenge (Heijman et al., 2016b).

A number of ventricular cardiomyocyte models have been
developed that are able to simulate local Ca2+-handling and
SCaEs (Colman et al., 2017; Walker et al., 2017). Models
of atrial subcellular Ca2+-handling, on the other hand, are
relatively scarce (Heijman et al., 2016b). We recently developed
a human atrial cardiomyocyte model with stochastic gating
of RyR2 channels and both transverse and longitudinal
compartmentation of Ca2+-handling. Our model has a
simple cell-type specific subcellular structure with LTCC
only present on the lateral membranes, reflecting the relative
paucity of T-tubules in isolated atrial cardiomyocytes (Voigt
et al., 2014). However, all currently available atrial and
ventricular cardiomyocyte models assume a homogeneous
distribution of Ca2+-handling proteins. Here, we hypothesized
that changes in the subcellular distribution of RyR2 and
LTCC may promote proarrhythmic SCaEs. We employed
both confocal microscopy and computational modeling
to study for the first time the impact of the subcellular
distribution of RyR2 and LTCC on Ca2+-handling in atrial
cardiomyocytes.

MATERIALS AND METHODS

A detailed overview of the experimental and computational
methods can be found in the online Data Supplement. A brief
summary is given below.

Animal Model, Cardiomyocyte Isolation,

and Confocal Imaging
This investigation conformed with the Guide for the Care
and Use of Laboratory Animals Published by the US National
Institutes of Health (NIH Publications No. 85-23, revised 1996).
All animal handling conformed with directive 2010/63/EU
and experimental protocols were approved by the local ethical
committee (DEC2014-112). New Zealand white rabbits
(2.5–3.5 kg) were anesthetized and hearts were rapidly
removed, excised, washed, perfused and cut into smaller
pieces, as previously described (Greiser et al., 2014). Atrial
cardiomyocytes were seeded on laminin coated coverslips.
RyR2s were labeled with primary (mouse monoclonal (C3-33),
IgG1, Sigma-Aldrich R©, MO, 1:50) and secondary (Alexa R©

488, goat anti-mouse, Abcam, UK, 1:100) antibodies (Dyba
et al., 2003; Muller et al., 2012). The RyR2-stained atrial
cardiomyocytes were imaged with a Leica TCS SP8 confocal
microscope using a 63x objective (NA 1.40, oil immersion).
The RyR2-Alexa R© 488 antibody complex was detected at
420-520 nm under 488 nm laser illumination. Z-stacks were
taken with a step size of 0.26µm and an xy-resolution of
0.07µm.

Image Processing
Image processing was employed to enable simulation with
the experimental data (Supplemental Figure 1). The raw z-
stacks were deconvolved using Huygens Professional (SVI,
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Netherlands). A single slice from the z-stack was selected and
rotated to obtain a horizontal alignment of the RyR2. The
image was thresholded and overlaid with a grid of ∼1 µm2

units, in which the mean pixel intensity was calculated for
every square of the grid as an indirect readout of local RyR2
density. The edges of the RyR2 expression matrix were detected
and stretched to accommodate the rectangular dimensions of
the virtual cardiomyocyte (100 × 18µm). The resulting RyR2
distribution matrix was implemented in the computational
model and employed for simulation.

Computational Modeling
Simulations were based on a previously published model of
the human atrial cardiomyocyte in which local Ca2+-handling
was simulated by dividing the virtual cardiomyocyte into 50
segments, each containing 18 subcellular Ca2+ domains located
between two membrane domains (Voigt et al., 2014; Heijman
et al., 2016b). The RyR2 expression in the published model was
identical in every unit. We further optimized the 50-segment
model with uniform RyR2 distribution based on experimental
values (Tanaka et al., 2001; Woo et al., 2002; Kirk et al., 2003;
Loughrey et al., 2004; Voigt et al., 2012, 2014; Greiser et al.,
2014) of Ca2+-handling properties and SCaE properties reported
in previous publications (Supplemental Figures 2, 3). In the
present work, the model was extended to enable simulations
with heterogeneous RyR2 distributions. Heterogeneity in RyR2
distribution across all 50 × 18 units was incorporated by
drawing a random number from a Gaussian distribution
with mean 1.0 and standard deviation σ for each unit and
subsequently scaling these numbers to achieve the desired
total RyR2 density. We also developed a model with a higher
longitudinal resolution (100 segments), enabling simulation
of the experimentally observed banded expression of RyR2.
Axial tubules were simulated in the 100-segment model
by including LTCC in axial-tubule-associated Ca2+ domains.
Parameters of the 100-segment model with uniform RyR2
expression were adjusted to achieve similar Ca2+-handling
properties as the 50-segment model (Supplemental Figures 2, 3)
and heterogeneous RyR2 expression patterns were generated
analogous to the 50-segment model. The values of the
optimized parameters for both model versions are given in
Supplemental Table 1. All results in the 100-segment model are
provided following pacing for 250 beats at 0.5Hz to achieve
a quasi-steady state (Supplemental Figure 4). The source code
for the model can be downloaded from the authors’ website
(http://www.jordiheijman.net).

Data Analysis and Statistics
Due to the stochastic nature of the simulations, each condition
was simulated at least 6 times and data were expressed as mean
± standard deviation. Statistical differences between conditions
were evaluated using one- or two-way ANOVA with Tukey
post-hoc test for multiple comparisons, or independent t-test,
depending on the number of groups and the type of the data.
Statistical analyses were performed using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA).

RESULTS

Effects of Heterogeneity in RyR2

Distribution on SCaEs
The model with uniform RyR2 distribution (σ = 0.0) produced
a few large Ca2+ waves and corresponding DADs during
follow-up after pacing at 0.5Hz, in line with experimental data
(Supplemental Figure 2). Increasing the heterogeneity of RyR2
distribution from σ = 0.0 to σ = 0.4 while keeping the total
number of RyR2 constant substantially increased the incidence
of SCaEs, but decreased their size (Figures 1A–C). For example,
with σ = 0.4, the incidence of SCaEs was 14× larger (3.31± 0.51
s−1 vs. 0.23 ± 0.04 s−1, n = 6, p < 0.05) and the average size of
a Ca2+ wave as fraction of cardiomyocyte volume was 5x smaller
than with σ = 0.0 (0.18 ± 0.02 vs. 0.91 ± 0.11, n = 6, p < 0.05).
Increasing RyR2 heterogeneity also reduced the longitudinal
(100.94 ± 3.66 µm/s vs. 211.24 ± 7.24 µm/s, n = 6, p < 0.05)
and transversal (102.81 ± 3.94 µm/s vs. 210.79 ± 14 µm/s, n =

6, p< 0.05) velocity of Ca2+ waves. We compared the magnitude
of the effect of altered RyR2 distribution to a 25% change in
total RyR2 expression. In line with previous results (Voigt et al.,
2014), increasing Ca2+ flux led to an increased number of SCaEs
and smaller SCaE size (Figures 1B,C). Likewise, a 25% decrease
in total RyR2 led to lower SCaE incidence and bigger SCaE
size. Increasing RyR2 heterogeneity and total expression had
synergistic effects on SCaE incidence.

Next, we investigated the origins of SCaEs in simulations with
heterogeneous RyR2 distributions (crosses in Figure 2A). SCaEs
preferentially arose from units with high local RyR2 expression.
In agreement, comparison of the histograms of relative RyR2
expression of all 50x18 units with those of SCaE-inducing units
revealed that SCaE-inducing units had significantly higher local
RyR2 expression (Figure 2B). The difference in mean RyR2
expression between SCaE-inducing units and all units was most
pronounced in simulations with large heterogeneity in RyR2
distribution (Figure 2C), establishing units with high local RyR2
expression as foci for SCaEs.

Simulation of Experimentally

Characterized RyR2 Distributions
RyR2 distributions were studied in rabbit atrial cardiomyocytes.
In line with previous results, we observed a banded RyR2
pattern with ∼2µm inter-band distance (Figures 3A,B). We
analyzed the average RyR2 intensity after image-processing
of the confocal images based on a square grid with 1 µm2

units and identified a significant variation in RyR2 distribution
along the bands (Figure 3C). The histogram of relative RyR2
expression showed a large peak at near-zero levels, reflecting
the units between RyR2 bands and a normal distribution with
standard deviation σ = 0.253 for the RyR2 intensity within
the bands (Figure 3D). In order to simulate this physiological
RyR2 distribution, we increased the resolution of our model,
simulating 100 segments of 1µm with alternating pattern
of RyR2 expression (Supplemental Figure 5) and validated
its Ca2+-handling properties based on experimental data
(Supplemental Figures 2, 3). We also incorporated the option
to simulate the regional expression of LTCC localized in axial
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FIGURE 1 | Effects of RyR2 distribution heterogeneity on spontaneous Ca2+-release events (SCaEs) in the 50-segment model. (A) Representative examples

comparing heterogeneity (σ) of 0.0 (uniform expression, top) and 0.2 (bottom). The 50 × 18 matrices (left) show the relative RyR2 distribution. The membrane potential

(VM), whole-cell Ca2+ concentration, and longitudinal line scan on the right show marked differences in number of SCaEs and corresponding delayed

afterdepolarizations between both groups. (B–D) SCaE incidence (B) and size (C), as well as longitudinal and transversal velocity of Ca2+ waves (D) as a function of

RyR2 heterogeneity σ for different levels of total RyR2 expression (75% of control: circles; 100% of control: squares; 125% of control: triangles). SCaE incidence

increases, while size decreases with increasing RyR2 heterogeneity. *indicates P < 0.05 vs. the group with heterogeneity 0.0 and # indicates statistically significant

differences among three levels of RyR2 expression; n = 6 per condition.

tubules and the experimentally observed hyperphosphorylation
of axial-tubule-associated RyR2 (discussed below). A schematic
representation of the subcellular structure of the model is shown
in Figure 4.

Similar to the 50-segment model, increasing heterogeneity of
RyR2 expression in the 100-segment model led to an increase

in SCaE incidence and reduction in SCaE size, longitudinal and
transversal velocity (Figure 5), with SCaEs originating from
units with high local RyR2 expression (Supplemental Figure 6).
However, despite similar SCaE-incidence with a uniform
RyR2 distribution, the increase in SCaEs with increasing
RyR2 heterogeneity was more pronounced in the 100-segment
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FIGURE 2 | Origins of spontaneous Ca2+-release events (SCaEs). (A) Two representative examples of 50 × 18 matrices with heterogeneous RyR2 distribution (σ =

0.2). Red colors indicate high local RyR2 expression and blue colors low local RyR2 expression. The origins of individual Ca2+ waves are marked with crosses. Insets

depict enlarged portions of the RyR2 distribution, showing that crosses mainly coincide with regions of high local RyR2 expression. (B) Histograms of relative RyR2

expression in all units (left) and units which were the origin of a SCaE (SCaE-inducing units). SCaEs arise mainly from units with high local RyR2 expression. (C) Mean

relative RyR2 expression in SCaE-inducing units (squares) and all units (circles, 1.0 on average by definition) for different degrees of RyR2 heterogeneities. *indicates P

< 0.05 vs. the group with heterogeneity 0.0 and # indicates P < 0.05 between mean relative RyR2 expression in SCaE-inducing units and all units; n = 6 per

condition.

model (115-fold vs. 14-fold increase from σ = 0.0 to σ = 0.4
in the 100-segment and 50-segment models, respectively;
Supplemental Figure 7, Figure 1). Implementation of the

experimentally observed RyR2 distribution pattern in the 100-
segment model resulted in the occurrence of many small SCaEs,
similar to our 100-segment simulations with heterogeneity (σ)
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FIGURE 3 | Experimental distribution of RyR2 expression in atrial cardiomyocytes. (A) Confocal image of RyR2 staining in a rabbit atrial cardiomyocyte. Inset shows

region of interest at higher magnification, revealing that RyR2 clusters assemble in a regular banded pattern along the Z-band. (B) Distribution of distances between

RyR2 bands, showing that majority of these gaps were around 1.8–1.9µm. (C) Image processing of confocal images and alignment with a regular grid of ∼1 µm2

units (left) enabled quantification of local RyR2 expression (right panel, red indicates high local RyR2 expression and blue low local RyR2 expression). (D) Histogram of

experimental RyR2 expression distribution across all units with a large peak around 0, representing units between bands of RyR2 expression and a normal distribution

of RyR2 expression within bands (line shows normal distribution with standard deviation of 0.253).

0.3 and 0.4 (with SCaE incidence of 12.96 ± 0.28 s−1 in the
experimentally observed RyR2 distribution vs. 9.88 ± 1.16 s−1

in σ = 0.3 and 21.83 ± 2.62 s−1 in σ = 0.4, Figure 5B and

Supplemental Figure 7). Longitudinal and transversal velocity
of SCaEs in the experimentally observed RyR2 distribution
model were similar to 100-segment simulations with σ = 0.2
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FIGURE 4 | Schematic representation of 100-segment model. The model is represented by four different locations in the virtual cardiomyocyte. (1) Represents an

RyR2 band with axial tubule and hyperphosphorylated RyR2 (indicated with “P” in the scheme) adjacent to the axial tubule, as reported by Brandenburg et al. (2016).

(2) Represents an inter-band gap with axial tubule. (3) Represents an RyR2 band without axial tubule. (4) Represents an inter-band gap without axial tubule. Each

segment is divided into 18 domains, as depicted in the matrix on the left, but only a subset of domains is shown for clarity. Please note the expression of RyR2 in the

first and last domains in the segments located between RyR2 bands [i.e., (2) and (4)].

(Figure 5D). Heterogeneities in RyR2 expression did not affect
properties of the LTCC-triggered Ca2+ transient in the absence
of preceding SCaEs (Supplemental Figure 8).

Modulation of SCaE Propagation by the

Distance Between RyR2s and RyR2

Clusters at the Lateral Membrane
Previous studies have reported a closer spacing between RyR2s
around the lateral membrane in rat atrial and ventricular
cardiomyocytes (Chen-Izu et al., 2006; Galice et al., 2018),
rabbit atrial (Musa et al., 2002), ventricular (Musa et al., 2002;
Dan et al., 2007) and SA nodal cells (Musa et al., 2002), and
human atrial cardiomyocytes (Brandenburg et al., 2016). We
similarly observed a higher density of RyR2 clusters at the
lateral membrane in rabbit atrial cardiomyocytes (Figure 6A)
and accordingly incorporated RyR2 expression in the first and
last Ca2+ unit of every segment of the virtual cardiomyocyte for
the simulations of Figure 5. Next, we employed the model to
assess the impact of these lateral RyR2s by comparing simulations
with and without RyR2 in the outer Ca2+ units for segments
located between RyR2 bands. The absence of RyR2s in the
lateral region of the cardiomyocyte prevented the propagation of
SCaEs, resulting in a reduced longitudinal velocity and numerous

small SR Ca2+ releases (Supplemental Figure 9A). This behavior
could be fully restored by reducing the time constant of Ca2+

diffusion between segments and normalizing the total RyR
expression (SCaE incidence of 0.24 ± 0.04 s−1 in the group with
normalized RyR2 expression and corrected longitudinal velocity
vs. 0.19 ± 0.02 s−1 in the control group, n = 6, p > 0.05;
Supplemental Figure 9B).

Next, we investigated the effect of alterations in the distance

between RyR2 bands by simulating two or three segments
without RyR2 expression between bands (instead of one).
Although an increased RyR2 inter-band distance indeed slowed
down the longitudinal velocity of SCaEs, it surprisingly did not
impair propagation of SCaEs and resulted in an increased SCaE
incidence (Figure 6B, left column; Figures 6C–E). Subsequent
analyses showed that the RyR2 expressed at the lateral membrane
in segments without RyR2 bands are critical for the propagation

of SCaEs. In particular, a similar increase in RyR2 inter-band
distance in the model without lateral RyR2 between bands (but
with corrected longitudinal velocity of SCaEs at baseline) resulted

in failure of Ca2+-wave propagation andmany fragmented SCaEs
(Figure 6B, right column). These data strongly suggest that the
closer spacing of RyR2 at the lateral membrane that we observed
experimentally may provide a safety factor for synchronous
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FIGURE 5 | Effects of RyR2 distribution heterogeneity on spontaneous Ca2+-release events (SCaEs) in the 100-segment model. (A) Representative examples

comparing heterogeneity (σ) of 0.0 (uniform expression, top), 0.2 (middle), and experimentally observed RyR2 expression patterns (bottom) on membrane potential

(VM), whole-cell Ca2+-transient, and longitudinal line scan (right panels). The 100 × 18 matrices (left) of relative RyR2 expression incorporate the experimentally

observed 2µm inter-band distance. (B–D) SCaE incidence (B), size (C), as well as longitudinal and transversal velocity of Ca2+ waves (D) in 100-segment

simulations with σ = 0.0, σ = 0.2, and experimentally observed RyR2 expression. Incorporation of the experimentally observed RyR2 expression in the original

100-segment model results in a large (non-physiological) number of small SCaEs. *indicates P < 0.05 between indicated groups; n = 6 per condition.
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FIGURE 6 | Lateral RyR2s, inter-band distance and the propagation of SCaEs. (A) Confocal image showing an increased density of RyR2 close to the lateral

membrane in a rabbit atrial cardiomyocyte. (B) Representative examples of membrane potential (VM), whole-cell Ca2+-transient, and longitudinal line scan for the

100-segment model with single (∼2µm; top row), double (middle row) or triple (bottom row) inter-band distance, with (left column) or without (right column) expression

of lateral RyR2s between bands. In all panels, the total number of RyR2 was adjusted to achieve a density of 2,772 RyR2 per unit. The time constant of longitudinal

Ca2+ diffusion between SR release spaces was adjusted from 0.22 to 0.07ms in the model without lateral RyR2 expression to obtain similar SCaE properties for

physiological inter-band distances. (C-E) SCaE incidence (C), size (D), as well as longitudinal and transversal velocity of Ca2+ waves (E) for the six model versions.

An increased inter-band distance increased the incidence of SCaEs, reduced their size and altered the longitudinal velocity without affecting the transversal velocity.

*indicates P < 0.05 vs. the control model (100-segment model of single inter-band distance with lateral RyRs; blue bars), n = 6 per condition.

SR Ca2+ release but may also facilitate propagation of large
proarrhythmic Ca2+ waves.

Inter-band RyR2 Expression and SCaEs
Similar to the results described by Macquaide et al. (2015),
our confocal images also showed occasional RyR2 expression
between individual bands. We employed the 100-segment model
to better understand the functional effects of these inter-band
RyR2 clusters. For any degree of heterogeneity, the presence

of inter-band RyR2 clusters resulted in fewer, slightly larger
SCaEs compared to simulations without inter-band clusters
(Figures 7A–C, compare blue and red bars), without affecting
longitudinal and transversal velocity of SCaEs (Figure 7D).
We hypothesized that the reduction in SCaEs was due to a
reduction in maximal local RyR2 expression resulting from the
redistribution of RyR2 from the bands to the inter-band clusters.
RyR2 expression per unit was indeed lower in the homogeneous
simulations with inter-band clusters (2,543 vs. 2,772 RyR2 per
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FIGURE 7 | Effects of inter-band RyR2 clusters on spontaneous Ca2+ waves (SCaEs). (A) Comparison of RyR2 expression matrix (left), membrane potential (VM),

whole-cell Ca2+ transient, and longitudinal line scan (right, top to bottom) in the model without inter-band RyR2 clusters (top) and with inter-band clusters (bottom)

with uniform RyR2 expression (σ = 0.0). (B–D) SCaE incidence (B) and size (C), as well as longitudinal and transversal velocity of Ca2+ waves (D) as a function of

RyR2 heterogeneity σ (0.0–0.2) in the absence of inter-band RyR2 clusters (blue), in the presence of 10% inter-band RyR2 clusters (red), or in the presence of 10%

inter-band RyR2 clusters with increased global RyR2 expression to ensure similar RyR2 density within the bands (green). *indicates P < 0.05 between groups and
# indicates P < 0.05 between a given level of heterogeneity and the group with heterogeneity 0.0; n = 6 per condition.

unit) and increasing the total RyR2 expression of the 100-
segment model with inter-band clusters to 2,772 in all units
containing RyR2 normalized SCaE incidence for low levels of
RyR2 heterogeneity (0.185 ± 0.015 s−1 in the normalized RyR2

expression group vs. 0.191 ± 0.018 s−1 in the group without
inter-band clusters (σ = 0.0), p > 0.05 and 0.470 ± 0.138 s−1

for normalized RyR2 expression vs. 0.565 ± 0.105 s−1 without
inter-band clusters (σ = 0.1), p > 0.05; Figure 7B). For high
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RyR2 heterogeneities, SCaE incidence remained lower in the
presence of inter-band RyR2 cluster, even after adjusting the total
RyR2 expression. Under these conditions, SCaEs are frequent,
suggesting that annihilation or merging of small SCaEs arising
around inter-band clusters contributes to a lower incidence of
observed SCaEs, even after adjusting RyR2 expression.

The Impact of Axial Tubules on Atrial

Ca2+-Handling
Axial tubules are unique to atrial cardiomyocytes, but their role
in Ca2+-handling is not fully understood. Axial tubules contain
LTCCs, modulating Ca2+-induced Ca2+ release and centripetal
Ca2+-wave propagation.We incorporated various configurations
of axial tubules in the 100-segment model and investigated
their impact on depolarization-induced, LTCC-triggered Ca2+

transients and SCaEs. Addition of an axial tubule to the model
reduced time-to-peak of the regional LTCC-triggered Ca2+

transient (based on a virtual transversal line scan through the
region with the axial tubule) and slightly increased the Ca2+-
transient amplitude (Figure 8). Moreover, time to peak of the
transversal-line-scan-based Ca2+-transient is influenced by both
the number of parallel axial tubules and their location. The
reduction in time to peak was largest with an axial tubule located
in the center of the virtual cardiomyocyte, and addition of two
or more parallel axial tubules further reduced the time to peak
(Figure 8). The impact of axial tubules on whole-cell Ca2+-
transient properties depended on axial-tubule length and was
limited for short axial tubules (compare regional and whole-
cell time to peak in Figure 8B). However, a longer axial tubule
network, such as that observed experimentally (Brandenburg
et al., 2016), also significantly shortened time to peak of the
whole-cell Ca2+ transient (Figure 8B, rightmost columns).

There were no differences in the longitudinal Ca2+-wave
velocity between simulations with and without axial tubules.
Similarly, the presence of axial tubules with LTCC did not
affect the number of SCaEs (Figures 9A,B; compare red and
blue bars), consistent with the idea that SCaEs result from
stochastic RyR2 openings that are independent of LTCCs.
However, a recent study (Brandenburg et al., 2016) noted that
although RyR2 expression adjacent to the axial tubule was not
different from other parts of the cardiomyocyte, these RyR2
near axial tubules were hyperphosphorylated. We simulated
RyR2 hyperphosphorylation in our model by increasing RyR2
open probability for all RyR2 located in units surrounding
axial tubules. In the presence of hyperphosphorylated RyR2
surrounding axial tubules, the number of SCaEs was increased,
with a corresponding reduction in their size (Figures 9B,C). Of
note, SCaEs indeed primarily originated around the axial tubule
(Figure 9D, Supplemental Figure 10), although in the presence
of a heterogeneous RyR2 distribution, regions with high local
RyR2 expression may also act as foci (Supplemental Figure 10).

Predicting the Effects of Beta-Adrenergic

Stimulation on SCaEs
Beta-adrenergic stimulation is an accepted promoter of SCaE-
mediated triggered activity (Chen et al., 2014). Here, we

investigated the functional consequences of three established
downstream targets of beta-adrenergic stimulation. Chronic
AF is associated with a hyperphosphorylation-mediated
100–500% increase in RyR2 open probability (Voigt et al.,
2012). Therefore, we first implemented a 100% increase
of RyR2 open probability to simulate the effect of beta-
adrenergic stimulation. This resulted in smaller and more
frequent SCaEs compared to baseline (incidence of 2.03 ±

0.09 s−1 in the increased RyR2 open probability group vs.
0.19 ± 0.02 s−1 in the baseline group, n = 6, p < 0.05;
Supplemental Figure 11). Second, we implemented an
increased SERCA2a affinity for cytosolic Ca2+ to reflect
phospholamban phosphorylation. In the presence of increased
SERCA2a function, the incidence of SCaEs was increased
without any statistically significant change in the size of
SCaEs (Supplemental Figure 12). In addition, an increase in
longitudinal and transversal velocities of SCaEs was observed.
Third, we implemented a homogenous increase of LTCC
function by doubling the maximum conductance of the
channel, which resulted in an increased SCaE incidence without
any statistically significant changes in the size and velocities
of SCaEs (Supplemental Figure 13). The combination of
all three modifications, reflecting maximal beta-adrenergic
stimulation, produced a dramatic increase in SCaEs (incidence
of 27.77 ± 14.92 s−1 vs. 0.19 ± 0.02 s−1 in the baseline group,
n = 6, p < 0.05), including proarrhythmic triggered activity
(Supplemental Figure 14).

A Computational Model Incorporating

Physiological RyR2 and LTCC Distributions
Finally, we combined both the experimentally observed
RyR2 distribution (Figure 3) and axial tubule network with
LTCC in a novel model of the human atrial cardiomyocyte.
When using the parameters established for the model
with uniform RyR2 distribution and no axial tubules,
this model showed a non-physiological number of small
SCaEs, in line with the effects of the experimental RyR2
distribution in Figure 5A. As such, we performed a
parameter optimization to reproduce the experimentally
observed Ca2+-handling properties in the combined model
(Figure 10).

DISCUSSION

Recent studies have identified a major role for cardiomyocyte
Ca2+-handling abnormalities in cardiac arrhythmias and have
provided insight into the underlying molecular mechanisms
(Heijman et al., 2016a; Landstrom et al., 2017). However,
the impact of the subcellular distribution of RyR2 and
LTCC on cardiomyocyte Ca2+-handling remains largely
unknown. It is currently experimentally challenging to
study both (sub)cellular structure and functional Ca2+-
handling in the same cardiomyocyte. Here, we extended a
computational model of the human atrial cardiomyocyte
with a more physiological subcellular structure, including
heterogeneous RyR2 distributions and axial tubules with LTCC.
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FIGURE 8 | Effects of axial tubule(s) on centripetal Ca2+-wave propagation. (A) Schematic representations of model structure: no axial tubule (L-type Ca2+-channels

[LTCC] only at lateral membranes), single axial tubule at 33% of cell width, single central axial tubule at 50% of cell width, two parallel axial tubules at 33 and 66% of

cell width, or experimentally observed axial tubules based on Brandenburg et al. (2016) (top) and corresponding transversal line scans of Ca2+-induced Ca2+ release

during an action potential, showing centripetal Ca2+-wave propagation (bottom). (B) Quantification of time to peak (left) and Ca2+-transient amplitude (right) for the

indicated line scan in the four groups (“regional”) or for the whole-cell Ca2+ transient. Increasing numbers of axial tubules and more centrally located axial tubules

decrease the time-to-peak and slightly increase the Ca2+-transient amplitude. The magnitude of the increase depends on the number of axial tubules. *indicates P <

0.05 vs. the 100-segment group without axial tubules (black bars); n = 6 per condition.

Our computational analyses showed that increasing RyR2
heterogeneity resulted in more, smaller SCaEs arising from
regions with high local RyR2 expression. LTCC located in axial

tubules produced a faster, more synchronous CICR, which
was modulated by the location and extent of the axial tubular
network. Moreover, hyperphosphorylation of RyR2 surrounding
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FIGURE 9 | Effects of axial tubules on SCaEs. (A) Comparison between the model without axial tubules and model with axial tubules with uniform RyR2 expression

(σ = 0.0), but hyperphosphorylated RyR2 around axial tubules. (B,C) Number of Ca2+ waves (B) and SCaE size (C) in the absence of axial tubules (red bars),

presence of axial tubules (blue bar), or presence of axial tubules with hyperphosphorylation of surrounding RyR2 (green bars). (D) Distribution of RyR2 expression and

location of axial tubules (red lines) in relation to the origin of SCaEs (white crosses), showing that SCaEs primarily originated from RyR2 clusters adjacent to the axial

tubules. *indicates P < 0.05 between groups and # indicates P < 0.05 between a given level of heterogeneity and the group with heterogeneity 0.0; n = 6 per

condition.

axial tubules increased the incidence of SCaEs andDADs. Finally,
we developed and validated a novel human atrial cardiomyocyte
model with physiological RyR2 distribution and axial tubules
with LTCC based on experimental observations, which can serve
as a tool for future studies.

Role of Subcellular Structure in

Cardiomyocyte Ca2+-Handling
An increased SCaE incidence in atrial cardiomyocytes from
patients with AF contributes to the initiation of DADs
and cellular triggered activity (Hove-Madsen et al., 2004;
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FIGURE 10 | 100-segment model with experimental RyR2 distribution and LTCC expression based on experimentally observed axial tubules, with RyR2

hyperphosphorylation around axial tubules. (A) Model structure (left panel) and longitudinal line scan of the optimized 100-segment model (“Model”).

(B–H) Comparison of SCaE characteristics (B) and whole-cell Ca2+-transient properties (C–H) of the model to previously published experimental data $Tanaka et al.

(2001); ∧Woo et al. (2002); &Kirk et al. (2003); %Loughrey et al. (2004); @Voigt et al. (2012); #Voigt et al. (2014); *Greiser et al. (2014).

Voigt et al., 2012, 2014), which, when occurring at the tissue
level, may act as initiators of AF or may sustain the arrhythmia
when occurring repetitively at high frequency (Vincenti et al.,
2006; Voigt et al., 2014). SCaEs are promoted by increased SR
Ca2+ load leading to store-overload-induced SR Ca2+ release
(MacLennan and Chen, 2009). In agreement, SERCA2a activity

is increased in patients with paroxysmal AF and is associated
with increased SR Ca2+ load and a higher incidence of SCaEs
(Voigt et al., 2014). In addition, RyR2 dysfunction can increase
the incidence of SCaEs even in the absence of increased SR Ca2+

load. RyR2 mutations leading to catecholaminergic polymorphic
ventricular tachycardia have been associated with familial AF
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(Enriquez et al., 2016) and genetic mouse models with these
mutations show pronounced atrial Ca2+-handling abnormalities
(Shan et al., 2012). Moreover, RyR2 open probability is
increased, likely due to hyperphosphorylation of the RyR2
channel, in patients with long-standing persistent AF (Voigt
et al., 2012). Besides changes in cardiomyocyte Ca2+-handling,
AF produces structural remodeling at the level of the single
cardiomyocyte (atrial cellular hypertrophy, myolysis, alterations
in size and distribution of mitochondria and SR) (Morillo et al.,
1995; Brundel et al., 2002; Goette et al., 2016), suggesting a
potential role for changes in subcellular structure in regulating
cardiomyocyte Ca2+-handling. Indeed, Macquaide et al. (2015)
reported that ultrastructural reorganization of RyR2 clusters in
atrial cardiomyocytes of sheep with persistent AF is associated
with overactive Ca2+ release. In addition, Lenaerts et al. (2009)
reported that in sheep with persistent AF, there was loss of T-
tubule organization, fewer Ca2+ channel-RyR couplings, and
reduced efficiency of the coupling at subsarcolemmal sites, which
led to a reduction in SR Ca2+ release despite preserved SR
Ca2+ content. Thus, there is substantial indirect evidence for
a role of subcellular structure in cardiomyocyte Ca2+-handling.
However, a systematic analysis of the impact of changes in Ca2+-
handling protein distributions on whole-cell proarrhythmic
Ca2+-handling is lacking.

Consistent with previous publications (Hiess et al., 2015; Yue
et al., 2017), our confocal images of rabbit atrial cardiomyocytes
showed a banded RyR2 expression with inter-band distance of≈
1.9µm.Moreover, there appears to be a substantial heterogeneity
of RyR2 density along the z-bands. We increased the spatial
resolution of our computational model to enable simulations of
the banded RyR2 pattern and incorporated the experimentally
observed RyR2 distribution in our model. In line with the
work by Macquaide et al. (2015), our simulations showed a
pronounced impact of RyR2 distribution on SCaE incidence
and size. Indeed, physiologically observed degrees of RyR2
heterogeneity had a larger impact on SCaEs than differences
in total RyR2 expression observed between patients with sinus
rhythm and paroxysmal AF (Voigt et al., 2014). Of note, our
simulations identified regions with high local RyR2 expression as
foci for SCaEs, which is in line with recent experimental work by
Galice et al. (2018).

In ventricular cardiomyocytes, LTCC are primarily (but
not exclusively, Best and Kamp, 2012) located in T-tubules,
promoting synchronous SR Ca2+ release throughout the
cell. Recent studies have identified a similar role for axial
tubules in atrial cardiomyocytes (Dibb et al., 2013). For
example, Brandenburg et al. (2016) reported the importance
of axial tubules in atrial cardiomyocytes in maintaining
Ca2+-handling and Ca2+-wave propagation to the center of
atrial cardiomyocytes. Similarly, Yue et al. (2017) observed
synchronous SR Ca2+ release in mouse atrial cells, which was
ascribed to the presence of transverse-axial tubules.We employed
the perfect control provided by computational models to study
the exact effects of different locations, numbers, and distributions
of such axial tubules on whole-cell Ca2+-handling. Incorporation
of axial tubules produced a more synchronous SR Ca2+ release,
as evident from a W-shaped instead of V-shaped pattern in

simulated transversal line scans. The W-shaped patterns varied
with different locations of the axial tubules, consistent with
experimental findings (Kirk et al., 2003; Yue et al., 2017) noting
that the presence and location of the transverse-axial tubular
system determined the shape of the whole-cell Ca2+ transient
and transversal Ca2+ waves. Our simulations showed that more
centrally located and/or higher number of axial tubules reduced
the local time-to-peak. However, in order to affect the global
time-to-peak and global Ca2+-transient amplitude, the length
of the axial tubules had to be sufficiently long to affect a large
part of the virtual cardiomyocyte. Brandenburg et al. (2016)
reported that instead of an increase in the number of RyR2
adjacent to the axial tubules, there was a selective local RyR2
hyperphosphorylation, which led to a faster Ca2+ release at axial
tubule locations residing inside the cell. Our simulations showed
that the presence of axial tubules per se did not affect SCaEs,
but that simulation of local hyperphosphorylation of RyR2
increased the number of SCaEs. Furthermore, we confirmed that
regions with local hyperphosphorylation acted as the origins
of SCaEs. However, these results depended on the amount
of RyR2 heterogeneity and the number of axial tubules, with
SCaEs also arising from regions with high local RyR2 expression
independent of RyR2 hyperphosphorylation. Taken together,
these findings underline the importance of the subcellular
distribution of Ca2+-handling proteins in atrial cardiomyocytes
for cardiac arrhythmogenesis.

Previous publications (Musa et al., 2002; Chen-Izu et al., 2006;
Dan et al., 2007; Brandenburg et al., 2016) have reported an
increased RyR2 density at the lateral membrane using confocal
microscopy. However, the role of these lateral RyR2 clusters
remains unknown. Here, we employed a computational model
with no expression of lateral RyR2s to investigate their role in
the propagation of SCaEs. Our data show that lateral RyR2s
hold a very important role as “bridges” that facilitate Ca2+-
wave propagation. Removal of lateral RyR2 clusters impaired
Ca2+-wave propagation and resulted in more, but smaller SCaEs,
effectively converting proarrhythmic Ca2+ waves to Ca2+ sparks.

Comparison to Previous Models
Several computational models have been developed to study
cardiomyocyte Ca2+-handling abnormalities. These include,
on the one hand, highly detailed models of a single Ca2+-
release unit (CRU) to study the molecular determinants of
SR Ca2+ release. For example, Hake et al. (2012) developed
a computational model with a highly detailed, electron
microscopy-based computational geometry of a CRU from a
mouse ventricular cardiomyocyte to simulate local Ca2+ sparks.
Walker et al. (2014) developed a detailed three-dimensional
model of a CRU incorporating diffusion, intracellular buffering
systems, and stochastically gated RyRs and LTCCs to simulate
local Ca2+ dynamics with a high spatial resolution. This
work showed that perturbations to subspace dimensions
strongly alter Ca2+-spark dynamics. Similarly, Zahradnikova
and Zahradnik (2012) constructed virtual CRUs composed of
a variable number of RyRs distributed in clusters in line
with the experimentally observed cluster-size distribution to
provide a description of Ca2+-spark properties for spontaneous
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and triggered Ca2+ sparks. These studies strongly suggest
that the organization of the CRU plays a critical role in
determining the characteristics of microscopic Ca2+-release
events (sparks) but have not simulated whole-cell Ca2+-
handling abnormalities, which would be relevant to study
arrhythmogenesis.

On the other hand, a number of models have been developed
to study whole-cell Ca2+-handling: Walker et al. (2017)
developed a biophysically detailed three-dimensional model of
the ventricular cardiomyocyte with stochastic gating of RyR2
channels and determined the impact of cytosolic and SR Ca2+

concentrations, basal inward-rectifier K+ current density, and
gap junction conductance on DADs and triggered activity
using this model. Likewise, Wescott et al. (2016) developed a
mathematical whole-cell model, incorporating realistic stochastic
gating of LTCCs and RyRs to investigate excitation-contraction
coupling and Ca2+-spark fidelity. Recently, Colman et al.
(2017) developed a detailed three-dimensional multiscale
model of a ventricular cardiomyocyte based on scanning
electron microscopy data to examine the effects of a realistic
SR structure on pro-arrhythmic Ca2+ dynamics, alternans,
and SCaEs. Song et al. (2018) also investigated the influence
of subcellular structure on Ca2+-handling in a model with
a three-dimensional network of CRUs representing different
transverse tubule network structures, including uniform and
random distribution of transverse tubules, to investigate Ca2+

sparks, DADs, and triggered activities. However, these studies
were primarily done in ventricular cardiomyocytes, which
have well-established differences in subcellular structures,
notably the configuration and number of axial tubules
and a different composition of ion channels from atrial
cardiomyocytes.

Here, we developed an atrial cardiomyocyte model with
atrial-specific subcellular structure and electrophysiology that
can simulate multiple physiological properties of cardiomyocyte
Ca2+-handling, as well as proarrhythmic Ca2+-handling
abnormalities. This model has an intermediate level of detail,
incorporating heterogeneous distributions of Ca2+-handling
proteins with micrometer resolution, a level that is of the same
order of magnitude as the experimental information about
the distributions obtained with confocal imaging. This level of
detail is highly suitable to study the structural determinants of
whole-cell Ca2+-handling abnormalities that are relevant for
arrhythmogenesis. Moreover, because of its relatively modest
computational complexity, this model can also be employed
in future studies to investigate the determinants of triggered
activity at the tissue level, something that is not possible with
the previously developed, highly detailed, three-dimensional
models.

Potential Limitations
Our model with local Ca2+-handling strongly suggested that the
subcellular distribution of RyR2 and LTCC has a major impact
on cardiomyocyte Ca2+-handling. However, the model only
considered a 2-dimensional representation of the cardiomyocyte,
equivalent to a single slice from a z-stack. Previous computational
studies using simpler 3-dimensional models have identified

that persistent Ca2+ waves can be generated through specific
patterns of 3-dimensional Ca2+-wave propagation (so-called
“ping waves”) (Thul et al., 2012), suggesting a need to consider
the 3-dimensional structure of cardiomyocytes. Furthermore,
although we increased the spatial resolution of our previously
published model (Voigt et al., 2014) in order to simulate
the banded pattern of RyR2 expression, the resolution of the
current model (units of 1 µm2) was insufficient to simulate
local Ca2+ dynamics around a single Ca2+-release unit (e.g.,
(sub)sparks). Detailed Ca2+-release unit models have been
developed (Hake et al., 2012; Zahradnikova and Zahradnik,
2012; Walker et al., 2014) and could potentially be integrated
in the present cell-level model in future studies, although
this would significantly increase the computational complexity.
Additionally, we acknowledge that our investigations into
the effects of beta-adrenergic stimulation represent a highly
simplified approach. Implementing a complete signaling pathway
and its downstream effects on atrial electrophysiology, such as
previously described for ventricular cardiomyocytes (Heijman
et al., 2011) would be of interest, but was beyond the scope of
the present study.

The resolution and quality of confocal imaging is limited by
physical properties and quality of cell-isolation and antibody
staining (particularly in rabbit samples). The use of super-
resolution microscopy would be beneficial to obtain a more
detailed overview of the 3-dimensional RyR2 distribution. In
this case, dual staining of RyR2 and axial tubules should
be performed to obtain information on both distributions
in a single cardiomyocyte, which was not performed in the
current study. Instead, a representative experimental axial
tubule geometry from previously published work (Brandenburg
et al., 2016) was used. Ideally, future experiments would
be performed in human atrial cardiomyocytes to obtain a
human-specific RyR2 distribution, rather than the rabbit atrial
cardiomyocytes employed here, although their availability and
cell-quality is generally much lower. Indeed, the experimental
RyR2 distribution that formed the basis for the model with
physiological RyR2 and LTCC distribution (Figure 10) was based
on a limited number of rabbit atrial cardiomyocytes and may
not be representative for diseased human atrial cardiomyocytes.
Likewise, the current model requires stretching of the observed
RyR2 expression pattern to match the 100x18 rectangular shape
of the virtual cardiomyocyte. Finally, heterogeneous distributions
of other Ca2+-handling proteins such as NCX1 or SERCA2a
may also impact whole-cell Ca2+-handling and could be studied
using the computational framework developed in the present
study.

CONCLUSIONS

We employed the perfect control and observability provided
by computer models to overcome experimental challenges in
the analysis of the subcellular determinants of cardiomyocyte
Ca2+-handling. Our findings highlight the importance of atrial
subcellular structures, especially RyR2 and LTCC distributions,
in the genesis of SCaEs and DADs, which are well-known triggers

Frontiers in Physiology | www.frontiersin.org August 2018 | Volume 9 | Article 1108149

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Sutanto et al. Subcellular Determinants of Atrial Cardiomyocte Ca2+-Handling

of cardiac arrhythmias. Importantly, whole-cell Ca2+-handling
properties are determined by non-linear interactions between
heterogeneities in the properties (expression, phosphorylation)
of both LTCC and RyR2, highlighting the need for detailed
immunocytochemistry and functional studies to explain
differences in whole-cell Ca2+-handling properties between
conditions.
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Due to advances in corrective surgery, congenital heart disease has an ever growing

patient population. Atrial arrhythmias are frequently observed pre- and post-surgical

correction. Pharmaceutical antiarrhythmic therapy is not always effective, therefore

many symptomatic patients undergo catheter ablation therapy. In patients with

atrioventricular septal defects (AVSD), ablation therapy itself has mixed success;

arrhythmogenic recurrences are common, and because of the anatomical displacement

of the atrioventricular node, 3-degree heart block post-ablation is a real concern.

In order to develop optimal and safe ablation strategies, the field of congenital

cardiac electrophysiology must combine knowledge from clinical electrophysiology

with a thorough understanding of the anatomical substrates for arrhythmias.

Using image-based analysis and multi-cellular mathematical modeling of electrical

activation, we show how the anatomical alterations characteristic of an AVSD serve

as arrhythmogenic substrates. Using ex-vivo contrast enhanced micro-computed

tomography we imaged post-mortem the heart of a 5 month old male with AVSD at an

isometric spatial resolution of 38µm. Morphological analysis revealed the 3D disposition

of the cardiac conduction system for the first time in an intact heart with this human

congenital malformation. We observed displacement of the compact atrioventricular

node inferiorly to the ostium of the coronary sinus. Myocyte orientation analysis revealed

that the normal arrangement of the major atrial muscle bundles was preserved but was

modified in the septal region. Models of electrical activation suggest the disposition of the

myocytes within the atrial muscle bundles associated with the “fast pathway,” together

with the displaced atrioventricular node, serve as potential substrates for re-entry and

possibly atrial fibrillation. This study used archived human hearts, showing them to

be a valuable resource for the mathematical modeling community, and opening new

possibilities for the investigations of arrhythmogenesis and ablation strategies in the

congenitally malformed heart.

Keywords: arrhythmias cardiac, atrial fibrillation (AF), re-entry, micro-computed tomography, mathematical

modeling, myocyte orientation, congenital heart disease (CHD), atrioventricular septal defect
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INTRODUCTION

The competency and success of corrective surgery is ever
improving, as a result congenital heart disease has an ever
growing patient population, with adults now outnumbering
children (Khairy, 2008). Despite this, atrial arrhythmias are

frequently observed pre- and post-surgical correction. Patients
with atrioventricular septal defect (AVSD) or atrioventricular
canal defect (AVCD) have a common atrioventricular
connection, this occurs due to incorrect fusion of the endocardial
cushions with the atrial septum and muscular ventricular septum
(Anderson et al., 2000, 2008). Preoperative electrophysiological

studies of AVSD patients have shown cases of atrioventricular
re-entrant tachycardia (Khairy et al., 2007), atrial fibrillation
(Daliento et al., 1991; Khairy et al., 2006) and supra-Hisian first
degree AV block, and confirm inter-nodal conduction delay
in the majority of patients (Fournier et al., 1986). Persistent
AV block is present in up to 7% of patients in the immediate
post-operative period and approximately 2% on follow up
(Daliento et al., 1991; Boening et al., 2002), with atrial fibrillation
or flutter noted in 5% of patients after surgical repair (Vetter
and Horowitz, 1982; Daliento et al., 1991). Many symptomatic
patients undergo catheter ablation therapy with varying success,
arrhythmogenic recurrences are common. During ablation
therapy the interventional cardiologist will target the major
muscle bundles believed to be responsible for the inter-nodal
conduction disturbance. These bundles have been described
previously based on their anatomical appearance and the
alignment of the myocyte chains within them (James, 1963;
Merideth and Titus, 1968; Sanchez-Quintana et al., 1997).
More recently these pathways have been described based on their
electrophysiology using optical mapping, and are described in the
context of the so-called dual pathway physiology (Hucker et al.,
2008; Mani and Pavri, 2014; George et al., 2017). The pathways
are termed the “slow” and “fast” pathways; in the healthy heart
the “fast” pathway is the dominant conduction pathway between
the sinus node and atrioventricular node. Anatomically the fast
pathway courses the anterior-superior aspect of the inter-atrial
septum and is associated proximally with the terminal crest and
distally with the transitional cells surrounding the compact AV
node [(Mani and Pavri, 2014; George et al., 2017); Figure 1A].
Conversely, the “slow” pathway has a less direct course, it runs
inferior to the coronary sinus ostium and fossa ovale, and

is associated with the flutter isthmus and the inferior nodal
extension. In AVSD the atrioventricular node is displaced. The
compact atrioventricular node no longer lies at the apex of the
triangle of Koch (Figure 1A), but in a posterior-inferior position,
anterior to the ostium of the coronary sinus at the point where
the posterior-inferior rims of muscular ventricular and atrial
septa join [(Moorman et al., 1998); Figure 1B]. This inevitably
changes the anatomical course of the “fast” and “slow” pathways
(Figure 1B). Conduction disturbances in AVSD patients are
associated with prolonged inter-nodal conduction times and
numerous conduction disturbances (Waldo et al., 1973; Jacobsen
et al., 1976; Fournier et al., 1986; Khairy et al., 2006), presumably
because the inter-nodal muscle bundles are distorted or modified
as they course the atria (Waldo et al., 1973).

Inter-nodal conduction is thus dictated by the location of
the nodal tissues and the muscle bundles connecting them.
In order to develop optimal and safe ablation strategies
for congenitally malformed hearts, the field of congenital
cardiac electrophysiology requires an integration of clinical
electrophysiology with a thorough understanding of the
anatomical substrates for arrhythmias. Guided by the available
clinical electrophysiological data we hypothesize that anatomical
displacement of the compact atrioventricular node and
modification of the dual pathway physiology act as substrates
for arrhythmogenesis in AVSD patients. We use image data
acquired by micro-computed tomography (micro-CT), as
described previously (Stephenson et al., 2012, 2017), to extract
myocyte orientation and to identify the 3D disposition of the
nodal tissue for the first time in an intact heart with AVSD. This
information is then incorporated into electrophysiologically
accurate mathematical models of electrical activation to assess
the influence of these anatomical alterations on inter-nodal
conduction. This study also demonstrates the suitability of
long term stored archived human hearts as a resource for
the mathematical modeling community in investigations of
arrhythmogenesis in the congenitally malformed heart.

METHODS

Ethical Approval Statement
We obtained NHS ethical approval to scan congenitally
malformed samples from the Alder Hey archive in Liverpool UK.
Samples had been consented and placed in the archive in the
1970s.

Sample Preparation
We chose a sample from the archive free of clotted blood,
and probably perfused via the coronary circulation prior to
fixation. The sample was from a male who died aged 5 months,
and has been in storage for approximately 50 years since the
1970s. The heart dimensions; max length ∼70mm, max width
∼55mm. The sample was prepared for scanning by immersion
in 3.75% iodine/potassium iodide (I2KI) in PBFS for 2 weeks,
refreshing the solution at 1 week (Stephenson et al., 2017). Iodine
molecules are progressively and differentially absorbed by the
tissues, permitting discrimination of fat, working myocardium,
conducting tissues, and fibrous tissue.

Scanning
The sample was scanned in the Nikon Metris XTEK 320
kV Custom Bay at the Manchester X-Ray Imaging Facility,
University of Manchester, as previously described by Stephenson
et al. (2012, 2017). Prior to scanning the sample was drained
and rinsed in saline to remove excess contrast agent. Plastic
wrap provided containment of the tissue, and maintained the
original shape of the sample. The heart was immobilized in a
plastic tube to reduce movement during the imaging process.
Scans were acquired with an X-ray energy of∼95 kV. 360◦ scans
were performed and data was collected from 3142 projections.
A tungsten target was used for all scans, with a 0.25mm
aluminum filter. Total scan times were approximately 50min.
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FIGURE 1 | The anatomy of the slow and fast pathways in the right atrium. (A) indicates the anatomical locations of the slow pathway (green), fast pathway (red), and

compact atrioventricular node (*) in the normal heart, viewed from inferior-lateral position. (B) indicates the hypothesized anatomical location of the slow pathway

(green) and fast pathway (red) in a heart with a atrioventricular septal defect, note the compact atrioventricular node (*) is displaced posterior-inferiorly. Images derived

from micro-CT data. *Location of compact atrioventricular node; CS, coronary sinus; CT, terminal crest; FO, fossa ovale; SN, sinus node; VA, valve annulus.

Data was reconstructed using filtered back-projection, resulting
in tomographic image data with an isotropic voxel size of 38.5
× 38.5 × 38.5µm. After scanning, the sample was placed back
in to formaldehyde solution to allow passive removal of the
iodine.

Image Analysis
The datasets were examined using Amira (5.3.3) and analyzed
using objective semi-automatic segmentation methods as
described previously (Jarvis and Stephenson, 2013; Stephenson
et al., 2017). Muscle bundles associated with the slow and fast
pathways along with the terminal crest and common valve
annulus were segmented based on the ability to visualize and
trace the longitudinal chains of myocyte in the individual
muscle bundles using the micro-CT image data. The specialized
tissues of the cardiac conduction system were segmented based
on their differential attenuation. The electrophysiological
block zone, a region of slow conductance between the
sinus node and atrial septum, was subjectively placed based
on previous representations (Boyett et al., 2000). Myocyte
orientation was extracted from the micro-CT data using eigen
analysis of the 3D structure tensor as described previously
(Ni et al., 2013). To generate myocyte orientation files the
raw data was first down-sampled to a spatial resolution of
0.15mm.

Modeling
To generate a geometrical model for the modeling protocols
the raw data was down-sampled to an isotropic spatial
resolution of 0.15mm, which is close to the length of
atrial myocytes. Virtual suturing of the dissected borders was

performed prior to modeling, such regions were assigned atrial
electrophysiological characteristics. Muscle bundle and whole
atria electrical activation was modeled using the Coleman-
Ni-Zhang (CNZ) model (Ni et al., 2017). In this study cells
of the conduction system and the segmented muscle bundles
were all assigned as “CT” type. The cells of the atrial working
myocardium were assigned as “RA” type. Cells in the region
labeled as the “block zone” were assigned as “RA” type but with
reduced excitability, this was achieved by reducing their calcium
and sodium conductance to 50%. The diffusion parameters were
set to a ratio of 8:1 (along the myocyte chain:perpendicular to
the myocyte chain). Diffusion coefficients and spatial resolution
gave a conduction velocity of 68.2 cm/s for the RA cells. This is
within the range of (70.2± 9.9) cm/s measured experimentally in
RA cells (Kojodjojo et al., 2006). A series of external stimuli with
an amplitude of 20 pA/pF and a duration of 2ms were applied
to the sinus node cells in the standard protocols. At fast pacing
rates, stimuli with an amplitude of 40 pA/pF and a duration
of 4ms were implemented. During the pacing protocols various
S1-S2 intervals were investigated, these ranged from 250 to
400ms.

RESULTS

Morphological Analysis by

Micro-Computed Tomography
The contrast enhanced micro-CT data allowed fast and
unequivocal classification of the congenital malformation.
We confirmed the heart to have an atrioventricular
septal defect with common atrioventricular junction
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FIGURE 2 | Long axis volume renderings of a heart with atrioventricular septal defect (AVSD). (A) Anterior 4-chamber view, (B) posterior 4-chamber view, (C) right

side two-chamber view, (D) left side two-chamber view. The sinus node is shown in yellow, the atrioventricular conduction axis in green, and the surgical patch in blue.

Images derived from micro-CT data. Ao, aorta; AS, atrial septum; AVCA, atrioventricular conduction axis; LV, left ventricle; MS, muscular ventricular septum; PT,

pulmonary trunk; RV, right ventricle; SN, sinus node. Scale bar represents 3mm.

and aligned atrial and muscular ventricular septa
(Figure 2).

Contrast enhancement permitted discrimination of multiple
tissue types based on their differential attenuation of the x-
ray source. As a result of differential iodine absorption; fat,
myocardium, nodal tissues, and connective tissue presented
decreasing voxel values respectively (Figure 3). The sinus node
was located as a low attenuating (low voxel values) area in
the intercaval region (Figures 1–3). The sinus node was seen
to give off complex projections into the surrounding working
myocardium, with a less pronounced paranodal region than
that which is seen in the adult heart (Figure 3B). The compact
atrioventricular node was notably displaced from its usual
position at the apex of the triangle of Koch. The node was
found in a posterior-inferior position anterior to the ostium
of the coronary sinus at the point where the posterior-inferior
rims of the muscular ventricular and atrial septa join, and was

therefore housed in the inferior nodal triangle (Figures 1–4).
The atrioventricular conduction axis (AVCA) and the proximal
aspects of the right and left bundle branches could also be
identified based on their differential attenuation (Figures 3D, 4).
The conduction axis was seen to take a long and tortuous path
across the crest of the muscular ventricular septum, with the
proximal connection between the compact node and the axis
appearing quite tenuous. The sinus node and atrioventricular
compact node could be identified objectively in both the micro-
CT image data (Figure 3) and the derived volume renderings
(Figure 1). This is the first time the 3-dimensional disposition
of the cardiac conduction system has been presented in a heart
with AVSD.

It was apparent the heart had undergone attempted
correctional surgery, namely the implantation of a surgical
patch. This patch itself and the accompanying pledgets
and suture lines could be identified in the micro-CT data
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FIGURE 3 | Virtual histology of the cardiac conduction system in a heart with atrioventricular septal defect (AVSD). (A) Volume rendering of the whole heart illustrating

the virtual cutting planes used in (B–D). (B) Short axis micro-CT section of the sinus node, (C) two-chamber micro-CT section of the compact atrioventricular node,

(D) 4-chamber micro-CT section of the atrioventricular conduction axis. AVCA, atrioventricular conduction axis; CN, compact atrioventricular node; CS, coronary

sinus; CT, terminal crest; LV, left ventricle; MS, muscular ventricular septum; RV, right ventricle; SN, sinus node; solid arrow heads- pledget and suture line. Scale bars

represents 1mm.

FIGURE 4 | 3-dimensional rendering of the atrioventricular conduction axis in a heart with atrioventricular septal defect (AVSD). Showing the conduction axis (green)

and the surgically placed pledgets and sutures (blue) in anterior (A) and right lateral views (B). Images derived from segmentation of micro-CT data. CN, compact

atrioventricular node. Scale bar represents 1mm.

(Figures 3C,D), and subsequently segmented and presented
in 3-dimensions (Figures 2, 4). The patch had been attached
superiorly at the free inferior margin of the atrial septum, which
itself appeared hypoplastic. Inferiorly the pledgets and suture

lines were placed deep into the right-hand aspect of the muscular
ventricular septum. The sutures appeared to pass directly
through the nodal tissue, particularly the right bundle branch
(Figures 3D, 4).
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The high resolution micro-CT data allowed the major muscle
bundles of the atria to be identified and separated objectively
based on their relatively parallel myocyte orientation. The
terminal crest, Bachmann’s bundle, common valve annulus and
the bundles associated with the “slow” and “fast” pathways were
segmented (Figures 5, 6). These bundles collectively formed a
continuous “circuit” (Figures 5, 6). Note, the region normally
associated with the distal aspect of the “fast” pathway showed a
continuous connection with the common valve annulus and a
distinct muscle bundle traversing the atrial septum (Figures 1B,
5, 6: red dotted lines). The mean orientation of the myocyte
chains could be appreciated by following longitudinal features in
volume renderings (Figures 1, 5, 6) and in the micro-CT image
data (Figure 3B). Myocyte orientation analysis (see methods for
details) confirmed that the mean orientation of the myocyte
chains followed the long axis of these identified muscle bundles.

Mathematical Modeling
NB: When describing the modeling results in the AVSD heart we
use the term “slow” and “fast” pathway based on the traditional
identification of their anatomical position in the normal human
heart, this is not a reflection of their conduction time.

We performed mathematical modeling of the wave of
electrical depolarisation in both the isolated muscle bundles and
the whole atria. We used a multi-cellular approach, with different
models used for the sinus node, block zone, muscle bundles, and
the atrial myocardium (see methods). The results of the myocyte
orientation analysis were also incorporated into the models by
allowing for faster conduction in the long axis of the myocytes
than in the orthogonal directions (anisotropic conduction).

Activation maps (comprising isochrones) of the isolated
muscle bundles showed that the fastest route to the
atrioventricular compact node in this heart was via the

FIGURE 5 | Inter-nodal conduction through the atrial muscle bundles I. Volume renderings of the atrial muscle bundles in right lateral (A) and left lateral (C) views, the

normal location and direction of the “slow” pathway (green), and the septal aspect of the elongated “fast” pathway (red) are indicated by dotted arrows. (B,D) Display

the corresponding electrical activation maps, showing excitation of the distal aspect of the region normally associated with the “slow” pathway precedes that of the

“fast” pathway. See methods for modeling parameters. BB, Bachmann’s bundle; CN, compact atrioventricular node; CT, terminal crest; SN, sinus node; VA, valve

annulus. Scale bar represents 3mm.
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FIGURE 6 | Inter-nodal conduction through the atrial muscle bundles II. Volume renderings of the atrial muscle bundles in anterior (A) and inferior (C) views, the

normal location and direction of the “slow” pathway (green), and the septal aspect of the elongated “fast” pathway (red) are indicated by dotted arrows. (B,D) Display

the corresponding electrical activation maps, showing excitation of the distal aspect of the region normally associated with the “slow” pathway precedes that of the

“fast” pathway. See methods for modeling parameters. *Location of compact atrioventricular node; BB, Bachmann’s bundle; CT, terminal crest; SN, sinus node; VA,

valve annulus. Scale bar represents 3mm.

“slow” pathway (Figures 5, 6). This is also clearly illustrated
in Supplementary Video 1. The “fast” pathway connects with
the compact node via the common valve annulus and a distinct
septal muscle bundle traversing the atrial septum. Activation
via this septal bundle arrived at the node 5–10ms after the
“slow” pathway (Figures 5, 6). The results therefore reflect a
switch or flipping of the usual dual pathway physiology. The
valve annulus provided the slowest route toward the compact
node, and its activation was annihilated by stimulation via
the “slow” and “fast” pathways in an anti-clockwise direction
(Supplementary Video 1). These results were not affected by the
presence or absence of the “block zone.”

Whole atrial modeling showed synchronous activation of
the right and left atrial appendages and inter-atrial conduction
preferentially via Bachmann’s bundle. The results described
above for the conspicuous muscle bundles were mirrored

when modeling the whole atria, with the fastest route to the
atrioventricular compact node seen to be via the “slow” pathway
(Figure 7 and Supplementary Video 2). Figure 7 suggests the
“fast” pathway would be the preferential pathway to the
compact node were the node housed in the “normal” location
(Figures 7B–D- red asterisk). Pacing of the whole atria with a
400ms stimulus interval brought about normal sequential atrial
activation. S2 intervals <300ms brought about atrial conduction
block, with stimulus of the sinus node failing to elicit activation of
the whole atria. In these scenarios the stimulus to atrial activation
ratio approached 2:1. An S2 interval of 300ms did, however, elicit
atrial activation, but preferential activation of the compact node
was no longer via the “slow” pathway. Preferential conductance
and subsequent activation of the nodal region was provided by
the “fast” pathway (Figures 8B,C). Nodal activation was followed
by retrograde propagation up the “slow pathway” (Figure 8C).
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FIGURE 7 | Preferential inter-nodal conduction via the “slow” pathway in the atria of a heart with AVSD. (A) Volume rendering of the atrial cavity viewed from the

inferior-lateral position. (B) Corresponding isochrone electrical activation map, the normal location and direction of the “slow” pathway (green), and the septal aspect

of the elongated “fast” pathway (red) are indicated by solid arrows. (C,D) Snapshots taken from the Supplementary Video 2 showing excitation of the distal aspect

of the region normally associated with the “slow” pathway precedes that of the “fast” pathway, pink indicates activated myocardium, light blue indicates dormant

myocardium. See methods for modeling parameters. White*, location of compact atrioventricular node in AVSD heart; Red*, approximate location of compact

atrioventricular node in normal heart; CS, coronary sinus; CT, terminal crest; FO, fossa ovale; LAA, left atrial appendage; RAA, right atrial appendage; SN, sinus node;

VA, valve annulus. Scale bar represents 3mm.

As a result the muscle bundles associated with “fast” pathway
emerged from their refractory period before those of the “slow”
pathway (Figure 8D). The pacing data presented in Figure 8 is
presented as an animation in Supplementary Video 3.

DISCUSSION

In this study we show that contrast enhanced micro-CT is an
effective non-destructive method for producing high-resolution,
high-fidelity, 3-dimensional images of archived human hearts.
From these images the 3-dimensional disposition of the cardiac
conduction system and the complex arrangement of the myocyte
chains can be resolved and quantified. To the best of our
knowledge this is the first time such data has been presented for
a heart with an AVSD. This high-resolution micro-anatomical

data was then used to inform mathematical models of electrical
activation, offering a potential stepwise change in the structural
fidelity of such models. The resultant simulations are comparable
to in-vivo clinical assessment of electrophysiology in AVSD
patients, suggesting this is a viable technique for the investigation
of arrhythmogenesis in congenitally malformed hearts ex-vivo.

The Competencies of Micro-Computed

Tomography
The nature of micro-CT data means that the morphological
structure of this precious archived sample is forever preserved.
This data is digital and thus will not degrade over time, and can
be easily distributed and visualized using open source software.
Thus, anatomists, surgeons, cardiologists, engineers, and teachers
can easily make use of this new information.
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FIGURE 8 | Fast pacing elicits retrograde conduction via the “slow” pathway in the atria of a heart with AVSD. (A–D) Time-lapse snapshots taken from the

Supplementary Video 3 showing preferential inter-nodal conduction via the region normally associated with the “fast” pathway, and subsequent retrograde

conduction up the “slow” pathway, during an atrial pacing protocol (s1-s2 interval 300ms). Views are comparable to those presented in Figure 7. The normal location

and direction of the “slow” pathway (green), and the septal aspect of the elongated “fast” pathway (red) are indicated by solid arrows. Pink indicates activated

myocardium, light blue indicates dormant myocardium. See methods for modeling parameters. White*, location of compact atrioventricular node in AVSD heart; Red*,

location of compact atrioventricular node in normal heart; CS, coronary sinus, CT, terminal crest; FO, fossa ovale; LAA, left atrial appendage; RAA, right atrial

appendage; SN, sinus node.

The micro-CT data allowed for fast diagnosis and
classification of the defect. Virtual histology (Figure 3) and
virtual dissection (Figures 1, 2) can be performed rapidly
and non-destructively in an infinite number of planes. This
has clear advantages over traditional destructive, laborious,
and error prone techniques such as histology and blunt
dissection. As described previously (Stephenson et al., 2012,
2017), contrast enhancement allowed the specialized cells of
the cardiac conduction system to be resolved independent of
the surrounding working myocardium and connective tissue.
The disposition of the nodal tissues described in the present
study is consistent with previous anatomical accounts of hearts
with AVSD using traditional techniques (Anderson et al., 2000).
Consistent with previous accounts in the adult human heart
(Boyett et al., 2000; Sánchez-Quintana et al., 2005; Fedorov et al.,
2010; Stephenson et al., 2017), the sinus node was irregular in

shape and occupied a large portion of the inter-caval region, and
was seen to give off complex projections into the surrounding
myocardium. The sinus node in the AVSD heart did however
appear to have a less pronounced paranodal area compared with
the adult (Chandler et al., 2011; Stephenson et al., 2017). The
nature of the defect and the posterior-inferior displacement
of the compact atrioventricular node made for an elongated
AVCA, this has been described previously, and is thought to
contribute to the prevalence of atrioventricular node block
in these patients (Feldt et al., 1970; Anderson et al., 2000,
2008).

In the present study, and previously (Aslanidi et al., 2012;
Ni et al., 2013; Stephenson et al., 2017), we have demonstrated
how myocyte orientation can be extracted from high-resolution
micro-CT data. Extraction of myocyte orientation is imperative
to allow accurate modeling of cardiac electrical activation.
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Conduction is known to be faster along a cardiomyocyte
chain’s longitudinal axis than across its short axis (Spach and
Kootsey, 1983). The course of the cardiomyocyte chains and their
aggregation into distinguishable muscle bundles, therefore, plays
a crucial role in inter-nodal conduction. This is highlighted in
modeling data presented in the current study (Figures 5–8), and
illustrates the importance of the whole heart high-resolution data
presented here.

Substrates for Arrhythmogenesis in a

Heart With AVSD
NB: When describing the modeling results in the AVSD heart we
use the term “slow” and “fast” pathway based on their anatomical
position in the normal human heart, this is not a reflection of
their conduction time.

The simulations of atrial activation produced in the present
study show preferential activation of the compact atrioventricular
node via the region normally associated with the “slow”
pathway (Figures 5–7). This flipping of the dual pathway
physiology is consistent with previous in-vivo three-dimensional
electroanatomic mapping studies, in which the slowest pathway
was located superior to AVCA, while the fastest pathway was
identified posterior-inferior to the compact node (Khairy et al.,
2007; Khairy and Balaji, 2009). The arrangement is best observed
in the right hand and left hand views shown in Figure 5. This
phenomenon is not surprising considering the displacement of
the compact node implies a physical shortening of the “slow”
pathway and a concomitant lengthening of the “fast” pathway
(Figure 1). In this regard, we show how the distal aspect of the
region normally associated with the “fast” pathway is continuous
with a septal muscle bundle and the common valve annulus.
Contrary to the findings of Khairy and associates (Khairy et al.,
2007), our modeling data suggests conduction along the leftward
aspect of the valve annulus is slow and is annihilated by the “slow”
pathway (Supplementary Videos 1, 2). The preferential route for
the “fast” pathway is, therefore, via the septal region. Our data
therefore supports the suggestion of Waldo and associates that
the middle and anterior (corresponding to the “fast” pathway)
inter-nodal pathways may become distorted or modified due to
the septal defect (Waldo et al., 1973).

The area anterior-inferior to the fossa ovale, which in the
normal heart houses a distinct muscle bundle and the region
of the inferior nodal extension, was seen to be hypoplastic and
damaged by the suture placement associated with the patch
implantation. This suggests, in this instance, that this region
is not a viable route, and that inter-nodal conduction runs
posterior-superior to the fossa ovale via a septal bundle. Patch
placement in the ventricle can also have functional implications.
It is hindered by the need to attach the patch to the right
hand aspect of the muscular ventricular septum in order to
close the defect. Fournier and associates observed right bundle
branch block in 19 of 25 postoperative patients (Fournier
et al., 1986). Right bundle branch block has historically been
a problem in AVSD patients and the necessary placement of
pledgets and sutures in the current sample demonstrate the
challenge facing the reconstructive surgical team (Figures 3D, 4).
In this regard micro-CT data has potential implications in the
planning of corrective surgery and ablation therapy, pathological

reporting, and for investigations into the history of surgical
approaches.

Retrograde atrial activation via the fastest conducting pathway
has been observed previously in AVSD patients (Khairy et al.,
2007), and in this case cryomapping of the slowest conducting
pathway can relieve the accompanying atrioventricular re-entry
tachycardia (AVNRT). In the present study atrial pacing using
a S2 interval of 300ms elicited whole atrial activation, but
preferential activation of the compact node was no longer via
the “slow” pathway. Preferential conductance and subsequent
activation of the nodal region was provided by the “fast” pathway
(Figures 8B,C and Supplementary Video 3). Nodal activation
was then followed by retrograde propagation up the “slow”
pathway (Figure 8C and Supplementary Video 3). As a result
the muscle bundles associated with “fast” pathway were seen to
leave their refractory period before those of the “slow” pathway
(Figure 8D and Supplementary Video 3). In this setting the dual
pathway physiology therefore becomes desynchronised which
could perpetuate both typical and atypical AVNRTs. This finding
also provides reasoning for other electrical disturbances observed
clinically, such as slow inter-nodal conduction, atrial fibrillation
and atrioventricular block (Daliento et al., 1991; Khairy et al.,
2006). Furthermore, the data provides evidence to support
ablation of the slowest conducting pathways in this setting.

Our findings suggest that displacement of the compact
atrioventricular node and the accompanying structural
modification of the dual pathway physiology provides
morphological substrates for arrhythmogenesis in hearts
with AVSD.

Future Perspectives
The methodologies and concepts presented in the current study
provide the opportunity to investigate, and potentially resolve,
controversies regarding the anatomical substrates for inter-nodal
conduction (Anderson et al., 1981; Sanchez-Quintana et al., 1997;
Hucker et al., 2008). Future studies using this dataset could
include atrio-ventricular and whole heart modeling to investigate
substrates and ablation strategies for ventricular tachycardia,
atrioventricular block, and bundle branch block, all of which are
frequently observed in this defect (Daliento et al., 1991; Khairy,
2008; Khairy and Balaji, 2009). Furthermore, there are many
other cardiac congenital malformations that are associated with
specific electrical disturbances and arrhythmias. This study is a
“proof of concept,” opening the door for wide-scale investigation
of arrhythmogenesis by topographical micro-anatomy combined
with numerical simulation of electrical activity in the congenitally
malformed heart.

STUDY LIMITATIONS

We recognize that this study lacks an age-matched healthy
control to validate our findings, but such a sample would be
extremely difficult to obtain. The major limitation of this study
is the need to downsample the high-resolution information-
rich micro-CT data into a form which is computationally
manageable. The large file size, in this case ∼10 GB, and the
fine structural details, make the integration of such data into
mathematical models, computationally and theoretically difficult.
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This, however, highlights a new research challenge for the
modeling and engineering community. While providing new
challenges, high resolution micro-CT data does provide a step
change in the quality of structural geometries available to groups
working on mathematical models of cardiac depolarisation.
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The Fibrotic Substrate in Persistent
Atrial Fibrillation Patients:
Comparison Between Predictions
From Computational Modeling and
Measurements From Focal Impulse
and Rotor Mapping
Patrick M. Boyle1, Joe B. Hakim1, Sohail Zahid1, William H. Franceschi1,
Michael J. Murphy1, Adityo Prakosa1, Konstantinos N. Aronis2, Tarek Zghaib2,
Muhammed Balouch2, Esra G. Ipek2, Jonathan Chrispin2, Ronald D. Berger2,
Hiroshi Ashikaga2, Joseph E. Marine2, Hugh Calkins2, Saman Nazarian3,
David D. Spragg2 and Natalia A. Trayanova1*

1 Department of Biomedical Engineering, Institute for Computational Medicine, Johns Hopkins University, Baltimore, MD,
United States, 2 Department of Cardiology, Johns Hopkins Hospital, Baltimore, MD, United States, 3 Penn Heart & Vascular
Center, University of Pennsylvania, Philadelphia, PA, United States

Focal impulse and rotor mapping (FIRM) involves intracardiac detection and catheter
ablation of re-entrant drivers (RDs), some of which may contribute to arrhythmia
perpetuation in persistent atrial fibrillation (PsAF). Patient-specific computational models
derived from late gadolinium-enhanced magnetic resonance imaging (LGE-MRI) has
the potential to non-invasively identify all areas of the fibrotic substrate where RDs
could potentially be sustained, including locations where RDs may not manifest during
mapped AF episodes. The objective of this study was to carry out multi-modal
assessment of the arrhythmogenic propensity of the fibrotic substrate in PsAF patients
by comparing locations of RD-harboring regions found in simulations and detected by
FIRM (RDsim and RDFIRM) and analyze implications for ablation strategies predicated
on targeting RDs. For 11 PsAF patients who underwent pre-procedure LGE-MRI and
FIRM-guided ablation, we retrospectively simulated AF in individualized atrial models,
with geometry and fibrosis distribution reconstructed from pre-ablation LGE-MRI scans,
and identified RDsim sites. Regions harboring RDsim and RDFIRM were compared. RDsim

were found in 38 atrial regions (median [inter-quartile range (IQR)] = 4 [3; 4] per model).
RDFIRM were identified and subsequently ablated in 24 atrial regions (2 [1; 3] per
patient), which was significantly fewer than the number of RDsim-harboring regions in
corresponding models (p < 0.05). Computational modeling predicted RDsim in 20 of 24
(83%) atrial regions identified as RDFIRM-harboring during clinical mapping. In a large
number of cases, we uncovered RDsim-harboring regions in which RDFIRM were never
observed (18/22 regions that differed between the two modalities; 82%); we termed
such cases “latent” RDsim sites. During follow-up (230 [180; 326] days), AF recurrence
occurred in 7/11 (64%) individuals. Interestingly, latent RDsim sites were observed in
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all seven computational models corresponding to patients who experienced recurrent
AF (2 [2; 2] per patient); in contrast, latent RDsim sites were only discovered in two of
four patients who were free from AF during follow-up (0.5 [0; 1.5] per patient; p < 0.05
vs. patients with AF recurrence). We conclude that substrate-based ablation based on
computational modeling could improve outcomes.

Keywords: atrial fibrillation, re-entrant drivers, fibrotic remodeling, ablation, computational modeling,
intracardiac electroanatomic mapping

GRAPHICAL ABSTRACT | This study compares locations of re-entrant
driver (RD)-harboring regions identified by intracardiac focal impulse and rotor
mapping (FIRM) during catheter ablation procedures in persistent atrial
fibrillation (PsAF) patients, and those identified by atrial computational
simulations based on fibrosis imaging in the same patients. The finding of
atrial regions in which both FIRM and simulations detected RDs (purple)
reinforces a key understanding, namely that PsAF is in part driven by
fibrosis-mediated mechanisms. The results of our analysis support the notion
that ablation therapy based on clinical RD mapping is limited by the
prevalence of latent RD sites (red), where the fibrotic substrate for RD
perpetuation exists but re-entrant activity never manifests during the mapped
AF episode(s). RD-harboring regions detected by FIRM but not in simulations
(blue), indicating AF episodes perpetuated by mechanisms other than the
fibrotic substrate, were not frequently seen in this cohort. This analysis
suggests that substrate-based ablation based on computational modeling
could improve outcomes.

INTRODUCTION

Atrial fibrillation (AF) affects up to 2% of the population,
making it the most prevalent sustained arrhythmia (Andrade
et al., 2014). Pulmonary vein isolation (PVI) via catheter
ablation can effectively treat some forms of AF (Haissaguerre
et al., 1998; Calkins et al., 2017), but recurrence rates remain
unacceptably high (40–60%) in patients with persistent AF
(PsAF) (Verma et al., 2015). A potential explanation for the
relative ineffectiveness of ablation in these patients is the fact
that PsAF is often associated with atrial fibrosis, establishing a
substrate for which the arrhythmogenic propensity is beyond the
area affected by PVI (Burstein and Nattel, 2008; Nattel et al.,
2008; Yue et al., 2011). Thus, new methodologies are needed to
accurately identify the ablation targets in the fibrotic substrate.

One approach used in recent studies is focal impulse and rotor
mapping (FIRM), one aim of which is to determine the locations
of the re-entrant drivers (RDs; i.e., rotors) that contribute to
AF perpetuation by interpreting intracardiac electrogram signals
from multi-electrode basket catheters inserted in the atria during
ablation procedures; identified RD sites are then targeted for
ablation (Narayan et al., 2012b, 2014). One potential explanation
for the limited ability of FIRM-guided ablation to achieve
freedom from AF in some cases (Mohanty et al., 2018) is the
failure to modify the arrhythmogenic substrate sufficiently to
eliminate its capacity to sustain RDs. This notion is supported
by evidence from some studies that AF may be sustained by
persistent RDs at different locations in cases of failed ablation
(Lalani et al., 2016; Boyle et al., 2018). Notably, FIRM also aims
to identify sources of triggered excitation (i.e., focal impulses) but
these are beyond the scope of the present investigation.

Simulations conducted in patient-specific computational
models reconstructed from late gadolinium-enhanced magnetic
resonance imaging (LGE-MRI) scans have recently been used
to develop insights into the perpetuation and ablation of
PsAF in patients with atrial fibrosis (McDowell et al., 2012;
Trayanova, 2014; Boyle et al., 2016, 2017; Zahid et al.,
2016a). Our work using such models has identified specific
spatial patterns of fibrotic tissue that promote AF perpetuation
(Zahid et al., 2016a) and these findings are corroborated
by clinical evidence (Cochet et al., 2018). Also, in a study
complementary to the present work, we compared rotor
harboring regions, as characterized by pre-ablation non-invasive
electrocardiographic imaging (ECGI), with those predicted in
patient-specific models reconstructed from LGE-MRI scans of
the same patients (Boyle et al., 2018). These studies all pointed
to a key advantage of the computational approach to fibrotic
substrate characterization: namely, simulations are capable of
identifying latent rotor sites that may not manifest during clinical
mapping.

The aim of this study was to carry out multi-modal
assessment of pro-arrhythmic properties in the fibrotic substrate
in PsAF patients by comparing RD-harboring regions found
in simulations and detected by FIRM (RDsim and RDFIRM)
and analyze implications for ablation strategies predicated on
targeting rotors. We retrospectively conducted simulations in
personalized atrial models reconstructed from pre-procedure
MRI scans for 11 PsAF patients who underwent FIRM-guided
ablation at Johns Hopkins Hospital. Our study offers further
insights into the importance of latent RDsim sites in the fibrotic
atria, which have implications for improving long-term outcomes
of PsAF ablation procedures.
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MATERIALS AND METHODS

Persistent AF Patient Cohort
Eleven patients with PsAF who underwent pre-ablation LGE-
MRI and FIRM as an adjunct to PVI in 2015 were included
in this study. All 11 patients have been included in previous
studies by our group (Chrispin et al., 2016; Balouch et al.,
2017); the other patients included in those previous studies
could not be included here due to the fact that pre-
ablation LGE-MRI scans were not obtained. PsAF was defined
as sustained AF that lasts >7 days, which is consistent
with AHA/ACC/HRS guidelines (Calkins et al., 2017). The
approach used to obtain pre-ablation LGE-MGI scans has
been described in previous papers (Khurram et al., 2014;
Chrispin et al., 2016; Zahid et al., 2016b; Balouch et al.,
2017). The Johns Hopkins Institutional Review Board approved,
and all patients provided written informed consent for,
retrospective study of data collected from these ablation
procedures.

Reconstruction of Patient-Specific
Computational Models of the Fibrotic
Atria
The approach used to reconstruct atrial models, including
patient-specific representations of atrial geometry and fibrotic
tissue distribution has been presented in previous papers
(McDowell et al., 2012; Roney et al., 2016; Zahid et al., 2016a,b;
Deng et al., 2017; Boyle et al., 2018). Briefly, the atrial wall was
segmented from MRI scans and LGE and non-LGE regions were
delineated using an image intensity ratio approach (Khurram
et al., 2014). Three-dimensional finite-element meshes were
then constructed for each patient-specific model. These models
included a realistic representation of atrial wall thickness. Average
edge length ranged from 351.01 to 380.88 µm; mesh size ranged
from 1.34 to 2.65 million nodes. Fiber orientations in the atrial
myocardium were estimated as described previously (McDowell
et al., 2012). We begin with generalized fiber orientations from
an atlas human atrial geometry, then use large deformation
diffeomorphic metric mapping to morph vectors those onto each
patient-specific atrial geometry (Beg et al., 2004; Vadakkumpadan
et al., 2009; McDowell et al., 2013). As such, the fiber orientation
tensor field is unique in each individual model.

Our methodology for modeling atrial electrophysiology in
PsAF patients with fibrotic atria can be found in our published
papers (Zahid et al., 2016a,b; Deng et al., 2017; Boyle et al.,
2018). Briefly, at the cellular scale in non-fibrotic regions,
we used a human chronic AF atrial action potential model
(Courtemanche et al., 1998) with modifications to fit clinical
monophasic action potential recordings from patients with
AF (Krummen et al., 2012). In fibrotic regions, this model
was further modified to match relevant experimental data, as
described previously (Avila et al., 2007; Corradi et al., 2008;
Nattel et al., 2008; Pedrotty et al., 2009; Kakkar and Lee, 2010;
Ramos-Mondragon et al., 2011; Zahid et al., 2016a,b). At the
tissue scale, as in previous studies (Zahid et al., 2016a,b; Deng
et al., 2017; Boyle et al., 2018), conductivity tensor values

in both regions were calibrated to match clinical recordings.
Briefly, parameters were adjusted in a test slab geometry
(4.5 cm× 4.5 cm× 0.5 cm, uniform fiber orientation) to obtain a
longitudinal conduction velocity (CV) of 43.39 cm/s, consistent
with the range of values measured during clinically mapped
AF in humans (38–54 cm/s) (Konings et al., 1994). When the
calibrated parameters were used in a test model with patient-
specific fiber orientations and regions of fibrotic remodeling, CV
values were in the expected range (31.46 [28.38; 36.32] cm/s;
min/max: 15.18/47.81 cm/s).

Identification and Comparison of RD
Locations in Simulations and FIRM Data
In each model, rapid pacing was applied at 30 uniformly
distributed sites to induce AF. Pacing cycle length was decreased
from 300 to 150 ms with the following inter-beat coupling
intervals, in ms: 300, 275, 250, 225, 200, 190, 180, 170, 160,
150, and 150. For all 12 stimuli, pulse duration was 5 ms and
transmembrane current strength was 0.3 mA/cm2. Induced AF
episodes were simulated for 2.5 s following the end of pacing.
Persistent RD locations observed in simulations (i.e., RDsim) were
identified by determining phase singularity trajectories (Gray
et al., 1998; Eason and Trayanova, 2002), which were extracted
using the dynamic wavefront tip trajectory analysis approach
(Deng et al., 2017). Briefly, RDsim wavefront “pivot points”
were manually identified during a 1,000 ms analysis interval at
the end of each simulation. This ensured that multiple RDsim
rotations were analyzed and that transient instability immediately
following AF initiation was disregarded. In all cases, RDsim
persisted for at least two rotations and lasted at least 200 ms,
which is consistent with the RD definition of in previous papers
(Narayan et al., 2012a; Haissaguerre et al., 2014).

A description of the methodology used to identify RDs
from FIRM data (i.e., RDFIRM) can be found in previous
publications (Chrispin et al., 2016; Balouch et al., 2017). Briefly,
a 3D bi-atrial electroanatomical map was constructed with the
CARTO system (Biosense Webster) and merged with geometry
extracted from pre-ablation MRI scans. AF was induced in
patients presenting in sinus rhythm by atrial burst pacing and
isoprotenerol infusion. RDFIRM were mapped using a 64-pole
basket mapping catheter (FIRMap; Abbott) in both the left and
right atria and projected onto the electroanatomical map. This
involved the use of proprietary software (RhythmView, Abbott)
to derive 2D graphical displays of endocardial activation patterns
from basket catheter unipolar electrogram signals.

RDsim and RDFIRM locations were compared on a region-wise
basis. Each atrial geometry was manually subdivided into seven
anatomically defined regions, as described by Haissaguerre et al.
(2014): four regions in the left atrium (LA), two in the right
atrium (RA), and one in the interatrial septum. Each RD was
classified as belonging to the region in which the majority the
RD trajectory was located. Regional classification of RD locations
was performed by three different individuals (PB, JH, and MM)
who were blinded to each other’s annotations; no discrepancies
in classification occurred. As in our previous study (Boyle et al.,
2018), each atrial region in each patient was classified into one of
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four categories: RDsim and RDFIRM, RDsim only, RDFIRM only, or
no RD activity.

FIRM-Guided Ablation Protocol and
Clinical Follow-Up
The FIRM-guided ablation protocol has also been described in
our earlier papers (Chrispin et al., 2016; Balouch et al., 2017).
Although all cases in this study were considered retrospectively,
we provide a summary of the protocol here to put the acute
and long-term outcomes of clinical ablation in context. Standard
electrophysiological catheters were advanced to the high RA,
his bundle region, and coronary sinus. If the participant was
in sinus rhythm, AF was induced by a rapid atrial burst
pacing protocol. A 3D mesh of the RA was constructed using
the CARTO 3 system (Biosense Webster, Inc., Diamond Bar,
CA, United States). Subsequently, a 64-pole basket catheter
(50 or 60 mm; Abbott Electrophysiology, Menlo Park, CA,
United States) was introduced in the RA. Unipolar electrograms
were recorded from the basket catheter at a sampling frequency
of 977 Hz and were filtered at 0.05 to 500 Hz (Cardiolab;
GE Healthcare, Waukesha, WI, United States). The quality of
unipolar electrograms was assessed by the operating physician
and adjustments to the catheter position were made to maximize
atrial coverage and signal to noise ratio. FIRM mapping was
performed with 60 s of unipolar signals collected per epoch. These
signals were analyzed using proprietary software (Rhythm View
workstation, Abbott, Menlo Park, CA, United States) and RDFIRM
were identified as areas of stable rotational activation patterns.
Raw basket electrograms were not analyzed in this study.
Ablation was performed using a 3.5-mm-tip irrigated catheter
(ThermoCool SmartTouch; Biosense Webster, Inc., Diamond
Bar, CA, United States) with power at the discretion of the
operator (generally 25 W on the posterior wall and 30 W in
anterior, septal, and lateral regions for∼15–30 s at each location).
Ablation was continued until abatement of local electrograms.
A repeat RDFIRM map was obtained, and any additional identified
RDFIRM were ablated. After completion of ablation of RDFIRM
located in RA, a transeptal puncture was performed, and the
process was repeated in the LA. All observed stable RDFIRM were
ablated. In this cohort, focal drivers of AF were not specifically

tracked, nor were they targeted for ablation. After completion
of the FIRM-guided ablation, PVI was performed using wide
area circumferential ablation of the pulmonary vein antra until
entrance and exit block was demonstrated for each pulmonary
vein. Additional lines were ablated at the attending physician’s
discretion.

As described previously (Balouch et al., 2017), routine follow-
up including electrocardiographic testing was performed at 3, 6,
and 12 months. Additional follow-up for symptomatic patients
was performed as needed. Any incidence of AF documented
by ECG or a device-recording system lasting ≥30 s, outside
of a 3-month post-procedure blanking period, was classified as
recurrence.

Statistics
Continuous variables were expressed as median [IQR] and
compared using either the Wilcoxon signed-rank test (for
paired comparisons) or the Mann–Whitney test (for unpaired
comparisons). After classifying RDsim/RDFIRM within anatomical
regions, agreement between regions identified by the two
modalities was assessed by calculating the modified Cohen’s
kappa statistic (κ0) (Kraemer, 1980). All tests were two-tailed;
p < 0.05 indicated statistical significance.

RESULTS

Demographic information about the patient cohort
retrospectively analyzed in this study is provided in Table 1. No
identifiable trends in potential confounding variables (age, sex,
BMI, duration of AF prior to ablation, PsAF vs. long-standing
PsAF, and proportion of fibrotic tissue as identified by LGE-MRI)
were observed. Moreover, there were no differences between
success and failure groups in terms of the number of RDFIRM
targets ablated or the number of RDFIRM-harboring regions.
For all 11 individuals, Figure 1 shows long-term and acute
success rates of FIRM-guided ablation procedures (follow-up
duration: 230 [180; 326] days), anatomical regions where RDsim
and RDFIRM were detected, and Venn diagrams summarizing the
degree of overlap between RDsim and RDFIRM-harboring regions.
As patient IDs were arbitrarily assigned in this retrospective

TABLE 1 | Demographic and FIRM-guided ablation procedure information for the cohort considered in this study.

Variable Overall (n = 11) Success (n = 4) Failure (n = 7) p-value∗

Age 67 [55; 72] 69 [55.5; 72] 67 [55; 69] 0.7485

Male 10 (91) 4 (100) 6 (86) >0.9999

BMI 29.2 [27.9; 35.3] 32.25 [28.9; 40.48] 28.4 [24.2; 35.3] 0.2515

PsAF 8 (73) 3 (75) 5 (71) >0.9999

Long-standing PsAF 3 (27) 1 (25) 2 (29) >0.9999

Duration of AF (y) 4 [2; 10] 2.25 [0.5; 10] 6 [2; 10] 0.3818

Fibrotic tissue (%) 29.1 [18; 47.1] 36.2 [13.73; 46.53] 29.1 [18; 53] 0.6485

RDFIRM targets ablated (#) 3 [2; 6] 4 [2.25; 5.75] 3 [1; 6] 0.5364

RDFIRM-harboring regions (#) 2 [1; 3] 2.5 [1.25; 3.75] 2 [1; 3] 0.5788

Long-term outcomes are defined in terms of freedom from AF during the follow-up period, which was classified as success. ∗Comparisons are between patients with
different long-term FIRM ablation outcomes.
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FIGURE 1 | Summary of RDsim and RDFIRM-harboring regions for all
retrospectively studied individuals and corresponding patient-specific models.
The first two columns show long-term and acute outcomes of catheter
ablation; see Table 1 for definition of long-term clinical outcomes. Acute
outcomes are defined as Success (AF spontaneously terminated during
FIRM-guided to ablation), Success∗ (AF organized to atrial flutter during
FIRM-guided to ablation), or Failure (AF persisted for the duration of
FIRM-guided ablation). Columns under “Atrial Regions” heading show
color-coded classification of each part of the atria: purple = both RDsim and
RDFIRM; gray = neither RDsim nor RDFIRM; red = RDsim only; blue = RDFIRM

only. Rightmost column shows Venn diagrams (to scale) for each patient
indicating degree of overlap between RDsim- and RDFIRM-harboring atrial
regions. Data in this figure regarding overlap are based on region-wise
comparison (i.e., if a particular atrial region was found to be both
RDsim-harboring and RDFIRM-harboring, that region was deemed to have
overlapping RD presence). Here, the concept of overlap is not intended to
connote exact physical co-localization of RDsim and RDFIRM sites. PV,
pulmonary vein; Post/Ant LA, posterior/anterior left atrium; Sup/Inf RA,
superior/inferior right atrium; IAG, inter-atrial groove.

study, we were able to order the patients by long-term outcome
then by acute outcome. Detailed information about all 11 clinical
procedures, including notes on any ablations other than RDFIRM
targets or PVI that were performed, are provided in Table 2.

RDsim were observed in 38 atrial regions (4 [3; 4] per patient);
in contrast, RDFIRM were only detected in 24 regions (2 [1;
3] per model; p < 0.05 vs. RDsim). Classification of atrial
regions (as RD-harboring or not) was in agreement between
simulations and FIRM more frequently than it differed (5 [4;
6] vs. 2 [1; 3], p < 0.05, see Table 3). Analysis of inter-rater
agreement yielded κ0 = 0.323, which indicates a moderate degree
of consensus (Kraemer, 1980). These findings are consistent with
our expectation that RDsim and RDFIRM locations would only
partially agree due to the fact that FIRM is capable of identifying
only the specific RDs that are manifest during the procedure,
whereas simulations can predict all potential RDs arising from
the fibrotic substrate. Indeed, the majority of cases where regional
classification differed (18/22; 82%) involved latent RD sites in
regions where such activity was never detected during FIRM.

Distribution of RDsim and RDFIRM-harboring regions is
summarized in Figure 2. The most common sites of RDsim

occurrence (31/38; 82%) were the left and right PVs, the posterior
LA, and the superior RA; in contrast, the majority of RDFIRM
were observed in the left PVs and the superior RA (16/24; 67%).
This observation is reinforced by the fact that these two regions
were the most likely to harbor latent RD sites (right PVs: 5/18,
28%; posterior LA: 4/18, 22%).

Side-by-side visualizations of RDsim and RDFIRM sites for four
different patients are shown in Figure 3. In each case, the spatial
distribution of fibrotic tissue in the same model is also included.
For Patient 8 (Figure 3A), the example shown is for an RDsim
located in the posterior LA, roughly at the center of the plane
formed by the four pulmonary veins; RDFIRM was documented
for the same patient at a similar location during FIRM (yellow
highlighted region). For Patient 4 (Figure 3B), two examples are
shown. First (top row), an RDsim in the anterior part of the inter-
atrial groove region, inferior to the right superior PV; second
(bottom row), an RDsim in the superior RA, near the base of
the RA appendage. These sites correspond, respectively, to the
blue and green highlighted regions in the FIRM schematic shown.
For Patient 10 (Figure 3C), the case shown is for an RDsim near
the left PVs, which corresponded to a FIRM-mapped site (blue).
Finally, for Patient 9 (Figure 3D), the highlighted RDsim is found
in the left PV region, between the left inferior PV and the mitral
valve annulus, which is a direct match to the RDFIRM area (pink).
Notably, although this particular RD trajectory persists within a
region that appears non-fibrotic from the epicardial surface, the
underlying transmural and endocardial tissue in that area is quite
fibrotic (see inset).

Four examples of latent RDsim sites (i.e., located in regions
that were not classified as RDFIRM-harboring) are shown in
Figure 4. Two separate AF episodes are shown for Patient 10,
first for an RDsim observed in the inter-atrial groove region on the

TABLE 2 | Details of ablation procedures for all 11 patients in the cohort.

Patient
ID #

RDFIRM

targets
ablated (#)

RDFIRM-
harboring
regions (#)

Procedures notes (PVI,
other lesions, etc.)

1 3 2 LA roof line

2 2 1 LA posterior roof and
floor lines

3 5 3 LA roof line + 2 posterior
LA lines

4 6 4 Coronary sinus isolation
line

5 1 1 LA roof line

6 6 3 Cavo-tricuspid isthmus
ablation (flutter)

7 2 2 LA roof line (flutter)

8 6 2 LA roof line

9 3 2 LA roof line

10 1 1 PVI deferred due to
respiratory

compensation; FIRM only

11 3 3 No additional lesions

In 2/11 cases, atypical LA flutter developed after PVI; additional ablation was
performed as indicated.
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TABLE 3 | For each patient model, number of atrial regions that were identified as RDsim-harboring, RDFIRM-harboring, both, or neither.

# Regions that agreed # Regions that differed

Patient ID # Both RDsim and RDFIRM Neither RDsim nor RDFIRM Total RDsim only RDFIRM only Total

1 2 3 5 2 0 2

2 1 6 7 0 0 0

3 3 4 7 0 0 0

4 3 2 5 1 1 2

5 1 4 5 2 0 2

6 1 2 3 2 2 4

7 1 3 4 2 1 3

8 2 3 5 2 0 2

9 2 3 5 2 0 2

10 1 2 3 4 0 4

11 3 3 6 1 0 1

Total 20 35 55 18 4 22

Median [IQR] 2 [1; 3] 3 [2; 4] 5 [4; 6] 2 [1; 2] 0 [0; 1] 2 [1; 3]

anterior side of the RA near the superior vena cava (Figure 4A);
second, for an RDsim in the right PV region, near the carina
between the right superior and inferior PVs (Figure 4B). For
Patient 9, the example shown (Figure 4C) highlights simulated
AF that was perpetuated by two simultaneous RDsim, one very
close to the right inferior PV and the other on the posterior LA,
toward the left superior PV. This was the only case in which this
particular dynamic (i.e., more than one stable RDsim persisting
simultaneously) was observed in this study; for purposes of RDsim
classification, this example led to both the right PV and posterior
LA regions being annotated as RDsim-harboring. Finally, for
Patient 5, the RDsim shown is in the inferior RA on the posterior
side of the inferior vena cava (Figure 4D). In all four examples

presented above, RDFIRM activity was not documented in the
given atrial region during the clinical ablation procedure.

For this cohort, most of atrial regions in which RDFIRM
were observed were also found to be RDsim-harboring during
simulation analysis (20/24; 83%). Three examples of RDFIRM that
were not observed in the corresponding models are shown in
Figure 5. For Patient 6, two instances are presented: first, two
RDFIRM in the left PV region (yellow and orange highlighted
areas in Figure 5A); second, another two RDFIRM on the anterior
LA, at the base of the LA appendage (green highlighted areas in
Figure 5B). For Patient 4, an RDFIRM was identified in the left
PV region (blue highlighted area in Figure 5C). In all of these
cases, RDsim were not observed in the corresponding regions

FIGURE 2 | Regional distribution of RDsim and RDFIRM-harboring regions. Venn diagrams (to scale) for indicate the degree of overlap between RDsim- and RDFIRM in
that particular region across all 11 patients. Overlaid numbers indicate the number of clinically observed RDFIRM-harboring regions that were correctly reproduced in
simulations conducted in the corresponding patient-specific models. As in Figure 1, data in this figure regarding overlap are based on region-wise comparison and
do not necessarily connote exact physical co-localization of RDsim and RDFIRM sites. See Figure 1 for expansion of abbreviations.
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FIGURE 3 | Examples showing direct evidence of co-localization of RDsim and RDFIRM. Each row shows the distribution of fibrotic tissue in the patient-specific model
(left), with anatomical labels (orange boxes and arrows) for ease of navigation; an activation map highlighting the location of an RDsim that perpetuated AF during
simulations (middle); and an annotated map exported from the electro-anatomical mapping system (right). Black regions indicate tissue that did not activate during
the relevant interval; locations of RDFIRM are highlighted by brightly colored regions. Some variability existed in the visual due to differences in the export process that
could not be made consistent across all 11 cases. (A) Patient 8: Matching RDsim and RDFIRM (yellow) sites in the posterior LA region. Note that the figure also shows
a second, more inferior posterior LA target (orange). The PVs and LA appendage were colored blue and pink for ease of clinical navigation (i.e., there were no
RDFIRM in these colored regions). (B) Patient 4: Matching RDsim and RDFIRM sites in the inter-atrial groove (FIRM annotation: blue) and superior RA (FIRM annotation:
green) regions of the atria. A third RDFIRM is shown deeper inside the RA appendage (orange). (C) Patient 10: Matching RDsim and RDFIRM (blue) sites in the left PV
region. The LA appendage was colored pink for ease of clinical navigation. (D) Patient 9: Matching RDsim and RDFIRM (pink) sites in the left PV region. Inset: View of
RDsim region with non-fibrotic tissue rendered as semi-transparent to show 3D transmural distribution of fibrotic tissue, including extensive sub-epicardial fibrotic
remodeling in this area (red).
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of the patient-specific model. Another possibility that cannot be
excluded is that these RDFIRM sites are false positives.

In general, the number of RDsim-harboring regions observed
in computational models differed significantly between those
reconstructed from MRI scans of patients who did not experience
AF recurrence during follow-up vs. those in whom the procedure
was classified as a long-term failure. There was a trend toward
more RDsim-harboring regions in the seven patients whose
ablation failed compared to the four individuals in whom the
procedure succeeded (Figure 6A; failure: 4 [3; 4] vs. success:
3.5 [1.5; 4], p = n.s.). Interestingly, this trend was reversed for
RDFIRM-harboring regions (Figure 6B; failure: 2 [1; 3] vs. success:
2.5 [1.25; 3.75], p = n.s.), although neither difference rose to
the level of significance. In the four patients who had long-term
freedom from AF, there were only three examples of latent RDsim
sites in two patients; in contrast, all patients who had recurrent
AF during follow-up had at least one latent RDsim site (Figure 6C;
failure: 2 [2; 2] vs. 0.5 [0; 1.75], p < 0.05).

DISCUSSION

Our study has important implications for understanding of the
fibrotic substrate for arrhythmia initiation and perpetuation in
PsAF patients. Nearly all of the atrial regions (84%) where
RDFIRM were observed also harbored RDsim in simulations,
which reinforces the validity of our patient-specific modeling
technique and supports the notion that many rotors mapped
during clinical procedures are perpetuated by the fibrotic
substrate. Interestingly, in the subset of patients (n = 7) in whom
the long-term outcome of ablation was failure (AF recurred
during follow-up), we uncovered a large number of additional
RDsim-harboring regions (2 [2; 2] per individual), within which
rotor activity was never identified by FIRM. These locations,
termed latent RDsim sites, were significantly less prevalent in
models corresponding to patients who remained free from AF
for the duration of follow-up (n = 4; 0.5 [0; 1.75] per individual).
These results suggest that one potential explanation for the failure
of FIRM-guided ablation is the prevalence of latent RDsim sites. It
also suggests that ablation procedures based on custom-tailored
plans to exhaustively target all potential RDsim locations could
lead to better long-term outcomes for PsAF patients.

Another interesting finding of our study was that the
prevalence of latent RDsim sites was particularly high in two
specific atrial regions: the posterior LA and the right PVs.
There are several potential explanations for this finding. On
one hand, due to inter-patient variability in atrial geometry and
fibrotic tissue distribution, it is possible that many individuals
in this cohort happened to have the necessary substrate for
rotor perpetuation in those regions but re-entrant activity did
not happen to manifest there during mapped AF episodes. On
the other hand, it is also conceivable that rotors did manifest
in those atrial regions in some or all of the apparent latent
RDsim sites, but FIRM failed to uncover them as RDFIRM. If
the latter is the case, it is also unclear whether this is due to
a shortcoming in the FIRM system’s ability to record rotors in
these regions or some other factor (e.g., the specific way the

FIGURE 4 | Examples of regions that harbored RDsim only (i.e., latent RDsim).
See Figure 3 for legends. (A,B) Patient 10: Latent RDsim sites in the
inter-atrial groove (A) and right PV (B) regions. (C) Patient 9: Latent RDsim in
the posterior LA (upper left) and right PV (right) regions; see text for further
discussion of this unique case in which two RDsim simultaneously persisted
during a single simulated AF episode. (D) Patient 5: Latent RDsim in the
inferior RA.

basket catheter was deployed during the ablation procedures in
question). Finally, since there is no gold standard for evaluating
rotor presence during AF episodes or confirming their causative
role in arrhythmia perpetuation, we cannot formally exclude the
possibility that the prevalence of latent RDsim sites is partly or
wholly attributable to false positives in simulations; however,
the fact that they were observed more frequently in models
corresponding to patients who experienced AF recurrence during
follow-up provides modest correlative evidence that this is not
the case.

Previous studies, both from our group (Boyle et al., 2018)
and others (Tanaka et al., 2007), have pointed to the left PV and
posterior LA regions as the most likely to harbor rotors. For the
patient-specific models considered in this study, we also observed
numerous RDsim in those regions (left PVs: 7/38 [18%]; posterior
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FIGURE 5 | Examples of regions that harbored RDFIRM only. See Figure 3 for
legends. (A,B) Patient 6: Clinically mapped RDFIRM sites in the left PV
(A; yellow/orange highlights) and anterior LA (B; green highlights) regions,
within which RDsim were never observed in the corresponding model.
(C) Patient 4: RDFIRM region in the left PV region (blue highlight). In both
cases, several other mapped RDFIRM sites (not relevant to this specific figure)
are shown in the FIRM schematics, since it was not possible to export these
images without all of the clinical annotations.

LA: 8/38 [21%]) but RDsim were just as likely to manifest in the
right PV and superior RA regions (6/38 [16%] and 10/38 [26%],
respectively). This highlights the importance of attempting to
map AF-perpetuating activity in the RA in addition to the LA,
since many putative targets (in both simulations and FIRM)
were identified in the upper part of that chamber. Notably, in

three of the four cases where the procedure resulted in long-
term freedom from AF (see Figure 1), RDFIRM were observed
and ablated in areas that would not be targeted as part of a
PVI procedure (superior RA, anterior LA, and/or inter-atrial
groove), regardless of whether roof or floor lines were added in
addition to standard circumferential lesions in the PV antra. This
reinforces the general value of substrate-based ablation in the
PsAF population.

In our earlier study (Boyle et al., 2018), which compared rotors
detected by pre-ablation non-invasive ECGI to those predicted
by simulations, the majority of atrial regions where the two
modalities differed (23/32 [72%]) were cases where an RDsim
was not observed in the model even though it was recorded
during mapped AF. In contrast, for the present study, the number
of RDFIRM-only regions was small (only four instances across
all patients), meaning that the differences between FIRM and
simulations were dominated by latent RDsim sites. Previously,
we primarily attributed the prevalence of rotors detected by
ECGI but not predicted by simulations to rotors perpetuated by
mechanisms other than the fibrotic substrate, but the present
finding raises an intriguing alternative explanation. Namely, rotor
detection via ECGI may be susceptible to a high rate of false
positives (i.e., incorrect classification of non-rotor activity as
an ablation targets), especially compared to RDFIRM detection,
which our findings conversely suggest is vulnerable to false
negatives (i.e., the failure to observe latent RDsim sites). This
putative over-sensitivity of rotor detection via ECGI would also
explain why the incidence of latent RDsim in our previous study
was low. However, a more systematic study involving rotor
identification via all three methods in the same cohort, would
be necessary in order to test this hypothesis. The development
of a definitive gold standard for rotor identification would also be
helpful in advancing knowledge in this area.

Finally, our discovery that latent RDsim sites existed in all
seven patients who had failed FIRM-guided ablation procedures
but only two of the four individuals who benefited from treatment
could explain why some recent trials have reported limited

FIGURE 6 | Comparison of numbers of RDsim and RDFIRM-harboring regions between patients whose catheter ablation procedure succeeded or failed long-term.
See Table 1 for clinical definition of long-term ablation outcomes. (A) RDsim-harboring regions predicted in models. (B) RDFIRM-harboring regions observed clinically.
(C) Regions that harbored latent RDsim.
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efficacy of PVI + FIRM compared to PVI alone (Mohanty et al.,
2018). However, the size of the cohort in our study is quite small
(n = 11) and the number of patients who did not experience
recurrent AF was even smaller (n = 4), thus it is difficult for us to
draw definitive conclusions. Moreover, due to the retrospective
nature of our study, the data presented here cannot definitively
prove that latent RDsim sites were the underlying cause of AF
recurrence. Future work will need to test this hypothesis by
determining prospectively if clinical ablation of all potential rotor
sites, as identified by simulations conducted in patient-specific
models of the fibrotic atria or by some other means, can deliver
robust and long-term freedom from AF in PsAF patients.

As outlined in Section “Materials and Methods,” our model
reconstruction approach uses a complex image-based technique
to morph human atrial atlas fiber orientations onto each patient-
specific geometry to create a unique conductivity tensor field.
This is the most advanced approach currently undertaken, given
clinical MRI has not yet developed to the point where it would
be feasible to discern patient-specific fiber orientations or fine-
grain structural details (e.g., endocardial bundles). Complexities
of the atrial endocardial microstructure have recently been shown
to influence RD localization in experiments and simulations
conducted in models reconstructed from high-resolution ex vivo
MRI scans (Hansen et al., 2015; Zhao et al., 2017). The data
presented here provide important insights based on dynamic
localization of RDsim arising from the macroscopic distribution
of fibrotic and non-fibrotic tissue (which can be obtained non-
invasively via standard clinical imaging techniques), however,
we cannot exclude the possibility that these mechanisms might
interact with other potential factors (e.g., variability in myocardial
thickness, endocardial bundles, etc.) to give rise to the complex
behavior of AF-perpetuating rotors in patients.

The FIRM approach is capable of identifying both reentrant
(i.e., RDFIRM) and focal AF drivers. However, for the patient
cohort examined in the present study, the incidence of
focal drivers was not tracked. Since study was retrospective,
we cannot offer any insights on the debate regarding the
relative importance of focal vs. RDs. Moreover, since our
computational approach is specifically designed to identify
regions within each patient’s unique fibrotic substrate where
RDsim could potentially be sustained, it is not suitable for
investigating the role(s) played by focal drivers in perpetuating
AF.

Finally, a limitation of this project is that due to the
retrospective nature of the study, we cannot evaluate the physical
distance between RDFIRM and RDsim sites, as CARTO maps from

FIRM ablation procedures could not be co-registered with model
geometry reconstructed from LGE-MRI. Because of that, rather
than comparing specific RDFIRM and RDsim locations, we instead
opted to compare RDFIRM- and RDsim-harboring regions, as done
in previous work by us and others (Haissaguerre et al., 2014; Boyle
et al., 2018), with the acknowledgment that these atrial regions are
relatively large.

CONCLUSION

The presence of numerous atrial regions in multiple patients that
were found to harbor both RDFIRM and RDsim reinforces our
previous finding that PsAF is partly driven by fibrosis-mediated
mechanisms and supports the validity of our computational
modeling approach. Our analysis highlights the prevalence of
latent RDsim sites as a potential explanation for failed ablation
procedures in PsAF patients. Finally, we show that long-term
outcomes were better in patients where there were fewer latent
RDsim sites, suggesting that substrate-based ablation based
on computational modeling may be able to identify a more
exhaustive set of PsAF substrate ablation targets compared to
intracardiac mapping.
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Atrial fibrillation (AF) is the most common cardiac arrhythmias causing morbidity and
mortality. AF may appear as episodes of very short (i.e., proximal AF) or sustained
duration (i.e., persistent AF), either form of which causes irregular ventricular excitations
that affect the global function of the heart. It is an unmet challenge for early and
automatic detection of AF, limiting efficient treatment strategies for AF. In this study, we
developed a new method based on continuous wavelet transform and 2D convolutional
neural networks (CNNs) to detect AF episodes. The proposed method analyzed
the time-frequency features of the electrocardiogram (ECG), thus being different
to conventional AF detecting methods that implement isolating atrial or ventricular
activities. Then a 2D CNN was trained to improve AF detection performance. The
MIT-BIH Atrial Fibrillation Database was used for evaluating the algorithm. The efficacy
of the proposed method was compared with those of some existing methods, most
of which implemented the same dataset. The newly developed algorithm using CNNs
achieved 99.41, 98.91, 99.39, and 99.23% for the sensitivity, specificity, positive
predictive value, and overall accuracy (ACC) respectively. As the proposed algorithm
targets the time-frequency feature of ECG signals rather than isolated atrial or ventricular
activity, it has the ability to detect AF episodes for using just five beats, suggesting
practical applications in the future.

Keywords: atrial fibrillation, continuous wavelet transform, 2D convolutional neural networks, time-frequency
features, practical applications

INTRODUCTION

Atrial fibrillation (AF) is recognized as a major cardiovascular disease, affecting a large number
of the population (Zoniberisso et al., 2014; Potter and Le, 2015). AF is associated with increased
risks of cardiovascular events, reducing the life quality of AF patients or even causing mortality
(Hylek et al., 2003; Mathew et al., 2009). AF is also related to obesity, long-term alcoholism
and obstructive sleep apnea, each of which promotes the development of AF (Gami et al., 2004;
Mukamal et al., 2005; Miyasaka et al., 2006; Mathew et al., 2009, p. 25). Furthermore, the lack of a
deep understanding for its pathophysiological mechanisms affects the diagnosis of AF (Censi et al.,
2013). Therefore, an early detection of AF appears to be important for effective treatments of AF.
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Based on the duration of episodes, AF can be classified into
three main types, namely paroxysmal, persistent, and permanent
(January et al., 2014). Paroxysmal AF is usually the primary
condition of the arrhythmia, with which the episodes terminate
spontaneously within 7 days after its initiation; whilst persistent
and permanent AF can last for more than several months. For
many AF patients they may initially suffer very short episodes,
but the episodes increase in frequency and duration, leading
to be persistent by a mechanism of AF begetting AF (de Vos
et al., 2010). For this condition, AF may last longer than
7 days, to terminate which one may need interventions such as
pharmacological or electrical cardioversion. Without treatment,
persistent AF may turn into permanent AF, one of the most
sustained cardiac arrhythmias (Zoniberisso et al., 2014).

Early detection of AF is essential for effective treatments.
However, it is still not easy to address the early AF detection
task though the use of long-term ECG recording devices is
available. Proximal AF episodes often last only for a few beats
in duration, therefore, it is very time-consuming to detect AF by
visual inspection (Dash et al., 2009). Such a challenge calls for
a wide variety of automatic AF detectors. For the past years, a
series of sophisticated methods have been developed to tackle the
challenges of AF detection (Kikillus et al., 2007; Couceiro et al.,
2008; Babaeizadeh et al., 2009; Yaghouby et al., 2010; Larburu
et al., 2011; Parvaresh and Ayatollahi, 2011). Two classes of AF
detection methods, the atrial activity analysis-based (Artis et al.,
1991; Slocum et al., 1992; Lake and Moorman, 2011; Zhou et al.,
2014; Ladavich and Ghoraani, 2015) and the ventricular response
analysis-based (Moody and Mark, 1983; Tateno and Glass, 2001;
Dash et al., 2009; Park et al., 2009; Huang et al., 2011; Lian et al.,
2011; Yaghouby et al., 2012; Lee et al., 2014) method, attract the
interest of the most of studies. The first category methods utilize
the absence of P waves or the presence of f-waves for diagnosis.
The performance of this kind of method highly depended on the
signal quality, which is hard to be guaranteed in the practice.
The second category methods are based on the variability of RR
intervals. Although these kinds of methods have a robust noise
resistance, its diagnosis accuracy is unsatisfactory when a wide
variety of rhythms need to be dealt with due to the limitation of
the information conveyed by RR intervals (Petrutiu et al., 2006;
Huang et al., 2011; Lian et al., 2011; Lee et al., 2014).

Over past years, algorithms based on convolutional neural
networks (CNNs) have proved successful in information
classification in many fields, such as object detection, speech, and
image recognition (Lecun et al., 2015). However, CNNs-based

algorithms for stratifying cardiovascular diseases are not well-
established due to limited availability of ECG database. Though
a few previous studies have applied CNNs to detect cardiac
arrhythmias (Rajpurkar et al., 2017; Vollmer et al., 2017), it
still remains a challenge to develop an effective algorithm for
detecting AF based on short episodes of ECGs.

The objective of this study was to address some potential
drawbacks of existing AF classification methods by developing
an accurate and reliable one for the fully automated classification
of AF based on continuous wavelet transform (CWT) (Addison,
2005) and 2D CNNs (Krizhevsky et al., 2012) methods. Such
possible drawbacks of traditional AF classification methods
include: (i) manual extraction of ECG features that limits the
accuracy of classification; (ii) low efficacy for fast AF detection
with a short period of ECG signal data; and (iii) the use of atrial
or ventricular only activities to classify AF and normal condition,
lacking consideration of complete information of ECG signal.
The advantage of the proposed algorithm over others lies at that
we do not need to manually extract features of ECG signals.
Instead, the proposed CNNs can automatically extract the spatio-
temporal features of ECG patterns obtained by the CWT analysis
with proper trainings. In addition, the proposed algorithm can
detect AF by using only five beats to achieve a significant
performance, suggesting potentials for clinical applications.

The developed method was tested and validated by the MIT-
BIH Atrial Fibrillation Database (AFDB) (Goldberger et al.,
2000).

The rest of this paper is organized as follows. In Section
“Materials and Methods,” the method of three-stage AF
classification is described in details. In Section “Implementation
of the Algorithm,” some details about the implementation of the
algorithm are presented. In Section “Results and Discussion,”
the proposed method is evaluated using the AFDB, and
its performance with varied CNNs parameters is analyzed.
AF detection results by the presented method are compared
with those from other existing algorithms. Finally, Section
“Conclusion” concludes our study.

MATERIALS AND METHODS

The flowchart of the proposed AF detection method is shown
in Figure 1. It includes four stages in two phases: phase 1 is
for pre-processing (data denoising and data segmentation) and
phase 2 for CWT and AF classification with CNNs. In phase 1,

FIGURE 1 | Flowchart diagram of the proposed AF detection algorithm. Original ECG data is first preprocessed for denoising and segmentation, then CWT is
applied to transform time series of ECG signals into 3D patterns which is further classified by trained CNNs.
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the wavelet transform (WT) method is applied to remove the
noise from the ECG signal, which is then segmented into a series
of periods, each of which has duration of 1.2 s (i.e., 300 sample
points given the sampling rate of 250 Hz). In phase 2, CWT is first
employed to transform the five beats of the ECG signal in each
segment to a 3D time-frequency representation of ECG patterns.
Then, the proposed CNNs was properly trained to process the AF
classification.

Database
The MIT-BIH AFDB was used to evaluate the performance of
the developed AF detection method. The database contains 25
ECG recordings with about 10-h in duration length mainly from
PAF patients, which were obtained with a 250 Hz sampling rate.
However, in the present study four recordings in database were
excluded because two raw recordings (“00735” and “03665”)
are not available, and the other two recordings (“04936”
and “05091”) have some incorrect reference annotations. The
database contains 605 episodes for four different rhythms, among
them 291 episodes are for AF, 14 episodes for atrial flutter,
12 episodes for junctional rhythm, and 288 episodes for other
rhythms. For each ECG recording, it contains ECG signals from
two leads, first of which was used for this study.

Noise Filtering
Raw data of ECG is contaminated by noises. Therefore, the WT
method (Shyu et al., 2004; Gomes et al., 2010) is used to filter
noises.

For a time series of ECG f (t), its WT with respect to a given
mother wavelet (ψ) is defined as the following (Shyu et al., 2004;
Gomes et al., 2010):

Wa,bf (t) =
1
|a|1/2

∫
∞

−∞

f (t)ψ
(
t − b
a

)
dt (1)

where a, b and Wa,b are the scale factor, translational value and
WT respectively. Letting a = 2j (j∈Z,Z is the integral set), the WT
is regarded as dyadic WT, which represents better the multiscale
characterization of ECG signals than the CWT does (Mallat and
Zhong, 1992). For a discrete time series of f(t), which is denoted
as f(n), n = 1, 2, 3 . . .N, the calculation of dyadic WT is derived
from Equation (1) for low and high frequency components as
represented as:

S2j f (n) =
∑
k∈Z

hkS2j−1 f (n− 2j−1k) (2)

W2j f (n) =
∑
k∈Z

gkS2j−1 f (n− 2j−1k) (3)

where S2j and W2j are the smoothing operator of the WT, and
hk and gk are the coefficients of the corresponding high and low
filters. In this study, we decomposed original ECG signal into
seven scales (the corresponding frequency bands are 62.5–125,
31.25–62.5, 15.63–31.25, 7.81–15.63, 3.91–7.81, 1.95–3.91, and
0.98–1.95 Hz, respectively). By using the Daubechies4 (db4)
wavelet function (Daubechies, 1988), the input ECG signal f(n) is
decomposed into low frequency and high frequency components,

and the low frequency component is put into the next layer
for further decomposition. The reason why we choose the
db4 wavelet is due to its good regularity, which makes the
reconstruction of ECG signals smooth (Daubechies, 1988).

In numerical implementation, it was found that the high
frequency noise was mainly determined by one to three scale
bands. Therefore, the values of these three scales were set to zeros
to filter the high-frequency noise. The filtered signals were used
in subsequent processing, which are shown in Figure 2 for AF
and normal ECG signals.

Data Segmentation by Proportion
Segmentation of ECG signal into a series of time periods usually
requires precise detection of boundaries and peak positions
of the three characteristic of ECG waves (i.e., P, QRS, and
T waves corresponding to the depolarization of the atria and
ventricles, and repolarization of the ventricles respectively),
which are termed as fiducial points. In this study, segmentation
of ECG recordings into a series of time windows was based
on the annotated R-peak locations of the database, allowing us
to directly compare our results with the performance of other
existing methods.

For each segmented time window of the ECG signal, it
contains one heart beat cycle and has a length of 1.2 s (i.e.,
about 300 sampling points), starting at the 2/3 period of the
previous RR interval (which is the interval between the peaks of
the previous QRS complex to the current QRS peak, see Figure 3).
Each segment contains the information of atrial and ventricular
activities. The reason for the segment size to be chosen is to
allow each segment contain most of the information in one
heart beat cycle for both AF and normal conditions. An example
of segmented ECG signals into five beats for AF and normal
conditions are shown in Figure 3, with each beat being marked
by two dotted lines with the same color. For normal ECG signal
(Figure 3A), a clear P wave is present as shown by the encircled
inset. For AF ECG signal (Figure 3B), no clear P wave is present.
Instead, a series of continuous, rapid and irregular f-waves is
present indicating AF (f-waves) (see the encircled inset).

Continuous Wavelet Transform
Feature extraction plays a key role for AF classification (Chazal
and Reilly, 2006). Any information in the ECG signals that can
be used to discriminate AF from normal condition is considered
as one feature. The features can be extracted in various forms
directly from the processed ECG signal in the time, frequency and
time-frequency domains.

Previous studies have investigated various ways to extract ECG
features, among them the WT methods are believed to be the
most efficient for processing ECG signals (Guler and Ubeyli,
2005; Lin et al., 2008; Kutlu and Kuntalp, 2012). By WT, one can
extract ECG information in both frequency and time domains,
which is superior to the traditional Fourier transform, which
can only analyze ECG information in the frequency domain
(Dokur and Olmez, 2001). For various types of WT (Addison,
2005), the most popular one for ECG classification is the discrete
wavelet transform (DWT) (Kozak et al., 2008). In addition to
DWT, CWT has also been used to extract features from the
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FIGURE 2 | (Ai,Aii) Original and denoised ECG signal in AF condition (ECG record 07910). (Bi,Bii) Original and denoised ECG signal in normal condition (ECG
record 07910). f-Waves between two consecutive R-waves are apparent illustrating atrial fibrillation (AF).

FIGURE 3 | Illustration of segmented ECG signals into five beats for normal (A) and AF (B) conditions. Each beat was marked by two dotted lines with the same
color. In (A) for normal ECG, a clear normal P wave is present as shown by the encircled inset. In (B) for AF ECG, abnormal f-waves are apparent as shown in the
encircled inset.
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ECG signals, since it solves many of DWT defects, such as
the coarseness of the representation and instability, which has
been applied successfully for at least a decade ago (Addison,
2005).

In this study, we have employed CWT based Equation (1)
with the Daubechies5 (db5) wavelet to transform five beats to
a series of five corresponding 2D CWT patterns, which can be
regarded as a 3D time-frequency representation of ECG signals
(Daubechies, 1988). Figure 4 shows examples of the 2D patterns
of CWT transformation from normal and AF ECG signals. In
the figure, the color codes the density of the signal component
in the corresponding frequency with brighter color representing
a higher density. As shown in Figures 4Ai,Aii, there are some
differences in the 1D time series of ECGs between normal
and AF conditions. First, there is no clear or a dominant P
wave in the AF ECG (Figure 4Ai) as compared to the normal
ECG (instead, high frequency but low amplitude f-waves exist).
Second, due to the filtering effect of atrioventricular node,
there is no 1:1 ventricular response to the atrial excitation,
therefore the RR interval is different between the AF and
normal conditions. Consequentially during each segmented time
window of the ECG signal (fixed for 1.2 s, i.e., 300 sampling
points), one R wave presents in the AF ECG (Figure 4Ai)
whilst two R waves presents in the normal ECG (Figure 4Aii).
Such different information in the time domain are reflected by

the CWT, which converts the 1D time domain signal into the
2D pattern in the time-frequency domain of the distribution
of frequency at different timings, which can be used to better
differentiate AF from normal condition. The 2D CWT patterns
for AF and normal conditions are shown in Figures 4Aii,Bii
correspondingly.

The Basic Construction of Convolutional
Neural Networks
Convolutional neural network has been shown to be able
to automatically extract features of signals without any data
pre-processing and pre-training algorithms (Arel et al., 2010).
A traditional CNNs is composed of an input and an output
layer, as well as multiple hidden layers which typically consist of
convolutional layers, pooling layers, and fully connected layers
(Hubel and Wiesel, 1959).

For convolutional layers, they are locally connected to
extract and convolve the features by applying a set of weights
which are called filter or kernel (Hubel and Wiesel, 1959).
Basically, the relevant high-level features can be extracted with
the increase of the number of the convolutional layers. The
weights of the parameters of the convolutional kernels in
each layer are trained with the backpropagation (BP) error
algorithm (Rumelhart et al., 1988). For an activation function, a

FIGURE 4 | (Ai,Aii) 1D time domain signal and 2D frequency-time pattern based on CWT in AF condition. (Bi,Bii) 1D time domain signal and 2D frequency-time
pattern based on CWT in normal condition.
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FIGURE 5 | (A) Schematic illustration of the basic construction of CNNs. (B) The architecture of the proposed CNNs. The input instance of the proposed CNNs is
five 128 × 128 images representing the CWT spectrums of corresponding five beats. In the convolutional layer, the output size is denoted as (x, y, z), where (x, y) is
the size of the feature map in this layer, and z is the number of convolutional kernels. In the Max-pooling layer, the size of the feature map is reduced by half in both x
and y axes. In the Dropout layer, the output size is the same as the output of previous layer. In the Flatten layer, the output is flattened to an 1D vector. In the Fully
connected layer, the output size is the same as the number of neurons of the layer.
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sigmoid function is usually applied to the convolved features as
follows:

αki =Wkxi + bk (4)

βki =
1

1+ e−αki
(5)

where αki represents the convolution result that is for the ith input
and the kth feature map, Wk and bk respectively represent the
corresponding weights and bias terms for the kth feature map.
The sigmoid function output βki is applied to the kth feature map
producing outputs. Furthermore, xi denotes the ith training data
which is an n-dimension vector.

After the convolution layer, the dimensionality of the extracted
features is reduced in order to improve the speed of the
training process, so the pooling layer is applied to the following
hidden layer which is called the subsampling layer merging
similar features into one. The action of the pooling layer is to
compute the averaged convolved features within the neighboring
neurons that are laid in the prior convolutional layer. In some
cases, the dropout layer may be applied for random training
network parameters to prevent over-fitting. After a given set
of convolutional, pooling and dropout layers, one or more
fully connected layers are employed whose neurons are jointed
to the whole neurons from the previous layer at the end of
the constructed CNNs. The major of CNNs parameters are
generally produced by the fully connected layer parameters,
which complete the mission of AF classification and determine
the final classification results. The basic construction of CNNs is
shown in Figure 5A including the common input convolutional,
pooling, dropout, fully connected, and output layers.

In this paper, the CNNs architecture including the input,
convolutional, max-pooling, dropout, flatten, fully connected,
and output layers are designed in which the optimal parameters
are described in Section “Implementation of the Algorithm.”
The whole construction of the proposed CNNs for AF
classification is also demonstrated in Section “Implementation of
the Algorithm.”

IMPLEMENTATION OF THE ALGORITHM

The Division of Dataset
The original annotated time series of ECG signal is divided
into a series of five segments, each of which contains one heart
beat cycle. In total, 162,536 five beat data segments were used,
among which 61,924 and 100,612 segments are for AF and
normal condition respectively. It is obvious that the AF and
normal samples are not balanced. To address this issue, we
randomly selected the same number data of AF and normal
conditions, which were assigned into training and test sets from
different recordings, by which over-fitting resulted from training
and testing data set from the same patient was also avoided.
Eventually, we extracted a total of 100,000 samples into a training
set and test set based on the proportion of 4:1, among which
80000 training and 20000 test data were used to build the model.

The Architecture of the Proposed CNNs
Continuous wavelet transform was used to transform the five beat
time domain signals into time-frequency domain signals with the
db5 wavelet (Daubechies, 1988), resulting in five corresponding
2D patterns of frequency density as a 3D input instance to the
proposed CNNs.

With a 3D input instance, the structure of the proposed CNNs
is designed as shown in Figure 5B. The CNNs structure contains
four convolutional layers, three dropout layers, two max-pooling,
two fully connected layers, and one flatten layer. Each of the
first two convolutional layers has 32 convolution kernels with the
kernel size of 10 × 10. After the convolution operations, the first
max-pooling layer with pooling size of 2 × 2 was used to reduce
the size of the previous output followed by a dropout layer to
suppress the complexity of the network. The number of kernel
of the following two convolutional layers is the same as in the
previous ones, but the sizes of the kernels are 8 × 8 and 4 × 4
respectively. Followings are the second max-pooling layer with
the same pooling size as the first one and a dropout layer. After
these operations, the output data is transformed to a 1D vector by
a flatten layer, and then feed into two fully connected layers that
have 256 and 1 neurons respectively, between which is a dropout
layer.

In the CNNs, the learning rate, momentum and weight decay
rates are set to 0.001, 0.8, and 10−6 respectively. To optimize
these parameters, the stochastic gradient decent (SGD) algorithm
(Rumelhart et al., 1988) was implemented. Furthermore,
instead of large-size convolutional kernel, a multi-layer with
small-scale convolutional kernel is used in order to reduce the

TABLE 1 | Optimal CNNs parameter set for AF arrhythmias classification.

The CNNs parameter Value

Learning rate initial value 0.001

Moment coefficient 0.8

First convolutional layer kernel size 10

Weight decay rates 10−6

Second convolutional layer kernel size 10

First max-pooling layer kernel size 2

Third convolutional layer kernel size 8

Forth convolutional layer kernel size 4

Max-pooling layer kernel size 2

The number of neurons in the first fully connected layer 256

The number of neurons in the second fully connected layer 1

Epoch number 50

TABLE 2 | Various learning rate for proposed CNNs.

Learning rate value Testing samples classification accuracy (%)

0.0007 99.08

0.0008 99.12

0.0009 99.06

0.001 99.23

0.003 99.08

0.005 99.04
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TABLE 3 | Various moment coefficient for proposed CNNs.

Moment coefficient Testing samples classification accuracy (%)

0.7 99.18

0.75 99.15

0.8 99.23

0.85 99.06

0.9 99.16

0.95 98.90

number of parameters and increase the non-linearity of the
network.

As shown in Figure 5B, the Conv2d_i (i = 1, 2, 3, 4)
represent the four convolutional layers, which are followed by
two Max-pooling2d_j (j = 1, 2) and Dropout_k (k = 1, 2)
layers. In this paper, the input instance of the proposed network
is a 3D vector with a size of (128, 128, 5) specifying the
length, width and beat number of the CWT pattern. After four
convolution and two max-pooling operations, the size of the
instance is transformed into a pattern of (22, 22, 32), which
specify the size of convolutional result of each kernel and the
number of kernels in the last convolutional layer. Through the
flatten layer, the output size of the previous layer is changed
to 15488 (22 × 22 × 32), which is then input into the first
Fully connected_1 layer containing 256 neurons. Finally, with
the third Dropout_3 and the second Fully connected_2 layer, the
classification results are decided.

RESULTS AND DISCUSSION

The proposed method was applied to the dataset of AFDB.
From classification results, we calculated four parameters: correct
AF classification number [true positives (TPs)], false normal
classification number [false negatives (FNs)], correct normal
classification number [true negatives (TN)], and false AF
classification number [false positives (FPs)]. In order to evaluate
the performance of the proposed classification algorithm,

the sensitivity (Se), specificity (Sp), positive predictive value
(PPV), and overall accuracy (ACC) were calculated using the
following equations respectively.

Se =
TP

TP + FN
× 100% (6)

Sp =
TN

TN + FP
× 100% (7)

PPV =
TP

TP + FP
× 100% (8)

Acc =
TP + TN

TP + FP + TN + FN
× 100% (9)

In this study, the newly developed algorithm using CNNs with
the AFDB have achieved 99.41, 98.91, 99.39, and 99.23% for
the sensitivity, specificity, PPV, and overall accuracy respectively,
which was better than most of other existing algorithms as
detailed below.

Selection of Parameters
To obtain an optimal CNNs network structure to classify AF,
the impacts of varied structural and training parameters of the
network on output results were evaluated. By comparing the final
error values of testing samples, a set of final CNNs parameters
were obtained to achieve the minimum testing error, which are
shown in Table 1.

The number of feature maps in the pooling layers is the same
as the convolutional layers. The learning rate and moment are
initialized at 0.001 and 0.8 during the training procession. The
classification loss function about the training samples is stable
after 50 epochs of CNNs. Because of the number of the training
samples, the accuracy rate of the proposed method cannot be
further increased by changing the number of convolutional and
max-pooling layers.

In the following analysis, the impacts of different training and
structural parameters about the proposed classification method
are discussed.

TABLE 4 | Comparison of the performances of AF classification algorithms based on the same database of AFDB.

Algorithm Year WL (s) Se (%) Sp (%) PPV (%) ACC (%)

Moody and Mark 1983 60 87.54 95.14 92.29 92.12

Cerutti et al. 1997 90 96.10 81.55 75.76 83.38

Tateno and Glass 2001 50 94.40 97.20 96.10 –

Logan and Healey 2005 120 96.00 89.00 – –

Couceiro et al. 2008 60 93.80 96.09 – –

Babaeizadeh et al. 2009 >60 89.00 96.00 88.00 –

Dash et al. 2009 128 beats 94.40 95.10 – –

Lake and Moorman 2011 12 91.00 94.00 – –

Huang et al. 2011 101 beats 96.10 98.10 – –

Ladavich and Ghoraani 2015 7 beats 98.09 91.66 79.17 93.12

Asgari et al. 2015 9.8 97.00 97.10 – 97.10

Garcia et al. 2016 7 beats 91.21 94.53 – 93.32

Xia et al. 2018 5 98.79 97.87 – 98.63

Proposed Algorithm 2018 5 beats 99.41 98.91 99.39 99.23
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Learning Rate
In this case, the original value of the learning rate is changed
systematically from 0.0007 to 0.005. Table 2 shows the testing
samples classification accuracy of different learning rate values
after 50 epochs. As the performance displayed in Table 2, results
of the proposed CNNs are not improved whether the learning
rate is increased or decreased. Therefore, the optimum value of
the learning rate is set to 0.001.

Momentum Coefficient
In this case, the influences of altering the momentum coefficient
on the results of the proposed CNNs are investigated. The
classification accuracy about the testing samples during 50 epochs
are calculated and presented in Table 3 with the same CNNs
structural parameters. As the performance shown in Table 3, the
results of the proposed CNNs are not improved whether the
momentum coefficient is increased or decreased. Therefore,
the optimum momentum coefficient value is set to 0.8. About
the momentum coefficient, it can avoid the neural network
into a local minimum. However, it also may result in the
unstable of the network structure when the value is set quite
high.

CNNs Structural Parameters
In this study, the final values of the learning rate and momentum
coefficient are respectively set to 0.001 and 0.8. Furthermore,
the changes for the other CNNs structural parameters (the
convolutional and max-pooling layer kernel size and the number
of neurons in the fully connected layer max-pooling layer kernel
size) also have been carried out based on experimentation
experiences. According to the results, the performance is not
improved for different structural parameter sets, as such the
parameters shown in Table 1 are still as optimum choice for
proposed CNNs.

Comparison With Other Related Studies
for AF Classification
In order to evaluate the performance of the proposed
classification method, the proposed algorithm was compared
with other existing algorithm employing five measurements
containing the sensitivity, specificity, PPV, overall accuracy and
the length of the window (WL) respectively. Many of the
algorithms (Moody and Mark, 1983; Cerutti et al., 1997; Tateno
and Glass, 2001; Logan and Healey, 2005; Couceiro et al., 2008;
Babaeizadeh et al., 2009; Dash et al., 2009; Huang et al., 2011;
Lake and Moorman, 2011; Asgari et al., 2015; Ladavich and
Ghoraani, 2015; García et al., 2016; Xia et al., 2018) were
chosen for comparison as the best performing results for various
methods.

As shown in Table 4, the performance of the proposed
method is better than all of other algorithms in comparison
for classifying AF which implemented on the same database
of AFDB. In addition, the present algorithm is capable of
AF detection by using only five beats, which is superior to
other algorithms. This is due to the implementation of finer
CWT transform and better designed CNNs network of the

present algorithm as compared to the others, allowing a more
accurate identification of AF by using shorter ECG segments
based on automatically extracting pattern features of 2D CWT
transformation patterns.

Clinical Relevance
The proposed method is able to classify AF with five beat
cycles. It has potentials to be used as an assistant diagnosing
tool for clinic uses. In general, AF is the main causes of
strokes so it is essential to diagnose it in the early stage
for AF patients. Upon a proper early diagnosis, efficient
treatment plans like rate-control medication or anticoagulation
therapy for AF patients can be made to reduce the occurrence
of strokes. As the proposed algorithm requires only five
beats, proximal AF data can be detected as AF with a high
accuracy.

CONCLUSION

We developed a framework based on time-frequency
representation of ECG signals and CNNs architectural model
for automated classification of AF. The framework transforms
1D ECG signal into 2D patterns of frequency densities, allowing
the state-of-the-art techniques of CNNs-based machine learning
method to classify AF automatically. It analyzes the time-
frequency features of both atrial and ventricular activities,
allowing AF detection by using a very short period (five
beats) of ECG. By testing it on the AFDB, a performance
with 99.41, 98.91, 99.39, and 99.23% for the sensitivity,
specificity, PPV, and overall accuracy respectively was achieved,
which is superior to the most of the existing algorithms
suggesting a great potential in clinical diagnosis in the
future.
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Background: Atrial fibrillation (AF) leads to a loss of transverse connections between

myocyte strands that is associated with an increased complexity and stability of AF.

We have explored the interaction between longitudinal and transverse coupling, and the

relative contribution of the sodium (INa) and calcium (ICa) current to propagation, both in

healthy tissue and under diseased conditions using computer simulations.

Methods: Two parallel strands of atrial myocytes were modeled (Courtemanche et al.

ionic model). As a control condition, every single cell was connected both transversely

and longitudinally. To simulate a loss of transverse connectivity, this number was reduced

to 1 in 4, 8, 12, or 16 transversely. To study the interaction with longitudinal coupling,

anisotropy ratios of 3, 9, 16, and 25:1 were used. All simulations were repeated for

varying degrees of INa and ICa block and the transverse activation delay (TAD) between

the paced and non-paced strands was calculated for all cases.

Results: The TAD was highly sensitive to the transverse connectivity, increasing from

1ms at 1 in 1, to 25ms at 1 in 4, and 100ms at 1 in 12 connectivity. The TAD

also increased when longitudinal coupling was increased. Both decreasing transverse

connectivity and increasing longitudinal coupling enhanced the synchronicity of activation

of the non-paced strand and increased the propensity for transverse conduction block.

Even after long TADs, the action potential upstroke in the non-paced strand was still

mainly dependent on the INa. Nevertheless, ICa in the paced strand was essential to

provide depolarizing current to the non-paced strand. Loss of transverse connections

increased the sensitivity to both INa and ICa block. However, when longitudinal coupling

was relatively high, transverse propagation was more sensitive to ICa block than to INa
block.
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Conclusions: Although transverse propagation depends on both INa and ICa, their

relative contribution, and sensitivity to channel blockade, depends on the distribution of

transverse connections and the axial conductivity. This simple two-strand model helps

to explain the nature of atrial discontinuous conduction during structural remodeling and

provides an opportunity for more effective drug development.

Keywords: atrial fibrillation, transverse propagation, discontinuous conduction, sodium, calcium, fibrosis,

structural remodeling

INTRODUCTION

Atrial fibrillation (AF)—the most common tachyarrhythmia in
clinical practice—leads to remodeling of the atrial myocardium
that promotes themaintenance of the arrhythmia (Schotten et al.,
2011). Both the fast process of electrical remodeling (shortening
of the action potential duration, occurring within 1–2 days) and
the much slower process of structural remodeling (changes in cell
and tissue structure, developing over months to years) contribute
to AF stabilization (Schotten et al., 2011). Early in the disease

process, sinus rhythm may be restored in patients by decreasing
excitability (class I drugs, sodium channel blockers) (Crijns et al.,
1988) or increasing action potential duration (class III drugs,
potassium channel blockers) (Vos et al., 1998). However, when
AF has been present for a longer time, both classes of drugs lose
their efficacy, both in AF patients (Crijns et al., 1988; Vos et al.,
1998) and in animal models (Eijsbouts et al., 2006; Verheule et al.,
2010).

Whereas atrial myocytes form large intercalated discs with
abundant gap junction channels at end-to-end connections,
transverse connections between myocytes strands are more

sparse (Spach and Dolber, 1986; Dolber and Spach, 1989).
The structural changes—most notable endomysial fibrosis (also
referred to as “interstitial fibrosis” and “microfibrosis”)—that
results from aging (Spach and Dolber, 1986; Koura et al., 2002) or
AF itself (Verheule et al., 2013) lead to a further loss of transverse
connections. As a consequence, transverse propagation can
become discontinuous, allowing reentrant conduction to take
place in relatively small tissue areas (microreentry) (Spach and
Josephson, 1994; Spach and Boineau, 1997).

In a seminal modeling study on longitudinal strands of
ventricular myocytes, Shaw and Rudy have investigated the
effects of reduced excitability (i.e., decreased sodium current)
and gap junctional coupling (Shaw and Rudy, 1997). They
showed that reduced sodium current amplitude led to a relatively

small reduction in conduction velocity before conduction
block occurred. By contrast, a reduction in gap junctional

coupling allowed very slow conduction with a high safety

factor (i.e., conduction that is unlikely to block). Under those
conditions, electrical propagation became more dependent on

the calcium current than on the rapidly inactivating sodium
current. However, it has not been investigated how these ionic
factors affect longitudinal and transverse propagation in strands
of myocytes with transverse connections, and how structural

remodeling (i.e., a loss of transverse connections) affects this
interplay. We hypothesize that reduced transverse connectivity

is a pivotal contributor to the substrate for sustained AF. Better

understanding of the ionic basis of propagation can aid the
development of more effective drug treatment for AF patients.
Therefore, we have constructed a simple model consisting of
two parallel strands of atrial myocytes with varying discrete
side-to-side connections (Figure 1A). With this model, we have
investigated the effect of reduced transverse connectivity on
transverse propagation delays (Figure 1B), the relative roles of
the sodium and calcium currents, and the sensitivity to sodium
and calcium channel blockade.

METHODS

Modeling Atrial Electrical Transverse and

Longitudinal Propagation in 3D Cables
The two parallel myocyte cables with discrete transverse coupling
were modeled in a 3D setting: 3 × 3000 × 3 cells in the upper
strand, 3 × 3000 × 3 cells in the lower strand, transverse
connections are composed as 3 × 1 × 3 cells (Figure 1). The
spread of electrical activation in the 3D cable can be estimated
by solving the cardiac monodomain equation (Zhao et al., 2013)

∇ • (σi∇Vm) = Am(Cm
∂Vm

∂t
+ Iion)

where the tensor σi represents the conductivity vector in
spatial space, Vm is the transmembrane voltage, while Am

and Cm are membrane cross-sectional area and membrane
capacitance. Iion is the net current carried by transmembrane
ion channels. The monodomain version of the reaction-
diffusion equation was solved on a 3D voxel-based finite
difference grid and paralleled using a Message Passing Interface
(MPI). In the 3D cable model, we employed the biophysically
detailed human atrial cell electrophysiology model developed by
Courtemanche et al. (1998). Simulations with the Courtemanche
cell model with a time step of 0.0025ms run on an
IBM3850 (32 dual thread Intel chips, 256 GB shared memory,
Linux operating system) (Zhao et al., 2013). To simulate
the loss of transverse connections in the cable model,
we removed the connected grids in the grid-based mesh
between the two parallel cables in the 3D numerical solver.
Axially, anisotropic electrical properties were assigned to
the two 3D cables along the long-axis of the cables and
transversely in the cell-to-cell connection regions. Conductivities
in transverse directions were fixed and set at 0.1ms, while
the longitudinal conductivities were varied to investigate the
influence of longitudinal impedance. To model the effects of
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FIGURE 1 | Schematic representation of the model. (A) Two parallel myocyte

cables, in this case with a 1:4 discrete transverse connectivity ratio. Pacing

(asterisk) was always delivered from middle of the lower strand (paced strand);

the upper strand is non-paced strand. (B) The transverse activation delay is

defined as the conduction time difference between the paced myocyte and the

direct opposite myocyte in the non-paced strand; the activation delay within a

strand is defined as the activation difference between 1st (stimulation site for

paced strand or the direct opposite myocyte in non-paced strand) and 50th

myocytes. (C) As an example, the transverse connectivity fraction (TCF) 1:4

and 1:8 are displayed here. (D) As an illustration for the longitudinal junctional

conductance (LJC), the transverse conductivity is kept same but the

longitudinal conductivity in both strands is increased.

gNa and gCa,L channel blockers in the 3D cable, we used
the percentage of conductance gNa and gCa,L of its baseline
values.

Computer Simulation Design
In this study, we have performed three groups of computer
simulations:

1) Reducing discrete transverse coupling (1:1, 1:4, 1:8, 1:12,
and 1:16) to study the impact of gradual loss of transverse
connections during structural remodeling (Figure 1C);

2) Increasing the longitudinal conductance while keeping the
transverse conductance the same (the ratio of the two at 3:1,
9:1, 16:1, and 25:1) to investigate the influence of longitudinal
impedance on transverse propagation (Figure 1D);

3) Testing different degrees (0 to 100%) of sodium or calcium
current blockade to investigate the sensitivity of longitudinal
and transverse propagation to channel block.

In each of these simulations, the middle of the lower strand
was paced. At that pacing site, 3 × 1 × 3 cells were paced
with stimulus strength of 4mA for 1ms with 1Hz. The
results analyzed in this study were taken when the model
reached its steady state (11th cycle). Atrial action potentials
and sodium/calcium currents across the 3D myocyte cable were
saved and analyzed, especially the site in the upper strand (the
non-paced stand) that was directly opposed to the stimulus
location (Figure 1B). A cut-off value of the membrane potential
of −40mV was used to determine whether a cell was activated
or whether conduction had blocked. The time point with the
maximal dV/dt was taken as the time point of activation.

RESULTS

Effects of Transverse Connectivity on

Transverse Propagation
When the transverse connectivity fraction (TCF) was reduced
from 1:1 to 1:4, 1:8, 1:12, and 1:16, the conduction velocity
(CV) in the stimulated strand was not affected (∼1 mm/ms;
blue lines in Figure 2B). However, the shape of the action
potential plateau in the electrically paced strand was affected by
electrotonic interaction with the non-paced strand, which acted
as a current sink before its moment of activation. Once the non-
paced strand was activated, it acted as a current source and that
elevated the potential in the paced strand (circled deflections in
Figure 2A). With decreasing TCF, the delay between the earliest
activation in the paced and non-paced strands dramatically
increased (Figures 2B, 3). After this prolonged activation delay
between the two strands, the activation propagated more rapidly
in the non-paced strand than in the paced strand. Interestingly,
the propagation within the non-paced strand became faster with
a progressive loss of transverse connections, leading to a virtually
simultaneous activation of the non-paced strand with a TCF of
1:12 (Figures 2A,B). A further reduction in TCF to 1:16 lead to
transverse conduction block (not shown).

Effects of Axial Impedance on Transverse

Propagation
When depolarizing current flows from the paced to the non-
paced strand through a lateral connection, part of that current
quickly dissipates in the axial direction within the non-paced
strand. To investigate the strength of this effect, we increased
the longitudinal junctional conductance (LJC), while keeping the
transverse junctional conductance and transverse connectivity
fraction unchanged. This corresponded to an anisotropy ratio
(longitudinal vs. transverse conductance) varying from 3:1 to
25:1. Over this range, we observed an increase in CV in the paced
strand as expected, as well as an increasing transverse activation
delay (Figures 2C,D, 3). With a TCF of 1:4 and LJC 3:1, the
average CV in the paced strand was 0.57 m/s, increasing 1.7 and
2.9-fold at an LJC of 9:1 and 25:1, respectively. Increasing the LJC
caused a pronounced increase in transverse conduction delays,
e.g., 8, 26, and 82ms for LJC of 3:1, 9:1, and 25:1, respectively.
After the transverse activation delay, the activation of the non-
paced strand was more synchronous than that of the stimulated
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FIGURE 2 | Action potentials (APs) and transverse activation delay (TAD) for the paced and non-paced strands with varied discrete TCF and LJC. (A) APs for the

stimulus location in the paced strand (dashed lines) and the directly opposite myocyte in the non-paced strand (solid lines) with TCF = 1:1, 1:4, 1:8, 1:12, respectively.

The dashed circles highlight the timing of electrotonic interaction between the paced and non-paced strands; once the non-paced strand was activated, it acted as a

current source and that elevated the potential in the paced strand. (B) TADs increased dramatically with decreased TCF from 25ms (TCF = 1:4) to 100ms (TCF =

1:12), while having little impact on conduction velocity in the paced strand. On the other hand, after a long TAD, activation of the non-paced strand is almost

instantaneous. (C) APs for the stimulus location in the paced strand (dashed lines) and the directly opposite myocyte in the non-paced strand (solid lines) with LJC =

3, 9 and 16:1, respectively. The dashed circles highlight the timing of electrotonic interaction between the paced and non-paced strands. (D) TADs increased

dramatically with increased LJC from 8ms (LJC = 3) to 82ms (LJC = 16), while having little impact on conduction velocity in the paced strand. With a higher LJC, and

a longer TAD, the degree of synchronicity of activation within the non-paced strand increased.
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FIGURE 3 | Summarizing table for TAD and activation delays (in milliseconds) in both strands with varied TCF and LJC. Black blocks indicate the TAD; gray and light

gray blocks contain entries for activation delays for the non-paced and paced strands, respectively.

strand. The synchronicity of activation was enhanced when the
TCF was decreased and especially when the axial conductance
was increased as well.

Effects of Sodium and Calcium Channel

Blockade
To assess the effects of GNa and GCa,L channel blockers, a
stepwise reduction of gNa and gCa,L conductance in the computer
model was implemented until transverse conduction block was
observed (Figure 4). With high transverse coupling (1:1 or
1:4) and relatively low LJC (3:1), transverse propagation was
relativelymore sensitive to sodium current blockade. Under these
conditions, transverse propagation could be blocked by 70% gNa

blockade, but still occurred with 100% gCa,L blockade. Increasing
axial conductance dramatically increased the sensitivity to
calcium channel blockade, with transverse block occurring at 40
and 20% calcium channel blockade at an LJC of 9:1 and 25:1.
Similarly, decreasing the TCF strongly enhanced the sensitivity
to calcium channel blockade, with transverse block observed
at 90 and 40% with a TCF of 1:8 and 1:12, respectively.
Qualitatively, simulations with sodium channel blockade showed
similar trends, but the sensitivity to changes in TCF and LJC was
less pronounced. Whereas transverse propagation still occurred
with 100% GCa,L blockade at a TCF of 1:4 and a LJC of
3:1, transverse propagation failed at 40% GCa,L blockade when
TCF was lowered to 1:12 and at 20% GCa blockade when LJC
was increased to 25:1. Under the same conditions, transverse
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FIGURE 4 | Sensitivity of transverse propagation to sodium and calcium current (INa and ICa) block. Summarizing table with entries representing the minimal

percentage of channel block required for transverse block with varied discrete TCF and LJC.

propagation failed at 70, 50, and 50% GNa blockade, respectively
(Figure 4). For the combination of LJC = 25:1 and low TCF (1:8
or 1:12), transverse propagation failure was always observed, even
in the absence of sodium or calcium channel blockade.

These results demonstrate that both sodium and calcium
current contribute to transverse propagation, because both
sodium and calcium channel block can cause failure of transverse
propagation.

The Roles of Sodium and Calcium in

Transverse Propagation
The role of the sodium and calcium currents in the activation
of both strands was distinctly different. With an LJC of 9:1
and a TCF of 1:8, there was a long transverse conduction
delay of 52ms (top left panel in Figure 5A). However, even
after this long delay, the action potential upstroke in the non-
paced strand is still dependent on the sodium current (bottom
left panel in Figure 5A). At the moment of activation of the
non-paced strand, the sodium current in the paced strand had
already completely inactivated. Therefore, the calcium current
maintaining the action potential plateau in the paced strand
was essential in providing sufficient depolarizing current for the
sodium-dependent upstroke to occur in the non-paced strand.
In Figure 5A, the right panel plots the ratio of the amount of
depolarizing charge carried by the sodium and calcium currents
during the AP upstroke in the non-paced strand. Although this
ratio QNa/QCa strongly decreases when the TCF is reduced, the
preponderance of the charge is still carried by the sodium current
under all conditions in which transverse propagation occurs.

Figure 5B compares the action potential morphologies (LJC
= 9:1 and TCF = 1:8) at 10% GCa,L blockade, which still allows
transverse propagation and 20% GCa,L blockade, which leads to
transverse propagation failure. When ICa,L in the paced strand is
sufficient to support transverse propagation, the AP in the paced
strand is prolonged by the electrotonic influence of the activated
non-paced strand (left panel). When transverse propagation fails
at a slightly higher degree of GCa,L blockade, the AP in the paced
is markedly shorter (right panel).

DISCUSSION

Propagation of the activation wavefront in cardiac tissue
primarily depends on the INa current density and the degree
of gap junctional coupling. In a seminal study, Shaw and
Rudy have used a mathematical model of a single strand
of myocytes to compare the effects of reductions in these
two factors (Shaw and Rudy, 1997). They demonstrated that
INa blockade conduction velocity decreased from 54 to 17
cm/s before conduction block occurred. However, when gap
junctional coupling was reduced, a much lower conduction
velocity of 0.26 cm/s was reached before conduction blocked.
With strongly reduced gap junctional coupling, propagation
became almost entirely dependent on ICaL. This modeling study
agrees with an earlier study in patterned cultures of neonatal
myocytes, where a thin strip of myocytes widened into a
broader monolayer (Rohr et al., 1997). Whereas conduction
normally blocked at the widening point, the thin strip was
able to excite the broader area during partial gap junctional
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FIGURE 5 | Role of the sodium and calcium current (INa and ICa) in transverse propagation. (A) INa and ICa during the upstroke at long TADs (LJC = 9:1). Top left:

Action potentials (APs) in the non-paced strand, at the site directly opposing the pacing site, with TCF 1:1 (black), 1:8 (long TAD, green), and 1:16 (propagation failure,

orange). Bottom row: Vm (green), INa (blue) and ICa (red) during upstroke of the AP at a TCF of 1:8 are plotted for the paced strand (left panel) and the non-paced

strand (right panel). The magnitude of INa during the upstroke in the non-paced strand is several hundred times of that of ICa. Top right panel: Calculated ratio of

charge carried by the sodium and calcium current during the AP upstroke in the non-paced strand at various TCFs (LJC = 9:1). (B) Role of ICa in transverse

propagation (LJC = 9:1, TCF 1:8). APs are displayed for the paced strand (dashed line) and non-paced strand (solid line) for 10% ICaL blockade, where transverse

propagation was successful (left panel) and for 20% ICaL blockade, where transverse conduction block occurred (right panel).

uncoupling with octanol, illustrating that an increase in gap
junctional resistance can paradoxically prevent conduction
block.

In the normal adult myocardium, neighboring myocytes are
well coupled at their end-to-end (longitudinal) connections
(Desplantez et al., 2007). However, the distribution of transverse
connections is more discrete and sparse, both between individual
myocytes and between neighboring bundles. This sparsity
of lateral connections differs between regions in the healthy
heart (Dolber and Spach, 1987). For example, in Bachmann’s
bundle, the distance between lateral connections between
funicles (sub-bundles) may amount to 2mm (Dolber and
Spach, 1989). The development of endomysial/ interstitial
fibrosis specifically affects transverse connectivity, probably
by increasing the sparsity of lateral connections between
myocytes and myocyte bundles. This process occurs during

normal aging (Spach and Dolber, 1986; Koura et al., 2002;
Spach et al., 2007) and is exacerbated by structural remodeling
that occurs during AF. In a goat model, 6 months of AF
caused endomysial fibrosis specifically in the thin epicardial
layer of the atrial wall, selectively impairing transverse
propagation of epicardial wavefronts (Verheule et al., 2013,
2014).

The central question of this study is how the sparse nature of
lateral connections affects cardiac propagation and the relative
contributions of the sodium and calcium currents to propagation.
The main findings of our study can be summarized as follows, as
discussed sequentially below:

(1) Reducing transverse coupling increases the transverse
activation delay; this is exacerbated when axial conductivity
is high.
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(2) With reduced transverse coupling and increased axial
conductivity, the spread of activation within the non-paced
strand becomes faster.

(3) Even after a long transverse activation delay, the action
potential upstroke in the non-paced strand is still INa -
dependent, but ICa is essential for transverse propagation by
sustaining the plateau in the paced strand.

(4) Increased axial conductivity or decreased transverse
connectivity increases sensitivity to ICa block to a greater
extent than the sensitivity to INa block.

Transverse Activation Delay (ad 1)
In our simulations, the TAD was highly sensitive to both the
TCF and the LJC. When the TCF was decreased and the LJC
was increased, the paced strand was completely activated before
transverse propagation occurred. Thus, a loss of transverse
connections precipitates discontinuous transverse propagation.
As a starting condition, we used a TCF of 1:1, i.e., all
units in the parallel strands were coupled transversely. Under
this condition, the TAD was small at all LJCs investigated.
However, even in the healthy adult heart, the degree of
transverse connectivity is probably much lower, especially in
regions with a strong preferential fiber orientation such as
Bachmann’s bundle (Dolber and Spach, 1987, 1989). This
normal sparsity of transverse connections between bundles
would increase the propensity to longer TADs, and it would
increase further when fibrosis leads to a loss of transverse
connections.

We varied the LJC to assess to which extent transverse
propagation is affected by a lower axial impedance. In theory,
depolarizing current flowing through a transverse connection
would more readily dissipate in the axial direction of the non-
paced strand with a higher LJC. This would make it more
difficult to reach the activation threshold of the non-paced strand,
leading to a longer TAD or even transverse block. Indeed, our
simulations show that the TAD is very sensitive to the LJC,
increasing from 8ms at an LJC of 3:1 to 83ms at an LCJ of
25:1 (TCF 1:4). With a further reduction in TCF, an increase
in LJC quickly led to block of transverse propagation. In a
single strand of myocytes, a “safety factor” for conduction can
be calculated as the ratio between the charge generated by a
cell upstream in the strand and the charge required to bring
the next cell to threshold (Shaw and Rudy, 1997). In our model
however, the charge generated by an activated myocyte in the
paced strand not only flows to a connected myocyte in the non-
paced strand, but to a larger extent to myocytes in the axial
direction, precluding a straightforward determination of a safety
factor. With an increase in axial conductivity and a decrease in
transverse connectivity, the paced strand activates first, with the
entire strand contributing to depolarization of the non-paced
strand. In several experimental models, structural remodeling,
and the concomitant loss of side-to-side connections and
cellular hypertrophy primarily affects transverse propagation,
with minor effects on longitudinal propagation (Stein et al.,
2008; Glukhov et al., 2012). Based on cable theory, an increase
in cell diameter should decrease axial impedance and increase
longitudinal conduction velocity, as has indeed been shown

for hypertrophic ventricular myocardium in a rabbit model of
heart failure (Wiegerinck et al., 2006). Structural remodeling
caused by AF is characterized both by endomysial fibrosis
and myocyte hypertrophy (Ausma et al., 2003; Verheule et al.,
2013). These two factors may thus act synergistically to produce
discontinuous transverse conduction and transverse conduction
block.

Activation Pattern Within the Strands (ad 2)
As expected, activation of the paced strand became slightly faster
with increasing LJC (activation time decreased from 8.8ms at
LJC 3:1 to 4ms at LJC 25:1). By contrast, the activation of the
paced strand was relatively insensitive to the TCF, indicating that
current leak through transverse connections did not significantly
affect longitudinal conduction in our model. As noted above,
an increase in LJC and decrease in TCF increased the TAD.
However, after this longer TAD, activation within the non-paced
strand became faster (activation time 8.8ms at TCF 1:1 and LJC
3:1 vs. 0.7ms at TCF 1:8 and LJC 12:1, for example). With a
long TAD, the paced strand has already activated completely,
allowing depolarizing current to flow through numerous adjacent
transverse connections, jointly bringing the non-paced strand
to its activation threshold. Especially at high LJC and low
TCF, the activation within the non-paced strand is essential
synchronous. For this reason, a conduction velocity cannot
be calculated for the non-paced strand. In effect, this near-
instantaneous activation (after a long delay) translates to a 90-
degree turn in propagation direction between the two simulated
strands, from longitudinal in the paced strand to transverse in
the non-paced strand. A loss of transverse connections may thus
paradoxically precipitate discontinuous transverse propagation.
Depending on local fiber architecture, this phenomenon would
also promote sharp changes in propagation direction and may
therefore in part explain experimental observations of zig-
zag conduction (in canine atria as a result of aging) (Koura
et al., 2002) and microreentry (in human atria) (Hansen et al.,
2015).

Contribution of INa and ICa (ad 3)
In simulations on a single strand, the upstroke of the action
potential became increasingly dependent on ICa when gap
junctional conductance was reduced (Shaw and Rudy, 1997).
The long TAC that occurs in our double strand model
when LJC was increased and/ or TCF was decreased entails
that INa had already completely inactivated when the non-
paced strand was activated, and could therefore not supply
depolarizing current over transverse connections at that point
in time. Instead, ICa was responsible for maintaining the
action potential plateau of the paced strand long enough
for transverse propagation to occur. Nevertheless, even with
long TADs, the majority of the current during the action
potential upstroke of the non-paced strand was still carried by
INa.

Sensitivity to Channel Block (ad 4)
The diverging roles of INa and ICa described above translate
into different sensitivities to channel block under the conditions
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we have tested. Overall, the degree of INa block required
to block transverse propagation decreased both when TCF
was decreased and when LCJ was increased. However, the
degree of ICa block required to block transverse propagation
was much more sensitive to both parameters. At a TCF of
1:4 and an LJC of 3:1, transverse propagation still occurred
with 100% ICa block, but 40% ICa block was sufficient to
prevent transverse propagation with a TCF of 1:12 and 20%
ICa block prevented transverse propagation with an LJC of
25:1. The dependence on TCF implies that sensitivity to ICa
block increases strongly with a loss of transverse connections,
i.e., during structural remodeling. Anti-arrhythmic drugs can
be used for cardioversion at early stages in the pathogenesis
of AF both in AF patients (Crijns et al., 1988) and in animal
models, but their efficacy declines when structural remodeling
develops (Eijsbouts et al., 2006; Verheule et al., 2010). Fibrillatory
conduction in structurally remodeled atria is characterized by
dissociated propagation patterns that are consistent with loss of
transverse connectivity (Verheule et al., 2013). According to our
model and earlier experimental and modeling studies this loss
of transverse connectivity would favor discontinuous transverse
propagation (Spach and Dolber, 1986; Spach and Boineau, 1997;
Christensen et al., 2015). As an anti-arrhythmic strategy, ICa
blockade has not been successful,(Villani et al., 2000; Manios
et al., 2003; Hemels et al., 2006) possibly because potential
anti-arrhythmic effects (prevention of calcium overload and
discontinuous conduction) are offset by the pro-arrhythmic effect
of action potential shortening. However, because of the different
roles of INa and ICa in transverse propagation, a potential
strategy would be combined treatment with an ICa blocker and
an INa or IK blocker. To our knowledge, this approach has
not been investigated either in animal models of AF or in AF
patients.

LIMITATIONS

Our “proof-of principle” model consists of two 3-dimensional
strands. These strands correspond to small bundles or “funicles,”
which have been demonstrated to be important determinants of
microscopic conduction (Dolber and Spach, 1987, 1989). The
model displayed long time delays in transverse propagation. We
do not know to what extent the ranges in our simulations exceed
the pathophysiological range, but discontinuous transverse
propagation in the atria has been observed in isolated bundles
and intact hearts (Spach et al., 1982; Verheule et al., 2010).
It is likely that with more parallel bundles, TADs would
become smaller, because more transverse connections can
deliver depolarizing current from bundles that have already
been activated to a bundle that is still at rest. However,
we believe the same dependencies of transverse propagation
on the transverse connectivity and axial conductance would
still hold. In addition, TADs would become larger, also
in 3-dimensional structures, during premature activations

or AF, (Spach et al., 2007) when INa and ICa cannot
fully recover from inactivation, and this mechanism could
thereby contribute to the dissociated fibrillation patterns
observed in structurally remodeled atria (Verheule et al.,
2010).

Several mathematical models are available for atrial cellular
electrophysiology. We have used the Courtemanche model
for a human atrial myocyte (Shaw and Rudy, 1997), a
widely used and generally accepted model. However, we
do not expect our findings to be model-dependent. The
relative contributions of the sodium and calcium current
in transverse propagation depend mainly on their current
density and kinetics, which are quite similar between
models. This does not mean that alterations in cellular
electrophysiology will not have an effect. For example,
AF-induced electrical remodeling shortens the APD. We
expect that this would increase the propensity for transverse
propagation failure, and failure would then occur already at
a higher degree of transverse coupling. However, the nature
of the dependencies on TCF and LJC would remain the
same.

The study by Shaw and Rudy simulated the effects of
LJC in a single, one-cell wide, strand of ventricular myocytes
(Shaw and Rudy, 1997). Here, we have simulated thin 3-
dimensional strands of atrial myocytes, because we believe
that this is more pertinent to the tissue architecture of the
atria. Although our study cannot be directly compared to the
study by Shaw and Rudy in all respects, we propose that
the sparse nature of transverse connection is an important
determinant of cardiac propagation and that contribution
and INa and ICa differs between longitudinal and transverse
propagation.
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The pathophysiology of atrial fibrillation (AF) is broad, with components related to the
unique and diverse cellular electrophysiology of atrial myocytes, structural complexity,
and heterogeneity of atrial tissue, and pronounced disease-associated remodeling
of both cells and tissue. A major challenge for rational design of AF therapy,
particularly pharmacotherapy, is integrating these multiscale characteristics to identify
approaches that are both efficacious and independent of ventricular contraindications.
Computational modeling has long been touted as a basis for achieving such integration
in a rapid, economical, and scalable manner. However, computational pipelines for AF-
specific drug screening are in their infancy, and while the field is progressing quite rapidly,
major challenges remain before computational approaches can fill the role of workhorse
in rational design of AF pharmacotherapies. In this review, we briefly detail the unique
aspects of AF pathophysiology that determine requirements for compounds targeting
AF rhythm control, with emphasis on delimiting mechanisms that promote AF triggers
from those providing substrate or supporting reentry. We then describe modeling
approaches that have been used to assess the outcomes of drugs acting on established
AF targets, as well as on novel promising targets including the ultra-rapidly activating
delayed rectifier potassium current, the acetylcholine-activated potassium current and
the small conductance calcium-activated potassium channel. Finally, we describe how
heterogeneity and variability are being incorporated into AF-specific models, and how
these approaches are yielding novel insights into the basic physiology of disease, as well
as aiding identification of the important molecular players in the complex AF etiology.

Keywords: atrial fibrillation, computational modeling, drug therapies, in silico drug screening, pathophysiology,
pharmacology, pharmacodynamics
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INTRODUCTION

Atrial fibrillation (AF) is a complex and multifactorial disease and
the most common sustained cardiac arrhythmia, afflicting about
2% of the population. Age is the most powerful predictor of risk:
approximately 5% of 65-year-olds and 10% of 75-year-olds suffer
from AF (Heeringa et al., 2006). AF is already a pervasive disease
carrying an immense socioeconomic burden, and with increasing
life expectancy both the human and economic costs are growing
rapidly: AF prevalence in the European population is projected
to increase to 3% by 2030 (Zoni-Berisso et al., 2014). Although
rhythm control strategies are available, these are inadequate
and there is at present an unmet need for safe and effective
antiarrhythmic therapy for AF (Ehrlich and Nattel, 2009). Since
2010, the European Medicines Agency has not authorized any
new drugs for treatment of AF. The most prominent explanations
for this lack of new medicine are the limited understanding
of this multi-etiological and progressive disease, as well as the
challenge of designing compounds that are strongly specific for
atrial rather than ventricular targets. As a result, the development
of novel pharmacological therapies is necessarily coupled to a
thorough understanding of the basic etiology and physiological
mechanisms of AF.

Unlike most episodes of ventricular arrhythmia, which must
either be terminated or are lethal, AF does not have immediate
catastrophic consequences, and short episodes of self-terminating
AF are often asymptomatic and go undetected. This allows
prolonged AF episodes to drive pro-arrhythmic remodeling
across all levels of physiology (Schotten et al., 2011), as is
succinctly captured by the phrase “AF begets AF” (Wijffels et al.,
1995). In turn, this remodeling allows the mechanisms and
complexity of AF to be richer than ventricular arrhythmia and
causes treatment to be a moving target as the disease progresses
from paroxysmal (pAF) to chronic (cAF) stages.

Both ectopic activity and the generation of a vulnerable
substrate are accepted contributors to AF initiation and
maintenance, although their respective contributions are thought
to change as disease progresses. Triggering events are generally
thought to play a more prominent role in pAF than at
later stages when gross tissue-level remodeling is widespread.
A range of evidence has led to this general perspective, but
some key observations include: (1) prominent focal initiation
of spontaneous episodes of pAF near the pulmonary vein (PV)
junctions in patients (Haïssaguerre et al., 1998), (2) the absence
of major alterations to action potential (AP) morphology and the
excitable tissue gap in pAF (Diker et al., 1998; Voigt et al., 2013b),
(3) elevated frequency of cellular triggering events (Voigt et al.,
2012, 2013b).

As AF progresses, electrical and structural remodeling
becomes pronounced, and characteristic changes to conduction
and refractoriness leave the atrial myocardium more vulnerable
to reentrant circuit formation (Nattel and Harada, 2014). AP
duration (APD) and the effective refractory period (ERP) are
consistently shortened in cAF (Iwasaki et al., 2011; Skibsbye
et al., 2016), conduction is slowed (Lalani et al., 2012; Zheng
et al., 2016), and the threshold for alternans induction, a
key component of vulnerable substrate generation, is reduced

(Narayan et al., 2011). Electrical remodeling exacerbates regional
heterogeneities and promotes dispersion of refractoriness.
Additionally, formation of fibrotic regions, collagen patches,
and fibroblast differentiation, as part of structural remodeling,
enhances tissue anisotropy and is non-uniform throughout the
atria, thus further promoting the development of a reentrant
substrate. Moreover, contractile remodeling (atrial dilatation and
increased wall compliance) is both a consequence and effector
of AF (Schotten et al., 2003). All these identified mechanisms of
progressive remodeling, resulting from recurrent rapid pacing or
paroxysms of AF, generate positive feedback loops that ultimately
set the conditions for sustained AF. These processes are likely
to be important in determining the dynamic characteristics
of reentrant circuit formation, and in certain cases may be
important for understanding drug action. For example, the
efficacy of class Ic antiarrhythmics depends on the dynamics
inherent to spiral wave propagation (Comtois et al., 2005; Kneller
et al., 2005). However, currently, we do not have sufficient
understanding of the tissue-level dynamics driving AF at various
stages, to focus pharmacologic design efforts on correcting
specific tissue-level dynamical characteristics. For this reason, our
discussion below focuses on remodeling occurring at subcellular
and cellular levels and their implications in AF progression, and
acknowledge that the sustaining effect of tissue-level electrical
and structural remodeling causes antiarrhythmic targeting in cAF
to be extremely challenging. The major components, interactions,
and contributions of the characteristic processes at the various
stages of disease progression are summarized in Figure 1.

In the following four sections, we first briefly introduce the
basic aspects of AF mechanisms and their related experimental
findings (see the section “Arrhythmogenic Mechanisms of
AF”). We then review current computational approaches for
modeling atrial physiology and AF pathophysiology (see the
section “In silico Atrial Modeling”). We present an overview
of how drug–target interactions and their outcomes have
been simulated in the heart, followed by current efforts to
explore novel strategies for AF drug targeting (see the section
“Computational Pharmacology in AF”). Finally, in the section
“Modeling Variability and Uncertainty at the Cell Level,” we
describe how variability and stochasticity can be incorporated
into computational models to increase their robustness and
predictive power in AF drug therapy.

ARRHYTHMOGENIC MECHANISMS
OF AF

Remodeling of Cellular
Electrophysiology, Ultrastructure, and
Calcium Handling
Pathological Changes to Sarcolemmal Current
Carriers
Human atrial cardiomyocytes (hA-CMs) exhibit a range of AP
morphologies that differ markedly from those apparent in the
ventricle. This is primarily due to differing expression levels
of ion channel subunits, and consequent ion current densities.

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1221198

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01221 September 1, 2018 Time: 10:25 # 3

Vagos et al. Computational AF Modeling in Pharmacotherapy

FIGURE 1 | Characteristic processes and causalities at the different stages of atrial fibrillation (AF). (A) AF is usually triggered by ectopic activity that act as “drivers”
of electrical activation and override the normal sinus node pacemaking activity. The fast pacing induced by the ectopic activity initiates electrical and structural
remodeling in the atria, which enhances cellular excitability of the atria, reduces conduction velocity, increases tissue heterogeneities, and creates fibrotic regions that
act as reentry anchor points. All these changes contribute to creating a vulnerable substrate that render the atria more prone to arrhythmias, as AF progresses from
paroxysmal to permanent, in a process commonly termed as “AF begets AF.” (B) Remodeling of calcium and potassium channels leads to action potential (AP)
shortening, which shortens cycle length and wavelength. Ion channel remodeling can also affect conduction velocity. Remodeling of calcium channels and
intracellular calcium cycling proteins attenuates changes in cytosolic calcium, which leads to reduced contractile function and promotes atrial dilatation. This results
in adverse stretch, which further causes fibrosis and connexin remodeling. Structural changes lead to non-uniform conduction, which together with electrical
remodeling reduces the circuit size of electrical activation. From Allessie et al. (2002). Copyright 2012 by Oxford University Press. Adapted with permission.

The atrial AP exhibits a less pronounced plateau phase, largely
due to the prominent expression of the fast-activating potassium
currents, particularly the ultra rapidly activating delayed rectifier
current (IKur), which is virtually absent in the ventricle. Atrial APs
also exhibit relatively slow late repolarization (phase 3), elevated
resting potential, and slower AP upstroke, all of which are
strongly influenced by a reduced density of the inward-rectified
potassium current (IK1) relative to human ventricular CMs
(hV-CMs). Like IKur, the small conductance calcium-activated
potassium current (IK,Ca) is only present in hA-CMs, and it
is thought to assist hA-CM repolarization, although its relative
contribution remains contentious. The major differences in atrial
and ventricular AP morphology and underlying ion currents are
summarized in Figures 2A,B.

The pathophysiology of cAF is characterized by several
prototypical changes in current expression that result in both
marked deceleration of early repolarization, and acceleration
of late repolarization (Schotten et al., 2011). The two most
prominent molecular changes that drive these outcomes are: (1)
augmentation of inward-rectified potassium currents (increase
of IK1 expression and constitutive activity of the acetylcholine-
activated inward rectifier current; IK,ACh), and (2) simultaneous
decrease in the L-type calcium current (ICaL). The major
counteractive changes are carried by increased sodium–calcium
exchanger (NCX) expression, and reductions in the major
rapidly activating outward currents, namely IKur and the fast
component of the transient outward potassium current (herein
simply referred to as Ito). Together, these five alterations (IK1,

ICaL, NCX, IKur, and Ito) constitute the majority of the known
modulators of repolarization trajectory in cAF (Figure 3). Overall
these effects result in the shortening of ERP, and a slightly
more negative resting membrane potential (Ravens et al., 2014;
Skibsbye et al., 2014, 2016), both of which expand the window for
reentrant excitation. However, as discussed further below, they
are accompanied by a range of changes to cellular ultrastructure
and to the function of major calcium- and sodium-handling
proteins, such that predicting the integrated outcomes from any
subset of changes is non-trivial and necessitates quantitative
approaches.

Ultrastructural Contributions to AF Pathogenesis
Although there is important species-specificity of atrial CM
ultrastructure, it has been generally observed that healthy
atrial CMs exhibit a varied and relatively sparse membrane
ultrastructure compared to ventricular CMs. This results
in important baseline differences in excitation–contraction
coupling. Most prominently, atrial CMs have a less developed
T-tubule network (Dibb et al., 2013), particularly in rodents, as
illustrated in Figures 2C,D. This morphological difference has
implications for intracellular calcium diffusion. In the absence
of T-tubules, Ca2+ enters the cells largely from the periphery,
and thus must diffuse centripetally to engage the contractile
machinery. Correspondingly, the localization of Ca2+ handling
proteins is very different in ventricular and atrial CMs. In
hA-CMs, as in hV-CMs, L-type Ca2+ channels interact with
clusters of sarcoplasmic reticulum (SR) Ca2+ release channels
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FIGURE 2 | Unique electrophysiological and structural characteristics of atrial cardiomyocytes. Simulated AP in human ventricular (A) and atrial (B) CMs, as well the
differences in underlying repolarizing potassium currents, obtained with the hV-CM (O’Hara et al., 2011) and hA-CM (Skibsbye et al., 2016) models, at 1 Hz pacing.
Please, note that in order to visualize the weaker currents, the peaks of atrial transient outward potassium current (Ito) (∼11 pA/pF) and the ultra rapidly activating
delayed rectifier potassium current (IKur) (∼4.6 pA/pF) are cut off. The atria-specific ion currents funny current (If), IKur, the acetylcholine-activated potassium current
(IK,ACh), and the small conductance calcium-activated potassium current (IK,Ca) are highlighted with colored lines. Illustration of the relative positioning of some of the
key components involved in intracellular calcium dynamics in hV-CMs (C) and hA-CMs (D).

(RyRs; ryanodine receptors) located in the junctional SR to
trigger Ca2+-induced Ca2+ release (CICR). However, in hA-
CMs, a higher proportion of RyR clusters are concentrated
in non-junctional SR, and this is a distinguishing structural
characteristic. These orphan or non-junctional RyRs contribute
to the fire-diffuse-fire propagation of Ca2+, which is augmented
by inositol 1,4,5-trisphosphate receptors (IP3Rs) that are also
embedded in the SR membrane (Lipp et al., 2000; Yamada et al.,
2001; Zima and Blatter, 2004; Li et al., 2005; Wullschleger et al.,
2017). The importance of IP3Rs is generally greater in atrial

than ventricular CMs – in ventricle, they are generally only
observed in disease states, such as heart failure (Go et al., 1995).
These features of the calcium signaling system fundamentally
alter the essential structure-function relationships governing
calcium handling in atrial versus ventricular CMs, where the
extensive and highly organized T-tubule network shortens the
diffusion distances so that fast and uniform CICR is possible. The
physiological outcome for the atrial CM is a slower rise phase
of the intracellular Ca2+ transient (CaT) (Hatem et al., 1997;
Greiser et al., 2014) and contractile force (Frisk et al., 2014), and
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FIGURE 3 | Hallmarks of altered electrophysiology of human atrial myocytes in AF. APs (A) and underlying ion currents (B–F) in normal sinus rhythm and chronic AF
variants of a hA-CM model (Skibsbye et al., 2016). The cAF model variant accounts for increased/decreased ion current conductance INa (–18%), ICaL (–59%), Ito
(–62%), IKur (–38%), IK1 (+62%), IKs (+170%), IK,Ca (–50%) and INCX (+50%), as summarized in Koivumäki et al. (2014b) and Skibsbye et al. (2016).

∼100 ms delayed CaT at the center of the CM comparatively to
the periphery (Hatem et al., 1997; Tanaami et al., 2005; Greiser
et al., 2014), resulting from spatial (particularly centripetal)
propagation of intracellular Ca2+ during atrial systole.

This unique membrane ultrastructure of atrial CMs is now
also thought to contribute to AF pathogenesis. Recently, it has
been shown that T-tubule density in atrial cells is reduced in sheep
and canine models of AF (Lenaerts et al., 2009; Wakili et al.,
2010); however, supporting human atrial data is lacking. The
putative loss of T-tubules may lead to contractile dysfunction,
but is also strongly implicated in arrhythmogenesis. In particular,
the increased spatial heterogeneity in subcellular Ca2+ signaling
has been shown to promote CaT and APD alternans (Gaeta
et al., 2009; Li et al., 2012), and incomplete excitation–contraction
(E–C) coupling (Greiser et al., 2014). Reorganization of RyR

clusters adds a further dimension to AF-related ultrastructural
remodeling. It has been shown to be associated with more
frequent Ca2+ sparks in a sheep model of cAF, and is thought
to increase the probability of the propagating Ca2+ release
underlying arrhythmogenic calcium waves (Macquaide et al.,
2015). However, there are no human data available to corroborate
the possible change in organization of RyRs in AF patients. Thus,
additional structural and functional data from patients would
be valuable for understanding the functional role of structural
degradation in this disease.

Cell dilation/hypertrophy is also a common finding in cAF
patient samples, where increases of 12% (Neef et al., 2010) and
16–54% (Schotten et al., 2001; Neef et al., 2010; Corradi et al.,
2012) have been reported for length and diameter, respectively. In
line with these findings, cell surface area in patients with cAF was
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reported be∼40% larger (Wouters et al., 2000). The increased cell
volume and diameter reduce CaT amplitude and slow centripetal
Ca2+ diffusion, respectively (Koivumäki et al., 2014b). As hA-
CMs are likely to have very few (if any) T-tubules in cAF, slower
Ca2+ diffusion is thought to exacerbate dyssynchrony of the AP
and CaT, thus potentially contributing to alternans. At the tissue
level, increased capacitance of CM membrane causes conduction
slowing (Oliveira et al., 2015).

As mentioned above, tissue-level remodeling, inflammatory
signaling, and mechanical dysregulation also make a major
contribution to AF pathology, particularly in the advanced stages
of disease. We mention these aspects briefly here, but the
remainder of this article will focus on classical electrophysiologic
and ionic mechanisms of AF, particularly those targeted for
acute cardioversion early in disease development. Reduced ICaL
in cAF promotes contractile dysfunction and atrial dilatation
(atrial stretch). These mechanical perturbations are thought
to be a major contributor to the widespread deposition of
interstitial collagen, lateralization of gap junctions (connexin
remodeling), and proliferation of myofibroblasts and potentially
adipocyte infiltration observed in many animal models of
chronic disease (Ravelli and Allessie, 1997; Schotten et al.,
2003; Lau et al., 2017). While these characteristics are widely
thought to be similarly prominent in humans, corroborating
data remain relatively sparse because in vivo measures are
technically challenging. Functional indicators (e.g., complex
fractionated atrial electrograms) have often been used as
primary measures of fibrosis, although gadolinium-enhanced
MRI protocols have also been shown capable of quantifying
in vivo differences between paroxysmal and more advanced
disease (Daccarett et al., 2011). These changes in atrial tissue
structure have profound consequences for tissue conductivity,
wave propagation, and potential for reentry, and are thus likely
to pose an insurmountable challenge to pharmacotherapy in
later disease stages. For this reason, interventions targeting the
suppression of the signaling pathways that results in these gross
changes to atrial structure, have recently become an area of
substantial interest (Nattel and Harada, 2014).

Role of Remodeled Calcium Homeostasis in AF
Alterations to calcium handling are intrinsically linked to the
ultrastructural changes described above, but further remodeling
of expression or regulation of the major intracellular transporters
is also likely to contribute. In general, the role for these
mechanisms in AF, particularly pAF, has become well supported
in recent years, and ion transporters involved in calcium handling
and their regulatory proteins seem to be promising targets for
drug therapy of AF. As mentioned above, cAF is associated with
increased NCX expression in patients (Gaborit et al., 2005; El-
Armouche et al., 2006; Neef et al., 2010). There is also strong
evidence of an increased coupling gain between intracellular
Ca2+ load and INCX in cAF (Grandi et al., 2011; Voigt et al.,
2012) and larger INCX amplitudes have also been reported in
cAF patient samples (Christ et al., 2016). The data on altered
RyR function in AF is less conclusive. Increased RyR activity has
been reported in cAF patients (Neef et al., 2010; Voigt et al.,
2012), whereas, RyR expression has been reported to be both

reduced (Ohkusa et al., 1999; Oh et al., 2010) and unchanged
(Shanmugam et al., 2011; Voigt et al., 2012) in cAF patients.
Hyperphosphorylation of RyRs has been reported to increase
their Ca2+ sensitivity and open probability, increasing Ca2+ leak
from the SR into the cytosol (Vest et al., 2005; Neef et al., 2010;
Voigt et al., 2012). One further player in the game of calcium
remodeling is the SR Ca2+-ATPase (SERCA), which pumps Ca2+

back into the SR from the cytosol. SERCA function is regulated
by two inhibitory proteins: phospholamban and sarcolipin, and
the phosphorylation levels of these regulatory proteins has an
impact on the amplitude of the CaT and SR Ca2+ load. Reduced
SERCA protein expression accompanied by increased activity was
found in both pAF patients (Voigt et al., 2013b), while a rabbit
model of rapid atrial pacing has shown remodeling-induced
reduction in expression levels of SERCA with unchanged activity
(Greiser et al., 2014). Although SERCA plays an important role
in the modulation of SR Ca2+ load and, indirectly, in the extent
of arrhythmogenic Ca2+ leak, there is currently no published
in vitro human data on the AF-related change in function of
SERCA, and the protein expression data is not conclusive.

Cellular Electrophysiologic Instability
in AF
As described above, one of the proposed mechanisms of AF
initiation is the generation of triggered activity in the atria
in early stages of AF. These triggering events are classified
as they are in the ventricle. That is, instabilities in AP
repolarization are named early afterdepolarizations (EADs),
and diastolic instabilities initiating from resting potential are
delayed afterdepolarizations (DADs). Several of the established
mechanisms of EADs and DADs are described in Figure 4.
Because repolarization is hastened and ICaL is reduced in
cAF, AP triangulation is also reduced and the conditions for
EAD generation via conventional ICaL reactivation are generally
impaired (Ming et al., 1994; Burashnikov and Antzelevitch,
2006). However, a body of literature supports that EADs initiating
late in phase 3 of the AP may be important in some atrial
regions and contexts, particularly focal arrhythmia initiating in
the PV sleeves (Burashnikov and Antzelevitch, 2003; Patterson
et al., 2006; Morotti et al., 2014, 2016). These EADs are driven
by enhanced Ca2+ signaling, which in turn exaggerates INCX,
slows late repolarization, and thereby promotes INa reactivation
(Morotti et al., 2014, 2016).

The decreased Ca2+ influx via ICaL, enhanced calcium
extrusion due to increased NCX expression, and a leaky
population of RyR, has generally been observed to result in
marked depletion of the intracellular Ca2+ in cAF. In and
of itself, this would be expected to reduce the incidence of
spontaneous Ca2+ waves and DADs, and the ability of these
diastolic events to drive focal arrhythmia. Indeed, the majority of
studies support silencing of Ca2+ signaling as a cardioprotective
mechanism and a reduced role for spontaneous Ca2+ release
in cAF (Schotten et al., 2007; Christ et al., 2014; Greiser et al.,
2014; Koivumäki et al., 2014b). However, opposite findings have
also been reported in hA-CMs from cAF patients (Voigt et al.,
2012). Importantly, rather than being reduced, SR Ca2+ load
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FIGURE 4 | Electrophysiologic instabilities in atrial myocytes. Early afterdepolarizations in hA-CMs exhibit the same essential mechanisms as occur in ventricular
cells. (A) Phase-2 EADs result from the kinetic interaction of ICaL and the outward potassium current involving multiple K+ channel species. In general, these events
are uncovered during reduced repolarization reserve through ICaL potentiation or K+ channel antagonists, particularly IKr inhibitors. (B) A second class of EADs
occurs when repolarization is disrupted during phase 3 by forward mode Na+-Ca2+ exchange. This additional INCX is a secondary effect of dis-coordinated or
simply exaggerated ICaL-triggered SR Ca2+ release. Importantly these EADs generally recruit either ICaL or INa as the major carrier of the inward current after INCX has
sufficiently slowed late repolarization. (C) Finally, INCX is also responsible for initiating DADs secondary to spontaneous SR Ca2+ release during atrial diastole. Time
scale for all panels is 0–1 s and voltage range from –80 to +40 mVs.

was maintained in that study, and thus the elevated RyR activity
and NCX expression readily translated to increased Ca2+ waves
and DADs. Data from patients in pAF suggest that SR Ca2+

load is either not depleted (Hove-Madsen et al., 2004), or may
in fact be exacerbated at these early stages of disease (Voigt
et al., 2013b). Thus, the conditions explaining the observed
increases in magnitude and frequency of spontaneous Ca2+

waves are more obvious and consistent. Viewing this collection
of studies together, the most parsimonious interpretation is that
the molecular drivers of increased Ca2+ wave frequency (RyR
hyperphosphorylation, possibly increased SERCA activity) may
precede those that strongly deplete intracellular Ca2+ (NCX
expression). Thus, the increase in spontaneous Ca2+ release
observed early in AF may be lost as the delayed molecular
adaptations, particularly increased NCX expression, act to shift
Ca2+ flux balance toward extrusion, thus depleting the Ca2+

store and silencing Ca2+ signaling, even during tachycardia
(Greiser et al., 2014). This conceptual model of how Ca2+-driven
diastolic instability develops during AF is largely hypothetical,
and further characterization of the specific temporal development
of these molecular and functional maladaptations during disease
is highly desirable.

Another proposed mechanism of triggered diastolic activity
in the atria has stemmed from the discovery of expression of
hyperpolarization-activated cation channels (HCN), carriers of
the pacemaker current (If), in the left atrial appendage (Zorn-
Pauly et al., 2004; Scheruebel et al., 2014). Furthermore, If
properties are altered in cAF (Stillitano et al., 2013), lending
weight to the hypothesis of abnormal cell automaticity as
an additional mechanism of diastolic triggered activity in
the remodeled myocardium. HCN channels could, therefore,
constitute a novel potential target for antiarrhythmic drug

therapy. However, the lack of conclusive experimental human
data thus far has rendered this mechanism a less attractive option
for pharmacotherapy discovery.

Finally, the role of APD alternans in driving AF initiation
is increasingly becoming appreciated after the observation that
it immediately precedes AF in patients (Narayan et al., 2011).
While the mechanisms capable of driving APD alternans are
diverse, dynamic, and interactive, a growing body of evidence
suggests that the proximal driver at the cellular level is a period
2 instability in Ca2+ cycling (Gaeta et al., 2009). In ventricular
CMs this form of instability was initially thought to be driven
by a kinetic mismatch in SR Ca2+ reuptake leading to variable
refractoriness of Ca2+ release at high pacing frequencies (Diaz
et al., 2004). However, more recently the role of subcellular
heterogeneities in Ca2+ dynamics has emerged as a central aspect
to the link between APD and Ca2+ transient alternans (Shiferaw
and Karma, 2006; Gaeta et al., 2009, 2010; Gaeta and Christini,
2012). The intrinsic variability in atrial CM ultrastructure would
be expected to promote these behaviors, particularly in AF,
and this relationship between structure and dysfunction in AF
requires stronger investigation by computational approaches.

IN SILICO ATRIAL MODELING

Existing hA-CM Models and AF Model
Variants
Models for cardiac cellular electrophysiology and ion dynamics
have been developed for more than five decades (Noble, 1962),
and the first atria-specific hA-CM models were published by
Courtemanche et al. (1998) and Nygren et al. (1998). These
model lineages have been retroactively extended with novel
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FIGURE 5 | Overview of hA-CM model lineages and most important changes implemented in model iterations. References: Courtemanche et al. (1998), Nygren
et al. (1998), Maleckar et al. (2009b), Grandi et al. (2010), Grandi et al. (2011), Koivumäki et al. (2011), Colman et al. (2013), Voigt et al. (2013a,b), Koivumäki et al.
(2014b), Colman et al. (2016), Skibsbye et al. (2016).

features, and new models have also been introduced as shown in
Figure 5. The Courtemanche, Nygren–Maleckar–Koivumäki and
Grandi model lineages, were benchmarked in detail (Wilhelms
et al., 2013), and shown to be based on varying datasets and
assumptions. As Wilhelms et al. (2013) reported, there are
substantial differences in AP and CaT morphology, and rate
adaptation properties among these models. For example, the
AP repolarization in the Courtemanche model depends more
on IKr and less on IKur compared to the other models. The
Nygren model has a substantially larger contribution of the
IKs current. Furthermore, several models include ion currents
not incorporated in the others. For example, IK,ACh (Maleckar
and Grandi models); If (Koivumäki model); plateau potassium

current, the Ca2+ dependent chloride current and background
chloride current (Grandi model).

With accumulating experimental (human) data supporting
the unique characteristics of atrial Ca2+ handling and its role
in AF pathophysiology and arrhythmogenesis, the foundational
hA-CM models have been updated to particularly include
more complex intracellular Ca2+ signaling and ion channel
localization. To account for the centripetal diffusion of calcium
due to the lack of T-tubules in hA-CMs, Voigt et al. (2013b)
extended the Grandi model with a spatial representation of
Ca2+ handling based on longitudinal and transverse division
of the intracellular space, and included stochastic RyR gating.
Colman et al. (2016) also presented an atrial model with spatial
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representation of the calcium handling system to assess the role
of variable T-tubule density on intracellular calcium waves and
alternans. These efforts have generally attempted to approach
more realistic Ca2+ handling representations by drawing on data
describing the T-tubule structure in particular. For instance, it
may be possible to replicate the approach now being taken in
ventricular CMs, where realistic SR and T-tubule geometries
resolved by serial scanning electron microscopy have made it
possible to reconstruct large sections of the cell directly from
data (Colman et al., 2017). When applied to atrial CMs, this
approach may provide a more realistic basis for simulating the
effects of subcellular structure on macroscopic E–C coupling and
arrhythmogenesis.

In addition to recapitulating physiology of healthy hA-CMs,
all the above-mentioned cell models have variants to mimic
cellular remodeling related to AF. The principle of ‘AF begets
AF’ (Wijffels et al., 1995) emphasizes the need to represent the
pathophysiological changes at different stages of AF progression
with dedicated models. So far, the only pAF model variant
has been published by Voigt et al. (2013b), accounting for
early dysregulation of SR Ca2+ release and enhanced uptake,
with no significant changes to sarcolemmal current carriers,
and AP morphology. Conversely, cAF involves a much more
advanced and complex remodeling (Schotten et al., 2011),
which has been implemented in the in silico models to varying
degrees of detail. The vast majority of cAF model variants have
focused on electrical remodeling as distinct from remodeling
of subcellular structure and Ca2+ handling machinery. These
efforts have generally included the decreased Ito, ICaL and IKur,
and increased IK1, as described in the section “Arrhythmogenic
Mechanisms of AF.” More recently, cAF models that also
account for the remodeling of intracellular Ca2+ handling have
been developed (Grandi et al., 2011; Colman et al., 2013;
Voigt et al., 2013a; Koivumäki et al., 2014b). Furthermore,
AF-related structural remodeling, specifically cell dilation, has
been represented in one hA-CM model (Koivumäki et al.,
2014b). First steps in accounting for the role of changes to
regulatory signaling have also been taken by Grandi et al.
(2011), who showed dramatic APD shortening as a result
of parasympathetic activation of IK,ACh. However, the overly
simplified Ito – ICaL – IKur – IK1 approach of cAF modeling
is still commonly used. As the accumulating experimental
evidence suggests a central role for altered E–C coupling and
intracellular Ca2+ handling in AF pathophysiology, a greater
emphasis should be put on these components in future modeling
studies.

In silico hA-CM models are comprehensive tools,
complementing the in vitro experiments, for increasing
the understanding of AF mechanisms and discovering
potential pharmacological targets. The diversity of hA-
CM models adds a layer of complexity to modeling of
pharmacodynamics, as the outcome of pharmacological
interventions in silico will vary between different models.
This will be discussed in detail in the section “Computational
Pharmacology in AF.” As the physiological accuracy and
robustness of atrial CM models have improved over the
years, and continues to progress, so do their utility in higher

dimensional and organ scale simulations, as discussed further
below.

1D and 2D Models of Electrical
Conduction in the Atria
Modeling Electrical Propagation in Tissue
Early observations of electrograms during AF revealed the
presence of chaotic activity in the atria. Recent technological
advancements in high-resolution AF mapping have shown
that AF is maintained by one or multiple spiral waves or
rotors, which may be stationary or meander around anatomical
structures (Guillem et al., 2016). Several studies have further
supported that AF is maintained by high-frequency reentrant
activity, compatible with the mother rotor hypothesis, as recently
reviewed (Waks and Josephson, 2014; Guillem et al., 2016).
However, several open questions still remain regarding the exact
dynamical drivers of AF. Computational models of electrical
propagation in the atria have contributed to elucidating the
mechanisms of arrhythmia by enabling the simulation of
electrical propagation in the heart through simplified models
of single cell myocyte networks, mainly in the form of 1D and
2D architectures representing atrial fibers or patches of atrial
tissue.

Characteristics of electrical activation in the myocardium,
such as conduction velocity (CV), ERP, CV restitution, and APD
restitution are known to modulate impulse propagation, with
CV and refractoriness largely determining rotor dynamics and
reentry stability (Sánchez et al., 2012). This commonly cited
conceptual model is termed “leading circle” reentry, and states
that a reentrant wavefront is permitted to follow a circular path
of minimal length equal to the wavelength (CV∗ERP), with the
core remaining continuously refractory. Reported values of CV
measured in the atria lie between ∼50 to ∼120 cm/s (Dössel
et al., 2012), and are reduced by ∼15% in AF (Feld et al., 1997).
Conduction slowing and ERP shortening are two hallmarks of
AF-induced remodeling, which result in reduced wavelength and
higher susceptibility to reentry (Starmer et al., 1991; Nattel et al.,
2008; Wakili et al., 2011; King et al., 2013). Conveniently, ERP
and changes to ERP resulting from pharmacotherapy, can be
implemented in 0D cell models, and CV can then be assessed by
applying simple cable theory to couple such 0D implementations
in series. The resulting 1D simulation frameworks are often
used to arrive at basic indications of pharmacologic impacts on
susceptibility to reentry, without actually permitting reentrant
excitation.

At a higher level, 2D patches of tissue have been employed
in simulations to reproduce the effects of structural and
electrical remodeling on conduction barriers and exacerbated
electrophysiological heterogeneities leading to unidirectional
block and spiral wave breakup. As will be further discussed in
the section “INa,” these frameworks have been very important
for establishing the role of spiral wave dynamics in explaining
the efficacy and subtype specificity of INa blockade. Aslanidi
et al. (2009b) used 2D models of the atria to study activation
patterns in the absence and presence of electrical heterogeneity,
independently of structural effects or conduction anisotropy.
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Results of 2D simulations show that APD gradients across the
atria alone can reproduce different activation patterns in different
regions of the atria (LA versus RA) (Aslanidi et al., 2009b). More
recently, Gharaviri et al. (2017) studied the effect of transmural
conduction using a dual sheet model of atrial tissue. They
found that reducing the number of connections between the
endo- and epicardial layers resulted in increased endo-epicardial
dyssynchrony of electrical activity and in enhanced AF stability,
in agreement with experimental findings in patients and animals
(Verheule et al., 2013; Hansen et al., 2015).

Additionally, computational tissue models have helped
elucidate the molecular mechanisms that give rise to spatially
discordant alternans (SDAs), a mechanism that has been linked
to the development of an arrhythmogenic substrate and increased
reentry incidence (Pastore and Rosenbaum, 2000). Clinical data
has shown that AP alternans precede episodes of AF in patients
(Narayan et al., 2011), and another study in healthy controls and
persistent AF patients showed that rapid pacing-induced SDA
were associated with AF incidence, and could be terminated by
verapamil administration (Hiromoto et al., 2005). These findings
highlight the potential arrhythmogenic role of alternans, and
the need to further elucidate the contribution of SDA to AF.
Experimental studies in whole heart (Pruvot et al., 2004) and
modeling studies in both 1D and 2D ventricular tissue have
shown that SDA can be attributed to different mechanisms, in
particular, Ca2+ instabilities (Sato et al., 2006, 2013), steep APD
and CV restitution, (Qu et al., 2000) and tissue heterogeneities
(Watanabe et al., 2001).

Because these 1D and 2D tissue models remain relatively
computationally efficient, they can also be used to assess the
ionic determinants that modulate conduction and rate adaptation
in the atria during rapid pacing or other processes involving
manipulation of the electrophysiologic steady state (Starmer
et al., 2003; Krummen et al., 2012; Hunnik et al., 2016). In
these contexts, extracting measures from simulated reentrant
circuits allows quantitative comparisons of the impact of different
ionic mechanisms and model conditions on the incidence and
magnitude of AF, commonly quantified in terms of dominant
frequency (DF), organization index, rotor meandering (RM), and
duration of reentry.

Fibrosis in 1D and 2D Models
Tissue models of the atria have recently been expanded to include
the effect of fibrosis in AF maintenance. Myofibroblasts, or simply
fibroblasts (Fb), compose about 10–15% of myocardium volume,
although they largely outnumber myocytes (Shiraishi et al., 1992).
Fibroblasts can exhibit APs when electrically coupled to CMs
through gap junction channels (Camelliti et al., 2004; Wang
et al., 2006), and have long been recognized to play an important
role in modulating the electrical function of the myocardium
(Kohl and Noble, 1996; Kamkin et al., 1999; Kohl et al., 2005;
Tanaka et al., 2007). The fibroblasts can act as either current
sources or sinks during a myocyte excitation, disturbing normal
electrical propagation, and their proliferation has also been linked
to abnormal automaticity in the atria, whereby Fb-CM coupling
can induce a depolarizing current during the diastolic phase and
elicit APs (Miragoli et al., 2007).

In agreement with in vitro experimental data, modeling
studies in 1D and 2D models have shown that proliferation
of fibroblasts (or more generically, non-myocytes) in the atrial
tissue, and their coupling with myocytes through gap junctions,
lead to alterations of the AP shape, RMP, upstroke velocity and
CV. The significance of the alterations, and their arrhythmogenic
potential, depends on several factors, such as fibroblast density
and distribution, the strength of Fb-CM coupling, and RMP of
the fibroblast (Jacquemet and Henriquez, 2008; Maleckar et al.,
2009a; Koivumäki et al., 2014a; Seemann et al., 2017), as reviewed
in Yue et al. (2011). Additionally, Fb-CM coupling can lower
or raise the APD alternans threshold, depending on whether
APD is shortened or prolonged (Xie et al., 2009). Furthermore,
in cAF, the hyperpolarization of the membrane potential has
been shown to render the remodeled myocytes less sensitive to
coupling with fibroblasts (Sánchez J. et al., 2017). In another
study, the APD shortening effect of dofetilide and vardenafil was
enhanced with increasing amount of coupled fibroblasts, showing
the importance of including Fb-CM coupling in pharmacological
modeling studies (Gao et al., 2017).

Although human data is still sparse, and the precise
contribution of fibrosis to ectopic activity and reentry in AF
remains poorly understood, it seems clear that fibrotic tissue
is a key promoter of AF progression. Therefore, therapeutical
approaches that prevent fibroblast proliferation, secretion and
connexin expression, by targeting for example fibroblast ion
channels and signaling pathways, could constitute a potential
strategy for upstream regulation of AF progression (Yue et al.,
2011).

3D Models of the Atria
Single cell models of atrial electrophysiology have significantly
contributed to increase our understanding of the cellular
mechanisms of arrhythmia and underpinning novel
pharmacotherapeutic targets (Heijman et al., 2015). However,
multiscale models of the atria are necessary to understand
the complexity of atrial arrhythmias and capture the essential
dynamics of this disease. This need is accentuated by challenges
associated with obtaining reliable AF activation maps, especially
in patients, which has pressed the need for more elaborate
in silico whole atrial models. Three-dimensional (3D) models
of atrial electroconduction have been developed to enable
simulation of normal atrial function and arrhythmogenesis in
the context of full structural complexity of the atrial geometry,
and incorporating many of the regional electrical heterogeneities
present in the intact organ.

Electrical heterogeneities in the atria are mainly characterized
by regional variations of ion current and connexin expression.
However, as human data are sparse, these regional differences are
generally incorporated from studies conducted in other species,
mostly canine. The complex structural heterogeneities in the atria
are also challenging to accurately represent in computational
models, but are believed to be important for the understanding
of AF dynamics. Thus, in recent years a considerable amount of
effort has been devoted to the incorporation of detailed anatomic,
structural and electrophysiological information in the modeling
pipeline.
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Incorporating Heterogeneity Into 3D Models of the
Atria
The first attempts to develop 3D models of the atria relied on
simplistic geometries with limited anatomical detail, such as
spherical surfaces (Blanc et al., 2001), or geometrical surfaces
designed to resemble the atria (Harrild and Henriquez, 2000;
Vigmond et al., 2003; Ruiz-Villa et al., 2009). Additionally, most
of these first models did not consider regional differences in
electrophysiology (Harrild and Henriquez, 2000; Blanc et al.,
2001; Virag et al., 2002). In their first stage of development, 3D
models of the atria were mostly focused on the role of atrial
geometry and structural heterogeneity on the development of
a proarrhythmic substrate (Harrild and Henriquez, 2000; Blanc
et al., 2001; Virag et al., 2002). Although useful in discerning the
basic mechanisms underlying atrial arrhythmias, these studies
recognized the importance of incorporating electrical and more
detailed structural heterogeneity into the models in order to
faithfully reproduce complex arrhythmogenic patterns. Vigmond
et al. (2003) presented the first atrial model, a canine model,
containing all the major structural features of the atria, electrical
propagation according to fiber orientation (constructed with a
series of interconnected cables), AP heterogeneity, and electrical
remodeling. The study provided new insight into the role of
structural and electrical heterogeneity of atrial tissue on reentry
and fibrillation maintenance, and confirmed the importance of
including electrophysiological variations in atrial tissue models.

Since these earlier efforts, regional differences in AP
morphology have typically been incorporated by varying ion
channel maximum conductances and gating variables of the
Courtemanche hA-CM model. Figure 6 shows an example of
different AP morphologies in the different regions of the atria
modeled in this way (Colman et al., 2013). These are mainly
due to differences in expression of IKr, IKs, Ito, IKur, IK1,
and ICaL. We will not describe these regional characteristics
in detail, but a comprehensive overview of current densities
and APD in the different atrial regions, and of the original
experimental data sources, can be found in Krueger et al. (2013).
With these model variants as a baseline for electrical variation

throughout the atria, it has been possible to begin understanding
the role of electrophysiological heterogeneity both in normal
atrial activation, and in AF arrhythmogenesis. During normal
activation, the gradient in APD from the sino-atrial node (SAN)
toward the atrio-ventricular node (AVN) and the left atrium
(LA) (Ridler et al., 2006), is thought to facilitate conduction
from the SAN toward the AVN and impede uni-directional
conduction block during normal sinus rhythm. However, the
role of these APD gradients in atrial arrhythmias is not fully
understood, and the manner in which change associated with AF
electrical remodeling contribute to arrhythmia is very complex
(Colman et al., 2013). Patchy tissue heterogeneities in left versus
right atria are known to promote AF initiation (Luca et al.,
2015), and it has often been suggested that left-right gradients
in ion current expression increase dispersion of refractoriness
and thereby promote reentrant substrate (Voigt et al., 2010).
However, computational studies of the effect of right-left APD
gradients in a canine model has found these gradients to be
a protective mechanism against reentry, while increasing the
complexity of arrhythmia patterns (Ridler et al., 2006, 2011).
These studies highlight the complex effect of atrial heterogeneities
and the need for a systematic characterization of the role of spatial
variation of cell and tissue properties in AF.

In addition to the varying AP morphology, the atria present
significant regional differences in CV and fiber orientation. These
differences can be represented in models by spatially varying
tissue conductivities according to tensor vectors obtained from
fiber direction information. Fiber direction can be obtained with
rule based methods (Seemann et al., 2006; Aslanidi et al., 2011;
Colman et al., 2013), based on anatomical data obtained from
ex vivo diffusion-tensor imaging (Pashakhanloo et al., 2016), or
histological slices (Butters et al., 2013; Tobón et al., 2013).

Seemann et al. (2006) published the first model implementing
realistic full 3D atrial geometries with regional heterogeneity.
This model incorporated heterogeneity based on both human
and animal experimental data of several atrial structures: Crista
terminalis (CT), pectinate muscles (PM), Bachmann’s bundle,
atrial working myocardium, atrial appendage, and SAN. More

FIGURE 6 | Regional differences in AP morphologies in the different atrial regions obtained with a hA-CM model. From Colman et al. (2013). Creative Commons
Attribution License BY.
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recently, Krueger et al. (2013) developed an extended model with
patient-specific anatomical data and additional segmentation
of atrial regions: the PVs, atrial septum, the tricuspid valve
ring, the mitral valve ring, and the fossa ovailis. Colman et al.
(2013) have also published a similarly comprehensive model of
the whole human atria incorporating both local heterogeneities
and AF remodeling. Figure 7 shows examples of 3D atrial
models constructed via regional segmentation and incorporating
heterogeneous AP morphologies (Figure 7A). Segmentation into
different regions is often carried out manually based on known
anatomical features.

Given the relative abundance of animal data sources,
computational models of animal atria anatomy and
electrophysiology are an important tool for studying arrhythmia
mechanisms. Therefore, models of other animal species have also
been developed, such as the rabbit atrial model from Aslanidi
et al. (2009a), the canine models from Colman et al. (2014) and
Varela et al. (2016), and the sheep model from Butters et al.
(2013). All these models have contributed to further elucidating
of the mechanisms underlying atrial arrhythmogenesis, and
exemplify the importance of considering models of other animal
species, integrating available experimental data, in studies of

FIGURE 7 | (A) Three-dimensional atrial model with segmented regions and
corresponding APs in physiological (blue) and AF-remodeled conditions (red),
obtained with the Courtemanche model. From Krueger (2013). Creative
Commons Attribution License BY-NC-ND. (B) Regional segmentation of an
atrial sheep model into right atrium (RA), left atrium (LA), pectinate muscles
(PM), pulmonary veins (PV), and Bachmann’s Bundle (BB). From Butters et al.
(2013). Copyright 2013 by Royal Society (United Kingdom). Reprinted with
permission.

AF mechanisms and in the discovery of novel therapeutic
approaches (Nishida et al., 2010). Other 3D models of human
atria developed in recent years have been reviewed in Dössel
et al. (2012).

Importance of Modeling Heterogeneities in AF
Studies
Several modeling studies have shown the importance of
considering realistic anatomical structures, fiber orientation, and
AP heterogeneity in the initiation and maintenance of reentry in
both human (Seemann et al., 2006; Colman et al., 2013; Krueger
et al., 2013; Luca et al., 2015; Zhao et al., 2017) and animal
models (Aslanidi et al., 2009a; Butters et al., 2013; Varela et al.,
2016). Studies have shown the role of anisotropy, mainly due to
fiber orientation, in maintenance of AF, and the role of electrical
heterogeneity in the initiation of AF (Butters et al., 2013). In
particular, it has been shown that the abrupt anisotropy in fiber
orientation between the posterior LA and the PVs is critical for
wave break leading to reentry (Klos et al., 2008).

Butters et al. (2013) were the first to investigate
computationally the mechanisms of initiation and maintenance
of AF by describing the individual contributions of electrical
heterogeneity and anisotropy, employing an anatomically
detailed model of the sheep atria with regional AP variation. This
study confirmed that the abrupt changes in tissue anisotropy
between the LA and PVs provide an important AF substrate.
This was primarily due to the complexity of the fiber structure
of the PV region and the RA (in particular, the CT and PMs),
as compared to the LA, which is relatively homogeneous. More
recently, Zhao et al. (2017) extended human 3D models by
incorporating transmural fibrosis, atrial wall thickness, and 3D
myofiber architecture, based on ex vivo functional and structural
imaging of the atria. This study found that the structural
characteristics of regions driving AF were characterized by
intermediate wall thickness and fibrotic density, as well as twisted
myofiber structure.

Although data supports the involvement of atrial fibrosis in
the development of AF, whether this is a cause or consequence
of AF is still an open question (Schotten et al., 2016). A study on
post-mortem human samples from several locations of the atria
supported the existence of a correlation between the extent of
atrial fibrosis and fatty tissue infiltrations, and the development
and severity of AF (Platonov et al., 2011). As described in
the previous section, simulation studies have contributed with
some insight into the role of fibrosis in AF development.
For example, Maleckar et al. (2009a), showed that CM
excitability, repolarization, and rate-adaptation properties are
strongly modulated by CM-myofibroblast electrotonic coupling,
in particular the strength of coupling, number of coupled
myofibroblasts, and the pacing rate. These findings suggest that
myofibroblast proliferation during structural remodeling may
exacerbate repolarization heterogeneities and decrease tissue
excitability, thus facilitating abnormal conduction patterns (e.g.,
conduction block) and the development of a reentrant substrate.

McDowell et al. (2013) included the effect of fibrotic lesions
on the initiation and progression of AF in a whole atrial
model, finding that atrial fibrosis contributes to dispersion
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of APD due to gap-junction remodeling, as well as to the
proliferation of myofibroblasts. The study showed that the
latter was a sufficient condition for unidirectional conduction
block following an ectopic beat from the PV region, while
myofibroblast proliferation in the fibrotic region was sufficient to
trigger reentry. In agreement with the previous study by Maleckar
et al. (2009a) they found that the presence of myofibroblasts in the
fibrotic region caused alterations of the transmembrane potential,
in particular, shortening of APD and elevation of RMP, and these
changes were exacerbated by the presence of collagen deposition.
However, their proposed mechanism by which myofibroblasts
cause inhomogeneous conduction slowing was through the
remodeling of the potassium currents responsible for the
repolarization phase of the AP, rather than by electrotonic effects
resulting from the formation of direct connections between the
myofibroblasts and CMs. Another computational study from the
same group including the effects of atrial fibrosis, concluded that
initiation of AF is independent of pacing location, and instead
depends on the distance between the pacing location and the
closest fibrotic region (McDowell et al., 2015).

Although much is still unknown about the role of structural
and electrophysiological heterogeneities in AF, computational
studies have contributed to the systematic characterization of
the mechanisms of arrhythmogenesis. In some cases, these have
highlighted the importance of patient-specific aspects for clinical
therapy, as, for instance, the role of patient-specific fibrosis
patterns for guiding catheter ablation procedures (McDowell
et al., 2015; Boyle et al., 2016; Deng et al., 2017; Cochet et al.,
2018).

COMPUTATIONAL PHARMACOLOGY
IN AF

Lessons From Existing Rhythm Control
Strategies in AF
The available compounds and therapeutic guidelines for AF
cardioversion provide important context for AF drug design,
and highlight key points of lacking knowledge that may be
aided by computational approaches. Effective compounds
include class III [amiodarone/dronedarone, intravenous
ibutilide, vernakalant (in Europe), dofetilide, and sotalol],
class Ic (flecainide and propafenone), and class V agents
(cardiac glycosides). Computational studies have addressed their
predominant modulatory targets: potassium channels, sodium
channels, and NKA, respectively. Computational contributions
to increase functional and mechanistic understanding of
clinically relevant antiarrhythmic drugs are listed in Table 1.
Most often these compounds are administered intravenously in
the early stages of AF to achieve cardioversion, but flecainide and
propafenone are also used orally as pill-in-the-pocket strategies.
A critical consideration for choosing among these options is
whether structural disease is present. Flecainide and propafenone
are contraindicated for all NYHA heart failure classes, while
ibutilide and vernakalant are inappropriate for patients with
class III-IV disease. These specific characteristics of therapy and

contraindications provide an important general hierarchy for
understanding the links between the mechanisms of drug action
and their clinical utility in AF.

First, agents with QT prolonging actions are broadly
contraindicated, as even relatively subtle effects on ventricular
APD limit their use in AF treatment due to high comorbidity
with structural disease. Additionally, Na+ channel antagonists
may be effective if they do not simultaneously reduce the atrial
ERP or increase QT (thus eliminating both classes Ia and Ib). It
is probable that the efficacy of class Ic agents is largely due to
prolonged ERP accompanying their slow dissociation kinetics,
which promotes termination of spiral wave reentry (Comtois
et al., 2005; Kneller et al., 2005), but they may also limit triggering
ectopy particularly early in disease development (Watanabe et al.,
2009; Liu et al., 2011). Lastly, non-cardiac contraindications and
drug interactions are a significant consideration, particularly
for anticoagulant therapy, a core prophylactic for AF-induced
thrombosis.

Given these core characteristics of drugs with established
efficacy, major current AF strategies can be classified into two
broad groups: (1) those that focus on extending the atrial
ERP through atria-specific K+ channel targeting, (2) combined
therapies that leverage multi-target outcomes and minimize
contraindications. In the case of ERP modulators, the key
challenge is to improve atrial selectivity and reduce non-cardiac
contraindications. For this reason channels that contribute to
atrial repolarization but have little role in the ventricle (e.g.,
IKur, IK,Ca, IK,Ach) are the most attractive targets. Approaches
targeting Ca2+-handling are largely mechanism-driven, and
address disturbances to calcium homeostasis, particularly via RyR
hyperactivity and calcium overload secondary to dysregulated
Na+ homeostasis and CaMKII signaling (Heijman et al., 2015).
Finally, recently developed multi-target therapies particularly
seek to combine the efficacy of Na+ channel blockade with
repolarization modulators to generate ideal compound profiles
(Ni et al., 2017).

Computational approaches are being applied to all of these
avenues. Below, we briefly review major computational methods
applied to rational drug design, and then highlight approaches
where simulations may be crucial in integrating information
taken from high-throughput screening, and traditional in vitro
and in vivo electrophysiology.

Pharmacological Modeling Approaches
Modeling drug interactions can start at the molecular level
with molecular docking or dynamic simulations to test small
molecule binding sites and structural protein changes (see Table 1
for structural modeling contributions for AF drugs). These
approaches are attractive because they permit estimation of
binding affinities (and kinetics in some cases) based on available
3D-structures. However, the availability of these structures has
traditionally been quite limited for ion channel targets, largely
due to difficulties in crystallizing transmembrane proteins. With
recent advances in cryoelectron microscopy, structure-based
drug discovery for integral membrane targets is quickly gaining
traction (Lengauer and Rarey, 1996; Shoichet et al., 2002;
Meng et al., 2011; Yarov-Yarovoy et al., 2014), and is thought to
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TABLE 1 | Summary of AF drugs, ionic targets, and related computational work.

Drug Class Target Computational work

Flecainide Ic INa (Roden and Woosley, 1986) Ito, IKur,
IKr (Tamargo et al., 2004)

Functional:
- Flecainide and lidocaine state specific binding models incorporating detailed voltage- and
pH-dependence (Moreno et al., 2011)
Structural:
Gómez et al. (2014) and Melgari et al. (2015)

Propafenone Ic INa, Ito, IK1, IK (Duan et al., 1993)
Ito, IKur, IKr, IKs (Tamargo et al., 2004)
IK,2P (Schmidt et al., 2013)

Functional:
- State-specificity and kinetics of binding via genetic algorithm search (Pásek and Simurda,
2004)
Structural:
Gómez et al. (2014) and Ngo et al. (2016)

Amiodarone III IKr, IKs, Ito, IKur (Tamargo et al., 2004)
INa, ICa (Nattel et al., 1992)
IK,2P (Gierten et al., 2010)

Functional:
- Multi-target modeling of drug action in AF via Hill-type conductance-only block (Loewe
et al., 2014)
- Pharmacodynamic modeling of drug–drug interactions (Chen et al., 2015)
- Effect of pharmacologically altered INa kinetics on post-repolarization refractoriness and
APD prolongation (Franz et al., 2014)
- Mechanistic understanding of amiodarone effects in 1D and 3D, focus on QT prolongation
(Wilhelms et al., 2012)
- Amiodarone targeting INaL in failing human myocardium simulations (Maltsev et al., 2001)
Structural:
Zhang et al. (2016)

Dronedarone III IKr, IKs, IK1, INa, ICaL (Gautier et al., 2003)
IKr, IKs (Tamargo et al., 2004)

Functional:
- Frequency and concentration dependent effects in cAF remodeled hearts (Loewe et al.,
2014)
- Drug–drug interaction dronedarone (Denisov et al., 2018)

Ibutilide III IKr (Tamargo et al., 2004) Functional:
- Clinical intervention with ibutilide linked with simulated phase synchrony between tissue
regions (Vidmar et al., 2015)

Vernakalant III Ito, IKr, IKur, IK,ACh, INa (Fedida, 2007) IK,2P

(Seyler et al., 2014)
Functional:
- Multi-target, cellular mode of action (Loewe et al., 2015)
- AF termination simulated by INa block with rapid dissociation through decreased
wavebreak and blocked rotor generation (Comtois et al., 2008)
Structural:
Eldstrom and Fedida (2009)

Dofetilide III IKr (Tamargo et al., 2004) Functional:
- Multiscale cardiac toxicity (TdP risk) predictor (Costabal et al., 2018)
- Contribution of fibroblasts to cardiac safety pharmacology (Gao et al., 2017)
- Interaction of hERG channel kinetics and putative inhibition schemes in long QT syndrome
(Romero et al., 2014)
- New hERG Markov model including drug-binding dynamics for early drug safety
assessment (Di Veroli et al., 2012)
- Gender and age on dofetilide induced QT prolongation (Gonzalez et al., 2010)
Structural:
Dux-Santoy et al. (2011), Saiz et al. (2011) and Varkevisser et al. (2013)

Sotalol III IKr (Kpaeyeh and Wharton, 2016)
IK (Carmeliet, 1985)

Functional:
- Prediction of drug effects at therapeutic doses in controlled clinical trials and real-life
conditions (Chain et al., 2013)
- Identifying total area of the ECG T-wave as a biomarker for drug toxicity (Jie et al., 2010)
Structural:
DeMarco et al. (2018)

Ranolazine I,
anti-
anginal
drug

INaL, late ICa, peak
ICa, INCX, IKr, IKs (Antzelevitch et al., 2004)

Functional:
- Antiarrhythmic drug effect specifically in inherited long-QT syndrome and heart
failure-induced remodeling (Moreno et al., 2013)
- Prevention of late phase-3 EADs (Morotti et al., 2016)
- Combined antiarrhythmic and torsadogenic effect of INaL and IKr block on hV-CMs (Trenor
et al., 2013)
Structural:
Du et al. (2014)

Cardiac
glycosides
(digitalis
compounds)

V NKA (Vivo et al., 2008; Schmidt et al.,
2018)
Vagal stimulation (Falk, 1991)

Functional:
- Effect NKA on cell and tissue refractoriness and rotor dynamics (Sánchez et al., 2012)
- Physiologically based PK model (Neuhoff et al., 2013)
- Two compartment PK-PD model for clinical dosage effect (Jelliffe et al., 2014)
Structural:
Weiss (2007)
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hold great promise as a support for drug development in the
future.

Besides modeling molecular binding sites, one may focus
on functionally driven drug–ion channel interactions, based
on the classical Hodgkin and Huxley (HH) formalism or
more recent Markov modeling formulations. For both HH and
Markov formulations, the foundation for modeling the effects of
antagonists on observable myocyte electrophysiology has been
driven by two major frameworks for conceptualizing drug-
binding: (1) the “modulated receptor” hypothesis (Hille, 1977),
and (2) the “slow inactivation” hypothesis (Khodorov, 1979). The
modulated receptor hypothesis states that drug-binding exhibits
selectivity for the functional states of the channel, and that this
selectivity can be readily expressed by different association and
dissociation kinetics (and resulting affinities) for drug binding to
each state (Hondeghem and Katzung, 1977; Hondeghem, 1987).
Conversely, the synergistic-inactivation hypothesis is essentially
an allosteric mechanism, which suggests that a drug does not
need to exhibit selective binding for specific functional states, but
instead, once the drug is bound it promotes transition to states
in which channels are non-conducting. This mode of block has
become somewhat popular for calcium channels (Hering, 2002).
Broadly speaking, the modulated receptor hypothesis has been
more often applied across various drug–channel interactions, and
modified to include the popular “guarded receptor” derivatives.
Structure-based modeling will surely refine the application of
these approaches in coming years.

Because the states are defined by function, these approaches
are largely independent of protein structure, but through
the binding kinetics can incorporate both time- and voltage-
dependent characteristics of drug interaction. Of course, such
approaches require well-defined functional models representing
the baseline function of the channel target, as well as any disease-
related alterations to channel conductance and gating. Markov
models of ion channels have the advantage of being able to
more accurately represent inter-dependence of state transitions
which can considerably impact the outcome of drug binding
simulations. However, more complex Markov formulations
are often subject to insufficient data or contradictory
parameterization requirements when trying to fit multiple
experimental data sets.

Drug modeling with intended clinical application need to
take pharmacokinetic (PK), additionally to pharmacodynamic
(PD), modeling into account. The focus of this review is on
PD modeling, the mechanism and effect of drugs, but the
spread of drugs and off-target effects should be acknowledged.
For recent reviews on (multiscale) PK/PD modeling in systems
pharmacology and drug-induced cardiovascular effects (Collins
et al., 2015; Clancy et al., 2016; Danhof, 2016). A good example
of the importance is the conversion of drug from amiodarone
to its derivative dronedarone. Both drugs share the main
structure (removed iodine and added methanesulfonyl group)
and electropharmacologic profile, with different relative effects
on individual ion channels (Pamukcu and Lip, 2011; Rosa et al.,
2014). Amiodarone accumulates in tissue due to a longer half-
life and iodine is known to negatively affect thyroid function
(Cohen-Lehman et al., 2010). The development of amiodarone

TABLE 2 | Summary of ion currents included in the hA-CM models.

Model (reference) IK,ACh IbCl ICl,Ca If IK,2P IK,Ca cAF
variant

Courtemanche et al., 1998

Colman et al., 2013 X

Colman et al., 2016

Nygren et al., 1998

Maleckar et al., 2009b X

Koivumäki et al., 2011 X

Koivumäki et al., 2014b X X

Skibsbye et al., 2016 X X X X

Grandi et al., 2011 X X X X

Voigt et al., 2013a X X X X

Schmidt et al., 2015 X X X X X

Voigt et al., 2013b X X X X

Ion currents that are common to all models include: INa, ICaL, Ito, IKur, IKr, IKs, INKA,
INCX, IPMCA, IbNa, and IbCa. Those models that have a comprehensive cAF variant
are marked in the right most column.

to dronedarone was motivated by PK and off-target PD effects,
to optimize drug efficacy and limit clinical side effects. PK/PD
modeling should be taken in to account for drug development,
but should be preceded by establishing the effect of targeting (a
combination of) ion channels as possible drug targets.

Modeling Specific Ion Channels as Drug
Targets
As mentioned above, various potassium channels are remodeled
during AF and several of them are almost only expressed in
the atria (IKur, IK,ACh, IK,2P, and IK,Ca) (Ravens and Christ,
2010; Hancox et al., 2016). Pharmacological inhibition of these
channels prolongs the AP and therefore extends the atrial
ERP. Table 2 summarizes which ion currents are included
in published the hA-CM models. The majority of clinically
relevant drugs, targets or affects INa and/or INaL as antiarrhythmic
strategy. Below, we focus on computational approaches to the
pharmacological modeling of sodium channels and the range of
potassium channels that are still considered viable targets for AF
rhythm control.

INa
The dynamics and pharmacologic properties of the cardiac
sodium current are among the best-characterized of any
electrophysiologic drug target. INa inhibitors, first quinidine and
then the local anesthetics, were observed to have antiarrhythmic
efficacy in the first half of the 20th century, and were adopted
for treatment well before their molecular actions were known
(Nattel, 1993; Rosen and Janse, 2010). Once modern voltage
and patch clamp techniques were developed, pharmacologic
properties such as state-specificity and association–dissociation
kinetics were extensively characterized for a number of
compounds (Bean et al., 1983; Rosen and Janse, 2010). The
ability of class I compounds (particularly Ic) to suppress
premature ventricular complexes spurred the beginning of
major clinical trials (CAST 1 and 2, IMPACT) to assess
their overall efficacy. The overwhelming failure of these
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trials (treatment-induced mortality), has driven scientists
and clinicians to reconsider both the key pharmacologic
characteristics of major antiarrhythmics (particularly INa
antagonists), and the antiarrhythmic classification systems
used to guide clinical development (Rosen and Janse, 2010).
Computational approaches have been key for understanding
several major dynamical characteristics that determine the
positive and negative outcomes of INa-targeted drugs in different
contexts of arrhythmia.

The modulated receptor and guarded receptor approaches
have been essential in understanding the myocyte-level outcomes
of INa antagonists. Early efforts in particular, made useful
contributions to distinguish the characteristics of the different
subclasses of Na+ channel blockers by applying this approach
to very simple baseline models of channel gating (Cohen et al.,
1981; Bean et al., 1983). The findings of these efforts still
define the major characteristics of these subclass distinctions. For
example, the role that slow class Ic dissociation kinetics play in
determining the utility of this subclass for extending atrial ERP
and antagonizing AF is thought to result from the brevity of the
atrial AP (Starmer et al., 2003). That brevity in turn prevents
fast-dissociating inactive-state antagonists (e.g., class 1b agents)
from being effective in AF. This general mechanism of class Ic
efficacy is likely to be particularly potent in terminating spiral
wave dynamics by expanding both the core and the curvature
of the wavefront, thus increasing the size of primary circuits and
organizing the fibrillatory pattern (Kneller et al., 2005).

IKr
IKr is expressed in both human atria and ventricles, and its
inhibition prolongs APD in both regions. While IKr block
remains a viable strategy for AF targeting, it presents many
challenges of ventricular contraindication. Dofetilide is an
example of a drug that specifically blocks IKr, and was approved
for AF treatment (Elming et al., 2003), but for which safety
remains a significant concern (Mounsey and DiMarco, 2000;
Abraham et al., 2015; Cho et al., 2017). For this reason,
computational approaches are an attractive means for screening
compounds with atrial-selective of targeting of IKr, but so
far this goal has not been addressed convincingly. Below, we
highlight several aspects that should be considered when applying
computational approaches to address the role of IKr antagonists
in AF.

The manner in which IKr targeting compounds promote
ventricular AP and QT interval prolongation is a topic of
major interest in toxicology screening, and we will not cover
it comprehensively here. However, it is worthwhile noting
that a classical parameter for characterizing the ventricular
arrhythmogenicity of IKr-targeting compounds, reverse-rate-
dependence, is also important in atrial drug design. Strong
frequency-dependence is highly desirable for AF cardioversion
due to very high frequencies of tissue activation during AF.
As such, modeling approaches that do not permit accurate
assessment of this characteristic are of limited value. To this end,
the commonly used Courtemanche model does not reproduce
the reverse-frequency-dependency of IKr block on atrial APD
(Tsujimae et al., 2007). By adding a slow activation parameter to

the Hodgkin–Huxley model formulation and inhibiting varying
combinations of fast and slow gating variables, Tsujimae et al.
(2007) reproduced the inhibition dynamics and the frequency
dependence of known IKr blockers (quinidine, vesnarinone,
and dofetilide). More recent models have attempted to define
IKr pharmacology in a more detailed manner. For example,
Li et al. (2016) first developed a detailed Markov model of
IKr gating, and then embedded it in the O’Hara-Rudy hV-
CM model to provide a basis for characterizing compounds
with known and varying TdP risk (Li et al., 2017). As a
result they found that a mechanism of trapping in the hERG
pore (carrier of the IKr current) represented by an additional
Markov state in the pharmacological model, created a better
predictability of TdP risk by IKr inhibitors. Applying models
of this detail in atrial and ventricular CM models may provide
a basis for better establishing the potential of IKr blockade
for targeting AF. We are not aware that such an approach,
especially with the focus on atrial IKr in AF, has been pursued to
date.

IKur
Due to atria-specific expression, pharmacological inhibition
of IKur allows for atrial selective APD prolongation with
minimal adverse effects in the ventricles (Nattel and Carlsson,
2006). Experimental investigation of IKur and pharmacological
properties is complicated by the lack of drug selectivity and
overlap of IKur block with other currents, such as Ito (Ravens
and Wettwer, 2011). Furthermore, first clinical trials have
controversially shown no decrease in AF burden in patients
upon treatment with an IKur blocker (Shunmugam et al.,
2018).

Experimental complications can be overcome by using
in silico models to assess IKur involvement in AF and AF
treatment. Tsujimae et al. (2008) extended the Courtemanche
et al. (1998) IKur formulation with voltage- and time-
dependent pharmacological scaling factor to computationally
investigate the voltage- and time-dependent block of IKur
to mimic experimental drug inhibition and effects on AP
characteristics. In simulations incorporating AF remodeling,
they showed overall APD prolongation for a blocker with
fast association kinetics and frequency-dependent APD
prolongation when association kinetics were slow, particularly
when dissociation was also slow. The same IKur formulation
was used to show that rotor termination in chronic AF
depends on binding kinetics of IKur inhibitors (Scholz et al.,
2013).

Computational approaches have also been used to define
the kinetic properties of the ideal IKur antagonist: maximum
effect in disease, minimum effect in healthy cells and no (non-
cardiac) adverse effects. Ellinwood et al. (2017b) used a six-
state Markov model of IKur fitted with voltage clamp data
from hA-CMs and expanded the model with drug-bound states.
Incorporating the detailed channel model and drug interactions
in the Grandi hA-CM model enabled in silico assessment of
necessary drug characteristics, showing that drug binding to
both open and inactive states yields the largest prolongation
of APD and ERP. This inhibition was most efficient at
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intermediate rates of association, and exhibited similar positive-
frequency-dependence independent of binding mode (Ellinwood
et al., 2017a,b). These simulations have largely supported the
perspective that IKur is an attractive AF target, and future
simulations are likely to be useful for assessing whether the
specific binding characteristics and multi-target effects of specific
IKur blockers are capable of realizing this potential.

IK,ACh
IK,ACh is selectively present in the atria and thus may hold
potential as an AF treatment target (Ehrlich et al., 2008). Its
response to acetylcholine is decreased in cAF (Dobrev et al.,
2001), exhibiting constitutive activity (Ehrlich et al., 2004; Dobrev
et al., 2005). Single channel patch clamp experiments of IK,ACh
expressed in canine atrial CMs suggest an increase in opening
frequency and open probability after tachycardia-induced
remodeling, while open-duration, channel conductance, and
membrane density were unchanged (Voigt et al., 2007). Bingen
et al. (2013) showed that IK,ACh blockade decreased restitution-
driven alternans, reduced AF inducibility, and promoted AF
termination in rat atrial CM cultures and intact atria. These
findings agree with tertiapin block of IK,ACh prolonging ERP and
terminating AF in a canine model (Hashimoto et al., 2006).

The importance and involvement of IK,ACh in human
atrial electrophysiology and fibrillation is well established, but
computational models of this channel are still limited. The
models of IK,ACh in human atria are based on various data
sources, but show a similar and prototypical involvement in
the atrial AP: activation of IK,ACh results in hyperpolarization
and pronounced AP abbreviation. Maleckar et al. (2009b)
implemented a model of IK,ACh based on patch clamp
experiments in canine atria, comprising of current–voltage
relationship in combination with a scaling factor depending
on half-activation and acetylcholine concentration (Kneller
et al., 2002) and extended it with dose dependency. The first
model incorporating IK,ACh based on human data was the
Grandi model (Grandi et al., 2011), yielding the expected dose-
dependent reduction in APD and CaT amplitude with increasing
concentration of acetylcholine.

Pharmacological block of IK,ACh in in vitro and ex vivo
experiments showed promising antiarrhythmic effects. However,
recent studies have found IK,ACh block to be ineffective
both in increasing the left-atrial ERP in vivo (Walfridsson
et al., 2015) and reducing AF burden in clinical trials (Podd
et al., 2016). Pharmacological effects and pathways activated
by acetylcholine that are currently not implemented in the
existing computational models (e.g., crosstalk with CaMKII
and β-adrenergic stimulation) might explain the disagreement
between in vitro, in silico, and clinical studies. In silico
investigation may help to resolve these discrepancies, and
confirm whether this ion channel holds potential as an AF target.
Future computational work should address these possibilities,
and better describe the effects of regional heterogeneity in IK,ACh
expression and acetylcholine release in the atria (Kneller et al.,
2002; Jones et al., 2012), as the role of these ion channels in
spatial aspects of parasympathetically driven AF remains poorly
understood.

IK,2P
The background potassium current mediated by the TWIK
protein-related acid-sensitive K+ channel (TASK)-1, a two-pore
domain K+ channel (K2P), IK,2P, has been shown to contribute
to APD in hA-CMs (Limberg et al., 2011). TASK-1 encoded by
KCNK3 has also been genetically associated with familial AF and
early-onset lone AF (Liang et al., 2014). Furthermore, TASK-1
channels are expressed predominantly in the atria (Ellinghaus
et al., 2005; Gaborit et al., 2007; Limberg et al., 2011; Schmidt
et al., 2015), thus they are a potential atria-specific antiarrhythmic
target in AF. However, there is some discrepancy in the direction
of association between TASK-1 channels and AF. Some studies
reported increased channel expression in cAF (Barth et al., 2005;
Schmidt et al., 2015, 2017), while no change was found by others
(Ellinghaus et al., 2005; Gaborit et al., 2005). Similarly, functional
measurements have shown both increased (Schmidt et al., 2015,
2017) and diminished (Harleton et al., 2015) IK,2P amplitudes in
cAF.

The first computational models of IK,2P, was published by
Limberg et al. (2011). They developed a three-state Markov
model of the TASK-1 channel with voltage-dependent
transitions between the two closed states, and one open
state. The channel model was further integrated to the
Courtemanche et al. (1998) hA-CM model to simulate
effects of IK,2P on AP, showing that current block led to
increased APD (−13%). More recently, Schmidt et al. (2015)
published a channel model with less mechanistic detail,
using a Hodgkin–Huxley formulation with voltage-dependent
activation/deactivation kinetics and steady-state activation.
To simulate the effect of IK,2P on AP, the authors integrated
their TASK-1 channel model to the Voigt et al. (2013a) hA-CM
model.

Pharmacological block of IK,2P with A293 in vitro has
been shown to increase APD90 by +19% (Limberg et al.,
2011), +17% (Schmidt et al., 2015) in sinus rhythm hA-
CMs, whereas in cAF the reported have been much larger:
+58% (Schmidt et al., 2015) and +74% (Schmidt et al., 2017).
These findings match well with dynamic patch clamp results,
showing +19% and −16% changes in APD90 in sinus rhythm
with IK,2P subtraction and doubling, respectively (Limberg
et al., 2011). The (patho-)physiological significance of the
above data has, however, not been yet corroborated ex vivo in
AP measurements with human atrial trabeculae; isolated hA-
CMs are known to have compromised repolarization reserve
(Rajamani et al., 2006). Furthermore, TASK-1 channel is also
inhibited by some of the commonly used AF drugs, such
as amiodarone (Gierten et al., 2010) and vernakalant (Seyler
et al., 2014). There is definitely a need for more comprehensive
computational studies, investigating the role IK,2P at different
stages of AF.

IK,Ca
All subtypes of SK (small conductance Ca2+-activated potassium
channel; SK1-3), carrying IK,Ca, have been found in the
atria, with SK2 and SK3 exhibiting the most atria-specific
expression in human cells (Xu et al., 2003; Tuteja et al., 2005;
Skibsbye et al., 2014). SK3 encoded by KCNN3 has also been
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genetically associated with AF (Ellinor et al., 2010; Olesen et al.,
2011). The role of SK channels in AF progression appears
especially interesting since recent in vivo animal studies have
showed that their inhibition can reduce the duration of, or
even protect against, pacing-induced AF (Diness et al., 2010,
2011, 2017; Skibsbye et al., 2011; Haugaard et al., 2015).
However, some studies have also suggested a pro-arrhythmic
effect of SK current inhibition (Hsueh et al., 2013). At the
cellular level, SK inhibitors NS8593 and ICAGEN induce APD
prolongation in hA-CMs (Skibsbye et al., 2014), supporting a
role for SK channels in atrial repolarization and encouraging the
development of SK-antagonists as an antiarrhythmic strategy.
Indeed, the first clinical trial with an SK inhibitor for AF
treatment has recently been announced (NTR7012, compound
AP306631).

At the pharmacodynamic level, drug-dependent regulation
of SK function has been established for several different
drugs, but the mechanisms and binding sites are still being
examined (Weatherall et al., 2010, 2011; Dilly et al., 2011).
In canine atria, inhibition of the SK channels by UCL1684
or apamin prolonged APD (Rosa et al., 1998). Even though
the SK channel is a promising target for AF treatment,
most drugs targeting SK channels have been shown to
have significant affinity for other ion channels (particularly
IKr), and as such have often fallen victim to toxicological
exclusion.

The most detailed computational modeling effort of SK
channels to date has focused on incorporating dynamics from
single channel patch clamp experiments in rat SK2 (Hirschberg
et al., 1998). This study established two Markov gating binding
schemes, each consisting of four closed and two open states,
which differentiated two modes of channel gating associated
with different mean open probabilities. These models recapitulate
observed kinetic components of Ca2+-dependent activation and
the varied macroscopic open probabilities of single channels,
and thus provide a mechanistic basis for interrogating state-
dependent drug interaction with SK. However, a comprehensive
understanding of SK channel gating is still lacking, particularly
as it relates to heteromeric channels, signaling-dependent effects,
and to explain the apparent modal gating observed by Hirschberg
et al. (1998). Additionally, in the context of the intact atrial CM,
subcellular localization and possible colocalization with calcium
sources or regulatory proteins remains largely unknown, and
is surely important for constructing realistic whole cell models
incorporating SK function (Ren et al., 2006; Dolga et al., 2013;
Zhang et al., 2018).

There is currently no cardiac-specific computational model
that represents both the complex kinetics and pharmacology of
SK channels, and their interaction with cardiac Ca2+ dynamics.
A detailed computational model of the SK channel would
enhance our ability to interrogate both the pharmacologic
targeting of SK, and the fundamental physiology of SK
currents in the atria and in AF. In combination with a
hA-CM model with realistic definition of subcellular Ca2+

gradients in healthy and AF CMs, the antiarrhythmic

1http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=7012

effect of SK channels can be probed and drug development
optimized.

Multi-Target Drug Modeling
The strategies described in the previous section focused on
specific potassium channels. While these approaches provide
simplicity of interpretation, it is well known that virtually all
drugs in clinical use have multiple targets in the therapeutic
dose range. In some contexts, these effects are thought to be
counterproductive, and in others they appear advantageous. AF
is a disease that has been particularly well targeted by the so-
called ‘dirty drugs,’ namely amiodarone, dronedarone, and most
recently in Europe, vernakalant (Table 1). Various research fields
take advantage of multi-target drug design to discover new
treatment options or targets (Ma et al., 2010; Koutsoukas et al.,
2011). In AF and other cardiac diseases, existing knowledge has
been largely incorporated in computational models, and provides
a strong basis for guiding these multi-target therapies.

In general, amiodarone, dronedarone, and vernakalant are
thought to be effective in AF for their ability to prolong
the atrial ERP through multiple modes of action (Ni et al.,
2017), and also to a lesser extent through inhibiting triggered
activity via INa inhibition. Using these drugs as a base, an effort
is now being made both computationally and experimentally
to define idealized compounds (or personalized multi-therapy
approaches), where dual INa and IK targeting may yield the best
therapies. In the case of vernakalant, the primary potassium
current target is IKur, while for amiodarone/dronedarone it is
IKr (Heijman et al., 2016). To this end, recent efforts have
established a useful line of computational work to describe what
idealized versions of these multi-target schemes may be. First, a
key requirement was to understand how to limit adverse effects
of Na+ channel block by optimizing state-dependent block, as
shown by (Aguilar-Shardonofsky et al., 2012). Following this,
the same group showed improved theoretical AF selectivity
by combining Na+ current inhibition with IKr or putative
IKur inhibition (Aguilar et al., 2015). Combined INa/IKr block
improved atrial selectivity over INa alone, but still exhibited
ventricular outcomes (Aguilar et al., 2015). Both that study, and
a subsequent investigation only concerning combined INa/IKur
inhibition (Ni et al., 2017), established that selective IKur blockade
could be combined with idealized INa block to provide more
atria-selective antiarrhythmic properties than is achievable via
dual INa/IKr targeting. Adding some complexity to the clinical
interpretation of these approaches, Morotti et al. (2016) applied
a detailed Markov model to assess the ability of ranolazine
to prevent AF re-initiation by blocking INa reactivation. Like
amiodarone, ranolazine is a known antagonist of both INa and
IKr, and while only the INa interaction was modeled in that study,
their results suggest that multiple types of INa antagonism should
be considered for permitting atrial-selectivity.

Additional novel targets, including those described
above, as well as calcium handling targets, such as RyR,
are likely to offer additional potential through multi-target
approaches, particularly once disease-stage specific aspects of
AF pathophysiology are better understood. It is already known
that the class Ic compounds flecainide and propafenone have
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RyR blocking activity, which is thought to contribute to their
ventricular efficacy (Watanabe et al., 2009, 2011; Galimberti
and Knollmann, 2011). In silico models will surely be necessary
for integrating and further characterizing these multi-target
outcomes, and thereby find the most suitable treatment option
and guide drug development for various stages of AF.

MODELING VARIABILITY AND
UNCERTAINTY AT THE CELL LEVEL

In silico drug-screening studies have typically been based on
a mechanistic approach where the effect of drug binding is
simulated by altering the conductance or the gating kinetics
of the target ion channel, as detailed in the previous section.
More recently, studies of the mechanistic effects of drug binding
on CM electrophysiology have been combined with approaches
that allow incorporating natural variability into CM models.
This methodology is based on the previously proposed so-
called ‘Population of Models’ (PoMs) approach for the study of
arrhythmia mechanisms. Simulation studies incorporating the
effect of drugs in populations of ventricular myocyte (Passini
et al., 2017) and induced pluripotent stem cell-derived CM
models (Gong and Sobie, 2018) have shown that incorporating
variability into the modeling pipeline allows for a more
robust analysis of model predictions of, for instance, the ionic
modulators of proarrhythmic mechanisms, the proarrhythmic
effects of disease-related remodeling, and drug binding in
cardiotoxicity studies of antiarrhythmic drugs.

Sources of Variability
As discussed in the section “1D and 2D Models of Electrical
Conduction in the Atria,” atrial tissue has natural regional
heterogeneity both at the cell and tissue (structural) levels.
Furthermore, experimental findings have revealed a wide
variability in measured APs and ionic current densities that
cannot be attributed to regional variations. This intrinsic
variability has been demonstrated in numerous reports of
experimental data on atrial electrophysiology, both in healthy
and pathological conditions, and spanning from the single cell to
organ levels. Variability in experimental data has been observed in
electrophysiological measurements of both different individuals
(inter-subject) and CMs of the same individual (intra-subject).
This arises from several sources, in particular, varying expression
levels and post-transcriptional changes of ion channels, leading to
variable ionic current densities, and of calcium handling proteins
in CMs. Additional variability arises from local differences
in cellular morphology and shape, and even from circadian
rhythms. For a more detailed overview of sources of variability
and uncertainty in experimental measurements and models of
cardiac electrophysiology (Johnstone et al., 2016; Muszkiewicz
et al., 2016).

Population of Models Approach
Single cell models are typically constructed by fitting the
model to average values of experimental measurements,
with the aim of deriving a single representative model.

The available experimental data have permitted the development
of increasingly detailed and refined mathematical hA-CM
models. However, the fact that these models are matched to
specific data sources, obtained under different experimental
settings, often results in families of models that are overfitted
to a single source of experimental data. As mentioned above,
electrophysiological properties, such as APD, RMP, and
repolarization reserve, may vary substantially between the
different model lineages, which raises questions about their
applicability in a general setting. The PoM approach thus allows
to expand the applicability of single cell models by representing
a diversity of phenotypes, and may uncover new emergent
phenomena that are not observed in the traditionally single
“averaged” model. Another application of PoMs is to perform
sensitivity analysis on cell models to uncover the ‘global’ effect of
model parameters on arrhythmogenic behavior, such as ectopic
activity, and reentry. For further reading on PoMs and sensitivity
analysis, we refer the reader to a review published in this same
issue (Ni et al., 2018).

In order to capture the variability observed in experimental
data, the PoM approach has been proposed for the study of
cellular electrophysiological mechanisms. This approach, first
introduced by Prinz et al. (2003) to model neurons, and later
applied to cardiac cell models by Sobie (2009), generally refers to a
set of models sharing the same ionic and molecular formulations,
but with variable parameters to reflect observed variability
in experimental measurements of the biomarkers. Allowing
multiple parameters to vary within large ranges can easily lead
to unphysiological models, and thus the PoMs typically need to
be calibrated. The calibration step can be experimentally driven,
by using experimental data to set the boundaries of maximum
and minimum values of electrophysiological biomarkers, more
typically AP characteristics. Alternatively, defined biomarker
distributions can be used to select models from the population,
when experimental data is not available. Different approaches
to varying parameters and restraining physiological models
in the population have been employed (Muszkiewicz et al.,
2016), but most commonly these PoMs are built with the aim
at reflecting particular conditions or a specific mechanism of
interest.

Extending PoM to Incorporate Drug
Effects and Remodeling
One major advantage of using PoMs is that it allows to study
the effect of drugs on a wide range of cellular phenotypes
and thus provides a better prediction tool of the effect of
drugs on the ionic currents. This can be done both in control
conditions, and incorporating drug binding effects. The PoM
approach has become part of the routine when assessing drug
risk with computational models. It has also been adopted by the
CiPA initiative as part of the framework for assessing the risk
of TdP development in ventricular CMs under antiarrhythmic
drug treatment (Colatsky et al., 2016). The combination of
PoM approach and drug binding offers a tool for systematically
assessing pro-arrhythmic risk of drugs including inter- and
intra-subject variability and tissue heterogeneities. Studies
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have suggested that comprehensive CM models incorporating
variability and uncertainty can provide more robust and reliable
arrhythmia risk markers and metrics (Pathmanathan et al., 2015;
Passini et al., 2017).

Population of model studies incorporating AF remodeling
have also shown interesting differences in the ionic determinants
of AP characteristics and rate adaptation in normal and
AF remodeling conditions (Sánchez et al., 2014; Lee et al.,
2016), supporting the role of ion channel remodeling, and
RyR kinetics in the development arrhythmogenic alternans
(Chang et al., 2014; Lee et al., 2016; Vagos M.R. et al.,
2017). Additionally, PoMs offers a strategy for incorporating
single myocyte electrophysiological variability into tissue models,
representing “population of tissues,” and assessing the ionic
determinants of arrhythmic activity. Liberos et al. (2016) used
a population of 3D spherical tissues incorporating patient
variability to uncover mechanisms of DF and RM during reentry.
They DF and RM to be highly dependent on INa, and IK1,
while RM was inversely correlated to ICaL conductance. In
addition to demonstrating the use of PoMs in uncovering
the underlying mechanisms of AF perpetuation, this study
suggested a dependency of the efficacy of ICaL blockers on
INa and IK1, and provided further evidence for the benefits
of a combined drug target approach or multi-target agents
in the treatment of AF. In another modeling study, Sánchez
C. et al., 2017 used a calibrated PoMs of atrial myocytes
to build whole atrial models representing six different AP
phenotypes with long and short APD, and studied their effects
on reentry dynamics. They found that differences in APD
resulted in different activation patterns of fibrillatory activity,
such as regularity of reentry, conduction block, and interatrial
differences of rotor dynamics indices. Interestingly, partial block
of IK1, INa, and INKA promoted a slight increase in wave
meandering, activation irregularity, and reentry disorganization,
which were more pronounced in the phenotypes with shorter
APD at early stages of repolarization. This study shed light
on the mechanisms of fibrillatory dynamics in the presence
of electrophysiological variability and ion channel blockade,
suggesting that prolongation of the early phase of repolarization
could be a potential antiarrhythmic strategy and corroborating
experimental findings on the pro-arrhythmic effect of IK1 and
INa block via rotor destabilization. In another study, the authors
used PoMs to replicate experimentally measured effects of nNOS-
induced shortening of AP by increasing the conductance of IKur,
Ito, IK1, and ICaL, showing a more pronounced role of IKur and
IK1 over the reminder ionic currents in the altered AP phenotype
(Reilly et al., 2016).

Figure 8 illustrates the use of the PoM approach in the
assessment of the effects of two commonly used drugs in
AF rhythm control, dofetilide and flecainide, on repolarization
instabilities (here considered as either failed repolarization or
afterdepolarizations). The PoM was constructed by varying the
density of the major ionic currents in a hA-CM model (Skibsbye
et al., 2016) within ±30% following a Gaussian distribution,
and the populations were calibrated against experimental data
(Sánchez et al., 2014). This study indicated an increased
incidence (or probability) of repolarization abnormalities in the

FIGURE 8 | Population of models approach to modeling drug binding effects
of dofetilide and flecainide on repolarization abnormalities with an atrial
myocyte model. APs (left) and calcium transient (right) traces of dofetilide
(A) and flecainide (B) at 10-fold free plasma concentration are shown. Black
lines represent the baseline (control) model, light blue traces represent all
models in the populations, and dark blue lines show the models that
presented repolarization abnormalities. Simulation results were published in
preliminary form in abstract at the Vago M. et al. (2017).

populations with both drugs (dark blue to light blue traces ratio),
with a 10-fold free plasma concentration, while the baseline
(black traces) was mostly unaffected. This example showcases the
advantage of using a PoM approach instead of a single averaged
model in predicting drug binding outcomes.

Thus, PoMs provide a useful platform for the systematic study
of arrhythmia mechanisms at both the single cell and tissue
levels, and to obtain a more robust mechanistic insight into, and
prediction of drug action on repolarization instabilities, triggered
activity, and reentry.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVESr Computational modeling of AF has progressed rapidly in

the past two decades and has yielded a body of knowledge
surrounding AF disease complexity that could not have
been achieved with experimental approaches alone.
Although current models are generally oversimplified and
computational approaches are not yet truly multiscale with
respect to pharmacology, aspects of current approaches,
such as idealized drug modeling, are critically involved in
the cycle of hypothesis generation and testing.
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r As described in the section “Computational Pharmacology
in AF,” much work still needs to be done in order to
develop functionally detailed models of the ion channels
thought to offer therapeutic potential in AF. These models,
and the cell models in which they are tested, will rely
upon new experimental data, not just of the drug–channel
interaction but also key aspects of AF pathophysiology,
particularly the time course of mechanistic changes
during disease progression. New experimental data on
the metabolic pathways, such as signaling cascades
and phosphorylation of regulatory proteins, involved in
remodeling processes and calcium homeostasis dysfunction
could be a meaningful addition to hA-CM models. This
is especially relevant to models of advanced stages of AF,
where pathological phenotype is largely an interplay of
several concurrent mechanisms.r Methods that permit a more direct path from experimental
characterization to model generation will improve
efficiency and constrain uncertainty in the drug–target
models. Structure-based approaches may eventually be very
useful in this way. Integrated activities of experimentalists
and computational scientists will also be essential to
determine the most important knowledge for future
modeling efforts, particularly as it relates to the stages of
AF progression, and personalization. These efforts should
be fostered, and cross the boundary between academic and
commercial pharmacology.r Personalized approaches will eventually be the ultimate
goal of model-based treatment, although in the short-term,
applications outside ablation therapy are still relatively
distant. Using models as a foundation for developing
general rules about the interaction of pharmacologic

targeting with geometric characteristics and disease-stage
will provide an important intermediate step to the clinic,
and one that can be approached in the short to medium
term.
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Objective:Determining accurate intracardiacmaps of atrial fibrillation (AF) in humans can

be difficult, owing primarily to various sources of contamination in electrogram signals.

The goal of this study is to develop a measure for signal fidelity and to develop methods

to quantify robustness of observed rotational activity in phase maps subject to signal

contamination.

Methods: We identified rotational activity in phase maps of human persistent AF using

the Hilbert transform of sinusoidally recomposed signals, where localized ablation at

rotational sites terminated fibrillation. A novel measure of signal fidelity was developed to

quantify signal quality. Contamination is then introduced to the underlying electrograms

by removing signals at random, adding noise to computations of cycle length, and adding

realistic far-field signals. Mean tip number N and tip density δ, defined as the proportion of

time a region contains a tip, at the termination site are computed to compare the effects

of contamination.

Results: Domains of low signal fidelity correspond to the location of rotational cores.

Removing signals and altering cycle length accounted for minor changes in tip density,

while targeted removal of low fidelity electrograms can result in a significant increase

in tip density and stability. Far-field contamination was found to obscure rotation at the

termination site.

Conclusion: Rotational activity in clinical AF can produce domains of low fidelity

electrogram recordings at rotational cores. Observed rotational patterns in phase maps

appear most sensitive to far-field activation. These results may inform novel methods to

map AF in humans which can be tested directly in patients at electrophysiological study

and ablation.

Keywords: atrial fibrillation, phase map, signal fidelity, signal contamination, modeling
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INTRODUCTION

Fibrillation is the most common form of cardiac arrhythmia.
Ventricular fibrillation (VF) is life-threatening and responsible
for over 300,000 cases of sudden cardiac arrest per year (Nichol
et al., 2008; Tracy et al., 2012), while atrial fibrillation (AF)
affects 30 million people worldwide and is a major cause of
stroke and debility (Chugh et al., 2014; January et al., 2014).
Despite decades of research, the precise mechanisms underlying
fibrillation are still debated (Pandit and Jalife, 2013; Nattel et al.,
2017). Progress is slow in large part due to the inherent difficulty
in mapping complex rhythms in humans where optical mapping,
commonly used in animal studies (Gray et al., 1995; Mandapati
et al., 2000), is not feasible. Therefore, the most accurate clinical
determination of activation patterns of human AF and VF must
come from the use of high density electrode arrays (Narayan
et al., 2012a; Krummen et al., 2014) or non-invasive body surface
mappings (Ramanathan et al., 2004).

Recent studies using intracardiac basket electrodes have
revealed that during VF and AF spiral waves, or rotors, may
underlie the irregular tissue activity (Narayan et al., 2012a,b;
Krummen et al., 2015), recently confirmed by other intracardiac
methods (Daoud et al., 2017; Grace et al., 2017) and with
non-invasive mapping techniques (Haissaguerre et al., 2014).
The relevance of these spiral waves have been supported by
computational studies (Rappel et al., 2015) and by targeted
ablation (Narayan et al., 2012c) and may more rapidly result in
AF termination than traditional ablation to electrically isolate the
pulmonary veins (Haissaguerre et al., 2014). Furthermore, the
1-year success of such ablation techniques is higher than the 40–
60% reported for pulmonary vein ablation alone in many studies
(Haissaguerre et al., 2014; Sommer et al., 2016; Miller et al.,
2017; Spitzer et al., 2017) although meta-analyses show variable
outcomes between centers (Ramirez et al., 2017; Baykaner et al.,
2018; Parameswaran et al., 2018).

Nevertheless, these data are debated since <50% of
patients show acute termination, and some groups report
difficulties obtaining good clinical results with heterogeneity
in meta-analyses (Ramirez et al., 2017; Baykaner et al., 2018;
Parameswaran et al., 2018). One possible explanation for
discrepant results, particularly in patients who have failed
multiple prior procedures, might be variations in signal quality
with subsequent degradation of mapping accuracy. In this
study, we propose a method for quantifying signal fidelity and
systematically determine how signal contamination affects stable
rotational activation during clinical AF using an intracardiac
electrode array. To show the potential of the fidelity metric and
the possible effects of signal contamination, we focus on data
obtained from several patients with AF. In future work we plan
to apply these results to improve mapping and ablation in large
patient cohorts.

METHODS

Data Processing
We will focus here on signals recorded from 64-pole basket
electrodes on an 8 × 8 grid, recorded clinically during AF at a

sampling rate of 977Hz upsampled to 1,000Hz. These data were
recorded in the left atrium of patients with persistent AF in whom
anti-arrhythmic medications had been withheld for 72 h prior
to ablation. During the procedure, carried out at the Stanford
University Hospital, Palo Alto, CA, ablation acutely terminated
persistent AF to sinus rhythm. The study was approved by
the IRB.

Quality of electrogram signals in AF was determined using
a signal fidelity measure developed below, from which the
majority of electrograms signals were of high quality with few
contaminants. Electrograms spanning a time interval of 20 s,
corresponding to over 400 cycles of AF, are analyzed. QRS
contamination is removed from each signal by subtracting the
average QRS complex from the electrode signal at each R wave.
All traces are filtered with a 1.5–25Hz Butterworth bandpass
filter.

In order to allow for computation of phase maps from these
signals we use a technique, recently proposed by Kuklik et
al. (Kuklik et al., 2015, 2016), of sinusoidally recomposing the
signals before applying the Hilbert Transform. In contrast to
some other techniques, this technique is published and publicly
available (http://narayanlab.stanford.edu). This technique has
been compared to distinct mapping methods, and shows
rotational activity in AF at similar sites, including sites of
termination of persistent AF by ablation (Alhusseini et al.,
2017). Briefly, the dominant cycle length of each electrogram
is computed as that with largest power between 130 and
280ms in the Welch spectral density estimate of the signal
(window size = 2,000ms, overlap = 1,000ms). A recomposed
signal is then computed as a sum of single-period sinusoidal
waves, with period corresponding to the dominant cycle
length and with amplitude corresponding to the deflection
amplitude of the signal (–dV/dt, with positive deflections set
to zero). To obtain spatial maps of the activation patterns,
we apply the Hilbert Transform (Gray et al., 1998; Bray
et al., 2001; Umapathy et al., 2010) to compute complex
analytic signals which are interpolated in space and used to
determine instantaneous phase. All spatial maps in this study are
interpolated using linear interpolation to a grid with 225 × 225
points.

Signal Fidelity
We defined a measure of signal fidelity to determine the
faithfulness of phase maps to underlying electrograms. Let us
represent the computed phase φ(t) of a given signal as a complex

phase vector
⇀
z (t) = eiφ(t) with each activation occurring as

this vector passes the positive real axis, denoted as
⇀
z a. This unit

vector can be visualized as a counterclockwise rotating vector, as
depicted in Figure 1A.

To define a time-averaged signal fidelity, Γ , for each
electrogram we note that signals which exhibit high fidelity
should have distinct negative deflections, i.e., large –dV/dt, at the

times when
⇀
z is near an activation

⇀
z a, and should have minimal

deflections otherwise. Conversely, signals with low fidelity might

exhibit ambiguous deflections occurring when
⇀
z is not near

⇀
z a,

or could have small negative deflections around
⇀
z a. Thus, we can
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FIGURE 1 | Diagram of signal fidelity computation. (A) A visual representation of phase in the complex plane. The red vector
⇀
z a represents activation, with the

complex phase vector
⇀
z rotating counter-clockwise around the unit circle as determined by the computed phase of a given signal. (B) A sample filtered electrogram

with high signal fidelity, exhibiting clear deflections which are well-marked by the computed activations (red dotted lines). Phase vectors
⇀
z (t), scaled by the deflection

amplitude µ(t), are shown above this trace in 10ms increments. (C) A sample filtered electrogram with low signal fidelity, exhibiting ambiguous deflections. Phase

vectors
⇀
z (t), scaled by the deflection amplitude µ(t), are shown below this trace in 10ms increments. For clarity, vectors with magnitude below a minimum threshold

are not shown. Panels (D) and (E) show the normalized vectors resulting from the sum of scaled phase vectors for each respective trace across 20 s of data. Signal

fidelity is computed as the dot product of this resultant vector and
⇀
z a.

define

Γ =

[

∑

t µ (t)
⇀
z (t)

∑

t µ (t)

]

·
⇀
z a =

∑

t µ (t) cosφ(t)
∑

t µ (t)
(1)

where µ is equal to the magnitude of the derivative of the
signal if it is negative (i.e., µ = |–dV/dt|) and zero otherwise,
and where the sum is over the entire time interval. This
fidelity ranges from −1 to +1, with larger values corresponding
to easily interpretable and high fidelity signals and smaller
values indicating low fidelity signals with relatively indistinct
deflections.

In Figures 1B,C we show example computations of the signal
fidelity measure across multiple deflections for two sample
electrograms, one with high fidelity (Γ = 0.90) and one with
low fidelity (Γ = 0.43). These electrograms were taken from a
67 years old female patient with a left atrial size of 55mm and
a left ventricular ejection fraction of 36%. On the top/bottom of

these signals we show the weighted vectors µ
⇀
z from Equation

(1) in increments of 10ms. Summing up all of these vectors for
the entire trace and normalizing gives us the resultant vectors
shown in Figures 1D,E. Signal fidelity is then the dot product of

this resultant vector and
⇀
z a.

All of the vectors
⇀
z in the high fidelity trace occurring

at or near activations also exhibit large deflections µ, with

vectors
⇀
z occurring away from activations exhibiting small or

non-negative deflections. The sum in Equation (1), therefore,

is taken over coherent vectors pointing mostly along the
real axis resulting in a high fidelity measure. In the low

fidelity trace, however, many vectors
⇀
z occurring at phases

different from activation also exhibit large deflections. The origin
of these large deflections at times different from activation
are currently not clear but may include far-field effects,
structural heterogeneities, and motion artifacts. The sum of
these incoherent vectors, which can vary in direction as well as
amplitude, results in a smaller resultant vector indicating a lower
fidelity measure.

Tip Density
To quantify rotational dynamics we compute phase singularities
(PS) on our phase maps using a standard approach (Gray et al.,
1998; Bray et al., 2001; Umapathy et al., 2010), corresponding to
the location of spiral wave tips, and determine the mean total
number of tips N. Further, we can define phase singularity maps
which quantify the amount of clockwise, �CW (t), and counter-
clockwise rotation, �CCW (t), such that � = 1 if there is a
phase singularity of the given chirality within a distance of 28
interpolated grid points of each location, and � = 0 otherwise.
Note that this distance is slightly smaller than the spacing of one
electrode. Because we are primarily interested in stable, rather
than transient, rotational patterns, we compute the density of
spiral tips over time as

δ
def
=

1

T

∑

t

[�CW (t) − �CCW(t)], (2)
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where T is the total duration of the signal. This density
ranges from −1 to +1, with larger positive (negative) values
indicating a region of tissue which experienced consistent
clockwise (counter-clockwise) rotation for a significant
portion of the episode. In addition, for each chirality we
can then use k-means clustering, via MATLAB function
k-means, to determine the largest spatial cluster of PS
locations.

Signal Contamination
In this study, we investigated three potential sources of
signal contamination in AF recordings: (1) Non-viable
data due to signal saturation, (2) reduced signal quality
due to poor electrode contact, and (3) false deflections
from far-field activity. We quantified the effects of
these sources on the mean tip number and tip density
using a large number of random trials, further specified
below.

First, we randomly removed signals from our recordings
to simulate saturated data. This is motivated by clinical
observations of electrogram data in which revealed that >5–
10% of electrode sides may exhibit poor quality electrograms.
Possible causes for loss of quality include poor size match of
the basket with intermittent contact [which we circumvent
clinically using matched basket sizes and multiple positions
(Zaman et al., 2017)], electrical interference such as contact
with an ablation electrode causing saturation, or other
factors.

Along each affected spline, linear interpolation/extrapolation
of recomposed signals was used to account for electrodes with
no data and we quantify the corresponding effect as a function
of the number of removed signals. Second, to determine the
effects of incorrect cycle length determination due to poor
signal quality we add independent normally distributed noise
with standard deviation σ to the computed dominant cycle
lengths of each electrogram. Third, we choose a single region
of raw electrogram signal exhibiting a clear deflection to use
as a surrogate deflection for far-field activity. Such far-field
activity might arise from structural heterogeneities, including
differences in wall thickness. This surrogate deflection is added
at random times to the raw electrograms, being sure not to
overlap surrogates. The amplitude of these deflections is set to
some constant multiplied with the standard deviation of the
filtered signal. Both the constant and number of deflections are
varied.

RESULTS

Signal Fidelity
We first examine the signal fidelity map of AF for the patient
whose electrograms are shown in Figure 1. This map shows
two distinct domains of fidelity values, with a majority of
the tissue exhibiting large values of fidelity and a minority
exhibiting low values of fidelity (Figure 2A). The corresponding
tip density map for this episode is shown in Figure 2B, where
regions of elevated positive or negative values of density correlate
well with visually-observed rotational activity in animations

of phase maps (see Supplementary Video). Particularly, the
region of peak CCW rotation in these tip density maps,
shown in dark blue, corresponds to the site where ablation
terminated AF in this patient. The peak magnitude of CW
and CCW tip densities are 0.36 and 0.43, respectively. Due
to the spatial meander of the computed phase singularities,
as reported in our earlier clinical reports (Narayan et al.,
2012a, 2013) and in animal studies (Zlochiver et al., 2008),
the tip density map shows spatially extended regions for both
CW and CCW rotational activity. Interestingly, the region
of elevated tip density also coincided with low values of
fidelity.

With our method of computing signal fidelity we can
quantify the expected faithfulness of signals to the underlying
conduction. Signals which have low fidelity, then, can be
discarded and interpolated over if desired. A convenient method
of partitioning our signals into groups of either high or low
fidelity uses k-means clustering, an iterative algorithm which
clusters observations intoN groups with similar values (Hartigan,
1975). We demonstrate this in Figure 2C, where we use k-
means clustering on all values of signal fidelity to partition each
signal into one of two groups. This separates our recordings
into a domain of signals with high fidelity (n = 44) and
those with low fidelity (n = 20). The signals marked by k-
means as belonging to the low fidelity group are discarded.
As outlined in Methods, discarded signals are accounted for
through interpolation/extrapolation of recomposed signals along
each spline. This removal of poor quality signals, in this case
potentially due to fractionation expected at the core of rotational
activity (Nademanee et al., 2004), results in a significant increase
in the magnitudes of CW and CCW tip densities to 0.61 and 0.94,
respectively.

Two additional patients in whom ablation acutely terminated
persistent AF to sinus rhythm are presented in Figures 2D–H.
One patient, a 66 years old gentleman, had a left atrial size
of 47mm and a left ventricular ejection fraction of 59%.
Computing phase maps and phase singularities revealed a
region of elevated CCW tip density as shown by the blue
area in the Figure 2D. The location of this CCW rotor
coincided with the ablation target which converted AF to sinus
rhythm. As in the patient of Figures 2A–C, this region also
coincided with low values of fidelity (Figure 2E) and removing
electrodes with small values of fidelity (in this case the n =

16 electrodes for which Γ < 0.5) increased the tip density
(Figure 2F). In this case, however, the increase was modest
(approximately 10%).

The other additional patient was a 49 years old gentleman
with a left atrial size of 53mm and a left ventricular ejection
fraction of 51%. The phase density maps reveal a more
complex pattern with a clear CCW and several CW rotors
(Figure 2G). Again, the location of these elevated regions of
rotation correlate well with regions of low fidelity (Figure 2H).
Furthermore, the location of the CW rotation (red) corresponds
with the site of ablation that terminated AF to sinus rhythm.
Likely due to the complexity of the pattern, removal of
electrodes was not successful in increasing the phase singularity
density.
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FIGURE 2 | Signal fidelity in patients during AF. (A–C) Signal fidelity map (A) for an episode of human AF corresponding to the electrograms shown in Figure 1 (67

years-old female patient). The corresponding tip density map, with clockwise rotations in red and counter-clockwise rotations in blue, and tip density map after

k-means removal, and interpolation over, electrogram recordings with low fidelity are shown in (B) and (C), respectively. High values of tip density show concordance

with domains of low fidelity. The magnitude of maximum tip density around the termination site (blue peak) was 0.43. The magnitude of maximum tip density around

the termination site increases significantly to 0.94. (D–F) Signal fidelity map (D), tip density map (E), and tip density map after removal of low fidelity electrodes (F)

corresponding to an episode of human AF of a 66 years old male patient. (G–H) Signal fidelity map for an episode of human AF of a 49 years old male patient (G) and

the corresponding tip density map (H).

Effect of Non-viable Signals
Next we examined the impact of various sources of
contamination on the ability to identify rotational activity in
phase maps, taking the patient corresponding to Figures 2A–C

as an example. We first removed signals at random from our
grid, leaving at least two electrodes on any spline since complete
loss of a spline is rare, to simulate saturation rendering some
signals non-interpretable. In Figure 3A we plot the peak tip
density δ around the termination site, as well as the mean tip
number N in Figure 3B, as a function of the number of removed
signals. Both of these plots are normalized to their respective
values when no electrodes have been removed and are computed
as the mean result over 200 random trials. Figure 3A shows
that as more and more electrodes are randomly removed, the
magnitude of tip density first increases, then reaches a plateau. In
Figure 3B, mean tip number, however, continually decreases as
we increase the number of removed electrodes across our entire

range. Note that for both figures the standard deviation equals 0

for Ncut = 0 and becomes larger when the number of randomly
removed electrodes is increased.

In addition to determining the effect on the phase maps,

we also examined the accuracy of interpolating over removed

signals. To do this we removed between 1 and 5 signals along
each spline and interpolate across these signals. This was repeated

for each permutation of removed electrodes along each spline.

We then compared the resulting phase from this interpolated
signal φ (t) to the phase from the original removed signal φ0 (t)

to determine how well our interpolated phase matches with the
original phase.

To quantify concordance we computed time-averaged dot

product of the interpolated phase vector
⇀
z with the original

phase vector
⇀
z 0. This dot product ranges from −1 to 1, with

large positive values implying very similar phase progression and
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FIGURE 3 | The effects of random removal of electrodes. Normalized plots of peak tip density around the site of termination (A), and mean number of tips (B), as a

function of the number of electrodes removed are shown for 200 trials. Error bars show standard deviation. Electrodes are then systematically removed per spline and

the concordance between the interpolated phase vectors
⇀
z and the original phase vectors

⇀
z 0 is shown as multiple histograms in (C), with red dots marking the

mean, and as cumulative distribution functions in (D).

negative values corresponding to an interpolated phase that is, on
average, out of phase with the original phase. The results of this
procedure over all permutations and for all number of removed
electrodes, are shown in Figure 3C as multiple histograms with
red dots denoting the average. This plot demonstrates that
interpolation shows relatively high concordance with the missing
data, particularly if fewer electrodes are missing per spline.
With increasing number of removed electrodes per spline, the
distribution of concordance values becomes less peaked near
unity implying a greater chance that interpolated phase poorly
represents the underlying missing data. Cumulative distribution
functions for each number of removed electrodes per spline
are shown in Figure 3D for a more precise comparison of the
concordance distributions.

Effect of Varying Cycle Length
A critical part in the sinusoidal reconstruction of our underlying
signal is the estimation of the dominant cycle length. To
examine the possibility of poor quality recordings resulting
in inaccurate cycle lengths, we add a noise term to each
computed value of dominant cycle length before reconstructing
the signals. We set a minimum cycle length of 50ms to
ensure that this never results in a negative cycle length.
The results of this process as a function of the standard
deviation σ of our normally-distributed noise term are shown in
Figure 4. As the standard deviation of our noise term increased,
tip density at the termination site decreased and the total
number of tips increases. This effect was further examined in
Figure 4C, where we systematically added values from −150
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FIGURE 4 | The effects of adding normally distributed noise to the dominant cycle length. Normalized plots of peak tip density around the site of termination (A), and

mean number of tips (B), as a function of the standard deviation of noise added to the dominant cycle lengths are shown for 50 trials. Error bars show standard

deviation. A minimum cycle length of 50ms is used throughout all trials. (C) Mean concordance between the resulting phase vectors
⇀
z and the original phase vectors

⇀
z 0 after systematically adding values between −150 and 200 to the originally determined cycle lengths.

to 200 to each computed dominant cycle length. Again, we
measured the resulting average concordance between phase

vectors
⇀
z resulting from these altered cycle lengths and the

original phase vectors
⇀
z 0.

Effect of Far-Field Contamination
To evaluate the effects of far-field contamination we add
surrogate deflections at random to the raw electrograms, as
is shown in Figures 5A,B, and compute phase maps. The
resulting tip density and tip number are shown as heatmaps
in Figure 5 for different deflection amplitudes (0.5–5.0 times
the standard deviation of the filtered signal, increments
of 0.5) and different percentages of altered signal (5–50%
signal altered, increments of 5%). Figure 5C shows that for
large values of both frequency and amplitude of far field
deflections, the tip density at the termination site decreases
to less than half its original value. Similarly, Figure 5D shows
that in this same domain the mean tip number increases
by a factor of three, implying that far-field deflections can
cause an increase in false detection of transient rotational
activity.

DISCUSSION

In this study we set out to quantify the impact of variations in
signal fidelity and the effects of electrogram contamination on
mapping humanAF to identify potential rotational drivers. Using
recordings from patients in whom ablation at a site of stable
rotational activity terminated persistent AF, we generated phase
maps using a validated, non-proprietary method. Systematic
addition of contamination and other perturbations revealed two
main findings. First, sites of stable rotational activity in the
animated phase maps corresponded to regions of low signal
fidelity. Second, we found that observed rotational activity in AF
was relatively robust to both removing signals at random and to
altering dominant cycle lengths, whereas it was sensitive to the
addition of surrogate far-field deflections. These findings have
implications for future improvements in AFmapping, whichmay
help to improve ablation targeting and patient outcomes.

Signal Fidelity at Rotor Core Sites
The concept that electrograms at rotational cores should
exhibit unique characteristics has been proposed in many
different forms, whether through complex fractionation (CFAE)
(Nademanee et al., 2004), larger values of Shannon entropy in

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1232232

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Vidmar et al. Electrogram Fidelity and AF Mapping

FIGURE 5 | The effects of adding false deflections to electrograms. A sample EGM before adding false deflections (A) and after altering 30% of the signal with

deflections of amplitude/σ = 3 (B) Normalized heat maps of peak tip density around the site of termination (C), and mean number of tips (D), as a function of both

amplitude and frequency of added deflections are shown for 50 trials.

bipolar electrograms (Ganesan et al., 2013), or higher dominant
frequency (Zlochiver et al., 2008). While recent studies reported
difficulty in finding distinguishing characteristics in electrograms
at sites of rotational activity (Narayan et al., 2013; Benharash
et al., 2015), this study shows that such sites may be identified by
our proposed metric of electrogram signal fidelity. Our measure
of signal fidelity, which quantifies how distinct the deflections
of an electrogram are from their baseline, may be able to
identify spiral wave cores. Although the precise reason for this
observed lower fidelity is not clear, we postulate that increased
tip meander and reduced electrogram amplitudes may contribute
to more irregular electrograms. Studies are ongoing to validate
this finding and to pinpoint the responsible mechanism in larger
series in our Institutions.

The developed measure of signal fidelity may enable the
targeted removal of signals which are difficult to mark, using
information from high fidelity neighboring electrodes to infer
their value. As a result of the removal of the electrodes
near the spiral tip, electrodes that capture the spiral arms
define the activation pattern, potentially improving spiral wave
identification. Using a clustering algorithm, such as k-means, or

removing electrodes with a lower fidelity than a certain threshold,
this can be automated. In this study, the k-means removal of
low fidelity recordings significantly increased peak tip density
while the removal of 25% of electrodes, corresponding to those
with the lowest fidelity, resulted in a modest increase in peak tip
density. These possibly surprising findings are important because
it implies that the original regions of elevated tip density were not
a result of the low fidelity recordings (implying false positive tip
detection), but rather that elevated tip density may have been a
direct result of large-domain rotational circuits surrounding low
fidelity regions. Thus, the low signal fidelity observed may be a
result of rotational activity, as suggested theoretically (Pandit and
Jalife, 2013) and consistent with recent reports which estimated
the required spatial resolution for rotational activity (Rappel and
Narayan, 2013).

Insensitivity of Mapping Rotational Activity

to Signal “Dropout”
Observed rotational activity in this study was relatively robust
to both removing signals at random and to altering dominant

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1232233

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Vidmar et al. Electrogram Fidelity and AF Mapping

cycle lengths, yet sensitive to the addition of surrogate far-
field deflections. These results are summarized in Figures 3–
5, where we ran multiple trials adding in these contaminants
at random for the patient corresponding to Figures 2A–C.
Of note, by removing signals at random and interpolating
over the missing signals the tip density at the termination
site actually increases. This is true even when removing
over half of the signals present. Again, this suggests that
observed rotational activity is not due to a small handful
of signals but is rather an emergent behavior of the system
as a whole. Removing any given electrode did not appear
to have a significant impact, and in fact removing certain
low-fidelity electrodes, as previously discussed, improved the
detection of rotational activity. Whether this finding is
generalizable will likely depend on the spatial domain of
rotational circuits, because small domain rotations spanning
only a handful of electrodes may be easily obscured by
electrogram removal. Moreover, as more electrodes are removed,
their interpolation becomes less reliable as is shown in
Figures 3C,D.

Far-Field Contamination Degraded AF

Mapping
Of the three means of signal contamination explored in this
study, observed rotational activity was most degraded by far-
field deflections. This is due to the ambiguity introduced when a
given method attempts to mark the phase of an electrogram with
multiple peaks and complex morphologies. During AF, signals
have been shown to exhibit such complex morphologies as well
as deflections due to far-field activity (Narayan et al., 2011).
While some methods explicitly attempt to filter out these far-
field effects (Gray et al., 1995), it is often difficult to distinguish
far-field from near-field activity in electrograms. Innovations in
accurately computing the phase of complex electrograms with
significant far-field contamination could lead to more accurate
phase maps, particularly in cases with sub-optimal electrode
contact.

In addition, it should be possible to further investigate the
effect of signal contamination and fidelity using computational
studies. Such studies, successfully applied to investigate multiple
aspects of activation mapping (Aslanidi et al., 2011; Gonzales
et al., 2014; Labarthe et al., 2014; McDowell et al., 2015;
Rappel et al., 2015; Boyle et al., 2018), can address questions
not easily accessible in clinical studies, including questions
regarding spatial heterogeneities, wave front collisions, and
spatial resolution (Rappel and Narayan, 2013; Roney et al.,
2017). We are currently planning to use computational studies
to address these questions.

Limitations
The current study has several limitations. First, it has been
argued that rotational sources identified with phase maps can
be artificial and due to chance (Kuklik et al., 2016). While
transient rotational activity can arise in phase maps, rotational
activity observed in AF in this study occurred intermittently
throughout the entire 20 s duration, with conserved chirality
and spatial location, which is extremely unlikely due to chance.
Moreover, clinical intervention (ablation) at the rotational
site terminated persistent AF, supporting a mechanistic role
in perpetuating the fibrillatory state. Second, we analyzed
AF from a limited number of patients since the study was
designed to develop a fidelity measure to quantify which signal
contaminants most affect stable rotational activity in an index
case with high quality electrograms and few contaminants.
While we cannot generalize from this computational study
to all specific signal contaminants, our prior work in larger
series shows similar characteristics at sites of termination of
persistent AF (Alhusseini et al., 2017; Kowalewski et al., 2018;
Zaman et al., 2018). We are planning a systematic analysis
of episodes in more patients, with varying degrees of signal
complexity.
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Supplementary Video | Animated phase maps of AF for 4 seconds of data.

Color scales from 0 (blue) to 2π (red), with primary phase singularities marked with

a green dot (CCW) or blue dot (CW) as chosen by K-means clustering. Targeted

ablation at the CCW rotational pattern resulted in AF

termination.

REFERENCES

Alhusseini, M., Vidmar, D., Meckler, G. L., Kowalewski, C. A., Shenasa, F., Rappel,

P. J., et al. (2017). Two independent mapping techniques identify rotational

activity patterns at sites of local termination during persistent atrial fibrillation.

J. Cardiovasc. Electrophysiol. 28, 615–622. doi: 10.1111/jce.13177

Aslanidi, O. V., Colman, M. A., Stott, J., Dobrzynski, H., Boyett, M. R., Zhang,

H., et al. (2011). 3D virtual human atria: a computational platform for

studying clinical atrial fibrillation. Prog. Biophys. Mol. Biol. 107, 156–168.

doi: 10.1016/j.pbiomolbio.2011.06.011

Baykaner, T., Rogers, A. J., Meckler, G. L., Zaman, J. A., Navara, R.,

Heidenreich, P. A., et al. (2018). Clinical Implications of ablation of drivers

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1232234

https://www.frontiersin.org/articles/10.3389/fphys.2018.01232/full#supplementary-material
https://doi.org/10.1111/jce.13177
https://doi.org/10.1016/j.pbiomolbio.2011.06.011
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Vidmar et al. Electrogram Fidelity and AF Mapping

for atrial fibrillation: a systematic review and meta-analysis. Circ. Arrhythm.

Electrophysiol. 11:e006119. doi: 10.1161/CIRCEP.117.006119

Benharash, P., Buch, E., Frank, P., Share, M., Tung, R., Shivkumar, K., et al. (2015).

Quantitative analysis of localized sources identified by focal impulse and rotor

modulation mapping in atrial fibrillation. Circ. Arrhythm. Electrophysiol. 8,

554–561. doi: 10.1161/CIRCEP.115.002721

Boyle, P. M., Hakim, J. B., Zahid, S., Franceschi, W. H., Murphy, M. J., Jaïs, P., et al.

(2018). Comparing reentrant drivers predicted by image-based computational

modeling and mapped by electrocardiographic imaging in persistent atrial

fibrillation. Front. Physiol. 9:414. doi: 10.3389/fphys.2018.00414

Bray, M. A., Lin, S. F., Aliev, R. R., Roth, B. J., and Wikswo, J. P.

(2001). Experimental and theoretical analysis of phase singularity

dynamics in cardiac tissue. J. Cardiovasc. Electrophysiol. 12, 716–722.

doi: 10.1046/j.1540-8167.2001.00716.x

Chugh, S. S., Havmoeller, R., Narayanan, K., Singh, D., Rienstra, M.,

Benjamin, E., et al. (2014). Worldwide epidemiology of atrial fibrillation:

a global burden of disease 2010 study. Circulation 129, 837–847.

doi: 10.1161/CIRCULATIONAHA.113.005119

Daoud, E. G., Zeidan, Z., Hummel, J. D., Weiss, R., Houmsse, M., Kalbfleisch,

S. J., et al. (2017). Identification of repetitive activation patterns using

novel computational analysis of multielectrode recordings during atrial

fibrillation and flutter in humans. JACC Clin. Electrophysiol. 3, 207–216.

doi: 10.1016/j.jacep.2016.08.001

Ganesan, A. N., Kuklik, P., Lau, D. H., Brooks, A. G., Baumert,M., Sanders, P., et al.

(2013). Bipolar electrogram shannon entropy at sites of rotational activation:

implications for ablation of atrial fibrillation. Circ. Arrhythm. Electrophysiol. 6,

48–57. doi: 10.1161/CIRCEP.112.976654

Gonzales, M. J., Vincent, K. P., Rappel, W. J., Narayan, S. M., and

McCulloch, A. D. (2014). Structural contributions to fibrillatory rotors in

a patient-derived computational model of the atria. Europace 16, iv3–iv10.

doi: 10.1093/europace/euu251

Grace, A., Verma, A., and Willems, S. (2017). Dipole density mapping of atrial

fibrillation. Eur. Heart J. 38, 5–9. doi: 10.1093/eurheartj/ehw585

Gray, R. A., Jalife, J., Panfilov, A. V., Baxter, W. T., Cabo, C., Pertsov, A. M., et al.

(1995).Mechanisms of cardiac fibrillation. Science 270, 1222–1223; author reply

1224–1225.

Gray, R. A., Pertsov, A. M., and Jalife, J. (1998). Spatial and temporal organization

during cardiac fibrillation. Nature 392, 75–78. doi: 10.1038/32164

Haissaguerre, M., Hocini, M., Denis, A., Shah, A. J., Komatsu, Y., Dubois, R.,

et al. (2014). Driver domains in persistent atrial fibrillation. Circulation 130,

530–538. doi: 10.1161/CIRCULATIONAHA.113.005421

Hartigan, J. A. (1975). Clustering Algorithms. New York, NY: Wiley.

January, C. T., Wann, L. S., Alpert, J. S., Calkins, H., Cleveland, J. C.,

Yancy, C. W., et al. (2014). 2014 AHA/ACC/HRS guideline for the

management of patients with atrial fibrillation: a report of the American

College of Cardiology/American Heart Association Task Force on practice

guidelines and the Heart Rhythm Society. Circulation 130, 2071–2104.

doi: 10.1161/CIR.0000000000000040

Kowalewski, C. A. B., Rodrigo, M., Klopton, P., Shenasa, F., Meckler, G. L.,

Narayan, S. M., et al. (2018). Interaction of localized drivers and disorganized

activation coexist in persistent AF? Reconciling putative mechanisms using

multiple mapping techniques. Circ. Arrhythm. Electrophysiol. 11:e005846.

doi: 10.1161/CIRCEP.117.005846

Krummen, D. E., Hayase, J., Morris, D. J., Ho, J., Smetak, M. R., Narayan, S.

M., et al. (2014). Rotor stability separates sustained ventricular fibrillation

from self-terminating episodes in humans. J. Am. Coll. Cardiol. 63, 2712–2721.

doi: 10.1016/j.jacc.2014.03.037

Krummen, D. E., Hayase, J., Vampola, S. P., Ho, G., Schricker, A. A., Narayan,

S. M., et al. (2015). Modifying ventricular fibrillation by targeted rotor

substrate ablation: proof-of-concept from experimental studies to clinical VF.

J. Cardiovasc. Electrophysiol. 26, 1117–1126. doi: 10.1111/jce.12753

Kuklik, P., Zeemering, S., Maesen, B., Maessen, J., Crijns, H. J., Schotten,

U., et al. (2015). Reconstruction of instantaneous phase of unipolar

atrial contact electrogram using a concept of sinusoidal recomposition

and Hilbert transform. IEEE Trans. Biomed. Eng. 62, 296–302.

doi: 10.1109/TBME.2014.2350029

Kuklik, P., Zeemering, S., van Hunnik, A., Maesen, B., Pison, L., Lau, D.,

et al. (2016). Identification of rotors during human atrial fibrillation using

contact mapping and phase singularity detection: technical considerations.

IEEE Trans. Biomed. Eng. 64, 310–318. doi: 10.1109/TBME.2016.

2554660

Labarthe, S., Bayer, J., Coudière, Y., Henry, J., Cochet, H., Jaïs, P., et al. (2014).

A bilayer model of human atria: mathematical background, construction, and

assessment. Europace 16, iv21–iv29. doi: 10.1093/europace/euu256

Mandapati, R., Skanes, A., Chen, J., Berenfeld, O., and Jalife, J. (2000). Stable

microreentrant sources as amechanism of atrial fibrillation in the isolated sheep

heart. Circulation 101, 194–199. doi: 10.1161/01.CIR.101.2.194

McDowell, K. S., Zahid, S., Vadakkumpadan, F., Blauer, J., MacLeod, R.

S., and Trayanova, N. A. (2015). Virtual electrophysiological study

of atrial fibrillation in fibrotic remodeling. PLoS ONE 10:e0117110.

doi: 10.1371/journal.pone.0117110

Miller, J. M., Kalra, V., Das, M. K., Jain, R., Garlie, J. B., Dandamudi, G.,

et al. (2017). Clinical benefit of ablating localized sources for human atrial

fibrillation: the indiana university FIRM registry. J. Am. Coll. Cardiol. 69,

1247–1256. doi: 10.1016/j.jacc.2016.11.079

Nademanee, K., McKenzie, J., Kosar, E., Schwab, M., Sunsaneewitayakul, B.,

Vasavakul, T., et al. (2004). A new approach for catheter ablation of atrial

fibrillation: mapping of the electrophysiologic substrate. J. Am. Coll. Cardiol.

43, 2044–2053. doi: 10.1016/j.jacc.2003.12.054

Narayan, S. M., Krummen, D. E., Enyeart, M. W., and Rappel, W. J. (2012a).

Computational mapping identifies localized mechanisms for ablation of atrial

fibrillation. PLoS ONE 7:e46034. doi: 10.1371/journal.pone.0046034

Narayan, S. M., Krummen, D. E., and Rappel, W. J. (2012b). Clinical

mapping approach to diagnose electrical rotors and focal impulse sources

for human atrial fibrillation. J. Cardiovasc. Electrophysiol. 23, 447–454.

doi: 10.1111/j.1540-8167.2012.02332.x

Narayan, S. M., Krummen, D. E., Shivkumar, K., Clopton, P., Rappel, W. J., and

Miller, J. M. (2012c). Treatment of atrial fibrillation by the ablation of localized

sources: CONFIRM (conventional ablation for atrial fibrillation with or without

focal impulse and rotor modulation) trial. J. Am. Coll. Cardiol. 60, 628–636.

doi: 10.1016/j.jacc.2012.05.022

Narayan, S. M., Shivkumar, K., Krummen, D. E., Miller, J. M., and Rappel,

W. -J. (2013). Panoramic electrophysiological mapping but not electrogram

morphology identifies stable sources for human atrial fibrillation: stable atrial

fibrillation rotors and focal sources relate poorly to fractionated electrograms.

Circ. Arrhythm. Electrophysiol. 6, 58–67. doi: 10.1161/CIRCEP.111.977264

Narayan, S. M., Wright, M., Derval, N., Jadidi, A., Forclaz, A., Nault, I., et al.

(2011). Classifying fractionated electrograms in human atrial fibrillation using

monophasic action potentials and activation mapping: evidence for localized

drivers, rate acceleration and non-local signal etiologies. Heart Rhythm 8,

244–253. doi: 10.1016/j.hrthm.2010.10.020

Nattel, S., Xiong, F., and Aguilar, M. (2017). Demystifying rotors and their place

in clinical translation of atrial fibrillation mechanisms. Nat. Rev. Cardiol. 14,

509–520. doi: 10.1038/nrcardio.2017.37

Nichol, G., Thomas, E., Callaway, C. W., Hedges, J., Powell, J. L., Stiell, I.,

et al. (2008). Regional variation in out-of-hospital cardiac arrest incidence and

outcome. JAMA 300, 1423–1431. doi: 10.1001/jama.300.12.1423

Pandit, S. V., and Jalife, J. (2013). Rotors and the dynamics of cardiac fibrillation.

Circ. Res. 112, 849–862. doi: 10.1161/CIRCRESAHA.111.300158

Parameswaran, R., Voskoboinik, A., Gorelik, A., Lee, G., Kistler, P. M., Kalman,

J. M., et al. (2018). Clinical impact of rotor ablation in atrial fibrillation: a

systematic review. Europace 20, 1099–1106. doi: 10.1093/europace/eux370

Ramanathan, C., Ghanem, R. N., Jia, P., Ryu, K., and Rudy, Y. (2004). Noninvasive

electrocardiographic imaging for cardiac electrophysiology and arrhythmia.

Nat. Med. 10, 422–428. doi: 10.1038/nm1011

Ramirez, F. D., Birnie, D. H., Nair, G. M., Szczotka, A., Redpath, C. J., Nery, P.

B., et al. (2017). Efficacy and safety of driver-guided catheter ablation for atrial

fibrillation: a systematic review and meta-analysis. J. Cardiovasc. Electrophysiol.

28, 1371–1378. doi: 10.1111/jce.13313

Rappel, W.-J., and Narayan, S. M. (2013). Theoretical considerations for

mapping activation in human cardiac fibrillation. Chaos 23:023113.

doi: 10.1063/1.4807098

Rappel, W. J., Zaman, J. A., and Narayan, S. M. (2015). Mechanisms for

the termination of atrial fibrillation by localized ablation: computational

and clinical studies. Circ. Arrhythm. Electrophysiol. 8, 1325–1333.

doi: 10.1161/CIRCEP.115.002956

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1232235

https://doi.org/10.1161/CIRCEP.117.006119
https://doi.org/10.1161/CIRCEP.115.002721
https://doi.org/10.3389/fphys.2018.00414
https://doi.org/10.1046/j.1540-8167.2001.00716.x
https://doi.org/10.1161/CIRCULATIONAHA.113.005119
https://doi.org/10.1016/j.jacep.2016.08.001
https://doi.org/10.1161/CIRCEP.112.976654
https://doi.org/10.1093/europace/euu251
https://doi.org/10.1093/eurheartj/ehw585
https://doi.org/10.1038/32164
https://doi.org/10.1161/CIRCULATIONAHA.113.005421
https://doi.org/10.1161/CIR.0000000000000040
https://doi.org/10.1161/CIRCEP.117.005846
https://doi.org/10.1016/j.jacc.2014.03.037
https://doi.org/10.1111/jce.12753
https://doi.org/10.1109/TBME.2014.2350029
https://doi.org/10.1109/TBME.2016.2554660
https://doi.org/10.1093/europace/euu256
https://doi.org/10.1161/01.CIR.101.2.194
https://doi.org/10.1371/journal.pone.0117110
https://doi.org/10.1016/j.jacc.2016.11.079
https://doi.org/10.1016/j.jacc.2003.12.054
https://doi.org/10.1371/journal.pone.0046034
https://doi.org/10.1111/j.1540-8167.2012.02332.x
https://doi.org/10.1016/j.jacc.2012.05.022
https://doi.org/10.1161/CIRCEP.111.977264
https://doi.org/10.1016/j.hrthm.2010.10.020
https://doi.org/10.1038/nrcardio.2017.37
https://doi.org/10.1001/jama.300.12.1423
https://doi.org/10.1161/CIRCRESAHA.111.300158
https://doi.org/10.1093/europace/eux370
https://doi.org/10.1038/nm1011
https://doi.org/10.1111/jce.13313
https://doi.org/10.1063/1.4807098
https://doi.org/10.1161/CIRCEP.115.002956
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Vidmar et al. Electrogram Fidelity and AF Mapping

Roney, C. H., Cantwell, C. D., Bayer, J. D., Qureshi, N. A., Lim, P. B., Ng, F.

S., et al. (2017). Spatial resolution requirements for accurate identification

of drivers of atrial fibrillation. Circ. Arrhythm. Electrophysiol. 10:e004899.

doi: 10.1161/CIRCEP.116.004899

Sommer, P., Kircher, S., Rolf, S., John, S., Arya, A., Dinov, B., et al. (2016).

Successful repeat catheter ablation of recurrent longstanding persistent

atrial fibrillation with rotor elimination as the procedural endpoint: a

case series. J. Cardiovasc. Electrophysiol. 27, 274–280. doi: 10.1111/jce.

12874

Spitzer, S. G., Károlyi, L., Rämmler, C., Scharfe, F., Weinmann, T., Zieschank,

M., et al. (2017). Treatment of recurrent nonparoxysmal atrial fibrillation

using focal impulse and rotor mapping (FIRM)-guided rotor ablation: early

recurrence and long-term outcomes. J. Cardiovasc. Electrophysiol. 28, 31–38.

doi: 10.1111/jce.13110

Tracy, C. M., Epstein, A. E., Darbar, D., DiMarco, J. P., Dunbar, S. B., Link, M.

S., et al. (2012). 2012 ACCF/AHA/HRS focused update of the 2008 guidelines

for device-based therapy of cardiac rhythm abnormalities: a report of the

American College of Cardiology Foundation/American Heart Association Task

Force on practice guidelines. J. Thorac. Cardiovasc. Surg. 144, e127–e145.

doi: 10.1016/j.jtcvs.2012.08.032

Umapathy, K., Nair, K., Masse, S., Krishnan, S., Rogers, J., Nash, M., et al.

(2010). Phase mapping of cardiac fibrillation. Circ. Arrhythm. Electrophysiol.

3, 105–114. doi: 10.1161/CIRCEP.110.853804

Zaman, J. A., Baykaner, T., Clopton, P., Swarup, V., Kowal, R. C., Krummen, D.

E., et al. (2017). Recurrent post-ablation paroxysmal atrial fibrillation shares

substrates with persistent atrial fibrillation: an 11-center study. JACC Clin.

Electrophysiol. 3, 393–402. doi: 10.1016/j.jacep.2016.10.006

Zaman, J. A. B., Sauer, W. H., Alhusseini, M. I., Baykaner, T., Borne, R. T.,

Viswanathan, M. N., et al. (2018). Identification and characterization of sites

where persistent atrial fibrillation is terminated by localized ablation. Circ.

Arrhythm. Electrophysiol. 11:e005258. doi: 10.1161/CIRCEP.117.005258

Zlochiver, S., Yamazaki, M., Kalifa, J., and Berenfeld, O. (2008). Rotor meandering

contributes to irregularity in electrograms during atrial fibrillation. Heart

Rhythm 5, 846–854. doi: 10.1016/j.hrthm.2008.03.010

Conflict of Interest Statement: W-JR and SN are coauthors of intellectual

property owned by the University of California Regents, licensed to Abbott. W-JR

and DV have filed patent applications related to the identification of fibrillation

sources. SN received honoraria fromMedtronic and St. Jude Medical.

The reviewer MS and handling Editor declared their shared affiliation at the

time of the review.

The remaining author declares that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2018 Vidmar, Alhusseini, Narayan and Rappel. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1232236

https://doi.org/10.1161/CIRCEP.116.004899
https://doi.org/10.1111/jce.12874
https://doi.org/10.1111/jce.13110
https://doi.org/10.1016/j.jtcvs.2012.08.032
https://doi.org/10.1161/CIRCEP.110.853804
https://doi.org/10.1016/j.jacep.2016.10.006
https://doi.org/10.1161/CIRCEP.117.005258
https://doi.org/10.1016/j.hrthm.2008.03.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


fphys-09-01211 September 7, 2018 Time: 15:8 # 1

ORIGINAL RESEARCH
published: 07 September 2018

doi: 10.3389/fphys.2018.01211

Edited by:
Oleg Aslanidi,

King’s College London,
United Kingdom

Reviewed by:
Yael Yaniv,

Technion – Israel Institute
of Technology, Israel

Eleonora Grandi,
University of California, Davis,

United States

*Correspondence:
Michael A. Colman

m.a.colman@leeds.ac.uk

Specialty section:
This article was submitted to

Computational Physiology
and Medicine,

a section of the journal
Frontiers in Physiology

Received: 03 May 2018
Accepted: 13 August 2018

Published: 07 September 2018

Citation:
Colman MA, Saxena P, Kettlewell S

and Workman AJ (2018) Description
of the Human Atrial Action Potential

Derived From a Single, Congruent
Data Source: Novel Computational

Models for Integrated
Experimental-Numerical Study

of Atrial Arrhythmia Mechanisms.
Front. Physiol. 9:1211.

doi: 10.3389/fphys.2018.01211

Description of the Human Atrial
Action Potential Derived From a
Single, Congruent Data Source:
Novel Computational Models for
Integrated Experimental-Numerical
Study of Atrial Arrhythmia
Mechanisms
Michael A. Colman1* , Priyanka Saxena2, Sarah Kettlewell2 and Antony J. Workman2

1 Leeds Computational Physiology Lab, School of Biomedical Sciences, University of Leeds, Leeds, United Kingdom,
2 Institute of Cardiovascular and Medical Sciences, College of Medical, Veterinary and Life Sciences, University of Glasgow,
Glasgow, United Kingdom

Introduction: The development of improved diagnosis, management, and treatment
strategies for human atrial fibrillation (AF) is a significant and important challenge in
order to improve quality of life for millions and reduce the substantial social-economic
costs of the condition. As a complex condition demonstrating high variability and
relation to other cardiac conditions, the study of AF requires approaches from multiple
disciplines including single-cell experimental electrophysiology and computational
modeling. Models of human atrial cells are less well parameterized than those of the
human ventricle or other mammal species, largely due to the inherent challenges in
patch clamping human atrial cells. Such challenges include, frequently, unphysiologically
depolarized resting potentials and thus injection of a compensatory hyperpolarizing
current, as well as detecting certain ion currents which may be disrupted by the cell
isolation process. The aim of this study was to develop a laboratory specific model of
human atrial electrophysiology which reproduces exactly the conditions of isolated-cell
experiments, including testing of multiple experimental interventions.

Methods: Formulations for the primary ion currents characterized by isolated-cell
experiments in the Workman laboratory were fit directly to voltage-clamp data; the fast
sodium-current was parameterized based on experiments relating resting membrane
potential to maximal action potential upstroke velocity; compensatory hyperpolarizing
current was included as a constant applied current. These formulations were integrated
with three independent human atrial cell models to provide a family of novel models.
Extrapolated intact-cell models were developed through removal of the hyperpolarizing
current and introduction of terminal repolarization potassium currents.

Results: The isolated-cell models quantitatively reproduced experimentally measured
properties of excitation in both control and pharmacological and dynamic-clamp
interventions. Comparison of isolated and intact-cell models highlighted the importance
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of reproducing this cellular environment when comparing experimental and simulation
data.

Conclusion: We have developed a laboratory specific model of the human atrial cell
which directly reproduces the experimental isolated-cell conditions and captures human
atrial excitation properties. The model may be particularly useful for directly relating
model to experiment, and offers a complementary tool to the available set of human
atrial cell models with specific advantages resulting from the congruent input data
source.

Keywords: atrial fibrillation, human atrial model, ion channel currents, computational model, action potential

INTRODUCTION

The incidence of atrial fibrillation (AF) is growing in epidemic
proportions (Ceornodolea et al., 2017): the current prevalence of
2% in western countries is more than double that of over a decade
ago (Zoni-Berisso et al., 2014) and its association with aging has
led to projections of significant increase in the next few decades
(Krijthe et al., 2013). AF increases the risk of death, mainly as a
consequence of the associated four to fivefold increased risk of
stroke, and results in significant costs to worldwide healthcare
systems (Casajuana et al., 2018). Presently available treatment
strategies are far from ideal: pharmacological intervention has
sub-optimal efficacy in patients, and also risks adverse effects
in certain patient groups; catheter ablation is invasive and may
require repeated procedures (Kirchhof et al., 2016; Kirchhof
and Calkins, 2017). The development of improved diagnosis,
management, and treatment strategies for AF is therefore a
significant and important challenge in order to improve quality of
life for millions and reduce the substantial socio-economic costs
of the condition.

The mechanisms driving the sustained rapid and irregular
excitation during AF are controlled partly at the cellular level by
the non-linear interactions of multiple ion currents underlying
the action potential (AP), and thus these currents also influence
the impact of pharmacological or surgical interventions. It is
therefore vital to fully characterize the dynamics of these ion
currents. Compounding the problem, expression and kinetics of
these currents can be highly variable (e.g., Lawson et al., 2018),
are modified by autonomic control (e.g., Chen and Tan, 2007;
Workman, 2010), and can remodel in the long-term presence of
AF (e.g., Workman et al., 2001); excitation dynamics at the tissue-
scale may also be highly non-linear and unpredictable from
single-cell studies alone (e.g., Colman et al., 2017b). It is therefore
a significant challenge to comprehensively quantify the role of ion
currents (and their variation, modulation, and remodeling) in the
mechanisms of atrial arrhythmia.

Computational modeling has proved to be an increasingly
valuable tool to assess and dissect the impact of ion channel
function and anatomical structure on normal and arrhythmic
human atrial electrical dynamics (Colman et al., 2014; Trayanova,
2014; Heijman et al., 2016): the number of simulation studies
has significantly increased over the last decade and there are
currently multiple contemporary models of the human atrial AP
and calcium handling available (e.g., Courtemanche et al., 1998;

Nygren et al., 1998; Maleckar et al., 2009; Grandi et al., 2011;
Koivumäki et al., 2011; Colman et al., 2013). Despite the successes
of simulation studies, human atrial cell models are in general less
well parameterized than ventricular cell models, and they still rely
on model components formulated on data from different sources,
cell-types, and even species (Wilhelms et al., 2013); integration
of components from different sources is non-trivial and often
requires enforced parameter modification. Even integration of
human atrial specific data from multiple sources is non-trivial
due to the challenges of obtaining reliable data (Nattel, 2006),
including substantial inter-patient, inter-isolate, and inter-cell
variability. Also, subtle inter-laboratory differences, as well as
variations in operative techniques and concomitant therapies,
may influence the outcome of experiments in major ways, making
multi-center studies challenging and providing uncertainty in
the combination of mathematical descriptions based on data
from multiple laboratories. Moreover, the recent trend has been
toward introducing more components and additional complexity
and sophistication; whereas this has proved useful in teasing
apart ionic contributions to health and disease, it nevertheless
provides more potential sources of error and reliance on a larger
set of unknowns and/or ad hoc parameters. There is therefore
motivation to derive a computational model based on human
atrial data with the fewest non-specific additional components,
and also specifically on data from a single source (i.e., consistent
cell source and experimental environment and protocols).

There are numerous further challenges in obtaining reliable
experimental data for developing a human atrial-specific cell
model. These include inherent difficulties in acquiring human
atrial tissues and acutely isolating cardiomyocytes from them,
since they cannot be arterially perfused with enzymes. The
“chunk technique” (Yue et al., 1996), in which small chunks of
tissue are superfused with enzymes, is used to overcome this
problem, but also has recognized limitations including potential
disruption of ion currents such as the delayed rectifier potassium
currents IKr and/or IKs (Yue et al., 1996; Workman et al.,
2006), relatively low cell yield, and often an unphysiologically
depolarized resting membrane potential (RMP; Escande et al.,
1987; Bénardeau et al., 1996; Van Wagoner et al., 1999; Dobrev
et al., 2001; Workman et al., 2006) to the extent that the fast
sodium current (INa) may be unavailable. RMP depolarization
can be mitigated in various ways, none without limitations,
including injecting a constant background (hyperpolarizing)
current during recording, as used routinely in the Workman
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laboratory (WL). This method permits full repolarization of the
AP and thus INa availability, but must be used sparingly and with
caution; see Workman et al. (2006) for details. Computational
models of atrial cells therefore do not necessarily directly translate
to the isolated-cell experiments on which they are validated
and which they themselves inform. There is therefore also
motivation to develop a cell model which reproduces specifically
the conditions of isolated whole-cell-patch current- and voltage-
clamp experiments, for full congruence between experimental
and simulation studies.

The aim of this study was to develop a human atrial isolated-
and intact-cell model based primarily on specific human atrial
cellular data from the WL, with motivation to introduce the
fewest additional components from other sources. The model
was tested for its ability to reproduce experimental observations
for AP properties and their modulation by pharmacological
and dynamic-clamp interventions. Furthermore, the descriptions
of the set of the primary currents were integrated with
contemporary human atrial cell models to provide a novel set
of modified cell models, and used to assess the importance of
the isolated-cell environment in AP morphology and response
to various interventions. The resulting models therefore form
a complementary tool to the available set of human atrial cell
models, providing both a minimal approach with the emphasis
on congruent input data which allows direct interaction between
simulation and experiment, and a family of cell models suitable
for mechanistic evaluation of atrial arrhythmias.

MATERIALS AND METHODS

In this study, novel formulations of the primary ion currents
underlying human atrial electrophysiology and characterized in
the WL were developed (sections “Isolated-Cell Experiments”
and “Ion Current Formulations”). The formulations were
integrated with multiple contemporary human atrial cell
models, including both isolated- and intact-cell variants (section
“Computational models”). The Courtemanche et al. (1998)
model (hAM_CRN), Nygren et al. (1998) model (Nygren-Giles,
hAM_NG), and Grandi et al. (2011) [Grandi-Bers, hAM_GB –
specifically, the implementation of Chang et al. (2014)] were
selected as these represent the baseline cell models underlying
the primary distinct lines of human atrial cell model development
[not including spatial cell models such as Koivumäki et al. (2011)
and Voigt et al. (2014)]. Full model equations and parameters
are provided in the Supplementary Material and model code in
C/C++ is available from the GitHub repository1.

Isolated-Cell Experiments
Isolated-cell experiments described pertain to both previously
published and unpublished data characterizing the primary
human atrial ion currents: fast sodium current (INa); transient-
outward current (Ito); L-type calcium current (ICaL); ultra-
rapid, or sustained, potassium current (IKur/sus); and the time-
independent potassium current (IK1); as well as additional

1https://github.com/michaelcolman/hAM_WL

intracellular calcium concentration ([Ca2+]i) data associated
with the calcium transient (CaT).

A summary of the experimental conditions associated with
each study is provided in Table 1 and described briefly. Right
atrial tissues were obtained from consenting patients undergoing
cardiac surgery between 1999 and 2018. All patients were in
sinus rhythm unless otherwise stated, and were taking a variety
of drug treatments as detailed in the following publications. The
whole-cell patch clamp technique and fluorescence microscopy
were used to record ion currents, APs, effective refractory period
(ERP), and intracellular Ca2+ concentration ([Ca2+]i), at 35–
37◦C, in the absence and presence of a variety of drugs, from atrial
myocytes enzymatically isolated from these tissues. Procedures
were approved by the West of Scotland Research Ethics Service
(REC 99MC002 and REC 17/WS/0134). The chunk method of
cell isolation used is detailed in Workman et al. (2001), and all the
experimental conditions, patch-clamp configurations, recording
protocols, and solutions used, are included in Workman et al.
(2006, 2012) and Marshall et al. (2012). Specific data on individual
ion currents, APs, or ERP are derived from the following WL
published sources: APs, current magnitudes, and ERP: Workman
et al. (2001, 2006) (referred to in short as WL_2001; WL_2006);
IK1: Marshall et al. (2012) (referred to as WL_2012_IK1); Ito and
Isus: Workman et al. (2012) (WL_2012_ITO); ICaL: Pau et al.
(2007) (WL_2007_ICAL). WL_2006 was considered the most
representative collective data and was therefore used to set the
relative magnitudes of the currents in the computational models.

INa data were derived using recent unpublished data obtained
from human atrial isolated myocytes (by Priyanka Saxena in the
WL) on the relationship between current-clamped RMP and AP
phase 0 maximum upstroke velocity (dV/dtmax) as a surrogate
for the voltage-dependence of INa (which cannot be directly
measured accurately) in these cells. [Ca2+]i data (unpublished)
were recently recorded in human atrial isolated myocytes (by
Sarah Kettlewell in the WL), using identical techniques to those
employed earlier in rabbit atrial myocytes in this laboratory
(Kettlewell et al., 2013).

Only specific data on the ion currents were used to derive the
mathematical model; AP, excitation, and intervention data were
used for validation and comparison only, and not to further train
the model.

Ion Current Formulations
Workman-Laboratory Characterized Currents: IK1
and Ihyp
The current–voltage (IV) relationship for the time-independent
current, IK1, was considered from both WL_2012_IK1
[Figure 1A(i)] and WL_2006 [Figure 1A(ii)], where the
former data correspond to Ba2+-sensitive specific IK1, and the
latter may more accurately refer to a general voltage-dependent,
time-independent current. Integrating the formulation of the
current from WL_2012_IK1 with the background currents of
the selected baseline human atrial cell models led to maintained
RMP of below −70 mV in all models. The apparent reversal in
the WL_2006 data and formulation of approximately −40 mV
[Figure 1A(ii)] was necessary to result in the unphysiologically
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depolarized RMP of isolated-cells. These formulations were
therefore suitable for use in the intact- and isolated-cell models,
respectively, and are thus referred as IK1

intact (WL_2012_IK1
data) and IK1

isolated (WL_2006 data) for clarity. The IV
relationship associated with IK1 in the primary, independent
human atrial cell models is shown for reference in the IK1

intact

panel [Figure 1A(i)].
The relationship between RMP and the magnitude of the

hyperpolarizing current (Ihyp) for isolated-cell models with three
different magnitudes of IK1 (0.5, 1, and 2 × maximum of
−4 pA/pF at −120 mV; Workman et al., 2006) demonstrates
hyperpolarizing currents of 0.4–1.4 pA/pF were necessary for
maintaining a RMP of ∼−80 mV [Figure 1A(iii)], congruent
with the magnitude of current used and reported in the isolated-
cell experiments. An Ihyp of 0.63 pA/pF was used with the
default scaling of IK1 for the baseline cell model, giving a

RMP of −82 mV when integrated with the hAM_CRN calcium
handling system and background currents. This value of Ihyp
closely matched that reported in experiments, e.g., 0.62 pA/pF
(Workman et al., 2006). This value also maintained a RMP
of ∼−80 mV when combined with the background currents
and calcium handling system in the hAM_NG (−75 mV) and
hAM_GB (−80 mV) models. To ensure consistent conditions
between models, this value of Ihyp was maintained rather than
imposing identical RMP.

Workman-Laboratory Characterized Currents: Ito and
Isus
The formulations for the transient-outward (Ito) and
sustained/ultra-rapid potassium (Isus/IKur) currents were
derived from the voltage-clamp (100 ms pulse in 10 mV
steps from −50 to 70 mV) data from WL_2012_ITO.

TABLE 1 | Control experimental conditions used for human atrial cell electrophysiological recordings, including intra- and extra-cellular ionic constituents,
[Ca2+]i-buffering and temperature (all closely matching and within mammalian physiological ranges), recording configurations and measurements taken.

Study WL_2001 (Workman
et al., 2001)

WL_2006 (Workman et al.,
2006)

WL_2007 _ICAL (Pau
et al., 2007)

WL_2012 _IK1
(Marshall et al., 2012)

WL_2012 _ITO
(Workman et al.,
2012)

Intracellular solution
constituents (mM,
pH)

L-aspartate (110), KCl
(20), MgCl2 (1.0), EGTA
(0.15), Na2ATP (4.0),
Na2GTP (0.4), HEPES
(5.0), pH 7.3

For ruptured-patch:
K-aspartate (110), KCl (20),
MgCl2 (1.0), EGTA (0.15),
Na2ATP (4.0), Na2GTP (0.4),
HEPES (5.0), nystatin (0.18);
pH 7.3 For perforated-patch:
KCl (30), HEPES (5.0), MgCl2
(1.0), K methane-sulfonic acid
(100), NaCl (5.0); pH 7.3

KCl (30), HEPES (5),
MgCl2 (1), K
methane-sulfonic acid
(100), NaCl (5), nystatin
(0.18); pH 7.3

K-aspartate (110), KCl
(20), MgCl2 (1.0), EGTA
(0.15), Na2ATP (4.0),
Na2GTP (0.4), HEPES
(5.0); pH 7.3

K-aspartate (130), KCl
(15), NaCl (10), MgCl2
(1), HEPES (10), EGTA
(0.1); pH 7.3

Extracellular
solution
constituents (mM,
pH)

NaCl (130), KCl (4.0),
CaCl2 (2.0), MgCl2
(1.0), glucose (10),
HEPES (10), pH 7.4

NaCl (130), KCl (4.0), CaCl2
(2.0), MgCl2 (1.0), glucose (10),
HEPES (10); pH 7.4

NaCl (130), KCl (4.0),
CaCl2 (2.0), MgCl2
(1.0), glucose (10),
HEPES (10), pH 7.4

NaCl (130), KCl (4.0),
MgCl2 (1.0), CaCl2
(2.0), glucose (10),
HEPES (10); pH 7.4

NaCl (140), KCl (4.0),
CaCl2 (1.8), MgCl2
(1.0), glucose (11),
HEPES (10); pH 7.4

LLJP correction Yes Yes Yes Yes Yes

Recording
temperature

35–37◦C 35–37◦C 35–37◦C 35–37◦C 35–37◦C

[Ca2+
]i-buffering Minimal (0.15 mM

EGTA)
Minimal (0.15 mM EGTA for
ruptured-patch; zero EGTA for
perforated-patch)

Minimal (zero EGTA as
perforated-patch)

Minimal (0.15 mM
EGTA)

Minimal (0.10 mM
EGTA)

Cell isolation
enzyme

Collagenase (Type 1,
Worthington, 400 U/ml)

Collagenase (Type 1,
Worthington, 400 U/ml)

Collagenase (Type 1,
Worthington, 400 U/ml)

Collagenase (Type 1,
Worthington, 400 U/ml)

Collagenase (Type 1,
Worthington, 400 U/ml)

Patch configuration Ruptured patch Ruptured patch
Nystatin-perforated patch

Nystatin-perforated
patch

Ruptured patch Ruptured patch

Patch-clamp
amplifier

Axopatch-1D (Axon) Axopatch-1D (Axon) Axopatch-1D (Axon) Axopatch-1D (Axon) AxoClamp 2B (Axon)

Recording
configuration

Current-clamp
Voltage-clamp

Current-clamp Voltage-clamp Current-clamp
Voltage-clamp

Voltage-clamp Current-clamp
Voltage-clamp
Dynamic-clamp

Measurements APs, ERP, ICaL, ITO, IK1,
IKSUS

APs, ERP, ICaL, ITO, IK1, IKSUS APs, ERP, ICaL ITO, IK1, IKSUS APs, ITO

LLJP, liquid-liquid junction potential; AP, action potential; ERP, cellular effective refractory period; ICaL, L-type Ca2+ current; Ito, transient outward K+ current; IK1, inward
rectifier K+ current; Isus, sustained outward K+ current (mainly IKur).
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FIGURE 1 | Fitting the Workman-lab K+ characterized currents. (A) Fitting IK1 and the hyperpolarizing current (Ihyp). (i) IK1 measured in the WL_2012_IK1 study
(Marshall et al., 2012), considered “intact” (black circles) and simulation fits from the new formulations (purple) and the three human atrial models [orange –
CRN(Courtemanche et al., 1998); green – NG (Nygren et al., 1998); blue – GB (Grandi et al., 2011)]. (ii) IK1 measured in the WL_2006 (Workman et al., 2006) study,
considered “isolated” (gray) and model fit (purple). The form of the “intact” current is shown for reference, with arrows indicating the difference in reversal between
the intact and isolated variants. (iii) Relationship between resting membrane Potential (RMP) and Ihyp at three different amplitudes of IK1

isolated (baseline – closed
circles, purple; IK1 × 2 – closed squares, orange; IK1 × 0.5 – closed triangles, blue). (B,i–iii) Fitting of the gating variable parameters for Ito and Isus to the
voltage-clamp data of WL_2012_ITO (Workman et al., 2012) (iv) and resulting simulated current traces (v) and IV relationship (inset). Open, light blue symbols refer
to values calculated from fitting to individual current traces. Open, dark blue symbols refer to mean current data from WL_2012_ITO (Workman et al., 2012). The
formulation from Maleckar et al. (2009) is shown for reference in panel iii. In the inset for panel iv, Ito is shown in purple, Isus in light blue, and corrected Isus in dark
blue. Figure created using data from: Workman et al. (2006, 2012) and Marshall et al. (2012).

The baseline formulation for Ito was the same as that
presented in the original study. The baseline formulation
for Isus was taken from Maleckar et al. (2009), derived on
human atrial cell data. First, the maximum conductances
(gto, gsus) were set to give the appropriate magnitude
current at the +70 mV clamp step (where each channel

is considered to be fully activated). Then, each current
was fit to individual, representative experimental current
traces [using a least-squares optimization algorithm
implemented in Python (Python Software Foundation2)]

2https://www.python.org/
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FIGURE 2 | Parameterizing INa through resting membrane potential (RMP) vs dV/dtmax. (A) AP upstroke associated with multiple RMP conditions in experiment (i)
and simulation (ii). (B) Relationship between dV/dtmax and RMP in experiment (open circles, blue; n = 10 cells, 4 patients), parameterized INa model (solid-purple
line, triangles), and original INa model (Luo and Rudy, 1991) (dotted orange line, squares). Experimental data: unpublished, Priyanka Saxena.

to provide steady-state and time constant values for the
activation and inactivation gates at each voltage step,
optimized for the numerical solution of the governing
equations. The voltage dependence functions describing
the steady-states and time constants were then fit to a
combination of these values (from a single experiment)
and the mean measured values from all experiments
[Figures 1B(i–iii)], producing current traces from a combined
Ito–Isus voltage-clamp which match well to experiment
[Figures 1B(iv,v)].

The conductance parameters were adjusted to reflect the
data described in WL_2006 (Workman et al., 2006): setting
gto, the maximal conductance of Ito, to 0.103 nS/pF gave a
peak current of 12.5 pA/pF at +60 mV; the proportionally
set maximal conductance of 0.040 nS/pF for Isus gave a peak
current of 5.17 pA/pF, below the value of 10.6 ± 0.8 pA/F
described in the data. Therefore, a corrected Isus maximal
conductance of 0.068 µS/pF was set to reflect these data
[Figure 1B(v-inset)].

Parameterizing the Fast Sodium Current, INa
To overcome the challenge of characterizing the voltage-
dependence of INa, previously unpublished human atrial
experimental data (from Priyanka Saxena in the WL) relating
the RMP to dV/dtmax were used to modify the parameters
of the formulation for INa originally presented by Luo
and Rudy, 1991 and used as the baseline in multiple
contemporary AP models including those of the human
atria (Courtemanche et al., 1998; Grandi et al., 2011). These
experimental data were obtained using the same patch-
clamp amplifier (chosen for its accurate voltage-following) and
recording solutions (including accurate liquid–liquid junction
potential correction) as in WL_2012_ITO (Workman et al.,
2012) and dV/dtmax measured using WinWCP software (John
Dempster). Re-parameterization of this formulation to the data
resulted in good agreement between experiment and simulation
in the AP upstroke [Figures 2A(i,ii)] and dependence of

dV/dtmax on RMP (Figure 2B), which was significantly different
to that observed with the original, ventricular formulation
(Figure 2B).

Workman-Laboratory Characterized Currents: ICaL
The L-type calcium current, ICaL, presents a larger challenge
to model than the previous currents described due to its
tight coupling with the intracellular calcium handling
system: the current is responsible for initiating intracellular
calcium-induced-calcium-release (CICR) and also has
implicit calcium-induced inactivation gating. Detailed
electrophysiological data for the human-atrial calcium handling
system, and calcium-induced inactivation of ICaL, are limited
(with notable exceptions, e.g., Voigt et al., 2014), and there
is limited CaT data available from the WL. Therefore, the
formulation for ICaL was considered in conjunction with
the computational models of the calcium-handling system
implemented. Each of the three selected models (hAM_CRN;
hAM_NG; hAM_GB; see sections “Materials and Methods”
and “Computational Models”) contain different descriptions
of CICR and calcium-induced inactivation of ICaL, and
model stability and homeostasis can be sensitive to these
components.

In the first instance, the native formulations of ICaL in
each of these models was retained, with only the voltage
dependence being modified to fit the experimental IV
relationship presented in WL_2007_ICAL and WL_2001
(Figure 3), and the maximum conductance set to give a
peak current of −5 pA/pF, as reported in WL_2006. Models
implementing these formulations of ICaL are referred to
as the modified-WL models (see section “Computational
Models”).

In the second instance, a new formulation for ICaL was
developed which more closely reproduces the time-course
of the experimentally measured current [Figure 3A(i)] and
was suitable for implementation with both the hAM_CRN
and hAM_GB calcium handling systems. The hAM_NG
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FIGURE 3 | Fitting the L-type calcium current. (A) Current traces for experimental (Pau et al., 2007) (i) and simulated (ii–v) ICaL under voltage clamp conditions for
the modified WL formulations (ii–iv) and novel WL formulation (v), scaled over 500 ms (left) and 50 ms (right). (B,i–iii) Comparison of the IV relationship between the
modified (purple) and native (light blue) currents against normalized experimental data [dark blue – WL data: circles – WL_2001 (Workman et al., 2001); triangles –
WL_2007_ICaL (Pau et al., 2007); orange – data from other labs: Van Wagoner et al. (1999) – squares; Christ et al. (2004) – triangles]. All experimental data are
normalized; native simulation data are normalized to the modified peak current, to illustrate the difference in current magnitude between native and modified models.
(B,iv) The IV relationship for the novel, WL formulation. Figure created using data from: Van Wagoner et al. (1999), Workman et al. (2001), Christ et al. (2004) and
Pau et al. (2007).

calcium handling system was not used for this purpose due
to its sensitivity to changes in ICaL and unphysiological
CaT magnitude and morphology. The novel formulation
implemented the dynamic conductance of ICaL of hAM_GB,
and was designed to work with both the differing calcium-
induced inactivation formulations and CaT time-course
associated with each model. This was achieved through first
fitting the current formulations (comprising voltage-induced
activation and inactivation only) to the voltage clamp data
of WL_2007_ICAL, using the same approach as Ito/Isus (see
section “Workman-Laboratory Characterized Currents: Ito
and Isus”). Then, the equations were modified to account for
calcium-induced inactivation, with priority on maintaining
uniformity in behavior between implementation with each
calcium-handling system [Figures 3A(v),B(iv)]. This was
the formulation used for the full WL models (see section
“Computational Models”).

Computational Models
A family of human atrial cell models is presented which
incorporate the formulations for the ion currents described
above. First, a minimal approach was used to develop novel
models of the isolated-cell human atrial AP: the novel
formulations for INa, Ito, Isus, ICaL, IK1

isolated, and Ihyp were
integrated with the intracellular calcium handling models
associated with hAM_CRN and hAM_GB (see section
“Workman-Laboratory Characterized Currents: ICaL”); the

additional membrane current components necessary for
intracellular homeostasis (and unquestionably present in
human atrial myocytes; INaCa, INaK, ICaP, ICab, INab) were
introduced using the formulations associated with each calcium
handling system. Implementation with the hAM_GB model also
retained additional background currents (IKb, IClb) and other
components (IClCa). These models, fit as completely as possible
to the experimental observations of the WL, are referred to as
hAM_WLCRN

isolated and hAM_WLGB
isolated. Intact-cell variants

of these models (hAM_WLCRN
intact, hAM_WLGB

intact) were
derived by removal of Ihyp, replacing IK1

isolated with IK1
intact, and

then minimally introducing IKr and IKs as necessary (see section
“Intact-Cell Model”) to maintain physiological human atrial AP
duration.

Second, the selected human atrial cell models were modified
to reproduce the isolated-cell experimental environments and
incorporate the novel ion current formulations: isolated-
cell modifications (hAM_Xisolated) were implemented by the
introduction of the new formulation for IK1

isolated and Ihyp,
and setting the conductances of IKr and IKs to zero. Modified
cell models (hAM_XmWL), for both isolated and intact-cells,
were implemented by replacing the native formulations of INa,
Ito, Isus, and IK1 with the novel formulations presented, and
the formulation of ICaL with the modified variants associated
with each calcium handling system (see section “Workman-
Laboratory Characterized Currents: ICaL”). Thus, the present
study considers the following models: the three hAM_CRN,
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hAM_NG and hAM_GB as originally presented; the two novel
presented WL based models (hAM_WLCRN/GB); and the three
modified WL models (hAM_CRN/NG/GBmWL); all with isolated
an intact variants.

Action potentials were initiated using a train of applied stimuli
of magnitude −13.5 pA/pF for 3 ms. All models were paced to
stable-state before results were obtained, with a minimum of 200 s
pre-pacing stimuli.

RESULTS

Isolated-Cell Model Characteristics and
Validation
The time-courses of the AP for the five novel model variants all
exhibit very similar morphologies [Figure 4A(i)]; the differences
in morphology observed are primarily a result of either the
different ICaL formulations (see section “Workman-Laboratory
Characterized Currents: ICaL”), calcium-induced inactivation
dependent on the CaT morphology, or the interaction with
calcium-handling currents such as INCX. Comparison between
the model and experimental APs shows good agreement in
duration and morphology with the typical WL AP, exhibiting the
low and triangular-like plateau morphology [Figures 4A(ii,iii)].
APD restitution also matches well with experimental data from
WL_2001 [Figure 4B(i)], which is in general shorter than the
data presented by other groups (Franz et al., 1997; Bosch
et al., 1999). The different model variants exhibited different
rate dependence of the MDP, with all but the hAM_NGmWL
model closely matching the experimental data [Figure 4B(ii)].
Comparison of APD90 and dv/dtmax between model and
experiment (WL_2001 and WL_2006) at 75 BPM showed all
of the models exhibit properties close to the experimental
value, with variation in dv/dtmax between the models being
larger than that for the APD90. This is a result of the
different RMPs maintained by the consistent hyperpolarizing
current.

The intracellular CaT exhibited large differences between
model variants dependent on the underlying calcium handling
system [Figure 4C(i)]: the hAM_NGmWL model retained the very
rapid and large amplitude spike associated with the NG model;
the CRN and GB variants (WL and modified) exhibited more
prolonged CaTs within the physiologically expected amplitude
range (∼0.4–0.5 µM). The CRN model variants most closely
reproduced the time-course of the CaT [Figure 4C(ii)]; the
GB model variants exhibited a similar morphology but with a
delayed onset. The GB model variants reproduced the diastolic
and peak values most closely compared to mean experimental
data [Figure 4C(iii)].

Interventions
The five novel model variants (novel WL with CRN/GB calcium
handling; CRN/NG/GB WL-modified models) were compared
against experimental data from the WL under the application
of various pharmacological or dynamic-clamp intervention. The
role of Ito was assessed through comparison to the dynamic-
clamp data of WL_2012_ITO [Figure 5A(i)]: the magnitude of Ito

was scaled by a factor of zero to two, reproducing the subtraction
and addition of up to the full magnitude of current in experiment.
All novel model variants reproduced the main features of the
intervention, most pertinently the negative correlation between
Ito magnitude and terminal repolarization duration (Figure 5A).
However, the magnitude of the impact of Ito modulation was
different among the different model variants. As all models
contain the same formulation for Ito, these differences were due
to either (a) the impact of AP morphology and/or (b) the differing
formulations for ICaL, calcium handling system, and background
currents.

The role of ICaL was assessed through the application of
nifedipine (channel blocker, WL_2001 data, modeled by 30–90%
current block) and 5HT (channel enhancer, WL_2007_ICaL data,
modeled by a three-fold increase in the current magnitude). The
impact of nifedipine was in general overestimated in the cell
models [Figure 5B – except for than the hAM_NGmWL variant;
Figure 5B(v)]; 5HT displayed more variable match between
model and experiment, with some models overestimating its
effects whereas others underestimated it (Figure 5E). After-
depolarizations or non-repolarizing APs were observed in the
hAM_WLCRN and hAM_NGmWL model variants under a large
increase in ICaL. Qualitatively, all models reproduced the
features of these two interventions: nifedipine reducing the AP
dome/plateau phase and accelerating terminal repolarization,
whereas 5HT enhanced this plateau phase and extended terminal
repolarization.

The impact of 4-AP (50% block of Ito and Isus) was well
reproduced by all model variants, displaying an elevation of the
AP plateau and extension of terminal repolarization (Figure 4C).
Similarly, the match between simulation and experiment for
the application of 4-AP combined with nifedipine was strong,
wherein all models reproduce the triangular morphology,
prolonged phase-1 repolarization, and accelerated terminal
repolarization (Figure 5D). The extent of APD shortening
differed between the model variants, although all displayed some
but not extensive shortening, as observed in experiment.

Intact-Cell Model
The intact-cell models (for future tissue-scale simulations)
were derived through first exchanging the formulation of IK1
from the isolated to intact version (see Figure 1 and section
“Workman-Laboratory Characterized Currents: IK1 and Ihyp”),
and subsequent removal of the hyperpolarizing current. The
RMP maintained in the cell model variants was ∼−74 mV,
similar to that of the native hAM_GB and hAM_NG models,
and less hyperpolarized than the isolated-cell model variants,
the hAM_CRN model, and WL experiments of ∼−80 mV.
For the case of the modified cell models (hAM_XmWL), IKr
and IKs were modeled as originally presented to preserve the
modified nature of the cell models; in case of the WL models
(hAM_WLCRN/GB), the currents were incrementally introduced
by scaling the maximum conductance of the associated model
current formulation to preserve the minimal approach: factor
of × 0–1.5 for the hAM_WLCRN model, and × 0–5.0 in the
hAM_WLGB model. With the conductances set to zero, neither
model maintained an APD expected of the intact healthy human
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FIGURE 4 | Simulated AP and CaT characteristics and validation. (A,i) Action potential (AP) traces associated with the five novel model variants, paced at 75 BPM;
(A,ii,iii) Comparison between the WL models (purple) and available experimental traces (blue; Workman et al., 2001, 2006, 2012; Pau et al., 2007 + Kettlewell
unpublished Ca2+ data), with the “typical” Workman laboratory trace emphasized. (B,i) APD90 restitution for the five models [colored lines – colors correspond to
those in A(i)] compared to experimental data from the Workman laboratory (blue circles; WL_2001; Workman et al., 2001) as well as from other groups for additional
context [orange triangles (Bosch et al., 1999); orange squares (Franz et al., 1997)]. (B,ii) Rate dependence of MDP in the five models and Workman laboratory data
(WL_2001). (B,iii) Comparison of APD90 and dv/dtmax at 75 BPM in the five models (colors; purple hatched bars corresponds to WLGB) and experiment (white:
WL_2001, open bars; WL_2006, hatched bars). (C) Intracellular calcium transients in the five model variants (colored lines) and single experimental trace from the
Workman laboratory (black; unpublished Sarah Kettlewell WL data), shown on absolute (i) and normalized (ii) scales. (iii) Comparison of the diastolic and peak
calcium in the five models with mean data (n = 24 cells, 5 patients) from the Workman laboratory Kettlewell experiments. Figure created using data from Franz et al.
(1997), Bosch et al. (1999), Workman et al. (2001, 2006, 2012) and Pau et al. (2007).

atria, exhibiting non-repolarizing APs [Figures 6A,B(i,ii)]. In
the hAM_WLCRN model, introducing the currents with the
conductance set to that presented originally was sufficient
to maintain and APD of <400 ms [Figures 6A,B(i)]; in
the hAM_WLGB model, larger conductances (relative to the
original study – note that the GB model has much smaller
IKr/IKs than the CRN model) were necessary to maintain APD
[Figures 6A,B(ii)]. All intact models with a duration of <400 ms
displayed either a spike-and-dome (hAM_CRNmWL) or low-
plateau/dome (all other variants) morphology [Figures 6A,B(i–
v)], and such durations could be achieved with relatively low

current magnitudes (i.e., an order of magnitude smaller than the
peak in Ito, Isus, and ICaL).

Role of the Hyperpolarizing Current
The importance of the hyperpolarizing current, and isolated-cell
conditions (i.e., IK1

isolated with a reversal of ∼−40 mV;
insignificant IKr/IKs) was assessed by comparison of the intact
-and isolated-cell variants of the hAM_CRN, hAM_NG and
hAM_GB models (Figure 7). For all three models, the isolated-
cell variant exhibited a shorter APD90 with more rapid terminal
repolarization (Figure 7Aa). The dome associated with the
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FIGURE 5 | Dynamic clamp and pharmacological intervention. Comparison of experiment (i) and five model variants (ii–vi) under the application of: (A) Ito
dynamic-clamp, modeled as a zero–twofold scaling of the current; (B) nifedipine, modeled as a 30–90% block of ICaL (specifically 30, 50, 70, 80, and 90% block);
(C) 4-AP (Ito and Isus block); (D) 4-AP + nifedipine; (E) 5HT, 1.5 to three-fold scaling of ICaL. Ito data from WL_2012_ITO (Workman et al., 2012); Nif and 4-AP data
from WL_2001 (Workman et al., 2001); 5HT data from WL_2007_ICAL (Pau et al., 2007). Figure created using data from: Workman et al. (2001, 2012) and Pau et al.
(2007).

hAM_CRN model was flattened, and the long tail associated
with the hAM_GB model was significantly reduced. The
CaT was significantly reduced in isolated-cells in both the
hAM_CRN and hAM_GB models, whereas the hAM_NG model,
in general, showed the most similarity between isolated and
intact [Figure 7A(ii)]. APD restitution was affected similarly,
with APD90 being significantly shortened at all except the fastest
pacing rates (shortest cycle lengths), where convergence between
isolated and intact-cell models in the hAM_CRN and hAM_NG
model was observed (Figure 7Ac).

Analysis of the response of the AP to various interventions
revealed some significant differences between isolated- and
intact-cell model variants, pertaining both to proportional
and behavioral differences. Selected examples illustrate the
most significant differences observed (Figure 7B): the dynamic
clamp Ito intervention in the hAM_CRNisolated model matched
well to the experimental data (Figure 5A), wherein terminal
repolarization duration negatively correlated with Ito magnitude,
whereas in hAM_CRNintact, a positive correlation was observed,
wherein initial elevation of the plateau under current block
led to more rapid and thus shorter terminal repolarization
[Figure 7B(i)]. The response to 4-AP in the hAM_CRN model

variants demonstrated the same feature: APD90 was prolonged
in the isolated-cell model but shortened in the intact-cell model
[Figure 7B(ii)]. In the hAM_GB model variants, modulation
of ICaL exhibited the largest differences between isolated- and
intact-cell models: the application of nifedipine (i.e., ICaL current
block) exhibited differences in the graded response to gradually
increasing current block [Figure 7B(iii)]; the application of
5HT (i.e., ICaL current enhancement) resulted in early-after-
depolarizations (EADs) in the intact-cell model which were not
observed in the isolated-cell model [Figure 7B(iv)].

Comparison Between Models
The IV relationship and current traces under voltage clamp for
the novel formulations and inherited cell models demonstrate the
variability between the different cell models (Figure 8). The IV
curves for Ito in the CRN, NG, and GB models all demonstrate a
takeoff potential of−30 to−20 mV, whereas the WL formulation
exhibits a takeoff potential of−10 to 0 mV, and a smaller current
magnitude [Figure 8A(i)]. The GB model (i.e., Maleckar et al.,
2009 formulation) had the slowest decay time, with all other
models being more similar [Figure 8B(i)]. Isus is largest in the WL
model, but exhibits similar voltage dependence to the NG and

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1211246

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01211 September 7, 2018 Time: 15:8 # 11

Colman et al. Models of Human-Atrial Action Potential

FIGURE 6 | Intact-cell models. (A) AP and (B) IKr and IKs current traces for the five model variants (i–v) under isolated and intact conditions. For panels (i,ii), colors
correspond to the isolated-cell model (purple), intact-cell model without introduction of IKr and IKs (red), and introduction of a small amount of each current (orange,
green, blue). The scale factors for the WLCRN and WLGB models are indicated in their respective panels. In iii–v, just the isolated (purple) and intact (blue) variants are
shown. In B, solid lines refer to IKr and dotted lines to IKs.

GB models [Figure 8A(ii)]. The model ICaL formulations show
similar voltage dependence and magnitude for the WL, CRN,
and NG models, with the GB model being both larger and with
a negative shift in its voltage dependence [Figure 8A(iii)]. The
inter-model differences in the time-course of ICaL traces during
voltage clamp are larger, with the WL model showing the fastest
decay.

The influence of the novel current formulations on atrial AP
morphology is illustrated through comparisons of the native
(hAM_X), modified (hAM_XmWL), and novel (hAM_WLX)
cell models (Figure 9A). In both isolated and intact-cell
environments, the AP morphology and time-course of the
various currents exhibits significant differences between the
native and novel versions, with the isolated modified versions
in general exhibiting closer features to the WL AP morphology
and duration. The time-courses for the novel Ito and Isus lie
somewhat intermediary to those associated with the hAM_CRN
and hAM_GB models.

The contribution of ion current balance (i.e., relative
magnitudes of the different currents) and kinetics to the
differences observed was assessed by comparing the native and
mWL models with variants in which the current magnitudes
of the native models were scaled to the same data as the
WL models (WL_2006). These data highlight that both current
magnitude and specific kinetics contribute to the differences
observed in the mWL models, as the rescaled model variant
did not reproduce the morphology of the mWL model
(Figure 9B).

DISCUSSION

Summary
In this study, mathematical descriptions of the primary ion
currents underlying human atrial electrophysiology were
developed based primarily on congruent human atrial cell
data from a single source, and specifically reproducing the
environment of isolated atrial cardiomyocyte whole-cell-
patch current- and voltage-clamp experiments, including
the frequently observed unphysiologically depolarized
RMP and injected compensating hyperpolarizing current.
Formulations describing the currents Ito, Isus, ICaL, and
IK1 were all fit to voltage-clamp data from the WL
(Figures 1, 3); INa was parameterized using experiments
relating RMP to dV/dtmax (Figure 2). The formulations
were integrated with multiple available existing models of
human atrial electrophysiology which include descriptions
of intracellular calcium handling, to produce a family of
novel and modified models of the human atrial myocyte
(Figure 4). The models were compared to experimental
data describing AP morphology, APD, rate-adaption, and
current magnitudes (Figure 4) as well as pharmacological
and dynamic clamp interventions (Figure 5); model variants
were also compared to each other to elucidate the role of
the primary ion current parameters in human atrial cell
dynamics (Figures 8, 9), and the important differences between
isolated- and intact-cell environments were characterized
(Figure 7).
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FIGURE 7 | Isolated- vs intact-cell properties. (A) Action potentials (a), calcium transient (b), and APD restitution (c) plotted against basic cycle length (BCL), for the
three baseline cell model (i–iii) variants for isolated (blue) and intact (orange). The APD curves were normalized to the intact-cell APD at a cycle length of 2000 ms.
(B) Comparison of isolated (upper) and intact (lower) cell model response to various interventions (gray). Arrows in (iv) lower panel indicate early-after-depolarizations
(EADs).

Comparison to Previous Work
There are many available models describing human atrial
electrophysiology developed by multiple groups. Comprehensive
reviews and comparisons of these models can be found in
Wilhelms et al. (2013), Trayanova (2014), and Heijman et al.
(2016), but these models can be briefly categorized into a few
independent models (Courtemanche et al., 1998; Nygren et al.,
1998; Grandi et al., 2011) and variants of these, introducing,
for example, reformulations due to new data (Maleckar et al.,
2009), mutant ion channel variants (Colman et al., 2017a),

parameterization to patient specific data (Lombardo et al., 2016),
or population variability models (Ellinwood et al., 2017; Lawson
et al., 2018; Ni et al., 2018). Whereas these models are typically
based on data from multiple sources, cell-types, or species,
the ion current formulations developed in the present study
are derived directly from human atrial specific data from a
single laboratory. Importantly, where many previous studies have
adjusted current parameters to reproduce AP properties, no
such modifications were made in the present study, ensuring
that the relative balance and time-courses of the primary
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FIGURE 8 | Comparison of currents under voltage clamp. (A) Current–voltage (IV) curves and (B) Current traces associated with voltage clamp protocols for Ito (i),
Isus (ii), and ICaL (iii) comparing the WL formulations (purple) with those originally presented in the CRN (orange), NG (green), and GB (blue) studies. All current traces
are normalized, and presented on the same temporal scale for comparison.

currents is experimentally justified. Furthermore, the model
presented is the first to explicitly implement the conditions
of isolated-cell experiments and to specifically differentiate
isolated- and intact-cells. Analysis presented in this study
highlights the importance of reproducing these isolated-cell
environmental conditions when considering validation and
comparison of AP response to intervention (sections “Role
of the Hyperpolarizing Current” and “The Importance of the
Isolated-Cell Environment”). Therefore, the models presented
offer advantages for general integrated experimental-numerical
investigation compared to previously presented models which
do not reproduce these conditions, as well as for direct
integration with experiments in the WL for which the model is
tailored. Similar approaches could be applied to develop specific
models for other laboratories and experimental environments;
incidentally, a comparison of such models may provide the best
means to fully assess the impact of inter-laboratory differences
and elucidate the role and variation of ion currents in human
atrial electrophysiology.

The single-source approach implemented theoretically
provides a higher level of confidence than previous models,
due to the absence of arbitrary or results-based parameter
modification and lack of ambiguity in combination of
the formulations of the primary ion currents. However,
this is far from a claim that it is therefore superior, or
that the previous models are “less-valid”; rather, at the
very least, the formulations presented in this study, and
the models which implement them, exhibit differences
to those previous models (section “Comparison Between
Models”) and therefore represent complementary tools
which may assist in multi-model studies to provide a further,

independent perspective and thus achieve model-independent
conclusions.

The Importance of the Isolated-Cell
Environment
Isolated human atrial cardiomyocytes frequently feature
unphysiologically depolarized RMP (Escande et al., 1987;
Bénardeau et al., 1996; Dobrev et al., 2001; Workman et al.,
2006) and apparent reversal of IK1 at ∼40 mV. This issue
has been addressed in a variety of ways; e.g., by current-
clamping with a small, constant, hyperpolarizing current
(Le Grand et al., 1994; Bénardeau et al., 1996; Workman
et al., 2001). However, the previous models do not explicitly
account for such RMP depolarization or hyperpolarizing
current application (although studies in ventricular cells
have investigated the effect of applied constant currents on
APD at different rates, e.g., Grandi et al., 2010). Results
presented in this study (section “Role of the Hyperpolarizing
Current”), and based on the available, well-established human
atrial cell models (i.e., independent of novel ion current
formulations), demonstrated that these features can lead to
significantly different behavior compared to “intact”-cells (i.e.,
the models as natively presented, with IK1 reversal ∼ EK and
a well maintained RMP of more negative than −70 mV): all
isolated-cell model variants exhibited a shorter APD90 and a
smaller CaT than the intact equivalents. In the hAM_CRN
model, the different environments resulted in the difference
between “spike-and-dome” versus “low-dome/triangulated” AP
morphologies, which may have a significant impact on model
dynamics.
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FIGURE 9 | Comparison of excitation and current properties between the different models. (A) Comparison of the AP and primary current time-courses associated
with the baseline (orange) and modified (blue) cell models, with the full WL model implemented in the baseline model’s calcium handling system shown where
relevant (purple dotted). For each baseline model (i–iii; CRN, GB, NG), data are shown for both isolated and intact-cell variants (left and right of each panel). The
scale bar indicates 50 ms in each panel. (B) Comparison of native and modified cell models (orange and blue) with the native model rescaled by the Workman
laboratory data (green) for the same cell models and conditions as panel A.

Furthermore, the models responded differently to the
application of interventions, in some cases in significant ways
such as APD shortening vs lengthening, or the emergence
of EADs. Some of these differences may simply be a result
of AP morphology and its influence on the time-course of
the underlying ion currents, but it is also highly likely that
the more positive reversal potential and constant, injected
hyperpolarizing current, as well as the absence of IKr/IKs, more
directly underlies these differences to at least some extent (IKr
and IKs, for example, being responsible for accelerated terminal
repolarization associated with AP plateau elevation in intact-cell
models).

These results therefore highlight the considerations which
must be taken when validating human atrial cell models
against experimental data attained under these isolated-cell

conditions, for translation of phenomena observed under
perturbed conditions to the tissue scale, and for experimentally
assessing model predictions attained without accounting for
these conditions.

Potential Contributions of IKr and IKs to
Human Atrial Repolarization
Due to IKs and IKr being very small or absent (Firek and
Giles, 1995; Amos et al., 1996; Schreieck et al., 2000; Caballero
et al., 2010) in isolated human atrial cells, these currents were
not included in the isolated-cell model. Repolarization kinetics
and duration properties matched well with experimental traces,
indicating that these currents are not required for repolarization
under these conditions. Extrapolation to the intact-cell model, in
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which Ihyp was removed, indicated that IKr/IKs may be required
in the intact human atria to maintain repolarization, as cell
models exhibited prolonged (>700 ms) or non-repolarizing APs
without inclusion of these currents. However, inclusion of these
currents to only a relatively small magnitude was sufficient to
maintain AP repolarization.

Limitations
Whereas the primary ion currents controlling the AP model were
fit to detailed data from a single laboratory, the intracellular Ca2+

handling system was not parameterized to the same extent to
human atrial data, and only limited CaT data were available for
validation from the WL. For this reason, the current formulations
were integrated with multiple contemporary human atrial
calcium handling systems, rather than performing development
and parameterization of a novel calcium handling system.
However, the development of a more rigorously derived human
atrial specific calcium handling system (for example, an extension
of the spatial cell model presented in Voigt et al., 2014) would be a
natural improvement to a full human atrial single-source model.
Furthermore, integration with multiple, independent systems
provided challenges for modeling the L-type calcium current
homogeneously across the different models, due to the tight and
sensitive coupling between this current and the calcium handling
system. This led to a degree of uncertainty and subjectivity in
the selection of parameters from non-unique solutions, which
contrasts with the single-source and objective philosophy of the
approach.

In general, the models and variants overestimated the impact
of high concentrations of nifedipine on human atrial AP
shortening. Whereas this feature is common to many models of
the human atria, and in particular in the isolated-cell variants
as presented in this study, its emergence in a model containing
accurately reproduced dynamics for the main ion currents
characterized in experiments suggests a potential important
role of inward currents active at potentials more negative than
−30 mV not captured in the model, possibly because INCX
is too small, or the presence of larger background Ca2+ and
Na2+ currents. This type of insight, however, supports a primary
purpose of the model: for example, the potential role of incorrect
relative current magnitude balance in the formulations of the
primary currents underlying this discrepancy can be largely
eliminated.

Variability was not investigated in the present study, although
the single-source approach may offer the perfect tool to interpret
data attained from the implementation of a full population
variability approach and/or quantification through sensitivity
analysis (Chang et al., 2015; Devenyi et al., 2017; Ellinwood et al.,
2017; Sánchez et al., 2017; Lawson et al., 2018; Ni et al., 2018).

Due to the single-source, minimalistic philosophy of the
approach, there are many factors which play a role in human
atrial electrophysiology which have not been included, due to
a lack of well characterized and human atrial specific data.
For example, the models do not contain detailed descriptions
of phosphorylation due to PKA, or the impact of CaMKII
(and serine and threonine; Heijman et al., 2014, 2017; Mesubi

and Anderson, 2016), or additional currents such as small
conductance potassium channels (Skibsbye et al., 2014), which
may have an important influence on human atrial cell dynamics
in control and perturbed conditions. Exclusion of these
components is not a claim that they are unimportant, but rather
follows from the motivation not to introduce sophistication and
complexity by including components which have not been well
characterized in the human atria (and specifically the WL) and
thus contain potential sources of error, ad hoc parameters, or
inaccurately scaled contributions. We hope that in future further,
well-characterized components will be added to the model as
part of the long-term ambition of the biophysically detailed and
biomedically accurate virtual human heart.

CONCLUSION

We have developed a family of biophysically detailed models
of human atrial electrophysiology based primarily on data from
a single laboratory and reproducing the conditions of isolated-
cell experiments. The models reproduce human atrial excitation
properties and the impact of various interventions, and the
importance of the isolated-cell environment was highlighted. We
therefore present a tool which can be used directly in conjunction
with experiments to dissect the ionic mechanisms of atrial
arrhythmias, and complementary to the available contemporary
cell models for general mechanistic investigation.
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The mechanisms underlying atrial fibrillation (AF), the most common sustained cardiac

rhythm disturbance, remain elusive. Atrial fibrosis plays an important role in the

development of AF and rotor dynamics. Both electrical wavelength (WL) and the degree

of atrial fibrosis change as AF progresses. However, their combined effect on rotor core

location remains unknown. The aim of this study was to analyze the effects of WL

change on rotor core location in both fibrotic and non-fibrotic atria. Three patient specific

fibrosis distributions (total fibrosis content: 16.6, 22.8, and 19.2%) obtained from clinical

imaging data of persistent AF patients were incorporated in a bilayer atrial computational

model. Fibrotic effects were modeled as myocyte-fibroblast coupling + conductivity

remodeling; structural remodeling; ionic current changes + conductivity remodeling; and

combinations of these methods. To change WL, action potential duration (APD) was

varied from 120 to 240ms, representing the range of clinically observed AF cycle length,

by modifying the inward rectifier potassium current (IK1) conductance between 80 and

140% of the original value. Phase singularities (PSs) were computed to identify rotor

core locations. Our results show that IK1 conductance variation resulted in a decrease of

APD and WL across the atria. For large WL in the absence of fibrosis, PSs anchored

to regions with high APD gradient at the center of the left atrium (LA) anterior wall

and near the junctions of the inferior pulmonary veins (PVs) with the LA. Decreasing

the WL induced more PSs, whose distribution became less clustered. With fibrosis, PS

locations depended on the fibrosis distribution and the fibrosis implementation method.

The proportion of PSs in fibrotic areas and along the borders varied with both WL and

fibrosis modeling method: for patient one, this was 4.2–14.9% as IK1 varied for the

structural remodeling representation, but 12.3–88.4% using the combination of structural

remodeling with myocyte-fibroblast coupling. The degree and distribution of fibrosis and

the choice of implementation technique had a larger effect on PS locations than the WL

variation. Thus, distinguishing the fibrotic mechanisms present in a patient is important

for interpreting clinical fibrosis maps to create personalized models.

Keywords: atrial fibrillation, computer simulation, phase singularity mapping, Fibrosis, repolarization

heterogeneity
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1. INTRODUCTION

Cardiac arrhythmia is a major cause of death, with considerable
health and economic impacts. Atrial Fibrillation (AF) is the most
common cardiac arrhythmia. It leads to heart failure and stroke
(Kannel et al., 1998). The understanding of the pathophysiology
of AF remains incomplete despite numerous experimental and
clinical studies, as well as several in-silico studies (Wolf et al.,
1991; Courtemanche et al., 1998; Labarthe et al., 2014). Currently,
because of its easy reproducibility, its inexpensiveness and its
non-invasiveness, computational modeling is widely used to
investigate the mechanisms underlying AF.

The underlying atrial substrate is essential for AFmaintenance
(Kostin et al., 2002). For many patients, the success of
anti-arrhythmic drug therapy is low. Thus, catheter ablation
is used to eliminate arrhythmogenic electrical sources by
destroying the underlying tissue substrate (for example by
isolating the pulmonary veins or by targeting potential
reentrant sources) using localized energy delivery (Earley
et al., 2006). However, AF is recurrent in 30–50% of patients
(Calkins et al., 2012). The sub-optimal success rate of AF
treatment by catheter ablation procedures is confounded
by a lack of consensus between clinicians on the precise
locations to be targeted (Schotten et al., 2011; Calkins et al.,
2012).

AF dynamics are strongly influenced by heterogeneities in
the electrophysiological tissue properties (Kottkamp et al., 2016)
and the spatial pattern of tissue structural changes, which
are patient specific. Cardiac wavelength (WL)—the distance
traveled by the depolarization wave during the functional
refractory period (Jacquemet et al., 2005)—is shortened by
structural and electrical remodeling in tissue with chronic or
persistent AF (Krogh-Madsen et al., 2012). Previous studies
have shown that modifying WL properties (through action
potential duration, APD, variation) affects AF dynamics (Qu
et al., 1999). However, Deng et al. (2017) found that with
modest changes in electrophysiological properties, reentrant
drivers localized to the same areas, at the edges of high fibrotic
regions.

Furthermore, myocardial fibrosis affects AF maintenance
(Morgan et al., 2016; Cochet et al., 2018). Fibrotic remodeling is
multi-factorial, and includes interstitial fibrosis (the deposition
of collagen between fiber bundles), replacement fibrosis, gap
junctional remodeling due to downregulation of connexin 43,
fibroblast coupling and paracrine factors. These factors may
initiate and sustain AF by modifying conduction pathways.
Previous studies have suggested targeting fibrotic areas during
catheter ablation procedures.

In this study, we investigate how WL affects AF driver
location using a computational bilayer model of the human atria,

incorporating fibrosis distributions based on late gadolinium
enhancement (LGE) Magnetic Resonance Imaging (MRI) scans

from patients with persistent AF. In comparison with previous
studies, we explore a larger range of clinically observed
APD, consider multiple techniques for modeling atrial fibrosis,
and directly compare with clinical rotor core trajectory
data.

2. METHODS

2.1. AF Bilayer Model
We used our previously described human biatrial biophysically-
detailed bilayer model (Labarthe et al., 2014), with AF simulated
as in our former work (Bayer et al., 2016). Briefly, the bilayer
model is a finite elementmodel composed of discretely connected
2D layers. The right atrium (RA) consists of an epicardial layer
and a layer for the crista terminalis (CT) and the pectinate
muscles (PM). The left atrium (LA) comprises endocardial
and epicardial layers. Each node on the LA endocardium and
RA endocardial structures (the CT and PM) is connected by
a discrete resistance to the closest node on the LA or RA
epicardial surface, respectively. Interatrial connections include
Bachmann’s bundle, the rim of the fossa ovalis, and the muscular
sheath of the coronary sinus. The mesh contains 363561 nodes
with an edge length of approximately 300µm. Atrial action
potentials (AP) vary from region to region (Gelband et al.,
1972). As in previous work (Bayer et al., 2016; Roney et al.,
2018), the Courtemanche-Ramirez-Nattel human atrial ionic
model (Courtemanche et al., 1998) was used and ionic channel
conductances varied to recreate the observed heterogeneity
(Aslanidi et al., 2011; Krueger et al., 2013). This ionic model is
sufficient since we are mainly concerned with APD restitution,
and not the detailed subcellular processes seen in newer models
which carry significantly increased computational costs. We
also incorporate heterogeneous coupling, resulting in different
conduction velocities (CVs) in different anatomical regions,
according to human data (Lemery et al., 2007; Bayer et al.,
2016). Furthermore, to simulate chronic AF, the following
electrical remodeling was incorporated: a 50% decrease in the
conductance of the atrial-specific ultra-rapid potassium current
IKur , a 50% decrease in the conductance of the transient
outward current Ito, and a 70% decrease in the conductance
of the L-type calcium current ICaL (Courtemanche et al.,
1999).

2.2. Wavelength Variation
WL is the product of the effective refractory period (ERP)
and CV (Jacquemet et al., 2005), which we approximate as
APD × CV. Changing the conductance of IK1 alone does
not affect CV (Entz and William, 2018; Nobles et al., 2018;
Valli et al., 2018). Pandit and Jalife (2013) found that the
inward rectifier K+ channel (IK1) has an important role on
the spatiotemporal organization of AF drivers across different
parts of the heart. Specifically, changes in IK1 conductance lead
to variation of rotor (AF driver) frequency and tip meander
because of changes in APD and in the resting level of the
membrane potential (which in turn affects cardiac excitability).
Previous studies have investigated the effects of IK1 conductance
on APD (Dhamoon and Jalife, 2005; Pandit et al., 2005; Lee
et al., 2016). We multiplied IK1 conductance by 80, 95, 100,
120, and 140 to modify the APD, and thereby the WL. These
values were chosen to give tissue AF cycle lengths in the clinically
reported range of 120–240 ms (Konings et al., 1994; Ng et al.,
2006).
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FIGURE 1 | Patient LGE data and fibrosis distribution used for modeling. (A–C): Normalized LGE intensity. (D–F): Fibrotic tissue (white), non-fibrotic areas (blue), and

the border between them (green) are shown. The inferior vena cava and line of block regions of the model are electrically inactive and displayed in black in (D–F).

2.3. Patient Fibrosis Data and Fibrosis
Modeling
2.3.1. Patient Data
LGE-MRI intensity data from three patients with persistent AF
(Cochet et al., 2015) were projected onto the aforementioned
computational atrial bilayer model to assign a fibrosis
distribution. For each patient, these intensity values were
assigned for each point on an endocardial surface mesh as the
maximum value through the atrial wall. These distributions of
LGE intensity values were then mapped to the atrial bilayer
model using an iterative closest point algorithm (Roney et al.,
2016; Cochet et al., 2018). Each of the patients gave informed
written consent. The ethics committee of the University
of Bordeaux approved the study and it complies with the
declaration of Helsinki. Figures 1A–C show the distribution
maps of LGE intensity, normalized with respect to the highest
value for each patient. We considered an identical LGE intensity
distribution on the LA epicardium and endocardium. For the
RA, we included atrial fibrosis in the epicardial layer of the
model, but not on the endocardial structures. To incorporate
atrial fibrosis in themodels, nodes with normalized LGE intensity
greater than 0.7 were defined to be fibrotic. This corresponds
to 13.2, 27.2, and 27.5% of the LA tissue being classified as
fibrotic, for patients 1, 2, and 3 respectively (16.6, 22.8, and 19.2%
of the entire atria). Since previous studies have found phase
singularities (PSs) on the border between fibrosis and normal
myocardium (Zahid et al., 2016; Cochet et al., 2018), we defined
nodes within 0.75mm of the boundary to be in the border region
(Figures 1A–F). This distance, representing a region about five
elements wide, allowed us to be specific, while respecting clinical
resolution. This width is less than an ablation line, which is
usually greater than 2 mm (Bhaskaran et al., 2016). Therefore,
we ensure that if the ablation strategy follows such a border, the

entire width of the border would be ablated. This border region
is only considered for post-processing analyses and does not
affect the model construction. The border region corresponds to
38.2, 62.4, and 71.9% of the total fibrotic area (normalized LGE
intensity greater than 0.7) for patient 1–3, respectively.

2.3.2. Fibrosis Implementation Methods
Computational modeling studies use different methodologies to
model fibrosis (Morgan et al., 2016; Vigmond et al., 2016; Zahid
et al., 2016), and previous studies show that the reentry dynamics
are affected by the fibrosis implementation method. To study
how rotor core position changes when WL is varied in fibrotic
atria, we used three different implementationmethods: structural
remodeling, ionic remodeling and fibroblast coupling, as well
as two combinations: structural + ionic changes, and structural
changes + fibroblast coupling.

Structural Remodeling
Vigmond et al. (2016) and Roney et al. (2016) give detailed
descriptions of this method. It consists of randomly removing
elements from the mesh, with a probability depending on the
normalized LGE intensity.

Ionic Remodeling
To incorporate ionic remodeling, we rescaled the ionic
conductances of the human atrial AF ionic cell model, following
Zahid et al. (2016). Specifically, in fibrotic regions, ionic
conductances were rescaled as follows: 50% reduction in inward
rectifier potassium current (IK1), 50% reduction in L-type
calcium current (ICaL), and 40% reduction in the sodium
current (INa). To take into account the impact of fibrosis on
the intermyocyte coupling, the longitudinal conductivity in the
fibrotic regions of the model was reduced by 30%, and then
the longitudinal-to-transverse anisotropy ratio was increased to
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8 : 1 to model additional slowing of velocity in the transverse
direction.

Fibroblast Coupling
We used the Morgan et al. (2016) model of atrial fibroblasts.
Briefly, the interaction between fibroblast and myocyte cells
is modeled with a gap junctional conductance of 0.5nS. For
each patient, the normalized LGE intensity was divided into six
intervals (0 − 0.27 − 0.4 − 0.55 − 0.69 − 0.82 − 1). These
intervals correspond to one non-fibrotic region and five different
degrees of fibrotic remodeling, ranging from diffuse (1 and
2 fibroblasts per myocyte) to patchy (3 and 4 fibroblasts per
myocyte) and dense (5 fibroblasts per myocyte). The myocyte-
myocyte longitudinal coupling conductivity was decreased from
100% (in regions with no fibroblast coupling) to 20% of the
baseline value (in regions with coupling to 5 fibroblasts per
myocyte), following Morgan et al. (2016).

2.4. Simulation Protocol
We used the monodomain formulation and solved it with
the Cardiac Arrhythmia Research Package (CARP) simulator
(Vigmond et al., 2003). For each case, we first simulated the
model for 2 seconds without electrical stimulation, followed by
3.5 s of sinus rhythm with a cycle length of 0.7 seconds (Roney
et al., 2016). Five rapid pacing pulses, with a cycle length in
the range 112–184 ms, depending on model inducibility, were
applied to the upper right pulmonary vein (URPV) to initiate
AF. We simulated each model for 2.1 s to allow AF arrhythmia
dynamics to stabilize and the final 2.1 seconds were used for
analysis for a total simulation time of 9.7 s. All models were
inducible.

2.5. Analysis of the Effects of Wavelength
Variations on PS Positions
To estimate WL, action potential duration at 90% repolarization
(APD90) and CV were calculated over the atrial mesh for each
simulation set-up during sinus rhythm. Local CV was computed
as the magnitude of conduction velocity. WL was then estimated
as the product of APD90 and CV for each node of the mesh.

PSs were located by the intersection of the isopotential line
Vm = −20 mV and the line of dVm/dt = 0 (Bishop and
Plank, 2012). We plotted and analyzed changes in the percentage
(defined as the number of PSs in an area over the total number
of PSs in the model) and number of PSs per time unit (each
ms) located in each atrial region as IK1 was varied. We analyzed
the following atrial regions separately: the PVs [the upper
left pulmonary vein (ULPV), the upper right pulmonary vein
(URPV), the left lower pulmonary vein (LLPV) and the lower
right pulmonary vein (LRPV)], the fossa-ovalis (FO), the superior
vena cava (SVC), the LA and the RA. In models with fibrosis, we
analyzed the PS content of the fibrotic areas and their borders.
To reduce the computation time, parameters were evaluated on
a reduced mesh, excluding the electrically inactive regions (the
inferior vena cava and the septal line of block), Bachmann’s
bundle, the crista terminalis, and the pectinate muscles.

3. RESULTS

3.1. Physiological Changes Due to IK1

Variation
APD90, CV, and WL were computed for 5 values of IK1
conductance. For each of these measurements, the maximum
values were located in the same atrial region for all of the IK1
values; this was also the case for the minimum values. Maps of
these quantities are illustrated in Figure 2. The maximum and
minimum APD90 changed when IK1 was varied, as shown in
Table 1. As IK1 conductance was increased from 80% to 140% of
the control value, APDmin decreased from 139.9 to 120.5 ms and
APDmax from 312.9 to 227.1 ms, respectively. The maximum and
minimum CV were ∼1.1 and ∼0.15 m/s, respectively. The CV
extrema exhibit little variation as IK1 increased from 80% to 140%
of control. The minimum and maximum WL decreased from
35.9 to 28.4 mm, and from 312.4 to 225.6 mm, respectively, when
IK1 varied from 80 to 140% of control as shown in Table 1. These
WL calculations are local and based on nonuniform propagation;
APD and CV are influenced by wavefront curvature, changes
in fiber direction, propagation into inexcitable borders, and
wavefront collision.

The APD90 map is almost uniform on the LA posterior wall.
On the LA anterior wall, the APD is higher around Bachmann’s
bundle than on the rest of the wall. This results in a large
gradient of APD around the connection area. The CV and WL
are higher on the LA wall area close to the LAA and inferior
PV intersections. The highest APD, CV and WL values are seen
on the RA posterior wall at the cristae terminalis and pectinate
muscles, and near the anterior SVC junction. There are gradients
in APD and WL around the intersections of the LA wall with the
PVs.

3.2. PS Location With No Fibrosis
Figures 3A–E show changes in PS density as IK1 is varied,
and Figure 3F shows a corresponding map indicating the PS
locations. For small IK1 values (corresponding to large APD
values), rotor organizing centers were more likely to appear on
the LA than the RA, in the center of the anterior wall and around
the lower PVs intersections, where the APD gradients are high
(see Figure 2). As the WL decreased (corresponding to increased
IK1), the PS density became less clustered and more widespread
over the LA. In addition, PS trajectories covered larger areas
of the RA. Concurrently, in the LA, the PS density decreased
progressively as WL decreased, and more PS positions appeared.

Figure 4 shows how the number and locations of PSs change
in different areas as the IK1 conductance was varied. The
percentage of PS positions on the LA decreases from ∼90%
for large APD values to ∼60% for short APD values, while it
increases in the RA and PVs from∼5% each to∼22% and∼18%,
respectively. The number of PSs increases with IK1 conductance
for all regions. There were a greater number of PSs on the LA
than on the RA for all IK1 conductance values.

The LA had∼1.6 PS positions per time unit compared to∼0.1
in the RA for large APD, while for short APD, the LA had ∼2.3
compared to ∼0.9 in the RA. The lower PVs (Figure 4C) had an
order of magnitude more PSs than the upper PVs (Figure 4D).
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FIGURE 2 | APD, CV, and WL maps are spatially heterogeneous in the control case without fibrosis. Anteroposterior (top row) and posteroanterior (bottom row) views

are shown. (A) APD90 map. (B) CV map. (C) WL map. Data are displayed on a reduced mesh for 80%IK1.

TABLE 1 | Physiological changes due to IK1 variation.

IK1 percentage 80% 95% 100% 120% 140%

APD90min (ms) 139.9 134.7 133.1 127.3 120.5

APD90max (ms) 312.9 285.5 269.1 245.1 227.1

WLmin (mm) 35.9 30.1 28.2 29.3 28.4

WLmax (mm) 312.4 281.7 274.2 246.0 225.6

APDmin and APDmax are minimum and maximum APD, respectively. WLmin and WLmax are minimum and maximum WL, respectively.

FIGURE 3 | PS density maps change with APD variation for the control case of no atrial fibrosis. Each subfigure shows anteroposterior (left) and posteroanterior (right)

views. (A–E) display PS density distributions for 5 IK1 values. (F) Shows PS positions displayed on the same mesh for the different IK1 values.
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FIGURE 4 | PS location variation as a function of IK1 for atria with no fibrosis. (A) Percentage of PS locations on the LA body, on the RA and on the PVs. (B) Number

of PSs per unit time on the entire LA, on the RA and on the whole atria. (C) Number of PSs per time unit on the LLPV and on the LRPV. (D) Number of PSs per unit

time on the ULPV, URPV, FO, and SVC.

The number of PSs on the FO and SVC increased monotonically
with IK1 conductance. For large APD values, there were no PS
located on the LLPV or on the SVC, but as APD was decreased,
the number of PS on both the LLPV and SVC increased.

3.3. PS Location Analyses for Cases With
Fibrosis
Rotor core location depends on both fibrosis distribution
and WL. Results are presented in full for one patient;
similar results for the other patients are presented in the
Supplementary Material.

Figure 5 presents PS location maps for patient 2 as
IK1 conductance was varied from 80 to 140% for the
five fibrosis implementation methods: structural changes,
ionic current remodeling, myocyte-fibroblast coupling, the
combination of structural + ionic current remodeling, and
the combination of structural changes + myocyte-fibroblast
coupling. An area of moderate PS density on the anterior wall
of the LA and RA is seen in the clinical data (Figure 5F), and
also in each of the simulations. This area of agreement is present
for all of the fibrosis implementations. There is an area of high PS
density on the posterior wall of the LA in the clinical, as presented
in Figure 5F, that is not reproduced in the simulation results.

Supplementary Figure 1 presents PS density maps
corresponding to long and short APD values for each of
the fibrosis modeling methodologies, for each of the patients. In
general, there is a good visual correspondence between PS density
maps for long and short APDs, and a much larger variation
in PS density maps between fibrosis implementation methods.
The correlation between PS density maps as APD is varied is
greatest for the ionic method (see Supplementary Tables 1–3),
and generally lower for the structural remodeling method.

Figure 5A shows that for the structural remodeling method,
reentry cores were more likely to be located outside of the fibrotic
areas than either inside the fibrotic areas or in the border regions,
regardless of APD variation. PSs are also more likely to be
in the fibrosis border region than in the fibrosis region itself.
Figure 6A quantifies this for structural remodeling in terms of
the percentages of PS positions on the border and in the fibrosis
area for each patient as APD changes: more than 60% of the PS
positions are located outside of the fibrotic area, regardless of the
fibrosis distribution.

For the ionic current remodeling method (Figures 5B, 6B),
PSs tend to cluster more on the border and in the fibrotic
areas than using the structural remodeling methodology
or the combination methodologies. With this fibrosis
implementation, the number of PS per unit time in the
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FIGURE 5 | PS density maps depend on both fibrosis implementation method and APD. (A–E) Show PS density maps for the 5 fibrosis implementation methods:

structural remodeling, ionic current remodeling, myocyte-fibroblast coupling, structural remodeling + myocyte-fibroblast coupling, and structural + ionic current

remodeling, respectively. (F) Clinical PS density map computed using electrocardiographic imaging (ECGi). These data are for patient 2; see

Supplementary Figure 1 for patients 1 and 3.

FIGURE 6 | Number of PSs located in the border and in the fibrosis area for patients 1–3 for different fibrosis modeling methodologies, corresponding to: (A)

structural remodeling, (B) ionic current remodeling, (C) myocyte-fibroblast coupling, (D) structural remodeling and myocyte-fibroblast coupling, (E) structural and ionic

current remodeling.
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FIGURE 7 | Number of PS per time unit for IK1 conductance scaled by 80–140% for different fibrosis modeling methodologies, corresponding to: (A) structural

remodeling, (B) ionic current remodeling, (C) myocyte-fibroblast coupling, (D) structural remodeling and myocyte-fibroblast coupling, (E) structural and ionic current

remodeling.

entire atria (Figure 7B) is higher (mean ∼3.53 ± 0.84 PS per
unit time) than for methodologies incorporating structural
remodeling (Figures 7A,D,E; mean values: ∼0.95 ± 0.44, ∼1.45
± 1.02, and ∼0.92 ± 0.48, respectively). The number of PS is
higher and the distribution is less scattered using ionic current
remodeling than using methodologies incorporating structural
remodeling.

For the myocyte-fibroblast coupling method (Figures 5C,
6C), the proportion of PSs within the fibrotic area and its
border is higher than the equivalent measures for structural
changes, but lower than for the ionic current remodeling
method. The number of PS per time unit in the entire atria
(Figure 7C) using the myocyte-fibroblast coupling method is
∼4.02 ± 0.80. Thus, it is higher than the number of PSs
using implementations including structural remodeling. For the
two combination methods (Figures 5D,E, 6D,E), PSs tend to
cluster more in the border and the fibrotic areas than using
the structural remodeling method alone, but the number of PS
per time unit in the entire atria remains low (∼1.45 ± 1.02
and ∼0.92 ± 0.48 for Figures 7D,E, respectively). The myocyte-
fibroblast couplingmethod and the ionicmethod result in a larger
number of PSs than the structural remodeling or combination
methods, and the PS density maps for these methods are
more similar to each other than to the structural remodeling
method (see Supplementary Figure 1). For each of the fibrosis
implementation methods together with the different patient-
specific fibrosis distributions, the number of PSs varies non-
monotonically as the APD is decreased.

As for the control case without fibrosis, we investigated
how the quantity of reentry cores located in different parts of

the atria varies with APD. For each patient and each fibrosis
implementation method, the variation in the percentage of PS
located on all the PVs, on the LA and on the RA are presented
in Supplementary Figure 2. The relative distribution of PSs
in the LA compared to the RA changes between the fibrosis
modeling methodologies. For example, for patient 3, there is
a higher number of PSs in the RA compared to the LA for
structural remodeling (∼62.28 ± 10.57% of PS located on RA
vs. ∼30.13 ± 11.16% on LA) and also for combining structural
remodeling and ionic current changes (RA ∼47.24 ± 5.82%
vs. LA ∼37.99 ± 3.60%). Whereas, there is a higher number
in the LA than the RA for the other modeling methodologies
(ionic current changes: RA ∼28.48 ± 5.97% vs. LA ∼52.08 ±

5.48%; fibroblast coupling method alone: RA ∼31.50 ± 6.75%
vs. LA ∼49.11 ± 8.16%; and combining structural remodeling
and fibroblast coupling techniques: RA ∼28.35 ± 3.45% vs. LA
∼50.14± 5.64%).

The number of PS per unit time located on the LA, on
the RA, around the FO, on the SVC and on each PV are
shown in Supplementary Figure 3 for different WLs. These
quantities vary withWL. Using the structural remodelingmethod
for fibrosis, patient 1 has ∼7.7, ∼14.9, ∼7.97, ∼4.18, and
∼8.29% of PS located in fibrosis areas and borders for the 5
increasing values of IK1, respectively (Figure 6A). Combining
structural remodeling with myocyte-fibroblast coupling, the
number of PS in fibrosis areas and borders are: ∼88.41,
∼24.69,∼14.20,∼12.34, and∼77.53%, respectively (Figure 6D),
demonstrating that the effect of the fibrosis implementation
formulation may be greater than the effect of the variation
of WL.
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4. DISCUSSION

In this study, we used computer modeling to investigate the
effects of WL variation on reentry in both fibrotic atria and
non-fibrotic atria for three different patient-specific fibrosis
distributions, with five known fibrosis implementation methods,
on the same atrial mesh to exclude geometrical effects. Our study
is unique in that it explores a broader range of APDs, closer to
the range seen clinically, as well as investigating the effects of
different AF modeling implementations. We further elucidated
how structural and electrophysiological remodeling interact to
determine rotor core location.

In the case of AF without fibrosis, PSs anchor on the center
of the LA anterior wall and near the LA/PV junction for large
APD values (Figure 3). These areas have high APD gradients
(Figure 2). Decreasing the WL increases the number of PS and
the distribution becomes less focused. In the case of fibrotic
atria, propagation is constrained by the distribution of fibrosis
through the physiological and/or structural changes made to
the tissue, depending on the formulation of the implementation
method. Previous clinical and computational studies have shown
that tissue areas with higher fibrosis density attract more re-
entrant activity than other areas (Deng et al., 2017; Cochet et al.,

2018), but the trajectories can change, particularly when there are
several fibrotic areas close to each other.

There is more variation in the number and location of PSs as

IK1 varies in our simulations without fibrosis, demonstrating that
the effects ofWLwill depend on the degree of fibrosis (comparing
Figures 4, 7). The fibrosis modeling method has a large effect on
the number of PSs in the fibrosis areas and its border. WL has a
larger effect on rotor location for the myocyte-fibroblast coupling

method and the structural remodeling method than for the other
methodologies.

Incorporating atrial fibrosis in the model changed the
relationship between WL and number of PSs. Figure 7 shows
that there is no consistent relationship between IK1 conductance
and the number of PSs for any of the fibrosis implementation
methodologies. The number of PSs, and their locality to the
fibrotic areas (Figure 6), shows a greater dependence on the
fibrosis type than the IK1 conductance. In addition, there are
large differences in the proportion of PSs located in regions of
fibrosis between fibrosis implementation types. Clinically, there
is evidence both for (Cochet et al., 2018) and against (Chrispin
et al., 2016) the delocalization of rotational activity with high
LGE-intensity. These differences may be because of variations
in the type of atrial remodeling. LGE imaging does not have
the resolution required to capture microscale fibrotic factors; the
effects of which may change as AF progresses.

The structural remodeling method localizes less PSs in
areas with high fibrosis intensity, but combining the structural
remodeling method with either ionic current remodeling or
fibroblast-myocyte coupling forms electrical heterogeneities that
better anchor the reentrant drivers. In particular, reentry anchors
around areas of fibrosis for the ionic remodeling method due to
the longer APD and lower CV with this fibrosis implementation
method. Similar results were found in our previous work (Roney
et al., 2016), in which differences in the amounts of rotational

activity and wavebreak were found between models. Zou et al.
(2005) showed that AF initiation, maintenance and dynamics are
strongly affected by substrate size. In addition, Panfilov (2006)
suggested that the number of fibrillatory sources is proportional
to the effective tissue size. In our study, the low presence of PS
locations in high fibrosis density zones when modeling structural
changes alone may be explained by the large quantity of elements
that are removed in these regions, making the effective size of
the tissue per unit surface area too small for rotor creation.
The effective tissue size per surface unit is also low for cases
with structural remodeling combined with ionic remodeling or
fibroblast coupling, leading to a low presence of PS locations in
high fibrosis density regions. Incorporating ionic remodeling or
fibroblast coupling alone to implement fibrosis does not affect
the effective tissue size per unit area, and results in a larger
quantity of PSs. The higher number of PSs obtained with the
fibroblast coupling method compared to the ionic remodeling
method may be explained by the way in which the gradient of the
physiological parameters is implemented for the two methods.
The ionic remodeling method imposes an abrupt decrease in
the conductivity at the border between fibrotic and non-fibrotic
zones, whereas the fibroblast coupling method has five different
levels of conductivity, changing from non-fibrotic to the highly
fibrotic zones. This suggests that a more gradual spatial change in
conductivity may lead to a larger number of PSs.

Deng et al. (2017) investigated the sensitivity of rotor location
to variations in APD and CV, for simulations incorporating
fibrosismodeled withmodified ionic and conductivity properties.
In their simulations, rotors were overwhelmingly located in
border regions between fibrotic and healthy tissue regardless
of APD and CV values; however, the specific border regions
that contained rotors varied depending on the APD and
CV parameters. A subset of rotor locations in the modified
APD and CV cases were also present in the baseline case
(35–80% agreement). The ionic remodeling fibrosis modeling
methodology in our study is similar to the methodology used by
Deng et al. (2017). We found a higher proportion of PSs in the
fibrosis area and its border using this methodology than either
the structural remodeling or fibroblast coupling method, and
this proportion was high for all IK1 values. For the ionic fibrosis
implementation, the number and distribution of PSs was similar
for the different IK1 values. As such, our findings for the ionic
fibrosis implementation agree with those of Deng et al. (2017)
since we also see PSs in the fibrosis border zone, with some sites
preserved as well as some different sites emerging as IK1 is varied.

However, in our simulations, there were also a significant
proportion of PSs outside of the fibrosis area and border region,
particularly around areas with significant APD gradient - for
example the LA/PV junction. PS locations were found in areas
of long APD (Figure 3), which is consistent with previous
studies showing that areas of long APD attract PSs more
strongly than inexcitable obstacles (Calvo et al., 2014; Defauw
et al., 2014). Our model includes regional heterogeneity between
atrial regions, resulting in APD heterogeneities in addition
to those from the fibrosis distribution. Further differences in
behavior may be attributable to model differences which include
our representation of a bilayer mesh with discrete interatrial
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connections as opposed to a continuous three-dimensional (3D)
mesh.

The parameters used for the fibrosis modeling methodologies
will affect PS distributions. For the ionic current remodeling
method, a threshold intensity must be chosen to assign fibrotic
regions, while for the myocyte-fibroblast coupling method, the
number of fibroblasts must be chosen. The ionic and fibroblast
methods include different degrees of conductivity changes.
Matching simulation results with clinical data depends on these
parameters. Parameter choice sensitivity was investigated in
previous studies (Morgan et al., 2016; Roney et al., 2016; Zahid
et al., 2016).

Catheter ablation therapy typically focuses on the LA. Our
results show that the proportion of PSs in the RA is typically low
for longer APD values; however, this increases as APD decreases
(see Figure 4A). This suggests that for shorter WLs, the RA may
play a larger role in driving the arrhythmia and RA ablation may
be required. In addition, for the control case without fibrosis, the
number of PSs and arrhythmia complexity increases as WL is
decreased (see Figure 4B). Thus, estimating WL (as the product
of AF cycle length and CV) during a procedure may help with
therapy planning.

Multiple studies have investigated the effects of ERP, CV and
tissue area on the probability that AF sustains. For example,
Ravelli and Allessie (1997) found that ERP shortening induced
by atrial stretch increased AF vulnerability; Zhuang et al. (2011)
report that AF recurrence is more likely in dilated atria because
of the increase in size; and Lee et al. (2013) found that both ERP
and area affect the probability that AF sustains. Rensma et al.
(1988) suggested that ERP and CV alone are poor predictors
of susceptibility to reentry, and that the combined measure of
WL is a better predictor. Reentry occurs when the path length
taken by the wavefront is longer than the WL. WL changes as AF
progresses due to increased electrical and structural remodeling.
AF susceptibility can then be considered in terms of a critical WL
value (Jacquemet et al., 2005), or a fibrillation number, which
combines the atrial area and WL into a single measure that is
higher in patients with post PV isolation AF inducibility (Hwang
et al., 2015). In our study, the number of PSs increases with
decreasing WL for simulations without fibrosis, meaning that
shorter WL AF simulations are more likely to sustain. However,
this was not the case for simulations with fibrosis. Fareh et al.
(1998) found that ERP heterogeneity was more important than
WL in predicting AF susceptibility, which may be the case for our
simulations with fibrosis in which the presence of fibrosis results
in conduction and depolarization gradients.

Reentry dynamics depend on both depolarization gradients,
with increased PS density in regions of high APD gradient
(for example the LA/PV junction), and fibrosis distribution.
PS density maps show a closer correspondence with LGE-MRI
intensity and are less affected by WL for ionic remodeling and
myocyte-fibroblast coupling than for structural remodeling. The
effects of fibrosis may outweigh the effects of WL variation in
later stages of AF when the fibrosis burden is higher. During the
onset of AF, WL and electrophysiology may be more important
since electrical remodeling typically occurs before substrate
remodeling.

5. LIMITATIONS

To investigate the effects of WL and fibrosis in isolation, we
used the same atrial geometry for all simulations. However,
patient-specific geometry and volume will affect AF dynamics
(Cochet et al., 2018). The choice of human atrial cell model affects
PS locations (Cherry and Evans, 2008; Wilhelms et al., 2013), but
we did not investigate this. We changed WL through variations
in ERP, but CV will also affect WL and reentry dynamics (Lim
et al., 2017). In addition, we use a 2D bilayer model of the
atria, rather than a full 3D model, so we cannot account for the
effects of atrial thickness on rotor dynamics (Dutta et al., 2016).
We used identical fibrosis distributions for the endocardial and
epicardial surfaces of the LA and only included fibrosis on the RA
epicardium; however, fibrosis is known to occur in the pectinate
muscles (Spach et al., 1988) and the development of atrial fibrosis
varies across the atrial thickness (Verheule et al., 2014), starting
in the epicardial layer. We normalized LGE intensity to the
maximum value for each patient, rather than working with either
a number of standard deviations above the blood pool mean or
the image intensity ratio for defining fibrotic tissue, which means
that the amount of fibrosis included in each model does not
necessarily reflect the Utah score for the patient. The choice of
LGE-MRI intensity threshold used to define fibrotic and non-
fibrotic areas in the image processing and modeling pipeline
will affect the resulting AF dynamics, but the optimum value is
unknown. For the fibroblast-myocyte coupling model of fibrosis,
the fibroblast-myocyte gap-junction conductance value remains
experimentally uncertain; in vivo measurements are required
to validate fibroblast-myocyte coupling properties used in the
simulations.

6. CONCLUSION

Cardiac WL affects reentry dynamics. Without fibrotic
remodeling, increasing the cardiac WL decreased arrhythmia
complexity, such that reentrant activities anchored and the
number of PSs reduced. WL variation also modified reentry
dynamics in fibrotic atria; however, this relationship is more
complicated, as it also depends on the fibrosis distribution
and fibrosis implementation method. The effects of WL,
electrophysiology and APD heterogeneity should be included in
computational simulations of AF. With higher fibrosis content,
simulated PSs are less affected by WL and more likely to be
found close to fibrotic patches. This has implications for model
personalization as it suggests that it is important to tune WL for
patients with a low degree of fibrotic remodeling, whilst LGE
maps alone may be sufficient to predict behavior for patients with
significant fibrosis, for which fibrosis implementation method is
important.
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While isolation of the pulmonary veins is firmly established as effective treatment

for the majority of paroxysmal atrial fibrillation (AF) patients, there is recognition that

patients with persistent AF have substrate for perpetuation of arrhythmia existing

outside of the pulmonary veins. Various computational approaches have been used

to identify targets for effective ablation of persistent AF. This paper aims to discuss

the clinical aspects of computational approaches that aim to identify critical sites for

treatment. Various analyses of electrogram characteristics have been performed with

this aim. Leading techniques for electrogram analysis are Complex Fractionated Atrial

Electrograms (CFAE) and Dominant Frequency (DF). These techniques have been the

subject of clinical trials of which the results are discussed. Evaluation of the activation

patterns of atria in AF has been another avenue of research. Focal Impulse and Rotor

Modulation (FIRM) mapping and forms of Body Surface Mapping aim to characterize

multiple atrial wavelets, macro-reentry and focal sources which have been proposed as

basic mechanisms perpetuating AF. Both invasive and non-invasive activation mapping

techniques are reviewed. The presence of atrial fibrosis causes non-uniform anisotropic

impulse propagation. Therefore, identification of fibrosis by imaging techniques is an

avenue of potential research. The leading contender for imaging-based techniques is

Cardiac Magnetic Resonance (CMR). As this technology advances, improvements in

resolution and scar identification have positioned CMR as the mode of choice for analysis

of atrial structure. AF has been demonstrated to be associated with obesity, inactivity and

diseases of modern life. An opportunity exists for detailed computational analysis of the

impact of risk factor modification on atrial substrate. This ranges from microstructural

investigation through to examination at a population level via registries and public health

interventions. Computational analysis of atrial substrate has moved from basic science

toward clinical application. Future directions and potential limitations of such analyses

are examined in this review.

Keywords: atrial fibrillation, ablation techniques, lifestyle interventions, mapping & localization, fibrosis, imaging,

three-dimensional, imaging

266

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.01158
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.01158&domain=pdf&date_stamp=2018-09-18
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:martin.stiles@waikatodhb.health.nz
https://doi.org/10.3389/fphys.2018.01158
https://www.frontiersin.org/articles/10.3389/fphys.2018.01158/full
http://loop.frontiersin.org/people/508781/overview
http://loop.frontiersin.org/people/546786/overview


Stiles et al. Substrate Ablation of Persistent AF

INTRODUCTION

While isolation of the pulmonary veins (PVI) is firmly established
as effective treatment for the majority of paroxysmal atrial
fibrillation (AF) patients,(Calkins et al., 2017) there is recognition
that patients with persistent AF have substrate for perpetuation
of arrhythmia existing outside of the pulmonary veins.
Computational approaches have been attempted in the search
to identify targets for effective ablation of persistent AF. We
aim to discuss the clinical aspects of computational approaches
that seek to identify critical sites for ablation in the treatment of
persistent AF. We explore the initial approach of electrogram-
based analyses through to more topical panoramic mapping of
AF substrate. We look at the role of imaging to identify atrial scar
as a potential AF ablation target and the recent recognition that
lifestyle management is very important in reducing AF burden.
Lastly, we explore potential future directions to advance AF care
via computational approaches.

Electrogram-Based Approach
Complex Fractionated Atrial Electrograms
Electrophysiologists skilled in ablation of arrhythmias have
sought to look for characteristics of electrograms that might
identify critical sites for ablation. The elimination of complex
fractionated atrial electrograms (CFAE) has been shown in
some studies to be an effective strategy of catheter ablation
(Nademanee et al., 2004, 2008) Fractionated or prolonged
electrograms have been demonstrated to identify areas acting as
pivot points, slowed conduction, anisotropy, localized circuits or
rotors, all of which are capable of sustaining re-entry (Spach and
Dolber, 1986; Konings et al., 1994; Haïssaguerre et al., 2006).
Accurately identifying such electrograms may allow targeted
ablation to halt wavelet re-entry and prevent the perpetuation of
AF.

Initially, CFAE were defined as fractionated electrograms
composed of ≥2 deflections, perturbation of the baseline with
continuous deflection of a prolonged activation complex, or
atrial electrograms with a cycle length ≤120ms (Nademanee
et al., 2004) However, as this method of ablation became more
widespread, a more consistent definition of ablation targets was
desired, particularly if one wanted to perform a multi-center
trial where standardization across hospitals was paramount.
Hence, computer algorithms were designed to provide consistent
definitions of CFAE, independent of the operator’s discretion.
These included the CFAE software module (CARTO, Biosense
Webster, CA, USA) and the CFE-mean tool (NavX, Abbott, CA,
USA).

The CFE-mean tool was used to test the usefulness of CFAE
ablation in addition to PVI and linear lesions in the BOCA study
of 130 persistent AF patients (Wong K. C. et al., 2015) This trial
found no additional benefit in the patients randomized to CFAE
ablation, despite longer procedure and ablation times. There was
an excess of organized atrial arrhythmia, in particular gap-related
macro-re-entrant flutter, in the patients randomized to CFAE
ablation. In themulti-center STAR-AF II trial (Verma et al., 2015)
the use of a computerized algorithm to detect standardized CFAE
electrograms was employed. This trial showed no additional

benefit of CFAE ablation as guided by the CFE-mean tool in
addition to PVI alone, in patients with persistent AF. Indeed,
some have used this trial to suggest that CFAE-targeted ablation
is detrimental to long-term outcome (Conti and Verma, 2016)
The CHASE-AF trial produced similar conclusions, where no
benefit from the addition of a CFAE-based ablation strategy
over non-CFAE ablation was seen (Vogler et al., 2015) A recent
meta-analysis confirmed that the addition of extra-pulmonary
substrate ablation such as that of CFAE in persistent AF patients,
was associated with declining efficacy as compared to PVI
ablation alone (Clarnette et al., 2017).

However, strong proponents of CFAE-based ablation argue
that computer-derived 3D maps of fractionation are inaccurate
and lead to different areas being targeted, compared to the
areas targeted when visual recognition of CFAEs are made by
experienced operators (Oketani et al., 2016) For example, the
semi-automated CFAE algorithms from the NavX and CARTO
systems were found to correlate poorly with each other or
AF complexity measures that may explain the variable results
of CFAE-based ablation. Furthermore, the dynamic nature of
CFAE with poor temporal stability may be another challenge
for CFAE-based ablation based on point-by-point mapping (Lau
et al., 2012) Novel indices such as unipolar fractionation index
or spatiotemporal stability index of CFAE have been shown to
demonstrate superior physiological relevance to AF dynamics
(Lau et al., 2015; Thanigaimani et al., 2017a) Therefore, there
perhaps remains a role for novel computerized algorithms used
in combination with higher density mapping catheter that could
better direct electrophysiologists to critical AF-sustaining sites.

Dominant Frequency
Dominant frequency (DF) analysis aims to distill the local
activation frequency from highly complex electrograms. This
utilizes computer algorithms (usually fast fourier transform) to
assign a fundamental frequency of electrical activation. The DF
can then be displayed on a 3D map to guide the ablator to
sites of high DF thought to be driving the AF (focal source
or rotor). The aim of such analysis is to detect sites of high
frequency that have been hypothesized to “drive” the fibrillation
process (Jalife et al., 2002) These sites have been shown by
retrospective analysis to identify effective ablation areas (Sanders
et al., 2005) In an elegant animal study by Kalifa et al, areas
of fractionation were demonstrated at the periphery of areas of
high dominant frequency (Kalifa et al., 2006) The proximity of
high DF and CFAE sites has also been demonstrated in high-
density mapping of human AF (Stiles et al., 2008) Of note, most
studies examining DF guided ablation have used off-line analysis,
although real-time analysis has also been reported albeit without
incremental outcome (Atienza et al., 2014) In a systematic review
of DF-based approaches, Gadenz et al concluded that DF-based
approaches are a useful marker of ablation outcome; however,
direct intervention targeting DF sites appears premature with
mixed results and too few studies (Gadenz et al., 2017) A more
recent study using a novel frequency analysis algorithm and
longer duration of AF electrograms in search for temporally
stable AF drivers has shown some promise (Kimata et al., 2018)
Ongoing work will help refine our armamentarium toward future
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targeting of high DF sites to improve outcomes (Sanders et al.,
2018).

Shannon Entropy
The detection of points of high Shannon Entropy has been
postulated as a way of mapping drivers of AF (Ganesan et al.,
2014) In particular, ablation at the point of “phase singularity” has
been shown to lead to termination of atrial fibrillation (Narayan
et al., 2012) Recordings at the center of a rotor should have
less directional information in the local bipolar electrogram than
recordings away from the center. Maximum Shannon Entropy
has been shown to be co-located at the center of rotational activity
from experimental models of atrial fibrillation (Ganesan et al.,
2014) Furthermore, Shannon Entropy of bipolar electrograms
has been shown to be consistent across models and differences
in electrode spacing, signal filtering and rotor meander (Ganesan
et al., 2014) Studies examining ablation outcome based on
Shannon Entropy guided ablation are ongoing.

With the number of promising computational approaches
seeking to gather additional information from electrograms,
some have sought to show which technique is best, or whether
a hybrid approach combining multiple approaches is superior.
Hwang et al looked at phase singularity, DF, Shannon entropy
and CFAE cycle length with subsequent ablation in 2D and
3D simulation models and found that DF-based ablation was
superior for AF termination (Hwang et al., 2016) However, no
human AF studies have been able to replicate such data and
it remains an area where computational based approaches to
electrogram analysis may yet yield insights into effective ablation
targets for human AF.

Panoramic Mapping of AF Mechanisms
Over the last decade, the field has progressed from electrogram-
based AF mapping to focus on activation and phase mapping
to detect AF drivers in the form of rotational (“rotors”) and
ectopic focal (“foci”) activations. First descriptions of rotational
activations were from studies that undertook sequential mapping
with multi-polar spiral catheter (Atienza et al., 2011; Ghoraani
et al., 2013) The Focal Impulse and Rotor Modulation (FIRM)
guided technique was the first panoramic mapping study
that showed high success rates with ablating AF drivers
(Narayan et al., 2012). Other panoramic mapping techniques
included body surface potentials mapping with inverse-solution
electrocardiographic imaging (ECGI) (Haissaguerre et al., 2014)
mapping of wavefront propagation using intracardiac multipolar
catheter (CARTOFINDER) (Honarbakhsh et al., 2018) and non-
contact mapping using a multielectrode array catheter (ENSITE)
(Yamabe et al., 2016; Lee et al., 2017). Table 1 summarizes
the different panoramic mapping techniques utilized toward
detection of AF rotors and foci.

Focal Impulse and Rotor Modulation (FIRM)
The FIRM technique is facilitated by a 64-pole basket type
catheter with phase-based signal processing to detect AF rotors or
foci. The algorithm has remained proprietary, with utilization of
electrogram data such as local refractoriness and restitution. The
initial study reported a mean of 2.1 sources (rotors or foci) per T
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patient that conserved for tens of minutes. In this study, FIRM-
guided ablation was superior to conventional ablation with 86 vs.
20% acute termination or slowing of AF, and 82.4% vs. 44.9%
freedom from AF after a median of 9 months (Narayan et al.,
2012). Further, follow-up of these patients to 3 years showed
durable success with 77.8% of the FIRM-guided ablation group
remained free of AF vs. 38.5% in the conventional group after a
mean of 1.2 procedures (Narayan et al., 2014).

However, subsequent studies have shown a wide variability
in the reported outcomes from FIRM-guided ablation. A recent
meta-analysis (10 studies, n = 527 patients) showed a pooled
estimate of single-procedure freedom from AF of only 59.2%
in non-paroxysmal AF at a mean follow-up of 12.9 months,
with a high level of heterogeneity seen among studies (I2

= 88.3%) (Parameswaran et al., 2018). The variability in
outcomes could be due to the limitations in the use of the
basket type catheter including suboptimal electrode contact or
chamber coverage where potential absence of septal coverage
and <25% of overall left atrial surface area coverage have
been reported (Pathik et al., 2018). The assumption that the
electrodes of the basket catheter are evenly spread over a
2-D grid as opposed to the actual variable spread in a 3-
D orientation may contribute to potential errors in phase-
based signal analysis of focal sources (Pathik et al., 2018).
Further, it is unclear whether electrode density or spacing
of the basket catheter may also affect detection of focal
sources (Walters et al., 2016; Kuklik et al., 2017). There are
also concerns regarding the validity of the FIRM technique
whereby comparative assessments failed to identify the same
temporally stable rotors as identified by FIRM, with absence of
distinctive electrophysiological characteristics of rotors in terms
of dominant frequency and Shannon Entropy (Benharash et al.,
2015; Halbfass et al., 2017). Several ongoing randomized trials
will provide further guidance on the utility of FIRM guided
ablation.

Electrocardiographic Imaging (ECGI)
The ECGI is a non-invasive body surface potentials mapping
technique using a 252-electrode vest with inverse solution
to derive virtual potentials on the epicardial atrial surface
localized with thoracic computed tomography. Additional signal
processing of wavelet transform and phase mapping are then
applied to detect AF sources. Initial report of ECGI mapping in
26 AF patients found mainly multiple wavelets and ectopic foci
with rare rotor activities seen in 15% only (Cuculich et al., 2010).
More recent ECGI mapping study of 103 persistent AF patients
showed a median of 4 driver regions per patient that consisted
of non-sustained repetitive rotors (median 2.6 rotations) with
substantial meandering as well as ectopic focal sources that
fired a mean of 6 times. In this study, the rotors accounted for
80.5% of all AF drivers with the remaining 19.5% consisted of
ectopic foci. Importantly, ablation of these drivers resulted in AF
termination in 80% and in these cohort of patients, AF freedom
was 85% at 1 year follow-up (Haissaguerre et al., 2014). In
addition, the ECGI data from the same group also demonstrated
increased complexity of these AF drivers with prolonged AF
duration. Specifically, longer duration of AF was associated with

increased numbers of rotors and ectopic foci, increased number
of regions with these AF drivers and extrapulmonary drivers,
such as from the infero-posterior left atrium and the anterior left
atrium/septal region. Ablation targeting these driver sites resulted
in AF termination in 70% of the persistent AF patients (Lim
et al., 2017). However, there are several shortcomings with this
mapping modality such as the inability to detect activations in
the interatrial septum or the ridge between the pulmonary vein
and left atrial appendage, reduced ability to detect low amplitude
signals as well as the inability to distinguish between micro-entry
and epicardial breakthrough activations (Cuculich et al., 2010;
Haissaguerre et al., 2014).

CARTOFINDER
This is a mapping approach that utilizes existing CARTO 3-
D electroanatomical mapping system (Biosense Webster, CA,
USA) with a module called CARTOFINDER which is still in the
development phase. The first report using this system included
13 persistent AF patients where mapping was performed with the
PentaRay catheter in both the right and left atrium. In brief, it
utilizes unipolar electrograms for phase analysis using Hilbert
Transform to detect rotors as well as bipolar electrograms for
dominant frequency analysis to gauge ablation efficacy. A mean
of 1.8 rotor domains (mean 9.2 rotations) was seen in each
patient while ablation of these sites resulted in reduction in
dominant frequency, acute termination to sinus rhythm in 2 out
of 13 patients (15%) and 1-year freedom from AF rate of 70%
(Calvo et al., 2017). In another CARTOFINDER study, activation
mapping was performed with the basket catheter in 20 persistent
patients without using phase based analysis. Here, the AF drivers
were transient (mostly ≤4 cycles) but repetitive in separate maps
while ablation of these resulted in significant effect of termination
or slowing of cycle length in 85% (Honarbakhsh et al., 2018).
More outcome data are awaited as this system matures in its
development.

Ensite Non-contact Multi-Electrode Array
Several groups have used the Ensite multi-electrode array
catheter (St Jude Medical, MN, USA) for panoramic non-contact
AF mapping (Yamabe et al., 2016; Lee et al., 2017). This is a
commercially available system that affords recording of unipolar
virtual electrograms that can be superimposed onto the 3-
D endocardial geometry to display wavefront propagation as
animated isopotential color map. Using this technique, transient
AF rotors were seen in 1 out of 15 persistent AF and 10 out of
60 paroxysmal AF patients that lasted for a mean of 6.1 s in one
study (Yamabe et al., 2016). In another study, the Ensite non-
contact mapping system failed to identify any focal sources in
15 persistent AF patients (Lee et al., 2017). There are no data
available regarding ablation of AF rotors or foci detected with this
system.

Electrophysiological Characterization of AF Drivers
The various panoramic mapping methods described above
represent intensive research in the field in search of AF driver
sites. Many studies have provided increasing insights regarding
the electrophysiological characteristics of these drivers despite
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apparent differences seen in the dynamics of AF drivers.
For example, all panoramic mapping modalities have found
AF driver sites to be non-sustained except for the FIRM
technique where AF drivers lasted for tens of minutes. The
transient nature of AF drivers is in keeping with direct contact
mapping studies in long-lasting persistent AF patients (Lee
et al., 2014; Walters et al., 2015). Nevertheless, there appears
to be agreement on the meandering nature of these drivers
that appear repetitively at similar locations in the same patient,
namely near the pulmonary vein ostia, left atrial appendages,
septum and coronary sinus-inferior left atrium. The anatomical
clustering of AF drivers is in keeping with the known importance
of structures annexed to the left atrium and the presence of
complex muscle fiber orientations at such sites (Haïssaguerre
et al., 2005).

Further analysis of the ECGI detected driver sites have
unveiled increased electrogram fractionation and their
proximity to areas with increased fibrosis as assessed by
late gadolinium-enhanced magnetic resonance imaging (LGE-
MRI) (Haissaguerre et al., 2016). However, others have not been
able to show the same relationship between AF drivers and
LGE-MRI detected fibrotic regions (Chrispin et al., 2016; Sohns
et al., 2017). Nevertheless, novel 3-D computational framework
provides evidence that AF drivers may be identifiable by a
distinct structural “fingerprints” that consist of intermediate
wall thickness, intermediate fibrosis and twisted myofiber
orientation (Zhao et al., 2017). Taken together, further work is
needed to refine our understanding of AF drivers and resolve the
differences seen in the their dynamics to guide ablative therapy.
The non-disclosures of proprietary algorithms in the detection
of AF drivers may be a major obstacle toward rapid translation
into clinical practice. Advancement in catheter technology and
design to afford better chamber coverage with higher electrode
density will also aid in the search of AF drivers amidst the
irregularly irregular atrial activations of this highly complex
arrhythmia.

Targeting Atrial Fibrosis
Atrial fibrosis is known to result in non-uniform anisotropic
impulse propagation and increased conduction heterogeneity
that may perpetuate AF by favoring re-entry and anchoring of
AF drivers (Maesen et al., 2013; Haissaguerre et al., 2016). These
structural and conduction changes have been consistently seen
in different atrial substrates such as hypertension, obesity, heart
failure, valvular heart disease, diabetes, aging and obstructive
sleep apnea (Sanders et al., 2003; Kistler et al., 2004; Kato et al.,
2006; John et al., 2008; Lau et al., 2010, 2011a, 2013b; Medi
et al., 2011; Dimitri et al., 2012; Abed et al., 2013a; Iwasaki
et al., 2014). In addition, AF itself can result in increased
atrial fibrosis in the absence of any risk factors (Stiles et al.,
2009; Verheule et al., 2013; Corradi et al., 2014). The signaling
mechanisms involved in atrial fibrosis are highly complex and
remain incompletely understood (Thanigaimani et al., 2017b).
Several agents have been studied in experimental models and
have been found to be effective in attenuating or preventing
atrial fibrosis: renin-angiotensin-aldosterone inhibitors,(Li et al.,
2001; Milliez et al., 2005) n-3 polyunsaturated fatty acids,

(Lau et al., 2011b) HMG-CoA reductase inhibitors,(Shiroshita-
Takeshita et al., 2007) and various anti-fibrotics such as tranilast,
pirfenidone and relaxin (Lee et al., 2006; Nakatani et al., 2013;
Parikh et al., 2013; Henry et al., 2016). Unfortunately, human
studies of these agents remain lacking for translation into clinical
practice.

Traditional assessment of atrial electrical changes has been
facilitated by 3-D electroanatomical maps to evaluate atrial
voltage, conduction velocity and electrogram fractionation
(Figure 1; Lau et al., 2017). Advances in cardiac imaging have
facilitated non-invasive quantification of atrial fibrosis by means
of LGE-MRI (Oakes et al., 2009). Atrial fibrosis assessed with
LGE-MRI has been shown to associate well with regions of low
bipolar left atrial voltage as determined by 3-D electroanatomical
systems (Malcolme-Lawes et al., 2013; Zghaib et al., 2018). In
addition, it has been demonstrated that the degree of atrial
fibrosis detected by LGE-MRI increased with AF persistence
and the presence of more AF risk factors (Daccarett et al.,
2011; McGann et al., 2014). Importantly, atrial fibrosis defined
by LGE-MRI has been shown to be independently associated
with AF recurrence in patients undergoing catheter ablation
in the delayed-enhancement MRI determinant of successful
radiofrequency catheter ablation of AF (DECAAF) study
(Marrouche et al., 2014). Further analysis of 177 of the DECAAF
patients who underwent repeat LGE-MRI scanning 90 days post-
ablation showed that the greater overlap of ablation induced
scarring over pre-ablation fibrosis, the better the arrhythmia
free survival (Akoum et al., 2015). Ongoing prospective multi-
center randomized controlled trial (DECAAF-II) will examine
the efficacy of targeting LGE-MRI detected atrial fibrosis in
persistent AF patients.

However, several technical challenges with LGE-MRI
detection of atrial fibrosis have been acknowledged. These
include issues such as spatial resolution given the thin atrial
walls, motion artifact especially when the patient is not in sinus
rhythm, the lack of standardized image acquisition protocols
and the all-important quantitation of the amount of LGE that
can be subjective and labor intensive even if signal intensity
thresholding was employed over visual assessment (Appelbaum
and Manning, 2014; Pontecorboli et al., 2017). It is also noted
that there remains a paucity of good quality data whereby
LGE-MRI detected atrial fibrosis or post-ablation scars have been
histologically validated (Harrison et al., 2014; McGann et al.,
2014). Therefore, it is of no surprise that the reproducibility
of LGE-MRI analysis has been questioned and the diagnostic
accuracy of this modality to detect ablation lesions has been
shown to be suboptimal (Hunter et al., 2013; Pontecorboli
et al., 2017). Alternatively, post-contrast cardiac MRI atrial
T1 relaxation time mapping has been shown to be a reliable
index of atrial fibrosis that correlated with atrial voltage and
ablation outcome (Ling et al., 2014). However, the inability
of T1 mapping technique to provide spatial distribution of
atrial fibrosis will hamper its ultimate usage to guide ablative
therapy. Hopefully, the LGE-MRI technique will mature toward
standardization of image acquisition, automation of image
analysis, improved image resolution and validation in the not too
distant future.

Frontiers in Physiology | www.frontiersin.org September 2018 | Volume 9 | Article 1158270

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Stiles et al. Substrate Ablation of Persistent AF

FIGURE 1 | Electroanatomical maps and electrophysiological changes in various AF substrates. 3-D electroanatomical maps from various AF substrates are shown

with bipolar voltage scaled from <0.05mV (red) to >5mV (purple). Points with fractionated or double potentials or scar are annotated with red, blue, and gray dots

respectively. Figure used by permission from Lau et al. (2017) © American Heart Association.

Targeting the AF Risk Factors
Despite the advances in catheter ablation technology and
strategies over the last two decades, the field has not witnessed
a significant improvement in ablation success especially in those
with persistent AF (Brooks et al., 2010; Clarnette et al., 2017).
It is well recognized that there is a long-term attrition in
sinus rhythm maintenance following initially successful catheter
ablation (Ganesan et al., 2013). In addition, progressive atrial
substrate changes have been documented in individuals despite
a successful AF ablation procedure (Teh et al., 2012). A myriad
of AF risk factors have been identified to contribute to the
progressive AF substrate and recurrences post catheter ablation
procedures. These include: aging, left atrial enlargement, heart
failure, hypertension, aortic stiffness, valvular heart disease,
obesity, pericardial fat, diabetes mellitus, dyslipidemia and
obstructive sleep apnea (de Vos et al., 2010; Ng et al., 2011; Wong
et al., 2011; Mohanty et al., 2012; Lau et al., 2013a; Jacobs et al.,
2015; Proietti et al., 2015; Wong C. X. et al., 2015; Linz et al.,
2018). Therefore, effortsmust be placed to target these risk factors
to maximize rhythm control outcome in patients with AF.

There is prospective randomized evidence showing that a
targeted weight loss intervention reduced atrial dilatation, left
ventricular hypertrophy, and AF symptom burden and severity
in highly symptomatic overweight and obese patients with AF
(Abed et al., 2013b). Tight control of systolic blood pressure
to under 130 mmHg has been shown to reduce incident and
recurrent AF in hypertensive subjects although a more recent
study reported neutral results (Thomas et al., 2008; Okin
et al., 2015; Parkash et al., 2017). Continuous positive airway
pressure therapy has been shown to improve sinus rhythm

maintenance in patients with obstructive sleep apnea undergoing
electrical cardioversion and catheter ablation (Linz et al., 2018).
A structured, physician-driven, and goal-directed weight and
risk factor management strategy has been applied in overweight
and obese patients with AF to good success, as seen in the
ARREST-AF (Aggressive Risk Factor Reduction Study for Atrial
Fibrillation and Implications for the Outcome of Ablation)
and LEGACY (Long-Term Effect of Goal Directed Weight
Management on an Atrial Fibrillation Cohort) studies (Figure 2).
In brief, this program involved weight management by dietary
modification, tailored moderate-intensity exercise to improve
cardiorespiratory fitness, targeted strict systolic blood pressure
control to <130mmHg, lipid and glycemic management aiming
for low-density lipoprotein <2.6 mmol/L and hemoglobin A1c
<6.5%, active screening and treatment of obstructive sleep apnea
with continuous positive airways pressure therapy, smoking
cessation and alcohol reduction to <3 standard drinks per week.
In addition, gain in cardiorespiratory fitness was found to confer
greater freedom from AF independent of weight loss.

Additional evidence on the benefits of exercise in AF can
be seen from the study by Malmo and co-workers with aerobic
interval training for 12 weeks (Malmo et al., 2016). Similarly,
weight and exercise intervention has been shown to confer
equivalent benefits to re-do catheter ablation in a study in
patients with post-ablation AF recurrences (Mohanty et al.,
2014). More recently, in persistent AF patients with heart failure,
a multi-center prospective randomized study has demonstrated
that additional intervention targeting the underlying conditions
with cardiac rehabilitation including physical activity, dietary
restrictions, and counseling, mineralocorticoid receptor
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FIGURE 2 | Beneficial effects of various lifestyle modifications. The benefits of lifestyle and risk factor modifications on AF-free survival are evident from these

Kaplan-Meier survival graphs: (A) Greater freedom from AF was seen with greater degree of weight loss (WL) in the LEGACY study. (B) Risk factor management (RFM)

confers greater AF-free survival following catheter ablation procedure vs. usual care in the ARREST-AF Cohort Study. (C) Gain in cardiorespiratory fitness (MET,

metabolic equivalent) confers independent and incremental AF free survival to WL in the CARDIO-FIT study.

antagonist, HMG-CoA reductase inhibitor and angiotensin
converting enzyme inhibitors and/or receptor blockers resulted
in improved sinus rhythm maintenance at 1 year (Rienstra et al.,
2018). Taken together, the mounting evidence regarding the
benefits of these lifestyle and risk factor management approaches
and their cost-effectiveness warrants their incorporation as
routine “4th pillar” of AF care to maximize outcomes (Lau et al.,
2017; Pathak et al., 2017). This can be achieved by combining the
risk factor management component with a wider integrated AF
clinic to optimize care delivery (Hendriks et al., 2012).

Future Directions
Novel computational approaches that help identify the
arrhythmogenic substrate of AF have the potential to advance
the field of AF ablation. The progression of electrogram
analysis through to dynamic substrate mapping has been
increasingly reliant on the computational approach. Recognition
that atrial microstructure is critical to the maintenance of
persistent AF should stimulate future analyses to benefit
from the increasing resolution of imaging studies, particularly
MRI. However, with increasing resolution comes reliance
on computing power and bespoke algorithms to take best
advantage of it.

As we move into the world of meta-data and wearable
technology, a computational approach to analysis of the data
may afford increased detection of AF as well as giving additional
insights to physical activity and its impact on AF incidence.
Personalized exercise and weight reduction programmes for

patients with AF delivered via smartphone technology will
integrate with aggressive risk factor management clinics.
Computational analysis of effectiveness and the consequent
outcomes for AF will no doubt be an important future
application.

CONCLUSION

Recent developments in computational approaches to ablation
of atrial fibrillation have focused on identifying drivers for the
perpetuation of this arrhythmia. The future of detecting critical
sites for ablation depends largely on a computational approach.
However, large data analyses may also play a role in lifestyle
adjustment which is now recognized to be an important part of a
comprehensive patient management programme for AF.
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Catheter ablation is a curative therapeutic approach for atrial fibrillation (AF). Ablation

of rotational sources based on basket catheter measurements has been proposed

as a promising approach in patients with persistent AF to complement pulmonary

vein isolation. However, clinically reported success rates are equivocal calling for a

mechanistic investigation under controlled conditions. We present a computational

framework to benchmark ablation strategies considering the whole cycle from excitation

propagation to electrogram acquisition and processing to virtual therapy. Fibrillation

was induced in a patient-specific 3D volumetric model of the left atrium, which

was homogeneously remodeled to sustain reentry. The resulting extracellular potential

field was sampled using models of grid catheters as well as realistically deformed

basket catheters considering the specific atrial anatomy. The virtual electrograms were

processed to compute phase singularity density maps to target rotor tips with up to

three circular ablations. Stable rotors were successfully induced in different regions

of the homogeneously remodeled atrium showing that rotors are not constrained to

unique anatomical structures or locations. Density maps of rotor tip trajectories correctly

identified and located the rotors (deviation < 10mm) based on catheter recordings

only for sufficient resolution (inter-electrode distance ≤3mm) and proximity to the wall

(≤10mm). Targeting rotor sites with ablation did not stop reentries in the homogeneously

remodeled atria independent from lesion size (1–7mm radius), from linearly connecting

lesions with anatomical obstacles, and from the number of rotors targeted sequentially

(≤3). Our results show that phase maps derived from intracardiac electrograms can

be a powerful tool to map atrial activation patterns, yet they can also be misleading

due to inaccurate localization of the rotor tip depending on electrode resolution and

distance to the wall. This should be considered to avoid ablating regions that are in

fact free of rotor sources of AF. In our experience, ablation of rotor sites was not

successful to stop fibrillation. Our comprehensive simulation framework provides the

means to holistically benchmark ablation strategies in silico under consideration of all

steps involved in electrogram-based therapy and, in future, could be used to study more

heterogeneously remodeled disease states as well.

Keywords: atrial fibrillation, ablation, basket catheter, computational modeling, rotor

277

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2018.01251
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2018.01251&domain=pdf&date_stamp=2018-09-21
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:publications@ibt.kit.edu
https://doi.org/10.3389/fphys.2018.01251
https://www.frontiersin.org/articles/10.3389/fphys.2018.01251/full
http://loop.frontiersin.org/people/581945/overview
http://loop.frontiersin.org/people/581924/overview
http://loop.frontiersin.org/people/24963/overview
http://loop.frontiersin.org/people/556319/overview
http://loop.frontiersin.org/people/267381/overview
http://loop.frontiersin.org/people/65644/overview


Alessandrini et al. Computational Basket Catheter Guided Ablation

INTRODUCTION

Atrial fibrillation (AF) is one of the major health challenges
that modern societies are facing. AF is projected to develop in
25% of currently 40-year-old adults in their later life (Schnabel
et al., 2015). Catheter ablation of the pulmonary veins (PVs)
is the cornerstone of curative AF therapy and effective in 75%
of patients with paroxysmal AF (Kuck et al., 2016). However,
isolation of the PVs alone for persistent/permanent AF or AF
with concurrent cardiac diseases is not sufficient in about half
of the patients (Verma et al., 2015). Regrettably, several other
ablation approaches did not yield better results in persistent AF
patients in the large STAR AF II trial (Verma et al., 2015). Hence,
the optimal ablation strategy for persistent AF patients remains
an open question.

Lately, it has been suggested that AFmay be driven by discrete
reentrant drivers (Narayan et al., 2014; Haissaguerre et al.,
2016). Ablation of rotational centers, so-called rotors, guided
by electrograms acquired with basket catheters has attracted
attention. However, the reported success rates are equivocal
ranging from 21 to 82% (Narayan et al., 2014; Buch et al.,
2016; Dukkipati and Reddy, 2017; Miller et al., 2017; Mohanty
et al., 2018) demanding mechanistic investigation of this tailored
ablation approach (Loewe and Dössel, 2017; Trayanova et al.,
2018).

We present a framework to computationally evaluate basket
catheter guided ablation mechanistically under controlled
conditions. We tested this approach using an anatomically
personalized model of a human AF patient. This study builds on
our previous work (Alessandrini et al., 2017), which is extended
in several ways: the sensitivity of the rotor trajectory estimated
from catheter signals to the distance between the catheter and
the atrial wall is studied; simulated acquisitions of a realistic
Constellation basket catheter are considered in addition to simple
2D grid catheters; the basket-guided FIRM ablation protocol is
simulated including the treatment by implementing up to three
successive ablations.

MATERIALS AND METHODS

Clinical Data
Magnetic resonance (MR) was used to image the atria of one
paroxysmal AF patient selected for radio-frequency ablation.
A 1.5 T MR scanner (Achieva, Philips Medical System) was
used with a 3D spoiled gradient recalled sequence. Contrast
enhanced 3D MR angiographic (MRA) images were acquired
(echo time: 1.12ms, repetition time: 3.74ms, flip angle: 25◦,
in-plane resolution 0.7 × 0.7 mm2 and slice thickness 3mm
with 1.5mm overlap) with gadolinium injection of 0.1 mmol/kg
followed by a 20ml saline flush. Acquisition was ECG triggered
and in breath hold. The study was approved by the Ethics
IRST, IRCCS AVR Committee (CEIIAV n. 1456 prot. 6076/2015
I.5/220). Informed consent was obtained from the subject.

Anatomical Model
Left atrial (LA) blood pool, LA appendage (LAA) and the
four pulmonary veins (PVs) were segmented semi-automatically

from the MRA data using in-house software (Valinoti et al.,
2018). The 3D segmentation was obtained by stacking 2D
segmentations along the cross-slice direction. The segmented
volume was resampled at a uniform voxel size of 0.33 × 0.33
× 0.33 mm3. Gaussian smoothing was employed to remove the
staircase artifacts coming from the anisotropic voxel size of the
MR system. The atrial epicardium was obtained by extruding
the endocardial segmentation to a uniform wall thickness of
3mm (Platonov et al., 2008; Krueger et al., 2013b). The LA
model was augmented with myofiber directions in each cell of
the anatomical model using a rule-based algorithm (Wachter
et al., 2015). Hereto, a set of 13 anatomical landmarks was
manually identified on the LA surface and used to identify the
main fiber bundles. The resulting fiber distribution is illustrated
in Figure 1. The same algorithm was used to label relevant tissue
classes: atrial body, PVs, LAA and mitral valve ring (Krueger
et al., 2013a). Additionally, Bachmann bundle and fossa ovalis
were annotated manually and used to simulate sinus rhythm
activation, as discussed in the following. Tissue classes are
illustrated in Figure 2. Ablation lesions were modeled as non-
conducting transmural structures.

Simulating Atrial Activation
The monodomain model was used to simulate excitation
propagation in the LA based on a heterogeneous version
(Loewe et al., 2015) of the Courtemanche membrane model
(Courtemanche et al., 1998) accounting for AF related ionic
remodeling (Loewe et al., 2014). The monodomain conductivity
and its anisotropy were set as in (Loewe et al., 2015) besides
altering the common LA properties homogeneously to account
for AF-induced remodeling (reduced conductivity 8.9 mS/m
and increased anisotropy of 10). Sinus activation was simulated
by pacing the model at the insertion point of the Bachmann
bundle and at the Fossa Ovalis with a physiological delay of
26ms (Loewe et al., 2016). In order to initiate reentry, an extra
stimulus was placed in a circular area with a radius of 5mm.
By changing the location of this area it was possible, in several
cases, to cause unidirectional block and subsequent reentry
(see Results). Transmembrane voltages and current densities
were computed by the monodomain reaction-diffusion solver
acCELLerate (Seemann et al., 2010; Niederer et al., 2011) using a
finite element scheme. The ordinary differential equations of the
cell model were integrated using the Rush-Larsen scheme for the
gating variables and a forward Euler scheme for the remaining
variables. Constant time stepping of 20 µs was used. The
membrane models were initialized in a single cell environment
to reach steady-state at a basic cycle length of 800ms.

Multielectrode Catheters
Grid Catheters

To study the sensitivity of rotor tracking to spatial sampling
density (i.e., intra-electrode distance) and distance to the atrial
wall, we employed two “toy” catheters. The two catheters were
obtained by positioning 9 × 9 (respectively, 5 × 5) electrodes
on a square grid with an inter-electrode distance of 3mm
(respectively, 6mm), as shown in Figure 3. As such, the total
size of the 2D patch was 24 × 24 mm2 in both setups. The 2D
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FIGURE 1 | Anatomical model with annotated fiber bundles. In (A) the inferior wall is shown, in (B) the anterior/septal wall is shown.

FIGURE 2 | Inferior (A) and antero-septal (B) aspect of the anatomical model with tissue classes. LA bulk, Bachmann’s bundle insertion point (BB), fossa ovalis (FO),

left atrial appendage (LAA), mitral valve ring (MVR), right inferior pulmonary vein (RIPV), right superior pulmonary vein (RSPV), left inferior pulmonary vein (LIPV) left

superior pulmonary vein (LSPV). The three circular regions in which the extra stimuli were applied to initiate reentry in the three simulated AF scenarios are indicated

as well.

grid catheters were then positioned in the 3D atrial model such
that the tissue region of interest was covered at a given distance
from the atrial wall. Catheter positioning was implemented as
follows. An initial 3D rigid transform was employed to align the
grid catheter with a given region of interest. Hereto, the center
point of the desired region of interest was selected manually on
the atrial endocardium and used as origin of the local coordinate
system. The set of endocardial mesh nodes falling within a radius
of 5mm from the selected point were then used to fit a 2D plane
and, hence, define the 3 axes of the local coordinate system: two
tangential to the endocardial surface and one perpendicular to it.
After 3D rotation, the catheter was adapted to the specific atrial
shape by repositioning each electrode to its closest position on the
atrial endocardium. Tomodify the distance between the electrode
and the atrial wall, all electrodes were moved rigidly along the
inwards normal direction defined by the local coordinate system
used for rotation.

Basket Catheters

We used the algorithm presented in Oesterlein et al. (2016) to
position a simulated basket catheter inside the specific atrial
anatomy. In brief, a set of Frenet-Serret parameterized spline

pairs of a given size are deformed to minimize the inner tension
energy while fulfilling the constraints posed by the atrial surface
as well as the distal and proximal end of the basket catheter. We
chose the Constellation basket size that best fit our geometry.
Hereto, a commercially available 48mm basket with 8 splines
and 4mm inter-electrode spacing was positioned inside the
atrial geometry. The position was optimized with the objective
of maximizing the coverage of the rotor trajectory with basket
electrodes. The basket catheter is illustrated in Figure 4.

Simulated Electrograms
Unipolar electrograms (EGMs) φ (x, t) at point electrode
positions x were computed from the monodomain current
density distributions I (x, t) under the simplifying assumption of
an unbounded volume conductor:

φ (x, t) =
1

4πσ

∑

V

I(xi, t)

‖xi − x‖

where σ is the electrical conductivity of the volume conductor,
x is the sampling position (i.e., the electrode position), xi is the
coordinate of the ith cell of the atrial mesh and V comprises the
whole atrial wall. Simulated EGMs were sampled at 1 kHz.
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FIGURE 3 | Simulated grid catheters. In (A) the catheter with a 3mm inter-electrode spacing. In (B) the catheter with a 6mm inter-electrode spacing. In both cases,

four catheters are illustrated corresponding to a distance to the atrial wall of 0mm (lightest blue), 5, 10, and 15mm (darkest blue).

FIGURE 4 | Simulated basket catheter within the LA geometry. Yellow dots

denote the 64 electrodes of the catheter. Blue lines illustrate the catheter’s

splines. One and two red dots indicate the proximal end of spline A and spline

B, respectively.

Rotor Tracking From Multi-Electrode

Acquisitions
We used the method presented in Valinoti et al. (2017) to detect
and track electrical reentries from the simulated electrograms.
Briefly, rotor detection is based on the concept of phase
singularities (PS). Hereto, the simulated electrograms were first
converted into phase signals by using a modified version of the
sinusoidal recomposition approach (Kuklik et al., 2015). The
extracted phase values where then mapped from the electrode
positions to the 3D geometry by nearest neighbor interpolation
with a cut-off value of 13mm. The algorithm then looked for
closed loops with monotonically increasing/decreasing phase
values and a jump of at leastπ as per definition of a PS. The search
was progressively extended to neighboring regions, i.e., sharing
an interface in the 3D reconstruction. Rotors were identified by
tracking the persistence of PS in the same region in subsequent

time frames. The PS persistence was estimated considering a
threshold on the maximum distance between the coordinates of
its location estimated frame by frame. The threshold was fixed at
8mm for the 3mm grid, 17mm for the 6mm grid and 20mm for
the basket. As such, a tip trajectory was estimated for each rotor
in each of the simulations and the rotor with the longest lifespan
was considered as ablation target.

Trajectory Density Maps and Evaluation of

Tracking Accuracy
The ground truth rotor tip trajectory was tracked from the high
resolution electrical activation maps. Hereto, the transmembrane
potential time courses Vm(t, xi) of each vertex xi were converted
into phase signals by computing the phase of the complex-valued
analytical signal z(t, xi):

z (t, xi) = Vm (t, xi) + jH{Vm (t, xi)},

with H{} being the Hilbert transform and j being the imaginary
unit. The rotor tip was identified as a singularity in the
reconstructed phase maps. Tracking accuracy was then assessed
by comparing the trajectory estimated by the tracking algorithm
vs. the ground truth. Hereto, instead of a pointwise comparison
of the two trajectories, we used “trajectory density maps” as a
way to represent temporal persistence of a rotor in a given atrial
region over a given time interval 1t. If we denote by y(tj) the
rotor tip position at time tj, then the density value di at a mesh
node xi was computed as:

di = A ·

∑

tj∈1t

f
(∥

∥y(tj)− xi
∥

∥

)

, with f (z) = e−z2/2σ 2

where σ defines the spatial extent of the smoothing kernel f. A
is used to normalize peak density to one. In this study, we used
an integrating time interval 1t = 2 s and σ = 3mm. Hence,
tracking accuracy was evaluated by comparing the position of the
peak in the estimated trajectory map d vs. the ground truth one
as ultimately, peak density was used to guide rotor ablation, as
described in the following.
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Simulated Rotor-Ablation Protocol
Radiofrequency ablation was simulated by setting zero
conductivities (longitudinal and transverse) for mesh elements
pertaining to the ablation lesions (circular regions of 7mm
radius Bayer et al., 2016, unless otherwise specified). For a given
tissue simulation and positioning of the multi-electrode catheter,
rotor-driven ablation was simulated by repeating the following
steps:

• EGM signal recordings were simulated for a period of 2 s, as
described in section Simulated electrograms;

• The rotor trajectory was reconstructed from the simulated
EGM signals with the custom rotor tracking algorithm, as
described in section Rotor tracking from multi-electrode
acquisitions;

• The trajectory density map was computed from the estimated
rotor trajectory, as described in section Trajectory density
maps and evaluation of tracking accuracy;

• The circular ablation site was centered in the maximum of the
estimated density map;

As such, up to three ablations were incrementally applied.

RESULTS

Simulation of Rotor-Based Sustained Atrial

Activation
Using the methods described in section Simulating atrial
activation it was possible to induce complex propagation
patterns maintained by stable rotors. In particular, we obtained
three different sustained patterns by changing the location
of the extra stimulus applied to induce reentry: one at the
inferior wall (“Simulation Inferior,” Supplemental Video 1); one
at the posterior wall toward the roof (“Simulation Posterior,”
Supplemental Video 2); one at the roof (“Simulation Roof,”
Supplemental Video 3). The position of the extra stimulus used
to induce reentry in the three cases is illustrated in Figure 2.

In all cases, this procedure generated “figure of eight” reentries
(i.e., two reentries with opposite chirality). In Simulation Inferior

the counter-clockwise rotor was located in the low posterior
wall moving toward the septum below the right inferior PV in
the last part of the simulation. The clockwise rotor was stably
located at the septum, above the mitral valve. In Simulation
Posterior a rather stable figure of eight was formed by two
highly interacting opposite reentries, which were located close
to each other: one on the high posterior wall roughly midway
between the right and left inferior PVs and the second one
on the roof toward the left superior PV. At t = 1.05 s, a
second figure of eight appeared at the septum, below the
right superior PV. In Simulation Roof, one counter-clockwise
reentry was stable in the high part of the anterior wall while
a clockwise reentry was initially centered at the roof toward
the right PVs. At time t = 0.8 s, a third, clockwise, reentry
started below the right superior PV, most likely due to wavebreak
caused by the local change in fiber direction. Consequently,
the second reentry gradually shifted toward the posterior wall
and vanished, while a stable figure of eight was formed by
the first and third reentries. Representative screenshots are
shown in Figure 5 while the videos are provided in the
Supplemental Material.

Simulation of Grid Catheters: Effect of

Electrode-Wall Distance and

Inter-Electrode Distance on Rotor Tracking
For each of the three simulated excitation patterns, we computed
the electrograms and the corresponding phase maps from eight
grid catheters, characterized by different inter-electrode spacing
(3/6mm) and distances to the atrial wall [0mm (i.e., in contact),
5, 10, and 15mm]. Example of simulated EGM signals for
the 6mm catheter from Simulation Inferior are illustrated in
Figure 6. The grid catheters were positioned to cover as much
as possible of the ground truth rotor trajectory and were used
to assess the rotor tracking algorithm’s sensitivity to electrode
spacing and wall distance.

The estimated rotor tip density maps in the case of Simulation
Inferior are shown in Figure 7 (3mm inter-electrode spacing)
and Figure 8 (6mm inter-electrode spacing). Due to the

FIGURE 5 | Representative screenshots of the three AF simulations considered with reentries indicated by black arrows. Color encodes the transmembrane voltage

Vm. A counter-clockwise rotor is located on the low posterior wall in Simulation Inferior (A), a figure of eight pattern is present on the roof of Simulation Posterior

(B) and a counter-clockwise reentry on the high anterior wall and a clockwise reentry below the right superior PV is present in Simulation Roof (C).
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FIGURE 6 | Simulated EGM signals. (A) Computational geometry with the 25 electrodes of the 6mm grid catheter. Electrodes for which the EGM signals are

displayed are colored in red. They are numbered in counter-clockwise order following the direction of rotation of the simulated rotor. (B) The simulated EGM signals

computed for the electrodes colored in red on the first 2 s of Simulation Inferior. The y axis of (B) reports the electrode number. The red arrow in (B) indicates the time

at which the extra stimulus was applied to induce reentry.

FIGURE 7 | Density maps of rotor tip trajectory reconstructed by the 3mm grid catheter at different distances from the atrial wall in Simulation Inferior. (A) Ground

truth density map; (B) 3mm grid catheter in contact; (C) 3mm grid catheter at 5mm from the wall; (D) 3mm grid catheter at 10mm from the wall. Color encodes the

trajectory density value.

reduction of the spatial resolution of the electrical activity by
sampling with a limited number of electrodes, several spurious
peaks in the rotor tip density maps were observed. Nevertheless,
when the distance from the atrial wall was below 10mm, it
was possible to correctly locate the maximum peak density

(error < 9mm) using the 3mm inter-electrode spacing catheter
(Figure 7).

On the contrary, when using 6mm inter-electrode spacing, a
systematic error (>11mm) in the location of the density peak
was observed independently of the distance from the atrial wall
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(Figure 8). The accuracy of the rotor tracking algorithm on all
three simulated activation patterns is presented in Table 1.

Simulation of Sequential Ablation of Rotors

Based on Basket Catheter Mapping
For each simulation, the acquisition from a realistic basket
geometry (cf. section Basket catheters) was analyzed to locate
rotors as potential targets for ablation.

Simulation Inferior

The sustained activity (Supplemental Videos 1, 4) was mapped
with the basket catheter (Figure 4) and the corresponding rotor
tip density map (Figure 9A, mid) correctly located a peak at
the low posterior wall, where one of the driving rotors was
meandering. While only a smaller amplitude peak in the density
map was found in correspondence of the septal rotor. The highest
peak was targeted with circular tissue ablation (Figure 9A, mid),
which caused a reentry around the lesion first, which was

then (at t = 2.5 s) overdriven by the second rotor located in
the septum above the mitral valve, which was unaffected by
this ablation (Supplemental Video 5). An illustrative screenshot
showing the stable rotor on the septum is depicted in Figure 9B

(left).
We then tested the effect of ablation lesion size. By reducing

the dimension of the circular lesion, it was possible to change
its interaction with the reentry, however without stopping it. A
3.5mm radius lesion was the smallest one which caused reentry
around the lesion (Supplemental Video 6). A 2mm radius lesion
interacted with the spiral but was too small to sustain the reentry
around it; the reentry extended inferior-septally and toward the
roof to form a larger functional obstacle first. Later on, the core
moved toward the roof and the lesion did not play a role anymore
(Supplemental Video 7). A 1mm radius lesion did not affect the
reentry at all (Supplemental Video 8).

The stable rotor in the septum, which became dominant
after the first ablation (Supplemental Video 5) was then mapped

FIGURE 8 | Density maps of rotor tip trajectory reconstructed by the 6mm grid catheter at different distances from the atrial wall in Simulation Inferior. (A) Ground

truth density map; (B) 6mm grid catheter in contact; (C) 6mm grid catheter at 5mm from the wall; (D) 6mm grid catheter at 10mm from the wall. Color encodes the

trajectory density value.

TABLE 1 | Peak to peak distance (in mm) between ground truth and estimated rotor density map from grid catheter with different resolution (3 or 6mm inter-electrode

distance) and distance from the atrial wall.

Distance from the atrial wall

0mm

(contact)

5 mm 10 mm 15 mm

Grid resolution 3mm 1.2

(0.9/1.7/1.9)

5

(0.6/3.9/ 0.5)

8.4

(8.9/3.9/12.4)

11.5

(11.7/9.0/13.8)

6mm 11.8

(12.9/15.8/6.6)

10.3

(12.6/6.0/12.3)

12.1

(11.7/6.5/18.2)

16.4

(16.0/18.5/14.6)

Distances are given as average value and individual values for all three excitation patterns (Simulation Inferior/Simulation Posterior/Simulation Roof), for each distance-resolution

combination.
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FIGURE 9 | Simulated ablation of Simulation Inferior. Two reentries are present before ablation: one in the posterior wall (A, left) and one in the septum (not visible from

this view, see Supplemental Video 4). The basket-reconstructed density map identifies the first reentry (A, mid) which is ablated with a circular region (A, right,

dashed white circle). After ablation, AF is sustained by the second reentry in the septum (B, left), which is mapped (B, mid) and ablated (B, right, dashed white circle).

Two coupled reentries arose around the anatomical obstacles formed by the two lesions induced by sequential ablation (see Supplemental Videos 4–11). Color

code is identical to Figure 5 (left and right) and Figure 7 (mid).

again with the 8-spline basket (Figure 4). In this case, the
localization of the rotor tip based on the density map was less
precise (Figure 9B, mid), probably due to the low-resolution
basket coverage of the rotor. The peak of the density map was
targeted by a second circular ablation (Figure 9B, right). This
second ablation (Supplemental Video 9) led back to a pattern
similar to the initial one: two coupled (figure of eight) reentries
arose around the anatomical obstacles formed by the two lesions
induced by sequential ablation.

Linear lesions toward anatomical obstacles were tested in
order to stop reentry but were unsuccessful. A linear ablation
connecting the lesion at the septum with the mitral valve was
able to stop the reentry anchored around that lesion but did not
affect the reentry around the other lesion, therefore it was not
sufficient to stop sustained activity (Supplemental Video 10).
An additional linear ablation connecting the lesion at the low
posterior wall with the right inferior PV induced a combined
larger reentry around the two lesions and the anatomical
obstacles (Supplemental Video 11).

Simulation Posterior

The sustained activity shown in Supplemental Video 2 was
mapped with the basket catheter (Figure 4); the corresponding
rotor tip density map (Figure 10A, mid) correctly pinpoints a
peak at the roof, where one of the driving rotors was meandering.
This peak was targeted by a circular ablation (Figure 10A,
right), which stopped the reentry without affecting neither the

coupled reentry nor the other figure of eight located at the
septum (Supplemental Video 12). Illustrative screenshots after
the ablation are shown in Figure 10A (right) and Figure 10B

(left). The atrium was mapped again with the 8-spline basket
(Figure 4), in the attempt to locate the second rotor at the
roof as a target for ablation. But it was not possible, based on
the density map, to precisely locate the rotor tip. Indeed, the
peak was clearly shifted to the left, toward the left PVs, with
respect to the actual rotor tip (Figure 10B, mid). By trusting
the results of the low-resolution catheter map, i.e., ablating a
circular region centered in the position of the density peak, it
was not possible to stop the second rotor, which indeed kept
rotating close to the rather narrow space between the two lesions
(Figure 10B, left, and Supplemental Video 13). However, after
the second ablation, the rotor moved slightly toward the anterior
wall leading to a collision with one of the two rotors at the
septum. At the end, only two coupled rotors survived. When a
third rotor-guided ablation was performed as intended in the
FIRM protocol (Figure 10C and Supplemental Video 14), the
sustained activity did not stop. The rotors moved slightly and
after a transient phase, two reentries became stable: a rotor in
the anterior wall and an anatomical reentry around the right
superior PV.

Simulation Roof

The sustained activity shown in Supplemental Video 3

was mapped with the basket catheter (Figure 4) and the
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FIGURE 10 | Simulated ablation of Simulation Posterior. Three ablations are applied incrementally. First ablation correctly identifies one reentry in the right portion of

the roof and stopped it (A). The second ablation was not precisely targeted to the coupled reentry and was not able to stop it (B). The third ablation was completely

mistargeted due to incorrect, low resolution mapping (C) (see Supplemental Videos 2, 12–14). Color code is identical to Figure 5 (left and right) and Figure 7 (mid).

corresponding rotor tip density map (Figure 11A, Mid) correctly
pinpoints a peak below the right superior PV, where one of
the driving rotor was meandering. This peak was targeted by a
circular ablation, which stopped this reentry. One rotor remained
at the anterior wall while a second one appeared at the right
inferior PV (Supplemental Video 15). An illustrative screenshot
after the ablation is shown in Figure 11A (Left).

The atrium was mapped again with the basket (Figure 4) to
locate the rotor at the anterior wall as a target for ablation.
After the second ablation, the targeted rotor was stopped
(Figure 11B); after an initial reentry around the anatomical
obstacles produced by the ablations the disorganized activity in
the entire atrium was driven by the rotor at the right inferior PV
(Supplemental Video 16). Due to its position, within the initial
tract of the PV, it was not possible to map this rotor with the
basket catheter.

DISCUSSION

Main Findings
The accuracy of localizing rotors using multielectrode catheters

and the efficacy of ablating the derived targets cannot be easily

assessed in vivo, since the actual fibrillatory activation patterns

are not known in great detail in clinical practice. We have

implemented a computational framework to benchmark basket

catheter guided ablation in silico.

Our results show that (i) in a simulated homogeneously

remodeled atrium, stable rotors can be induced in different
regions, depending on the timing and the location of an extra

stimulus; this means that rotors are not constrained to unique

anatomical structures or locations; (ii) Rotors may be identified
and located with clinically sufficient accuracy by phase maps built
from basket catheter recordings only if resolution and distance
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FIGURE 11 | Simulated ablation of Simulation Roof. Two coupled reentries are present before ablation (A, left). The basket-reconstructed density map identifies one of

them (A, mid) which is ablated with a circular region (A, right, dashed white circle). After ablation, AF is sustained by the second reentry (B, left), which is mapped (B,

mid) and ablated (B, right, dashed white circle). The targeted rotor was stopped but the atrium was then driven by a rotor at the right inferior PV (see

Supplemental Videos 3, 15, 16). Color code is identical to Figure 5 (left and right) and Figure 7 (middle).

from the wall are appropriate; (iii) Ablation of rotor sites does
not stop reentry in homogeneously remodeled atria.

Simulation of Rotor-Based Sustained Atrial

Activation
It was possible to induce rotor-based sustained atrial activity
by using a model that does not take into account transmural
heterogeneity/uncoupling nor the presence of fibrosis. Not
considering these effects is of course a limitation of the model
and further studies with more detailed models are warranted.
On the other hand, our results demonstrate that such elements
are not strictly needed in order to obtain stable rotors in
human atria and that stable rotors are not unique patterns
constrained by the presence of a specific heterogeneous substrate.
Zhao et al. (2017) used a 3D human heart-specific atrial model
integrating local wall thickness and transmural fibrosis data
and found that reentrant AF drivers were uninducible when
fibrosis and myofiber anisotropy were removed from the model.
Taken together these results suggest that myofiber anisotropy,
which was included in our model too, can be the key factor for
inducibility. On the other hand, also the patient-specific anatomy
or the different pacing protocols used to induce the reentrant
activity might play a role. In particular, in a preliminary study
we were not able to induce reentry by using a single point burst
pacing protocol.

In our hands, while keeping exactly the same substrate, stable
rotors were induced in multiple different positions of the left

atrium. Thus, it is not surprising that ablation of the rotor core
might be unsuccessful since rotors can move or arise somewhere
else in the atrium. In many computational studies, this aspect
was not investigated since only one sustained activation pattern
was analyzed (e.g., Martinez-Mateu et al., 2018) or different
patterns were induced by changing the underlying substrate
(e.g., Vigmond et al., 2004 by changing the acetylcholine level).
However, in some previous studies (McDowell et al., 2012;
Gonzales et al., 2014; Krueger et al., 2014; Zhao et al., 2017) rotors
were shown to be sustained and stabilized by fibrosis, and more
recently a relationship between fibrosis and reentrant activity has
been clinically reported (Cochet et al., 2018). Nevertheless, the
causal effect and the impact of fibrosis on the ablation success rate
is not completely clarified yet and deserves further studies. With
this study, we contribute insight based on a simple structural
model with a limited number of free parameters, which can be
well controlled and analyzed.

Simulation of Electrogram Acquisition:

Effect of Electrode-Wall Distance and

Inter-electrode Distance on Rotor Tracking
Rotors in our simulations were not perfectly stable in space, some
meandering was always observed. However, by tracking their
movement, a quite concentrated ground truth core trajectory
density was observed (Figures 7, 8, Top Left). Conversely,
when looking at the estimated core trajectory density based on
simulated electrogram recordings, a number of spurious peaks
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were always present (Figures 8, 9) even for catheters in contact
with or close to the endocardial wall. This is mainly due to the
discretization, i.e., the low resolution of the EGM acquisition as
shown by Roney et al. (2017). Different kinds of interpolation
were suggested to increase the apparent spatial EGM sampling
resolution and therefore the resolution of the estimated phase
map. We preferred not to interpolate for two reasons: (i) It
has recently been shown in a simulation setting quite similar to
ours that interpolation between electrodes can generate artifact
“phantom” rotors (Martinez-Mateu et al., 2018). (ii) We wanted
to reproduce phase maps similar to those clinically available in
the Topera format with the relevant difference that maps are
directly computed on a patient-specific atrial anatomy rather
than a fixed isotropic 8 × 8 grid (Oesterlein et al., 2016). Due
to the observed dispersion of estimated core trajectories, it seems
important to rely on an integral measure such as the density peak
over time.

Localization of rotors worked well (i.e., with errors less or
equal to the dimension of a lesion produced by the ablating
catheter in a real procedure) for inter-electrode spacing of 3mm
and distances to the wall below 10mm. This is in agreement
with the recent observations by Martinez-Mateu et al. (2018)
that rotor detection by the basket maps varied depending on
the basket’s position and the electrode-wall distance. While it
is difficult to establish a cut-off threshold for these parameters,
two warnings can be derived for clinical panoramic mapping
with basket catheters: (i) it is important to include an estimate
of the distance of each electrode from the wall when estimating
the phase map in order to exclude those too far to give reliable
contributions, (ii) the commercially available basket catheters
seem not to assure a sufficient resolution if used in the fully
open position to simultaneously acquire EGMs from (almost) the
entire atrial chamber.

Simulation of Sequential Ablation of Rotors

Based on Basket Catheter Mapping
We found that ablation of rotor sites did not stop reentry
in homogeneously remodeled atria. This was observed for all
three reentry scenarios and independent from lesion size. By
computing the phasemaps and then the rotor trajectories directly
on the atrial anatomy, it was possible to define the targets for
rotor ablation very precisely. This could prove to be better than
analysing and visualizing the phase map in a two-dimensional
surface and then manually locate the ablation target on the atrial
anatomy (Oesterlein et al., 2016). Indeed, as shown in one of
our simulated scenarios (Simulation Posterior), relatively modest
errors in rotor localization might lead to ablation with no effect
on the rotor itself. This underlines the importance of sufficient
spatial resolution and coverage when using panoramic mapping
to guide rotor ablation.

Several AF ablation strategies have been studied using
computational models as reviewed by Zhao et al. (2015) and
Jacquemet (2016). Besides rotor ablation, sites of local electrical
dyssynchrony have recently been studied as potential targets for
ablation in silico (Kuklik et al., 2016). Compared to previous
in silico studies of rotor ablation (McDowell et al., 2012, 2015;

Gonzales et al., 2014; Krueger et al., 2014; Ugarte et al., 2015;
Bayer et al., 2016; Hwang et al., 2016; Zahid et al., 2016; Lim et al.,
2017), the work presented here is, to the best of our knowledge,
the first which considers the full workflow from signal acquisition
using realistic catheter models via rotor tip estimation to virtual
ablation.

While most previous studies considered spatial fibrosis
distribution (McDowell et al., 2012, 2015; Gonzales et al.,
2014; Krueger et al., 2014; Bayer et al., 2016; Zahid et al.,
2016), we chose to focus on the basic mechanisms in a
homogeneously remodeled substrate. Lim et al. (2017) chose
a similar homogeneous approach, however high dominant
frequency regions were targeted instead of rotors. Ugarte et al.
(2015) only considered linear ablation patterns. Hwang et al.
(2016) targeted rotors with virtual ablation in 2D and 3D models
and obtained similar results. Sequential phase singularity-based
ablation with a radius of 1mm up to a maximum ablated area
of 5% of the LA did not stop the arrhythmia. Instead, the rotor
turned to a reentry encircling the ablated area. Combination
of these findings is well in line with our results (observing
sustained reentry with both permanent and transient anchoring
to ablation lesions) as well as clinical data reporting that the
majority of atrial tachycardias in patients undergoing a repeat
procedure after prior FIRM guided ablation appeared to have
little relationship to previous FIRM ablation sites (Latanich et al.,
2018).

Limitations
The model employed in this study has several limitations.
While considering gross anatomy and well-established atrial
electrophysiology and structure, heterogeneous fibrosis
distribution and transmural uncoupling are relevant factors
that were intentionally neglected in this study. Both these aspects
are integral aspects of current hypotheses on AF mechanisms
(Schotten et al., 2016) and can lead to spatially heterogeneous
alterations of conductive and ionic properties. However, we
chose to focus on studying the fundamental principles in a
simple setting of homogeneous remodeling, first. Moreover,
variability in the LA anatomy as well as the interplay between
excitations in the left and right atrium are beyond the scope of
this study. Moreover, the algorithm for phase analysis in (cf.
section Rotor tracking from multi-electrode acquisitions) might
decrease its accuracy in the case of fractionated electrograms,
since sinusoidal recomposition is expected to result in a single
phase inversion detection in correspondence of a local atrial
activation characterized by two deflections or more. However,
this evaluation falls out of the scope of this paper.

Despite these limitations, our work can be considered
a promising starting point to build a clinically relevant
computational framework to benchmark basket catheter guided
ablation and allows, in its present form, to investigate and discuss
basic relations.

CONCLUSION

We presented a simulation framework covering the whole
cycle from excitation propagation to electrogram acquisition
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and processing to virtual ablation. The application to basket
catheter guided rotor ablation suggests that local ablation
of rotor tips does not terminate reentry in homogeneously
remodeled atria. While phase maps based on intracardiac
catheter electrograms are a powerful tool to map atrial
activation patterns, they can also mislead physicians due to
inaccurate localization of the rotor tip depending on electrode
resolution and distance to the wall. This might entail ablation
in atrial regions that are in fact free of rotor sources
of AF.
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Introduction: Catheter ablation (CA) is a common treatment for atrial fibrillation
(AF), but the knowledge of optimal ablation sites, and hence clinical outcomes,
are suboptimal. Increasing evidence suggest that ablation strategies based on
patient-specific substrates information, such as distributions of fibrosis and atrial wall
thickness (AWT), may be used to improve therapy. We hypothesized that competing
influences of large AWT gradients and fibrotic patches on conductive properties of atrial
tissue can determine locations of re-entrant drivers (RDs) sustaining AF.

Methods: Two sets of models were used: (1) a simple model of 3D atrial tissue
slab with a step change in AWT and a synthetic fibrosis patch, and (2) 3D models
based on patient-specific right atrial (RA) and left atrial (LA) geometries. The latter
were obtained from four healthy volunteers and two AF patients, respectively, using
magnetic resonance imaging (MRI). A synthetic fibrotic patch was added in the RA and
fibrosis distributions in the LA were obtained from gadolinium-enhanced MRI of the
same patients. In all models, 3D geometry was combined with the Fenton-Karma atrial
cell model to simulate RDs.

Results: In the slab, RDs drifted toward, and then along the AWT step. However, with
additional fibrosis, the RDs were localized in regions between the step and fibrosis. In
the RA, RDs drifted toward and anchored to a large AWT gradient between the crista
terminalis (CT) region and the surrounding atrial wall. Without such a gradient, RDs
drifted toward the superior vena cava (SVC) or the tricuspid valve (TSV). With additional
fibrosis, RDs initiated away from the CT anchored to the fibrotic patch, whereas RDs
initiated close to the CT region remained localized between the two structures. In the
LA, AWT was more uniform and RDs drifted toward the pulmonary veins (PVs). However,
with additional fibrotic patches, RDs either anchored to them or multiplied.

Conclusion: In the RA, RD locations are determined by both fibrosis and AWT gradients
at the CT region. In the LA, they are determined by fibrosis due to the absence of large
AWT gradients. These results elucidate mechanisms behind the stabilization of RDs
sustaining AF and can help guide ablation therapy.

Keywords: atrial fibrillation, atrial wall thickness, fibrosis, modeling, MR imaging
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INTRODUCTION

Atrial fibrillation (AF), the most common sustained
cardiac arrhythmia, is characterized by rapid and irregular
activations of the upper chambers of the heart (Nattel
et al., 2008). AF is independently associated with a twofold
increase in all-cause mortality and increased morbidity,
particularly stroke, heart failure, and cognitive impairment
(Kirchhof et al., 2016). AF affects about 33.5 million people
worldwide, and a progressive increase in the prevalence
and incidence of AF, accompanied by high morbidity and
mortality, is predicted over the coming decades (Chugh et al.,
2014).

Catheter ablation (CA) is a well-established strategy for
the restoration of sinus rhythm in AF patients who do not
respond well to anti-arrhythmic drugs, with success rates
of up to 70% in patients with episodes of AF lasting less
than 1 week (paroxysmal AF). It typically relies on the
insertion of a catheter into the atria, where it delivers high
amounts of localized energy for the destruction and isolation
of arrhythmogenic substrates without affecting the surrounding
areas (Nattel, 2002). The widely accepted CA strategy to restore
sinus rhythm is the electrical isolation of pulmonary vein
(PV) sleeves in the left atrium (LA), which are believed to be
the primary substrate for the generation of the ectopic beats
and/or anchoring of re-entrant drivers (RDs) responsible for
triggering and sustaining AF in the LA (Gray et al., 1998; Oral
et al., 2002; Sahadevan et al., 2004). However, approximately
30% of AF patients are asymptomatic, which leads to delayed
diagnosis and the development of persistent AF. In these
patients, the success rate with CA drops to 42% (Ganesan
et al., 2013), often requiring additional ablation procedures.
A potential factor for the failure of CA in these patients
is the presence of high degrees of electrophysiological and
structural remodeling, which alters the AF substrate, making
it harder to predict the locations of AF drivers. Therefore,
by changing the focus of ablation strategies from anatomic to
patient-specific functional targets, the efficiency of CA could be
greatly improved.

Recent advances in catheter and electro-anatomic
mapping technologies have enabled the development of
more patient-specific ablation strategies that complement
standard approaches, such as PV isolation (PVI), in persistent
AF. These can directly target: (i) AF sources (ectopic triggers
or RDs) identified invasively using basket catheters (Narayan
et al., 2014) or non-invasively using body surface electrodes
(Haissaguerre et al., 2014) and (ii) regions where the atrial
substrate is expected to be arrhythmogenic, such as low voltage
areas (Kottkamp et al., 2016). The role of RDs as drivers for
AF has been long recognized (Gray et al., 1998; Sahadevan
et al., 2004). However, RD-guided ablation is limited by the
challenges of mapping and visualizing electrical activity on
the endocardial surface with sufficiently high resolution. This
can explain contradictory outcomes of multi-centre trials,
some of which have shown favorable outcomes of RD-guided
ablation (Miller et al., 2017), while others have failed to find
advantages in this approach compared to PVI (Mohanty et al.,

2018). However, with the advancement of novel imaging tools
the paradigm is shifting toward non-invasive identification
of patient-specific regions where the atrial substrate can
be arrhythmogenic (Kottkamp et al., 2015; Cochet et al.,
2018).

Atrial fibrosis is the most studied example of an
arrhythmogenic substrate in AF patients and it has been
reported to correlate with both AF incidence and post-
ablation recurrence (McGann et al., 2014). Moreover, the
level of fibrosis can be used for patient stratification, as CA
procedures have a higher success rate in patients with less
fibrotic burden (Mahnkopf et al., 2010). Recent clinical studies
have reported that low-voltage areas on the endocardial
surface represent abnormal atrial substrate caused by fibrosis
and can be directly targeted by ablation (Blandino et al.,
2017). While mapping RDs or low-voltage areas is invasive
and time-consuming, fibrosis can be imaged noninvasively
using late gadolinium enhancement (LGE) MRI (Siebermair
et al., 2017). Modeling studies based on patient-specific LGE
MRI reconstructions of fibrosis have suggested that slow
conducting border zones around fibrosis (Morgan et al., 2016)
are common anchoring sites for RDs. Moreover, Zahid et al.
(2016) showed that RDs anchor at the border zone locations
with specific spatial patterns of fibrosis. This suggests that
the dynamics of RDs may depend on patient-specific fibrosis
distribution.

In order to predict optimal target locations for ablation, a
better understanding of the mechanistic influence of fibrosis on
AF should be considered in combination with other structural
factors, which have been shown to also influence the dynamics
of RDs. Theoretical studies have highlighted the role of fiber
orientation (Varela et al., 2016), surface curvature (Dierckx
et al., 2013), and tissue thickness gradients (Biktasheva et al.,
2015) on the dynamics of RDs. The prediction that RDs can
drift and stabilize at borders between thin and thick tissue
is arguably best supported by experimental evidence. Optical
recordings in the sheep right atrium (RA) have shown that
RDs tend to localize in bordering regions between thin and
thick pectinate muscles (Yamazaki et al., 2012). Moreover,
association of complex fractionated electrograms with atrial
wall thickness (AWT) of the LA has also been reported (Park
et al., 2014), pointing to the presence of AF substrate in these
regions.

These findings show a potential of AWT gradients as a
marker for identifying RD locations in the atria. However,
neither the influence of AWT gradients on the RD dynamics
in realistic atrial geometries nor comparative effects of AWT
gradients and fibrotic patches on RDs have been investigated.
Reconstruction of the atrial wall from imaging (Varela
et al., 2017b) provides basis for computational modeling
of the RD dynamics in patient-specific atrial geometries,
to understand the role of AWT gradients in influencing
RD locations. Elucidating the relationships between AWT
gradients, fibrosis, and RD locations can lead to an improved
understanding of AF mechanisms, and ultimately help identify
patient-specific ablation targets, improving the efficacy of
treatment.
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This study aims to investigate the mechanistic influence
of two structural factors: (i) AWT and (ii) fibrosis
on the dynamics of RDs sustaining AF. To this end,
computational simulations of atrial electrophysiology will
be performed on (1) an idealized 3D atrial slab with a
sharp change in thickness and (2) realistic RA and LA
geometries obtained from MRI of six patients. Our working
hypothesis is that competing influences of AWT gradients
and fibrotic patches on conductive properties of atrial
tissue determine anchoring locations of RDs in 3D atrial
models.

MATERIALS AND METHODS

The study consists of three parts summarized in Table 1.
In Study 1, we perform simulations in an idealized 3D
atrial slab with a varying thickness step to evaluate the
mechanistic influence of AWT on the RDs dynamics (Study
1a). A single cylindrical fibrotic patch was subsequently
included in the slab to investigate the competing effects
of fibrosis and AWT (Study 1b). In Studies 2 and 3,
we extend these simulations to realistic models of atrial

geometries derived from MRI data, which were created
using the general workflow shown in Figure 1. We first
investigate the role of AWT and morphology of the RA
(Study 2) and LA (Study 3) on the RD dynamics. The
effect of a single cylindrical fibrotic patch on the RD
dynamics in the RA is also investigated (Study 2b). Finally,
we incorporate atrial fibrosis from patient-specific LGE
MRI into our LA models to evaluate its influence on
RDs relative to the effects of AWT and atrial geometry
(Study 3b).

Modeling Atrial Electrophysiology
All simulations were performed by solving the standard
monodomain equation:

∂V
∂t
= ∇ · (D∇V)−

Iion

Cm

Here, ∇ is the vector differential operator, V (mV) is the
membrane potential and t is time (ms). D is the tensor
with diffusion coefficients (mm2 ms−1) that characterizes the
spread of voltage within the tissue, Cm (pF) is the membrane
capacitance, and Iion is the total membrane ionic current

TABLE 1 | Effects of AWT and fibrosis of the RD dynamics.

Geometry Thickness Fibrosis RD outcome

S
tu

dy
1:

3D
at

ria
ls

la
b

a) X
Height of the step

×
None

• RDs drift and anchor to the step.
• The sensitivity of the RD to the step

increased with increase in the step
height.

b) X
Height of the step

X
Cylindrical fibrotic patch

• RDs anchor between the step and
fibrotic patch.

• The relative locations of the step and
the fibrotic patch together influence
the dynamics of the RDs.

S
tu

dy
2:

rig
ht

at
riu

m
(R

A
)

a) X
AWT for the RA

geometry

×
None

• RDs anchor to the CT region only in
RA with large thickness gradient at
the CT.

b) X
AWT for the RA

geometry

X
Spherical fibrotic patch

• RDs stabilize either at the CT region
or the fibrotic patch, or the region
between them, depending on their
initial distance from these features.

S
tu

dy
3:

le
ft

at
riu

m
(L

A
)

a) X
AWT for the LA

geometry

×
None

• RDs stabilize either near the PVs or
the mitral valve. No effect of
thickness noticed, since AWT is
near-uniform.

b) X
AWT for the LA geometry

X
Fibrosis from LGE-MRI

• RDs either anchor to or multiply into
multiple RDs at the fibrotic patches.

The table summarizes the key results obtained from the current study aimed at investigating the competing influence of AWT and fibrosis on RDs sustaining AF.
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(pA). Our model was isotropic and the diffusion tensor was
replaced by a scalar diffusion coefficient D = 0.1 mm2 ms−1,
carefully chosen to match an atrial conduction velocity (CV)
of 0.60 m s−1 typical of AF (Zheng et al., 2017). For
Iion, we used the Fenton-Karma electrophysiology model
(Fenton et al., 2008) modified to accurately described the
restitution properties of remodeled atrial cells (Goodman
et al., 2005). This atrial Fenton-Karma (aFK) cell model
accurately captures the main characteristics of atrial action
potentials and its restitution properties, while keeping the
computational time relatively short. Equation (1) with no-flux
boundary conditions was solved using forward Euler and
centered finite differences schemes with temporal and spatial
steps of 0.005 ms and 0.3 mm, respectively. In order
to check independence of the simulation results on the
choice of model, a subset of the simulations in Study 1
was repeated using the Coutemanche-Ramirez-Nattel (CRN)
model (Courtemanche et al., 1998), which describes atrial
myocyte in more detail. The latter has also been modified
to match the restitution properties of remodeled atrial cells
(Colman et al., 2013). The diffusion coefficient for the CRN
model was chosen as 0.16 mm2 ms−1 to produce the atrial
CV of 0.60 m s−1, same as that simulated with the FK
model. The spatial step of 0.3 mm and temporal step of
0.005 ms were used for modified CRN model, for which
numerical stability has been shown previously (Aslanidi et al.,
2011).

Note that finite elements methods may have an advantage in
terms of implementing zero-flux boundary conditions. However,
benchmarks of cardiac electrophysiology models show that finite
difference and finite elements solver have similar accuracy and
convergence for spatial integration steps below 0.5 mm (Niederer
et al., 2011). Moreover, both methods have been equally used
for modeling of 3D atrial electrophysiology (Aslanidi et al.,

2011; Zhao et al., 2017; vs. Roney et al., 2016; Zahid et al.,
2016).

To model patchy fibrosis, we adopted the methodology from
the study of Morgan et al. (2016). Each fibrotic patch was divided
into five distinct levels representing increasingly severe fibrosis.
The method for segmenting the fibrotic patches into these distinct
levels for all the studies are described in their respective sections
below. The diffusion coefficient D was progressively decreased by
16.67% to model the effect of fibrosis on slowing atrial conduction
in fibrotic regions: level 0 corresponded to healthy tissue and
D = 0.1 mm2 ms−1; inside the fibrosis patch, the value of D for
levels 1-5 was 0.083, 0.067, 0.050, 0.033, and 0.017 mm2 ms−1,
respectively. We did not used the value D = 0 for level 5, because
there is no experimental evidence suggesting that dense fibrotic
regions are completely non-conductive.

Study 1: 3D Atrial Tissue Slab
Simulations were conducted on a 3D atrial slab of 200× 200× 25
voxels corresponding to tissue size of 60 mm× 60 mm× 7.5 mm
with a surface area of 3600 mm2, similar to that of the LA (Varela
et al., 2017a). High frequency sources of electrical activity have
been observed in clinical studies in AF patients (Haïssaguerre
et al., 1998; Sanders et al., 2005) with frequencies in a broad
range from 5.5 to 10.5 Hz (corresponding cycle lengths, CL
form 95-180 ms). The frequency of RDs in our simulations
varied between 6 and 10 Hz, which agrees with the clinical
observations. Given CV of 0.6 m/s, these CL values correspond
to the wavelengths estimate (WL = CV × CL) between 57 and
108 mm. Therefore, the RD wavelength was comparable with
linear dimensions of the slab and the LA.

A thickness step was introduced at the middle of the slab,
with thickness of the right-hand side fixed at 7.5 mm and that
of the left-hand side was varied between 5.7 and 3 mm (Figure 2,
H1-4). In Study 1a, we investigated the mechanistic influence of

FIGURE 1 | Workflow for the image-based atrial modeling (Studies 2 and 3). Top row: segmentation and registration of LA and RA geometries from black blood MRI
used in simulations to investigate the role of AWT in the RD dynamics in the RA (Study 2a) and LA (Study 3a). Bottom row: patient-specific fibrosis distributions
segmented from LGE MRI (bottom row) in the LA (Study 3b) and a synthetic fibrotic patch in the RA (Study 3a) used to evaluate the relative effects of fibrosis and
AWT gradients on the RD dynamics in realistic atrial geometries.

Frontiers in Physiology | www.frontiersin.org October 2018 | Volume 9 | Article 1352293

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01352 October 5, 2018 Time: 19:29 # 5

Roy et al. Structural Effects on AF Drivers

FIGURE 2 | Effects of AWT step on the RD dynamics in atrial slab (Study 1a) with aFK model. Tip trajectories obtained by simulation of RDs at multiple locations on
a 3D atrial slab with varying step height (H1-4): (A) RDs meander to form a flower-like pattern that was stationary in a slab with uniform thickness, but (B) in the slab
with an AWT step, drifted toward and then along the step. (C) Outcome of the simulations for different RD initiation sites and step heights. (D) The RD tip trajectories
for three initiation locations (L1-3): (L1) on the thicker side closer to the step – RD drifted toward the thinner side and then downward along the step, (L2) on the
step – RD drifted down along the step, and (L3) on the thinner side – RD drifted toward the step and then down along the step.

thickness gradients on the RD dynamics (Figures 2, 3). RDs were
initiated using a cross-field protocol, where S2 pulse was applied
at multiple distances from the AWT step, starting from 6 mm on
the thick side to 13.5 mm on the thin side, and moving with a step
of 1.5 mm (detailed information provided in the Supplementary
Material). The trajectory of the RDs tip was tracked for 10 s
in each simulation. Study 1a was also repeated using the CRN
model to check the independence of results on the model choice
(Supplementary Figure S2).

In Study 1b, the comparative effect of AWT and fibrosis
on the RD dynamics were also investigated by incorporating a
cylindrical fibrotic patch of 9-mm diameter positioned 10.5 mm
away from the AWT step on the thinner side (Figure 4). This was

done for slab H2 with the step height of 2.7 mm. The rationale
of placing the fibrotic region on the thinner side of the step
was to mimic conditions when fibrotic tissue could be present in
regions surrounding thick structures such as the crista terminalis
(CT) in the RA. The cylindrical patch was divided into five
concentric regions of gradually decreasing diameter representing
increasingly dense fibrosis. RDs were initiated at multiple sites
using the cross-field protocol, with varying relative distance from
the step and the fibrotic patch: (i) 4.5 mm away from the step on
the thick side (Figure 4D, column P), (ii) on the step (Figure 4D,
column Q), (iii) 7.5 mm (Figure 4D, column R), and (iv) 15 mm
(Figure 4D, column S) away from the step on the thin side. The
RD tip trajectories were analyzed to explore their dynamics in
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FIGURE 3 | Effect of AWT gradients on the drift velocity of RD in atrial slab (Study 1a) with aFK model. (A) Trajectories of the core of RDs initiated at multiple
locations on the slabs with varying step height (H1-4, see Figure 2D). Here, the X marks the site of the initial RD core for every location and the white dashed line in
each slab indicates the location where the core of all the RDs stabilized after anchoring to the AWT step. (B) Vertical displacements of the RD core for locations L1
on the thick side and L3 on the thin side of the step (shown in Figure 2D) over 10 s are shown in panel (Bi,ii), respectively, for each of the slabs with height H1-4. As
the height of the step was increased, velocity of the vertical drift of the RDs also increased.

each case. The choice of 4.5 mm as the extreme limit of the RD
initiation distance to the left of the patch was to ensure that the
RDs was sensitive only to the AWT gradient and not the fibrotic
patch. Likewise, the choice of 15 mm as the extreme limit on the
right side was to ensure the sensitivity of RDs only to the fibrotic
patch.

Studies 2 and 3: Right and Left Atria
Atrial geometries and fibrosis distributions were extracted from
MRI to create 3D human atrial models, as described in previous
studies (Varela et al., 2017b) and shown in the diagram in
Figure 1.

Reconstruction of Atrial Geometries and AWT
Four healthy volunteers and two paroxysmal AF patients have
been imaged (Varela et al., 2017b). Briefly, a black-blood MRI
protocol (1.5 T, cardiac and respiratory gating, acquisition
resolution: 1.4 mm × 1.4 mm × 1.4 mm) has been used
to obtain patient-specific AWT maps non-invasively. Further
details can be found in the previous publication (Varela et al.,
2017b). The right (RA) and left atrial (LA) geometries of
healthy volunteers and patients, respectively, were obtained by
manual segmentation using ITK-SNAP (Kitware). A previously
published method (Varela et al., 2017b) was used to generate
patient-specific AWT maps, on which the computed RD tip
trajectories were subsequently overlaid. In the RA, the region
with the highest AWT (5.10 ± 1.00 mm against 1.8 ± 0.4 mm in

the surrounding RA wall) can be identified as the CT (Sánchez-
Quintana et al., 2002). We refer to this region as the CT in the
following text. In some patients, this region was characterized
by a large AWT gradient (4.75 ± 0.95 mm in the CT region
against 2.91 ± 0.60 mm in the RA wall), whereas in other
patients, the region was less prominent (2.90 ± 1.04 mm against
2.45± 0.54 mm in the RA wall).

Patient-Specific Fibrosis in the LA
The two paroxysmal AF patients have also undergone LGE MRI
in the same scanning session and in the same phase of the cardiac
cycle as the black-blood MRI acquisition, to detect fibrosis in the
LA (1.5 T, cardiac and respiratory gating, acquisition resolution:
1.3 mm× 1.3 mm× 2 mm).

For Study 3b, the segmentation of fibrotic LA tissue was
performed by analyzing the image intensity ratio (IIR), computed
by dividing individual voxel intensities by the mean blood pool
intensity. IIR values >1.08 were classified as interstitial fibrosis
and >1.32 as dense fibrosis. The IIR threshold of 1.08 was
obtained as an average of the previously proposed values of 1.2
(Benito et al., 2017) and 0.97 (Khurram et al., 2014). Transition
from diffuse to dense fibrosis was represented by labelling
segmented fibrotic tissue from 1 to 5 according to LGE-MRI
intensity, where level 5 corresponded to dense fibrosis (regions
with IIR > 1.32) and levels 1-4 corresponded to variable degree
of diffuse fibrosis (regions with 1.08 < IIR < 1.32 split into
four equal intervals). These fibrotic regions were then nonlinearly
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FIGURE 4 | Competing effects of AWT and fibrosis in the 3D atrial slab (Study 1b). Outcomes of the RD simulations performed for 12 initiation locations (P1 to S3)
with: (A) a step change in AWT, (B) a cylindrical fibrotic patch (shown with a black circle), and (C) both AWT step and fibrosis. In cases (A,B), RDs anchored to the
step (for locations marked with filled black circle) and fibrotic patch (for locations marked with black diamond), respectively. White circles mark locations where the
RDs did not anchor to either. In case (C), majority of the RDs anchored between the AWT step and fibrotic patch (for locations marked with black triangle). These RD
tip trajectories on the top surface of the 3D slab are shown for the 12 locations (P1 to S3) in the panel (D). Black arrows indicates the direction of RD core drift, and
black squares marks locations where they became stationary and anchored.

registered using MIRTK (Rueckert, 1999) and projected onto the
LA geometries with transmural uniformity for the same patients
using Paraview (Kitware) and Matlab (Mathworks, Inc.).

Synthetic Fibrosis in the RA
In the RA, due to lack of patient-specific fibrosis data, we added
a synthetic 3D spherical fibrotic patch of diameter 9 mm, with
similar labels 1-5 as done before for the 3D slab, in a region
near the thick RA muscle bundle of the CT. This enabled a
direct comparison of the effect of AWT and fibrosis on the RD
dynamics in the RA (Study 2b). The choice of 9 mm diameter
was based on calculating an average fibrotic patch size in the LA
(Study 3).

Simulation Protocol for RD Initiation
A single RD was initiated using a cross-field protocol at
different locations within the atrial geometries. In the RA,
RDs were initiated in the vicinity of the CT region at six
to nine different locations, where a large AWT gradient was
typically observed. In the LA, four initiation locations were
selected across the atrial wall. Simulations were performed
in both geometries with and without fibrosis for a duration
of at least 3 s. For each simulation, movement of the RD
was tracked by recording location of its tip (organizing
center around which a RD rotates) for each time step over
duration of the entire simulation (Fenton et al., 2008). The
resultant RD trajectories were then overlaid separately on
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the AWT and fibrosis maps for each patient-specific atrial
geometry.

RESULTS

Study 1: 3D Atrial Slab
The RDs initiated in the 3D atrial tissue slab meandered to form a
characteristic hypotrochoidal (“flower-like”) pattern, with the RD
tip moving along the “petals” in the outward clockwise direction
around a central core. In a slab with uniform thickness, the flower
pattern was stable, its radius was 10.4 mm, and the RD tip motion
to complete the whole pattern took 500 ms (Figure 2A). However,
with the introduction of a step change in AWT (Figure 2B), in
addition to meandering around the core, the RD also drifted in
a direction perpendicular to the direction of AWT change. The
direction of RD drift also depended on its initiation location in
the slab. The RD tip trajectories for multiple initiation locations
are shown in the Supplementary Figure S1 (H1-4), and the drift
directions are summarized in Figures 2C,D.

The core of RDs initiated on the thicker side (L1) first drift
toward the AWT step, eventually crossing it and drifting along
it on the thinner side. The core of RDs initiated on the thinner
side (L2-3), otherwise, drifted toward the step and along it, but
did not cross over to the thicker side. Besides, RDs that were
initiated far away from the step (Supplementary Figure S1) were
not influenced by the AWT gradient and remained stationary.
For the default aFK model settings, RDs anchored to the AWT
gradient in the range from 1.8 to 4.5 mm (H1-4), when they were
initiated less than 4.5 mm from the step on the thick side, or
less than 12 mm (H1-3)/15 mm (H4) on the thin side. Moreover,
after an RD anchored to the step, its core moved vertically along
the step at a specific distance from it. The core always drifted on
the thinner side, and its distance from the step decreased with
increasing the step height (Figure 3Ai–iv).

Simulations of the 3D slab with the CRN atrial cell model
demonstrated similar behavior of the RDs (Supplementary
Figure S2). The RD tip in the CRN-based model also meandered
to form a flower-like pattern with radius of 12 mm and one
complete rotation around the pattern taking about 700 ms.
Similar to the aFK-based model, anchoring of the RDs to
the AWT step was observed, indicating that the anchoring
phenomena was model independent.

The RD drift along the AWT step became faster as the height
of the step (H1-4) was increased. The drift velocity (DV) was
computed by measuring the vertical displacement of the RD core
over time, which was done for each step height (H1-4) as shown
in Figure 3B. DV was 2.3 mm/s for H1 and 4.8 mm/s for a larger
step H4, both measured for the initial location L1 on the thick
side. Similarly, for the initial location L3 on the thin side, DV was
2 mm/s for H1 and 4 mm/s for H4. Therefore, DV of the RD
core increased with increasing the AWT gradient. Note that the
direction in which the RD meanders to form the petals (clockwise
in these simulations), and hence the direction of drift along the
step (downward here) is determined by the cross-field initiation
protocol. However, the anchoring of the RD to the thickness step
does not depend on the wave’s chirality.

Results of the simulations comparing the effects of AWT and
fibrosis in the 3D slab are shown in Figure 4 for 12 different
locations of the RD initiation, with the AWT step height (H2,
2.7 mm) and location of the synthetic fibrotic patch kept constant.
In control cases of the AWT step only and the fibrotic patch
only (Figures 4A,B, respectively), the RDs either drifted toward
and anchored to the step (9 out of 12 locations) or anchored to
the fibrotic patch and drifted in a clockwise direction around
it (4 out of 12 locations). However, in the presence of both
(Figure 4C), the majority of the RDs stabilized and anchored
between the patch and the AWT step (8 out of 12 locations).
Analyzing the RD trajectories in the latter case (Figure 4D),
we found that RDs initiated on the thicker side, which were
insensitive to the fibrotic patch alone, now drifted toward the
patch located in the thinner region due to the influence of
the AWT gradient. Once the RDs reached the region between
the ATW step and the fibrotic patch, they could either drift
downward along the step or drift rightward and rotate clockwise
around the patch. Opposing influences from the AWT step and
the fibrotic patch in this case can cancel each other out, with
the RD becoming stationary and anchoring between the two
structures.

For location R2 on the thinner side (highlighted in Figure 4D),
increasing the step height from H2 to H4 caused the RDs
to anchor to the step (Supplementary Figure S3D). However,
increasing the distance between the step and the RD initiation
site (from 7.5 to 15 mm), while preserving the distance between
the initiation site and the patch, resulted in the RD anchoring to
the patch (Supplementary Figure S3E).

Study 2: Right Atrial Geometry
The average AWT values computed in the CT region and
the surrounding RA wall of Persons 1 (Figure 5A; CT:
3.45 ± 0.86 mm; RA: 2.09 ± 0.38 mm) and 2 (Figure 5B; CT:
4.75 ± 0.95 mm; RA: 2.91 ± 0.60 mm) showed a higher gradient
in AWT compared to Persons 3 (Figure 5C; CT: 3.04± 0.65 mm;
RA: 3.00± 0.54 mm) and 4 (Figure 5D; CT: 2.90± 1.04 mm; RA:
2.45 ± 0.54 mm). Hence, Persons 1 and 2 had a more prominent
CT region compared to Persons 3 and 4.

In these patients, 55% of the RDs initiated at different
locations drifted toward the CT region, either anchoring to it
(Figures 5Ai, 5Bi) or crossing over it to the posterior side of
the RA (Figures 5Aii, 5Bii). As an example, the 3D atrial voltage
map in Person 1 is shown in Supplementary Figure S3. However,
in the RA of Persons 3 and 4 (Figures 5C,D), the CT regions
had thickness comparable to the remaining RA wall. Hence, the
RDs neither drifted toward the CT, nor anchored at any location
(Figures 5Ci,Di). Instead, they either drifted toward the superior
vena cava (SVC) or the tricuspid valve (TSV) or terminated.

When the RA simulations were repeated in the presence
of a synthetic fibrotic patch, the RD trajectories were affected
in all patients, as shown in Figures 6, 7. For the RAs with a
prominent CT region (Figure 6A), RDs initiated closer to the
fibrotic patch either stabilized between the CT region and the
patch (Figure 6Bii), or anchored to the latter (Figure 6Cii),
depending on the distance from their initiation site to either
structure. The critical proximity to the CT region and the patch
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is challenging to determine in realistic RA geometry because,
unlike AWT in a rectangular slab, the CT region is not a simple
straight line. However, in an example provided for Person 1
(Figure 7), RDs initiated at the middle between edges of the
CT region and the fibrotic patch (∼3 mm from either structure
horizontally and 6.6 mm vertically) (Figure 7, location A1),
stabilized and anchored between them. Increasing the horizontal
distance between the RD and the CT to 13 mm (Figure 7, location
B1) led to the RD anchoring to the fibrotic patch. However,
in the RAs with no distinguishable thickness gradient at the
CT region (Figure 6D), all RDs anchored to the fibrotic patch
(Figures 6Eii,Fii).

Study 3: Left Atrial Geometry
The AWT maps computed for LA geometry of Person
5 (Figure 8A) showed higher AWT in the LA roof
(4.77 ± 0.60 mm) compared to the rest of the atrial wall
(2.96 ± 0.31 mm). Therefore, in the respective simulations
RDs drifted toward and along the LA roof (Figure 8Ci)
when initiated in its proximity, but drifted toward the PVs
(Figure 8Bi) if initiated further away. The LA of Person 6
(Figure 8D) was characterized by roughly uniform AWT
(2.53 ± 1.20 mm), and RDs initiated in this geometry
drifted either toward the PVs (Figure 8Ei) or the mitral
valve (Figure 8Fi).

In the LA, LGE MRI intensity-based segmentations yielded
different fibrosis distributions in the two AF patients, as
shown in Figures 8A,D. Both Persons 5 and 6 had fibrotic

tissue in the LA regions surrounding the PVs, with a higher
degree of fibrosis in one patient (14% of the atrial volume,
Figure 8A) compared to the other (10%, Figure 8D). In
Person 5, LA simulations repeated with the presence of
fibrosis showed either stable RD anchoring to the border
zones of fibrotic tissue (Figure 8Cii) or transient anchoring
where RDs stabilized at a fibrotic patch in the first 1 s of
simulation and then drifted to a new location in another fibrotic
region and stabilized there (Figure 8Bii). 3D atrial voltage
maps for the cases shown in Figure 8Ci,ii are illustrated in
Figures 9A,B, respectively. In one particular case, we also
observed the breakdown of the primary RD into multiple
wavelets meandering between fibrotic patches (Supplementary
Figure S5B). However, in Person 6, simulations repeated with
the presence of fibrosis in the LA showed either stable RDs
forming macroscopic re-entry around the PVs (Figure 8Eii)
or RDs anchored to a fibrotic region (Figure 8Fii) near
the PV.

DISCUSSION

The computational study performed on the 3D atrial tissue
slabs and MRI-based realistic 3D atrial geometries enabled
us to successfully evaluate the mechanistic influence of
AWT and fibrosis distribution on the drift and anchoring
of the RDs sustaining AF. In the 3D slabs, the AWT
gradients acted as anchoring points for RDs in the absence of

FIGURE 5 | Effects of AWT on the RD dynamics on the RA. Trajectories of RDs (blue), initiated at four to nine locations in the RA, are overlaid on the AWT map for
four different subjects. In Persons 1 (A) and 2 (B), the CT region had a higher AWT compared to rest of the RA wall, while in Persons 3 (C) and 4 (D), the CT region
was not distinguishable by thickness. The majority of RDs initiated in Person 1 (six out of nine sites) and Person 2 (four out of nine sites) drifted toward the thick CT
region and anchored to it (Ai,Bi), but some also drifted toward the opposite side of the RA geometry (Aii,Bii). However, none on four RDs initiated in Person 3 and
Person 4 anchored to the CT region, drifting away toward the SVC or TCV instead (Ci,Di). Here and below, white arrows indicate the direction of RD drift after
initiation. More detailed illustration of RDs initiated at nine different locations in panel (A) is presented in Supplementary Figure S4.

Frontiers in Physiology | www.frontiersin.org October 2018 | Volume 9 | Article 1352298

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01352 October 5, 2018 Time: 19:29 # 10

Roy et al. Structural Effects on AF Drivers

FIGURE 6 | Competing effects of AWT and fibrosis in the RA. The RD trajectories (blue) in the RA, obtained by initiating RDs at two locations (yellow dots) without
and with the presence of fibrosis are overlaid on the maps of AWT and fibrosis distribution, respectively, for Persons 1 (A) and 4 (D). In Person 1 in the absence of
fibrosis, RDs initiated at both locations (Bi,Ci) drifted toward the CT region with a large AWT gradient. However, in the presence of fibrosis, RD initiated at position 1
anchored between the CT and fibrotic patch (Bii), and while RD initiated at position 2 anchored to the patch (Cii) which was located further away from the CT
region. In Person 4 in the absence of fibrosis, RDs initiated at both positions (Ei,Fi) neither drifted toward the thin CT nor showed any anchoring. In the presence of
fibrosis, RDs initiated at both positions (Eii,Fii) anchored to the fibrotic patch. SVC, superior vena cava. White squares mark locations where the RDs anchored.

FIGURE 7 | Anchoring of RD to AWT gradient at the CT region and the fibrotic patch in the RA of Person 1. Line A marks an approximate horizontal distance of
3 mm from the AWT gradient (CT region) and edge of the fibrotic patch, while Line B marks a horizontal distance of 13 mm from the CT region and 1 mm from the
edge of the patch. The vertical distance of locations 1–3 from the center of the fibrotic patch was gradually increased (A1, 6.6 mm; A2, 10.2 mm; and A3, 13.8 mm),
while distance from the CT region was approximately constant. The voltage maps for RD initiated at location A1 and A3 are shown in panels (A1,A3), respectively, at
different moments of time (i–iii), and the RD tip trajectories are shown in (iv). For the initiation location A1 close to the fibrotic patch, the RDs anchored between the
CT region and the fibrotic patch (A1). For the location A3 further away from the patch, the RDs drifted along the AWT gradient at the CT region toward the mitral
valve (A3). The outcomes of simulations for the RDs initiated at different locations are provide in the table.

fibrosis, while additional fibrotic patches provided competing
attractors for the RDs. The results obtained from the RA
and LA model simulations confirmed that drift direction and

anchoring points of RDs are determined by the interplay of
competing influences of the patient-specific AWT gradients and
fibrosis.
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FIGURE 8 | Competing effects of AWT and fibrosis in the LA. The RDs trajectories (blue) in the LA, obtained by initiating RDs at two locations (yellow dots), without
and with the presence of fibrosis, are overlaid on the AWT map and fibrosis distribution (A,D), respectively, for Person 5 (top) and 6 (bottom). In Person 5 in the
absence of fibrosis, RDs initiated at positions 1 and 2 drifted toward the PVs [(Bi and LA roof Ci)], respectively. With additional fibrosis, RDs drifted from its initial
location to a new location (Bii) for position 1 and anchored to the fibrotic patch (Cii) for position 2. In Person 6 without fibrosis, RDs initiated at positions 1 and 2
drifted toward the PVs (Ei) and MV (Fi), respectively. With fibrosis, RDs continued to drift toward the PVs (Eii) for position 1, but anchored to the fibrotic patch
(Fii) for position 2. PV, pulmonary vein; MV, mitral valve.
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Mechanistic Influence of AWT on the RD
Dynamics
Simulations with both 3D atrial slabs and realistic 3D atrial
geometries showed large AWT gradients provide anchoring
locations for RDs. These results are in agreement with previous
experimental observations in animal models of AF (Yamazaki
et al., 2012). Moreover, larger AWT gradients have a stronger
influence on the RD dynamics, forcing the RDs to drift with
an increased velocity toward and then along the gradient. The
underlying mechanism that enables the anchoring of RDs to
these locations is likely to be based on a large source-to-sink
mismatch in regions of high AWT gradient. The resulting current
changes CV in tissue surrounding the AWT gradient, which
helps stabilize the RDs in these locations. These results are in
agreement with theoretical results using asymptotic theory based
on simple three-variable ionic models (Biktasheva et al., 2015).
We illustrated the tendency of RDs to anchor to regions with a
high thickness gradient using the FK ionic model for remodeled
atrial cells. Moreover, these results were reproduced using the
CRN model that provides a detailed description of ionic currents
and action potential in atrial cells (Supplementary Figure S2).
This suggests that the anchoring of RDs to regions with large
AWT gradients is model independent.

Note that, in addition to the influence of AWT gradients,
anchoring of RDs to junction between thin and thick tissue
observed by Yamazaki et al. could also be explained by the
presence of pectinate muscles and activity of stretch-activated
channels. Recent evidence also suggest that AF substrate can be
provided by 3D structure of the atrial wall, which may cause
epicardial and the endocardial discordance (Gutbrod et al., 2015).
The latter may be explained by the formation of transmural
RDs stabilized by interstitial fibrosis in the network of pectinate
muscles (Hansen et al., 2015).

In this study, image-based RA and LA geometries from four
healthy volunteers and two paroxysmal AF patients were used
to assess the link between RD activity and regions of large
AWT gradients. The subject-specific AWT was computed using
previously published protocol from Varela et al. (2017b). Our
results showed that RDs anchored to the CT region in subjects
with a large AWT relative to the surrounding RA tissue. This
findings can explain the presence of RD activity at the CT region,
which has been reported in previous clinical (Kalman et al., 1998)
and modeling (Gonzales et al., 2014) studies. However, RDs in
this region can also be generated due to its high anisotropy
(Aslanidi et al., 2011). In the atria with more homogeneous AWT
(two RA models and all LA models), there was no clear link
between the RD dynamics and specific AWT features. Instead,
the direction of RD drift was always toward the TSV in the RA
or the PVs and MV annulus in the LA. Our findings suggest
that information from AWT may aid in designing personalized
ablation strategies in patients whose atria are characterized
by large gradients in thickness. Patient MRI can be used to
reconstruct 3D atrial structure and identify patient-specific areas
of large AWT gradients and fibrosis prior to CA procedures.
Patient-specific models built based on such data can then predict
the likely RD locations, and therefore aid in selecting the optimal
ablation strategy for a given patient.

Competing Influence of Fibrosis and
AWT on RDs
Our 3D model simulations using both atrial slabs and realistic
atrial geometries revealed the interplay between the effects AWT
and fibrosis on the dynamics of RDs. Previous imaging-based
computational studies have reported anchoring of RDs at fibrotic
patches in the LA (Gonzales et al., 2014; Morgan et al., 2016;
Zahid et al., 2016). However, to the best of our knowledge, our

FIGURE 9 | Competing effects of AWT and fibrosis in the LA. The voltage map for RD initiated at Position 2 (shown in Figure 8A) are shown at different moments of
time (i–iii). Rows A and B correspond to simulations without and with fibrosis, respectively. For each simulation, the RD tip trajectories (blue) are overlaid on their
corresponding AWT and fibrosis map (iv). (A) RD initiated without fibrosis drifts along the large AWT gradient at the LA roof, while in the presence of fibrosis (B), the
same RD anchors to the fibrotic patch.
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study is the first to explore the competing effects fibrosis and
AWT gradients on the dynamics of RDs in both atria.

Simulations performed in both the 3D slab and realistic
RA geometries produced similar results, with RDs anchoring
between a region with a large AWT gradient (such as the CT
region) and local fibrosis patches. Hence, locations of the RDs
stabilization can be strongly influenced by both the presence
of fibrosis, as predicted by previous studies (Morgan et al.,
2016; Zahid et al., 2016), and the AWT gradients in the atria.
These results can be explained by relative effects of (i) fibrotic
patches providing slow conduction zones anchoring RDs and
(ii) large AWT gradients creating substantial source-to-sink
mismatches. The latter facilitate faster condition in the direction
along the gradients. As the drift velocity of RDs along the
AWT gradients increases with the increased gradient magnitude
(Figure 3B), the RDs are more likely to drift along a large
gradient, anchoring to it. Therefore, atrial tissue regions between
a fibrotic patch and a large AWT gradient experience both
competing influences and are most likely to anchor RDs. In
addition, our simulations in both 3D slab and RA showed
that RDs anchored to the fibrotic patch only when they were
initiated further away from the structural features (thickness
step, CT region) with large AWT gradients. Hence, anchoring
of the RDs to either the AWT gradients or fibrotic patches
may depend on (1) their comparative ability to provide suitable
substrate and (2) their relative distance from the RD initiation
site.

Our results could explain why the correlation between
LGE-derived fibrosis and RDs locations reported by Cochet
et al. (2018) was weaker in the RA than the LA. This may
be explained by the higher variability in AWT in the RA
compared to the LA, with the AWT gradients in the RA providing
alternative anchoring locations for the RDs. Note that in this
study, we used a synthetic cylindrical fibrotic patch in the RA,
which was a simplified approximation of fibrotic patches of
irregular geometry obtained from patient LGE MRI. The lack of
patient-specific RA fibrosis data in our study was due routine
pre-ablation LGE MRI scans being restricted to the LA. Previous
studies (Zahid et al., 2016) have linked RD behavior to the
heterogeneity of the shape of the fibrotic patch. While a simple
cylindrical patch in the RA was not patient-specific, using it
enabled us to focus on the relative mechanistic influences of
slow-conducting fibrotic tissue and AWT gradients, without
considering additional complex effects of the fibrosis shape.

In LA model simulations in the absence of patient-specific
fibrosis distribution, RDs were mostly localized in regions
surround the PVs and MV openings. Such a lack of influence
of AWT on the RD stabilization in the LA could be explained
by the absence of structural features with large AWT gradient
in most patients. The only exception was Person 5, where
the RD anchored to a large AWT gradient at the LA roof.
However, when the LA simulations were repeated with LGE
MRI-derived fibrotic patches, a clear stabilization of RDs near
the patches was observed in all patients. In the exceptional case
of Person 5 (Figure 8), who had high fibrosis burden, RDs
were unstable and formed multiple wavelets meandering between
fibrotic patches.

These results contribute to the understanding of why PVI is
effective for paroxysmal AF patients with low fibrosis burden
(Akoum et al., 2011). Even in paroxysmal AF, the number of RDs
near the PVs is higher than the number of focal triggers (Narayan
et al., 2013) – the presence of RDs near the PVs, and therefore
the success of PVI, in those patients may be explained by the
lack of other anchoring locations, such as large AWT gradients
or fibrotic patches. However, for AF patients with high fibrosis
burden, the altered atrial substrates can result in the drift and
multiplication of RDs in regions of slow conduction, such as the
border zones of fibrotic tissue (Morgan et al., 2016). Therefore,
assessment of patient-specific fibrosis distribution in the LA of
persistent AF patients, facilitated by LGE MRI, may assist in the
prediction of RD locations. In future, this could be tested by a
retrospective study on a patient cohort that have been successfully
ablated after LGE MRI mapping of fibrosis.

Limitations
In our study, fibrosis was modeled as regions of progressively
slow conduction linked with LGE MRI intensity. The LGE
MRI threshold of 1.08 IIR (level 1) and 1.32 IIR (level 5) was
obtained from previous studies validated by electro-anatomical
mapping data (Khurram et al., 2014; Benito et al., 2017), but
the IIR threshold values for splitting the border zone into
levels 1-4 was not validated due to lack of experimental data.
However, correlation between decrease in CV and increase
in IIR has been reported (Fukumoto et al., 2016). Therefore,
our approach of gradually decreasing CV across fibrosis levels
0-5 is in agreement with patient studies. Recent studies have
also shown that additional small effects of fibroblast-myocyte
coupling (Morgan et al., 2016) and paracrine effects (Roney et al.,
2016) could also influence the RD stabilization. However, data
on such effects in human are unavailable, and modification of
the model parameters based on ex vivo animal data can produce
results that are inconsistent with clinical data (Roney et al., 2016).
Therefore, such effects were not considered in this study.

Our study did not consider the influence of other
patient-specific factors such as atrial anisotropy and
electrophysiological heterogeneity, which may contribute
to drift of the RDs observed in the realistic LA and RA
geometries (Varela et al., 2016). Atrial fiber orientation is known
to be complex (Ho and Sánchez-Quintana, 2009) and can
have significant effects on atrial conduction (Aslanidi et al.,
2011; Varela et al., 2016). However, fiber orientation was not
incorporated in this study due to the absence of patience-specific
data. Future studies will aim to incorporate information about
fiber orientation into patient-specific atrial models based on
recently proposed rule-based approaches (Fastl et al., 2018).

Note also that aFK model developed by Goodman et al.
was based on data from tachypaced sheep atrial cells, due to a
lack of equivalent human data. However, comparison of APD
between the aFK model and in the CRN model for a remodeled
human atrial myocyte showed a good agreement between the
two models: less than 5% difference in APD in the considered
range of frequencies between 6 and 10 Hz. Moreover, the main
result of the study – that RDs anchor to regions with large AWT
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gradients – was qualitatively similar between the aFK and CRN
models.

Finally, LA wall dilation and heterogeneous wall thinning can
occur with the disease progression from PAF to permanent AF
(Nakamura et al., 2011). Therefore, results of this study, which
are based on data from healthy volunteers and PAF patients,
cannot be extended to persistent AF. Future studies will aim
to characterize AWT changes in persistent AF and evaluate the
arising effects on AF drivers.

CONCLUSION

This study elucidated the role of AWT as a substrate for
RDs and marker for the identification of RD locations in the
patient-specific atria, and compared the AWT effects with the
respective effects of fibrosis. In the RA, RDs stabilized around
structural features with large AWT gradients, while the addition
of fibrotic patches provided an alternative attractor for the
RDs. In the LA that had more uniform AWT distributions,
RD locations were determined by the distribution of fibrotic
patches or by anatomical features (e.g., the PVs). These findings
corroborate our hypothesis that anchoring locations of RDs are
dependent on the relative influence of gradients in AWT and
fibrosis, and suggests the non-invasive assessment of AWT and
fibrosis using MRI may inform clinical interventions in AF
patients.
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The onset of cardiac arrhythmias depends on the electrophysiological and structural

properties of cardiac tissue. Electrophysiological remodeling of myocytes due to the

presence of adipocytes constitutes a possibly important pathway in the pathogenesis of

atrial fibrillation. In this paper we perform an in-silico study of the effect of such myocyte

remodeling on the onset of atrial arrhythmias and study the dynamics of arrhythmia

sources—spiral waves. We use the Courtemanche model for atrial myocytes and modify

their electrophysiological properties based on published cellular electrophysiological

measurements in myocytes co-cultered with adipocytes (a 69–87 % increase in APD90

and an increase of the RMP by 2.5–5.5 mV). In a generic 2D setup we show that adipose

tissue remodeling substantially affects the spiral wave dynamics resulting in complex

arrhythmia and such arrhythmia can be initiated under high frequency pacing if the size

of the remodeled tissue is sufficiently large. These results are confirmed in simulations

with an anatomically accurate model of the human atria.

Keywords: atrial fibrillation, adipose tissue, ionic modeling, arrhythmogenicity, computational modeling

1. INTRODUCTION

Atrial fibrillation (AF) forms an economic burden on modern health care (Stewart et al., 2004).
It affects approximately 1.5 % of the population (Lip et al., 2007) and as much as 9% of people
above the age of 80 (Go et al., 2001). AF is a progressive disease and results in increased mortality,
morbidity, and impaired quality of life (Thrall et al., 2006). AF is therefore a major problem in
cardiac electrophysiology and obtaining insights into the mechanism of this arrhythmia is of great
interest to progress therapeutic strategies.

Several risk factors for AF have been identified. Of interest here, obesity increases the risk of AF
by 49% in the general population, and the risk rises with an increased body mass index (Wanahita
et al., 2008). It was shown that it is an independent risk factor for the occurrence of AF or
progression of AF severity in the absence of other risk factors like heart failure, alcohol use, or
hypertension (Wang et al., 2004; Dublin et al., 2006; Tsang et al., 2008). Recent experiments have
shown significant correlations between adipose infiltrations and arrhythmias (Pantanowitz, 2001;
Samanta et al., 2016; Haemers et al., 2017).
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Risk factors result in physiological stimuli for the atrial
myocardium resulting in a substrate for AF. Traditionally,
structural factors like fibrosis, but also heterogeneities in atrial
action potential have been identified. However, adipose tissue can
affect the onset of arrhythmias as it produces both structural and
electrophysiological (Lin et al., 2010) changes.

Recently a new detailed study examined the relationship
between fatty infiltrations in the atrial myocardium and the
development of AF substrate (Haemers et al., 2017). There, a
direct relation between fibro-fatty infiltrations and arrhythmia
was shown. Induction of AF in a sheepmodel resulted in a fibrotic
remodeling of subepicardial adipose tissue infiltrates from pure
fatty to dense fibro-fatty infiltrations and smaller adipocytes in
the atrial wall. This remodeling was associated with cellular
inflammation.

Adipose tissue creates in-excitable regions inside the heart
similar to fibrosis (Pantanowitz, 2001). Structural dependency of
arrhythmogenicity on adipocytes was recently studied in-silico in
a generic two-dimensional model (De Coster et al., 2018). It was
shown that a substrate with adipocytes is less arrhythmogenic
than with fibrotic tissue and thus during remodeling of fatty
into fibro-infiltrations the propensity to arrhythmias increases,
confirming the results of Haemers et al. (2017).

In addition to creation of in-excitable regions inside the
heart, adipose tissue also causes electrophysiological changes
in the adjacent myocytes. Co-culture of rabbit atrial myocytes
and epicardial adipocytes, results in remodeling of the myocyte
action potential (Lin et al., 2012). The consequences at organ
level of this remodeling have not yet been studied. However,
they may substantially contribute to arrhythmogenesis in
addition to structural effects. Furthermore, these changes can be
more abundant as electrophysiological changes do not require
infiltration of fat into cardiac tissue and occur even due to the
presence of epicardial fat.

In this paper, we describe changes in properties of myocytes
adjacent to adipocytes on the basis of an experimental study (Lin
et al., 2012). The aim of this study was to investigate the effect of
this adipose remodeling on the wave dynamics of spirals, onset of
arrhythmias, and influence on its surroundings. We performed
use in-silico simulations in a generic two dimensional setup and
in a realistic anatomical model of human atria.

2. METHODS

2.1. Mathematical Model
To study the effect of remodeled myocytes in the vicinity of
adipocytes in human cardiac tissue, we integrated a newly
developed single cell model (explained in the next subsection:
myocyte remodeling) together with the Courtemanche
model (Courtemanche et al., 1998, 1999) for normal human
atrial myocytes. The transmembrane voltage (V) is calculated
in millivolts (mV) according to the mono-domain equations for
cardiac tissue (Equation 1):

∂V

∂t
= ∇ (D∇V) −

Iion

Cm
, (1)

where t is time in milliseconds (ms), Iion is the total ionic current
density in microamperes per square centimeter (µA/cm2)
and is dependent on V , on the gating variables, and on
the concentrations of intracellular calcium, Cm is the specific
membrane capacitance in microfarad per square centimeters
(µF/cm2), and D is the diffusion tensor, whose components are
related to the myocyte orientation and gap junction distribution
which create anisotropy.

Amaximum velocity planar wave propagation of 54.71 cm/s at
a stimulation frequency of 1 Hz was obtained for regular tissue.

For the human atrial morphology, data and fiber directions
were obtained from Dössel et al. (2012). The ionic cell models
that were used are the regular and the AF-induced electrically
remodeled human atrial Courtemanche model (Courtemanche
et al., 1998, 1999) (taken from CellML Yu et al., 2011 with the
use of Myokit Clerx et al., 2016 and transformed to GPU-usable
code).

We used an S1-S2 cross-field protocol to generate spiral and
scroll waves. In human atrial monolayers, we assumed isotropy.
Thus, the diffusion tensor of Equation (1) could be replaced by a
scalar coefficientD. However, in 3D, to account for the anisotropy
of realistic cardiac tissue, the diffusion tensor components Dij

were scaled according to the fiber direction tensor. The transverse
diffusion coefficient (Dt , for signal propagation across the fibers)
was assumed to be 9 times less than the longitudinal diffusion
coefficient (Dl, for signal propagation along the fibers) giving rise
to a realistic conduction velocity ratio (Liu et al., 2004; Aslanidi
et al., 2011). Explicitly,

Dij = (Dl − Dt)αiαj + Dtδij , (2)

where αi are components of the unit vector that is oriented along
the direction of a fiber and Dl = 1.3 cm2/s.

2.2. Myocyte Remodeling
We used the Courtemanche model for both the
normal (Courtemanche et al., 1998) and AF remodeled
(Courtemanche et al., 1999) human atrial myocyte. The total
ionic current consists of the following currents:

Iion = INa + ICaL + IK1 + Ito + INaCa + INaK + IKur + IKr + IKs

+ IbNa + IbCa + IpCa . (3)

Here INa represents the fast Na+ current, ICaL, the L-type Ca
2+

current, IK1, the inward-rectifier K+ current, Ito, the transient
outward K+ current, INaCa, the Na+/Ca2+ exchanger current,
INaK , the Na+/K+ pump current, IKur , the ultra-rapid-delayed
rectifier K+ current, IKr , the rapid-delayed rectifier K+ current,
IKs, the slow-delayed rectifier K+ current, IbNa, the background
Na+ current, IbCa, the background Ca2+ current, and IpCa, the
plateau Ca2+ current.

The AF remodeled atrial cell model has changes in 3 of these
ionic currents, namely a 70% reduction in ICaL, a 50% reduction
in Ito and a 50% reduction in IKur , resulting in a decreased action
potential duration (APD).

Co-culture of adipocytes and left atrial myocytes has revealed
important changes in ionic currents in a rabbit atrial model
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(Lin et al., 2012). Measurements were made for co-culture
of myocytes with adipose tissue from different regions in the
heart (epicardial, retrosternal), abdominal adipose tissue, and
adipocytes-conditioned supernatant for 2–4 h. We focused on
remodeling due to epicardial adipose tissue as we aim to
look at the arrhythmogenic effect of infiltrates. Based on these
experimental data, we adapted 6 ion currents for adipose induced
myocyte remodeling, namely ICaL, Ito, IKur , INa, IKs, and IK1.
In Lin et al. (2012) the tail component of IKr was measured.
Its dynamics resembles strongly IKs and it was therefore chosen
as a replacement since the Courtemanche model does not have
a tail component of IKr current. Experimental data points and
corresponding error bars were extracted for the I-V plots in Lin
et al. (2012). In Figure 1B, we present a relative I-V plot for
the six relevant ion currents in remodeled myocytes. To obtain
these plots, the remodeled peak currents were divided by the
peak current of the normal myocyte. The obtained data points
together with their corresponding error bar are denoted in green.
These ratio’s are assumed to be species independent and are
consequently used to validate ionic changes made to a human
atrial myocyte model. To inflict these changes, a combination
of functions was tested to rescale the gating variables of the
selected currents. These functions were either linear, parabolic or
a sigmoid (see Table 1). After rescaling, simulations were run in
a single cell, mimicking patch clamp experiments, to construct
a current-voltage (I-V) relationship from in silico data. Model
curves (Figure 1A) represent peak currents measured during
3,000 ms voltage steps to various potentials from a holding
potential of –80 mV (This method was validated against earlier
results, see Figure S1 in the Supplementary Information). The
peak values of adipose remodeled and regular cells were divided
by each other to obtain a factor that can be compared with
the experimental one. These data were presented by means of a
full or orange dotted line on top of the experimental data (see
rows denoted by the letter B in Figure 1). It can be seen that all
executed conduction factor changes make for results that are in
correspondence with experiment.

The final results of the rescaling factors can be found in
Table 1 and are used to scale the conductances. E.g. the new
maximal conductance for the sodium current INa would now be
g′(V)Na ∗ gNa, where g′(V)Na is the measured curve, and gNa
is the standard maximal conductance. A table with all maximal
conductances for all four models can be found in Table S1 in the
Supplementary Information.

2.3. Pacing Protocols
For all single cell simulations, we paced at a frequency of 1
Hz and considered the 12th action potential in agreement with
previously published APs.

For 1D simulations, we obtained a restitution curve by means
of a dynamic pacing protocol. The tissue was paced from one
side at a basic cycle length (BCL) of 1,100 ms for six pulses. The
BCL was progressively lowered with a step equal to 1 percent
of the current BCL. This was done up until a step size of 1 ms
was reached, after which we always went down with this minimal
step size of 1 ms. This was repeated until conduction became
impossible.

In the same cable configuration we obtained measurements of
the conduction velocity from the twelfth pulse.

A variety of pacing protocols was tested in tissue monolayers.
Firstly, we induced spirals by means of an S1S2-protocol. The
first pulse was from one side of the tissue, while the second one
comprised one eighth of the tissue just behind the waveback,
going from the top of the tissue until halfway in the y-direction
and from one quarter until the middle in the x-direction.

Secondly, to determine the minimal size of a remodeled patch
to induce arrhythmia, we used an S1S2 protocol where the first
pulse was from one side of the tissue, while the second pulse was
delivered by a point located at the edge of the remodeled tissue
patch.

Thirdly, a burst-pacing protocol for spontaneous spiral
induction that consisted of 10 pulses at different BCL (1,000, 900,
800, 700, 600, 500, 450, 400, 350, 320, 300, 290, 280, 270, 260, 250,
240, 230, 220, all in ms) was used.

For anatomically correct human atrial data we used an
induced spiral protocol. The spiral was induced at four locations,
twice at a location in the left atrium and twice at a location in
the right atrium and obtained by means of an S1S2-protocol. The
first pulse was initiated from one side of the atria (the left atrium
was chosen), while the second pulse is a slice through the whole
atrium right after the waveback and perpendicular to the first
pulse.

2.4. Implementation
We integrated the system of coupled ordinary differential
equations Equation 1 in time using the forward Euler method
with time step δt = 0.005 ms, and in space, using the centered
finite-differencing scheme with space step δx = δy = 0.0300 cm
in monolayers, and also 0.0300 cm in whole atria, subject to “no
flux” boundary conditions. Our monolayer domains contained
1024× 1024 grid points, so that the physical size of the simulated
tissue was 30.72 × 30.72 cm to reduce possible boundary effects.
The simulation domain for the whole atria contained 2, 173, 891
grid points. The gating variables in the electrophysiological
model for the human cardiomyocyte were integrated using the
Rush and Larsen scheme (Rush and Larsen, 1978).

The numerical solver was implemented with the C and C++
programming languages, using the CUDA toolkit for performing
the majority of computations on graphical processing units.
Visualization of results was done with the help of the Python
programming language and ParaView (Kitware). Computations
were performed with single precision and run on an Intel Core
i7-3930Kmachine with two GeForce GTX TITAN Black graphics
cards.

3. RESULTS

3.1. Single Cell
Differences in the ionic currents of four models (regular, regular
+ AF remodeling, adipose remodeling, adipose remodeling +

AF remodeling) resulted in differences in action potential shapes.
Figure 1 shows these changes for 1 Hz pacing.

The results are shown in the rows denoted by the letter A
in Figure 1. Epicardial adipocyte-incubated myocytes have larger
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FIGURE 1 | The changes in ionic currents due to the presence of adipose tissue. The peak values of the currents are presented. The blue curves denote the IV curves

and action potential of the Courtemanche model, while the orange curve denotes the same with additional changes due to remodeling induced by the adipose tissue.

Dashed curves show the data for additional AF remodeling. The experimental measurements and error bars are extracted from Lin et al. (2012) and shown in green. In

orange the in silico result based on the factors in Table 1 is shown. More information can be found in the text.
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late sodium currents (INa), L-type calcium currents (ICaL) with an
extra increase around its maximal value, and transient outward
potassium currents (Ito) than control myocytes. On the other
hand we see smaller delayed rectifier potassium (IKr and IKs)
and inward rectifier potassium currents (IK1). The extent of
change of these currents due to remodeling corresponds to the
experimental values.

These changes in ionic currents result in the following
changes in the cellular action potential. In adipose-remodeled
myocytes, the resting membrane potential (RMP) increases,
making depolarization of the cell easier. The action potential
amplitude (APA) remains similar resulting in a higher maximal
voltage reached. An increased calcium current results in a higher
plateau-level and prolongation of the APD50. The decreased
potassium rectifiers cause elongation of the tail (phase 3) of
the remodeled AP, resulting in noticeable elongation of APD90.
Numerical values for all aforementioned properties (RMP, APA,
and APD) can be found in Table 2.

Separate contributions of each current to the changes in action
potential shape were also examined and can be found in the
Supplementary Information: Figure S2.

3.2. 1D Propagation
3.2.1. Conduction Velocity
We calculated the conduction velocity in a 1D cable
configuration. For a 1 Hz stimulation frequency the conduction
velocities of the four different models with the standard value

TABLE 1 | Correction factors for selected currents in the human atrial model,

based on measurements and fits to rabbit atrial data (rows denoted by the letter B

in Figure 1).

Best fit Value

g′(V )Na Constant 1.13

Parabolic V < 0 mV: 0.0017V2 + 1.955

g′(V )CaL Sigmoid 0mV < V < 20 mV: 2.071+
1.949−2.071

1+e0.4×(V−7.82mV )

Parabolic V > 20mV: 0.005× (V − 20.0)2 + 2.07

g′(V )to Constant 1.39

g′(V )Kur Constant 0.880

g′(V )Ks Sigmoid 0.8+
0.4−0.8

1+e0.08×(V−30mV )

g′(V )K1 Sigmoid 0.578+
0.805−0.578

1+e0.3×(V+70mV )

The newmaximal conductivity factor for the sodium current INa would now be g′ (V )NA*gNa.

TABLE 2 | Action potential properties for four models used in simulations.

Courtemanche Adipose AF AF + adipose

remodeled remodeled remodeled

APD90 (ms) 299.910 507.545 215.425 403.330

APD50 (ms) 180.725 272.970 86.475 185.930

APD20 (ms) 5.680 4.635 7.660 6.235

RMP (mV) −80.857 −75.466 −81.370 −78.841

APA (mV) 105.651 103.523 106.251 107.565

Adipose remodeling makes the RMP higher, elongates the tail of the APD (The difference

in APD90 is much larger than the other APD-measurements), and increases the action

potential amplitude (APA) of the APD.

of the diffusion coefficient of 1.3 cm2/s are: 50.94 cm/s for
the Courtemanche model, 50.96 cm/s for the AF remodeled
Courtemanche model, 56.04 cm/s for the adipose remodeled
atrial myocyte, and 54.88 cm/s for the AF and adipose remodeled
atrial myocyte. These results are consistent and correspond
to conduction velocities observed in experiment (AF that was
characterized by one or two non-uniformly conducting wavelets
corresponds to 54± 4 cm/s; Konings et al., 1994).

3.2.2. Restitution Curve
With the same configuration, we investigated the APD restitution
properties of all four models. The results can be seen in Figure 2.

The Courtemanche model, depicted in green, has a regular
restitution curve with a decrease in APD for low diastolic
intervals (DIs). The AF remodeled Courtemanche model (the red
line) shows a slow decrease in APD which becomes more steep
for lower DI (see also Supplementary Information Figure S3).
When adipose remodeling is considered, restitution curves
change. Adipose tissue remodeling of the regular Courtemanche
model (the blue line), results in substantial prolongation of
APDs and a decrease happens at lower DIs with a slope similar
to that of the Courtemanche model. Adipose remodeling of
the AF Courtemanche model (the orange line) results in an
almost flat dependency for long DIs and slow decrease at small
DIs. There is also substantial difference in maximal pacing rate
between the models. For the normal Courtemanche model the
maximal frequency of pacing was 4.9 Hz, for the AF remodeled
Courtemanche model it is 6.1 Hz, however for the adipose
remodeled tissue it was 1.4 Hz and for the AF remodeled adipose
tissue it was 2.1 Hz.

3.3. Tissue Monolayers
Next we study how observed changes in electrophysiological
properties will affect 2D dynamics of the arrhythythmias
generated by spiral waves for the four different models as well as
for combinations of the models in case of heterogeneous cardiac
tissue.

3.3.1. Properties of Spiral Waves in Normal and

Remodeled Tissue
We induced a spiral wave by an S1-S2 protocol in 2D
homogeneous tissue for each of the four tissue types and studied
its dynamics. The representative snapshots and the voltage
recordings at one selected point are presented in Figure 3. Full
movies can be found in the Supplementary Information.

In the Courtemanche model (top row in Figure 3) we can
see a meandering spiral. The action potential trace shows small
variation of atrial APs in time due to the meandering, but the
changes are small. This is in line with previous observations
in the Courtemanche model (Courtemanche et al., 1998). The
AF remodeled Courtemanche model (second row in Figure 3)
also shows a stable spiral with almost completely periodic action
potentials. Compared to the normal Courtemanche model, the
core of the spiral and the wavelength becomes much smaller.
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FIGURE 2 | Restitution curves for all four models. The APD measurements are made at 90% repolarization.

FIGURE 3 | Action potential traces and voltage snapshots of an S1S2 induced spiral in all four of the studied atrial myocyte models. The action potential traces were

taken at the point denoted by a star in the first depicted time frame.

These dynamics also correspond to what has previously been
observed for this model (Courtemanche et al., 1999).

For adipose remodeled tissue in both cases we observe
completely different dynamics: the complexity of the pattern
increases due to multiple successive break-ups of the spiral.

The regular Courtemanche model with adipose remodeling
(third row in Figure 3) shows initially regular spiral behavior.
However, temporary block in the rotating spiral makes for
interesting changes in the behavior of the cells. The characteristic
feature of the observed pattern are the high voltage plateaus (see
Supplementary Information Video S1). They create block that
initializes the first spots where reentry can occur. However, due
to the elongated tail of the action potential when a wave passes

this region, its propagation is further disturbed which again can
mediate block. In this way an irregular pattern is slowly generated
that remains present. The spatio-temporal irregularity increases
in time.

In the model where both AF remodeling and adipose
remodeling were applied (bottom row in Figure 3), we see similar
behavior. The initial spiral undergoes multiple break-ups in the
course of time. We can see that this is due to calcium dynamics.
The break-up is however less pronounced than in the previous
case. The disturbance is lower than in the previous case, but is
still able to produce temporal block. On top of this phenomenon,
we observe that the spiral rotation period decreases due to the
AF remodeling. This makes that after such a temporal block, a
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quick rotation follows. This makes the curvature of the wavefront
become too large and results in additional breaks. Once again this
results in complex spatio-temporal excitation patterns.

Overall we can conclude that adding the adipose remodeling
results in larger complexity of the spiral wave dynamics.

3.3.2. Effect of an Adipose Remodeled Patch on

Spiral Wave Dynamics
In normal conditions the epicardial fat occupies only a part of
the atrial tissue. We therefore also studied how the presence of
a patch of a certain size of adipose remodeled tissue will affect
the dynamics of an existing spiral wave. We investigated circular
adipose remodeled patches placed into normal or AF remodeled
tissue. We induced arrhythmia by an S1S2 mechanism.

Depending on the size of the arrhythmia and the combination
of tissue, different cases of wave dynamics are observed
(Figure 4).

The first case consists of spiral wave anchoring. Upon
initiation of the spiral, it quickly attaches itself to the boundary
of the adipose remodeled patch, after which it rotates around
and, due to its longer APD duration periodically invades the
patch itself. This is the case for the two smallest radii (1.536 and
3.072 cm) when having the normal Courtmanche model with an
adipose remodeled patch. In case of the AF Courtemanche model
with an AF and adipose remodeled patch, this behavior occurs for
larger radii as well (up to 6.144 cm). In both cases, the spiral takes
longer to anchor itself the larger the radius of the patch is in case it
gets initiated in the center of the patch. For the smallest radius of
the regular Courtemanche model with adipose remodeled patch,
this was difficult to accomplish and it can be seen that it takes a
while before this happens (see Video S2).

The second case consists of spiral wave spatio-temporal
irregularity. When the spiral is initiated in the middle of the
patch, it creates wave-blocks by means of the methods described
earlier. This process stays inside the patch and creates irregular
activation patterns. The radii where this behavior occurs are the
five largest ones for the leftmost tissue configuration presented
in Figure 4 (6.144, 7.680, 9.216, 10.752, and 12.288 cm), and the
four largest ones for the rightmost configuration.

And finally, the third case consists of a spiral influencing
remodeled patch. It was observed in one instance: a radius
of 4.608 cm with a Courtemanche and adipose remodeled
patch configuration. Inside the patch some irregular behavior is
present. Over the course of time, this irregular behavior produces
waves which it pushes outside of the patch which can be seen in
Figure 4 in the 5 s frame. These irregularities influence the spiral
wave behavior, making that the spiral doesn’t attach to the patch
but rather moves in close proximity of it. This case can be seen in
the Supplementary Information in Video S3.

Upon inducing a spiral inside a remodeled patch, the
arrhythmia is sustained but varies in complexity depending on
the radius of the patch.

3.3.3. Effect of an Adipose Remodeled Patch on

Spiral Wave Initiation
We have also studied the possibility to induce arrhythmia by high
frequency pacing due to the presence of an adipose remodeled
patch.

In the previous section a spiral was induced ad-hoc. We
also looked at spontaneous induction of spirals. We did this by
means of an S1S2 protocol that could initialize a figure of 8
reentry pattern. However, when trying this protocol on both cases
(regular and an adipose remodeled patch, and AF remodeled
and an AF plus adipose remodeled patch), it was observed that
patches are needed that have an unphysical dimension (radius
larger than 11 cm) to induce this kind of reentry. Therefore, in
real atria, arrhythmia will not spontaneously induce itself at low
frequencies as the patch sizes that can fit in an atrium are smaller.

Since the size of a patch is a limit to its arrhythmogenicity,
we looked to the minimal frequency to get arrhythmia in a patch
as well. The size we used to measure this minimal frequency is a
radius of 4.608 cm. This radius was chosen for both cases, regular
and adipose remodeled patch, and AF remodeled and AF plus
adipose remodeled patch. This particular choice was made since
that radius constitutes the regime where you switch between an
attached spiral and spiral wave spatio-temporal irregularity. We
found that in the first case, with regular tissue and an adipose
remodeled patch, the first spontaneous break-up occurs between
a frequency of 1.3 and 1.4Hz or otherwise said a BCL shorter than
800 ms, but larger than 700 ms. When we look at AF remodeled
tissue with an AF plus adipose remodeled patch, we observe a
minimal frequency between 2.0 and 2.2 Hz or a BCL that has to
be smaller than 500 ms but larger than 450 ms.

3.4. Realistic Human Atria
After studying effects of adipose remodeling in two dimensions,
we performed similar studies in an anatomical model of human
atria. Clinical and experimental observations show that epicardial
fat occurs at the left or right atrial appendages. Figure 5 shows the
anatomy of the human atria in our model and also highlights the
appendages and the fiber directions.

3.4.1. S1S2 Spiral Induction
We have first studied dynamics of spiral waves induced by an
S1-S2 protocol for three configurations. The first one consisted
of the homogeneous atrium with the Courtemanche model. The
second one was the same but with both atrial appendages adipose
remodeled. The third configuration consisted of the whole tissue
being AF remodeled and the atrial appendages being AF and
adipose remodeled. Spirals were induced outside of the atrial
appendages to see what the effect of the remodeled appendages
would be on the dynamics of the arrhythmia. We considered
two placements of the spiral wave: in the left atrium and in the
right atrium. Each case was simulated twice: two locations for the
spiral were chosen in the right atrium, and two in the left atrium.
Results were similar for different locations of the spiral in the left
or right atrium. The results of one of the locations in each half of
the atria can be seen in Figure 5. One representative frame out of
each simulation is shown.

3.4.2. Spiral Wave Dynamics
Upon initiation of the spiral wave for the first case (regular
Courtemanche model everywhere), we are able to see that the
spiral remains in the atria at all times and does not create
additional complexity or break-up. Some distortions of the wave-
front are observed however, though they do not change the
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FIGURE 4 | Effect of an adipose remodeled patch on spiral wave dynamics. Different tissue configurations are shown on the left, indicating the size of the remodeled

patch. The resulting spiral wave dynamics upon S1S2 spiral initiation are shown to the right of the corresponding tissue configuration. Two cases were considered.

One with the Courtemanche model and an adipose remodeled patch. Another one with the AF Courtemanche model and an AF and adipose remodeled patch. Three

regimes are observed for the spiral wave dynamics: spiral wave anchoring, spiral wave spatio-temporal irregularity, and a spiral influencing remodeled patch. For more

details regarding these regimes, see the main text.

overall dynamics of the arrhythmia, neither in the left nor the
right atrium. The single stable spiral can be seen in Figure 5. The
core of the spiral is denoted by an open circle in the leftmost panel
of the RA-spiral and the rightmost panel in the LA-spiral on the
top row of the voltage patterns.

For the second case, where the appendages are adipose
remodeled, the observed dynamics is more complex. Both in the
case of the right and the left atrium we obtain break-ups that

disappear again over the course of time. The break-ups always
occur in the right atrium. When the spiral is present in the right
atrium, the breaks occur mostly around the atrial appendage and
the crista terminalis (see the middle panel of the RA-spiral in
Figure 5 in the second row of the voltage patterns). When the
spiral is present in the left atrium, some breaks occur around the
right atrial appendage (see the leftmost panel of the LA-spiral in
Figure 5 in the second row of the voltage patterns). The reason
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FIGURE 5 | Arrhythmia patterns in three dimensional realistic atria.The top two rows of panels show the configuration in five different orientations. The top row

provides a view on the geometry of the atria where the appendages are colored in yellow, and the remaining part of the atria is colored in red. The second row

provides the corresponding fiber orientation colored according to its orientation along one of the axes (X). In these five panels, the leftmost orientation provides a view

on the right atrium, while the rightmost one provides a view on the left atrium. The panels in between show a rotation between those two configurations showing the

front view of the atria. In the voltage maps at the bottom only the leftmost, middle, and rightmost configuration are presented. The three lower rows (split into two

columns) show one frame out of an S1-S2 induced arrhythmia in three different orientations. Each row corresponds to the tissue types that were used

(Courtemanche, Courtemanche + adipose remodeled appendages, AF Courtemanche + AF and adipose remodeled appendages). Each column corresponds to the

location where the arrhythmia was initialized (in the right atrium, or in the left atrium). One can see different kinds of electrical wave propagation complexity for the

different combinations present. The cores of spirals are denoted by either circles or stars. The circle denotes a rotor that remains during the whole arrhythmia

simulation. The star indicates that the rotor disappears over the course of time.

breaks occur in the opposite atrium are due to the larger size
of the right atrial appendage which has a high influence on its
surroundings. In this last case of the spiral in the left atrium
we can also see increased complexity of the wave pattern in the
left atrium itself. Break-ups do occur, but are short-lived. A clear
increase in complexity can be seen with respect to the previous
case. The spiral in the left atrium also creates a more complex
pattern than the one in the right atrium.

In the third case, with AF remodeled tissue together with AF
and adipose remodeled appendages, even more complexity is
observed. In both the cases of RA-spiral and LA-spiral additional
transient spirals occur. In the RA-spiral case they appear mainly
around the crista terminalis due to its fiber orientation, although
some spirals may be observed around the right atrial appendage
as well. In the case of the LA-spiral the disappearing spirals
occur once again in the right atrium. There are however also
new spirals created in the left atrium which do not disappear

but instead remain active over the course of time. They occur
due to the presence of the strongly pronounced fiber direction
of Bachmann’s bundle in combination with the waveblock that
occurs due to the left atrial appendage. A total of five spirals is
observed. Just as in the previous cases, all spiral cores are denoted
by circles (permanent) or stars (transient) in Figure 5. It is again
clear that the spiral in the left atrium makes for a more complex
pattern than the one in the right atrium.

For all cases, movies can be found in the
Supplementary Information.

4. DISCUSSION

4.1. Findings
Adipose tissue is an important factor that contributes to
arrhythmias. The fat is mainly located on the epicardial wall of
the atria, or infiltrating in it. Epicardial adipose tissue infiltrates
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can cause local inflammation which results in fibrosis (Haemers
et al., 2017). The arrhythmogenic consequences of fibro-fatty
remodeling have been discussed earlier (De Coster et al.,
2018). The possible effects for electrophysiological remodeling of
neighboring myocytes by these adipocytes are not yet studied.
Experimental data using patch clamp has revealed adipocyte
induced remodeling of the cardiomyocyte electrophysiology (Lin
et al., 2012).We use these results measured on rabbit atria, project
them to human tissue and investigate the possible effects of the
observed remodeling.

While only focusing on the ionic changes that happened to
the cell, we were able to reproduce the correct cell-membrane
voltage behavior. There is an increase in RMP, a higher plateau
level and APD lengthening. Therefore, our model provides the
same qualitative results as were observed experimentally.

In chronic AF, one typically observes shortening of APD
duration (Nattel et al., 2008). The observed prolongation of
the APD by adipocytes was therefore proposed as the possible
mechanism for induction of the arrhythmia, by inducing further
heterogenicity in APD within the atria. We observed in the
model that due to ionic changes we have a more-positive resting
membrane potential and a longer APD. These changes reduce
the depolarizing threshold and result in easier induction of
arrhythmia.

We show that in 2D monolayers complex spiral wave
dynamics are seen. It is observed that heterogeneities cause
arrhythmias, however, they terminate spontaneously. The
minimal size of an adipose remodeled patch to create arrhythmia
is substantially large. For smaller patches, the arrhythmia can
be induced but it normally passes through and terminates. This
would correspond to transient atrial flutter. Short episodes of
arrhythmia occur as a result of high frequency pacing, however to
be sustained the spiral should be able to rotate inside the adipose
remodeled patch. This has to dowith symmetry breaking.When a
spiral is spontaneously induced inside a circular patch it will need
more space since two symmetric spirals should be able to rotate.
When the symmetry is broken, smaller sizes are needed to keep
the arrhythmia alive. For spontaneously induced arrhythmia
this means that one needs a large patch (larger than the atrial
appendages in realistic human atria), while the S1S2 induced
arrhythmias could be sustained in patches that are comparable
to the size of a human atrial appendage.

We studied induced spirals in fully remodeled tissue as well
and can see that they are persistent and create additional breaks.
The arrhythmias are more complex under adipose remodeling
than without it, both in the case of regular Courtemanche as
AF Courtemanche. A single rotor seems to be necessary in
realistic atria (smaller patches) to create AF. These rotors could
be created, for example, due to structural remodeling of adipose
tissue or fibrosis (De Coster et al., 2018). Once the spiral core
is present inside the adipose remodeled patch, an increase in
complexity of the spiral wave pattern, can be seen, corresponding
to AF.

For realistic human atria, additional factors need to be taken
into account. One of them is the geometry, another one is the
fiber structure.

We see that arrhythmia complexity increases from regular
Courtemanche to the adipose remodeled appendages model,

and further for the AF and adipose remodeled appendages
model. The arrhythmias were obtained by inducing a spiral with
an S1S2-protocol. Spontaneously generating an arrhythmia was
not successful. This can be attributed to the small size of the
appendages.

The left atrium was clearly more prone to rotors than the
right one due to the fact that the fiber orientation is inherently
different in the left and right atrium. The current model has the
fiber directions obtained from a mathematical model based on
some measurements of anisotropy in few regions of atria (Dössel
et al., 2012). Measuring of anisotropy of full atria would enhance
the accuracy of simulation. Currently the left atrial appendage is
not sufficiently large to obtain sustained arrhythmia. However, in
AF it is known that the atria dilate which increases the size of the
left atrial appendage. It would therefore be interesting to obtain
anatomical data on dilated atrial appendages and study how it
will affect the results on induction of the arrhythmia.

4.2. Limitations
Although the results show pronounced arrhythmogenic effects,
we need to consider them with caution. Despite the adaptation
of the model toward the human atrial myocyte, the original
measurements of the ionic current remodeling were based
on rabbit data. The experimental measurements were also
performed with a short amount of time in co-culture (Lin et al.,
2012). Chronic remodeling occurs over much longer time frames,
which might result in different effects on the currents.

Rabit atrial cells don’t behave exactly the same as human atrial
cells however, despite the fact they show many similarities. The
most notable difference is in the transient outward potassium
current Ito (Wang et al., 1999). This current repolarizes slower
for rabbit than for human. Since we looked at relative changes, it
is assumed that no effects due to this different time-dependence
will occur.

The temperature of the measured currents in Lin et al. (2012)
was at room temperature. The temperature changes are present
in both the regular myocytes as well as the adipose remodeled
myocytes. We are always looking at relative changes in currents.
Therefore, the parts that get affected by the temperature are
assumed to cancel out once you take the relative value. For this
reason, temperature dependence of the measured currents is not
taken into account here. In addition, in Lin et al. (2012) only
differences in the peak I-V values of major currents are measured.
However, remodeling can affect not only the peak values, but
also activation and inactivation kinetics of the currents. Changes
in time kinetics of the channels may add additional effects on
adipose remodeling and its effect on onset of arrhythmias. To
account for these effects, more measurements of currents and
their activation-inactivation kinetics in co-cultures with human
atrial myocytes at body temperature should be done for different
durations of contact with adipocytes. With that kind of data it
will be possible to represent adipose remodeling not as voltage-
dependent scaling factors but through a novel formulation of
equations for each current separately. This can subsequently be
used to study more accurately effects of adipose remodeling on
arrhythmogenicity.

In our paper we used the standard Courtemanche model for
normal and AF remodeled atrial tissue (Courtemanche et al.,
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1998, 1999). This model is one of the most widely used ones
in atrial modeling (see e.g., Nattel et al., 2007; Pandit and Jalife,
2013). Recently newmodels for atrial remodeling were proposed.
For example Loewe et al. (2014) proposed a model which
accounts for chronic atrial fibrillation changes. It does so by
changing potassium currents and increasing the cell capacitance
based on a literature study. It will be interesting to find out
if adipose tissue remodeling will have similar effects in this
model and this should be addressed in a subsequent study.
Possible dependency of the results of cardiac modeling on the
cell model used, was also stressed in a recent study (Muszkiewicz
et al., 2017), which investigated how variability in specific ionic
currents impacts the phenotypic variability observed in human
atrial cells. The authors compared three models: Courtemanche
et al. (1998), Maleckar et al. (2009), and Grandi et al. (2011) and
found that in order to reproduce the same experimental data,
models need to be changed differently and thus the same changes
in conductances of ionic currents in different model can produce
different effects.

It should be noted that the readjustment factors of the currents
derived from these measurements are only important for large
values of the currents. When the current is close to zero, the form
of the readjustment factor does not matter that much. Hence a
plot that uses either a constant or a parabolic factor (e.g., INa)
is only important near the points where the current is non-zero
(−80 mV < V < −20 mV). As in this range the readjustment
factor is constant we chose the constant approximation. Even
if outside of this range we can have substantial deviations from
this approximation it will not affect the results. Another issue
is the presence of an extra peak at 40 mV for ICaL in the
I-V curve. This peak does not look physiological and occurs
due to the combination of the behavior of the Courtemanche
model together with our fit of the scaling factors. We decided
to keep this representation and make no further adjustments
for voltages V > 30 mV, as such voltage range is not reached
in our simulations. However, it is obviously a limitation
of this approach and should be possibly corrected in the
future.

Earlier, chronic AF remodeling was already mentioned. It has
been shown that adipose infiltrates are the beginning stage in
the development toward chronic AF. We are therefore modeling
the beginning stages of full scale chronic arrhytmia. The model
that was currently used is the Courtemanche model and the AF
model from Courtemanche. We apply adipose remodeling to
both these models to look for possible effects on wave dynamics.
However, it would be interesting to follow up these models and
see how they evolve. More ionic changes as a result of adipose
arrhythmogenicity could make the system end up in the cAF
model from Loewe et al. (2014), or it might end up in an adipose
remodeled version of that model. More research will need to be
conducted to look at at the time evolution of the models such that
they can end up in chronic atrial fibrillation.

In our 2D simulations with an adipose remodeled patch, the
spiral wave was sustained only if it was rotating inside this
patch. Such tendency of attachment of the spiral to the patch
region can be understood as drift of the spiral wave to the
regions with longer period. This was observed in various models

of cardiac tissue (Rudenko and Panfilov, 1983; Ten Tusscher
and Panfilov, 2003). In addition, such heterogeneities can
potentially attract existing rotors, leading to anchoring Defauw
et al. (2014) as it could be seen in the case of the smallest
radius with the Courtemanche model and adipose remodeled
patch.

In our simulations, spiral waves were initiated by an S1S2
protocol. It would also be interesting to study other mechanisms
of initiation of spiral waves, such as due to curvature effects
(Pertsov et al., 1983), or heterogeneity in the refractory
period (Panfilov and Vasiev, 1991). One can then study if the
mechanism of initiation will affect the dynamics of spiral waves.
In addition, it would be interesting to study if ionic remodeling
can affect the process of defibrillation of cardiac tissue (Keener
and Panfilov, 1996).

We also did not study combined structural and ionic
remodeling. This was done due to the size difference between
our study of structural remodeling and the one of ionic
remodeling. The three-dimensional model would not be able to
distinguish between adipocyte obstacles and fibrotic obstacles.
It would be interesting to do however when more detailed
heart data will be available. A recent example of such data
can be found in Stephenson et al. (2017). Such study will
also be interesting because recent work by Morgan et al.
(2016), showed that myocyte-fibroblast coupling in the atria
also increases the resting membrane potential of the myocytes,
similar to adipose remodeling. Thus, a combined consideration
of fibrotic and adipose remodeling can further attenuate possible
arrhythmogenic effects.

5. CONCLUSION

As an outlook toward further studies, we can say that the
obstacle nature of an adipocyte creates conditions for the onset of
arrhythmia, while the remodeling part makes it more persistent
and increases complexity. Together they form the basis of an
arrhythmia that is difficult to terminate.

This gives rise to two ways of handling adipose induced
arrhythmias. On the one hand by focusing on prevention of
adipose infiltrates themselves such that one can take and remove
the trigger mechanism. On the other hand one could suppress the
adipocytes from changing ionic properties which helps to make
arrhythmias less complex.

We have shown that adipose tissue remodeling substantially
affects the dynamics of existing cardiac arrhythmias leading to
breakup and an increasing complexity of the activation pattern.
However, onset of new arrhythmias requires that this remodeling
occurs in substantially large regions. We also discussed the
implications of the presence of adipose tissue and combined
effects of AF and adipose remodeling.
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A Commentary on

Atrial Rotor Dynamics Under Complex Fractional Order Diffusion

by Ugarte, J. P., Tobón, C., Lopes, A. M., and Tenreiro Machado, J. A. (2018). Front. Physiol. 9:975.
doi: 10.3389/fphys.2018.00975

Even at healthy states, cardiac tissue conforms one of the most representative cases of a highly
heterogeneous and composite biological medium, whose spatial complexity has for long been
known to modulate electrical conduction (Frank and Langer, 1974; Spach et al., 1981). How
to capture its intricate structural heterogeneity at a tractable cost remains an open challenge in
computational physiology and medicine, as traditional approaches such as the monodomain or
bidomain equations inherently assume that the tissue behaves as an averaged syncytium with
negligible contribution of its composite microstructure.

To overcome some of these limitations, we recently pioneered the use of fractional diffusion for
the description of cardiac conduction (Bueno-Orovio et al., 2014b). Our proposed framework took
the form

∂tV = − (−∇ ·D∇V)α/2
−

1

Cm
(Iion − Istim), (1)

where − (−∇ ·D∇V)α/2 is the so-called fractional Laplacian of real order 1 < α ≤ 2. For α = 2,
the model clearly recovers the standard monodomain equation, and could equally be extended
to the bidomain setting. The well-founded potential theory around the fractional Laplacian
allowed us to establish its biophysical interpretation, showing it represents the modulation of
the electrical field of a homogeneous conductor by the secondary electrical sources associated
with its inhomogeneities. The model further helped elucidating formerly unrelated effects of
tissue microstructure on cardiac conduction, including widespread of the action potential foot
during depolarization, action potential shortening along the activation pathway, and themodulated
dispersion of repolarization. Experimentally, the model has been supported by diffusion spectrum
imaging in ex-vivo hearts, indicating fractional diffusion metrics as indices of myocardial
microstructure (Bueno-Orovio et al., 2016), as well as by high-resolution optical mapping on
cardiac tissue preparations, demonstrating fractional scaling in the propagation of the cardiac
wavelength (Loppini et al., 2018).

In the work under comment, Ugarte et al. build and expand on these ideas to present a
two-dimensional isotropic fractional diffusion framework of complex order, of the form

∂tV = κγ

(

H
γ
x V +H

γ
y V

)

−
1

Cm
(Iion − Istim), (2)
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with operators H
γ
x and H

γ
y involving pairs of complex-conjugate

fractional derivatives defined by

H
γ
x V = −

1

2

[

(

−∂2xV
)γ /2

+
(

−∂2xV
)γ̄ /2

]

, (3)

where γ = α + jβ is the complex fractional order, and γ̄ its
complex conjugate. The authors’ interpretation of their complex-
order model newly builds on potential theory, which connects
potential distributions over fractal domains and the complex-
order fractional Laplacian. Indeed, the inclusion of the imaginary
part β implies that cardiac tissue must satisfy a discrete-
scale fractal structure (self-similarity at discrete scales). Whilst
such a self-similarity could perhaps be arguable for the main
volumetric constituents of cardiac tissue (cardiomyocytes), other
components might very well exhibit a fractal structure (e.g.,
microvasculature). Importantly, such a complex-order fractional
framework holds a great potential for consideration of structural
remodeling, shall the associated structures (e.g. fibrotic clefts) are
proved to have a fractal nature.

However, an important limitation of Ugarte et al. (2018) is
that their proposed model is not consistent with the fractional
Laplacian in which the authors base their analysis. Taking β = 0
for simplicity, Equations (2), (3) then reduce to

∂tV = −κα

(

(

−∂2xV
)α/2

+

(

−∂2yV
)α/2

)

−
1

Cm
(Iion − Istim),

(4)
known as a fractional Riesz operator (fractional derivatives
independently applied in each spatial coordinate). Conversely,
under two-dimensional isotropic conditions, the fractional
Laplacian model given by Equation (1) becomes

∂tV = −κα

(

−∂2xV − ∂2yV
)α/2

−
1

Cm
(Iion − Istim), (5)

where for clarity the same notation κα has been used for
the equivalent diffusion coefficient. Comparing (4) and (5),

FIGURE 1 | Impact of fractional diffusion operators on cardiac conduction for decreasing order α. Activation maps for central domain stimulation are shown (5 ms

separation isochrones). (A) Fractional Laplacian (Bueno-Orovio et al., 2014b). (B) Fractional Riesz operator (Ugarte et al., 2018). Diffusion coefficients were optimized

to match standard diffusion conduction velocity at the center of 5 cm fiber strands. Ionic term: Fenton–Karma (modified Beeler–Reuter) dynamics; domain size:

5× 5 cm; space discretisation: 512× 512 points; time resolution: 0.025 ms.

it becomes evident that the proposed fractional model is
only equivalent to the fractional Laplacian under the standard
diffusion case, given by α = 2.

The implications of these subtle but important discrepancies
on cardiac conduction are exemplified in Figure 1. Simulations
illustrate isotropic conduction for both models under decreasing
fractional order α, with ion dynamics described for simplicity
by Fenton and Karma (1998). Whereas the fractional Laplacian
(Figure 1A) correctly replicates for all α the circular propagation
patterns observed on isotropic cardiacmonolayers as the simplest
yet inhomogeneous in-vitro model of cardiac tissue (Badie and
Bursac, 2009; Bian et al., 2014; Molitoris et al., 2016), the
fractional Riesz operator (Figure 1B) induces increasingly larger
curvature artifacts on wavefront conduction for decreasing α.
Such curvature artifacts indeed translate into the results of Ugarte
et al. (2018), as evidenced by their square-like spiral wavefronts
and rotor trajectories. Given the well-known curvature-related
modulation of conduction velocity and therefore wavefront-
waveback interactions (Fast andKléber, 1997; Comtois andVinet,
1999; Comtois et al., 2005; Kadota et al., 2012), their results on
vulnerability to re-entry and associated rotor biomarkers thus
must be cautiously interpreted.

It is nevertheless relevant to note that more squared
propagation patterns have been reported in both optical mapping
(Koura et al., 2002; de Diego et al., 2011) and computational
(He and Liu, 2010) studies. This was however under marked
anisotropic conduction, not accounted in the isotropic model
by Ugarte et al. (2018). In addition, fractional Riesz operators
have been also used in modeling electrical propagation (Liu et al.,
2013, 2015; Zeng et al., 2014). Such works, more centered in
numerical analysis than in gaining physiological insights, might
be additionally contributing to spreading the inconsistencies
between these two types of fractional diffusion operators. Finally,
a too coarse spatial resolution for atrial dynamics compared to
previous studies (Wilhelms et al., 2013) could also contribute
to partially unresolved re-entrant patterns. Although minimized
by the high-order approach on which the authors base their
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numerical methods (Bueno-Orovio et al., 2014a), allowing
considerably larger space steps than traditional stencils, this
aspect certainly deserves further consideration.

As previously discussed, the ideas presented in Ugarte
et al. (2018) hold a great potential for advancing the field
of fractional diffusion applied to cardiac tissue, in order to
promote our understanding of the role of tissue microstructure
and structural remodeling in modulating wavefront propagation.
However, this contribution raises awareness on the definition
of suitable fractional diffusion models, exemplifying that simply
recovering standard diffusion for a specific value of the
considered tissue parameters is not a sufficient condition for
realistic cardiac conduction. In this regard, frameworks that
are consistent with the fractional Laplacian (Bueno-Orovio

et al., 2014b; Cusimano et al., 2015; Cusimano and Gerardo-
Giorda, 2018) seem a more suitable modeling approach to
correctly capture the characteristic electrotonic loading of cardiac
tissue.
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Josselin Duchateau 1,2, Nicolas Klotz 1,2, Arnaud Denis 1,2, Nicolas Derval 1,2, Pierre Jais 1,2,
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AF is a heterogeneous rhythm disorder that is related to a wide spectrum of etiologies

and has broad clinical presentations. Mechanisms underlying AF are complex and

remain incompletely understood despite extensive research. They associate interactions

between triggers, substrate and modulators including ionic and anatomic remodeling,

genetic predisposition and neuro-humoral contributors. The pulmonary veins play a key

role in the pathogenesis of AF and their isolation is associated to high rates of AF

freedom in patients with paroxysmal AF. However, ablation of persistent AF remains

less effective, mainly limited by the difficulty to identify the sources sustaining AF. Many

theories were advanced to explain the perpetuation of this form of AF, ranging from a

single localized focal and reentrant source to diffuse bi-atrial multiple wavelets. Translating

these mechanisms to the clinical practice remains challenging and limited by the

spatio-temporal resolution of the mapping techniques. AF is driven by focal or reentrant

activities that are initially clustered in a relatively limited atrial surface then disseminate

everywhere in both atria. Evidence for structural remodeling, mainly represented by

atrial fibrosis suggests that reentrant activities using anatomical substrate are the key

mechanism sustaining AF. These reentries can be endocardial, epicardial, and intramural

which makes them less accessible for mapping and for ablation. Subsequently, early

interventions before irreversible remodeling are of major importance. Circumferential

pulmonary vein isolation remains the cornerstone of the treatment of AF, regardless of

the AF form and of the AF duration. No ablation strategy consistently demonstrated

superiority to pulmonary vein isolation in preventing long term recurrences of atrial

arrhythmias. Further research that allows accurate identification of the mechanisms

underlying AF and efficient ablation should improve the results of PsAF ablation.

Keywords: atrial fibrillation, reentrant drivers, catheter ablation, fibrosis, mapping, pulmonary vein ablation
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INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia.
It represents a major cause of mortality and morbidity, mainly
related to embolic events and heart failure (Benjamin et al., 1998;
Ruigomez et al., 2002, 2009; Pedersen et al., 2006; Miyasaka
et al., 2007; Potpara et al., 2013; Pandey et al., 2017; Eggimann
et al., 2018; Reddy et al., 2018). AF is a heterogeneous rhythm
disorder that is related to a wide spectrum of etiologies and
has broad clinical presentations. Despite extensive research, the
mechanisms underlying AF remain incompletely understood. AF
results from interactions between triggers, responsible for its
initiation, and the substrate responsible for its perpetuation. In
addition, ionic and anatomic remodeling, genetic predisposition,
and neuro-humoral contributors make these interactions more
complex.

The pulmonary veins play a key role in the pathogenesis of
AF and their isolation is associated to high rates of AF freedom
in patients with paroxysmal AF (PAF). However, ablation of
persistent AF (PsAF) remains less effective, mainly limited by
the difficulty to identify the sources sustaining AF outside the
pulmonary veins.

We aimed to review the mechanisms underlying AF and their
implications for catheter ablation.

AF PATHOPHYSIOLOGY

The mechanisms underlying AF are classically described
as mechanisms responsible for its initiation (triggers) and
mechanisms responsible for its perpetuation (Figure 1). This
classification is clinically relevant as it allows to identify
therapeutic targets.

AF Triggers
Haïssaguerre et al. (1998) first reported the essential role of the
pulmonary veins (PVs) in the initiation and maintenance of
paroxysmal AF (PAF). Ectopic activities originating from the
PVs were identified in 94% of patients suffering from frequent
pre-procedural AF episodes. Discrete ablation targeting the site
of origin of the ectopic activities abolished the arrhythmia and
prevented its recurrence in 62% of the cases after a follow-up of
8 months. The role of the PVs in triggering AF was confirmed in
multiple subsequent studies (Chen et al., 1999; Wu et al., 2001;
Sanders et al., 2002; Mahida et al., 2015).

Compared to the atrial cells, the PVs cardiomyocytes
have specific action potential properties that predispose to
arrhythmogenesis. In fact, the PVs cells have a higher resting
membrane potential, a lower amplitude of the action potential,
a smaller maximum phase 0 upstroke velocity and a shorter
action potential duration (APD). Slow and rapid delayed rectifier
currents are greater in the PVs whereas transient outward K+
current and L-type Ca2+ current are smaller (Ehrlich et al.,
2003).

The initial premature beats arising from the PVs are focal
(Arentz et al., 2007). These beats are likely automatic or triggered
and related to calcium handling abnormalities and subsequent
delayed afterdepolarizations (DAD) (Hirose and Laurita, 2007;

Takahara et al., 2011; Heijman et al., 2014). They are modulated
by acute stressors like atrial stretch (Kalifa et al., 2003) and
neural activation (Patterson et al., 2005; Lu et al., 2009). Early
after depolarization due to prolonged action potential duration
are mainly described in models of long QT syndrome (Lemoine
et al., 2011). Subsequent firing is either related to DAD due
to abnormal diastolic spontaneous calcium release (Chou et al.,
2005; Nattel and Dobrev, 2016) or to reentrant activity at the
junction between the PVs and left atrium. In fact, atrial myocytes
at the entrance of the PV have abrupt changes in their fiber
orientation, leading to slow conduction and reentry (Hocini et al.,
2002). In addition, ionic mechanisms facilitate the occurrence of
reentry by shortening the APD (increased rapid [IKr] and slow
[IKs] delayed rectifier K+ currents) and slowing the conduction
via the inactivation of Na+ currents (Nattel and Dobrev, 2016).

Additional ectopic sources triggering AF were identified
outside the PVs. They can be located in the vena cavae, the crista
terminalis, the coronary sinus, the ligament ofMarshall, the inter-
atrial septum, the appendages. . . (Mansour et al., 2002; Lin et al.,
2003; Shah et al., 2003; Lee et al., 2005; Yamada et al., 2006; Pastor
et al., 2007; Hwang and Chen, 2009; Yamaguchi et al., 2010; Elayi
et al., 2013; Enriquez et al., 2017). Lin et al. (2003) identified non-
PV triggers in 20% of the ectopic beats initiating PAF. Non PV
triggers were predicted by female gender (odds ratio 2.00, 95%
confidence interval 1.02–3.92) and left atrial enlargement (odds
ratio 2.34, 95% confidence interval 1.27–4.32) in patients with
PAF (Lee et al., 2005) and are more prevalent in AF of longer
duration (Hung et al., 2017). Mechanisms underlying extra-PV
triggers are less well-elucidated.

Perpetuation of AF
Mechanisms underlying the perpetuation of AF are still debated.
Multiple wavelets and localized (focal or reentrant) sources are
largely accepted to drive AF. These mechanisms are summarized
in Figure 2.

Multiple Wavelets Hypothesis
Multiple wavelets were suggested to perpetuate AF in a
mathematical model performed by Moe et al. (1964). In this
model, multiple waves randomly propagate through the atria,
cause wavebreaks, and give birth to new “daughter” wavelets.
Theoretically, the number and the stability of these wavelets
prevent AF termination. AF would be sustained as long as the
number of wavelets exceeds a critical level. The presence of
independent wavelets has been demonstrated in more recent
studies (Chen et al., 2000; Reumann et al., 2007; De Groot et al.,
2016). However, an important question is whether these wavelets
are driving AF or they are just passive and result from the
breakup of more organized waves remains unanswered. Chen
et al. (2000) analyzed the individual wavelets during sustained
AF by identifying the phase singularities using optical mapping.
In their models, the wavelets existed for less than one rotation in
98% of the cases. In addition, the number of wavelets decreased
between the entrance and the exit of the mapping field. These
results suggested that wavelets essentially result from the breakup
of high frequency organized waves and as such they are not
an independent mechanism that maintains of AF. Recording
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FIGURE 1 | Coumel triangle summarizing the different contributors to AF.

FIGURE 2 | Schematic representation of the mechanisms maintaining AF. (A) Single stable focal or reentrant source (star) with fibrillatory conduction. (B) Multiple

wavelets: multiple waves propagate randomly and give birth to new daughter wavelets. (C) Multiple reentries (red arrows) around areas of scar and fibrosis.

(D) Combination of the different mechanisms that sustain AF in humans. These mechanisms are typically meandering and last for few consecutive beats.
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multiple wavelets during firing from the PVs is an example that
supports the passive role these wavelets.

Localized AF Drivers: (Figure 3)
There is no specific definition of AF drivers. Hansen et al.
(2016) defined AF drivers as localized sources of fast, repetitive
activity from which activation propagates and breaks down into
fibrillatory conduction in the rest of the atria. This definition
refers to localized activities without specifying the underlying
mechanism. The driving role of these activities is demonstrated
by ablation slowing or terminating AF.

Functional reentry
Functional reentry refers to reentrant activity in the absence of
underlying substrate and of anatomical obstacles.

The leading circle concept: This concept was developed by
Allessie et al. (1977). In this theory, centripetal waves moving
toward the center maintain this latter refractory. A functional
reentry establishes itself in the shortest circuit defined as the
shortest distance the impulse travels during the refractory
period. The presence of slow conduction velocity (CV) or brief
refractoriness (RP) produces a small wavelength (WL) andmakes
spontaneous termination of AF unlikely. In fact, as WL= CV ∗

RP, the occurrence of a steady state where the WL is adapted
to the circuit length would stabilize the reentry and would
perpetuate AF.

Spiral wave reentry= rotor concept: Spiral wave reentry or “rotor”
is a region of specific reentry where the curved wavefront and
wavetail meet each other at a singularity, and where the central
tissue is not refractory (Vaquero et al., 2008; Pandit and Jalife,
2013; Nattel et al., 2017).

Evidence for spiral wave reentry was first demonstrated in
simulation studies (Winfree, 1973; Goldbeter, 1975; Lechleiter
et al., 1991; Pertsov et al., 1993a). Its presence in cardiac
tissue was demonstrated using optical mapping by Davidenko
et al. (1990). The authors induced sustained reentrant activity
by using a single appropriately timed premature electrical
stimulus applied perpendicularly to the wake of a propagating
quasiplanar wavefront. Reentry pivots at high frequency (5–7Hz)
around a relatively small group of cells that show only minimal
depolarizations (phaseless region) throughout the cycle.

Mandapati et al. (2000) identified micro-reentrant sources
localized in 80% of the cases at the posterior LA, close to the
left veins. The authors identified high frequency periodic activity
limited to small area (10.4± 2.8mm of core perimeter and 3.8±
2.8 mm2 area). Using high resolution video imaging, the localized
sources correspond to vortex like reentry.

Spatio-temporal characterization of the rotor activities was
facilitated thanks to phase transformation. Gray et al. (1998)
analyzed phase singularities during fibrillation and demonstrated
a spatial and temporal organization that under certain conditions
give rise to rotors. Phase represents the different stages within 1
cycle of a signal divided into 360◦ or 2π radians (Umapathy et al.,
2010).

Phase analysis characterization of the recorded signals lacks
temporal accuracy, Bray and Wikswo (2002) developed an
algorithm capable of establishing proper orbits without the need

to specify “Tau.” Using the Hilbert transform, phase singularities
could be localized closer to the point of initial formation than
was possible previously. This transformation is important for the
purposes of singularity tracking and investigating electrodynamic
interactions. Phase transformation allows to identify the center
of the pivoting rotor as an area of undefined phase and is called
phase singularity. This center is surrounded by phases ranging
between – π and+ π (Figure 5).

Anatomical reentry
Localized reentries play a key role in the maintenance of AF.
Reentry occurs in the presence of unidirectional block and of slow
conduction that makes the wavelength shorter than the length
of the circuit. Such conditions are commonly encountered in the
atria of patients with AF, mainly in the presence of fibrosis.

The role of reentry in maintaining AF was demonstrated by
Schuessler et al. (1992). In their model, the authors induced AF
using a single extra-stimulus and increasing concentrations of
acetylcholine and mapped the right atrial activation. They noted
an increase in the number of wavelets that tended to stabilize
to small, single, relatively stable reentrant circuit in the absence
of anatomical barriers. These reentries are facilitated by the
occurrence of lines of functional block at the crista terminalis.

Spach et al. (1988) showed micro-anatomic reentry (within
1–2mm area) that occur in the presence of non-uniform
anisotropic conduction and micro-fibrosis of the pectinate
bundles of the right atrium (Spach and Dolber, 1986). Hansen
et al. (2015) provided the evidence for intramural reentries
that anchor to fibrosis insulated atrial bundles. The authors
induced AF in explanted Human hearts and mapped intramural
activation of the right atrial wall using high resolution optical
mapping. They noted stable reentries that anchor to areas with
complex architecture marked by increased transmural fiber angle
differences and interstitial fibrosis. The majority of the reentries
were mapped from the endocardial surface and discrete ablation
terminated AF which confirms their driving role. These micro-
reentries were also identified in the left atrium (Zhao et al., 2015)
at the junction between the left atrial roof and the posterior
wall of the left atrium, at an area with abrupt changes in the
myocardial fiber orientation. Ablation of the driver maintain
AF can unmask drivers with longer cycle length (Hansen et al.,
2015). The presence of several temporally competing drivers and
secondary drivers may underlie the absence of acute termination
by ablation and should motivate repeated mapping of AF.

AF drivers are more frequently recorded in the left atrium.
This is attested by shorter AF CL in the left atriumwith a gradient
LA-RA, the higher rate of AF termination in the LA. Mansour
et al. (2001) analyzed left atrial and right atrial dominant
frequencies and identified left to right activation gradient that
increased after the ablation of the Bachmann bundle and of the
inferoposterior interatrial pathway. This observation supports
the higher prevalence of AF drivers in the left atrium with
fibrillatory conduction to the right atrium. Hocini et al. (2010)
tracked the evolution of AF cycle length at the right and atrial
appendages. In 70% of the cases, an increase of both cycle
lengths occurred after left atrial ablation. Right atrial drivers were
recorded in 20% of the cases.
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FIGURE 3 | Different reentrant activities maintaining AF (adapted from reference Allessie et al., 1977).

FIGURE 4 | Phase maps acquired during AF in patients with PAF (A), PsAF of 4 months (B) and long lasting PsAF >12 months (C). Red spots identify sites of phase

singularity.

Atrial Remodeling
Atrial remodeling includes structural and functional alterations
including electric, structural, and autonomic remodeling that
promote atrial arrhythmias.

Electrical remodeling
AF and rapid arrhythmias alter the expression and/or the
function of ion channels in a way that promotes arrhythmias
(Allessie et al., 2002; Schotten et al., 2011; Wakili et al., 2011;
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FIGURE 5 | Unipolar signals recorded during a one second window of AF. Electrograms at the site of reentrant activities (red spots) show a complex and turbulent

activity while the activity in the remaining atria is homogeneous. A reentry can be identified by analyzing the surrounding electrograms (white arrows) that show a

sequential temporal activation. LA, left atrium; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RA, right atrium; RIPV,

right inferior pulmonary vein; RSPV, right superior pulmonary vein.

Heijman et al., 2014; Nattel andHarada, 2014). In fact, rapid atrial
rate during AF initiates auto-protective mechanisms to reduce
the entry of Ca2+ inside the cell (Iwasaki et al., 2011). These
mechanisms aim to inactivate the Ca2+ currents, downregulate
ICaL, and enhance the inward rectifier K+ current. Subsequently,
the action potential duration becomes shorter which increases
the atrial vulnerability to atrial arrhythmias and stabilizes the
mechanisms sustaining AF (Figure 5) (Allessie et al., 2002;
Nattel, 2002; Schotten et al., 2011;Wakili et al., 2011). In addition,
impaired calcium handling leads to contractile dysfunction
and subsequent tachycardia-induced atrial cardiomyopathy (Sun
et al., 1998).

Structural remodeling
Fibrosis represents the most important structural remodeling
that promotes AF.

Fibrosis can be reactive (located at the interstitial space) or
reparative (replaces dead myocytes) (Silver et al., 1990; Burstein
and Nattel, 2008).

Animal studies identified atrial fibrosis in the presence of
hypertension (Kistler et al., 2006; Lau et al., 2010a,b, 2013),
heart failure (Li et al., 1999; Shi et al., 2002; Shinagawa et al.,
2002; Lau et al., 2011), diabetes (Linz et al., 2016), obesity
(Abed et al., 2013),. . . In humans, AF is more frequent in the
presence of external stressors predisposing to fibrosis (Sanders
et al., 2003; John et al., 2008; Roberts-Thomson et al., 2009;
Medi et al., 2011, 2012; Dimitri et al., 2012; Vlachos et al., 2016;
Anter et al., 2017; Karam et al., 2017). In addition, when left
untreated, AF promotes the expression of genes that enhance
the proliferation of fibroblasts and increase extra-cellular matrix

secreting function (Burstein et al., 2007; Guo et al., 2012). This
underlies the progression of AF to permanent forms by creating a
long-term positive feedback loop (Platonov et al., 2011; Yue et al.,
2011); the so called AF begets AF hypothesis (Wijffels et al., 1995;
Rostock et al., 2008).

Fibrosis increases the separation of the myocytes within sub-
endocardial atrial bundles and between the endocardial and
epicardial layers leading to endo-epicardial dissociation (Spach
and Dolber, 1986; Verheule et al., 2013; Hansen et al., 2017). It
forms barriers to the propagation of the activation wavefronts
and isolates atrial myocytes. These obstacles affect the wavefront
shape and can induce spiral waves through vortex shedding or by
causing localized conduction block in narrow isthmuses (Panfilov
and Keener, 1993; Cabo et al., 1996; Starobin et al., 1996). The
interaction between the wavefront and the boundaries of the
fibrotic area are determinant for the wavefront curvature by
influencing the propagation velocities and the refractory periods
(Comtois and Vinet, 1999; Sampson and Henriquez, 2002). This
stabilizes rotor activity (Morgan et al., 2016; Roney et al., 2016)
and anchors them to the scar boundaries (Davidenko et al., 1992;
Pertsov et al., 1993b; Morgan et al., 2016).

In addition, the fibrotic pattern affects the velocity of
the activation wavefront (Kawara et al., 2001; Comtois and
Nattel, 2011). In a mathematical model, Tusscher and Panfilov
(2005) demonstrated that an increasing number of small
and randomly distributed obstacles decrease the conduction
velocity but increase the inducibility of wavebreaks and spiral
waves in 2D and 3D excitable media. Kawara et al. (2001)
analyzed the wavefront activation in explanted human hearts
and identified different conduction curves according to the
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fibrotic pattern. The zones of dense, patchy fibrosis with long
fibrotic strands were associated with prominent activation delay.
The conduction curve in this situation was dependent on
the fiber direction. Conversely, dense, diffuse fibrosis with
short fibrotic strands only marginally affected conduction
curves.

In a recent study, Vigmond et al. (2016) demonstrated
the possibility to induce percolation in a computer model
of fibrotic tissue. Percolation was produced as a result of
micro-source-sink mismatch with the fibrotic region. This
produced low amplitude and long lasting electrograms.
Decreasing the cycle length increased the delay needed for the
wavefront to exit the remodeled zones and induced reentrant
activities. Additional studies demonstrated the occurrence
of reentry near the percolation threshold in heterogeneous
cardiac tissue including fibrosis (Alonso and Bar, 2013;
Alonso et al., 2016).

In addition to fibrosis, structural atrial remodeling includes
atrial fatty infiltration, inflammatory infiltration, necrosis and
amyloid deposition (Frustaci et al., 1997; Rocken et al., 2002;
Leone et al., 2004; Nguyen et al., 2009; Hatem and Sanders,
2014; Venteclef et al., 2015). The role of the adipose tissue in
the pathogenesis of AF is well-demonstrated. Adipose tissue has
a paracrine effect through the release of adipokines with pro-
fibrotic properties. It also forms barriers to wavefront conduction
and favor reentrant circuits (Hatem and Sanders, 2014).

Autonomic and neural remodeling
The heart has a rich and complex extrinsic and intrinsic
autonomic innervation (Janes et al., 1986; Armour et al., 1997;
Armour, 2008). The role of this system in the initiation and
maintenance of AF is well-demonstrated (Arora, 2012; Chen
et al., 2014) and is supported by the circadian variation in the
incidence of AF (Viskin et al., 1999; Mitchell et al., 2003).

Neural remodeling including an increase in the atrial
innervation occurs in different clinical situations. Animal studies
(Jayachandran et al., 2000; Chang et al., 2001; Arora et al., 2008;
Ng et al., 2011) demonstrated an increase in the density of
sympathetic and parasympathetic innervation with AF. Gould
et al. (2006) collected the atrial appendages in patients with AF
undergoing cardiac surgery and demonstrated an increased atrial
sympathetic innervation in patients with PsAF.

Neural remodeling also occurs after myocardial infarction
(Han et al., 2012; Nguyen et al., 2012; Ajijola et al., 2015) and
in the presence of cardiomyopathy (Ajijola et al., 2012) and
contributes to the occurrence of AF in these populations. Recent
therapeutic strategies aiming to modulate the autonomic tone
successfully reduced the AF burden in animal models (Richer
et al., 2008; Ogawa et al., 2009; Leiria et al., 2011; Shen et al., 2011)
and in humans (Pappone et al., 2004; Scanavacca et al., 2006; Po
et al., 2009; Katritsis et al., 2013; Pokushalov et al., 2013).

It is important to note that, in contrast with the electrical
remodeling, structural remodeling and fibrosis are not reversible
and lead to the perpetuation of AF in more complex forms. Early
interventions are of major importance to avoid such progression
of the disease.

Genetic Predisposition
Genetic predisposition plays an important role in the occurrence
of AF. It is responsible for familial cases with early onset of
AF independently of concomitant cardiovascular conditions (Fox
et al., 2004; Lubitz et al., 2010; Oyen et al., 2012). AF incidence
also shows racial differences, being less prevalent in Blacks,
Hispanics and Asians compared toWhites (Dewland et al., 2013).

Up to one-third of the patients with AF had genetic
variants that increase the risk of AF. So far, the genome
wide association study (GWAS) and international collaborative
metanalysis identified at least 30 gene loci associated to AF
(Gudbjartsson et al., 2007; Benjamin et al., 2009; Ellinor et al.,
2010, 2012; Sinner et al., 2014; Low et al., 2017; Bapat et al.,
2018; Campbell andWehrens, 2018).Variants located close to the
paired-like homeodomain 2 (PITX2) gene on chromosome 4q25
have the highest association to AF (Lubitz et al., 2014; Low et al.,
2017). The majority of mutations underlying AF affect genes
that encode transcription factors related to cardiopulmonary
development, cardiac-expressed ion channels and cell signaling
molecules (Roberts and Gollob, 2010, 2014; Ellinor et al., 2012).
Genome wide association studies have allowed identification of
variants potentially linked to AF (Christophersen et al., 2017; Lee
et al., 2017; Low et al., 2017; Nielsen et al., 2018a,b; Roselli et al.,
2018). These variants frequently require further classification to
confirm or eliminate their pathogenicity. Genetic predisposition
may influence the response to AF therapies (Darbar et al., 2007;
Parvez et al., 2012; Benjamin Shoemaker et al., 2013; Huang
and Darbar, 2016) and can allow specific and based-mechanism
therapies (Roberts and Gollob, 2010; Campbell et al., 2013;
Faggioni et al., 2014; Darbar, 2016).

MAPPING OF AF

Mapping represents a crucial step to understand the mechanisms
of AF and improve the results of ablation. However, it is
important to note that the spatial resolution of the mapping
technique can significantly affect the interpretation of the
underlying AF mechanism (Roney et al., 2017).

Invasive Mapping of Reentrant and Focal

Activities
Narayan et al. (2012b) used a 64 pole-basket catheter (48mm
diameter, 4mm electrode spacing; or 60mm diameter, 5mm
electrode spacing) introduced through a venous femoral access to
map AF activities from the right and the left atria. They included
97 patients who underwent 107 consecutive ablation procedures
for PAF or PsAF. AF electrograms at 64–128 electrodes
are combined with repolarization dynamics acquired using
monophasic action potentials (MAP) and conduction dynamics
to construct spatiotemporal AF maps (Narayan et al., 2012a).
These maps were used to locate the focal impulses (defined
as centrifugal activation contours from an origin) and rotors
(defined as sequential clockwise or counterclockwise activation
contours around a center of rotation emanating outwards to
control local AF activation). Rotors and focal impulses were
present in 97% cases with sustained AF. The majority of the
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AF sources were rotors (70%) and predominantly located in the
left atrium (76%). In contrast to our experience, no fragmented
signals were recorded at the rotors site. The mean AF sources was
2.1 ± 1.0 and was significantly higher in PsAF than PAF and in
spontaneous than induced AF. A group of patients underwent
ablation targeting Focal Impulse and Rotor Modulation (FIRM
guided ablation). Compared to patients undergoing conventional
AF ablation, FIRM guided ablation was associated to a higher
acute success and a better outcome.

Different systems were developed to invasively map rotational
activities (Daoud et al., 2017; Grace et al., 2017; Honarbakhsh
et al., 2017). The systems use different approaches and more
studies are needed to evaluate their clinical usefulness.

Limitations of Invasive Mapping of Reentrant and

Focal Activities
The FIRM approach needs the use of two basket catheters
for concomitant bi-atrial analysis. Poor electrode contact and
inefficient deployment may significantly alter the recorded
signals (Laughner et al., 2016; Oesterlein et al., 2016). In addition,
low resolution of mapping the atria may lead to false detections
(Roney et al., 2017). Offline analysis is needed which prolongs
the duration of the procedure and limits the reproducibility of
the results (Benharash et al., 2015; Buch et al., 2016). In addition,
there are significant discrepancies between 2D and 3D phase
maps where rotors identified using 2-D maps were absent in 3D
maps (Pathik et al., 2018).

Non-invasive Mapping
Principles of Non-invasive Mapping
Electrocardiographic mapping (ECGi) is a technology that allows
to map the activation of AF from chest recordings in a beat-
to-beat manner (Oster et al., 1997; Ramanathan et al., 2004;
Cuculich et al., 2010; Frontera et al., 2018a). This technique
is particularly useful to map focal sources and non-sustained
arrhythmia (Jia et al., 2006; Wang et al., 2011; Shah et al., 2013;
Zhang et al., 2013; Cochet et al., 2014).

Recording of the cardiac activity is acquired from the torso
using a 252 electrode vest. The cardiac geometry and the
position of each electrode is registered using high-resolution
cross sectional non-contrast computed tomography. The ECGi
algorithm computes epicardial unipolar electrograms from the
input geometry and torso potentials by solving the inverse
problem (Gulrajani et al., 1988; Rudy and Messinger-Rapport,
1988; Rudy and Oster, 1992; Ramanathan et al., 2003; Rudy,
2013). To avoid the superposition of the QRS, windows with
long R-R interval exceeding one second allow to analyze the
fibrillatory waves.

Additional algorithms can be applied to acquire different
maps. Activation maps are computed using the unipolar
electrogram intrinsic deflection (dV/dt) based method. Phase
analysis identifies reentrant and focal activities. Reentrant activity
is identified as a phase singularity formed at the intersection
of depolarization and repolarization isolines (Gray et al., 1998).
Focal breakthroughs are shown as activities raising from discrete
points and showing a negative pattern of the local electrogram.

Results From Non-invasive Mapping
Cuculich et al. (2010) first used ECGi to map AF in 26 patients.
The spatial accuracy for determining different pacing sites was
6 ± 4mm. The authors identified multiple wavelets (defined as
contiguous area of epicardial activation lasting ≥5ms) as the
most common pattern (92% of the patients). Rotor activity was
present in 15% of the cases, only in patients with non-paroxysmal
AF. The authors defined a complexity index as the sum of the
number of wavelets and focal activities and showed an increased
complexity with duration of AF.

Data from our laboratory (Haissaguerre et al., 2014; Lim
et al., 2017) reported the results of 103 patients with PsAF. The
analysis of cumulative windows of 9 ± 1 s of AF were performed
using phase mapping. AF was driven by two to three regions
of reentrant and focal activities during the first months. Drivers
activity spread in more regions and became bi-atrial in PsAF of
longer duration (Figure 4). Reentrant drivers were located in the
PV antra and surrounding structures, the left atrial appendage
and septum in nearly all the cases. Focal breakthroughs rose
predominantly from the PV ostia and left and right appendages.

In the AFACART study (Knecht et al., 2017), ECGi was
used to guide ablation in 118 patients with PsAF lasting <1
year. Reentrant activities were identified in all patients and
were more frequently located around the PVs, at the anterior
interatrial groove and the posterior and inferior left atrium. Focal
breakthroughs were mapped in 95% of the cases and were more
commonly located in the PVs and both appendages.

Metzner et al. (2017) used a noninvasive epicardial and
endocardial system (NEEES) and compared the epicardial and
the endocardial reentrant activity. The authors acquired phase
maps from 6 patients with PsAF. The majority of the epicardial
rotor activity was located in two to three anatomical clusters.
These results were reproduced using invasive mapping by a
multipolar catheter.

The effects of antiarrhythmic drugs were analyzed in a group
of 13 patients who underwent ablation for PsAF (Amraoui
et al., 2016). ECGi recordings were acquired before and after the
infusion of flecainide. Flecainide infusion reduced the number
of regions that hosted reentrant activity (7–4 regions, p< 0.001).
Importantly, AF was terminated to sinus rhythm in 11 cases,
by targeting the regions remaining after flecainide infusion in
9/11 cases. This result suggests that anti arrhythmic drugs select
more stable and important regions that sustain AF. Similarly,
amiodarone was used in patients with structural heart disease
and PsAF and allowed to terminate AF using a shorter duration
of radiofrequency (Cheniti et al., 2016). In our practice, an
antiarrhythmic drug is used before ablation for PsAF order to
limit the effects of the electrical remodeling.

Limitations of Non-invasive Mapping
Non-invasive mapping has some limitations that should be
considered for optimal use. Cardiac signals are attenuated while
crossing the thorax, leading to a “blurred vision” by the recording
electrode on the torso. Subsequently, the recorded signals by each
electrode on the torso represents the average of multiple signals.
However, areas with turbulent activity can still be distinguished
from areas with more organized activity (Figure 5).
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ECGi does not explore intra-mural and endocardial activities.
Subsequently, it is unable to discern the mechanisms of focal
activities that may be microreentry, epicardial breakthrough of
endocardial activity, focal activity (Cuculich et al., 2010). It
is also unable to accurately analyze the septal activity where
wavefronts from the left and right atria can be projected. In
addition, phase transformation can produce phase generated
non-rotational singularity points and false rotors (Vijayakumar
et al., 2016). In our practice, signals at the reentrant site are
manually validated by showing electrograms that cover all the
cycle length.

Invasive Mapping of AF
Invasive mapping is limited by the inability to map
simultaneously both atria, by contact issues, by mechanical
movement of the atrial walls, by the inability to explore intra-
mural and epicardial activities. The meandering nature of the
sources maintaining AF is an additional major limitation to
conventional sequential invasive mapping. Multipolar catheters
with small electrodes improved the mapping of AF by acquiring
high density maps and reducing the influence of farfield signals.

Findings During Invasive Mapping of AF
Konings et al. (1994) used a spoon shaped electrode containing
244 unipolar electrodes to map right atrial free wall in patients
undergoing surgical ablation of accessory pathways. The authors
identified 4 major patterns of activation according to the
complexity of the atrial activation. Single broad wavefronts
propagating uniformly across the right atrium were recorded
in 40% of the cases. One or two non-uniformly conducting
wavelets were recorded in 32% of the cases. Highly fragmented
signals with more than two wavelets and variable direction of
propagation were less frequent and recorded in 28% of the cases.
The authors correlated the morphology of the signals recorded
to the underlying mechanism (Konings et al., 1997). Unipolar
signals were different according to the underlying mechanisms,
showing single potentials in uniform conduction, short double
potentials in areas of collision, long double potentials in areas
with conduction block and fragmented potentials in pivoting
points and in the presence of slow conduction. No preferential
anatomic sites for double or fragmented potentials were found
in the right atrium. The authors hypothesized that electrograms
spanning the entire cycle length of the AF could identify localized
reentries and areas where electrograms displayed fractionation
could be pivotal points of these circuits. Fragmented signals
with long duration are referred to as complex fractionated atrial
electrograms (CFAE) and represented an important target for
AF ablation (Nademanee et al., 2004). Different algorithms were
developed in order to automatically locate the areas of CFAEs
(Scherr et al., 2007; Verma et al., 2008; Seitz et al., 2013; Namino
et al., 2015).

Rostock et al. (2006) performed high density endocardial
mapping during AF using a 20-pole catheter. The authors
identified two patterns of local activation. In the majority of the
cases, they recorded nearly simultaneous activation covering only
a limited part of the cycle length (≤30% of the AF cycle length).
This pattern was correlated to passive activation. More rarely,

they recorded complex activation covering more than 75% of the
cycle length. These signals were correlated either to local burst
activity with activation gradient in the adjacent splines and may
be related to localized reentry.

Haïssaguerre et al. (2006) used a 20-pole catheter with 5
radiating splines covering 3.5-cm diameter tomap both atria. The
authors identified activity spanning 75–100% of the cycle length
suggesting a complex localized activity or localized reentry.
Ablation targeting these areas significantly prolonged the AF
cycle length demonstrating the critical role of these reentries in
the maintenance of AF. This result is consistent with the findings
of Hansen et al. (2016) identified micro-reentrant activity with
average area around 15∗ 6mm with 3mm depth. As such, these
reentries may be mapped using high resolution catheters, but
only if they are located on the endocardial or epicardial surface.

High density endocardial mapping at the drivers’ area
identified prolonged fractionated signals. These signals were
more frequent in the driving area than in the remaining areas
(62 vs. 40%, p< 0.001). Most importantly, electrograms recorded
on the multispline catheter spanned across a greater part of AF
cycle length in the driver regions than elsewhere (71 vs. 47%
of the AF cycle length, P < 0.001) (Haissaguerre et al., 2014).
This suggests a slow conduction or a localized reentry. These
electrograms were rarely recorded for more than five consecutive
beats indicating an unstable local propagation (Haissaguerre
et al., 2016). In addition, these signals may show dynamic changes
that are dependent on the local cycle length (Rostock et al., 2006).
The instability of the electrograms is suggested by the smoothing
of the local activity which shows a turbulent activity. In fact,
unipolar signals at the site of reentry identified complex and
turbulent activity spanning all the cycle length, while activation
in the remaining atria are more homogeneous (Figure 5). In our
experience, the persistence of complex activity at driver sites after
ablation is associated to the persistence of AF and demonstrates
the necessity for further ablation.

Limitations of the Mapping of Fragmented Signals
Multiple parameters may affect the accuracy of invasive mapping.
The electrode size, the inter-electrode spacing, the proximity
to the atrial wall and the duration of the mapping at each
site represent the main parameters. Mapping catheters with
small electrodes provide a higher sensitivity to near-field signals
compared to 4mm tip catheters (Stinnett-Donnelly et al., 2012;
Berte et al., 2015). In addition, fractionation increases as
interelectrode spacing increases (Correa De Sa et al., 2011; Lau
et al., 2015).

The correlation between the fragmented signals and the
underlying mechanism is poor. In fact, complex and fragmented
signals may result from artifacts, inappropriate filtering, remote
activation related to adjacent structure or overlying structures
and alterations in conduction velocities related to wavefront
curvature and tissue discontinuities (De Bakker and Wittkampf,
2010). In addition, these fragmented signals are frequently
passive. Jadidi et al. (2012) acquired high density atrial maps
during sinus rhythm, CS pacing and during AF. The distribution
of the fragmented electrograms was different according to
the site and the rate of activation. During sinus rhythm and
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CS pacing, electrogram fragmentation mainly resulted from
wavefront collision.

Recent work from our laboratory characterized the
mechanism underlying the different types of electrograms
using high density mapping (Rhythmia, Boston Scientific)
during atrial tachycardia. Frontera et al. (2018b). analyzed
electrograms at the sites of slow conduction areas, at the lines
of block, at areas of collision and at pivot sites. Areas with
slow conduction had a significantly lower amplitude and a long
duration. Areas of wavefront collision had a shorter amplitude
and a higher voltage. Electrograms at the lines of block were
not fragmented, the block lines being defined as areas where the
activation completely stopped with the front making a detour
around the obstacle, the downstream activation proceeding
toward the line of block being in an opposite direction to the
upstream one. These characteristics should be assessed during
AF.

Contribution of Imaging Modalities to AF

Mapping
Cardiac magnetic resonance (CMR) studies demonstrated a
higher proportion of atrial fibrosis in patients with AF compared
to healthy patients (Oakes et al., 2009) and in patients with PsAF
compared to those with PAF (Oakes et al., 2009; Daccarett et al.,
2011).

Oakes et al. (2009) validated a processing protocol to detect
atrial fibrosis by using late gadolinium enhancement (LGE) on
CMR. This technique was used to characterize the atrial substrate
in a group of 81 patients undergoing PV isolation. Fibrosis was
present in all cases and its extent predicted the recurrence of
AF after PVI. In the DECAAF study (Marrouche et al., 2014),
Marrouche et al. demonstrated that an increase of 1% in the
proportion of atrial fibrosis was associated to 6% increase in
rate of recurrent arrhythmia after catheter ablation. In addition,
residual fibrosis on MRI, defined as preablation atrial fibrosis
not covered by ablation scar, was associated to the recurrence of
AF (Akoum et al., 2015). These studies confirm the key role of
fibrosis in the pathogenesis of AF.

Electrograms at the areas with fibrosis were analyzed by Jadidi
et al. (2013) in a group of patients undergoing ablation for
persistent and long-lasting PsAF. Atrial fibrosis was associated
with lower amplitude and a slower and more organized activity.
However, complex fractionated atrial electrograms were recorded
outside the areas of fibrosis in 90% of the cases.

Haissaguerre et al. (2016) analyzed the presence of fibrosis
and its density within each 2.5mm spherical atrial volume in
13 patients undergoing CMR. The borders of the fibrotic areas
hosted the majority of the reentrant activities. In fact, 80% of the
reentrant activities were located in areas with a fibrotic density
>70%. Conversely, only 10% of the non-driver region harbored
such a high fibrotic density.

In a recent study, Cochet et al. (2018) used high resolution
LGE-CMR to characterize atrial fibrosis in patients with
AF undergoing ECGi guided catheter ablation. The authors
characterized LGE density at the reentrant sites. Fibrosis was
significantly associated with the number of reentrant regions,

to the left atrial volume and to the AF duration. Interestingly,
reentrant activities were predominantly clustered at the LGE
borders. Moreover, areas with high reentrant activity had a
significantly higher local LGE density.

Fibrosis identified by CMR was shown to be an independent
factor of AF recurrence after catheter ablation. In a post-analysis
of the DECAAF study, Akoum et al. (2015) analyzed LGE CMR
3 months after the ablation in 177 cases. Baseline fibrosis and
residual fibrosis were significantly correlated to the need for
repeat catheter ablation. Similar results were reported in other
studies (Oakes et al., 2009; Malcolme-Lawes et al., 2013; Khurram
et al., 2016). Interestingly, CMR studies demonstrated a low
rate of complete encirclement of the four pulmonary veins, only
in around 7% of the cases (Badger et al., 2010; Akoum et al.,
2015). Incomplete PVI is associated to higher recurrence after
AF ablation (Peters et al., 2009; Badger et al., 2010). These results
raise multiple questions about the efficiency and the durability of
lesions caused by ablation.

IMPLICATIONS FOR AF ABLATION

Clinical AF ablation provides clues about the understanding of
AF pathophysiology. In Table 1 are presented the results of the
main studies and the outcome after percutaneous AF ablation.
Unfortunately, there is a significant heterogeneity between the
different studies leading to poor reproducibility of the results.

Catheter ablation is superior to antiarrhythmic drugs in
preventing AF recurrence (Hazard ratio = 0.53) as reported
in the CABANA trial. However, the best strategy is still to be
identified.

Despite the different techniques, CPVI remains the
cornerstone of the treatment of AF, regardless of the AF
form and of the AF duration (Voskoboinik et al., 2017). No
strategy consistently demonstrated superiority to CPVI in
preventing long term recurrences of atrial arrhythmias.

It is notable that higher rates of success are reported after
multiple procedures (Ganesan et al., 2013). This raises questions
about the identification of the mechanisms underlying AF and
the efficiency and the durability of the lesions created during
index procedures.

Paroxysmal AF
PV isolation (PVI) is the most widely used technique to treat
PAF. The initial strategy targeted the earliest activation site by
performing a focal and discrete ablation (Haïssaguerre et al.,
1998). However, this technique was associated to high rates of
pulmonary vein stenosis (Rostamian et al., 2014). Later, wide
area circumferential ablation that disconnects the PV two by two
became the strategy of choice. This technique is thought to have
better results (Lo et al., 2007) by targeting the trigger sources and
the ostial drivers and also by autonomic denervation (Redfearn
et al., 2007).

PVI is associated with high rates of freedom from AF
recurrence. The freedom rate from AF recurrence varies between
60 and 79% (Katritsis et al., 2008; Takigawa et al., 2015a; Straube
et al., 2016; Kis et al., 2017), 60 and 72% at 3 years (Vogt et al.,
2013; Takigawa et al., 2015a; Takarada et al., 2017) and decreases
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TABLE 1 | Summary of the different approaches of percutaneous ablation of AF.

References Population Ablation technique Acute results/main findings Long term outcome

PVI

Haïssaguerre et al., 1998 45 PAF Earliest site of activation of the

ectopic beat initiating AF

69 ectopic sites, 94% originating from

the PV

62% AF freedom after 8 ± 6months

Chen et al., 1999 79 PAF Earliest site of activation of the

ectopic beat initiating AF

116 ectopic foci, 88.8% originating

from the PV

86% AF freedom after 6 ± 2 months,

Focal stenosis in 42.4% of the PVs

Haissaguerre et al., 2000 70 PAF PV isolation (except RIPV) by

targeting atrial breakthroughs

73% AF freedom after 4± 5 months,

(29 patients had re-ablation session)

Deisenhofer et al., 2003 • 69 PAF

• 6 PsAF

Segmental PVI PVI achieved in 89% of the veins 51% AF freedom after 230 ± 133

days

40% underwent second procedure:

90% due to PV reconnection + 40%

extra-PV foci

Arentz et al., 2003 • 37 PAF

• 18 PsAF

Segmental PVI PVI achieved in 99% of the veins 27 pts underwent a second

procedure

62% event free after one-year

follow-up

70% for PAF, 44% for PsAF

SMART AF

Natale et al., 2014

• 172 PAF • 160 PVI using contact force

sensing catheter

additional atrial ablation in 50% of

the cases

• Atrial arrhythmia freedom after

1-year follow-up

◦ 74%= symptomatic arrhythmia

◦ 69.9%= symptomatic and

asymptomatic arrhythmia

Contact force within the selected

range ≥80% of the time

significantly increased the 12

month AF/AT freedom (88% vs.

66%)

STAR-AF study

Verma et al., 2015

589 PsAF 67: CPVI,

263: CPVI plus CFAE,

259: CPVI plus linear lesions (roof,

mitral isthmus)

CPVI + CFAE and CPVI + lines were

not superior to CPVI alone after 18%

follow-up (AF freedom = 49,46, 59%

respectively, P=0.15)

CHASE-AF trial

Vogler et al., 2015

153 PsAF 78 pts PVI alone,

75 full defragmentation,

• PVI group: SR achieved with

electrical cardioversion

• Full defragmentation group: AF

termination in 60% (AT= 60%,

SR= 40%)

No difference in the AF freedom after

1-year follow-up: 61.4% in the PVI

group, vs. 58.3% in the full-defrag

group

FIRE AND ICE trial

Kuck et al., 2016a

762 PAF • 378: PVI using cryoablation

384: Segmental PVI using

radiofrequency ablation

• Successful PVI

• 97.9% in radiofrequency group

• 98.9% in the cryoballoon group

• AF and AT freedom without

anti-arrhythmic drugs after a mean

of 1.5-year follow-up was not

different between the two groups:

◦ 65.4% in the cryoballoon group

◦ 64.1% in the radiofrequency

group

Alster-Lost-AF Trial

Fink et al., 2017

• 69 PsAF 6- 12

months

49 PsAF ≥ 12

months

• 61 pts CPVI-only

• 57 pts Substrate-modification

group, (CPVI + CFAEs and linear

ablation)

• AF termination

◦ CPVI alone= 3%

◦ Substrate modificatio n = 19%

(P=0.007)

• AF freedom after 1 year

follow-up and a single

procedure without AAD:

◦ 39% in the CPVI group

◦ 323% in the substrate

modification group

• AF freedom after 1-year follow-up

and a single procedure ± AAD:

◦ 54% in the CPVI group

◦ 57% in the substrate modification

group

• AF freedom after 1-year follow-up

and multiple procedures

• 69% in the CPVI group

• 86% in the substrate modification

group

(Continued)
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TABLE 1 | Continued

References Population Ablation technique Acute results/main findings Long term outcome

CASTLE AF trial

Marrouche et al., 2018

• 363 pts NYHA

II,III,IV with PAF

or PsAF, LVEF

≤35% and an

ICD

• 118 PAF

• 245 PsAF

• 106 PsAF >

12months

• Ablation = 179 pts vs. medical

therapy= 184

• Ablation consisted in PVI plus

additional lesions at the discretion

of the operator

• Ablation significantly reduced death

from any cause and hospitalizations

for worsening heart failure

◦ 28.5% after ablation

◦ 44.6%with medical treatment

(hazard ratio, 0.62; 95% confidence

interval, 0.43 to 0.87; P=0.007)

TIlz et al., 2018 161 PAF CPVI using EAM and double-Lasso

technique

• All PVI were isolated during the

index procedure

• Up to 5 redo procedures were

performed

• Recurrence were mainly due to PV

reconnections

• 10-year AF freedom

◦ 32.9% after a single procedure

◦ 62.7% after multiple procedures

• 6.2% progression to persistent AF

after 10 years

CFAE ABLATION

Nademanee et al., 2004 • 57 PAF

• 64 PsAF

CFAE ablation Acute termination without

antiarrhythmic drugs

• PAF: 86%

• PsAF: 62%

• AF freedom after 1 procedure at

1year follow-up= 76%

• Overall 91% AF freedom after 1

year follow-up

Oral et al., 2007 100 PsAF CFAE ablation Acute termination without

antiarrhythmic drug: 16%

• AF freedom after 14 ± 7 months =

33%

• Redo ablation = 44%

• Overall AF freedom after 13 ±7

months = 57%

Oral et al., 2009 119 long lasting

PsAF

• 19 PVI

• 50 CFAE ablation

• 50 cardioversion

• AF termination by PVI only= 16%

• Acute AF termination during CFAE

ablatio n = 18%

AF freedom after 1 procedure: 36% in

the absence of CFAE ablation and

34% after CFAE ablation (P= NS)

:No benefit of additional CFAE

ablation

SELECT-AF study

Verma et al., 2014

• 48 PsAF

• 28 PAF

• 38 pts: CPVI and all CFAE

• 39 pts: CPVI and selective CFAE

with continuous electrical activity

• CFAE ablation prolonged AF cycle

length and resulted in similar rates

of

• AF termination (37% vs. 28%;

P=0.42)

AF, AFL and AT freedom without

anti-arrhythmic drugs after 1-year

follow-up significantly lower after

selective CFAE ablation (28% vs.50%)

Atienza et al., 2014

RADAR-AF

• PAF= 115, AF

induced in 95

pts

• PsAF= 117, AF

induced in 22pts

• PAF= CPVI or high frequency

sources ablation (HFSA)

• PSAF= CPVI or CPVI+ HFSA

• AF termination

◦ PAF

• CPVI= 38%

• HFSA= 58%

◦ PsAF

• CPVI= 26%

• CPVI + HFSA= 46%

• AF/AT freedom after 1 year-follow-

up after a single procedure

◦ PAF

• 79% after CPVI

• 81% after HFSA

• PsAF

◦ 72% after CPVI

• 76% after CPVI + HFSA

Faustino et al., 2015 PAF: 150 • 75 PVI alone

• 75 PVI + stepwise ablation (CFAEs

+ linear ablation)

• AF termination and non-inducibility

achieved in 100% of the stepwise

approach

• AF freedom after a first procedure

at 1-year follow up significantly

higher in the stepwise group:

◦ 73,3% in the stepwise group

◦ 53.3% after PVI (p<0.01)

• Similar results after a second

procedure

Seitz et al., 2017 33 PAF

119 PsAF

• 105= ablation only regions

displaying electrogram dispersion

during AF

• 47= PVI and stepwise approach

• Ablation only at dispersion areas

terminated AF in 95% of the pts.

PVI/stepwise approach terminated

AF in 60% of the pts

• AF freedom after a mean of 1.5

procedures per patient procedures

after 18 month-follow-up:

◦ 85%= ablation only at regions

displaying electrogram dispersion

• 59%= PVI/Stepwise approach

(P<0.001)

(Continued)
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TABLE 1 | Continued

References Population Ablation technique Acute results/main findings Long term outcome

ROTOR ABLATION AND FIRM ABLATION

Cuculich et al., 2010 • PAF: 11

• PsAF ≤12

months: 19

• PsAF >12

months:6

Driver domains identified by ECGi • Multiple wavelets: most common

pattern (92% of the patients)

• Rotor activity detected in only 15%

of the cases and only in patients

with PsAF

• AF complexity increased with the

AF duration

N/A

Haissaguerre et al., 2014 • PsAF in SR= 26

• PsAF AF≤12

months= 57

• PsAF > 12

months= 20

Driver domains identified by ECGi 80% AF termination after 28 ±

minutes of RF ablation. AF complexity

increased with AF duration

85% AF freedom at 12 months in

group, no difference compared to the

control group

Lim et al., 2017 • PsAF in SR= 32

• PsAF AF≤12

months= 45

• PsAF > 12

months= 28

Driver domains identified by ECGi • 70% AF termination,

• Increased AF complexity and

reduced success rate with the

increase of AF duration

NA

Knecht et al., 2017 • PsAF in SR= 32

• PsAF AF≤12

months= 45

Driver domains identified by ECGi in 8

different centers

64% AF termination after 46 ± 28min

RF ablation

• AF freedom after 1-year follow-up

was 77%

• Of the patients with no AF

recurrence, 49% experienced at

least one episode of atrial

tachycardia (AT) which required

either continued AAD therapy,

cardioversion, or repeat ablation

Narayan et al., 2012b • PAF= 31

• PsAF= 76

FIRM guided: 36

Conventional ablation: 71

FIRM guided AF termination in 56%

of the cases vs. 9% with conventional

ablation

82% in the FIRM guided ablation vs.

45% AF freedom after 9 months

Pappone et al., 2018 PsAF: 81 • Group I: ablation of

repetitive-regular activities followed

by modified CPVI (mapping group;

n = 41)

• Group II: modified CPVI (control

group; n = 40)

61% (25/41) AF termination in the

mapping- guided ablation vs. 30%

(12/40) with conventional strategy

(P<0.007)

• AF freedom after 1-year follow-up

◦ 73.2% AF-free recurrence in the

mapping group

◦ 50% in the control group

(P=0.03)

Honarbakhsh et al., 2017 20 PsAF • Driver domains identified by basket

catheters

• Drivers identified using global

activation propagation and not

phase mapping

• 30 potential drivers: 19 showing

rotational activity and 11 focal

• 26 drivers were ablated with a

predefined response 84% of the

cases (AF terminated with 12 and

CL showed prolongation ≥30ms

with 10)

N/A

Cochet et al., 2018 PsAF = 41 Driver domains identified using ECGi

during AF

• Left atrial (LA)LGE imaging

significantly associated with the

number of re-entrant regions

(R=0.52; P= 0.001)

• Clustering of re-entrant activity at

LGE borders

• Areas with high re-entrant activity

showed higher local LGE density as

compared with the remaining atrial

areas

• Failure to achieve AF termination

during ablation was associated

with higher LA LGE burden, higher

number of re-entrant regions and

longer AF duration

AF freedom after 11 +/1 2

month-follow-up 25/34 (74%) pts.

(Continued)
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TABLE 1 | Continued

References Population Ablation technique Acute results/main findings Long term outcome

LINEAR ABLATION

Jais et al., 2004 PAF= 100 PVI + MI line vs. PVI + CTI line PVI was achieved in all the pts,

MI block was achieved in 92% of the

pts

87% AF freedom without anti

arrhythmic drugs after MI ablation

after 1-year follow-up vs. 69 in the

PVI group

Fassini et al., 2005 • PAF= 126

• PsAF= 61

Randomization: 92 PVI vs. 95 PVI +

MI line

MI block was achieved in 72% of the

pts

AF freedom at 1-year follow-up:

PsAF: 74% after MI line vs. 36%, p <

0.01

PAF: 76% after MI line vs. 62%, p<

0.05

Hocini et al., 2005 • PAF= 90 • PVI + roof line

• PVI

• Ablation of CTI and ostial PV

fragmented signals and non PV

triggers in all cases

Roof line blocked in 96% of the cases

Perimitral flutter inducible in 22% of

the cases

87% Af freedom after roof line after

15month-follow-up vs. 69% in the PVI

group

Gaita et al., 2008 • PAF=125

• PsAF and long

lasting

PsAF=79

• 67 PVI alone (41 PAF + 26 PsAF)

• 137 PVI plus left linear lesions (84

PAF + 53PsAF/Long-standing AF)

• PVI was acutely achieved in all pts.

• MI block in 31% of the cases

• Roof block in 92% of the cases

• CTI block in all patients

• AF freedom after a single

procedure at 12-month follow-up,

◦ PVI alone= 46% for PAF

◦ PVI alone= 27% for PsAF

◦ PVI + lines= 57% for PAF

◦ PVI + lines= 45% for PsAF

• AF freedom after a single

procedure at 3-year follow-up,

◦ PVI alone: 29% for PAF

◦ PVI alone: 19% for PsAF

◦ PVI + lines: 53% for PAF

◦ PVI + lines: 41% for PsAF

• After a second procedure (in about

50% of the cases), long term AF

freedom without AAD:

◦ PVI: 62% for PAF

◦ PVI: 39% for PsAF

◦ PVI + lines: 85% for PAF

◦ PVI + lines: 75% for PsAF

Mun et al., 2012 • PAF= 156 • 52= CPVI,

• 52= CPVI+ roof line

• 52= CPVI+ posterior box

• CPVI = 100%,

• CPVI +Roof line block= 80.8%

• CPVI + posterior box= 59.6%

• AF freedom after 15.6 ± 5 months

of follow-up,

◦ 88.5%= CPVI

◦ 78.8%= CPVI + roof line

◦ 80.8%= CPVI + posterior

(P=0.44)

Kim et al., 2015 • PAF= 100 • 50 CPVI

• 50 CPVI + posterior box lesion and

anterior linear ablation

• CPVI + CTI block= 100%

• Anterior Line block= 68%

• Posterior box isolatio n = 60%

• AF freedom after 16.3±4-month

follow-up without AAD:

◦ CPVI= 88%

◦ CPVI + posterior box + anterior

line= 84%

Kettering et al., 2017 PsAF= 250 • CPVI + roof line

• CPVI alone

• Additional MI line (6 pts), and right

atrial ablation (11 pts)

• Roof blocked in all cases • AF freedom after 1-year follow-up

◦ 81% after roof line vs.

◦ 74% after PVI (p= NS)

• AF freedom after 3-year follow-up

◦ 72% after roof line 63% after PVI,

P= 0.04

SUBSTRATE MODIFICATION (FIBROTIC AREAS AND LOW VOLTAGE AREAS)

Jadidi et al., 2016 PsAF=151 • Group 1: 85: PVI + ablation at

low-voltage areas (LVA <0.5mV in

AF) with fractionated activity or

rotational activity or discrete rapid

local activity

• Group 2: 66: PVI (control group)

• AF termination targeting LVAs with

specific electrogram patterns =

73%

• AF termination sites colocalized

within LVA in 80% and at border

zones in 20%

• Single- procedural AF-free survival

after 13-month follow-up

◦ 69% = group 1

◦ 47% = group 2 (P<0.001)

(Continued)
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TABLE 1 | Continued

References Population Ablation technique Acute results/main findings Long term outcome

Yamaguchi et al., 2016 PsAF= 117 • Group I: 101= targeting

low-voltage areas (<0.5mV in SR)

◦ Group Ia:39 = PVI + ablation of

LVA

◦ Group Ib:62 = PVI only (LVA not

identified)

• Group II: 16= LVA non ablated

group, only PVI

• Complete low voltage areas

elimination in 92% of the cases

• Additional linear lesions in 82% of

the cases in group Ia

• AF freedom after a single

procedure after 18 ±7 months

◦ 72%= No LVA identified

◦ 79% LVA ablation

◦ 38% No LVA ablation

BIFA trial

Schreiber et al., 2017

• PAF= 34

• PsAF= 49

• Long lasting

PsAF= 9

• 92 PVI + box isolation of fibrotic

area (BIFA) (<0.5 mV bipolar

signals in sinus rhythm)

• 49 PVI (no fibrotic area identified

during mapping)

• Different stages of Fibrotic atrial

cardiomyopathy (FACM)

◦ 0= no detectable voltage < 1.5

mV

◦ I= very limited severe fibrosis

◦ II= confluence scar fibrotic areas

(< 0.5mV)

◦ III= pronounced ≥ 2 scar fibrotic

areas (<0.5 mV)

• IV= diffuse fibrosis (“strawberry”)

• AF freedom after 16 ± 8 months

◦ Single procedure=69%

◦ Multiple procedures= 83%

• The extent of fibrosis significantly

associated to AF recurrence

STABLE SR

Yang et al., 2017

PsAF=229 pts • STABLE-SR group: 114=CPVI +

CTI + ablation-homogenization of

areas with low-voltage (LVZ

0.1–0.4mV in SR) and complex

electrograms

• Stepwise group:115= CPVI +

linear lesions + CFAEs

• AF termination in STABLER-SR

group =12.3%

• AF termination in stepwise

group=32.5%

AF-free survival after 18-month

follow-up

STABLE-SR group: 74%

Stepwise group: 71.5% (P=0.325)

AF, atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; CTI, cavo-tricuspid isthmus; EAM, electro-anatomical mapping; LVEF, left ventricular ejection fraction; CPVI, circumferential

pulmonary veins isolation; MI, mitral isthmus; PAF, paroxysmal AF; PsAF, persistent AF; PVI, pulmonary veins isolation.

to 53–68% at 5 years (Neumann et al., 2013; Takigawa et al.,
2015a, 2017; Kis et al., 2017). The long term freedom from AF
may reach 77% (Vogt et al., 2013) after redo PVI. AF recurrence
may be related to non PV triggers in one half of cases (Takigawa
et al., 2015b) and to the reconnection of the PVs in the remaining
cases.

Substrate modification in addition to PVI was tested by Di
Biase et al. (2009) who randomly assigned 103 consecutive
patients undergoing PAF to PVI alone (n = 35), PVI followed
by CFAE ablation (n = 34) or CFAE ablation alone (n =

34). There was no difference in terms of success rate between
PVI alone and PVI followed by CFAE ablation. However,
CFAE ablation alone was associated with the highest rates
of AF recurrence after 1-year follow-up. Similar results were
reported in subsequent studies (Deisenhofer et al., 2009; Chen
et al., 2011; Hayward et al., 2011). In addition, techniques
aiming at incomplete PVI (Kuck et al., 2016b) or not
isolating PV (Mikhaylov et al., 2011) were associated to worse
results.

CFAE Ablation
Targeting the complex fractionated signals was commonly used
as a strategy to ablate PsAF forms. Originally in 2004; Nademanee
et al. (2004) included 121 patients with paroxysmal AF (57
patients) or chronic AF (64 patients) and performed ablation
by targeting fragmented electrograms without additional PVI.
They reported a high rate of acute success by targeting areas of
CFAE (without PVI) with 95% of AF termination by ablation
(associated to ibutilide in 28% of the cases) and 76% of AF

freedom at 1-year follow-up after one procedure. However,
this result was not reproduced by Oral et al. (2007) who
included 100 patients with chronic AF where they ablated
CFAEs in the left atrium and the coronary sinus without
performing PVI. Only 33% of the patients were free from
AF or AT recurrence after a follow-up of 14 ± 7 months
after one procedure. A second procedure was performed in
44% of the patients, pulmonary vein tachycardia originating
from the targeted veins sustained atrial tachycardia in all
cases.

Oral et al. (2009) performed a randomized study and included
119 consecutive patients with long-lasting PsAF. All patients
underwent PVI that allowed termination to sinus rhythm in 19
(16%) of the cases. In the remaining 100 cases, patients were
equally assessed to either electrical cardioversion or ablation of
the CFAE in the left atrium or the coronary sinus. After 10 ±

3-month follow-up, there was no difference in the rate of sinus
rhythm without anti-arrhythmic drugs between the 3 groups.

In the STAR AF II study, Verma et al. (2015) performed
a prospective randomized multicenter study that included
589 patients with PsAF. Ablation consisted in PVI alone
in 67 patients, PVI and ablation of complex fractionated
electrograms (263 patients) or PVI and additional linear
ablation (259 patients). Acute termination of AF during
ablation was significantly higher in patients undergoing
PVI and complex electrograms ablation or PVI and linear
ablation than patients undergoing PVI alone. However,
the freedom from AF was not different between the three
groups.
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AF Drivers’ Ablation
In a recent meta-analysis, Parameswaran et al. (2018) analyzed
the outcome after rotor ablation in 11 studies with a total of 556
patients undergoing FIRM ablation for paroxysmal AF (n= 166)
or PsAF (n = 390). Pooled single-procedure freedom from AF
was around 37.8% PAF and 59.2% for PsAF after a mean follow-
up of 1 year. Heterogeneity between the different studies was
significantly high.

In the AFACART study (Knecht et al., 2017), non-invasive
mapping was used to guide the ablation for 118 patients with
PsAF lasting <1 year. Ablation targeted the drivers identified
by the system, followed by PV isolation and linear ablation
when AF could not be terminated. Ablation targeting the
drivers’ sites terminated AF in 64% of the cases after a mean
radiofrequency ablation duration of 46± 28min. AF termination
rate increased to 72% when additional PVI and atrial linear
ablation were performed. Extra-PV sources played a key role in
the maintenance of PsAF and their ablation is associated with the
termination of AF in the majority of the cases and arrhythmia
freedom up to 77% at a 1-year follow-up.

Surgical Treatment for AF
Surgical treatment for AF was first described by Dr Cox (Cox,
1991). The surgery consisted in linear incisions of the atrial
walls that aimed to interrupt the multiple wavelets and reentrant
circuits and subsequently direct atrial activation through a maze-
like system involving both atria. Different surgical techniques
were developed later (Fragakis et al., 2012; Xu et al., 2016), all
associated to high rates of arrhythmia free outcome (Prasad et al.,

2003; Ballaux et al., 2006; Barnett and Ad, 2006; Weimar et al.,
2012; Gillinov et al., 2015).

Hybrid approach (Tahir et al., 2018) overcomes the limitations
of the catheter based ablation and of the surgical ablation.
Epicardial thoracoscopic ablation followed by endocardial
ablation is associated to high rates of long term freedom from AF
recurrence exceeding 70% in patients with paroxysmal or PsAF
(Krul et al., 2011; Pison et al., 2012, 2014; La Meir et al., 2013;
Kurfirst et al., 2014; Bulava et al., 2015).

CONCLUSION

Mechanisms underlying AF are complex and remain
incompletely understood despite extensive research. Translating
AF mechanisms described in basic science to the clinical
practice remains challenging. In contrast with PAF, therapeutic
interventions for PsAF are still inadequate, mainly limited by
the identification of the sources maintaining AF. PsAF is driven
by focal and reentrant activity which are initially clustered in
a relatively limited atrial surface. These drivers disseminate
everywhere because of the atrial remodeling which increases the
complexity of AF. Accurate mapping techniques that consider
the spatio-temporal variation of AF are essential to identify these
sources.
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Introduction: Atrial fibrillation (AF) is a widespread cardiac arrhythmia that commonly

affects the left atrium (LA), causing it to quiver instead of contracting effectively. This

behavior is triggered by abnormal electrical impulses at a specific site in the atrial wall.

Catheter ablation (CA) treatment consists of isolating this driver site by burning the

surrounding tissue to restore sinus rhythm (SR). However, evidence suggests that CA

can concur to the formation of blood clots by promoting coagulation near the heat source

and in regions with low flow velocity and blood stagnation.

Methods: A patient-specific modeling workflow was created and applied to simulate

thermal-fluid dynamics in two patients pre- and post-CA. Each model was personalized

based on pre- and post-CA imaging datasets. The wall motion and anatomy were

derived from SSFP Cine MRI data, while the trans-valvular flow was based on Doppler

ultrasound data. The temperature distribution in the blood was modeled using a modified

Pennes bioheat equation implemented in a finite-element based Navier-Stokes solver.

Blood particles were also classified based on their residence time in the LA using a

particle-tracking algorithm.

Results: SR simulations showed multiple short-lived vortices with an average blood

velocity of 0.2-0.22 m/s. In contrast, AF patients presented a slower vortex and stagnant

flow in the LA appendage, with the average blood velocity reduced to 0.08–0.14 m/s.

Restoration of SR also increased the blood kinetic energy and the viscous dissipation

due to the presence of multiple vortices. Particle tracking showed a dramatic decrease

in the percentage of blood remaining in the LA for longer than one cycle after CA (65.9 vs.

43.3% in patient A and 62.2 vs. 54.8% in patient B). Maximum temperatures of 76◦ and

58◦C were observed when CA was performed near the appendage and in a pulmonary

vein, respectively.
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Conclusion: This computational study presents novel models to elucidate relations

between catheter temperature, patient-specific atrial anatomy and blood velocity, and

predict how they change from SR to AF. The models can quantify blood flow in critical

regions, including residence times and temperature distribution for different catheter

positions, providing a basis for quantifying stroke risks.

Keywords: left atrium, computational fluid dynamics, atrial fibrillation, thermal modeling, catheter ablation

1. BACKGROUND

Atrial Fibrillation (AF) is the most common cardiac arrhythmia,

affecting over 30 million people worldwide (Kirchhof et al.,
2016). It is characterized by irregular, rapid activations of the

atria and carries a high risk of heart failure and stroke. This

irregular electrical activity causes the atrium to quiver instead
of contracting, thus compromising the atrial flow dynamics and

the amount of blood pushed into the ventricle. In the case of
the Left Atrium (LA), this can reduce cardiac output by up to
30% (Iwasaki et al., 2011). Catheter Ablation (CA) has proven
to be an effective treatment for permanent termination of AF
and is gradually supplanting antiarrhythmic drug therapy. This
procedure involves the targeted application of Radio-Frequency
(RF) energy to the myocardium to create transmural lesions
that neutralize the abnormal electrical impulses by isolating
the source of irregular activity (e.g., thepulmonary veins (PV),
the mitral annulus and isthmus) from the surrounding tissue
and restore the normal Sinus Rhythm (SR) (O’Neill et al.,
2007).

The increased risk of heart failure and stroke in AF patients
have been associated with higher residence times of blood in
the fibrillating LA (Camm et al., 2012; Soor et al., 2016). In
the healthy atria, blood forms high-speed vortices, while in
AF these structures merge into a single slow-moving vortex,
contributing to blood stasis and potential thromboembolism
formation (Fyrenius, 2001; Fluckiger et al., 2013; Koizumi et al.,
2015; Gülan et al., 2017). Such effects of AF on the atrial
flow dynamics become even more important during CA. Thus,
the risk of thrombus formation, which is high in regions
with propensity to blood stasis such as the LA appendage, is
exacerbated by both the low blood flow velocities that occur in
AF and the localized heating of the blood surrounding the site
where CA is performed (Cibis et al., 2017). Recent studies showed
that the blood washout in the LA is considerably lower during
fibrillation and the number of blood particles remaining in the
LA appendage after three cycles almost doubles in AF compared
to SR conditions, suggesting an increased likelihood of blood
stasis and subsequent thrombus formation (Masci et al., 2017a,b).
A 10% incidence of thrombus was reported during CA (Ren et al.,
2004). A study in dogs showed a rate of thromboembolism 2.5
times higher after CA (mean temperature 66 ± 5.5◦C) than after
cryoenergy ablation (mean temperature −60 ± 12.1◦C) (Khairy
et al., 2003). In-vitro evidence proved that plasma aggregation
occurs in a few seconds at 50–80◦C in stationary blood (Demolin
et al., 2002). In patients, an incidence of coagulum up to 8%
was found for CA temperatures above 75◦C (Calkins et al.,
1994).

The interplay between atrial flow, catheter temperatures and
thrombogenic events during AF is poorly understood, due to
the difficulty in characterizing atrial flow dynamics and to the
scarcity of data on blood residence times in the LA pre- and
post-CA. As blood flow rates vary considerably inside the LA, the
temperature distribution and heat dissipation are hard to predict.
Although various models can successfully quantify atrial blood
flow in AF, none of these includes the simulation of CA and
temperature in the blood flow to address this issue (Mouret et al.,
2004; Zhang and Gay, 2008; Chnafa et al., 2012, 2014; Koizumi
et al., 2015; Vedula et al., 2015). Conversely, tissue temperature
distribution during CA has been simulated in a variety of models
that either do not include blood flow (Tungjitkusolmun et al.,
2001; Lai et al., 2004; Gallagher et al., 2013), or only simulate the
cooling effect of blood flow on the ablated tissue rather than the
effect of heat on the blood itself (Jain andWolf, 2000a,b; Berjano,
2006; González-Suárez and Berjano, 2016).

Blood residence times in the atria, and their links with thrombi
formation and movement, have also been poorly characterized.
Particle tracking provides a well-known technique to classify
blood flow components based on their residence time in the
heart. This type of analysis relies on the existence of a time point,
such as the onset of systole in the Left Ventricle (LV), where
there is no inflow nor outflow from the chamber, and from which
the particle tracking is performed (Bolger et al., 2007; Eriksson
et al., 2010). This approach was used to understand disease
progression in the LV of patients with dilated cardiomyopathy
(Carlhäll and Bolger, 2010; Eriksson et al., 2011, 2012). More
recently, a similar technique was proposed to investigate atrial
flow dynamics through continuous particle seeding from the
Pulmonary Vein (PV), since blood inflow in the LA occurs
continuously throughout both systole and diastole, unlike in the
LV, with preliminary results showing that approximately half of
the blood volume entering the healthy LA in one cycle is ejected
in the same cycle (Gaeta et al., 2018).

The goal of this study is to understand better how LA flow is
affected first by AF, then by AF termination by CA. Personalized
models are generated by combining information from imaging
data (Cine MRI and Doppler echocardiography) and atrial wall
motion tracking. Computational fluid dynamics (CFD) with heat
modeling is then performed using the Finite Element (FE) based
software package CHeart (Lee et al., 2016; Hessenthaler et al.,
2017) to simulate the patient-specific fluid-thermal dynamics,
with further application of the particle tracking techniques. This
workflow is applied to two patients presenting with AF pre- and
post-CA, to explore how the complex fluid-thermal dynamics
and flow distribution change between AF (pre-CA) and SR
(post-CA).
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2. METHODS

2.1. Patient Data
SSFP Cine MRI data with a spatial resolution of 1.25 × 1.25
× 10 mm3 and temporal resolution of 50 timesteps/cycle were
acquired for the full heart from two patients (Chubb et al., 2018).
Data for patient Awere acquired 84 days prior to and 89 days post
CA. Data for patient B were acquired 63 days prior to and 90 days
post CA. This patient also presented with type 2 diabetes mellitus.
Both patients exhibited persistent AF in initial scans, and SR in
the follow up scan. Patient A’s was 69 BPM in the initial scan and
70 BPM in the post treatment scan, while Patient B’s heart rate
was 82 BPM for both scans. This data is summarized in Table 1.

2.2. Segmentation Process and Mesh
Generation
Segmentations of the LA and LV were performed with the image
processing package MITK (Wolf et al., 2005) on each Cine MRI
dataset at end-systole to create a patient-specific 3D atrial and
ventricular mesh (Figure 1). Surface smoothing was applied via a
3D mathematical interpolation routine. Care was taken to insure
the resulting interpolated segmentation conformed closely to the
imaging data (Maleike et al., 2009). The atrial segmentation was
processed using the software package Paraview (Ahrens et al.,
2005) to identify the inflow planes for each of the PV and the
outflow plane in the Mitral Valve (MV). A tetrahedral volume
mesh of the LA was then generated from the smoothed surface
mesh using the software package VMTK (Antiga et al., 2008)
(hmax ≈ 2.9 mm, hmin ≈ 0.7 mm, and hmean ≈ 1.5 mm) to
perform FE flow simulations.

2.3. Motion Tracking
The visualization and analysis of the data was performed using
the software package Eidolon (Kerfoot et al., 2016). Specifically,
the motion of structures throughout the time-dependant image
series was described via a motion tracking algorithm based on
temporal sparse free-form deformations, where the deformation
is reconstructed from an image sequence. A reference frame was
chosen as source image for the other images in the sequence.
This algorithm guarantees the periodicity of the deformation
by enforcing cyclic motion. The algorithm was applied to the
Cine MRI data to generate a transformation field for the entire
image volume that represents the wall motion of the LA and LV.

This tracking field was then applied to the LA and LV surfaces
meshes. The deforming mesh was visually checked in three
different views (sagittal, axial and coronal) to ensure tracking
was accurate throughout the cycle. This process resulted in a
deformed surface mesh for each of the 50 steps/cardiac cycle
for both the LA and LV. Specifically, the motion of structures
throughout the time-dependant image series was described via
a motion tracking algorithm based on temporal sparse free-form
deformations, where the deformation is reconstructed from an
image sequence (Figure 2).

2.4. Boundary Conditions
The nodal coordinates of the 50 surface meshes of the LA
were then interpolated with cubic splines and a periodic end
condition to artificially increase the temporal resolution to 1,000
steps/cycle. A wall velocity boundary condition for each step
was calculated and was then applied at the LA-blood interface
to deform the mesh tracking the LA structure in the image
throughout the cardiac cycle. The same steps were applied to the
LV.

Using the tracked LV mesh, the volume of each chamber was
calculated throughout the cardiac cycle. Flow through the MV,
QMV , was quantified by calculating the differential in positive
volume change, dV/dt from maximum to minimum volume over
the cycle and assuming perfect functioning of the aortic valve and
MV, such that

QMV = 0, if dV/dt is negative,

QMV =
dV

dt
, if dV/dt is positve.

The resulting flow velocity waveforms were validated against
velocities recorded at theMV using Doppler ultrasound. TheMV
was defined as an ellipse fitted to the MV annulus. QMV was
interpolated across this elliptical valve with a paraboloid shape
to create a time-dependant velocity field, which was applied as a
Dirichlet boundary condition on the MV plane. The maximum
velocities were defined in the centre of the MV in a direction
normal to the MV face and zero velocity was prescribed at the
edges of the ellipse.

At each of the PV faces backflow stabilization, zero pressure
stabilizing Neumann conditions were applied to avoid an
excessive flux of momentum into the domain, and hence prevent

TABLE 1 | Patient data.

Age range Vascular AF duration LA LA max LV

(Years) disease (years) fibrosis Vol (ml) EDV (ml)

Patient A 55–60 Yes 2 Nil 113 114

Patient B 55–60 Nil 4 Nil 197 210

HR pre CA HR post CA LV stroke LV stroke

BPM BPM Pre CA (ml) Post CA (ml)

Patient A 69 70 56 80

Patient B 82 82 101 149

A summary of the relevant data for the patients used in this study.
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FIGURE 1 | Segmentation process: Step 1: (Top) Segmentations of the LA and LV were performed with the image processing package MITK on each Cine MRI

dataset at Time = 0s to create a patient-specific 3D atrial and ventricle mesh. Segmentations were performed on each slice in the axial plane. Step 2 (Bottom-left) A

3D interpolation is applied to the segmentation to create a smooth surface mesh. Step 3: (Bottom-right) the mesh is separated into the LA and LV at the mitral valve.

instabilities, following a previously proposed approach (Esmaily
Moghadam et al., 2011).

2.5. Computational Fluid Dynamics
Simulations
CFD simulations of the patient-specific LA flow were then
performed using the stabilized Streamline Upwind Petrov-
Galerkin (SUPG) Arbitrary Lagrangian-Eulerian (ALE) Navier-
Stokes solver for incompressible flows implemented in the
software package CHeart (Lee et al., 2016). The temporal
resolution was set to 0.73 ms, resulting in 1000 time steps per
cycle. Up to 10 cardiac cycles were simulated using 98 cores of
a 640 core SGI Altix-UV high performance computing (HPC)
cluster with Nehalem-EX architecture at King’s College London.
Blood density ρ was defined as 1.06 kg/m3 and viscosity µ as
3.5×10−3 Pa s. The results were checked to ensure periodicity.

Flow energies were also computed to describe LA function.
Kinetic Energy (KE) is directly related to flow velocities and is
described mathematically as

KE =
ρ

2
‖ vblood ‖

2

where vblood is the blood velocity (m/s).
Viscous energy quantifies the energy dissipation that occurs

due to the conversion of KE to thermal energy or to the
presence of high-friction, vortical flow. The rate of viscous energy
dissipation, (Ė), can be described as

Ė = µ
[∇vblood + (∇vblood)

T]2

2

To compare the changes in KE and Ė between the AF and
SR states, the data was integrated over the volume of the
atrial cavity (Elbaz et al., 2017). Reduced vortical flows have
been associated with patients in AF and are associated with
an increased risk of thrombus formation and embolization
(Fyrenius, 2001).

2.6. Particle Tracking
Following the CFD simulations particle tracking was applied
to the generated LA velocity field for the final simulated cycle.
The geometry was uniformly seeded with massless particles at
the instant the MV opens. The seeding was performed at the
onset of systole in all cases. A uniform grid was imposed on
the entire LA cavity and the particles were seeded at each nodal
position of the grid from this starting point (no reseeding was
performed). The number of particle was approximately 10,000
with small variations between the two patient cases due to
differences in the size of the cavity. The trajectory of each particle
was computed using 4th order Runge-Kutta estimations based
on the velocity field for a single full cardiac cycle and as such
was unique. Hence, in order to cover the entire cycle, each
particle was tracked backwards and forwards in time starting
from a fixed seeding point at the onset of systole, so the
forward tracing would cover systole and the backward tracing
diastole.
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FIGURE 2 | Cardiac Motion Tracking: (Top) Using the visualization and analysis package, Eidolon, an algorithm based on MIRTK which uses temporal-sparse free

form deformations applied to the Cine MRI data to generate a transformation field for the entire image volume describing the motion of structures throughout the

time-dependant image series, including the motion of the LA and LV. (Bottom) The tracking field was then applied to the LA and LV mesh and the deforming mesh

was visually checked to ensure tracking was accurate throughout the cycle.

Particles were defined by their behavior during the cycle, in
analogy with the spatial flow component analysis proposed in
previous studies on left ventricular fluid dynamics (Bolger et al.,
2007; Eriksson et al., 2010). Retained Inflow (RI) was defined as
those particles that enter via the pulmonary veins (PV) during
diastole and are not ejected at the end of the cycle analyzed.
Delayed Ejection (DE) was defined as those particles present in
the LA at the start of the cycle (diastole) and ejected during
systole. Residual volume (RV) was defined as that flow that
resides in the LA for at least two complete cycles. Finally diastolic
Direct Flow (DF) was defined as the blood that enters the LA
during diastole and is ejected in the following systole. Particles
were also tagged based on which PV they emanated from to
allow quantification of the contribution of each Pressure-Volume
(PV).

Particle tracking convergence analysis was performed with
respect to time tracking and particle density in a previous cardiac
dataset (De Vecchi et al., 2018). These indicated that stabilized
flow components (RI, DE, RV, DF) were achieved with ∼10,000
uniformly seeded particles, traced forward and backward with 0.5
ms time stepping.

2.7. Thermal Simulations
Thermal processes during CA were modeled using a modified
version of the Pennes bioheat equation (Soor et al., 2016):

Ṫ + (vblood − vwall) · ∇T −∇ · D∇T − Qcath + Qperf − Qmeta = 0

The heat loss due to perfusion (Qperf ) and metabolic heat
gain (Qmeta) were set to zero, since they have negligible
physiological values. vwall is wall velocity m/s calculated from
the Computational Fluid Dynamics (CFD) simulation. The heat
gain from the catheter (Qcath) was defined in a sphere of radius 5
mm near the LA wall, which mimiced the catheter tip; the value
of Qcath was chosen to produce temperature of 90◦C at the tip
(Dillon-Murphy et al., 2017). T is the temperature of the blood
in ◦C. D = k/ρ·c, k being the thermal conductivity of blood set to
0.57 W/m·K and c is the blood specific heat capacity, which was
set to 3.9 J/kg·K. The initial conditions for blood temperature was
37◦C everywhere except for the catheter tip. Zero-flux boundary
conditions on temperature were applied at all boundaries.

The thermal problem was found to be dominated by
advection, which was reflected in a high Peclet number (∼ 107).
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Therefore, the simulation of the thermal diffusion on the CFD
mesh resulted in numerical instabilities. To resolve this, the
velocity field from the CFD analysis was interpolated andmapped
to a denser LA mesh (hmax ≈ 1.75 mm, hmin ≈ 0.38 mm, and
hmean ≈ 0.92 mm) (Figure 3). Simulations on such a fine mesh
with about 2 million elements were less efficient computationally,
but allowed us to avoid instabilities and generate the required
proof-of-concept data.

3. RESULTS

3.1. Flow Velocity Analysis
Both simulations of SR patients showed flow velocities within
a normal physiological range. Patient A ranged between 0 and
2.0 m/s, mean velocity 0.22 m/s, while patient B ranged between
0 and 2.3 m/s with a mean velocity of 0.2 m/s with blood
forming several fast, short-lived vortices in both cases (see
Supplementary Video 1 for patient A) .

FIGURE 3 | Comparison of mesh for CFD simulation and thermal simulation:

(Top) shows a the velocity field generated on the CFD and (Bottom) shows

the same field mapped to the finer mesh used for the thermal simulation. To

the left of each image is a detailed view of the mesh structure in the center of

the domain. This mapping was performed to avoid numerical issues due to the

adjective dominant behavior of heat in blood.

Simulations of AF patients tended to show larger
slower vortices in the middle of the LA cavity (see
Supplementary Video 2 for patient A) compared to those
in SR, and there was a greater degree of stagnant flow in the LA
appendage of both patients. When in AF patient A exhibited
velocities in the range 0–1.2 m/s, mean velocity 0.08 m/s and
patient B exhibited velocities in the range of 0–1.5 m/s with mean
velocity of 0.14 m/s, a drop of 64 and 30% from SR, respectively.
These simulation results are in good agreement with previous
patient measurements based on the application of 4D flow MRI
and phase-contrast MRI (Fluckiger et al., 2013).

After treatment, when the patients were in SR, both patients
exhibited a relatively normal double-peaked MV flow waveform,
with the first peak corresponding to the main outflow wave and
the second to the atrial contraction in late diastole.

Before treatment, when the patients were in AF, the double-
peaked MV flow was less evident. In patient A both outflow peak
velocities were approximately 37 and 50% lower in AF than in SR
(Figure 4). In patient B, while in AF, the two velocity peaks were
fused into a single one that occurred later in systole and had a
lower magnitude than the first main peak SR (25% reduction), as
show in Figure 5.

When comparing AF to SR conditions in the Left Atrial
Appendage (LAA), the velocity went from a maximum value of
0.22 m/s and a mean value of 0.02 m/s when in AF to a maximum
value of 0.75 m/s and a mean value of 0.05 m/s when in SR for
patient A, and a maximum value of 0.35 m/s and a mean value
of 0.05 m/s to a maximum value of 0.44 m/s and a mean value of
0.06 m/s for patient B.

3.2. Energy Analysis
Figure 6 shows the plot of the calculated kinetic energy for
patient A and patient B for the cardiac cycle, which is
proportional to ‖ vblood ‖

2. The dashed blue line shows the results
for the AF case and the dashed orange shows the results for the
SR case. Both patients showed a significant increase in the total
kinetic energy in SR with the mean KE increasing 9-fold from
6.3 J/m3 when in AF to 58.8 J/m3 when in SR for patient A, and
increasing over 2-fold from 15.9 J/m3 to 34.8 J/m3 for patient B.

This increase in overall KE is associated with an increase in
the rate of viscous energy loss as shown in Figure 7. The mean
Ė for patient A increased 10-fold from 3.7 W/m3 to 38.3 W/m3,
and for patient B increased over 2-fold from 7.4 to 16 W/m3.

The energy peaks in Figures 6, 7 show a large difference
in magnitude between AF and SR, especially in patient A,
supporting our observation that restoration of SR by CA can
improve dramatically the intra-cavity flow velocity.

3.3. Particle Tracking
Figures 8, 9 shows the particle tracking results for patient A
and B respectively. Each figure shows the results pre and post
CA treatment. The results are highlighted at three time points
as described previously, the instant prior of the MV opening,
the instant of peak MV flow, and the instant of LA systole
associated with the booster pump function of the LA. The figure
also contains a table of the percentage breakdown of each class of
particles with a color key for each class. The relevant MV flow

Frontiers in Physiology | www.frontiersin.org December 2018 | Volume 9 | Article 1757351

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Dillon-Murphy et al. Modeling Left Atrial Catheter Ablation

FIGURE 4 | Patient A velocity simulation. The image shows two panels describing the velocity field for patient A. Both panels show the magnitude of velocity field with

scaled arrows overlaid indicating the velocity direction for two 2D-planes positioned in the atrium. To the right of each velocity plot is a second view of the plane’s

location in the atrium at that instant. The left shows the velocity pre treatment in the fibrillating atria and the right panel the results post treatment. The bottom of each

panel is the MV velocity calculated from the differential change in volume of the LV. The velocity is shown at three instants, 1- MV opening, just prior to the MV

opening, 2- Peak MV Flow, the instant where there is maximal flow through the MV, and 3- LA systole, where there is an increase in MV flow from the contraction of

the LA. These points are indicated on each flow waveform.

waveform is also provided at the bottom right of each panel.
Table 2 provides a comprehensive quantitative breakdown of
the proportion of particles attributable to each class, including
a breakdown of which DF and RI particles are attributable to
the superior and inferior Left Pulmonary Vein (LPV) and Right
Pulmonary Vein (RPV). In both patients a decrease in RV was
observed after CA (24.7 vs. 7.7% in patient A and 20.2 vs. 16.4%
in patient B, pre- and post-CA respectively). This change was
associated with a substantial increase in DF post-treatment (1.9
vs. 15.3% in patient A and 3.1 vs. 18.6% in patient B). The
combined RV and RI pre-CA was 65.9 and 43.3% for patients A
and B respectively, and 62.2 vs. 54.8% post-CA.

3.4. Thermal Analysis
Figure 10 shows the thermal simulation results for Patient A. The
simulation was run with the catheter tip in two locations, Pos 1,
with the catheter tip in the vicinity of the LAA, and Pos 2, with the
catheter tip in the vicinity of the inferior RPV. The figure features
a slice through the volume intersecting with the inferior RPV, the
two tip locations, the LAA and the MV. For reference the figure
also shows the velocity field overlaid on the thermal results. To
the right of the thermal results is a volume representation of the
slice orientation and tip locations. The figure also describes the

maximum temperatures and their locations at that instant in the
cycle.

The temperature of the catheter tip was set to 90◦C, although
this temperature was never actually recorded in the blood as the
heat was advected immediately away from the tip. At the time
point prior to the MV opening, the maximum temperature at the
catheter tip was approximately 83◦C and the maximum blood
temperature was 76◦C for Pos 1 and 58◦C for Pos 2. When the
tip was in Pos 1, close to the LAA, the maximum temperature
observed in the LAA was 47◦C. When in Pos 2, the temperature
in the LAA did not exceed 40◦C.

4. DISCUSSION

This study performed thermal-fluid simulations in two patients
who presented AF before treatement and were brought back in
SR following CA. The results highlight significant differences
in the LA fluid dynamics. In both cases flow velocities during
AF were severely compromised and the vortex formation
dynamics were also altered, in agreement with previous patient
measurements based on the application of 4D flow MRI and
phase-contrast MRI (Fluckiger et al., 2013; Masci et al., 2017a,b).
The most noticeable difference between the two states was
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FIGURE 5 | Patient B velocity simulation. The image shows two panels describing the velocity field for patient B. Both panels show the magnitude of velocity field with

scaled arrows overlaid indicating the velocity direction for two 2D-planes positioned in the atrium. To the right of each velocity plot is a second view of the plane’s

location in the atrium at that instant. The left panel shows the velocity pre treatment in the fibrillating atria and the right panel the results post treatment. The bottom of

each panel is the MV velocity calculated from the differential change in volume of the LV. The velocity is shown at three instants, 1- MV opening, just prior to the MV

opening, 2- Peak MV Flow, the instant where there is maximal flow through the MV, and 3- LA systole, where there is an increase in MV flow from the contraction of

the LA. These points are indicated on each flow waveform.

FIGURE 6 | Total Kinetic Energy. The image shows two panes of the total kinetic energy which is proportional to ‖ vblood ‖
2 for patient A (Left) and patient B (Right).

The blue dashed line shows the total kinetic energy for each patient pre ablation, ie when the patient is in AF, and the orange line shows the post treatment SR case.

observed in the marked decrease during AF of the atrial
booster pump function, which is responsible for the A-wave at
the end of ventricular filling (atrial kick). This function was
almost entirely absent in patient B, in analogy with previous
findings that showed that suppression of atrial kick during
AF can lead to a decrease in the total blood volume ejected
into the LV by approximately 10% alone (Koizumi et al.,
2015).

Lower blood velocities also corresponded to a decrease in
the kinetic energy and viscous dissipation rate integrated over
the total cavity volume. If this is to be expected given the
direct proportionality with flow velocity, the results also showed
that the peak kinetic energy and viscous energy dissipation
during AF occurs earlier in patient A and later in patient
B. This discrepancy is related to the fusion of the MV flow
peak velocities into a single peak that occurs later in diastole
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FIGURE 7 | Rate of viscous energy dissipation. The image shows two panes of the viscous energy loss waveforms for patient A (Left) and patient B (Right). The blue

dashed line shows the instantaneous energy loss for each patient pre ablation, i.e., when the patient is in AF, and the orange line shows the post treatment SR case.

FIGURE 8 | Particle tracking results Patient A. The image shows the particle tracking results for patient A. The image consists of two panels. Each panel shows the

visualization of the different classification of particles DE, RV, DF, and RI at three points in the cardiac cycle, just prior to MV Opening (1), Peak MV Flow (2), and LA

Systole (3). Top-right of each panel shows the quantification of each classification of particle as a percentage, and Bottom-right shows the MV flow wave form with the

instant of each timepoint under consideration. The top panel shows the Pre CA results when the patient exhibited AF while the bottom shows the post CA results

when the patient was in SR.

for patient B, which does not occur in patient A, where the
double-peaked flow is retained in AF (Figures 4, 5). This shows
that the main contribution to the kinetic energy is during
the mitral E-wave as expected from the mitral flow profile.
However, in the fused peak case, the E-wave is delayed and the
A-wave suppressed in the fusion, supporting the observation

that the atrial booster pump function is the most compromised
in the fibrillating atrium. The fusion of the two flow peaks
at the MV is also observed in cases of severely impaired LV
relaxation, where a slow fall in the LV pressure leads to a
longer isovolumic relaxation time and to a reduction in the
E-wave.
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FIGURE 9 | Particle tracking results Patient B. The image shows the particle tracking results for patient B. The image consists of two panels. Each panel shows the

visualization of the different classification of particles DE, RV, DF, and RI at three points in the cardiac cycle, just prior to MV Opening (1), Peak MV Flow (2) and LA

Systole (3). Top-right of each panel shows the quantification of each classification of particle as a percentage, and Bottom-right shows the MV flow wave form with the

instant of each timepoint under consideration. The top panel shows the Pre CA results when the patient exhibited AF while the bottom panel shows the post CA

results when the patient was in SR.

TABLE 2 | Comparative breakdown of proportion of particle classification.

Particle Patient A Patient A Patient B Patient B

classification Pre CA (%) Post CA (%) Pre CA (%) Post CA (%)

Delayed Ejection (DE) 32.2 35.3 34.8 26.6

Residual Volume (RV) 24.7 7.7 20.2 16.4

Direct Flow (DF) superior LPV 0.9 2.0 0.1 4.3

Direct Flow (DF) inferior LPV 0.2 4.3 0.3 4.1

Direct Flow (DF) superior RPV 0.6 7.5 1.9 7.7

Direct Flow (DF) inferior RPV 0.2 1.6 0.8 2.4

Direct Flow (DF) Total 1.9 15.3 3.1 18.6

Retained Inflow (RI) superior LPV 3.7 6.0 1.9 5.4

Retained Inflow (RI) inferior LPV 21.3 12.2 11.7 4.9

Retained Inflow (RI) superior RPV 21.3 13.3 25.1 22.7

Retained Inflow (RI) inferior RPV 11.9 4.2 3.4 5.4

Retained Inflow (RI) Total 41.2 35.6 42.0 38.4

The table provides a comprehensive breakdown of the proportion of particles which can be attributed to each particle classification, including a breakdown of the proportion of DF and

RI particles associated with the superior and inferior LPV and RPV.

The main consequence of this impaired atrial contraction is a
sharp increase in the proportion of flow that resides in the LA for
more than one cycle. During AF, the sum of the RV and RI flow

components is 65.9% in patient A and 64.2% in patient B, which is
successfully reduced to 44.7 and 54.8% after restoration of SR, in
line with the results obtained in a recent study of the healthy LA
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FIGURE 10 | Thermal simulation results. The image shows the results of the thermal simulation for patient A after 5 cycles. The results are highlighed at three points in

the cardiac cycle, just prior to MV Opening (1), Peak MV Flow (2) and LA Systole (3). The catheter tip was placed in two locations and these are represented in the two

panels. The left shows the results when the tip is in the vicinity of the LAA (Pos 1) while the right shows the results when the tip is in the vicinity of the higher velocities

of the inferior RPV. The two positions are indicated on each plot. The maximum temperature and the location are also indicated. For illustrative purposes the

instantaneous velocity field is also visualized as orange arrows. To the left of the panels are volume representations of the slice location and the relative locations of the

two tip positions. Bottom left shows the MV flow waveform.

(Gaeta et al., 2018). Note that the majority of these slow particles
(RV+RI) are located in the LAA, which is a well-known site for
thrombus formation in AF.

In both patients, restoration of SR leads to an increase in
the diastolic DF that is particularly evident in the RPVs (in
particular in the superior RPV). According to a PC-MRI based
study, the right side of the pulmonary veins provides inflow
that is conveyed along the atrial wall to the MV with minimal
entrainment into the systolic vortex in the middle of the atrial
cavity (Fyrenius, 2001). This increase in the diastolic DF from
these veins post-treatment suggests therefore an improvement in
conduit function. Supporting this conclusion, in patient A this
increase in diastolic DF from the right side is also associated
with a marked decrease in the RI component from the RPVs
post-ablation.

Interestingly, while RI is mainly located near the PV side pre-
treatment, LAA is predominantly occupied by RV flow, which has
the highest residence time in the LA. This is particularly relevant

when localized heating during CA is delivered in a position
close to the opening of the appendage, such as Position 1 in the
simulations. This scenario sees an increase in the temperature
of the RV flow in the appendage, which reaches 47◦C. This
value is in the range of the threshold of 50◦–80◦C for triggering
plasma aggregation in stationary blood (Demolin et al., 2002).
This critical value is however exceed in the blood close to the tip
of the catheter during the procedure.When ablation is performed
at the level of the pulmonary vein the blood temperature does
not rise as much, suggesting that the continuous inflow plays an
important role in heat advection.

It is worth noticing that the DF flow component reported
here represents the blood that enters the LA during diastole and
leaves it in the following systole. Given that the PVs do not have
valves, the inflow to the LA is continuous and occurs during both
systole and diastole. Our current workflow does not take into
account the flow that enters the LA during systole and therefore
this additional contribution is not included in DF. This however
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does not detract from the observation that CA has a substantial
beneficial effect on the DF flow components, which increases
after restoration of SR.

Albeit the recognized importance of blood hemodynamics in
the left ventricle as a herald of structural adaptive mechanisms
(Pedrizzetti et al., 2014, 2015; Mittal et al., 2016), the LA
hemodynamics has received comparatively less attention. In this
context, the present study aims to demonstrate the value of
image-based blood flow modeling as a predictive tool that is not
restricted to a single application, and can be applied to improve
CA and provide insights into the mechanisms underlying AF
pathophysiology and leading to life-threatening complications,
such as subclinical thromboembolism.

5. CONCLUSIONS

This study presents novel patient-specific modeling workflow for
characterizing the thermal-fluid dynamics in the atria of SR and
AF patients, post- and pre-CA, respectively. The models enable
simulation of atrial blood flow and its changes from SR to AF,
including: (1) substantial decrease in the average flow velocity
and kinetic energy, as well as increase in the percentage of blood
remaining in the LA for longer than one cycle after CA, (2)
the emergence of regions of blood stasis in the LAA and the
resultant increase of blood temperature during CA in this region,
which reaches values close to the threshold for coagulation.
Decreased blood flow velocities during AF, region of blood stasis
and the localized heating of the blood surrounding the CA
sites all have been associated with increased risks of thrombus
formation. Therefore, the novel workflow can be utilized for the
improved quantification of the risks of thromboembolism and
stroke, especially in challenging patient populations with low
empirical CHADS2VaSc score.
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Supplementary Video 1 | Vortices in SR: The video shows the velocity magnitude

field overlaid with red velocity vectors on a plane cut intersecting the MV, RPV, LPV

and the LAA for patient A in SR. The video shows multiple fast moving, short-lived

vortices created at peak systole, one is seen between the LPV and RPV (left) and

another one near the LAA (top right). This is typical of patients in SR.

Supplementary Video 2 | Vortices in AF: The video shows the velocity

magnitude field overlaid with red velocity vectors on a plane cut intersecting the

MV, RPV, LPV and the LAA for patient A in AF. The video shows a single relatively

slow vortex moving anti-clockwise in the middle of the LA cavity.

REFERENCES

Ahrens, J., Geveci, B., and Law, C. (2005). ParaView : an end-user tool for large

data visualization. Energy 836, 717–732. doi: 10.1021/ol051115g

Antiga, L., Piccinelli, M., Botti, L., Ene-Iordache, B., Remuzzi, A., and Steinman,

D. A. (2008). An image-based modeling framework for patient-specific

computational hemodynamics. Med. Biol. Eng. Comput. 46, 1097–1112.

doi: 10.1007/s11517-008-0420-1

Berjano, E. J. (2006). Theoretical modeling for radiofrequency ablation: state-

of-the-art and challenges for the future. BioMedical Eng. OnLine 5:24.

doi: 10.1186/1475-925X-5-24

Bolger, A., Heiberg, E., Karlsson, M., Wigström, L., Engvall, J., Sigfridsson, A.,

et al. (2007). Transit of blood flow through the human left ventricle mapped by

cardiovascular magnetic resonance. J. Cardiovasc. Magn. Resonan. 9, 741–747.

doi: 10.1080/10976640701544530

Calkins, H., Prystowsky, E., Carlson, M., Klein, L. S., Saul, J. P., and Gillette,

P. (1994). Temperature monitoring during radiofrequency catheter ablation

procedures using closed loop control. Atakr Multicenter Investigators Group.

Circulation 90, 1279–1286.

Camm, A. J., Lip, G. Y. H., De Caterina, R., Savelieva, I., Atar, D., Hohnloser, S. H.,

et al. (2012). 2012 focused update of the ESC Guidelines for the management of

atrial fibrillation. Eur. Heart J. 33, 2719–2747. doi: 10.1093/eurheartj/ehs253

Carlhäll, C. J., and Bolger, A. (2010). Passing strange: flow in the

failing ventricle. Circulat. Heart Fail. 3, 326–331. doi: 10.1161/

CIRCHEARTFAILURE.109.911867

Chnafa, C., Mendez, S., and Nicoud, F. (2014). Image-based large-

eddy simulation in a realistic left heart. Comput. Fluids 94, 173–187.

doi: 10.1016/j.compfluid.2014.01.030

Chnafa, C., Mendez, S., Nicoud, F., Moreno, R., Nottin, S., and Schuster, I. (2012).

Image-based patient-specific simulation: a computational modelling of the

human left heart haemodynamics. Comput. Methods Biomechan. Biomed. Eng.

15, 74–75. doi: 10.1080/10255842.2012.713673

Chubb, H., Karim, R., Roujol, S., Nuñez-Garcia, M., Williams, S. E.,

Whitaker, J., et al. (2018). The reproducibility of late gadolinium

enhancement cardiovascular magnetic resonance imaging of post-ablation

atrial scar: a cross-over study. J. Cardiovasc. Magn. Resonan. 20:21.

doi: 10.1186/s12968-018-0438-y

Cibis, M., Lindahl, T. L., Ebbers, T., Karlsson, L. O., and Carlhäll, C.-J.

(2017). Left atrial 4D blood flow dynamics and hemostasis following

electrical cardioversion of atrial fibrillation. Front. Physiol. 8:1052.

doi: 10.3389/fphys.2017.01052

De Vecchi, A., Marlevi, D., Nordsletten, D. A., Ntalas, I., Leipsic, J., Bapat,

V., et al. (2018). Left ventricular outflow obstruction predicts increase in

systolic pressure gradients and blood residence time after transcatheter

mitral valve replacement. Sci. Reports 8: 15540. doi: 10.1038/s41598-018-33

836-7

Demolin, J. M., Eick, O. J., Münch, K., Koullick, E., Nakagawa, H.,

and Wittkampf, F. H. M. (2002). Soft thrombus formation in

radiofrequency catheter ablation. Pacing Clin. Electrophysiol. 25, 1219–1222.

doi: 10.1046/j.1460-9592.2002.01219.x

Dillon-Murphy, D., Nordsletten, D., Soor, N., Chubb, H., O’Neill, M., de Vecchi,

A., et al. (2017). “Computational evaluation of radiofrequency catheter

ablation settings for variable atrial tissue depth and blood flow conditions,” in

Computing in Cardiology, Vol. 44, 1–4.

Elbaz, M. S., van der Geest, R. J., Calkoen, E. E., de Roos, A., Lelieveldt, B. P.,

Roest, A. A., et al. (2017). Assessment of viscous energy loss and the association

Frontiers in Physiology | www.frontiersin.org December 2018 | Volume 9 | Article 1757357

http://dx.doi.org/10.18742/RDM01-423
http://dx.doi.org/10.18742/RDM01-423
https://www.frontiersin.org/articles/10.3389/fphys.2018.01757/full#supplementary-material
https://doi.org/10.1021/ol051115g
https://doi.org/10.1007/s11517-008-0420-1
https://doi.org/10.1186/1475-925X-5-24
https://doi.org/10.1080/10976640701544530
https://doi.org/10.1093/eurheartj/ehs253
https://doi.org/10.1161/CIRCHEARTFAILURE.109.911867
https://doi.org/10.1016/j.compfluid.2014.01.030
https://doi.org/10.1080/10255842.2012.713673
https://doi.org/10.1186/s12968-018-0438-y
https://doi.org/10.3389/fphys.2017.01052
https://doi.org/10.1038/s41598-018-33836-7
https://doi.org/10.1046/j.1460-9592.2002.01219.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Dillon-Murphy et al. Modeling Left Atrial Catheter Ablation

with three-dimensional vortex ring formation in left ventricular inflow: in vivo

evaluation using four-dimensional flow MRI. Magn. Reson. Med. 77, 794–805.

doi: 10.1002/mrm.26129

Eriksson, J., Bolger, A. F., Ebbers, T., and Carlhall, C.-J. (2012). Four-dimensional

blood flow-specificmarkers of LV dysfunction in dilated cardiomyopathy. Euro.

Heart J. Cardiovasc. Imaging 14, 417–424. doi: 10.1093/ehjci/jes159

Eriksson, J., Carlhäll, C., Dyverfeldt, P., Engvall, J., Bolger, A. F., and Ebbers,

T. (2010). Semi-automatic quantification of 4D left ventricular blood flow. J.

Cardiovasc. Magn. Reson. 12:9. doi: 10.1186/1532-429X-12-9

Eriksson, J., Dyverfeldt, P., Engvall, J., Bolger, A. F., Ebbers, T., and Carlhäll, C. J.

(2011). Quantification of presystolic blood flow organization and energetics in

the human left ventricle. Am. J. Physiol. Heart Circulat. Physiol. 300, H2135–

H2141. doi: 10.1152/ajpheart.00993.2010

Esmaily Moghadam, M., Bazilevs, Y., Hsia, T.-Y., Vignon-Clementel, I. E., and

Marsden, A. L. (2011). A comparison of outlet boundary treatments for

prevention of backflow divergence with relevance to blood flow simulations.

Comput. Mechan. 48, 277–291. doi: 10.1007/s00466-011-0599-0

Fluckiger, J. U., Goldberger, J. J., Lee, D. C., Ng, J., Lee, R., Goyal, A., et al.

(2013). Left atrial flow velocity distribution and flow coherence using four-

dimensional FLOWMRI: A pilot study investigating the impact of age and Pre-

and Postintervention atrial fibrillation on atrial hemodynamics. J. Magn. Reson.

Imaging 38, 580–587. doi: 10.1002/jmri.23994

Fyrenius, A. (2001). Three dimensional flow in the human left atrium. Heart 86,

448–455. doi: 10.1136/heart.86.4.448

Gaeta, S., Dyverfeldt, P., Eriksson, J., Carlhäll, C.-J., Ebbers, T., and Bolger,

A. F. (2018). Fixed volume particle trace emission for the analysis of left

atrial blood flow using 4D Flow MRI. Magn. Reson. Imaging 47, 83–88.

doi: 10.1016/J.MRI.2017.12.008

Gallagher, N., Fear, E. C., Byrd, I. A., and Vigmond, E. J. (2013). Contact geometry

affects lesion formation in radio-frequency cardiac catheter ablation. PLoS ONE

8:e73242. doi: 10.1371/journal.pone.0073242

González-Suárez, A., and Berjano, E. (2016). Comparative analysis of

different methods of modeling the thermal effect of circulating blood

flow during RF cardiac ablation. IEEE Trans. Biomed. Eng. 63, 250–259.

doi: 10.1109/TBME.2015.2451178

Gülan, U., Saguner, A., Akdis, D., Gotschy, A., Manka, R., Brunckhorst, C.,

et al. (2017). Investigation of atrial vortices using a novel right heart model

and possible implications for atrial thrombus formation. Sci. Reports 7:16772.

doi: 10.1038/s41598-017-17117-3

Hessenthaler, A., Röhrle, O., and Nordsletten, D. (2017). Validation of a

non-conforming monolithic fluid-structure interaction method using

phase-contrast MRI. Int. J. Num. Methods Biomed. Eng. 33:e2845.

doi: 10.1002/cnm.2845

Iwasaki, Y.-k., Nishida, K., Kato, T., and Nattel, S. (2011). Atrial fibrillation

pathophysiology: implications for management. Circulation 124, 2264–2274.

doi: 10.1161/CIRCULATIONAHA.111.019893

Jain, M. K., and Wolf, P. D. (2000a). A three-dimensional finite element model of

radiofrequency ablation with blood flow and its experimental validation. Ann.

Biomed. Eng. 28, 1075–1084. doi: 10.1114/1.1310219

Jain, M. K., and Wolf, P. D. (2000b). In vitro temperature map of cardiac ablation

demonstrates the effect of flow on lesion development. Ann. Biomed. Eng. 28,

1066–1074. doi: 10.1114/1.1310218

Kerfoot, E., Fovargue, L., Rivolo, S., Shi, W., Rueckert, D., Nordsletten, D., et al.

(2016). “Eidolon: visualization and computational framework for multi-modal

biomedical data analysis,” in Lecture Notes in Computer Science, Vol. 9805

(Springer), 425–437.

Khairy, P., Chauvet, P., Lehmann, J., Lambert, J., Macle, L., Tanguay, J. F.,

et al. (2003). Lower incidence of thrombus formation with cryoenergy

versus radiofrequency catheter ablation. Circulation 107, 2045–2050.

doi: 10.1161/01.CIR.0000058706.82623.A1

Kirchhof, P., Breithardt, G., Bax, J., Benninger, G., Blomstrom-Lundqvist, C.,

Boriani, G., et al. (2016). A roadmap to improve the quality of atrial fibrillation

management: proceedings from the fifth Atrial Fibrillation Network/European

Heart Rhythm Association consensus conference. Europace 18, 37–50.

doi: 10.1093/europace/euv304

Koizumi, R., Funamoto, K., Hayase, T., Kanke, Y., Shibata, M., Shiraishi,

Y., et al. (2015). Numerical analysis of hemodynamic changes in

the left atrium due to atrial fibrillation. J. Biomechan. 48, 472–478.

doi: 10.1016/j.jbiomech.2014.12.025

Lai, Y.-C., Choy, Y., Haemmerich, D., Vorperian, V., andWebster, J. (2004). Lesion

size estimator of cardiac radiofrequency ablation at different common locations

with different tip temperatures. IEEE Trans. Biomed. Eng. 51, 1859–1864.

doi: 10.1109/TBME.2004.831529

Lee, J., Cookson, A., Roy, I., Kerfoot, E., Asner, L., Vigueras, G., et al. (2016).

Multiphysics computational odeling in CHeart. SIAM J. Sci. Comput. 38,

C150–C178. doi: 10.1137/15M1014097

Maleike, D., Nolden, M., Meinzer, H.-P., and Wolf, I. (2009). Interactive

segmentation framework of the Medical Imaging Interaction Toolkit. Comput.

Methods Progr. Biomed. 96, 72–83. doi: 10.1016/j.cmpb.2009.04.004

Masci, A., Alessandrini, M., Forti, D., Menghini, F., Dedé, L., Tommasi, C., et al.

(2017a). “A patient-Specific computational fluid dynamics model of the left

atrium in atrial fibrillation: development and initial evaluation,” (Springer),

392–400.

Masci, A., Forti, D., Alessandrini, M., Menghini, F., Dede, L., Corsi, C., et al.

(2017b). 590Development of a patient-specific computational fluid dynamics

model of the LA in AF for stroke risk assessment. EP Europace 19(Suppl.3),

iii120–iii121. doi: 10.1093/ehjci/eux143.002

Mittal, R., Seo, J. H., Vedula, V., Choi, Y. J., Liu, H., Huang, H. H., et al.

(2016). Computational modeling of cardiac hemodynamics: current status

and future outlook. J. Computat. Phys. 305, 1065–1082. doi: 10.1016/j.jcp.

2015.1

Mouret, F., Garitey, V., Bertrand, E., Derivaux, F., Fuseri, J., and Rieu, R. (2004).

In vitro atrial flow dynamics: normal conditions versus atrial fibrillation. J.

Biomech. 37, 1749–1755. doi: 10.1016/j.jbiomech.2004.01.026

O’Neill, M. D., Jais, P., Hocini, M., Sacher, F., Klein, G. J., Clementy, J., et al.

(2007). Catheter ablation for atrial fibrillation. Circulation 116, 1515–1523.

doi: 10.1161/CIRCULATIONAHA.106.655738

Pedrizzetti, G., La Canna, G., Alfieri, O., and Tonti, G. (2014). The vortex—an

early predictor of cardiovascular outcome? Nat. Rev. Cardiol. 11, 545–553.

doi: 10.1038/nrcardio.2014.75

Pedrizzetti, G., Martiniello, A. R., Bianchi, V., D’Onofrio, A., Caso, P., and Tonti,

G. (2015). Cardiac fluid dynamics anticipates heart adaptation. J. Biomech. 48,

388–391. doi: 10.1016/j.jbiomech.2014.11.049

Ren, J.-F., Marchlinski, F. E., and Callans, D. J. (2004). Left atrial thrombus

associated with ablation for atrial fibrillation: identification with

intracardiac echocardiography. J. Am. Coll. Cardiol. 43, 1861–1867.

doi: 10.1016/j.jacc.2004.01.031

Soor, N., Morgan, R., Varela, M., and Aslanidi, O. V. (2016). “Towards patient-

specific modelling of lesion formation during radiofrequency catheter ablation

for atrial fibrillation,” in 2016 38th Annual International Conference of the

IEEE Engineering in Medicine and Biology Society (EMBC), Vol. 44 (IEEE),

489–492.

Tungjitkusolmun, S., Vorperian, V., Bhavaraju, N., Cao, H., Tsai, J.-Z., and

Webster, J. (2001). Guidelines for predicting lesion size at common endocardial

locations during radio-frequency ablation. IEEE Trans. Biomed. Eng. 48, 194–

201. doi: 10.1109/10.909640

Vedula, V., George, R., Younes, L., and Mittal, R. (2015). Hemodynamics in the

left atrium and its effect on ventricular flow patterns. J. Biomech. Eng. 137, 1–8.

doi: 10.1115/1.4031487

Wolf, I., Vetter, M., Wegner, I., Böttger, T., Nolden, M., Schöbinger, M., et al.

(2005). The medical imaging interaction toolkit.Med. Image Anal. 9, 594–604.

doi: 10.1016/j.media.2005.04.005

Zhang, L. T., and Gay, M. (2008). Characterizing left atrial appendage functions in

sinus rhythm and atrial fibrillation using computational models. J. Biomech. 41,

2515–2523. doi: 10.1016/j.jbiomech.2008.05.012

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Dillon-Murphy, Marlevi, Ruijsink, Qureshi, Chubb, Kerfoot,

O’Neill, Nordsletten, Aslanidi and de Vecchi. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org December 2018 | Volume 9 | Article 1757358

https://doi.org/10.1002/mrm.26129
https://doi.org/10.1093/ehjci/jes159
https://doi.org/10.1186/1532-429X-12-9
https://doi.org/10.1152/ajpheart.00993.2010
https://doi.org/10.1007/s00466-011-0599-0
https://doi.org/10.1002/jmri.23994
https://doi.org/10.1136/heart.86.4.448
https://doi.org/10.1016/J.MRI.2017.12.008
https://doi.org/10.1371/journal.pone.0073242
https://doi.org/10.1109/TBME.2015.2451178
https://doi.org/10.1038/s41598-017-17117-3
https://doi.org/10.1002/cnm.2845
https://doi.org/10.1161/CIRCULATIONAHA.111.019893
https://doi.org/10.1114/1.1310219
https://doi.org/10.1114/1.1310218
https://doi.org/10.1161/01.CIR.0000058706.82623.A1
https://doi.org/10.1093/europace/euv304
https://doi.org/10.1016/j.jbiomech.2014.12.025
https://doi.org/10.1109/TBME.2004.831529
https://doi.org/10.1137/15M1014097
https://doi.org/10.1016/j.cmpb.2009.04.004
https://doi.org/10.1093/ehjci/eux143.002
https://doi.org/10.1016/j.jcp.2015.1
https://doi.org/10.1016/j.jbiomech.2004.01.026
https://doi.org/10.1161/CIRCULATIONAHA.106.655738
https://doi.org/10.1038/nrcardio.2014.75
https://doi.org/10.1016/j.jbiomech.2014.11.049
https://doi.org/10.1016/j.jacc.2004.01.031
https://doi.org/10.1109/10.909640
https://doi.org/10.1115/1.4031487
https://doi.org/10.1016/j.media.2005.04.005
https://doi.org/10.1016/j.jbiomech.2008.05.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


SYSTEMATIC REVIEW
published: 17 January 2019

doi: 10.3389/fphys.2018.01861

Frontiers in Physiology | www.frontiersin.org January 2019 | Volume 9 | Article 1861

Edited by:

Jichao Zhao,

The University of Auckland,

New Zealand

Reviewed by:

Arun V. Holden,

University of Leeds, United Kingdom

Kumari Sonal Choudhary,

University of California, San Diego,

United States

*Correspondence:

Gary Tse

tseg@cuhk.edu.hk

Yunlong Xia

yunlong_xia@126.com

†These authors share first authorship

Specialty section:

This article was submitted to

Computational Physiology and

Medicine,

a section of the journal

Frontiers in Physiology

Received: 30 November 2017

Accepted: 11 December 2018

Published: 17 January 2019

Citation:

Chen C, Li D, Ho J, Liu T, Li X,

Wang Z, Lin Y, Zou F, Tse G and Xia Y

(2019) Clinical Implications of

Unmasking Dormant Conduction After

Circumferential Pulmonary Vein

Isolation in Atrial Fibrillation Using

Adenosine: A Systematic Review and

Meta-Analysis. Front. Physiol. 9:1861.

doi: 10.3389/fphys.2018.01861

Clinical Implications of Unmasking
Dormant Conduction After
Circumferential Pulmonary Vein
Isolation in Atrial Fibrillation Using
Adenosine: A Systematic Review and
Meta-Analysis

Cheng Chen 1†, Daobo Li 1†, Jeffery Ho 2, Tong Liu 3, Xintao Li 1, Zhao Wang 1, Yajuan Lin 1,

Fuquan Zou 1, Gary Tse 2,4* and Yunlong Xia 1*

1Department of Cardiology, First Affiliated Hospital of Dalian Medical University, Dalian, China, 2 Li Ka Shing Institute of Health

Sciences, Faculty of Medicine, Chinese University of Hong Kong, Hong Kong, China, 3 Tianjin Key Laboratory of

Ionic-Molecular Function of Cardiovascular Disease, Department of Cardiology, Tianjin Institute of Cardiology, Second

Hospital of Tianjin Medical University, Tianjin, China, 4Department of Medicine and Therapeutics, Faculty of Medicine,

Chinese University of Hong Kong, Hong Kong, China

Purpose: Circumferential pulmonary vein isolation (CPVI) is a routine ablation strategy of

atrial fibrillation (AF). The adenosine test can be used to unmask dormant conduction

(DC) of pulmonary veins after CPVI, thereby demonstrating possible pulmonary vein

re-connection and the need for further ablation. However, whether adenosine test could

help improve the long term successful rate of CPVI is still controversial. This systemic

review and meta-analysis was to determine the clinical utility of the adenosine test.

Methods: PubMed, EMBASE, Web of Science and Cochrane Library database were

searched through July 2016 to identify relevant studies using the keywords “dormant

pulmonary vein conduction,” “adenosine test,” “circumferential pulmonary vein isolation,”

and “atrial fibrillation.” A random-effects model was used to compare pooled outcomes

and tested for heterogeneity.

Results: A total of 17 studies including 5,169 participants were included in the final

meta-analysis. Two groups of comparisons were classified: (1) Long-term successful rate

in those AF patients underwent CPVI with and without adenosine test [Group A (+) and

Group A (−)]; (2) Long-term successful rate in those patients who had adenosine test

with and without dormant conduction [Group DC (+) and Group DC (−)]. The overall

meta-analysis showed that no significant difference can be observed between Group A

(+) and Group A (−) (RR 1.08; 95% CI 0.97–1.19; P = 0.16; I2 = 66%) and between
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Conclusion: Pooled meta-analysis suggested adenosine test may not improve

long-term successful rate in AF patients underwent CPVI. Furthermore, AF recurrence

may not be decreased by eliminating DC provoked by adenosine, even though adenosine

test was applied after CPVI.

Keywords: adenosine, dormant conduction, atrial fibrillation, circumferential pulmonary vein isolation,

meta-analysis

INTRODUCTION

Atrial fibrillation (AF) is a common cardiac arrhythmia, placing
a significant burden on healthcare systems worldwide. It has
been estimated that 33.5 million people suffering from AF
with an increasing prevalence partly attributable to an aging
population (Thacker et al., 2013; Chugh et al., 2014). Because
pulmonary veins (PVs) are often the triggering sites for initiating
and maintaining AF, circumferential PV isolation (CPVI) has
been cornerstone of catheter ablation strategy to restore sinus
rhythm for AF (Haïssaguerre et al., 2000; Jaïs et al., 2008;
Kirchhof et al., 2017). Although feasibility and visibility of
the three-dimensional electroanatomic mapping system have
been improved, AF recurrence remains a problem due to PV
reconnection after CPVI ablation (Ouyang et al., 2005). A study
suggested that 20% of AF patients required repeat procedures
after a median follow-up of 13 months (Hocini et al., 2005).
Previous studies have suggested that PV re-connection can be
identified by unmasking dormant conductions (DCs) induced
by adenosine (Arentz et al., 2004; Theis et al., 2015; Ghanbari
et al., 2016). The adenosine test has been used extensively to
identify DCs (Arentz et al., 2004). The mechanism is thought to
involve hyperpolarization of the membrane potential of dormant
PVs by activating the IKAdo inward rectifier current, which would
transiently establish PV reconnection (Datino et al., 2010).

A recent systematic review and meta-analysis has
demonstrated a positive outcome on assessment and ablation
of dormant conduction (McLellan et al., 2013). However,
some of the enrolled studies were based on segmental ablation
strategy. Moreover, many studies suggested that whether DCs are
associated with high rate of AF recurrence or adenosine test can
improve clinical outcome of PVI remains controversial (Elayi
et al., 2013; Kobori et al., 2015; Theis et al., 2015; Ghanbari et al.,
2016; Kim et al., 2016). Several investigators have attempted
to use the appearance of DCs as indication of further ablation
using adenosine test after PVI for AF ablation, while results were
restricted by low number of participants (McLellan et al., 2013).
Therefore, if adenosine test will help to improve ablation success
rates after CPVI remains controversial. We conducted this
systematic review and meta-analysis to determine the clinical
significance of unmasking DCs after CPVI based on long-term
follow up using adenosine test as the guidance of extra ablation
for AF patients.

Abbreviations: AF, atrial fibrillation; CPVI, circumferential pulmonary vein

isolation; PVI, pulmonary vein isolation; DC, dormant conduction; PVs,

pulmonary veins

METHODS

Search Strategy
The databases Pubmed, EMBASE, Web of Science and Cochrane
library were searched using searching terms and related items
including keywords “dormant pulmonary vein conduction,”
“adenosine test,” “circumferential pulmonary vein isolation,” and
“atrial fibrillation.”

Inclusion and Exclusion Criteria
The inclusion criteria were limited to articles published in
English, involving human subjects of adult age, and published
between 2010 and 2016. The exclusion criteria were: (1) ablation
for non-AF patients; (2) no adenosine test used; (3) studies
including fewer than 90 participants; (4) follow-up period <12
months; (5) CPVI was not used for AF ablation; (6) articles that
were case reports, reviews and meta-analyses.

Study Selection
Data from the different studies were entered in pre-specified
spreadsheet in Microsoft Excel. All potentially relevant reports
were retrieved as complete manuscripts and assessed for
compliance with the inclusion criteria. Two reviewers (C.C.
and D.L.) independently reviewed each included study and
disagreements were resolved by adjudication with input from
a third reviewer (Y.X.). Records matching searching goal were
enrolled.

Data Analysis
The meta-analysis was performed using Review Manager
(RevMan 5. 3, Cochrane Collaboration, Oxford, UK). Relative
risk (RR) values with 95% confidence intervals (CI) were
calculated. Categorical variables were pooled using the Mantel-
Hanseal method. The I2 statistic from the standard chi-square
test (χ2), which describes the percentage of the variability in
effect estimates resulting from heterogeneity. A fixed effect model
was used if I2 ≤ 0.25, otherwise the random effect model was
used (Higgins and Green, 2011). P-value < 0. 05 (two-tailed) was
considered statistical significant.

Quality Assessment
We used the modified Newcastle-Ottawa scale for quality
assessment of non-randomized trials and the methodological
quality of RCTs was assessed by the components recommended
by the Cochrane Collaboration (Higgins and Green, 2011). The
quality of each trial except RCTs was quantified by a score of 0–9.
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RESULTS

Search Results and Study Characteristics
A flow diagram detailing the above search terms with inclusion
and exclusion criteria is shown in Figure 1. A total of 4,669
records were identified from Pubmed, EMBASE, Web of Science
and Cochrane Library databases. Of these, 17 studies met the
inclusion criteria and were included in the final meta-analysis
(Kumagai et al., 2010; Matsuo et al., 2010; Miyazaki et al., 2012;
Van Belle et al., 2012; Cheung et al., 2013; Elayi et al., 2013;
Kaitani et al., 2014; Zhang et al., 2014; Compier et al., 2015;
Kobori et al., 2015; Kumar et al., 2015; Lin et al., 2015;Macle et al.,
2015; Ghanbari et al., 2016; Kim et al., 2016; Tebbenjohanns et al.,
2016). Twelve were prospective studies (Matsuo et al., 2010; Van
Belle et al., 2012; Elayi et al., 2013; Kaitani et al., 2014; Compier
et al., 2015; Kobori et al., 2015; Kumar et al., 2015; Lin et al.,
2015; Macle et al., 2015; Theis et al., 2015; Ghanbari et al., 2016;
Kim et al., 2016), four were retrospective studies (Kumagai et al.,
2010; Matsuo et al., 2010; Miyazaki et al., 2012; Zhang et al.,
2014) and four were randomized controlled trials (RCTs) (Kobori
et al., 2015; Macle et al., 2015; Theis et al., 2015; Ghanbari et al.,
2016). One study used prospective participants as a study group

FIGURE 1 | Flow diagram of the study selection process.

and retrospective cohort as control group (Tebbenjohanns et al.,
2016). A total of 5,169 participants were included.

These studies used selective venography or 3-dimensional
Electroanatomical Mapping System (including CARTO, Ensite
NavX) to identify the PV antrum and subsequently performed
CPVI. In four studies, PVI was guided by cryoballoon (second
generation cryoballoon, CB-2G) (Van Belle et al., 2012; Compier
et al., 2015; Kumar et al., 2015; Tebbenjohanns et al., 2016).
The endpoint of electrophysiological study was the presence of
entrance block defined by the circular mapping catheter (Lasso,
Biosense Webster) or the elimination of all PV potentials or
establishment of a bidirectional conduction block between left
atrium (LA) and PVs. All participants underwent further ablation
if DCs was induced. Two studies described the additional use of
superior vena cava isolation (Compier et al., 2015; Kumar et al.,
2015).

In this meta-analysis, we supposed to determine: (1) if
adenosine test would help to increase the success rate of PVI;
and (2) furthermore, if DCs induced by adenosine play an
important role in AF recurrence after CPVI. Hence, in the first
part, Group A (+) and Group A (−) were divided according
to whether adenosine was administrated or not. And in the
second part, Group DC (+) and Group DC (−) were divided
according to whether the DCs appeared or not after adenosine
administration. All of DCs induced by adenosine test in Group
A (+) and Group DC (+) patients were eliminated after
CPVI. The baseline characteristics of these studies are listed in
Table 1, and those of procedure parameter are shown in Table 2.
Quality assessment of the included studies was made using
the Newcastle–Ottawa Scale for non-randomized case–control
studies and the Cochrane Collaboration’s tool for randomized
trials (Table 3).

Long-term Success Rate of PVI Between Group A (+)

and Group A (−)
The pooled meta-analysis demonstrated that there was no
significant difference in freedom from recurrent AF between
Group A (+) and Group A (−) (RR = 1.08, 95% CI: 0.97–1.19,
P = 0.16, I2 = 66%; Figure 2). A funnel plot plotting standard
errors against the logarithms of the RR are shown in Figure 3,
demonstrating no significant publication bias.

Long-term Success Rate of PVI Between Group DC

(+) and Group DC (−)
No significant difference was observed between Group DC (+)
and Group DC (−) with a pooled RR of 1.01 (95% CI: 0. 91–1.12;
P = 0. 88; I2 = 60%; Figure 4). A funnel plot plotting standard
errors against the logarithms of the RR are shown in Figure 5,
demonstrating no significant publication bias.

Subgroup Analyses
Additional subgroup analyses were performed for
radiofrequency catheter ablation (RFCA) and CB-2G catheter
ablation for PVI in Group A (+) and Group A (−). For RFCA,
no difference in success rate was observed in Group A (+) and
Group A (−) for patients with a RR of 1.02 (95% CI: 0.89–1.17;
P = 0.80; Figure 6), which was accompanied by significant
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TABLE 3A | Assessment of the quality of included studies in Group A (+) and Group A (−)*.

Study Assessment Classification

(attributable stars)

Kobori et al., 2015 Unclear risk of selection bias (insufficient information about the sequence generation and allocation

concealment); Unclear risk of performance bias (insufficient information about blinding of participants and

personnel); Unclear risk of detection bias (insufficient information about blinding of outcome assessment); low

risk of attrition bias (complete outcome for all the patients enrolled); Unclear risk of reporting bias (insufficient

information about selective reporting); Unclear risk of other bias (insufficient information about other sources

of bias).

–

Theis et al., 2015 Unclear risk of selection bias (insufficient information about the sequence generation and allocation

concealment); Unclear risk of performance bias (insufficient information about blinding of participants and

personnel); Unclear risk of detection bias (insufficient information about blinding of outcome assessment); low

risk of attrition bias (complete outcome for all the patients enrolled); Unclear risk of reporting bias (insufficient

information about selective reporting); Unclear risk of other bias (insufficient information about other sources

of bias).

–

Elayi et al., 2013 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups; patients not blinded

to case–control status.; same non-Response rate for both groups.

6

Ghanbari et al., 2016 Low risk of selection bias (treatment assignment was concealed in numbered, sealed envelopes, the research

staff opened the envelope and revealed the randomization assignment in the electrophysiology laboratory

and insufficient information about the sequence generation); Unclear risk of performance bias (insufficient

information about blinding of participants and personnel); Unclear risk of detection bias (insufficient

information about blinding of outcome assessment); low risk of attrition bias (complete outcome for all the

patients enrolled); Unclear risk of reporting bias (insufficient information about selective reporting); Unclear risk

of other bias (insufficient information about other sources of bias).

–

Kumagai et al., 2010 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups; patients not blinded

to case–control status.; same non-Response rate for both groups.

6

Compier et al., 2015 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups; patients not blinded

to case–control status.; same non-Response rate for both groups.

6

Kumar et al., 2015 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups; patients not blinded

to case–control status.; same non-Response rate for both groups.

6

Van Belle et al., 2012 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics except the LA*

diameter; ascertainment of outpatient exposure to adenosine text based on medical records for experiment

groups; patients not blinded to case–control status.; same non-Response rate for both groups.

5

Tebbenjohanns et al., 2016 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics except the age and

history with AF*,; ascertainment of outpatient exposure to adenosine text based on medical records for

experiment groups; patients not blinded to case–control status.; same non-Response rate for both groups.

5

*Assessment of the quality of included studies according to Newcastle–Ottawa Scale for nonrandomized case–controls studies and the Cochrane Collaboration’s tool for assessing risk

of bias in randomized trials; *LA, left atrial; *AF, atrial fibrillation.

heterogeneity (I2 = 73%). Similarly, for CB-2G, success rates
for those who underwent adenosine testing (n = 134) were
not significantly different from those who did not have such
a test (n = 212), with a pooled RR of 1.18 (95% CI = 0.
99–1.42; P = 0.07; Figure 7) with significant heterogeneity
(I2 = 62%).

Sensitivity Analysis
Sensitivity analysis included study design and
adenosine test, and none of them showed significant
interference with study outcomes. Results are shown in
Table 4.

DISCUSSION

Adenosine testing after AF ablation procedures has been widely
adopted for demonstrating DCs, which are further ablated to
reduce AF recurrence rates (Hocini et al., 2005). However, in our
study, the result of pooledmeta-analysis suggested that adenosine
test may not help to reduce the long-term AF recurrence after
CPVI, and further subgroup analysis also confirmed the result.
Some recent studies also suggested negative result of adenosine
test based on CPVI (Theis et al., 2015; Ghanbari et al., 2016).
The reason might be explained by the mechanism of PVI re-
connection after CPVI ablation dose not totally attributed byDCs
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TABLE 3B | Assessment of the quality of included studies in Group DC (+) and Group DC (−)*.

Study Assessment Classification

(attributable stars)

Zhang et al., 2014 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups and controls;

patients not blinded to case–control status.; same non-Response rate for both groups.

7

Kim et al., 2016 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups and controls;

patients not blinded to case–control status.; same non-Response rate for both groups.

7

Kaitani et al., 2014 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups and controls;

patients not blinded to case–control status.; same non-Response rate for both groups.

7

Macle et al., 2015 Low risk of selection bias (randomization was done with permuted blocks of eight and the allocation

sequence was computer-generated by an independent organization); low risk of performance bias (Patients

were enrolled by study personnel and masked to their randomization assignment for the duration of the trial

and study staff doing catheter ablations could not be masked to treatment allocation); low risk of detection

bias (All efficacy and adverse outcomes were assessed by an independent adjudicating committee masked

to treatment allocation); low risk of attrition bias (complete outcome for all the patients enrolled); low risk of

reporting bias (we can find the research plan with “Adenosine following pulmonary vein isolation to target

dormant conduction elimination (ADVICE): methods and rationale” though Pubmed); Unclear risk of other

bias (insufficient information about other sources of bias).

–

Matsuo et al., 2010 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups and controls;

patients not blinded to case–control status.; same non-Response rate for both groups.

7

Miyazaki et al., 2012 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups and controls;

patients not blinded to case–control status.; same non-Response rate for both groups.

7

Cheung et al., 2013 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for the baseline characteristics are not mentioned;

ascertainment of outpatient exposure to adenosine text based on medical records for experiment groups and

controls; patients not blinded to case–control status.; same non-Response rate for both groups.

5

Lin et al., 2015 Adequate case definition; consecutive series of cases; hospital controls; adequate information concerning the

selection and definition of controls; groups controlled for all the baseline characteristics; ascertainment of

outpatient exposure to adenosine text based on medical records for experiment groups and controls;

patients not blinded to case–control status.; same non-Response rate for both groups.

7

*DC, dormant conduction; *Assessment of the quality of included studies according to Newcastle–Ottawa Scale for nonrandomized case–controls studies and the Cochrane

Collaboration’s tool for assessing risk of bias in randomized trials.

FIGURE 2 | Forest plot comparing long-term success rates of PVI between Group A (+) and Group A (−).
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(Linz et al., 2018). Potential mechanisms of AF recurrence after
CPVI may due to failure of trans-mural injury of PVAs (Rostock
et al., 2006), heterogeneity of myocardial sleeves extending into
the pulmonary veins (Ho et al., 2001) or so on. As a consequence,
the necessity and applicability of adenosine test diminished in the
context of CPVI adoption ablation strategy and Whether other
techniques, such as pacing along the PVI line by the distal tip of
the ablation catheter to identify viable myocardium or potential
gaps (Schaeffer et al., 2015) improves PVI outcome should be
investigated in the future.

However, a recent meta-analysis has shown that long-term
success rates of PVI were improved by further eliminating
DCs that have been identified by adenosine test for patients
underwent segmental ablation for AF (McLellan et al., 2017). The
discrepancy results with the results of the previous meta-analysis
(McLellan et al., 2017) may due to improved ablation strategies
(Ouyang et al., 2004). The 3-dimensional Electroanatomical
Mapping System for RFA provides better visualization and reduce
the need for excessive ablation (Ouyang et al., 2004). Ablation
strategies based on CPVI ablation, instead of segmental ablation,

FIGURE 3 | Funnel plot of standard errors against logarithms of odds ratios for

studies comparing long-term success rates of PVI between Group A (+) and

Group A (−).

were comprehensively adopted for AF patients either paroxysmal
AF or persistent AF, leading to better AF control in the long-
term (Gepstein et al., 1997). Previous studies had shown that
segmental ablation was inferior to long term treatment compared
with CPVI, and leads to more complications, such as pulmonary
stenosis (Oral et al., 2003). Additionally, cryo-application offers
spherical contact with the PV autrum (PVA), guided by annular
Achieve catheter and vasography, provided CPVI by the single-
shot technique (Nakagawa et al., 2007). Consequently, modifying
skills and appliances, meaningful of adenosine administration
may have diminished the need for AF re-ablation.

Complications arising from ablating DCs could further
contribute to the lack of efficacy. For example, excessive ablation
creates scarring of the atrial myocardium, which can serve
as substrates for re-entry (Pappone et al., 2004; Tse et al.,
2016). Indeed, a previous study compared anatomically guided
CPVI with wide atrial ablation, demonstrating that the latter
approach significantly increased the likelihood of micro-reentry
ablation by producing areas of conduction slowing and block
(Hocini et al., 2005). Moreover, we found that fluoroscopic

FIGURE 5 | Funnel plot of standard errors against logarithms of odds ratios of

studies comparing long-term PVI success rate between Group DC (+) and

Group DC (−).

FIGURE 4 | Forest plot comparing long-term PVI success rate between Group DC (+) and Group DC (−).
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FIGURE 6 | Subgroup analysis for CPVI.

FIGURE 7 | Subgroup analysis for CB-2G.

Table 4 | Results of sensitivity analysis.

Studies RR 95% CI p-value* Study heterogeneity

Chi2 df I2, % p-value*

GROUP A (+) AND GROUP A (−)

RCT 3 0.92 0.75–1.14 0.46 10.10 2 80 0.006*

AO* 6 1.07 0.93–1.23 0.33 19.43 5 74 0.002*

PSAF* 4 1.01 0.82–1.24 0.95 15.05 3 80 0.002*

GROUP DC (+) AND GROUP DC (−)

AO* 4 1.02 0.87–1.19 0.83 8.53 3 65 0.04*

PSAF* 3 0.98 0.90–1.08 0.70 2.61 2 23 0.27

*Significance values; *AO, adenosine only; *PSAF, paroxysmal atrial fibrillation.

time and procedure time were prolonged due to adenosine
administration.

LIMITATIONS

This systematic review and meta-analysis has several potential
limitations. There was moderate heterogeneity across the
included studies, which may be due to the following factors.
Firstly, differences in study participants between each study
especially the types of AF, and in detection criteria were observed.
Secondly, several studies have used additional methods during
adenosine testing for provoking DCs, such as isoproterenol
administration during adenosine test. Thirdly, the dose of
adenosine, administration method and procedure (such as
waiting period after adenosine) used to unmask dormant
conduction was not uniform, this may affect the clinical

outcomes. Fourthly, the successful rate of PVI may vary across
medical centers due to variation in technical competencies, skills,
and outcome measures. As such, the readers are advised to
interpret the findings carefully. Nevertheless, funnel plot analysis
revealed no significant publication bias. RCTs on CB-2G did not
include a high number of participants and additional clinical
trials are needed to confirm these findings.

CONCLUSIONS

In conclusion, regular adoption of adenosine test could
not further improve PVI success rate basing on long-term
observation and elimination of DCs provoked by adenosine after
CPVI did not significantly reduce AF recurrence after catheter
ablation.
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A number of clinical studies have reported that diabetes mellitus (DM) is an independent

risk factor for Atrial fibrillation (AF). After adjustment for other known risk factors including

age, sex, and cardiovascular risk factors, DM remains a significant if modest risk factor

for development of AF. The mechanisms underlying the increased susceptibility to AF

in DM are incompletely understood, but are thought to involve electrical, structural, and

autonomic remodeling in the atria. Electrical remodeling in DM may involve alterations in

gap junction function that affect atrial conduction velocity due to changes in expression

or localization of connexins. Electrical remodeling can also occur due to changes in

atrial action potential morphology in association with changes in ionic currents, such

as sodium or potassium currents, that can affect conduction velocity or susceptibility to

triggered activity. Structural remodeling in DM results in atrial fibrosis, which can alter

conduction patterns and susceptibility to re-entry in the atria. In addition, increases in

atrial adipose tissue, especially in Type II DM, can lead to disruptions in atrial conduction

velocity or conduction patterns that may affect arrhythmogenesis. Whether the insulin

resistance in type II DM activates unique intracellular signaling pathways independent of

obesity requires further investigation. In addition, the relationship between incident AF

and glycemic control requires further study.

Keywords: atrial fibrillation, diabetes mellitus, risk factors, mechanisms, atrial remodeling

INTRODUCTION

Atrial fibrillation (AF) is the most common sustained arrhythmia and is associated with substantial
morbidity and mortality. Risk factors for atrial fibrillation include age, hypertension, obesity,
valvular heart disease, heart failure, and obstructive sleep apnea (Benjamin et al., 1994; Staerk
et al., 2017). Some but not all studies have reported that diabetes mellitus (DM) is an independent
risk factor for AF (Benjamin et al., 1994; Krahn et al., 1995; Huxley et al., 2011). Here we will
review the clinical data supporting the association between DM and AF and discuss the potential
mechanism(s) by which DM may contribute to the electrophysiologic substrate for AF. We also
suggest future potential research studies to advance our knowledge in this field.
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ASSOCIATION BETWEEN DM AND AF:

CLINICAL STUDIES

A potential association between DM and incidence of AF
has long been postulated based on epidemiologic studies. The
original Framingham Heart Study consisted of 5,209 patients
(2,336 men, 2,873 women), age 30–62 years of age. This
study initiated in 1948 represented a random sample of two
thirds of the population of Framingham, Massachusetts and has
conducted pivotal research defining cardiovascular risk factors
(Tsao and Vasan, 2015). This study reported that hypertension,
diabetes, congestive heart failure and valvular heart disease
were independent risk factors for AF in both men and women
(Benjamin et al., 1994). The odds ratio (OR) of risk of developing
AF in the association with DM was 1.4 (95% CI 1.0–2.0)
and 1.6 (95% CI 1.1–2.2) for men and women, respectively.
However, in the absence of valvular heart disease, diabetes was
no longer a significant risk predictor for the development of
AF. The Framingham Heart Study did not include body mass
index (BMI) or a history of obstructive sleep apnea in this
initial analysis.

The Manitoba Follow-Up Study which also commenced in
1948 prospectively followed 3,983 healthy male air crew recruits
for 44 years. The goal of this study was to examine the role
that abnormalities on the resting electrocardiogram might play
in the prediction of future cardiovascular disease. In this cohort,
obesity [relative risk (RR) 1.28; 95% CI 1.02–1.62] but not
DM was reported to be an independent risk factor for AF
(Krahn et al., 1995).

In 2011, Huxley et al. reported the results of a systematic
review andmeta-analysis examining the association between DM
and AF (Huxley et al., 2011). They identified seven prospective
cohort studies and four case control studies that included 108,703
individuals with AF and 1,686,097 control subjects. Overall, DM
was associated with a 39% increased risk of AF compared to
controls (RR 1.39, 95% CI 1.10–1.75). However, only three of
these studies reported multivariable adjusted risk estimates for
AF (adjusting for age and some other risk factors). Perhaps,
not surprisingly, after adjusting for these known factors the
association between DM and AF was significantly attenuated and
in two of these studies was no longer statistically significant.
Thus, the association between DM and incident AF has likely
been overestimated in this meta-analysis. Furthermore, these
previous studies did not specifically distinguish between Type I
or Type II DM, glycemic control or specific therapies.

Since this meta-analysis was published, several additional
observational studies examining the association betweenDM and
AF have been reported. The Atherosclerosis Risk in Communities
study is comprised of 15,792 white and African American
patients age 45–64 years pooled from 4 geographically distinct
communities in the United States. A 2012 report from this cohort
examined the associations between Type II DM, markers of
glucose homeostasis and risk of AF (Huxley et al., 2012). After
adjustment for a number of risk factors, DM was associated
with a significant increased risk for AF [hazard ratio (HR) 1.35,
95% CI 1.14–1.60] (Figure 1). However, those with pre diabetes
or undiagnosed diabetes were not at increased risk for AF.

The authors also reported a positive linear association between
HbA1c and the risk of AF for both those with and without
DM, though a similar positive relationship between fasting blood
glucose and risk for AF was observed only in patients with
previously diagnosed DM (Huxley et al., 2012).

In the Women’s Health Study, Type II DM was a significant
predictor of risk for AF (HR 1.37; 95% CI 1.03–1.83) after
adjustment for cardiovascular risk factors including hypertension
and BMI (Schoen et al., 2012). However, these investigators
observed that the development of hypertension, obesity, and
cardiovascular disease over time were stronger predictors of risk
of incident AF compared to DM. In a subgroup analysis of the
Women’s Health Study, baseline HbA1c was not predictive of
subsequent AF.

Risk factors for AFwere evaluated in post-menopausal women
in the Women’s Health Initiative Observational Study (Perez
et al., 2013). Consistent with earlier observational cohort studies,
age, hypertension, obesity, diabetes, myocardial infarction,
and congestive heart failure were all independently associated
with incident AF. However, hypertension and overweight
status/obesity contributed to 28.3 and 12.1% of the population
attributable risk for AF whereas DM accounted for only 3.4% of
this risk. A Korean National Health Insurance Service Database
analysis confirmed that after adjustment for age, sex, BMI,
and other covariates the population attributable risk of AF
for hypertension, ischemic heart disease, heart failure and DM
were 16, 8.2, 5.3, and 0.8%, respectively (Son et al., 2016). In
this latter analysis, DM was not a significant risk predictor
for AF.

A Danish Nation cohort study evaluated the risk of AF in
individuals with DM compared to the background Danish
population (Pallisgaard et al., 2016). After adjustment for
multiple covariates, DM was associated with a relative
19% increased risk of incident AF. Interestingly, the
incidence rate ratio was highest in the youngest age
group 18–39 years (2.34, 95% CI 1.52–3.60) compared to
older patients (1.20, 95% CI 1.18–1.23 age group 65–74).
This analysis did not stratify relative risks for those with
Type I vs. Type II DM or describe the duration of DM
prior to AF diagnosis, so the apparent effect modification
by age is not easily explained. The relative decrease in
risk of AF in DM with increasing age may reflect the
importance of other risk factors for AF that occur with
advancing age.

A recent prospective, case control study examined the
relationship between Type I diabetes and AF (Dahlqvist et al.,
2017). Using a Swedish database, Dahlqvist compared 36 258
patients with Type I DM to 179,980 controls followed for a
median of 9.7 years. The mean age of participants was 35 years.
Type I DM was associated with a modest increase in the risk
of AF in men (HR 1.13, 95% CI 1.01–1.25), but a 50% increase
risk of AF in women (HR 1.5, 95% CI 1.3–1.72). The risk of AF
was increased in those with worse glycemic control and renal
complications (Figure 2).

In this issue of Frontiers in Physiology (Xiong et al.,
2018), have summarized the current state of the literature
in an updated systematic review and meta-analysis including
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FIGURE 1 | Relationship between diabetes, pre-diabetes, and physician-diagnosed diabetes with incident atrial fibrillation from the ARIC study (1990–2007).

Individuals without diabetes comprised the reference group for each comparison. Diabetes included all individuals with FSG > 126 mg/dl or HbA1c > 6.5% or use of

diabetic medication or history of physician-diagnosed diabetes. Undiagnosed diabetes defined as fasting serum glucose (FSG) > 126 mg/dl or HbA1c > 6.5% but no

history of diabetic medication usage or physician diagnosed diabetes. Black boxes represent the estimate adjusted for age, education, income, prior history of

cardiovascular disease, BMI, systolic blood pressure, use of hypertensive medications, and smoking. Horizontal lines represent 95% confidence intervals. Open

diamonds represent the estimate of effect for the overall population. Note the strong correlation between DM and AF among African American women. Reproduced

with permission from Huxley et al. (2012).

publications reported up to September 2017 that investigated the
association between DM and AF. They used a novel machine
learning approach to identify publications suitable for analysis.
Twenty-nine studies (21 observational cohort or randomized
trials and 8 case control studies) including 8,037,756 subjects
were included in the analysis. Overall DM was associated with
a pooled 49% increased risk of developing AF (RR 1.49, 95%
CI1.24–1.79). However, many studies did not adjust for known
risk predictors including age, sex and cardiovascular risk factors.
When restricted to studies reporting adjusted estimates, DM was
associated with a weaker but still significant increased risk of
new onset AF (RR 1.23, 95 % CI 1.03–1.46). Furthermore, there
was significant between-study heterogeneity in the observed
associations that could not be explained by available differences
in baseline covariates, type of DM, or study era. Interestingly,
in this study the association between DM and incident AF
was stronger in women than in men (RR 1.38, 95% CI 1.19–
1.60 vs. 1.11, 95% CI 1.01–1.22). In addition, the association
between DM and incident AF was stronger in more recent vs.
older studies.

The clinical studies discussed are summarized in Table 1.
These clinical studies examining the potential association
between DM and AF incidence share important limitations. Most
publications are secondary reports from large cohorts assembled
for another purpose, without detailed characterization of the
type, duration or severity of DM, nor standardized AF detection
protocols. Furthermore, there has been variable adjustment for
confounding by other risk factors such as obesity, obstructive
sleep apnea, and heart failure. This may in part explain the
contradictory results.

Notwithstanding these limitations, DM appears to be a
significant if modest risk factor for development of AF.
This association may be increasing in strength over time, as
secular trends in other risk factors especially better control
of hypertension and management of heart failure (Schnabel
et al., 2015) and an increasing incidence of obesity and
DM worldwide have been reported. These changes suggest
that more attention to the diagnosis and management of
DM as well as aggressive weight loss interventions for
overweight/obese individuals may be important in curbing
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FIGURE 2 | Risk of AF in Type I DM vs. controls based on HbA1c category, albuminuria category, and chronic kidney disease (CKD) stage. CKD stages 1–4 are based

on eGFR (estimated glomerular filtration rate): CKD stage 1—eGFR ≥ 90 mL/min per 1.73 m2; CKD stage 2—eGFR 60–89 mL/min per 1.73 m2; CKD stage

3—eGFR 30–59 mL/min per 1.73m 2; CKD stage 4—eGFR 15–29 mL/min per 1.73 m2;CKD stage 5—eGFR < 15 mL/min per 1.73 m2 or need for dialysis or kidney

transplantation. Diamonds indicate HRs and error bars the 95% CIs. Reproduced with permission from Dahlqvist et al. (2017).

the emerging epidemic of AF. The contradictory results
from the available clinical data set also serves to highlight
the importance of fundamental research to elucidate the
mechanisms by which DM might promote AF, summarized in
the next section.

MECHANISMS OF AF IN DM: INSIGHTS

FROM EXPERIMENTAL STUDIES

Mechanisms of Atrial Fibrillation
While the mechanisms underlying AF are incompletely
understood, research efforts have identified a substantial number
of pathophysiological determinants, including at the cellular
and molecular levels, that can lead to electrical and structural
remodeling and thereby favor the occurrence of AF. These
include a number of mechanisms that can lead to triggers for
AF initiation as well as mechanisms that create a substrate for
AF maintenance and progression (Heijman et al., 2014, 2018).
Below, we focus our discussion on alterations that have been
shown or proposed to lead to AF specifically in the setting of
DM. These potential mechanism(s) are outlined in Figure 3.

Animal Models of Diabetes Mellitus and AF

Research
A number of animal models of DM have been employed to study
the atrial electrical and structural changes and the underlying
molecular mechanism(s) that predispose to AF in this setting.
These include models of Type I DM induced by chemical
induction using streptozotocin or alloxan (King, 2012; Watanabe
et al., 2012; Liu et al., 2014, 2017; Saito et al., 2014; Fu et al., 2015;
Yi et al., 2015; Hayami et al., 2016), which have been successfully
employed in rodents and rabbits. The Akita mouse model of
Type 1 DM which arose due to a mutation in the insulin-2
gene replicates many of the complications of diabetes including
retinopathy, neuropathy, nephropathy and increased oxidative
stress (Hsueh et al., 2007). Most current animal models of type
II DM are associated with obesity. These include monogenic
models of leptin deficiency (mice) or deficiency in the leptin
receptor (mice, Zucker fatty rats and diabetic fatty rats (King,
2012; Linz et al., 2016; Fukui et al., 2017). Type II DM induced
by high fat feeding has been used in rabbits (Zarzoso et al., 2014).
Models of metabolic syndrome characterized by central obesity,
hyperlipidemia, glucose intolerance and hypertension have been
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TABLE 1 | Characteristics of Clinical Studies Examining the Relationship Between Diabetes Mellitus and Atrial Fibrillation.

Authors Study design Findings Limitations Diabetes type

Benjamin et al., 1994 Prospective cohort

2,090 men

2,641 women

Ages 55–94 years

HTN, DM, CHF, VHD

independent risk factors for AF.

DM risk: OR 1.4 men, 1.6

women

DM not a risk factor for AF

after controlling for valvular

heart disease.

BMI and OSA not included

in analysis

Not specified

Krahn et al., 1995 Prospective cohort

3,983 men

Abnormalities in resting ECG did

not predict AF.

Obesity but not DM a risk for AF

Not specified

Huxley et al., 2011 Systematic review and meta-analysis

of 7 prospective cohort studies, 4

case control studies.

108,703 with AF

1,686,099 control subjects

39% increased risk of AF in DM

compared to controls

Effect significantly

attenuated after

multivariable adjusted risk

estimates

Type II DM

Huxley et al., 2012 Prospective cohort

13,025 subjects

35% increased risk of AF in DM

after adjustment for known risk

factors

Cases of AF ascertained

through hospital discharge

codes

Type II DM

Schoen et al., 2012 34,720 female health professionals 37% increased risk of for AF in

DM.

HTN, CVD, obesity stronger

predictors of AF than DM

Possible under diagnosis of

DM given lack of systemic

screening

Type II DM

Perez et al., 2013 Observational cohort

81,892 post-menopausal women

Age, HTN, obesity, DM, MI, CHF

risk factors for AF.

DM risk: HR 1.55 in multivariable

analysis

98% of incident AF based

on hospital discharge codes

Not specified

Son et al., 2016 Korean National Health Insurance

Data

206,013 subjects age >30 years

Diabetes not a risk factor for AF Incident AF based on

disease codes

Not specified

Pallisgaard et al., 2016 Danish National Registries

5,0081,087 subjects >18 years

19% increased risk of AF in DM

IRR 2.34 age 18–39

IRR 1.20 age 65–74

Incident AF based on

disease codes

Not specified

Xiong et al., 2018 Systemic review and meta-analysis

21 observational cohort or

randomized trials and 8 case control

studies 8,037,756 subjects

RR for AF in DM

1.38 (women)

1.11 (men)

Significant between study

heterogeneity in observed

associations

Majority Type II DM

Dahlqvist et al., 2017 Prospective case control study

36,258 patients Type I DM

179,980 control subjects

Modest 13% increased risk of AF

in men Significant 50% increased

risk of AF in women.

Risk greater in those with poor

glycemic control

No data on blood pressure

or BMI

Type I DM

AF, atrial fibrillation; HTN, hypertension; CHF, congestive heart failure; IRR, incident risk ratio; CVD, cardiovascular disease; OR, odds ratio; DM, diabetes mellitus; RR, relative risk; HR,

hazard ratio; VHD, valvular heart disease.

induced using a combination of high fat and high sucrose diets in
rodents (Hohl et al., 2017) and rabbits (Arias-Mutis et al., 2017).

Atrial Structural Remodeling
Diabetes is known to exacerbate interstitial fibrosis in the atria.
This is seen in both animal (Kato et al., 2008; Watanabe et al.,
2012; Li et al., 2016) and human (Lamberts et al., 2014) studies.
Atrial fibrosis has been demonstrated in studies of Type I
DM (Kato et al., 2008) and Type II DM (Li et al., 2016).
Obesity often leads to Type II DM and is associated with
lipomatous metaplasia of the heart, a process that involves the
transformation of fatty infiltrates into fibrotic tissue (Samanta
et al., 2016). A sheep model of obesity induced by high caloric
diet in the absence of DM induces significant atrial structural
and electrical remodeling. The changes reported included left

atrial enlargement, biatrial conduction abnormalities, increased
expression of profibrotic mediators, interstitial atrial fibrosis, and
an increased propensity for inducible and spontaneous AF (Abed
et al., 2013; Mahajan et al., 2015). Therefore, in the case of Type II
DM, it is unclear whether the observed atrial interstitial fibrosis
and associated atrial conduction abnormalities are the result of
either chronic diabetes or excessive adiposity alone.

Fibrosis

Fibrosis can be a critical contributor to the establishment of a
substrate for AF as increased collagen deposition in the atria
can slow atrial conduction velocity and cause fragmentation of
propagating wavefronts, which can result in re-entry (Schotten
et al., 2016). Fibrosis is importantly determined by the function
of cardiac fibroblasts, which play a central role in the deposition

Frontiers in Physiology | www.frontiersin.org February 2019 | Volume 10 | Article 135378

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bohne et al. Association Between AF and Diabetes

FIGURE 3 | Cellular mechanisms by which diabetes may predispose to AF. Increases in reactive oxygen species and/or advanced glycation-end products trigger atrial

electrical and structural remodeling. Obesity independent of DM contributes to atrial structural remodeling. Hypertension, obstructive sleep apnea, and systemic

inflammation are frequently associated with DM and contribute to atrial electrical and structural remodeling. ROS, reactive oxygen species; AGE, advanced

glycation-end products (AGES); Ito, transient outward current; IKCa, Ca
2+–activated potassium channels; IKACh, Acetylcholine dependent potassium current; INa,

sodium current; INaL, late inward sodium current; TGF-β, transforming growth factor-β; EADs , early after depolarizations; Cx40, connexin 40.

of the extracellular matrix. In a number of pathological
conditions, fibroblasts are activated leading to inappropriate
collagen production and deposition. Cardiac fibrosis has been
clearly demonstrated in diabetic patients and, consistent with
this, cardiac fibroblasts isolated from the atria of patients with
Type II DM show enhanced levels of collagen synthesis, as
indicated by increased expression of Type I collagen (Sedgwick
et al., 2014). Similar results have been observed in db/db
mice, in which cultured ventricular fibroblasts showed increased
expression of Type I collagen and transforming growth factor
β (TGF-β) (Hutchinson et al., 2013). Since this latter study
was performed in ventricular fibroblasts it remains to be
determined if similar changes occur in the atria of Type II
diabetic mice. On the other hand, the notion of enhanced atrial
fibrosis in association with increased expression of collagens is
supported in studies of Type I diabetic Akita mice in which
right and left atrial fibrosis was increased in association with
enhanced atrial expression of Type I and Type III collagens
(Krishnaswamy et al., 2015) (Figure 4). Interestingly, the increase
in atrial fibrosis in Akita mice was preventable by chronic
insulin treatment.

Hyperglycemia in Type I and Type II DM is associated
with enhanced angiotensin II, TGF-β signaling, and increased
reactive-oxygen species (ROS) production (Singh et al., 2008a,b;
Patel et al., 2012; Fiaschi et al., 2014). These are all well-
characterized pro-fibrotic signaling molecules that enhance
collagen synthesis and secretion by cardiac fibroblasts suggesting
that these factors may contribute to atrial fibrosis and enhanced
susceptibility to AF in DM. Consistent with this, angiotensin-
converting enzyme inhibitors have been shown to reduce
collagen and TGF-β levels in both Type I DM (Singh et al., 2008b)
and Type II DM (Toblli et al., 2005). Angiotensin II is well-known
to induce cardiac fibrosis and the findings mentioned above are
consistent with the hypothesis that Angiotensin II is an important
mediator of atrial fibrosis in DM.

Additionally, elevations in blood glucose levels stimulate the
production of advanced glycation-end products (AGEs), which
can enhance interstitial fibrosis by forming crosslinks between
collagen and laminin (Russo and Frangogiannis, 2016). AGEs
function by activating their receptors (RAGEs) located on the
surface of cardiac fibroblasts, thereby upregulating connective
tissue growth factor and stimulating fibroblast proliferation (Kato
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FIGURE 4 | Patterns of interstitial fibrosis in the right (A) and left atria (B) of

wildtype Akita mice. The myocardium is stained in green and collagen

deposition in red. Scale bars are 50µM. (C) The percent interstitial fibrosis is

significantly increased both atria in the diabetic mice. Insulin treatment

prevents the development of fibrosis in the diabetic mice, *p < 0.05.

Reproduced with permission from Krishnaswamy et al. (2015).

et al., 2008). This is referred to as the AGE-RAGE system
and is thought to be another important mediator of profibrotic
signaling in the atria in DM.

Atrial fibrosis, and hence the substrate for AF, may also be
affected by adipokines—important signaling molecules than can
be produced in the epicardial fat layer on the surface of the
heart and which can act in a paracrine manner. Adipokines
such as leptin and adiponectin have been implicated in atrial
fibrosis. Leptin levels are elevated in obesity and DM (Karmazyn
et al., 2008) and it has been demonstrated that leptin plays an
important role in the development of atrial fibrosis. Specifically,
the development of atrial fibrosis and the increased susceptibility
to AF in response to Angiotensin II treatment increased leptin
and was attenuated in leptin deficient ob/ob mice. Angiotensin
II was shown to increase leptin expression in wildtype atrial
fibroblasts and the addition of leptin increased TGF-β signaling
(Fukui et al., 2013). A subsequent study demonstrated that a high
fat diet in wildtype mice resulted in hyperleptinemia as well as
high susceptibility to AF in association with increased left atrial
interstitial fibrosis and that these effects were attenuated in leptin
deficient ob/ob mice (Fukui et al., 2017). The role of adiponectin
in AF associated with diabetes is much less clear. Adiponectin has
insulin sensitizing properties and anti-inflammatory properties
and the levels of adiponectin decrease with increasing adiposity
(Karmazyn et al., 2008). Interestingly, higher circulating levels
of adiponectin have been associated with increased risk of AF

(Macheret et al., 2015). The basis for this observation is unclear
and more work is needed to understand the role of adiponectin
in cardiovascular diseases including diabetes and its links to AF.

Adipose Tissue

Type II DM presents a unique challenge in understanding
the pathogenesis of AF because it typically coincides with
obesity. Complications that arise from either condition are not
mutually exclusive. Obesity is associated with increased thickness
of epicardial adipose tissue (the fat that lies directly adjacent
to the epicardium underneath the pericardium), which can
have profound consequences on atrial electrophysiology and
promote arrhythmogenesis (Abed et al., 2013; Mahajan et al.,
2015; Evin et al., 2016). Indeed, increases in epicardial adipose
tissue have been found to associate with adverse left atrial
remodeling and increased incidence of AF, supporting the idea
that epicardial adipose tissue could play an important role in the
pathophysiology of AF (Sanghai et al., 2018). Coinciding with
the increased epicardial adipose tissue volume, fatty infiltration
of the atrial epicardium is also increased (Mahajan et al.,
2015). Epicardial adipose tissue infiltration is associated with
increased risk of AF due in part to pathological remodeling
of epicardial adipose tissue itself whereby organized adipose
tissue is replaced with fibro-fatty infiltrates (i.e., lipomatous
metaplasia) leading to interstitial fibrosis. Indeed, an ovine model
of induced AF revealed increased adipose tissue volume in
the left and right atria as well as fibrosis of fatty infiltrates
in comparison to their non-AF-induced counterparts (Haemers
et al., 2017). Ultimately, this process impairs conduction velocity
as well as homogeneity. Much like collagen fibers, fatty tissue
is neither conductive nor contractile and can create physical
barriers between cardiomyocytes, limiting both electro- and
mechanotransduction. Additionally, the presence of these lipid
deposits within the myocardium could potentially create re-entry
points, further potentiating AF substrate development. It is not
known if diabetes exacerbates this pathological process. Finally,
epicardial adipose tissue is well-known to produce and release
a number of compounds (including cytokines/adipokines, as
discussed above) that could act in a paracrine fashion in the atria,
thereby influencing atrial remodeling and arrhythmogenesis
(Hatem and Sanders, 2014; Nagy et al., 2017). The role of
paracrine effects of epicardial adipose tissue in the pathogenesis
of AF is an important area for ongoing study.

Electrical Remodeling
Ion Channels

Electrical remodeling in DM can also involve alterations in atrial
action potential morphology due to changes in a number of ionic
currents. Prolongation of the atrial action potential duration
has been reported in rabbit and mouse models of Type I DM
(Yi et al., 2015; Fu et al., 2016). Similar alterations have been
described in the left atrium of Type II diabetic rats (Li et al., 2016).
Although incompletely understood, alterations in atrial action
potential morphology may involve Na+ and K+ channels, as well
as Ca2+ homeostasis.

Evidence suggest that the Na+ current (INa) is reduced in the
atria of Type I diabetic rabbits (Liu et al., 2017). In contrast, a
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study in Type II diabetic rats reported no differences in atrial INa
(Li et al., 2016). Accordingly, more work is needed to determine
how atrial INa is affected in type I and Type II DM. This is
of importance as changes in INa amplitude affect atrial action
potential upstroke velocity and hence conduction velocity. In this
way, INa is an important determinant of the substrate for re-entry.
Another aspect of INa that may be important is the late INa (INa,L)
that can affect arrhythmogenesis by modulating action potential
duration and the occurrence of EADs (Sicouri et al., 2013). INa,L
has been shown to be increased in ventricular myocytes in Akita
and db/dbmice (Lu et al., 2013); however, it is presently unknown
if this is also the case in the atria.

K+ currents play an essential role in action potential
repolarization thereby controlling action potential duration and
susceptibility to triggered activity (EADs). Several studies have
identified changes in K+ currents in the atria in DM. For
example, Type I diabetic (Akita) mice have been shown to have a
reduction in atrial acetylcholine-activated K+ current (IKACh) in
association with reduced expression of GIRK1 and GIRK4 (Park
et al., 2009; Zhang et al., 2014). These alterations in IKACh and
GIRK expression were associated with altered insulin signaling
through glycogen synthase kinase 3 and altered transcriptional
regulation by sterol regulatory element binding protein 1. A
reduction in IKACh could affect atrial action potential duration
and arrhythmogenesis; however, the links between IKACh and AF
have not been explored in detail.

Separate studies have shown that expression of several other
K+ channels is altered in DM. Specifically, expression of
Kv4.2/4.3, the channels that produce the transient outward K+

current (Ito), is reduced in atrial myocytes in mouse models
of diet induced obesity and Type II DM. The mechanism for
this reduction is unclear, but may involve impaired insulin
signaling as Kv4.2 expression has also been shown to be
decreased in a cardiac specific insulin receptor knockout mouse
(Lopez-Izquierdo et al., 2014).

Other investigations have demonstrated that Type I diabetic
mice (STZ treatment) display reduced expression of small
conductance Ca2+-activated K+ channels (SK), including SK2
and SK3 (Yi et al., 2015). These changes in the expression of SK
channels occurred in association with increased oxidative stress.
Consistent with these animal studies, expression of SK channels
(SK1, 2, and 3) was found to be reduced in the atria of human
patients with chronic AF (Yu et al., 2012; Skibsbye et al., 2014).
Additional studies are needed to better understand the links
between SK channel function, diabetes, and AF.

Gap Junctions

Gap junctions play an integral role in cell to cell communication
and electrical conduction. These gap junctions are composed
of connexin (Cx) proteins, with Cx40 and Cx43 being the
predominant isoforms in the atrial myocardium. While data
are limited, there is evidence of changes in Cx expression and
function in the atria in DM. For example, it has been shown that
Cx40 expression is reduced in the atria in a rat model of Type
I DM. Consistent with this alteration in Cx40, optical mapping
experiments showed that conduction velocity in the atria was
reduced and conduction patterns lacked homogeneity (Figure 5)

FIGURE 5 | (A) representative activation maps (top) and conduction velocity

(CV) vector maps (bottom) from control (left) and DM (right) rats. The

isochrones on the activation maps are drawn at 2.2ms intervals. Pacing is (•)

from the right atrial appendage (RAA) at a cycle length of 200ms. The color

scale bar ranged from 0 to 24.2ms. Isochronal crowding is evident within right

atrium (RA) of DM rats. The CV vector map and the direction and magnitude of

focal CV vectors varies widely within RA from DM rats. (B) Mean CVs at

different pacing cycle lengths in control (n = 8) and DM (n = 10) rats. *P < 0.01

vs. control. Reproduced with permission from Watanabe et al. (2012).

(Watanabe et al., 2012). These observations are in agreement
with studies showing increased atrial arrhythmogenesis in Cx40
deficient mice (Hagendorff et al., 1999).

Cx43 expression in the atria does not appear to be changed
in the setting of Type I or Type II DM. However, there is
evidence that its subcelluar distribution is altered. For example,
in Type II diabetic rats, Cx43 expression was not changed,
but these animals displayed increased lateralization of Cx43 in
the left atrium (Li et al., 2016). Lateralization of connexins
would increase conduction heterogeneity because fewer Cx43-
comprised gap junctions would be localized to the intercalated
disks. Consistent with this hypothesis, lateralization of Cx43 and
altered conduction has also been demonstrated in the ventricles
of rats with Type I DM (Nygren et al., 2007).

Translational Considerations: Glycemic

Control and AF
A few clinical studies have attempted to elucidate association
between markers of glycemic control and AF. An analysis
of the Framingham Heart Study Offspring cohort followed
for ≤10 years reported no association between insulin
resistance and incident AF (Fontes et al., 2012). In contrast,
in the Malmo Preventive Project, higher levels of fasting
plasma insulin were associated with a lower risk of AF
(Johnson et al., 2014). This relationship was significant
only in the male cohort although the proportion of women
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included in this study was lower (33%). Furthermore, the
association was weaker in subjects with elevated fasting
glucose. Spontaneous hypoglycemia has been reported to
be significantly associated with the development of AF in
Type II DM (Ko et al., 2018). However, the mechanism
underlying this relationship is unknown. Our experimental
data in Type I DM demonstrates that acute and chronic
insulin therapy prevents the downregulation of the sodium
current and reduces the inducibility of AF. This effect is
mediated, in part, via phosphatidylinositol 3,4,5-triphosphate
(Bohne et al., 2018). We have also shown that insulin
treatment in this model also reduces the development of
atrial fibrosis. Together these data suggest that insulin mitigates,
at least in part, the development of the substrate for atrial
reentry (Krishnaswamy et al., 2015).

A Danish nationwide cohort study investigated the role of
thiazlidinediones compared to other second line diabetes therapy
in 108,624 patients with DM and without prior AF who were
treated with metformin or sulfonylurea as first line drug therapy
(Pallisgaard et al., 2017). Thiazlidinediones compared to other
second line diabetes therapy significantly reduced the risk of
AF (HR 0.76, 95% CI 0.57–1.00). A subsequent meta-analysis
was undertaken including three randomized clinical trials and
four observational studies of 130,854 diabetic patients (Zhang
et al., 2017). Overall, thiazlidinediones were associated with
a 27% lower risk of developing AF compared to controls.
Pioglitazone was reported to have a more beneficial effect for
AF prevention compared to rosiglitazone. In an experimental
model of Type II DM, rosiglitazone attenuated the atrial
structural remodeling and vulnerability to AF (Liu et al., 2014).
A more recent study, the Bypass Angioplasty Revascularization
Investigation 2 Diabetes trial, randomized patients with Type
II DM to insulin sensitization therapy vs. insulin provision
therapy. The incidence of AF was similar in in both patient
groups (HR 0.91, 95% CI 0.60–1.38). Furthermore, the incidence
rate of AF in those treated with thiazolidinediones was similar
in those not treated with thiazolidinediones. Together these
data suggest that glycemic control prevents adverse atrial
remodeling and propensity to AF in DM. However, the
current data do not support a unique drug specific effect for
AF prevention.

Vascular Disease in DM
DM is associated with an accelerated development and increased
risk of atherosclerosis. However, DM has been reported to
be an independent risk factor for AF in most observational
studies (Xiong et al., 2018). Nevertheless, coronary microvascular
dysfunction characterized by reduced coronary flow reserve
and endothelial dysfunction are associated with DM and
precede the development of overt cardiac disease (Kibel et al.,
2017). These abnormalities may develop as a consequence of
metabolic, hormonal, hemodynamic, neural, and other factors
associated with DM. Abnormalities of endothelial function may
precede the development of AF (Shaikh et al., 2016). However,
whether the presence of microvascular dysfunction directly
influences the substrate for AF requires more experimental and
clinical investigation.

Autonomic Dysfunction and AF
Abnormalities of the autonomic nervous system may play a
role in the pathogenesis of AF. Autonomic neuropathy is a
frequent complication associated with DM although data on the
association of this complication with AF is limited. A strong
relationship between autonomic dysfunction measured using
heart rate variability as the marker of autonomic function and
silent AF has been reported in patients with type 2 DM (Rizzo
et al., 2015). Heart rate recovery, another index of autonomic
function, has also been reported to be predictive of a risk
for AF in type 2 DM independent of left atrial volume index
and other clinical factors including hypertension and coronary
artery disease suggesting a role for autonomic dysfunction in the
pathogenesis of AF in DM (Negishi et al., 2013). The underlying
cellular mechanisms have not been extensively studied and
require further investigation.

Catheter Ablation and AF
Catheter ablation is an established therapy for symptomatic
patients with AF. Some (Anselmino et al., 2015; Bunch et al.,
2015; Akkaya et al., 2018; Budzianowski et al., 2018) but not all
(Bogossian et al., 2016;Winkle et al., 2016) studies have suggested
that recurrence rates in patients with DM undergoing catheter
ablation are higher than in non-diabetic patients. However,
in a meta-analysis of 15 studies including 1,464 patients with
DM, long term maintenance of sinus rhythm following a redo
procedure was similar to rates reported among the general
population undergoing catheter ablation. In this meta-analysis,
higher body mass index and higher glycated hemoglobin levels
were associated with higher AF recurrence rates suggesting
a role for the metabolic abnormalities in DM in promoting
arrhythmogenesis (Anselmino et al., 2015).

Role of Computational Modeling
Computational biology and modeling can be powerful
approaches for studying the mechanistic basis for cardiac
arrhythmias, including in DM. Whenever possible, these
approaches should be considered in order to complement
clinical and basis science research as well as to generate new
hypotheses that can then be tested in established models and
in patients. Computational approaches have proven to be a
valuable and important approach in assessing the links between
DM and AF. In this regard, a recent study used a machine
learning approach to automatically select studies for inclusion
in an updated meta-analysis of the association between DM
and new onset AF (Xiong et al., 2018). This study showed that
machine learning could accurately and objectively select studies
for inclusion in meta-analyses, which is important given that the
exponential growth in numbers of publications makes manual
selection increasingly challenging. This machine learning study
demonstrates that DM is a strong, independent risk factor AF
(Xiong et al., 2018).

Computational modeling and simulations based on
mechanistic insights into AF triggers and substrate derived
from both experimental and clinical studies may also facilitate
the development of safer and more effective therapeutic
interventions (Boyle et al., 2016; Grandi and Maleckar, 2016).

Frontiers in Physiology | www.frontiersin.org February 2019 | Volume 10 | Article 135382

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bohne et al. Association Between AF and Diabetes

In this regard, advanced analysis of the ECG and integration
of detailed clinical data including cardiac imaging, biomarkers
and genomics may facilitate the development of more precision
directed medical therapy (Gillis et al., 2013; Boyle et al., 2016).
Future studies are required to evaluate the role of personalized
computational models for individualizing therapeutic strategies
for the AF patient with DM.

Future Research Directions
Experimental data demonstrate that significant atrial electrical,
structural and autonomic remodeling occur in both Type
I and Type II DM and increase the vulnerability to AF.
Whether the insulin resistance in type II DM activates unique
intracellular signaling pathways independent of obesity requires
further investigation. Future studies are also required to
investigate the inter-relationships between obesity, hypertension,
DM, obstructive sleep apnea, and other factors associated
with the metabolic syndrome including systemic inflammation

and oxidative stress. The relationship between incident AF

and glycemic control also requires further investigation. In
addition, the role of computational models in directing
more precision therapy for AF in this setting requires
further study.
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Understanding the Beat-to-Beat
Variations of P-Waves Morphologies
in AF Patients During Sinus Rhythm:
A Scoping Review of the Atrial
Simulation Studies
Dimitrios Filos1* , Dimitrios Tachmatzidis2, Nicos Maglaveras1,3, Vassilios Vassilikos2 and
Ioanna Chouvarda1
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The remarkable advances in high-performance computing and the resulting increase of
the computational power have the potential to leverage computational cardiology toward
improving our understanding of the pathophysiological mechanisms of arrhythmias,
such as Atrial Fibrillation (AF). In AF, a complex interaction between various triggers
and the atrial substrate is considered to be the leading cause of AF initiation
and perpetuation. In electrocardiography (ECG), P-wave is supposed to reflect atrial
depolarization. It has been found that even during sinus rhythm (SR), multiple P-wave
morphologies are present in AF patients with a history of AF, suggesting a higher
dispersion of the conduction route in this population. In this scoping review, we focused
on the mechanisms which modify the electrical substrate of the atria in AF patients,
while investigating the existence of computational models that simulate the propagation
of the electrical signal through different routes. The adopted review methodology
is based on a structured analytical framework which includes the extraction of the
keywords based on an initial limited bibliographic search, the extensive literature search
and finally the identification of relevant articles based on the reference list of the
studies. The leading mechanisms identified were classified according to their scale,
spanning from mechanisms in the cell, tissue or organ level, and the produced outputs.
The computational modeling approaches for each of the factors that influence the
initiation and the perpetuation of AF are presented here to provide a clear overview
of the existing literature. Several levels of categorization were adopted while the
studies which aim to translate their findings to ECG phenotyping are highlighted. The
results denote the availability of multiple models, which are appropriate under specific
conditions. However, the consideration of complex scenarios taking into account
multiple spatiotemporal scales, personalization of electrophysiological and anatomical
models and the reproducibility in terms of ECG phenotyping has only partially been
tackled so far.

Keywords: atrial fibrillation, multiple P-wave morphologies, sinus rhythm, computational models, simulation,
scoping review
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INTRODUCTION

Over a century ago, Atrial Fibrillation (AF) had been recognized
as the most common arrhythmia in adults (Nishida and Nattel,
2014). It is characterized by chaotic atrial activation leading
to impaired atrial myocardial function. It is easily recognized
on a surface electrocardiogram by lack of atrial depolarization
represented by P-wave, quivering isoelectric line and irregular
ventricular activation represented by QRS-complexes, which lead
to contractile dysfunction (Pellman and Sheikh, 2015). In the case
that AF converts to normal sinus rhythm (SR) within 7 days, it
is classified as “paroxysmal,” while in the case of it lasting more
than 7 days or more than a year it is classified as “persistent”
or “long-standing persistent,” respectively (Camm et al., 2012a;
Kirchhof et al., 2016).

Atrial fibrillation is associated with increased morbidity and
mortality as it is widely recognized as a risk factor for embolic
stroke and heart failure (HF) exacerbation (Camm et al., 2012b).
On the other hand, numerous risk factors have been correlated
with the development of AF. Aging doubles AF risk per decade,
whereas gender influences the incidence of AF with males having
1.5 fold risk to develop AF (Andrade et al., 2014). Most cases of
persistent and permanent AF are related to hypertensive, valvular,
ischaemic or other types of structural heart disease, while lone AF
represents only 15% of the cases (Markides and Schilling, 2003).

Initiation and maintenance of the abnormal rhythm in both
lone AF and AF secondary to structural heart disease are
supposed to require pathophysiological remodeling of the atria
(Pellman and Sheikh, 2015). Remodeling can be grouped into
three categories that include:

(i) electrical remodeling, including modulation of
L-type Ca2+ current, various K+ currents, and gap
junction function,

(ii) structural remodeling, including changes in tissues
properties, size, and ultrastructure, and

(iii) autonomic remodeling, including altered
sympathovagal activity, and hyperinnervation
(Pellman and Sheikh, 2015).

Electrical, structural, and autonomic remodeling all contribute
to creating an AF-prone substrate which can produce AF-
associated electrical phenomena including a rapidly firing focus,
complex multiple reentrant circuits, or rotors (Nattel, 2002).
Since the 1960s, the most popular theory has held that AF
consists of multiple wavelets of functional re-entry (Moe et al.,
1964). Conditions that increase the atrial size or decrease the
wavelength (by decreasing the conduction velocity or refractory
period or both) permit multiple wavelets and promote AF
(Rensma et al., 1988).

Multiple factors have been found to relate and contribute to
AF initiation or perpetuation mechanisms. Ionic currents and
gap junction function are considered to be fundamental parts
of electrical remodeling occurring in atrial cardiomyocytes,
which leads to reduced action potential (AP) duration
and refractoriness and affects conduction velocity and
wavelength, both known determinants of AF initiation and

perpetuation (Gaspo et al., 1997; Pellman and Sheikh, 2015).
Atrial enlargement has been associated with AF many decades
ago (Henry et al., 1976). Moreover, scarring, fibrosis, and
increased atrial size observed in HF patients, are related to
conduction delay and refractory period prolongation (Sanders
et al., 2003). The autonomic nervous system (ANS) exerts
significant control over cardiac electrophysiology, while it has
been proposed that patterns of baseline autonomic nerve activity
are essential in the development of pacing-induced sustained
AF (Shen et al., 2011). There is a suggestion that the increased
sympathetic activity leads to heterogeneous changes in atrial
refractoriness, which in turn favors reentrant waves that generally
contribute to the maintenance of AF (Olgin et al., 1998). On the
other hand, ablation of the ganglionated plexi can also improve
long-term AF symptoms (Katritsis et al., 2013). Additionally,
the muscular sleeves of the pulmonary veins (PVs) have been
identified as a source of tachyarrhythmias and atrial premature
beats that could trigger paroxysms of AF (Haïssaguerre et al.,
1998). These findings lead to a unifying theory that focal
tachycardias (mostly originating from the PVs) promote atrial
remodeling and they are required to trigger and maintain a
substrate capable of multiple wavelet reentry (Veenhuyzen
et al., 2004). AF causes electrophysiological changes in the atrial
myocardium itself, which might explain the progressive nature
of the arrhythmia. In a landmark study, the perpetuation of AF
was accompanied by a shortening of the atrial refractory period
inducing electrophysiologic changes that promote further AF.
These include electrical, contractile and structural modifications
to the atria that have collectively become known as atrial
remodeling and the authors concluded that “AF begets AF”
(Wijffels et al., 1995). However, most of the findings are based
on electrophysiological studies making the reproducibility of the
experiments a challenging case.

The interplay of different factors contributing to AF and the
inherent complexity of the biological systems, necessitates the
development of computational models across different levels,
from the cell, tissue, and patient level. Computational modeling
can help study and shed light on the mechanisms of AF, and thus
new therapeutic approaches can be developed and tested before
applying them to patients (Jacquemet, 2016). The main advantage
of computational modeling is that researchers have access to
all levels of interest and thus they can perform experiments in
controlled and repeatable conditions, which is a limitation of
experimental and clinical research. The increased evidence on
the importance and the effectiveness of computational modeling
in several fields of science, including cardiac electrophysiology,
in association with the advances in the computational speed
(Virag et al., 2012) and the availability of such infrastructure,
were the primary catalysts on the increased interest in the field
of computational modeling during the recent years. Overall,
computational modeling can link the phenomenological organ
level findings, such as findings in the electrocardiography (ECG),
and the actual mechanisms at smaller scales.

As regards the AF patients, the analysis of P-wave during
SR is of clinical value, since P-wave morphology is affected
by the site of origin of the SR beat and the atrial conduction
routes (Platonov, 2012). The analysis of P-waves can reveal
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information related to the prediction of AF initiation (Martínez
et al., 2014a) or the success of the pulmonary vein isolation
(Huo et al., 2015). Also, the analysis of the P-wave morphology
variability, on a beat-to-beat basis, also revealed differences
between healthy subjects and AF patients (Censi et al., 2016;
Filos et al., 2017). However, the direct correlation of those
ECG findings with the underlying substrate modifications is
not well understood. The motivation behind this research
was to find what mechanisms may explain the difference in
the percentage of the primary/secondary P-wave morphologies
observed in ECG signals of paroxysmal AF vs. normal subjects,
and more importantly whether these mechanisms were studied,
quantified and reproduced via simulation studies. To serve
this need, we designed a scoping review, (a) to map the
existing literature in the field of atrial models and their
multifaceted properties/components related to AF, and (b) to
synthesize this knowledge toward explaining the link between
observable AF-related P-wave morphologies and computational
atrial models of AF. Finally, this work attempts to identify the
research gaps and to make recommendations for future research.

METHODOLOGY

We conducted a scoping review adopting the methodology
proposed by Arksey and O’Malley (2005) and Peters et al.
(2015). The aim of scoping reviews is to map existing literature
in a particular field as well as to synthesize the knowledge.
The definition proposed by Colquhoun et al. (2014) states that
“A scoping review or scoping study is a form of knowledge
synthesis that addresses an exploratory research question aimed
at mapping key concepts, types of evidence, and gaps in research
related to a defined area or field by systematically searching,
selecting, and synthesizing existing knowledge.”

Objective
We focused on the identification of the mechanisms, either on
cell, tissue or organ level, which can describe the variation of the
P-wave morphologies in AF patients during SR while we tried
to investigate the existence of computational models which can
reproduce those mechanisms. The following research questions
were posed:

(1) How was AF modeled?
(2) Which computational models were proposed for the

description of patients prone to AF during SR?
(3) How was the initiation of AF episodes modeled?
(4) Were those models able to reproduce the multiple P-wave

morphologies that appear in AF patients during SR?

The primary outcomes that are of interest in this scoping
review are the characteristics of the AF substrate which describe
atrial remodeling occurring as a result of AF. The comprehension
of such mechanisms may lead to get more insights on the
prediction of the AF onset and thus facilitate the management
of patients in terms of the prevention and adaptation of the
therapeutic approach.

Inclusion Criteria
We applied the PICO (Population, Intervention, Comparator,
and Outcome) eligibility criteria. Regarding the population, we
considered all AF studies without distinction between human
and animal models. All types of AF were considered, including
Asymptomatic, Paroxysmal, Persistent, or Permanent. As for the
intervention, any level of computational models that enabled
the simulation of the atrial activation was eligible for inclusion.
Models focusing on the cell or tissue level, as well as on the organ
level were examined.

Studies comparing simulated and real ECG phenotyping or
comparison of different computational models were included in
the literature review as well as studies without a comparator, such
as theoretical models. Finally, any publication, such as articles,
conference proceedings, editorials and chapters in textbooks,
published after 1998 until 1 of March 2018, written in English was
included in the review, whereas all review articles were excluded.

Search Strategy
A two steps search strategy was adopted to map the existing
research on this topic. Two databases, which are extensively used
in biomedical sciences, were searched (PubMed and Scopus).
Initially, a limited search in both databases was undertaken
followed by an analysis of the text words contained in the title
and the abstract as well as on the indexed terms of the article.
The second search step included the extensive literature search
based on the keywords extracted in the first step and the manual
inspection of the studies.

Regarding the text analysis made during the first step, review
articles, published during the last 10 years, in which the words
“cardiac” and “simulation” were included in their title or abstract
were selected, as they are considered to cover the field of the
current review. As a result, 115 and 163 articles were found in
PubMed and Scopus, respectively. After removing the duplicates,
216 review papers were screened, whereas only 99 review articles
were found to be relevant to our study. Subsequently, a text
analysis of the titles and the abstract was conducted. A table
of the most frequent words and phrases was produced, while
equivalent words were identified (e.g., modeling and modeling).
The word cloud depicted in Figure 1 presents in a visual way the
most frequent words. The most common phrases were found to
be “computation model∗,” “mathematical model∗,” or “computer
model∗,” which describe the same process. On the other hand,
the word “model∗” and “simulat∗” appeared in the same abstract,
but not necessarily accompanied, to describe the same approach
as the phrases above. The asterisk (∗) following a word describes
all of the words starting with the phrase before it [e.g., model(s),
modeling are described as model∗]. Based on these findings we
formulated the first two blocks of Figure 2, which are connected
to an OR logical gate. The terms “cardiac,” “atrial,” and “heart”
were extracted as the most frequent words, that are related to the
description of the model or the tissue of interest. Finally, the term
“Atrial Fibrillation” was not extracted by the text analysis but it
was used since each article was focused on AF.

These findings led to the creation of the search query
that was used in the second step of the literature review
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FIGURE 1 | Word cloud of the most frequent words, where the highest the font the higher the frequency. For the purposes of the visualization the terms model,
models, modeling, and modeling were grouped under the term “model.” As depicted, the most used words are model, cardiac, computational, simulation, heart,
and with frequencies 16.6, 11.16, 7.2, 6.5, and 5.7%, respectively.

FIGURE 2 | Visual representation of the final query using logic gates. The final query is described as: {[(“computational model∗”[Title/Abstract] OR “mathematical
model∗”[Title/Abstract] OR “computer model∗”[Title/Abstract]) OR (simulat∗[Title/Abstract] AND model∗[Title/Abstract])] AND (“cardiac”[Title/Abstract] OR
“atrial”[Title/Abstract] OR “heart”[Title/Abstract])} AND “atrial fibrillation”[Text Word].

(Figure 2). In this step, the words and phrases identified were
searched in the abstract, the title or the indexed keywords. The
whole literature search, its evaluation, and categorization were

conducted independently by two reviewers (DF and DT). After
the completion of the evaluation, in case of disagreement, the two
reviewers worked together to reach a consensus.
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RESULTS

A total number of 721 articles (excluding duplicates) was raised.
Titles and abstracts were screened to check whether they are
relevant to the research question or not. Approximately half of
them (377) were eligible for full-text review. Seventy-six articles
were excluded, resulting in a total of 301 articles which were
finally included in the review (Figure 3). The observation of
Figure 4 reveals a continuous increase in the number of articles
published over time.

Modeling Components
The interplay of multiple factors can lead to the initiation and
perpetuation of the arrhythmia (Kirchhof et al., 2016). In this
section, the existing literature in the field of atrial models is
presented while a categorization of the articles was made based
on the factors that are addressed in each simulation study.

Model Experimental Context
Animal studies
While in the first years, the ratio between the studies focusing
on humans or animals was approximately 1:1, during the last
decade, an increased interest in human studies is observed
(Figure 5). The animal studies can improve our understanding of

the pathophysiological properties of AF while their findings can
be useful in human studies.

A detailed model of the canine atrial cell is presented by
Ramirez et al. (2000) which is applicable in both normal
and electrically remodeled cellular substrate. The following
years, additional animal models were proposed able to describe
the sheep (Goodman et al., 2005; Butters et al., 2013), rat
(Majumder et al., 2016) or other animals’ atrial myocardium
(Aslanidi et al., 2009b). A novel computational model of
the canine left atrium (LA) and PVs is proposed by Cherry
et al. (2007) and Aslanidi et al. (2011a) through which an
attempt was made to understand the arrhythmogenicity of
PV and how re-entries and their geometry can promote
their excitation. The differences between the right atrium
(RA) and LA in terms of the electrophysiological properties
in the animals are described in Aslanidi et al. (2009a) and
in Xia et al. (2010).

Aslanidi et al. (2008) studied the effects of Ca2+ concentration
in the cell of the RA in terms of AF initiation. According to the
simulation performed in a cell and tissue level, no crucial effect of
intracellular Ca2+ concentration on reentries has been observed
as its results are reversible. Furthermore, Kneller et al. (2005)
studied the influence of antiarrhythmic drugs in the canine
atrium, and found that the inhibition of pure Na current during
AF can terminate the arrhythmia.

FIGURE 3 | PRISMA flowchart of the study selection procedure.
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FIGURE 4 | Evolution of the number of publications in the field of AF modeling from 1998 till 1st March 2018. A parabolic line was found to fit better the data
depicted in the bars (R2

= 0.7609).

FIGURE 5 | Comparison of the studies based on human or animal models for AF for each year. For 2018, until 1st of March 2018, the studies targeting humans and
animals were 3 and 0, respectively. To avoid any false perception those data have not been visualized.
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Other mechanisms were also addressed in animal models
before being incorporated in the human ones, such as the
effect of ANS (Kneller et al., 2002) and of the antiarrhythmic
drugs (Comtois et al., 2008; Almquist et al., 2010; Aguilar-
Shardonofsky et al., 2012; Colman et al., 2014; Aguilar et al., 2015;
Varela et al., 2016).

Vigmond et al. (2001) presented a morphologically realistic
atrial model where all the major anatomical structures of the
atrium, including fiber orientation, muscle structures such as
crista terminalis and pectinate muscles and the orifices of
the veins and valves, were considered and scaled to a canine
atrium level. The resulting model did not consist of an exact
representation of the atria. However, it reflected the interrelations
between atrial anatomical structures. Zhao et al. (2012) proposed
a detailed structural model of the sheep atria which was based
on ex vivo analysis of the atrial chambers. The details of the
fiber orientations and myofiber architecture were incorporated
into an anatomical model. The simulation performed in normal
and electrically remodeled conditions, confirm the unique roles
of crista terminalis, pectinate muscles and Bachman’s bundle on
the activation time as well as the differences on the electrical
propagation through the posterior LA.

In addition to animal models, many studies are taking into
account findings from experiments performed on animals, to
modify the human model. The goal of those studies extends from
studying the effects of drug therapy (Gomez et al., 2005; Ehrlich
et al., 2008) to impact of gene mutations (Hancox et al., 2014;
Syeda et al., 2016).

Evaluation of model output
Computational modeling is by nature an approximation of
reality and several approaches have been adopted to evaluate
their output. However, most of the studies employed in silico
experiments, rather than a direct evaluation of the simulation
outputs with real recordings. On the other hand, some of
the articles included a comparison between the in silico and
the in vivo findings, based on electrophysiological findings
(Courtemanche et al., 1998, 1999; Ramirez et al., 2000;

Wettwer et al., 2004; Kneller et al., 2005; Kuijpers et al., 2007;
Comtois et al., 2008; Lombardo et al., 2016). Furthermore, the
reproducibility of the simulated signals, electrograms or ECG,
with the real recordings is discussed in the context of solving the
forward (Ogawa et al., 2007; Burdumy et al., 2012) or inverse
problem (Pedron-Torrecilla et al., 2016). Finally, the need for
personalized anatomical and electrical models is highlighted
toward the highest reproducibility of the results (Krueger et al.,
2013c; Roney et al., 2016).

Model Electrophysiological Components at Different
Scales
Electrophysiological cell models in humans
The core of each study is the electrophysiological model
which describes the cellular ionic properties and transmembrane
currents. A plethora of different approaches has been proposed to
simulate electrical activity in human atria.

Initially, a common approach was the use of models describing
the ventricular activity, such as those of Beeler and Reuter (1977)
or Luo and Rudy (1991), to simulate atrial excitation (Virag
et al., 2002). On the other hand, membrane kinetics describing
the atrial myocardium in animals, such as in canines, have
been applied in the human atrium (Ruchat et al., 2007b,c),
hypothesizing similar ionic properties.

The CRN (Courtemanche et al., 1998) and Nygren et al. (1998)
models are the first attempts to describe the ionic mechanism of
the atrial myocytes in humans. The CRN model was based on
adaptations made on a model describing ventricular myocytes.
The Maleckar et al. (2009) model refined the description
of Nygren model’s K2+ current, while the Koivumäki et al.
(2011) extended the Nygren model in order to improve the
description of the Ca2+ dynamics. The Grandi et al. (2011)
model focuses on patients with chronic AF (cAF) and in SR.
Figure 6 depicts the number of articles focusing on the human
atria that where based on each of the most frequently used
electrophysiological models. The most frequently used model is
the one proposed by Courtemanche et al. (1998). Compared to
the first decade (1998–2007), the number of articles for AF which

FIGURE 6 | Different electrophysiological models and the number of studies which use them.
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adopt ventricular models [such as that of Luo and Rudy (1991)]
decreased to half in the second decade (2008–2018). On the other
side, the newly proposed models by Koivumäki et al. (2011),
Grandi et al. (2011), and Colman et al. (2016) seem to gain the
research community’s acceptance.

Cherry and Evans (2008), as well as Krueger et al. (2013a)
focused on the comparison of electrophysiological models.
In particular, Krueger et al. (2013a) performed a comparison
between CRN, Nygren, and Maleckar electrophysiological
models adjusted to describe 13 different atrial regions
heterogeneities, including electrical remodeling. A detailed
and personalized MRI-based anatomical model, including fiber
orientation detail and thorax model, was estimated for each of the
eight patients to reproduce P and Ta-wave accurately. According
to the results, the CRN model simulates better action potential
duration (APD) in each of the atrial regions compared with the
remaining two models. Furthermore, the simulated P-waves and
Ta-waves morphology calculated using the CRN models fitted
well with the experimental recordings in both physiological and
AF-remodeled conditions. Wilhelms et al. (2013) compared the
five most frequently used electrophysiological models of human
atria and presented the main strengths and weaknesses of each
of the models. Lombardo et al. (2016) performed a comparison
between two electrophysiological models, a detailed and a
simpler one. The results showed that both models reproduce
the clinical recordings and the spiral waves dynamics were
similar and thus, in the case that computationa cost is crucial,
simple models could be used to model arrhythmias in spatially
extended domains.

On the other hand, some articles (Ciaccio et al., 2017; Lin
et al., 2017) adopted the use of a cellular automaton model
(CA) like the one proposed by Moe et al. (1964), which was
the first CA model for AF. In general, CA models describe the
depolarization and repolarization of a cell based on rules of its
present state as well as on its neighbors while more detailed CA
models have been proposed recently (Manani et al., 2016). The
main property of a CA model is that it is suitable for observation
of macroscopic properties of the electrical propagation since it is
a simplified model of cardiac electrophysiology and the required
computational load is low.

Genes and mutations
Several studies reveal the occurrence of AF on a family basis
which implies a genetic cause of this arrhythmia. Genetic
mutations have been found to lead to modification of ionic
channel functionality. The first study identified is the one of
Seemann et al. (2004) where a 2D model of the RA was used to
investigate the effect of a mutation in the KCNQ1 gene on the
initiation of AF. In the following years, the effect of additional
gene mutations or gene expressions on the initiation of AF
was studied (Table 1). In all these studies, the parameters of
the atrial models have been modified accordingly, to reproduce
the findings from the electrophysiological studies. Most of the
studies addressed the effect on the slow delayed outward rectifier
potassium channel (IKs) (Seemann et al., 2004; Ehrlich et al., 2005;
Kharche et al., 2012a) as well as on other potassium (Seemann
et al., 2009) or sodium channels (Ziyadeh-Isleem et al., 2014).

TABLE 1 | Genes identified and modeled.

Gene Articles

KCNQ1 Seemann et al., 2004; Hong et al.,
2005; Sampson et al., 2008; Kharche
et al., 2012a; Mann et al., 2012; Ki
et al., 2014; Hancox et al., 2014

KCNE1 Ehrlich et al., 2005; Sampson et al.,
2008; Mann et al., 2012

KCNH2 Carrillo et al., 2008; Seemann et al.,
2009; Mann et al., 2012

KCNJ2 Kharche et al., 2008; Aslanidi et al.,
2012a; Mann et al., 2012; Whittaker
et al., 2017

KCNA5 Mann et al., 2012; Ni et al., 2014,
2017a

SCN5A Ziyadeh-Isleem et al., 2014

ANK2 Wolf et al., 2013

PITX2 Syeda et al., 2016

hERG Loewe et al., 2014; Lutz et al., 2014

KCND3, KCNIP2, KCNH2,
KCNE3, KCNE4, KCNE5,
KCNJ4, and KCNJ14

Mann et al., 2012

While most articles focus on the effects of gene expression on
a cell or 2D tissue model, Whittaker et al. (2017) studied the
stability of the re-entrant waves using a realistic atrial model.
Finally, Ni et al. (2017a) examined six observed mutations of
KCNA5 regarding their role in the electromechanical function
of the atrium. Half of those mutations lead to gain-of-function
resulting in a worsening of the contractile function of the atrium
while the rest lead to loss-of-function of that mediated the
positive inotropic effects.

Modeling drug effect on atrial cells and AF
Several types of antiarrhythmic drugs have been analyzed in silico
regarding their performance on the termination of AF (Ehrlich
et al., 2008; Sanchez et al., 2017), under SR and AF (Aslanidi
et al., 2012a). Table 2 summarizes the studies focusing on each
anti-arrhythmic drug category (class I to v).

The first study identified in this context, Namba et al. (1999)
investigated the effects of a specific sodium channel blocker
drug on the stability versus meandering of spiral waves in a
canine atrial model.

One of the major challenges of antiarrhythmic drug therapy
is the minimization of side effects, like QT prolongation and
ventricular pro-arrhythmic conditions (Aguilar-Shardonofsky
et al., 2012; Aguilar et al., 2015). A key concept to address
these challenges is the design of drugs with atrial selectivity.
Since ultrarapid delayed rectifying potassium current (IKur) is
present in atrial and absent from ventricular myocardium, it
is a justified target for AF antiarrhythmic therapy (Almquist
et al., 2010). However, the effect of such a (IKur) blocker may
be pro-arrhythmic during sinus rhythm and anti-arrhythmic
during AF (Law et al., 2010). Moreover, the effect of selective
(fast and slow onset) blockers of IKur depends on the level of
electrical remodeling (Wettwer et al., 2004; Tsujimae et al., 2008).
Although IKur is diminished in cAF, the IKur blockers show
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TABLE 2 | Studies focusing on each anti-arrhythmic drug category.

Article Drug
category

Details

Namba et al., 1999; Comtois et al.,
2008; Colman et al., 2014; Aguilar
et al., 2015; Syeda et al., 2016

Class I (Ia,
Ib, Ic)

Na channel
blockers

Marshall et al., 2012; Colman et al.,
2014; Kharche et al., 2014b

class II β-blockers

Wettwer et al., 2004; Syed et al., 2005;
Ehrlich et al., 2008; Tsujimae et al.,
2008; Almquist et al., 2010; Law et al.,
2010; Aslanidi et al., 2012a; Duarte
et al., 2013; Colman et al., 2014; Tobón
et al., 2014a, 2017; Aguilar et al., 2015;
Cacciani and Zaniboni, 2015;
Majumder et al., 2016; Syeda et al.,
2016; Varela et al., 2016; Ni et al.,
2017b, 2016

class III K channel
blockers

Colman et al., 2014; Cacciani and
Zaniboni, 2015

class IV Ca
blockers

Krummen et al., 2012 class V adenosine

prominent significance in cAF treatment, as investigated in silico
in a number of theoretical drugs in both SR and cAF conditions
(Ellinwood et al., 2017a,b).

Along this line, Ni et al. (2017b) studied in silico the
effects of the multi-channel blockers on atrial and ventricular
activation, and found that the synergistic use of a specific and
potentially selective IKur potassium channel blocker (acacetin)
and a INA blocker seems to have no significant impact on
QT prolongation or on ventricular activation. As suggested,
the synergetic antiarrhythmic treatment leads to more effective
termination of atrial reentries (Aguilar et al., 2015; Ni et al.,
2016), while ventricular side effects in the ventricles are limited.
Furthermore, the relationship between drug concentration and
AF termination is also considered in other studies (Duarte et al.,
2013; Tobón et al., 2014a, 2017).

Colman et al. (2014) and Varela et al. (2016) studied the
effectiveness of the antiarrhythmic therapy on termination of the
wave breaks near the PVs. The latter study discusses the effect of
the multi-channel class III antiarrhythmic drugs in combination
with atrial heterogeneities on the termination of AF, using
detailed 3D anatomical models of human atria. Additionally,
the role of the antiarrhythmic drugs in the prevention of AF
initiation due to bradycardia (Cacciani and Zaniboni, 2015)
or how isoproterenol can induce AF (Krummen et al., 2012)
were also studied.

A fundamental approach to AF treatment is β-blockers
usage to control ventricular response. The chronic use of such
treatment can lead to drug-induced remodeling. Marshall et al.
(2012) studied these pharmacological remodeling effects of
β-blockers on specific potassium currents in the human atrium.
Kharche et al. (2014b) discussed this pharmaceutical remodeling
and observed that chronic use of β-blockers suppresses AF by
APD and effective refractory period (ERP) prolongation, with
potential anti-arrhythmic consequences.

Autonomic nervous system and the role of ganglia
The effect of vagal tone on atrial arrhythmogenesis has been
reported in several studies (Vigmond et al., 2004). Modifying the
ion channel conductance, Ashihara et al. (2002) simulated the
two branches of the ANS and used the Luo-Rudy-1 model to
examine why vagally mediated AF lasts more than sympathetic
mediated AF. Interestingly, it was found that sympathetic
tone promotes spiral waves and restrains their breakup. In
contrast, vagal tone promotes spiral wave breakup. A significant
limitation of this study is that the modifications on the ion
channels were speculative as there was insufficient information
from clinical data.

A significant number of studies incorporates, in the
electrophysiological models, the effect of Acetylcholine
to model the vagal activation and study its effect on AF
(Comtois and Nattel, 2011; Voigt et al., 2013). Acetylcholine
(Ach) is a neurotransmitter used in vagal action studying,
while its concentration affects the APD (Vigmond et al.,
2004). Experimental findings reveal increased vagal activity
during hemodialysis (HD) sessions suggesting that enhanced
acetylcholine concentration can lead to ERP shortening and
depolarization prolongation (Vincenti et al., 2014). Kneller
et al. (2002) used the RNC canine atrial model, and the Ach
effect was incorporated based on a novel description of the
Ach-induced current (IK,ACh) that is included in all the studies
which consider the vagal influence on AF. Hwang et al. (2016)
considered three different approaches for the distribution of
the ACh concentration on the atrium: (1) random distribution,
(2) ACh concentration within the four ganglionated plexi
(GP) areas, and (3) using the octopus hypothesis where eight
nerves with gradient ACh concentration originate from the GPs
and spread through the atrium. The octopus hypothesis was
adopted in order to examine the effect of both branches of ANS
(sympathetic and parasympathetic nervous system) (Hwang
et al., 2017). The parasympathetic system was modeled as an
increase of the IKACh in the ganglionated plexi and their nerves
in the LA 3D model while the sympathetic system was modeled
as an increase of the L-type calcium current. ANS stimulation
can induce triggering activity and PV automaticity, leading to
local re-entries in the LA-PV junction.

AF Remodeling
Atrial fibrillation is a progressive disease, where at the first stages
the episodes are short and infrequent (paroxysmal AF), and later
on, they are more frequent and more prolonged (persistent or
permanent AF). As AF progresses to more stable types, different
parameters of the electrophysiological models are modified to
reflect the AF-induced electrical remodeling. These changes
on ion currents and conductance are based on findings from
experimental studies (Courtemanche et al., 1999; Zhang et al.,
2005). The majority of the 301 studies included in this review
focused on more stable types of AF while only about 10% of them
directly referred to Paroxysmal AF (Ashihara et al., 2002; Gong
et al., 2007; Severi et al., 2010; Duarte et al., 2013; Calvo et al.,
2014; Vincenti et al., 2014; Voigt et al., 2014; Berenfeld, 2016).

The electrically remodeled substrate favors the initiation
and the perpetuation of AF. APD shortening and decreased
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conduction velocity lead to reduced wavelength. However, the
mechanisms for AF initiation and perpetuation may differ
(Chang and Trayanova, 2016) which is the subject of several
studies (Krogh-Madsen et al., 2012; Colman et al., 2013;
Koivumäki et al., 2014; Lee et al., 2016). Furthermore, studies
included the extent of the electrical remodeling in each atrium
(Luca et al., 2015), concerning its influence on the duration
of AF episodes. Among the articles included in this review,
44 articles were found to study AF initiation and 25 AF
termination, while the majority of the articles examine the AF
perpetuation mechanisms. Finally, 37 articles investigate atrial
activation under SR (Weber et al., 2009a,b; Krueger et al., 2013c,d;
Voigt et al., 2013).

Apart from electrical remodeling, structural remodeling has
also been found to influence the susceptibility to AF. It can
be the result of structural heart disease or other conditions
such as hypertension, while AF itself can also modify the atrial
substrate. As AF progresses, apart from the electrical remodeling,
structural remodeling is also present (Wijffels et al., 1995) and
interestingly larger atrial size favors reentrant circuits, possibly
due to more area available for rotor formation (Zou et al.,
2005). The structural remodeling is modeled by considering
fibrosis (including collagenous septa, remodeled gap junctions
and proliferation of myofibroblast) (McDowell et al., 2013),
scars as a result of previous ablation procedures (Gonzales
et al., 2014), endo/epicardium dissociation (Gharaviri et al.,
2017) and absence of t-tubules (Li et al., 2012). The role of
structural remodeling in AF initiation and perpetuation has
been thoroughly examined. Zhao et al. (2013b) confirmed that
structural remodeling facilitates reentries and multiple wavelets,
increasing AF susceptibility. Zahid et al. (2016) described the
effect of atrial fibrosis on the appearance of reentrant drivers in
patients with persistent AF, and by the use of patient-specific
models of the atria, demonstrated that the reentrant activity in
fibrotic zones perpetuates AF. The role of the fibroblasts, which
can serve both as triggers and substrate to cardiac arrhythmias is
described by Koivumaki et al. (2014).

Furthermore, Aguilar et al. (2014) investigated fibroblasts
involvement in the maintenance of AF, in HF patients, where
they are usually activated. Based on electrophysiological studies
in dogs, it was found that a novel fibroblast K+ current
must be taken into account in the mathematical models to
describe the effects of such type of structural remodeling.
Finally, Jacquemet and Henriquez (2009) described the impact
of microfibrosis progression on electrograms’ fractionation as
structural remodeling increases. However, fibrosis distribution
can remarkably alter the activation pathways, so there is a
great need for accurate atrial substrate mapping using advanced
mapping techniques, such as Late Gadolinium (Zahid et al., 2016)
and contrast-enhanced mapping (Zhao et al., 2017).

Integrating With Structure, Geometry, and Anatomy
Detailed anatomical structures
Atrial tissue presents a complex morphology both in terms
of structural and electrical heterogeneities. Fiber orientation
constitutes a key aspect of atrial anatomy while electrical
heterogeneities (such as the fast conduction systems of Bachman

bundle, Pectinate muscles, and Crista Terminalis) alter active
potential propagation and the way this can influence the
initiation and maintenance of AF (Jacquemet and Henriquez,
2009). Vigmond et al. (2001) presented a simple geometrical
representation of atrial anatomy toward assessing of the role of
the various anatomical structures on the initiation of reentries.
In that study, all major anatomical structures of the atrium were
considered, including fiber orientation, muscle structures such
as crista terminalis and pectinate muscles as well as the orifices
of the veins and valves. The outcome model did not constitute
an exact representation of the atria, although it reflected the
interrelations between the anatomical structures of the atria.

In most studies, fiber orientation was linear whereas, in
another study, a sigmoid representation of fiber orientation was
adopted (Ashihara et al., 2002). However, in 3D atrial models,
fiber orientation is extracted based on imaging data and ex vivo
tissue analysis (Zhao et al., 2012). Based on successive images
from sheep atria, the myofiber orientation was determined
by the purpose-development structure tensor analysis whereas
the role of the fiber architecture on AF initiation has been
studied (Zhao et al., 2013a). Kharche et al. (2014a) constructed
a detailed model of rabbit atria from micro-CT images and found
that fiber orientation anisotropy serves as a regulator of atrial
activation while any modification of myofiber architecture may
be pro-arrhythmic.

To develop realistic anatomical models of the atria, Zhao et al.
(2008) suggested a methodology, based on ex vivo samples from
pigs. During the following years, several models were designed to
describe a realistic human or animal atrial anatomy (Deng and
Xia, 2010; Aslanidi et al., 2011b; Tobón et al., 2013; Li et al., 2014;
Ferrer et al., 2015; Zhao et al., 2017), whereas Zhao et al. (2017)
proposed a novel 3D computational and structural model of
human atria. This model is the output of a systematic analysis. It
includes wall thickness, fiber orientation, and transmural fibrosis,
and it is the most complete model of the human atrial structure.

Gharaviri et al. (2012a) introduced the novel approach of
a dual-layer model for the study of AF. This model has been
identified in 11 articles in the current review. Its basic hypothesis
is that structural remodeling does not only lead to dissociation
within the epicardial layer but also dissociation between the
epicardial and endocardial layer promoting AF. AF induces this
type of structural remodeling, based on experimental findings
from goats (Eckstein et al., 2011), while it was revealed that this
dissociation increases AF stability (Gharaviri et al., 2012b, 2017;
Verheule et al., 2013). A methodology for the creation of a bilayer
model of human atria, using CT images, is proposed by Vigmond
et al. (2013), where the difference between RA and LA thickness,
as well as the main anatomical structures and fiber orientation,
is taken into account. The dual layer approach has also been
adopted to examine the effectiveness of different radiofrequency
ablation strategies (Bayer et al., 2016).

Simulation levels
Electrical activation of each cell results in modification of the
electrophysiological properties spanning from the cell to the
tissue, organ and body level. According to the scope of each study
different observational outcomes were considered, such as AP,
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FIGURE 7 | Evolution of the number of studies focusing each of the simulation levels (bar chart) and the distribution of the studies for the last 20 years (pie chart). For
2018 1 study targeted cell level and 2 studies the tissue level (until 1st of March 2018).

activation map, electrogram or ECG. In the cell level simulations,
a single cell is considered. In the tissue level studies, the atrial
excitation is simulated in a 2D level including several anatomical
structures (Seemann et al., 2005; Carrillo et al., 2008). In the
organ level studies, 3D models of the atria are considered. 3D
structures, like icosahedron (Ellis et al., 2000), or simple atrial
representations (Vigmond et al., 2001) have been proposed, while
realistic geometrical models of human atria were constructed
using MRI (Virag et al., 2002; Aslanidi et al., 2011b; Colman
et al., 2013) or CT images (Burdumy et al., 2012). Furthermore,
advanced imaging techniques, like late gadolinium-enhanced
magnetic resonance imaging (LGE-MRI) allow the construction
of patient-specific atrial substrate with fibrosis (McDowell et al.,
2012). In body level articles, a realistic model of a human torso
is adopted to simulate body surface potentials and the produced
ECG. One of the first works in this field is the one of Jacquemet
et al. (2006) where an ECG signal representing atrial activation is
created, using a geometrical model atrial and torso model, based
on MR images. Finally, Krueger et al. (2013a) proposed torso
models to simulate surface ECG recordings.

Studying the electrophysiological changes on AP and ion
kinetics (Jones et al., 2012; Sanchez et al., 2012; Voigt et al., 2013,
2014) is the main subject of cell level simulations. 2D level studies
target at identifying AF drivers, such as rotors and spiral waves
(Becerra et al., 2014; Ganesan et al., 2016; Salmin et al., 2016;
Duarte-Salazar et al., 2017; Aronis and Ashikaga, 2018) or the
effect of spatial resolution on AF drivers detection (Rappel and
Narayan, 2013; Roney et al., 2017). The use of patient-specific
3D models can give more insight into the mechanism of AF

(Zahid et al., 2016). Those simulations are used for the analysis of
the mechanisms for AF initiation (Virag et al., 2002; Chang and
Trayanova, 2016; Alcaine et al., 2017), AF stability (Rottmann
et al., 2015) or the rotor drifting toward PVs (Calvo et al., 2014)
and their anchoring in obstacles, such as fibrotic regions (Morgan
et al., 2016; Nguyen et al., 2016; Deng et al., 2017). The detection
of rotors is also studied using 3D simulations of human atria
(Ugarte et al., 2014; Berenfeld, 2016; Martinez et al., 2016) to
investigate the effectiveness of an ablation procedure (Dang et al.,
2005; Hwang et al., 2014).

Apart from activation patterns analysis, signals can also be
simulated (such as electrograms and ECG recordings). In the
2D or 3D case, the simulated electrograms can serve as a tool
for AF drivers identification (Benson et al., 2014; Hummel
et al., 2017; Sahli Costabal et al., 2018), atrial activation analysis
and complex fractionated atrial electrogram (CFAE) regions
detection (Jacquemet et al., 2003; Jacquemet and Henriquez,
2009; Ugarte et al., 2013, 2015; Roney et al., 2016). Jacquemet
et al. (2005, 2009) constructed synthetic ECG signals to evaluate
ventricular activity cancelation techniques. 3D simulations have
been conducted to analyze the ECG characteristics, such as
P-wave morphology (van Oosterom and Jacquemet, 2005; Ogawa
et al., 2007; Krueger et al., 2013a,c). On the other hand, the inverse
problem solutions and body surface recordings were employed
for the detection of AF drivers (Pedrón-Torrecilla et al., 2014;
Figuera et al., 2016b; Guillem et al., 2016; Pedron-Torrecilla et al.,
2016). Finally, an adaptation of the standard ECG systems for the
optimization of the atrial signal recording was proposed by Ihara
et al. (2007) and van Oosterom et al. (2007).
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As shown in Figure 7, only a small minority of the studies
adopt the body level simulations, whereas, more and more studies
adopt a 3D realistic model of human atria to study the electrical
activation during AF (organ level). Furthermore, the interest in
the cell level analysis is persistent, as this constitutes the basis for
any simulation protocol.

Electromechanics focus on the estimation of the electrical
activation of the atria under the consideration of their
mechanical function. Eight articles were found to include the
electromechanical function in the simulations. In general, atrial
contractility is associated with tissue depolarization as well as
with the structural remodeling co-existence. Kuijpers et al. (2007)
published the first model that integrates cardiac electromechanics
with physiological details. According to this model, stretching of
an atrial fiber influences the stretch-activated current (ISAC). The
model complies with experimental observations of conduction
slowing and blocking as a result of an acutely dilated atria. This
model was integrated into a 3D geometrical model of the atria in
order to investigate the role of stretch-activated current on the
onset and termination of AF episodes (Kuijpers et al., 2009). The
role of acutely dilated atria on AF initiation was later reported
(Kuijpers et al., 2011). Ni et al. (2014) used an electromechanical
model of the ventricles (Adeniran et al., 2013) to study the effect
of KCNA5 mutation on the electromechanical function of the
human atrial cell while Adeniran et al. (2015) studied the effect
of AF-induced electrical remodeling on the electromechanical
function of the heart. Finally, a more recent study focused on
the analysis of spiral waves when the atrial mechanoelectrical
function is considered (Brocklehurst et al., 2017). In this study,
one electrophysiological model of human atria (Colman et al.,
2013) was modified to include the stretch-activated current,
while combined with a mechanical model (Rice et al., 2008)
which describes the active force generated in cellular level in
response to the electrical signal. This study highlights the effect
of mechanoelectrical feedback on AF.

Modeling Disease Context and Purpose
Rhythm status (SR or AF)
In a healthy heart, the electrical pulse originates from the sinus
node and spreads through the atrium (Platonov, 2012), while
during an AF episode chaotic activation of atrial myocardium
occurs (Yamazaki and Jalife, 2012). In the majority of the papers
included in this review, AF was induced and the analysis focused
on the identification of AF drivers (Ashihara et al., 2004; Martínez
et al., 2014b; Tobón et al., 2014b; Ugarte et al., 2014, 2015; Felix
et al., 2015; Martinez et al., 2016; Salmin et al., 2016; Roney
et al., 2017; Duarte-Salazar et al., 2017) or on the study of the
electrical activation during AF in general. However, analysis of
the electrical activation of the remodeled atria during SR was the
subject of 52 studies, as this can also improve our understanding
of the pathology.

The main property of Sinoatrial Node (SAN) models is their
auto-oscillatory behavior (Fink et al., 2011). In most cases,
they are used under normal conditions instead of a remodeled
substrate. The effect of SAN dysfunction on AF initiation is
addressed in several studies. Kharche et al. (2017) developed
a 3D electro-anatomical model of the SAN, based on the

Fenton-Karma model. The model was based on histological
studies, and the role of the SAN exit pathways was examined
in terms of arrhythmias initiation. Glynn et al. (2014) adapted
a detailed murine SAN model to confirm the restitution
hypothesis, which states that the APD is associated with the
duration of the previous diastolic intervals. They concluded that
cycle length restitution analysis can enhance our understanding
on SAN dysfunction and the initiation of arrhythmias. The
simulations performed denote that the restitution curve can be
useful for the analysis of cell dynamics and dysfunction in SAN.
Lin et al. (2017) used a simplified spherical model of LA to
investigate the mechanism of SR to AF transition. It was found
that during SR, in healthy subjects, SAN to AV node conduction
occurs through the interatrial septum via the fast pathway, while
during AF, SAN long refractory period protects it from overdrive
and the AV node filters the APs which would reach the ventricles
(Li et al., 2014).

A common reason of SR usage is to test the reproducibility
of the computational models, in both AF and normal SR
(Goodman et al., 2005; van Oosterom and Jacquemet, 2005;
Cherry and Evans, 2008; Grandi et al., 2011; Burdumy et al.,
2012; Krueger et al., 2013a,d; Colman et al., 2016) or to examine
differences in activation patterns with or without electrical
remodeling (Zhao et al., 2012; Voigt et al., 2014). Simulation
under SR, using patient-specific models, including fibrosis, can
accurately reproduce local activation (Krueger et al., 2014). The
reconstruction of the ECG signals by solving the forward problem
of electrophysiology, to understand the genesis of the P-waves,
was also found to be very accurate when the patient is in SR
(Ferrer et al., 2015; Jacquemet, 2015; Figuera et al., 2016b).
Finally, Zhao et al. (2012, 2013a) highlighted that the structurally
remodeled substrate and the anatomical heterogeneities can
increase the vulnerability to rhythm disturbances.

In addition, considering patients during SR, the effect of
antiarrhythmic drugs, such as potassium or sodium channel
blockers, on the APD or ionic current characteristics, has been
studied (Wettwer et al., 2004; Ehrlich et al., 2008; Law et al.,
2010; Aslanidi et al., 2012a; Marshall et al., 2012; Voigt et al.,
2013; Ni et al., 2016; Skibsbye et al., 2016; Ellinwood et al., 2017b;
Tobón et al., 2017). Ablation success, applied during SR, has been
presented (Tobón et al., 2015; Bayer et al., 2016) and the changes
occurring in the P-waves after the PV isolation procedure have
also been examined (Saha et al., 2016).

AF initiation
The conditions, under which AF can be induced, were extensively
studied and several approaches have been proposed. In general,
a triggering factor, in the presence of an arrhythmogenic
substrate, can favor the initiation of PAF. PVs have been
reported to present pacemaking automaticity and triggering
activity, and thus their role on arrhythmogenicity has been
examined (Reumann et al., 2006; Cherry et al., 2007), whereas
mathematical models have also been implemented to describe
PVs in both animals (Lo et al., 2006; Seol et al., 2008) and humans.
Jones et al. (2012) modeled the PVs under the experimental
evidence that two types of cells exist in PVs, pacemaking,
and non-pacemaking.
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Abramovich-Sivan and Akselrod (1999) initiated a new
approach, where a model of the atrial cells, able to describe the
transition from normal rhythm to AF, is proposed. According
to this study, the atrial cells are considered as “pacemaker-like”
cells with different cycle length and different type of intercellular
connection, where, the effect of the junctions between the
different types of cell are taken into account to investigate how
the initiation of atrial rhythm disturbances occurs and maintains.

The role of the coupling between anatomical heterogeneous
regions, such as CT (Ellis et al., 2000; Reumann et al., 2007; Dorn
et al., 2012; Butters et al., 2013; Zhao et al., 2013a), or between the
PV and the LA (Aslanidi et al., 2012b, 2013) on the initiation of
AF is discussed, whereas atrial contraction and electromechanics
are proposed as a mechanism of arrhythmogenesis (Kuijpers
et al., 2009). Fibrosis (McDowell et al., 2012; Zhao et al., 2013b;
O’Connell et al., 2015) or other anatomical obstacles (Ciaccio
et al., 2017), as well as the imperfect ablation lines (Dang et al.,
2005) have also been proposed to facilitate AF initiation.

The effect of specific ion currents and electrolyte
concentration on arrhythmogeneity was studied (Kuijpers
et al., 2006; Aslanidi et al., 2008; Law et al., 2009; Varela et al.,
2014; Voigt et al., 2014; Onal et al., 2017) whereas electrical
remodeling, induced by AF, and its role on episodes induction
is discussed by Colman et al. (2013) and Lee et al. (2016).
Furthermore, Morgan et al. (2014) reported that co-existence of
structural and electrical remodeling can promote AF initiation.

AF initiation by specific diseases, such as ankyrin-B syndrome
(Wolf et al., 2013) and end-stage renal disease, was also examined.
In particular, HD effect on AF is highlighted in several studies
(Severi et al., 2008, 2010; Krueger et al., 2011) suggesting that HD
sessions may be a triggering factor for the onset of the arrhythmia
(Vincenti et al., 2014).

Atrial ectopies and heart rate (HR) variations have reported
to induce AF. Virag et al. (2002) used three different stimulation
protocols. The first one is the S1-S2 protocol, where the SA node
stimulation is followed by an ectopic beat located in the RA.
The second one is the S1-S2-S3 protocol where an additional
ectopic beat is applied in the same areas as the previous one,
while the third protocol is a burst pacing protocol of 20 Hz
applied in the SA node for several seconds. These protocols,
applied in both normal and electrically remodeled substrate,
simulate both self-terminated AF episodes as well as more
sustained types of AF. It is worth mentioning that most of
the studies, analyzing AF drivers, use the S1–S2 protocol for
AF initiation (Ramirez et al., 2000; Liu et al., 2007; Tobón
et al., 2014b; Ugarte et al., 2015). Shusterman et al. (2003)
mentioned that abrupt short-term variations in cycle length,
such as atrial ectopic activity and HR variations, lead to spatial
irregularities of the wavefront propagation and thus initiate
reentries in a simple two-dimensional tissue model. The role of
alternans as a proarrhythmic state has also been discussed (Chang
et al., 2014; Chang and Trayanova, 2016). Gong et al. (2007)
proposed that ectopies originating from the PVs facilitate reentry
induction by prolonging the vulnerability window. Hwang et al.
(2016) and Hwang et al. (2017) examined the effect of the
ANS on arrhythmogenesis where the role of ganglia on the
initiation of AF is highlighted. The concept of early warning

that can forecast a change of system’s stability is applied in AF
electrophysiology (Garcia-Gudino et al., 2017). In this study,
a cellular automaton is used to describe atrial conduction on
the tissue. Applying different pacing approaches, along with
real RR interval data derived from Fantasia database (Iyengar
et al., 1996), it was shown that even when complex pacing is
introduced, this approach can serve as a predictor of transition
from normal rhythm to AF.

Finally, genetic background and gene mutations represent an
additional field of research on AF initiation (Carrillo et al., 2008;
Seemann et al., 2009; Kharche et al., 2012a; Whittaker et al., 2017).

Modeling the interventions for AF termination
Atrial fibrillation termination approaches include
pharmacological treatment, ablation procedure, and electrical
cardioversion. The first study identified on defibrillation usage for
AF termination is the one by Boegli et al. (2000) where different
defibrillation techniques were tested for their effectiveness.
Kharche et al. (2012b), using a 3D realistic model of human atria,
observed that low energy cardioversion efficacy depends on atrial
anatomy. It has also been mentioned that in patients with no
electrical remodeling lower cardioversion energy and shorter
duration must be applied (Kharche et al., 2013). Rusu et al. (2014)
proposed that pacing therapy must be patient-specific, due to its
influence by the presence of heterogeneities in vagal activation
and repolarization. On the other hand, it has been suggested
patient-specific management of defibrillation (Kharche et al.,
2015; Luca et al., 2016).

Dang et al. (2005) evaluated the outcome of the
radiofrequency ablation and studied the effect of imperfect
lines. In this study, the significance of the biophysical models’
application on the development of new ablation approaches is
highlighted. The simulation results were confirmed with clinical
data. The identification of the optimal ablation line is the subject
of several studies which point out the need for tailored ablation
lines for each patient (Rotter et al., 2007; Ruchat et al., 2007a,b,c;
Reumann et al., 2008; Kwon et al., 2013; Hwang et al., 2014; Zhu
et al., 2014; Rappel et al., 2015; Bayer et al., 2016). During the
ablation procedure, in most cases, the PVs are isolated. However,
fibrotic region ablation is also proposed (Ashihara et al., 2012)
whereas other studies suggest other approaches which can guide
the ablation procedure (Benson et al., 2014; Tobón et al., 2014b;
Carrick et al., 2016; Kuklik et al., 2016; Li et al., 2016). In a 3D
model of LA, the ablation of ganglia seems to terminate AF
(Hwang et al., 2017). Interestingly, the effect of the poor contact
of the electrodes with the tissue on AF drivers identification
is discussed, and a methodology for signals reconstruction is
proposed by Green et al. (2017).

Apart from the approaches mentioned above, drug treatment
is also followed for AF termination. Most of the antiarrhythmic
drugs, acting on atrial myocardium, may also have an effect on
ventricular ion channels. State-dependent Na+-channel blockers
(class I antiarrhythmic drugs) maximize their effect on the
atrium while at the same time the influence on the ventricles
is minimal. AF-selectivity of such drugs is the topic of Aguilar-
Shardonofsky et al. (2012). According to this study, increased
ventricular proarrhythmia correlates with drug effectiveness close
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FIGURE 8 | The network chart depicted the evolution of AF modeling complexity during the last 20 years (1998–2008: left, 2009–2018: right). The nodes of the
network represent the basic components of the AF modeling concept, and the edges represent their connections. The stronger the prevalence of the nodes and
edges, the higher their thickness, and the darker their color.

to 100%, while in case of minimum ventricular proarrhythmia,
AF termination rates were low. Furthermore, several potassium
channel blockers were also analyzed, in terms of computer
models, in order to examine their effect on AF termination
(Scholz et al., 2013; Tobón et al., 2014a; Aguilar et al.,
2017; Ellinwood et al., 2017a). Ni et al. (2017b) compared
the effects on atrial and ventricular activation of these two
types of blockers combination to single channel blockers usage.
The human heart simulation results showed that synergetic
antiarrhythmic treatment leads to more effective termination
of reentries, compared to single channels block, while the
side effects in the ventricles are limited. Moreover, analyzing
inter-subject variability on AP, distinguishes drug responders
from non-responders (Liberos et al., 2016).

The self-terminating nature of the arrhythmia has also been
studied (Uldry et al., 2012), however, its transient nature is the
main barrier while an analysis framework has been proposed
(Lin et al., 2017). It was found that in low complexity AF,
the spontaneous termination process lasted 3.2 s and was
initially started in the LA, while the last fibrillatory signal was
detected in the RA. On the other hand, in complex AF, the
termination process is less predictable. Additionally, the role of
electro-mechanical feedback on AF self-termination is discussed
by Kuijpers et al. (2009).

Evolution of Models
Computational modeling evolution can be studied by network
theory. The components, involved in AF modeling, are
considered as nodes of a network, whereas, the connections
between them represent the studies they are reported in. Two
distinct periods (1998–2007 and 2007–2018) were considered,
and two metrics, describing the network complexity were
extracted. The first metric is the average degree (AD) of the

graph, which is defined as the average connections between the
nodes, while the second one is the network density, defined
as D = 2E

N(N−1) , where E is the number of edges and N the
number of nodes.

According to the analysis AD was 16.96 during the first
decade its value increased to 21.52 during the second decade,
demonstrating an increase in network complexity as more
factors were involved in the computational modeling. D was
also increased during the second decade, from 0.707 to 0.897.
These results suggest that the simulation experiments are getting
more and more complex, taking into account additional factors
which influence AF.

As seen in Figure 8, the study of subjects such as the dual
layer, the electromechanics and the involvement of ANS, gained
the attention of the research community during the second
decade. Additionally, 3D model simulations also doubled their
frequency which can be attributed to the improvement of imaging
techniques and the creation of detailed anatomical models of
the atria. Finally, it is observed that more studies focus on atrial
activation analysis during SR and not only while on AF.

On the other hand, the proportion of studies, conducting an
AP model analysis seems to be the same between the two decades,
implying a stable trend in the analysis of APs.

AF Models: What Do We Learn About
ECG and P-Wave Morphology
One of the great challenges in the field of computational
modeling is to translate the output of the simulation studies into
clinical practice (Trayanova and Chang, 2016). ECG recordings
constitute an accurate non-invasive tool for heart activity
assessment which is extensively useful in daily practice. ECG
signals extraction from computational studies and vice versa
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would improve AF pathophysiology understanding and thus
optimize clinical decision and treatment strategy. In the present
review, several approaches for ECG signal reconstruction have
been identified.

An attempt to extract a pseudoelectrocardiogram (pECG)
was made by Namba et al. (1999) where a point in a realistic
distance of the excitable tissue was considered and the pECG
was calculated as the integration of all the membrane potentials,
assuming a homogeneous and zero resistance area. In this
work, it was found that the spiral wave results on a low Atrial
Fibrillation Interval (FF) while under sodium channel blockers
the FF intervals increase. Aslanidi et al. (2011b) described the
development of the 3D virtual human atria which is a multi-scale
detailed computational model. The anatomical model of the
atria was based on MR images where the main anatomical
structures, with different electrical characteristics, and fiber
orientation were included. The 3D virtual atria model was
adjusted in a torso model, enabling several activation patterns
simulation and ECG extraction. A detailed anatomical model
of human atria and torso, based on histological data and MR
images, is also described by Ferrer et al. (2015). The concept
of this work was to create a multi-scale framework used to
explain, from an electrophysiological point of view, findings
that are detectable in P-waves and body surface potential maps.
P-wave morphology and duration were observed to be highly
influenced by the conductivity properties of the torso and the
fiber orientation in the atria.

Kuijpers et al. (2011) tested the effect of mechanical function
on AF initiation and its effect on the extracted ECG was
estimated. In another work from Krueger et al. (2013d) the
personalized anatomical model in terms of the location of the
interatrial bridges is studied. MRI images were used to create a
personalized anatomical model while local activation time (LAT)
maps were recorded using electroanatomical mapping systems
[Ensite NavX (St. Jude Medical, St. Paul, MN, United States)
or Carto (Biosense Webster, Haifa, Israel)] before the ablation
procedure. Those LAT maps were used to localize the interatrial
bridges in each patient. The simulation results, during SR, denote
personalized interatrial bridges consideration can improve
simulated and real body surface potentials concordance.

In an ECG signal atrial activity, especially atrial repolarization
is hidden by the much higher amplitude of the ventricular
electrical activity. In this respect, the cancelation of the
ventricular wave is of great importance. Validation of
ventricular activity cancelation algorithms is feasible employing
computational modeling and ECG signal reconstruction.
Jacquemet et al. (2009) created a realistic 3D model of human
atria and torso, based on MR images, and the signal, reflecting
atrial activity, was reconstructed in the points that a standard
ECG lead is measured. That signal has later been summed with
QRST complexes recorded during SR, adapting the RR intervals
accordingly. This work does not focus on the analysis of the
F-waves, but it provides the methodological framework for the
evaluation of QRST cancelation techniques.

The standard ECG-lead systems, such as the 12-lead ECG,
were designed in such a way to capture the ventricular activity
effectively. Thus, these lead systems may be sub-optimal in

terms of atrial activity detection. A few studies have been
conducted (Ihara et al., 2005, 2007) proposing the modification
of these systems toward the effective capturing of atrial
activity. Additionally, van Oosterom et al. (2007) suggested a
modification of electrodes’ placing vectorcardiographic (VCG)
signals acquisition in AF patients, as, according to the authors, the
Frank lead system seems suboptimal for atrial activity monitoring
during AF. These studies are based on 3D models of atria
and torso, where the ECG on the body surface is calculated
using simulations.

Electrocardiography and vectorcardiographic recordings have
been analyzed to identify AF drivers as well as to characterize
atrial activation complexity. An interesting visual representation
of the atrial activation, using the time course of the VCG
dipole components, is based on a sphere where the main
vessel and vein orifices were included. The trajectory of the
atrial activation demonstrates the differences between SR and
different types of AF (Jacquemet et al., 2006) while the
extracted spatial characteristics can localize stable AF drivers
in the atria (Lemay et al., 2007b, 2009). Lemay et al. (2007a)
proposed that the existence of multiple AF drivers in the
atrium can be revealed through the analysis of the full spectrum
of the ECG signal instead of the analysis of the dominant
frequency only. Duchêne et al. (2009) used a multiple frequency
tracking algorithm to examine whether ECG signals analysis
can provide information related to AF drivers complexity.
Furthermore, rotor activity detection using spherical atrial and
torso model and surface phase maps extraction is proposed in
Rodrigo et al. (2014a,b). Finally, Ni et al. (2017b) examined
the effect of antiarrhythmic drugs on the power spectrum of
the simulated ECG.

In the surface ECG, atrial depolarization is mainly represented
by P-wave. While AF is characterized by the absence of P-waves
in the ECG signals, during SR, this complex can provide
information related to the underline substrate. It is known that
the first part reflects the activation of the RA and the second part
the activation of the LA (Michelucci et al., 2002). According to
Platonov (2012), the origin of the sinus rhythm, the shape and
the size of the atria can affect the morphological characteristics
of the P-waves. Solving of the forward or the inverse problem of
the electrophysiology helps to translate the P-wave characteristics
on tissue level phenomena. However, it is worth mentioning
that both the inverse and forward approaches require a detailed
representation of the torso as this affects the precision of the
results (Bear et al., 2015).

Forward Problem – P-Wave Estimation
The estimation of the body surface potentials based on the
epicardial ones, define the forward problem of electrophysiology.
The key work from van Oosterom and Jacquemet (2005) used
the Equivalent Double Layer (EDL) source model to simulate the
atrial activity of the human body. The proposed approach was
applied both during SR and AF. During SR, the application of the
EDL model presented high correlation with the actual recorded
signal, primarily related to the P-wave morphology. Furthermore,
during AF, simulated signals were also highly correlated with the
signals that are typically recorded in AF patients.
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Krueger et al. (2013c) presented a framework for the
generation and validation of multiscale cardiac modeling. This
study describes how a priori knowledge, such as fiber orientation
and electrophysiological models, can be enhanced by information
derived from ECG characteristics like P-wave duration or HR,
electrolytes concentrations and information from cardiac and
thoracic MRI. The availability of LATs and ECG recordings can
be used for models evaluation. As highlighted, HR must be
considered during the simulation process as it has a significant
impact on atrial repolarization. Additionally, P-wave morphology
was properly reproduced only in specific leads, while P-wave
duration is accurately computed in any lead. Krueger et al.
(2013a) simulated P-wave as well as T-wave, based on the patient-
specific detailed anatomical model. The simulated P-waves and
T-waves morphology fitted well with the experimental recordings
in both physiological and AF-remodeled conditions.

A typical example of macroscopic phenomena translation is
to predict AF recurrences by analyzing the P-wave shortening
observed in patients undergoing PVs isolation. P-wave duration
reflects the interatrial conduction time while in AF patients the
heterogeneous atrial propagation results in prolonged P-waves.
Ogawa et al. (2007) used signal-averaged P-wave duration,
P-wave dispersion and root-mean-square voltage of the terminal
20 ms (RMS20) of the averaged P-wave, to predict AF
recurrences after successful PV ablation. Comparing real data
from patient underwent cardiac ablation with P-wave generated
by mathematical simulation of realistic human atria, it was
found that the elimination of PV sleeve results on shortening
of the P-wave duration and modification of its morphology.
Jacquemet (2015) discussed LA and RA substrate contribution
on P-wave morphology confirming that P-wave reflects any
structural modification of the atrial substrate.

An effort to interpret the atrial substrate mechanisms, which
lead to changes in P-wave duration after the ablation procedure,
was performed by Saha et al. (2016). Using mathematical
models of human atria and torso, VCG and 16-lead ECG were
reconstructed before and after PVs isolation. According to the
results, P-wave shortening is detected in leads V3 and V4 whereas
these changes were more apparent when larger PV areas were
isolated. Furthermore, the P-wave area was increased in V1, while
decreased in V6. Additionally, possible reconnections in the PVs
could be identified, and thus the 16-lead ECG can be used as a tool
for PVs reconnections detection in patients undergone ablation.

P-wave terminal force in lead V1 (PTF-V1) has been proposed
as an AF risk marker. PTF-V1 is the product of the duration
and the amplitude of the terminal negative part of the P-wave
(Morris et al., 1964). Loewe et al. (2016) studied the effect of
the Early Activation Sites (EAS), as well as, their proximity to
inter-atrial connections (IACs) on the PTF-V1. The term EAS is
defined as the area where the sinus node excitation is captured
by the myocardium. An inter-personal variability, as well as, a
variation over time on the same individual has been observed.
Based on experimental findings from dogs, this variation over
time is suggested to reflect the vagal activation. On the other
hand, the location and the conductive properties of the IACs
are known to vary among subjects. Several anatomical models
and multiple EAS consideration have shown that these two
factors affect PTF-V1.

Alday et al. (2014, 2015) examined the effect of ectopic foci on
P-wave morphology. In the latter study, the P-wave morphology
is examined in terms of polarity (positive, negative, and biphasic).
Under the assumption that a negative deflection on an ECG
depicts a wavefront traveling away from the location where the
electrodes are placed, the torso and the atria were separated into
four quadrants. The analysis of the P-wave polarity in each of
the quadrant can reveal the area from which the ectopic foci
originates, while the implemented algorithm demonstrated high
success rates on the localization of the ectopic source.

As mentioned, alternations on the ionic currents during
HD sessions can induce PAF episodes. Observational studies
have shown P-waves prolongation during HD sessions implying
intra-atrial conduction slowing. A computer model describing
the ionic concentrations of a patient during HD has been used
to explain this macroscopic phenomenon (Severi et al., 2010).
K+alternations (hypokalemia) result in conduction velocity
reduction and ERP shortening. Krueger et al. (2011) confirmed
these findings, where simulated ECGs were extracted, using
realistic models of human atria and torso.

Finally, Zhu et al. (2014) examined P-wave morphology
to check the effectiveness of 4 ablation protocols, on cAF
treatment. Without providing any details on the evaluation of
P-wave morphology, it is mentioned that simulated P-waves
were similar after the application of different ablation protocols.
The authors concluded that the Maze III approach is effective,
and the transmural ablation has the same effectiveness as the
non-transmural one. Table 3 summarizes the features mentioned
above for the analysis of the P-wave using computational
modeling approaches.

Inverse Problem
Estimation of bioelectric source potentials using remote electric
field measurements is known as the inverse problem of
electrophysiology, and it has been applied in both SR and AF
scenarios (Pedrón-Torrecilla et al., 2014). The accuracy of the
extracted results is a crucial topic and several studies focused on
the implementation of algorithms able to reconstruct activation
patterns matching with the observed ones (Pedron-Torrecilla
et al., 2016). Zemzemi et al. (2012) proposed one such approach
based in machine learning techniques where the simulated ECGs,
computed by the consideration of atria and torso model, were
used for the training of the algorithms while the results were
examined in terms of reproducibility. One of the application
areas of this field is the identification of AF drivers in the atria
(Guillem et al., 2016). On the other hand, different methods
of estimating epicardial potentials, dominant frequency, phase
maps, and singularity points locations, were examined for their
accuracy (Figuera et al., 2016a,b).

DISCUSSION

Computational modeling is an emerging area of research useful
to understand the mechanisms involved with pathophysiology,
diagnosis, and treatment of human diseases (Bers and Grandi,
2011). This article presents the results of systematic scoping
review related to multi-scale computational modeling of AF. In
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TABLE 3 | Features used toward the analysis of the P-wave, during SR, using computational modeling approach.

Article Intervention Feature Goal

Ogawa et al., 2007 ablation PWD RMS20 P-wave dispersion Prediction of AF recurrences

Krueger et al., 2011 HD P-wave duration HD-induced changes

Krueger et al., 2013a – PWD Ta-wave duration Ta-wave amplitude Study atrial repolarization

Krueger et al., 2013c – PWD Framework for personalized models

Alday et al., 2014 – P-wave morphology (polarity) Localize ectopic foci

Alday et al., 2015 – P-wave morphology (polarity) Localize ectopic foci

Ferrer et al., 2015 – P-wave morphology duration amplitude Multi-scale framework

Saha et al., 2016 ablation PWD P-wave area duration of the positive part of P-wave Changes after ablation on P-wave

Loewe et al., 2016 – P-wave terminal force in lead V1 (PTF-V1) Inter and intra-individual variation of the P-wave morphology

the context of this review, two databases were searched and 301
articles, published during the last 20 years, were identified as
relevant for our purposes.

Atrial fibrillation is a complex arrhythmia, and the
electrophysiological mechanisms for its initiation and
maintenance are not clearly understood. In general, a triggering
factor, as well as an arrhythmogenic substrate, must coexist
for AF initiation. The complicated nature of AF is reflected
in the significant number of studies included in the current
review and the numerous factors to be considered on simulation
protocols designing. The advances in imaging technologies led
to the creation of detailed anatomical models, depicting the
structural and electrical heterogeneities of the atria whereas,
several mechanisms involved in arrhythmogenesis have been
modeled related to electrical and structural remodeling.
The computational approaches move toward more detailed
models, incorporating multiple factors, such ANS effect, atrial
electromechanical, the endo and epicardium layer dissociation,
fibrosis and the genetic substrate. This progress will lead to
patient-specific models creation (Krueger et al., 2013b) which
can be useful in real-life cases analysis.

The observation of the number of articles published over
time reveals an increased interest in the field of computational
modeling of AF while this interest is projected to continue.
Furthermore, the number of papers focusing on in silico AF
models is increasing, and multiple scales are being analyzed,
ranging from cell to tissue and organ level. In time to
come, the advances of mapping and imaging techniques as
well as high-performance computing engineering, will force
computational models to adopt new elements to improve
the repeatability and consistency with clinical observations
(Trayanova and Chang, 2016). The main challenge is to transform
the experimental knowledge into clinical practice in order to
serve as a tool for physicians to perform for clinical interventions
(Trayanova and McDowell, 2018). The importance of Physiome
project (Hunter and Borg, 2003) and the Virtual Physiological
Human (VPH) initiative (Viceconti and Hunter, 2016) and
the positive effect they had on the increased interest on
computational modeling must be highlighted.

Apart from atrial substrate analysis during AF, some articles
focus on atrial excitation during SR. Computer simulations can
help interpret the findings from ECG and P-wave analysis. As
Dössel et al. (2017) mentioned, merging of biosignal analysis
with computer modeling can enhance our understanding of AF.

Atrial geometry (Ihara et al., 2007) as well as the modification
of anatomical IACs have also shown the ability to change the
morphology of the P-waves (Loewe et al., 2016) while the
effect of structural remodeling on the P-wave (Jacquemet, 2015)
such as its shortening after the PV isolation procedure (Saha
et al., 2016), has also been reported. Furthermore, P-wave is
supposed to be reformed by ectopic foci (Alday et al., 2015),
suggesting that any deflection from the SA node excitation
can alter the conduction routes. P-wave morphology depends
on (1) the origin of the SR as well as (2) the conduction
route (Platonov, 2012). However, many studies have revealed
the existence of a distinct secondary P-wave morphology in
PAF patients (Filos et al., 2017), while the percentage of beats
matching the main or the secondary P-wave morphology predict
the outcome of PV isolation (Huo et al., 2015) or the chance
for AF initiation (Martínez et al., 2012). Monfredi et al. (2010)
investigated whether the variability in the P-wave morphology
can be attributed either on a transient switch from one group
of SAN pacemaker cells to another or on multiple activation
routes. Studies in dogs revealed that ANS, and in particular the
different branches shifted the EAS in different regions (Platonov,
2012). Apart from the effect of the ANS, additional factors
which alter on different time scales, such as electromechanics and
subcellular phenomena like metabolism, must also be included
in the analysis of the P-wave morphology variability. However,
there is a need to consider longer simulations times and analysis
of more beats to capture the transient modification of the
P-wave morphology.

However, atria must not be regarded as being isolated
from the rest of the heart. The effect of AV node on AF, as
well as the role of accessory pathways in conditions, such as
Wolff–Parkinson–White Syndrome, must also be considered.
Recently, the predictive value of corrected QT interval (QTc)
prolongation, a metric of ventricular repolarization, on the
AF incidence was highlighted (Zhang et al., 2018). However,
this metric can be considered as a surrogate marker. Future
simulation protocols should also incorporate the role of other
anatomical structures of the heart to investigate the distributed
conduction in the atrial substrate which is implied by the variable
P-wave morphologies.

Any effort made in the field of computational modeling
must seriously consider how the outcome can be used in
clinical practice (Grandi and Maleckar, 2016). Guided ablation
is one of the main topics influenced by the advances in cardiac
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simulations (Zhao et al., 2015; Jacquemet, 2016). Computer
models can identify AF drivers effectively when the effect
of multiple factors on AF, such as structural heterogeneities
and electrical remodeling, is considered. In the future, the
analysis will be based on personalized atrial models since
the evaluation of theoretical ablation procedures in such
models showed their effectiveness on AF treatment. Upon
application of these techniques in real patients, computational
modeling is expected to optimize ablation procedures
(Boyle et al., 2017). Furthermore, the development of more
effective drugs with substantial atrial selectivity is foreseen
(Grandi and Maleckar, 2016).

Limitations
Studies were limited to the AF while other pro-arrhythmic states
were not included in the review. Furthermore, since one of the
inclusion criteria was that the term “AF” needed to be indexed as
a keyword, we recognize that some pioneering works on the field
of computational modeling may be excluded. A typical example is
the work from Vigmond et al. (2004), which was excluded because
it was not indexed with the term “AF” as a keyword neither in
PubMed nor in Scopus libraries, despite the fact its focus is on
atrial arrhythmogenesis, and AF can be considered as a part of
it. However, the fact that all the remaining inclusion criteria are
met denotes the effectiveness of the query for the description of
the field of computational modeling. Finally, the modeling of the
AV node, which serves as a filter for the atrial AP to prevent the
arrhythmia to be diffused into the ventricles, was not considered
here, and thus its effect on the initiation and maintenance of AF
was not studied.

CONCLUSION

Computer models become more and more complex as they
include an increasing number of parameters. The evolution
of the complexity, depicted in Figure 8, clearly reflects this
pattern. The consideration of ANS branches, in terms of ganglia
modeling, and the development of detailed representations
of the anatomical heterogeneities, using MRI techniques,
improved the reproducibility of the simulations compared
to clinical observations. The advances on genomics is also
an aspect which is under consideration. The advances on
high-performance computing can overcome the computation
load and the barriers introduced and thus it can allow the
observation of more macroscopic events, such as the transition
of the conduction routes which are reflected in the existence
of multiple P-wave morphologies in AF patients during SR.
Eventually, electrophysiological models of the heart will be used
to optimize AF treatment and improve the quality of life in this
group of patients.
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