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Atrialfibrillation is themost common arrhythmia in humans and is associatedwith highmorbidity,mortality and
health-related expenses. Computational approaches havebeen increasingly utilized in atrial electrophysiology. In
this reviewwe summarize the recent advancements in atrial fibrillation modeling at the organ scale. Multi-scale
atrial models now incorporate high level detail of atrial anatomy, tissue ultrastructure and fibrosis distribution.
We provide the state-of-the art methodologies in developing personalized atrial fibrillationmodelswith realistic
geometry and tissue properties.We then focus on theuse ofmulti-scale atrialmodels to gainmechanistic insights
in AF. Simulations using atrial models have provided important insight in the mechanisms underlying AF,
showing the importance of the atrial fibrotic substrate and altered atrial electrophysiology in initiation andmain-
tenance of AF. Last, we summarize the translational evidence that supports incorporation of computational
modeling in clinical practice for development of personalized treatment strategies for patients with AF. In
early-stages clinical studies, AF models successfully identify patients where pulmonary vein isolation alone is
not adequate for treatment of AF and suggest novel targets for ablation. We conclude with a summary of the fu-
ture developments envisioned for the field of atrial computational electrophysiology.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Computational approaches have been increasingly utilized over the
recent years in atrial cardiac electrophysiology and specifically in the
study of atrial fibrillation (AF). AF is the most common cardiac arrhyth-
mia in the US1 and world-wide [2], with an increasing prevalence, and
significantmorbidity,mortality and healthcare-related expenses associ-
ated with it [1,3,4]. Despite the progress in mapping technologies and
catheter design, the current therapeutic approaches to AF have modest
efficacy, particularly in patients with persistent AF, with recurrence
rates up to ~50% [5–8]. The modest efficiency reflects, at least partially,
the underlying complexity of the dynamic electroanatomical substrate
[9] and our incomplete understanding of the mechanisms involved in
the pathophysiology of the disease. Computational modeling and
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simulations provide a framework of integratingmulti-scale phenomena
underlying AF and translating micro-scale experimental findings to
whole-organ emergent behaviors (Fig. 1). Alongside with experimental
electrophysiological investigations, computational modeling and simu-
lations have a pivotal role in understanding themechanisms underlying
AF and designing novel, individualized therapeutic approaches. With
recent technological advancements in high-performance distributed
computing, atrial computational models are currently in early stages
of clinical translation, beginning to contribute to patient-specific opti-
mization of AF care.

In this review we focus on recent advancements in organ-scale atrial
modeling and its applications in understanding AF mechanisms and de-
veloping personalized treatment approaches. We summarize studies
that have taken place since our last review on the subject in 2014 [10].
We do not focus on ionic mechanism in AF as they are reviewed in an ac-
companying review [11]. For this, “personalization” refers to the use of
patient-specific atrial geometry and fibrosis distribution to obtain
patient-specific simulation results. Specifically, here we provide an over-
view of methods for developing 3D atrial models, including those with
image-based realistic geometry. We then focus on the use of multi-scale
atrial models to gain mechanistic insights in AF, and on the development
of personalized treatment strategies for patients with AF. We conclude
the review with a summary of the future developments envisioned for
the field of 3D atrial computational electrophysiology.
e of personalized atrial modeling in understanding atrial fibrillation
i.org/10.1016/j.ijcard.2019.01.096

https://doi.org/10.1016/j.ijcard.2019.01.096
ntrayanova@jhu.edu
Journal logo
https://doi.org/10.1016/j.ijcard.2019.01.096
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/ijcard
https://doi.org/10.1016/j.ijcard.2019.01.096


Fig. 1. Multi-scale model generation. Atrial models are constructed in 3 different spatial scales: organ-level scale, tissue-level scale, and cell-level scale. (A) Pipeline used to construct
image-based organ-level scale models of the fibrotic human atria: (i) Representative LGE-MRI slice of the human atria; (ii) Segmentation of atrial tissue into fibrotic (green) and non-
fibrotic (grey) regions; (iii) 3D reconstruction of atrial geometry with anatomical features labelled (RIPV/RSPV/LIPV/LSPV, right/left inferior/superior pulmonary veins; LAA, left atrial
appendage; IVC/SVC, inferior/superior vena cava). Phenomena at this scale evolve over the micro-second to seconds temporal scale. (B) Electrical coupling of atrial cells at the tissue-
level scale mediates propagation of bioelectric impulses, which originate at membrane level (action potentials in the cellular ionic model). Atrial fiber orientations, shown in the top
right image, govern the preferential direction of electrical propagation. (C) Cell-level atrial electrophysiology: atrial action potentials obtained at a basic cycle length of 500 ms in
fibrotic (green), non-fibrotic tissue (grey), and healthy tissue (dashed). Phenomena at this scale evolve at the microsecond temporal scale. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Reproduced from [38].
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2. Advancements in AF computational model development

2.1. Atrial geometrical models

Contemporary organ-level studies are performed onmodelswith re-
alistic atrial geometry. Models with realistic atrial geometry can be
(a) 3D surface models (manifold), (b) full-thickness volumetric 3D
models, and (c) 3D bilayer model.

Surface models represent atrial geometry as a 3D surface and
neglect atrial wall thickness. 3D surface models have been recon-
structed from computed tomography (CT) scans [12] or invasively-
acquired electroanatomic maps [13–16]. Since the atria are thin-
wall structures, 3D surface models accurately capture atrial
geometry.

Full-thickness, volumetric 3D models have been reconstructed
mostly from magnetic resonance imaging (MRI) [17–26], but also
from CT scans [27,28]. Volumetric 3D models can accurately represent
the transmural complexities and fine details of atrial anatomy, but
have a significantly higher computational cost [10,29].

The bilayer model is an intermediate modeling approach, between
3D surfacemodels and volumetric 3Dmodels,where the atria are repre-
sented as two surfaces: an endocardial and an epicardial [30]. The bi-
layer model has been reconstructed from MRI [31–34] and CT scans
[30,35]. This model is able to capture transmural heterogeneities as
Please cite this article as: K.N. Aronis, R. Ali and N.A. Trayanova, The rol
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they incorporate 2 surfaces, 2 fiber directions, major muscle bundles
and discrete atrial coupling (Fig. 2A).

2.1.1. Detection and modeling of fibrosis
A critical development in organ-level atrialmodeling is the inclusion

of fibrotic structural remodeling associatedwith persistent AF. Atrial Fi-
brosis can be detected on late gadolinium enhancementmagnetic reso-
nance imaging (LGE-MRI) as areas of increased gadolinium uptake.
Several thresholding techniques are used to differentiate between nor-
mal and fibrotic atrial myocardium [36].

Areas of fibrosis can bemodeled by (a) changes in electrophysiolog-
ical parameters resulting in alternations of tissue-scale propagation
[10,37,38] and (b) stochastic removal of model elements in fibrotic
areas resulting in percolation-like excitation dynamics [39]. Changes
in electrophysiological parameters capture experimentally observed
structural and ionic alternations present in fibrotic atrial tissue. Specifi-
cally: (a) down-regulation, hypo-phosphorylation and lateralization of
connexin-43 is represented as a change in the tissue-scale conductivity
and anisotropy ratio; (b) patchy collagen deposition is represented by
introducing patchy areas of electrical isolation, and (c) fibroblast-
induced remodeling is represented by introducing fibroblasts in the
model, that affect the electrophysiological properties of neighboring
cells via electrical coupling or paracrine mechanisms [10,37,38]. In the
only study available to date assessing the validity of different fibrosis
e of personalized atrial modeling in understanding atrial fibrillation
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Fig. 2. A: Geometrical characteristics of the bilayer model. First row: General view (A) and transseptal connections (B–D). Bachmann's bundle (blue), FO (purple), and CS (green) models are
displayed. LA, RA, left and right atria; LI, RI, left and right insertions of the BB; AB, PB, anterior and posterior branches of the BB; C, connections between the CS and the LA. Second row: Fiber
architecture. Right superior view of the endo- (E) and epicardial (F) layers of the RA. Anterior view of the endo- (G) and epicardial (H) layers of the LA including the septoatrial (green) and
septopulmonary (pink) bundles and the vestibule (blue). Third row:Anglemap: difference of endocardial and epicardial fiber direction, in degrees (I). Grey (no value): only one layer is defined.
Themain differences are localized in the CT and the PM for the RA, and in the anterior andposteriorwalls and in PV for the LA [30].B:Acquired geometry andfiber visualization results in human
atria specimens. Left, Atrial geometry. A, Short-axis viewof a nondiffusion-weighted image (b0)with superimposed segmentation of left atrium(LA; red), right atrium (RA; blue), and interatrial
bundles (green). Fat tissue surrounding the atria is excluded from the segmentation. B, Anterior view of left and right atria created from T1-weighted images; the dark grey volume represents
lumen. Right, Fiber visualization using tractography. C, Posterior view of atrial roof. D, Anterior view. E, Inferior and left lateral views. F, Viewof right atrium. Colour encodes the local distance to
the endocardial shell: yellow is the endocardial layer, and red is the epicardial layer. BB indicates Bachmanbundle; IVC, inferior vena cava; LAA, left atrial appendage; LIPV, left inferior pulmonary
vein; LSPV, left superior pulmonary vein;MV,mitral valve; RAA, right atrial appendage; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; SVC, superior vena cava; and
TV, tricuspid valve. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Modified with permission from [42].
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modeling approaches, the number of phase singularities seen with per-
colation was closer to the clinical values [32]. However, this study in-
cluded patient-specific models from only 3 patients and larger studies
are needed.

2.1.2. Atrial fiber orientation
Incorporating fiber orientation in organ-scale 3D models is impor-

tant for accurate simulations [40]. Existing atrial models incorporate
fiber orientation determined using semi-automatic tools and fiber ori-
entation atlases derived from histology [38]. Fastl et al. used a sophisti-
cated Laplace-based algorithm to assign fiber orientation to models
reconstructed from cardiac computed tomography imageswith variable
wall thickness and complex atrial architecture [27]. The estimated left
atrial (LA)myofiber orientationmatched previously reported calculated
LA myofiber orientations [21,41]. In simulations, the local activation
times were consistent with described values in the literature [27]. The
methodology by Fastl et al. establishes a pipeline that provides a robust
framework for the rapid development of personalized models account-
ing for detailed anatomy and microstructure.

Diffusion tensor MRI sequence has been used to capture the micro-
architecture of myofibers in the human atria ex-vivo, including the
major distinct atrial bundles (n= 8) [42]. There are currently no avail-
able imaging modalities that can visualize fiber orientation in humans
in vivo. For this, ex-vivo diffusion tensor MRI images have been used in
the development of maps of fiber organization that are more accurate
than the currently available histology-derived atlases (Fig. 2B). This
fiber architecture can be incorporated into atrial models via co-
registration and other morphing methodologies [43,44]. In an ex vivo
study of swine atrial preparations, atrial anatomy and fiber orientation
were directly and simultaneously reconstructed from optical coherence
tomography imaging. Simulations using organ-specific fiber orientation
accurately predicted activation time maps derived by optical mapping
experiments [45]. The feasibility of optical coherence tomographic im-
aging as a method to generate atrial models has not been examined to
date in humans.

Improvement of patient-specific atrial fiber representation in models
can be achieved with (a) development of more accurate atlases of fiber
orientation, (b) development of image-based fiber atlases that are repre-
sentative of a wide range of atrial sizes and shapes (c) improvement of
registration andmorphing techniques used to transform fiber orientation
from one anatomy to another, and ultimately (d) development of new
imaging methodologies that could allow for in-vivo visualization of
myofibers.

3. Mechanistic insights in AF using computational modeling

Atrial computational modeling has been used to provide insights in
the fundamental mechanisms involved in initiation and perpetuation
of AF. Increased pulmonary vein ectopy is the primarymechanismof ar-
rhythmia initiation in paroxysmal AF [46]. There are limited modeling
studies evaluating pulmonary vein ectopy, that have been previously
reviewed [10]. Recently, Roney et al. demonstrated that the electro-
physiological properties and the extend of fibrosis of the pulmonary
vein are associated with patient-specific susceptibility to AF initiation
and maintenance [31].

Recent clinical and experimental studies provide evidence that re-
entrant drivers within regions of structural inhomogeneities have a
significant role in maintenance of persistent AF [47]. However, the
exact mechanisms of initiation and maintenance of these drivers
remain incompletely understood. Key features of the AF-induced
electroanatomical remodeling that have a significant role in re-entrant
driver dynamics, as reviewed below, are (a) atrial fibrosis and fibrosis
distribution, (b) atrial wall thickness, and (c) development of APD
alternans. Although autonomic innervation of the atria has a significant
role in AF [48], the distribution and remodeling of autonomic nerve
fibers are not currently incorporated in atrial models, primarily due to
Please cite this article as: K.N. Aronis, R. Ali and N.A. Trayanova, The rol
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inability to visualize these structures with clinically available imaging
technologies.

3.1. Role of fibrosis in AF dynamics

Patient-specific distribution of fibrosis is a significant determinant of
initiation andmaintenance of AF, aswell as localization of AF re-entrant
drivers. In a sensitivity study using realistic atrial geometry, the degree
and distribution of fibrosis and the choice of fibrosis implementation
technique had a larger effect on re-entrant driver localization compared
to variations in tissue wavelength [34]. In a different sensitivity analysis
using patient-specific atrialmodels, localization of re-entrant driver tra-
jectories was determined by scar distribution while changes in APD or
conduction velocity enhanced or attenuated the likelihood that a re-
entrant driver anchored to a specific site [17].

Although the presence of diffuse atrial fibrosis is sufficient for induc-
tion of AF in simulations [49], patient-specific distribution of fibrosis
largely affects simulated AF dynamics [20,38,39,50]. Advances in clinical
imagingmodalities have rendered them capable of resolving the unique
fibrosis spatial patterns present in the atria of each individual patient
[37]. Patient-specific 3D atrial models, with atrial geometry and fibrosis
distribution derived from clinically available LGE-MRI demonstrate that
AF drivers persist only in areas with highly specific fibrotic spatial pat-
terns (N=22) [38]. Fibrotic spatial patterns were characterized by cal-
culating maps of fibrosis density and fibrosis entropy. Local fibrosis
density indicates the proportion offibrotic elements among all elements
surrounding the given location, while local fibrotic entropy quantifies
the degree of disorganization between fibrotic and non-fibrotic ele-
ments in the local neighborhood. Re-entrant drivers persisted in fibrotic
boundaries zone characterized by high fibrotic density and fibrotic en-
tropy (Fig. 3) [38]. Fibrotic patterns with high density and entropy cor-
respond to atrial areas with a high degree of intermingling between
fibrotic and non-fibrotic tissue. Similar results have been obtained in a
smaller study that utilized a different fibrosis modeling approach,
where fibrosis was represented as myocyte-fibroblast coupling depen-
dent on the LGE-MRI intensity (N = 3). Re-entrant drivers stabilized
in the border zones of patchy fibrosis in all 3 patient-specific atrial
models [50]. A biphasic behavior in re-entrant driver development in
response to fibrosis density has been described in 3D atrial models
where fibrosis is modeled as percolation-like excitation dynamics [39].

Experimental validation of the association between patient-specific
fibrosis distribution and re-entrant driver localization in AF has been
provided from a study in an ex vivo atrial preparation from a patient
with chronic AF [21]. The atrial model reconstructed from LGE-MRI
and histology data demonstrated that AF re-entrant drivers coalesce in
atrial areas of distinct structural “fingerprints,” which consist of a com-
bination of intermediate wall thickness, intermediate fibrosis, and
twisted myofiber orientation. Re-entrant driver localization predicted
by simulations was confirmed with direct visualization using optical
mapping. Removal of fibrosis from simulations rendered the atrial
model non-inducible for AF [21].

3.2. Wall thickness heterogeneity and its implications for AF

Atrial wall thickness heterogeneity is a structural property of the
atria that has been recently associated with re-entrant driver dynamics
during AF [15,19]. In idealized and realistic simulations of atrial models,
re-entrant drivers drift from thicker to thinner regions along ridge-line
structures, indicating that atrial wall thickness is critical in determining
the re-entrant driver trajectory [15,19]. In 3D bi-atrial models
reconstructed from MRIs of healthy volunteers (N = 4) and patients
with AF (N = 2) atrial wall thickness was an important determinant
for re-entrant driver trajectory in the right atrium (RA), while in the
LA, re-entrant driver trajectory was primarily influenced by fibrosis
distribution [19].
e of personalized atrial modeling in understanding atrial fibrillation
i.org/10.1016/j.ijcard.2019.01.096

https://doi.org/10.1016/j.ijcard.2019.01.096


Fig. 3.Machine learning classification of RD-PS andnon-RD-PS regions based on FD and FE. (A) Classification of RD-PS and non-RD-PS regions. The polynomial equation that separated RD-
PS (purple circles) and non-RD-PS regions (yellow circles) is indicated with a black line. The FD and FE values that characterized RD-PS regions and non-RD-PS regions are indicated in
green (Pro-RD) and blue (Not Pro-RD), respectively. (B) Receiver operating characteristic analysis of the machine learning algorithm. The AUC for this plot was 0.91. (C) Precision-
recall analysis of the machine learning algorithm. The AUC for this plot was 0.84. Together, (B) and (C) indicate robust classification. (D) Location of RD-PSs in example patient
overlaid on the regions of the atria with the characteristic FD and FE values predicted to contain RD-PSs (green). (E) Comparison with clinical results. Example atrial ECGI maps are
shown for two patient models. Red colour indicates regions of greatest frequency of RD-PSs occurrence. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
Modified with permission from [38].
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3.3. APD alternans and AF dynamics

Atrial repolarization alternans, defined as the beat-to-beat alterna-
tion in APD, have been associated with increased propensity for initia-
tion of AF in animal models [51,52] and limited human data [53].
Computational modeling has provided useful insight in the ionic mech-
anisms underlying atrial repolarization alternans as well as the mecha-
nisms linking the cellular phenomenon of repolarization alternans to
the emergent macroscopic behavior of AF in humans [54,55]. The
Please cite this article as: K.N. Aronis, R. Ali and N.A. Trayanova, The rol
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potential ionic mechanisms of atrial repolarization alternans were ex-
plored in a sensitivity analysis [54] of simulations that used a
biophysically-detailed atrial model and realistic 3D atrial geometry.
That study found that decreased ryanodine receptor inactivation re-
sulted in augmentation of Ca2+ alternans andwas the only electrophys-
iologic alteration that resulted in repolarization alternans, as seen
clinically at slower heart rates. These results suggest that ryanodine re-
ceptor kinetics play a critical role in altered Ca2+ homeostasis, driving
proarrhythmic repolarization alternans in patients with AF [54]. In
e of personalized atrial modeling in understanding atrial fibrillation
i.org/10.1016/j.ijcard.2019.01.096

https://doi.org/10.1016/j.ijcard.2019.01.096


6 K.N. Aronis et al. / International Journal of Cardiology xxx (xxxx) xxx
organ-scale simulations, elevated Ca2+ alternans propensity due to de-
creased ryanodine receptor inactivation, and development of repolari-
zation alternans at slower heart rates, resulted in increased ectopy-
induced arrhythmia vulnerability, complexity, and persistence due to
increased repolarization heterogeneity and wavebreak [55].

4. Therapeutic applications of computational modeling

4.1. AF Ablation strategy

Themost revolutionizing translational application of atrialmodeling
is the potential for development of personalized AF ablation strategies,
specifically tailored to each patient's unique electroanatomical atrial
substrate. Here we summarize early stage clinical studies supporting
the feasibility of patient-specific, model-derived AF ablation strategies.

4.1.1. Re-entrant drivers as ablation targets
McDowell et al. was the first to demonstrate in a proof-of-concept

study that patient-specific simulations of atrial models reconstructed
from LGE-MRI (N = 4) can detect AF ablation targets. The virtual abla-
tion strategy used in this study, delivered ablation lesions in atrial re-
gions encompassing the meander of persistent re-entrant drivers
rendering the atrial model non-inducible for AF [20]. In subsequent
studies, patient-specific simulations have revealed areas harboring re-
entrant drivers that cannot be identifiedwith currently available clinical
methods (known as “latent re-entrant drivers”) [23,24]. The currently
available methods for localization of re-entrant driver trajectories dur-
ing AF, in the clinical setting, are focal impulse and rotor mapping
(FIRM) [56,57], and electrocardiographic imaging (ECGI) [58]. AF
patients that underwent FIRM-guided (N = 11) [23] and ECGI-guided
(N=12) [24] re-entrant driver ablation, in addition to PVI, had a signif-
icantly higher risk for AF recurrence, if the re-entrant driver locations
that were ablated where different from those identified in simulations.
These results suggest that a therapeutic approach that combines clinical
visualization of re-entrant drivers with simulations identifying “latent
re-entrant drivers” can improve AF ablation outcomes.

The exact locations where re-entrant drivers are observed during AF
simulations, and thus the ablation targets, are significantly affected by
the electrophysiological properties of the model used. In a sensitivity
analysis, 10% variation of atrial APD or conduction velocity resulted in
different likelihood that a re-entrant driverwould anchor at a specific lo-
cation [17]. Considering the inability of current models to capture
patient-specific, region-specific and situation-specific alternations in car-
diac electrophysiology, there is some uncertainty in the exact locations
where re-entrant drivers are predicted to occur by simulations. Hakim
et al. [59] demonstrated that this uncertainty can be substantially miti-
gated by conducting virtual re-entrant driver ablations followed by re-
peat simulations to evaluate for, and ablate any emergent re-entrant
drivers. Specifically, simulations were performed in patient-specific
atrial models (N = 12) using “average human AF” electrophysiology
and±10% variation in APD or conduction velocity. Re-entrant drivers in-
duced under the average electrophysiology condition were virtually ab-
lated and the AF induction protocol was re-applied. Twenty-one
emergent re-entrant drivers were observed in 9/12 atrial models. Most
emergent re-entrant drivers (71%) were at close proximity (b0.1 cm)
to sites where re-entrant drivers were seen pre-ablation in simulations
using ±10% variation in APD or conduction velocity.

Atrial modeling constitutes a unique tool for designing ablation
strategies that minimize ablation-induced atrial pro-arrhythmia. Atrial
macro-reentrant tachycardias or left-atrial flutters frequently occur
after AF ablation due to modifications of the electrophysiological sub-
strate introduced by the ablation lesions [60,61]. Patient-specific atrial
modeling was applied in a study of patients who were successfully
treated for AF via catheter ablation, but experienced recurrent post-
procedure left atrial flutter (N=10) [26]. A virtual electrophysiological
studywas able to induce left atrialflutter inmost atrialmodels (7/10). A
Please cite this article as: K.N. Aronis, R. Ali and N.A. Trayanova, The rol
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novel algorithm that abstracts the simulated re-entrant propagation
using principles of graph theorywas used to predict optimal ablation le-
sions that render arrhythmia initiation impossible with the minimal le-
sion burden. This algorithm is known as the “minimal cut algorithm” i.e.
theminimum number of edges removed from a graph that separate the
left atrium in two disconnected components. Ablation lesions predicted
by the minimal cut algorithm rendered 4/7 models non-inducible for
left atrial flutter after the first application of the algorithm and 7/7
models non-inducible after a second application.

4.1.2. Ablation strategies other than re-entrant drivers targeting
AF ablation strategies other than re-entrant driver targeting have

been used in the clinical setting. Typically, these strategies are adjuvant
to pulmonary vein isolation and include empirical lines in the left
atrium, entire posteriorwall electrical isolation, and ablation of complex
fractionated atrial electrograms, but have limited clinical efficiency [8].
Surgical Maze procedures [62] or hybrid approaches [63] are alternative
rhythm control strategies, particularly suitable for patients with persis-
tent AF, but are more invasive than catheter-based ablation. Atrial
models have been used to optimize different surgical Maze procedures,
and this has been previously reviewed [10].

Atrialmodels reconstructed from cardiac computed tomography im-
ages of patients with AF (N = 20) have been used to compare the effi-
ciency of five adjuvant ablation strategies in silico. These strategies
included a combination of circumferential pulmonary vein isolation,
lines and complex fractionated atrial electrogram ablation; circumfer-
ential pulmonary vein isolation with a posterior box isolation and ante-
rior line ablation was the most efficient ablation strategy [28]. The
efficacy of these five adjuvant ablation strategies was subsequently
evaluated in a prospective clinical trial, of 108 patients with persistent
AF thatwere randomized to receive either empirical ablation or ablation
guided by patient-specific modeling. The study demonstrated that
modeling-guided selection of the adjuvant lesion geometry is safe and
non-inferior to empirical AF ablation [12]. The atrial models used in
these studies were homogeneous atria models and did not incorporate
patient-specific fibrosis.

The efficacies of three different ablation strategieswere compared in
a simulation study that used the bilayer atrial modeling approach and
included patient-specific fibrosis derived from LGE-MRI [35]. The abla-
tion strategies that were evaluated were (i) pulmonary vein isolation,
roof, and mitral lines; (ii) circles, perforated circles, lines, and crosses
delivered near re-entrant driver locations identified by phasemapping;
and (iii) lines streamlining the sequence of electrical activation during
sinus rhythm. The most effective strategy was to ablate in the stream-
line of the activation sequence during sinus rhythm (Fig. 4) [35]. Last,
in a cellular automaton model representing AF as multiple meandering
wavelets, the greatest reduction in multiple wavelet re-entry burden
was observedwith transection of the tissue into regions that could sup-
port equivalent wavelet populations [64]. These results suggest that
computational modeling could be used to select patients that would
benefit from ablation lesions adjuvant to pulmonary vein isolation, as
well as to develop novel ablation strategies different from AF re-
entrant drivers targeting.

4.2. Pharmacotherapy

Antiarrhythmic drug therapy constitutes a first-line treatment op-
tion for patients with AF [65]. However, rhythm control of AFwith anti-
arrhythmic medications has only moderate efficacy. The role of atrial
modeling in AF pharmacotherapy is multi-faceted. Atrial modeling is
used to (a) screen for potential targets of antiarrhythmic medications
[66], (b) predict the efficacy of medications under development [66]
[67]. (c) provide insights in the mechanisms through which antiar-
rhythmic medications terminate or fail to terminate AF [68], and
(d) personalize antiarrhythmic strategy to patients with different
electroanatomical substrate [69,70].
e of personalized atrial modeling in understanding atrial fibrillation
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Fig. 4. Streamlining the sequence of LA activation during sinus rhythmwith N4 lines effectively terminates pAF from RSPV pacing. (A) LA activation times during sinus rhythm at 86 beats
permin. (B) four or five RFA lines that streamline the activation time sequence in (A). (C) Transmembrane voltage (Vm)maps 5 s post streamlining showing unsuccessful pAF termination
with four RFA lines, but successful pAF termination with five RFA lines. (D) Vm plotted at the point indicated by the * in (A) before and after streamlining with four and five RFA lines.
Modified with permission from [35].
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5. Future perspectives

Current atrial modeling approaches have some limitations that need
to be addressed in future studies [62]. First, different fibrosis representa-
tion methodologies should be validated in clinical studies. Second, there
is a need for improved representation of patient-specific atrialfiber orien-
tation. Third, future atrial models should incorporate autonomic innerva-
tion and remodeling as it has an important role in AF pathophysiology.
Fourth, current atrial models are unable to capture the progression of
the disease in terms of the patient-specific and region-specific electro-
physiological remodeling of the non-fibrotic myocardium. Last, atrial
models are computationally demanding, and this limits their scalability.

Atrial modeling necessitates continuous adaptation to integrate
(a) new experimental findings regarding the pathophysiology of atrial fi-
brillation that would enable for more accurate mechanistic and clinical
predictions, and (b) new computer science approaches that would im-
prove execution time and scalability of these computationally-intensive
Please cite this article as: K.N. Aronis, R. Ali and N.A. Trayanova, The rol
mechanisms and improvi..., International Journal of Cardiology, https://do
approaches. The advancement of atrial modeling is strongly dependent
on developments in experimental methodologies and availability of clin-
ical electrophysiological data, which are essential to constrain, enrich, and
validate the models. Machine learning approaches have the potential to
be combined with computational modeling to improve their predictive
accuracy by both providing means to comprehensively analyze the
wealth of high-dimensional complex spatiotemporal data produced by
atrialmodels, andby incorporating awide rangeof clinical data in thepre-
dictive algorithms [71]. Future research is needed in developing the
methods necessary to enable computational modeling to be executed
real-time. Real-time performance can be obtained by implementing
models in computer hardware such as field-programmable gate arrays.
There are ongoing efforts on this direction in ventricular tachycardia
modeling, but still in very early stages of development [72].

Utilization of atrial modeling for mechanistic insights in AF will con-
tinue to grow in a virtuous cycle with basic cardiac electrophysiology
experimental advances. Given the promising results in early-stage
e of personalized atrial modeling in understanding atrial fibrillation
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clinical studies, the immediately next milestone for atrial modeling is
to be tested in randomized clinical trials where the efficiency of
simulation-derived ablation targets will be tested against standard of
care. End-points in such randomized clinical trials should include im-
provement in sinus rhythmmaintenance and complications rate, reduc-
tion in procedure time, minimization of area of atrial tissue ablated. The
“personalized computational electrophysiology laboratory” is not only a
reality, but lies at the lancet of AF research, and is on a trajectory to be
adopted in clinical practice.
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