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Abstract: Atrial fibrillation (AF), a heart condition, has been a well-researched topic for the past
few decades. This multidisciplinary field of study deals with signal processing, finite element
analysis, mathematical modeling, optimization, and clinical procedure. This article is focused
on a comprehensive review of journal articles published in the field of AF. Topics from the age-
old fundamental concepts to specialized modern techniques involved in today’s AF research are
discussed. It was found that a lot of research articles have already been published in modeling and
simulation of AF. In comparison to that, the diagnosis and post-operative procedures for AF patients
have not yet been totally understood or explored by the researchers. The simulation and modeling
of AF have been investigated by many researchers in this field. Cellular model, tissue model, and
geometric model among others have been used to simulate AF. Due to a very complex nature, the
causes of AF have not been fully perceived to date, but the simulated results are validated with
real-life patient data. Many algorithms have been proposed to detect the source of AF in human atria.
There are many ablation strategies for AF patients, but the search for more efficient ablation strategies
is still going on. AF management for patients with different stages of AF has been discussed in the
literature as well but is somehow limited mostly to the patients with persistent AF. The authors hope
that this study helps to find existing research gaps in the analysis and the diagnosis of AF.
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1. Introduction and Background

AF is one of the most common types of cardiac arrhythmia and affects more than
2 million people in the United States alone [1]. In a healthy human heart, the cardiac rhythm
is regular and controlled by the sinoatrial node. While a regular heart beat is between 60
and 100 per min, an AF patient’s heart beat might rise to more than 150 beats per minute.
AF is mainly caused by irregular and chaotic electrical signals (other than the one from
the sinoatrial node in the right atrium) generated inside the left atrium (note that much
evidence also suggests that AF could be originated from the right atrium). Therefore, the
atria cannot beat strongly and regularly. Instead, they quiver, and the blood is not circulated
through the ventricles well enough. Though there could be several other reasons (such as
high blood pressure, heart attacks, congenital heart disease, viral infections, and abnormal
trigger) that cause AF in real life, not all of them are well understood yet. One of the many
causes of AF is attributed to atrial remodeling [2] which can be electrical, structural, or
neural [3-5]. Atrial remodeling is defined as any change in atrial structure or function that
can lead to atrial arrhythmia. It can be caused by underlying heart conditions, systematic
processes, aging, and even AF itself. There are different stages of AF such as paroxysmal,
persistent, permanent, etc. [6]. All of these are diagnosed differently depending upon
the severeness and feasibility. It has been many years since AF mechanisms have been
researched clinically, but the AF initiation and maintenance still remain mysterious. This
paper aims to review some of the latest and most important advancements in simulation
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and computer experiments of AF research and present a brief overview of the ongoing
progress in these fields.

Computer simulation has been widely used for AF research. The initiation dates back
to 1952 [7] when the cellular membrane currents were explored that eventually lead to
the electro-physiological model of AF [8,9]. This model considers the cell membrane as
a capacitor that is connected in parallel with many variable resistances (also batteries),
representing both of the ionic channels and driving forces. After a few more years, a
computer model of AF was proposed [10]. Since then, many other researchers [8,11]
have been working to develop mathematical simulation models to explain AF based on
its electro-physical characteristics. Some of them have quite successfully validated their
models corresponding to real-life data [11]. Computer modeling of AF is mostly based
on the cellular automata and detailed cell electro-physiology models. In recent years,
multi-scale modeling [11] of electrical propagation became popular. Cellular modeling is
mostly based on two approaches. One is a reduced two-variable simplified (asymptotic)
model [12], and another is the detailed electro-physiological model [8]. Apart from these,
geometric and image-based atrial modeling has been explored as well [1] by many using
those two cellular models, simple 2D geometric shapes, and cardiovascular magnetic
resonance (CMR)-based organ-level models with complex 3D shapes. Therefore, there are
different established modeling approaches available for AF simulation, and most of them
found success as observed in the literature. Still, the improvement in AF modeling has
been noticeable during the last couple of years.

AF has been modeled in different ways—electrical, structural, etc. The electrical,
structural, and their combined modeling have been compared [13] in the literature. The
correlation between decreasing wavelength and reentry of AF (flutter) episodes has been
discussed as well. There appears to be no significant difference in the average re-entry
time between the two (electrical and structural) modeling approaches, although their
dynamics are completely different. This study was inspired by the investigation of critical
wavelength (9-11 cm) for the re-entry of wavelets in a biophysical model [14]. Stochastic
onset and termination of AF in a cellular automata model are described in [15] the literature.
Tissue remodeling in fibrotic lesions has also been investigated [16]. In order to aid in the
diagnosis, AF modeling and simulation [17-21] have been some well-researched topics in
the literature.

One of the methods found in the literature for AF treatment is catheter ablation—one
variation of which basically isolates the pulmonary veins (PV) in the LA and thus removes
the trigger (e.g., supraventricular extrasystoles/fast electrical signals) of AF. However, in
most real-life cases, the patients are prescribed anti-arrhythmia drugs (AAD) for rhythm
control. However, a recent study [22] on early rhythm control therapy discussed EAST-
AFNET 4 trials where catheter ablation was chosen as an initial therapy for around 8% of
the patients. Many methods have been proposed to determine the area to be ablated in
a clinical trial. There are many complications associated with ablation that may hamper
the recovery of AF patients [23]. In the literature, the outcomes of ablation seem to be
suboptimal, and thus, a search of ablation of AF drivers was initiated [24]. The combining
effect of drivers ablation and pulmonary vein isolation (PVI) is more promising for dealing
with AF. Ablation strategies for paroxysmal and persistent AF have been reviewed by
many researchers, which shows a demand for complex fractionated electrograms (CFE)
ablation for persistent AF along with PVI [25]. A simpler and faster ablation method with
cryballoon has also been proposed [26]. Quite recently, the first simulation guided catheter
ablation was reported [27].

AF is still being explored by researchers. Therefore, there is a good opportunity to
contribute to AF research specially in diagnosis and ablation procedures with the use of
computer simulation. The detection process and treatment of AF are still being improved
to facilitate the patients more than ever. The catheter ablation procedures are continuously
being developed for better efficiency. AF research combines different major areas such
as signal processing, statistical techniques, simulation, algorithms, and demands their
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collaborated efforts to its modeling, diagnosis, and post-operative treatments. This is what
makes it a very interesting topic for research in recent days. As each of the fields is being
investigated, AF research knowledge area is being enriched simultaneously.

A brief mechanism [28] of AF can be illustrated in Figure 1. It is clear from Figure 1
how the atrial remodeling contributes to the development of chaotic signals which, in turn,
causes AF.
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Figure 1. AF mechanism.

The primary objective of this brief literature review is to find the existing research
gaps primarily in modeling, simulation, and diagnosis of AF [29-31]. There is still a need
for optimized ablation procedures as stated in many articles in this field. As AF is a very
important area for arrhythmia research, it demands to be well understood. The following
Figure 2 shows the timeline of AF research during the past few decades.

The next section presents the overview of some important journal articles in simulation
and modeling of AF followed by another section dedicated to the review of articles on
rotor/trigger identification of AF diagnosis. After that section, some recent articles with
emphasis on post-operative actions are reviewed. In the end, a few important research
gaps and opportunities are discussed as part of concluding remarks.
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Figure 2. Atrial fibrillation research timeline.

2. Simulation and Modeling

Simulation and modeling have been popular in AF research for many years. Many
researchers have been involved in the development of mathematical and simulation models
of AF to understand it better. The first computer (cellular) model of AF was proposed
back in 1964 [10]. There are basically two models widely discussed in the literature—the
detailed electrical current propagation model and the simplified (2 variables) exponential
model. The simplified model reduces the number of the large equations (as in the detailed
model), and it can be solved for exact solutions. On the other hand, the detailed model
is very sophisticated and characterized by its stiff equations (usually requires numerical
solutions). However, it can certainly explain the electro-physiological incidents in an atrial
cell much better than the reduced one. Both of these models are deterministic in nature.
However, in real life, AF initiation is highly random, and thus, a stochastic modeling
is more justified. Some models, however, can be very complex and computationally
expensive in most cases. For simulation purposes, a good atrial mesh is necessary. Figure 3
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shows a left atrial mesh modeled from magnetic resonance imaging (MRI) data shared by
comprehensive arrhythmia research and management (CARMA), Center for Integrative
Biomedical Computing (CIBC) and National Institute of health (NIH).
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Figure 3. Three dimensional left atrial mesh generated from MRI data.

2.1. Cellular Modeling

Cellular automata models are usually defined by 2D square or hexagonal shapes as
cells in a grid [1]. There are different stages for each cell. The classical models [10] and
many others described five stages for each cell with varying refractory periods in each of
them. These models are not computationally expensive, but they lack the electro-physical
interaction [8] between the cells. As mentioned before, a very fundamental study [7] of
membrane current initiated the ionic modeling of AF that inspired many other research
initiatives [8,11] on biophysically detailed cellular electro-physiological models of AF.
These models use current flows through ion channels, exchangers, and pumps that are
represented by ordinary differential and algebraic equations. A computer model with both
left and right atria and normal electrical conduction in atrial cells has been discussed [32].
This model used computer simulation to describe the activation pattern in the atrial cells.

Another cellular model [33] that uses new Ca dynamics formulation using patient
data was proposed in the literature. This model has been further used to examine the
effects of K* channel protein (usually in mutated genes) on action potential (AP). All the
three models are benchmarked as well [34]. However, a model based on repolarization and
activation latency [35] was left out in the benchmarking as it was not published then. A
brief review on different AF mathematical modeling techniques and their simulation results
have also been discussed [1] in a research article. This article provides a guideline for future
studies and opportunities in AF research as well. Thus, it is established that AF simulation
is a well-researched topic in the literature [1,7,8,11,12]. As a result, there are different
approaches to its computer simulation that are validated with real data. Apart from human
cellular models, sheep [36—42], canine [43-47], frog [48], rabbit [49], and mice [50] models
have also been discussed in the literature.

2.2. Simulation in Atrium

Atrial cells are modeled in most AF simulation examples. Since the generation of AF is
contributed to the atrium (atrial cells) and its cellular remodeling, human atrial simulation
models have been popular in the diagnosis of AF [12]. Simple 2D geometries [51,52] and
quassi 3D geometric models [53] were used to model atrial cells. Human atrial action
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potential (AP) rate dependency in relation to K* is explained with simulation in atrium [54].
A computational platform is presented in the literature that is described by a 3D human
atria [55]. This computational model can be used to study the teratogenic patterns and
behavior of the electro-physical nature existing in human atria. Being inspired by this study,
an approach towards the electrical remodeling in atria is proposed [56]. A realistic 3D atrial
tissue model is the key indicator that an AF-induced electrical remodeling is able to produce
heterogeneous and shortened action potential durations (APDs). Thus, it might be possible
to initiate and maintain the reentry of excitation waves throughout the whole atrium. A
similar study [57] explains the risk of electrical remodeling in atrium. The authors use the
CRN model [8] to present the simulation results. Insights from a 3D model of human atria
have been discussed to explain the PerAF-induced electrical remodeling [58]. The basic
steps of AF simulation study are presented in Figure 4. The usual simulation process begins
by defining a problem followed by data collection using image, signals, etc. To run AF
simulation, a fine 3D mesh (Figure 3) is necessary with some trigger points on its surface.
These trigger points denote the entry of the chaotic signals to simulate AF.

Define the problem > Mesh generation <
Y
Collect data Run AF simulation
Y No
Create a 3D model of

a left atrium

> Publish the results

Figure 4. Basic steps of a typical AF simulation study.

2.3. Simulation of Ablation and Clinical Observation

Ablation is referred to a procedure that scars or destroys tissues in the heart that are
responsible for chaotic signals. A preliminary simulation study with comparison of modern
ablation procedures has been presented in the literature [59]. PV have been proved [60] as
the trigger sites in persistent AF (PerAF) and longstanding persistent AF (LSPAF). Thus,
catheter ablation is consequently an effective method to treat PerAF and LSPAF patients.
In another study, localized ablation was emphasized with support from both clinical and
computation study [61,62]. Some articles also discuss the evaluation of ablation patterns
on according to which the ablation procedure is performed [63]. A generic 3D model
was developed to aid in the diagnosis of AF with a clinical perspective [64]. A study
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reveals the use of computer simulation in terms of investigating the effects of different
ablation strategies on a 3D multilayer anatomical model [65]. This study was based on
495 simulations with 23 different setups of AF initiation in a biophysical model. With all
the advancement in ablation strategies till 2016, a review paper is published that shows
the simulations of catheter ablation in computer models of human atria. Based on the
knowledge thus far both in clinical and computational trials, six ablation targets (pulmonary
vein isolation, linear ablation, ectopic foci, complex fractionated atrial electrogram, rotors,
and ganglionated plexi) are considered in AF patients [66]. Customized ablation for AF
patients has also been investigated by many researchers in the past decade [67,68]. Novel
radio-frequency strategies for catheter ablation have found success as shown in a simulation
study [69].

In a clinical study, older AF patients have been studied [70], and that article presents a
strategy to the optimal use of anti-thrombotic therapy instead of ablation. Optimization
of catheter contact force [71] and the usage of optimal ablation strategies [1] have been
discussed in the literature. A mechanistic approach to ablate the drivers of AF has been
proposed as well [72]. A clinical procedure involving a total of 85 patients indicated that
the conventional ablation procedure (PVI) should be combined with low-voltage area
(LVA) sites ablation to yield better results. Only ablation might succeed for patients with
less than 10% left atrial voltage [73]. Three-dimensional mapping of left and right atria
has been explored by clinical researchers. In a study [74], the reliability of 3D mapping
to represent LA, PV, and their variable branches is discussed and the authors found the
process quite reliable.

As understood from the above discussion, simulation of ablation can be very helpful
to treat patients with AF. However, ablation strategy demands to be investigated further.
An effective and feasible design of an ablation strategy might turn out to be revolutionary
in this area of research. Along with catheter ablation, some patients are treated with mazed
ablation as well. The following sections have more detailed discussion on AF treatment
with ablation and associated aspects of recovery.

3. Rotor/Trigger Identification

To diagnose AF, rotor or trigger identification is very important due to the complex
nature of atrial cell mechanism. A simple model to identify the critical regions in AF is
proposed that uses wave front propagation on an anisotropic structure mimicking the
branching network of heart muscle cells [75]. Fibrosis, anisotropy, refractory period, and
stimulus location mostly determine the rotor formation as suggested by an automaton
model developed to explain the rotational activities during AF [76]. There are many
articles that propose the use of dominant frequency (also signal processing methods) to
detect the rotors or triggers of AF [17,18,36-38,77-84]. Apart from these, many wave
propagation techniques have been explored [19,85-88]. Some articles even use image-based
techniques to detect rotor or trigger [89-92]. Sarcoplasmic reticulum Ca2* leak and after
depolarization-triggered activity can also act as catalysts for cellular arrythmogenesis in
persistent AF patients [4,5]. One significant study [93] aims to evaluate and compare a
total of nine different AF detection algorithms based on electrocardiogram (ECG) signals.
These algorithms were developed by analyzing two characteristics of ECG, namely RR
(peak to peak) interval irregularity (RRI) and chaotic atrial activity (AA). All of the nine
algorithms are based on either RRI or AA characteristics. However, the comparative
analysis performed in the study indicates that the combination of both these characteristics
might result in a better algorithm to obtain more effective results. Machine learning
methods to detect AF driver location are also investigated in recent studies [94]. Activation
patterns during AF in an experimental model are also investigated with the help of ECG [95].
Electro-anatomic maps based on dynamic approximate entropy have been used to detect
rotors in a simulation study of 3D human atrium [96]. With the advancement of smart
phone technology, photoplethysmography (PPG), [97] camera apps [98], etc., have been
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used. Sample datasets were obtained from smart phones using Android OS by Google Inc.,
Mountain View, CA, USA.

3.1. Dominant Frequency (DF) and Signal Processing (SP)

A real-time DF (Dominant Frequency) ablation with radio-frequency mapping is pro-
posed [17] to maintain the sinus rhythm in paroxysmal AF patients.This ablation procedure
eliminates the left-to-right atrium frequency gradients [18] and predicts a high probability
for a long-term sinus rhythm maintenance of AF patients. A very recent study [78]) intro-
duces a new tool called regional dominant frequency (RDF) for wave break rate (WBR)
identification during AF. According to the study, these two metrics are weakly correlated.
An investigation should be conducted to see whether a critical dominant frequency is
sufficient end point for radio frequency ablation (RFA) so that a patient might not need
to go for complete ablation. According to them, a decrease of more than 11% in the dom-
inant frequency (using Antral pulmonary vein isolation and complex fractionated atrial
electrogram a.k.a. CFAE) can ensure the maintenance of sinus rhythm in persistent AF
patients [77]. A similar article [79] showed that the role of high DF in non-paroxysmal
AF patients is vital. These patients tend to respond well to pulmonary vein isolation and
thereafter complex fractionated electrogram ablation. A simulation-based study on sheep
atrium is described in [36] that mainly focuses on the formation of rotors and its impact in
AF. This study, though not totally transferable in human cases, might be able to explain the
persistent AF in human atria. The mechanism of wave fractionation in isolated sheep heart
is explained as well [37]. In addition, the dominant frequency increase rate can be a good
indicator of the transition from paroxysmal to long-term persistent AF in a sheep heart [38].

3.2. Wave Propagation (WP)

Wave propagation direction has been investigated with mathematical analysis of vector
field [19], conduction velocity estimation [85-87], electrocardiography-gated phase contrast
MRI [88], and many other mathematical approaches. These approaches have certain
benefits and disadvantages while being used for particular problems. A list with all these
information is provided [87] to present a comparative analysis. Among the approaches-
triangulation and finite difference use actual local activation times (LAT) for velocity
estimation but are somewhat difficult to automate being sensitive to LAT errors. Vector
loops and radial basis approaches require specific catheter (2 orthogonal pairs of bipole)
and huge computational power, respectively. Analytical approach, being easy to be applied,
requires the meshing points to lie on a well defined geometrical shape (e.g., square, radius
of curvature, etc.). However, several open questions are left unanswered [87] specially
about the uncertainty estimation in conduction velocity computation (more specifically, the
propagation of wavelets in a 3D tissue using 2D surface measurement and algorithms). A
quantitative single-shot approach [85] to extract the wave direction and local conduction
velocity from one single beat has been discussed in the literature. Vector analysis with
curl and divergent operations to find the velocity direction is used in [19]. Based on some
assumptions for sequential mapping in cardiac conduction velocity, an estimation method
is proposed [86]. The estimation errors were modeled with known Gaussian distribution.
A qualitative propagation model based on stochastic individual data for AF has been
described in the literature recently [99].

4. Biledical Image Processing

Image-based rotor or trigger identification techniques have been well explored in the
literature [100-105]. Among the techniques, magnetic resonance imaging (MRI) has been
perhaps one of the most popular ones [106], specially delay-enhancement MRI[102,107,108].
In recent years, many segmentation techniques have been applied to extract the LA from
MRI images [109-117]. A noninvasive MRI method was introduced [101] to detect the left
atrial injury after catheter ablation. This study concluded with an apparent indication of
correlation between the LA wall injury (after ablation) and short-term procedural outcome
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for AF patients. Risk assessment of stroke in AF patients and detection of left atrial fibrosis
(also [107]) with MRI are discussed briefly [102]. In relation to that study, it is found
that the patients with undetermined strokes have increased atrial fibrosis [106]. Another
article [103] provides a methodology to detect atrial fibrosis of persistent AF patients using
cardiovascular magnetic resonance imaging (CMR). Magnetic resonance angiography was
used for PV dilation for both paroxysmal and chronic AF patients [100]. It was found that
the LA enlargement with significant dilation of superior PV occurred in both types of AF
patients. As a part of recent research involving AF rotors, the visualization of individual
relationship between electric rotors from noninvasive mapping and atrial fibrosis with
the help of a new algorithm was proposed in 2018 [118]. In another study, reference [105]
high-resolution electro-cardiogram imaging (ECGI) was applied for the assessment of the
relationship between atrial fibrosis and persistent AF.

A very important step for successful implementation of imaging techniques to extract
the LA is image segmentation. Review articles on image segmentation are frequently
observed in the literature recently. There have been many methods proposed for image seg-
mentation [119-124]. These articles focus on image segmentation by using multi-objective
optimization [121,124], machine learning [122], evolutionary algorithms [119,120], clus-
ters [112,123], and other tools. Image segmentation is primarily used to isolate the LA (or
other segments of the heart) from the MRI data of the whole heart. Thus, the segmentation
method can be challenging to implement if the images from MRI do not have a good
resolution. Another difficulty while dealing with MRI slices is that the intensity of soft
tissues is not significantly different than that of the bones. Thus, it cannot be easily detected
by conventional algorithms based on contrast or intensity.

Image Segmentation

Image segmentation is a broad concept and has been investigated by researchers
from different fields. It is defined as the process that partitions a picture or image into
distinctive subsets. The most basic attributes used for image segmentation are—intensity,
edges, textures, etc. First, the object’s whereabouts in the image are to be determined
(called recognition). Then, the object’s spatial extent and composition in the scene are
extracted (called delineation). Thus, recognition allows the information flow from humans
to computer, and delineation allows the information flow from computer to humans.
Both processes are integral to a successful image segmentation. In the next paragraphs,
recognition and delineation are discussed in detail. There are many approaches to object
recognition, but they fall into two broad categories—interactive and non-interactive. As
shown in Figure 5, non-interactive approaches involve model, knowledge, and atlas-
based recognition while interactive approaches mostly involve human-assisted recognition.
Figure 5 also shows different approaches towards image delineation.

There are some merits and demerits of PI and SM approaches. Table 1 shows their
comparative analysis.

Table 1. Comparison between PI and SM based image segmentation.

Purely Image (PI) Based Image Segmentation

Merits Demerits
It works well when image information is good. It does not do well if image information is bad /absent.
It can determine degree of match of model to image. It cannot perform recognition well.
It does not require best match information It generally lacks object shape and information.
Shape Model (SM)-Based Image Segmentation
Merits Demerits

Model might work well even if the image info is bad. Accuracy might suffer even with good image info.
It helps with image recognition It generally requires best match info.
Good model has object shape and geographic info It might not be suitable for object delineation
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Figure 5. Image recognition and delineation classes.

To date, numerous post-processing software packages have been used (specially in
MRI imaging) such as 3D slicer, Neusoft, mediCAD, SPECT, gr-MR], etc.

5. Post-Treatment Actions

After an AF patient is treated, there can be several complications that might even lead
to death. Therefore, the post-operative actions are required to be advised carefully. Statisti-
cal analysis shows the correlation between different factors (age, gender, race, recurrence,
and health condition) of AF patients. When an AF patient is treated with ablation, cardiac
rhythm control becomes very important for the recovery. Rhythm control represents the
acute restoration and maintenance of sinus rhythm [125]. However, recurrent AF patients
usually need further investigation to maintain the long-term sinus rhythm. A pharmacist-
led algorithm is presented in [70] that helps to ensure better anti-thrombotic therapy for
elderly patients. The following two sections provide a brief overview of statistical analysis
used in AF, followed by a brief review of journal articles focused on cardiac rhythm control
and maintenance.

5.1. Statistical Analysis

Statistical analysis involving patients with AF has been investigated by many re-
searchers. Using statistical estimation techniques, the frequency gradient (DF,;,) is found
to be the only significant factor among others (e.g., age, gender, hypertension, proportion
of non-PV triggers, etc.) that varied among three different groups of patients [79] treated
with CFE ablation. It has been reported in [126] that the number of patients with AF
increased 60% during the last decade when the article was published. This establishes a
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historical trend of the increasing number of AF patients. A more recent study [127] presents
the complications after AF ablation among a group of patients in 23 states of the United
States. A statistical analysis on mobile cardiac outpatient telemetry (MCOT) to detect AF is
discussed [128]. This article emphasized on the MCOT to detect brief (less than 30 s) AF
episodes as they can easily lead to stroke [128]. Paroxymal AF diagnosis by pulmonary vein
isolation (PVI) has been investigated in [71]. In their study, it has been statistically proven
that the optimization of catheter contact force during AF ablation improves the outcome of
PVL Electrogram morphology recurrence patterns have been discussed [129] to show their
effect during AF. Another study on a total of 589 persistent AF patients supports the fact
that there is no difference in the rate of recurrent AF between linear ablation and ablation
of fractionated electrograms with PVI [130]. A statistical trial named atrial fibrillation
follow-up investigation of rhythm management (AFFIRM) is used [131] for two sample
t-test and chi-squared tests to compare the effects of crossover from rhythm to rate and rate
to rhythm control therapy in AF patients. An interesting study [132] presents a parametric
nonlinear mixed effects model to find the probability of AF after ablation.

5.2. Cardiac Rhythm Control and Maintenance

As the early recurrence of AF is common these days, the cardiac thythm maintenance
is of high importance. Catheter ablation proves to be more effective than antiarrhythmic
drug therapy in some patients [125]. However, there are some major complications (such
as delayed pericardial tamponade, atrio-oesophageal fistula formation, fever, etc.) asso-
ciated with it. Thus, the common approach is to treat the AF patients with drug therapy
first, and if this does not help, catheter ablation procedure is initiated to control the sinus
rhythm. An important comparative analysis [133] shows the effectiveness on mortality
between rate control drug (Also [134]) and rhythm control therapy in AF patients. How-
ever, another study [135] claims that neither of these two strategies has any competitive
advantage over the other. In another study (previously mentioned), the AFFIRM trial [131]
presents the impact of treatment crossovers on clinical outcomes in the rate and rhythm
control strategies.

The effects of anti-arrhythmic drug versus no anti-arrhythmic treatment has also
been analyzed with a systematic review of articles published between 2008 and 2012 [136].
Although the post-operative AF was not considered in that review, the article provides
a guideline to analyze the effects of antiarrhythmic treatment in long term until sinus
rhythm is restored. A drug named Dofetilide is commonly used in the United States as a
rhythm control strategy of AF [137]. Amiodarone (another drug) is also used (although it
might be toxic) as an alternative to ablation is some cases [138] as a rate control strategy
specially in patients for whom other anti-arrhythmic drugs are unavailable. However, the
study indicates the superiority of catheter ablation (thythm control) over amiodarone (rate
control). Ranolazine (another rhythm maintenance drug) has been used to clinical experi-
ments to reduce AF [139,140]. In clinically relevant large animal heart AF models, TREK-1
(K2p2.1) Potassium (cation) channels effectively provide rhythm control [141]. Simulation
of ventricular rate control [142] and patient-specific sinus rhythm maintenance [143] have
been investigated. In order to implement any cardioversion or rhythm control of AF in
high-risk patients, the appropriate precautionary and safety measures are to be taken [144]
that have been presented in a research document lately. An attempt to explore the poten-
tial maintenance mechanism in atrial fibrillation patients (treated with different ablation
strategies) was introduced very recently [145]. Prediction models have been used to detect
the incident of AF and its maintenance in Japanese people very recently [146]. In a recent
study, the medical, psychological, and behavioral aspects of AF management have been
discussed [147].

6. Limitations

Like any other study, this research has some limitations. It is very difficult to accom-
modate the details of all the published articles that discusses AF research in the literature.
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Since AF itself is a complex phenomenon, its research approaches are diverse. In simulation
studies, the researchers work on modeling AF and use different methods for trigger identi-
fication. Thus, there are numerous articles that analyze AF simulation studies over the past
few years or even decades. As for the clinical studies, there are also many articles published
each year that analyze AF treatment, diagnosis, and post-operative rhythm maintenance.
With these facts in mind, this review article aimed to cover most important AF research
studies throughout the years. However, it is quite natural that some studies might not have
been included.

7. Conclusions and Future Scopes

This article is intended to discuss the chronological progress in AF research through
a comprehensive review of journal articles. It is important to know how AF has been
investigated by many researchers for the past few decades. This study indicates some
important areas (such as AF detection and diagnosis) where the research gaps exist in
this field. Although the initiation of AF can be totally random, there is hardly any article
(except a few) with stochastic modeling approach for the propagation of AF. Therefore, this
is a potential research gap worth investigating in the near future. Although the stochastic
modeling of the detailed cellular model might be computationally expensive, the stochastic
approach to develop a robust AF simulation with the simplified model can be useful to
improve the computation time. As this article has shown that there are still many causes
for AF that are unknown to the researchers, with the advancement in medical imaging and
technology, the underlying causes of AF are hoped to be revealed gradually.

As this study suggests, the rotor/trigger identification might be very important for the
diagnosis of AF. In the literature, there are few articles that demonstrate the use of machine
learning algorithms (such as decision forests, nearest neighbors, and k-means clustering)
to identify the rotor or trigger of AF. The authors expect that machine learning (artificial
intelligence) or data analytical algorithm will also be useful as detection mechanisms in
future. Apart from this, the region of affected atrial cells (causing AF) may be detected by
formulating a combinatorial optimization problem. Thus, there may be several research
directions to improve AF detection and diagnosis.

Catheter ablation is another vital area to be explored further. As can be seen from
this comprehensive review, there is still the need for a customized and clinically efficient
catheter ablation strategy for paroxysmal and persistent AF patients. Although the maze
procedures gained popularity in recent times, it is still not enough to meet the requirements
of complete elimination and possible recurrence of AFE. It is undoubtedly evident that atrial
modeling holds the key to future diagnosis and prevention of AF in human heart. Therefore,
AF research should be spread and supported widely.
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