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A B S T R A C T

Background: Heart disease and strokes are leading global killers. While atrial arrhythmias are not deadly by
themselves, they can disrupt blood flow in the heart, causing blood clots. These clots can travel to the brain,
causing strokes, or to the coronary arteries, causing heart attacks. Additionally, prolonged periods of elevated
heart rates can lead to structural and functional changes in the heart, ultimately leading to heart failure if un-
treated. The left atrium, with its more complex topology, is the primary site for complex arrhythmias. Much
remains unknown about the causes of these arrhythmias, and computer modeling is employed to study them.
Methods: We use N-body modeling techniques and parallel computing to build an interactive model of the left
atrium. Through user input, individual muscle attributes can be adjusted, and ectopic events can be placed to
induce arrhythmias in the model. Users can test ablation scenarios to determine the most effective way to
eliminate these arrhythmias.
Results:We set up muscle conditions that either spontaneously generate common arrhythmias or, with a properly
timed and located ectopic event, induce an arrhythmia. These arrhythmias were successfully eliminated with
simulated ablation.
Conclusions: We believe the model could be useful to doctors, researchers, and medical students studying left
atrial arrhythmias.

Introduction

Heart disease and strokes are the leading causes of death worldwide
[1,2]. Supraventricular Tachycardia (SVT) is a significant contributing
factor to strokes, heart failure, and, in some cases, acute myocardial
infarction [3–5]. Therefore, it is imperative that in our pursuit of
building healthier lives free of cardiovascular diseases and strokes, we
focus on reducing the occurrence of SVT.

SVT encompasses all cardiac arrhythmias where the underlying
mechanism sustaining the abnormal heartbeat originates above the
ventricles. This abnormal heartbeat can disrupt the natural synchroni-
zation between the atria and the ventricles, disturbing the laminar blood
flow through the heart and causing it to stagnate in the small finger-like
appendage of the left atrium (LA). Consequently, this allows for the
formation of certain types of lethal blood clots known as mural thrombi,
which can become dislodged and travel to the brain or coronary arteries,
resulting in a stroke or heart attack [6]. This mechanism leads

individuals with atrial fibrillation (AF) to experience a five-fold
increased risk of stroke [7]. In addition to the blood stagnation caused
by the chaotic action of AF, prolonged periods of elevated heart rates
from simple periodic tachycardias can lead to structural and functional
changes in the heart muscle known as tachycardia-mediated cardio-
myopathy (TMC), ultimately causing heart failure if left untreated [8].

In a normally functioning heart, the sinus node serves as the pace-
maker, consistently producing an electrical impulse to dictate the
heart’s rhythm and rate. This electrical impulse initiates a chain reaction
that propagates throughout the heart, generating a life-sustaining
heartbeat. Ectopic electrical impulses can lead to chain reactions
occurring at the wrong place and time, disrupting the normal sinus
rhythm. This disruption may cause the atria to flutter, beat out of sync
with the ventricles, or present a myriad of other undesirable outcomes
[9].

In many cases, SVT can be successfully controlled with medication
and lifestyle changes. However, some of these drugs are challenging for
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patients to tolerate, and certain medications with the most established
efficacy are known to be hepatotoxic, causing deleterious side effects
[10]. Hence, catheter ablation, though more invasive than medication
therapy, has proven to be the most reliably efficacious and safest method
physicians have for treating patients with recurring SVT [11–14].

Radiofrequency (RF) catheter ablation and three-dimensional elec-
tro-anatomical mapping techniques have seen dramatic improvement
over the last 10 years, enabling doctors to perform procedures on
beating hearts that were, until recently, thought impossible [15,16].
However, much is still not understood about what causes heart ar-
rhythmias and how to use RF catheter ablation to treat them [17]. What
would assist doctors, researchers, and medical students is a way to
rapidly and inexpensively test ideas and observe outcomes. We have
created an N-body computer model of the LA to do just this.

The LA was chosen because it is the site where most complex ar-
rhythmias arise [18–21]. The model captures both electrical and me-
chanical activity. Users can adjust the model down to the individual
muscle level and introduce ectopic events. Note: In this text when we
refer to a muscle, we mean a group of cardiomyocytes. These tools can
be used to induce arrhythmias in the LA that can be eliminated through
simulated ablations. All of these actions can be performed interactively
in a running simulation, enabling users to set up conditions in the
simulated LA, test ablation strategies, and observe the outcomes.

Methods

Model selection

Tissue is composed of a system of cells that interact with each other
mechanically, chemically, and electrically. When modeling a significant
amount of tissue, the sheer number of cells that need to be simulated
computationally at the cellular level becomes too large. Hence, one is
faced with two choices:

1. Represent the tissue as a single continuum and model the entire
system with a comprehensive set of equations [22–25]. This type of
modeling, in general, is less computationally expensive but may lack
the necessary complexity to capture variant behaviors such as atrial
arrhythmias [26].

2. Define discrete units (sometimes referred to as agents or automata)
that can represent groups of cells. Then, establish a corresponding set
of rules or functions that each unit follows [27–31]. This type of
modeling, in general, is more computationally intensive but enables
the creation of more complex systems capable of capturing intricate
cardiac events.

In this work, we chose to use the second type of model due to the
flexibility it offers in adjusting the rules at the individual unit level. For
models where only electrical and/or chemical interactions are of inter-
est, Cellular Automaton models are typically used [32]. Cellular Au-
tomaton models were made popular in the 1970s by John Conway’s
“Game of Life” [33]. The simple rules laid out by Conway in the “Game
of Life” can lead to the spontaneous emergence of recurrent patterns,
similar to those observed in atrial arrhythmias.

However, because we were interested not only in electrical and
chemical processes but also in mechanical processes, we chose an N-
body model. In an N-body model, the agents are allowed to move, which
enabled us to incorporate pressure into the model and potentially add
blood flow in the future.

N-body problems and the Leapfrog formulas

N-body models are in the class of models known as agent-based
models, which encapsulate all of the discrete (second type) models
described above [34,35]. Historically N-body models were used to
model the motion of planets in our solar system. In this approach, each

planet is treated as a point mass, and the planets interact through the
force of gravity [36,37]. In astrophysics, large aggregates of point mass
units/bodies can be used to study phenomena such as planet formations
[38,39]. This concept can be extended from studying large-scale events
to extremely small-scale events, as seen in chemistry, where it is
commonly referred to as molecular dynamics or quasi-molecular
modeling [40,41]. In this context, each molecule or atom is treated as
a point mass and point charge; these units/bodies typically interact
through electrical forces. In mechanical engineering, lattice structures
can be simplified by reducing connecting rods to point mass units/
bodies that interact through Hookean forces [42]. Once a force system is
determined, the movement of the bodies is governed by Newton’s laws
of motion. While many numerical methods exist to integrate N-body
problems forward in time, the Leapfrog formulas were chosen for this
project due to their combination of accuracy and simplicity [43,44].

Cardiac tissue simulation

Cardiac tissue is modeled as a network of nodes and connectors. The
nodes carry the mass and spatial attributes of the tissue. The connectors
control the force between nodes and transport the electrical signal
throughout the tissue. The nodes are point masses, and the connectors
are massless Hookean springs that also serve as timed signal transports.
Each node is a standalone unit, keeping track of its mass, spatial loca-
tion, attached connectors, and whether it is on or off (ablated). Con-
nectors are also standalone units, with each unit keeping track of its
resting length, rest strength, contraction length, contraction strength,
contraction duration, recharge duration, conduction velocity of its
electrical signal, and signal direction. Each connector also contains an
internal clock to keep track of its internal processes.

In short, the grid of nodes and connectors acts as a Cellular Autom-
aton system that transports electrochemical processes through the LA
over time. Additionally, the grid of nodes and connectors functions as a
semi-connected N-body system that changes the shape of the LA over
time.

The mass of each node and the contractile strength of each connector
depend on the total mass of the simulated tissue. To achieve this, we
distribute the mass of the tissue across all connectors. It’s important to
note that this distribution is only done to set node masses and connector
strengths, as connectors themselves are considered massless. The mass
assigned to a connector is calculated by multiplying the total tissue mass
by the length of the connector and then dividing the result by the total
lengths of all connectors.

The mass of a node is determined by half of the combined mass of its
attached connectors (Eq. (1)). This multiplication by one-half is applied
because each connector contributes one-half of its mass to each of the
two nodes it connects.

The contractile force of each connector is calculated by multiplying
its mass by the force-per-mass ratio of a myocyte (Eq. (2)). This ratio is
crucial for collaborating a connector’s force relative to that of a myo-
cyte. The resting strength of a connector is utilized to restore the tissue
to its original shape. This attribute plays a significant role in maintaining
the shape of the simulated tissue.

Mass of nodei =
TM

2*TCL
∑

j
CLj (1)

Contractile strength of connectori = SR*CMi (2)

here, TM equals the total mass of the tissue, TCL equals the total length
of all connectors in the system, CLj is the length of the jth connector, and j
runs through all connectors joined to the ith node. SR is the force per
mass ratio of a myocyte and CMi is the mass of the ith connector
(Table 1).

The connectors (referred to as muscles for the remainder of this text)
produce the contractile force of the tissue and transition between two
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states: the resting state and the contracting state. This transition is
achieved by simply changing the muscle’s natural length and spring
constant. The difference between the resting and contractile lengths is
set by the Muscle Compression Stop Fraction (Table 1).

To create a beat, one node is selected as the pulse node and stimu-
lated with a periodic signal. This pulse node is drawn larger in the
simulation and is green when the simulation is running and red when the
simulation is paused. When stimulated, the pulse node will try to acti-
vate all of the muscles connected to it. If a muscle is already contracting
or in its recharge state, it will ignore the stimulus. However, if the
muscle is rested and ready to contract, it will transition into its
contraction state, reset its internal clock, and start a signal propagation
down its length away from the stimulating node. When this signal rea-
ches the end of the muscle, it will stimulate the other node it is con-
nected to. If this node is ablated, it will ignore the signal. However, if the
node is alive, it will try to activate all the muscles it is connected to. This
creates a chain reaction down the tissue and a beat will emerge.

Callback functions and user simulation interaction

Callback functions allow hardware and software to interact and are
used here so that users can adjust node andmuscle attributes in an active
simulation [45]. Initially, all node and muscle attributes are read from a
user-defined setup file. Once a simulation is running, mouse and
keyboard callback functions allow the user to adjust node and muscle
settings either in groups or individually at any time during an active
simulation.

The user can ablate nodes, change the duration of muscle contraction
and recharge periods, and adjust the propagation speed of a muscle’s
electrical signal. Additionally, the user can place an ectopic event any-
where and at any time in a running simulation. This is accomplished by
moving the mouse over a node and stimulating it with a left click,
starting a single chain reaction at that node. Furthermore, the user can
place an ectopic beat in a similar manner. For an ectopic beat, the user
will be asked for a pulse frequency, and the ectopic node will act like the
pulse node, competing for control of the beat.

The difference between an ectopic event and an ectopic beat is that
an ectopic event is a one-time ectopic trigger, whereas an ectopic beat is
a recurrent periodic ectopic trigger. Callback functions also allow the
user to change views, take snapshots, make videos, and store model
settings for later use.

We believe that the interaction between the user and the simulation
is what makes this model novel. Electrophysiologists and researchers
can set up specific scenarios, observe the outcomes, and then experiment
with ablation schemes to study the resulting effects. Medical students
could be tasked with creating arrhythmias in the model, which would
provide them with a deep understanding of the causes of that type of
arrhythmia.

Overview of simulation coloring schemes

The pulse node, as stated earlier, is green when the simulation is

running and red when the simulation is paused. Other nodes are green
when they are active and white when they are ablated. You can ablate
the pulse node, which will terminate its periodic signal and cause it to
turn white. If you create an ectopic beat, the selected node will turn
purple, allowing the user to see where the rogue beat is originating from.
An ectopic event, which is just an isolated single rogue signal, will not
change the colour of the node.

Muscles will be red when they are ready to contract, yellow when
they are contracting, and pink when they are recharging. If the user
changes the attributes of a group of muscles, the simulation will pause,
the nodes associated with the adjusted muscles will turn blue, and the
muscles that have been adjusted will turn purple. When the simulation is
continued, the muscles will return to their red, yellow, and pink cycle,
but the nodes associated with the adjusted muscles will remain blue to
allow the user to keep track of the regions that were adjusted.

If node viewing is turned off, which speeds up simulations and is
useful in simulations with higher node counts, the pixels in the regions
of white (ablated) nodes, blue (adjusted) nodes, and purple (ectopic
beat) nodes will be colored white, blue, and purple, respectively. The
green nodes, which will make up the majority of nodes, will simply not
be seen.

One-dimensional model

We began work on a one-dimensional model to demonstrate that an
electrical wavefront periodically stimulated from a single node (the
pulse node) would propagate down a strand of cardiac muscles and
initiate a chain reaction of contractions (a beat). We tested the model to
see if the electrical wavefront would terminate at ablated nodes. Addi-
tionally, nodes were excited with ectopic events in front of the electrical
wavefront to observe if a competing wavefront would propagate from
this location and interrupt the original wavefront. A graphical user
interface was also developed using OpenGL (Fig. 1 and Video 1).

Two-dimensional model

Building on the insights obtained from the one-dimensional model,
we created a two-dimensional model. To construct this model, we con-
nected the end of the muscle chain back to the pulse node (Fig. 2). This
arrangement enabled us to test the propagation of electrical wavefronts
in two directions and observe how they terminated upon encountering
each other (Video 2). The introduction of this extra dimension also
allowed us to create a slow and fast pathway. Using the ablation feature
of the model to block and release, we were able to create a textbook
reentry tachycardia that seized control of the beat from the pulse node
(Video 3).

Three-dimensional model

The transition to three dimensions enabled us to test the propagation
of electrical wavefronts in multiple directions and observe their termi-
nation on muscles that were in their refractory period or on nodes that
had been ablated. We also verified whether the model could produce a
realistic beat (Fig. 3 and Video 4). Additionally, we removed the top and
bottom nodes and placed the pulse node on the edge of the top hole. This
was done to create a crude representation of the right atrium, where the
top hole represented the superior vena cava, the bottom hole repre-
sented the inferior vena cava, and the pulse node represented the sinus
node. Blood pressure was simulated with an outward central force
applied to each node. In the future, we plan to replace this force by
filling the cavity with simulated blood. Our end goal was to model the
LA, but at this point in the development, the right atrium provided the
model with some structural validity. In three dimensions, we were able
to slow the conduction velocity in a small group of muscles and produce
a micro-reentry tachycardia (Video 5).

With a functional three-dimensional model in place, we were ready

Table 1
Typical parameter run values.

Values

Myocyte Force/Mass Ratio 596.00 mm/ms2

Rough Estimated Mass of Left Atrium 25.00 g
Rough Estimated Radius of Left Atrium 17.8 mm
Muscle Compression Stop Fraction 0.70
Beat Period 1000.00 ms
Base Muscle Contraction Duration 200.00 ms
Base Muscle Recharge Duration 200.00 ms
Base Conduction Velocity 0.50 mm/ms

We will refer to the refractory period as the sum of the contraction duration and
the recharge duration.
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to increase both the node and muscle count. However, this resulted in a
higher computational demand on the limited number of central pro-
cessing unit (CPU) cores, causing the simulations to run too slowly for an
interactive environment. Consequently, we rewrote the code, imple-
menting parallel processing and distributing the workload across the
thousands of cores on a graphics processing unit (GPU).

In Fig. 4 and Video 6, we demonstrate a micro-reentrant tachycardia
created by reducing the refractory period and conduction velocity (short
wavelength) in a group of muscles [46]. Subsequently, we isolated this
reentry through simulated ablations, restoring the atrium to sinus
rhythm. The video shows that it can take several attempts to completely
isolate the rogue tissue.

Results

Idealized left atrium

With a functional three-dimensional model designed to run on par-
allel hardware and optimized for NVIDIA GPUs, we proceeded to create
an idealized representation of the LA. Utilizing Blender, an open-source
three-dimensional rendering software package, we crafted an anatomi-
cally accurate structure of the LA, incorporating the four pulmonary vein
openings and the mitral valve in their correct positions. The pulse node
was strategically placed where Bachmann’s bundle enters the LA.
Although we did not simulate the branches of Bachmann’s bundle in this
version, it is planned for inclusion in a later iteration of the model.

Fig. 1. Screenshots represent the simulated cardiac muscle tissue going through a beat cycle (images should be read from top to bottom). The large red sphere
represents the pulse node. The smaller green spheres represent the other nodes. The lines connecting the nodes are muscles. When a muscle is ready to contract, it is
red; when contracting, it is yellow; and when recharging, it is pink. Refer to Video 1 for a demonstration of a beat cycle, as well as a demonstration of the ectopic
event and ablation tools. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Screenshots representing a two-dimensional ring of myocardium completing a beat (images should be read from left to right). Red indicates readiness to
contract, yellow indicates contraction, and pink indicates recharging (Video 2). Refer to Video 3 for a demonstration of a simple reentry tachycardia seizing control of
the beat. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Screenshots representing a three-dimensional sphere of myocardium completing a beat (images should be read from left to right). Red indicates readiness to
contract, yellow indicates contraction, and pink indicates recharging. The visualization of the individual nodes has been removed because this many spheres clutter
the image. The pulse node is still represented here as a red sphere (Video 4). See Video 5 for a demonstration of a micro-reentry tachycardia. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Additionally, a more complex muscle structure was implemented, and
the appendage was removed to enhance the model’s usability (Fig. 5 and
Video 7).

Left atrial arrhythmias

With a model of the LA in place, our objective was to demonstrate the
reproduction of common LA arrhythmias by adjusting muscle charac-
teristics in specific areas of the LA. Subsequently, we aimed to simulate
the removal of these arrhythmias through ablations, all within an active
simulation.

Initially, we created a micro-reentry by reducing the refractory
period and conduction velocity in a section of muscle tissue. This
resulted in a micro-reentry taking control of the beat. Through ablation
around the micro-reentry, we were able to isolate it from the rest of the
atrium and restore the atrium to sinus rhythm (Fig. 6 and Video 8).

Next, we induced a LA flutter by slowing the conduction velocity of
the muscles between two pulmonary vein openings and introducing an
ectopic trigger at just the right location and time. The ectopic trigger
generated a flutter around the LA, seizing control of the beat. By ablating
between these two pulmonary vein openings, we eliminated the flutter
(Fig. 6 and Video 9).

In the third scenario, we created a LA with isolated pulmonary veins
and a faulty ablation joining the pulmonary vein groupings. The
adjoining ablation had regrown tissue that was damaged, causing slow

conduction (muscles connecting blue nodes). With a properly timed
ectopic event at the fault, we induced an LA flutter. Subsequently, we
removed the flutter by repairing the fault (Fig. 6 and Video 10). Note: In
this video, some muscles connecting ablated nodes were adjusted. These
muscles will remain purple because they can not be stimulated, allowing
them to return to their red, yellow, and pink cycle.

Patient-specific models

The gold standard for anymedical modeling software is to be patient-
specific. We acquired open-source spatial data of a real LA [47]. Using
Blender, we removed the appendage and performed slight data cleaning.
The resulting spatial data was then fed into the model. For context, in
this model, the average muscle length is approximately one millimeter.
Applying our standard electrical setup, the simulation ran remarkably
well. We were able to ablate sections of the atrium. Additionally, by
reducing the refractory period and conduction velocity in a portion of
muscle tissue, we successfully created a micro-reentry (Fig. 7 and Video
11). Note: In Video 11, the ablated region and the micro-reentry are not
related in any way; they are just demonstrated in a single simulation. We
believe that it should be possible to take spatial data from CT scans and
create a useful model of a patient’s heart, enabling physicians to perform
test procedures.

Fig. 4. Screenshots depict a micro-reentry and its isolation on the refined model with increased node and muscle count. The first two images show the reentry in
control of the beat. The third image shows the isolated reentry, restoring the atrium to sinus rhythm (Video 6).

Fig. 5. Images of the idealized LA: The first image depicts a view from the back, showcasing the four pulmonary vein openings. The second image provides a
perspective through the mitral valve, looking up and back toward the four pulmonary vein openings. The third image offers a frontal view, highlighting the mitral
valve. Refer to Video 7 for an overview of the idealized LA model going through a beat cycle.
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Discussion

We have demonstrated that a strand of cardiac muscles can be
simulated using N-body techniques to generate a beat. This simulated
strand of cardiac muscles can then be utilized to create a semi-closed
mesh of cardiac tissue resembling the LA, capable of generating a
beat. Muscle attributes can be introduced into the LA mesh to establish a
substrate that will spontaneously develop an arrhythmia or exhibit an
arrhythmia when prompted by a properly placed ectopic event. Subse-
quently, these arrhythmias can be rectified through simulated ablations.
Because the model is interactive and can exhibit characteristics of many
known LA arrhythmias, we believe this model could be a valuable tool
for electrophysiologists, researchers, and medical students seeking a
deeper understanding of LA arrhythmias and strategies for their
elimination.

If spatial and electrical data could be extracted from a patient and
incorporated into the model, it could reveal insights about that specific
patient’s condition. Electrophysiologists could then utilize the model to
test ablation scenarios outside of the operating room.

We have successfully set up conditions in the model that induce the
LA to exhibit an arrhythmia resembling AF. However, these current
conditions seem somewhat contrived and lack realism. To improve the
model’s authenticity, we are adding thickness to move beyond a simple
mesh representing the shape of the LA. Additionally, stochastic elements
are being introduced to the model, incorporating small random fluctu-
ations in muscle actions. Furthermore, we are exploring the integration
of chemical waves into the model, influencing muscle properties as they
pass through. We also plan to replace the central pushback force that
simulates blood pressure with simulated blood.

Hardware and software

The main body of the code is written in C and C++. The computa-
tionally intensive portions were implemented in Compute Unified De-
vice Architecture (CUDA) and offloaded to the Graphics Processing
Units (GPUs) for acceleration [48,49]. The nodes and muscles of the
underlying LA structure were generated in Blender using a Python API.
These nodes and muscles were then stored in an input file, which was

Fig. 6. Images of the idealized LA in common arrhythmias: The first image shows a micro-reentry on the LA (Video 8). The second image displays a LA flutter
between two pulmonary vein openings caused by slow conduction velocity between the openings and an ectopic event (Video 9). The third image illustrates a LA that
has undergone pulmonary vein isolation and an ablation joining the pulmonary vein groupings. The adjoining ablation has an electrical leak with slowed conduction
through the leak. This situation does not cause a problem until an ectopic event triggers a flutter (Video 10).

Fig. 7. Images of a real LA: The first image provides a view of the LA showing the mitral valve and the four pulmonary vein openings. The second image offers a
frontal view, highlighting a section of the atrium where a micro-reentry has taken control of the beat. Additionally, in the second image, you can see a section of the
atrium that has been ablated; here, no electrical activity can occur (Video 11).
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read into our program for constructing the atrium’s structure. NVIDIA
Nsight was used for code optimization, and the graphical interface was
developed using the Open Graphics Library (OpenGL) [50,51].

N-body simulations can be optimized to run efficiently on parallel
hardware, such as NVIDIA GPUs. The software was developed and tested
on a workstation equipped with two RTX A6000 GPUs, each with over
10,000 CUDA cores and 48 GB of GDDR6 video memory. The software
was demonstrated to medical professionals on a laptop equipped with a
single NVIDIA GTX 3080 GPU. It is worth noting that the code is rela-
tively lightweight and does not demand extremely expensive hardware
for running interactive simulations.

Limitations and future work

The user can introduce areas of heterogeneity into the model through
user inputs. However, many aspects of the current model are very ho-
mogeneous. Microheterogeneity can lead to a slowing of electrical
conduction through areas of the tissue and is believed to be an under-
lying mechanism leading to arrhythmias [52,53]. The random branch-
ing structure of heart tissue, the propagation of chemical and electrical
processes in neighboring regions, and the irregular tissue patterns of the
LA all contribute to microheterogeneity and should be addressed to
improve the model.

Heterogeneities create a non-linear framework for the electrical
current in the LA to propagate through. AF, the most prominent and
least understood arrhythmia, is believed to be chaotic. Chaos can only
exist in a non-linear environment in three or more dimensions [54].
Hence, improving the model to study AF is a significant impetus for
future work.

Additionally, Bachmann’s Bundle is currently simulated as a single
pulse node that periodically attempts to initiate LA contraction. In re-
ality, Bachmann’s Bundle is a branching network of specialized myo-
cytes that extend into the LA. This limitation also needs to be addressed
to add realism to the model.

The model in its current state can be used to study periodic ar-
rhythmias but lacks the complexity necessary to study the chaotic nature
of AF. We are actively working on addressing these limitations, in
addition to the enhancements described in the discussion section. Upon
completion of these tasks, we will use the model to gain insights into the
underlying mechanisms that cause AF.

Conclusion

The study has shown that N-body techniques can be used to construct
an interactive model of the left atrium. Users can set up conditions in a
live simulation that will induce common arrhythmias. These arrhyth-
mias can be observed and studied in the model and then eliminated with
simulated ablations. We hope that the model can serve as a training and
study tool for electrophysiologists, researchers, and medical students.

High resolution copies of Videos 1–11 can be found on YouTube at:
Media Video 1: https://youtu.be/1LfkSLHCras
Media Video 2: https://youtu.be/uiBhadBPQuk
Media Video 3: https://youtu.be/PxOR28jeF50
Media Video 4: https://youtu.be/mIRA23GSZKs
Media Video 5: https://youtu.be/9KuRWVdBDR0
Media Video 6: https://youtu.be/SaPKsIT6DkM
Media Video 7: https://youtu.be/9QzJhKyeVGc
Media Video 8: https://youtu.be/qZ7-WLGbyLQ
Media Video 9: https://youtu.be/E1mbqbofrDo
Media Video 10: https://youtu.be/xiNUzwC2G3w
Media Video 11: https://youtu.be/G_ZcHeLRRjc
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.jelectrocard.2024.153762.
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[52] Kucera JP, Kléber AG, Rohr S. Slow conduction in cardiac tissue, II: effects of

branching tissue geometry. Circ Res 1998 Oct 19;83(8):795–805. https://doi.org/
10.1161/01.res.83.8.795 [PMID: 9776726].

[53] Gokhale TA, Asfour H, Verma S, Bursac N, Henriquez CS. Microheterogeneity-
induced conduction slowing and wavefront collisions govern macroscopic
conduction behavior: a computational and experimental study. PLoS Comput Biol
2018 Jul 16;14(7):e1006276. https://doi.org/10.1371/journal.pcbi.1006276.
PMID: 30011279; PMCID: PMC6062105.

[54] Strogatz SH. Nonlinear dynamics and chaos: with applications to physics, biology,
chemistry, and engineering. CRC Press; 2018.

B. Wyatt et al. Journal of Electrocardiology 86 (2024) 153762 

8 


