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Abstract
Atrial arrhythmias like atrial fibrillation and atrial
flutter are a major health challenge in developed
countries. Radiofrequency ablation performed via
intracardiac catheters is a curative therapy for these
reentrant arrhythmias. However, the optimal location of
ablation lesions is not straightforward to determine,
particularly for complex activation patterns. Thus, a
clinical need for tools to intuitively visualize complex
activation patterns and to provide a platform to evaluate
different ablation strategies in dry runs is apparent.
Here, we present a virtual reality system that allows to
interactively simulate atrial excitation propagation and
place ablation lesions. Our software builds on the
IMHOTEP framework for the Unity3D engine and
implements a multithreaded model-view-controller design
pattern. Excitation propagation is computed using a fast
marching
approach
considering
refractoriness.
Interactive rewind and playback is supported through a
combination of the flyweight pattern for simulation data
with complete snapshots for key frames. The system was
evaluated in a user study using the HTC Vive™ headset
including two controllers. For high fidelity virtual reality
interaction, a minimum frame rate of 60 per second is
required. In a biatrial anatomical model comprising
36,059 nodes (Figure 1), even complex activation
patterns with multiple wavefronts could be simulated and
rendered down to 2x slow motion (1 sec activation
sequence displayed during 2 sec wall time) on a desktop
machine. Results of the user study suggest added value
regarding the comprehension of arrhythmias and
ablation options and very good intuitiveness of the user
interface requiring almost no teach-in. The virtual reality
tool is ready to be used for educational purposes and
prepared to import personalized models supporting
diagnosis and therapy planning for atrial arrhythmias in
the future.
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Introduction

Atrial flutter and atrial fibrillation are the most
common sustained arrhythmias in humans and one of the
major health challenges in developed countries. Despite
the high prevalence and severe implications of these
arrhythmias, medicine is lacking reliable treatment
options for a large share of patients [1,2]. While both the
clinical systems employed to map atrial arrhythmias in
patients and our understanding of basic pathomechanisms governing such arrhythmias have made
substantial progress in the last years, the success rates of
catheter ablation to cure them remain suboptimal. Part of
the reason is that today’s electroanatomical mapping
systems acquire a massive amount of data, which is not
adequately reflected by available visualization methods.
Moreover, no method exists to evaluate and test different
ablation approaches in dry runs in an environment
considering the individual characteristics of a patient.
This lack often leaves the physician with the ‘learning by
burning’ paradigm.
In this paper, we present a method (FaMaS-VR) that
allows to interact with an individual patient model in real
time in a virtual reality setting. Besides facilitating the
comprehension of the individual reentry mechanism at
work through the intuitive 3D user interface, it allows to
interactively explore and test different ablation strategies
in a model reflecting the characteristics of the individual
patient.

2.

Methods

In this section, the methods for excitation propagation
simulation, for interactive playback and rewind and the
software architecture are detailed.
A triangular surface mesh is used to represent the
anatomy of the individual patient’s atria. To calculate
excitation propagation, we use an implementation of the
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Figure 1. The calculation time for one regular sinus node
activation increased linearly with the number of nodes in
the model without key framing. The smaller the number
of data action elements per key frame, the less linear the
relation between calculation time and number of nodes.
Table 1. Data model for each node. 104 bytes are required
per node to store all relevant information for a
heterogeneous, anisotropic re-entry simulation.
Field
status
timestamp
last timestamp
ERP
CV
ERP duration
fiber tensor
position
index
Sum

Size
4 bytes
4 bytes
4 bytes
4 bytes
4 bytes
4 bytes
64 bytes
12 bytes
4 bytes
104 bytes

2.6.

(e.g. one node recovering from refractoriness). Reversing
the data action elements allows to move back in time.
One regular sinus node activation produces around
190,000 data action elements with a total memory
footprint of less than 30 MB for a model comprising
30,000 nodes. While this method is very memoryefficient, large jumps in time require to process a large
number of data action elements, which causes a time lag.
For these reasons, we adopted a hybrid scheme saving a
complete snapshot of the state of the system (‘key frame’)
after a certain number of data action elements have
accumulated (cf. Figure 1). In this way, a jump to any
point in time can be realized by finding the closest key
frame and then applying only a few action elements to
reconstruct the correct state. This approach minimizes
both the memory footprint and the time lag for fast
forward or rewind operations.
FaMaS-VR builds on the IMHOTEP framework
providing interfaces for patient data management,
visualization, and user interaction via cutting-edge
devices (Figure 2). We used Viveä (HTC, Taoyuan,
Taiwan) virtual reality goggles paired with two haptic
feedback
controllers
providing
an
immersive
environment. Patient data can be provided in DICOM and
Blender formats and supplemented with additional
metadata in the JSON format. For visualization,
IMHOTEP uses the Unity3D engine. The functionality of
Unity3D can be extended by linking to pre-compiled
libraries or providing code in C# or JavaScript being
compiled just in time. C# implementations need to be
based on the Mono framework, which implements the
.NET standard, comes with a garbage collector, and
facilitates platform independence.
FaMaS-VR is implemented using two threads as shown
in Figure 3. The visualization thread is implemented
according to the model-view-controller pattern. The
Framework
visualization data is updated according to a time-
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fast marching algorithm that accounts for anisotropic
DirectX 11
and heterogeneous tissue properties and considers
Mono .NET
OpenGL
refractoriness [3,4]. As shown in Table 1, 104 bytes
Unity 3D Engine
define the state of a node. For an atrial model comprising
OpenVR
Blender
30,000 nodes, this sums up to 3.05 MB. The complexity
SteamVR
of the fast marching algorithm is 𝒪(NlogN) as can be seen
in Figure 1. For memory-limited systems, the data per
Event
Custom
node can be reduced to 20 bytes at the expense of up to
Management
Controls
10x longer calculation times.
IMHOTEP
To provide interactive rewind and fast forward
Patient
GUI
Management
functionality, two fundamental approaches can be
employed. Either the complete state of the system is
saved for each frame or the complete history of the
FaMaS-VR
system is saved using the flyweight pattern. The former
approach requires around 1.5 GB of data per second Abb. 2.7.
Architekturdiagramm.
baut auf dem The
IMHOTEP
Framework der ArFigure
2. SoftwareFaMaS-VR
architecture.
IMHOTEP
Speidel des IAR am KIT Karlsruhe auf. Dieses stellt eine umfangreiche Toolbox
simulation time and therefore does not scale well. The beitsgruppe
framework
provides
the
GUI
and
communication
zur Verfügung. Neben einem komfortablen grafischen User Interface (GUI), bietet es robuste
latter approach makes use of data action elements Kommunikationsund Interaktionsschnittstellen
sowohl für
den Programmierer,
als auch für den
interfaces
for FaMaS-VR. The
IMHOTEP
framework
an. IMHOTEP selbst erweitert die Unity 3D Engine. Diese ist auf performante 3D Darrepresenting atomic changes in the state of the system Anwender
itself
is
based
on
the
Unity3D
engine.
stellung optimiert und nutzt die aktuellen Features der DirectX 11, bzw. der OpenGL Schnittstellen. Zum Import von Daten greift sie auf Blender zurück, was eine Integration eigener Modelldaten
vereinfacht. Zur Programmierung bietet sie die Scriptsprachen C# und JavaScript mit dem .NET
Standard an. Dieser ist mit Mono als plattformunabhängiges Framework integriert.
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4. FaMaS-VR
interface. FaMaS-VR
The toolbar
(A)Komponenten
is
Abb. 4.1.
Übersicht
der FaMaS-VRuser
Funktionalität.
ist in drei
eingeteilt.linked
A zeigt to
die the
Toolbar,
die am linken
fixiert
ist. Hier tools
finden sich die
controller
in theEingabecontroller
left hand and
provides
Figure 3. The implementation uses separate threads forTools zum Hinzufügen von Stimuli (links oben), zur Ablationsplanung (rechts oben), zum Hinto setkonfigurierbarer
stimuli, define
tissue
properties,
placeundablations,
asaktuellen
zweier
Fasertypen
(Mitte)
und zum Laden
Speichern des
visualization and simulation. The visualization threadzufügen
Visualisierungszeitpunktes.
Zur and
besseren
Visualisierung
ist die
Toolbar demThe
Screenshot
well as to save
load
simulation
snapshots.
timelinks beiimplements the model-view-controller pattern andgefügt. Unter dem Simulationsmodell C befindet sich die Movie Control B. Mit dieser kann der
(B) steuern,
allowsden
to erstop,
rewind,
andlinke,
fastgrüne
forward
thezeigt den
Anwendercontrol
den Zeitpunkt
betrachten
will. Der
Zeitstempel
controls the simulation thread via job objects.
aktuell betrachteten
Zeitpunkt
Simulation an. Der
rechte, rote
simulation.
Theder simulation
model
(C)Zeitstempel
shows zeigt
thean, bis zu
welchem Zeitpunkt die Simulationsberechnung schon fortgeschritten ist. Zusätzlich wird der schon
activation
wave
dynamics,
moves
according
to
the
controlled scheme based on the Unity3D frame-by-frameberechnete Zeitraum in der Scrollbar der Movie Control rosa unterlegt angezeigt.
movement of the operator’s head and can be rotated and
rendering. The controller of the visualization thread and
manipulated with the controller in the right hand.
the simulation thread are controlled via discrete events. Zeitpunkt aus weiter.

Die Zeitleiste stellt beide Zeitpunkte grafisch dar. Der weiße Kreis auf der
Scrollbar zeigt den Visualisierungszeitpunkt an. Das berechnete Zeitintervall
3.
Results
der Simulation ist auf der Zeitleiste rosa unterlegt, nicht berechnete BereiOur implementation of the fast marching algorithm inche sind weiß dargestellt. Es ist durch klicken auf die Zeitleiste oder durch
the virtual reality environment was evaluated for biatrialDrag’n’Drop möglich, den Visualisierungszeitpunkt beliebig zu verschieben.
anatomical models of different resolutions. For highDie fünf Buttons dienen zur Animation der Visualisierung. Dabei animieren
fidelity virtual reality interaction, a minimum frame ratedie blauen Buttons langsam (Skalierungsfaktor s = 0.012) und die grünen
of 60 per second is required. For a model comprisingButtons schnell (s = 0.06). Die Pfeile auf den Buttons zeigen die jeweilige
36,059 nodes, even complex activation patterns withRichtung der Animation an. Der mittlere rote Knopf hält die Simulation an.
multiple wave fronts could be simulated and renderedEs ist möglich, den Visualisierungszeitpunkt außerhalb des Simulationsinterdown to 2x slow motion (1 sec activation sequencevalls zu setzen, sich also einen Zeitpunkt visualisieren zu lassen, der noch gar
displayed during 2 sec wall time) on a desktop machinenicht berechnet wurde. Die Movie Control zeigt dies mit einem roten, blin5. User
study
results for
ease ofdann
usesolange
and intuitivity
Warnsignal
an. Der
Anwender
bekommt
den aktuellsten
(AMD FX-8350 8x4 GHz, 24 GB RAM, GeForce GTXkenden Figure
for the aspects
(a) positioning
zooming, (b) marking
angezeigt,
bis dieser denand
Visualisierungszeitpunkt
überholt.
970). For practical applications, far higher slow motionSimulationsstand

factors would be sufficient as the activation is far too
rapid to comprehend the pattern in real time. The C#
garbage collector caused rendering lags of up to 500 ms
when cycling through the large number of orphaned data
action elements [5]. To reduce this problem, we recycle
data action element objects in order to reduce the
workload of the garbage collector. This pooling approach
did dramatically reduce both the frequency and the
duration of garbage collector-induced lags.
Figure 4 shows a screenshot of the FaMaS-VR user
interface. The toolbar allows to place ablation lines, mark
slow conducting tissue to represent e.g. fibrotic regions,
and to place triggers. The design and implementation of
the interface were evaluated in a user survey comprising
21 students and researchers in the fields of biomedical
engineering and clinical electrophysiology with widely
varying experience in virtual reality applications. While
the users affirmed ease of use and intuitiveness in
general, the time control leaves room for optimization
(Figure 5). Particularly the placement of zones of slow

slow conducting tissue, (c) placing ablations, (d) toolbar
menu, (e) tools, (f) marking slow conducting tissue, (g)
placing ablations, (h) time control, (i) time control.
conduction and ablation lesions was rated “rather
intuitive” or “very intuitive” by >95% of the participants.
The users completed the tasks of marking slow
conducting tissue and placing ablation lesions in an
average time of 84 s (range: 35-230 s) with an average
error of 0.8% (range: 0.19-1.4%) without clear
correlations between level of virtual reality experience
and performance indicating an intuitive user interface.

4.

Discussion

In this paper, we presented a virtual reality system that
allows to interactively simulate atrial excitation
propagation and place ablation lesions. The Eikonal
model describing excitation propagation and solved using
the fast marching scheme in our proposed setup has been
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shown to realistically reproduce regular activation and
stable forms of reentry [6,7]. Thus, it is well suited for the
simulation of stable, repetitive arrhythmias like atrial
flutter. For more complex and chaotic patterns like atrial
fibrillation, effects as e.g. source sink mismatch would
need to be considered.
Regarding the computational load, the C# Mono
implementation could provide high fidelity simulation
output down to 2x slow motion in a model comprising
36,059 nodes. While this is fast enough for practical
application, there is room for improvement and higher
resolution models by outsourcing the fast marching
algorithm in a C++ library. Compared to the C# Mono
implementation, the C++ code performed 136x faster.
The main reason for this difference is the implementation
of sorted lists in C# Mono vs. C++ STL. Outsourcing
parts of the algorithm in a C++ library would also reduce
the workload for the garbage collector, however requiring
strict separation of managed and unmanaged code.
For future translational perspectives regarding patientspecific evaluation of ablation patterns, the workflow for
model import in the clinical setting needs to be
streamlined. Anatomical models could be augmented with
rule-based a priori information like myocyte
orientation [8], or physiological information like diseasestate [9], genotype [10], or medication [11]. Advances in
mapping systems and appropriate signal processing
methods will facilitate patient-individual and spatially
resolved parameterization of tissue properties like
conduction velocity and duration of the effective
refractory period [12]. To pave the way for clinical
application, experience and efforts in modelling and
biosignal analysis need to be joined [13].
In the current state, the system can be used for training
and educational purposes. When equipped with a set of
relevant and challenging arrhythmia cases, FaMaS-VR
can provide an ideal environment for physicians in
training to acquire experience and skills in diagnosing,
comprehending, and eventually curing arrhythmia by
placing appropriate ablation lesions.
By facilitating comprehension of complex arrhythmia
activation patterns via intuitive visualization and by
evaluating ablation options in interactive dry runs, virtual
reality environments like FaMaS-VR can support
diagnosis and therapy planning in the future.
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