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ABSTRACT

Atrial fibrillation (AF) is the most frequently encountered arrhythmia in clinical practise. One of the major
problems in the management of AF is the difficulty in identifying the arrhythmia sources from clinical recordings.
That difficulty occurs because it is currently impossible to verify algorithms which determine these sources in
clinical data, as high resolution true excitation patterns cannot be recorded in patients. Therefore, alternative
approaches, like computer modelling are of great interest. In a recent published study such an approach was
applied for the verification of one of the most commonly used algorithms, phase mapping (PM). A meandering
rotor was simulated in the right atrium and a basket catheter was placed at 3 different locations: at the Superior
Vena Cava (SVC), the Crista Terminalis (CT) and at the Coronary Sinus (CS). It was shown that although PM can
identify the true source, it also finds several false sources due to the far-field effects and interpolation errors in all
three positions. In addition, the detection efficiency strongly depended on the basket location.

Recently, a novel tool was developed to analyse any arrhythmia called Directed Graph Mapping (DGM). DGM
is based on network theory and creates a directed graph of the excitation pattern, from which the location and
the source of the arrhythmia can be detected. Therefore, the objective of the current study was to compare the
efficiency of DGM with PM on the basket dataset of this meandering rotor. The DGM-tool was applied for a wide
variety of conduction velocities (minimal and maximal), which are input parameters of DGM.

Overall we found that DGM was able to distinguish between the true rotor and false rotors for both the SVC
and CT basket positions. For example, for the SVC position with a CVjyi = 0.01 &%, DGM detected the true core
with a prevalence of 82% versus 94% for PM. Three false rotors where detected for 39.16% (DGM) versus 100%
(PM); 22.64% (DGM) versus 100% (PM); and 0% (DGM) versus 57% (PM). Increasing CViin to 0.025% had a
stronger effect on the false rotors than on the true rotor. This led to a detection rate of 56.6% for the true rotor,
while all the other false rotors disappeared. A similar trend was observed for the CT position. For the CS position,
DGM already had a low performance for the true rotor for CVpyip = 0.01 &7 (14.7%). For CVipin = 0.02 S the false
and the true rotors could therefore not be distinguished.

We can conclude that DGM can overcome some of the limitations of PM by varying one of its input parameters
(CVpin). The true rotor is less dependent on this parameter than the false rotors, which disappear at a CVp, =
0.02 2 In order to increase to detection rate of the true rotor, one can decrease CVmin and discard the new rotors
which also appear at lower values of CVpn.

Abbreviations: DGM, Directed Graph Mapping; PM, Phase Mapping; AF, Atrial Fibrillation; PV, Pulmonary Vein; ECGM, Electrocardiogram; SVC, Superior Vena
Cava; IVC, Inferior Vena Cava; CS, Coronary Sinus; CT, Crista Terminalis; RA, Right Atrium; LA, Left Atrium; LAT, Local Activation Time; IMPS, Imaginary Phase
Singularity; FIPS, False Interpolation Phase Singularity; RWE, Rotor Wave Extension; CBU, Closing Basket Up; CV, Conduction Velocity.

* Corresponding author.

E-mail address: enid.vannieuwenhuyse@ugent.be (E. Van Nieuwenhuyse).

https://doi.org/10.1016/j.compbiomed.2021.104381
Received 2 February 2021; Received in revised form 2 April 2021; Accepted 2 April 2021

Available online 15 April 2021
0010-4825/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license


mailto:enid.vannieuwenhuyse@ugent.be
www.sciencedirect.com/science/journal/00104825
https://http://www.elsevier.com/locate/compbiomed
https://doi.org/10.1016/j.compbiomed.2021.104381
https://doi.org/10.1016/j.compbiomed.2021.104381
https://doi.org/10.1016/j.compbiomed.2021.104381
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiomed.2021.104381&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Van Nieuwenhuyse et al.

1. Introduction

Atrial Fibrillation (AF) is often referred to as the most common
arrhythmia in clinical practise. The estimated prevalence is 1-2% of the
general population, 4% of the hospital population and 40% of patients
with congestive heart failure [1]. AF remains one of the major causes of
stroke, heart failure, sudden death and cardiovascular morbidity in the
world [2,3]. Furthermore, the number of patients with AF is predicted to
rise steeply in the coming years due to the ageing population [4].
Currently, the main treatment for AF patients is ablation of some regions
of the heart which may restore normal excitation of atria. However, the
success of these procedures is poor for patients with persistent AF with
an overall success rate of ~ 50% [5-7]. This is mainly because there are
no clear guidelines on the ablation procedure. This is a result of many
factors including the difficulty in obtaining and interpreting the data on
the excitation pattern during AF in a specific patient.

In clinics, Haissaguerre et al. [8] suggested that paroxysmal AF is
triggered by ectopic activity originating from the pulmonary veins re-
gion and demonstrated that pulmonary vein isolation is an effective way
to manage AF. However, for persistent AF the story is more complex. It
has been shown that persistent AF might be organised by a small number
of stable rotors. Upon ablation of the cores of these rotors in combina-
tion with pulmonary vein isolation, impressive outcomes were reported
at a 3 year follow-up (78% vs 39% success rate) [9,10], although new
studies contradicted this study [11-13]. The inverse mapping technique
(ECGI) was applied by Haissaguerre et al. [14] and Lim et al. [15] to
study epicardial organization of AF. They also showed that ablation of
persistent rotors by lesions extending from the rotor core to the
boundary was beneficial for AF management. In addition, many com-
puter simulations consistently demonstrated that AF is perpetuated by
the reentrant circuits persisting in the fibrotic boundary zones [16-20].

However, many other different explanations were proposed as
possible mechanisms of AF: the multiple wavelet theory [21-24], the
double layer hypothesis [25-29], mother rotor fibrillation [30,31], focal
sources [32,33], and more recently, micro-anatomical intramural
reentry [34,35]. To demonstrate the complexity in the field, a crosstalk
provided room for all the different viewpoints [36-40] and the discus-
sion remains ongoing [41,42].

In case rotors are present, phase mapping (PM) is used to detect
rotors [9]. The problem with PM is that false positives can be easily
detected [43-45]. This was also confirmed by a previous study done by
some authors of this manuscript, where a meandering rotor was simu-
lated in the right atrium (RA) [46]. Different realistic settings of a virtual
64-basket catheter were positioned in the RA. We consider this
meandering rotor as a highly simplified setting of AF, which is much
more complex. Applying PM to the full voltage data on the endocardium
allows to track the rotor 100% of the time. The question was, how does
PM perform when analysing the signals of a basket catheter placed in the
RA. Already in this simple setting, the authors showed that in addition to
the correct rotor, PM also detects two types of phantom rotors. The first
type of phantom rotor was an artefact of the interpolation (classified as a
FIPS, false interpolation phase singularity). The second type of reentries
detected by PM were effects due to the far field and classified as IMPS
(imaginary phase singularities). Even though the true meandering rotor
was detected by PM with a mediocre to high performance (depending on
the placement of the basket catheter), the false detections were indis-
tinguishable from the true ones. Only with a manual and careful inter-
pretation of the local activation times (LATs), the FIPS could be
eliminated. The rotors detected due to the far field, remained indistin-
guishable from the true rotor. Moreover, a high prevalence of these
wrong rotors can contribute to the failure of AF ablation procedures
where (meandering) rotors are detected.

Recently, a new methodology was developed describing the elec-
trical propagation in cardiac tissue as a directed network called
Directed-Graph Mapping (DGM) [47,48]. Thus far this methodology was
only successfully tested on (complex) clinical cases of atrial tachycardia
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[47,49] and on various simple in-silico settings [47] with stable rotors.
Therefore, the aim of the current research was to study if DGM is less
prone to far-field effects and interpolation artefacts than PM on the more
complex in-silico data of Martinez-Mateu et al. [46].

2. Materials and methods
2.1. The simulation, 64-pole basket locations and the PM protocol

Simulations were done in a realistic model of the atria, including
heterogeneity at cell, tissue and organ scale, whereby the fibre direction
was derived from histological analyses. The Courtemanche-Ramirez-
Nattel ionic model was used and ionic currents were adjusted to mimic
chronic AF. The electrical and gap junctional remodelling produced a
reduction of 17% in the conduction velocity with respect to control
model, consistent with experimental observations. For more details
concerning the settings of the simulations, we refer to Martinez-Mateu
et al. [46]. A meandering rotor in the RA was induced by a
burst-pacing protocol, creating an excitation pattern in the complete
atrium. An illustration of the atrium with the voltage excitation pattern
at a single time frame is shown in Fig. 1A. The meandering rotor is
indicated with an arrow and was the true and only rotor driving the
excitation pattern. In the RA a 64-pole basket catheter was placed and
electrocardiograms (ECGMs) were computed for these 64 electrodes.
The same excitation pattern was evaluated in 3 different locations
within the RA. The basket was placed a) at the Superior Vena Cava
(SVQ), b) at the Crista Terminalis (CT) and c) at the Coronary Sinus (CS).
Fig. 1B shows an illustration of the different electrode locations in the
RA. Next, for each of the 3 locations of the basket, a flat 2D activation
map was created of the 64 electrodes, resulting in a map of 8 x (8 + 1)
nodes. Note that an additional column of nodes was created which
corresponds to the first column, to account for the periodicity. These flat
basket electrodes are shown in Fig. 1C as black dots. From these loca-
tions, the 8 x 9 ECGMs were linearly interpolated to a map of 225 x 257
nodes, resulting in 57,600 different points (57,825 in case you take into
account the periodical column) (see Fig. 1C, colour map). This map was
triangulated with a Delaunay filter to create triangles in the map. On
each triangle, PM was applied to recover the rotor as follows. First, as
described in Martinez-Mateu et al. [46], the interpolated ECGMs were
filtered and a Hilbert transform was applied. Second, for each consec-
utive time frame of 1 ms, a single phase angle was assigned to each node.
Third, from these phase angles, a 2D phase plane was created. In this
way, Martinez-Mateu et al. [46] created a time evolution of the detected
phase singularities. Finally, the detected phase singularities were clas-
sified into different categories based on interpretation of their trajec-
tories and the voltage excitation pattern of the atrium. The classification
of these different types of reentries are shown in Fig. 1D. Depending on
the position in the atrium, different types of reentry were detected
although only a single meandering rotor was simulated.

True rotor. This is the only true source driving the excitation
pattern. In the SVC position, the true rotor was found for 94% of the
simulation time and was coloured in green in Fig. 1D. For the CT and the
CS position, the true rotor was found 90% respectively 35%. As the true
rotor is meandering, the green area, representing all the phase singu-
larities during the whole simulation, is quite large.

IMPS1 and IMPS2. IMPS are Imaginary Phase Singularities which
occur due to far field effects. In the SVC position, a pair of IMPS was
found during the whole simulation time (100%). In the CT position only
1 IMPS was detected during 100% of the simulation time. For the CS
position, a pair of IMPS was detected during 31% of the simulation time.
The IMPS1 and the IMPS2 are coloured in orange and blue in Fig. 1D. As
these IMPS have a non-existing source, they are artefacts.

FIPS. The FIPS are also false phase singularities which occur due to
interpolation effects of the preprocessed data. This type of reentry,
called a False Interpolation Phase Singularity, was detected during 57%
in the SVC position, 13% in the CT position and 40% in the CS position,
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see red colour in Fig. 1D.

RWE. An RWE or a ‘Rotor Wave Extension’ occurs as a topological
feature of the wave rotation. The excitation rotor is connected to an
excitation front which ends at the boundary of the tissue. In the current
geometry of the atrium, this boundary corresponds with the IVC. There
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is indeed a pseudo type of rotation around the IVC but it is driven by the
rotor and is not a new excitation source, see Supplementary Movie 1 (S1
Video). PM detected this RWE respectively 7%, 0% and 61% in the SVC,
the CT and the CS position. In the SVC and CS position this RWE is
indicated with a pink colour (Fig. 1) as it is located at the basket itself.

True rotor

A) Simulation of complex excitation pattern of a meandering rotor in the atria _

20 mv

B) Original 64 pole basket catheter in representative configurations

SvC CT

). / Ve

svC

C) Phasemaps of the 57825 (periodic column included) nodes for the 3 positions with the basket superimposed
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IVC

D) Classification of the different PM detected cores
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Fig. 1. Different steps of the PM analysis. Panel A shows a single time frame of the voltage map of the meandering rotor in the atria. The true rotor is indicated
with a black arrow. The SVC, IVC and TV, respectively the Superior Vena Cava, Inferior Vena Cava and the Tricuspid Valve are indicated with black circles. In panel B
the locations of the 3 different positions of the 64-pole basket catheter are displayed inside the RA. In panel C, the flattened catheter basket is visualised in black for
the 3 positions with an additional periodical column, leading to the 72 nodes in total. In panel C, the interpolation of the phase to the 57,825 electrodes is shown for a
single time frame. To better understand the position of these flattened baskets inside the RA, we also indicated the veins. Panel D shows the classifications of the
different cores for the three positions detected by PM. The black arrows show the rotation direction of the detected rotors.
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However, in the CT position, an offline interpretation of the LATs of the
bottom row showed a monotonically increasing line. This manual result
was interpreted as a 100% detection rate for the RWE in the CT position.
However, as this was not an automated result, we did not consider the
detection of the RWE in the CT position as 100% but as 0%.

Notice that the performance of PM is based on the ECGMs taken from
a basket catheter inside the atrium. The generated false positives are due
to the far-field effects or false interpolations. Taking the simulated data
at the endocardial wall and applying PM did result in the only correct
rotor. However, in clinics, the operator usually does not possesses the
surface recordings with high enough density. Hence, the aim of the
previous research was to show that one has to be careful with using PM
for basket catheter recordings [46,50].

2.2. Directed Graph Mapping - general concept

Before going into detail on the applied DGM calculations during this
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study, we first describe the general concept of DGM. DGM is a novel
methodology to determine rotational and centrifugal (focal source) ac-
tivity in cardiac tissue [47,49,51]. For this, a directed network is created
which represents the electrical excitation of the heart, implemented as
follows. First, for each ECGM the local activation times (LATS) are
determined as the steepest negative derivative of the signal. Also the
spatial locations (XYZ) of each electrode are extracted, see Fig. 2A for a
visualisation of all the electrodes. Second, we determine the neighbours
of each electrode, see Fig. 2B. In previous work, we did this by setting a
spherical distance around each electrode and including all electrodes
within that distance. These neighbours cover all possible paths where
the wave can travel, starting from a certain electrode. Third, at a certain
time ¢ for each electrode, we draw an arrow between 2 neighbouring
electrodes if and only if the corresponding ratio of the spatial distance
(6d) over the time-difference (SLAT) of the nodes lies between the pre-
defined region of allowed conduction velocities (CVpin and CVyay) (see
also Fig. 2C and D):

A) Collective of nodes

C) LAT of each node at time t= 1000 ms

/

\Y

oms - 120 s

LAT

E) Directed network for all the nodes

B) Circular neighbors for each node

Voltage in mV
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F) Detected directed cycles
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Fig. 2. Illustration of the DGM protocol. In panel A we show 928 nodes inside the RA at the SVC position which were used for DGM. In panel B, we picture the
neighbouring protocol for each of these nodes. In panel C we show the distribution of LATs at a single time frame for each node. In panel D, we demonstrate how the
directed network is created for a single node. Starting from the node which is indicated with a star, we determined the difference in LAT and the Euclidean distance
between this node and each neighbour. In case these values satisfied equation (1), a directed arrow was drawn from the source node to the neighbouring node. This
was repeated for all the nodes, creating a directed network as shown in panel E. The directed cycles in this network are determined in panel F.
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od

CVmin S m S CVmax (1)

We highlight that CV,,;, and CV,,,, are input parameters of DGM and
therefore, we can study the effect of the outcome by changing these
values. Next, for each electrode this protocol is repeated, resulting in a
complex directed graph. A second graph is created in exactly the same
way at the time frame t + 6t and is merged with the first graph, Fig. 2E.
In this merged graph, the rotational activity is found by detecting the
cycles in the network via a Breath First Search algorithm. Finally, an
optimization tool extracts the best physiological cycle, see Fig. 2F. In
case no cycles are detected, the DGM tool searches for electrodes with
only outgoing arrows, corresponding with the locations of the focal
sources in the tissue. For a more detailed description of the general
concept and applicability of DGM, we refer the reader to Ref. [47].

2.3. Directed Graph Mapping - adaptions for current study

For this study, we applied the following steps for each different po-
sition of the 64-pole basket catheter in the RA.
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2.4. Determination of the electrode locations based on the 2D map

In contrast with PM, DGM is a method which heavily relies on the
spatial configuration of the basket electrodes. It is important to note that
the distances between the electrodes of the 2D map do not agree with the
real traveled distances of the 3D wave propagation. Therefore, the 2D
ECGMs (225 x 257 map) were first placed back in the RA on the correct
locations. For this, we computed the transformation matrix from the 3D
location of the 64-pole basket catheter in the RA to the 8 x (8 + 1) nodes
on the 2D map. The inverse of this matrix made it possible to place the
interpolated ECGMs (57,600 nodes, as the periodical column is redun-
dant) back in the 3D RA. However, as the size of the network depends on
the amount of nodes N (interpolated electrodes) and edges E (connec-
tions between two neighbours), we only considered an equidistant
subset of the 57,600 ECGMs (equidistant in terms of lateral and longi-
tudinal coordinates). Therefore, we performed our analysis on 957
interpolated ECGMs corresponding with 29 x (32 + 1) nodes, see
Fig. 3A.

A) DG Input - Determination of XYZ

Mathematical link
between
2D and 3D

64-electrode basket catheter

8 X (8 + 1) electrode map
original 72 nodes in 2D

B) DG Input - Determination of LAT on linearly interpolated filtered EGMs

Equidistant interpolation
of electrodes

Inverse operation
of first mathematical link
from 3D to 2D

H

924-electrode basket catheter 29 X (32 + 1) electrode map

957 nodes in 2D

LAT

onthe 8x (8 + 1) mapin 2D

C) DG Input - Determination of a suitable neighboring protocol
Spherical neighboring

0.4 mV TR R
omv c L I N .° °
0.4y original EGMs linear interpolated EGMs

onthe 29x (32 + 1) mapin 2D

Voltage in mV

0 200 400 600 800 1000
Time in ms

Circular neighboring

Fig. 3. Panel A shows from left to right: the original flattened 72-pole basket catheter projected on the 2D plane; its corresponding 3D location in the atrium; the
interpolated 924 electrodes in 3D; the corresponding 957 pole basket catheter in 2D. Panel B shows the linear interpolation of the ECGMs to the 957 electrodes. Based
on the filtered ECGMs, the LATs are calculated for each electrode. Panel C illustrates 2 different neighbouring protocols. As the spherical neighbouring protocol does
not result in a representative set of neighbours (too many neighbours at the pole, too little at the equator) a circular neighbouring protocol was chosen.
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2.5. Determination of the local activation times

To determine the LATs, we first linearly interpolated the 64 filtered
ECGMs which were computed in Martinez-Mateu et al. [46] to 957
different positions. Next, the LATs were determined by taking the
steepest negative derivative of the these interpolated ECGMs, see
Fig. 3B.

2.6. Determination of the neighbours in the 3D basket

For this study, we did not choose a spherical distance to assign
neighbours. Instead, we took into account the shape of the basket and
only assigned the closest neighbours to each electrode as represented in
Fig. 3C. Hence, we did not have too little neighbours at the equator of
the basket and not too many neighbours at the pole of the basket,
keeping the number of neighbours the same for each node. We also
tested a next-to-nearest neighbouring protocol. However, as it resulted
in more detections of the IMPSs in the SVC and CT position, so we did
not further use this setting in this paper.
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2.7. The graph parameters

After creating the network which represents the excitation pattern of
the arrhythmia, we detected the cycles as described earlier. For a certain
time frame ¢, if multiple cycles were detected and their corresponding
geometrical cores were separated more than 10 mm, they were
considered as separate rotors. Each 1 ms, an analysis was performed by
DGM for a total time of 9s. To study the effect of the conduction ve-
locities on the graphs, we gradually varied the minimal and maximal
conduction velocity necessary for the construction of the directed
graphs. The minimal conduction velocity CVy,;; was varied from 0.01 to
0.04 cm/ms with steps of 0.0025 cm/ms. The maximal conduction ve-
locity CVpg, was varied in 4 steps: [0.075,0.1,0.15,0.2] cm/ms. As a
result, 52 (13 x 4) different velocities-setting were tested. The time
difference 5t between the computation of the two basic graphs which
were merged into the final graph was set at 50 ms [47]. We did vary &t
but higher values did not increase the detection of true or false rotors,
while lower values did decrease the performance detection of all type of
detections uniformly.

svC

Legend

O IMPS 1 . IMPS 3 ‘ IMPS 4
. IMPS 2 O Closing basket up

‘ True rotor
O RWE

A) Interpolated 957 pole basket catheter in representative configurations

B) lllustration of the LAT map for the 957 flattened basket catheter for the 3 positions
CT

w

S3asaeeras:
%000002
BT

5

32
2,

Fig. 4. Detection categories of DGM in the basket catheter. In panel A we visualised the 928 pole basket catheter in the 3 positions within the right atrium. In
panel B the flattened 957 (29 x (32 + 1)) catheter with the corresponding LATs at the simulation time t = 1500 ms is shown. The colours denote the time which
passed since the last activation. Panel C shows the different regions detected by DGM on the 957 flattened catheter.
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2.8. DGM compared to PM

As explained before, for DGM only 957 nodes were used to analyse
the data in contrast with 57,600 nodes for PM. In Ref. [46], it was
mentioned that PM was also performed with 957 interpolated points for
the 64-basket catheter. As expected, the number of FIPSs was lower than
the phase maps with 57,600 interpolated points, which confirmed that
FIPSs are due to interpolation effects. In addition, IMPSs were still
detected during the whole simulation time, which demonstrated their
independence from the interpolation effects. However, as the data of the
paper [46] was mostly gathered with 57,600 points, we will compare
our outcome with this dataset. Keep in mind that FIPSs found by PM are
sensitive to the interpolation and that this type of artefact can be easily
identified and discarded since electrodes surrounding them do not show
sequential activation, unlike for IMPSs and real rotors.

To automatically determine and classify the singularities of DGM and
compare them to the singularities found by PM, we used the following
steps. First, each core determined by DGM was assigned the closest node
of the 924 (3D) electrodes. An illustration of these 924 pole basket
catheters in the 3 different positions is shown in Fig. 4A. Second, the 3D
map was flattened to its 957 2D equivalent, Fig. 4B. Next, each core was
assigned a colour based on the closest reentry region of PM, see Fig. 4C.
In addition to PM, DGM found an extra reentry which we assigned a light
green colour and which corresponds with the closure of the basket at the
top, called ‘Closing basket up’. However, as will be discussed, this extra
reentry is rarely found and just mentioned for completeness. Another
difference is that DGM did not detect any FIPS. FIPS were defined in
Martinez-Mateu et al. as false singularities where two LATs had the same
value. Note that by definition DGM will not detect these as a finite
different in LAT is required for an arrow to be drawn.

An example of the described detection procedure is demonstrated in
Supplementary Movie 2 (S2 Video). In this movie, we show the detected
excitation pattern for a single parameter setting in the SVC position.
Depending on the location where the DGM and PM singularities are
detected, the colour codes of Figs. 4 and 1 (last rows) were used.

3. Results
The main aim of the current research is to compare the performance

of DGM and PM on the in-silico excitation pattern of a meandering rotor
in the RA.
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3.1. DGM compared to PM for CVyin and CVpgy

In this section, we will describe the comparison of DGM and PM. In
Fig. 5, the 3 subfigures represent the three different positions of the
basket (SVC, CT and CS). At the left of each figure, we show the colour
bars representing the fixed performances of PM for the various detected
reentries. The true rotor is indicated in green, IMPS1 in orange, IMPS2 in
blue, FIPS in red and RWE in pink (see also Fig. 4). We recall that IMPS
are imaginary phase singularities which occur due to far field effects,
while FIPS occur due to interpolation effects.

As explained in the methods section, the performance of DGM de-
pends on the minimal allowed conduction velocity CVm, and the
maximal allowed conduction velocity CVpgy, which are used for the
construction of the networks. We found that the main parameter
affecting the detection rate is CV;,, while the dependency on CVy,qy is
almost flat, provided the value is within reasonable limits. In Fig. 5
(middle), we show the performance of DGM for different CV,,;, varied
from 0.01 &% to 0.04 &% with a fixed CVinge = 0.25%. Each line represents
the corresponding detected source by DGM as introduced in Fig. 4. At
the right, we show what we consider the best performance of DGM with
the same colour-coding. One can immediately observe that for the SVC
and CT position, the true rotor has the least dependency on CViyn.
Therefore, by setting CVpmin = 0.022%, it is possible to only detect the
true rotor whereas the detection rate of all false rotors are smaller than
5%. Moreover, to increase the detection rate of the true rotor, one can
just decrease CVipin to 0.01 €2, All the individual performance percent-
ages of this Figure can be found in Supplementary Table 1 (S1_Table), 2
(S2 Table) and 3 (S3 Table) for the SVC, CT and CS position respectively.
In the next section, we will discuss the performances of each position
separately in more detail.

3.2. SVC position

For CVpin = 0.01cm/ms, DGM detected the true core with a preva-
lence of 82% versus 94% for PM, which is relatively close. However, for
the other type of reentries, the detection performances differed signifi-
cantly favoring DGM. First, IMPS1 and IMPS2 were detected with a
prevalence of 39.16% and 22.64% for DGM versus 100% and 100% for
PM. Second, FIPS were not found with DGM (0%) while PM detected it
for 57% of the time. Third, an additional source, called the ‘closing
basket up’, was not detected with PM as an automated identification of
macro reentrant sources is not possible with PM. In contrast, DGM found

CT position CS position

DGM
PM DGM PM

]

=
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Minimal conduction velocity in cm/ms Minimal conduction velocity in cm/ms Minimal conduction velocity in cm/ms
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Fig. 5. Comparison of the detection performance of PM and DGM. For PV, a single set of results was found. The height of the bar corresponds with the detection

performance, the colour with the corresponding reentry. The lines in between PM and DGM columns show the performance of DGM under variation of CV;y;, from
0.01 2% to 0.04 £ for a fixed maximal conduction velocity of 0.2 €. The last column is the best setting for only finding the true rotor in DGM. Again, the height of the
bars represent the performance rate.
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the ‘closing basket up’ for 6.08% of the simulation time.

Upon increasing CVyn, all detection rates decreased as it was less
likely for a connection between two neighbours in the network to be
formed. However, it affected the false sources more than the true source.
For example, for CVy; = 0.02 &8, although the performance of the true
rotor dropped + 26% (to 56.6%), the detection of all other false rotors
almost disappeared (to less than 5%). Therefore, this parameter setting
helps us to make a distinction between the true and false sources. This
favoured parameter setting is also illustrated in Supplementary Movie 2
(S2 Video).

Apart from varying CVy,,, we also altered CVpq. In Supplementary
Fig 1 (S1 Fig), we show the dependency of both CV,,;, and CVpgy for the
SVC position in the top row. One can see that the detection performance
reduced for each type of reentry under reduction of CV;,4y, however this
effect was less pronounced than varying CVp;. In the right column, one
can appreciate that the change in performance rate upon varying CVqx
was the biggest for the true rotor, while it had a small effect on the
IMPS1 and almost no effect on the IMPS2 rotor (flat line).

3.3. CT position

In the CT position DGM detected 3 different types of reentry for
CViin = 0.01cm/ms. The true rotor had a detection rate of 58.81% by
DGM which is almost 30% less than the detection rate of 90% by PM. In
addition to the true rotor, there are 3 other types of false rotors detected
by PM whilst only 2 additional types detected by DGM. The IMPS1 was
found for 82.61% by DGM versus 100% by PM. The detected FIPS was
not found by DGM (0%), versus 13% by PM. With offline interpretation
of the LAT the RWE was manually observed during the total time of the
simulation by Martinez-Mateu et al. DGM detected this type of reentry in
4.37% of the time. For a stricter CV;y;, of 0.02 &%, the true rotor perfor-
mance decreased to 25%. However the detection of the IMPS1 dropped
to 3.63% and the RWE dropped to 3.5%. An illustration of this param-
eter setting in the CT position is given in Supplementary Movie 3 (S3
Video).

In the CT position, we observed that for a fixed CVyuex = 0.25%, the
false rotors depended even more heavily on CV,;;;, in comparison to the
SVC position. While the true rotor showed a more or less a linear de-
pendency with a percentage drop of 29% per (0.01 cm/ms), the IMPS1
showed a percentage drop of 66% per (0.01 cm/ms). This average was
made over the interval where the performances were higher than zero.

As well as in the previous position, the dependency on CVy,qc Was
tested. In Supplementary Fig 1 (S1 Fig), the second row, we plotted the
dependency of both CV,;;, as CVpgx. One observe a similar dependency
as in the SVC position, however less pronounced. Therefore, we
conclude that for this position, no discrimination between true or false
rotors can be made purely based on CVpgy.

3.4. CS position

In the CS position, the performance of PM and DGM suffered from the
distance to the true rotor (as also stated in Martinez-Mateu et al. [46]).
All the detection rates for PM as well as for DGM dropped significantly.
However, an important note has to be made about the CS position. Due
to the distance of the basket to the location of interest (the real rotor),
interpretation of the detected PM singularities on the flattened 2D map
in Martinez-Mateu et al. was challenging. The location of the true rotor
was assigned to the A-H spline instead of the expected A-B spline due to
the meandering properties of the rotor found in the A-H region. How-
ever, with DGM we interpreted the detections from a 3D point of view by
projecting the true core orthogonal on the endocardium. In combination
with the 2 other basket positions, we found that the IMPS2 which was
detected with PM, was actually the real rotor. The reason for this
confusion originates from the fact that irregular inter-electrode, elec-
trode-to-tissue and electro-to-rotor distances may affect rotors
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detections [46,50]. We found that in the CS position, the far-field
strongly affected the A-B spline (electrode-to-tissue distances 1-1.5 cm
compared to 0.5-1 cm at the A-H spline) resulting in more rotational
activity than expected. A pair of intermittent rotors with opposite
chirality and without the meandering properties appeared in A-B spline,
instead of just one rotor paired up with the RWE, like the one observed
in A-H spline. However, for both methods, even if the interpretation of
the correct reentry differed, the detection rate of any rotor in this po-
sition was significantly lower than in the other positions.

To summarise these last statements, we refer to Figs. 1 and 4. IMPS1
by PM corresponds with IMPS3 by DGM, IMPS2 by PM corresponds with
the true core by DGM and RWE remains the same. FIPS were not
detected by DGM and the true core of PM corresponded with IMPS4 by
DGM.

As with the previous positions, we again report the performance rate
for CVmin = 0.01 2 with a fixed CVyax = 0.2 £, For the analysis, we used
the detection rates of the rotors defined by DGM. The true rotor was
detected in 14.7% by DGM versus 31% by PM, RWE in 34% by DGM
versus 61% by PM, IMPS3 in 12.38% by DGM versus 31% by PM, IMPS4
7.17% by DGM versus 35% by PM. A FIPS -which was not detected by
DGM-was detected in 40% of the simulation time by PM. Upon
increasing CVp, to 0.02 &%, IMPS3, IMPS4 and the true DGM rotor
decreased with more or less the same rate. Only the performance of the
RWE reduced twice as fast. This led to a detection rate of less than 5% for
the RWE and 0% for any other type of reentry at the previously favoured
parameters of CVpip = 0.02 $% with a fixed CViax = 0.2 2. Again, as can
be seen in Supplementary Fig 1 (S1 Fig) in the last row, the dependency
of the detection performance remains more or less unchanged under
variation of CVyqy.

As the previously used parameter setting results in a zero detection
rate for all sources, we created an illustration of this position (see Sup-
plementary Movie 4 (S4 Video)) for a different set of parameters. More
specifically, we showed the reentries detected by DGM and the corre-
sponding reentries by PM cores for a CVpyin = 0.015% and a CViyex =
0.20¢m,

In conclusion, for this position, we cannot distinguish the true from
the false reentries. In addition, one can appreciate that very little rota-
tional activity can be observed in Supplementary Movie 4 (S4 Video).
This is in contrast with Supplementary Movie 2 (S2 Video) of the SVC
position and Supplementary Movie 3 (S3 Video)) of the CT position
where reentrant activity can be clearly observed with the naked eye.

4. Discussion
4.1. General conclusion

In this study, we compared the performances of PM and DGM for the
detection of a meandering rotor using a virtual basket catheter in three
different positions. We found that for 2 of the 3 positions (SVC and CT),
DGM was able to discriminate the true rotor from the false rotors by
examining the dependency of the different rotors on CVy,. In the CS
position, the distance to the true rotor was always larger than 1.5 cm,
which can explain the poor performance rate of PM as well as DGM in
that position [46]. Therefore, our hypothesis is that true rotors show the
least dependency on CVy; upon increase from 0.01 &% to 0.02 &
However, to be able to follow the true rotor during the whole
arrhythmia, one should again decrease CVimin to 0.01 2% and discard the
new rotors which appear.

We should note that this hypothesis was only tested for a limited
number of datasets (3 positions in 1 simulation). In the future, we plan to
test this hypothesis for different excitation patterns and with different
measuring systems. In addition to the known 64-electrode basket cath-
eter (FIRMap™, Topera), many new devices are entering the market. For
example, non-contact electrode mapping systems, such as the dipole
density mapping AcQMap system (Acutus Medical), which is used
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together with ultrasound imaging, offer a global coverage at a high
resolution [52]. Testing DGM and PM in this type of devices could be a
way forward to understand AF.

4.2. The importance of the conduction velocity

From this study, it is clear that the minimal CV plays a crucial role in
the detection of the correct rotor. Setting CVp;, too low, creates links
between the wrong electrodes, resulting in false rotors. However, for
clinical datasets, the minimum CV of persistent AF is unclear. In Konings
et al. [53], a minimal conduction velocity of 0.08 mm/ms was reported.
In later research by this group that value increased to 0.17 mm/ms
[25-27]. It is important to note that these values were manually chosen
for these studies, in order to uncover the electrodes which were initiated
by the same wave, similar as we do in this study. From the current study
it follows that CV,,;;, is a crucial value which, if set it too low, creates
false positives in DGM, while also increasing the detection of the true
rotor. This might be essential for later studies.

4.3. Projection of rotor onto the basket

One can appreciate that with PM, is it impossible to make a similar
type of analysis as with DGM. The advantage of DGM is that we can test
the dependency of the results on the strictness of the conditions for
finding rotational activity. By making the conditions stricter, only the
best fitting reentries survive the test, which will reveal the real reentry
loops. One reason might be that when a true loop is projected perpen-
dicular onto the basket catheter, the wave preserves the properties of the
conduction velocities. Therefore, upon increasing CV, which de-
creases the chance of drawing an arrow between two neighbouring
point, the real reentry is still detected but less often than for lower CVpyy.
Indeed, when a true reentry is projected from a certain angle, the time
differences in LAT values for equidistant nodes may vary more and the
reentry might not be detected anymore for stricter settings. As the false
reentry loops were not true reentries in the first place, their properties
were already less stable. Of course, this hypothesis needs further testing
in future research were a stable spiral wave is projected onto a basket
catheter in different angles. In addition, this might also explain the drop
of detection performance for the true rotor in the CT versus the SVC
position upon making CV,,;; more strict.

4.4. PM generates false positives?

As is known from literature, PM can easily generate false positives in
the in-vivo setting. In Ref. [47], we investigated how quickly PM detects
false positives upon adding Gaussian noise to a simulated dataset of a
stationary rotor. We found that DGM was much more robust than PM as
PM breaks down very quickly. Already from adding an average of 20 ms
of noise to the LATs, PM generated false results in 100% of the simulated
cases (in comparison with DGM, which was still correct in 80% of the
cases.) It was also shown that for complex activation patterns PM can
generated non-rotational singularity points and false rotors [43]. In
other simulations, phase singularities were be easily detected by chance
by PM and “great methodological care has to be taken before equating
detected PS with rotating waves and using PS detection algorithms to
guide catheter ablation of AF” [44].

However, as the detection performance of the PM on the atrial
membrane voltage maps is 100 % [50], one can therefore ask the
following question. Does PM generate false positives (the IMPS, FIPS),
when applied to electrical recordings from basket catheters, or do the
basket catheters itself represent the wrong excitation pattern? Due to the
irregular inter-electrode distance of a basket catheter, the
electrode-to-tissue distances and the poor spatial resolution when
mapping the atria, the patterns projected on the basket catheter might
be wrong. Looking with the naked eye to Supplementary Movie 2 and 3,
one can appreciate that indeed for certain times, two rotational waves
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can be seen in different positions, even though the singularity at the
IMPS1 position for these locations is mainly due to the collision of an
excitation front of a focal stimulus and an excitation generated by a
wave. It would be interesting to further investigate why these far field
signals give rise to a rotating electrical field on the basket catheter and
how the projection of the electrical signals affects the interpretations.
Additionally, the performance of DGM in these different settings could
be tested and maybe give rise to better performance detections than PM,
as we already stated in the previous section.

It would also be interesting to compare DGM with PM in previously
analysed clinical datasets of AF measured with basket catheters. In a
recent study by Zaman et al. [54], local activation mapping at sites of
termination of persistent AF showed repetitive patterns of rotational or
focal activity. Therefore, this type of study would be ideal to test with
DGM, especially where the activation mapping showed only a partial
rotational patterns. Moreover, any study using activation mapping to
determine the mechanism of AF could be automatically analysed with
DGM [55].

4.5. Limitations

Although the combination of the current positions enabled us to
discriminate between the true and different types of false rotors in two
positions of the basket catheter, we only tested our hypothesis on a very
limited dataset. We should further test DGM on simulated cases of more
complex patterns resembling atrial fibrillation and also on real basket
datasets (although the ground truth is mostly impossible to know). The
current study showed the effect of a meandering rotor projected onto a
basket catheter. However, multiple studies show that AF is generated by
much more complex excitation patterns. Moreover, it is know that pa-
tients with AF usually suffer from regions of increased fibrosis. We
should therefore also test the effect of fibrosis on DGM.

Apart from these concerns, several other parameters could play a role
in this study. For example, we did not test the effect of different inter-
polation protocols from the original 64-pole basket catheter but only
tested a linear interpolation method for determination of the LATs. A
second limitation is the amount of nodes taken into account in the DGM
software. In Martinez-Mateu et al., 57,600 nodes were considered for the
analysis, whilst DGM only used 957 points, as it is difficult for DGM to
work with very large numbers of nodes. We know from Martinez-Mateu
et al. that the number of FIPSs lowers upon using fewer points for PM.
However, as DGM never finds any FIPS (0%), it seems safe to assume
that DGM is insensitive to interpolation effects.

Author summary

Cardiac arrhythmias remain one of the most prevalent causes of
death in the Western World. This is because the sources of an arrhythmia
are not always easy to detect. Recently, we developed a new detection
tool to describe and analyse the sources of cardiac arrhythmia: Directed-
Graph Mapping (DGM). In this study, we have analysed the electrical
signals generated a meandering rotor (a rotating electrical wave) which
moves over the right atrium on a basket catheter. We tested the per-
formance of DGM compared to currently most implemented method to
detect rotors, namely phase mapping (PM). We show that DGM can
overcome some of the limitations of PM, by being able to exclude the
false rotors that PM generates.
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