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ARTICLE INFO ABSTRACT
Keywords: The visualization and comparison of electrophysiological information in the atrium among different patients
2D atrial mapping could be facilitated by a standardized 2D atrial mapping. However, due to the complexity of the atrial anatomy,

Atrial fibrillation

unfolding the 3D geometry into a 2D atrial mapping is challenging. In this study, we aim to develop a
ECG-imaging

standardized approach to achieve a 2D atrial mapping that connects the left and right atria, while maintaining
fixed positions and sizes of atrial segments across individuals. Atrial segmentation is a prerequisite for the
process. Segmentation includes 19 different segments with 12 segments from the left atrium, 5 segments
from the right atrium, and two segments for the atrial septum. To ensure consistent and physiologically
meaningful segment connections, an automated procedure is applied to open up the atrial surfaces and project
the 3D information into 2D. The corresponding 2D atrial mapping can then be utilized to visualize different
electrophysiological information of a patient, such as activation time patterns or phase maps. This can in turn
provide useful information for guiding catheter ablation. The proposed standardized 2D maps can also be used
to compare more easily structural information like fibrosis distribution with rotor presence and location. We
show several examples of visualization of different electrophysiological properties for both healthy subjects
and patients affected by atrial fibrillation. These examples show that the proposed maps provide an easy way
to visualize and interpret intra-subject information and perform inter-subject comparison, which may provide a
reference framework for the analysis of the atrial fibrillation substrate before treatment, and during a catheter
ablation procedure.

1. Introduction subject specific, making inter-subjects comparison challenging. This
may limit the possibility and add the complexity when attempting to
Atrial Fibrillation (AF) is the most common cardiac arrhythmia generalize an effective ablation strategy over different patients having

and is characterized by a rapid and uncoordinated rhythm with no
apparent discernible pattern [1]. AF is a risk factor for stroke [2],
and the electro-structural remodeling undergone by the atrial substrate
during AF can lead to other cardiac malfunctions and pathologies [3].
Common ways to treat AF include pharmacological cardioversion, elec-
trical cardioversion, and catheter ablation. In the latter, a catheter is

individual 3D geometries.

In this respect, an unfolded and standardized 2D atrial mapping
could assist the ablation procedure without the need for extra inter-
action, and allow for atrial anatomies from different patients to be
displayed in a consistent way across patients. The concept of stan-

used to create scars around the Pulmonary Veins (PVs) and at other dardized 2D maps is already common for ventricular anatomies. A
locations of the atrial myocardium identified as possible sources of AF, standardized circular uniform plot was adopted by the American Heart
to block the propagation of the abnormal electrical activities [4]. This Association (AHA) [6] to display the left ventricle, consisting of 17 seg-
is generally guided by a 3D electroanatomical mapping system, through ments. Currently, it has been widely used as a simplified and standard
which the 3D atrium and the catheter position can be shown on screen. visualization tool for reporting functional information. More recently,

Among all, this procedure requires frequent interactions between the
electrophysiologist and the clinical technician, so that the technician
can move and rotate the 3D view of the atrium, and display the current
region of interest [5]. Another limitation is that the 3D mapping is

an open-source algorithm called UNISYS was developed [7] to dis-
play both left and right ventricles in the same circular bullseye plot.
Electrical, mechanical, or anatomical data can be visualized in this plot.

* Corresponding author.
E-mail address: joel.karel@maastrichtuniversity.nl (J. Karel).

https://doi.org/10.1016/j.compbiomed.2023.107755
Received 8 June 2023; Received in revised form 10 October 2023; Accepted 20 November 2023

Available online 24 November 2023
0010-4825/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/compbiomed
http://www.elsevier.com/locate/compbiomed
mailto:joel.karel@maastrichtuniversity.nl
https://doi.org/10.1016/j.compbiomed.2023.107755
https://doi.org/10.1016/j.compbiomed.2023.107755
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiomed.2023.107755&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Wang et al.

Similarly, a uniform 2D plot of the atria could be equally relevant.
However, the atrial geometry is more complex, with large variations
among individuals [8]. Several methods have been proposed to gener-
ate standardized 2D maps of the atria. In [9], the wrapped contours
were generated along the trimmed left atrial surface and then unfolded
into the irregular 2D atrium at uniform intervals. In [5], a fixed
rectangular layout of the left atrium was used to display scars, electrical
information, and catheter position. This method tries to find a trade-
off between area-preservation and angle-preservation, while balancing
the distortion. However, the 2D atrial mapping generated by the above
two methods are not uniform among different patients. For example,
the position of the PVs may vary among different individuals. In [10],
a uniform 2D disk of the left atrium was proposed, with the left
atrium divided into 24 segments and with each PV transformed into
a spaced circle and the Left Atrial Appendage (LAA) to an ellipse.
This standardized representation is highly suitable for detailed inter-
patient comparison tasks. Moreover, the representation into different
segments helps describe the regional distribution of the functional
information. While the above study focused on the left atrium, it is
important to point out that also the right atrium remodeling may be a
key factor in AF maintenance [11]. In [12], two different disks were
developed with predefined contours of cavity for both atria, respec-
tively. However, in this study the two atria are fully disconnected.
In [13], a 2D coordinate system was developed for both the left and
the right atrium. This patient specific bilayer biatrial geometry can be
used as a 2D atrial visualization tool including information both about
repolarization heterogeneity and fiber direction. However, the position
and size of different segments may vary among different subjects, and
in this method as well the two atria are fully disconnected. Still, the
connection between left and right atrium is also relevant, as it has been
shown that ablating Inter-Atrial Connections (IAC) contributes to the
normal heartbeat recovery of the right atrium [14]. Overall, despite
providing an unfolded 2D atrial mapping, none of the above methods
can produce a standardized 2D atrial mapping, with the left and the
right atrium connected, and with all atrial segments in fixed positions,
and with fixed sizes.

In this study, we propose a method to generate a standardized 2D
atrial mapping of the left and right atrium connected to one another,
which maintains positions and relative sizes of different atrial segments
fixed among different individuals, also preserving individual-specific
structural information. The algorithm takes the 3D atrial segmentation
as input, along with the vertices and their connections (faces). The pro-
posed algorithm is fully automated. This standardized atrial mapping
could be used to help guide catheter ablation and facilitate application
of a specific successful ablation procedure across different patients. This
is relevant since even though PVI is one of the common strategies to
treat AF [15], around 60% of patients show AF recurrence [16] in the
time after catheter ablation. Atrial substrates beyond the PVs [17] may
contribute to AF, making the treatment of AF complex and tricky. A
standardized atrial map could be used to register electrophysiological
and structural information in the same plot in the 2D screen to inves-
tigate the mechanisms of AF. In addition, in recent works Deep Neural
Networks (DNNs) have been used to predict endocardial voltages [18],
and Convolutional Neural Network (CNNs) [19] have been proposed
as an auxiliary tool to design personalized AF ablation therapy. In this
respect, a standardized 2D atrial mapping could facilitate the training of
deep neural networks while preserving the relevant information about
a specific cardiac pathology and the corresponding patient population.
Furthermore, digital twins of the atrium, encompassing structural infor-
mation, electrical activities, and functional characteristics, have been
extensively explored and integrated with machine learning and deep
learning techniques [20]. By enabling early detection of abnormalities,
personalized identification of AF mechanisms and therapeutic strate-
gies [21], the integration of digital twin-oriented research into the
intelligence platform offers a valuable tool for improving the healthcare
system in the era of Artificial Intelligence (AI) [22]. Within this context,
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a 2D atrial mapping, coupled with anatomical and functional data, may
serve as a simplified digital twin of the 3D atrium. Due to its reduced
memory utilization and parameter requirements in comparison to the
3D atrium, it can facilitate real-time data processing and accelerates
network training [23] on the integrated intelligence platform [24].

The paper is structured as follows: In Section 2 we introduce the
method of turning the 3D atrium into a Standardized 2D Atrial Mapping
(S2AM). In Section 3, we describe the clinical data, and the experiments
and analyses we performed to interpret the 2D atrial map. The results
are presented in Section 4 with clinical applications. After the discus-
sion in Section 5, we conclude that the proposed method provides a
standard visualization tool to investigate the atrial information from
2D atrial maps in Section 6.

All code related to the approach proposed in this study is available
in Gitlab: standardized-2d-atrial-mapping.git

2. Standardized 2D Atrial Mapping

The Standardized 2D Atrial Mapping (S2AM) we propose takes
a 3D atrial geometry and unfolds it into a standardized 2D atrial
representation. We assume that the 3D atrial geometry has already
been divided into distinct atrial segments which consist of mesh points
and triangular faces. Then the process of unfolding the 3D atrium
automatically is implemented from the perspective of each segment,
such that all segments are transformed into 2D rectangles. The S2AM
algorithm is written in MATLAB R2019a and the pipeline is illustrated
in Fig. 1.

In our application, the atria are divided into 19 different segments
(Fig. 1(a)). There are 12 segments from the left atrium (named segment
1-6, 8-12, LAA [25]), five from the right atrium (LVC, LW, VES, CTI
and RAA [26]), and two segments for the atrial septum. Segmentation
was generated automatically by using the ADAS 3D software (Galgo
Medical, Barcelona, Spain). For detailed description of these segments,
please refer to Appendix A.

As illustrated in Fig. 1, the S2AM process consists of five steps:
faces reassignment, opening of the segments LAA and RAA, splitting of
segment 12 from the LA into two graphs, unfolding of the 3D segments
into 2D square segments by means of Tutte Embedding, and merging
of all 2D standardized segments into a unified 2D atrial mapping. The
main concepts of these five steps are described below.

2.1. Faces reassignment

The segmented 3D atrial geometries from different subjects may
differ in how adjacent segments are connected to each other. For
example, while segments 5 and 12 are always connected to each other,
the connection between segments 3 and 12 may be different among
subjects (no connection, a connecting polyline, or a single intersection
vertex, as shown in Fig. 1(b)). In order to generate a standardized 2D
atrial representation, all mismatches in segment connections need to be
solved and uniformized.

In this step, eight pre-defined groups (see Appendix A.3) are con-
sidered. Within each group, a pairwise examination of nonadjacent
segments is performed, identifying any intersection vertices shared by
both segments. If more than one intersection vertex exists, the faces
connected to these intersection vertices within one of the two segments
are then reassigned to one segment other than the initial two segments.
For instance, for group 1 in Fig. 1(b), composed by segments 3, 5,
12 and LPV, there are several intersection vertices between segment
LPV and segment 5, but no intersection vertices between segment 3
and segment 12. The faces connected to these intersection vertices in
segment LPV are reassigned to segment 12. Through this process, it is
ensured that segments within the same group share a common vertex
after faces reassignment.
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Fig. 1. Flow diagram of Standardized 2D Atrial Mapping (S2AM). The atrium includes 19 segments with 12 segments from the LA [25], 5 segments from the RA [26] and 2
segments from the inter-atrial septum. The S2AM consists of five steps. Step 1: reassign the faces for each group of segments g;, i = 1,...,8 to make sure the adjacent segments
in each group share one and only one intersection vertex. Step 2: after achieving the standard location and orientation for both segment LAA and RAA, extra boundary vertices
are generated by disconnecting some faces. Step 3: split segment 12 into two graphs along the split path. Step 4: transform the 3D segment into 2D square graphs with the four
corner vertices and boundary vertices determined beforehand. Step 5: merge all 19 standardized 2D segments into the final 2D atrial mapping.

2.2. Transformation of RAA and LAA

Segments RAA and LAA need to be opened from an opening line
in order to generate more boundary vertices, through which the faces
across this line are disconnected. The current boundary vertices are
not enough to unfold the 3D segment into a well organized 2D rect-
angle. For instance, in segment RAA most of the boundary vertices are
connected with segments LW and VES. After assigning these boundary
vertices to the bottom side of the rectangle, there are only a few bound-
ary vertices on the remaining three sides. As a result, the information
on these three sides will be too much stretched.

To determine the opening line automatically, a standardized lo-
cation and orientation should first be achieved by implementing the
translation and rotation based on three reference vertices.

Fig. 2 shows the whole transformation process for segment LAA.
This segment is shaped as a cap whose bottom can be used as a
reference while selecting the three reference vertices. This is analogous

for segment RAA. The three reference vertices of segment LAA are
the intersection vertices of group {LAA, 1, 10}, {LAA, 11, 12} and
{LAA, LPV, 12}. Finally, the three reference vertices for segment RAA are
the intersection vertices of group {RAA, VC, LW}, {RAA, LW, VES} and
(RAA, VES, AIAS).

Translation and rotation of a segment starts by moving the center
of mass of the three reference vertices to the origin. Then by rotating
along different axes, the plane determined by the three vertices is
made parallel to the XZ-plane. A line starting from the cap top to the
middle vertex between the first and second reference vertex is chosen
as the opening line. The extra boundary vertices are generated by
disconnecting the faces across this line.

2.3. Splitting segment 12

Segment 12 should be split into two regions following the split path.
This is required since this segment is connected to segments 5, 11 and
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Fig. 2. The transformation process for segment LAA. White point: origin. Red vertex:
first reference vertex. Green vertex: second reference vertex. Blue vertex: third reference
vertex. Black vertex: the first corner. Gray vertices: boundary vertices. Magenta vertices:
new-generated boundary vertices. Red line: X axis. Green line: Y axis. Blue line: Z axis.
Steps: (1) move the mass center of the three reference vertices to the origin; (2) rotate
along the Y-axis to let the first and second reference vertices have the same Z value;
(3) rotate along the Z-axis to let the first and second reference vertices have the same
Y value; (4) rotate along the X-axis to let the plane determined by the three vertices
parallel to the XY plane; (5) disconnect the faces across the opening line starting from
the cap top to the middle vertex of the first and second reference vertices; (6) generate
the square graph using Tutte Embedding Method.

LAA. The split path is decided by the shortest path between the middle
vertex of the intersection vertices between segments Mitral Valve (MV)
and 12. The other is the intersection vertex of segments LAA, LPV and
12.

Fig. 1(d) shows the two split graphs of segment 12. The graph
connected with segment 5 is named 125, and the other is named 12,;.

2.4. Turn 3D segments into 2D rectangle

Following the three steps above, each 3D segment can then be un-
folded into a 2D rectangle, with the boundary vertices of two adjacent
segments connected to each other.

We used the Tutte Embedding Method (TEM) [27] to achieve this
(also known as the Barycentric method), as this method can satisfy the
above requirements. With the boundary vertices remaining unchanged,
each internal vertex is transformed into the barycenter of its adjacent
vertices in the new graph. Consequently, all new vertices are inside or
on the boundary, with the faces of the graph well-arranged.

While computing the new vertices using TEM, the Laplacian matrix
L of a segment is first generated, L = D — A, with N being the number
of vertices in the segment, D,y the degree matrix, representing the
number of edges attached to each vertex [28], and A vy the adjacency
matrix, indicating whether pairs of vertices are adjacent (denoted as 1)
or not (denoted as 0) [29]. Afterward, the rows where the boundary
vertices in the matrix L are located are changed to standard unit
vectors, with the value in the location corresponding to a vertex equal
to 1. The modified Laplacian matrix is denoted as P. Then the new
vertices in the graph are computed by solving the following equation:

H=P'H 1

where H is an N X 2 matrix with each row of boundary vertices equal
to (x;,y,), each row of internal vertices equal to (0,0). H is the new
computed coordinate values of the N vertices. Eq. (1) has a unique
solution. Fig. 3 shows the process of generating the new graph using
TEM with a simplified graph as an example.

The location of the new vertices is related to the location of the
boundary vertices and to how the vertices are connected to the adjacent
vertices. For a specific 3D segment graph, how different vertices are
connected to each other is already fixed. But the boundary vertices are
located in 3D. Therefore, the boundary vertices should be mapped into
2D.

For each 3D segment, once the four corner vertices are determined,
the boundary vertices can be assigned to the four sides. The four corner
vertices for each segment are defined as the intersection vertices with
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the corresponding adjacent segments. The overall description of the
location of the four corner vertices for all 19 segments is shown in
Table 1 in Appendix B.

After determining the four corner vertices, the other boundary
vertices are distributed uniformly on the four sides. Eq. (2) shows the
coordinate values (x/, y') of the boundary vertices on each side / of the
square graph in a counterclockwise direction, / = 1,2, 3, 4.

1 1 k-1 1
=10,—,...,—,1),y =(,...,0
#= (0 g ) o =000
ky—1
y2=<o,i,..., 2 ,1>,x2=(1,...,1)
ko ko
J (2)
3 ks -1 1 3
x7 = |1, s, —50 ],y =(1, ..., 1)
k3 k3
ky— 1
y4=<1, 4 ,...,i,0>,x4=(0,“.,0)
kq ks

where k; is the number of boundary vertices on side /. Based on the
new boundary vertices, the new internal vertices are computed using
Eq. (1).

2.5. Merging all segments

In the final step, a standardized 2D atrial map is generated by merg-
ing together all 2D segments in fixed positions, as shown in Fig. 1(f).
The connection between segment AIAS (anterior inter-atrial septum)
and VES (vestibule) is removed in the 2D atrium to avoid connections
between segments that are not adjacent in the 2D atrial map. The
black line between segment PIAS (posterior inter-atrial septum) and
segment 4 indicates that there is no connection. Apart from the above
disconnections, all other segments are connected in the same way as
they are connected in the 3D atrial geometry.

3. Analyses

The standardized 2D Atrial Mapping (S2AM) provides a uniform vi-
sualization tool for the atrium capable of comparing different subjects.
All segments are turned into the standardized 2D shapes with a relative
fixed size. As a result of unfolding the 3D atrium, the anatomical
information of the 2D atrium is different from that of the original 3D
atrium. Therefore, we looked at the anatomical variation due to the
unfolding process. We then applied the proposed approach to healthy
subjects and AF patients to investigate qualitatively the usefulness of
the standardized map in visualizing electrophysiological and structural
information about the underlying atrial substrate.

3.1. Clinical data

15 subjects with persistent AF before ablation procedure and 3
healthy subjects were included in the study. For AF subjects, Late
Gadolinium Enhancement-Magnetic Resonance Imaging (LGE-MRI) was
performed to recognize the fibrotic area.

With 64 body surface electrodes attached on the torso surface for
all these 18 subjects, the torso geometry as well as the body surface
potentials were obtained. Then together with atrial geometry, the atrial
signals were reconstructed with Electrocardiographic Imaging (ECGI).
As a noninvasive technique for reconstructing epicardial potentials,
ECGI is widely used in research and clinical aspects. The standard ECGI
uses zero-order Tikhonov regularization and the computed optimal
regularization parameter to recover the epicardial potentials [30].

It should be mentioned that for all 18 subjects, the geometry of
the atrium was not yet accessible at the time of performing ECGI.
Therefore, an Al algorithm proprietary algorithm implemented in ACO-
RYS (Corify Care SA, Madrid, Spain) was used to generate the atrial
geometry to compute the ECGI results. This geometry is adjusted to
the subjects’ torso geometry and body measurements, but it is slightly
different from the one obtained by MRI.
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Fig. 3. Example of working of the Tutte Embedding Method. Given the graph on the left, points 1, 3, and 4 are boundary vertices, while points 2 and 5 are inner vertices.
Matrix H represents the original position of each boundary vertex in the graph and zeros for the inner vertices. Based on the generated degree matrix D and adjacency matrix A,
the Laplacian matrix is computed by L = D — A. By changing the rows where the boundary vertices are located into standard unit vectors, the matrix P is generated. Matrix H

represents the new position of each vertex in the graph.

3.2. Anatomical variation

The generation of a standardized 2D atrial mapping allows for
mapping different 3D atrial segments to 2D atrial graphs such that the
relative sizes and positions of those graphs are uniform across subjects.
Because of the inter-individual variability in heart sizes and geometries,
that means that the same 3D atrial segment from two different subjects
may undergo a different amount of deformation when standardized to
its corresponding 2D graph. Therefore, it is worth investigating the
variability in the relative size occupied by each 3D segment in a 3D
heart geometry across subjects.

For this, for each 3D atrial geometry, the size of each segment was
measured as the percentage of area occupied by that segment relative
to the area of all 19 segments. Regarding the area of each segment, this
was computed as the sum of the surfaces of all mesh faces included in
the segment.

3.3. Representing electrophysiological information onto the standardized 2D
atrial mapping

The potential usefulness of the proposed standardized 2D atrial
mappings to visualize electrophysiological information about the atria
is shown by providing:

+ Atrial mappings of Activation Times (AT) and Conduction Veloc-
ities (CV), for two healthy subjects and two AF patients, all in
sinus rhythm.

Dominant frequency distributions, and the corresponding phase
maps, for an AF patient (with the phase map possibly allowing
the identification of the activation patterns during AF at different
time instants [31]).

Rotor histogram and fibrosis maps, provided for two AF patients,
to help investigate the relationship between the electrophysiolog-
ical and the structural properties of the epicardium of a patient
(the rotor histogram indicates the number of rotors in each atrial
vertex [32], thus showing potential candidate locations for the
generation and maintenance of the arrhythmia).

Regarding the methods for computing activation times, conduction
velocities, dominant frequencies, phase maps, and rotor histograms,
please refer to Appendix A.

The proposed standardized maps can also be used to visualize
information about a group of subjects in a simple and efficient way.
In this study, we used it to visualize whether fibrosis is present or not
in a specific atrial segment, for 15 AF subjects included in the study.

4. Results
4.1. Anatomical variation

Fig. 4 shows for each subject included in this study the relative size
occupied by each 3D segment in the original 3D heart geometry (as a
percentage of the 19 segments). The information is shown by means of
a bar graph per subject, where the colors in each bar indicate a specific
atrial segment, with the same color code for the segments in Fig. 1. The
size bar of the standardized 2D atrial map is also shown in the very left
for comparison. In the 2D atrial map, 11 segments of the LA have an
equal relative size corresponding to 3.80% of the total area. The other
LA segment, segment 12 has a relative size of 7.60%. In the RA, the
sizes of segment VC, LW, and VES increase in sequence, with values
equal to 2.53%, 3.80% and 5.06% respectively. The RAA has the largest
relative size of 26.42%. The size of segment CTI is 3.80%. Regarding
the inter-atrial septum, the size of PIAS is 5.06% which is a bit larger
than the size of AIAS, 3.80%. The overall sizes of the LA and the RA
are 49.40% and 41.77%, respectively.

When looking at the relative sizes of the different subjects, we can
notice the large variability in sizes across subjects. The sizes of the
segments in the LA are generally close to each other, except for LAA,
which shows a large variability across individuals. For the RA, segment
LW and segment RAA are generally similar in size, and the same holds
for segment VC and segment VES. At the same time, there is a large
variation in the difference in size between segment LW and segment
VC among different subjects.

Overall, the inter-subject variability of the atrial geometry is large,
while the 2D atrium provides a standard visualization tool across
subjects.

4.2. Representing electrophysiological information onto the standardized 2D
atrial mapping

4.2.1. Activation time pattern

Fig. 5 shows the activation time maps and the corresponding con-
duction velocity maps for two healthy subjects and two AF patients,
all in sinus rhythm. It can be noticed how for the first healthy subject
the depolarization wavefront follows the expected physiological path
(starting from an area close to the sino-atrial node, and propagating to
the posterior side of the RA and to the LA).

Two depolarization breakthroughs are observed in this subject. This
may be due to the early depolarization at the distal insertion of BB that
intersects the LAA, which initiates the LA depolarization. The whole
atrium shows a relatively homogeneous propagation with the CV close
to 70 cm/s. For the area near valves, the CV is slow due to the influence
of ventricular activities.
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Fig. 4. The relative segment size bar for each of the 18 subjects together with the relative size bar in the 2D atrium. The blue line represents the dividing line between the LA
and RA. The green line represents the dividing line between the RA and septum. The numbers to the left of the 2D atrial size bar denote the percentages of the segments. The

colors match the segment colors in Fig. 1.

For the second healthy subject, the initial depolarization starts from
the upper part of the PIAS which is not the anatomical location of
the sino-atrial node. This mismatch may be caused by ECGI. After
depolarization of the sino-atrial node, the electrical impulse propagates
horizontally in the upper part of both RA and LA.

Regarding the two AF patients in sinus rhythm, the initial depo-
larization of both subjects starts from the upper part of PIAS due
to mismatch caused by ECGI. For the first AF patient, although the
propagation direction is overall similar to that of the first healthy
subject, the CV is quite different. The line between the superior edges
of superior PVs and the line between the inferior edges of inferior PVs
show rather slow CV. The same as the floor around left inferior PV.
Since the area with slow CV may indicate a candidate for catheter
ablation [33], PVI could be considered as a suitable ablation procedure
for this patient.

For the second AF patient, the whole atrium shows a physiological
propagation. However, the floor around left inferior PV and the RAA
show extremely slow CV. In general, AF patients tend to have slower
CV compared with healthy subjects which is in agreement with [34].

4.2.2. Dominant frequency and phase map

Fig. 6 shows the dominant frequency map and eight snapshots of
phase maps from the LA and the RA respectively, of an AF patient
during an AF episode. The identified rotors are denoted by circular
arrows. It can be seen that the high DF locates below the inferior edge
of the inferior PV as well as on the posterior and lateral side of the RA.
The migration route of rotors just surrounds the high DF area, which
is in agreement with [35].

For the AF patients, the ablation creating wide area scars is more
effective than the pointy ablation procedure [35]. Therefore, the map-
ping technique which can identify the areas contributing most to AF
may be informative for such ablation procedure. The area where rotors
migrate can be seen as the area that is likely to trigger AF. Therefore,
since it helps understand the general rotor migration paths, the DF map
may provide an additional indication for ablation procedure.

4.2.3. Fibrosis and rotors

Fig. 7 shows the extent of presence of rotors in two AF patients, both
in the original 3D geometry and in the standardized 2D atrial mapping.
The corresponding fibrosis distributions obtained from MRI are also

shown on the right hand side of the figure. The Image Intensity Ratio
(IIR) describing the pixel intensity of atrial wall normalized by blood
pool intensity [36] is used to measure the amount of atrial fibrosis.
A value of IIR > 1.32 may indicate dense fibrosis, 1.20 < IIR < 1.32
indicates interstitial fibrosis, and IIR < 1.2 indicates healthy tissue. The
inter-atrial septum is not available here since it was excluded from the
MRI.

For the first AF patient, segment 3, segment LAA and the joint area
of segment LW, VES and RAA are the three areas with a larger presence
of rotors. The corresponding fibrosis mainly concentrates on segments
1, 5, 12 and RAA. For the second AF patient, the two rotor areas are
segments 1 and CTI. The fibrotic areas are segments 3, 4 and 6 as well
as segment VES and RAA. This shows that for these two patients, the
AF rotors mostly surround the fibrotic area, which is in agreement with
Cochet et al. [37]. The 3D atrial geometry with rotor mapping was
generated from ECGI, while the geometry with fibrosis was generated
from MRI. Therefore, the standardized 2D atrial mapping provides a
tool for direct comparison between different imaging modalities.

The proposed 2D atrial mapping can also be used as an easy and
efficient tool to integrate and summarize information from several
subjects in the same plot. For instance, Fig. 8 shows the presence or
absence of fibrosis in a specific segment for all 15 AF patients included
in this study. Each dot represents a patient, and its color represents the
presence (black; more than 0.5% of fibrotic tissue present) or absence
(white) of fibrosis in a segment for a specific individual. The fibrotic
percentage on each segment is computed as the area of fibrosis divided
by the 3D atrial area with all 19 segments included. For the AF patients
included in this study, it can be seen that the fibrosis is more likely to be
present in the posterior wall and in the proximity of the left inferior PV
in the LA. This is in line with [36]. In addition, fibrosis is preferentially
located in the areas near TV in the RA.

5. Discussion

In this study, we proposed a framework for unfolding a 3D atrial
geometry into a standardized 2D atrial mapping, with both atria con-
nected. The generated map maintains a uniform structure across differ-
ent subjects, despite the shape and size variations in the original 3D
geometries among different individuals. Simultaneously, by preserving
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cv

Fig. 5. 3D and 2D activation time maps (the first column) and conduction velocity maps (the second column) from two normal subjects (the first and second rows) and two
persistent atrial fibrillation subjects (the third and fourth rows). The arrows represent the direction of depolarization propagation. The numbers represent the activation time(ms)
for the corresponding locations. The colormap generation in MATLAB employs the default linear interpolation to produce smooth transitions between colors (the same as the figures

below).

the original connections among different vertices, the 2D atrial map-
ping retains individual-specific structural information. The proposed
algorithm requires the 3D geometry to be segmented before processing
it, ensuring that the relative size of each atrial segment in the 2D
map remains consistent across different subjects. By integrating and
streamlining the five steps—namely, faces reassignment, opening of
segments LAA and RAA, splitting of segment 12, unfolding of the 3D
segments into 2D square segments, and merging, the whole process is
fully automated once the 3D segmentation is available.

The proposed method differs from existing methods since it is
implemented from the point of view of each segment. Some methods
provide a 2D atrial mapping without any information about segmenta-
tion [5,9,13], while other methods provide segmentation of the LAA
and lateral wall, but it may still be difficult to localize other atrial
regions in the map [12]. The use of a segment-by-segment approach
in our method is particularly beneficial when dealing with complex
atrial geometries. It allows researchers to identify and isolate specific
segments of interest, which can be useful in the study of AF and other
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Fig. 6. Dominant frequency map and eight main snapshots of phase maps from the LA and the RA respectively. The rotated arrows in the phase maps represent the rotors. The

numbers in the dominant frequency map denote the rotor locations.
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Fig. 7. 3D and 2D rotor presence maps (the first two columns) and fibrosis maps (the last two columns) from two AF subjects. For fibrosis maps, image intensity ratio (IIR) larger

than 1.32 is dense fibrosis, 1.20 < IIR

cardiovascular diseases. Furthermore, the sizes and positions of both
cavities and areas of interest in the 3D atrium may largely vary among
different subjects. This variability, as demonstrated in [5,9], directly
impacts the representation of the atrium in 2D. However, our segment-
by-segment approach offers a solution by enabling us to establish
consistent sizes and positions for these segments across different sub-
jects. This streamlines the process of comparing data between different
individuals.

< 1.32 represents interstitial fibrosis and IIR < 1.2 is healthy tissue.

Current methods for unfolding a 3D atrial geometry into a 2D
map either focus only on the LA [5,9,10] or the LA and the RA
are disconnected from one another [12,13] (no inter-atrial connec-
tions). However, RA electro-structural remodeling also contributes to
AF maintenance [11] and ablation of inter-atrial connections may help
to restore the normal heartbeats in the RA [14]. In our method, LA
and RA are connected by the inter-atrial connections consisting of the
posterior and anterior inter-atrial septum in the 2D atrial mapping. This
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Fig. 8. Binary fibrosis labeling for all 15 AF subjects. White dots represent healthy
segment. Black dots represent fibrotic segment. For the same subject, the dot in each
segment shares the same location relative to the corresponding segment.

gives clinicians and researchers the possibility to observe atrial activity
across both atria.

To address the issues with segmentation mismatch across different
subjects, face reassignment is implemented so that adjacent segments
share only one intersection vertex. This ensures that the anatomical
information is totally preserved in the subsequent merging process.
Furthermore, The Tutte embedding method facilitates the mapping of
3D segments into 2D segments without overlap while preserving all ver-
tices and maintaining the original connections among different vertices.
Uniform distribution of the boundary vertices ensures the alignment
between adjacent segments. Due to the relatively small proportion of
each face in relation to the whole area of each segment, significant
distortion is avoided when applying TEM. To our knowledge, TEM has
never been used in 2D atrial map.

We demonstrate the application of the standardized 2D atrial map-
ping by displaying different types of electrophysiological and structural
information of the atrial substrate for both healthy subjects and patients
affected by atrial fibrillation. In general, the proposed standardized
2D map provides a comprehensive overview of both atria, without the
need to view an atrium from different angles. The different examples
proposed show how the electro-structural information about the atrial
activity propagation patterns and the atrial substrate is preserved when
moving from a 3D geometry to the 2D map and is easily interpretable in
terms of its pathophysiology properties. Moreover, we showed how the
proposed standardized 2D atrial mapping is useful to easily compare
information from different imaging modalities, despite the differences
between the original geometries.

5.1. Limitations

The relative sizes of some segments in the proposed 2D atrial
mapping do not correspond to those of the 3D atrium, as shown in
Fig. 4. Some segments are stretched while other are compressed, which
in turn may have an impact on the specific electrophysiological or
structural information visualized on the map.

Additionally, the proposed procedure to achieve a standardized 2D
atrial mapping is fully automated assuming that a segmentation of the
3D atrial geometry is already available. In line with this, the final
2D atrial mapping may depend on the specific segmentation chosen.
In this study, all atrial geometries were segmented using the same
strategy, and the effect of different segmentation strategies should be
investigated in future studies. In addition, if this 2D atrial map is to be
integrated into the catheter ablation procedure, the automatic segmen-
tation process must also be integrated into the cardiac mapping system,
ensuring its accuracy to effectively represent the 3D atrial geometry.
Consequently, the integration of efficient and real-time segmentation
methods into the system needs to be explored.

Furthermore, in order to attain a more precise representation of the
subject-specific 3D atrial geometry, it is essential to include additional
information that reflects the intricate pattern of fiber arrangement to
better represent anisotropic conduction [38].
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5.2. Applications

In the context of ECGI we recently showed [18] that by using deep
learning it may be possible to achieve ECGI without relying on torso
and heart geometry information derived from CT-scans or MRIs. To
make the training of the model easier, and minimize inter-patient vari-
ability, we unfolded the 3D torso and heart geometries into 2D images,
which we provided as input and output to the network, respectively.
While in that study we only reconstructed electrical potentials on the
ventricles, the standardized 2D atrial mapping proposed in this study
could be used to extend the use of this model to the atria. By predicting
the atrial electrical activities through deep learning without requiring
the atrial geometry, this extension opens new possibilities for ECGI of
the atrium.

Beyond its applications in ECGI, the efficient data processing and
training capabilities of the 2D atrial map, coupled with its ability to
generalize across diverse populations, underscore its promise in ad-
vancing our understanding of cardiac electrophysiology through deep
learning. For example, this 2D atrial map can be utilized for the
automated detection of AF with precise localization and the generation
of patient-specific catheter ablation procedure. Its ability to capture es-
sential features of the 3D atrium while minimizing individual variations
makes the deep learning model more applicable to a broader range of
patients.

Additionally, the standardized 2D atrial map assumes the role of a
concise yet comprehensive digital twin of the 3D atrial geometry [20].
By accurately capturing patient-specific structural information in a 2D
format, it enables real-time visualization of cardiac electrical behavior
in one view, allowing for early and swift detection of abnormalities.
This capability is invaluable in critical situations, facilitating immediate
decision-making and intervention during medical procedures. More-
over, in the era of seamless connectivity and data exchange between
medical devices and healthcare systems, the standardized 2D atrial map
offers quicker data transfer and storage compared to 3D data [23].
It enables the integration of patient-specific cardiac information into
the larger healthcare ecosystem with a standardized layout, enabling
straightforward visualization and accurate comparison. This aspect is
particularly advantageous for efficient data management in integration
platforms, streamlining workflows for healthcare professionals.

From a clinical perspective, the 2D atrial map will allow integration
with a wider array of medical imaging and diagnostic equipment and
would potentially benefit from the fusion of different imaging technolo-
gies. Its seamless integration into existing medical workflows empowers
electrophysiologists to visualize the entire atrial electrical activity in a
single 2D view on-screen during the catheter ablation process, reducing
the need for frequent interactions with clinical technicians. This capa-
bility is particularly beneficial for observing atrial tachycardia circuits
or regions lacking propagation conduction, where seeing the mapped
cycle length becomes crucial to the procedure. By visually representing
conduction velocity and activation times on the standardized 2D atrial
map, clinicians can quickly identify regions of abnormal conduction
or delayed activation, which are often indicative of substrate for AF
maintenance [34]. The 2D atrial map can also illustrate the structural
alterations such as fibrosis map [39], highlighting areas with impaired
tissue integrity that might facilitate the formation and propagation of
abnormal electrical signals. Clinicians can utilize this visualization to
accurately locate areas prone to re-entrant circuits and arrhythmia trig-
gers, which are responsible for the perpetuation of AF. In essence, this
enhanced visualization offers clinicians a holistic understanding of the
underlying substrate for AF. This detailed insight may guide treatment
decisions by enabling precise targeting of interventions, optimizing the
chances of successful ablation procedures, and ultimately improving
patient outcomes.

Finally, this 2D representation will allow to perform clinical studies
of atrial arrhythmias, allowing for a capability of inter-patient compar-
ison of clinically relevant metrics that is not possible with any method
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currently available. While other approaches for a 2D representation
of the atria have been developed [13], our method does impose re-
strictions on the 2D representation for all our predefined atrial regions
and, therefore, allows for a pixel-by-pixel comparison of two 2D maps
generated from different patients.

6. Conclusions and future work

This study proposed a novel framework to unfold a 3D atrial ge-
ometry into a standardized 2D atrial mapping. The proposed method is
fully automated once a segmentation of the 3D atrial geometry is avail-
able. While maintaining consistent size and location for each segment
across different individuals, the 2D atrial map also retains the subject-
specific structural information. The resulting 2D atrial map exhibits
minimal distortion, making it a robust, simplified, and standardized
representation of the 3D atrium geometry. In the context of atrial
fibrillation, it allows for an easy and effective way to visualize and
investigate electrophysiological and anatomical information about the
atrial fibrillation substrate. While enabling quick and straightforward
inter-subjects comparison, this 2D atrial map also facilitates efficient
intra-subject comparisons across diverse data sources. The proposed
standardized 2D atrial mapping also holds great potential to be com-
bined with deep learning techniques. It can be perceived as a simplified
2D digital twin of the atrium, capturing essential aspects without
distinct reliance on the original 3D atrial geometry. The integration of
deep learning with this 2D map can revolutionize data management
in healthcare integration platforms and streamline clinical workflows,
benefiting both patients and healthcare professionals.

In summary, the proposed standardized 2D atrial mapping offers
a powerful tool for understanding and visualizing atrial anatomy and
function. Its potential compatibility with deep learning techniques,
coupled with its potential impact on healthcare integration and clinical
practice, opens up exciting possibilities for advancing cardiac research
and patient care.

Future investigations should also delve into leveraging the proposed
standardized 2D atrial map to train deep learning models to improve
understanding and treatment of AF.
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Appendix A

A.1. Description of 19 segments

Segment 1-4 = posterior wall bounded by LPV-LA line, RPV-LA line,
superior edge of superior PV and inferior edge of inferior PV;
segment 5 and 6 = two equal-sized segments bounded by inferior edge
of inferior PV and posterior aspect of mitral valve (MV);

segment 8-11 = anterior wall bounded by superior edge of superior PV
and anterior aspect of mitral valve (MV);

segment 12 = left lateral wall bounded by anterior wall, the base of LA
appendage (LAA) and left floor of segment 5;

segment LAA = left atrium appendage;

segment VC = vena cava;

segment LW = lateral wall;

segment VES = vestibule;

segment CTI = cavotricuspid isthmus;

segment RAA = right atrium appendage;

segment PIAS = posterior inter-atrial septum,;

segment AIAS = anterior inter-atrial septum.

A.2. Size and position of different segments

The 3D atrium is expanded from the posterior septum to a 2D graph.
In general, the posterior side of the atrium will be at the bottom of the
2D atrium and the anterior side at the top. The LA will be on the left
side of the 2D atrium graph and the RA on the right. With segment 5
and 6 placed on the bottom, segment 1-4 and 8-11 are stacked on top
following the anatomical arrangement in 3D atrium. These 10 segments
are similar in size and they resemble rectangles. Therefore, in the 2D
atrium graph, these 10 segments are set as rectangles of size equal
to 1.5 cm x 1 cm. Segment 12 is split into two parts, each of size
equal to 1.5 cm x 1 cm. One part is connected with segment 5, the
other is connected with segment 11 and segment LAA which size is
also 1.5 cm x 1 cm. Regarding the inter-atria septum, the width of both
AIAS and PIAS is 1 cm. The left boundary of segment AIAS is connected
with segment 9 and half connected with segment 8. Following the
anatomical connection in the 3D atrium, segment PIAS is connected
with segment 6 and partially connected with segment 4. The height of
segment PIAS is equal to 2 cm. On the right boundary of PIAS, segment
VC, LW and VES are connected in sequence. The height of these three
segments is 1 cm and the width is 1 cm, 1.5 cm and 2 cm respectively.
The 2D graph of segment VES is wider than both segment VC and LW.
This is due to the anatomical shape of segment VES is more similar to a
wide rectangle compared to VC and LW. Segment CTI is connected with
the lower boundary of segment LW with the size being 1 cm x 1 cm. The
lower boundary of segment RAA is fully connected with both segment
LW and VES, with the height being 3 cm. As a result, the whole 2D
atrium graph is a 10 cm x 5 cm rectangle with cavities including LPV,
RPV, SVC, IVC and TV filled cohesively. The LA and RA are equal in the
width and height with the value being 4.5 cm and 5 cm respectively.

A.3. Groups for faces reassignment

The faces reassignment is implemented separately by eight dis-
tinct groups, namely g, = {3, 5,12, LPV}, g, = {3,4,5,6}, g3 =

{1,2,3,4},8,=1{1,2,8,10},8 = {8, 9, 10, 11}, gg = {VC, LW, CTIL, IVC},

g7 = {VC, LW, RAA, SVC} and gg = {84)f, AIAS, RPV}. As for group
gg, after face reassignment, segment 8 should be half connected to
segment AIAS and half connected to segment RPV.
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Table 1

The location of four corner vertices for 19 segments.
Segment First Second Third Fourth
1 {1,3,LPV} {1,2,3,4} {1,2,8,10} {1,10,LAA}
2 {1,2,3,4} {2,4,RPV} {2,8,RPV} {1,2,8,10}
3 {3,5,12} {3,4,5,6} {1,2,3,4} {1,3,LPV}
4 {3,4,5,6} {4,6,PIAS(RPV)}* {2,4,RPV} {1,2,3,4}
5 {5,12,VV} {5,6,VV} {3,4,5,6} {3,5,12}
6 (5,6,VV} {6,PIAS,VV) (4,6,PIAS(RPV) }? (3,4,5,6}
8 {1,2,8,10} {2,8,RPV} {8,9,AIAS} {8,9,10,11}
9 {8,9,10,11} {8,9,A1AS} {9,AIAS,CSO(VV)}* {9,11,vV}
10 {1,10,LAA} {1,2,8,10} {8,9,10,11} (10,11,12}
11 {10,11,12} {8,9,10,11} {9,11,vV} {11,12,vV}
12 {11,12,vV} {5,12,VV} {3,5,12} {10,11,12}
vC {VC,PIAS,AIAS(IVC/CSO)} {VC,LW,CTI} {VC,LW,RAA} {VC,PIAS,SVC}
LW {LW,VC,CTI} (LW,CTLVES} {LW,RAA,VES) {LW,RAA,VC}
VES {VES,LW,CTI} {VES,AIAS,VV(CSO)} {VES,RAA,AIAS(SVC)}? {VES,LW,RAA}
CTI {B-CTI}, ;" {B-CTI}5/;" {CTLLW,VES} {CTLLW,VC}
PIAS (PIAS,VV,6} {B-PIAS}, ," (PIAS,VC,SVC} {PIAS,RPV}, ¢
AIAS {AIAS,SVC,8} {AIAS,VES,RAA(SVC)}* {AIAS,CSO,VV(VES)} {AIAS,9,CSO(VV)}?
LAA {B-LAA}, ), {LAA,1,10} (10,11,12} (LAA,RPV,12}
RAA {RAA,VC,LW} {RAA,VES,AIAS(SVC) }* {B-RAA}, " {B-RAA}; "

a Use () if {} fails.

b (B-CTI} represents the boundary vertices from the fourth corner to the third corner in a counterclockwise direction. {B-PIAS} represents the boundary vertices from the first
corner to the first corner of segment VC in a counterclockwise direction. {B-LAA} represents the boundary vertices from the second corner to the fourth corner in a clockwise
direction. {B-RAA} represents the boundary vertices from the second corner to the first corner in a counterclockwise direction. All subscripts indicates the index of the corner as

a proportion of the number of boundary vertices.
¢ Middle vertex of the intersection vertices between segments PIAS and RPV.

A.4. How to compute different mapping techniques

AT is computed as the moment when the change in temporal
derivative of signals matches with the change in spatial derivative [40]
of atrium surface. Then for the corresponding CV, it is calculated by
fitting a polynomial to the spatio-temporal coordinates of the atrial
activities [41]. The DF is the frequency of the sinusoidal waveform with
highest amplitude which can optimally approximate the signal [42].
A phase map with the values ranging from —pi to pi enables the
identification of the activation pattern in AF rhythms [31], with pi
representing resting, pi/2 for depolarization, 0 for plateau, and —pi for
repolarization [43]. Finally, the rotor histogram indicates the number
of rotors in each atrial mesh point [32].

Appendix B
Table 1 shows the locations of four corner vertices for 19 segments.
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