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Abstract

Electrocardiographic imaging (ECGI) effectively recon-
structs the epicardial surface’s activation pattern, aiding
in arrhythmia detection like Ventricular Tachycardia (VT).
Yet, the feasibility of ECGI endocardial solutions for VT
mapping remains unclear due to lost local activation de-
tails. Our goal is to assess the reliability and feasibility of
endocardial ECGI solutions in categorizing reentrant cir-
cuits as either 2D epicardial, endocardial, or 3D circuits.
We utilize Laplacian eigenmaps (LE) for dimensionality
reduction and visualization. The LE of ECGI solutions on
the left ventricle revealed a pattern for capturing endo-
cardial breakthrough time. Considering activation order,
we defined two VT circuit categories: closer to or on the
epicardial or endocardial surface. Additionally, we used
isochronal activation time maps to identify regions of reen-
trant circuit rotational activities. By analyzing activation
percentage within the VT cycle on each surface, we cat-
egorize VT circuits as either 2D on endocardium or epi-
cardium (full circuit on one surface) or 3D (involving the
mid-myocardial wall). We validated our method on 23 sim-
ulation data sets from eight chronically infarcted porcine
hearts. 21/23 cases were accurately classified as closer to
the Epicardium or Endocardium, and 82% were correctly
categorized as either 2D, 3D, or mid-myocardial.

1. Introduction

Episodes of ventricular tachycardia (VT) typically fea-
ture reentrant circuits that are enabled by thin strips of liv-
ing tissue located in regions of irregular scars or at scar
borders [1,2]. About 350,000 cases of out-of-hospital sud-
den deaths that occur annually in the United States are
caused by the VT [3]. Presently, the primary method for
analyzing the shape and structure of these reentrant cir-
cuits is through catheter mapping [4]. However, catheter
mapping comes with a few limitations, notably:
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1. It is performed only on one surface of the ventricles,
either epicardium or endocardium, that offers a simplified,
two-dimensional (2D) perspective that presumes all crucial
components of the reentrant circuit are contained within a
single surface even though the circuit is naturally 3D.

2. Catheter mapping is not available before the ablation
procedure, leading to long and high risk operations.

3. Catheter mapping is not beneficial when dealing with
non-sustainable VT where, in reality, up to 90% of the in-
ducible VTs are non-sustainable [2].

These limitations call for an alternative approach to un-
derstanding the 3D nature of the VT circuit. Noninvasive
electrocardiographic imaging (ECGI) is a computational
method to derive cardiac electrical sources from body-
surface electrocardiograms (ECGs) and heart-torso geom-
etry with the potential to address the above-mentioned vital
limitations [5]. However, while ECGI has been extensively
used for studying ventricular reentrant circuits, its epicar-
dial imaging is predominantly used, leaving endocardial
ECGI solutions less explored [6, 7] with only a few ex-
amining simultaneous epi-endocardial ECGI for mapping
reentrant VT [8,9]. However, these studies have remained
qualitative, without exploring how epicardial and endocar-
dial ECGI might be combined to reveal the 3D structure of
VT reentrant circuits.

In this study, we explore the feasibility of the ECGI
endocardial solutions for providing information about the
structure and location of the reentrant circuit when consid-
ered jointly with the epicardial breakthrough. Specifically;

1. we show that, with the use of laplacian eigenmaps, the
timing of the endocardial breakthrough can be identified,
and the order of the breakthroughs on the two surfaces can
inform us about the surface to which the VT reentrant cir-
cuit is closer.

2. Inspired by a recent study done by Tung et al.[10], we
use the 2D isochronal analysis of the activation map on
combined epicardium and endocardium to understand the
3D structure of VT and categorize the reentrant circuits
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into two groups of 2D circuit living on one surface or 3D
circuit also involving the myocardium wall.

Given the inherent complexities in obtaining experimen-
tal data on the transmural architecture of the reentrant cir-
cuits, we conducted this study on previously documented
high-fidelity simulations of three-dimensional reentrant
circuits derived from post-infarction porcine models as the
basis for our proof of concept study [11] and showed that
laplacian eigenmap is an effective approach for inferring
the time of the endocardial breaktrough.

2. Methodology

2.1. Electrocardiographic Imaging (ECGI): We em-
ploy ECGI to reconstruct the temporal sequence of ex-
tracellular potential, specifically unipolar electrograms,
across the epicardial and endocardial surfaces [8]. This
correlation between the heart-surface electrogram and the
body-surface ECG is defined by Laplace’s equation as per
the principles of quasi-static electromagnetism [12].

Numerically solving this equation on discrete surface bi-
ventricular and torso meshes yields a forward matrix H,
which relates the unipolar potential ¢, (t) at the ventricular
surface to the body-surface potential ¢;(t), such that ¢ (t)
= H¢, (1) for each time instant.

Given a sequence of ¢(t), we can independently com-
pute ¢, (t) for each time instant by resolving the second-
order Tikhonov regularization [13] as shown in equation 1:

u = arg min ||® — Hu|| + A||Lu|| (1)

2.2. Using Laplacian Eigenmaps for identifying the En-
docardial breakthrough timing: Upon examining the en-
docardial ECGI solutions, it becomes evident that although
the amplitude of the ECGI solutions is inaccurately recon-
structed at each time step, a distinctive pattern of slow and
then rapid progression is consistently detected in each VT
cycle. In this study, we utilized Laplacian Eigenmaps (LE)
[14,15], to identify the exact time of the endocardial break-
trough. LE is a non-linear dimensionality reduction tech-
nique that helps simplify the complex, multi-dimensional
nature of ECGI solutions obtained from the endocardium.
The goal was to uncover and understand the patterns in the
spatiotemporal activation sequences over time while pre-
serving the temporal characteristics of the ECGI solutions.

The LE method creates a graph that represents the dis-
tances between data points using a heatmap kernel, which
helps to highlight the relationships between neighboring
nodes. This is followed by computing the graph Lapla-
cian matrix and applying Singular Value Decomposition
(SVD). The SVD process is crucial as it helps identify and
rank the importance of the manifold’s coordinates. We
then used the two largest eigenvalues to encapsulate the

key features of the original signals, while significantly re-
ducing the dimensionality of the space. As a result, we ob-
tained new coordinates that define what is termed the ”LE
space”. This space represents a manifold or trajectory that
maps out the ECGI solution pattern over time. Each data
point from the set of electrodes is then assigned a unique
position on this manifold revealing the underlying patterns
in the data.

Figure 2 is an example of four laplacian eigenmaps com-
puted from the ECGI solutions on the left ventricle’s endo-
cardium surface.

2.3. 3D Categorization of the Reentrant Circuits To
derive activation isochronal maps, we applied the Hilbert
transform to the ground-truth heart-surface EGMs and the
ECGI solutions to obtain the instantaneous phase signal at
each spatial location, following the method in [16]. The
activation wavefront at any time instant is identified as the
location with phase = 7/2 suggested by [8].

Through the isochronal maps, we locate regions of rota-
tional activation and quantify the visible portion of rotation
on each surface [10]. The activation gap is then defined as
the time period when rotation is not visible on a surface
and is marked by black color in the isochronal color bar as
shown in figure 1. If a rotation is not partially visible on a
surface, the activation is considered focal on that surface.

Finally, we categorize the 3D characteristics of reentrant
circuits based on the definition in [10]:

1) 2D circuits: A complete rotation with no activation gap
is observed on one surface (Fig 1.A).

2) 3D circuits (Fig 1.B): Partial rotations with activation
gaps are observed on one or both surfaces, or partial rota-
tion with activation gaps on one surface and focal activa-
tion on the other.

3) Mid-myocardial circuit (Fig 1.C): Focal activation is ob-
served on both surfaces.

3. Results

3.1. ECGI solutions ECGI effectively reconstructed
epicardial electrograms, with spatial and temporal corre-
lation coefficients of 0.89 and 0.90, respectively, and a rel-
ative mean squared error of 0.31. In all 23 cases, the ear-
liest activation site was clearly visible on the epicardium,
pinpointing the epicardial breakthrough location. This re-
sulted in good accuracy in localizing these breakthrough
sites, with errors of 12.58 mm in space and 8.6 ms in tim-
ing for sub-epicardial cases, and 9.50 mm in space and 10
ms in timing for sub-endocardial cases.

ECGI solutions on the endocardium were generally
poorer, yielding a spatial correlation coefficient of 0.30 +
0.11, temporal correlation coefficients of 0.46 + 0.14, and
a relative mean squared error (RMSE) of 0.31+0.13 with
unclear location of the breakthrough sites.
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Figure 1. Examples of epi-endo isochrone maps of activation, and their corresponding 3D circuit categorization. A: 2D
circuits: a complete rotation without any activation gap is seen on one surface, and focal activation on the other surface. B:
3D circuits: partial rotations with activation gaps are observed on both surfaces. C: Mid-myocardial circuit: focal activation

is observed on both surfaces.
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Figure 2. The laplacian eigenmap of ECGI solutions. The
red dashed area is the densest part of the map, the red
cross and the blue cross are the ground-truth endocaridal
and epicardial breaktrough time respectively. The time of
exiting the densest area is ECGI’s endocardial breaktrough
time.

3.1. Identifying Endocardial Breaktrough Time: Fig-
ure 1 shows an example of the laplacian eigenmaps of 4
cases in our dataset. After analyzing all 22 samples in the
dataset, we detected a pattern for identifying the endocar-
dial breakthrough, suggesting the time of exiting the dens-
est part of the LE map. Since on the simulation dataset we
have access to the ground truth values of the endocardial
breakthrough, we were able to quantify the mean squared
error of the timings. The absolute error of the endocardial
breakthrough is 14.3 + 13.2ms with average length of the
beats being around 230ms.

3.2. Use of Breaktrough Time in Understanding the
3D construct of VT The order of the breaktrough on the
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Figure 3. categorizing the re-entrant circuits using ECGI
solutions as either closer to epicardium or endocardium.

surfaces indicates to which of the epicardium or endo-
cardium surface, the reentrant circuit trajectory is closer
to. The time of the epicardium breakthrough is identified
by analyzing the magnitude of the ECGI solutions. Specif-
ically by eye-balling, we search for the maximum nega-
tive derivative of the ECGI solutions, and the endocardial
breaktrough timing is identified as explained in section 2.
Finally if (¢ gpi —tEndo) < 0 the VT circuit is closer to the
epicardium and if (tgp; — tEndo) < O the circuit is closer
to the endocardium. Figure 3 summarizes the classification
results given the above analysis indicating that 22/23 cases
were correctly classified as either closer to the epicardium
or endocardium.

4. 3D categorization of the VT reentrant

circuit from the activation maps

As described in section 2, we analyzed the activation
map of the 23 cases in our dataset and categorized them
according to the percentage of the VT cycle observed on
each surface. In the ground truth data, out of the 23 cir-
cuits, 2D circuits were observed in 26% of the cases (n=6)
on the endocardium, whereas 3D circuits were found in
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74% of the cases (n=17). 23% (n=4) of these 3D circuits
were partially observed on only one surface, and one of the
circuits was mid-myocardial. Analyzing ECGI solutions,
82% of the cases were correctly classified. In the four in-
correctly reconstructed cases, one mid-myocardial circuit
was reconstructed to be 2D endocardial, one endocardial
circuit was reconstructed to be mid-myocardial and one re-
constructed to be 3D, and one 3D circuit was reconstructed
to be mid-myocardial.

5. Conclusion

In this study we showed that noninvasive ECGI can pro-
vide vital insights into the hidden aspects of 3D reentrant
circuits, which is currently unachievable, opening the door
for further studies and guiding new strategies for ablation
treatment. Specifically, we showed that phase information
on endocardium can reveal clinical information related to
VT cycle (timing and location of the endocardial break-
through) and laplacian eigenmaps can be used to detect the
endocardial breakthrough time. Moreover, the order of the
breaktrough time on the surfaces and the activation pattern
on epicardium and endocardium, can reveal critical infor-
mation regarding the location and the 3D structure of the
reentrant circuit.
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