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ARTICLE INFO ABSTRACT
Keywords: Introduction: The inverse problem of electrocardiography describes non-invasively the electrical activity of the
Inverse problem of electrocardiography heart using potential recordings from tens to hundreds of torso electrodes. Regrettably, the use of numerous
ECGI

electrodes poses a challenge to its integration into routine clinical practice.

Methods: Optimal electrode placements, ranging from 8 to 112 electrodes, were derived from the singular values
of the transfer matrices computed for all feasible positions of a single dipole cardiac source across 12 patients
with unique geometrical characteristics from the Bratislava dataset. The transfer matrices were computed using
the boundary element method. Subsequently, these optimal electrode placements were used to compute the
inverse solution for localizing the origin of premature ventricular contraction (PVC) with a single dipole cardiac
source. The localization error (LE) was computed as the Euclidean distance between the true PVC origin, ob-
tained through an invasive radiofrequency ablation, and the inverse solution. This enabled a direct comparison of
LE computed for each optimal electrode placement with that from the full 128-electrode set.

Results: Results showed that subsets of electrodes, particularly 32 to 112, provided comparable localization ac-
curacy (LE of 30.5 & 15.0 mm and 26.8 + 12.6 mm) to the full 128-electrode set (LE of 27.2 + 11.5 mm). High
errors were observed with 8 and 16-electrode placements (LE of 48.6 + 21.3 mm and 41.0 + 18.3 mm).
Conclusion: Precise PVC localization can be achieved using strategically positioned subsets of electrodes, offering
advantages in reduced preparation time, enhanced patient comfort, and improved cost-effectiveness of body
surface potential mapping.

Body surface potential mapping
Optimal electrode placement
Premature ventricular contractions
Greedy algorithm

compared to the comprehensive mapping with numerous torso elec-
trodes. The findings indicate that an optimal number of electrodes for
this purpose is around 30 [5-7] with a minimum of 24 electrodes [8]. In
every configuration, electrodes were primarily positioned on the front
side of the torso, particularly in regions with high gradients. However,
some electrodes were also positioned on the back. Despite these find-
ings, the BSPM is not yet commonly employed as a standalone diagnostic
tool in clinical practice.

However, BSPM holds significant importance in addressing the in-
verse problem of electrocardiography, which is highly relevant in clin-
ical settings. The solution of the inverse problem of electrocardiography,
i.e., Electrocardiographic Imaging (ECGI), refers to the estimation of
electrical activity within the heart. This is achieved by using BSPs
recorded using up to hundreds of electrodes positioned on the patient’s
chest and back [9,10], along with patient-specific geometrical models
obtained from CT/MRI scans [11]. As a result, non-invasive estimation
of electrical activity becomes possible, allowing for its identification in

1. Introduction

Body surface potential mapping (BSPM) is the extension of the
standard 12-lead ECG. During BSPM, tens of electrodes on the patient’s
torso are used to record the heart’s electrical activity in the form of body
surface potentials (BSPs) [1]. By using a larger number of electrodes
during BSPM, more comprehensive and detailed information about the
heart’s electric field can be captured, surpassing the capabilities of a
standard 12-lead ECG. The research showed that the BSPM could serve
as a non-invasive diagnostic tool for various cardiac conditions [2,3] or
for the response prediction of patients undergoing cardiac resynchro-
nization therapy [4].

Several studies investigated the feasibility of using a reduced number
of torso electrodes for BSPs recordings and interpreting them clinically
for various diseases. These studies aimed to assess whether important
information is preserved in recordings when using a subset of electrodes,
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Abbreviations

BSPM  Body Surface Potential Mapping
BSPs Body Surface Potentials

ECGI Electrocardiographic Imaging

RFA Radiofrequency Ablation

PVC Premature Ventricular Contraction

NICD National Institute of Cardiovascular Diseases
SVD Singular Value Decomposition

RRE Relative Residual Error

LE Localization Error

LV Left Ventricle

RV Right Ventricle

RVOT  Right Ventricular Outflow Tract

the 3D model of the heart or “images,” facilitating a deeper under-
standing of activation spreading patterns through the heart [12,13]. It
was shown that the solution of the inverse problem can be used to
localize abnormal heart activity, such as identifying the origin of atrial
[14] or ventricular arrhythmias [15]. Thus, the solution of the inverse
problem can help to reduce the time and increase the success rate of
radiofrequency ablation (RFA) procedures [16] or to guide non-invasive
cardiac radio-ablations [17].

Regrettably, the use of numerous torso electrodes is one of the ob-
stacles preventing the integration of the solution of the inverse problem
into daily clinical practice. Using fewer torso electrodes would simplify
the setup process, could enhance patient comfort during recording and
improve the overall efficiency and cost-effectiveness of the method.
After all, one could argue that due to the smooth character of the
mapping from the electric heart activity to torso potentials, overly dense
torso coverage is not needed when the inverse task is considered. Several
studies investigated the quantity and spatial arrangements of electrodes
required to address the inverse problem accurately. In the study by
Gharbalchi No et al. [18], the sequential approach for the selection of
torso electrodes was used, finding that 64 electrodes out of 192 pro-
duced accurate reconstructions of epicardial potentials by the solution of
the inverse problem compared to 32 electrode setup. In the 64-electrode
setup, the majority of electrodes were positioned anteriorly, with few
located posteriorly. In the 32-electrode setup, all electrodes were situ-
ated anteriorly in the upper half of the torso. Parreira et al. [19]
emphasized the importance of using an even larger number of electrodes
(74) for improved spatial resolution, representing 33 % of the full set of
electrodes. Cluitmans et al. [20] found stable reconstruction accuracy
with 59 electrodes positioned anteriorly as well as posteriorly compared
to the full set of 169 electrodes. The results of these studies do indeed
support the intuition expressed above that a smaller set of electrodes
may be sufficient when solving the inverse problem.

As outlined above, various studies explored optimal configurations
of electrodes for solving the inverse problem, but results vary due to
differences in BSPM systems (positions and number of electrodes) and
inverse problem-solving approaches across research teams. Hence, this
study aims to identify the optimal placements of electrodes for the so-
lution of the inverse problem assuming a single dipole cardiac source
with an aim to localize the origin of premature ventricular contractions
(PVCs). The optimal electrode positions (out of 128 regularly placed
electrodes on the torso) are determined through an analysis of the
transfer matrix as a linear operator, focusing solely on the geometric and
conductive properties of the torso. Additionally, the accuracy of the
inverse solution in the localization of the origin of PVCs is explored
using the proposed optimal electrode placements. Thus, we can inves-
tigate whether we can solve the inverse problem with a single dipole
cardiac source accurately using a smaller number of electrodes on the
patient’s torso.
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2. Data and methods
2.1. Bratislava data

Twelve patients (9 males, 3 females; mean age 54 + 17 years)
exhibiting spontaneous PVCs were used in this investigation. Data
acquisition was conducted by the Institute of Measurement Science,
Slovak Academy of Sciences, in collaboration with the National Institute
of Cardiovascular Diseases (NICD) in Bratislava, Slovakia. Ethical
approval was obtained from the Ethical Committee of NICD (ref. number
F.050.2a, date of the decision March 17, 2020, issued March 19, 2020),
and informed consent was obtained from participating patients. The
study followed the principles of Good Clinical Practice and the Helsinki
Declaration for Biomedical Research. More detailed information about
the data acquisition and processing can be found in Refs. [21,22]. All
patients who participated in the study underwent successful treatment
of PVC by RFA procedure within the time range of 0 up to 425 days
following the BSPM mapping. The details about the Bratislava dataset
are summarized in Table 1.

2.1.1. Signal processing

BSPs were recorded using the ProCardio 8 measuring system [23],
which captures heart electrical activity through 128 evenly distributed
torso electrodes integrated into self-adhesive strips (8 electrodes per
strip). To maximize the number of captured PVCs, heart activity was
recorded for 5-20 min at a sampling frequency of 1000 Hz. Signal
preprocessing included the identification and elimination of broken
leads [24] and the removal of the baseline drift using a high-pass filter
(Blackmann-Harris window with 0.5 Hz cut-off frequency) [21]. R peaks
in lead II of the standard 12-lead ECG were detected using the
Pan-Tompkins algorithm [25]. Sinus beats and PVC beats were differ-
entiated using the k-means clustering algorithm [26]. The individual
numbers of PVC beats for each patient are summarized in Table 1. The
average number of recorded PVC beats was 219 + 170. These beats were
averaged for each lead. The origin of the PVCs was manually identified,
and the initial offset in the averaged PVC signals was removed by
shifting the signal to zero [27]. Lastly, a BSP map ®'28*%0 was computed
for each patient, representing the first 30 ms of the cardiac cycle. More
detailed information about the signal processing can be found in
Ref. [21].

2.1.2. Geometrical modelling

After BSPM, CT scans of each patient were obtained using the
Toshiba Aquilion One CT scan. These CT scans served as the basis for
constructing geometrical models of the ventricles (endo-epicardium)
and torso by the Tomocon software (https://tatramed.sk/en/tomoco

Table 1

The information about the Bratislava dataset. The patient gender is denoted as M
for male and F for female. The origin of premature ventricular contractions
(PVQ) is classified as originating from either the right ventricle (RV) or the left
ventricle (LV).

Patient Age Gender Time between PVC Number of

D [years] [M/F] BSPM and RFA origin beats [—]
[days] [RV/LV]

P001 17 M 178 RV 62

P002 63 M 282 RV 9

P004 72 F 5 RV 210

P006 56 M 350 LV 39

P008 46 M 2 RV 267

P0O10 59 M 331 RV/LV 203

P021 33 M 61 LV 110

P023 38 M 384 RV 305

P024 79 M 8 LV 133

P027 57 F 425 RV 312

P029 64 F 0 RV 366

P036 61 M 157 LV 616
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n-go/). Additionally, this software was used to capture the positions of
torso electrodes. The resulting geometrical models were represented as
3D triangle geometrical meshes depicted in Fig. 1 for all patients.

2.1.3. Ground truth

Validating the accuracy of the inverse solution requires knowledge of
the ground truth. Here, the ground truth position corresponds to the
origin of the PVC determined during the RFA procedure. After the RFA
procedure, ablation points were manually pinpointed on the ventricular
mesh model by the cardiologist using procedure notes and data from
intracardiac mapping systems. When multiple ablation points were
present, the coordinates of the “representative ablation point” were
calculated as the mean of these ablation points. The average distance
from the “representative ablation point” to the ablation points,
computed across all patients, was found to be 3.3 mm. The origin of PVC
for each patient is shown in Table 1, where RV indicates the origin in the
right ventricle and LV indicates the origin in the left ventricle.

2.2. Methods

The pipeline of this study is depicted in Fig. 2 and each part is
described in more detail below.

2.2.1. Significance of the torso electrodes for a given dipole source position

In this work, the inverse problem is addressed using a single dipole
cardiac source. Therefore, the objective of the inverse solution is to
identify the position of the cardiac source, represented by a single
dipole, that best characterizes the provided set of input data (torso po-
tentials). The geometrical models of the torso and heart were used for
the computation of the transfer matrix A by the boundary element
method. In this context, the transfer matrix A represents the relationship
between potentials observed at the torso surface and a cardiac source
represented by a single dipole at a specific location. In the following
computations, we assume a homogeneous torso model with isotropic
conductivity properties.

It was shown that the significance of the torso electrodes for the
solution of the inverse problem with a single dipole cardiac source de-
pends on the origin of the cardiac activity [22]. The significance of each
torso electrode was determined by analysing the singular values ob-
tained from the singular value decomposition (SVD) of the transfer
matrix A>3 computed for a given dipole with 3 orthogonal components
and [ torso electrodes. In these calculations, the number of electrodes [
ranged from 4 up to 128, incrementing by one in each step. The compact
SVD of the transfer matrix A can be written as

A=UsV", @

P001 P002 P004

P021 P023 P024

& &
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where U3, V3%3 and £3*3. It applies that I > 3 and thus the matrix X can
have maximally 3 non-zero singular values sorted as o1 > 03 > 03.
Loosely speaking, these singular values quantify how much of a signal at
a particular dipole position is transferred to various torso electrodes via
the linear operator A. In this work, we were looking for combinations of
electrodes that maximized the total variation computed as the sum of all
three singular values. The sum of singular values represents the trace
norm of the operator A and can be viewed as a continuous generalization
of the notion of the operator rank. One could select also other criteria to
estimate the significance of torso electrodes such as product of singular
values or the conditioning number. The product of singular values re-
flects the scaled volume of the transformation, while the condition
number measures how sensitive a transfer matrix is to changes. In our
study, the transfer matrices for individual cardiac dipole sources were
generally well-conditioned, with an average condition number of 1.6 +
0.6 across all dipoles, lead placements, and patients. Because of this well
conditioning, we chose the sum of singular values as a suitable criterion
for our analysis. We have previously tested all these three criteria in
detail [28].

Testing all possible combinations of electrodes meeting this criterion
is computationally infeasible, so a greedy selection of torso electrodes
was implemented. This involves selecting the best initial combination of
four electrodes from all possible combinations
(C(128,4) = 10,668,000) and then iteratively adding one electrode at a
time to satisfy the criteria of maximized sum of singular values as best as
possible. The greedy electrode order, where electrodes were sorted in
descending order of significance, was determined for a given dipole.
More details about the method and the greedy selection can be found in
Ref. [22].

2.2.2. Significance of the torso electrodes regardless of dipole source
position

Using this approach, the significance of torso electrodes is estimated
for a given position of a dipole, representing the equivalent cardiac
source. Nevertheless, one would like to determine which electrodes on
the torso are the most significant for the solution of the inverse problem
irrespective of the cardiac source’s position and the geometrical prop-
erties of the patient. Therefore, we are interested in the “universally
optimal” electrode placement that could be used across all patients.

To determine optimal electrode placement, the significance of the
torso electrodes was computed for all possible positions of dipoles cor-
responding to all nodes of the 3D ventricular meshes of all patients. To
speed up the computations, higher density meshes (3726 + 772 nodes)
were transformed into lower density (550 + 1 nodes), regularly spaced
meshes using software MeshLab (https://www.meshlab.net/) and

P006 P008

PO10

P027 P029 P036

Fig. 1. The geometrical models of the torso (grey) and heart ventricles (pink) for each patient of the Bratislava data.
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Fig. 2. The pipeline of this study.

iso2Mesh Matlab toolbox (https://iso2mesh.sourceforge.net/cgi-bin/
index.cgi). The average distance between nodes was 8.93 + 0.80 mm.
This assessment of torso electrode significance was performed for all
patients and all dipole positions, thereby accounting for the geometric
variations between individual patients.

2.2.3. Optimal electrode placements

The optimal electrode placement was derived from all greedy orders
of electrodes in which the electrodes are sorted from the most to the least
significant. With an assumption of 550 + 1 dipoles and 12 patients, the
total number of generated greedy orders was 6594. For each dipole
source and each patient, the 32 most significant electrodes were
selected, representing 25 % of the total set of 128 electrodes. These 32
electrodes selected for all studied patients contained 112 of the original
set of 128 electrodes. Finally, the optimal placements of 8, 16, 32, 48,
64, 80, 96 and 112 electrodes were identified as the electrodes that
occurred most frequently among these 32 patient-specific highly sig-
nificant electrodes.

2.2.4. Inverse solutions

When establishing the optimal electrode placements, the next
objective was to examine the accuracy of the solution of the inverse
problem using these reduced sets of electrodes. The inverse problem was
solved for each position of the cardiac source S described as a single
dipole using the equation

S=A"®, (2)

where A™™ is a pseudoinverse of the transfer matrix A, &> is a po-
tential map and [ is the number of torso electrodes. The solution focuses
on the first 30 ms of the cardiac cycle. This choice is based on the
assumption that the activated region during this time span is small
enough to be effectively represented by a single dipole [29]. The best
representation of the electrical activity was determined by selecting the
cardiac source S that resulted in the lowest relative residual error (RRE)
computed between the measured map @ and the inversely estimated
map using the Euclidean norm. The inverse problem was solved using
derived optimal placements and thus the number of electrodes I ranged
from 8 up to 112 electrodes. Finally, the inverse problem was solved
using the full set of electrodes (I = 128). The inverse problem was solved
for all patients assuming a homogeneous torso model. More details
about the inverse solution with a single dipole cardiac source can be

found in Refs. [12,21].

The accuracy of the inverse solution was assessed using the locali-
zation error (LE), quantifying the Euclidean distance between the posi-
tion of the ground truth (ablation point) and the inverse solution (dipole
position).

3. Results

The significance of the torso electrodes was computed for each
possible position of the cardiac source defined by the triangular mesh of
the heart model. Fig. 3 shows the greedy order of electrodes for patient
P001 for the cardiac source placed in the base of the right ventricle (RV),
the apex of the left ventricle (LV) and the base of the LV. The significance
of electrodes is unitless, as it simply represents the order of electrodes
sorted based on the criterion of maximizing the sum of singular values.
Consequently, there are no units in the following figures, and the range
is from 1 to 128 (full set of electrodes). The most significant electrode is
depicted in bright yellow, while the least significant is shown in dark
blue colour. These 3 cardiac sources exhibited a high distance between
each other. For example, the distance between the cardiac source in the
base of the RV and the source in the apex of the LV was 118.1 mm. From
Fig. 3 it is evident that the positions of the most significant electrodes
vary depending on the location of the cardiac source.

The greedy orders of electrodes were computed for all cardiac
sources evenly placed on the ventricular mesh. Fig. 4 shows which
electrodes occurred most frequently among the 32 most significant ones
for patients PO01, P029 and all patients considering all cardiac sources.
The patients PO01 and P029 were selected for illustrative purposes due
to their distinct geometrical properties. In the bar graphs (panel A), each
electrode is depicted as a bar, with its height indicating its frequency of
occurrence. The exact positions of the electrodes and their occurrences
are also depicted on the torso (panel B), where the size and colour of the
electrode correspond to its occurrence. It is evident that certain elec-
trodes appeared frequently among the top 32, while others were not
identified at all. For example, the 36th electrode occurred among the 32
most significant ones for all considered cardiac sources (550) for patient
P001 and thus its occurrence is 100 %. In patient P0O01, 6 electrodes
occurred among the most significant ones for more than 90 % of dipoles
(495 out of 550). In contrast, 25 out of 128 electrodes were not found
among the 32 most significant ones. For patient P029, 5 electrodes
occurred among the most significant ones for more than 90 % of dipoles
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Fig. 3. A) The positions of the cardiac sources (black dots) located at the base of the right ventricle (RV), as well as the apex and base of the left ventricle (LV). The
ventricles are depicted in their physiological positions within the torso. B) The greedy order of electrodes for the cardiac sources in panel A. The initial four electrodes
are delineated by black circles, electrodes of maximum significance are indicated in yellow, while those of minimum significance are represented in the blue spectrum
of colours. The colorbar on the right side corresponds to all 3 torsos. The anterior and posterior views are depicted.

and 48 electrodes were not identified among the most significant ones at
all. Considering all patients, all electrodes appeared among the top 32
significant ones for all cardiac sources and 4 electrodes occurred among
the most significant ones for more than 90 % of dipoles (5935 out of
6594). The lowest values of occurrence of some electrodes are close to
zero and therefore cannot be seen in the corresponding plot. The
placements of the electrodes on the torso that occurred most frequently
are similar for patients PO01, P029 and all patients. The most occurring
electrodes for all dipole sources are placed anteriorly around the ster-
num and along the left sagittal plane, close to the heart’s location.
Additionally, some electrodes with a higher occurrence are also found
posteriorly in the same region.

Based on the frequency of occurrences, the optimal electrode
placements were derived as depicted in Fig. 5. For example, the 8-elec-
trode optimal placement consists of 8 electrodes with the highest
occurrence depicted in Fig. 4 for all patients. Given the positions of
electrodes, the 8-electrode and 16-electrode placements consist of only
anterior electrodes. The electrodes on the posterior side of the torso are
selected from 32-electrode placement. The 112-electrode placement
covers the whole torso except for the electrodes in the right posterior
axillary line.

Next, the inverse problem was solved using the optimal electrode
placements depicted in Fig. 5 and using a full set of 128 electrodes for all
patients. Fig. 6 depicts the RRE maps across all patients and all electrode
placements. The areas in red denote regions with the lowest RRE,
indicating the segments that generate ECGs most similar to the recorded
ECG. In contrast, areas in blue represent regions with the highest RRE.
The origin of the PVC is found in the area of lowest RRE and the node
with minimal RRE is depicted as white dot. Ablation points are repre-
sented by black dots. The minimal RRE value corresponding to the
inversely computed origin of the PVC is presented in Table 2 for each
patient and each optimal lead placement. The mean minimal RRE value
across all patients and cases was 0.16 + 0.06. Furthermore, cases where
the inverse solution was located within the same ventricle as the ground
truth were identified. These cases are indicated by stars, where a blue

star represents an inverse solution found in the correct ventricle with a
LE of less than 25 mm while a red star denotes an inverse solution found
in the correct ventricle with an LE exceeding 25 mm. Overall, the ac-
curacy rate with respect to the ground truth position in the ventricles
was 89 % for applicable cases.

The summary of results in terms of LE is shown in Fig. 7. Fig. 7 (panel
A) and Table 3 show the LE values for each patient and each optimal
electrode placement. It is evident that in almost all patients, the 8-elec-
trode and 16-electrode placements resulted in high LE, whereas using a
greater number of electrodes led to LE values similar to those observed
when using all electrodes. This can be also seen in Fig. 7 (panel B) where
the mean LE is depicted for each electrode placement. When using 8 and
16-electrode placements, higher LE was observed, with values of 48.6 +
21.3 mm and 41.0 + 18.3 mm across all patients, compared to an LE of
27.2 + 11.5 mm obtained using all 128 electrodes. However, better
results were achieved using 32 and 48-electrode placements, with LE
values of 30.5 + 15.0 mm and 29.3 + 15.4 mm, respectively. Interest-
ingly, similar levels of accuracy to using the full set of electrodes were
observed for 64 and 80-electrode placements, yielding LE values of 27.5
+ 13.2 mm and 27.5 + 13.6 mm, respectively. Moreover, 96 and 112-
electrode placements produced LE values of 26.6 + 13.4 mm and 26.8
+ 12.6 mm, slightly surpassing the performance of all electrodes. Lastly,
Fig. 7 (panel C) shows the distribution of LE values for a given patient
using 8 up to 128 electrode placements. Therefore, each box represents
the statistical distribution of 9 values. Similarly, the outliers correspond
to the LE values obtained using electrode placements with a small
number of electrodes. It transpires that in certain patients, the LE
exhibited more variability using different numbers of electrodes as
observed e.g., in patients P002, P006 and P023. In contrast, the LE
remained quite similar across different electrode placements for some
patients, as observed e.g., in patients P001, P008, and P010.

4. Discussion

In this work, we proposed a method to estimate the significance of
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Fig. 5. Optimal placements of 8, 16, 32, 48, 64, 80, 96 and 112 electrodes depicted using geometry of patient PO01. The approximate positions of the standard 12-

lead ECG electrodes are shown within the white frame.

the torso electrodes irrespective of the cardiac source position and thus
the optimal placement of electrodes could be derived. The significance
of the electrodes was determined based on the transfer matrix, which
considers only the geometric and electrical properties of the volume
conductor. Fig. 3 shows that the positions of the most significant elec-
trodes are in the relationship with the position of the cardiac source as
we also showed in Ref. [22]. For instance, the apex of the ventricles is

positioned anatomically closer to the anterior side of the torso, slightly
to the left of the sternum and near the diaphragm. This region is where
the most significant electrodes were placed when estimating for cardiac
source located in the apex of the ventricles. The base of the RV is
anatomically situated more towards the anterior upper side of the torso,
close to the sternum and this area is where significant electrodes were
located when estimated for cardiac source in the base of RV.
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Optimal Placements

RRE[-]

<

* Correctventricle  * Correct ventricle ® Ablation Points © Inverse Solution
LE <25 mm LE > 25 mm

Fig. 6. Distribution of relative residual error (RRE) depicted on the ventricular geometry for each patient and lead placement. The ventricles are depicted from
various angles for each patient to visualize specific areas of interest. Low RRE values are depicted in red, while high RRE values are shown in blue. Ablation points are
indicated by black dots, and the position of the inverse solution (the node with minimal RRE) is marked by a white dot. Cases where the inverse solution was found in
the same ventricle as the ablation site are indicated by stars. A blue star represents cases where the inverse solution was found in the correct ventricle with a
localization error (LE) of less than 25 mm, whereas a red star indicates cases where the inverse solution was found in the correct ventricle but with an LE exceeding
25 mm. The ablation sites for PO10** were found in both ventricles, making it impossible to apply this analysis to that patient.
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Table 2
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The minimal RRE values corresponding to the inversely estimated origin of the PVC obtained for each patient and each electrode placement.

Optimal electrode placement

Patient ID 8 16 32 48

64 80 96 112 128
P001 0.00 0.11 0.17 0.20 0.18 0.20 0.20 0.20 0.20
P002 0.11 0.30 0.23 0.21 0.21 0.22 0.22 0.25 0.25
P004 0.02 0.06 0.10 0.11 0.11 0.11 0.11 0.12 0.12
P006 0.23 0.21 0.17 0.20 0.24 0.26 0.25 0.28 0.28
P008 0.06 0.10 0.15 0.16 0.15 0.16 0.15 0.15 0.15
P010 0.04 0.14 0.19 0.19 0.19 0.22 0.21 0.19 0.18
P021 0.01 0.06 0.19 0.18 0.18 0.19 0.20 0.20 0.19
P023 0.01 0.07 0.14 0.11 0.13 0.13 0.13 0.14 0.13
P024 0.08 0.10 0.15 0.15 0.19 0.19 0.18 0.17 0.17
P027 0.04 0.10 0.15 0.16 0.14 0.15 0.15 0.15 0.15
P029 0.18 0.26 0.21 0.23 0.22 0.22 0.21 0.21 0.21
P036 0.04 0.04 0.12 0.13 0.15 0.15 0.14 0.14 0.13

A) 100 B) 100

80 80

— 60 — 60
€ €
£ £
i w

= 40 = 40

20 20

0

POO1 PO02 POO4 POO6 POO8 PO10 PO21 PO23 PO24

P027 P029 PO36

8 16 32 48 64 80 96 112 128
Optimal placement

32 [ 45 N o [ <0 [ o6 N 112 N 125

Patient ID

8 16
C) 100

80 o
o

— 60
€
£
|

20
=

I : ?$éé;&@

POO1 PO0O2 POO4 POO6 POO8 PO10 P0O21 P023 P024 PO27 P029 PO36

Patient ID

Fig. 7. A) The values of LE in mm obtained for each patient and each electrode placement. B) The mean LE values in mm and their standard deviations for each
electrode placement. C) The boxplot of LE values obtained using 8 up to 128 electrode placements for a given patient.

Anatomically, the cardiac source placed in the base of the LV is placed
closer to the posterior torso. Interestingly, the most significant elec-
trodes were localized anteriorly and posteriorly for the cardiac source
placed in the base of the LV ventricle.

Nevertheless, some electrodes on the torso will occur among the
most significant ones for almost all possible positions of cardiac source
as can be seen in Fig. 4. The positions of electrodes that occurred most
frequently among the 32 most significant ones for all dipoles and all
patients are similar to results that were observed for the rest of the pa-
tients and thus for illustrative purposes patients PO01 and P029 were
selected. In all three cases (P001, P029 and all patients), the majority of
the most significant electrodes are placed anteriorly on the left side of
the sternum, and some are placed posteriorly on the left side of the spine.

The prevalence of anterior electrodes can be explained by relationship
between Figs. 3 and 4. The significant electrodes corresponding to car-
diac sources situated nearer to the anterior torso are predominantly
positioned anteriorly, while those associated with sources closer to the
posterior torso are distributed on both sides of the torso. Thus, regard-
less of the positioning of cardiac sources, the majority of electrodes are
anticipated to be situated on the anterior side of the torso.

The optimal placements of electrodes, regardless of the positioning
of cardiac sources, were determined by identifying the most frequently
occurring electrodes among the most significant ones across all patients
and cardiac sources. These optimal placements are illustrated in Fig. 5.
In all cases, the previous placement serves as a subset of the current
placement; for example, the 8 electrodes used in the 8-electrode
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Table 3
The values of LE in mm obtained for each patient and each electrode placement.
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Optimal electrode placement

Patient ID 8 16 32 48

64 80 96 112 128
P0O1 24.0 9.0 13.4 13.4 11.0 11.0 11.0 11.0 11.9
P002 78.2 59.2 27.6 25.2 32.3 29.3 32.9 34.8 36.6
P004 20.9 25.6 8.1 8.1 12.5 10.7 8.9 10.7 11.4
P006 84.8 74.8 62.7 58.8 48.2 50.4 47.7 45.6 45.6
P008 19.0 25.4 32.3 30.7 31.8 30.7 30.7 30.7 30.7
P010 39.5 38.5 42.8 42.2 40.9 44.5 44.5 43.5 40.7
P021 48.5 47.2 29.4 29.4 29.4 27.9 23.7 23.7 23.7
P023 56.7 40.2 18.7 15.0 10.8 8.2 8.2 10.3 15.8
P024 39.0 40.7 20.0 19.4 13.7 20.0 20.0 20.0 20.0
P027 51.1 44.0 20.1 22.2 22.2 22.2 22.2 22.2 22.2
P029 64.1 26.2 39.1 36.8 35.1 35.1 29.4 29.4 29.4
P036 57.1 61.4 42.8 50.1 41.8 39.9 39.9 39.9 38.1

placement are a subset of the 16 electrodes used in the 16-electrode
placement. The optimal placements of 8 and 16 electrodes reveal that
these electrodes are exclusively situated anteriorly around the spine and
the left lateral side of the anterior torso. In the case of the 32-electrode
placement, there are an additional 4 electrodes on the posterior torso,
while for the 48-electrode placement, this number increases to 9 elec-
trodes. The inclusion of posterior electrodes in the optimal electrode
placement increases with the total number of considered electrodes.
Furthermore, Fig. 5 illustrates that the electrodes situated on the right
side of the posterior torso, in proximity to the right arm, are identified as
the least significant. Unfortunately, comparing our optimal electrode
positions with those from other studies is challenging due to the lack of
explicit positions for torso electrodes. Nevertheless, in all studies, it was
shown that the area on the torso close to the heart location should be
covered more densely and this was shown for the BSPM for diagnostic
purposes [5-7] and the BSPM for the solution of the inverse problem
[18]. For instance, our results and results in Ref. [18] diverged mainly in
the placement of 32 electrodes. The 32-electrode placement in Ref. [18]
consists of only anterior electrodes while the placement depicted in
Fig. 5 includes also posterior electrodes.

Then, the inverse problem was solved using the derived optimal
placements of electrodes for all patients. Fig. 6 illustrates the distribu-
tion of RRE values on ventricular geometry. The RRE map offers insights
into the LE. For instance, in patient PO01 with 128-electrode placement,
the area with low RRE is near the ground truth, indicating a small LE. In
contrast, for patient P036 with the same electrode placement, the area
with low RRE values is located in the LV free wall, far from the ground
truth in right ventricular outflow tract (RVOT), indicating a high LE. The
minimal RRE values are summarized in Table 2. The minimal RRE
values showed small variability, with a standard deviation of 0.06. The
highest minimal RRE value was 0.3, observed in patient PO02 with the
16-electrode placement, which corresponded to a high LE value of 59.2
mm. However, this association was not consistent across all cases. For
example, patient P036 with full electrode placement exhibited a rela-
tively low minimal RRE value of 0.13, despite a higher LE value of 38.1
mm. The Pearson’s correlation coefficient between the minimal RRE and
LE values was 0.09, suggesting no or very weak positive correlation.
Further, we investigated whether the inverse solution correctly identi-
fied the ventricle of origin. Overall, the accuracy rate was 89 %, with 38
% having an LE smaller than 25 mm and 51 % having an LE greater than
25 mm. Correct identification of the ventricle was also observed with 8-
electrode and 16-electrode placements (8 out of 12 patients), although
LE was higher in these cases. Interestingly, RRE maps for 8 and 16-elec-
trode placements produce large areas with low RRE, complicating the
identification of the node with the minimal RRE value. However,
increasing the number of electrodes reduces the area with low RRE,
making it easier to identify the node with the smallest RRE.

The results in terms of LE are summarized in Fig. 7 and Table 3. The
results demonstrated that low accuracy in PVC localization was obtained

with 8-electrode and 16-electrode placements. In both cases, the mean
LE exceeded 40 mm, and a higher deviation of LE values was observed
among 12 patients. In contrast, several studies have shown that good
localization by non-invasive mapping can be achieved using the stan-
dard 12-lead ECG [30,31]. However, this was not observed in our study,
where high localization errors persisted even with 16-electrode place-
ment, despite the correct identification of the ventricle. Our 16-elec-
trode placement includes electrodes V1-V6, as shown in Fig. 5, but
lacks the limb leads. Moreover, the 12-lead ECG configuration in
Ref. [28] was adapted to include two additional electrodes on the pa-
tient’s back. It is worth hypothesizing that including limb leads and
some posterior electrodes might improve the accuracy of our solutions, a
possibility that could be explored in future research. Interestingly, the
mean localization accuracy improved to 30.5 mm using the 32-electrode
placement, which is only 3.3 mm higher than when using the full set of
128 electrodes. This improvement can be attributed to the inclusion of
posterior electrodes in the 32-electrode placement. With each added
electrode, the localization slightly improved and with 96-electrode and
112-electrode placement it was even better than using a full set of
electrodes. In these cases, 0.6 mm and 0.4 mm improvement were
observed compared to using the full set, respectively. These findings
indicate that the electrodes located along the right posterior axillary line
are indeed insignificant and could contribute to errors in the solution.

The results demonstrate that for certain patients, achieving accurate
solutions of the inverse problem does not require full torso coverage by
electrodes. This is evident in Fig. 7, panel A. The subsequent discussion
specifically addresses the outcomes associated with electrode place-
ments of 32 and higher, as the findings suggest that the use of 8 and 16
electrodes led to high LEs. Improvements in localization accuracy
compared to the full electrode set were observed for patients P01,
P002, P004, and P023. In certain cases, the same accuracy was achieved
using a subset of significant electrodes, as evidenced by patients PO0S,
P024, and P027. However, regrettably, deterioration in PVC localization
accuracy was observed in some patients such as PO10 and P036.
Nonetheless, the most significant deterioration of 17.1 mm compared to
the full set was observed in patient P006. The LE using a full set of
electrodes was very high for this patient (LE of 45.6 mm) and thus the
results of the inverse solution for this patient may not be very reliable
even with the full set of electrodes.

The results of this study suggest that the accurate localization of PVC
origin can be obtained using a smaller set of electrodes. The results
underscore the previous findings obtained using different methods
[18-20]. In terms of inverse solution accuracy, patient preparation time,
and patient comfort, the use of 64-electrode or 80-electrode placements
demonstrates promising outcomes. However, if the patient has sensitive
skin or could experience discomfort during measurement, employing the
32-electrode placement could be considered. Nonetheless, in such in-
stances, a slight deterioration in localization accuracy may be
anticipated.
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This study has several limitations. Firstly, the optimal electrode
placements were determined based on the properties of the transfer
matrix derived from patient-specific geometrical models. However,
accurately segmenting organs from CT/MRI scans poses challenges, and
errors arising from segmentation may impact the analysis [32]. Addi-
tionally, the study was conducted using patient-specific models of only
12 patients, limiting its ability to encompass the diverse anatomical
properties among individuals. The simplifications of complex biophys-
ical properties (single dipole cardiac source, homogeneous torso model)
were made to identify the optimal electrode placements and conse-
quently to solve the inverse problem. Thus, those simplifications may
impact the outcomes of this study. Furthermore, the optimal electrode
placements were solely used to identify the origin of PVC, thus limiting
the applicability of the results to other cardiac abnormalities. Addi-
tionally, the position of ablation points was marked by the cardiologist
on the ventricular mesh after a successful RFA procedure, potentially
leading to minor misplacements in terms of millimetres. Despite these
limitations, the study highlights that accurate localization of PVC origin
by the solution of the inverse problem with a single dipole cardiac source
can be achieved using a smaller set of optimally placed electrodes.

5. Conclusion

This study determined the optimal placements of 8, 16, 32, 48, 64,
80, 96 and 112 electrodes by analysing the singular values of the transfer
matrix. These optimal electrode placements were identified without
regard to the position of the cardiac source and while taking into ac-
count various geometrical properties among patients. Identified elec-
trode placements were used to compute the inverse solutions using a
single dipole cardiac source with the objective of localizing the origin of
PVC. The results demonstrate that 8 and 16-electrode placements show
deteriorated performance compared to using the full set of 128 elec-
trodes. However, when using 32-electrode placement, the average LE
from 12 patients was only 3.3 mm higher than when using the full set.
Interestingly, with a 64-electrode placement, the average LE was only
0.3 mm higher compared to the full set. Therefore, the study results
emphasize the feasibility of using a reduced number of torso electrodes
for an accurate solution of the inverse problem with a single dipole
cardiac source. This could potentially lead to a more patient-friendly and
cost-effective BSPM setup for clinical practice.
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