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 A B S T R A C T

Premature ventricular contractions (PVCs) represent a common and clinically significant cardiac arrhythmia, 
contributing to a spectrum of cardiovascular disorders. Accurate localization of the origin of PVCs is essential 
for devising targeted therapeutic strategies and refining our comprehension of ventricular arrhythmogenesis. 
Traditionally, the 12-lead ECG has been the go-to diagnostic tool for PVCs. However, individual anatomical 
differences and inter-patient electrophysiology variability limit its effectiveness. This study presents a new 
method that combines electrocardiographic imaging (ECGI) with the concept of cardiac digital twins (ECGI-
DT) to improve the accuracy of pinpointing the source of PVCs. By simulating a database of PVCs, we 
developed an ECGI-DT capable of estimating the origins of PVCs with much greater precision than possible 
previously. This study shows a notable improvement in identifying the initial site of PVC origin using ECGI-DT 
compared to ECGI alone: the average localization error dropped from 30.69 ± 23.71 mm with standard ECGI to 
7.81 ± 3.82 mm using the ECGI-DT method. This marked reduction in error highlights the potential of ECGI-DT 
in revolutionizing PVC diagnosis and treatment. With its ability to provide more accurate and reliable data, 
ECGI-DT could improve the planning of catheter ablation treatments, a preferred intervention for managing 
PVCs that face challenges such as high costs and in some cases long procedure times.
1. Introduction

Premature ventricular contractions (PVCs) are common and occur 
with an estimated prevalence of 40% to 75% [1] in general population, 
which increases with age and comorbidity burden [2]. Although con-
sidered benign in general population [1], highly symptomatic patients 
require therapy [3]. PVCs originated in the outflow tract can cause 
ventricular arrhythmias, which are the most common type of idiopathic 
ventricular arrhythmias, accounting for approximately 70% of cases [4–
6]. However, idiopathic PVCs that originate from the left ventricu-
lar septum, not involving the left anterior or posterior fascicle, have 
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also been observed [7]. Moreover, some patients develop cardiomy-
opathy and under certain conditions PVCs may trigger ventricular 
arrhythmias [8,9]. 

The preferred treatment for PVCs is catheter ablation, which con-
sists in creating a non-conducting scar in the tissue from which PVCs 
arise [10]. Clinically, the precise localization of PVC origins is crucial 
for determining the most effective ablation strategy. For planning 
a catheter ablation strategy, the site of origin—whether epicardial 
or endocardial or located in the right or left ventricle—significantly 
influences the approach and procedure planning. Moreover, catheter 
https://doi.org/10.1016/j.compbiomed.2025.109994
Received 26 July 2024; Received in revised form 1 February 2025; Accepted 4 Ma
vailable online 22 March 2025 
010-4825/© 2025 The Authors. Published by Elsevier Ltd. This is an open access ar
rch 2025

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/compbiomed
https://www.elsevier.com/locate/compbiomed
https://orcid.org/0000-0002-0824-2691
https://orcid.org/0009-0005-3386-0407
https://orcid.org/0000-0002-2407-5256
https://orcid.org/0000-0002-2487-4744
https://orcid.org/0000-0002-0525-7476
https://orcid.org/0000-0001-8870-5539
https://orcid.org/0009-0007-7817-9759
https://orcid.org/0000-0002-9596-7649
https://orcid.org/0000-0003-4059-8230
https://orcid.org/0000-0002-7260-8811
https://orcid.org/0000-0001-5660-3693
mailto:jorsana4@itaca.upv.es
mailto:inlloli@itaca.upv.es
mailto:cristian.espinosa@kit.edu
mailto:axel.loewe@kit.edu
mailto:isherro@itaca.upv.es
mailto:jorge.vicente@corifycare.com
mailto:santiago.ros@mc.iisgm.com
mailto:felipe.atienza@salud.madrid.org
mailto:alejandro.carta@salud.madrid.org
mailto:acliment@itaca.upv.es
mailto:mguisan@itaca.upv.es
https://doi.org/10.1016/j.compbiomed.2025.109994
https://doi.org/10.1016/j.compbiomed.2025.109994
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiomed.2025.109994&domain=pdf
http://creativecommons.org/licenses/by/4.0/


J. Sánchez et al. Computers in Biology and Medicine 190 (2025) 109994 
ablation is an expensive treatment, can take more than 130 min, and 
exposes the patients to radiation due to the fluoroscopy needed to guide 
the procedure [11–13].

Currently, PVCs can be diagnosed using the 12-lead ECG [4]. How-
ever, the rule-based decision algorithms to locate the PVC origin re-
quire accurate measurement of 12-lead ECG intervals and R/S voltage 
relation, posing challenges for practical and reproducible implemen-
tation [4]. Moreover, Penela et al. showed that rule-based decision 
algorithms can be improved by combining clinical and 12-lead ECG 
markers to predict the origin of the PVC [14]. Furthermore, diagnostics 
based on signals can be impaired by variations in torso anatomy, heart 
orientation, and lead placement.

In recent years, electrocardiographic imaging (ECGI) has emerged 
as an alternative method to guide ablation treatments. ECGI has been 
shown to help determine the location of PVCs. Previous work explored 
the use of ECGI inverse solutions [15–19] or artificial intelligence to 
locate PVCs [20–22]. However, ECGI lacks the precision to determine 
the exact location of PVCs [16,23] and local activation time (LAT) maps 
calculation is prone to artificial lines of block [23–25].

Nowadays, computer models allow creating personalized repre-
sentations of a patient’s cardiac electrophysiology, so-called digital 
twins [26]. Thanks to the personalized model, information about the 
electrical propagation dynamics can be obtained and used to suggest 
personalized treatments. Several groups have shown the capabilities 
of computer models to generate a digital twin [27–29]. Moreover, 
eikonal simulations are a computationally efficient way to simulate 
the propagation of the excitation of the myocardium [30,31]. Body 
surface potential maps (BSPM) can be computed using a bidomain 
model [32,33]. However, solving the bidomain model is computa-
tionally expensive due to the high accuracy in simulate BSPMs, and 
combining eikonal simulations with volume conductor solved using a 
boundary element method approach has been proposed to compute the 
BSPM in a fast and accurate way [27,34,35].

Therefore, in this study, we combine ECGI by using the LAT map, 
with ventricular digital twins (ECGI-DT) to simulate the PVC propaga-
tion that reproduce the potentials at the surface of the torso, offering 
increased precision in localizing the origin of PVCs compared to ECGI-
only estimation. We created a database of simulated PVCs to develop 
and obtain an ECGI-DT that estimates the PVC origin. Additionally, 
we provide information on the myocardium propagation and activation 
times maps with no artificial line of blocks.

2. Materials and methods

The proposed ECGI-DT methodology departs from a LAT map ob-
tained with ECGI and 128 signals acquired at the surface of the torso. 
ECGI-DT comprises four components, which together allow estimating 
the origin of a PVC from non-invasive measurements. First, we created 
a patient-specific database of PVC simulations explained in Sections 2.1
and 2.2. Second, a decision-making algorithm explained in Section 2.3 
performs an estimation of the PVC location. Third, eikonal simulations 
and body surface potential forward calculations are run to obtain a LAT 
map and BSPM. From the BSPM simulation, the precordial leads are 
compared against the input BSPM precordial leads signals. If the mean 
Pearson’s correlation is above 0.8, the location is accepted as the origin 
of the PVC. If the mean Pearson’s correlation coefficient is below 0.8, an 
optimization of the PVC location is triggered. The complete workflow 
is depicted in Fig.  1, and each step is described in more detail below. 
The ECGI-DT was developed in Python, and the code is available on a 
Github repository.

2.1. Electrophysiology modeling

We created anatomically detailed meshes derived from 3D recon-
struction of the torso and a biventricular statistical shape  model [36]. 
2 
The torso model and the 128 electrode positions were obtained with 
the Acorys system (Corify Care S.L.) using photogrammetry techniques 
that allow 3D reconstruction of the torso [37]. The biventricular de-
tailed model corresponds to the mean shape from the statistical shape 
model of [36]. The ventricles were positioned inside the torso accord-
ing to anatomical constraints [38] as well as lungs, blood pool, and 
liver to incorporate torso heterogeneities to reproduce a physiologi-
cal BSPM [32]. The extracellular medium was considered isotropic, 
and conductivity for the blood, lungs, liver, and torso were 0.7 S/m, 
0.0389 S/m, 0.1667 S/m, and 0.8 S/m, respectively [32,38]. The ven-
tricular geometry was processed to add preferred myocyte orientation 
using a rule-based method [39]. Additionally, functional regions were 
added to the ventricular myocardium to set the conduction velocity 
(CV) to 2.0m/s in a fast endocardial layer [40] and 0.7m/s [41] 
for the mid-myocardium and epicardium with an anisotropy ratio of 
3:1. CV was achieved by adjusting the intracellular and extracellular 
conductivities as described by Costa et al. [42]. Human cellular ven-
tricular electrophysiology was simulated using the mathematical model 
proposed by Tomek et al. [43]. The ionic model was paced 100 times at 
basic cycle length of 1000 ms to reach a limit cycle. Furthermore, the 
mesh had an average edge length of 350 μm. The bidomain model was 
solved using openCARP [44,45] to simulate the electrical propagation 
in the ventricular myocardium and the electrical fields across the torso. 
Moreover, eikonal simulations were run to obtained the propagation in 
the myocardium based on the new estimated coordinate of the PVC in 
a coarser mesh with 600 μm average edge length [31,46,47]. Addition-
ally, eikonal simulations were also used to fine-tune the location of the 
PVC. To accelerate the computation of eikonal simulations, the action 
potential model proposed by Mitchell & Schaeffer [48] was used.

2.2. Forward and inverse problem modeling

Body surface potentials from the eikonal simulations were obtained 
using the algorithms described by Stenroos et al. with a homogeneous 
conductor and the boundary element method [35,49,50]. Additionally, 
as suggested by Schuler et al. [51], action potentials from the eikonal 
simulations were spatially smoothed to compute the BSPM. To calculate 
ECGI, a reduced surface mesh of the ventricular myocardium was ex-
tracted with an average edge length of 2.8mm [51] and a torso surface 
with an average edge length of 23 mm. Additionally, a set of 128 virtual 
electrodes at the torso surface was used to estimate the PVC origin and 
create the ventricular digital twin. The inverse problem of electrocar-
diography was solved using an equivalent single layer source model 
and zero-order Tikhonov regularization to recover the extracellular 
endocardial and epicardial potentials [52]. The L-curve criterion was 
used to choose the regularization parameter [53]. ECGI LAT maps were 
calculated by transforming each reconstructed extracellular potential 
at the ventricular surface as a sum of sinusoidal wavelets for all the 
negative slope time samples and amplitude proportional to the slope at 
that time and selecting the instant of the maximum amplitude of the 
transformed signal as the instant of activation time [54,55].

2.3. Estimating the PVC origin

To enhance the information ECGI provides, we created a database 
that consists of 618 bidomain simulations of PVCs (Section 2.1). Pre-
mature beats were distributed in the detailed ventricular geometry 
using an extended version of the Cobiveco coordinate system [56]. 
Briefly, we added a set of additional labels at the base of the detailed 
ventricular geometry in order to be able to compute the Cobiveco 
coordinates. We also introduced a scalar field at the left and right 
ridge to make it possible to locate points at these locations (Appendix 
A.11). The proposed algorithm, depicted in Fig.  2 compares the LAT 
map from the ECGI with the LAT maps available in the database. The 
four simulations from the database that exhibit the highest Pearson’s 
correlation coefficient (CC) of the LAT maps are selected. Subsequently, 
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Fig. 1. ECGI-DT workflow with inputs ECGI LAT map and BSPM. The inputs for the proposed ECGI-DT are a BSPM and an ECGI LAT map. ECGI-DT comprises four components: 
a database of 618 PVC bidomain model simulations from which BSPM and ECGI LAT maps were calculated. A decision-making algorithm provides an estimated PVC location 
to compute a solution to the forward problem. Forward modeling comprises eikonal simulations and computation of the body surface potentials using a homogeneous volume 
conductor and the boundary element method. Lastly, the final digital twin is accepted if a mean Pearson’s correlation coefficient is obtained. Otherwise, an optimization algorithm 
is used for fine-tuning the PVC location.
the BSPMs of these chosen models are evaluated against the measured 
body surface potentials, and only those simulations with a body surface 
potential CC greater than 0.7 proceed to the decision-making algorithm.

The decision-making algorithm takes as input the best simulations 
from the database to start the estimation of the PVC origin. The 
algorithm evaluates the transmural coordinates to identify if the PVC 
comes from the endocardial or epicardial site. The algorithm checks 
the occurrence of the transmural coordinate and takes the mode of 
the highest occurrence. Then, the rotational coordinate is evaluated. 
If the rotational coordinate is between 0.0 and 0.7, it means that the 
PVC origin is considered to be located at the free wall; otherwise, it 
is assumed to be located at the septum. The rotational coordinate is 
estimated by taking the median. Then, for the apicobasal coordinate, 
the median is taken, and for the transventricular coordinate, the mode. 
Then, the transversal scalar field added to Cobiveco is evaluated to 
identify if the origin of the PVC is in the aortic ridge or the right 
ventricular ridge. The output of the decision algorithm is a set of 
coordinates which indicate the estimate location of the PVC origin used 
later in the forward modeling step.

2.4. Forward model, optimization and PVC estimation

Finally, the estimated coordinate is used to run an eikonal sim-
ulation and then estimate the projected BSPM. From the simulated 
BSPM, the precordial leads were used to calculate the mean CC with 
respect to input data. If the mean CC is less than 0.8, a particle 
swarm optimization algorithm [57] is used to fine-tune the estimated 
coordinate. The particle swarm optimization was initialized with 4 
particles and stopped when the precordial leads achieved a mean CC 
above 0.8 or after a maximum of 10 iterations.

2.5. Evaluation

The proposed algorithm was evaluated against an independent set of 
75 additional bidomain simulations outside the database with a CV for 
the myocardium of 0.7m/s, which will serve as the ground truth of the 
PVC origin. The test set was composed of 15 PVCs located at the RV free 
3 
wall (7 epicardial and 8 endocardial), 15 PVCs located at the LV free 
wall (7 epicardial and 8 endocardial), 20 PVCs located at the septum, 
and 25 PVCs located at the ventricular base. Moreover, the evaluation 
set included a total of 300 additional bidomain simulation with four 
different myocardial conduction velocities of 1.0, 0.8, 0.6, and 0.4m/s 
to test the proposed algorithm’s robustness against variability of CV. 
CV of the fast endocardial layer was kept at 2.0m/s for all cases. CV 
robustness was calculated by obtaining the variance coefficient of the 
mean error for ECGI and ECGI-DT. In addition, ECGI-DT was tested 
by adding white Gaussian noise to the BSPM with different signal to 
noise ratio (SNR) and filtered using a lowpass filter with a cut-off 
value of 60Hz. Then, the inverse problem was compute to obtain the 
LAT at the ventricular surface. SNR was varied from 40 dB to 0 dB. 
The error of the PVC location was calculated by detecting the earliest 
activation site (EAS) in both ECGI and ECGI-DT LAT maps. The EAS 
was determined by obtaining the area of the LAT map which was 
activated at the earliest 2.5 percentile in LATs. From the largest earliest 
activated area the centroid was obtained and used as the EAS. Then, the 
Euclidean and geodesic distance were calculated between the ground 
truth and ECGI or ECGI-DT EAS in a tetrahedral mesh based on the A* 
algorithm [58] using NetworkX [59]. Geodesic distances are proposed 
due to the complex ventricular anatomy, which has convex and concave 
regions, which the Euclidean distance will not discriminate, especially 
near the apex and between the septum and the free wall of the right and 
left ventricles. The mean error is reported using the geodesic distance 
unless stated differently.

To evaluate the LAT maps of ECGI and ECGI-DT we propose to 
obtain the LAT isochrones using a geometric common ratio of 1.1 to 
obtain homogeneous separation between isochrones. The homogeneous 
separation of isochrones help to obtain a similar number of isochrones 
between LAT maps. The Euclidean distance between isochrones points 
was calculated, and the distance measurements were distributed in 
50 bins. The ratio between the maximum number of samples in the 
minimum distance of the ECGI LAT map and the ECGI-DT LAT map 
was calculated with respect to the ground truth LAT map.
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Fig. 2. Algorithm description to estimate the PVC origin. The location are coded using the extended Cobievo system. Transventricular coordinate (tv), apicobasal coordinate (ab), 
transmural coordinate (tm), rotational coordinate (rt), and transversal field (ts).
2.6. Clinical data

This study included a 42 years old female patient recruited at 
Hospital Gregorio Marañón (Madrid, Spain) diagnosed with PVC at the 
4 
left ventricular free wall. Electroanatomical maps were acquired during 
sinus rhythm using the CARTO3 mapping system (Biosense Webster) 
with a 20-pole PentaRay catheter (Biosense Webster). The study was 
approved by the Institutional Review Board of Universitat Politecnica 
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Fig. 3. PVC origin for four different scenarios. PVC of ground truth (blue circle), ECGI (green circle), and ECGI-DT (orange circle).
de Valencia and Hospital Gregorio Marañón (protocol code ‘‘SAVE-
COR’’ approved on 02.06.2022) and in accordance with the Helsinki 
declaration. The patient gave written informed consent.

3. Results

The proposed ECGI-DT methodology allowed a correct identifica-
tion of the chamber (right vs. left) and depth (epi vs. endo) of the PVCs 
for all the simulations of the evaluation set. ECGI-DT correctly identify 
the chamber in 100% of the cases vs. 75% using ECGI. Additionally, 
ECGI identify the PVC depth in 69% of the cases at the epicardial site 
even for PVCs located at the septum.

3.1. ECGI-DT earliest activation site location

Performance of the ECGI-based EAS identification showed a strong 
dependency on the location of the true initiation site. To illustrate this 
dependency examples of the performance of the proposed algorithm on 
four different cases are shown in Fig.  3. For a PVC originating from the 
right ventricular free wall, ECGI allowed an estimation of the EAS with 
a geodesic error of 7.17 mm (Fig.  3 panel A). ECGI located the PVC 
at the epicardial site, while ECGI-DT located the PVC correctly at the 
endocardial site with an error of 12.31 mm. For the free wall of the left 
ventricle, ECGI had an error of 31.15 mm, while ECGI-DT had an error 
of 6.89 mm (Fig.  3 panel B). At the septal region, ECGI had an error 
of 41.22 mm, while ECGI-DT had an error of 11.37 mm (Fig.  3 panel 
C). On the base of the ventricle, ECGI had an error of 60.10 mm, while 
ECGI-DT had an error of 5.24 mm (Fig.  3 panel D).

Globally, the accuracy of the ECGI-based EAS estimation was
30.69 ± 23.71 mm vs. 7.73 ± 3.71 mm with the proposed ECGI-DT 
algorithm. Additionally, the global Euclidean accuracy of the ECGI-
based EAS estimation was 21.26 ± 12.77 mm vs. 6.35 ± 2.86 mm 
with the proposed ECGI-DT algorithm. The main difference between 
using Euclidean and geodesic distance was found in the ECGI-based 
estimation at the septal area. The ECGI-based estimation accuracy 
at the septal area using Euclidean distance was 29.82 ± 13.71 mm 
compared to 49.31 ± 25.44 mm using geodesic distance. Estimation 
errors for both ECGI and ECGI-DT are shown in Fig.  5, grouped into 
RV free wall, LV free wall, septum and base regions. Accuracy of ECGI-
based EAS estimation was higher in both right and left free walls, 
with errors of 13.19 ± 7.45 mm and 22.45 ± 19.51 mm than for the 
septum and ventricular base, with errors of 47.65 ± 29.24 mm and 
37.15 ± 17.98 mm. Errors in the ECGI-DT were always smaller both 
in the mean and standard deviation values, more independent on the 
location of the stimulation site with values of 7.57 ± 2.96 mm for the 
RV free wall, 6.14 ± 2.74 mm for the LV free wall, 9.28 ± 4.81 mm for 
the septum, and 9.45 ± 4.17 mm for the base.
5 
3.2. ECGI-DT LAT pattern estimation

ECGI-DT not only allowed an improved estimation of the EAS, but 
also an improved estimation of the LATs in the entire myocardium, as it 
can be observed in Fig.  4. In general, the EAS in the ECGI-DT LAT map 
is better identified than ECGI LAT maps where the EAS is larger than 
the ground truth EAS LAT map. EAS located at the ventricular base 
are overestimated by ECGI (Fig.  4 panel D) compared to the ground 
truth EAS. Notice that both the total activation time and the location 
of the latest activation site were better estimated on the ECGI-DT. Fig. 
6 shows the difference of LAT between ground truth, ECGI, and ECG-
DT. The maximum absolute error for ECGI-DT LAT maps was below 
15 ms for the four PVCs cases shown as example, while the maximum 
absolute error for ECGI LAT maps ranged from 74 ms to 111 ms. The 
difference in LATs was observed at the base of the ventricle in the 
LVOT (Fig.  6 panel D). Additionally, the mean error in LAT estimation 
of ECGI-DT was 2.62 ± 5.42 ms, 2.13 ± 5.11 ms, 0.58 ± 7.28 ms, 
and 6.37 ± 9.23 ms for RV free wall, LV free wall, septum, and base, 
respectively.

ECGI-DT allowed to reduce the presence of artificial block lines 
that appear in potential-based ECGI solutions [51]. To estimate this 
reduction in the presence of artificial block lines, we quantified, in 
four scenarios, the isochronal density both in ECGI and ECGI-DT LAT 
maps (Fig.  7). At the PVC origin we found a high density of isochrones 
(0.17 ± 0.08 isochrones per mm) in the ‘‘ground truth’’ simulations, 
which may indicate a real slow conduction that can be attributed 
to a source–sink mismatch effect coming from the small volume of 
activating tissue compared to the myocardium volume to be activated. 
In contrast, ECGI LAT maps present a higher density of isochrones 
than the ground truth and ECGI-DT. For a PVC located at the RV free 
wall, the ratio of isochrones distance between ECGI and ground truth 
was 2.20 (Fig.  7 panel A), while the ECGI-DT ratio was 0.55. Higher 
isochrone density was observed for PVCs located at the LV free wall 
(Fig.  7 panel B), septum (Fig.  7 panel C), and the LVOT (Fig.  7 panel 
D) with 9.38, 9.21, and 9.38 compared to the ECGI-DT ratio of 0.64, 
0.58, and 1.15 for LV free wall, septum, and LVOT.

3.3. ECGI-DT algorithm performance

The particle swarm optimization algorithm needed a maximum of 
3 iterations with 4 particles. An initial estimation of the PVC location 
could be achieved in ∼3 min using a desktop computer with an AMD 
Ryzen Threadripper PRO 5995WX CPU. For the fine-tuning step, the 
total computation time was ∼35 min to obtain the ventricular digital 
twin, which provided a LAT map with a coherent activation sequence 
compared to the LAT map from ECGI alone (Fig.  4).

ECG tracings in the BSPM signals estimated from the ECGI-DT were 
very similar to those from the ‘‘ground truth’’ with a mean CC of 0.80 
for the precordial leads of the ECG, which allowed reproducing the 
depolarization pattern arising by a PVC at the ventricular myocardium 
and the potentials at the torso surface (Supplemental material Fig. 
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Fig. 4. Local activation time (LAT) maps for four different PVC locations. The first column depicts the ground truth LAT maps. The second column depicts the LAT map obtained 
from the ECGI potentials. The third column depicts the LAT map obtained from the ECGI-DT eikonal simulations. (A) PVC origin located at the endocardium of the right ventricular 
free wall. (B) PVC origin located at the endocardium of the left ventricular free wall. (C) PVC origin located at the septal wall of the left chamber. (D) PVC origin located at the 
aortic outflow tract.
Fig. 5. Boxplot showing the Euclidean and geodesic error of estimation of PVC origin for four regions of the ventricles.
B.12). The mean RMSE value was 0.47 ± 0.43 mV and a maximum 
RMSE value was 0.90 mV for all cases (Fig.  8). It is worth noting 
that the maximum values of RMSE are located outside the area of the 
6 
precordial leads. A higher correlation was reached for PVCs originating 
from the RV free wall (Fig.  8 panel A). While PVCs originating from the 
LVOT had a discrepancy in lead V5 (Fig.  8 panel D).
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Fig. 6. Local activation time of ground truth, ECGI, and ECGI-DT for four different PVC locations.
Additionally, the proposed algorithm was further tested by adding 
white Gaussian noise at different SNR to the BSPM. From 40 to 0 dB 
of SNR, the error remained constant (7.81 ± 3.82 mm). We observed 
that the proposed algorithm proved to be robust to noise in the BSPM 
signals.

The proposed ECGI-DT algorithm was proven to be robust against 
uncertainty in the underlying conduction velocity with a variance that 
was 7.25 times smaller than ECGI. The variance of the mean error 
for all CVs for ECGI was 150.18mm2 and 20.69mm2 for ECGI-DT. 
Regional differences for all CVs can be observed in Fig.  9. The mean 
error locating PVCs increased to 9.36 ± 5.08 mm, 8.40 ± 4.15 mm, 
9.54 ± 6.71 mm, and 20.78 ± 17.76 mm for 1.0, 0.8, 0.6, and 
0.4m/s, respectively (Fig.  9). In addition, ECGI mean error ranged 
from 35.77 ± 25.49 mm to 48.69 ± 32.69 mm for 1.0 and 0.4m/s, 
respectively. When CV was known, ECGI-DT mean error at the RV 
free wall was 5.48 ± 2.96 mm. However, when CV varied, the mean 
error ranged from 11.90 ± 5.87 mm to 25.72 ± 20.73 mm for 1.0 and 
0.4m/s, respectively.

In addition, as a proof of concept, we tested the ECGI-DT in a patient 
diagnosed with a PVC in the LV free wall where the electroanatomical 
LAT map indicated the origin of the PVC (Fig.  10 panel A). ECGI-DT was 
able to locate the PVC origin with an error of 15.52 mm compared to 
ECGI where the error was 36.76 mm (Fig.  10 panel B). Moreover, both 
ECGI and ECG-DT estimated the location of the PVC at the epicardial 
site.

4. Discussion

In this study, we present a combined approach of ventricular digital 
twins and ECGI (ECGI-DT) that is capable of accurately locating the 
origin of PVCs. Additionally, the digital twin provides details about the 
electrical propagation through the ventricular myocardium. Moreover, 
the proposed algorithm can be used in real-world scenarios to plan 
ablation procedures of PVCs due to the reduced computational time 
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needed to obtain a ventricular digital twin from ECGI compared to the 
current electroanatomical mapping strategies.

4.1. Location of PVCs using ECGI

Several studies have shown the potential of ECGI to estimate the 
origin of a PVC [15–18,60]. The range of ECGI mean error estimation 
in the literature ranges from 3.0 mm to 43.0mm [16,20,61]. ECGI-
DT achieved a mean error of 7.81 ± 3.82 mm, within the values 
reported in the literature. In this we showed that ECGI is useful for 
PVCs that originated at the right ventricular free wall where ECGI-DT 
have a similar precision. Dogrusoz et al. reported a mean Euclidean 
distance error to estimate PVCs origin, which varies depending on 
the used source model (dipole-based or potential-based). The mean 
Euclidean distance error reported range was 25.2 mm to 33.0 mm 
for a dipole-based source model and 13.9 mm to 39.2 mm for the 
potential-based source model [16]. Furthermore, Ondrusova et al. using 
an equivalent single layer source model, reported a mean Euclidean 
distance of 28.8 ± 11.9 mm, which agrees with the ECGI mean error 
in our study [17]. Additionally, Duchateau et al. reported a mean error 
of 75.7 ± 38.1 mm for estimating more than one primary epicardial 
breakthrough with ECGI compared with epicardial electroanatomical 
mapping [60]. However, in the presence of one epicardial break-
through, the mean error was 52.2 ± 34.2 mm which agrees with 
our ECGI values for the RV and LV free wall (Fig.  3). The proposed 
ECGI-DT improved the estimation of a PVC origin by decreasing the 
mean error for different regions of the ventricle (Fig.  5). Moreover, 
Ogawa et al. [62] proposed a method to locate the area with respect 
to the pulmonary outflow tract (left cusp, right cusp, and anterior 
cusp) where the PVC triggers. The error of PVCs located close to the 
left cusp, which can be compared to the right free wall in this study, 
was 4.59 ± 8.54 mm. The error of ECGI-DT for the right free wall 
was 7.57 ± 2.96 mm mean value is higher but has a smaller standard 
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Fig. 7. Local activation time isochrones for four different PVC locations and the normalized isochrone density for ground truth, ECGI and ECGI-DT local activation time. (A) PVC 
located at the right ventricular free wall. (B) PVC located at the left ventricular free wall. (C) PVC located at the septum. (D) PVC located at the aortic outflow tract.
deviation which indicates a higher accuracy compared to the method 
proposed by Ogawa et al. [62].

Additionally, using different models of artificial intelligence, several 
studies were able to locate PVC origin [20–22]. Zhao et al. evaluated 
different machine learning models to identify the left or right ventric-
ular outflow tract from where the PVC was originated using a random 
forest tree model [21]. The authors showed that the classifier was able 
to predict the PVC’s origin, left or right ventricular outflow tract, with 
an accuracy of 94%. The proposed ECGI-DT showed that in all cases 
it was able to correctly identify the origin of the PVC at the left or 
right ventricular outflow tract. Moreover, Monacci et al. and Pilia et al. 
used eikonal models to simulate the ventricular electrophysiology and 
used universal coordinate system to generate a dataset to train an deep 
learning model to locate PVCs [20,22]. Interestingly, our approached 
also used a universal coordinate system and first principles models to 
estimate the PVC location based on ECGI. Artificial intelligence PVC 
location seem to have a higher accuracy (3mm [20] and 4.06mm [22]) 
compared to our ECGI-DT approach (7.81 ± 3.82 mm) perhaps due to 
the size of the database. One of the main difference with our proposed 
method is the higher number of simulated data used to train the 
algorithms.

Moreover, we showed that the proposed methodology was robust 
to changes in CV (Fig.  9). The maximum error for an unknown CV was 
20.78 ± 17.76 mm for a CV of 0.4m/s compared against the database 
which comprised simulations with a CV of 0.7m/s. Additionally, ECGI-
DT LAT maps have a maximum mean error in the LAT of 6.37 ± 9.23 ms 
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for a PVC located in the LVOT and a maximum absolute error of 15 ms. 
The maximum absolute error in the proposed ventricular ECGI-DT 
could come from the eikonal model ignoring the source–sink mismatch, 
bath loading effects, high wavefront curvatures, and wavefront colli-
sion on CV [31,49,63–66]. Despite the eikonal model limitations, the 
simulations offer a reasonably good estimate of wave propagation in 
the absence of anatomical or structural remodeling. In addition, ECGI 
LAT maps are prone to create artificial lines of block [25,51,67]. The 
proposed ECGI-DT provides a LAT map with no artificial line of blocks 
as compared to ECGI (Fig.  7).

4.2. Ventricular digital twins

In this study, we present a workflow to create ventricular digital 
twins from ECGI data. Gillette et al. have shown that it is feasible 
to create cardiac digital twins using information from the 12-lead 
ECG [27]. Moreover, Gillette et al. showed a good qualitative match 
of the 12-lead ECG as a result of their minimization loss function. We 
showed that ECGI-DT can reproduce the BSPM of the ground truth and 
obtain a mean CC up to 0.80 of the precordial leads within a feasible 
time to be used in real-world applications by obtaining the BSPM and 
ECGI LATs of a patient. Additionally, Krummen et al. proposed the 
creation of a database that consists of computational models with dif-
ferent focal activity and other complex mechanisms such as ventricular 
fibrillation [68]. For the localization of PVCs, the authors reported a 
median error of 11 mm (interquartile range, 5–21 mm) compared to the 
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Fig. 8. Body surface potential root mean square error (RMSE) and signals at the position of standard precordial leads for four different PVC location. (A) ECGI-DT for a PVC 
located at the right ventricular free wall. (B) ECGI-DT for a PVC located at the left ventricular free wall. (C) ECGI-DT for a PVC located at the septum. (D) ECGI-DT for a PVC 
located at the aortic outflow tract.
location determined using electroanatomical maps to estimate PVCs. 
Our ECGI-DT approach had a mean error of 5.48 ± 2.96 mm for PVCs 
originated at the ventricular free wall, which is smaller to the error 
reported by Krummen et al. [68].

The creation of the ventricular digital twin was based on eikonal 
simulations and a transfer matrix to compute the BSPM for real-world 
applications in a feasible time. Potyagaylo et al. showed that a fastest 
route algorithm and forward problem solution using a transfer matrix 
can be used to solve the inverse problem and estimate the PVC origin 
with a mean error of less than 10mm [35]. The proposed ECGI-DT 
is in agreement with the values reported by Potyagaylo et al. [35] 
with a mean error of 7.81 ± 3.82 mm. Additionally, ECGI-DT achieved 
smaller errors at the left ventricular summit and right ventricular apex 
where Potyagaylo et al. [35] reported a maximum error of 60 mm. Our 
ECGI-DT approach have a maximum error at the ventricular base of 
18.35 mm. Additionally, we tested the proposed approach using a set of 
additional evaluation simulations with different conduction velocities. 
ECGI-DT proved to perform well for higher values of CVs, while for 
slower values of CVs, ECGI-DT mean error increased (Fig.  9 panel D).
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Moreover, a coherent activation sequence produced by a PVC was 
obtained (Fig.  4), while ECGI gave non-coherent PVC activation se-
quences due to the smoothing effect of the regularization used to solve 
the ill-posed inverse problem as described by Schuler et al. [51] and 
shown previously using in vivo experiments [25,67]. However, we 
considered only homogeneous tissue without any local functional or 
structural remodeling, which could introduce real lines of block in LAT 
maps. The current implementation of ECGI-DT would not be able to 
capture any line of block produced by the presence of local functional 
or structural remodeling in the ventricular tissue [63].

4.3. Clinical outlook

The integration of ECGI-DT technology in the clinical management 
of PVCs can represent a major step in cardiology, creating a new 
paradigm in personalized cardiac care. Our approach, merging ECGI 
with the concept of cardiac digital twins, offers enhanced precision 
in diagnosing PVCs compared to ECGI alone (Fig.  10 panel B). ECGI-
DT was able to identify the PVCs originating from the left or right 
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Fig. 9. Violin plots showing ECGI-DT performance to locate PVCs for four different conduction velocities. ECGI-DT was robust against higher conduction velocity and the error 
increased for low conduction velocity (0.4m/s). ECGI in gray and ECGI-DT in orange. (A) Performance for CV 1m/s. ECGI error is increased with a mean maximum error of 
90 mm at the septum. (B) Performance for CV 0.8m/s. ECGI error is increased with a mean maximum error of 98 mm at the septum. (C) Performance for CV 0.6m/s. ECGI error 
is increased with a mean maximum error of 102 mm at septum. (D) Performance for CV 0.4m/s. ECGI error is increased with a mean maximum error of 112 mm at the left 
ventricular free wall. Additionally, ECGI-DT was affected by a decrease in conduction velocity with a maximum mean error of 21 mm at the left ventricular free wall.

Fig. 10. ECGI-DT proof of concept using clinical data. Patient diagnose with a premature ventricular contraction at the left ventricular free wall. (A) Endocardial local activation 
time map and its respective coregistration to simulation geometry. (B) The earliest activation site was determined by finding the minimum in the endocardial local activation time 
map. ECGI-DT had a higher accuracy to determine the location of the premature ventricular contraction compared with ECGI. (C) ECGI and ECGI-DT local activation time maps. 
(D) Comparison of the normalized density of isochrones in the local activation time maps of both ECGI and ECGI-DT.
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ventricular chamber and PVCs originating from the endocardial or 
epicardial site. By improving the accuracy of pinpointing the origin 
of PVCs, ECGI-DT facilitates more effective and tailored treatment 
strategies, improving the therapeutic landscape for patients suffering 
from PVCs. The ability of ECGI-DT to provide detailed insights into 
myocardial propagation and LATs enhances diagnostic accuracy and 
augments the efficacy of catheter ablation procedures, reducing the 
associated risks (Fig.  10 panel C). Svehlikova et al. [19,61] showed the 
potential of ECGI to localize the origin of the PVC and the importance 
of signal processing in clinical data. The evaluation in fourteen patients 
showed that removing the offset of the torso potentials reduce the 
localization error to a range between 1–2mm [19]. Therefore, signal ac-
quisition and preprocessing must be taken into account when thinking 
of integrating ECGI in the clinical practice.

New technologies have shown the potential to decrease ablation 
procedure times and radiation exposure [12,13]. To integrate the pro-
posed ECGI-DT methodology into routine clinical practice, we envision 
it as a complementary tool for pre-procedural planning in patients 
undergoing catheter ablation for PVCs. Specifically, the ECGI-DT work-
flow could be utilized in cases where traditional 12-lead ECG or stan-
dard ECGI approaches yield ambiguous localization, such as PVCs 
originating from the septum, outflow tracts, or other complex regions. 
By combining ECGI-DT-derived localization with conventional mapping 
strategies, clinicians could refine ablation targets and optimize proce-
dural planning. This approach may reduce reliance on extensive intra-
procedural mapping, thereby potentially decreasing overall procedure 
time, minimizing radiation exposure, and improving patient outcomes. 
In the future, as ECGI-DT technology advances, the workflow could be 
further streamlined for clinical environments. For instance, integrating 
software with existing ECGI mapping systems, such as Acorys, could 
enable efficient patient-specific modeling. Additionally, expanding and 
standardizing precomputed digital twin databases would reduce com-
putational demands, facilitating rapid deployment in clinical settings. 
These steps, coupled with rigorous clinical validation, would ensure the 
practical and effective integration of ECGI-DT into routine workflows 
for managing complex arrhythmias. Furthermore, ECGI-DT holds the 
potential to significantly advance personalized medicine in cardiology. 
By enabling clinicians to tailor treatments to the unique characteristics 
of each patient’s cardiac electrophysiology, ECGI-DT paves the way 
for more patient-centric approaches, optimizing therapeutic outcomes 
while minimizing unnecessary interventions.

4.4. Limitations

While we showed the advantage of creating digital twins to enhance 
ECGI, several limitations must be considered. We only considered one 
ventricular geometry to create our database. Molero et al. [69] have 
shown the reduced effect of anatomical variability on ECGI. However, 
Mincholé et al. [29] showed that the ventricular anatomy impacts 
the ECG. Therefore, our dataset should be extended to consider the 
ventricular anatomical variability. Additionally, the number of models 
available our dataset can be extended as in Krummen et al. [68] and 
Pilia et al. [20] which can help to improve the accuracy of ECGI-DT. 
This could have an impact on the proposed methodology and should 
be further studied.

Moreover, we used a homogeneous model to obtain the transfer 
matrix and calculate the BSPM. Different studies reported that includ-
ing heterogeneity of torso conductivity can improve the correlation 
of simulated BSPM with in vivo recordings [70] and of simulated 
data [32,71]. Thus, future work can include torso heterogeneity to 
obtain the transfer matrix and compute the forward problem. Different 
torso conductivity could potentially be obtained using impedance mea-
surements [72–74]. In addition, we only considered the ventricles, but 
including the atria in the model can impact the estimation of the PVC. 
Therefore, future work should include a four-chamber model to include 
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the impact of the atrial tissue in BSPM and the inverse reconstruction. 
This could potentially impact PVCs localization at the ventricular base.

The database created in this study did not include heterogene-
ity caused by remodeling of the ventricular myocardium. Including 
local functional or structural remodeling in the ventricular model 
have shown to introduce a source–sink mismatch and modify conduc-
tion [63–65]. The proposed ECGI-DT LAT maps did not consider any 
local functional or structural remodeling of the ventricular myocardium 
which produce lines of block. However, including models with local 
functional or structural remodeling can enhance the database and be 
able to identify areas with low conduction velocity.

We observed that the proposed methodology is robust to white 
Gaussian noise at different SNR. The influence of white Gaussian noise 
was not included in our PVC’s database but can be extended. Addition-
ally, this study did not consider the impact of reducing the number of 
electrodes when calculating ECGI. Ondrusova et al. [17] showed that 
the error in locating PVCs increased when the number of electrodes was 
reduced. Another aspect that could be explored is the impact of real-
world artifacts such as electrode misplacement or other clinical factors 
that could influence the acquisition of the body surface potentials. 
Gillette et al. [27] showed that the 12-lead ECG was sufficient to create 
a digital twin and can be further studied when using ECGI information 
as a starting point for creating a ventricular digital twin.

Additionally, as a proof of concept, we tested ECGI-DT in one 
patient. Future research can include more patients, including elec-
troanatomical mapping and ECGI. Both mapping modalities held the 
potential to quantitatively measure the accuracy of locating PVCs using 
ECGI and our proposed ECGI-DT.

4.5. Conclusion

In conclusion, we present a methodology that combines ECGI and 
digital twins to enhance the accuracy of locating the origin of PVCs. In 
addition, thanks to the developed digital twin, we provide LAT maps 
with no artificial line of blocks compared to ECGI LAT maps.
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Appendix A. Extended cobiveco coordinates

We extended the Cobiveco coordinate system to include a detailed 
anatomical base of the ventricle. The extension was done by including 
label at the surface and at the volume of the mesh (Fig.  A.11 panel 
A). First, using the volume labels we take out the right ridge between 
the right pulmonary outflow track and the tricuspid valve orifice. We 
also remove the ridge of the aortic outflow tract from the left ventri-
cle. Second, we calculate the transventricular (tv), transmural (tm) as 
Fig. A.11. Extended Cobiveco in a detailed anatomical ventricular geometry. (A) Input labels in at the volume and surface of the ventricular mesh. (B) Result of the extended 
Cobiveco coordinates.
Fig. B.12. Snapshot of the body surface potential map for four different PVC locations. (A) PVC located at the right ventricular free wall. (B) PVC located at the left ventricular 
free wall. (C) PVC located at the septum. (D) PVC located at the aortic outflow tract.
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described in [56]. Third, we calculate the rotational (rt) coordinate as 
described in the original Cobiveco formulation and we added the values 
at the boundaries of the ridges and solve the Laplace equation to have 
a continuous solution for the rotational coordinate. Fourth, to compute 
the apico-basal (ab) coordinate we used the same approach as in the 
original Cobiveco approach. Fifth, we added a scalar field at ridge of 
the aortic outflow tract and at the right pulmonary outflow track and 
the tricuspid valve orifice. The scalar field is call the transversal (ts) 
field. The scalar field ts is computed by setting boundary conditions to 
solve the Laplace equation. The boundary conditions were set boundary 
of the ridges, 0 was set to all points located at the boundary close to 
the pulmonary or aortic orifice and 1 was set to all points located at 
the boundary close to the tricuspid or mitral valve orifice. The new ts 
coordinate helps to better identify points located in this areas which the 
rt coordinate has values that cover big portions of areas. The resulting 
four extended Cobiveco coordinates are comparable to the original 
formulation of [56] and are depicted in Fig.  A.11 panel B.

Appendix B. Body surface potential maps

We computed the body surface potential maps using boundary 
element methods as explained in Methods section. The resulting BSPMs 
for four different examples are shown in Fig.  B.12.
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