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Abstract

Background Cardiac arrhythmias are a major cause of morbidity and mortality increasing
the risk of stroke, heart failure, and sudden cardiac death. Imageless electrocardiographic
Imaging has emerged as an accessible non-invasive alternative for cardiac electrical
mapping from body surface potentials. However, conventional electrocardiographic
imaging is restricted to epicardial reconstructions, reducing its reliability in accurately
identifying arrhythmias arising from deeper myocardial structures. We aim to overcome this
limitation by reconstructing three-dimensional cardiac activity.
MethodsWe introduce a volumetric formulation, which extends beyond epicardial potential
estimation by solving an inverse source problem using Green’s functions. This technique
enables three-dimensional reconstructions of cardiac activation, improving arrhythmia
localization in anatomically complex regions. We evaluate the method on simulated
premature ventricular beats andon four patients representing clinical challenges, includinga
premature ventricular contraction from the right ventricular outflow tract, a left bundle
branch block, a ventricular tachycardia, and a Wolff-Parkinson-White. We also assess
performance on an open-source dataset for myocardial infarction estimation.
Results Our results indicate that volumetric electrocardiographic imaging reconstructs
three-dimensional activation and enhances the localization of arrhythmia origins, yielding a
59.3% reduction in geodesic error between the estimated and simulated origins compared
to surface-only approaches. In patient cases, the recovered activation patterns are
consistent with the clinical diagnoses.
Conclusions Imageless volumetric electrocardiographic imaging enables non-invasive,
accessible, three-dimensional mapping of cardiac activation, addressing a fundamental
limitation of surface-restricted methods. This capability may support more accurate pre-
procedural planning, may help guide ablation targets, and could refine selection and
optimization of cardiac resynchronization therapy candidates.

Cardiac arrhythmias affect one in three adults1 and pose significant health
risks, including stroke, heart failure, and sudden cardiac death. Conditions
such as atrialfibrillation (AF), ventricular tachycardia (VT), and conduction
disorders often require medical or interventional treatments. These condi-
tions contribute substantially to healthcare costs, accounting for 2–4% of

total annual healthcare expenditure in Europe2 and resulting in an annual
cost exceeding €13.5 billion3,4. These challenges, which are particularly acute
in resource-constrained environments facing limited access to specialized
diagnostics and care, emphasize the need for improved diagnosis and
treatment strategies.

A full list of affiliations appears at the end of the paper. e-mail: ismael.hernandez@corifycare.com

Plain Language Summary

Heart rhythm disorders are common and
often require invasive procedures to be
diagnosed and treated. To reduce that need,
advanced non-invasive methods such as
electrocardiographic imaging use signals
from chest sensors, the person’s body geo-
metry, and a physics-based computational
model to create maps of the heart’s electrical
activity. Most current maps cover only the
heart’s surface.Wedeveloped anon-invasive
approach that maps activation within the
heartmuscle in threedimensions.Wetested it
in computer simulations, in four patients with
representative rhythm problems, and on a
public dataset from people with heart pro-
blems. We show that it identifies where
abnormal beats start more accurately than
surface-only maps and agrees with clinical
assessments. In the future studies with larger
cohorts will aim to evaluate whether this
technique can improve planning for opera-
tions and help when selecting possible
approaches for treatments.
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Current treatments, including anti-arrhythmic medications and
catheter-based ablation, have limited efficacy and notable drawbacks.
Medications often fail due to low success rates and side effects5, while
electroanatomical mapping and ablation require invasive procedures with
risks, repeat interventions, and limited insight into epicardial or mid-
myocardial activity6. These limitations underscore the urgent need for
advanced, non-invasive mapping technologies to enhance arrhythmia
diagnosis, guide treatment, and improve clinical outcomes.

In recent years, Electrocardiographic Imaging (ECGI) has emerged as a
promising non-invasive technology for estimating the electrical activity of
the heart by recording body surface potentials from multiple electrodes
placed on the torso7,8. Unlike a standard electrocardiogram (ECG), which
provides only indirect information about cardiac activation sequences,
ECGI allows for estimating the distribution of electrical potentials over the
epicardial surface, offering a high-resolution map of arrhythmic activity.
This technique has been particularly valuable for localizing atrial and ven-
tricular arrhythmogenic substrates, aiding in the identification of focal and
reentrant circuits in conditions such as AF9, atrial tachycardia (AT)10, VT11,
and premature ventricular contractions (PVCs)12, among others13. Addi-
tionally, ECGI has played a role in guiding personalized ablation strategies
and in assessing conduction disorders such as Left Bundle Branch Block
(LBBB) and ventricular dyssynchrony13. The clinical relevance of ECGI has
recently been acknowledged in clinical guidelines, particularly for its
potential role in the management of AF14 and CRT15.

Oneof themain limitationsofECGI systems is their relianceon cardiac
imaging modalities, such as computed tomography (CT) or magnetic
resonance imaging (MRI), to accurately map electrode positions onto car-
diac geometries. This requirement not only increases procedural time but
also adds high costs, posing amajor barrier to clinical adoption, especially in
resource-constrained environments. To mitigate the need for CT/MRI
ECGI systems capable of estimating cardiac geometry without dedicated
imaging, known as Imageless ECGI, have beendeveloped16,17. These systems
facilitate the rapid generation of cardiac maps, improving accessibility and
cost-effectiveness. Our volumetric ECGI pipeline builds on these imageless
systems and therefore enables volumetric cardiac estimation without the
additional costs of cardiac imaging, while running on standard hardware.
These features facilitate adoption in diverse clinical contexts, with particular
relevance to resource-constrained settings.

However, both traditional and imagelessECGI typically remain limited
to epicardial reconstructions18,19. This restricts their clinical utility when
arrhythmogenic substrates reside deeper within themyocardium,making it
difficult to accurately resolve activationdetails crucial for certain conditions.
For instance, while ECGI aids in localizing PVCs12, precisely identifying
their origin from complex, deep structures like the septal region of the Right
VentricularOutflowTract (RVOT) remains challenging using only surface-
based epicardial potentials8,20. Similarly, assessing LBBB13 with epicardial

ECGI provides limited insight into the full transmural activation sequence
relevant for cardiac resynchronization therapy optimization. Mapping of
ventricular tachycardia (VT) circuits with ECGI has been explored, parti-
cularly to guide non-invasive ablation procedures21,22, yet these studies have
focused almost exclusively on epicardial reentrant pathways, offering little
insight into deeper intramural circuits. Furthermore, identifying accessory
pathways (e.g., in Wolff-Parkinson-White (WPW) syndrome) often relies
predominantly on ECG interpretation or invasive studies, as epicardial
mapping alone may not capture the complete conduction pattern13.
Although strategies extending ECGI beyond the epicardium, using action
potentials23, electric potentials24, or other inverse methods25,26 have been
proposed, they lack widespread clinical adoption. Reliably reconstructing
activation throughout the myocardial volume remains a significant tech-
nical hurdle limiting its application.

To overcome these limitations, we propose a novel volumetric ECGI
approach by explicitly modeling cardiac sources within the Poisson-
based formulation, enabling the estimation of three-dimensional acti-
vation patterns throughout the entire myocardium. This inherently
allows for the simultaneous reconstruction of activation across multiple
cardiac chambers (e.g., atria and ventricles). This methodology is based
on Green’s functions to describe the transfer between body surface
potentials and myocardial electrical activity, providing a more compre-
hensive understanding of cardiac excitation patterns in a complete
representation of the heart.

In this study, we present a volumetric electrocardiographic imaging
(ECGI) approach to estimate cardiac sources, enabling three-dimensional
reconstruction of activation throughout the myocardium. The method is
validated on simulations of premature ventricular contractions (PVCs)
initiated at multiple sites, and it localizes the origin of abnormal beats more
accurately than a classical surface-based ECGI approach. On patient data of
different pathologies and on an open myocardial infarction dataset, it
recovers activationpatterns and infarct-related abnormalities that alignwith
clinical assessments. These results indicate that volumetric ECGI provides
reliable non-invasivemapping across diverse scenarios. This capabilitymay
support more precise pre-procedural planning, guide ablation targets, and
may refine selection for cardiac resynchronization therapy,while potentially
reducing reliance on invasive procedures, an especially relevant benefit in
resource-limited settings.

Methods
The volumetric ECGI system allows for the reconstruction of three-
dimensional cardiac electrical activity by integrating body surface potential
recordingswith patient-specific anatomicalmodels. This process consists of
geometry registration, signal acquisition, computation of the volumetric
transfer matrix, and estimation of cardiac sources, ultimately leading to the
generation of activation maps (Fig. 1).

Fig. 1 | Workflow of volumetric ECGI technology. The process begins with body
surface potential acquisition using amulti-electrode vest, capturing electrical signals
from the torso. Simultaneously, patient-specific cardiac and torso geometries are
estimated. These data are processed through a volumetric transfer matrix, enabling

the estimation of cardiac sources throughout the myocardium. Finally, local acti-
vation times are computed, generating three-dimensional activation maps that
depict the electrical wave propagation within the heart.
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To acquire the input data, including both electrical signals and geo-
metries, we use the ECGI system (ACORYS MAPPING SYSTEM, Corify
Care S.L., Madrid, Spain). A 128-electrode vest is placed on the patient’s
torso, ensuring stable and accuratemeasurements. Each electrode allows the
recording of surface potentials, providing a high spatial resolution at the
torso, facilitating the reconstruction of cardiac activity. However, some
electrodesmay be excluded due to excessive noise or poor contact, based on
clinical considerations. To enhance signal quality, noise filtering and base-
line correction are applied, improving the signal-to-noise ratio (SNR) and
ensuring robust data for further processing.

Once the signals are recorded, the next step is to define the anatomical
structures required for cardiac activity estimation. Both the external torso
surfaces and internal cardiac structures, such as the atria and ventricles, play
a crucial role in this process. The torso geometry is reconstructed using
photogrammetry, capturing electrodepositions and surface topology,which
serves as the foundation for subsequent cardiac modeling. Then, cardiac
geometry is estimated through a Statistical ShapeModel (SSM)27, generating
a patient-specific representation of the heart. While simulations inherently
provide detailed internal geometries, patient-specific reconstructions rely
on shapemodels to estimate cardiac structures in real-time.By removing the
reliance onCTorMRI scans, this approachexpands its clinical applicability.

Upon defining the geometry, a transfermatrix is computed to describe
the relationship between surface potentials and myocardial electrical
activity28,29, which allows for the cardiac source reconstruction. Traditional
ECGImethodologies, often referred to as epicardial ECGI, rely on the theory
of electrical passive conductors and thus solve a Cauchy problem for
Laplace’s equation to estimate potentials on intermediate surfaces between
the heart and torso29. In contrast, the proposed volumetric ECGI is for-
mulated as a linear inverse source problem, explicitly estimating cardiac
sources that represent the propagating wavefront through the entire heart.
This methodology is grounded in the theory of electric volume conductors,
described by Poisson’s equation, and relies on Green’s functions30 to model
the transfer between electrodepotentials and cardiac sources.Consequently,
this approach enables a three-dimensional estimation of electrical activity
across epicardial, endocardial, and myocardial regions. Moreover, this
formulation allows the incorporation of anatomically detailed chambers,
such as both atria and ventricles, ensuring a more comprehensive repre-
sentation of cardiac structures.

To further refine the reconstruction, an optimization algorithm, such
as Tikhonov regularization31, is applied to identify the most plausible elec-
trical activity that matches the electrode recordings. This process allows for
the computation of clinically relevant information, including Local Acti-
vation Times (LATs) in regular rhythms. The mathematical formulation
and implementation of this inverse problem are detailed in the following
subsections.

Computational dataset
This studywas validated using both simulated and patient data, incorporating
a dataset of 16 simulated Premature Ventricular Contractions (PVCs) and
four patients diagnosed with PVCs, Left Bundle Branch Block (LBBB), Ven-
tricular Tachycardia (VT), and Wolff-Parkinson-White (WPW) syndrome.

Simulated data was generated using realistic anatomical ventricular
meshes aligned with torso geometries according to anatomical
constraints32,33, incorporating structures like lungs, blood pools, and the
liver. The extracellularmediumwas considered isotropic, and conductivities
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, respectively32. Ventricularmesh,with an average edge length of
350 μm, included myocyte orientation modeled via rule-based methods34.
The bidomain model was solved using openCARP35 to simulate the elec-
trical propagation in the ventricular myocardium and the electrical fields
across the torso.

For ECGI computation, a reduced torso surface with an average edge
length of 13.22 ± 2.41mm was used. epicardial ECGI utilized a reduced
ventricular surface (2.28 ± 0.38mmedge length), whereas volumetric ECGI
employed a tetrahedral ventricular myocardial mesh (3.53 ± 0.75mm edge

length). 128 electrode locations were selected to match the vest placement,
leading to a dataset of 16 PVC simulations: 6 originating from the ven-
tricular base, 6 from the septum, and 4 from the free wall.

Clinical dataset
Four patients (ages 50-80) were registered with ECGI using a 128-lead
system (ACORYS MAPPING SYSTEM, Corify Care S.L., Madrid, Spain).
Patient 1 was registered at Hospital Gregorio Marañón, and patients 2, 3,
and 4 were registered at Hospital Clínic de Barcelona. The study received
ethical approval, and informed consent was obtained. All patients were
registered under the study protocol SAVE-COR (NCT05772182). This was
a multicentric study approved by the institutional review boards/ethics
committees of Hospital Universitario Gregorio Marañón (internal code:
SAVE-COR) and Hospital Clínic de Barcelona (internal code: HCB/
2022/0710).

Patient 1 presented with ventricular extrasystole, which was initially
managed with beta-blockers. The arrhythmia was successfully eliminated
following catheter ablation in the right ventricular outflow tract (RVOT).
Patient 2 was diagnosed with Left Bundle Branch Block (LBBB) and
underwent cardiac resynchronization therapy (CRT). ECGI mapping cap-
tured the conduction pattern, andmonopolar and biventricular stimulation
were performed to achieve ventricular synchronization. Patient 3 presented
with sustained ventricular tachycardia. Pre-procedural fibrosis substrate
detection using ADAS 3D identified a fibrotic region located on the basal
part of the septal wall of the left ventricle. Patient 4 was diagnosed with
Wolff-Parkinson-White (WPW) syndrome, characterized by an accessory
pathway bypassing the Purkinje system. The pathwaywas localized through
catheter analysis in the postero-septal region of the ventricle, confirming the
diagnosis.

To enhance comparisonwith previous studies and explore the viability
of myocardial infarction detection, two patients from the 2007 Physionet
Challenge of Computation of Cardiology congress were included36. The
2007 PhysioNet Challenge data were originally collected at Glasgow Wes-
tern Infirmary (UK) underWest Ethics Committee approval, wherewritten
informed consent was obtained from all patients. Anonymized electro-
cardiographic andMRI data were made available for the Challenge37. Body
surfacepotential recordingswere obtained at 120 anatomical sites, following
the protocol establishedbyDalhousieUniversity. Eachdataset consisted of a
single averaged PQRST complex, sampled at 2 kHz. Ventricular and torso
geometries were extracted and processed using proprietary software.

ECGI system
Although simulations provide exact geometries and electrical signals,
patient data require a detailed description of the ECGI system used for
acquisition. ECGI relies on two primary types of input data: geometrical
information and electrical signals. Geometrical information consists of
patient-specific torso and heart surfaces, enabling accurate reconstruc-
tion of cardiac activity. Electrical signals are recorded from electrodes
placed on the torso, providing a high-resolution mapping of surface
electrical activity.

The sensor vest is a high-density electrode array with 128 silver elec-
trodes that enable simultaneousmapping of surface electrical activity across
the patient’s entire torso. The vest is radiolucent and contains four patches
that cover the anterior and posterior left and right surfaces of the torso. Each
electrode features a QR code on the front, allowing for automatic electrode
position identification. The vest is flexible, allowing custom adaptation to
individual torso shapes and modifications for compatibility with other
electrophysiological systems used in clinical practice. Once the vest is in
place, photogrammetry scanning is performed to obtain a detailed 3D
representationof thepatient’s torso, including electrodepositions,which are
automatically located with the QR code. This torso representation is then
converted into a triangular mesh, forming the basis for subsequent
numerical computations. The cardiac geometry, estimatedusing a Statistical
Shape Model (SSM)27, is then converted into one or multiple triangular
meshes for further computational processing.
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The electrode vest is connected to the biopotential amplifier, which is
an isolated 128-channel device responsible for amplifying and digitizing the
electrical signals collected by the electrodes. These signals form a Body
Surface Potential Map (BSPM), providing high spatial resolution of elec-
trical activity on the torso surface. Electrodes with excessive noise or poor
contact may be excluded based on clinical considerations. Then, the
recorded signals are first processed with a comb filter at 50 Hz, which
eliminates powerline interferenceand itsfirst three harmonics.Next, a 10th-
order Butterworth low-pass filter at 40Hz is applied to attenuate higher-
frequency noise. Finally, a high-pass filter at 0.67Hz is used to remove
baseline wander. For simulated data, Gaussian noise is added at a 20 dB
signal-to-noise ratio (SNR), followed by a 10th-order Butterworth low-pass
filter with a cut-off frequency of 50 Hz.

Epicardial reconstruction
Electrocardiographic Imaging (ECGI) is formulated as an inverse problem
in which body surface potentials are used to estimate cardiac electrical
activity. Conventional ECGI approaches primarily rely on surface-based
estimations of the electric potential. Due to the inherent challenges in
accurately estimating the electric potential beyond the epicardium, we focus
on reconstructing epicardial potentials.

The body is modeled as a homogeneous, quasi-static volume con-
ductorwithuniformconductivity to simplify themathematical formulation.
Since the heart is excluded from the domain of interest, there are no primary
electrical sources within this region. Under these assumptions, the inverse
problemof reconstructing epicardial potentials frombody surfacepotentials
is formulated as a Cauchy problem for Laplace’s equation:

�∇2ϕðxÞ ¼ 0; x 2 ΩB; ð1Þ

ϕðxÞ ¼ gðxÞ; x 2 Γ; ð2Þ

∂nTϕðxÞ ¼ 0; x 2 ∂Ω; ð3Þ
where ϕ denotes the electric potential, g represents the recorded or simu-
lated body surface potentials, and ΩB is the domain enclosed between the
torso surface T and the heart surface H, such that ∂ΩB = T ∪ H and
T \ H ¼ +. The setΓ⊂ ∂Ω corresponds to the electrode locations,∂Ω=T
to the torso surface, and ∂nT represents the normal derivative at the torso
surface.

To solve this problem, we discretize the Cauchy problem using the
Boundary Element Method (BEM)29, yielding a transfer matrix that relates
the torso potentials to heart potentials via the linear system given:

Ah ¼ g; ð4Þ

where A 2 RM ×N is the transfer matrix, h 2 RN ×T represents the heart
potentials, and g 2 RM ×T represents themeasured body surface potentials.
Here,N denotes the number of nodes on the heart surface,M the number of
electrodes, and T the number of temporal samples.

Due to the ill-posed nature of the inverse problem, directly solving this
linear system with standard numerical methods results in unstable solu-
tions. Therefore, regularization techniques must be applied to obtain a
physiologically meaningful reconstruction, as discussed in the specialized
literature31. In our numerical experiments, we employ zero-order Tikhonov
regularization38,whichbalances thedata-fitting termwith constraints on the
solution magnitude, ensuring stability and robustness:

bh ¼ argmin k Ah� g k
2

2
þλ k hk22

� �
; ð5Þ

where ∥ ⋅ ∥2 denotes the l2-norm, and λ 2 R is the regularization para-
meter. The optimal value ofλ is determinedusing the L-curve criterion39,40, a
methodwidely used in ECGI to achieve a balance between solution stability
and accuracy.

Volumetric reconstruction
We propose a volumetric ECGI formulation that reconstructs cardiac
sources throughout the myocardial volume based on the mathematical
framework of Poisson’s equation. By explicitly considering volumetric
cardiac sources f(x), this approach enables the estimation of three-
dimensional activation patterns, overcoming the limitations of surface-
based methods.

The torso ismodeled as ahomogeneous, quasi-static volume conductor
with uniform conductivity to simplify the mathematical formulation of the
volumetric ECGI problem. Based on established biophysical models28,41, we
formulate the inverse problem of reconstructing cardiac electrical sources
from body surface potentials using the following equations:

�∇2ϕðxÞ ¼ f ðxÞ; x 2 Ω; ð6Þ

ϕðxÞ ¼ gðxÞ; x 2 Γ; ð7Þ

∂nTϕðxÞ ¼ 0; x 2 ∂Ω; ð8Þ
Z

Ω
f ðxÞ dV ¼ 0; ð9Þ

where ϕ denotes the electric potential, g the recorded or simulated body
surface potentials, f the cardiac sources that can only be non-zero in the
heart, Ω the domain encompassing the body with boundary ∂Ω being the
torso surface, dV the standard Cartesian measure d3x onΩ, and Γ⊂ ∂Ω the
electrode locations. Thefinal equation ensures the cardiac sources satisfy the
existence condition at each time instant.

Unlike the Cauchy problem ((1)–(3)), the domain Ω in volumetric
ECGI includes the heart, whereas the domain ΩB in epicardial ECGI does
not. Consequently, Poisson’s equation (6) replaces Laplace’s equation (1) by
incorporating the cardiac sources f on the right-hand side. These cardiac
sources can be derived from a simplified bidomain formulation coupled
with a representation of the passive volume conductor between the heart
and the torso surfaces41. This leads to a concrete expression for the cardiac
sources as a surrogate of the action potential:

f ðxÞ ¼ ∇ � ðσ iðxÞ∇VmðxÞÞ; x 2 ΩH ;

0; x 2 Ωo:

�

whereVmdenotes the actionpotential, σi the intracellular conductivity tensor,
ΩH the heart volume, and Ω0 the extramyocardial domain. This expression
represents the net current source density (units: A/cm3), which corresponds to
thedivergence of a current densitymodulated by the intracellular conductivity
tensor. The formulation enables the estimation of a scalar field that, although
not directlymeasurable, implicitly encodes the heart’s conductivity properties
and the timing of cellular activation. By estimating this scalar field of sources
and sinks, rather than the current density vector, our formulation simplifies
the inverseproblemwhile retaining essential electrophysiological information.
Figure 2 provides afirst visual reference: the cardiac source is shown alongside
the action potential and the extracellular electric potential, enabling side-by-
side inspection of their shapes.

To implement the volumetric reconstruction, we discretize the domain
Ω using a tetrahedral mesh generated from the triangulated surfaces of the
torso and heart. The key contribution of this methodology is the use of
Green’s functions under Neumann boundary conditions30,42, which provide
amathematical framework for relatingbody surfacepotentials to volumetric
cardiac sources, while respecting the intrinsic physical constraints of the
electrophysiological system.

These functions define a linear system that connects electrode mea-
surements to cardiac sources:

Bf ¼ g; ð10Þ
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where B 2 RM × P is the transfer matrix, f 2 RP ×T represents the cardiac
sources, and g 2 RM ×T represents the measured body surface potentials.
Here, P denotes the number of nodes of the heart volume,M the number of
electrodes, and T the number of temporal samples.

Each element B(i, j) of the transfer matrix B is given by the Green’s
function G(yi, xj), which is a solution to the partial differential equation:

�∇2Gðyi; xÞ ¼ δyi ðxÞ; x 2 Ω;

∂nGðyi; xÞ ¼ � 1
Area

; x 2 ∂Ω;

whereArea is the area of the torso surface, and δyi is theDirac delta function
centered at the torso electrode location yi. These functions capture how
cardiac sources influence the potential measured on the torso surface.

Numerically, these relationships are computed using the finite element
method (FEM),which solvesPoisson’s equationwithin the discretized heart
and torso geometries. Unlike the epicardial ECGI, where the transfermatrix
Amaps torso potentials to epicardial potentials, the volumetric formulation
extends this mapping with transfer matrix B to the full cardiac volume.
Consequently, the unknowns in the inverse problem are no longer epi-
cardial potentials h, but rather the cardiac sources f.

As with the epicardial formulation, the ill-posed nature of the inverse
problem necessitates regularization to prevent unstable solutions.We apply
zero-order Tikhonov regularization38 to ensure stability:

bf ¼ arg min
Mf¼0

k Bf � gk22 þ λ k f k22
� �

; ð11Þ

whereM enforces the existence condition of the cardiac sources, and λ 2 R
is determined using the L-curve criterion39,40.

Local activation times
In the final step of ourmethodology, the estimated cardiac sources are post-
processed to compute local activation times (LATs). LATs can be extracted
from various electrophysiological variables, including action potentials and
electric potentials. In our formulation, the estimated cardiac sources act as a
surrogate of the depolarization wavefront: they concentrate in a narrow
band that sweeps through the myocardium, separating activated from
resting tissue, and at any voxel produce a brief peak as activation arrives.
Accordingly, we define the LAT as the time of themaximumpositive rate of
deflection (temporal slope) of the cardiac source signal, yielding a physio-
logically grounded, visually intuitive marker consistent with LATs derived
from extracellular potentials and action-potential upstrokes (Fig. 2).

To compute LATs from the estimated cardiac sources, we first apply a
low-pass filter at each node of the heart tessellation to smooth temporal
signals. Next, the activation time computation method43 transforms each
reconstructed signal into a sum of sinusoidal wavelets, weighting negative
slope time samples proportionally to their slope amplitude. The activation
time is then defined as the instant corresponding to the maximum ampli-
tude of the transformed signal.

These LAT maps represent the temporal sequence of cardiac activa-
tion, which is crucial for replicating the electrophysiological dynamics of the
heart. In epicardial ECGI, activation data is mapped onto the triangulation
corresponding to the epicardium, restricting visualization to the outermost
cardiac surface. In contrast, volumetric ECGI estimates activation data
across the entire tetrahedralization, allowing for multiple visualizations of
both epicardial, mid-myocardial, and endocardial activation patterns.

To identify the origin of PVCs in ECGI reconstructions, using both
epicardial and volumetric methods, we defined the site of earliest activation
as the centroid of the subset of nodes with local activation times below the
10th percentile. This approach provides a more robust estimate than
selecting the single node with the earliest activation time.

Statistics and reproducibility
All statistical analyses assess the performance of the proposed volumetric
ECGImethod. For simulations, we evaluate PVCs initiated atmultiple sites,
with replicates defined as independent initiation sites; performance is
quantified by Euclidean and geodesic distances between the simulated and
estimated origins of activation, and summarized across replicates using the
median and interquartile range on the boxplots contained in Fig. 5 (no
formal hypothesis testing is performed given the exploratory scope and
modest sample size). For clinical evaluation, we analyze four patients
representing distinct pathologies; because of the small and heterogeneous
cohort, agreement with electrophysiological reference information (clini-
cally adjudicated diagnoses, electroanatomical maps, and fibrosis maps) is
reported qualitatively. For the open myocardial infarction dataset, recon-
structions are compared with the provided reference annotations to assess
infarct-related abnormalities and are summarized descriptively.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
We first illustrate the output of volumetric ECGI reconstruction in a
patient undergoing monopolar stimulation of the left ventricular free

Fig. 2 | Comparison of local activation times
(LATs) derived from different cardiac variables in
a simulated PVC beat. The top row presents the
governing equation of electrical propagation in the
body, with each highlighting the variable under
analysis. The middle row shows spatial maps of the
variable at a fixed time instant, together with tem-
poral traces at a fixed myocardial location. Bottom
row shows the derived LAT maps. LATs are com-
puted as the time of maximum upstroke for the
action potential, and as the time of maximum
positive rate of deflection for both the cardiac source
and the electric potential. Although the variables
differ in physical meaning, all provide consistent
activation patterns across the myocardium.
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wall, where the activation sequence is visualized across multiple hor-
izontal slices (Fig. 3). To evaluate the proposed algorithm, we perform a
quantitative benchmark on sixteen simulated PVCs initiated at distinct
ventricular regions (base, free wall and septum), comparing volumetric
and classical surface-based ECGI using Euclidean and geodesic locali-
zation errors between the simulated earliest activation site and the esti-
mated one (Fig. 4, Fig. 5). Finally, we evaluate clinical applicability in four

representative patient cases, right ventricular outflow tract (RVOT)
ectopic, left bundle branch block (LBBB), septal ventricular tachycardia
(VT), and Wolff-Parkinson-White syndrome (WPW), as well as in two
open post-myocardial infarction cases, assessing consistency with inva-
sive or reference annotations (Figs. 6–9). Together, these analyses probe
visualization fidelity, localization accuracy, and clinical concordance
across simulated and real-world scenarios.

Fig. 3 | Volumetric ECGI activation sequence across multiple horizontal slices of
themyocardium. The left panel illustrates the global activation sequence, visualized
through horizontal slices, originating from a stimulation site on the left ventricular
free wall. The right panel presents six individual slices (a–f), depicting activation

propagation at different myocardial depths. Cardiac sources extracted from black,
brown, and gray dots correspond to early, intermediate, and late activation times,
respectively, showing distinct deflections that align with activation timing at varying
depths within the myocardium.

Fig. 4 | Comparison of LATs from the gold stan-
dard, epicardial, and volumetric ECGI for ven-
tricular ectopic beats localization.Activationmaps
reconstructed using different methodologies are
presented in columns: gold standard simulations
(left column), epicardial ECGI (middle column),
and volumetric ECGI (right column). The rows
correspond to three different simulations of ectopic
beats originating from the ventricular base (top),
free wall (middle), and septum (bottom). Red
spheres mark the true and estimated sites of earliest
activation.
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To illustrate the output of the volumetric ECGI system, Fig. 3 presents
an example obtained from a patient undergoing monopolar stimulation in
the left ventricular free wall. The activation sequence is visualized across
multiple horizontal slices (a–f), providing a comprehensive representation
of cardiac excitation.

The left panel of Fig. 3 shows the activation pattern evolving over time,
revealing the origin of activation in agreement with the monopolar stimu-
lation site. A clear spatio-temporal coherence is observed across the epi-
cardium, endocardium, and myocardium, demonstrating the system’s
ability to resolve activation dynamics throughout the entire myocardial
volume. In the rightpanelof Fig. 3, each slicehighlights adistinct transmural
gradient of activation, further confirming consistency with the expected
physiological propagation. The reconstructed cardiac sources at different
depths reveal a distinct deflection that alignswith the earliest activation sites
across the slices, reinforcing the accuracy of the volumetric ECGI
reconstruction.

Taken together, these findings show that volumetric ECGI enables a
more comprehensive analysis of activation, capturing global conduction
trends across the entire heart. This ability to resolve transmural activation
patterns highlights its potential for improving non-invasive arrhythmia
localization and guiding targeted therapies.

Comparative evaluation
Premature ventricular contractions (PVCs) originating from sub-
endocardial or mid-myocardial regions present a challenge for epi-
cardial ECGI, as this approach primarily estimates epicardial potentials.
To evaluate the accuracy of both surface and volumetric ECGI meth-
odologies, a benchmark reference was developed using a dataset of
simulated PVCs with known activation origins. Localization errors were
quantified across different ventricular regions using Euclidean and
Geodesic distances, which capture differences between estimated and
simulated activation origins. These metrics provide clinical relevance by
assessing the impact of each ECGI formulation on the accuracy of acti-
vation sites detection.

A set of 16 simulated PVCs was generated using anatomically detailed
bidomain models in openCARP44,45, incorporating realistic ventricular
geometries and surrounding structures as described in Sánchez et al.33. The
benchmark dataset included activations in different ventricular regions: six
originating from the ventricular base, six from the septal wall, and four from
the freewall. The origin of the ventricular beatwas defined as the centroid of
the subset of nodes with activation times below the 10th percentile. Both
surface and volumetric ECGI were evaluated using the same 128 surface
potentials as input signals, providing a standardized basis for comparison.
Further details on the numerical setup, mesh properties, and conductivity
parameters are provided in the “Methods” section.

Figure 4 allows for a direct comparison of activation maps recon-
structed by epicardial and volumetric ECGI for three distinct ectopic beats
located in the ventricular base, free wall, and septum (in rows).

In the case of the ectopic beat located at the ventricular base (first rowof
Fig. 4), epicardial ECGI reconstruction exhibited spatial distortion, whereas
the volumetric approach successfully avoided this distortion and allowed for
amore accurate identification of the activation origin. This result highlights
the volumetric method’s ability to handle anatomically realistic geometries,
including the ventricular base with its distinct outflow tracts. For the free
wall ectopic beat (second row of Fig. 4), both methods provided a similar
activation sequence, leading to the same clinical interpretation. In contrast,
for the septal ectopic beat (third row of Fig. 4), the epicardial ECGI
reconstruction exhibited incomplete activation, missing crucial details
within deeper myocardial layers as the location of the earliest activation site
at the septal wall. In comparison, the volumetric approach successfully
reconstructed a more physiologically consistent activation pattern
throughout the septal wall.

The comparison between epicardial and volumetric ECGI revealed
substantial differences in localization accuracy, particularly in deep myo-
cardial regions (Fig. 5). The analysis on the entire simulation set showed that
LATs estimated with the epicardial ECGI resulted in an average Euclidean
distance of 29.82 ± 18.87mm and geodesic distance of 41.28 ± 27.52mm
between actual and estimated earliest activation sites, while volumetric

Fig. 5 | Comparison of distance errors between
simulated and estimated PVC origins using epi-
cardial and volumetric ECGI across 16
simulated cases. The boxplots illustrate Euclidean
(solid lines) and geodesic (dashed lines) localization
errors within three ventricular regions: the base
(n = 6), free wall (n = 4), and septum (n = 6). Epi-
cardial and volumetric ECGI results are depicted in
blue and orange, respectively. Boxplots show med-
ian (center line), interquartile range (box bound-
aries), and 1.5 × interquartile range (whiskers).

Fig. 6 | Volumetric ECGI activation maps of a
patient with PVCs originating from the right
ventricular outflow tract (RVOT). a Invasive
electroanatomical mapping of the endocardial sur-
face, with the earliest activation site highlighted.
b Volumetric ECGI-reconstructed LATs map,
showing the propagation of electrical activation
from the RVOT through the right ventricular septal
wall and base. A white arrow indicates the site of
earliest activation identified by the electro-
anatomical map, while a red sphere marks the cor-
responding estimated origin in the reconstructed
propagation.
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ECGI reduced these errors down to 13.53 ± 5.85mm and 16.82 ± 6.80mm,
respectively. This corresponds to amean global error reduction of 54.6% for
the Euclidean distance and 59.3% for the geodesic distance, underscoring a
substantial improvement in localization accuracy.

Regional analysis of the localization errors revealed that PVCs origi-
nating from the septal wall exhibited the highest discrepancies, with epi-
cardial ECGI yielding an average Euclidean error of 33.79 ± 7.61mm and
geodesic error of 51.62 ± 14.25mm. Volumetric ECGI improved these
estimations to 17.20 ± 7.57mm and 20.65 ± 9.03mm, respectively. For
PVCs located in the ventricular base, epicardial ECGI resulted in Euclidean
errors of 35.87 ± 26.10mm and geodesic errors of 46.65 ± 36.61mm, while
volumetric ECGI reduced these values to 10.62 ± 3.20mm and
14.02 ± 4.21mm. In the free wall region, where differences between the two
approaches were smaller, epicardial ECGI yielded Euclidean errors of
14.78 ± 11.97mm and geodesic errors of 17.70 ± 14.16mm, while volu-
metric ECGI showed a slightly improved localization with errors of
12.38 ± 3.53mm and 15.26 ± 4.15mm.

The consistent error reduction across all ventricular regions demon-
strates the robustness of volumetric ECGI in improving localization. This is
particularly evident for PVCs originating from deep myocardial structures
such as the septum and anatomically complex geometries like the ven-
tricular base. In these regions, the passive conductor assumption in epi-
cardial ECGI contributes to higher localization errors, particularly due to its
limitations in accurately accounting for the effects of concavities and con-
vexities in the cardiac geometry, which can distort the reconstruction pro-
cess. Notably, volumetric ECGI reduced geodesic distance by 69.9% in the
ventricular base and 60.0% in the septal wall, highlighting its potential to
improve arrhythmia localization in regions where traditional ECGI is less
accurate. These findings highlight the impact of the inverse problem

formulation on reconstruction accuracy, suggesting that a more accurate
localization could improve the identification of ectopic foci in clinical
applications and aid in tailoring patient-specific ablation planning.

Clinical applications
Following quantitative evaluation by using computer models, volumetric
ECGI was applied in clinical cases to assess its utility in mapping activation
patterns in real-world scenarios. Four patients with distinct electro-
physiological conditions were analyzed, each representing a different
mapping challenge: a case of premature ventricular contractions (PVCs) in
the right ventricular outflow tract (RVOT), a case of left bundle branch
block (LBBB), a case of septal ventricular tachycardia (VT), and a case of
Wolff-Parkinson-White (WPW) syndrome. To further support compara-
tive analysis, we also included two open-source cases with documented
myocardial infarction from publicly available datasets.

First, we analyzed a patient with symptomatic PVCs to assess the
ability of volumetric ECGI to accurately localize the ectopic focus within
the complex RVOT region. Figure 6a displays the invasive electro-
anatomical map obtained via catheter-based mapping, confirming the
RVOT origin. The volumetric ECGI activation map (Fig. 6b) successfully
identified this ectopic origin, tracking the propagation sequence and
spatial distribution of the activation. The reconstruction demonstrated
the capability to resolve activation patterns with high spatial precision in
this anatomically complex region, accurately distinguishing the PVC
origin from adjacent structures.

Next, the volumetricECGIcapability tomapconductionabnormalities
was evaluated in a patient diagnosed with LBBB. The clinical diagnosis was
confirmed via 12-lead ECG (Fig. 7a). Volumetric ECGI was applied tomap
the activation sequence (Fig. 7b). The reconstruction revealed delayed

Fig. 7 | Volumetric ECGI activation maps of a
patient with left bundle branch block (LBBB).
a Standard 12-lead ECG confirming the LBBB
diagnosis. b LATsmap displaying delayed activation
across the left ventricular myocardium, consistent
with LBBB pathology.

Fig. 8 | Volumetric ECGI activation maps of a
patient with septal ventricular tachycardia (VT).
a Three-dimensional fibrosis map generated by the
ADAS 3D algorithm, highlighting a fibrosis scar on
the upper part of the septal wall. bVolumetric ECGI
LAT map depicting a stable reentrant activation
circuit confined to the septal wall, consistent with
the VT mechanism.
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activation of the left ventricular myocardium, with both endocardial and
myocardial estimates displaying dyssynchronous conduction patterns
consistent with previously reported LBBB characteristics.

Next, we evaluated volumetric ECGI’s capacity to map reentrant
conduction in a patient presenting with ventricular tachycardia (VT). The
arrhythmogenic substrate was characterized using the ADAS 3D fibrosis
detection algorithm(Fig. 8a),which identified septo-basalfibrotic substrates
of the left ventricle. Volumetric ECGI was then applied to reconstruct the
full three-dimensional activation sequence during VT (Fig. 8b). The
resulting activation map revealed reentrant activity traversing the channel
between the identified septo-basal fibrotic substrates. This case highlights
the potential of volumetric ECGI to resolve intramural reentrant circuits in
complex clinical scenarios.

Finally, using the multi-chamber capability of our approach, volu-
metric ECGI was applied to a patient diagnosed with WPW syndrome.
Invasive catheter mapping confirmed the presence of an accessory pathway
in the postero-septal region (Fig. 9a). The volumetric ECGI reconstruction
(Fig. 9b) successfully identified the propagation of electrical activity across
both the atria and ventricles. This allowed for accurate identification of the
conduction pathway and its propagation sequence, closely matching the
invasive reference and offering a comprehensive assessment by integrating
atrial and ventricular activation in a single solution.

To support comparative analysis, we employed experimental datasets
from two post-myocardial infarction patients provided by the 2007 Com-
puters in Cardiology Challenge36.

To evaluate the performance of the method, we employ standard
metrics commonly used in myocardial infarction assessment: location,
center, extent, and segment overlap. The infarct location is identified based
on the spatial distribution of abnormal regions within themyocardium; the
center refers to the region containing the centroid of the infarcted area; the
extent quantifies the proportion of affected myocardial tissue; and the
segment overlap measures the agreement between the estimated and
reference infarcted segments, based on the standard 17-segment model of
the left ventricle46.

To identify the segments labeled as fibrotic tissue, we considered the
Total ActivationTimes (TATs)within each region47. Eachmetric captures a
distinct aspect of infarct characterization, enabling a comprehensive com-
parison with the reference annotations.

Case 3 corresponds to a large infarct involving the inferior-septal,
inferior, and inferolateral regions (AHA segments 3, 4, 5, 9, 10, 11, 12, 15,
and 16). The infarct centroid is located between segments 10 and 11, with an
overall extent of 52%. Our method reconstructed a fibrotic substrate
encompassing segments 4–7, 9–14, and 16, with the estimated centroid
located in segment 11. The estimated infarct extent was 64.3%, and the
segment overlap was 0.65.

Case 4 represents a dual infarct involving the mid-apical inferior and
basal anterior regions (AHA segments 1, 9, 10, 11, 15, and 17). The infarct
centroid is located in segment 15,with anoverall extent of 14%.Ourmethod
identified segments 1, 3, 4, 6, and 9–14 as fibrotic substrate. The estimated
centroid corresponded to segment 9, with an infarct extent of 24.5% and a
segment overlap of 0.49.

Discussion
This study demonstrated the feasibility of volumetric ECGI in recon-
structing cardiac activation sequences across different electrophysiological
conditions, improving localization accuracy in both simulated and clinical
cases. Unlike classical ECGI approaches, ourmethod explicitly allows for an
estimation of cardiac sources from Poisson’s equation, using Green’s
functions to relate them to body surface potentials, enabling a volumetric
reconstruction of myocardial activation. By estimating activation
throughout the myocardial volume rather than relying solely on epicardial
surface potentials, volumetric ECGI provided a more comprehensive
representation of conduction patterns.

In simulated scenarios, volumetric ECGI consistently reduced locali-
zation errors across different ventricular regions, particularly in septal and
base PVCs, where traditional ECGI approaches exhibit higher errors due to
their reliance on epicardial potentials estimation. Our findings align with
these observations, showing that epicardial ECGI resulted in significantly
larger geodesic errors in these locations, while volumetric ECGI improved
precision.

The advantages of volumetric ECGI were further confirmed in clinical
cases. In the PVC patient, the activation map localized the ectopic focus
within the RVOT, a region where precise non-invasive mapping is difficult
yet crucial for planning ablation, especially when invasive procedures are
scarce48. In the LBBB case, volumetric ECGI accurately reconstructed the
expected dyssynchronous activation pattern, offering detailed transmural
insights valuable for CRT patient selection beyond standard ECG49. Simi-
larly, in the VT case, volumetric ECGI precisely mapped the reentrant
activity inducedby the septo-basal substrate.This substratewas identifiedby
the ADAS 3D fibrosis detection algorithm and localized to the septal wall.
These results demonstrate how volumetric ECGI overcomes the classical
epicardial-only limitation of conventional ECGI approaches21. In theWPW
patient, volumetric ECGI successfully estimated atrial and ventricular
activation, overcoming the single-chamber limitation of conventional ECGI
(including the difficulty in estimating septal pathways in WPW) and pro-
viding comprehensive pathway characterization essential for pre-ablation
planning50. Finally, in the myocardial infarction cases, volumetric ECGI
successfully identified the infarcted region with reasonable accuracy in case
3, although a larger spatial displacement was observed in case 4.

Volumetric ECGI thus consistently demonstrated improved localiza-
tion performance across both simulated and clinical settings, particularly in
anatomically complex regions such as the septumand ventricular base. This
is in line with prior research showing that conventional ECGI struggles to
accurately reconstruct activations originating beyond the epicardium,
resulting in significant localization errors51,52.

ECGI has shown significant challenges in localizing PVCs originating
from the septum and ventricular base. In particular, traditional ECGI based
on electric potential estimation is known to provide unreliable recon-
structions beyond the epicardium, leading to substantial localization errors
in these regions, as observed in PVC simulations51–53. Consistent with these
findings, our study demonstrated that traditional epicardial ECGI exhibited
considerable localization inaccuracies in septal and base PVCs, whereas
volumetric ECGI significantly improved localization precision. For

Fig. 9 | Volumetric ECGI activation maps of a
patient with Wolff-Parkinson-White (WPW)
syndrome. a Invasive electroanatomical mapping of
the endocardial surface, highlighting the earliest
activation site at the location of the accessory path-
way (dashed red circle). b Three different views, left
ventricular, posterior, and right ventricular per-
spectives, illustrating activation propagation across
the septal wall.
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instance, in septal PVCs, the Euclidean distance error was reduced from
33.79 ± 7.61mmwith epicardial ECGI to 17.20 ± 7.57mmwith volumetric
ECGI, highlighting the potential of volumetric reconstructions to enhance
source estimation in complex anatomical regions.

Previous studies have shown that ECGI can enhance the localization
accuracy of outflow tract ventricular arrhythmias in patients with PVCs
compared to standardECGmethods54.Our results further demonstrate that
volumetric ECGI accurately identifiesPVCoriginswithin the outflow tracts,
even in anatomically complex and realistic geometries. This improved
spatial resolution and localization accuracy provide a valuable tool for
guiding catheter ablation, potentially reducing intervention times and
improving procedural outcomes.

Studies on LBBB have demonstrated that ECGI can effectively capture
global conduction delays and quantify ventricular electrical uncoupling
(VEU), a key predictor of response to cardiac resynchronization therapy
(CRT)49. Our results confirm that volumetric ECGI accurately recon-
structed the dyssynchronous activation patterns characteristic of LBBB, as
diagnosed by the 12-lead ECG. The integration of volumetric ECGI could
further refine patient selection for CRT, as prior research49 suggests that
improved spatial resolution in ECGI is associated with better CRT
outcomes.

Previous ECGI studies in VT have demonstrated its ability to non-
invasively localize arrhythmia mechanisms, overcoming the interpretive
limitations of standard ECGmapping in both hemodynamically stable and
unstable VT55. In this work, we present a clinical case in which volumetric
ECGI achieved a single-beat reconstruction of a septal reentrant circuit, in
concordance with the fibrosis substrate identified by the ADAS 3D algo-
rithm. Our observation is consistent with a growing clinical literature that
reports intramural substrate/driver estimation frombody surface data using
ECGI formulations beyond epicardial potentials56–58. These studies illustrate
feasibility but remain limited by small cohorts and predominantly quali-
tative or indirect validation (e.g., concordance with scar imaging or pace-
map surrogates), so they do not yet establish robust intramural localization
accuracy. Such volumetricmapping of intramuralVT substrates, previously
inaccessible to epicardial-only ECGI, holds significant promise for guiding
non-invasive ablation therapies, including radioablation59,60.

Previous studies have demonstrated that ECGI can non-invasively
localize accessory pathways in WPW syndrome50. However, traditional
methods primarily focus on ventricular activation, often overlooking the
role of atrial activity in pathway localization. Our study expands on these
findings by incorporating volumetric ECGI reconstructions of both atria
and ventricles, allowing for an independent assessment of the P and QRS
waves. This multi-chamber approach provides a more comprehensive
characterization of WPW dynamics, as the accessory pathway influences
both atrial and ventricular depolarization patterns. By incorporating both
atrial and ventricular reconstructions, our methodology improves pre-
procedural planning for catheter ablation, potentially improving procedural
efficiency and patient outcomes50.

Previous studies on myocardial infarction detection using ECGI
have demonstrated the potential of this technology to identify fibrotic
tissue based on estimated electrical activity61–63. In this work, we analyzed
two clinical cases originally included in the 2007 PhysioNet Challenge. In
case 3, we successfully identified the correct center of the fibrotic region,
although the estimated extent was slightly larger and the location mildly
displaced. Wang et al. reported comparable accuracy, correctly identi-
fying the centroid segment with a segment overlap of 66.7% 62,63, while
other studies achieved improved overlap values up to 90%61. In case 4, the
fibrotic region was overestimated and displaced, resulting in a less
accurate reconstruction. Previous studies also struggled to accurately
recover the fibrotic region in this case, reporting centroid displacement
and a segment overlap of only 33.3%62. In contrast, other methods
achieved better agreement, with both the centroid and segment overlap
reaching 75%63. These comparisons indicate that, although our metho-
dology was designed generically and not specifically optimized for infarct
detection, it achieved reasonable accuracy. Nonetheless, the use of more

targeted regularization strategies could significantly improve the deli-
neation of infarcted regions.

These results establish this technique of Volumetric Source Imaging as
amethod capable of improving localization accuracy, particularly in regions
that are problematic for epicardial-based methods. This enhanced diag-
nostic capability, especially when coupled with imageless approaches, could
improve pre-procedural planning and clinical decision-making, potentially
increasing access to effective arrhythmia management in diverse settings,
including resource-constrained environments.

To contextualize the results obtained with the proposed methodology,
it is important to compare it with prior research on ECGI. Several studies
have highlighted how ECGI performance is influenced by the underlying
source model, particularly in cases involving deep myocardial
structures51,52,64–66. Hence, it is necessary to compare our approach alongside
other methodologies specifically developed to overcome the classical epi-
cardial limitations of ECGI.

Traditional ECGI models have focused on epicardial potential esti-
mation, limiting their ability to accurately localize intramural or endocardial
sources. To overcome these limitations, various techniques have been
developed, ranging from dipole-based reconstructions25,65 to volumetric
estimationapproaches67–69.Our approach, a techniqueofVolumetric Source
Imaging, differs from traditional ECGI methods by employing cardiac
source estimation based on Green’s functions, which establishes a compu-
tationally efficient and physiologically meaningful relationship between
electrode potentials and cardiac sources.

To address the limitations of traditional ECGI, various methods have
been developed to extend the estimation of cardiac activity beyond the
epicardium.One of themostwidely adopted approaches is the estimation of
endocardial and epicardial action potentials using the Equivalent Double
Layer (EDL)model70. Thismodel consists of a dipole layer distributedacross
the myocardial surface, where the action potentials are defined, and it has
been shown to accurately simulate electrogramsandbody surfacepotentials,
as demonstrated in platforms like ECGSIM71. Based on this model, several
studies have investigated non-linear estimation techniques to reconstruct
action potentials from body surface potentials72. Linear estimation
approaches have also been proposed. In particular, Schuler et al.73 compared
traditional epicardial-based ECGI with transmembrane voltage estimation
on an endo-epicardial surface and found that the latter improved septal
activation accuracy in PVC localization. Similarly, Dogrusoz65 studied the
dipole-based source model in comparison with traditional ECGI, further
highlighting how the choice of cardiac source model influences localization
precision.

Several studies over the past two decades have explored volumetric
ECGI to estimate cardiac activation throughout the myocardium. Early
works by He et al.67,74 employed neural networks to localize premature
ventricular contraction (PVC) origins, and later introduced the estimation
of equivalent current density as an alternative source model75,76. Unlike our
approach, thesemethods reconstruct a three-dimensional vector field, from
which local activation times (LATs) are derived as the instants ofmaximum
amplitude75,76. In contrast, our method estimates a scalar surrogate of the
transmembrane current, providing a direct proxy for LATs without
requiring the reconstruction of full vector fields.

A separate class of methods focuses on estimating transmembrane
action potentials within the myocardium. Wang et al. investigated this
problem using various types of sophisticated regularization methods,
including stochastic state-space formulations with unscented Kalman
filtering61, total variation regularization63, and Bayesian inference to jointly
estimate the solution and errors in the prior model77, among others.
Nielsen68 also proposed a one-shot inverse method incorporating physio-
logical priors to estimate action potentials. While these methods provide
highly detailed reconstructions of the cardiac state, they often require
advanced computational frameworks. Our approach, in contrast, aligns
with the goal of providing an accessible volumetric solution, prioritizing a
balance between clinical utility and computational efficiencyby estimating a
direct surrogate for activation times.
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More recently, Diallo et al.69 developed a linear inverse source model
using a variational formulation and the finite element method to derive the
forward operator. In their approach, the estimated cardiac sources are post-
processed via an additional forward simulation to compute the electric
potentials, from which LATs are derived. This two-step process introduces
both computational overhead andpotential error accumulation. In contrast,
our method derives the forward operator using Green’s functions under
Neumann boundary conditions, and computes LATs directly from the
reconstructed source term, eliminating the need for a second forward
simulation. This simplification reduces both complexity and
computational cost.

Overall, our formulation offers a complementary approach to existing
ECGI methods that seek to overcome epicardial limitations, providing an
accessible, fast, and robust framework that retains physiological relevance
while enhancing computational feasibility. This balance makes it particu-
larly well-suited for integration into clinical pipelines, where robustness,
interpretability, and speed are essential.

This study presents a practical approach to volumetric ECGI, offering
accurate activation mapping through a computationally efficient and
clinically accessible framework.While the results obtained inbothsimulated
and clinical settings underscore its potential, several important limitations
remain. Addressing these will be critical for improving the physiological
fidelity, robustness, and generalizability of themethod across diverse clinical
contexts.

Volumetric inverse problems inherently lack uniqueness, as multiple
internal source configurations can produce indistinguishable body surface
potentials, making the inverse problem severely ill-posed. To stabilize the
inversion, we employ zero-order Tikhonov regularization31, which sup-
presses high-frequency componentswhile preserving the spatial structure of
the cardiac sources. Despite its simplicity, this method proves sufficient for
the intended clinical utility of our approach. Since the objective of this work
is to obtain volumetric LATmaps in a simple and computationally efficient
manner, the limited resolution of the estimated wavefronts does not sig-
nificantly affect the final outcome. However, more accurate reconstructions
of cardiac sources would enable more physiologically meaningful estima-
tions and support the computation of other electrophysiological biomarkers
of clinical interest. Therefore, future extensions could incorporate anato-
mical priors, temporal regularization73, or sparsity constraints78 to improve
physiological accuracy and robustness.

While volumetric ECGI has demonstrated strong performance in both
simulated and clinical cases, broader validation is needed across diverse
patient populations with varying cardiac geometries and arrhythmogenic
substrates. Prior research79 has highlighted the impact of anatomical
variability on ECG signal interpretation, emphasizing the need for further
studies in heterogeneous cohorts.

Despite its advantages, volumetric ECGI remains sensitive to geo-
metric and conductivity assumptions. Keller et al.80 noted that ECGI
reconstructions rely heavily on accurate conductivity modeling, which
directly affects source localization precision. In this work, the conductivity
was assumed tobehomogeneous throughout the entiredomain toadapt to a
clinical scenario in which the true conductivity values are unknown. We
acknowledge that this simplification introduces systematic errors that canbe
observed in the reconstructions, for example, in Fig. 3, the estimated cardiac
source on the septal wall exhibits a smaller amplitude compared to the one
estimated on the freewall. Although this represents a clear limitation, it does
not significantly affect the objective of the present study. Since the shape of
the estimated signals remains consistent, the resulting LATs are only
minimally impacted. Future work should focus on incorporating spatially
varying conductivities to enhance volumetric ECGI accuracy and reduce
these dependencies.

Additionally, our findings suggest that signal-to-noise ratio (SNR)
impacts reconstruction accuracy, warranting further investigation. The
influence of electrode count on PVC localization should also be explored, as
prior work25 has reported increased localization errors with reduced elec-
trode density.

The results presented in this study highlight the potential of volumetric
ECGI as a valuable tool for clinical decision-making in electrophysiology.
Specifically, our findings suggest that volumetric ECGI could enhance pre-
procedural planning by improving localization accuracy in anatomically
complex regions, such as the septumandventricular base,where conventional
ECGI often struggles. By providing a more comprehensive representation of
cardiac activation, volumetric ECGI could assist electrophysiologists in iden-
tifying arrhythmogenic substrates more precisely, reducing reliance on inva-
sive mapping and improving treatment outcomes.

Prospective studies have demonstrated that ECGI-based mapping
significantly improves arrhythmia localization, leading to faster and more
effective ablation procedures. In a randomized trial, Erkapic et al.81 showed
that ECGI-guided mapping increased localization accuracy to 95.2%,
compared to 38.1% with 12-lead ECG algorithms, and reduced procedural
time by 30%.Given thesefindings, integrating volumetric ECGI into clinical
workflows could further optimize ablation strategies, particularly for
arrhythmias originating in deep myocardial structures, where traditional
approaches are less reliable. Building on this, volumetric ECGI can be
integrated into non-invasive ablation pipelines: Parreira reported a case of a
septal VT unsuitable for catheter ablation where the treatment target was
defined by combining ECGI activation maps with CT-derived scar geo-
metry, enabling successful stereotactic radioablation of the septal circuit60.
Beyond ablation, volumetric ECGImay also refinepatient selection forCRT
and improve therapy outcomes. Our study supports the potential of volu-
metric ECGI for CRToptimization by demonstrating that volumetric ECGI
can reconstruct global and regional activation delays, offering a more
comprehensive assessment of electrical dyssynchrony. Given these findings,
integrating volumetric ECGI into clinical workflows could result in more
efficient and targeted ablations, particularly in cases where conventional
ECGI has shown limitations.

Finally, further clinical validation should focus on pathology-
specific prospective trials and explicitly quantify performance against
invasive ground truth. We acknowledge that intramural localization of
activation origins and re-entry circuits remains an open challenge;
accordingly, we avoid claims of definitive intramural localization in the
absence of appropriate quantitative error metrics and invasive reference
standards. In PVC or VT ablation candidates, volumetric ECGI should
be systematically compared with standard ECGI and electroanatomical
mapping to report spatial localization errors and diagnostic performance.
In CRT candidates, evaluation should emphasize whether volumetric
ECGI provides incremental predictive value for response by correlating
non-invasive activation delays with invasive measures and clinical out-
comes. Because our current clinical cases rely primarily on qualitative
visual comparisons, we will conduct rigorous quantitative studies in
larger patient cohorts to support the future positioning of volumetric
ECGI as a routine tool for non-invasive arrhythmia mapping and therapy
guidance.

Conclusions
A volumetric ECGI methodology has been presented for three-
dimensional non-invasive cardiac mapping. By explicitly estimating
cardiac sources from Poisson’s equation and relating them to body
surface potentials through Green’s functions, our approach enables a
volumetric reconstruction of myocardial activation. This addresses the
limitations of traditional ECGI, which is restricted to epicardial recon-
structions, improving localization accuracy, particularly in deep or
complex anatomical regions.

Validation across simulated and clinical cases underscores the agree-
ment between volumetric ECGI activation maps and invasive electro-
anatomical mapping. These findings highlight the potential clinical
applications of volumetric ECGI in pre-procedural planning, ablation gui-
dance, and CRT patient selection.While further validation in larger patient
cohorts is required, volumetric ECGI represents a promising advancement
in non-invasive cardiac electrophysiology, offering improved diagnostic
precision and treatment planning.
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Data availability
We adhere to the CommunicationsMedicine data availability policy. The
datasets generated and/or analyzed during the current study are available
from the corresponding author upon reasonable request. The source data
underlying the comparison of activation maps between simulated and
reconstructed PVCs in Fig. 4 are provided in Supplementary Data 1. The
source data underlying the comparison of distance errors between
simulated and reconstructed PVCs in Fig. 5 are provided in Supple-
mentary Data 2. The source data underlying the volumetric recon-
struction of the clinical cases in Figs. 6–9 are provided in
Supplementary Data 3.

Code availability
The volumetric source imaging reconstruction algorithm is restricted due to
copyright and integrated into the ACORYSMapping System, a proprietary
software product commercially available from Corify Care S.L. In addition,
to support academic reproducibility, the custom code used for the data
analysis and generation of all figures and tables in this manuscript is
available from the corresponding author upon reasonable request for non-
commercial research purposes.
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