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Abstract

Background Complexity and signal recurrence metrics obtained from body surface potential mapping (BSPM) allow
quantifying atrial fibrillation (AF) substrate complexity. This study aims to correlate electrocardiographic imaging
(ECGI) detected reentrant patterns with BSPM-calculated signal complexity and recurrence metrics.

Methods BSPM signals were recorded from 28 AF patients (17 male, 11 women, 62.69+8.09 y.o.), followed by ECGI
calculation. Signal complexity and recurrence metrics were computed on BSPM and ECGI signals. Rotors per second
and rotor duration were computed on ECGI signals for each atrium and the whole atrial surface. Correlation between
BSPM metrics and ECGIl reentrant patterns for the entire atrial surface and for left atrium (LA) and right atrium (RA)
were analyzed.

Results Atrial complexity and recurrence metrics strongly correlated when computed on BSPM and ECGI. Higher
sample entropy and relative harmonic energy (RHE) correlated with rotors of short duration. The highest dominant
frequency of the ECGlI signals did not correlate with the reentrant activity of the ECGI. Higher short- and long-term
recurrence of BSPM signals correlated with longer duration rotors, particularly for long-term recurrence (r ,=0.74 vs.
rra=042). Only ECGl-based reentrant parameters showed higher LA complexity compared to RA (p <0.05).

Conclusions BSPM metrics strongly correlate with metrics measured on ECGI signals. BSPM metrics indicate a
more elevated atrial electro-structural remodeling aligned with more short-duration rotors from ECGI computations.
Although BSPM delivers qualitative AF reentry data, ECGI remains essential for identifying regional substrate
complexity.

fPietro Bonizzi and Marfa S Guillem share the last authorship of this
paper.
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Background

Atrial fibrillation (AF) is the most prevalent cardiac
arrhythmia in adults, which is linked to higher morbidity
and mortality rates [1]. The electrocardiogram (ECG) is
a widely used diagnostic tool for AF and has been used
for the estimation of the morbidity and maintenance of
AF [2]. Body surface potential mapping (BSPM) is a non-
invasive method used to assess the electrical activity of
the heart by means of a large number of electrodes dis-
tributed over the torso surface of a patient, which pro-
vides higher spatial resolution and more information
about the arrhythmia than the standard 12-lead ECG [3].

High AF substrate complexity typically suggests
advanced electro-structural remodeling and more dis-
organized spatio-temporal propagation patterns, often
associated with persistent AF and more challenging man-
agement, whereas low complexity corresponds to more
organized arrhythmias that may respond better to inter-
ventions. Several studies have systematically analyzed
the electrical properties of BSPM signals during AF, in
order to extract relevant information about AF substrate
complexity and link it to the electrostructural remodel-
ing, the disease progression and treatment outcome of
this arrhythmia [4—6]. For instance, previous research
demonstrated that BSPM can be used to non-invasively
localize sites of the dominant frequency (DF) in atrial
activity [7]. Other studies have examined AF complexity
by evaluating the short- and long-term recurrent behav-
ior of atrial activity propagation on BSPM signals [8].
These findings suggest that the variability in the recur-
rent behavior of the atrial activity is due mostly to an
uncoordinated propagation of waveforms on the atrial
surface. Additionally, AF surface complexity has been
shown to influence the short-term repetitive behavior of
atrial propagation [8].

At the same time, it is still unclear to what extent BSPM
signals can be used to characterize and localize AF prop-
agation patterns. In this respect, electrocardiographic
imaging (ECGI) has been used to non-invasively recon-
struct epicardial potentials starting from BSPM signals
and information about the geometry of the heart and
the torso. Moreover, ECGI can serve as a valuable tool to
confirm and correlate the information captured by BSPM
signals on the torso with the substrate complexity mea-
sured on the heart’s surface. Although ECGI requires
more information from the patient and it is consequently
more burdensome to obtain ECGI maps compared to
BSPM, it has been shown in the past to be helpful for the
evaluation of drivers that initiate and maintain AF [9-11].
This comparison could help validate BSPM as a practical,

non-invasive approach to evaluate AF substrates in clini-
cal settings, thereby enhancing diagnostic accessibility
for AF management, before moving to ECGI if needed, or
when ECGI is not possible to use. In addition, it has been
proved that AF drivers detected through ECGI signals
presented a good correlation with intracardiac mapping
in AF patients [12, 13]. ECGI has also been proven to be
a reliable tool for locating and characterizing atrial rotors
[11, 14], which are one of the hypothesized mechanisms
of AF generation and maintenance [15, 16].

The purpose of this study is to investigate the relation-
ship of BSPM-derived metrics that quantify AF substrate
complexity and AF propagation recurrence with proper-
ties such as the number and duration of reentrant atrial
patterns assessed on ECGI signals. While ECGI provides
detailed insights into the atrial substrate, a systematic
exploration of the correlation between ECGI-derived
metrics and BSPM signals in the context of AF has not
yet been conducted. The hypothesis of this study is that
BSPM- and ECGI-derived metrics will exhibit simi-
lar trends. Specifically, BSPM metrics for AF substrate
complexity and propagation recurrence are expected to
provide insights into the properties of atrial reentrant
activity (rotors) and rotor duration, as observed through
ECGI. Additionally, metrics were evaluated for each
atrium (left and right) to determine if BSPM could offer
specific information about AF substrate characteristics
unique to each atrium. A graphical representation of the
present study is shown in Fig. 1.

Methods

Data acquisition and processing

A population of 28 AF patients (11 female, 17 male,
62.69 £ 8.09 years old) was studied prior to pulmonary
vein isolation (PVI). Nine patients were diagnosed with
paroxysmal AF and 19 with persistent AF prior to the
PVI The protocol was authorized by the Spanish Agency
of Medicines and Medical Devices (AEMPS), code: FAT-
ANT-2018-01 after patients provided informed consent.
BSPM signals from 64 electrodes were recorded before
PVI at a sampling frequency of 1 kHz. The electrodes
were distributed in the torso 24 on the front, 24 on the
back, and 8 on each side of the torso. The geometry of
each of the patient’s torso and the electrode positions
were obtained using photogrammetry [17]. This method
allows for a precise 3D mapping of the torso and elec-
trode locations using a camera, eliminating the need for
CT or MRI imaging. Each patient’s atrial anatomy was
derived from an MRI-segmented atria database based on
the patient’s torso similarity and placed on patient’s torso
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Fig. 1 Graphical overview of the study. Panel A represents a patient with low AF substrate complexity and panel A a patient with high AF substrate
complexity. In blue, atrial activity body surface potential signals (BSPM) and the value of sample entropy illustrating the quantified complexity (SAE).
The n=64 indicates the number of electrodes that registered BSPM signals. Dots represented on the torso are the location of the electrodes in the torso
of the patient, blue dots represent electrodes of the illustrated signals in the figure. In green, electrocardiographic imaging (ECGI) atrial activity signals
and their SAE. The n=4098 represents the nodes of the atrial geometries where the ECGI signals were calculated. At the right, the rotor histograms are
represented together with the detected rotors, and their duration over atrial geometries (pink-lines). Dots represented in the atria are the location of the
green represented signals in the figure. The pink line in the atrial maps represents the trajectory and duration of a moving rotor. This figure illustrates the
methodology of this paper comparing the complexity and recurrence of the signals on BSPM with the reentrant atrial activity evaluated on ECGI

reconstruction [18]. Atrial geometries were segmented
into regions differentiating left (LA) and right atrium
(RA) using Autodesk Meshmixer [19]. Each geometry
was visually inspected, and the left and right atria were
identified and labeled. These labels were assigned to the
corresponding nodes in the atrial model, which were
then used to compute the metrics specific to each atrium.

Signal processing involved baseline correction and
band-pass filtering to eliminate noise while preserv-
ing atrial activity. Specifically, a 10th-order Butterworth
band-pass filter with a range of 2—45 Hz was applied to
the BSPM signals to remove baseline wander and high-
frequency noise, ensuring the retention of clinically rel-
evant components of the signal. Ventricular activity was
eliminated using a single-lead Principal Component
Analysis (PCA) approach, isolating the atrial compo-
nent of the signals. Since for all patients 8 s of record-
ings are available, two successive signals per patient were
selected, each with a length of 4s, to increase robust-
ness [20]. ECGI signals were calculated by solving the
inverse problem with the zero-order Tikhonov method
and L-curve optimization [21]. The inverse problem in
ECGI refers to reconstructing epicardial potentials from
body surface recordings by combining BSPM data with
a patient-specific torso geometry. This process requires
solving a mathematical problem that links the electrical

signals measured on the torso with their corresponding
sources on the heart’s surface [22].

Assessment of AF substrate complexity and AF
propagation recurrence on body surface potential
mapping

AF substrate complexity

In the present article, the assessment of the atrial sub-
strate complexity on BSPM is based on metrics compiled
in a previous systematic analysis by Bonizzi et al. 2014
[4]. The explored metrics were computed based on the
analysis of the principal components, the spatial com-
plexity, the spectral concentration, and the organization
of the signals. In the following lines, the most relevant
analyzed metrics are described:

+ Highest dominant frequency (HDF): dominant
frequency of ECGI signals is defined as the most
relevant activation rate of the atrial activity [23],
with lower values related to more organized AF.
Highest DE, is a derived metric computed as the 98th
percentile of the dominant frequencies of all leads
or ECGI signals obtained from the maximum power
spectral density using Welch’s method [7, 24]. HDF
is computed in order to estimate the frequency that
defines the arrhythmia.
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+ Sample entropy (SAE) is a statistical method used to
quantify the amount of regularity or irregularity in
a signal by measuring the similarity between epochs
within the signal. SAE attributes a positive value
to the signal, where higher values indicate greater
variability. It is expected that more organized atrial
fibrillation propagation patterns are associated with
lower values of SAE [25].

+ Relative harmonic energy (RHE) is computed as the
relative energy of the sub-bands from the first and
second harmonics of the dominant atrial fibrillation
frequency [4]. More organized atrial fibrillation
propagation patterns are expected to be associated
with lower values of RHE [26].

AF propagation recurrence

The analysis of AF propagation recurrence on BSPM
was computed based on the characterization of the atrial
signal dynamics [8]. The recurrent behavior of AF was
studied by looking at the short- and long-term spatial
variability of the atrial activity propagation as exhibited
on BSPM signals [8]. This analysis is based on multivari-
ate autocorrelation function of the atrial activity from
body surface signals [27]. The signals were resampled
to 256 Hz. The multivariable autocorrelation function
is defined as a square matrix R of dimensions M x M,
obtained by calculating:

 a@ a1
B = e G+ -l

Jwithi,j=1...,M

Where x(i) is a vector containing the BSPM samples from
all 64 electrodes at a given time instant i, and M repre-
sents the window size used for the analysis [8]. Autocor-
relation is therefore measured using a cosine distance
(RLj = cos(x(i)), x(i+j -1))), where each element in the
matrix R is the cosine of the angle between two vectors
(with column j including correlation at lag p=j-1). By
averaging each column (for each lag), a multivariate spa-
tial autocorrelation function can be generated for the
atrial fibrillation oscillatory patterns across lags p=0, ...,
M-1.

According to [8], the following descriptive characteris-
tics of the AF propagation recurrence were calculated for
each multivariable autocorrelation function and averaged
per patient:

+ Long-term recurrence (LTR): calculated as the mean
absolute value of the recurrence signals with lags
between 150 and 450. LTR is defined as a metric
of the patient’s long-term recurrent atrial activity
propagation behavior, and it is linked with the overall
complexity of the AF substrate. A smaller level of
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electro-structural remodeling correlates with a
greater LTR value.

+ Short-term recurrence (|P;| and P,): computed
utilizing the absolute value of the first negative
peak (|P;]) and the first positive peak (P,) in the
multivariable autocorrelation function. Higher values
of |P,| and P, are associated with a lower degree of
electro-structural remodeling. |P,| is correlated with
half of the AF cycle length and P, with the complete
AF cycle length.

Reentrant atrial activity analysis from ECGI signals
Reentrant atrial activity was analyzed by identifying
rotors from the ECGI signals. Rotors were calculated.
First, the phase of the inverse electrograms was calcu-
lated using the Hilbert transform. Singularity points (SPs)
were then detected as stable locations where the phase
rotated continuously from -1 to+m [28, 29]. Candidate
SPs were identified if they completed one full phase pro-
gression around their center of rotation, ensuring the
detection of consistent reentrant patterns [28, 29]. Next,
the SPs were connected spatiotemporally to form rotors,
allowing for the exclusion of transient or isolated phase
singularities [11].

To characterize the reentrant atrial activity, state-
of-the-art metrics for SP characterization and rotor
detection were computed [9, 26]. The number of SPs
per second was calculated by scaling the total count
of detected singularities by the signal duration. Rotor
count per second (rotors/s) was determined by identify-
ing phase singularities that completed at least one full
rotation and spatially connected these into stable reen-
trant patterns. Mean rotor duration was computed as the
average time (in seconds) during which a rotor remained
stable in the signal. Finally, the Shannon spatial entropy
of the SP histogram was calculated to quantify the spa-
tial distribution of phase singularities. This methodology
ensures robust assessment of reentrant atrial activity, as
detailed in [10]. Furthermore, the above metrics were
computed per atrium. To consider a rotor as located
in one atrium (left or right), it had to be the 70% of its
duration detected in that atrium. Rotors that were not
detected for more than 70% of their duration in a specific
atrium were discarded from the atrium specific analysis.

Statistical analysis

The metrics extracted from both 4s segments of the signal
were averaged to reduce the variability and are presented
as meantstandard deviation. Correlation between
BSPM-based and ECGI-based AF substrate complexity
and AF propagation recurrence metrics was computed by
using Pearson’s correlation. Correlation between BSPM-
based metrics and rotors properties and their duration
was also investigated for each atrium. Normality of all
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metrics was tested by via the Kolmogorov-Smirnov test.
Student’s t-test was used to evaluate differences between
the left and right atrium for normally distributed metrics.
Alternatively, the Wilcoxon rank-sum test was used. A
p-value below 0.05 was deemed statistically significant.
Outliers were identified and removed using the inter-
quartile range (IQR) method, excluding values outside
1.5 times the IQR. This step minimizes the impact of
extreme values likely caused by noise or artifacts, ensur-
ing that the correlations reflect meaningful biological
trends without being skewed by anomalies. We have
included in the supplemental material all the figures pre-
sented in the manuscript with outliers, along with their
corresponding statistical analyses, to provide a complete
representation of the data included in the study.

Results

BSPM-based versus ECGI-based AF substrate complexity
and AF propagation recurrence

Figure 2 shows the correlations between the three BSPM-
based and ECGI-based AF substrate complexity metrics
introduced in the methods section (HDF, SAE, RHE; top
row), and three BSPM-based and ECGI-based AF propa-
gation recurrence (|P;|, P,, and LTR; bottom row). Most

Table 1 Mean and standard deviation values of the metrics
reflecting AF complexity and propagation recurrence measured
in BSPM and ECGI. Correlation values between them and
statistical significance of the correlation are presented

Metric BSPM ECGI Correlation  P-value
BSPM - ECGI

HDF (Hz) 848+154 866+ 149 0.78 1076

SAE 0.1+002 0.1+0.02 0.97 10716

RHE 0.22+0.04 0.23+0.04 0.9 5210710

P, 0414007  041+008 0.95 14410"

P, 0.29+0.16 03+0.18 0.96 113107

LTR 0.09+0.05 0.1+0.06 0.99 251072

analyses showed high correlations between BSPM- and
ECGI-based metrics, thus suggesting that the overall
estimation of substrate complexity is comparable if per-
formed on BSPM or ECGI signals. Strong correlations
were also observed for LTR and short- and long-term
recurrence, with r>0.99. A summary of the metrics is
also reported in Table 1.

BSPM-based AF substrate complexity and AF propagation
recurrence vs. ECGl-based reentrant atrial activity

To attempt a physiological interpretation of the AF com-
plexity and recurrence as reflected on the body surface in
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terms of the underlying reentrant activity inside the atria,
BSPM-based AF substrate complexity and AF propaga-
tion recurrence metrics were compared with ECGI-based
reentrant atrial activity metrics. Figure 3 illustrates the
results of the comparison between the HDF, SAE and
RHE of surface electrocardiograms and rotors per sec-
ond and the duration of the rotors estimated on recon-
structed electrograms through ECGI. Poor correlation
between HDEF, SAE and RHE and the number of rotors/s
was observed (p>0.05). Nevertheless, SAE and RHE
showed a significant inverse correlation with the dura-
tion of rotors, indicating that more complex surface
atrial activity correlates with the presence of AF rotors of
shorter duration (r = -0.71, p<0.01). HDF showed poor
correlation with mean rotor duration (r = -0.34, p >0.05).
Figure 4 shows the results of the comparison between
the three AF propagation recurrence metrics (|P;|, P,,
and LTR) and rotors/s and the duration of the rotors
estimated on reconstructed electrograms through ECGL
Short- and long-term recurrence presented an inverse
correlation with the number of rotors/s, which was sig-
nificant only for the recurrent behavior at the complete
AF cycle (P,). Significant correlations (p<0.01) were
also found between the three metrics and the duration
of rotors, showing that more repetitiveness at short- and
long-term correlate with rotors of longer duration.

A
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Assessment of left and right atrium differences

Figure 5 shows violin plots of the ECGI-based AF sub-
strate complexity and AF propagation recurrence met-
rics on the left (blue) and right atrium (red). None of
those metrics was able to capture significant differences
between the two atria. Median values of the metrics were
higher on the LA but not significant (p >0.05).

In contrast, ECGI-based metrics characterizing SPs
and rotor properties were able to capture significant dif-
ferences between the two atria (as illustrated in Fig. 6).
SP per second, rotors/s, and the spatial entropy of the
SP histogram were significantly higher (p<0.01) on the
left atrium, showing a stronger reentrant activity in this
atrium and possibly a more extended electro-structural
remodeling of the underlying AF substrate. Mean rotor
duration was significantly different between the two atria,
meaning that rotors in the LA lasted more compared to
the ones in the RA.

BSPM-based AF substrate complexity and AF propagation
recurrence vs. ECGl-based reentrant atrial activity per
atrium

In Fig. 7 it is shown the correlation of the rotors/s (A)
and mean rotor duration (B) with HDF, SAE and RHE
for the LA and the RA separately. No significant correla-
tions were observed between HDF and any of the metrics
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computed for either atrium. In contrast, SAE showed
a significant correlation with mean rotor duration in
both atria. Similarly, RHE was inversely correlated with
mean rotor duration, with a stronger inverse correlation
observed in the LA compared to the RA (RHE, LA: -0.63,
p<0.01, RA: -0.40, p<0.05). Significant correlations were
also observed between RHE and number of rotors/s in
both atria (both p<0.05).

Figure 8 shows the correlation of the rotors/s (A) and
mean rotor duration (B) with |P;|, P,, and LTR. Short-
(|P;| and P,) and long-term recurrence (LTR) metrics
did not show a strong correlation with rotors/s computed
per atrium, although the correlation in the LA was higher
and significant (p <0.05) for |P;| and P, compared to the
RA. Mean rotor duration showed higher correlations
with these metrics in the LA compared to the RA, espe-
cially for the LTR (LA: 0.74, p<0.01, RA: 0.42, p<0.05).

Discussion

This study compared state-of-the-art BSPM metrics
designed to evaluate the complexity and recurrence of AF
with corresponding metrics computed from epicardial
signals reconstructed using ECGI. This comparison was
performed with the objective to improve the understand-
ing of how and to what extent surface electrocardiogram

recordings relate to reentrant atrial activity on the
epicardium.

The main findings of this study are summarized as follows

+ BSPM metrics evaluating AF complexity and
recurrence showed significant correlations with
corresponding ECGI-derived metrics, improving
understanding of how surface electrocardiograms
relate to reentrant atrial activity.

+ Metrics analyzing entropy (SAE) and energy (RHE)
of BSPM signals were associated with reentrant atrial
activity duration.

+ Short- (|P| and P,) and long-term (LTR) recurrence
metrics derived from BSPM signals correlated with
ECGI-estimated reentrant activity duration. P, was
correlated significantly with the number of rotors per
second.

+ BSPM metrics demonstrated stronger inverse
correlations with the duration of rotors observed
in the left atrium, indicating that atrial regions with
higher complexity are partially reflected in BSPM
recordings.
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Relationship between BSPM and ECGI AF substrate propagation recurrence and the same metrics derived
complexity and propagation metrics
In this study, a significant correlation was found between  structed from BSPM data and provide a spatial repre-
BSPM metrics evaluating signal complexity and AF sentation over the heart’s geometry, the observed high

from ECGI signals. While ECGI signals are indeed recon-
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correlations were not entirely expected due to the nature
of the inverse problem. The inverse problem of electro-
cardiography is well-documented as an ill-posed prob-
lem, meaning small variations in the BSPM domain can
lead to amplified inaccuracies in the ECGI solution [21].
To address this, ECGI signals in the present study were
reconstructed using zero-order Tikhonov regulariza-
tion combined with L-curve optimization, which inher-
ently smooths the electrograms to minimize the impact
of noise in BSPM data. Despite this regularization, the
strong correlations observed indicate that ECGI reliably
preserves essential features of AF complexity and prop-
agation, and conversely, that sufficient information is
transferred from the heart surface to the body surface in
terms of atrial substrate complexity during AF, and that
BSPM metrics can serve as a reliable proxy for epicardial
activity.

It is also important to highlight that BSPM and ECGI
metrics capture distinct aspects of atrial activity. BSPM
metrics measure surface potentials directly, whereas
ECGI metrics provide spatially resolved epicardial activ-
ity across the atrial geometry. The observed correlations
suggest that surface measurements reflect underlying

epicardial dynamics effectively, making BSPM a valuable
tool for non-invasive assessments.

Relationship between reentrant activity and BSPM-based
AF complexity and AF propagation recurrence

In previous studies, it has been demonstrated that BSPM
signals do reflect the local activation rates (or dominant
frequencies) in the atria [7]. More recently, it has been
evaluated the ability of BSPM signals to identify the pres-
ence and location of AF rotors using neural networks
[30], but no previous studies have reported a relation-
ship of reentrant activity during AF and its duration
and AF substrate complexity metrics derived from body
surface recordings. In [4], it was shown that higher SAE
and RHE computed on epicardial recordings during AF
were associated with a more complex and less organized
AF. In this study, both SAE and RHE computed on sur-
face recordings inversely correlated with rotors of shorter
duration as measured by ECGI These results together
confirm that information about AF substrate complexity
of atrial activity patterns during AF is, to a certain degree,
reflected on the body surface. At the same time, although
previous studies have linked the presence of rotors to
AF dominant frequency measured on the body surface
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[31], statistically significant correlations were not found
between BSPM-based HDF and the number and duration
of rotors computed on ECGL.

In the same direction, the AF propagation recurrence
computed on the BSPM signals was shown to be cor-
related with rotors of shorter duration as measured on
ECGI signals. A higher number of rotors has been asso-
ciated with more atrial electro-structural remodeling
[32] and fibrosis [33], and this may be a physiological
explanation of lower values of parameters as short- and
long-term recurrence, which is indicative of a greater AF
substrate complexity. Especially, LTR, associated with
long-term AF recurrence, presented a significant corre-
lation with rotor duration. This suggests a link between
reentrant atrial activity during AF and recurrence of
BSPM-derived atrial signals, which could provide help-
ful information to electrophysiologists prior to ablation
or other treatment without the need for estimating ECGI
potentials and relying just on the BSPM data.

Left and right atrium assessment of AF substrate
complexity

Estimating AF substrate complexity from a surface
ECG can be challenging, especially in determining the

differences in AF complexity between the atria. While the
analysis of BSPM signals provides a broader view of AF
progression [4, 8], it may still be difficult to distinguish
the different properties of the two atria without invasive
intracardiac recordings. ECGI has been shown to be a
valuable tool in assessing the atrial substrate, and in this
study, a strong correlation was found between AF sub-
strate complexity metrics measured on both BSPM and
ECGI signals. However, no statistical differences in these
metrics were found when computed on the left and right
atrium through ECGI, respectively, suggesting that AF
complexity and AF propagation recurrence metrics are
not sufficiently accurate to capture differences in AF sub-
strate complexity between the atria.

On the other hand, the quantification of ECGI-based
atrial reentrant activity computed on the left and right
atrium showed significant differences. A more complex
AF substrate with more and shorter rotational activity
was observed on the left than in the right atrium. This is
expected in AF patients since pulmonary veins are usu-
ally the primary source of AF episodes and are the main
target in ablation procedures. The presented findings are
consistent with other studies that also reported a greater
reentrant activity in the left atrium (more SP and rotors
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per second, p=10"2 and 6:1072 respectively) [34]. This
highlights the importance of utilizing ECGI and measur-
ing rotors for a more comprehensive and specific evalua-
tion of AF, particularly for patients undergoing ablation.

Moreover, in the studied patient population, body-sur-
face metrics showed higher correlations with rotational
activity in the left atrium. However, it remains unclear
whether this relationship is due to a higher complexity in
the LA (as revealed by reentrant analysis), which is bet-
ter captured on BSPM signals overshading the RA, or
because the left atrial activity is better reflected on BSPM
independently of its substrate complexity.

Clinical impact

This study highlights the clinical importance of combin-
ing and linking BSPM and ECGI to better understand
AF mechanisms like substrate complexity and reentrant
activity. BSPM offers a non-invasive, accessible way to
analyze surface-level electrical activity, while ECGI pro-
vides detailed epicardial mapping, linking surface signals
to atrial substrate characteristics. Together, these tools
can guide more precise, personalized treatments such as
catheter ablation.

Validating BSPM metrics with ECGI strengthens its
potential for identifying patients who may benefit from
standard ablation versus those requiring targeted AF
driver-based procedures. Particularly, BSPM’s ability to
infer rotor duration in the left atrium adds a valuable
dimension. Further research is needed to refine ablation
strategies based on non-invasive assessments of AF sub-
strate complexity.

Limitations

This study represents an initial exploration of how BSPM
signals can be used to interpret atrial reentrant activity
and AF substrate complexity. While the findings suggest
promising correlations between BSPM and ECGI-derived
metrics, there are limitations that must be addressed.

First, the study included a relatively small sample
size, with 68% of the patients presenting persistent AF.
This distribution may not fully capture the variability
in AF mechanisms between paroxysmal and persistent
AF cases, but the inclusion of both types of AF patients
allowed us to examine a wider range of AF substrate
complexity. Further research with larger and more bal-
anced cohorts is essential to confirm these findings and
assess the clinical utility of BSPM metrics.

Second, this study lacks intracardiac ground truth
data to directly validate the ECGI-derived maps. How-
ever, rotor detection using ECGI has been clinically
validated in previous studies, demonstrating its reliabil-
ity when compared with intracavitary data [13]. Despite
this limitation, the correlations observed between BSPM
and ECGI metrics remain a relevant finding (assuming
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the presence of reentrant activity), and provide valu-
able knowledge into the potential non-invasive assess-
ment of atrial substrate complexity and reentrant activity
duration.

Conclusion

This study highlights a strong correlation between BSPM-
derived AF substrate complexity and recurrence metrics
and reentrant atrial activity estimated through ECGI. The
findings demonstrate that BSPM metrics reliably reflect
atrial electro-structural remodeling, as evidenced by
their correlation with reentrant ECGI metrics, especially
the ones relative to rotor duration. This work empha-
sizes the importance of BSPM as a non-invasive tool that
aligns well with detailed epicardial assessments and its
potential clinical applications in managing atrial fibrilla-
tion. Additionally, it highlights the continued necessity of
ECGI for detailed, regional, non-invasive mapping of AF
substrates.
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