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Abstract

Brugada syndrome (BrS) is a cardiac channelopathy as-
sociated with an increased risk of sudden cardiac death.
Its diagnosis is based on the presence of a characteris-
tic coved-type electrocardiographic pattern (ST-segment
elevation with inverted T wave) in the right precordial
leads. This study aims to assess ventricular activation ab-
normalities in BrS patients using non-invasive electrocar-
diographic imaging (ECGi), comparing activation profiles
of patients with spontaneous (BrS1) and drug-induced
(BrSs) patterns to those of healthy controls. A cohort of
BrS patients and control subjects underwent ECGi anal-
ysis to quantify global and regional ventricular activa-
tion times (ATs). Global measurements revealed signif-
icantly prolonged QRS duration (BrSi: 134 £21 ms;
BrSsy: 135418 ms, Healthy: 116+12 ms) and total ven-
tricular ATs (BrS,: 8616 ms; BrSy: 82.9+£13.5 ms;
Healthy: 67413 ms) in BrS patients versus controls. Re-
gional analysis showed delayed conduction in the right
ventricular outflow track (RVOT) in BrS patients, with ad-
ditional differences between BrSy and BrSs in other ven-
tricular regions. These findings indicate that BrS is char-
acterized by delayed conduction, particularly in the RVOT,
with distinct activation profiles between spontaneous and
induced types, underscoring electrophysiological hetero-
geneity within the syndrome.

1. Introduction

Brugada Syndrome (BrS) is a rare inherited arrhythmo-
genic disorder characterized by a distinctive electrocardio-
graphic pattern in the right precordial leads. Affected in-
dividuals, typically young adults, face an increased risk
of life-threatening ventricular arrhythmias compared with
age-matched healthy populations [1]. Pathophysiological
studies have revealed conduction delays, particularly in the
right ventricular outflow tract (RVOT) epicardium, as well

as subtle epicardial and interstitial fibrosis in BrS patients
with recurrent ventricular fibrillation.

Clinically, BrS is diagnosed by the presence of a char-
acteristic pattern in the electrocardiogram (ECG) consist-
ing of coved-type ST-segment elevation in the right precor-
dial leads, followed by an inverted T wave. When spon-
taneous manifestations are absent, the diagnosis is often
unmasked by administering sodium channel blockers as
ajmaline. However, this pharmacological challenge car-
ries inherent risks, and its diagnostic specificity has been
increasingly questioned, with part of the medical commu-
nity suggesting that a positive ajmaline test alone may be
insufficient for a definitive diagnosis [2].

Over the last years, electrocardiographic imaging
(ECGi) has emerged as a powerful non-invasive method
for investigating the BrS substrate. By solving the in-
verse problem of electrocardiography, ECGi infers unipo-
lar electrograms (EGMs) on a three-dimensional ven-
tricular geometry from body surface potential mapping
(BSPM) signals, thereby enabling region-specific electro-
physiological analysis. Pannone et al. [3] employed ECGi
during ajmaline testing and identified RVOT activation and
repolarization differences between BrS patients with and
without sudden cardiac death events. Isbister et al. [4] used
ECGi during hydroquinidine administration and showed
marked ventricular repolarization abnormalities in BrS pa-
tients, particularly within the RVOT. Monaco et al. [5]
proposed an RVOT delay with respect to RV threshold of
more than 45% to be used for stratification of Right Bundle
Branch Block and BrS patients in cases where ECG alone
is inconclusive. Despite these advances, how epicardial
activation differs between spontaneous and drug-induced
BrS patterns remains insufficiently explored.

This work aims to further characterize epicardial activa-
tion in BrS patients, encompassing both spontaneous and
drug-induced patterns, propose a methodology to estimate
activation from complex unipolar electrograms and assess
ECGi-derived epicardial activation maps against healthy



controls. These findings may provide new insights into
the pathophysiological mechanisms underlying BrS and
contribute to improved risk stratification for malignant ar-
rhythmic events.

2. Methods

Study population: ECGi recordings were collected at
Hospital Clinico Universitario Lozano Blesa (Zaragoza,
Spain) using the Acorys mapping system (Corify Care SL).
The study cohort included 18 patients diagnosed with BrS
and 9 healthy controls (n=9, 7 male, 40+13 years). Among
BrS patients, 9 presented a spontaneous type 1 ECG pat-
tern (hereafter referred to as Br.S; group, 9 males, 48+11
years), while 11 presented an induced type 1 pattern fol-
lowing ajmaline challenge (hereafter Br.S; group, 7 males,
58410 years). Patients with a low Shanghai score [6] were
excluded from the induced-pattern group.

BSPM: BSPM signals were recorded using 128 elec-
trodes as patients rested in a supine position during medi-
cal consultation. The acquired signals underwent a built-in
software pre-filtering, thus requiring no additional prepro-
cessing. Standard 12-lead and high-precordial lead Bru-
gada ECGs were then inferred from the BSPM data. The
onset (QRS,y,;) and the end (Q RSey,q,;) of the QRS com-
plex in each lead [ were identified using a wavelet-based
delineation algorithm [7]. A global QRS onset, QRS,,,
was defined as the latest QRS,,,; mark that fulfilled the
condition of being preceded within 12 ms by QRS,,
marks in at least 25% of leads. Similarly, a global QRS
end, QRS.q, was defined as the latest Q RS,y q,; mark
meeting the analogous condition for QRS,,q,; marks.
QRS,, was computed as the time difference between
QRS,, and QRS q. QRS,,, was selected as a consistent
reference for subsequent activation time (AT) analysis.

EGM reconstruction and AT detection: The ventricular
mesh (/23900 nodes) and corresponding EGMs were re-
trieved from Acorys software. Heart geometry was esti-
mated by the software from template models using the pa-
tients’ height and weight. ATs were determined for each
EGM as the time associated with the steepest downslope
of the most negative deflection within the QRS window.
We adapted a wavelet transform-based method from [7] to
detect local minima, applying an amplitude-based criterion
in the wavelet domain to exclude notches. When two nega-
tive deflections showed comparable amplitudes (amplitude
ratio>0.4) and the first deflection was initially selected as
the steepest negative slope, the activation time was defined
as the mean of the timings of the first and second deflec-
tions. This approach was proposed to deal with complex
EGMs, as considering solely the first deflection in these
cases could underestimate the later activation when a pro-
nounced R’was present.

To reduce the impact of AT outliers, neighbor infor-

mation was incorporated by applying a mild Laplacian
smooth.

Total AT: Global first (AT;,) and last (AT}qs) ATs
were defined as the earliest and latest ATs across all EGMs.
Total activation time (T"AT’) was measured as the interval
between AT 'f;ps; and ATjqs;.

Regional analysis: Ventricular geometries and corre-
sponding homologous segmentations were provided by
Acorys software. The ventricles were divided into 15
segments: basal, medial and apical divisions, with the
right ventricle (RV) segmented into anterior and poste-
rior regions, and the left ventricle (LV) segmented into
anterior, posterior, and lateral regions. Results are dis-
played using bullseye plot representations, with RV and
LV regions arranged according to conventional cardiologi-
cal orientation, and concentric rings corresponding to basal
(outer), medial (middle), and apical (inner) layers. Based
on this segmentation, the RVOT was predominantly lo-
cated within the anterior basal segment of the right ven-
tricle (RVAB), with a smaller portion extending into the
anterior medial segment (RVAM).

For each segment, the median AT (AT,,), as well as
the 10th (AT}g), 25th (AT55) and 90th (ATyg) percentiles,
were extracted to characterize representative median, min-
imum, and maximum values.

Statistical analysis: Differences between groups in
global and regional markers were assessed using the un-
paired Wilkonson rank-sum test. Statistical significance
was defined as p<0.05 and p<0.01.

3. Results and discussion

3.1. Global measurements
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Figure 1. Probability density function (Pdf) of global mea-
surements T'AT and QRS,,. BrS; patients data are de-
picted in purple, BrS5 in blue and controls in yellow.

Both BrS; and BrSs patients showed significantly
wider QRS complexes compared with healthy controls
(134 +21 ms and 135£18 ms vs 1164+12 ms, p<0.01)
and longer T AT (86+16 and 82.9+13.5 vs 67413 ms,
p<0.01), as shown in Figure 1. No significant differences
were observed between BrS; and BrSy groups.



3.2. Regional measurements

Examples of representative activation maps for each
group are shown in Figure 2.
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Figure 2. Representative activation maps for each group.
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Analysis of AT, revealed significant activation delays
in the anterior RV, lateral LV, and medial LV segments in
BrS; patients compared to healthy controls (p<0.05, Fig-
ure 3 Panel A). Notably, marked activation delays were
observed in regions encompassing the RVOT as well as in
multiple LV territories. Although not statistically signifi-
cant in all regions, a general trend toward delayed epicar-
dial activation was present in BrS; patients, except in the
RV infero-basal segment, where controls displayed later
activation. This reflects that, in healthy subjects, the RV
infero-basal segment is typically the last to activate. The
difference was not significant, as BrS patients also showed
a delay in that area, although it was not their last area to
activate (Figure 3 Panel B).

Maximum activation delays ATy, in the RVAB segment
were significantly prolonged in BrS; patients compared
to controls (BrS1:103+21 ms vs Healthy: 64414 ms, p
< 0.01). Several LV segments also exhibited important
activation delays in BrS; (especially in the inferior region,
where delays in activation times were observed, p<0.01
in the apical segment). In contrast, the RV infero-basal
segment tended to activate later in controls, although the
differences did not reach statistical significance (66 £ 15
ms in BrSy vs 82 4+ 15 ms in controls).

For minimum activation times AT}, delays were ev-
ident in lateral LV and antero-medial RV segments in
BrSy, contributing to the prolongation of AT,,. The
RVAB segment also showed delays with borderline sta-
tistical significance (461+10 ms in BrS; vs 40+6 ms in
controls, p=0.05).

When comparing BrSy and BrSs (Figure 3 Panel C),
BrS; epicardium was found to be delayed compared to
BrS,, except for some segments of the basal area.
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Figure 3. A) Differences between healthy controls and
BrS, patients with corresponding p-values: dark blue
higher values in BrS1, yellow indicates higher values
in controls. The lower row shows statistical significance
(blue: non-significant, green: p<0.05, red: p<0.01). B)
Probability density functions for RV segments. C) Com-
parison between BrS; and BrSy population: dark blue
indicates higher values in BrS1, yellow indicates higher
values in BrSy. The lower row displays p-values as in A.

No significant differences were observed in any segment
in AT,,,, ATyg or ATyg values. However, delay trends were
present in BrS7 with respect to Br.Ss in the latero-medial
segment of the LV, reflecting borderline delayed activation
onset and delayed AT,,, with AT}q values of 66+11 ms in
BrSi1 vs 5612 ms in BrSs,, p=0.068, and AT,, values
of 72410 ms in BrS; vs 67£11 ms in BrS,, p=0.068.
Analysis AT5s5 revealed significant differences, with AT5s
values of 67+11 ms in BrS; vs 61+12 ms in BrSs,
p<0.05. Notably, no differences were found in RVOT ac-
tivation between the two BrS groups, suggesting a more
homogeneous conduction profile in this region. However,
persistent intergroup differences in LV segments suggest
that the BrS substrate extends beyond the RVOT, consis-
tent with emerging evidence challenging the view of BrS
as an isolated RVOT channelopathy [8], and instead impli-



cating broader electrical remodeling across both ventricles
[9] [10].

4. Conclusion

BrS patients show delayed RVOT activation compared
to healthy controls, consistent with impaired sodium chan-
nel function in this region. Spontaneous type 1 BrS pa-
tients display additional abnormalities beyond the RVOT,
suggesting more extensive ventricular remodeling com-
pared to drug-induced type 2 BrS patients. Validation in
larger cohorts to increase the power of the statistical tests
and confirm borderline results and tendencies is warranted,
as these findings may improve risk stratification in BrS.
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