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Significant Delayed Activation on the Right
Ventricular Outflow Tract Represents
Complete Right Bundle-Branch Block
Pattern in Brugada Syndrome
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BACKGROUND: The appearance of complete right bundle-branch block (CRBBB) in Brugada syndrome (BrS) is associated with
an increased risk of ventricular fibrillation. The pathophysiological mechanism of CRBBB in patients with BrS has not been
well established. We aimed to clarify the significance of a conduction delay zone associated with arrhythmias on CRBBB using
body surface mapping in patients with BrS.

METHODS AND RESULTS: Body surface mapping was recorded in 11 patients with BrS and 8 control patients both with CRBBB.
CRBBB in control patients was transiently exhibited by unintentional catheter manipulation (proximal RBBB). Ventricular acti-
vation time maps were constructed for both of the groups. We divided the anterior chest into 4 areas (inferolateral right ven-
tricle [RV], RV outflow tract [RVOT], intraventricular septum, and left ventricle) and compared activation patterns between the
2 groups. Excitation propagated to the RV from the left ventricle through the intraventricular septum with activation delay in
the entire RV in the control group (proximal RBBB pattern). In 7 patients with BrS, excitation propagated from the inferolateral
RV to the RVOT with significant regional activation delay. The remaining 4 patients with BrS showed a proximal RBBB pattern
with the RVOT activation delay. The ventricular activation time in the inferolateral RV was significantly shorter in patients with
BrS without a proximal RBBB pattern than in control patients.

CONCLUSIONS: The CRBBB morphology in patients with BrS consisted of 2 mechanisms: (1) significantly delayed conduction
in the RVOT and (2) proximal RBBB with RVOT conduction delay. Significant RVOT conduction delay without proximal RBBB
resulted in CRBBB morphology in patients with BrS.
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ST elevation in the right precordial leads and sudden
cardiac death caused by nocturnal ventricular fibrilla-
tion (VF)." Although the mechanisms underlying the ECG
changes and VF remain controversial, repolarization abnor-
mality and/or depolarization abnormality have been critical

Brugada syndrome (BrS) is characterized by coved-type

in the pathogenesis of BrS.2- In recent years, the epicardial
ablation technique has revealed conduction abnormality on
the epicardial surface of the right ventricular free wall, partic-
ularly the right ventricular outflow tract (RVOT)."® Abnormal
delayed activation of the RVOT could be a source of ST
elevation and a substrate of VF in patients with BrS.°
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CLINICAL PERSPECTIVE
What Is New?

Body surface mapping showed a significant
conduction delay around the right ventricular
outflow tract in patients with BrS with complete
right bundle-branch block (CRBBB) and a dif-
ferent right ventricle activation pattern in these
patients than that in patients with CRBBB due
to conduction block at the proximal right bundle
branch.

e Extended depolarization abnormality on the
epicardium around the right ventricular outflow
tract might exhibit CRBBB morphology in pa-
tients with BrS, being consistent with the worse
outcome in patients with BrS with CRBBB.

What Are the Clinical Implications?

e This observation might provide insights into the
diagnosis of BrS masked by CRBBB, although
further study would be needed.

Nonstandard Abbreviations and Acronyms

BrS Brugada syndrome

BSM body surface mapping

CRBBB complete right bundle-branch block
RBB right bundle branch

VAT ventricular activation time

Complete right bundle-branch block (CRBBB)
can occur in patients with BrS. Previous studies have
shown that patients with BrS with CRBBB might have
a severe clinical phenotype, such as frequent VF epi-
sodes or electrical storm.’® CRBBB usually occurs due
to a complete conduction block at the main trunk of
the right bundle branch (RBB), and activation of the
right ventricle (RV) originates from the left ventricle (LV)
through the intraventricular septum.™

Recently, it has been reported that the conduc-
tion block at the trunk of the left bundle branch usu-
ally causes left bundle-branch block; however, some
patients have left bundle-branch block pattern with
intact His-Purkinje conduction due to conduction dis-
turbance being distant from the Purkinje system.'>'8
Evaluation of the disturbed site could be useful for pre-
dicting the effects of His or left bundle-branch block
pacing in patients with heart failure. The results of a
study in which the block site of RBBB was evaluated
were reported in the 1960s, which showed that RBBB
was mainly present in the RBB trunk in various heart
diseases.™ A study of patients with congenital heart
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disease and who received surgical repairs showed that
CRBBB could occur due to conduction blocks of the
main trunk of the RBB, distal portion of the RBB, and
conduction disturbance in the distal RV myocardium.'®
However, the mechanism of CRBBB in BrS has not
been well understood.

We hypothesized that delayed RV activation could
contribute to the formation of the CRBBB pattern in
patients with BrS who have significantly delayed ac-
tivation of the RV free wall. The RV activation pattern
in patients with BrS and CRBBB should be different
from patients with “usual” CRBBB due to block of the
main trunk of the RBB. The objective of this study was
to clarify the significance of a conduction delay zone
associated with arrhythmias in patients with BrS on the
formation of CRBBB patterns using an 87-lead body
surface mapping (BSM) system.

METHODS

Study Subjects

All data and supporting materials have been pro-
vided with the published article. This was a retrospec-
tive and observational study conducted at Okayama
University Hospital, Okayama, Japan. The BrS group
consisted of 11 patients with BrS with CRBBB. BrS
diagnosis was made according to the Heart Rhythm
Society/European Heart Rythm Association/Asian
Pacific Heart Rhythm Society (HRS/EHRA/APHRS)
expert consensus statement.! The J point was de-
termined as the end point of the QRS interval in lead
V5. The definition of CRBBB was based on American
Heart Association/American College of Cardiology
Foundation/Heart Rhythm Society (AHA/ACCF/HRS)
recommendations for standard intercostal leads'®: (1)
QRS interval >120ms, (2) rsR’ or rSR’ pattern in leads
V1 and V2, and (3) S wave of greater duration R wave
or >40ms in leads | and V6. The control group con-
sisted of 8 patients who did not have organic heart
diseases and in whom it was confirmed that CRBBB
was exhibited by transient RBB conduction distur-
bance by unintentional catheter manipulation around
the RV septum during electrophysiological study (EPS)
and/or ablation for any arrhythmias other than BrS.
These CRBBBs resulted from direct conduction dis-
turbances of the RBB truncus and were considered
to be “usual CRBBBs.” All conduction disturbances
improved within 5minutes after the occurrence of
CRBBB. To evaluate whether the activation pattern in
control patients was considered as “usual CRBBB,”
we also analyzed 5 patients with CRBBB without obvi-
ous heart disease. We collected the baseline clinical
characteristics included age, sex, history of syncope
or spontaneous VF, and family history of sudden death
via medical chart. In the BrS group, we also evaluated
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Figure 1. Body surface mapping system and interpretation of the body surface locations

and divided areas of the ventricles.

A, Locations of electrodes in the 87-lead body surface mapping system (BSM). A-I are placed
on the anterior chest, and J-M are located on the back. E is located at the median line of the
anterior chest. A and | are located at the right and left midaxillary lines, respectively. Row 6
is placed at the level of the parasternal second intercostal space, and row 4 is placed at the
midclavicular 5th intercostal space. Row 5 is placed between rows 6 and 4, and rows 7, 3, 2, and
1 are located vertically at equal intervals. Leads V1-V3 are positioned at crosses (X), and leads
V4-6 are coincident with G4, H4, and 14, respectively. Adapted from Morita et al'” with permission.
Copyright © 2008, Heart Rhythm Society. B, Isochronal map of ventricular activation time based
on BSM (control group Case 5). Color bar at the right side of the map shows activation time from
the onset of the QRS complex. Blue color shows an early activation area, and red color shows a
late activation area. For statistical analysis, we divided the anterior 59 leads into 4 regions (inferior
and lateral RV [A1-5, B1-7, C1-2, D1-2, E1-2], RVOT and mid RV [C3-7, D3-7, E3-7], septum [F1-
7], and LV [G1-7, H1-7, I1-5]). Black dot square shows inferolateral RV, blue dot square shows
RVOT and mild RV, brown dot square shows intraventricular septum, and yellow dot square shows
LV. IVS indicates intraventricular septum; LV, left ventricle; RV, right ventricle; and RVOT, right

ventricular outflow tract.

late potential using signal-averaged electrocardiogra-
phy, 12-lead electrocardiography markers, VF induc-
tion by programmed electrical stimulation, and SCN5A
mutation. SCN5A mutations were analyzed as we re-
ported previously."”

All the patients provided written informed consent
to participate in the study. This study complied with the
Declaration of Helsinki and was approved by the Ethics
Committee on Human Research and Epidemiology of
Okayama University. SCN5A gene analysis was per-
formed in 8 patients in compliance with the guidelines
for human genome studies of the Ethics Committee of
Okayama University.
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Definition of Fragmented QRS, Late
Potential, aVR Sign, S Wave in Lead |, and
QTc Interval

We evaluated the signs of conduction disturbances by
12-lead ECG. A standard 12-lead ECG was recorded
during sinus rhythm at 0 to 150Hz for each patient.'®
The QRS interval was measured for lead Il. Based on
the previous study, the presence of fragmented QRS
for a wide QRS complex was defined as a QRS com-
plex with >2 positive spikes within the QRS complex
in 2 contiguous leads.'® A late potential by signal-
averaged ECG was considered positive when 2 criteria
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(RMS,, <20V and LAS,, <88 ms) were met.?° A posi-
tive aVR sign was defined as R wave >0.3 mV or R/q
ratio >0.75 in lead aVR.?' A large S wave in lead | was
defined as positive when the S wave in lead | was >0.1
mV and/or 40 ms.?®> The QT interval on 12-lead ECG
was measured from the onset of the QRS complex to
the end of the T-wave to evaluate repolarization abnor-
mality. QT interval was corrected for heart rate (QTc,
Bazett’s formula).

EPS were performed on patients who provided
written informed consent. The induction of ventricular
arrhythmia was attempted without the use of antiar-
rhythmic drugs in patients with BrS. Programmed elec-
trical stimulation was performed at the RV apex and
RVOT using extra stimuli at 2 cycle lengths (600 and
400 ms) to induce polymorphic ventricular tachycardia
or VF, which required cardioversion to terminate. The
HV interval was measured during EPS.

Analysis of Body Surface Maps

We recorded BSM with 87-lead unipolar ECGs in pa-
tients in the BrS and control groups using the HPM-
7100 mapping system (Fukuda Denshi Co, Japan).2324
In the control group, we recorded the BSM of transient
CRBBB in the catheter laboratory. ECG data (87 uni-
polar leads, regular limb leads, and leads V1-3) were
recorded on a magnetic disk. Of these leads, 59 were
located in the anterior region of the chest (A-l) and 28
were located on the back (J-M). These locations are
the standards for the system (Figure 1). The unipolar
leads on the mid-to-right chest are sensitive to electri-
cal activity in the RV. Similarly, the leads on the high to

CRBBB in Brugada Syndrome

midchest are most sensitive to electrical activity in the
RVOT, and the leads on the left chest-to-back reflected
the LV potentials.

Two independent and experienced observers (Y.M.
and H.M.) reviewed the BSM results for each patient.
Local ventricular activation time (VAT) was defined as
the interval between the onset of the QRS complex
and the peak negative dV/dT of the QRS complex
of each lead during sinus rhythm.?®> We then created
isochronal maps of the VAT for each patient. We also
colored these maps by the gradient of the VAT with
blue showing an early activation area and red show-
ing a late activation area. We evaluated the activation
patterns in the control and BrS groups. We also cal-
culated the average VAT of each lead in the BrS and
control groups, and created isochronal maps (average
VAT map) to evaluate the difference in the RV activation
pattern between the 2 groups. If there was an area
where the activation pattern was visually different, we
divided the ventricles into subgroups and investigated
whether there was a statistically significant difference
in the VAT of the region of interest (Figure 1). We also
measured the latest VAT in each region, which was the
most delayed VAT measured across leads in a spe-
cific region. When the VAT map revealed 2 or more
RV activation patterns in the BrS group, the VAT was
evaluated similarly.

We reviewed the unipolar ECG on BSM in the area
where the activation pattern was visually different be-
tween the control and BrS groups to evaluate the dif-
ference in the QRS morphology in these unipolar leads.

To evaluate the repolarization abnormality, the QT in-
terval was measured from all 87 leads on BSM, and each

A p=0.008 B p=0.26 C p=0.09
1 1 1
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o o . . o 50 .
Q 160, : O 4501 . “-’ .
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Figure 2. Comparison of the QRS interval, QTc interval on 12-lead ECG, and HV interval between the Brugada syndrome

and the control groups.

QRS interval was significantly longer in the Brugada syndrome (BrS) group than that in the control group (A). There was no significant
difference in QTc interval between the BrS group and the control group (B). HV interval tended to be longer in the BrS group than in

the control group, but the difference was not significant (C).
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Figure 3. Interpretation of the ventricular activation time map.

A, The ventricular activation map of Case 1 in the control patients. Dark blue and green area
represents early activation site. Yellow to orange area shows late activation site. Arrows show
propagation of excitation, and zig-zag lines represent conduction delay. Excitation occurs from
posterior left ventricle (LV) and anterior LV; those could represent excitations from posterior
and anterior fascicles. Excitation propagated to right ventricle (RV) with conduction delay at the
intraventricular septum. B, Ventricular activation map of Case 5 in the Brugada syndrome group.
Excitations occur from LV and propagate to inferior site of RV, then propagated to RV outflow tract
(RVOT) with significant conduction delay. IVS indicates intraventricular septum.

QTc interval was calculated (QTc, Bazett’s formula). Then,
we created isochronal maps of QTc interval in each pa-
tient and colored these maps by the gradient of the QTc
interval with a blue color showing a shorter QTc interval
area, and a red color showing a longer QTc interval area.””
We also created an average QTc interval map to compare
the QTc heterogeneity between the 2 groups. We calcu-
lated the difference between the longest and shortest
QTc intervals in the RVOT to evaluate QTc heterogeneity.

Statistical Analysis

First, we compared the baseline characteristics of
the BrS and control groups. Continuous variables
are presented as means with SDs. The QRS interval,
QTc interval from 12-lead ECG, and HV interval during
EPS were compared between the 2 groups using the
Mann-Whitney U test.

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706

To evaluate delayed conduction in the anterior sur-
face of the RV, we statistically analyzed the VAT of only
the chest leads. Fifty-nine leads were divided into 4 re-
gions based on previous studies®®?*: inferior and lateral
RV (A1-5, B1-7, C1-2, D1-2, E1-2; 18 leads), RVOT and
mid RV (C3-7, D3-7, E3-7; 15 leads), septum (F1-7; 7
leads), and LV (G1-7, H1-7, 11-5; 19 leads) (Figure 1). For
this analysis, we compared the log-transformed VAT
stratified by the above 4 regions between the BrS and
control groups using mixed-effect linear regression
models with a compound symmetry correlation ma-
trix taking into account within-participant correlation of
each measure (as a per-lead analysis). The same anal-
ysis was applied for the comparison among subgroups
according to different RV activation patterns in the BrS
group.

To assess how different RV activation was delayed
and where it was activated latest in the RV between
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Figure 4. Ventricular activation time map in the control group.

Isochronal maps of ventricular activation time in control cases (Cases 1-8). Right ventricular (RV) activation occurred via transeptal
spread toward the right ventricular outflow tract with delayed conduction in the entire RV in all patients. Black dot square shows
inferolateral RV, blue dot square shows RVOT and mild RV, brown dot square shows intraventricular septum, and yellow dot square

shows left ventricle. IVS indicates intraventricular septum; LV, left ventricle; and RVOT, right ventricular outflow tract.

the BrS and control groups, we compared the latest
log-transformed VAT (the most delayed VAT across the
leads) stratified by the above 4 region using Mann—
Whitney U test (as a per-patient analysis).

Furthermore, we computed the difference between
the longest and shortest QTc intervals among 15 leads
in the RVOT and mid RV region, and then compared
the differences between the BrS and control groups
using Mann-Whitney U test (as a per-patient analysis).
All comparisons and analyses were 2-tailed, and statis-
tical significance was set at P<0.05. All analyses were
performed using R version 4.2.2 (The R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Patient Characteristics

The clinical characteristics of the 11 patients with BrS
and 8 control patients are shown in Table 1. The rea-
sons for EPS in patients in the control group were
idiopathic premature ventricular contraction from the
RVOT (Cases 1-5), atrial flutter (Case 6), paroxysmal
atrial tachycardia (Case 7), and syncope (Case 8). In
the BrS group, 5 patients experienced VF, 3 patients
experienced syncope, and 3 patients were asympto-
matic. Four patients (36%) had a family history of sud-
den death. Spontaneous type 1 ECG was observed
in 10 patients (91%) and late potential was positive in
10 patients (91%). Fragmented QRS was observed in

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706

all patients with BrS. Three of the 8 patients (27%) had
SCN5A mutations. Eight patients (72%) underwent
EPS, and VF was induced in 5 (63%) patients. The
QRS interval was longer in the BrS group than that in
the control group (151.5+6.8ms versus 134.0+8.1ms,
P=0.008, Figure 2A). The S-wave in lead | was ob-
served in all patients in both groups. The aVR sign was
observed in 4 patients (36%) in the BrS group and 1
patient (13%) in the control group. The QTc interval in
the BrS group was not significantly different from the
control group (413.5+42.7ms versus 427.9+25.5ms,
P=0.26, Figure 2B). The HV interval tended to be
longer in the BrS group than in the control group, but
the difference was not significant (43.6+5.4ms versus
38.9+5.1ms, P=0.09, Figure 2C).

Difference in RV Activation Patterns

Figure 3 shows a typical VAT map of the control and
BrS groups. The dark blue area represents the earli-
est activation site, followed by green, yellow, and red
areas. The red area indicates a late activation site.
Crowded color lines represent conduction delay area.
Arrows indicate the propagation of excitation, and zig-
zag lines represent conduction delays. The VAT map
of Case 1 in the control group showed that excitation
occurred from the posterior LV and anterior LV, which
could represent excitations from the posterior and
anterior fascicles, respectively. Excitation propagated
to the RV with conduction delay at the intraventricu-
lar septum (Figure 3A). The VAT map of Case 5 in the
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Figure 5. Ventricular activation time map in the Brugada syndrome group.

Isochronal maps of ventricular activation time in patients with Brugada syndrome (BrS) (Cases 1-11). There were 7 patients in the BrS
group without the proximal right bundle-branch block pattern (Cases 1-7). The right ventricular (RV) activation propagated from the
inferior and lateral RV toward the right ventricular outflow tract with significant activation delay. The other 4 patients (Cases 8-11) in
the BrS group exhibited the RV activation pattern similar to that in the control group. Black dot square shows inferolateral RV, blue dot
square shows RVOT and mild RV, brown dot square shows intraventricular septum, and yellow dot square shows left ventricle. IVS
indicates intraventricular septum; LV, left ventricle; and RVOT, right ventricular outflow tract.

BrS group showed that excitations occurred from the
LV, propagated to the inferior site of the RV, and then
propagated to the RVOT with significant conduction
delay (Figure 3B).

Figures 4 and 5 show all the VAT maps for the 2
groups. In the control group, all VAT maps showed that
initial activation occurred in the LV area, and then ven-
tricular activation propagated transseptally to the RV
area and finally reached the RVOT. Activation of the en-
tire RV area was delayed compared with that of the LV.
This RV activation pattern indicates a proximal RBBB
pattern. The ventricular activation pattern in patients
with CRBBB without obvious heart disease was the
same as that of the proximal RBBB pattern (Figure S1).
In the BrS group, VAT maps indicated 2 RV activation
patterns. In 7 patients in the BrS group (Cases 1-7),
RV activation propagated from the inferior and lateral
RV toward the RVOT. There was a significant conduc-
tion delay around the RVOT, whereas activation was
not delayed in the inferior and lateral RV. This activa-
tion pattern was different from that of the proximal
RBBB pattern. In the remaining 4 patients in the BrS
group (Cases 8-11), after the initial LV activation, RV
activation started from the intraventricular septum and

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706

extended to the entire RV, and the activation pattern
was similar to that in the control group. However, the
entire RV showed more delayed conduction in patients
in the BrS group than in the control group. Figure 6
shows the VAT maps according to the mean VAT for
each patient. The VAT in the inferior and lateral RV was
visually different overall in the BrS group, and the BrS
group without the proximal RBBB pattern compared
with that in the control group.

In the inferior and lateral RV where the VAT map was
visually different, there was no significant difference in
VAT between the overall BrS group and control group
(76.4+46.4ms versus 89.1+29.9ms [4.15+0.62 versus
4.41£0.45 in log scale]; P=0.20, respectively). VAT at
the inferior/lateral RV in the BrS group without the prox-
imal RBBB pattern was significantly shorter than that in
the control group (52.7+30.3 ms versus 89.1+29.9ms
[3.85+0.46 versus 4.41+0.45 in the log scale]; P=0.003),
whereas VAT in other areas were not significantly dif-
ferent (Table 2, Figure 7). The latest VAT in the RVOT
and mid RV in the BrS group was significantly longer
than that in the control group (136.5+23.2ms ver-
sus 113.6+£15.6ms [4.72+0.14 versus 4.92+0.16 in log
scale]; P=0.012) (Table 3, Figure 8).
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Figure 6. Average ventricular activation time map in each group.

We calculated the mean ventricular activation times of each unipolar lead in the control group, overall Brugada syndrome (BrS) group,
BrS group without the proximal right bundle-branch block (RBBB) pattern, and BrS group with the proximal RBBB pattern. Then we
created an isochronal map to evaluate the difference in the right ventricular (RV) activation pattern among these groups. A, Control
group. B, BrS group (overall). C, BrS group with different RV activation pattern (Cases 1-7). D, BrS group with proximal RBBB pattern
(Cases 8-11). In contrast to the control group, RV activation propagated faster in the inferior-lateral RV visually in the BrS group.
This difference in RV activation was more obvious in the BrS group without the proximal RBBB pattern. In the BrS group with the
proximal RBBB pattern, the entire RV activation was more delayed compared with that in the control group. Black dot square shows
inferolateral RV, blue dot square shows RVOT and mild RV, brown dot square shows intraventricular septum, and yellow dot square
shows left ventricle. IVS indicates intraventricular septum; LV, left ventricle; RV, right ventricle; and RVOT, right ventricular outflow

tract.

We compared the BSM and VAT maps before and
after CRBBB in BrS Case 2, in which incomplete RBBB
developed CRBBB spontaneously (Figure 9). Before
CRBBB, activation in the RV started from the mid RV
to the RVOT with delayed conduction. After the devel-
opment of CRBBB, the area with significantly delayed
conduction was enlarged in the RV, but conduction in
the inferolateral RV did not seem to be disturbed.

Four patients in the BrS group experienced VF re-
currence. Three of those patients (Cases 1-3) exhib-
ited the RV activation pattern without proximal RBBB,
and 1 patient (Case 9) exhibited the same pattern with
proximal RBBB. In Case 2, frequent appropriate ther-
apies by an implantable cardioverter-defibrillator were
performed after the development of CRBBB.

Difference of the QTc Interval and QTc
Heterogeneity in the RVOT

Figure 10 shows QTc interval maps according to the
mean QTc interval for each patient. These maps show
that longer QTc intervals were observed in the RVOT,
mid RV, and septum, and a shorter QTc interval was
observed in the inferolateral and posterior LV in both

the BrS and control groups. However, there was a
greater gradient in the QTc interval in the RV in the
BrS group. Statistical analysis did not reveal significant
QTc heterogeneity within the RVOT between the BrS
and control groups (40.6+24.2 ms versus 25.5+9.2ms,
P=0.081). There was no obvious difference in the QTc
interval map between the BrS groups with and with-
out proximal RBBB (Figures 10C and 10D). The QTc
interval maps of all patients and controls are shown in
Figures S2 and S3.

Difference in Unipolar Electrocardiograms
on BSM

We reviewed unipolar electrocardiograms of the an-
terolateral inferior RV (C1-2, D1-2) where VAT was visu-
ally faster in patients with BrS, except for the lateral RV.
Figure 11 shows the typical and atypical morphologies
of the unipolar leads of this area in each RV activa-
tion pattern. Figure 11A shows an example of a typical
proximal RBBB in the control group (Case 3), and 4/4
leads exhibited rsR’, rSR’, or rR’" morphology, which
was ordinarily observed in the V1 lead of a patient
with CRBBB (Figure 11A). In the BrS group without the

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706 9
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Table 2. Comparisons of VAT in Each Divided Area of Anterior Ventricle Between BrS and Control Groups

BrS group P value for mixed effect
without the model (BrS without the
proximal RBBB P value for mixed effect proximal RBBB pattern vs
VAT, mean (SD) BrS group pattern Control group model (BrS vs control) control)
Number of leads, overall N=649 N=413 N=472
VAT, ms 79.3 (40.8) 68.3 (35.6) 74.6 (30.2)
Log-transformed VAT 4.25 (0.50) 411 (0.47) 4.23(0.42) 0.83 0.20
Number of leads, inferior N=198 N=126 N=144
and lateral RV
VAT, ms 76.4 (46.4) 52.7 (30.3) 89.1 (29.9)
Log-transformed VAT 4.15(0.62) 3.85 (0.46) 4.41 (0.45) 0.20 0.003
Number of leads, RVOT N=165 N=105 N=120
and mid RV
VAT, ms 116.3 (39.5) 106.0 (42.8) 92.7 (32.3)
Log-transformed VAT 4.67 (0.47) 4.55 (0.52) 4.44 (0.46) 0.115 0.49
Number of leads, septum N=77 N=49 N=56
VAT, ms 63.5 (25.1) 55.9 (10.0) 521 (13.4)
Log-transformed VAT 4.10 (0.31) 4.01 (0.18) 3.93 (0.22) 0.08 0.31
Number of leads, LV N=209 N=133 N=152
VAT, ms 58.8 (8.4) 57.8 (8.8) 54.8 (7.8)
Log-transformed VAT 4.06 (0.15) 4.04 (0.16) 3.99 (0.15) 0.20 0.42

Values are given as mean VAT, ms (SD) and mean VAT (SD) in log scale. N indicates the number of the concerned leads in each divided area. BrS indicates
Brugada syndrome; LV, left ventricle; RBBB, right bundle-branch block; RV, right ventricle; RVOT, right ventricular outflow tract; SD, standard deviation; VAT,

ventricular activation time.

proximal RBBB pattern, no lead (0/4) showed typical
CRBBB morphology (Case 5, Figure 11B), whereas all
leads (4/4) showed typical CRBBB morphology in the
BrS group with the proximal RBBB pattern (Case 10,
Figure 11C). Although QRS morphology in V1 and V2
leads exhibited typical CRBBB morphology on 12-lead
ECG, QRS morphology in the anterior-inferior leads
(C1-2, D1-2) was different in the BrS group without the
proximal RBBB pattern. The typical CRBBB morphol-
ogy in these leads in the BrS group without the proxi-
mal RBBB pattern was significantly less frequent than
in the control group (29.3+48.3% versus 84.4+22.9%,
P=0.0128), whereas that in the BrS group with the
proximal RBBB pattern was not significantly less fre-
quent (52.7+50% versus 84.4+22.9%, P=0.116).

DISCUSSION

New Observation

The results of this BSM analysis showed that the
mechanism underlying the development of CRBBB in
patients with BrS consisted of 2 RV activation patterns.
One RV activation pattern was similar to the proximal
RBBB pattern, and the other pattern was intact RBB
conduction with a significant conduction delay around
the RVOT. The latter pattern showed intact inferior
and lateral RV activations. It is also noteworthy that
the difference in the RV activation pattern in patients

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706

with BrS with CRBBB might be emphasized by com-
paring patients in whom the proximal RBB was de-
finitively disturbed. A localized activation delay around
the RVOT could also result in CRBBB morphology in
BrS. However, the number of patients was small, and
it might be difficult to apply the results of the present
study to all patients with BrS with CRBBB. The ob-
servation that control patients never showed a pattern
of localized conduction delay in the RVOT area, while
patients with BrS frequently had that pattern, might
indicate that localized conduction delay is one of the
common mechanisms of CRBBB in patients with BrS.

Activation Pattern in the RV

RBB typically takes an intramuscular course within
the septum before it becomes more superficial at the
base of the medial papillary muscle of the RV. The right
bundle band directs the attachment of the moderator
band, which extends to the anterior papillary muscle
located at the apical third of the RV free wall. Purkinje
fibers from the RBB subsequently activate the rest of
the RV subendocardium."2627 Epicardial RV activation
usually expands radially from the base of the anterior
papillary muscle to the pulmonary sulcus and poster-
obasal area, which are the latest activated areas in the
RV.2%28 Previous studies demonstrated that RV activa-
tion in the usual CRBBB condition was markedly de-
layed in the entire RV, the epicardial breakthrough site

10
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Figure 7. Comparisons of log-transformed ventricular activation time in each divided area of anterior ventricle between the
Brugada syndrome and the control groups.
A, Log-transformed ventricular activation time (VAT) in overall Brugada syndrome (BrS) patients, Patients with BrS without proximal
right bundle-branch block (RBBB) and control. B, VAT in inferior and lateral right ventricle (RV). There was no significant difference
in VAT between the overall BrS group and the control group. VAT at the inferior and lateral RV in the BrS group without the proximal

RBBB pattern was significantly shorter than that in the control group. VAT right ventricular outflow tract and mid RV (C), intraventricular

septum (D), and left ventricle (E) were not different between overall BrS patients and control group, and between BrS without proximal

RBBB and control.

in the RV was absent,?®?° and conduction delay was
observed in the septum. In this BSM study, the RV ac-
tivation pattern in the control group, in which CRBBB
was developed by bump at the main RBB, was the

same as that in patients without obvious heart disease

(Figure S1). From the observations in previous studies

and the present study, conduction block at the trunk of

the RBB is considered to be an ordinary mechanism of

Table 3. Comparisons of the Latest VAT in Each Divided Area of Ventricle Between BrS and Control Groups

Latest VAT, mean (SD) Control group (n=8) BrS group (n=11) P value
Inferior and lateral RV

Latest VAT, ms 112.8 (17.0) 109.5 (47.2)

Log-transformed latest VAT 4.72 (0.14) 4.59 (0.52) 0.60
RVOT and mid RV

Latest VAT, ms 113.6 (15.6) 138.8 (20.9)

Log-transformed latest VAT 4.72 (0.14) 4.92 (0.16) 0.012
Septum

Latest VAT, ms 63.4 (18.0) 82.5 (34.5)

Log-transformed latest VAT 412 (0.26) 4.35(0.37) 0.09
Lv

Latest VAT, ms 61.1 (7.5) 68.0 (8.6)

Log-transformed latest VAT 411 (0.12) 4.21 (0.12) 0.08

Values are given as the mean latest VAT, ms (SD) and mean latest VAT (SD) in log scale. n indicates the number of the included patients of each group. BrS
indicates Brugada syndrome; LV, left ventricle; RV, right ventricle; RVOT, right ventricular outflow tract; and VAT, ventricular activation time.

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706
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Figure 8. Comparisons of the latest ventricular activation time in each divided area of ventricle between the Brugada
syndrome and the control groups.

Comparison of the latest ventricular activation time (VAT) in each area (A), inferior and lateral right ventricle (RV), (B), right ventricular
outflow tract (RVOT) and mid RV, (C), intraventricular septum, and (D), left ventricle. The latest VAT in the RVOT and mid RV in the
Brugada syndrome (BrS) group was significantly longer than that in the control group. The latest VATs in other area in the BrS were
not significantly different.

CRBBB. Our BSM study also revealed 2 RV activation RV.%% Thus, patients in the BrS group with the proximal
patterns in the BrS group that were similar and dis- RBBB pattern might have had a disturbed site at the
similar to the proximal RBBB pattern. A previous study proximal RBB and developed a CRBBB pattern simi-
showed that some patients with BrS had conduction lar to that of patients in the control group. In contrast,
disturbances through their conduction system in the  there was a significant conduction disturbance around
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Figure 9. Ventricular activation time maps before and after development of complete right bundle-branch block in Brugada
syndrome group Case 2.

The maps show isochronal maps of ventricular activation time before (A) and after (B) development of complete right bundle-branch
block (CRBBB) in Brugada syndrome Case 2. The area of significant delayed conduction was larger after CRBBB than before CRBBB.
However, activation in the inferolateral region in the right ventricle did not seem to be different before and after CRBBB (C). Black dot
square shows inferolateral RV, blue dot square shows RVOT and mild RV, brown dot square shows intraventricular septum, and yellow
dot square shows left ventricle. IVS indicates intraventricular septum; LV, left ventricle; RV, right ventricle; and RVOT, right ventricular
outflow tract.
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Figure 10. Average QTc interval map in each group.

A, Control group. B, Brugada syndrome (BrS) group (overall). C, BrS group without proximal right bundle-branch block (RBBB) pattern
(Cases 1-7). D, BrS group with proximal RBBB pattern (Cases 8-11). Longer QTc interval was observed in right ventricular outflow
tract (RVOT), mid RV and septum, and shorter QTc interval was observed in inferolateral RV and posterior left ventricle (LV) in both the
BrS and control groups. There was no QTc interval heterogeneity within RVOT area in both of the groups. There was no obvious QTc
interval distribution between the BrS group with and without proximal RBBB. Black dot square shows inferolateral RV, blue dot square
shows RVOT and mild RV, brown dot square shows intraventricular septum, and yellow dot square shows left ventricle. IVS indicates

intraventricular septum; and RV, right ventricle.

the RVQT in patients with BrS without a proximal RBBB
pattern. Zhang et al reported the difference in RV ac-
tivation patterns between patients with BrS and pa-
tients with usual RBBB by analyzing ECG imagings.®'
Their study showed that RV activation started from
epicardial breakthrough at the anterior paraseptal site
and propagated to the RVOT with conduction delay,
whereas the inferior and lateral RV were excited radi-
ally from the epicardial breakthrough without conduc-
tion delay. These areas were excited faster in patients
with BrS with RBBB than in patients without BrS with
RBBB. Because the rSR’ pattern was often observed
in leads V1 and V2, which were placed in higher inter-
costal spaces,® their study did not describe whether
the CRBBB pattern was observed at standard inter-
costal leads in the patients with BrS. In the present
study, which focused on patients with BrS with CRBBB
at standard intercostal leads, the VAT was faster in the
inferior and lateral RV than in the septum in patients in
the BrS group without the proximal RBBB pattern. This
suggested that conduction up to the distal RBB might
be maintained, and activation propagated normally in
the inferior and lateral RV, as was observed in the pre-
vious study. These different activation patterns might
result in different QRS morphologies in the anterior—
inferior unipolar leads in the BSM, which represent the

inferior RV. In patients in the control and BrS groups
with the proximal RBBB pattern, most of the unipolar
leads in this area showed a typical CRBBB morphol-
ogy. In contrast, a significantly smaller number of leads
in this area exhibited typical CRBBB in patients in the
BrS group without the proximal RBBB.

Different Sources of Conduction Delay

Although CRBBB is defined by ECG findings, different
blocked sites of the conduction system in the RV can
exhibit similar QRS morphologies. Patients without ob-
vious heart disease had conduction block at the main
trunk of the RBB, whereas patients with organic heart
disease could have CRBBB patterns at various levels
along with the RBB-to-Purkinje connection. Horowitz
et al reported that RBBB could be caused by 3 po-
tential levels of delayed conduction in the RV during
intraoperative endocardial and epicardial mapping in
patients with congenital heart disease: proximal, dis-
tal, and terminal RBBB." In the proximal RBBB, RV
activation starts via transeptal spread from the LV and
then propagates in the mid and apical RV septum, RV
anterior free wall, and RVOT. In contrast, activation
along the His bundle and RBB remained normal up
to the Purkinje junction in the terminal RBBB. Hence,

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706 13
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Figure 11. Comparison of QRS morphologies in anterior inferior unipolar leads in each group.

Investigation of whether 4 unipolar leads (C1-2, D1-2) presented with rsR’, rSR’, or rR’ morphology. The red circle indicates typical
complete right bundle-branch block (CRBBB) morphology, and the blue circle indicates atypical CRBBB morphology. (A) 4/4 unipolar
leads presented with typical CRBBB morphology, as was observed in many cases in the control group (control Case 1). (B) 0/4 unipolar
leads presented with typical CRBBB morphology in the Brugada syndrome (BrS) group without the proximal right bundle-branch block
(RBBB) pattern (BrS Case 5). (C) 4/4 unipolar leads presented with typical CRBBB morphology in the BrS group with the proximal RBBB
pattern (BrS Case 10). IVS indicates intraventricular septum; LV, left ventricle; RV, right ventricle; and RVOT, right ventricular outflow tract.

RV activation of the midanterior wall was unchanged
from normal, and only RVOT activation was delayed,
in contrast to proximal RBBB. The authors suggested
that terminal RBBB is likely to be associated with dis-
turbance of the distal conduction system of the RBB,
Purkinje fibers, or the muscle itself in patients with
congenital heart disease. Although RV activation in
the distal RBBB resembles that in the terminal RBBB,
the level of block was suggested to be a moderator
band. In the present study, RV activation in patients
in the BrS group without the proximal RBBB pattern
was likely to be consistent with the terminal RBBB
in the abovementioned classification. Recent studies
have revealed structural abnormality in the epicardium
and subepicardium and electrical abnormality in the
RVOT in patients with BrS.53334 These abnormalities
might have yielded the RV activation pattern observed
in patients in the BrS group without a proximal RBBB.
In addition, RV activation did not start from the mid-
paraseptal area in the RV of patients in the BrS group
without the proximal RBBB. In previous studies, the
site of epicardial breakthrough in the RV was observed

J Am Heart Assoc. 2023;12:e028706. DOI: 10.1161/JAHA.122.028706

in the midanterior paraseptal area in patients without
the proximal RBBB.*53" This observation might indi-
cate that conduction disturbance was located not only
in the RVOT but also in the area surrounding the RVOT,
including the area of epicardial breakthrough in pa-
tients with BrS with terminal CRBBB. Although there
could be some conduction delay through the conduc-
tion system in the RV,*° larger epicardial depolariza-
tion abnormalities around the RVOT might contribute
to CRBBB morphology in patients with BrS without
proximal RBBB. This speculation might be confirmed
by the high rate of fatal arrhythmic events in patients
with BrS with CRBBB.'® Indeed, 3 of 4 patients without
proximal CRBBB who experienced VF had frequent
VF episodes and implantable cardioverter—defibrillator
discharges. Average VAT maps showed that entire
RV activation was more delayed in patients in the BrS
group with the proximal RBBB pattern than in patients
in the control group. It is conceivable that the existence
of depolarization abnormality in the RV also yielded a
more delayed conduction in patients with BrS with
proximal RBBB than in patients in the control group
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with proximal RBBB. Previously, we reported activa-
tion patterns during VF in patients with BrS, and foci
and conduction abnormality in the RVOT seem to be
important for the initiation of VF.23

The QTc interval map showed a longer QTc area
from the RVOT to the intraventricular septum in both
BrS and control patients, and QTc interval heterogene-
ity within the RVOT was not observed in patients with
BrS. A previous study reported a steep QT gradient
in the RVOT area in a patient with BrS when prema-
ture ventricular contractions occurred from the RVOT
after administration of sodium channel blocker."” The
BSM was recorded in a stable condition without so-
dium channel blocker in the present study; thus the
repolarization condition might not have been irritable
for arrhythmogenicity.

Limitations

In addition to the retrospective observational study de-
sign, our study had several limitations. First, the num-
ber of patients in this study was small, and the findings
should therefore be interpreted as exploratory in na-
ture. Second, the leads in BSM did not always accu-
rately represent the same area of the ventricle in each
patient. Although we assumed a correlation between
the body surface area and each ventricular region
based on previous BSM studies,?>?* unipolar leads
could reflect slightly different regions because of the
differences in the position of each patient’s heart and
body constitution. Finally, we calculated the VAT by
the peak negative dV/dT of the QRS complex in each
unipolar ECG on the BSM. The VAT did not accurately
reflect the activation time of the closest epicardium be-
cause the unipolar ECG on the BSM should consist of
a summation of the activations from the endocardium
to epicardium, and intraventricular septum.

CONCLUSIONS

This study revealed the activation pattern in the RV
and the source of delayed conduction in patients with
BrS with CRBBB. We confirmed a significant conduc-
tion delay around the RVQOT in patients with BrS with
CRBBB. This RV activation pattern was different from
that observed in the usual CRBBB, which had delayed
conduction at the proximal RBB. Extended depolari-
zation abnormality around the RVOT could indicate
CRBBB morphology in patients with BrS.
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Figure S1. Ventricular activation maps of the CRBBB without obvious heart disease.
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A. Average ventricular activation (VAT) map in patients with complete right bundle
branch block (CRBBB) not having obvious heart disease. B. These figures exhibit the VAT
maps of 5 patients with CRBBB who did not have obvious heart disease. These VAT maps
showed entire right ventricular (RV) delay in these patients and the pattern was same as that
of proximal RBBB. Black dot square shows inferolateral RV, blue dot square shows RVOT
and mild RV, brown dot square shows intraventricular septum, yellow dot square shows left
ventricle. IVS: intraventricular septum, LV: left ventricle, RV: right ventricle, RVOT: right

ventricular outflow tract
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Figure S2. QTc interval map in the control group.

Case 1 Case 2 Case 3
______ o (msec) Imsec) oy (msec)
- h 4 530 530 i - 530
6 510 510 6 510
[ . 490 490 [ 490
Si 470 470 L ' 470
4 450 450 . 450
{ 430 430 d b
E 410 3 41 E 41
' 390 390 - 390
370 2 370 2 § 370
It 350 1 350 P o 350
ABCDEFGHI J K L M A 330 ABCDEFGHTIL ) X L M A 330 ABCDEFGHI J K L M A 330
Case 4 (msec) Case 5 (msec)
Jpmmmmemnenes, = — —~ % g
] 510 510
o 490 o 490
st Y 4 54 470
f a5 450
L 43 4 430
4 41 410
3% 39 G 39
24 37 2 370
b 3 R 350
ABCDEFGHI J K L M A 3 ABCDEFGHI J K L M A 330
Case 7 Case 8
s (msec) (msec) 3
530 530
Sl 510 6
49 490 pe
a7 470 RVOT ¢«
45 450 4 2w
43 430
41 410 o |
3% 390 2
370 i | gm 7 RV
! == 350 i ]
ABCDEFGHI J K L M A 330 lABCDEFGNI]KLMA 330 SR ETEHTT 3 K i M A

Isochronal maps of QTc interval in control cases (Case 1-8). There was low gradient
of QTc interval in overall ventricles. Black dot square shows inferolateral RV, blue dot square
shows RVOT and mild RV, brown dot square shows intraventricular septum, yellow dot
square shows left ventricle. IVS: intraventricular septum, LV: left ventricle, RV: right

ventricle, RVOT: right ventricular outflow tract
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Figure S3. QTc interval map in the control group.
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Isochronal maps of QTc interval in Brugada syndrome (BrS) cases (Case 1-11).
There were more gradient of QTc interval around the right ventricular outflow tract
(RVOT)/mid RV and septum in the BrS group than in the control group. There was no QTc
interval heterogeneity within RVOT area. Black dot square shows inferolateral RV, blue dot
square shows RVOT and mild RV, brown dot square shows intraventricular septum, yellow
dot square shows left ventricle. IVS: intraventricular septum, LV: left ventricle, RV: right

ventricle, RVOT: right ventricular outflow tract
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