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Abstract

Background

Increasing evidence suggests the presence of structural changes affecting the right ventric-
ular outflow tract (RVOT) in patients with Brugada Syndrome (BrS). The aim of this study
was to characterise the RV morphology in BrS and explore associations between morpho-
logic, clinical, electrical, and genetic parameters using non-invasive multimodality testing.

Methods

Consecutive BrS patients (recruited 2013—2015) underwent clinical assessment, dedicated
RV imaging using cardiac magnetic resonance (CMR) imaging (unless contra-indicated),
electrical assessment (electrocardiogram, Holter monitoring, signal-averaged ECG
[SAECG]) and genotyping. Morphologic data were compared to matched control and
unmatched ARVC (arrhythmogenic right ventricular cardiomyopathy) cohorts, and potential
associations between morphologic parameters and other variables were explored.

Results

BrS patients (n =42, male 86%, age 46112 years) exhibited normal global RV volume and
function, comparable to control, in contrast to significantly larger, impaired RVs in ARVC
cohort (RVESV p =0.0001; RVEDV p<0.0001, RVEF p = 0.002). Compared with control,
BrS patients exhibited larger RVOT volumes (7.4 + 0.7 vs 5.8 + 0.7 mL/m?, p<0.0001) and
wall motion abnormalities (RWMA) (31% vs 0%, p = 0.005); compared with ARVC cohort,
the RVOT volumes were similar (7.4 £ 0.7 vs, 8.1 £ 1.7, p = 0.52) and there were less
RWMA (31% vs 76%, p = 0.01). Overall 67% BrS patients had abnormal RVOT morphology.
Patients with abnormal RVOT tended to be older (48 + 12y vs 41 + 12y, p = 0.06). Rare
genetic variants were only observed in patients with abnormal RVOT morphology (36% vs
0%, p = 0.02).
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Conclusions

Patients with BrS frequently exhibit structural abnormalities localised to the RVOT and
these changes may be age- and gene-dependent.

Introduction

Brugada Syndrome (BrS) is an inherited arrhythmia syndrome characterised by coved-shaped ST
elevation in the right precordial leads on 12-lead electrocardiogram (ECG)[1-3]. BrS has typically
been considered a primary inherited channelopathy, most commonly due to loss of function of
the inward sodium current, in the absence of overt structural heart disease. However, there is
increasing evidence that BrS may represent a heterogeneous group of disorders with a unifying
ECG abnormality[4]. Recent radiological and histological studies have highlighted the BrS arrhyth-
mic substrate originates from the right ventricular outflow tract (RVOT) [5-9]. Several groups
have also proposed that the arrhythmic substrate and ECG changes in BrS may be ameliorated by
RVOT ablation[10-12]. There are few studies that have systematically explored the association
between structural abnormalities and the electrical and genetic profile of patients with BrS[13, 14].

Evaluation of patients with BrS has typically focussed on clinical, genetic and electrical
parameters based on ECG and/or EP testing[2, 3, 15]. However, given the mounting evidence
that BrS may not be a pure electrical disease, the inclusion of adjunctive investigations such as
dedicated RV imaging, signal-averaged ECG (SAECG), and 12-lead Holter monitoring as part
of a multimodality assessment approach may improve our understanding of BrS. The aim of
this study was to use multimodality assessment to characterise the structural pathophysiology
in BrS and specifically explore potential associations between morphologic changes and clini-
cal, electrical, and genetic parameters.

Methods
Patient selection and baseline assessment

From July 2013 to December 2015, consecutive BrS patients were recruited from Genetic
Heart Disease Clinics at Royal Prince Alfred Hospital and Concord Repatriation General Hos-
pital in Sydney, Australia, as well as the Australian Genetic Heart Disease Registry[16]. All
patients had a definite diagnosis BrS according to published criteria[2]. The study was
approved by the Sydney Local Health District Ethics Review Committee, Australia.

Patients underwent clinical review and ECG with precordial leads placed in standard posi-
tion and between 2"¢ and 4™ ICS. In addition to measuring standard baseline ECG intervals
(e.g. PR, QRS, QTc¢) we also specifically interrogated ECGs for the presence of fragmented-
QRS [defined as >4 spikes in one lead or >8 spikes in all leads V1-V3][17] and inferolateral
ST change [defined as prominent J-point elevation of at least Imm in any inferolateral lead]
[18]. Abnormal findings required concordance between 2 independent cardiologists (BG/RS).
After enrolment, all patients were prospectively followed and reviewed annually or following a
clinical event. All patients with suspected arrhythmic syncope underwent careful history by
two independent physicians (BG, RS).

Dedicated RVOT imaging and quantitative assessment using Cine MRI

All eligible patients were referred for CMR imaging with dedicated RV and RVOT analysis.
Patients with contraindications to CMR (ICDs in situ or severe claustrophobia) were referred
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for echocardiogram with quantitative analysis of the RV and RVOT. CMR was performed
using 1.5T scanner (GE Medical Systems). Detailed CMR protocol is found in S1 Text, S1 Fig
and S2 Fig. Echocardiogram was performed with RVOT measurements performed in para-
sternal short axis view, in accordance with the 2010 Task Force Criteria for arrhythmogenic
right ventricular cardiomyopathy (ARVC) (S2 Fig) [19-21]. Abnormal RVOT was defined as
the presence of RVOT regional wall motion abnormalities (RWMA; defined as akinesis, dys-
kinesis) or an RVOT diameter >25mm[22]. RV morphological parameters from BrS cohort
were compared to those in an age- (within 5 years) and gender-matched healthy control cohort
without heart disease, as well as an unmatched cohort of consecutive patients with ARVC who
were referred to our clinic during the study period. All patients in the ARVC cohort fulfilled
published criteria for definite diagnosis[20] and the two most common presentations were
documented ventricular arrhythmia (47%) and family history of premature sudden death or
ARVC (23%).

12-lead Holter monitoring & signal averaged ECG

Patients underwent 12-lead 24-hour Holter assessment with chest leads placed between the
parasternal 2" and 4™ ICS. The methods for collection and analysis of Holter data have been
previously described[23]. Only coved-type ST-elevation >2mm was used for ST analysis. “Spa-
tial burden” was calculated by number of precordial leads demonstrating diagnostic ST eleva-
tion at any time-point. “Global burden” was defined as the summed ST elevation across all
precordial leads during 24-hours (in mm). “Temporal burden” was defined as the total time
duration (in minutes) with type 1 pattern over the 24-hour period.

The presence of late potentials was defined as >1 out of the following 3 criteria: filtered
QRS duration >114ms, terminal (last 40ms) QRS root mean square <20pV or low amplitude
signal (under 40 pV) duration >38ms[20].

Genetic testing

The majority of patients (88%) were referred for research-based genetic testing including
previously reported cardiac arrhythmia, ARVC and other cardiomyopathy genes. This in-
volved cardiac gene panel testing in 21 patients [Illumina Trusight extended arrhythmia/car-
diomyopathy 174 gene panel (10 patients) or Blueprint Genetics (Finland) 133 heart gene
panel (11 patients)] or whole exome sequencing (Macrogen, Korea) in 16 patients. A minority
of patients (12%) were referred to our clinic with known genetic variants in BrS1-23 identified
on prior commercial testing. Any rare variants (allele frequency <0.02% in the Exome Aggre-
gation Consortium database, http://exac.broadinstitue.org) were then assessed for pathogenic-
ity using modified ACMG criteria[24] (see ClinVar, Agnes Ginges Centre for Molecular
Cardiology variant assessment and assertion criteria; https://submit.ncbi.nlm.nih.gov/ft/byid/
djgybgii/mdi-5363_505375_agnesginges_variantassess_clinvar.pdf).

Statistical analysis

Statistical analyses were carried out using SPSS (Version 23) and GraphPad Prism 7. Continu-
ous variables were assessed using unpaired T-tests and one-way analysis of variances for > 2
groups. If variables were not normally distributed they were summarized with medians and
interquartile ranges and compared with Mann-Whitney Test. Categorical variables were com-
pared using chi-square and Fisher’s exact tests. Linear regression analysis was performed to
study the relation between morphologic parameters, and continuous electrical parameters. Sig-
nificance was set at a two-sided p-value of <0.05.
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Results
Baseline characteristic

A total of 42 patients were recruited. Baseline characteristics are shown in Table 1. The major-
ity of the patients were male (n = 36, 86%), mean age at diagnosis was 46 + 12 years and mean
follow-up was 2.2 * 2.0 years. Most patients were probands (n = 37, 88%), 10 (24%) had a fam-
ily history of SCD or ACA and, 20 (48%) were classified as having a “spontaneous BrS pattern”
on the baseline ECG or Holter monitoring. There were 11 patients (26%) who were symptom-
atic at recruitment [n =5 (12%) ACA, n = 6 (14%) syncope], all of whom had ICDs in situ.

Baseline morphologic characteristics are shown in Table 2. CMR imaging was performed in 29
(69%) patients. Echocardiogram with dedicated RV imaging was performed in remaining 13
(31%) patients due to contraindications to CMR (11 ICD, 2 claustrophobia). Overall biventricular
size and function were normal. One patient (3%) had an indexed RVEDV beyond the normal
range for the laboratory, and no patients had RVEF <40%. Mean RVOT diameter was 25 + 4mm.

On baseline ECG, four patients (10%) had inferolateral ST change and five patients (12%)
fQRS (Table 2). Holter Monitoring demonstrated mean summed type 1 ST elevation of
102 + 266mm over 24-hour period. The mean time with type 1 pattern ST elevation (i.e. tem-
poral burden) was 512 + 1330 minutes, and mean spatial burden was 1.1 + 1.6 leads. The over-
all PVC burden was low (149 + 452 beats) and no patients demonstrated VT. Late potentials
were observed in 15 patients (36%).

Rare variants in BrS genes were identified in 24% of patients, and the variant was defined as
pathogenic or likely pathogenic in 17% (Table 1). Specific genetic variants are described in S1
Table.

Morphologic RVOT abnormalities in Brugada syndrome

The imaging data from the BrS cohort were compared to the ARVC and control groups
(Table 3). BrS patients had similar global left ventricular volume and function as both ARVC
and control groups, except for lower LVEDV compared to ARVC cohort (p = 0.04).

Table 1. Baseline characteristics.

Characteristic Value*
Male 36 (86)
Age at diagnosis (yrs) 46 + 12
Follow up (yrs) 22420
Spontaneous type 1 pattern on ECG or Holter*’ 20 (48)
Proband 37 (88)
History of ACA 5(12)
History of Syncope 6(14)
Shanghai Score® 3.7+1.7
Family History of sudden cardiac death/ACA < 45 years 10 (24)
ICD at recruitment 11 (26)
Previous Electrophysiology study 4 (10)
Ventricular Effective Refractory Period <200ms 0(0)
Inducible VE/VT 1(25)
Genetic Testing Result

Pathogenic/Likely Pathogenic 7(17)
Any rare variant 10 (24)

ACA- aborted cardiac arrest.

*values are mean + SD or n (%).

https://doi.org/10.1371/journal.pone.0195594.t001
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Table 2. Morphologic and electrical characteristics.

Characteristic Value*
Imaging

LVESVI (mL/m2)* 26£8
LVEDVI (mL/m2)* 7019
RVESVI (mL/m2)* 35+12
RVEDVI (mL/m2)* 80 + 26
LVEEF (%)* 647"
RVEF (%)* 56 + 6
RVOT dimension (overall)* 25+ 4*
-CMR dimension 26+4
-TTE dimension 25+3
RVOT length 33+5
RVOT volume 14+2
RVOTI: RVEDVI ratio 0.11 £ 0.04
RVOT wall motion abnormality* 12 (29)*
ECG

Heart rate (bpm) 68 +12
PR (ms) 168 =25
QRS(ms) 115+ 17
QTc (ms) 400 + 20
Inferolateral ST change 4(10)
Fragmented QRS 5(12)

12 lead 24 hour Holter Monitoring

Spatial burden: Maximum number of leads[23] 1.1+1.6
Global burden: Total ST elevation (mm)[23] 102 + 266
Temporal burden: Total Time Burden ST elevation (min)[23] 512 +1330
SDNN (ms) 135 + 40
rMSSD (ms) 38+18
SDANN (ms) 97 + 46
PpNN50 (%) 11+10
Premature ventricular contractions 149 + 452
SAECG

Late Potentials 15 (36)
Positive Late Potential Count 07+1
HF QRS duration 102 + 14
RMS last 40ms 32+21
Duration <40uV 33+10

LV/RVES/DVI- left/right ventricular end-systolic/diastolic volume indexed, LV/RVEF- left/right ventricular ejection
fraction, QTc- corrected QT interval, SD(A)NN- SD of normal (averaged) RR intervals, ’MMSD- root mean square

of successive normal sinus RR interval difference, pnn50- % normal sinus RR intervals >50ms.

(Values are mean + or SD or n(%)).
*Indexed.

*Includes echo if no CMR.

https://doi.org/10.1371/journal.pone.0195594.t1002

BrS global RV volume and function was comparable to control except for lower RVEDV
(p = 0.03), though probably not clinically relevant because both groups were within normal
ranges. ARVC patients had larger global RV volumes and reduced systolic function when com-
pared to both BrS patients and controls (RVESV =33 + 9 [BrS] vs 37 + 7 [control] vs 60 + 38
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Table 3. Comparison of CMR data.

Characteristic

Age at scan

Male sex

Body surface area
LVESVI (mL/m?)*
LVEDVI (mL/m?) *
RVESVI (mL/m?) *
RVEDVI (mL/m?) *
LVEF (%)

RVEF (%)
RVOTDI" (mm/m?)
RVOTVI* (mL/m?)
RVOT WMA
RVOTVLRVEDVI

RV late gadolinium enhancement

Brugada cohort n = 29
48 +12

25 (86)
1.9+0.2
25+8

67 £ 14
33+9
75+ 16
647
56+ 6
13.4+2.1
7.4+0.7

9 (31)

0.11 +0.04
0

[Results are n (%) or mean + SD (one-way ANOVA)].

*Indexed.

*p<0.05.

ARVC cohort n =17
39+17

11 (65)
1.9+£0.3
31+11
79 £ 18
60 + 38
111 £ 44
61+8
49+10
146 £1.5
8.1+1.7
13 (76)
0.07 £ 0.02
0

Control Group n = 29
48 + 10

17 (81)
2.1+£0.2
27+9
73+13
377
83+ 12

64 +6
56+5
13.0+1.4
5.7 +0.6
0(0)

0.07 £ 0.01
0

p value
0.10

0.22

0.08

0.11
0.04*
0.0001*
<0.0001*
0.36
0.002*
0.03*
<0.0001*
<0.0001*
<0.0001*
0.93

LV/RVES/DVI- left/right ventricular end-systolic/diastolic volume indexed, LV/RVEEF- left/right ventricular ejection fraction, RVOTD/VI- right ventricular outflow

tract diameter/volume indexed.

https://doi.org/10.1371/journal.pone.0195594.t003

[ARVC] mL/m? p = 0.0001; RVEDV = 75 + 16 [BrS] vs 83 + 12 [control] vs 111 + 44 [ARVC]
mL/m?, p<0.0001, one-way ANOVA Fig 1A; RVEF = 56 + 6% [BrS] vs 56 £ 5% [control] vs
49 + 10% [ARVC], overall p = 0.002 one-way ANOVA [BrS vs control p = 0.9, BrS vs ARVC
p = 0.001, Mann-Whitney test], Fig 1B).
When specifically assessing function and size of the RVOT, BrS patients were found to have
significantly greater indexed RVOT volumes compared with control (7.4 + 0.7 vs 5.7 + 0.6 mL/
m?, p<0.0001) and similar to the ARVC cohort (7.4 + 0.7 vs, 8.1 + 1.7, p = 0.52 Mann-Whitney
test, Fig 1C). BrS patients exhibited significantly more focal RVOT regional wall motion
abnormalities than the control group (31% vs 0%, p = 0.005) but less than the ARVC cohort
(31% vs 76%, p = 0.01, overall p<0.0001, Fishers Exact Test Fig 1D). BrS patients had signifi-
cantly greater indexed RVOT volume:RVEDYV ratios than ARVC and control (RVOTVI:
RVEDVI =0.11 + 0.04 [BrS] vs 0.07 + 0.02 [ARVC] vs 0.07 £ 0.01 [control], p<0.0001, overall
one-way ANOVA; BrS vs control p<0.0001 Mann-Whitney test, BrS vs ARVC p<0.0001
Mann-Whitney test). The RVOTVL.RVEDVI ratio in the ARVC cohort was not significantly
different to the control group (ARVC vs control p = 0.92, Mann-Whitney test). There was no
evidence of right or left ventricular late gadolinium enhancement (LGE) in any group. None

of the BrS patients fulfilled major or minor imaging criteria for ARVC [21].

Relation between morphologic parameters, clinical characteristics and

genetic profile

Using dedicated RVOT imaging, 28 BrS patients (67%) exhibited abnormal RVOT morphol-
ogy; 12 patients (29%) with regional RVOT wall motion abnormality, 19 patients (45%) with
RVOT diameter >25mm, (3 patients with both). The baseline characteristics and investiga-
tions of BrS patients according to RVOT morphology are shown in Table 4. There were no sig-
nificant differences in the baseline clinical characteristics between the two groups, although

PLOS ONE | https://doi.org/10.1371/journal.pone.0195594  April 13,2018

6/14


https://doi.org/10.1371/journal.pone.0195594.t003
https://doi.org/10.1371/journal.pone.0195594

@° PLOS | ONE

Right ventricular morphology in Brugada Syndrome

**p=0.03 *overall p<0.0001 p=0.9 *overall p=0.002
A | | B I “*5-0.001 **p=0.0007 ]
150+ | p<0.C031| l"p:0.000Z | 1 a .
—_—
N 60
2 - ==
)3
> = &
g 2
—rt— 30+
& 504 -4 N
G 1§ L L] 0 T L] L]
c Brugada ARVC Control D Brugada ARVC Control
14+ o *overall p<0.0001 *overall p<0.0001
p<0.0001 **5=0.005
12+ | p=0s2 -1 **p<o.0001 | L epz0.01 **p<0.0001 |
| | | | 1 [ 1
& 3 80
10+
5 §
£ 8+ l I §, 60
e -
§ o
e
> < 404
[
o
g g
@ 209
. 5
@ 0~ T T
0 T T T Brugada  ARVC Control
Brugada ARVC Control

Fig 1. Morphology comparison between BrS, ARVC and control cohort. Box and whiskers plot of (A) RVEDV (B) RVEF (C) RVOT volume; column graph of (D)
RVOT RWMA in BrS compared with control and ARVC cohorts. Box and whiskers values are median (IQR). Whiskers include values within 1.5 IQR of the nearest
quartile. Boxes are based on Tukey’s Hinges. *overall comparisons RVEDV/RVEF/RVOT volume one-way ANOVA; RVOT RWMA Fishers-exact test. **column

comparisons Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0195594.9001

patients with abnormal RVOT tended to be older (48 + 12 y vs 41 + 12y, p = 0.06). There was
no association between abnormal morphology and clinical events (OR [95% CI] = 1.2 [0.31-
4.5, p=0.82).

Rare variants identified in a BrS gene were only observed in patients with abnormal RVOT
morphology (36% vs 0%, p = 0.02). Pathogenic variants in sodium channel genes gene were
also only observed in patients with abnormal RVOT morphology (25% vs 0%, p = 0.08).

Relation between morphologic parameters and electrical parameters

The presence of a spontaneous type 1 ECG pattern on ECG or Holter monitoring was associ-
ated with a lower RVEF (53.1 + 4.1% vs 57.8 £ 6.0%; p = 0.03) but similar RVOT diameter
(12.8 £2.1 vs 13.7 + 2.0 mm; p = 0.25). The relation between RV morphology and {-QRS and
inferolateral ST change could not be evaluated because of the low number of patients with
these electrical abnormalities. Based on SAECG, patients with late potentials had a lower
RVEEF (53.7 £ 7.4 vs 57.5 £ 4.7; p = 0.06) but similar RVOT diameter (12.6 £ 2.2 vs 13.9 £ 2.0
mm; p = 0.17).

There was also weak statistical correlation between lower RVEF and increased QRS dura-
tion (R* 0.32, p = 0.002), but no correlation between morphologic parameters and PR interval
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Table 4. Association between morphological abnormality and clinical and genetic characteristics.

Characteristic RVOT normal RVOT abnormal p value
n=14 n=28
Male sex 13 (93) 23 (82) 0.65
Age at diagnosis 41+ 12 48+ 12 0.06
Asian ethnicity 5(36) 9 (32) 1.0
Family history of SCD/ACA 3(21) 7 (25) 1.0
Proband 13 (93) 24 (86) 0.65
Shanghai Score 4+1.6 3.7+1.7 0.68
Clinical events:
Hx of ACA 1(7) 4(14) 0.65
Hx of syncope 3(21) 3(11) 0.38
Follow up (years) 25%25 2.1+1.6 0.59
Genetic Testing
Rare variants * 0(0) 10 (36) 0.02
- Pathogenic/ likely pathogenic 0 (0) 7 (25) 0.08
- VUS 0(0) 3(11) 0.54

[Results are n (%) or mean + SD].
*Rarity defined as MAF<0.02% ExAC.

https://doi.org/10.1371/journal.pone.0195594.t1004

(S2 Table). Similarly, there was weak statistical correlation between increased RVESV and an
increased spatial (R%0.26, p = 0.009) and global (R%0.26, p = 0.04) burden of Type 1 ECG
changes. There was no correlation between morphologic parameters and temporal burden of
Type 1 ECG changes.

Discussion

Potential relations between morphological abnormalities and clinical, genetic and electrical
characteristics in BrS were explored using multimodality non-invasive assessment including
quantitative evaluation of the RV. The key findings of this study are: (1) patients with BrS had
preserved overall RV volume and function but frequently exhibit localised abnormalities in the
RVOT when compared with a matched control group; (2) the development of morphological
abnormalities may be related to age and rare genetic variants, and; (3) patients with spontane-
ous type 1 ECG changes may exhibit subclinical RV dysfunction (lower RVEF) while other
minor correlations between morphologic abnormalities and non-invasive electrical parameters
were also observed.

Morphologic RVOT abnormalities in Brugada syndrome

Several CMR studies have suggested RVOT morphological abnormalities in BrS patients[6,
25]. Studies have demonstrated significantly larger RVOT area and reduced RVOT ejection
fraction in BrS patients compared with normal controls[5, 6, 13, 14]. However this has not
been a universal finding[26]. Using quantitative analysis of the RV and RVOT, we confirmed
that the overall incidence of RVOT morphologic abnormalities was high, being 67% in our
cohort. The present study was unique in that it not only compared BrS cohort against age-
matched controls, but also consecutive patients with definite ARVC referred to our clinic

over the same time period. By doing so, we were able to demonstrate that BrS is differentiated
from the normal population by the presence of increased RVOT volume and abnormal RVOT
function, but that BrS is also differentiated from classic ARVC by the absence of global RV
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dilatation or dysfunction. The potential overlap between ARVC and BrS as part of an arrhyth-
mogenic cardiomyopathy spectrum, was first highlighted in a series of young sudden death
victims in Italy whereby 14% of the patients had a previously documented type 1 BrS ECG pat-
tern, of whom all except one had ARVC at post-mortem[27]. Cerrone et al identified coexis-
tence of PKP2 mutations and sodium channel dysfunction in BrS patients with no overt
ARVC phenotype. The sodium channel deficiency was due to reduced number of channels at
the intercalated disk and increased microtubular separation at a cellular level[28]. Patients
with ARVC have been shown to demonstrate BrS-like ECGs spontaneously and following
Ajmaline provocation[29, 30]. Moreover, patients with ARVC may harbour rare SCN5A vari-
ants[31].

LGE was not observed in either our BrS or ARVC cohorts. Other groups have also
described a low incidence of LGE in ARVC[32]. Basitaenen et al recently reported that 8% of
their BrS patients exhibited LGE (most often in the LV)[14], reflecting the heterogeneous sub-
strate in BrS. It is possible that the morphologic changes in BrS may be under-estimated in the
present study because patients with the most severe clinical phenotype had ICDs, which pro-
hibited CMR evaluation.

Relation between abnormal RVOT morphology and clinical and genetic
profile

Royer et al first demonstrated how ion channel defects can lead to structurally abnormal
hearts, demonstrating aged-related changes in SCN5A knockout mouse models whereby the
old but not the young SCN5A-mutant mice showed extensive myocardial fibrosis with hetero-
geneous expression of connexin-43[33]. Previous investigators have also found that SCN5A-
mutation carriers have larger biventricular volumes and lower LVEF compared to SCN5A-
mutation negative patients or healthy volunteers[13]. More recently, SCN5A-mutation carriers
have also been demonstrated to have larger RV volumes and lower RVEF compared to muta-
tion negative patients or controls[7]. In the present study, we also demonstrated that rare
variants in BrS-associated genes (especially SCN5A) were over-represented in patients with
abnormal RVOT morphology, and such variants were not found in patients with normal
RVOT morphology. Coronel et al explored the substrate of an explanted RVOT following car-
diac transplantation in a patient with SCN5A mutation. They showed RVOT histological evi-
dence of hypertrophy and fibrosis[10]. Additionally, Frustaci et al showed right ventricular
myopathic changes in association with SCN5A mutations[8]. Indeed SCN5A-mutations have
been implicated in clinical phenotypes beyond BrS such as dilated cardiomyopathy and ARVC
[31, 34]. These findings suggest a unifying pathogenic basis for disease whereby genetic muta-
tions may result in cardiac channel dysfunction as well as subtle RVOT structural changes in
many patients with BrS. Nevertheless it is worth noting that RVOT fibrosis has also been iden-
tified in BrS patients irrespective of mutation status again highlighting the likely underlying
structural RVOT abnormalities of BrS[9]. In addition, there is increasing evidence to suggest a
possible oligogenic basis to BrS with genotype-phenotype mismatch identified even in families
with presumed pathogenic SCN5A mutations[35, 36].

We also observed that patients with RVOT abnormalities were on average 7 years older
than patients without such abnormalities. One may speculate that structural manifestations
are age-dependent and may be preceded by the electrical phenotype. Cardiac MRI is currently
the gold standard for imaging the RV and RVOT because of its high spatial resolution, supe-
rior tissue characterization and ability to reproducibly quantify local RVOT volume and func-
tion. However, there remain limitations in the assessment of ultrastructural changes that may
precede detectable morphologic abnormalities using existing imaging technology. For
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example, a recent pathological study assessing the arrhythmic substrate in post-mortem BrS
hearts identified increased collagen and connexin-43 as markers of fibrosis, with the highest
degree of fibrosis in the RVOT([9]. Therefore, the absence of structural RVOT changes on
CMR in younger patients with BrS may not equate to the absence of an arrhythmogenic sub-
strate in this region but rather our inability to detect early changes with current imaging tests.
Serial prospective imaging studies may allow us to define the evolution of structural abnormal-
ities in BrS.

Relation between abnormal RVOT morphology and electrical
manifestations

There have been multiple recent studies observing the importance of the RVOT in arrhythmo-
genesis in BrS[8-12, 37]. This has led some investigators to consider epicardial RVOT ablation
as a means of ‘curing’ BrS [8, 10-12]. However, there are only a few studies that have carefully
explored the association between structural abnormalities and electrical manifestations. Velt-
mann et al correlated the anatomical location of the RVOT on CMR imaging with the localised
ECG changes[38]. Nadamanee et al showed correlation between the presence of fibrosis and
abnormal late fractionated potentials indicative of slowed conduction in the RVOT region of
patients with BrS[9]. Papavassiliu et al also showed that patients with spontaneous type 1 ECG
pattern were more likely to have enlarged RVOT area, larger RV end-systolic volumes, lower
LV and RV ejection fraction[25]. Association between PR and QRS prolongation on surface
ECG with lower biventricular function have also been observed in patients with BrS[13].

The present study provided additional insights into potential relations between morpho-
logic abnormalities and electrical manifestations of disease. We confirmed that the presence of
a spontaneous type 1 ECG pattern was associated with a lower RVEF. We also found that BrS
patients with late potentials tended to have a lower RVEF. Weak statistical correlation was also
observed between QRS prolongation and lower RVEF, as well as between increased spatial and
global burden on Holter analysis and an increased RVESV.

In totality, these findings further support recent observations of a focal arrhythmic substrate
harboured in the RVOT that may be amenable to ablation in some patients with BrS. Invasive
electroanatomical mapping and novel non-invasive electrocardiographic imaging methods
may provide further insight into correlations between electrophysiological substrate (eg. areas
of abnormal slow conduction or low voltage) and structural changes in the RVOT detected on
CMR([39, 40]. Finally, future studies should evaluate whether pre-procedural CMR may assist
in the identification of specific BrS patients who are more likely to benefit from epicardial
mapping and ablation, notwithstanding the potential limitations of the MRI in detecting early
electrical and ultrastructural changes.

Limitations

A limitation of our study is the small size of the study, despite recruitment of consecutive
patients from multiple Australian centres. The preliminary results of the present study should
ideally be validated in a larger multicentre study. Due to contraindications (largely, the pres-
ence of ICDs), not all patients had CMR with some having RVOT focused echocardiograms.
Recent data from Gotschy et al showed that the parasternal short axis view on echocardiogram
and CMR (as used in the present study) resulted in RVOT measurements with reasonable cor-
relation and excellent inter- and intra-reader reproducibility[19]. Another potential limitation
is variability in the observation of RVOT wall motion abnormalities as highlighted by Teske

et al, and therefore wall motion abnormalties in the present study required confirmation by
two independent observers [41]. The lack of invasive RVOT electrophysiological data also
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needs to be acknowledged. At the time of study inception, the results from PRELUDE made
ethics approval for routine invasive assessment on clinical grounds challenging[15]. With
recent renewed interest, it is possible that the addition of invasive electrophysiologic parame-
ters may further enhance comprehensive multimodality assessment.

Conclusions

This study demonstrated a high incidence of RVOT morphologic abnormalities in BrS as well
as important relations between such abnormalities and clinical, genetic and electrical manifes-
tations of disease. It confirmed that BrS is indeed a heterogeneous disorder covering the spec-
trum of channelopathy and “cardiomyopathy” with the abnormalities anatomically localised
to the RVOT in many cases.

Supporting information

S1 Table. Rare variants seen in cohort and ACMG classification.
(DOCX)

S2 Table. Correlation between morphologic and electrical parameters.
(DOCX)

S1 Fig. Example of right ventricular outflow tract volumetric measurement with cardiac
magnetic resonance imaging.
(TIFF)

S2 Fig. Example of right ventricular outflow tract measurement using (A) cardiac magnetic
resonance imaging and (B) echocardiogram.
(TIFF)

S1 Text. Supplementary methods.
(DOCX)

$2 Text. Minimum data set CMR and echocardiogram ssssmeasurements.
(PDF)

Author Contributions

Conceptualization: Belinda Gray, Richard D. Bagnall, Jodie Ingles, Rajesh Puranik, Christo-
pher Semsarian, Raymond W. Sy.

Data curation: Belinda Gray, Ganesh Kumar Gnanappa, Richard D. Bagnall, Laura Yeates,
Jodie Ingles, Charlotte Burns, Rajesh Puranik, Stuart M. Grieve, Christopher Semsarian,
Raymond W. Sy.

Formal analysis: Belinda Gray, Richard D. Bagnall, Jodie Ingles, Stuart M. Grieve, Christopher
Semsarian, Raymond W. Sy.

Funding acquisition: Belinda Gray, Christopher Semsarian, Raymond W. Sy.

Investigation: Belinda Gray, Ganesh Kumar Gnanappa, Richard D. Bagnall, Giuseppe Femia,
Laura Yeates, Jodie Ingles, Charlotte Burns, Rajesh Puranik, Stuart M. Grieve, Christopher
Semsarian, Raymond W. Sy.

Methodology: Belinda Gray, Ganesh Kumar Gnanappa, Richard D. Bagnall, Jodie Ingles,
Christopher Semsarian, Raymond W. Sy.

Project administration: Belinda Gray, Raymond W. Sy.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195594  April 13,2018 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195594.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195594.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195594.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195594.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195594.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195594.s006
https://doi.org/10.1371/journal.pone.0195594

@° PLOS | ONE

Right ventricular morphology in Brugada Syndrome

Resources: Belinda Gray, Christopher Semsarian, Raymond W. Sy.

Software: Belinda Gray, Richard D. Bagnall.

Supervision: Christopher Semsarian, Raymond W. Sy.

Validation: Belinda Gray, Christopher Semsarian, Raymond W. Sy.

Visualization: Belinda Gray, Raymond W. Sy.

Writing - original draft: Belinda Gray, Christopher Semsarian, Raymond W. Sy.

Writing - review & editing: Belinda Gray, Ganesh Kumar Gnanappa, Richard D. Bagnall,

Giuseppe Femia, Laura Yeates, Jodie Ingles, Charlotte Burns, Rajesh Puranik, Stuart M.
Grieve, Raymond W. Sy.

References

1.

10.

11.

12

Brugada P, Brugada J. Right bundle branch block, persistent ST segment elevation and sudden cardiac
death: a distinct clinical and electrocardiographic syndrome. A multicenter report. J Am Coll Cardiol.
1992; 20(6):1391-6. PMID: 1309182

Priori SG, Wilde AA, Horie M, Cho Y, Behr ER, Berul C, et al. HRS/EHRA/APHRS expert consensus
statement on the diagnosis and management of patients with inherited primary arrhythmia syndromes:
document endorsed by HRS, EHRA, and APHRS in May 2013 and by ACCF, AHA, PACES, and AEPC
in June 2013. Heart Rhythm. 2013; 10(12):1932-63. https://doi.org/10.1016/j.hrthm.2013.05.014
PMID: 24011539

Antzelevitch C, Yan GX, Ackerman MJ, Borggrefe M, Corrado D, Guo J, et al. J-Wave syndromes
expert consensus conference report: Emerging concepts and gaps in knowledge: Endorsed by the Asia
Pacific Heart Rhythm Society (APHRS), the European Heart Rhythm Association (EHRA), the Heart
Rhythm Society (HRS), and the Latin American Society of Cardiac Pacing and Electrophysiology (Soci-
edad Latinoamericana de Estimulacion Cardiaca y Electrofisiologia [SOLAECE]). Heart Rhythm. 2016.

Gray B, Semsarian C, Sy RW. Brugada syndrome: a heterogeneous disease with a common ECG phe-
notype? J Cardiovasc Electrophysiol. 2014; 25(4):450-6. https://doi.org/10.1111/jce. 12366 PMID:
24405173

Papavassiliu T, Wolpert C, Fluchter S, Schimpf R, Neff W, Haase KK, et al. Magnetic resonance imag-
ing findings in patients with Brugada syndrome. J Cardiovasc Electrophysiol. 2004; 15(10):1133-8.
https://doi.org/10.1046/j.1540-8167.2004.03681.x PMID: 15485435

Catalano O, Antonaci S, Moro G, Mussida M, Frascaroli M, Baldi M, et al. Magnetic resonance investi-
gations in Brugada syndrome reveal unexpectedly high rate of structural abnormalities. Eur Heart J.
2009; 30(18):2241-8. https://doi.org/10.1093/eurheartj/ehp252 PMID: 19561025

Rudic B, Schimpf R, Veltmann C, Doesch C, Tulumen E, Schoenberg SO, et al. Brugada syndrome:
clinical presentation and genotype-correlation with magnetic resonance imaging parameters. Europace.
2016; 18(9):1411-9. hitps://doi.org/10.1093/europace/euv300 PMID: 26511399

Frustaci A, Priori SG, Pieroni M, Chimenti C, Napolitano C, Rivolta |, et al. Cardiac histological substrate
in patients with clinical phenotype of Brugada syndrome. Circulation. 2005; 112(24):3680-7. https://doi.
org/10.1161/CIRCULATIONAHA.105.520999 PMID: 16344400

Nademanee K, Raju H, de Noronha SV, Papadakis M, Robinson L, Rothery S, et al. Fibrosis, Con-
nexin-43, and Conduction Abnormalities in the Brugada Syndrome. J Am Coll Cardiol. 2015; 66
(18):1976-86. https://doi.org/10.1016/j.jacc.2015.08.862 PMID: 26516000

Coronel R, Casini S, Koopmann TT, Wilms-Schopman FJ, Verkerk AO, de Groot JR, et al. Right ventric-
ular fibrosis and conduction delay in a patient with clinical signs of Brugada syndrome: a combined
electrophysiological, genetic, histopathologic, and computational study. Circulation. 2005; 112
(18):2769-77. https://doi.org/10.1161/CIRCULATIONAHA.105.532614 PMID: 16267250

Nademanee K, Veerakul G, Chandanamattha P, Chaothawee L, Ariyachaipanich A, Jirasirirojanakorn
K, et al. Prevention of ventricular fibrillation episodes in Brugada syndrome by catheter ablation over the
anterior right ventricular outflow tract epicardium. Circulation. 2011; 123(12):1270-9. https://doi.org/10.
1161/CIRCULATIONAHA.110.972612 PMID: 21403098

Brugada J, Pappone C, Berruezo A, Vicedomini G, Manguso F, Ciconte G, et al. Brugada Syndrome
Phenotype Elimination by Epicardial Substrate Ablation. Circ Arrhythm Electrophysiol. 2015; 8
(6):1373-81. https://doi.org/10.1161/CIRCEP.115.003220 PMID: 26291334

PLOS ONE | https://doi.org/10.1371/journal.pone.0195594  April 13,2018 12/14


http://www.ncbi.nlm.nih.gov/pubmed/1309182
https://doi.org/10.1016/j.hrthm.2013.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24011539
https://doi.org/10.1111/jce.12366
http://www.ncbi.nlm.nih.gov/pubmed/24405173
https://doi.org/10.1046/j.1540-8167.2004.03681.x
http://www.ncbi.nlm.nih.gov/pubmed/15485435
https://doi.org/10.1093/eurheartj/ehp252
http://www.ncbi.nlm.nih.gov/pubmed/19561025
https://doi.org/10.1093/europace/euv300
http://www.ncbi.nlm.nih.gov/pubmed/26511399
https://doi.org/10.1161/CIRCULATIONAHA.105.520999
https://doi.org/10.1161/CIRCULATIONAHA.105.520999
http://www.ncbi.nlm.nih.gov/pubmed/16344400
https://doi.org/10.1016/j.jacc.2015.08.862
http://www.ncbi.nlm.nih.gov/pubmed/26516000
https://doi.org/10.1161/CIRCULATIONAHA.105.532614
http://www.ncbi.nlm.nih.gov/pubmed/16267250
https://doi.org/10.1161/CIRCULATIONAHA.110.972612
https://doi.org/10.1161/CIRCULATIONAHA.110.972612
http://www.ncbi.nlm.nih.gov/pubmed/21403098
https://doi.org/10.1161/CIRCEP.115.003220
http://www.ncbi.nlm.nih.gov/pubmed/26291334
https://doi.org/10.1371/journal.pone.0195594

@° PLOS | ONE

Right ventricular morphology in Brugada Syndrome

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

van Hoorn F, Campian ME, Spijkerboer A, Blom MT, Planken RN, van Rossum AC, et al. SCN5A muta-
tions in Brugada syndrome are associated with increased cardiac dimensions and reduced contractility.
PLoS One. 2012; 7(8):e42037. https://doi.org/10.1371/journal.pone.0042037 PMID: 22876298

Bastiaenen R, Cox AT, Castelletti S, Wijeyeratne YD, Colbeck N, Pakroo N, et al. Late gadolinium
enhancement in Brugada syndrome: A marker for subtle underlying cardiomyopathy? Heart Rhythm.
2017; 14(4):583-9. https://doi.org/10.1016/j.hrthm.2016.12.004 PMID: 27919765

Priori SG, Gasparini M, Napolitano C, Della Bella P, Ottonelli AG, Sassone B, et al. Risk stratification in
Brugada syndrome: results of the PRELUDE (PRogrammed ELectrical stimUlation preDictive valuE)
registry. J Am Coll Cardiol. 2012; 59(1):37-45. https://doi.org/10.1016/j.jacc.2011.08.064 PMID:
22192666

Ingles J, Semsarian C. The Australian Genetic Heart Disease Registry. Int J Cardiol. 2013; 168(4):
e127-8. https://doi.org/10.1016/j.ijcard.2013.08.036 PMID: 23998550

Morita H, Kusano KF, Miura D, Nagase S, Nakamura K, Morita ST, et al. Fragmented QRS as a marker
of conduction abnormality and a predictor of prognosis of Brugada syndrome. Circulation. 2008; 118
(17):1697—704. https://doi.org/10.1161/CIRCULATIONAHA.108.770917 PMID: 18838563

Sarkozy A, Chierchia GB, Paparella G, Boussy T, De Asmundis C, Roos M, et al. Inferior and lateral
electrocardiographic repolarization abnormalities in Brugada syndrome. Circ Arrhythm Electrophysiol.
2009; 2(2):154—-61. https://doi.org/10.1161/CIRCEP.108.795153 PMID: 19808460

Gotschy A, Saguner AM, Niemann M, Hamada S, Akdis D, Yoon JN, et al. Right ventricular outflow
tract dimensions in arrhythmogenic right ventricular cardiomyopathy/dysplasia-a multicentre study com-
paring echocardiography and cardiovascular magnetic resonance. Eur Heart J Cardiovasc Imaging.
2017.

Marcus FI, McKenna WJ, Sherrill D, Basso C, Bauce B, Bluemke DA, et al. Diagnosis of arrhythmogenic
right ventricular cardiomyopathy/dysplasia: proposed modification of the task force criteria. Circulation.
2010; 121(13):1533—41. https://doi.org/10.1161/CIRCULATIONAHA.108.840827 PMID: 20172911

Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K, et al. Guidelines for
the echocardiographic assessment of the right heart in adults: a report from the American Society of
Echocardiography endorsed by the European Association of Echocardiography, a registered branch of
the European Society of Cardiology, and the Canadian Society of Echocardiography. J Am Soc Echo-
cardiogr. 2010; 23(7):685—-713; quiz 86-8. https://doi.org/10.1016/j.echo.2010.05.010 PMID: 20620859

Doesch C, Michaely H, Haghi D, Schoenberg SO, Borggrefe M, Papavassiliu T. How to measure the
right ventricular outflow tract with cardiovascular magnetic resonance imaging: a head-to-head compar-
ison of methods. Hellenic J Cardiol. 2014; 55(2):107—-18. PMID: 24681788

Gray B, Kirby A., Kabunga P., Freedman B., Yeates L., Kanthan A., Medi C., Keech A., Semsarian C.,
Sy R.W. Twelve-lead ambulatory ECG monitoring in Brugada syndrome: potential diagnostic and prog-
nostic implications. Heart Rhythm. 2016.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015; 17(5):405-24.
https://doi.org/10.1038/gim.2015.30 PMID: 25741868

Papavassiliu T, Veltmann C, Doesch C, Haghi D, Germans T, Schoenberg SO, et al. Spontaneous type
1 electrocardiographic pattern is associated with cardiovascular magnetic resonance imaging changes
in Brugada syndrome. Heart Rhythm. 2010; 7(12):1790-6. https://doi.org/10.1016/j.hrthm.2010.09.004
PMID: 20828633

Tessa C, Del Meglio J, Ghidini Ottonelli A, Diciotti S, Salvatori L, Magnacca M, et al. Evaluation of Bru-
gada syndrome by cardiac magnetic resonance. Int J Cardiovasc Imaging. 2012; 28(8):1961-70.
https://doi.org/10.1007/s10554-012-0009-5 PMID: 22246065

Corrado D, Basso C, Buja G, Nava A, Rossi L, Thiene G. Right bundle branch block, right precordial st-
segment elevation, and sudden death in young people. Circulation. 2001; 103(5):710-7. PMID:
11156883

Cerrone M, Lin X, Zhang M, Agullo-Pascual E, Pfenniger A, Chkourko Gusky H, et al. Missense muta-
tions in plakophilin-2 cause sodium current deficit and associate with a Brugada syndrome phenotype.
Circulation. 2014; 129(10):1092—103. https://doi.org/10.1161/CIRCULATIONAHA.113.003077 PMID:
24352520

Peters S, Trummel M, Denecke S, Koehler B. Results of ajmaline testing in patients with arrhythmo-
genic right ventricular dysplasia-cardiomyopathy. Int J Cardiol. 2004; 95(2—3):207—10. https://doi.org/
10.1016/j.ijicard.2003.04.032 PMID: 15193821

Saguner AM, Ganahl S, Kraus A, Baldinger SH, Akdis D, Saguner AR, et al. Electrocardiographic fea-
tures of disease progression in arrhythmogenic right ventricular cardiomyopathy/dysplasia. BMC Cardi-
ovasc Disord. 2015; 15:4. https://doi.org/10.1186/1471-2261-15-4 PMID: 25599583

PLOS ONE | https://doi.org/10.1371/journal.pone.0195594  April 13,2018 13/14


https://doi.org/10.1371/journal.pone.0042037
http://www.ncbi.nlm.nih.gov/pubmed/22876298
https://doi.org/10.1016/j.hrthm.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/27919765
https://doi.org/10.1016/j.jacc.2011.08.064
http://www.ncbi.nlm.nih.gov/pubmed/22192666
https://doi.org/10.1016/j.ijcard.2013.08.036
http://www.ncbi.nlm.nih.gov/pubmed/23998550
https://doi.org/10.1161/CIRCULATIONAHA.108.770917
http://www.ncbi.nlm.nih.gov/pubmed/18838563
https://doi.org/10.1161/CIRCEP.108.795153
http://www.ncbi.nlm.nih.gov/pubmed/19808460
https://doi.org/10.1161/CIRCULATIONAHA.108.840827
http://www.ncbi.nlm.nih.gov/pubmed/20172911
https://doi.org/10.1016/j.echo.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20620859
http://www.ncbi.nlm.nih.gov/pubmed/24681788
https://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1016/j.hrthm.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20828633
https://doi.org/10.1007/s10554-012-0009-5
http://www.ncbi.nlm.nih.gov/pubmed/22246065
http://www.ncbi.nlm.nih.gov/pubmed/11156883
https://doi.org/10.1161/CIRCULATIONAHA.113.003077
http://www.ncbi.nlm.nih.gov/pubmed/24352520
https://doi.org/10.1016/j.ijcard.2003.04.032
https://doi.org/10.1016/j.ijcard.2003.04.032
http://www.ncbi.nlm.nih.gov/pubmed/15193821
https://doi.org/10.1186/1471-2261-15-4
http://www.ncbi.nlm.nih.gov/pubmed/25599583
https://doi.org/10.1371/journal.pone.0195594

@° PLOS | ONE

Right ventricular morphology in Brugada Syndrome

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Te Riele AS, Agullo-Pascual E, James CA, Leo-Macias A, Cerrone M, Zhang M, et al. Multilevel analy-
ses of SCN5A mutations in arrhythmogenic right ventricular dysplasia/cardiomyopathy suggest non-
canonical mechanisms for disease pathogenesis. Cardiovasc Res. 2017; 113(1):102—11. https://doi.
org/10.1093/cvr/cvw234 PMID: 28069705

van Hoorn F, Paproski J., Spears D., Nguyen E., Wald R., Ley S., Torres F., Paul N., Wintersperger B.,
Crean A. Low diagnostic yield of lage gadolinium enhancement in screening patients with suspected
Arrhythmogenic Right Ventricular Cardiomyopahty by cardiovascular magnetic resonance. J Cardio-
vasc Magn Reson. 2012; 14(Suppl 1):141.

Royer A, van Veen TA, Le Bouter S, Marionneau C, Griol-Charhbili V, Leoni AL, et al. Mouse model of
SCN5A-linked hereditary Lenegre’s disease: age-related conduction slowing and myocardial fibrosis.
Circulation. 2005; 111(14):1738-46. https://doi.org/10.1161/01.CIR.0000160853.19867.61 PMID:
15809371

Haas J, Frese KS, Peil B, Kloos W, Keller A, Nietsch R, et al. Atlas of the clinical genetics of human
dilated cardiomyopathy. Eur Heart J. 2015; 36(18):1123-35a. https://doi.org/10.1093/eurheartj/ehu301
PMID: 25163546

Bezzina CR, Barc J, Mizusawa Y, Remme CA, Gourraud JB, Simonet F, et al. Common variants at
SCN5A-SCN10A and HEY2 are associated with Brugada syndrome, a rare disease with high risk of
sudden cardiac death. Nat Genet. 2013; 45(9):1044-9. https://doi.org/10.1038/ng.2712 PMID:
23872634

Probst V, Wilde AA, Barc J, Sacher F, Babuty D, Mabo P, et al. SCN5A mutations and the role of genetic
background in the pathophysiology of Brugada syndrome. Circ Cardiovasc Genet. 2009; 2(6):552—7.
https://doi.org/10.1161/CIRCGENETICS.109.853374 PMID: 20031634

Zhang P, Tung R., Zhang Z., Sheng X., Liu Q., Jiang R., Sun Y., Chen S., YuL., Ye Y., Fu G., Shivku-
mar K., Jiang C. Characterization of the epicardial substrate for catheter ablation of Brugada syndrome.
Heart Rhythm. 2016; 13(11):2151-8. https://doi.org/10.1016/j.hrthm.2016.07.025 PMID: 27453126

Veltmann C, Papavassiliu T, Konrad T, Doesch C, Kuschyk J, Streitner F, et al. Insights into the location
of type | ECG in patients with Brugada syndrome: correlation of ECG and cardiovascular magnetic reso-
nance imaging. Heart Rhythm. 2012; 9(3):414-21. https://doi.org/10.1016/j.hrthm.2011.10.032 PMID:
22119454

Rudic B, Chaykovskaya M, Tsyganov A, Kalinin V, Tulumen E, Papavassiliu T, et al. Simultaneous
Non-Invasive Epicardial and Endocardial Mapping in Patients With Brugada Syndrome: New Insights
Into Arrhythmia Mechanisms. J Am Heart Assoc. 2016; 5(11).

Zhang J, Sacher F, Hoffmayer K, O’Hara T, Strom M, Cuculich P, et al. Cardiac electrophysiological
substrate underlying the ECG phenotype and electrogram abnormalities in Brugada syndrome patients.
Circulation. 2015; 131(22):1950-9. https://doi.org/10.1161/CIRCULATIONAHA.114.013698 PMID:
25810336

Teske AJ, Cox MG, De Boeck BW, Doevendans PA, Hauer RN, Cramer MJ. Echocardiographic tissue

deformation imaging quantifies abnormal regional right ventricular function in arrhythmogenic right ven-
tricular dysplasia/cardiomyopathy. J Am Soc Echocardiogr. 2009; 22(8):920—7. https://doi.org/10.1016/
j.echo.2009.05.014 PMID: 19553080

PLOS ONE | https://doi.org/10.1371/journal.pone.0195594  April 13,2018 14/14


https://doi.org/10.1093/cvr/cvw234
https://doi.org/10.1093/cvr/cvw234
http://www.ncbi.nlm.nih.gov/pubmed/28069705
https://doi.org/10.1161/01.CIR.0000160853.19867.61
http://www.ncbi.nlm.nih.gov/pubmed/15809371
https://doi.org/10.1093/eurheartj/ehu301
http://www.ncbi.nlm.nih.gov/pubmed/25163546
https://doi.org/10.1038/ng.2712
http://www.ncbi.nlm.nih.gov/pubmed/23872634
https://doi.org/10.1161/CIRCGENETICS.109.853374
http://www.ncbi.nlm.nih.gov/pubmed/20031634
https://doi.org/10.1016/j.hrthm.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27453126
https://doi.org/10.1016/j.hrthm.2011.10.032
http://www.ncbi.nlm.nih.gov/pubmed/22119454
https://doi.org/10.1161/CIRCULATIONAHA.114.013698
http://www.ncbi.nlm.nih.gov/pubmed/25810336
https://doi.org/10.1016/j.echo.2009.05.014
https://doi.org/10.1016/j.echo.2009.05.014
http://www.ncbi.nlm.nih.gov/pubmed/19553080
https://doi.org/10.1371/journal.pone.0195594

