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Abstract
Aims: Brugada syndrome (BrS) is associated with increased risk for atrial fibrillation 
(AFib). However, the role of SCN5A mutations in the occurrence of AFib remains 
unclear. Cardiac sodium current reduction caused by SCN5A mutations may facilitate 
AFib by slowing intra-atrial conduction and inducing structural changes, but also 
prevent it by suppressing atrial ectopic activity. Here, we examined the relation 
between SCN5A mutations, atrial conduction velocity, atrial structural changes, and 
atrial ectopic activity in BrS.
Methods and results: Data from 214 BrS patients (78 with an SCN5A mutation [patients 
with an SCN5A mutation, BrSSCN5A+] and 136 without an SCN5A mutation [patients 
without an SCN5A mutation, BrSSCN5A-]) were collected. Intra-atrial conduction 
velocity was assessed by measuring P-wave durations at baseline and during sodium 
channel provocation testing. Atrial structural changes were assessed by measuring 
atrial dimensions using cardiac magnetic resonance imaging. Atrial ectopic activity 
was assessed by determining the incidence of atrial ectopic beats using 24-hour Holter 
recordings. Clinical characteristics (including AFib occurrence) did not differ between 
BrSSCN5A+ and BrSSCN5A-. Baseline P-wave durations were longer in BrSSCN5A+ than in 
BrSSCN5A-, but lengthened markedly in BrSSCN5A- during provocation testing. Atrial 
dimensions did not differ. Atrial ectopic beats occurred more often in BrSSCN5A-, and 
the proportion of patients experiencing one or more atrial ectopic beats was larger in 
BrSSCN5A- than in BrSSCN5A+.
Conclusion: In BrS, the presence of an SCN5A mutation is associated with intra-atrial 
conduction slowing and suppressed atrial ectopic activity. Intra-atrial conduction 
slowing may provide a plausible substrate for AFib maintenance, while reduced atrial 
ectopic activity may constitute inhibition of the trigger for AFib initiation.
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Introduction
Next to ventricular tachycardia/ventricular fibrillation (VT/VF),1-4 a high incidence 
of atrial fibrillation (AFib) has been reported in (Brugada syndrome) BrS.5-6 
Electrophysiologic studies, aimed at examining the relation between AFib in BrS 
and the presence of an SCN5A mutation,7-9 have found that intra-atrial electrical 
conduction is delayed in patients with an SCN5A mutation (BrSSCN5A+) compared with 
those without an SCN5A mutation (BrSSCN5A-).7-8 Slowing of electrical conduction is 
a plausible substrate for AFib maintenance, because it provides all myocytes within 
a reentrant circuit with more time to recover from refractoriness and increases the 
probability that they can be reactivated by the next reentrant excitation wave.10 In 
addition, echocardiographic studies, aimed at examining the relation between AFib in 
BrS and the presence of an SCN5A mutation, have shown that the left atria are larger 
in BrSSCN5A+ than in BrSSCN5A-.

7 Larger atria can harbor more reentrant circuits, and, 
by doing so, facilitate AFib maintenance. Nevertheless, despite slower conduction 
velocities and larger atrial sizes, no higher prevalence of AFib was found in BrSSCN5A+ 
compared with BrSSCN5A-.

7-8 Of note, these studies have included small numbers 
of BrSSCN5A+ patients, detected intra-atrial conduction velocity only with invasive 
electrophysiologic techniques, and did not take into account that INa reduction due to 
SCN5A loss-of-function mutations may also decrease atrial excitability, and thereby 
suppress atrial ectopic activity. Atrial ectopic beats may generate excitatory impulses 
that, when atrial vulnerability is increased, can result in reentrant circuits and AFib 
inititation.10 Accordingly, electrophysiologic studies have shown that sodium channel 
blocking drugs decrease the prevalence of atrial ectopic beats and episodes of AFib 
in patients with frequent attacks of paroxysmal AFib.11 Here, we hypothesized that 
BrS-linked SCN5A mutations facilitate AFib through intra-atrial conduction slowing 
and secondary structural changes, but also prevent it through suppression of atrial 
ectopic activity. Therefore, we studied the relation between SCN5A mutations, intra-
atrial conduction velocity, atrial structural changes, and atrial ectopic activity in a 
large cohort of BrS patients. Of note, we used clinically easily applicable tools (i.e. 
surface 12-lead electrocardiogram [ECGs] and 24-hour Holter recordings) to measure 
P-wave durations and the frequency of atrial ectopic beats as markers for intra-atrial 
conduction velocity and atrial ectopic activity, respectively.

Methods

Patient inclusion and clinical data collection
In this retrospective single-centre study, all patients diagnosed with BrS at our 
institution, in whom SCN5A mutation analysis was performed, were included. 
Brugada syndrome was diagnosed if a type 1 ECG pattern was present at baseline or 
after intravenous administration of ajmaline or flecainide. We collected the following 
clinical data from medical records: age at diagnosis, gender, proband status yes/no, 
clinical follow-up duration, and presence of spontaneous type 1 ECG pattern, syncope, 
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documented VT/VF, family history of sudden death at age ,45 years, and internal 
cardioverter-defibrillator (ICD). Occurrence of AFib and its character (paroxysmal or 
persistent) were determined using surface ECGs at the time of regular clinical follow-
up, Holter recordings if performed (n=103), continuous ECG recordings if hospitalized 
(n=91), or recordings of ICDs if implanted (n=65).

Analysis of SCN5A mutation
Informed consent was obtained from all patients, and genomic DNA was isolated from 
their peripheral blood lymphocytes using standard protocols. All protein-encoding 
exons and exon-intron boundaries of SCN5A were amplified using polymerase chain 
reaction.12 DNA variants were detected using denaturing high-performance liquid 
chromatography and by sequencing the fragments with an abnormal elution profile. 
DNA variants were considered as mutations if located in highly conserved regions of 
SCN5A and if absent in at least 200 reference alleles.

Analysis of electrocardiograms
Twelve-lead ECGs, performed at baseline and immediately after intravenous 
administration of the maximum dose of ajmaline or flecainide, were analyzed manually 
at 800% magnification for heart rate, maximum P-wave amplitude, P-wave duration, 
and PR interval using lead II or lead V5. For each ECG variable within one patient, the 
mean value of three consecutive beats was calculated.

Analysis of cardiac magnetic resonance imaging scans
Cardiac magnetic resonance imaging (CMRI) was performed with a 3.0 T whole-body 
imaging system, with the patient in supine position, using a dedicated four-element, 
phased-array cardiac coil. Images covering the atria were acquired during repeated 
end-expiratory breath-holds. Scout images (coronal, sagittal, and axial planes) were 
obtained to plan the final double-oblique long-axis and short-axis views. Imaging 
parameters were as follows: TR=RR interval, TE 12 ms, slice thickness 6mm, interslice 
gap 0mm, and a spatial resolution in the X-Y plane of at least 1 mm/pixel. Data were 
analyzed off-line using a separate workstation and commercial software. Atrial borders 
were manually traced, and atrial dimensions were measured in the craniocaudal 
direction and left-right direction on long-axis images and in the anteroposterior 
direction on short-axis images.

Analysis of Holter recordings
To study the occurrence of atrial ectopic beats, ambulatory three-channel Holter ECG 
monitoring was performed for 24 hours using SEER digital recorders. All recordings 
were stored and analyzed using the Mars PC Holter system (GE, Marquette, Milwaukee, 
WI, USA; software version 5.0).
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Statistics
Age, clinical follow-up duration, ECG parameters, and atrial dimensions were 
expressed as mean ± standard error of the mean (SEM), and were compared between 
BrSSCN5A+ and BrSSCN5A- with the Student t test. ECG parameters between baseline and 
during sodium channel provocation testing were compared with the paired Student t 
test. Proportional differences in the clinical variables between BrSSCN5A+ and BrSSCN5A- 
were compared with the Fisher exact test or the χ2 test, where appropriate. The numbers 
of atrial ectopic beats between BrSSCN5A+ and BrSSCN5A- were compared with the Mann-
Whitney rank sum test. Multiple linear regression was used to assess the relation 
between the P-wave duration with the heart rate, maximum P-wave amplitude, and 
PR interval, and between the number of atrial ectopic beats and all measured ECG 
parameters.

Results

Clinical characteristics
The study population consisted of 214 BrS patients (78 BrSSCN5A+ and 136 BrSSCN5A-). 
Table 1 provides a list of the mutations found in BrSSCN5A+, and the number of patients 
carrying each specific mutation. There were no significant differences in the clinical 
characteristics between BrSSCN5A+ and BrSSCN5A- (Table 2). The prevalence of AFib was 
also similar (4 [5%] in BrSSCN5A+ versus 15 [11%] in BrSSCN5A-, P = 0.211). The character 
of AFib tended to differ between both groups, with a higher prevalence of persistent 
AFib in BrSSCN5A+ (3 [75%] in BrSSCN5A+ versus 3 [20%] in BrSSCN5A-, P = 0.071).

Analysis of baseline electrocardiograms
In all patients, intra-atrial conduction velocity was assessed by measuring P-wave 
durations on baseline ECGs (Table 2). The P-wave duration was longer in BrSSCN5A+ 
than in BrSSCN5A-, but its maximum amplitude did not differ between the groups. The 
PR interval was also longer in BrSSCN5A+ than in BrSSCN5A-. The heart rate was slower 
in BrSSCN5A+ than in BrSSCN5A-. Multiple linear regression showed a positive linear 
correlation between the P-wave duration and the PR interval in both groups (r = 0.463, 
P < 0.001 in BrSSCN5A+, and r = 0.451, P < 0.001 in BrSSCN5A-), but not between the P-wave 
duration and the heart rate or the P-wave amplitude.

Analysis of electrocardiograms during sodium channel provocation testing
In 165 BrS patients (54 BrSSCN5A+ and 111 BrSSCN5A-), in whom a type 1 ECG pattern was 
not present at baseline, sodium channel provocation testing was performed. The clinical 
characteristics of these patients did not differ between BrSSCN5A+ and BrSSCN5A-, except for 
a larger proportion of a family history of sudden death in BrSSCN5A- (Table 3). Compared 
with baseline, the heart rate increased in both BrSSCN5A+ and BrSSCN5A- after intravenous 
administration of ajmaline or flecainide. The P-wave duration also lengthened in both 
groups, but this increase reached statistical significance only in BrSSCN5A-. Moreover, the 
maximum P-wave amplitude increased in BrSSCN5A-. Finally, compared with baseline, the 
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Table 1. Mutations found in 78 patients with Brugada syndrome.

Region Nucleotide change Mutation Mutation type Location Number

Exon 2 53 G>A R18Q Missense N-terminus 1

Exon 3 327 C>A N109K Missense N-terminus 3

Intron 3 393 -5 C>A Splice site DI-S1 1

Exon 4 468 G>A W156X Nonsense DI-S1/S2 1

Exon 4 481 G>A E161K Missense DI-S2 8

Exon 6 659 C>T T220I Missense DI-S4 1

Exon 7 718 G>A V240M Missense DI-S4/S5 3

Intron 7 934 +1 G>A Splice site DI-S5/S6 1

Exon 9 1099 C>T R367C Missense DI-S5/S6 3

Exon 10 1315 G>A E439K Missense DI/DII 1

Exon 12 1852 C>T L618F Missense DI/DII 1

Exon 15 2320delT Y774TfsX28 Frame shift DII-S2/S3 1

Exon 16 2582_2583delTT F861WfsX90 Frame shift DII-S5 7

Exon 16 2780 A>G N927S Missense DII-S6 4

Exon 17 2894 G>A R965H Missense DII/DIII 1

Exon 17 3142_3143insTG P1048insTG/fsX98 Frame shift DII/DIII 2

Intron 17 3228 +2delT Splice site DII/DIII 1

Exon 20 3578 G>A R1193Q Missense DII/DIII 1

Intron 21 3840 +1 G>A Splice site DIII-S3 4

Exon 22 3956 G>T G1319V Missense DIII-S4/S5 3

Exon 23 4037 T>C L1346P Missense DIII-S5 2

Exon 23 4088 G>A C1363Y Missense DIII-S5/S6 1

Exon 23 4118 T>A L1373X Nonsense DIII-S5/S6 2

Exon 23 4213 G>C V1405L Missense DIII-S5/S6 2

Intron 25 4437 +5 G>A Splice site DIII/DIV 2

Exon 27 4708_4710dupATC I1570dup In-frame 
insertion DIV-S1/S2 3

Exon 27 4719 C>T* Alternative 
splicing DIV-S2 2

Exon 27 4745 T>C L1582P Missense DIV-S2 1

Exon 28 4886 G>A R1629Q Missense DIV-S4 2

Exon 28 4912 C>T R1638X Nonsense DIV-S4 2

Exon 28 5141 A>G D1714G Missense DIV-S5/S6 1

Exon 28 5228 G>A G1743E Missense DIV-S5/S6 8

Exon 28 5387_5388insTGA 1795_1796insD In-frame 
insertion C-terminus 1

Exon 28 5770 G>A A1924T Missense C-terminus 1

del, deletion; dup, duplication; fs, frame shift; ins, insertion. * = novel mutation.
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Table 2. Clinical characteristics and electrocardiogram parameters in the total study population.

Variable

All patients

BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 78 (55/23) 136 (78/58) 0.059

Age (years) 45±2 46±1 0.456

Follow-up duration (months) 47±4 42±2 0.253

Proband, n (%) 42 (54) 75 (55) 0.887

Family history of sudden death, n (%) 29 (37) 67 (49) 0.159

Spontaneous type 1 ECG, n (%) 24 (31) 25 (18) 0.057

Syncopal episodes, n (%) 29 (37) 38 (28) 0.171

Documented VT/VF, n (%) 10 (13) 14 (10) 0.654

ICD implantation, n (%) 29 (37) 36 (26) 0.123

Documented AFib, n (%) 4 (5) 15 (11) 0.211

Paroxysmal 1 (25) 12 (80) 0.071

Persistent 3 (75) 3 (20) 0.071

Therapy required 4 (100) 7 (47) 0.103

Heart rate (beats per minute) 65±1 72±1 <0.001

P-wave duration (ms) 146±3 113±2 <0.001

P-wave amplitude (mm) 1.24±0.06 1.15±0.03 0.165

PR interval (ms) 204±4 158±3 <0.001

Values are n (%) or mean ± standard error of the mean (SEM). Therapy for AFib encompassed digoxin 
therapy, ICD with atrial therapies, chemical or electrical cardioversion, or pulmonary vein isolation. AFib, 
atrial fibrillation; BrSSCN5A+, BrS patients with an SCN5A mutation; BrSSCN5A-, BrS patients without an SCN5A 
mutation; ICD, internal cardioverter-defibrillator; mm, millimetres; ms, milliseconds; VT/VF, ventricular 
tachycardia/ventricular fibrillation.

PR interval lengthened in both BrSSCN5A+ and BrSSCN5A- (particularly in the latter) after 
intravenous administration of ajmaline or flecainide (Figure 1).

Analysis of cardiac magnetic resonance imaging scans
In 73 BrS patients (24 BrSSCN5A+ and 49 BrSSCN5A-), CMRI was performed (Table 4). 
Their mean age was not different from patients in whom no CMRI was performed 
(46±2 years with CMRI versus 46±1years without CMRI, P = 0.972). However, their 
clinical follow-up duration was significantly shorter (27±2 months with CMRI versus 
52±2 months without CMRI, P < 0.001), because CMRI for detection or exclusion of 
cardiac structural changes in individuals diagnosed with BrS at our institution (even 
when asymptomatic) has become available in 2008. The clinical characteristics, ECG 
parameters, and atrial dimensions of BrSSCN5A+ with CMRI and BrSSCN5A- with CMRI are 
shown in Table 4. The atrial dimensions, of both the left and right atrium, did not differ 
statistically significantly between both groups.
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Table 3. Clinical characteristics and electrocardiogram (ECG) parameters in patients with 
type 1 ECG pattern after intravenous administration of ajmaline or flecainide.

Variable

All patients

BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 54 (36/18) 111 (58/53) 0.112

Age (years) 47±2 45±1 0.408

Follow-up duration (months) 45±4 39±2 0.163

Proband, n (%) 22 (41) 54 (49) 0.430

Family history of sudden death, n (%) 16 (30) 54 (49) 0.031

Spontaneous type 1 ECG, n (%) 0 0

Syncopal episodes, n (%) 15 (28) 26 (23) 0.678

Documented VT/VF, n (%) 3 (6) 8 (7) 0.947

ICD implantation, n (%) 15 (28) 21 (19) 0.275

Documented AFib, n (%) 2 (4) 8 (7) 0.591

Heart rate (beats per minute)

 Baseline 65±1 73±1 <0.001

 With ajmaline/flecainide 70±2 78±1 <0.001

 P Value 0.012 0.003

P-wave duration (ms)

 Baseline 145±3 112±2 <0.001

 With ajmaline/flecainide 154±6 149±3 0.466

 P Value 0.190 <0.001

P-wave amplitude (mm)

 Baseline 1.20±0.06 1.15±0.03 0.437

 With ajmaline/flecainide 1.09±0.05 1.28±0.04 0.004

 P Value 0.055 0.006

PR interval (ms)

 Baseline 202±5 156±3 <0.001

 With ajmaline/flecainide 220±6 210±3 0.099

 P Value 0.006 <0.001

Values are n (%) or mean ± standard error of the mean (SEM). AFib, atrial fibrillation; BrSSCN5A+, BrS patients 
with an SCN5A mutation; BrSSCN5A-, BrS patients without an SCN5A mutation; ICD, internal cardioverter-
defibrillator; mm, millimetres; ms, milliseconds; VT/VF, ventricular tachycardia/ventricular fibrillation.

atria. Atrial ectopic activity provides triggers for the generation of excitatory impulses 
that may initiate reentry if they encounter refractory atrial tissue in one direction 
(‘unidirectional block’), and consequently propagate only in the other direction. 
Reentry can only be sustained if the reentrant impulse propagates slowly enough to 
allow all myocytes within the circuit to recover from their refractory period and regain 
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Figure 1. representative electrocardiogram (eCG) tracings from two Brugada syndrome patients at baseline and after 
intravenous administration of ajmaline. (A) Lead ii of the eCG of a 57-year-old female patient with the 4912 C > T 
(r1638X) mutation in SCN5A. (B) Lead ii of the eCG of a 35-year-old female patient without a mutation in SCN5A.

Analysis of Holter recordings
In 103 BrS patients (30 BrSSCN5A+ and 73 BrSSCN5A-), 24-hour Holter monitoring was 
performed. Their mean age was not different from patients in whom no Holter monitoring 
was performed (45±1 years with Holter versus 46±1 years without Holter, P = 0.819). 
However, their clinical follow-up duration was significantly shorter (36±3 months with 
Holter versus 52±3 without Holter, P < 0.001), because routine Holter monitoring for 
all individuals diagnosed with BrS at our institution (even when asymptomatic) was 
implemented in 2006. The clinical characteristics of patients with Holter monitoring 
did not differ between BrSSCN5A+ and BrSSCN5A- (Table 5). The ECG parameters showed 
similar differences between BrSSCN5A+ and BrSSCN5A- as described earlier; in addition, the 
P-wave amplitude was larger in BrSSCN5A+ than in BrSSCN5A-. Atrial ectopic beats occurred 
more often in BrSSCN5A- than in BrSSCN5A+.  Moreover, the proportion of patients who 
experienced one or more atrial ectopic beats was larger in BrSSCN5A- than in BrSSCN5A+. In 
both groups, multiple linear regression showed no relation between the occurrence of 
atrial ectopic beats and P-wave duration, P-wave amplitude, or the PR interval. However, 
the occurrence of atrial ectopic beats showed a negative linear relation with the heart 
rate in BrSSCN5A+ (r = -0.656, P = 0.029), with more ectopic beats at lower heart rates. This 
relation was not found in BrSSCN5A- (P = 0.922).

Discussion
The occurrence of AFib requires triggers for the initiation of reentrant electrical circuits, 
and a vulnerable substrate that enables reentrant circuits to maintain themselves in the 
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excitability for the next excitation wave. Structural defects (e.g. interstitial fibrosis) and 
changes in the expression or function of connexins and cardiac ion channels or their 
regulatory subunits, as seen in acquired heart diseases (e.g. coronary artery disease, 
congestive heart failure), are believed to increase the risk for reentry, e.g. by promoting 
atrial ectopic activity and/or by slowing intra-atrial conduction velocity.10

A high incidence of AFib has been reported in BrS,5,6 and mutations in SCN5A 
have been associated with increased risk for AFib.13 Here, we hypothesized that BrS-
linked SCN5A mutations facilitate AFib through intra-atrial conduction slowing and 
secondary structural changes. We indeed found longer P-wave durations in BrSSCN5A+ 
compared with BrSSCN5A-. We also found a positive correlation between the P-wave 
durations and the PR intervals in both BrSSCN5A+ and BrSSCN5A-, which may explain, at 
least partially, the differences in the atrioventricular conduction between these groups. 

Table 4. Clinical characteristics, electrocardiogram parameters, and atrial dimensions in 
patients with magnetic resonance imaging scans.

Variable BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 24 (15/9) 49 (25/24) 0.455

Age (years) 47±3 45±2 0.586

Follow-up duration (months) 30±4 26±3 0.339

Proband, n (%) 11 (46) 24 (49) 1.000

Family history of sudden death, n (%) 5 (21) 26 (53) 0.012

Spontaneous type 1 ECG, n (%) 7 (29) 3 (6) 0.012

Syncopal episodes, n (%) 6 (21) 12 (24) 0.499

Documented VT/VF, n (%) 1 (4) 6 (12) 0.414

ICD implantation, n (%) 5 (21) 8 (16) 0.747

Documented AFib, n (%) 1 (4) 4 (8) 0.465

Heart rate, beats per minute 63±2 68±2 0.086

P-wave duration (ms) 142±6 112±2 <0.001

P-wave amplitude (mm) 1.15±0.08 1.09±0.05 0.525

PR interval (ms) 198±8 162±4 <0.001

LA diameter craniocaudal (mm) 52±2 52±2 0.902

LA diameter left-right (mm) 59±2 60±2 0.673

LA diameter anteroposterior (mm) 29±2 26±1 0.218

RA diameter craniocaudal (mm) 46±2 42±1 0.061

RA diameter left-right (mm) 38±2 39±1 0.890

RA diameter anteroposterior (mm) 50±2 46±1 0.104

Values are n (%) or mean ± standard error of the mean (SEM). LA, left atrium; RA, right atrium; BrSSCN5A+ 
BrS patients with an SCN5A mutation; BrSSCN5A-, BrS patients without an SCN5A mutation; ICD, internal 
cardioverter-defibrillator; mm, millimetres; ms, milliseconds; VT/VF, ventricular tachycardia/ventricular 
fibrillation.
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Lengthening of the P-wave duration and the PR interval, particularly in BrSSCN5A-, in 
the presence of sodium channel blocking agents ajmaline and flecainide supports the 
hypothesis that INa reduction is largely responsible for intra-atrial conduction slowing. 
Accordingly, previous electrophysiologic studies have detected longer intra-atrial 
conduction times in BrS patients compared with healthy controls, and in BrSSCN5A+ 
compared to BrSSCN5A-.

7-9 Moreover, they have identified longer intra-atrial conduction 
times as predictors of atrial tachyarrhythmias in patients with spontaneous type 1 
ECG at baseline.14 Moreover, signal-averaged ECGs have shown longer filtered P-wave 
durations in BrS patients compared with controls.15 In this study, the prevalence of 
persistent AFib tended to be higher in BrSSCN5A+ than in BrSSCN5A-, further supporting 
the hypothesis that BrS-linked SCN5A mutations facilitate AFib maintenance.

However, we did not find differences in atrial dimensions between BrSSCN5A+ and 
BrSSCN5A- on CMRI scans. This finding is in contrast with a previous study in BrS 

Table 5. Clinical characteristics, electrocardiogram parameters, and atrial ectopic beat 
occurrence in patients with 24-hour Holter monitoring.

Variable

Patients with Holter

BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 30 (17/13) 73 (34/39) 0.391

Age (years) 48±2 43±2 0.104

Follow-up duration (months) 39±4 32±2 0.164

Proband, n (%) 10 (33) 27 (37) 0.823

Family history of sudden death, n (%) 7 (23) 32 (44) 0.073

Spontaneous type 1 ECG, n (%) 5 (17) 6 (8) 0.291

Syncopal episodes, n (%) 6 (20) 5 (7) 0.076

Documented VT/VF, n (%) 2 (7) 4 (5) 0.815

ICD implantation, n (%) 3 (10) 4 (5) 0.412

Documented AFib, n (%) 3 (10) 7 (10) 0.949

Heart rate (beats per minute) 65±2 72±2 0.007

P-wave duration (ms) 148±5 112±2 <0.001

P-wave amplitude (mm) 1.38±0.09 1.16±0.04 0.037

PR interval (ms) 205±6 153±3 <0.001

Total number of atrial ectopic beats 245 24106 0.029

Atrial ectopic beats in 24 hours, n 1 (0-6) 3 (1-12) 0.029

>1 Atrial ectopic beat in 24 hours, n (%) 18 (60) 64 (88) 0.003

Values are n (%) or mean ± standard error of the mean (SEM). Atrial ectopic beats are expressed as median 
(interquartile range). >1 Atrial ectopic beat in 24 hours, number of patients with more than one atrial 
ectopic beat during 24-hour Holter monitoring; coupling interval; BrSSCN5A+ BrS patients with an SCN5A 
mutation; BrSSCN5A-, BrS patients without an SCN5A mutation; ICD, internal cardioverter-defibrillator; mm, 
millimetres; ms, milliseconds; VT/VF, ventricular tachycardia/ventricular fibrillation.
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patients that found an association between larger left atrial volume, as measured by 
echocardiography, and the presence of an SCN5A mutation.7 However, our finding is in 
agreement with an earlier study investigating possible structural changes in BrS using 
CMRI scans.16 Thus, although atrial enlargement and secondary structural defects may 
provide a substrate for AFib maintenance, their contribution to the occurrence of AFib 
in BrS remains unknown.

Importantly, while intra-atrial conduction slowing, as reflected by longer P-wave 
durations, may facilitate AFib maintenance, we did not find a higher prevalence 
of AFib in BrSSCN5A+ than in BrSSCN5A-,

7,8 suggesting that INa reduction may also play 
a protective role in the occurrence of AFib. Indeed, sodium channel blocking drugs 
are routinely used to prevent AFib, and electrophysiologic studies have revealed 
their ability to suppress atrial ectopic activity in patients with frequent episodes of 
paroxysmal AFib.11 Accordingly, we found that atrial ectopic beats occur less often in 
BrSSCN5A+ than in BrSSCN5A-, and that the occurrence of atrial ectopic beats in BrSSCN5A+ 
is inversely correlated with heart rate, with more ectopic beats at lower heart rates. 
Thus, atrial ectopic beats occur in a heart-rate-independent manner in BrSSCN5A-, 
while in BrSSCN5A+, although less prevalent, they occur particularly at lower heart rates. 
Taken together, these data support the hypothesis that INa reduction resulting from 
loss-of-function mutations in SCN5A decreases atrial excitability and suppresses atrial 
ectopic activity, but also suggest that alternative yet unrecognized mechanisms may be 
responsible for the occurrence of atrial ectopic beats in BrSSCN5A+ at lower heart rates. 
From our data, we cannot determine whether INa reduction due to an SCN5A mutation 
decreases excitability in the entire atria or particularly in the pulmonary vein region, a 
common source of atrial ectopic beats. It may be possible that INa reduction decreases 
the myocyte excitability more severely in excitable tissue within the pulmonary veins 
than in the rest of the atrium, or blocks the conduction of ectopic beats from the 
pulmonary veins to the rest of the atrium. However, conversely, INa increase due to 
gain-of-function mutations in SCN5A has been shown to increase the risk for AFib by 
increasing atrial excitability. Three SCN5A gain-of-function mutations were reported 
in different families, in which multiple members suffered from lone AFib or frequent 
atrial ectopic beats.17-19 Heterologous expression and cellular electrophysiologic 
studies demonstrated that these mutations induce gain-of-function by delaying the 
inactivation of cardiac sodium channels. Moreover, one mutation was shown to induce 
spontaneous action potential firing when expressed in atrial myocytes, corresponding 
with increased cellular excitability.19 Finally, we found lower baseline heart rates in 
BrSSCN5A+ than in BrSSCN5A-. This may result from sinus node dysfunction due to INa 
reduction, since INa has been shown to play a functional role in the human sinoatrial 
node,20 and SCN5A loss-of-function mutations have been linked to sinus bradycardia, 
atrial standstill, and sick sinus syndrome.21 Animal studies suggest that INa contributes 
to the gradual depolarization of pacemaker cells during action potential phase 4, which 
underlies cardiac automaticity. In particular, studies in heterozygous SCN5A knockout 
mice indicate that INa reduction may cause sinus node dysfunction by reducing cardiac 
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automaticity, and slowing or blocking conduction slowing action potentials from the 
sinoatrial node to the surrounding atrial muscle.22 According to these data, heart rate 
increase in both BrSSCN5A+ and BrSSCN5A- during sodium channel provocation test seems 
paradoxical. However, we speculate that this may result from increased sympathetic 
activity in patients during the provocation testing.

Conclusion
In summary, by analyzing ECGs and Holter recordings in a large cohort of BrS patients, 
we showed that BrSSCN5A+ patients have longer P-wave durations and fewer atrial ectopic 
beats than BrSSCN5A- patients. In addition, by analyzing CMRI scans we showed that 
atrial dimensions do not differ significantly between BrSSCN5A+ and BrSSCN5A-. Longer 
P-wave duration reflects intra-atrial conduction slowing, which may facilitate AFib 
maintenance, while reduced prevalence of atrial ectopic beats reflects decreased atrial 
excitability, which may inhibit AFib initiation. Therefore, our findings, together with 
previous clinical and experimental evidence, suggest that BrS-linked loss-of-function 
mutations in SCN5A provide a plausible substrate for AFib maintenance, but inhibit 
the trigger for AFib initiation. Accordingly, the prevalence of persistent AFib tended 
to be higher in BrSSCN5A+ than in BrSSCN5A-, supporting the hypothesis that BrS-linked 
SCN5A mutations may facilitate the maintenance of AFib.

Study limitations
First, although our data suggest that BrS-linked SCN5A mutations facilitate AFib 
maintenance but inhibit AFib initiation, it must be noted that this conclusion 
requires caution because of the relatively small number of patients with AFib and 
the lack of difference in prevalence of AFib between BrSSCN5A+ and BrSSCN5A-. Second, 
extensive electrophysiologic studies are required to study whether and to what extent 
facilitatory and inhibitory factors contribute to AFib occurrence in BrS patients. Third, 
it is important to note that we analyzed only the coding regions of SCN5A to detect 
mutations; therefore, the presence of mutations in the non-coding regions of SCN5A 
cannot be excluded. Fourth, BrS patients were not screened for mutations in other 
candidate genes that have anecdotally been linked to BrS and/or AFib, and that were 
experimentally found to reduce INa (e.g. SCN1B to SCN4B, encoding the β1 to β4 
subunit of the cardiac sodium channel).23,24 However, in this regard it is noteworthy that 
in an earlier genetic screening study in 38 BrSSCN5A- patients, also included in this study, 
we have excluded mutations in these candidate genes.25 This renders the presence of 
causal mutations in the candidate genes in our BrSSCN5A- patients less plausible. Finally, 
the functional effects on INa have not been studied for most SCN5A mutations that were 
found in our BrSSCN5A+ patients. However, since virtually all BrS-linked mutations in 
SCN5A, that have been functionally studied, lead to sodium INa loss-of-function,23 we 
have assumed that the mutations found here also cause INa reduction.
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