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Abstract
Background: Abnormal	P‐wave	morphology	(PWM)	has	been	associated	with	a	his‐
tory of atrial fibrillation (AF) in earlier studies. Although lone AF is believed to have 
substantial genetic basis, studies on associations between single nucleotide poly‐
morphisms	(SNP)	linked	to	lone	AF	and	PWM	have	not	been	reported.	We	aimed	to	
assess whether SNPs previously associated with lone AF (rs2200733, rs13376333, 
rs3807989,	and	rs11047543)	are	also	linked	to	P‐wave	abnormalities.
Methods: Four SNPs were studied in 176 unrelated individuals with early‐onset lone 
AF	(age	at	onset	<50	years),	median	age	38	years	(19–63	years),	149	men.	Using	sinus	
rhythm	ECG,	orthogonal	PWM	was	classified	as	Type	1—positive	 in	 leads	X	and	Y	
and	negative	in	lead	Z,	Type	2—positive	in	leads	X	and	Y	and	biphasic	(−/+)	in	lead	Z,	
Type	3—positive	in	lead	X	and	biphasic	in	lead	Y	(+/−),	and	the	remaining	as	atypical.
Results: Two SNPs were found to be significantly associated with altered P‐wave 
morphology distribution: rs3807989 near the gene CAV1/CAV2	 and	 rs11047543	
near the gene SOX5. Both SNPs were associated with a higher risk of non‐Type 1 P‐
wave	morphology	(rs3807989:	OR	=	4.8,	95%	CI	=	2.3–10.2,	p	<	0.001;	rs11047543:	
OR	=	4.7,	95%	CI	=	1.1–20.5,	p = 0.04). No association was observed for rs2200733 
and rs13376333.
Conclusion: In	this	study,	the	two	variants	rs3807989	and	rs11047543,	previously	
associated with PR interval and lone AF, were associated with altered P‐wave mor‐
phology distribution in patients with early‐onset lone AF. These findings suggest that 
common genetic variants may modify atrial conduction properties.
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1  | INTRODUC TION

Atrial fibrillation (AF) is the most common cardiac arrhythmia in 
the general population. The underlying pathophysiology is not 
fully understood, but is likely to be multifactorial, including cardio‐
vascular risk factors such as hypertension, valvular heart disease, 
and	ischemic	heart	disease.	However,	10%–20%	of	the	AF	popu‐
lation lack the traditional risk factors for AF and are considered 
having “lone AF” (Fuster et al., 2011). Lone AF with early onset 
has been suggested to be caused mainly by disturbances in ionic 
currents	with	a	substantial	genetic	basis	(Mahida,	Lubitz,	Rienstra,	
Milan,	&	Ellinor,	2011).

In	recent	years,	genome‐wide	association	studies	(GWAS)	have	
elucidated the genetic substrate underlying AF (Benjamin et al., 

2009;	 Ellinor	 et	 al.,	 2010,	 2012;	Gudbjartsson	 et	 al.,	 2007;	 Lubitz	
et al., 2014; Sinner et al., 2014). To date, at least six SNPs have been 
associated with lone AF in association studies (Chu et al., 2013; 
Olesen et al., 2011, 2012; Wirka et al., 2011; Zang et al., 2013), of 
which	2	was	specifically	associated	with	 lone	AF	 in	GWAS	(Ellinor	
et al., 2010). Although the role of common genetic variants is re‐
ceiving increasing attention, the precise electrophysiological mech‐
anisms by which these genetic loci lead to disease still remain 
unsolved.

Alterations in atrial action potential duration and atrioventricu‐
lar	conduction	are	believed	to	influence	the	AF	risk	(Olsson,	Cotoi,	&	
Varnauskas, 1971). Seven SNPs have been associated with both PR in‐
terval	and	AF	risk	in	GWAS	(Holm	et	al.,	2010;	Pfeufer	et	al.,	2010),	sug‐
gesting that several genotypes exert effects on atrial electrophysiology 

F I G U R E  1  Schematic	illustration	of	the	P‐wave	morphology	classification.	Type	1	is	characterized	by	a	right‐to‐left	(positive	signal	in	
Lead	X),	superior‐to‐inferior	(positive	signal	in	Lead	Y),	and	posterior‐to‐anterior	(negative	signal	in	Lead	Z)	activation.	Type	2	is	characterized	
by	a	positive	signal	in	Lead	X	and	Lead	Y	but	a	posterior‐to‐anterior‐to‐posterior	(biphasic	signal	in	Lead	Z).	Type	3	is	characterized	by	a	
positive	signal	in	Lead	X,	a	superior‐to‐inferior‐to‐superior	(biphasic	signal	in	Lead	Y),	and	a	biphasic	signal	in	Lead	Z,	reflecting	an	advanced	
interatrial	block.	The	remaining	P‐wave	morphologies	are	categorized	as	atypical	(Holmqvist	et	al.,	2007)
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which	 are	 translated	 to	 surface	 electrocardiograms	 (ECGs)	 and	 that	
these changes could be a part of the mechanism leading to AF. If the 
cause of lone AF is primarily “electrical” and not related to structural 
heart	disease,	one	may	hypothesize	that	the	underlying	common	ge‐
netic variants exert more evident alterations of atrial conductive prop‐
erties	that	can	be	obtained	from	ECGs	in	patients	with	lone	AF.

The orthogonal P‐wave morphology has in previous studies been 
used to explore the atrial conductive properties during sinus rhythm 
(SR). The P‐wave morphology reflects the duration of the atrial de‐
polarization	as	well	as	 its	three‐dimensional	propagation	(Figure	1)	
(Holmqvist	 et	 al.,	 2008;	 Platonov	 et	 al.,	 2011).	 Abnormal	 P‐wave	
morphologies, most often observed as a pronounced negative ter‐
minal phase of the P wave in the right precordial leads or biphasic P 
waves in the orthogonal lead Z, have been associated with increas‐
ing age, advanced cardiac disease, and a history of paroxysmal AF 
(Havmoller	et	al.,	2007;	Holmqvist	et	al.,	2009;	Platonov	et	al.,	2000).	
This abnormal morphology has even been observed in a population 
of lone AF, suggesting that these changes in atrial conductive prop‐
erties may be part of the mechanism leading to disease development 
(Holmqvist	et	al.,	2011).

The association between SNPs linked to lone AF and P‐wave 
morphology has not been explored before. In the present study, 
we aimed to assess whether four SNPs previously associated 
with lone AF (rs2200733 and rs13376333) (Ellinor et al., 2010; 
Olesen et al., 2012) or lone AF and PR interval (rs3807989 and 
rs11047543)	 (Olesen	 et	 al.,	 2012;	 Pfeufer	 et	 al.,	 2010)	were	 as‐
sociated with P‐wave abnormalities in patients with early‐onset 
lone AF.

2  | METHODS

2.1 | Study population

Unrelated	 individuals	with	early‐onset	 (<50	years	old	 at	diagnosis)	
lone paroxysmal AF (i.e., absence of clinical or echocardiographic 
findings of other cardiovascular diseases, hypertension, and meta‐
bolic or pulmonary disease) were included from two Scandinavian 
centers (Copenhagen, Denmark; Vestre Viken, Norway). Exclusion 
criteria were ongoing treatment with class I or class III antiarrhyth‐
mic drugs, and missing genotype data for one or more of the SNPs 
analyzed.

Written informed consent was obtained from all participants. 
The study was performed in accordance with Helsinki Declarations 
and was approved by the Scientific Ethics Committee of Copenhagen 
and Frederiksberg, and by the Regional Ethics Committee in Norway.

2.2 | Data acquisition and analysis

Digital	12‐lead	ECGs	of	10‐second	duration	were	 recorded	during	
SR	using	standard	clinical	equipment.	ECG	signals	were	exported	as	
xml files for processing. The PR‐interval and P‐wave duration were 
automatically	 measured	 using	 the	 Glasgow	 algorithm	 (Macfarlane	
et al., 1990), and the P‐wave duration contribution to the overall PR 
interval (P/PR ratio) was calculated. Details of the method used to 
obtain orthogonal P‐wave morphology have been published previ‐
ously	 (Carlson,	 2005;	 Holmqvist,	 Platonov,	 Havmoller,	 &	 Carlson,	
2007) and will be described briefly below.

Electrocardiograms were mathematically transformed into or‐
thogonal vectorcardiograms, using the pseudo‐inverse of the Dower 
transform	matrix	(Carlson	et	al.,	2005).	This	enables	separate	analy‐
sis	of	the	three	orthogonal	leads,	denoted	X,	Y,	and	Z.	To	reduce	low‐
frequency	artifacts	(“baseline	wander”),	and	powerline	interference,	
a	0.5‐Hz	high‐pass	filter	and	a	50‐Hz	notch	filter	were	applied.	QRS	
complexes	were	detected	automatically.	QRS	complexes	with	similar	
morphology were clustered together using a cross‐correlation coef‐
ficient of ρ > 0.9. Only the cluster with the largest number of com‐
plexes was used for further analysis in order to exclude artifacts and 
complexes of different morphologies, for example, ventricular beats. 
Signal	segments	of	250	ms	preceding	the	QRS	complexes	were	used	
to extract the P waves. The segments were shifted in time to achieve 
maximum correlation and were then sorted into different clusters 
based on a cross‐correlation coefficient of ρ > 0.9. The cluster with 
the largest number of P waves was signal‐averaged and used for fur‐
ther analysis. To extract P waves from the signal‐averaged segments, 
onset and end were defined manually. The morphologies of the P 
waves were classified as one of three predefined types based on the 
gross appearance of the three leads as “positive,” “negative,” or “bi‐
phasic” (either “positive/negative” or “negative/positive”; Figure 1). 
P waves that did not match any of the three types were denoted 
“atypical.”

2.3 | SNP genotyping

The	SNPs	analyzed	are	presented	 in	Table	1.	Detailed	description	
of the genotyping process has been described previously (Olesen 
et al., 2011). In brief, genomic DNA was extracted from whole 
blood,	using	 the	QIAamp	DNA	Blood	Mini	 and	Maxi	Kits	 (Qiagen,	
Hilden,	Germany).	Genotypes	were	determined	using	fluorescence‐
based	real‐time	polymerase	chain	reaction	(PCR)	(ABI	PRISM	7900	
Sequence	 Detection	 System;	 Applied	 Biosystems,	 Foster	 City,	
CA)	and	TaqMan	assay	 (Applied	Biosystems).	 In	order	 to	allow	 for	

SNPs Nearest gene Chromosome Risk allele RAF

rs2200733 PITX2 4 T 0.15

rs13376333 KCNN3 1 T 0.20

rs3807989 CAV1/CAV2 7 A 0.24

rs11047543 SOX5 12 A 0.07

Abbreviations:	RAF:	risk	allele	frequency;	SNPs:	single	nucleotide	polymorphisms.

TA B L E  1  List	of	analyzed	single	
nucleotide polymorphisms, nearest gene, 
chromosome number, risk allele, and risk 
allele	frequency
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discrimination between the allele compositions of each sample, an 
allelic discrimination run was performed.

2.4 | Statistical analysis

Tests	of	genetic	association,	allelic	odds	ratios	(OR),	and	effect	size	
(beta) were performed using logistic and linear regression in an addi‐
tive genetic model. All continuous variables are expressed as mean 
± one standard deviation unless stated otherwise. Comparison be‐
tween	dichotomized	groups	was	performed	using	the	chi‐square	test	
(categorical	 variables),	 and	Mann–Whitney	 test	 or	 Student's	 t test 
(continuous variables). Comparison of more than two groups was 
performed	using	Kruskal–Wallis	or	ANOVA.	Correction	for	multiple	
testing was performed by using the Bonferroni method. All statis‐
tical	 analyses	 were	 performed	 using	 IBM	 SPSS	 Statistics,	 version	
21.0.0 (SPSS). All tests were two‐sided, with a p‐value	<0.05	consid‐
ered statistically significant.

3  | RESULTS

3.1 | Study population and ECG analysis

Of	244	patients	with	onset	of	lone	AF	before	the	age	of	50,	seven	
patients were excluded due to the treatment with class I or class III 
antiarrhythmic drugs. In addition, 61 patients were excluded from 
the study due to missing genotype data for one or more of the SNPs 
analyzed.	 Thus,	 the	 study	 population	 comprised	 of	 176	 patients	
(median	age:	38,	85%	men).	The	clinical	characteristics	of	the	study	
population are presented in Table 2.

Type	1	P‐wave	morphology	was	observed	 in	29.5%,	Type	2	 in	
46%,	Type	3	in	1.7%,	and	atypical	P‐wave	morphology	in	22.7%	of	
the participants. The mean PR‐interval and P‐wave duration was 
160	±	26	ms	and	125	±	16	ms,	respectively.

Compared to the 176 patients included in the study, the 68 pa‐
tients excluded due to treatment with antiarrhythmic drugs or miss‐
ing genotype data had a higher heart rate at inclusion (63 ± 12 vs. 
59	±	11	b.p.m,	p = 0.012). No differences were observed with regard 
to age (at inclusion and onset of AF), gender, blood pressure, height, 
weight, medication (other than antiarrhythmic drugs), or P‐wave 
distribution.

3.2 | Genotype and ECG phenotype correlation

The genotyping and association results are presented in Tables 3 and 4.
Two SNPs were found to be significantly associated with altered 

P‐wave morphology: rs3807989 located near CAV1/CAV2 (p < 0.001) 
and	rs11047543	located	near	SOX5 (p = 0.01). When correcting for 
multiple testing with the Bonferroni method (α	=	0.05/4	=	0.0125),	
the SNP located near CAV1/CAV2 was still significantly associated 
with altered P‐wave morphology. Both SNPs were associated with 
a higher risk of non‐Type 1 P‐wave morphology, with ORs of 4.8 
(rs3807989)	and	4.7	(rs11047543).

rs3807989 was also found to be associated with PR‐interval and 
P‐wave duration. For each copy of the risk allele (A), the PR inter‐
val decreased with 16 ms and the P‐wave duration decreased with 
4.3	ms	(Tables	5	and	6).

No association was observed in regard to the remaining SNPs 
analyzed:	rs2200733	near	PITX2 and rs13376333 near KCNN3.

4  | DISCUSSION

4.1 | Main findings

We report an association between common genetic variants and 
P‐wave morphology, in an early‐onset lone AF population. In the 
present study, two genetic variants, rs3807989 (CAV1/CAV2) and 
rs11047543	(SOX5), previously associated with PR‐interval duration 
and AF, as well as lone AF, were found to be associated with an al‐
tered P‐wave morphology distribution similar to the one observed in 
patients with paroxysmal AF (Table 7).

4.2 | Atrial conductive properties in patients with 
early‐onset lone AF

4.2.1 | P‐wave morphology

The distribution of P‐wave morphologies was as expected in this 
relatively young population of lone AF without structural heart 
disease, that is, predominantly Type 2. As an unexpected finding, 

TA B L E  2   Clinical characteristics of the lone AF population

 Study population (n = 176)

Clinical characteristics

Age at inclusion (years) 38;	19–63

Age at AF debut (years) 33;	16–49

Gender,	male	(%) 85

Height (cm) 183 ± 9

Weight (kg) 89 ± 17

BMI	(kg/m2) 27	±	5

Measured	parameters

HR, b.p.m. 64 ± 12

BP, systolic (mmHg) 128 ± 16

BP, diastolic (mmHg) 77 ± 11

Medication	(%)

Beta‐blocker 12.0

Calcium blocker 2.8

Cardiac glycoside 1.1

Warfarin 5.1

Note:	Age	presented	as	median	and	IQR,	and	remaining	data	presented	
as mean ± standard deviation.
Abbreviations:	AF:	atrial	fibrillation;	BMI:	body	mass	index;	BP:	blood	
pressure;	HR:	heart	rate;	IQR:	interquartile	range.
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we	observed	a	rather	low	prevalence	(1.7%)	of	Type	3	P‐wave	mor‐
phology, reflecting advanced interatrial block and a high prevalence 
(23.9%)	of	atypical	P‐wave	morphology	(i.e.,	non‐Types	1–3).	Notably,	

86%	 (n = 36) of those with atypical P‐wave morphology exhibited 
the same pattern of positive signals in all the orthogonal leads; the 
atrial	 depolarization	 propagation	 characterized	 by	 right‐to‐left,	

TA B L E  3  Association	results	for	the	four	single	nucleotide	polymorphisms	analyzed	and	the	distribution	of	P‐wave	morphologies

SNP; nearby gene Genotype PWM Type 1, n (%) PWM Type 2, n (%)
PWM Type 3, 
n (%)

Atypical PWM, 
n (%) p‐Value

rs2200733; PITX2 TT 3 (100) 0 (0) 0 (0) 0 (0) 0.123

TC 12 (26) 20 (44) 2 (4) 12 (26)

CC 37 (29) 59	(47) 1 (1) 30 (24)

rs13376331; KCNN3 TT 0 (0) 0 (0) 0 (0) 0 (0) 0.333

TC 25	(35) 31 (43) 0 (0) 16 (22)

CC 27 (26) 48 (46) 3 (3) 26	(25)

rs3807989; CAV1/CAV2 AA 0 (0) 5	(39) 0 (0) 8 (62) <0.001* ,	<0.004** 

AG 9	(15) 34	(56) 0 (0) 18 (30)

GG 43 (42) 40 (39) 3 (3) 16 (16)

rs11047543;	SOX5 AA 0 (0) 1 (100) 0 (0) 0 (0) 0.01* ,	0.04** 

AG 2 (10) 9 (43) 0 (0) 10 (48)

GG 50	(33) 69	(45) 3 (2) 32 (21)

Abbreviations:	PWM,	P‐wave	morphology;	SNP,	single	nucleotide	polymorphism.
*p	<	0.05.
**Bonferroni adjustment, threshold p	<	0.0125.

TA B L E  4   Allelic odds ratios for P‐wave morphology Type 1 vs. Type 2 and P‐wave morphology Type 1 vs. non‐Type 1

SNP; nearby gene Allele

P‐wave morphology Type 1 vs. Type 2 P‐wave morphology Type 1 vs. non‐Type 1

p‐value OR for PWM Type 2 95% CI p‐value
OR for Non‐
Type 1 PWM 95% CI

rs2200733; PITX2 T 0.302 0.7 0.35–1.39 0.378 0.8 0.40–1.42

rs13376331; KCNN3 T 0.318 0.7 0.34–1.41 0.212 0.6 0.34–1.27

rs3807989; CAV1/CAV2 A <0.001*  4.4 1.98–9.95 <0.001*  4.8 2.25–10.17

rs11047543;	SOX5 A 0.104 3.5 0.77–15.86 0.04*  4.7 1.07–20.46

Abbreviations:	CI,	confidence	interval;	OR,	odds	ratio;	PWM,	P‐wave	morphology;	SNP,	single	nucleotide	polymorphism.
*p	<	0.05.

SNP; nearby gene Genotype PR interval (ms) p‐Value PWD (ms) p‐Value

rs2200733; PITX2 TT 145	±	26 0.557 120 ± 13 0.240

TC 162 ± 28 128 ± 17

CC 161	±	25 124	±	15

rs13376331; KCNN3 TT – 0.3 – 0.561

TC 163 ± 28 124 ± 16

CC 159	±	24 126	±	15

rs3807989; CAV1/CAV2 AA 149 ± 18 <0.001*  126 ± 9 0.004* 

AG 152	±	26 120 ± 17

GG 167	±	25 128 ± 14

rs11047543;	SOX5 AA 179 0.153 145 0.426

AG 151	±	27 124 ± 21

GG 162 ± 26 125	±	15

Abbreviations: PWD, P‐wave duration; SNP, single nucleotide polymorphism.
*p	<	0.05.

TA B L E  5   Association results for the 
four single nucleotide polymorphisms 
analyzed,	PR	interval,	and	P‐wave	
duration
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superior‐to‐inferior, and anterior‐to‐posterior course. Since electro‐
anatomical mapping for this pattern remains to be revealed, one can 
only speculate whether this atypical P‐wave morphology is caused 
by a different propagation route or an upward shift in the site of 
the	sinus	depolarization	wave	origin	similar	to	what	is	observed	dur‐
ing	exercise	or	heart	rate	increase	(Forfang	&	Erikssen,	1978;	Yokota	
et al., 1986).

4.2.2 | PR‐interval and P‐wave duration

In recent years, electrocardiographic PR‐interval prolongation has 
been identified as a risk factor for AF incidence independent of age, 
gender,	and	hypertension	(Cheng,	Lu,	Huang,	Zhang,	&	Gu,	2014).	It	
has also been revealed that not only PR prolongation but also PR‐in‐
terval shortening is associated with increased risk of AF (Alonso et al., 
2013; Nielsen et al., 2013). The association between PR‐interval vari‐
ation and risk of lone AF, specifically, has not yet been studied. Only 
few previous studies report PR‐interval data in lone AF populations 
and	with	contradictive	results	(Holmqvist	et	al.,	2011;	Nielsen	et	al.,	
2011).

4.3 | Genomic predictors of atrial 
conductive properties

4.3.1 | P‐wave morphology and PR interval

In a previous study on P‐wave morphology, comparing early‐onset 
lone AF patients with age‐ and gender‐matched individuals, the same 
pattern as seen in the present study, of non‐Type 1 P‐wave morphol‐
ogy	 in	patients	with	early‐onset	 lone	AF,	was	 revealed	 (Holmqvist	
et	al.,	2011).	Furthermore,	both	SNPs	analyzed	in	the	present	study	
have previously been associated with the risk of early‐onset lone AF 
(Olesen et al., 2012), supporting the hypothesis that these common 
genetic variants are modifiers of atrial activation, which may lead to 
early‐onset lone AF..

The SNP located near CAV1/CAV2 (rs3807989) was the only 
genetic locus found to be associated with PR interval in our rel‐
atively small study sample. In previous studies, the A allele of 
rs3807989 was associated with prolongation of the PR inter‐
val and decreased risk of AF (Butler et al., 2012; Holm et al., 
2010; Pfeufer et al., 2010). Unexpectedly, the same allele A was 

associated with a significantly shorter PR interval in our lone AF 
population. One explanation for the contradictory finding can 
be differences in comorbidities in the populations studied, that 
is,	 the	population	studied	 in	 the	AF	GWAS	by	Pfeufer	et	al.	 in‐
cluded comorbidity, whereas our study population involves indi‐
viduals with structurally normal hearts and without comorbidity. 
Another explanation may be the different genetic architecture 
of	 the	 populations	 studied.	 The	 frequency	 of	 the	 A	 allele	 of	
rs3807989 reported by Pfeufer and colleagues was 0.40 (Pfeufer 
et al., 2010), compared to 0.24 in our population. Finally, it is pos‐
sible that the association between rs3807989 and PR interval in 
our	study	is	spurious	due	to	the	rather	small	sample	size.

4.3.2 | CAV1/CAV2 and SOX5

The SNP rs3807989 is located near the genes CAV1 and CAV2, 
known	 to	encode	 the	protein	 caveolin‐1,	 required	 for	 caveola	 for‐
mation and maintenance within the plasma membrane. Caveolin‐1 is 
prominently expressed in endothelial cells in addition to atrial myo‐
cytes and is the predominant caveolin isoform in the cardiovascular 
system	 (Gratton,	 Bernatchez,	 &	 Sessa,	 2004;	 Volonte,	McTiernan,	
Drab,	 Kasper,	 &	 Galbiati,	 2008).	 Caveolae,	 the	 cholesterol‐	 and	
sphingolipid‐enriched invaginations of the plasma membrane 
(Palade,	1953),	are	increasingly	acknowledged	due	to	their	involve‐
ment in multiple cellular processes and signal transduction, capa‐
ble	of	both	signal	inhibition	and	enhancement	(Roth	&	Patel,	2011).	
Furthermore, caveolin‐1 seems to play a role in electrical signal 
transduction	due	to	its	co‐localization	with	connexin‐43	in	the	myo‐
cyte gap junctions, permitting action potential propagation (Barker, 
Price,	&	Gourdie,	2001).	Several	studies	have	implicated	caveolin‐1	
in the pathophysiology of a number of cardiovascular diseases. 
Overexpression of caveolin‐1 in the endothelial layer was found to 
accelerate	the	progression	of	atherosclerosis	(Fernandez‐Hernando,	
Yu,	Davalos,	 Prendergast,	&	Sessa,	 2010),	while	 caveolin‐1	 knock‐
out mice were found to be protected against atherosclerosis (Frank 
et al., 2004). Caveolin‐1‐deficient mice are noted to develop pulmo‐
nary hypertension and dilated cardiomyopathy (Zhao et al., 2002). 
It is possible that rs3807989, due to its location near CAV1, exerts 
effects on atrial conductive properties and lone AF, through mecha‐
nisms yet to be revealed. One could speculate that the association 
between rs3807989 and PR interval may be due to the expression 

TA B L E  6  Association	results	for	the	four	single	nucleotide	polymorphisms	analyzed,	PR	interval,	and	P‐wave	duration.	Effect	size	(beta)	
reported in ms per one copy of the minor allele

SNP; nearby gene Allele

PR interval P‐wave duration

Beta 95% CI p‐Value Beta 95% CI p‐Value

rs2200733; PITX2 T 0.7 −8.6	to	7.1 0.868 2.7 −2.0	to	7.4 0.205

rs13376331; KCNN3 T 4.1 −3.7	to	12.0 0.3 1.4 −6.1	to	3.3 0.561

rs3807989; CAV1/CAV2 A 12.0 −17.8	to	(−6.1) <0.001*  4.3 −7.9	to	(−0.7) 0.02* 

rs11047543;	SOX5 A 7.6 −18.4	to	3.3 0.172 1.2 −5.4	to	7.7 0.727

Abbreviations: CI: confidence interval; PWD: P‐wave duration; SNP: single nucleotide polymorphism.
*p	<	0.05.
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of caveolin‐1 in atrial myocytes and downstream effects on electri‐
cal signal transduction, leading to possible gain of function/loss of 
function of different ionic channels. Why the same risk allele is as‐
sociated	with	PR	prolongation	in	GWAS	and	PR‐interval	shortening	
in our population is difficult to say.

The	SNP	 rs11047543	 is	 located	near	 the	 gene	SOX5, known to 
encode a transcription factor expressed in various tissues, most pre‐
dominantly the heart, skeletal muscle, and liver (Ikeda et al., 2002). 
SOX5 plays important roles in regulating processes of embryonic 
development and cell fate determination (Smits et al., 2001). These 
developmental roles are achieved by modulating cell proliferation, sur‐
vival, differentiation, or terminal maturation in different cell lineages 
(Lefebvre, 2010). The major expression of SOX5 in skeletal muscle and 
heart tissue suggests potential roles in human myogenesis. In a previ‐
ous	study,	mice	homozygous	for	a	SOX6 mutation showed abnormal 
ultrastructure of skeletal and cardiac muscle, developing a widespread 
myopathy that affected both skeletal and cardiac myocytes (Hagiwara 
et al., 2000). Since SOX5 and SOX6 are co‐expressed and intimately 
interacting,	 it	has	been	hypothesized	that	SOX5 may exert an effect 
similar to that of SOX6 on human muscle development (Ikeda et al., 
2002). In line with this hypothesis, it has been shown that SOX5‐defi‐
cient	mice	die	from	heart	failure	(Smits	et	al.,	2001).	rs11047543	may	
affect the atrial conduction pattern by modifying interatrial muscular 
connections, due to the potential role of SOX5 in myogenesis.

The precise pathophysiological mechanism by which the two 
genetic	loci	represented	by	rs3807989	and	rs11047543	can	modify	
atrial electrical properties still remains to be clarified.

4.4 | Clinical application

The role of common genetic variants in lone AF pathophysiology is 
complex, but crucial for our understanding of interindividual suscep‐
tibility to disease. Further research in this important field may help 
us identify those at risk of AF at an early stage and ultimately pre‐
vent	the	development	of	the	arrhythmia	and	provide	individualized	
treatment	options	based	on	genotypic	information	and	ECG	markers	
aiming	at	personalized	medicine.

5  | LIMITATIONS

Compared	to	previous	GWAS,	the	sample	size	in	this	study	is	small.	
The risk of spurious associations is increased in a SNP association 
study	with	 limited	 sample	 size,	which	must	 be	 taken	 into	 account	
when interpreting the results from the present study. One can spec‐
ulate that this is the reason why two of the investigated SNPs did not 
show any significant association.

We were not able to collect additional information about lab‐
oratory values, which limits the interpretation of our results, since 
abnormal potassium, calcium, and magnesium values may have an 
impact on atrial conduction properties. Finally, the study partici‐
pants	were	all	of	Scandinavian	ancestry,	which	affects	the	generaliz‐
ability across ethnicities.TA
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6  | CONCLUSION

The two genetic variants, rs3807989 (CAV1/CAV2)	and	rs11047543	
(SOX5), were associated with abnormal atrial conduction proper‐
ties	 in	 this	 study.	 rs3807989	 and	 rs11047543	 have	 previously	
been associated with PR‐interval prolongation and lone AF, and 
our findings thus support the hypothesis that lone AF is primarily 
an “electrical” disease and takes us one step further in elucidating 
the biological link between common genetic variants and lone AF 
pathophysiology.
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