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Abstract 

Background and objectives: A prolonged QTc interval is associated with an increased risk of a stroke or atrial fibril‑
lation (AF). However, its direct causal relationship with AF associated a stroke has not been proven yet. To examine 
whether QTc interval is causally linked with risk of stroke in AF patients, we used the Mendelian randomization 
analysis.

Subjects and methods: Among 2742 patients (73.6% male; 58.2 ± 11.0 years old; 69.5% with paroxysmal AF) who 
underwent AF catheter ablation, we analyzed 1766 patients who had preablation sinus rhythm electrocardiograms 
off antiarrhythmic drugs after excluding amiodarone users. Among them, 1213 subjects had genome‑wide associa‑
tion study dataset analyzable for the Mendelian randomization. We explored the mechanistic relationships between 
QTc interval (ms) and the risk of a stroke by analyzing the Mendelian randomization (1213 subjects) after reviewing 35 
genetic polymorphisms associated with the QTc in 31 European descent studies.

Results: Among the patients in the higher quartile with a higher QTc,  CHA2DS2‑VASc score (p < 0.001), and age 
(p < 0.001), the proportions of a prior stroke (p < 0.001), females, heart failure, and persistent AF were significantly 
higher than in those in the lower quartile. The QTc was independently associated with the  CHA2DS2‑VASc score 
(β, 4.63E−5; 95% confidence interval, 3.57E−6–8.90E−5; p = 0.034) and ischemic strokes (odds ratio, 1.01; 95% 
confidence interval, 1.00–1.01; p = 0.027). However, there was no direct causal relationship between the QTc and 
 CHA2DS2‑VASc score or a prior stroke in either the one‑sample or two‑sample Mendelian randomizations.

Conclusion: The QTc was independently associated with the  CHA2DS2‑VASc score and strokes among the patients 
with AF who underwent catheter ablation, despite no genetically direct causal relationship.
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Introduction
The QT interval represents the time duration between 
ventricular depolarization and repolarization, and a pro-
longed QT interval is known to be associated with car-
diovascular death, sudden death, and all-cause death in 
the general population [1, 2]. The QT interval reflects 
conduction abnormalities, electrolyte imbalances, or 
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drug sensitivity related to ventricular repolarization. Ath-
erosclerosis Risk in Communities (ARIC) studies have 
shown that a prolonged corrected QT (QTc) interval is 
associated with an increased risk of atrial fibrillation (AF) 
in the general population [3]. Hoshino et al. [4] reported 
that a prolonged QTc interval predicts poststroke par-
oxysmal AF. However, it is not clear whether the QTc 
is related to the risk or events of ischemic strokes in 
patients with AF.

AF is known to be a major underlying cause of car-
dioembolic strokes, and 20–25% of cases of ischemic 
strokes are associated with AF [5]. In patients with non-
valvular AF, heart failure, hypertension, old age, diabetes, 
vascular disease, and a female sex all play some role as 
risk factors for ischemic strokes, and the  CHA2DS2-VASc 
score incorporating these factors has been used to assess 
the risk of a stroke [6]. Accordingly, we hypothesized that 
the QTc, a simple electrocardiographic (ECG) param-
eter, would exhibit a significant association with the 
 CHA2DS2-VASc score and ischemic strokes in patients 
with nonvalvular AF. To test this hypothesis, we ana-
lyzed and compared the QTc indices to the clinical or 
prognostic factors and described the intracardiac elec-
trophysiologic parameters in patients who had under-
gone AF catheter ablation (AFCA). We also attempted to 
document the mechanistic causal relationship between 
the QTc and risk or event of a stroke in patients with AF 
using the Mendelian randomization at the genetic level 
[7].

Subjects and methods
Study population
The study protocol adhered to the Declaration of Hel-
sinki and was approved by the Institutional Review Board 
of the Yonsei University Health System. All patients 
provided written informed consent for inclusion in the 
Yonsei AF Ablation Cohort Database (Clinical trials.
gov NCT 02138695). The Institutional Review Board 
of Yonsei University approved this study protocol (IRB 
approval number 4-2010-0058). This study included 2742 
consecutive patients with AF (73.6% males; mean age 
58.2 ± 11.0  years old) who underwent AFCA. After the 
exclusion of 647 patients who had taken amiodarone and 
58 patients who did not have an analyzable sinus rhythm 
ECG, 1766 patients with preprocedural sinus rhythm 
ECGs without any antiarrhythmic effects were included 
in this study (Additional file 1: Fig. S1). Among the final 
patient population, 78.0% had paroxysmal AF (PAF) and 
22.0% persistent AF (PeAF). There was a patient who 
experienced an aborted sudden cardiac arrest due to 
long QT syndrome. All antiarrhythmic drugs were dis-
continued for a period corresponding to at least five half-
lives. Anticoagulation therapy was maintained before the 

catheter ablation. A prior stroke event was defined as an 
ischemic stroke, and its diagnosis was based on a brain 
imaging study in each patient.

Electrocardiographic measurement of the QTc interval
We analyzed the standard 12-lead ECGs in all patients 
(GE Healthcare, Marquette, MAC5500, Waukesha, WI). 
The paper speed was 25  mm/s, and the calibration was 
10  mm/mV. The heart rate, PR interval, QRS, QTc, and 
P-axis were automatically measured by the ECG system. 
We used a single preprocedural ECG when sinus rhythm 
was maintained before the procedure in each patient 
without the effects of antiarrhythmic drugs for the analy-
sis. The Bazett formula was used to calculate the QTc 
interval. As it is well known that there are sex differences 
in the QTc interval, a prolongation of the corrected QT 
interval was defined as ≥ 460 ms in women and ≥ 450 ms 
in men, as previously described [8, 9].

Echocardiographic evaluation of the heart
All patients underwent transthoracic echocardiogra-
phy (Sonos 5500, Philips Medical System, Andover, 
MA, USA, or Vivid 7, GE Vingmed Ultrasound, Horten, 
Norway) prior to the AFCA. The chamber size, trans-
mitral Doppler flow velocity, and ratio of the early dias-
tolic peak mitral inflow velocity and early diastolic mitral 
annular velocity (E/Em) were acquired according to the 
American Society of Echocardiography guidelines [10]. 
Transesophageal echocardiography or intracardiac echo-
cardiography was performed to exclude any intra-cardiac 
thrombi. The emptying velocity of the left atrial (LA) 
appendage was measured in all patients.

Electroanatomical mapping and LA computed 
tomographic measurement
Three-dimensional spiral computerized tomogra-
phy (CT) scans (64-Channel, Light-Speed Volume CT, 
Philips, Brilliance 63, Amsterdam, Netherlands) were 
performed to visually define the pulmonary vein anat-
omy. The three-dimensional spiral CT images of the 
LA were analyzed on an imaging processing worksta-
tion (Aquarius, TeraRecon Inc., Foster city, CA, USA). 
A three-dimensional electroanatomical map (NavX, St. 
Jude Medical Inc., Minnetonka, MN, USA) was gener-
ated using a circular pulmonary vein mapping catheter 
(Lasso; Biosense-Webster Inc., Diamond Bar, CA, USA). 
NavX system-generated three-dimensional geometries of 
the LA and pulmonary vein were merged with the cor-
responding three-dimensional spiral CT images. We 
generated LA voltage maps by obtaining contact bipolar 
electrograms from over 500 points on the LA endocar-
dium during atrial pacing at 500  ms and calculated the 
mean LA voltage as previously described [11, 12].
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One‑sample Mendelian randomization
Among the 1766 included patients, the genome-wide 
association study (GWAS) results were available in 1213 
patients who provided informed consent for a genetic 
study. Genomic DNA was extracted from peripheral 
blood samples using QuickGene DNA whole blood 
kits with QuickGene-Mini80 (KURABO, Osaka, Japan) 
and was analyzed using the Axiom Precision Medi-
cine Research Array (PMRA, Thermo Fisher Scientific, 
Waltham, MA, USA). After quality control, 403402 geno-
typed SNPs were available for a Mendelian randomiza-
tion (Additional file 1: Fig. S2). No genomic inflation was 
detected (λGC = 1.002) after analyzing the QTc interval 
phenotype as a continuous variable. To identify a causal 
association between the QTc interval and strokes using 
the Mendelian randomization, we examined 35 inde-
pendent SNPs of known QTc interval variants [13]. Of 
those SNPs, 29 SNPs were available, including two proxy 
SNPs (r2 > 0.8 in Asian sample from 1000 genomes Phase 
I).

Two‑sample Mendelian randomization in European 
populations
We obtained publicly available summary statistics data-
sets from the MRBase database (http://app.mrbas e.org/) 
to perform a two-sample Mendelian randomization. 
As exposure data, we selected known QT interval data 
(unit increase) for up to 100,000 individuals [13] from 
the NHGRI-EBI GWAS catalog (https ://www.ebi.ac.uk/
gwas/). As outcome data, we used The International 
Stroke Genetics Consortium data, which consisted of 
1859 cases with cardioembolic strokes and 19,326 con-
trols [14].

For the two-sample Mendelian randomization analysis, 
we performed a clumping test to estimate the linkage dis-
equilibrium between the instruments using data for 1000 
genomes, because it is important to use independent 
genetic instruments for the exposure. After finishing the 
linkage disequilibrium clumping, we were able to use 24 
independent SNPs related to the QT interval at genome-
wide significance levels (p < 5 × 10−8). We used summary 
statistics (beta coefficients and standard errors) for the 
24 SNPs associated with the QTc interval levels from the 
QTc interval dataset (exposure). Also, we obtained the 
summary data (beta and standard errors) for the 24 SNPs 
from the cardioembolic stroke (outcome) dataset.

Statistical analysis
Normally distributed continuous variables are described 
as means ± standard deviations. Intergroup compari-
sons for continuous variables were performed with the 
nonparametric Mann–Whitney U test or paired t test, 

as appropriate. The Chi-square test was used to assess 
the statistical significance of comparisons of categorical 
variables. Univariate and multivariate linear regression 
analyses were performed to identify the independent 
predictive value of QTc interval for the  CHA2DS2-VASc 
score. Afterward, univariate and multivariate logistic 
regression analyses were performed to evaluate asso-
ciations between the QTc interval and strokes. Variables 
that were associated with the QTc in the univariate analy-
ses were included in the multivariate regression models. 
Missing values were excluded from the analyses, and a 
p value < 0.05 was considered statistically significant. To 
assess the associations of genetic variants with the QTc 
interval, we performed a linear regression. The F-statis-
tics were used to determine the instrumental strength in 
the first stage. The causal effect between the QTc inter-
val and strokes was quantified by a two-stage estimator 
approach. The Mendelian randomization analysis was 
performed with three models: (1) unadjusted model, (2) 
adjustment for the age and sex, and (3) adjustment for 
the age, heart failure, diabetes, hypertension, vascular 
disease, and a female sex. To use the weighted genetic 
risk score (wGRS) as an instrumental variable, we con-
structed a wGRS using four selected SNPs that were 
shown to be associated with the QTc interval. The wGRS 
was calculated as the sum of the risk alleles multiplied 
by the estimated β coefficient (effect size) for each SNP. 
For the two-sample Mendelian randomization analysis, 
we used the MRBase database (http://app.mrbas e.org/). 
To estimate the causal effect of the QTc interval (unit 
increase) on cardioembolic strokes, we performed the 
two-sample Mendelian randomization using inverse vari-
ance weighted (IVW), weighted median, and MR-Egger 
methods. All analyses were performed using  IBM®  SPSS® 
Statistics 21  (IBM®-Armonk, NY, USA), R version 3.5.1 
(R Foundation for Statistical Computing, Vienna, Aus-
tria), and Stata/SE 15.1 (StataCorp, TX, USA) software.

Results
Clinical characteristics of AF patients with a prolonged QTc
Table 1 summarizes the baseline clinical characteristics of 
the study individuals and compares the patients accord-
ing to a quartile analysis of the QTc interval. Among 
the patients in the higher quartile of the QTc interval, 
the age (p < 0.001), proportion of females (p < 0.001), 
persistent AF (p < 0.001), a prior stroke (p < 0.001), the 
 CHA2DS2-VASc score (p < 0.001), and the presence of 
other associated cardiovascular comorbidities were sig-
nificantly higher than those in the lower quartile of the 
QTc. In the ECG analysis, the patients with a QTc in the 
higher quartile had a higher ventricular rate (p < 0.001), 
longer PR interval (p < 0.001), and longer QRS duration 
(p < 0.001) than their counterparts (Table  1). The LA 
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dimension (p < 0.001) and E/Em (p < 0.001) were higher 
and left ventricular ejection fraction (p = 0.001) and LA 
voltage (p < 0.001) significantly lower in the high quartile 
QTc group than low quartile group (Table 1). When we 
compared the patients with a prolonged QTc to those 
without according to the gender-specific criteria for 
the QTc, the results were consistent (Additional file  1: 
Table S1).

Additional file  1: Figure S3 shows representa-
tive examples of more advanced electroanatomical 

remodeling of the LA (greater LA volume index and 
lower LA endocardial voltage) in patients with a pro-
longed QTc. The QTc interval was significantly longer 
in the patients with heart failure, hypertension, an 
age ≥ 65, a prior stroke, or a female sex (all p < 0.001) 
than in those without (Fig.  1a). Figure  1b and c show 
the QTc distributions and its association with a prior 
stroke/transient ischemic attack (TIA) in patients with 
AF.

Table 1 Baseline characteristics depending on the QTc interval

ACEI/ARB, angiotensin-converting enzyme inhibitors/angiotensin-receptor blockers; BMI, body mass index; CHF, congestive heart failure; DM, diabetes mellitus; ECG, 
electrocardiogram; E/Em, ratio of early diastolic transmitral flow velocity and mitral annular velocity; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin 
A1C; HTN, hypertension; LA, left atrial; LV EF, left ventricular ejection fraction; LVMI, left ventricular mass index; PAF, paroxysmal atrial fibrillation; TIA, transient ischemic 
attack

All Quartile 1 Quartile 2 Quartile 3 Quartile 4 p value
(N = 1766) (N = 450) (N = 433) (N = 441) (N = 442)

QTc interval (ms) 431.8 ± 29.1 397.0 ± 13.3 421.8 ± 5.3 439.6 ± 5.4 469.4 ± 18.6 < 0.001

Age (years) 57.8 ± 11.3 54.9 ± 11.6 57.3 ± 10.5 58.7 ± 10.8 60.5 ± 11.5 < 0.001

Male (n, %) 1260 (71.3%) 386 (85.8%) 329 (76.0%) 295 (66.9%) 250 (56.6%) < 0.001

PAF (n, %) 1378 (78.0%) 388 (86.2%) 349 (80.6%) 337 (76.4%) 304 (68.8%) < 0.001

BMI (kg/m2) 24.8 ± 3.0 24.7 ± 3.1 24.8 ± 3.0 24.8 ± 2.8 25.0 ± 3.2 0.762

CHA2DS2‑VASc score 1.6 ± 1.5 1.1 ± 1.3 1.4 ± 1.3 1.7 ± 1.5 2.2 ± 1.7 < 0.001

CHF (n, %) 93 (5.3%) 13 (2.9%) 9 (2.1%) 25 (5.7%) 46 (10.4%) < 0.001

HTN (n, %) 791 (44.8%) 166 (36.9%) 182 (42.0%) 209 (47.4%) 234 (52.9%) < 0.001

DM (n, %) 242 (13.7%) 50 (11.1%) 48 (11.1%) 71 (16.1%) 73 (16.5%) 0.017

Stroke (n, %) 171 (9.7%) 29 (6.4%) 37 (8.5%) 42 (9.5%) 63 (14.3%) < 0.001

TIA (n, %) 29 (1.6%) 9 (2.0%) 6 (1.4%) 10 (2.3%) 4 (0.9%) 0.378

Vascular disease (n, %) 167 (9.5%) 38 (8.4%) 40 (9.2%) 36 (8.2%) 53 (12.0%) 0.192

Coronary artery disease (n, %) 186 (10.5%) 36 (8.0%) 40 (9.2%) 41 (9.3%) 69 (15.6%) < 0.001

eGFR (ml/min/1.73 m2) 81.8 ± 15.4 83.9 ± 13.2 83.1 ± 13.6 81.5 ± 14.5 78.5 ± 19.2 < 0.001

HbA1c (%) 6.4 ± 0.9 6.4 ± 0.9 6.3 ± 0.9 6.5 ± 1.1 6.4 ± 0.8 0.429

ECG parameters

Ventricular rate (bpm) 61.3 ± 9.8 56.9 ± 8.6 60.6 ± 8.8 62.6 ± 9.4 65.2 ± 10.5 < 0.001

PR interval (ms) 181.9 ± 29.9 176.6 ± 26.0 181.8 ± 28.5 181.9 ± 31.5 187.4 ± 32.4 < 0.001

QRS duration (ms) 99.4 ± 15.2 97.0 ± 11.4 98.7 ± 12.3 98.2 ± 13.8 103.8 ± 20.5 < 0.001

Echocardiographic parameters

LA dimension (mm) 40.3 ± 5.9 39.1 ± 5.8 40.2 ± 5.9 40.5 ± 6.0 41.5 ± 5.6 < 0.001

LA volume index (ml/m2) 34.7 ± 12.2 31.6 ± 11.2 34.2 ± 11.2 35.3 ± 12.4 37.7 ± 13.2 < 0.001

LV EF (%) 64.2 ± 7.1 64.2 ± 6.4 65.3 ± 6.5 64.1 ± 7.9 63.4 ± 7.4 0.001

E/Em 9.9 ± 3.9 8.8 ± 3.4 9.7 ± 3.5 10.0 ± 3.8 11.3 ± 4.6 < 0.001

LVMI (g/m2) 91.6 ± 19.7 89.8 ± 17.6 91.2 ± 18.2 91.9 ± 20.8 93.6 ± 21.9 0.061

3D-CT

LA volume (ml) 141.2 ± 47.3 132.4 ± 42.3 138.6 ± 48.2 145.5 ± 49.5 148.6 ± 47.3 < 0.001

LA volume index (ml/m2) 78.3 ± 28.0 71.5 ± 24.6 76.1 ± 28.0 81.0 ± 29.0 84.6 ± 28.7 < 0.001

NavX LA voltage (mV) 1.3 ± 0.6 1.4 ± 0.6 1.3 ± 0.6 1.3 ± 0.6 1.2 ± 0.6 < 0.001

Medications

ACEI/ARB (%) 545 (30.9%) 113 (25.1%) 113 (26.2%) 140 (31.8%) 179 (40.6%) < 0.001

Beta‑blocker (%) 587 (33.3%) 145 (32.2%) 141 (32.7%) 150 (34.1%) 151 (34.2%) 0.896

Statin (%) 465 (35.0%) 104 (23.1%) 113 (26.2%) 117 (26.6%) 131 (29.7%) 0.172
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The QTc is associated with the  CHA2DS2‑VASc score 
and a prior stroke
The QTc interval was significantly longer in the group 
with a  CHA2DS2-VASc score ≥ 2 (438.8 ± 29.6  ms) 
than in those with a score of 0 or 1 (429.5 ± 28.4  ms; 
p < 0.001; Mann–Whitney U test), and the proportion of 
patients with a prolonged QTc was significantly higher 
in the patients with a  CHA2DS2-VASc score ≥ 2 (27.1%, 
209/770) than in those with a score of 0 or 1 (17.6%, 
175/996, p < 0.001; Chi-square test). In a multivariate 
linear regression analysis, the QTc (β, 4.63E−5; 95% CI, 
3.57E−6–8.90E−5; p = 0.034) was independently asso-
ciated with the  CHA2DS2-VASc score (Table  2). In a 
multivariate logistic regression analysis, the QTc (OR, 

1.007; 95% CI, 1.001–1.013; p = 0.027) was indepen-
dently associated with a prior stroke (Table 3).

Evaluation of the causal effects by a one‑sample 
Mendelian randomization
Among the 35 SNPs known to be associated with 
the QTc, four SNPs, including RNF207 (rs846111), 
NOS1AP (rs12143842), SP3 (rs938291), and CNOT1 
(rs246196), were associated with the QTc interval 
(p < 0.05, Fig.  2a, left panel). However, they were not 
associated with a stroke or transient ischemic attack 
(p > 0.05, Fig.  2a, right panel). Next, we examined the 
four selected SNPs, including the highly associated SNP 

a b

c

Fig. 1 a Comparison of the QTc intervals with respect to the clinical risk factors of the  CHA2DS2‑VASc score was expressed as bar graphs. Vascular 
disease includes prior a myocardial infarction, peripheral artery disease, and aortic plaque. b, c Observational association between the QTc interval 
and a stroke/TIA. b Association of the QTc interval according to that with or without a stroke/TIA. c Association of a stroke/TIA based on the quartile 
value of the QTc interval (ms)
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rs12143842 located near NOS1AP, and their wGRS by 
a two-stage estimator method. The F-statistics of the 
top SNP rs12143842 (F-statistics = 22.19) and wGRS 
(F-statistics = 25.17) in the first-stage regression were 
indicated to have enough strength as to be used as 
instrumental variables after adjusting for the age, heart 
failure, diabetes, hypertension, vascular disease, and a 
female sex (Additional file 1: Table S2). However, in the 
two-stage regression, the results of the Mendelian ran-
domization analysis were not significant for any instru-
mental variable (OR, 0.99; 95% CI, 0.92–1.06; p = 0.729 

in rs12143842; OR, 1.00; 95% CI, 0.96–1.04; p = 0.988 
in wGRS, Fig. 2b).

Two‑sample Mendelian randomization in the European 
population
To obtain supportive evidence of an independent asso-
ciation between the QT interval and cardioembolic 
strokes in European populations, we performed a two-
sample Mendelian randomization using the MRBase 
database. The IVW method did not reveal any evi-
dence of a causal relationship (OR estimate, 0.996; 95% 
CI, 0.98–1.01; p = 0.555) between the QT interval and 

Table 2 Univariate and multivariate linear regression analyses for the parameters predicting  CHA2DS2-VASc score

β, regression coefficient; BMI, body mass index; CHF, congestive heart failure; CI, confidence interval; DM, diabetes mellitus; HTN, hypertension; LA, left atrial; PAF, 
paroxysmal atrial fibrillation; TIA, transient ischemic attack

Univariate Multivariate

β 95% CI p value β 95% CI p value

Age 0.081 0.076–0.086 < 0.001 − 6.43E−5 − 2.21E−4–9.28E−5 0.422

CHF 1.442 1.133–1.752 < 0.001 0.998 0.993–1.003 < 0.001

HTN 1.698 1.579–1.816 < 0.001 1.001 0.998–1.003 < 0.001

DM 1.942 1.757–2.126 < 0.001 0.998 0.995–1.002 < 0.001

Age ≥ 75 years 1.519 1.382–1.657 < 0.001 1.000 0.997–1.003 < 0.001

Age 65–74 years 1.546 1.398–1.695 < 0.001 1.003 0.999–1.006 < 0.001

Prior stroke/TIA 1.354 1.262–1.447 < 0.001 0.999 0.998–1.001 < 0.001

Vascular disease 1.988 1.764–2.211 < 0.001 1.006 1.002–1.010 < 0.001

Female sex 1.289 1.144–1.433 < 0.001 0.999 0.996–1.001 < 0.001

PAF − 0.253 − 0.424 to − 0.083 0.004 − 0.002 − 0.005–0.001 0.136

BMI 1.94E−4 − 0.001–0.002 0.803

LA dimension 0.049 0.043–0.055 < 0.001 3.22E−5 − 1.79E−4–2.44E−4 0.765

PR interval 0.004 0.001–0.006 0.002 − 1.13E−5 − 5.08E−5–2.83E−5 0.576

QRS − 0.009 − 0.013 to − 0.004 < 0.001 − 8.84E−6 −8.91E−5–7.14E−5 0.829

QTc interval 0.014 0.012–0.015 < 0.001 4.63E−5 3.57E−6–8.90E−5 0.034

Table 3 Multivariate logistic regression analyses for the noninvasive parameters associated with a stroke

CI, confidence interval; E/Em, ratio of the early diastolic transmitral flow velocity and mitral annular velocity; OR, odds ratio

Univariate Multivariate

OR 95% CI p value OR 95% CI p value

QTc interval 1.012 1.007–1.018 < 0.001 1.007 1.001–1.013 0.027

Heart failure 1.411 0.753–2.643 0.283

Hypertension 1.573 1.145–2.160 0.005 0.775 0.533–1.128 0.775

Age 1.057 1.040–1.074 < 0.001 1.049 1.029–1.069 < 0.001

Diabetes 3.020 2.102–4.338 < 0.001 2.117 1.410–3.177 < 0.001

Vascular disease 2.156 1.394–3.334 0.001 1.183 0.721–1.942 0.506

Female sex 1.326 0.949–1.854 0.098 0.898 0.601–1.342 0.601

LA dimension 1.054 1.027–1.083 < 0.001 1.033 1.000–1.067 0.050

E/Em 1.109 1.072–1.148 < 0.001 1.046 1.002–1.091 0.039
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strokes using 24 independent instrumental variables 
(Additional file  1: Table  S3). The MR-Egger regression 
method also did not support a causal relationship (OR 
estimate, 0.996; 95% CI, 0.97–1.02; p = 0.726) without 
bias from directional pleiotropy (intercept = − 0.001; 
SE = 0.013; directionality p = 0.929), nor did the 

weighted median method (OR estimate, 0.996; 95% CI, 
0.98–1.01; p = 0.694) (Table  4, Additional file  1: Fig. 
S4). To test the heterogeneity between the instrumental 
variable estimates for individual SNPs, we performed a 
Cochran’s Q test. The results of the heterogeneity test 
for IVW and MR-Egger were a p > 0.05 (Table 4).

a

b

Fig. 2 The causal association of the QTc interval on a stroke/TIA. a Association of four genetic variants and the weighted genetic risk score (wGRS) 
with the QTc interval (exposure) and a stroke/TIA (outcome). b The results of the one‑sample Mendelian randomization in the top SNP rs12143842 
(NOS1AP at 1q23.3) and wGRS for the 4 SNPs

Table 4 Two-sample Mendelian randomization estimates of the causal effect of QT interval on cardioembolic stroke

CI, confidence interval; MR, Mendelian randomization; NA, not available; OR, odds ratio; SNP, single nucleotide polymorphism

Method Number of SNP OR estimate 95% CI p value Cochran Q 
statistic

Heterogeneity 
p value

MR‑Egger 24 0.996 0.97–1.02 0.726 13.91 0.905

Inverse variance weighted 24 0.996 0.98–1.01 0.555 13.92 0.929

Weighted median 24 0.996 0.98–1.01 0.694 NA NA
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Discussion
In this retrospective analyses of single-center prospective 
registry study, we systematically analyzed the clinical and 
genetic characteristics of the patients with AF according 
to the QTc. In this study, we found that a prolonged QTc 
was independently associated with the  CHA2DS2-VASc 
score and prior stroke events. However, there was no 
genetic causal relationship between the QTc and AF-
associated ischemic strokes in either the one-sample or 
two-sample Mendelian randomization. To the best of our 
knowledge, this might be the first study to describe an 
indirect relationship between the QTc interval and AF-
associated ischemic strokes through clinical and genetic 
analyses.

A prolonged QTc as a risk factor for a stroke in AF
The QTc is dependent on the ventricular depolarization 
and repolarization times. Research has established that a 
QTc prolongation is a predictor of a stroke in the general 
population [8, 15]. The QTc interval is also associated 
with diabetes [16], obesity [17], and subclinical athero-
sclerosis [18] and can be used to predict atherosclerotic 
vascular events, including strokes [8]. Although there are 
several reports on the associations between a prolonged 
QTc and the prevalence of AF or poststroke subclinical 
paroxysmal AF [3, 4, 19], its direct relationship in patients 
with AF and a prior stroke has never been reported. In 
this study, we showed that the QTc was independently 
associated with both the  CHA2DS2-VASc score and a 
prior stroke among patients who underwent AFCA. 
However, we still could not exclude the risk of a potential 
noncardioembolic stroke, because the risks of both cardi-
oembolic and noncardioembolic strokes increase simul-
taneously as the  CHA2DS2-VASc score increases [20].

Mechanistic linkage between a prolonged QTc and higher 
AF burden
The QTc interval is known to be affected by cardiovas-
cular conditions, such as aging, high blood pressure, 
metabolic disorders, ischemic heart disease, or cerebro-
vascular disease [21, 22]. There are several potential 
explanations for the relationship between a prolonged 
QTc and the AF burden. First, a prolongation of the QT 
interval is known to be present in heart failure and ven-
tricular hypertrophy [23]. Under the condition of heart 
failure, a chronic volume or pressure overload increases 
the LA pressure, which facilitates AF [24]. Second, a 
higher AF burden may lead to deterioration of the ven-
tricular function and QTc prolongation [25]. In addition, 
neuro-hormonal effects in heart failure also can affect 
the QT interval [26]. Third, a QTc prolongation itself 
can mediate susceptibility to AF as a purely electrical 

problem, as suggested by “atrial torsades de pointes [19].” 
Genome-wide linkage studies of one family have identi-
fied a genetic locus associated with neonatal AF with 
variable cardiomyopathy and sudden death [27]. These 
findings indicate that a prolonged QTc is related to heart 
failure and AF, both of which are major risk factors for 
cardioembolic and noncardioembolic strokes.

Mendelian randomization
Although we found statistically significant associa-
tions for the QTc prolongation with a prior stroke and 
 CHA2DS2-VASc score in patients with AF, there was 
no genetic evidence for the causal effect between the 
QTc and strokes upon a Mendelian randomization. This 
method uses measured variations in the genes of known 
function to examine the causal effect of a modifiable 
exposure on a disease in observational studies [28, 29]. 
These findings suggest that the QTc interval is closely 
related to strokes in patients with AF, but is affected by 
multiple confounding factors without a direct causal rela-
tionship. Although our sample size was relatively small, it 
had statistically enough instrumental strength in the first 
stage to detect a causal association by the Mendelian ran-
domization. Generally, the instrumental variables with 
F-statistics less than 10 are often labeled as weak instru-
ments [7].

In addition, to provide supportive evidence of these 
findings, we used a two-sample Mendelian randomiza-
tion analysis between the QTc interval and cardioem-
bolic strokes using previously published summary data 
in European populations [13, 14]. We found consistently 
negative findings by the two-sample Mendelian rand-
omization in the IVW, weighted median, and MR-Egger 
methods.

Limitations
This study was an observational study from a cohort reg-
istry that included a highly selective group of patients 
who were referred for AFCA. Therefore, the results of 
this study cannot be generalized to the overall AF popu-
lation. We excluded 305 patients who did not show sinus 
rhythm ECG after stopping antiarrhythmic drugs or 
amiodarone users. Also, we only analyzed a single ECG 
before each procedure. It would be most ideal if prospec-
tive studies are able to show whether the incidence of 
actual stroke increases in AF patients with a prolonged 
QTc. In this point of view, multiple ECGs or Holter mon-
itoring might be of help to compensate for variations and 
to obtain more significant analyses. We conducted this 
study based on the previously published summary data 
in European descent those cannot be generalized to the 
overall AF genetics.
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Conclusion
In this study, a prolonged QTc was independently asso-
ciated with the  CHA2DS2-VASc score and prior stroke 
events. However, there was no genetic causal relation-
ship between the QTc and AF-associated ischemic 
strokes in either the one-sample or two-sample Mende-
lian randomization.
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