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Leveraging a Genetic Proxy to Investigate  
the Effects of Lifelong Cardiac Sodium  
Channel Blockade
Julian S. Wanner , MSc; Maren Krafft, MSc; Teemu Niiranen, MD, PhD; Dominic S. Zimmerman, MSc; Patrick T. Ellinor , MD, PhD; 
Girish Nadkarni , MD, MPH; Sean J. Jurgens , MD, MSc, PhD; Joel Rämö , MD, PhD; Henrike O. Heyne , MD

BACKGROUND: Atrial fibrillation and other cardiac arrhythmias pose a major public health burden, but prevention remains 
difficult. We investigated a genetic variant that we found to act like a natural lifelong cardiac sodium channel blockade.

METHODS: We studied the impact of the Finnish-enriched SCN5A missense variant (rs45620037 [T220I]) on cardiac 
arrhythmias, associated mortality, and ECG phenotypes in a multicohort observational study with >1 million individuals across 
3 cohorts (FinnGen, UK Biobank, and Health 2000).

RESULTS: We identified protective effects of T220I on multiple common cardiac arrhythmias, most notably atrial fibrillation 
(cause-specific hazard ratio [HR], 0.56 [95% CI, 0.50–0.63]; P<0.0001), but also ventricular premature depolarization or 
ventricular tachycardia, as well as increasing susceptibility to conduction-slowing conditions, such as sick sinus syndrome 
(mostly in older age groups). Overall, T220I conveyed protection from death resulting from cardiac arrahajournals.org/
jouhythmia (HR, 0.65 [95% CI, 0.46–0.92]; P=0.015) without a significant effect on overall mortality risk (HR, 0.92; P=0.27). 
T220I heterozygosity had similar electrophysiological effects as some pharmacological sodium channel blockers, such as 
significantly shortening QT intervals (−7.49 ms [95% CI, −10.07 to −4.91] ms; P=0.0037; n=3188) in the Health 2000 
cohort, which we replicated in the UK Biobank (n=66 616). In addition, T220I protected from (left) heart failure and dilated 
cardiomyopathy. After myocardial infarction, we found that T220I increased mortality risk, consistent with known sodium 
channel blocker effects, which, however, normalized to baseline 10 to 15 years after myocardial infarction. We found that 
T220I could lower a high genetic burden (ie, a high polygenic score) for atrial fibrillation to population average.

CONCLUSIONS: The SCN5A T220I variant, consistent with a previously described weak loss-of-function effect, acted like a 
genetic proxy for cardiac sodium channel blockade. This enabled us to gain new potentially clinically relevant insights for 
pharmacological sodium channel blockade, such as after myocardial infarction, which would be too risky to investigate with 
clinical trials. Our findings may also inspire redesign of cardiac sodium channel blockers.
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Cardiac arrhythmias pose a major health bur-
den. Atrial fibrillation (AFib) is the most common 
arrhythmia, with >4 million incident cases and 

300 000 deaths per year globally.1 AFib increases the 
risk for many cardiovascular outcomes, including heart 
failure and stroke, and is associated with increased all-

cause mortality risk. However, prevention and control of 
AFib and its sequelae remain difficult, partially because 
of heterogeneous causal mechanisms. Both common 
and rare genetic factors have been described to have 
large influences on the development of cardiac arrhyth-
mias. AFib has been shown to be highly polygenic.2
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Ion channels play a large role in the development of 
cardiac arrhythmias because they are essential for car-
diac signaling. The SCN5A gene encodes NaV1.5, the 
pore-forming subunit of the cardiac sodium channel 
responsible for the initiation and propagation of cardiac 
action potentials. Thus, genetic variants within SCN5A 
can increase the risk for certain cardiac arrhythmias 
and arrhythmia syndromes, such as Brugada syndrome 
(BrS)3,4 and AFib.2,5–7

The different types of clinical presentations caused 
by SCN5A sequence variations can largely be explained 
by the degree and specific type of sodium channel dys-
function at the molecular level. Loss of function (LoF) of 
NaV1.5 (such as caused by protein truncating variants) 
is a main cause of BrS,3 as well as conduction deficits 
resulting in bradycardia, conduction blocks, or sick sinus 
syndrome (SSS). In contrast, gain of channel function 
has been linked to other specific disease entities, such 
as long QT syndrome.3,8,9 More severe phenotypes, such 

as congenital SSS, can be caused by more severe LoF 
of the channel, for instance through the presence of 2 
defective SCN5A alleles.10–12 Genetically caused SCN5A 
LoF is comparable to sodium channel blocker medica-
tions, which are used to mediate a desirable LoF effect, 
but may also increase risk of cardiac arrhythmias in cer-
tain contexts.

In a recent study of 180 000 Finnish individu-
als,13 we discovered that carriers of 1 genetic mis-
sense variant in SCN5A, T220I (rs45620037 or 
NM_000335.5[SCN5A]:c.659C>T [p.T220I]), had 
only half the risk of AFib compared with the general 
population. The T220I variant is 5-fold enriched in the 
Finnish population to an allele frequency of 0.46%, 
compared with a frequency of 0.11% in the UK Bio-
bank (UKBB)14 and 0.086% in other non-Finnish 
European populations.15 The clinical significance of 
T220I remains uncertain because of limited data from 
family studies and case reports11,16,17 (for an overview, 
see Table S1). T220I was previously described in indi-
viduals with childhood-onset SSS who also carried a 
LoF variant on the other allele18; however, the evidence 
was confined to a few families.19–21 Because of the high 
population frequency and absence of large effects on 
disease, it was classified as a likely benign variant (5 
independent submissions) or variant of uncertain sig-
nificance (4 independent submissions) in ClinVar, a 
public variant database.22,23 An association of T220I 
with BrS could not be established.24,25 Electrophysio-
logical studies revealed weak LoF,19,20 characterized by 
a stabilized inactivation state that reduced sodium cur-
rent. This impairs the ability of the sinus node to reach 
the threshold for action potential initiation, thereby 
diminishing electrical signaling in the heart and thus 

Clinical Perspective

What Is New?
•	 The rare genetic variant T220I in the SCN5A gene 

emulates a lifelong cardiac sodium channel blocker 
as evidenced by its specific electrophysiological 
and clinical phenotype.

•	 In the general population, T220I is associated 
with a reduced risk of tachyarrhythmias, such as 
atrial fibrillation; a reduced risk of heart failure; an 
increased risk of bradyarrhythmias; and an overall 
reduced risk of mortality from cardiac arrhythmias.

•	 T220I lowers the lifetime risk of atrial fibrillation in 
individuals with high genetic liability to a risk com-
parable to that of the general population.

•	 In individuals with a recent myocardial infarction, 
T220I is associated with an initial increase in mor-
tality risk in the first 5 years after infarction.

What Are the Clinical Implications?
•	 T220I may be a useful genetic proxy for predict-

ing the benefits and side effects of sodium channel 
blockade, including situations in which clinical trials 
might be considered too risky.

•	 T220I protecting against heart failure is of value in 
the ongoing debate regarding the safety and ben-
efits of sodium channel blockade for cardiac rhythm 
control.

•	 Our data are consistent with a balanced risk–ben-
efit profile of long-term sodium channel blockade 
in the general population, but also with harm from 
sodium channel blockade after a recent myocardial 
infarction.

•	 T220I modulates the associations of a polygenic 
score for atrial fibrillation and can counterbalance 
the effects of a high polygenic risk (genetic liability) 
for atrial fibrillation.

Nonstandard Abbreviations and Acronyms

AFib	 atrial fibrillation
BrS 	 Brugada syndrome
CAST	 Cardiac Arrhythmia Suppression Trial
H2000	 Health 2000
HR	 hazard ratio
ICD	 International Classification of Diseases
LoF	 loss of function
MI	 myocardial infarction
OR	 odds ratio 
PC	 principal component
PGS	 polygenic score
PRS-CS	� polygenic risk score–continuous 

shrinkage
SSS	 sick sinus syndrome
STROBE	� Strengthening the Reporting of 

Observational Studies in Epidemiology
UKBB	 UK Biobank
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potentially resulting in bradyarrhythmic effects.26,27 The 
effects of T220I on slowing conduction are in line with 
a decreased risk for diseases associated with reentry, 
such as AFib, which aligns with our earlier observa-
tions.13

Because of the previously established mild LoF effect, 
we hypothesized that T220I acts as a proxy for a mild 
sodium channel blocker. We thus hypothesized that 
T220I should affect cardiac conduction reflected in spe-
cific ECG changes. In addition, T220I should affect risk 
for specific cardiac diseases, such as protecting from 
AFib (as observed earlier), but also possibly increasing 
the risk of sinus bradycardias, given that bradycardia is 
a common side effect of cardiac sodium channel block-
ers and because the variant was previously associated 
with SSS.21,22 In addition, we hypothesized a potential 
increased risk for other possible side effects of cardiac 
sodium channel blockers in T220I carriers, such as con-
duction blocks, ventricular fibrillation, BrS-like changes, 
or Torsades de pointes. We further hypothesized that 
because of its low global allele frequency, T220I might 
act independently of a polygenic score (PGS) and thus 
potentially counterbalance an otherwise high genetic 
burden for AFib. To investigate the effects of T220I on 
the risk of different cardiac phenotypes, including mor-
tality and conduction parameters measured by ECG, 
we leveraged data from 3 mostly population-based 
research cohorts (FinnGen,28 the UKBB,14 and the Finn-
ish cohort Health 2000 [H2000])29 using data from a 
total of 1 028 508 individuals. The primary analysis was 
conducted within FinnGen, including longitudinal elec-
tronic health record data covering up to 5 decades in 
>520 000 individuals,28 a cohort nearly 3 times larger 
than when we first discovered the protective effect of 
the variant.13

METHODS
Data Availability
Based on national and European regulations (ie, General Data 
Protection Regulation), access to individual-level sensitive 
health data must be approved by national authorities for spe-
cific research projects and for specifically listed and approved 
researchers.

FinnGen data can be accessed through the Finnish Biobank 
FinBB portal (www.finbb.fi; email info.fingenious@finbb.fi). The 
procedures for access to the H2000 data are described at 
https://thl.fi/en/research-and-development/thl-biobank/for-
researchers/application-process. The procedures for access 
to the UKBB data are described at https://www.ukbiobank.
ac.uk/enable-your-research. See https://finngen.gitbook.
io/documentation for a detailed description of data produc-
tion and analysis, including the code that was used to run 
analyses, and https://github.com/FINNGEN for further code 
repositories that were used to run analyses in FinnGen. The 
polygenic risk score–continuous shrinkage (PRS-CS) pipeline 
used in FinnGen is detailed at https://github.com/FINNGEN/

CS-PRSpipeline. The R code to reproduce figures is available 
at https://github.com/Waseju/SCN5A.

Study Design and Cohorts
We conducted this study using 3 primary cohorts: FinnGen 
(n=520 210), the UKBB (n=502 250), and H2000 (n=6048). 
Both the UKBB and H2000 are population-based research 
cohorts including genetic and health data, initiated in 2006 
and 2000, respectively. The FinnGen cohort is a longitudi-
nal research cohort including genetic and health data from 
national health registers. Follow-up for FinnGen started in 
1953, with an end of follow-up in 2023, with a mean follow-up 
time of 60.81 years. FinnGen was used as the primary discov-
ery cohort for investigating the effects of T220I on cardiac dis-
ease. Further details about FinnGen, including genotyping of 
T220I and other variants, can be found in the FinnGen flagship 
article.28 The UKBB is a prospective study cohort of 500 000 
participants from the United Kingdom between 40 and 69 
years of age at recruitment; individuals were recruited from 
2006 through 2010, with a mean age at the end of follow-up 
of 64.3 years.

Details on genotyping and Hardy-Weinberg equilibrium of 
T220I are available in previous articles14,28 and Note S1. We 
restricted the analyses to individuals with European ancestry. 
Further details about exclusion criteria are shown in Note S1 
and Figures S1 through S3.

An overview of the study design is shown in Figure 1. 
Analysis workflow is shown in Figure S4. Descriptive statistics 
on all cohorts are presented in Table 1. We obtained ethics 
approvals from the respective institutional review boards, and 
all participants provided informed consent for biobank-based 
research. Our study design is in agreement with STROBE 
(Strengthening the Reporting of Observational Studies in 
Epidemiology) requirements.30

Phenotype Definitions
We studied the effect of T220I on cardiac disease phenotypes 
in FinnGen and validated associations in the UKBB. For a list 
of phenotypes, see Table S2. We studied the effect of T220I on 
ECG phenotypes in H2000 and the UKBB. We defined car-
diac arrhythmias, myopathies, and heart failure, including AFib 
and BrS, using ICD (International Classification of Diseases) 
codes I40 through I50 and their subcategories (I40.[0–9] to 
I50.[0–9]) from national health care registries in FinnGen, 
with 1.87 million cardiac arrhythmias (I44.[0–9] to I49.[0–9]) 
recorded across the cohort, affecting 95 519 unique individu-
als, and 9771 deaths resulting from cardiac arrhythmias, as 
documented in national death registries. Case numbers for car-
diac arrhythmias with significant associations with T220I car-
rier status are shown in Table 2.

For a flowchart of phenotype data quality control, see 
Figures S1 through S3. To control for potential confounders, 
we included covariates such as age, sex, body mass index, 
medication use (including psychotropic drugs, antidepressants, 
and glaucoma medication), diseases, and other factors affect-
ing heart function; see Table S3 and Note S2 for details about 
covariates and sensitivity analyses, respectively. For details on 
automated ECG measure analyses in H2000 and the UKBB, 
see Note S3. We also visually inspected 62 ECGs of T220I 
heterozygotes in H2000 and 65 ECGs in the UKBB.
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Statistical Analysis

We performed an association study between the T220I vari-
ant and case–control status for ICD-10 categories I40 through 
I50 and their subcategories (I40.[0–9] to I50.[0–9]) in FinnGen 
and the UKBB using the PheWAS R package (version 0.99.6-
1), with birth year, sex, genotyping array, and first 10 principal 
components (PCs) of genetic ancestry as covariates. To detect 
potential nonadditive genetic effects, we analyzed heterozy-
gous and homozygous carriers separately. To correct P val-
ues for multiple testing of 148 tests, we applied a Bonferroni 
threshold of 3.37×10−4.

For subsequent time-to-event analyses, we fitted Cox pro-
portional hazards models (R package survival, version 3.7.0). 
Follow-up time began at birth and ended at the age at first 
diagnosis for cases or at the age at the last recorded entry or 
death, whichever occurred first. We adjusted the models for the 
first 10 PCs of genetic ancestry, sex, and genotyping array to 
account for potential technical artifacts. To provide an overview 
of the effects of the variant across all clinical end points within 
FinnGen, we conducted an additional exploratory phenome-
wide association study investigating the effects of T220I on 
2469 phenotypes. The results of this exploratory analysis are 
visualized in Figure S5.

All statistical tests were 2-sided, without assuming a spe-
cific direction of effect. We leveraged comprehensive registry 

data in which follow-up for each individual began at birth. For 
death analysis, we used adjusted Cox proportional hazards 
models integrating age at recruitment. To estimate etiological 
effects of T220I carrier status, we used cause-specific Cox 
models for both cardiac phenotypes and arrhythmia-related 
mortality with all-cause mortality outcome as the competing 
risk. To quantify absolute risk in the presence of competing 
risks, we fitted Fine-Gray subdistribution models (R pack-
age: tidycmprsk, version 1.24.1) for cardiac phenotypes and 
death resulting from cardiac arrhythmias, adjusted for geno-
typing array, first 10 genomic PCs, birth year, and sex. Left-
truncated time-to-event analyses used age as the underlying 
time scale with delayed entry at the age of DNA donation. 
Post–myocardial infarction (MI) hazard ratios (HRs) were 
modeled with Cox proportional hazards models and delayed 
entry at the start of an interval. All survival analyses for inci-
dent disease were right-censored at age 80 years. All sur-
vival analyses for disease mortality were right-censored at 
age 100 years.

We tested the effects of T220I on different ECG measures 
in the UKBB and H2000 using linear regression as imple-
mented in the glm function in R (version 4.3.0). In both cohorts, 
we corrected ECG measures for heart rate according to Bazett 
(QTc=QT [ms]/√RR [s]) to adjust for heart rate variability.31 In 
the UKBB, we evaluated the association of T220I with each 
of 4 electrocardiographic measurements (QRS, PR, QT, and 

Table 1.  Details of the Participating Biobanks

Study Sample size Age at recruitment, y, median (IQR) % Female Ascertainment strategy

FinnGen 520 210 55.5 (41.7–69.2) 56.4 Population and hospital

H2000 6048 47.7 (35.5–59.9) 51.9 Population-based

UK Biobank 108 186 57.00 (50.00–62.00) 51.6 Population-based

H2000 indicates Health 2000; and IQR, interquartile range.

Figure 1. T220I acts as a genetic equivalent of a lifelong cardiac sodium channel blocker.
We used genetic, electronic health record, and ECG data to show the substantial protection of T220I against tachyarrhythmias, with increased risk 
for bradyarrhythmias, and overall protection against cardiac arrhythmia–related death.
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P-wave duration), with genotype-inferred sex, age during the 
ECG visit, the first 10 genomic PCs, and the genotyping array 
as covariates.

Within H2000, we included genotype, sex, age, and inter-
action terms (age×sex, age×age) as independent variables. 
In H2000, we further adjusted for covariates such as calcium, 
thyroid-stimulating hormone, systolic and diastolic blood pres-
sure, body mass index, fitness index, illnesses (respiratory, 
arrhythmia, and heart disease), medication use, and the first 4 
PCs of genetic ancestry (see also Note S2).

To capture the genetic liability to AFib, we calculated PGSs 
for AFib and BrS using PRS-CS,32 a Bayesian method that incor-
porates linkage disequilibrium. To construct disease-specific 
PGSs, we used publicly available genome-wide association 
study summary statistics for AFib33 and BrS4 and standardized 
scores to a mean of 0 and an SD of 1. To avoid potential linkage 
disequilibrium effects, not captured by PRS-CS, we excluded 
genetic variants located ±500 kb around T220I.

To assess whether the protective effect of T220I was addi-
tive with an AFib-PGS, we performed an interaction analysis 
with the survival package between T220I carrier status and the 
PGS, treating the PGS as a continuous variable.

We further categorized individuals into disease-specific risk 
bins: high PGS (>1 SD above the mean), low PGS (< −1 SD 
below the mean), and average PGS (between −1 SD and 1 
SD), and conducted survival analysis across the lifetime using 
our usual covariates in addition to PGS bins. All analyses were 
performed in R 4.3.0.

Biases
To adjust for population stratification, batch effects, and 
changes in disease definitions across time, we corrected all 
models for PCs of genetic ancestry, sex, genotyping array, 
and year of birth. We restricted analyses to either European 
British or Finnish ancestry within each cohort, respectively, to 
reduce confounding attributable to ancestry. Sensitivity analy-
ses showed that our results were robust to medication usage, 
competing risks attributable to other causes of death, and left 
truncation bias (Notes S2 and S4).

Ethics and Data Approval
This study complies with all relevant ethical regulations. We 
obtained approval for the FinnGen study protocol from the 
Ethics Committee of the Hospital District of Helsinki and 
Uusimaa (approval HUS/990/2017). For the UKBB, ethi-
cal approval had been granted by the National Information 
Governance Board for Health and Social Care and the NHS 
North West Multicenter Research Ethics Committee.

All participants provided informed consent through elec-
tronic signature at the baseline assessment. The data used in 
this study are available in the UKBB database under application 
numbers 77717 and 17488, 17788 was approved by the local 
Massachusetts General Hospital Institutional Review Board.

Data are available in a public, open access repository 
(https://www.ukbiobank.ac.uk). For further details about the 
ethics and data approval, see Note S5.

Table 2.  ICD Codes and Genotypes With Significant Associations Before Multiple Testing 
Correction for the Whole FinnGen Cohort

ICD code Description

Noncarrier, n (%) Heterozygous, n (%)

Cases Controls Cases Controls

I42.0 Dilated cardiomyopathy 4548 (0.9) 510 426 26 (0.5) 5077

I44.0 First-degree atrioventricular block 1555 (0.3) 513 419 20 (0.4) 5083

I44.2 Atrioventricular block, complete 3231 (0.6) 511 743 39 (0.8) 5064

I44.7 Left bundle-branch block, unspecified 2278 (0.4) 512 696 9 (0.2) 5094

I45.2 Bifascicular block 481 (0.1) 514 493 6 (0.1) 5097

I45.9 Unspecified conduction disorder 1148 (0.2) 513 826 11 (0.2) 5092

I47.1 Paroxysmal supraventricular tachycardia 8561 (1.7) 506 413 46 (0.9) 5057

I47.2 Ventricular tachycardia 3266 (0.6) 511 708 16 (0.3) 5087

I48.0 Paroxysmal atrial fibrillation 10 466 (1.4) 504 508 51 (1) 5052

I48.1 Persistent atrial fibrillation 3137 (1.1) 511 837 15 (0.3) 5088

I48.2 Chronic atrial fibrillation 2878 (0.6) 512 096 10 (0.2) 5093

I48.9 Atrial fibrillation, unspecified 7101 (1.4) 507 873 32 (0.6) 5071

I48 Atrial fibrillation and flutter 48 314 (9.3) 466 660 287 (5.6) 4816

I49.1 Atrial premature depolarization 6061 (1.1) 508 913 40 (0.8) 5063

I49.3 Ventricular premature depolarization 14 814 (2.8) 500 160 75 (1.4) 5028

I49.4 Other and unspecified premature depolarization 7022 (1.3) 507 952 43 (0.8) 5060

I49.5 Sick sinus syndrome 5089 (1) 509 885 109 (2.1) 4994

I49.9 Cardiac arrhythmia, unspecified 28 906 (5.6) 486 068 211 (3.4) 4892

I50.1 Left ventricular failure 7136 (1.4) 507 838 55 (1.1) 5048

I50.9 Heart failure, unspecified 20 451 (3.9) 494 523 174 (3.4) 4929

I50 Heart failure 2847 (0.6) 512 127 21 (0.4) 5082

ICD indicates International Classification of Diseases.
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RESULTS
Description of Cohorts
We set out to test the effects of T220I on lifetime 
risk of cardiac diseases using 3 different cohorts: 
FinnGen, the UKBB, and H2000. We used FinnGen 
(data freeze 12) as our main discovery cohort, which 
included 520 210 individuals. The allele frequency of 
T220I was 0.5% in FinnGen, with 28 homozygotes and 
5021 heterozygotes; 0.51% in the H2000 study, with 
62 heterozygotes and no homozygotes; and 0.10% in 
the UKBB, with 820 heterozygotes and no homozy-
gotes. Further descriptive statistics of the 3 cohorts are 
shown in Table 1.

The Effect of T220I on Common Cardiac 
Arrhythmias
Because T220I was previously found to cause mild LoF 
of the NaV1.5 channel, it may be a genetic proxy for a 
lifelong mild sodium channel blockade. We thus explored 
the effect of T220I on diseases associated with sodium 
channel blockade. We tested whether heterozygotes of 
T220I are associated with cardiac arrhythmias and heart 
failure, testing cardiac-related ICD codes I40 through 
I50 within FinnGen.

We found that in a heterozygous state, T220I was 
associated with protection from multiple types of tachy-
cardia, such as AFib (odds ratio [OR], 0.57 [95% CI, 
0.51–0.64]; P<0.0003), which we replicated in the 
UKBB (Note S6), or ventricular premature depolariza-
tion (Figure 2B). However, it also increased risk of car-
diac bradyarrhythmias, such as SSS (OR, 2.36 [95% CI, 
1.98–2.80]; P<0.0003; Figure 2B). Disease associa-
tions were relatively unaffected by the removal of related 
individuals. Cases and controls are shown in Table 2. We 
also found a protective effect of T220I heterozygosity on 
ventricular tachycardia (OR, 0.45 [95% CI, 0.28–0.74]; 
P=0.002) that we did not necessarily expect consider-
ing the known side effects of long-term sodium channel 
blockade for the prevention of AFib. Further sensitivity 
analyses with Cox proportional hazards models revealed 
that the protective effects were not attributable to an 
earlier age at disease onset or confounded by use of 
medications (Note S4). In homozygotes, we found an 
increased risk for bradyarrhythmias, specifically bifascic-
ular block (OR, 7.88 [95% CI, 3.63–17.11]; P<0.0003) 
and SSS (OR, 3.81 [95% CI, 2.21–6.55]; P<0.0003; 
Table S4).

Next, we explored the effects of T220I on cardiac dis-
eases across the lifetime. Most effects remained con-
sistent across the life course (Figure 2A). Heterozygotes 
were protected against cardiac arrhythmias throughout 
their lifetime, but were also at an increased risk of brady-
arrhythmias, such as SSS and atrioventricular block; sur-
vival curves are shown in Figure 2A.

Consistent with this, we found a higher rate of pace-
maker procedures in T220I heterozygotes (HR, 1.35 
[95% CI, 1.14–1.59]; P<0.0003) and homozygotes (HR, 
5.9 [95% CI, 2.21–15.8]; P=0.0047; Figure S6).

Exploring the effect of T220I on heart failure and car-
diomyopathies, we found that T220I nominally protected 
against dilated cardiomyopathy (HR, 0.66 [95% CI, 
0.46–0.94]; P=0.021) and heart failure (HR, 0.84 [95% 
CI, 0.75–0.93]; P=0.0012) across the lifetime.

T220I Protects From Death Resulting From 
Cardiac Arrhythmias
Because T220I decreased but also increased risk for 
multiple cardiac arrhythmias, we wanted to explore 
whether T220I had a net positive or negative overall ef-
fect on death resulting from cardiac arrhythmias across 
the lifetime. Overall, we found a protective effect against 
death resulting from cardiac arrhythmia (HR, 0.65 [95% 
CI, 0.46–0.92]; P=0.015; Figure 3). This effect was likely 
mainly driven by the protective effect of T220I against 
death resulting from AFib (HR, 0.58 [95% CI, 0.37–0.85]; 
P=0.0068). We found no effect on overall cardiovascular 
mortality (HR, 0.99 [95% CI, 0.85–1.15]; P=0.90) or all-
cause mortality (HR, 0.92 [95% CI, 0.80–1.06]; P=0.27). 
This was expected because we found no effect of T220I 
on any diseases not originating in cardiac cells (for an 
exploratory analysis, see Figure S5). After adjusting for 
competing risks attributable to other causes of death, 
we still observed the protective effect of T220I on death 
resulting from cardiac arrhythmias (subdistribution HR, 
0.67 [95% CI, 0.46–0.97]; P=0.032, method: Fine-Gray 
model) and other cardiac phenotypes, such as AFib (sub-
distribution HR, 0.57 [95% CI, 0.51–0.63]; P<0.0003); 
for left-truncation and competing risk-adjusted cumula-
tive incidence curves, see Figure S7.

Associations of T220I With Outcomes After MI 
We next sought to investigate the effect of T220I in in-
dividuals with structural heart disease, motivated by the 
finding of increased mortality in patients who received 
sodium channel blockers after MI in CAST (Cardiac Ar-
rhythmia Suppression Trial).34 In 31 492 individuals who 
had had an MI, we found that 307 T220I carriers were 
still protected from AFib (HR, 0.64 [95% CI, 0.44–0.93]; 
P=0.019). After MI, the protective effect of T220I from 
cardiac arrhythmia–related mortality stayed similar, al-
though it was not significant because of the reduced 
sample size (HR, 0.43 [95% CI, 0.15–1.14]; P=0.091), 
with no effects on all-cause mortality (HR, 1.14 [95% 
CI, 0.94–1.38]; P=0.17) or cardiovascular mortality (HR, 
1.01 [95% CI, 0.83–1.22]; P=0.94). However, when re-
stricting our observation period to 2 years after MI to sim-
ulate CAST, we also found increased all-cause mortality 
in the group of T220I carriers, similar to pharmacological 
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Figure 2. Effect of the SCN5A variant T220I on specific cardiac arrhythmias across the lifetime and for incident cases.
A, Age at first diagnosis (x axis) of different cardiac arrhythmias, separately for different T220I carrier statuses. Cumulative disease incidence 
is given on the y axis. Hazard ratios (HRs) of the effect of T220I across the lifetime with 95% CIs and respective P values are shown. T220I 
homozygotes are in blue; T220I heterozygotes, in orange; and wild-types, in green. B, log10 of odds ratios (ORs) of significant associations of 
T220I with cardiac phenotypes I40 through I50. Statistical significance before multiple testing correction is denoted by asterisks: *P<0.05, 
**P<0.01, ***P<0.001. Homozygous carrier states are in blue; heterozygotes, in orange. ICD indicates International Classification of Diseases. 
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sodium channel blockade, up to 5 years after MI (HR, 
2.34 [95% CI, 1.23–4.43]; P=0.009). When we exam-
ined individuals who survived longer after MI, the T220I-
associated mortality risk declined continuously, reaching 
baseline 15 years after MI (Figure S8; Note S7).

T220I Alters the Effects of Common Genetic 
Variation on AFib
Next, we wanted to test how T220I influences the effect 
of common genetic variation on AFib. Thus, we com-
puted a disease-specific PGS for AFib (method: PRS-
CS32) and tested its association with AFib risk in relation 
to T220I carrier status in FinnGen. As expected, higher 
AFib-PGS increased risk for AFib across the lifetime (HR 
per SD AFib-PGS increase, 1.70 [95% CI, 1.68–1.72]; 
P<0.0003), in line with previous studies.35 However, 
T220I could counterbalance the effect of a high AFib-
PGS on AFib risk. For example, individuals with a high 

AFib-PGS (PGS > +1 SD) who also carried T220I had 
an average risk for AFib across the lifetime (Figure 4). 
This association remained significant after the removal 
of all variants within ±500 Kb of T220I from the PGS to 
exclude potential variants that could capture the effect 
of T220I resulting from linkage disequilibrium. We found 
that the variant significantly modulated how common ge-
netic variation affects AFib risk (attenuation factor, 0.88 
[95% CI, 0.81–0.99]; Pinteraction=0.017; PGS HR per SD 
in variant carriers, 1.50 [95% CI, 1.36–1.67]; P<0.0003), 
which we could not attribute to sex or age interactions 
(Figure S9A and S9B).

T220I Is Associated With Shortened QT and PR 
Intervals
We evaluated how the T220I variant affects cardiac con-
duction, investigating 5 ECG measures. We found sig-
nificantly shortened QT intervals (QTc, Bazett-corrected) 

Figure 4. T220I reduces a high genetic 
risk for atrial fibrillation. 
Age at first diagnosis of atrial fibrillation 
(AFib), stratified by carrier status of T220I 
and high or low AFib–polygenic score 
(PGS). Data are shown as cumulative 
incidence of AFib (y axis) across the 
lifetime (age in years, x axis). Hazard 
ratio (HR) of AFib-PGS effect across 
the lifetime is shown in the figure. T220I 
heterozygotes are in orange; wild-types, in 
green. Low PGS indicates individuals with 
AFib-PGS < −1 SD. High PGS indicates 
individuals with AFib-PGS > +1 SD. 

Figure 3. T220I protects from death resulting from cardiac arrhythmias with no effect on all-cause mortality.
A, Cardiac arrhythmias. B, All-cause mortality. Data are shown as cumulative incidences (y axis) across time (age in years, x axis). Significant 
hazard ratios (HRs) across the lifetime are shown inside the survival plots. Heterozygotes are in orange; wild-types, in green.
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in the H2000 cohort (−7.49 ms [95% CI, −10.07 ms 
to −4.91 ms]; P=0.0037; method: linear regression; 
n=3188) and in the UKBB after the exclusion of par-
ticipants with prolonged QRS duration or extreme heart 
rates (−4.41 ms [95% CI, −8.22 to −0.60 ms]; P=0.023; 
n=66 616; Figure 5). Effect sizes of T220I on QTc time 
remained similar in a smaller data set including only 12-
lead ECGs in the UKBB (−4.95 ms [95% CI, −10.29 
to 0.39 ms]; P=0.069). The associations in H2000 also 
remained significant when using a different QT correc-
tion method (Framingham36) or adjusting for effects of 
medications, fitness measures, and blood pressure (see 
sensitivity analyses in Note S2). We also found associa-
tions with PR time in both the 12-lead (11.98 ms [95% 
CI, 5.86–18.10]; P<0.001) and the combined 12-lead 
and 3-lead ECG data sets (6.15 ms [95% CI, 1.98–
10.31]; P=0.0038) in the UKBB (Table S5). In H2000, 
we found no effect on PR time. In addition, we searched 
for abnormalities in real ECGs of T220I carriers in the 
H2000 cohort (n=62) and the UKBB (n=65). We found 
no Brugada-like patterns in the H2000 cohort or the 
UKBB, but a high number of sinus bradycardia cases 
in the H2000 cohort, in line with increased bradycardia-
associated diseases in variant carriers in FinnGen.

DISCUSSION
The Finnish-enriched SCN5A variant T220I is notable 
for its relatively large protective effect against AFib, with 
carriers having about half the relative disease risk of 
wild-type individuals, which is much larger than common-
ly observed in genome-wide association studies. To our 
knowledge, no similarly sized protective effects against 
cardiac arrhythmias or heart failure have been described 
for any other variants in SCN5A or in other genes. Here, 
we characterized the effect of T220I on cardiac pheno-

types and conduction measures in >1 million individu-
als. In agreement with the experimental evidence of a 
mild LoF effect, our results are consistent with the vari-
ant acting similarly to a sodium channel blocker. While 
protecting against multiple cardiac arrhythmias, such as 
AFib and heart failure, T220I also conferred increased 
risks consistent with typical sodium channel blocker–
associated side effects, including increased risk for 
bradycardia and slowed conduction and specific ECG 
changes. Overall, the protective effects predominated, 
resulting in an overall protection against death result-
ing from cardiac arrhythmias. We further showed that 
the variant can effectively reduce the genetic liability for 
AFib conferred by common variants from a high to an 
average risk.

Our Data Mostly Confirm Previous Associations 
of T220I With Cardiac Arrhythmias
The T220I variant has been previously implicated in dif-
ferent cardiac diseases, based on studies of individual 
families11,18,20,24 (for an overview, see also Table S1). 
Here, we critically evaluated these previous findings in 
several large cohorts of a total of >1 million individuals 
across 3 biobanks. We confirmed our earlier observation 
of the protective effect of T220I against AFib13 with an 
almost tripled cohort size.

T220I has been observed in individuals with 
childhood-onset SSS in one family, but only together 
with a larger LoF effect variant on the other allele, in a 
compound heterozygous state.19 Here, we observed an 
elevated risk for SSS in T220I, particularly for homozy-
gotes, mostly in adult age groups, classifying the vari-
ant as a risk factor37 for adult-onset SSS. Therefore, it 
could also act as a hypomorphic variant contributing to 
a more severe childhood-onset SSS when in a com-
pound heterozygous state with a LoF variant, in agree-
ment with its experimentally found mild LoF effect,11,19 
although we did not provide direct evidence in this 
study. With our data, we cannot confirm previous case 
reports stating that T220I may increase risk for AFib or 
dilated cardiomyopathy, and rather provide evidence of 
protective effects on these outcomes. Given that the 
earlier studies were confined to individual families, it is 
much more likely that these were chance observations, 
whereas our study was powered to investigate such 
disease associations.

Protection and Risk Increases for Specific 
Arrhythmias Implies Both Similarities and 
Differences Between T220I and Known Effects 
of Specific Sodium Channel Blockers
Given the mild LoF effect of T220I,17,18 it may act similar-
ly to a lifelong sodium channel blocker. Sodium channel 

Figure 5. Bazett-corrected QT intervals for heterozygotes and 
wild-types of T220I.
Data from the Health 2000 (H2000) study (n=3188) and the full UK 
Biobank (UKBB) data set (12-lead resting or 3-lead upright ECG 
before exercise test; n=66 616) are shown as boxplots. Boxplots 
show the median and interquartile range with whiskers extending 
to 1.5×interquartile range. Outliers omitted for clarity. Significantly 
shortened corrected QT intervals (QTc) were found in both cohorts 
(P=0.0037 for H2000 and P=0.023 for the UKBB).
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blockers are a class of drugs (Vaughan Williams class 
1 antiarrhythmics) that are often prescribed to control 
atrial and ventricular cardiac arrhythmias. Their com-
mon side effect is sinus bradycardia,38 slowing of the 
heart rate through the sinoatrial node, as well as car-
diac conduction delays or blocks. This aligns with our 
observations of an increased rate of SSS, atrioven-
tricular block, and bifascicular blocks in variant carriers 
in homozygotes and partially or to a lesser degree in 
heterozygotes. These findings are also consistent with 
hypomorphic SCN5A variants being associated with 
conduction disorders.5,6,18 Other known side effects of 
class 1 antiarrhythmic sodium channel blockers are 
atrial flutter, ventricular tachycardia, ventricular fibrilla-
tion, Torsades de pointes, and Brugada-like patterns. 
Because some of these conditions, such as ventricular 
fibrillation, can be directly life-threatening, these side ef-
fects have limited the use of sodium channel blockers 
for AFib. We were surprised to find no increased risk for 
these conditions in carriers of T220I. On the contrary, 
we found protective effects of T220I from ventricular 
tachycardia. Different mechanisms could explain the 
absence of common side effects of sodium channel 
blockers. One reason may lie in highly specific effect 
of T220I on cardiac sodium channels, whereas common 
sodium channel blocker drugs, such as quinidine, have 
more nonspecific effects, such as additional blockage 
of potassium channels.39 However, increased specific-
ity cannot be the only explanation, considering that BrS 
caused by SCN5A LoF and consequently lower NaV1.5 
expression levels is associated with a highly elevated 
risk (up to 30%) of ventricular fibrillation or ventricular 
tachycardia.40 A possible explanation could be a dosage 
effect, with NaV1.5 blockade conferring protection from 
AFib and not causing ventricular tachycardia within a 
certain therapeutic window. T220I may have such pro-
tective effects also in a homozygous state within that 
therapeutic window, as we did not observe any case of 
ventricular fibrillation among 28 T220I homozygotes. In 
addition, we and others24 did not observe any Brugada-
like ECG patterns in T220I carriers. Another explanation 
could lie in the specific mechanism of the variant. From 
electrophysiology experiments, T220I is thought to sta-
bilize the inactivated state of the cardiac sodium channel 
through a gating pore current.27 Because of its location 
in the voltage sensor of the channel, which is key for 
channel response to voltage changes,27 T220I was pre-
viously thought to open an abnormal Na+ permeation 
pathway (also called “gating pore”). The altered channel 
morphology should cause a leakage of Na+ ions during 
the resting phase of the channel, allowing Na+ to flow 
into the cardiac cells during diastole of the heart.27 This 
may cause a partial depolarization of the hyperpolarized 
resting membrane potential stabilizing the inactivated 
state of the sodium channels. As a result, fewer sodi-
um channels are thought to be available during action 

potential firing,26,27 thus reducing the peak sodium cur-
rent and slowing the conduction velocity.19,20 This could 
have beneficial effects in reducing late sodium current, 
in line with our observations of shortened QT intervals in 
T220I carriers. Regarding the effects on QT time, T220I 
resembles the effects of the weaker class 1B sodium 
channel blockers, such as lidocaine, which are used to 
treat ventricular tachycardia in emergency situations. 
Similarly to lidocaine, T220I also lacks an effect on QRS 
and P-wave duration. However, a possible prolonged PR 
interval in T220I carriers is not a known typical effect of 
lidocaine.39 In addition, lidocaine is not known to con-
fer protection from chronic AFib, heart failure, or dilated 
cardiomyopathy. The molecular mechanisms thus seem 
somewhat different between class 1B sodium channel 
blockers and T220I. Precise mechanisms of T220I can 
only be clarified by more detailed experimental investi-
gations.

In addition to protection from cardiac arrhythmias, we 
found protective effects of T220I from dilated cardiomy-
opathy and (left) heart failure (with nominal significance 
individually, but consistently in the same direction). This is 
particularly interesting because medical rhythm control in 
AFib is generally thought to not improve outcomes over 
rate control, potentially because of toxic side effects of 
antiarrhythmic drugs.41,42 However, more recent evidence 
suggests a potential positive effect of rhythm control in 
early AFib,43 a potential paradigm shift in the field43 in line 
with our observations. Whereas AFib prevention may play 
a role in protecting T220I variant carriers from heart fail-
ure, other mechanisms, such as T220I protection against 
premature ventricular depolarization, might also contrib-
ute. T220I gives us a unique opportunity to investigate 
the potential risks and benefits of sodium channel block-
ade in specific scenarios.

After the surprising finding of elevated mortal-
ity resulting from cardiac arrhythmias in patients who 
received sodium channel blockers after an MI in CAST,34 
sodium channel blockers have generally been consid-
ered to be contraindicated in individuals with structural 
heart disease (MI or heart failure) over the past 30 years. 
We also observed elevated all-cause mortality in patients 
with “genetic sodium channel blockade” (T220I carriers) 
after MI, but T220I-associated mortality continuously 
decreased 10 to 15 years after MI. This is a promis-
ing starting point to motivate evaluation of non-class 1c 
sodium channel blockers in specific patient populations, 
in whom new clinical trials would otherwise be consid-
ered too risky or unethical.

In our study, T220I could counterbalance a high 
disease-specific PGS for AFib, capturing genetic liability 
for AFib conferred by common variants. Individuals with 
high AFib-PGS who carried T220I had only an average 
lifetime risk of AFib. As such, T220I carrier status may 
represent an important modifier in personalized predic-
tion models for AFib.
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Limitations
Our study has several limitations. First, although 28 ho-
mozygotes represents a sizable number for a rare variant 
study, this sample size limits the power to detect effects 
on rarer phenotypes. However, given the dosage effects 
we observed for well-powered phenotypes, extrapolating 
effects from heterozygotes is likely to provide good ap-
proximation. Second, our clinical information in FinnGen 
is restricted to ICD codes, as we did not have access to 
detailed clinical notes. Third, because our analyses were 
restricted to participants of European ancestry, further 
studies will be useful to assess the generalizability of our 
findings.

Conclusions
In this study, we found that the genetic SCN5A T220I 
variant acts like a lifelong sodium channel blocker, mostly 
providing protection from diverse cardiac arrhythmias, 
while also increasing risk of bradyarrhythmias, similar 
to sodium channel blocker side effects. Overall, T220I 
had a net protective effect on mortality resulting from 
cardiac arrhythmia. We could use this genetic proxy to 
learn about potential applications of pharmacological 
sodium channel blockade. For example, the finding that 
that T220I is protective against heart failure contributes 
to an ongoing debate in the field. T220I may be useful 
as a genetic proxy to assess sodium channel blockade in 
specific populations, such as after MI (similar to CAST), 
adding further information that would be unethical to in-
vestigate with clinical studies. Experimental workup will 
be imperative to fully understand the precise effects of 
T220I and the related therapeutic potential.
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