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Serum electrolyte concentrations o

and risk of atrial fibrillation: an observational
and mendelian randomization study
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Abstract

Background Atrial fibrillation (AF) is a prevalent arrhythmic condition resulting in increased stroke risk and is asso-
ciated with high mortality. Electrolyte imbalance can increase the risk of AF, where the relationship between AF
and serum electrolytes remains unclear.

Methods A total of 15,792 individuals were included in the observational study, with incident AF ascertainment

in the Atherosclerosis Risk in Communities (ARIC) study. The Cox regression models were applied to calculate the haz-
ard ratio (HR) and 95% confidence interval (Cl) for AF based on different serum electrolyte levels. Mendelian randomi-
zation (MR) analyses were performed to examine the causal association.

Results In observational study, after a median 19.7 years of follow-up, a total of 2551 developed AF. After full adjust-
ment, participants with serum potassium below the 5th percentile had a higher risk of AF relative to participants

in the middle quintile. Serum magnesium was also inversely associated with the risk of AF. An increased incidence

of AF was identified in individuals with higher serum phosphate percentiles. Serum calcium levels were not related

to AF risk. Moreover, MR analysis indicated that genetically predicted serum electrolyte levels were not causally associ-
ated with AF risk. The odds ratio for AF were 0.999 for potassium, 1.044 for magnesium, 0.728 for phosphate, and 0.979
for calcium, respectively.

Conclusions Serum electrolyte disorders such as hypokalemia, hypomagnesemia and hyperphosphatemia were
associated with an increased risk of AF and may also serve to be prognostic factors. However, the present study did
not support serum electrolytes as causal mediators for AF development.
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Introduction

As the most common arrhythmia, the incidence and
prevalence of atrial fibrillation (AF) are on the rise
worldwide [1, 2]. Patients with AF are at a higher risk of
stroke, heart failure (HF) and death, resulting in higher
healthcare costs [3, 4]. Therefore, of supreme impor-
tance is early intervention and prevention of AF, which
might reduce the societal and personal costs associated
with AF.

Electrolyte  disorders, including  hypokalemia,
hypomagnesemia, hyperphosphatemia, and hypercal-
cemia, are closely related to the cardiac electrophysiol-
ogy due to their arrhythmogenic effect [5, 6]. Evidence
is mounting to elucidate the relationship between elec-
trolyte disturbances and AF. Extreme serum electrolyte
concentrations, notably lower serum potassium and low
serum magnesium levels, are associated with a higher AF
risk [7, 8]. Similarly, elevated serum phosphorus concen-
tration was also reported to be associated with a higher
AF incidence, while no relationship was established
between serum calcium levels and AF risk [9]. Nonethe-
less, no evidence exists from randomized controlled tri-
als assessing the causal effect of serum electrolytes on AF.
Additionally, ambiguity exists regarding the nature and
magnitude of the prospective association between serum
electrolyte concentrations and AF risk, considering that
most of the previous studies were cross-sectional stud-
ies in populations with pre-existing AF. Due to poten-
tial biases such as confounders or reverse causation, the
association between serum electrolytes and AF has been
suggested but needs to be systematically and effectively
evaluated. Moreover, whether serum electrolytes play
a causal role in the development of AF also remains
unclear. Given that electrolyte disorders are controllable
risk factors, it will be of clinical value if serum electro-
lytes are shown to lead to the development of AF causally.

Mendelian randomization (MR) is a credible approach
that infers the causality of risk factors (exposure) on dis-
ease (outcome) using genetic variants as instrumental
variables [10]. Specifically, the random distribution of
alleles from parent to offspring at conception enables
genetic information independent of disease condition
(reverse causality) without being susceptible to environ-
mental confounders. This study used the two-sample MR
to assess a causal relationship between serum electrolytes
and AF risk without reverse causality and residual con-
founding factors by integrating observational and genetic
epidemiology evidence.

Methods
A schematic overview of the study design is shown in
Fig. 1.
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Study population

The Atherosclerosis Risk in Communities (ARIC) study
is a population-based, prospective cohort study of car-
diovascular risk factors in four US communities (For-
syth County, NC; Jackson, MS; suburbs of Minneapolis,
MN; and Washington County, MD) [11]. The participants
in the baseline period (1987 to 1989) included 15,792
of both genders aged 45 to 64 years. Study partici-
pants underwent follow-up visits in 1990-92, 1993-95,
1996-98, 2011-13, 2016-17, and 2018-19. Additionally,
ARIC participants received annual follow-up calls since
baseline, and survivors had a response rate of >90%. An
extensive questionnaire was collected during each fol-
low-up visit, followed by clinical examination and blood
sample testing. Institutional review boards approved
the ARIC study, and all participants provided informed
consent.

The present analysis included a total of 15,792 par-
ticipants at baseline. Participants with prevalent AF or
missing follow-up data for AF (n=598) were excluded.
Furthermore, those with incomplete serum electrolyte
data (n=342) were also excluded, resulting in a final sam-
ple size of 14,852.

Serum electrolytes measurement and covariates
assessment

At the ARIC central laboratory, serum potassium was
measured using an ion-selective electrode (Roche C501
Chemistry Analyzer), while serum magnesium was meas-
ured using colorimetric methods on the Roche Cobas
6000 Chemistry Analyzer (Roche Diagnostics; Indianap-
olis, Indiana). Serum calcium and phosphate were meas-
ured in frozen serum samples, using strategies based on
o-cresolphthalein complexone and ammonium molyb-
date respectively. Calcium measurements were adjusted
for albumin levels using the following equation: total cor-
rected calcium=measured total calcium (mg/dL)+0.8
[4.0 — serum albumin (g/dL)].

The C-reactive protein was measured at visit 2, and the
other covariates were assessed at visit 1. The participants
reported the information on age, gender, race, smoking,
alcohol intake, education level, history of cardiovascular
disease, and use of medications. Body mass index (BMI)
was calculated as weight in kilograms divided by height
in meters squared. Blood pressure was measured using a
random-zero sphygmomanometer after five minutes of
rest in the sitting position, and was defined as the average
of the second and third measurements taken. The HF and
coronary heart disease (CHD) definitions have been pre-
viously published [12, 13]. Diabetes mellitus was defined
as fasting glucose > 126 mg/dL, non-fasting glucose >200
mg/dL, treatment for diabetes mellitus, or self-reported
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Fig. 1 A schematic overview of the study design. A Comparison of observational studies and Mendelian randomization studies to help understand
causality from serum electrolyte levels to high risk of AF. AF, atrial fibrillation; SNP, single-nucleotide polymorphism. B Mendelian randomization

use genetic variant associated with exposure to estimate the causal effect of the exposure on the outcome. The three core assumptions

are: [1] the genetic variant must be strongly associated with the exposure; [2] the genetic variant should be independent of any measured

and unmeasured confounders; and [3] the genetic variant must influence the outcome through the exposure only and not through any direct

or alternative pathways

physician diagnosis of diabetes. As executed in previously
published ARIC studies, each exercise was converted into
metabolic equivalent as per the Compendium of Physi-
cal Activities [14, 15]. High-density lipoprotein choles-
terol (HDL-c) was measured using enzymatic measures,
and low-density lipoprotein cholesterol (LDL-c) was
calculated based on Friedewald formula [16]. The serum
creatinine was measured using a modified kinetic Jaffe
method. The left ventricular hypertrophy was defined as
left ventricular mass index>51 g/m*’ and the QT inter-
val from the digital 12-lead electrocardiogram (ECG) was
determined by the NOVACODE program [17, 18].

AF ascertainment

Ascertainment of AF has been described previously and
conducted using three methods, i.e., ECG, hospital dis-
charge codes, and death certificates [19, 20]. At each
ARIC study visit, a 12-lead ECG was performed using a
MAC PC cardiograph (Marquette Electronics Inc, Mil-
waukee, WI) and transmitted to the ARIC ECG Read-
ing Center for coding, interpretation and storage. The
ECG recordings were computer coded and checked by
a trained cardiologist at a single reading center to con-
firm AF diagnosis. Incident AF was identified from
hospitalizations or death certificates using ICD-9-CM
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(International Classification of Diseases, Ninth Revision,
Clinical Modification) codes 427.31 (AF) or 427.32 (atrial
flutter). An AF discharge code during a hospitalization
with open cardiac surgery was excluded in the ARIC
Study [19].

Mendelian randomization (MR)

Causal inference using MR relies on the instrumen-
tal variable assumptions, which require that the genetic
variant must be strongly associated with the exposure,
should be independent of any measured and unmeasured
confounders, and must influence the outcome through
the exposure only and not through any direct or alter-
native pathways (Fig. 1B). Genetic analysis was done
using publicly available, summary-level genome-wide
association study (GWAS) data. The study by Nielsen
et al. was the largest GWAS for AF (OpenGWAS ID:
ebi-a-GCST006414) from six contributing studies of
European ancestry to date, including 60,620 cases of
AF and 970,216 control subjects [21]. AF was defined
based on ICD-9 code 427.3 and ICD-10 code 148. Four
separate two-sample MR analysis were performed to
test the potential causal associations between serum
potassium (OpenGWAS ID: ukb-b-17,881), magnesium
(OpenGWAS ID: ukb-b-7372), calcium (OpenGWAS
ID: ukb-b-8951), and phosphate (OpenGWAS ID: ukb-d-
30810_raw) with the AF risk, estimating the association
results in two non-overlapping populations. GWAS data
for electrolytes were derived from UK Biobank, a large,
prospective cohort study that enrolled >500,000 people
across the United Kingdom from 2006 to 2010 and has
received long-term follow-up [22].

We used single-nucleotide polymorphisms (SNPs)
associated with four serum electrolytes from UK Biobank
GWAS at genome-wide significance (P<5x107° for
potassium, magnesium and calcium; P<5x107% for
phosphate) as instruments and clumped at linkage dis-
equilibrium R?<0.001 (Supplemental Tables 1 to 4).
Complete information for data sources is detailed in Sup-
plemental Table 5.

Statistical analysis

Since some variables had incomplete baseline data,
multiple imputation was used to impute missing data
by chained Eq. [23], since it reduces the selection bias
possibility and is preferable to discard observations
with missing values [24]. Continuous variables are
presented as means+SD and categorical variables as
percentages. The baseline characteristics of the two
groups were compared using unpaired t-tests for con-
tinuous variables and Chi-square tests for categorical
variables. The serum electrolyte levels were categorized
into seven groups with cutoffs at the 5th, 20th, 40th,
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60th, 80th, and 95th percentiles of the selected four
serum electrolyte levels, and used the middle category
as the reference group (i.e., 40th to 60th percentile, cor-
responding to the middle quintile). P values for trend
were calculated across the quintile categories using
the quintile term. Cox proportional hazards regres-
sion modeled the relationship between electrolytes and
incident AF events in the ARIC study. Different mod-
els were examined to investigate the effects of various
confounders on the association between serum electro-
lytes and AF, i.e., model 1 was adjusted for age, gender,
and race, and model 2 was additionally adjusted for
the variables in model 1 plus hypertension, diabetes
mellitus, smoke, ethanol intake, BMI, left ventricular
hypertrophy at ECG, antiarrhythmic drugs, plasma cre-
atinine, metabolic equivalent, LDL-c, C-reactive pro-
tein and angiotensin-converting enzyme inhibitors. The
results were presented as hazard ratio (HR) and 95%
confidence interval (CI). Kaplan—Meier estimates were
constructed to show the cumulative AF incidence risk
by serum electrolyte quartiles, and differences among
quartiles were compared using the log-rank test. Addi-
tionally, restricted cubic splines were used to examine
the presence of a dose—response association between
selected four serum electrolytes and AF. Three knots
were chosen for the analysis according to Akaike’s
information criterion to provide a smooth and flexible
description of the dose-response relationship.

For two-sample MR, the inverse variance-weighted
(IVW) method was used to estimate causal effect [25].
IVW was considered the most reliable method if there
was no directional pleiotropy (P for MR-Egger inter-
cept>0.05) [26]. Standard sensitivity analysis, i.e.,
MR-Egger, weighted median, and weighted mode, was
carried out to detect whether there was a violation of key
assumptions underlying MR [27, 28]. An estimated inter-
cept term of the MR-Egger regression deviating from
zero indicated directional pleiotropy.

Besides, the asymmetry of the funnel plot might indi-
cate a violation of the main MR assumptions. Leave-
one-out sensitivity analysis was performed to detect if
a single SNP drove an association. F-statistics were cal-
culated to quantify the strength of the genetic instru-
mental variables. Effect sizes are expressed as odds
ratio (OR) alongside 95% confidence intervals (CI).
Cochran’s Q test was applied to assess heterogene-
ity between genetic variants estimates. Variance for
electrolyte levels was calculated using the formula of
R2 = (8 x +/Z x MAF(I — MAF))” assuming no genetic
interactions, as published before [29]. F-statistics for all
genetic instruments used in this study were greater than
10, indicating a low likelihood of weak instrumental vari-
able bias.
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All analysis were conducted in Stata version 16.0
(StataCorp LP, College Station, TX) and R version 4.2.1
(R Foundation for Statistical Computing). MR analysis
was performed using the R-based package “TwoSam-
pleMR” [30]. The P value for GWAS with genome-wide
significance was set as less than 5x 107 for potassium,
magnesium, calcium and less than 5x107® for phos-
phate. A two-sided P value < 0.05 was considered statis-
tically significant for all other analysis.

Table 1 Baseline characteristics of 14,852 participants
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Results

Baseline characteristics in the ARIC

The clinical baseline characteristics of the 14,852 ARIC
participants are listed in Table 1. Over a median follow-
up of 19.7 years, 2551 (17.18%) of all participants devel-
oped incident AF. The average age (SD) of non-AF and
AF patients were 53.80 (5.72) and 56.50 (5.43) years
respectively. Compared to participants without incident
AF, those with incident AF were inclined to be smok-
ers, and had higher systolic blood pressure and BMI, but

Incident Atrial Fibrillation

Characteristic No (n=12,301) Yes (n=2,551) PValue
Age, mean (SD), years 53.80 (5.72) 56.50 (5.43) <0.001
Sex, N, (%) <0.001

Female 6,880 (55.93) 1,195 (46.84)

Male 5421 (44.07) 1,356 (53.16)
Race, N, (%) <0.001

Black 3,342 (27.17) 471 (18.46)

White 8,959 (72.83) 2,080 (81.54)
Systolic BP, mean (SD), mmHg 120.66 (18.86) 125.14 (19.66) <0.001
Diastolic BP, mean (SD), mmHg 73.67 (11.25) 73.88(11.78) 0.40
History of hypertension, N (%) 6,230 (50.65) 1550 (60.76) <0.001
Education level, N (%) <0.001

Low 2,831(23.01) 696 (27.28)

Intermediate 5,038 (40.96) 1,044 (40.93)

High 4,432 (36.03) 811 (31.79)
Smoking, N, (%) <0.001

Never smoker 5,184 (42.14) 913 (35.79)

Past smoker 3,920 (31.87) 901 (35.32)

Current smoker 3,197 (25.99) 737 (28.89)
History of HF, N (%) 519 (4.22) 206 (8.08) <0.001
History of CHD, N (%) 521 (4.24) 224(8.78) <0.001
Diabetes mellitus, N (%) 1,377 (11.19) 421 (16.50) <0.001
Alcohol consumption, N (%) 6,907 (56.15) 1,433 (56.17) 0.98
MET, mean (SD), hours/week 3.28 (3.02) 3.25(2.97) 0.65
HDL-c, mean (SD), mg/dL 1.35(0.44) 1.25(042) <0.001
LDL-c, mean (SD), mg/dL 3.56 (1.02) 5.60 (1.00) 0.10
BMI, mean (SD), kg/m? 2750 (5.26) 28.75(5.72) <0.001
QTc interval, mean (SD), msec 415.81 (19.45) 41947 (21.20) <0.001
LVH, N (%) 244 (1.98) 87 (3.41) <0.001
Antiarrhythmic drugs, N (%) 68 (0.55) 49 (1.92) <0.001
plasma creatinine, mean (SD), mg/dL 1.11(0.44) 1.13(042) 0.02
Serum potassium, mean (SD), mmol/L 443 (0.48) 442 (049) 0.75
Serum magnesium, mean (SD), mg/dL 1.63(0.16) 1.62(0.17) <0.001
Serum phosphate, mean (SD), mg/dL 343 (0.49) 342(0.52) 0.20
Serum calcium, mean (SD), mg/dL 9.89 (042) 9.89(0.42) 042

Values are expressed as mean (SD) for continuous variables, and n (%) for categorical variables. Serum calcium was corrected for serum albumin. BP blood pressure,
HF heart failure, CHD coronary heart disease, MET metabolic equivalent, HDL-c high-density lipoprotein cholesterol, LDL-c low-density lipoprotein cholesterol,

BMI body mass index, LVH left ventricular hypertrophy
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lower education level, HDL-c, and serum magnesium. In
addition, AF patients were susceptible to HF, CHD, dia-
betes mellitus, and left ventricular hypertrophy. There
were no statistical differences in alcohol consumption,
metabolic equivalent, LDL-c, potassium, phosphate, and
calcium levels between the two groups.

Observational analysis

Compared to the middle quintile (40 to <60th), subjects
below the 5th percentile of the serum potassium had
increased AF risk after adjustment for age, gender, and
race (adjusted model 1, HR: 1.56; 95% CI: 1.29 to 1.89;
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P<0.001, Table 2). A similar association between low
serum potassium and higher AF risk was observed after
further adjustment for multiple risk factors (adjusted
model 2, HR < 5th compared to 40 to <60th: 1.37; 95% CI:
1.13 to 1.66; P=0.001; P for trend < 0.001, Table 2).
Serum magnesium was inversely associated with AF
risk after primary adjustment (adjusted model 1, HR 5
to <20th compared to 40 to <60th: 1.36; 95% CI: 1.19 to
1.55; P<0.001; HR <5th compared with 40 to <60th: 1.85;
95% CI: 1.54 to 2.21; P<0.001, Table 2). A similar asso-
ciation between low serum magnesium and higher AF
risk was observed after full adjustment (adjusted model

Table 2 Hazard ratio (95%Cl) of atrial fibrillation with different electrolytes levels

Range, mmol/L;

No. of events (%) Unadjusted

Adjusted model 12 Adjusted model 2P

mg/dL
HR (95% Cl) Pvalue HR (95% Cl) Pvalue HR (95% Cl) P value

Potassium  <5th 2.50-3.59 146 (19.84) 1.38(1.15,1.66)  0.001 1.56(1.29,1.89)  <0.001 1.37(1.13,1.66) 0.001
5to<20th  3.60-4.09 386 (17.48) 1.05(092,1.21) 045 1.12(098,1.29) 0.11 08(0.94,1.24) 025
20to <40th 4.10-4.29 493 (16.75) 1.01(0.89,1.14) 093 1.03(091,1.17) 061 1.04(091,1.18) 057
40 to <60th 4.30-4.49 489 (16.60) 1.00 (Reference) - 1.00 (Reference) - 1.00 (Reference) -
60 to <80th 4.50-4.79 506 (17.19) 1.07(094,1.21) 032 1.01(0.89,1.14) 091 01(0.89,1.15)  0.85
80to <95th 4.80-5.19 394 (17.84) 1.09(0.96,1.25) 0.19 1.04(0.90,1.19) 061 1.06 (0.93,1.21) 040
>95th 5.20-6.50 25 (16.98) 1.08(0.89,1.32) 044 1.00 (0.82,1 .21) 0.96 1.02(0.84,1.25) 083
P for trend 0.002 <0.001 <0.001

Magnesium < 5th 0.50-1.39 66 (22.55) 76 (1482.11) <0001 1.85(1.54,221) <0001 143(1.19,1.72) <0.001
5to<20th  1.40-149 420 (19.02) 1.25(1.09,143) 0.7 1.36(1.19,1.55)  <0.001 1.22(1.06,1.39) 0.004
20to <40th 1.50-1.59 492 (16.71) 1.01(0.89,1.14) 093 01(0.89,1.14) 090 0.98(0.87,1.12)  0.80
40 to <60th  1.60-1.69 500 (16.98) 1.00 (Reference) — 1.00 (Reference) - 1.00 (Reference) -
60 to <80th 1.70-1.79 495 (16.81) 00(0.88,1.13)  0.96 0.94(0.83,1.06) 031 0.97(0.85,1.10)  0.59
80 to <95th 1.80-1.89 338(15.31) 0.88(0.77,1.02)  0.09 0.84(0.73,096) 0.01 0.89(0.78,1.03) 0.11
>95th 1.90-3.10 128(17.39) 1.01(0.83,1 23) 0.90 095 (0.78,1.16) 0.64 0.97(0.80,1.19) 0.78
P for trend <0.001 <0.001 <0.001

Phosphate < 5th 1.00-2.59 153 (20.79) 126 (1.05,1.52)  0.01 1.07 (0.89,1.29) 048 1.00(0.83,1.21) 097
5to<20th  2.60-2.99 397 (17.98) 0(0.96,1.26) 0.16 01(0.88,1.16) 0.92 098(0.85,1.12)  0.73
20to <40th 3.00-3.29 491 (16.68) 1.02 (0.90,1.16)  0.79 0.99(0.87,1.13)  0.89 0.99(0.87,1.12) 083
40to <60th 3.30-349 478 (16.23) 1.00 (Reference) - 1.00 (Reference) - 1.00 (Reference) -
60 to <80th 3.50-3.79 513 (1743) 1.07(0.94,121) 032 1.13(0.99,1.28)  0.06 1.12(0.99,1.27) 0.08
80 to <95th 3.80-4.19 383(17.35) 1.09(0.95,1.25) 023 1.20(1.05,1.38)  0.01 1.18(1.03,1.36) 0.02
>95th 4.20-9.10 124 (16.85) 1.14(093,1.39) 020 1.33(1.09,1.63) 001 1.32(1.07,1.62) 001
P for trend <0.001 <0.001 <0.001

Calcium <5th 7.28-9.23 122 (16.58) 0.86(0.71,1.06)  0.15 0.87(0.71,1.07)  0.18 0.90(0.74,1.11) 033
5t0<20th  9.24-9.53 364 (16.49) 0.89(0.77,1.02)  0.08 0.90(0.79,1.03) 0.13 0.91(0.79,1.04) 0.16
20to <40th 9.54-9.77 497 (16.88) 0.94 (0.83,1.06) 033 0.97(0.86,1.10) 0.68 0.97(0.86,1.10) 0.67
40to <60th 9.78-9.97 512 (17.39) 1.00 (Reference) - 1.00 (Reference) - (Reference -
60 to <80th 9.98-10.21 540 (18.34) 1.09(0.96,1.23) 0.19 1.10(097,1.24) 013 07(0.95,1.22) 0.25
80to <95th 10.22-10.57 376 (17.03) 1.05(091,1.20)0 051 0(096,1.26) 0.18 03(0.90,1.18) 0.65
>95th 10.58-13.56 128 (17.39) 1.17(0.96,143) 0.12 20(0.98,1.47) 0.07 1.08 (0.88,1.32) 045
P for trend 0.02 0.02 0.50

2 Adjusted by age, gender and race

b Adjusted by model 1+ hypertension, diabetes mellitus, smoke, drink, body mass index, left ventricular hypertrophy at ECG, antiarrhythmic drugs, plasma creatinine,
metabolic equivalent, low-density lipoprotein cholesterol, C-reactive protein and angiotensin-converting enzyme inhibitors
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2, HR 5 to <20th compared to 40 to < 60th: 1.22; 95% CI:
1.06 to 1.39; P=0.004; HR < 5th compared to 40 to < 60th:
1.43; 95% CI: 1.19 to 1.72; P<0.001; P for trend <0.001,
Table 2).

In the adjusted model 1, higher serum phosphate
percentiles were associated with an increased risk of
AF (adjusted model 1 h 80 to <95th compared to 40 to
<60th: 1.20; 95% CI: 1.05 to 1.38; P=0.01; HR>95th
compared to 40 to <60th: 1.33; 95% CI: 1.09 to 1.63;
P=0.01, Table 2). The association between higher serum
phosphate percentiles and the risk of AF remained after
full adjustment (adjusted model 2, HR 80 to <95th com-
pared to 40 to <60th: 1.18; 95% CI: 1.03 to 1.36; P=0.02;
HR >95th compared to 40 to < 60th: 1.32; 95% CI: 1.07 to
1.62; P=0.01; P for trend < 0.001, Table 2).

There was no evidence of an association between
serum calcium and the AF risk (Table 2).

The Kaplan-Meier survival curves in Fig. 2 showed sim-
ilar results, while restricted cubic splines confirmed that
serum potassium and magnesium levels were inversely
associated with AF risk (Fig. 3). A linear relationship
between serum phosphate levels and the AF risk was also
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presented by restricted cubic spline, indicating a signifi-
cant positive association (Fig. 3). Nevertheless, there was

no specific dose-response relationship between serum
calcium and AF risk (Fig. 3).

Mendelian randomization (MR) analysis

Summary information on the genetic variants and their
associations with serum electrolytes and AF are pre-
sented in Supplemental Tables 1 to 4. In addition, details
of studies and datasets used for MR analysis are also
given in Supplemental Table 5. Variance (R?) in the MR
study refers to the proportion of total variation in the
exposure that is explained by the genetic instruments.

In the primary IVW analysis, no association was
observed between genetically predicted circulating elec-
trolyte concentration and AF risk, as shown in Table 3.
The OR for AF was 0.999 (95% CI: 0.867 to 1.151) for
serum potassium, while 1.044 (95% CIL: 0.915 to 1.190)
for serum magnesium, 0.728 (95% CI: 0.471 to 1.125) for
serum phosphate, and 0.979 (95% CI: 0.859 to 1.115) for
serum calcium, respectively. The forest plots of causal
effects between electrolytes-associated SNPs and AF
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Fig. 3 Dose-response relationship between change in serum electrolytes and AF. A The association between change in serum potassium with AF.
Restricted cubic splines confirmed that serum potassium was inversely associated with risk of AF. B The association between change in serum
magnesium with AF. Restricted cubic splines confirmed that serum magnesium was inversely associated with risk of AF. C The association
between change in serum phosphate with AF. Restricted cubic spline presented a linear relation for associations between serum phosphate levels
and AF risk and suggested a significant positive association. D The association between change in serum calcium with AF. There was no specific
dose-response relationship between serum calcium and risk of AF. The curves are plotted using restricted cubic splines. The red curve represents
hazard ratio, while the green curve represents the 95% confidence interval. AF, atrial fibrillation

risk are displayed in Supplemental Fig. 1 to 4. Of note,
the estimates were consistent in complementary analysis
using weighted median, weighted mode, and MR Egger
(Fig. 4; Table 3).

In the present study, several sensitivity analyses were
carried out to ensure the robustness of the findings.
According to MR-Egger regression analysis, there was
no indication of horizontal pleiotropy (MR-Egger for
potassium, intercept = -0.0073, p =0.290; MR-Egger for
magnesium, intercept = -0.0026, p=0.632; MR-Egger
for phosphate, intercept=0.0010, p=0.586; MR-Egger
for calcium, intercept=0.0024, p=0.768, Table 3, Sup-
plemental Fig. 5 to 8). To test the sensitivity of the find-
ings to specific variations, a leave-one-out analysis was
performed, sequentially eliminating one SNP at a time,
and results demonstrated that the likelihood of particu-
lar SNPs skewing the causal association was low (Sup-
plemental Fig. 9 to 12). None of the funnel plots showed
asymmetry (Supplemental Fig. 13 to 16).

No heterogeneity was detected in the Cochran Q test,
except for investigating a causal relation between serum
phosphate and AF (P for the MR-Egger=1.751E-18; P
for the IVW =2.211E-18, Table 3). However, the MR
estimate was still valid because the application of ran-
dom-effect IVW in this study might balance the pooled
heterogeneity. Furthermore, Egger the intercept revealed
no pleiotropy, implying no pleiotropic bias was intro-
duced into MR estimates in the setting of heterogeneity
(Supplemental Fig. 7).

To summarize, the MR findings suggested that serum
electrolytes were not causal determinants of AF risk
(Fig. 4).

Discussion

Principal findings

The main findings of epidemiological analysis from the
ARIC study can be summarized as follows: (i) both serum
potassium and magnesium levels were inversely related
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Table 3 Causal associations between genetically determined serum electrolytes and the risk of AF in Mendelian Randomization

analyses
Exposure-outcome  Method Causal estimate
SNP OR 95% Cl Pvalue

Potassium-AF Inverse variance weighted 15 0999 0867 1.151 0.987
Weighted median 15 1.006 0823 1230 0952
Weighted mode 15 1103 0778 1562 0.591
MR Egger 15 1.199 0841 1708 0.333
Test for Heterogeneity: P=0.781 (MR-Egger) and P=0.754 (IVW)
Test for Horizontal pleiotropy: MR-Egger intercept = -0.0073, se =0.00660, P=0.290

Magnesium-AF Inverse variance weighted 19 1044 0915 1190 0522
Weighted median 19 1035 0858 1247 0721
Weighted mode 19 1.017 0747 1384 0916
MR Egger 19 1.100 0857 1413 0465
Test for Heterogeneity: P=0.309 (MR-Egger) and P=0.355 (IVW)
Test for Horizontal pleiotropy: MR-Egger intercept = -0.0026, se =0.00536, P=0.632

Phosphate-AF Inverse variance weighted 143 0728 0471 1125 0.153
Weighted median 143 0.747 0449 1244 0.262
Weighted mode 143 0733 0464 1157 0.184
MR Egger 143 0617 0295 1289 0.201
Test for Heterogeneity: P=1.751E-18 (MR-Egger) and P=2.211E-18 (VW)
Test for Horizontal pleiotropy: MR-Egger intercept=0.0010, se=0.00189, P=0.586

Calcium-AF Inverse variance weighted 20 0979 0859 1.115 0747
Weighted median 20 1.025 0865 1216 0772
Weighted mode 20 1085 0792 1487 0618
MR Egger 20 0915 0577 1451 0710

Test for Heterogeneity: P=0.186 (MR-Egger) and P=0.227 (IVW)
Test for Horizontal pleiotropy: MR-Egger intercept =0.0024, se =0.00804, P=0.768

AF atrial fibrillation, SNP single-nucleotide polymorphism, OR odds ratio, Cl confidence interval

to AF risk in an essentially linear pattern; (ii) higher
serum phosphate levels were associated with a higher
AF incident risk; (iii) no correlation was observed for AF
risk and serum calcium levels. Moreover, using genetic
analysis of large-scale summary GWAS data, MR results
highlighted that genetically predicted serum electrolytes
were not causally associated with AF risk. Consequently,
serum electrolytes such as potassium, magnesium and
phosphate may act as distinguished prognostic factors.

Comparison with prior studies

Previous observational findings suggested that low potas-
sium, magnesium, and high phosphate levels increase the
risk of AF. Still, calcium levels were unrelated to AF [7—
9]. Our observational study’s findings supported those of
the studies described above. However, previous studies
on the classification of electrolytes were too general to
effectively clarify the association between various elec-
trolyte concentrations and AF. Our study pinpointed the
electrolyte concentrations that raise the incidence of AF.
Crucially, these observational studies have yet to be able

to determine definitively whether serum electrolytes and
AF are casually linked, despite being aware of this limita-
tion (7, 8, 31].

Previous MR studies have highlighted the causal rela-
tionship between cardiovascular risk factors such as
lipoprotein(a), blood pressure level, BMI and incident
AF [32-34]. However, electrolyte imbalance is a preva-
lent clinical complication, and its role in the etiology of
AF is still challenging to understand. Furthermore, these
observational and MR findings represent the most com-
prehensive and large-scale assessment of causal associa-
tions between serum electrolytes and AF.

Potential explanations for findings

Several mechanisms potentially explain the role of
serum electrolytes in AF since AF events are fre-
quently detected in HF and CHD patients, where AF
frequently coexist [35]. Both HF and CHD are major
risk factors for the development of AF. Moreover, HF
and CHD patients often suffer from hypokalemia and
hypomagnesemia during treatment due to using drugs
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Serum Electrolyte Method Number of Cases Number of Participants
Potassium
vw 60,620 1,030,836
Weighted median 60,620 1,030,836
Weighted mode 60,620 1,030,836
MR Egger 60,620 1,030,836
Magnesium
vw 60,620 1,030,836
Weighted median 60,620 1,030,836
Weighted mode 60,620 1,030,836
MR Egger 60,620 1,030,836
Phosphate
vw 60,620 1,030,836
Weighted median 60,620 1,030,836
Weighted mode 60,620 1,030,836
MR Egger 60,620 1,030,836
Calcium
VW 60,620 1,030,836
Weighted median 60,620 1,030,836
Weighted mode 60,620 1,030,836
MR Egger 60,620 1,030,836
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Fig. 4 Causal association between serum electrolytes with AF. Effect of serum electrolytes on AF is consistent using different methods.

VW =inverse variance weighted

like diuretics [36, 37]. Similarly, chronic kidney disease
(CKD) with concurrent hyperphosphatemia is another
AF risk factor [38]. Of note, hypertension, diabetes mel-
litus, pulmonary embolism, and other disorders can all
contribute to the onset and progression of AF. Electro-
lyte imbalance are common in patients with these dis-
orders. Our findings indicate that electrolyte imbalance
is not the cause of AF. The disorders that complicate
with electrolyte imbalance and are also substantial risk
factors for AF demand special attention and concern.
Furthermore, reverse causation was not considered
plausible explanation because serum electrolytes were
measured at baseline and the majority of incident AF
occurred after a median follow-up of 19.7 years.

Study implications

Both clinical and public health practice can benefit
from the findings of our study. Given that it is common
for underlying disorders such as HF, CHD, and CKD to
coexist with electrolyte imbalance, prevention of AF
should focus on underlying diseases rather than electro-
lyte imbalance alone. Electrolytes including potassium,
magnesium, and phosphate, can be excellent prognostic
factors, prompting physicians to investigate and rectify
the underlying disorders causing AF. Of significant clini-
cal benefit is the implication of our findings, which sheds
light on the role that electrolytes might play in preventing
AF.

Strengths and limitations of the study

The utilization of large sample sizes in the analysis ena-
bled the performing sufficiently robust and comprehen-
sive analysis for incident AF and well-powered GWAS to
acquire genetic instruments for MR studies, which are
the major strengths of this study. Besides, other strengths
included the well-matched prospective design in obser-
vational analysis and the robustness of MR findings due
to the absence of horizontal pleiotropy in sensitivity
analysis.

This study also encountered certain limitations. First,
it was unrealistic that all AF cases were identified in the
ARIC study because AF can be paroxysmal and asymp-
tomatic. Second, the observational study was limited to
one baseline assessment of serum electrolytes. Given the
limitations of the observational study, MR analysis was
also carried out to make up for the shortcomings of the
observational study. Third, limitations of the observa-
tional study include residual confounding, time-varying
confounding, unmeasured confounding, potential for
selection bias. Fourth, although no causal associations
between electrolytes and AF risk were detected in the
MR study, we could not completely rule out the possibil-
ity that the effect size is too small to be identified even
within our large sample size. Fifth, given that GWAS data
for AF were insufficient to calculate incidence, we are
unable to provide specific data on the incidence of AF
in MR. Last but not least, MR datasets comprised data
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from European ancestry, which limited the application of
the findings to populations outside of European origin.
Future experimental work and randomized controlled
trials are required to elucidate further underlying physi-
ological mechanisms and effective preventive measures
for AFE.

Conclusion

Observational study implicated that hypokalemia,
hypomagnesemia and hyperphosphatemia were asso-
ciated with incident AF. However, MR analysis did not
demonstrate that serum electrolytes play a causal role in
the AF etiology. As a result, therapies aiming to prevent
AF by treating electrolyte disorders such as hypokalemia,
hypomagnesemia, and hyperphosphatemia are of limited
clinical benefit.
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