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The influence of menopausal phase
on atrial fibrillation risk in steatotic
liver disease patients: a nationwide
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Atrial fibrillation (AF) risk is influenced by sex hormones and steatotic liver disease (SLD), but their
interplay in women remains unclear. We aimed to evaluate the impact of various SLD statuses on

AF risk among premenopausal and postmenopausal women. Total 2,181,691 women from the 2009
Korean National Health Insurance Service screenings were analyzed, excluding those with prior AF,
hysterectomy, liver cancer, or transplantation. Participants were classified by menopausal status

and SLD type: No SLD, metabolic dysfunction-associated steatotic liver disease (MASLD), MASLD
with combined etiologies, MASLD and increased alcohol intake (MetALD), and alcohol-associated
liver disease (ALD). Over 8.3 years of follow-up, postmenopausal women (n=903,079) were older
with higher body mass index and comorbidities, while premenopausal women (n=1,278,613) more
often smoked and consumed alcohol. In premenopausal women, AF incidence ranged from 0.65 per
1,000 person-years without SLD to 1.67 in ALD, with the highest hazard ratio in ALD (HR 2.16, 95% ClI
1.27-3.67). Postmenopausal women showed higher absolute AF incidence (3.43-5.44) but attenuated
hazard ratios, peaking at 1.66 in ALD. SLD is significantly associated with increased AF risk, peaking
in premenopausal women with MASLD or ALD; these findings necessitate early cardiovascular

risk assessment and AF screening, warranting further research into preventive strategies. These
novel findings establish a significant association between SLD and increased AF risk across all
menopausal stages, demonstrating that the highest relative risk is disproportionately concentrated
in premenopausal women with MASLD or ALD, thus underscoring the urgent need for enhanced
cardiovascular surveillance and status-specific primary prevention strategies in this overlooked
younger population.
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AF Atrial fibrillation

ALD Alcoholic liver disease

CI Confidence interval

HR Hazard ratio

MASLD Metabolic dysfunction-associated steatotic liver disease
MetALD Metabolic-associated alcoholic liver disease

SLD Steatotic liver disease
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Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, affecting millions of individuals
globally, and is associated with significant morbidity and mortality'. While traditional risk factors for AF, such
as hypertension, obesity, and diabetes, are well-established, emerging evidence suggests that sex hormones and
metabolic dysfunction may also play a crucial role in AF development?>. Notably, the hormonal shifts associated
with menopause have been connected to a heightened risk of cardiovascular diseases, including AE*

Metabolic dysfunction-associated Steatotic liver disease (MASLD), previously known as non-alcoholic
fatty liver disease (NAFLD), is increasingly recognized as a healthcare burden. >7 MASLD is risk factor of
various diseases including gastrointestinal disease, cardiovascular disease, type 2 diabetes, and chronic kidney
disease® 1. Given its close relationship to metabolic syndrome, MASLD shares common risk factors with AF,
such as obesity and dyslipidemia. MASLD may independently elevate AF risk through mechanisms like systemic
inflammation, oxidative stress, and alterations in cardiac electrophysiology'!. Notably, women have distinct
metabolic and hormonal profiles that may affect their cardiovascular risk profile differently than men'2 Observed
differences in the prevalence and clinical presentation of MASLD indicate that gender plays a modulating role
in disease trajectory and severity, warranting further investigation into sex specific risk factors'*!%. However,
research on how MASLD and menopausal status impact AF risk remains sparse, highlighting a significant gap
in understanding these interacting factors.

The aim of this study was to evaluate the differential impact of specific steatotic liver disease (SLD) subtypes
on AF risk in women, specifically examining the association in premenopausal compared to postmenopausal
women using a nationwide population-based cohort.

Methods

Data were sourced from the comprehensive nationwide claims database of the Korean National Health Insurance
Service (NHIS), which covers nearly the entire population of South Korea. The NHIS database includes a broad
spectrum of information, such as demographic details, mortality records, medical costs, diagnoses coded
according to the International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM), as
well as data on inpatient and outpatient services and prescriptions!”. The National Health Screening Program for
chronic diseases, available to individuals aged 19 and older, provides additional data from physical examinations,
laboratory tests, and self-reported questionnaires’®.

This study complied with the Declaration of Helsinki’s ethical principles. The study protocol was reviewed
and exempted from full review by the Institutional Review Board (IRB no. E-2411-036-1585) due to data
anonymization. The requirement for informed consent was waived by the IRB as the NHIS data were de-
identified. Authorization to use the NHIS database from 2009 to 2018 was granted in 2024.

Study populations

Figure 1 illustrates the patient selection process. The initial cohort comprised 3,106,111 women aged over 40
who underwent a National Health Insurance Corporation (NHIC) health examination and cancer survey in
2009. After excluding individuals with missing data (n=509,184), a history of hysterectomy (1 =206,896),
outliers for age at menarche or menopause (n=186,899), liver cancer or transplantation (n = 1,508), prevalent AF
(n=15,500), and AF occurrence within one year of follow-up (n=4,432), a total of 2,181,692 women remained.
After further exclusion of those with specific etiology or cryptogenic SLD (n=526), the final study population
consisted of 2,181,166 participants, categorized into premenopausal (1n=902,825) and postmenopausal
(n=1,278,341) groups.

Definition of steatotic liver disease, fatty liver index, and cardiometabolic criteria

SLD is defined as hepatic steatosis identified by imaging or biopsy. It is further divided by the presence of
cardiometabolic criteria and the cause of steatosis into five categories: MASLD, MASLD with increased alcohol
intake (MetALD), alcohol-associated liver disease (ALD), specific etiology SLD, and cryptogenic SLD. 7 Due to
the lack of imaging or biopsy data in the NHIS database, hepatic steatosis was instead assessed using the Fatty
Liver Index (FLI).

FLI incorporates body mass index (BMI), waist circumference, triglycerides, and gamma-glutamyl
transpeptidase (GGT)'8. Cardiometabolic factors used to define MASLD were identified by meeting at least one
of the following five criteria'”: (1) BMI > 25 kg/m* (or > 23 kg/m? for Asian populations), waist circumference
> 94 cm for men or > 80 cm for women, or ethnicity-adjusted values (> 90 cm for men and > 80 cm for women
was used for Asian populations); (2) Fasting serum glucose > 5.6 mmol/L (100 mg/dL), 2-hour post-load glucose
levels > 7.8 mmol/L (140 mg/dL), HbAlc = 5.7% (39 mmol/mol), a diagnosis of type 2 diabetes, or treatment
for type 2 diabetes (2-hour post-load glucose levels and HbAlc were not assessed in the health examination
and thus excluded); (3) Blood pressure > 130/85 mmHg or specific antihypertensive drug treatment; (4) Plasma
triglycerides > 1.70 mmol/L (150 mg/dL) or lipid-lowering treatment; and (5) Plasma HDL-cholesterol < 1.0
mmol/L (40 mg/dL) for men or < 1.3 mmol/L (50 mg/dL) for women, or lipid-lowering treatment.

The study population was classified into seven groups based on the FLI, cardiometabolic criteria, concomitant
liver disease (CLD), and alcohol consumption: no SLD, MASLD, MASLD with other combined etiology, MetALD,
ALD, specific etiology SLD, and cryptogenic SLD (Supplementary Table S1). Subjects with an FLI below 30 were
categorized as having no SLD. Those with an FLI > 30, cardiometabolic risk factors, alcohol consumption below
30 g/day for men or 20 g/day for women, and no evidence of CLD or ALD were classified as MASLD. The
MASLD with other combined etiology group, included individuals meeting the same criteria as MASLD but
with concurrent CLD or ALD. The MetALD group consisted of subjects with an FLI> 30, cardiometabolic risk
factors, and moderate alcohol consumption (30-60 g/day for men or 20-50 g/day for women). ALD was defined
by an FLI>30 and high alcohol consumption (> 60 g/day for men or > 50 g/day for women). Specific etiology SLD
included those with an FLI > 30, no cardiometabolic risk factors but significant alcohol consumption (=30 g/day
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Women over age 40 years old who received
NHIC health examination and cancer survey in 2009

n = 3,106,111
/Excluded \
» Subjects with missing values (n = 509184)
» Subjects with history of hysterectomy ( n = 206896)
» Limit to subjects with age of menarche between 5 to 30 years old and age of
menopause between 30 and 60 years old (n=186899)
» Subjects with liver cancer of liver transplantation (n = 1508)
» Subjects with prevalent atrial fibrillation (n=15500)
K Subjects with atrial fibrillation occurrence before 1 year follow up (n = 4432) j
Study population
n =2,181,692
4{ » Subjects with specific etiology SLD or cryptogenic SLD (n=526) ]
Menopause
n= 2,181,166

[ Pre-menopause ] [ Post-menopause ]

n = 902,825

n=1,278,341

Fig. 1. Study flow. Among women over age 40 years old who received NHIC health examination and cancer
survey in 2009, a total of 2,181,166 subjects remained in the final study population after excluding the specified
groups.

for men or =20 g/day for women) or evidence of either CLD or ALD. Cryptogenic SLD comprised individuals
with an FLI> 30, no cardiometabolic risk factors, low alcohol consumption (<30 g/day for men or <20 g/day for
women), and no evidence of CLD or ALD. Due to the small number of subjects in the specific etiology SLD and
cryptogenic SLD groups, these individuals were excluded from the final analysis.

Covariates

The detailed definitions for exclusion criteria regarding AF, along with key comorbidities (diabetes mellitus,
hypertension, dyslipidemia, chronic kidney disease [CKD], heart failure, prior myocardial infarction, prior
ischemic stroke, and concomitant liver disease), and health exam questionnaire (smoking, alcohol consumption,
and exercise, and household income) are provided in Supplementary Table SI. Reproductive history data
included age of menarche and menopause, parity, breastfeeding practices, use of oral contraceptives, hormone
replacement therapy, and history of benign breast tumors. Smoking habits (never, former, or current), alcohol
consumption (none, mild to moderate, or heavy), and incomes were self-reported through a questionnaire!>2.
General health assessments measured height, weight, BMI, waist circumference, and both systolic and diastolic
blood pressure. Laboratory tests included fasting glucose levels, estimated glomerular filtration rate (eGFR),
lipid profiles (total cholesterol, triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein
cholesterol), and liver function tests (aspartate aminotransferase [AST], alanine aminotransferase [ALT], and
gamma-glutamyl transferase [GGT])**~%*. Each analysis utilized all available data without excluding entire cases.

Study outcomes and follow-up

The primary outcome during the follow-up period was the development of AF. AF was identified based on the
initial recording of relevant ICD-10-CM codes (148; AF and atrial flutter) on at least two outpatient visits or a
hospital admission?’. Patients were followed from the index date until the first occurrence of AF, loss of eligibility
from the NHIS due to emigration, death, or the end of the study period (December 31, 2018), whichever came
first.

Statistical analysis

Continuous variables are expressed as mean+standard deviation for normally distributed variables and as
geometric mean with interquartile range for non-normally distributed variables. Categorical variables are
presented as frequencies and percentages. Baseline characteristics were compared using one-way analysis of
variance for continuous variables and chi-square tests for categorical variables. The incidence rate (IR) of AF
was calculated as the number of new AF cases per 1,000 person-years. Kaplan—-Meier survival curves were used
to assess cumulative AF incidence, with comparisons made via the log-rank test. Cox proportional hazards
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models were employed to estimate hazard ratios (HRs) and 95% confidence intervals (Cls), using five models
with increasing covariate adjustments: (1) unadjusted (model 1); (2) adjusted for age (model 2); (3) adjusted
for age and comorbidities (CKD, heart failure, prior MI, prior ischemic stroke) (model 3); (4) adjusted for age,
socioeconomic factors (income, smoking, regular exercise), and reproductive history (parity, breastfeeding, oral
contraceptive use, age at menarche, age at menopause, hormone replacement therapy) (model 4); and (5) further
adjusted for all the mentioned covariates in the previous models (model 5). For sensitivity analyses, subjects
with significant cardiovascular comorbidities were excluded. Subgroup analyses were conducted by menopausal
status and comorbidities to assess potential interactions. Further analysis stratified by age evaluated the impact
of age on AF risk stratified menopausal status.

Statistical significance was set at p <0.05. All statistical analyses were performed using SAS version 9.4 (SAS
Institute, Cary, North Carolina, USA).

Results

Baseline characteristics

The study included 2,181,166 women (mean age 54.8 + 10.7 years, mean follow-up duration 8.3 £0.7 years). Of
these, 41.4% were premenopausal, and 58.6% were postmenopausal. The baseline characteristics of the study
population are described in Table 1. Postmenopausal women had later menarche (16.4+1.8 vs. 15.1 £ 1.6 years).
They had more children, longer breastfeeding, and more oral contraceptive use. Comorbidities were more
frequent in postmenopausal women. While most women in the study never smoked, premenopausal women
showed higher rates of current smoking (3.3% vs. 2.6%) and heavy drinking (2.1% vs. 0.8%). Regular exercise
was similar in both groups (18.3% vs. 17.3%). In general, postmenopausal women had higher BMI, waist
circumference, blood pressure, and worse lipid profiles overall. Within the same type of SLD, premenopausal
subjects were generally heavier, with a higher proportion having a BMI over 30 kg/m* and larger waist
circumferences. Detailed baseline characteristics by SLD group are described in Supplemental Table S2.

Steatotic liver disease and the risk of incident AF with different menopausal status

Over a mean follow-up duration of 8.3+0.71 years, 47,061 (2.1%) developed new-onset AE The Kaplan-Meier
curves show that the cumulative incidence of AF is higher in women with SLD compared to those without SLD
across both menopausal groups (Fig. 2), with a more marked increase in postmenopausal women. Log-rank
test indicates a statistically significant difference between the groups (P<0.001), suggesting a higher AF risk
associated with liver disease in both menopausal statuses.

Table 2 presents the number of events, crude IRs, and HRs for AF, based on both unadjusted (model 1) and
adjusted analyses (models 2-5). The postmenopausal group exhibited higher crude IRs than the premenopausal
group (3.43 to 5.44 vs. 0.65 to 1.67 per 1,000 person-years). AF risk was significantly elevated across all SLD
groups, irrespective of menopausal status, compared to individuals without SLD (all P-values<0.001). Among
liver disease categories, individuals with MetALD and ALD consistently demonstrated the highest adjusted HRs
in both menopausal groups (MetALD: adjusted HR 2.07 [95% CI 1.60-2.66], ALD: adjusted HR 2.16 [95% CI
1.27-3.67] for premenopausal; MetALD: adjusted HR 1.57 [95% CI 1.34-1.83], ALD: adjusted HR 1.66 [95% CI
1.18-2.34] for postmenopausal).

Sensitivity analyses

In the sensitivity analyses, which excluded subjects with significant cardiovascular comorbidities (chronic
kidney disease, heart failure, prior myocardial infarction, and prior ischemic stroke), AF risk remained elevated
across all SLD groups compared to those without SLD (Supplemental Table S3).

In the premenopausal group, the adjusted HRs for AF were highest among individuals with MetALD (HR
2.03 [95% CI 1.56-2.63]) and ALD (HR 2.35 [95% CI 1.38-3.98]). Similarly, in the postmenopausal group,
individuals with MetALD (HR 1.63 [95% CI 1.38-1.94]) and ALD (HR 1.72 [95% CI 1.19-2.48]) demonstrated
the highest adjusted HRs for AF.

Subgroup analysis

The subgroup analysis on menopausal status and comorbidities revealed that AF risk is significantly influenced
by menopausal status (Table 3). Other comorbidities, including chronic kidney disease, heart failure, prior
myocardial infarction, and prior ischemic stroke, exhibited no significant interaction. Further subgroup analysis
demonstrates the influence of age on AF risk, stratified by menopausal status (Supplementary Table S4). In both
premenopausal and postmenopausal women, AF IRs increased progressively with age. The SLD group with the
highest HRs varied across different age groups.

Discussion
Our study provides novel insights into the relationship between SLD, menopausal status, and AF risk in a large,
nationwide cohort of Korean women. The key findings can be summarized as follows: (1) SLD is associated with
an increased risk of AF in both premenopausal and postmenopausal women; (2) the impact of SLD on AF risk
is more pronounced in premenopausal women, with higher hazard ratios observed in this group; (3) among the
different categories of SLD, MetALD and ALD demonstrate the highest risk for AF in both menopausal groups;
and (4) the association between SLD and AF risk persists even after adjusting for various confounding factors
and in sensitivity analyses excluding individuals with significant cardiovascular comorbidities.

As far as we are aware this is the first analysis of the impact of various types of SLD on incident AF, in relation
to menopausal status in women. This is important given that MASLD is one of the most common chronic liver
diseases globally, with an estimated prevalence of 30-40% varying across populations®*?> Subjects with MASLD
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Menopausal status

Total Pr P 1 | Post p 1

(n=2,181,166) (n=90,2825) (n=1,278,341) p-value
Age, years
Mean +SD 54.8+10.7 45.1+4.2 61.6+8.4 <0.0001
40-64 1,730,357 (79.3) 900,140 (99.7) 830,217 (64.9) <0.0001
>65 450,809 (20.6) 2685 (0.3) 448,124 (35.0)
Reproductive history
Age at Menarche 159+1.9 15.1+1.6 16.4+1.8 <0.0001
Age at Menopause 49.9+3.9 - 49.9+3.9
Parity <0.0001
0 53,961 (2.4) 32,618 (3.6) 21,343 (1.6)
1 195,370 (8.9) 119,798 (13.2) 75,572 (5.9)
>2 1,931,835 (88.5) 750,409 (83.1) | 1,181,426 (92.4)
Brest feeding <0.0001
No 244,149 (11.1) 162,278 (17.9) 81,871 (6.4)
<6 months 300,822 (13.7) 221,070 (24.4) | 79,752 (6.2)
6 months-1 year 453,730 (20.8) 237,494 (26.3) 216,236 (16.9)
>1 year 1,182,465 (54.2) 281,983 (31.2) 900,482 (70.4)
Oral contraceptives <0.0001
No 1,867,204 (85.6) 786,490 (87.1) 1,080,714 (84.5)
<1 year 204,325 (9.3) 85,606 (9.4) 118,719 (9.2)
>1 year 109,637 (5.0) 30,729 (3.4) 78,908 (6.1)
Hormone replacement therapy
No 1,074,250 (84.0) - 1,074,250 (84.0)
<2 years 118,598 (9.2) - 118,598 (9.2)
2-5 years 48,596 (3.8) - 48,596 (3.8)
>5 years 36,897 (2.8) - 36,897 (2.8)
Prior benign breast tumor 168,990 (7.7) 91,107 (10.0) 77,883 (6.0) <0.0001
Comorbidities
Diabetes mellitus 197,425 (9.0) 32,277 (3.5) 165,148 (12.9) <0.0001
Hypertension 662,670 (30.3) 120,389 (13.3) 542,281 (42.4) <0.0001
Dyslipidemia 512,579 (23.5) 98,057 (10.8) | 414,522 (32.4) <0.0001
Chronic kidney disease 189,488 (8.6) 38,107 (4.2) 151,381 (11.8) <0.0001
Heart failure 1547 (0.07) 80 (0.0) 1467 (0.1) <0.0001
Prior myocardial infarction | 6347 (0.2) 804 (0.0) 5543 (0.4) <0.0001
Prior ischemic stroke 11,063 (0.5) 911 (0.1) 10,152 (0.7) <0.0001
Cardiometabolic 1,849,067 (84.7) 675,127 (74.7) 1,173,940 (91.8) <0.0001
Alcohol-related liver disease | 21,566 (0.9) 7090 (0.7) 14,476 (1.1) <0.0001
Concomitant liver disease 85,091 (3.9) 26,897 (2.9) 58,194 (4.5) <0.0001
Social history
Smoking <0.0001
Never 2,089,918 (95.8) 858,502 (95.0) 1,231,416 (96.3)
Former 27,656 (1.2) 14,289 (1.5) 13,367 (1.0)
Current 63,592 (2.9) 30,034 (3.3) 33,558 (2.6)
Drinking <0.0001
Non 1,771,848 (81.2) 649,300 (71.9) 1,122,548 (87.8)
Moderate 373,746 (17.1) 231,216 (25.6) 142,530 (11.1)
Heavy 30,730 (1.4) 19,400 (2.1) 11,330 (0.8)
Alcoholic 4842 (0.2) 2909 (0.3) 1933 (0.1)
Regular exercise 391,471 (17.9) 156,363 (17.3) 235,108 (18.3) <0.0001
Income, Low 497,190 (22.7) 223,265 (24.7) | 273,925 (21.4) <0.0001
Health examination
Height, cm 155.1£5.8 157.5+5.1 153.4+5.7 <0.0001
Weight, kg 57.2+8.2 57.6+8.0 56.9+8.2 <0.0001
Body mass index, kg/m2 23.7+3.1 23.2+3.06 24.1+3.1 <0.0001
<18.5 53,011 (2.4) 25,210 (2.7) 27,801 (2.1) <0.0001

Continued
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Menopausal status

Total Pr P 1 | Post pausal

(n=2,181,166) (n=90,2825) (n=1,278,341) p-value
18.5-23 881,331 (40.4) 444,047 (49.1) | 437,284 (34.2)
23-25 548,070 (25.1) 211,106 (23.3) 336,964 (26.3)
25-30 615,800 (28.2) 194,746 (21.5) 421,054 (32.9)
230 82,954 (3.8) 27,716 (3.0) 55,238 (4.3)
Waist Circumference, cm 78.0+8.4 752+7.7 80.0+8.2 <0.0001
SBP, mmHg 122.2+159 117.3+14.3 125.7+16.1 <0.0001
DBP, mmHg 75.4+10.2 73.1+£9.9 76.9+10.15 <0.0001
Laboratory results
Fasting glucose, mg/dL 97.2+22.1 93.7+17.9 99.7+24.3 <0.0001
eGFR, mL/min/1.73m? 84.9+28.7 89.0£29.0 82.0+£28.2 <0.0001
Total Cholesterol, mg/dL 201.3+37.7 192.0+34.0 207.9+38.7 <0.0001
Triglyceride, mg/dL* 104.1 (104.0-104.2) | 88.7 (88.6-88.8) | 116.5(116.4-116.6) | <0.0001
HDL-C, mg/dL 58.5+31.8 59.9+30.0 57.5+33.0 <0.0001
LDL-C, mg/dL 120.3+37.7 113.1+£35.6 125.4+38.3 <0.0001
AST, TU/L* 22.4(22.4-22.4) 20.5 (20.5-20.5) | 23.9 (23.9-23.9) <0.0001
ALT, IU/L* 18.6 (18.6-18.7) 16.7 (16.7-16.7) | 20.1 (20.1-20.2) <0.0001
y-GTP, TU/L* 19.2 (19.2-19.2) 17.2(17.2-17.3) | 20.7 (20.6-20.7) <0.0001

Table 1. Baseline characteristics of the study population according to menopausal status. Categorical variables
were presented as percentages, and continuous variables were presented as mean and standard deviation.

*TG, AST, ALT, and r-GTP were presented as geometric mean (95% confidence interval). Abbreviation: AST,
aspartate transaminase; ALT, alanine transferase; DBP, diastolic blood pressure; eGFR, estimated glomerular
filtration rate; y-GTP, y-Glutamyl transpeptidase; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-
density lipoprotein-cholesterol; SBP, systolic blood pressure; SD, standard deviation; TG, triglyceride; WC,
waist circumference.
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Fig. 2. Cumulative Incidence of Atrial Fibrillation Based on Different Liver Disease Etiologies (a)
Premenopausal Women (b) Postmenopausal Women. The Kaplan-Meier curves show that the cumulative
incidence of AF is higher in women with SLD compared to those without SLD across both menopausal groups.
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Model 1 Model 2 Model 3 Model 4 Model 5
SLD group N Event | IR per 1000 PY | HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
Premenopausal
No SLD 779,082 | 4182 0.65 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)
MASLD 112,032 | 1008 1.08 1.67 (1.56-1.79) | 1.45 (1.35-1.56) | 1.44 (1.35-1.55) | 1.44 (1.34-1.54) | 1.43 (1.33-1.53)
MASLD with other combined etiology | 5663 76 1.61 2.50 (1.99-3.13) | 2.01 (1.60-2.52) | 1.94 (1.55-2.44) | 1.97 (1.57-2.48) | 1.91 (1.52-2.40)
MetALD 5046 63 1.50 2.32(1.81-2.98) | 2.25(1.75-2.88) | 2.25(1.75-2.88) | 2.07 (1.60-2.66) | 2.07 (1.60-2.66)
ALD 1002 14 1.67 2.59 (1.53-4.38) | 2.45(1.45-4.14) | 2.44 (1.44-4.13) | 2.17 (1.28-3.68) | 2.16 (1.27-3.67)
P - value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Postmenopausal
No SLD 885,515 | 25,337 | 3.43 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference) 1 (Reference)
MASLD 362,751 | 15,085 | 5.00 1.45 (1.42-1.48) | 1.30 (1.28-1.33) | 1.29 (1.26-1.32) | 1.30 (1.27-1.33) | 1.29 (1.26-1.31)
MASLD with other combined etiology | 24,478 | 1106 5.44 1.58 (1.49-1.68) | 1.46 (1.37-1.55) | 1.42 (1.34-1.51) | 1.45 (1.37-1.54) | 1.42 (1.34-1.51)
MetALD 4702 157 [4.02 1.17 (1.00-1.37) | 1.62 (1.39-1.90) | 1.62 (1.38-1.89) | 1.57 (1.34-1.83) | 1.57 (1.34-1.83)
ALD 895 33 4.44 1.29 (0.92-1.82) | 1.72 (1.22-2.42) | 1.73 (1.23-2.43) | 1.66 (1.18-2.3) 1.66 (1.18-2.34)
P - value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Table 2. Incidence rates and hazard ratios of atrial fibrillation by menopausal status and steatotic liver

disease Type. * IR per 1000 PY. Model 1: Unadjusted. Model 2: Adjusted for age. Model 3: Adjusted for age,
chronic kidney disease, heart failure, prior myocardial infarction, and prior ischemic stroke. Model 4 (in
premenopausal): Adjusted for age, income, smoking, regular exercise, parity, breastfeeding, oral contraceptive,
and age at menarche. Model 4 (in postmenopausal): Adjusted for age, income, smoking, regular exercise,
parity, breastfeeding, oral contraceptive, age at menarche, age at menopause, and hormone replacement
therapy. Model 5 (in premenopausal): Adjusted for age, chronic kidney disease, heart failure, prior myocardial
infarction, prior ischemic stroke, income, smoking, regular exercise, parity, breastfeeding, oral contraceptive,
and age at menarche. Model 5 (in postmenopausal): Adjusted for age, chronic kidney disease, heart failure,
prior myocardial infarction, prior ischemic stroke, income, smoking, regular exercise, parity, breastfeeding,
oral contraceptive, age at menarche, age at menopause, hormone replacement therapy. Abbreviations: ALD,
Alcohol abuse/misuse, or alcohol-related liver disease; CI, confidence interval; HR, hazard ratio; IR, incidence
rate; MASLD, metabolic dysfunction-associated Steatotic liver disease; MetALD, MASLD and increased
alcohol intake; PY, person-year; SLD, Steatotic liver disease.

and related SLD have shown a higher risk of cardiovascular diseases—such as myocardial infarction, ischemic
stroke, and heart failure—as well as associated mortality>*?°. In the context of arrhythmias, biopsy-confirmed
MASLD is linked to a significantly higher rate of incident AF compared to controls (adjusted HR 1.26, 95% CI
1.18-1.35). This effect is consistent regardless of the histological group?.

Generally, the prevalence of MASLD and its severity increases after menopause®®-3!. However, one recent
study projected an increasing trend in MASLD prevalence among premenopausal women through 2040%,
highlighting that the importance of MASLD in this group should not be underestimated. Our results support
this notion, as premenopausal women, despite a lower absolute incidence rate of AF, exhibit higher adjusted
hazard ratios than postmenopausal women. These findings clearly emphasize the need for heightened awareness
of SLD in premenopausal women.

While the mechanisms linking MASLD and AF remain incompletely characterized, emerging evidence
implicates shared inflammatory and fibrotic pathways. Preliminary studies indicate that MASLD correlates
with cardiac remodeling, such as increased left atrial stiffness and autonomic and conduction abnormalities,
which may predispose individuals to AE3>-3 These observations may be partially explained by mitochondrial
dysfunction, systemic inflammation, and oxidative stress observed in both metabolic conditions and AE383
Specifically, MASLD pathogenesis involves elevated levels of proinflammatory cytokines (e.g., IL-6, CRP,
and TNF), which are also implicated in AE370 In parallel, heightened collagen turnover, as evidenced by
increased collagen type I carboxy-terminal telopeptide, is linked to structural changes that further predispose
to AF, suggesting a role for maladaptive cardiac remodeling**2. These processes mirror findings in metabolic
syndrome, where elevated galectin-3 and procollagen peptides independently predict AF risk*.

An important consideration in interpreting our findings is that SLD is defined by FLI which comprises BMI,
waist circumference, triglycerides, and GGT. Since these factors are independently associated with AF risk,*-6
there is an inherent overlap between our definition of SLD and traditional cardiovascular risk factors. Therefore,
SLD in our study should be interpreted as an integrative metabolic risk marker rather than a single isolated risk
factor. SLD captures the cumulative burden of cardiometabolic dysfunction. Therefore, SLD in our study should
be interpreted as an integrative metabolic risk marker that captures the cumulative burden of cardiometabolic
dysfunction. While the observed associations may reflect shared upstream metabolic pathways rather than a
direct effect of hepatic steatosis, the clinical relevance remains significant. Specifically, the clustering of these
metabolic components manifesting as steatosis, may create a potent arrhythmogenic substrate, making SLD a
valuable phenotype for identifying individuals at high AF risk.
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AF
Subgroup | Number Event | IR per 1000 PY | Adjusted HR* (95% CI) | P- for-interaction
Total population
Menopause
No No SLD 4182 0.65 1 (reference)
MASLD 1008 1.08 1.47 (1.37-1.58)
MASLD with other combined etiology | 76 1.61 2.03 (1.62-2.55)
MetALD 63 1.50 2.12 (1.65-2.72)
ALD 14 1.67 2.26 (1.34-3.83)
Yes No SLD 25,337 | 3.43 1 (reference) <0001
MASLD 15,085 | 5.00 1.28 (1.26-1.31)
MASLD with other combined etiology | 1106 5.44 1.42 (1.33-1.50)
MetALD 157 4.02 1.56 (1.34-1.83)
ALD 33 4.44 1.66 (1.18-2.33)
Premenopausal
Chronic Kidney disease
No No SLD 3967 | 0.64 1 (reference)
MASLD 927 1.05 1.43 (1.33-1.53)
MASLD with other combined etiology | 73 1.65 2.05 (1.63-2.59)
MetALD 58 1.45 2.01 (1.55-2.61)
ALD 14 1.77 2.33(1.37-3.94)
Yes No SLD 215 | 0.83 1 (reference) 0-39%4
MASLD 81 1.58 1.45 (1.12-1.88)
MASLD with other combined etiology | 3 1.00 0.71 (0.22-2.23)
MetALD 5 2.64 3.03 (1.25-7.38)
ALD 0 0.00
Heart failure
No No SLD 4176 0.64 1 (reference)
MASLD 1008 1.08 1.43 (1.34-1.54)
MASLD with other combined etiology | 76 1.61 1.94 (1.54-2.44)
MetALD 63 1.50 2.07 (1.61-2.66)
ALD 14 1.67 2.16 (1.28-3.67)
Yes No SLD 6 17.39 1 (reference) 09768
MASLD 0 0.00
MASLD with other combined etiology | 0 0.00
MetALD
ALD
Prior myocardial infarction
No No SLD 4173 | 0.64 1 (reference)
MASLD 1003 1.08 1.43 (1.33-1.53)
MASLD with other combined etiology | 74 1.58 1.90 (1.51-2.40)
MetALD 63 1.50 2.07 (1.61-2.67)
ALD 14 1.68 2.17 (1.28-3.68)
Yes No SLD 9 1.77 1 (reference) 09978
MASLD 5 3.95 1.61 (0.54-4.83)
MASLD with other combined etiology | 2 7.57 2.45(0.51-11.70)
MetALD 0 0.00
ALD 0 0.00
Prior ischemic stroke
Continued
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AF
Subgroup | Number Event | IR per 1000 PY | Adjusted HR* (95% CI) | P- for-interaction
No No SLD 4167 0.64 1 (reference)
MASLD 1003 1.08 1.43 (1.34-1.54)
MASLD with other combined etiology | 76 1.62 1.96 (1.56-2.46)
MetALD 63 1.50 2.07 (1.61-2.67)
ALD 14 1.68 2.17 (1.28-3.68)
Yes No SLD 15 2.71 1 (reference) 09445
MASLD 5 2.95 0.92 (0.33-2.55)
MASLD with other combined etiology | 0 0.00
MetALD 0 0.00
ALD 0 0.00
Postmenopausal
Chronic Kidney disease
No No SLD 20,788 | 3.14 1 (reference)
MASLD 11,562 | 4.50 1.29 (1.26-1.32)
MASLD with other combined etiology | 858 5.02 1.46 (1.36-1.56)
MetALD 138 3.83 1.59 (1.34-1.88)
ALD 30 4.39 1.74 (1.21-2.49)
Yes No SLD 4549 5.93 1 (reference) 0348
MASLD 3523 7.87 1.27 (1.22-1.33)
MASLD with other combined etiology | 248 7.70 1.30 (1.14-1.48)
MetALD 19 6.35 1.41 (0.90-2.21)
ALD 3 5.07 1.19 (0.38-3.69)
Heart failure
No No SLD 25,228 | 3.42 1 (reference)
MASLD 14,986 | 4.98 1.29 (1.26-1.31)
MASLD with other combined etiology | 1092 5.40 1.42 (1.34-1.51)
MetALD 156 4.00 1.56 (1.33-1.83)
ALD 33 4.45 1.67 (1.18-2.35)
Yes No SLD 109 16.79 1 (reference) 06506
MASLD 99 23.73 1.47 (1.11-1.92)
MASLD with other combined etiology | 14 17.53 1.23 (0.70-2.15)
MetALD 1 49.14 4.44 (0.65-30.11)
ALD 0 0.00
Prior myocardial infarction
No No SLD 25,133 | 3.42 1 (reference)
MASLD 14,926 | 4.98 1.29 (1.26-1.31)
MASLD with other combined etiology | 1080 | 5.37 1.41 (1.33-1.50)
MetALD 157 4.03 1.57 (1.34-1.84)
ALD 33 4.45 1.67 (1.18-2.35)
Yes No SLD 204 7.71 1 (reference) 09742
MASLD 159 9.65 1.26 (1.02-1.55)
MASLD with other combined etiology | 26 11.59 1.60 (1.06-2.41)
MetALD 0 0.00
ALD 0 0.00
Prior ischemic stroke
Continued
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AF

Subgroup | Number Event | IR per 1000 PY | Adjusted HR* (95% CI) | P- for-interaction
No No SLD 24,944 | 3.40 1 (reference)

MASLD 14,804 | 4.96 1.29 (1.26-1.31)

MASLD with other combined etiology | 1071 535 1.41 (1.33-1.50)

MetALD 156 4.01 1.57 (1.34-1.83)

ALD 32 4.33 1.63 (1.15-2.30)
Yes No SLD 393 7.74 1 (reference) 03383

MASLD 281 9.52 1.26 (1.08-1.46)

MASLD with other combined etiology | 35 12.26 1.77 (1.25-2.50)

MetALD 1 7.92 1.61 (0.22-11.52)

ALD 1 27.42 8.05 (1.19-54.09)

Table 3. Subgroup analyses. * Adjusted HR: (total population) adjusted for age, chronic kidney disease,

heart failure, prior myocardial infarction, prior ischemic stroke, income, smoking, regular exercise, parity,
breastfeeding, oral contraceptive, and age at menarche. (in premenopausal) adjusted for age, chronic kidney
disease, heart failure, prior myocardial infarction, prior ischemic stroke, income, smoking, regular exercise,
parity, breastfeeding, oral contraceptive, and age at menarche. (in postmenopausal) adjusted for age, chronic
kidney disease, heart failure, prior myocardial infarction, prior ischemic stroke, income, smoking, regular
exercise, parity, breastfeeding, oral contraceptives, age at menarche, age at menopause, and hormone
replacement therapy. Abbreviation: AF, atrial fibrillation; HR, hazard ratio; IR, incidence rate; PY, person-year.

Notably, our study observed the highest risks of AF in the MetALD and ALD groups, suggesting that alcohol
consumption exerts an independent and potentially synergistic deleterious contribution when superimposed on
metabolic dysfunction’”. While MASLD drives AF primarily through structural remodeling linked to systemic
inflammation, alcohol contributes via distinct electrophysiological mechanisms, including the shortening of
the atrial effective refractory period, autonomic modulation, and direct toxic effects on cardiomyocytes*->!.
Individuals with MetALD thus experience a ‘double hit' phenomenon: the metabolic substrate provides a
permissive milieu for inflammatory and fibrotic processes, while alcohol accelerates structural remodeling and
triggers arrhythmogenesis. This synergistic toxicity may explain why MetALD group demonstrate substantially
higher AF risk than MASLD alone, emphasizing alcohol’s independent contribution to atrial dysfunction.

The menopausal transition also marks a critical period in women, characterized by an increased prevalence
of cardiovascular disease®?. Early menopause, in particular, has been associated with elevated cardiovascular
risk, including AE>*5* The heightened cardiovascular risk among menopausal women can be partly attributed to
menopause-related changes in cardiovascular risk profiles such as alterations in lipid metabolism, emergence of
metabolic syndrome, and adverse vascular and body composition shifts*®->%. These changes stem, in part, from
declining sex hormones,”® which have also been linked to AF risk®%. Indeed, one proposed mechanism involves
the influence of sex hormones on immune function and gut microbiome composition, leading to exacerbated
metabolic dysfunction®®¢!. Consistent with these observations, our study found that postmenopausal women
exhibited a higher absolute IR of AF compared to premenopausal women. However, the impact of SLD is notably
greater among premenopausal women, as reflected by a higher adjusted HR and a significant p-for-interaction
value (< 0.0001). This pattern persisted even in individuals without major cardiovascular comorbidities,
suggesting that SLD confers a more pronounced effect on AF risk in premenopausal women.

The greater impact of SLD in premenopausal women may be attributable to an inherent susceptibility to
metabolic factors among these individuals. Although postmenopausal women generally exhibit worse metabolic
profiles, premenopausal women who developed SLD tend to be heavier, with higher rates of obesity (BMI >
30 kg/m?) and larger waist circumferences. Mechanistically, the discrepancy between high relative risk and
low absolute risk in premenopausal women offers a critical insight. Endogenous estrogen typically shields
premenopausal women from visceral adiposity and liver fibrosis®®*. Consequently, the onset of SLD during
this protective window implies the presence of particularly aggressive metabolic driver capable of overriding
physiological defenses This may result in heightened systemic inflammation and epicardial fat accumulation,
which are established triggers for atrial remodeling. Beyond metabolic profiles, genetic interactions may further
define this susceptibility. Specific variants affecting lipid metabolism and estrogen signaling pathways could
potentially amplify AF risk, particularly in premenopausal women®>¢3-6°, In contrast, postmenopausal women
face a high baseline risk of AF driven by age-related remodeling and estrogen withdrawal, which likely dilutes
the relative statistical impact of SLD®. Future research should specifically investigate these gene-hormone
interactions to refine risk stratification.

While premenopausal women exhibited higher relative hazard ratios, it is crucial to recognize that their
absolute AF incidence remains substantially lower compared to postmenopausal women. Clinically, this
distinction may warrant a stratified healthcare strategy. For premenopausal women, although the absolute
risk is lower, the diagnosis of SLD should serve as a ‘red flag’ for metabolic susceptibility. Management in this
group might optimally focus on aggressive risk factor modification. Future interventions could target weight
management and strict alcohol cessation, particularly for those with MetALD, to reverse the metabolic substrate
before atrial remodeling becomes before permanent structural changes occur. Regarding screening, given the
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lower absolute incidence, our data suggest that opportunistic screening may be more appropriate than universal
electrocardiogram (ECG) screening for this younger demographic. In contrast, for postmenopausal women,
the high absolute incidence of AF warrants systematic surveillance. For postmenopausal women, the high
absolute incidence of AF may justify systematic surveillance as a hypothesis-generating strategy. Future research
should evaluate the potential benefits of incorporating routine annual ECG screenings into standard care for
postmenopausal women with SLD, particularly those with coexisting hypertension or diabetes, to determine if
such approaches improve clinical outcomes before they are considered for routine implementation.

Study limitations

This study had several limitations. First, as an observational study using nationwide health insurance data, it
can only establish associations between SLD and AF risk, not causal relationships. Second, the diagnosis of SLD
relied on the FLI rather than imaging or biopsy, which may have introduced some misclassification. However,
the FLI has demonstrated robust predictive capability across diverse populations, with area under receiver
operating characteristic curves of 0.785, specifically in Korean cohorts®”8. Third, in certain groups, particularly
the ALD category, the small number of events limited the reliability of some hazard ratio estimates. Fourth,
while we adjusted for numerous confounding factors, the possibility of residual confounding from unmeasured
variables remains. Fifth, the study population was limited to Korean women, which limits the generalizability
of our findings to other ethnic groups. which may affect the generalizability of our findings to other ethnic
groups or populations. Given that White ethnicity is associated with a higher risk of AF compared to Asians,
and the impact of metabolic risk factors may vary across populations®®-73, further studies in diverse cohorts are
needed. Sixth, the disease severity of SLD could not be assessed. Sixth, menopausal status was assessed only at
baseline and not updated during follow-up. Women who were premenopausal at baseline may have transitioned
to postmenopausal status during the follow-up period, resulting in time-varying misclassification that may
have attenuated the observed associations. However, such misclassification likely leads to a conservative bias,
suggesting that the true associations between SLD and AF risk may be even more robust than those reported
in this study. Lastly, we lacked detailed information on the severity and duration of liver disease, which could
impact its association with AF risk. Despite these limitations, the large sample size and comprehensive nature of
the national health insurance database provide valuable insights into the relationship between SLD, menopausal
status, and AF risk.

Conclusion

This comprehensive study reveals statistically significant association between SLD and increased AF risk across
all menopausal stages. The highest relative risk of AF was observed in premenopausal women with MASLD or
ALD. These results emphasize the necessity of early cardiovascular risk assessments and targeted interventions
including AF screening for women with SLD for this previously underrecognized subgroup. Further research is
needed to uncover the underlying mechanisms and develop preventive strategies for this population.
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