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This study aims to investigate the incidence of new-onset atrial fibrillation (AF) in individuals with type 
2 diabetes mellitus (T2DM) across different categories of steatotic liver disease (SLD). Using a health 
examination database between 2009 and 2012, this study included 2,480,880 patients. Participants 
were categorized into five groups based on hepatic steatosis (fatty liver index ≥ 60), cardiometabolic 
risk factors, and alcohol consumption. Cox regression analyses were performed. The metabolic 
dysfunction-associated steatotic liver disease (MASLD) group showed an increased risk of new-onset 
AF (adjusted hazard ratio (aHR), 1.10; 95% confidence interval (CI), 1.08–1.11). The MASLD with other 
combined group demonstrated increased AF development (aHR, 1.22; 95% CI, 1.18–1.26). In metabolic 
dysfunction and alcohol-related steatotic liver disease (MetALD) and alcohol-related liver disease (ALD) 
with metabolic groups, heavy to excessive alcohol consumption increased the risk of AF incidence, with 
the highest aHR associated with greater alcohol intake (aHR, 1.26; 95% CI, 1.22–1.29, 1.48; 95% CI, 
1.41–1.55). MASLD increased the risk of AF in patients with T2DM, with a higher risk observed when 
accompanied by other liver diseases. Alcohol consumption was associated with proportional increase in 
the risk of AF, with excessive alcohol consumption associated with the highest risk of AF.
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associated steatotic liver disease
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LDL	� low density lipoprotein
MA	� medical aid
MAFLD	� metabolic dysfunction-associated fatty liver disease
MASLD	� metabolic dysfunction-associated steatotic liver disease
MetALD	� metabolic dysfunction and alcohol-related steatotic liver disease
MI	� myocardial infarction
MRI-PDFF	� magnetic resonance imaging derived proton density fat fraction
NAFLD	� non-alcoholic fatty liver disease
NHI	� national health insurance
NHIS	� national health insurance service
OHA	� oral hypoglycemic agent
PAD	� peripheral arterial disease
SBP	� systolic blood pressure
SD	� standard deviation
SLD	� steatotic liver disease
TG	� triglyceride
TIA	� transient ischemic attack
T2DM	� type 2 diabetes mellitus
TyG	� triglyceride-glucose index
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Atrial fibrillation (AF), one of the most common cardiac arrhythmias, is a prominent cardiovascular health 
concern because of its association with thromboembolic stroke, heart failure, and increased risk of mortality1,2. 
It is anticipated that reducing the burden of AF will improve patients’ quality of life. Projection studies indicate 
that by 2050, the prevalence of AF in the United States will exceed 10 million3. Although the exact mechanisms 
remain unclear, many studies have suggested that diabetes mellitus (DM) and AF share common risk factors4–6, 
with recent research further exploring the metabolic risk factors associated with AF7–9. Metabolic dysfunction-
associated steatotic liver disease (MASLD) is the most recent term for steatotic liver disease (SLD) associated 
with metabolic syndrome. Unlike the mechanisms underlying non-alcoholic fatty liver disease (NAFLD), which 
mainly focuses on liver fat accumulation, MASLD encompasses broader metabolic dysfunctions, including 
obesity, insulin resistance, and dyslipidemia10,11. While studies show a 99% overlap between NAFLD and 
MASLD, younger patients with early-stage, mild NAFLD may not always meet MASLD diagnostic criteria12. 
MASLD is strongly associated with an increased risk of developing type 2 DM (T2DM) and shares common 
pathophysiological mechanisms13,14. A recent meta-analysis demonstrated that MASLD is significantly 
associated with an increased risk of developing incident AF, with a random-effects hazard ratio (HR) of 1.20 
(95% confidence interval (CI), 1.10–1.32) and this association remained significant even after adjusting for 
T2DM15. In the context of the increasing emphasis on early prevention due to the additive deleterious effects 
of T2DM on MASLD, the specific impact of SLD categories on AF development in T2DM patients remains 
underexplored16. Therefore, we investigated the incidence of new-onset AF in a nationwide cohort of individuals 
with T2DM, stratified by SLD categories.

Results
Baseline characteristics
A total of 2,480,880 individuals were divided into the following five groups: 1,778,355 (71.68%), no-steatosis 
group; 510,905 (20.59%), MASLD group; 100,568 (4.05%), metabolic dysfunction and alcohol-related steatotic 
liver disease (MetALD) group; 34,597 (1.39%), alcohol-related liver disease (ALD) with metabolic group; 
and 56,455 (2.28%), MASLD with other combined groups. Table 1 presents the baseline characteristics of the 
participants. The median age of the total population was 57 years, and 60.1% of the patients were male.

Participants in the MetALD and ALD with metabolic groups were more likely to be current smokers and 
predominantly men, with a higher prevalence of new-onset DM. They exhibited higher values of systolic blood 
pressure (SBP), diastolic blood pressure (DBP), fasting glucose, estimated glomerular filtration rate (eGFR), 
triglycerides (TG), gamma-glutamyl transferase (GGT), and lower values of low-density lipoprotein (LDL) 
cholesterol than the other groups. The MASLD with other combined group showed a higher prevalence of 
comorbidities, including hypertension (HTN), dyslipidemia, myocardial infarction (MI), congestive heart 
failure (CHF), transient ischemic attack (TIA), thromboembolism, and peripheral arterial disease (PAD).

Risk of AF incidence according to alcohol consumption, metabolic risk, and MASLD
Compared to the no steatosis group (reference), the MASLD group showed an increased risk of AF development 
(aHR, 1.10; 95% CI, 1.08–1.11) after adjustment for age, sex, income, smoking, regular exercise, body mass index 
(BMI), Charlson Comorbidity Index (CCI) score, fasting glucose, DM duration, insulin use, oral hypoglycemic 
agent (OHA), chronic kidney disease (CKD), MI, CHF, dyslipidemia, stroke, TIA, thromboembolism, PAD, 
and CHA2DS2-VASc score. (Model 5, Table  2). In the MetALD and ALD with metabolic groups, heavy to 
excessive alcohol consumption further increased the risk of AF incidence, with the highest aHR observed with 
greater alcohol intake (aHR, 1.26; 95% CI, 1.22–1.29 for MetALD; aHR, 1.48; 95% CI, 1.41–1.55 for ALD with 
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No Steatosis MASLD MetALD ALD with metabolic MASLD with other combined

(N = 1778355) (N = 510905) (N = 100568) (N = 34597) (N = 56455)

Age, year 58.52 ± 12.19 54.05 ± 12.16 50.92 ± 10.33 51.43 ± 10.16 54.97 ± 10.83

Age groups

< 40 111,741 (6.28) 60,756 (11.89) 12,859 (12.79) 3709 (10.72) 4175 (7.40)

40–64 1,077,104 (60.57) 342,863 (67.11) 77,751 (77.31) 27,339 (79.02) 41,257 (73.08)

≥ 65 589,510 (33.15) 107,286 (21.00) 9958 (9.90) 3549 (10.26) 11,023 (19.53)

Sex

Male 957,317 (53.83) 360,075 (70.48) 96,570 (96.02) 33,676 (97.34) 43,429 (76.93)

Female 821,038 (46.17) 150,830 (29.52) 3998 (3.98) 921 (2.66) 13,026 (23.07)

BMI, kg/m2 23.94 ± 2.68 28.25 ± 3.31 26.94 ± 3.11 26.80 ± 3.27 27.83 ± 3.37

Waist circumference, cm 82.40 ± 7.12 93.36 ± 7.37 91.60 ± 7.26 91.67 ± 7.61 93.14 ± 7.55

SBP, mmHg 127.72 ± 15.70 132.27 ± 15.57 133.61 ± 15.58 134.13 ± 16.09 131.06 ± 15.20

DBP, mmHg 77.87 ± 9.96 81.92 ± 10.31 83.59 ± 10.50 83.77 ± 10.65 81.22 ± 10.05

Fasting glucose, mg/dL 142.47 ± 46.43 151.48 ± 47.77 154.97 ± 46.32 158.30 ± 49.99 146.13 ± 47.59

Total cholesterol, mg/dL 192.58 ± 40.79 209.46 ± 44.02 207.57 ± 44.63 205.98 ± 47.03 197.46 ± 44.14

HDL cholesterol, mg/dL 52.92 ± 21.87 48.64 ± 21.48 51.83 ± 22.54 52.60 ± 23.46 49.06 ± 22.96

LDL cholesterol, mg/dL 112.66 ± 38.88 111.41 ± 44.94 101.79 ± 45.95 98.62 ± 48.07 102.74 ± 45.08

eGFR, mL/min/1.73m2 84.83 ± 35.34 85.36 ± 38.06 90.23 ± 37.48 92.18 ± 42.43 86.33 ± 38.62

Triglycerides, mg/dL 122.68 (122.59–122.77) 226.76 (226.45–227.07) 245.99 (245.21–246.78) 246.65 (245.25–248.07) 208.74 (207.87–209.61)

AST, IU/L 23.78 (23.77–23.79) 31.76 (31.72–31.81) 36.01 (35.89–36.13) 39.70 (39.45–39.96) 37.85 (37.67–38.03)

ALT, IU/L 22.71 (22.70–22.73) 37.66 (37.60–37.72) 38.85 (38.71–38.99) 40.09 (39.84–40.35) 40.49 (40.27–40.70)

GGT, IU/L 27.85 (27.83–27.88) 64.36 (64.23–64.48) 114.08 (113.56–114.60) 137.42 (136.26–138.59) 85.00 (84.41–85.60)

Income, Lowest Q1 377,867 (21.25) 106,481 (20.84) 18,297 (18.19) 6674 (19.29) 12,262 (21.72)

Smoking

None 1,085,145 (61.02) 240,441 (47.06) 18,030 (17.93) 6309 (18.24) 24,160 (42.80)

Former 299,470 (16.84) 104,599 (20.47) 28,696 (28.53) 9683 (27.99) 12,997 (23.02)

Current 393,740 (22.14) 165,865 (32.46) 53,842 (53.54) 18,605 (53.78) 19,298 (34.18)

Drinkinga

None 1,127,413 (63.40) 252,865 (49.49) N/A N/A 26,540 (47.01)

Mild 528,205 (29.70) 258,040 (50.51) N/A N/A 29,915 (52.99)

Heavy 97,833 (5.50) N/A 100,568 (100) N/A N/A

Excessive 24,904 (1.40) N/A N/A 34,597 (100) N/A

Regular exercise 385,330 (21.67) 89,780 (17.57) 19,638 (19.53) 6884 (19.90) 11,098 (19.66)

CKD 206,894 (11.63) 53,553 (10.48) 5121 (5.09) 1616 (4.67) 5693 (10.08)

CCI Score, ≥5 286,598 (16.12) 56,274 (11.01) 7762 (7.72) 3242 (9.37) 17,017 (30.14)

CCI Score 2.41 ± 2.12 1.91 ± 1.96 1.63 ± 1.79 1.81 ± 1.86 3.63 ± 2.17

DM Duration

New onset 657,132 (36.95) 241,060 (47.18) 56,594 (56.27) 18,089 (52.28) 16,523 (29.27)

< 5 years 557,119 (31.33) 166,845 (32.66) 28,417 (28.26) 10,301 (29.77) 25,731 (45.58)

≥ 5 years 564,104 (31.72) 103,000 (20.16) 15,557 (15.47) 6207 (17.94) 14,201 (25.15)

OHA, ≥3 277,434 (15.60) 62,817 (12.30) 9488 (9.43) 3918 (11.32) 10,452 (18.51)

Insulinb 156,699 (8.81) 29,817 (5.84) 3928 (3.91) 1698 (4.91) 5991 (10.61)

MI 18,175 (1.02) 4478 (0.88) 547 (0.54) 175 (0.51) 857 (1.52)

CHF 25,099 (1.41) 6976 (1.37) 571 (0.57) 230 (0.66) 1186 (2.10)

Hypertension 989,174 (55.62) 329,798 (64.55) 63,647 (63.29) 22,292 (64.43) 40,263 (71.32)

Dyslipidemia 707,404 (39.78) 249,182 (48.77) 43,341 (43.10) 14,529 (41.99) 31,009 (54.93)

Statin use 574,083 (32.28) 173,105 (33.88) 28,505 (28.34) 9852 (28.48) 27,405 (48.54)

Stroke 83,442 (4.69) 18,047 (3.53) 1729 (1.72) 611 (1.77) 2627 (4.65)

Continued
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metabolic group). The MASLD with other combined group, when having concomitant liver disease or ALD, 
showed increased AF incidence (aHR, 1.22; 95% CI, 1.18–1.26).

Subgroup analysis
Subgroup analyses of new-onset AF incidence stratified by age, sex, BMI, DM duration, fasting glucose, insulin 
use or OHA, HTN, dyslipidemia, regular exercise, and CHA2DS2-VASc score were performed after adjusting for 
Model 5 (Supplementary Table 1). These trends are consistent with the primary outcome. A significant trend 
in HRs was observed, demonstrating a stepwise increase from the MASLD group to the MetALD group, and 
further to the ALD group. Additionally, we explored the interaction between the main exposure and outcome 
across age, sex, BMI, DM duration, insulin or OHA use, HTN, dyslipidemia, regular exercise, and CHA2DS2-
VASc score (P for interaction < 0.05). AF incidence was generally higher among individuals aged ≥ 60 years; 
however, the relative risk increase was more evident in younger patients within the MetALD and ALD with 
metabolic groups, compared to those older than 60 years. Women showed a higher AF risk in the ALD with 
metabolic group compared to men. A longer diabetes duration of ≥ 5 years was associated to an increased AF 
risk across all categories, suggesting prolonged diabetes may contribute to AF development. Notably, individuals 

No. of 
patients Event

Duration, 
(person-years)

Incidence 
rate, (per 1000 
person-years)

HR (95% CI)

Model 1 Model 2 Model 3 Model 4 Model 5

No Steatosis 1,778,355 96,970 18,071,647.9 5.37 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

MASLD 510,905 28,067 5,264,307.7 5.33 0.99 (0.98, 1.01) 1.26 (1.24, 1.28) 1.10 (1.09, 1.12) 1.09 (1.08, 1.11) 1.10 (1.08, 1.11)

MetALD 100,568 5,014 1,038,209.6 4.83 0.90 (0.88, 0.93) 1.37 (1.33, 1.41) 1.24 (1.20, 1.27) 1.24 (1.21, 1.28) 1.26 (1.22, 1.29)

ALD with metabolic 34,597 2,046 350,537.7 5.84 1.09 (1.04, 1.14) 1.61 (1.54, 1.69) 1.46 (1.39, 1.52) 1.46 (1.40, 1.53) 1.48 (1.41, 1.55)

MASLD with other 
combined 56,455 3,588 563,399.2 6.37 1.19 (1.15, 1.23) 1.47 (1.42, 1.52) 1.22 (1.18, 1.26) 1.21 (1.17, 1.26) 1.22 (1.18, 1.26)

P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Table 2.  Hazard ratios for AF incidence by group. The results were obtained using Cox proportional hazards 
analysis and are presented as HR with 95% CI. Model 1 is the unadjusted model; Model 2 is adjusted for age 
and sex; Model 3 is further adjusted for income, smoking, regular exercise, BMI, and CCI score; Model 4 is 
additionally adjusted for fasting glucose, DM duration, insulin use, OHA, and CKD; Model 5 is additionally 
adjusted for MI, CHF, dyslipidemia, stroke, TIA, thromboembolism, PAD, and CHA2DS2-VASc score. 
CHA2DS2-VASc score includes CHF, hypertension, age (≥ 65 = 1points; ≥75 = 2points), DM, previous stroke/
TIA/thromboembolism (2points), vascular disease (PAD, previous MI, and aortic atheroma), and sex category 
(female sex). Abbreviations: AF, atrial fibrillation; ALD, alcohol-related liver disease; BMI, body mass index; 
CCI, Charlson Comorbidity Index; CHF, congestive heart failure; CI, confidence interval; CKD, chronic kidney 
disease; DM, diabetes mellitus; HR, hazard ratio; MASLD, metabolic dysfunction-associated steatotic liver 
disease; MetALD, metabolic dysfunction and alcohol-related steatotic liver disease; MI, myocardial infarction; 
OHA, oral hypoglycemic agent; PAD, peripheral arterial disease; TIA, transient ischemic attack.

 

No Steatosis MASLD MetALD ALD with metabolic MASLD with other combined

TIA 25,603 (1.44) 6030 (1.18) 850 (0.85) 283 (0.82) 1196 (2.12)

Thromboembolism 18,887 (1.06) 4343 (0.85) 656 (0.65) 233 (0.67) 915 (1.62)

PAD 281,327 (15.82) 65,261 (12.77) 9970 (9.91) 3661 (10.58) 10,573 (18.73)

CHA2DS2-VASc scorec 2.73 ± 1.41 2.43 ± 1.28 1.94 ± 0.88 1.95 ± 0.86 2.52 ± 1.25

CHA2DS2-VASc ≥ 3 882,797 (49.64) 199,608 (39.07) 19,584 (19.47) 6768 (19.56) 23,382 (41.42)

Table 1.  Baseline characteristics of the study participants. Values are presented as mean ± standard deviation 
(SD) or number (%). aAlcohol consumption (1) None (2) Mild- <30 g/d for men, < 20 g/d for women (3) 
Heavy- 30 ≤ men < 60 g/d, 20 ≤ women < 50 g/d (4) Excessive- ≥60 g/d for men, ≥ 50 g/d for women. bInsulin 
use: A total of three or more prescriptions of insulin in an outpatient setting and at least one prescription 
of insulin per year. cCHA2DS2-VASc score includes CHF, hypertension, age (≥ 65 = 1points; ≥75 = 2points), 
DM, previous stroke/TIA/thromboembolism (2points), vascular disease (PAD, previous MI, and aortic 
atheroma), and sex category (female sex). Abbreviations: ALD, alcohol-related liver disease; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CCI, Charlson Comorbidity Index; 
CHF, congestive heart failure; CKD, chronic kidney disease; DBP, diastolic blood pressure; DM, diabetes 
mellitus; eGFR, estimated glomerular filtration rate; GGT, gamma-glutamyl transferase; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein; MASLD, metabolic dysfunction-associated steatotic liver disease; 
MetALD, metabolic dysfunction and alcohol-related steatotic liver disease; MI, myocardial infarction; OHA, 
oral hypoglycemic agent; PAD, peripheral arterial disease; Q, quartile; SBP, systolic blood pressure; SD, 
standard deviation; TIA, transient ischemic attack.
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with CHA2DS2-VASc < 3, and those without dyslipidemia or HTN exhibited a higher AF risk, indicating that 
MASLD and ALD may independently contribute to AF development regardless of traditional cardiovascular risk 
factors. In addition, across all groups, individuals with a lower BMI (< 25) exhibited a greater AF risk, particularly 
in the ALD with metabolic and MASLD with other combined groups, suggesting a possible association between 
lean MASLD and AF. Furthermore, an additional subgroup analysis was conducted to compare the risk of AF 
between lean and non-lean MASLD and MetALD patients, stratified by BMI (< 23 vs. ≥ 23), showing that the risk 
of AF was higher in the lean group (BMI < 23) (Supplementary Table 2).

Risk of AF incidence according to the degree of hepatic steatosis in the alcohol consumption 
group
We further categorized the participants based on hepatic steatosis using the fatty liver index (FLI) categories and 
alcohol intake (none, mild, heavy, and excessive drinking). As shown in Table 3, compared with the group with 
FLI < 30 or 30 ≤ FLI < 60, the group with FLI ≥ 60 exhibited increased aHRs for AF development. Moreover, as 
alcohol consumption increased from mild to heavy and then to excessive levels, the risk of AF increased.

Sensitivity analysis, excluding individuals diagnosed with ALD or concomitant liver disease, demonstrated 
a similar trend in the aHR, suggesting a consistent association with AF development (Supplementary Table 
3). Additionally, a sensitivity analysis using a different model for SLD (FLI ≥ 30) was performed, which 
also demonstrated a consistent association with AF development (Supplementary Table 4). Furthermore, 
Supplementary Table 5 shows that advanced fibrosis (BARD score ≥ 2) was associated with a higher incidence of 
AF, particularly in the ALD with metabolic group.

Discussion
This population-based retrospective study sheds light on the relationship between the SLD categories and the 
development of new-onset AF in patients with T2DM. Additionally, we explored the dose-dependent association 

Drinkinga
No. of 
patients Event

Duration, 
(person-years)

Incidence 
rate, (per 1000 
person-years)

HR (95% CI)

Model 1 Model 2 Model 3 Model 4 Model 5

FLI < 30

None 652,197 36,074 6,533,585.8 5.52 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

Mild 250,350 10,454 2,593,643.6 4.03 0.73 (0.71, 0.74) 0.97 (0.95, 0.99) 0.97 (0.95, 1.00) 0.99 (0.96, 1.01) 0.99 (0.97, 
1.02)

Heavy 36,763 1,711 372,628.4 4.59 0.83 (0.79, 0.87) 1.16 (1.10, 1.21) 1.16 (1.11, 1.22) 1.19 (1.13, 1.25) 1.19 (1.13, 
1.25)

Excessive 8,424 419 83,507.1 5.02 0.91 (0.83, 1.00) 1.20 (1.09, 1.32) 1.20 (1.09, 1.32) 1.21 (1.10, 1.34) 1.22 (1.11, 
1.35)

30 ≤ FLI < 60

None 475,216 30,734 4,810,987.1 6.39 1.16 (1.14, 1.17) 1.15 (1.13, 1.16) 1.05 (1.03, 1.06) 1.04 (1.02, 1.06) 1.04 (1.02, 
1.05)

Mild 277,855 13,561 2,885,965.7 4.70 0.85 (0.83, 0.86) 1.11 (1.09, 1.14) 1.04 (1.02, 1.07) 1.06 (1.03, 1.08) 1.06 (1.04, 
1.09)

Heavy 61,070 3,071 626,142.1 4.90 0.89 (0.86, 0.92) 1.22 (1.18, 1.27) 1.16 (1.11, 1.20) 1.18 (1.13, 1.22) 1.19 (1.14, 
1.23)

Excessive 16,480 946 165,188.2 5.73 1.04 (0.97, 1.11) 1.40 (1.31, 1.49) 1.32 (1.24, 1.41) 1.34 (1.25, 1.43) 1.36 (1.27, 
1.45)

FLI ≥ 60

None 279,405 18,360 2,830,176.4 6.49 1.18 (1.15, 1.20) 1.40 (1.37, 1.42) 1.17 (1.14, 1.20) 1.15 (1.12, 1.18) 1.15 (1.12, 
1.17)

Mild 287,955 13,295 2,997,530.4 4.44 0.80 (0.79, 0.82) 1.32 (1.30, 1.35) 1.15 (1.13, 1.18) 1.17 (1.14, 1.19) 1.18 (1.15, 
1.21)

Heavy 100,568 5,014 1,038,209.6 4.83 0.87 (0.85, 0.90) 1.46 (1.42, 1.51) 1.29 (1.25, 1.33) 1.31 (1.27, 1.35) 1.32 (1.28, 
1.37)

Excessive 34,597 2,046 350,537.7 5.84 1.06 (1.01, 1.11) 1.72 (1.65, 1.80) 1.52 (1.45, 1.59) 1.54 (1.47, 1.61) 1.56 (1.49, 
1.63)

P value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Table 3.  Hazard ratios for AF incidence according to the degree of FLI and alcohol consumption. The results 
were obtained using Cox proportional hazards analysis and are presented as HR with 95% CI. Model 1 is 
the unadjusted model; Model 2 is adjusted for age and sex; Model 3 is further adjusted for income, smoking, 
regular exercise, BMI, and CCI score; Model 4 is additionally adjusted for fasting glucose, DM duration, 
insulin use, OHA, and CKD; Model 5 is additionally adjusted for MI, CHF, dyslipidemia, stroke, TIA, 
thromboembolism, PAD, and CHA2DS2-VASc score. CHA2DS2-VASc score includes CHF, hypertension, age 
(≥ 65 = 1points; ≥75 = 2points), DM, previous stroke/TIA/thromboembolism (2points), vascular disease (PAD, 
previous MI, and aortic atheroma), and sex category (female sex). aAlcohol consumption (1) None (2) Mild- 
<30 g/d for men, < 20 g/d for women (3) Heavy- 30 ≤ men < 60 g/d, 20 ≤ women < 50 g/d (4) Excessive- ≥60 g/d 
for men, ≥ 50 g/d for women. Abbreviations: AF, atrial fibrillation; BMI, body mass index; CCI, Charlson 
Comorbidity Index; CHF, congestive heart failure; CI, confidence interval; CKD, chronic kidney disease; DM, 
diabetes mellitus; FLI, fatty liver index; HR, hazard ratio; MI, myocardial infarction; OHA, oral hypoglycemic 
agent; PAD, peripheral arterial disease; TIA, transient ischemic attack.
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between alcohol consumption and the risk of AF, with excessive alcohol consumption presenting the highest 
risk. We also found that MASLD significantly increased the risk of AF, particularly when accompanied by other 
liver diseases. Furthermore, the AF risk was further elevated in individuals with MASLD who had advanced 
fibrosis (BARD score ≥ 2).

Recent epidemiological evidence suggests a strong concordance between the NAFLD and MASLD definitions, 
with approximately 99% of individuals with NAFLD meeting the MASLD criteria17. The newly proposed term, 
MASLD, highlights its close association with metabolic syndrome, emphasizing the interplay between hepatic 
steatosis and cardiometabolic risk factors. The prevalence of metabolic syndrome varies globally between 12.5% 
and 31.4% according to meta-analyses, MASLD has emerged as a major public health issue, notably because of 
its association with increased cardiovascular disease risk18–20. A recent systematic review of NAFLD cohorts 
reported a pooled cardiac-specific mortality rate of 4.20 (1.34–7.05) per 1000 person-years21. Consistent with 
our findings, a previous meta-analysis found that among patients with NAFLD, those with T2DM had the highest 
risk of developing AF22. In China, patients with metabolic dysfunction-associated fatty liver disease (MAFLD) 
were associated with a significantly higher prevalence of AF risk in cross-sectional and longitudinal studies23. 
In a retrospective study, MAFLD with T2DM patients had a significantly higher prevalence of paroxysmal AF 
(6.3% vs. 1.3%) than those the non-MAFLD group24. During the 9-year follow-up period, liver cirrhosis was 
identified as an independent risk factor for the development of AF (aHR, 1.46; 95% CI, 1.18–1.80) in the Korean 
population25. A previous study confirmed the positive correlation between NAFLD and AF risk, indicating a 
higher risk of incident AF in individuals with higher FLI scores26. Similarly, a Swedish cohort study found that 
the histologically confirmed MASLD group exhibited higher rates of incident AF (aHR, 1.26; 95% CI, 1.18–
1.35), particularly among patients with liver cirrhosis27. Consistent with this, our study found increased aHRs 
for AF development in MASLD, with higher rates observed for FLI ≥ 60 (Table 3) and advanced fibrosis (BARD 
score ≥ 2) (Supplementary Table 5). In a recent study, a 1-year follow-up after catheter ablation revealed that 
the weight loss group exhibited a significant reduction in recurrent AF compared to the control group28. A 
previous study postulated an association between the triglyceride-glucose index (TyG), a novel indicator of 
insulin resistance, and a higher risk of AF in patients with NAFLD, suggesting a relationship between insulin 
resistance and AF29,30. One study found that lean body mass may be an important factor affecting AF risk31. Our 
subgroup analysis showed that both lean MASLD and lean MetALD patients had a higher risk of AF compared to 
their non-lean counterparts. The increased AF risk in individuals with lower BMI but with MASLD, abdominal 
adiposity suggested a strong link between body composition and AF development. However, it remains unclear 
whether improvements in cardiometabolic risk factors, including body composition changes, lead to long-term 
cardiovascular benefits, including reduced AF risk, and further studies are needed to investigate these complex 
interactions.

Our findings revealed that AF risk increased with increased alcohol consumption across the MASLD, 
MetALD, and ALD with metabolic groups, with aHRs increasing as follows: MASLD (aHR = 1.10), MetALD 
(aHR = 1.26), and ALD (aHR = 1.48). In a randomized controlled trial involving 140 patients with AF, the AF 
burden over 6 months was significantly lower in the alcohol abstinence group than that in the control group (> 10 
drinks/week) (0.5% vs. 1.2%; P = 0.01)32. In a previous study involving patients newly diagnosed with T2DM, 
alcohol abstinence was associated with a low risk of AF incidence (aHR, 0.81; 95% CI, 0.68–0.97) compared with 
consistent alcohol consumption (≥ 20 g/d)33. A recent updated meta-analysis found that the association between 
AF risk and alcohol consumption was dose-dependent34. Additionally, a linear relationship was observed in 
men, whereas a potentially nonlinear J-shaped relationship was observed in women. In one study involving an 
asymptomatic healthy population, frequent binge drinkers had a 3.2 times higher risk of AF than infrequent 
light drinkers35. Explanations for the effects of alcohol include its direct toxicity and indirect contributions to 
obesity and HTN, as well as impact on the autonomic nervous system, which has been widely investigated36,37.

DM-related AF is associated with myocardial fibrosis primarily due to atrial structural remodeling38. 
Uncontrolled glycemia induces oxidative stress, leading to inflammation and subsequent fibrosis, which are 
associated with myocardial tissue damage and an increased incidence of AF in the diabetic population39. 
Metabolic defects, such as insulin resistance and impaired glucose tolerance contribute to endothelial 
dysfunction and accelerate atherogenesis, potentially explaining the occurrence of AF40,41. Previous research 
found that patients with DM and AF faced higher risks of diabetic-related complications, including nephropathy 
(HR, 1.23; 95% CI, 1.16–1.30), macrovascular complications (HR, 1.12; 95% CI, 1.09–1.16), and diabetic foot 
(HR, 1.13; 95% CI, 1.09–1.17)42. Moreover, in both the ADVANCE and ORBIT-AF studies, the presence of AF 
was associated with increased mortality and adverse cardiovascular outcomes in patients with DM43,44. Our 
study particularly emphasizes the modification of cardiometabolic risk factors and lifestyle, including reducing 
alcohol consumption and weight, smoking cessation, and promoting regular exercise for individuals with risk 
factors to prevent AF.

The strength of this study lies in its nationwide population-based analysis with a large sample size. To 
our knowledge, this is the first study to analyze the association between MASLD, AF incidence, and alcohol 
consumption in individuals with T2DM, particularly in an Asian population. Using multivariate Cox regression 
analysis adjusted for multiple potential covariates, subgroup analyses according to several variables, further 
stratified analyses based on alcohol consumption and FLI categories, and sensitivity analysis, we provide robust 
evidence for our findings.

However, several limitations should be acknowledged. First, our definition of AF did not consider the 
potential influence of valvular heart disease, which may have affected our results. Additionally, because of the 
impracticality of using invasive techniques in asymptomatic individuals undergoing routine health check-ups, 
hepatic steatosis was characterized using FLI, although liver biopsy remains the gold standard for diagnosis. 
Zhang et al. demonstrated that the FLI score could be used as a diagnostic tool for patients with NAFLD, with 
a sensitivity of 87% and specificity of 58.5%, compared with the magnetic resonance imaging-derived proton 
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density fat fraction (MRI-PDFF)45. This methodological approach may have introduced some degree of 
variability to the analysis. Moreover, the potential for undetected asymptomatic or paroxysmal AF may have 
led to underdiagnosis in our study. Furthermore, the lack of clinical data in our database, including glycated 
hemoglobin (HbA1c) and C-reactive protein (CRP) levels and echocardiographic findings, limited our ability 
to fully assess the burden of AF in our cohort. Finally, given the retrospective observational design of this 
nationwide cohort study, caution should be exercised when inferring causality from the results. Despite these 
limitations, our study contributes valuable evidence to the understanding of the relationship between MASLD 
and AF risk in patients with T2DM. Individuals in the MASLD, MetALD, and ALD with metabolic groups had 
a significantly increased risk of developing AF. Our findings also highlighted the cumulative effect of alcohol 
consumption on AF risk in these individuals.

Methods
Study population and design
We used the comprehensive Korean National Health Insurance Service (NHIS) database, which covers the entire 
Korean population from January 2009 to December 2022. The NHIS, which encompasses two key healthcare 
programs, the National Health Insurance (NHI) and Medical Aid (MA), covers approximately 97% of the 
population under NHI, with the remaining 3% covered by MA, targeting individuals with the lowest income.

This government-operated database includes a claims dataset containing patient demographic information, 
health check-up records, diagnoses coded according to the International Classification of Disease, 10th revision 
(ICD-10) codes, and prescription details. The health examination dataset included responses from health-
related behavior questionnaires, comprehensive medical histories, anthropometric data, and laboratory results. 
We further accessed mortality records from the Korean National Statistical Office, which included death dates 
and causes coded according to the revised 10th International Statistical Classification of Diseases. This study 
was approved by the Institutional Review Board (IRB) of Samsung Medical Center (approval no. SMC 2024-03-
104), Seoul, Republic of Korea, which waived the requirement for participant informed consent because all data 
provided to the researchers were de-identified.

Patients with T2DM aged 20 years and above who underwent general health examinations between 2009 
and 2012 (N = 2,741,135) were included in the study. The following exclusion criteria applied: age under 20 
years (N = 390), missing data (N = 136,836), a diagnosis of liver cancer before the index date (N = 6,408), past 
history of liver transplantation (N = 566), a previous diagnosis of AF (N = 81,970), on oral anticoagulant therapy 
at baseline (N = 4,787), and death or AF diagnosis within 1 year of screening (N = 29,298). The final cohort 
included 2,480,880 individuals.

Measurements and definitions
Height, body weight, and waist circumference (WC) were measured during health examinations. BMI was 
calculated as body weight (kg) divided by height (m) squared in meters. CKD was defined as an eGFR ≤ 60 
mL/min/1.73 m2. T2DM was defined as a fasting blood glucose ≥ 126 mg/dL, the use of specific drugs (OHAs, 
glucagon-like peptide (GLP) 1 receptor agonist, and insulin) or at least one claim using codes E11-14. OHAs 
include metformin, sulfonylureas, dipeptidyl peptidase (DPP) 4 inhibitors, thiazolidinediones, alpha-glucosidase 
inhibitors, and meglitinides. Insulin use was defined as one or more prescriptions of insulin per year or three 
or more prescriptions per year in an outpatient setting. New-onset DM was defined as a fasting blood glucose 
level of 126 mg/dL or higher at the time of health screening, with no prior prescription of DM medication before 
the health check-up. HTN was identified as a SBP ≥ 140 mmHg, DBP ≥ 90 mmHg or taking antihypertensive 
medication or having at least one claim using codes I10-13 and I15. Dyslipidemia was defined as having at least 
one claim per year using code E78 and at least one claim per year for the prescription of a lipid-lowering agent 
or a total cholesterol level of ≥ 240 mg/dL. Alcohol abuse/misuse, or ALD were defined by the following ICD-10 
codes: E24.4, F10, G31.2, G62.1, G72.1, I42.6, K29.2, K70, K86.0, Q35.4, R78.0, T51.0, T51.8, T51.9, X65, Y15, 
Y57.3, Y90, Y91, Z50.2, Z71.4. Concomitant liver diseases were also defined by ICD-10 codes and included 
viral hepatitis (B16–B19, B00.8), drug-induced (toxic) liver disease (K71), hepatic veno-occlusive disease 
(I82), liver abscess (K75.0, A06.4), hemochromatosis (E83.1), Wilson’s disease (E83.0), alpha-1 antitrypsin 
deficiency (E88.0), autoimmune hepatitis (K75.4), primary biliary cholangitis (K74.3, K74.4), other cholangitis 
(K83), and glycogen storage disease (E74). Stroke was defined by ICD-10 codes I63 and I64; TIA by G458 and 
G459; thromboembolism by I74, I26, and I802; PAD by I70 and I73; MI by I21 and I22; and CHF by I50. The 
ALD and concomitant liver disease ICD-10 codes used for classification of MASLD and MASLD with other 
combined group. The CCI is a comorbidity score comprised of 12 conditions. Income was classified based on 
the quartile (Q) of the study population (Q4: highest; Q1: lowest). Regular exercise was also evaluated through 
the questionnaire and was defined as meeting any one of the following two criteria: (i) ≥ 3 d/ week of vigorous 
activity (causing extreme shortness of breath) for at least 20 min/d, or (ii) ≥ 5 d/ week of moderate-intensity 
activity (causing significant shortness of breath) for at least 30 min/d. The CHA2DS2-VASc score includes CHF, 
HTN, age (≥ 65 years = 1 point; ≥75 years = 2 points), DM, previous stroke/TIA (2 points), vascular disease (PAD, 
previous MI, and aortic atheroma), and sex (female sex). Alcohol consumption was assessed using questionnaires 
on participants’ drinking behaviors. The participants were asked about their average frequency (days per week) 
and amount (standard glass). A standard glass sample was calculated as 8 g of pure alcohol. The average amount 
of alcoholic beverages consumed was converted into pure alcohol (g) consumed per day.

Definition of hepatic steatosis and MASLD
We evaluated hepatic steatosis using the FLI, determined through the following equation 46: (e 
0.953×loge (TG) +0.139×BMI+0.718×loge (GGT) +0.053×WC−15.745)/(1 + e 0.953×loge (TG) +0.139×BMI+0.718×loge (GGT) +0.053×WC−15.745).
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MASLD diagnosis was established when participants with hepatic steatosis exhibited at least one of 
the following cardiometabolic risk factors, with hepatic steatosis defined as FLI ≥ 60: (1) BMI ≥ 23  kg/m2 or 
WC ≥ 90 cm in men and ≥ 80 cm in women; (2) fasting blood glucose levels ≥ 100 mg/dL or T2DM or specific 
drug treatment; (3) blood pressure (BP) ≥ 130/85 mmHg or specific drug treatment; (4) TG ≥ 150  mg/dL or 
specific drug treatment; (5) high-density lipoprotein (HDL) cholesterol < 40 mg/dL for men and < 50 mg/dL for 
women or specific drug treatment.

We classified patients into five groups as follows: (1) no steatosis group (FLI < 60); (2) MASLD group, where 
mild alcohol consumption was defined as < 30 g/d for men and < 20 g/d for women, excluding individuals with 
ICD codes for ALD and concomitant liver disease; (3) MetALD group, defined as heavy alcohol consumption 
(≥ 30 g/d but < 60 g/d for men and ≥ 20 g/d but < 50 g/d for women) with FLI ≥ 60 and ≥ 1 cardiometabolic risk 
factor; (4) ALD with metabolic group, defined as excessive alcohol consumption (≥ 60 g/d for men and ≥ 50 g/d 
for women) with FLI ≥ 60 and ≥ 1 cardiometabolic risk factor; (5) MASLD with other combined group, defined 
as MASLD and a diagnosis of concomitant liver disease or ALD within 1 year before screening, as identified by 
relevant ICD codes.

Among patients with SLD (FLI ≥ 60), advanced liver fibrosis was determined using the BARD score. This 
score is calculated by assigning two points for an aspartate aminotransferase (AST)/alanine aminotransferase 
(ALT) ratio of ≥ 0.8, one point for a BMI of ≥ 28 kg/m², and one point for the presence of DM. A total score 
ranging from two to four indicates advanced hepatic fibrosis47.

Outcomes
The primary outcome was new-onset AF, identified by ICD-10 codes I48.0–I48.4 and I48.9, and documented in 
either one hospitalization record or at least two outpatient clinic records. Participants were monitored from the 
initial health examination until the incidence of the primary outcome event. The period between 2009 and 2012 
was defined as the baseline period, with the date of the last examination as the reference point. The study cohort 
was observed from baseline until the earliest event of death, onset of AF, or December 31, 2022.

Statistical analysis
Continuous variables are expressed as mean ± standard deviation (SD), while categorical variables are presented 
as numbers with frequencies (%). One-way ANOVA was used to compare continuous baseline characteristics, 
and the chi-square test was used to compare categorical baseline variables. The incidence of AF was calculated 
by dividing the number of incident cases by the total follow-up duration (person-years).

We used Cox proportional hazards models to assess HRs and 95% CIs for the incidence of AF. Model 1 
is a crude model. Model 2 is adjusted for age and sex. Model 3 was further adjusted for income, smoking 
status, regular exercise, BMI, and CCI scores. Model 4 also included adjustments for fasting glucose level, DM 
duration, insulin use, OHA use, and CKD. Model 5 included adjustments for MI, CHF, dyslipidemia, stroke, 
TIA, thromboembolism, PAD, and CHA2DS2-VASc scores. The proportional hazard assumption was evaluated 
using Schoenfeld residuals and Kaplan-Meier curves, and no violations were detected. A subgroup analysis was 
conducted to examine the association between the incidence of AF and various variables. Statistical significance 
was set at P < 0.05, and all analyses were performed using SAS software version 9.3 (SAS Institute, Cary, NC, 
USA).

Data availability
Data is provided within the manuscript or supplementary information files.
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