MASLD is associated with an increased long-term risk of atrial fibrillation: an updated systematic review and meta-analysis
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ABSTRACT
Background: Studies have reported an association between metabolic dysfunction-associated steatotic liver disease (MASLD) and an increased risk of developing atrial fibrillation (AF). However, the magnitude of the risk and whether this risk varies with the severity of MASLD remains uncertain.
Methods: In this systematic review and meta-analysis, we searched three large electronic databases using predefined keywords to identify cohort studies (published up to September 30, 2024) in which MASLD was diagnosed by liver biopsy, imaging methods, International Classification of Diseases (ICD) codes, or blood-based scores. The primary outcome was the occurrence of AF based on ICD codes, medical records, or electrocardiograms. Meta-analysis was performed using random-effects modelling.
Results: We identified 16 retrospective cohort studies with aggregate data on 19.5 million individuals followed for a median of 7.2 years. MASLD was significantly associated with an increased risk of incident AF (random-effects hazard ratio 1.20, 95%CI 1.10-1.32; I2=92%). This risk did not appear to further increase with the severity of liver fibrosis (n=3 studies; random-effects hazard ratio 1.22, 95%CI 1.18-1.26; I2=10%). The risk of AF remained significant even after adjusting for age, sex, body mass index, hypertension, type 2 diabetes, or other cardiometabolic risk factors. Sensitivity analyses did not modify these findings. The funnel plot and Egger’s test showed no significant publication bias.
Conclusions: This updated and comprehensive meta-analysis provides evidence that MASLD is significantly associated with an increased long-term risk of developing incident AF. Further research is required to better decipher the link between MASLD and increased AF incidence.
Keywords: metabolic dysfunction-associated steatotic liver disease; MASLD; nonalcoholic fatty liver disease; NAFLD; atrial fibrillation; arrhythmias

LAY SUMMARY
This meta-analysis of observational retrospective cohort studies shows metabolic dysfunction-associated steatotic liver disease (MASLD) is significantly associated with an increased long-term risk of developing incident atrial fibrillation. Further prospective and mechanistic studies are needed to better elucidate the possible link between MASLD and the increased risk of atrial fibrillation.
INTRODUCTION
Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly known as non-alcoholic fatty liver disease (NAFLD), is an increasingly recognized public health problem, affecting up to ~30%-35% of the world's adult population (1). MASLD creates a considerable health and economic burden worldwide (2). Substantial epidemiological evidence indicates that MASLD is associated not only with increased liver-related morbidity and mortality but also with an increased risk of developing serious extra-hepatic complications, such as cardiovascular disease, chronic kidney disease, and certain extra-hepatic cancers (mainly non-liver gastrointestinal cancers) (1,3,4). Notably, cardiovascular disease is the leading cause of mortality in people with MASLD, followed by extra-hepatic cancers and liver-related complications (1,5,6). 
In recent years, it has also become increasingly clear that MASLD adversely affects not only the coronary arteries but also all other anatomical structures of the heart, conferring an increased risk of myocardial structural and functional alterations (e.g., cardiac remodeling and hypertrophy, leading to new-onset heart failure), and cardiac arrhythmias (7). Among the sustained tachyarrhythmias, atrial fibrillation (AF) is the most common arrhythmia seen in clinical practice and is strongly associated with a higher risk of cardiovascular morbidity and mortality (8,9). 
Recently, many observational cohort studies have been published on the risk of developing AF in adult individuals with MASLD (as specified in more detail below). However, the findings of these cohort studies are conflicting, and it remains currently unknown whether the severity of MASLD (especially higher fibrosis stage) is associated with an increased AF incidence.
Therefore, we performed a comprehensive systematic review and meta-analysis of cohort studies to quantify the risk of incident AF in adult individuals with MASLD. Moreover, we assessed for the first time whether the risk of incident AF varies according to the severity of MASLD (especially higher fibrosis stage). Clarifying the magnitude of the risk of new-onset AF related to MASLD would potentially impact the development of prevention and treatment strategies for AF. 

MATERIALS AND METHODS
Registration of review protocol
The protocol of this systematic review was registered in advance on the Open Science Framework (OSF) database (DOI: https://doi.org/10.17605/osf.io/x6sjm).

Data sources and searches
We performed a systematic literature search in three large electronic databases (PubMed, Scopus, and Web of Science) to identify all cohort studies published from December 14, 2018 (which was the last search date of the meta-analysis we conducted previously (10)) to September 30, 2024, which examined the association between MASLD and the risk of developing incident AF. The search-free text terms were (“non-alcoholic fatty liver disease” OR “NAFLD” OR “non-alcoholic steatohepatitis” OR “NASH” OR “metabolic dysfunction-associated fatty liver disease” OR “MAFLD” OR “metabolic dysfunction-associated steatotic liver disease” OR “MASLD” OR “metabolic dysfunction-associated steatohepatitis” OR “MASH”) AND ("atrial fibrillation" OR "arrhythmias"). We also searched for MeSH (Medical Subject Headings) terms. Searches were restricted to human studies and English-language publications. Furthermore, we reviewed references from relevant original papers and prior systematic review articles to identify further eligible studies not covered by the original database searches (10,11). We performed this systematic review and meta-analysis of observational studies following the Meta-analysis Of Observational Studies in Epidemiology (MOOSE) guidelines (12). 

Study selection
Eligible studies were included if they met the following inclusion criteria: 1) cohort studies examining the association between MASLD and risk of incident AF in adult individuals (aged ≥18 years, without any restriction in terms of sex or ethnicity); 2) cohort studies that reported hazard ratios (HR) with 95% confidence intervals (95% CI) values for the outcome of interest; 3) studies in which the diagnosis of MASLD was based on liver biopsy, imaging techniques, blood-based scores (e.g., fatty liver index and hepatic steatosis index) or International Classification of Diseases (ICD) codes, in the absence of significant alcohol consumption (defined as <30 g/day for men and <20 g/day for women) or other competing causes of secondary hepatic steatosis; and 4) studies in which non-invasive biomarkers of advanced fibrosis or liver biopsy were used to assess the severity of MASLD. 
The exclusion criteria for the meta-analysis were as follows: 1) case reports, commentaries, editorials, practice guidelines, or reviews; 2) studies in which the identification of MASLD was based exclusively on serum aminotransferase levels; 3) studies that did not report any HR values for the outcome of interest or for which we were unable to calculate them; and 4) studies performed on individuals aged <18 years. Two investigators (AM and GT) independently examined all titles and abstracts and obtained full texts of potentially relevant papers. We read the articles independently and in duplicate and determined whether they met the inclusion criteria and did not meet the exclusion criteria. Discrepancies were resolved by consensus in consultation after discussion with a third author (RM).

Data extraction and quality assessment
For all eligible studies, we extracted information about the study design, study size, publication year, study country, participant characteristics, methodologies used for diagnosing MASLD and AF, follow-up length, and list of covariates adjusted for in multivariable Cox regression models. In the case of multiple publications, the most up-to-date or comprehensive information was included.
Two investigators (AM and GT) independently assessed the risk of bias. Any discrepancies were addressed by re-evaluating original articles by a third author (RM). The quality assessment was performed using the Newcastle-Ottawa Quality Assessment Scale (NOS) for cohort studies, a validated scale for non-randomized studies in meta-analyses, which uses a star system to assess the quality of a study in three domains: selection, comparability, and outcome/exposure (13). The NOS assigns a maximum of four stars for selection, two for comparability, and three for outcome/exposure. We judged studies that received a score of at least seven stars to be at low risk of bias, thus reflecting the highest quality.

Data synthesis and analysis
The primary outcome of interest was the risk of developing incident AF in adults with and without MASLD over the follow-up. The HRs and 95% confidence intervals were considered the effect size for each eligible study. When studies reported HRs with varying degrees of covariate adjustment, we extracted those that reflected the maximum extent of adjustment for potentially confounding variables. The adjusted HRs of all eligible studies were pooled, and an overall estimate of effect size was calculated using a random-effects model (13). We also assessed the risk of incident AF in adults with and without advanced MASLD, as detected by non-invasive biomarkers of advanced fibrosis (i.e., FIB-4 index or BARD score) or liver biopsy (non-cirrhotic fibrosis or cirrhosis).
The statistical heterogeneity among studies was evaluated by the chi-square test and the I2-statistic, which estimates the percentage of variability across studies due to heterogeneity rather than chance alone. The proportion of heterogeneity accounted for by between-study variability was assessed using the I2-statistic and adjudicated to be significant if the I2-index was >50% (13). The possibility of publication bias was evaluated using the visual inspection of the funnel plot and the Egger’s regression asymmetry test (14).
We performed subgroup and meta-regression analyses to explore the possible sources of high heterogeneity among the eligible studies and test the robustness of the observed associations. Based on data from eligible studies, the effect of MASLD on the risk of incident AF was assessed by stratifying the studies according to study country, methodologies used for diagnosing MASLD or AF, severity of MASLD (by hepatic fibrosis stage), or whether the studies had at least seven stars on the NOS scale (i.e., the “high-quality” studies). We also tested for possible excessive influence of individual studies using a meta-analysis influence test that eliminated each included study at a time (sensitivity analysis). Finally, we performed univariable meta-regression analyses to test the impact of specific moderator variables, i.e., age, sex, body mass index (BMI), hypertension, and pre-existing type 2 diabetes mellitus, on the effect size for the association between MASLD and risk of AF.
All statistical tests were two-sided, and the level of statistical significance was set at p<0.05. We used R software (version 4.4.1 [2024-06-14]; the R Foundation for Statistical Computing, Vienna, Austria) for all statistical analyses with the following packages: meta (version 7.0-0) and metafor (version 4.6-0). 

Funding source
There was no funding source for the study.

RESULTS
Literature search and characteristics of included studies
Supplementary Figure 1 shows the PRISMA flow diagram for the meta-analysis. After examining the titles and abstracts of these publications (from December 2018 to September 2024) and excluding duplicates, we identified 16 eligible cohort studies from PubMed, Scopus, or Web of Science published up to September 30, 2024. The studies excluded at the eligibility stage (15–17) are reported in Supplementary Table 1.
Table 1 summarizes the main characteristics of the 16 eligible cohort studies included in the meta-analysis (18–33). The meta-analysis included a total of 19,424,566 middle-aged individuals (mean age 54 years; mean BMI 27.3 kg/m2; 52% men; ~15% had MASLD) with 564,103 incident cases of AF events over a median follow-up of 7.2 years (interquartile range 3.6-9.5 years). All cohort studies had a retrospective design. Six studies were carried out in Europe, six in Asia, two in the United States, and two were international cohorts. MASLD was diagnosed by imaging techniques (such as liver ultrasonography, computed tomography or resonance magnetic imaging) in six studies, blood-based scores (i.e., fatty liver index) in six studies, the ICD codes in three studies, and liver biopsy in one study. The diagnosis of AF was mostly based on ICD codes (n=9 studies), followed by medical records or standard resting electrocardiograms. As shown in Supplementary Table 2, ten of these 16 cohort studies obtained at least seven stars on the NOS scale (thus reflecting a low risk of bias), whereas the remaining six studies obtained six stars or less.

MASLD and risk of incident AF
The distribution of the retrospective cohort studies (18,19,21–33) by estimate of the association between MASLD and risk of developing incident AF is plotted in Figure 1. In this primary analysis, we included 15 cohort studies because the study by Liu et al. (26) was included only in the secondary analysis assessing the association between advanced MASLD and the risk of incident AF. MASLD was significantly associated with an increased risk of developing incident AF (pooled random-effects HR 1.20, 95% CI 1.10-1.32; I2=92%). Stratifying these cohort studies by diagnostic methods for MASLD, the risk of incident AF was significantly higher in studies using imaging methods (n=6 studies), blood-based scores (FLI, n=5 studies) or liver biopsy (n=1 study), but not in those using ICD codes (n=3 studies).  
Supplementary Figure 2 shows the association between MASLD and the risk of incident AF in the eligible studies stratified by continent. This association was significant in studies carried out in Europe and those carried out in Asia but not in those performed in the United States and the single study involving an international cohort of individuals (p-value <0.01 for difference between subgroups). 
Supplementary Figure 3 and Figure 4 show the association between MASLD and the risk of incident AF in the eligible studies stratified by the NOS scale or methodologies used for diagnosing AF. The significant association between MASLD and increased risk of incident AF was consistent among studies of different quality (based on the NOS; p-value=0.18 for difference between subgroups) or using various methodologies (ECG and/or medical records vs. ICD codes) for diagnosing incident AF (p-value=0.30 for difference between subgroups). 

Advanced MASLD and risk of incident AF
The distribution of the three retrospective cohort studies (26,31,32) by estimate of the association between advanced MASLD, as detected either by non-invasive biomarkers of advanced fibrosis (FIB4 index and BARD score) or by liver biopsy, and the risk of incident AF is plotted in Figure 2. Advanced MASLD was significantly associated with a higher risk of incident AF compared to no-MASLD (n=3 studies; random-effects HR 1.22, 95% CI 1.18-1.26; I2=10%); this AF risk tended to be slightly higher in the cohort study using liver biopsy (random-effects HR 1.36, 95% CI 1.07-1.71; I2=43%) compared to studies using non-invasive fibrosis biomarkers. However, there was no indication that the risk of AF further increased with the severity of liver fibrosis compared to the primary analysis results (Figure 1).

Sensitivity analyses and meta-regressions
A sensitivity analysis using the one-study remove (leave-one-out) approach to test for each study's influence on the overall effect size showed that eliminating each cohort study from the pooled primary analysis did not significantly affect the overall risk of AF (Supplementary Figure 5).
The results of univariable meta-regression analyses to examine the impact of potential moderator variables did not show any significant effect of age (Supplementary Figure 6), male sex (Supplementary Figure 7), body mass index (Supplementary Figure 8), arterial hypertension (Supplementary Figure 9), and pre-existing type 2 diabetes (Supplementary Figure 10) on the association between MASLD and the risk of incident AF.

Funnel plot and publication bias 
As shown in Supplementary Figure 11, the funnel plot was (relatively) symmetric on visual inspection. The Egger’s regression test showed no significant asymmetry of the funnel plot (p=0.21), suggesting that publication bias was unlikely. 

DISCUSSION
Our comprehensive systematic review and meta-analysis, which included 16 retrospective cohort studies with aggregate data on ~19.5 million adult individuals from different countries, provides substantive evidence that MASLD (as detected by liver biopsy, imaging techniques, blood-based scores or ICD codes) was moderately associated with an increased long-term risk of new-onset AF (pooled random-effects HR 1.20, 95% CI 1.10-1.32) over a median follow-up of 7.2 years (interquartile range: 3.6-9.5 years). This risk was consistent among studies of different quality (based on the NOS) or various methodologies for diagnosing both MASLD and AF occurrence. Advanced MASLD was significantly associated with a higher risk of developing incident AF than no-MASLD (n=3 studies; random-effects HR 1.22, 95%CI 1.18-1.26). However, there was no indication that the risk of AF further increased with the severity of liver fibrosis. Notably, the increased risk of incident AF related to MASLD remained significant in those studies where statistical analysis was adjusted for age, sex, body mass index, hypertension, type 2 diabetes, or other common cardiometabolic risk factors (as specified in Table 1). Finally, our meta-regression analyses did not show any significant moderator effect of age, sex, adiposity measures, hypertension, or pre-existing diabetes on the association between MASLD and the risk of developing AF. 
To our knowledge, this is the most updated and comprehensive meta-analysis that has examined the association between MASLD and the risk of developing incident AF. This meta-analysis also provides an important update of the literature on this topic, because it is the first to explore whether the AF risk varies with the severity of MASLD. From 2019 to 2024, two other meta-analyses, with fewer observational studies included, were published on the association between MASLD and the prevalence or incidence of AF (10,11). Specifically, in a 2019 meta-analysis with nine observational studies (five cross-sectional and four cohort studies; ~365,000 participants), our group reported that MASLD was significantly associated with an increased prevalence and incidence of AF, principally in people with type 2 diabetes (10). In a 2024 meta-analysis with 13 retrospective cohort studies that included a total of ~14 million participants, Zhou et al. showed that MASLD was associated with an increased risk of developing AF over a median follow-up of 7.8 years (random-effect HR 1.18, 95% CI 1.12-1.23; I2=93%) (11). In comparison with the meta-analysis by Zhou et al. (11), in this meta-analysis, we have included three new large cohort studies (for a total of ~19.5 million individuals, corresponding to an increase of nearly 5 million people in terms of overall sample size). We also included a Swedish cohort study by Simon et al., who used liver biopsy to diagnose and stage MASLD (31). In contrast, we did not include the small retrospective cohort study by Baratta et al. (15) owing to an extremely low number of incident AF events (n=7) reported in that study. 
In the present meta-analysis, we examined for the first time the possible association between advanced MASLD, as detected by non-invasive biomarkers of advanced fibrosis or liver biopsy, and the risk of developing incident AF. However, this analysis should be interpreted with some caution because the number of cohort studies was small (n=3), and only one cohort study used liver biopsy for staging liver fibrosis (31), which is the reference standard for staging the severity of MASLD (1). This secondary analysis shows that advanced MASLD is associated with a moderately increased risk of incident AF (n=3 studies; random-effects HR 1.22, 95% CI 1.18-1.26; I2=10%), although there is no indication that the risk of AF further increased with the severity of liver fibrosis compared to the primary analysis results. These findings suggest the need for early detection of AF in people with MASLD, regardless of the presence or absence of advanced fibrosis. However, we believe that further well-designed prospective cohort studies with accurate non-invasive tests for staging liver fibrosis (e.g., vibration-controlled transient elastography, Fibroscan-AST [FAST] score, or Agile 3+ score) are needed to prove whether more severe MASLD adversely affect the risk of incident AF.
The pathophysiological mechanisms underpinning the association between MASLD and the risk of incident AF are not fully understood and cannot be shown by this meta-analysis since this requires mechanistic studies. However, increasing evidence suggests that MASLD may promote the development and persistence of AF. Experimental data indicates that MASLD exacerbates systemic/hepatic insulin resistance and promotes the release of several proinflammatory (e.g., interleukin [IL]-6, IL-17 and tumor necrosis factor [TNF]-alpha), profibrogenic factors (e.g., transforming growth factor-beta and connective tissue growth factor), pro-oxidant and thrombogenic molecules (e.g., factor VIII, plasminogen activator inhibitor-1 and endotelin-1) that may contribute to the development and progression of AF by altering the electrophysiology of the myocardium; MASLD may also promote accelerated coronary atherosclerosis and cardiac alterations (mainly cardiac remodeling and hypertrophy leading to new-onset heart failure) (6,7,34–37). Substantial evidence supports the role of pro-inflammatory cytokines and chemokines as potential triggers of AF occurrence (37–40). For example, IL-6, IL-17 and TNF-alpha can modulate calcium homeostasis and connexins that are associated with alterations in both fiber continuity and circuit re-entry and promote mitochondrial dysfunction, myolysis, cardiomyocyte apoptosis and myocardial fibrogenesis (37,40). Boeckmans et al. recently reported that C-X-C motif chemokine ligand 10 (CXCL10), i.e., a pro-inflammatory chemokine involved in a wide variety of processes such as chemotaxis, differentiation and activation of peripheral immune cells, is significantly associated with an increased AF prevalence and greater liver fibrosis, as non-invasively evaluated by the FIB-4 index (17). Moreover, MASLD is associated with ectopic fat accumulation in other organs (such as myocardium, pericardium and epicardium) (41), which is, in turn, associated with an increased risk of cardiovascular and arrhythmic complications (42–44). Expanded abdominal visceral adipose tissue is also a major source of proinflammatory cytokines and chemokines in people with MASLD that can promote cardiac arrhythmias by inducing systemic long-term adverse effects (7,40). 
The present meta-analysis has some important limitations primarily inherent to the design of the eligible studies. First, the observational design of the eligible retrospective studies does not allow for establishing a causal link between MASLD and the risk of incident AF. Including retrospective cohort studies might introduce some selection bias. Second, although most eligible studies included in the meta-analysis have a relatively high quality (based on the NOS scale) and have adjusted the results for common AF risk factors, the possibility of residual confounding by unmeasured factors (e.g., left atrial dimensions and other echocardiographic parameters) cannot be ruled out. Third, although we used a random-effects model, the interpretation of some results of this meta-analysis requires some caution, given the high heterogeneity observed in the pooled primary analysis of eligible studies (pooled random-effects HR 1.20, 95% CI 1.10-1.32; I2=92%). We systematically explored and identified possible sources of heterogeneity using stratified analyses, meta-regression and sensitivity analyses; more detailed analyses of the causes of this high heterogeneity would require collaborative pooling of individual participant data from prospective studies, which are not currently available. Finally, another possible limitation of this meta-analysis is that most eligible cohort studies used blood-based scores (i.e., fatty liver index) or liver ultrasonography, the recommended first-line imaging method for diagnosing MASLD in clinical practice but not the gold standard method (liver biopsy) (1). Only one eligible cohort study used liver biopsy, showing that compared to matched controls, patients with biopsy-confirmed MASLD had a significantly higher risk of incident AF, and this excess risk was observed across all histological stages of MASLD and was highest with cirrhosis (31). Two eligible cohort studies enrolled exclusively people with T2DM (18,33). In these two studies, the strength of the association between MASLD and the risk of incident AF was somewhat different. This is likely because these two studies differed in terms of baseline patient characteristics and length of follow-up (18,33). Furthermore, the study by Targher et al. (18) used liver ultrasonography for diagnosing MASLD and ECGs/medical records for diagnosing AF occurrence; in contrast, the study by Riley et al. (33) used ICD codes for the diagnosis of both MASLD and incident AF. By using ICD codes, misclassification bias may be more likely, which may also have resulted in the underdiagnosis of both MASLD and AF. In line with this, a limitation of our meta-analysis is that AF incidence may have been underestimated because the eligible cohort studies used ICD codes and standard electrocardiograms for diagnosing permanent (chronic) AF but did not perform 24-hour Holter monitoring. Therefore, some cases of silent AF and many cases of paroxysmal AF may have gone undetected. However, although some misclassification of AF based on ICD codes and resting electrocardiograms is likely, this limitation would serve to attenuate the magnitude of our effect toward the null; thus, our findings may be probably considered as conservative estimates of the association between MASLD and increased AF incidence. Finally, although all eligible studies have used the NAFLD nomenclature, for this meta-analysis, we have used the new MASLD nomenclature because the two fatty liver disease definitions are largely overlapping in terms of clinical profiles and mortality rates and can be, therefore, used interchangeably (45). 
Despite these limitations, our meta-analysis also has important strengths. Our meta-analysis provides the most comprehensive and updated meta-analysis on the association of the presence and severity of MASLD with the risk of developing AF. We have used standardized risk estimates from all eligible studies to allow a consistent combination of estimates across studies. Furthermore, although a selective reporting bias of eligible studies could not be excluded, we also searched for ‘grey' literature in the electronic databases (including the cohort study by You et al. that was published as abstract communication (20)) and made every effort to rule out very low-quality studies by using stringent inclusion criteria. Our comprehensive search has made it unlikely that any published reports were missed, and visual inspection of the funnel plot and formal tests demonstrated no statistical evidence of publication bias.
In conclusion, this updated and comprehensive meta-analysis of retrospective cohort studies shows that MASLD (as detected by liver biopsy, imaging techniques, blood-based scores, or ICD codes) was associated with a moderately higher long-term risk of developing new-onset AF over a median follow-up of 7.2 years. This increased long-term risk of AF remained significant after adjusting for age, sex, obesity, hypertension, type 2 diabetes, and other common cardiometabolic risk factors. Well-designed intervention studies are required to determine whether pharmacological treatments targeting MASLD (e.g., resmetirom, semaglutide or other incretin receptor polyagonists) reduce the long-term risk of AF by diminishing the rates of MASLD. Further mechanistic studies are also required to better elucidate the complex but existing link between MASLD and the risk of AF.
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Table 1. Main characteristics of eligible retrospective cohort studies (n=16) assessing the association between MASLD§ and the risk of developing incident AF. 
	Authors, Year (Ref.)
	Country
	Sample size (n)
	Mean age (years)
	Number of men (n)
	BMI (kg/m2)
	Percentage of T2DM
(%)
	Percentage of hypertension /myocardial infarction/heart failure (%)

	Number of MASLD patients (n)§
	MASLD diagnosis
	AF
diagnosis
	Follow-up (years)
	Incident AF cases (n) and rates
	Hazard ratio
(95% CI)
	Covariate adjustments

	Targher et al. 2013 (18)
	Italy
	400
	64
	235
	29
	100
	70/9/2
	281
	US
	ECG & Medical records
	10
	42
(14% of MASLD patients vs. 3% of non-MASLD patients developed AF)
	4.96 (1.4-17)
	Age, sex, body mass index, systolic blood pressure, hypertension treatment, electrocardiographic PR interval, history of heart failure

	Karajamaki al. 2015 (19)
	Finland
	958
	51
	450
	28
	10
	51/8/NA
	249
	US
	ECG & Medical records
	16.3
	94 
(15% of MASLD patients vs. 8% of non-MASLD patients developed AF)
	1.88 (1.03-3.45)
	Age, sex, study group, diabetes, body mass index, waist circumference, alcohol use, smoking status, blood pressure, liver enzymes, quick index, coronary artery disease, echocardiographic features, C-reactive protein

	You et al. 2016
(20)
	Korea
	232,979
	49
	84,571
	NA
	NA
	NA
	35,082
	FLI
	ICD codes
	3.7
	2,262
	1.13 (1.03-1.24)
	Age, sex, serum creatinine, systolic blood pressure, obesity, impaired fasting glucose, dyslipidemia and history of heart failure

	Long et al. 2017 (21)

	USA
	2,122
	59
	968
	29
	7
	26/3/1
	424
	CT
	Medical records
	9.3
	153
(incidence rate of AF was 8.7 cases per 1000 person‐years in the MASLD group vs. 7.8 cases per 1000 person‐years in the non-MASLD group)
	1.02 (0.87-1.2)
	Age, sex, body mass index, systolic blood pressure, diastolic blood pressure, current smoking, use of antihypertensive medication, prevalent diabetes mellitus, history of heart failure, and history of myocardial infarction

	Allen et al. 2019 (22)


	USA
	19,078
	54
	9,073
	32
	13
	28/20/NA
	3,869
	ICD-10
	ICD codes
	7
	833
(5% of MASLD patients vs. 4.3% of non-MASLD patients developed AF)
	1.12 (0.94-1.32)*
	None

	Roh et al. 2020 (23)

	Korea
	334,280
	42
	161,338
	23
	NA
	28/NA/NA
	83,575
	FLI
	ICD codes
	5.3
	1,415 (incidence rate of AF increased across FLI quartiles (Q1: 0.2%; Q2: 0.3%; Q3: 0.6%; Q4: 0.6%)
	1.55 (1.19-2.03)
	Age, sex, diabetes, hypertension, heart failure and myocardial infarction as time‐dependent covariates

	Labenz et al. 2020 (24)

	Germany
	44,096
	56
	22,048
	NA
	6
	25/NA/NA
	22,048
	ICD-10
	ICD codes
	10
	3,307 (8.2% of MASLD patients vs. 6.8% of non-MASLD patients developed AF)
	1.15 (1.04-1.26)
	Age, sex, index year, hypertension, diabetes and dyslipidemia

	Lee et al. 2021(25)

	Korea
	8,048,055
	47
	4,184,989
	24
	8
	24/NA/NA
	924,497
	FLI
	ICD codes
	8
	534,422
(incidence rate of AF was 7.49, 9.95, and 9.48 per 1000 person-years in those with FLI < 30, 30 ≤ FLI < 60, and FLI ≥ 60, respectively)
	1.12 (1.11-1.26)
	Age, sex, hypertension, diabetes, dyslipidemia, chronic kidney disease, smoking, alcohol consumption, exercise, low-income status, total cholesterol, fasting glucose

	Liu et al. 2022 (26)

	International cohort
	2,072
	67
	930
	31
	34
	92/28/NA
	88
	FIB-4
	Medical records & ECG
	3.1
	106 (incidence rate of AF was 1.33 events per 100 person‐years at FIB‐4 <1.45 vs. 2.55 per 100 person‐years at FIB‐4 >3.25)
	1.69 (0.76-3.79)
	Age, treatment arm, diabetes, smoking, body mass index, heart rate, estimated glomerular filtration rate, hypertension, coronary artery bypass graft surgery, percutaneous coronary intervention

	van Kleef et al. 2022 (27)

	Netherlands
	5,064
	70
	2499
	27
	15
	80/9/4
	2,079
	US
	Medical records & ECG
	2.1
	132
	0.91 (0.60-1.38)
	Age, sex, alcohol intake, smoking, education, high waist circumference, hypertension, dyslipidemia, (pre)diabetes, coronary heart disease, heart failure

	Choi et al. 2022 (28)

	Korea
	5,333,907
	31
	2,986,987
	23
	2
	7/0.1/0.1
	523,678
	FLI
	ICD codes
	7.4
	12,096
(incidence rate of AF was 0.25 for the FLI <30 group, 0.42 for the FLI 30 to <60 group, and 0.58 for the FLI ≥ 60 group)
	1.47 (1.39-1.55)
	Age, sex, hypertension, diabetes mellitus, dyslipidemia, heart failure, prior ischemic stroke, prior myocardial infarction, chronic obstructive pulmonary disease, chronic kidney disease, sleep apnea, hyperthyroidism, smoking, alcohol consumption, low-income status

	Lei et al. 2022 (29)

	China
	2,083,984
	45
	1,205,765
	24
	6
	25/1.5/NA
	701,718
	US
	ECG
	2.2
	141
(0.35% of patients with MASLD vs 0.21% of patients with no MASLD developed AF)
	1.99 (1.39-2.83)
	Age, sex, smoking, alcohol intake, red blood cell, leukocyte count, hemoglobin, platelet count, chronic kidney disease, and medical center

	Roca-Fernandez et al. 2023 (30)

	UK
	33,616
	65
	15,938
	26
	2
	60/12/NA
	1,776
	MRI
	ICD codes
	2.5
	352
	1.30 (1.12-1.51)
	Age, sex, adiposity measures, systolic blood pressure, FIB-4 index, serum transaminases, C-reactive protein, hemoglobin A1c

	Simon et al. 2023 (31)

	Sweden
	63,062
	53
	28,055
	NA
	2
	6/9/NA
	11,206
	Biopsy
	ICD codes
	10.8
	5,333
(difference rate of incident AF between MASLD and non-MASLD groups was 0.9 events per 1000 person/year)
	1.26 (1.18-1.35)
	Age, sex, calendar year and county, education, number of recorded hospital visits in the 1 year before the index date), diabetes, obesity, hypertension, dyslipidemia, chronic kidney disease, family history of cardiovascular disease before age 50 years, and alcohol use disorder during follow-up

	Cho et al. 2024 (32)

	Korea
	3,179,582
	51
	1,639,453
	24
	8
	24/NA/NA
	163,102
	FLI
	ICD codes
	9.3
	2,516
(incidence rate of AF was 1.68 per 1000 person/year for the MASLD group vs 1.75 per 1000 person/year for the non-MASLD group)
	1.01 (0.96-1.05)
	Age, sex, income levels, body mass index, smoking, alcohol intake, physical activity, diabetes, hypertension, dyslipidemia, chronic kidney disease

	Riley et al. 2024 (33)

	International cohort
	28,311
	56
	12,450
	35
	100
	70/20/8
	14,120
	ICD-10
	ICD codes
	5
	899
(The 5-year probability to develop AF was 5.1% in the MASLD group vs. 5.3% in the non-MASLD group)
	0.97 (0.85-1.11)
	Propensity score matching for age, hypertension, ischemic heart disease, heart failure, chronic kidney disease, aspirin use, lipid-lowering agents


§Originally labeled as NAFLD. *Hazard ratio was calculated based on the data reported in the original manuscript. 
Abbreviations: AF, atrial fibrillation; BMI, body mass index; FIB-4, Fibrosis-4 Index; FLI, fatty liver index; ICD-10, International Classification of Diseases (ICD-10); MASLD, metabolic dysfunction-associated steatotic liver disease; MRI, magnetic resonance imaging; NA, not available, US, ultrasonography, 

FIGURE LEGENDS

Figure 1. Forest plot and pooled estimates of the effect of MASLD on the risk of developing incident AF in eligible retrospective cohort studies (n=15) stratified by methodologies used for MASLD diagnosis. 
Figure 2. Forest plot and pooled estimates of the effect of advanced MASLD on the risk of developing incident AF in eligible retrospective cohort studies (n=3). 


REFERENCES

1.	EASL-EASD-EASO Clinical Practice Guidelines on the management of metabolic dysfunction-associated steatotic liver disease (MASLD). J Hepatol. 2024 Sep;81(3):492–542. 
2.	Younossi ZM, Mangla KK, Chandramouli AS, Lazarus JV. Estimating the economic impact of comorbidities in patients with MASH and defining high-cost burden in patients with noncirrhotic MASH. Hepatol Commun. 2024 Jul 22;8(8):e0488. 
3.	Mantovani A, Csermely A, Petracca G, Beatrice G, Corey KE, Simon TG, et al. Non-alcoholic fatty liver disease and risk of fatal and non-fatal cardiovascular events: an updated systematic review and meta-analysis. Lancet Gastroenterol Hepatol. 2021 Nov 1;6(11):903–13. 
4.	Mantovani A, Lonardo A, Stefan N, Targher G. Metabolic dysfunction-associated steatotic liver disease and extrahepatic gastrointestinal cancers. Metab - Clin Exp [Internet]. 2024 Nov 1 [cited 2024 Oct 18];160. Available from: https://www.metabolismjournal.com/article/S0026-0495(24)00241-5/abstract
5.	Mantovani A, Scorletti E, Mosca A, Alisi A, Byrne CD, Targher G. Complications, morbidity and mortality of nonalcoholic fatty liver disease. Metab - Clin Exp [Internet]. 2020 Oct 1 [cited 2024 Oct 14];111. Available from: https://www.metabolismjournal.com/article/S0026-0495(20)30034-2/abstract
6.	Targher G, Byrne CD, Tilg H. MASLD: a systemic metabolic disorder with cardiovascular and malignant complications. Gut. 2024 Mar 7;73(4):691–702. 
7.	Anstee QM, Mantovani A, Tilg H, Targher G. Risk of cardiomyopathy and cardiac arrhythmias in patients with nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol. 2018 Jul;15(7):425–39. 
8.	Brundel BJJM, Ai X, Hills MT, Kuipers MF, Lip GYH, de Groot NMS. Atrial fibrillation. Nat Rev Dis Primer. 2022 Apr 7;8(1):1–23. 
9.	Elliott AD, Middeldorp ME, Van Gelder IC, Albert CM, Sanders P. Epidemiology and modifiable risk factors for atrial fibrillation. Nat Rev Cardiol. 2023 Jun;20(6):404–17. 
10.	Mantovani A, Dauriz M, Sandri D, Bonapace S, Zoppini G, Tilg H, et al. Association between non-alcoholic fatty liver disease and risk of atrial fibrillation in adult individuals: An updated meta-analysis. Liver Int. 2019;39(4):758–69. 
11.	Zhou BG, Ju SY, Mei YZ, Jiang X, Wang M, Zheng AJ, et al. A systematic review and meta-analysis of cohort studies on the potential association between NAFLD/MAFLD and risk of incident atrial fibrillation. Front Endocrinol [Internet]. 2023 Jul 5 [cited 2024 Oct 14];14. Available from: https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2023.1160532/full
12.	Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D, et al. Meta-analysis of Observational Studies in EpidemiologyA Proposal for Reporting. JAMA. 2000 Apr 19;283(15):2008–12. 
13.	Cumpston M, Li T, Page MJ, Chandler J, Welch VA, Higgins JP, et al. Updated guidance for trusted systematic reviews: a new edition of the Cochrane Handbook for Systematic Reviews of Interventions. Cochrane Database Syst Rev [Internet]. 2019 [cited 2024 Oct 14];(10). Available from: https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.ED000142/full
14.	Higgins JPT, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. 2002 Jun 15;21(11):1539–58. 
15.	Baratta F. Nonalcoholic Fatty Liver Disease and Fibrosis Associated With Increased Risk of Cardiovascular Events in a Prospective Study - Clinical Gastroenterology and Hepatology [Internet]. [cited 2024 Oct 14]. Available from: https://www.cghjournal.org/article/S1542-3565(19)31506-X/fulltext
16.	Simon TG, Roelstraete B, Alkhouri N, Hagström H, Sundström J, Ludvigsson JF. Cardiovascular disease risk in paediatric and young adult non-alcoholic fatty liver disease. Gut. 2023 Mar 1;72(3):573–80. 
17.	Boeckmans J, Michel M, Gieswinkel A, Tüscher O, Konstantinides SV, König J, et al. Inflammation in liver fibrosis and atrial fibrillation: A prospective population-based proteomic study. JHEP Rep. 2024 Oct 1;6(10):101171. 
18.	Targher G, Valbusa F, Bonapace S, Bertolini L, Zenari L, Rodella S, et al. Non-Alcoholic Fatty Liver Disease Is Associated with an Increased Incidence of Atrial Fibrillation in Patients with Type 2 Diabetes. PLOS ONE. 2013 Feb 22;8(2):e57183. 
19.	Käräjämäki AJ, Pätsi OP, Savolainen M, Kesäniemi YA, Huikuri H, Ukkola O. Non-Alcoholic Fatty Liver Disease as a Predictor of Atrial Fibrillation in Middle-Aged Population (OPERA Study). PLOS ONE. 2015 Nov 16;10(11):e0142937. 
20.	You SC, Yang PS, Kim TH, Uhm JS, Pak HN, Lee MH, et al. Non-alcoholic fatty liver disease is independently associated with new onset atrial fibrillation: a nationwide cohort study in korea. J Am Coll Cardiol. 2016 Apr 5;67(13_Supplement):854–854. 
21.	Long MT, Yin X, Larson MG, Ellinor PT, Lubitz SA, McManus DD, et al. Relations of Liver Fat With Prevalent and Incident Atrial Fibrillation in the Framingham Heart Study. J Am Heart Assoc. 2017 May 5;6(5):e005227. 
22.	Allen AM, Therneau TM, Mara KC, Larson JJ, Watt KD, Hayes SN, et al. Women with Nonalcoholic Fatty Liver Disease Lose Protection against Cardiovascular Disease– a Longitudinal Cohort Study. Am J Gastroenterol. 2019 Nov;114(11):1764–71. 
23.	Roh JH, Lee JH, Lee H, Yoon YH, Kim M, Kim YG, et al. Association between non-alcoholic fatty liver disease and risk of new-onset atrial fibrillation in healthy adults. Liver Int. 2020;40(2):338–46. 
24.	Labenz C, Huber Y, Michel M, Nagel M, Galle PR, Kostev K, et al. Impact of NAFLD on the Incidence of Cardiovascular Diseases in a Primary Care Population in Germany. Dig Dis Sci. 2020 Jul 1;65(7):2112–9. 
25.	Lee SR, Han KD, Choi EK, Oh S, Lip GYH. Nonalcoholic fatty liver disease and the risk of atrial fibrillation stratified by body mass index: a nationwide population-based study. Sci Rep. 2021 Feb 12;11(1):3737. 
26.	Liu X, Chen W, Shao W, Jiang Y, Cao Z, He W, et al. Liver fibrosis scores and atrial fibrillation incidence in heart failure with preserved ejection fraction. ESC Heart Fail. 2022;9(6):3985–94. 
27.	Kleef LA van, Lu Z, Ikram MA, Groot NMS de, Kavousi M, Knegt RJ de. Liver stiffness not fatty liver disease is associated with atrial fibrillation: The Rotterdam study. J Hepatol. 2022 Oct 1;77(4):931–8. 
28.	Choi J, Lee SR, Choi EK, Ahn HJ, Kwon S, Park SH, et al. Non-alcoholic Fatty Liver Disease and the Risk of Incident Atrial Fibrillation in Young Adults: A Nationwide Population-Based Cohort Study. Front Cardiovasc Med [Internet]. 2022 Mar 23 [cited 2024 Oct 14];9. Available from: https://www.frontiersin.org/journals/cardiovascular-medicine/articles/10.3389/fcvm.2022.832023/full
29.	Lei F, Qin JJ, Song X, Liu YM, Chen MM, Sun T, et al. The prevalence of MAFLD and its association with atrial fibrillation in a nationwide health check-up population in China. Front Endocrinol [Internet]. 2022 Sep 27 [cited 2024 Oct 14];13. Available from: https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1007171/full
30.	Roca-Fernandez A, Banerjee R, Thomaides-Brears H, Telford A, Sanyal A, Neubauer S, et al. Liver disease is a significant risk factor for cardiovascular outcomes – A UK Biobank study. J Hepatol. 2023 Nov 1;79(5):1085–95. 
31.	Simon TG, Ebrahimi F, Roelstraete B, Hagström H, Sundström J, Ludvigsson JF. Incident cardiac arrhythmias associated with metabolic dysfunction-associated steatotic liver disease: a nationwide histology cohort study. Cardiovasc Diabetol. 2023 Dec 13;22(1):343. 
32.	Cho EJ, Chung GE, Yoo JJ, Cho Y, Lee KN, Shin DW, et al. Association of nonalcoholic fatty liver disease with new-onset atrial fibrillation stratified by age groups. Cardiovasc Diabetol. 2024 Sep 12;23(1):340. 
33.	Riley DR, Hydes T, Hernadez G, Zhao SS, Alam U, Cuthbertson DJ. The synergistic impact of type 2 diabetes and MASLD on cardiovascular, liver, diabetes-related and cancer outcomes. Liver Int. 2024;44(10):2538–50. 
34.	Mantovani A, Byrne CD, Benfari G, Bonapace S, Simon TG, Targher G. Risk of Heart Failure in Patients With Nonalcoholic Fatty Liver Disease: JACC Review Topic of the Week. J Am Coll Cardiol. 2022 Jan 18;79(2):180–91. 
35.	Targher G, Tilg H, Byrne CD. Non-alcoholic fatty liver disease: a multisystem disease requiring a multidisciplinary and holistic approach. Lancet Gastroenterol Hepatol. 2021 Jul;6(7):578–88. 
36.	Polyzos SA, Kechagias S, Tsochatzis EA. Review article: non-alcoholic fatty liver disease and cardiovascular diseases: associations and treatment considerations. Aliment Pharmacol Ther. 2021;54(8):1013–25. 
37.	Mantovani A. Nonalcoholic Fatty Liver Disease (NAFLD) and Risk of Cardiac Arrhythmias: A New Aspect of the Liver-heart Axis. J Clin Transl Hepatol. 2017 Jun 28;5(2):134–41. 
38.	Elliott AD, Middeldorp ME, Van Gelder IC, Albert CM, Sanders P. Epidemiology and modifiable risk factors for atrial fibrillation. Nat Rev Cardiol. 2023 Jun;20(6):404–17. 
39.	Brundel BJJM, Ai X, Hills MT, Kuipers MF, Lip GYH, de Groot NMS. Atrial fibrillation. Nat Rev Dis Primer. 2022 Apr 7;8(1):1–23. 
40.	Gawałko M, Saljic A, Li N, Abu-Taha I, Jespersen T, Linz D, et al. Adiposity-associated atrial fibrillation: molecular determinants, mechanisms, and clinical significance. Cardiovasc Res. 2023 Mar 1;119(3):614–30. 
41.	Granér M, Nyman K, Siren R, Pentikäinen MO, Lundbom J, Hakkarainen A, et al. Ectopic Fat Depots and Left Ventricular Function in Nondiabetic Men With Nonalcoholic Fatty Liver Disease. Circ Cardiovasc Imaging. 2015 Jan;8(1):e001979. 
42.	Lim S, Meigs JB. Ectopic fat and cardiometabolic and vascular risk. Int J Cardiol. 2013 Nov 5;169(3):166–76. 
43.	Byrne CD, Targher G. Ectopic Fat, Insulin Resistance, and Nonalcoholic Fatty Liver Disease. Arterioscler Thromb Vasc Biol. 2014 Jun;34(6):1155–61. 
44.	Ernault AC, Meijborg VMF, Coronel R. Modulation of Cardiac Arrhythmogenesis by Epicardial Adipose Tissue. J Am Coll Cardiol. 2021 Oct 26;78(17):1730–45. 
45.	Younossi ZM, Paik JM, Stepanova M, Ong J, Alqahtani S, Henry L. Clinical profiles and mortality rates are similar for metabolic dysfunction-associated steatotic liver disease and non-alcoholic fatty liver disease. J Hepatol. 2024 May 1;80(5):694–701. 

