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Abstract

Background Prior studies suggest a link between metabolic dysfunction-associated steatotic liver disease (MASLD)
and incident arrhythmias, including atrial fibrillation (AF). However, robust data are lacking from cohorts with liver
histology, which remains the gold standard for staging MASLD severity.

Methods This population-based cohort included all Swedish adults with histologically-confirmed MASLD and with-
out prior cardiac arrhythmias (1966-2016; n=11,206). MASLD was defined from prospectively-recorded histopathol-
ogy, and characterized as simple steatosis, non-fibrotic steatohepatitis (MASH), non-cirrhotic fibrosis, or cirrhosis.
MASLD patients were matched to <5 controls without MASLD or arrhythmias, by age, sex, calendar year and county
(n=51,856). Using Cox proportional hazards modeling, we calculated multivariable-adjusted hazard ratios (aHRs)

for incident arrhythmias (including AF, bradyarrhythmias, other supraventricular arrhythmias, ventricular arrhythmias/
cardiac arrest).

Results Over a median follow-up of 10.8 years, incident arrhythmias were confirmed in 1351 MASLD patients
(10.3/1000 person-years [PY]) and 6493 controls (8.7/1000PY; difference=1.7/1000PY; aHR = 1.30, 95%Cl 1.22-1.38),
and MASLD patients had significantly higher rates of incident AF (difference =0.9/1000PY; aHR=1.26, 95%Cl 1.18-
1.35). Rates of both overall arrhythmias and AF were significantly elevated across all MASLD histological groups,
particularly cirrhosis (differences, 8.5/1000PY and 5.3/1000PY, respectively). In secondary analyses, MASLD patients
also had significantly higher rates of incident ventricular arrhythmias/cardiac arrest (aHR=1.53, 95%Cl 1.30-1.80),
bradyarrhythmias (aHR=1.26, 95%Cl 1.06-1.48), and other supraventricular arrhythmias (@HR=1.27, 95%Cl 1.00-1.62),
compared to controls.

Conclusions Compared to matched controls, patients with biopsy-confirmed MASLD had modest but significantly
higher incidence of cardiac arrhythmias, including AF, bradyarrhythmias, other supraventricular arrhythmias and ven-
tricular arrhythmias/cardiac arrest. Excess risk was observed across all stages of MASLD and was highest with cirrhosis.
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Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD) represents a leading cause of chronic liver
disease in the United States (U.S.) and Europe, where it
affects over 100 million adults [1, 2]. Between 20 and 33%
of patients with MASLD develop progressive steatohepa-
titis (MASH) with fibrosis, which in turn may progress to
cirrhosis, decompensated liver disease, and liver-related
mortality [3-7]. Observational data have also linked
MASLD to the development of diverse cardiovascular
complications, including coronary atherosclerosis [8,
9], cardiac diastolic dysfunction [10], and both subclini-
cal [8], and overt cardiovascular (CV) events [11, 12].
Based on this body of evidence, both the American Asso-
ciation for the Study of Liver Disease (AASLD) and the
European Association for the Study of the Liver (EASL)
recommend that patients with MASLD undergo careful
cardiovascular screening [13, 14].

Recent data further suggest that MASLD may adversely
impact cardiac conduction and autonomic function, and
could contribute to the development of cardiac arrhyth-
mias [15, 16], including atrial fibrillation [17, 18], the
most common arrhythmia and a cause of significant mor-
bidity and mortality [19]. However, published data are
limited and conflicting, with some observational studies
reporting increased rates of atrial fibrillation and other
arrhythmias in MASLD [20, 21], while others have found
conflicting results [17, 22]. Among the few prior studies
in this area, all have had substantial limitations, including
a focus on prevalent — rather than incident — arrhythmias
[23-25], or reliance upon surrogate, non-invasive defini-
tions of MASLD [17, 20-22], which are prone to misclas-
sification, and cannot identify MASH or fibrosis severity.
To date, only one longitudinal study has included liver
histology [24], but it derived from a single center and had
a small sample size (N=215), with very few events and
limited generalizability.

Thus, we leveraged a nationwide histopathology
cohort, comprised of all adults in Sweden with biopsy-
confirmed MASLD, to examine the incidence of cardiac
arrhythmias according to the presence and histological
severity of MASLD.

Methods

Study population and MASLD ascertainment

Within the ESPRESSO (Epidemiology Strengthened by
Histopathology Reports in Sweden) cohort, we con-
ducted a population-based, matched cohort study.

ESPRESSO encompasses prospectively-recorded liver
histopathology submitted to all 28 pathology depart-
ments in Sweden between 1965 and 2016 [26]. Each
liver biopsy report includes liver biopsy date and
location, the unique personal identity number (PIN)
assigned to all Swedish residents, and describes topog-
raphy within the liver and morphology, using the Sys-
tematized Nomenclature of Medicine (SNOMED)
system. We linked ESPRESSO to validated, nationwide
registers that include comprehensive data regarding
patient demographics, clinical comorbidities, prescrip-
tion medications, incident cardiac arrhythmias and
death. Informed consent was waived as the study was
register-based [27].

For the current study, we identified all adults
aged > 18 years with a liver biopsy between 1966—2016
that confirmed MASLD, as defined as at least one
morphology code for steatosis (M5008x or M5520x)
without another etiology of liver disease or cardiac
arrhythmia, on or before the index date (i.e. date of
liver biopsy), using a validated international classifica-
tion of disease (ICD) algorithm (Additional file 1: Fig-
ure S1; eMethods) [12]. As in prior studies, we excluded
anyone with another recorded etiology of liver disease,
alcohol abuse/misuse, liver transplantation, cardiac
arrhythmia or emigration from Sweden, on or before
the index date (Additional file 1: Table S1).

In a previous validation study [12], this methodol-
ogy vielded a positive predictive value (PPV) of 92%
for MASLD overall. All patients who met our criteria
for MASLD were further classified at the time of their
index biopsy into one of four mutually exclusive catego-
ries of histological severity (i.e. simple steatosis, MASH,
without fibrosis, non-cirrhotic fibrosis and cirrhosis).
Specifically, simple steatosis was defined by at least 1
code for steatosis and no additional codes for inflam-
mation (i.e. M5400x or M4-) or fibrosis (i.e. M4900x)
or cirrhosis (i.e. M4950x). MASH without fibrosis was
defined broadly by the presence of at least 1 code for
steatosis plus at least 1 code for inflammation (i.e.
M5400x or M4-), without any codes for fibrosis or cir-
rhosis. Non-cirrhotic fibrosis (i.e. F1-F3 fibrosis, with
or without MASH) was defined by the presence of at
least 1 code for steatosis plus at least 1 code for fibrosis
(i.e. M4900x), but no codes for cirrhosis. Cirrhosis was
defined by at least 1 code for cirrhosis (i.e. M4950x).
This algorithm has been validated and yielded high
positive predictive values (PPV) for each subcategory:
simple steatosis (PPV 90%), MASH without fibrosis
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(PPV 87%), non-cirrhotic fibrosis (PPV 93%), and cir-
rhosis (PPV 97%) [12]. Each MASLD patient was then
subsequently matched to up to five general population
controls without recorded MASLD or prior cardiac
arrhythmia, according to age, sex, calendar year and
county of residence. Population controls were derived
from the Total Population Register [28], with identical
exclusion criteria (Additional file 1: Figure S1).

Outcomes and covariates

Outcomes and covariates were ascertained from the
validated Patient Register, which prospectively records
data from all inpatient and outpatient medical facili-
ties in Sweden, including hospital discharge diagnoses
(since 1964) and specialty outpatient care (since 2001),
with established PPVs for clinical diagnoses between 85
and 95% for liver-related and cardiovascular diseases
[29], including PPV of 97% for atrial fibrillation in prior
validation studies [30]. The two primary outcomes were:
(1) incident overall arrhythmias (a composite defined
by>1 primary or secondary inpatient or outpatient ICD
diagnosis for atrial fibrillation or atrial flutter, bradyar-
rhythmia, other supraventricular arrhythmia, ventricu-
lar arrhythmias or cardiac arrest), and (2) incident atrial
fibrillation (definitions in Additional file 1: Table S2). In
prior validations, such ICD-based algorithms for identi-
fying arrhythmias yield PPVs>84% [31-35]. Secondary
outcomes included other, individual arrhythmias (brad-
yarrhythmias, other supraventricular arrhythmias, and
ventricular arrhythmias/cardiac arrest). In sensitivity
analyses we also applied a more stringent definition of
arrythmias (requiring >2 inpatient or outpatient diagno-
ses separated by > 6 months, with outcome diagnosis date
defined by the last diagnosis). Mortality was ascertained
from the Total Population Register, which records 93% of
all deaths in Sweden within 10 days, and the remaining
7% within 30 days.

Detailed information was collected regarding demo-
graphics, education, comorbidities and prescription
medication use (Additional file 1: Table S3; eMethods).
Briefly, age at the index date (i.e. biopsy date among
MASLD patients, or corresponding matching date
among controls), sex, date of birth and emigration status
were ascertained from the Total Population Register [28],
and education level was obtained from the Longitudi-
nal integrated database for health insurance and labour
market studies. Data on education were missing for 3.1%
of adults with an index date on or after January 1, 1990,
which was the first year in which the LISA database was
introduced [36]. We included a separate missing category
for missingness on education level but did not impute
any missing data.
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Comorbidities were extracted from the Patient Reg-
ister using established ICD algorithms [29] (Additional
file 1: Table S3; eMethods), and we also identified the
number of hospitalizations for each patient in the year
preceding the index date. The Total Population Register
also includes data from the Multigenerational Register
regarding first-degree family members, which permitted
us to ascertain a first-degree family history of early car-
diovascular disease (CVD) diagnosed before age 50 years.
Additionally, we collected detailed data regarding use of
the following medications: statins, other lipid-lowering
agents, low-dose aspirin (<163 mg), other anti-platelets,
anticoagulants, antidiabetic medications and anti-hyper-
tensive agents [37]. Medication use was ascertained from
the Prescribed Drug Register, a well-validated and virtu-
ally-complete nationwide register [37], that includes pro-
spectively-recorded data for all dispensed prescriptions
from Swedish pharmacies since July, 2005.

Statistical analysis

Our primary analyses examined rates of incident arrhyth-
mias according to the presence and histological severity
of MASLD, compared to matched controls. Follow-up
began at the index date (or matching date for controls),
and continued to the first recorded study outcome, death,
emigration, or end of follow-up (December 31, 2016). For
all outcomes, we calculated incidence rates and absolute
rate differences, together with 95% confidence inter-
vals (CIs). Using cause-specific Cox proportional hazard
regression models, we estimated multivariable adjusted
hazard ratios (aHRs) and 95%CIs for incident arrhyth-
mias, and defined death due to non-cardiac causes as a
potential competing event. The fully-adjusted multivari-
able model accounted for matching factors (i.e. age, sex,
calendar year and county) and a priori-selected con-
founders defined up to and including the index date (i.e.
diabetes, obesity, hypertension, dyslipidemia, chronic
kidney disease, a first-degree family history of early CVD
before age 50 years, education, number of inpatient hos-
pitalizations in the year before the index date, and finally
diagnoses of alcohol abuse/misuse recorded during study
follow-up [12]) (eMethods; Additional file 1: Table S3).
We did not adjust for heart failure or coronary artery dis-
ease since they constitute intermediates but are unlikely
to be true confounders [38]. The proportional hazards
assumption was assessed by examining the relationship
between Schoenfeld residuals and time.

To better characterize the gradient of risk associated
with MASLD histological severity, and to minimize
potential confounding from misclassification of non-
MASLD controls, we restricted the cohort to patients
with MASLD, with simple steatosis as the com-
parator [12]. In stratified analyses, we examined the
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associations between MASLD and incident arrhyth-
mias according to sex, and categories of age, follow-up
duration, and calendar year of index biopsy, and we
tested the significance of effect modification between ]
groups using the contrast test statistic, which approxi-
mates a chi-squared distribution with J-1 degrees of
freedom under the null. [39]

To assess potential confounding related to shared
genetic or early environmental factors, including a first-
degree family history of early CVD, we identified all
MASLD patients with>1 full sibling without recorded
MASLD or arrhythmia before the start of follow-up,
and otherwise applied identical exclusion criteria.
We then compared each MASLD patient with his or
her full sibling(s), after conditioning on matching set
within family, and further adjusting for all covariates in
the multivariable model.

We conducted several sensitivity analyses to test the
robustness of our results. First, because a widely-used
histological scoring system was published in 2005 [40],
the same year that comprehensive prescription medi-
cation data was first available in Sweden, we restricted
the cohort to patients with index date > January 1, 2006,
and constructed models further accounting for relevant
medication use (i.e. aspirin, other antiplatelets, statins,
other lipid-lowering agents, antidiabetic agents and/
or anti-hypertensive medications). Second, because we
lacked detailed data regarding smoking, we also con-
structed models further adjusting for chronic obstruc-
tive pulmonary disease (COPD), as a proxy for heavy
smoking. Third, we computed an “E-value” [41], which
is the minimum strength of the association that an
unmeasured confounder would need to have with both
the exposure and the outcome, to fully attenuate the
observed association between MASLD and the study
outcome. Fourth, because a diagnosis of underlying
CVD might mediate an association between MASLD
and incident cardiac arrhythmias, we constructed sepa-
rate multivariable models focused on primary arrhyth-
mias, by excluding patients with prior, underlying CVD,
and further censoring patients during follow-up at the
time of a CVD diagnosis. Finally, to address poten-
tial reverse causation, we repeated our analysis after
excluding patients with incident arrhythmias recorded
within <90 days or within<2 years of follow-up (with
follow-up therefore starting at day 90 or at 2 years,
respectively).

Analyses were conducted using R software (version
3.6.1, R Foundation for Statistical Computing, Vienna,
Austria; survival package version 2.44 [Therneau,
2015, https://CRAN.R-project.org/package=survi
val]). A two-sided P<0.05 was considered statistically
significant.
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Role of the funding source

No funding organization had any role in the design and
conduct of the study; in the collection, management, and
analysis of the data; or in the preparation, review, and
approval of the manuscript.

Results

Table 1 outlines the baseline characteristics of 11,206
adults with histologically-confirmed MASLD and 51,856
matched general population controls. Among MASLD
patients, the average age at index biopsy was 53 years,
and 45% were female. Simple steatosis was found in 7,642
(68.2%), while 1,257 (11.2%) had MASH without fibrosis,
1695 (15.1%) had non-cirrhotic fibrosis, and 612 (5.5%)
had cirrhosis. MASLD patients were more likely than
controls to have diabetes, obesity, hypertension, dyslipi-
demia and chronic kidney disease.

Overall arrhythmias

Over 10.8 years of median follow-up, we confirmed 1,351
incident arrhythmias among MASLD patients (10.3/
1000 person-years (PY)), and 6,493 incident arrhythmias
among controls (8.7/1000PY; absolute rate difference,
1.7/1000PY, 95%CI 1.1-2.2)(Fig. 1; Table 2). After multi-
variable adjustment, MASLD patients had a significant,
1.30-fold higher rate of developing an incident arrhyth-
mia, compared to controls (95%CI=1.22-1.38), and sig-
nificantly higher rates were observed across all MASLD
histological categories (Fig. 1; Table 2). Specifically, com-
pared to controls, the absolute rate differences and cor-
responding aHRs were significantly higher in patients
with simple steatosis (1.1/1000PY; aHR=1.28, 95%CI
1.19-1.38), non-fibrotic MASH (1.3/1000PY; aHR=1.33,
95%CI 1.09-1.61), non-cirrhotic fibrosis (3.3/1000PY;
aHR=1.25, 95%CI 1.05-1.48) and cirrhosis (8.5/1000PY;
aHR 1.60, 95%CI 1.21-2.12).

In stratified analyses, the association between MASLD
and incident overall arrhythmias was significantly higher
in patients diagnosed with MASLD <40 years of age
(aHR=2.22, 95%CI 1.80-2.74), compared to those diag-
nosed later in adulthood (aHR for 40-59 years=1.30,
95%CI 1.18-1.42; aHR for> =60 years=1.23, 95%CI
1.13-1.34; p-interaction<0.001)( Additional file 1:
Table S4). Otherwise, associations did not differ signifi-
cantly by sex, duration of follow-up, or between patients
with and without underlying metabolic comorbidities
(p-interactions all >0.05).

Atrial fibrillation

Compared to controls, MASLD patients had modest
but significantly higher rates of incident atrial fibrilla-
tion (difference, 0.9/1000PY; aHR =1.26, 95%CI 1.18—
1.35)(Table 2). These differences were observed across
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Table 1 Baseline Characteristics of Adults with Histologically-Confirmed MASLD and Matched Population Controls, at the Index Date

(1966-2016)*

Characteristic Population AllMASLD N=11,206 Simple Steatosis MASH without  Non-Cirrhotic  Cirrhosis N=612
controls N=7642 fibrosis Fibrosis
N=51,856 N=1257 N=1695
Sex, n (%)
Men 28,055 [54.1] 6140 [54.8] 4236 [554] 652 [51.9] 913 [53.9] 339 [554]
Women 23,801 [45.9] 5066 [45.2] 3406 [44.6] 605 [48.1] 782 [46.1] 273 [44.6]
Age
Mean (SD) 5268 [14.7] 53.2[14.8] 523[15.0] 529[15.2] 55.1[14.1] 594111.6]
Median (IQR) 54.0[42.0-64.0] 55.0[43.0-64.0] 53.0[41.0-64.0] 54.0[42.0-64.0] 57.0[46.0-66.0] 62.0[53.0-67.0]
Country of birth, n (%)
Nordic country 47,406 [91.42] 10,070 [89.86] 6927 [90.64] 1113 [88.54] 1477 [87.14] 553[90.36]
Other 4447 [8.58] 1136 [10.14] 71519.36] 144 [11.46] 2181[12.86] 59[9.64]
Missing 3[0.01] 0[0.00] 0[0.00] 0[0.00] 0[0.00] 0[0.00]
Education level', n (%)
<9vyears 2986 [22.08] 682 [22.19] 342 [20.90] 96 [22.91] 197 [23.65] 47 [25.27]
10-12 years 5902 [43.65] 1406 [45.74] 727 [44.44] 214 [51.07] 376 [45.14] 89 [47.85]
>13 years 4364 [32.27] 740 [24.07] 419[25.61] 76[18.14] 214 [25.69] 31[16.67]
Missing 270[2.00] 246 [8.00] 148 [9.05] 33[7.88] 46 [5.52] 19[10.22]
Start of follow-up, year
1966-1989 9164 [17.67] 1906 [17.01] 1535[20.09] 145 [11.54] 114 [6.73] 112[18.30]
1990-2005 30,412 [58.65] 6501 [58.01] 4632 [60.61] 725 [57.68] 816 [48.14] 328[53.59]
2006-2016 12,280 [23.68] 2799 [24.98] 1475[19.30] 387 130.79] 765 [45.13] 172[28.10]
Comorbidities?, n (%)
Cardiovascular 4817[9.29] 1809 [16.14] 1093 [14.30] 212[16.87] 369 [21.77] 135 [22.06]
disease
Any Metabolic 3995 [7.70] 1894 [16.90] 980 [12.82] 259120.60] 499 [29.44] 156 [25.49]
Comorbidity
- Diabetes 1141 [2.20] 987 [8.81] 473[6.19] 1251[9.94] 266 [15.69] 123[20.10]
« Obesity 791[0.15] 158 [1.41] 79 [1.03] 21[1.67] 371[2.18] 21[343]
« Hypertension 3285[6.33] 1595 [14.23] 812[10.63] 215[17.10] 423 [24.96] 145 [23.69]
« Dyslipidemia 2071 [3.99] 815 [7.27] 387 [5.06] 117[9.31] 244 [14.40] 67[10.95]
Chronic Kidney Disease 186 [0.36] 12501.12] 701[0.92] 16 [1.27] 311[1.83] 81[1.31]
Family history of early 1859 [3.58] 291 [2.60] 196 [2.56] 39[3.10] 43 [2.54] 13[2.12]

cvD

All variables reported as mean (SD) or %, unless described otherwise. For definitions of the MASLD histological groups and all covariates, see the Appendix

MASLD, metabolic dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-associated steatohepatitis; CVD, cardiovascular disease; N., number;

SD, standard deviation; IQR, interquartile range

"The index date was defined as the date of index liver biopsy (among patients with MASLD) or the corresponding matching date, among population controls, as per

the Methods

" Education categories shown in the table were based on compulsory school, high school, and college (see eMethods). Education level was recorded beginning in
1990, thus data presented are for persons with index dates on or after January 1, 1990. For all other analyses, persons with index dates prior to 1990 had education

level recorded as missing

2 All covariates were defined as per Table S3. Any metabolic comorbidity was defined as: > 1 metabolic risk factors (i.e. dyslipidemia, diabetes, hypertension and/or
obesity). Family history of early CVD was defined as a recorded diagnosis of CVD in a first-degree family member before the age of 50 years (as per Additional file 1:

Table S3)

all MASLD histological categories, when compared to
controls, including for simple steatosis (aHR=1.24,
95%CI 1.14-1.35), non-fibrotic MASH (aHR=1.34,
95%CI 1.07-1.68), non-cirrhotic fibrosis (aHR=1.24,
95%CI 1.03-1.50) and cirrhosis (aHR=1.59, 95%CI

1.15-2.19).

ference,

0.1/1000PY;

Individual arrhythmia outcomes
Compared to controls, MASLD patients also had sig-
nificantly higher rates of developing incident bradyar-
rhythmias (difference, 0.2/1000PY; aHR=1.26, 95%CI
1.06-1.48), other supraventricular arrhythmias (dif-
aHR=1.27, 95%CI 1.00-1.62)
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Fig. 1 Cumulative Incidence of Arrhythmias According to the Presence and Histologic Severity of MASLD. MASLD metabolic dysfunction-associated
steatotic liver disease; MASH metabolic dysfunction-associated steatohepatitis *Incident arrhythmias was a composite endpoint that included
incident atrial fibrrillation or atrial flutter, bradyarrhythmias, other supraventricular arrhythmias, or ventricular arrhythmias or cardiac arrest (for

definitions and details, see Additional file 1: Table S3)

and ventricular arrhythmias/cardiac arrest (difference,
0.6/1000PY; aHR=1.53, 95%CI 1.30-1.80) (Additional
file 1: Table S5). In further exploratory analyses, we
assessed those individual arrhythmia outcomes accord-
ing to MASLD histological categories (Additional file 1:
Table S5); however, those findings merit cautious inter-
pretation, given the small numbers in each subgroup.

MASLD-only subgroup

When compared to patients with simple steatosis, those
with more advanced MASLD fibrosis had significantly
higher rates of incident arrhythmias (absolute differences
for non-cirrhotic fibrosis and for cirrhosis, 2.3/1000PY
and 7.5/1000PY, respectively; Table 3). After multivari-
able adjustment, this corresponded to a 32% higher rate
of incident arrhythmias in patients with cirrhosis, com-
pared to those with simple steatosis (aHR=1.32, 95%CI
1.04-1.66). Findings were similar in analyses focused on
incident atrial fibrillation (differences for non-cirrhotic
fibrosis and cirrhosis, each compared to simple steatosis:
2.3/1000PY and 7.5/1000PY, respectively). In contrast,
no significant differences in either overall arrhythmias
or in atrial fibrillation were observed, when non-fibrotic
MASH was compared directly with simple steatosis.

Sibling analyses

To address potential residual confounding related to
shared genetic and intrafamilial factors, we re-matched
4,686 MASLD patients to 8,736 full-sibling comparators
who were alive at the index date and had no diagnoses of
MASLD or arrhythmia (Additional file 1: Table S6). Con-
sistent with our primary analysis, MASLD patients again
demonstrated significantly higher rates of incident overall

arrhythmias, compared to matched full siblings (differ-
ence, 2.3/1000PY; aHR =1.34, 95%CI 1.15-1.56), includ-
ing higher rates of incident atrial fibrillation (difference,
1.6/1000PY; aHR=1.32, 95%CI 1.11-1.58). In analyses
of the individual arrhythmia outcomes, we found that
MASLD patients had significantly higher rates of inci-
dent ventricular arrhythmias/cardiac arrest, compared to
full sibling controls (difference, 0.6/1000PY; aHR =1.89,
95%CI 1.25-2.86), but no significant differences were
observed for bradyarrhythmias or other supraventricular
arrhythmias.

Sensitivity Analyses

Our findings were robust across all sensitivity analy-
ses, including after restricting the cohort to MASLD
patients with index biopsy>January 1, 2006 (n=2375)
and matched controls (n=9757), and further adjusting
for use of relevant medications (differencegyeran arrhyth-
mias for MASLD vs. controls=3.5/1000PY; aHR=1.47,
95%CI 1.20-1.81]; Additional file 1: Table S7). Simi-
larly, our findings persisted after further adjusting for
COPD as a proxy for smoking (aHRyeral arrhythmias = 1-29;
95%CI 1.21-1.37), and also after excluding any patient
with a cardiac arrhythmia outcome within<90 days of
follow-up (aHR jyerali arrhythmias = 1-28, 95%CI 1.20-1.36;
Additional file 1: Table S8) or within<2 years (aHR e an
arrhythmias = 1-27; 95%CI 1.19-1.36; Additional file 1:
Table S9). Moreover, our results were similar in analyses
focused on primary cardiac arrhythmias (i.e. after exclud-
ing any patient with underlying CVD at baseline, and
further censoring patients with incident CVD diagnosed
during follow-up: aHR =1.29, 95%CI 1.19—

overall arrhythmias —

1.40 Additional file 1: Table S10). Finally, we estimated
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Table 2 Incident Overall Arrhythmias and Atrial Fibrillation among Adults with Histologically-Confirmed MASLD* and Matched

Population Controls

Population All MASLD Simple Steatosis MASH without  Non-Cirrhotic Cirrhosis (n=612)
Controls (n=11,206) (n=7642) fibrosis Fibrosis
(n=51,856) (n=1257) (n=1695)
Overall Arrhythmia
N. of events 6493 1351 946 135 187 83
Incidence rate 8.66 [8.45-8.87] 10.31[9.77-10.86] 9.74[9.14-10.37] 9.99 [844-11.74] 11.99[10.39-13.76] 17.19[13.88-21.09]
per 1000 PY (95%
Cl)
Absolute rate dif- 0 [ref] 1.65 [1.06-2.24] 1.08 [0.42-1.73] 1.33[-0.37-3.02]  3.33[1.6-5.06] 8.54[4.83-12.24]
ference, per 1000
PY (95% Cl)
+ Minimally-adjusted 1 [ref] 144 [1.36-1.53] 1.39[1.29-1.49] 148 [1.23-1.79] 148 [1.26-1.74] 2.05[1.61-2.61]
Model 1 (95% Cl)
- Multivariable- 1 [ref] 1.30[1.22-1.38] 1.28[1.19-1.38] 1.33[1.09-1.61] 1.25[1.05-1.48] 1.60[1.21-2.12]
adjusted Model 2
(95% Cl)
Atrial fibrillation
N. of events 5333 1055 735 105 154 61

Incidence rate 7.96 [7.50-8.45]
per 1000 PY (95%

Cl)

7.05 [6.87-7.24]

Absolute rate dif- 0 [ref] 0.91[0.39-142] 043 [-0.14-1]
ference, per 1000
PY (95% Cl)
» Minimally-adjusted 1 [ref] 1.38[1.30-1.48] 1.33[1.23-1.44]
Model 1 (95% Cl)
« Multivariable- 1 [ref] 1.26[1.18-1.35] 1.24[1.14-1.35]

adjusted Model 2
(95% Cl)

7.48 [6.96-8.03]

7.71[637-925]  9.80[8.37-11.40] 12.37 [9.64-15.67]

0.66 [-0.83-2.14]  2.74[1.18-4.3] 532[2.21-843]

142 [1.15-1.76] 1.48 [1.24-1.76] 1.94[1.47-2.57]

1.34[1.07-1.68] 1.24 [1.03-1.50] 1.59[1.15-2.19]

MASLD metabolic dysfunction-associated steatotic liver disease; MASH metabolic dysfunction-associated steatohepatitis; N number; PY person years; HR hazard ratio;

Cl confidence interval; ref reference

" MASLD was defined by liver histology. Overall arrhythmia was a composite endpoint that included atrial fibrillation, bradyarrhythmias, other supraventricular
arrhythmias and ventricular arrhythmias/cardiac arrest. For definitions of MASLD and arrhythmia outcomes, please see the Methods and the eMethods

' Confidence intervals for incidence rates and absolute rate differences were approximated by the normal distribution. Incidence rate difference is per 1000 person

years

2 The minimally-adjusted model 1 accounted for matching factors (age at the index date, sex, calendar year and county of residence). The fully-adjusted multivariable
model accounted for the minimal model plus education, the number of recorded hospital visits in the 1 year prior to the index date (or corresponding matching
date), and covariates defined up to and including the index date (i.e. diabetes, obesity, hypertension, dyslipidemia, chronic kidney disease and family history of
cardiovascular disease before age 50 years), and alcohol use disorder during follow-up (defined as a time-varying covariate). For definitions, see the eMethods and

Additional file 1: Table S3

the “E-value” using the approach by VanderWeele et al
[41], and found that an unmeasured confounder would
need to have a multivariable-adjusted HR of at least 1.92
or more for both the exposure and outcome, to attenuate
the observed association between MASLD and incident
arrhythmias to 1.0. For cirrhosis, this E-value would need
to be at least 2.58 or more.

Discussion

In this population-based cohort comprised of all Swed-
ish adults with biopsy-confirmed MASLD and matched
general population controls, MASLD was associated

with significantly higher rates of both fatal and non-
fatal cardiac arrhythmias, including atrial fibrillation,
bradyarrhythmias, other supraventricular arrhythmias
and ventricular arrhythmias/cardiac arrest. Compared
to controls, MASLD patients had a 30% higher relative
risk of developing an arrhythmia, and an absolute excess
rate of 1.7 per 1000PY, which corresponds to one addi-
tional, incident cardiac arrhythmia per each 29 patients
diagnosed with MASLD over 20 years. Rates of incident
overall arrhythmias and atrial fibrillation were signifi-
cantly elevated across all MASLD histological categories,
and they were highest in patients with cirrhosis, who
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Table 3 Incident overall arrhythmias and atrial fibrillation in the MASLD-only subgroup, with simple steatosis as the comparator

Simple Steatosis
(reference group)

MASH without
fibrosis (n=1257)

Non-Cirrhotic Cirrhosis (n=612)

Fibrosis (n=1695)

(n=7642)
Overall Arrhythmias
N. of events 946 135 187 83
Incidence rate per 1000 PY (95% Cl) 9.74[9.14-10.37] 9.99 [8.44-11.74] 11,99 [10.39-13.76] 17.19[13.88-21.09]
Absolute rate difference, per 1000 PY (95% Cl) 0 [ref] 2.251[0.42-4.07] 7461[3.71-11.21]

Minimally-adjusted Model 1 (95% Cl) 1 [ref]
Multivariable-adjusted Model 2 (95% Cl) 1 [ref]
Atrial Fibrillation

N. of events 735

Incidence rate per 1000 PY (95% Cl) 748 [6.96-8.03]
Absolute rate difference, per 1000 PY (95% Cl) 0 [ref]
Minimally-adjusted Model 1 (95% Cl) 1 [ref]
Multivariable-adjusted Model 2 (95% Cl) 1 [ref]

[
025[155 204}

31

[

0.85-1.24] 1.10[0.93-1.30] 1.48 [1.18-1.86]

0.84-1.21] 1.07 [0.90-1.26] 1.31[1.04-1.66]
105 154 61
7.71[6.37-9.25] 9.80 [8.37-11.40] 12.37 [9.64-15.67]
0.23[-1.34-1.8] 2.31[0.68-3.95] 4.89 [1.74-8.04]
1.02 [0.82-1.26] 1.18 [0.98-1 41] 1.39 [1.06-1.81]

01[0.81-1.24] 5[0.95-1.38] 1.25[0.95-1.64]

MASLD metabolic dysfunction-associated steatotic liver disease; MASH metabolic dysfunction-associated steatohepatitis; N number; PY person years; HR hazard ratio;

Cl confidence interval; ref. referent

! Confidence intervals for incidence rates and absolute rate differences were approximated by the normal distribution. Incidence rate difference is per 1000 person

years

2The minimally-adjusted model 1 accounted for matching factors (age at the index date, sex, calendar year and county of residence). The fully-adjusted multivariable
model accounted for the minimal model plus education, the number of recorded hospital visits in the 1 year prior to the index date (or corresponding matching
date), and covariates defined up to and including the index date (i.e. diabetes, obesity, hypertension, dyslipidemia, chronic kidney disease and family history of
cardiovascular disease before age 50 years), and alcohol use disorder during follow-up (defined as a time-varying covariate). For definitions, see the eMethods and

Additional file 1: Table S3

demonstrated striking, 17-fold higher rates of developing
an incident cardiac arrhythmia—including 12-fold higher
rates of incident atrial fibrillation—compared to controls.
Importantly, these findings were robust across numerous
sensitivity analyses, including after accounting for cardio-
metabolic risk factors, use of relevant medications, other
causes of death, and after comparing MASLD patients
with full siblings, to address important, shared genetic,
intrafamilial and socioeconomic factors.

Currently, longitudinal evidence linking MASLD to the
development of incident cardiac arrhythmias, including
atrial fibrillation, is limited. While a recent meta-analysis
of six longitudinal studies found a significant, 19% higher
risk of incident atrial fibrillation in patients with MASLD
compared to non-MASLD controls (pooled HR=1.19,
95%CI 1.07-1.31) [18], a prior meta-analysis and recent
observational community-based cohort [17, 22] found
null associations. However, all prior studies have been
significantly limited by small sample sizes, cross-sec-
tional design [24], or reliance upon surrogate defini-
tions of MASLD, including laboratory-based algorithms
[42], ultrasound [20, 21] or computed tomography [22],
which lack precision and cannot identify MASH or stage
fibrosis. In fact, the largest studies to date have identi-
fied people with MASLD using the fatty liver index—an
algorithm based on BMI, waist circumference, triglyc-
erides and GGT—which is not specific for MASLD but

rather reflects the association with obesity. In contrast,
the current study derived from a large, nationwide
cohort with detailed liver histology, and long follow-up
for incident arrhythmia events. Thus, our data provide
strong evidence that MASLD is associated with modest
albeit significantly increased rates of developing incident
arrhythmias, including atrial fibrillation.

Currently, little is known about the impact of MASLD
histological severity on risk of developing incident car-
diac arrhythmias [17]. In the current study, we found
that the incidence of arrhythmias including atrial fibril-
lation were significantly elevated across all MASLD his-
tological groups, including in patients with earlier stages
of non-fibrotic MASLD. Nevertheless, among patients
with MASLD, we found that patients with non-cirrhotic
fibrosis or cirrhosis had markedly higher absolute rates
of developing incident arrhythmias, when compared
to simple steatosis (absolute differences, 2.3 and 7.5 per
1000PY, respectively). Over 20 years, those rate differ-
ences correspond to one additional, incident cardiac
arrhythmia diagnosis per each 22 patients with non-
cirrhotic fibrosis, and one additional arrythmia diagno-
sis per each 7 patients with cirrhosis. In contrast, rates
of incident arrhythmias did not appear to differ between
patients with non-fibrotic MASH and simple steatosis.
Collectively, these data suggest that advanced MASLD
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fibrosis is an important predictor of incident arrhyth-
mias, including atrial fibrillation.

Although the precise mechanism is undefined, preclin-
ical and preliminary clinical studies suggest that MASLD
may contribute to cardiac arrhythmia risk by promot-
ing cardiac remodeling [10], autonomic dysfunction
[43-45], and/or electrical remodeling [46]. For exam-
ple, MASLD has been linked to cardiac sympathetic/
parasympathetic dysregulation [47], impaired heart rate
variability [45], and also to QTc interval [48-50] and
cardiac conduction abnormalities [48, 51], and a higher
risk of recurrent atrial fibrillation after ablation [52].
Furthermore, advanced liver disease at the stage of cir-
rhosis is known to considerably impair cardiac function
via a hyperdynamic circulation and vasodilation, what
has been termed “cirrhotic cardiomyopathy” [53]. In
addition, MASLD represents a complex, multi-system
disease, and it is still unclear whether MASLD repre-
sents a causal driver of cardiac arrhythmias, or whether
it might simply reflect other, shared cardiometabolic risk
factors. Importantly, we lacked data on BMI for the cur-
rent study, which is an established risk factor for both
MASLD and atrial fibrillation; however, evidence sug-
gests that each 5-unit increase in BMI above the normal
range confers a 19%-29% increased relative risk of inci-
dent atrial fibrillation [54]. Thus, our sensitivity analysis
for unmeasured confounding (E-value=1.92) would sug-
gest that the association between MASLD and incident
arrhythmias is unlikely to be fully explained by obesity;
nevertheless, future large-scale cohorts with detailed
assessments of adiposity are needed, to fully characterize
this relationship.

Strengths of this study include a large, nationwide pop-
ulation with comprehensive and prospectively-recorded
histopathology data, and strict, validated definitions of
both MASLD [12] and confounding variables, in regis-
ters with near-complete follow-up for the entire Swedish
population. Our large sample size permitted calculation
of more precise risk estimates across the MASLD his-
tological spectrum, which was not possible in previous,
smaller studies, and allowed us to account for cardiomet-
abolic risk factors and potential confounders. We also
applied robust techniques to address potential residual
confounding, misclassification of non-MASLD controls,
and potential competing events.

Study limitations

We acknowledge several limitations. First, this was a ret-
rospective study of biopsy-confirmed MASLD, which
could introduce selection bias. However, our risk esti-
mates are highly consistent with the largest meta-analy-
sis to date [18], which was comprised of smaller cohorts
that defined MASLD using non-invasive approaches,
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highlighting the generalizability of our findings. Second,
while it is possible that our controls could have included
patients with undiagnosed MASLD, our findings were
consistent in the MASLD-only subgroup. Third, despite
careful matching, residual confounding is possible, and
we lacked detailed laboratory data or information regard-
ing smoking status, alcohol consumption, or BMI. Nev-
ertheless, our findings were robust after multivariable
adjustment for important risk factors, including clini-
cal comorbidities, subsequent alcohol use disorders and
COPD —as a proxy for heavy smoking, relevant medica-
tion use, and even a first-degree family history of cardio-
vascular disease. Moreover, after re-matching MASLD
patients with full siblings to address shared intrafamilial
and early-life factors, the associations were confirmed.
Finally, the Swedish population is primarily Caucasian,
highlighting the need for additional research in more
diverse, large-scale histology cohorts.

In conclusion, within this large nationwide cohort
of 11,206 adults with biopsy-confirmed MASLD and
matched population controls, MASLD was associated
with modest but significantly higher incidence of both
fatal and non-fatal arrhythmias, including atrial fibrilla-
tion, bradyarrhythmias, other supraventricular arrhyth-
mias and ventricular arrhythmias/cardiac arrest. Our
study provides quantitative estimates regarding rates
of incident arrhythmias according to the presence and
histological severity of MASLD, for the first time on a
nationwide scale. The incidence of arrhythmias, includ-
ing atrial fibrillation, was significantly elevated across
all stages of MASLD, particularly in cirrhosis. Thus, our
results provide strong support for additional research to
understand the mechanisms that link MASLD and fibro-
sis to the development of arrhythmias, and also to iden-
tify which high-risk patients with MASLD might benefit
from increased surveillance or early interventions.
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