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Metabolic dysfunction-associated steatotic liver disease
increases the risk of incident cardiovascular disease: a
nationwide cohort study
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Summary

Background The various subcategories under the overarching term of steatotic liver disease (SLD) have been recently
proposed by the nomenclature consensus group and endorsed by international academic liver societies. Our aim was
to investigate the association between each subtype of SLD and incident cardiovascular disease (CVD) in a nationwide
Korean cohort.

Methods From a nationwide health screening database from Korea, 351,068 individuals aged 47-86 years between
January 1, 2009 and December 31, 2010 were included and followed until December 31, 2019 for a median of 9.0
years. Individuals were categorised into no SLD, metabolic dysfunction-associated steatotic liver disease (MASLD),
MASLD with increased alcohol intake (MetALD), and alcohol-related liver disease (ALD). Hepatic steatosis was
defined as fatty liver index >60. The primary outcome was a composite CVD, which includes non-fatal and fatal
myocardial infarction and stroke. The subdistribution hazard ratio (SHR) was calculated using the Fine-Gray
model with treating non-CVD-related death as a competing risk.

Findings There were 199,817 male (56.9%) and 151,251 female (43.1%) with a median age of 55 years (interquartile
range, 50-61). The prevalence of no SLD, MASLD, MetALD, and ALD was 44.3%, 47.2%, 6.4%, and 2.1%, respec-
tively; and the incidence rate of CVD in each subcategory was 6.2, 8.5, 8.5, and 9.6 per 1000 person-years, respectively.
MASLD (SHR, 1.19; 95% confidence interval [CI], 1.15-1.24), MetALD (SHR, 1.28; 95% CI, 1.20-1.36), and ALD
(SHR, 1.29; 95% CI, 1.18-1.41) increased the risk of CVD compared to no SLD, which increment was in
consecutive order (Pyeng < 0.001).

Interpretation Individuals with MASLD, MetALD, or ALD are at an increased risk of developing incident CVD.
Higher risk of CVD observed in MetALD compared to MASLD suggests the additive impact of alcohol consumption
in conjunction with cardiometabolic risk factors on CVD development. These findings support and validate the utility
of the new consensus criteria for SLD in predicting CVD.
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Research in context

Evidence before this study

Cardiovascular disease (CVD) is the main cause of death in
individuals with nonalcoholic fatty liver disease (NAFLD) or
metabolic dysfunction-associated fatty liver disease (MAFLD).
Recently, a new nomenclature, metabolic dysfunction-
associated steatotic liver disease (MASLD), was proposed as an
alternative to NAFLD or MAFLD. Moreover, a new subcategory
of metabolic dysfunction-associated steatotic liver disease
with increased alcohol intake (MetALD) was also suggested
along with MASLD. However, there is no data on the
association of the newly suggested steatotic liver disease
(SLD) subtypes with CVD risk.

Added value of this study
This nationwide cohort study demonstrated that individuals
with SLD subtypes had a higher risk of developing CVD than

Introduction
International experts have recently published a
consensus statement on new fatty liver disease

nomenclature, “steatotic liver disease” (SLD)."? The
term, “nonalcoholic fatty liver disease” (NAFLD), which
has been most widely used, is a negative diagnosis of
excluding secondary causes of liver disease (e.g., alcohol
and viral), while another recently proposed term
“metabolic dysfunction-associated fatty liver disease”
(MAFLD) comprised all SLD subcategories of different
aetiologies without classifying each of them by cause.’
In this statement, SLD is classified into metabolic
dysfunction-associated SLD (MASLD), MASLD with
increased alcohol intake (MetALD), alcohol-related liver
disease (ALD), SLD with specific aetiology, and crypto-
genic SLD."” MASLD is defined as the presence of he-
patic steatosis along with at least one of five
cardiometabolic risk factors that correspond to the
components of metabolic syndrome.'?

Previous studies have demonstrated the utility of
both NAFLD and MAFLD in predicting liver-related and
non-liver-related outcomes.** Amongst the outcomes,
cardiovascular disease (CVD) is the main cause of death
in patients with SLD, and numerous studies have indi-
cated that NAFLD or MAFLD is a significant predictor
of CVD events.”*"'* The updated diagnostic criteria for
SLD should be validated in terms of the prediction of
clinical outcomes and the determination of long-term
prognoses. In this nationwide cohort study, we
compared the incidence rate and relative risk of CVD
across the different subcategories of SLD.

Methods

Study participants

The study participants of this nationally representative
cohort were derived from the Korea National Health

did those with no SLD. MASLD and MetALD had a higher risk
of CVD compared to no SLD with an increasing trend,
suggesting that cardiometabolic risk factors and alcohol
consumption may additively contribute to CVD risk enabling
more granular risk stratification. Moreover, the increasing
trend of CVD risk from no SLD to MASLD and further to
MetALD was primarily attributed to a higher risk of stroke
rather than coronary heart disease.

Implications of all the available evidence

This study supports and validates the utility of the new
consensus criteria for SLD in predicting CVD. Therefore, we
provide a basis for clinical utility and further research of the
new consensus definition for SLD in predicting CVD.

Insurance Service (NHIS) Health Screening Cohort.
The Korea NHIS provides mandatory health-care in-
surance service that covers medical health care for all
Korean citizens.” The NHIS collects individualised data
regarding sociodemographic information, anthropo-
metric measurements, health screening records, ques-
tionnaires on lifestyles, treatment records, hospital
visits, and medication prescription records. A number
of large epidemiological studies used the NHIS data-
base, and the validity of this database is described in
detail elsewhere.""

Among a total of 449,828 participants who under-
went health screening examination between January 1,
2009 and December 31, 2010, those with death before
follow-up investigation, a history of CVD, missing in-
formation for alcohol consumption and other cova-
riates were excluded. To focus on the main aetiological
factors of the new consensus criteria, namely car-
diometabolic risk factors and alcohol consumption, we
excluded individuals with chronic viral hepatitis or
cryptogenic SLD who had the distinct etiological
backgrounds. The amount of alcohol consumption was
quantified based on the alcohol use disorder identifi-
cation test questionnaire. Cryptogenic SLD was defined
as SLD without cardiometabolic risk factors and sig-
nificant alcohol consumption. The final remaining
351,068 participants were included in the analytic
cohort (Fig. 1).

Ethics

This study was performed in accordance with the
STROBE statement.'* The Institutional Review Board of
the Seoul Metropolitan Government Boramae Medical
Centre approved this study (07-2023-5). The require-
ment of the informed consents was waived because the
NHIS database was strictly anonymized according to the
Personal Data Protection Act guidelines.
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Participants who underwent health screening
between 2009 and 2010 (n=449,828)

Excluded due to:
Death before the follow-up investigation (n=346)
History of cardiovascular disease (n=70,633)
Missing information for alcohol consumption (n=6,000)
Missing information for other covariates (n=9,156)
Chronic viral hepatitis (n=9,540)
Cryptogenic steatotic liver disease (n=3,085)

Analytic cohort (n=351,068)

Fig. 1: Flow diagram for inclusion of study participants. Study participants were derived from the National Health Insurance Service Health
Screening Cohort after excluding participants with death, history of cardiovascular disease, missing information for alcohol consumption or
other covariates, chronic viral hepatitis, and cryptogenic steatotic liver disease.

Definitions of outcomes and follow-up
investigation

The primary outcome was the composite CVD,
including coronary heart disease (CHD) and stoke, with
death without the onset of CVD as a competing risk.
CVD was defined as the International Classification of
Diseases 10th Revision (ICD-10) codes of 120-125 and
160-169 with at least 2 days of hospitalisation. CHD and
stroke were defined as hospitalisation for at least 2 days
using the ICD-10 codes of 120-125 and I60-169,
respectively.”'* All participants were followed from 1
January 2011 until the date of CVD, death, or 31
December 2019, whichever occurred first.

Definitions of SLD and its subtypes
SLD was defined as fatty liver index (FLI) >60, which is
a widely accepted and validated non-invasive test for
diagnosing hepatic steatosis with an area under the
receiver operating characteristic curve of 0.844, positive
predictive values of 83.2% and 84.8% and negative
predictive values of 65.3% and 87.4% for Asian pop-
ulations of males and females, respectively.”'® The
evaluation of the FLI is described in detail elsewhere.”"
MASLD was defined as the presence of at least one of
five cardiometabolic risk factors (i.e., the components of
metabolic syndrome)"**: (i) body mass index (BMI)
>23 kg/m? or waist circumference >90 cm for male and
>85 cm for female”; (ii) fasting serum glucose
>100 mg/dL or type 2 diabetes or treatment for type 2
diabetes; (iii) blood pressure >130/85 mmHg or anti-
hypertensive drug treatment; (iv) triglycerides >150 mg/
dL or lipid lowering treatment; and (v) high-density li-
poprotein (HDL) cholesterol <40 mg/dL for male and
<50 mg/dL for female or lipid lowering treatment, on
the basis of the presence of hepatic steatosis. ALD was
defined as significant alcohol consumption (>60 g/day
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for male and >50 g/day for female) on the basis of he-
patic steatosis regardless of metabolic features. MetALD
was defined as MASLD with concomitant moderate
alcohol consumption (30-60 g/day for male and
20-50 g/day for female).

Statistical analysis

The continuous variables are presented as mean (stan-
dard deviation) if normally distributed or median
(interquartile ranges) if not normally distributed. The
differences between groups were evaluated by either
independent t test or Mann—-Whitney U test, respec-
tively. Categorical data are expressed as the number (%),
and the differences between groups were determined by
the chi-squared test. For calculation of the prevalence of
MASLD, MetALD, and ALD, biennial health screening
records of 2010-2011, 2012-2013, 2014-2015, and
2016-2017 periods were used after excluding partici-
pants with missing information for the covariates that
are involved in the evaluation of MASLD, MetALD, and
ALD. Age-standardised prevalence was calculated ac-
cording to the Korean Standard (https://jumin.mois.go.
kr/ageStatMonth.do). The multivariable-adjusted Fine
and Gray’s model was used to calculate the sub-
distribution hazard ratio (SHR) to estimate the marginal
probability of CVD in the presence of death without the
onset of CVD in the evaluation of the association of SLD
subtypes with the risk of incident CVD after adjust-
ments for age, sex, household income, BMI, hyperten-
sion, type 2 diabetes, dyslipidaemia, smoking, alcohol
consumption, moderate-to-vigorous physical activity,
and Charlson comorbidity index.” We additionally used
the Cox proportional hazards regression cause-specific
model to evaluate the association of SLD subtypes
with the risk of incident CVD as secondary analyses.
The proportional hazards assumption was confirmed
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using the Kolmogorov-type supremum test. The inci-
dence was calculated by events (n)/1000 person-years.

The first sensitivity analysis was performed by
excluding participants with a history of prescription for
steatogenic drugs, including combined antiretroviral
therapy (e.g., didanosine, zidovudine, and stavudine) for
human immunodeficiency virus infection, tamoxifen,
tetracyclines, amiodarone, methotrexate, valproic acid,
and amphetamines to preclude drug-induced SLD.” The
second sensitivity analysis was performed by excluding
CVD cases that occurred within 1, 2, and 3 years from
the first date of follow-up to preclude already incident
cases before the first date of follow-up. Restricted cubic
splines were generated with 4 knots to visualise the risk
of CVD across continuous variables. Cumulative inci-
dence function was generated using the R Project for
Statistical Computing (version 4.3.0; https://www.r-
project.org/). All data collection, mining, and statistical
analyses were performed using SAS Enterprise Guide
(version 7.3, SAS Institute, Cary, NC, USA).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.

Results

Baseline characteristics of each subtype of SLD

A total of 351,068 participants were finally included in
the analytic cohort with a median age of 55 years
(interquartile range, 50-61) and a male proportion of
56.9% (n = 199,817; Supplementary Table S1). Detailed
information on overall participants is presented
(Supplementary Table S1). Table 1 provides baseline
characteristics of 155,477 (44.3%), 165,654 (47.2%),
22,521 (6.4%), and 7416 (2.1%) participants with no
SLD, MASLD, MetALD, and ALD, respectively. Partici-
pants with MetALD tended to be younger males with a
higher proportion of current smokers and a lower pro-
portion of having comorbidities. Liver injury markers,
such as aspartate aminotransferase, alanine amino-
transferase, and y-glutamyl transpeptidase (GGT) levels,
in addition to fasting glucose levels, were higher in
participants with MASLD, MetALD, or ALD than in
those with no SLD. The prevalence of hypertension and
type 2 diabetes was also higher in participants with
MASLD, MetALD, and ALD as compared to no SLD
(Table 1).

Temporal trend in the prevalence of SLD subtypes
according to sex

The prevalence of SLD subtypes according to sex was
investigated using a 5-year age stratification. We
compared the prevalence of SLD subtypes across each
5-year age stratum in our sample group: 50-54, 55-59,
60—64, 65-69, 70-74, and 75-79 years. The prevalence of

MASLD, MetALD, and ALD between 2010 and 2017
across sex and age strata is shown (Supplementary
Fig. S1). The prevalence of MASLD was higher in the
50-54, 55-59, and 60—64 age groups for male, whereas it
was higher in the 65-69 and 70-74 age groups for fe-
male. Age-standardised prevalence of MASLD increased
from 51.7% in 2010-2011 to 54.3% in 2016-2017 for
male (Supplementary Fig. S2).

Risk of incident CVD across different subtypes of
SLD

The cumulative incidence rates for CVD, CHD, and
stroke were significantly higher in MASLD, MetALD,
and ALD than in no SLD (P < 0.001 by the Gray’s test;
Supplementary Fig. S3).

The cumulative incidence of CVD was 8.5, 8.5, and
9.6 per 1000 person-years for MASLD, MetALD, and
ALD, respectively, which was higher than that for no
SLD (6.2 per 1000 person-years; Fig. 2). MASLD (SHR,
1.37; 95% CI, 1.34-1.41; P < 0.001) and MetALD (SHR,
1.37; 95% CI, 1.30-1.45; P < 0.001) revealed a higher
risk of incident CVD compared to no SLD in the crude
model (Supplementary Table S2). After adjustments for
age, sex, household income, BMI, hypertension, type 2
diabetes, dyslipidaemia, smoking, alcohol consumption,
moderate-to-vigorous physical activity, and Charlson
comorbidity index, MASLD (SHR, 1.19; 95% CI,
1.15-1.24; P < 0.001), MetALD (SHR, 1.28; 95% CI,
1.20-1.36; P < 0.001), and ALD (SHR, 1.29; 95% CI,
1.18-1.41; P < 0.001) had a higher risk of CVD
compared to no SLD (P for trend < 0.001 for the risk of
CVD, CHD, and stroke, respectively; Fig. 2). In addition,
MetALD showed a higher risk of CVD than did MASLD
(SHR, 1.07; 95% CI, 1.02-1.14; P = 0.011;
Supplementary Table S3).

The subgroup analyses showed that younger adults,
males, and individuals without obesity, without hyper-
tension, without type 2 diabetes, without dyslipidaemia,
without comorbidities, and who did not take statin,
aspirin, or non-steroidal anti-inflammatory drugs were
apparently more affected by the SLD status in regard to a
future risk of CVD (Table 2). Excluding participants with
a prescription history of steatosis-inducing drugs showed
similar results to those of primary analysis in terms of the
SHRs of the subtypes of SLD (Supplementary Table S4).
Furthermore, the sensitivity analyses considering the
latent periods also revealed similar results to the primary
results (Supplementary Table S5).

Crude cause-specific HRs for incident CVD across
SLD subtypes are shown (Supplementary Table S6),
which revealed similar results to the Fine and Gray’s
model, and the adjusted HRs (aHRs) are presented
(Supplementary Table S7). Compared with MASLD,
MetALD had a higher risk of CVD (aHR, 1.08; 95% CI,
1.02-1.14; P = 0.006) and no SLD had a lower risk of
CVD (aHR, 0.84; 95% CI, 0.81-0.87; P < 0.001). Given
that BMI and triglycerides are incorporated into the FLI,
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No SLD (n = 155,477)

MASLD (n = 165,654)

MetALD (n = 22,521)

ALD (n = 7416)

Age, years 56.9 (8.5)
Sex, n (%)
Male 59,673 (38.4)
Female 95,804 (61.6)

Household income®, n (%)

Cigarette smoking, n (%)
Never smoker 117,991 (75.9)
19,035 (12.2)

18,451 (11.9)

Past smoker

Current smoker
MVPA, n (%)

No 75291 (48.4)
25,137 (16.2)
21,399 (13.8)
33,650 (21.6)

(
(6.
(15

1-2 times/week

3-4 times/week

>5 times/week
Hypertension, n (%) 37,323 (24.0)
Type 2 diabetes, n (%) 9439 (6.1)
Dyslipidaemia, n (%) 24,608 (15.8)

Charlson comorbidity index, n (%)

0 34,505 (22.2)
1 48,161 (31.0)
>2 72,811 (46.8)
Statin use, n (%) 27,782 (17.9)
Aspirin use, n (%) 20,523 (13.2)
NSAIDs use, n (%) 131,591 (84.6)

56.9 (8.0)

111,498 (67.3)

54,156 (32.7)

Upper half 93,943 (60.4) 109,637 (66.2)
Lower half 61,534 (39.6) 56,017 (33.8)
Body mass index, kg/m? 222 (2.2) 25.5 (2.5)
Waist circumference, cm 76.2 (6.3) 86.0 (6.6)
Systolic blood pressure, mmHg 121.2 (14.7) 127.4 (14.5)
Diastolic blood pressure, mmHg 752 (9.6) 793 (9.6)
Total cholesterol, mg/dL 196.4 (34.8) 205.7 (37.8)
HDL-cholesterol, mg/dL 57.9 (23.9) 52.0 (26.7)
Triglycerides, mg/dL 99.7 (49.8) 170.2 (100.2)
Fasting serum glucose, mg/dL 95.3 (19.2) 103.9 (27.1)
Alanine aminotransferase, 1U/L 18.9 (9.3) 29.7 (21.4)
Aspartate aminotransferase, IU/L 23.2 (8.0) 28.0 (19.7)
y-glutamyl transpeptidase, 1U/L 17.8 (7.7) 47.5 (51.4)
Median (interquartile range) 16.0 (13.0-21.0) 34.0 (24.0-52.0)
Alcohol consumption, n (%)
No 110,769 (71.2) 90,061 (54.4)
Yes 44,708 (28.8) 75,593 (45.6)
Mild® 38,519 (24.8) 75,593 (45.6)
Moderate® 5059 (3.3) 0(0)
Severe? 1130 (0.7) 0 (0)

92,617 (55.9)
38,312 (23.1)
34,725 (21.0)

73,376 (44.3)
30,308 (18.3)
25,147 (15.2)
36,823 (22.2)
67,815 (40.9)
24,166 (14.6)
41,332 (25.0)
34,393 (20.8)
48,227 (29.1)
83,034 (50.1)
47,725 (28.8)
36,157 (21.8)

)

137,203 (82.8

54.6 (6.8)

21,412 (95.1)
1109 (4.9)

15,713 (6 )
6808 (30.2)
25.0 (2.6)
86.4 (6.6)
129.6 (14.4)
813 (9.7)
202.1 (36.9)

54.8 (23.2)
190.4 (125. 6)
107.5 (29.4)

31.1 (23.7)

31.8 (25.4)

83.6 (92.4)

56.0 (37.0-93.0)

5161 (22.9)
7730 (34.3)
9630 (42.8)

8623 (38.3)
4265 (18.9)
3849 (17.1)
5784 (25.7)
9125 (40.5)
3104 (13.8)
4435 (19.7)
5756 (25.6)
7075 (31.4)
9690 (43.0)
5231 (23.2)
4655 (20.7)
17,641 (78.3)

56.0 (7.9)

7234 (97.5)
182 (2.5)

4956 (66.8)
2460 (33.2)
24.7 (2.8)
86.5 (7.1)
130.4 (15.2)

81.4 (9.8)

199.5 (39.9)

57.2 (32.7)
194.6 (133.8)
108.7 (30.6)

327 (25.2)

35.4 (27.4)

110.3 (129.5)

70.0 (44.0-120.0)

1652 (22.3)
2364 (31.9)
3400 (45.8)

3451 (46.5)
1226 (16.5)
931 (12.6)
1808 (24.4)
2977 (40.1)
1114 (15.0)
1281 (17.3)
1719 (23.2)
2205 (29.7)
3492 (47.1)
1566 (21.1)
1545 (20.8)
5881 (79.3)

Continuous data are presented as mean (standard deviation) (normally distributed) or medians (interquartile ranges) (not normally distributed). Categorical data are

expressed as the number (%). HDL, high-density lipoprotein; MVPA, moderate-to-vigorous physical activity; SLD, steatotic liver disease; MASLD, metabolic dysfunction-
associated steatotic liver disease; MetALD, metabolic dysfunction-associated steatotic liver disease with increased alcohol intake; ALD, alcohol-related liver disease; NSAIDs,
non-steroidal anti-inflammatory drugs. *Proxy for socioeconomic status based on the insurance premium of the National Health Insurance Service. 30 g/day for male and
<20 g/day for female. ©30-60 g/day for male and 20-50 g/day for female. >60 g/day for male and >50 g/day for female.

Table 1: Descriptive characteristics of the participants in the National Health Insurance Service Health Screening Cohort across the subtypes of SLD.

sensitivity analyses without adjustment for BMI and
dyslipidaemia showed similar results to those derived
from the primary fully adjusted model (Supplementary
Table S8).
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Among five cardiometabolic risk factors which were
associated with a higher risk of CVD, abnormal blood
pressure was associated with the highest risk of CVD
(Supplementary Fig. S4). In addition, the number of
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Events PYs Incidence SHR (95% CI) P value

Cardiovascular disease

No steatotic liver disease 8,344 1,352,067 6.2 : 1.00 (reference)

MASLD 12,075 1,427,882 8.5 o 1.19 (1.15-1.24) <0.001

MetALD 1,640 193,894 8.5 P 1.28 (1.20-1.36) <0.001

ALD 607 62,963 9.6 P 1.29 (1.18-1.41) <0.001
Coronary heart disease '

No steatotic liver disease 3,344 1,366,485 24 4 1.00 (reference)

MASLD 5,798 1,446,639 4.0 — 1.22 (1.15-1.28) <0.001

MetALD 784 196,418 4.0 P 1.23 (1.12-1.34) <0.001

ALD 268 63,899 4.2 —— 1.18 (1.03-1.34) 0.017
Stroke .

No steatotic liver disease 5,294 1,361,711 3.9 ! 1.00 (reference)

MASLD 6,818 1,445,251 4.7 P 1.19 (1.13-1.24) <0.001

MetALD 906 196,306 4.6 P 1.30 (1.20-1.41) <0.001

ALD 362 63,743 5.7 P 1.37 (1.22-1.54) <0.001

0 05 10 15 20

Fig. 2: Association of steatotic liver disease subtypes with the risk of incident cardiovascular disease. Subdistribution hazard ratios (95% Cls)
were calculated using the Fine and Gray’'s model after adjustments for age, sex, body mass index, household income, hypertension, diabetes,
dyslipidaemia, smoking, alcohol consumption, moderate-to-vigorous physical activity, Charlson comorbidity index, aspirin, and non-steroidal
anti-inflammatory drugs. Acronyms: PY, person-year; SHR, subdistribution hazard ratio; Cl, confidence interval; MASLD, metabolic
dysfunction-associated steatotic liver disease; MetALD, metabolic dysfunction-associated steatotic liver disease with increased alcohol intake;

ALD, alcohol-related liver disease.

cardiometabolic risk factors was positively correlated
with a gradually increasing risk of CVD.

Cubic splines to model relationships between alcohol
intake or cardiometabolic burdens and the risk of inci-
dent CVD among individuals with either MASLD or
MetALD.

Restricted cubic splines for the association of alcohol
consumption with CVD including CHD and stoke
among participants with either MASLD or MetALD
showed a J-shape curve for CVD (Fig. 3A) and CHD
(Fig. 3B) but not for stroke (Fig. 3C). Restricted cubic
splines for the association of cardiometabolic risk fac-
tors with CVD among participants with either MASLD
or MetALD showed a right-upward curve for waist
circumference (Fig. 4A) and a V-shape curve for fasting
serum glucose (Fig. 4B). The risk of CVD gradually
increased with blood pressure above 120 mmHg
(Fig. 4C) and triglycerides above 150 mg/dL (Fig. 4D),
which were thresholds for systolic blood pressure and
serum triglycerides levels, respectively. In addition, the
risk of CVD accordingly increased as HDL-cholesterol
level decreased below the threshold of 60 mg/dL
(Fig. 4E). Restricted cubic splines for the association of
cardiometabolic risk factors with the risk of CHD and
stroke are presented (Supplementary Figs. S5 and S6).

Discussion

In this nationwide cohort study including 351,068 par-
ticipants, we demonstrated that individuals with SLD
had a higher risk of incident CVD, and its risk was

found to gradually increase from no SLD to MASLD and
further to MetALD. This supports the significance of not
only SLD itself, but also the presence of metabolic
dysfunction in terms of cardiovascular risk.” The
amount of alcohol consumption showed a J-shaped as-
sociation with CHD and a linear association with stroke,
which was consistent with previous findings.* Indeed,
the amount of alcohol consumption served as an addi-
tional risk for CVD in SLD with metabolic dysfunction.
In subgroup analyses, individuals without metabolic
dysfunction (e.g., obesity, hypertension, type 2 diabetes,
and dyslipidaemia) and who did not take statin were
appeared to be more affected by the SLD status
regarding their future CVD risk. This indicates that the
new definition of SLD could be more useful for pre-
dicting CVD in metabolically healthy adults compared to
those with metabolic dysfunction. Overall, each sub-
group of SLD (ie., MASLD, MetALD, and ALD)
demonstrated its predictive utility of CVD compared to
no SLD.

The new proposed criteria for metabolic SLD require
at least one cardiometabolic risk factor to be considered
to have metabolic dysfunction. In this study, ~92.7% of
individuals had at least one cardiometabolic risk factor,
leading to fewer individuals with cryptogenic SLD or
other specific aetiology SLD including ALD. Thus, the
possible negative impact of the new criteria is that it
may overlook the importance of the amount of alcohol
consumption on SLD development and its complica-
tions. These criteria are less stringent than those used to
define metabolic perturbations in MAFLD which
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No SLD MASLD MetALD ALD Prrend Pinteraction
Age, years <0.001
Younger adults < 65 1.00 (reference) 1.22 (1.16-1.27)° 1.30 (1.21-1.39)° 1.33 (1.20-1.48)° <0.001
Older adults > 65 1.00 (reference) 114 (1.07-1.21)° 1.22 (1.07-1.39)° 1.17 (0.99-1.38) <0.001
Sex 0.012
Male 1.00 (reference) 126 (1.20-1.32)° 135 (1.26-1.45)° 138 (1.26-1.51)° <0.001
Female 1.00 (reference) 1.10 (1.04-1.16)° 1.16 (0.90-1.50) 0.78 (0.38-1.57) 0.003
Body mass index 0.033
<25 kg/m2 1.00 (reference) 1.20 (1.15-1.25)° 1.29 (1.19-1.40)° 1.25 (1.11-1.39)° <0.001
>25 kg/m? 1.00 (reference) 110 (1.02-1.19)" 117 (1.05-1.31)° 124 (1.07-1.44)° 0.015
Hypertension <0.001
No 1.00 (reference) 1.26 (1.20-1.32)° 1.41 (1.30-1.54)° 1.43 (1.27-1.61)° <0.001
Yes 1.00 (reference) 1.08 (1.03—1.14)b 110 (1.01-1.21)° 1.10 (0.97-1.26) 0.014
Type 2 diabetes <0.001
No 1.00 (reference) 1.20 (1.15-1.25)° 131 (1.23-1.41)° 1.30 (1.17-1.43)° <0.001
Yes 1.00 (reference) 1.09 (1.00-1.19) 1.07 (0.92-1.24) 1.18 (0.97-1.44) 0.210
Dyslipidaemia 0.005
No 1.00 (reference) 1.23 (1.18-1.28)° 133 (1.24-1.42)° 134 (1.22-1.48)° <0.001
Yes 1.00 (reference) 1.06 (0.99-1.15) 1.09 (0.95-1.24) 1.06 (0.86-1.30) 0.295
Smoking <0.001
Never 1.00 (reference) 1.14 (1.09-1.19)° 1.33 (1.19-1.49)° 1.30 (1.09-1.54)° <0.001
Past 1.00 (reference) 1.20 (1.11-1.31)° 1.35 (1.20-1.53)° 1.57 (1.33-1.85)° <0.001
Current 1.00 (reference) 134 (1.24-1.45)° 132 (1.20-1.48)° 1.27 (1.10-1.46)° <0.001
MVPA 0.058
No 1.00 (reference) 118 (1.12-1.24)° 129 (1.17-1.41)° 1.14 (1.01-1.30)° <0.001
1-4 times/week 1.00 (reference) 1.19 (1.12-1.28)° 1.25 (1.12-1.40)° 1.49 (1.26-1.76)° <0.001
>5 times/week 1.00 (reference) 1.23 (1.14-1.33)° 131 (1.15-1.48)° 139 (1.16-1.66)" <0.001
ca 0.003
0 1.00 (reference) 1.27 (1.15-1.40)° 141 (1.22-1.63)° 141 (113-1.75)° <0.001
1 1.00 (reference) 121 (1.12-1.30)° 131 (1.17-1.48)° 138 (1.17-1.64)° <0.001
>2 1.00 (reference) 116 (1.11-1.22)° 122 (1.12-1.32)° 1.21 (1.08-1.36)" <0.001
Statin use 0.003
No 1.00 (reference) 1.23 (1.18-1.28)° 1.34 (1.25-1.44)° 1.33 (1.20-1.47)° <0.001
Yes 1.00 (reference) 1.08 (1.01-1.16)" 1.09 (0.97-1.23) 1.12 (0.93-1.34) 0.094
Aspirin use <0.001
No 1.00 (reference) 1.23 (1.18-1.28)° 131 (1.22-1.41)° 130 (1.17-1.44)° <0.001
Yes 1.00 (reference) 1.07 (1.00-1.14)* 118 (1.05-133)" 1.22 (1.04-1.45)" 0.022
NSAIDs use 0.044
No 1.00 (reference) 1.30 (1.18-1.44)° 1.47 (1.26-1.71)° 1.28 (1.02-1.60)" <0.001
Yes 1.00 (reference) 1.18 (1.13-1.22)° 1.25 (1.17-1.34)° 1.30 (1.18-1.43)° <0.001
Subdistribution hazard ratios (95% Cl) were calculated using the Fine and Gray’s model after adjustments for age, sex, body mass index, household income, hypertension,
diabetes, dyslipidaemia, smoking, alcohol consumption, moderate-to-vigorous physical activity, and Charlson comorbidity index. P for trend was calculated across the no
SLD, MASLD, and MetALD groups. SLD, steatotic liver disease; MASLD, metabolic dysfunction-associated steatotic liver disease; MetALD, metabolic dysfunction-associated
steatotic liver disease with increased alcohol intake; ALD, alcohol-related liver disease; MVPA, moderate-to-vigorous physical activity; CCl, Charlson comorbidity index;
NSAIDs, non-steroidal anti-inflammatory drugs. °P < 0.05. 5P < 0.01. P < 0.001.
Table 2: Subgroup analyses on the risk of incident cardiovascular disease across the subtypes of SLD.

require at least two cardiometabolic risk factors (~73.7%
had >2 metabolic dysfunctions in this study). Consid-
ering the less stringent criteria for MASLD that require
fewer cardiometabolic risk factors, it is crucial to thor-
oughly assess whether this definition may result in a
great number of individuals diagnosed with MASLD,
without being able to accurately identify individuals at a
higher risk of advanced liver disease or other
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complications including CVD. Previous studies have
demonstrated that each component of metabolic
dysfunction (e.g., obesity, higher fasting glucose or tri-
glycerides, and lower HDL-cholesterol) is associated
with future development of SLD,”* but the degree of
metabolic dysfunction and the number of car-
diometabolic risk factors required to induce hepatic
steatosis have not yet been determined, and merit
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Fig. 3: Restricted cubic splines for the association of alcohol consumption with the risk of incident cardiovascular disease among individuals with
metabolic dysfunction-associated steatotic liver disease. Subdistribution hazard ratios (95% Cls) were calculated using the Fine and Gray’s model
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alcohol consumption with cardiovascular disease, (B) Association of alcohol consumption with coronary heart disease, and (C) Association of
alcohol consumption with stroke.

further investigation in a prospective setting. In contrast
to MAFLD definition, insulin resistance and high-
sensitivity C-reactive protein that may reflect the un-
derlying pathophysiology of SLD were omitted from
cardiometabolic risk factor for diagnosing MASLD.*
The association between SLD and incident CVD was
more pronounced in male than in female as shown in

conventional metabolic risk factors, such as type 2 dia-
betes, hypertension, and dyslipidaemia, have a stronger
effect on the risk of CVD in female compared with
male.”' Male tend to engage in more unhealthy be-
haviours, including smoking, alcohol consumption, and
higher red meat consumption, which are known to
contribute to increased CVD morbidity and mortality,

the current study. Previous studies have shown that
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conventional metabolic risk factors and incident CVD in
male.***> Therefore, the more apparent association be-
tween SLD and CVD in male observed in this study
warrants further investigation to determine whether sex
differences have a direct causal effect on the contribu-
tion of SLD to the development of CVD. Otherwise, this
discrepancy might be attributed to a higher statistical
power in male, which could stem from a higher preva-
lence of SLD (70.1% in male vs. 36.7% in female) and
CVD (7.0% in male vs. 5.7% in female) in male than in
female. Irrespective of the variations in odds by sex,
individuals with SLD should prioritise diligent man-
agement of their classical CVD risk factors.

SLD and chronic metabolic diseases, such as type 2
diabetes and hypertension, share common pathophysi-
ological mechanisms, including insulin resistance and
chronic inflammation, which ultimately contribute to
the development of atherosclerosis and CVD.” It is
noteworthy that SLD accompanied by cardiometabolic
risk factors (i.e., MASLD) remained significantly asso-
ciated with the future risk of CVD even after adjusting
for chronic metabolic diseases. However, the observed
decreasing trend in the risk of CVD after adjusting for
other metabolic diseases suggests a complex and inter-
twined relationship among these factors in association
with SLD and the development of CVD.* Additional
research is necessary to determine the relative contri-
bution of SLD compared with other metabolic factors to
the development of CVD.

In the current study, individuals with MetALD car-
ried a higher risk of CVD than did those with MASLD,
suggesting that higher alcohol consumption may
further elevate the risk of CVD in individuals with
existing cardiometabolic risk factor(s). The contribution
of metabolic dysfunction and alcohol intake to the
development and progression of SLD is complex and
influenced by various factors. Especially, the minimal
threshold of alcohol consumption that could result in
liver damage within the context of MASLD remains
uncertain. While some studies have suggested potential
protective effects associated with mild alcohol con-
sumption,*** others have shown that there is no safe
level of alcohol intake.***” Mechanistically, metabolic
dysfunction and alcohol consumption exhibit distinct
yet interconnected processes, synergistically driving the
progression of SLD. Metabolic dysfunction, often
accompanied by insulin resistance and increased adi-
pose tissue lipolysis, results in excessive fat accumula-
tion within the liver. Excessive fat accumulation in
hepatocytes, in turn, leads to steatohepatitis and
fibrosis.®® Alcohol increases blood endotoxin level,
inducing oxidative stress and endoplasmic reticulum
stress responses, which exacerbates both hepatic stea-
tosis and fibrosis.”” Indeed, beyond contributing to
advanced liver disease, metabolic dysfunction and
alcohol consumption can directly foster endothelial
dysfunction, contributing to the increased risk of CVD.
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One representative mechanism involved in car-
diometabolic comorbidities, such as hypertension, dys-
lipidaemia, diabetes, and obesity, is endothelial
dysfunction due to reduced nitric oxide synthesis.**
Alcohol consumption itself further promotes endothe-
lial dysfunction through increased inflammation and
oxidative stress.”** A comprehensive understanding of
how these two factors shape the development of vascular
complications in SLD would provide valuable insights
into the precise diagnoses and prognoses prediction of
each SLD subtype.

In the current study, the increasing trend of CVD
risk from no SLD to MASLD and further to MetALD
was primarily attributed to a higher risk of stroke rather
than CHD. This can be partly explained by the interac-
tion between the amount of alcohol consumption and
the risk of individual CVD. Indeed, the association be-
tween alcohol consumption and CHD exhibited a J-
shaped curve, with moderate alcohol consumption
(>30 g/day, the lower cutoff for moderate consumption)
associated with a lower risk of CHD. In contrast, the
association between alcohol consumption and stroke
showed a more linear trend, suggesting that even
smaller amounts of alcohol consumption might
contribute to an increased risk of stroke. This differen-
tial interaction aligns with previous reports analysing
data from the Emerging Risk Factors Collaboration,
EPIC-CVD, and the UK Biobank,* accounting for the
more pronounced increase in the risk of stroke in in-
dividuals with MetALD compared with those with
MASLD. On the contrary, the risk of CHD did not show
such a significant difference between MASLD and
MetALD (Fig. 2). Further investigation is warranted to
explore the potential underlying mechanisms by which
alcohol contributes to a higher risk of CVD in in-
dividuals with cardiometabolic risk factors.

The main strength of this study is the utilisation of
representative nationwide claims data, as approximately
97% of Koreans are enrolled in the NHIS and most
receive medical services at least once a year. This large
sample size allowed us to construct a prospective cohort
and demonstrate the role of metabolic SLD in devel-
oping CVD.

There are several limitations to consider in this
study. First, hepatic steatosis was defined using the FLI
which is an indirect measurement unlike histological or
radiological methods. Extensive epidemiological data on
the diagnostic and prognostic performance of the FLI
supports its utility as an acceptable surrogate marker for
hepatic steatosis.>'”**>* However, since the FLI was
validated in Asian populations with alcohol consump-
tion of less than 60 g/day"” and heavy alcohol use can
raise GGT levels used to calculate the FLI, the FLI might
not be an appropriate surrogate marker for ALD. Sec-
ond, we set competing risk analysis as a main analytic
model. The risk of CVD in a setting of non-CVD-related
mortality as a competing risk may differ from the risk of
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CVD estimated through conventional Cox proportional
hazards regression that treats death as a censoring
event. Third, the NHIS database has the advantage of
representing the population compared to other big da-
tabases, but variables on health behaviours are limited
since the data were obtained from self-reported ques-
tionnaires which can be subject to recall bias. Forth, we
excluded individuals with missing values without
imputation, which may have potentially introduced se-
lection bias. Finally, due to the observational nature of
the current study, we could not confirm the causal
relationship or exclude residual confounding effects.

In conclusion, the new consensus criteria for SLD
emphasise that individuals with MASLD and MetALD
are at an increased risk of developing incident CVD. In
particular, MetALD confers a higher risk of CVD than
does MASLD, indicating the pathogenic role of alcohol
consumption in the development of CVD when com-
bined with cardiometabolic risk factors. These findings
provide a basis for future investigations into the prog-
nostic value of the new consensus criteria for MASLD,
encompassing not only CVD, but also other clinical
outcomes, such as liver-related outcomes, extrahepatic
cancer, and all-cause mortality.
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