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Abstract

Background We investigated the risk of type 2 diabetes (T2DM) and related comorbidities including cardiovascular
disease (CVD), and mortality, based on changes in metabolic dysfunction associated steatotic liver disease (MASLD).

Methods We analyzed data from the Korean National Health Insurance Service for individuals aged > 20 years.
MASLD was defined as a fatty liver index (FLI), a prediction formula based on metabolic parameters, with a cutoff
of >60. FLI measurements were compared within each individual over a 2 years period. Based on changes in FLI
between two health checkups, individuals were classified into four categories; never MASLD (FLI consistently < 60),
incident MASLD (FLI <60 to >60), regressed MASLD (> 60 to <60), and persistent MASLD (FLI consistently > 60). The
primary outcome was T2DM occurrence in the general population and myocardial infarction (M), ischemic stroke,
heart failure (HF) and mortality events in individuals with preexisting T2DM with adjustment for age, sex, smoking,
alcohol drinking, and regular exercise.

Results In 4,397,808 individuals without T2DM, 229,475 (5.2%) developed T2DM during a median follow-up period
of 7.3 years. The risk of incident T2DM was the highest in individuals with persistent MASLD compared to those who
never had MASLD (HR=5.28, 95% Cl=5.22-5.34). Individuals with incident or regressed MASLD also had increased
risk of developing T2DM (HR=3.30, 95% Cl=3.25-3.35 for incident MASLD, HR=2.87, 95% Cl=2.82-2.92 for regressed
MASLD). In a cohort of 636,520 individuals with preexisting T2DM followed for a median of 6.2 years, those with
persistent MASLD had a higher risk of HF (HR=1.28,95% Cl=1.25 to 1.32), MI (HR=1.15,95% CI=1.10 to 1.20), stroke
(HR=1.14,95% CI=1.09 to 1.19) and all-cause mortality (HR=1.11,95% Cl=1.09-1.14) compared to individuals who
never had MASLD. Similarly, both incident and regressed MASLD were associated with an increased risk for HF, M|,
stroke and all-cause mortality.

Conclusions Persistent MASLD is associated with an increased risk of incident T2DM, and further elevates the risk
of CVD, and mortality among individuals with T2DM. Even individuals with incident or regressed MASLD exhibit an
increased risk of these adverse outcomes compared to those who never had MASLD.
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Background
Metabolic dysfunction associated steatotic liver disease
(MASLD) is the most prevalent chronic liver disease,
accounting for 32% worldwide [1, 2]. With increasing
obesity, the incidence and prevalence of MASLD has
increased substantially in the general population over
recent years [3, 4]. Although the pathophysiology of
MASLD is complex and heterogeneous [5], all pheno-
types are associated with progressive liver injury, that can
lead to advanced liver fibrosis, and hepatocellular carci-
noma (HCC), and can also contribute to the development
of other metabolic disorders, including cardiovascu-
lar diseases (CVD) [6-8]. In the US, MASLD is a prin-
cipal cause of liver transplantation, and the number of
liver transplantation recipients due to MASLD has been
increasing [9].

Among metabolic diseases associated with MASLD,
type 2 diabetes mellitus (T2DM) is one of the core meta-
bolic dysfunctions, similar to obesity. The liver and pan-
creas play central roles in glucose and lipid metabolism;
therefore, MASLD and type 2 diabetes share a complex
and bidirectional relationship, with accumulating evi-
dence suggesting that each condition may influence the
development and progression of the other [5, 10-13]. Of
note, in recent nomenclature, MASLD which was previ-
ous called nonalcoholic fatty liver disease more empa-
thizes the role of glucose dysfunction than previous fatty
liver disease definitions, involving prediabetes as an inde-
pendent inclusion criterion [14]. When MASLD accom-
panies T2DM, it increases overall mortality and this
association was also observed in individuals with predia-
betes [15]. Moreover, T2DM is an important predictor
for hepatic fibrosis in MASLD even in lean populations
[16].

Although a close association between MASLD and
T2DM has been reported, the preceding relationship
between these diseases is not clear due to their complex-
ity. Unlike T2DM, the status of MASLD can be verified.
The changes in MASLD status can have various conse-
quences. However, the data for hard outcomes includ-
ing CVD and mortality associated with the changes in
MASLD status is scarce. Thus, we aimed to investigate
the risk of T2DM in the MASLD population by the
changing status of MASLD using data from the Korean
National Health Insurance Service (NHIS). In addition,
we explored how changes in MASLD are associated with
the risk of CVD, heart failure (HF), and all-cause mortal-
ity in the T2DM population.

Methods

Study populations

The current nationwide cohort study assessed data col-
lected from participants in the National Health Insurance
database maintained by the Korean NHIS. The Korean
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NHIS is a single insurer in the Korean public health
insurance sector, which provides national health exami-
nations for the Korean population [17, 18]. Nearly the
entire Korean population attends health checkups con-
ducted by the Korean NHIS; thus, the NHIS database can
be used as a population-based national source to inves-
tigate various diseases [19]. The public health checkup
is performed biannually and covers anthropometric
measurements and laboratory tests after overnight fast-
ing. Laboratory samples are collected and measured as
described previously [3, 20]. This study complied with the
Declaration of Helsinki; the study protocol was approved
by the institutional review board (Soongsil University,
SSU-202007-HR-236-01). Written informed consent was
waived, as this study was based on deidentified adminis-
trative data. The dataset used in this study was obtained
through a formal request to the Korean NHIS and was
available to the investigators from September 7, 2020, to
September 6, 2024. Due to the expiration of data access,
no additional analyses could be performed beyond this
period, and no intermediate datasets were retained by
NHIS data policies.

Study design

The current study is composed of two parts. The first
one is a longitudinal study to evaluate the incidence of
T2DM by changes in MASLD status. We selected par-
ticipants aged 20 years or older who had undergone a
health examination in both 2009 and 2011, and they
were followed until December 31, 2019. Participants with
any type of diabetes and those with missing data were
excluded. The exclusion criteria were as follows: (1) viral
hepatitis (B15-B19), (2) liver cirrhosis (K703, K746), (3)
HCC (C22.0), and (4) individuals with heavy alcohol con-
sumption (=30 g per day) (Fig. 1A). The lag period was
set for 1 year to allow for a T2DM diagnosis.

The second part is a longitudinal analysis to deter-
mine the risk of myocardial infarction (MI), stroke, HF,
and overall mortality in individuals with T2DM. To
obtain information on incident comorbidities, we fol-
lowed a cohort of 1,961,635 participants with T2DM who
were aged 20 years or older and free from heavy alcohol
drink, viral hepatitis, liver cirrhosis, or HCC (Fig. 1B).
The index period was from January 1, 2009, to December
31, 2011. To assess the incident CVD and HEF, individu-
als with previous CVD (composite of MI and stroke) or
HF history were washed out. Follow-up health checkups
were performed 2 years after the index date. Participants
were followed until CVD, HEF, the occurrence of death, or
December 31, 2019 (Supplementary Fig. 1). We set the
lag period for 1 year after each health checkup to allow
for a disease diagnosis or death certificate.
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A B

Participants aged = 20 years who underwent a NHIS
health checkup in 2009
(n=10,601,679)

Exclude heavy alcohol drinkers and those with
a history of viral hepatitis, liver cirrhosis,
hepatocellular carcinoma, or missing data
(n=27,005)

Exclude those with any type of diabetes
(n=740,457)

Individuals who were not
diagnosed with diabetes
(n=7,332,075)

I

Individuals who underwent a follow-up NHIS checkup
in 2011 and were followed until 2019
(n=4,397,808)

|

Did type 2 diabetes occur during the follow-up period?

AN

No Yes
(n=4,168,333) (n=229,475)
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Participants aged 2 20 years with type 2 diabetes
who underwent NHIS health checkups in 2009-2012
(n=2,717,422)

Exclude heavy alcohol drinkers and those with
a prior history of viral hepatitis, liver cirrhosis,
hepatocellular carcinoma, missing data, or
other types of diabetes (n=755,787)

Individuals with type 2 diabetes assessed for
eligibility (n=1,961,635)

T~

Without a history of

Alive
(n=1 %\é? 330) (n=1,946,666)

| |

Individuals who had a
follow-up NHIS checkup
after 2 years and were
followed until 2019

Individuals who had a
follow-up NHIS checkup
after 2 years and were
followed until 2019

(n=636,520) (n=822,673)

Fig. 1 Study flow. A Study flowchart illustrating the incidence of T2DM in individuals with MASLD, and B study flowchart depicting the incidence of CVD
and overall mortality in individuals with T2DM. NHIS national health insurance service, T2DM type 2 diabetes mellitus, CVD cardiovascular disease

MASLD status definitions

The presence of steatotic liver disease is identi-
fied using fatty liver index (FLI), a well-validated and
widely accepted noninvasive diagnostic tool [21]. FLI

was calculated using the following formula: [e%%%3 * loge
(triglyceride)+ 0.139 x body mass index + 0.718x loge(gamma glutamyltransferase)

+ 0.053 x waist circumference —15‘745]/[ 0.953 x loge (triglyceride)

1+e
+ 0.139 x body mass index + 0.718 x loge (gamma glutamyltransferase) + 0.053

x waist circumference —15.745] x 100. MASLD is defined based
on the most recent guideline [14, 22]. The cut-off point is
60 for FLI, which was originally designed to include fatty
liver disease [21], and was used to validate fatty liver dis-
ease in this analysis [23]. We defined individuals as four
categories according to changes in the FLI between the 2
health checkups; never MASLD (FLI consistently < 60),
incident MASLD (FLI<60 to >60), regressed MASLD
(FLI 260 to <60), and persistent MASLD (FLI consis-
tently > 60).

Outcomes

T2DM was defined as one of the following: (1) at least
one claim for a prescription of anti-hyperglycemic medi-
cation with the presence of International Statistical Clas-
sification of Disease and Related Health Problems, 10th
Revision (ICD-10) codes E11-E14 either in outpatient
or inpatient care, and (2) serum fasting plasma glucose
level > 126 mg/dL [24].

Ischemic stroke was identified based on inpatient
records with an ICD-10 code of 163 or 164 in conjunction
with claims brain imaging producers, such as computed
tomography or magnetic resonance imaging [25]. MI was
defined by the presence of ICD-10 code 112 or 122. HF
was identified using the ICD-10 code I50.

Death certification was based on death data in the
National Death Registry from the Korea National Sta-
tistical Office which is merged to the NHIS data of each
individual. Individuals were followed until death or
December 31, 2019. The validation of ICD-10 code in
Korean NHIS were previously established [18, 26].

Key variables

Hypertension was determined as ICD-10 codes 110 to
113, 115 plus treatment with antihypertensive agents, or
systolic/diastolic blood pressure>140/90 mm Hg; dys-
lipidemia was ICD-10 code E78 plus treatment with
lipid-lowering agents or total cholesterol>240 mg/dL.
We considered those who receive medical aid or whose
income was the lowest quartile in the study population as
having low social economic status. Regular exercise was
categorized as >5 times per week of moderate physical
activity or >3 times per week of vigorous physical activity
based on answers to questionnaires. Obesity was defined
as >25 kg/m? in body mass index based on the Asian-
pacific cutoff values [27], and central obesity was defined
as 290 cm and =85 cm in waist circumference for men
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and women, respectively [28]. Light alcohol drinkers
were defined as individuals reported alcohol consump-
tion of less than 30 g/day [14].

Statistical analysis

Participant characteristics were presented as median
(interquartile range), meanzstandard deviation, or
number (%), as appropriate. Incidence rates were repre-
sented as events per 1000 person-years. Cox proportional
hazards regression analysis was applied to identify the
association between MASLD, T2DM, and cardiovas-
cular comorbidities with adjustment for other covari-
ates including age, sex, smoking, alcohol drinking, and
regular exercise. CVD was assessed as a composite out-
come encompassing ischemic stroke, MI and HF events.
The results were presented as hazard ratios (HRs) and
95% confidence intervals (95% CI). Subgroup analysis
by age groups (aged 20-39, 40-59, and >60 years) and
sex was performed to limit those factors in the associa-
tion between MASLD, T2DM, and comorbidities. We
reported effect estimates with 95% confidence intervals
and interpreted P values as continuous indicators of sta-
tistical evidence, rather than relying on a fixed threshold
for significance. Statistical analyses were performed using

SAS version 9.4 (SAS Institute, Cary, NC).

Table 1 Risk of incident T2DM by MASLD status change
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Results

Baseline characteristics of the study population by incident
T2DM

A total of 4,397,808 individuals (2,272,833 men and
1,895,500 women) without preexisting T2DM were
included in the final analysis (Fig. 1A). During a median
follow-up period of 7.3 years, 229,475 individuals (5.2%)
were newly diagnosed with T2DM. The baseline clinical
characteristics of the study population are summarized
in Supplementary Table 1. At baseline, individuals who
developed T2DM had higher fasting glucose levels and
elevated liver enzymes, including aspartate aminotrans-
ferase, alanine transaminase, and gamma-glutamyl trans-
ferase, whereas their estimated glomerular filtration rate
was lower (all P<0.001). Those who developed T2DM
were more likely to engage in regular physical activity but
were less likely to be light alcohol drinkers.

Risk of incident T2DM based on changes in MASLD status

Among the 229,475 participants who developed T2DM,
153,823 (67.0%) had never had MASLD, 18,662 (8.1%)
developed incident MASLD, 15,920 (6.9%) experienced
regressed MASLD, and 41,070 (18.0%) had persistent
MASLD (Table 1). In the multivariate-adjusted model,
the risk of incident T2DM increased progressively from

Groups No. of incident T2 DM/No. in group  Duration, years IR (per 1000 PYS)  HR* 95% CI
Overall Never MASLD 153,823 /3,848,039 27713567.93 555 1 (ref)

Incident MASLD 18,662/ 166,104 1153773.24 16.17 330 3.25-3.35

Regressed MASLD 15,920/ 139,980 970866.91 1640 287 2.82-2.92

Persistent MASLD 41,070/ 243,685 1646900.1 24.94 5.28 522-534
Men Never MASLD 65,524 /1,818,089 13056351.47 5.02 1 (ref)

Incident MASLD 12,161/ 132,599 929826.82 13.08 3.01 2.95-3.07

Regressed MASLD 10,566/ 110,281 770893.93 13.71 2.70 2.65-2.76

Persistent MASLD 32,900/ 211,864 1441783.35 2282 5.26 519-533
Women Never MASLD 88,299 /2,029,950 14657216.46 6.02 1 (ref)

Incident MASLD 6501 /33,505 22394642 29.03 3.90 3.80-4.00

Regressed MASLD 5354 /29,699 199972.98 26.77 3.19 3.10-3.28

Persistent MASLD 8170/31,821 205116.74 39.83 509 4.97-5.21
Aged 20-39 years  Never MASLD 10,007 / 1,092,040 7991790.21 1.25 1 (ref)

Incident MASLD 3110/56,399 403997.06 7.70 5.89 5.66-6.13

Regressed MASLD ~ 1643/32,115 230643.89 712 5.21 4.95-549

Persistent MASLD 9646 / 80,845 563508.45 17.12 12.60 12.25-12.96
Aged 40-64 years  Never MASLD 98,391 /2,270,062 16400926.95 6.00 1 (ref)

Incident MASLD 12,221/93,148 642978.15 19.01 337 331-344

Regressed MASLD 10,758 /88,310 613203.28 17.54 298 292-3.04

Persistent MASLD 26461 /142,341 954993.16 2771 509 5.02-5.17
Aged =65 years Never MASLD 45,425/ 485,937 3320850.77 13.68 1 (ref)

Incident MASLD 3331/16,557 106798.03 3119 242 2.34-2.51

Regressed MASLD ~ 3519/19,555 127019.74 2770 212 2.05-2.20

Persistent MASLD 4963 /20,499 12839848 38.65 3.07 2.98-3.16

T2DM type 2 diabetes mellitus, MASLD metabolic dysfunction associated steatotic liver disease, IR incident rate, PYS person-years, HR hazard ratio, C/ confidence

interval

*Adjusted for age, sex, alcohol drink, smoking, and regular exercise
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regressed MASLD (HR=2.87, 95% CI=2.82-2.92) to
incident MASLD (HR=3.30, 95% CI=3.25-3.35), with
the highest risk observed in those with persistent MASLD
(HR=5.28, 95% CI=5.22-5.34). Subgroup analysis dem-
onstrated a similar trend in both men and women. When
stratified by age, individuals with regressed or incident
MASLD exhibited an elevated risk of T2DM, while the
highest risk was consistently observed in those with per-
sistent MASLD across all age groups. The risk of T2DM
in persistent MASLD group was the most pronounced in
younger individuals (20-39 years) with HR of 12.60 (95%
CI=12.25-12.96).

Incident CVD in individuals with T2DM according to the
changes in MASLD

A total of 636,520 individuals with T2DM but without
preexisting CVD were included in the analysis (Fig. 1B).
During a median follow-up period of 6.2 years, 64,702
individuals (10.2%) developed CVD. Compared to
those without incident CVD, individuals who experi-
enced CVD events were significantly older and had a
higher waist circumference, elevated liver enzymes, and
impaired kidney function. Their mean body mass index
(BMI) was higher (all P<0.001, Supplementary Table 22.
However, there was no significant difference in the pro-
portion of current smokers or the prevalence of dyslip-
idemia between individuals with and without incident
CVD. When categorized changes in FLI, the propor-
tions of individuals classified as never MASLD, incident
MASLD, regressed MASLD, and persistent MASLD
was 69.6%, 5.5%, 9.1%, and 15.8%, respectively (Table 2).
Multivariate Cox analysis showed an increased CVD
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(composite of MI, stroke, and HF) risk across all MASLD
groups compared to the never MASLD group. The
adjusted HR were 1.12 (95% CI=1.09-1.15) for regressed
MASLD, and 1.18 (95% CI=1.14-1.22) for incident
MASLD, and the highest risk was observed in individuals
with persistent MASLD (HR=1.23, 95% CI=1.20-1.26).
Subgroup analyses demonstrated similar trends across
the different CVD outcomes. Individuals with persis-
tent MASLD had the highest risk for MI (HR=1.15, 95%
CI=1.10-1.20) and HF (HR=1.28, 95% CI=1.25-1.32).
The risk of stroke was comparable between the persistent
MASLD (HR=1.14, 95% CI=1.09-1.19) and incident
MASLD (HR =1.14, 95% CI=1.07-1.21). When stratified
by sex, similar associations were observed in both men
and women (Supplementary Table 3). In age-stratified
analyses, the risk of CVD was significantly increased in
individuals with persistent MASLD across all age groups.
However, elevated CVD risk associated with incident or
regressed MASLD was primarily observed in middle-
aged and older individuals.

Overall mortality in individuals with T2DM according to
the changes in MASLD

Among 822,673 individuals with T2DM, 66,503 (8.08%)
died during the follow-up period. As shown in Table 3,
overall mortality was significantly higher in individuals
with incident, regressed, and persistent MASLD com-
pared to those without MASLD. The HRs for mortal-
ity were 1.04 (95% CI=1.01-1.07) for incident MASLD,
1.06 (95% CI=1.03-1.09) for regressed MASLD, and
1.13 (95% CI=1.08-1.14) for persistent MASLD. This
trend was consistent in women, whereas in men, only

Table 2 Risk of incident CVD by MASLD status change in T2DM populations

Outcomes Groups No. of incident disease/ Duration, years IR (per 1000 HR* 95% Cl
No. in group PYS)
MI Never MASLD 11,734 /442,941 2704673.6 4.34 1 (ref)
Incident MASLD 931/35,122 211564.3 440 1.23 1.06-1.21
Regressed MASLD 1434 /58,116 350975.3 4.09 1.04 098-1.10
Persistent MASLD 2371/100,341 599254.1 3.96 1.15 1.10-1.20
Stroke Never MASLD 14,581 /442,941 26925241 542 1 (ref)
Incident MASLD 1132/35,122 210661.8 537 1.14 1.07-121
Regressed MASLD 1837/58116 349082.5 5.26 .11 1.06-1.17
Persistent MASLD 2725/ 100,341 597396.2 4.56 1.14 1.09-1.19
Heart failure Never MASLD 28,864 / 442,941 2678868.3 10.77 1 (ref)
Incident MASLD 2296/ 35,122 209486.2 10.96 1.21 1.16-1.26
Regressed MASLD 3570/58,116 347709.6 10.27 113 1.09-1.17
Persistent MASLD 5747 /100,341 594093.9 9.67 1.28 1.25-132
Composite outcome  Never MASLD 46,091 / 442,941 2626840.6 17.55 1 (ref)
of MI, stroke, and Incident MASLD 3646 /35,122 2052907 17.76 118 1.14-122
heart failure Regressed MASLD 5778/58,116 3408569 16.95 112 109-115
Persistent MASLD 9187/ 100,341 583497.8 15.74 1.23 1.20-1.26

T2DM type 2 diabetes mellitus, MASLD metabolic dysfunction associated steatotic liver disease, IR incident rate, PYS person-years, HR hazard ratio, C/ confidence
interval, Ml myocardial infarction

*Adjusted for age, sex, alcohol drink, smoking, and regular exercise
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Table 3 Risk of overall mortality by MASLD status change in T2DM populations
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Groups No. of incident disease/No. in group Duration, years IR (per 1000 PYS) HR* 95% ClI
Overall Never MASLD 49,726/ 577,762 3524381.0 14.11 1 (ref)

Incident MASLD 3354 /45,677 2754014 12.18 1.04 101-1.07

Regressed MASLD 5689/ 74,632 451601.3 12.60 1.06 1.03-1.09

Persistent MASLD 7734 /124,602 7468214 10.36 .11 1.08-1.14
Men Never MASLD 29,646/ 277451 16721259 17.73 1(ref)

Incident MASLD 2175/ 28,037 168395.6 12.92 1.01 0.96-1.05

Regressed MASLD ~ 3772/47,971 288463.6 13.08 1.02 099-1.06

Persistent MASLD 5453/ 88,607 529669.5 10.30 1.08 1.05-1.11
Women Never MASLD 20,080/300,311 1852255.1 10.84 1 (ref)

Incident MASLD 1179/ 17,640 107005.9 11.02 1.09 103-1.16

Regressed MASLD 1917/ 26,661 163137.7 11.75 1.13 1.08-1.19

Persistent MASLD 2281/35,995 2171519 10.50 1.18 1.13-1.23
Aged 20-39 years Never MASLD 85 /9485 58596.2 145 1 (ref)

Incident MASLD 11/1556 94794 1.16 0.72 038-1.35

Regressed MASLD 9/ 2599 15979.3 0.56 034 0.17-068

Persistent MASLD 89/9819 584884 152 0.93 069-1.25
Aged 40-64 years Never MASLD 9771/316,116 1961494.6 498 1 (ref)

Incident MASLD 940/ 28,802 175372.8 536 1.10 103-1.17

Regressed MASLD 1557 /47,307 288793.5 539 1.08 1.02-1.14

Persistent MASLD 2728 /84,332 508406.7 537 1.17 1.12-1.22
Aged > 65 years Never MASLD 39,870/ 252,161 1504290.2 26.50 1 (ref)

Incident MASLD 2403/15319 90549.2 26.54 1.02 098-1.06

Regressed MASLD 4123/ 24,726 1468285 28.08 1.06 1.02-1.09

Persistent MASLD 4917 /30,451 179926.3 27.33 1.08 1.05-1.11

T2DM Type 2 diabetes mellitus, MASLD metabolic dysfunction associated liver disease, IR incident rate, PYS person-years, HR hazard ratio, C/ confidence interval

*Adjusted for age, sex, alcohol drink, smoking, and regular exercise

persistent MASLD was associated with an increased risk
of mortality. When stratified by age, both incident and
persistent MASLD were associated with increased overall
mortality in middle-aged and older individuals. However,
in younger individuals with T2DM, neither incident nor
persistent MASLD showed a significant increase in mor-
tality risk. Notably, individuals with regressed MASLD in
the young age group exhibited a significantly lower risk of
mortality (HR =0.34, 95% CI=0.17-0.68).

Discussion

This nationwide cohort study demonstrated that indi-
viduals with FLI-based estimation of MASLD had an
increased risk of developing T2DM, with the risk pro-
gressively increasing from regressed MASLD, incident
MASLD compared to those who never had MASLD.
Individuals with persistent MASLD as assessed by FLI
exhibited a 5.28-fold higher risk of T2DM, with the great-
est risk observed in the younger population (age 20-39
years). Among individuals with preexisting T2DM, per-
sistent MASLD was associated with an increased the
risk of incident CVD, including MI, stroke, and HF. The
heighted CVD risk remained consistent across all age
groups. Moreover, even individuals with incident or
regressed MASLD assessed by FLI exhibited an elevated
risk of CVD. Both persistent MASLD and temporal

MASLD including both incident and regressed cases,
were associated with increased overall mortality in the
middle-aged and older individuals.

The current study has several clinical implications.
First, this study provides epidemiological evidence sup-
porting an association between MASLD and type 2 dia-
betes in the general population, based on a nationwide
cohort. Given the close association between T2DM and
MASLD, and the central role of insulin resistance as a
shared pathogenic mechanism in both conditions [29],
it is expected that individuals with MASLD are at an
elevated risk of developing T2DM. Meta-analyses have
demonstrated that MASLD is associated with an approx-
imately two-fold increased risk of developing T2DM,
independent of obesity and other common metabolic
risk factors [30, 31]. Similarly, individuals with MASLD
had a 3.83-fold increased risk of developing T2DM
(95% CI=3.81-3.86). With a longer duration of follow-
up (median 7.3 years) and a substantially larger cohort
(n=4,397,808) compared to previous studies (median 5
years, n=501,022) [30, 31], our study provides robust evi-
dence supporting the increased risk for incident T2DM
in a population with MASLD assessed by FLI.

Second, we examined the impact of dynamic changes
in FLI-based estimation of MASLD on incident T2DM.
The risk increased progressively from regressed MASLD
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to incident MASLD, with the highest risk observed in
persistent MASLD. These findings underscore the critical
role of persistent MASLD as a key determinant of T2DM
risk and highlight the substantial impact of temporal
changes in MASLD on T2DM development. Several
observational cohort studies have reported that tempo-
ral changes in MASLD status are associated with vary-
ing risks of incident T2DM. Depending on the cohort
population and covariates considered, persistent MASLD
has been shown to increase the risk for incident T2DM
by 1.50- to 7.38-fold, independent of body weight over
time [32-35]. Most importantly, our study highlights
that the risk of incident T2DM is disproportionately
higher in younger individuals (aged 20-39 years) with
persistent MASLD. Previous longitudinal studies have
demonstrated the rapid progression of MASLD in ado-
lescents and young adults [36, 37], suggesting a poten-
tially more aggressive phenotype in these populations.
Given that metabolic abnormalities, such as disturbances
in branched chain and aromatic amino acid metabolism,
can precede the development of MASLD by at least ten
years [38], persistent MASLD in younger individuals
may reflect a longer cumulative exposure to metabolic
dysfunction and mitochondrial dysregulation. Our find-
ing aligns with the observed rapid increase in MASLD
prevalence among younger population with T2DM
[3], emphasizing the importance of early identification
and intervention in this high-risk group. Although we
did not analyze longitudinal changes in body weight or
waist circumference, which might have provided further
mechanistic insights, previous results suggest that modi-
fications in MASLD status may influence diabetes risk
through liver-specific mechanisms [34]. Conversely, pre-
vious studies have reported that regressed or improved
MASLD status was associated with either a significant
reduction [35], or no significant change in incident
T2DM risk, which contrasts with our finding [33, 34]. In
the current study, we defined regressed MASLD based
on repeated laboratory tests conducted at a 2-year inter-
val. This suggests that even individuals with temporar-
ily regressed MASLD may remain at risk for incident
T2DM, highlighting the need for continued monitoring
and follow-up for T2DM development.

Third, our study demonstrated that individuals with
T2DM and persistent MASLD had a higher risk of
CVD compared to those who never had MASLD, fur-
ther expanding our understanding of the link between
MASLD and CVD. MASLD exacerbates insulin resis-
tance in both liver and peripheral tissues, contributes
to atherogenic dyslipidemia, and triggers systemic and
hepatic inflammation, all of which may collectively drive
the development of CVD [12, 39]. Despite growing evi-
dence linking MASLD to chronic vascular complications,
the causal relationship between changes in MASLD
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status and CVD risk has not been clearly established. To
our knowledge, this is the first study to examine the asso-
ciation between dynamic changes in MASLD and the risk
of incident CVD among individuals with type 2 diabetes
in a large-scale population. Utilizing nationwide cohort
data and implementing a 1-year lag period to exclude
individuals with preexisting CVD, we found that the
association between persistent MASLD and CVD risk
remained robust across different CVD events—including
M], ischemic stroke, and HF—and as well as across vari-
ous subgroups. These findings highlight the clinical sig-
nificance of persistent MASLD in identifying individuals
with T2DM who are at an elevated risk for CVD. Simi-
larly to their impact on the development T2DM, both
incident and regressed MASLD were associated with an
increased risk of incident CVD events. This highlights
the necessity of surveillance and proactive CVD risk
management in these populations.

Fourth, the results of the current study elucidate the
impact of dynamic changes in MASLD status on overall
mortality in individuals with established T2DM. Nota-
bly, both persistent and incident MASLD were associated
with increased overall mortality, particularly in middle-
aged and older individuals. While the specific causes of
death could not be analyzed due to the privacy restric-
tions, prior studies have consistently identified CVD as
the leading cause of mortality in patients with MASLD
[40-42], which align with our findings. These results
imply the necessity of a more proactive and systematic
approach to evaluating T2DM-related comorbidities
and mortality in patients with MASLD. Early identifica-
tion and timely, aggressive intervention may be crucial in
mitigating adverse outcomes in this high-risk population.

Despite the clinical significance of our study, we
acknowledged several limitations. First, although FLI is
a well-validated prediction model for steatotic liver dis-
ease and an appropriate cutoff was applied, it does not
replace histological confirmation, and the severity of
MASLD was not assessed. Although the FLI is a vali-
dated and widely used tool in large-scale epidemiologi-
cal studies, it remains an indirect marker and may not
fully capture true changes in liver fat content, particu-
larly when its components are influenced by lifestyle or
pharmacological interventions. Therefore, the potential
for misclassification of hepatic steatosis status cannot
be excluded. Moreover, BMI and waist circumference,
which are important predictors of T2DM, CVD, and
mortality, were not included as covariates in our mod-
els to avoid multicollinearity with the FLI. Thus, we can-
not completely exclude the possibility that the observed
associations were partially driven by adiposity measures
rather than MASLD itself. Second, we were unable to
account for changes in T2DM management modalities,
which could influence the risk of comorbidities. Due to
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the limitations of the available data, diabetes was defined
based on ICD-10 diagnostic codes and fasting plasma
glucose levels, without systematic screening using gly-
cated hemoglobin or oral glucose tolerance test. There-
fore, the possibility of underdiagnosis or misclassification
of diabetes status cannot be excluded. The unexpectedly
higher prevalence of FLI assessed MASLD in individuals
without diagnosed T2DM may reflect the broader and
more heterogeneous nature of this group, which likely
included individuals with undetected metabolic risks or
prediabetes. Higher MASLD regression in individuals
with T2DM may be partly attributed to the use of glu-
cose-lowering agents such as sodium-glucose cotrans-
porter-2 inhibitors or glucagon-like peptide-1 receptor
agonists, which can improve hepatic steatosis indepen-
dently of lifestyle changes. Third, due to the lack of avail-
able data, we could not assess the potential contributions
of gut dysbiosis, genetic predisposition, or lifestyle fac-
tors beyond smoking and alcohol consumption. The Cox
regression models adjusted only for demographic and
lifestyle factors, and the lack of adjustment for clinical
variables may have influenced the associations with CVD
and mortality outcomes. Moreover, prior CVD was not
included as a covariate in the mortality analysis, which
may have confounded the observed associations. As this
study is observational in nature, no causal relationship
can be established between dynamic changes in MASLD
and incident CVD. Fifth, survivorship bias may exist, as
individuals who did not survive until the re-examination
period may not have been included in the analysis. Sixth,
since our study was conducted in a Korean population,
the findings may not be generalizable to other ethnic or
regional populations. Additionally, MASLD status was
assessed only during health examinations conducted in
2009 and 2011, and changes in MASLD status thereafter
were not captured. Therefore, our results reflect associa-
tions based on MASLD status during this specific period,
and may not fully represent the incidence, persistence, or
regression of MASLD during the entire follow-up. Cause-
specific mortality data were not available in our dataset.
As a result, we were unable to distinguish whether the
associations observed were primarily driven by cardio-
vascular, cancer-related, or other causes of death. Lastly,
the study was conducted under the conditions and data
access policies in place at the time of project approval.
While current NHIS regulations do not permit further
access beyond the original research period, the analytic
approach, cohort definitions, and statistical methods are
fully documented and reproducible in principle using
similar data.
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Conclusions

This nationwide cohort study demonstrated that both
persistent and temporal MASLD as assessed by FLI sig-
nificantly increase the risk of new-onset T2DM in the
general population and further elevate the risks of CVD
and overall mortality among individuals with T2DM.
These findings highlight the necessity for physicians to
assess MASLD status systematically and emphasize the
importance of continuous screening strategies to iden-
tify and manage comorbidities, particularly in individuals
with T2DM.
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