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Abstract
Introduction: Although an association between metabolic dysfunction-
associated fatty liver disease (MAFLD) and cardiovascular disease or overall
mortality has been reported, it is unclearwhether there is an association between
MAFLD and cancer incidence or mortality. We aimed to investigate the differ-
ential risk of all- and site-specific cancer incidence and mortality according to
MAFLD subgroups categorized by additional etiologies of liver disease.
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confidence interval; CCI, Charlson comorbidity index; DBP, diastolic blood pressure; DM, diabetes mellitus; eGFR, estimated glomerular filtration
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low-density lipoprotein; NAFLD, nonalcoholic fatty liver disease; MAFLD, metabolic dysfunction-associated fatty liver disease; M-MAFLD, mixed
etiology MAFLD; PY, person year; TG, triglyceride; SBP, systolic blood pressure; S-MAFLD, single etiology MAFLD; WC, waist circumference.
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Methods: Using the Korean National Health Insurance Service database, we
stratified the participants into three groups: (1) single-etiology MAFLD (S-
MAFLD) or MAFLD of pure metabolic origin; (2) mixed-etiology MAFLD
(M-MAFLD) or MAFLD with additional etiological factor(s) (i.e., concomitant
liver diseases and/or heavy alcohol consumption); and (3) non-MAFLD. Hepatic
steatosis and fibrosiswere defined using the fatty liver index and the BARD score,
respectively. Cox proportional hazards regression was performed to estimate the
risk of cancer events.
Results: Among the 9,718,182 participants, the prevalence of S-MAFLD and
M-MAFLD was 29.2% and 6.7%, respectively. During the median 8.3 years of
follow-up, 510,330 (5.3%) individuals were newly diagnosed with cancer, and
122,774 (1.3%) cancer-related deaths occurred among the entire cohort. Compared
with the non-MAFLD group, the risk of all-cancer incidence and mortality was
slightly higher among patients in the S-MAFLD group (incidence, adjusted haz-
ard ratio [aHR]= 1.03; 95% confidence interval [CI]: 1.02−1.04; mortality, aHR=
1.06; 95%CI: 1.04−1.08) and highest among patients withM-MAFLD group (inci-
dence, aHR = 1.31; 95% CI: 1.29−1.32; mortality, aHR = 1.45; 95% CI: 1.42−1.48,
respectively). The M-MAFLD with fibrosis group (BARD score ≥ 2) showed the
highest relative risk of all-cancer incidence (aHR= 1.38, 95% CI= 1.36–1.39), fol-
lowed by theM-MAFLDwithout fibrosis group (aHR= 1.09, 95% CI= 1.06–1.11).
Similar trends were observed for cancer-related mortality.
Conclusions: MAFLD classification, by applying additional etiologies other
than pure metabolic origin, can be used to identify a subgroup of patients with
poor cancer-related outcomes.
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1 BACKGROUND

The term metabolic (dysfunction)-associated fatty liver
disease (MAFLD) has been introduced, emphasizing the
role of metabolic dysfunction in the clinical outcomes of
patients with hepatic steatosis [1, 2]. Recent studies have
reported the predictive role of MAFLD in all-cause mor-
tality [3–5] and cardiovascular disease (CVD) outcomes
[6–8]. Although CVD is the most common cause of death
in the United States (US) [9], cancer may surpass CVD as
the leading cause of premature death in many countries
[10]. Several studies have reported an association between
MAFLD and cancer incidence and mortality. A previous
study using the United Kingdom Biobank data reported
that MAFLD was associated with a 7% increased risk for
overall cancer and a 59% increased risk for liver cancer [8].
In a recent systematic review,MAFLDwas associated with
an increased risk of overall cancer incidence andmortality
[11]. MAFLD has also been associated with an increased

risk of a set of cancers, although the effect substantially
varied by cancer site [12].
Moreover, MAFLD is an umbrella term whose defini-

tion may not accurately reflect the specific underlying
causes of MAFLD (i.e., pure metabolic dysfunction and/or
concomitant chronic liver disease such as alcoholic liver
disease, viral hepatitis or other known liver disease) in
individual patients. Additionally, it is believed that amixed
etiology may cause a worse clinical course than a sin-
gle, pure metabolic etiology in patients with MAFLD
[13–15]. From this point of view, a recent study strat-
ified hepatocellular carcinoma (HCC) cases into three
groups: single, metabolic etiology MAFLD, mixed etiology
MAFLD and non-MAFLD, and reported the differen-
tial risk of HCC incidence and mortality by MAFLD
subgroups [16].
Although the increased overall cancer incidence and

mortality in MAFLD have been investigated [11], there
are limited studies regarding the relationship between
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MAFLD and site-specific cancer-related mortality other
than incidence [8, 12]. Therefore, we aimed to inves-
tigate the differential risk of overall and site-specific
cancers, including their incidence and mortality, based
on MAFLD subgroups categorized by additional etiolo-
gies other than pure metabolic origin in a nationally
representative Korean population.

2 METHODS

2.1 Data source

The data of this retrospective population-based study were
retrieved from the Korean National Health Insurance Sys-
tem (NHIS), which is a national insurer managed by
the Korean government and to which approximately 97%
of the Korean population is subscribed [17]. The NHIS
conducts biennial health examinations for local house-
holders aged≥40 years or employees of any age. The NHIS
database contains health records, including sociodemo-
graphic data, anthropometric measurements, laboratory
tests and lifestyle behaviors, and claims data based on
the International Classification of Diseases, 10th revision
(ICD-10). This database has been widely used for previ-

ous epidemiologic studies [18, 19]. The study protocol was
approved by the Institutional Review Board of Soongsil
University (SSU-202007-HR-236-01) and conformed to the
ethical guidelines of the Declaration of Helsinki. The
requirement for patient informed consent was waived, as
this was a retrospective study using deidentified secondary
data.

2.2 Study population

The enrollment process of this cohort is presented in
Figure 1. A total of 10,585,844 adults aged 20 years or older
who underwent health screening examinations between
January 1, 2009, and December 31, 2009, were included.
Those with ICD-10 codes for any cancer (Supplemen-
tary Table S1) before the index date were excluded (n =

162,512), and we ascertained outcome events after a lag of
one year (n = 94,638). After excluding participants with
incomplete information (n = 610,512), 9,718,182 remained
for analysis.

F IGURE 1 Flow chart of the selection of the study population.

2.3 Measurement of hepatic steatosis
and advanced fibrosis

Although ultrasonography is considered a first-line screen-
ing technique in clinical practice [20], ultrasonography is
not included in the NHIS mass screening program. There-
fore, the fatty liver index (FLI), a surrogate marker of
hepatic steatosis, was used to assess hepatic steatosis. The
FLI was calculated using body mass index (BMI), waist
circumference (WC), triglycerides, and gamma-glutamyl
transferase (GGT) based on the following equation [21].

FLI =

[ (
e0.953× ln triglycerides+0.139×BMI+0.718× lnGGT+0.053×WC−15.745

)
∕(

1 + e0.953× ln triglycerides+0.139×BMI+0.718× lnGGT+0.053×WC−15.745
)
]
× 100

FLI scores ranged from0-100,with scores<30 represent-
ing a low risk for fatty liver and scores ≥60 representing a
high risk [18]. The lower cutoff of FLI score ≥ 30 was used
in this study [6, 22].
The presence of advanced liver fibrosis was estimated

based on the BARD score for subjects withMAFLD, which
was calculated by assigning points for aspartate transam-
inase/alanine aminotransferase (AST/ALT) ratio ≥ 0.8 (2
points), BMI ≥ 28 kg/m2 (1 point), and diabetes mellitus
(DM) (1 point), where a total score of 2-4 points indicated
advanced hepatic fibrosis [23].

2.4 Definition of MAFLD subgroups

MAFLD was defined based on the diagnostic criteria pro-
posed by an international expert panel as the presence
of metabolic risk factors with hepatic steatosis, includ-
ing individuals with other concomitant liver diseases and
significant alcohol consumption [1]. For the diagnosis of
MAFLD, hepatic steatosis had to be present, and at least
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one of the following criteria had to be met: (1) over-
weight or obese (BMI ≥ 23 kg/m2), (2) DM, or (3) at least
2 metabolic abnormalities. Metabolic abnormalities con-
sisted of (1) WC ≥ 102 cm for men and ≥ 88 cm for women,
(2) blood pressure ≥ 130/85 mmHg or anti-hypertensive
drug treatment, (3) fasting triglyceride level ≥ 150 mg/dL
or specific drug treatment, (4) high-density lipoprotein
(HDL) cholesterol level < 40 mg/dL for men and < 50
mg/dL for women or specific drug treatment, and (5) fast-
ing glucose level 100-125 mg/dL. As homeostasis model
assessment of insulin resistance scores and C-reactive
protein levels were not available in the NHIS screening
program, these criteria for metabolic dysregulation were
not used in this study.
The presence of concomitant liver diseases was defined

based on the following ICD-10 codes: viral hepatitis (B15-
19), cirrhosis (K74), alcoholic liver disease (K70), toxic
liver disease (K71), primary biliary cholangitis (K74.3),
secondary or unspecified biliary cirrhosis (K74.4-74.5),
autoimmune hepatitis (K75.4), Wilson’s disease (E83.0),
and disorders of iron metabolism (E83.1). One or more
diagnoses during hospitalization or two or more diagnoses
in outpatient clinics were required for the diagnosis of
concomitant liver diseases. Next, the participants were
stratified into three groups: (1) single-etiology MAFLD (S-
MAFLD) or MAFLD of pure metabolic origin; (2) mixed-
etiology MAFLD (M-MAFLD) or MAFLD with addi-
tional etiological factor(s) (i.e., concomitant liver diseases
and/or heavy alcohol consumption); and (3) non-MAFLD
(Figure 1).

2.5 Study outcomes: cancer incidence
and mortality

The primary outcomes were cancer incidence and cancer-
related mortality. Site-specific cancer included oral cavity
and pharyngeal cancer, esophageal cancer, gastric can-
cer, colorectal cancer, liver cancer, biliary cancer, pan-
creatic cancer, laryngeal cancer, lung cancer, malignant
melanoma, rectal cancer, bladder cancer, cancer of the
central nervous system, thyroid cancer, non-Hodgkin
lymphoma, multiple myeloma, leukemia, breast cancer,
uterine cervical cancer, uterine corpus cancer, ovarian
cancer, prostate cancer and testicular cancer. Ascertain-
ment of cancer diagnosis was achieved from the NHIS
database using ICD-10 codes (Supplementary Table S1) and
rare incurable disease registration codes (V193) [24]. All
patients in this category are designated as special med-
ical aid beneficiaries with the expanding benefit of the
NHIS. Since 2006, the government has introduced an
initiative covering 90% of all medical expenses claimed
by these patients. Therefore, the diagnosis of cancer is

strictly determined and monitored by a thorough verifi-
cation with clinical, imaging, and pathological evidence
and rigorous reviews by medical experts and health insur-
ance professionals, according to an act established by the
Ministry of Health and Welfare [25]. The data for cancer
used in this study have been validated in previous studies
[26, 27].
Information on mortality and cause of death was avail-

able for all subjects in the cohort; the latter was classi-
fied according to the Korean Standard Classification of
Diseases and Causes of Death provided by the Korean
National Statistical Office [28]. The cause of death was
classified according to the diagnostic codes of the ICD-
10. Participants who had no event were censored at the
date of death, the last follow-up, or on December 31, 2018,
whichever came first.

2.6 Covariates

As described previously [29], standardized self-report
questionnaires were used to collect data at the time of
enrollment. Briefly, age, sex, smoking status (none, for-
mer, and current smokers), and alcohol consumption data
were used. Participants reported alcohol consumption fre-
quency and amount of alcohol consumed as the number
of glasses consumed per occasion. We categorized alcohol
consumption as none, mild, and heavy (≥ 30 g for males
and≥ 20 g for females per day). The questionnaire on phys-
ical activity consisted of items on the frequency (days per
week) of light, moderate, and vigorous physical activity in
recent weeks. Regular exercise was defined as vigorous-
intensity physical activity ≥ 3 times per week or moderate
physical activity ≥ 5 times per week. Income level was
dichotomized at the lowest 20%.
We defined comorbidities based on the ICD-10 code for

each disease and with a prescription history of relevant
medication. Criteria for hypertension were prescription of
anti-hypertensive agents in claim codes I10-13 or I15 or sys-
tolic/diastolic blood pressure≥ 140/90mmHg. The criteria
for DM were an E11-14 claim code plus 1 or more prescrip-
tions of an antidiabetic drug per year or a fasting blood
glucose level of 126 mg/dL or more. Criteria for dyslipi-
demia were E78 claim code plus ≥ 1 prescription for a
lipid-lowering agent or total cholesterol level≥ 240mg/dL.
The Charlson comorbidity index (CCI) score was assessed
using ICD-10 codes [30].
WC was measured in a horizontal plane at the midpoint

between the lower edge of the last palpable rib and the top
of the iliac crest. BMI was calculated as a person’s weight
(in kg) divided by the square of their height (in meters).
After overnight fasting, serum glucose and lipid measure-
ments were obtained from each participant. To estimate
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the glomerular filtration rate, the Modification of Diet in
Renal Disease equation was used [31].

2.7 Statistical analyses

Clinical characteristics are presented as the means ±

standard deviations for normally distributed continuous
variables or otherwise as median (interquartile ranges).
Categorical variables were reported as numbers (percent)
unless otherwise indicated. Baseline characteristics were
compared using independent t-tests or analysis of vari-
ance for continuous variables and chi-square tests for
categorical variables.
The primary outcome was the incidence rate calculated

by dividing the number of incident cancer cases by the
total follow-up period and presented per 1,000 person-
years. Person-years is a measure of the amount of time
that a group of people or an individual has been exposed
to a particular risk of an event, such as developing a
disease. It is calculated by multiplying the number of
people at risk by the time they were observed. Cox pro-
portional hazards regression was performed to estimate
the risk of cancer events. First, we conducted a univariate
analysis and performed multivariate analysis by consid-
ering a range of covariates that may be associated with
the primary outcome. The multivariate Cox models were
adjusted for age, sex, income, smoking, exercise, CCI score,
WC, fasting glucose, total cholesterol, systolic blood pres-
sure, and eGFR. Covariates were selected a priori based
on possible associations with MAFLD and outcomes [6,
12]. Tests based on Schoenfeld residuals verified the pro-
portional hazards assumption. Linear trends of cancer
events risk acrossMAFLDcategorieswere assessed by ana-
lyzing MAFLD categories as a continuous variable, with
non-MAFLD as the comparator. The risk of cancer devel-
opment and mortality for each site-specific cancer was
expressed as a hazard ratio (HR) with a corresponding
95% confidence interval (CI). Stratified analyses were per-
formed according to age (< 65 vs.≥ 65 years), sex, BMI (< 25
vs.≥ 25 kg/m2), the presence of diabetes, smoking status
and alcohol consumption, and we tested the interactions
between subgroups. In addition, we performed compet-
ing survival analyses using the Fine–Gray models with
adjustment of competing risk of all-cause death in analyses
of cancer incidence and with adjustment of other causes
of death, including cardiovascular disease, in analyses of
cancer-related mortality [32]. All statistical analyses were
performed using SAS version 9.4 (SAS Institute, Cary, NC,
USA) and R version 3.2.3 (The R Foundation for Statisti-
cal Computing, Vienna, Austria, http://www.Rproject.org)
software with two-sided tests and a significance level of
0.05.

3 RESULTS

3.1 Clinical characteristics of the study
population

Among the total 9,718,182 participants (median age, 46
years; gender proportion, 54.8% male), the prevalence of
S-MAFLD and M-MAFLD was 29.2% and 6.7%, respec-
tively. The baseline characteristics of each group are shown
in Table 1. Compared with the non-MAFLD group, peo-
ple in the S-MAFLD and M-MAFLD groups were older,
more likely to be male and smokers, and had higher
income and alcohol consumption levels (P <0.001 for
all). Additionally, subjects with S-MAFLD and M-MAFLD
were more likely to have diabetes, hypertension and dys-
lipidemia than those without MAFLD (P <0.001). Most
clinical variables (including BMI, WC, systolic/diastolic
blood pressure, fasting glucose, total cholesterol, and HDL
cholesterol) were less metabolically favorable in the S-
MAFLD and M-MAFLD groups than in the non-MAFLD
group (all P <0.001).

3.2 Risk of cancer incidence and
mortality by MAFLD subgroup

During the median 8.3 (interquartile range, 8.1-8.6) years
of follow-up, 510,330 (5.3%) individuals were newly diag-
nosed with cancer (Table 2). The incidence rates of overall
cancer per 1,000 person-years in the non-MAFLD, S-
MAFLD, and M-MAFLD groups were 5.94, 7.32 and 8.55,
respectively. In the age- and sex-adjustedmodel, the risk of
all-cancer incidence increased in patients with S-MAFLD
andM-MAFLD compared with non-MAFLD patients (HR
[95% CI], 1.02 [1.01–1.02] and 1.33 [1.32–1.35]). After fur-
ther adjustment for income, smoking, exercise, eGFR,
CCI score, WC, fasting glucose, total cholesterol and
systolic blood pressure, the HR for all-cancer incidence
among patients with S-MAFLD and M-MAFLD compared
with that among non-MAFLD patients was 1.03 (95%
CI = 1.02–1.04) and 1.31 (95% CI = 1.29–1.32), respectively
(Table 2).
During the follow-up period, 122,774 (1.3%) cancer-

related deaths occurred (Table 2). The incidence rates
of cancer mortality per 1,000 person-years in the non-
MAFLD, S-MAFLD, andM-MAFLD groups were 1.31, 1.83,
and 2.44, respectively. In the age- and sex-adjusted model,
the risk of all-cancer incidence increased in patients with
S-MAFLD and M-MAFLD compared with non-MAFLD
patients [HR (95% CI), 1.02 (1.01–1.04) and 1.54 (1.51–1.57)].
After adjustment for multiple covariates, the HR for all-
cancer mortality among patients with S-MAFLD and M-
MAFLD compared with that among non-MAFLD patients
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TABLE 1 Baseline characteristics of the study population.

Non-MAFLD S-MAFLD M-MAFLD
Variables (n = 6,229,949) (n = 2,832,924) (n = 655,309)
Age, year, mean ± SD 45.8 ± 14.3 49.6 ± 13.4* 47.2 ± 12.2#,†

Male, n (%) 2,684,051 (43.1) 2,043,538 (72.1)* 593,771 (90.6)#,†

Low-income levela, n (%) 1,027,290 (16.5) 394,554 (13.9)* 80,670 (12.3)
Smoking, n (%)
None 4,250,985 (68.2) 1,359,717 (48.0)* 161,577 (24.7)#,†

Former 684,114 (11.0) 540,484 (19.1) 161,831 (24.7)
Current 1,294,850 (20.8) 932,723 (32.9) 331,901 (50.6)

Alcohol consumption, n (%)
None 3,556,681 (57.1) 1,344,784 (47.5)* 79,301 (12.1)#,†

Mild 2,326,809 (37.3) 1,488,140 (52.5) 85,138 (13.0)
Heavy 346,459 (5.6) - 490,870 (74.9)

Regular exercise, n (%) 1,088,392 (17.5) 513,057 (18.1)* 132,166 (20.2)#,†

Diabetes, n (%) 313,717 (5.0) 416,436 (14.7)* 111,851 (17.1)#,†

Hypertension, n (%) 1,112,771 (17.9) 1,110,688 (39.2)* 273,444 (41.7)#,†

Dyslipidemia, n (%) 768,892 (12.3) 807,869 (28.5)* 179,608 (27.4)#,†

Concomitant liver disease, n (%) 215,703 (3.5) 108,835 (16.6)†

Liver cirrhosis, n (%) 12,271 (0.2) - 11,608 (1.8)†

CCI score, n (%)
0 4,181,057 (67.1) 1,737,234 (61.3)* 354,106 (54.0)#,†

1 1,193,238 (19.2) 587,334 (20.7) 147,437 (22.5)
≥ 2 855,654 (13.7) 508,356 (17.9) 153,766 (23.5)

BMI, kg/m2, mean ± SD 22.2 ± 2.4 26.5 ± 3.6* 26.1 ± 2.8#,†

WC, cm, mean ± SD 75.7 ± 7.1 88.3 ± 7.7* 88.3 ± 7.6#,†

SBP, mmHg, mean ± SD 119.3 ± 14.4 127.9 ± 14.6* 129.3 ± 14.6#,†

DBP, mmHg, mean ± SD 74.3 ± 9.6 79.8 ± 9.8* 81.2 ± 10.0#,†

Fasting glucose, mg/dL, mean ± SD 93.5 ± 18.9 103.4 ± 29.0* 106.5 ± 31.9#,†

Total cholesterol, mg/dL, mean ± SD 189.2 ± 38.9 207.0 ± 43.0* 203.2 ± 45.6#,†

HDL cholesterol, mg/dL, mean ± SD 59.0 ± 30.9 51.5 ± 35.1* 53.9 ± 35.7#,†

LDL cholesterol, mg/dL, mean ± SD 112.0 ± 36.5 118.1 ± 41.8* 108.3 ± 43.2#,†

eGFR, mL/min/1.732, mean ± SD 88.7 ± 44.5 85.2 ± 46.5* 88.2 ± 46.6#,†

TG, mg/dL, geometric mean (95% CI) 87.5 (87.5-87.6) 175.9 (175.8-176.0)* 184.3 (184.1-184.6)#,†

AST, IU/L, geometric mean (95% CI) 21.5 (21.5-21.5) 26.5 (26.5-26.5)* 31.1 (31.1-31.2)#,†

ALT, IU/L, geometric mean (95% CI) 17.6 (17.6-17.6) 29.3 (29.3-29.4)* 33.3 (33.2-33.3)#,†

GGT, IU/L, geometric mean (95% CI) 19.3 (19.3-19.3) 41.8 (41.7-41.8)* 69.7 (69.6-69.8)#,†

Abbreviations: MAFLD, metabolic-associated fatty liver disease; S-MAFLD, single etiology MAFLD; M-MAFLD, mixed etiology MAFLD; CCI, Charlson comor-
bidity index; BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; eGFR, estimated glomerular filtration rate; TG, triglyceride; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT,
gamma-glutamyl transferase; SD, standard deviation; CI, confidence interval.
aLower 20% of income
*P < 0.001 non-MAFLD vs. S-MAFLD
#P < 0.001 S-MAFLD vs. M-MAFLD
†P <0.001 non-MAFLD vs. M-MAFLD

was 1.06 (95% CI= 1.04–1.08) and 1.45 (95% CI= 1.42–1.48),
respectively (Table 2). In the competing survival analysis,
in which all-cause death was considered a competing risk
for cancer incidence and death resulting from non-cancer
was considered a competing risk for cancer-relatedmortal-

ity, S-MAFLD andM-MAFLD groups showed a higher risk
of all-cancer incidence and mortality than non-MAFLD
group (Supplementary Table S2).
Next, we performed sensitivity analysis with addi-

tional adjustments for alcohol consumption, diabetes and
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TABLE 2 All-cancer incidence and mortality of S-MAFLD, M-MAFLD and non-MAFLD subjects.

Age- and
sex-adjusted

Multivariate
modela

All-cancer
outcomes

No. of
subjects
(n)

No. of events
(development of
cancer or cancer-
related death) (n)

Follow-up
duration
(person-years)

Incidence rate
(per 1,000
person-years) HR (95% CI) HR (95% CI)

Incidence
Non-MAFLD 6,229,949 299,203 50,353,689 5.94 1 (reference) 1 (reference)
S-MAFLD 2,832,924 166,545 22,739,288 7.32 1.02 (1.01–1.02) 1.03 (1.02–1.04)
M-MAFLD 655,309 44,582 5,213,649 8.55 1.33 (1.32–1.35) 1.31 (1.29–1.32)

Mortality
Non-MAFLD 6,229,949 67,037 51,366,724 1.31 1 (reference) 1 (reference)
S-MAFLD 2,832,924 42,656 23,271,780 1.83 1.02 (1.01–1.04) 1.06 (1.04–1.08)
M-MAFLD 655,309 13,081 5,350,398 2.44 1.54 (1.51–1.57) 1.45 (1.42–1.48)

Abbreviations: MAFLD, metabolic-associated fatty liver disease; S-MAFLD, single etiology MAFLD; M-MAFLD, mixed etiology MAFLD; HR, hazard ratio; CI,
confidence interval.
aAdjusted for age, sex, income, smoking, exercise, estimated glomerular filtration rate, Charlson comorbidity index score, waist circumference, glucose, total
cholesterol and systolic blood pressure.

BMI. The associations between MAFLD subgroups and
all-cancer incidence or mortality remained significant
(Supplementary Table S3).
When stratified by age, sex, obesity, diabetes, smoking

status, and alcohol consumption, a significantly higher
relative risk for all-cancer incidence and mortality in the
M-MAFLD group was observed predominantly among
subjects ≥ 65 years of age, non-obese (BMI <25 kg/m2)
subjects, those with diabetes, and non or former smokers
and non-drinkers (all P for interaction < 0.001) (Supple-
mentary Table S4). Male patients with M-MAFLD showed
a higher risk for cancer incidence, whereas mortality
risk was higher in female M-MAFLD patients (Supple-
mentary Table S4). To further reduce the possibility of
reverse causation, we additionally explored whether these
results changed when extending a lag period to 2 years
from the enrollment but found little change in our results
(Supplementary Table S5).

3.3 Advanced fibrosis based on the
BARD score and the risk of cancer
incidence and mortality in MAFLD

Among 655,309 subjects with M-MAFLD, 448,911 (68.5%)
had advanced fibrosis (defined as a BARD score ≥ 2) ver-
sus 1,866,975/2,832,924 (65.9%) with S-MAFLD (P < 0.001).
In the multivariate model, the M-MAFLD with fibrosis
group showed the highest relative risk of all-cancer inci-
dence (HR = 1.38, 95% CI = 1.36–1.39), followed by the
M-MAFLD without fibrosis (BARD < 2, HR = 1.09, 95%
CI = 1.06–1.11) and S-MAFLD with fibrosis groups (HR =

1.05, 95% CI= 1.04–1.06) (P for trend< 0.001), whereas the
S-MAFLD without fibrosis group was modestly associated

with lower cancer risk compared to the non-MAFLDgroup
(HR = 0.98, 95% CI = 0.97–0.99, Table 3). Similar trends
were observed for cancer-related mortality. Compared to
the group without MAFLD, the M-MAFLD with fibrosis
group had a 1.52 (95% CI = 1.48–1.55) times higher cancer
mortality risk, followed by the M-MAFLDwithout fibrosis
group (HR = 1.11, 95% CI = 1.06–1.16), and the S-MAFLD
with fibrosis group (HR= 1.09, 95% CI= 1.07–1.11, Table 3).
In the competing survival analysis, the highest relative

risk of all-cancer incidence and mortality was consis-
tently observed in the M-MAFLD with fibrosis group
(Supplementary Table S6). When we performed sensitivity
analysis with additional adjustments for alcohol consump-
tion, diabetes and BMI, the associations between advanced
fibrosis and all-cancer incidence or mortality in individ-
uals with MAFLD remained significant (Supplementary
Table S7).

3.4 Risk of site-specific cancer
incidence and mortality by MAFLD
subgroup

Figure 2 and Supplementary Table S8 show site-specific
cancer incidence rates according to the MAFLD subgroup.
In patients with M-MAFLD, the incidence rate of liver
cancer was the highest among all cancers (1.85 per 1,000
person-years). For most types of cancers, the risk of inci-
dent cancer significantly increased from subjects without
MAFLD to subjects with S-MAFLD and those with M-
MAFLD, except for breast cancer (women), ovarian cancer,
testicular cancer, melanoma, and hematologic malignan-
cies. Subjects with M-MAFLD were at the highest risk for
liver cancer (HR = 3.39, 95% CI = 3.30–3.50), followed by
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8 CHUNG et al.

TABLE 3 Association of advanced fibrosis status and all-cancer incidence and mortality among individuals with MAFLD.

Age- and
sex-adjusted

Multivariate
modela

All-cancer outcomes

No. of
subjects
(n)

No. of events
(development of
cancer or cancer-
related death) (n)

Follow-up
duration
(person-
years)

Incidence rate
(per 1,000
person-years) HR (95% CI) HR (95% CI)

Incidence
Non-MAFLD 6,229,949 299,203 50,353,689 5.94 1 (reference) 1 (reference)
S-MAFLD, BARD < 2 965,949 40,668 7,844,957 5.18 0.96 (0.95–0.97) 0.98 (0.97–0.99)
S-MAFLD, BARD ≥ 2 1,866,975 125,877 14,894,330 8.45 1.03 (1.03–1.04) 1.05 (1.04–1.06)
M-MAFLD, BARD < 2 206,398 9,170 1,673,403 5.48 1.10 (1.08–1.12) 1.09 (1.06–1.11)
M-MAFLD, BARD ≥ 2 448,911 35,412 3,540,245 10.00 1.41 (1.39–1.42) 1.38 (1.36–1.39)

Mortality
Non-MAFLD 6,229,949 67,037 51,366,724 1.30 1 (reference) 1 (reference)
S-MAFLD, BARD < 2 965,949 7,895 7,981,512 0.98 0.91 (0.89–0.93) 0.93 (0.91–0.96)
S-MAFLD, BARD ≥ 2 1,866,975 34,761 15,290,268 2.27 1.05 (1.04–1.07) 1.09 (1.07–1.11)
M-MAFLD, BARD < 2 206,398 1,921 1,703,866 1.12 1.17 (1.12–1.23) 1.11 (1.06–1.16)
M-MAFLD, BARD ≥ 2 448,911 11,160 3,646,532 3.06 1.62 (1.59–1.65) 1.52 (1.48–1.55)

Abbreviations: MAFLD, metabolic-associated fatty liver disease; S-MAFLD, single etiology MAFLD; M-MAFLD, mixed etiology MAFLD; HR, hazard ratio; CI,
confidence interval.
aAdjusted for age, sex, income, smoking, exercise, estimated glomerular filtration rate, Charlson comorbidity index score, waist circumference, glucose, total
cholesterol and systolic blood pressure.

F IGURE 2 Association between MAFLD subtypes and site-specific cancer incidence. Incidence rates were presented per 100,000
person-years. The hazard ratio and its 95% confidence interval were derived from the Cox regression model. Adjusted for age, sex, income,
smoking, exercise, estimated glomerular filtration rate, Charlson comorbidity index score, waist circumference, glucose, total cholesterol and
systolic blood pressure.
Abbreviations: MAFLD, metabolic-associated fatty liver disease; S-MAFLD, single etiology MAFLD; M-MAFLD, mixed etiology MAFLD; HR,
hazard ratio; CI, confidence interval.
*P for trend was estimated across MAFLD categories (modeled continuously), compared to non-MAFLD; for details, see Methods.
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CHUNG et al. 9

esophageal (HR = 2.15, 95% CI = 1.99–2.33), laryngeal (HR
= 1.69, 95%CI= 1.51–1.89) and renal cancer (HR= 1.48, 95%
CI = 1.39–1.57) among the MAFLD subgroups. Regarding
digestive system cancers, patients with M-MAFLD were
more likely to develop biliary (HR = 1.43, 95% CI = 1.35–
1.52), oral cavity and pharyngeal (HR = 1.39, 95% CI =
1.28–1.51), colorectal (HR = 1.33, 95% CI = 1.29–1.36), gas-
tric (HR = 1.24, 95% CI = 1.21–1.27), and pancreatic cancer
(HR = 1.23, 95% CI = 1.16–1.30) among the MAFLD sub-
groups.WomenwithM-MAFLDhad a significantly higher
risk for cervical cancer (HR, 1.26; 95% CI, 1.06–1.49) than
those with S-MAFLD or without MAFLD. Similar trends
were observed for prostate cancer in men. There were no
significant differences in the risk of hematologic malig-
nancies, including leukemia, non-Hodgkin lymphoma and
multiple myeloma, among the MAFLD subgroups.
Regarding site-specific cancer mortality, the incidence

rate of liver cancer-related mortality was the highest
among all cancers in the M-MAFLD group (0.78 per 1,000
person-years). The highest risk in M-MAFLD remained
consistent for the liver (HR = 3.70, 95% CI = 3.54–3.88),
esophageal (HR, 2.32; 95% CI, 2.04–2.63), oral cavity and
pharyngeal (HR = 1.57, 95% CI = 1.32–1.88), biliary (HR
= 1.39, 95% CI = 1.26–1.52), colorectal (HR = 1.25, 95%
CI = 1.16–1.34), and pancreatic cancer (HR = 1.17, 95%
CI = 1.08–1.26) among the MAFLD subgroups (Figure 3
and Supplementary Table S9). Women with M-MAFLD
had a significantly higher mortality risk for cervical cancer
(HR = 1.17, 95% CI = 1.05–1.22), and men with M-MAFLD
showed similar trends regarding prostate cancer-related
mortality (HR = 1.17, 95% CI = 1.00–1.35)
When subjects with MAFLD were divided according

to BARD scores, fibrosis in M-MAFLD was associated
with higher estimates for the risk of site-specific can-
cer incidence (Supplementary Figure S1) and mortality
(Supplementary Figure S2) for most types of cancers.

4 DISCUSSION

In this large, nationally representative, population-based
cohort analysis, we demonstrated the differential risk
of cancer development and mortality by MAFLD sub-
groups categorized by additional etiologies other than pure
metabolic origin using a database of health insurance
claims in Korea. Subjects with M-MAFLD had an approx-
imately 1.3-fold increased risk of cancer incidence and a
1.5-fold higher risk of cancer mortality than those without
MAFLD (Table 3), whereas those with S-MAFLD showed
only modestly increased risks. Furthermore, advanced
fibrosis, defined by the BARD score in MAFLD, was asso-
ciated with higher risks for overall cancer incidence and
mortality. Our findings suggest the importance of careful

assessment of cancer risk in subjects with MAFLD, and
the classification of MAFLD used in this study might help
risk stratification ofMAFLDpatients according to the rela-
tive effect estimates of factors defining etiology and hepatic
fibrosis.
Cancer is the second most frequent cause of death

among patients with non-alcoholic fatty liver disease
(NAFLD) [33], and a positive association between NAFLD
and incident cancers, including HCC, colorectal cancer in
males, and breast cancer in females, have been reported
[34]. In addition to fatty liver, metabolic syndrome, obe-
sity and diabetes are associated with an increased risk of
several cancers, such as liver, colorectal and kidney can-
cers [35, 36]. Although there is not enough data onMAFLD
regarding the risk of cancer, a recent study based on UK
Biobank data reported a significant association between
MAFLD and the incidence of 10 cancers, including uterine
corpus, gallbladder, liver, kidney, thyroid, esophagus, pan-
creas, bladder, breast, and colorectal and anus cancers [12].
Broadly in line with previous results, MAFLD-associated
specific cancer risk was greatest for liver cancer (HR =

1.63), followed by uterine corpus (HR= 1.47), kidney (HR=
1.37), esophagus (HR= 1.25), larynx (HR= 1.24) and biliary
cancer (HR = 1.22) in our study (data not shown).
Whenwe evaluated the effect of etiological factors defin-

ing MAFLD on cancer outcome, the risks of overall cancer
incidence and mortality were the greatest in M-MAFLD,
while S-MAFLD showed only modestly increased risks
compared to non-MAFLD. These trends have been simi-
larly observed in various digestive system cancers, includ-
ing liver, oral cavity and pharyngeal, esophageal, biliary,
pancreatic, and colorectal cancers, suggesting that the
presence of different etiological factors in MAFLD, such
as at-risk alcohol consumption or chronic viral hepatitis,
can be a risk factor for cancer, not only in the liver but also
in extra-hepatic digestive organs. As organs of the diges-
tive system share a similar embryologic background [37],
and alcohol or chronic viral hepatitis infection is associ-
atedwith an increased risk of various extra-hepatic cancers
[38, 39], it is plausible that M-MAFLD is associated with
the highest relative risks of cancer development and mor-
tality for various digestive system cancers among MAFLD
subtypes.
The M-MAFLD group in our study was defined due

to mixed etiology other than pure metabolic MAFLD,
which was similar to the individuals who met the defi-
nition of MAFLD but not NAFLD (non-NAFLD MAFLD
group) in another study by Nguyen et al., in which the
authors classified the study population according to the
criteria of NAFLD and MAFLD [5]. In contrast to our
results, although the non-NAFLD MAFLD group had
higher cancer-related mortality than the control group,
the difference was not statistically significant. However,
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10 CHUNG et al.

F IGURE 3 Association between MAFLD subtypes and site-specific cancer mortality. Mortality rates were presented per 100,000
person-years. The hazard ratio and its 95% confidence interval were derived from the Cox regression model. Adjusted for age, sex, income,
smoking, exercise, estimated glomerular filtration rate, Charlson comorbidity index score, waist circumference, glucose, total cholesterol and
systolic blood pressure.
Abbreviations: MAFLD, metabolic-associated fatty liver disease; S-MAFLD, single etiology MAFLD; M-MAFLD, mixed etiology MAFLD; HR,
hazard ratio; CI, confidence interval.
*P for trend was estimated across MAFLD categories (modeled continuously), compared to non-MAFLD; for details, see Methods.

the reference group in that study was set as subjects with
NAFLD but not MAFLD, contrary to the present study,
leading to different results between studies. In addition,
the small number of events in the previous study may
contribute to nonsignificant results.
The mechanisms for the association of MAFLD with

increased cancer risk have not been fully elucidated, but
several hypotheses exist. First, insulin resistance, as the
key determinant in the pathology ofMAFLD, is involved in
the dysregulation of insulin-like growth factors and might
contribute to malignant transformation at various sites,
including the liver, pancreas, colon and breast [40–42], by
promoting cell proliferation and angiogenesis and inhibit-
ing apoptosis [43, 44]. Second, overweight/obesity, another
main factor in MAFLD, may result in a state of chronic
systemic low-grade inflammation attributed to a proin-
flammatory environment, which may affect cancer risk
by increasing the formation of reactive oxygen species,
increasing cell cycle rates, and decreasing tumor suppres-
sor function [45]. Third, DM and hyperglycemia, which
are determinant factors of MAFLD, are known as poten-
tial risk factors for cancer [46, 47]. Since high blood glucose

levels increase mitochondrial glucose oxidation, they pro-
mote DNA damage through oxidative stress. However,
MAFLD involves a wide spectrum, not only metabolic
dysfunction, and could be a multisystem disease. Further
studies are needed to reveal the potential mechanisms of
the development of MAFLD-associated cancers.
In this study, the presence of hepatic fibrosis in indi-

viduals with MAFLD was associated with higher risks for
overall and various site-specific cancer incidence andmor-
tality. Consistent with our results, patients with bridging
fibrosis showed an increased risk of extra-hepatic can-
cers, and thosewithNAFLD cirrhosis showed an increased
risk of liver-related events [48]. Although the mechanisms
involved in the association between hepatic fibrosis and
the risk of extra-hepatic cancer are still unestablished, the
dysregulation of endothelial cell structure, upregulated tis-
sue inhibitors of matrix metalloproteinases, alterations in
the extracellular matrix, and angiogenesis induce exces-
sive wound healing responses during hepatic fibrosis [49].
These proinflammatory conditions may underlie the link
between high-grade fibrosis and extra-hepatic malignancy
[50]. In addition, patients with hepatic steatosis are more

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12454 by C

ochraneC
hina, W

iley O
nline L

ibrary on [30/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CHUNG et al. 11

likely to have chronic inflammation and insulin resistance,
creating a microenvironment suitable for cancer devel-
opment [51, 52]. Increased proinflammatory cytokine or
altered adipokine production may promote the develop-
ment of cancer through proliferative and anti-apoptotic
effects [53].
In the stratified analysis, the highest risk of cancer inci-

dence andmortality in theM-MAFLD group was observed
predominantly in non-obese subjects, nonsmokers and
alcohol abstainers in this study. To reduce the effect of
reverse causality, we excluded people with pre-existing
cancer and introduced a lag period of 1 year. In a sensitivity
analysis, we extended the lag period to 2 years but found lit-
tle change in the results. However, reverse causality cannot
be ruled out, considering the long latency period of some
cancers [54], and our results should be validated in further
studies.
Our study presents the substantial strengths of large

sample size, a population-based design, and categoriza-
tion of MAFLD considering additional etiologies. This
study provides new insights for understanding cancer-
related clinical outcomes of MAFLD, which can be used
to develop cancer screening strategies for patients with
MAFLD. However, there were also some limitations in this
work. First, our study cannot establish a causal relation-
ship because of its population-based observational design.
Second, although histological or radiological modalities
are preferred methods for detecting hepatic steatosis and
fibrosis, we used the FLI and BARD as surrogate markers
of fatty liver and hepatic fibrosis. The FLI cannot accu-
rately quantify hepatic steatosis and differentiate simple
steatosis from steatohepatitis [55]. However, due to the
advantages of easy access, using the FLI is practical for
screening the general population in epidemiologic studies
[56, 57]. It was also validated in theKorean populationwith
acceptable sensitivity and specificity [58, 59].Moreover, the
median (interquartile range) value of FLI in individuals
with a relevant ICD10 code for steatosis (K76.0) was 30.5
(12.8-56.2), while that in those without K76.0 was 19.1 (7.5-
41.4) in this study. The area under the receiver operating
characteristic curve (AUROC) of BARD for discriminat-
ing advanced liver fibrosis in patients with NAFLD ranged
0.77–0.81 [60], and the BARD score yielded a high nega-
tive predictive value to rule out advanced fibrosis (90.9%) in
Korean NAFLD [61]. Recently, Wu et al. reported the diag-
nostic performance of BARD in MAFLD with an AUROC
of 0.609 [62]. Because the two variables for calculating
the BARD score (BMI and diabetes) were also included
in the diagnostic criteria of MAFLD, this may lead to
a limited performance in detecting advanced fibrosis in
MAFLD patients. Nonetheless, its high negative predic-
tive value makes the BARD score an alternative tool for
ruling out advanced fibrosis in epidemiologic studies, and

only the BARD scorewas available for evaluating advanced
liver fibrosis in the Korean NHIS database [63, 64]. Third,
theremight be residual confounding factors such as family
history or occupational exposures related to cancer devel-
opment since the NHIS does not collect these data. Finally,
because we used FLI rather than ICD codes to define
hepatic steatosis, there is potential for misclassification.
However, the use of ICD codes relies on the accuracy of
clinical documentation and administrative coding, which
can be influenced by country-specific codes and coding
rules. Since patients with hepatic steatosis often fail to
receive medical attention due to its mild severity, patients
selected using diagnostic codes would not include a large
number of patients with fatty liver disease [62]. Further
replicative research is warranted to validate and elucidate
the underlying mechanisms for our results.
In conclusion, theM-MAFLDgroup showed the greatest

risk of cancer incidence and mortality among the MAFLD
subgroups. Classifying MAFLD subgroups by additional
etiologies other than pure metabolic origin and the pres-
ence of fibrosis could identify high-risk groups for cancer
and contribute to cancer prevention.
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