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cholecystectomy and the risk of
new-onset metabolic dysfunction-
associated steatotic liver disease: a
risk-stratified cohort study

Hong Jae Jeon*2, Hyuk Soo Eun%3", Woo Sun Rou?, Seok Hyun Kim?3, Byung Seok Lee?3
& Soon-Ki Ahn***

Cholecystectomy has been reported to be associated with an increased risk of metabolic dysfunction-
associated steatotic liver disease (MASLD), but the extent and modifying factors of this association
remain unclear. We analyzed 661,122 individuals enrolled from January 1, 2009 to December 31,

2019 in the Korean National Health Insurance Service-National Sample Cohort. Among them, 4,664
patients who underwent cholecystectomy were matched by age, sex, and other factors. MASLD was
defined using a fatty liver index > 60. The cholecystectomy group had a 1.48-fold higher risk of MASLD
compared to those without cholecystectomy. This risk was modified by the presence of underlying
cardiometabolic risk factors. Compared to patients with fewer than three cardiometabolic risk factors
and no cholecystectomy, the risk of MASLD increased 4.45-fold in patients with cholecystectomy and
=3 cardiometabolic risk factors. In contrast, those with fewer than three risk factors showed only a
1.22-fold increase. Multivariate analysis including interaction terms showed an adjusted hazard ratio
of 5.26 (95% Cl, 2.35-11.78) for patients with cholecystectomy and =3 cardiometabolic risk factors.
Cholecystectomy increases the risk of MASLD, particularly in individuals with multiple cardiometabolic
risk factors. Comprehensive screening and aggressive management of these factors are essential
before and after cholecystectomy.

Keywords Cholecystectomy, Metabolic dysfunction-associated steatotic liver disease, Cardiometabolic risk
factors

Cholecystectomy is a surgical procedure indicated for the treatment of various gallbladder diseases and is one
of the most commonly performed surgeries worldwide!2. The main indication for cholecystectomy is gallstone
disease, and with overall favorable clinical outcomes, it is considered a relatively safe surgery with low morbidity
and mortality®. In this context, the number of cholecystectomy cases in the Republic of Korea has been markedly
increased, with the age-standardized rate per 100,000 based on the 2010 population, increasing sharply from 67.7
in 2003 to 211.4 in 2017* However, although cholecystectomy has been widely performed owing to assumed
minimal to no adverse effects on health, cholecystectomy has been recently associated with an increased risk
of metabolic consequences, such as dyslipidemia and hyperglycemia®~. Moreover, cholecystectomy may
increase the risk of developing nonalcoholic fatty liver disease (NAFLD)!%-!3, NAFLD is the most common
chronic liver disease worldwide, characterized by hepatic lipid accumulation associated with insulin resistance!“.
It is considered the hepatic manifestation of metabolic syndrome and is associated with an increased risk of
liver-related outcomes, cardiovascular events, chronic kidney disease, and malignancies, leading to a high
socioeconomic burden'®. Therefore, the impact of cholecystectomy on the development of NAFLD should be
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rigorously evaluated. However, most previous studies reporting on the association between cholecystectomy
and NAFLD have been conducted with a cross-sectional design, and no large-scale longitudinal study on
this topic has been conducted to date. Additionally, a recent consensus by an international panel of experts
has recommended renaming NAFLD to metabolic dysfunction-associated steatotic liver disease (MASLD), a
designation defined for patients with hepatic steatosis who have one or more of five cardiometabolic risk factors
(CMRF), emphasizing the critical role of cardiometabolic profile in the pathogenesis of MASLD'®. Although
the term NAFLD has been replaced with MASLD, no studies have yet investigated the association between
MASLD and cholecystectomy. Therefore, we conducted a large-scale nationwide cohort study to demonstrate
the association between cholecystectomy and MASLD development using the Korean National Health Insurance
Service-National Sample Cohort 2.0 data'”!8. In addition, no study has identified high-risk groups with an
increased risk of developing MASLD after cholecystectomy. Since cardiometabolic risk factors are considered to
be associated with MASLD development, we also aimed to investigate whether the risk of new-onset MASLD
following cholecystectomy varies depending on the number of individual cardiometabolic risk factors.

Materials and methods

Data source

We analyzed a population-based cohort data set from the Korean National Health Insurance Service-National
Sample Cohort 2.0 (NHIS-NSC 2.0), which includes approximately 2% of the total Korean population in
2006'718, The Korean government incorporated retrospective and prospective follow-up data from 2002 to 2019
and stratified the total population into 2,142 strata based on age, sex, region, eligibility status, and income level.
From each stratum, the government randomly selected 2.1% (n=1,021,208) to be included in the NHIS-NSC
2.0 cohort. As the Korean NHIS covers about 97% of the total Koreans, this cohort is representative of the entire
Korean population'®. This study was approved by the Institutional Review Board of the Chungnam National
University Hospital (IRB number: 2024-04-031), and permission was granted to use the NHIS health check-up
data (NHIS-2024-2-146). All procedures performed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.

Study population

The cohort of patients who underwent cholecystectomy was constructed using the NHIS-NCS 2.0 database. We
included individuals from the NHIS-NSC who were over 18 years as of 2009 and had not died before December
31, 2009. Individuals who undergone cholecystectomy were identified using the procedure codes Q7380 and
Q7410 from the health insurance procedure classification. Patients with the fatty liver index (FLI)>60 at any
time prior to the date of cholecystectomy were excluded from the study cohort!®. The NHIS database enables
longitudinal tracking of diagnoses and procedures, allowing us to distinguish between pre-existing and incident
SLD. Participants were followed using repeated health screening data within the NHIS database, which includes
serial laboratory results and anthropometric measurements.

Definition of MASLD

MASLD was defined as the presence of SLD and at least one of the five cardiometabolic risk factors, with no
other discernible cause. The presence of SLD was defined as the FLI, a validated prediction models for fatty liver
disease, >60.!° In this study, steatotic liver disease was defined as a case where the FLI was 60 or higher at least
once during the follow-up period. The FLI is calculated using the following formula.

Fatty Liver Index=eY/(1+e¥) x 100, where y=0.953 x In(triglycerides, mg/dL) +0.139 x BMI, kg/m2+0.718
x In(GGT, U/L) +0.053 x waist circumference, cm - 15.745)

Cardiometabolic risk factors were defined as follows. (1) Body mass index>23 kg/m? or a high waist
circumference (=90 cm for men and > 85 cm for women), (2) fasting serum glucose > 100 mg/dL, type 2 diabetes,
or a prescription record of antidiabetic medications, (3) blood pressure>130/85 mmHg or a prescription
record of antihypertensive medications, (4) triglycerides>150 mg/dL or a prescription record of lipid-lowering
medications, and (5) a low high-density lipoprotein cholesterol (<40 mg/dL for men and <50 mg/dL for
women)'S. Additionally, since MASLD is associated with minimal or no alcohol consumption, we set the alcohol
intake threshold at less than 210 g per week for men and less than 140 g per week for women to differentiate
MASLD from metabolic dysfunction and alcohol-associated steatotic liver disease'®. We also excluded cases of
MASLD occurring within the first year after cholecystectomy, as early MASLD events may reflect pre-existing
liver disease rather than new-onset disease following cholecystectomy.

Definition of variables

Family income status was determined based on the decile distribution of household insurance premiums and
categorized into low (1st-3rd deciles), middle (4th-7th deciles), and high (8th-10th deciles) income groups.
Cigarette smoking status was classified into three groups: never smoker, former smoker, and current smoker.
Alcohol intake was grouped into three levels: 0 g per week, less than 140 g per week, and 140 g or more per week.
Exercise intensity was measured in metabolic equivalents (METs) and categorized into three levels: less than
500 METs, 500-1,000 METs, and 1,000 METs or more. Height and weight were measured by trained personnel
following a standardized protocol. Body mass index (BMI) was calculated as weight (kg) divided by the square
of height (m?). Hypertension, diabetes mellitus, and dyslipidemia was defined based on self-reported diagnoses
using diagnosis-specific questionnaires or by the presence of relevant billing codes (HTN: 110, I11, 112, 113,
and I15; Diabetes mellitus: E10, E11, E12, E13, and E14; Dyslipidemia: E78, E780, E781, E782, E783, E784, and
E785).
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Statistical analysis

We expressed participant characteristics as means with standard deviation or as numbers and percentages.
Student’s t-test or chi-square test was used to estimate statistical differences between two groups. The cumulative
incidence of new-onset MASLD was calculated by product limit (Kaplan-Meier) method of survival probability
and compared across the groups using the Kaplan-Meier method and the log-rank test. Incidence rate (IR)
of MASLD was presented as the incidence per 1000 person-years. Multivariate analysis was performed with
a Cox proportional hazards analysis to assess the associations of cholecystectomy with the development
of MASLD. The proportional hazards assumption was evaluated graphically by log-log plots, and there was
no significant departure from proportionality in hazards over time. Hazard ratio (HR) and 95% confidence
interval (CI) were calculated. Model 1 was an unadjusted model, and Model 2 was adjusted for sex, age, status
of income, activity group, BMI, triglyceride, HDL-cholesterol, total cholesterol, fasting blood sugar, aspartate
aminotransferase, alanine aminotransferase, and gamma-glutamyl transferase. Model 3 included variable from
model 2 plus interaction terms (Cholecystectomy & CMRE, groups*Sex; Cholecystectomy & CMRE, groups*Age;
Cholecystectomy & CMRE, groups*BMI) which the significant interactions were detected. Variables selection
was done by clinical knowledge or by the stepwise method, which is both forward selection and backward
elimination. P-values<0.05 were considered statistically significant. All analyses were performed with SAS
Enterprise Guide version 8.3 (SAS Institute, Cary, NC, USA) and RStudio Server version 2023.03.1 Build 446
(2009-2023 Posit Software, PBC, Boston, MA, USA; https://posit.co/download/rstudio-server/), and R software
(version 4.3.0; R Foundation for Statistical Computing, Vienna, Austria).

Propensity score matching

To mitigate selection bias from potential confounders between the cholecystectomy group and the non-
cholecystectomy group, propensity score matching (PSM) analysis was conducted. This analysis included
matching variables included age, age group, sex, cardiometabolic risk factors, income status, cigarette smoking,
drinking alcohol amount (grams per week), alcohol drinking group, activity group, walking activity frequency
(per week), body mass index (kg/m?), systolic and diastolic blood pressure (mmHg), total cholesterol, triglyceride,
HDL cholesterol, LDL cholesterol, fasting plasma glucose, BMI group, and comorbidities (hypertension, diabetes
mellitus, dyslipidemia).The PSM analysis was performed using the matchit() function from the Matchlt (version
4.5.0; Ho, Imai, King, and Stuart) with nearest neighbor method with a 1:3 ratio, without replacement, with no
caliper. Balance diagnostics to determine the quality of the matching was evaluated in Supplementary Fig. 1.

Results

Flow of analysis

From January 1, 2009 to December 31, 2019, a total of 661,122 patients were enrolled in the study. Among these
patients, 18,816 patients aged < 18 years and 227 patients who died before December 31, 2009 were excluded.
Therefore, the remaining 642,079 patients comprising 10,194 patients who underwent cholecystectomy and
631,885 who did not were included in the study. Among the 10,194 patients who underwent cholecystectomy,
5,178 patients were excluded owing to a fatty liver index (FLI) of > 60. After further excluding cases with missing
matching variables (n=352), 4,664 cholecystectomy matched cases and their 13,992 non-cholecystectomy
matched controls were analyzed in this study (Fig. 1). The mean follow-up period was 5.35 years, generating
99,767 person-years.

Baseline characteristics before and after PSM

Table 1 presents the baseline characteristics of the participants who underwent and did not undergo
cholecystectomy before and after PSM. After matching, the cholecystectomy group (n=4,664) and the
matched non-cholecystectomy group (n=13,992) were well balanced across all covariates, including age, sex,
cardiometabolic risk factors, socioeconomic status, lifestyle factors, and laboratory values. No significant
differences were observed between the two groups for any matching variable after propensity score matching,
suggesting that the PSM effectively minimized potential selection bias (p>0.05) (Table 1). Moreover, the
distribution of propensity scores before and after matching is illustrated in supplementary Fig. 1. Prior to
matching, there were notable differences in the distribution of propensity scores between the treated and control
groups, with the raw control group showing a higher concentration at lower propensity scores compared to
the raw treated group. After propensity score matching, the distributions for the matched treated and matched
control groups were well balanced, with substantial overlap across the range of propensity scores. This indicates
that the matching procedure was effective in achieving comparability between the groups, thereby minimizing
confounding and improving the validity of subsequent analyses. Moreover, before propensity score matching,
patients who underwent cholecystectomy exhibited a significantly higher mean number of CMRF compared to
non-cholecystectomy patients, as evidenced by greater mean values and standard deviations (e.g., 3.13+1.23
vs. 2.53+1.32, p<0.001). This baseline imbalance confirmed that cholecystectomy patients had a substantially
greater cardiometabolic risk burden prior to surgical intervention. After propensity score matching, the CMRF
burden was effectively balanced between groups. The mean and standard deviation of CMRF counts showed
no statistically significant difference between matched cholecystectomy and non-cholecystectomy groups (e.g.,
3.13+1.23vs.3.11+1.25, p=0.213), demonstrating that the matching procedure successfully eliminated baseline
differences in metabolic risk profiles. This balancing validates subsequent comparisons of MASLD outcomes
between the cohorts (Supplementary Table 1). Furthermore, both before and after propensity score matching,
there were significant differences in the mean (SD) values of the number of CMRF across the four groups
stratified by cholecystectomy status and CMRF burden (cholecystectomy with CMRF >3, cholecystectomy
with CMREF < 3, non-cholecystectomy with CMRF > 3, and non-cholecystectomy with CMRF < 3). For example,
before matching, the mean (SD) number of CMRF was 3.80 (0.71) in the cholecystectomy with CMRF >3

Scientific Reports |

(2025) 15:28223 | https://doi.org/10.1038/s41598-025-13556-5 nature portfolio


https://posit.co/download/rstudio-server/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/
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Matching variables : Age, Age group, Sex, Cardiometabolic risk factors, Status of income, Cigarette smoking,
Drinking alcohol amount (gram/week), Alcohol drinking group, Activity group, Walking activity frequency (per
week), Body mass index (Kg/m?), SBP (mmHg), DBP (mmHg),Total cholesterol (mg/dL), Triglyceride (mg/dL),HDL
cholesterol (mg/dL), LDL cholesterol (mg/dL), Fasting plasma glucose (mg/dL), BMI group,
Comorbidities(Hypertension, Diabetes mellitus, Dyslipidemia)

1 1
non-cholecystectomy cholecystectomy
matched controls matched cases

(n = 13,992) (n = 4,664 )

Fig. 1. Study flow chart.

group and 1.55 (0.58) in the cholecystectomy with CMRF <3 group, while after matching, the values were 3.81
(0.71) and 1.55 (0.58), respectively, with similar patterns in the non-cholecystectomy groups. However, when
comparing within each CMREF stratum (i.e., between cholecystectomy and non-cholecystectomy groups with
the same CMRF burden), before propensity score matching, there were statistically significant differences in
the mean (SD) number of CMRF between cholecystectomy and non-cholecystectomy groups both in those
with CMRF >3 and in those with CMRF < 3. After propensity score matching, a significant difference persisted
between cholecystectomy and non-cholecystectomy groups in the CMRF < 3 stratum, whereas the difference was
no longer significant in the CMRF > 3 stratum. These results indicate that, prior to matching, baseline metabolic
profiles differed between surgical and non-surgical groups across both CMREF strata, but after matching, only the
low CMRF burden group continued to show residual metabolic differences, while the high CMRF burden group
did not (Supplementary Table 2).

MASLD risk in cholecystectomy

After matching, the cholecystectomy group (n=4,664) and the non-cholecystectomy group (n=13,992) were
followed for a total of 16,133.9 and 83,633.2 person-years, respectively. The overall incidence rate of MASLD was
29.87 per 1,000 person-years in the cholecystectomy group, compared to 20.37 per 1,000 person-years in the
non-cholecystectomy group. The crude hazard ratio for MASLD in the cholecystectomy group versus the non-
cholecystectomy group was 1.48 (95% CI: 1.34-1.64), indicating a significantly higher risk of MASLD among
individuals who underwent cholecystectomy. When stratified by CMRF burden, the incidence rate of MASLD
was highest in the subgroup with both cholecystectomy and three or more CMRFs, with an incidence rate
of 27.77 per 1,000 person-years. In contrast, the incidence rate in the group with cholecystectomy and fewer
than three CMRFs was 9.06 per 1,000 person-years. For the non-cholecystectomy group, the incidence rates
were 25.70 per 1,000 person-years for those with three or more CMRFs and 8.78 per 1,000 person-years for
those with fewer than three CMRFs. The hazard ratios reflected these trends: compared to the reference group
(non-cholecystectomy, CMRF < 3), the HR for MASLD was 4.45 (95% CI: 3.79-5.22) in the cholecystectomy
group with CMRF = 3, 1.22 (95% CI: 0.90-1.64) in the cholecystectomy group with CMRF < 3, and 2.94 (95% CI:
2.56-3.37) in the non-cholecystectomy group with CMRF > 3. In summary, Table 2 demonstrates that the risk of
developing MASLD is substantially higher in individuals with a history of cholecystectomy, particularly when
accompanied by a high burden of cardiometabolic risk factors. The incidence rates and hazard ratios indicate a
clear additive effect of cholecystectomy and multiple CMRFs on MASLD development.
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Post-PSM Pre-PSM
Cholecystectomy (No) | Cholecystectomy (Yes) | P value | Cholecystectomy (No) | Cholecystectomy (Yes) | P value
n=13,992 n=4,664 n=453,610 n=5,016
Age.2009 50.8 (14.0) 50.6 (13.7) 0401 | 44.9 (14.6) 50.2 (13.8) <0.001
Age group: 0.905 <0.001
< 45 years old 4,764 (34.0%) 1,612 (34.6%) 229,167 (50.5%) 1,793 (35.7%)
45-54 years old 3,672 (26.2%) 1,223 (26.2%) 107,997 (23.8%) 1,303 (26.0%)
55-64 years old 2,953 (21.1%) 979 (21.0%) 66,196 (14.6%) 1,033 (20.6%)
> 65 years old 2,603 (18.6%) 850 (18.2%) 50,250 (11.1%) 887 (17.7%)
Sex: 0.250 0.035
Female 7,925 (56.6%) 2,596 (55.7%) 245,241 (54.1%) 2,787 (55.6%)
Male 6,067 (43.4%) 2,068 (44.3%) 208,369 (45.9%) 2,229 (44.4%)
Cardiometabolic risk factors: 0.295 <0.001
No 149 (1.06%) 59 (1.27%) 18,350 (4.05%) 67 (1.34%)
Yes 13,843 (98.9%) 4,605 (98.7%) 435,260 (96.0%) 4,949 (98.7%)
Status of income: 0.900 0.013
low level 2,953 (21.1%) 972 (20.8%) 99,809 (22.3%) 1,058 (21.3%)
middle level 5,466 (39.1%) 1,837 (39.4%) 179,467 (40.1%) 1,939 (39.1%)
high level 5,573 (39.8%) 1,855 (39.8%) 167,922 (37.5%) 1,961 (39.6%)
Cigarette smoking: 0.761 <0.001
non-smoker 9,384 (67.1%) 3,103 (66.5%) 296,749 (65.6%) 3,321 (66.4%)
ex-smoker 2,134 (15.3%) 716 (15.4%) 60,495 (13.4%) 791 (15.8%)
current-smoker 2,474 (17.7%) 845 (18.1%) 95,059 (21.0%) 893 (17.8%)
Drinking alcohol amount 47.2 (127) 47.4 (122) 0.911 58.9 (123) 47.4 (122) <0.001
Alcohol drinking group: 0.903 <0.001
0 8,820 (63.0%) 2,928 (62.8%) 243,490 (54.9%) 2,989 (62.8%)
<140 g 3,543 (25.3%) 1,182 (25.3%) 130,947 (29.5%) 1,200 (25.2%)
>140g 1,629 (11.6%) 554 (11.9%) 68,938 (15.5%) 567 (11.9%)
Alcohol drinking frequency(per week): 0.903 <0.001
almost none 11,345 (81.1%) 3,769 (80.8%) 341,330 (76.7%) 3,852 (80.7%)
1-2 times per week 1,993 (14.2%) 671 (14.4%) 80,184 (18.0%) 691 (14.5%)
over 3 times per week 654 (4.67%) 224 (4.80%) 23,644 (5.31%) 229 (4.80%)
Activity (METs) 367 (395) 367 (396) 0.944 | 381 (390) 368 (396) 0.031
Activity group: 0.781 0.005
< 500 METs 10,232 (73.1%) 3,400 (72.9%) 315,464 (71.1%) 3,469 (72.8%)
500-1000 METs 2,597 (18.6%) 885 (19.0%) 92,767 (20.9%) 905 (19.0%)
> 1000 METs 1,163 (8.31%) 379 (8.13%) 35,602 (8.02%) 392 (8.22%)
Walking activity frequency(per week): 0.721 0.001
almost none 5,943 (42.5%) 1,983 (42.5%) 178,253 (40.0%) 2,030 (42.4%)
1-4 days per week 3,393 (24.2%) 1,154 (24.7%) 110,567 (24.8%) 1,186 (24.8%)
over 5 days per week 4,656 (33.3%) 1,527 (32.7%) 156,475 (35.1%) 1,575 (32.9%)
BMI(Kg/m?) 24.0 (3.10) 24.0 (3.25) 0.847 | 23.3(3.06) 24.1 (3.33) <0.001
SBP(mmHg) 122 (15.2) 123 (15.2) 0.900 121 (14.9) 123 (15.2) <0.001
DBP(mmHg) 76.0 (10.0) 75.9 (10.1) 0.444 75.4 (9.96) 76.0 (10.1) <0.001
Total cholesterol(mg/dL) 192 (37.8) 192 (37.3) 0.256 194 (36.7) 192 (37.5) 0.002
Triglyceride(mg/dL) 130 (83.8) 130 (87.8) 0717 | 126 (99.9) 132 (94.3) <0.001
HDL(mg/dL) 54.6 (21.2) 54.3 (24.6) 0.526 57.0 (25.7) 54.4(24.7) <0.001
LDL(mg/dL) 115 (120) 115 (126) 0.925 116 (138) 115 (124) 0.594
FBS(mg/dL) 100 (25.6) 101 (27.0) 0.698 | 96.6(22.2) 101 (27.1) <0.001
BMI group: 0.759 <0.001
<185 402 (2.87%) 136 (2.92%) 20,932 (4.61%) 147 (2.93%)
18.5-23.0 4,989 (35.7%) 1,671 (35.8%) 200,081 (44.1%) 1,772 (35.3%)
23.0-25.0 3,812 (27.2%) 1,237 (26.5%) 110,229 (24.3%) 1,309 (26.1%)
25.0-30.0 4,265 (30.5%) 1,429 (30.6%) 112,653 (24.8%) 1,562 (31.1%)
>30.0 524 (3.74%) 191 (4.10%) 9,715 (2.14%) 226 (4.51%)
Past hypertension history: 0.400 <0.001
No 5,753 (41.1%) 1,951 (41.8%) 263,469 (58.1%) 2,114 (42.1%)
Continued
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Post-PSM Pre-PSM
Cholecystectomy (No) | Cholecystectomy (Yes) | P value | Cholecystectomy (No) | Cholecystectomy (Yes) | P value
n=13,992 n=4,664 n=453,610 n=>5,016
Yes 8,239 (58.9%) 2,713 (58.2%) 190,141 (41.9%) 2,902 (57.9%)
Past diabetes history: 0.844 <0.001
No 5,822 (41.6%) 1,949 (41.8%) 279,351 (61.6%) 2,123 (42.3%)
Yes 8,170 (58.4%) 2,715 (58.2%) 174,259 (38.4%) 2,893 (57.7%)
Past dyslipidemia history: 0.620 0.000
No 5,350 (38.2%) 1,803 (38.7%) 306,491 (67.6%) 1,956 (39.0%)
Yes 8,642 (61.8%) 2,861 (61.3%) 147,119 (32.4%) 3,060 (61.0%)
Incident MASLD: 0.001 0.277
No 12,288 (87.8%) 4,182 (89.7%) 411,292 (90.7%) 4,525 (90.2%)
Yes 1,704 (12.2%) 482 (10.3%) 42,318 (9.33%) 491 (9.79%)
Follow up period(months) 71.7 (30.4) 41.5(27.9) 0.000 70.6 (30.7) 41.9 (28.1) 0.000

Table 1. Baseline characteristics before and after propensity score matching for all variables.

Number of | PY Number of IR HR
Variable subjects (Person Years) | incident MASLD | per 1000 PY | (95% CI)
Cholecystectomy No 13,992 83,633.2 1,704 20.37 1
Yes 4,664 16,133.9 482 29.87 1.48(1.34-1.64)
<3 5,673 31,247.8 283 9.06 1
>3 12,983 68,519.3 1,903 27.77 3.07(2.71-3.48)
Cholecystectomy & CMRF | Cholecystectomy(No), CMRF(<3) | 4,285 26,318.5 231 8.78 1
Cholecystectomy(No), CMRF(=3) | 9,707 57,314.7 1,473 25.70 2.94(2.56-3.37)
Cholecystectomy(Yes), CMRF(<3) | 1,388 4,929.3 52 10.55 1.22(0.90-1.64)
Cholecystectomy(Yes), CMRF(=3) | 3,276 11,204.7 430 38.38 4.45(3.79-5.22)

Table 2. Incidence rate of MASLD after PS matching for all variables. PY, Person-years; IR, Incidence rate; HR,
Hazard ratio; CMRE, cardiometabolic risk factor.

Subgroup analysis for MASLD risk according to cholecystectomy and cardiometabolic risk
factors

Cumulative incidence of MASLD as estimated by the Kaplan-Meier method, stratified by cholecystectomy
status and CMRF burden (=3 or <3). 5-year cumulative incidence risk of MASLD was 17.10 (95% CI 5.41-
18.75) for the cholecystectomy group with over three cardiometabolic risk factors, 6.29 (95% CI 4.44-8.10)
for the cholecystectomy group fewer than three cardiometabolic risk factors, 12.48 (95% CI 11.78-13.17) for
the non-cholecystectomy group with over three cardiometabolic risk factors, and 3.87 (95% CI 3.25-4.49)
for the non-cholecystectomy group with fewer than three cardiometabolic risk factors. At 96 months, the
cumulative incidence of MASLD was highest in the cholecystectomy group with CMRF>3 (23.48%, 95% CI:
21.03-25.85), followed by the non-cholecystectomy group with CMRF >3 (19.05%, 95% CI: 18.12-19.98), the
non-cholecystectomy group with CMRF <3 (7.48%, 95% CI: 6.47-8.48), and the cholecystectomy group with
CMRF <3 (6.92%, 95% CI: 4.87-8.93). Notably, there were no new-onset MASLD cases between 72 and 96
months in the cholecystectomy (+), CMRF <3 group, and between 84 and 96 months in the cholecystectomy
(+), CMRF 2 3 group, indicating a plateau in cumulative incidence during late follow-up (Table 3). Moreover, he
cumulative hazard of new-onset MASLD according to cholecystectomy status in the propensity score-matched
population. The cumulative hazard was consistently higher in the cholecystectomy group compared to the non-
cholecystectomy group throughout the follow-up period (log-rank p <0.0001). The number at risk at each time
point is shown, confirming robust follow-up across both groups (Fig. 2).

Further stratification of the cumulative hazard of MASLD by both cholecystectomy status and CMRF burden
were shown in Fig. 3. The cumulative hazard was highest in the cholecystectomy group with CMREF > 3, followed
by the non-cholecystectomy group with CMRF 23, the cholecystectomy group with CMRF <3, and the non-
cholecystectomy group with CMRF < 3. Multiple comparison testing confirmed that the cumulative hazard in
the cholecystectomy (+), CMRF >3 group was significantly higher than in all other groups (log-rank p <0.0001
for all relevant comparisons). The number at risk for each group at each time point is also provided, supporting
the validity of the survival analysis (Fig. 3).

In Table 4, the adjusted hazard ratios (aHRs) for MASLD according to cholecystectomy status and CMRF
burden. In the fully adjusted model (Model 3), which incorporated interaction terms for cholecystectomy, CMRF,
sex, age, and BMI, the risk of MASLD was highest in the cholecystectomy group with CMRF >3 (aHR: 5.26,
95% CI: 2.35-11.78, p<0.001), followed by the non-cholecystectomy group with CMRF >3 (aHR: 1.65, 95% CI:
0.82-3.31, p=0.158), and the cholecystectomy group with CMRF <3 (aHR: 0.57, 95% CI: 0.11-2.35, p=0.521),
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Cumulative incidence (%) of MASLD (95% CI)
Cholecystectomy (No),
Time frame | CMRF<3 Cholecystectomy (No), CMRF >3 | Cholecystectomy (Yes), CMRF<3 | Cholecystectomy (Yes), CMRF >3
1 year 0.49(0.28-0.70) 1.14(0.93-1.35) 1.02 (0.47-1.57) 439 (3.66-5.12)
2 years 1.39(1.32-1.74) 4.51(4.09-4.93) 1.74 (1.00-2.48) 8.18 (7.15-9.18)
3 years 2.28(1.82-2.74) 7.54(7.00-8.08) 323 (2.14-4.31) 11.03 (9.81-12.23)
4 years 3.06(2.52-3.6) 10.12(9.49-10.74) 4.14 (2.83-5.43) 14.43 (12.96-15.87)
5 years 3.87(3.25-4.49) 12.48(11.78-13.17) 6.29 (4.44-8.10) 17.10 (5.41-18.75)
6 years 4.78(4.07-5.49) 14.8(14.03-15.57) 6.29 (4.44-8.10) * 21.32 (19.20-23.39)
7 years 6.12(5.27-6.96) 17.28(16.46-18.13) 6.92 (4.87-8.93) * 23.48 (21.03-25.85) *
8 years 7.48(6.47-8.48) 19.05(18.12-19.98) 6.92 (4.87-8.93) * 23.48 (21.03-25.85) *
Table 3. Cumulative incidence of MASLD for cholecystectomy and/or cardiometabolic risk factor (CMRF) >3
or <3 (95% CI). Cumulative incidence was calculated by product limit (Kaplan-Meier) method of survival
probability. *There was no new-onset MASLD between 72 and 96 months of survival time in Cholecystectomy
(Yes), CMRF < 3 group, 84 and 96 months of survival time in Cholecystectomy (Yes), CMRF >3 group.
06
04
B
<
8
ﬁ Log-rank p <0.0001
E + + Cholecystectomy=No
% = Cholecystectomy=Yes
E
3
o
0.2
0.0
0 12 24 36 48 60 72 84 9 108 120
months from the index day to new-onset MASLD
Number at risk
Cholecystectomy=No{ 13,992 13,840 12,895 11,687 10,618 9,303 7,826 5,814 3,570 1,633 593
Cholecystectomy=Yes{ 4,664 3,874 3,147 2,453 1,817 1,269 802 412 177 47 0
0 12 24 36 48 60 72 84 96 108 120

months from the index day to new-onset MASLD

Fig. 2. Comparison of cumulative hazard of MASLD between cholecystectomy patients and their risk set-
matched controls. P-value for stratified log-rank test <0.0001.

compared to the reference group (non-cholecystectomy, CMRF < 3). These findings remained consistent across
all adjustment models, demonstrating that both cholecystectomy and a higher burden of cardiometabolic risk
factors independently and additively increase the risk of MASLD.

In summary, both cholecystectomy and a higher burden of cardiometabolic risk factors were independently
and additively associated with an increased risk of MASLD. The risk was most pronounced in individuals with
both cholecystectomy and three or more CMRFs, as demonstrated by the highest cumulative incidence and
hazard in this group over the entire follow-up period.
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1,388 1,168 963 743 555 390 255 131 55 13 0
3,276 2,706 2,184 1,710 1,262 879 547 281 122 34 0

Fig. 3. Comparison of cumulative hazard of MASLD for patients and their risk set-matched controls on
cholecystectomy and cardiometabolic risk factor (CMRF) factors. P-value for stratified log-rank test <0.0001.

Model 1 Model 2 Model 3
HR (95% CI) pvalue | aHR (95% CI) | p value | aHR (95% CI) p value
Cholecystectomy (No), CMRF<3 | 1 (reference) 1 (reference) 1 (reference)

Cholecystectomy (No), CMRF>3 | 2.94 (2.56-3.37) | <0.001 | 0.99 (0.85-1.15) | 0.862 | 1.65(0.82-3.31) | 0.158
Cholecystectomy (Yes), CMRF<3 | 1.22 (0.90-1.64) | 0.205 | 1.07 (0.79-1.46) | 0.648 | 0.57 (0.11-2.35) | 0.521
Cholecystectomy (Yes), CMRF>3 | 4.45 (3.79-5.22) | <0.001 | 1.31 (1.11-1.55) |0.002 | 5.26 (2.35-11.78) | <0.001

Table 4. Adjusted HRs of MASLD for cholecystectomy and/or cardiometabolic risk factor (CMRF) >3

or <3 (95% CI). Model 1 is unadjusted. Model 2 includes variables from model 1 plus sex, age, status of
income, activity group, BMI, triglyceride, HDL-cholesterol, total cholesterol, fasting blood sugar, aspartate
aminotransferase, alanine aminotransferase, and gamma-glutamyl transferase. Model 3 includes variables
from model 2 plus interaction terms (Cholecystectomy & CMRE, groups*Sex; Cholecystectomy & CMRE,
groups*Age; Cholecystectomy & CMRE, groups*BMI). CI, confidence interval; HR, Hazard ratio; aHR,
adjusted Hazard ratio; CMRE, cardiometabolic risk factor.

Cholecystectomy indications and hospital visit routes

The distribution of primary diagnoses among patients who underwent cholecystectomy during the study
period. The most common indication for cholecystectomy was gallstone-related disease, including cholelithiasis
and cholecystitis, accounting for the majority of cases. Other indications included gallbladder polyps, biliary
dyskinesia, and less frequently, gallbladder neoplasms. This distribution reflects typical clinical practice, where
benign gallbladder disease is the predominant reason for surgical intervention (Supplementary Table 3). For
these patients, the routes of hospital presentation for the study cohort were presented (N=5,013). Of these,
1,139 patients (22.72%) visited via the emergency room, while 3,874 (77.28%) presented via the outpatient
clinic. The emergency room group was further subdivided into arrivals from other medical institutions (n =93,
1.85%), by ambulance (n=38, 0.76%), and by other means (n=1,008, 20.12%). Similarly, the outpatient clinic
group included arrivals from other medical institutions (n=260, 5.18%), by ambulance (n=9, 0.18%), and by
other means (1 =3,605, 71.92%). These data provide insight into the healthcare utilization patterns and referral
pathways within the study population (Supplementary Table 4).

Sensitivity analysis based on alcohol consumption in males and females

The results of sensitivity analyses evaluating the association between cholecystectomy, CMRF burden, and the
risk of MASLD-stratified by sex and levels of alcohol consumption-are presented in supplementary Table 5.
These analyses demonstrate that the increased risk of MASLD associated with cholecystectomy and higher
CMREF burden was consistent in both males and females, regardless of alcohol intake. This finding supports the
robustness of the main results and indicates that the observed associations are not confounded by differences
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in alcohol consumption patterns between sexes. Supplementary Fig. 2 graphically displays the subdistribution
hazard ratios and 95% confidence intervals for MASLD according to cholecystectomy status (Yes/No), CMRF
burden (<3/23), sex (male/female), and strata of alcohol consumption (<70 g, <140 g, and <210 g per week).
In the figure, results for males are depicted as red circles and for females as blue triangles, with separate panels
for each alcohol consumption category. The reference group in each comparison is the non-cholecystectomy,
CMREF < 3 subgroup. Across all levels of alcohol consumption and in both sexes, the risk of MASLD is highest
in individuals with both cholecystectomy and a high CMRF burden. Although confidence intervals are wider
in subgroups with fewer events, the overall pattern remains consistent, reinforcing the additive effect of
cholecystectomy and metabolic risk on MASLD development, independent of sex and alcohol intake.

Discussion

In this large-scale longitudinal cohort study involving 18,656 Korean adults, we demonstrated that
cholecystectomy was associated with an increased risk of new-onset MASLD, particularly in individuals with
three or more cardiometabolic risk factors. Individuals who underwent cholecystectomy had a 1.48-fold
higher risk of developing MASLD than those who did not undergo cholecystectomy. The gallbladder stores
and concentrates bile during fasting and releases it rhythmically through the fasting and postprandial phases,
thereby playing a critical role in modulating the daily cycle of bile acids. Bile acids, of which bile is the major
constituent, not only facilitate lipid absorption but also act as essential signaling molecules, regulating gene
expression associated with bile acid metabolism, as well as glucose, lipid, and energy metabolism, via the G
protein-coupled bile acid receptor 1, farnesoid X nuclear receptor, and fibroblast growth factor 19221, Therefore,
the loss of the gallbladder’s reservoir and concentrating functions following cholecystectomy may lead to
metabolic disturbances, such as altered glucose and lipid homeostasis by altering the enterohepatic circulation
of bile acids®. Clinical and experimental evidence has supported that cholecystectomy may contribute to
the development of dysglycemia and dyslipidemia. Sonne at al. have reported that patients who underwent
cholecystectomy exhibited a slight deterioration in postprandial glycemic control’. In addition, a cross-sectional
and prospective study of 1,612 Chinese adults has indicated an association between cholecystectomy and a higher
risk of both prevalent prediabetes and diabetes, as well as an increased risk of >210% in fasting plasma glucose
levels (odds ratio [OR] 2.5; 95% CI 1.2-5.4) and >10% in hemoglobin Alc levels (OR 2.6; 95% CI 1.4-4.8)%.
Meanwhile, according to a case—control study comparing patients undergoing cholecystectomy with controls
without gallbladder disease or who did not undergo cholecystectomy, patients who underwent cholecystectomy
exhibited higher plasma triglyceride, total cholesterol, and low-density lipoprotein cholesterol levels, but lower
plasma high-density lipoprotein cholesterol levels than controls’.

Cholecystectomy may contribute to NAFLD development. Amigo et al. have reported that serum and hepatic
triglycerides levels, as well as hepatic very low-density lipoprotein production, increased in cholecystectomized
mice, suggesting that free fatty acid transport from adipose tissue to the liver is elevated in cholecystectomized
mice!?. Thus, cholecystectomy may promote hepatic lipid accumulation. Two cross-sectional studies conducted
following this research have suggested that cholecystectomy may increase the risk of developing NAFLD. The
first is a large retrospective cross-sectional study of adults in the United States, where Ruhl and Everhart et al.
have reported that individuals who had undergone cholecystectomy have 2.4 times higher odds of developing
NAFLD than those without gallstone disease!!. The second is a cross-sectional study conducted on an Asian
population, in which Kwak et al. have reported that individuals who underwent cholecystectomy have a 35%
higher risk of NAFLD than those who had not undergone cholecystectomy'2. Consistent with these two studies,
a pilot study involving 26 patients who underwent cholecystectomy and 16 controls has reported increased
hepatic fat content, assess by magnetic resonance imaging, after 24 months of follow-up in patients who
underwent cholecystectomy, whereas no significant changes were observed in the control group'. Although
other similar studies have suggested a possible relationship between cholecystectomy and NAFLD, they were
all limited by a cross-sectional design or small sample size. Because gallstone disease, the primary indication
for cholecystectomy, shares metabolic disturbances as predisposing factors with NAFLD, it is difficult in cross-
sectional studies to determine whether metabolic disturbances resulting from cholecystectomy lead to NAFLD
or whether pre-existing metabolic disturbances contribute to both gallstone disease and the development of
NAFLD?*-?’. Consequently, the causal relationship between cholecystectomy and NAFLD remains unclear.
Our study overcame the limitations of previous studies by using a nationally representative cohort database
and employing propensity score matching to achieve baseline comparability in metabolic burden between the
cholecystectomy and non-cholecystectomy groups. Moreover, we assessed MASLD development following
cholecystectomy, a revised diagnostic category that replaces the former NAFLD classification, rather than
NAFLD. To the best of our knowledge, our large-scale longitudinal study is the first to demonstrate the temporal
and causal relationship between cholecystectomy and new-onset MASLD.

Additionally, the increased risk of MASLD following cholecystectomy is influenced by the number
of cardiometabolic risk factors. With the recent change in terminology from NAFLD to MASLD, five
cardiometabolic risk factors were included in the diagnostic criteria for MASLD'®. These cardiometabolic risk
factors were selected to identify patients in whom insulin resistance is the main cause of hepatic steatosis?®.
Several recent studies have reported that cardiometabolic risk factors were associated with an increased risk
of NAFLD, liver-related outcomes, cardiovascular events, and all-cause mortality in a number-dependent
manner?-32 In particular, a retrospective cohort study of 16,152 Chinese adults has indicated that individuals
with more cardiometabolic risk factors have an higher risk of developing NAFLD?. In the present study,
multivariable analysis revealed that individuals with three or more cardiometabolic risk factors who underwent
cholecystectomy had a 5.26-fold higher risk of developing MASLD (HR, 5.26; 95% CI, 2.35-11.78; P<0.001)
than individuals with fewer than three cardiometabolic risk factors who did not undergo cholecystectomy. By
contrast, individuals with fewer than three cardiometabolic risk factors who underwent cholecystectomy did
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not exhibit a statistically significant increase in MASLD risk compared to individuals with fewer than three
cardiometabolic risk factors who did not undergo cholecystectomy. Thus, cholecystectomy may increase the
risk of developing MASLD through the synergistic effect with cardiometabolic risk factors. Furthermore, risk
stratification revealed that the markedly higher risk of developing MASLD after cholecystectomy in individuals
with three or more cardiometabolic risk factors compared to those with fewer than three cardiometabolic
risk factors underscores the importance of careful patient selection for cholecystectomy in these high-risk
individuals. Moreover, if cholecystectomy is mandatory for individuals with three or more cardiometabolic
risk factors, risk factors should be more aggressively managed to prevent MASLD development, and more
frequent monitoring to detect its onset should be adopted in this group. In determining whether to perform
cholecystectomy, clinicians should weigh the clinical balance between the potential development of MASLD
associated with cholecystectomy and the complications of untreated gallbladder disease. For example, in patients
with symptomatic gallstones accompanied by typical biliary pain, cholecystectomy should be performed to
prevent recurrent biliary colic, acute cholecystitis, or gallstone pancreatitis. However, in cases where symptoms
are atypical or mild, and the patient has three or more cardiometabolic risk factors, oral bile acid dissolution
therapy may be considered as the preferred initial approach over cholecystectomy. In asymptomatic patients
with gallstones and a high cardiometabolic burden who also present with potentially controversial risk factors
for gallbladder cancer, such as gallstones >3 cm, porcelain gallbladder, or gallbladder polyps without other risk
factors aside from gallstones, the appropriateness of cholecystectomy requires further investigation to evaluate
its risk-benefit profile in this context>>-%.

The present study has some limitations. First, we defined MASLD using the FLI score rather than liver biopsy,
which is the gold standard for diagnosing SLD. However, the FLI has been established as an effective screening
tool for detecting SLD'. It is calculated using routinely collected epidemiological data, including BMI, waist
circumference, triglycerides, and gamma-glutamyl transferase, and has been extensively validated in Asian
populations, including Koreans**-%. Performing repeated liver biopsies or even magnetic resonance imaging-
proton density fat fraction (MRI-PDFF), a non-invasive alternative to liver biopsy, to evaluate the incidence of
MASLD in large population-based cohorts is not feasible. Therefore, using well-established non-invasive tests,
such as the FLI, to predict the incidence of MASLD is a practical approach. However, this indirect diagnostic
method may result in misclassification, particularly in borderline or transient cases. The lack of alternative FLI
thresholds or secondary definitions of steatosis thus represents a limitation of this study. Second, although we
adjusted for multiple covariates, residual confounding effects due to unknown or unmeasured covariates may
still exist. Therefore, it is difficult to completely rule out the possibility that underlying, unidentified metabolic
abnormalities associated with the development of MASLD may have also contributed to gallstone formation and
the subsequent need for cholecystectomy. Third, because the majority of our participants were South Korean, the
findings may have limited generalizability to populations with different ethnic backgrounds. Finally, participants
who underwent cholecystectomy may have been subject to more frequent clinical monitoring, potentially
introducing surveillance bias. Future prospective cohort studies that apply standardized follow-up protocols to
both cholecystectomy and non-cholecystectomy groups are warranted to minimize this bias and more accurately
elucidate the temporal relationship between cholecystectomy and MASLD development.

In conclusion, our study demonstrated an increased risk of developing new-onset MASLD in individuals
who underwent cholecystectomy. In particular, the risk of MASLD following cholecystectomy was particularly
elevated in individuals with more cardiometabolic risk factors. Therefore, cardiometabolic risk factors of
patients planning to undergo cholecystectomy should be preoperatively assessed. If a patient has three or more
cardiometabolic risk factors, the risk of MASLD substantially increases postoperatively, necessitating a more
cautious approach to surgical decision-making for these patients. Furthermore, after cholecystectomy, MASLD
development should be closely monitored, and cardiometabolic risk factors should be effectively managed to
reduce the risk of MASLD in this population.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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