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Purpose: Steatotic liver disease (SLD), linked to obesity and metabolic disorders, is a growing health burden. While implicated in
hepatocarcinogenesis, its prognostic role in resectable hepatocellular carcinoma (HCC) is unclear, with conflicting reports and
uncertain interaction with viral hepatitis. We aimed to evaluate the impact of concurrent SLD on recurrence-free (RFS) and overall
survival (OS) in HCC, and to explore differences across etiologic subgroups.

Patients and methods: In this retrospective cohort study, we analyzed 2123 HCC patients who underwent curative hepatic resection
between 2009 and 2023. Patients were stratified by histologically defined SLD (=5% steatosis in non-tumorous liver). Primary
outcomes were RFS and OS. Subgroup analyses were performed by HCC etiology.

Results: SLD was present in 52.2% of patients and associated with favorable metabolic and tumor profiles. While RFS did not differ
between groups (P = 0.942), patients with SLD had significantly improved OS (P = 0.001). On multivariate analysis, SLD remained an
independent protective factor for mortality (HR 0.76, P = 0.005). The survival benefit was most evident in chronic hepatitis B (CHB)
patients (HR 0.71, P = 0.011), and SLD was associated with significantly lower risks of both liver-related mortality (P=0.006) and
non-liver-related mortality (P=0.001).

Conclusion: Concurrent SLD was associated with improved overall survival after curative resection for HCC, particularly among
patients with CHB. These findings suggest that SLD may represent a clinically relevant prognostic factor in resectable HCC; however,
the observed association should be regarded as hypothesis-generating and requires prospective validation.
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Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver cancer and remains a leading cause of cancer-related
death globally."* While chronic infections with hepatitis B (CHB) and C (CHC) have historically been the main causes,
other risk factors such as heavy alcohol intake, obesity, diabetes, and smoking are also implicated.” Despite the
predominance of viral etiologies, a growing proportion of HCC cases occur in patients seronegative for both HBV and
HCYV, referred to as non-B, non-C (NBNC) hepatitis. With the success of HBV vaccination and antiviral therapy, virus-
related HCC is declining, whereas non-viral cases, particularly NBNC-HCC, are on the rise.> In this context, steatotic
liver disease (SLD) has emerged as a key contributor to hepatocarcinogenesis, driven by the global increase in metabolic
disorders such as obesity and type 2 diabetes.*¢

In parallel, the global burden of SLD has markedly increased, affecting an estimated 1.27 billion people in 2021,’
largely due to rising rates of obesity and diabetes.® Reflecting this shift, the term metabolic dysfunction-associated
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steatotic liver disease (MASLD) was proposed in 2023 to replace NAFLD, highlighting its association with cardiometa-
bolic disease.” Increasing evidence links SLD not only to liver fibrosis and cirrhosis but also to HCC development.'®!!
Importantly, recent data suggest that SLD may also impact clinical outcomes in patients with HCC, warranting its
inclusion in prognostic assessments.'?

The prognostic significance of concurrent SLD in HCC patients undergoing curative hepatectomy remains contro-
versial. Some studies have reported that patients with NAFLD-related HCC may exhibit favorable long-term survival
despite higher surgical morbidity and metabolic comorbidities.'* In contrast, others have found that hepatic steatosis in
the background liver is independently associated with poorer overall survival after resection, particularly in non-cirrhotic
patients.'* These discrepant findings likely reflect differences in patient selection, disease stage, and histological
definitions of steatosis. In addition, heterogeneity in underlying liver disease etiology, including the prevalence of viral
hepatitis (HBV/HCV), access to antiviral therapy, and the burden of metabolic comorbidities such as diabetes and
hypertension, may further contribute to the inconsistent prognostic effects reported across studies.

Given these potential sources of heterogeneity, it remains important to determine whether the prognostic impact of
SLD varies according to the underlying liver disease etiology, including viral and non-viral causes. However, few studies
have systematically examined this issue with respect to long-term outcomes. Therefore, in this study, we investigated the
association between concurrent SLD and oncologic outcomes, including recurrence-free survival (RFS) and overall
survival (OS), in HCC patients undergoing curative surgical resection. We further conducted etiology-stratified analyses
to assess whether the prognostic relevance of SLD differs between viral- and non-viral-related HCC.

Methods
Study Design and Ethics

This retrospective cohort study was conducted at Kaohsiung Chang Gung Memorial Hospital (KCGMH), a medical
center in Southern Taiwan. The study protocol was approved by the Institutional Review Board (IRB) of KCGMH
(approval number: 202500957B0). All patients who underwent curative hepatic resection for hepatocellular carcinoma
between January 2009 and December 2023 were included. Given the retrospective design and use of de-identified data,
the requirement for informed consent was waived by the IRB.

Study Population

We retrospectively identified patients who underwent hepatic resection for HCC between January 2009 and
December 2023. The inclusion criteria for this study were: (1) histologically confirmed HCC; (2) curative hepatic
resection (RO) with no evidence of macrovascular invasion or extrahepatic metastasis. The exclusion criteria for this
study were: (1) received any treatment prior to surgery; (2) underwent liver transplantation; (3) lacked pathological
assessment of hepatic steatosis; (4) had less than 3 months of postoperative follow-up. A flowchart illustrating the
process of patient selection is shown in Figure 1.

Definition of Steatotic Liver Disease

Patients were categorized into two groups based on the presence or absence of concurrent SLD. SLD was defined
histologically as hepatic steatosis involving >5% of hepatocytes in the non-tumorous portion of the resected liver
specimen.'>'® The presence and degree of steatosis were determined based on formal pathological reports from our
institution’s Department of Pathology. These assessments were performed using routine hematoxylin and eosin (H&E)
staining by board-certified pathologists as part of a standardized clinical protocol. Importantly, these pathological
evaluations were conducted at the time of surgery, effectively blinding the pathologists to the patients’ long-term
postoperative survival and recurrence outcomes.

Clinical and Pathological Variables
Baseline data included age, sex, body mass index (BMI), diabetes mellitus, hypertension, and alcohol consumption. Viral
etiology was classified as CHB, CHC, or NBNC. Liver function was assessed using aspartate aminotransferase (AST),
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Patients with HCC who received curative resection
between 2009 and 2023 at KCGMH (n=2692)

Exclude
* Treatment with other modalities
before resection (n = 253)
* No pathological steatosis report (n = 93)
* Liver transplantation (n = 194)
* <3 months of follow-up (n = 29)

v

Patients with HCC who received curative resection
with hepatic steatosis report (n=2123)

Hepatic steatosis < 5% Hepatic steatosis 2 5%

HCC without SLD HCC with SLD
(n=1014) (n=1109)

Figure | Patient selection flow diagram of the study cohort. Among 2123 patients who underwent curative hepatic resection for hepatocellular carcinoma (HCC) between
2009 and 2023, 1109 (52.2%) had concurrent steatotic liver disease (SLD). Numbers shown in bold represent the number and proportion of patients at each step of the
selection process.

alanine aminotransferase (ALT), total bilirubin, serum albumin, platelet count, Albumin—Bilirubin (ALBI) grade, and
Child—Pugh score. Due to the retrospective nature and the long-term inclusion period of this cohort, quantitative
virological data such as baseline HBV DNA levels and detailed longitudinal antiviral treatment records were not
available for all patients and were thus not included in the multivariate models. Renal function was evaluated by
estimated glomerular filtration rate (¢GFR) and serum creatinine. Tumor characteristics included alpha-fetoprotein (AFP)
level, tumor size, number, histological grade, presence of microvascular invasion (MVI), satellite nodules, and Barcelona
Clinic Liver Cancer (BCLC) stage. Pathological evaluation of the non-tumorous liver included the Ishak fibrosis score
and presence of cirrhosis. All patients underwent curative hepatic resection and were followed regularly for recurrence
and survival outcomes based on institutional surveillance protocols.

Outcomes and Statistical Analysis

Study Outcomes

The primary outcomes were recurrence-free survival (RFS) and overall survival (OS). RFS was defined as the interval from
the date of hepatic resection to the first radiologically or pathologically confirmed recurrence of HCC, whereas OS was
defined as the time from surgery to death from any cause. Secondary outcomes included liver-related and non-liver-related
mortality, OS according to the severity of hepatic steatosis (HS), and subgroup analyses of RFS and OS based on HCC
etiology, including CHB, CHC, and NBNC infection. Liver-related mortality was defined as death attributable to HCC
progression or complications of chronic liver disease (eg, hepatic failure or variceal bleeding), whereas non-liver-related
mortality referred to deaths from other causes, such as cardiovascular events, infections, or extrahepatic malignancies.

Classification was based on the proximate cause of death, regardless of underlying metabolic comorbidities.
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Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics software (version 30; IBM Corp., Armonk, NY, USA).
Continuous variables were expressed as means with standard deviations and compared using the Student’s ¢-test or the
Mann—Whitney U-test, depending on distribution. Categorical variables were analyzed using the chi-square test. Survival
curves for RFS and OS were generated using the Kaplan—-Meier method and compared with the Log rank test. Prognostic
factors were assessed using Cox proportional hazards regression models. To minimize potential confounding, we
included all significant factors from the univariate analysis along with clinically established prognostic variables (eg,
age, cirrhosis, and tumor stage) as covariates. Variables with a p-value < 0.01 in univariate analysis were included in the
multivariate analysis. A two-sided p-value < 0.05 was considered statistically significant.

Results

Patient Enrollment and Baseline Characteristics

Between January 2009 and December 2023, a total of 2123 patients with hepatocellular carcinoma who underwent
curative hepatic resection at KCGMH were included after applying the exclusion criteria (shown Figure 1). Among them,
1109 (52.2%) had concurrent SLD. Compared with those without SLD, patients with SLD were generally younger and
had higher body mass index and a greater prevalence of metabolic comorbidities. Chronic hepatitis B and non-B, non-C
etiologies were more common in the SLD group, whereas chronic hepatitis C was less frequent. In terms of liver function
and tumor burden, the SLD group exhibited more favorable profiles, including better hepatic function, smaller tumor

size, and lower rates of microvascular invasion. A detailed comparison of baseline characteristics is shown in Table 1.

Table | Characteristics of the 2123 HCC with or without SLD Who Underwent Curative Resection

All Patients (n=2123) | HCC with SLD (n = 1109) | HCC without SLD (n = 1014) | P value
Age (years), mean * SD 60.8 = 10.9 60.0 + 10.6 616+ 11.1 <0.001
Male gender, n (%) 1632 (76.9) 876 (79.0) 756 (74.6) 0.016
Body mass index (kg/m?), mean % SD 252 + 3.7 264 + 3.6 238 + 34 <0.001
DM, n (%) 707 (33.3) 440 (39.7) 217 (26.4) <0.001
Hypertension, n (%) 989 (46.6) 555 (50.0) 434 (42.8) 0.001
CHB 1206 (56.8) 678 (61.1) 528 (52.1) <0.001
CHC 542 (25.5) 185 (16.7) 357 (35.2) <0.001
NBNC 375 (17.7) 246 (22.2) 129 (12.7) <0.001
Alcohol drinking 0.254
Never, n (%) 1643 (77.4) 842 (76.0) 801 (79.0)
Current, n (%) 226 (10.7) 126 (11.4) 100 (9.9)
Quit, n (%) 253 (11.9) 140 (12.6) 113 (11.6)
Platelet (< 150 10°/L), n (%) 739 (35.1) 332 (30.2) 407 (40.6) <0.001
AST (U/L), mean * SD 392 £267 38.8 £ 245 39.6 £ 29.1 0.448
ALT (U/L), mean + SD 42.7 + 475 449 + 36.1 40.2 + 57.3 0.024
Total bilirubin (mg/dL), mean + SD 0.8+0.3 08+0.3 0.8+0.3 0.440
Albumin (g/dL), mean + SD 42+05 4304 4.1 £04 <0.001
(Continued)
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Table | (Continued).

All Patients (n=2123) | HCC with SLD (n = 1109) | HCC without SLD (n = 1014) | P value

ALBI grade, I/ll, n (%) 1699/498 (76.3/23.7) 885/212 (80.7/19.3) 714/286 (71.4/28.6) <0.001
Creatinine (mg/dL), mean * SD .1 £22 .1 £26 12+1.6 0.303
eGFR (mL/min/1.73%), mean % SD 87.3 +29.7 88.7 + 26.7 85.9 + 325 0.034
AFP (ng/mL), median (range) 9.4 (3.7-1129) 8.4 (3.6-79.0) 11.6 (3.9-174.5) 0.017
AFP (>10ng/mL), n (%) 1058 (49.8) 521 (47.0) 537 (53.0) 0.006
Child-Pugh grade (A/B), n (%) 2118/5(99.8/0.2) 1108/1 (99.9/0.1) 1010/4 (98.6/0.4) 0.149
Ishak score, mean * SD 3.7+20 3919 3.6 +£20 0.003
Liver cirrhosis, n (%) 888 (41.8) 490 (44.2) 398 (39.3) 0.021
BCLC stage, n (%) <0.001

0/A 416/1394 (19.6/66.5) 233/751 (21/67.7) 183/643 (18/63.4)

B/C 238/75 (11.2/3.5) 100/25 (9/2.3) 138/50 (13.6/4.9)
Tumor size(cm), mean + SD 37+28 33+£20 4.1 +34 <0.001
Single tumors, n (%) 1861 (87.7) 977 (88.1) 884 (87.2) 0.521
Histology grade <0.001

Well, n (%) 272 (12.9) 181 (16.4) 91 (9.1)

Moderate, n (%) 1589 (75.3) 756 (68.4) 833 (83.0)

Poor, n (%) 249 (11.8) 169 (15.3) 80 (8.0)
Microvascular invasion, n (%) 878 (41.4) 407 (36.7) 471 (46.4) <0.001
Satellite nodule, n (%) 11 (5.2) 53 (4.8) 58 (5.7) 0.335
HBY DNA 0.139

Undetectable, n (%) 637 (42.7%) 449 (44.1%) 188 (39.8%)

Detectable, n (%) 854 (57.3%) 570 (55.9%) 284 (60.2%)
NUCs treatment, n (%) 950 (44.7%) 451 (40.7%) 499 (49.2%) 0.015
Recurrence, n (%) 796 (37.5) 415 (37.4) 381 (37.6) 0.942
Death, n (%) 486 (22.9) 221 (19.9) 265 (26.1) 0.001
Follow-up (months), mean * SD 659 + 353 68.1 + 35.0 63.4 + 355 0.002

Notes: Data are expressed as mean * standard deviation (normally distributed), median (interquartile ranges) (not normally distributed) or number (%) accordingly.
Abbreviations: HCC, hepatocellular carcinoma; SLD, steatotic liver disease; CHB, chronic hepatitis B; CHC, chronic hepatitis C; NBNC, non-B, non-C hepatitis; BMI, body
mass index; AFP, alpha-fetoprotein; ALBI, albumin-bilirubin; MVI, microvascular invasion; BCLC, Barcelona Clinic Liver Cancer.

Impact of Concurrent Steatotic Liver Disease on Recurrence-Free and Overall Survival

During a median follow-up period of 66 months, a total of 796 patients (37.5%) developed HCC recurrence, and 486 patients
(22.9%) died. Patients with concurrent SLD exhibited significantly lower all-cause mortality compared with those without
SLD (19.9% vs 26.1%, P =0.001), whereas the recurrence rate was comparable between groups (37.4% vs 37.6%, P =0.942).
Kaplan—Meier analysis revealed that SLD was associated with significantly improved overall survival (P = 0.001, shown in
Figure 2B), but no significant difference in recurrence-free survival (P = 0.218, shown in Figure 2A).
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Figure 2 Kaplan—Meier curves comparing patients with and without SLD. (A) Recurrence-free survival (RFS) (n=1109 for SLD group and n=1014 for non-SLD group;
P=0.218), (B) overall survival (OS) (P<0.001), (C) liver-related mortality (P=0.006), and (D) non-liver-related mortality (P=0.001).
Abbreviations: SLD, steatotic liver disease; RFS, recurrence-free survival; OS, overall survival.

In terms of cause-specific mortality, patients with SLD demonstrated significantly lower rates of both liver-related
mortality (P = 0.006, shown in Figure 2C) and non-liver-related mortality (P = 0.001, shown in Figure 2D) compared to
those without SLD.

Survival Analysis Stratified by Hepatic Steatosis Severity
Analysis based on hepatic steatosis severity further revealed that patients with 5-30% and >30% hepatic steatosis had similar
overall survival, and both groups exhibited significantly better outcomes than those with steatosis <5% (shown in Figure 3).
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Figure 3 Overall survival according to severity of hepatic steatosis (HS). Patients were categorized into three groups: HS <5% (n=101 1), HS 5-30% (n=800), and HS >30% (n=258).
Analysis revealed that patients with 5-30% and >30% HS had similar overall survival, and both groups exhibited significantly better outcomes than those with HS <5% (P<0.001).
Abbreviation: HS, hepatic steatosis
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Factors Associated with HCC Recurrence

In univariate Cox regression analysis, several clinical and tumor-related factors were significantly associated with increased
risk of HCC recurrence. These included age >65 years, diabetes mellitus, thrombocytopenia (platelet <150 x10°/L), ALBI
grade II, AFP >10 ng/mL, presence of liver cirrhosis, BCLC stage B or C, tumor size >3 cm, multiple tumors, moderate to poor
tumor differentiation, presence of MVI, and satellite nodules (all P < 0.01). The presence of SLD was not significantly
associated with recurrence risk (P = 0.218).

Variables with P < 0.01 in univariate analysis were included in the multivariate model (shown in Table 2).
Independent predictors of recurrence included age >65 years (HR 1.32, 95% CI: 1.14-1.53, P < 0.001), platelet <150
x10%/L (HR 1.18, 95% CI: 1.01-1.38, P = 0.043), ALBI grade II (HR 1.33, 95% CI: 1.14-1.56, P < 0.001), AFP >10 ng/
mL (HR 1.23, 95% CI: 1.06-1.42, P = 0.006), liver cirrhosis (HR 1.59, 95% CI: 1.36-1.86, P < 0.001), BCLC stage B or
C (HR 1.52,95% CI: 1.22-1.89, P < 0.001), tumor size >3 cm (HR 1.32, 95% CI: 1.01-1.51, P = 0.043), MVI (HR 1.55,
95% CI: 1.33-1.80, P < 0.001), and satellite nodules (HR 1.18, 95% CI: 1.51-2.58, P < 0.001).

Factors Associated with Overall Survival

In univariate Cox regression analysis, several clinical and tumor-related variables were significantly associated with
increased all-cause mortality, including age >65 years, diabetes mellitus, hypertension, platelet count <150 x10°/L, ALBI
grade II, AFP >10 ng/mL, liver cirrhosis, BCLC stage B or C, tumor size >3 cm, presence of microvascular invasion
(MVI), satellite nodules, and moderately to poorly differentiated tumor histology (all P < 0.01). Antiviral treatment status

Table 2 Univariate and Multivariate Analyses of Prognostic Factors Associated with HCC
Recurrence Following Curative Resection

Variable Comparison Univariate Multivariate
HR (95% CI) | P value | HR (95% CI) | P value

Age (year) 265 vs < 65 1.33 (1.15-1.53) | <0.001 1.32 (1.14-1.53) | <0.001
Sex Male vs Female 1.15 (0.97-1.36) 0.112

BMI 223 vs <23 0.87 (0.75-1.02) 0.077

DM Yes vs No 1.21 (1.05-1.40) 0.009

Hypertension Yes vs No 1.15 (1.00-1.33) 0.044

Platelet (10°/L) <150 vs 2150 1.34 (1.17-1.55) | <0.001 1.18 (1.01-1.38) 0.043
ALBI grade Ilvs | 1.44 (1.24-1.69) | <0.001 1.33 (1.14-1.56) | <0.001
AFP (ng/mL) 2|0vs < 10 1.41 (1.20-1.64) | <0.001 1.23 (1.06-1.42) 0.006
Liver cirrhosis Yes vs No 1.55 (1.35-1.78) | <0.001 1.59 (1.36-1.86) | <0.001
BCLC stage B/C vs 0/A 2.04 (1.68-2.47) | <0.001 1.52 (1.22-1.89) | <0.001
Tumor size (cm) | 23 vs < 3 1.44 (1.25-1.66) | <0.001 1.32 (1.01-1.51) 0.043
Tumor no. Multiple vs Single 1.33 (1.09-1.61) 0.005

Histology stages | Moderate/Poor vs Well | 1.45 (1.16-1.81) 0.001

MVI Yes vs No 1.77 (1.54-2.03) | <0.001 1.55 (1.33-1.80) | <0.001
Satellite nodules | Yes vs No 2.74 (2.13-3.53) | <0.001 I.18 (1.51-2.58) | <0.001
SLD Yes vs No 0.92 (0.80-1.05) 0.218

Note: Hazard ratios (HRs) with 95% confidence intervals (Cls) are shown.

Abbreviations: HCC, hepatocellular carcinoma; HR, hazard ratio; Cl, confidence interval; BMI, body mass index; DM,
diabetes mellitus; ALBI, Albumin-Bilirubin; AFP, alpha fetoprotein; BCLC, Barcelona clinic liver cancer; MVI, microvascular
invasion; SLD, steatotic liver disease.

https: 7

Journal of Hepatocellular Carcinoma 2026:13



Liu et al

for HBV or HCV infection was evaluated in univariate analyses but was not significantly associated with overall survival
and was therefore not included in the multivariable models. Conversely, the presence of steatotic liver disease (SLD) was
significantly associated with a reduced risk of mortality (HR 0.70, 95% CI: 0.59-0.84, P < 0.001).

In multivariate analysis (shown in Table 3), independent predictors of increased all-cause mortality included age >65
years (HR 1.48, 95% CI: 1.22-1.79, P < 0.001), diabetes mellitus (HR 1.31, 95% CI: 1.08-1.59, P = 0.007), hypertension
(HR 1.26, 95% CI: 1.04-1.53, P =0.019), ALBI grade II (HR 1.83, 95% CI: 1.51-2.21, P < 0.001), AFP >10 ng/mL (HR
1.32, 95% CI: 1.09-1.59, P = 0.004), liver cirrhosis (HR 1.53, 95% CI: 1.27-1.85, P < 0.001), BCLC stage B or C (HR
2.10, 95% CI: 1.60-2.76, P < 0.001), tumor size >3 cm (HR 1.50, 95% CI: 1.23-1.84, P < 0.001), MVI (HR 1.65, 95%
CI: 1.36-2.00, P < 0.001), and satellite nodules (HR 2.04, 95% CI: 1.48-2.81, P < 0.001). Notably, the presence of SLD
remained an independent protective factor against all-cause mortality (HR 0.76, 95% CI: 0.63-0.92, P = 0.005).

Subgroup Analysis of Survival by Clinical Characteristics

As shown in Figure 4, the survival benefit of SLD was more pronounced in male patients (Figure 4A), those with higher
BMI (Figure 4B), diabetes (Figure 4C), hypertension (Figure 4D), absence of cirrhosis (Figure 4E), and early-stage HCC
(Figure 4F). In contrast, no significant benefit was observed in female patients, those with lower BMI, cirrhosis, or
advanced-stage disease. Overall, despite some heterogeneity, the presence of SLD was consistently associated with

improved survival in several clinically relevant subgroups.

Table 3 Univariate and Multivariate Analyses of Prognostic Factors Associated with All-Cause
Mortality in Patients with HCC Undergoing Curative Resection

Variable Comparison Univariate Multivariate

HR (95% CI) | P value | HR (95% CI) | P value
Age (year) 265 vs < 65 1.74 (1.45-2.08) | <0.001 1.48 (1.22-1.79) | <0.001
Sex Male vs Female 1.02 (0.82-1.26) 0.881
BMI 223 vs <23 0.94 (0.77-1.13) 0.488
DM Yes vs No 1.49 (1.25-1.79) | <0.001 1.31 (1.08-1.59) 0.007
Hypertension Yes vs No 1.49 (1.24-1.78) | <0.001 1.26 (1.04-1.53) 0.019
Platelet (10%/L) <150 vs 2150 1.28 (1.07-1.54) 0.007
ALBI grade Ilvs | 1.98 (1.65-2.39) | <0.001 1.83 (1.51-2.21) | <0.001
AFP (ng/mL) 2|0vs < 10 1.48 (1.24-1.77) | <0.001 1.32 (1.09-1.59) 0.004
Liver cirrhosis Yes vs No 1.37 (1.15-1.64) | <0.001 1.53 (1.27-1.85) | <0.001
BCLC stage B/C vs 0/A 3.61 (2.83-4.59) | <0.001 | 2.10 (1.60-2.76) | <0.00I
Tumor size (cm) | 23 vs < 3 1.84 (1.53-2.20) | <0.001 1.50 (1.23-1.84) | <0.001
Tumor no. Multiple vs Single 1.12 (0.86—1.45) 0.395
Histology stages | Moderate/Poor vs Well | 1.55 (1.14-2.09) 0.005
MVI Yes vs No 2.03 (1.702.43) | <0.001 1.65 (1.36-2.00) | <0.001
Satellite nodules | Yes vs No 3.15 (2.33-4.25) | <0.001 | 2.04 (1.48-2.81) | <0.00I
SLD Yes vs No 0.70 (0.59-0.84) | <0.001 | 0.76 (0.63-0.92) 0.005

Note: Hazard ratios (HRs) with 95% confidence intervals (Cls) are shown.

Abbreviations: HCC, hepatocellular carcinoma; HR, hazard ratio; Cl, confidence interval; BMI, body mass index; DM,
diabetes mellitus; ALBI, Albumin-Bilirubin; AFP, alpha fetoprotein; BCLC, Barcelona clinic liver cancer; MVI, microvascular
invasion; SLD, steatotic liver disease.
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Subgroup Analysis of Survival by Viral and Non-Viral HCC Etiology

When stratified by HCC etiology, significant differences were observed (Figure 5). Kaplan—Meier analysis showed that
the presence of SLD was associated with better overall survival in patients with CHB-related HCC (Figure 5A; P =
0.006) and NBNC-related HCC (Figure 5C; P = 0.007), whereas no significant difference was noted in patients with
CHC-related HCC (Figure 5B). However, after adjustment for potential confounders in multivariate analysis (shown in
Table 4), the survival benefit of SLD remained statistically significant only in the CHB subgroup (HR 0.71, 95% CI:
0.54-0.93, P = 0.011), while the associations observed in the CHC and NBNC groups were no longer significant.

Discussion

In this large retrospective cohort, we demonstrated that concurrent SLD is independently associated with improved OS
following curative resection for HCC, despite no significant impact on RFS. This divergence—a central finding of our
study—suggests that the observed survival benefit is likely driven by factors beyond enhanced oncological control. To
our knowledge, this is the first large-scale study to identify SLD as a positive prognostic indicator in resectable HCC,
particularly among patients with CHB. These findings challenge the conventional paradigm of hepatic steatosis as
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Figure 4 continued.
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Figure 4 Overall survival curves comparing patients with and without SLD, stratified by clinical characteristics. (A) Gender: men (n=876/756, P<0.001) and women (n=233/
258, P=0.768); (B) body mass index (BMI): BMI = 23 (n=946/584, P<0.001) and BMI < 23 (n=161/425, P=0.474); (C) diabetes mellitus (DM): DM (n=440/267, P=0.003) and
non-DM (n=669/746, P<0.001); (D) hypertension (HTN): HTN (n=555/434, P<0.001) and non-HTN (n=554/580, P=0.109); (E) liver cirrhosis (LC): LC (n=490/398,
P=0.384) and Non-LC (n=619/616, P<0.001); and (F) hepatocellular carcinoma (HCC) stage: early stage (n=984/826, P=0.010) and advanced stage (n=125/188, P=0.059).
Abbreviations: SLD, steatotic liver disease; BMI, body mass index; DM, diabetes mellitus; HTN, hypertension; LC, liver cirrhosis; HCC, hepatocellular carcinoma.

a uniformly detrimental feature, suggesting instead that its prognostic significance is highly context dependent. Notably,
while SLD remained significantly associated with improved OS after multivariable adjustment, this finding should not be
interpreted as biological independence from metabolic comorbidities, such as diabetes or hypertension, which remain
critical determinants of mortality.

In our cohort, patients with SLD exhibited more favorable tumor and hepatic characteristics—including smaller tumor
size, lower microvascular invasion rates, earlier BCLC stage, and better-preserved liver function (eg, higher albumin
levels and lower ALBI grade)—all of which are established predictors of improved postoperative survival. These results
are in line with prior studies by Su et al and Liu et al, who observed similar OS benefits in NAFLD- or MAFLD-related
HCC cohorts.'”'® Beyond clinical parameters, recent studies suggest that NAFLD-associated HCC may represent
a biologically distinct subtype. Compared with viral-related HCC, NASH-HCC is less frequently associated with
vascular invasion and poor differentiation.'® Notably, steatohepatitic HCC—a histologic subtype commonly seen in
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Figure 5 Recurrence-free survival (RFS) and overall survival (OS) in patients with HCC stratified by etiology. (A) Chronic hepatitis B (CHB) (RFS: n=678/528, P=0.964; OS:
n=678/528, P=0.006); (B) chronic hepatitis C (CHC) (RFS: n=185/357, P=0.459; OS: n=185/357, P=0.793); and (C) non-B, non-C (NBNC) hepatitis (RFS: n=246/129,
P=0.030; OS: n=246/129, P=0.007).
Abbreviations: SLD, steatotic liver disease; HCC, hepatocellular carcinoma; RFS, recurrence-free survival; OS, overall survival; CHB, chronic hepatitis B; CHC, chronic
hepatitis C; NBNC, non-B, non-C.
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Table 4 Multivariate Analysis of All-Cause Mortality Stratified by Etiology of Hepatocellular Carcinoma (HCC):
Chronic Hepatitis B (CHB), Chronic Hepatitis C (CHC), and Non-B, Non-C (NBNC) Hepatitis

Variable Comparison CHB CHC NBNC

HR (95% CI) | P value | HR (95% CI) | P value HR (95% CI) P value
Age (year) 265 vs < 65 1.41 (1.07-1.87) 0.015 1.56 (1.13-2.16) | <0.001
DM Yes vs No 1.48 (1.12-1.97) 0.006 1.62 (1.02-2.59) 0.043
Hypertension Yes vs No 1.86 (1.33-2.61) | <0.001
ALBI grade s | 2.47 (1.81-3.36) | <0.001 2.36 (1.47-3.80) <0.001
AFP (ng/mL) 2|0vs < 10 1.38 (1.00-1.90) 0.048
Liver cirrhosis Yes vs No 1.79 (1.38-2.34) | <0.001
BCLC stage B/C vs O/A 2.12 (1.43-3.14) | <0.001 1.99 (1.19-3.33) 0.009 6.61 (3.80-11.50) | <0.001
Tumor size (cm) | 23 vs <3 1.74 (1.31-2.32) | <0.001
MVI Yes vs No .61 (1.22-2.12) 0.001 1.80 (1.30-2.49) | <0.001
Satellite nodules | Yes vs No 2.14 (1.34-341) 0.002 2.71 (1.50-4.89) 0.001
SLD Yes vs No 0.71 (0.54-0.93) 0.011

Note: Hazard ratios (HRs) with 95% confidence intervals (Cls) are shown.

Abbreviations: HCC, hepatocellular carcinoma; CHB, chronic hepatitis B; CHC, chronic hepatitis C; NBNC, non-B, non-C hepatitis; HR, hazard ratio;
Cl, confidence interval; BMI, body mass index; DM, diabetes mellitus; ALBI, Albumin-Bilirubin; AFP, alpha fetoprotein; BCLC, Barcelona clinic liver
cancer; MVI, microvascular invasion; SLD, steatotic liver disease.

NAFLD—is generally not associated with -catenin activation, a pathway known to promote immune exclusion and
resistance to immunotherapy. Collectively, these observations raise the possibility that hepatocellular carcinoma arising
in the setting of SLD may be associated with a relatively more immunogenic tumor microenvironment and less
aggressive biological features.”” While these features may explain the observed OS advantage, residual confounding
must be acknowledged. Patients with SLD often present with metabolic comorbidities that lead to more intensive
surveillance and earlier detection, along with increased opportunity for curative or salvage therapies. Prospective studies
are needed to confirm whether this relationship is truly causal and to better understand the underlying mechanisms.
Subgroup analyses revealed that the survival benefit of SLD was most pronounced in patients without cirrhosis or
diabetes, those with hypertension, BMI >23 kg/m?, early-stage HCC, and male sex. While Huynh et al reported greater

benefit in females,?!

our data suggest that sex-specific effects may vary by population. Interestingly, we found no
significant difference in survival between patients with moderate versus severe steatosis, implying that the prognostic
impact of SLD may follow a threshold effect rather than a dose-response relationship.

The survival benefit of SLD was most evident in patients with CHB-related HCC, who exhibited a significantly lower
risk of all-cause mortality compared with those without SLD (adjusted HR 0.71). This finding is consistent with a recent
US cohort showing that hepatic steatosis was associated with reduced mortality and a lower incidence of HCC among
patients with CHB.?* Importantly, however, the present study lacked longitudinal HBV DNA and HBsAg data and
therefore cannot directly assess viral activity or antiviral treatment response.

Prior studies have suggested that hepatic steatosis may be associated with attenuation of HBV replication through
a range of immunometabolic pathways, including altered innate immune signaling, metabolic stress—related modulation
of viral transcription, and changes in hepatocellular secretory processes.”> These mechanisms are derived from experi-
mental or external clinical studies and should be regarded as biologically plausible but speculative hypotheses rather than
causal explanations for our findings. In the context of our results—particularly the dissociation between improved overall
survival and unchanged recurrence-free survival—the observed survival advantage in CHB patients with concurrent SLD

is more likely to reflect a favorable host or hepatic milieu. Supporting this interpretation, patients with steatosis may
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exhibit preserved functional reserve and milder fibrosis rather than a direct antiviral effect. A multicenter biopsy-based
study demonstrated that CHB patients with NAFLD had lower rates of significant fibrosis, advanced fibrosis, and
cirrhosis compared with those without NAFLD.?* Consistent with this concept, a recent cohort also reported higher rates
of HBsAg seroclearance and seroconversion in CHB patients with MASLD.?® Taken together, these observations suggest
that the survival benefit associated with SLD in CHB-related HCC may arise from an overall more favorable hepatic
environment and non-oncologic factors, rather than from viral suppression alone.

In contrast, steatosis in CHC has been strongly linked to inflammatory activity and fibrosis progression. A meta-
analysis of over 3000 CHC patients showed that hepatic steatosis was independently associated with both inflammation
and advanced fibrosis.”® As for NBNC, the prognostic impact of SLD may be less apparent due to the heterogeneous
nature of its underlying etiologies. These observations suggest that the prognostic role of SLD may differ by viral
etiology—potentially beneficial in CHB but detrimental in CHC. Such divergence may reflect underlying pathophysio-
logic differences as well as treatment context. In Taiwan, CHB patients have long had access to reimbursed nucleos(t)ide
analogs, enabling stable viral suppression and possibly amplifying the protective effects of SLD. By contrast, direct-
acting antivirals for HCV only became broadly available in recent years, and their limited uptake in earlier cohorts may
have attenuated the impact of SLD in CHC-related HCC. Collectively, these findings underscore that the prognostic
implications of SLD are highly context-dependent and cannot be generalized across different viral etiologies.

The observed dissociation between significantly improved overall survival and unchanged recurrence-free survival
suggests that the survival advantage in patients with SLD is not primarily driven by enhanced oncological control.
Instead, our finding of significantly lower rates of both liver-related and non—liver-related mortality in the SLD group
points toward non-oncologic contributors (shown in Figure 2C and D), such as superior physiological reserve or
enhanced treatment tolerance. This pattern—improved OS without corresponding gains in RFS—aligns with previous
reports by Huynh et al and Benhammou et al in MASLD- or NAFLD-related HCC cohorts.?'” Collectively, these
findings underscore that recurrence alone may be an insufficient prognostic metric for this population, as overall survival
appears to be heavily influenced by the patient’s underlying metabolic status and physiological resilience.

Several limitations of this study should be acknowledged. First, its retrospective nature precludes the establishment of
causality and may involve surveillance bias, as younger patients with SLD often undergo more frequent clinical
monitoring. Second, SLD was defined histologically from resected non-tumorous tissue, which may not represent the
entire liver parenchyma; furthermore, the retrospective design precluded a formal assessment of inter-observer varia-
bility. Third, steatosis is dynamic and may regress with metabolic control, introducing temporal variability that a single-
point pathological assessment cannot capture. Fourth, given the long inclusion period of this cohort, antiviral treatment
strategies—particularly for chronic hepatitis C—evolved substantially over time, encompassing both interferon-based
and direct-acting antiviral regimens. Detailed longitudinal data on lifetime antiviral exposure, treatment adherence, and
virological response were not uniformly available, limiting our ability to fully characterize the potential impact of
antiviral therapy and virological activity on long-term outcomes. Fifth, the lack of comprehensive longitudinal metabolic
indices (e.g., HOMA-IR, lipid profiles), together with incomplete virological data, restricts our ability to evaluate the
complex interplay between metabolic status, viral factors, and survival, and residual confounding cannot be entirely
excluded. Finally, the generalizability of our results to non-Asian or advanced-stage populations is limited, and subgroup
analyses for CHC and NBNC were constrained by sample size and etiologic heterogeneity. To overcome these
limitations, future prospective studies are needed to validate our findings and evaluate histologic subtypes, metabolic
markers, and fibrosis severity. Non-invasive imaging modalities such as MRI-PDFF or Al-assisted ultrasound may enable
preoperative identification of SLD and facilitate its incorporation into risk prediction tools and staging systems.

In conclusion, concurrent SLD is independently associated with superior overall survival following curative resection
for HCC, a benefit particularly pronounced among patients with CHB. Our findings identify SLD as a clinically
significant prognostic modifier, challenging the conventional paradigm of hepatic steatosis as a uniformly detrimental
feature. These results suggest that SLD may warrant consideration in the prognostic assessment of resectable HCC;
however, they should be regarded as hypothesis-generating and underscore the need for prospective validation in well-
designed, longitudinal cohorts. Ultimately, incorporating SLD status into future prognostic models could refine indivi-
dualized risk stratification and optimize postoperative surveillance strategies in this population.
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