Supplementary Table 4. Emulation of a randomized trial for the study. 
	Component
	Hypothetical randomized trial
	Trial Emulation

	Eligibility
	Subjects had to meet all of the following conditions to be selected:
(1) Age of 18–75 years;
(2) Diagnosis of HCC was confirmed based on histological or clinical features according to the guidelines of the American Association for the Study of Liver Diseases;
(3) Eastern Cooperative Oncology Group Performance Status of 0–1;
(4) Child-Pugh score 5–7;
(5) Life expectancy ≥ 6 months;
(6) Eligibility for curative resection, in accordance with the “Guidelines for the Diagnosis and Treatment of Primary Liver Cancer”;
(7) HCC exceeds the up-to-7 criterion, defined as the largest tumor diameter (in cm) + number of tumors > 7. 
(8) Adequate blood, liver and kidney function, defined by laboratory tests obtained within 14 days prior to initiation of study treatment, unless otherwise specified.
Subjects who met one of the following conditions were excluded from this study:
(1) Known fibrolamellar HCC, sarcomatoid HCC, or mixed cholangiocarcinoma and HCC;
(2) Received anti-tumor interventions, such as neoadjuvant or conversion therapy, before surgery
(3) Patients with other concurrent malignancies or other malignancies within 5 years prior to enrollment;
(4) Adjuvant therapy is limited to tyrosine kinase inhibitor monotherapy or combination therapy with agents other than PD-1 inhibitors.
	Inclusion criteria:
(1) Age of 18–75 years; 
(2) Diagnosis of HCC confirmed by histological or clinical features according to the guidelines of the American Association for the Study of Liver Diseases [1]; 
(3) Eastern Cooperative Oncology Group Performance Status of 0–1;
(4) Child-Pugh score 5–7; 
(5) Life expectancy ≥ 6 months; 
(6) Eligibility for curative resection, in accordance with the “Guidelines for the Diagnosis and Treatment of Primary Liver Cancer” [2] (Supplementary Table S1)；
(7) HCC exceeds the up-to-7 criterion [3], defined as the largest tumor diameter (in cm) + number of tumors > 7.











Exclusion criteria:
(1) Had other malignancies or severe comorbidities affecting vital organs, particularly the brain, heart or lung before surgery; 
(2) Received anti-tumor interventions before surgery, such as neoadjuvant or conversion therapy; 
(3) Patients opted for adjuvant therapeutic regimens consisting of tyrosine kinase inhibitor monotherapy or combinations with agents other than PD-1 inhibitors, such as PD-L1 inhibitors, transcatheter arterial chemoembolization or hepatic arterial infusion chemotherapy;
(4) Experienced perioperative morbidity of grade 4 or 5; 
(5) Tumor recurrence within 2 months after resection;
(6) Incomplete clinicopathological data.

Adjuvant antiviral therapy was not considered an exclusion criterion. 

	Treatments 
	1. Study group: Treatment with PD-1 inhibitors ± anti-VEGF antibody or tyrosine kinase inhibitors.
2. Control group: Active surveillance 
	1. Study group: Treatment with PD-1 inhibitors ± anti-VEGF antibody or tyrosine kinase inhibitors, initiated 4 to 8 weeks after curative resection, as per the institutional protocol.
2. Control group: Active surveillance 

	Treatment
assignment
	Within 4 to 8 weeks following the confirmation of curative resection by pathological reports and postoperative imaging (computed tomography, magnetic resonance imaging, or digital subtraction angiography), patients were randomized 1:1 to receive open-label PD-1 inhibitors ± anti-VEGF antibody or tyrosine kinase inhibitors (experimental arm) or active surveillance (control arm). The randomization was performed using computer-generated random sequences, and personnel involved in generating the sequences were excluded from all patient-related procedures.
The stratification factors for randomization included
1. Macrovascular and/or microvascular invasion (presence vs. absence)
2. Child-Pugh class (A vs. B)
2. Eastern Cooperative Oncology Group Performance Status (0 vs. 1)
3. Baseline alpha-fetoprotein (< 400 vs. ≥ 400 ng/ml)
4. Resection margin (≥ 1 cm vs. < 1 cm)
	Patients were classified according to their clinical profiles and treatments, which were initiated 4–8 weeks after curative resection. Randomization was hypothetically assumed (as a modeling premise) conditional on confounders selected from baseline covariates based on the literature and directed acyclic graphing. 

	Blinding 
	Due to the open-label design, participants were aware of the intervention strategy.
	Same as hypothetical trial.

	Follow-up
	1. Visits during treatment 
During the treatment period, visits included the following: recording of vital signs and body weight; Eastern Cooperative Oncology Group Performance Status; 12-lead electrocardiography; routine blood profiling and blood chemistry, urine routine tests; thyroid function tests; myocardial enzyme panel; HBV-DNA and/or HCV-RNA tests (if applicable); adverse event assessment; documentation of concomitant medications; imaging-based tumor assessment based on Response Evaluation Criteria in Solid Tumors, version 1.1 (RECIST 1.1); and administration of study drugs.
2. Safety visit
A safety follow-up visit was conducted 30 days (±7 days) after the last study drug administration or before initiation of a new anti-cancer therapy, whichever occurred first. This visit included: recording of vital signs and body weight; physical examination; Eastern Cooperative Oncology Group Performance Status; electrocardiography; routine blood profiling and chemistry, urine routine tests; coagulation function tests; thyroid function tests; myocardial enzyme panel; HBV-DNA and/or HCV-RNA tests (if applicable); adverse event assessment; and documentation of subsequent anti-cancer treatments (if applicable).
3. Follow-up visits
After the safety visit, subjects were followed up for survival, during which they were contacted every 90 days (±7 days) to collect data on survival and subsequent systemic anti-cancer therapies, if applicable. (Telephone follow-up was acceptable.) For subjects who discontinued study drug treatment for reasons other than disease progression, information on disease progression was also obtained. Follow-up continued until the subject’s death or study completion. This follow-up was coordinated by a dedicated office responsible for data collection and subject communication.

If a subject missed the 30-day safety visit, follow-up began at the end of treatment.
	Follow-up started at time zero (T0), defined as:
1. Experimental arm: for the experimental arm, the date of treatment initiation (within 4–8 weeks after hepatectomy) following eligibility confirmation;
2. Control arm: the date of the first follow-up visit (within 4–8 weeks after hepatectomy) at which curative resection was verified per protocol[2]. 
Survival follow-up was coordinated by a dedicated office responsible for data collection and subject communication.

Follow-up ended at death, loss to follow-up, or conclusion of the study.

	Outcomes
	Primary endpoint
· 2-year recurrence-free survival (RFS), defined according to RECIST 1.1 as the time from randomization to the first occurrence of disease recurrence or any-cause death, whichever occurred first.
Secondary endpoints:
· Overall survival (OS), defined as the interval from the date after surgery until any-cause of death or the last follow-up;
· Median RFS and RFS rates at 3 and 5 years after surgery;
· Incidence rates of treatment-related adverse events and serious adverse events, and rates of these events that led to treatment discontinuation.

Safety evaluations:
· Incidence and severity of all adverse events, treatment-emergent adverse events and serious adverse events, as well as analysis of their potential association with therapy;
· Proportion of subjects discontinuing treatment due to adverse events;
· Quality of life assessed by the EORTC QLQ-C30 questionnaire;
· Changes in vital signs, physical examination findings, and laboratory parameters (hematology, biochemistry, etc.) before, during, and after treatment.
	Primary endpoints:
· RFS, defined as the interval from T0 to first recurrence or any-cause death, censoring, or the end of follow-up, whichever occurred first. T0 is defined as follows: for the experimental arm, the date of treatment initiation (within 4–8 weeks after hepatectomy) following eligibility confirmation; for the control arm, the date of the first follow-up visit (within 4–8 weeks after hepatectomy) at which curative resection was verified per protocol [2].




Secondary endpoints:
· OS, defined as the interval from T0 to death from any cause, censoring, or the end of follow-up;
· Safety outcomes included the assessment of adverse events, which were classified and graded by severity according to the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 [4]. Adverse events of at least grade 3 severity were managed immediately, while other events were treated as clinically indicated.

	Causal contrast
	Intention-to-treat analysis for efficacy:
All eligible patients were included in the efficacy analysis according to their assigned treatment arm. The prespecified primary analysis for recurrence-free survival and overall survival was the log-rank test, with stratification by key baseline factors (e.g., Child-Pugh class, Eastern Cooperative Oncology Group Performance Status, and macro- or microvascular invasion). For intention-to-treat analysis, missing data were censored according to the “last observation carried forward” principle.

Per-protocol analysis for treatment-related toxicities:
Patients who received at least one dose of study drug and complied with the protocol were included in the per-protocol analysis of toxicity, regardless of baseline eligibility criteria.
	The association of interest was the real-world equivalent of an intention-to-treat hazard ratio, which quantified the causal effect of initiating adjuvant therapy or active surveillance at 4–8 weeks after curative resection, regardless of subsequent treatment adherence.

	Sample size 
	Minimal sample size was calculated using PASS 15 software for a two-arm superiority randomized controlled trial. Based on the updated results from the IMBrave050 study[5], the median recurrence-free survival for hepatocellular carcinoma patients beyond the up-to-7 criterion who received active surveillance after curative resection was 13.7 months. The expected median recurrence-free survival with adjuvant therapy was 19.7 months, corresponding to a hazard ratio of 0.72 (adjuvant therapy relative to control). With a two-sided significance level (α=0.05), power of 80%, and 1:1 allocation, the minimal sample was calculated as 155 patients per arm (310 total), assuming 129 outcome events in the surveillance arm and 110 in the adjuvant therapy arm.
This minimal sample was adjusted to account for potential attrition assuming an anticipated annual dropout rate of 5%, an accrual period of 24 months, and a total follow-up duration of 48 months, Therefore the desired sample was set at 372 patients (186 per arm).
	The final sample size for the primary analysis, after matching, should be at least 374 patients (187 per group), accounting for patient selection bias and attrition during follow-up.

	Statistical
analysis
	Statistical significance
All statistical inferences adhered to two-arm superiority hypothesis testing, with the significance level set at α = 0.05.

Intergroup comparisons
For intergroup comparisons, effect sizes were estimated (e.g., mean difference for continuous outcomes, risk ratio for dichotomous outcomes, odds ratio for multinomial categorical outcomes) alongside 95% confidence intervals (95% CI) to quantify magnitude and precision of treatment effects. P values were reported to assess statistical significance, with interpretation focused on clinical relevance beyond mere hypothesis testing.

Statistical descriptions
For statistical descriptions, variables were categorized as follows.
Continuous variables: If normally distributed (as assessed via Shapiro-Wilk test or visual inspection), they were reported as mean ± standard deviation (SD); if distributed with skew, they were presented as median (interquartile range).
Categorical variables: Binary outcomes were reported as frequency (percentage); while nominal/categorical variables with > 2 categories were additionally presented as counts per category and proportions, ensuring clarity for multi-level classifications, such as in the case of albumin-bilirubin stage.

Survival analysis
Survival analysis proceeded in three steps as follows.
Estimation: Median recurrence-free survival and overall survival were estimated via the Kaplan-Meier method, with 95% confidence intervals calculated via the Brookmeyer-Crowley method, which robustly accounts for censoring by integrating survival function estimates.
Comparison: The log-rank test was employed for intergroup survival comparisons, with adjustment for tied events using the Breslow method if significant censoring or event clustering occurred.
Visualization: Survival curves were plotted with censoring marks (vertical ticks) to indicate incomplete follow-up data, and annotated with median survival times and 95% CI for clarity.

Exploratory subgroup analyses
Subgroup analyses of antitumor efficacy were performed for clinical factors specified a priori in the study protocol, including age (< 65 vs ≥ 65 years), Eastern Cooperative Oncology Group Performance Status (0 vs 1), and Edmondson–Steiner grade (I–II vs III–IV). To mitigate risks of false-positive findings from multiple comparisons, subgroup effects were evaluated via interaction term tests within the Cox proportional hazards model in the case of survival outcomes, with significance testing of the interaction between treatment and stratifying factor; or via two-way analysis of variance in the case of continuous endpoints, with evaluation of the interaction between treatment and stratifying factor. Results were reported with effect sizes and 95% CIs for each subgroup, accompanied by a formal statistical disclaimer acknowledging the exploratory nature of these analyses. 

Results were hypothesis-generating and not intended for confirmatory inference, with Type I error rates unadjusted for multiple comparisons beyond pre-specified interactions.
	Statistical significance
Statistical significance was defined as P < 0.05, with all statistical tests two-sided.

Basic statistical analyses
Continuous data were assessed for normality using the Shapiro-Wilk test. Normally distributed data were reported as mean ± standard deviation, with intergroup differences evaluated using Student’s t test (for equal variances, confirmed by Levene’s test) or Welch’s t test (for unequal variances). Skewed continuous data were reported as median (interquartile range), with differences assessed via the Mann-Whitney U test.
Categorical data were reported as frequency (n) and proportion (%), with intergroup differences evaluated using Pearson’s chi-squared test (applicable when ≥ 80% of contingency table cells had expected counts ≥ 5, and no cell had expected count < 1, as per Yates’ continuity correction guidelines) or Fisher’s exact test (for small samples with ≥ 20% of cells having expected counts < 5).

Survival analysis
Recurrence-free survival and overall survival were calculated using Kaplan-Meier curves, with differences between groups evaluated via the log-rank (Mantel-Cox) test. The proportional hazards assumption for the Cox model was validated through Schoenfeld residuals and log-minus-log plots. Variables that showed statistical significance (P < 0.05) in univariate Cox regression analyses were included in a multivariate Cox proportional hazards model to identify independent prognostic predictors. A backward stepwise elimination method was utilized for model selection, based on the Akaike information criterion; variables were retained if they met the nominal significance level of P < 0.10 or were considered clinically relevant. Results were presented as hazard ratios with 95% confidence intervals. Subgroup analyses were conducted on predefined covariates (e.g., age, sex, Edmondson-Steiner stage), and treatment effects were illustrated using forest plots.

Propensity score matching
Matching was performed via 1:1 nearest-neighbor algorithm without replacement, using a logistic regression model to estimate propensity scores for treatment assignment. Matching was performed on a pre-specified set of confounders (detailed in “Confounder Selection” below), with a caliper width of 0.2. Covariate balance was evaluated using standardized mean differences (SMD), with SMD < 0.1 considered acceptable.

Confounder selection
Confounding covariates were identified through a systematic three-step process:
· Literature review to compile established prognostic factors;
· Causal inference modeling via directed acyclic graphing (Supplementary Figure S2), mapping treatment-outcome causal paths and excluding collider variables;
· Data quality assessment (≥ 90% completeness required for inclusion).

Sensitivity analyses
The following sensitivity analyses were conducted to evaluate the robustness of results:
1. Stabilized inverse probability of treatment weighting (sIPTW) Cox regression models;
2. Alternative follow-up censoring approaches (informative vs. non-informative assumptions);
3. Three multivariate regression models adjusted for prognostic confounders as follows
· Model 1 adjusted for age and sex.
· Model 2 adjusted for age, sex, alpha-fetoprotein, tumor size, tumor number, macrovascular invasion, microvascular invasion, and Edmondson–Steiner grade.
· Model 3 adjusted for the same variables as Model 2, as well as HBsAg, Eastern Cooperative Oncology Group Performance Status, albumin-bilirubin grade, Child-Pugh class, liver cirrhosis, metabolic dysfunction–associated steatotic liver disease, and resection margin.
4. Coarsened exact matching, ensuring exact covariate balance via interval grouping;
5. Landmark survival analysis to minimize immortal time bias.
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