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ABSTRACT 

Background: The synchronous combination of TACE, TKIs, and ICIs has improved outcomes 

for patients with BCLC-C HCC, yet treatment response varies widely. This study aimed to 

identify metabolically distinct phenotypes that predict response to synchronous triple therapy. 

Methods: We conducted a retrospective cohort study of 1,792 patients with BCLC-C HCC. 

Propensity score matching and L2-penalized multivariate Cox regression were performed, 

followed by XGBoost with SHAP transformation and K-means clustering to define metabolic 

subtypes. Subgroup analyses with interaction testing were conducted across clinical strata to 

validate the robustness of the clustering system. 

Results: After propensity score matching (716 pairs), synchronous triple therapy significantly 

improved overall survival compared with pre-immunotherapy TACE (median, 28.0 vs. 8.0 

months; P < 0.001). Eight metabolic and clinical factors (AFP, TP, GGT, LDH, P, metastasis, 

HCO3, RBC) were identified as independent predictors. K-means clustering resolved four 

distinct metabolic phenotypes: metabolically fit (Cluster 1, 58.5%), metabolically compensated 

(Cluster 2, 24.6%), tumor-metabolism dominant (Cluster 3, 14.5%), and metabolically 

exhausted (Cluster 4, 2.4%). The metabolically fit phenotype demonstrated exceptional 

survival (median OS, 38.0 months; 1-year OS, 82.7%), while the metabolically exhausted 

phenotype showed a dismal prognosis (median OS, 4.0 months; 1-year OS, 4.2%). Subgroup 

analyses confirmed that the favorable prognosis of the metabolically fit phenotype remained 

consistent across all clinical strata. 

Conclusions: The metabolic fitness-based clustering framework identifies patients with 

BCLC-C HCC most likely to benefit from synchronous triple therapy, suggesting that routine 

laboratory tests may help guide precision patient selection. 
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AASLD: American Association for the Study of Liver Diseases 

AFP: Alpha-Fetoprotein 

BCLC: Barcelona Clinic Liver Cancer 

CI: Confidence Interval 

CTLA-4: Cytotoxic T-Lymphocyte-Associated Antigen 4 

EASL: European Association for the Study of the Liver 

GGT: Gamma-Glutamyl Transferase 

HCC: Hepatocellular Carcinoma 

HCO3: Bicarbonate 

HR: Hazard Ratio 

ICI: Immune Checkpoint Inhibitor 

LDH: Lactate Dehydrogenase 

NLR: Neutrophil-to-Lymphocyte Ratio 

OS: Overall Survival 

P: Phosphorus 

PCA: Principal Component Analysis 

PD-1: Programmed Death-1 

PD-L1: Programmed Death-Ligand 1 

PSM: Propensity Score Matching 

PVTT: Portal Vein Tumor Thrombus 

RBC: Red Blood Cell Count 

SHAP: SHapley Additive exPlanations 

TACE: Transarterial Chemoembolization 

TKI: Tyrosine Kinase Inhibitor 

TP: Total Protein 

VEGF: Vascular Endothelial Growth Factor 

XGBoost: Extreme Gradient Boosting 

 

 



1. INTRODUCTION 

Hepatocellular carcinoma (HCC) remains the third leading cause of cancer-related mortality 

worldwide[1]. Among patients with HCC, those with Barcelona Clinic Liver Cancer (BCLC)-

C stage disease, defined by the presence of portal vein tumor thrombus (PVTT), extrahepatic 

metastasis, or both, constitute a particularly challenging population with historically poor 

prognosis[2-4]. For decades, transarterial chemoembolization (TACE) constituted the standard 

locoregional therapy for patients with intermediate stage disease, yet its efficacy in BCLC-C 

patients was limited, with median overall survival ranging from approximately 5 to 13 months 

across various real-world series, depending on patient selection criteria and the proportion of 

patients with portal vein tumor thrombus or extrahepatic metastasis[3, 5-7]. 

The treatment landscape for BCLC-C hepatocellular carcinoma has undergone substantial 

evolution over the past decade. The initial era of molecular targeted therapy, marked by 

sorafenib and subsequently lenvatinib, established the feasibility of systemic disease control in 

advanced HCC[8, 9]. More recently, the paradigm has shifted decisively toward immune-based 

combination regimens, with multiple phase 3 trials demonstrating survival benefits for anti-

programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) antibodies combined with 

either anti-vascular endothelial growth factor (VEGF) agents or cytotoxic T-lymphocyte-

associated antigen 4 (CTLA-4) inhibitors[10-12]. Beyond these established first-line standards, 

emerging evidence has also explored dual tyrosine kinase inhibitor (TKI) and immune 

checkpoint inhibitor (ICI) combinations, such as lenvatinib plus pembrolizumab and 

camrelizumab plus rivoceranib, further expanding the therapeutic landscape[13, 14]. In parallel, 

the 2026 updated guidelines from the European Association for the Study of the Liver (EASL) 

and the American Association for the Study of Liver Diseases (AASLD) have collectively 

endorsed immune-based combination therapies as the preferred first-line options for BCLC-C 

patients with preserved liver function, while also refining the role of TACE as a component of 

combination strategies for selected patients with intermediate-advanced disease[15, 16]. 



The biological rationale for combining TACE with systemic agents has been corroborated 

by multiple prospective trials. The TACTICS trial demonstrated that TACE plus sorafenib 

improved progression-free survival over TACE alone, while the EMERALD-1 and LEAP-012 

trials have extended this paradigm to include immune checkpoint inhibitors, collectively 

establishing TACE plus systemic therapy as an evolving standard for selected patients with 

intermediate-advanced HCC[17-19].  

Despite these therapeutic advances, a substantial proportion of patients with BCLC-C disease 

exhibit primary resistance to combination therapy, experiencing rapid disease progression 

despite receiving the full intended regimen[20, 21]. Current clinical staging systems and single 

biomarkers such as alpha-fetoprotein, while useful for prognosis and treatment allocation, do 

not capture the biological heterogeneity that underlies differential treatment responses among 

patients receiving the same therapy[2, 22-25]. This clinical reality underscores an urgent need 

for precision phenotyping strategies that can guide treatment selection specifically within the 

BCLC-C population. 

Emerging evidence has highlighted the role of tumor metabolic reprogramming in shaping 

the tumor microenvironment and modulating responses to both targeted therapy and 

immunotherapy[26-28]. Circulating biomarkers that reflect these metabolic derangements and 

host immune-inflammatory states have been increasingly investigated as surrogate indicators 

of treatment response. For example, elevated lactate dehydrogenase (LDH) and pretreatment 

serum albumin and neutrophil-to-lymphocyte ratio (NLR), reflecting tumor glycolysis and 

necrosis as well as host nutritional and inflammatory states, have been associated with poor 

outcomes in patients receiving immune checkpoint inhibitors across multiple cancer types and 

specifically in hepatocellular carcinoma[29-31]. However, whether a comprehensive metabolic 

phenotyping approach using widely available blood tests can effectively stratify patients with 

BCLC-C HCC according to their likelihood of benefiting from synchronous TACE plus 

targeted immunotherapy remains to be established. 

In this study, we therefore aimed to develop a metabolic phenotyping framework using 

routine blood tests and clinical assessment to stratify patients with BCLC-C HCC receiving 



synchronous triple therapy (TACE, TKIs, and ICIs), with the goal of enabling precision patient 

selection in clinical practice. 

 

2. METHODS 

2.1. Study Design and Patient Population 

This retrospective cohort study was conducted using electronic medical records from patients 

diagnosed with hepatocellular carcinoma at our institution between December 2015 and 

December 2025. The study protocol was approved by the institutional review board, and the 

requirement for informed consent was waived given the retrospective nature of the analysis. 

By the time of the study period, targeted therapies had already been incorporated into clinical 

practice for patients with advanced HCC at our institution, whereas the combination of tyrosine 

kinase inhibitors (TKIs) and immune checkpoint inhibitors (ICIs) had not yet been routinely 

adopted before 2019. After 2019, with the advent of the targeted immunotherapy era, we began 

to administer synchronous TACE combined with TKIs and PD-1/PD-L1 inhibitors in eligible 

patients. For the purposes of this retrospective analysis, we restricted the combination therapy 

cohort to patients in whom TKIs and ICIs were initiated within seven days after the first TACE 

session and prior to hospital discharge, with no treatment gap between locoregional and 

systemic therapies, to ensure therapeutic homogeneity. 

Eligible patients had a confirmed diagnosis of BCLC-C stage HCC and received either 

TACE (with or without TKIs, but without ICIs) between 2015 and 2018, or synchronous TACE 

combined with TKIs and ICIs between 2019 and 2025 meeting the above time-window criteria. 

Patients receiving TACE-based therapy without ICIs after 2019 were excluded from the 

comparator group to avoid selection bias, as such patients typically had undocumented 

contraindications to immunotherapy, including poor performance status, severe hepatic 

decompensation, post-TACE complications, or financial constraints. Patients who initiated 

TKIs or ICIs more than seven days after TACE or after discharge were also excluded. 



Additional exclusion criteria included missing survival timelines, loss to follow-up, and 

conflicting stage classifications. Patients were further categorized by disease status as primary 

HCC (no prior history of hepatectomy, ablation, or TACE) or recurrent HCC (prior curative-

intent therapies or prior TACE sessions with subsequent intrahepatic recurrence). 

2.2 Propensity Score Matching 

To minimize confounding by indication between the two treatment eras, 1:1 nearest-neighbor 

propensity score matching (PSM) was performed using a caliper of 0.02. The propensity score 

was calculated from a logistic regression model that incorporated the following baseline 

covariates: age, sex, PVTT status, distant metastasis status, recurrence status, alpha-fetoprotein 

(AFP), albumin, total bilirubin, creatinine, red blood cell count (RBC), total protein, and 

neutrophil-to-lymphocyte ratio (NLR). 

Metabolic and electrolyte parameters, including anion gap, bicarbonate, lactate 

dehydrogenase (LDH), gamma-glutamyl transferase (GGT), calcium, phosphorus, magnesium, 

potassium, and chloride, were intentionally excluded from the propensity score model. These 

variables were considered on-treatment mediators rather than baseline confounders, as TKIs 

directly modulate renal electrolyte handling and tumor glycolytic metabolism. Adjusting for 

these mediators would constitute overadjustment, which may bias the estimated treatment effect 

toward the null. 

2.3 Data Preprocessing, Imputation, and Feature Selection 

Variables with a missing rate exceeding 20% were excluded from the analysis. Missing 

continuous variables were imputed using the K-nearest neighbors algorithm with K equal to 5. 

Univariate Cox proportional hazards analysis was initially applied to screen all clinical and 

biochemical parameters. Variables achieving a P value below 0.05 were subsequently entered 

into a multivariate Cox model incorporating an L2 regularization penalty, with a penalizer 

parameter of 0.05, to mitigate the effects of multicollinearity inherent in complex metabolic 

indices. 



To enable direct comparison of effect sizes across biomarkers measured on different scales, 

all continuous variables were standardized to z-scores (mean = 0, standard deviation = 1) prior 

to entry into the multivariate Cox model. This transformation ensures that the resulting hazard 

ratios represent the change in mortality risk associated with a 1-standard deviation (SD) 

increase in each predictor, allowing meaningful comparison of prognostic impact across 

variables with disparate units (e.g., ng/mL for AFP vs. U/L for LDH). The standardization was 

performed on the imputed dataset, and the same scaling parameters were applied consistently 

across all analyses. 

Features retained as independent predictors in the final multivariate model, defined by a P 

value below 0.05, were designated as the core feature set for subsequent machine learning 

analyses. For clustering, however, variables were used on their original continuous scale (rather 

than standardized z-scores) to preserve the full dynamic range of extreme values, which is 

critical for separating metabolically distinct phenotypes. 

2.4 SHAP-Driven XGBoost and K-Means Clustering 

An Extreme Gradient Boosting (XGBoost) survival regressor with the objective function set 

to survival:cox was trained on the core feature set. To achieve individual-level interpretability 

and to overcome the black box limitation of machine learning, the model output was 

deconstructed using the TreeExplainer algorithm to generate a SHapley Additive exPlanations 

(SHAP) value matrix for each patient, quantifying the directional impact of each feature on 

mortality risk at the individual level. This SHAP matrix was used as the topological input for 

K-means unsupervised clustering to identify natural patient subgroups. The optimal number of 

clusters was evaluated across a range from 2 to 10, balancing the Elbow method based on inertia 

minimization, the Silhouette score, and clinical interpretability, defined by the distinct 

separation of Kaplan-Meier survival curves with a significant log-rank P value. 

2.5 Subgroup Interaction Analysis 

To evaluate whether the prognostic stratification power of the identified clusters was 

consistent across heterogeneous clinical scenarios, subgroup interaction analyses were 



performed. Patients were stratified according to six baseline clinical domains: recurrence status 

(primary vs. recurrent HCC), PVTT status (absent vs. present), distant metastasis (absent vs. 

present), baseline AFP level (<400 vs. ≥400 ng/mL), age group (<60 vs. ≥60 years), and gender 

(female vs. male). Within each stratum, hazard ratios and 95% confidence intervals were 

calculated using multivariate Cox proportional hazards regression, adjusting for all covariates 

included in the core feature set. To formally test for effect modification, multiplicative 

interaction terms (cluster phenotype × subgroup covariate) were introduced into the Cox 

regression models. A P value for interaction greater than 0.05 was considered to indicate no 

significant effect modification. Results were visualized using forest plots, with separate figures 

constructed for the favorable phenotype (Cluster 1 vs. others) and the extreme high-risk 

phenotype (Cluster 4 vs. others). 

2.6 Statistical Analysis 

Continuous variables were compared using the Student t test or the Mann-Whitney U test, as 

appropriate. Categorical variables were compared using the chi-square test. Survival curves 

were estimated using the Kaplan-Meier method and compared using the log-rank test. All 

statistical analyses were conducted using Python, with the Scikit-learn, Lifelines, and SHAP 

libraries. A two-sided P value below 0.05 was considered statistically significant. 

 

3. RESULTS 

3.1 Overall Survival Benefit of Synchronous Triple Therapy in BCLC-C Patients 

Before propensity score matching, substantial baseline imbalances were observed between 

the pre-immunotherapy TACE group and the synchronous triple-therapy group. Patients in the 

triple-therapy group had a higher proportion of recurrent disease (27.9% vs. 5.8%, P < 0.001) 

and higher median AFP levels (3,653.5 vs. 815.1 ng/mL, P < 0.001), while the pre-

immunotherapy TACE group had a higher proportion of patients with distant metastasis (24.0% 

vs. 17.8%, P = 0.001). Complete baseline characteristics before and after matching are 



presented in Table S1. The Kaplan-Meier analysis before matching demonstrated significantly 

superior survival for the triple-therapy group (log-rank P < 0.001; Figure 1A). 

After 1:1 propensity score matching using the 12 predefined covariates, 716 well-balanced 

pairs were generated. All matched covariates were effectively balanced, with P values 

exceeding 0.05 for all variables. Importantly, metabolic and electrolyte parameters, including 

anion gap, bicarbonate, calcium, phosphorus, potassium, and LDH, remained significantly 

different between the two groups after matching, with P values below 0.05 for all comparisons. 

This observation confirmed our methodological decision to exclude these variables from the 

propensity score model, as their persistent imbalance reflects their status as treatment-induced 

mediators rather than baseline confounders. 

Kaplan-Meier analysis of the matched cohort demonstrated that patients receiving 

synchronous triple therapy experienced significantly superior overall survival compared with 

those in the pre-immunotherapy TACE group (log-rank P < 0.001; Figure 1B; Table S2). In 

the synchronous triple-therapy group, the median overall survival was 28.0 months (95% CI, 

26.0-35.0 months), compared with 8.0 months (95% CI, 7.0-9.0 months) in the TACE-only 

group. The 5-year overall survival rate was 36.7% (95% CI, 31.7-41.6%) in the combination 

group and 8.0% (95% CI, 6.1-10.1%) in the TACE-only group. 

3.2 Identification of Eight Independent Prognostic Biomarkers 

To isolate the core prognostic drivers from the large number of collinear clinical and 

biochemical variables, we applied L2-penalized multivariate Cox regression. The results of the 

univariate and multivariate analyses are presented in Table 1. After regularization, eight 

features were retained as independent predictors of overall survival. 

AFP demonstrated a hazard ratio (HR) of 1.178 (95% confidence interval [CI]: 1.097–1.266; 

P < 0.001). Total protein (TP) was identified as a protective factor (HR, 0.846; 95% CI: 0.760–

0.940; P = 0.002). GGT was associated with increased mortality risk (HR, 1.130; 95% CI: 

1.026–1.245; P = 0.013). LDH also demonstrated an increased risk (HR, 1.140; 95% CI: 1.024–

1.271; P = 0.017). Phosphorus (P) emerged as a protective factor (HR, 0.882; 95% CI: 0.794–



0.980; P = 0.019). The presence of distant metastasis was associated with increased risk (HR, 

1.329; 95% CI: 1.035–1.705; P = 0.026). Bicarbonate (HCO3) demonstrated that lower levels 

were associated with worse survival (HR, 1.170; 95% CI: 1.012–1.353; P = 0.034). Finally, 

RBC was identified as a protective factor (HR, 0.874; 95% CI: 0.765–0.999; P = 0.048). 

The retention of LDH, HCO3, and P alongside AFP, GGT, TP, and RBC underscores the 

critical role of tumor glycolytic activity, acid-base homeostasis, nutritional reserve, and anemia 

in determining resistance to TACE plus targeted immunotherapy. Notably, distant metastasis 

exhibited the largest risk amplification (HR, 1.329), followed by AFP (HR, 1.178) and HCO3 

(HR, 1.170), while TP (HR, 0.846) and RBC (HR, 0.874) conferred the most substantial 

protective effects. 

3.3 Determination of the Optimal Clustering Configuration 

To stratify the heterogeneous cohort, we transformed the eight core features into a SHAP 

value matrix and subjected this matrix to K-means unsupervised clustering. The evaluation of 

cluster compactness, assessed by inertia, and cluster separation, assessed by the Silhouette score, 

was performed across values of K ranging from 2 to 10, as shown in Figure 2. The inertia curve 

demonstrated a distinct elbow at K equal to 4, and the Silhouette score confirmed optimal 

separation at this configuration. The four-cluster solution produced four sharply demarcated, 

non-overlapping Kaplan-Meier curves representing a continuous prognostic spectrum ranging 

from favorable to extreme high-risk, with a log-rank P value below 0.001. Accordingly, K equal 

to 4 was definitively selected as the optimal clustering configuration. 

3.4 PCA and Survival Disparities Validate Subtype Integrity 

Principal component analysis (PCA) of the SHAP space demonstrated robust spatial 

segregation of the four clusters, with distinct confidence ellipses confirming the structural 

integrity of the classification (Figure 3A). The Kaplan-Meier survival analysis revealed a 

stepwise survival gradient across the four clusters (Figure 3B; Table 2). Cluster 1 comprised 

586 patients (58.5%) and demonstrated the best prognosis, with a median overall survival (OS) 

of 38.0 months (95% CI, 31.0-55.0) and a 5-year OS rate of 42.7% (95% CI, 36.8-48.6). Cluster 



2, comprising 246 patients (24.6%), showed an intermediate-favorable prognosis (median OS, 

21.0 months; 5-year OS, 28.6%). Cluster 3, comprising 145 patients (14.5%), demonstrated an 

intermediate-poor prognosis (median OS, 15.0 months; 5-year OS, 23.1%). Cluster 4, 

comprising only 24 patients (2.4%), exhibited a dismal prognosis (median OS, 4.0 months; 1-

year OS, 4.2%). 

3.5 Phenotypic Architecture of the Four Clusters 

Radar plots (Figure 4A) and cluster-specific SHAP signature centers (Figure 4B) revealed 

distinct metabolic profiles across the four clusters. Cluster 1 was characterized by a coordinated 

pattern of preserved hepatic and metabolic function, with low tumor burden markers and normal 

acid-base balance. Cluster 2 showed a profile of mild metabolic derangement, primarily driven 

by modest elevations in GGT and LDH. Cluster 3 exhibited a discordant profile with high AFP 

and LDH but preserved total protein and bicarbonate, suggesting a state of high tumor metabolic 

demand without complete host decompensation. Cluster 4 displayed a convergent profile of 

maximal tumor burden markers, suppressed bicarbonate, and depleted nutritional reserves, 

consistent with a state of global metabolic failure. 

3.6 SHAP Global and Event-Stratified Interpretability 

The SHAP global summary plot (Figure 5A) ranked features by their impact on mortality 

risk. High AFP, GGT, LDH, and distant metastasis shifted patients into positive SHAP territory 

(increased risk), while high total protein, phosphorus, RBC, and bicarbonate conferred 

protection (negative SHAP values). When stratified by clinical endpoint, deceased patients 

were concentrated in high-positive SHAP domains, driven by extreme AFP and LDH elevations 

and suppressed bicarbonate, total protein, phosphorus, and RBC. 

Cluster-specific SHAP trajectory facets (Figure 5B) confirmed that the metabolically fit 

phenotype was consistently associated with protective (negative) SHAP contributions across 

all features, whereas the metabolically exhausted phenotype demonstrated risk-increasing 

(positive) SHAP contributions for AFP, GGT, LDH, and metastasis. 

3.7 Subgroup Validation Confirms Robustness Across Clinical Strata 



Subgroup analyses using forest plots (Figure 6, Figure S1-3; Tables S3-S6) validated the 

robustness of the four-cluster classification across diverse clinical subgroups. Compared with 

other clusters, the metabolically fit phenotype was associated with a significantly reduced 

mortality risk (HR, 0.44; 95% CI, 0.37-0.53; P < 0.001), and this protective effect remained 

consistent across subgroups defined by recurrence status (P for interaction = 0.182), PVTT (P 

= 0.277), distant metastasis (P = 0.463), AFP level (P = 0.616), age (P = 0.597), and gender (P 

= 0.101) (Figures 6). In contrast, the metabolically exhausted phenotype conferred a markedly 

increased mortality risk (HR range, 4.57-10.13), with consistent effect sizes across most 

subgroups (all P for interaction > 0.05), except for a potential sex-specific interaction (P = 0.025) 

(Figures S3). Clusters 2 and 3 demonstrated intermediate risk profiles, with HRs of 1.47 (95% 

CI, 1.19-1.81) and 1.80 (95% CI, 1.45-2.25), respectively, relative to other clusters (Figures 

S1, S2). These findings indicate that the SHAP-derived four-cluster classification captures 

intrinsic biological fitness beyond conventional clinical covariates, with particularly robust 

performance for the metabolically fit phenotype. 

 

4. DISCUSSION 

In the propensity-matched cohort, patients receiving synchronous triple therapy achieved a 

median overall survival of 28.0 months, compared with 8.0 months in the pre-immunotherapy 

TACE group, confirming a substantial survival benefit of this combination regimen in BCLC-

C disease. However, this average treatment effect masks considerable interpatient heterogeneity. 

The four metabolic phenotypes identified by our clustering framework, ranging from 

metabolically fit to metabolically exhausted, demonstrate that patients receiving the same 

intensive regimen can have profoundly different outcomes. These findings carry potential 

clinical implications. The eight features comprising the clustering framework are all routine, 

low-cost, and universally available tests that could be readily integrated into baseline 

assessments. Patients with the metabolically fit phenotype may be the most suitable candidates 

for standard triple therapy, whereas those with the metabolically exhausted phenotype, who 



appeared to derive minimal benefit, may be candidates for alternative strategies, including 

clinical trials of novel agents or best supportive care. 

It is worth noting that the observed median survival of 28.0 months in the triple-therapy 

group warrants careful interpretation. This magnitude of benefit is consistent with, though at 

the higher end of, findings from recent clinical trials and large real-world studies[17-19, 32, 

33]. We acknowledge that this estimate appears favorable relative to historical BCLC-C 

benchmarks[2, 5, 22, 34], and several factors likely contribute to this observation. First, our 

cohort exclusively comprised patients who tolerated immediate post-TACE initiation of TKIs 

and ICIs, inherently excluding those with early treatment-related complications or severely 

compromised hepatic reserve. Second, the contemporary era benefited from improved 

supportive care, including antiviral therapy, nutritional support, and optimized adverse event 

management, which may have contributed to survival prolongation beyond the direct antitumor 

effects of the combination regimen. Third, the inclusion of patients with recurrent HCC (27.9% 

of the triple-therapy cohort) may introduce a degree of healthy survivor bias, as these patients 

had already demonstrated favorable disease biology by surviving prior treatments. 

Consequently, our survival estimates should be interpreted as reflecting outcomes in a carefully 

selected, treatment-tolerant subset of BCLC-C patients rather than the entire BCLC-C 

population. External validation in more broadly inclusive cohorts is warranted. 

The identification of four distinct prognostic subtypes within the triple-therapy cohort reveals 

that the average treatment effect masks substantial interpatient variability. This observation 

underscores the limitations of the current one-size-fits-all approach and highlights the urgent 

need for precision stratification strategies specifically designed for the BCLC-C population. 

Although conventional tumor burden indicators (AFP and metastasis) were included in the 

feature matrix, our clustering system is conceptually framed as a metabolic phenotyping 

strategy. This is because AFP and metastasis represent the tumor-side drivers of metabolic 

stress, while LDH, bicarbonate, phosphorus, total protein, and RBC collectively reflect the 

host-side buffering capacity against glycolysis-derived acidosis, nutritional exhaustion, and 



anemia. Thus, the four identified clusters depict a graded spectrum of systemic host-metabolic 

fitness in response to tumor burden.  

The most clinically significant finding of our study is the identification of the metabolically 

fit phenotype (Cluster 1), which comprised 58.5% of patients and achieved a median overall 

survival of 38.0 months and a 5-year survival rate of 42.7%. These survival outcomes are 

exceptional for patients with BCLC-C disease and approach those observed in patients with 

earlier stage disease receiving curative-intent therapy. This phenotype was characterized by low 

AFP, GGT, and LDH; preserved total protein; normal bicarbonate; adequate phosphorus; 

normal RBC; and low metastasis burden. Importantly, the favorable prognosis associated with 

Cluster 1 was consistently observed across all clinical subgroups, including patients with PVTT, 

distant metastasis, recurrent disease, and high AFP. This consistency across diverse clinical 

contexts confirms that our metabolic subtyping captures intrinsic biological fitness beyond 

conventional clinical covariates. 

Conversely, the metabolically exhausted phenotype (Cluster 4), comprising only 2.4% of 

patients, represents a unique metabolic catastrophe phenotype characterized by extreme tumor 

burden, massive glycolysis and necrosis, severe acidosis, nutritional exhaustion, and anemia. 

Patients in this cluster derived virtually no survival benefit from synchronous triple therapy, 

with a median overall survival of only 4.0 months and a 1-year survival rate of 4.2%. These 

outcomes are worse than those observed in historical TACE-only cohorts, suggesting that this 

phenotype represents a state of absolute refractoriness to current standard-of-care combination 

therapy. The extreme mortality risk associated with Cluster 4 was consistently observed across 

all clinical subgroups, with hazard ratios ranging from 4.57 to 10.13 relative to other clusters. 

This finding has direct clinical implications: patients with this phenotype should be considered 

for alternative therapeutic strategies, including dual immunotherapy combinations, enrollment 

in clinical trials of novel agents, or best supportive care to avoid futile aggressive therapy.  

Among the independent prognostic factors, LDH, HCO3, and P form a metabolic axis closely 

linked to the Warburg effect and systemic acid-base balance[35-37]. Elevated LDH reflects 

extensive tumor glycolysis and lactate accumulation, which has been shown to impair CD8-



positive T lymphocyte function and reduce the cellular uptake of weakly basic TKIs through 

pH-dependent ion trapping[38-40]. Low HCO3, in turn, may indicate exhausted systemic 

buffering capacity against tumor-derived acid load[41, 42]. The concurrent elevation of LDH 

and suppression of HCO3, as observed in the metabolically exhausted phenotype, suggests a 

state of tumor-driven metabolic acidosis that may contribute to immune evasion and therapeutic 

resistance[39, 43-45]. In contrast, higher P levels were associated with improved survival in 

our multivariate model. P depletion in advanced cancer patients often reflects poor nutritional 

status and depleted ATP reserves; its preservation may therefore serve as a marker of metabolic 

resilience rather than a direct mediator of treatment response[46-48]. 

Beyond the LDH-HCO3-P axis, TP and RBC were identified as additional protective factors. 

TP, which encompasses both albumin and globulins, may reflect not only nutritional status but 

also humoral immune competence[49, 50]. RBC count, while traditionally viewed as a marker 

of anemia, may influence outcomes through tissue oxygen delivery and physical performance 

reserve[51, 52]. Notably, the metabolically fit phenotype (Cluster 1) demonstrated a 

coordinated pattern of preserved metabolic function across multiple dimensions, suggesting 

that patients with this phenotype possess sufficient host metabolic reserve to tolerate and 

respond to intensive triple therapy. 

Several limitations of this study should be acknowledged. First, this was a retrospective, 

single-center study, which introduces inherent selection bias, as the cohort was derived from a 

single institution. Second, the small sample size of Cluster 4 (n=24) limits the precision of our 

estimates for this extreme high-risk group, although the consistency of findings across diverse 

clinical subgroups supports the robustness of this phenotype. Third, the clustering model was 

developed and evaluated using the full cohort without a separate external validation set, which 

may limit the generalizability of our findings. Fourth, there may be unmeasured confounders, 

including performance status, Child-Pugh score details, and etiology of liver disease. Future 

external validation in multicenter cohorts and prospective trials is warranted to confirm the 

applicability of the four-cluster model. 

 



5. CONCLUSION 

The SHAP-driven clustering framework stratifies patients with BCLC-C HCC receiving 

synchronous TACE plus targeted immunotherapy into four prognostically distinct metabolic 

phenotypes, suggesting that routine blood tests may aid in identifying patients most likely to 

benefit from intensive triple therapy.  
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Figure Legends 

Graphical Abstract. This figure illustrates the study design and key findings.  

 



 

Figure 1. Overall survival of synchronous triple therapy versus pre-immunotherapy 

TACE before and after propensity score matching. (A) Kaplan-Meier curves comparing 

overall survival between patients receiving synchronous triple therapy (TACE plus TKIs and 

ICIs, n=1,001) and those in the pre-immunotherapy TACE group (n=791) before propensity 

score matching. The log-rank P value was less than 0.001. (B) Kaplan-Meier curves comparing 

overall survival between the two groups after 1:1 propensity score matching (n=716 per group). 

Patients receiving synchronous triple therapy demonstrated significantly superior overall 

survival compared with those in the pre-immunotherapy TACE group (median, 28.0 vs. 8.0 

months; log-rank P < 0.001). 

 

 

 



Figure 2. Optimal cluster number determination. Evaluation of inertia (elbow method) 

and Silhouette score across cluster numbers from 2 to 10. The inertia curve demonstrated a 

distinct elbow at K=4, and the Silhouette score confirmed optimal separation at this 

configuration. K=4 was selected as the optimal clustering configuration. 

 

 

 

 

 

 



 

Figure 3. Subtype integrity validated by PCA and survival analysis. (A) Principal 

component analysis of the SHAP space demonstrating robust spatial segregation of the four 

clusters, with 95% confidence ellipses confirming structural integrity. (B) Kaplan-Meier 

survival curves of the four clusters identified by SHAP-driven K-means clustering, showing a 

stepwise survival gradient from the metabolically fit phenotype (Cluster 1) to the metabolically 

exhausted phenotype (Cluster 4). The log-rank P value was less than 0.001. 

 

 

 



 

Figure 4. Phenotypic architecture of the four clusters. (A) Radar plots illustrating the 

standardized feature values across the eight core features for each cluster. (B) Cluster-specific 

SHAP signature centers showing the mean SHAP value for each feature across the four clusters. 

The metabolically fit phenotype (Cluster 1) demonstrated protective (negative) SHAP 

contributions across all features, while the metabolically exhausted phenotype (Cluster 4) 

demonstrated risk-increasing (positive) SHAP contributions for AFP, GGT, LDH, and 

metastasis. 



Figure 5. SHAP global and cluster-specific interpretability. (A) SHAP event 

stratification scatter plot showing feature contributions to mortality risk stratified by clinical 

endpoint (Alive/Censored vs. Dead). Deceased patients were concentrated in high-positive 

SHAP domains, driven by elevated AFP, GGT, and LDH and suppressed bicarbonate, total 

protein, phosphorus, and RBC. Red indicates high feature values; blue indicates low feature 

values. (B) SHAP cluster trajectory facets showing the distribution of scaled feature values 

across the four clusters. Each facet represents one cluster, with feature values scaled from 0 to 

1. The orderly transition from protective feature profiles in Cluster 1 to risk-increasing profiles 

in Cluster 4 is clearly demonstrated. 

 

 



 

Figure 6. Subgroup validation of the metabolically fit phenotype (Cluster 1 vs. 

others). Forest plot showing the favorable prognosis associated with Cluster 1 across all 

clinical strata, with all P for interaction exceeding 0.05. HRs are shown on a logarithmic scale. 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure Legends 

 

Figure S1. Subgroup validation of the metabolically fit phenotype (Cluster 2 vs. 

others). Forest plot showing the favorable prognosis associated with Cluster 2 across all 

clinical strata. HRs are shown on a logarithmic scale. 

 



 

Figure S2. Subgroup validation of the metabolically fit phenotype (Cluster 3 vs. 

others). Forest plot showing the favorable prognosis associated with Cluster 3 across all 

clinical strata. HRs are shown on a logarithmic scale. 

 



 

Figure S3. Subgroup validation of the metabolically fit phenotype (Cluster 4 vs. 

others). Forest plot showing the favorable prognosis associated with Cluster 3 across all 

clinical strata. HRs are shown on a logarithmic scale. 

 

 

 

 

 

 

 

 

 

 



Tables 

Table 1. Univariate and multivariate Cox proportional hazards analysis.  

Characteristics Univariate HR (95% 

CI) 

Univariate 

P-value 

Multivariate HR 

(95% CI) 

Multivariate P-

value 

AFP 1.219 (1.147-1.295) <0.001 1.178 (1.097-1.266) <0.001 

TP 0.886 (0.807-0.972) 0.011 0.846 (0.760-0.940) 0.002 

GGT 1.208 (1.133-1.288) <0.001 1.130 (1.026-1.245) 0.013 

LDH 1.189 (1.114-1.269) <0.001 1.140 (1.024-1.271) 0.017 

P 0.903 (0.823-0.990) 0.030 0.882 (0.794-0.980) 0.019 

Metastasis     

    No Reference - Reference - 

    Yes 1.458 (1.160-1.831) 0.001 1.329 (1.035-1.705) 0.026 

HCO3 1.153 (1.047-1.269) 0.004 1.170 (1.012-1.353) 0.034 

RBC 0.831 (0.753-0.917) <0.001 0.874 (0.765-0.999) 0.048 

Cl 0.666 (0.608-0.731) <0.001 0.842 (0.698-1.017) 0.075 

Anion_Gap 1.210 (1.110-1.320) <0.001 1.141 (0.977-1.334) 0.095 

K 1.115 (1.018-1.222) 0.019 1.087 (0.978-1.207) 0.123 

TBIL 1.178 (1.106-1.254) <0.001 1.085 (0.976-1.207) 0.129 

CHE 0.699 (0.632-0.773) <0.001 0.894 (0.773-1.034) 0.131 

NLR 1.083 (1.011-1.161) 0.024 0.927 (0.832-1.034) 0.174 

AST 1.252 (1.169-1.341) <0.001 1.076 (0.966-1.197) 0.182 

ADA 1.183 (1.096-1.278) <0.001 1.067 (0.956-1.191) 0.245 

ALB 0.754 (0.689-0.825) <0.001 0.932 (0.810-1.071) 0.322 

PCT 1.114 (1.013-1.225) 0.025 1.054 (0.941-1.180) 0.367 

GLDH 1.081 (1.008-1.159) 0.030 0.948 (0.842-1.066) 0.373 

EOS# 0.896 (0.806-0.996) 0.042 0.923 (0.772-1.103) 0.378 

PA 0.707 (0.642-0.778) <0.001 0.935 (0.787-1.112) 0.447 

BUN 0.864 (0.778-0.960) 0.006 0.961 (0.850-1.086) 0.522 

LAP 1.151 (1.089-1.217) <0.001 1.026 (0.941-1.119) 0.562 

HGB 0.858 (0.784-0.940) 0.001 0.945 (0.777-1.150) 0.573 

Na 0.835 (0.759-0.919) <0.001 1.038 (0.885-1.219) 0.645 

INR 1.120 (1.021-1.230) 0.016 0.970 (0.844-1.114) 0.665 

MONO 1.148 (1.047-1.259) 0.003 1.021 (0.914-1.141) 0.709 

Cr 0.867 (0.772-0.972) 0.015 1.022 (0.907-1.151) 0.720 

ALP 1.065 (1.014-1.119) 0.011 0.986 (0.892-1.090) 0.787 

HCT 0.849 (0.773-0.933) <0.001 1.023 (0.832-1.259) 0.827 

MAO 1.128 (1.033-1.231) 0.007 1.011 (0.892-1.147) 0.864 

RBP 0.760 (0.687-0.839) <0.001 1.013 (0.862-1.191) 0.873 



TBA 1.091 (1.010-1.179) 0.028 0.995 (0.896-1.105) 0.923 

PT 1.127 (1.025-1.239) 0.014 0.996 (0.877-1.131) 0.954 

MCH 1.088 (0.989-1.196) 0.083 - - 

APTT 0.922 (0.834-1.019) 0.110 - - 

MPV 1.074 (0.984-1.173) 0.112 - - 

Mg 1.071 (0.984-1.165) 0.113 - - 

PLT 1.079 (0.981-1.188) 0.118 - - 

P-LCR 1.065 (0.976-1.162) 0.159 - - 

MCV 1.069 (0.973-1.174) 0.166 - - 

TRF 0.938 (0.855-1.030) 0.180 - - 

MCHC 1.059 (0.964-1.164) 0.233 - - 

FER 1.049 (0.964-1.141) 0.265 - - 

UA 0.952 (0.865-1.047) 0.312 - - 

LPS 1.048 (0.956-1.150) 0.318 - - 

BASO 1.043 (0.960-1.134) 0.321 - - 

CysC 1.040 (0.954-1.135) 0.374 - - 

ALT 1.034 (0.954-1.120) 0.413 - - 

TT 1.036 (0.942-1.139) 0.468 - - 

Ca 1.023 (0.930-1.126) 0.635 - - 

FIB 1.020 (0.933-1.114) 0.667 - - 

PDW 1.013 (0.929-1.105) 0.773 - - 

Age 0.868 (0.786-0.959) 0.006 0.904 (0.811-1.008) 0.071 

Gender     

    Female Reference - - - 

    Male 0.876 (0.676-1.135) 0.316 - - 

PVTT     

    No Reference - - - 

    Yes 0.855 (0.681-1.073) 0.176 - - 

Recurrence     

    No Reference - Reference - 

    Yes 0.767 (0.621-0.947) 0.014 0.891 (0.710-1.118) 0.317 

AFP: Alpha-Fetoprotein; TP: Total Protein; GGT: Gamma-Glutamyl Transferase; LDH: Lactate 

Dehydrogenase; P: Phosphorus; HCO3: Bicarbonate; RBC: Red Blood Cell Count; Cl: Chloride; 

Anion_Gap: Anion Gap; K: Potassium; TBIL: Total Bilirubin; CHE: Cholinesterase; NLR: Neutrophil-to-

Lymphocyte Ratio; AST: Aspartate Aminotransferase; ADA: Adenosine Deaminase; ALB: Albumin; PCT: 

Procalcitonin; GLDH: Glutamate Dehydrogenase; EOS: Eosinophil Count; PA: Prealbumin; BUN: Blood 

Urea Nitrogen; LAP: Leucine Aminopeptidase; HGB: Hemoglobin; Na: Sodium; INR: International 

Normalized Ratio; MONO: Monocyte Count; Cr: Creatinine; ALP: Alkaline Phosphatase; HCT: 

Hematocrit; MAO: Monoamine Oxidase; RBP: Retinol-Binding Protein; TBA: Total Bile Acid; PT: 

Prothrombin Time; MCH: Mean Corpuscular Hemoglobin; APTT: Activated Partial Thromboplastin Time; 

MPV: Mean Platelet Volume; Mg: Magnesium; PLT: Platelet Count; P-LCR: Platelet-Large Cell Ratio; 



 

 

Table 2. Comprehensive survival summary of the four clusters.  

MCV: Mean Corpuscular Volume; TRF: Transferrin; MCHC: Mean Corpuscular Hemoglobin 

Concentration; FER: Ferritin; UA: Uric Acid; LPS: Lipase; BASO: Basophil Count; CysC: Cystatin C; 

ALT: Alanine Aminotransferase; TT: Thrombin Time; Ca: Calcium; FIB: Fibrinogen; PDW: Platelet 

Distribution Width; WBC: White Blood Cell Count; LYM: Lymphocyte Count; NEU: Neutrophil Count; 

AST_ALT_Ratio: AST to ALT Ratio; A_G_Ratio: Albumin to Globulin Ratio; DBIL: Direct Bilirubin; 

IBIL: Indirect Bilirubin; GLB: Globulin; Gender: Sex; Metastasis: Distant Metastasis; PVTT: Portal Vein 

Tumor Thrombus; CI: Confidence Interval; HR: Hazard Ratio. 

Cohort Subgroup N Events 

Median 

OS, 

Months 

(95% CI) 

1-Year OS 

Rate (95% 

CI) 

3-Year 

OS 

Rate 

(95% 

CI) 

5-Year 

OS 

Rate 

(95% 

CI) 

Log-

rank 

P 

Triple 

therapy 

(TACE+TKIs

+ICIs） 

Cluster 1 586 231 

38.0 

(31.0-

55.0) 

82.7% 

(79.2-

85.6%) 

51.2% 

(45.8-

56.3%) 

42.7% 

(36.8-

48.6%) 

< 

0.001 

Cluster 2 246 115 

21.0 

(16.0-

26.0) 

62.7% 

(55.6-

69.0%) 

35.1% 

(26.2-

44.2%) 

28.6% 

(19.1-

38.8%) 

 

Cluster 3 145 101 

15.0 

(12.0-

18.0) 

56.9% 

(48.3-

64.6%) 

28.4% 

(20.3-

37.0%) 

23.1% 

(14.9-

32.2%) 

 

Cluster 4 24 24 
4.0 (2.0-

5.0) 

4.2% (0.3-

17.6%) 
N/A N/A  



Supplementary Tables 

Table S1. Baseline characteristics before and after propensity score matching.  

Characteristics 

Before PSM After PSM 

Synchronous 

TACE+TKI+ICI  

(N=1001) 

TACE±TKI 

(N=791) 
P-value 

Synchronous 

TACE+TKI+ICI  

(N=716) 

TACE±TKI 

(N=716) 

P-

value 

Age (Mean ± SD) 52.85 ± 11.10 51.40 ± 11.10 0.007 52.92 ± 11.13 51.42 ± 10.97 0.012 

Gender, n (%)   0.632   0.619 

    Female 125 (12.5%) 92 (11.6%)  86 (12.0%) 79 (11.0%)  

    Male 876 (87.5%) 699 (88.4%)  630 (88.0%) 637 (89.0%)  

PVTT, n (%)   0.343   0.199 

    No 186 (18.6%) 162 (20.5%)  108 (15.1%) 127 (17.7%)  

    Yes 815 (81.4%) 629 (79.5%)  608 (84.9%) 589 (82.3%)  

Metastasis, n (%)   0.001   0.034 

    No 823 (82.2%) 601 (76.0%)  611 (85.3%) 580 (81.0%)  

    Yes 178 (17.8%) 190 (24.0%)  105 (14.7%) 136 (19.0%)  

Recurrence, n (%)   <0.001   0.061 

    No 722 (72.1%) 745 (94.2%)  650 (90.8%) 670 (93.6%)  

    Yes 279 (27.9%) 46 (5.8%)  66 (9.2%) 46 (6.4%)  

ADA (Mean ± SD) 25.85 ± 11.03 24.89 ± 10.96 0.066 25.68 ± 10.34 24.92 ± 11.04 0.180 



AFP (Mean ± SD) 3653.51 ± 16535.29 815.13 ± 825.77 <0.001 1211.09 ± 6321.68 814.90 ± 819.73 0.097 

ALB (Mean ± SD) 34.99 ± 4.95 34.96 ± 4.70 0.923 35.00 ± 4.98 34.93 ± 4.65 0.795 

ALP (Mean ± SD) 172.06 ± 158.97 155.24 ± 116.95 0.010 174.13 ± 178.25 153.58 ± 118.22 0.010 

ALT (Mean ± SD) 48.86 ± 46.74 55.69 ± 60.56 0.009 49.95 ± 46.61 55.82 ± 60.89 0.041 

APTT (Mean ± SD) 34.89 ± 6.90 30.88 ± 5.99 <0.001 34.47 ± 6.94 30.77 ± 6.08 <0.001 

AST (Mean ± SD) 89.20 ± 84.49 89.92 ± 91.67 0.865 88.74 ± 83.50 88.72 ± 88.78 0.995 

AST_ALT_Ratio 

(Mean ± SD) 
2.17 ± 1.78 2.16 ± 7.21 0.990 2.08 ± 1.65 2.17 ± 7.56 0.762 

A_G_Ratio (Mean ± 

SD) 
1.12 ± 0.42 1.11 ± 0.28 0.483 1.13 ± 0.45 1.11 ± 0.28 0.237 

Anion_Gap (Mean ± 

SD) 
11.05 ± 2.85 12.53 ± 2.78 <0.001 11.17 ± 2.85 12.46 ± 2.67 <0.001 

BASO# (Mean ± SD) 0.036 ± 0.024 0.039 ± 0.067 0.132 0.036 ± 0.026 0.036 ± 0.024 0.859 

BUN (Mean ± SD) 4.69 ± 1.86 4.81 ± 1.85 0.158 4.75 ± 1.97 4.78 ± 1.77 0.772 

CHE (Mean ± SD) 5427.77 ± 2227.33 5305.13 ± 2058.87 0.227 5447.92 ± 2276.91 5295.13 ± 2064.70 0.184 

Ca (Mean ± SD) 2.21 ± 0.14 2.32 ± 0.21 <0.001 2.21 ± 0.15 2.32 ± 0.20 <0.001 

Cl (Mean ± SD) 102.92 ± 3.71 101.42 ± 3.45 <0.001 102.80 ± 3.67 101.52 ± 3.42 <0.001 

Cr (Mean ± SD) 72.72 ± 22.90 74.62 ± 25.38 0.100 73.98 ± 24.96 73.94 ± 22.06 0.972 

CysC (Mean ± SD) 1.03 ± 0.27 1.03 ± 0.29 0.929 1.03 ± 0.27 1.03 ± 0.27 0.624 

DBIL (Mean ± SD) 8.99 ± 8.79 9.99 ± 18.15 0.156 9.31 ± 9.70 9.45 ± 8.88 0.781 

EOS (Mean ± SD) 0.254 ± 0.323 0.301 ± 0.528 0.027 0.261 ± 0.331 0.295 ± 0.518 0.136 

FER (Mean ± SD) 609.50 ± 511.45 420.50 ± 284.79 <0.001 594.09 ± 495.27 419.45 ± 288.61 <0.001 

FIB (Mean ± SD) 3.68 ± 1.29 3.51 ± 1.37 0.009 3.68 ± 1.34 3.43 ± 1.33 <0.001 

GGT (Mean ± SD) 183.35 ± 170.42 199.10 ± 168.83 0.051 180.48 ± 158.52 197.18 ± 169.70 0.055 



GLB (Mean ± SD) 33.27 ± 7.10 32.93 ± 6.13 0.277 32.97 ± 6.93 32.96 ± 6.24 0.964 

GLDH (Mean ± SD) 26.75 ± 62.83 25.51 ± 57.50 0.665 26.73 ± 68.66 25.04 ± 56.42 0.609 

HCO3 (Mean ± SD) 24.95 ± 2.50 25.87 ± 2.48 <0.001 24.95 ± 2.45 25.91 ± 2.43 <0.001 

HCT (Mean ± SD) 39.05 ± 6.54 39.77 ± 6.70 0.024 39.24 ± 6.43 39.57 ± 6.62 0.336 

HGB (Mean ± SD) 127.25 ± 22.60 129.24 ± 22.87 0.066 127.91 ± 22.50 128.68 ± 22.71 0.521 

IBIL (Mean ± SD) 10.77 ± 5.44 11.26 ± 6.37 0.087 11.00 ± 5.79 11.17 ± 5.94 0.598 

INR (Mean ± SD) 1.07 ± 0.13 1.10 ± 0.14 <0.001 1.07 ± 0.13 1.09 ± 0.14 0.005 

K (Mean ± SD) 3.96 ± 0.45 4.20 ± 0.49 <0.001 3.96 ± 0.46 4.20 ± 0.50 <0.001 

LAP (Mean ± SD) 59.54 ± 37.49 57.16 ± 30.35 0.138 58.94 ± 33.49 57.00 ± 30.97 0.254 

LDH (Mean ± SD) 288.39 ± 196.56 328.96 ± 307.35 0.001 281.10 ± 184.53 325.27 ± 312.67 0.001 

LPS (Mean ± SD) 50.27 ± 35.88 43.68 ± 41.72 <0.001 50.15 ± 34.06 43.77 ± 40.61 0.001 

MAO (Mean ± SD) 6.28 ± 3.54 5.65 ± 2.86 <0.001 6.11 ± 3.30 5.50 ± 2.70 <0.001 

MCH (Mean ± SD) 28.95 ± 4.99 28.99 ± 3.75 0.832 28.92 ± 3.93 29.07 ± 3.74 0.468 

MCHC (Mean ± SD) 325.90 ± 31.82 324.43 ± 10.71 0.172 325.30 ± 11.20 324.54 ± 10.65 0.187 

MCV (Mean ± SD) 88.63 ± 10.65 89.23 ± 10.15 0.225 88.74 ± 10.64 89.44 ± 10.13 0.206 

MONO (Mean ± SD) 0.509 ± 0.219 0.570 ± 0.274 <0.001 0.511 ± 0.230 0.562 ± 0.271 <0.001 

MPV (Mean ± SD) 9.37 ± 1.05 9.56 ± 1.06 <0.001 9.39 ± 1.07 9.57 ± 1.07 0.002 

Mg (Mean ± SD) 0.837 ± 0.113 0.886 ± 0.150 <0.001 0.845 ± 0.114 0.883 ± 0.150 <0.001 

Na (Mean ± SD) 138.89 ± 2.88 139.82 ± 3.21 <0.001 138.90 ± 2.90 139.88 ± 3.14 <0.001 

P (Mean ± SD) 1.05 ± 0.18 1.02 ± 0.19 <0.001 1.05 ± 0.18 1.01 ± 0.18 0.001 

P-LCR (Mean ± SD) 23.05 ± 7.28 23.86 ± 7.52 0.021 23.16 ± 7.44 23.94 ± 7.54 0.048 

PA (Mean ± SD) 147.20 ± 55.54 132.69 ± 54.44 <0.001 148.08 ± 54.57 132.15 ± 53.81 <0.001 

PCT (Mean ± SD) 0.182 ± 0.090 0.205 ± 0.094 <0.001 0.182 ± 0.092 0.198 ± 0.082 <0.001 

PDW (Mean ± SD) 15.92 ± 0.47 15.89 ± 0.41 0.086 15.92 ± 0.49 15.89 ± 0.41 0.250 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PLT (Mean ± SD) 198.58 ± 106.21 218.95 ± 106.39 <0.001 199.17 ± 110.20 210.67 ± 95.51 0.035 

PT (Mean ± SD) 12.64 ± 1.93 13.16 ± 1.66 <0.001 12.71 ± 1.98 13.07 ± 1.62 <0.001 

RBC (Mean ± SD) 4.45 ± 0.83 4.51 ± 0.87 0.203 4.47 ± 0.82 4.47 ± 0.85 0.983 

RBP (Mean ± SD) 23.09 ± 11.22 30.56 ± 13.74 <0.001 23.30 ± 11.13 30.38 ± 13.47 <0.001 

TBA (Mean ± SD) 21.90 ± 27.53 21.70 ± 31.39 0.891 22.39 ± 29.10 21.80 ± 31.17 0.709 

TBIL (Mean ± SD) 19.76 ± 12.90 21.25 ± 22.55 0.099 20.31 ± 14.03 20.61 ± 13.52 0.680 

TP (Mean ± SD) 68.26 ± 6.92 67.90 ± 6.63 0.259 67.97 ± 6.94 67.89 ± 6.66 0.820 

TRF (Mean ± SD) 2.03 ± 0.46 2.19 ± 0.59 <0.001 2.04 ± 0.47 2.20 ± 0.59 <0.001 

TT (Mean ± SD) 18.32 ± 1.80 18.00 ± 5.30 0.103 18.40 ± 1.73 18.04 ± 5.53 0.097 

UA (Mean ± SD) 323.82 ± 99.04 323.87 ± 101.49 0.992 324.83 ± 100.93 323.17 ± 97.69 0.752 

NLR (Mean ± SD) 3.52 ± 3.33 3.58 ± 2.78 0.652 3.44 ± 3.10 3.47 ± 2.55 0.843 



Table S2. Survival outcomes before and after propensity score matching.  

Cohort Subgroup N Events 

Median OS, 

Months (95% 

CI) 

1-Year OS Rate 

(95% CI) 

2-Year OS Rate 

(95% CI) 

3-Year OS Rate 

(95% CI) 

5-Year OS Rate 

(95% CI) 

Log-

rank 

P 

Before 

PSM 

Synchronous 

TACE+TKI+ICI  
1001 471 

27.0 (24.0-

31.0) 

72.2% (69.1-

75.0%) 

53.5% (49.8-

57.0%) 

42.7% (38.7-

46.7%) 

35.4% (31.0-

39.8%) 

< 

0.001 

 

Pre-

immunotherapy 

TACE 

791 752 8.0 (7.0-9.0) 
36.2% (32.8-

39.5%) 

20.6% (17.9-

23.5%) 

12.5% (10.3-

14.9%) 
7.7% (6.0-9.7%)  

After PSM 
Synchronous 

TACE+TKI+ICI  
716 349 

28.0 (26.0-

35.0) 

73.3% (69.8-

76.5%) 

56.0% (51.8-

60.0%) 

44.5% (39.9-

48.9%) 

36.7% (31.7-

41.6%) 

< 

0.001 

 

Pre-

immunotherapy 

TACE 

716 679 8.0 (7.0-9.0) 
36.3% (32.8-

39.8%) 

21.2% (18.3-

24.3%) 

13.1% (10.8-

15.7%) 
8.0% (6.1-10.1%)  

 

 

 

 

 

 



Table S3. Subgroup analysis for the metabolically fit phenotype (Cluster 1 vs. 

others).  

Variable Strata 
No. of 

Patients (%) 

HR (95% 

CI) 

P 

valu

e 

P for 

interaction 

Overall 

Cohort 
All Patients 

1001 

(100.0%) 

0.44 (0.37-

0.53) 

<0.0

01 
- 

Recurrence 

Status 
 - - - - 

 
  Primary HCC (No 

Recurrence) 
722 (72.1%) 

0.50 (0.41-

0.61) 

<0.0

01 
0.182 

   Recurrent HCC 279 (27.9%) 
0.43 (0.30-

0.61) 

<0.0

01 
- 

PVTT Status  - - - - 

   No PVTT 186 (18.6%) 
0.47 (0.32-

0.70) 

<0.0

01 
0.277 

   PVTT Present 815 (81.4%) 
0.49 (0.40-

0.59) 

<0.0

01 
- 

Distant 

Metastasis 
 - - - - 

   Metastasis Present 178 (17.8%) 
0.44 (0.30-

0.66) 

<0.0

01 
0.463 

   No Metastasis 823 (82.2%) 
0.50 (0.41-

0.60) 

<0.0

01 
- 

Baseline AFP 

Level 
 - - - - 

   < 400 ng/mL 452 (45.2%) 
0.54 (0.40-

0.74) 

<0.0

01 
0.616 

   >= 400 ng/mL 549 (54.8%) 
0.54 (0.42-

0.68) 

<0.0

01 
- 

Age Group  - - - - 

   < 60 Years 678 (67.7%) 
0.49 (0.39-

0.60) 

<0.0

01 
0.597 

   >= 60 Years 323 (32.3%) 
0.48 (0.36-

0.64) 

<0.0

01 
- 

Gender  - - - - 

   Female 125 (12.5%) 
0.54 (0.34-

0.85) 

0.00

8 
0.101 

   Male 876 (87.5%) 
0.48 (0.39-

0.57) 

<0.0

01 
- 



Table S4. Subgroup analysis for the metabolically compensated phenotype 

(Cluster 2 vs. others).  

Variable Strata 
No. of 

Patients (%) 

HR (95% 

CI) 

P 

valu

e 

P for 

interaction 

Overall 

Cohort 
All Patients 

1001 

(100.0%) 

1.47 (1.19-

1.81) 

<0.0

01 
- 

Recurrence 

Status 
 - - - - 

 
  Primary HCC (No 

Recurrence) 
722 (72.1%) 

1.40 (1.11-

1.77) 

0.00

5 
0.762 

   Recurrent HCC 279 (27.9%) 
1.46 (0.97-

2.18) 

0.06

7 
- 

PVTT Status  - - - - 

   No PVTT 186 (18.6%) 
0.91 (0.56-

1.48) 

0.69

3 
0.046 

   PVTT Present 815 (81.4%) 
1.57 (1.26-

1.97) 

<0.0

01 
- 

Distant 

Metastasis 
 - - - - 

   Metastasis Present 178 (17.8%) 
0.94 (0.58-

1.53) 

0.80

7 
0.145 

   No Metastasis 823 (82.2%) 
1.56 (1.25-

1.95) 

<0.0

01 
- 

Baseline AFP 

Level 
 - - - - 

   < 400 ng/mL 452 (45.2%) 
1.84 (1.35-

2.50) 

<0.0

01 
0.231 

   >= 400 ng/mL 549 (54.8%) 
1.14 (0.87-

1.50) 

0.33

7 
- 

Age Group  - - - - 

   < 60 Years 678 (67.7%) 
1.35 (1.05-

1.75) 

0.01

9 
0.480 

   >= 60 Years 323 (32.3%) 
1.49 (1.07-

2.09) 

0.01

9 
- 

Gender  - - - - 

   Female 125 (12.5%) 
1.78 (1.05-

2.99) 

0.03

1 
0.901 

   Male 876 (87.5%) 
1.35 (1.08-

1.68) 

0.00

7 
- 



Table S5. Subgroup analysis for the tumor-metabolism dominant phenotype 

(Cluster 3 vs. others).  

 

Variable Strata 
No. of 

Patients (%) 

HR (95% 

CI) 

P 

valu

e 

P for 

interaction 

Overall 

Cohort 
All Patients 

1001 

(100.0%) 

1.80 (1.45-

2.25) 

<0.0

01 
- 

Recurrence 

Status 
 - - - - 

 
  Primary HCC (No 

Recurrence) 
722 (72.1%) 

1.57 (1.22-

2.01) 

<0.0

01 
0.152 

   Recurrent HCC 279 (27.9%) 
2.21 (1.45-

3.37) 

<0.0

01 
- 

PVTT Status  - - - - 

   No PVTT 186 (18.6%) 
2.28 (1.45-

3.57) 

<0.0

01 
0.459 

   PVTT Present 815 (81.4%) 
1.57 (1.23-

2.01) 

<0.0

01 
- 

Distant 

Metastasis 
 - - - - 

   Metastasis Present 178 (17.8%) 
2.23 (1.45-

3.43) 

<0.0

01 
0.050 

   No Metastasis 823 (82.2%) 
1.53 (1.19-

1.97) 

<0.0

01 
- 

Baseline AFP 

Level 
 - - - - 

   < 400 ng/mL 452 (45.2%) - - 0.595 

   >= 400 ng/mL 549 (54.8%) 
1.33 (1.05-

1.68) 

0.01

9 
- 

Age Group  - - - - 

   < 60 Years 678 (67.7%) 
1.78 (1.36-

2.32) 

<0.0

01 
0.937 

   >= 60 Years 323 (32.3%) 
1.63 (1.14-

2.33) 

0.00

8 
- 

Gender  - - - - 

   Female 125 (12.5%) 
1.07 (0.59-

1.96) 

0.82

3 
0.058 

   Male 876 (87.5%) 
1.86 (1.48-

2.34) 

<0.0

01 
- 



Table S6. Subgroup analysis for the metabolically exhausted phenotype (Cluster 

4 vs. others).  

Variable Strata 
No. of 

Patients (%) 

HR (95% 

CI) 

P 

valu

e 

P for 

interaction 

Overall 

Cohort 
All Patients 

1001 

(100.0%) 
- - - 

Recurrence 

Status 
 - - - - 

 
  Primary HCC (No 

Recurrence) 
722 (72.1%) 

8.59 (5.35-

13.78) 

<0.0

01 
0.839 

   Recurrent HCC 279 (27.9%) 
8.01 (2.81-

22.85) 

<0.0

01 
- 

PVTT Status  - - - - 

   No PVTT 186 (18.6%) 
6.89 (3.23-

14.70) 

<0.0

01 
0.283 

   PVTT Present 815 (81.4%) 
9.36 (5.52-

15.88) 

<0.0

01 
- 

Distant 

Metastasis 
 - - - - 

   Metastasis Present 178 (17.8%) 
5.46 (2.58-

11.53) 

<0.0

01 
0.629 

   No Metastasis 823 (82.2%) 
10.13 (5.95-

17.23) 

<0.0

01 
- 

Baseline AFP 

Level 
 - - - - 

   < 400 ng/mL 452 (45.2%) - - 0.130 

   >= 400 ng/mL 549 (54.8%) 
6.51 (4.21-

10.05) 

<0.0

01 
- 

Age Group  - - - - 

   < 60 Years 678 (67.7%) 
8.62 (5.03-

14.80) 

<0.0

01 
0.662 

   >= 60 Years 323 (32.3%) 
8.31 (4.05-

17.07) 

<0.0

01 
- 

Gender  - - - - 

   Female 125 (12.5%) 
4.57 (1.60-

13.06) 

0.00

5 
0.025 

   Male 876 (87.5%) 
10.13 (6.30-

16.29) 

<0.0

01 
- 

 

 


