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Objective: The Global Leadership Initiative on Malnutrition (GLIM) criteria were developed to standardize diagnoses of malnutrition. However, the prognostic utility of the GLIM criteria and predictive models including GLIM criteria in patients diagnosed with hepatocellular carcinoma (HCC) undergoing hepatectomy remains largely unexplored.

Methods: This retrospective study included 477 HCC patients who underwent curative hepatectomy at two centers (training cohort: n = 297, January 2014 to November 2020; validation cohort: n = 180, April 2018 to December 2019). A nomogram was developed using multivariate Cox regression analysis. The utility of the developed model was evaluated by Harrell concordance index (C-index), calibration curve, and decision curve analysis (DCA). Time-dependent receiver operating characteristic (ROC) curves and DCA were used to compare the nomogram with existing prognostic models.

Results: The prevalence of malnutrition was 30.6 and 25.6% in the training and validation cohorts, respectively. Non-malnourished patients exhibited superior overall survival (OS) across all BCLC stages (p < 0.001). Multivariate analysis identified GLIM-diagnosed malnutrition, albumin <35 g/L, tumor size >5 cm, alpha-fetoprotein (AFP) ≥400 ng/mL, and tumor number ≥3 as independent predictors of OS. The nomogram for 3-year OS achieved C-indices of 0.735 and 0.666 in the training and validation cohorts, respectively. External validation demonstrated good discrimination and calibration. The nomogram outperformed the ALBI, PNI, and BCLC staging systems in terms of AUC and DCA.

Conclusion: GLIM-diagnosed malnutrition was an independent risk factor for OS in patients with HCC undergoing hepatectomy. The nomogram including GLIM is a good tool for predicting postoperative OS in this patient population.
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1 Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy worldwide, accounting for 75–85% of all primary liver cancer cases (1). Treatment options for HCC include liver resection, local ablation, transarterial chemoembolization (TACE), targeted therapy, and immunotherapy. Among these, liver resection is the most widely used curative treatment. However, the five-year overall survival rate after surgery is only 51% (2, 3), indicating an unsatisfactory prognosis. Numerous factors influence the prognosis of HCC patients undergoing resection, including tumor characteristics, liver function, and nutritional status. Among these, malnutrition is closely associated with increased postoperative complications, prolonged hospital stays, higher medical costs, and reduced long-term survival rates (4, 5). Studies show that malnutrition is a major cause of 10–20% of cancer-related deaths (4, 5), highlighting its significance in cancer treatment. Importantly, nutritional status is one of the few modifiable factors that can be addressed before surgery. Given the significant impact of malnutrition on cancer prognosis, accurate nutritional assessment is crucial for optimizing treatment outcomes.

Various tools, such as the Patient-Generated Subjective Global Assessment (PG-SGA), the Nutritional Risk Screening 2002 (NRS-2002), and the Malnutrition Universal Screening Tool (MUST), have been developed to assess nutritional status (6, 7). However, these tools have limitations, including complex assessment processes, neglecting key nutritional factors (e.g., skeletal muscle mass), and lack of standardization across regions (8). To overcome these issues, the Global Leadership Initiative on Malnutrition (GLIM) criteria were introduced in 2018 by several clinical nutrition societies worldwide (9). The GLIM criteria integrate phenotypic criteria, which reflect physical signs of malnutrition (e.g., weight loss, low BMI, reduced muscle mass), and etiologic criteria, which address underlying causes (e.g., reduced food intake, inflammation, disease burden). Malnutrition is diagnosed when at least one of each type is present. Compared to PG-SGA, GLIM is more concise and easier to use, and its diagnostic consistency has been validated in relevant studies (10, 11).

Although the application of GLIM criteria is increasing in oncology surgery (12–15), their utility in HCC patients undergoing resection remains under-explored, particularly regarding predictive models for postoperative survival outcomes. Therefore, this study aims to explore the prognostic value of GLIM criteria in HCC patients undergoing resection and to develop a novel predictive nomogram incorporating these criteria to forecast postoperative survival outcomes. The findings of this study are expected to provide clinicians with a basis for preoperative nutritional assessment and intervention, thereby optimizing treatment plans and postoperative quality of life for HCC patients undergoing resection.



2 Materials and methods


2.1 Study design

This multi-center retrospective study analyzed the data from patients with HCC who underwent hepatectomy at two institutions. The training cohort included eligible patients treated at Liuzhou People’s Hospital affiliated with Guangxi Medical University (Guangxi, China) between January 2014 and November 2020. This cohort was used to develop a predictive model for 3-year OS. The validation cohort used to assess the applicability of the model comprised eligible patients treated at the Affiliated Tumor Hospital of Guangxi Medical University between April 2018 and December 2019. Subgroup analyses were performed across Barcelona Clinic Liver Cancer (BCLC) stages to evaluate the impact of nutritional status on OS across disease stages.

The sample size for the training cohort was designed in accordance with the recommended standards for developing Cox regression models (16), setting the events per variable (EPV) ratio to 10–15 to mitigate the risk of overfitting and enhance the robustness and reliability of parameter estimates. We determined the required number of events based on the number of candidate predictors. The sample size for the validation cohort was designed following the guidelines of Collins et al. (17) to ensure statistical reliability in performance evaluation, requiring a minimum of 100 events to achieve unbiased estimation and high precision of discrimination metrics (such as the C-index), while also assessing the comparability of data across institutions.



2.2 Study population

The inclusion criteria were as follows: (1) clinically and pathologically confirmed HCC; (2) complete preoperative nutritional and clinical data; (3) and comprehensive medical records and follow-up information. Exclusion criteria included: (1) extrahepatic metastasis, preoperative infection or inflammatory diseases; (2) concomitant malignancies; (3) systemic diseases (e.g., hematological or autoimmune disorders); (4) death within 30 days postoperatively; (5) failure to fulfill curative resection criteria; (6) emergency surgery due to ruptured HCC; (7) incomplete nutritional assessment data or clinical data; (8) preoperative trans-arterial chemoembolization (TACE) or postoperative targeted/immunotherapy. This study adhered to the Declaration of Helsinki and was approved by the Ethics Committee of Liuzhou People’s Hospital affiliated with Guangxi Medical University (approval number: KY2022-030-02).



2.3 Data collection

The following patient information was extracted from electronic medical records: (1) demographic data (sex, age, height, weight); (2) nutritional assessment [body mass index (BMI), unintentional weight loss, computed tomography (CT)-based L3 skeletal muscle index (L3-SMI), GLIM criteria]; (3) tumor characteristics [maximum diameter, number, microvascular invasion (MVI)]; (4) surgical details (extent of hepatectomy and length of hospital stay); (5) preoperative blood tests within 1 week before surgery.



2.4 Definitions

The criteria for curative hepatectomy were as follows: (1) complete resection of all tumor nodules identified preoperatively and intraoperatively with negative microscopic margins; (2) no preoperative evidence of extrahepatic metastasis; (3) for patients positive for alpha-fetoprotein (AFP)-positive, normalization of AFP within 2 months postoperatively (excluding elevation due to hepatitis or cirrhosis); (4) no characteristic tumor findings on imaging studies.

Nutritional assessment was performed using the GLIM criteria, which require meeting at least one phenotypic criterion and one etiologic criterion, as detailed in Table 1. In this study, “malnutrition” specifically refers to malnutrition diagnosed according to the GLIM criteria.



TABLE 1 GLIM criteria and diagnostic procedures.
[image: Table1]

L3-SMI assessment involved abdominal CT performed within 72 h of admission. The total skeletal muscle area at level of L3 was measured, including the psoas, erector spinae, quadratus lumborum, transversus abdominis, external and internal oblique, and rectus abdominis muscles. The Japanese Society of Hepatology’s guidelines for sarcopenia in liver disease (1st edition) recommend using CT to measure the L3-SMI, with the criteria for low muscle mass being <42 cm2/m2 in men and <38 cm2/m2 in women (18). This study adopts these criteria as the reference standard for assessing reduced muscle mass.



2.5 Postoperative follow-up

The initial follow-up occurred 4–6 weeks postoperatively, with 1–2 adjuvant TACE sessions for high-risk patients. Subsequent follow-ups were performed every 3–6 months for the first 2 years, then every 6–12 months thereafter, including medical history, physical examination, and AFP testing. Abdominal CT or liver magnetic resonance imaging was performed every 6 months for the first 2 years, and annually thereafter. Recurrence or metastasis was diagnosed based on imaging and clinical data, with confirmation by biopsy when necessary. Follow-up data were obtained from the disease-management offices of both participating hospitals. OS was defined as the interval from diagnosis to death from any cause or the last follow-up. The final follow-up date was August 31, 2022.



2.6 Handling of missing data

To address potential missing data issues, we conducted a comprehensive review of electronic medical records and excluded cases with incomplete preoperative nutritional or clinical parameters. Patients with missing follow-up data were censored at the last confirmed contact date. No imputation methods were employed, as the exclusion criteria ensured that only complete datasets were included in the final analysis. This approach aligns with recommendations for retrospective cohort studies, aiming to minimize bias from incomplete information.



2.7 Statistical analysis

Statistical analyses were performed using SPSS version 25.0 (IBM Corporation, Armonk, NY, USA) and graphical representations were generated using R version 4.3.2.1 All statistical tests were two-sided, and differences with p < 0.05 were considered to be significant. The baseline characteristics of the 2 patient cohorts were evaluated using descriptive statistics. Categorical variables were compared using the chi-squared test or Fisher’s exact test, as appropriate. For continuous variables, the Kolmogorov–Smirnov test was first used to assess the normality of data distribution. Normally distributed data are expressed as mean ± standard deviation (SD) and were compared using t-tests or analysis of variance. Non-normally distributed data are expressed as median and were compared using rank-sum tests. Survival analyses were performed using the Kaplan–Meier method, with differences in survival rates assessed using the log-rank test. A Cox proportional hazards regression model was used to identify independent prognostic factors influencing OS in patients undergoing hepatectomy. Hazard ratio (HR) with corresponding 95% confidence interval (CI) were calculated for each variable, and nomograms and forest plots were constructed based on independent prognostic factors identified in the training cohort. The predictive performance of the nomogram model was evaluated and validated using the concordance index (C-index), calibration curves, time-dependent area under the curve (AUC), time-dependent receiver operating characteristic (ROC) curves, and decision curve analysis (DCA). Using OS as the primary endpoint, X-tile software was used to determine the optimal cut-off values for ALBI and PNI scores. Patients were subsequently stratified into groups based on these thresholds. Comparative analyses of the nomogram prediction model, BCLC staging system, and ALBI and PNI models were conducted, focusing on ROC curves, AUC values, and DCA metrics.




3 Results


3.1 Baseline characteristics

This study included 477 patients with hepatocellular carcinoma who underwent hepatectomy, with 297 in the training cohort and 180 in the validation cohort. The training cohort comprised 297 patients, among whom 207 events (deaths) occurred, yielding an EPV ratio of 41.4 for the five independent predictors. In the validation cohort of 180 patients, there were 114 events (deaths). Despite differences in sample size, the two cohorts were comparable in most baseline characteristics. Furthermore, there were a sufficient number of events in the validation cohort to reliably assess the model’s performance. This sample allocation ensures the model’s generalizability while maintaining statistical reliability.

A comparative analysis of baseline characteristics revealed that the training cohort had a significantly higher proportion of patients with preoperative sarcopenia (p < 0.05) and a notably shorter postoperative hospital stay (p < 0.05) than the validation cohort. No statistically significant differences in other baseline parameters were observed between the 2 cohorts (Table 2). The postoperative hospital stay was significantly shorter in the training cohort compared with the validation cohort [median: 10 days (IQR 8.0–13.0) vs. 11 days (IQR 8.0–14.0), p = 0.008]. Although this difference is statistically significant, its clinical relevance may be limited. Notably, there were no significant differences between the two groups in terms of the severity of complications (≤Grade II: 87.2% vs. 91.1%, ≥Grade III: 12.8% vs. 8.9%, p = 0.192) or the extent of surgery (<3 liver segments resected: 39.7% vs. 37.2%, ≥3 liver segments resected: 60.3% vs. 62.8%, p = 0.586), indicating similar postoperative recovery processes and surgical complexity. Therefore, the one-day difference in median hospital stay more likely reflects variations in postoperative management strategies across different centers rather than substantial differences in patient clinical outcomes.



TABLE 2 Baseline data of patients with HCC in training and validation cohorts.
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The primary purpose of establishing a validation cohort was to assess the generalizability and applicability of the model developed using data from the training cohort to an independent non-modeling population. In predictive model development and evaluation, unlike in randomized controlled clinical trials, strictly balanced and comparable baseline characteristics between the training and validation cohorts are not paramount (19).



3.2 Survival analysis of the training and validation cohorts

The median follow-up for the training and validation cohorts were 62.0 months (95% CI 57.9–75.4) and 48.6 months (95% CI 45.5–49.6), respectively. As of August 31, 2022, 90 patients in the training cohort were alive, and 207 had died; in the validation cohort, 66 patients survived and 114 died. In the training cohort, the 1-, 2-, and 3-year overall survival (OS) rates were 84.2, 58, and 38.5%, respectively. For the validation cohort, these rates were 91.7, 80.6, and 56.8%, respectively.



3.3 Impact of malnutrition on OS in patients undergoing hepatectomy with different BCLC stages of HCC

Kaplan–Meier analysis was used to evaluate the influence of malnutrition on OS among patients undergoing hepatectomy with varying BCLC stages. The results demonstrated statistically significant differences across all stages. For BCLC stage 0-A, the median survival for the non-malnourished group was 43.4 months (95% CI 38.2–46.5), whereas the malnourished group exhibited a median survival of 29.9 months (95% CI 23.8–36.2); this difference was statistically significant (p < 0.001, Figure 1A). For BCLC stage B, the non-malnourished group had a median survival of 37.2 months (95% CI 30.4–41.3), while the median survival in the malnourished group was 14.5 months (95% CI 12.4–31); this difference was statistically significant (p < 0.001, Figure 1B). For BCLC stage C, the non-malnourished group exhibited a median survival of 34.1 months (95% CI 19.6–38.5), contrasted with 10.3 months (95% CI 8.3–14.5) for the malnourished group; this difference was also statistically significant (p < 0.001, Figure 1C).
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FIGURE 1
 Kaplan–Meier curves for overall survival based on GLIM criteria of different BCLC stage HCC patients. (A) Malnourished patients with BCLC stage 0-A had significantly worse overall survival than non-malnourished patients (p < 0.001), (B) malnourished patients with BCLC stage B had significantly worse overall survival than non-malnourished patients (p < 0.001), (C) malnourished patients with BCLC stage C had significantly worse overall survival than non-malnourished patients (p < 0.001).




3.4 Impact of malnutrition on OS in the training cohort

In the training cohort, Kaplan–Meier survival analysis revealed significant disparities in OS between the non-malnourished and malnourished groups. The non-malnourished group exhibited a median OS of 36.2 months (95% CI 28.9–46.5), with 1-, 2-, and 3-year OS rates of 87.9, 65.1, and 44.8%, respectively. In contrast, the malnourished group demonstrated a median OS of 19.6 months (95% CI 17.6–28.9), with corresponding 1-, 2-, and 3-year OS rates of 75.9, 41.9, and 24.4%. The difference in OS between the 2 groups was statistically significant (p < 0.001, Figure 2A). Furthermore, a stratified analysis based on the severity of malnutrition yielded additional insights. The moderately malnourished group exhibited a median OS of 20.7 months (95% CI 18.6–31.0), with 1-, 2-, and 3-year OS rates of 75.8, 43.3, and 26.5%, respectively. The severely malnourished group exhibited a markedly reduced median OS of 14.5 months (95% CI 12.4–24.4), with 1-, 2-, and 3-year OS rates of 75, 50, and 0%, respectively. The difference in OS between these 2 subgroups of malnourished patients was also statistically significant (p < 0.001, Figure 2B).
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FIGURE 2
 Kaplan–Meier curves for overall survival based on GLIM criteria of HCC patients who underwent hepatectomy in the training cohort. (A) Malnourished patients had significantly worse overall survival (OS) than non-malnourished patients (p < 0.001), (B) patients with moderate/severe malnutrition had significantly worse OS than patients with normal nutrition (p < 0.001).




3.5 Determination of threshold values for inflammatory, nutritional, and immune indicators in the training cohort

Using OS as the primary endpoint, the optimal cut-off values for the ALBI score and PNI were determined using X-tile software (Yale University School of Medicine, New Haven, CT, USA). Based on the established PNI threshold, patients in both the training and validation cohorts were stratified into “high” and “low” groups. Similarly, the ALBI threshold facilitated the categorization of patients in both cohorts into 3 distinct grades (1–3) (Table 3).



TABLE 3 The optimal cut-off values of ALBI and PNI with overall survival as study endpoint.
[image: Table3]



3.6 Univariate and multivariate survival analysis in the training cohort

Univariate Cox regression analysis revealed several factors significantly associated with poor OS (all p < 0.05): AFP ≥ 400 ng/mL; malnutrition (both moderate and severe); serum albumin <35 g/L; maximum tumor diameter >5 cm; tumor number ≥3; and presence of MVI. Subsequent multivariate analysis identified the following independent risk factors influencing OS: AFP ≥ 400 ng/mL (p = 0.001); moderate malnutrition (p < 0.001); severe malnutrition (p = 0.006); serum albumin <35 g/L (p < 0.001); maximum tumor diameter >5 cm (p = 0.013); and tumor number ≥3 (p = 0.043). The findings are summarized in Table 4. Forest plots illustrating the impact of these factors on OS were constructed based on the Cox regression results (Figure 3A).



TABLE 4 Univariate and multivariate COX analysis of overall survival in HCC patients who underwent hepatectomy in training cohort.
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[image: Figure A displays a forest plot showing hazard ratios for various clinical variables related to tumor and albumin levels, with 95% confidence intervals and p-values. Figure B presents a nomogram for predicting overall survival rates at 12, 24, and 36 months based on points for AFP levels, tumor size, number of tumors, albumin levels, and grade criteria.]

FIGURE 3
 (A) Forest plot of OS in HCC patients who underwent hepatectomy in the training cohort, (B) nomogram predicting OS in HCC patients who underwent hepatectomy in the training cohort.




3.7 Development of a nomogram model for predicting post-hepatectomy OS in patients with HCC from the training cohort

Based on the results of multivariate Cox regression analysis, the following predictors were identified for post-hepatectomy OS in patients with HCC: serum albumin, alpha-fetoprotein (AFP), maximum tumor diameter, tumor number, and GLIM malnutrition grade. The nomogram (Figure 3B) enables the calculation of an individual’s total score by summing the points corresponding to each predictor. The total score for OS prediction ranged from 0 to 350. To estimate individual 1-, 2-, and 3-year OS probabilities, a vertical line was drawn from the total points axis to the survival probability axis. This user-friendly design facilitates a rapid and straightforward prognostic assessment for clinicians.



3.8 Evaluation of the nomogram model

Multiple statistical methods were used to evaluate the performance of the nomogram, including the C-index, calibration curves, time-dependent AUC, time-dependent ROC curves, and DCA. In the training cohort, the C-indices for predicting 1-, 2-, and 3-year OS were 0.793, 0.744, and 0.735, respectively. The validation cohort exhibited C-indices of 0.838, 0.761, and 0.666 at the same time points, and the calibration curves provided a visual representation of the relationship between the predicted and actual probabilities (Figures 4A,B). In the training cohort, these curves demonstrated good concordance between the predicted and observed 1-, 2-, and 3-year OS rates, with no significant deviation from the reference line. However, in the external validation cohort, optimal consistency was observed only for the 1-year OS prediction.
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FIGURE 4
 The calibration curves for predicting the 1, 2, and 3-year OS (A) of HCC patients who underwent hepatectomy in the training cohort and the 1, 2, and 3-year OS (B) of HCC patients who underwent hepatectomy in the validation cohort.


Time-dependent AUC curves in both cohorts revealed the superior accuracy of the nomogram in predicting 1-, 2-, and 3-year OS compared with the ALBI, PNI, and BCLC staging system. Time-dependent ROC curves yielded the following results: training cohort, 1-year OS, AUC 0.809 (95% CI 0.749–0.869, Figure 5A); 2-year OS, AUC 0.799 (95% CI 0.748–0.850, Figure 5B); and 3-year OS, AUC 0.808 (95% CI 0.757–0.859, Figure 5C); validation cohort, 1-year OS, AUC 0.851 (95% CI 0.781–0.921, Figure 5D); 2-year OS, AUC 0.777 (95% CI 0.697–0.857, Figure 5E); 3-year OS, AUC 0.660 (95% CI 0.580–0.739, Figure 5F). Furthermore, the DCA curves demonstrated favorable net benefits when the nomogram was used to predict prognosis in patients with HCC undergoing hepatectomy. In the training cohort, the nomogram exhibited superior predictive ability for 3-year OS across a wider range of reasonable threshold probabilities than the ALBI, PNI, and BCLC staging systems (Figures 6A–C). Similarly, in the validation cohort, the nomogram yielded better net benefits and superior predictive capability for 3-year OS than the ALBI, PNI, and BCLC models (Figures 6D–F).
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FIGURE 5
 Time-dependent ROC curves and AUC values of predictive models for 1-, 2-, and 3-year OS in HCC patients after hepatectomy: (A–C) training cohort, (D–F) validation cohort.


[image: Graphs A to F show decision curve analyses with net benefit plotted against threshold probability for various models: All, Predictive model, PD-L1, PLN, and ALBI. Each graph has a legend and a dashed line representing no benefit. Each curve shows different trends across threshold probabilities.]

FIGURE 6
 Comparison of the DCA of nomogram model and PNI/ALBI/BCLC stage in predicting OS (A–C) of HCC patients who underwent hepatectomy in the training cohort; comparison of the DCA of nomogram model and PNI/ALBI/BCLC stage in predicting OS (D–F) of HCC patients who underwent hepatectomy in the validation cohort.





4 Discussion

The nomogram predictive model based on GLIM criteria demonstrated strong discriminative ability, calibration, and clinical applicability. To our knowledge, this study involved the largest sample size to date investigating the impact of malnutrition on post-hepatectomy outcomes in patients with HCC. This is also the first study to develop a preoperative nomogram model based on the GLIM criteria for predicting post-hepatectomy survival outcomes in patients with HCC.

Malnutrition is a common complication in patients with HCC and cirrhosis. Its occurrence is often attributed to metabolic abnormalities caused by tumor factors, where catabolism exceeds anabolism, decreased gastrointestinal function due to portal hypertension leads to reduced intake and absorption of nutrients, and persistent low-grade inflammation causes symptoms such as anorexia and early satiety (20). These factors contribute to the clinical manifestations in patients with HCC, including weight loss, decreased appetite, and reduced muscle mass. As a comprehensive malnutrition diagnostic tool, GLIM encapsulates these critical malnutrition-related clinical presentations. Previous research has revealed good consistency between the GLIM and PG-SGA in diagnosing malnutrition in gastrointestinal tumors (10, 11, 21, 22). Our earlier studies also demonstrated the excellent diagnostic utility of GLIM for malnutrition in patients with HCC. Given the comprehensiveness, objectivity, and retrospective applicability of the GLIM, we chose it to define malnutrition in this study. In our cohort of patients with HCC who underwent hepatectomy, the incidence of malnutrition was 28.7% (137/477 patients). A Japanese study (23) reported a higher incidence (56%) among 293 patients with HCC who underwent hepatectomy. However, that study included a higher proportion of patients with advanced-stage disease [BCLC B/C stage, 35% (104/293)] than our study [12.9% (62/477)]. These results suggest that the incidence of malnutrition increases with tumor progression, emphasizing the need for greater attention to nutritional issues in patients with advanced-stage disease in clinical practice.

In recent years, the influence and predictive value of the GLIM criteria on survival outcomes in malignant tumors have emerged as a focal point in clinical nutrition research. Evidence indicates that malnutrition is an independent risk factor for overall survival in multiple cancers, including gastric, colon, esophageal, and lung cancers (13–15, 24). Additionally, Yin et al. (25) found a significant association between malnutrition and the incidence of postoperative complications in esophageal cancer patients (OR = 7.52, p < 0.001). However, the role of GLIM in HCC patients undergoing liver resection remains underexplored. Omiya et al. (23) validated the association between GLIM and HCC prognosis in a single-center study involving 293 patients but did not develop a prognostic model. In contrast, our study applied the GLIM criteria to HCC patients following liver resection and, for the first time, constructed a nomogram model incorporating GLIM. The results revealed that this model outperformed traditional scoring tools in both the training and validation cohorts. Conducted using multi-center data and subjected to rigorous external validation, this study strengthens the evidence supporting the utility and applicability of GLIM in HCC prognosis assessment. In our study, we performed subgroup stratification based on BCLC staging. Results revealed that patients who were malnourished had a significantly poorer OS than those who were non-malnourished across all BCLC stages. Although the BCLC staging system comprehensively incorporates factors, such as tumor burden, liver function, and performance status, it lacks comprehensive nutritional assessment indicators. Our results suggest that, regardless of the BCLC stage, malnutrition is associated with OS, indicating that nutritional status may influence survival outcomes independently of tumor factors. Further multivariate analysis confirmed malnutrition as an independent risk factor for OS in patients with HCC undergoing hepatectomy; however, the specific mechanisms by which nutritional status affects survival prognosis in patients with cancer have not yet been fully elucidated. We posit that under tumor burden and surgical stress, patients with cancer typically experience an inflammatory state, manifesting as cellular homeostasis disruption, organ dysfunction, negative nitrogen balance, and changes in body composition. Faced with these pathological processes, malnourished patients are more susceptible to overall deterioration, potentially developing sarcopenia or cachexia, which can increase the risk for poor prognosis (26, 27). Conversely, good nutritional status may facilitate postoperative adjuvant therapy and rehabilitation, potentially reducing the risk for recurrence and improving survival outcomes. Additionally, nutritional status influences both innate and adaptive immune functions (28), thereby affecting tumor disease progression. We believe that nutritional status, unlike other tumor-related prognostic factors, can be improved, to some extent, through perioperative nutritional management. Therefore, the significance of malnutrition as an independent risk factor for post-hepatectomy prognosis in HCC lies not only in its predictive value for survival, but also in highlighting the importance of perioperative nutritional management and providing a diagnostic basis for nutritional therapy.

Multivariate Cox regression analysis identified the following independent risk factors for OS in patients with HCC undergoing hepatectomy: AFP ≥ 400 ng/mL; Malnutrition; serum albumin <35 g/L; maximum tumor diameter >5 cm; and tumor number ≥3. The impact of maximum tumor diameter on survival outcomes may be attributed to several factors. First, a larger tumor diameter generally necessitates more extensive hepatectomy, increasing surgical difficulty and duration. This may lead to greater blood loss, perioperative blood transfusions, and postoperative complications, affecting patient recovery and potentially reducing tolerance for postoperative adjuvant therapy or treatment upon recurrence. Second, larger tumor diameter increases the risk for MVI. Zhou et al. (29) reported that tumors measuring > 5 cm in diameter significantly increased the risk for MVI in 137 patients with HCC. Another study reported MVI incidence rates of 25, 40, 55, and 63% for HCC sizes <3 cm, 3–5 cm, 5–6.5 cm, and >6.5 cm, respectively (30). The increased incidence of MVI with tumor size may be due to enhanced tumor blood supply demands as the tumor grows, leading to increased microvascular proliferation around the tumor and, consequently, higher probability of MVI. MVI, defined as the presence of metastatic HCC microemboli in intrahepatic blood vessels, is a recognized key determinant of HCC survival. In our study, MVI was a significant factor in the univariate Cox regression analysis for OS, but was not an independent risk factor in the multivariate analysis. This may be due to confounding bias between MVI and tumor size, leading to its exclusion from multivariate analysis. AFP is a well-established and widely used tumor marker for HCC diagnosis and prognosis prediction associated with promoting HCC cell proliferation and vascular invasion (31, 32). Studies have shown that AFP is an independent risk factor for post-hepatectomy survival (33–35), which is consistent with our findings.

In addition to the aforementioned tumor-related indicators, our study identified 2 nutrition-related indicators as independent risk factors for post-hepatectomy OS in patients with HCC: serum albumin level <35 g/L; and Malnutrition. Serum albumin, which accounts for more than one-half of blood proteins, reflects the protein status of the blood and internal organs, and is used clinically as a serum nutritional marker (36). Concurrently, serum albumin is a primary indicator of liver function and is featured in common liver function assessment tools such as the Child–Pugh and ALBI scores. Liver function is widely recognized as a major factor influencing HCC prognosis (37).

Nomograms are visual tools for predicting individual survival outcomes and can be used to predict clinical outcomes and aid clinical decision making. In this study, we constructed a nomogram predictive model based on independent predictors identified using multivariate Cox regression analysis. This model provided a more intuitive prediction of OS in patients with HCC undergoing hepatectomy. We also conducted external validation of the model’s performance and practical utility. In survival analysis, the C-index is a crucial metric for evaluating a model’s discriminatory ability, with its clinically acceptable range varying depending on the disease’s complexity and clinical context. In the validation cohort of this study, the C-index for 3-year overall survival was 0.666, falling within the range commonly reported for HCC prognostic models (0.52–0.77) (38), indicating a discriminatory ability comparable to other models. Although the C-index in the validation cohort was slightly lower than that in the training cohort, this may be attributed to the smaller sample size. Nonetheless, by incorporating often-overlooked nutritional status data using the Global Leadership Initiative on Malnutrition (GLIM) criteria, the model enhanced its prognostic capability, outperforming the BCLC staging, PNI, and ALBI score in time-dependent ROC analysis and decision curve analysis (DCA). This advancement offers valuable insights for identifying patients who may benefit from nutritional interventions, and the C-index level confirms that the model possesses clinically acceptable efficacy. In terms of predictive ability, the OS prediction model demonstrated good overall predictive accuracy, with corresponding calibration curves indicating good consistency between predicted and observed results. Moreover, the OS prediction model exhibited superior predictive performance for OS in time-dependent ROC analysis compared with the internationally recognized BCLC staging system (39), and common inflammatory-nutritional prognostic indicators, such as PNI (40–42) and ALBI (41, 43). This performance advantage was maintained over time. DCA further demonstrated that our OS prediction model yielded better net benefits than the BCLC staging system, PNI, and ALBI, thus supporting its good clinical applicability. We believe that the superior performance of our nomogram predictive model compared with the 3 reference models is due to its inclusion of both tumor-related factors (e.g., AFP level, maximum tumor diameter and tumor number) and nutritional indicators (e.g., albumin level, GLIM criteria), which are not present in other models. Additionally, the comprehensiveness of the GLIM criteria for nutritional diagnosis may have contributed to the enhanced predictive performance of the model. Furthermore, the indicators used to construct this predictive model were all preoperative, making it applicable for preoperative prediction, which is more meaningful than postoperative prediction.

The novelty of this study lies in the construction of a preoperative nomogram model based on the GLIM criteria for predicting prognosis in patients with HCC undergoing hepatectomy, and the validation of its prognostic predictive ability. This provides a new reference for preoperative screening of potential beneficiaries of surgical treatment. In this study, we excluded patients who received preoperative transarterial chemoembolization (TACE) or postoperative targeted immunotherapy to maintain homogeneity in the study population regarding treatment history. Preoperative TACE can influence postoperative prognosis by inducing tumor necrosis and inflammatory responses, thereby altering tumor biology and the patient’s overall health status (44). Similarly, targeted and immunotherapy are typically used in patients with high recurrence risk or advanced disease, whose baseline characteristics and treatment responses may differ significantly from those who did not receive such treatments (45). These interventions introduce potential confounding factors that may obscure the prognostic impact of malnutrition following radical hepatectomy. By excluding these patients, we minimized bias from treatment-related effects, thereby enhancing the reliability and specificity of our findings regarding the role of GLIM-defined malnutrition in postoperative survival outcomes.

However, this study also had some limitations, the first of which was its retrospective design and inevitable selection bias. Second, the GLIM diagnostic phenotypic criteria use L3-SMI to evaluate muscle mass reduction, which remains cumbersome. Further research is needed to determine whether the predictive value of the GLIM criteria would change significantly if simpler anthropometric or body composition analysis methods were used instead of L3-SMI.



5 Conclusion

Results of the present study demonstrated that malnutrition, as diagnosed using the GLIM criteria, is significantly associated with survival outcomes in patients with HCC undergoing hepatectomy. The following independent risk factors for post-hepatectomy OS in patients with HCC were identified: AFP ≥ 400 ng/mL; Malnutrition; serum albumin <35 g/L; maximum tumor diameter >5 cm; tumor and number ≥3. Based on these independent risk factors, a nomogram model was constructed to predict OS. This model effectively predicted survival outcomes in patients with HCC who underwent hepatectomy.
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Characteristics Total (n = 477) Training cohort Validation cohort Statistics. p-value

(n=297) (n = 180)
Gender, n (%) 7=004 0833
Male 406 (85.1) 252(848) 154 (85.6)
Female 71(149) 45(15.2) 26 (14.4)
Age (years), Mean + SD* 52501179 51191103 53291217 =190 0059
BMI (kg/m?), 1 (%) - 0910
Normal 445 (933) 278 (93.6) 167 (92.8)
Moderate reduction 23(48) 14(47) 9(5.0)
Severe reduction 9(19) 5(17) 122
BCLC, n (%) r=314 0371
0 38 (8.0) 28(9.4) 10(5.6)
A 318 (66.7) 197 (66.4) 121(67.2)
B 59 (12.4) 330111) 26 (14.4)
c 62(129) 39(13.1) 23(128)
AFP (ng/ml), n (%) £=001 0933
<400 293 (61.4) 182(613) 111(61.7)
2400 184 (38.6) 115 (38.7) 69(38.3)
Maximum tumor diameter (cm), 7 (%) 7=007 0797
55 258 (54.1) 162 (54.5) 96(53.3)
<5 219 (459) 135 (45.5) 84(467)
Number of tumors, n (%) r=419 0.123
1 390 (81.8) 251(845) 139(77.2)
2 34(7.0) 17 (5.7) 17 (9.5)
>3 53 (1L.1) 29(9.8) 24(13.3)
HBsAg, n (%) 7=180 018
Negative 86(18.0) 59(199) 27(150)
Positive 391 (82.0) 238 (80.1) 153 (85.0)
Albumin (g/L), n (%) 7=0223 0637
<35 117245 75(25.3) 42(23.3)
235 360 (75.5) 222(74.7) 138 (76.7)
L3-SMI (cm?/m?), 5 (%) 7=6193 0013%
Sarcopenia 97 (20.3) 71(23.9) 26 (14.4)
Normal 380 (79.7) 226 (76.1) 154 (85.6)
Unintentional weight loss, n (%) - 0598
Normal 430 (90.1) 267 (89.9) 163 (90.6)
Moderate loss 39(8.2) 26(8.8) 13(7.2)
Severe loss 8(17) 4(13) 4(22)
GLIM criteria, 1 (%) r=14 0234
Non-malnourished 340(71.3) 206 (69.4) 134 (74.4)
Malnourished 137 (28.7) 91(30.6) 16(256)
Child-Pugh grade, n (%) =382 0051
A 448 (93.9) 274(92.3) 174.(96.7)
B 29(6.1) 2307 6(3)
Lymphocyte count, M (Q1, Q3) 1.80(1.39,2.23) 181 (147,220) 1.77(1.37,225) Z=-089 0375
MV, 1 (%) 7=001 0911
No 415 (87.0) 157 (87.2) 258 (86.9)
Yes. 62(13.0) 23(128) 39(13.1)
Complication grade, 1 (%) 7=1703 0192
<Grade Il 423 (887) 259 (87.2) 164 (91.1)
>Grade 111 54(11.3) 38 (12.8) 16(8.9)
Extent of hepatectomy, 1 (%) 7=0297 0586
<3 segments. 185 (38.8) 118(39.7) 67(37.2)
23 segments 292(61.2) 179 (60.3) 113 (62.8)
Perioperative allogeneic transfusion, 7 (%) =084 0359
No 394 (82.6) 249(83.8) 145 (80.6)
Yes. 83 (17.4) 48(16.2) 35(19.4)
Postoperative hospital stay, M (Q1, Q3) 100 (8.0, 14.0) 10.0(8.0,13.0) 11.00 (8, 14.0) 068 0.008*

AP, Alpha-Fetoprotein; BCLC, Barcelona Clinic Liver Cancer; BMI, Body Mass Index; GLIM, Global Leadership Initiative on Malnutrition; HBsAg, Hepatitis B Surface Antigen; HCC,
Hepatocellular Carcinoma; L3-SMI, L3 Skeletal Muscle Index; M, Median; MVI, Microvascular Invasion; n, number; “p < 0.05; £, -test; Z, rank sum test; 7, chi-square test; =, Fisher’s exact
tst; SD, standard deviation; M, Median; Q1. 15t Quartile; Q3, 3rd Quartile.

‘Normally distributed data.
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