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Background: Very early recurrence (VER), defined as recurrence within one year after curative resection of hepatocellular carcinoma
(HCC), significantly impacts long-term survival. This study aimed to develop and validate the ANT Score, a novel prognostic model
integrating nutrition, inflammation, and tumor burden to refine VER prediction.

Methods: A retrospective cohort of HCC patients undergoing curative liver resection was analyzed. Key predictors were identified
using least absolute shrinkage and selection operator (LASSO) regression and multivariate logistic regression, forming the ANT Score.
Model performance was evaluated through receiver operating characteristic (ROC) curve analysis, DeLong’s test, calibration curves,
and decision curve analysis (DCA). The prognostic value of capsule integrity was also assessed.

Results: Among 459 included patients, 118 (25.7%) experienced VER. Patients were randomly assigned to training (70%) and test
(30%) cohorts. The ANT Score, comprising albumin-to-alkaline phosphatase ratio (AAPR), neutrophil-to-albumin ratio (NPAR), and
tumor burden score (TBS), demonstrated superior predictive performance (area under the curve [AUC] = 0.751, 95% confidence
interval: 0.669-0.832, P < 0.05) compared to conventional markers. Capsule incompleteness was an independent risk factor but did not
significantly enhance predictive accuracy (AUC = 0.76 vs 0.751, P > 0.05, DeLong test). The ANT Score-based nomogram exhibited
excellent calibration and clinical utility in DCA.

Conclusion: The ANT Score is an independent and superior predictor of VER after curative HCC resection. The ANT Score-based
nomogram showed promising predictive value, offering a practical tool for individualized risk assessment. External validation and
prospective studies are warranted to further assess its clinical applicability.
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Introduction

Liver cancer ranks as the third leading cause of cancer-related mortality worldwide, with hepatocellular carcinoma
(HCC) accounting for 90% of primary liver malignancies and posing a significant global health burden.' Curative liver
resection remains the cornerstone of HCC treatment, endorsed by major clinical guidelines such as those from the
European Association for the Study of the Liver (EASL) and the American Association for the Study of Liver Diseases
(AASLD).>”> However, long-term outcomes are marred by high postoperative recurrence rates, exceeding 70% within
five years, which drastically diminishes overall survival.®” Among these recurrences, very early recurrence (VER),
defined as recurrence within one year post-resection, represents an aggressive subset associated with particularly poor
prognosis.®® Unlike late recurrence, which often stems from de novo tumors, VER is primarily driven by pre-existing
microscopic metastases, reflecting inherent tumor aggressiveness.'®'" Although a 2-year threshold remains the conven-
tional standard for defining early recurrence, accumulating evidence indicates that shorter intervals may better identify
aggressive disease patterns, with the 1-year definition now established as VER.'?
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Despite its clinical significance, predictive models for VER remain underdeveloped. Emerging evidence highlights
the roles of nutritional depletion, systemic inflammation, and tumor burden in driving VER, yet existing models fail to
integrate these multidimensional factors.'*'* Nutritional deficiency impairs host defenses, whereas systemic inflamma-
tion facilitates tumor progression via immune evasion and microenvironmental modulation, and tumor burden serves as
a marker of intrinsic aggressiveness.'>!” Traditional prognostic scores, such as albumin-bilirubin (ALBI), systemic
immune-inflammation index (SII), neutrophil-to-lymphocyte ratio (NLR), and tumor burden score (TBS), are limited by
their single-dimensional focus. These models inadequately account for the critical interplay of nutritional, inflammatory,
and tumor-related factors in patients with VER.'*'® Previous studies have explored composite prognostic models that
integrate hepatic function, tumor burden, and host-related factors such as nutritional or inflammatory status, and these
multidimensional approaches have shown improved performance for predicting overall or recurrence-free survival in
HCC'*° However, such models were not specifically designed for very early recurrence (VER), a biologically distinct
and clinically aggressive entity within the first postoperative year. To date, no dedicated tool has systematically
incorporated these dimensions into a single framework targeting VER prediction. To address this gap, we developed
and validated the ANT Score, a novel prognostic model that integrates nutrition, inflammation, and tumor burden to
enhance VER prediction. By enabling early risk stratification, this model may facilitate timely interventions, ultimately
improving long-term outcomes for HCC patients.

Methods

Patients

This retrospective cohort study included consecutive HCC patients who underwent curative liver resection at Zhejiang
Provincial People’s Hospital between October 2018 and December 2023. The ethics approval was obtained on May 14,
2025 for the subsequent research activity, which involved a retrospective review and analysis of the data generated from
those past surgeries. The current study adhered to the principles outlined in the Declaration of Helsinki and received
approval (Approval NO.: ZJPPHEC 20250(120)) from the Institutional Review Board of Zhejiang Provincial People’s
Hospital. Because of the retrospective nature of this study, the Institutional Review Board of Zhejiang Provincial
People’s Hospital waived the need of obtaining informed consent. Patients were stratified by VER status (recurrence
within one year post-resection). Exclusion criteria comprised: (1) extrahepatic metastasis, (2) history of other malig-
nancies, (3) perioperative mortality, (4) incomplete medical records, and (5) loss to follow-up within one year. The study
adhered to Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines.

Data Collection and Variables
We retrospectively analyzed clinical and pathological data from the Hospital Information System (HIS) of Zhejiang
Provincial People’s Hospital, including three categories of variables: (1) demographic characteristics (age, gender,
smoking/drinking history, hypertension, diabetes, American society of Aneshesiologists classification, cirrhosis status,
and liver disease etiology); (2) tumor-related parameters including Barcelona Clinic Liver Cancer (BCLC) staging
system, Child-Pugh grade, clinically significant portal hypertension, tumor markers (alpha-fetoprotein[AFP], carbohy-
drate antigen 19-9[CA19-9]), pathological features (microvascular invasion, tumor differentiation, capsule integrity), and
surgical details (resection margin, anatomical resection, intraoperative blood loss, portal vein occlusion, operation time);
and (3) seventeen biochemical/composite indices evaluating tumor biology and systemic status - nutritional indices
(albumin-to-alkaline phosphatase ratiofl AAPR], prognostic nutritional index[PNI], hemoglobin, albumin, lymphocyte,
and platelet scorelHALP], ALBI), inflammatory markers (neutrophil-to-albumin ratio[NPAR], NLR, SII), fibrosis/tumor
burden scores (TBS, fibrosis-4 index[FIB-4], gamma-glutamyl transpeptidase-to-platelet ratiof GPR], total tumor volume-
[TTV]), and standard liver function tests (alanine aminotransferase[ALT], aspartate aminotransferase[AST], alkaline
phosphatase[ALP], gamma-glutamyl transferase [GGT], prothrombin time[PT], international normalized ratio[INR]).
The calculation methods for all composite indices were as follows: the ALBI score was computed using the formula
log;o(bilirubin [umol/L]) % 0.66 — albumin [g/L] x 0.085; the AAPR as albumin [g/L]/ALP [TU/L]; the GPR as GGT [W/
L]/platelet count; and the HALP index as hemoglobin [g/L] X albumin [g/L] x lymphocyte count/platelet count.
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Inflammatory markers were calculated with NLR as neutrophil count/lymphocyte count and NPAR as neutrophil count/
albumin [g/L]. Nutritional status was assessed through PNI (albumin [g/L] + 5 x lymphocyte count) and SII (platelet
count X neutrophil count/lymphocyte count). Liver fibrosis was estimated using the FIB-4 index (age x AST)/(platelet
count x YALT). Tumor characteristics were quantified by TBS (V[(maximum tumor diameter [cm])* + (tumor number)>])
and TTV ((4/3) x © x (maximum tumor radius [cm])?).

Follow-Up

Patients received postoperative surveillance through combined clinical follow-up (outpatient visits and telephone inter-
views) and HIS records monitoring. The surveillance plan included routine imaging evaluations (computed tomography/
magnetic resonance imaging) and serum tumor marker testing at 3—6 month intervals during the initial 24 postoperative
months, with subsequent annual assessments. VER was strictly defined as radiologically or histologically confirmed
tumor recurrence occurring within 12 months after curative resection.

Statistical Analysis

Statistical analysis was performed in three stages. First, the distribution patterns of all 17 continuous variables were
visualized using box-scatter plots to compare recurrence versus non-recurrence groups. Normality testing was performed
with the Shapiro—Wilk method, with normally distributed variables analyzed by independent #-tests and non-normal
variables evaluated using Wilcoxon rank-sum tests. Statistical significance was set at p<0.05 for identifying potential
VER-associated factors.

Second, the dataset was randomly divided into training (70%) and testing (30%) cohorts. The primary outcome was
defined as VER, referring to radiologically or histologically confirmed tumor relapse within 12 months following
curative resection. Given its binary nature, logistic regression was deemed statistically appropriate and aligns with
prior studies modeling early recurrence in hepatocellular carcinoma.”' ** The training cohort underwent variance
inflation factor (VIF) analysis to assess multicollinearity. In line with prior recommendations, predictors with VIF >10
were excluded, and all remaining variables demonstrated VIF <5, which is considered an acceptable threshold for
minimizing residual collinearity.”>*® Subsequently, least absolute shrinkage and selection operator (LASSO) regression
with 10-fold cross-validation was applied to identify the most relevant predictors, selecting the penalty parameter (L)
based on the 1-standard error rule. The retained variables were then entered into a multivariate logistic regression model
to determine independent risk factors. The B coefficients from these variables were utilized to develop the ANT Score,
a composite index integrating nutritional, inflammatory and tumor burden parameters. This score, combined with
categorical clinical variables, underwent both univariate and multivariate logistic regression analyses, with variables
demonstrating p<0.1 in univariate analysis progressing to multivariate modeling to establish the final independent
predictors.

Third, model validation was performed on the testing cohort through ROC curve analysis (assessing discrimination)
and DeLong’s test (comparing models). The ANT Score’s predictive performance was benchmarked against conventional
markers (nutritional, inflammatory, hepatic function, tumor burden) and combined models. The optimal model was
transformed into a nomogram, with calibration curves and DCA evaluating its accuracy and clinical applicability. To
further evaluate the temporal stability of the ANT Score, sensitivity analyses were conducted by redefining recurrence at
6 and 18 months. Logistic regression was repeated for each cutoff, and odds ratios (ORs) with 95% confidence intervals
(CIs) were calculated.

In addition, survival analyses were performed to further assess the predictive performance of the ANT Score over
time. Cox proportional hazards models were fitted with surgery as the time origin, and predictive discrimination was
quantified using C-index with 95% confidence intervals. Landmark Cox analysis was conducted by restricting the cohort
to patients who remained recurrence-free at 12 months, with follow-up re-initiated from this point. Time-dependent ROC
analyses at 6 and 12 months were used to estimate the AUC, while calibration-over-time was examined using calibration
plots at both time points.

To evaluate the potential clinical utility of the ANT Score in surveillance planning, we simulated two alternative
follow-up strategies during the first postoperative year, drawing on approaches previously applied in surveillance

Journal of Hepatocellular Carcinoma 2025:12 hetps: 2479



Yu et al

modeling studies.””*® Patients were stratified into high-risk and low-risk groups. The standard strategy applied uniform
6-monthly imaging, whereas the risk-stratified strategy adopted intensified 3-monthly imaging for the high-risk group and
standard 6-monthly imaging for the low-risk group. For each scenario, we estimated the detection rate of VER and the
corresponding imaging burden, expressed as the total number of scans performed. Statistical analyses were conducted
using IBM SPSS Statistics (v26.0) for data management and R software (v4.4.2) for advanced analytics, including
descriptive statistics, comparative analyses, LASSO regression, predictive modeling, validation, and graphical
visualizations.

Results

Patients Characteristics
This study enrolled 459 HCC patients who had undergone curative liver resection, with 118 (25.7%) developing VER
within one postoperative year. Patients were randomly allocated to training (70%) and testing (30%) cohorts for model
development and validation (Table S1), with balanced baseline characteristics (all p>0.05).

Table 1 compares clinicopathological and biochemical features between VER and non-VER groups. Significant
categorical predictors included drinking history (p=0.033), advanced BCLC stage (p<0.001), AFP>400 ng/mL (p=0.008),
microvascular invasion (p=0.011), poor differentiation (p<<0.001), incomplete capsule (p=0.043), and intraoperative blood

Table 1 Comparison of Clinicopathological Characteristics in VER and Non-VER Sets

Variables Non-VER (N=341) VER (N=118) P-Value
N (%)/Median (Q1,Q3)/MeantSD | N (%)/Median (Q1,Q3)/MeantSD
Gender, Female 74 (21.7) 17 (14.4) 0.114
Age, >65 years 110 (32.3) 41 (34.7) 0.702
Smoking, Yes 107 (31.4) 48 (40.7) 0.084
Drinking, Yes 90 (26.4) 44 (37.3) 0.033
Hypertension, Yes 118 (34.6) 40 (33.9) 0.979
Diabetes, Yes 55 (l6.1) 21 (17.8) 0.782
ASA, 3 78 (22.9) 28 (23.7) 0.95
Cirrhosis, yes 255 (74.8) 87 (73.7) 0918
Etiology of liver disease, HBV 267 (78.3) 96 (81.4) 0.567
BCLC stage, B/C 67 (19.6) 46 (39.0) <0.001
Child-Pugh grade, B 27 (7.9) 12 (10.2) 0.572
CSPH 86 (25.2) 40 (33.9) 0.089
AFP, >400 ng/L 72 (21.1) 40 (33.9) 0.008
CAI19-9, >37 ug/L 44 (12.9) 21 (17.8) 0.246
Microvascular invasion 137 (40.2) 64 (54.2) 0.011
Tumor differentiation, poor 101 (29.6) 57 (48.3) <0.001
Incomplete capsule, yes 277 (81.2) 106 (89.8) 0.043
Resection margin, <I cm 98 (28.7) 33 (28.0) 0.967
Anatomical Liver Resection, No 178 (52.2) 70 (59.3) 0.218
Intraoperative blood loss, >400 mL | 63 (18.5) 39 (33.1) 0.002
Portal Vein Occlusion, Yes 130 (38.1) 50 (42.4) 0.48
Operation time, >180 min 198 (58.1) 79 (66.9) 0.112
ALT 27 (19, 41) 32 (22, 43) 0.076
AST 29 (24, 43) 36 (29, 49) <0.001
ALP 94 (73, 117) 110 (89.25, 141.25) <0.001
GGT 43 (29, 88) 68 (44.25, 114.5) <0.001
PT 1.7 (11.2, 12.5) 12.2 (11.6, 12.78) 0.001
INR 1.04 (0.98, 1.13) 1.08(1.01, I.16) 0.005
NLR 2 (1.46, 2.8) 2.19 (1.67, 3.11) 0.034
(Continued)
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Table | (Continued).

Variables Non-VER (N=341) VER (N=118) P-Value
N (%)/Median (Q1,Q3)/MeantSD | N (%)/Median (Q1,Q3)/MeantSD
NPAR 1.51 (1.32, 1.73) 1.64(1.45, 1.97) <0.001
sl 275.49(192, 455.51) 305.17 (174.04, 500.08) 0.71
PNI 46.16 + 6.2 43.79 £ 5.49 <0.001
ALBI —2.50 + 0.42 -2.36 £ 0.37 0.002
AAPR 0.41(0.33, 0.54) 0.33 (0.26, 0.42) <0.001
FIB-4 2.52(1.69, 3.88) 3.07 (1.78, 5.36) 0.017
GPR 0.31(0.19, 0.62) 0.52 (0.32, 1.03) <0.001
HALP 55.43(37.25, 74.44) 47.07 (32.45, 65.53) 0.032
TTV 14.13(4.85, 65.42) 47.69 (14.13, 267.95) <0.001
TBS 3.27 (242, 5.1) 5.2 (3.56, 8.2) <0.001

Notes: Categorical variables are expressed as frequencies (N) and percentages (%), with group comparisons performed using the chi-square test.
Normally distributed continuous variables are reported as mean * standard deviation (SD) and analyzed via independent t-tests.

Abbreviations: VER, very early recurrence; ASA, American Society of Anesthesiologists; HBV, hepatitis B virus; BCLC, Barcelona Clinic Liver Cancer;
CSPH, Clinically significant portal hypertension; AFP, Alpha-fetoprotein; CA19-9, Carbohydrate Antigen 19-9; ALT, Alanine aminotransferase; AST,
Aspartate aminotransferase; ALP, Alkaline phosphatase; GGT, Gamma-glutamyl transferase; PT, Prothrombin time; INR, International normalized ratio;
NLR, Neutrophil-to-lymphocyte ratio; NPAR, Neutrophil-to-albumin ratio; Sll, Systemic immune-inflammation index; PNI, Prognostic nutritional index;
ALBI, Albumin-bilirubin score; AAPR, Albumin-to-alkaline phosphatase ratio; FIB-4, Fibrosis-4 index; GPR, Gamma-glutamyl transpeptidase-to-platelet
ratio; HALP, Hemoglobin-albumin-lymphocyte-platelet score; TTV, Total tumor volume; TBS, Tumor burden score.

loss>400 mL (p=0.002). Continuous variables, tested for normality (Shapiro-Wilk test) and analyzed appropriately
(independent #-test or Wilcoxon rank-sum test), showed significant differences in AST, ALP, GGT, PT, INR, NLR,
NPAR, PNI, ALBI, AAPR, FIB-4, GPR, HALP, TTV, and TBS (all p<0.05, Figure S1).

Variable Selection and Model Construction

To identify key VER predictors, multicollinearity among 17 continuous variables was evaluated via VIF analysis. GGT
and PNI exhibited the highest VIF values (12.39 and 8.75, respectively; Figure 1A), exceeding the threshold of 5,
suggesting significant collinearity. After their removal, subsequent VIF analysis (Figure 1B) confirmed acceptable

collinearity (all VIFs <5). To optimize variable selection and minimize overfitting, LASSO regression was performed
in the training cohort. Cross-validation (Figure 2) determined the optimal A, selecting five predictors: AAPR, TBS,
NPAR, SII, and FIB-4. Multivariate logistic regression then identified independent prognostic factors (Table 2). Among
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Figure | Variance Inflation Factor (VIF) of selected variables. (A) Presents bar plots of VIF values for each variable, demonstrating their multicollinearity levels. (B) Shows
the updated VIF values after excluding highly collinear variables (GGT and PNI), with all remaining variables exhibiting VIF <5, confirming the regression model’s stability.
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Figure 2 LASSO regression coefficients and cross-validation results. The left panel displays the LASSO coefficient paths, showing how variable coefficients vary with
log(Lambda). The red dashed line marks Lambda Min, the value minimizing cross-validation error. The right panel shows the binomial deviance versus lambda, with red dots

indicating deviance values at each lambda point.

these, AAPR (odds ratiofOR]=0.125, 95% confidence interval[CI]:0.017-0.922, p=0.041), TBS (OR=1.130, 95%
CI:1.040-1.220, p=0.003), and NPAR (OR=3.890, 95% CI:1.630-9.250, p=0.002) remained significant. SII and FIB-4,
though LASSO-selected, lacked significance (p>0.05) and were excluded from the final model.

The ANT Score, a novel composite risk score, was developed using logistic regression B coefficients:

ANT Score = fippr X AAPR+fypar X NPAR + firps x TBS

where the B coefficients were as follows: NPAR: f=1.360, TBS: =0.122, AAPR: =—2.080, yielding:

ANT Score = (—2.080) x AAPR + 1.360 x NPAR + 0.122 x TBS

Table 2 LASSO-Multivariable Logistic Regression
Results

Variables B OR (95% CI) P-Value
NPAR 1.360 | 3.890 (1.630-9.250) 0.002
Sl —0.001 | 0.999 (0.999-1.000) 0.066
AAPR —2.080 | 0.125 (0.017-0.922) 0.041
FIB-4 0.059 | 1.060 (0.943—1.190) 0.327
TBS 0.122 | 1.130 (1.040-1.220) 0.003

Notes: This table displays the multivariable logistic regression
results for variables selected by LASSO regression, including
NPAR  (neutrophil-to-albumin ratio), SIl (systemic immune-
inflammation index), AAPR (albumin-to-alkaline phosphatase ratio),
FIB-4 (fibrosis-4 index), and TBS (tumor burden score). Reported
are the P coefficients, odds ratios (OR) with 95% confidence inter-
vals (Cl), and corresponding p-values. Statistically significant vari-
ables (p < 0.05) are highlighted.
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To assess predictive performance, ANT Score was compared with clinical parameters via univariate logistic regres-
sion (p<0.1 threshold for multivariate inclusion). As shown in Table 3, independent VER predictors were ANT Score
(OR=2.40, 95% CI:1.70-3.39, p<0.001) and incomplete capsule (OR=3.71, 95% CI:1.39-9.90, p=0.009). The optimal
ANT Score cutoff (2.025) was determined by Youden’s index in the training set and validated in the test set for risk
stratification, enabling reliable high-risk patient identification.

Model Performance Evaluation and Comparison

We compared its performance with conventional models including NPAR, TBS, AAPR, FIB-4, SII, HALP, and ALBI
(Table 4). The ANT Score achieved the highest discrimination for VER prediction, with an AUC of 0.751 (95% ClI,
0.669-0.832), outperforming all other models (Figure 3A). It also showed superior overall accuracy (lowest Brier score),
favorable calibration (slope 1.34, intercept 0.49), and balanced predictive ability as reflected by sensitivity/specificity and
PPV/NPV values. Collectively, these findings highlight the incremental value of integrating nutritional, inflammatory,
and tumor burden parameters in the ANT Score over single-dimension models.To assess potential improvement, we
incorporated capsule integrity into an extended model (Figure 3B), which achieved an AUC of 0.76 (95%
CI:0.672-0.848). However, DeLong’s test showed no significant difference (p=0.6956), demonstrating that adding

capsule integrity provided minimal predictive enhancement.

Table 3 Univariate and Multivariate Analyses of the VER for Hepatocellular Carcinoma After
Radical Resection in the Training Set

Variables UV OR (95% CI) P MV OR (95% CI) | P-Value
Gender, Female 0.57 (0.28-1.16) 0.120

Age, >65 years 0.97 (0.57-1.65) 0.902

Smoking, Yes 1.34 (0.80-2.26) 0.269

Drinking, Yes 1.90 (1.11-3.24) 0.019 1.72 (0.94-3.12) 0.076
Diabetes, Yes 0.92 (0.46-1.82) 0.803

Hypertension, Yes 0.86 (0.51-1.46) 0.580

ASA, 3 (vs. | or 2) 0.98 (0.53-1.80) 0.947

Cirrhosis, yes 0.97 (0.55-1.71) 0918

Etiology of liver disease, HBV 1.15 (0.62-2.16) 0.656

BCLC stage, B/C 1.93 (1.11-3.36) 0.019 0.71 (0.36-1.42) 0.338
Child-Pugh grade, B 1.30 (0.59-2.88) 0.513

CSPH 1.31 (0.77-2.26) 0.322

AFP, >400 ng/L 1.80 (1.04-3.09) 0.034 1.09 (0.57-2.07) 0.799
CAI9-9, >37 ug/L 1.60 (0.82-3.11) 0.166

Microvascular invasion 1.97 (1.20-3.26) 0.008 1.23 (0.68-2.23) 0.498
Tumor differentiation, poor 2.03 (1.23-3.36) 0.006 1.44 (0.80-2.59) 0.222
Incomplete capsule, yes 3.34 (1.38-8.13) 0.008 3.71 (1.39-9.90) 0.009
Resection margin, <I cm 1.13 (0.64-1.98) 0.673

Anatomical liver resection, No 1.41 (0.85-2.34) 0.181

Intraoperative blood loss, >400 mL 1.93 (1.11-3.38) 0.021 1.08 (0.56-2.09) 0.815
Portal vein occlusion, Yes 1.12 (0.68-1.85) 0.665

Operation time, >180 min 1.34 (0.80-2.24) 0.267

ANT-Score 2.44 (1.81-3.29) <0.001 2.40 (1.70-3.39) <0.001

Notes: This table summarizes univariate (UV) and multivariate (MV) logistic regression analyses of clinicopathological
factors predicting very early recurrence (VER) in hepatocellular carcinoma patients following radical resection. The UV
analysis presents unadjusted odds ratios (OR) with 95% confidence intervals (Cl) and p-values for each factor. Factors
with p<0.05 in UV analysis were entered into MV analysis to control for confounding variables. Significant results (p<0.05)
are bolded. Notably, the ANT-Score demonstrated strong associations with VER in both UV and MV analyses (both
p<0.001).

Abbreviations: ASA, American Society of Anesthesiologists; HBV, hepatitis B virus; BCLC, Barcelona Clinic Liver
Cancer; CSPH, Clinically significant portal hypertension; AFP, Alpha-fetoprotein; CA19-9, Carbohydrate Antigen 19-9.
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Table 4 Comparison of Multiple Prognostic Models for Predicting VER

Model AUC (95% CI) Brier | Calibration Slope | Calibration Intercept | Sensitivity/Specificity (Youden) | PPV/NPV
ANT Score | 0.751 (0.669-832) | 0.175 | 1.34 0.49 0.61/0.72 0.44/0.84
NPAR 0.655 (0.562-748) | 0.191 | 0.84 —0.08 0.64/0.62 0.38/0.83
TBS 0.660 (0.543-776) | 0.176 | 1.46 0.54 0.69/0.50 0.33/0.82
AAPR 0.681 (0.591-772) | 0.182 | 1.49 0.58 0.33/0.78 0.35/0.77
FIB4 0.613 (0.503-723) | 0.19 1.2 0.24 0.36/0.81 0.41/0.78
N 0.504 (0.393-615) | 0.198 | —I1.17 -23 0.44/0.59 0.28/0.75
HALP 0.586 (0.485-686) | 0.194 | 58.15 61.38 0.50/0.61 0.32/0.78
ALBI 0.632 (0.534-731) | 0.189 | 1.24 0.26 0.78/0.53 0.37/0.87

In the primary Cox model with surgery as the time origin, the ANT Score achieved a C-index of 0.674 (95% CI,
0.592-0.756) in the testing cohort. Time-dependent ROC analyses further confirmed good performance, with an AUC of
0.738 (95% CI, 0.637—0.839) at 6 months and 0.747 (95% CI, 0.656—0.837) at 12 months (Figure 4A). Calibration curves
at both time points showed good agreement between predicted and observed recurrence probabilities (Figure 4B). In the
landmark Cox analysis restricted to patients who remained recurrence-free at 12 months, the model yielded a C-index of
0.555 (95% CI, 0.410-0.700), indicating diminished discrimination for predicting recurrence beyond the first
postoperative year. In sensitivity analyses using alternative recurrence cutoffs, the ANT Score consistently demonstrated
predictive value. At 6 months, the OR was 1.789 (95% CI, 1.398-2.303; p < 0.001), at 12 months 2.099 (95% CI,
1.667-2.675; p < 0.001), and at 18 months 1.927 (95% CI, 1.551-2.423; p < 0.001) (Table S2). These findings support
the temporal stability of the ANT Score.

To improve clinical applicability, we developed a nomogram for individualized VER risk estimation in HCC patients
(Figure 5A), where higher ANT Scores indicated greater recurrence risk. Calibration analysis (Figure 5B) showed
excellent agreement between predicted and observed outcomes, affirming model reliability. DCA (Figure 5C) confirmed
the ANT Score’s clinical utility, outperforming alternative strategies (treat all vs treat none) across threshold probabil-
ities. With robust discrimination, calibration, and clinical relevance, the ANT Score emerged as the optimal VER
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Figure 3 ROC curve analysis for predicting VER in the test set. (A) displays the ROC curve of the ANT Score for VER prediction. (B) shows the ROC curve combining
ANT Score with capsule integrity. AUC values with 95% Cls are presented. The ANT Score achieves the highest AUC, demonstrating optimal VER prediction, while the
combined model exhibits marginally better performance than ANT Score alone.
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Figure 4 Time-dependent discrimination and calibration of the ANT Score model. (A) Time-dependent ROC curves for predicting very early recurrence (VER) at 6 and |2
months in the test cohort. The model showed consistent discrimination with an AUC of 0.738 (95% Cl, 0.637-0.839) at 6 months and 0.747 (95% ClI, 0.656—0.837) at 12
months. (B) Calibration curves at 6 and 12 months in the test cohort, demonstrating good agreement between predicted and observed recurrence probabilities.
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Figure 5 Nomogram based on the ANT Score, Calibration Curve, and Decision Curve Analysis (DCA). (A) Presents the VER prediction nomogram for HCC patients,
incorporating the ANT Score. Total points translate to VER probability, offering clinicians a practical risk assessment tool. (B) demonstrates the calibration plot comparing
predicted versus observed VER probabilities, with 95% Cl error bars. (C) shows the DCA evaluating the ANT Score’s clinical utility, plotting net benefit across threshold
probabilities against “treat-all” and “treat-none” strategies.

predictor. Although capsule integrity integration offered no significant improvement, the ANT Score alone provided
superior prognostic stratification, enhancing personalized risk assessment.

To enhance usability, we deployed an interactive web-based calculator (https://doctoryu.shinyapps.io/ANT-Score-
Calculator/), enabling clinicians to rapidly compute individualized ANT Scores by entering albumin, ALP, neutrophil

percentage, and tumor characteristics. A screenshot of the interface is presented in Figure S2, illustrating its straightfor-
ward functionality and potential for integration into clinical workflows.

Simulation analysis suggested that a risk-stratified surveillance approach, with intensified 3-monthly imaging for
high-risk patients, could improve VER detection (82.1% vs 72.6% under standard biannual surveillance) at the expense
of increased imaging load (1278 vs 918 total scans) (Figure S3). This trade-off highlights the potential clinical benefit of
tailoring follow-up intensity according to the ANT Score.
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Discussion

VER, characterized by HCC recurrence within one year post-curative resection, poses a major clinical challenge by
substantially impairing long-term survival. Precise preoperative identification of high-risk patients is crucial for optimiz-
ing postoperative care, yet current prediction models primarily focus on tumor morphology or isolated biomarkers,
compromising their accuracy and utility. For instance, prior studies have identified tumor diameter as an independent
VER predictor, emphasizing tumor burden’s role.*?* However, morphology-based approaches overlook the complex
biological mechanisms driving recurrence. Likewise, while individual nutritional/inflammatory markers (NLR, ALBI,
PNI) show associations with early recurrence, their predictive value is constrained by their unidimensional perspective
and failure to accurately assess integrated recurrence risk.>*>' To overcome these limitations, we established the ANT
Score, incorporating critical clinical elements—nutritional status, systemic inflammation, and tumor burden—offering
a more holistic assessment of VER in HCC.

AAPR as a Prognostic Biomarker in HCC

The AAPR, a novel biomarker derived from serum ALB and ALP levels, has demonstrated significant correlation with
HCC recurrence rates.*>** Zhang et al’s meta-analysis demonstrated that decreased AAPR serves as a robust prognostic
indicator in HCC, revealing a significant association between lower AAPR values and poorer survival outcomes,
including reduced overall survival (OS) (hazard ratio[HR] 2.02, 95% CI: 1.78-2.30) and shorter recurrence-free survival
(RFS) (HR 1.88, 95% CI: 1.37-2.57).** ALB serves as a key nutritional indicator, with reduced levels reflecting
malnutrition or liver dysfunction. In HCC patients, prevalent nutritional impairments compromise immunity, elevating
recurrence risk. Importantly, ALB depletion promotes HCC progression by facilitating metastasis. Studies demonstrate
that ALB deficiency markedly boosts HCC cell invasion and migration.’>>® Consequently, ALB represents a vital
predictor for both tumor recurrence and disease progression. ALP, a well-established indicator of hepatic impairment, is
typically elevated in HCC-associated liver damage and cholestasis. Elevated ALP levels reflect chronic hepatic inflam-
mation, which fosters a tumor-favorable microenvironment that accelerates HCC progression and recurrence.’’ Yu et al
revealed that preoperative ALP levels >82 U/L significantly predict higher recurrence risk in HCC patients, with those
exceeding this threshold demonstrating markedly poorer recurrence outcomes versus patients with ALP <82 U/L
(p<0.001).>® The ANT Score’s incorporation of AAPR significantly improves early HCC recurrence prediction, demon-
strating superior performance (AUC=0.751; 95% CI:0.669-0.832) versus AAPR alone (AUC=0.681; 95%
CI:0.591-0.772), resulting in enhanced predictive accuracy.

NPAR as a Novel Biomarker for HCC Recurrence

NPAR, derived from neutrophil percentage and ALB, quantifies systemic inflammation and nutritional status - critical
determinants of HCC progression. Although no direct studies link NPAR to HCC recurrence, its known association with
liver inflammation and fibrosis—critical processes in HCC pathogenesis—supports its potential prognostic value.
NPAR'’s consistent associations with nonalcoholic fatty liver disease progression, advanced fibrosis, and metabolic
liver diseases further justify investigating NPAR’s role in predicting HCC recurrence.**** Neutrophils actively drive
HCC progression and recurrence by establishing a tumor-favorable microenvironment.*'*** Their pro-tumor effects are
amplified through neutrophil extracellular traps, which capture HCC cells, augment metastatic capacity, and induce
Sorafenib resistance.**** Concurrently, hypoalbuminemia, indicating malnutrition and immunosuppression, indepen-
dently elevates recurrence risk.'® The synergistic effect of neutrophilia and hypoalbuminemia markedly increases HCC
recurrence probability. As a composite biomarker reflecting these critical pathways, NPAR (AUC=0.655, 95% CI:
0.562-0.748) offers a biologically validated recurrence predictor. When incorporated into the ANT Score
(AUC=0.751, 95% CI: 0.669-0.832), it markedly improves VER prediction accuracy, thereby boosting the model’s
clinical applicability.
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Tumor Burden in HCC Recurrence Prediction

The TBS serves as a robust prognostic indicator for HCC, quantifying disease extent through two critical parameters:
tumor size and lesion number. These well-established predictors significantly influence VER risk post-curative
resection.'**> Tumor size directly correlates with disease aggressiveness. HCC lesions exceeding 5 cm commonly
exhibit vascular invasion and metastatic propensity,*® with robust evidence linking them to higher recurrence rates post-
curative treatment.*”*® Feng et al demonstrated that >5 cm tumors independently predicted both macrotrabecular-
massive subtype (OR 3.8, 95% CI:1.7-8.1) and vascular invasion (OR 5.4, 95% CI:1.3-23.3) - two established predictors
of poor postoperative outcomes and elevated recurrence.*” This parameter effectively captures both local invasiveness

3051 with multifocal disease representing

and distant dissemination risk. Lesion multiplicity similarly impacts prognosis,
advanced HCC biology and poorer outcomes.’>>> Multiple tumors substantially increase VER likelihood by presenting
greater therapeutic challenges. When integrated into TBS, these parameters form a powerful composite biomarker for
recurrence risk. The ANT Score, integrating TBS with additional prognostic factors, showed superior predictive
performance (AUC=0.751; 95% CI:0.669-0.832) compared to TBS alone (AUC=0.660; 95% CI:0.543-0.776), demon-

strating a clinically meaningful enhancement in VER prediction accuracy.

Tumor Capsule Integrity in HCC Prognosis

An incomplete tumor capsule has been established as a crucial prognostic factor for HCC recurrence. Huang et al found
that incomplete encapsulation, when combined with large tumor size and vascular invasion, strongly predicts higher
recurrence rates in patients with macroscopic vascular invasion, underscoring its prognostic significance.’* Likewise, Jun
L. et al confirmed incomplete capsule, microvascular invasion, and tumor size as independent predictors of postoperative
extrahepatic metastasis and recurrence (AUC=0.82).” These results underscore the prognostic value of capsule integrity
in HCC recurrence and metastasis post-resection. Although adding capsule data to the ANT Score marginally improved
the AUC (0.76 vs 0.751), DeLong’s test showed no significant enhancement (p=0.6956), suggesting the existing ANT
Score components already effectively capture recurrence risk. The model’s current tumor characteristics provide
sufficient predictive power without capsule data, which would introduce additional complexity without meaningful
benefit. Thus, we retained the original ANT Score to preserve its clinical practicality and predictive efficiency.

Clinical Advantages and Novelty of the ANT Score

The ANT Score synergistically combines AAPR, NPAR, and TBS to offer a multidimensional approach for predicting
VER in post-resection HCC. Distinct from conventional models focusing solely on tumor morphology or single
biomarkers, it comprehensively evaluates nutritional status, systemic inflammation, and tumor burden. Existing HCC
prognostic models emphasize long-term outcomes (OS/RFS) using parameters like AAPR, TBS, or PNL'® the ANT
Score specifically targets VER prediction. Although the ANT Score achieved numerically higher AUC values compared
with conventional indices, the absolute differences were modest. Nevertheless, its consistent performance across multiple
evaluation domains—including discrimination, calibration, overall accuracy, and net clinical benefit—suggests that the
integration of nutritional, inflammatory, and tumor burden parameters may provide more balanced and clinically mean-
ingful risk stratification than single-dimension models.

Study Limitations and Future Research Directions

Several aspects of the current study should be acknowledged when interpreting the findings. Our study was conducted in
a single-center HBV-predominant cohort, which inevitably limits the external generalizability of the ANT Score,
particularly in non-Asian and non-HBV populations. The robustness of the score in this high-risk population underscores
its clinical utility in regions with similar disease profiles. Future work should focus on external validation across
multicenter and international cohorts with diverse etiologies, including HCV- and metabolic-related HCC, to ensure
broader applicability and to refine the model for global use Additionally, our model did not incorporate molecular
markers, such as circulating tumor DNA, or imaging-based radiomics, which may further enhance predictive accuracy.
Future research should focus on prospective, multicenter validation to establish broader clinical applicability and explore
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integration with molecular markers, including circulating tumor DNA and immune checkpoint profiles. Application of
advanced machine learning algorithms may also further refine predictive accuracy, providing more personalized risk
assessments and interventions for patients. Our dataset did not consistently capture competing events such as death
without recurrence, precluding the robust application of cause-specific Cox or Fine—Gray models. This limitation reflects
the inherent constraints of retrospective clinical datasets, and future prospective studies with more comprehensive event
recording are warranted to address this gap.

Conclusion

The ANT Score is an independent and superior predictor of VER after curative HCC resection. The ANT Score-based
nomogram showed promising predictive value, offering a practical tool for individualized risk assessment. External
validation and prospective studies are warranted to further assess its clinical applicability.
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