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Objective: This study aimed to identify independent predictors of early recurrence (ER) and to establish a clinically applicable, 
individualized nomogram for patients with solitary hepatocellular carcinoma (HCC) who underwent postoperative adjuvant transarter
ial chemoembolization (PA-TACE).
Methods: A total of 165 patients with solitary HCC treated with PA-TACE between January 2018 and December 2022 were 
retrospectively analyzed. Among these patients, 71 experienced ER, while 94 remained recurrence-free for over 24 months. 
Independent prognostic variables were identified through univariate and multivariate Cox regression analyses. These factors were 
integrated into a nomogram model, and its performance was evaluated using internal validation and calibration curves.
Results: Multivariate analysis revealed that AFP-L3% >10% (p = 0.009), presence of satellite lesions (p = 0.026), GLR >20 (p = 
0.020), microvascular invasion (MVI) (p = 0.008), and Ki-67 expression >50% (p < 0.001) were independently associated with ER. 
These five variables were used to establish the nomogram, which had a C-index of 0.763 (95% CI: 0.736−0.870).
Conclusion: A nomogram incorporating AFP-L3, satellite lesions, GLR, MVI, and Ki-67 for predicting ER in patients with solitary 
HCC following PA-TACE was developed and validated. This model exhibits high predictive accuracy and provides a valuable tool for 
identifying patients who may benefit from PA-TACE.
Keywords: hepatocellular carcinoma, postoperative adjuvant transarterial chemoembolization, early recurrence, nomogram

Introduction
Liver cancer remains the third leading cause of cancer-related deaths worldwide, with hepatocellular carcinoma (HCC) 
accounting for approximately 75–85% of all primary liver malignancies.1 Surgical resection continues to be the primary 
curative treatment modality for patients with favorable physical status. Nonetheless, the consistently high rates of tumor 
recurrence and metastasis, which can reach up to 75–100% within five years following surgery, represent a substantial 
challenge to improving long-term survival outcomes.2 Transarterial chemoembolization (TACE) is a locoregional treat
ment that involves delivering chemotherapeutic agents and embolic materials into the hepatic artery, thereby blocking the 
tumor’s blood supply and increasing drug concentration within the tumor. Although TACE has been firmly established as 
the standard treatment for intermediate-stage HCC, there is growing interest in its application as a postoperative adjuvant 
therapy (PA-TACE) in patients undergoing curative liver resection.3 Several clinical studies4–6 have indicated that the 
early administration of PA-TACE—typically within 1 to 3 months postoperatively, can significantly reduce recurrence 
rates and improve disease-free survival (DFS), with some reports demonstrating a 2-year DFS of up to 82%. Conversely, 
conflicting evidence also exists, revealing limited survival benefits in certain patient populations and even a potential risk 
of early recurrence (ER) in specific subgroups.7,8 Notably, PA-TACE has demonstrated limited efficacy in patients with 
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tumors smaller than 5 cm, solitary tumors, or no microvascular invasion (MVI), indicating that not all patients are 
suitable candidates for this intervention.9,10

Magnetic resonance imaging (MRI), a crucial clinical tool, plays a central role in the preoperative assessment of 
HCC. Its imaging characteristics are intricately linked to the biological properties of the tumor and are therefore 
extensively utilized for evaluating and predicting the recurrence risk of HCC.11,12 However, the existing research on 
the role of MRI imaging features in predicting ER following PA-TACE remains relatively limited. Therefore, the present 
study aimed to identify preoperative MRI features associated with ER (≤24 months) in patients with solitary HCC after 
PA-TACE and to establish a clinically applicable prediction model by integrating these features with clinical and 
pathological factors.

Materials and Methods
Study Population
This retrospective study adhered to the ethical principles of the Declaration of Helsinki and was approved by the Ethics 
Committee of Beijing You’an Hospital. Given the anonymized and non-interventional nature of the research, the need for 
written informed consent was waived.

Between January 2018 and December 2022, a total of 165 patients diagnosed with HCC who underwent R0 surgical 
resection followed by PA-TACE at Beijing You’an Hospital (Beijing Liver Disease Research Center) were retrospec
tively reviewed.

Inclusion criteria comprised: (1) preoperative MRI completed within 30 days prior to surgery and meeting diagnostic 
standards for HCC; (2) histologically confirmed solitary HCC without intrahepatic metastases or multicentric involve
ment; (3) complete (R0) tumor resection, defined as the absence of macroscopic residual disease and negative surgical 
margins; (4) availability of full pathological data post-resection; and (5) receipt of a single PA-TACE treatment 
approximately four weeks post-surgery.

Exclusion criteria included: (1) prior anti-tumor therapies before surgery or TACE; (2) multifocal tumors or a single 
lesion exceeding 10 cm in diameter; (3) coexistence of other malignancies or distant metastasis; (4) incomplete clinical, 
radiological, or pathological data; and (5) early follow-up termination due to comorbid conditions or insufficient data. 
After applying these criteria, 165 eligible solitary HCC cases were selected. Based on 24-month disease-free survival 
(DFS), patients were categorized into an early recurrence (ER, ≤24 months) group and a Non-early recurrence (Non-ER, 
disease-free >24 months) group. The enrollment and selection process is illustrated in Figure 1.

MRI Acquisition
MRI examinations were performed using a Siemens 3.0 T Magnetom Trio Tim scanner equipped with an 8-channel 
phased-array body coil. Patients were positioned in the supine position, and the liver was scanned from the diaphragm to 
its inferior margin. Dynamic contrast-enhanced imaging was acquired in four phases using a 3D breath-hold volume 
sequence (TR = 3.5 ms, TE = 1.28 ms, slice thickness = 3.0 mm, interslice gap = 0.6 mm). The contrast agent gadobenate 
dimeglumine (provided by Shanghai Boleke XinYi Pharmaceutical Co., Ltd.) was administered intravenously at a dose of 
0.1 mmol/kg and an injection rate of 2.0 mL/s. Sequential imaging was initiated at 20, 30, 65, and 240 seconds post- 
injection to capture the early arterial, late arterial, portal venous, and delayed phases, respectively.

Image Analysis
MRI scans were independently reviewed by two board-certified abdominal radiologists with extensive experience in 
liver imaging. The reviewers were blinded to patient-specific lesion characteristics but were aware of the overall HCC 
risk. Discrepancies were resolved through consensus. Tumors were evaluated according to LI-RADS version 2018, 
including major features (eg, tumor diameter, non-rim arterial phase hyperenhancement [APHE], washout appearance, 
and enhancing capsule), ancillary features (eg, restricted diffusion, corona enhancement, hepatobiliary phase [HBP] 
hypointensity, mild-to-moderate T2 hyperintensity, mosaic architecture, hemorrhage, and fat content), and additional 
non-LI-RADS findings such as satellite lesions, necrosis, and irregular tumor margins. Each lesion was assigned a LI- 
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RADS category (LR-4, LR-5, or LR-M). Specific feature definitions are shown in Supplementary Table 1. The 
differentiation of satellite lesions from metastatic or multicentric lesions is detailed in Supplementary Table 2. 
Representative MRI images demonstrating satellite lesions and their imaging characteristics are illustrated in 
Figure 2.

Clinical Laboratory and Clinico-Pathological Variables
Baseline demographic and clinical data included gender, age, hepatitis infection status, cirrhosis, and Child-Pugh score. 
Preoperative laboratory values, obtained within one week before surgery, comprised liver function tests [alanine 
aminotransferase (ALT), aspartate transaminase (AST), gamma-glutamyl transferase (GGT), alkaline phosphatase 
(ALP)], platelet count, alpha-fetoprotein (AFP), lens culinaris agglutinin-reactive fraction ofalpha-fetoprotein (AFP- 
L3)%, and inflammation-based markers such as neutrophil-to-lymphocyte ratio (NLR), gamma-glutamyl transferase-to- 
lymphocyte ratio (GLR), aspartate aminotransferase-to-lymphocyte ratio (ALRI), and systemic immune-inflammation 
index (SII). These were calculated as follows: NLR = neutrophil count / lymphocyte count; GLR = GGT / lymphocyte 
count; ALRI = AST / lymphocyte count; SII = platelet count × neutrophil count / lymphocyte count. Receiver operating 
characteristic (ROC) analysis determined optimal cut-off values for dichotomization of inflammatory markers. 
Histopathological indicators included MVI, Edmondson-Steiner grading, and Ki-67 expression. Ki-67 positivity >50% 
was categorized as high expression.13

Figure 1 Flowchart of patient selection and exclusion criteria.
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Postoperative PA-TACE Procedure
TACE was performed approximately one month after hepatectomy using the Seldinger technique. A catheter was inserted 
via the femoral artery to selectively access tumor-feeding hepatic arteries. Chemotherapeutic agents (hydroxycamptothe
cin, oxaliplatin, pirarubicin, and 5-fluorouracil) were emulsified with a non-ionic contrast medium at a 1:1 ratio. 
Subsequently, embolization was carried out using gelatin sponge particles or polyvinyl alcohol (PVA) microspheres. 
Treatment regimens were tailored based on physician discretion and therapeutic objectives.

Follow-Up and End-Points
Patients were followed up every 1–2 months in the first postoperative year, then at 3-month intervals, either by phone or 
in outpatient clinics. Follow-up consisted of AFP testing and imaging (CT or MRI) performed every 3–6 months. Tumor 
recurrence was confirmed based on imaging findings, elevated AFP levels, or both. ER was defined as tumor reappear
ance within 24 months after PA-TACE. The final follow-up date was December 31, 2024, ensuring a minimum follow-up 
duration of 24 months for all patients. Recurrence-free survival (RFS) was defined as the interval from the date of PA- 
TACE to the documentation of tumor recurrence.

Statistical Analysis
Statistical analysis was performed using SPSS (version 24.0; IBM Corp., Armonk, NY, USA) and R software (version 4.1.1), 
utilizing packages such as “MatchIt”, “survival”, and “rms”. Continuous variables were compared using Student’s t-test or 
Mann–Whitney U-test based on distribution. Categorical variables were assessed with chi-square or Fisher’s exact test as 
appropriate. ROC curve analysis identified optimal cut-off points for inflammatory markers and Ki67. Variables with p < 0.05 
in univariate Cox regression were included in multivariate analysis to identify independent predictors of early recurrence. 
A nomogram was constructed from significant predictors using the “rms” package. Model performance was evaluated using 
the C-index, ROC curves, calibration plots, and decision curve analysis (DCA). RFS differences were assessed using Kaplan– 
Meier analysis with Log rank testing. All p-values were two-tailed, with statistical significance defined as p < 0.05.

Figure 2 (A) Schematic illustration of the treatment sequence from initial HCC diagnosis through surgical resection, adjuvant transarterial chemoembolization (PA-TACE), 
to potential tumor recurrence. (B) Representative gadoxetate-disodium enhanced MRI images from a 55-year-old male patient with hepatocellular carcinoma (HCC). (1) 
Arterial-phase image on preoperative imaging, showing a large hypervascular lesion in segment VI (asterisk), representing the primary tumor. (2) A satellite nodule (yellow 
arrow) adjacent to the main lesion is visualized, with an enlarged view shown in the inset. (3) On follow-up imaging, a new enhancing lesion (red arrow) appeared in segment 
III, consistent with intrahepatic recurrence. The inset highlights the recurrent focus. (4) Another arterial-phase slice showing no residual lesion in the surgical region.
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Results
Baseline Clinical and Pathological Characteristics
Table 1 summarizes the demographic and clinicopathological characteristics of the 165 patients included in the study. 
Among these patients, 130 were male (78.8%), and the mean age was 56.0 ± 9.4 years (range: 30–74 years). Hepatitis 
B virus (HBV) infection was the predominant etiology, identified in 90.3% of the patients, while cirrhosis was present in 
58.8%. A total of 71 patients (43.0%) experienced ER within 24 months postoperatively, with a mean time to recurrence 
of 13.0 ± 7.3 months. The remaining 94 patients were classified into the Non-ER group, exhibiting a median follow-up of 
29.0 months (IQR: 26.0–38.0; range: 25–73 months). Comparative analysis revealed that the ER group had significantly 
higher proportions of patients with AFP-L3% >10% (53.5% vs 21.3%, p < 0.001), GLR >20 (69.0% vs 46.8%, p = 
0.004), and ALRI >12 (87.3% vs 71.3%, p = 0.013). In terms of pathological features, MVI and Ki-67 overexpression 
(>50%) were markedly more prevalent in the ER group compared to the non-ER group (all p <0.05).

Table 1 Baseline Characteristics of HCC Patients Undergoing PA-TACE

Variable Entire Population  
n=165

Non-Early Recurrence  
n=94

Early Recurrence  
n=71

p-value

Male gender, n(%) 130(78.8)/35(21.2) 71(75.5)/23(24.5) 59(83.1)/12(16.9) 0.239

Age,(years) 56.0±9.4 55.9±8.9 56.0±10.0 0.630

Etiology, n(%) 0.879
Hepatitis B virus 149(90.3) 85(90.4) 64(90.1)

Hepatitis C virus 8(4.8) 5(5.3) 3(4.2)

Others 8(4.8) 4(4.3) 4(5.6)
Liver function, n (%)

Cirrhosis, 97(58.8) 59(62.8) 38(53.5) 0.232

Child–Pugh A/B 130(78.8) 74(78.7) 56(78.9) 0.981
TBIL >14.4 (μmol/L) 97(58.8) 57(60.6) 40(56.3) 0.578

ALT>40 (IU/L) 37(22.4) 17(18.1) 20(28.2) 0.124

AST>40 (IU/L) 34(20.6) 15(16.0) 19(26.8) 0.089
Albumin <40 (g/L) 66(40.0) 33(35.1) 33(46.5) 0.140

Tumor markers

AFP, n (%) 0.339
≤400 ng/mL 129(78.2) 76(80.9) 53(74.6)

>400 ng/mL 36(21.8) 18(19.1) 18(25.4)

AFP-L3%≥10% 58(35.2) 20(21.3) 38(53.5) <0.001
Inflammation-associated parameters

NLR>3 31(18.8) 16(17.0) 15(21.1) 0.504
GLR>20 93(56.4) 44(46.8) 49(69.0) 0.004

SII>297 82(49.7) 44(46.8) 38(53.5) 0.393

ALRI>12 129(78.2) 67(71.3) 62(87.3) 0.013
Pathological characteristics

MVI 0.001

M0 91(55.2) 62(66.0) 29(40.8)
M1+M2 74(44.8) 32(34.0) 42(59.2)

Edmondson-Steiner 0.316

I+II 51(29.9) 32(34.0) 19(26.8)
III+IV 114(69.1) 62(66.0) 52(73.2)

Ki67 <0.001

>50 71(43.0) 22(23.4) 49(69.0)
≤50 94(57.0) 72(76.6) 22(31.0)
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MR Imaging Features
Table 2 provides a comparison of imaging characteristics between the two groups. Among LI-RADS-defined features, 
tumor size showed statistically significant differences between groups (tumors>3cm, 64.8% in ER group vs 40.4% in 

Table 2 Imaging Characteristics of HCC Patients Receiving PA-TACE Treatment

Variable Entire  
Population (n=165)

Non-Early  
Recurrence (n=94)

Early  
Recurrence (n=71)

p-value

LI-RADS major features
Size, n (%) 0.002

>3cm 84(51.8) 38(40.4) 46(64.8)

≤3cm 81(48.2) 56(59.6) 25(35.2)
Non-rim APHE, n (%) 0.813

Present 152(92.1) 87(92.6) 65(91.5)

Absent 13(7.9) 7(7.4) 6(8.5)
Washout, n (%) 0.625

Present 144(87.3) 81(86.2) 63(88.7)

Absent 21(12.7) 13(13.8) 8(11.3)
Enhancing capsule, n (%) 0.061

Present 132(80.0) 81(86.2) 53(74.6)

Absent 33(20.0) 13(13.8) 18(25.4)
LI-RADS ancillary features
Corona enhancement, n (%) 0.843

Present 29(17.6) 17(18.1) 12 (16.8)
Absent 136(82.4) 77(81.9) 59(83.2)

Restricted diffusion 0.813

Present 152(92.1) 87(92.6) 65(91.5)
Absent 13(7.9) 7(7.4) 6(8.5)

Mild- moderate T2 hyperintensity 0.852

Present 36(21.8) 21(22.3) 15(21.1)
Absent 129(78.2) 73(77.7) 56(78.9)

HBP hypointensity 0.071

Present 139(84.2) 75(79.8) 64(90.1)
Absent 26(15.8) 19(20.2) 7(9.9)

Mosaic architecture, n (%) 0.339

Present 36(21.8) 18(19.1) 18(25.4)
Absent 129(78.2) 76(80.9) 53(74.6)

Intratumor hemorrhage, n (%) 0.159

Present 23(13.9) 10(10.6) 13(18.3)
Absent 142(86.1) 84(89.4) 58(81.7)

Intratumor fat, n (%) 0.638

Present 16(9.7) 10(10.6) 6(8.5)
Absent 149(90.3) 84(89.4) 65(91.5)

Other imaging features
Intratumor necrosis, n (%) 0.110
Present 54(32.7) 26(27.7) 28(39.4)

Absent 111(67.3) 68(72.3) 43(60.6)
Satellite lesion, n(%) <0.001

Present 29(17.6) 8(8.5) 21(29.6)

Absent 136(82.4) 86(91.5) 50(70.4)
Irregular margin, n (%) 0.020

Present 43(26.1) 18(19.1) 25(35.2)

Absent 122(73.9) 76(80.9) 46(64.8)

(Continued)
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Non-ER group, p = 0.002). With respect to non-LI-RADS features, satellite lesions and irregular margins were 
significantly more prevalent in the ER group (29.5% vs 8.5%, p < 0.001; 35.2% vs 19.1%, p = 0.020). Other imaging 
traits, including APHE, washout, corona enhancement, and HBP hypointensity, showed no statistically significant 
differences between the two groups.

Prognostic Factors for ER
The results of Cox regression analyses are detailed in Table 3. Univariate analysis identified nine variables significantly 
associated with ER: AFP-L3>10% (p < 0.001), GRL > 20 (p = 0.005), ALRI>12 (p = 0.011), tumor size (p = 0.004), 
satellite lesions (p =0.001), irregular margins (p = 0.003), MVI (p = 0.002), and Ki-67 expression > 50% (p <0.001). 
Subsequently, multivariate Cox regression revealed five independent predictors of ER: AFP-L3% >10% (HR: 1.922; 95% 
CI: 1.177–3.138; p = 0.009), GLR >20 (HR: 1.840; 95% CI: 1.103–3.069; p = 0.020), Satellite lesions (HR: 1.828; 95% 
CI: 1.077–3.103; p = 0.026), MVI (HR: 1.951; 95% CI: 1.189–3.201; p = 0.008) and Ki-67 >50% (HR: 2.842; 95% CI: 
1.755–4.603; p < 0.001).

Predictive Performance of Risk Indicators and Integrated Model
Table 4 shows the predictive accuracy of individual risk factors and the combined model in forecasting ER. Among the 
single predictors, satellite lesions demonstrated the highest specificity (94.7%) but the lowest sensitivity (26.8%). In 
contrast, Ki-67 expression >50% exhibited a more balanced performance, achieving 69.0% sensitivity and 76.6% 
specificity. When the five independent risk factors were integrated into a single model, the resulting prediction model 
achieved a sensitivity of 70.4%, specificity of 80.9%, and overall accuracy of 76.4%, outperforming any single indicator.

Table 2 (Continued). 

Variable Entire  
Population (n=165)

Non-Early  
Recurrence (n=94)

Early  
Recurrence (n=71)

p-value

Tumor capsule 0.199
Present 133(80.6) 79(84.0) 54(76.1)

Absent 32(19.4) 15(16.0) 17(23.9)

LI-RADS category, n (%) 0.553
LR-M 18(10.9) 10(10.6) 8(11.3)

LR-4 8(4.8) 6(6.4) 2(2.8)

LR-5 139() 78 (83.0) 61 (85.9)

Table 3 Cox Regression Analyses Identify Independent Prognostic Factors for ER

Variables Univariate Analysis Multivariate Analysis

B Exp(B) (95% CI) P-value B Exp(B) (95% CI) P-value

AFP-L3>10% 1.086 2.963(1.853, 4.737) <0.001 0.653 1.922(1.177, 3.138) 0.009
GLR>20 0.722 2.058(1.244, 3.404) 0.005 0.610 1.840(1.103, 3.069) 0.020

ALRI>12 0.906 2.473(1.229, 4.978) 0.011 -

Tumor size 0.703 2.019(1.257, 3.243) 0.004 -
Satellite lesion 1.075 2.931(1.765, 4.866) 0.001 0.603 1.828(1.077, 3.103) 0.026

Tumor margin −0.728 0.483(0.300, 0.778) 0.003 -

MVI 0.958 2.607(1.612, 4.215) 0.002 0.668 1.951(1.189,3.201) 0.008
Ki67>50% 1.201 3.322(2.066, 5.342) <0.001 1.045 2.842(1.755, 4.603) <0.001
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Nomogram Construction and Validation
A nomogram was constructed based on the five independent predictors of ER. As illustrated in Figure 3, this model 
provides individualized estimates of recurrence risk for each patient. The discriminative performance of the nomogram, 
as assessed by the C-index (0.763; 95% CI: 0.736–0.870) and AUC (0.803), demonstrated strong predictive capacity 
(Figure 4A). The calibration curve revealed close agreement between the predicted and actual recurrence probabilities 
(Figure 4B), thereby confirming the reliability of the model. Decision curve analysis (DCA) further validated its clinical 
utility (Figure 4C). Kaplan–Meier survival analysis indicated significantly poorer recurrence-free survival in the high-risk 
group compared with the low-risk group (p < 0.0001), as shown in Figure 4D.

Discussion
In China, TACE has become the most commonly used postoperative adjuvant therapy following liver resection for HCC, 
largely due to its relatively brief treatment duration and favorable safety profile.4,14 Nonetheless, the heterogeneity in 
patient populations and tumor biology has resulted in inconsistent findings across clinical studies regarding its efficacy. 
Several studies7,8 have demonstrated that PA-TACE does not consistently improve long-term survival or delay recurrence 
across all HCC patients. In this study, a significant proportion of solitary HCC patients (43.0%) experienced ER (within 
24 months) following PA-TACE, highlighting the critical need for improved patient stratification before treatment. This 
further emphasizes the critical clinical need for a reliable preoperative tool to predict ER. To address this, we developed 

Table 4 Performance of Individual Predictors and Combined Model for the ER of HCC Treatment with 
PA-TACE

Factors Sensitivity Specificity Accuracy PPV NPV

AFP-L3>10% 50.7%(36/71) 77.7%(73/94) 66.1%(109/165) 63.2%(36/57) 67.6%(73/108)

GLR>20 64.8%(46/71) 66.0%(62/94) 65.5%(108/165) 59.0%(46/78) 71.3%(62/87)

Satellite lesion 26.8%(19/71) 94.7%(89/94) 65.5%(108/165) 79.2%(19/24) 63.1%(89/141)
MVI 59.2%(42/71) 66.0%(62/94) 63.0%(104/165) 56.8%(42/74) 61.4%(62/101)

Ki67>50% 69.0%(49/71) 76.6%(72/94) 73.3%(121/165) 69.0%(49/71) 76.6%(72/94)

Combination of all factors 70.4%(50/71) 80.9%(76/94) 76.4%(126/165) 73.5%(50/68) 78.4%(76/97)

Figure 3 Nomogram for predicting ER after PA-TACE in HCC patients.
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a multiparametric nomogram that integrates accessible clinical, pathological, and imaging variables. The final model 
incorporated five independent predictors: MVI, satellite lesions, Ki-67 expression >50%, AFP-L3% >10%, and GLR 
>20. The nomogram demonstrated excellent discriminative performance and calibration ability.

Among these, MVI is widely recognized as a critical indicator reflecting the high invasiveness and metastatic 
potential of tumors and serves as an essential pathological basis for assessing the recurrence risk of HCC and guiding 
treatment strategies.15–17 Previous studies18–21 have shown that PA-TACE reduces recurrence and improves survival 
outcomes in patients with MVI, whereas no significant effect has been observed in patients without MVI. For instance, 
Wang et al22 proposed a scoring system for HCC patients based on AFP, cirrhosis status, tumor count, tumor diameter, 
number of MVI foci, and the distance between MVI and HCC. This system categorized MVI-positive patients into three 
subtypes (type A, type B, and type C). The findings indicated that only type C patients derive significant benefit from 
adjuvant TACE, while the therapeutic benefits for type A and type B patients remain to be further elucidated. In this 
study, MVI emerged as an independent risk factor for ER, reaffirming the importance of its consideration in therapeutic 
planning. Therefore, for patients with positive MVI, the decision for adjuvant TACE treatment should be individually 
tailored and based on each patient’s clinical characteristics and prognostic factors.

Figure 4 (A) The area under ROC curve (AUC) for the nomogram predicting ER; (B) Calibration curves of the nomogram showing agreement between actual and 
predicted probabilities; (C) Decision curve analysis for evaluating the clinical utility of the nomogram in ER prediction; (D) Kaplan-Meier curves illustrate the RFS.
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Accumulating evidence indicates that ER (≤2 years) following hepatectomy is primarily attributed to residual 
micrometastatic foci.23 Satellite lesions, defined as daughter nodules located within 2 cm of the dominant tumor mass, 
are considered to arise from micrometastatic spread and indicate aggressive tumor behavior. Research24 has established 
that satellite lesions are frequently associated with significant tumor-related vascular alterations and frequent vascular 
invasion, thereby facilitating the formation of circulating tumor cells and ultimately contributing to distant metastases. 
Several studies25–27 have confirmed the close association between satellite lesions and the recurrence of liver cancer. 
Notably, in liver transplant settings, satellite lesions have been identified as the sole independent predictor of early post- 
transplant recurrence.28 Currently, models based on imaging features have gradually gained attention for predicting the 
prognosis of patients undergoing PA-TACE.29,30 In this study, univariable analyses revealed that ER was significantly 
associated with several imaging features, such as tumor size, satellite lesions, and irregular margins. Notably, satellite 
lesions were the sole imaging feature independently associated with ER following PA-TACE. In the context of PA- 
TACE, despite their low sensitivity, the high specificity of satellite lesions indicates they may serve as a reliable marker 
for identifying patients who are less likely to benefit from adjuvant therapy.

The Ki-67 protein, which is expressed during the active phases of the cell cycle, serves as a well-established marker 
for cellular proliferation. Elevated Ki-67 levels have been consistently associated with more aggressive tumor phenotypes 
and poorer prognoses across various malignancies.31,32 A meta-analysis33 of 54 cohorts (N=4996) demonstrated that high 
Ki-67 expression was significantly associated with several key factors in HCC patients, including histologic grade 
progression, tumor enlargement, multinodular disease, metastasis, cirrhosis, and vascular invasion. Moreover, elevated 
Ki-67 expression correlates with worse survival outcomes, including reduced disease-free, recurrence-free, and overall 
survival in HCC patients. This establishes Ki-67 as a reliable biomarker for prognostication and therapeutic stratification. 
In this study, Ki-67-high expression was significantly more prevalent in the ER group (69.0% vs 23.4%), thereby 
corroborating Xu et al’s34 findings that high Ki-67 independently predicts ER risk following PA-TACE and reinforcing its 
prognostic significance in the context of PA-TACE.

AFP-L3, an isoform of alpha-fetoprotein with specific glycosylation patterns, is recognized as a complementary 
tumor biomarker to AFP and PIVKA-II.35,36 In prognostic studies related to PA-TACE, AFP has traditionally been 
considered a risk factor for poor prognosis; however, this study demonstrates that AFP-L3% is more strongly correlated 
with ER after PA-TACE than total AFP. Given the current state of research, investigations into AFP-L3% remain 
relatively limited and require further validation through large-scale multicenter studies. Nonetheless, existing evidence 
underscores the significant clinical value of AFP-L3% in predicting postoperative recurrence following HCC resection 
and ER after liver transplantation.37,38

Pro-tumorigenic inflammation drives oncogenesis through epigenetic remodeling, proliferative augmentation, angio
genic activation, and invasion facilitation, enabling malignant conversion and vascular infiltration.39 Lymphocytes are 
central to immune surveillance, and a reduction in their number may indicate impaired immune function; GGT, as a key 
enzyme involved in glutathione metabolism, reflects the oxidative stress status in the body.40 GLR, a composite 
biomarker derived from GGT and lymphocyte count, reflects both tumor-related oxidative stress and host immune 
competence, demonstrating superior predictive capacity compared to conventional markers. Existing studies41,42 have 
demonstrated that GLR is closely linked to the prognosis of HCC patients and serves as an effective predictor of ER 
following hepatectomy. Consistent with earlier studies,30 our results showed that a higher GLR was significantly 
associated with an increased risk of ER after PA-TACE. Including GLR in the nomogram enhanced both its predictive 
accuracy and clinical utility.

The limitations of this study are as follows: First, the retrospective study design may have introduced selection bias. 
Second, the cohort was restricted to solitary tumors ≤10 cm in size, which limits the generalizability of the findings to 
patients with multinodular or large HCC. Third, the study was conducted at a single institution in an HBV-endemic 
region, and lacked external validation. Future prospective, multicenter studies involving more diverse populations will be 
essential to to confirm these findings.

In conclusion, we developed and validated a clinically practical nomogram that incorporates imaging and laboratory 
indicators to predict ER in solitary HCC patients treated with PA-TACE. By incorporating five independent predictors— 
MVI, Ki-67, satellite lesions, AFP-L3%, and GLR, the model exhibited high accuracy and strong clinical utility. This 
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tool could aid clinicians in identifying patients who are more likely to derive benefit from PA-TACE, thereby facilitating 
individualized treatment decisions.
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