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Background: Patients with hepatocellular carcinoma (HCC) and microvascular invasion (MVI) still have high rates of recurrence and poor survival outcomes after radical resection. This study aims to investigate the effect of postoperative adjuvant hepatic arterial infusion chemotherapy (PA-HAIC) on the recurrence of HCC patients with MVI after radical liver resection (LR).



Materials and methods: This study retrospectively evaluated patients with HCC who underwent LR with MVI at the Hepatobiliary Surgery Department of the First Affiliated Hospital of Chongqing Medical University from 1 January 2020 to 30 June 2024. The recurrence-free survival (RFS) of patients who received PA-HAIC was compared with that of patients who only received LR by propensity score- matching (PSM), and subgroup analyses were performed to compare the efficacy of PA-HAIC for patients in different subgroups based on patient combined risk factors for recurrence, patients' age and the number of PA-HAIC treatments received.



Results: A total of 175 HCC patients with MVI who underwent LR were enrolled in this study, including a total of 72 patients in the PA-HAIC group and 103 patients in the LR group, and after PSM, 67 patients were matched in the PA-HAIC and LR groups, respectively. In the entire cohort, the median RFS (mRFS) were 33.00 months (95% CI, 29.32–36.68 months) and 15.00 months (95% CI, 11.58–18.51 months) for patients in the PA-HAIC and LR groups, respectively (p < 0.001). In the PSM cohort, the mRFS was 33.00 months (95% CI, 28.74–37.26 months) and 18.00 months (95% CI, 16.25–19.75 months) for patients in the PA-HAIC and LR groups, respectively (p < 0.001). When stratifying patients based on combined risk factors in the entire cohort, in cases where MVI + tumor diameter ≥5 cm (MVID), MVI + multiple tumor (MVIN), and MVI + tumor diameter ≥5 cm + multiple tumor (MVID + N), patients in the PA-HAIC group showed better mRFS than those in the LR group. Within the PA-HAIC group, there was no statistically significant difference in mRFS among patients with MVI alone, MVID, MVIN, and MVID + N. The conclusions of the PSM cohort are consistent. Furthermore, in patients aged ≤55 years, PA-HAIC significantly improved patient mRFS (PA-HAIC group: 32.00 months, 95% CI: 27.61–36.39 months vs. LR group: 13.00 months, 95% CI: 6.48–19.52 months, p < 0.001). In addition, patients who received two PA-HAIC treatments had significantly better mRFS compared to those who received only one PA-HAIC treatment (36.00 months, 95% CI 28.26–43.74 months vs. 31.00 months, 95% CI 21.34–40.66 months, p = 0.045). Also, the mRFS of patients who received three or more PA-HAIC treatments was similar to that of patients who received two HAIC treatments (p = 0.707).



Conclusions: PA-HAIC is beneficial for HCC patients with MVI after radical liver resection, and patients aged ≤55 years with MVI + tumor diameter ≥5 cm, MVI + multiple tumors or MVI + tumor diameter ≥5 cm + multiple tumors should receive at least two PA-HAIC treatments.
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1 Introduction

Primary liver cancer is the sixth most common cancer globally and the second leading cause of cancer-related deaths, with a particularly high prevalence in resource-limited developing countries. Hepatocellular carcinoma (HCC) accounts for approximately 75%–85% of all primary liver cancer cases (1, 2). In China, HCC is the fifth most common cancer and the second leading cause of cancer-related deaths (3). Chronic Hepatitis B Virus (HBV) or Hepatitis C Virus infection, alcohol consumption, exposure to aflatoxins, and non-alcoholic fatty liver disease are common risk factors (4–7). For HCC treatment, radical methods such as ablation, radical liver resection (LR), and liver transplantation are the primary choices (8–10). However, due to the inherent heterogeneity of HCC, there still remains a high recurrence rate even after LR. According to statistics, the recurrence rate within 5 years after radical resection remains as high as 50%–70%. Compared to patients without recurrence, the 5-year survival rate of patients with HCC recurrence is reduced by approximately 24% (11–13). Recurrence of HCC within two years post-surgery is referred to as early recurrence (Type 1), primarily due to residual microscopic lesions after surgery. Recurrence after two years is considered late recurrence (Type 2), originating from new carcinogenesis within the liver tissue (13, 14). Early recurrence has a significant impact on patient prognosis. Therefore, effectively preventing early postoperative recurrence of HCC has become crucial in improving the prognosis of HCC patients.

It is widely accepted that certain factors increase the risk of early recurrence of HCC after LR. These factors include multiple tumor or satellite foci, tumor diameter ≥5 cm, poor tumor differentiation, microvascular invasion (MVI), and macrovascular invasion (15–17). Several studies have demonstrated that postoperative adjuvant hepatic arterial infusion chemotherapy (PA-HAIC) is greatly effective in patients undergoing radical resection, which significantly reduces the recurrence rates and prolongs the overall survival time (OS) of patients (18–21). The diagnosis of MVI is mainly based on postoperative pathological confirmation, and the diagnostic criterion is the microscopic sighting of clusters of cancer cell nests in the lumen of endothelium-lined blood vessels, most commonly found in small branches of the portal vein or blood vessels within the tumor membrane within the paracancerous liver tissue (22, 23). There is not much literature comparing the efficacy of PA-HAIC in patients with MVI, therefore this study aims to investigate the efficacy of PA-HAIC on the recurrence of HCC patients with MVI after LR.



2 Materials and methods


2.1 Patients

This study retrospectively evaluated patients with HCC who underwent LR with MVI at the Hepatobiliary Surgery Department of the First Affiliated Hospital of Chongqing Medical University from 1 January 2020 to 30 June 2024. The study was conducted in accordance with the Declaration of Helsinki, and was approved by the institutional ethics committees of our medical center (K2014-039-01). The study was retrospective and no further patient consent was required.

Patients who met the following criteria were enrolled: (1) HCC stage BCLC 0-B prior to surgery; (2) postoperative pathology confirmed hepatocellular carcinoma with MVI; (3) radical liver resection (negative margins confirmed by pathology); (4) without any preoperative anticancer treatments; (5) HAIC treatment only or no treatment after surgery; (6) no history of other malignancies or autoimmune diseases. Exclusion criteria: (1) R1 resection (postoperative pathology suggesting positive margins) or preoperative imaging suggesting extrahepatic metastases; (2) non-HCC confirmed by postoperative pathology; (3) with MVI negative or macrovascular invasion; (4) Preoperative anti-tumor therapies; (5) Post-operative treatments other than HAIC or HAIC in combination with other anti-tumor therapies; (6) Patients who relapsed or died within 60 days of surgery.



2.2 Radical liver resection and PA-HAIC

All patients underwent routine preoperative examinations including ultrasound, enhanced electronic CT or enhanced magnetic resonance imaging (MRI) to assess tumor diameter, BCLC stage, resectable extent and residual liver volume. In addition, liver function was assessed using the Child-Pugh classification and cirrhosis using ICG15 in all patients. The hepatectomy method contains non-anatomical resection and anatomical resection, and the surgical technique used depends on the location and distribution of the tumor. Anatomical hepatectomy is the complete resection of the segment of liver with the tumor or the segment of liver limited by the branches of the portal vein of the tumor. Non-anatomical hepatectomy is the resection of the tumor and part of the non-tumor liver parenchyma (24, 25). Radical liver resection was defined as the complete removal of all detected tumors without involving any major branch of the portal or hepatic veins, without invasion of adjacent organs and without lymph node or distant metastasis, and tumor-free margins confirmed by histopathology (10). Postoperative adjuvant modalities, including HAIC, are recommended for all patients with MVI. However, patients will decide whether to receive one or more adjuvant treatments, and the number of treatments, based on their medical compliance, economic status or other social factors. Before receiving adjuvant therapy, patients and their families must be fully informed about the relevant treatment modalities and adverse effects, and sign informed consent forms. Meanwhile, all patients with hepatitis B virus need to be treated with antiviral drugs.

PA-HAIC: Patients were re-evaluated approximately 4–6 weeks post-operatively for blood counts, liver and kidney function, alpha-fetoprotein, CT or MRI enhancement of the epigastric region, and were treated with PA-HAIC after assessment of no tumor recurrence and absence of obvious contraindications. In the Seldinger technique, a hepatic artery catheter is placed through the femoral artery into the appropriate hepatic artery and any suspicious tumor staining in the remaining liver is detected by digital subtraction angiography (DSA) or CT angiography. The catheter was left in place and connected to the infusion pump on the ward. The following chemotherapy drugs are pumped continuously: oxaliplatin 85 mg/m2 from 0 to 3 h on day 1, leucovorin 400 mg/m2 from 3 to 4.5 h on day 1, 5-fluorouracil 400 mg/m2 from 4.5 to 6.5 h on day 1, and 5-fluorouracil 2,400 mg/m2 over 46 h from days 1 to 3 (26). The patient had almost complete restriction of movement of the right lower limb during the infusion. At the end of the chemotherapy, the catheter was removed and the puncture site bandaged for 8 h to allow movement of the right lower limb, then the blood and liver functions were re-checked and the patient was discharged from hospital if there were no obvious abnormalities. The interval between two cycles of PA-HAIC was set at 4–5 weeks. If patients were unable to tolerate the treatment due to physical frailty, pain, fever, nausea, vomiting, or myelosuppression, the interval could be appropriately extended and/or the drug dosage adjusted. However, the interval was not allowed to exceed 2 months, and the dosage could not be reduced to less than 75% of the standard dose.



2.3 Follow up and outcomes

All patients were followed during outpatient visits or hospitalizations. Follow-up was conducted every 1–2 months during the first 6 months and every 3–6 months thereafter. Approximately two months after LR, at least two imaging modalities-ultrasound, CT, or MRI-were performed to evaluate tumor recurrence. Patients with confirmed recurrence at this time point were excluded from further analysis, while those without recurrence continued regular follow-up. During subsequent follow-up, patients underwent routine blood tests, liver function tests, AFP, and abdominal ultrasound. If recurrence was suspected, contrast-enhanced CT or MRI was performed for confirmation. Recurrence was defined as any tumor nodule confirmed by at least two imaging modalities or by histopathological biopsy. The study endpoint was recurrence-free survival (RFS), defined as the time from LR to the diagnosis of tumor recurrence. All patients were followed until 31 January 2025 or until loss to follow-up or death.



2.4 Propensity score-matching

Propensity score-matching (PSM) analysis was involved to minimize alternative factors and sampling bias between the two groups. A 1:1 nearest neighbor matching algorithm was used with a caliper width of 0.02. PSM was performed using SPSS 27.0 statistical software (IBM Corp., Armonk, NY, USA).



2.5 Statistical analysis

Statistical analyses were performed with SPSS 27.0. The Shapiro–Wilk test was used to test the normality of continuous variables, and the independent samples t-test was used to detect continuous data that followed the normal distribution, expressed as the mean ± standard deviation. The Mann–Whitney U-test was used to detect continuous data that were not normally distributed, expressed as median (interquartile range, IQR). Categorical data were detected using the chi-squared test, and expressed as numbers (n) and proportions (%). Univariate and multivariate analyses were performed in Cox risk models to identify independent prognostic factors for RFS. Survival analyses were performed using the Kaplan–Meier method, and differences in the survival curves were analyzed using the log-rank test. K-M curves were plotted using R software (version 4.2.1 http://www.r-project.org). P-value <0.05 was considered statistically significant.




3 Result


3.1 Baseline patient characteristics

A total of 175 patients who met the criteria were included in this study, and the flowchart of patient selection is presented in Figure 1.
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FIGURE 1
Flowchart of patient selection. HCC, hepatocellular carcinoma; LR, liver resection; HAIC, hepatic arterial infusion chemotherapy; PSM, propensity score- matching.


The entire patient age range was 56.67 ± 11.27 years, with 156 (88.14%) males and 21 (11.86%) females; 72 patients were treated postoperatively with HAIC, with the majority receiving 1–2 HAIC treatments (83.33%), and 103 patients received no postoperative treatment. In the entire cohort, patients in the PA-HAIC group were younger than those in the LR group (53.58 ± 10.78 years vs. 58.96 ± 11.18 years, p = 0.002), and no differences were seen in other baseline characteristics. After PSM, 67 patients were matched in the PA-HAIC and LR groups, respectively. The age range of all patients was 54.87 ± 10.06 years, with a total of 118 (88.06%) males and 16 (11.94%) females, and most patients in the PA-HAIC group received 1–2 HAIC treatments (82.09%). The baseline characteristics of the patients in the two groups did not differ significantly. A total of 138 cycles of PA-HAIC were administered to 72 patients. No treatment-related deaths or severe adverse events were observed. All adverse events were mild and alleviated with symptomatic treatment. Baseline information for the entire cohort and PSM cohort patients is summarized in Table 1.



TABLE 1 Baseline characteristics of HCC patients with MVI in different treatment groups.



	Characteristics
	The entire cohort
	The PSM cohort



	PA-HAIC(n = 72)
	LR(n = 103)
	p
	PA-HAIC(n = 67)
	LR(n = 67)
	p





	Age, years
	53.78 ± 10.81
	58.88 ± 11.14
	0.003
	54.85 ± 10.06
	54.90 ± 10.14
	0.980



	Sex male, n (%)
	62 (86.11)
	92 (89.32)
	0.520
	59 (88.06)
	59 (88.06)
	1.000



	HBsAg-positive, n (%)
	65 (90.28)
	87 (84.47)
	0.263
	60 (89.55)
	60 (89.55)
	1.000



	Liver cirrhosis yes, n (%)
	43 (59.72)
	59 (57.28)
	0.747
	40 (59.70)
	38 (56.72)
	0.726



	AFP, ng/ml
	52.07 (5.27, 1,134.85)
	29.80 (4.20, 332.00)
	0.391
	29.60 (5.12, 1,197.00)
	29.80 (4.60, 300.00)
	0.371



	Tumor diameter, cm
	4.15 (2.70, 6.65)
	4.30 (3.10, 7.10)
	0.321
	4.10 (2.70, 6.70)
	4.00 (3.00, 5.80)
	0.674



	Tumor number, n (%)
	Single
	46 (63.87)
	68 (66.02)
	0.771
	42 (62.69)
	51 (76.12)
	0.092



	Multiple
	26 (36.11)
	35 (33.98)
	25 (37.31)
	16 (23.88)



	Differentiation, n (%)
	Low
	5 (6.94)
	10 (9.71)
	0.574
	3 (4.48)
	4 (5.97)
	0.839



	Median
	56 (77.78)
	82 (79.61)
	53 (79.10)
	54 (80.60)



	High
	11 (15.28)
	11 (10.68)
	11 (16.42)
	9 (13.43)



	BCLC grade, n (%)
	0 + A1
	46 (63.89)
	68 (66.02)
	0.163
	42 (62.69)
	51 (76.12)
	0.151



	A2
	10 (13.89)
	6 (5.82)
	10 (14.92)
	4 (5.97)



	B
	16 (22.22)
	29 (28.16)
	15 (22.39)
	12 (17.91)



	Child-Pugh grade, n (%)
	A
	69 (95.83)
	96 (92.20)
	0.461
	64 (95.52)
	63 (94.03)
	0.698



	B
	3 (4.17)
	7 (6.80)
	3 (4.48)
	4 (5.97)



	Hemoglobin, g/L
	142.50 (126.75, 153.50)
	138.50 (128.75, 153.00)
	0.542
	143.00 (126.50, 154.00)
	141.00 (130.00, 153.00)
	0.841



	NLR
	2.14 (1.73, 3.23)
	2.50 (1.69, 3.85)
	0.531
	2.42 (1.64, 3.40)
	2.49 (1.61, 3.85)
	0.991



	PLR
	101.41 (72.84, 149.82)
	112.65 (81.96, 149.92)
	0.325
	101.40 (72.57, 150.21)
	97.70 (74.19, 131.38)
	0.690



	SII
	334.68 (213.73, 495.19)
	357.03 (226.49, 613.51)
	0.395
	323.97 (201.82, 496.50)
	295.17 (192.14, 546.48)
	0.886



	Total protein, g/L
	69.42 ± 7.35
	68.86 ± 7.37
	0.964
	69.52 ± 7.55
	68.45 ± 6.88
	0.401



	Albumin, g/L
	40.60 (38.75, 44.00)
	43.00 (38.00, 45.00)
	0.119
	40.20 (38.50, 43.50)
	43.00 (38.00, 45.00)
	0.196



	Total bilirubin, umol/L
	11.25 (8.85, 16.40)
	12.40 (9.38, 16.93)
	0.299
	11.00 (8.80, 16.40)
	13.50 (9.30, 19.90)
	0.281



	ALT, U/L
	34.50 (26.00, 56.75)
	34.50 (26.00, 51.00)
	0.921
	34.00 (24.50, 55.00)
	36.00 (27.00, 59.00)
	0.310



	AST, U/L
	34.00 (24.75, 55.25)
	34.50 (26.00, 51.00)
	0.684
	35.00 (26.00, 53.50)
	33.00 (27.00, 45.00)
	0.949



	PT, s
	13.80 (13.30, 14.50)
	13.75 (13.30, 14.23)
	0.891
	13.80 (13.30, 14.50)
	13.90 (13.30, 14.50)
	0.335



	Hemorrhage, ml
	275.00 (145.00, 500.00)
	300.00 (200.00, 500.00)
	0.545
	300.00 (150.00, 500.00)
	300.00 (200.00, 500.00)
	0.913



	Operating time, minutes
	252.00 (203.75, 310.00)
	264.50 (213.75, 330.25)
	0.226
	270.00 (202.50, 312.50)
	260.00 (215.00, 310.00)
	0.704



	Blood transfusion, n (%)
	7 (9.72)
	11 (10.68)
	0.837
	7 (10.45)
	8 (11.94)
	0.784



	Resection pattern, n (%)
	Anatomic
	48 (66.67)
	69 (66.99)
	0.964
	46 (68.66)
	42 (62.69)
	0.467



	Nonanatomic
	24 (32.33)
	34 (33.01)
	21 (31.34)
	25 (37.31)



	Resection margin ≥1 cm, n (%)
	72 (100.00)
	103 (100.00)
	1.000
	67 (100.00)
	67 (100.00)
	1.000



	The number of HAIC, n (%)
	1
	22 (30.55)
	–
	–
	19 (28.36)
	–
	–



	2
	38 (52.78)
	–
	36 (53.73)
	–



	≥3
	12 (16.67)
	–
	9 (17.91)
	–




	PSM, propensity score- matching; LR, liver resection; PA-HAIC, postoperative adjuvant hepatic arterial infusion chemotherapy; HBV, hepatitis B virus; AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; PT, prothrombin time; BCLC, Barcelona clinic liver cancer; NLR, neutrophil/lymphocyte; PLR, platelet/lymphocyte; SII; neutrophil*platelet/lymphocyte; SIRI, neutrophil*monocyte/lymphocyte.









3.2 Efficacy analysis

The median follow-up time for all patients was 34.00 months (95% CI, 25.98–42.03 months). In the entire cohort, a total of 117 (66.86%) patients relapsed, including a total of 39 (54.67%) patients in the PA-HAIC group and 78 (75.73%) patients in the LR group. The median RFS (mRFS) was 24.00 months (95% CI, 19.90–28.11 months) for all patients, and 33.00 months (95% CI, 29.32–36.68 months) and 15.00 months (95% CI, 11.58–18.51 months) for patients in the PA-HAIC and LR groups, respectively (p < 0.001). The 1-, 2- and 3-year RFS rates were 87.50% (95% CI, 79.86%–95.14%), 75.20% (95% CI, 64.42%–85.98%) and 34.30% (95% CI, 19.01%–49.59%) in the PA-HAIC group and 60.80% (51.20%–70.40%), 31.30% (21.30%–41.30%) and 10.10% (2.65%–17.55%) in the LR group, respectively, with statistically significant differences (p < 0.001) (Figure 2A).


[image: Two Kaplan-Meier survival curves comparing RFS for LR (light green) and PA-HAIC (red) over 60 months. Graph A shows significant difference with p < 0.0001. Graph B shows significant difference with p = 0.00064. Shaded areas indicate confidence intervals. Each graph includes a table below detailing the number at risk over time for each group.]
FIGURE 2
Kaplan–Meier analysis recurrence-free survival of HCC patients with MVI after liver resection. (A) The entire cohort, (B) the PSM cohort.


In PSM cohort, a total of 89 (66.42%) patients relapsed, including a total of 38 (56.72%) patients in the PA-HAIC group and 51 (76.12%) patients in the LR group. The mRFS was 27.00 months (95% CI, 22.70–31.30 months) for all patients, and 33.00 months (95% CI, 28.74–37.26 months) and 18.00 months (95% CI, 16.25–19.75 months) for patients in the PA-HAIC and LR groups, respectively (p < 0.001). The 1-, 2- and 3-year RFS rates were 86.50% (95% CI, 78.27%–94.73%), 73.30% (95% CI, 65.07%–81.53%) and 31.10% (95% CI, 22.87%–39.33%) in the PA-HAIC group and 66.10% (57.87%–74.33%), 32.10% (19.95%–44.25%) and 13.50% (3.50%–23.50%) in the LR group, respectively, with statistically significant differences (p < 0.001) (Figure 2B).



3.3 COX regression analysis

Univariate and multivariate Cox regression analyses were performed in both the entire cohort and the PSM cohort in Table 2 and Supplementary Table S1. In the entire cohort, multiple tumor (2.236, 95% CI 1.487, 3.363), and tumor diameter (1.095, 95% CI 1.020, 1.175) were independent risk factors for RFS. In contrast, compared with LR, PA-HAIC (0.369, 95% CI 0.246, 0.553) were identified as independent protective factors for RFS. In the PSM cohort, it was found that age (0.977, 95% CI 0.953, 0.996), multiple tumor (3.002, 95% CI 1.729, 5.211), tumor diameter (1.162, 95% CI 1.055, 1.256), low differentiation (4.064, 95% CI 1.358, 12.164) were the independent risk factors for RFS. PA-HAIC (0.276, 95% CI 0.165, 0.463) were identified as independent protective factors for RFS.



TABLE 2 Multivariate analysis of RFS in the entire cohort and the PSM cohort.



	Characteristics
	The entire cohort
	The PSM cohort



	HR (95% CI)
	p
	HR (95% CI)
	p





	Treatment
	LR
	Reference
	
	Reference
	



	PA-HAIC
	0.369 (0.246, 0.553)
	<0.001
	0.276 (0.165, 0.463)
	<0.001



	Tumor number
	Single
	Reference
	
	Reference
	



	Multiple
	2.236 (1.487, 3.363)
	<0.001
	3.002 (1.729, 5.211)
	<0.001



	Tumor diameter
	1.095 (1.020, 1.175)
	0.012
	1.162 (1.060, 1.274)
	0.001



	NLR
	1.097 (0.949, 1.268)
	0.211
	1.094 (0.986, 1.215)
	0.091



	SII
	1.000 (0.999, 1.001)
	0.829
	–
	–



	Age
	–
	–
	0.977 (0.953, 0.996)
	0.023



	Differentiation
	High
	
	–
	Reference
	



	Median
	–
	–
	1.635 (0.766, 3.492)
	0.204



	Low
	–
	–
	4.064 (1.358, 12.164)
	0.012



	PT
	–
	–
	1.291 (0.999, 1.668)
	0.051




	PSM, propensity score- matching; LR, liver resection; PA-HAIC, postoperative adjuvant hepatic arterial infusion chemotherapy; NLR, neutrophil/lymphocyte; SII, neutrophil*platelet/lymphocyte; PT, prothrombin time.









3.4 Stratification of the risk factors

Based on the patients' risk factors for recurrence, patients were classified into combined MVI alone (MVI), MVI + tumor diameter ≥5 cm (MVID), MVI + multiple tumor (MVIN), MVI + tumor diameter ≥5 cm + multiple tumor (MVID + N), and MVI + poor differentiation. Given that the number of patients with MVI + poor differentiation was small in the entire cohort and PSM cohort (5 patients in the PA-HAIC group and 10 in the LR group in the entire cohort, and 3 patients in the PA-HAIC group and 4 patients in the LR group in the PSM cohort), the analysis may be somewhat biased and was therefore not analyzed.

In the entire cohort, although patients with MVI in the PA-HAIC group had a longer mRFS than those in the LR group, there was no statistical difference (PA-HAIC group: 33.00 months, 95% CI 28.67–37.33 months vs. LR group: 27.00 months, 95% CI 22.66–31.34 months, p = 0.200). Considering that the number of patients who relapsed as a percentage of the total subgroup at the follow-up endpoint was lower in the PA-HAIC group than in the LR group (50.00% vs. 67.74%), this finding was required further investigation. For MVID, MVIN and MVID + N, the mRFS of patients in the PA-HAIC group were significantly better than those of the LR group (MVID: 36.00 months, 95% CI 32.51–39.49 months vs. 15.00 months, 95% CI 9.12–20.88 months; MVIN: 38.00 months, 95% CI 21.39–54.61 months vs. 18.00 months, 95% CI 1.99–34.01 months; MVID + N: 24.00 months, 95% CI 5.78–42.22 months vs. 4.00 months, 95% CI 0–8.85 months, respectively). In the PSM cohort, there was a consistent conclusion to be drawn. All of the above data are presented in Figure 3 and Supplementary Figure S1.
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FIGURE 3
Kaplan–Meier analysis of recurrence-free survival in HCC patients with different risks of recurrence (the PSM cohort). (A) With MVI alone, (B) with MVI + tumor diameter ≥5 cm, (C) with MVI + multiple tumor, (D) with MVI + tumor diameter ≥5 cm + multiple tumor.


It was also found that in the LR groups, the mRFS of patients with MVI, MVI + D/MVI + N and MVID + N progressively decreased and were statistically different. However, no statistical difference was found between patients with MVID and patients with MVIN (Supplementary Table S2). In the PA-HAIC group, there were no statistical differences in mRFS between patients with MVI, MVID, MVIN, and MVID + N (the entire cohort: 33.00 months, 95% CI 28.67–37.33 months; 36.00 months, 95% CI 32.51–39.49 months; 35.00 months, 95% CI 19.97–50.03 months; 24.00 months, 5.78–42.22 months; the PSM cohort: 36.00 months, 95% CI 30.79–41.21 months; 33.00 months, 95% CI 27.98–38.02 months; 32.00 months, 95% CI 24.49–39.51 months; 16.00 months, 95% CI 3.20–28.80 months, respectively), as shown in Figure 4 and Supplementary Figure S2.


[image: Six Kaplan-Meier survival plots labeled A to F compare recurrence-free survival (RFS) over 40 months. Each plot shows two survival curves with shaded confidence intervals. The plots are distinguished by green and red lines for different groups. P-values and numbers at risk are indicated below each graph, showing variations in group survival data and statistical comparisons over time.]
FIGURE 4
Kaplan–Meier analysis of recurrence-free survival in HCC patients with different risk factors in the PA-HAIC group (the PSM cohort). (A) With MVI alone, (B) with MVI + tumor diameter ≥5 cm, (C) with MVI + multiple tumor, (D) with MVI + tumor diameter ≥5 cm + multiple tumor.




3.5 Impact of age stratification on patient prognosis

Patients were divided into ≤55 and >55 years groups based on the median age of the PSM cohort. The study found significant difference in mRFS between patients aged ≤55 and >55 years in the LR group (13.00 months, 95% CI 6.48–19.52 months vs. 27.00 months, 95% CI 18.12–35.88 months, p = 0.020). In patients aged ≤55 years, PA-HAIC significantly improved patient mRFS (PA-HAIC group: 32.00 months, 95% CI: 27.61–36.39 months vs. LR group: 13.00 months, 95% CI: 6.48–19.52 months, p < 0.001), while in patients aged >55 years, mRFS in the PA-HAIC group was better than in the LR group, but not statistically different (37.00 months, 95% CI: 29.00–45.00 months vs. 27.00 months, 95% CI: 18.12–35.88 months, p = 0.126). However, the results may have been influenced by the lower recurrence rate of patients in the PA-HAIC group compared to the LR group (48.30% vs. 66.70%). In addition, there was no significant difference in mRFS between patients aged ≤55 and >55 years in the PA-HAIC group (32.00 months, 95% CI: 27.61–36.39 months vs. 37.00 months, 95% CI: 29.00–45.01 months, p = 0.130) (Figure 5).


[image: Four Kaplan-Meier survival curves illustrating recurrence-free survival (RFS). Chart A compares two age groups: over fifty-five (red) and fifty-five or younger (green), with p-value 0.02. Chart B shows the same groups, with p-value 0.27. Chart C1 compares LR (green) and PA-HAIC (red) with p-value 0.00023. Chart C2 also compares LR and PA-HAIC, with p-value 0.13. Below each chart is a table indicating the number of patients at risk over time. Each chart includes shaded confidence intervals.]
FIGURE 5
Kaplan–Meier analysis of recurrence-free survival in HCC patients in different age groups. (A) Patients age ≤55 years and age >55 years in the LR group, (B) patients age ≤55 years and age >55 years in the PA-HAIC group, (C) patients in the LR and PA-HAIC groups (1- aged ≤55 years and 2- aged >55 years).




3.6 Efficacy of the number of PA-HAIC treatments

Among the 72 patients who underwent PA-HAIC treatment, 22 patients received one treatment, 38 patients received two treatments, and 12 patients received three or more treatments. The study discovered that patients who received two PA-HAIC treatments had significantly better mRFS than those who received only one PA-HAIC treatment (36.00 months, 95% CI 28.26–43.74 months vs. 31.00 months, 95% CI 21.34–40.66 months, P = 0.045). Although superior to those who received one treatment, the mRFS of patients who received three or more treatments did not show significant difference (35.50 months, 95% CI 31.22–39.68 months vs. 31.00 months, 95% CI 21.34–40.66 months, p = 0.092). Furthermore, patients who underwent three or more treatments exhibited a similar RFS to those who received two treatments (mRFS: 35.50 months, 95% CI 31.22–39.68 months vs. 36.00 months, 95% CI 28.26–43.74 months, p = 0.707). It is important to note that the limited number of patients (only 12 patients) who received three or more treatments may have influenced the results to some degree (Figure 6).


[image: Three Kaplan-Meier survival curves show relapse-free survival (RFS) over time. Graph A compares one-time and two-time groups with a significant p-value of 0.045. Graph B compares two-time and three-time groups with a non-significant p-value of 0.71. Graph C compares one-time and three-time groups with a non-significant p-value of 0.092. Each graph includes a number-at-risk table and confidence intervals shaded around the curves.]
FIGURE 6
Kaplan–Meier analysis of recurrence-free survival in patients with different number of PA-HAIC. (A) One PA-HAIC treatment vs. two PA-HAIC treatments, (B) two PA-HAIC treatments vs. ≥three PA-HAIC treatments, (C) one PA-HAIC treatment vs. ≥three PA-HAIC treatments.




3.7 Treatment after recurrence

By the end of follow-up, 37 patients in the PA-HAIC group had relapsed and 1 patient had died before relapse; in the LR group, 78 patients had relapsed and no patient had died before relapse. Three patients died after relapse in the PA-HAIC group and five patients died after relapse in the LR group. Patients' treatment patterns after relapse are shown in the Table 3.



TABLE 3 Patients’ treatment patterns after relapse.



	Treatment patterns
	PA-HAIC (n = 37)
	LR (n = 78)





	Surgical resection, n (%)
	4 (10.81)
	14 (17.95)



	Radiofrequency ablation, n (%)
	3 (8.11)
	4 (5.13)



	Targeted therapy, n (%)
	4 (10.81)
	6 (7.69)



	TACE/HAIC + Immunotherapy, n (%)
	6 (16.22)
	13 (16.67)



	Targeted therapy + Immunotherapy, n (%)
	10 (27.03)
	17 (21.79)



	TACE/HAIC + Targeted therapy + Immunotherapy, n (%)
	10 (27.03)
	24 (30.77)




	LR, liver resection; PA-HAIC, postoperative adjuvant hepatic arterial infusion chemotherapy.










4 Discussion

The development and progression of HCC is a multi-stage, chronic process, with chronic liver disease due to persistent liver injury and chronic inflammation being the main cause of HCC (27). According to the BCLC staging system, radical treatments (surgical resection, liver transplantation) are recommended as the first line of treatment for HCC stage 0-A. However, for stage B HCC in BCLC, TACE is the most commonly recommended treatment (28). Another studies have shown that overall survival (OS) is superior to other non-radical treatments in BCLC stage B patients with tumors confined to the same liver segment or the ipsilateral hemihepatic region, adequate residual liver volume and adequate tumor-free resection margins (29–31). However, patients with BCLC stage 0-B had high rates of postoperative recurrence despite radical resection due to high risk factors for recurrence (15–17). The presence of high-risk recurrence factors suggests an increased likelihood of residual tumor in the liver. MVI refers to the microscopic presence of HCC cells within the portal vein or vascular lumen, lined by endothelial cells, adjacent to the primary tumor (32). Acting as a “seed” for intrahepatic micrometastases through the hepatic artery or portal venous system, MVI is an independent risk factor for early recurrence in solitary HCC without macroscopic vascular invasion (33). Notably, HCC patients with MVI have a recurrence rate exceeding 20%, and a 5-year overall survival rate of only 24% (34). In addition, large tumors (≥5 cm) or multifocal lesions may harbor undetectable microscopic residual disease before or during surgery, or may lead to intrahepatic dissemination via tumor cell shedding during resection (35, 36). Moreover, poorly differentiated tumors are typically more aggressive and may have already established intrahepatic micrometastases prior to resection (37). Therefore, how to reduce the rate of recurrence after radical resection is still an issue worthy of further research.

Several studies have shown that HAIC has excellent efficacy in postoperative adjuvant therapy for HCC patients with high risk of recurrence, significantly reducing the recurrence rates and prolonging the RFS and OS of patients (19, 38, 39), mainly due to the mechanism of action of chemotherapeutic agents and the unique advantages of HAIC. The chemotherapy regimens used for HAIC in this study were all oxaliplatin combined with 5-fluorouracil (5-Fu). In addition to inhibiting DNA replication and transcription to damage tumour cell DNA, oxaliplatin enhances tumor microenvironment signalling, induces tumor-specific responses and increases tumour cell sensitivity to killer lymphocytes, resulting in anti-tumor activity (40, 41). 5-Fu can be converted to a number of active metabolites (e.g., fluorouridine monophosphate, fluorouridine diphosphate, fluorodeoxyuridine triphosphate, etc.) which interfere with DNA and RNA synthesis and also inhibit the synthesis of deoxythymidine monophosphate (42, 43). HAIC delivers oxaliplatin and 5-Fu directly into the hepatic artery of the liver at high local drug concentrations, improving the efficacy of the drugs against HCC. Meanwhile, due to the first-pass effect of hepatic clearance, the drugs are usually metabolised in the liver, resulting in lower drug concentrations in the peripheral blood and fewer side effects (44). The efficacy of PA-HAIC was also further validated in our study. In our study, PA-HAIC significantly prolonged the RFS and reduced the recurrence rate of patients compared to LR, both in the entire cohort and in the PSM cohort. However, during treatment, chemotherapeutic drugs, while exerting anti-tumor effects, also have certain effects on the tumour microenvironment, promoting secretion of inflammatory factors and suppressing lymphocyte immune function, leading to reduced sensitivity of residual tumour cells to chemotherapeutic drugs (45, 46). This was validated in this study. The effect of the number of PA-HAIC treatments on HCC patient was explored in subgroup analyses and it was ultimately found that the RFS of patients treated with two PA-HAIC treatments was comparable to that of patients who received three or more PA-HAIC treatments and better than that of those who received one PA-HAIC treatment.

MVI disseminate mainly via portal venous branches and spread along as well as against the direction of the portal venous flow, which is thought to have great impact on HCC recurrence (47). It correlates with histological grade, tumor diameter and number of nodules, with a 30%–60% chance of being present in 2–5 cm nodules and up to 60%–90% in >5 cm nodules, and it promotes residual tumor growth and intrahepatic metastasis, leading to early recurrence after radical liver resection (48–51). Numerous studies have demonstrated the high efficacy of postoperative adjuvant therapy in HCC patients with MVI (52–54). A phase III randomized controlled clinical trial investigating the efficacy of PA-HAIC in HCC patients with MVI after radical resection found that mRFS was 20.30 months (95% CI, 10.40–30.30 months) and 10.00 months (95% CI, 6.80–13.20 months) between the PA-HAIC and LR groups, respectively (p = 0. 001). The 1-year, 3-year, and 5-year RFS rates were 62.20% (95% CI, 54.20–71.30%), 46.80% (95% CI, 38.00–57.60%), 41.10% (95% CI, 31.80–53.00%) in the PA-HAIC group and 47.20% (95% CI, 39.20–56.70%), 30.10% (95% CI, 22.10–41.00%), 22.60% (95% CI, 14.80–34.50%) in the LR group, with similar results to our study (18).

In addition, the finding that the RFS of patients after radical resection progressively decreased with increasing number and diameter of tumors was further validated in our study (55). And the study further found that among the patients who received PA-HAIC, except for the simple with MVI, the RFS of the patients with MVI + tumor diameter ≥5 cm, MVI + multiple tumor and MVI + tumor diameter ≥5cm + multiple tumor were significantly better than that of the LR group, which proved the good effect of PA-HAIC. Our team speculates that the possible reasons for the non-significant difference in RFS between patients in the PA-HAIC group and the LR group with MVI alone are, first, the proportion of patients in the PA-HAIC group who relapsed by the end of follow-up was lower than that of patients in the LR group; and second, the patients who with MVI alone had a relatively low risk of relapse and longer RFS. Therefore, further extension of the follow-up period is needed in subsequent studies. Among the patients who received PA-HAIC, there was no significant difference in the RFS of MVI + tumor diameter ≥5 cm, MVI + multiple tumor and MVI + tumor diameter ≥5 cm + multiple tumor, which also proved the great efficacy of PA-HAIC.

Age also plays a role in tumor recurrence, with younger patients often experiencing a higher risk of recurrence compared to older patients. Two studies involving HCC patients from multiple centers across China ultimately demonstrated that younger patients, compared to older ones, exhibit greater tumor invasiveness and metastatic potential, leading to higher postoperative recurrence rates and tumor-specific mortality (56, 57). Furthermore, multivariable Cox regression analysis in our study revealed that with increasing age, RFS progressively improved.

This study has several limitations. First, this study was a single-centre retrospective study with a small number of patients enrolled, which led to some bias in the analysis, especially in the subgroup analysis, and further validation of the relevant findings is still needed for multicentre and large-sample studies. Second, due to the relatively short follow-up period, especially the short follow-up period of PA-HAIC, which made it impossible to obtain the OS of the patients, and the relatively single outcome index, we will increase the number of patients and extend the follow-up period in future studies. Third, as some of the pathological findings were not stratified for MVI, this study could not further analyze the prognosis of patients according to MVI stratification.

In conclusion, this study suggests that PA-HAIC is a protective factor for RFS in HCC patients with MVI. Patients aged ≤55 years with MVI + tumor diameter ≥5 cm, MVI + multiple tumors, MVI + tumor diameter ≥5 cm + multiple tumors should receive at least two PA-HAIC treatments.
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