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Abstract
BACKGROUND
[bookmark: OLE_LINK6089][bookmark: OLE_LINK6085][bookmark: OLE_LINK5943][bookmark: OLE_LINK5944]Radical resection remains an effective strategy for patients with hepatocellular carcinoma (HCC). Unfortunately, the postoperative early recurrence (recurrence within 2 years) rate is still high. 

AIM
[bookmark: OLE_LINK5946][bookmark: OLE_LINK5945][bookmark: OLE_LINK5965][bookmark: OLE_LINK6108][bookmark: OLE_LINK5953][bookmark: OLE_LINK5954][bookmark: OLE_LINK6090][bookmark: OLE_LINK5972]To develop a radiomics model based on preoperative contrast-enhanced computed tomography (CECT) to evaluate early recurrence in HCC patients with a single tumour.

METHODS
[bookmark: OLE_LINK5966][bookmark: OLE_LINK5967]We enrolled a total of 402 HCC patients from two centres who were diagnosed with a single tumour and underwent radical resection. First, the features from the portal venous and arterial phases of CECT were extracted based on the region of interest, and the early recurrence-related radiomics features were selected via the least absolute shrinkage and selection operator proportional hazards model (LASSO Cox) to determine radiomics scores for each patient. Then, the clinicopathologic data were combined to develop a model to predict early recurrence by Cox regression. Finally, we evaluated the prediction performance of this model by multiple methods.

RESULTS
[bookmark: OLE_LINK5947][bookmark: OLE_LINK5948][bookmark: OLE_LINK6088][bookmark: OLE_LINK5949][bookmark: OLE_LINK5950]A total of 1915 radiomics features were extracted from CECT images, and 31 of them were used to determine the radiomics scores, which showed a significant difference between the early recurrence and nonearly recurrence groups. Univariate and multivariate Cox regression analyses showed that radiomics scores and serum alpha-fetoprotein were independent indicators, and they were used to develop a combined model to predict early recurrence. The area under the receiver operating characteristic curve values for the training and validation cohorts were 0.77 and 0.74, respectively, while the C-indices were 0.712 and 0.674, respectively. The calibration curves and decision curve analysis showed satisfactory accuracy and clinical utilities. Kaplan-Meier curves based on recurrence-free survival and overall survival showed significant differences.

CONCLUSION
The preoperative radiomics model was shown to be effective for predicting early recurrence among HCC patients with a single tumour.
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[bookmark: OLE_LINK6180][bookmark: OLE_LINK6181]Core Tip: Hepatocellular carcinoma (HCC) is a growing health issue worldwide, ranking sixth in incidence and third in mortality among all cancers. Moreover, due to the high malignancy and suppressive immune microenvironment of HCC, there remain high recurrence and metastasis rates. Therefore, we developed a radiomics model based on preoperative contrast-enhanced computed tomography to evaluate early recurrence in HCC patients with a single tumour.


INTRODUCTION
Hepatocellular carcinoma (HCC) is a growing health issue worldwide, ranking sixth in incidence and third in mortality among all cancers[1]. For early-stage HCC patients, liver resection and liver transplantation are considered the main strategies to prolong overall survival (OS)[2,3]. However, the majority of HCC patients are diagnosed at later disease stages, and thus, surgical care is no longer a treatment option for these individuals[4]. Moreover, due to the high malignancy and suppressive immune microenvironment of HCC[5], there remain high recurrence and metastasis rates even for patients who undergo resection. Therefore, it is of vital importance to conduct systematic surveillance of HCC recurrence, and there is an urgent need to precisely predict recurrence in patients with HCC.
[bookmark: OLE_LINK6107][bookmark: OLE_LINK6106]Currently, the recurrence rate for postoperative HCC patients is over 50% within 5 years[6], and studies have shown that patients with early recurrence – i.e., recurrence occurring within 2 years – have worse outcomes and poorer prognosis than those with recurrence over 2 years[7]. Typically, the identification of primary and recurrent tumour depends on the detection of genotype, in other words, on the molecular scale[8,9]. However, its complexities have limited the widespread adoption of this method. To evaluate the prognosis of HCC patients, many staging systems have been introduced to clinical use, such as the Barcelona Clinic Liver Cancer (BCLC) staging system and albumin-bilirubin (ALBI) grading[4,10]. Given that the staging systems above are more suitable for use in evaluating liver function or guiding treatment, there is a lack of an efficient and accurate approach to evaluate recurrence.
[bookmark: OLE_LINK5955][bookmark: OLE_LINK5956][bookmark: OLE_LINK5957][bookmark: OLE_LINK5933][bookmark: OLE_LINK5934][bookmark: OLE_LINK5958][bookmark: OLE_LINK5959]Radiomics is an emerging discipline based on medical imaging. Medical imaging, which includes ultrasound (US), computed tomography (CT), and magnetic resonance imaging (MRI), has played a crucial role in the screening and diagnosis of HCC[11]. However, the conventional imaging process relies on the experience and judgement of radiologists and might miss or be hard to quantify some crucial details. Many studies have shown that radiomics features may contain pathophysiological characteristics, which reflect tumour heterogeneity and are associated with patient prognosis[10]. Based on artificial intelligence technology, radiomics has shown certain potential in HCC related gene analysis, microvascular invasion, postoperative survival and recurrence prediction, etc[12-16]. However, there are few externally validated reports that studied on the use of radiomics to assess the risk of early recurrence in HCC patients after surgery.
In this study, we aimed to establish a radiomics model to predict early recurrence for patients who underwent radical resection based on contrast-enhanced CT (CECT) and clinical variables, evaluate this model’s performance, and verify its feasibility in clinical application.

MATERIALS AND METHODS
Patients
[bookmark: OLE_LINK6080][bookmark: OLE_LINK5962][bookmark: OLE_LINK5961][bookmark: OLE_LINK5960]We retrospectively enrolled 537 HCC patients from two institutions (Affiliated Hospital of Guilin Medical University; Peking University People’s Hospital) who underwent radical resection. According to the exclusion criteria in Figure 1, 277 patients enrolled from October 2009 to May 2017 at the Affiliated Hospital of Guilin Medical University were set as the training cohort, while 125 patients enrolled from June 2010 to December 2017 at Peking University People's Hospital were set as the validation cohort. Along with the CECT images, information regarding demographic characteristics, clinicopathological data, and laboratory data were also retrospectively collected. Patient demographic characteristics included sex and age, while clinicopathological data were collected from electronic case records, containing tumour size and vascular invasion. Furthermore, laboratory data were collected before surgery, including routine blood test, liver function, and alpha-fetoprotein (AFP) level.

Diagnostic criteria and exclusion criteria
All enrolled patients were diagnosed with HCC by postoperative pathological examination; solitary HCC was confirmed by preoperative CECT and intraoperative palpation or US. In addition to CECT, at least US and MRI supported an HCC diagnosis. Radical resection was defined as complete removal of the tumour with no residual tumour or new lesion observed in two observations at an interval of no less than 4 wk. Two independent pathologists histopathologically examined resected tumour specimens. The main exclusion criteria were as follows: (1) CECT image unavailable; (2) CECT scan over 1 mo before operation; (3) previous treatment including hepatectomy, ablation, or transarterial chemoembolization; and (4) incomplete clinical or follow-up data.

Follow-up surveillance
[bookmark: OLE_LINK5964][bookmark: OLE_LINK5963][bookmark: OLE_LINK6079][bookmark: OLE_LINK6078]Postoperative surveillance at each institution was conducted according to the protocol. Patients were followed every 2 mo within the first 2 years and every 3-6 mo after 2 years postoperatively (abdominal ultrasonography, serum AFP, and other serological tests were performed). CECT or MRI examination was performed if recurrence was suspected. OS was determined as the interval between the operation date and the date of death or last follow-up. Recurrence-free survival (RFS) was determined from the operation date of radical surgery to the date of the first recurrence at any site, death, or the last follow-up. Recurrence within 2 years after operation was considered as early recurrence.

CT image acquisition
The CECT images were obtained from each institution according to routine procedures, and the usage of contrast medium is described in the Supplementary material.

Region of interest segmentation and radiomics feature extraction
[bookmark: OLE_LINK6091][bookmark: OLE_LINK6092]Regions of interest (ROIs) were defined as the tumour areas in both arterial and portal venous phases, which were delineated via 3D Slicer (v4.11, https://www.slicer.org) by two experienced radiologists (Reader 1: H.Y. with 10 years of working experience; reader 2: Z.Z. with 20 years of working experience). If they could not reach a consensus, the third radiologist intervened in the evaluation.
To minimize the variability and normalize the CT images, all the images were resampled to a voxel size of 1 mm × 1 mm × 1 mm. Then, the radiomics features were extracted from the ROI segments based on the Pyradiomics package (version 3.0.1). The categories of radiomics features were as follows: First-order statistics, shape-based features (2D and 3D), grey level cooccurrence matrix (GLCM), grey level run length matrix (GLRLM), grey level size zone matrix (GLZM), neighbouring grey tone difference matrix (NGTDM), and grey level dependence matrix (GLDM). LASSO Cox regression was performed to filter and obtain the early recurrence-related radiomics features according to the minimum criteria with 10-fold cross-validation. The radiomics score was determined according to the coefficients.

Modelling and validation
[bookmark: OLE_LINK6110][bookmark: OLE_LINK6109]A radiomics and clinical combined model was developed via univariate and multivariate analyses, in which the optimal cut-off value of the radiomics score was determined via X-tile (Version 3.6.1). The candidate clinical indicators were hepatitis B surface antigen (HBsAg) (positive vs negative), cirrhosis (present vs absent), microvascular invasion (MVI) (present vs absent), serum AFP (> 200 vs ≤ 200 ng/mL), tumour size (cm), platelets (× 109/L), gamma-glutamyl transpeptidase (GGT) (U/L), and ALBI. The combined model was presented as a nomogram and validated in an independent cohort.

Statistical analysis
[bookmark: OLE_LINK6076][bookmark: OLE_LINK6077]Continuous variables that follow a normal distribution are shown as the mean ± SD and were compared by using the Student’s t test. Otherwise, the Mann-Whitney U test was performed. Categorical variables were compared by chi-squared tests. RFS and OS analyses were conducted by using the Kaplan-Meier method and compared by log-rank test among different groups. Time-dependent receiver operating characteristic (ROC) curves were plotted based on the timeROC package. The concordance index (C-index) was determined to evaluate the predictive ability of the combined model. The calibration curves were plotted with the rms package, while decision curve analysis (DCA) was based on the rmda package. SPSS18.0 (SPSS Inc., Chicago, IL, United States) and R (version 4.0.3, https://www.rproject.org/) were used for statistical analyses. P < 0.05 was considered statistically significant.

RESULTS
Patient characteristics
A total of 402 patients who underwent preoperative CECT were enrolled according to the exclusion criteria from two institutions, and the baseline characteristics are illustrated in Table 1. There were no significant differences in the variables evaluated between the two cohorts except aspartate aminotransferase (AST); most patients were male (both 85.60%), with liver cirrhosis (92.06% and 93.60%) and HBV-related HCC (83.75% and 82.40%, respectively). In institution 1, the median follow-up time was 54.2 mo, the median OS time was 40.0 mo, and the early recurrence rate was 36.82% (102 recurred among 277). In institution 2, the median follow-up time was 50.7 mo, the OS time was 37.0 mo, and the early recurrence rate was 32.80% (41 recurred among 125).

Determination of the radiomics score for early recurrence
[bookmark: OLE_LINK5968][bookmark: OLE_LINK5969]A total of 1915 CECT-based radiomics features were extracted from images acquired at both the arterial and portal venous phases among 277 patients in institution 1 as the training cohort. To filter early recurrence-related features, LASSO Cox regression was performed, and 31 features were obtained (Supplementary Figure 1). Figure 2 displays the distribution and correlations among these features. Then, a radiomics score was determined according to the coefficients in Supplementary Table 1 for each patient, and the optimal cut-off value was identified as 15.93, based on which the low and high radiomics risk groups were divided accordingly. As shown in Figure 3A, the radiomics scores were significantly different between the early and nonearly recurrence groups, while the area under curve (AUC) value was 0.73 for both institutions (Figure 3B), thus demonstrating the predictive value of the radiomics score for early recurrence HCC.

Development and assessment of the radiomics and clinical combined model
To further improve the predictive performance of the model, univariate and multivariate Cox regression analyses were conducted among the radiomics model and clinicopathologic indicators. The results from univariate analysis (Table 2) illustrated that the radiomics score, MVI, serum AFP, tumour size, and GGT were statistically significant and were included in the multivariate analysis. Multivariate analysis showed that radiomics score [hazard ratio (HR), 3.86; 95%CI: 2.41-6.16; P < 0.001] and serum AFP (HR, 1.52; 95%CI: 1.00-2.30; P = 0.048) were identified as independent predictive indicators for early HCC recurrence.
Next, a predictive and visible nomogram was developed based on the radiomics and clinical combined model (Figure 4), and the AUC values of the combined model were 0.79 (95%CI: 0.73-0.84) and 0.77 (95%CI: 0.70-0.83) for 1-year and 2-year recurrence prediction in the training cohort (Figure 5A), respectively. The AUC values of the validation cohort were 0.65 (95%CI: 0.58-0.73) and 0.74 (95%CI: 0.63-0.77) for 1-year and 2-year recurrence, respectively (Figure 5B). The C-index was 0.712 and 0.674 in the training and validation cohorts, respectively. Moreover, the calibration curves illustrated good agreement between predictive and observed outcomes (Figure 5C and D), while the DCA showed that the combined model had a relative high net benefit (Figure 5E and F).

Predictive significance and subgroup analysis of the combined model
To verify the discrimination ability of the combined model, survival curves for RFS and OS were plotted based on the median risk points in the training and validation cohorts. For early recurrence, the high-risk group was more likely to present recurrence than the low-risk group in both the training and validation cohorts (log-rank, P < 0.0001 for both) (Figure 6A and C). Furthermore, OS was significantly different (log-rank, P < 0.0001 for the training cohort and P = 0.0446 for the validation cohort) (Figure 6B and D).
Next, we performed subgroup analysis in AFP-negative (< 20 ng/mL) and AFP-positive (≥ 20 ng/mL) groups. Regardless of the AFP level (Figure 6E-H), the model calculated points were closely related to early recurrence and OS (log-rank, P < 0.0001 for all). The results above illustrated the discrimination ability of the combined model.

Representative case reports
Two representative case reports were displayed to demonstrate the distinguishing ability for similar cases (Figure 7). Both of them were male with BCLC A stage HCC and similar ages, and the ROI, also known as the tumour area, was similar in tumour size and position. MVI was present in AFP-negative case 1, while MVI was absent in AFP-positive case 2. However, their outcomes were different. Case 1 was both low risk at the radiomics score and model prediction point and without recurrence until the last follow-up. Case 2 was high risk with worse outcomes, and recurrence was present at 14 mo after the operation. Thus, we concluded that the radiomics combined model could support to distinguish similar cases using CECT in clinical practice.

DISCUSSION
Due to the lack of indicators to predict early recurrence for patients who underwent radical resection, we determined a radiomics score based on preoperative CECT for patients from two independent centres, which was shown to be closely related to the occurrence of early recurrence. Next, serum AFP was included to establish a radiomics and clinical combined model, which elevated the accuracy of the model. The AUC values for the two cohorts were 0.77 and 0.74, respectively, and our findings supported that radiomics is able to be adopted to evaluate the RFS of HCC patients and might support preoperative risk stratification and postoperative surveillance management. Previous studies have illustrated the usage of radiomics in predicting recurrence of HCC[15,16], but few studies focused on early recurrence and conducted external validation, in which early recurrence was defined as recurrence occurring within 2 years. Furthermore, the model divided the HCC patients into two risk subgroups with a favourable distinction of recurrence and a significant difference in OS. AFP-negative subgroup analysis was also performed to evaluate the reliability of the model.
[bookmark: OLE_LINK5971][bookmark: OLE_LINK5970]The heterogeneity in primary and recurrent HCC is quite different. Typically, the gene profile and microenvironments are supposed to be able to distinguish them[8,9]. Villanueva et al[17] developed a composite prognostic model for HCC recurrence based on gene expression in tumour tissues. However, the majority of recurrent HCC cases occur within 2 years after surgery, which is regarded as real recurrence. Many studies have indicated that patients with early recurrence have worse outcomes than those with late recurrence[18]. Hence, it is of vital significance to monitor early recurrence in clinical practice. Increasing evidence has illustrated that the immune microenvironment plays a crucial role in the early recurrence of HCC. Sun et al[19] revealed the unique characteristics of early relapse HCC at single-cell resolution. Additionally, metabolic microenvironments, such as lipogenesis and glycolysis, might promote oncogenic transformation[20-23]. The mechanism above reveals the complexity of recurrent HCC. Many staging systems have been applied in the diagnosis and treatment of HCC, including the AJCC TNM staging system and the BCLC and Child‒Pugh staging systems. Nevertheless, none of them are capable of predicting recurrence. Serum AFP level has long been used as an indicator to predict recurrence in both hepatectomy and liver transplantation[24,25], which showed effect in our model, as well. 
Preoperative imaging plays a very important role in the effective diagnosis and treatment of HCC, and CECT is part of this process. For BCLC stages A and B patients, liver resection is considered the main treatment strategy. However, the postoperative recurrence rate is extremely high. Hence, we employed radiomics to explore more details from CECT images. In this study, radiomics scores were determined based on the 31 features. There were 16 features extracted from images in the arterial phase and 15 features from images in the portal venous phase, which was consistent with the diagnosis of HCC depending on the dynamic changes in vascular findings from the arterial phase to portal venous phase[26-29]. Consistently, among these features, most of them were based on wavelet filtered features that accounted for the greatest weight, which coincided with the previous studies[15], and might represent tumour heterogeneity of HCC and peritumoral tissues that were hard to explain and easy to be ignored by the radiologist. The potential use of radiomics has been widely reported. Hence, we combined radiomics and serum indicators to evaluate the risk of early recurrence, which was validated in an independent cohort. Our findings showed favourable value in predicting early recurrence for patients with HCC via non-invasive indicators and might guide clinical decisions.
There were several limitations in our study. First, because this was a retrospective analysis, inherent biases were inevitable. Second, even though the radiomics features were extracted via a standard process, the features might differ and be critically dependent across CT machines and centres. Third, with the development of multimodality radiomics, Gd-EOB-DTPA-enhanced MR or 18F-FDG PET/CT has been widely used and have more favourable discrimination in adipose tissue and tumour capsules[30,31]. Therefore, we should conduct prospective trials with multimodality radiomics to confirm our results.

CONCLUSION
In summary, the radiomics scores calculated herein revealed significant differences between early and nonearly recurrence HCC patients. Then, we integrated the scores with serum AFP to develop a radiomics and clinical combined model that showed advantages and might serve as a powerful tool to predict early recurrence of HCC. We will perform further validation and translate the results into clinical application.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) seriously endangers human life and health, but there is still a lack of satisfactory treatment options. Even if it is diagnosed at early stage, the recurrence rate is still very high. The clinical monitoring strategy for HCC recurrence is limited, so there is a need to find a new and effective recurrence prediction model for HCC. And we developed a radiomics model based on preoperative contrast-enhanced computed tomography (CECT) to evaluate early recurrence in patients with a single tumour.

Research motivation
Due to the high malignancy and suppressive immune microenvironment of HCC, there are still high recurrence and metastasis rates even in HCC patients who have undergone radical resection. Therefore, it is of vital importance to conduct systematic surveillance of HCC recurrence, and there is an urgent need to precisely predict recurrence in patients with HCC. If tumour recurrence can be detected earlier, the survival and quality of life of HCC patients might be greatly improved.

Research objectives
Despite the rapid development in the treatment of HCC in recent decades, patients’ outcomes remain unsatisfactory. One of the reasons is that the early diagnosis system of HCC recurrence is not yet well developed, so our research team established a recurrence prediction model for HCC based on medical imaging such as computed tomography (CT) to predict HCC recurrence earlier, so that timely treatment measures can be taken.

Research methods
We collected CT images from 537 clinical patients in two institutions and extracted valuable CT image features with 3D Slicer (v4.11, https://www.slicer.org). SPSS18.0 (SPSS Inc., Chicago, IL, United States) and R (version 4.0.3, https://www.rproject.org/) were used for statistical analyses and the prediction model of HCC recurrence was established jointly with AFP.

Research results
The radiomics scores calculated herein revealed significant differences between early and nonearly recurrence HCC patients. We combined radiomics and serum indicators to evaluate the risk of early recurrence, which was validated in an independent cohort. Our findings showed the value of predicting early recurrence in HCC patients by noninvasive indicators and might guide clinical decisions making. However, this is a retrospective analysis, and inherent biases are inevitable. We would conduct prospective trials with multimodality radiomics to confirm our results in future.

Research conclusions
The preoperative radiomics model was shown to be effective for predicting early recurrence among patients with single HCC. Compared with pathological biopsy or other tests, this model is noninvasive and more convenient for HCC patients.

Research perspectives
For HCC diagnosis, treatment, or prognosis assessment, more non-invasive methods are of great significance and needed.
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[bookmark: OLE_LINK6104][bookmark: OLE_LINK6105]Figure 1 Flowchart of the study cohorts. HCC: Hepatocellular carcinoma; CT: Computed tomography; TACE: Transarterial chemoembolization; ROI: Region of interest.
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[bookmark: OLE_LINK6100][bookmark: OLE_LINK6101][bookmark: OLE_LINK6099][bookmark: OLE_LINK6098]Figure 2 Correlation and distribution of early recurrence-related radiomics features. A: Correlation of the radiomics features. The red mark represents a positive correlation, while the blue mark represents a negative correlation; B: Heatmap and clustering analysis of the radiomics features. ROC: Receiver operating characteristic; RFS: Recurrence-free survival; AUC: Area under curve. 
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[bookmark: OLE_LINK6083][bookmark: OLE_LINK6084][bookmark: OLE_LINK6095][bookmark: OLE_LINK6082][bookmark: OLE_LINK6081]Figure 3 Capacity of the radiomics score to distinguish early recurrence. A: Correlation of the rad-score between the nonearly recurrence and early recurrence groups; B: Receiver operating characteristic curves of the radiomics score to predict recurrence-free survival in the training and validation cohorts.
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[bookmark: OLE_LINK6096][bookmark: OLE_LINK6097][bookmark: OLE_LINK6103][bookmark: OLE_LINK6102]Figure 4 A radiomics and clinical combined model is built based on the radiomics score and preoperative alpha-fetoprotein. According to the total score of each indicator, the recurrence rate corresponding to the total score is the nomogram-predicted rate. AFP: Alpha-fetoprotein; RFS: Recurrence-free survival.
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[bookmark: OLE_LINK6093][bookmark: OLE_LINK6094][bookmark: OLE_LINK6086][bookmark: OLE_LINK6087]Figure 5 Evaluation of the radiomics model to predict early recurrence. A: Receiver operating characteristic (ROC) curves to predict 1- and 2-year recurrence-free survival (RFS) in the training cohort; B: ROC curves to predict 1- and 2-year RFS in the validation cohort; C: Calibration curves of the 1- and 2-year RFS in the training cohort; D: Calibration curves of the 1- and 2-year RFS in the validation cohort; E: Decision curve analysis of the combined model in the training cohort; F: Decision curve analysis of the combined model in the validation cohort. ROC: Receiver operating characteristic; RFS: Recurrence-free survival; AUC: Area under curve.
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[bookmark: OLE_LINK6112][bookmark: OLE_LINK6111]Figure 6 Cumulative rates of early recurrence and survival rates of hepatocellular carcinoma. A: Risk accumulation curve of recurrence-free survival (RFS) in the training cohort; B: Survival curve of overall survival (OS) in the training cohort; C: Risk accumulation curve of RFS in the validation cohort; D: Survival curve of OS in the validation cohort; E and F: Risk accumulation curve of RFS in the alpha-fetoprotein (AFP)-negative group in the training and validation cohorts; G and H: Risk accumulation curve of RFS in the AFP-positive group in the training and validation cohorts. AFP: Alpha fetoprotein.


[image: ]
Figure 7 Representative case reports. AFP: Alpha-fetoprotein; BCLC: Barcelona Clinic Liver Cancer; CECT: Contrast-enhanced computed tomography; MVI: Microvascular invasion; ROI: Regions of interest.

Table 1 Clinicopathologic characteristics of patients in the training and validation cohorts
	Parameter
	
	Training cohort, n = 277
	Validation cohort, n = 125
	P value

	Gender
	Female
	40 (14.44)
	18 (14.40)
	0.991

	
	Male
	237 (85.56)
	107 (85.60)
	

	Age (yr)
	
	50.60 ± 11.27
	51.92 ± 10.50
	0.265

	HBsAg
	Negative
	45 (16.25)
	22 (17.60)
	0.736

	
	Positive
	232 (83.75)
	103 (82.40)
	

	Child-Pugh stage
	A
	252 (90.97)
	116 (92.80)
	0.543

	
	B
	25 (9.03)
	9 (7.20)
	

	BCLC stage
	0 + A
	173 (62.45)
	83 (66.40)
	0.447

	
	B + C
	104 (37.55)
	42 (33.60)
	

	Cirrhosis
	Absent
	22 (7.94)
	8 (6.40)
	0.586

	
	Present
	255 (92.06)
	117 (93.60)
	

	MVI
	Absent
	162 (58.48)
	75 (60.00)
	0.775

	
	Present
	115 (41.52)
	50 (40.00)
	

	AFP (ng/mL)
	≤ 200
	130 (46.93)
	67 (53.60)
	0.204

	
	> 200
	147 (53.07)
	58 (46.40)
	

	Tumor size (cm)
	
	7.42 ± 4.51
	7.07 ± 4.03
	0.464

	Platelets (× 109/L)
	
	198.26 ± 94.67
	201.52 ± 86.77
	0.743

	GGT (U/L, median, IQR)
	
	73.90 (41.74, 130.23)
	80.35 (46.92, 151.00)
	0.198

	ALT (U/L, median, IQR)
	
	32.80 (21.11, 51.70)
	29.51 (20.50, 48.82)
	0.176

	AST (U/L, median, IQR)
	
	36.47 (26.75, 53.80)
	35.04 (25.90, 51.60)
	0.449

	TB (mg/dL)
	
	17.41 ± 26.52
	17.40 ± 23.84
	0.995

	DB (mg/dL)
	
	7.99 ± 17.54
	8.92 ± 23.26
	0.658

	ALBI
	
	-2.50 ± 0.47
	-2.53 ± 0.42
	0.493


[bookmark: OLE_LINK6120][bookmark: OLE_LINK6119][bookmark: _Hlk108446050]HBsAg: Hepatitis B surface antigen; BCLC: Barcelona Clinic Liver Cancer stage; MVI: Microvascular invasion; AFP: Alpha-fetoprotein; GGT: Gamma-glutamyl transpeptidase; IQR: Interquartile range; ALT: Alanine transaminase; AST: Aspartate transaminase; TB: Total bilirubin; DB: Direct bilirubin; ALBI: Albumin-bilirubin.


[bookmark: OLE_LINK6118][bookmark: OLE_LINK6117]Table 2 Univariate and multivariate Cox regression analyses of clinicopathologic characteristics for recurrence-free survival in training cohort with hepatocellular carcinoma
	Variable
	Univariate analysis
	Multivariate analysis

	
	HR
	95%CI
	P value
	HR
	95%CI
	P value

	Rad-score (high vs low) (n)
	4.08
	2.64-6.24
	< 0.001
	3.86
	2.41-6.16
	< 0.001

	HBsAg (present vs absent) (n)
	1.81
	0.97-3.39
	0.063
	
	
	

	Cirrhosis (present vs absent) (n)
	1.84
	0.75-4.52
	0.183
	
	
	

	MVI (present vs absent) (n)
	1.83
	1.24-2.71
	0.002
	1.20
	0.77-1.85
	0.418

	AFP (> 200 vs ≤ 200) (ng/mL)
	1.73
	1.16-2.58
	0.007
	1.52
	1.00-2.30
	0.048

	Tumor size (cm)
	1.05
	1.01-1.09
	0.005
	1.00
	0.94-1.04
	0.621

	Platelets (× 109/L)
	1.00
	1.00-1.00
	0.160
	
	
	

	GGT (U/L)
	1.02
	1.04-1.02
	0.034
	1.01
	1.01-1.00
	0.333

	DB (mg/dL)
	1.00
	1.00-1.01
	0.928
	
	
	

	ALBI
	0.96
	0.64-1.44
	0.838
	
	
	


HR: Hazard ratio; CI: Confidence interval; HBsAg: Hepatitis B surface antigen; MVI: Microvascular invasion; AFP: Alpha fetoprotein; GGT: Gamma-glutamyl transpeptidase; DB: Direct bilirubin; ALBI: Albumin-bilirubin.
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