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Purpose

To investigate the risk factors for recurrence in patients with early-stage hepatocellular carcinoma (HCC) after minimally invasive treatment with curative intent, then to construct a prediction model based on Lasso-Cox regression and visualize the model built.



Methods

Clinical data were collected from 547 patients that received minimally invasive treatment in our hospital from January 1, 2012, to December 31, 2016. Lasso regression was used to screen risk factors for recurrence. Then we established Cox proportional hazard regression model and random survival forest model including several parameters screened by Lasso regression. An optimal model was selected by comparing the values of C-index, then the model was visualized and the nomogram was finally plotted.



Results

The variables screened by Lasso regression including age, gender, cirrhosis, tumor number, tumor size, platelet-albumin-bilirubin index (PALBI), and viral load were incorporated in the Cox model and random survival forest model (P<0.05). The C-index of these two models in the training sets was 0.729 and 0.708, and was 0.726 and 0.700 in the validation sets, respectively. So we finally chose Lasso-Cox regression model, and the calibration curve in the validation set performed well, indicating that the model built has a better predictive ability. And then a nomogram was plotted based on the model chosen to visualize the results.



Conclusions

The present study established a nomogram for predicting recurrence in patients with early-stage HCC based on the Lasso-Cox regression model. This nomogram was of some guiding significance for screening populations at high risk of recurrence after treatment, by which doctors can formulate individualized follow-up strategies or treatment protocols according to the predicted risk of relapse for patients to improve the long-term prognosis.
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Introduction

Hepatocellular carcinoma (HCC) has the sixth-highest incidence and the third-highest mortality, with an estimated 910,000 new cases and 830,000 deaths worldwide in 2020. In China, there are 410,000 new cases and 390,000 deaths, accounting for approximately 50% of the global total (1). Hence, HCC is still a major worldwide health problem to be addressed urgently. With the development of imaging technology, more and more patients with early-stage HCC have been diagnosed, which can be treated with liver resection, local ablation, or liver transplantation. However, the high 5-year recurrence rate of about 70% leads to shorter overall survival in HCC patients (2, 3). Despite advances in these treatments, there is no effective adjuvant therapy to prevent HCC recurrence, making it crucial to improve the prognosis of HCC patients by successfully identifying and timely treating individuals at high risk of recurrence (4).

To date, several studies have published risk scoring systems combining some demographic and clinical data (5–7). Nevertheless, most of the screening processes of parameters are based on univariate and multivariate analyses, which has some limitations in dealing with multicollinearity between variables. Lasso regression with not a widely use in HCC field could build a more refined model by constructing penalty functions (8). And beyond that, few studies have performed models on account of Lasso-Cox method. In this study, Lasso regression and Cox regression are combined. The former can effectively screen variables, while the latter can be modeled and visualized for straightforward interpretation.

Therefore, this study aims to establish a new prediction model for HCC recurrence based on the Lasso-Cox method to improve the individualized prediction of recurrence risk in HCC patients at the early stage after treatment, which could identify individuals with high recurrence risk, provide a reference for the formulation of personalized diagnosis and treatment plans for HCC patients. This would be a step not to be ignored towards precision medicine.



Materials and methods


Patients enrolled

The study included 547 patients aged 18-75 years old who were admitted with Beijing You’an Hospital affiliated to Capital Medical University from January 1, 2012, to December 31, 2016 and diagnosed with early-stage HCC by alpha-fetoprotein (AFP), enhanced imaging technology, or histological examination (diagnostic criteria recommended by AASLD) (9). Early-stage HCC was defined as a single tumor smaller than 5cm or no more than three tumors with a tumor diameter of less than 3cm. All of patients enrolled received minimally invasive treatment, namely transarterial chemoembolization (TACE) combined with locoregional ablation (hereinafter referred to as combination therapy), and achieved complete response. Patients are excluded if they met any of the following criteria:(1) secondary liver cancer; (2) Child-Pugh class C; (3) coagulation function disorders, or serious diseases of the heart, brain, lung and kidney; (4) incomplete ablation. The definition of complete ablation was that the CT scan immediately after ablation showed a safe margin of 0.5-1cm of the adjacent non-tumor tissue in the ablation area was ablated.

In 38 of the 547 patients, important data such as AFP or viral load were missing, while prognostic data were not lacking and were therefore included in the analysis of outcomes but excluded in modeling. In order to establish a more reliable and robust model, the patients included were randomly divided into a training set (N1 = 254) and a validation set (N2 = 255) in a 1:1 ratio, and the demographic characteristics, laboratory data and prognosis of patients in the two groups were compared.

Informed consent was exempted by the ethics committee because it was a minimum-risk study. The study has been approved by the ethics committee of the Beijing You’an Hospital affiliated with Capital Medical University.



Clinicopathological data collection

Demographic and clinicopathological data within seven days before ablation were collected. Demographic data included age, gender, and history of smoking, drinking, antiviral, hypertension and diabetes mellitus. Clinicopathological data included following: (1) etiology: hepatitis B virus (HBV), hepatitis C virus (HCV), co-infection, and others; (2) tumor information: number, size, and AFP; (3) Liver function indicators: Child-Pugh class and cirrhosis; (4) laboratory parameters: neutrophils, platelets (PLT), lymphocytes, alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), albumin (ALB), γ-glutamyl transpeptidase (γ-GT), alkaline phosphatase (ALP), international normalized ratio (INR), and viral load (the number of copies of HBV-DNA or HCV-RNA quantified in serum); (5) treatment-related factors: ablation modality and the number of ablation.

Few studies have demonstrated the prognostic value of platelet-albumin-bilirubin index (PALBI) in early-stage HCC patients receiving combination therapy. Therefore, PALBI was included in this study to increase the robustness of the proposed model. The calculation formula was as follows: PALBI=(2.02*log10TBIL)+[-0.37*(log10TBIL)2]+(-0.04*ALB)+(-3.48*log10PLT)+[1.01*(logPLT)2]. PALBI were classified into three grades: PALBI-1≤-2.53, -2.53<PALBI-2≤-2.09, and PALBI-3>-2.09.



Treatment received

All included patients received TACE combined with locoregional ablation. The ablation modalities, such as radiofrequency ablation (RFA), microwave ablation (MWA), or argon-helium cryoablation (AHC), were performed 1-2 weeks after the TACE. Ablation in two or more sessions may be considered for patients with multiple tumors. Detailed treatment procedures have been described in previous studies and will not be described in this study.



Follow-up

All patients were followed up in the outpatient clinic. Physical, laboratory examinations including AFP, and ultrasound were performed every 3-6 months. Contrast‐enhanced computed tomography (CT) or magnetic resonance imaging (MRI) scan was routinely implemented every six months. When the patient relapsed, TACE and/or ablation were performed depending on the tumor conditions. Recurrence was defined as the presence of new lesions next to the original lesion or at intra-/extra-hepatic sites, which showed arterial contrast enhancement and portal phase washout on contrast-enhanced images. Recurrence-free survival (RFS) was regarded as the time span from diagnosis to the first recurrence or last follow-up. And overall survival (OS) was considered as the time span from diagnosis to death or last follow-up. Statistical analysis was performed using data available before July 1, 2020.



Statistical analysis

Continuous variables were expressed as means ± standard deviation, and differences between groups were compared using Student’s t-test. The Chi‐square test was used to perform the difference comparison of categorical variables which were reported as frequency and percentages. Lasso regression was used to screen for the risk factors. Two prediction models including parameters screened by Lasso regression were established based on Cox regression and random survival forest (RSF). The prediction abilities of the two models were compared by C-index. The hazard ratio (HR) values were calculated using a backward stepwise regression method in Cox model, which could be regarded as a weight to obtain the risk score for predicting prognosis. However, RSF was like a “black box” because it could not produce regression coefficients and, therefore, could not explain the results intuitively. We could measure the importance of each predictor in the RSF model utilizing the variable importance (VIMP) method (10). The C-index and calibration curve were used to evaluate the discrimination and consistency of the model, respectively. The K-M method was used to assess clinical applicability. All statistical analyses were performed with R software v3.6.0 (R Foundation for Statistical Computing, Vienna, Austria; random Forest SRC, party, partykit, and VIM packages).




Results


Characteristics of patients

A total of 547 patients with early-stage HCC who received TACE combined locoregional ablation at Beijing You’an Hospital affiliated with Capital Medical University from January 1, 2012, to December 31, 2016, were enrolled, including 444 (81.2%) males and 103 (18.8%) females. 448 (81.9%), 56 (10.2%), 25 (4.6%), and 18 (3.3%) patients had HBV-related, HCV-related, coinfection-related, and other HCC. 130 (23.8%) individuals were diagnosed with hypertension and 103 (18.8%) with diabetes mellitus. Among the 547 patients, 242 (44.2%) had a history of smoking, and 193 (35.3%) had a history of drinking. There were 464 (84.8%) patients with cirrhosis. 400 (73.1%) were Child-Pugh class A, and 147 (26.9%) were Child-Pugh class B.



Prognostic data

The median follow-up was 59.3 months. By the end of follow-up, 397 had relapsed and 189 had died. The median RFS was 26.0 months, and the median OS had not been reached. The cumulative 1-, 3-, and 5-year recurrence rates were 26.0% (142/547), 57.8% (316/547), and 68.2% (373/547), and the cumulative OS rates of 1, 3, and 5 years were 98.9% (541/547), 86.8% (475/547), and 74.4% (407/547), respectively. A time-dependent recurrence curve based on the K-M method was plotted to understand whether relapse predicted patients’ poor outcomes. As shown in Supplementary Figure S1, compared with patients without relapse, patients who relapsed had a shorter OS, making it necessary to establish a prognostic model for predicting recurrence, so as to screen populations with a high risk of recurrence and take timely interventions for them.



Prediction model built based on Lasso-Cox regression

The patients were randomly divided into the training set and the validation set in a 1:1 ratio. The training set was used to establish the model, and the validation set was used to test the model established. There were no statistically significant differences in all variables included between the two groups (p>0.05), which showed that the data grouping was random and reasonable (Table 1). Lasso regression was used to screen parameters, and the variation characteristics of the coefficient of these variables were shown in Figure 1A. The 10-fold cross-validation method was applied to the iterative analysis, and a model with excellent performance but minimum number of variables was obtained when λ was 0.063 (Log λ=-1.20) (Figure 1B). The screened variables included age, gender, liver cirrhosis, tumor number, tumor size, PALBI score, and viral load. Cox regression model was further established based on parameters screened by Lasso regression (Table 2). The C-index of the training set was 0.729 and 0.726 in the validation set.


Table 1 | Comparison of clinical data between training set and validation set.






Figure 1 | Screening of variables based on Lasso regression. (A) The variation characteristics of the coefficient of variables; (B) the selection process of the optimum value of the parameter λ in the Lasso regression model by cross-validation method.




Table 2 | Cox proportional hazards regression to predict recurrence based on Lasso regression.





Prediction model built based on random survival forest

Similarly, the variables selected by Lasso regression were used to build an RSF model in the training set (Figure 2A). Through parameter debugging, when ntree was 400, the error rate of the model tended to stabilize. The C-index of the training set was 0.708, and that of the validation set was 0.700. As shown in Figure 2B, the importance of variables was ranked according to the VIMP method, in the order of tumor number, tumor size, PALBI score, viral load, age, cirrhosis, and gender.




Figure 2 | The recurrence risk analysis of HCC based on random survival forest. (A) Error rate of random survival forest; (B) out-of-bag variable importance ranking. HCC: hepatocellular carcinoma.





Calibration and clinical application of Lasso-Cox regression

As the C-index of the Cox regression model was slightly higher than that of the RSF model, the Lasso-Cox regression model was finally used in this study to predict the recurrence of early-stage HCC patients. The calibration curves of the model built for predicting recurrence of 1, 3, and 5 years indicated a good consistency between the predicted and observed results in both the training set and validation set (Figure 3). The risk classes were generated in line with tertiles of predicted 1-, 3-, and 5-year recurrence rates and the K-M curves of recurrence were plotted based on the risk classes in the validation set. The results have showed that the model could well stratify patients according to tertiles, whether predicted 1-, 3-, or 5-year recurrence (Figures 4A–C). For comparison, the corresponding K-M curves of RSF model, whose performance was indeed not as good as the Cox regression model, made it reasonable to support the present results (Figures 4D–F).




Figure 3 | Calibration plots of predicted 1-, 3-, and 5-year RFS based on Cox regression modeling in the training set and validation set. (A–C) training set; (D–F) validation set. RFS, recurrence-free survival.






Figure 4 | The Kaplan-Meier curves by tertiles of predicted 1-, 3, and 5-year RFS according to the two modeling approaches in validation set. (A–C) Cox regression modeling; (D–F) random survival forest. RFS, recurrence-free survival.





Nomogram as a tool for visualization

From what has been discussed above, we finally chose the Lasso-Cox regression model to predict the recurrence risk in early-stage HCC patients after treatment. To facilitate the clinical service, we converted the complex mathematical model into a nomogram (Figure 5). It was necessary to sum the scores of variables included in the model. And then a vertical line at the total score was drawn and making it intersect with the three lines representing the predicted RFS. The corresponding values of the point of intersection were the predicted 1-, 3-, and 5-year RFS of individuals. For example, a 75-year-old female patient with a history of cirrhosis, single tumor with tumor diameter more than 3cm, PALBI grade 2, and viral load less than1000 IU/mL, had about a total score of 202, with a 1-year RFS of 77%, a 3-year RFS of 48%, and 5-year RFS of 33%, respectively (Table 3). It could be seen that nomogram was more convenient to use in clinical practice than mathematical formulas.




Figure 5 | Nomogram used to predict time-related recurrence in patients with early-stage HCC. HCC, hepatocellular carcinoma.




Table 3 | Predicted RFS of a specific patient based on nomogram.






Discussion

As one of the most common malignant tumors in the world, HCC has posed a serious threat to human health. HCC patients in the early stage can be effectively treated with surgical resection, ablation, and liver transplantation. The 5-year OS of patients with early-stage HCC in our hospital who received TACE combined with ablation and achieved complete remission is about 75%. However, it cannot be ignored that the recurrence rate is as high as 70% after radical locoregional treatment, which is consistent with our results (2, 3). Therefore, it is necessary to analyze the risk factors affecting the recurrence of early-stage HCC patients and establish a prognostic model to make the individualized prediction of recurrence risk.

This study including 509 patients established a nomogram based on several variables screened by the Lasso regression. The model established involved seven clinically used indicators representing tumor burden (number and size of the tumor), viral replication strength (viral load), liver function status (cirrhosis and PALBI score), and demographic data (gender and age). A wide range of indicators could be used to comprehensively evaluate the specific situation of individuals, so as to well predict the risk of relapse. Variables were scored according to their contribution to the outcome, and the scores of these indicators included were summed. A vertical line at the position of the corresponding total scores was drawn to make it intersect with the three lines representing the predicted risk of recurrence. The values displayed at the intersection point were the predicted 1-, 3-, and 5-year RFS.

The established prediction model based on Lasso-Cox regression performed well in predicting relapse at both 3 and 5 years, and was able to clearly stratify patients into three groups according to personalized recurrence risk. However, as shown in Figure 4A, the model did not perform well in predicting 1-year recurrence and could only screen out patients at high risk of recurrence. But overall, this model still had large predictive advantages. To validate our result again, OS survival curves were plotted to explore whether patients with different predicted recurrence risks had different outcomes (Supplementary Figure S2). As we suspected, a high risk of relapse did predict a poor prognosis, which in turn confirmed the robustness of our model.

ALBI score, which included serum ALB and TBIL that represented synthetic and metabolic functions of the liver, was first proposed by Johnson et al. in 2015 (11). In the same year, Roayaie et al. improved on this basis by adding PLT indicating the degree of portal vein hypertension, namely the PALBI score (12). The PALBI and ALBI scores were initially used to assess the degree of liver decompensation in HCC patients. Both scoring systems, having higher accuracy of prediction than Child-Pugh classification and MELD score, could predict the prognosis of HCC patients undergoing surgery, ablation, or TACE and perform risk stratification, among which PALBI score was the best in predicting the survival of patients with poor liver function and patients receiving different treatments (13–15). In 2019, Ni et al. confirmed that the PALBI score had better predictive value than the ALBI score or Child-Pugh classification for HCC patients with large tumors receiving TACE combined with MWA (16). Similarly, Zhong et al. in 2021 also demonstrated that the PALBI score could better predict the risk of postoperative liver failure for patients undergoing hepatectomy (17). However, few studies discussed the predictive abilities of the PALBI score for early recurrence of HCC patients after radical minimally-invasive treatment, for which we took the PALBI score into consideration and confirmed its outstanding value in predicting recurrence.

The number and size of tumors suggested strong tumor aggressiveness and poor prognosis of HCC, which was currently uncontroversial and needed not be described here. Liver function impairment in patients with cirrhosis was a major risk factor for the occurrence of HCC. Even after radical treatment, the presence of unimproved liver tissue would still rise to recurrences. The International Liver Cancer Association has pointed out that cirrhosis was the only risk factor for the recurrence of HCC patients who survived more than 2 years after surgery, which indicated the adverse effect of liver cirrhosis on the prognosis of HCC (18). Some studies have shown that the elderly have decreased liver weight and blood flow velocity of portal vein, which together resulted in weaker liver repairability than that of young patients (19, 20). In addition, due to the low immunity of the elderly, the tumor progression after treatment was faster than in young patients, leading to a higher recurrence rate and poor prognosis. The present study also demonstrated that male patients had a higher recurrence rate compared to female patients, which might be due to discrepancies in biological, environmental, and behavioral factors between different genders. For example, estrogen might have a potential protective effect on HCC (21, 22). Long-term smoking and alcohol consumption in men often led to impaired liver function, which in turn contributed to a worse prognosis. It was well known that the risk factors of HCC recurrence included advanced age, maleness, tumor number, tumor size, cirrhosis, and the presence of microvascular invasion, all of which were irreversible. However, viral load was the only reversible parameter reflecting the level of viral replication, which was the key driver of liver injury and hepatocarcinogenesis (23). A high level of viral load was a potential adverse factor for prognosis, for which it was essential to take antiviral drugs for HCC patients with active viral replication.

Lasso regression, with an advantage over univariate analysis, could address the problem of multicollinearity among variables. And it was confirmed in the present study that compared with the Cox regression, the random survival forest did not have a better C-index. Therefore, a nomogram based on the Lasso-Cox regression model was established, which possessed a particular reference value for medical workers to analyze the individual risk of recurrence intuitively and had instructive significance for screening high-risk patients with relapse after locoregional treatment. In order to reduce the rate of recurrence and prolong overall survival, the decision maker could formulate individualized follow-up strategies or treatment plans according to the predicted recurrence risk. Although this study had a large sample size and external validation, the generalization ability of the model established was slightly weak since the data was from the same hospital. Therefore, a multi-center study with a large sample size was required for verification in the future.



Conclusion

The present study established a nomogram for predicting recurrence in patients with early-stage HCC based on the Lasso-Cox regression model. This nomogram was of some guiding significance for screening populations at high risk of recurrence after treatment, by which doctors could formulate individualized follow-up strategies or treatment protocols according to the predicted risk of relapse for patients to improve the long-term prognosis.
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