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Background

In this study, we designed a new (Su’S) target area delineation to protect the normal liver during liver regeneration and prospectively evaluate liver regeneration after radiotherapy, as well as to explore the clinical factors of liver regeneration and established a model and nomogram.



Methods

Thirty patients treated with preoperative downstaging radiotherapy were prospectively included in the training cohort, and 21 patients treated with postoperative adjuvant radiotherapy were included in the validation cohort. The cut-off points of each optimal predictor were obtained using receiver-operating characteristic analysis. A model and nomogram for liver regeneration after radiotherapy were developed and validated.



Results

After radiotherapy, 12 (40%) and 13 (61.9%) patients in the training and validation cohorts experienced liver regeneration, respectively. The risk stratification model based on the cutoffs of standard residual liver volume spared from at least 20 Gy (SVs20 = 303.4 mL/m2) and alanine aminotransferase (ALT=43 u/L) was able to effectively discriminate the probability of liver regeneration. The model and nomogram of liver regeneration based on SVs20 and ALT showed good prediction performance (AUC=0.759) in the training cohort and performed well (AUC=0.808) in the validation cohort.



Conclusions

SVs20 and ALT were optimal predictors of liver regeneration. This model may be beneficial to the constraints of the normal liver outside the radiotherapy-targeted areas.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-related deaths worldwide (1). Advances in technology enable more accurate and effective radiotherapy (RT), while clinical exploration continues to expand the indications for radiotherapy beyond the formal paradigm of HCC. External beam radiotherapy has been used as a palliative or radical treatment depending on the stage of HCC (2–6). In the latest EASL-EORTC Clinical Practice Guidelines and National Comprehensive Cancer Network Guidelines, radiotherapy is recommended as an alternative locoregional therapy for potentially resectable and unresectable HCC (7, 8). In particular, a multidisciplinary team approach involving radiotherapy is more frequently adopted for selected patients in China and Southeast Asia (9–12).

In the past, regarding the clinical practice of radiotherapy for liver cancer, more attention has been paid to the prevention and treatment of radiation-induced liver injury (13–15), but no in-depth study on liver regeneration has been conducted. Liver regeneration after hepatectomy (16), associated with liver partition and portal vein ligation for staged hepatectomy (ALPPS) (17) and portal vein embolization (PVE) (18) were beneficial to the recovery of treatment-induced liver injury. With the gradual application of preoperative and postoperative radiotherapy for HCC (19–23), liver regeneration after radiotherapy will become a new focus of clinical attention for the prevention or recovery of radiation-induced liver damage. However, the clinical factors that influence liver regeneration after radiotherapy are poorly understood. Therefore, in this study, we designed a new target area delineation to protect the normal liver of liver regeneration and prospectively evaluate liver regeneration after preoperative and postoperative radiotherapy, and further explored the clinical factors and established a model and nomogram for liver regeneration after radiotherapy for HCC.



Methods


Patients

Patients who underwent preoperative downstaging or postoperative radiotherapy for HCC at Guangxi Medical University Cancer Hospital were included in the study. The training cohort included 30 patients treated with radiotherapy for downstaging non-surgical locally HCC before liver resection from 2018-2019 (ChiCTR1800015350). The inclusion criteria for radiotherapy in down-staging HCC were (1): primary local unresectable HCC with macroscopic vascular tumor emboli (2); One to three lesions in a single lobe; surgical resection was expected to be performed if a descending stage of tumor or thrombolysis (3); Child-Pugh-A or B7 class; and (4) Eastern Clinical Oncology Group score 0-1. The exclusion criteria were as follows: (a) prior history of abdominal radiotherapy, (b) intrahepatic cholangiocellular carcinoma, (c) gallbladder metastases, and/or (d) liver metastases.

The validation cohort included 21 patients treated with postoperative adjuvant therapy for HCC with microvascular vascular invasion or narrow margins after hepatectomy from 2017 to 2019 (NCT 02309788). Patients received adjuvant radiotherapy according to the following criteria (1): HCC with no preoperative radiotherapy (2); resectable lesion with narrow margin (less than 1 cm), at the same time retaining a sufficient residual liver tissue to maintain adequate function (3); compensated cirrhosis or no cirrhosis (4); Child-Pugh A class (5); ECOG score 0-1. The exclusion criteria were (1): presence of distant metastasis (2), palliative resection with residual tumor, and (3) non-HCC confirmed by postoperative pathology (4). Liver failure or decompensation occurs after the surgery.



Su’S Radiotherapy Target Area Delineation Promotes Liver Regeneration


Downstaging Radiotherapy Group

Gross tumor volume (GTV) was defined as intrahepatic tumors and venous tumor thrombus. InterGTV (GTVi) was defined as a 1cm GTV retraction, with the aim of receiving a higher radiation dose to overcome the radiation tolerance caused by central tumor ischemia or hypoxia. The clinical target volume (CTV) was obtained by adding a 0.5 cm margin to the GTV. The planning target volume (PTV) was defined as the CTV and GTV expansion 0.5 cm in horizontal direction and 0.5-0.8 cm head and foot direction for setup uncertainty and respiratory motion. GTV/GTVi areas should avoid more than 1 cm when encountering gastrointestinal organs. The absolute normal liver volume was calculated as the total liver minus the GTV. Liver protected volume was defined as a normal liver segment 2.0 cm away from the CTV, and the purpose of liver protection was to promote liver regeneration (Figure 1A). The final radiation dose delivered to the isocentric was 66 Gy for GTVi (4.4 or 3.3 Gy/fx), 60 Gy for PGTV (4.0 or 3.0 Gy/fx), and 45–50 Gy for PCTV (3.0-2.5 Gy/fx) with 15 or 20 fractions (5 fractions per week).




Figure 1 | Su’S radiotherapy target area delineation promotes liver regeneration and evaluation of liver regeneration after radiotherapy: (A) the training cohort (GTVi, PGTV and PCTV are shown from inside to outside, and the green part represents liver protected volume in preoperative downstaging radiotherapy plan); and (B) the testing cohort (GTVtb, PCTV1 and PCTV2 are shown from inside to outside, and the green part represents liver protected volume in postoperative adjuvant radiotherapy plan).





Postoperative Adjuvant Radiotherapy Group

Adjuvant radiotherapy was started 4-6 weeks after surgery. The postoperative tumor bed area was designated as GTVtb. The CTV1 extends 0.5 cm on the basis of GTVtb. CTV2 extends 0.5 cm on the basis of CTV1. PTV was defined as the CTV1 and CTV2 expansion 0.5 cm in horizontal direction and 0.5-0.8 cm head and foot direction for setup uncertainty and respiratory motion. GTVtb/CTV1 areas should avoid more than 0.5-1.0 cm when encountering gastrointestinal organs. The absolute normal liver volume was calculated as the total liver minus CTV1. The liver protected volume was defined as a normal liver segment 2.0 cm away from CTV2 (Figure 1B), and the purpose of liver protection was to promote liver regeneration. The final radiation dose delivered to the isocentric was 50-60 Gy for PCTV1 (2.0-2.4 Gy/fx), 40-50 Gy for PCTV2 (2.0-2.25 Gy/fx) with 20 or 25 fractions (5 fractions a week).

All target areas were sketched in the MIM 6.8 system (MIM, USA). The Pinnacle 3 system (Philips, Netherlands) was used to accomplish the target area dose planning (YY, USA). All patients were treated with a linear accelerator (ELEKTA Synergy, Sweden and ELEKTA VersaHD, Sweden). There were various dose–volume constraints for the organs at risk. For the liver, the normal liver volume Dmean< 21 Gy, and normal liver volume spared from at least 10 Gy (VS10) was >410 mL and liver protected Dmean < 7 Gy. For the stomach, small bowel, and duodenum, Dmax was < 40–45 Gy each. For the kidneys, V15 was <1/3 V. Similarly, for the spinal cord, Dmax <40 Gy.




Liver Regeneration Ratio Assessment

Patients were re-evaluated 1 and 3 months after radiotherapy and every 3-6 months thereafter. Contrast-enhanced CT and/or MRI were performed within 2 weeks before radiotherapy and subsequently at each follow-up visit after radiotherapy. Laboratory examinations assessed the levels of aspartate transaminase (AST), alanine transaminase (ALT), prothrombin time (PT), and levels of albumin, total bilirubin, and alpha-fetoprotein (AFP).

Liver regeneration at each re-evaluation of each patient was performed for comparison. The CT or MRI images before and after radiotherapy were imported into the MIM 6.8, to delineate the hepatic parenchymal volume of the segment and lobe of interest in the same manner. Liver regeneration was defined as an increase of more than 10% of normal liver volume in the areas of the protected hepatic segment or lobe within 1 year after completion of radiotherapy compared to the volume of pre-radiotherapy, and no Child-Pugh class degradation of liver function and tumor progression was observed at the last time. If downstaging surgery or tumor progression occurs in the areas of interest, liver regeneration assessment is discontinued.



Variable Selection

We screened predictor variables for liver regeneration from the following variables: (a) clinical factors: age, sex, height, weight and hepatitis B virus (HBV) infection; (b) serum biochemical parameters: red blood cells count (RBC), white blood cells count (WBC), hemoglobin (HB), platelets (PLT), total bilirubin (Tbil), albumin, alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactic dehydrogenase (LDH), activated partial thromboplastin time (APTT) and alpha-fetoprotein (AFP); (c) dose-volumetric parameters: functional liver volume, mean dose of the liver (liver-Dmean), GTV volume (the sum of all GTVs), GTV dose and fractions; (d) dosimetric Dataset 1: the percentage of normal protected liver volume (%) spared from at least x Gy (Vx); and (e) dosimetric Dataset 2: the absolute normal liver volume (mL) spared from at least x Gy (Vsx); (f) dosimetric Dataset 3: standard residual normal liver volume (mL/m2) spared from at least x Gy (SVsx) (formula: SVsx = Vsx/Body surface area). In the training cohort, the random forest model was applied to rank these factors in descending order of relative importance. In the preliminary screening, factors with an area under a receiver-operating characteristic (ROC) curve (AUC) greater than 0.6, were considered as potential prognostic predictors. Correlation analysis was performed to avoid overfitting. When Spearman’s rho value was greater than 0.65 between the two dosimetric parameters, the one with a lower correlation with liver generation was excluded.



Calculated Values and Statistical Analysis

Continuous variables were compared using Student’s t-test or the Mann–Whitney U-test, and categorical variables were compared using the chi-square test. The final nomogram was formulated to predict liver regeneration based on prognostic factors extracted from the training cohort. For internal validation, the prediction performance of the nomograms was measured using a calibration curve and concordance index (C-index) to measure internal calibration and discriminative ability. To avoid over-optimism, bootstrap resampling (1000) resamples were applied to correct the C-index for assessment of the nomogram calibration performance. The prognostic model was further validated in a postoperative adjuvant radiotherapy cohort to ascertain its feasibility. The total points of each patient in the testing cohort were calculated according to the established nomogram and used as a predictor of liver regeneration. The AUC of the ROC was used to evaluate the prediction performance of our model using external data.

For additional analyses, the optimal cut-off value for each selected factor of the models was obtained from the Youden’s index in conjunction with the ROC analysis from the testing cohort. Risk stratification was then conducted according to the cut-off point in both the training and validation cohorts, as well as the entire cohort. Fisher’s exact test was used to compare the proportion of patients with liver regeneration between the subgroups. All statistical analyses were completed using R version 4.0.2 (2020–06–22), and a P value less than 0.05, was considered statistically significant.




Results


Baseline Characteristics

Fifty-one patients with HCC were included. The study population was predominantly male (n= 46, 90.1%), with a median age of 48 years (range, 21-70 years). Most of the patients (n=37, 72.5%) were infected with CHB.

The baseline characteristics and dosimetric data of the training (n=30) and testing cohorts (n=21) are summarized in Table 1. All patients in the training cohort were BCLC-C stage, including 27 patients (90%) with portal vein tumor emboli and other 3 cases with hepatic venous thrombus, while all patients in the testing cohort were BCLC-A (n=18, 86%) and B (n=3, 14%). The testing cohort was characterized by lower AFP (median 23.88 vs. 1436.64 ng/ml, P=0.003), AST (median 29.5 vs. 59 U/L, P<0.001), LDH (median 248 vs. 148 U/L, P<0.001) and APTT (30.5 vs. 34.5 s, P= 0.007), more patients infected with HBV (60% vs. 90%, P=0.016) while fewer patients with hypoalbuminemia (36.4 vs. 32.8, P=0.002). Patients in the testing cohort had lower normal liver volume (median 758.75 vs. 948.32 ml, P<0.001) than those in the training cohort. Dose-volumetric parameters, including the volume of GTV/CTV1 (P<0.001). Vs5 (p =0.024), Vs40 (P=0.041), SVs5 (P=0.016), SVs30 (P=0.044), SVs35 (P=0.014), and SVs40 (P=0.008) differed significantly between the two groups, with no significant difference in the remaining parameters.


Table 1 | Information of patients in different treatment groups.






Volumetric Data for Liver Regeneration

During the observation period of 1 year, a total of 25 patients (49%) experienced liver regeneration in the entire cohort. The change trends of liver regeneration after radiotherapy are shown in Figures 2A, B.




Figure 2 | Liver regeneration growth ratio after radiotherapy: (A) the training cohort; and (B) the testing cohort.



In the training cohort of 30 patients, 9 patients underwent surgery after radiotherapy at 3-12 months, and 5 patients at the second evaluation node (liver regeneration 2) experienced tumor progression in the area of interest, and the liver regeneration assessments were therefore stopped. The mean protected hepatic lobe and segment volume before radiotherapy was 605.2 ± 371 mL, increasing to 648.7 ± 345.6 mL after radiotherapy. Liver regeneration occurred in 12 of 30 patients, yielding a liver regeneration rate of 40%. Among them, 6, 1, 2, and 3 patients had liver regeneration rates of 10%–20%, 20–50%, 50%–100%, and greater than 100%, respectively.

In the testing cohort of 21 patients, 4 patients in the testing cohort after the first evaluation node (liver regeneration 1) experienced tumor progression in the area of interest. The mean protected hepatic lobe and segment volume before radiotherapy was 532.5 ± 450.7 mL, increasing to 578.9 ± 412.2 mL after radiotherapy. Liver regeneration occurred in 13 out of 21 patients, yielding a liver regeneration rate of 62%, which was comparable to the rate noted in the training cohort (P =0.12). Among them, 3, 8, 2, and 0 patients had liver regeneration rates of 10%–20%, 20–50%, 50%–100%, and greater than 100%, respectively.

Twenty-four cases of Child-Pugh degradation were detected within 2 weeks after radiotherapy. In the training cohort, 17 patients experienced an increase in Child-Pugh score, including 13 patients with +1 score due to decreased serum albumin levels, 3 patients with +2 scores, and 1 patient with +3 scores. In the validation cohort, 7 patients experienced an increase of one score in Child-Pugh score due to decreased serum albumin levels. There was a negative correlation between the degree of liver regeneration and the increase in Child-Pugh score (P=0.006, analysis of variance). Over a longer observation period, 13 (51.2%) patient’s liver function gradually recovered with the appearance of liver regeneration. Liver regeneration did not occur in the remaining 11 cases, of which 3 patient’s liver function improved spontaneously within 3 months and other 8 cases remained unimproved.



Risk Group Sub-Classification Based on ALT and SVs20

Datasets 1 and 2 had no significant correlation with liver regeneration. Dataset 3 and clinical factors were used separately for further analysis. According to the subgroup ROC analysis of ALT and SVs20 in the training cohort, the AUC of SVs20 was 0.639 (95% confidence interval [CI], 0.833–0.583) with a cut-off value of 303.4 mL (sensitivity, 65.00%; specificity, 86.15%; Figure 3A), and the AUC of ALT was 0.690 (95% CI, 0.722–0.667) with a cutoff value of 43 U/L (sensitivity, 65.00%; specificity, 90.77%; Figure 3B). Risk group sub-classification was performed according to the cutoff points. As shown in Table 2, a combination of ALT and SVs20 demonstrated clear differentiation in the risk of liver generation between the subgroups in the training cohort (P=0.049) and the entire cohort (P=0.032). The proportion of patients with liver regeneration decreased progressively with 88.9% in the high-probability group (ALT <43 U/L and SVs20 <303.4 mL/m2), 60% in the high-intermediate probability group (ALT ≥43 U/L and SVs20 <303.4 mL/m2), 43.75% in the low-intermediate probability group (ALT <43 U/L and SVs20 ≥303.4 mL/m2), and 33% in the low-probability group (ALT≥43 U/L and SVs20≥303.4 mL/m2), indicating that a combination of high ALT (≥43 U/L) and high SVs20 (≥303.4 mL/m2) conferred the greatest risk of poor liver regeneration.




Figure 3 | The cut-off points and AUC of each optimal predictors by ROC analysis: (A) ALT; (B) SVs20.




Table 2 | Risk Group Sub-classification based on ALT and SVs20.





Establishment and Assessment of the prognostic Nomogram

To provide more convenient for clinical liver regeneration prediction and avoid overfitting, only ALT among pre-radiotherapy laboratory variables and SVs20 among dataset 3 parameters were found to be optimal predictors for liver regeneration modeling. Finally, an SVs20 based nomogram incorporating ALT and SVs20 was established (Figure 4A). The model and nomogram showed high predictive accuracy (C-index =0.759, Figure 4B) in the training cohort for predicting liver regeneration. The calibration curve confirmed the excellent calibration capability of the model, and the probability predicted by the model was in good agreement with the actual observed values of liver regeneration. The nomogram performed well in external validation (C-index =0.808, Figure 4C) with high discriminatory accuracy in the testing cohort (Supplementary Figure).




Figure 4 | (A) Nomogram of liver regeneration based on SVs20 and ALT; (B) The calibration curve in the training cohort; (C) The calibration curve in the testing cohort.






Discussion

In this study, we designed a new target area delineation to protect the normal liver for regeneration and prospectively evaluate liver regeneration after radiotherapy. After radiotherapy, 40% (12/30) of cases in the preoperative downstaging group and 61.9% (13/21) of cases in the postoperative adjuvant group experienced liver regeneration. We further found that pretreatment ALT and SVs20 were the optimal variables for liver regeneration modeling. The risk stratification model based on the cutoffs of SVs20 (303.4 mL/m2) and ALT (43 u/L) was able to effectively discriminate the probability of liver regeneration. The model and nomogram of liver regeneration showed good prediction performance (AUC=0.759) in the training cohort and performed well (AUC=0.808) in the validation cohort, justifying its application values.

In the past decade, adjuvant radiotherapy has been confirmed to provide considerably improved treatment outcomes (19, 21–24). Neoadjuvant radiotherapy provided better overall survival and recurrence-free survival rates compared to surgery alone (20). Yeh et al. showed that 11% of HCCs could become resectable with a 2-year OS rate of 67% and a median survival of 30 months (25). Chong et al. (26) reported that 26 of 98 (26.5%) patients were downstaged after concurrent chemoradiotherapy (CCRT) followed by hepatic arterial infusion chemotherapy (HAIC) and underwent subsequent curative resection. Disease-specific survival was significantly better in the resection group after localized downstaging. Lee et al. (27) also reported that 41 (16.9%) patients underwent curative resection after CCRT followed by HAIC, and the 5-year survival rate in the curative resection group after CCRT improved significantly compared to that of the CCRT alone group (49.6%: 9.8%, P< 0.001). Preoperative downstaging radiotherapy may provide better control of the local tumor and simultaneously promote liver regeneration, creating a better opportunity for wide-margin surgery. However, the insufficient volume of the future liver remnant (FLR) remains a serious constraint that hinders R0–R1 resection (23). Inadequate functional liver volume is also a major cause of liver function deterioration after radiotherapy. Therefore, compensating for the loss of liver mass by regeneration is of great importance, especially in patients with large tumors and limited healthy livers (28). Consequently, a precise radiotherapy plan based on the accurate prediction of liver regeneration is urgently needed in clinical practice.

Previous nomogram models based on clinical factors have focused on risk assessment, such as estimating the risk of radiation-induced liver disease (RILD) and mortality following radiotherapy (29–31). Choi et al. (32) showed that adjuvant radiotherapy with a dose of 40–50 Gy in 20-25 fractions delayed the liver regeneration process after partial hepatectomy. However, nomogram models based on dose-volume metrics for benefit assessment associated with liver regeneration in HCC patients treated with radiotherapy have never been established. We found that liver regeneration was significantly associated with domestic dataset 3(SVs, mL/m2), but not with dataset 1 (V, %) and dataset 2 (Vs, mL). The current study identified, for the first time, SVs20 as a key predictor for liver generation following radiotherapy with an optimal cutoff of 303.4, suggesting that fewer constraints on the dose of residual liver should be taken into account to promote liver regeneration. Meanwhile, the risk of RILD following dose escalation is a major cause of liver failure after radiotherapy, and stricter dose-limiting to the functional liver should be prioritized in radiation planning. Based on our past experience of hepatic toxicity following radiotherapy, V20 (dataset 1) in normal liver volume of 48.5% as the liver tolerance predicted RILD risks well in primary liver carcinoma patients with Child–Pugh grade A cirrhosis after hypo-fractionated radiotherapy (15). We further found that Vs10 ≥416.2 mL (dataset 2) predicted a progression of at least 1 and Vs10≥621.8 mL of at least 2 points decreased in the Child–Pugh score after stereotactic body radiation therapy (14), highlighting the necessity for hepatotoxicity mitigating in high-risk functional liver areas. Functional liver avoidance with V20 <48.5% and/or Vs10 ≥416.2 mL may be used as a radiotherapy reference in clinical practice by balancing the pros and cons.

Among the pre-RT laboratory variables, ALT was found to have a significant correlation with liver regeneration. ALT is well recognized as a marker of liver injury related to liver parenchymal injury. In line with our current results, Mohapatra et al. (33) reported that a high level of ALT predicted poor liver regeneration following donor hepatectomy. Caldez et al. (34) showed that ALT is hyperactivated when liver cells fail to divide during liver regeneration, indicating that ALT not only acts as a signal of liver damage but is also a crucial metabolic regulator necessary to support tissue recovery. Kimura et al. (35) reported that serum ALT levels after partial liver resection are negatively correlated with L-ascorbic acid and L-ascorbic acid 2-Glucoside, which stimulates liver regeneration. Similarly, Lin et al. (36) revealed the crucial role of translationally controlled tumor protein in liver regeneration, as well as enhancing the recovery of ALT after liver resection in humans. Ito et al. (37) found that partially hepatectomized rats had lower serum ALT levels and higher recovery of remnant liver weight. Although the precise mechanisms are not fully understood, these results strongly indicate that lower ALT levels are associated with better liver regeneration. This potential mechanism requires further exploration and research.

Our study has several limitations. First, this study was conducted in China, where HBV-associated HCC rates are high. The applicability of this nomogram for patient cohorts in other areas is uncertain and requires further validation. Second, the sample size was small in this study, the reliability of the model has been verified in two different prospective studies, and it is still worth verifying with a larger sample size in the future.

In conclusion, this simple-to-use nomogram incorporating ALT and SVs20 is beneficial to the constraints of the normal liver outside the radiotherapy target area. It may provide a reference for clinicians to make prognosis-based decisions without complex calculations. Further validation with multicenter data is warranted to verify its practicability in patients with HCC who have undergone radiotherapy.
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