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Background

Intrahepatic cholangiocarcinoma (ICC) is the second most common primary liver cancer with increasing incidence in the last decades. Microvascular invasion (MVI) is a poor prognostic factor for patients with ICC, which correlates early recurrence and poor prognosis, and it can affect the selection of personalized therapeutic regime.



Purpose

This study aimed to develop and validate a radiomics-based nomogram for predicting MVI in ICC patients preoperatively.



Methods

A total of 163 pathologically confirmed ICC patients (training cohort: n = 130; validation cohort: n = 33) with postoperative Ga-DTPA-enhanced MR examination were enrolled, and a time-independent test cohort (n = 24) was collected for external validation. Univariate and multivariate analyses were used to determine the independent predictors of MVI status, which were then incorporated into the MVI prediction nomogram. Least absolute shrinkage and selection operator logistic regression was performed to select optimal features and construct radiomics models. The prediction performances of models were assessed by receiver operating characteristic (ROC) curve analysis. The performance of the MVI prediction nomogram was evaluated by its calibration, discrimination, and clinical utility.



Results

Larger tumor size (p = 0.003) and intrahepatic duct dilatation (p = 0.002) are independent predictors of MVI. The final radiomics model shows desirable and stable prediction performance in the training cohort (AUC = 0.950), validation cohort (AUC = 0.883), and test cohort (AUC = 0.812). The MVI prediction nomogram incorporates tumor size, intrahepatic duct dilatation, and the final radiomics model and achieves excellent predictive efficacy in training cohort (AUC = 0.953), validation cohort (AUC = 0.861), and test cohort (AUC = 0.819), fitting well in calibration curves (p > 0.05). Decision curve and clinical impact curve further confirm the clinical usefulness of the nomogram.



Conclusion

The nomogram incorporating tumor size, intrahepatic duct dilatation, and the final radiomics model is a potential biomarker for preoperative prediction of the MVI status in ICC patients.
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1 Introduction

Intrahepatic cholangiocarcinoma (ICC) is the second most common primary liver cancer and accounts for 10%–15% of all cases, which arises from cholangiocytes of intrahepatic bile ducts or bile ductules (1–3). ICC has three predominant macroscopic growth patterns: mass-forming type, periductal infiltrating type, and intraductal papillary type (4). Several studies have reported increasing incidence of ICC in the last decades (5, 6) and the 5-year survival rate is still lower than 10% (7). At present, hepatectomy is still the most effective treatment for long-term survival of ICC patients (8, 9), and several poor prognostic factors have been reported, including lymph node metastasis, microvascular invasion (MVI), tumor size ≥5 cm, and multiple nodules (10).

MVI is an important histopathological feature and refers to the cancer cell nest in vessels of the surrounding hepatic tissue lined with endothelial cells (11). As a poor prognostic factor, MVI correlates early recurrence and poor outcomes and is an independent factor for overall survival in ICC patients (12, 13). However, the status of MVI is difficult to detect by radiographic images and can only be determined by histological evaluation after hepatectomy (14). In addition, MVI can affect the selection of personalized therapeutic regime, for instance, ICC patients without MVI do not need to receive adjuvant chemotherapy after R0 resections (10). Herein, the preoperative determination of MVI status is of great value in ICC patients, and it holds promises for effective patient management and estimation of outcomes.

Radiomics is a powerful and sophisticated image mining tool, and it can improve diagnostic accuracy and predict prognosis by high-throughput selecting imaging features from medical images (15). Also, several studies have constructed radiomics-based nomogram in distinguishing different pathological types of primary liver cancer (16) and predicting MVI of hepatocellular carcinoma preoperatively (17, 18). Recently, radiomics nomograms have been established for the prediction of lymph node metastasis (19), early recurrence (20), and prognosis after hepatectomy (21) in ICC patients. For MVI prediction of ICC, Zhou et al. showed the promise of seven wavelet features extracted from preoperative dynamic contrast-enhanced (DCE) MR images with an area under curve (AUC) of 0.873 (22).

In the present study, we focused on mass-forming ICCs and aimed to develop and validate a radiomics nomogram integrating clinical, imaging, and radiomics features for preoperative prediction of MVI in ICC. In order to verify the accuracy, the radiomics nomogram will be further validated by a test cohort.



2 Materials and Methods


2.1 Patients

Zhongshan Hospital, Fudan University, and Xuzhou Central Hospital ethics committees approved this retrospective study, and patient informed consent was waived. Between June 2015 and June 2019, 163 pathologically confirmed ICC patients (118 men and 45 women; 60.48 ± 11.42 years) after hepatectomy with postoperative Ga-DTPA-enhanced MRI examination from Zhongshan Hospital were enrolled by the following inclusion criteria (Figure 1): (a) without previous history of liver cancer treatment (including hepatectomy, transcatheter arterial chemoembolization, radiofrequency ablation, chemotherapy, radiotherapy, and immunosuppressive therapy); (b) single mass-forming type ICC with the longest diameter ≥1.0 cm, and without macrovascular invasion and lymphatic metastasis; (c) complete histopathologic description of ICC; (d) MRI scanned within 30 days before surgery; (e) sufficient MR image quality satisfied the diagnostic criteria. All enrolled patients from June 2015 to June 2019 were divided into training cohort (n = 130, 38 MVI positive and 92 MVI negative) and validation cohort (n = 33, 10 MVI positive and 23 MVI negative) in a ratio of 8:2. Importantly, between July 2019 and October 2021, a time-independent test cohort (n = 24, 12 MVI positive and 12 MVI negative) from Zhongshan Hospital and Xuzhou Central Hospital was collected for external validation (Supplementary Table S1).




Figure 1 | Study flowchart of the enrolled patients.





2.2 Laboratory Tests and Histopathology

Demographic and preoperative laboratory indexes (Table 1) including serum alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 (CA199), hepatitis B virus (HBV), and HBV-DNA loads were collected from our electronic medical records system. ICC specimens were sampled using 7-point baseline sampling protocol (11). Pathological characteristics including tumor number, Edmondson-Steiner grade, and MVI status were assessed in consensus by two experienced abdominal pathologists. MVI was defined as the presence of tumor cell nest (the number of suspended tumor cell more than 50) in the portal vein, hepatic vein, or large capsular vessel of the surrounding hepatic tissue that was only visible by microscopy (11, 23).


Table 1 | Comparison of MVI status and clinicoradiologic characteristics in ICC patients of training and validation cohorts.





2.3 Gd-DTPA MR Imaging

All patients underwent MR imaging with intravenous injection of 0.2 mmol/kg gadopentetate dimeglumine (Gd-DTPA; Bayer HealthCare, Berlin, Germany) and immediately followed by a 20-ml saline flush at a speed of 2 ml/s. Taking Magnetom Aera 1.5T scanner (Siemens Healthcare, Erlangen, Germany) as an example, imaging sequences included axial T2-weighted imaging with fat suppression (T2WI-FS), diffusion-weighted imaging (DWI), in-phase and opposed-phase T1-weighted imaging (IP-OP T1WI), axial precontrast three-dimensional volumetric-interpolated breath-hold examination T1-weighted imaging (3D-VIBE T1WI) with fat suppression, and postcontrast dynamic-enhanced 3D-VIBE-T1WI at arterial phase (AP, 20–30 s), portal venous phase (PVP, 60–70 s), and delayed phase (DP, 180 s). Detailed parameters of each acquisition sequence are shown in Supplementary Table S2.



2.4 MR Images Analysis

All MR images were reviewed independently on a picture archiving and communication system (PACS; Pathspeed, GE Medical Systems Integrated Imaging Solutions, Chicago, IL, USA) by 2 experienced abdominal radiologists (XM and XL with 10 and 15 years of experience, respectively). Both radiologists were blinded to all demographic, clinical, laboratory, and histopathologic information. If any discrepancies occurred, a consensus was reached after discussion. The following imaging features were assessed by 2 abdominal radiologists: (a) tumor size, defined as the maximum diameter on transverse T1WI image; (b) tumor morphology, including spherical/hemispherical/oval, lobulated and irregular; (c) signal intensity on T1WI, T2WI-FS, and DWI, including hypointense, isointense, and hyperintense; (d) target sign on T2WI-FS and DWI, defined as peripheral hyperintense with central isointense/hypointense (24); (e) rim enhancement on AP, defined as peripheral enhancement of the lesion on AP, including complete and incomplete rim; (f) enhancement pattern, including gradual and filling, arterial and persistent, and wash-in and wash-out enhancement; (g) the liver imaging reporting and data system (LI-RADS), defined as LR category based on LI-RADSv2018 (25); (h) intrahepatic duct dilatation, defined as intrahepatic duct dilatation within or outside of the lesion; (i) hepatic capsular retraction, defined as retraction of hepatic capsular adjacent to the lesion; (j) visible vessel penetration, defined as the presence of penetrating vessels in the lesion, including hepatic artery, portal vein, and hepatic vein (26); and (k) peripherally hepatic enhancement, defined as enhancement of liver parenchyma around the lesion on any phase.



2.5 Radiomics Analysis


2.5.1 Workflow

The workflow of the radiomics analysis included tumor segmentation, feature extraction, feature selection, model construction, model analysis, and evaluation (Figure 2).




Figure 2 | Study flowchart of the radiomics analysis.





2.5.2 Image Segmentation

The whole tumor segmentation was manually delineated in ITK-SNAP (http://www.itksnap.org/pmwiki/pmwiki.php) by an abdominal radiologist with 6 years of experience (XQ) and validated by a senior abdominal radiologist with 15 years of experience (XL). Volumes of interests (VOIs) were drawn on 6 sequences: DWI with b-values of 500 s/mm2, T2WI-FS, 3D-VIBE T1WI, AP, PVP, and DP.



2.5.3 Feature Extraction

Radiomics features were extracted from the VOIs using uAI Research Portal (Version: 20210730), and 2,600 radiomics features were extracted from each sequence (Supplementary Table S3). These radiomics features were classified into First Order, Shape, Gray-Level Co-occurrence Matrix (GLCM), Gray-Level Size Zone Matrix (GLSZM), Gray-Level Run Length Matrix (GLRLM), Neighboring Gray Tone Difference Matrix (NGTDM), and Gray-Level Dependence Matrix (GLDM) features.



2.5.4 Feature Selection

To eliminate index dimension difference, the extracted radiomics features of each sequence were standardized into a normal distribution with z-scores. A test-retest procedure was performed on 30 randomly selected tumors, reproducible radiomics features were considered features with intraclass correlation coefficient greater than 0.75 and included in the following feature selection procedures. The variance threshold, SelectKBest and least absolute shrinkage and selection operator (LASSO) methods were performed to select optimal features of each sequence (Supplementary Table S3 and Supplementary Figure S1). The corresponding radiomics score (Rad-score) of each sequence in the training and validation cohorts was calculated (Supplementary Table S4 and Supplementary Figure S2).



2.5.5 Model Construction

To construct clinical and imaging models, the univariate analysis was used to assess the potential predictors of MVI status, and the multivariate logistic regression analysis was used to determine the independent predictors of MVI status. Radiomics models of each sequence were constructed by the corresponding optimal features. The sequences with Rad-scores showed significant differences between MVI-positive and MVI-negative ICCs in both the training cohort and validation cohort were selected for the final radiomics model construction. The MVI prediction model incorporated imaging model and the final radiomics model. All models were constructed with logistic regression (LR), random forest (RF), and support vector machine (SVM) classifiers respectively for comparison.



2.5.6 Model Analysis and Evaluation

The receiver operating characteristic curves were plotted, and the AUC, accuracy, sensitivity, specificity, F1-score, and precision were calculated to quantify the predictive efficacy of each model in training, validation, and test cohorts. The comparison of predictive performances between multiple models was performed by the Delong test. A radiomics nomogram was built on the MVI prediction model with the LR classifier. Hosmer-Lemeshow test was performed to identify the agreement between nomogram-predicted MVI status and actual MVI status, and calibration curves in the training and validation cohorts were plotted. Decision curve and clinical impact curve were plotted for assessing the clinical usefulness of the nomogram by quantifying the net benefits at different risk thresholds.




2.6 Statistical Analysis

Clinical and imaging features were analyzed for statistical differences in the training, validation, and test cohorts by Student’s t-test, Mann-Whitney U test, Wilcoxon test, Chi-square test, or Fisher’s exact test, as appropriate. The statistical analyses were conducted using the IBM SPSS Statistics (version 20) and R software (version 3.4.1). A two-tailed p-value of less than 0.05 was considered statistically significant.




3 Results


3.1 Clinicoradiologic Characteristics and Performances

Comparison of MVI status and clinicoradiologic characteristics in training and validated ICC patients are shown in Table 1. The final cohort of 163 patients with single ICC was divided into training cohort (n = 130, 92 patients were MVI negative and 38 patients were MVI positive) and validation cohort (n = 33, 23 patients were MVI negative and 10 patients were MVI positive). There is no significant difference of the status of MVI between training and validation cohort (p = 0.904). Univariate analysis of clinicoradiologic characteristics indicates that serum CEA level (p = 0.035; OR = 2.716, 95% CI: 1.065–6.918), serum CA199 level (p = 0.030; OR = 2.346, 95% CI: 1.092–5.139), Edmondson-Steiner grade (p = 0.021; OR = 3.126, 95% CI: 1.254–8.977), tumor size (p < 0.001; OR = 1.033, 95% CI: 1.016–1.052), tumor morphology (p= 0.071; OR = 1.604, 95% CI: 0.964–2.708), and intrahepatic duct dilatation (p < 0.001; OR =5.610, 95% CI: 2.505–13.308) are significantly associated with MVI. At the multivariate analysis, tumor size (p = 0.003; OR = 1.032, 95% CI: 1.011–1.055) and intrahepatic duct dilatation (p = 0.002; OR = 4.552, 95% CI: 1.777–12.259) are independent predictors of MVI (Table 2). The imaging model constructed with two predictors has an AUC of 0.726 in the training cohort and 0.522 in the validation cohort (Table 3). Examples of representative radiological characteristics of MVI-positive and MVI-negative ICCs are shown in Figure 3.


Table 2 | Univariate and multivariate analyses of predictive characteristics related with MVI status in ICC.




Table 3 | The performance of imaging, radiomics of single and multiple MR sequences, and final fusion models for predicting MVI in ICC patients.






Figure 3 | Two examples of representative MVI-negative and MVI-positive ICCs. (A–D) A 62-year-old man with a well-circumscribed MVI-negative ICC in hepatic segment II (arrows). DWI image showed target sign (A), axial arterial phase image showed rim enhancement (B), and portal vein phase image (C) and delayed phase image (D) showed the typical enhancement type of ICC: gradual and filling enhancement. (E–H) A 62-year-old man with a lobulated MVI-positive ICC in hepatic segment IV (arrows). DWI image showed hyperintensity (E), axial arterial phase image showed marginal moderate enhancement with no internal enhancement (F) and dilated bile ducts next to tumor (arrowheads), and portal vein phase image (G) and delayed phase image (H) showed the typical enhancement type of ICC: gradual and filling enhancement.





3.2 Performance of Radiomics Features From Single MR Sequence

Robust radiomics features of each single MR sequence were selected by reproducibility analysis and LASSO analysis (Supplementary Table S3 and Supplementary Figure S1). The predictive performance of radiomics features on each MR sequence is shown in Table 3. However, all single sequences show overfit predictive performance in the training cohort (AUCs = 1.000) and poor predictive performance in the validation cohort (AUCs: 0.422–0.665). The Rad-score of each MR sequence in the training and validation cohorts are shown in Supplementary Table S4, and Rad-scores of the diffusion-weighted imaging, precontrast T1-weighted imaging, and delayed phase imaging show significant differences between MVI-positive and MVI-negative ICCs in both the training cohort (p < 0.001) and validation cohort (pDWI = 0.025, pT1 = 0.003, pT1D = 0.001) (Supplementary Table S4 and Supplementary Figure S2). Therefore, further analysis about diffusion-weighted imaging, precontrast T1-weighted imaging, and delayed phase imaging was conducted. The detailed information of 22 radiomics features in diffusion-weighted imaging, 17 radiomics features in precontrast T1-weighted imaging, and 5 radiomics features in delayed phase imaging are shown in Supplementary Table S5.



3.3 Performance of Radiomics Features From Multiple MR Sequences

Three pairwise combination models of the diffusion-weighted images, precontrast T1-weighted images, and delayed phase images are constructed, and all show a satisfying performance in both the training cohort (AUC = 0.883–0.941) and validation cohort (AUC = 0.817–0.874) (Table 3). The final radiomics model incorporates these three sequences, and it performs better in predicting MVI of ICC in both the training cohort (AUC = 0.950, accuracy = 0.862, sensitivity = 0.921, and specificity = 0.837) and validation cohort (AUC = 0.883, accuracy = 0.788, sensitivity = 0.900, and specificity = 0.739) than three pairwise combination models (Tables 3, 4). Notably, the final radiomics model also performs desirably and stably in the test cohort with AUC, accuracy, sensitivity, and specificity of 0.812 (95% CI: 0.617–1.000), 0.792, 0.750, and 0.833, respectively (Table 3).


Table 4 | The comparison of models in training, validation, and test cohorts.





3.4 Performance of MVI Prediction Model

The MVI prediction model includes imaging model and final radiomics model, and it achieves excellent predictive efficacy in the training cohort (AUC = 0.953, accuracy = 0.892, sensitivity = 0.974, and specificity = 0.859), validation cohort (AUC = 0.861, accuracy = 0.818, sensitivity = 0.900, and specificity = 0.783), and test cohort (AUC = 0.819, accuracy = 0.875, sensitivity = 0.833, and specificity = 0.917) (Table 3).

Moreover, the MVI prediction model performs better than imaging model in the training cohort (AUCs: 0.953 vs. 0.726, p < 0.001) and validation cohort (AUCs: 0.861 vs. 0.522, p = 0.018). However, there is no statistical difference between the MVI prediction model and final radiomics model in the training cohort (AUCs: 0.953 vs. 0.950, p = 0.629), validation cohort (AUCs: 0.861 vs. 0.883, p = 0.202), and test cohort (AUCs: 0.819 vs. 0.812, p = 0.732) (Table 4, Figure 4 and Supplementary Figure S3).




Figure 4 | Comparison of receiver operating characteristic (ROC) curves for prediction of MVI in ICC. ROC curves of imaging model constructed with tumor size and intrahepatic duct dilatation, radiomics model constructed with diffusion-weighted image, precontrast T1-weighted image, and delayed phase image, and MVI prediction model constructed imaging model and radiomics model in the (A) training, (B) validation, and (C) test cohorts.





3.5 Development and Verification of the Nomogram

The nomogram of the MVI prediction model is presented in Figure 5A, and the formula is as follows. It achieves satisfying performance with AUCs of 0.953 in the training cohort and 0.861 in the validation cohort. Calibration curves (Figures 5B, C) of the nomogram exhibiting satisfactory predictive performances are aligned with the actual MVI estimates in the training (p = 0.364) and validation (p = 0.543) cohorts. Decision curve (Figure 5D) of the nomogram shows that the net benefit is higher than that assuming all patients have MVI. Clinical impact curve (Figure 5E) shows that the predicted probabilities of the nomogram is close to actual high risk with event when risk threshold is 0.2–0.7 and is consistent when risk threshold is over 0.7.

	




Figure 5 | Nomogram of MVI prediction model, calibration curves of the nomogram in the training and validation cohort, decision curve, and clinical impact curve in the overall ICC patients. (A) A nomogram integrates imaging factors including tumor size and intrahepatic duct dilatation, and radiomics factors includes Rad-scores of diffusion-weighted images, precontrast T1-weighted images, and delayed phase images. (B, C) Calibration curves of the nomogram in the training and validation cohort. x-axis is a nomogram-predicted risk of MVI. y-axis is actual risk of MVI, and the diagonal dashed line indicates the ideal prediction by an ideal model. (D) Decision curve for the nomogram in the overall patients. The gray line is the net benefit of assuming that all patients have MVI; the black line is the net benefit of assuming no patients have MVI; and the red line is the expected net benefit of per patient based on the nomogram. (E) Clinical impact curve for the nomogram in the 1,000 simulated samples. The blue dashed line is the actual number of high risk, and the red line is the number of high risk based on nomogram.






Discussion

In this study, we established a radiomics-based nomogram for preoperatively predicting MVI in patients with ICC. The final MVI prediction model achieves a satisfying prediction performance, and it incorporates Ga-DTPA-enhanced MRI-based radiomics features of the diffusion-weighted images, precontrast T1-weighted images, and delayed phase images and imaging features including tumor size and intrahepatic duct dilatation.

High serum level of CEA and CA199 (>100 U/ml) can predict the diagnosis of ICC (27, 28), but the predictive value in predicting MVI status of ICC is still unknown. Although univariate analysis shows elevated serum CEA and CA199 level are significant clinical features, there are no statistical difference between the MVI-positive and MVI-negative groups by multivariate analysis, which are consistent with the studies of Zhou et al. (22) and Ma et al. (29). As other studies on preoperative MVI prediction in HCC (30–32) and ICC (14, 22, 33), tumor size is also an independent predictor of MVI in ICC patients in our study, but intrahepatic duct dilatation is another important imaging predictor, which is different from the studies of Zhou et al. (22). This may be due to the different MVI predictor screening methods; in his study, intrahepatic duct dilatation was excluded because there was no significant difference between MVI-positive and MVI-negative groups in the validation cohort (p = 0.279), but a p-value with 0.097 in the training cohort indicated this predictor should be further analyzed by multivariate analysis. Although hepatic capsular retraction and progressive centripetal enhancement in the venous phase have been described as classical imaging features of ICC (34), there are no statistical difference between MVI-positive and MVI-negative groups. In general, the imaging model constructed with tumor size and intrahepatic duct dilatation yields a good performance in the training cohort, but an unsatisfying performance in the validation cohort limits its application in preoperatively predicting MVI. Therefore, a combined model based on radiomics is necessary.

Of 44 radiomics features, 6 are considered optimal features with the absolute values of LASSO coefficients being greater than 0.1, including First Order _Uniformity, GLCM _Maximum Probability, GLCM _Inverse Difference, GLCM _ Informational Measure of Correlation 1, GLDM _Dependence Variance, and GLRLM _Long Run Emphasis. Histologically, ICC often shows aggressive trait, and inflammation, necrosis, and fibrosis are common (2); therefore, heterogeneous signal intensity in MR images are found to be more frequent for MVI-positive ICC, which is in concordance with First Order _Uniformity. Additionally, other 5 radiomics features indicate the higher the neighboring intensity value, variance, and gray-level value of VOI, the higher is the probability of MVI. Compared with the 100 radiomics features pool constructed by Zhou et al. (22), 42 of 44 radiomics features in our study are repeatable, and 3 of 7 optimal radiomics features in his study are also detected in our study. Both three pairwise combination models and the final radiomics model based on the diffusion-weighted images, precontrast T1-weighted images, and delayed phase images have solved the defect of overfit predictive performance in the training cohort and poor predictive performance in the validation cohort of single MR sequence models.

As far as we know, this study is the first to establish a nomogram based on clinicoradiologic and radiomics features. The MVI prediction model incorporates the final radiomics model, and imaging model exhibits excellent performance in both the training cohort (AUC = 0.953) and validation cohort (AUC = 0.861) with good calibration, which are better than the previous study (AUCtraining = 0.873, AUCvalidation = 0.850) (22). Also, the MVI prediction model achieves better efficacy than the imaging model in our study, suggesting radiomics features are indispensable in MVI prediction. More importantly, the nomogram in our study also exhibits a desirable prediction performance in the test cohort (AUC = 0.819) and performs better than clinical factor model constructed by Tang et al. (35) with AUCs of 0.739, 0.717, and 0.709 in training, validation, and test cohorts. Hence, the use of our nomogram preoperatively may be a noninvasive and robust method of assisting personalized treatment making, and patients with ICCs may suffer a higher net benefit from it.

There are some limitations in our study. Firstly, selection bias is inevitable in our retrospective study. Secondly, compared with MVI-negative ICCs, the number of MVI-positive ICCs is relatively small. Thirdly, the association between radiomics features and complex tumor biological features needs to be further explained. Fourthly, the study about whether the preoperative prediction of overall survival (OS) and disease-free survival (DFS) based on our MVI prediction model has the same effect as the postoperative prediction of OS and DFS based on pathological MVI after surgery is needed. Finally, although the nomogram has achieved a desirable prediction performance in the test cohort, larger cohorts from other centers are needed to be collected for the prospective validation of our nomogram.

In conclusion, radiomics features extracted from diffusion-weighted images, precontrast T1-weighted images, and delayed phase images of Ga-DTPA-enhanced MR imaging can assist in predicting MVI status of ICC patients. The MVI prediction nomogram incorporating radiomics features and imaging features including tumor size and intrahepatic duct dilatation is a potential biomarker and clinical tool in MVI stratification of ICC patients preoperatively.
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Background

Microvascular invasion (MVI) is an independent risk factor for postoperative recurrence of hepatocellular carcinoma (HCC). To perform a meta-analysis to investigate the diagnostic performance of radiomics for the preoperative evaluation of MVI in HCC and the effect of potential factors.



Materials and Methods

A systematic literature search was performed in PubMed, Embase, and the Cochrane Library for studies focusing on the preoperative evaluation of MVI in HCC with radiomics methods. Data extraction and quality assessment of the retrieved studies were performed. Statistical analysis included data pooling, heterogeneity testing and forest plot construction. Meta-regression and subgroup analyses were performed to reveal the effect of potential explanatory factors [design, combination of clinical factors, imaging modality, number of participants, and Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) applicability risk] on the diagnostic performance.



Results

Twenty-two studies with 4,129 patients focusing on radiomics for the preoperative prediction of MVI in HCC were included. The pooled sensitivity, specificity and area under the receiver operating characteristic curve (AUC) were 84% (95% CI: 81, 87), 83% (95% CI: 78, 87) and 0.90 (95% CI: 0.87, 0.92). Substantial heterogeneity was observed among the studies (I²=94%, 95% CI: 88, 99). Meta-regression showed that all investigative covariates contributed to the heterogeneity in the sensitivity analysis (P < 0.05). Combined clinical factors, MRI, CT and number of participants contributed to the heterogeneity in the specificity analysis (P < 0.05). Subgroup analysis showed that the pooled sensitivity, specificity and AUC estimates were similar among studies with CT or MRI.



Conclusion

Radiomics is a promising noninvasive method that has high preoperative diagnostic performance for MVI status. Radiomics based on CT and MRI had a comparable predictive performance for MVI in HCC. Prospective, large-scale and multicenter studies with radiomics methods will improve the diagnostic power for MVI in the future.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=259363, identifier CRD42021259363.





Keywords: radiomics, microvascular invasion, hepatocellular carcinoma, diagnosis, meta-analysis



Introduction

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related deaths and the second most lethal tumor (1), with 905,677 new cases and 830,180 new deaths in 2020 worldwide (2). New HCC cases and deaths in China account for approximately 50% of the cases in the world (3). Surgical and local ablative therapies are recognized as the radical treatment for HCC (4). However, the postoperative 5-year recurrence rate is still as high as 70% (5). Studies have shown the relationship between the high recurrence rate and microvascular invasion (MVI), which is recognized as an independent risk factor for postoperative recurrence of HCC (6–8). Postoperative pathology is the gold standard for MVI, but it is a lagging indicator. Therefore, the preoperative evaluation of MVI status will contribute to inform decision-making about the extent of surgical resection or ablation treatment for patients with HCC.

Biopsy is the preoperative reference standard for the diagnosis of MVI. Nevertheless, it is an invasive operation that may cause correlative complications and tumor seeding (9). In addition, there are some false negative results due to specimen limitation and tumor heterogeneity. Therefore, a noninvasive evaluation system is needed for preoperatively identifying MVI. Ultrasound (US), computed tomography (CT), and magnetic resonance imaging (MRI) have been used to assess the MVI status of HCC based on morphological features, such as size, number, shape, boundary, edge, capsule and enhancement characteristics (10–12). Unfortunately, the results have been inconsistent. The reasons are that the spatial resolution is too low to detect microvessels, and the reviews of medical images rely on subjective experience. Thus, there is an unmet clinical need to objectively, standardly and quantitatively evaluate the MVI status of HCC.

In 2012, Dutch scholar Lambin (13) proposed the concept of radiomics. It could extract massive quantitative imaging features from medical images by the statistics methods or machine learning algorithms. Radiomics has been used to construct predictive models for MVI by extracting quantitative features from US, CT, MRI, or positron emission tomography (PET). However, these studies differed in the diagnostic performance of the preoperative evaluation of MVI due to the differences in imaging modalities, research methods, sample size and so on. The reported diagnostic power ranged from 68% to 98% in the above studies (14–35). For these reasons, the diagnostic performance of radiomics for the preoperative identification of MVI in clinical practice remains uncertain. Therefore, we collected relevant studies and performed this meta-analysis to investigate the diagnostic performance of radiomics for the preoperative evaluation of MVI in HCC and the effect of potential factors.



Materials and Methods


Literature Search and Study Selection

The present study followed the Preferred Reporting Items for Systematic reviews and Meta-Analysis of Diagnostic Test Accuracy (PRISMA-DTA) (36), and it was registered in the International Prospective Register of Systematic Reviews (number CRD42021259363). All papers were screened independently by two authors (LL and CW, radiologists with 8 and 2 years of experience, respectively). Any disagreements were resolved by discussion, and if the disagreement could not be resolved, a consensus was reached through arbitration by a third reviewer (YH, a radiologist with 11 years of experience).

We selected published relevant studies by systematically searching the PubMed, Embase and Cochrane Library databases without language, nation, or time restrictions. The deadline for searching the databases was June 06, 2021. We used subject words and free words such as “hepatocellular carcinoma”, “microvascular invasion”, and “radiomics” and their variations. A detailed search strategy is described in the Supplementary Materials. After the elimination of duplicate papers, the titles and abstracts of all remaining articles were reviewed. When it was ambiguous whether an article should be included, the full-text content had to be accessible online or in print and reviewed. Furthermore, we scrutinized the reference lists of each identified primary study and previous systematic reviews to identify additional related articles.

The inclusion criteria were as follows: diagnosis of HCC by pathology after hepatectomy or liver transplantation; presence or absence of MVI by pathologic diagnosis; US, CT, MRI or PET-CT performed one month before surgery; and imaging analysis based on a radiomics algorithm. The exclusion criteria were as follows: antitumor therapy was performed preoperatively; the studies did not have enough information to construct a two-by-two contingency table; the type of study included animal experiments, nondiagnostic tests, case reports, reviews, expert opinions and conference abstracts.



Data Extraction and Quality Assessment

Data extraction and quality assessment of the retrieved studies were completed by two authors independently (LL and JC, radiologists with 8 and 5 years of experience, respectively). Any discrepancies were resolved by consensus with a senior author (ZS, a radiologist with 22 years of experience). We extracted data on patient characteristics, imaging modalities, and study characteristics from each selected study. Patient characteristics included the total number of participants, the number of participants with MVI present and MVI absent, sensitivity and specificity. We tabulated the number of true positives (TPs), false positives (FPs), false negatives (FNs) and true negatives (TNs) by the number of MVI-present and MVI-absent cases, sensitivity and specificity reported in each included study. If there were two or more predictive models based on the same cohort of patients in one study, the best model reported in the study was included in our meta-analysis.

We evaluated the methodological quality of the included studies by using the standard Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) tool (Bristol University, Bristol, UK) (37). We followed the guidelines for scoring each item of the checklist to assess the risk of bias and concerns regarding applicability by the software Review Manager 5.4 (Cochrane Library Software, Oxford, UK). The four domains assessed are as follows: patient selection, index test, reference standard, and flow and timing. Each individual question was categorized as “yes”, “no” or “unclear” for the risk of bias and “high risk”, “low risk” or “unclear risk” for applicability concerns.



Statistical Analysis

We used the MIDAS module for STATA version 16 (Stata Corp LP, College Station, Texas, USA) to analyze the raw data. We calculated the pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) and their corresponding 95% confidence intervals (CI) using a bivariate regression model. Moreover, we plotted the results on a summary receiver operating characteristic (SROC) curve, and the area under the receiver operating characteristic curve (AUC) exhibited the diagnostic power of the included studies (38). AUCs of 0.5–0.7, 0.7–0.9 and > 0.9 show low, moderate and high diagnostic value, respectively. In addition, we plotted the Fagan nomogram by the MIDAS module and used the pretest probability (the ratio of MVI-positive cases to all cases in the included studies), PLR and NLR to calculate the posttest probability.

We drew forest plots to show the variation among studies and to detect heterogeneity for the pooled sensitivity and specificity. Heterogeneity due to the threshold effect was tested with the STATA MIDAS module. Heterogeneity caused by nonthreshold effects was measured using Cochrane’s Q-test and inconsistency index I2, and the difference was considered significant when P < 0.05, with I2 ≥ 50% regarded as being indicative of moderate-to-high heterogeneity among studies (39). Meta-regression and subgroup analysis were performed to investigate the potential sources of heterogeneity. We performed univariable meta-regression analysis of several relevant covariates: design (retrospective or prospective), combined clinical factors (yes or no), imaging modality (MRI, CT or US), number of participants (≥100 or <100), and QUADAS-2 applicability risk (absence or presence of high risk). In addition, the possible presence of publication bias was further assessed by using a Deeks’ regression test of asymmetry (40). Slope coefficients with a P value < 0.10 indicate significant publication bias.




Results


Literature Selection

The literature search and study selection are shown in Figure 1 (36). All included studies were published between 2017 and 2021, and nine radiomics studies based on CT, nine radiomics studies based on MRI, three radiomics studies based on US and one radiomics study based on PET-CT were eligible for inclusion in this meta-analysis. A total of 4,129 HCC patients were included. Among them, 1,668 (40.4%) patients were pathologically diagnosed as MVI-positive and 2,461 (59.6%) as MVI-negative.




Figure 1 | PRISMA flowchart of the study selection procedure.





Extracted and Quality Assessment

The relevant characteristics and details of the 22 included studies are shown in Table 1. Figure 2 displays the distribution based on the QUADAS-2 scale of the methodological quality assessment of the included studies. The majority of studies were judged to have a low risk of bias and minimal concerns regarding applicability. None of the studies were excluded from the analysis according to the quality assessment. The slope coefficients of Deeks’ funnel plot asymmetry test for the presence of publication bias (P=.38) are presented in Figure 3, which suggested no publication bias.


Table 1 | Basic characteristics and details of the 22 included studies.






Figure 2 | Stacked bar charts of the QUADAS-2 scale of methodological quality assessment. Risk of bias and applicability concerns of each included study. (A) Individual studies, (B) summary. For each quality domain, the proportions of included studies that suggest low, high, or unclear risk of bias and applicability concerns are displayed in green, red and yellow, respectively.






Figure 3 | Deeks’ funnel plot shows no asymmetry and the presence of publication bias. Numbers in circles refer to the study ID. ESS,  effective sample size.





Data Analysis

The forest plots and comprehensive results of all studies included in this diagnostic meta-analysis are shown in Figure 4 and Table 2. The primary analysis showed that the pooled sensitivity, specificity, PLR, NLR and DOR for the preoperative prediction of MVI in HCC were 84% (95% CI: 81%, 87%), 83% (95% CI: 78, 87), 5.0 (95% CI: 3.7, 6.6), 0.19 (95% CI: 0.16, 0.24) and 25.5 (95% CI: 16.7, 39.0), respectively. The AUC was 0.90 (95% CI: 0.87, 0.92), which suggested high diagnostic value (Figure 5). In addition, the pretest probability of MVI positive was 0.40 in our study, and both the likelihood ratio and posttest probability were high. A PLR of 5 implies an increase in the posttest probability for a positive test result to 77%. Likewise, an NLR of 0.19 reduced the posttest probability to 11% for a negative test result (Figure 6).




Figure 4 | Forest plots show the performance estimates (sensitivity and specificity) of each study based on radiomics for the preoperative prediction of MVI in HCC. Vertical lines in the forest plots show the pooled estimates of sensitivity and specificity. I2 > 50% indicates substantial heterogeneity in the diagnostic parameters across studies.




Table 2 | Sensitivity analysis based on radiomics for the preoperative prediction of microvascular invasion in hepatocellular carcinoma.






Figure 5 | Summary receiver operating characteristic (SROC) plots of radiomics for the preoperative identification of microvascular invasion in hepatocellular carcinoma. Each circle indicates one included study. Values in brackets are 95% CIs. AUC, area under the receiver operating characteristic curve.






Figure 6 | Fagan nomogram of radiomics for the preoperative identification of microvascular invasion in hepatocellular carcinoma. LR, likelihood ratio; Prob, probability; Pos, positive; Neg, negative.





Meta-regression

Considerable heterogeneity existed among the studies (overall I² 94%; 95% CI: 88, 99; P < 0.001). Similarly, the forest plots indicated high heterogeneity with I2 values > 50% for sensitivity (I² 62%; 95% CI: 44, 80; P< 0.001) and specificity (I² 88%; 95% CI: 83, 92; P < 0.001). The proportion of heterogeneity likely due to the threshold effect was small (8%). Therefore, we recorded no evidence of a threshold effect. To identify the source of heterogeneity, we performed univariable meta-regression analysis. Table 3 shows the results of univariable meta-regression and subgroup analyses to explore the influence of patient characteristics, imaging modality, and study characteristics on the pooled sensitivity and specificity estimates. The results showed that all investigative covariates contributed to the heterogeneity in the sensitivity analysis (P < 0.05). In addition, combined clinical factors, MRI, CT and number of participants contributed to the heterogeneity in the specificity analysis (P < 0.05).


Table 3 | Univariable meta-regression and subgroup analyses.





Subgroup Analysis

In terms of research design, prospective studies (n=2) had higher sensitivity (88%; 95% CI: 78, 99) and specificity (100%; 95% CI: 100, 100) than retrospective studies (n=20; sensitivity, 83% [95% CI: 80, 86]; specificity, 81% [95% CI: 77, 86]). Regardless of whether radiomics was combined with clinical risk factors to construct a predictive diagnostic model, the sensitivity (84%; 95% CI: 81, 88 vs. 83%; 95% CI: 78, 88) was basically equivalent for both. However, radiomics alone had a slightly higher specificity (n=10; 86%; 95% CI: 80, 93) than radiomics combined with clinical risk factors (n=12; 81%; 95% CI: 74, 87).

In terms of different imaging modalities, US (n=3) had a higher sensitivity (87%; 95% CI: 80, 95) and specificity (87%; 95% CI: 74, 100) than CT (n=9; sensitivity, 84% [95% CI: 79, 88]; specificity, 80% [95% CI: 72, 88]) and MRI (n=9; sensitivity, 84% [95% CI: 79, 88]; specificity, 84% [95% CI: 77, 90]). On the other hand, the pooled sensitivity, specificity and AUC (0.89; 95% CI: 0.86, 0.91 vs. 0.88; 95% CI: 0.85, 0.91) estimates were similar among studies with CT or MRI.

In addition, the pooled sensitivity estimates were higher in studies with 100 participants or more (n=15; 84%; 95% CI: 81, 87) than in studies with fewer than 100 participants (n=7; 81%; 95% CI: 74, 88), but the pooled specificity (80%; 95% CI: 74, 85 vs. 91%; 95% CI: 86, 97) showed the opposite trend. Similarly, studies without high risk according to QUADAS (n=17) had a higher pooled sensitivity (85%; 95% CI: 83, 88) but a lower specificity (82%; 95% CI: 77, 87) than studies with high risk according to QUADAS (n=5; sensitivity, 74% [95% CI: 66, 82]; specificity, 87% [95% CI: 79, 95]).




Discussion

Our meta-analysis showed high pooled sensitivity (84%; 95% CI: 81, 87), specificity (83%; 95% CI: 78, 87), and AUC (0.90; 95% CI: 0.87, 0.92) values. which demonstrated that radiomics has the potential ability to preoperatively differentiate MVI status in HCC. The confirmation of this evidence will be beneficial to the formulation of optimal preoperative therapeutic strategies for patients with MVI of HCC. For example, if the presence of MVI is confirmed preoperatively, the extent of resection or ablation will be expanded. So it has great clinical value in reducing recurrence and improving the survival rate of HCC patients.

Likelihood ratios and posttest probabilities can also provide important information about the likelihood that a patient with a positive or negative test actually has MVI or not. Through our meta-analysis, a PLR of 5 indicates that the test is five times more likely to correctly judge a positive result than incorrectly judge a positive result, and the posttest probability for a positive test result is 77%. Similarly, an NLR of 0.19 indicates that the test is 0.19 times more likely to incorrectly judge a negative result than correctly judge a negative result, and the posttest probability for a negative test result is 11%. These results further indicate that radiomics has important clinical value in preoperatively evaluating the MVI status in HCC.

A previous meta-analysis reported that the sensitivity, specificity, and AUC of MVI prediction in HCC were 78% (95% CI: 75, 80), 78% (95% CI: 76, 81) and 0.855 for radiomics and 73% (95% CI: 0.71, 0.75), 82% (95% CI: 80, 83) and 0.860 for non-radiomics, respectively (41). The results indicated that the diagnostic performance for predicting MVI status in HCC was equivalent between radiomics and non-radiomics. However, the results reported above were all lower than those of our meta-analysis. A reasonable interpretation is that the number of included studies was not enough for radiomics (n=9) in the previous meta-analysis. This meta-analysis included 22 studies, showing that radiomics had a higher performance than non-radiomics for the preoperative prediction of MVI status in HCC.

Substantial heterogeneity among the studies was observed, so we performed meta-regression and subgroup analyses to detect the sources of heterogeneity. Due to the limitation of the number of included studies, we only performed univariable meta-regression analysis instead of multivariable meta-regression analysis. The results showed that all the observed indicators contributed to the source of heterogeneity. In addition, each included study used a different methodological design, which was only a part of the heterogeneity, and it was not possible to find all sources of heterogeneity.

We used five key factors for subgroup analysis. In the study design subgroup analysis, prospective studies were better than retrospective studies. This result is reasonable given that prospective studies have a clear purpose, a thorough design, proper observational indicators and so on, suggesting that more prospective studies in the future will improve the predictive performance for MVI. However, only 2 prospective studies addressed the use of radiomics for the evaluation of MVI status in HCC, and more high-quality evidence is needed to reach more definitive conclusions. Some previous studies have shown that an MVI predictive model with combined clinical risk factors had higher diagnostic performance (26, 27, 42). However, the results of our meta-analysis showed that the combination of clinical risk factors with radiomics did not improve the diagnostic ability. This indicates that radiomics alone could also achieve high diagnostic performance, which was consistent with the results of other previous studies (14, 19, 33).

We performed subgroup analysis to compare the diagnostic performance of radiomics based on different imaging modalities. The results showed that CT and MRI were essentially equivalent, consistent with previous studies (41, 43). However, due to multiparameter imaging and hepatobiliary phase-specific imaging agents, MRI has greater advantages in the diagnostic sensitivity of HCC. For example, a prospective study by Granito A, et al. showed that the diagnostic sensitivity of the hepatobiliary phase for the diagnosis of small HCC was 100% (95% CI: 90-100) with Gd-EOB-DTPA enhanced magnetic resonance, which had a higher sensitivity than contrast-enhanced CT and US (44). In our meta-analysis, US was superior to CT or MRI, but only three studies focusing on grayscale US were included, and two of them were prospective studies. Additionally, another US study with a retrospective design reported an AUC of only 0.68 (17). So the pooled result is incompletely convincing showing ultrasound superior to CT or MRI. However, again, prospective studies can significantly improve the predictive performance. Only one study on PET-CT was not included in the subgroup analysis. In addition, the results showed that the studies with large samples and without a high risk of bias had higher sensitivity. Therefore, in future studies, increasing the sample size and reducing bias will improve the ability to identify MVI.

We recognize that our meta-analysis has several limitations. First, mostly retrospective studies were included in our analysis, and patient selection could introduce some bias. Second, all included studies were from China. Studies from other countries were excluded for various reasons; for example, 2 studies from the United States were excluded because we could not reconstruct the 2×2 contingency table (45, 46). Thus, some characteristic populations may have been missed, which could affect the general applicability of the results in clinical practice. Finally, although radiomics models aid in the identification of MVI, the modeling method used might affect the predictive results of radiomics analysis. Each included study would have resulted in a different radiomics model, so it does not currently elucidate a clear modeling method to determine presence of MVI. However, multiple modeling methods can be attempted to achieve optimal model selection.



Conclusion

In summary, our meta-analysis demonstrated that radiomics is a promising noninvasive method, and it has high preoperative identification performance for MVI status, which has crucial guiding significance for surgical planning of HCC patients in clinical practice. CT and MRI had a comparable predictive performance for MVI, but US and PET-CT still need to be conducted in more studies for further analysis based on radiomics methods. Moreover, it is necessary to carry out additional prospective, large-scale and multicenter studies with radiomics methods to improve the preoperative diagnostic performance of MVI in the future.
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The rabbit VX2 is a large animal model of cancer used for decades by interventional radiologists to demonstrate the efficacy of various locoregional treatments against liver tumors. What do we know about this tumor in the new era of targeted therapy and immune-oncology? The present paper describes the current knowledge on the clinics, biology, histopathology, and tumor microenvironment of VX2 based on a literature review of 741 publications in the liver and in other organs. It reveals the resemblance with human cancer (anatomy, vascularity, angiogenic profile, drug sensitivity, immune microenvironment), the differences (etiology, growth rate, histology), and the questions still poorly explored (serum and tissue biomarkers, genomic alterations, immune checkpoint inhibitors efficacy).
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Introduction

The rabbit VX2 is a well-known animal tumor model in interventional radiology. Initially developed by Kid and Rous in the late 1930s (1), it is an anaplastic squamous cell carcinoma derived from Shope papillomavirus infection in rabbit. The tumor can be serially transplanted from one animal to another by allograft implantation and may grow in any organ or grafted tissue. A distinctive feature of VX2 is the fact that it does not request genetically modified or immunocompromised subjects but can be transplanted to normal immunocompetent animals. Sizeable tumors are obtained within a couple of weeks with up to >95% efficiency and good reproducibility. Another reason why interventionalists have been using the rabbit VX2 is the larger size of the animal compared to the conventional rodent tumor model allowing the use of similar medical devices and an interventional procedure as in patients. For decades, VX2 has been used successfully to demonstrate the efficacy of various locoregional treatments such as transarterial chemoembolization (TACE), thermoablative therapies, radioembolization, and combinatory approaches (2–7).

The first immune checkpoint inhibitors have just entered treatment algorithms for primary and metastatic liver tumors (8), and many trials combining immunotherapies and locoregional treatments have been initiated (9). In this new era, researchers expect more from their translational model besides a growing mass that responds to physical or chemical aggression. Is the VX2 tumor a relevant model to evaluate these new tools and to what extent? The answer is not straightforward.

Among the 1,487 publications related to the VX2 model in the PubMed database, basic research articles are very few. Most investigative papers focus on the safety or efficacy of a new treatment and give a sparse and superficial description of the tumor. However, this literature search also reveals many trials, past and recent, that used the model and provides significant information about tumor growth characteristics, its biology, its genetic expression, or even its immunobiology.

The present paper will give a comprehensive review of the current knowledge on the VX2 tumor model with regard to clinical and imaging characteristics, macro- and microvascularization, histopathology, and microenvironment.



1 Clinics


1.1 Tumor Induction, Growth, and Spread

The methods to induce the development of VX2 tumors in the liver have been described in detail in several review and investigation papers (10–12). Different types of inoculum and modalities of grafting of the tumor cells into the liver may be used that will affect tumor growth and tumor seeding. Briefly, the implantation of fragments dissected from fresh tumor grown in the muscle of a donor animal and placed surgically in the liver by laparotomy gives a satisfactory tumor take rate (90%–100%) and limits the risk of early extrahepatic dissemination. It is most commonly used in trials evaluating locoregional therapies. On the other hand, the injection of a cell suspension seems to provide a lower tumor take rate, accelerated tumor development, and earlier development of lung metastases due to accidental infusion of tumor cells into vessels. This approach may be considered for studying the antitumor effects of systemic therapies.

Regarding the number of tumor nodules, the large majority of studies induce a single VX2 tumor because it is easier to create and follow. Multiple VX2 nodules can still be grown successfully, either by implanting several fragments in different locations of the organ or by injecting the inoculum in a vessel irrigating the liver (13–16) (Figures 1A–F). These approaches have been developed to mimic metastases to the liver. They also seem relevant as a model of primary cancer since the population treated by locoregional or systemic therapies are generally patients with multifocal disease (18).




Figure 1 | (A) Macroscopic aspect of the uninodular VX2 tumor into the left lobe of the liver and (B) multinodular tumors, explanted at D14 after grafting. (C) Cross section of the uninodular tumor into the left liver and (D) of the multinodular liver lobe fixed in formalin. (E) Digitized histology section of the liver left lobe bearing uninodular or multinodular tumors (F) of different sizes stained with hematein–eosin–saffron showing the tumor in liver parenchyma. T, tumor; LL, left lobe; ML, median lobe; RL, right lobe; CL, caudate lobe. From (16, 17).



Tumor growth is fast, with a doubling of their volume every week (Figure 2). Two weeks after inoculation which is usually the time when the experiment is performed, the tumor reaches approximately 2.0 cm in length (2.5–5 cc in volume) (19–21). A size of 3 cm, which is considered a threshold for surgery/ablation vs. TACE allocation in hepatocellular carcinoma (HCC) patients, is reached after approximately 15 days, depending on the modality of tumor induction. At 6 weeks after implantation, rabbits may present very large tumors measuring 7.5 cm in length and 115 cc in volume (7, 12, 17, 19, 22, 23).




Figure 2 | Evolution of VX2 liver tumor size from different reports.





1.2 Animal Follow-Up

Rabbits generally show no clinical signs of the disease for a period of 1 month after tumor inoculation. They have a normal behavior and appetite, and no clinical signs of pain are observed. Liver function is not impaired despite tumor burden. The biochemical parameters of the liver and kidney (liver enzymes alanine transaminase (ALT) and alkaline phosphatase (ALP), creatinine, and urea nitrogen) remain in the normal range for that period of observation (17, 22, 24). After 36 days, animals become less brisk with a selective appetite. They may show signs of abdominal pain, due to possible ascites, peritoneal metastases, and tumor-associated cytokines (17, 25) and trouble breathing because of pulmonary invasion. Neutrophils are highly increased at 36 days (>10,000/µl), and this neutrophilia is strongly associated with the development of lung metastasis (22, 26). Other biology parameters appear unaffected.



1.3 Metastatic Spread

Although rarely described in literature, abdominal and pulmonary metastases should be expected (Figures 3A–D). Early discovery is likely due to tumor seeding at the time of implantation and may be detected in 16% for lungs and 8% for peritoneum 2 weeks after liver inoculation. Extra-hepatic nodules may also develop due to tumor spread at later time points. After 6 weeks, 89% to 100% of animals not receiving any treatment will develop metastases (17). They are the main factor limiting the duration of follow-up of the animals.




Figure 3 | (A, B) Abdominal ultrasound examination 30 and 36 days after tumor inoculation showing abdominal peritoneal metastases and peritoneum surrounding the carcinosis (arrows). The metastases increased in size and became more invasive over time. (C, D) Cone beam CT at the thoracic level shows small pulmonary nodules (arrows) at 18 days that have increased in size one week later. pc, peritoneal carcinosis; l, liver; vc, vena cava; a, aorta. From (22).





1.4 Survival

Survival is the most important outcome of an anticancer therapy. This is rarely an endpoint reported in VX2 preclinical trials because the tumor growth and metastases are life-threatening for the control untreated animals. The reported average survival time for the untreated animals is 45 days after tumor inoculation (12, 21, 24, 25, 27). After this period, the general state of the animal becomes impaired by the tumor burden and/or by the complications associated with pulmonary spread.

VX2 animals undergoing anticancer therapy are fine at 45 days without any clinical sign of the disease and can survive much longer than 45 days. The lifespan of VX2-bearing animals was extended up to 300 days in a study comparing different routes of administration of an anticancer agent mixture (28).




2 Vascularization

As in patients, the liver parenchyma in rabbit receives dual vascularization with 75%–80% of the blood supply coming from the portal system and 20%–25% from the hepatic artery while tumors are vascularized mainly by the hepatic artery (13). The liver arterial anatomy is also very close between rabbits and human. In patients, the hepatic artery commonly arises from the celiac trunk but may originate from the superior mesenteric artery in 3% of cases (29). In rabbit, angiography shows that the common hepatic artery also emerges from the celiac trunk in the majority of cases (98%) and in a few cases from the cranial mesenteric artery (2%) (30). In the two species, the common hepatic artery gives some digestive branches before ending into the liver as a proper hepatic artery (31). Inside the liver, the proper hepatic artery divides into two main branches, right and left hepatic arteries distributed to the right and left lobes, respectively. In rabbits, the left hepatic artery measures approximately 1 mm (0.6–1.5 mm) and divides into one or two branches that feed the tumor (30). The main tumor feeding artery measures 0.7 mm (0.5–0.9 mm), and the second feeding artery, arising from the left hepatic or from the principal feeder artery, has a diameter around 0.5 mm (0.3–0.8 mm). For comparison, the mean diameter of the main artery irrigating HCC nodules in human with a diameter of 7–63 mm was measured between 0.1 and 1.8 mm (32).

The diameter of intratumoral vessels can be deduced from embolization trials that have evaluated the distribution of embolic particles in histology or imaging (33–35). In VX2, beads with a caliber below 100 µm are mostly located inside the tumor nodule, microspheres with a size between 100 and 300 µm are evenly distributed inside and outside the tumor, and particles larger than 300 µm may not penetrate inside the tumor bed. Interestingly, two studies demonstrated a similar distribution of beads in HCC explants (36, 37), suggesting that the size of intratumoral vessels may be in the same range for patient hepatomas and VX2 tumors.

Tumor vascularization depends on the tumor size. Below a diameter of 2.5 cm, the vessels are homogenously distributed into the tumor core and capsule (38). When the tumor size exceeds 3 cm, the feeding artery becomes larger and the vessels are dense at the tumor edges but the core of the tumor becomes poorly vascularized. In patients, this aspect is frequently observed for the liver metastases from gastrointestinal adenomas (39).



3 Imaging


3.1 Morphology

The aspect of VX2 tumors under different imaging modalities has been described in many different publications (Figures 4A–J). For morphology assessment, ultrasound is usually preferred due to the easy access to the equipment, affordability, and the fact that the examination can be executed on an awake rabbit. Tumors are identified as a heterogenous mass with hyperechogenic and hypoechogenic areas that correspond to viable and necrotic areas, respectively, and the hypoechogenic aspect of the tumor boundaries. The liver around appears as a uniform, sponge-like texture of low-level gray. The demarcation between the tumor and normal liver parenchyma is sometimes difficult and needs an experienced operator or the injection of contrast (40).




Figure 4 | (A) Angiography and (B) cone beam CT acquisitions of a VX2 tumor after 13 days of tumor development showing the main tumor feeding artery (arrow). (C) Ultrasound image in Power Doppler mode of VX2 tumor at 13 days showing vessels inside the tumor core. (D) The same examination of the same tumor at 21 days showing vessels at the periphery of the nodule. (E) The same tumor in B mode gray scale showing the tumor as a heterogenous mass with hyperechogenic (arrow heads) and hypoechogenic (stars) areas that correspond to viable and necrotic areas respectively, and hypoechogenic aspect of the tumor boundaries (arrows). (F–H) Coronal MRI view of a 21-day tumor with diffusion weight imaging (F), T1-weighted before (G) and after (H) intravenous Dotarem contrast injection. The vessels are enhanced by gadolinium injection at the tumor boundaries while the necrotic core of the tumor remains unenhanced (stars). (I) Axial slice of a cone beam CT abdominal acquisition of a rabbit showing enhanced VX2 liver tumor after intra-arterial contrast injection. (J) Maximum intensity projection of a micro-CT acquisition of a VX2 tumor injected intra-arterially with radiopaque beads. Beads are seen with high attenuation in the vessels inside and around the nodule. All figure parts are from (16, 22).



In computed tomography (CT), VX2 liver tumors have a low-density appearance which resembles the normal liver and cannot be clearly distinguished from surrounding parenchyma without contrast injection (41).

In magnetic resonance imaging (MRI), the VX2 morphology is better depicted by T2-weighted imaging, as a mass with well-defined margins and areas of high and low signals corresponding to viable and necrotic portions, respectively (42). The liver around appears in the lower signal compared to the tumor.



3.2 Viability

Recent papers have tried to develop functional imaging tools mainly to evaluate the viability of the tumor or its perfusion after treatment.

Viability may be investigated by different MRI protocols with or without exogenous markers. The apparent diffusion coefficient (ADC) in diffusion-weighted imaging (DWI) is increased in areas of tumor necrosis compared to viable tumor regions at the tumor margin (38, 42). The concentration of choline and lipids as determined by hydrogen-1 proton MR spectroscopy may also reflect the percentage of tumor necrosis (43). The use of contrast agents specific for components of the extracellular matrix allowed a finer visualization of baseline tumor morphology as well as fibrotic remodeling of the periablation zone after radiofrequency treatment (44). VX2 tumors have an increased glucose metabolism and reduced oxidative metabolism, resulting in acidosis of the tumor microenvironment that promotes the tumor growth, metastasis, and resistance to therapy. By generating an extracellular pH map by specific MRI procedures, the proliferating portions of the tumor or areas that do not respond to treatment can be visualized (45). Apoptosis could also be evaluated in vivo in VX2 tumors by positron emission tomography (PET) with the use of 18F-labeled Annexin V targeting the phosphatidylserine exposed on damaged cellular membranes (46).



3.3 Vascularity

The vascularization and perfusion of VX2 liver tumors can be evaluated by many imaging modalities. Power and color Doppler sonography provides a basic and easy-to-perform macrovascular assessment in a semiquantitative approach and has been shown to anticipate tumor response after chemoembolization (17). A quantitative assessment of the tumor angiogenesis was established by quantitative three-dimensional (3D) dynamic contrast-enhanced ultrasound (DCE-US) (40).

Tumor vascularity can also be assessed by contrast-enhanced CT using a perfusion protocol. Quantitative parameters can be evaluated such as arterial flow, portal flow, and perfusion index (47). The VX2 tumors display a marked enhancement in the arterial phase, while the necrotic core of the tumor and the surrounding normal liver parenchyma appear unenhanced. In the portal phase, the tumors show low opacity and the liver around is strongly enhanced, giving the best visualization of the tumor (41). Spectral CT can be used for the quantitative evaluation of tumor angiogenesis (27).

Dynamic contrast-enhanced MRI (DCE-MRI) measures several parameters to quantitatively assess tissue vessel density, integrity, and permeability (48, 49) and further allows the visualization of hypoxic areas of the tumors (50). Transcatheter intra-arterial perfusion (TRIP) MRI was developed as an arterial analog to DCE-MRI to help quantify hepatic arterial perfusion in tumors (51).

Finally, the microvascularity and neo-angiogenesis of VX2 tumors could be nicely pictured by MRI using contrast media that target molecules involved in endothelial cell sprouting (52).




4 Histopathology


4.1 Histology

The histology of VX2 is well known (1, 53, 54). Tumors are generally well delineated and composed of sheets and lobules of large undifferentiated cells with a high nucleo-cytoplasmic ratio (Figures 5A–E). Their nuclei are large, round, and with moderate anisocaryosis, coarse chromatin, and inconspicuous nucleolus. Their cytoplasms are eosinophilic or pale with ill-defined borders resulting in a pseudo-syncytial aspect. Mitosis and apoptotic bodies are numerous, the later tending to concentrate in the center of the lobules. The largest tumor sheets or lobules are generally centered by necrotic areas containing apoptotic-cell debris. Cystic cavities of various sizes, containing a proteinaceous eosinophilic fluid and some apoptotic/necrotic debris, are often present. The tumors are surrounded and penetrated by various, generally low, amounts of fibrous stroma, containing some blood vessels and few inflammatory cells, mostly macrophages and lymphocytes (56). The surrounding liver is normal or may show compression-distorted hepatic plates in the vicinity of the tumor.




Figure 5 | (A–E) Digitized histology section of a VX2 tumor in the liver at different magnification showing (A) normal liver and tumor, (B) areas of viable tumor, necrosis, cystic cavities and fibrous stroma, (C) large undifferentiated tumor cells with high nucleo-cytoplasmic ratio, eosinophilic/pale cytoplasm, and ill-defined borders. (D) Apoptotic cell debris (arrows) in the necrotic areas. (E) Compressed and normal liver in the vicinity of the tumor t, tumor; l, liver; n, necrosis; vt, viable tumor; c, cyst. From (22, 55).



Control non-treated animals will show a fraction of dead tumor due to spontaneous necrosis that may reach 30%–40% of the tumor surface the third week after tumor development (34, 38). The percentage of necrotic tumor may increase with tumor size (38). This spontaneous necrosis is often considered a limitation of the model and requests the inclusion of a non-treated or sham group to discriminate the effects of the tested therapy itself.



4.2 Immunohistochemistry

In immunohistochemistry, VX2 tumors are positive for cytokeratin AE1/AE3 and high molecular weight cytokeratin (HCK) labeling and negative for low molecular weight cytokeratins and CK18 (57, 58), as reported for the majority of squamous cell carcinomas (Figure 6). They also show strong, diffuse staining for the proliferation markers Ki-67 and PCNA all over the tumor surface and positive scattered labeling for vimentin, which are characteristic of aggressive cancers. The VX2 tumors are also positive for ALDH1 and CD44, two markers of cancer stem cells (59).




Figure 6 | Representative immunohistochemistry images of (A) Ki-67 labeling for proliferating cells at low magnification, high magnification, and automatic counting with ImmunoRatio plug-in for ImageJ. (B) TUNEL for apoptotic cells at low magnification, high magnification, and automatic counting with ImmunoRatio plug-in for ImageJ. (C) CD31 for endothelial cells (arrow heads), (D) hypoxia-inducible factor HIF-1α, and (E) vascular endothelial growth factor VEGF. From (7, 22).



Regarding the tumor microenvironment, a positive immunohistochemical signal could be detected for different members of the matrix metallopeptidase family (MMP2, MMP3, MMP9, TIMP2, TIMP3) which are key players in the tumor invasion neovascularization processes, especially where tumors actively proliferated (60, 61). In non-treated tumors, epithelial cancer cells may represent 75% of viable cells, while CD11b+ macrophages and CD8+ T cells compose the majority of the non-tumoral cells (58, 62). To our knowledge, subtyping of other immune cells has not been explored.

Immunohistochemistry with CD31 and CD34 markers for endothelial cells has also shed light on the microvascularity of the liver tumors. Vessels are mostly present in the capsule and outer part of the tumor while the microvascular density is lower in the center of the tumor (40, 63). As a consequence, overexpression of hypoxia-inducible factor 1 alpha (HIF1α) is primarily found in tumor cells in proximity to the tumor core (45). Histopathologic markers indicative of glycolysis (GLUT-1) and chronic acidosis (LAMP-2) were found to be upregulated in untreated VX2 tumors (45).

Contrary to HCC, the basal levels of heat-shock protein HSP70 in VX2 tumors are low (64). The expression of other diagnostic markers for primary [glypican 3 (GPC3), glutamine synthetase (GS), arginase 1, hepatocyte paraffin 1 antigen (Hep Par-1)] and secondary [caudal-type homeobox 2 (CDX2), special AT-rich sequence-binding protein 2 (SATB2)] liver tumors has not been explored by immunohistochemistry.




5 Tumor Microenvironment

The last two decades reported a switch in concept of cancer therapy, from therapies focusing on the tumor itself to therapies centered on its microenvironment. The tumor microenvironment (TME) designates cancer cells, stromal cells, blood vessels, nerve fibers, extracellular matrix, and associated acellular components located at the center, at the margin, or within the vicinity of the tumor lesion. It can be classified into different specialized microenvironments (65), namely, immune microenvironment, hypoxic and acidic niche, mechanical microenvironment, innervated niche, and metabolism microenvironment. The VX2 tumor model is scarcely used for basic research on TME. However, several early and recent therapeutic studies have revealed some of the signaling pathways and molecules involved in the TME of this tumor (Figure 7). We will focus on the three first types of microenvironment which have been more explored in VX2.




Figure 7 | Schematic representation of elements of tumor microenvironment of an untreated VX2 tumor. Viable tumor cells are found at the periphery of the nodule while hypoxic cells locate in the center. The following non-tumor cells have been found in tumor microenvironment: CD3+ T cells, tumor-associated macrophages, tumor-associated fibroblasts, and cancer stem cells. The mediators and receptors overexpressed by the tumor include markers of angiogenesis (VEGF-A, VEGF-C, EGFR, HIF-1α), immunologic checkpoints (PDL-1, CTLA-4, Gal-3, LAG-3, A2aR), extracellular matrix (fibronectin receptor, MMPs, CD147).




5.1 Immune Microenvironment

Livers bearing primary or secondary tumors are characterized by multiple immune regulatory changes that act in favor of (liver intrinsic immunotolerance, immunosuppression of chronic inflammation) or against (antitumor response) disease progression. The goal of cancer immunotherapy is to shift that balance toward immunity against the tumor, using different non-exclusive strategies: blocking the suppressor lymphocytes that maintain the tolerance of the immune system for the tumors (checkpoint inhibitors), making some hidden tumor antigens visible to immune cells, or repopulating the tumors with cytotoxic lymphocytes and turn “cold” cancers into “hot” ones. Several of these approaches have been tested in VX2 tumors, as presented below.


5.1.1 Blockade of Immune Checkpoint Inhibitors

The role of several immune checkpoints including programmed cell death 1/programmed death-ligand 1 (PD-1/PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), lymphocyte-activation gene 3 (LAG-3), adenosine A2a receptor (A2aR), or T-cell immunoglobulin and mucin domain-3 (TIM-3) has been highlighted in the immune tolerance for HCC (66). All these markers are highly upregulated on CD4+ and CD8+ cells infiltrating the HCC and are predictive of poorer disease outcome and postoperative recurrence. The first success of immunotherapy has been recently achieved in HCC with the approval of the anti-PD-L1 atezolizumab in combination with anti-VEGF bevacizumab as first-line treatment for advanced diseases.

In VX2, the expression of PD-L1, CTLA-4, LAG-3, and A2aR is significantly upregulated inside the tumors compared to the host liver tissue (67), suggesting that VX2 could potentially respond to immune checkpoint inhibitors. To our knowledge, no investigation on immune checkpoint inhibitors has been reported in VX2. One study did investigate the effects of combined blocking of PD-1 and LAG-3 in a rabbit model of ocular herpes. They showed an increased number of functional tissue-resident antivirus-specific CD8+ T cells, associated with a protection against further infection (68).



5.1.2 Unmasking Tumoral Antigens

Despite its immunotolerance, VX2 is an immunogenic tumor. In 1978, Shah et al. demonstrated several key facts on the immunocompetence after locoregional therapy using the rabbit VX2 liver model (69). First, the local hyperthermia treatment of the tumor elicits an immune response against tumor extracts. This response is both cellular and humoral. It disappears over time in animals not showing a complete response and is maintained in respondent animals which do not show any tumor development upon rechallenging with de novo inoculation of VX2 cells. Since then, the immunomodulatory and abscopal effects of the locoregional treatments have been confirmed with different therapies. Radiofrequency ablation (RFA) induced prolonged survival of the treated animals versus controls. This survival advantage was correlated with the presence of an antitumoral T-cell response after RFA that made some cryptic tumoral antigens accessible to antigen-presenting cells (APC) (70). Locally, CD3+ T cells were observed infiltrating the tumor nodule. Peripheral blood cells from these animals further showed an increase in activation when exposed to tumor lysates as well as specific increased cytotoxicity when co-incubated with tumor cells. This immune stimulation is most likely directed against tumor antigens and not against transplantation alloantigens from donor animals, since non-treated VX2 animals do not show any immune reaction to tumor cells or tumor lysates. Adding a stimulation of dendritic cells by Toll-like receptor 9 (TLR9) ligands to RFA further potentiated antitumor T-cell response: tumor spread to other organs was prevented, survival was significantly prolonged compared to single treatments, and animals receiving a secondary tumor cell injection did not develop any tumor (25), suggesting a memory immune response against the tumor (Figure 8).




Figure 8 | Schematic representation of elements of immune microenvironment in VX2 tumor treated by RFA with immunostimulation. RFA destroys the tumor and produces tumor-specific antigens. Areas at the periphery of the tumor may remain viable and show increased expression of pro-angiogenic factors. Adjuvant stimulation of dendritic cells with CpG promotes a tumor-specific Th1 and cytotoxic T-cell reaction, increases the number of lymphocytes infiltrating the tumor, and allows the generation of memory T cells.



In another study, peritoneum-ozonized oxygen insufflation was applied to rabbits with VX2 auricular tumors. Regressing tumors showed an increased number of intratumoral CD3+ T cells and overexpression of genes coding for antigen presentation, T-cell activation, and inflammatory mediators. Most interestingly, the injection of peripheral blood leukocytes from responder rabbits to newly implanted animals resulted in tumor regression, showing that this oncolytic immune response may be adoptively transferred (71).



5.1.3 Stimulation the Homing of T Cells

Another immunomodulatory approach has been tested in VX2 tumors, that is, the reinforcing of the impotent immune system of the host. The delivery of interferon gamma inside the tumor led to a significant increase in natural killer cell infiltration via C–X–C motif chemokine ligand 10 (CXCL10)-mediated migration (72). Peritumoral injection of interleukin 2 (IL2), a potent stimulator of the helper and cytotoxic T cells, caused complete rejection for 33% of animals of both the treated auricular tumors and the non-treated contralateral tumors, and acquired immune rejection upon rechallenging. Similar results were obtained after intra-arterial injection of IL2 to rabbits with liver metastases of colorectal cancer (73). Several studies have also achieved better tumor response and systemic antitumor immunity when a locoregional therapy was associated with an immunostimulant treatment (74–76).




5.2 Hypoxia Niche and Angiogenesis

Hypoxia is an important hallmark of cancer and its microenvironment. It is involved in tumor angiogenesis, progression, stemness, intercellular communication, or resistance to treatment. It is described as a common feature of solid tumors including hepatocellular carcinoma and globally associated with poor prognosis. Two mediators have been particularly emphasized, vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1 alpha (HIF-1α). Overexpression of VEGF has been observed in HCC, and the concentration of circulating VEGF correlates with advanced HCC tumor stage, with the highest level observed in patients with metastases (77). The protein level of HIF-1α is significantly elevated in HCC samples and associated with worse prognosis, but the expression of mRNA shows variations. Intravascular therapies may induce an elevation of VEGF serum levels which is a negative prognostic factor for treatment outcome (77).

The basal expression of VEGF and HIF-1α in VX2 tumors has been evaluated at transcriptomic and protein levels. VX2 tumors constitutively express VEGF-A, the main type of growth factor and target for bevacizumab involved in tumor angiogenesis and growth (56, 78), as well as VEGF-C, responsible for the morphogenesis of lymphatic vessels and metastasis development (67, 79). The protein may be found in the plasma at very low concentrations (<10 pg/ml). VEGF receptor 2 is also present in active phosphorylated form in non-treated tumors (55), showing the activation of angiogenesis via p38 MAPK, PI3K/AKT, and/or PLC-MEK/ERK pathways. HIF-1α is overexpressed in proximity to the necrotic tumor core which is poorly vascularized and deprived of oxygen supply (45, 80). Similarly to patients, chemoembolization of VX2 liver tumors induces ischemia, an increase in HIF-1α, and hypoxia which trigger the synthesis of VEGF (81, 82). These effects actually depend on the aggressiveness of treatment. The expression of HIF-1α may decrease immediately after cTACE and remain undetectable several weeks after TACE along with the onset and increasing extent of tumor necrosis. On the contrary, undertreated tumor portions after incomplete treatment have characteristic viable tumor features with the overexpression of HIF-1α and other markers of tumor progression (45). Perfusion maps of embolized VX2 tumors proved that embolization until angiographic stasis eliminated perfusion in only 56% of microvessels (83), further suggesting that partial response of the tumor and pro-angiogenic effects of embolization may be due to incomplete devascularization of the tumor.

Several therapies that block the induction of angiogenesis pathway have been tested in VX2, e.g., by combining chemoembolization with an oral tyrosine kinase inhibitor or by delivering an antiangiogenic drug rather than a cytotoxic drug through TACE procedure. TACE with sorafenib, sunitinib, apatinib, or vandetanib was successful at inhibiting the angiogenesis, tumor growth, and metastatic spread of VX2 tumors (22, 55, 84, 85). Interestingly, groups treated with the anti-angiogenic drug in these trials often showed partial efficacy, suggesting that the drugs are active in this preclinical model. A more recent therapeutic approach has proposed to take advantage of this adverse hypoxic effect of TACE and inject prodrugs which will be activated by the non-normoxic environment, with promising results in the VX2 model (7).

The hypoxic niche inside the tumor also has a negative impact on its immune microenvironment, by excluding effective immune cells from the acidic and poorly vascularized regions of the nodule (Figure 9). Normalization of tumor extracellular pH using bicarbonate or oxygen-generating catalase during TACE counteracted these immunosuppressive effects and triggered the homing of the cytotoxic lymphocytes, resulting in tumor regression (45, 86).




Figure 9 | Schematic representation of elements of the tumor microenvironment in VX2 tumor treated by TACE with/without hypoxia inhibitor. Left panel: TACE with tyrosine kinase inhibitors (TKI) induces ischemia plus inhibition of angiogenesis via blockade of TK receptor phosphorylation, leading to tumor cell death. Some areas of the tumor may remain viable under hypoxic conditions due to embolization and show overexpression of HIF-1α, markers for tumor progression and immunosuppression. Right panel: counteracting the hypoxia (with oxygen release mediated by catalase) downregulates the expression of PD-L1, allowing the activation and infiltration of CD8+ cytotoxic T cells.





5.3 Mechanical Microenvironment

The tumor microenvironment also includes the factors of the extracellular matrix (ECM). Matrix metalloproteinases (MMPs), the principal ECM-degrading enzymes, are often overexpressed in cancer and are associated with a poor prognosis. The MMP receptor CD147 (EMMPRIN) is a glycoprotein initially known as a regulator of MMPs through cell–matrix and cell–cell interactions which have been identified as a potential target for cancer therapy (87). In HCC, the chimeric anti-CD147 humanized antibodies inhibited invasion and metastasis by modulation of cytoskeleton rearrangement via the FAK–PI3K–AKT signaling pathway (88).

As in HCC, MMP9 detection in VX2 liver tumors is associated with rapid progression of the tumor, especially after locoregional therapies such as TACE and RFA (89, 90). Targeting CD147 with the (131)I-labeled CD147 antibody prolonged survival and inhibited the tumor growth and metastasis spread in VX2 liver tumors (23).

Fibronectin, the main component of the ECM that is particularly abundant in tumors, ligates the integrin α5β1 on both tumor and other cells of ECM, especially vascular endothelial cells. This interaction induces tumor growth and invasion by activation of the Akt and MAPK pathways. Volociximab, a human/mouse chimeric antibody against integrin α5β1, inhibits endothelial cell proliferation and induced cell death. Despite a lower affinity of the antibody to the rabbit antigen, volociximab administered systemically to VX2-bearing animals still resulted in a significant decrease in tumor volume (91).

In the tumor microenvironment, cancer stem-like cells (CSC) are a subpopulation of cells with elevated tumor-initiating potential. They have been identified in both human liver neoplasms and the rabbit tumor (59). It was demonstrated that reducing the genomic instability in VX2 with the use of a protector (aminoethyl isothiourea) decreased tumor-initiating cells. When combined to chemotherapy, this strategy decreased lung metastases and prolonged survival compared to that with the cytotoxic agent alone (92).

Altogether, these reports support the production of tumor-specific antigens after conventional locoregional treatment of liver VX2 and show that immunity against tumor can be developed by adding different types of immunotherapy. Immune response is better in responder animals and may lead to recovery or even tumor rejection upon rechallenging of the animals.

Questions remain regarding the utility of the rabbit VX2 in immuno-oncology compared to other tumor models. Basic knowledge about the cancer immunity is still missing, e.g., immune and non-immune cell populations of the microenvironment are still poorly characterized. While some key mediators of the immune microenvironment have been identified, few molecules have been tested in the model. The availability of the antibodies used in targeted and IO treatment and the knowledge of their cross-reactivity with the rabbit antigens remain a major challenge. Finally, different pathways probably exist between human and rabbit tumors (carcinogenetic process, interaction with inflamed/healthy liver tissue), despite the similarities demonstrated here. A high-throughput analysis of genomic, transcriptomic, and proteomic data from the tumor could help in specifying their common and unique features.




Conclusion

The rabbit VX2 carcinoma has been extensively used as a model of liver tumor to assess various treatment modalities that required animals larger than rodents. Its implantation techniques or growth characteristics have been accurately described, but information about its biology is scattered. The present review aimed at giving a faithful resource to guide teams working in interventional oncology and help them in the design of their future preclinical investigations.

With an appropriate surveillance of biology parameters and metastatic development, survival seems an acceptable endpoint for efficacy studies using the model. Many imaging protocols allow the morphology and functional characterization of the tumor with the same equipment as per clinical practice. With a particular interest in the tumor microenvironment, we showed that similar cells, mediators, mechanisms, and effects can be observed between human cancer and VX2. Of note, therapies aiming at immunizing the rabbit against the tumor are the only treatments that achieved a complete response and no recurrence.

In conclusion, VX2 carcinoma has a place alongside other experimental cancer models and seems to be the most relevant for trials combining locoregional treatments and therapies targeting the tumor microenvironment.
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Purpose

The aim was to investigate the association between microvascular invasion (MVI) and the peritumoral imaging features of gadolinium ethoxybenzyl DTPA-enhanced magnetic resonance imaging (Gd-EOB-DTPA-enhanced MRI) in hepatocellular carcinoma (HCC).



Methods

Up until Feb 24, 2022, the PubMed, Embase, and Cochrane Library databases were carefully searched for relevant material. The software packages utilized for this meta-analysis were Review Manager 5.4.1, Meta-DiSc 1.4, and Stata16.0. Summary results are presented as sensitivity (SEN), specificity (SPE), diagnostic odds ratios (DORs), area under the receiver operating characteristic curve (AUC), and 95% confidence interval (CI). The sources of heterogeneity were investigated using subgroup analysis.



Results

An aggregate of nineteen articles were remembered for this meta-analysis: peritumoral enhancement on the arterial phase (AP) was described in 13 of these studies and peritumoral hypointensity on the hepatobiliary phase (HBP) in all 19 studies. The SEN, SPE, DOR, and AUC of the 13 investigations on peritumoral enhancement on AP were 0.59 (95% CI, 0.41−0.58), 0.80 (95% CI, 0.75−0.85), 4 (95% CI, 3−6), and 0.73 (95% CI, 0.69−0.77), respectively. The SEN, SPE, DOR, and AUC of 19 studies on peritumoral hypointensity on HBP were 0.55 (95% CI, 0.45−0.64), 0.87 (95% CI, 0.81−0.91), 8 (95% CI, 5−12), and 0.80 (95% CI, 0.76−0.83), respectively. The subgroup analysis of two imaging features identified ten and seven potential factors for heterogeneity, respectively.



Conclusion

The results of peritumoral enhancement on the AP and peritumoral hypointensity on HBP showed high SPE but low SEN. This indicates that the peritumoral imaging features on Gd-EOB-DTPA-enhanced MRI can be used as a noninvasive, excluded diagnosis for predicting hepatic MVI in HCC preoperatively. Moreover, the results of this analysis should be updated when additional data become available. Additionally, in the future, how to improve its SEN will be a new research direction.
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1 Introduction

Hepatocellular carcinoma (HCC) is considered the global third highest cause of cancer mortality, ranking second among men (1). However, recurrence is common after surgical treatment. In addition, 5-year recurrence rates reach 70% after surgical resection and 35% after liver transplantation (2). In addition, microvascular invasion (MVI) has been identified as a possible predictor of early recurrence of HCC (3). MVI is considered to be the invasion of tumor cells into the vascular endothelium, which can only be seen under a microscope but not macroscopically. The presence of MVI suggests the aggressive behavior and poor survival outcome of HCC (4). A preoperative risk assessment of HCC patients by surgeons is of great importance. If radical hepatectomy is undertaken in patients at high risk for MVI, larger margins may be preferred; if liver transplantation is performed, the survival outcome of the patient is severely compromised (5). Histopathological examination is the gold standard for diagnosing MVI. However, histopathological examination is an invasive procedure that necessitates extensive sampling. Therefore, a preoperative, noninvasive test for detecting MVI would be extremely helpful in choosing the best treatment options for HCC patients (6). Both clinicians and patients benefit from preoperative noninvasive prediction of MVI.

Gadolinium ethoxybenzyl DTPA-enhanced (Gd-EOB-DTPA-enhanced) MRI uses a liver-specific, intracellular MRI contrast agent called Primovist or Eovist, which is distributed differently in various phases during the course of an MRI. In the arterial phase (AP), Primovist is distributed in vascular and extracellular regions. Gradually, it is distributed in bile ducts and hepatocytes in the hepatobiliary phase (HBP) (7). Gd-EOB-DTPA provides insight into hemodynamic changes in the liver and liver tumors. Gd-EOB-DTPA-enhanced MRI is not only helpful in the diagnosis of HCC but has also been widely applied to the preoperative evaluation and prognostic evaluation of HCC (8, 9). In addition, gadobenate dimeglumine (Gd-BOPTA) is a liver-specific contrast agent. The T1 relaxivity at 1.5T for Primovist and Gd-BOPTA is 6.5−7.3 and 6−6.6, respectively (10). Moreover, the protein-binding capabilities of Gd-BOPTA are weaker than that of Gd-EOB-DTPA, and its uptake by hepatocytes is about one-tenth of the amount of Gd-EOB-DTPA, which might be related to the difference in the lipophilicity of the benzene ring in Gd-BOPTA and the EOB group in Gd-EOB-DTPA (10–12).

Recently, some studies have focused on the imaging findings of HCC tumors themselves to predict the relationship of MVI (13–15). However, based on the altered hemodynamics, peritumoral tissue is the first tissue that is affected by MVI. It is worthy to explore whether peritumoral tissue can directly reflect the relationship between tumor and MVI. Moreover, a high-quality meta-analysis showed that peritumoral enhancement on AP and peritumoral hypointensity on HBP were associated with MVI but with poor diagnostic accuracy (16). However, the number of included literatures in the publication was small, with only four articles about peritumoral hypointensity on HBP, and 2 studies used CT to assess peritumoral enhancement (16). Moreover, the research did not use Primovist as a contrast agent. However, Ahn SJ et al. and Ahn, S Y. et al. found that peritumoral enhancement on AP and peritumoral hypointensity on HBP did not show a statistically significant association with MVI (P > 0.05) (17, 18). In addition, the reported SEN and SPE of peritumoral hypointensity on HBP varied widely—0.38−0.81 and 0.56−0.97, respectively (8, 9, 17–33). Yet, as the peritumoral microenvironment has received more attention in recent years, papers on the link between peritumoral imaging and MVI have been updated. Therefore, it is critical to determine the actual accuracy of the two imaging features for predicting the presence of MVI in HCC. As a result, the value of assessing the association between peritumoral imaging features and MVI by taking advantage of Gd-EOB-DTPA-enhanced MRI remains to be investigated.

On the whole, the predictive value of peritumoral enhancement on AP and peritumoral hypointensity on HBP on Gd-EOB-DTPA-enhanced MRI for MVI in HCC patients remains controversial. Furthermore, there has been no systematic evaluation of the diagnostic significance of these imaging findings of preoperative Gd-EOB-DTPA-enhanced MRI for MVI. Hence, this research was performed to determine the diagnostic performance of these features for MVI in HCC patients.



2 Methods


2.1 Literature Search Strategy

This study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (34). Up until Feb 24, 2022, the PubMed, Embase, and Cochrane Library databases were carefully searched for relevant material by two researchers. Medical subject headings, free words, and their variations were employed for retrieval. Literature retrieval has no language restrictions. The full search strategy is described in the Supplementary material.



2.2 Inclusion and Exclusion Criteria

The criteria for selecting the subjects were as follows: 1) studies on preoperative MVI prediction with peritumoral tissue on disodium gadoxetate–enhanced MRI; 2) studies without treatment before curative hepatectomy; 3) histopathologically proven primary HCC; and 4) studies providing sufficient data to create a diagnostic 2 × 2 table. Further, the following circumstances would be excluded: 1) studieses that did not satisfy any of the aforementioned inclusion criteria; 2) reviews, letters, and reports; 3) studies for involving macrovascular invasion; and 4) studies for which we were unable to get the full text.



2.3 Quality Assessment and Data Extraction

This paper assessed the methodological quality of each study, applying the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool (35). In addition, a comprehensive evaluation of the bias risk for each research was conducted, including patient selection, index test, reference standard, flow and timing, and applicability concerns. Meanwhile, two researchers independently extracted the data and cross-checked them to arrive at an agreement. In addition, the extracted data from each included study consisted of the first author, year of publication, region, lesion size, sample size of tumors and patients, single tumors or multiple, interval between imaging and surgery, magnetic field strengths, preoperative anti-tumor therapy, microvascular invasion, macrovascular invasion, and blindness to reference and index test. Moreover, the third researcher collated the extracted data as true positives, false positives, false negatives, and true negatives to form a 2 × 2 diagnostic table.



2.4 Definition of Peritumoral Enhancement and Peritumoral Hypointensity

Each study reached a consensus on the definition of peritumoral enhancement on AP and peritumoral hypointensity on HBP. Peritumoral enhancement on AP is defined as a polygonal-shaped or crescent-shaped enhancement outside the cancer edge during the AP, which becomes isointense to background hepatic parenchyma in the delayed phase (21). The definition of peritumoral hypointensity on HBP is considered as a flame-like or wedge-shaped hypointense region of hepatic parenchyma outside the edge of tumor during the HBP (23).



2.5 Statistical Analysis

Review Manager 5.4.1, Meta-DiSc 1.4, and Stata16.0 were used for data analysis and statistics. The evaluation indexes of diagnostic efficiency include SEN, SPE, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio (DOR), and 95% confidence interval (CI). Further, the diagnostic precision of peritumoral imaging features on Gd-EOB-DTPA-enhanced MRI for the prediction of MVI was analyzed using the area under the receiver operating characteristic curve (AUC). The Spearman correlation coefficient in Meta-DiSc1.4 was adopted to evaluate heterogeneity caused by the threshold effect. There was a significant threshold effect, as evidenced by a strong positive association (P < 0.05) (36). The heterogeneity of studies was determined by applying Cochran’s Q test and I2 analysis and regarded as P < 0.1 or I2 > 50% (37). In the case of notable heterogeneity, the random-effects coefficient binary regression model was utilized; otherwise, the fixed-effects coefficient binary regression model was employed (38). In addition, the causes of heterogeneity were investigated by subgroup analysis; the stability of this meta-analysis was estimated by sensitivity analysis, and the publication bias was detected by Deeks’ funnel plot asymmetry tests. If the slope coefficient was greater than zero, publication bias was suspected (P < 0.05) (39).




3 Results


3.1 Literature Search and Study Selection

Following the research approach, 168 publications were obtained via PubMed, Embase, and Cochrane Library databases. Forty-five articles were removed as duplicates (Figure 1). Moreover, 91 articles were eliminated after a review of titles and abstracts on the basis of the following reasons: publications were not related to the prediction of MVI or were reviews or report or letters, leaving 32 studies for further screening. After checking for the full text, a review was excluded, and 3 investigations were eliminated due to the unavailability of the full text, 3 for not having valid data, 5 for not using gadoxetic acid as a contrast medium, and one for involving macrovascular invasion. Finally, a total of nineteen articles were involved in this paper and their characteristics are listed in Table 1.




Figure 1 | Flow diagram illustrating the search strategy.




Table 1 | Characteristics of the 19 included studies.





3.2 Study Characteristics and Quality Assessment

A total of nineteen articles were included, and all studies examined peritumoral hypointensity on HBP, and 13 studies examined peritumoral enhancement on AP. Furthermore, all articles were retrospective studies. The studies were published between 2011 and 2022. Among these studies, 13 were from China, 5 from South Korea, and 1 from Japan. All 19 studies included 2,699 HCC patients with 2,741 tumors, of which 916 tumors were pathologically diagnosed as MVI-positive and 1,825 tumors as MVI-negative.

Figure 2 depicts the quality of the included investigations as assessed by QUADAS-2 guidelines. As it was not clear whether patients received other treatments before the operation in 2 studies (19, 28), the risk bias arising from patient selection in those studies was determined to be “unclear.” Due to the fact that the seven studies did not mention whether there was macrovascular invasion, we also marked it as an unclear risk of patient selection bias (8, 17–19, 24, 27, 28). Moreover, because the lesion size was limited in 4 studies (22, 24, 28, 33), the patient selection bias was considered as “high.” Six studies did not mention whether the radiologists were blinded to the pathology data (9, 21, 23, 24, 27, 29) and were therefore marked as unclear risk of index bias domain. The interval between imaging and surgery was unclear in 2 studies (23, 28); hence, the risk bias arising from flow and timing was determined to be “unclear.” All tumors were subjected to MRI examination and a histopathological test. Although most articles did not explicitly mention that “pathologists were blinded to the imaging data,” they did elaborate on the pathological findings. Accordingly, the risk bias arising from the reference standard was determined to be “unclear,” but in this research, we considered the applicability concerns of reference standard as “low concern.”




Figure 2 | Methodological quality summary of all included studies by using Quality Assessment of Diagnostic Accuracy Studies.





3.3 Imaging Methods

The characteristics of the imaging methods for the included studies are listed in Table 2. Ten studies reported MRI performed with a field strength of 3T, 4 studies used both 1.5T and 3T MRI systems, and 5 studies used 1.5T. In addition, ten articles used Siemens MR devices, while the rest used Philips/GE or two and three devices. Moreover, the scan acquisition time of the AP of 10 studies was performed at 20−35 s following the contrast injection. Three studies scanned AP seven seconds after the contrast media had arrived at the distal thoracic aorta and one when the contrast medium was visible at the level of the celiac trunk of the abdominal aorta. Additionally, the remaining five articles did not illustrate the scan acquisition time of AP. In all studies, the scan acquisition time for HBP was 20 min after the contrast injection. Moreover, the injection dose of Gd-EOB-DTPA was 0.025 mmol/kg body weight in 11 studies and 0.1 ml/kg in 5 studies, and one study injected the contrast in the dose of 0.2 ml/kg. One study used a bolus injection of 10 ml. In addition, one study did not specify the dose of contrast injection. The injection rate was 1 ml/s in 6 studies, 1.5 ml/s in 2 studies, and 1.0−1.5 ml/s in 2 studies. Aditionally, one article injected the contrast agent at a rate of 2 ml/s. The remaining studies did not mention the injection rate.


Table 2 | Characteristics of imaging methods.





3.4 Accuracy of Peritumoral Imaging Features of HCC for Predicting MVI


3.4.1 Peritumoral Enhancement on AP

Thirteen studies assessed the relationship between peritumoral enhancement on AP with Gd-EOB-DTPA-enhanced MRI and MVI (8, 9, 17, 18, 20–24, 30–33), including 2,071 HCC patients with 2,113 tumors. Of 2,113 tumors, 700 were pathologically diagnosed as MVI-positive (356 tumors with peritumoral enhancement on AP and 344 tumors without) and 1,413 as MVI-negative (292 tumors with peritumoral enhancement on AP and 1,121 tumors without). The Spearman correlation coefficient was 0.531 (P = 0.062), which indicated that threshold effect–derived heterogeneity was not present. The results of Cochran’s Q test and I2 analysis (P < 0.001, I2 = 95%) indicated that there was substantial heterogeneity. The pooled SEN was 0.50 (95% CI, 0.41−0.58), and the pooled SPE was 0.80 (95% CI, 0.75−0.85) (Figure 3). Moreover, the values of pooled PLR, NLR, and DOR were 2.5 (95% CI, 2.0−3.2), 0.63 (95% CI, 0.54−0.73), and 4 (95% CI, 3−6), respectively. In addition, the SROC curve was plotted (Figure 4), resulting in an AUC of 0.73 (95% CI, 0.69−0.77).




Figure 3 | Forest plots demonstrate the pooled sensitivity and specificity of peritumoral enhancement on the arterial phase. The 95% CI are shown around point estimates and the pooled result.






Figure 4 | Summary receiver operating characteristic curves of peritumoral enhancement on the arterial phase.





3.4.2 Peritumoral Hypointensity on HBP

All 19 studies (8, 9, 17–33) provided the relevant data of peritumoral hypointensity on HBP to predict MVI in HCC with disodium gadoxetate–enhanced MRI, including 2,699 HCC patients with 2,741 tumors. Of 2,741 tumors, 916 were pathologically diagnosed as MVI-positive (500 tumors with peritumoral hypointensity on HBP and 416 tumors without) and 1,825 as MVI-negative (274 tumors with peritumoral hypointensity on HBP and 1,551 tumors without). Additionally, the Spearman correlation coefficient was 0.318 (P = 0.185), indicating the absence of threshold effect–derived heterogeneity. There was, however, significant heterogeneity among the included articles (P < 0.001, I2 = 98%). The results of pooled SEN and SPE were 0.55 (95% CI, 0.45−0.64) and 0.87 (95% CI, 0.81−0.91), respectively (Figure 5). In addition, the pooled PLR, NLR, and DOR, separately, were 4.1 (95% CI, 3.0−5.7), 0.52 (95% CI, 0.43−0.63), and 8 (95% CI, 5−12). In addition, the AUC was 0.80 (95% CI, 0.76−0.83) (Figure 6).




Figure 5 | Forest plots demonstrate the pooled sensitivity and specificity of peritumoral hypointensity on the hepatobiliary phase. The 95% CI are shown around point estimates and the pooled result.






Figure 6 | Summary receiver operating characteristic curves of peritumoral hypointensity on the hepatobiliary phase.






3.5 Subgroup Analysis

The causes of pooled variability were investigated using subgroup analysis. Based on clinical experience and the classification of basic information from the included literature, subgroups were formed as follows: 1) region (China as “1,” others as “0”); 2) the mean age of included patients (≥55 years as “1,” <55 years as “0”); 3) magnetic field strength (only 3T as “1,” 1.5T or mixed as “0”); 4) MRI unit (Siemens as “1,” Philips/GE or mixed as “0”); 5) the lesion size of HCC (no restriction as “1,” ≤5 cm as “0”); 6) number of included tumors (≥100 as “1,” <100 as “0”); 7) only a single HCC (yes as “1,” multiple or mixed as “0”); 8) interval between imaging and surgery (≤30 days as “1,” >30 days as “0”); 9) without macrovascular invasion (yes as “1,” unclear as “0”); 10) blind to pathological outcomes (yes as “1,” unclear as “0”); and 11) blind to imaging diagnosis (yes as “1,” unclear as “0”).

Tables 3 and 4 present the outcomes of the subgroup analysis. Except for blindness to the index test during the pathological test, the above ten covariates were major determinants in causing heterogeneity, according to the results of peritumoral enhancement on AP (P < 0.05). Additionally, in terms of peritumoral hypointensity on HBP, the findings demonstrated that the region, mean age of included patients, magnetic field strength, MRI unit, number of included tumors, and only a single HCC, as well as the interval between imaging and surgery, are significant sources of heterogeneity (P < 0.05).


Table 3 | Subgroup analyses of peritumoral enhancement on arterial phase.




Table 4 | Subgroup analyses of peritumoral hypointensity on hepatobiliary phase.





3.6 Sensitivity Analysis and Publication Bias

The results of sensitivity analysis, performed for the two imaging features by eliminating included articles one by one, revealed that none of the articles had any significant effect on the pooled results. There was no significant publication bias in Deeks’ funnel plot asymmetry test of peritumoral enhancement on AP (P = 0.73) (Figure 7A) and peritumoral hypointensity on HBP (P = 0.58) (Figure 7B).




Figure 7 | Deeks' functional plots of peritumoral enhancement on the arterial phase (A) and peritumoral hypointension on the hepatobiliary phase (B).






4 Discussion

MVI is a risk factor for HCC recurrence, and the preoperative noninvasive prediction of MVI remains challenging. In our meta-analysis, based on peritumoral imaging findings, the results revealed that both peritumoral enhancement on AP and peritumoral hypointensity on HBP had high SPE but low SEN, which indicated that Gd-EOB-DTPA-enhanced MRI is helpful as a noninvasive, excluded diagnosis for predicting MVI in HCC preoperatively.

The relationship between peritumoral enhancement and the presence of MVI could be understood as that corona enhancement is a hemodynamic perfusion change due to disturbed portal venous drainage (40–42). Furthermore, the reasons why the peritumoral signal was low during HBP could be explained as follows: the occlusion of the intrahepatic portal vein and insufficient compensation of the hepatic arterial flow lead to hepatic parenchyma injury, edema, hepatocyte depletion, and fibrosis (43). Moreover, previous articles have confirmed a positive correlation between the enhancement ratio of HCCs in the HBP of Primovist-enhanced MRI and the expression of organic anion–transporting polypeptide (OATPs) and multidrug-resistant proteins (MRPs); of note, gadoxetic acid disodium is absorbed by OATP8 and excreted by MRP3 (44, 45). Additionally, tumor invasion into small portal vein branches probably leads to hemodynamic perfusion changes and then affects the expression of OATP8 and MRP3 in hepatocytes, which may have an impact on hepatic function and decrease gadoxetic acid uptake into hepatocytes near tumors, leading to peritumoral hypointensity on HBP (19, 23).

The preoperative imaging of peritumoral tissue showing MVI has been applied to conventional CT and MRI. However, Chou CT et al. found that peritumoral enhancement on CT was not a significant risk factor for MVI (46). Chun Yang et al. also claimed that peritumoral enhancement did not show a statistically significant association with MVI (P > 0.05), when performing MRI scans using non-hepatocyte-specific contrast agents, called Magnevist (47). However, in our study, peritumoral enhancement on Gd-EOB-DTPA-enhanced MRI had an association with MVI and had a high SPE of 87%. This may be related to the imaging principles of CT and non-hepatocyte-specific contrast agents. Moreover, since the drainage of contrast from the tumor vein to the peritumoral parenchymal sinusoids and portal venules is an extremely transient process, it inevitably causes transient and severe respiratory motion. In addition, respiratory motion artifacts affect all dynamic phases, especially during the arterial phase (48). Additionally, Wybranski C et al. suggested that Gd-EOB-DTPA-related respiratory motion could not be improved by a series of standard pre-scan patient preparations including breath-holding training (48). This might be the reason why peritumoral enhancement had a low SEN. As a result, Kim H et al. proposed that a more accurate assessment of peritumoral enhancement should be done by a multi-arterial phase study (49). Although an SEN of 50% of peritumoral enhancement in the present study is low, it has been greatly improved compared with a previous meta-analysis that included traditional CT (a pooled SEN of 0.29) (16). It is undeniable that Gd-EOB-DTPA-enhanced MRI has some advantages in detecting MVI. However, peritumoral enhancement is more often seen in hypervascular progressed HCC. While peritumoral enhancement was not present in many hypovascular HCCs, it is reported that the double hypointensity in the portal/venous and HBP were highly suggestive of hypovascular HCC. However, the diagnostic performance of double hypointensity for MVI has not been reported; therefore, it needs further investigation in the future (50).

There were few studies performed to detect MVI utilizing the peritumoral tissue imaging performance of Gd-EOB-DTPA-enhanced MRI. However, a study conducted by Ahn SY et al. (18) found no significant correlation between peritumoral hypointensity on HBP and MVI (P > 0.05). These authors explained that peritumoral hypointensity was not a common observation (it was found in 25% of HCCs) and attributed this discrepancy to the differences in patient populations, small sample size, and low SEN (38.3%) in the research of Kim KA et al. (19). However, in present study, the SEN and SPE of peritumoral hypointensity were 0.55 and 0.87, respectively, which had some clinical applicability, especially as an exclusionary diagnostic tool. Further, Kim KA et al. (19) suggested that the SEN of detecting MVI with peritumoral hypointensity is relatively low, which may be due to the fact that the prevalence of MVI in certain tumors is not associated with any changes in peritumoral hepatocyte function. We hypothesize that some tumor functional changes occur later. This could also be the cause for the low SEN of peritumoral hypointensity in the current study.

Furthermore, in a high-quality study using Gd-BOPTA-enhanced MRI, the SEN and SPE of peritumoral enhancement on AP and peritumoral hypointensity on HBP were 0.23 and 0.95, respectively, and 0.49 and 0.89, respectively (51). Overall, the gap of peritumoral hypointensity between the study results and the present study was not significant, but the difference in peritumoral enhancement was a little higher. In particular, the results showed that the missed diagnosis rate using Gd-EOB-DTPA was relatively lower compared to Gd-BOPTA, but it needs to be verified by multicenter and large sample studies in the future.

According to our meta-analysis, both peritumoral enhancement and peritumoral hypointensity are key factors in predicting MVI and demonstrate moderate accuracy, which are consistent with the findings of most previous studies (8, 19, 21, 25–29, 32, 33). Different imaging techniques to explore the relationship between MVI with peritumoral imaging all showed a low SEN. In the future, how to improve its SEN will be a new research direction. For example, we speculate on whether the radiomics of peritumoral imaging or quantitative analysis to determine MVI can further improve its accuracy. As shown in the Huang M et al. study, peritumoral enhancement and peritumoral hypointense do not always coexist and a more accurate prediction model for MVI is needed (8). Therefore, whether a model with a combination of multiple imaging presentations has a higher clinical application deserves further investigation.

Assessing accuracy is necessarily preceded by assessing heterogeneity. In our study, ten covariates and seven covariates were found to be significant sources of heterogeneity for peritumoral enhancement and peritumoral hypointensity on HBP, respectively. It indicated that the future articles should pay attention to the basic information of the included patients, including the region, mean age, and number and size of included lesions, and should not ignore the interval between imaging and surgery and blindness to reference tests, so as to improve the quality of research.

In this investigation, there are several flaws. First, the population included in those studies was predominantly Asian, which meant that it was not possible to exclude out the potentiality of selection bias. Second, image interpretation depends on the observer so that subjectivity is inevitable to some extent. Finally, the data provided were inadequate for further investigation on peritumoral imaging findings. Therefore, larger multicenter studies are required for a more accurate assessment of the ability of Gd-EOB-DTPA-enhanced MRI to predict MVI.

In conclusion, our study found that the results of peritumoral enhancement on AP and peritumoral hypointensity on HBP showed high SPE but low SEN. This indicates that the peritumoral imaging features on Gd-EOB-DTPA-enhanced MRI can be used as a noninvasive, excluded diagnosis for predicting hepatic MVI in HCC preoperatively. Moreover, the results of this analysis should be updated when additional data become available. In the future, how to improve its SEN will be a new research direction.
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Background

Hepatocellular carcinoma (HCC) is a highly aggressive malignancy. Irreversible electroporation (IRE) is an ablative modality that uses high-voltage electrical pulses to permeabilize the cell membrane leading to cell necrosis. Unlike traditional thermal ablation, IRE is hardly affected by the “heat-sink” effect and can prevent damage of the adjacent vital structures. Nanosecond pulsed electric field (nsPEF) is a new IRE technique using ultra-short pulses (nanosecond duration), can not only penetrate the cell membranes, but also act on the organelles. Sufficient preclinical researches have shown that nsPEF can eliminate HCC without damaging vital organs, and elicit potent anti-tumor immune response.



Objective

This is the first clinical study to evaluate feasibility, efficacy, and safety of nsPEF for the treatment of HCC, where thermal ablation is unsuitable due to proximity to critical structures.



Methods and analysis

We will conduct an open-labeled, single-arm, prospective, multicenter, and objective performance criteria trial. One hundred and ninety-two patients with HCC, in which the tumor is located immediately (<0.5 cm) adjacent to the portal vein, hepatic veins, bile duct, gastrointestinal tract, or diaphragm, will be enrolled among 4 academic medical centers. The primary outcomes are the rate of complete ablation at 1 month and adverse events. Secondary outcomes include technical success, technique efficacy, nsPEF procedural characteristics, local tumor progression, and local progression-free survival.



Ethics and dissemination

The trial will be conducted according to the ethical principles of the Declaration of Helsinki and has been approved by the ethics committee of all participating centers. The results of this study will be published in peer-reviewed scientific journals and presented at relevant academic conferences.



Conclusions

This study is the Phase 1 clinical trial to evaluate the efficacy and safety of nsPEF in patients with HCC at high-risk locations where thermal ablation is contra-indicated. The results may expand the options and offer an alternative therapy for HCC.



Clinical Trial Registration

ClinicalTrials.gov, identifier NCT04309747.





Keywords: nanosecond pulsed electric field (nsPEF), irreversible electroporation (IRE), hepatocellular carcinoma (HCC), ablation, protocol



1 Introduction

Liver cancer is a major global health challenge that is predicted to affect more than 1 million individuals annually by 2025. Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer (90%) and the fourth leading cause of cancer-related deaths worldwide (1). Local ablation is considered a potentially curative therapy for small HCC, as are surgical resection and liver transplantation (2, 3). Most ablation techniques, effected through radiofrequency, microwave, or laser, are based on thermal changes of the ablated tissue. However, many tumors cannot be treated with thermal ablation owing to hazardous tumor locations, and thermal damage to adjacent non-targeted structures can result in serious complications, such as hemorrhage, biliary fistula or intestinal perforation. Moreover, heat drawn away from the targeted tumor when it is adjacent to vessels, i.e., the heat sink effect, can result in incomplete ablation (4–6).

Irreversible electroporation (IRE) is a non-thermal ablation modality that has been advocated for solid hepato-pancreatico-biliary tumors. IRE delivers high-voltage electric pulses to permeabilize the cell membrane and consequently cause cell death, mostly by apoptosis (7, 8). Unlike thermal ablation, with IRE the extracellular connective tissue stays intact. This enables ablating tumors that are close to or involving vital structures such as the portal vein, hepatic veins, or bile duct. In addition, treatment efficacy of IRE is not impeded by heat sink effect (9–11). Based on these specific properties, IRE should be considered an ideal tool for patients for whom thermal ablation is too aggressive (12, 13).

Traditional IRE applies electric pulses of microsecond duration. Recently, a new type of IRE technique has been introduced, called nanosecond pulsed electric field (nsPEF). Unlike traditional microsecond duration IRE, the nsPEF with the duration from a few nanoseconds to hundreds of nanoseconds and the amplitude from 10 kV/cm to 300 kV/cm has been applied for tumor ablation. Since the duration shorter than the charging time constant of the cell membrane, nsPEF can not only penetrate the cell membranes, but also act on the organelles such as the endoplasmic reticulum, mitochondria, and nucleus (Figure 1). Cell responses to nsPEF include calcium mobilization (14), cytoskeleton destruction (15), activation of signaling pathways (16), and induction of apoptosis (17). Moreover,treatment with microsecond pulsed electric field has the undesirable side effect of adjacent skeletal muscle stimulation. Relatively long exposure of the skeletal muscle or its motor nerves to a high exogenous electric field will depolarize the cells and cause intense contractions. Previous studies found that shortening the time of the electric field exposure from microseconds to nanoseconds can reduce pain and involuntary muscle contraction (18). Therefore, different interaction mechanisms with traditional IRE, nsPEF expands the options and offers new opportunities for oncological therapy (Table 1).




Figure 1 | The mechanisms of high-voltage electric pulses with microsecond or nanosecond duration.




Table 1 | Comparison of the mechanism of nsPEF and thermal ablation.



Killing cancer cells in vitro via nsPEF has been extensively explored, and successful tumor ablation has been demonstrated in various animal models, including malignant melanoma, skin basal cell carcinoma, lung squamous cell cancer and pancreatic cancer (17, 19–22). Most importantly, a clinical trial showed that nsPEF could successfully treat basal cell carcinoma in human patients, with significant efficacy and minimal invasion (23).

For the treatment of liver cancer, nsPEF has shown promising therapeutic prospects in both cell and animal experiments (Supplementary Appendix 1). Our preclinical studies have verified the efficacy of nsPEF, that is, that nsPEF can lead to long-term disease-free survival without recurrence (24, 25). In addition to inducing cell death, nsPEF inhibited cell proliferation and angiogenesis in tumors, triggered an immune response, and prevented secondary tumor growth (26–29).

Here, we propose to conduct the first-in-human trial to evaluate the efficacy and safety of nsPEF in patients with localized HCC, for whom thermal ablation is considered unsuitable.



2 Methods and Analysis


2.1 Study Design

This open-labeled, single-arm, prospective, multicenter trial will be conducted in 4 academic medical centers in China, as follows: First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou; First Affiliated Hospital of Zhengzhou University, Zhengzhou; Shulan (Hangzhou) Hospital, Hangzhou; and First Affiliated Hospital of Xinjiang Medical University, Xinjiang. This trial has been approved by the committee for medical and health ethics of all the centers and registered on ClinicalTrials.gov (NCT04309747). The trial protocol is in accordance with all the recommendations of the SPIRIT (Standard Protocol Items: Recommendations for Interventional Trials) 2013 statement (30). Written informed consent will be obtained from all participants prior to enrollment. The flow diagram of the study is presented in Figure 2.




Figure 2 | Flow chart of study. *Contrast-enhanced MRI will be performed 1 month after the procedures to evaluate technique efficacy. In the event of incomplete ablation, an additional nsPEF procedure will be conducted with the same technique. If the residual tumor is still viable after the second session, then nsPEF is considered failed, and the patient will be excluded from the trial and referred to other therapies. HCC, hepatocellular carcinoma; nsPEF, nanosecond pulsed electric field; MRI, magnetic resonance imaging.





2.2 Patient Population

Potential trial participants will be identified at an institutional multidisciplinary tumor board, comprised of interventional radiologists, hepatobiliary surgeons, medical oncologist, and diagnostic radiologists. The potential subjects will subsequently be referred for enrollment and eligibility screening. All candidates will be reviewed for safety and eligibility by an experienced interventional radiologist, participating in the research project at each center. All eligible patients will be explained about the study protocol in details. Only those who sign the consent form will enter the trial. The inclusion and exclusion criteria are listed in Table 2.


Table 2 | Patients inclusion and exclusion criteria.





2.3 Baseline Characteristics

Standard evaluation of the patient before the nsPEF procedure should include a general health history review (demographics, past medical history, allergies, and medications), assessment of performance status and pain, general anesthetic review, electrocardiogram, echocardiography, and laboratory tests (blood routine examination, blood coagulation, liver function, tumor marker, and myocardial enzyme). All included patients will have a pre-intervention radiological assessment within 4 weeks before the nsPEF procedure, including abdominal contrast-enhanced magnetic resonance imaging (MRI), CT angiography of the liver, chest computed tomography (CT), contrast-enhanced ultrasound (CEUS) of the liver, and abdominal contrast-enhanced CT when MRI is contraindicated.



2.4 Interventions

The nsPEF procedure will be performed under general anesthesia with endotracheal intubation. Intraoperative nondepolarizing neuromuscular blocking agents (rocuronium or cis-atracurium) will be applied in combination to achieve deep muscle relaxation, in which no muscle tremor visible to the naked eye or a train of four stimulations (TOF) is 0. Deep muscle relaxation can eliminate the muscle contractions caused by the high-voltage pulsed electric fields and reduce the injuries of the target organs due to electrode displacements.

The nsPEF procedure will be guided by CT or US. The nsPEF therapeutic apparatus manufactured by the Hangzhou Ruidi Biotech Ltd company (Hangzhou, Zhejiang, China) (Figure 3) will be used in this study. All electrodes will be placed parallel by trained interventional radiologists with extensive experience in percutaneous thermal ablation (via radiofrequency, microwave, or laser) and nonthermal ablation (IRE). Depending on the individual tumor size and shape, 2 to 6 19-gauge unipolar nsPEF electrodes with an appropriate active tip length of 1.0 to 2.0 cm will be placed 1.0 to 2.5 cm apart using ultrasound guidance. The nsPEF device generates 15 to 30 kV pulses, and voltage will be determined by a standard algorithm that uses factors such as the intended size of the ablation zone, the number of electrodes, the distance between electrodes, and the length of the active electrode tip (Figure 4). Once the electrodes are correctly placed, a test pulse at 5 kV will be delivered. After the test pulse confirms adequate conductivity, nsPEF will be conducted with 800 pulses, a pulse length of 300 ns, with electrocardiographic triggering.




Figure 3 | Nanosecond pulsed electric field equipment (Hangzhou Ruidi Biotech Ltd, Hangzhou, Zhejiang, China) (A) console. (B) displayer. (C, D) 19G monopolar needle electrodes.






Figure 4 | The nsPEF procedure strategy. Depending on the individual tumor size and shape, 2 to 6 19-gauge unipolar electrodes with an appropriate active tip length of 1.0 to 2.0 cm will be placed 1.0 to 2.5 cm apart using ultrasound guidance. The nsPEF will be conducted with 800 pulses of 300ns duration, and an electric field of 15 to 30 kV. nsPEF, nanosecond pulsed electric field.



After completion of the pulse applications, CEUS will be performed to confirm sufficient ablation, which is defined as an ablation zone that includes the entire target tumor and a safety margin of at least 0.5 cm. If the extent of the ablation zone is suspected insufficient, additional cycles of energy depositions for overlapped ablations will be performed, preferably after electrodes pullbacks (from 1 to 2 cm partial withdrawal of needles along the axis of the initial puncture) and/or partial or complete electrodes reinsertion (in different axis from initial puncture). A case is shown in Figure 5 and Video 1.




Figure 5 | Ultrasound-guided nsPEF procedure for HCC adjacent to gallbladder. (A) Pre-ablation contrast-enhanced MRI revealed a hepatocellular carcinoma adjacent to gallbladder. (B) Ultrasound showed a hypoecho tumor located in close contact with gallbladder and right portal branch (arrow). (C) Ultrasound-guided nsPEF with a two-electrode configuration, and the head and tail end of the active tip of the electrodes can have punctuated enhancements (arrow). (D) The contrast-enhanced ultrasound image revealed no enhancement after ablation. (arrow).





2.5 Postprocedural Follow-Up

After the procedure, all patients will be monitored for at least another day in inpatient department, in accordance with current medical practice. Routine laboratory studies, electrocardiogram, and CEUS will be performed to assess procedure-related complications.

Contrast-enhanced MRI will be performed 1 month after the procedures to evaluate technique efficacy. Complete ablation is considered complete nonenhancement of the treated tumor, and incomplete ablation is the presence of residual tumor on contrast-enhanced MRI. In the event of incomplete ablation, an additional nsPEF procedure will be conducted with the same technique. If the residual tumor is still viable after the second session, then nsPEF is considered failed, and the patient will be excluded from the trial and referred to other therapies.

If efficacy is confirmed, then clinical, biological, and radiological examinations are required every 3 months during the first year, and once every 6 months thereafter. Baseline and follow-up images will be interpreted independently by all experienced diagnostic abdominal radiologists. At the end of the trial, 2 independent radiologists will review all images before and after treatment, and reach a consensus.



2.6 Study Outcomes

Treatment outcomes are defined in accordance with the Ahmed et al. (31, 32) proposal for standardization of terms and reporting criteria for imaging-guided ablation.


2.6.1 Primary Outcomes

The primary outcomes are the complete ablation rate at 1 month, and adverse events. The later may be device-related, intraprocedural, postprocedural, or late, and will be reported using the NCI Common Terminology Criteria for Adverse Events (CTCAE) (Supplementary Appendix 2).



2.6.2 Secondary Outcomes

The secondary outcomes are the following: technical success, technique efficacy, characteristics of the nsPEF procedure, local tumor progression (LTP), and local progression-free survival (LPFS). Specifically, technical success addresses whether the tumor is treated according to protocol and covered completely by the ablation zone; tumor coverage will be assessed immediately after the nsPEF procedure by CEUS.

Technique efficacy is regarded as radiologic complete ablation achieved after as many as 2 iterative nsPEF procedures. The nsPEF procedure characteristics include the following: number of electrodes used; active tip length of the electrodes; distance between electrodes; rate of pullback applications; total number of pulses delivered per procedure; total procedural time; ablation time; ablation volume; and sufficient ablative margin.

LTP describes the reappearance of HCC adjacent to the ablated zone after successful treatment. LPFS is defined as the time from the commencement date of the nsPEF procedure to the date of local progression. LPFS will be censored at the date of the last follow-up, when the patient has no evidence of local progression.




2.7 Calculation of Sample Size

Because this is a pilot study, there is currently no data on the complete ablation rate of nsPEF for the treatment of HCC. Previous studies showed a 77.3%-86% rate of complete ablation after the first IRE (with a traditional microsecond duration) in patients with HCC that was not appropriate for thermal ablation (11, 33). Our hypothesis is that 80% of tumors treated by nsPEF will achieve complete ablation by the 1-month follow-up. For the single arm OPC hypothesis, employing 80% power and with a 2.5% one-sided α, then 160 patients will be required. Assuming a 20% rate of withdrawal or loss during follow-up, 192 participants should be enrolled.



2.8 Statistical Methods

Continuous data will be expressed as median and range. Categorical variables will be shown as frequency and proportion. Survival curves and cumulative incidence of LTP will be generated using the Kaplan-Meier method. The Cox proportional hazards method will be used for univariate and multivariate analyses to determine prognostic factors. Technical success, technique efficacy, nsPEF procedural characteristics, and local tumor progression will be analyzed per tumor. The rate of adverse events and local progression-free survival will be analyzed per patient. P values < 0.05 will be considered statistically significant. All statistical analyses will be performed with a software package (SPSS, version 23.0; SPSS, Chicago, Ill).



2.9 Adverse Events

Device-related, periprocedural, and postprocedural adverse events will be measured using the CTCAE. Any serious adverse events will be documented in the medical records as well as in the electronic case report form and reported to the institutional review board by the responsible investigator, in accordance with the local regulations.



2.10 Data and Safety Monitoring Board

The DSMB will act in an independent, expert, and advisory capacity to monitor participant safety, and assess the efficacy and overall conduct of the study. The responsibilities of the DSMB are to monitor safety and efficacy data to guide recommendation for continuation of the study or early termination, and to evaluate the overall conduct of the trial. These responsibilities include monitoring: planned sample size assumptions; compliance with the protocol; recruitment figures and losses to follow-up; and continuing appropriateness of patient information. In addition, the DSMB’s responsibilities include reports on data quality and completeness of data.



2.11 Ethics and Dissemination

This study is conducted in accordance with the principles of the Declaration of Helsinki. The protocol has been approved by the ethics committee of all participating centers. Informed consent will be obtained from each participating patient in oral and written form. The results of this trial will be disseminated through peer-reviewed publications and conferences. Data will be available upon reasonable request.




3 Discussion

IRE is primarily a nonthermal ablation technique. The working mechanism of IRE is direct injury caused by high voltage electrical pulses, rather than thermal energy. The major advantage of IRE is its ability to preserve sensitive structures, which is not true of other ablative techniques such as radiofrequency ablation or microwave ablation. Previous clinical trials of IRE revealed encouraging results for the treatment of tumors that are close to major vessels or bile ducts, including those in the liver, pancreas, and kidney (34–36).

With recent developments in electrical engineering technology, IRE devices have gained nanosecond-duration pulses (nsPEF). The charge time constants for the plasma membrane of mammalian cells are characteristically in the order of nanosecond level. In conventional microsecond-duration electrical pulses, the charge of the cell plasma membrane compensates for the external electric field and protects the cell interior. However, for field magnitudes greater than 10 kV/cm, nsPEF can charge smaller intracellular structures to the electroporation threshold faster than the plasma membrane can charge and protect these structures (37, 38). The powerful ability of nsPEF to eradicate tumor has been confirmed by several studies of liver cells and animal models. Moreover, the animal models showed that blood vessels and bile ducts within or directly adjacent to the ablation zone remain undamaged. Hence, we designed this trial to explore and evaluate the feasibility, efficacy, and safety of nsPEF in the treatment of HCC.

This trial is currently recruiting patients. The first patient was enrolled on April 13, 2020. At present, the protocol is effective and 4 centers are actively recruiting patients for the trial. One hundred and eighty-three of 192 patients (95%) have been recruited. It is estimated that recruitment will be completed in December 2022. One case was showed in Figure 5, the tumor located in close contact with gallbladder and right portal branch, which had an obvious high risk of thermal damage with RFA or MWA. Thermal damage to adjacent non-targeted structures can result in serious complications, such as hemorrhage, biliary fistula or intestinal perforation. In addition, heat drawn away from the targeted tumor by the surrounding vessel may result in incomplete ablation. For these reasons, the patient was enrolled in the clinical trial and underwent nsPEF treatment.

Based on the preoperative images, the number, size, shape, margins, blood supply, and relationships with adjacent structures of the target tumor were determined. A reasonable arrangement of nsPEF electrodes were designed, including the number of electrodes, active tip length of electrodes, puncture path and distances between the electrodes. Because the maximum diameter of the tumor was 1.9 cm, the two-electrode configuration was selected. Electrodes were inserted along the long axis of the tumor with active tip length of 2.0 cm. The shortest puncture path was selected while avoiding damage to the surrounding important structures. After all the electrodes are precisely placed under ultrasound guidance, a test pulse at 5 kV was delivered. After the test pulse confirms adequate conductivity, nsPEF was conducted with 800 pulses, a pulse length of 300 ns, with electrocardiographic triggering. During nsPEF, the head and tail end of the active tip of the electrodes had punctuated enhancements on ultrasound, which was used to identify the orientation of the electrodes and to further verify the correct placement of the electrodes as planned. The CEUS was performed immediately after nsPEF to evaluate whether the nonenhanced area completely covers the tumor. In this case, the CEUS images after ablation showed the target tumor was covered completely by the ablation zone, and there was no evidence of local complications of biliary or vascular injury. The patient was discharged the next day after nsPEF. As with all ablation techniques, sufficient preoperative preparation, standardized operative procedures, precise positioning, use of reasonable ablation parameter settings and fine postoperative management are important for reducing the incidence of complications. Follow-up MR images on the 16 months after nsPEF revealed adequate shrinkage of the ablation zone was observed, without signs of residual tumor. As showed in this case, the pilot results of our study suggest that nsPEF is an effective and safe technique to treat HCC located close to critical structures, which considered contraindicated to thermal ablation.

Under these challenging inclusion criteria, our initial treatment course of nsPEF achieved 87% complete ablation based on polit data. No collateral thermal damage to the main bile duct or hepatic vascular structures were encountered. In addition, we found that nsPEF induced more slight muscle contraction than traditional IRE. Further analysis with long-term follow-up is required at the end of the recruitment.

The most important limitation of our protocol is its nonrandomized nature. However, nsPEF will be performed in only those patients with tumors close to the portal vein, hepatic veins, bile duct, gastrointestinal tract, or diaphragm (i.e., patients who are not suitable candidates for thermal ablation and surgery). Since these later methods would predictably fail for patients in this study, we favored a single-arm study design with an effectiveness threshold. Along with the scientific and deeper understanding for pathophysiology mechanism of HCC, recent researches have revealed the role of BRAF in HCC, which long non-coding RNA of BRAF may be another mechanism of cancer proliferation and tyrosine kinase inhibitors escape in HCC (39). Targeted therapy combinations, including BRAF pathway, may bring light in new treatment of HCC. With initial promising results of this study, further relevant studies would be useful, such as nsPEF treatment compared to targeted therapy, or nsPEF combined with multi-pathways inhibition therapy. These exploring studies may open the door for better results in the treatment of HCC.

In summary, this study is the first-in-human trial to evaluate the efficacy and safety of nsPEF in patients with HCC who are considered unsuitable for thermal ablation. The design of the trial and its primary, secondary, and exploratory endpoints have the potential to broaden our understanding of electroporation-based technologies in medicine, and provide new minimally invasive therapeutic pathways for HCC at high-risk locations.
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Background

The purpose was to compare the efficacy and safety of hepatic arterial infusion (HAI) of oxaliplatin plus raltitrexed (TOMOX) to those of oxaliplatin plus 5-fluorouracil (FOLFOX) for unresectable colorectal cancer liver metastases (CRCLM).



Methods

Patients with unresectable CRCLM were randomly assigned to receive HAI of TOMOX or FOLFOX. The primary end points were progression-free survival (PFS) measured from the date of randomisation until the date of disease progression and objective response rate (ORR). The secondary end points were overall survival (OS) measured from the date of randomisation until the date of death from any cause, disease control rate (DCR), and adverse events.



Results

113 patients were randomly assigned. With a median follow-up of 39.5 months, the PFS was 5.8 months [95% CI, 4.838–6.762]) and 4.6 months [95% CI, 3.419–5.781; P = 0.840], and the median OS was 17.6 months [95% CI, 13.828–21.372] and 13.1 months [95% CI, 11.215–14.985; P = 0.178] for the FOLFOX and TOMOX arm, respectively. The ORR were 26.1% vs 22.4% and DCR were 80.4% vs 71.4% in the FOLFOX and TOMOX arms. The most common severe adverse event was elevation of liver enzymes and pain, which did not differ in the two arms.



Conclusion

HAI chemotherapy was effective for unresectable CRCLM. HAI of FOLFOX has similar efficacy to TOMOX, and HAI of TOMOX had shorter arterial infusion time.



Clinical Trial Registration

https://clinicaltrials.gov/, identifier NCT02557490.
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Background

Colorectal cancer is the third most commonly diagnosed cancer and the second leading cause of cancer death all over the world (1). Approximately 30% of all patients with colorectal cancer develop liver metastases, liver lesions account for at least two-thirds mortality (2). Given that liver resection is associated with improved prognosis, systemic chemotherapies combining with targeted therapies (anti-vascular endothelial growth factor (anti-VEGF) or anti-epidermal growth factor receptor (anti-EGFR) therapy), and HAI chemotherapy has been focused on improving the potential for resection of liver metastases considered unresectable (3–6). The blood supply of liver parenchyma is mainly from portal vein, but the blood supply of liver tumour is mainly from hepatic artery (7). For patients with liver-only or liver-dominant metastases, HAI chemotherapy has evolved as an attractive local therapeutic option because of low systemic toxicity and high local control rates, even when all standard systemic therapy has been used (8–11).

Floxuridine has been widely used for HAI because of the high first-pass hepatic extraction and limited systemic toxic effects noted for the drug, regardless of whether HAI is used alone or in combination with systemic chemotherapy (12–14). The most common adverse events of HAI of floxuridine are biliary toxicity and biliary sclerosis, which are non-interventional and permanent. Several clinical studies showed that the incidence of these adverse events increased when the treatment also included systemic bevacizumab (15–17). Oxaliplatin, irinotecan, 5-fluorouracil, and raltitrexed are the main chemotherapeutic drugs for colorectal cancer; HAI is gradually being used for these drugs, especially in Asia and Europe. Patients who underwent postoperative adjuvant HAI of oxaliplatin combined with systemic chemotherapy showed significantly better 3-year disease-free survival after radical resection of colorectal cancer liver metastases (CRCLM) than patients who underwent adjuvant systemic chemotherapy alone (18). HAI along with doublet or triplet chemotherapy is still extremely effective, even for cases of unresectable CRCLM that have not responded to previous chemotherapy (6, 19).

HAI of FOLFOX has been found to be a feasible treatment option for unresectable CRCLM. 5-fluorouracil is administered intra-arterially for approximately 44 hours every cycle and oxaliplatin is for 4 hours. However, prolonged bed rest increases the incidence of thromboembolic events in some high-risk patients. HAI of TOMOX can help avoid thromboembolic events because raltitrexed requires a short pumping time for only 1 hour. We had previously conducted a retrospective study at our centre, wherein a head-to-head analysis comparing HAI of FOLFOX with TOMOX for unresectable CRCLM had been performed; PFS and OS were found to be similar in both arms (20). Therefore, we expanded on that analysis in the current prospective randomised controlled trial, which aimed to further compare the efficacy and safety of HAI of FOLFOX with TOMOX for unresectable CRCLM.



Patients and methods


Ethics approval

This study was initiated by Beijing Cancer Hospital, China, and registered at ClinicalTrials.gov (identification number, NCT02557490). Informed consent was obtained from the study participants, and the study protocol was approved by the local ethics committee.



Patients

The inclusion criteria were as follows: age ≥ 18 years; histologically confirmed colorectal adenocarcinoma with unresectable liver metastases occupying less than 70% of the liver parenchyma; Eastern Cooperative Oncology Group (ECOG) performance score < 2; life expectancy > 12 weeks; haemoglobin level > 90 g/L; absolute neutrophil count > 1.5×109/L; thrombocyte > 80×109/L; liver enzyme (including alanine amino transferase and aspartic acid amino transferase) level < five times of the upper limit of the normal range; total bilirubin level < three times of the upper limit of the normal range; serum creatinine level < 1.5 times of the upper limit of the normal range; and prothrombin time < 1.5 times of the upper limit of the normal range; refractory or intolerant to systemic treatment; or unsuitable for systemic treatment. Patients who had extrahepatic metastases were included at the investigators’ discretion, provided that the dominant lesion was hepatic.

The main exclusion criteria were as follows: (a) brain metastases, (b) previous trans-arterial chemoembolization (TACE), and (c) other malignancy (within 3 years before study entry).



HAI procedure

For the HAI procedure, a coaxial catheter (Renegade Hi Flo, Boston Scientific, Boston, MA, United States/Stride ASAHI INTECC, Seto, Japan) was inserted through the femoral artery using Seldinger’s technique. Based on the tumour location, a microcatheter was placed in the proper hepatic artery or the right or left hepatic arterial branch under arteriography guidance. The peripheral region of the microcatheter that was exposed outside the body was connected with an arterial chemotherapeutic pump. Medication infusion was initiated immediately after catheter insertion. The microcatheter was removed at the end of every treatment cycle.



Medication protocol

The FOLFOX arm consisted of oxaliplatin (85 mg/m2 via 4-h infusion) and 5-Fluorouracil (2000 mg/m2 via 44-h infusion) administered via HAI and leucovorin (200 mg/m2 via 2-h infusion initiated at the beginning of the 5-Fluorouracil infusion) administered via intravenous infusion. The TOMOX arm consisted of oxaliplatin (85 mg/m2 via 4-h infusion) and raltitrexed (3 mg/m2 via 1-h infusion) administered via HAI.

Compared to systemic chemotherapy, HAI can increase the local blood concentration. The incidence of liver injury can be reduced and the treatment tolerance is better improved with the prolonged interval. HAI was regularly performed every 4 weeks, until disease progression, treatment intolerance, or death occurred.



Objectives and assessment

The primary end points were progression-free survival (PFS) defined as the date of randomisation until the date of disease progression and ORR defined as the proportion of patients achieving complete response (CR) or partial response (PR).  The secondary end points were overall survival (OS) defined as the date of randomisation until the date of death from any cause, DCR and adverse events. DCR was defined as the proportion of patients achieving CR, PR, or stable disease (SD). Tumour response to treatment was evaluated by imaging analysis according to Response Evaluation Criteria in Solid Tumour (RECIST) version 1.1. Adverse events were categorized on the basis of Common Terminology Criteria for Adverse Events (CTCAE) 5.0.

Pre-treatment evaluation included laboratory tests, chest computed tomography (CT), abdominal CT or magnetic resonance imaging (MRI). Laboratory tests were performed every week during the treatment. Imaging analyses for all lesions (intrahepatic and extrahepatic lesions) were performed for every cycle. Additional imaging analyses were performed to detect potential metastases if clinical symptoms appeared.



Statistical analysis

The assumptions used for size calculation are following: the median PFS in the FOLFOX arm was about 7 months while the median PFS in the TOMOX arm was about 4 months, bilateral α=0.05, power = 80%. The enrollment period was 36 months, the minimal follow up period was 12 months, the total study period was 48 months. Loss to follow-up rate was set as 5%. Using a treatment allocation of 1:1(FOLFOX to TOMOX), total 120 patient in this study and 60 patients per arm were necessary according to the calculation with NCSS-PASS 11 (21, 22).

The χ2 test or Fisher’s exact test was used to analyse differences between categorical variables. Survival time was calculated using the Kaplan–Meier method and compared with the Cox regression model (with hazard ratios [HRs] and 95% confidence intervals [CIs] indicated). The significance of differences in survival was calculated using the log-rank test. Potential prognostic variables were included in the univariate Cox regression model. All statistical tests were two-sided and P-values < 0.05 were considered significant. All statistical analyses were performed using the SPSS software (version 25; IBM SPSS Statistics, Armonk, NY, United States).




Results


Baseline demographic and clinical characteristics

From January 2015 to August 2019, 120 patients were screened, of whom 117 patients were randomly assigned to the TOMOX and FOLFOX cohorts (TOMOX arm, n = 61; FOLFOX arm, n = 56). In the FOLFOX arm, four patients were excluded: one patient was allergic to oxaliplatin, two patients underwent surgery after the first treatment cycle without tumour assessment, and one patient withdrew informed consent (Figure 1). In the TOMOX and FOLFOX arms, more than 90% of the patients had received oxaliplatin and fluorouracil-based chemotherapy, 78 patients were refractory to systemic therapy, 34 patients were intolerant to systemic therapy. Five untreated patients enrolled in this trial did not have extrahepatic lesion and the hepatic tumour burden was really heavy. After carefully evaluation by multi-disciplinary treatment, HAI was recommended to treat the hepatic metastases without systemic therapy. The patients had also received targeted biologic therapy before HAI, including anti-VEGF therapy (bevacizumab: 26% vs 33%), anti-EGFR therapy (cetuximab: 20% vs 15%), or a combination of both (5% vs 4%) (Table 1). There were 58 patients combined with extrahepatic metastases, including lung metastases (34.5%), lymphatic metastases (16.8%), bone metastases (4.4%) and peritoneal metastases (3.5%). All these patients were strictly evaluated by two senior attending physicians independently, and hepatic metastases were the dominant lesions.




Figure 1 | Trial Profile.




Table 1 | Patient demographics and baseline characteristics.





Efficacy

The final analysis included 113 patients (TOMOX arm, n = 61; FOLFOX arm, n = 52). The cut-off date for follow-up was May 16, 2020 (median follow-up duration, 39.5 months), at which time 83 deaths had occurred. The mean HAI treatment cycles were 3.0 and 2.7 in the TOMOX and FOLFOX arms, respectively. The median OS was 17.6 months [95% CI, 13.828–21.372] in the FOLFOX arm and 13.1 months [95% CI, 11.215–14.985; P = 0.178] in the TOMOX arm (Figure 2). The HR for OS was 0.743 for FOLFOX versus TOMOX (95% CI, 0.480–1.149; P = 0.181). The median PFS was 5.8 months [95% CI, 4.838–6.762] in the FOLFOX arm and 4.6 months [95% CI, 3.419–5.781; P = 0.840] in the TOMOX arm (Figure 3). The HR for PFS was 0.962 for FOLFOX versus TOMOX (95% CI, 0.655–1.411; P = 0.842). For the patients received HAI as third-line and above therapy, the median PFS was 5.9 months [95% CI, 4.826–6.974] in the FOLFOX arm and 4.4 months [95% CI, 2.793–6.007; P = 0.969] in the TOMOX arm, the median OS was 17.8 months [95% CI, 6.129–29.471] in the FOLFOX arm and 12.9 months [95% CI, 10.617–15.183; P = 0.091] in the TOMOX arm.  Two patients in the FOLFOX arm and one patient in the TOMOX arm achieved CR. The ORR was 26.1% in FOLFOX arm and 22.4% in TOMOX arm. The DCR was 80.4% and 71.4% in the FOLFOX and TOMOX arm, respectively (Table 2). 1 patient received radical resection of liver metastases. 2 patients who achieved CR received targeted therapy as maintenance therapy without radical resection. 6 patients received radical microwave ablation. 1patient received radical radiotherapy. The other 13 patients who achieved PR did not receive local therapy because of advanced age, unresectable extrahepatic metastases, the remaining liver volume cannot be resected after previous partial hepatectomy and heavy tumour burden cannot be radical resection.




Figure 2 | OS since randomization for patients receiving HAI of FOLFOX or TOMOX.






Figure 3 | PFS since randomization for patients receiving HAI of FOLFOX or TOMOX.




Table 2 | Response rates to HAI of TOMOX or FOLFOX.



Response to HAI was an independent positive prognostic factor for both PFS and OS according to Cox univariate analysis (Table 3). The primary tumour site, primary tumour resection, and histological features were prognostic factors for OS. However, age, sex, synchronous or metachronous liver metastasis, extrahepatic metastasis, KRAS gene status, and systemic therapy before HAI did not show significant correlation with prognosis.


Table 3 | Cox univariate analyses of prognostic factors for survival.





Safety

Treatment-related adverse events were evaluated in all patients (Table 4). The most common haematological adverse events were anaemia (34%), leucopenia (33%), and thrombocytopenia (40%) in both arms. The incidence of grade 3 or 4 neutropenia was 2% and 3% in the FOLFOX and TOMOX arms, respectively. Febrile neutropenia was not noted. Elevation of liver enzymes (including alanine amino transferase and aspartic acid amino transferase) was the most frequent non-haematological adverse event, which was seen in 87% and 100% of patients in the FOLFOX and TOMOX arms, respectively; occurrence of grade 3 or 4 elevation of liver enzymes did not significantly differ between the two arms (12% and 18%, respectively; P = 0.432). Bilirubin elevation was seen in 71% and 64% of the patients in the FOLFOX and TOMOX arms, respectively. Grade 3 or 4 hyperbilirubinemia occurred in 4% and 8% of the patients in the FOLFOX and TOMOX arms, respectively, but none of them required biliary stents to relieve jaundice. Approximately half of the patients in both arms experienced severe abdominal pain during agent infusion. Opioid oral administration or lidocaine pumped through the hepatic artery could significantly relieve pain. The incidence of other common clinical adverse events such as nausea, vomiting, fatigue, fever, and diarrhoea was similar in both arms. There were no treatment-related deaths in both arms.


Table 4 | Summary of safety data.






Discussion

HAI of 5-Fluorouracil or oxaliplatin has been proved a safe and feasible treatment even for heavily pre-treated CRCLM (23, 24). However, there is no standard treatment protocol for HAI. The vast majority of studies revolve around the combination of HAI with systemic chemotherapy or targeted therapy, or HAI versus systemic therapy. No head-to-head randomised controlled studies compared two HAI regimens. We had previously performed a retrospective analysis during May 2013 to April 2015 to compare the efficacy and safety of HAI of TOMOX with FOLFOX for patients with unresectable CRCLM. The retrospective analysis showed that the OS was 15.4 versus 20.6 months (P = 0.734) and that the PFS was 6.6 versus 4.9 months (P = 0.215) for the FOLFOX versus TOMOX arms (20). On the basis of that study, we performed this prospective randomised controlled trial for more in-depth analysis of HAI of TOMOX and FOLFOX.

In the current prospective randomised controlled trial, most of the patients had tumours that were refractory to oxaliplatin- and fluorouracil-based chemotherapy, more than 60% patients had tumours that did not response to irinotecan-based therapy and more than half of the patients had exposure to targeted biologic therapy, including bevacizumab and cetuximab. HAI of TOMOX or FOLFOX led to an ORR of 24% for all the patients. The median PFS was 4.6 and 5.8 months in the TOMOX and FOLFOX arms, and the median OS was 13.1 and 17.6 months. The results were consistent with previous studies at other centres. In a randomised phase-II study of HAI of TOMOX for cases of metastatic colorectal cancer wherein the therapy failed or the patients were intolerant to standard systemic therapy, the OS and the PFS were found to be 11.2 and 6.7 months, respectively (19). In this trial, for the patients received HAI as third-line and above therapy, the median PFS was 5.9 months in the FOLFOX arm and 4.4 months in the TOMOX arm, the median OS was 17.8 months in the FOLFOX arm and 12.9 months in the TOMOX arm. For colorectal tumours that are refractory to all the standard first- and second-line systemic therapies, the third-line treatment options are limited. In a prospective phase II study, raltitrexed combined with S-1 treated metastatic colorectal cancer after the failure of conventional chemotherapy demonstrated favourable effects. The median PFS and median OS 2.5 and 8.0 months, respectively (25). Besides, TAS-102 and regorafenib are the recommended third-line systemic therapy.  TAS-102 has been reported improve median OS from 5.3 to 7.1 months and median PFS from 1.7 to 2.0 months (26, 27). CORRECT and CONCUR reported that regorafenib versus placebo improved the OS from 5.0 to 6.4 months and 6.3 to 8.8 months, respectively (28, 29). HAI has a considerable survival benefit as a third-line treatment for CRCLM, but large prospective randomized controlled studies are needed to compare the efficacy of HAI and the current standard third-line system therapy in liver-dominant metastases.

HAI is a local therapy specific to liver lesions; peripheral blood concentrations in chemotherapeutic regimens decrease because of the hepatic first-pass effect. In this trial, 58 (51.3%) patients had extrahepatic metastases. The limitation of this study was that there was no combination of systemic or targeted therapy to control extrahepatic metastases more effectively. For KRAS wild-type colorectal cancer, cetuximab combined with chemotherapy as first-line therapy can significantly improve survival time (30, 31). BRAF mutant-type colorectal cancer does not benefit from cetuximab therapy (32, 33). Continued anti-angiogenesis therapy with bevacizumab beyond initial progressive disease is closely related to improvement in survival time (34, 35). In a rat model of colorectal liver metastasis, locoregional application of oxaliplatin and bevacizumab was found to be more effective in reducing tumour growth than systemic treatment with these two agents (36, 37). A retrospective study has showed that HAI combined with systemic chemotherapy and targeted therapy is effective in CRCLM (38). Base on the RAS and BRAF gene status, HAI combine with appropriate targeted therapy is a feasible way, especially for the CRCLM patient with extrahepatic metastases.

TOMOX significantly decreased the duration of bed rest, thereby reducing thromboembolic events caused by immobilization. For elderly patients or patients at high risk of thrombosis, HAI of TOMOX was found to be a better choice.



Conclusion

HAI chemotherapy was safe and effective for unresectable CRCLM. HAI of FOLFOX has similar efficacy to TOMOX, and HAI of TOMOX had shorter arterial infusion time.
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Objective

As an important biomarker to reflect tumor cell proliferation and tumor aggressiveness, Ki-67 is closely related to the high early recurrence rate and poor prognosis, and pretreatment evaluation of Ki-67 expression possibly provides a more accurate prognosis assessment and more better treatment plan. We aimed to develop a nomogram based on gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid (Gd-EOB-DTPA)-enhanced magnetic resonance imaging (MRI) combined with T1 mapping to predict Ki-67 expression in hepatocellular carcinoma (HCC).



Methods

This two-center study retrospectively enrolled 148 consecutive patients who underwent preoperative Gd-EOB-DTPA-enhanced MRI T1 mapping and surgically confirmed HCC from July 2019 to December 2020. The correlation between quantitative parameters from T1 mapping, ADC, and Ki-67 was explored. Three cohorts were constructed: a training cohort (n = 73) and an internal validation cohort (n = 31) from Shunde Hospital of Southern Medical University, and an external validation cohort (n = 44) from the Sixth Affiliated Hospital, South China University of Technology. The clinical variables and MRI qualitative and quantitative parameters associational with Ki-67 expression were analyzed by univariate and multivariate logistic regression analyses. A nomogram was developed based on these associated with Ki-67 expression in the training cohort and validated in the internal and external validation cohorts.



Results

T1rt-Pre and T1rt-20min were strongly positively correlated with Ki-67 (r = 0.627, r = 0.607, P < 0.001); the apparent diffusion coefficient value was moderately negatively correlated with Ki-67 (r = -0.401, P < 0.001). Predictors of Ki-67 expression included in the nomogram were peritumoral enhancement, peritumoral hypointensity, T1rt-20min, and tumor margin, while arterial phase hyperenhancement (APHE) was not a significant predictor even included in the regression model. The nomograms achieved good concordance indices in predicting Ki-67 expression in the training and two validation cohorts (0.919, 0.925, 0.850), respectively.



Conclusions

T1rt-Pre and T1rt-20min had a strong positive correlation with the Ki-67 expression in HCC, and Gd-EOB-DTPA enhanced MRI combined with T1 mapping-based nomogram effectively predicts high Ki-67 expression in HCC.





Keywords: Gd-EOB-DTPA, T1 mapping, hepatocellular carcinoma, Ki-67, nomogram



Introduction

Hepatocellular carcinoma (HCC), as the fifth most common malignancy and the fourth leading cause of cancer-related deaths worldwide, is the most common primary malignant tumor of the liver with increasing incidence (1, 2). The main treatments for HCC include surgical resection, liver transplantation, and transarterial chemoembolization, among others. Surgical resection is recognized as an early radical treatment method, but the recurrence rate of 5 years after surgical resection is as high as 60%–70% (3–5). High early recurrence rate is an important factor affecting the long-term survival and poor prognosis of patients with HCC. The immunohistochemical marker Ki-67 is a nuclear antigen related to cell proliferation activity, and it is a common indicator that reflects the level of cell proliferation. Ki-67 has been proposed as the most valuable independent predictor for evaluating early recurrence and poor prognosis of surgically resected HCC in recent studies (6–8). Ki-67 detection relies on pathological examination. Needle biopsy is a common method to obtain pathological tissue, but it is an invasive examination and has certain disadvantages, such as poor patient compliance, possible surgical risks, and needle tract transfer (9, 10). With the formation of a multidisciplinary and multimethod comprehensive treatment model for liver cancer, a non-invasive preoperative method to predict Ki-67 status is significant in the treatment and prognostic management of patients.

Gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) is a liver-specific contrast agent, which has dual properties extracellular and hepatobiliary that can be taken up by normal liver cells and is increasingly used in the diagnosis and evaluation of liver diseases. T1 mapping is a non-invasive method of quantitatively analyzing the T1 value of tissue reflecting the T1 relaxation time. T1 mapping combined with GD-EOB-DTPA can provide more accurate and objective magnetic resonance imaging (MRI) quantitative images with functional information. Previous studies have shown that T1 mapping can effectively predict the postoperative histopathological grade and recurrence status of HCC (11, 12) and effectively assess liver fibrosis (13) and liver function (14, 15). These provide a basis for the non-invasive preoperative prediction of Ki-67 expression. To our knowledge, few studies had reported the application of T1 mapping combined with GD-EOB-DTPA for the evaluation of Ki-67 expression in HCC.

Therefore, the purpose of this study was to investigate the correlation between quantitative parameters from T1 mapping, apparent diffusion coefficient (ADC), and Ki-67 expression. We aimed to develop a nomogram based on Gd-EOB-DTPA-enhanced MRI combined with T1 mapping to non-invasive preoperatively predict Ki-67 expression in HCC.



Materials and methods


Patients

This two-center retrospective study was approved by the ethics committee of each participating hospital and was conducted in accordance with the Declaration of Helsinki. The informed consent had a waiver of informed consent. The entire workflow of this retrospective study is shown in Figure 1. A total of 240 patients with surgically and pathologically confirmed HCC from two hospital centers (Shunde Hospital of Southern Medical University, and the Sixth Affiliated Hospital, South China University of Technology) were collected between July 2019 and December 2020. Finally, 148 patients with preoperative Gd-EOB-DTPA-enhanced MRI T1 mapping and clinical data were included in the final analysis, according to the inclusion and exclusion criteria. Three cohorts were constructed: a training cohort (n = 73) and an internal validation cohort (n = 31) from Shunde Hospital of Southern Medical University, and an external validation cohort (n = 44) from the Sixth Affiliated Hospital, South China University of Technology. The inclusion criteria were as follows: (a) pathologically confirmed solitary HCC; (b) underwent hepatectomy; (c) and received preoperative Gd-EOB-DTPA-enhanced MRI and the interval period between the MRI examination and operation in less than 2 weeks. The exclusion criteria were as follows: (a) received previous treatment; (b) incomplete clinical or pathological information; (c) incomplete T1 mapping image data (pre-enhanced and 20 min after enhancement); (d) incomplete MR images or poor quality with obvious artifact; (e) and multiple HCC (≥2).




Figure 1 | Flowchart of patient selection in the study.



One hundred four patients in the internal cohort were followed up. We followed up patients after surgical resection every 3–6 months by contrast-enhanced ultrasound, CT, or MRI. We defined early recurrence (ER) as recurrence within 1 year after surgery.



Histopathological examination

All tissue specimens were sectioned and stained with hematoxylin eosin, and Ki-67 immunohistochemical staining was performed in the pathology department from two hospitals, respectively. The histopathological and immunohistochemical marker Ki-67 was blinded performed by two experienced pathologists from two hospitals (10, 12, 14, and 16 years’ experience, respectively). In case of disagreements, a third senior pathologist was consulted.

Histological differentiation was assessed by using the Edmondson–Steiner grading system. If different tumor grades coexist within a tumor, the diagnosis is made with the highest grade. Moreover, Edmondson–Steiner grades were divided into two groups; grades 1 and 2 were defined as high differentiation, and grades 3 and 4 were defined as low differentiation (16). Immunohistochemical staining was checked for Ki-67 expression (Beijing Zhongshan Golden Bridge Biotechnology Company, Beijing, China). Interpretation of Ki-67 by immunohistochemistry was as follows: take five FOVs under a high-power microscope (×400), count 100 cells for each FOV, and count the positively stained cells. Ki-67 was identified as the percentage of positive cells to the total cells, and the average value was used and was classified as low Ki-67 expression (≤25%) or high Ki-67 expression (>25%) according to previous studies (6, 17–19) (Figure 2).




Figure 2 | Representative staining patterns of Ki-67 (×400). (A, B): Low and high Ki-67 expression (approximately 10% and 50%).





MRI examination

All MRI examinations from two hospitals were performed on a 3.0-T MR scanner (MAGNETOM Skyra or MAGNETOM Verio, Siemens Healthcare, Germany). All patients should be fasted for ≥6 h before the examination, and the patients should be trained in breathing before the scan. The examination range was from the upper edge of the liver to the lower edge of the liver. The main scanning sequence includes T1WI-volumetric interpolated breath-hold examination (VIBE), T1WI-TWIST-VIBE sequence, T2WI-BLADE, T2WI-HASTE (half Fourier single-shot turbo spin echo), diffusion-weighted imaging (DWI), and T1 mapping. The parameters are detailed in Table 1.


Table 1 | MRI scan sequence and parameters.



GD-EOB-DTPA (Primovist, Bayer Schering Pharma, Berlin, German) was used for enhanced scanning, the dose was 0.1 ml/kg, the flow rate was 1.0 ml/s, and the tube was flushed with 30 ml of physiological saline. The T1WI-VIBE or T1WI-TWIST-VIBE sequence was used for multiphase (two to five phases) arterial phase scanning 10–30 s after spraying, and the T1WI-VIBE sequence was used for portal vein and balance phase scanning 60 and 150 s after spraying. Hepatobiliary imaging after enhancement was performed 20 min later. T1 mapping pre-enhancement was performed before enhancement, and T1 mapping after enhancement was performed 20 min later.



Imaging analysis

The patients’ image data were exported from the PACS in the DICOM format, and the RadiAnt DICOM Viewer 2020.2 (https://www.radiantviewer.com) software was used for image reading. All MRI quantitative and qualitative features were independently assessed by two abdominal radiologists from Shunde Hospital of Southern Medical University (8 and 15 years’ experience, respectively) who were blinded to the patients’ clinical and pathological information. If there is disagreement on the reevaluated image, it was resolved by consensus.

The following qualitative features were evaluated (Figure 3): (1) tumor margin, including smooth (round or oval with smooth margin) and non-smooth margins (protrusion, depression, or irregular); (2) tumor capsule, defined as the peripheral rim of hyperintensity in the equilibrium phase and classified as complete capsule, and incomplete or non-capsular; (3) mosaic structure, defined as the presence of randomly distributed internal nodules or compartments in the T2-weighted images; (4) arterial phase hyperenhancement (APHE) was defined as enhancement in the arterial phase unequivocally greater in part or in whole than the liver (no non-rim APHE excluded); (5) arterial rim enhancement, defined as the arterial phase enhancement which is most pronounced in the observation periphery; (6) peritumoral enhancement, defined as peri-observation enhancement in the late arterial phase or early portal phase; (7) peritumoral hypointensity, defined as the wedge-shaped area or irregular around the tumor with hypointensity in the HBP (slightly higher signal intensity than the tumor and lower than the surrounding normal liver parenchyma); and (8) satellite nodules, defined as tumors ≤2 cm in size and located ≤2 cm from the main tumor.




Figure 3 | Qualitative features of hepatocellular carcinoma. Assessment of qualitative features including tumor margin, tumor capsule, mosaic structure, APHE, washout, arterial rim enhancement, peritumoral enhancement, peritumoral hypointensity, and satellite nodules.



The quantitative characteristics included tumor size, T1 relaxation time obtained from T1 mapping pre-enhancement and 20 min after enhancement (T1rt-Pre, T1rt-20min), and ADC value. Selection of the region of interest (ROI) was conducted as follows: (1) select the largest level of measurement as much as possible, and keep the same level of each sequence as much as possible and ROI should be placed as far as possible in the area of obvious enhancement of the lesion; if the tumor is larger than 5 cm, the method of averaging multiple ROIs is used (avoid hemorrhage, cystic area, and blood vessels; Figure 4). (2) The ROIs were not smaller than 1.0 cm2 (100–150 pixels); the same lesion was measured three times with the same ROI, and then average amounts were calculated. The average values of the measurements of two radiologists were used for further analyses. (3) The following data were measured: T1 relaxation time of pre-enhancement (T1rt-Pre) and T1 relaxation time 20 min after enhancement (T1rt-20min) on the T1 mapping; calculate the reduction rate of T1 relaxation time (rrT1rt): rrT1rt-20min = (T1rt-Pre-T1rt-20min)/T1rt-Pre; ADC value on the ADC map; and tumor diameter on the maximum diameter of the tumor measured in the transverse or coronal view.




Figure 4 | (A-D) were ROI measurement methods of T1 relaxation time obtained from pre-enhanced T1 mapping and 20 min after enhancement and the ADC map.





Statistical analysis

Quantitative variables were expressed as mean and standard deviation (SD) (if normally distributed) and median and range (if non-normally distributed), while categorical data were presented as counts and proportions. The independent-sample t-test or Mann–Whitney U-test were used to assess the continuous variables, while the chi-squared test or Fisher’s exact test was used to analyze the categorical variables. Test–retest reliability was assessed using the intraclass correlation coefficient (ICC) for quantitative measurements and kappa for MRI features (>0.75 was considered to represent good agreement). The Spearman correlation analysis method was used to analyze the relationship between quantitative parameters from T1 mapping and ADC and Ki-67 expression in the whole cohort.

Patients from the internal cohort were randomly divided into the training and validation cohorts at a ratio of 7:3. The MRI features and clinical data were compared respectively between the training vs. validation cohorts in the internal cohort and between the Ki-67 high expression group and the low expression group in the internal cohort and the external validation cohort. The variables with statistical differences were determined by univariate logistic regression analysis. Then, the above-identified variables were further selected by stepwise regression based on the Akaike information criterion to construct a multivariate logistic regression model for Ki-67 expression. The nomogram was constructed based on the corresponding final logistic model prediction for these features and was separately validated with the same validation dataset and external dataset. We used Harrell’s C-index and calibration curves in the training and validation cohorts to test the performance of the model. We also calculated the area under the characteristic operating curves and 95% confidence intervals (CIs), accuracy, sensitivity, specificity, positive predictive value, and negative predictive value. Kaplan–Meier analysis was used to compare early recurrence between high Ki-67 expression groups and low Ki-67 expression groups. Statistical significance was considered as a two-sided p value of less than 0.05. The above statistical analysis was performed by the R software version 3.2.3 (Bell Laboratories; https://cran.r-project.org/bin/windows/base/old/3.2.3).




Results


Correlation analysis of quantitative parameters from T1 mapping, ADC and Ki-67 expression, and histological differentiation

T1rt-Pre and T1rt-20min are strongly positively correlated with Ki-67 (r = 0.627, r = 0.607, P < 0.001); the ADC value was moderately negatively correlated with Ki-67 (r = -0.401, P < 0.001). rrT1rt-20min was not significantly associated with Ki-67 (r = -0.150, P = 0.069). The correlation between T1rt-Pre and T1rt-20min with Ki-67 expression in different histological differentiation patients are shown in Figure 5 (all P < 0.05).




Figure 5 | Correlation between the quantitative parameters of T1 mapping with Ki-67 expression in different histological differentiation patients (*<0.05; ***<0.001).





Baseline characteristics

From July 2019 to December 2020, 104 consecutive patients were initially enrolled from the internal cohort, with 73 patients assigned to the training cohort and 31 to the validation cohort (Table 2). There was no significant difference between the two cohorts in any of the listed variables in Table 2 (all P > 0.05). Among the internal cohort, 50 patients had a high Ki-67 expression (48.1%) and 54 showed a low Ki-67 expression (51.9%). Regarding quantitative data, patients with a high Ki-67 expression had higher alpha-fetoprotein (AFP) levels, larger tumor size, higher T1rt-pre, higher T1rt-20min, and lower ADC (all P < 0.05, Table 3). Regarding qualitative data, patients with high Ki-67 expression more frequently showed APHE, a non-smooth margin, an incomplete or non-complete tumor capsule, a mosaic structure, arterial rim enhancement, peritumoral enhancement, and peritumoral hypointensity (all P < 0.05, Table 3). Among the external validation cohort, 20 patients had a high Ki-67 expression (45.5%) and 24 showed a low Ki-67 expression (54.5%). Patients with a high Ki-67 expression had higher albumin levels, larger tumor size, higher T1rt-pre, higher T1rt-20min, and lower ADC (all P < 0.05, Table 3). Regarding qualitative data, patients with high Ki-67 expression more frequently showed a non-smooth margin, mosaic structure, arterial rim enhancement, peritumoral enhancement, and peritumoral hypointensity (all P < 0.05, Table 3). There were no statistically significant differences in other MR features and clinical indicators between the two groups (P > 0.05). The average concordance rate of evaluating MRI features between the two radiologists was 0.877 (95% CI, 0.855–0.899). MRI images of typical cases in the high and low Ki-67 expression groups are shown in Figure 6.


Table 2 | Baseline characteristics between patients in the internal training and validation cohorts.




Table 3 | Baseline characteristics of patients in the Ki-67 high and low expression groups.






Figure 6 | Representative images of each phase on Gd-EOB-DTPA-enhanced MRI and T1 mapping 20 min after enhancement in patients with high or low Ki-67 expression. a1–4: A 48-year-old man with Edmondson–Steiner grade II HCC and low expression of Ki-67 (10%). (a1) APHE; (a2), washout and complete capsule; (a3), smooth tumor margin; (a4), T1rt-20 min = 509.92 ms. b1–4: A 58-year-old man with Edmondson–Steiner grade III HCC and high expression of Ki-67 (30%). (b1) no APHE; (b2), peritumoral enhancement; (b3), peritumoral hypointensity and non-smooth tumor margin; (b4), T1rt-20 min = 1,062.86 ms. c1–4: A 59-year-old man with Edmondson–Steiner grade II HCC and high expression of Ki-67 (40%). (c1), rim enhancement and peritumoral enhancement; (c2), washout; (c3), non-smooth tumor margin; (c4), T1rt-20min = 971.84 ms.



Patients in the internal cohort were followed up until recurrence or at the end point of this study (1 February 2022). The median follow-up time of the patients was 18.96 (range 17.07–20.86) months. The overall early recurrence rate was 34.62% (36/104) and in particular 23.32 (21.44–25.19) months for those with low Ki-67 and 13.84 (11.13–16.56) months for those with high Ki-67 (log-rank test, P<0.001; Figure 7).




Figure 7 | Disease-free survival of patients with high Ki-67 expression and low Ki-67 expression.





Performance of predictors and the combined nomogram for predicting high Ki-67 expression

Using multivariable analyses, we found significant independent predictors of Ki-67 expression, including peritumoral enhancement, peritumoral hypointensity, T1rt-20min, and tumor margin, while APHE was marginally significant predictors of Ki-67 expression (Table 4).


Table 4 | Multivariable analyses of preoperative Gd-EOB-DTPA enhanced MRI features in prediction of Ki-67 expression.



For Ki-67 expression, a nomogram was established in the training cohort based on five imaging features: APHE, peritumoral enhancement, peritumoral hypointensity, T1rt-20min, and tumor margin. The nomograms and calibration curves are presented in Figure 8, which showed that the calibration curves for Ki-67 expression in the three cohorts all well-matched with standard lines. The C-index of the nomogram for Ki-67 expression prediction was 0.919 (95% CI, 0.858–0.970) in the training cohort, 0.925 (95% CI, 0.821–1.000) in the validation cohort, and 0.850 (95% CI, 0.736–0.952) in the external validation cohort (Table 5).




Figure 8 | Nomogram with calibration curves for predicting Ki-67 expression (internal cohort and external validation cohort).




Table 5 | Predictive performance of preoperative Gd-EOB-DTPA-enhanced MRI features in Ki-67 expression prediction.






Discussion

Gd-EOB-DTPA can be absorbed by the liver cells through the organic anion transporter polypeptide (OATP) pathway, and it provides structural information of lesions and carries functional information in the hepatobiliary phase, due to its dual extracellular and hepatobiliary properties (20). T1 mapping technology is a non-invasive quantitative analysis method of the tissue T1 value, which has good repeatability and strong operability. Gd-EOB-DTPA-enhanced MR combined T1 mapping is believed to provide abundant diagnostic information. In our study, we retrospectively collected data of 148 consecutive patients with HCC, and we investigated the correlation with T1 mapping, ADC quantification parameters, and Ki-67 expression. Our data showed that T1rt-Pre and T1rt-20min were strongly positively correlated with Ki-67 (r = 0.627, r = 0.607, P < 0.001); the ADC value was moderately negatively correlated with Ki-67(r = -0.401, P < 0.001), as seen in previous studies (20). However, the ADC values were less correlated with Ki-67 than T1 mapping; the possible explanation could be that the ADC value can be affected by technical parameters, such as limited image quality with poor signal-to-noise ratio and low spatial resolution, motion and air artifacts, and misregistration artifacts on the ADC map (21). T1 mapping reflects the fixed characteristics of the tissue, is not limited by the scan sequence parameters, and is positively correlated with the concentration of the gadolinium contrast agent in the tissue. Therefore, the T1 mapping value is more accurate, which has also been confirmed in the liver function and liver fibrosis assessment (13–15). The author believes that when the proliferation of tumor cells is more active, the tumor cells are arranged more closely per unit volume, which results in a larger T1rt-pre value; when the proliferation of tumor cells is more active, the proportion of normal liver cells contained in the tumor is lower, and the absorption of Gd-EOB-DTPA is also reduced, resulting in a larger value of T1rt-20min. There is a certain correlation between Ki-67 expression and histopathological differentiation (22, 23). Is the T1 mapping value affected by histological differentiation? Therefore, in our study, the correlation between the T1rt-pre, T1rt-20min, and Ki-67 expressions in the different histological differentiations was further obtained. No matter in the low differentiation group or in the high differentiation group, T1rt-Pre and T1rt-20min had statistical difference between high and low expression of Ki-67 (P < 0.05). It can be seen that T1 mapping is not affected by the degree of histopathological differentiation when predicting high and low expressions of Ki-67.

The expression of Ki-67 in cancer has been intensively studied, and most studies have shown that Ki-67 is associated with the metabolic, genetic, or clinical-pathological features of HCC (5, 19, 20). Aktas’s study showed that Ki-67 was one of the independent prognostic factors of recurrence on patients who underwent liver transplant for HCC (24). Cao et al. revealed that HCC with high Ki-67 expression was more aggressive, and its recurrence-free survival and postoperative overall survival were significantly lower than those of HCC with low Ki-67 expression (6). With the rise of multidisciplinary and multimodal comprehensive treatment of HCC, the high risk of recurrence in HCC patients requires adjuvant therapy and careful follow-up. Hence, a non-invasive preoperative method to predict the Ki-67 status is needed to guide individualized HCC treatment and postoperative surveillance in clinical practice. Many studies have attempted to determine preoperative predictors of HCC with poor prognosis using Ki-67 (6–8), microvascular invasion (MVI) (25, 26), cytokeratin 19 (27, 28), or microvascular density (20). Although the results of these relevant studies have confirmed the relationship between these indicators and prognosis, no consensus has been reached. In terms of the relative molecular mechanism, except for Ki-67 which can be a marker of cellular proliferative activity, few studies have described other mechanisms. Currently, it is more acceptable to use Ki-67 as an important biomarker to reflect tumor cell proliferation and to assess prognosis in patients with HCC and other malignant tumors. However, there is no unified standard for the high and low expression groups of Ki-67 yet. In some studies, 10% (29–31) was used as the cutoff value of Ki-67 expression, but in others, 14% (32) or 35% (7) or 50% (20) was used, and we used 25% (6, 17–19) as the cutoff value because we believe that a cutoff that is too low or too high will lead to selectivity bias for inclusion criteria due to the under- or overestimation of Ki-67 expression. At the same time, our data showed a difference in the overall early recurrence rate between the two groups (P < 0.001). The high Ki-67 expression group (>25%) showed a tendency to recur easily within 1 year after surgery.

In our study, MR qualitative characteristics such as APHE, tumor margin, tumor capsule, mosaic structure, arterial rim enhancement, peritumoral hypointensity, and peritumoral enhancement were statistically different between the high Ki-67 group and low Ki-67 group in the internal cohort (P < 0.05). However, among the above qualitative characteristics, there was no statistical difference in APHE and tumor capsule between the high Ki-67 expression group and low Ki-67 expression group in the external validation cohort. Among these meaningful MR characteristics in our study, peritumoral hypointensity, peritumoral enhancement, tumor capsule, and tumor margin mainly reflected the relatively dense cell structure and infiltrative growth types of the tumor to the surrounding structures. Peritumoral hypointensity and peritumoral enhancement probably relate to the known hypothesis of invasion of the surrounding structures especially the minute portal branch occlusion and the hemodynamic changes existing in compensatory arterial hyperperfusion and decreased portal flow, which may lead to altered expression of OATP or MRP2 receptors (33, 34). However, the statistically different MR characteristics developed in our study were not included in the regression model, such as mosaic structure, arterial rim enhancement, and tumor capsule. Mosaic structure could be related to the inhomogeneity of the tumor, while arterial rim enhancement pattern is rarely observed in HCCs and is more commonly observed in intrahepatic cholangiocarcinomas or metastases (27). It is noteworthy that APHE was statistically different between the two groups (P < 0.05) and included in the nomogram, while it was not a significant predictor of high Ki-67 expression. During hepatocarcinogenesis, changes in the tumor’s blood supply often lead to APHE. However, in some benign lesions, such as atypical hemangioma, it can also present with the typical enhancement pattern of APHE (35). This study did not conduct further analysis of the APHE subtypes, but Cunha’s study (36) showed that there are still differences in observers’ perceptions of APHE subtypes (37), and no unified understanding has been formed. Quantitative assessment can directly reflect histological features. In our study, T1rt-pre and T1rt-20min in the high Ki-67 group were higher than those in the low Ki-67 group (P < 0.001), while the ADC value in the high Ki-67 group was lower than that in the low Ki-67 group (P < 0.001). However, the ADC value was not included in the regression model.

Finally, the significant independent predictors of Ki-67 expression included peritumoral enhancement, peritumoral hypointensity, T1rt-20min, and tumor margin. Although APHE was included in the regression, it was not an independent predictor. For Ki-67 expression, a nomogram was established based on five imaging features: APHE, peritumoral enhancement, peritumoral hypointensity, T1rt-20min, and tumor margin in the training cohort. The combined nomogram yielded an incremental performance in predicting the Ki-67 expression of HCC; the C-index was 0.919 (95% CI, 0.858–0.970) in the training, 0.925 (95% CI, 0.821–1.000) in the validation cohort, and 0.850 (95% CI, 0.736–0.952) in the external validation group.

In summary, the author believes that gadoxetate disodium-enhanced MRI combined with T1 mapping quantitative technology can better evaluate the expression of Ki-67. However, there are several limitations in this study: (1) This is a retrospective study with a relatively small sample size, and there may be selection bias. (2) At present, there is currently no standardized Ki-67 expression level threshold in HCC and there are differences in various studies that we defined 25% as the cutoff value. Therefore, it is necessary to study the differences of different groups with a large sample of multiple centers and compare the diagnostic efficacy of different groups. (3) ROI is drawn manually, and there may be measurement errors. (4) Multiple liver cancers (>2) were excluded from this study. Because this study is a retrospective study, it is impossible to guarantee the one-to-one correspondence between the imaging images of multiple lesions and the pathological images. However, multiple liver cancers are not uncommon in clinical practice. A prospective study was conducted in conjunction with colleagues from hepatobiliary surgery and pathology departments.



Conclusion

In conclusion, this study shows that the T1 relaxation time measured by Gd-EOB-DTPA-enhanced MRI T1 mapping has a strong positive correlation with Ki-67 expression in HCC, and our established nomogram has good predictive performance for a non-invasive preoperative prediction of Ki-67 expression in HCC.
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We aimed to develop and validate a pyradiomics model for preoperative prediction of initial treatment response to transarterial chemoembolization (TACE) in patients with hepatocellular carcinoma (HCC). To this end, computed tomography (CT) images were acquired from multi-centers. Numerous pyradiomics features were extracted and machine learning approach was used to build a model for predicting initial response of TACE treatment. The predictive accuracy, overall survival (OS), and progression-free survival (PFS) were analyzed. Gene Set Enrichment Analysis (GSEA) was further used to explore signaling pathways in The Cancer Genome Atlas (TCGA)-HCC cohort. Overall, 24 of the 1,209 pyradiomic features were selected using the least absolute shrinkage and selection operator (LASSO) algorithm. The pyradiomics signature showed high predictive accuracy across the discovery set (AUC: 0.917, 95% confidence interval [CI]: 86.93-96.39), validation set 1 (AUC: 0.902, 95% CI: 84.81-95.59), and validation set 2 (AUC: 0.911; 95% CI: 83.26-98.98). Based on the classification of pyradiomics model, we found that a group with high values base on pyramidomics score showed good PFS and OS (both P<0.001) and was negatively correlated with glycolysis pathway. The proposed pyradiomics signature could accurately predict initial treatment response and prognosis, which may be helpful for clinicians to better screen patients who are likely to benefit from TACE.
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Introduction

Hepatocellular carcinoma (HCC) is a major cause of cancer-related death worldwide (1). Some patients with HCC are ineligible for liver transplantation and surgical resection because the curative surgery cannot be performed (2–4). For these patients with intermediate and advanced-stage HCC, transarterial chemoembolization (TACE) therapy is a promising treatment method following the National Comprehensive Cancer Network (NCCN) clinical practice guideline (5–7).

Initial treatment response has recently been reported to be a powerful indicator of favorable outcomes, such as longer progression-free survival (PFS) and overall survival (OS) (8–10). Studies on tumor burden were evaluated using magnetic resonance imaging (MRI) or computed tomography (CT) and found associations between imaging features (e.g., tumor size, tumor number) and treatment response to TACE in patients with HCC (11–14). However, imaging features have a limited accuracy of subjective judgment, and they do not reflect intra-tumor heterogeneity. Developing a robust and accurate algorithm to select patients who will show initial response to treatment remains challenging and important. Thus, an accurate model to identify patients with an initial response to TACE could be useful to optimize individualized treatment strategy.

Nowadays, radiomics have been a new and promising field that involves the extraction of large quantitative features from radiographic images (15, 16). The radiomics algorithm offers an unprecedented opportunity to improve cancer decision-making in a low-cost and non-invasive manner. Previous studies have shown that radiomics models of radiology images are significantly associated with clinical outcomes in cancer patients (17–21). We previously found that a radiomics model based on CT images could precisely predict microvascular invasion in HCC patients and the machine learning algorithm could be used to predict clinic outcome in cancer (22, 23). However, the standard method in this field was lacked and the potential mechanism of radiomics model was unclear in the HCC. Radiomics extracting from python package was named pyradiomics and provide the chance. The role of pyradiomics predictive models for initial response or prognosis in TACE treatment, and the association with signal transduction pathway remain unexplored.

In this study, based on the preoperatively CT images and machine learning algorithm, we aimed to develop and validate a robust and accurate pyradiomics signature for a noninvasive pretreatment prediction of initial response to TACE in HCC patients. The mutual relationships between pyradiomics score and clinical factors were further analyzed and validated in other patient cohorts. The subgroup analyses, clinical utility and prognosis of pyradiomics model were estimated. Gene Set Enrichment Analysis (GSEA) tool was used to reveal the association between pyradiomics model and Kyoto Encyclopedia of Genes and Genomes (KEGG), which contributes to interpretation of the potential mechanism but not “black box” of these machine learning models.



Materials and methods


Study design and patients

The flowchart of the machine learning model is presented in detail in Figure 1. This was a retrospective study of 313 patients with Barcelona Clinic Liver Cancer (BCLC) stage B HCC who underwent conventional TACE between February 2010 and December 2020. Patients were recruited from the Nanfang Hospital (n=141 patients, discovery set), Sun Yat-sen University Cancer Center (n=121, validation set 1), and the Second Affiliated Hospital of Gui Zhou Medical University (n=51) (validation set 2). The inclusion criteria were radiologically or pathologically confirmed HCC, initial TACE treatment, BCLC sage B, and arterial-phase CT images availability within 7 days before and 30 days after treatment. Patients who underwent loco-regional or whole-body therapies were excluded. According to the modified Response Evaluation Criteria in Solid Tumors (mRECIST), the initial response to TACE was classified as complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD) by an experienced radiologist as in the previous study (24). Initial treatment response and non-response were strictly defined as CR+PR and SD+PD, respectively. The OS was defined as the time from the start of TACE or hepatectomy treatment until death or the last contact; PFS was defined as the time between the beginning of TACE treatment and the progression or death of the tumor; disease-free survival (DFS) was defined as the time between the beginning of hepatectomy treatment and disease recurrence or death because of the tumor. This study was approved by the three institutional review boards of Nanfang Hospital, the Second Affiliated Hospital of Gui Zhou Medical University, and Sun Yat-sen University Cancer Center.




Figure 1 | Flowchart for the development of the machine learning model. All patients have radiologically or pathologically proven HCC and undergo CT before TACE therapy. The radiologists manually segment the 3D ROIs. Thereafter, 1,167 features are extracted from the hepatic arterial CT images based on the “pyradiomics” package of python. Using LASSO method, 24 features are selected, and the pyradiomics model is built. Model validity is evaluated in two cohorts. The predictive performance of the pyradiomics model is compared with that of clinical factors. The association between the pyradiomics model and cancer signaling pathways is analyzed using the TCGA-HCC cohort. 3D, three-dimensional; HCC, hepatocellular carcinoma; CT, computed tomography; ROI, region of interest; LASSO, least absolute shrinkage and selection operator algorithm; TCGA, The Cancer Genome Atlas.





TACE procedure, CT acquisition and manual segmentation of the region of interest

TACE was performed under local anesthesia using the traditional femoral approach. TACE was performed under the guidance of digital subtraction angiography (Allura Xper FD 20, Philips) through the left and right hepatic arteries directly through the arteries supplying blood to the tumor when technically feasible. Hepatic arteriography, performed using a 5 Fr (RH or Yashiro) catheter, was first used to assess the location, number, size, and blood supply of the target tumor. The embolic emulsion agent, including epirubicin (30–60 mg), lobaplatin (30–50 mg), and lipiodol (10–30 mL), was injected into the artery supplying the tumor through a 2.7/2.8 Fr microcatheter. Thirty days after treatment, according to the modified Response Evaluation Criteria in Solid Tumors (ver. 1.1).

Contrast-enhanced computed tomography scans were performed as previously described (22). Contrast-enhanced computed tomography (CECT) was performed at hospital using an MDCT scanner and the detail information of CT image acquisition was described in the Supplementary Material. After the routine CT scanning, a contrast agent (Ultravist 370, Bayer SchL/s) was delivered via an injector (Ulrich CT Plus 150, Ulrich Medical, Ulm, Germany); and CECT was performed immediately after injection. Preoperative CT images were collected on the Picture Archiving and Communication System (PACS; Nanfang Hospital Network Center, China), with an optimal window setting adjustment (window width: 300, window level: 50). The CT images were downloaded through the Picture Archiving and Communication System. Two senior radiologists blinded to the treatment results manually segmented the three-dimensional (3D) regions of interest (ROI) in HCC using the ITK-SNAP (version 3.6, https://sourceforge.net/projects/itksnapx64/). Then, they saved and stored the main images and 3D segmented images for extraction of pyradiomics.



Extraction and reproducibility examination of pyradiomics features

MATLAB 2014b (https://ww2.mathworks.cn/) was used to standardize and reconstruct the segmented 3D ROI image. The thickness of the layer was 1 mm. Python 3.6 (https://www.python.org/downloads/release/python-360/) was used to install the package (https://github.com/Radiomics/pyradiomics) and extract the pyradiomics features from 3D images. These values included the texture, shape, size, and wavelet transform of the CT images. The intra- and inter-correlation coefficients (ICCs) of 50 hepatic artery CT images between two observers were used to evaluate the repeatability of pyradiomics feature extraction. To evaluate intra-observer reproducibility, two radiologists independently and manually segmented the ROIs of 50 patients. Meanwhile, to assess repeatability between observers, two readers extracted the high-dimensional pyradiomics features twice with at least 1-week interval. ICCs greater than 0.75 were set to indicate favorable consistency in pyradiomics extraction. These values, which described the texture, shape, size, and wavelet transform of the CT images, could be used to analyze the overall consistency and select the robust pyradiomics features with good reproducibility.



Development and validation of the pyradiomics signature for predicting therapy response

The least absolute shrinkage and selection operator (LASSO) is a powerful algorithm to choose the most important variables from high-dimensional features (22, 23). LASSO is a reduction method that shrinks the regression coefficient to a certain area. The main idea in using LASSO is constructing a first-order penalty function to obtain a refined model through the final determination of some variables coefficient 0 for feature screening. The penalty term of LASSO is:

	

This constraint uses the first-order penalty function of absolute value instead of the second-order function of square sum. Although the form is only slightly different, the results are very different. Some of the coefficients would generate to zero. In this study, LASSO based on 5-fold cross-validation was used to select 24 non-zero coefficients. Then, a pyradiomics score (PRS) was calculated based on a logistic method. A pyradiomics signature was consequently developed to predict TACE treatment response. The pyradiomics model’s performance was then evaluated in the discovery and two validation sets using receiver operating characteristic (ROC) analysis. The optimal cut-off value for predicting treatment response was calculated using the Youden’s index. According to the optimal cut-off PRS value, we divided the patients into two groups. The patients with high values (>-0.14) were defined as RS1, and those with low values (≤-0.14) as RS2. In our study, 112 patients from Nanfang Hospital and 29 from the Second Affiliated Hospital of Gui Zhou Medical University had the information of prognosis.



Gene Set Enrichment Analysis in the TCGA-HCC cohort

The purpose of Gene Set Enrichment Analysis (GSEA) is to explore the relationship between the level of imaging score and tumor-related signaling pathways and gene expression. The GSEA analysis data included four files: 1. The Gene Expression profiling data (Expression dataset) was derived from the mRNA Expression profiles of HCC in The Cancer Genome Atlas (TCGA), and contained 20,533 Gene Expression information; 2. The Gene sets contained 2,074 known Gene sets; 3. Chip annotations listed each probe on the DNA Chip and its matching Hugo gene symbols; 4. Phenotype labels were used to categorize samples into two classes for research purposes and to ensure that the order of the samples was consistent with that of the expression spectrum files. TCGA expression spectrum data were downloaded at: https://www.cancer.gov/about-nci/GDC. The data for a total of 46 HCC patients with preoperative CT images in TCGA database were downloaded from The Cancer Imaging Archive (TCIA) (http://www.Cancer.imaging.archive.net/). In this study, according to the value of PRS, 46 patients with HCC were divided into two groups: RS1 and RS2. The two groups were clustered to identify the distinct genes (fold change ≥2.0, P<0.05). Genes were identified using the “edgR” package. Based on the specific genes, pathway analysis was conducted to determine the potential mechanisms for the machine learning model (DAVID, https://david.ncifcrf.gov/).



Statistical analysis

The “pROC” package was used to plot the receiver operating characteristic (ROC) curves. A confidence interval (CI) of 95% for the area under the curve (AUC) was calculated in all cohorts. PRS was evaluated using the Mann-Whitney U test. The Akaike information criterion (AIC) was used to select the optimal model. The AIC is based on entropy and a measure of the goodness of a statistical model. The smaller the AIC, the better the model. The AIC can be expressed as: AIC = (2k-2L)/n. The Kaplan-Meier curves of DFS, PFS, and OS were analyzed using the “survminer” package. Decision curve analysis (DCA) was used to quantify the probabilities of net benefits at different threshold in patients with HCC, plotted by the “dca.R” package. All statistical analyses were performed using the R statistical software version 3.5.0 (R Core Team, 2018) and GraphPad prism 7.0. Two-sided P values<0.05 were considered significant.




Results


Patient characteristics

In total, 18 (12.76%), 13 (10.75%), and 10 (19.61%) patients in the training set, validation set 1, and validation set 2 were females, respectively. Furthermore, 93 (65.96%), 85 (70.25%), and 33 (64.70%) patients were aged less than 60 years, respectively. The baseline patient characteristics are shown in Table 1. Most patients (82.27, 86.78, and 82.35%) had Child-Pugh A disease and a low number of tumors (≤3) (85.82, 86.64, and 76.47%) in the training set, validation set 1, and validation set 2, respectively. Overall, 51.06, 52.06, and 49.01% of the patients in the training set, validation set 1, and validation set 2, respectively, had high alpha-fetoprotein (AFP) levels. Patients with small tumor size (≤5 cm) accounted for 13.47, 12.39, and 15.69% of the population in the discovery set, validation set 1, and validation set 2, respectively. There were 56 (39.72%), 51 (42.15%), and 19 (37.25%) patients in these three cohorts, respectively, who achieved CR/PR. There was no significant difference in the treatment response rate between the three sets.


Table 1 | Patient characteristics by study set.





Pyradiomics signature development and associated analysis of clinical factors

Pyradiomics features were extracted as described in previous studies (25–27). A total of 1,167 features were extracted from the hepatic arterial 3D-CT images. A total of 457 pyradiomics features were eliminated in the ICC analysis. The remaining 710 features were then subjected to feature selection and LASSO coefficient analysis. Based on 5-fold cross-validation via the maximum criteria, 24 coefficients were selected (Supplemental Figure S1). Twenty-four pyradiomics features were analyzed via multi-variable logistic regression and included to develop the pyradiomics signature (PRS) (Table 2).


Table 2 | Formula for calculating pyradiomics signature.



Treatment responders showed significantly higher PRS than non-responders in the three cohorts (all P<0.001) (Figures 2A-C). Tumor size was also associated with treatment response in the three cohorts (P<0.001, P<0.001, and P=0.017, respectively) (Supplemental Figure S2). However, we found there was no association between treatment response and other clinical factors, such as tumor number, AFP level. Meanwhile, PRS was also not correlated with age, sex, Child-Pugh classification, AFP level, and tumor number across all three cohorts (Figures 2D-F). In contrast, PRS was significantly associated with tumor size (r=-0.416, P<0.001; r=-0.514, P<0.001; r=-0.568, P<0.001, respectively) and treatment response (r=0.605, P<0.001; r=0.539, P<0.001; r=0.588, P<0.001, respectively).




Figure 2 | Association between the pyradiomics score and clinical factors. (A-C) Correlations between the pyradiomics score and object response (CR+PR) in the discovery and two validation sets. (D-F) Correlation heatmaps of the pyradiomics score and clinical factors in the three cohorts. SD, stable disease; CR, complete response; PD, progressive disease; PR, partial response.





Evaluating classifiable accuracy of machine learning model by PRS

The area under the ROC curves of tumor size and the pyradiomics signature were analyzed. We used Youden’s index (defining as sum of sensitivity and specificity minus 1) to calculate the optimal cut-off value (-0.14) in the ROC analysis. The AUCs showed that the tumor size (AUC=0.752, 95% CI: 66.89-83.60, P<0.001) and pyradiomics signature (AUC=0.916, 95% CI: 86.93-96.39, P<0.001) could be the predictors of treatment response to TACE in patients with HCC (Figure 3A) (Supplemental Table S1). Furthermore, the model of the pyradiomics signature in the validation sets 1 and 2 also demonstrated a high AUC for predicting treatment response, with the AUC consistent with that in the discovery set (AUC=0.902, 95% CI: 84.81-95.59, P<0.001; AUC=0.911, 95% CI: 83.26-98.98, P<0.001, respectively). The AUCs of the tumor size were 0.778 (95% CI: 52.00-82.60, P<0.001) and 0.690 (95% CI: 54.66-83.33, P=0.024, Figures 3B, C). Based on boostrap (n=2000) analysis, the efficiency of the pyradiomics signature was significantly higher than that of the tumor size in the discovery (P=0.016) and the two validation sets (P=0.016 and P=0.008). The AIC of the model comprising a combination of the pyradiomics signature and tumor size was not superior to that of the model comprising only the pyradiomics signature in the discovery set (240.53 vs. 238.94). The examples of two patients with response (RS1) or no response (RS2) are shown in our study (Figure 3D). The patient 1 had higher pyradiomics score than patient 2 did (5.44 vs.-3.10).




Figure 3 | Pyradiomics signature and tumor size predict treatment response to TACE. (A-C) ROC curves show the predictive performance of pyradiomics signature and tumor size for estimating CR and PR. The bootstrap (n=2000) test results of the two ROC curves indicate that the AUC of the sum of pyradiomics signature is significantly higher than those of the tumor size in the discovery and in validation 1 and 2 sets. (D) Examples of two patients with response (RS1) or no response (RS2). ROC, receiver operating characteristic; AUC, area under curve; CR, complete response; PR, partial response.





Clinical utility and subgroup analysis of PRS predictive accuracy

The DCA of the pyradiomics signature showed relatively good performance of the model regarding clinical application (Figure 4A). It was suggested from the DCA curve that when the threshold probability in a patient was 42%, more initial response could be achieved through a pyradiomics signature than either treat-all or treat-none strategies. The probability of acquiring treatment response ranged from 8 to 100%. Thus, a pyradiomics signature accurately identifies the patients who have the initial response and may benefit from TACE therapy. The patients were divided into subgroups based on six clinical variables to estimate the classification performance of the pyradiomics model further (Supplemental Table S2). The AUC was higher in the female patients than that in the male patients (0.966, 95% CI: 92.18-100.00 vs. 0.8985, 95% CI: 86.12-93.59, P=0.021) (Figure 4B). Meanwhile, the predictive accuracy was not affected by age, Child–Pugh classification, and AFP levels, compared with bootstrap=2000 (P=0.354, P=0.998, and P=0.424, respectively) (Figures 4C-E). Subgroup analysis by tumor number and tumor size also showed no significant difference in AUCs (P=0.443 and P=0.597, respectively) (Figures 4F-G).




Figure 4 | DCA and subgroup analysis of the pyradiomics signature for predictive treatment response to TACE. (A) DCA of the pyradiomics signature. (B-G) Pyradiomics signature of clinical subgroup predicts therapy response in all patients (n=313) undergoing TACE treatment. The two ROC curves are compared using the bootstrap (n=2000) test. DCA, decision curve analysis; ROC, receiver operating characteristic; TACE, transarterial chemoembolization.





The prognostic value of PRS in patients undergoing TACE treatment

According to the optimal cut-off value of PRS, we divided the patients into two groups. The patients with high values (>-0.14) defined as RS1, and the patients with low values (≤-0.14) defined as RS2. In our study, 112 patients from Nanfang Hospital and 29 patients from the Second Affiliated Hospital of Gui Zhou Medical University had the information of prognosis. Therefore, based on stratification of RS1and RS2, PFS and OS were analyzed in a total of 141 patients. We found the patients with RS1 had a longer PFS and OS than those with RS2 (Median PFS: 25 vs. 9 months, hazard ratio [HR]=2.78, 95% CI: 1.93-4.00, P<0.001; Median OS: 49 vs. 22 months, HR=2.23, 95% CI: 1.47-3.38, P<0.001, respectively) (Figures 5A, B). Moreover, we used the biomarkers of RS1 and RS2 to predict the 1-, 3-, and 5-year-OS and PFS rates. In the time-dependent ROC curve estimation from censored survival, the higher accuracies were 1-year-OS/PFS predictions than 3- and 5-year-OS/PFS predictions (0.679 vs.0.676 vs.0.662; 0.737 vs. 0.602 vs.0.617, respectively) (Figures 5C, D).




Figure 5 | Prognosis prediction of PRS in patients undergoing TACE treatment. (A, B) The OS and PFS of two classification (RS1 vs. RS2) are compared in the patients. (C, D) Time-dependent ROC curve analysis is performed in 1-year-OS/PFS, 3-year-OS/PFS and 5-year-OS/PFS predictions. PFS, progression-free survival; OS, overall survival; PRS, pyradiomics score; TACE, transarterial chemoembolization; ROC, receiver operating characteristic.





Association between PRS and glycolysis pathway genes stratify prognosis in TCGA-HCC patients (No-TACE treatment)

The same algorithm of machine learning in the training cohort was used in the CT images of 46 patients with HCC from the TCGA database (TCGA-HCC cohort) and the PRS was calculated by the pyradiomics formulation. According to the above cut-off value of pyradiomics score, all patients were then divided into two groups, which were defined as RS1 group (n=23) and RS2 group (n=23). In this experiment, high pyradiomics scores were mostly observed in the RS2 group and low pyradiomics scores were contrary. Through differential gene expression analysis (RS1 vs. RS2), between-group comparisons showed that 151 genes were significantly downregulated, while 167 genes were upregulated (FDR adjust P<0.05) (Figure 6A) (Supplemental Figure S3). The GSEA found several KEGG pathways were significantly associated with PRS, such as small molecule catabolic process, glycolysis, and recycling of bile acids and salts. In many pathways, we speculated that glycolysis resulting from tumor hypoxia status were mostly associated with TACE treatment. Therefore, we mainly focused on the glycolysis pathway genes and found that RS1 group was negatively associated with HK2 and PFKP presence (Figure 6B) (Supplemental Figure S4). We cound not determine the ability of the PRS in this study to evaluate clinical prognosis in patients with HCC who underwent hepatectomy but did not receive TACE therapy. We subsequently found that RS1 group had significantly longer DFS and OS time than the RS2 group did (P<0.001 and P=0.008, respectively) (Figures 6C, D).




Figure 6 | Different genes, signaling pathways, and prognosis associated with predicted treatment response. (A) The heat map plot of mRNA expression from different genes. Patients with HCC are shown on the y-axis, and gene expression is shown on the x-axis. (B) Some genes are enriched in certain signaling pathways, such as in the glycolysis and gluconeogenesis pathways. (C, D) The responder group shows better DFS and OS than the non-responder group does. HCC, hepatocellular carcinoma; DFS, disease-free survival; OS, overall survival.






Discussion

Based on preoperatively CT images, this study developed a pyradiomics signature to accurately predict the initial treatment response and prognosis in HCC patients who underwent TACE therapy. The DCA and subgroup prediction analysis showed the good clinical performance of the model. We further analyzed the association between the pyradiomics model and KEGG pathway genes in TCGA-HCC database. Our findings provided a novel insight into the interpretability of the machine learning model for predicting therapy response or prognosis in different types of tumors.

TACE is a standard treatment modality for HCC patients with BCLC stage B disease (7). Although recent studies reported that there was a non-superiority of TACE with respect to bland embolization, and direct incremental costs of drug-eluting beads TACE (DEB-TACE) can be acceptable in hepatocarcinoma patients (28, 29), considering the extensiveness of method and health policy in our country, we chose the conventional TACE treatment in this study. Treatment response to the first TACE is a well-known predictor of clinical outcomes in patients with middle-stage HCC. This study used pyradiomics algorithms from the python package to extract features of tumor shape, texture, intensity, and wavelet transform characteristics from three-dimensional CT images in HCC patients who underwent TACE as reported by previous studies (30, 31). In our study, we used LASSO of 5-fold cross-validation to chose pyradiomics features for CT images, and 24 features were finally selected. We then used logistic regression analysis to calculate the pyradiomics score among HCC patients who underwent TACE. The results showed significantly higher pyradiomics scores in the response group. The response group also showed smaller tumor size, which was consistent with previous reports (32, 33). There was a significantly negative correlation between the pyradiomics score and tumor size. Compared with tumor size, the pyradiomics model showed higher accuracies for predicting treatment response. This could be because the pyradiomics model included larger amount of radiology information than the model based on tumor size did (34), and a machine learning method, such as LASSO, made a great contribution to enhance the predictive ability of diagnosis, therapy response or prognosis in solid tumors. However, the model combining the pyradiomics signature and tumor size did not show superior AIC to that using the pyradiomics signature alone. The machine learning model had a robust accuracy for predicting initial treatment response to TACE and the method could be used as an invasive stool in the other cancers.

The DCA revealed that the pyradiomics model could predict the treatment response when the probability of acquiring treatment response ranged from 8 to 100%. This result indicated that the pyradiomics signature could help determine clinical strategy and identify the patients who had initial treatment response according to the above the optimal cut-off value (>-0.14). Additionally, some clinical variables may affect the predictive accuracy of the pyradiomics model (6, 35), and the model’s predictive accuracy in patient subgroups was rarely reported and was still unclear. Interestingly, in this study, our subgroup analysis (Supplemental Table S2) showed that our machine learning model had a better predictive accuracy in females than in male patients. Of note, the sample size of female patients was significantly smaller than that of male patients (41 vs. 272). The different result of TACE treatment in male or female could be further confirmed by large patients. Meanwhile, subgroup analysis by age showed no significant difference in accuracies between patients aged ≤60 years and >60 years. There were also no significant differences in accuracy according to the Child–Pugh classification, AFP, tumor size, and number of tumors. Collectively, these results support that our pyradiomics model can accurately predict individual treatment response to TACE and may help identify patients who will benefit from the treatment. In addition, the correlation between predictive classification of pyradiomics model and prognosis was investigated. We found the RS1 group indicating well response of initial TACE treatment had better OS and PFS than RS2 group did. This result further demonstrated the initial response could improve the OS and PFS in the patients receiving TACE therapy. Moreover, our model based on the series CT images and analysis of time-dependent ROC curve could preoperatively predict the prognosis and to screening of patients who could benefit from TACE treatment among the BCLC stage B patients with HCC.

To explore the potential mechanism of the pyradiomics model, we used CT images from the TCGA-HCC cohort to screen the different genes and related cancer signaling pathways (Supplemental Figure S3). RS1 group was significantly associated with hypoxia. Previous studies have reported that the tumor hypoxia status is associated with resistance to chemotherapy, targeted therapy, and radiation therapy (36–38). This indicates that our machine learning model predicts treatment response to TACE by characterizing the hypoxia change in tumors from CT images. In the TCGA-HCC patients (No-TACE treatment), RS2 group with severe hypoxia also showed a significantly poorer prognosis than the RS1 group, suggesting the hypoxic status of HCC may be associated with resistant mechanism to TACE treatment, which is consistent with previous findings (39–41). Improving the hypoxic status in tumors is potentially one of the methods to improve the therapy effect and this mechanism should be analyzed in more detail.

Our study has some limitations. First, the number of patients with middle-stage HCC was relatively small. Second, the study was conducted retrospectively. However, we used CT images from four centers, and all the CT images were normalized before extracting pyradiomics features to develop a robust predictive model. Multi-center model analysis also showed robust predictive performance. However, the model still needs to be validated in larger prospective studies. Third, we trained and validated all the pyradiomics signatures in four medical centers. Extracting features from ROI images may have issues in reproducibility. In this study, we evaluated the reproducibility of pyradiomics and found a good agreement (ICC>0.75), markedly improving the predictive model’s robustness. Future studies should develop an automatic segmentation model for liver tumors and minimize the discrepancies among pyradiomics features.

In conclusion, the machine learning model based on pyradiomics features from 3D-CT images is a noninvasive yet highly accurate model for predicting the initial response and prognosis to TACE in patients with HCC. Thus, it may be a feasible tool for identifying patients who will benefit from TACE. The association between the pyradiomics model and cancer-related signaling pathways might help clinicians further understand the internal mechanism of machine learning. Finally, this radiology method could be used to improve the accuracy in clinical decision-making for other types of malignant tumors.
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Purpose

The present study aimed to determine the reliable imaging features to distinguish atypical hepatocellular carcinoma (HCC) with peripheral rim-like enhancement from intrahepatic mass-forming cholangiocarcinoma (IMCC) on contrast-enhanced magnetic resonance imaging (MRI).



Methods

A total of 168 patients (130 male, 57.10 ± 10.53 years) pathological confirmed HCC or IMCC who underwent contrast-enhanced MRI between July 2019 and February 2022 were retrospectively included. Univariate and multivariate logistic regression analyses were used to determine independent differential factors for distinguishing HCC from IMCC, and the model was established. Bootstrap resampling 1000 times was used to verify the model, which was visualized by nomograms. The predictive performance of the model was evaluated based on discrimination, calibration, and clinical utility.



Results

Radiological capsule (OR 0.024, 95% CI: 0.006, 0.095, P<0.001), heterogeneous signal intensity (SI) on T1WI (OR 0.009, 95%CI: 0.001,0.056, P<0.001) were independent differential factors for predicting HCC over IMCC. A lobulated contour (OR 11.732, 95%CI: 2.928,47.007, P = 0.001), target sign on DP (OR 14.269, 95%CI: 2.849,82.106, P = 0.007), bile duct dilatation (OR 12.856, 95%CI: 2.013, P = 0.001) were independent differential factors for predicting IMCCs over HCCs. The independent differential factors constituted a model to distinguish atypical HCCs and IMCCs. The area under receiver operating characteristic (ROC) curve, sensitivity, and specificity values of the model were 0.964(0.940,0.987), 0.88, and 0.906, indicating that the model had an excellent differential diagnostic performance. The decision curve analysis (DCA) curve showed that the model obtained a better net clinical benefit.



Conclusion

The present study identified reliable imaging features for distinguishing atypical HCCs with peripheral rim-like enhancement from IMCCs on contrast-enhanced MRI. Our findings may help radiologists provide clinicians with more accurate preoperative imaging diagnoses to select appropriate treatment options.





Keywords: magnetic resonance imaging, hepatocellular carcinoma, liver cancer, intrahepatic cholangiocarcinoma, differential diagnosis



1 Introduction

Hepatocellular carcinoma (HCC) is the sixth most common neoplasm and the third leading cause of death from cancer worldwide (1, 2). HCC is most commonly caused by cirrhosis, with 2-8% of cirrhosis cases developing into HCC each year (3–5). Intrahepatic cholangiocarcinoma (iCCA) is the second most common primary liver malignancy, and its worldwide incidence is increasing (6, 7). As a malignancy, iCCA often shares some common risk factors and clinical manifestations with HCC, which poses a challenge for the differential diagnosis of iCCA and HCC (8, 9). Therefore, it is necessary to find an effective and specific method for the differential diagnosis of HCC and iCCA.

Magnetic resonance imaging (MRI) is widely used for preoperative diagnoses and evaluation of liver tumors (10). HCC can be diagnosed with typical imaging characteristics of hyperenhancement in arterial phase and washout on portal or delayed phase images (10–13), which represent the characteristic vascular profile of HCC on dynamic contrast-enhanced magnetic resonance imaging (13). However, around 40% of HCCs do not show typical imaging features, and they may exhibit arterial phase hypovascularity or peripheral rim-like enhancement (14, 15).

Currently, these HCCs with atypical imaging features pose a significant diagnostic challenge to radiologists. In particular, HCC is difficult to differentiate from intrahepatic mass-forming cholangiocarcinoma (IMCC) if it presents with peripheral rim-like enhancement in the arterial phase followed by gradual filling of the contrast media (16, 17). Several studies have examined the imaging features of atypical HCC (16, 18), although studies focusing on the differentiation between HCC with peripheral rim-like enhancement and IMCC are rare. However, the distinction between HCCs and IMCCs is crucial for clinicians because they have significant differences in prognosis and treatment options (19). Therefore, it is essential to understand and identify reliable imaging features to help accurately differentiate atypical HCCs with peripheral rim-like enhancement from IMCCs.

Accordingly, the purpose of the present study was to determine the reliable imaging features and establish the optimal model to distinguish atypical HCCs with peripheral rim-like enhancement from IMCCs on contrast-enhanced MRI. In order to provide clinicians with more accurate preoperative imaging diagnoses to select appropriate treatment options.



2 Materials and methods


2.1 Patients

This study was approved by the ethics committee of eastern hepatobiliary surgery hospital, the third affiliated hospital of Shanghai naval military medical university, China, and waived the requirement of obtaining written informed consent.

Between July 2019 and February 2022, a total of 168 patients (130 male, 57.10 ± 10.53 years) pathological confirmed HCCs or IMCCs, including 85 patients who were HCCs (74 male, 59.33 ± 10.79 years) and 83 patients were IMCCs (56 male, 54.82 ± 9.81 years) after preoperative Gd-DTPA-enhanced MRI met the following inclusion criteria (Figure 1): (a) complete histopathologic description of HCCs or IMCCs; (b) dynamic contrast-enhanced liver MR examination was performed within one month before operation, including complete scanning phase images (arterial phase, portal phase, delayed phase); (c) HCCs show atypical imaging features of peripheral rim-like enhancement in dynamic contrast-enhanced liver MRI, and (d) no locoregional treatment for tumor before MR examination.




Figure 1 | The workflow of patient selection for this study.





2.2 Histopathology characteristics

A consensus of two experienced pathologists assessed the histopathological characteristics. All pathological sections were reviewed according to 2019 WHO classification standard (20), and the classification diagnosis of HCC and IMCC was performed. For HCC, histopathological factors for tumors were assessed: gross type, histological type, cell type, nuclear grade, fibrous capsule formation, vascular invasion, bile duct invasion, necrosis or hemorrhage. The nuclear grading scheme proposed by Edmondson-Steiner classified HCC tumors into four grades: I, II, III, and IV (21). For IMCC, the assessment of histopathological factors was evaluated as for HCC.



2.3 MRI examination

MR images were acquired using a GE Optima MR360 1.5T (Optima MR360, GE Healthcare, USA) equipped with an eight-channel abdominal coil. Patients fasted for four hours before the scan. Baseline MRI included T1-weighted turbo field-echo in-phase and opposed sequence (T1WI), Fat -suppressed T2-weighted images (Fs-T2WI). Diffusion-weighted imaging (DWI) was obtained by respiratory-triggered single-shot echo with b-values of 0 and 600 s/mm2.

Gadolinium meglumine acid (Gd‐DTPA) with a total dose of 0.1 mmoL/kg was injected into the median cubitus vein at a rate of 2.0 mL/s with a high-pressure syringe washing with 20 mL of normal saline. The arterial phase (AP), portal venous phase (PVP), and delay phase (DP) scans were performed 20–30 s, 50–60 s, and 90–120 s after the injection of Gd‐DTPA, respectively. Detailed scanner and scan parameters can be found in Supplementary Table 1.



2.4 MR imaging analysis

MR imaging analysis was performed by two radiologists (with more than 10 years of abdominal imaging experience) blinded to the histopathology information. Two radiologists independently evaluated imaging features. And inter-observer agreement was used to assess the consistency of the observed imaging features, variables with kappa value < 0.75 were removed. Inter-observer variability for each imaging feature can be found in Supplementary Table 2. Then, if their opinions were not consistent, a consensus decision was made after discussion among three radiologists. The case was included in the study only when the results of the two radiologists’ assessments were consistent.

The general imaging features were evaluated as follows: (a) tumor size was measured by selecting the length and diameter of the largest plane according to the liver imaging reporting and data system 2018 standard (22), including the mass capsule, when the mass was shown most clearly in the MRI enhanced portal phase images; (b) shape (round, lobulated or ill-defined); (c) margin, smooth edges (nodular tumors with smooth edges) and non-smooth edges (budding processes on cross-sectional and coronal images (23); (d) signal intensity (SI) on T1WI and T2WI (homogeneous or heterogeneous).

The enhanced imaging features were evaluated as follows: (a) enhancement of the tumor on AP, peripheral thin or thick rim enhancement (<30%,30–50%hyperintensity area of the tumor surface); (b) signal intensity of the tumor relative to liver parenchyma on PVP and DP; (c) gradual enhancement during dynamic contrast-enhanced phases.

The ancillary features were evaluated as follows: (a) bile duct dilation peripheral to tumor; (b) hepatic surface retraction at tumor attachment; (c) radiological capsule (partial or complete peripheral rim-like enhancement around the tumor on PVP or DP; (d) T2 central brightness (markedly higher than SI of spleen and tumor periphery) (24); (e) T2 central darkness (lower than liver SI) (25); (f) target sign (peripheral hyperintensity compared to central portion) on DWI (b = 600s/mm2); (g) intralesional fat; (h) portal vein embolus; (i) lymph node enlargement.



2.5 Statistical analysis

IBM SPSS Statistics (version 25; IBM) or R (version 3.6.0; http://www.r-project.org) were used for statistical analyses. Continuous variables conforming to the normal distribution and homogeneity of variance were represented as the means ± standard deviations and were compared using the Student’s t-test. Interobserver agreement between two radiologists were compared with the Kappa test. Inconsistent continuous variables were represented using the median (range) and compared with the Mann-Whitney U test. Categorical variables were compared using χ 2 test or Fisher’s exact test. The factors with P<0.05 in the univariate logistic regression analysis were included in multivariate logistic regression analysis (forward LR) to identify independent differential factors for distinguishing HCCs and IMCCs.



2.6 Model development and validation, and evaluation

Univariate and multivariate logistic regression (forward LR) were performed to determine the independent differential factors between HCCs and IMCCs. Combining these independent differential factors established the model for discriminating HCCs from IMCCs. Bootstrap resampling 1000 times was used to verify the model, which was visualized by nomograms (26). The differential diagnosis performance of the model was evaluated based on discrimination, calibration, and clinical utility. The discrimination for the model was quantified using the area under the receiver operating characteristic (ROC) curve, sensitivity, and specificity. The calibration curve analysis was performed to evaluate the consistency between the tumor types discriminated by the model and the actual tumor types. Decision curve analysis (DCA) was conducted to determine the clinical utility of the model by quantifying the net benefits at different threshold probabilities.




3 Results


3.1 Demographic and pathological characteristics of HCCs and IMCCs

Among the 168 patients, 85 (74 male, 59.33 ± 10.79 years) were HCC and 83 (56 male, 54.82 ± 9.81 years) were IMCC. The pathological and demographic characteristics of HCCs and IMCCs are shown in Table 1. Patients with HCCs were significantly older than those with IMCCs (59.33 ± 10.79 years vs. 54.82 ± 9.81years, P = 0.004). Sex was significantly differently in two groups (87.1% male for HCC vs. 67.5% male for IMCC, P = 0.003). Capsule formation (95.3% vs. 3.6%, P<0.001) and microscopic cirrhosis (50.6% vs. 13.3%, P<0.001) were more frequently present in HCCs than IMCCs.


Table 1 | Demographic and pathological characteristics of HCCs and IMCCs.





3.2 MRI characteristics of HCCs and IMCCs


3.2.1 General MRI features

Tumor size, shape, margin, and SI on T1WI or T2WI were significantly different in the two groups. Tumor size of HCCs (7.8cm (5.8,10.2)) was larger than IMCCs size (5.6cm (4.1,7.0)) (P<0.001). A round contour (P<0.001), smooth margin (P = 0.060), and heterogeneous SI on T1WI or T2WI (P<0.001) were more commonly found in HCCs. A lobulated contour (P<0.001), non-smooth margin (P = 0.060), and homogeneous SI on T1WI or T2WI (P<0.001) were more commonly found in IMCCs. Evaluated characteristics for distinguishing HCCs and IMCCs are shown in Table 2.


Table 2 | MRI characteristics of HCCs and IMCCs.





3.2.2 Enhanced MRI features

HCCs more frequently showed a thick rim on AP images (P<0.001) and diffusely low SI on DP images (P = 0.002). IMCCs more frequently showed a thin rim on AP images (P<0.001), target sign on DP images (P = 0.002), and gradual enhancement (P<0.001).



3.2.3 Ancillary features

Bile duct dilation (P<0.001), surface retraction (P<0.001), target sign on DWI (P = 0.002), and lymph node enlargement (P = 0.013) were significant imaging features of IMCCs. Radiological capsule (P<0.001), intralesional fat (P<0.001), central brightness on T2WI (P<0.001), and portal vein embolus (P<0.001) were significant imaging features of HCCs (Table 2). The representative images of atypical HCCs with rim-like enhancement cases are displayed in Figures 2 and 3, and IMCC cases are displayed in Figures 4 and 5.




Figure 2 | Hepatocellular carcinoma with peripheral rim enhancement in a 60-year-old male without chronic viral hepatitis. Gd-DTPA-enhanced MRI detected a round and non-smooth tumor (10.2 cm) with heterogeneous SI on T1WI and T2WI (A, B), restricted diffusion (C). Peripheral rim-like enhancement in the arterial phase (D) and sustained rim enhancement in the portal and delayed phase (E, F). Incomplete capsule enhancement on portal venous phase (E) and delayed phase images (F).






Figure 3 | Hepatocellular carcinoma with peripheral rim enhancement in a 70-year-old male with hepatitis B virus. Gd-DTPA-enhanced MRI detected a round and smooth tumor (4.8 cm) with heterogeneous SI on T1WI and T2WI (A, B), restricted diffusion (C). Peripheral rim-like enhancement in the arterial phase (D), complete capsule enhancement on portal venous phase (E) and delayed phase images (F).






Figure 4 | Intrahepatic mass-forming cholangiocarcinoma in a 50-year-old female with hepatitis B virus. Gd-DTPA-enhanced MRI detected a lobulated tumor (7.0 cm) with heterogeneous SI on T1WI and T2WI (A, B), restricted diffusion (C). Peripheral rim-like enhancement in the arterial phase (D), followed by progressive filling of the contrast material in the portal and delayed phase (E, F).






Figure 5 | Intrahepatic mass-forming cholangiocarcinoma in a 70-year-old male without chronic viral hepatitis. Gd-DTPA-enhanced MRI detected a lobulated tumor (4.3 cm) with homogeneous SI on T1WI and T2WI (A, B), restricted diffusion (C). Peripheral rim-like enhancement in the arterial phase (D), sustained rim enhancement in the portal and delayed phase (E, F). And bile duct dilation peripheral to the tumor (B).






3.3 Univariate and multivariate analysis of independent differences between HCCs and IMCCs

In univariate analysis, 17 features were significantly different between the two groups at a test level of P<0.05 (Table 3). All of the above 17 variables were included in multivariate logistic regression analysis (forward LR), which determined that radiological capsule (odds ratio (OR) 0.024, 95% confidence interval (CI): 0.006, 0.095, P<0.001), heterogeneous SI on T1WI (OR 0.009, 95%CI: 0.001,0.056, P<0.001) were independent differential factors for predicting HCC over IMCC; a lobulated contour (OR 11.732, 95%CI: 2.928,47.007, P = 0.001), target sign on DP (OR 14.269, 95%CI: 2.849,82.106, P = 0.007), bile duct dilatation (OR 12.856, 95%CI: 2.013, P = 0.001) were independent differential factors for predicting IMCC over HCC (Table 4).


Table 3 | Univariate analysis for distinguishing HCCs from IMCCs.




Table 4 | Multivariate analysis for distinguishing HCCs and IMCCs.





3.4 Model development, evaluation and visualization

A nomogram based on the model for distinguishing HCCs and IMCCs is shown in Figure 6A. The area under the ROC curve (AUC), sensitivity, and specificity values for the model were 0.964(0.940,0.987), 0.880, and 0.906, respectively (Figure 6B). It was further evaluated using calibration curves (Figure 6C), which showed that the discriminated HCC probability from the nomogram is consistent with the estimated value of the actual HCC probability. The model’s DCA curve showed an excellent net clinical benefit (Figure 6D). The results demonstrated that the model had an excellent differential diagnosis performance. And two radiologists used the model to diagnose respectively. The area AUC, sensitivity, and specificity values were as follows: 0.943(0.909,0.976), 0.867, and 0.918 for reviewer1; 0.936(0.897,0.975), 0.880, and 0.906 for reviewer2.




Figure 6 | (A) Nomograms for distinguishing atypical HCCs with peripheral rim-like enhancement from IMCCs. (B) The receiver operating characteristic curve for the model. (C) The calibration curve analysis for the model. (D) The decision curve analysis (DCA) for the model.






4 Discussion

The distinction between HCCs and IMCCs is crucial for clinicians because the prognosis and treatment options differ considerably between the two types (19). Thus, a noninvasive way to distinguish iCCA and HCC preoperatively is needed (27). Nowadays, contrast-enhanced MRI is widely used for preoperative diagnoses and evaluation of liver tumors. However, around 40% of HCCs show atypical imaging features such as arterial phase hypovascularity or peripheral rim-like enhancement, which pose a significant diagnostic challenge for radiologists (14, 15). Therefore, the present study aimed to identify reliable imaging features to help accurately differentiate atypical HCC with rim-like enhancement from IMCC.

The study results demonstrated that the radiological capsule, heterogeneous SI on T1WI, a lobulated contour, target sign on DP, and bile duct dilatation were independent differential factors. Combining these independent differential factors established the model for discriminating HCCs from IMCCs. Based on previous research and expert advice, we screened out five independent differential factors to build a model for the simplicity of the model. By verifying and evaluating the model, the model achieved high sensitivity (0.88) and specificity (0.906), indicating that these imaging features could obtain an excellent differential diagnostic performance for distinguishing atypical HCCs with peripheral rim-like enhancement from IMCCs.

In our study, compared to IMCCs, HCCs with peripheral rim-like enhancement more frequently showed heterogeneous SI on T1WI or T2WI, which may be a result of central necrosis and ischemia, or fibrotic component of the tumor. In previous studies, the rim enhancement of the tumor was attributed to the amount of fibrotic component within the tumor or the central necrosis/ischemia of more aggressive tumors (15, 28), which was consistent with our research.

Furthermore, the present study detected the capsule in 81 HCCs (95.3%) and three IMCCs (3.6%) on pathological examination. Histologically, the HCC capsule consists of an inner layer that contains fibrous fibers, followed by an outer layer that contains portal venules (or sinusoids) and newly-formed bile ducts (24, 29). Capsule appearance is characteristic of HCC and attributed to tumor growth (25). For this reason, LI-RADS uses capsule appearance as a major imaging feature of HCC. Previous study reported that enhanced “capsule” was a reliable imaging feature to help identify HCC (30). Consistent with previous studies, on imaging analysis, the capsule was more common in HCCs (69,81.2%) than in ICCs (14,16.9%) on Gd-DTPA-enhanced MRI. These results demonstrated the excellent differential diagnostic value of the capsule on imaging.

In the present study, a lobulated contour, target sign on DP, and bile duct dilatation were independent differential factors for predicting IMCC over HCC. A lobulated contour was more common in IMCCs than in HCCs, which was a vital imaging feature of IMCCs. The target sign on DP might be attributable to necrosis/ischemia in tumors or central fibrosis, and peripheral tumor cell components sustained enhancement (16). In addition, bile duct dilatation also was an independent differential factor in distinguishing IMCCs and HCCs. This is mainly because IMCCs originates from the epithelial lining of the intrahepatic bile duct, so IMCCs can occlude intrahepatic bile duct and cause peripheral bile duct dilatation and cholangitis (31, 32).

Our data revealed that approximately 34.9% (29/83) of IMCCs were found in underlying chronic viral hepatitis, and 13.3% (11/83) patients with IMCCs had microscopic cirrhosis. Even though most IMCCs developed in normal liver, several risk factors have been reported, including chronic viral hepatitis and cirrhosis (33, 34).Moreover, previous studies demonstrated that large HCCs might show atypical enhancement features such as lack or weak arterial or rim-like enhancement (35, 36). We found that the tumor size of HCCs (7.8cm (5.8,10.2)) was larger than IMCCs size (5.6cm (4.1,7.0)) in our study, which was consistent with previous studies.

Previous studies reported that the target sigh in hepatobiliary phase of gadoxetic acid disodium enhanced MRI is a valuable imaging feature to differentiate IMCC from atypical HCC (37, 38). In cirrhotic patients, Hepatobiliary-specific agent enhanced MRI can effectively differentiate small HCC from recurrent nodules, and the hepatobiliary phase has a high diagnostic value for small HCC (39, 40). In the present study, we identified reliable imaging features on Gd-DTPA-enhanced MRI for distinguishing atypical HCCs with peripheral rim-like enhancement from IMCC. It follows that contrast-enhanced MRI remains an effective method for the preoperative diagnosis and evaluation of liver tumors.

The study has several limitations. First, the retrospective single-center nature of the survey might have introduced selection biases. Second, the amount of case is small and we did not conduct external validation. Third, the use of this kind of model is not easy in daily clinical practice, and we will be committed to better applying the research results to clinical practice in the future. Besides, our study only focused on histopathological and MR imaging features. In the future, we will further investigate clinical laboratory indicators to differentiate atypical HCCs from IMCCs.

In conclusion, in the present study, we identified reliable imaging features, including capsule, heterogeneous SI on T1WI, a lobulated contour, target sign on DP, and bile duct dilatation on Gd-DTPA-enhanced MRI, which was helpful for distinguishing atypical HCCs with peripheral rim-like enhancement from IMCC. Our findings may help radiologists better to differentiate HCCs with atypical enhancement patterns from IMCCs, thereby providing clinicians with more accurate preoperative imaging diagnoses to select appropriate treatment options.
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Introduction

Repeated hepatic arterial delivery of therapeutic agents to the liver by percutaneously implanted port-catheter systems has been widely used to treat unresectable liver cancer. This approach is applied to assess the therapeutic efficacy of repeated low-density lipoprotein-docosahexaenoic acid (LDL-DHA) nanoparticle treatments in a rat model of hepatocellular carcinoma.



Methods

N1S1 hepatoma bearing rats underwent placement of a percutaneously implanted hepatic artery port-catheter system and were allocated to untreated, control LDL-triolein (LDL-TO) or LDL-DHA nanoparticle infusions groups. Treatments were performed every three days over a nine day study period. MRI was performed at baseline and throughout the study. At the end of the study tissue samples were collected for analyses.



Results and Discussion

Implantation of the port catheters was successful in all rats. MRI showed that repeated infusions of LDL-DHA nanoparticles significantly impaired the growth of the rat hepatomas eventually leading to tumor regression. The tumors in the LDL-TO treated group showed delayed growth, while the untreated tumors grew steadily throughout the study. Histopathology and MRI support these findings demonstrating extensive tumor necrosis in LDL-DHA treated groups while the control groups displayed minor necrosis. Molecular and biochemical analyses also revealed that LDL-DHA treated tumors had increased levels of nuclear factor-kappa B and lipid peroxidation and depletion of glutathione peroxidase 4 relative to the control groups. Evidence of both ferroptosis and apoptosis tumor cell death was observed following LDL-DHA treatments. In conclusion repeated transarterial infusions of LDL-DHA nanoparticles provides sustained repression of tumor growth in a rat hepatoma model.
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Introduction

Only an estimated 20% of hepatocellular carcinoma (HCC) patients are diagnosed at early stage, and thus amenable to curative surgical treatments (1). For majority of the patients with more advanced tumors limited within the liver (intermediate/advanced-stage HCC), transarterial therapies are widely used as a palliative treatment (2). This technique takes advantage of the dual blood supply to the liver (80% via portal vein and 20% hepatic artery) and the preferential hepatic arterialization of liver tumors (3). Administration of antineoplastic agents through the hepatic artery would enable higher drug concentrations within the tumor while minimizing systemic exposure (4). Current transarterial therapies, which include transarterial chemoembolization (TACE) and hepatic arterial infusion chemotherapy (HAIC). The former involves formulating a cytotoxic anticancer drug with an embolic agent to inflict cytotoxic insult as well as blocking off the blood supply to the tumor (5). HAIC as the name implies infuses chemotherapy through the hepatic artery to deliver high concentrations of drug into the feeding arteries of the HCC. HAIC is more commonly performed in Asian counties, especially Japan, where it has been shown to be an effective treatment for advanced HCC (6). While both methods take advantage of the first-pass effect in the liver, current evidence suggests that single cycle of TACE/HAIC may not be sufficient for effective treatment of HCC, thus repeated transarterial treatments are generally performed to control tumor spread (7–11). Multiple cycles of TACE/HAIC, however, exposes the surrounding healthy liver to repeated bouts of cytotoxic chemotherapy or potential ischemic hepatic injury which often leads to progressive liver failure (12–14). In addition, TACE causes permanent arterial occlusion that restricts transarterial access in future TACE sessions. This approach induces tumor hypoxia, and inadvertently stimulates the development of tumor-feeding collateral vessels, contributing to tumor refractoriness and tumor regrowth (15, 16). These findings highlight the urgent need for novel therapies against HCC.

Preclinical evaluations of rodent models plays a central role anticancer drug discovery. While laboratory rodent models offers practicality, ease and low cost, transarterial drug delivery in these models is challenging. Several labs can achieve one time access of the hepatic artery through abdominal laparotomy (17–19) or catheterization of peripheral arteries (carotid or femoral) followed by fluoroscopy-guided catheter advancement to the hepatic vasculature (20). Repeated administration to the hepatic artery presents an even greater challenge for preclinical investigators. In recent years some progress has been made in this area through the application of percutaneous implantable port-catheter systems in small animal studies (21–23). The port-catheter system allows for facile and safe repeated arterial infusions without the need of repeated invasive surgeries for vascular access.

To this end in the present study we aim to evaluate the therapeutic efficacy of repeated administrations of low density lipoprotein-docosahexaenoic acid (LDL-DHA) nanoparticles in a rat orthotopic model of HCC. Dietary intake of long chain omega 3 fatty acids like DHA has been shown to reduce the risk of HCC development in individuals with known hepatitis infection (24). DHA has been shown to induce multiple cell death pathways in tumor cells (25–28). Conversely, DHA has also been shown to provide anti-inflammatory hepatoprotective benefits in the setting of liver disease (29, 30). Furthermore, studies from our own group has shown that nanoparticle formulations of DHA can elicit marked anticancer effects in cell culture (31, 32), direct tumor injection (33) and via hepatic artery injection (HAI) (34). Collectively, these previous finding provide strong rationale and support for the present preclinical investigation.



Materials and methods


Preparation of LDL nanoparticles

Apheresis plasma of patients with familial hypercholesterolemia was collected, LDL was isolated using sequential density gradient ultracentrifugation (35). Triolein (TO) and unesterified DHA (Nu-chek Prep, Inc) were incorporated into LDL by the reconstitution method as described previously (31).



Cell viability test

The N1S1 rat hepatoma cell line (ATCC, CRL-1603, Manassas, VA, USA) was cultured in Dulbecco’s Modified Eagle’s Medium (Sigma, D6429) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were incubated at 37°C in a humidified environment containing 5% CO2. For viability test, cells were seeded in 96-well plates with 30000 cells/well and grown to 80-90% confluency. Prior to treatment all cells were cultured in serum free media overnight (~18 hours). After respective treatments with LDL nanoparticles, cell viability was measured at 72 hours with water soluble tetrazolium salt, WST-8 (CCK-8, Dojindo Molecular Technologies). Briefly, cells were incubated with WST solution for 2 hours at 37°C. A ThermoMax M5 microplate reader was used to measure the absorbance at 450 nm. The relative cell viability was expressed as a percentage of the control.



Chemical and cell death inhibitor studies

To assess the pathway of LDL-DHA mediated cell death cell viability assays were also performed in the presence of selected cell death inhibitors (iron chelator, defiprone (DFP); caspase inhibitor, z-VAD-fmk; ferrroptosis inhibitor, liproxstatin-1. All drugs were purchased from Selleck Chemicals. For this assay all cells were pretreated for 3 hours with the inhibitors prior to the addition of LDL-DHA. Chemicals or cell death inhibitors were used at the following concentrations: DFP, 20-40µM; Z-VAD-FMK, 50-100µM; liproxstatin-1, 50-200nM.



Western blot

Samples were lysed in 1x cell lysis buffer (9803, Cell Signaling) and protein concentration was determined using Pierce™ BCA Protein Assay Kit (Thermo Fisher). Equal amounts of protein were loaded for each sample on a polyacrylamide gel and separated using electrophoresis. Thereafter, proteins were transferred to PVDF Transfer Membrane (Immobilon) and incubated overnight with primary antibodies against Gpx-4 (1:500 dilution, sc-50497), Cleaved Caspase-3(1:1000 dilutions, Abcam ab2302) and β-actin (1: 1000 dilution, Cell Signaling sc-47778). Horseradish peroxidase-conjugated (HRP-conjugated) secondary antibodies were used and western blot signals were detected with ECL (Bio-Rad Laboratories).



Methods of lipid peroxidation measurement for N1S1 cells

N1S1 cells (350,000) in 2 ml media without serum were plated on 6 well plate and incubated overnight. The next day, cells were stained with 1 uM Bodipy C11 581/591 dye (Invitrogen) for 30 minutes at 37°C. After staining, the cells were treated with different concentration of LDL-DHA for 24 hours. Non adherent cells in media were collected and attached cells were trypsinized. All cells were pooled together and then washed with PBS. Bodipy fluorescence of the cells were measured with flow cytometry where green fluorescence indicated oxidized lipid species and red fluorescence indicated unoxidized lipid species. Lipid peroxidation is expressed as a ratio between green and red fluorescence sample signal multiplied by 100.



Animal studies

All procedures involving animals were approved by the Institutional Animal Care and Use Committee of University of Texas Southwestern Medical Center. Eighteen Male, Sprague-Dawley rats, 7 weeks of age, were included in this study. All rats were housed in a temperature-controlled animal room (22± 2°C) under a 12h dark/light cycle, with access to laboratory food and water ad libitum (n=3 rats/plastic cage).



Tumor cell inoculation

At the time of tumor cell inoculation rats were anesthetized with 2% isoflurane and a midline laparotomy incision (2cm) was made to expose the liver. N1S1 rat Hepatoma cells (1 x 10 (7)) in a matrigel suspension was injected into the lower left lobe of the liver. Eight days post implantation tumor growth was monitored using Magnetic resonance image (MRI). Studies were initiated once the tumors reached a diameter of 1.0 - 1.5 cm (approximately 10-12 days post tumor inoculation).



Surgical placement of indwelling hepatic arterial infusion port

Placement of indwelling hepatic arterial infusion port were performed in tumor bearing rats. Anesthetized rats were placed in supine position, and a midline incision (~5 cm) was made to enter the peritoneal cavity. Under a surgical microscope, the hepatic artery was exposed and ligated distal to gastroduodenal artery (GDA) with a 6-0 silk tie. A small arteriotomy was made on GDA and the polyurethane intravascular 2Fr tubing tip end (inner diameter 0.3mm, outer diameter 0.6mm; Access Technologies, Skokie, Illinois, USA) of the implantable infusion port (silastic PMIN port; Access Technologies, Skokie, Illinois, USA) was inserted at the incision point on the GDA and advanced to the proper hepatic artery. The catheter was then secured by ligatures around the artery. Next a 1-2 cm pocket was created between the skin and muscle layer near the lower part of the abdominal incision to accommodate the implantable infusion port and the connected intra-arterial catheter. The implanted port was sutured and secured to the muscular fascia, followed by closure of the abdominal cavity using standard suture techniques. Thereafter, Taurolidine-Citrate Catheter lock Solution (TCS) (Access Technologies, Skokie, Illinois, USA) was injected into the port to ensure patency and lock the catheter. For the repeated hepatic artery infusion studies, LDL nanoparticles were injected percutaneously through the port, using a 24 gauge Huber point needle (Access Technologies, Skokie, Illinois, USA), followed by a TCS flush.



Repeated hepatic arterial infusions

Rats were randomly allocated into three groups: group I, untreated control rats (n=9); group II, LDL-TO controls (n=4) and group III, LDL-DHA (n=10). Repeated treatments of LDL nanoparticles was performed through the hepatic arterial infusion port at baseline and days 3 and 6. The repeated treatments of LDL-DHA was administered at a dose of 2 mg/kg (DHA) each. LDL-TO treatments were given at an equivalent dose to LDL-DHA. The dose and treatment frequency was selected as a 2mg/kg dose was previous demonstrated to be an effective therapeutic dose for treating tumors and a 3 day dosing frequency was selected as therapeutic responses to HAI of LDL-DHA nanoparticles are near complete in this time frame. Over the course of study the animals’ body weights were monitored. All rats were sacrificed on the day 9 at which point blood and various organs were collected for histopathology and biochemical analyses.



Magnetic resonance imaging (MRI)

MRI was performed on all rats at baseline, 3, 6, and 9 days post treatment. A 9.4T MR imaging system (Varian/Agilent, Santa Clara, USA) was used to acquire images with the following parameters: T2: TR/TEesp, 2500/10ms; echo-train length, 8; and T1: TR/TE 250/1.98ms, flip angle 70; the rest parameters of FOV, 64 × 64mm2; matrix size, 256 × 256; 18 slices without gap; section thickness= 2mm, averages= 6. For contrast-enhanced T1 weighted MRI, Magnevist (Bayer Schering Pharma AG, Berlin, Germany) was injected via the tail vein at a dose of 100 μL.



Measurements of tumor volume, necrosis ratio and tumor volume doubling time (DT)

N1S1 Tumors appeared hypointense on T1 weighted images, and hyperintense on T2 and contrast-enhanced T1-weighted MR images. ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to measure the tumor size and necrosis ratio. Tumor area was measured on T1-weighted MR image, by manually circle the tumor lesion on all involved images with T2 image as reference. Tumor volume was calculated using the equation: tumor volume = Σ (tumor area on each slice × slice thickness).

The degree of treatment induced tumor necrosis was measured from the contrast enhanced T1-weighted images. Successful transarterial treatment typically display radiographic features of a non-enhancing core region surrounded by a thin rim enhancement indicative of central tumor necrosis accompanied with a periphery of enhancing cells. The area of central non-enhancing tissue was delineated on ImageJ to estimate necrosis. The necrosis ratio was defined as the volume of tumor necrosis over that of the entire tumor volume, i.e. necrosis ratio = Σ (area of necrosis × slice thickness)/(area of whole tumor × slice thickness) × 100%. Necrosis ratio obtained from MRI was further validated with the corresponding histopathology findings.



Histopathological analysis

At the time of euthanasia, partial excised liver, tumor, and spleen samples were collected, and were fixed with total immersion in 10% neutral buffered formalin for 24h, then embedded in paraffin, and sectioned into 5-μm slices and stained with Hematoxylin and Eosin (H&E). The slides were captured with an optical microscope (CX31, Olympus, Japan) at 100× magnification for histopathology, and micrograph were taken with a microscope digital camera system (DP50, Olympus, Japan). Ki-67 immunohistochemistry was also performed on tissue sections using microwave antigen retrieval and Ki-67 antibody (1:100 dilution; Thermo Fisher Cat # MA5-14520). Tumor tissues from untreated and LDL-TO treated tumor bearing rats serves as controls.



Necrosis ratio determination

H&E slides of control and treated tumors were scanned using a histology slide scanner (PrimeHisto XE) and the images imported into ImageJ. The approximate area of the tumor was marked and measured. The image was then split into Red, Green and Blue Channels. The viable part of the tissue was most distinctive in the red channel. An intensity threshold was applied until only the viable area was selected. These areas were then selected with the Wand tool and measured. The necrosis tissue ratio was computed for each of the slides percentage necrotic index expressed as (necrotic area)/(total tissue area) × 100.



Serum collection and analysis

Immediately following euthanization, 5mL of blood was collected from inferior vena cava in all rats, and was centrifuged at 2500 rpm for 10 min at 4°C. Separated serum was collected into eppendorf tubes and stored at -20°C until analysis. Plasma liver enzymes alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyl transferase (GGT), total bilirubin (TBIL), albumin (ALB), glucose (GLU), alkaline phosphatase (ALKP), Triacylglyceride (TRIG), direct high density lipoprotein (dHDL), Cholesterol (CHOL), creatinine (CREA) and blood urea nitrogen (BUN) were measured with a AU400e automated biochemical analyzer.



Western blot analysis

Frozen samples liver or tumor tissue (~40mg) were homogenized in 500μL Cell Lysis Buffer (Cell signaling technology 9803) with EDTA-free Protease Inhibitor Cocktail (Roche) while on the ice. Samples were then centrifuged for 10 minutes at 14,000 rpm at 4°C, and the collected supernatants were stored at −80°C Protein concentrations were measured by Pierce BCA Protein Assay Kit (prod#23227). Protein concentrations of the collected supernatants were determined using the Pierce BCA Protein Assay Kit (prod#23227). Then, equal amounts of sample (30 μg/lane) were separated on 10% SDS-PAGE and transferred onto Immobilon-FL PVDF membrane (Millipore, USA). After blocking with 5% nonfat milk, Western blotting was performed with primary antibodies against nuclear factor-ĸβ (NFκB-p65) (SC-514451), interleukin-6 (IL-6) (SC-57315), C reactive protein (CRP) (SC-69770) and glutathione peroxidase 4 (GPX4) (sc-50497) (all of 1:1,000, Santa Cruz) at 4°C overnight, and then incubated with secondary antibodies (all of 1:2500) for 1 h at room temperature. β-Actin (sc-47778)(1:1,000, Santa Cruz) was used as a loading control. The protein bands were detected by ECL detection system and densitometry was quantified using ImageJ software (National Institutes of Health, MD).



Lipid peroxidation analysis

Liver and tumor peroxidative damage was assessed by measuring the malondialdehyde (MDA) level in tissue sample using the TBARs assay as described previously (36). Results were expressed as μM MDA formed/mg protein of tissue.



GSH/GSSG assay

Total soluble glutathione (GSH) and glutathione disulfide (GSSG) were measured in tissue homogenates using the enzymatic recycling method (37). Briefly, about 50mg of tissue were homogenized in 10 volumes of cold 5% metaphosphoric acid and 0.6% sulfosalicylic acid mixture. Protein was precipitated and the supernatant was used to determine GSH and GSSG. Results were expressed in µmoles per gram of tissue.



GC-MS fatty acid analysis

The gas chromatography-mass spectrometry lipidomics analysis of fatty acids in the liver was adapted from the protocol by Val et al. (38). Refer to Supplemental Material for detailed description of methods.



Immunohistochemistry

To examine the contribution of early caspase mediate processes to LDL-DHA tumor killing N1S1-tumor bearing rats receiving a single transarterial infusion of LDL-DHA was examined 3 days post treatment. Tumor tissue was excised and immunohistochemistry was performed as described previously using microwave antigen retrieval and cleaved caspase-3 (1:50 dilution; Abcam, Cambridge, MA). Tumor tissues from untreated tumor bearing rats serves as controls.

Cleaved caspase3 and Ki67 quantification were estimated using IHC by labelling Formalin-fixed, paraffin-embedded (FFPE) tissue sections with respective antibodies and counterstaining with Hematoxylin. The slides were then scanned using the Hamamatsu Nanozoom Scanner and images analyzed by counting percent positive stained cells for antibody compared to total cells in a field of view using ImageJ Cell Count feature.



Statistical analysis

Data were expressed as the mean ± standard error. Analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc testing was used for evaluation of differences between groups. Differences with a P value less than 0.05 was deemed statistical significance. All statistical analyses were performed using GraphPad Prism Version 5.0 (GraphPad Software, San Diego, CA).




Results


Nanoparticle characterization

Extensive physicochemical and morphological characterization of the LDL- nanoparticles has been reported previously by our group (31, 39). In the following study the LDL-DHA nanoparticles displayed an average hydrodynamic diameter of 30.1 ± 0.5 nm and a negative zeta potential of -23.4 ± 0.9 mV. These particles were monodispersed showing a mean polydispersity index = 0.26 ± 0.1. Each LDL nanoparticle carried an estimated 1,672 ± 219 molecules of DHA. The DHA concentration in the stock solution of LDL-DHA nanoparticles was 9.4 mM.

The LDL-TO (LDL reconstituted with triolein) nanoparticles displayed similar physicochemical characteristics of plasma LDL. LDL-TO maintained a size of 24.5 ± 0.9 nm and average polydispersity index measured 0.30 ± 0.02. The zeta potential for these particles was -6.6 ± 0.5 mV). According to previous preparation each LDL is typically loaded with over 300 molecules of TO (31).



LDL-DHA nanoparticles effects on N1S1 Cells

The cytotoxicity of LDL-DHA nanoparticles was evaluated in the N1S1 hepatoma cell line using a CCK-8 dose response assay. Figure 1A shows that the N1S1 cells were sensitive to the LDL-DHA nanoparticles from concentrations as low as 20µM. Thereafter, their viability dropped precipitously over the dose range from 20µM-50µM to menial levels. Over the second half of the dose response curve the viability of the N1S1 cells was gradually reduced to 0%. Lipid peroxidation was also measured over this dose range and lipid peroxides, as measured by Bodipy-C11 581/591 lipid, showed a dose dependent increase with increasing concentrations of LDL-DHA (Figure 1B). Accompanying this rise of lipid peroxidation was a concomitant depletion of the lipid antioxidant GPX4 (Figure 1C).




Figure 1 | LDL-DHA induces toxicity on N1S1 cells through lipid peroxidation. (A) N1S1 cells were serum starved overnight, and then treated with LDL nanoparticle (0-100μM). Cell viability was measured by MTS/CCK assay at 72 hours after LDL nanoparticle treatment. Experiments were performed in triplicate wells with 3 independent runs. Results are expressed as mean ± SEM. *, P <0.05; ****, P <0.0001 compared with untreated control. (B) N1S1 cells were serum starved overnight, then treated with LDL nanoparticle (0-80µM) for 24 hours. Lipid ROS production was assessed by flow cytometry using C11-BODIPY. Results are expressed as mean ± SEM (n=3). **, P <0.01; ****, P<0.0001 compared with corresponding group (two-way ANOVA). Lipid ROS was not assessed over 80 µM due to inadequate amount of residual cells. (C) Immunoblot showing protein expression levels of GPX4 in untreated and treated N1S1 hepatoma cells 24hours after LDL (control) or LDL-DHA (20, 40 and 60 µM) exposure.



Comparative cell viability studies in response to increasing doses of LDL-DHA nanoparticles were performed on primary cultures of Sprague-Dawley rat hepatocytes. These experiments showed that LDL-DHA was not harmful to the primary rat hepatocytes over the dose range examined with the N1S1 cells (Supplementary Figure 1).

Next the mechanism of LDL-DHA induced cytotoxicity was assessed in the N1S1 cells using specific inhibitors of cell death (Figure 2). The radical trapping antioxidant, liproxstatin-1 a potent inhibitor of ferroptosis, was able to significantly protect N1S1 cells from LDL-DHA’s cytotoxic effects (Figure 2A). The role of ferroptosis in LDL-DHA mediated tumor cell killing was further validated with the iron chelator, deferiprone (DFP), which was also able to block the cytotoxic activity of LDL-DHA (Figure 2B). In addition to the inhibition of ferroptosis, apoptosis inhibition was also investigated in our study. Surprisingly, ZVad-FMK, the pan-caspase inhibitor of apoptosis, was also shown to effectively rescue N1S1 cells from LDL-DHA killing (Figure 2C). These findings were further validated by increased expression of cleaved caspase-3 among LDL-DHA treated cells (Figure 2D). Collectively these findings indicate that LDL-DHA nanoparticles are able to induce both ferroptotic and apoptotic pathways of cell death in N1S1 hepatoma cells.




Figure 2 | Identifying cell death pathways mediated by LDL-DHA cytotoxicity. Cells were treated with LDL-DHA (0, 40, 60, 80 μM) for 24 h in the absence/presence of: (A) liproxstatin (0, 50, 100, 200 μM); (B) DFO (0, 20, 40 μM); or (C) Zvad-FMK (0, 50, 100 μM). Cell viability (left panel) was measured by MTS assay at 24 hours after LDL-DHA treatment. Results are expressed as mean ± SEM (n=3). *, P <0.05; **, P <0.01; ***, P <0.001; ****, P<0.0001, €, P= 0.065 compared with corresponding LDL-DHA only treatment group. (D) Immunoblot of protein expression levels of cleaved caspase 3 in untreated and treated N1S1 hepatoma cells 24hours after LDL (control) or LDL-DHA (20, 40 and 60 µM) exposure.



To demonstrate that the anticancer response to LDL-DHA was not a murine specific effect we evaluated the well differentiated human HCC cell line HUH7 (Supplementary Figure 2). These HCC cells were shown to have similar sensitivities to LDL-DHA as the N1S1 cells. Furthermore, select ferroptosis and apoptosis inhibition was shown to rescue cells from LDL-DHA cytotoxicity. Similarly, the later was supported by increased protein expression of cleaved caspase 3 following LDL-DHA treatments. Of note at higher concentrations of LDL-DHA treatment (> 40µM) cleaved caspase 3 levels decrease. This likely reflects a predominance of ferroptotic cell killing at these doses of LDL-DHA.



Port placement

MRI was performed approximately 10 days post tumor inoculation in each rat to assess growth of N1S1 tumors. Once tumors were radiologically confirmed rats underwent surgical placement of the arterial port catheter system. Micro CT imaging was performed in a cohort of rats to demonstrate successful surgical implantation of the port-catheter systems (see Figures 3A, B). Multiplane T2-weighted MRI also clearly shows of the orthotopic hepatoma as a hyper-intense lesion (Figure 3C). Corresponding contrast enhanced micro CT, post port placement, shows positioning of the port in the lower abdomen, catheter advancement into the hepatic artery and successful deposition and accumulation of contrast in the rat Hepatoma (Figures 3A, B). The liver is also delineated in this image as contrast also distributes throughout the hepatic arterial circulation (Figure 3A). Having demonstrated placement of the percutaneous port and successful perfusion of hepatomas with CT contrast experiments were initiated and hepatic arterial infusion of LDL nanoparticles commenced in study rats approximately 3 hours post port placement.




Figure 3 | CT image of port-catheter system in the N1S1 tumor bearing rat. CT scan of the rat abdomen with three-dimensional reconstructed coronal image. The port system is filled with contrast material (Ethiodized oil) for visualization of the port (arrow) and the catheter line feeding into the gastroduodenal artery. Contrast material was also administered into the animal, some aspects of the liver’s contour, hepatic vasculature and tumor (dashed yellow circle) can be seen. (B) CT images in three planes showing soft tissue anatomy of tumor bearing rat. Accumulation of contrast material can be seen in the tumor (green hatch marks). (C) Multiplane T2 weighted MRI of N1S1 tumor bearing rat. Tumors appear hyper intense on images (dashed yellow circle). * indicates kidney.



Overall, the port placement and repeated infusions were tolerated well by all animals over the course of the study. No observable clinical signs of weakness, restlessness, piloerection, tremors, hair loss or diarrhea appeared in in the study cohort over the 9-day infusion course and all animals survived until the study end-point. Over the course of the study the animals’ body weight was documented (see Supplementary Figure 3). Control rats experienced steady incremental increases in body weight throughout the study, while LDL-DHA and LDL-TO rats showed a 5 and 2% decrease, respectively, in weight in the early post-operative period. Thereafter their body weights gradually increased over the remainder of the study. No significance difference in the mean body weight was observed between the control, LDL-TO and LDL-DHA treated groups.



Treatment results

Noninvasive MRI was used to monitor tumor response following locoregional treatment over the nine day study period (Figure 4A). The margins of the hyperintense orthotopic N1S1 hepatoma can clearly be demarcated from the surrounding liver on the T2 weighted images. Over the course of the nine day study period the untreated tumor grows at an exponential rate (Figures 4B, C). At day 9 the volume of the untreated tumor is close to 9 times its original volume. The LDL-TO treated tumors continued to experience growth over the nine days, however, it was not as rapid as the untreated controls (4 times increase over baseline). The effects of repeated LDL-DHA treatment was evident as the tumor size actually regressed over the study period. At day 9 the tumor volume was less than that at baseline (Day 9/baseline volume ratio=0.83). Image-based growth curves clearly show the dynamics of the treatment effects over the study period.




Figure 4 | Tumor growth over course of repeated LDL nanoparticle treatments. (A) MRI assessment of tumor-bearing rats over the course of repeated LDL Nanoparticle treatments. Representative T2-weighted axial images of untreated controls, LDL-TO and LDL-DHA allocated rats at baseline, 3 days, 6 days and 9 days after LDL nanoparticle treatments. Tumor appear hyper-intense on T2-weighted images. White arrow indicates tumor. (B) N1S1 tumor volumetric assessment versus time over a course of repeated LDL nanoparticle treatments or no treatments. The average tumor volume for each group is presented in absolute volume (as calculated from MRI) and expressed as mean ± SEM. (C) Fold change in tumor volume at day 9 relative to corresponding baseline values. Significant differences between groups is expressed as mean ± SEM. *, P< 0.05; ****, P< 0.0001.



Specimens taken at the termination of the study also showed drastic histological differences (Figure 5A). The untreated tumors consisted mainly of dark basophilic staining tissues indicative of highly viable and active tumor tissue. LDL-TO treated tumors also displayed large regions of viable tissue, this however, was accompanied with sparse regions of tumor necrosis. In contrast the LDL-DHA treated tumors were composed mainly necrotic non-viable tissue. Histologic estimates of necrosis measured as high as 92% for the LDL-DHA group, while Untreated controls and LDL-TO groups measured 5 and 23% respectively (Figure 5B). Radiologic measurements of necrosis also followed a similar trend with Controls, LDL-TO and LDL-DHA groups averaging 2, 16 and 53% necrosis respectively (Figure 5C).




Figure 5 | Tumor Viability following repeated LDL nanoparticle treatments. (A) Liver histology and immunohistochemistry of untreated controls and rats receiving repeated HAI of LDL nanoparticles. Gross tissue micrographs, hematoxylin and Eosin histological sections, corresponding IHC sections stained for stained for the proliferation marker Ki-67 and the apoptosis marker cleaved caspase-3. Images were taken at 20x magnification. Dotted line indicates liver tumor boundary. The LDL-TO sections are entirely composed of tumor tissue. Necrosis ratio measurements subfigure 5B and 5C. Necrosis ratio is defined as the volume of tumor necrosis over that of the entire tumor volume x 100%. (B) Necrosis estimates from histopathology. (C) Necrosis estimates from T1 weighted MRI. See Methods for details. Data is expressed as % mean ± SEM. ***, P<0.001; ****, P< 0.0001 versus untreated or LDL-TO controls.



Complementary Ki67 staining performed on histological specimens also displayed consistent results as the H&E findings (Figure 5A). Untreated control and LDL-TO treated tumor sections were replete with Ki67 positive staining cells, supporting high proliferative and active tumor tissue. Conversely, the LDL-DHA treated tumors were void of Ki-67 staining. This is consistent with the high estimates of tumor necrosis associated with LDL-DHA treatment. Quantification of Ki67 staining confirmed significantly lower levels of Ki67 positive cells within the LDL-DHA treated tumors (12.7 ± 5.2%) relative to untreated (58.5 ± 6.3%) and LDL-TO treated tumors (57.2 ± 1.6%) (Supplementary Figure 4).



Serum biochemistry

The serum biochemistry values were mostly similar between the study groups (Supplementary Table 1). Higher levels of serum alkaline phosphatase were detected in LDL-DHA treated rats compared to the controls. While serum triglycerides were higher in LDL-TO treated rats relative to control and LDL-DHA treated groups. All other measurements of liver, renal and metabolic functions were unremarkable across the groups.



Inflammatory regulators

Western blot analyses were performed to assess the liver and corresponding tumor expression of inflammatory regulators, NF-κB, IL-6 and CRP, across the study groups (Figure 6A). The expression levels of the master regulator, NF-κβ, remained constant in the liver regardless of intervention. However, within the tumor the levels of NF-κβ increased dramatically over the untreated and LDL-TO treated groups. Liver CRP expression moderately increased with LDL-DHA treatment over the corresponding controls (1.5 fold). Within the tumor CRP levels remained constant regardless of treatment. Lastly, with regards to IL-6, untreated and LDL-DHA treated livers had similar expression, however LDL-TO treated liver experience a marked decrease in this immune modulator. On the other hand, tumor IL-6 levels were similar for control and the LDL-TO groups, while the LDL-DHA treatment resulted in a precipitous drop in IL-6.




Figure 6 | Inflammation and lipid peroxidation markers in LDL nanoparticle treated tumors. (A) Protein expression levels of inflammatory response marker and glutathione-peroxidase 4. Protein expression of hepatic nuclear factor-ĸβ (NF-ĸβ), interleukin-6 (IL-6) C reactive protein (CRP) and glutathione peroxidase 4(GPX4) in liver and tumor samples from untreated controls and rats with repeated HAI of LDL nanoparticles. Representative blots are shown. The data is shown relative to β-actin expression for each treatment group. (B) Levels of lipid peroxidation in liver and tumor samples from untreated controls and rats following repeated HAI of LDL nanoparticles. The TBARS assay measured lipid peroxide levels per mg of tissue. The data are expressed as µM malondialdehyde (MDA) per mg of tissue protein (mean ± SEM) for each treatment group (B). ****, P < 0.0001 versus untreated and LDL-TO groups.





Metabolic evaluation


GPX4 protein expression

We also extended the use of Western blot analyses to investigate tissue levels of the antioxidant GPX4 (Figure 6A). Equivalent expression of GPX4 was detected for control and LDL-DHA treated livers, but moderately lower levels were seen in the livers following LDL-TO infusions. Hepatoma tissues also showed slightly lower levels of GPX4 in LDL-TO group compared to untreated controls, but the LDL-DHA treatment group experienced an even greater diminution of GPX4.



Tissue glutathione

In keeping with the GPX4 response, tissue measurements glutathione revealed that the reduced form of this metabolite (GSH) did not differ in the livers from the different groups (Supplementary Figure 5). Tumor GSH remained at similar levels between control and LDL-TO treatments. LDL-DHA infusion resulted in a greater than 3 fold reduction in tumor GSH, however this decrease did not reach statistical significance. The oxidized glutathione metabolite (GSSG) remained constant regardless of tissue or treatment regime.



Tissue malondialdehyde

The levels of MDA were used to assess the extent of lipid peroxidation experienced by liver and tumor from each study group (Figure 6B). Throughout the study levels of lipid derived aldehyde varied little between untreated and LDL nanoparticle treated livers. Conversely, within the tumor LDL-DHA treatment elicited pronounced increase in lipid peroxidation. MDA concentrations in LDL-DHA treated tumors were approximately 3 and 8 x greater than that in untreated and LDL-TO treated counterparts.




Lipidomics

Lipidomics was employed to assess alteration in lipid composition and metabolism following HAI of LDL nanoparticles. Organic extraction methods enabled GC-MS investigation of polar (phospholipid) and neutral (triglycerides, cholesterol-ester) lipid fractions (Supplementary Tables 2-5). The composition of the polar lipids in the liver and tumor did not differ significantly between the cohorts of untreated, LDL-TO or LDL-DHA treated rats. Conversely, amongst the neutral lipids the levels of FA(20:2n-6) were elevated in the liver following LDL-DHA treatment relative to untreated and LDL-TO treated livers. For the tumor samples HAI of LDL-DHA lead to accumulation of saturated, mono-and polyunsaturated FAs (16:0, 18:1n-7, 20:4n-6, 20:3n-3, 20:2n-6, 22:6n-3, 22:5n-3) within the neutral lipid pool compared to their untreated and LDL-TO counterparts.



Cleaved caspase-3 immunohistochemistry

To assess the mechanistic contributions of caspase-mediated processes to LDL-DHA induced tumoricidal effects time points earlier than 10 days post treatment seen in these studies was required. Tumor samples from N1S1 tumor-bearing rats 3 days following a single HAI of LDL-DHA was selected for this study. Tumors showing a partial response with residual viable tumor was examined for cleaved caspase-3 expression (Supplementary Figure 6). Positive staining for cleaved caspase-3 was detected throughout this section, suggesting that caspase mediated processes are active earlier in the course the LDL-DHA tumor cell killing. Caspase-3 expression was also detected in untreated controls but this was only found around regions of spontaneous necrosis. Quantification of Cleaved caspase-3 positive cells revealed overall similar levels between untreated controls (7.5 ± 1.0%) and LDL-DHA treated tumors (5.1 ± 0.3%) (Supplementary Figure 6).




Discussion

Percutaneous implanted port-catheter systems for intra-arterial infusions hold promise for a growing number of applications in clinical oncology. Repeated hepatic arterial delivery of anticancer agents to the liver by implanted port-catheter systems has been described for the treatment of advanced unresectable liver cancer (40, 41). Even among HCC patients with marked underlying liver disease this approach has been proven efficacious (11). Hepatic arterial infusions provide the benefits of “first pass and increased local concentration effects” within the tumor due to the preferential arterialization of hepatic neoplasms (3). Despite these pharmacokinetic advantages current transarterial therapies remain palliative (42). As such, the five year survival rate for HCC remains less than 12% (43). Innovative and novel therapeutic agents are urgently sought to address this unmet need. Preclinical large animal models, such as pigs, have been avidly used to demonstrate the feasibility of intra-arterial port catheter systems (44, 45), however, laboratory rodents are widely recognized as the primary animal model systems for oncology research. Implanting percutaneous intra-arterial port-catheter systems in rodents is a surgically challenging task, due to their small anatomy, but in recent years several groups have reported successful placement of hepatic artery port-catheter systems in the rat for evaluations of experimental anti-HCC therapies (21–23). Studies from our own group have also demonstrated the utility of hepatic artery port catheter systems in the rat (46). We assessed the safety of repeated transarterial infusions of LDL-DHA to the normal rat liver. Repeated infusions of LDL-DHA nanoparticles did not elicit hepatotoxicities and was concluded to be safe (46). Precedence for investigating the anticancer benefits of natural n-3 PUFAs stem from the seminal work of Sawada and others who reported that dietary intake of n-3 PUFAs among populations with chronic hepatitis significantly reduced the risk of HCC development (24). Other reports have also confirmed these findings (47). Within our own group formulation of DHA into LDL carriers has been shown to effectively kill hepatoma cells in culture by the induction of ferroptosis (33). Similar antitumor effects were also witnessed in vivo either by direct tumor injection or by transarterial injection (33, 34). In the present study, we sought to determine whether repeated infusions of LDL-DHA nanoparticles, through an indwelling cannula surgically implanted in the hepatic artery, would provide sustained tumor suppression in a syngeneic rat model of HCC.

Our investigations first examined the anticancer effects of LDL-DHA nanoparticles on in vitro cultures of the rat N1S1 and human HUH7 hepatoma cells. Similar to previous studies the LDL-DHA nanoparticles displayed a dose dependent cytotoxicity against the N1S1 and HUH7 cells, while primary Sprague Dawley rat hepatocytes remained fully viable over a similar treatment range. Accompanying the tumor cell cytotoxicity was a dose dependent accumulation of lipid peroxides. This finding (along with the depletion of GPX4 expression) point to ferroptosis as the mechanism whereby LDL-DHA induces tumor cell death. Rescue experiments with the radical-trapping antioxidant, liproxstatin-1 or ferrostatin, further confirmed the role of ferroptosis in the LDL-DHA’s cytotoxicity. Surprisingly, the apoptosis inhibitor, Z-vad-fmk, was also able to effectively protect the tumor cells from LDL-DHA killing. These findings of dual ferroptosis–apoptosis tumor cell killing was also observed in human HUH7 HCC cells following treatment with LDL-DHA. Collectively, these findings suggest that the LDL-DHA nanoparticles induce a mixed pattern of tumor cell killing which involve both ferroptotic and apoptotic pathways. Similar responses were also found in vivo and will be discussed later.

Selective tumoricidal activity against N1S1 hepatoma of was also observed following repeated transarterial infusions of LDL-DHA nanoparticles. Both radiologic and histological analyses confirmed striking therapeutic effects from the locoregional nanoparticle treatment on the rat tumors. Although some discrepancy was noted between the two analyses. While contrast-enhanced MRI is used to determine viable tumor tissue (enhancing portions of the tumor are presumed to be viable, whereas non-perfused portions are presumed to be necrotic) (48), it is unable to distinguish viable cells from permeable reactive granulation tissue (49). Hence, enhancing granulation tissue remains a potential confounding factor for radiologic-based measures of tumor necrosis. Contrast enhancing granulation tissue is often noted at the periphery of tumors following locoregional treatment (50) and thus likely explains the lower MRI measures of tumor necrosis in the present study. Histological analysis, the gold standard of treatment assessment, revealed near complete necrosis (~92%) of the hepatomas after 3 courses of the LDL-DHA nanoparticle treatment. Complementary immunohistochemistry also supported these measurements as Ki-67 staining was near absent in the LDL-DHA treated tumors (12.7 ± 5.2%), but abundant in corresponding untreated (58.5 ± 6.3%) and LDL-TO controls (57.2 ± 1.6%). Tumor volumes measurements also corroborated these histology findings as the LDL-DHA treated tumors did not show signs of growth over the study. In fact, the volume of LDL-DHA treated tumors decreased in this study suggesting evidence of treatment induced tumor regression. Conversely, the untreated cohort of untreated rat showed exponential tumor growth. The control LDL-TO treated group also displayed tumors growth, although it was at a delayed rate. Tumors from these animals presented varied degrees of necrosis (23.4 ± 9.0%) which were significantly greater than that seen in the untreated group (5.2 ± 0.7%). Given that the LDL-TO nanoparticles are known to support and not impede tumor growth these results revealed that other confounding factors were at play (34, 51). Positioning of the distal end of the fixed catheter that advances from the gastroduodenal artery into the hepatic artery proper could potentially obstruct arterial blood flow to the liver. The outer diameter of the catheter is 0.6 mm while that of the hepatic artery in the rat is 0.2 - 0.5 mm (52). Such impediment in hepatic artery blood flow would potentiate ischemic injury to the N1S1 liver tumors. As such, the LDL-TO treated tumors experienced some damage in the early post op period following port implantation, but soon after that the tumor growth resumed reaching exponential rates towards the end of the study. It stands to reason that the LDL-DHA treated tumors also experienced some obstructed hepatic arterial flow and ischemic injury as a result of the implanted port, however, the repeated administration of LDL-DHA nanoparticles appear to predominantly account for the observed tumoricidal effect. The biochemical and molecular disturbances that characterized the LDL-DHA treated tumors were absent in the tumors from the untreated and LDL-TO treated groups. Striking depletions in GSH and GPX4 accompanied by increasing levels of lipid peroxidation showcase the hallmark features of LDL-DHA induced ferroptosis (53). These tumors also significantly overexpressed NF-ƙβ indicating marked inflammatory activity following LDL-DHA treatment. We observed a significant accumulation of mononuclear inflammatory cells within the rim of the necrotic tumor mass after repeated LDL-DHA administration. Innate immune responses, including the recruitment and activation of mononuclear cells of the phagocytic system, likely contribute to the enhanced tumoricidal effects observed in this study.

The selective cytotoxic effects of LDL-DHA is also evident in the altered neutral lipid profile of treated tumors. The increased tissue levels of saturated, mono- and polyunsaturated FA moieties of neutral lipids suggest the intracellular accumulation of lipid droplets. Tumor accumulation of lipid droplets has been widely reported to correlate with chemotherapy treatments (54). Apoptosis-inducing anticancer drugs, like etoposide and doxorubicin, have been shown cause lipid droplet accumulation in tumor cells likely through the activation of p53 and the inhibition of mTOR and MYC which leads to lipid accretion as a result of mitochondrial impairment, inhibition of fatty acid oxidation and the subsequent redirection of fatty acids towards lipid storage (55, 56). Increased lipid droplet formation during chemotherapy may also be a consequence of non-apoptotic cell death pathways, as ferroptosis-induced cell death is known to perturb FA metabolism (57). Regardless of the mechanism of cytotoxicity stressed tumor cells respond by accumulating fatty acids and depositing lipid droplets (58). Similar to other anticancer agents LDL-DHA nanoparticle tumor cell killing is also characterized by the accumulation of neutral lipids. Further studies will be designed to elucidate how neutral lipid accumulation assist in mediating LDL-DHA induced tumor cell death.

Consistent with the in vitro findings the N1S1 tumors also displayed signs of caspase activated pathways/apoptosis following LDL-DHA treatments. In recent years several small molecules and natural products have also demonstrated the capacity to induce multiple pathways of cell death (59–61). Seiler and others have reported that the depletion of GPX4 is not only a potent activator of ferroptosis but may also be involved in potentiating apoptosis (62). Other potential mechanisms for co-stimulatory cell death pathways include the induction of pro-apoptotic protein PUMA by ferroptotic agents (59). The unique mixed pattern of LDL-DHA induced ferroptosis and apoptosis is intriguing and certainly requires further mechanistic exploration.

In conclusion, the percutaneous placement of a port-catheter system for repeated drug infusion is technically safe and provides a viable approach for accessing the hepatic artery. However, for laboratory small animal applications, smaller diameter catheters are recommended to prevent any complications of obstructive arterial blood flow. In spite of this mishap, repeated infusions of LDL-DHA proved to be highly effective at delivering DHA to rat hepatomas. The tumor deposited DHA was able to induce pronounce destruction of tumor tissue via ferroptosis and apoptotic pathways. Collectively, the results from this study demonstrates that repeated administrations of LDL-DHA nanoparticles through the hepatic artery provides sustained repression of malignant tumors in the rat.
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Supplementary Figure 1 | Effects of LDL nanoparticles on Sprague Dawley rat primary hepatocytes. (A) MTS dose response assay of rat primary hepatocytes to LDL-DHA (0-100 µM). Experiments were performed in triplicate wells with six independent runs. Results are expressed as mean ± SEM. ***, P<0.001 versus untreated control.

Supplementary Figure 2 | Identifying cell death pathways in human HUH7 cells mediated by LDL-DHA cytotoxicity. (A) HUH7 cells were serum starved overnight, and then treated with LDL nanoparticle (0-100μM). Cell viability was measured by MTS/CCK assay at 72 hours after LDL nanoparticle treatment. Experiments were performed in triplicate wells with 3 independent runs. Cells were treated with LDL-DHA (0, 40, 60, 80 μM) for 24 h in the absence/presence of: (B) ferrostatin (0, 20, 40 μM); (C) Zvad-FMK (0, 50, 100 μM). Cell viability (left panel) was measured by MTS assay at 24 hours after LDL-DHA treatment. Results are expressed as mean ± SEM (n=3). *, P <0.05; **, P <0.01; ***, P <0.001; ****, P<0.0001, Ψ, P= 0.07-0.08 compared with corresponding LDL-DHA only treatment group. (D) Immunoblot of protein expression levels of cleaved caspase 3 in untreated and treated HUH7 hepatoma cells 24hours after LDL (control) or LDL-DHA (20, 40 and 60 µM) exposure.

Supplementary Figure 3 | Mean body weight of tumor bearing rats with implanted hepatic artery port-catheters receiving repeated infusions of saline or LDL nanoparticles over a 9 day study period. Arrows indicate time of HAI.

Supplementary Figure 4 | Quantification of KI-67 immunohistochemistry in untreated controls, LDL-TO and LDL-DHA treated animals. Results are expressed as mean ± SEM.

Supplementary Figure 5 | Concentrations of reduced and oxidized glutathione in liver and tumor samples from untreated controls and rats following repeated HAI of LDL nanoparticles. The data is expressed as µmoles of glutathione per mg of tissue (mean ± SEM) for each treatment group.

Supplementary Figure 6 | H&E and Immunohistochemistry of N1S1 tumors after Sham and HAI treatment of LDL-DHA (2 mg/kg). N1S1 tumor tissue samples were collected 72 hours post-treatment. Corresponding tissue sections were stained for H&E and the apoptosis marker cleaved caspase-3. (A) Sham; (B) LDL-DHA. Images were taken at 20x magnification. Quantification of cleaved caspase-3 immunohistochemistry in untreated controls and LDL-DHA treated animals. Results are expressed as mean ± SEM.



References

1. Salem, R, Gilbertsen, M, Butt, Z, Memon, K, Vouche, M, Hickey, R, et al. Increased quality of life among hepatocellular carcinoma patients treated with radioembolization, compared with chemoembolization. Clin Gastroenterol Hepatol (2013) 11:1358–65.e1. doi: 10.1016/j.cgh.2013.04.028

2. Bruix, J, and Sherman, M. Management of hepatocellular carcinoma. Hepatology (2005) 42:1208–36. doi: 10.1002/hep.20933

3. Breedis, C, and Young, G. The blood supply of neoplasms in the liver. Am J Pathol (1954) 30:969–77.

4. Arai, Y, Takeuchi, Y, Inaba, Y, Yamaura, H, Sato, Y, Aramaki, T, et al. Percutaneous catheter placement for hepatic arterial infusion chemotherapy. Tech Vasc Interv Radiol (2007) 10:30–7. doi: 10.1053/j.tvir.2007.08.007

5. Tsochatzis, EA, Fatourou, EM, Triantos, CK, and Burroughs, AK. Transarterial therapies for hepatocellular carcinoma. In:  JN Vauthey, and A Brouquet, editors. Multidisciplinary treatment of hepatocellular carcinoma. Berlin, Heidelberg: Springer Berlin Heidelberg (2013). p. 195–206. doi: 10.1586/14737140.6.10.1377

6. Hendi, M, Mou, Y, Lv, J, Zhang, B, and Cai, X. Hepatic arterial infusion chemotherapy is a feasible treatment option for hepatocellular carcinoma: A new update. Gastrointest Tumors (2021) 8:145–52. doi: 10.1159/000516405

7. Bruix, J, Llovet, JM, Castells, A, Montañá, X, Brú, C, Ayuso, MDC, et al. Transarterial embolization versus symptomatic treatment in patients with advanced hepatocellular carcinoma: Results of a randomized, controlled trial in a single institution. Hepatology (1998) 27:1578–83. doi: 10.1002/hep.510270617

8. Lin, D-Y, Liaw, Y-F, Lee, T-Y, and Lai, C-M. Hepatic arterial embolization in patients with unresectable hepatocellular carcinoma–a randomized controlled trial. Gastroenterology (1988) 94:453–6. doi: 10.1016/0016-5085(88)90436-2

9. Saccheri, S, Lovaria, A, Sangiovanni, A, Nicolini, A, De Fazio, C, Ronchi, G, et al. Segmental transcatheter arterial chemoembolization treatment in patients with cirrhosis and inoperable hepatocellular carcinomas. J Vasc Intervent Radiol (2002) 13:995–9. doi: 10.1016/S1051-0443(07)61863-6

10. Ikeda, K, Kumada, H, Saitoh, S, Arase, Y, and Chayama, K. Effect of repeated transcatheter arterial embolization on the survival time in patients with hepatocellular carcinoma. Anal by cox proportional hazard Model Cancer (1991) 68:2150–4. doi: 10.1002/1097-0142(19911115)68:10<2150::Aid-cncr2820681011>3.0.Co;2-f.

11. Park, JY, Ahn, SH, Yoon, YJ, Kim, JK, Lee, HW, Lee, DY, et al. Repetitive short-course hepatic arterial infusion chemotherapy with high-dose 5-fluorouracil and cisplatin in patients with advanced hepatocellular carcinoma. Cancer (2007) 110:129–37. doi: 10.1002/cncr.22759

12. Hiraoka, A, Kumada, T, Kudo, M, Hirooka, M, Koizumi, Y, Hiasa, Y, et al. Hepatic function during repeated TACE procedures and prognosis after introducing sorafenib in patients with unresectable hepatocellular carcinoma: Multicenter analysis. Dig Dis (2017) 35:602–10. doi: 10.1159/000480256

13. Hsin, IF, Hsu, CY, Huang, HC, Huang, YH, Lin, HC, Lee, RC, et al. Liver failure after transarterial chemoembolization for patients with hepatocellular carcinoma and ascites: incidence, risk factors, and prognostic prediction. J Clin Gastroenterol (2011) 45:556–62. doi: 10.1097/MCG.0b013e318210ff17

14. Grigorian, A, and O'Brien, CB. Hepatotoxicity secondary to chemotherapy. J Clin Trans Hepatol (2014) 2:95–102. doi: 10.14218/JCTH.2014.00011

15. Sergio, A, Cristofori, C, Cardin, R, Pivetta, G, Ragazzi, R, Baldan, A, et al. Transcatheter arterial chemoembolization (TACE) in hepatocellular carcinoma (HCC): the role of angiogenesis and invasiveness. Am J Gastroenterol (2008) 103:914–21. doi: 10.1111/j.1572-0241.2007.01712.x

16. Virmani, S, Rhee, TK, Ryu, RK, Sato, KT, Lewandowski, RJ, Mulcahy, MF, et al. Comparison of hypoxia-inducible factor-1α expression before and after transcatheter arterial embolization in rabbit VX2 liver tumors. J Vasc Intervent Radiol (2008) 19:1483–9. doi: 10.1016/j.jvir.2008.06.017

17. Than, TT, Sitzmann, JV, Li, SS, Lin, PW, and Grochow, LB.. A method for hepatic arterial perfusion studies in the rat. J Surg Res (1989) 47:251–4. doi: 10.1016/0022-4804(89)90116-9

18. Garin, E, Denizot, B, Roux, J, Noiret, N, Lepareur, N, Moreau, M, et al. Description and technical pitfalls of a hepatoma model and of intra-arterial injection of radiolabelled lipiodol in the rat. Lab Anim (2005) 39(3):314–20. doi: 10.1258/0023677054307051

19. Sheu, AY, Zhang, Z, Omary, RA, and Larson, AC. Invasive catheterization of the hepatic artery for preclinical investigation of liver-directed therapies in rodent models of liver cancer. Am J Transl Res (2013) 5:269–78.

20. Gade, TPF, Hunt, SJ, Harrison, N, Nadolski, GJ, Weber, C, Pickup, S, et al. Segmental transarterial embolization in a translational rat model of hepatocellular carcinoma. J Vasc Intervent Radiol (2015) 26:1229–37. doi: 10.1016/j.jvir.2015.02.006

21. Altomonte, J, Braren, R, Schulz, S, Marozin, S, Rummeny, EJ, Schmid, RM, et al. Synergistic antitumor effects of transarterial viroembolization for multifocal hepatocellular carcinoma in rats. Hepatology (2008) 48:1864–73. doi: 10.1002/hep.22546

22. Shinozaki, K, Ebert, O, and Woo, SL. Eradication of advanced hepatocellular carcinoma in rats via repeated hepatic arterial infusions of recombinant VSV. Hepatology (2005) 41:196–203. doi: 10.1002/hep.20536

23. Smoot, RL, Blechacz, BR, Werneburg, NW, Bronk, SF, Sinicrope, FA, Sirica, AE, et al. A bax-mediated mechanism for obatoclax-induced apoptosis of cholangiocarcinoma cells. Cancer Res (2010) 70:1960–9. doi: 10.1158/0008-5472.CAN-09-3535

24. Sawada, N, Inoue, M, Iwasaki, M, Sasazuki, S, Shimazu, T, Yamaji, T, et al. Consumption of n-3 fatty acids and fish reduces risk of hepatocellular carcinoma. Gastroenterology (2012) 142:1468–75. doi: 10.1053/j.gastro.2012.02.018

25. Jeong, S, Jing, K, Kim, N, Shin, S, Kim, S, Song, KS, et al. Docosahexaenoic acid-induced apoptosis is mediated by activation of mitogen-activated protein kinases in human cancer cells. BMC Cancer (2014) 14:481. doi: 10.1186/1471-2407-14-481

26. Newell, M, Goruk, S, Schueler, J, Mazurak, V, Postovit, L-M, Field, CJ., et al. Docosahexaenoic acid enrichment of tumor phospholipid membranes increases tumor necroptosis in mice bearing triple negative breast cancer patient-derived xenografts. J Nutr Biochem (2022) 107:109018. doi: 10.1016/j.jnutbio.2022.109018

27. Shan, K, Feng, N, Zhu, D, Qu, H, Fu, G, Li, J, et al. Free docosahexaenoic acid promotes ferroptotic cell death via lipoxygenase dependent and independent pathways in cancer cells. Eur J Nutr (2022) 61(8):4059–75. doi: 10.1007/s00394-022-02940-w

28. Jing, K, Song, K-S, Shin, S, Kim, N, Jeong, S, Oh, H-R, et al. Docosahexaenoic acid induces autophagy through p53/AMPK/mTOR signaling and promotes apoptosis in human cancer cells harboring wild-type p53. Autophagy (2011) 7:1348–58. doi: 10.4161/auto.7.11.16658

29. Nobili, V, Carpino, G, Alisi, A, De Vito, R, Franchitto, A, Alpini, G, et al. Role of docosahexaenoic acid treatment in improving liver histology in pediatric nonalcoholic fatty liver disease. PloS One (2014) 9:e88005. doi: 10.1371/journal.pone.0088005

30. Enguita, M, Razquin, N, Pamplona, R, Quiroga, J, Prieto, J, and Fortes, P.. The cirrhotic liver is depleted of docosahexaenoic acid (DHA), a key modulator of NF-κB and TGFβ pathways in hepatic stellate cells. Cell Death Dis (2019) 10:14. doi: 10.1038/s41419-018-1243-0

31. Reynolds, L, Mulik, RS, Wen, X, Dilip, A, and Corbin, IR. Low-density lipoprotein-mediated delivery of docosahexaenoic acid selectively kills murine liver cancer cells. Nanomed (Lond) (2014) 9:2123–41. doi: 10.2217/nnm.13.187

32. Moss, LR, Mulik, RS, Van Treuren, T, Treuren, T, Kim, SY, and Corbin, IR.. Investigation into the distinct subcellular effects of docosahexaenoic acid loaded low-density lipoprotein nanoparticles in normal and malignant murine liver cells. Biochim Biophys Acta (BBA) - Gen Subj 1860:2363–76. doi: 10.1016/j.bbagen.2016.07.004.

33. Ou, W, Mulik, RS, Anwar, A, McDonald, JG, He, X, and Corbin, IR.. Low-density lipoprotein docosahexaenoic acid nanoparticles induce ferroptotic cell death in hepatocellular carcinoma. Free Radic Biol Med (2017) 112:597–607. doi: 10.1016/j.freeradbiomed.2017.09.002

34. Wen, X, Reynolds, L, Mulik, RS, Kim, SY, Van Treuren, T, Nguyen, LH, et al. Hepatic arterial infusion of low-density lipoprotein docosahexaenoic acid nanoparticles selectively disrupts redox balance in hepatoma cells and reduces growth of orthotopic liver tumors in rats. Gastroenterology (2016) 150:488–98. 10.1053/j.gastro.2015.10.008.

35. Lund-Katz, S, Laplaud, PM, Phillips, MC, and Chapman, MJ. Apolipoprotein b-100 conformation and particle surface charge in human LDL subspecies: implication for LDL receptor interaction. Biochemistry (1998) 37:12867–74. doi: 10.1021/bi980828m

36. Draper, HH, and Hadley, M. Malondialdehyde determination as index of lipid peroxidation. Methods Enzymol (1990) 186:421–31. doi: 10.1016/0076-6879(90)86135-I

37. Rahman, I, Kode, A, and Biswas, SK. Assay for quantitative determination of glutathione and glutathione disulfide levels using enzymatic recycling method. Nat Protoc (2006) 1:3159–65. doi: 10.1038/nprot.2006.378

38. Vale, G, Martin, SA, Mitsche, MA, Thompson, BM, Eckert, KM, McDonald, JG., et al. Three phase liquid extraction (3PLE): A simple, and fast method for lipidomic workflows. J Lipid Res (2019) 60(3):694–706. doi: 10.1194/jlr.D090795

39. Mulik, RS, Zheng, H, Pichumani, K, Ratnakar, J, Jiang, QX, Corbin, IR., et al. Elucidating the structural organization of a novel low-density lipoprotein nanoparticle reconstituted with docosahexaenoic acid. Chem Phys Lipids (2017) 204:65–75. doi: 10.1016/j.chemphyslip.2017.03.007

40. Lorenz, M, and Muller, HH. Randomized, multicenter trial of fluorouracil plus leucovorin administered either via hepatic arterial or intravenous infusion versus fluorodeoxyuridine administered via hepatic arterial infusion in patients with nonresectable liver metastases from colorectal carcinoma. J Clin Oncol (2000) 18:243–54. doi: 10.1200/JCO.2000.18.2.243

41. Allen-Mersh, TG, Earlam, S, Fordy, C, Abrams, K, and Houghton, J. Quality of life and survival with continuous hepatic-artery floxuridine infusion for colorectal liver metastases. Lancet (1994) 344:1255–60. doi: 10.1016/S0140-6736(94)90750-1

42. Llovet, JM, Brú, C, and Bruix, J. Prognosis of hepatocellular carcinoma: the BCLC staging classification. Semin Liver Dis (1999) 19:329–38. doi: 10.1055/s-2007-1007122

43. El-Serag, HB. Hepatocellular carcinoma. N Engl J Med (2011) 365:1118–27. doi: 10.1056/NEJMra1001683

44. Clark, TW, Bilo, JM, and Beecroft, JR. Arterial port catheter system placement using a translumbar aortic route. Invest Radiol (2002) 37:7–12. doi: 10.1097/00004424-200201000-00003

45. Fukuoka, Y, Tanaka, T, Nishiofuku, H, Sato, T, Masada, T, Tatsumoto, S, et al. Development of repeatable microcatheter access port for intra-arterial therapy of liver cancer. Cardiovasc Intervent Radiol (2019) 42:298–303. doi: 10.1007/s00270-018-2111-0

46. Wang, Y, Li, J, Subramaniyan, I, do Vale, GD, Chaudhary, J, Anwar, A, et al. An implanted port-catheter system for repeated hepatic arterial infusion of low-density lipoprotein-docosahexaenoic acid nanoparticles in normal rats: A safety study. Toxicol Appl Pharmacol (2020) 400:115037. doi: 10.1016/j.taap.2020.115037

47. Gao, M, Sun, K, Guo, M, Gao, H, Liu, K, Yang, C, et al. Fish consumption and n-3 polyunsaturated fatty acids, and risk of hepatocellular carcinoma: systematic review and meta-analysis. Cancer Causes Control (2015) 26:367–76. doi: 10.1007/s10552-014-0512-1

48. Murakami, T, Nakamura, H, Hori, S, Tomoda, K, Mitani, T, Nakanishi, K, et al. Detection of viable tumor cells in hepatocellular carcinoma following transcatheter arterial chemoembolization with iodized oil. pathologic correlation with dynamic turbo-FLASH MR imaging with gd-DTPA. Acta Radiol (1993) 34:399–403. doi: 10.1177/028418519303400419

49. Kamel, IR, Bluemke, DA, Eng, J, Liapi, E, Messersmith, W, Reyes, DK, et al. The role of functional MR imaging in the assessment of tumor response after chemoembolization in patients with hepatocellular carcinoma. J Vasc Interventional Radiol (2006) 17:505–12. doi: 10.1097/01.RVI.0000200052.02183.92

50. Voizard, N, Cerny, M, Assad, A, Billiard, J-S, Olivié, D, Perreault, P, et al. Assessment of hepatocellular carcinoma treatment response with LI-RADS: a pictorial review. Insights Imaging (2019) 10:121. doi: 10.1186/s13244-019-0801-z

51. Li, S, Zhou, T, Li, C, Dai, Z, Che, D, Yao, Y, et al. High metastaticgastric and breast cancer cells consume oleic acid in an AMPK dependent manner. PloS One (2014) 9:e97330. doi: 10.1371/journal.pone.0097330

52. Martins, PNA, and Neuhaus, P. Surgical anatomy of the liver, hepatic vasculature and bile ducts in the rat. Liver Int (2007) 27:384–92. doi: 10.1111/j.1478-3231.2006.01414.x

53. Dixon, SJ, and Stockwell, BR. The hallmarks of ferroptosis. Annu Rev Cancer Biol (2019) 3:35–54. doi: 10.1146/annurev-cancerbio-030518-055844

54. Mehdizadeh, A, Bonyadi, M, Darabi, M, Rahbarghazi, R, Montazersaheb, S, Velaei, K, et al. Common chemotherapeutic agents modulate fatty acid distribution in human hepatocellular carcinoma and colorectal cancer cells. BioImpacts BI (2017) 7:31–9. doi: 10.15171/bi.2017.05

55. Boren, J, and Brindle, KM. Apoptosis-induced mitochondrial dysfunction causes cytoplasmic lipid droplet formation. Cell Death Differ (2012) 19:1561–70. doi: 10.1038/cdd.2012.34

56. Zirath, H, Frenzel, A, Oliynyk, G, Segerström, L, Westermark, UK, Larsson, K, et al. MYC inhibition induces metabolic changes leading to accumulation of lipid droplets in tumor cells. Proc Natl Acad Sci USA (2013) 110:10258–63. 10.1073/pnas.1222404110

57. Magtanong, L, Ko, PJ, and Dixon, SJ. Emerging roles for lipids in non-apoptotic cell death. Cell Death Differ (2016) 23:1099–109. doi: 10.1038/cdd.2016.25

58. Shyu, P Jr., Wong, XFA, Crasta, K, and Thibault, G. Dropping in on lipid droplets: insights into cellular stress and cancer. Biosci Rep (2018) 38:BSR20180764. doi: 10.1042/BSR20180764.

59. Hoon Hong, S, Lee, DH, Lee, YS, Jee Jo, M, Jeong, YA, Kwon, WT, et al. Correction: Molecular crosstalk between ferroptosis and apoptosis: Emerging role of ER stress-induced p53-independent PUMA expression. Oncotarget (2018) 9:24869. doi: 10.18632/oncotarget.25365

60. Yang, L, Chen, X, Yang, Q, Chen, J, Huang, Q, Yao, L, et al. Broad spectrum deubiquitinase inhibition induces both apoptosis and ferroptosis in cancer cells. Front Oncol (2020) 10:949–9. doi: 10.3389/fonc.2020.00949

61. Mbaveng, AT, Bitchagno, GTM, Kuete, V, Kuete, V, Tane, P, Efferth, T., et al. Cytotoxicity of ungeremine towards multi-factorial drug resistant cancer cells and induction of apoptosis, ferroptosis, necroptosis and autophagy. Phytomedicine (2019) 60:152832. doi: 10.1016/j.phymed.2019.152832.

62. Seiler, A, Schneider, M, Förster, H, Roth, S, Wirth, EK, Culmsee, C, et al. Glutathione peroxidase 4 senses and translates oxidative stress into 12/15-lipoxygenase dependent- and AIF-mediated cell death. Cell Metab (2008) 8:237–48. doi: 10.1016/j.cmet.2008.07.005



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Li, Vale, Chaudhary, Anwar, McDonald, Qin, Zhang and Corbin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 16 January 2023

doi: 10.3389/fonc.2023.977160

[image: image2]


Radiation pneumonitis following Yttrium-90 radioembolization: A Korean multicenter study


Hyo-Cheol Kim 1 and Gyoung Min Kim 2*


1 Department of Radiology, Seoul National University Hospital, Seoul National University College of Medicine, Seoul, Republic of Korea, 2 Department of Radiology, Yonsei University College of Medicine, Seoul, Republic of Korea




Edited by: 

Xiankai Sun, University of Texas Southwestern Medical Center, United States

Reviewed by: 

William Dezarn, Wake Forest University, United States

Carlo Chiesa, National Cancer Institute Foundation (IRCCS), Italy

*Correspondence: 

Gyoung Min Kim
 kimgm@yonsei.ac.kr

Specialty section: 
 This article was submitted to Cancer Imaging and Image-directed Interventions, a section of the journal Frontiers in Oncology


Received: 24 June 2022

Accepted: 04 January 2023

Published: 16 January 2023

Citation:
Kim H-C and Kim GM (2023) Radiation pneumonitis following Yttrium-90 radioembolization: A Korean multicenter study. Front. Oncol. 13:977160. doi: 10.3389/fonc.2023.977160




Objective

To report the incidence of radiation pneumonitis after radioembolization.



Methods

In this retrospective study, from May 2009 to July 2021, 782 consecutive patients underwent radioembolization in two institutes. Medical internal radiation dose dosimetry and partition dosimetry were used for glass and resin Yttrium-90-labeled microspheres (90Y-microspheres), respectively. Medical records and radiological findings were retrospectively evaluated with emphasis on the symptomatic radiation pneumonitis.



Results

Of the 732 patients with lung shunt study and follow-up, 13 (1.8%) had symptomatic radiation pneumonitis and six patients died due to radiation pneumonitis. Of the 721 patients whose lung doses were calculated, 10 patients who were treated with glass (n = 5) and resin (n = 5) 90Y-microspheres had radiation pneumonitis. No significant statistical difference between glass and resin 90Y-microspheres (p = 0.304) was noted in terms of radiation pneumonitis incidence. Among the patients with radiation pneumonitis, all five patients treated with glass 90Y-microspheres had estimated lung doses > 29 Gy, whereas five patients treated with resin 90Y-microspheres had relatively wide range of lung dose reaching much lower value (13.21Gy).



Conclusion

The present study suggests that radiation pneumonitis after radioembolization may occur even though the manufacturer’s instructions are followed.





Keywords: hepatocellular carcinoma, radioembolization, radiation pneumonitis, dosimetry, dyspnea



1 Introduction

Radioembolization, using 90Y-microspheres, are used for the treatment of malignant liver tumors (e.g., hepatocellular carcinomas (HCCs) and colorectal liver metastases) (1). Radioactive 90Y-microspheres are small enough to pass through tumoral vessels in rare patients, resulting in radiation pneumonitis. For this reason, planning angiography and simulating 90Y-microsphere delivery by infusing 99mTc-macroaggregated albumin (99mTc-MAA) into the hepatic artery are used to measure the lung shunt fraction (LSF) and the estimated lung dose (2). The 25-Gy estimated lung dose by partition dosimetry is believed to be the safe upper limit for resin 90Y-microspheres (3, 4). However, for glass 90Y-microspheres, radioembolization is relatively contraindicated when the estimated lung dose is >30 Gy in a session and 50 Gy in a lifetime by medical internal radiation dose (MIRD) dosimetry (5).

Radiation pneumonitis is a rare but serious radioembolization complication that can occur 1–6 months after the procedure. Several case reports of radiation pneumonitis have been noted in the literature (6–8). This study, herein, reports the incidence ofradiation pneumonitis after radioembolization in the Asian population.



2 Materials and methods


2.1 Patients

From May 2009 to July 2021, 782 consecutive patients underwent radioembolization in two institutes. The inclusion criteria were (a) patients who underwent planning angiography and 99mTc-MAA scan and (b) patients whose information regarding lung dose was available. Exclusion criteria were (a) no lung shunt study (n = 37) and (b) no follow-up imaging for at least 2 months (n = 13). Consequently, 732 patients (mean age, 62.8 ± 12.4 years [range, 21–92 years]), which comprised 592 men and 140 women, were included in the present study. Among these patients, 664 and 68 had hepatocellular carcinoma and other cancers, respectively (Table 1). Moreover, 493 and 239 patients were treated with glass and resin 90Y-microspheres, respectively. Furthermore, 36 patients received two sessions and 10 patients received three sessions of radioembolization.


Table 1 | Baseline characteristics in 732 patients who received radioembolization.





2.2 Planning angiography and 99mTc-macroaggregated albumin imaging

Planning angiography includes celiac and superior mesenteric angiography, and depending on the need, right and/or left hepatic angiograms are also included. The operator advanced a microcatheter into the lobar artery supplying the primary target tumor, and 185 MBq of 99mTc-MAA was injected into the lobar hepatic artery. After injecting 99mTc-MAA, planar body scans that conjugated the anterior and posterior images were obtained for 10 min and were used to calculate the LSF.



2.3 Volume measurement and lung dose calculation

Total liver volume, target volume, and tumor volume of each patient were measured from the most recent cross-sectional imaging study before treatment, including computed tomography (CT) scan and magnetic resonance imaging using Aquarius Intuition (Terarecon, Durham, NC).

For Therasphere, single compartment dosimetry (MIRD) was used to calculate the estimated lung dose as provided by the manufacturer, and the lung mass was set as 1,000g for all patients. For SIR-Spheres, partition dosimetry provided by the manufacturer was used, and the lung weight was set as 800 and 600 g for men and women, respectively.



2.4 Analysis

Medical records and radiological findings were retrospectively evaluated. Radiation pneumonitis was diagnosed when patients presented with restrictive ventilatory dysfunction and typical bilateral lung infiltrates with exertional dyspnea and dry cough (9), and pathogens causing similar presentation such as pneumocystis carinii were not revealed. Severity was graded by Common Terminology Criteria for Adverse Events (CTCAE) v5.0. The chi-square test was used to compare the radiation pneumonitis incidences between the groups. A p value <0.05 was considered statistically significant. All statistical analyses were performed with SPSS version 25.0 software (SPSS, Inc., Chicago, IL, USA).




3 Results

Of the 732 patients, 13 (1.8%) had symptomatic radiation pneumonitis and were treated with steroids (Table 2) (Figure 1). All 13 patients did not receive systemic chemotherapy. All 13 patients had HCCs which were treated with glass (n = 6) and resin (n = 7) 90Y-microspheres. Dyspnea (n = 12) and cough (n = 6) were the common symptoms. The time interval between radioembolization and symptom onset ranged from 1.1 to 6.7 months (mean, 3.5 months; median, 3.3 months). Six patients died due to respiratory failure without tumor progression. Only one patient (patient no. 12) had radiation pneumonitis after second session of radioembolization, among the 46 patients who received multiple sessions.


Table 2 | Treatment factors, symptom and outcome of radiation pneumonitis.






Figure 1 | A 65-year-old man had a 9cm single mass in the right lobe. The lung shunt fraction was 14.1%, and 2.4 GBq of resin 90Y-microspheres were delivered into the right hepatic artery. The estimated lung dose was 21.01 Gy. (A) Magnetic resonance shows a mass in right lobe. (B) Chest CT scan 3.8 months after radioembolization shows diffuse consolidation and ground-glass opacity in both the lungs with subpleural sparing. (C) Chest CT scan 4 months after steroid therapy shows fibrotic changes in both the lungs.



Lung dose was not accurately calculated in 11 patients (three and eight with and without radiation pneumonitis, respectively). Radioembolization was performed by placing a balloon catheter in the right hepatic vein to reduce lung shunt in eight of 719 patients without radiation pneumonitis. Lung dose was not precisely estimated in the following three patients with radiation pneumonitis. Patient no. 11 had HCC, which was supplied by both the hepatic and right inferior phrenic artery. 99mTc-MAA was injected into the right hepatic artery, and the LSF was 7.65%. The right inferior phrenic angiogram showed tumor blush and pulmonary shunt, and 90Y-microspheres were injected into both the right hepatic and right inferior phrenic arteries without arteriovenous shunt embolization. Patient no. 12 had received two radioembolization sessions. The LSF was 14.38% at the first radioembolization session. The second radioembolization session was performed 6 months after the first session, and the LSF was assumed as 14.38% without repeating the lung shunt study. Patient no.13 had a large arteriovenous shunt, and the LSF was 49.32%. 90Y-microspheres were injected into the hepatic artery after complete arteriovenous shunt embolization.

The lung dose could be calculated in 721 patients, which ranged from 0.013 to 38.14 Gy (Table 3). The estimated lung dose was >30 and >25 Gy in 24 and 20 patients who were treated with glass and resin 90Y-microspheres, respectively. Of the 721 patients, 10 who were treated with glass (n = 5) and resin (n = 5) 90Y-microspheres had radiation pneumonitis. No significant statistical difference between glass and resin 90Y-microspheres (p = 0.304) was noted in terms of radiation pneumonitis incidence. For glass 90Y-microspheres, radiation pneumonitis was more frequent in patients whose lung dose was >30 Gy than in patients whose lung dose was ≤30 Gy (p = 0.001). The same trend was obtained for resin 90Y-microsphere, though the difference was not statistically significant (p = 0.061) probably for an insufficient number of patients. Notably, all five radiation pneumonitis patients treated with glass 90Y-microspheres had estimated lung dose >29 Gy (29.12 ~ 38.14Gy). In contrast, five radiation pneumonitis patients treated with resin 90Y-microspheres had relatively wide range of lung dose reaching much lower level (13.21Gy).


Table 3 | Baseline characteristics in 721 patients whose lung dose was able to be calculated.





4 Discussion

Radiation pneumonitis is rare but could be a fatal complication after radioembolization (6–8). Exertional dyspnea and dry cough are common clinical manifestations. CT scan commonly shows bilateral symmetric ground-glass opacity and consolidation with relative peripheral/hilar sparing, which is the so-called “bat wing appearance.” In addition, steroid therapy is the treatment mainstay.

MIRD dosimetry for glass 90Y-microspheres is used, and 30 Gy of lung dose is considered as an upper limit. Salem et al. reported no case of radiation pneumonitis in 403 patients treated with glass 90Y-microspheres (10) even if 18 and 58 patients had >30 and >30 Gy of single and cumulative lung doses, respectively. The estimated lung dose in patients with radiation pneumonitis ranged from 29.12 to 38.14 Gy in this study. The 30 Gy cutoff value should be reconsidered. For resin 90Y-microspheres, body surface area (BSA) method and partition dosimetry are commonly used in western and in eastern countries, respectively. In BSA method, LSF >20% is an absolute contraindication and dose reductions of 20% and 40% are recommended if LSF exceeds 10% or 15%, respectively (3, 4). In partition dosimetry, 25 Gy of the estimated lung dose is considered as an upper limit. Lung mass was previously regarded as 1,000 g. Lung mass was set as 800 and 600 g for men and women, respectively, for the Asian population since 2019 as recommended by the manufacturer (4). In all patients treated with resin 90Y-microspheres in this study, lung dose was recalculated with reduced lung mass (800 and 600 g for men and women, respectively). Three patients had radiation pneumonitis with a low estimated lung dose (13.21–21.01 Gy). These three patients did not have any underlying lung disease such as emphysema and did not undergo chemotherapy.

Six patients had estimated lung dose above the recommended lung dose limit in our series. In early study period, some patients were treated using glass 90Y-microsphere with predicted lung dose above 30 Gy, referring to Salem’s article (10) which had reported the safety of radioembolization with high predicted lung dose (patient no. 3, 4 and 5). In late study period, the recommended lung dose limit has been strictly followed. Two patients (patient no. 9 and 10) were treated using resin 90Y-microsphere before the revised recommendation by the manufacturer was applied, when the suggested lung dose limit was 30Gy and lung mass was set as 1,000g. Patient no. 13 was treated after embolization of arteriovenous shunt, as mentioned above.

Current dosimetry has limitations; planar scintigraphy using 99mTc-MAA is not adequate to simulate biodistribution of 90Y-microsphere, especially in lung (11). Individual lung mass is not taken into account in these models. In addition, the lung dose limitations proposed by manufacturers are not validated with proper methodology.Thus, radiation pneumonitis after radioembolization seems to be able to occur, even though the lung dose limitation suggested by the manufacturers was followed in most patients. Consequently, the authors modified the lung dose cutoff value (i.e., 25 Gy for men and 20 Gy for women with glass 90Y-microspheres and 20 Gy with resin 90Y-microspheres).

This study has several limitations. First, the dosimetry between glass and resin 90Y-microspheres is different. Lung mass was considered as 1,000 and 600–800 g for glass and resin 90Y-microspheres, respectively. Second, superselective radioembolization via multiple target vessels is a common form of daily clinical practice. However, 99mTc-MAA was injected into the lobar hepatic artery in most cases. Thus, the different injection sites of radioactive 90Y-microspheres and 99mTc-MAA may affect the lung dose.

In conclusion, the present study suggests that radiation pneumonitis after radioembolization may occur even though the manufacturer’s instructions are followed, and the recommended cutoff value of the estimated lung dose may be adjusted to a slightly lower value.
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Introduction

Gadoxetic acid–enhanced magnetic resonance imaging (MRI) contributes to evaluating the prognosis of small hepatocellular carcinoma (sHCC) following treatment. We have investigated the potential role of gadoxetic acid–enhanced MRI based on LI-RADS (Liver Imaging Reporting and Data System) v2018 imaging features in the prognosis prediction of patients with sHCC treated with radiofrequency ablation (RFA) as the first-line treatment and formulated a predictive nomogram.



Methods

A total of 204 patients with sHCC who all received RFA as the first-line therapy were enrolled. All patients had undergone gadoxetic acid–enhanced MRI examinations before RFA. Uni- and multivariable analyses for RFS were assessing using a Cox proportional hazards model. A novel nomogram was further constructed for predicting RFS. The clinical capacity of the model was validated according to calibration curves, the concordance index (C-index), and decision curve analyses.



Results

Alpha fetoprotein (AFP) > 100 ng/ml (HR, 2.006; 95% CI, 1.111–3.621; P = 0.021), rim arterial phase hyperenhancement (APHE) (HR, 2.751; 95% CI, 1.511–5.011; P = 0.001), and targetoid restriction on diffusion-weighted imaging (DWI) (HR, 3.289; 95% CI, 1.832–5.906; P < 0.001) were considered as the independent risk features for recurrence in patients with sHCC treated with RFA. The calibration curves and C-indexes (C-index values of 0.758 and 0.807) showed the superior predictive performance of the integrated nomogram in both the training and validation groups.



Discussion

The gadoxetic acid–enhanced MRI features based on LI-RADS v2018, including rim APHE, targetoid restriction on DWI, and the AFP level, are the independent risk factors of recurrence in patients with sHCC treated with RFA as the first-line therapy. The predictive clinical-radiological nomogram model was constructed for clinicians to develop individualized treatment and surveillance strategies.





Keywords: small hepatocellular carcinoma, radiofrequency ablation, gadoxetic acid-enhanced MRI, nomogram, prognosis



Introduction

Hepatocellular carcinoma (HCC), the sixth leading cause of cancer-related deaths in the world, is also one of the most common malignant tumors (1). Nowadays, not only surgical resection but also more treatment strategies, such as transarterial chemoembolization (TACE), ablation therapy, cryotherapy, and immune checkpoint inhibitors therapy, can be applied to HCC (2–4). Among them, radiofrequency ablation (RFA) has become one of the most commonly used first-line therapies for small HCC (sHCC) (5–7). There are increasingly more studies showing the safety and effectiveness of RFA for small or early-stage HCC (8, 9). However, recurrence and metastasis have still been occurred in the patients with sHCC treated with RFA. Several previous literature studies have reported that the 1-year recurrence rate of patients with sHCC treated with ablation was approximately from 10% to 30% (10, 11). However, another study recently reported by Joo Hyun Oh showed that recurrence-free survival (RFS) and overall survival (OS) at 5-year are only 72.3% and 22.0% for patients with sHCC treated with RFA (12). Thus, preoperative prognosis evaluation for patients treated with RFA as first-line therapy is urgently needed to formulate further individual treatment strategies.

Preoperative imaging examinations, especially magnetic resonance imaging (MRI), play an important role in the prognosis prediction of patients with HCC treated with surgical resection or interventional therapy (12–14). More interestingly, a kind of hepatocyte-specific contrast agents, gadoxetic acid (Gd-EOB-DTPA or Primovist), has been emerged and widely applied, showing an extremely promising value in the diagnosis and prognosis assessment of liver tumors (15, 16). In addition, compared with traditional contrast agent, gadoxetic acid–enhanced MRI is beneficial for the accurate and early diagnosis of sHCC nodules during surveillance as previously demonstrated (17, 18). Emerging pieces of studies suggested that several imaging features and ready availability from the gadoxetic acid–enhanced MRI make it an excellent candidate parameter for prognosis prediction of patients with HCC treated with surgical resection or interventional therapy (19). Unfortunately, the standard use and repeatability of various imaging features from gadoxetic acid–enhanced MRI in the prognosis assessment of HCC are still lacking, which is one of the reasons why these so-called imaging features cannot be formally recognized and applied in clinical practice. The LI-RADS (Liver Imaging Reporting and Data System) was formulated, aiming to promote a standard imaging-based diagnosis of HCC. Several emerging studies have reported that the LI-RADS system is associated with the prognosis of patients with primary HCC treated with surgical resection, independent of the pathologic diagnosis (20, 21). The establishment of the prognostic model based on standard imaging features is of great significance for radiologists/clinicians to routinely use and popularize in clinic. However, to our knowledge, few studies have focused on the gadoxetic acid–enhanced MRI based on LI-RADS v2018 (a latest version) imaging features that predict the prognosis after RFA as a first-line therapy in sHCC.

Hence, the purpose of our study was to mainly evaluate the potential role of LI-RADS v2018 (a latest version) imaging features from gadoxetic acid–enhanced MRI in the prediction of prognosis in patients with sHCC treated with RFA as first-line treatment. Furthermore, a nomogram model integrating standard imaging parameters and clinical parameters was developed for improving the practicability and repeatability of imaging in prognosis evaluation of patients with sHCC treated with ablation.



Methods


Patient selection

The retrospective study was approved by the institutional review board of our institution. The corresponding requirement for informed consent was waived. Between January 2017 and December 2020, a total of 386 patients treated with RFA were retrospectively analyzed. The inclusion criteria are as follows: (1) patients who underwent preoperative gadoxetic acid–enhanced MRI were diagnosed with HCC, and the MRI examinations were conducted within 2 weeks prior to RFA; (2) a single HCC ≤ 5 cm in diameter or up to three HCCs that were each ≤ 3 cm in diameter without portal vein thrombosis or extrahepatic metastases; (3) the coagulation function met the operation requirements; and (4) patients who did not undergo other treatment prior to surgery and have no history of extrahepatic cancer. The exclusion criteria are as follows: (a) MR images with poor-quality or incomplete clinical data; (b) patients treated with surgery, chemoradiotherapy, or TACE prior to RFA; (c) number of nodules > 3 or diameter of nodules > 5 cm; (d) patients with a short-term follow-up (<3 months); and (e) pathological diagnosis was not HCC. The first-line therapy was defined as no prior therapy for patients with sHCCs at the time of the first diagnosis. Finally, 204 patients with sHCCs treated with RFA as first-line therapy were enrolled in this study. The flow chart is shown in detail in Figure 1.




Figure 1 | The flowchart of selection of patients with sHCC.





MRI protocols

All patients in this study were examined in a 3.0-T MRI scanner (Canon Vantege Titan) equipped with a phased-array body coil before RFA. MRI sequences contained conventional in- and opposed-phase sequences, T1WI, fat-suppressed T2WI, and diffusion-weighted imaging (DWI, b = 0, 1000). Dynamic contrast-enhanced MR imaging with a T1-weighted fat-suppressed sequence was obtained once before and four times after intravenous administration. Acquisitions were performed at 25, 90, and 180 s and 20 min after injection gadoxetic acid (Primovist; Bayer Healthcare, Berlin, Germany). During the contrast-enhanced MRI, all patients were treated with Primovist at a rate of 3 ml/s and at a dose of 0.0025 mmol/kg, immediately followed by a 25-ml saline flush using a power injector.



RFA procedures

Percutaneous RFA was performed by under general anesthesia using an S-1500 radiofrequency therapeutic apparatus (MedSphere® International, Shanghai, China). All interventional procedures were conducted by one of the two interventional radiologists who had 11 and 8 years of interventional operation experience, respectively. The negative patch was pasted to the skin of back, thigh, or waist because of sparse hair. The different models and specifications of ablation needles were chosen according to the size of tumor. Then, the needle tip was sent to distal edge of tumor, and the active umbrella-like structure of needle tip was put up to a certain degree based on the location of the tumor and needle. The initial power was set at 30 to 50 watts, and the ablation time was 6 to 10 min according to the chosen needles. The radiofrequency therapeutic apparatus would automatically stop when the targeted tissue impedance reached 500 Ω, and the tissue temperature reached 70°C to 100°C. If necessary, the position of the needle tip was adjusted, and the procedure was repeated to ensure the complete ablation of the tumor. The needle track was ablated to prevent track implantation and bleeding before the needle was pulled out. The RFA was finished when the hyperechoic ablation surrounding was large enough to cover the entire tumor and the ablative margin (at least 5 mm of normal liver parenchyma surrounding the tumor).



Follow-up and outcome analysis

After RFA, the ultrasound (US), contrast-enhanced CT/MRI, and serum alpha fetoprotein (AFP) examination were performed every 3 months for the first year and then every 4–6 months thereafter. The outcome in this study was assessed by RFS. According to previous literature, the RFS was considered as the interval between the initial date of interventional therapy and the date of the first tumor recurrence or last follow-up visit before 1 October 2021. In our study, the tumor recurrence was defined as local recurrence (LR) and intrahepatic distant recurrence (IDR), and extrahepatic metastasis. Among them, LR was considered as the appearance of new tumor nodules at the surrounding of ablation zone, and IDR was considered as the appearance of new tumor nodules not around the ablation area.



Clinical-radiological characteristics analysis

In this study, various clinical data—including age, sex, cause of underlying liver disease (chronic hepatitis B/chronic hepatitis C/alcoholic liver disease), Child–Pugh score (A/B), number of tumors, and tumor size—were recorded. In addition, a series of laboratory findings—including albumin, total bilirubin, prothrombin time–international normalized ratio (PT-INR), AFP, and protein induced by vitamin K absence or antagonist-II (PIVKA-II)—were simultaneously analyzed.

As for radiological findings, two radiologists (with 12 and 19 years of experience in abdominal imaging, respectively) evaluated the MRI images on a picture archiving communication system based on the LI-RADS v2018, which represented a standard description of terminology and criteria for interpretation of liver observations. Another observer (with more than 30 years of experience in abdominal diagnostic) was invited for an opinion when there was inconsistency, and a majority decision was finally obtained and served for further study.

According to LI-RADS v2108 diagnostic algorithm, arterial phase hyperenhancement (APHE) (rim/non-rim), washout (not peripheral/peripheral), enhancing capsule, delayed central enhancement, targetoid restriction on DWI and targetoid hepatobiliary phase (HBP) appearance, ancillary imaging features (including corona enhancement, fat sparing in solid mass, restricted diffusion, mild-moderate T2 hyperintensity, iron sparing in solid mass, HBP hypointensity, nodule-in-nodule architecture, mosaic architecture, fat in mass, more than adjacent liver, and blood products in mass), and LI-RADS categorization (LR-3/4/5/M) were analyzed and recorded. Moreover, tumor size (the maximum diameter of the tumor); tumor margins (well-/ill-defined); signal intensity (SI) on T1-weighted, T2-weighted; and arterial, portal venous, and delayed phase images were also analyzed. The SI in this study was recognized as hyperintense, hypointense, or isointense compared with the adjacent hepatic parenchyma.



Construction and validation of the nomogram

Gadoxetic acid–enhanced MRI features based on LI-RADS v2018 diagnostic algorithm, served as predictive risk factors, were build the preliminary predictive model of the prognostic of sHCC after RFA. In addition, the utility of the preliminary MRI-based nomogram was verified by the calibration curve and concordance index (C-index). Moreover, the decision curve analysis (DCA) was conducted to determine the clinical utility of the nomogram via calculating the net benefits at various threshold probabilities.



Statistical analysis

Statistical analysis was conducted using SPSS 26.0 (IBM, Armonk, NY) and R project version 4.1.2 (http://www.r-project.org/). The categorical variables were showed as numbers (percentages). Uni- and multivariable analyses for RFS were assessed using the Cox proportional hazards model, and multicollinearity test was simultaneously conducted. The survival curve was conducted by Kaplan–Meier analyses via the log-rank test. Moreover, the interobserver agreement on LI-RADS v2018 imaging features in our study was valuated using the Cohen κ coefficient. The agreement was divided as five levels according to κ values as follows: poor (< 0.20), fair (0.21–0.40), moderate (0.41–0.60) and well (0.61–0.80), and excellent (0.81–1.00).

The predictive nomogram integrating LI-RADS v2018 imaging features and clinical parameters was formulated using in R project. The predictive performance of the constructed nomogram was evaluated by calibration curves and C-index. All tests were two-sided, and P-value < 0.05 was considered as statistically significance.




Results


Patients characteristics in both training and validation groups

This study enrolled 204 patients, which were divided into training (n = 153) and validation (n = 51) groups. There were no significant differences in age, sex, cause of underlying liver disease, Child–Pugh score, number of tumors, tumor sized, various laboratory data, and various conventional imaging features and LI-RADS v2018 imaging findings between the training and validation groups. All detailed data about patient characteristics in both groups are presented in Table 1. In addition, there was no significant difference between the training and validation groups. Among the overall cohort, the median follow-up was 20.3 months (range from 3.4 to 36.0 months). During the follow-up, the recurrence rate was 36.7% (75/204), observed in all patients, among which 10 patients (13.3%) showed LR, 57 patients (72.1%) showed IDR, and 6 (7.6%) had extrahepatic recurrence. Moreover, the 1- and 2-year RFS rates were 87.7% and 75.4%, respectively.


Table 1 | The clinical, pathological, and radiological characteristics of the study population.





Independent predictive radiological-clinical factors for RFS in patients with sHCC with RFA

In univariate logistic regression analysis, it is shown that tumor size, AFP level, rim APHE, targetoid restriction on DWI, and number of tumors were correlated with recurrence in the training group. Then, in the multivariate logistic regression analysis, AFP > 100 ng/ml (HR, 2.006; 95% CI, 1.111–3.621; P = 0.021), rim APHE (HR, 2.751; 95% CI, 1.511–5.011; P = 0.001), and targetoid restriction on DWI (HR, 3.289; 95% CI, 1.832–5.906; P < 0.001) were considered as the independent risk characteristics for recurrence in patients with sHCC treated with RFA as the first-line therapy (Figures 2, 3). The detailed information is listed in Table 2. Moreover, to verify the complex collinearity among the variables, the multicollinearity test was performed, which showed that there was no multicollinearity among three variables. The variance inflation factors were 1.33, 1.21, and 1.17, respectively, which are all less than 5.




Figure 2 | A 56-year-old man with sHCC was observed with early IDR after receiving RFA as the first-line therapy. Axial arterial (A) and delayed phases (B) show a well-defined tumor (white arrow) with rim APHE in hepatic segment IV. On the DWI (C), the tumor exhibits targetoid restriction and the tumors showed targetoid HBP appearance on hepatobiliary phase (D). Another 76-year-old man with HCC was observed with no recurrence after RFA during 13 months of the follow-up period. Axial arterial (E) and delayed phases (F) show a well-defined tumor (white arrow) with APHE in hepatic segment VIII. On the DWI (G), the tumor exhibits appeared restriction, and the tumors exhibit completely hypointense on hepatobiliary phase (H).






Figure 3 | The RFS of each group in both training (A–C) and validation groups (D–F).




Table 2 | Uni- and multivariate Cox analyses for risk factors for RFS in sHCC after RFA.



In terms of the assessment of interobserver agreement of LI-RADS v2018 imaging features, the results showed that APHE (κ = 0.881), washout (κ = 0.910), enhancing “capsule” (κ = 0.811), delayed central enhancement (κ = 0.832), targetoid restriction on DWI (κ = 0.890), targetoid HBP appearance (κ = 0.865), mild-moderate T2 hyperintensity (κ = 0.882), HBP hypointensity (κ = 0.878), restricted diffusion (κ = 0.911), and blood products in mass (κ = 0.812) exhibited excellent interobserver agreement. Corona enhancement (κ = 0.871), fat sparing in solid mass (κ = 0.773), iron sparing in solid mass (κ = 0.767), nodule-in-nodule architecture (κ = 0.756), mosaic architecture (κ = 0.723), fat in mass, more than adjacent liver (κ = 0.798), and LI-RADS categorization (κ = 0.760) exhibited well interobserver agreement.



Construction and validation of predictive nomogram for RFS

In this study, a predictive nomogram model including LI-RADS v2018 imaging findings and clinical features was established, which contains AFP > 100 ng/ml, rim APHE, and targetoid restriction on DWI for RFS after patients with sHCC treated with RFA as the first-line therapy (Figure 4A). The calibration curves of the developed nomogram for both the training and validation groups exhibited a good consistency between estimation and observation at 12 and 24 months after RFA (Figures 4B–E). As for C-index in the training group, the C-index for RFS prediction with the integrated nomogram (AFP + rim APHE + targetoid restriction on DWI) was 0.758 (95% CI, 0.679–0.837), which was higher than the C-index by other independent risk features. Similarly, in the validation group, the C-index for RFS prediction with the integrated nomogram (AFP + rim APHE + targetoid restriction on DWI) was 0.807 (95% CI, 0.712–0.904), showing the best prediction capacity (Table 3).




Figure 4 | Construction and validation of nomogram for predicting RFS of patients with sHCC with RFA as the first-line therapy. (A) Integrated nomogram for predicting probability of 12- and 24-month after RFA of sHCC. The calibration curves for the nomogram-predicted 12-month RFS (B) and the nomogram-predicted 24-month RFS (C) in the training cohort and the nomogram-predicted 12-month RFS (D) and the nomogram-predicted 24-month RFS (E) in the validation cohort.




Table 3 | Prediction performance of nomogram and independent risk factors in training and validation cohort.



On DCA, the developed nomogram showed a best net benefit with a wider range of threshold probability compared with the separate LI-RADS v2018 imaging findings and clinical features, indicating improved performance for predicting 12- and 24-month RFS (Figure 5).




Figure 5 | The decision curve analyses in terms of 12 (A) and 24 (B) months. RFS depicted integrated nomogram comprising the clinical feature (AFP) and LI-RADS v2018 imaging features on gadoxetic acid–enhanced MRI (rim APHE and targetoid restriction on DWI). Red line represents integrated nomogram (AFP + rim APHE + targetoid restriction on DWI); purple line represents targetoid restriction on DWI; green line represents AFP; blue line represents rim APHE.






Discussion

In this study, we found that the clinical feature (AFP) and LI-RADS v2018 imaging features on gadoxetic acid–enhanced MRI (rim APHE and targetoid restriction on DWI) are the independent risk factors for recurrence of sHCC after RFA. Moreover, a novel integrated nomogram based on clinical parameters and MRI features was constructed to predict 12- and 24-month RFS of patients with sHCC after curative RFA as the first-line therapy.

As is known, LI-RADS category, a means of standard imaging-based diagnosis of HCC, has recently been applied in the classification or differentiation diagnosis of liver tumors (22). Intriguingly, in several previous studies, HCC with several imaging appearances from LI-RADS category, such as target-like imaging morphology is often closely associated with unfavorable biomarkers (9, 23). However, few studies have focused on the application of the LI-RADS category on the prognosis evaluation of sHCC treated with RFA as the first-line therapy. In our study, on the basis of LI-RADS v2018 category, we found that targetoid imaging features including rim APHE and targetoid restriction on gadoxetic acid–enhanced MRI were two of the valuable risk factors for recurrence of patients with sHCC following RFA. In addition, a combined nomogram model integrating LI-RADS imaging features in this study was constructed to enable clinicians to handily assess the individually recurrence risk of patients with sHCC, avoiding vague recurrence risk assessments or overly complicated recurrence risk calculations. According to the presented nomogram model, patients with a low recurrence risk are the optimal candidates of RFA as the first-line treatment. As to patients with HCC with a high recurrence risk, more therapies such as combined TACE and surgical resection may be the first choice. In addition, the postoperative follow-up needs to be earlier and more frequent for those patients.

In this study, rim APHE was one of the significant LI-RADS v2018 imaging features predictive of post-RFA recurrence of patients with sHCC. According to LI-RADS category, rim APHE was not a major feature of HCC, rather an imaging feature of cholangiocarcinoma or combined hepatocellular cholangiocarcinoma. In our study, 31.4% of patients in this cohort were showed rim APHE, which is slightly higher than 5%–13% reported in the previous literature (24). Although HCC presenting with rim APHE is relatively rare, HCC with rim APHE seems to be more invasive. A previous study has reported HCC with rim APHE expresses higher carbonic anhydrase IX and epithelial cell adhesion molecule levels, which are hypoxia- and stemness-related markers, respectively (25). Moreover, sHCCs presenting with rim APHE may be frequently associated with growth patterns and invasive pathophysiological features, such as microvascular invasion, abundant intratumoral fibrous stroma, tumor necrosis, and low microvascular density (25). As such, these aforementioned studies may explain our results that rim APHE was an independent recurrence predictor for patients with sHCC treated with RFA as the first-line therapy. In addition, similar results have been reported in some surgically resected HCC studies. For instance, Moon et al. have reported that HCCs categorized as LR-M with rim APHE often showed worst prognosis after surgical resection, meaning that rim APHE was helpful for assessing the postoperative prognosis of HCC after further stratification of LR-M on preoperative MRI (12). Moreover, in another recent study reported by Kang et al., rim APHE at gadoxetate-enhanced MRI was used to distinguish non-proliferative class HCC from proliferative class HCC, which was an independent factor for poor survival of HCC (26). In addition, this imaging feature can also be used to assess OS and incidence of extrahepatic metastasis in the proliferative class HCC.

Targetoid restriction on DWI was another LI-RADS v2018 imaging feature predictive of post-RFA recurrence of patients with sHCC. Similar to rim APHE, targetoid restriction on DWI, as one of the targetoid imaging appearances, was another typical imaging feature of non-HCC malignancies (27). Such imaging feature was showed as restricted diffusion in tumor periphery on DWI with less restricted diffusion in tumor center, which may reflect peripheral hypercellularity and central stromal fibrosis or ischemia (28). Moreover, the increased diffusivity of the loose fibrotic component with necrosis could be the main contributor for central darkness on DWI. Thus, the above histopathologic properties are highly correlated with targetoid restriction on DWI and consistent with our results showing that targetoid restriction was another independent risk factor for recurrence of sHCC after RFA. On the other hand, some studies have also shown that the targetoid restriction on DWI may be associated with some biologically invasive characteristics, such as CK-19. For example, Hu et al. have reported that MR features with targetoid appearances based on LI-RDAS v2017, such as targetoid appearance on DWI (P = 0.001), were more frequently observed in comparison with CK19-negative HCCs. These results may be the potential reason for worse post-RFA outcomes of patients with HCC presenting with targetoid restriction on DWI (25).

In addition to imaging features based on LI-RDAS v2018 in this study, clinical characteristics were incorporated into the predictive model for further improve the practicality and predictive efficiency of the developed nomogram in clinic. In our study, AFP (>100 ng/ml) was considered as a clinical independent risk factor for post-RFA recurrence of patients with sHCC. As is well known, AFP is one of the most commonly used markers of HCC in clinic (29, 30). Several present studies have increasingly showed that the AFP level was closely associated with the cellular differentiation, microvascular invasion, and tumor prognosis. For example, in a recent study, Hu et al. have reported that the AFP level was identified as one of the independent risk factors for early recurrence after ablation (10). However, in their study, the risk of postoperative recurrence was greatest when AFP was greater than 400 ng/ml. Similar results were seen in the assessment of outcomes after TACE of HCC (31). Song and coworkers have demonstrated that the AFP level (>13.2 ng/ml) was identified as clinical risk factor for recurrence after TACE of HCC (32). Note that AFP (≤100 ng/ml) was normal in more than 50% of patients in our cohort. With different cutoff values of AFP, the effectiveness of the AFP level in the prediction model will also change.

There were several limitations in this study. First, the present study is a retrospective and single-center study; therefore, reselection and verification biases were inevitable. Only patients with sHCC that fully met RFA as the first-line therapy were enrolled, and patients with poor-quality MR images or incomplete clinical data were excluded; thus, the results in our study may not represent the true spectrum of HCC after RFA. Moreover, in this study, sHCC (<5 cm) was included in the study. If we only conducted RFA treatment for patients with sHCC (<3 cm), then the clinical effect might be better (33). For patients with HCC of 3–5 cm, TACE + RFA may achieve better efficacy (34). Second, we only focused on the MRI features according to the LI-RDAS v2018 several MRI features reported in the previous literature such as peritumoral signal on different sequences that were not analyzed in our study. Further sophisticated investigations with more samples in the multicenters should be conducted. Third, only pre-RFA clinical-radiological features were analyzed, and the correlation analysis between detailed pathological characteristics and prognosis of HCC after RFA was lacking. Finally, for practicability in clinic and easy popularity, the predictive models were only integrating the conventional and standard MRI features. In addition, genomic directed stratifications in clinical trial design are needed to be considered in future study.

In conclusion, the predictive model based on LI-RADS v2018 MRI features and clinical factors could be used to assess the prognosis of patients before RFA as the first-line treatment, which contributed to screening out the high probability of recurrence in patients with sHCC treated with RFA. Moreover, such an integrated nomogram may be used as a convenient method for facilitating clinicians to make precise and personalized management decisions.
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Purpose

To evaluate the correlation between microvascular density (MVD) and intravoxel incoherent motion (IVIM) magnetic resonance imaging (MRI) parameters and the effect of glycolytic flux after transarterial chemoembolization (TACE) in a rabbit VX2 liver tumor.



Materials and methods

VX2 liver tumor allografts in 15 New Zealand white rabbits were treated with sterile saline (control group, n = 5) or lipiodol-doxorubicin emulsion (experimental group, n = 10). MRI was performed 2 weeks after the procedure to evaluate IVIM parameters, including apparent diffusion coefficient (ADC), pure diffusion coefficient (D), pseudodiffusion coefficient (D*), and perfusion fraction (PF). All animal samples were taken of the tumor and surrounding liver. Immunostaining for CD31, CD34, CD105, and VEGF was used to evaluate MVD. The protein expression of Glut4, HK2, PKM2, LDHA, and MCT1 was determined using western blotting. Pearson correlation tests were used to analyze the relationship between MVD and IVIM parameters.



Results

D* value in the peritumoral region was negatively correlated with CD34 (r = –0.71, P = 0.01). PF value positively correlated with CD34 (r = 0.68, P = 0.015), CD105 (r = 0.76, P = 0.004) and VEGF (r = 0.72, P = 0.008) in the peritumoral region. Glut4, HK2, PKM2, and MCT1 in the peritumoral regions were higher in the experimental group than in the control group (all P < 0.05).



Conclusion

IVIM parameters were correlated with MVD in the intratumoral and peritumoral regions after TACE in a rabbit liver tumor model. The angiogenesis reflected by MVD may be related to changes of glycolytic flux.





Keywords: rabbit VX2 liver tumor, transarterial chemoembolization, microvessel density, intravoxel incoherent motion imaging, glycolytic flux



Introduction

Transarterial chemoembolization (TACE) is often used for the treatment of unresectable hepatocellular carcinoma (HCC) (1). Although the short-term effect of this treatment has been demonstrated in multiple studies, its long-term efficacy is poor, with a 5-year survival rate of less than 30% (2, 3). This limited efficacy over the long term is mainly due to a high rate of tumor recurrence and intrahepatic and extrahepatic metastasis (4, 5). Among factors affecting the efficacy of TACE, tumor microenvironment (TME) changes are of particular importance. For example, hypoxia is a key condition affecting the TME of HCC, and research has shown that the modulation of hypoxia inducible factor-1α can reduce sorafenib resistance and improve the prognosis of patients treated with TACE (6). Another study has similarly shown that elevated pyruvate kinase muscle isozyme M2 (PKM2) expression is associated with treatment resistance and reduced survival in patients receiving TACE (7). A recent meta-analysis demonstrated that higher expression levels of glycolysis markers in tumor tissues are correlated with poorer overall survival (8).

These changes in TME result in the formation of new tumor microvessels, eventually leading to tumor recurrence and metastasis (9). Tumor microvessel density (MVD) is a marker that can be used to evaluate tumor angiogenesis. For instance, cluster designation 34 (CD34) staining has been used to evaluate the growth of neovascularization in HepG2 xenograft tumor-bearing mice (10), and CD31 staining can be used to identify the stages of HCC (11). Other research has shown that CD105 staining is useful in quantifying the formation of new microvessels in HCC (12). It is essential to accurately identify these MVD changes after TACE treatment for HCC.

Magnetic resonance imaging (MRI) is a noninvasive method that can be used to assess various tumor characteristics. More specifically, intravoxel incoherent motion (IVIM) imaging is of particular use. In 1986, researchers proposed using a bi-exponential model to separate the diffusion of water molecules and the perfusion of microcirculation (13). With this method, researchers could obtain the apparent diffusion coefficient (ADC), the pure diffusion coefficient (D), the pseudodiffusion coefficient (D*), and the perfusion fraction (PF), parameters that not only reflect tissue diffusion more accurately but also provide information about tissue microcirculation perfusion (13). However, studies assessing IVIM imaging have differed in their conclusions regarding the role of these parameters in predicting treatment efficacy and assessing tumor MVD. For example, one study found that PF value is associated with MVD in ovarian epithelial tumors (14), and another study found that both PF value and D* value are significantly and positively correlated with CD31 and VEGF staining in A549 tumor-bearing mice (15). Other research has shown that PF values are positively correlated with tumor MVD but that ADC and D* values are not correlated with tumor MVD after treatment with transcatheter arterial embolization and apatinib (16).

In this study, we therefore sought to further evaluate the correlation between IVIM parameters and histopathological MVD after TACE treatment in a rabbit VX2 liver tumor allograft model. Through this research, we hoped to determine the potential value of IVIM imaging in evaluating the therapeutic effect of TACE treatment.



Materials and methods


Animals

Male New Zealand white rabbits (aged 8 weeks, weighing 2.0-2.5 kg) were purchased from the Animal Center of Guizhou Medical University (license: SYXK 2018­0001). Of these rabbits, a total of 16 rabbits with similar growth status were selected for this study. All experiments in animal models were conducted following the experimental program approved by the Animal Ethics Committee of Guizhou Medical University and following institutional norms (ethics number: 1900932). All animals were maintained in laminar flow rooms at constant temperature and humidity, with free access to food and water.



Implantation of VX2 liver tumor

VX2 tumor tissues purchased from Guangzhou Gineo Biotechnology Co. (Guangzhou, Guangdong, China) were implanted into the muscle layer of the hindlimb of one carrier rabbit (n = 1) and were grown for 2 to 3 weeks as described in previous study (17). The tumor tissues harvested from the carrier rabbit were then divided and subsequently implanted into the left liver lobe of the remaining rabbits (n = 15) under ultrasound guidance (M6Vet, Shenzhen Mindray Bio-Medical Electronics Co., Guangdong, China) via percutaneous puncture. The growth of VX2 tumors was monitored by ultrasonography (Figure 1A).




Figure 1 | Evaluation of TACE treatment in rabbit VX2 liver tumor models. (A) Overview of the experimental design. (B, C) Representative angiographic images show the tumor staining before and after embolization in the experimental group. (D, E) Representative CT images in the experimental group obtained 2 weeks after TACE. (D) shows incomplete lipiodol deposition within the tumor, whereas (E) shows complete lipiodol deposition within the tumor. (F, G) Representative H&E staining of resected tumor lesions after procedure in the control and experimental groups, consisting of the liver (1), the viable tumor (2), and the necrotic tumor (3). Scale for large image, 500 μm; scale for small image, 50 μm. (H) Quantitative analysis of rabbit weight before and after procedure in two groups. (I) Quantitative analysis of tumor volume before and after procedure in two groups. (J) Quantitative analysis of serum ALT and AST levels after procedure in two groups. Data represent mean ± SD. **P < 0.01; ***P < 0.001. Ctrl., control; Exp., experimental; MRI, magnetic resonance imaging; CT, computed tomography.





Experimental and control procedures

All animals underwent either the control or experimental procedure 2 to 3 weeks after tumor implantation, once a well-delineated solitary tumor (1.5-2.0 cm in diameter) could be detected on ultrasound images (18, 19). For these procedures, anesthesia was administered at a concentration of 2.5% to 3.5%, with an oxygen flow rate of 1 L/min. Each rabbit was placed on an operating table containing a digital subtraction angiography (DSA) machine (MEGALIX Cat Plus 125/20/40/80, Siemens Healthcare GmbH, Erlangen, Germany). The procedure was then performed under fluoroscopic guidance as described in a previous study (19). Briefly, the right femoral artery was selected and punctured with a 20G blood vessel puncture needle. A steerable guidewire (M001508110, FATHOMTM-14, Boston Scientific, Marlborough, MA, USA) and microcatheter (105­5091­150, Micro Therapeutics, Irvine, CA, USA) were advanced through the right femoral artery to the celiac axis. The proper hepatic artery was then selectively catheterized off the common hepatic artery with the aid of a steerable guidewire. A mixture of lipiodol and doxorubicin (up to 1.0 mL; experimental group) or sterile water (control group) was slowly infused under fluoroscopic guidance. Hepatic arteriography was performed to detect staining of the tumor before and after embolization. All rabbits can be weighed before and 2 weeks after procedure.



Inclusion criteria and study groups

Rabbits were eligible for inclusion if the implanted tumor was located in the liver parenchyma and extensive extrahepatic metastasis was not seen. Animals were excluded if significant tumor staining was still observed after infusion with a mixture of lipiodol and doxorubicin (experimental group).



MR acquisition and image analysis

All MR examinations were performed with the rabbits under deep sedation. A 3.0T scanner (750 W Discovery, GE Medical Systems, Fayetteville, Wisconsin, USA) with an 8-channel rabbit coil (Wankang Medical Technology Co., Jiangsu, China) was used to scan rabbits in the prone position 2 weeks after treatment, as described previously (19). In brief, an axial T2−weighted HASTE sequence was performed using the following parameters: repetition time/echo time, 4454.0/98.7 ms; field of view, 140 × 140 mm; matrix size, 140 × 140; section thickness, 4 mm; gap, 0 mm; and bandwidth, 41.67 Hz/pixel. IVIM imaging was performed in the transverse plane using an echo−planar imaging sequence with diffusion−gradient encoding in three orthogonal directions; scans were performed with single excitation in a free-breathing state. The b values were 0, 10, 20, 50, 80, 100, 150, 200, 400, 800, and 1000 mm2/s. The scan parameters for IVIM imaging were as follows: repetition time/echo time, 3585/66.1 ms; slice thickness/layer interval, 4/0 mm; layer number, 16; field of view, 140 × 140 mm; frequency, 64; phase, 2; bandwidth, 166.7 Hz/pixel; frequency coding direction, R/L; matrix, 64 × 80; and acquisition time, ~1 minute and 30 seconds.

One radiologist with 5 years of experience in abdominal MR imaging evaluated all MR images on a GE Healthcare Advantage Workstation; the radiologist was blinded to the histopathological results. The ADC, D, D*, and PF maps derived from IVIM imaging were extracted after fitting with a bi-exponential model. Parametric values were automatically output by measuring the region of interest (ROI) using incorporated software on a commercial workstation (Syngo, Siemens Healthcare). The largest three sections were chosen, and three ROIs measuring 5 to 15 mm2 were drawn manually on each section to measure the ADC, D, D*, and PF values of the intratumoral region, peritumoral region, and liver region. The peritumoral region was defined as an area around the tumor of approximately 2 mm (20); the liver region was defined as an area 2 cm away from the tumor margin. The average values of all ROIs were used for statistical analyses. The tumor size was estimated by calculating its largest (L) and smallest (S) diameters using the following formula: Tumor volume/mm3 = (L × S2)/2 (21).



CT scan

After MR imaging, computed tomography (CT) imaging was performed to assess lipiodol deposition (22). Each rabbit was sedated and then scanned, in the prone position, on a 128-slice Multislice CT scanner (SOMATOM definition AS+, Siemens Healthcare). The volumetric scanning parameters were as follows: field of view, 22 cm; tube voltage, 120 kVp; tube current, 250 Ma; and slice thickness, 1.0 mm, as described in a previous study (23).



Conventional liver function tests

Once imaging was complete, blood was collected from an artery in each rabbit’s ear. For each sample, the supernatant was collected after centrifugation at 3000 rotations per minute for 15 minutes at 4°. The levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were assessed using an automatic biochemical analyzer (Chemray 240, Shenzhen Life Science & Technology).



Pathology

Immediately after blood collection, the rabbits were euthanized under deep anesthesia with isoflurane. Tumor and adjacent liver samples were then collected and fixed in a 10% formalin solution. Paraffin blocks were cut and stained with hematoxylin and eosin (H&E) and immunohistochemistry stains for CD31, CD34, CD105, and vascular endothelial growth factor (VEGF). The sections were placed in boiling citrate buffer for 20 minutes for antigen repair. Tissue sections were incubated in endogenous peroxidase reagent (ORIGENE, Beijing, China) for 10 minutes at room temperature to block the endogenous peroxidase of cells, and the samples were then incubated with 10% goat serum for 20 minutes at 37°. Incubation with primary antibodies occurred at 4° in hydration chambers overnight. The anti-mouse CD31, CD34, CD105, and VEGF antibodies were purchased from Aifang Biological Co. (Hunan Province, China).

Image J software (Wayne Rasband National Institutes of Health, USA) was used to quantify CD31, CD34, CD105, and VEGF staining. The percentage of staining in each region was determined by dividing the area of staining by the total area of the region. The percentage of positively stained area was calculated in at least six fields per section. All sections were analyzed and evaluated independently by two double-blinded pathologists, and the results were reconfirmed by a third pathologist once inconsistent.



Western blotting

RIPA lysate (Solarbia, Beijing, China) was used to extract the total protein from the intratumoral, peritumoral and liver regions respectively. Equal amounts of protein were separated on 10% SDS-PAGE gels and transferred to a PVDF membrane (Amersham Hybond, GE Healthcare). Protein detection was performed using anti-glucose transporter 4 (Glut4, Abcam Cat# ab33780, RRID : AB_2191441), anti-hexokinase 2 (HK2, LSBio (LifeSpan) Cat# LS-B3571-50, RRID : AB_10622121), anti-PKM2 (Novus Cat# NBP1-48308, RRID : AB_10011057), anti-lactate dehydrogenase A antibody (LDHA, Abcam Cat# ab47010, RRID : AB_1952042), anti-monocarborxylate transporter 1 (MCT1, Absin, Shanghai, China, cat# abs120479), anti-β-actin (Enogene, Nanjing, China, cat# E12-041), anti-mouse-horseradish peroxidase (HRP, Absin, Shanghai, China, cat# abs20001ss), anti-rabbit-HRP (Absin, cat# abs20040), and anti-goat-HRP (Bioss, Wuhan, China, cat# bs-0294D-HRP). Protein detection was performed using ECL Western blotting substrate (Affinity Biosciences, KF003, Jiangsu, China). β-actin was used as a loading control. Blots were quantified using Image J, and intensities of the protein of interest were normalized to β-actin.



Statistical analysis

SPSS software (version 26; IBM, Armonk, NY, USA) was used for data analysis. Descriptive statistics were reported as mean ± standard deviation (SD). Groups were compared using independent sample t tests. A Pearson correlation test was used to analyze the correlation between IVIM parameters and MVD. P values < 0.05 were considered statistically significant.




Results


TACE treatment in rabbit VX2 liver tumor model

The process of tumor implantation and subsequent tumor formation was successful in all 15 rabbits. No periprocedural complications occurred in any of the study animals. Under DSA fluoroscopy, 3 rabbits in the experimental group were found to still have tumor staining after embolization in the experimental group (Figure 1B); these animals were therefore excluded from the analysis. The remaining 7 rabbits in the experimental group had no obvious tumor staining (Figure 1C). Of these 7 rabbits, 3 demonstrated incomplete lipiodol deposition in tumors on CT imaging (Figure 1D), and the remaining 4 demonstrated relatively complete lipiodol deposition (Figure 1E).

In the control group (n = 5), H&E staining demonstrated a large number of viable tumor cells in the intratumoral region, with disordered arrangement, large cell volume, and imbalanced ratio of nucleus to cytoplasm small irregular necrotic areas were also seen in the viable tumor region (Figure 1F). In the experimental group, H&E staining demonstrated complete tumor necrosis in 2 of the 7 rabbits; staining in the remaining 5 rabbits demonstrated a few viable tumor cells in the necrotic tumor rim (Figure 1G). The liver lobular architecture in the control group was well preserved, and no edema, congestion, or centrilobular necrosis was observed. The experimental group displayed focal hepatocyte necrosis and infiltration of inflammatory cells, as well as sinusoidal congestion.

The body weight of the rabbits was significantly lower in the experimental group than in the control group (t = 3.98, P = 0.003; Figure 1H). This may be related to little or no food consumption in rabbits after TACE. The tumor volume in the experimental group was also significantly lower than the volume in the control group (t = 3.724, P = 0.017; Figure 1I. TACE treatment inhibited tumor growth.

Postoperative changes in serum ALT and AST levels are shown in Figure 1J. Serum ALT and AST significantly higher in the experimental group than in the control group (ALT: t = 3.708, P = 0.007; AST: t = 5.863, P < 0.001).



Quantitative analysis of tumor and liver using MR IVIM parameters

On T2-weighted imaging, central necrosis demonstrated low T2 signal intensity, whereas viable tumor tissue demonstrated slight T2 hyperintensity (Figures 2A, B). In the experimental group, an uneven signal intensity was seen in the intratumoral region (Figure 2B). IVIM sequence color maps are shown in Figures 2C, D, and the scale of the color maps and the fitting curves with IVIM sequences are shown in Figures 2E, F. Compared with the control group, the intratumoral ADC and D values in the experimental group were significantly increased (t = 23.256, P < 0.001; t = 13.53, P < 0.001, respectively), and the D* and PF values were significantly decreased (t = 23.256, P < 0.001; t = 13.53, P < 0.001, respectively) (Figure 2G), which means that the expansion of water molecules in the intratumoral region increases, and the blood flow and velocity in the capillaries decrease after TACE. Compared with the control group, the D* value in the peritumoral region was significantly decreased in the experimental group (t = 2.478, P = 0.033), and the PF value was significantly increased (t = 4.069, P = 0.004) (Figure 2H), which means that may be related to the increase of peritumoral new microvessels. The ADC, D, D*, and PF values in the liver parenchyma were similar between the two groups (Figure 2I).




Figure 2 | IVIM MRI was used to scan the rabbit VX2 liver tumor model 2 weeks after the control or experimental procedure. (A, B) Representative axial T2-weighted images (T2WI) of the tumor in the control and experimental groups delineate the tumor area 2 weeks after the procedure. (C, D) ADC, D, D*, and PF maps derived from the IVIM sequence for the control and experimental groups. (E) Scale of IVIM parameter value. (F) IVIM fitting curve. (G-I) Quantitative analysis of IVIM parameters for the intratumoral, region, peritumoral region, and liver parenchyma in the control and experimental groups. Data represent mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. Ctrl., control; Exp., experimental; ADC, apparent diffusion coefficient; D, pure diffusion coefficient; D*, pseudodiffusion coefficient; PF, perfusion fraction.





The correlation between MVD and IVIM parameters after treatment

CD31, CD34, CD105, and VEGF staining results, which are widely used to characterize MVD, are shown in Figure 3A. The percentage of CD31 and VEGF staining in the intratumoral and peritumoral regions was significantly higher in the experimental group than in the control group (t = 8.607, P < 0.001; t = 7.992, P < 0.001, respectively); there were no differences in the liver parenchyma between the two groups. The percentage of CD34 and CD105 staining in the peritumoral region was significantly higher in the experimental group than in the control group (t = 10.101, P < 0.001); there were no significant differences between the two groups in the intratumoral region or in the liver parenchyma (Figures 3B-E).




Figure 3 | Immunohistopathology staining demonstrating microvasculature in the tumor and liver 2 weeks after the control or experimental procedure. (A) Representative images of the intratumoral, peritumoral, and liver regions stained with anti-CD31, anti-CD34, anti-CD105, and anti-VEGF. Scale bars, 100 μm. (B-E) Quantitative analysis of CD31, CD34, CD105, and VEGF staining. Data represent mean ± SD. ***P < 0.001. Ctrl, control; Exp., experimental; VEGF, vascular endothelial growth factor.



Analysis of the correlation between immunohistochemistry staining and IVIM parameters is shown in Table 1. In the peritumoral region, the D* value was negatively correlated with CD34 (Figure 4A), and the PF value was positively correlated with CD34, CD105, and VEGF (Figures 4B-D). In the intratumoral region, the ADC and D values were positively correlated with CD31 and VEGF, and D* and PF values were negatively correlated with CD 31 and VEGF (Figures 4E–L) and the D* value was positively correlated with CD105 (Figure 4M).


Table 1 | The correlation between MVD and IVIM parameters.






Figure 4 | Correlations between the quantitative results of histological staining and IVIM parameters. (A-D) The significant correlation between histological staining and IVIM parameters in peritumoral region was performed. (E-M) The significant correlation between histological staining and IVIM parameters in intratumoral region was performed. ADC, apparent diffusion coefficient; D, pure diffusion coefficient; D*, pseudodiffusion coefficient; PF, perfusion fraction.





The protein expression of glycolytic flux was increased after TACE treatment

As a key enzyme in glycolytic metabolic, the expression levels of Glut4, HK2, PKM2, and MCT1 were significantly higher in the experimental group than in the control group in the intratumoral (t = 2.58, P = 0.027; t = 3.47, P = 0.013; t = 5.91, P = 0.001; t = 4.21, P = 0.002, respectively) and peritumoral (t = 3.07, P = 0.012; t = 3.77, P = 0.005; t = 3.07, P = 0.012; t = 3.34, P = 0.009, respectively) regions. LDHA expression increased slightly after TACE treatment, but this increase was not significant in the intratumoral region or in the peritumoral region (Figures 5A-D). The expression levels of Glut4, HK2, PKM2, LDHA, and MCT1 in the liver parenchyma were similar between the two groups (Figures 5E, F).




Figure 5 | Expression of glycolysis flux protein in the intratumoral region, peritumoral region, and liver parenchyma. (A, B) Western blotting and corresponding bar chart for the intratumoral region, (C, D) the peritumoral region, (E, F) and the liver parenchyma. Data represent mean ± SD.  *P< 0.05; **P < 0.01. Glut4, glucose transporter 4; HK2, hexokinase 2; PKM2, pyruvate kinase muscle isozyme M2; LDHA, lactate dehydrogenase A; MCT1, monocarboxylate transporter 1.






Discussion

In this study, we found that the IVIM parameters ADC, D, D*, and PF were associated with MVD changes in the intratumoral and peritumoral regions after TACE treatment in a rabbit VX2 liver tumor model. These parameters, especially PF value, were particularly useful in the evaluation of neovascularization of the peritumoral region. The expression of the protein enzymes of glycolytic flux in the intratumoral and peritumoral regions was also enhanced after TACE treatment.

Previous studies have shown that many factors can negatively affect the long-term efficacy of TACE, including incomplete tumor-supplying arterial embolization, establishment of complex trophic arterial collateral circulation, involvement of the portal vein, residual tumor blood supply, and tumor hypoxia after embolization. All of these factors can lead to tumor angiogenesis (24–26). The degree of angiogenesis can be assessed most directly by using immunohistochemistry staining to evaluate MVD. Previous research in a rabbit VX2 liver tumor model demonstrated that tumor angiogenesis begins to appear in the residual tumor and tumor junction 14 days after chemoembolization with lipiodol (27). In this study, MVD in the intratumoral and peritumoral regions was significantly higher in the experimental group than in the control group, especially in the peritumoral region; these findings are consistent with the results of previous research (27, 28).

In this study, the D values in the liver and tumor were lower than the ADC values in any group in any area, consistent with previous reports (29). This suggests that the ADC value is affected by the diffusion movement of microcirculatory perfusion. Previous research has demonstrated that the diffusion of water molecules is limited by the presence of viable tumor cells, leading to restricted cellular space (30), and that the vascular structure is destroyed and the blood supply is blocked after TACE (31). In this study, we found that the ADC and D values of the intratumoral region in the experimental group were higher than those in the control group, whereas the D* and PF values were lower. The presence of massive necrotic cells in the experimental group after TACE increased water movement and reduced microcirculatory perfusion. Interestingly, the D* value of the peritumoral region was significantly lower in the experimental group than in the control group, whereas the PF value was significantly higher. The D* value mainly characterizes changes in hemodynamics, which depend on the length and flow rate of blood vessels (32). Although the number of new microvessels in the peritumoral area increased, the immature blood vessels still lacked the typical vascular structure and had high vascular permeability, so the blood flow of the microvessels in this area was slow, as has been shown previously (22). The PF value is defined as the fractional volume of capillary blood flowing in each imaging voxel. Our data demonstrated that PF value can be illuminated with abundant new neovascularization in the peritumoral region after TACE.

From an angiogenic standpoint, CD31, CD34, CD105, and VEGF are widely used to characterize MVD in the field of tumor research. Previous research in a VX2 tumor model demonstrated that the expression of CD31 is significantly increased at 20 days after TACE (22). In this study, VEGF and CD31 were strongly expressed in the intratumoral and peritumoral tissues. We found that most of the CD34 and CD105 expressed in the peritumoral tissue represented new tumor vessels after TACE treatment; these factors were barely expressed in the intratumoral region in the experimental group. Similarly, a previous study demonstrated that CD105 was highly correlated with postoperative recurrence and metastasis in HCC (12). Overall, these findings suggest that MVD, especially CD105, is a navel marker for tumor angiogenesis in liver VX2 tumor model after TACE.

Previous studies have shown that PF is associated with CD31 staining of the tumor (14, 33) and that D* and PF values are positively correlated with CD31 and VEGF (15, 34). In the current study, ADC, D, D*, and PF values were positively correlated with CD31 and VEGF in the intratumoral region, and the D* value was also associated with CD105 in the intratumoral region. Other research has demonstrated that D and PF values are positively correlated with CD34 staining after transcatheter arterial embolization combined with apatinib in a VX2 liver tumor model (16). However, in a study of human gastric cancer-bearing nude mice, ADC and D values were found to be associated with tumor necrosis and apoptosis (35). In our study, H&E staining demonstrated a large amount of tumor cell necrosis as a result of TACE treatment. The PF value was also positively correlated with CD34, CD105, and VEGF in the peritumoral region, representing the active and viable area; this finding is consistent with previous results (15, 36). Because the state of microvessels is directly related to tumor growth, invasion, metastasis, and prognosis (37), our study suggests that PF values derived from IVIM imaging may theoretically be useful as a marker of these variables.

Previous studies regarding tumor glycolysis have found that tumor tissues preferentially use glycolytic metabolism and that tumor recurrence and metastasis are associated with enhanced glycolytic metabolism; thus, antiglycolytic key enzymes could potentially play a role in antitumor treatment (7, 38–41). In one study, elevated PKM2 was found to be associated with treatment resistance and shortened survival in patients undergoing TACE treatment, suggesting that PKM2 knockdown could improve TACE efficacy (7). In the current study, TACE was found to induce the expression of glycolytic proteins, including HK2 and PKM2. In addition, the high expression of Glut4 was found to mediate increased glucose uptake, and the high expression of MCT1 was found to induce acidification of the TME. Several studies have shown that acidification of the TME is related to a metabolic shift of cancer cells to a hyperglycolytic phenotype, which is associated with poor survival (42, 43). Therefore, high glycolytic flux may be associated with a poorer prognosis.

This study had several limitations. Performing MRI under free breathing may have affected the accuracy of the results. In addition, a rabbit’s stomach cavity is large, potentially leading to artifacts in images of the liver parenchyma near the stomach. Considering the 3-dimensional structure of the liver and tumor, parameters measured in only part of the transverse position of the tumor likely do not represent the parameters in the entire tumor, and it is difficult to correlate these results with pathologic findings. Finally, tumors in the experimental group had varying degrees of necrosis, complicating the analysis.

In conclusion, this study demonstrated that the IVIM parameters ADC, D, D*, and PF are associated with tumor MVD after TACE in a rabbit VX2 liver tumor model. These results suggest that IVIM parameters may be useful as quantitative biomarkers for the characterization of angiogenesis and that these parameters could potentially be used to evaluate changes in tumor microcirculation after TACE in patients with HCC. In addition, our findings suggest that changes in the protein enzymes of glycolytic flux induced by TACE treatment may be associated with tumor angiogenesis.
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Colorectal malignancy is the third most common cancer and one of the prevalent causes of death globally. Around 20-25% of patients present with metastases at the time of diagnosis, and 50-60% of patients develop metastases in due course of the disease. Liver, followed by lung and lymph nodes, are the most common sites of colorectal cancer metastases. In such patients, the 5-year survival rate is approximately 19.2%. Although surgical resection is the primary mode of managing colorectal cancer metastases, only 10-25% of patients are competent for curative therapy. Hepatic insufficiency may be the aftermath of extensive surgical hepatectomy. Hence formal assessment of future liver remnant volume (FLR) is imperative prior to surgery to prevent hepatic failure. The evolution of minimally invasive interventional radiological techniques has enhanced the treatment algorithm of patients with colorectal cancer metastases. Studies have demonstrated that these techniques may address the limitations of curative resection, such as insufficient FLR, bi-lobar disease, and patients at higher risk for surgery. This review focuses on curative and palliative role through procedures including portal vein embolization, radioembolization, and ablation. Alongside, we deliberate various studies on conventional chemoembolization and chemoembolization with irinotecan-loaded drug-eluting beads. The radioembolization with Yttrium-90 microspheres has evolved as salvage therapy in surgically unresectable and chemo-resistant metastases.
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1 Introduction

Colorectal cancer (CRC) is the third most prevalent malignancy in the United States and the third most common cause of death pertinent to cancer (1). The incidence of CRC has been increasing by approximately 3.2% per year and 2.5 million cases are estimated to be diagnosed in 2035 (2, 3). Around 56% of the patients lose their life from CRC (4). The mortality could be attributed to distant organ metastases noticed in 25% of patients at the time of initial diagnosis and in 50% of patients during disease progression (5). The 5-year survival rate of CRC confined to primary location is 88-91.1%, while the rate falls to 13.3-14% in metastatic CRC (6). Liver (68-75%) followed by lung (21-33%), distant lymph nodes (16-26%), bone (10.7-23.7%), peritoneum (11-15%), brain (0.3-0.6%), adrenal glands and spleen are the most to least common sites of CRC metastases (7, 8).

Synchronous colorectal cancer liver metastases (CRLM) are encountered in 20-25% of CRC patients whereas metachronous CRLM is observed in 20-30% of CRC patients (9, 10). Untreated CRLM has worse prognosis with a median survival of 4.5 to 12 months subject to the extent of disease at diagnosis (10). The intention of any curative treatment is to achieve the R0 resection of both the primary and metastatic tumor. Surgical resection is the potential curative and gold standard treatment for CRLM (11). It has improved the 5-year overall survival (OS) rate to 24-58% and a 10-year survival rate to 28% (10, 12–16). Although 50-60% of patients benefit from curative surgical resection of CRLM, only 10-25% of patients are suitable for surgery owing to tumor anatomy, extrahepatic involvement and general health status (10, 17, 18). Neoadjuvant systemic chemotherapy allows for sufficient tumor shrinkage for resection in merely 10-30% of non-surgical candidates (19). Current chemotherapy regimens include 5-fluorouracil and oxaliplatin (FOLFOX), 5-FU and irinotecan (FOLFIRI), and capecitabine and oxaliplatin (CapOx). These regimens have a response rate of 40% and an OS of 57% at 15-20 months (20). The addition of biologic agents to systemic chemotherapy such as anti-vascular endothelial and anti-epidermal growth factors inhibitors has improved the OS to >24 months (20). However, these systemic therapies are intolerable to a 1/3rd of patients resulting in discontinuation of treatment. A few patients may experience chemotherapy-associated liver injury (CALI) including sinusoidal obstruction syndrome and steatohepatitis (20). Hence, the demand for locoregional therapies has increased to make the tumor amenable to resection in addition to mitigating unwanted side effects of chemotherapy. Minimally invasive interventional therapies such as percutaneous ablation, trans-arterial chemoembolization (TACE), trans-arterial radioembolization (TARE) and portal vein embolization (PVE) have transformed the management algorithms of CRLM. These therapies improve the candidacy for surgical resection, provide curative treatment options for non-surgical candidates, and improve the survival of patients undergoing palliative care (Table 1).


Table 1 | Interventional Therapies for CRLM.






2 Therapies to improve surgical candidacy



2.1 Portal vein embolization

One of the main limitations of curative surgical resection is the presence of low volume of the future liver remnant (FLR), which might lead to hepatic insufficiency following the surgery (21). In the last few decades, various techniques have been introduced to induce hypertrophy of the FLR, thereby preventing the liver failure. In 1980s, Masatoshi Makuuchi introduced PVE of right portal vein to cause hypertrophy of the left lobe of the liver (22). PVE diverts blood flow to the healthy liver through embolization of the portal vein branches of the diseased liver. This results in atrophy of the embolized liver and hypertrophy of the non-embolized liver (Figure 1). The resultant increased FLR makes it possible to resect the large or multiple liver tumors. The exact mechanism of liver atrophy-hypertrophy following PVE remains unclear. However, it is hypothesized to be due to (i) upregulated cytokines and growth factors during liver regeneration, (ii) restituted increase in hepatic arterial perfusion and (iii) cellular host response enhancing the local tumor growth (23).




Figure 1 | Portal vein embolization (A) Digitally subtracted percutaneous transhepatic portovenogram demonstrates patent main, left and right portal veins. The portal vein was embolized with particles followed by coil embolization. (B) Digitally subtracted portovenogram after portal vein embolization demonstrates flow only to the left hepatic lobe. (C) Pre-procedure MRI and (D) post portal vein embolization CT demonstrates hypertrophy of the left hepatic lobe.



PVE has become the standard of practice for patients with inadequate FLR prior to extensive hepatic resection. The FLR of <20% in the normal liver, <30% in the liver with chemotherapeutic exposure, and <40% in the cirrhotic liver is usually considered an indication of PVE (11, 24–27). The liver regenerates by 20-46% in 6-8 weeks following the procedure (28). The resection rate after PVE is reported to be around 60-80%, 20% of patients may present with insufficient FLR hypertrophy or tumor progression (29–31). Other complications include tumor recurrence and accelerated tumor growth following the procedure (11). Tumor progression is the major concern as it affects the clinical and survival outcomes and may lead to unresectable disease. Pamecha et al. reported increased tumor growth rate among post-PVE cases compared to controls (0.36± 0.68 ml/day vs. 0.05± 0.25 ml/day; P=0.06) (Table 2) (29). For patients with high tumor load, defined as ≥ 9 CRLM or ≥ 5.5 cm diameter for the largest metastatic lesion, a liver transplant may be the preferred management for improved survival (32). Dueland et al. reported a 5-year survival rates of 33.4% and 6.7% in patients who underwent liver transplant and post-PVE liver resection respectively (32).


Table 2 | Data on PVE for CRLM.






2.2 Lobar trans-arterial radioembolization

The external beam radiotherapy (EBRT) of the liver exposes the normal hepatic parenchyma to radiation, in addition to the target tumor tissue. Even 35-45Gy, a dose inadequate to induce tumor cell death, can cause radiation-induced liver disease in 50% of the patients due to the low radiation toxicity threshold of normal hepatic parenchyma (40, 41). TARE, also known as selective internal radiation therapy (SIRT) deploys microspheres made of glass or resin and loaded with Yttrium-90 (Y-90) into the hepatic tumor vasculature. The Y-90 TARE emits beta radiation to the selective tumor tissue in contrast to the whole hepatic parenchyma in EBRT. As the radiation is achieved through the infusion of Y-90 microspheres into the hepatic artery, the TARE technique is often referred to as “inside-out radiation” or brachytherapy (42). The Y-90 TARE delivers the radiation with a mean penetration of 2.5 mm, mean energy of 0.94 MeV and targeted radiation dose of 80-150 Gy to the tumors (43).

The concept of lobar TARE as a method to increase the FLR while also controlling the tumor growth in the diseased liver is recently popularized (Table 3). Teo et al. studied seven retrospective clinical studies involving the patients undergoing lobar TARE and reported a FLR hypertrophy of 26-47% within 1.5-9 months of the procedure (47). However, Nebelung et al. reported a significantly greater hypertrophy in patients after PVE than lobar TARE (25.3% vs. 7.4%; P<0.001) (45). However, the post-TARE hypertrophy was substantial with a minimized risk of tumor progression in the embolized lobe (48). Edeline et al. stated that the increase in FLR was similar after TARE as well as PVE procedures (49). Kurilova et al. reported two cases reports in which the patients had insufficient FLR post PVE and underwent lobar TARE. They observed 13% increase in FLR at 4-week follow up in the first patient and 59% increase in FLR at 7-week follow-up in the second patient (50). Liebl et al. studied the FLR hypertrophy in pigs and reported that although PVE induced rapid FLR hypertrophy, it reached a plateau after I month of procedure, whereas, TARE resulted in FLR comparable to PVE within 3-6 months of procedure (51). Vouche et al. studied 83 patients with unilobar disease and observed a reduction in the tumor volume from 134 cc to 56 cc during >9 month follow up period (46). Another study by Edeline et al., including 34 patients, delivered a median lobar dose of 122 Gy and observed a complete response rate of 0%, partial response rate of 26%, stable disease in 63%, and progression of disease in 3% of patients based on RECIST criteria (49). However, CR, PR, SD and PD of 30, 33, 30 and 2% were reported based on mRECIST criteria. Edeline et al. also reported a median OS of 13.5 months and a median time to tumor progression of 21.7 months (49). The lobar TARE has the advantage of tumor control and biological test of time for extrahepatic tumor progression prior to liver resection. Lobar TARE is a well-tolerated procedure with very minimal side effects such as pain and nausea. A few studies reported an increase in Child-Pugh score from 6 to 7 during the first 6 months follow-up which improved later during the >6-9 month follow up period (52). A > 20% increase in the splenic volume was reported without any signs of hypersplenism or additional findings of portal hypertension (52). Serious toxicities including irreversible ascites, temporary and progressive hyperbilirubinemia, and variceal hemorrhage may be observed following the procedure (49).


Table 3 | Data on lobar TARE in CRLM.






2.3 Combined RFA and surgical resection

A few studies recommend the combination therapy of RFA with surgical resection to slightly improve the survival and recurrence risk compared to RFA alone (Table 4). Mima et al. studied the efficacy of RFA alone and RFA combined with hepatic resection in unresectable CRLM (53). RFA was mainly performed alongside hepatic resection in those patients who had an effective clinical response to preoperative chemotherapy (FOLFOX). Metastatic nodules smaller than 2 cm was the main indication for RFA while the contralateral tumor was for the hepatic resection. The 3-year recurrence free survival was 33.2% in hepatic resection alone group and 18.5% in combined hepatic resection+ RFA group. Although tumor recurrence was reported in both the group of patients, it was not statistically significant (P=0.154). The 3-year PFS was 45.3% in hepatic resection alone group compared to 12.8% in hepatic resection + RFA group (P= 0.472). The 3- and 5-year OS was 70.4% and 62.6% in hepatic resection group and 77.1% and 64.3% in the hepatic resection + RFA group (P= 0.627) (53). Mima et al. concluded that hepatic resection combined with RFA may be a safe and effective alternative after responsive chemotherapy (53) The similar conclusion was observed in a retrospective study by Sasaki et al. (54). They observed improved resection rates in the resection +RFA group compared to resection alone group (15.1% vs. 8.5%; P= 0.071) (54).


Table 4 | Data on combined percutaneous ablation and surgical resection.







3 Therapies with curative intent



3.1 Ablation +/- systemic chemotherapy

Percutaneous thermal ablation is a tumor-destructive technique and is based on exposing the tumor cells to a targeted temperature of > 600 C or < -400 C. Ablation can be accomplished through thermal techniques such as radiofrequency, microwave, cryoablation, laser ablation, and focused ultrasound ablation. The irreversible electroporation (IRE), a nonthermal ablation technique utilizes an electrical field to induce tumor death without damaging the tissue protein architecture of vessels and the bile-ducts (55). Either thermal or non-thermal, ablation techniques have the advantages of being minimally invasive and less morbid than surgical resection and can be delivered as an out-patient treatment. The open or percutaneous approach to thermal ablation has been studied in the literature. Puijk et al., reported significantly improving liver tumor PFS following percutaneous ablation (2010-2013: 37.7%; 2014-2017: 69%; 2018-2021: 86.3%; P< 0.0001) whereas the PFS was stable following open ablations (2010-2013: 87.1%; 2014-2017: 92.7%; 2018-2021: 90.2%; P= 0.12) (56). The complications were less severe in percutaneous rather than open approach (2010-2013: P=0.69; 2014-2017: P= 0.129; 2018-2021: P= 0.02) (56). The tissue damage secondary to ablation is low when compared to surgical resection, which is the most important requisite in patients with underlying liver disease or those who already had extensive liver resection (55).

RFA is a well-studied and most widely used ablative modality in colorectal metastases. The monopolar or bipolar radiofrequency ablation (RFA) systems produce ionic oscillation by a high-frequency alternating current resulting in frictional heating and tissue damage (57). The level of thermal tissue damage varies depending on the achieved temperature. For instance, a 50-550 C for a period of 4-6 minutes induces irreversible cellular damage, 60-1000 C leads to irreversible coagulation of the cells and 100-1100 C results in vaporization and carbonization of tissue (58). The 1, 3, 5,10-year survival rates of CRLM following RFA are 98%, 69%, 48%, and 18% in a study by Solbiati et al. (59). Local tumor progression (LTP) after RFA, seen in 2-60% of cases, is an important factor to consider while ablating the CRLM. There are many factors that attribute to LTP including tumor size, tumor number, ablation zonal geometry, ablative margin, extrahepatic disease, location adjacent to large vessels and subcapsular tumors (60, 61). Radiofrequency ablation (RFA) is usually recommended in patients with ≤ 3-5 metastases of size ≤ 3-3.5 cm, not involving bile ducts or large vessels (≥3 mm), and not located centrally (62, 63).

Tumor size is critical in selecting patients for RFA as the commercially available devices can deliver the ablation to about 4-5 cm in one session and the studies reported high success rates of RFA in tumors ≤ 3-4 cm. In a study by Nielsen et al., the local recurrence after ablation was reported in 9%, 26.5%, and 45% of metastases measuring 0-3 cm, 3-5 cm and > 5 cm respectively (64). Compared to surgical resection, RFA has a lower complication rate (9.5%) and minimal risk of death (10, 65). However, it cannot replace surgical resection, especially in tumors > 3 cm size (57). The number of CRLM is also an important criterion when selecting the patients for RFA. Solitary CRLM is associated with high tumor control and survival rates. Kim et al. reported the 5-year survival and disease-free survival rates as 51% and 34% respectively in patients with solitary CRLM of size < 3 cm (66). Similarly, Gillams et al. studied the 5-year survival rate of solitary CRLM of size 2.3 cm to be 54% with a median survival of 63 months (67). Wang et al. studied the emphasis of ablative and tumor margins and reported that the risk of LTP decreases by 46% for every 5-mm increase in ablative margin size and increases by 22% with every 5 mm increase in tumor size (68). The tumor abutting large vessels causes convective heat loss termed as “heat-sink effect”, hence preventing heat accumulation in the tumor (63). A study by Elias et al. reported that 23% of CRLM, close to the large vessels, recured compared to 3% of CRLM located away from the vessels (69). In such situations, percutaneous balloon occlusion of large vessels during RFA has demonstrated improved tumor progression rates (62). Van Tilborg et al. studied that the centrally located CRLM recur more often compared to peripheral CRLM (21.4% vs. 6.5%; P= 0.009) (10).

Local tumor progression following RFA can be re-treated with repeat RFA, stereotactic body radiation therapy (SBRT), TACE, hepatic resection, and ultimately transplantation; however, with a high failure risk (70). The optimal choice among these techniques is still debatable, and a study by Xie et al. compared the repeat RFA with TACE and transplantation (70). In their study, repeat RFA has comparable outcomes with transplantation; hence the former is the primary choice, while the latter can be performed in patients where RFA failed or is inapplicable (70). Recently, CT-guided I125 brachytherapy has been studied in patients with recurrent HCC after thermal ablation. Its validation in recurrent CRLM is yet to be determined.

Other ablation techniques include microwave ablation (MWA), irreversible electroporation (IRE), and cryoablation. MWA has shown to be effective as an alternative to RFA and in a few cases, it is the preferred modality. The MWA generates heat by utilizing electromagnetic signals. Current machines operate between 900-2450 MHz, a frequency at which the microwaves cause coagulation necrosis by the oscillation of polarized water molecules which produce friction and heat (Figure 2) (57, 71). Compared to RFA, the size and zone of MWA are consistent and less affected by the heat-sink effect, impedance, penetrability, and thermal conductivity (72, 73). Gravante et al. examined the histopathological sample of MWA tissue and found no viable cells 6 cm away from the ablation zone in 93% of cases (74). Ierardi et al. included patients who are unfeasible to RFA such as those with tumors > 3 cm and are abutting larger vessels (> 3 mm) (73). They reported that the local recurrence was observed in 13% of patients with a disease-free OS of 20.5 months. Although no major complications were noticed, approximately 45% of patients had minor complications such as abdominal pain, fever with malaise, nausea, vomiting and elevated serum bilirubin levels (73). Pathak et al. reviewed various studies on RFA and MWA and reported that the local recurrence rates of CRLM after RFA and MWA to be ranging from 10-36% and 5-13% respectively (71). IRE is a non-thermal ablative technique that induces high-voltage electrical pulse waves between the electrodes (75). It is a safer ablation method in case of tumors close to the vascular or biliary structures due to the absence of the heat-sink effect (76, 77). The COLDFIRE-1 is a Phase-I study that demonstrated CRLM death and necrosis when exposed to IRE (78). COLDFIRE-2 is a Phase-II study including the patients with ≤ 5 cm CRLM, and it reported a 1-year PFS of 68%. Around 74% of the patients achieved local tumor control after the repeat IRE procedure (79). In a study by Schicho et al., 67% of patients achieved tumor control after the first IRE and 96% after re-intervention (80). Complications during IRE were reported to be observed in 40% of patients, with the most severe being arrhythmias, portal vein thrombosis, and biliary obstruction (79).




Figure 2 | Microwave ablation of colorectal cancer liver metastasis. (A) A 2.0 cm colorectal cancer metastasis in segment 7 (white arrowhead). (B) Ultrasound-guided microwave ablation probe placement in the segment 7 lesion which was confirmed with CT (not shown). Continuous monitoring of ablation was performed with ultrasound with (C) early and (D) late ablation images obtained. (E) Post-ablation MRI, 1 month post procedure, demonstrates ablation zone without evidence of residual disease.



Laser ablation uses micrometer optical fiber to produce heat by transmitting infrared light. The optical fiber is connected to a generator or diode made of neodymium: yttrium aluminum garnet (ND: YAG), which emits a precise wavelength. The size of the fiber, the wavelength used, conduction and penetration of surrounding tissue, and the power and duration of the ablation are the factors that affect the size of the ablation zone (81). The lesions located within 1 cm of the main biliary duct, untreatable coagulopathy, and ascites interposed along the path of the applicator are considered contraindications to the thermal ablation (82). Patients may experience side effects after the procedure including pain, and post-ablation syndrome. Pain is self-limiting and depends on the size of the ablation zone. Post-ablation syndrome presents with flu-like illness with low-grade fever, nausea, vomiting and malaise, and can be managed symptomatically (72). Complications of the ablation procedure can be secondary to the injury to surrounding structures or the ablation itself, such as pneumothorax, intraperitoneal bleeding, hemothorax, portal vein thrombosis, gastrointestinal tract perforation, strictures, bile duct injury, cholecystitis, and liver abscess (72, 82).

The EORTC-CLOCC trial was a phase-II clinical trial that studied the efficacy of systemic chemotherapy with or without RFA in 119 patients diagnosed with unresectable CRLM (83). The trial randomized patients to receive systemic treatment alone or in combination with RFA. A significant improvement in OS and PFS was reported in the combined modality group rather than the systemic chemotherapy alone group (83). Improved OS in the combined modality group compared to the systemic treatment alone group (HR: 0.58; P=0.01) was observed. The 3-, 5- and 8-year OS rates were 56.9%, 43.1%, and 35.9% respectively in the combined modality group, and 55.2%, 30.3%, and 8.9% respectively in the systemic chemotherapy alone group. The median OS was 45.6 months in the combined modality group and 40.5 months in the systemic chemotherapy alone group. There was a prolonged PFS in the combined modality group (HR: 0.57; P=0.05). The liver as the first site of recurrence was noticed in 46.7% of the combined modality group and 78% of the systemic chemotherapy alone group (83). Another study, the ARF2003, included 52 unresectable CRLM treated with neoadjuvant chemotherapy and RFA. The study reported complete hepatic response in 75% of patients at their 3-month follow-up. The OS at 1-, and 5-years was 94% and 43% respectively, whereas PFS was 46% and 19% (84). Furthermore, another study reported that the combination of RFA and systemic chemotherapy has shown improved 3-year progression-free survival in comparison to systemic chemotherapy alone (27.6% vs. 10.6%; hazard ratio= 0.63; CI: 0.42-0.95; P=0.025) (85).

SBRT delivers the radiation to a specified region of interest with millimetric accuracy and reduces the irradiation to surrounding parenchyma. Unlike RFA and MWA, the SBRT is the better technique to access the perihilar, periampullary, or subcapsular lesions (86). SBRT can be considered, in combination with surgical resection, for oligometastatic liver disease that failed local therapies (87). Candidates with ≤ 5 CRLM involving <700 cc of the liver, an expected survival of > 3 months, curative extrahepatic disease, no chemotherapy received before two weeks of planned SBRT, and ≤ 2 Eastern Cooperative Oncology Group performance status are suitable for SBRT (87). A radiotherapy dose of ≥ 100-110 Gy can achieve local tumor control in 80-90% of the patients, while a higher dose may be required in case of larger tumors to attain similar outcomes (86–88). A study by Petrelli et al. included 656 patients and reported that the SBRT provides an overall survival of 67% and 57% and local tumor control of 67% and 59% at 1 and 2 years, respectively (89, 90). Compared to RFA, SBRT achieves greater 2-year local tumor control (84% vs. 60%); however, both the techniques had similar OS rates (91). The OLIVER trial compares the SBRT and chemotherapy alone and may provide further validations for its application (NCT03296839).




3.2 Radiation segmentectomy

Radiation segmentectomy (RS) delivers a very high ablative radiation dose (>190 Gray) confined to one or two liver segments, thus limiting the radiation-related complications (92, 93). The dose is based on the available literature for RS in patients with HCC which demonstrated a correlation between the level of tumor necrosis and the radiation exposure (93). The major intent of RS is to achieve cure in patients with CRLM, similar to the ablation or ablative external radiation therapy (94, 95). Diagnostic and therapeutic advancements through proper patient selection, imaging and radiation dosimetry allowed transition of lobar salvage to segmental curative radioembolization, especially in patients with features including (i) solitary tumor of size ≤ 5 cm (ii) primary or secondary liver tumor without other organ involvement and (iii) a tumor that can be targeted angiographically such that ≤ 2 liver segments receive the ablative dose of radiation (92, 96).

RECIST criteria have been widely employed to evaluate the response to TARE, however, PRECIST has proved to be more accurate in CRLM (97–99). Among all the parameters included in PRECIST, metabolic tumor volume and total lesional glycolysis are observed to be the significant predictors of OS (100). Recently, Choi criteria based on tumoral attenuation and diameter on CT imaging was identified to be a reliable criterion in CRLM to predict the PFS (101). Kurilova et al. observed that the RS of ≤ 3 hepatic segments can provide a 2-year tumor control rate of 83% in patients with limited therapeutic options and limited metastatic disease (Table 5) (102). They also reported that the tumor progression occurred in 21% of their study population which is similar to the study by Padia et al. (103) who reported tumor progression in 28% (102). In a study by Meiers et al, the authors included 10 patients of which 7 patients had inoperable CRLM confined to ≤ 2 liver segments (104). The procedure was unsuccessful in one among 7 patients due to attenuated hepatic vasculature. Of the remaining 6 patients with CRLM, four had a complete response or stable disease at their follow-up evaluation ranging from 1-14 months. Two of six patients had progressive disease after 7- and 18-months period. There were no reported adverse events. The mean PFS was 7.1 months for the entire cohort (92, 104).


Table 5 | Studies describing the efficacy of radiation segmentectomy.



Although RS has a promising role in the treatment of HCC that cannot be resected or ablated, the literature on CRLM is limited (93, 105–107). In addition, as the most of the CRLM patients may have been pre-treated with chemotherapeutic regimens, the hepatic vasculature can be altered limiting the ability to perform the super-selective RS. Furthermore, the hypovascular nature of CRLM results in difficulty targeting the tumor. Based on the available data, RS appears to provide local tumor control with acceptable toxicity in patients with CRLM. Further studies on patient selection and tumor response are required to emphasize the application of RS in patients with CRLM.




3.3 Firstline chemotherapy plus TARE

Combined therapy with radioembolization and systemic chemotherapy has been studied in the literature. Haber et al. reported 38-month and 25-month median survival of CRLM patients treated with combined systemic chemotherapy plus TARE and systemic chemotherapy alone groups, respectively from the date of primary diagnosis (108). Three phase-III clinical trials, SIRFLOX, FOXFIRE and FOXFIRE-Global, studied the efficacy of combined chemotherapy with Y90 TARE over chemotherapy alone among 1103 patients in total (109–111). SIRFLOX trial by Van Hazel et al. concluded that the addition of TARE to the chemotherapy did not improve the PFS, however delayed the tumor progression significantly (Table 6) (110). A combined analysis of FOXFIRE, SIRFLOX and FOXFIRE-Global was performed by Wasan et al. with a total of 1103 patients (113). The patients were randomized to receive FOLFOX alone (549) or in combination with single cycle of TARE (554). Higher overall response rate was reported in the combined group (72% vs. 63%) however no differences were identified in median OS (22.6 months vs. 23.3 months; P=0.61). Radiological progression of the tumor was observed in 49% of FOLFOX alone group and 31% of the combined group. The cumulative incidence of tumor progression in the first 12 months follow up period was 22% in the combined group compared to 39% in FOLFOX alone group. An objective response rate was reported in 72% of the combined group and 63% of FOLFOX alone group (P= 0.0012). The study also reported high odds of grade 3 or worse adverse events in the combined group (74%) than the FOLFOX alone group (67%) (OR: 1.42; P= 0.008) (113). Wasan et al. reported 17% resectablity rate in TARE + chemotherapy group and 16% in chemotherapy alone group (P=0.67) (113). Garlipp et al. reported an improved resectability rate of the lesions after TARE+ chemotherapy compared to chemotherapy alone (38.1% vs. 28.9%; P<0.001) (115). The subgroup analyses of the FOXFIRE, SIRFLOX and FOXFIRE-Global trials reported no significant difference in OS between the combined and FOLFOX alone group (112, 114). However, when tumors are stratified based on location, the addition of SIRT improved the OS in right-sided but not left-sided primary CRC (Table 6) (112, 114).


Table 6 | Data on the efficacy of combined chemotherapy and TARE.







4 Therapies with palliative intent



4.1 TACE

Approximately 80% of blood supply to CRLM is derived from the hepatic artery while it is from the portal vein to the normal liver parenchyma (42, 116). Transarterial therapies utilize the advantage of dual blood supply of the liver and hence the cytotoxic agents infused through the hepatic artery selectively target tumor over normal cells. In addition, the first pass metabolism of the chemotherapeutic agents can be bypassed in the intra-arterial therapies. TACE is a catheter-based infusion of one or more chemotherapeutic medications and embolizing material into the hepatic artery. Embolizing material can be either temporary or permanent. The former includes collagen, gelatin sponge and degradable starch microspheres, while the latter include polyvinyl alcohol particles. Lipiodol has both the vaso-occlusive effect and the ability to enhance the effect of cytotoxic agents (117). TACE procedure was first introduced by Yamada et al. in late 1970s (118). In general, TACE is indicated as a second-line modality of treatment in patients who are refractory to systemic chemotherapy or in inoperable CRLM (119). Conventional TACE (cTACE) represents the injection of lipiodol + chemotherapy and embolizing agents. Recently, the drug-eluting beads are being used as embolic materials termed as DEB-TACE. The efficacy of cTACE and DEB-TACE have been extensively studied in the management of CRLM.



4.1.1 Conventional TACE

The chemotherapeutic regimen and embolic materials are variable in the published studies. Albert et al. studied the efficacy of TACE with doxorubicin, cisplatin, mitomycin C and lipiodol mixture followed by embolization material- polyvinyl alcohol particles, in 245 unresectable CRLM in 121 patients who were refractory to systemic chemotherapy (120). Median survival from initial CRLM diagnosis and TACE was 27 months and 9 months, respectively. The study described that the OS was better with TACE after first- or second-line systemic chemotherapy than after three to five lines of systemic chemotherapy (11-12 months vs. 6 months; P= 0.03) (120). Vogl et al. studied 463 patients with unresectable CRLM (117). Patients were divided into three groups with each receiving mitomycin C alone, mitomycin C plus gemcitabine, or mitomycin C plus irinotecan and followed by embolization with starch microspheres. The authors reported that 1-year and 2-year survival rates were 62% and 28% respectively with no significant difference among the patient groups (117). A study by Gruber-Rouh et al. involved 564 patients who were infused with mitomycin C, gemcitabine, irinotecan or cisplatin depending on the prior systemic chemotherapy regimen (Table 7) (123). For instance, patients treated with systemic FOLFOX or FOLFIRI were treated with mitomycin alone. Embolization was performed with iodized oil and starch microspheres. The study reported survival of 14.3 months from the start of first cTACE (123).


Table 7 | Studies describing the role of TACE in CRLM.



Vogl et al. studied on patients treated with cTACE as a palliative or a neoadjuvant option (Table 7) (122). The cTACE was followed by ablation in the neoadjuvant group. All the patients were refractory to prior systemic chemotherapy. Vogl et al. reported significant improvement in OS and PFS in palliative (12.6 and 5.9 months, respectively) and neoadjuvant (25.8 and 10.8 months, respectively) groups (122). The presence of extrahepatic metastases was described as the significant factor for OS and PFS in both palliative and neoadjuvant groups (122). Vogl et al. concluded that cTACE was effective in unresectable advanced CRLM and further improves survival, if followed by ablation (122). Nishiofuku et al. studied the efficacy of TACE with cisplatin powder and degradable starch microspheres (DSM) and a reported tumor response rate in 61.1% of patients (124). They also reported the median OS, PFS, and hepatic-PFS as 21.1 months, 5.8 months, and 8.8 months (124). However, majority of patients became eligible for surgical resection post-TACE, which might overestimate the OS benefit of TACE. The authors studied the tumor response rate in wild-type and mutated KRAS tumors to be around 75% and 66.7%, respectively (124). The study concluded that cisplatin, at a dose of 80 mg/m2 with the DSM, can provide a high tumor response rate and prolonged survival time for patients with unresectable CRLM refractory to FOLFOX systemic chemotherapy (124). Short embolization effect and good tumor response are the two main advantages of DSM-TACE over conventional TACE (127). In summary, all the described studies demonstrate that cTACE is a feasible treatment modality in patients who are unresponsive to conventional therapy.

The TACE in combination with RFA is studied to improve the survival and outcomes in single HCC lesion >5 cm and multiple HCC lesions >3 cm (128). The same has also been applied in CRLM by Faiella et al., who discovered a positive impact on the patient survival (129). However, the data is limited as the protocol for TACE is quite different from RFA. Regular TACE protocol is for widespread CRLM, while targeted TACE, along with RFA, can be used for focal metastases (128).




4.1.2 DEBIRI-TACE

A current area of research involves the use of irinotecan drug-eluting beads (DEBIRI-TACE) to treat CRLM. The initial results of a Phase II clinical trial comprising 20 patients reported an 80% response rate with reduction of contrast enhancement of treated tumors following treatment with irinotecan drug-eluting beads [37]. Similarly, Aliberti et al. reported 78% tumor response rate at three months in a phase II study comprising 82 patients (130). All the patients had at least two failed systemic chemotherapy lines. The study also described the OS and PFS as 25 months and 8 months respectively (130). Martin et al. studied the efficacy of DEBIRI in patients refractory to oxaliplatin- and irinotecan-based systemic chemotherapy. The study concluded that DEBIRI was safe with minimal complications and 75% tumor response rate (131). This promising treatment for patients with colorectal metastases merits further study both as a salvage agent and potentially in combination with systemic chemotherapy. Fiorentini et al. compared the efficacy of FOLFIRI and DEBIRI-TACE (132). Median OS was longer for DEBIRI-TACE group (22 vs. 15 months). In addition, DEBIRI-TACE group had better quality of life (8 vs. 3 months) and objective tumor response (69% vs. 20%) (132). However, the study was limited by the omission of bevacizumab, oxaliplatin, panitumumab or cetuximab in the standard care of treatment (132). Martin et al. overcame this limitation by comparing DEBIRI plus systemic FOLFOX and bevacizumab with systemic FOLFOX plus bevacizumab alone (133). The study observed a significantly greater response rate in DEBIRI-FOLFOX arm compared to FOLFOX/bevacizumab arm at the end of 2 months (78% vs. 54%) and 6 months (76% vs. 60%) (133). Th significant tumor downsizing was observed in DEBIRI-FOLFOX arm than the comparison arm (35% vs. 16%) (133). The median PFS of 15.3 months was reported in DEBIRI-FOLFOX arm and 7.6 months in FOLFOX/bevacizumab arm (133). Nonetheless, the study by Martin et al. did not demonstrate improvement in OS compared to cTACE studies that excluded systemic chemotherapy (Table 8) (133). Recently, a systematic review by Akinwande et al. included 13 studies comprising a total of 850 patients (135). The weighted average PFS and OS were 8.1 months and 16.8 months respectively (135).


Table 8 | Studies describing the role of DEBIRI-TACE in CRLM.



The most common complications following TACE procedure include post-embolization syndrome (PES) (15-90%), cholecystitis, and hepatic insufficiency (134, 136). Complications such as segmental biliary dilatation, thrombocytopenia, leukopenia, hepatic artery thrombosis, embolus migration are less common (134). The etiology of PES is not entirely determined but several theories have been proposed including hepatic capsular distention, tumor necrosis, hepatic ischemia, anti-inflammatory response to chemotherapeutic medications and gallbladder infarction (136, 137). Paye et al. studied that the PES following TACE is due to injury to the non-tumoral hepatic cells (138). Risk factors for the adverse effects include complete flow stasis during embolization, lack of pre-treatment with lidocaine, infusion of > 100 mg of DEBIRI, bilirubin > 2 ug/dl, with > 50% liver involvement, and achievement of complete stasis (131). Hence, patients with extrahepatic metastases, tumor burden of >70% liver parenchyma, increased bilirubin levels (> 3mg/dl), renal dysfunction (serum creatinine, > 2 mg/dl), and complete portal venous thrombosis are usually excluded from TACE (123).

DEB-TACE has certain limitations including (i) inability to identify the beads in real-time which in turn prevents the visualization of intraoperative precise delivery and post-operative effects (ii) as the DEBs load only positively charged chemotherapeutic medications, the options of drugs are restricted (139). Hence, new drug carriers are being studied to overcome the limitations. Iodine-containing and superparamagnetic iron oxide- containing microspheres are studied to visualize on the X-ray and MR imaging respectively.





4.2 TARE

Guidelines support TARE as a treatment option in patients with CRLM who are refractory to ≥ 2 lines of systemic chemotherapy (Figure 3) (category 2A and Grade B recommendation as per European Society for Medical Oncology and National Comprehensive Cancer Network, respectively) (57, 140, 141). The application of TARE as a second-line therapy in unresectable CRLM refractory to first-line systemic chemotherapy require endorsement from further studies. Ideal candidates for Y90-TARE shall be ≥ 18 years old, Eastern Cooperative Oncology group (ECOG) score ≤ 2, serum bilirubin < 3 mg/dl, serum creatinine < 2 mg/dl, and with adequate lung function (140). Mulcahy et al. reported tumor response rate of 40.3% in unresectable CRLM when exposed to a median dose of 118Gy (Table 9) (148). The MORE study included 606 patients with CRLM who had two lines of prior systemic chemotherapy. The study reported OS of 9.6 months (144). Hickey et al. reported OS of 10.6 months in their study which involved 531 patients who were refractory to prior systemic chemotherapy or locoregional therapies (143). Absence of extrahepatic metastases, <25% tumor burden, albumin > 3 g/dl, good performance status and receipt of < 2 chemotherapeutic medications are the independent predictors of survival (143). In a prospective study by Helmberger et al. involving 1027 patients who underwent Y90-TARE for primary or metastatic hepatic tumors, the authors reported the OS of 9.8 months in CRLM (150). Wu et al. compared the survival outcomes with Y90-TARE in right versus left sided primary tumor location. They observed that patients with right sided primary tumors had decreased OS compared to left sided primary tumors (5.4 vs. 6.2 months; P=0.03) (151). However, no significant difference in hepatic PFS, tumor response and disease progression were observed (151). Lahti et al. studied the KRAS status as the prognostic factor in unresectable CRLM who underwent Y-90 TARE. They reported that median OS was greater in patients with KRAS wild-type genes than mutant genes (9.5 months vs. 4.8 months; P= 0.04) (152). The KRAS status, carcinoembryonic antigen levels, and Child-Pugh class were found to be the prognostic factors for OS (152). Narsinh et al. described the importance of hepatopulmonary shunting as a prognostic indicator of survival in their study of 606 patients who underwent Y90-TARE for CRLM. They reported that increased liver shunt fraction (LSF) indicated worse prognosis in CRLM. The LSF > 10% was associated with reduced survival rate compared to LSF < 10% (6.9 months vs. 10 months; HR: 1.60; P<0.001) (153).




Figure 3 | Radioembolization as salvage therapy. (A) Pre-procedure MRI in patient with metastatic colorectal cancer to the liver following three lines of chemotherapy demonstrating multifocal metastatic disease involving the left hepatic lobe. (B) Transradial radioembolization of the left hepatic lobe with Yttrium-90 resin microspheres via a replaced left hepatic artery arising from a left gastric artery. (C) Post procedure MRI with interval reduction in size and enhancement of left hepatic lobe tumor.




Table 9 | Studies describing the application of TARE in CRLM.



Dendy et al. studied the survival predictive biomarkers in patients who underwent Y90-TARE for CRLM (140). They described that low tumor burden, sufficient calculated Y90 dose, increased albumin, and low ECOG score are the pre-interventional biomarkers which indicate favorable outcome (140). Likewise, after the procedure, decreased tumor burden, reduced tumor glycolysis, radiological tumor response and reduced expression of surviving, p53, Bcl-2 are indicative of favorable outcome (140). Irrespective of timing of biomarker evaluation, the increased HMGB1(High mobility group box 1), nucleosome expression, increased carcinoembryonic antigen, CA 19-9, CYFRA 21-1 (Cytokeratin 19 fragment), lactate dehydrogenase, aspartate transaminase, choline esterase, gamma glutamyl transferase, alkaline phosphatase, amylase are the indicators of unfavorable response (140). Usually, Y90 radioembolization is safe with minor complications and post-embolization syndrome. Gastric ulceration (<5%), portal hypertension (<1%), radiation induced liver fibrosis (<4%), pancreatitis (<1%), biloma (<1%), cholecystitis (<1%), abscess formation (<1%), and radiation induced pneumonitis (<1%) are the few of reported complications secondary to radioembolization (154). The post-embolization syndrome can be observed in 50% of the patients within 2 weeks of the procedure. In contrast to post-embolic syndrome, it rarely requires patient hospitalization.





5 Other hepatic metastases

Very few studies have been performed on the interventional management of non-CRLM. In liver metastases secondary to gastric tumors, RFA is proven beneficial only in cases of single metastases limited to a single lobe and without extrahepatic disease (155). Combined systemic chemotherapy is also recommended in addition to RFA to prolong the OS (155). RFA in liver metastases secondary to breast cancer has also been studied to improve OS; however, the extrahepatic metastases (P=0.013) and age >60 years (P=0.025) are considered worse prognostic factors for OS (156). MWA has equal benefits to RFA and can be an alternate therapy in patients with liver metastases originating from ovarian, pancreatic, esophageal, and neuroendocrine neoplasms (157). Further broad studies are required for more data on patient outcomes and efficacy. Arterial interventions such as TACE with raltitrexed eluting beads are studied to be safe and efficient in hepatic metastases due to gastric adenocarcinoma (158). In contrast to CRLM, the focus of arterial interventions in neuroendocrine liver metastases (NELM) is on the controlling the endocrine secretions (159). NELM are hypervascular tumors, and the studies show that the embolization alone has good efficacy on patient outcomes, unlike colorectal metastases, requiring chemotherapeutic embolization (160, 161). Elf et al. demonstrated that the NELM has optimal response rates to embolization therapies compared to SIRT (162). Other than CRLM and NELM, the literature is limited to other hepatic metastases. Saxena et al. studied that SIRT in chemoresistant hepatic metastases due to breast cancer has improved 24-month survival rates to 39% (163). Despite this, prospective trials on optimal patient selection and survival data are necessary for further validation.




6 Future directions

The combination of immunotherapy and targeted ablation is a new revolutionizing concept based on enhanced exposure of the tumor antigen. Ablated and dead tumor cells release tumor antigens into the bloodstream which augments the T-cell response, enhancing the efficacy of immunotherapy (164). Both the pro-inflammatory cytokines such as IL-6, and the anti-inflammatory cytokines, such as IL-10, get elevated after the ablation procedure. So far, cryoablation has been proven to induce a higher (4.6 fold) IL-10 release compared to heat-based techniques such as RFA (1,7 fold) and MWA (1.2 fold) (165, 166). Shi et al. reported that the PD-L1-PD-1 axis inhibits the T-cell response; hence monoclonal antibodies against the PD-1 are used to increase the feasibility of an anti-tumor immune response (167). The stronger T-cell response, robust anti-tumor immunity, and improved survival rates were observed in mice after combining anti-PD1 monoclonal antibodies with an ablation procedure (167). Likely, the TACE procedure triggers tissue hypoxia and the release of vascular endothelial growth factor, which could be used as the target for bevacizumab and tyrosine kinase inhibitors. Tumor-associated macrophages (TAMs) are responsible for tumor nurture and metastasization by inducing the epithelial-to-mesenchymal transition (EMT) and vascular disruption. Current studies are targeting TGF-beta signaling pathway, which is responsible for the EMT. The collagen triple helix repeat containing 1 (CTHRC1) is secreted by the colorectal cancer cells, stabilizing the TGF-beta signaling and activation. Studies show that the monoclonal antibodies against CTHRC1 combined with PD-1/PD-L1 blockade have led to the shrinkage of CRLM (168). Similarly, strategies targeting the TAMs reprogramming, depletion, and inhibition were studied (169). However, stronger validations are not yet provided due to the heterogenous behavior of the TAMs.




7 Conclusion

Tremendous evolution has occurred over the last two decades in the locoregional interventional therapies for CRLM. Surgical resection is the curative treatment for patients with CRLM. In case of unresectable tumors or non-surgical candidates, evaluation for ablation is recommended. Transarterial therapies are indicated as a salvage therapy and Y90-TARE is the FDA approved therapy for CRLM. DEBIRI-TACE or cTACE is considered in patients with progressive liver disease after Y90-TARE.
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Disease control rate was 93%; 13.3% achieved
complete response and 47% had partial
response. 40% of the patients required
subsequent systemic or local tumor therapy
while 60% underwent additional
chemotherapy. Median time-to-progression
was 72.9 months.

Hypertrophy after PVE was significantly
greater than that after TARE (25.3% vs. 7.4%;
P<0.001); When stratified by the presence of
cirrhosis, the difference in hypertrophy was
statistically significant in those without
cirrhosis but not statistically significant in
cirrhotic patients.

FLR hypertrophy increased from 7% at one
month to 45% at 9 month follow up; Median
FLR hypertrophy: 26%; Reduction in tumor
volume was observed from 134 cc to 99 cc at
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period

FLR hypertrophy ranged from 26-47% over a
period of 44 days to 9 months

FLR hypertrophy was significantly greater in
PVE group than TARE group (61.5% vs.
29%; P<0.001)

TARE, Trans-arterial radioembolization; PVE, Portal vein embolization; HCC, Hepatocellular carcinoma; CRLM, Colorectal liver metastases; FLR, Future liver remnant.
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Dueland Retrospective  Norway 53 PVE prior to liver Included the patients 5-year OS for patients with PVE + Liver
etal, study resection compared between 2006-2019 resection: 44.6%; 5-year OS for HTL patients
2021 (32) with liver was 33.4% and 6.7% in liver transplant and
transplantation PVE groups respectively; 5-year OS rate for
patients with HTL+ left-sided primary
tumors was 45.3% and 12.5% in liver
transplant and PVE groups respectively.
Median OS from the PVE and liver resection
was 32.7 months
Huiskens Retrospective  Netherlands ~ Cases: 46 PVE PVE followed by liver  Included the patients No significant difference in 3-year DFS (16%
etal, study patients who resection vs. liver between 2000-2015 vs. 9%; P=0.776) and 5-year OS (14% vs.
2017 (33) underwent liver resection alone 14%; P= 0.866)
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PVE patients was 15.7 months and 21.4
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Giglio Meta-analysis - 688 Liver resection in PVE  Included the studies No significant difference was observed
etal, vs. non-PVE patients until 2015 between PVE and non-PVE groups in tumor
2015 (35) recurrence (OR: 0.78; 95% CI: 0.42-1.44), 3-
year OS (OR: 0.80; 95% CI: 0.56-1.14) and 5-
year OS (OR: 1.12; 95% CI: 0.40-3.11)
Hoekstra Retrospective United 28 Liver resection in PVE  Included the patients 25% of patients developed new lesions in FLR
etal, study States vs. non-PVE patients  between 2004-2011; and 42% had tumor recurrence post PVE;
2012 (36) After liver resection, 11% of the tumors were not resectable post
median follow up of 6 PVE. 3-yr OS was 77% vs. 26% in non-PVE
months in PVE group vs. PVE groups respectively.
and 40 months in non-
PVE group.
Simoneau  Prospective Montreal, 109 cases and 11 Liver regeneration in Included the patients 33.4% increase in TV in right lobe and 49.9%
etal, study Quebec controls PVE vs. non-PVE between 2003-2011 increase in TV in left lobe post-PVE; Growth
2012 (37) group rate: no statistical significance; Median FLR
was similar in test group and control (28.8%
vs. 28.7%)
Pamecha Prospective United 22 Liver growth rate after = Included patients Tumor volume at resection (P=0.98), time
etal, study Kingdom PVE vs. non-PVE; Al between 1999 to 2005. from presentation to resection and tumor
2009 (29) patients had growth rate after PVE (P=0.06), (P=0.19)
chemotherapy (5FU, were not statistically significant among PVE
folinic acid, group compared to controls. Ki67
oxaliplatin/irinotecan) proliferation index (P= 0.048) was
before and after PVE. significantly higher than in controls. The 5-
year survival rate in PVE vs control group:
25% vs. 55%; The median DFS in PVE vs
control groups: 12 months vs. 24 months.
Pamecha Retrospective  United 101 Cases: 36 patients Included patients The median volume of FLR increased from
etal, study Kingdom underwent between 1999 to 2005 22% to 32% following PVE; Overall
2009 (38) preoperative PVE morbidity in cases and controls was 36% and
Controls: 65 patients 20% respectively; 1-, 3- and 5-year survival
following PVE was 70%, 30% and 25%
respectively; 3- and 5-year survival after liver
resection in cases vs. controls was 52% vs.
65% and 25% vs. 50% respectively. No
significant difference in recurrence rates
between cases and controls.
Mueller Retrospective  Germany 107 Outcomes after liver Included patients 81% of patients were unresectable due to
etal, study resection in PVE vs. between 1995 to 2004 | tumor progression post PVE; Progressive
2008 (24) non-PVE patients metastases: 52.4%; 5-year survival rate:
43.66%
Kokudo Retrospective  Japan 47 Cases: 18 patients Included patients Tumor volume increased by 20.8% and
etal, study who underwent pre- between 1996 to 2000 percent tumor volume increased by 18.5%
2003 (39) operative PVE post PVE; OS in PVE group: 59.7% and

Controls: 29 patients
without PVE

47.8% at 2 and 4 years respectively; whereas
in control group: 67.8% and 50.2% at 2 and 4
years respectively (P= 0.421); DES in PVE
group: 15.2% and 0% at 2 and 4 years
respectively; in control group: 45.8% and
34.4% at 2 and 4 years respectively.

PVE, Portal vein embolization; CRLM, Colorectal liver metastases; OS, Overall survival; HTL, High tumor load; DFS, Disease free survival; FLR, Future liver remnant; TV, Tumor volume; 5FU, 5-

Fluorouracil.
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Intratumoral ADC 0.957 <0.001%** -0.184 0.567 -0.44 0.152 0.950 <0.001%**
D 0.924 <0.001* -0.0258 ‘ 0418 -0418 0.177 0.927 <0.001%** ‘
D star -0.673 0.016* 0.294 0.354 0.652 0.022* -0.795 0.002** ‘
PP -0.662 0.019* 0325 0.303 0.184 0.567 -0.614 0.034* ‘
Peritumoral ADC -0.317 0.316 -0.269 0.397 -0.246 0.441 0.283 0.373 ‘
D -0.214 0.504 -0.255 0.425 -0.418 0.176 -0.265 0.406
D star -0.565 0.055 -0.706 0.01* -0.477 0.117 -0.371 0.236
PF 0.528 0.078 0.68 0.015* 0.761 0.004** 0.72 0.008**
Liver parenchyma I ADC 0.345 0.272 -0.275 0.387 -0.088 0.786 -0.159 0.622
D -0.059 0.855 -0.548 0.065 -0.269 0.398 0.176 0.584
D star -0.286 0.367 0.315 0.319 -0.007 0.984 0.490 0.106
PF -0.006 0.986 -0.391 0.209 -0.125 0.698 -0.547 0.066

MVD, microvessel density; IVIM, intravoxel incoherent motion; CD31, cluster designation 31; CD34, cluster designation 34; CD105, cluster designation 105; VEGF, vascular endothelial growth
factor; ADC, apparent diffusion coefficient; D, pure diffusion coefficient; D star, pseudodiffusion coefficient; PF, perfusion fraction. *P < 0.05; **P < 0.01; ***P < 0.001.
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Variable Discovery set (n = 141) Validation set 1 (n = 121) Validation set 2 (n = 51) P value

Sex 0.286
Female 18 (12.7%) 13 (10.7%) 10 (19.6%)
Male 123 (87.3%) 108 (89.3%) 41 (80.4%)

Age (years) 0.687
<60 93 (65.9%) 85 (70.3%) 33 (64.7%)
>60 48 (34.1%) 36 (29.7%) 18 (35.3%)

Child-Pugh classification 0.573
A 116 (82.3%) 105 (86.7%) 42 (82.3%)
B 25 (17.7%) 16 (13.3%) 9 (17.7%)

AFP (ng/mL) 0.935
<20 72 (51.1%) 63 (52.1%) 25 (49.1%)
>20 69 (48.9%) 58 (47.9%) 26 (50.9%)

Tumor size (cm) 0.967
<5 19 (13.5%) 15 (12.4%) 8 (15.7%)
>5, <10 62 (44.0%) 57 (47.1%) 23 (45.1%)
>10 60 (42.5%) 49 (40.5%) 20 (39.2%)

Tumor number 0.915
<3 121 (85.8%) 100 (86.6%) 39 (76.5%)
>3 20 (14.2%) 21 (13.4%) 12 (23.5%)

Treatment response 0.823
CR/PR 56 (39.7%) 51 (42.2%) 19 (37.3%)
SD/PD 85 (60.3%) 70 (57.8%) 32 (62.7%)

P value is derived from the difference between the discovery data set and the two validation data sets. AFP, alpha-fetoprotein; CR, complete response; PR, partial response; SD, stable disease;
PD, progressive disease.
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Patients underwent Gd-DTPA-enhanced MR and pathological confirmed HCC or
IMCC from July 2019 and February 2022 (n=982)

a) HCC without arterial phase peripheral rim enhancement
(n=663)

b)Interval longer than one months between MR
examination and surgery (n=29)

¢) Tumor with prior locoregional treatment before surgery
(n=122)

168 patients included for distinguishing HCC and IMCC

HCC(n=85)

Excluded (n=814)

IMCC(n=83)
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Factors Training group Validation group
C-index 95% Cl C-index 95% Cl
AFP 0613 0.543-0.683 0.706 0.588-0.825
Rim APHE 0585 0.511-0.659 0.709 0.584-0.833
Targetoid restriction on DWI 0679 0.612-0.746 0.634 0.499-0.768
I Nomogram (AFP + rim APHE) 0653 0.569-0.736 0.794 0.703-0.885
Nomogram (AFP + targetoid restriction on DWI) 0734 0.664-0.804 0.739 0.601-0.876
Nomogram (AFP + rim APHE + targetoid restriction on DWT) 0758 0.679-0.837 0.807 0.712-0.904

C-index, concordance index; AEP, alphafetoprotein; APHE, arterial phase hyperenhancement; DWI, diffusion weighted imaging.
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Parameters Univariate analysis Multivariate analysis

HR (95% Cl) P-value HR (95% Cl) P-value

Age (years) <60 Reference

260 1.395 (0.829-2.346) 0.210
Sex Female Reference

Male 0.730 (0.439-1.214) 0.225
Cause of underlying liver disease Chronic hepatitis B Reference

Chronic hepatitis C 0.880 (0.520-1.491) 0.635

Alcoholic liver disease 0.572 (0.134-2.437) 0450
Child-Pugh score A Reference

B 1.316 (0.706-2.453) 0.388
Number of tumors 1 Reference

2-3 1.692 (1.004-2.852) 0.048* 0.916 (0.516-1.626) 0.765
Tumor size (cm) <3 Reference

3-5 1.872 (1.110-3.158) 0.019% 1.576 (0.927-2.680) 0.093
Laboratory finding
Albumin (g/dl) Normal Reference

Abnormal 0.781 (0.468-1.303) 0344
Total bilirubin (mg/dl) Normal Reference

Abnormal 1.051 (0.623-1.772) 0.852
PT-INR Normal Reference

Abnormal 1.189 (0.713-1.985) 0.507
AFP (>100 ng/ml) Normal Reference

Abnormal 2.614 (1.473-4.640) 0.001* 2.006 (1.111-3.621) 0.021*
PIVKA-II (>40 mAU/mL) Normal Reference

Abnormal 1.158 (0.690-1.944) 0579

Conventional imaging features

Tumor margin Well-defined Reference

Tll-defined 0.666 (0.398-1.114) 0.122
Diffusion-weighted imaging Hypointense Reference

Hyperintense 0.872 (0.485-1.567) 0.646
Signal on arterial phase Hypointense Reference

Isointense 0.771 (0.405-1.468) 0429

Hyperintense 0.681 (0.373-1.245) 0213
Signal on portal phase Hypointense Reference ,

Isointense 1.088 (0.583-2.029) 0.791

Hyperintense 1.179 (0.623-2.231) 0.614
Signal on delayed phase Hypointense Reference

Isointense 1.113 (0.591-2.097) 0.740

Hyperintense 1.164 (0.589-2.303) 0.662

LI-RADS v2018 imaging findings

APHE Non-rim APHE Reference

Rim APHE 2.047 (1.192-3.516) 0.009* 2.751 (1.511-5.011) 0.001*
Washout Not peripheral washout Reference

Peripheral washout 1.157 (0.653-2.053) 0.617
Enhancing capsule Presence Reference

Absence 0.955 (0.571-1.596) 0.859
Delayed central enhancement Presence Reference

Absence 1.381 (0.774-2.464) 0.275
Targetoid restriction on DWI Presence Reference

Absence 2.833 (1.693-4.743) <0.001* 3.289 (1.832-5.906) <0.001*
Targetoid HBP appearance Presence Reference

Absence 1.420 (0.806-2.504) ' 0.225
Corona enhancement Presence Eeference

Absence 0.886 (0.478-1.642) 0.700
Fat sparing in solid mass Presence Reference

Absence 1.588 (0.891-2.831) 0.117
Restrict diffusion Presence Reference

Absence 1.043 (0.625-1.741) 0.872
Mild-moderate T2 hyperintensity Presence Reference

Absence 0.702 (0.363-1.359) 0294
Tron sparing in solid mass Presence Reference

Absence 0.957 (0.509-1.798) 0.891
Hepatobiliary phase hypointensity Presence Reference

Absence 0.890 (0.495-1.600) 0.697
Nodule-in-nodule architecture Presence Reference

Absence 0.968 (0.475-1.975) 0.929
Mosaic architecture Presence Reference

Absence 1.278 (0.697-2.346) » 0428
Fat in mass, more than adjacent liver Presence Reference

Absence 1.071 (0.576-1.990) 0.829
Blood products in mass Presence Reference

Absence 1.017 (0.561-1.845) 0.955
LI-RADS categorization LR-3 Reference

LR-4 1.062 (0.472-2.390) 0.885

LR-5 1.455 (0.709-2.986) 0.307

LR-M 0.990 (0.429-2.288) 0.982

Bold represents statistically significant.

RES, recurrence-free survival; sHCC, small hepatocellular carcinoma; REA, radiofrequency ablation; PT-INR, prothrombin time-international normalized ratio; alphafetoprotein, AFP, PIVKA-II,
protein induced by vitamin K absence or antagonist-1I; APHE, arterial phase hyperenhancement; DW, diffusion weighted imaging; HBP, hepatobiliary phase; LI-RADS, Liver Imaging Reporting and
Data System.
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Variables Training group Validation P-

(hi=a53) group (n =51)  value
Age (years) 0.290

<60 65 (42.5) 26 (51.0)

=60 88 (57.5) 25 (49.0)

Sex (M/W) 0.686

Woman 76 (49.7) 27 (52.9) |

Man 77 (50.3) 24 (47.1)

Cause of underlying 0.105
liver disease

Chronic hepatitis B 101 (66.0) 26 (51.0)

Chronic hepatitis C 47 (30.7) 22 (43.1)

Alcoholic liver 5(3.3) 3(5.9)
disease
Child-Pugh score 0.620

A 122 (79.7) 39 (76.5)

B 31 (20.3) 12 (23.5)

Number of tumors 0.656

1 110 (71.9) 35 (68.6)

2-3 43 (28.1) 16 (31.4)

Tumor size (cm) ' 0417

<3 108 (70.6) 39 (76.5)

3.5 45 (29.4) 12 (23.5)

| Laboratory finding
| Albumin (g/dl) | | 0.169

Normal 76 (49.7) 31 (60.8)

Abnormal 77 (50.3) 20 (39.2)

Total bilirubin (mg/dl) | 0.514

Normal 64 (41.8) 24 (47.1)

Abnormal 89 (58.2) 27 (52.9)

PT-INR 0.146

Normal 72 (47.1) 30 (58.8)

Abnormal 81 (52.9) 21 (41.2)

AFP (>100 ng/ml) 0.124

Normal 77 (50.3) 32 (62.7)

Abnormal 76 (49.7) 19 (37.3)

II;Il\)/'KA-II (>40 mAU/ 0.808

Normal 75 (49.0) 26 (51.0)

Abnormal 78 (51.0) 25 (49.0)
Conventional imaging features
Tumor margin 0.073

Well-defined 62 (40.5) 28 (54.9)

Ill-defined 91 (59.5) 23 (45.1)
Piﬂfu.sion-weighted 055
imaging

Hyperintense 113 (73.9) 34 (66.7)

Iso-intense 40 (26.1) 17 (33.3)

Hypointense 0 (0%) 0 (0%)

Is)if:;l on arterial 0.354

Hypointense 47 (30.7) 11 (21.6)

Isointense 50 (32.7) 18 (35.3)

Hyperintense 56 (36.6) 22 (43.1)

Signal on portal phase 0.590

Hypointense 52 (34.0) 20 (39.2)

Isointense 51 (33.3) 16 (31.4)

Hyperintense 50 (32.7) 15 (29.4)

IS)iliilse;l on delayed 0.262

Hypointense 45 (29.4) V 18 (35.3)

Isointense 62 (40.5) 16 (31.4)

Hyperintense 46 (30.1) 17 (33.3)

LI-RADS v2018 imaging findings
APHE 0.727

Non-rim APHE 104 (68.0) 36 (70.6)

Rim APHE 49 (32.0) 15 (29.4)

Washout 7 0.851
W:iﬁlgterip heral 115 (75.2) 39 (76.5)

Peripheral Washout 38 (24.8) 12 (23.5)

Enhancing capsule 0.195

Presence 77 (50.3) 31 (60.8)

Absence 76 (49.7) 20 (39.2)

Delayed central
enhancement 1.000

Presence 114 (74.5) 38 (74.5)

Absence 39 (25.5) 13 (25.5)

Targetoid restriction 0.667
on DWI

Presence 104 (68.0) 33 (64.7)

Absence 49 (32.0) 18 (35.3)

Targetoid HBP | 6,705
appearance

Presence 118 (77.1) 38 (74.5)

Absence 35 (22.9) 13 (25.5)

Corona enhancement 1.000

Presence 120 (78.4) 40 (78.4)

Absence 33 (21.6) 11 (21.6)

Ilila;csssparing in solid 0.920

Presence 122 (79.7) 41 (80.4)

Absence 31 (20.3) 10 (19.6)

Restrict diffusion 0.627

Presence 72 (47.1) 26 (51.0)

Absence 81 (52.9) 25 (49.0)

Presence 122 (79.7) 37 (72.5)

Absence 31 (20.3) 14 (27.5)

Iron sparing in solid 0.766
mass

Presence 120 (78.4) 41 (80.4)

Absence 33 (21.6) 10 (19.6)
st s

Presence 113 (73.9) 40 (78.4)

Absence 40 (26.1) 11 (21.6)
Nodule-in-nodule
architecture 0.092

Presence 125 (81.7) 36 (70.6)

Absence 28 (18.3) 15 (29.4)

Mosaic architecture 0.284

Presence 122 (79.7) 37 (72.5)

Absence 31 (20.3) 14 (27.5)

Presence 116 (75.8) 36 (70.6)

Absence 37 (24.2) 15 (29.4)

Blood products in 0.508
mass

Presence 118 (77.1) 7 37 (72.5)

Absence 35 (22.9) 14 (27.5)
gging?izsation 0657

LR-3 29 (19.0) 8 (15.7)

LR-4 34 (22.2) 12 (23.5)

LR-5 63 (41.2) 21 (41.2)

LR-M 27 (17.6) 10 (19.6)

PT-INR, prothrombin time-international normalized ratio; alphafetoprotein, AFP, PIVKA-II,
protein induced by vitamin K absence or antagonist-1I; APHE, arterial phase hyperenhancement;
DWI, diffusion weighted imaging; HBP, hepatobiliary phase; LI-RADS, Liver Imaging Reporting
and Data System.
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Study ID First Author
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6 Jiang et al. (19)
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21 Zneng et al. (34)
22 Zhuetal. (35)
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DWI+T1D model
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Radiomics model

Imaging-+radiomics model

Radiomics model

Imaging+radiomics model

LR, logistic regression; RF, random forest; SVM, support vector machine; TD, training dataset; VD, validation dataset; AUC, area under the curve.
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Models for comparison

Radiomics model vs. DWI+T1 model

Radiomics model vs. DWI+T1D model

Radiomics model vs. T1+T1D model

Radiomics model vs. imaging model

Imaging-+radiomics model vs. imaging model

Imaging-+radiomics model vs. radiomics model

Classifier

LR
RF
SWM
LR
RF
SWM
LR
RF
SWm
LR
RF
SWM
LR
RF
SWM
LR
RF
SWm

Ptraining cohort

0.222
0.674
0.636
0.014
0.003
0.012
0.018
0.006
0.027
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.629
0.032
0.018

Palidation cohort

0.013
0.217
0.197
0.527
0.522
0.421
0.888
0.751
0.572
0.018
0.023
0.003
0.023
0.021
0.002
0.202
0.505
0.757

Ptest cohort

0.591
0.260
0.151
0.766
0.493
0.214
0.092
0.659
0.334
0.193
0.071
0.294
0.206
0.055
0.306
0.732
0.569
0.325
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Variable

Age

Sex(F)

Liver disease

Largest diameter

Shape (Lobulated)
Heterogeneous SI on T2WI
Heterogeneous ST on TIWI
Thin rim on AP

SIon DP

Target

Iso

Gradual enhancement
Surface retraction

Bile duct dilatation
Intrallesional fat

Central brightness on T2WI
Radiological capsule

Target on DWI

Lymph node enlargement

OR, odds ratio; CI, confidence interval. Variables with an odds ratio (OR) higher than 1.0 suggest IMCC, and variables with an OR lower than 1.0 suggest HCC.
Abbreviations can be found in the notes of Table 2.

OR

0.958
3.244
0.048
0.746
3.905
0.206
0.096
4.809

4.330
4.725
6.644
6.859
9.763
0.099
0.260
0.047
2.245
3421

95%CI

0929, 0.988
1483, 7.092
0020, 0.118
0657, 0.847
1.971,7.737
0.106, 0.399
0044, 0.211
2234,10.351

1.820, 10.3

1.174, 19.02
3.383, 13.047
2.24, 21.005
3.237, 29.446
0.022, 0.443
0.129, 0.526
0.021, 0.104
1.196, 4.211

1.527, 7.664

P Value

0.006
0.003
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.004
0.001
0.029
<0.001
0.001
<0.001
0.002
<0.001
<0.001
0.012
0.003
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Variable

Radiological capsule
Heterogeneous SI onTIWI
Shape (Lobulated)

SIon DP

Target

Iso

Bile duct dilatation

OR

0.024
0.009
11.732

14.269
4.039
12.856

95%CI

0.006, 0.095
0.001, 0.056
2.928, 47.007

2.849, 71474
0.42, 38.807
2.013, 82.106

Variables with an odds ratio (OR) higher than 1.0 suggest IMCC, and variables with an OR lower than 1.0 suggest HCC.

Abbreviations can be found in the notes of Tables 2 and 3.

P Value

<0.001
<0.001
0.001

0.001
0.227
0.007
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Characteristic HCCs (n=85)
Age (y) 59.33 + 10.79
Sex

Male 74 (87.1%)
Female 11 (12.9%)
HBV/HCV 78 (91.8%)
Edmondson-Steiner grade

I- 11 9 (16.5%)
-1v 76 (89.4%)
Capsule formation

Absent 4 (4.7%)
Complete 21 (24.7%)
Partial 60 (70.6%)
Microscopic cirrhosis

Absent 42 (49.4%)
Present 43 (50.6%)

Data are numbers of patients with percentage in parentheses.

IMCCs (n=83) P value

54.82 + 9.81 0.004

56 (67.5%) 0.003

27 (32.5%)

29 (34.9%) <0.001
/ /
!

80 (96.4%) <0.001
0

3 (3.6%)
72 (86.7%) <0.001
11 (13.3%)

HCC, hepatocellular carcinoma; IMCC, intrahepatic mass-forming cholangiocarcinoma; HBV, hepatitis B virus; HCV, hepatitis C virus.
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Characteristic HCCs (n=85) IMCCs (n=83) P value

Gradual MRI features

Tumor size(cm) 7.8 (5.8,10.2) 5.6 (4.1,7.0) <0.001
Shape

Round 68 (80.0%) 42 (50.6%) <0.001
Lobulated/ill-defined 17 (20.0%) 41 (49.4%)

Margin

Smooth 40 (47.1%) 27 (32.5%) 0.060
Non-smooth 45 (52.9%) 56 (67.5%)

SIon TIWI

Homogeneous 35 (41.2%) 73 (88.0%) <0.001
Heterogeneous 50 (58.8) 10 (12.0%)

SI on T2WI

Homogeneous 21 (24.7%) 51 (61.4%) <0.001
Heterogeneous 64 (75.3%) 32 (38.6%)

Enhancement MRI features

AP enhancement

Thick rim 36 (42.4%) 11 (13.3%) <0.001
Thin rim 49 (57.6%) 72 (86.7%)

SIon PVP

Hypo 48 (56.5%) 53 (63.9%) 0.348
Iso/Hyper 37 (43.5%) 30 (36.1%)

SIon DP

Diffusely low 27 (31.8%) 8 (9.6%) 0.002
Target 53 (62.4%) 68 (81.9%)

Iso 5(5.9%) 7 (8.4%)

Gradual enhancement 22 (25.9%) 58 (69.9%) <0.001
Ancillary features

Surface retraction

Absent 81(95.3%) 62 (74.7%) <0.001
Present 4(4.7%) 21 (25.3)

Bile duct dilation

Absent 81 (95.3%) 56 (67.5%) <0.001
Present 4 (4.7%) 27 (32.5%)

Radiological capsule

Absent 16 (18.8%) 69 (83.1%) <0.001
Present 69 (81.2%) 14 (16.9%)

Intralesional fat

Absent 68 (80.0%) 81 (97.6%) <0.001
Present 17 (20.0%) 2 (2.4%)

Central brightness on T2WI

Absent 46 (54.1%) 68 (81.9%) <0.001
Present 39 (45.9%) 15 (18.1%)

Central darkness on T2WT

Absent 61 (71.8%) 64 (77.1%) 0.482
Present 24 (28.2%) 19 (22.9%)

Target sign on DWI

Absent 43 (50.6%) 26 (31.3%) 0.013
Present 42 (49.4%) 57 (68.7%)

Portal vein embolus

Absent 65 (76.5%) 83 (100%) <0.001
Present 20 (23.5%) 0

Lymph node enlargement

Absent 75 (88.2%) 57 (68.7%)

Present 10 (11.8%) 26 (31.3%) 0.002

Data are numbers of patients with percentage in parentheses.
HCC, hepatocellular carcinoma; IMCC, intrahepatic mass-forming cholangiocarcinoma; SI signal intensity; AP, atrial phase; PVP, portal venous phase; DP, delayed phase; T2WI, T2-
weighted image; DWI, diffusion-weighted imaging.
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Characteristics Training cohort (n = 130) Validation cohort (n = 33) p-Inter
MVI (), (n = 92) MVI (+), (n = 38) p-Intra MVI (=), (n =23) MVI (+), (n = 10) p-Intra
Clinical features
Age (years)* 60.05 (11.72) 61.21 (10.32) 0.598 60.91 (11.92) 60.70 (12.91) 0.964 0.838
Gender 0.920 0.444 0.698
Female 25 (27.2) 10 (26.3) 6(26.1) 4 (40.0)
Male 67 (72.8) 28 (73.7) 17 (73.9) 6 (60.0)
HBV 0.541 0.707 0.535
Negative 49 (53.3) 18 (47.4) 14 (60.9) 5 (50.0)
Positive 43 (46.7) 20 (562.6) 9(39.1) 5 (50.0)
AFP 0.808 1.000 0.930
<20 ng/ml 79 (85.9 32 (84.2) 20 (87.0) 9(90.0)
>20 ng/ml 13 (14.1 6(15.8) 3(13.0) 1(10.0)
CEA 0.031 1.000 0.641
<5 ng/ml 80 (87.0) 27 (71.1) 18 (78.9) 8(80.0)
> 5ng/ml 12 (13.0 11 (28.9) 5(21.7) 2(20.0)
CA199 0.028 0.707 0.946
<34 U/ml 58 (63.0) 16 (42.1) 14 (60.9) 5 (50.0)
>34 U/ml 34 (37.0) 22 (57.9) 9(39.1) 5 (50.0)
Edmondson-Steiner grade 0.017 0.109 0.777
(] 34 (37.0) 6(15.8) 10 (43.5) 1(10.0)
-V 58 (63.0) 32 (84.2) 3(56.5) 9(90.0)
MR imaging features
Tumor size (mm)® 40.92 (21.66) 59.93 (26.55) <0.001 42.70 (21.79) 46.34 (19.53) 0.653 0.568
Tumor morphology 0.168 0.279 0.713
(Hemi-)spherical and oval 40 (43.5) 10 (26.3) 12 (62.2) 3(30.0)
Lobulated 36 (39.1) 18 (47.4) 7 (30.4) 6 (60.0)
Iregular 16 (17.4) 10 (26.3) 4(17.4) 1(10.0)
Slon TIWI 0.236 1.000 0.693
Low 91 (98.9) 6 (94.7) 22 (95.7) 10 (100.0)
Moderate 1(1.1) 126 1(4.3) 0(0.0)
High 0(0.0) (2.6) 0(0.0 0(0.0)
Slon T2WI-FS 0.699 1.000 0.474
Low 1(1.1) 0(0.0) 0(0.0 0(0.0
Moderate 2(2.2) 126) 2(8.7) 0(0.0)
High 89 (96.7) 37 (97.4) 21(91.3) 10 (100.0)
Target sign on T2WI-FS 0.560 0.444 0.583
Negative 58 (63.0) 26 (68.4) 17 (73.9) 6 (60.0)
Positive 34 (37.0) 12(31.6) 6(26.1) 4 (40.0)
Target sign on DWI 0.552 0.707 0.701
Negative 48 (52.2) 22 (57.9) 14 (60.9) 5 (50.0)
Positive 44 (47.8) 16 (42.1) 9(39.1) 5 (50.0)
Rim enhancement on AP 0.735 0.673 0.522
Negative 17 (18.5 8(21.1) 5(21.7) 3(30.0)
Positive 75 (81.5) 30 (78.9) 18 (78.3) 7 (70.0)
Complete rim on AP 0.288 0.378 0.580
Negative 29 (38.7) 15 (60.0) 10 (65.6) 2(28.6)
Positive 46 (61.3) 15 (50.0) 8 (44.4) 5(71.4)
Enhancement pattern 0.423 0.195 0.376
Gradual and filing 70 (76.1) 29 (76.3) 14 (60.9) 8(80.0)
Arterial and persistent 13 (14.1) 3(7.9) 4(17.4) 0 (0.00)
Wash-in and wash-out 9(9.8 6(15.8) 5(21.7) 2(20.0)
LI-RADS 0.087 1.000 0.242
LR-3 1(1.1) 0(0.0 0(0.0) 0(0.0)
LR-4 5(5.4) 0(0.0) 0(0.0) 0(0.0)
LR-5 4(4.3) 4(10.5) 4(17.4) 1(10.0)
LR-M 82 (89.1) 33 (86.8) 19 (82.6) 9(90.0)
LR-TIV 0(0.0 1(2.6) 0(0.0) 0(0.0)
Intrahepatic duct dilatation <0.001 0.686 0.114
Negative 64 (69.6) 1(28.9 16 (69.6) 8(80.0)
Positive 28 (30.4) 27 (71.1) 7 (30.4) 2(20.0)
Hepatic capsular retraction 0.806 0.139 0.702
Negative 53 (57.6) 21 (55.3) 16 (69.6) 4 (40.0)
Positive 39 (42.4) 17 (44.7) 7 (30.4) 6 (60.0)
Visible vessel penetration 0.599 1.000 0.618
Negative 36 (39.1) 13 (34.2) 10 (43.5) 4 (40.0)
Positive 56 (60.9) 25 (65.8) 13 (66.5) 6 (60.0)
Peripherally hepatic enhancement 0.146 1.000 0.351
Negative 38 (41.3) 21(55.9) 8(34.8) 4 (40.0)
Positive 54 (68.7) 17 (44.7) 15 (65.2) 6 (60.0)

Data are shown as number of patients and percentage in parentheses, unless otherwise stated.
“Data are means and standard deviations in parentheses.
MVI, microvascular invasion; OR, odds ratio; HBV, hepatitis B; AFP, o-fetoprotein; CEA, carcinoembryonic antigen; CA199, carbohydrate antigen 199; Sl, signal intensity; T1WI, T1-
weighted imaging; T2WI, T2-weighted imaging; FS, fat suppression; DWI, diffusion-weighted imaging; LI-RADS, the liver imaging reporting and data system; AP, arterial phase.

The bold values are statistically significant with p <0.05.
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Characteristics

Age

Gender

HBV

AFP

CEA

CA199
Edmondson-Steiner grade
Tumor size

Tumor morphology

Slon T1WI

Sl on T2WI-FS

Target sign on T2WI-FS
Target sign on DWI

Rim enhancement on AP
Enhancement pattern
LI-RADS

Intrahepatic duct dilatation
Hepatic capsular retraction
Visible vessel penetration

Peripherally hepatic enhancement

p-value

0.595
0.920
0.541
0.808
0.035
0.030
0.021
<0.001
0.071
0.175
0.701
0.541
0.552
0.735
0.659
0.715
<0.001
0.806
0.599
0.148

Univariate
OR (95% CI)

1.009
0.957
1.266
1.139
2.716
2.346

0.976-1.045)
0.394-2.211
0.594-2.717)
0.373-3.157)
1.065-6.918
1.092-6.139
3.126 (1.254-8.977
1.083 (1.016-1.052
1.604 (0.964-2.708)
4.225 (0.715-80.403)
1.456 (0.282-24.396)
0.776 (0.337-1.729)
0.793 (0.366-1.695)
0.850 (0.339-2.273)
1.130 (0.640-1.926)
0912 (0.521-1.447)
5.610 (2.505-13.308)
1.100 (0.510-2.355)
1.236 (0.567-2.780)
0570 (0.263-1.217)

p-value

0.463
0.973

0.003
0.440

0.002

Multivariate

OR (95% CI)

1.517 (0.491-4.629)
0.984 (0.365-2.541)

1.032 (1.011-1.055)
0.757 (0.362-1.504)

4.552 (1.777-12.259)

The bold values are statistically significant with p <0.05.





OPS/images/fonc.2022.954445/fonc-12-954445-g005.jpg
Tlrt-pre( ms)

500

high differentiation

ki-67=25%

ki-672>25%

low differentiation

ki-67#25% ki-672>25%

T1rt-20min (ms)

500

high differentiation

ki-67:25%  ki-672>25%

low differentiation

5%  Ki-67>25%





OPS/images/fonc.2022.838701/fonc-12-838701-g005.jpg
Actual Risk

‘Standardized Net Benefit

10

08

06

04

1o

08

06

04

00

A

10 20 30 40 50 60 70 80 90 100
Boinks L . s s s . s L L s ,
Tumour size T
0 30 60 90 120
: 2
Il?lraht?patlc duct
dilatation 1
Rad_Score DWI - T T T T T T T T T T J
-2 -01 0 0l 02 03 04 05 06 07 08 09
Rad_Score_T1 r T T T T T T T T T 1
-0.1 0 0.1 0.2 03 04 0.5 0.6 0.7 08 09
Rad_Score TID —Y—F—F—F—F—T—T—T—
03 -0 01 03 05 07
Total Points L o T e o L e e S AMRRER e m ]
0 20 40 60 80 100 120 140 160 180 200 220
Risk T T T T
0.001 0.01 0.05 0.2 0450.7 095 099 0999
C
[T T o [T T T

Actual Risk

06

- 1000 rpetions,boot Mosn shate croc-0.31 0130

—— imaging+radiomics model
Al

— None

E

Number high risk (out of 1000)

1000

800

400

Apparent
—  Bias-comected 5
e ldeal S
T T T T T T T T T T
00 02 04 06 [ 10 00 02 04 06 [ 10
Nomogram Predicted Risk Nomogram Predicted Risk

151000 mution, oot Mesn i 0048 5-3)

—— Number high risk
= = Number high risk with event.

r T T T T 1
00 02 04 06 08

Risk Threshold






OPS/images/fonc.2022.954445/fonc-12-954445-g006.jpg





OPS/images/fonc.2022.838701/M1.jpg
=110+ 0020 X I0RPNE rumor e + U-723

I o+ 9:130 % Rad Scorepn

+ 10.835 x Rad Scorey, + 4.690 x Rad Scorern





OPS/images/fonc.2022.954445/fonc-12-954445-g007.jpg
oa- —— Ki-67<25% P<0.001
— Ki-67>25%

o 2 4 6 8 10 12
Time (months)





OPS/images/fonc.2022.954445/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.954445/fonc-12-954445-g001.jpg
Patients with surgically and pathologically confirmed HCC from two hospital (n=240)

Patients excluded (n=92)

Shunde Hospital, Southern Medical University
(n=104) The Sixth Affiliated Hospital, South
China University of Technology
(n=44)

Validation cohort

Training cohort
(n=31)

(n=73)

External validation

cohort

develop a nomogram based on Gd-EOB-DTPA enhanced MRI T1 mapping to predict Ki-67 expression in HCC






OPS/images/fonc.2022.954445/fonc-12-954445-g002.jpg
't .':" S ! .’i. N N r - 0 . o

.‘ ‘o‘ Soe u \o‘ .‘.s .5 # TR " /": J" ": .
e o "% T "o"’f‘. . “‘vfl .‘. .
’...‘ _ \' !.‘.: » .!. ’Q. ‘ ’. e Ly %
{00 . RS epts B | T eeag T4

e Wl ’0.0 /«‘0 p) “ ot 2% ¢ 150 ' 0ok
.o. WRes S ..,. a8 A .u‘ "4 10s .‘ ..y

ey A d
3‘ * :" N :0‘.“.?_ “\10. .' W' Sf" R
" ®ol ' .". ‘.. o. B o‘r e , e L ,

{ ad
\ a '. u'og. .[l"_c,'
W ‘e-.'é‘. L R A hz WS )





OPS/images/fonc.2022.954445/fonc-12-954445-g003.jpg
Tumor margin

irregular

Tumor capsule

Incomplete non-capsular

Mosaic Structure

Present

Washout

Peritumoral Peritumoral
enhancement hypointensity

Satellite nodules





OPS/images/fonc.2022.838701/crossmark.jpg
©

2

i

|





OPS/images/fonc.2023.963966/table9.jpg
Country/ Sample  Patient Follow up/ Results Additional data
region size characteristics  Inclusion
period

Kalva Retrospective United 45 45 patients with Included Technical success rate: 100%; Grade-3 toxicities: 13%; PET

etal. study States CRLM, who are patients Partial response: 2%; Stable response was the

(142) unresponsive to between 2005 to | disease (71%); Progressive independent predictor of OS;

2017 chemotherapy 2011 disease (13%); PET response OS in PET responsive and

rate: 46%; Median survival: 186 non-responsive patients: 317
days days vs. 163 days respectively.

Hickey Retrospective  United 531 531 patients who Included Median OS: 10.6 months; Adverse events: Fatigue- 55%;

etal. study States underwent patients Median OS for patients who Abdominal pain- 34%;

(143) radioembolization between 2001 received three chemotherapeutics = Nausea- 19%; Grade 3/4

2016 of CRLM and 2014 was shorter than those who hyperbilirubinemia- 13%.

received < 2 chemotherapeutics | Independent predictors of

(9.2 vs. 14.7 months) survival: Performance status,
< 25% tumor burden, no
extrahepatic metastases,
albumin > 3 g/dl, and no
more than two lines of
chemotherapy.

Kennedy  Retrospective  United 606 606 patients, with Included Median survival following 2™ -, Garde > 3 adverse events:

etal. study States a prior history of patients 3%, and 4" - line Abdominal pain- 6.1%;

(144) two lines of between 2002 chemotherapy was 13,9, and 8.1 Fatigue- 5.5%;

2015 chemotherapy, and 2011 months respectively. Hyperbilirubinemia- 5.4%;
who underwent Ascites- 3.6%;
radioembolization Gastrointestinal ulceration-
for CRLM 1.7%. Independent variables

for survival: Stage of tumor,
tumor to treated liver ratio,
LFTs, leukocytes and prior
history of chemotherapy.

Saxena Systematic Australia 979 20 studies with a  Included the Complete radiological response: | Acute toxicity: 11-100%;

etal. review total of 979 studies 09%; partial response: 31%; stable | Factors associated with poor

(145) patients who performed disease: 40.5%; OS: 12 months survival: > 3 lines of

2014 failed atleast 3 before 2012 chemotherapy, extrahepatic
lines of disease, poor radiological
chemotherapy and response and extensive liver
underwent disease
radioembolization

Evans Retrospective Australia 140 140 patients with Included 0S: 7.9 months; Minor complications in the

etal. study CRLM who are patients form of abdominal pain,

(146) unresponsive to between 2006 to nausea and vomiting.

2010 chemotherapy and 2009
underwent
radioembolization

‘ Cianni Retrospective  Ttaly 41 Patients with Included Complete response: 4.8%; partial | Hepatic failure: 2%; Grade-2 |
etal. study CRLM who are patients response: 41.5%; Stable disease: gastritis: 4%; Grade-2

(147) unresponsive to between 2005 36.2%; Progressive disease: cholecystitis: 2%

2009 chemotherapy and  and 2008 19.5%; CEA reduced from 4.2
underwent ug/L before treatment to 2.1 ug/
radioembolization L after treatment; Technical

success rate: 98%; Median
survival: 354 days; PFS: 279 days

Mulcahy Prospective United 72 Patients with Included Tumor response rate: 40.3%; Fatigue (61%), nausea (21%),

etal. study States unresectable patients PET response rate: 77%; OS abdominal pain (25%), grade

(148) CRLM who between 2003 from the date of hepatic 3 & 4 bilirubin toxicities

2009 ultimately and 2007 metastases: 34.6 months; OS (12.6%).
underwent from first Y90 treatment: 14.5
radioembolization months; Patients with ECOG

status 0 had a median survival of
42.8 months and 23.5 months
from the date of hepatic
metastases and Y90 treatment,
respectively.

Kennedy Prospective United 208 Unresectable Included CT partial response rate: 35%, Nausea (9-10%), abdominal

etal. study States CRLM refractory patients PET response rate: 91%; CEA pain (11-13%), grade 2 & 3

(149) to Oxaliplatin and between 2002 reduced by 70% bilirubin toxicity (3-4.5%),

2006 Irinotecan and 2005; grade 2 & 3 ALP toxicity (20-

Median follow-
up: 13 months;
Median survival:
10.5 month in
responders and
4.5 months in
non-responders

20.5%)

CRLM, Colorectal liver metastases; PET, Positron emission tomography; OS, Overall survival; LET, Liver function tests; CEA, Carcinoembryonic antigen; PES, progression free survival ECOG,

Eastern cooperative oncology group; CT, Computed tomography.
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Szemitko
et al. (134)
2021

Akinwande
etal. (135)
2017

Martin
et al. (133)
2015

Fiorentini
et al. (132)
2012

Martin
etal. (131)
2009

Retrospective
study

Systematic
review

Randomized
control trial

Prospective
study

Prospective
study

Poland

United
States

United
States

Ttaly

United
States,
Canada,
Europe, and
Australia

52

850

70

74

55

52 patients underwent 202
DEBIRI-TACE

13 studies with a total of
850 patients treated with
systemic chemotherapy

70 patients randomized to
DEBIRI/FOLFOX group
and FOLFOX/bevacizumab
group

74 patients randomized to
FOLFIRI and DEBIRI-
TACE

55 patients treated with
DEBIRI-TACE with 2 as
the median number of
treatments per patient

Included the patients
between 2016 and 2019

Included patients until
2016

Median follow up of 19
months (range 17-38
months)

Included patients
presenting between 2006
and 2008; Median
follow up at 50 months

Included patients
between 2007 and2008

Median survival: 13 months; 1-year survival:
63%; 2-year survival: 33%; Significant
complications: 7.4%; PES: 51%;

Average all-grade toxicity: 35.2%; Average
response rate: 56.2% and 51.1% according to
RECIST and modified RECIST/EASL response
criteria; PFS: 8.1 months; OS: 16.8 months.

DEBIRI/FOLFOX vs. FOLFOX/bevacizumab:
Grade 3/4 adverse events- 54% vs. 46%;
Overall response rate: 78% vs. 54% at 2
months and 76% vs. 60% at 6 months;
Tumor downsizing: 35% vs 16%; Median
PFS: 15.3 months vs. 7.6 months (P=0.18).

Median survival for DEBIRI and FOLFIRI: 22
vs. 15 months; PFS: 7 vs. 4 months; Quality
of life: 8 vs. 3 months

Median DFS and OS were 247 days and 343
days respectively; Downstaged disease in 10%
of patients; Response rate at 6 and 12 months
was 66% and 75%, respectively; Predictors of
OS: extrahepatic disease and extent of prior
chemotherapy

DEBIRI, irinotecan drug-eluting beads; TACE, Trans-arterial chemoembolization; PES, progression free survivak OS, Overall survivals FOLFOX, 5-fluorouracil and oxaliplatin; DFS, Disease free survival.
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Additional data

Marajetal. | Retrospective = Canada 120 328 procedures of Included patients | Technical success rate was | 5% intraprocedural
(121) 2023 study irinotecan-eluting between 2012 to 85%; Median OS of 12.7 adverse events including
microspheres TACE was 2020 months; The OS improved | groin hematoma without
performed in if the patient has prior pseudoaneurysm,
unresectable CRLM ablation (P<0.05), <25% periprocedural pain and
with <75% hepatic hepatic tumor burden hepatic artery dissection;
parenchymal disease, (P<0.001), and previously 6% post-procedural
limited extrahepatic resected primary disease adverse events including
tumor burden and (P<0.05) post embolic cholecystitis,
previous locoregional perforated gastric ulcer,
treatment. bleeding duodenal ulcer
and biloma.
Vogletal. | Retrospective = Germany 452 Total: 452 patients with  Included patients |~ OS and PFS in palliative Extrahepatic metastases in
(122) 2018 | study CRLM unresponsive o between 2001 group were 12.6 and 5.9 both palliative and
systemic chemotherapy;  and 2015 months respectively and in | neoadjuvant group;
TACE as palliative neoadjuvant group was Tumor number, location,
option: 233 patients; 25.8 and 10.8 months average size of metastases
TACE followed by respectively. in neoadjuvant group.
ablation as neoadjuvant
therapy: 219 patients
Gruber- Retrospective | Germany 564 564 patients underwent  Included patients  Partial response: 16.7%; Predictors of survival:
Rouh et al. study TACE; Mean number of  between 1999 Stable disease: 48.2%; Indication of TACE and
(123)2013 sessions:6 and 2011 Progressive disease: 16.7%; initial tumor response
1-, 2-, and 3-year survival
rates: 62%, 28%, and 7%
respectively; Median
survival from the start of
TACE: 14.3 months
Nishiofuku Prospective Japan 24 24 patients treated with Phase I patient Tumor response rate: Grade 3
et al. (124) trial FOLFOX prior to TACE  recruitment from  61.1%; Median hepatic thrombocytopenia: 12.5%;
2013 February 2008 to  PFS: 8.8 months; OS: 21.1 Grade 3 AST elevation:
July 2008; Phase months 33.3%; Grade 3 ALT
11 patient elevation: 12.5%; Grade 3
recruitment from hyponatremia: 8.3%;
September 2008 Grade 3 cholecystitis:
to January 2010; 4.2%
Mean follow up
duration was
17.4 months
Albertetal. | Retrospective  United 121 121 patients were Included patients  Partial response: 2%;
(120) 2011 study States treated with TACE between 1992 Stable disease: 41%;
comprising cisplatin, and 2008 Progressive disease: 57%;
mitomycin C, Median time to disease
doxorubsicin, ethiodized progression: 5 months;
oil and polyvinyl Median survival: 27
alcohol particles months from development
of hepatic metastases and
9 months from
chemoembolization;
Survival was better when
cTACE was performed
prior to third line systemic
chemotherapy
‘ Muller Prospective Germany 66 66 patients; 5-FU and - Complete response: 1%; Almost all patients
etal. (125) study GM-CSF infusion partial response: 42.4%; experienced self-limiting
2007 followed by Stable disease: 18.2%; No side effects such as upper
embolization with response: 12.1%; Two-year | abdominal pain, vomiting
Melphalan, lipiodol, and survival: 66%; Time to and leukopenia
gelfoam; 54% of patients progression: 8 months
received prior systemic
chemotherapy
Wasser Randomized | Germany 21 21 patients with CRLM  Total follow up ~ Median survival was 13.8
etal, 2005 | prospective patients treated with duration was 12-  months; therapeutic
(126) trial TACE 18 weeks response in three patients;

progression free interval of
5.8 months

TACE, Trans- arterial radioembolization; CRLM, Colorectal liver metastases; OS, Overall survival; PES, Progression free survival; FOLFOX, 5-fluorouracil and oxaliplatin; AST, Aspartate
transaminase; ALT, Alanine transaminase; 5-FU, 5-Fluorouracil; GM-CSF, Granulocyte monocyte- colony stimulating factor.
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Gibbs et al.,
2018 (112)

Wasan et al.,
2017 (113)

Van Hazel
etal, 2017
(114)

Van Hazel
et al, 2016
(110)

Combined
analysis of two
randomized
control trials
FOLFOX and
SIRFLOX

Combined
analysis of three
trials FOXFIRE,
SIRFLOX,
FOXFIRE-Global

Combined
analysis of
FOXFIRE-Global
and SIRFLOX
trials

Randomized
Phase III trial

Multiregional
study

Multiregional
study

Multiregional
study

Multiregional
study

739

1103

739

530

FOLFOX + SIRT: 372
patients; FOLFOX alone:
367 patients

FOLFOX+ SIRT: 554
patients; FOLFOX: 549
patients

739 patients were
randomized to receive
either FOLFOX alone or
in combination with SIRT
with Y-90 microspheres

530 patients randomized
to FOLFOX + SIRT +/-
bevacizumab or FOLFOX

Included
patients from
2006 to 2015;
median
follow-up
period was
22.2 months

Included
patients
between 2006
and 2014;
Median
follow-up was
43.3 months

Included
patients
between 2006
and 2013;

TARE has significant impact on OS in patients
with right-sided (22 months vs. 17.1 months; P=
0.008) but not left-sided primary tumor (24.6
months vs. 26.6 months; P= 0.264).

No difference in median OS and median PFS;
ORR: 72% (FOLFOX+SIRT) and 63% (FOLFOX
alone); Tumor progression: 31% (FOLFOX
+SIRT) and 49% (FOLFOX alone)

SIRT improved OS in right sided primary
tumors (22 vs. 17 months; P= 0.007) and the
difference in OS was not significant in left-sided
primary tumors (24.6 vs. 25.6 months; P= 0.279)

Median PFS at any site: 10.2 (FOLFOX alone) vs.
10.7 (FOLFOX+SIRT) months (P= 0.43); Median
PFS in the liver: 12.6 (FOLFOX alone) vs. 20.5
(FOLFOX+SIRT) months (P= 0.002); ORR at
any site: 68.1% (FOLFOX alone) vs. 76.4%
(FOLFOX+SIRT) (P= 0.113); ORR in the liver:
68.8% (FOLFOX alone) vs. 78.7% (FOLFOX
+SIRT) (P= 0.042); Grade > 2 adverse events
observed in 73.4% (FOLFOX alone) and 85.4%
(FOLFOX+SIRT) of patients.

FOLFOX, 5-fluorouracil and oxaliplatin; SIRT, Selective internal radiation therapy; TARE, Trans-arterial radioembolization; OS, Overall survival; ORR, Objective response rate; PFS, Progression

free survival.
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Kurilova | Retrospective | United States 10 14 tumors treated with 12 Included the patients  Tumor response as per Choi and RECIST

etal, study patients RS sessions; Each patient has | between 2015 and criteria: 100% and 44% respectively; Tumor

2021 < 3 tumors of median size 2017; median follow progression: 33%; 1-, 2- and 3-year PFS: 83%,

(102) 3 cm; Median radiation dose up of 17.8 months 83%, and 69% respectively; Median OS: 41.5

delivered: 293 Gy (Range: 1.6-37.3) months

Padia Retrospective United States 36 36 patients; 81% had prior Included patients Disease control rate was 92% according to

etal, study chemotherapy; CRC: 31%; between 2013 and RECIST criteria in all tumors and 100%

2020 NEN: 28%; Sarcoma: 19%; 2018 according to mRECIST criteria in hypervascular

(103) Miscellaneous: 22% tumors; Tumor progression: 28%; OS at 6 and 12
months was 96% and 83% respectively.

Jia et al., Systematic Multiregional 155 HCC: 145; CRC: 7; Others: 3 Included patients CR, PR, SD and PD was observed in 20-82%, 10-

2019 review between 1991 and 70%, 1.8-40% and 0-8% respectively. Disease

(96) 2018 control rate: 92-100%.

PES, Progression free survivals S, Overall survival; CRC, Colorectal cancer; NEN, Neuroendocrine neoplasm; HCC, hepatocellular carcinoma; CR, Complete response PR, Partial response; SD,
Stable disease; PD, Progression of disease.
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period
Mima | Prospective Japan 153 118 patients with Included
etal, study unresectable CRLM treated  patients
2013 preoperatively with between 2005
(53) FOLFOX + bevacizumab; to 2010

HR alone: 35 patients; HR
+ RFA: 13 patients

Sasaki Retrospective United 485 Resection + RFA: 86 Included
etal, study States patients; Resection alone: patients

2016 399 patients between 2003
(54) t0 2015

Postoperative morbidity: 17% in HR group and 23% in HR
+RFA group (P= 0.640); Local tumor recurrence at RFA site
in only one tumor (7.7% of patients); 3-year PFS: 45.3% in
HR group and 12.8% in HR+RFA group (P= 0.472); 3-year
OS rate: 70.4% in HR group and 77.1% in HR+RFA group
(P=0.627)

RI resection was more frequent in surgical resection + RFA
group than the resection-alone group (15.1% vs. 8.5%; P=
0.071); Median OS for combined and resection alone groups:
20.7-61.8 months and 75.3 months respectively; 5-year OS for
combined and resection alone groups: 52.7% and 58.7%
respectively.

CRLM, Colorectal liver metastases; FOLFOX, 5-fluorouracil and oxaliplatin; HR, Hepatic resection; RFA, Radiofrequency ablation; PFS, Progression free survival; OS, Overall Survival.
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Archived data of BCLC sage B patients who underwent TACE Archived data of BCLC sage B patients who underwent TACE between
between Feb 2010 and Dec 2020 in the Sun Yat-sen University Feb 2010 and Dec 2020 in the Second Affiliated Hospital of Gui Zhou

Archived data of BCLC sage B patients who underwent TACE
between Feb 2010 and Dec 2020 in the Nanfang Hospital (n = 242)

Inclusion of patients with hepatic-arterial
CT images acquired within 7 days before
treatment.

(n=191)

Exclusion of patients with a history of
locoregional therapy (radiofrequency
ablation or liver transplantation).
(n=50)

Patients with HCC and received
initial TACE treatment

NN
QG

Eligible patients
(n=141)

CT examination, ROI segmentation
and pyradiomics extraction

Cancer Center (n=220)

Inclusion of patients with hepatic-arterial
CT images acquired within 7 days before
treatment.

(n=140)

Exclusion of patients with a history of
locoregional therapy (radiofrequency
ablation or liver transplantation).
(n=19)

Eligible patients
(n=121)

Medical University (n=112)

Inclusion of patients with hepatic-arterial
CT images acquired within 7 days before
treatment.

(n=90)

Exclusion of patients with a history of
locoregional therapy (radiofrequency
ablation or liver transplantation).
(n=39)

Eligible patients
(n=51)

Selecting pyradiomics and
training model by LASSO

Validation and detail analysis

Validating model in two independent
cohorts
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Internal cohort (n = 104) External validation cohort (n = 44)

Variables Kappa/ High Ki-67 group Low Ki-67 group P  Kappa/ High Ki-67 group Low Ki-67 group P

ICC (n =50) (n =54) value ICC (n =20) (n =24) value
Sex / 0.182 / 0.493
Male 46 (92.0%) 45 (83.3%) 20 (100.0%) 22 (91.7%)
Female 4 (8.0%) 9 (16.7%) 0 (0.0%) 2 (8.3%)
Age (years) / 0.188 / 0.956
<55 22 (44.0%) 17 (31.5%) 9 (45.0%) 11 (45.8%)
>55 28 (56.0%) 37 (68.5%) 11 (55.0%) 13 (54.2%)
Hepatitis / 0.143 / 0.614
Absent 5 (10.0%) 11 (20.4%) 1 (5.0%) 3 (12.5%)
Present 45 (90.0%) 43 (79.6%) 19 (95.0%) 21 (87.5%)
AFP (ng/mL) / <0.001 / 0.069
<20 19 (38.0%) 44 (81.5%) 7 (35.0%) 15 (62.5%)
>20 31 (62.0%) 10 (18.5%) 13 (65.5%) 9 (37.5%)
ALT (U/L) ! 39.50 (24.75, 67.00) 32.50 (19.60, 57.50) 0.127 / 34.00 (22.50,68.25) 25.00 (14.25, 43.50) 0.150
AST (U/L) i 36.00 (27.75, 54.00) 34.50 (23.75, 51.50) 0.276 I 38.50 (26.25,46.00) 39.00 (31.00,49.50) 0.595
GGT (U/L) f; 52.00 (42.00, 90.05) 53.00 (34.75, 101.00) 0.800 fi 49.50 (43.25,129.25) 60.00 (33.25, 100.00) 0.724
PLR / 128.34 (90.17, 150.65) 109.28 (72.83, 152.72)  0.112 / 98.60 (68.57,141.34) 100.86 (59.10, 132.53)  0.671
NLR / 243 (159, 3.71) 2.10 (1.54, 2.87) 0.373 / 1.68 (1.15,2.70) 2.15 (143, 2.58) 0.289
Albumin (g/L) 7 42.00 (39.00, 43.80) 42.75 (37.80,45.7) 0.524 / 41.45 (38.73,46.63) 37.85 (32.65, 42.65) 0.011
Child-Pugh / 0.458 / 0.246
A 45 (90.0%) 46 (85.2%) 15 (75.0%) 14 (58.3%)
B 5 (10.0%) 8 (14.8%) 5 (25.0%) 10 (41.7%)
APHE 0.922 0.007 0.927 0.117
Absent 2 (4.0%) 12 (22.2%) 2 (10.0%) 7 (29.2%)
Present 48 (96.0%) 42 (77.8%) 18 (90.0%) 17 (70.8%)
Washout 0.889 0.819 0.864 0.545
Absent 4 (8.0%) 5(9.3%) 9 (45.0%) 13 (54.2%)
Present 46 (92.0%) 49 (90.7%) 11 (55.0%) 11 (45.8%)
Tumor margin 0.939 <0.001 0.909 <0.001
Smooth 6 (12.0%) 36 (66.7%) 3 (15.0%) 19 (79.2%)
Non-smooth 44 (88.0%) 18 (33.3%) 17 (85.0%) 5 (20.8%)
Tumor capsule 0.806 0.027 0.800 0.469
Complete 17 (34.0%) 30 (55.6%) 13 (65.0%) 18 (75.0%)
Incom-/non 33 (66.0%) 24 (44.4%) 7 (35.0%) 6 (25.0%)
Mosaic structure 0.942 <0.001 0.909 0.008
Absent 13 (26.0%) 33 (61.1%) 7 (35.0%) 18 (75.0%)
Present 37 (74.0%) 21 (38.9%) 13 (65.0%) 6 (25.0%)
Arterial rim 0.924 <0.001 0.899 0.018
enhancement
Absent 30 (60.0%) 49 (90.7%) 10 (50.0%) 20 (83.3%)
Present 20 (40.0%) 5 (9.4%) 10 (50.0%) 4 (16.7%)
Peritumoral 0.816 <0.001 0.782 0.016
enhancement
Absent 18 (36.0%) 45 (83.3%) 11 (55.0%) 21 (87.5%)
Present 32 (64.0%) 9 (16.7%) 9 (45.0%) 3 (12.5%)
Peritumoral 0.802 <0.001 0.771 0.001
hypointensity
Absent 25 (50.0%) 46 (85.2%) 10 (50.0%) 23 (95.8%)
resent 25 (50.0%) 8 (14.8%) 10 (50.0%) 1 (4.2%)
Satellite nodules 0.922 0.068 0.871 0.057
Absent 34 (68.0%) 45 (83.3%) 13 (65.0%) 22 (91.7%)
Present 16 (32.0%) 9 (16.7%) 7 (35.0%) 2 (8.3%)
Tumor diameter 0.986 4.80 (3.32,7.43) 2.65 (1.60, 4.25) <0.001 0.950 40.10 (26.28,59.03) 30.95 (19.30, 39.18) 0.044
(cm)
Tlrt-pre (ms) 0.862 1,425.24 (,1244.69, 1,042.40 (931.58, <0.001 0.821 1360.00 1,132.40 (1,037.68, 0.004
1,592.75) 1,215.96) (1250.55,1463.00) 1,279.00)
T1rt-20min (ms) 0.872 876.67 + 157.62 630.63 £ 160.91 <0.001 0.839 825.39 £ 191.03 620.53 + 121.77 <0.001
rrT1rt-20min 0.920 0.377 £ 0.106 0.414 + 0.137 0.125 0.894 0.39 £0.12 0.46 +0.12 0.053
ADC (mm?®/s) 0.839 1,008.02 + 147.06 1,150.22 + 192.16 <0.001 0.880 923.30 (844.28,1013.50) 1,081.50 (979.25, 0.008
1,286.35)

Continuous variables with normal distribution are presented as mean (standard deviation, SD), and those with abnormal distribution as median (interquartile range, IQR). Categorical
variables are presented as N (%) according to different levels. (AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, galactosyl glucosyltransferase;
NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; APHE, arterial phase hyperenhancement; ADC, apparent diffusion coefficient).
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Variables

APHE

Peritumoral enhancement
Peritumoral hypointensity
T1rt-20min (ms)

Tumor margin

APHE, arterial phase hyperenhancement.

17.77
7.97
0.09
1.01
9.52

95% CI

0.48~663.93

1.24~51.38
0.01~0.86
1.00~1.02

1.76~51.39

P value

0.119
0.029
0.037
0.001
0.009
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Models AUC,C-index Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)

Training (n = 73) 0.919 (95% CI: 0.858~0.970) 74.3% 94.7% 84.9% 92.8% 80.0%
Validation (n = 31) 0.925 (95% CI: 0.821~1.000) 93.3% 81.2% 87.1% 82.4% 92.9%
External validation (n = 46) 0.850 (95% CI: 0.736~0.952) 80.0% 79.2% 79.5% 76.2% 82.6%
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Variables

Sex
Male
Female
Age (years)
<55
>55
Hepatitis
Absent
Present
AFP (ng/mL)
<20
>20
ALT (U/L)
AST (U/L)
GGT (U/L)
PLR
NLR
Albumin (g/L)
Child-Pugh
A
B
APHE
Absent
Present
Washout
Absent
Present
Tumor margin
Smooth
Non-smooth
Tumor capsule
Complete
Incom-/non
Mosaic structure
Absent
Present
Arterial rim enhancement
Absent
Present
Peritumoral enhancement
Absent
Present
Peritumoral hypointensity
Absent
Present
Satellite nodules
Absent
Present
Tumor diameter (cm)
Tlrt-pre (ms)
T1rt-20min (ms)
rrT1rt-20min
ADC (mm?/s)

Histological differentiation

High
Low
Ki-67 expression
Ki-67 group
<25%
>25%

Total (n = 104)

91 (87.5%)
13 (12.5%)

39 (37.5%)
65 (62.5%)

16 (15.4%)
88 (84.6%)

63 (60.6%)

41 (39.4%)
37.50 (23.00, 64.75)
36.00 (26.00, 53.75)
52,00 (35.25, 99.75)

117.70 (78.80, 150.65)
221 (158, 3.14)
42.35 (38.30, 44.65)

91 (87.5%)
13 (12.5%)

14 (13.5%)
90 (86.5%)

9 (8.7%)
95 (91.3%)

42 (40.4%)
62 (59.6%)

45 (43.3%)
59 (56.7%)

46 (44.2%)
58 (55.8%)

79 (76.0%)
25 (24.0%)

63 (60.6%)
41 (39.4%)

71 (68.3%)
33 (31.7%)

79 (76.0%)
25 (24.0%)
3.80 (2.33, 6.05)

1,232.20 (1014.64, 1450.03)

748.92 + 201.00
0.396 + 0.124
1,081.86 + 185.43

48 (46.2%)
56 (53.8%)
25.00 (10.00, 40.00)

54 (51.9%)
50 (48.1%)

Training cohort (n = 73)

64 (87.7%)
9 (12.3%)

21 (28.8%)
52 (71.2%)

3 (17.8%)
60 (82.2%)

45 (61.6%)

28 (38.4%)
38.00 (23.05, 65.00)
36.00 (26.00, 55.50)
56.00 (35.00, 109.05)
11429 (72.89, 150.65)

217 (1.57, 2.90)
42.50 (38.65, 44.60)

65 (89.0%)
8 (11.0%)

11 (15.1%)
62 (84.9%)

7 (9.6%)
66 (90.4%)

29 (39.7%)
44 (60.3%)

27 (37.0%)
46 (63.0%)

33 (45.2%)
40 (54.8%)

5 (75.3%)
18 (24.7%)

45 (61.6%)
28 (38.4%)

48 (65.8%)
25 (34.2%)

57 (78.1%)
16 (21.9%)

3.60 (2.20, 6.30)
1,225.63 (1003.68, 1441.25)
745.65 + 191.38
0.389 £ 0.117
1081.23 + 184.35

35 (47.9%)
38 (52.1%)
25.00 (10.00, 40.00)

38 (52.1%)
35 (47.95)

Validation cohort (n = 31)

27 (87.1%)
4 (12.9%)

18 (58.1%)
13 (41.9%)

3(9.7%)
28 (90.3%)

18 (58.1%)

13 (41.9%)
34.00 (18.00, 65.00)
35.00 (22.00, 50.10)
46.00 (36.00, 64.00)

125.49 (90.32, 171.01)
2.62 (1.60, 3.79)
41.00 (37.60, 44.90)

26 (83.9%)
5 (16.1%)

3 (9.7%)
28 (90.3%)

2 (6.5%)
29 (93.5)

13 (41.9%)
18 (58.1%)

18 (58.1%)
13 (41.9%)

13 (41.9%)
18 (55.8%)

24 (77.4%)
7 (22.6%)

18 (58.1%)
13 (41.9%)

23 (74.2%)
8 (25.8%)

22 (71.0%)
9 (29.0%)

3.90 (2.60, 5.90)
1,271.36 (1014.64, 1462.63)
75591 + 225.22
0.412 +0.140
1083.33 + 191.04

13 (41.9%)
18 (58.1%)
25.00 (10.00, 45.00)

16 (51.6%)
15 (48.4%)

P value

1.000

0.543

0.382

0.733

0.520
0.534
0.120
0.117
0.354
0.717
0.522

0.547

0.721

0.834

0.131

0.759

0.821

0.733

0.398

0.437

0.619
0.402
0.819
0.384
0.985
0.574

0.391
0.967

Continuous variables with normal distribution are presented as mean (standard deviation, SD), and those with abnormal distribution as median (interquartile range, IQR). Categorical
variables are presented as N (%) according to different levels. (AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, galactosyl glucosyltransferase;
NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; APHE, arterial phase hyperenhancement; ADC, apparent diffusion coefficient).
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Variable Subgroups Studies (n) Sensitivity P1 Specificity P2

Region China " 0.51 (0.42-0.60) 0.31 0.80 (0.75-0.85) 0.03
Others 2 0.39 (0.18-0.59) 0.82 (0.71-0.94)

Mean age (years) 255 6 0.49 (0.36-0.62) 0.96 0.80 (0.73-0.87) 0.00
<55 7 0.50 (0.39-0.61) 0.80 (0.74-0.87)

MFS (T) 3 6 0.45 (0.33-0.57) 0.57 0.81 (0.74-0.88) 0.00
Others 7 0.53 (0.42-0.64) 0.80 (0.74-0.86)

MRI unit Siemens 7 0.48 (0.37-0.59) 0.78 0.80 (0.74-0.86) 0.00
Others 6 0.52 (0.39-0.64) 0.81 (0.74-0.88)

Lesion size <5cm 3 0.53 (0.36-0.71) 0.76 0.84 (0.76-0.92) 0.03
NR 10 0.48 (0.39-0.58) 0.79 (0.74-0.85)

No. of tumors (n) 2100 9 0.52 (0.43-0.61) 0.48 0.77 (0.72-0.82) 0.00
<100 4 0.44 (0.27-0.61) 0.88 (0.82-0.94)

Lesions S 6 0.57 (0.46-0.67) 0.21 0.77 (0.70-0.84) 0.00
Others 7 0.43 (0.32-0.53) 0.83 (0.77-0.89)

IBIS (days) <30 " 0.52 (0.44-0.61) 0.14 0.79 (0.74-0.84) 0.00
>30 2 0.34 (0.14-0.54) 0.88 (0.80-0.96)

Macro VI N 9 0.50 (0.40-0.60) 091 0.81(0.76-0.86) 0.01
u 4 0.49 (0.33-0.65) 0.78 (0.69-0.87)

BR Y 9 0.55 (0.46-0.64) 0.13 0.82 (0.77-0.88) 0.02
u 4 0.40 (0.28-0.52) 0.77 (0.68-0.86)

BI Y 1 0.34 (0.09-0.58) 0.45 0.77 (0.58-0.95) 0.16
u 12 0.51 (0.43-0.59) 0.81 (0.76-0.86)

Data in parentheses are 95% confidence interval (Cl). MFS, magnetic field strength; IBIS, interval between imaging and surgery; Macro VI, macrovascular invasion, BR, blindness to
reference; Bl, blindness to index test; NR, no restrictions; S, single; M, multiple; U, unclear: N, no, Y, yes.
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Variable Subgroups Studies (n) Sensitivity P1 Specificity P2

Region China 13 0.58 (0.47-0.69) 0.58 0.84 (0.78-0.90) 0.00
Others 6 0.48 (0.31-0.64) 0.92 (0.87-0.97)

Mean age (years) >55 10 0.52 (0.40-0.65) 0.48 0.89 (0.84-0.94) 0.03
<65 9 0.57 (0.44-0.71) 0.84 (0.77-0.91)

MFS (T) 3 10 0.60 (0.48-0.72) 0.59 0.87 (0.80-0.93) 0.01
Others 9 0.49 (0.36-0.62) 0.87 (0.80-0.93)

MRI unit Siemens 10 0.52 (0.40-0.65) 0.48 0.84 (0.78-0.91) 0.00
Others 9 0.58 (0.44-0.71) 0.89 (0.84-0.95)

Lesion size <5cm - 0.48 (0.28-0.68) 0.52 0.91 (0.84-0.98) 0.18
NR 15 0.57 (0.46-0.67) 0.85 (0.80-0.91)

No. of tumors (n) 2100 14 0.56 (0.45-0.66) 0.97 0.86 (0.80-0.91) 0.01
<100 5 0.52 (0.33-0.72) 0.89 (0.81-0.97)

Lesions S 7 0.54 (0.39-0.69) 0.71 0.85 (0.77-0.93) 0.00
Others 12 0.55 (0.43-0.67) 0.88 (0.82-0.93)

IBIS (days) <30 15 0.58 (0.48-0.68) 0.28 0.84 (0.79-0.90) 0.00
>30 4 0.41 (0.21-0.61) 0.93 (0.88-0.99)

Macro VI N 13 0.56 (0.45-0.67) 0.97 0.88 (0.82-0.93) 0.05
U 6 0.52 (0.35-0.69) 0.85 (0.75-0.94)

BR Y 13 0.51 (0.40-0.62) 0.17 0.90 (0.87-0.94) 0.26
u 6 0.63 (0.49-0.78) 0.76 (0.66-0.86)

BI Y 2 0.52 (0.24-0.81) 0.81 0.77 (0.56-0.97) 0.05
V] 17 0.55 (0.45-0.65) 0.88 (0.83-0.92)

Data in parentheses are 95% confidence interval (Cl). MFS, magnetic field strength; IBIS, interval between imaging and surgery; Macro VI, macrovascular invasion; BR, blindness to
reference; Bl, blindness to index test; NR, no restrictions; S, single; M, multiple; U, unclear;: N, no; Y, yes.
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Shin SK. et al
(28)

Wang LL. et al
(29)

Yang L. et al
(30)

Yang Y. et al
(31)

Zhang K. et al
(32)

Zhou M. et al
(33)

Year

2019

2015

2019

2021

2020

2019

2022

2019

2018

2012

2020

2020

2014

2017

2021

2019

2021

2022

2021

Region

South Korea
South Korea
China
China
China
China
China
China
China
South Korea
South Korea
China
Japan
South Korea
China
China
China
China

China

Mean age (years)

56.71
51.94
58
515
54.22
64.76
54.66
54.8
52.2
55
54
57.5
67
57
54.22
55.5
52.4
56.4

55

Patients/Lesions (n)

179 (179)
51 (78)
70(77)

269 (269)

356 (356)

114 (114)

214 (214)

160 (160)
60 (66)

104 (104)

122 (122)

102 (102)
61 (61)

126 (126)

113 (113)

208 (208)

201 (201)

129 (129)

60 (62)

Lesions

S

SM

SM

SM

SM

SM

SM

SM

SM

SM

S

S

SM

Lesions size

NR

NR

NR

NR

NR

<3cm

NR

NR

NR

NR

NR

NR

<5cm

NR

NR

NR

NR

<8cm

IBIS (days)

PEAP (n)
B o=
64 115
10 68
15 62
73 196
74 282
27 87
79 135
44 116
21 45
NM  NM
NM  NM
NM  NM
NM  NM
NM  NM
NM  NM
67 141
111 90
49 80
14 48

PHHBP (n)
+ _
61 118
4 74
20 57
105 164
54 302
34 80
75 139
48 112
26 40
2% 78
21 101
2% 76
25 36
15 111
67 46
30 178
82 119
43 86
12 50

MVI (n)
§ e
68 111
18 60
27 50
111158
90 266
39 75
49 165
62 98
17 49
60 44
21 101
37
25 36
29 o7
50 63
53 155
11190
36 93
19 43

IBIS, interval between imaging and surgery; PEAP, peritumoral enhancement on arterial phase; PHHBP, peritumoral hypointensity on hepatobiliary phase; MVI, microvascular invasion;

+, posit

-, negative; S, single; M, multiple; U, unclear; NR, no restriction; NM, not mentioned.





OPS/images/fonc.2022.907076/table2.jpg
MFS
m

Study Scanners

AhnSJ.et  1.5/3 GE/Siemens/
al Philips

(17)

Ahn SY. et
al

(18)
ChenPP.et 3
al

(20)

ChenY. et 3
al

(21)

Chong HH. 1.5
et al

(22)

Chou YC. 15
etal

(23)

Dong SY.et 1.5
al

(24)

Feng ST. et 3
al

(9

Huang M. 3
etal

©)

Kim KA. et 3
al

(19)

Lee S.etal 1.5/3 Siemens/
(25) Philips
Lu XY. et al 3 Philips
(26)

Nishie A. et 15
al

(27)

Shin SK. et 3
al

(28)

Wang LL.et 3
al

(29)

Yang L. et 1.5
al

(30)

Yang Y. et
al

@1)
Zhang K. et 3
al

(32)

Zhou M. et 3
al

(33)

1.5/3

GE/Siemens

Philips

Siemens

Siemens

Siemens

Siemens

Siemens

Siemens

Siemens

Philips

Siemens

Siemens

Siemens

15/3 GE

Philips

Philips

Seven seconds after the contrast media had arrived at the distal
thoracic aorta

Seven seconds after the contrast media had arrived at the distal

thoracic aorta

20s*

NM

20-30s"

When the contrast medium was visible at the level of the celiac trunk

of the abdominal aorta.

20-30s*

30-35 8"

NM

NM

20-35s"

20s*

NM

Seven seconds after the contrast media had arrived at the distal
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NM

NM
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*This acquisition time is defined as after contrast media injection. MFS, magnetic field strength; AP, arterial phase; HBP, hepatobiliary phase; NM, no specific time point was mentioned.
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Best response, n TOMOX FOLFOX P-

(%) n=61 n=52 value®
CR 1(1.6) 2 (3.8) 0.621
PR 10 (16.4) 10 (19.2)

SD 24 (39.3) 25 (48.1)

PD 14 (23.0) 9 (17.3)

Unknown 12 (19.7) 6 (11.5)

ORR 11 (224) 12 (26.1)

DCR 35 (71.4) 37 (80.4)

"P-value calculated using a Fisher exact test.
CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease;
ORR, objective response rate; DCR, disease control rate.
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Prognostic factor (n)

Age at diagnosis, years

<65 (90)
265 (23)

Sex
Male (75)

Female (38)

Primary tumour site
Right hemicolon (27)
Left hemicolon (82)

Liver metastasis
Synchronous (97)
Metachronous (16)

Extrahepatic metastasis
Present (58)

Absent (55)

Primary tumour
No resection (29)
Resection (75)

Genetic condition
KRAS mutation (29)
KRAS wild type (25)

Histology
Poorly differentiated (17)

Well and moderately differentiated (73)
Systemic therapy before HAI

>Third-line (20)

Second line (41)

First-line (47)
Response to HAI

CR (3)

PR (20)

SD (49)

PD (23)

HR

1.494

0.908

1119

0.917

1.193

1.206

0.833

1.421

0.757
0.942

0.034
0.052
0.081

PES

95% CI

0.931-2.396

0.607-1.357

0.718-1.743

0.537-1.565

0.814-1.750

0.764-1.905

0.478-1.451

0.832-2.427

0.442-1.298
0.610-1.453

0.009-0.127
0.024-0.110
0.042-0.157

P-value

0.096

0.637

0.620

0.750

0.366

0.421

0.518

0.198

0.312
0.787

0.000
0.000
0.000

HR

1.157

0.768

1.972

0.817

1.503

2.553

1.298

2357

1.012
0.983

0.180
0.272
0.397

95% CI

0.686-1.953

0.489-1.207

1.200-3.239

0.459-1.454

0.969-2.329

1.527-4.268

0.720-2.339

1.304-4.261

0.542-1.888
0.606-1.594

0.041-0.787
0.133-0.558
0.224-0.705

P-value

0.585

0.253

0.007

0.492

0.069

0.000

0.386

0.005

0971
0.943

0.023
0.000
0.002

CI, confidence interval; CR, complete response; HAI hepatic arterial infusion; OS, overall survival; PD, progressive disease; PES, progression-free survival; PR, partial response; SD, stable disease.
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Adverse event, n (%)

Hematological
Anaemia

Leucopenia
Neutropenia
Thrombocytopenia
Nonhematological
Elevation of liver enzymes
Elevation of bilirubin
Nausea

vomiting

Fatigue (asthenia)
Abdominal pain
Fever

Diarrhea

TOMOX
(n=61)

All Grade Grade 34
21 (34) 0(0)
17 (28) 35

5(8) 2(3)
20 (33) 4(7)
50 (82) 11 (18)
34 (56) 5(8)
10 (16) 0(0)
13 (21) 0 (0)
10 (16) 0 (0)
32 (52) 31 (51)
28 (46) 0(0)

5(8) 0(0)

All grade

13 (34)
16 (31)
7 (13)
20 (38)

39 (75)
35 (67)

1121
9 (17)

5 (10)
31 (60)
20 (38)
9 (15)

FOLFOX
(n=52)

Grade 3-4

0(0)
1(2)
1(2)
1(2)

6 (12)
2(4)
0 (0)
0(0)
0 (0)
27 (52)
0 (0)
1(2)

P-value®

0.290°
0.623"
1.000°
0.372°

0.432°
0.449"

0.629°
0.853¢

0.442°
1.000"
0.533¢
0.460°

*P_value calculated using a %2 test; *p-value comparing Grade 3-4 adverse events; p-value comparing all Grade adverse events as no patients experienced Grade 3-4 of these adverse events.
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n (%) TOMOX FOLFOX
n =61 n=>52

Age at diagnosis

>65 years 12 (19.7%) 11(21.2%)

<65 years 49 (80.3%)  41(78.8%)
Median age (years [IQR]) 58 (31-79)  58(34-83)
Sex

Male 41 (67.2%)  34(65.4%)

Female 20 (32.8%) 18 (34.6%)
Primary tumour site

Left hemicolon 41 (67.2%)  41(78.8%)

Right hemicolon 18 (29.5%) 9 (17.3%)

Unknown 2 (3.3%) 2 (3.8%)
Genetic condition

KRAS mutation 13 (213%) 16 (30.8%)

KRAS wild type 14 (23.0%) 11 (21.2%)

Unknown 34(55.7%) 25 (48.1%)
Histology

Poorly differentiated adenocarcinoma 9 (14.8%) 8 (15.4%)

Well and moderately differentiated 40 (65.6%) 33 (63.5%)
adenocarcinoma

Unknown 12 (197%) 11 (21.2%)
Mean CEA 616.42ng/ml  604.76ng/ml
Liver metastasis

Synchronous 50 (82.0%) 47 (90.4%)

Metachronous 11 (18.0%) 5 (9.6%)
Mean size of the biggest liver metastasis 51.2mm 48.7mm
No. of metastatic lesions

>3 49 (80.3%) 42 (80.8%)

<3 12 (19.7%) 10 (19.2%)
Primary tumour

Resection 42 (68.9%) 33 (63.5%)

No resection 14 (23.0%) 15 (28.8%)

Unknown 5 (8.2%) 4 (7.7%)
Extrahepatic metastasis

Present 31 (50.8%) 27 (51.9%)

Absent 30 (492%) 25 (48.1%)
Systemic therapy before HAI

Untreated 4 (6.6%) 1 (1.9%)

First-line 27 (443%) 20 (38.5%)

Second-line 22 (36.1%) 19 (36.5%)
Third-line and above 8 (13.1%) 12 (23.1%)
Previous chemotherapy agents before HAI

Oxaliplatin 55 (90%) 48 (92%)

Irinotecan 33 (54%) 36 (69%)

Fluorouracil 57 (93%) 51 (98%)

Previous anti-VEGF or anti-EGFR treatment or
both before HAI

Bevacizumab 16 (26%) 17 (33%)
Cetuximab 12 (20%) 8 (15%)
Both 3 (5%) 2 (4%)

None 30 (49%) 25 (48%)

VEGEF, vascular endothelial growth factor; EGFR, epidermal growth factor receptor.
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Inclusion criteria

Exclusion criteria

1

. HCC diagnosed histologically or clinically according to the guidelines of the American Association for the Study

of Liver Diseases

. tumors located immediately (<0.5 cm) adjacent to the portal vein, hepatic veins, bile duct, gastrointestinal tract,

or diaphragm

. age > 18 years
. no evidence of extrahepatic metastasis
. single tumor with a maximum diameter of <6¢cm, or the number of tumors of <3 and a maximum diameter of

<3cm.

. Child-Pugh A or B
. Performance status according to Eastern Cooperative Oncology Group (ECOG) <2.
. written informed consent

NOO AN

. Ventricular cardiac arrhythmia
. Congestive heart failure, NYHA Class > 3

Active coronary artery disease

. History of epilepsy
. Any implanted stimulation device
. Other treatment <6 weeks prior to treatment

presence of vascular invasion or extrahepatic
metastasis.

. Severe coagulation abnormalities
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386 patients underwent gadoxetic acid-enhanced form January 2017 and
December 2020

Exclusion:

(a) MR images with poor-quality or incomplete clinical data (n =
21);
(b) patients treated with surgery, chemoradiotherapy, or TACE,

prior to RFA (n = 64)

(c) number of nodules >3 or diameter of nodules >5 cm (n = 11);
(d) patients with a short-term follow-up (< 3 months) (n = 38);
(e) pathological diagnosis was not HCC (n = 48)

A total of 204 HCC patients treated with RFA as the first-line therapy

Training group (n = 153) Validation group (n=151)
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“°Y-Microspheres

Lung dose

Men 581 10

| ‘Women 140

glass 490 0.304
resin 231

Glass *°Y-microspheres <30 Gy 466 0.001
‘ >30 Gy 24

Resin *°Y-microspheres <25 Gy 211 0.061
> 25 Gy 20
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%0y. Total Lung Estimated = Symptom Symptom onset utcome = CTCAE Follow-up

microspheres  radiation shunt lung dose after grade period after
used ElailY13% fraction (Gy) radioembolization diagnosis of
delivered (%) (months) radiation
(GBq) pneumonitis
(months)
M/61 | Glass 12.99 4.57 29.12 Dyspnea, 33 Improved 3 8
cough
M/78 | Glass 314 19.4 2978 Dyspnea 1:3 Died 5 1
F/62  Glass 7.23 8.93 3161 Dyspnea, 6.1 Died 5 25
cough
M/84  Glass 7.37 10.0 36.15 Cough 6.0 improved 3 18
M/65  Glass 5.89 1321 38.14 Dyspnea 55 Improved 3 12
F/71  Resin 27 591 1321 Dyspnea, 16 Died 5 07
cough
M/55 | Resin 25 12.15 18.86 Dyspnea 43 improved 3 16
M/65 | Resin 24 14.1 21.01 Dyspnea 38 improved 3 27
M/47 | Resin 3.0 16.23 30.23 Dyspnea 11 Died 5 0.6
M/78  Resin 30 18.22 33.94 Dyspnea 6.7 improved 3 26
M/60 | Glass 345 7.65 12.95% Dyspnea, 28 Improved 3 9
cough
M/91  Resin 1.8/1.5 14.38/not 16.07/13.39" Dyspnea 36 Died 5 04
‘measured
M/76  Resin 20 49.32 61.24° Dyspnea, 33 Died 5 07
cough

* The tumor was supplied by both the right hepatic artery and right inferior phrenic artery. *™Tc-MAA was injected into only the right hepatic artery. Right inferior phrenic angiogram showed
tumor blush and pulmonary shunt. ®°Y-microspheres were injected into both right hepatic and right inferior phrenic arteries, assuming that the lung shunt fraction from the right inferior phrenic
artery was same as that of the right hepatic artery.

#2™ ession of radioembolization was performed 6 months after 1* session of radioembolization without lung shunt study. It was assumed that lung shunt fraction at 2™ session was 14.38%.
S Hepatic angiogram shows a large arteriovenous shunt. “™Tc-MAA was injected without embolization of arteriovenous shunt. °Y-microspheres were injected after embolization of arteriovenous
shunt.
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%0Y-Microspheres

Tumor type

Men 592 11
‘Women 140 2
glass 493 6
resin 239 7
HCC 664 13
Colorectal cancer 31
Cholangiocarcinoma 23
Neuroendocrine tumor i
Breast cancer 2

Gallbladder cancer
Gastrointestinal stromal tumor
Ampular of vater cancer
Gastric cancer

Hepatoblastoma
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Author ACC (%) SEN (%) SPE (%) PLR NLR DOR

Chong HH 91 89 (81, 95) 92 (88, 95) 10.75 (7.16, 16.14) 0.12 (0.07, 0.22) 88.7 (403, 195.9)
Dai H 87 3 (77, 99) 82 (67, 93) 5.32 (2.69, 10.50) 0.08 (0.02, 0.32) 63.6 (122, 3832.0)
Dong Y* a3 86 (64, 97) 100 (84, 100) 37.00 (2.37, 576.55) 0.16 (0.06, 0.43) 227.3 (11.0, 1000.0)
Dong Y* 69 84(77,90) 56 (49, 64) 1.92 (1.60, 2.30) 0.28 (0.19, 0.42) 6.7 (4.0, 11.5)
Feng ST 84 76 (63, 86) 89 (81, 94) 6.75 (3.80, 11.99) 0.27 (0.17, 0.43) 24.8 (10,5, 58.3)
Jiang YQ 85 7 (62, 89) 95 (82, 99) 14.30 (3.68, 55.55) 0.24 (0.14, 0.42) 59.5 (121, 291.7)
Ly 84 68 (45, 86) 96 (82, 100) 19.09 (2.73, 133.61) 0.33 (0.18, 0.61) 57.9 (6.5, 516.1)
Ma X 77 7 (76, 95) 72 (62, 80) 3.07 (2.22, 4.24) 0.18 (0.09, 0.36) 17.3 (7.0, 42.6)
NiM 84 3 (61, 95) 86 (70, 95) 5.78 (2.51, 13.30) 0.20 (0.08, 0.50) 28,5 (6.8, 119.7)
Peng J 77 78 (72, 84) 76 (66, 84) 3.22 (2.27, 4.56) 0.29 (0.22, 0.38) 11.1 (6.4, 19.5)
song D 86 85(80, 89) 87 (83, 90) 6.38 (4.90, 8.31) 0.17 (0.13, 0.24) 36.6 (22.9, 58.7)
Wang H 76 71 (54, 84) 79 (68, 87) 3.30 (2.10, 5.20) 0.37 (0.23, 0.61) 8.9(3.8,20.8)
Xu X 81 9 (82, 93) 7773, 82) 393 (3.21,4.82) 0.15 (0.09, 0.23) 26.7 (152, 46.9)
Yang L 87 9 (77, 96) 86 (79, 91) 6.25 (4.19, 9.31) 0.13 (0.06, 0.28) 47.4 (181, 123.9)
Ye0 Z %5 0 (70, 99) 100 (85, 100) 40.77 (2.62, 634.99) 0.12 (0.04, 0.37) 351.0 (15.9, 1000.0)
YuY 9% 5 (89, 99) 93 (84, 98) 14.32 (6.55, 36.94) 0.05 (0.02, 0.13) 294.0 (70.6, 1000.0)
Zhang R 74 2 (73, 89) 70 63, 77) 275 (2.15, 3.51) 0.25 (0.16, 0.40) 10.8 (5.8, 20.9)
Zhang W 71 72 (58, 83) 70 (56, 82) 2.43 (1,56, 3.78) 0.40 (0.25, 0.63) 6.09 (2.7, 13.8)
Zhang X 73 0 (53, 84) 76 (60, 89) 2.97 (1.62, 5.45) 0.39 (0.23, 0.66) 7.6(27,21.9)
Zhang Y 80 3 (74, 89) 76 (66, 85) 352 (2.37, 5.21) 0.23 (0.15, 0.35) 15.6 (7.7, 31.5)
Zheng J 78 1(79,97) 67 (55, 78) 276 (1.94, 3.99) 0.14 (0.06, 0.33) 19.6 (6.9, 56.9)
Zhu YJ 81 1 (68, 91) 81 (71, 88) 425 (2.72, 6.64) 0.23 (0.13, 0.41) 18.2 (7.7, 43.4)

Data in parentheses are 95% Cls. *Published in 2019; *Published in 2020.
ACC, accuracy: SEN, sensitivity; SPE, specificity; PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds ratio.
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Parameter

Design

Combine clinical factors
MRI

CT

us

No. of participants

QUADAS

Category

retrospective
prospective

Yes

no

Yes

no

Yes

no

Yes

no

2100

<100

QUADAS high risk
QUADAS no high risk

No.

of Studies

20
2
12
10
9
13
9
13
3
19
15
7
5
17

Sensitivity (%)

80, 86)
78, 99)
81, 88)
3 (78, 88)
79, 88)
80, 88)
79, 88)
80, 88)
80, 95)
80, 86)
81, 87)
74, 88)

66, 82)

83 (
88 (
84 (
83 (78
84 (
84 (
84 (
84 (
87 (
83 (
84 (
81 (
74 ( )
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P,
0.04
0.00
0.00
0.00
0.02
0.00

0.00

Specificity (%)

81(77, 86)
100 (100, 100)
81 (74, 87)
86 (80, 93
84(77, 90
83 (76, 89,
80 (72, 88
85 (79, 90)
87 (74, 100)
83 (78, 88)
so (74,85
91 (86, 97,
87 (79, 95,
82(77, 87,

)
)
)
)

)
)
)
)

P2
0.15
0.00
0.00
0.00
0.44
0.00

0.08

Data in parentheses are 95% Cls. MRI, magnetic resonance imaging; CT, computed tomography; US, ultrasound; QUADAS, quality assessment of diagnostic accuracy studies.
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