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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.
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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.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author contributions

RW, HX, and ML designed this study. RW, HX, WC, LJ, and ZM collected the patients’ data. LW, HW, and KC conducted the statistical analysis of this study. RW and HX wrote the manuscript. ML revised and supervised the manuscript. All authors contributed to the article and agreed to the submitted version.



Funding

This study has received funding by National Natural Science Foundation of China (no. 61976238), Shanghai “Rising Stars of Medical Talent” Youth Development Program “Outstanding Youth Medical Talents” [SHWJRS (2021)-99], Scientific Research Program of Shanghai Science and Technology Commission (Reference: 20Y11902900), and the “Future Star” of famous doctors’ training plan of Fudan University.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Llovet, JM, Montal, R, Sia, D, and Finn, RS. Molecular therapies and precision medicine for hepatocellular carcinoma. Nat Rev Clin Oncol (2018) 15:599–616. doi: 10.1038/s41571-018-0073-4

2. Raoul, JL, Forner, A, Bolondi, L, Cheung, TT, Kloeckner, R, and de Baere, T. Updated use of TACE for hepatocellular carcinoma treatment: How and when to use it based on clinical evidence. Cancer Treat Rev (2019) 72:28–36. doi: 10.1016/j.ctrv.2018.11.002

3. Lee, DH, Lee, JM, Lee, JY, Kim, SH, Yoon, JH, Kim, YJ, et al. Radiofrequency ablation of hepatocellular carcinoma as first-line treatment: Long-term results and prognostic factors in 162 patients with cirrhosis. Radiology (2014) 270:900–9. doi: 10.1148/radiol.13130940

4. Leone, P, Solimando, AG, Fasano, R, Argentiero, A, Malerba, E, Buonavoglia, A, et al. The evolving role of immune checkpoint inhibitors in hepatocellular carcinoma treatment. Vaccines (2021) 9(5):532. doi: 10.3390/vaccines9050532

5. Awad, T, Thorlund, K, and Gluud, C. Cryotherapy for hepatocellular carcinoma. Cochrane Database Syst Rev (2009) 7(4):D7611. doi: 10.1002/14651858.CD007611.pub2

6. Zongyi, Y, and Xiaowu, L. Immunotherapy for hepatocellular carcinoma. Cancer Lett (2020) 470:8–17. doi: 10.1016/j.canlet.2019.12.002

7. Dai, Y, Qiang, W, Lin, K, Gui, Y, Lan, X, and Wang, D. An immune-related gene signature for predicting survival and immunotherapy efficacy in hepatocellular carcinoma. Cancer Immunol Immunother (2021) 70:967–79. doi: 10.1007/s00262-020-02743-0

8. Song, KD, Rhim, H, Lee, MW, Kim, YS, and Kang, TW. Intrahepatic distant recurrence after radiofrequency ablation for hepatocellular carcinoma: Precursor nodules on pre-procedural gadoxetic acid-enhanced liver magnetic resonance imaging. Acta Radiol (2017) 58:778–85. doi: 10.1177/0284185116673122

9. Lee, DH, Lee, JM, Lee, JY, Kim, SH, Kim, JH, Yoon, JH, et al. Non-hypervascular hepatobiliary phase hypointense nodules on gadoxetic acid-enhanced MRI: Risk of HCC recurrence after radiofrequency ablation. J Hepatol (2015) 62:1122–30. doi: 10.1016/j.jhep.2014.12.015

10. Hu, C, Song, Y, Zhang, J, Dai, L, Tang, C, Li, M, et al. Preoperative gadoxetic acid-enhanced MRI based nomogram improves prediction of early HCC recurrence after ablation therapy. Front Oncol (2021) 11:649682. doi: 10.3389/fonc.2021.649682

11. Yang, Y, Chen, Y, Ye, F, Cao, X, Xin, Y, Wang, Y, et al. Late recurrence of hepatocellular carcinoma after radiofrequency ablation: A multicenter study of risk factors, patterns, and survival. Eur Radiol (2021) 31:3053–64. doi: 10.1007/s00330-020-07460-x

12. Moon, JY, Min, JH, Kim, YK, Cha, D, Hwang, JA, Ko, SE, et al. Prognosis after curative resection of single hepatocellular carcinoma with a focus on LI-RADS targetoid appearance on preoperative gadoxetic acid-enhanced MRI. Korean J Radiol (2021) 22:1786. doi: 10.3348/kjr.2020.1428

13. Cha, DI, Jang, KM, Kim, SH, Kang, TW, and Song, KD. Liver imaging reporting and data system on CT and gadoxetic acid-enhanced MRI with diffusion-weighted imaging. Eur Radiol (2017) 27:4394–405. doi: 10.1007/s00330-017-4804-1

14. Morisaka, H, Seno, D, Sakurai, Y, Sano, K, Akamine, Y, Ichikawa, T, et al. Quantitative analysis of gadoxetic acid-enhanced MRI for the differential diagnosis of focal liver lesions: Comparison between estimated intralesional gadoxetic acid retention by T1 mapping and conventional processing methods. Eur J Radiol (2021) 138:109620. doi: 10.1016/j.ejrad.2021.109620

15. Choi, SH, Lee, SS, Park, SH, Kim, KM, Yu, E, Park, Y, et al. LI-RADS classification and prognosis of primary liver cancers at gadoxetic acid-enhanced MRI. Radiology (2019) 290:388–97. doi: 10.1148/radiol.2018181290

16. Park, S, Joo, I, Lee, DH, Bae, JS, Yoo, J, Kim, SW, et al. Diagnostic performance of LI-RADS treatment response algorithm for hepatocellular carcinoma: Adding ancillary features to MRI compared with enhancement patterns at CT and MRI. Radiology (2020) 296:554–61. doi: 10.1148/radiol.2020192797

17. Granito, A, Galassi, M, Piscaglia, F, Romanini, L, Lucidi, V, Renzulli, M, et al. Impact of gadoxetic acid (gd-eob-dtpa)-enhanced magnetic resonance on the non-invasive diagnosis of small hepatocellular carcinoma: a prospective study. Aliment Pharmacol Ther (2013) 37(3):355–63. doi: 10.1111/apt.12166

18. Renzulli, M, Biselli, M, Brocchi, S, Granito, A, Vasuri, F, Tovoli, F, et al. New hallmark of hepatocellular carcinoma, early hepatocellular carcinoma and high-grade dysplastic nodules on gd-eob-dtpa mri in patients with cirrhosis: A new diagnostic algorithm. Gut (2018) 67(9):1674–82. doi: 10.1136/gutjnl-2017-315384

19. Kim, SW, Joo, I, Kim, HC, Ahn, SJ, Kang, HJ, Jeon, SK, et al. LI-RADS treatment response categorization on gadoxetic acid-enhanced MRI: Diagnostic performance compared to mRECIST and added value of ancillary features. Eur Radiol (2020) 30:2861–70. doi: 10.1007/s00330-019-06623-9

20. Kim, MY, Joo, I, Kang, HJ, Bae, JS, Jeon, SK, and Lee, JM. LI-RADS m (LR-m) criteria and reporting algorithm of v2018: Diagnostic values in the assessment of primary liver cancers on gadoxetic acid-enhanced MRI. Abdom Radiol (NY) (2020) 45:2440–8. doi: 10.1007/s00261-020-02545-z

21. Jeon, SK, Joo, I, Lee, DH, Lee, SM, Kang, HJ, Lee, KB, et al. Combined hepatocellular cholangiocarcinoma: LI-RADS v2017 categorisation for differential diagnosis and prognostication on gadoxetic acid-enhanced MR imaging. Eur Radiol (2019) 29:373–82. doi: 10.1007/s00330-018-5605-x

22. Min, JH, Kim, SH, Hwang, JA, Hyun, SH, Ha, SY, Choi, SY, et al. Prognostic value of LI-RADS category on gadoxetic acid-enhanced MRI and 18F-FDG PET-CT in patients with primary liver carcinomas. Eur Radiol (2021) 31:3649–60. doi: 10.1007/s00330-020-07378-4

23. Bae, JS, Kim, JH, Lee, DH, Kim, JH, and Han, JK. Hepatobiliary phase of gadoxetic acid-enhanced MRI in patients with HCC: Prognostic features before resection, ablation, or TACE. Eur Radiol (2021) 31:3627–37. doi: 10.1007/s00330-020-07499-w

24. Wei, H, Jiang, H, Zheng, T, Zhang, Z, Yang, C, Ye, Z, et al. LI-RADS category 5 hepatocellular carcinoma: Preoperative gadoxetic acid-enhanced MRI for early recurrence risk stratification after curative resection. Eur Radiol (2021) 31:2289–302. doi: 10.1007/s00330-020-07303-9

25. Hu, XX, Wang, WT, Yang, L, Yang, ZX, Liang, HY, Ding, Y, et al. MR features based on LI-RADS identify cytokeratin 19 status of hepatocellular carcinomas. Eur J Radiol (2019) 113:7–14. doi: 10.1016/j.ejrad.2019.01.036

26. Kang, HJ, Kim, H, Lee, DH, Hur, BY, Hwang, YJ, Suh, KS, et al. Gadoxetate-enhanced MRI features of proliferative hepatocellular carcinoma are prognostic after surgery. Radiology (2021) 300:572–82. doi: 10.1148/radiol.2021204352

27. Park, HJ, Kim, YK, Cha, DI, Ko, SE, Kim, S, Lee, ES, et al. Targetoid hepatic observations on gadoxetic acid-enhanced MRI using LI-RADS version 2018: Emphasis on hepatocellular carcinomas assigned to the LR-m category. Clin Radiol (2020) 75:413–78. doi: 10.1016/j.crad.2020.01.002

28. Cannella, R, Fraum, TJ, Ludwig, DR, Borhani, AA, Tsung, A, Furlan, A, et al. Targetoid appearance on T2-weighted imaging and signs of tumor vascular involvement: Diagnostic value for differentiating HCC from other primary liver carcinomas. Eur Radiol (2021) 31:6868–78. doi: 10.1007/s00330-021-07743-x

29. Harrison, LE, Koneru, B, Baramipour, P, Fisher, A, Barone, A, Wilson, D, et al. Locoregional recurrences are frequent after radiofrequency ablation for hepatocellular carcinoma. J Am Coll Surgeons (2003) 197:759–64. doi: 10.1016/S1072-7515(03)00750-6

30. Wu, YC, Xiao, ZB, Lin, XH, Zheng, XY, Cao, DR, and Zhang, ZS. Dynamic contrast-enhanced magnetic resonance imaging and diffusion-weighted imaging in the activity staging of terminal ileum crohn’s disease. World J Gastroenterol (2020) 26:6057–73. doi: 10.3748/wjg.v26.i39.6057

31. Wu, L, Rao, S, Xu, P, Yang, L, Chen, C, Liu, H, et al. Pre-TACE kurtosis of ADCtotal derived from histogram analysis for diffusion-weighted imaging is the best independent predictor of prognosis in hepatocellular carcinoma. Eur Radiol (2019) 29(1):213–23. doi: 10.1007/s00330-018-5482-3

32. Song, W, Yu, X, Guo, D, Liu, H, Tang, Z, Liu, X, et al. MRI-Based radiomics: Associations with the recurrence-free survival of patients with hepatocellular carcinoma treated with conventional transcatheter arterial chemoembolization. J Magn Reson Imaging (2020) 52:461–73. doi: 10.1002/jmri.26977

33. Chan, KS, and Shelat, VG. Clinical utility of advances in radiofrequency ablation for small hepatocellular carcinoma. J Invest Surg (2022) 35(4):888–90. doi: 10.1080/08941939.2021.1944404

34. Gui, CH, Baey, S, D’Cruz, RT, and Shelat, VG. Trans-arterial chemoembolization + radiofrequency ablation versus surgical resection in hepatocellular carcinoma – a meta-analysis. Eur J Surg Oncol (2020) 46(5):763–71. doi: 10.1016/j.ejso.2020.01.004



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 © 2023 Wang, Xu, Chen, Jin, Ma, Wen, Wang, Cao, Du and Li. 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.


OEBPS/Images/fonc-13-975216-g002.jpg





OEBPS/Images/fonc-13-975216-g005.jpg
>

Net benefit

0.4

0.3

0.2

0.0 0.1

Assessment of 12-month
RFS with DCA

r

T T T T

0.0 0.2 0.4 0.6 0.8

Threshold probability

1
1.0

w

Net benefit

03 04

0.2

0.1

0.0

Assessment of 24-month
RFS with DCA

r T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Threshold probability





OEBPS/Images/fonc.2023.975216_cover.jpg
, frontiers ‘ Frontiers in Oncology

Gadoxetic acid—enhanced
MRI with a focus on LI-RADS
v2018 imaging features predicts
the prognosis after
radiofrequency ablation in small
hepatocellular carcinoma





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Gadoxetic acid–enhanced MRI with a focus on LI-RADS v2018 imaging features predicts the prognosis after radiofrequency ablation in small hepatocellular carcinoma

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Patient selection

          



          		

            MRI protocols

          



          		

            RFA procedures

          



          		

            Follow-up and outcome analysis

          



          		

            Clinical-radiological characteristics analysis

          



          		

            Construction and validation of the nomogram

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Patients characteristics in both training and validation groups

          



          		

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

          



          		

            Construction and validation of predictive nomogram for RFS

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-13-975216-g003.jpg
A g B g 1 C g
3 w S a0 S w0
H t :
Q@ e a 60 @ 60
3 H g H
o & & &
14 T 40 T 40 T 40
[ g g P <0.001
o g 20 <100 E 20 B pf sbsence
£ H 0 g H —— presence
£ ¢ op . o, o, T € 0 \ € op o 1y
© 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
- Time (months) Time (months) Time (months)
Number at risk Number at risk Number at risk
Rim APHE: absence Targetoid restriction on DWI: absence
75 59 a7 38 20 10 0 0 104 102 83 67 54 34 13 1 ] 104 102 83 69 57 39 15 1 0
Rim APHE: presence Targetoid restriction on DWI: presence
72 57 4 3B 29 8 1 0 49 45 33 26 2 15 6 0 0 49 45 33 24 19 10 4 0 0
D g ™ ngo F g 10
S fow 5 e 3w
o £ g g
5 @ e 2 6o @ eof
c & g g
40 P =0.005 G 40 3 a0k
-2 é T <100 2 P=0.001 1 2 P=0016
© £ 2L —>00 g 20f ——absence 2 20 ~— absence
k= 3 — presence — g — presence
T © oh \ L . . . . . Z  op \ . . . . . L € oh . . . L L . .
> o 5 10 15 20 25 30 35 o 5 10 15 20 25 30 35 o 5 10 15 20 25 30 35
Time (months) Time (months) Time (months)
Number at risk Number at risk Number at risk
AFP: $100 Rim APHE: absence Targetoid restriction on DWI: absence
32 30 28 2 17 6 4 0 3 35 3 20 21 9 4 0 33 31 28 24 17 7 5 0
AFP: >100 Rim APHE: presence Targetoid restriction on DWI: presence

19 18 16 13 10 ¥ 2 0 15 13 1M L § 6 4 2 0 18 17 16 12 10 6 1 0





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Parameters Univariate analysis Multivariate analysis
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Age (years) <60 Reference

260 1.395 (0.829-2.346) 0.210
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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
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PT-INR Normal Reference
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Isointense 0.771 (0.405-1.468) 0429
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Isointense 1.088 (0.583-2.029) 0.791
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Signal on delayed phase Hypointense Reference
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LI-RADS v2018 imaging findings

APHE Non-rim APHE Reference
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Washout Not peripheral washout Reference
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Enhancing capsule Presence Reference
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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
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Fat in mass, more than adjacent liver Presence Reference
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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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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
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C-index, concordance index; AEP, alphafetoprotein; APHE, arterial phase hyperenhancement; DWI, diffusion weighted imaging.
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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)
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Normal 64 (41.8) 24 (47.1)

Abnormal 89 (58.2) 27 (52.9)
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Normal 72 (47.1) 30 (58.8)
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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
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Well-defined 62 (40.5) 28 (54.9)
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imaging
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Isointense 50 (32.7) 18 (35.3)
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Enhancing capsule 0.195
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Absence 76 (49.7) 20 (39.2)

Delayed central
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Targetoid restriction 0.667
on DWI
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Absence 49 (32.0) 18 (35.3)
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Absence 35 (22.9) 13 (25.5)

Corona enhancement 1.000
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Absence 33 (21.6) 11 (21.6)
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Restrict diffusion 0.627

Presence 72 (47.1) 26 (51.0)

Absence 81 (52.9) 25 (49.0)
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Iron sparing in solid 0.766
mass
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architecture 0.092
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Presence 122 (79.7) 37 (72.5)
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