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Purpose

We aimed to compare the outcomes of adjuvant radiotherapy (ART) and surveillance in patients with grade 2 meningiomas (MNG2) who underwent surgical resection.



Materials and Methods

Data from four hospitals, in which patients aged ≥18 years underwent Simpson grade 1−4 surgical resection for newly diagnosed MNG2 between 1998 and 2018, were examined in this multicenter retrospective cohort study. Patients receiving ART with conventional fractionation were compared with those undergoing surveillance. Progression-free survival (PFS), progression/recurrence (P/R) were evaluated.



Results

This study included 518 patients, 158 of whom received ART. The median follow-up duration was 64.9 months. In the total cohort, ART was independently associated with significantly improved PFS (HR, 0.35; 95% CI, 0.23–0.55; P<0.001) and P/R (HR, 0.30; 95% CI, 0.18–0.48; P<0.001). In the propensity score-matched cohort (n=143 in each group), the 5-year PFS rates were 80.8% and 57.7% (P=0.004), and the 5-year P/R rates were 16.5% and 40.0% (P=0.002) in the ART and surveillance groups, respectively. After gross total resection, the 5-year PFS (85.0% vs. 64.7%; P=0.020) and P/R rates (15.2% vs. 32.0%; P=0.035) were significantly better in the ART group than in the surveillance group. A model for P/R was developed using recursive partitioning analysis with surgical extent, tumor size, and Ki-67 index. ART reduced the risk of P/R in the low- (P=0.069), intermediate- (P=0.044), and high-risk groups (P<0.001). Local control was also significantly enhanced by ART among all the risk groups (all P<0.05).



Conclusions

ART significantly improved PFS and P/R in patients with MNG2, irrespective of the surgical extent, and can be recommended after gross total resection. A prognostic model may guide decision-making for the use of ART.
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Introduction

Meningioma is the most common type of intracranial tumor, accounting for 35% of all intracranial tumors diagnosed (1). World Health Organization grade is related to tumor behavior and prognosis as follows (2): grade 1, benign; grade 2, atypical; and grade 3, malignant. The recurrence rates for benign, atypical, and malignant meningioma are approximately 7%–20%, 30%–40%, and 50%–80%, respectively (3). A vast majority of meningiomas are grade 1, constituting approximately 80–95% of all the meningiomas. Meningiomas of grade 2 (MNG2) and grade 3 are relatively rare, constituting approximately 4%–15% and 1%–3%, respectively (3, 4).

Surgical resection remains the first-line treatment for MNG2 and grade 3 meningiomas (5). Adjuvant radiotherapy (ART) has been presented to improve the treatment outcomes in patients with grade 3 meningiomas; however, there is no clear consensus regarding the use of ART in patients with MNG2. Currently, the cooperative group randomized controlled trials, including the ROAM/EORTC-1308 (6) and NRG Oncology BN003 trials (7), are being held to compare early ART with active surveillance in MNG2. The retrospective studies should guide the clinical practices and elucidate the role of ART until data from these trials develop. However, the results of small retrospective series are conflicting. ART is generally indicated following subtotal resection (STR) of MNG2; nonetheless, the role of ART following gross total resection (GTR) remains controversial (8–14).

Therefore, we aimed to compare the treatment outcomes between ART and surveillance following surgical resection of MNG2 in a large multicenter retrospective cohort. Furthermore, we sought to identify which patients may benefit most from ART, to aid in clinical decision-making.



Materials and Methods


Cohort Development

We collected data from four hospitals in which the patients were treated. The inclusion criteria were as follows: i) newly diagnosed intracranial MNG2 according to the WHO 2016 classification (15), ii) diagnosed between 1998 and 2018, iii) surgically resected, and iv) aged ≥18 years. By reviewing the pathology reports of patients diagnosed before 2016, patients were re-classified according to the WHO 2016 classification. The exclusion criteria were as follows: i) history of any other brain tumor; ii) neurofibromatosis type 2; iii) optic nerve sheath meningioma; iv) multiple meningioma; v) history of brain radiotherapy; vi) history of other malignancy within 5 years, excluding in situ tumors of the uterine cervix, in situ tumors of the breast, differentiated thyroid cancer, and basal cell carcinoma; and vii) ART with stereotactic radiosurgery. The inclusion and exclusion criteria were primarily based on those utilized in the ROAM/EORTC-1308 trial (6). In total, 518 patients were assessed. This study was approved by the institutional review boards of each participating hospital.



Treatment and Follow-Up

All the patients underwent surgical resection as an initial treatment, following diagnosis. The extent of resection was determined based on the surgeons’ descriptions. In 76.3% of the cases, the postsurgical magnetic resonance imaging (MRI) findings were also used for evaluation. The extent of resection was dichotomized into GTR (Simpson grade 1–3) versus STR (Simpson grade 4). Patients undergoing biopsy (Simpson grade 5) were not included. Radiotherapy performed within a year following surgery without any evidence of disease progression or recurrence (P/R) was considered to be ART. ART was administered within 3 months following surgery in most patients (n=133, 84.2%). Two-dimensional, three-dimensional, and intensity-modulated radiotherapy were used in 11 (7.0%), 40 (25.3%), and 107 (67.7%) patients, respectively. The median ART dose was 59.4 Gy in 33 fractions (interquartile range [IQR], 54–60 Gy). Target volume was defined as a postsurgical tumor bed or residual gross tumor in addition to 1.5- to 2-cm margin to the meninges and 0.5- to 1-cm margin to the brain parenchyma, and an additional margin of 0.3- to 0.5-cm to the planning target volume. Follow-up MRI was performed every 6–12 months for 5 years.



Statistical Analysis

The follow-up was calculated from the date of initial surgery. Local failure was defined as recurrence within a 2-cm margin from the tumor bed. Intracranial failure other than local failure was termed as distant intracranial failure. Any failure (local, distant intracranial, or extracranial failure) was termed as progression/recurrence (P/R). Progression-free survival (PFS) was defined as the time from initial surgery to P/R, death, or the last follow-up.

The Cox proportional hazards model was used for univariable and multivariable analyses. Clinically relevant factors regarding the patient, tumor, and treatment characteristics were included in the model. Factors with a P-value<0.1 in the univariable analyses were included in the multivariable analyses. Propensity score matching between the ART and surveillance groups was performed using a 1:1 nearest-neighbor (greedy-type) matching and a caliper width equal to 0.2 of the standard deviation of the logit measured using the R package ‘‘MatchIt” (16). The matching covariates included the age, sex, Eastern Cooperative Oncology Group (ECOG) performance status, tumor size, extent of resection, use of postoperative MRI, pathologic type, tumor location, brain invasion, bone invasion, and Ki-67 proliferation index. The standardized mean difference was used to evaluate the balance of covariate distribution between the two groups. Additionally, the balances in the covariates were assessed using the McNemar’s tests and Wilcoxon signed-rank tests for categorical variables and continuous variables, respectively. Recursive-partitioning analysis (RPA) model was developed for the patients in the surveillance group to identify the factors that were the most influential for P/R using the R package “rpart” (17). RPA was conducted with factors including the age, sex, ECOG performance status, tumor size, extent of resection, use of postoperative MRI, pathologic type, tumor location, brain invasion, bone invasion, and Ki-67 proliferation index. The performance of the RPA model was evaluated using area under curve (AUC). For internal validation of the model, bootstrap resampling (1,000 iterations) was performed. A two-sided P-value <0.05 was considered significant. Statistical analyses were performed using R software version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS software version 25.0 (IBM Inc., Armonk, NY, USA).




Results


Patient Characteristics

Of the 518 patients, 158 (30.5%) and 360 (69.5%) patients underwent ART and surveillance, respectively (Table 1). The ART group exhibited a significantly larger tumor size (median, 5 cm vs. 4.5 cm, P<0.001), more frequent STR (30.4% vs. 14.7%, P<0.001), and higher Ki-67 levels (median, 5.0% vs. 4.4%, P=0.027) compared with the surveillance group. The median time from initial surgery to ART was 1.3 months (IQR, 1.0–2.1 months).


Table 1 | Baseline characteristics in the entire and matched cohorts.





Treatment Outcomes in the Entire Cohort

The median duration of follow-up were 64.9 months (IQR, 40.4–101.2 months), 56.8 months (IQR, 39.4–85.4 months), and 67.5 months (IQR, 41.2–108.4 months) in all the patients, the ART group, and the surveillance group, respectively. During the follow-up, 133 patients (25.7%) experienced P/R at 3.1–167.0 months (median, 23.8 months) following surgery and 49 patients (9.5%) died at 3.1–253.3 months (median, 55.1 months) following surgery. In the ART group, 29 patients (18.4%) experienced P/R with 22 (13.9%) with local failure, five (3.2%) with distant intracranial failure, and two (1.3%) with extracranial failure at the first failure time (Table A.1). In the surveillance group, 104 patients (28.9%) experienced P/R with 98 (27.2%) with local failure, four (1.1%) with distant intracranial failure, and two (0.6%) with both local and distant intracranial failure at the first failure time.

The 5-year PFS rates were 80.7% in the ART group and 66.6% in the surveillance group (Plog-rank=0.055; hazard ratio [HR], 0.70; 95% CI, 0.49–1.00; P=0.056) (Figure 1A). The 5-year P/R rates were 17.0% in the ART group and 30.8% in the surveillance group (Plog-rank=0.016; HR, 0.61; 95% CI, 0.40–0.92; P=0.018) (Figure 1C). The 5-year local failure rates were 12.0% in the ART group and 30.2% in the surveillance group (Plog-rank=0.001; HR, 0.46; 95% CI, 0.29–0.74; P<0.001) (Figure A.1A). In the multivariable analysis, older age, larger tumor size, and STR were the unfavorable prognostic factors for PFS; however, ART (HR, 0.35; 95% CI, 0.23–0.55; P<0.001) was a significantly favorable factor (Table 2). In the multivariable analysis, larger tumor size and STR were unfavorable prognostic factors for P/R; however, ART (HR, 0.30; 95% CI, 0.18–0.48; P<0.001) was a significantly favorable factor. ART was also independently associated with reduced local failure (HR, 0.21; 95% CI, 0.12–0.35; P<0.001).




Figure 1 | PFS and P/R in the entire and propensity score-matched cohorts. ART, adjuvant radiotherapy; PFS, progression-free survival; P/R, progression/recurrence.




Table 2 | Prognostic factors for PFS and P/R in the entire cohort.





Treatment Outcomes in the Propensity Score-Matched Dataset

Following the propensity score matching, the ART and surveillance groups included 143 patients, each with all the characteristics being well matched (Table 1). The matching resulted in a reduction of the standardized mean difference below 20% (0.2) for all the covariates. There was no significant difference observed in the covariates of the groups, except for the ECOG performance status.

In the matched cohort, the 5-year PFS rates were 80.8% and 57.7% for the ART and surveillance groups, respectively (Plog-rank=0.004; HR, 0.54; 95% CI, 0.35–0.83; P=0.005) (Figure 1B). The 5-year P/R rates were 16.5% and 40.0% for the ART group and surveillance groups, respectively (Plog-rank=0.002; HR, 0.47; 95% CI, 0.29–0.76; P=0.002) (Figure 1D). The 5-year local failure rates were 12.0% in the ART group and 39.2% in the surveillance group (Plog-rank<0.001; HR, 0.36; 95% CI, 0.22–0.61; P<0.001) (Figure A.1B).

Among patients who had undergone GTR, the 5-year PFS rates were 85.0% and 64.7% (Plog-rank=0.020; HR, 0.50; 95% CI, 0.27–0.91; P=0.023) (Figure 2A), the 5-year P/R rates were 15.2% and 32.0% (Plog-rank=0.035; HR, 0.50; 95% CI, 0.25–0.96; P=0.038) (Figure 2C), and the 5-year local failure rates were 9.0% and 32.0% (Plog-rank=0.002; HR, 0.33; 95% CI, 0.15–0.70; P=0.004) in the ART and surveillance groups, respectively (Figure A.2A). Among patients who had undergone STR, the 5-year PFS rates were 71.9% and 35.6% (Plog-rank=0.003; HR 0.37; 95% CI, 0.19–0.72; P=0.004) (Figure 2B), the 5-year P/R rates were 20.0% vs. 64.4% (Plog-rank<0.001; HR; 0.28; 95% CI, 0.13–0.58; P=0.001) (Figure 2D), and the 5-year local failure rates were 17.4% and 61.6% (Plog-rank<0.001; HR, 0.24; 95% CI, 0.11–0.52; P<0.001) in the ART and surveillance groups, respectively (Figure A.2B). Treatment outcomes according to the surgical extent in the entire cohort are shown in Figure A.3.




Figure 2 | PFS and P/R for ART according to surgical extent in the propensity score-matched cohorts. ART, adjuvant radiotherapy; PFS, progression-free survival; P/R, progression/recurrence.



Subgroup analyses based on the age, sex, tumor size, extent of resection, tumor location, brain invasion, bone invasion, and Ki-67 proliferation index were performed (Figure 3). The ART group observed better trends for PFS and P/R rates compared with the surveillance group in all the above-mentioned subgroup analyses.




Figure 3 | (A) PFS and (B) P/R according to subgroup in the propensity score-matched cohort. ART, adjuvant radiotherapy; PFS, progression-free survival; P/R, progression/recurrence.





RPA Model for Progression/Recurrence

An RPA model was generated in the surveillance group to identify patients who were at the highest risk for P/R without ART and would obtain the maximum benefit from ART. RPA revealed that the extent of resection was a major determinant of P/R. Nevertheless, this model demonstrated a high risk of P/R even after the dependence of GTR on the tumor size and Ki-67 index. The RPA model classified patients into three risk groups (Figure 4A). The 5-year P/R rates in the low-, intermediate-, and high-risk groups were 18.6%, 37.9%, and 65.3%, respectively (Plog-rank<0.001) (Figure 4B). Further, the patients in the ART group were reincluded and classified into the respective risk groups to determine whether ART reduces P/R and local failure in each risk group. ART significantly reduced P/R in the intermediate- (Plog-rank=0.044) and high-risk groups (Plog-rank<0.001); however, there was a trend for reduced P/R in the low-risk group (Plog-rank=0.069) (Figures 4C–E). ART significantly reduced local failure in all the risk groups (all Plog-rank<0.05) (Figures 4F–H). ART was an independent prognostic factor for P/R in the high-risk groups (Table A.2) and for local failure in all the groups (Table A.3). The observed AUC of the RPA model was 0.726 (95% CI, 0.668–0.784), and the mean AUC using 1,000 bootstrap samples was 0.726 (95% CI, 0.668–0.785).




Figure 4 | (A) Classification of the surveillance group into risk-of-P/R categories and (B) Kaplan–Meier estimates of P/R according to these categories. (C–H) P/R and local failure in the low-risk group, intermediate-risk group, and high-risk group according to adjuvant treatment in the entire cohort. Recursive-partitioning analysis was used to identify prognostic factors with the most influential predictive significance in a proportional-hazards model of P/R and to classify patients into categories of low-, intermediate-, or high-risk of P/R. ART, adjuvant radiotherapy; P/R, progression/recurrence.






Discussion

In this multicenter retrospective study, we compared the treatment outcomes between ART and surveillance following surgical resection of patients with MNG2. Our findings indicated that ART significantly improved PFS and decreased P/R rates compared with surveillance. Following the propensity score matching, ART resulted in significantly lower P/R and local failure rates and prolonged PFS after both STR and GTR. An RPA model for P/R was used to classify the patients in the surveillance group into three risk groups based on the surgical extent, tumor size, and the Ki-67 proliferation index. Subsequent analysis revealed that the P/R rates were significantly lower in the ART patients compared to surveillance patients in the intermediate- and high-risk groups and the local failure rates were significantly lower in ART patients compared to surveillance patients.

In accordance with the previous findings, our analysis revealed that the tumor size was a significant predictor of prognosis in patients with MNG2 (9, 10). This may be secondary to the difficulty in achieving GTR (18) and tendency for larger meningiomas to grow faster (19). Therefore, even after GTR, patients with larger tumors may be at a higher risk of P/R owing to the presence of some microscopic residuum. We observed a significant decrease in P/R when patients with larger totally resected tumors (≥5.6 cm) underwent ART; however, the benefit of ART in patients with smaller totally resected tumors (<5.6 cm) was less significant. In a study by Bruna et al. (20), a Ki-67 of ≥9.9% was associated with higher recurrence rates and a poor overall survival in patients with atypical and anaplastic meningiomas. In accordance with the previous study, our finding suggests that patients with high Ki-67 should receive adjuvant treatment.

Our analysis identified surgical extent to be an important prognostic factor in patients with MNG2 (10, 11, 13, 21). ART is generally recommended following STR (13, 14, 21, 22). In contrast, whether patients with MNG2 can benefit from ART post-GTR remains controversial, given the contradictory results of multiple small single-institutional retrospective studies (8, 13, 14, 22–29). This may be secondary to the heterogeneity in the indications for ART across institutions and selection bias, given that our ART group exhibited more unfavorable characteristics such as a larger tumor size, lesser GTR, and higher Ki-67. However, a recent meta-analysis of retrospective studies observed that ART significantly increases PFS after GTR of atypical meningiomas (30). Table 3 shows the results of retrospective series comparing ART and surveillance and the results of prospective non-randomized studies. Although the benefit of ART after GTR is heterogeneous across the studies, our study showed a clear benefit of ART post-GTR. The result may be more robust considering that our study included more than 500 patients and the results were consistent in the multivariable model as well as in the propensity score-matched population.


Table 3 | Summary of retrospective studies comparing adjuvant radiotherapy and surveillance after surgery for grade 2 meningiomas and prospective single arm studies showing the results of adjuvant radiotherapy.



The previous studies have attempted to establish guidelines for the adjuvant treatments with a detailed risk stratification with various clinical factors (8, 22, 33). Furthermore, there have been suggestions for molecular classification of meningioma (34–36). In this study, RPA identified three groups of P/R risk following surgery and surveillance. Our risk stratification suggests that ART can be recommended in the cases of intermediate- and high-risk MNG2. In addition, although ART exerted only a marginally significant benefit on P/R in the low-risk patients, ART reduced the risk of P/R in these patients by half. Surveillance following surgery resulted in a 5-year P/R rate of 20% in the low-risk patients. Furthermore, ART significantly reduced the risk of local failure across all the risk groups. Therefore, ART can also be considered for disease control among the low-risk patients.

Stereotactic radiosurgery has attracted the attention as an excellent alternative to external beam radiation therapy (37, 38). Although it is generally used for small residual tumors and external beam radiation therapy is preferred for MNG2 with brain and/or bone invasion (14), previous studies reported a significant portion of patients treated with adjuvant radiosurgery after STR (10, 14, 23, 39, 40) and the tumor control rate of these patients was about 60% at 5 years. After matching the patient demographics, the tumor control was similar between the two radiation modalities (39). The result of our study indicated that irradiating the whole tumor bed with additional margins lowered the P/R rate after GTR. However, as GTR is a strong prognostic factor for good prognosis, irradiating a smaller field with radiosurgery may be acceptable for patients with small tumor bed and feasible for radiosurgery

To our knowledge, this study is among the largest ones to evaluate the role of ART in patients with MNG2. Given the large sample size, we could obtain robust results with detailed analyses including multivariable analysis, propensity score matching, and RPA models. RPA aided in classifying the patients into risk groups that exhibited significant differences in prognosis, thus, aiding in the development of the therapeutic strategies for each risk group. Additionally, the results of our study are strengthened by the fact that the patients from multiple institutions with heterogenous indications for ART were merged to form a less biased cohort. Furthermore, the relatively long median follow-up duration enabled us to account for late P/R, which was identified even 5 years following surgery.

This study had several limitations owing to its retrospective nature. The differences in the patients’ characteristics suggested selection bias. However, we attempted to account for such bias using the propensity score matching and adjusted multivariable analyses. Additionally, since this study involved patients from multiple institutions, inter-institutional discrepancies in the histopathologic evaluation for the diagnostic criteria of MNG2 were inevitable. Further studies verifying our risk stratification for MNG2 treated by radiosurgery are warranted.



Conclusions

In conclusion, our findings indicated that ART improved PFS and P/R in patients with MNG2, irrespective of the surgical extent. The RPA model for P/R may guide the clinicians in decision-making regarding ART following resection of MNG2; however, we recommend ART for all the risk groups when the goal is to reduce P/R. Further studies can validate our results and establish indications for ART.
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