
Supplementary Table 1. Characteristics of The Clinical Studies
	Author(s), Year, Country
	Study Focus, Study Design
	Sample Size, Age
	Extent of Resection
	Adjuvant Therapy
	Key Findings

	Adegbite et al. Canada [9].
	Recurrence of intracranial meningiomas after surgical treatment, Retrospective cohort study
	114 patients, Age range: 1 year 5 months to 82 years (mean: 55 years)
	Simpson grading: Grade 1 (28.9%), Grade 2 (48.2%), Grade 3 (6.1%), Grade 4 (15.8%), Grade 5 (0.9%)
	Postoperative radiotherapy given to 8 patients (7%), including 2 with malignant tumors
	80% recurrence-free at 5 years, ~50% recurrence-free at 20 years; only grade of initial surgery significantly influenced recurrence; tumor site, histology, sex, and radiotherapy had no statistically significant impact

	Aizer et al., USA [17].
	Extent of resection and overall survival for patients with atypical and malignant meningioma, Retrospective cohort study using SEER database
	639 patients (575 with atypical meningioma, 64 with malignant meningioma), Age range: 18-70 years
	Gross Total Resection (GTR) vs. Subtotal Resection (STR); GTR in 48% of cases, STR in 49%, biopsy in 3%
	Radiotherapy received by 24% of atypical meningioma patients and 66% of malignant meningioma patients
	GTR associated with improved 5-year overall survival: 91.3% (atypical) vs. 78.2% (STR); 64.5% (malignant) vs. 41.1% (STR). GTR significantly reduced all-cause mortality (HR: 0.39 for atypical, 0.35 for malignant meningiomas). No significant association between radiotherapy and survival.

	Alkemade et al., Netherlands [18].
	Long-term survival and functional outcomes in WHO Grade I meningiomas, Retrospective cohort study
	205 patients, Mean age: 53.7 years (range: 4.5–84 years)
	Simpson Grade I (20%), Grade II (47%), Grade III (11%), Grade IV/V (21%)
	Radiotherapy given to 29 patients (14%), mostly for recurrent tumors or after non-radical resection
	Survival at 5, 10, 15, and 20 years was 92%, 81%, 63%, and 53%, lower than expected. Recurrence rates at 5, 10, and 15 years were 18%, 26%, and 32%. Higher Simpson grade and younger age were associated with increased recurrence. Two-thirds of long-term survivors had neurological deficits, with 27% experiencing severe disability.

	Chan & Thompson, Canada [19].
	Morbidity, mortality, and quality of life following surgery for intracranial meningiomas, Retrospective cohort study
	257 patients, Mean age: 53.1 years (range: 5-80 years)
	Gross Total Resection (GTR) in 213 patients (83%), Partial Resection or decompression in 44 patients (17%)
	Radiation therapy delivered to 30 patients (12%), including 12 patients with malignant meningiomas
	Mean survival 9.0 years, quality of life (Karnofsky score ≥70) maintained for 8.3 years. Tumor recurrence occurred in 22% of cases. GTR resulted in significantly improved survival and quality of life. Radiotherapy prolonged survival in malignant meningiomas but was ineffective for recurrent benign tumors. Postoperative seizures were linked to tumor location, venous sacrifice, and prior epilepsy.

	Chohan et al., USA [20].
	Predictors of treatment response and survival outcomes in meningioma recurrence with atypical or anaplastic histology, Retrospective cohort study
	60 patients, Median age: 58.1 years (IQR 50.7-64.0)
	Gross Total Resection (GTR) in 57% of cases, Subtotal Resection (STR) in 35%
	Radiotherapy was used in 67% of patients at first recurrence (including conventional external beam RT, stereotactic radiosurgery, and brachytherapy); 12% received chemotherapy
	Extent of resection at first recurrence did not significantly impact subsequent recurrence or overall survival. Radiotherapy at first recurrence showed a trend toward better tumor control but was not statistically significant (P = 0.07). Further prospective, multicenter studies are needed to define treatment guidelines.

	Coke et al., USA [21].
	Outcome analysis of patients with atypical and malignant meningiomas, Retrospective cohort study
	17 patients, Age range: Not specified
	Gross Total Resection (GTR) in 41% of cases, Subtotal Resection (STR) in 59%
	Radiotherapy administered to 76% of patients, Chemotherapy was not commonly used
	Patients with Gross Total Resection (GTR) had significantly better survival rates than those with Subtotal Resection (STR). Radiotherapy improved local control but did not significantly impact overall survival. Malignant meningiomas exhibited a high recurrence rate despite aggressive treatment.

	Dziuk et al. USA [22].
	Impact of aggressive surgery and adjuvant radiotherapy on recurrence and survival of malignant meningiomas, Retrospective cohort study
	38 patients, Median age: 60 years (range: 3-82 years)
	28 Gross Total Resections (GTR), 20 Subtotal Resections (STR)
	19 patients (50%) received postoperative radiotherapy; median dose: 5400 cGy (range: 3060-6300 cGy)
	Actuarial 5-year disease-free survival (DFS) was 39% for GTR vs. 0% for STR (p = 0.001). Adjuvant radiotherapy improved 5-year DFS from 15% to 80% (p = 0.002) when given at initial resection but had no impact at recurrence. Extent of resection, adjuvant radiotherapy, and recurrence status were independent prognostic factors.

	Kent et al. USA [23].
	Long-term outcomes of atypical or malignant meningiomas treated with or without radiation therapy, Retrospective cohort study over 25 years
	66 patients, Median age: 57 years (IQR 46-70 years)
	36 patients (54.5%) treated with surgery alone, 28 patients (42.4%) with surgery and adjuvant RT, 2 patients (3%) with RT alone
	28 patients (42.4%) received adjuvant radiotherapy (median dose: 55.8 Gy), 2 patients received RT alone, systemic therapy was used in some cases
	Patients who received adjuvant RT had significantly improved progression-free survival (PFS) compared to surgery alone (HR 0.36, 95% CI 0.18-0.70). No significant differences in PFS or OS were observed based on Simpson grade or WHO grade. Ki-67 >10% was associated with a trend toward worse PFS. High recurrence rates suggest the need for long-term monitoring.

	Kunishio et al, Japan [24].
	Factors influencing recurrence rate of intracranial meningiomas after surgery, Retrospective cohort study
	242 patients, Age range: Not specified (majority in the 6th decade of life)
	Simpson Grade I: lowest recurrence, Grade II/III: intermediate recurrence, Grade IV: highest recurrence (p < 0.001)
	Not specified in detail, but recurrence rate was analyzed based on surgical extent and histological classification
	Extent of surgical removal was the most important factor influencing recurrence; anterior basal meningiomas had higher recurrence due to difficulty in complete resection; malignant meningiomas and hemangiopericytomas recurred earlier; no significant difference in recurrence by histological subtype except for malignant cases.

	Lim et al., South Korea [25].
	Long-term clinical outcomes of malignant meningiomas, Retrospective cohort study
	15 patients, Mean age: 56.9 years (range 36-78)
	Simpson Grade I: 2 patients (13.2%), Grade II: 5 (33.4%), Grade III: 3 (20%), Grade IV: 5 (33.4%)
	12 patients (80%) received radiation therapy, 2 underwent radiosurgery, 1 patient had no additional therapy due to old age
	5-year progression-free survival (PFS) rate was 53.6%. Recurrence occurred in 4 patients (26.7%), with a median recurrence time of 35 months. Radiosurgery had favorable tumor control in recurred cases. No significant survival differences were observed based on resection extent, gender, or preoperative embolization.

	Mirimanoff et al., USA [26].
	Analysis of recurrence and progression of meningiomas after surgical resection, Retrospective cohort study
	225 patients, Majority in 5th-7th decades of life
	Total resection: 145 patients (64%), Subtotal resection: 80 patients (36%)
	No adjuvant therapy was administered; study analyzed recurrence and progression following surgery alone
	5-, 10-, and 15-year survival rates were 83%, 77%, and 69%, respectively. Recurrence-free rate after total resection: 93% (5 years), 80% (10 years), 68% (15 years). Subtotal resection resulted in much lower progression-free rates: 63% (5 years), 45% (10 years), 9% (15 years). High total resection rates correlated with lower recurrence risk. Certain tumor sites (e.g., convexity meningiomas) had better resection outcomes and lower recurrence compared to sphenoid ridge and parasellar meningiomas.

	Nakano et al., Japan [27].
	Case study of malignant meningioma with long-term recurrence-free survival, Case report
	Single patient, 54 years old at diagnosis
	Total resection via parieto-occipital transcortical approach
	Gamma knife radiosurgery (20 Gy) administered 2 months after surgery due to suspected residual tumor
	Despite high MIB-1 index (12-27%), the patient remained recurrence-free for over 10 years following total resection and gamma knife radiosurgery. This case highlights the potential for long-term disease control in malignant meningiomas with aggressive surgical and radiosurgical management.

	Nanda et al., USA [28].
	Recurrence and outcomes in skull base meningiomas vs. other intracranial meningiomas, Retrospective cohort study
	169 patients (83 skull base meningiomas, 86 non-skull base meningiomas), Mean age: Skull base 55 years, Non-skull base 54 years
	All patients underwent Gross Total Resection (GTR) confirmed via microscopy and postoperative imaging
	No mention of routine adjuvant therapy; study focused on surgical outcomes and recurrence
	Recurrence was higher in skull base meningiomas (26.5%) vs. non-skull base meningiomas (15%) but not statistically significant (p=0.07). Increasing age was associated with worse outcomes (p<0.001). Skull base location was not significantly associated with higher mortality or morbidity compared to non-skull base meningiomas.

	Palma et al., Italy [29].
	Long-term prognosis for atypical and malignant meningiomas, Retrospective cohort study
	71 patients (42 atypical, 29 malignant meningiomas), Mean age: Not specified
	Simpson Grade I: 33.3% for atypical, 21% for malignant; Simpson Grades II–III: 66.7% for atypical, 79% for malignant
	Radiotherapy was administered in some cases, but no standardized protocol for all patients; radiosurgery used selectively
	5- and 10-year survival rates were 95% and 79% for atypical meningiomas, 64.3% and 34.5% for malignant meningiomas (p = 0.001). Median recurrence-free survival was 11.9 years (atypical) vs. 2 years (malignant) (p = 0.001). Simpson Grade I resection and convexity location were associated with better prognosis. 26% of recurrent atypical meningiomas became malignant.

	Rosenberg et al., USA. [30].
	Long-term outcomes of WHO Grade III (malignant) meningiomas, Retrospective cohort study
	13 patients, Mean age: 65 years (range 37-87)
	Gross Total Resection (GTR) in 8 patients (Simpson Grades I-III), Subtotal Resection (STR) in 2 patients (Simpson Grade IV)
	14 courses of radiotherapy (RT), including fractionated RT, stereotactic radiosurgery (SRS), and intensity-modulated RT; only 2 patients received chemotherapy
	Median survival was 3.4 years; 5-year survival rate was 47.2%, and 8-year survival rate was 12.2%. Median time to recurrence was 9.6 months. Adjuvant RT showed a trend toward better survival but was not statistically significant (p=0.13). Younger age was significantly associated with better survival (p=0.04).

	Sughrue et al. USA. [31].
	Outcomes of primary and repeat surgery for WHO Grade III meningiomas, Retrospective cohort study
	63 patients, Median age: 51 years (range 2–89)
	Simpson Grade 0–1: 21%, Grade 2: 19%, Grade 3: 24%, Grade 4: 37%
	All patients received postoperative radiotherapy; some received brachytherapy or stereotactic radiosurgery (SRS) for recurrence
	2-, 5-, and 10-year survival rates were 82%, 61%, and 40%. Median survival was 53 months for repeat surgery vs. 25 months for no second surgery (p = 0.02). Near-total resection (NTR) had better survival than gross-total resection (GTR) (p = 0.035 for initial surgery, p = 0.005 for repeat surgery). Younger patients had significantly better survival (p = 0.04).


RT: Radiotherapy; GTR: Gross Total Resection; STR: Subtotal Resection.
Key study variables include design, sample size, extent of resection, use of adjuvant therapy, and main findings related to recurrence and survival.
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	Study (Author, Year)
	Sample Size
	Median Age (Years)
	Extent of Resection (GTR vs. STR)
	Adjuvant Therapy (%)
	5-Year Survival Rate (%)
	Key Findings

	Adegbite et al. [9].
	114
	55
	28.9% GTR, 71.1% STR
	7% RT
	80%
	GTR correlated with lower recurrence; tumor site had no impact

	Aizer et al. [17].
	639
	18-70
	48% GTR, 49% STR, 3% biopsy
	24% atypical RT, 66% malignant RT
	91.3% (atypical), 64.5% (malignant)
	GTR associated with better survival; RT not significantly effective

	Alkemade et al. [18].
	205
	53.7
	20% GTR, 80% STR
	14% RT
	92%
	Higher Simpson grade increased recurrence; functional deficits common

	Chan & Thompson. [19].
	257
	53.1
	83% GTR, 17% STR
	12% RT
	Mean survival 9 years
	GTR improved survival; RT ineffective for benign recurrences

	Chohan et al.  [20].
	60
	58.1
	57% GTR, 35% STR
	67% RT, 12% chemo
	Not specified
	Extent of resection did not affect recurrence; RT showed trend toward benefit

	Coke et al.  [21].
	17
	Not specified
	41% GTR, 59% STR
	76% RT
	Not specified
	GTR improved survival; high recurrence despite RT

	Dziuk et al.  [22].
	38
	60
	28 GTR, 20 STR
	50% RT
	39% DFS
	RT at initial surgery improved DFS (15% vs. 80%)

	Kent et al.  [23].
	66
	57
	54.5% surgery alone, 42.4% surgery+RT
	42.4% RT
	Not specified
	Adjuvant RT improved PFS; no difference in PFS based on WHO grade

	Kunishio et al.  [24].
	242
	6th decade
	Grade I: lowest recurrence, IV: highest recurrence
	Not specified
	Not specified
	Surgical extent was most critical recurrence factor

	Lim et al..  [25].
	15
	56.9
	13.2% GTR, 86.8% STR
	80% RT
	53.6%
	Radiosurgery controlled recurrence; no survival difference in resection extent

	Mirimanoff et al. [26].
	225
	5th-7th decades
	64% GTR, 36% STR
	No RT
	83%
	GTR resulted in better long-term recurrence-free survival

	Nakano et al., [27].
	1
	54
	Total resection
	Gamma knife RT
	10-year recurrence-free
	Aggressive surgery + gamma knife RT controlled recurrence

	Nanda et al., [28].
	169
	55
	All underwent GTR
	No RT
	Not specified
	Skull base meningiomas had higher recurrence but no survival impact

	Palma et al., [29].
	71
	Not specified
	33.3% atypical GTR, 21% malignant GTR
	Some RT
	95% (atypical), 64.3% (malignant)
	Simpson Grade I + convexity location = best prognosis

	Rosenberg et al. [30].
	13
	65
	8 GTR, 2 STR
	RT in 14 cases
	47.2%
	RT had no significant survival benefit; younger age correlated with better outcomes

	Sughrue et al., [31].
	63
	51
	21% GTR, 79% STR
	All RT post-surgery
	82%
	Repeat surgery improved survival; aggressive GTR led to higher morbidity


GTR: Gross Total Resection; STR: Subtotal Resection; RT: Radiotherapy; DFS: Disease-Free Survival; PFS: Progression-Free Survival.
Data summarized by study, including sample size, age, surgical extent, adjuvant therapy, survival rate, and major clinical findi
