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Simple Summary

This study is the first meta-analysis comparing local control (LC) outcomes among conven-
tionally fractionated proton therapy (CF-PT), conventionally fractionated photon radiother-
apy, and stereotactic approaches for WHO Grade 1 meningioma. Excellent LC was achieved
across all modalities, with no significant differences despite variations in tumor volume.
Notably, CF-PT achieved a 5-year LC rate of 95.9%, comparable to contemporary photon-
based approaches while being applied to larger tumors. Given the prolonged survival
expected for most patients with benign meningiomas, treatment selection should consider
both tumor control and long-term survivorship, including preservation of quality of life
and reduction in late toxicities. Future studies are needed to evaluate treatment-related
toxicity and long-term clinical outcomes to refine optimal treatment strategies.

Abstract

Background/Objectives: The optimal radiotherapy modality for World Health Organiza-
tion (WHO) Grade 1 meningioma remains uncertain. Proton therapy offers dosimetric
advantages through reduced radiation exposure to normal brain tissue, but comparative
clinical data across contemporary radiotherapy modalities are limited. We performed
a systematic review and meta-analysis comparing local control (LC) outcomes among
conventionally fractionated proton therapy (CF-PT), conventionally fractionated photon
radiotherapy (CF-Photon RT), Linac-based stereotactic radiosurgery/radiotherapy (Linac-
based SRS/SRT), and Gamma Knife radiosurgery (GKRS). Methods: A systematic liter-
ature search of PubMed (2000–2024) was conducted to identify studies reporting LC for
WHO Grade 1 meningioma treated with CF-PT, CF-Photon RT, Linac-based SRS/SRT, or
GKRS. Random-effects meta-analyses were performed to estimate pooled 1- to 5-year LC
rates. Random-effects meta-regression analyses were conducted using modality, age, sex,
and gross tumor volume (GTV) as covariates. Results: Twenty-four studies comprising
4673 patients were included in the meta-analysis. Median GTVs were larger in the CF-PT
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and CF-Photon RT cohorts than in the Linac-based SRS/SRT and GKRS cohorts. All modal-
ities achieved excellent LC: 5-year LC rates were 95.9% for CF-PT, 93.0% for CF-Photon
RT, 95.3% for Linac-based SRS/SRT, and 89.8% for GKRS. Meta-regression showed no
significant association between modality or GTV and LC. In the CF-PT cohort, 5-year
overall survival was 93.1%. Conclusions: Major radiotherapy modalities achieved ex-
cellent and comparable LC. Notably, CF-PT and CF-Photon RT maintained favorable
LC despite being used for larger tumors than stereotactic approaches. Future studies are
needed to evaluate long-term tumor control and treatment-related toxicity to define optimal
treatment strategies.

Keywords: meta-analysis; proton therapy; photon radiotherapy; meningioma; outcomes

1. Introduction
Meningiomas originate from arachnoid cap cells of the arachnoid membrane and

are typically dural-based tumors. They are the most common primary brain tumor and
predominantly affect middle-aged and older adults, with a higher incidence in females [1].
These tumors may arise at any site where dura mater is present, most commonly along the
cerebral convexity, parasagittal region, and falx cerebri [2]. Clinical manifestations include
focal neurological deficits, symptoms of increased intracranial pressure, and epilepsy,
although an increasing proportion of lesions are now detected incidentally due to advances
in neuroimaging [3,4]. Histopathologically, meningiomas are classified into World Health
Organization (WHO) Grades 1–3, which are associated with recurrence risk and guide
therapeutic decision making [5]. Most meningiomas are WHO Grade 1 tumors and have
favorable long-term survival, whereas higher-grade lesions show more aggressive behavior
and a greater risk of recurrence. The etiology remains incompletely understood, but
hormonal influences have been implicated, and meningiomas may also arise as secondary
neoplasms following prior cranial irradiation [6–8].

Management strategies for meningiomas are individualized according to patient age,
comorbidities, symptoms, tumor size, location, histological grade, and expected long-term
outcomes. Observation is generally recommended for small asymptomatic lesions [9].
However, active treatment should be considered for younger patients and for tumors
with radiographic features associated with progression, including larger size, absence of
calcification, T2 hyperintensity, or peritumoral edema [4,10]. Surgical resection remains
the cornerstone of treatment whenever feasible. Radiotherapy plays an important role for
surgically challenging tumors, residual disease after subtotal resection, recurrent lesions,
and selected high-grade meningiomas [9]. Radiotherapy approaches include convention-
ally fractionated radiotherapy, stereotactic radiosurgery, and stereotactic radiotherapy,
delivered using photon- or proton-based technologies. Despite widespread clinical use,
there is no clear consensus on the optimal radiotherapy modality or fractionation strategy
for WHO Grade 1 meningioma.

Because patients with WHO Grade 1 meningioma frequently have long-term survival
extending over several decades, treatment selection should consider both tumor control
and the potential risk of late treatment-related toxicities. Radiation-induced neurocognitive
decline, cerebrovascular complications, and secondary malignancies have become increas-
ingly important concerns in long-term survivors. Proton therapy (PT) offers a dosimetric
advantage through reduction in unnecessary radiation exposure to surrounding normal
brain tissue. This advantage may be particularly relevant for large or anatomically com-
plex meningiomas requiring irradiation near critical organs at risk. However, evidence
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supporting the clinical role of PT in meningioma is limited, and comparative data across
contemporary radiotherapy modalities are scarce. Furthermore, it remains unclear whether
differences in treatment modality translate into clinically meaningful differences in tumor
control for WHO Grade 1 meningioma.

With this background, we performed a systematic review and meta-analysis com-
paring conventionally fractionated proton therapy (CF-PT), conventionally fractionated
photon radiotherapy (CF-Photon RT), Linac-based stereotactic radiosurgery/radiotherapy
(Linac-based SRS/SRT), and Gamma Knife radiosurgery (GKRS) for WHO Grade 1 menin-
gioma. The primary objective was to evaluate local control (LC) across modalities and to
define the potential role of PT.

2. Materials and Methods
2.1. Selection Criteria for Meta-Analysis

This study was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines and recommendations [11].
The review was not registered, and no formal protocol was prepared. Only articles written
in English were included. Article screening was performed independently by two reviewers
(HN and MM), and discrepancies were resolved through discussion. YL assisted with the
literature search and screening process. One reviewer (HN) extracted data following a
standardized data extraction form that included the author, year of publication, follow-
up period, treatment details, patient characteristics, and outcomes. A second reviewer
(MM) verified the accuracy of the extracted data. Inclusion criteria were: (1) clinical or
pathological diagnosis of WHO Grade 1 meningioma; (2) treatment with radiotherapy,
including CF-PT, CF-Photon RT, Linac-based SRS/SRT, or GKRS; and (3) availability of LC
data following radiotherapy. WHO Grades 2 and 3 meningiomas were not included because
the number of studies for each radiotherapy modality was limited and heterogeneity in
patient background and treatment indications precluded meaningful comparisons across
modalities. Regarding the minimum sample size, considering differences in treatment
availability and the volume of published literature, the threshold for inclusion was set at
≥50 cases for CF-Photon RT, Linac-based SRS/SRT, and GKRS, and ≥10 cases for CF-PT.

2.2. Search Strategy and Study Selection

For selection of CF-PT articles, a PubMed search using the terms (proton beam therapy
OR proton radiotherapy) AND meningioma identified 192 articles published between
2000 and 2024. Of these, 27 articles describing PT for meningioma were selected based on
their titles or abstracts. After reviewing the full texts, studies with ≥10 cases that reported
LC outcomes for WHO Grade 1 meningioma were selected. Articles were then excluded if
they included combined photon radiotherapy, showed substantial patient-selection bias, or
contained overlapping datasets, resulting in the final selection of six eligible studies [12–17].

For CF-Photon RT, Linac-based SRS/SRT, and GKRS, a PubMed search using the terms
(radiotherapy OR radiation therapy) AND meningioma identified 3694 articles published
between 2000 and 2024. Of these, 508 articles describing radiotherapy for meningioma
were selected based on their titles or abstracts. Because all eligible CF-PT studies were pub-
lished from 2010 onwards, inclusion of studies evaluating other modalities was restricted
to publications from 2010 onwards to improve consistency with contemporary treatment
technologies. Among these, 228 prospective or retrospective studies including ≥50 patients
were identified. Studies were further selected if they reported dose fractionation, treatment
modality, and LC outcomes for WHO Grade 1 meningioma. After excluding studies involv-
ing particle therapy, patient-selection bias, or overlapping datasets, 18 studies remained
(CF-Photon RT only: 2, CF-Photon RT and Linac-based SRS/SRT: 3, Linac-based SRS/SRT
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only: 7, GKRS: 6) [18–35]. The Linac-based SRS/SRT group included both conventional
Linac systems and CyberKnife. The study selection process is summarized in Figure 1.

Figure 1. Flowcharts of study selection. CF-PT: Conventionally fractionated proton therapy; CF-
Photon RT: Conventionally fractionated photon radiotherapy; Linac-based SRS/SRT: Linac-based
stereotactic radiosurgery/radiotherapy; GKRS: Gamma Knife radiosurgery.

2.3. Data Extraction

Data extracted from the selected articles included author, publication year, follow-up
period, mortality, local recurrence, 1- to 5-year LC rates, treatment modality, total dose,
number of fractions, age, sex, and gross tumor volume (GTV). Additionally, 1- to 5-year
overall survival (OS) data were collected for the CF-PT cohort. When 1- to 5-year LC or OS
rates were not explicitly reported, values were estimated from published Kaplan–Meier
curves or graphical data.

2.4. Statistical Analysis

Random-effects meta-analyses of 1- to 5-year LC rates were performed for each treat-
ment modality, and forest plots were generated. For studies with missing precision es-
timates, values were statistically imputed using the number of patients, the risk set size
at each time point, and the mean dropout rate [36]. Heterogeneity among studies was
assessed using the I-square (I2) statistic. To compare outcomes among treatment modalities,
random-effects meta-regression analyses were performed using treatment modality as an
explanatory variable. Additional meta-regression analyses were conducted using age, sex
ratio, and GTV as covariates. All analyses were performed using R ver. 4.6.0 (R Core Team,
Vienna, Austria) and the meta package ver. 8.5-0 [37].
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3. Results
Patient characteristics according to treatment modality are summarized in Table 1.

The median ages of patients treated with CF-PT, CF-Photon RT, Linac-based SRS/SRT, and
GKRS were 53, 58, 58, and 55 years, respectively. The proportion of male patients was
also comparable among the four groups (25.0%, 23.0%, 25.7%, and 22.0%, respectively).
In contrast, median GTV differed across modalities. The median GTV was 15.4 mL for
CF-PT and 18.6 mL for CF-Photon RT, compared with 5.0 mL and 4.8 mL for Linac-based
SRS/SRT and GKRS groups, respectively. Thus, conventionally fractionated radiotherapy
tended to be used for larger tumors than stereotactic techniques. The median follow-up
periods for the CF-PT, CF-Photon RT, Linac-based SRS/SRT, and GKRS were 69.5, 81.0, 64.7,
and 72.0 months, respectively. The corresponding median prescription doses were 54.0,
53.4, 18.5, and 14.0 Gy.

Table 1. Backgrounds of patients.

Factor CF-PT CF-Photon RT Linac-Based SRS/SRT GKRS

Total patients 450 1544 1446 1233
Age

Median (years) 53 58 58 55
Range 8–85 10–86 10–87 8–90

Male
Median (%) 25.0 23.0 25.7 22.0
Range 22.0–35.3 18.0–24.1 15.0–72.0 17.7–28.0

Gross Tumor Volume
Median (mL) 15.4 18.6 5.0 4.8
Range 0–296.0 0.4–754.0 0.1–51.8 0–62.7

Median follow-up period
Median (months) 69.5 81.0 64.7 72.0
Range 8.4–204.0 1.0–349 1.0–259.2 4.0–234.0

Total dose
Median (Gy) 54.0 53.4 18.5 14.0
Range 45.0–66.6 32.4–66.2 5.0–61.0 7.0–20.4

Number of Fractions
Median (fractions) 28 30 1 1
Range 25–37 24–42 1–15 1–1

CF-PT: Conventionally fractionated proton therapy; CF-Photon RT: Conventionally fractionated photon
radiotherapy; Linac-based SRS/SRT: Linac-based stereotactic radiosurgery/radiotherapy; GKRS: Gamma
Knife radiosurgery.

Forest plots for 1- to 5-year LC rates for each modality are shown in Figure 2. Despite
the differences in tumor volume, excellent LC was achieved across all treatment modalities.
The pooled LC rates (95% confidence interval [CI]) for CF-PT, CF-Photon RT, Linac-based
SRS/SRT, and GKRS were: 1-year LC: 99.0% (95.9–99.8%) vs. 99.0% (96.1–99.7%) vs. 96.4%
(87.5–99.0%) vs. 98.6% (97.3–99.2%); 2-year LC: 98.8% (95.5–99.7%) vs. 97.8% (91.7–99.4%)
vs. 98.0% (95.1–99.2%) vs. 96.5% (89.4–98.8%); 3-year LC: 97.6% (93.2–99.2%) vs. 96.0%
(91.4–98.2%) vs. 96.3% (83.2–99.2%) vs. 93.5% (88.0–96.5%); 4-year LC: 97.3% (91.6–99.1%)
vs. 97.2% (90.4–99.2%) vs. 97.4% (94.1–98.8%) vs. 90.7% (82.3–95.2%); and 5-year LC: 95.9%
(89.0–98.5%) vs. 93.0% (86.8–96.3%) vs. 95.3% (92.6–97.0%) vs. 89.8% (82.9–94.0%).

Regarding tumor response, the reported tumor shrinkage rates were 39.3% (14.5–59%)
for the Linac-based SRS/SRT and 34.8% (28.0–66.1%) for the GKRS, while no such data
were available for the CF-PT or CF-Photon RT groups. Although the number of studies
reporting clinical outcomes was limited, an improvement in pre-existing symptoms or
quality of life (QOL) was observed in 29.4–37.5% for CF-PT, 27–37.5% for CF-Photon RT,
21.4–62% for Linac-based SRS/SRT, and 2.0–30.8% for GKRS.
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Figure 2. Forest plots of (A) 1-year, (B) 2-year, (C) 3-year, (D) 4-year, and (E) 5-year LC rates for CF-PT,
CF-Photon RT, and Linac-based SRS/SRT, GKRS. LC: local control; CF-PT: Conventionally fraction-
ated proton therapy; CF-Photon RT: Conventionally fractionated photon radiotherapy; Linac-based
SRS/SRT: Linac-based stereotactic radiosurgery/radiotherapy; GKRS: Gamma Knife radiosurgery;
CI: confidence interval [12–35].
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Multivariable meta-regression analysis was performed using treatment modality, sex,
age, and GTV as covariates. No significant association was observed between treatment
modality and LC at any time point between 1 and 5 years. There was also no significant
association between LC and GTV despite the larger tumor volumes in the conventionally
fractionated radiotherapy cohorts. There was a significant association for mean patient age
at 2 years (p = 0.0241) and 4 years (p = 0.0348), with an older age associated with slightly
higher LC rates. No significant association was found between LC and sex at any of the
evaluated time points (Table 2).

Table 2. Meta-regressions of potential predictive factors for 1- to 5-year local control.

Estimate SE Z Value p-Value CI.LB CI.UB

1-year LC
CF-PT 6.5912 10.0632 0.6550 0.5125 −13.1324 26.3148
CF-Photon RT 0.0257 1.2580 0.0204 0.9837 −2.4399 2.4912
Linac-based SRS/SRT −1.1869 1.8889 −0.6283 0.5298 −4.8892 2.5154
GKRS −0.0563 1.5255 −0.0369 0.9706 −3.0462 2.9336
Male Ratio −0.0129 0.1263 −0.1019 0.9189 −0.2605 0.2347
Age −0.0341 0.2161 −0.1578 0.8746 −0.4577 0.3895
GTV 0.0044 0.0918 0.0476 0.9621 −0.1755 0.1842

2-year LC
CF-PT 0.0879 3.1297 0.0281 0.9776 −6.0462 6.2220
CF-Photon RT −1.1035 0.9354 −1.1797 0.2381 −2.9367 0.7298
Linac-based SRS/SRT −1.7053 1.0694 −1.5947 0.1108 −3.8012 0.3906
GKRS −0.6479 1.0264 −0.6313 0.5279 −2.6597 1.3638
Male Ratio −0.1513 0.0958 −1.5791 0.1143 −0.3392 0.0365
Age 0.1362 0.0604 2.2560 0.0241 0.0179 0.2544
GTV 0.0563 0.0838 0.6722 0.5015 −0.1079 0.2205

3-year LC
CF-PT 13.9857 8.5266 1.6402 0.1010 −2.7262 30.6975
CF-Photon RT −0.4026 0.7554 −0.5330 0.5941 −1.8832 1.0780
Linac-based SRS/SRT 0.4143 1.2107 0.3422 0.7322 −1.9585 2.7872
GKRS −0.1958 0.8437 −0.2321 0.8165 −1.8494 1.4578
Male Ratio −0.0279 0.0929 −0.3004 0.7639 −0.2100 0.1542
Age −0.1848 0.1845 −1.0018 0.3165 −0.5464 0.1768
GTV −0.0110 0.0636 −0.1728 0.8628 −0.1356 0.1136

4-year LC
CF-PT 0.2190 2.6553 0.0825 0.9343 −4.9854 5.4233
CF-Photon RT −0.4364 0.7541 −0.5788 0.5627 −1.9144 1.0415
Linac-based SRS/SRT −1.1003 0.8864 −1.2413 0.2145 −2.8376 0.6370
GKRS −1.0496 0.7824 −1.3415 0.1797 −2.5831 0.4839
Male Ratio −0.1305 0.0697 −1.8718 0.0612 −0.2671 0.0061
Age 0.1141 0.0540 2.1111 0.0348 0.0082 0.2200
GTV 0.0268 0.0590 0.4540 0.6499 −0.0889 0.1425

5-year LC
CF-PT 3.5586 6.1631 0.5774 0.5637 −8.5208 15.6380
CF-Photon RT −0.3873 0.7835 −0.4943 0.6211 −1.9230 1.1484
Linac-based SRS/SRT 0.3160 0.9271 0.3409 0.7332 −1.5010 2.1331
GKRS −0.4129 0.8370 −0.4933 0.6218 −2.0534 1.2276
Male Ratio −0.0560 0.0610 −0.9173 0.3590 −0.1756 0.0636
Age 0.0082 0.1190 0.0687 0.9452 −0.2252 0.2415
GTV 0.0262 0.0535 0.4891 0.6248 −0.0787 0.1310

LC: Local control; CF-PT: Conventionally fractionated proton therapy; CF-Photon RT: Conventionally fractionated
photon radiotherapy; Linac-based SRS/SRT: Linac-based stereotactic radiosurgery/radiotherapy; GKRS: Gamma
Knife radiosurgery; GTV: gross tumor volume; SE: standard error; CI.LB: confidence interval lower bound; CI.UB:
confidence interval upper bound.

OS was additionally evaluated in the CF-PT cohort. The pooled OS rates (95% CI)
were 98.6% (95.7–99.6%) at 1 year, 97.3% (93.6–98.9%) at 2 years, 95.4% (90.8–97.7%) at
3 years, 94.4% (89.3–97.1%) at 4 years, and 93.1% (80.9–97.6%) at 5 years. Forest plots for
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the 1- to 5-year OS rates after CF-PT are shown in Figure 3. Directly comparing OS with
other modalities was beyond the scope of this analysis due to data constraints.

Figure 3. Forest plots of (A) 1-year, (B) 2-year, (C) 3-year, (D) 4-year, and (E) 5-year OS rates for
CF-PT. OS: overall survival; CF-PT: Conventionally fractionated proton therapy; CI: confidence
interval [13–15].

Treatment-related toxicities associated with each modality are summarized in Sup-
plementary Table S1. Although several studies in the CF-PT group included patients with
WHO grade 2 or 3 meningiomas in their toxicity reports, the data included in the present
meta-analysis were derived from patients with WHO grade 1 meningiomas. Overall, the
incidence of severe adverse events was low. Late toxicities reported in multiple studies
included peritumoral edema, cranial neuropathy, radionecrosis, and arterial occlusion. One
large GKRS study reported three treatment-related deaths (grade 5); however, treatment-
related mortality was rare across the included studies.
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4. Discussion
To our knowledge, this is the first study to compare LC outcomes among CF-PT,

CF-Photon RT, Linac-based SRS/SRT, and GKRS for WHO Grade 1 meningioma. LC was
excellent across all modalities, with 5-year LC rates exceeding 89%. Given the expected
favorable long-term survival for most patients with WHO Grade 1 meningioma, these
findings suggest that treatment selection should be guided by considerations of long-term
survivorship, including treatment-related toxicity, in addition to tumor control. In the
CF-PT cohort, most acute adverse events were mild (Grade 2 or less), and none necessitated
treatment discontinuation. Regarding late adverse events, Grade 3 or higher radiation
necrosis occurred at a low rate (0–2.4%), which was considered an acceptable rate. CF-
PT achieved LC comparable to that of contemporary photon-based approaches while
maintaining excellent OS, supporting its role as an effective treatment option for patients
with WHO Grade 1 meningioma requiring radiotherapy.

In meta-regression analysis, older age was associated with improved LC at 2 years
(p = 0.0241) and 4 years (p = 0.0348). However, this association was not consistent across
all evaluated time points, and should therefore be interpreted cautiously. Furthermore, it
should be noted that the annual LC rates in this analysis are results of independent pooled
analyses at each time point, rather than longitudinal changes tracking a single cohort.
Given the overall high control rates for WHO Grade 1 meningioma, slight variations in the
reported values of individual papers may have influenced the estimates at each time point.
Previous studies have reported conflicting findings for the influence of age on LC [22,25,38].
One possible explanation is that meningiomas in younger patients may exhibit greater
proliferative potential and a higher likelihood of radiographic progression [4], whereas
tumors in elderly patients often show slower growth kinetics. Nevertheless, given the
indolent nature of WHO Grade 1 meningioma and the limited follow-up available in many
studies, additional long-term investigations are needed before definitive conclusions on
age-related differences in tumor control can be drawn.

A notable finding of this study was the difference in tumor volume among treat-
ment modalities. The median GTV for CF-PT (15.4 mL) and CF-Photon RT (18.6 mL) was
considerably larger than that for Linac-based SRS/SRT (5.0 mL) and GKRS (4.8 mL), a dif-
ference that became even more apparent when maximum tumor volumes were compared
(296.0–754.0 vs. 51.8–62.7 mL). This likely reflects routine clinical practice, in which con-
ventionally fractionated radiotherapy is selected for larger tumors or lesions adjacent to
critical structures, whereas stereotactic techniques are generally reserved for smaller lesions.
Beighley et al. reported that a tumor volume > 5 mL was associated with reduced LC [22],
but GTV was not significantly associated with LC in our adjusted analysis. While the
impact of tumor volume may have been underestimated due to limited statistical power or
collinearity between modality and tumor size, the clinical implication remains important:
CF-PT and CF-Photon RT achieved LC rates comparable to those of stereotactic approaches
despite treating larger tumors. These findings suggest that modern high-precision radio-
therapy can compensate for the challenges associated with larger tumor volumes and
maintain durable tumor control across a broad range of clinical scenarios.

Treatment-related toxicity is an important consideration for patients with WHO Grade
1 meningioma. Because these tumors are benign and most patients have prolonged survival,
minimizing late adverse effects may be as important as achieving durable tumor control.
Tumor volume is associated with a risk of treatment-related toxicity [38], and treatment of
large or anatomically complex lesions often necessitates irradiation of substantial volumes
of normal brain tissue. Consequently, concerns extend beyond acute adverse events
to include long-term complications such as cerebrovascular disease and neurocognitive
decline. In this context, PT offers several potential advantages. Owing to the physical
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properties of the Bragg peak, PT can reduce unnecessary radiation exposure to surrounding
normal tissues. Florijn et al. compared treatment plans for skull base meningiomas of ≥3 cm
and found that intensity-modulated proton therapy (IMPT) significantly reduced the mean
dose to normal brain tissue and the hippocampus compared with non-coplanar volumetric
modulated arc therapy (VMAT) and intensity-modulated radiotherapy (IMRT) [39]. In
clinical practice, a study comparing brain volume changes after photon and proton therapy
for brain tumors reported that the volume of atrophy was greater with photon therapy [40].
Furthermore, Sherman et al. prospectively followed 20 patients with low-grade glioma
treated with PT over five years and reported that cognitive function remained stable overall,
with no significant decline [41]. A clinical trial is also currently underway to compare
toxicity outcomes between PT and IMRT for glioblastoma [42]. Regarding meningioma,
Krcek et al. also reported that QOL is maintained over the long term after proton therapy.
Collectively, these studies suggest that reducing radiation exposure to normal brain tissue
may contribute to the long-term maintenance of neurocognitive function and QOL. These
dosimetric advantages may be particularly important in patients requiring irradiation of
large target volumes or lesions adjacent to a critical organ at risk.

Several limitations of this study should be acknowledged. First, all included stud-
ies were retrospective single-center studies, and selection bias could not be completely
excluded. Furthermore, there was variability in endpoints and the reporting of adverse-
event among studies, and insufficient data were available to permit direct comparisons
of OS, progression-free survival and adverse-event profiles among modalities. Although
CF-PT demonstrated acceptable toxicity and gave LC rates comparable to other approaches
despite treating larger tumors, future comparative studies should evaluate clinically rel-
evant endpoints such as radiation-induced edema, radiation necrosis, cerebrovascular
events, neurocognitive decline, and longitudinal QOL outcomes. Such endpoints may
ultimately prove more important than tumor control alone in patients with benign tumors
and prolonged life expectancy.

Second, follow-up durations were limited. Assessment of late effects such as cere-
brovascular disease and neurocognitive decline requires observation over many years.
Moreover, WHO Grade 1 meningiomas may recur 10–20 years or more after treatment.
Thus, 5-year LC rates should be interpreted as intermediate-term outcomes rather than
definitive measures of cure. In addition, this study focused on LC as the primary endpoint
and did not evaluate tumor regression. Chung et al. reported higher radiographic shrink-
age rates after stereotactic radiosurgery compared with fractionated radiotherapy [38].
Future studies should assess both tumor control and volumetric response and associated
clinical improvements, including recovery of neurological symptoms.

Third, there was heterogeneity among the included studies. The analyzed cohorts
encompassed definitive radiotherapy for unresected tumors, adjuvant radiotherapy after
subtotal resection, and salvage radiotherapy for recurrent disease. Studies with extreme
imbalances in treatment indication were excluded to improve comparability, but detailed
subgroup analyses according to treatment background were not feasible. Additionally,
information regarding surgical status, recurrent disease, tumor location, pathological diag-
nosis and molecular classification was inconsistently reported across studies, precluding
further quantitative analyses of these factors. Recent advances in molecular biology have
shifted the management of meningiomas from conventional histological grading toward an
integrated classification incorporating genetic alterations and methylation profiles. These
molecular classifications are expected to improve prognostic stratification, guide the selec-
tion of molecularly targeted therapies, and identify patients who are more likely to benefit
from radiotherapy. However, clinical evidence supporting these personalized treatment
strategies remains limited. Future studies should evaluate the long-term toxicities and pa-
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tient outcomes associated with advanced radiotherapy techniques, including proton beam
therapy, while accumulating clinical data based on molecular classification. Treatment
strategies integrating radiotherapy with molecular classification will be needed to optimize
long-term survivorship in patients with meningioma.

5. Conclusions
Major radiotherapy modalities for WHO Grade 1 meningioma, including CF-PT,

achieved excellent and comparable 5-year LC despite differences in tumor volume and
treatment selection patterns. Notably, conventionally fractionated radiotherapy maintained
favorable tumor control despite being applied to larger tumors than stereotactic approaches.
Given the prolonged survival expected in this patient population, future research should
focus on long-term tumor control and treatment-related toxicity, recovery of neurological
symptoms and QOL to define optimal treatment strategies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers18152506/s1, Table S1. Summary of Acute and Late
Toxicities Following Radiotherapy for Meningioma.

Author Contributions: Conception/design: M.M. and Y.O. Collection and/or assembly of data: H.N.
(Hazuki Nitta), M.M. and Y.L. Data analysis and interpretation: M.M. and K.M. Writing—original
draft preparation: H.N. (Hazuki Nitta). Writing—review and editing: M.M., Y.O., K.K., T.S., H.N.
(Haruko Numajiri), K.N. and T.N. Final approval of manuscript: H.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by institutional funds only.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its Supplementary Materials.

Acknowledgments: This study was conducted as part of the Tsukuba Review Project (TRP), an
ongoing academic initiative led by the University of Tsukuba to generate evidence through system-
atic reviews and meta-analyses in radiation oncology. The present study represents the TRP-2026
Meningioma project. Artificial intelligence assisted tools were used solely for language editing and
clarity improvement. All scientific content, data interpretation, and conclusions were conceived,
verified, and approved by the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

WHO World Health Organization
PT Proton therapy
CF-PT Conventionally fractionated proton therapy
CF-RT Conventionally fractionated photon radiotherapy
Linac-based SRS/SRT Linac-based stereotactic radiosurgery/radiotherapy
GKRS Gamma Knife radiosurgery
GTV Gross tumor volume
LC Local control
OS Overall survival

https://doi.org/10.3390/cancers18152506

https://www.mdpi.com/article/10.3390/cancers18152506/s1
https://doi.org/10.3390/cancers18152506


Cancers 2026, 18, 2506 12 of 14

References
1. Ostrom, Q.T.; Price, M.; Neff, C.; Cioffi, G.; Waite, K.A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary

Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2016–2020. Neuro Oncol. 2023, 25, iv1–iv99.
[CrossRef] [PubMed]

2. Sun, C.; Dou, Z.; Wu, J.; Jiang, B.; Iranmanesh, Y.; Yu, X.; Li, J.; Zhou, H.; Zhong, C.; Peng, Y.; et al. The Preferred Locations
of Meningioma According to Different Biological Characteristics Based on Voxel-Wise Analysis. Front. Oncol. 2020, 10, 1412.
[CrossRef] [PubMed]

3. Zouaoui, S.; Darlix, A.; Rigau, V.; Mathieu-Daude, H.; Bauchet, F.; Bessaoud, F.; Fabbro-Peray, P.; Tretarre, B.; Figarella-Branger, D.;
Taillandier, L.; et al. Descriptive epidemiology of 13,038 newly diagnosed and histologically confirmed meningiomas in France:
2006–2010. Neurochirurgie 2018, 64, 15–21. [CrossRef] [PubMed]

4. Oya, S.; Kim, S.H.; Sade, B.; Lee, J.H. The natural history of intracranial meningiomas. J. Neurosurg. 2011, 114, 1250–1256.
[CrossRef] [PubMed]

5. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro Oncol. 2021, 23, 1231–1251.
[CrossRef] [PubMed]

6. Korhonen, K.; Salminen, T.; Raitanen, J.; Auvinen, A.; Isola, J.; Haapasalo, H. Female predominance in meningiomas can not
be explained by differences in progesterone, estrogen, or androgen receptor expression. J. Neurooncol. 2006, 80, 1–7. [CrossRef]
[PubMed]

7. Pravdenkova, S.; Al-Mefty, O.; Sawyer, J.; Husain, M. Progesterone and estrogen receptors: Opposing prognostic indicators in
meningiomas. J. Neurosurg. 2006, 105, 163–173. [CrossRef] [PubMed]

8. Sadetzki, S.; Flint-Richter, P.; Ben-Tal, T.; Nass, D. Radiation-induced meningioma: A descriptive study of 253 cases. J. Neurosurg.
2002, 97, 1078–1082. [CrossRef] [PubMed]

9. Goldbrunner, R.; Stavrinou, P.; Jenkinson, M.D.; Sahm, F.; Mawrin, C.; Weber, D.C.; Preusser, M.; Minniti, G.; Lund-Johansen,
M.; Lefranc, F.; et al. EANO guideline on the diagnosis and management of meningiomas. Neuro Oncol. 2021, 23, 1821–1834.
[CrossRef] [PubMed]

10. Sughrue, M.E.; Rutkowski, M.J.; Aranda, D.; Barani, I.J.; McDermott, M.W.; Parsa, A.T. Treatment decision making based on the
published natural history and growth rate of small meningiomas. J. Neurosurg. 2010, 113, 1036–1042. [CrossRef] [PubMed]

11. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Group, P. Preferred reporting items for systematic reviews and meta-analyses:
The PRISMA statement. PLoS Med. 2009, 6, e1000097. [CrossRef] [PubMed]

12. Slater, J.D.; Loredo, L.N.; Chung, A.; Bush, D.A.; Patyal, B.; Johnson, W.D.; Hsu, F.P.; Slater, J.M. Fractionated proton radiotherapy
for benign cavernous sinus meningiomas. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, e633–e637. [CrossRef] [PubMed]

13. Sato, H.; Mizumoto, M.; Okumura, T.; Sakurai, H.; Sakamoto, N.; Akutsu, H.; Ishikawa, E.; Tsuboi, K. Long-term outcomes of
patients with unresectable benign meningioma treated with proton beam therapy. J. Radiat. Res. 2021, 62, 427–437. [CrossRef]
[PubMed]

14. Holtzman, A.L.; Glassman, G.E.; Dagan, R.; Rao, D.; Fiester, P.J.; Tavanaieour, D.; Morris, C.G.; Indelicato, D.J.; Mendenhall, W.M.
Long-term outcomes of fractionated proton beam therapy for benign or radiographic intracranial meningioma. J. Neurooncol.
2023, 161, 481–489. [CrossRef] [PubMed]

15. Krcek, R.; Leiser, D.; Garcia-Marqueta, M.; Bolsi, A.; Weber, D.C. Long Term Outcome and Quality of Life of Intracranial
Meningioma Patients Treated with Pencil Beam Scanning Proton Therapy. Cancers 2023, 15, 3099. [CrossRef] [PubMed]

16. Iannalfi, A.; Riva, G.; Lillo, S.; Ciccone, L.; Fontana, G.; Molinelli, S.; Trombetta, L.; Ciocca, M.; Imparato, S.; Pecorilla, M.; et al.
Proton therapy for intracranial meningioma: A single-institution retrospective analysis of efficacy, survival and toxicity outcomes.
J. Neurooncol. 2024, 169, 683–692. [CrossRef] [PubMed]

17. Deng, M.Y.; Rauh, S.; Anil, G.; Lischalk, J.W.; Hahnemann, L.; Eichkorn, T.; Horner-Rieber, J.; Paul, A.; Sandrini, E.; Hoegen-
Sassmannshausen, P.; et al. Analysis of safety and efficacy of proton radiotherapy for optic nerve sheath meningioma. Neurooncol.
Adv. 2024, 6, vdae160. [CrossRef] [PubMed]

18. Tanzler, E.; Morris, C.G.; Kirwan, J.M.; Amdur, R.J.; Mendenhall, W.M. Outcomes of WHO Grade I meningiomas receiving
definitive or postoperative radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2011, 79, 508–513. [CrossRef] [PubMed]

19. Solda, F.; Wharram, B.; De Ieso, P.B.; Bonner, J.; Ashley, S.; Brada, M. Long-term efficacy of fractionated radiotherapy for benign
meningiomas. Radiother. Oncol. 2013, 109, 330–334. [CrossRef] [PubMed]

20. Combs, S.E.; Farzin, M.; Boehmer, J.; Oehlke, O.; Molls, M.; Debus, J.; Grosu, A.L. Clinical outcome after high-precision
radiotherapy for skull base meningiomas: Pooled data from three large German centers for radiation oncology. Radiother. Oncol.
2018, 127, 274–279. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18152506

https://doi.org/10.1093/neuonc/noad149
https://www.ncbi.nlm.nih.gov/pubmed/37793125
https://doi.org/10.3389/fonc.2020.01412
https://www.ncbi.nlm.nih.gov/pubmed/32974148
https://doi.org/10.1016/j.neuchi.2014.11.013
https://www.ncbi.nlm.nih.gov/pubmed/26073920
https://doi.org/10.3171/2010.12.JNS101623
https://www.ncbi.nlm.nih.gov/pubmed/21250802
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1007/s11060-006-9146-9
https://www.ncbi.nlm.nih.gov/pubmed/16703453
https://doi.org/10.3171/jns.2006.105.2.163
https://www.ncbi.nlm.nih.gov/pubmed/17219818
https://doi.org/10.3171/jns.2002.97.5.1078
https://www.ncbi.nlm.nih.gov/pubmed/12450029
https://doi.org/10.1093/neuonc/noab150
https://www.ncbi.nlm.nih.gov/pubmed/34181733
https://doi.org/10.3171/2010.3.JNS091966
https://www.ncbi.nlm.nih.gov/pubmed/20433281
https://doi.org/10.1371/journal.pmed.1000097
https://www.ncbi.nlm.nih.gov/pubmed/19621072
https://doi.org/10.1016/j.ijrobp.2012.01.079
https://www.ncbi.nlm.nih.gov/pubmed/22768992
https://doi.org/10.1093/jrr/rrab017
https://www.ncbi.nlm.nih.gov/pubmed/33855438
https://doi.org/10.1007/s11060-022-04207-0
https://www.ncbi.nlm.nih.gov/pubmed/36692832
https://doi.org/10.3390/cancers15123099
https://www.ncbi.nlm.nih.gov/pubmed/37370709
https://doi.org/10.1007/s11060-024-04751-x
https://www.ncbi.nlm.nih.gov/pubmed/38918319
https://doi.org/10.1093/noajnl/vdae160
https://www.ncbi.nlm.nih.gov/pubmed/39434923
https://doi.org/10.1016/j.ijrobp.2009.11.032
https://www.ncbi.nlm.nih.gov/pubmed/20452142
https://doi.org/10.1016/j.radonc.2013.10.006
https://www.ncbi.nlm.nih.gov/pubmed/24183065
https://doi.org/10.1016/j.radonc.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/29598834
https://doi.org/10.3390/cancers18152506


Cancers 2026, 18, 2506 13 of 14

21. Alfredo, C.; Carolin, S.; Guliz, A.; Anne, K.; Antonio, P.; Alberto, C.; Stefano, P.; Antonino, G.; Harun, B.; Markus, K.; et al.
Normofractionated stereotactic radiotherapy versus CyberKnife-based hypofractionation in skull base meningioma: A German
and Italian pooled cohort analysis. Radiat. Oncol. 2019, 14, 201. [CrossRef] [PubMed]

22. Beighley, A.; Kesbeh, Y.; Rahimian, J.; Vinci, J.; Wong, A.; Torres, F.; Scharnweber, R.; Jamshidi, A.; Gabikian, P.; Lodin, K.; et al.
Impact of Fractionation Regimen on Local Control Following Frameless Linear Accelerator-Based Image-Guided Stereotactic
Radiosurgery and Radiotherapy for Intracranial Meningioma. World Neurosurg. 2024, 190, e403–e412. [CrossRef] [PubMed]

23. El-Khatib, M.; El Majdoub, F.; Hunsche, S.; Hoevels, M.; Kocher, M.; Sturm, V.; Maarouf, M. Stereotactic LINAC radiosurgery for
the treatment of typical intracranial meningiomas. Efficacy and safety after a follow-up of over 12 years. Strahlenther. Onkol. 2015,
191, 921–927. [CrossRef] [PubMed]

24. Pou, P.; Biau, J.; Verrelle, P.; Lemaire, J.J.; El Ouadih, Y.; Chassin, V.; Magnier, F.; Dedieu, V.; Lapeyre, M.; Dupic, G.; et al.
Long-Term Outcomes After Linac Radiosurgery for Benign Meningiomas. Clin. Oncol. R. Coll. Radiol. 2020, 32, 452–458.
[CrossRef] [PubMed]

25. Huang, S.H.; Wang, C.C.; Wei, K.C.; Chang, C.N.; Chuang, C.C.; Chen, H.C.; Lin, Y.J.; Chen, K.T.; Pai, P.C.; Hsu, P.W. Treatment of
intracranial meningioma with single-session and fractionated radiosurgery: A propensity score matching study. Sci. Rep. 2020,
10, 18500. [CrossRef] [PubMed]

26. Rock, C.B.; Weil, C.R.; Rock, C.B.; Gravbrot, N.; Burt, L.M.; DeCesaris, C.; Menacho, S.T.; Jensen, R.L.; Shrieve, D.C.; Cannon, D.M.
Patterns of failure after radiosurgery for WHO grade 1 or imaging defined meningiomas: Long-term outcomes and implications
for management. J. Clin. Neurosci. 2024, 120, 175–180. [CrossRef] [PubMed]

27. Maranzano, E.; Draghini, L.; Casale, M.; Arcidiacono, F.; Anselmo, P.; Trippa, F.; Giorgi, C. Long-term outcome of moderate
hypofractionated stereotactic radiotherapy for meningiomas. Strahlenther. Onkol. 2015, 191, 953–960. [CrossRef] [PubMed]

28. Conti, A.; Pontoriero, A.; Iati, G.; Cardali, S.M.; Brogna, A.; Friso, F.; Rosetti, V.; Zoli, M.; Parisi, S.; Cacciola, A.; et al. Image-Guided
Multisession Radiosurgery of Skull Base Meningiomas. Cancers 2020, 12, 3569. [CrossRef] [PubMed]

29. Nguyen, E.K.; Pond, G.R.; Greenspoon, J.N.; Whitton, A.C.; Hann, C. Hypofractionated Stereotactic Radiotherapy for the
Treatment of Benign Intracranial Meningiomas: Long-Term Safety and Efficacy. Curr. Oncol. 2021, 28, 3683–3691. [CrossRef]
[PubMed]

30. Hasegawa, T.; Kida, Y.; Yoshimoto, M.; Iizuka, H.; Ishii, D.; Yoshida, K. Gamma Knife surgery for convexity, parasagittal, and
falcine meningiomas. J. Neurosurg. 2011, 114, 1392–1398. [CrossRef] [PubMed]

31. Pollock, B.E.; Stafford, S.L.; Link, M.J.; Brown, P.D.; Garces, Y.I.; Foote, R.L. Single-fraction radiosurgery of benign intracranial
meningiomas. Neurosurgery 2012, 71, 604–612. [CrossRef] [PubMed]

32. Kuhn, E.N.; Taksler, G.B.; Dayton, O.; Loganathan, A.G.; Vern-Gross, T.Z.; Bourland, J.D.; Laxton, A.W.; Chan, M.D.; Tatter, S.B.
Patterns of recurrence after stereotactic radiosurgery for treatment of meningiomas. Neurosurg. Focus 2013, 35, E14. [CrossRef]
[PubMed]

33. Seo, Y.; Kim, D.G.; Kim, J.W.; Han, J.H.; Chung, H.T.; Paek, S.H. Long-Term Outcomes After Gamma Knife Radiosurgery for
Benign Meningioma: A Single Institution’s Experience With 424 Patients. Neurosurgery 2018, 83, 1040–1049. [CrossRef] [PubMed]

34. Ge, Y.; Liu, D.; Zhang, Z.; Li, Y.; Lin, Y.; Wang, G.; Zong, Y.; Liu, E. Gamma Knife radiosurgery for intracranial benign meningiomas:
Follow-up outcome in 130 patients. Neurosurg. Focus 2019, 46, E7. [CrossRef] [PubMed]

35. Shaaban, A.; Pham, D.; Tos, S.M.; Mantziaris, G.; Schlesinger, D.; Sheehan, J.P. Biological effective dose as a predictor of local
tumor control in stereotactic radiosurgery treated parasellar meningioma patients. J. Neurooncol. 2024, 170, 377–385. [CrossRef]
[PubMed]

36. Maruo, K.; Yamaguchi, Y.; Ishii, R.; Noma, H.; Gosho, M. Simple imputation method for meta-analysis of survival rates when
precision information is missing. Res. Synth. Methods 2025, 16, 937–952. [CrossRef] [PubMed]

37. Balduzzi, S.; Rucker, G.; Schwarzer, G. How to perform a meta-analysis with R: A practical tutorial. Evid. Based Ment. Health 2019,
22, 153–160. [CrossRef] [PubMed]

38. Chung, L.K.; Mathur, I.; Lagman, C.; Bui, T.T.; Lee, S.J.; Voth, B.L.; Chen, C.H.; Barnette, N.E.; Spasic, M.; Pouratian, N.; et al.
Stereotactic radiosurgery versus fractionated stereotactic radiotherapy in benign meningioma. J. Clin. Neurosci. 2017, 36, 1–5.
[CrossRef] [PubMed]

39. Florijn, M.A.; Sharfo, A.W.M.; Wiggenraad, R.G.J.; van Santvoort, J.P.C.; Petoukhova, A.L.; Hoogeman, M.S.; Mast, M.E.; Dirkx,
M.L.P. Lower doses to hippocampi and other brain structures for skull-base meningiomas with intensity modulated proton
therapy compared to photon therapy. Radiother. Oncol. 2020, 142, 147–153. [CrossRef] [PubMed]

40. Gardner, M.M.; Winter, S.F.; Stahl, F.; Gerstner, E.R.; Shih, H.A.; Sherman, J.; Dietrich, J.; Parsons, M.W. Brain volume loss
after cranial irradiation: A controlled comparison study between photon vs proton radiotherapy for WHO grade 2-3 gliomas.
J. Neurooncol. 2025, 171, 351–363. [CrossRef] [PubMed]

https://doi.org/10.3390/cancers18152506

https://doi.org/10.1186/s13014-019-1397-7
https://www.ncbi.nlm.nih.gov/pubmed/31718650
https://doi.org/10.1016/j.wneu.2024.07.148
https://www.ncbi.nlm.nih.gov/pubmed/39069133
https://doi.org/10.1007/s00066-015-0880-9
https://www.ncbi.nlm.nih.gov/pubmed/26253788
https://doi.org/10.1016/j.clon.2020.02.006
https://www.ncbi.nlm.nih.gov/pubmed/32201158
https://doi.org/10.1038/s41598-020-75559-8
https://www.ncbi.nlm.nih.gov/pubmed/33116194
https://doi.org/10.1016/j.jocn.2024.01.012
https://www.ncbi.nlm.nih.gov/pubmed/38262262
https://doi.org/10.1007/s00066-015-0915-2
https://www.ncbi.nlm.nih.gov/pubmed/26490452
https://doi.org/10.3390/cancers12123569
https://www.ncbi.nlm.nih.gov/pubmed/33260363
https://doi.org/10.3390/curroncol28050314
https://www.ncbi.nlm.nih.gov/pubmed/34590613
https://doi.org/10.3171/2010.11.JNS10112
https://www.ncbi.nlm.nih.gov/pubmed/21128736
https://doi.org/10.1227/NEU.0b013e31825ea557
https://www.ncbi.nlm.nih.gov/pubmed/22710378
https://doi.org/10.3171/2013.8.FOCUS13283
https://www.ncbi.nlm.nih.gov/pubmed/24289122
https://doi.org/10.1093/neuros/nyx585
https://www.ncbi.nlm.nih.gov/pubmed/29538718
https://doi.org/10.3171/2019.3.FOCUS1956
https://www.ncbi.nlm.nih.gov/pubmed/31153153
https://doi.org/10.1007/s11060-024-04804-1
https://www.ncbi.nlm.nih.gov/pubmed/39190046
https://doi.org/10.1017/rsm.2025.10024
https://www.ncbi.nlm.nih.gov/pubmed/41626988
https://doi.org/10.1136/ebmental-2019-300117
https://www.ncbi.nlm.nih.gov/pubmed/31563865
https://doi.org/10.1016/j.jocn.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27815026
https://doi.org/10.1016/j.radonc.2019.08.019
https://www.ncbi.nlm.nih.gov/pubmed/31522879
https://doi.org/10.1007/s11060-024-04850-9
https://www.ncbi.nlm.nih.gov/pubmed/39400662
https://doi.org/10.3390/cancers18152506


Cancers 2026, 18, 2506 14 of 14

41. Sherman, J.C.; Colvin, M.K.; Mancuso, S.M.; Batchelor, T.T.; Oh, K.S.; Loeffler, J.S.; Yeap, B.Y.; Shih, H.A. Neurocognitive effects of
proton radiation therapy in adults with low-grade glioma. J. Neurooncol. 2016, 126, 157–164. [CrossRef] [PubMed]

42. Konig, L.; Jakel, C.; von Knebel Doeberitz, N.; Kieser, M.; Eberle, F.; Munter, M.; Debus, J.; Herfarth, K. Glioblastoma radiotherapy
using Intensity modulated Radiotherapy (IMRT) or proton Radiotherapy-GRIPS Trial (Glioblastoma Radiotherapy via IMRT or
Proton BeamS): A study protocol for a multicenter, prospective, open-label, randomized, two-arm, phase III study. Radiat. Oncol.
2021, 16, 240. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers18152506

https://doi.org/10.1007/s11060-015-1952-5
https://www.ncbi.nlm.nih.gov/pubmed/26498439
https://doi.org/10.1186/s13014-021-01962-8
https://www.ncbi.nlm.nih.gov/pubmed/34930368
https://doi.org/10.3390/cancers18152506

	Introduction 
	Materials and Methods 
	Selection Criteria for Meta-Analysis 
	Search Strategy and Study Selection 
	Data Extraction 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

