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more aggressive clinical course [1, 2]. The role of radio-
therapy (RT) in the adjuvant treatment for WHO grade 2 
and 3 MNGs is currently debated. According to the Euro-
pean Association of Neuro Oncology (EANO) guidelines, 
adjuvant RT is recommended for WHO grade 2 MNGs post 
Simpson IV-V resection and for WHO grade 3 MNGs after 
radical surgery followed by fractionated radiotherapy [3].

Introduction

Meningiomas (MNGs), the most common primary intracra-
nial tumors, have various histological subtypes. Most MNGs 
are considered benign WHO grade 1 tumors, whereas WHO 
grade 2 and 3 MNGs together comprise about 20–30%, 
indicating atypical or anaplastic features associated with a 
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Abstract

Purpose 

-

to evaluate the prognostic utility of IntS in the context of the timing of adjuvant radiotherapy (RT).
Methods This retrospective study analyzed 55 patients with histologically diagnosed WHO grade 2 and 3 MNG treated with 

risk groups (low, intermediate and high) using an integrated model that combines WHO grading, Copy Number Variations 
(CNVs), and Methylation Families (MF).
Results After 5 years a local failure-free survival (LFFS) rate of 0% in MF-malignant MNG contrasts with a LFFS rate 

underscoring the impact of combined morphological and molecular characteristics on outcome.
Conclusion -

-
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Recent studies show that CNV- and methylation family-
based subgrouping improves recurrence risk prediction 

-
cation. An integrated molecular and morphologic risk scor-
ing (IntS) approach combines information from the DNA 
methylation families (MFs), WHO grading, and the analysis 
of copy-number changes in chromosomal arms 1p, 6q, and/
or 14q, provides superior risk group delineation. The pri-
mary aim of this study is to investigate the role of adjuvant 
RT in the context of CNV and MF based subgrouping in 
MNGs using the IntS.

Materials & methods

Molecular analyses were performed at the Department of 
Neuropathology, University Hospital of Heidelberg, Ger-

WHO grade 2 and 3 MNG at the Department of Neu-
ropathology who received adjuvant radiotherapy at the 
Department of Radiation Oncology, Technical University 
of Munich, Germany, were included. Patients were treated 
between 2004 and 2021. Only the initial RT and earliest 
methylation array per patient were analyzed. Target volume 

-
ing, with DOTATOC PET/CT increasingly incorporated in 
recent cases or improved precision.

Illumina 450k Human BeadChip (Illumina, San Diego, 
CA, USA) and 850k EPIC (Illumina) analyses were used 
for methylation and copy number analysis. All patients were 

-
tion, combining CNS WHO grade 2 and 3 based on mor-
phological features, CNVs and DNA methylation families 
(MFs). Detailed descriptions of the materials and methods 
used have been published previously. The Heidelberg brain 

-

(36,4%), including MC-benign (ben-1, ben-2, ben-3), MF-
intermediate (54.5%), encompassing MC-intermediate (int-
A, int-B) and MF-malignant (9.1%), consisting solely of 
MC-malignant (mal). It should be noted that MC and MF 

level; as a result, MC and MF may not always coincide. The 
analyses revealed common CNVs, including loss of chro-
mosome arm 1p (56,4%), loss of 6q (0%), and loss of 14q 
(7,7%) in the patient cohort. The combined data facilitated a 

as described previously by Maas et al [4].

Statistical methods

-
cal enlargement of residual or recurrent tumor on follow-
up MRI. Imaging assessments were performed according 
to routine institutional practice. The Kaplan-Meier method 

the log-rank test and Cox regression. Missing values were 
imputed using multiple imputation by chained equations 

within 6 months following the initial resection. Late RT 
-

gression. Consequently, this group is expected to represent 
patients with more aggressive underlying disease, and any 
comparison with early RT must be interpreted with caution 
given the inherent indication related bias of retrospective 
analyses, which cannot be fully mitigated even with Covari-
ate Balance Propensity Score (CBPS) and Inverse Probabil-
ity of Treatment Weighting (IPTW). All patients included 
had a follow-up without local failure of at least 6 months 
(landmark analysis). CBPS analysis accounted for covariate 
imbalances between the RT treatment groups. IPTW based 

RT in Cox regression and adjusted survival curves. P-val-
-

cal analyses were performed with R using add-on packages 
mice, CBPS, MatchThem, and adjusted Curves.

Ethics approval

The study was approved by the ethics committee of the 
Technical University in Munich, Germany (645/21 S-KK). 
Informed consent was waived by the ethical committee due 
to its retrospective design. All examinations and evalua-
tions were performed following institutional guidelines and 
the Declaration of Helsinki of 1975 in its most recent and 
updated version.

Results

Patient characteristics

time of RT (range 22–82 years) were available for analy-
sis. The cohort predominantly consisted of patients with 
atypical meningioma (n = 47), followed by clear cell (n = 3) 
and anaplastic MNG (n = 5). Accordingly, 50 patients were 

3. 13 patients underwent subtotal resection and 37 patients 
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underwent complete resection. The resection status was 
indeterminate for 5 patients. Table 1 lists further patient 
characteristics. In our cohort a total of 38 patients received 
early RT as an adjuvant treatment immediately after their 
initial surgical resection, while the remaining 17 patients 
underwent late RT, initiated more than 6 months after initial 
surgery as a salvage therapy following disease progression 
or re-resection. All patients were treated with fractionated 
photon RT. The majority of patients (96.4%) received nor-
mofractionated RT, with only a small number of patients in 

the late RT group receiving FSRT (5.9%) and SRS (5.9%). 
Table 2 presents the detailed characteristics of RT and the 
timing of treatment for patients within the cohort.

Median LFFS was 71 months for WHO Grade 2 and 
30 months for WHO Grade 3 MNGs. For OS the median 

-

with the histologically assigned WHO grading, demonstrat-

the 5-year mark, the local failure-free survival (LFFS) rate 
was 0% in patients in the malignant group, in stark contrast 
to LFFS rates of 77% and 58% observed in patients with 
benign and intermediate MNGs.

and adjusted survival curves via an IPTW approach revealed 

late RT groups (Fig. 1A, IPTW adjusted Hazard ratio 0.42 
95% CI 0.16–1.10, p = 0.07). Patients receiving early RT 
demonstrated a 75% probability of LFFS, compared to a 
lower percentage (40%) in the late RT cohort at 5 years. In 
the subgroup analysis the intermediate MNG group exhib-

N = 19). 
The early RT group had not reached median LFFS within 
the observation period, while the late irradiated group 
(N = 11) reached a median LFFS at 59 months, although the 
subgroup sizes in this analysis were relatively small and did 

95% CI 0.05–1.14, p -
ences were found when comparing early and late RT across 
the benign and malignant MNG groups. When comparing 

Table 1 Demographic, clinical and molecular characteristics of 
patients with meningioma

Overall (N = 55)
Morphological Subtype
 Anaplastic Meningioma 5 (9.1%)
 Atypical Meningioma 47 (85.5%)
 Clear Cell Meningioma 3 (5.5%)
WHO Grading
 2 50 (90,9%)
 3 5 (9,1%)
Age at Resection
 Median (Min, Max) 61.0 [22.1, 82.1]
Karnofsky Performance Status (KPS)
 Median (Min, Max) 90.0 [50.0, 100]
 Missing 2 (3.6%)
Resection status
 Simpson I 14 (25.5%)
 Simpson II 17 (30.9%)
 Simpson III 6 (10.9%)
 Simpson IV 13 (23.6%)
 Missing 5 (9.1%)
Methylation Family (MF)*
 ben 20 (36.4%)
 int 30 (54.5%)
 mal 5 (9.1%)
Methylation Class (MC)*
 ben.1 10 (18.2%)
 ben.2 4 (7.3%)
 ben.3 2 (3.6%)
 int.A 29 (52.7%)
 int.B 3 (5.5%)
 mal 7 (12.7%)
Chromosomal Copy Number Alterations
 loss of 1p 31 (56.4%)
 loss of 6q 0 (0%)
 loss of 14q 4 (7.7%)
Copy Number Variations Group
 0 24 (43.6%)
 1 27 (49.1%)
 2 4 (7.3%)
IntS
 low 14 (25.5%)
 int 35 (63.6%)
 high 6 (10.9%)

Table 2 Characteristics of RT and Timing – Early vs. Late RT Inter-
vention Characteristics in Meningioma Patients

Overall
(N = 55)

Late RT
(N = 17)

Early RT
(N = 38)

Time Primary Diag-
nosis to RT (Months)
 Mean (SD) 21.5 (43.0) 44.9 (52.6) 11.0 (33.7)
 Median (Min, Max) 4.57 [1.09, 

222]
34.7 [4.11, 
222]

3.36 [1.09, 
201]

Time Resection to RT 
(Months)
 Mean (SD) 16.1 (34.6) 45.3 (52.2) 3.04 (1.33)
 Median (Min, Max) 4.18 [0.921, 

222]
33.5 [6.94, 
222]

2.89 [0.921, 
5.49]

RT Technique
 SRS 1 (1.8%) 1 (5.9%) 0 (0%)
 FSRT 1 (1.8%) 1 (5.9%) 0 (0%)
 Normofractionated 
RT

53 (96.4%) 15 (88.2%) 38 (100%)

RT Dose (Gy)
 Mean (SD) 54.2 (11.9) 52.5 (10.8) 55.0 (12.4)
 Median (Min, Max) 59.4 [12.6, 

60.0]
54.0 [17.0, 
60.0]

59.4 [12.6, 
60.0]
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p
LFFS between patients with and without CNVs (Fig. 2A). 
Patients without CNVs demonstrated a higher probabil-
ity of LFFS after 5 years (80%), in contrast to those with 
CNVs, who exhibited a markedly lower LFFS (44%). We 
conducted further analysis focusing on the loss of chromo-
somal arm 1p, due to its notable high occurrence in 56% of 
our patient cohort. This genomic alteration has been proven 
in existing literature to be associated with higher risk of 

-
ferences between the benign and malignant MNG groups. 
Despite this, the potential LFFS advantage seen with early 
adjuvant RT in the intermediate MNGs (MF int) (N = 19), 
highlights the need for further investigation in larger cohorts 
(Fig. 1B).

Copy number variations (CNVs) emerge as highly pre-
dictive markers for the outcomes of WHO Grade 2 and 3 
MNGs in the adjuvant setting. The CNV subgroup analysis 

Fig. 2 Kaplan-Meier survival plot. Assessing LFFS by CNV Status (A) and surgical resection status according to Simpson Grading (B). P value, 
log- rank test

 

Fig. 1 Kaplan-Meier survival plots. (A) Adjusted probability of LFFS for early versus late radiotherapy in meningioma patients, utilizing an 
Inverse Probability of Treatment Weighting (1PTW) approach. (B) Probability of LFFS based on Methylation Family status. P value, log-rank test
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The adjusted median LFFS was not reached compared to 59 

95% CI 0.09–1.12, p = 0.07). 

Discussion

assessment for MNGs relied exclusively on morphological 

TERT promoter mutation and homozygous deletion of 

only a small fraction of MNGs and do not further stratify 
low and intermediate risk cases. DNA methylation-based 

-

overarching methylation class families [5]. These were 
closely linked to characteristic mutational, cytogenetic, and 
gene expression patterns. Further studies have supported the 
role of methylation in meningioma subgrouping [6–8]. Sub-
sequently, the integrated molecular and morphologic risk 
scoring (IntS) [4] that combines DNA methylation class, 
CNS WHO grading, and CNVs in chromosomal arms 1p, 
6q, and/or 14q was developed, and has improved diagnostic 
accuracy over the conventional CNS WHO grading system. 
Our study uses this integrated molecular-morphologic clas-

4], this approach is related to, but distinct 

based schemes from BWH and UCSF, each highlighting 

progression or recurrence [4]. Our results further support 

loss displayed a markedly reduced 5-year LFFS of 36.9%, 
compared to 92.3% in those without 1p loss (Fig. 3A). The 

(p
-

(p = 0.78) (Fig. 3B).
Subgroup analysis based on Simpson Grading yielded 

-
ering methylation groups and CNVs (p = 0.053) (Fig. 2B). 

the LFFS outcomes as the molecular characteristics of the 
tumor itself, particularly in patients who have received RT.

in 5-year LFFS. The IntS-low-risk group (n = 14) demon-
strated a 5-year LFFS of 87,5%, while the IntS-intermediate 
group (n = 35) displayed a LFFS of 60%, and the IntS-high-
risk group (n

p < 0.0001) (Fig. 4A). In 
the analysis of LFFS among IntS risk categories in relation 
to the timing of RT (early vs. late), the IntS-low risk group 
demonstrated consistently high LFFS, with no substantial 

high risk group presented with low LFFS regardless of the 
timing of RT. In the IntS-intermediate MNG group, a trend 
towards longer LFFS was observed in patients receiving 
early adjuvant RT compared to late adjuvant RT (Fig. 4B). 

Fig. 3 Kaplan-Meier survival plots. (A) Probability of LFFS in patients with and without CNV lp loss. (B) Survival analysis illustrating the com-
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(15/100 patients) restricts conclusions about its impact, 
especially for intermediate and high-risk patients [13]. 
Deng et al. explored the recurrence probability following 
RT in 44 patients with CNS WHO Grade 2 MNGs, using 

-
ify patients into low, intermediate, and high molecular risk 
groups [14

risk, 89.5% in intermediate-risk, and 75.5% in high-risk 
groups, demonstrating the integrated model’s robustness in 
predicting recurrence risk post-RT [14]. Notably, 87.5% of 
recurrences occurred within the RT planning target volume 

-
-

cant limitation in Deng et al. is the uniformity of RT timing, 
with all patients receiving RT immediately post-surgery 
[14]. This lack of timing variation restricts the study’s abil-
ity to evaluate whether early or delayed RT might yield dif-
ferent outcomes, particularly for high-risk patients. Timing 
variation, as shown in other studies, could provide insights 
into optimal RT initiation for various molecular subgroups 
and potentially improve treatment personalization. This 

in high-risk cases, where delayed RT might impact recur-
rence patterns and progression. A large, multi-institutional 
retrospective study by Wang et al., analyzed 2,035 MNG 
cases, of which 638 are WHO grade 2 and 199 are WHO 
grade 3 [15]. The study evaluates the prognostic impact 

on progression-free survival (PFS) and overall survival 

unique meningioma subtypes and risk features [6, 9]. Gene 
expression-based methods, such as Chen et al.’s, further 

-
lar pathways [10].

Most previous studies on DNA methylation-based tumor 
scores did not account for adjuvant RT or its timing. In our 
patient group, RT data was available for all patients, and 
the integration of molecular and morphological criteria has 

of patients with intermediate-grade (MF int) MNGs (N = 19); 

intervals, this observation should be interpreted with cau-

between early and late RT, the observed directional trend 
-

groups is encouraging and supports the hypothesis that RT 
-

ings are exploratory and will require prospective validation 
in larger cohorts.

Several retrospective series have previously examined 
the impact of postoperative RT timing in atypical menin-
gioma and reported that early adjuvant RT was associated 
with improved LC [11, 12

-

Ehret et al. (2024) showed that DNA methylation-based 

prognostic for local control, but limited adjuvant RT use 

Fig. 4 Kaplan-Meier survival plots. (A) Probability of LFFS in patients by the integrated molecular and morphologic risk scoring IntS. (B) Sur-
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The subgroup analysis of CNVs demonstrated a notable 
impact on LFFS. In particular, loss of 1p was prevalent 
in our patient cohort and was associated with a marked 

-

on RT timing, suggesting its presence alone does not deter-
mine the optimal timing of RT. In our cohort CNV status 

trend towards an improved LFFS (p = 0.053). Large registry 
studies underscore the importance of both extend of resec-
tion and adjuvant RT. A National Cancer Data Base (NCDB) 
analysis of over 5452 atypical meningiomas that gross total 
resection (GTR) and timely adjuvant RT were associated 

initiated within 12 weeks after GTR or between 12 and 6 
months after subtotal resection (STR) [20]. The PERNS 
multicenter cohort of 1452 WHO grade 2 MNGs, simi-
larly reported a consistent reduction in recurrence risk with 

was less robust and appeared highly dependent on patient 
selection and institutional practice [21]. Taken together, 
these studies and our results suggest that Simpson grade, RT 
timing, and molecular features each contribute to outcome, 
underscoring the importance of careful patient selection for 
early adjuvant RT.

suggests a potential utility of IntS in guiding clinical deci-
sion-making. In the IntS low-risk group, the 5- year LFFS of 
87,5% aligns with previous reports suggesting more favor-
able outcomes. Conversely, the IntS high-risk groups 5-year 

remains refractory to current therapeutic strategies in this 
subgroup. In the IntS-intermediate group, the comparison 
of early versus late RT revealed a directional trend. Patients 
receiving early RT demonstrated a 72 months LFFS of 70%, 
numerically higher than the 20% observed in their coun-

p = 0.07). The divergence 
in LFFS, commencing at around 10 months after resection, 
may warrant further investigation regarding the potential 
role of RT in IntS intermediate-risk patients.

While our study provides valuable insights, certain limi-
tations must be acknowledged. The small sample size, retro-
spective nature and variability in treatment modalities may 

between early and late RT is subject to confounding by indi-
cation, as the late RT group comprises patients who received 

more aggressive disease course that cannot be fully adjusted 

late RT group, as progression is a structural prerequisite for 

NF2-wild-type, Hypermetabolic, and Proliferative. The 
-

rence risk, with Proliferative tumors being most resistant 
to RT; results were robust due to propensity score match-
ing. However, detailed RT timing was not assessed, limiting 
interpretation for adjuvant RT optimization [15]. Maas et 

particularly for WHO grade 2 meningiomas following gross 
total resection and adjuvant RT, reinforcing the utility of 
molecular markers such as DNA methylation classes and 
chromosomal 1p loss to predict recurrence [16]. Maas et al. 
emphasizes a broader analysis across grade 2 and 3 menin-
giomas but does not explore the implications of adjuvant RT 

The NRG Oncology/RTOG 0539 trial investigated out-

intermediate-risk meningiomas [17]. In a separate clinical 
outcomes report from the same NRG/RTOG trial, clinico-

-
uated. These high-risk cases were characterized by either 
new or recurrent WHO grade 3 tumors or recurrent WHO 
grade 2 meningiomas of any resection extent, or newly diag-
nosed WHO grade 2 tumors following subtotal resection. 
The 3-year PFS was 58.8%, local control reached 68.9%, 
and the 3-year OS was 78.6%. In the European EORTC 
22042–26042 phase II study, 56 patients with newly diag-
nosed WHO grade 2 MNGs who had undergone gross total 
resection and received fractionated RT were evaluated [18]. 
A total radiation dose of 60 Gy was delivered in 2.0 Gy per 
fraction. The results demonstrated a 3-year PFS of 88.7%, 

from both the US and European trials collectively suggest 

[19]. Data from 30 studies involving 2904 patients (adju-
n n = 2167) were included. Sig-

adjuvant RT cohort compared to the observation cohort (OR 
0.50; 95% CI 0.36–0.68; p < 0.0001). However, it remains 
unclear whether early adjuvant RT reduces the risk of tumor 
recurrence following gross total resection of WHO grade 2 
MNGS and is superior to a wait-and watch approach. The 
answers to these critical questions may result from the out-
come of two ongoing prospective controlled phase III trials. 
These trials involve one group receiving adjuvant RT and 
the other undergoing observation following surgical resec-
tion of atypical MNGs. The recently concluded ROAM/
EORTC 1308 trial, and the ongoing NRG-BN003 trial 

to shed light on this contentious issue. Notably, these trials 
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