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Extended Data Fig. 3 | Benefits of extent of surgical resection (EOR) across 
Molecular Groups (MG). (a-b) Kaplan-Meier (KM) survival curve showing PFS 
of meningiomas that received a GTR vs STR belonging to the following MG: 
Immunogenic (a), NF2-wildtype (b), Hypermetabolic (c), Proliferative (d).  
e. Results of the multivariable Cox regression analysis assessing the PFS benefits  
of EOR while controlling for age, sex, WHO grade, primary/recurrent tumor 
status, and receipt of adjuvant RT with an interaction term between EOR and MG. 

(f-i) KM survival curve showing OS of meningiomas based on EOR (GTR vs STR) in 
each MG: Immunogenic (f ), NF2-wildtype (g), Hypermetabolic (h), 4: Proliferative 
(i). j. Results of multivariable Cox regression analysis on the effect of EOR on OS 
while controlling for age, sex, WHO grade, primary/recurrent tumor status,  
and receipt of adjuvant RT with an interaction term between EOR and MG. Box size 
for the forest plots in (e) and (j) are relative to the weight of the effect size with its 
center representing the HR and the horizontal error bars representing the 95% CI.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-024-03167-4

Extended Data Fig. 4 | Univariable and multivariable analyses of PFS  
and OS across molecular classifications and prognostic systems.  
(a, i) Univariable Cox proportional hazards model of PFS (a) and OS (i) in the 
complete retrospective cohort of meningiomas. (b-h) Multivariable Cox 
proportional hazards models of PFS before PSM with meningiomas classified 
in the following different molecular strata: MG (b), DKFZ Methylation Subclass 
(c), UCSF MethG (d), Baylor MenG (e), Integrated Grade (f), Morphomolecular 
Risk (g), and Gene Expression Risk (h). (j-p) Multivariable Cox proportional 

hazards models of OS before PSM with meningiomas classified in the following 
different molecular strata: MG (j), DKFZ Methylation Subclass (k), UCSF MethG 
(l), Baylor MenG (m), Integrated Grade (n), Morphomolecular Risk (o), and Gene 
Expression Risk (p). Horizontal error bars in the forest plots of represent the 95% 
confidence interval of the hazard ratios for each of the covariates included in the 
Cox regression models presented. P-values for each covariate in the multivariable 
Cox regression were derived from the Wald test (two-tailed) without adjustments 
for multiple comparisons.
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Extended Data Fig. 5 | PSM analyses using other molecular classifications 
and integrated molecular prognostic systems. (a-x) From left to right: love 
plot, KM survival curve, and results of multivariable Cox regression analyses 
after PSM for GTR vs STR, Simpson grades 1/2 vs 3, Simpson grade 1 vs 2, and RT 
vs observation using the DKFZ methylation subclasses (a-d), UCSF MethG (i-l), 
Baylor MenG (q-t), Integrated Grade (e-h), Morphomolecular Risk (m-p), and 

Gene Expression Risk (u-x). Horizontal error bars in the forest plots of represent 
the 95% confidence interval of the hazard ratios for each of the covariates 
included in the multivariable Cox regression models presented. P-values for each 
covariate in the multivariable Cox regression were derived from the Wald test 
(two-tailed) without adjustments for multiple comparisons.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Prognostic role of Simpson Grade resection across 
Molecular Groups. a. PFS in each Molecular Group (MG) based on grouping 
meningiomas that received a Simpson grade 1 or 2 resection together vs those 
that received a Simpson grade 3 resection. b. PFS in each Molecular Group for 
meningiomas that received a Simpson grade 1 resection vs a Simpson grade 2 
resection. (c-d) Results from the multivariable Cox proportional hazards model 
showing the effect of Simpson grade on PFS when controlling for age, sex, WHO 

grade, receipt of adjuvant RT, and tumor location with an interaction term 
between Simpson Grade and Molecular Group. Box size for the forest plots in 
(c) is relative to the weight of the effect size with its center representing the HR 
and horizontal error bars representing the 95% confidence interval of the hazard 
ratios for each of the covariates included in the multivariable Cox regression 
models presented.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | RTOG-0539 trained DNA methylation model of RT 
response and molecular nomogram. a. Representative screenshot of DNA 
methylation .idat files uploaded for 2 separate samples and their respective 
probabilistic risk of recurrence within 3 years of surgery and adjuvant RT on 
the publicly available RTOG DNA methylation predictor site. b. representative 
magnetic resonance images of the same sample cases uploaded to the predictor 
in panel (a) with one RT-resistant case demonstrating recurrence within 3 years of 
clinical follow-up after gross total resection and adjuvant radiotherapy (above), 
and a different case in another patient (below) demonstrating interval stability 
after 3-years following similarly gross total resection and adjuvant RT. (c-d). RT-
specific PFS outcomes of meningiomas within each WHO grade of the first (c) and 
second (d) retrospective validation cohorts stratified into an RT-resistant and  

RT-responsive group based on the predicted DNA-methylation based RT risk 
score. P-values generated from Log-rank test. e. Molecular nomogram built  
using the DNA methylation based RT predictor, WHO grade, EOR, and RT dose  
to predict PFS post-surgery and adjuvant RT using the RTOG-0539 cohort as  
the training cohort. Each variable in the nomogram is scaled accordingly and 
values/scores for each variable are assigned points which cumulatively add  
up to estimate a probabilistic risk of recurrence within 3-years of treatment.  
f. clinical nomogram built using the same variables and training cohort as in (e) 
except without DNA methylation risk score. g. AUC and 95% CI demonstrating 
the predictive accuracy of the molecular and clinical nomogram respectively 
validated in the same retrospective cohort of RT-treated meningiomas (N=276).
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Extended Data Table 1 | Molecular grouping of meningiomas across WHO grade

Distribution of all molecularly profiled cases in each WHO grade with PFS data across Molecular Group with percentages denoting the proportion of cases within each WHO grade belonging 
to the specific Molecular Group specified in the leftmost column.
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Extended Data Table 2 | RTOG-0539 prospective clinical trial cohort

Baseline characteristic and Molecular Group assignment for cases from the RTOG-0539 prospective phase 2 clinical trial with molecular data used for analysis.
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Extended Data Table 3 | Predictive 26 gene signature of RT response

Highly differentially expressed genes in the RTOG-0539 training cohort used in building the gene expression model of RT response. P value and adjusted P value were obtained from Wald s̓ 
test with and without Benjamini–Hochberg correction. lfc, log2 fold change standard error; stat, Wald s̓ test statistic.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Clinical data were collected for patients with meningiomas from 10 different participating institutions of the International Consortium on 
Meningiomas (ICOM) by expert clinicians including neurosurgeons, neurooncologists, and radiation oncologists specializing in the treatment 
of meningiomas at their respective institution. Meningiomas were operated on between 2000 to 2020 and enriched for clinical aggressiveness 
or higher World Health Organization (WHO) grade tumors. Specific data elements collected were in accordance with pre-established common 
data elements designed for studies on meningiomas and included age, sex, tumor status (recurrent or primary at the time of surgery), WHO 
grade, Simpson grade, receipt of adjuvant radiotherapy (RT), histological subtype, and location. Meningiomas were graded by experienced 
neuropathologists from each institution in accordance with either the 2016 or 2021 WHO classification and central pathological review was 
performed at the University Health Network in Toronto where slides were available. Data from additional publicly available repositories were 
also collected (GSE189521 (Bayley et al. DNA methylation), GSE183656 (Choudhury et al. DNA methylation and RNAseq)). 

Data analysis The open-source software, tools, and packages used for data analysis in this study, as well as the version of each program, were as follows: 
ImageJ (v2.1.0), R (v4.3.1), FastQC (v0.11.5), STAR (v2.4.2a), caret R package (v6.0-94), Rtsne R package (v0.16), survival R package (v3.5-5), 
xgboost R package (v1.7.5.1), glmnet R package (v 4.1-8), rms R package (v6.7-1), hdnom R package (v6.0.2), pROC R package (v1.18.4), minfi 
(Bioconductor v1.46.0), DESeq2 (Bioconductor v1.26.0), HtSeq R package (v0.11.0), MatchIt R package (v4.5.5), MatchThem R package 
(v1.1.0), NMF R package (v 0.27). Our DNA methylation model is publicly available and accessible at https://
www.meningiomaconsortium.com/models/ 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

DNA methylation data and gene expression data (RNA-sequencing) generated for this study are deposited in the NCBI Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/) under the superseries accession number GSE270375. Unprocessed DNA methylation data from retrospective meningioma tumors are 
available under the accession number GSE270371 and gene expression counts data are available under the accession number GSE270638. Unprocessed RNA-
sequencing data (FASTQ) are deposited in the NCBI Sequencing Reads Archive (https://www.ncbi.nlm.nih.gov/sra) under the project number PRJNA1127224 for the 
retrospective meningioma tumors. Unprocessed DNA methylation data and gene expression data (RNA-sequencing) for the prospective NRG RTOG-0539 clinical trial 
cases are deposited in the database of Genotypes and Phenotypes (dbGaP) under the project #phs003707.v1.p1 entitled: "MP2PRT-MNG: Identifying novel 
molecular markers of response to radiotherapy in meningiomas using samples from the RTOG-0539 (NCT00895622)." Previously published, publicly available data 
were downloaded from the GEO database the GEO database (https://ncbi.nlm.nih.gov/geo ) under the following accession numbers: GSE189521  (Bayley et al. DNA 
methylation) and, GSE183656  (Choudhury et al. DNA methylation and RNA sequencing).

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex data was collected on all patients when available and reported in aggregate. A total of 1793 out of 2824 patients from 
the retrospective meningioma cohort were female. Of the retrospective cases with molecular data, a total of 1116 out of 
1686 patients were female. A total of 65 out of 100 patients from the prospective RTOG-0539 clinical trial cohort were 
female. Sex and/or gender was not considered in the initial study design  given that it has been well established that 
epidemiologically the majority of meningioma patients are female and that male patients tend to have higher grade, and 
more biologically aggressive meningiomas. However, this was taken into consideration in data analysis as biological sex was 
included as a covariate in nearly all univariable and multivariable models and included as a key covariate in propensity score 
matching.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Ethnicity data was unfortunately not available for the majority of cases utilized in the study and was therefore not integrated 
into analysis. However, our cohort were comprised of cases from Canada, the United States, and Germany.

Population characteristics Median age of the total retrospective cohort, the molecular retrospective cohort, and the prospective RTOG-0539 clinical 
cohort were 57.0, 57.8, and 56.5 respectively. Other relevant demographic data of our cohort are reported in detail in our 
manuscript and associated tables.

Recruitment Clinical data were collected for patients with meningiomas from 10 different participating institutions of the International 
Consortium on Meningiomas (ICOM) and using publicly available data repositories by expert clinicians including 
neurosurgeons, neurooncologists, and radiation oncologists specializing in the treatment of meningiomas at their respective 
institution. Cases were operated on between 2000 to 2020 and enriched for clinical aggressiveness or higher WHO grade 
tumors. Specific data elements collected were in accordance with pre-established common data elements designed for 
studies on meningiomas and included age, sex, tumor status (recurrent or primary at the time of surgery), WHO grade, 
Simpson grade, receipt of adjuvant radiotherapy (RT), histological subtype, and location. Meningiomas were graded by 
experienced neuropathologists from each institution in accordance with the 2021 WHO classification and central pathological 
review was performed at the University Health Network in Toronto for cases where slides were available. Data collection of 
these cases are nonetheless still subject to the inherent biases of retrospective data collection which includes selection 
biases associated with the majority of cases originating from tertiary academic neurosurgical centres. The RTOG-0539 
(NCT00895622) is a prospective, phase 2, non-randomized clinical trial that stratified patients with meningiomas to adjuvant 
RT (or observation) treatment arms based on WHO grade, EOR, and primary/recurrent tumor status. Tissue for molecular 
profiling and clinical data from the RTOG-0539 trial were obtained through The Molecular Profiling to Predict Response to 
Treatment (MP2PRT) program as part of the National Cancer Institute's Cancer Moonshot Initiative.

Ethics oversight Ethics approval for this study was provided by the Research Ethics Board via the Coordinated Approval Process for Clinical 
Research at the University Health Network (Toronto, ON) locally under CAPCR 18-5820 and by relevant institutional review 
board (IRB) at all included institutions (Indiana University, Case Western Reserve University, University of Tubingen, 
Vanderbilt University, Vancouver General Hospital, Fred Hutchinson Cancer Center, Northwestern University)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was used. All retrospective samples included represented all available meningioma datasets from each respective 
institution with accompanying tissue for molecular profiling, previously published molecular data, or clinical data only. Sample size calculation 
for the completed RTOG-0539 prospective clinical trial were as per protocol of the original trial with 100 cases having sufficient tissue for 
molecular profiling. This dataset represents that largest molecular meningioma dataset with detailed clinical data on extent of surgical 
resection, adjuvant radiotherapy, and clinical follow-up.

Data exclusions Data were excluded for cases that failed QC on DNA methylation or RNA-seq. We also excluded meningiomas from molecular classification 
when their DNA methylation profile did not classify reliably as meningioma on the DKFZ methylation classifier or did not cluster with 
meningiomas on a t-distributed Stochastic Neighbor Embedding with other confirmed reference meningioma cases, thereby ensuring our 
cohort was comprised entirely of molecularly-confirmed meningiomas for analysis. Otherwise, all patients with available molecular data and 
tissue for DNA methylation and/or RNA-seq were included.

Replication All analyses, including propensity score matching were repeated using 4 different molecular classifications (Toronto molecular group, DKFZ 
methylation class/subclass, UCSF Methylation Group, Baylor Meningioma Group), 3 molecular prognostic systems (Integrated Grade, 
Morphomolecular Risk, Gene Expression Risk) in addition to WHO grade with concordant results across all attempts at replication. To ensure 
reproducibility, confirmation of molecular group classification for each case were performed by two separate individuals (APL, VP) blinded to 
clinical outcome using multiple orthogonal approaches including the originally published methodologies as well as utilization of different data 
types for the same tumor when matched DNA-methylation and RNA-seq were available (see Supplementary Methods in the Extended Data).

Randomization NA. Randomization was not performed in this study. Univariable and multivariable Cox regression analysis as well as propensity score 
matching were used to control clinical covariates between treatment arms for this study.

Blinding All initial molecular classifications and bioinformatic analyses pertaining to molecular classification including in the RTOG-0539 clinical trial 
were performed by individuals blinded to clinical outcome, institution, and other clinical data (including WHO grade) to ensure unbiased, 
biologically rooted group allocation independent of outcome.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Clinical trial samples used in the study from the NRG Oncology RTOG-0539 study were originally accessed from NCT00895622

Study protocol Full protocol for the RTOG-0539 clinical trial can be found at https://www.nrgoncology.org/Clinical-Trials/Protocol/rtog-0539?

Data collection Recruitment, data collection, and locales of data collection have been previously published and documented as part of the NRG 
Oncology RTOG-0539 clinical studies (PMID 31786276, 28984517, 35657335)

Outcomes Outcomes from the NRG Oncology RTOG-0539 clinical trial (NCT00895622) were pre-defined and these outcome data were utilized 
for our study.
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Novel plant genotypes NA

Seed stocks NA

Authentication NA
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