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abstract

PURPOSE Meningiomas are the most frequent primary intracranial tumors. Patient outcome varies widely from
benign to highly aggressive, ultimately fatal courses. Reliable identification of risk of progression for individual
patients is of pivotal importance. However, only biomarkers for highly aggressive tumors are established
(CDKN2A/B and TERT), whereas no molecularly based stratification exists for the broad spectrum of patients
with low- and intermediate-risk meningioma.

METHODS DNA methylation data and copy-number information were generated for 3,031 meningiomas (2,868
patients), and mutation data for 858 samples. DNA methylation subgroups, copy-number variations (CNVs),
mutations, and WHO grading were analyzed. Prediction power for outcome was assessed in a retrospective cohort
of 514 patients, validated on a retrospective cohort of 184, and on a prospective cohort of 287 multicenter cases.

RESULTS Both CNV- and methylation family–based subgrouping independently resulted in increased prediction
accuracy of risk of recurrence compared with the WHO classification (c-indexes WHO 2016, CNV, and
methylation family 0.699, 0.706, and 0.721, respectively). Merging all risk stratification approaches into an
integrated molecular-morphologic score resulted in further substantial increase in accuracy (c-index 0.744).
This integrated score consistently provided superior accuracy in all three cohorts, significantly outperforming
WHO grading (c-index difference P 5 .005). Besides the overall stratification advantage, the integrated score
separates more precisely for risk of progression at the diagnostically challenging interface of WHO grade 1 and
grade 2 tumors (hazard ratio 4.34 [2.48-7.57] and 3.34 [1.28-8.72] retrospective and prospective validation
cohorts, respectively).

CONCLUSION Merging these layers of histologic and molecular data into an integrated, three-tiered score
significantly improves the precision in meningioma stratification. Implementation into diagnostic routine informs
clinical decision making for patients with meningioma on the basis of robust outcome prediction.
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INTRODUCTION

Molecular markers have amended or replaced histo-
logic classification and grading criteria for many brain

tumor types. For meningioma, TERT promoter muta-

tion or homozygous deletion of CDKN2A/B is included

in the 2021WHO classification as independent criteria
of WHO grade 3 meningioma.1-3

However, the most pressing clinical need is not to
identify high-grade meningioma, but to distinguish
patients with low or virtually none from those with
intermediate risk of recurrence.4,5
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Methylation subtyping of meningiomas has proven to be a
powerful tool in risk prediction, superior to the 2016 WHO
classification.6 The upcoming WHO classification for brain
tumors 2021 (CNS5) endorses methylation profiling for a
multitude of parenchymal brain tumors, further fostering
distribution and accessibility of this method.3

Similarly, copy-number variations (CNVs) have emerged as
another important tool in diagnostics for many brain tumor
types.7-9 Increasing use of high-throughput methodsmakes
the required CNV data often readily available in routine
work-up (eg, the methylation assay in parallel also provides
CNV).

In meningioma, a correlation of CNVs with outcome has in
fact been established for decades.10-12 However, no
comprehensive, integrated, and validated grading ap-
proach incorporating histology, CNVs, and the more re-
cently introduced methylation classes (MCs) has been
developed.

Here, we set out to derive a comprehensive grading al-
gorithm leveraging all these layers, to providemost accurate
prediction for individual patients.

METHODS

Details on sample collection, cohort composition, and
mutational profiling are provided in the Data Supplement
(online only). Lasso-selected CNVs (Data Supplement)
were aggregated into a risk stratification (CNV-Lassomodel)
based on sum of CNVs (low: none, intermediate: 1-2, high:
3), given equal weight to all CNVs for practicability. The
CNV-Literature model was similarly defined as a sum
score based on the deletion of 1p, 6q, 10q, and 14q (low:
none, intermediate: 1-2, high: $ 3).

For the integrated score, a multivariable Cox regression
model with WHO grading, methylation family (MF), and the

CNV-Lasso model was fitted (Data Supplement). No spe-
cific cutoff was used for MF allocation (Data Supplement).
Hazard ratios of the model were translated into individual
risk points based on the corresponding nomogram, with
risk points for each risk factor restricted to a maximum of 4
(Data Supplement) and rounded to integers for practica-
bility and interpretation. Patients were classified based on
the sum into low (0-2), intermediate (3-5), and high (. 5)
integrated risk. Cutpoints were selected based on clinically
reasonable proportions and discriminative ability. Patients
in validation cohorts were classified based on the scores
and cutpoints as derived on the discovery cohort. Het-
erogeneity of prognostic effect of risk stratifications between
males and females was tested with the likelihood ratio test
between a Cox model with and without interaction term.

RESULTS

Correlation of WHO Grade, CNVs, DNA Methylation,

and Mutations

We analyzed 3,031 meningioma samples (Data Supple-
ment), spanning all WHO grades and subtypes, for CNVs.
Number of CNVs per sample increased with WHO grade
(Data Supplement). All cases were allotted to one of the
previously introduced six epigenetic MCs of meningioma.6

These six MCs encompass three MCs with benign outcome
(ben-1, ben-2, and ben-3), two MCs with intermediate
outcome (int-A and int-B), and one malignant MC with
highly aggressive outcome (mal). Accordingly, these six
MCs can bemerged into three overarching groups, formerly
referred to as combined clinical groups,6 for consistency
with recent literature in the field herein now called meth-
ylation families: MF benign including MC ben-1, -2, and -3,
MF intermediate encompassing int-A and -B, and MF
malignant.6 In line with previous studies, the CNVs were
highly distinct for the MCs: ben-1 shows consistently

CONTEXT

Key Objective
The WHO classification of meningiomas stratifies patient cohorts into three groups with low to high risk of progression.

However, outcome for individual patients often deviates from the prediction based on conventional grading. Various
approaches to increase risk prediction accuracy for individual patients with meningioma exist. Copy-number variations
are enriched in aggressive meningiomas, and methylation-based classification was introduced as a novel tool for
meningioma stratification. Yet, these approaches lack both comprehensive validation and integration into one unified
classification concept, preventing their routine application.

Knowledge Generated
Our data delineate and comparatively validate the independent predictive power of WHO grading, specific copy-number

variations, and methylation-based classification. Based on three independent cohorts, we devised and validated a
superior, integrated grading algorithm (integrated score) leveraging the advantages of all three classification approaches.

Relevance
The significant increase in prediction accuracy of the integrated score, including a majorly more precise segregation of

patients at the clinically challenging interface at WHO grade 1 and 2, provides a robust basis for clinical decision making.
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deletions of 22q, ben-2 has virtually flat copy-number
profiles, and ben-3 is characterized by whole-
chromosomal gains. The number of whole-chromosome
deletions increases in MC int-A/B (or the combined MF
intermediate, respectively), and finally MC mal is charac-
terized by numerous CNVs including focal homozygous
deletions on 9p at the CDKN2A/B locus (Data Supplement,
Fig 1A). Virtually all CNVs either affect the whole arm or are
absent (Data Supplement).

Distinct mutations also align with CNV patterns: Isolated
NF2 mutations are frequently associated with WHO grade
1, isolated 22q deletion, and MC ben-1. AKT1, SMO, KLF4,
and TRAF7 mutations are common in WHO grade 1 me-
ningioma of MC ben-2 with flat copy-number profiles.
Additional CNVs besides 22q deletion are accumulated in
MC int-A and int-B, along with NF2 mutations and in-
creasing WHO grade. Finally, meningiomas with highly
perturbed genomes, including CDKN2A/B homozygous
deletions, have mostly WHO grade 3 and MC mal classi-
fication, and are enriched for TERT promoter mutations
(Fig 1B).

The most frequent alterations besides 22q deletion were
deletions of 1p, 6, 14, and 10. Their distribution indicates
that the cascade of CNV accumulation is limited to NF2-
alteredmeningiomas (Fig 1B). Accordingly, cases for which
mutational data were available and which harbored AKT1,
SMO, KLF4, and/or TRAF7 mutations rarely carried any
CNVs (Fig 1B). Hence, these data on CNVs and mutations
confirm the conclusions about characteristics of MCs and
overarching MFs from the initial study.6 Oncogenetic trees
support initiating 22q deletion in 68% of cases, followed by
1p deletion, and subsequently (in order of frequency) 6q,
18q, 14q, 7p, 10q, 4p, or 2p deletion, or combinations
thereof (Figs 1C and 1D, Data Supplement).

Comparison of WHO Grading, CNVs, and MFs as a Model

for Clinical Outcome Prediction

Next, we assessed the power of outcome prediction of these
molecular parameters.

Within the 3,031 meningioma samples, retrospective
clinical outcome data were available for one cohort of 514
individual cases, with amedian follow-up time of 45months
and 169 events during follow-up (details on WHO grades,
MCs, clinical parameters, and gene mutations are given in
the Data Supplement). The two separate, fully indepen-
dently gathered sets of other retrospectively (n 5 184) and
prospectively collected (n 5 287) cases were not included
in these analyses to subsequently serve as validation cohorts
(clinical parameters are given in the Data Supplement).

WHO grade, sex, and extent of resection (Simpson grade 1-
3 v 4 or 5) were significantly associated with progression.
NF2 insertion or deletion, TERT promoter mutation, and
homozygous deletion of CDKN2A/B were associated with
unfavorable outcome (Data Supplement). Interestingly,

TRAF7 and KLF4, or the compound non-NF2 group with
TRAF7, AKT1, and/or KLF4 mutations were significantly
associated with lower risk of progression (Data
Supplement).

Univariable analysis corrected for multiple testing yielded
significant prognostic effects for 14 different CNVs, in-
cluding deletions proposed as risk markers before,10,11

such as 1p, 6q, 10q, and 14q (Data Supplement). Upon
adjustment for WHO grade, age, sex, and localization, most
of these markers remained significant (Table 1, Data
Supplement for WHO 2016). Of note, we also implemented
the novel WHO criteria (TERT promoter mutation and
CDKN2A/B homozygous deletion as criteria for anaplasia)
throughout our analyses here (patient characteristics of
cases for which the WHO 2021 grading criteria were
available and prognostic impact of CNVs for WHO 2021
cases are provided in the Data Supplement). After further
adjustment for methylation, only deletion of 1p remained an
independent marker (Table 1, Data Supplement).

In line with early emergence in the oncogenetic trees,
presence or absence of 1p can further stratify histologically
WHO grade 1, grade 2, and the compound WHO grade 1 or
2 cases (Figs 2A and 2B). If 1p deletion is present, the
outcome is similar to WHO grade 2 or MF int. This indicates
that any meningioma with 1p deletion should be consid-
ered as at least WHO grade 2 (all cases in Fig 2B, WHO 1 or
2 only cases only in Fig 2C). Hence, 1p status is an at-
tractive target for analysis because of its prognostic rele-
vance, abundance in a large share of meningiomas, and
assay availability.

To identify a three-tiered scheme based on CNVs only, we
used a Lasso Cox model. This returned losses of 1p, 6q,
and 14q as the most informative combination (c-index
0.727, bootstrapped 0.717, Data Supplement). Respective
stratification (none, one to two, or all three CNVs) signifi-
cantly separated for outcome (log-rank P , .0001), per-
forming similar to the WHO classification 2016 and the
upcoming WHO 2021 (Figs 3A-3C).

We also tested a model based on CNVs that had been
consistently proposed in the literature before.10,13,14 This
model included deletion of 1p, 6q, 10q, and 14q. Ac-
cordingly, absence of any of these was categorized as low,
up to two CNVs as intermediate, and three or more as high
risk. Although largely identical to those CNVs arising from
our data-driven approach, regarding them as a priori given
reduces the need for overfitting correction because of
variable selection in the discovery data set (c-index 0.715).
As expected, these markers also clearly stratified for out-
come (P , .0001, Fig 3D).

Finally, the MF-based stratification by DNA methylation
alone also yielded clinically distinct strata, confirming
previous reports on the prediction power of methylation in
meningioma6,15,16 (log-rank P , .0001, Fig 3E).
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Next, we compared the prediction performance of the
different models (Fig 3F, Data Supplement). The data-
derived CNV-Lasso model has a c-index of 0.701, the
CNV-Literature model 0.709, and the MFs 0.719 (Data
Supplement). These three were all favorable compared with
the WHO classification 2016 with a c-index at 0.683 and
WHO classification 2021 with a c-index of 0.697 (Data
Supplement). Brier prediction errors at 10 years are similar
for all models (0.170-0.178) except for MFs with again a
lower error (0.158, Data Supplement). The difference in
prediction accuracy was significant for MFs versus WHO
with P5 .01 at 5 and P, .001 at 10 years. No significance
was reached for the CNV models compared with the WHO
grading (Data Supplement). This performance analysis
focused on cases with TERT status available, as this is a
requirement for WHO 2021, and same results were ob-
tained when comparing to WHO 2016 grading available,
also including cases with unknown TERT status (Data
Supplement).

For validation, the superior performance of molecular
approaches compared with WHO grading alone was con-
firmed in an independent retrospective cohort, with c-
indices of 0.673 for WHO grading, 0.698 CNV-Lasso
model, 0.701 CNV-Literature model, and 0.685 MFs. In-
triguingly, while the molecular models were again superior
to the WHO grades, the CNV models performed better than

the MFs in this retrospective validation cohort (risk strati-
fication for the different models in the Data Supplement).

Combining the Outcome Prediction Models Toward an

Integrated Classification

Collectively, the molecularly guided approaches were
consistently stronger in predicting risk of progression than
the WHO grading. However, all models, including histologic
grading, remained strong independent predictors (Data
Supplement). Hence, a combined approach leveraging the
strength of all these layers of information may yield an
essential further advance in risk prediction.

We combined all three models into an integrated, also
three-tiered grading approach, using a multivariable Cox
regression model. For each category, points from 0 to 4 are
allotted (nomogram in the Data Supplement, algorithm in
Fig 4A, correlation with other models Fig 4B, and decision
tree in the Data Supplement). The sum of these morpho-
logic and molecular alterations results in the grade (ie, low,
intermediate, and high). This integrated model significantly
stratified for outcome (Fig 4C) and has a significantly higher
prediction accuracy in c-index (Fig 4D and Data Supple-
ment) and lower prediction error than WHO grading alone
in the discovery cohort at 5 (P 5 .002) and at 10 years
(P 5 .0001) (Data Supplement). This holds true in a
comparison of the integrated model to the 2021 WHO

TABLE 1. Prognostic Impact of Single Copy-Number Alterations in the Discovery Cohort
CNV N HR P Adjusted P Value

CNVs adjusted for WHO grade, age, sex and location

1p loss 514 3.68 (2.45-5.51) , .001 , .001

6q loss 514 2.36 (1.70-3.29) , .001 , .001

10q loss 514 2.39 (1.65-3.46) , .001 , .001

7p loss 514 2.04 (1.42-2.93) , .001 .002

CNVs adjusted for WHO amended for TERT promoter and homozygous
CDKN2A/B loss status adjusted for age, sex, and location

1p loss 399 3.43 (2.27-5.19) , .001 , .001

6q loss 399 2.16 (1.55-3.02) , .001 , .001

10q loss 399 2.05 (1.39-3.01) , .001 .005

1q gain 399 1.97 (1.36-2.85) , .001 .006

CNVs adjusted for WHO grade, MF, age, sex and location

1p loss 514 2.57 (1.64-4.05) , .001 , .001

6q loss 514 1.67 (1.19-2.34) .003 .064

10q loss 514 1.67 (1.14-2.45) .009 .175

Abbreviations: CNV, copy-number variation; HR, hazard ratio; MF, methylation family.

FIG 1. Combinations and sequence of CNVs and genomic alterations. (A) Oncoprint of all meningioma cases sorted by WHO grade illustrates the distribution
of MCs and combinations of CNVs per sample. (B) Mutational patterns also align with the most frequent chromosomal alterations, WHO grades and
methylation classes. (C) Oncogenetic tree (simplified, full tree in the Data Supplement) depicts the emergence of CNVs beginning with 22q deletion followed
by 1p and subsequently other alterations. (D) The frequency of combinations among these alterations is illustrated in an up-set plot. CNV, copy-number
variation; MC, methylation class; SNV, single nucleotide variant.
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grading for both c-index (P5 .004) and prediction error at 5
and 10 years (P5 .0021 and P5 .0001 respectively, Data
Supplement). The integrated model is also significantly
superior in c-index when compared with the CNV-Lasso
model (P 5 .008) and to the CNV-Literature model
(P 5 .044) (Data Supplement). Despite higher c-index for
the integrated score, there was no significant difference to
methylation (P 5 .06, Data Supplement) in this cohort.

In the retrospective validation cohort, the integrated
model also resulted in significant outcome risk stratifi-
cation (P , .0001, Data Supplement), and both the
superior c-indices and Brier scores compared with WHO
are replicated (Fig 4E, Data Supplement). In addition to
being superior to WHO and CNV in the discovery cohort,
the integrated score also significantly exceeds the pre-
dictive power of methylation families in the retrospective
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validation cohort (difference in c-index P5 .011, in Brier
score P 5 .016).

Finally, the integrated score also provides significant risk
stratification in the prospective cohort (P 5 .0249, risk
stratification is provided in the Data Supplement). In line
with the other cohorts, the integrated score had the highest
c-index (0.665 v 0.596-0.652 of the others). However, in
this first prospectively collected data set on methylation in
meningioma, the data set is not yet mature to reach sig-
nificance (Data Supplement).

Neither sex (P 5 .7) nor extent of resection (EOR; P 5 .5)
remained an independent prognostic factor when
adjusting for the integrated score in Cox regression. Ad-
ditionally, the prognostic effect of the integrated risk
scores was not significantly different in male or female
patients (P 5 .93).

Among the compound WHO grade 1 and 2 meningiomas,
cases with low risk in the integrated model had outcomes
similar to the average WHO grade 1, despite having been
diagnosed as WHO grade 2 (Fig 4F). In turn, histologically
inconspicuous cases but with higher integrated model
scores had outcomes identical to the averageWHO grade 2.
Of note, the integrated score separates low-risk from high-
risk cases among WHO grade 1 or 2 cases more clearly
than 1p status (Fig 2C v Fig 4F). Accordingly, the hazard
ratio for low versus higher integrated scores among WHO
grade 1 or 2 cases was 4.56 (2.97-7.00), 4.34 (2.48-7.57),
and 3.34 (1.28-8.72) in the discovery, the retrospective,
and the prospective validation cohorts, respectively (Data
Supplement).

DISCUSSION

To identify robust markers for risk stratification of patients
with meningiomas, and devise a grading schema thereof,
we here interrogated a comprehensive set of meningio-
mas on multiple levels, from copy number through epi-
genomics to mutations. First, we further substantiated that
meningioma can be separated into two major subsets: one
with initiating 22q/NF2 alteration and the potential to
acquire additional CNVs and to progress, and one with
AKT1/KLF4/TRAF7/SMO/PIK3CA mutations and no re-
current CNVs. This is in line with previous studies on the
molecular landscape and genomic instability of NF2-mutant
meningiomas.15-24

Among the CNVs arising in NF2-mutant cases, the most
informative single marker is deletion of 1p. The addition of

1p assessment in WHO grade 1 and 2 cases substantially
increases the prediction accuracy (Figs 2A and 2B): His-
tologically inconspicuous cases, thus compatible with WHO
grade 1, but prone to progression or recurrence, can be
singled-out by identification of 1p deletion. In turn, me-
ningioma with higher mitotic count, thus allotted to WHO
grade 2, but lack of 1p alteration, can be categorized as
WHO grade 1 (Fig 2C).

However, 1p status alone does not adequately dissect for
the full range of meningioma. In three cohorts, we here
validated that methylation stratifies the entire landscape of
meningioma with higher accuracy than the WHO grading
approach. These data emphasize the role of methylation in
meningioma that has been proposed by several studies
before15,16,25 and provides the first methylation-based
classification that has now been validated over multiple
cohorts, including prospectively accrued cases, after its
introduction in 2017.6

Alternative to methylation, CNVs can serve as a strong
prediction model, assessing only three (Lasso model) or
four (Literature model) chromosomal arms. The strength of
pre-existing data in this field is reflected by the fact that our
data sets on . 3,000 meningiomas heuristically yielded
virtually the same selection of markers (1p, 6q, and 14q)
that could also be derived from our survey of literature on
smaller cohorts. Previous technologic obstacles to imple-
ment CNV assessment are now overcome by increased use
of high-throughput platforms.

However, all three approaches (histology, methylation, and
CNVs) have their specific value and advantages. For in-
stance, an anaplastic meningioma with RB1 deletion or a
rhabdoid meningioma WHO grade 3 with deletion on
chromosome 3 encompassing BAP1 do not qualify for a
high-risk tier by CNV, but are identified as MF mal by
methylation (Data Supplement).

In turn, some meningiomas cannot unequivocally be
assigned to one of the MFs,22 yielding comparatively low,
but still informative scores in the meningiomamethylation
classifier (Data Supplement). For parenchymal brain
tumor samples with low scores, CNVs are already lev-
eraged to render a clear diagnosis (eg, 7/10 alteration in
glioblastoma). This was not available for meningioma
as yet.

To harmonize the integration of these three layers, histol-
ogy, CNVs, and methylation, we developed the integrated
score. Although both MFs and CNVs have independently

FIG 3. Outcome analysis and risk stratification modeling in the discovery cohort. Kaplan-Meier analysis of (A) progression-free survival for
cases stratified for WHO 2016 grade, (B) the WHO 2021 grading amended by TERT promoter mutation and CDKN2A/B homozygous
deletion as independent criterion for WHO grade 3, (C) the CNVmodel for three decisive alterations identified in the lasso Coxmodel (1p, 6q,
and 14q), (D) the literature model of four alterations extracted from the published literature (1p, 6q, 10q, and 14q), and (E) the combined
MFs ben, int, and mal. (F) Brier prediction score analysis shows lower error rate, thus higher prediction accuracy for the methylation-based
stratification in methylation classes. ben, benign; CNV, copy-number variation; int, intermediate; mal, malignant; MF, methylation family.
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FIG 4. The integrated model combines WHO grading, CNVs, and MFs. For each of the three components of the integrated model (WHO grading,
methylation, and CNVs), a value between 0 and 4 is added to the total score. (A) The combined score ranges from 0 to 9 and stratifies low (0-2),
intermediate (3-5), and high (6-9) risk for progression meningiomas. (B) Cross-over model illustrating the distribution of cases in the discovery
cohort over the different components of the integratedmodel. (C) Kaplan-Meier analysis of progression-free survival for cases stratified for based on
the integrated model. (D) Brier prediction score analysis shows lower error rate, thus higher prediction accuracy, for the integrated model in the
discovery and (E) retrospective validation cohorts. (F) Separating WHO grade 1 intermediate-risk and WHO grade 2 low-risk cases identifies true
high-risk cases among WHO grade 1, and true low-risk cases among WHO grade 2 cases. ben, benign; CNV, copy-number variation; int, in-
termediate; mal, malignant; MF, methylation family.
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proven strong predictors in the cohorts analyzed here, the
integrated score was consistently superior, delineating
three distinct risk groups (Fig 5).

Intriguingly, the CNV models are more accurate in early
follow-up, most pronounced in the retrospective validation
cohort, whereas the benefit of methylation arises later. This
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is in line with the concept that epigenetic characteristics
can predate other genetic or morphologic changes. An
unfavorable MF may indicate ultimately aggressive growth,
but does not stratify between those that are already in an
aggressive stage or are just prone to transformation. The
short-term course is more accurately reflected by CNVs and
histology.

Regarding underlying technology, the implementation of
methylation into the WHO classification will foster its wider
availability. In low-throughout settings, nanopore se-
quencing26 provides results identical to arrays for assigning
MF and identification of prognostic copy-number alter-
ations (Data Supplement).

Subjecting every meningioma to a comprehensive work-up
may still not be feasible. We thus identified histologic
subtypes in which further assessment is required (Data

Supplement) and devised an efficient, stepwise workflow
for diagnostic routine (Fig 6).

Further studies may even incorporate the molecular layers
into risk-prediction before surgery. A risk prediction score
obtained from circulating DNA, potentially extended with
radiologic features, may identify the growth and transfor-
mation potential of incidental meningioma, guiding therapy
decisions.27

The integrated molecular-morphologic score has immedi-
ate effect on risk stratification for a substantial number of
patients (Data Supplement) and holds potential to trans-
form the work-up of diagnostic meningioma samples
similar to the extent that molecular profiling has changed
assessment and consecutive treatment decisions for pa-
renchymal brain tumors.
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Germany
8Department of Neuropathology, University Hospital Gießen, Giessen,
Germany
9Department of Neurosurgery, University Hospital Gießen, Giessen,
Germany
10Department of Neurosurgery, University Hospital Frankfurt, Frankfurt,
Germany
11Department of Neurosurgery, University Hospital Hamburg-Eppendorf,
Hamburg, Germany
12Department of Neuropathology, University Hospital Zurich, Zürich,
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