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Purpose:  To develop a voxel-based, MRI-derived atlas of intracranial meningiomas and assess the voxelwise associations of location with clinical presenta-
tion, management strategy, and malignancy grade.

Materials and Methods:  This single-center retrospective study (January 2000-December 2024) included adults with intracranial meningioma and pre-
operative MRI scans. Lesions were manually segmented and normalized to the Montreal Neurological Institute 152 template space and analyzed with
volume-adjusted permutation testing and false discovery rate correction.

Results:  The final cohort comprised 1333 patients (mean age, 58 years + 13 [SD], 1064 female [79.8%] and 269 male [20.2%)] patients) with 1676 intra-
cranial meningiomas. Density analysis revealed a cluster in the anterior or middle skull base. Symptomatic presentation was localized to the bilateral motor
and premotor cortex, deep frontobasal regions, and anteromedial skull base (26 141 voxels; maximum z score [max z] = 7.70; ¢ < .05). Symptom-specific
clusters included focal deficits in the left precentral and anteromedial junction of the skull base (3163 voxels; max z = 9.26; 4 < .05), epilepsy in the bilat-
eral premotor region including supplementary motor area and middle frontal gyrus (929 voxels; max z = 5.89; ¢ < .05), and radioclinical signs of elevated
intracranial pressure in the deep right frontal and left cerebellar regions (19066 voxels; max z = 7.62; ¢ < .05). The resection probability was clustered in
the anterior skull base, middle skull base, bilateral supplementary motor area, left precentral gyrus, and deep frontobasal regions (56 649 voxels; max z =
9.50; ¢ < .05). Among resected tumors with available histology, tumors with a higher World Health Organization grade (grade 2-3) were localized to a

right frontal cluster along the superior and middle frontal gyri (97 voxels; max z = 5.76; g < .05).

Conclusion:  The voxelwise maps of 1676 meningiomas revealed that tumor location was associated with symptoms, resection probability, and malignancy

grade.
Supplemental material is available for this article.
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eningiomas are the most common primary intracranial tu-
Mmors of the central nervous system, representing approximate-
ly 40% of all primary brain tumors in adults, as reported by the
Central Brain Tumor Registry of the United States (1-3). Tumor
location is a critical determinant of patient management, because
it influences clinical presentation, histomolecular characteristics,
therapeutic strategies, malignancy grade, and outcomes (4-0).
Current conventional anatomic labeling approaches (eg, skull base,
convexity, or falcine/parasagittal classification) remain clinically
useful for communication, broad risk stratification, and treatment
planning because they are easily applicable across patients in both
routine clinical practice and research settings, and they are readily
understandable to clinicians and researchers (7,8). Conventional
anatomic labels offer only a coarse taxonomy, however, and large,
multicompartment tumors may be misclassified owing to the
necessary single-site assignment, thus biasing interpretation and
masking fine-scale spatial effects (5,6,9-11). Unbiased, MRI-based
voxel-based lesion mapping (VBLM) techniques can overcome
such limitations by normalizing lesions to a common stereotactic
template space, such as Montreal Neurological Institute, Talairach,
or other standardized reference templates (12), and quantifying
spatial density without relying on predefined categories, thereby
overcoming common classification biases (9-11,13,14).

MRI-derived probabilistic brain atlases have been developed
for gliomas (13,14) and for meningiomas (9-11), enabling
VBLM and statistical analyses beyond those possible with cat-
egorical schemes. Previous meningioma atlas studies refined the
preferential spatial distribution of tumors and explored associa-
tions with biologic features. Hirayama et al (10) primarily pro-
vided a lesion frequency map and three-dimensional rendering of
260 lesions, whereas Sun et al (11) extended voxelwise analyses
to biologic characteristics, recurrence, and extent of resection in
a surgical cohort and Patel et al (9) focused on histopathologic
and molecular grade. However, prior studies did not provide a
unified large-scale voxelwise assessment of clinically relevant vari-
ables such as focal deficits, epilepsy, signs of elevated intracranial
pressure, management strategy, and malignancy grade.

In this study, we aimed to analyze the associations of tu-
mor location with clinical presentation, therapeutic manage-
ment, and outcomes through VBLM in a large and homo-
geneous cohort of patients with intracranial meningiomas.

Materials and Methods

The authors had full access to all the data and take respon-
sibility for its integrity and the accuracy of the analyses. No
conflicts of interest are declared. Patients included in this
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Abbreviations

max z = maximum z score, VBLM = voxel-based lesion mapping,

WHO = World Health Organization
Summary

A large MRI voxel-based atlas mapped intracranial meningioma distri-
butions, linking location to symptoms, management, and malignancy
grade, and provided a standardized spatial reference to anticipate
presentation and guide clinical decision-making.

Key Points

= In a large voxel-based MRI atlas of 1676 meningiomas, tumor den-

sity peaked at the anterior and middle skull base.

= Symptoms were localized to distinct regions, including focal deficits
in the precentral gyrus and anteromedial skull base (3163 voxels;
maximum z score [max z] = 9.26; ¢ < .05), epilepsy in the premo-
tor and middle frontal regions (929 voxels; max z = 5.89), and el-
evated intracranial pressure in the frontobasal region and posterior
fossa (19066 voxels; max z = 7.62).

= Resection probability clustered in the anterior and middle skull
base, bilateral supplementary motor area, precentral gyrus, and
frontobasal regions (56 649 voxels; max z = 9.50); World Health
Organization grade 2-3 tumors were more localized to frontal re-
gions (97 voxels; max z = 5.76).

Keywords

Intracranial Meningioma, MRI Mapping, Brain Atlas, Skull Base,
Neurosurgery

cohort have not been analyzed in prior publications on the
same topic. The study was approved by an institutional re-
view board (IRB No. 1:2024/53; No. IRB00011687). In-
formed consent was waived for this retrospective observa-
tional study in accordance with French regulations.

Study Design and Sample

Consecutive patients managed for meningioma were identi-
fied from the adult neurosurgical center of Sainte-Anne Hos-
pital, GHU Paris Psychiatry & Neurosciences, Paris, France,
between January 2000 and December 2024. Inclusion cri-
teria were age 18 years or older, intracranial tumor, diagno-
sis of meningioma on the basis of blinded neuropathologic
review in accordance with the 2021 World Health Organi-
zation (WHO) classification (15) and the cIMPACT-NOW
update 8 (4) for surgical patients or blinded neuroradiologic
review for nonsurgical patients, and available preoperative
MR images, including those acquired with an isotropic
three-dimensional contrast-enhanced T1-weighted sequence
with a section thickness less than or equal to 1.5 mm. Exclu-
sion criteria were spinal location, unavailable MRI data, and
missing clinical and/or follow-up data.

Data Collection

The following variables were recorded at the time of me-
ningioma diagnosis: age, sex, clinical presentation (signs of
increased intracranial pressure, focal neurologic deficits in-
cluding cranial nerve palsy, epileptic seizure, exophthalmos,
subcutaneous mass, or incidental discovery), tumor volume
(in cubic centimeters, on contrast-enhanced T1-weighted
images), tumor side, brain-related edema (hyperintense area
on fluid-attenuated inversion recovery images), mass effect
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(defined as compression, displacement, or deformation > 0.5
mm of lateral ventricles), venous/sinus infiltration (defined
as the intraluminal location of the meningioma on con-
trast-enhanced MR images, excluding the cavernous sinus
region), therapeutic management (watch-and-wait approach,
surgery, or radiation therapy) corresponding to the initial
management strategy determined after baseline imaging,
WHO grade of malignancy obtained from the neuropathol-
ogy report (4,15), and extent of resection (Simpson grade)
obtained from surgical reports and perioperative imaging
(16). Disease duration and prior cranial radiation therapy
before MRI were not consistently available and thus, they
were not analyzed as covariates. The tumor location was clas-
sified as either the skull base (spheno-orbital region, clinoid
process, orbital roof, olfactory groove, planum and jugum
sphenoidale, tuberculum sellae, cavernous sinus, sphenoid
wing, petrous ridge, clivus, or foramen magnum) or convex-
ity (convexity sites defined by the adjacent cortical areas).

Radioclinical signs of elevated intracranial pressure were ad-
judicated at diagnosis by two neurosurgeons (A.R. and ].P,
each with more than 10 years of experience in neurosurgery).
No systematic lumbar puncture or invasive intracranial pressure
monitoring was performed. This variable captured MRI findings
compatible with elevated intracranial pressure (eg, obstructive
hydrocephalus, sulcal/basal cistern effacement, and brain shift)
while demonstrating clinical concordance (eg, nausea or vomit-
ing, headache, and papilledema). Contrast agent type and injec-
tion-to-acquisition delays were not standardized throughout the
study period and were not consistently available in the records.
Therefore, enhancement timing and delayed enhancement/con-
trast clearance analyses were not performed.

Imaging Processing

The imaging process is illustrated in Figure 1. Because images
were acquired in routine practice over a long study period,
scanner-specific acquisition parameters beyond the required
isotropic three-dimensional contrast-enhanced T1-weighted
sequence were heterogeneous and not consistently retrievable.

Meningioma segmentation

A single evaluator (B.H.) who was blinded to the clinical, ther-
apeutic, and follow-up data manually segmented the menin-
gioma components on preoperative images using Brainlab El-
ements software (version 6.3.0.27, 2022; Brainlab AG) using
the brush tool in the three orthogonal planes, followed by sec-
tion-by-section review and correction to refine tumor boundar-
ies. Enhancing components and necrotic and/or calcified areas,
when present, were combined to define the solid tumor volume,
which served as the region of interest. Calcifications were not
quantified as a separate imaging cofactor; when suspected on
MRI, they were included in the region of interest to represent
the full extent of the lesion. However, CT was not systemati-
cally available to standardize calcification assessments.

MRI database organization

The segmented and native sequences for each meningioma
were exported in Digital Imaging and Communications in
Medicine format and subsequently converted to Neuroimag-
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Image processing and voxelwise analysis pipeline. Contrast-enhanced T1-weighted MR images were segmented in Brainlab Ele-

ments (version 6.3.0.27; Brainlab AG) to generate the regions of interest (ROls) of the meningiomas. Native and segmented datasets were exported,
converted to Neuroimaging Informatics Technology Initiative format, organized according to the Brain Imaging Data Structure specification, and
subsequently coregistered and normalized to the Montreal Neurological Insfitute 152 1-mm template using stafistical parametric mapping software
(SPM12; https://www fil.ion.ucl.ac.uk/spm/software,/spm12,/) with MATLAB (version R202 1b; MathWorks). The normalized ROls were then
analyzed with NiiStatGUI (MACI64; MATLAB version 9.11.0.2358333 [R2021b] Update 7; University of South Carolina) using two complemen-
tary approaches. First, density analysis was performed, corresponding to the cumulative overlap of all the voxels across meningiomas; the results are
displayed as a frequency heatmap in which the color infensity indicates the number of meningiomas associated with each voxel. Second, a voxelwise
analysis was conducted, consisting of statistical tesfing at each voxel to identify significant spatial associations between tumor location and clinical or
surgical variables, with voxels highlighted to represent their statistical relevance.

ing Informatics Technology Initiative format. The MRI data-
base was structured according to the international Brain Im-
aging Data Structure standard (he1p://bids. neuroimaging. io).

MRI coregistration and normalization

Image registration was performed using the open-source statis-
tical parametric mapping 12 (SPM12; Functional Imaging Lab-
oratory, Department of Imaging Neuroscience, University Col-
lege London;  https:/fwww.fil.ion.ucl.ac.uklspmisoftwarelspm12))
software running on MATLAB (R2021b; MathWorks). MRI
scans were spatially normalized in the Montreal Neurological
Institute 152 template space and resampled to a 1.0-mm isotro-
pic resolution using the SPM12 canonical International Consor-
tium for Brain Mapping Montreal Neurological Institute 152 T1
template (avgl52T1.nii) with the Clinical Toolbox tool (2017,
Department of Psychology, University of South Carolina), which
is designed to improve normalization of lesioned brains and the
Diffeomorphic Anatomic Registration Through Exponentiated
Lie Algebra (DARTEL, 2018, Wellcome Trust Centre for Hu-
man Neuroimaging), a high-dimensional nonlinear registration
method (17). To ensure accurate alignment of lesioned brains, a
cost-function masking approach was applied (18) that excludes
the lesion from contributing to the normalization parameters, us-
ing a binary mask derived from the segmented tumor (17).

Quality assessment
Standardization was verified through an external quality con-
trol procedure (19,20). An external evaluator (M.S.), who
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was blinded to the clinical, therapeutic, and follow-up data
and the first segmentation, performed additional segmenta-
tions on the images of a random subset of 45 of 1333 pa-
tients (3.4%). This subset size was chosen pragmatically to
permit full repeat manual segmentation while sampling cases
across the study period and major tumor locations, in line
with prior atlas/quality control approaches. Voxelwise agree-
ment was assessed using the Pearson coefficient, and spatial
overlap was evaluated using the Dice and Jaccard indexes.
Missingness and potential selection bias related to exclusions
and the number of meningiomas were assessed (Appendices

S1 and S2).

Statistical Atlases

All segmented regions of interest were superimposed to gen-
erate three-dimensional location and frequency maps accord-
ing to the parameters of interest. The frequency at each voxel
in Montreal Neurological Institute 152 space was computed
and color-coded for visualization using MRIcroGL software
(2018, University of South Carolina). Three-dimensional
renderings were produced using Surf Ice software (version
12.65 2015, University of South Carolina). Group analyses
focused on parameters related to clinical presentation (focal
neurologic deficit, radiologic signs of elevated intracranial
pressure, and epileptic seizures), treatment strategy, and ma-
lignancy grade in surgical patients (grade 1 vs grades 2-3).
These parameters constituted the study outcomes in VBLM,
with tumor volume included as an additional covariate in
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Screened Meningiomas (n=2826)
- Adult patients
- Diagnosis according to the WHO 2021 classification
- Between January 2000 and December 2024

Spinal location (n=74)
Incomplete clinical data(n=812)

Clinical database (n=1940)

| Unavailable preoperative MRI (n=607)|

Clinico-radiological database (n=1333 patients / 1676 tumors)
Full post-processing analyses

- Tumor segmentation

- MRI co-registration and normalization

- Quality assessment

- Statistical analyses

Figure 2:

Organization.

Flow diagram of selection study sample. WHO = World Health

all the models. The voxelwise framework targeted tumor
location (lesion masks) rather than intratcumoral imaging
features; imaging features related to the tumor—brain inter-
face, including the presence of a visible tumor—brain cleft
(ie, preservation of a radiologic separation plane between the
tumor and adjacent brain parenchyma), were not assessed as
standardized variables.

Statistical Analysis

We assessed interrater reliability of the segmentation volumes
using the Pearson correlation coefficient. The 95% CI for
the Pearson correlation coeflicient was calculated using the
Fisher z transformation. Associations between regional me-
ningioma involvement and parameters of interest were tested
in a voxelwise manner within the VBLM framework. Each
voxel was classified as inside or outside the region of interest,
and its associations were analyzed against binary variables
using the Liebermeister test or against continuous variables
using generalized linear models. To avoid testing voxels with
negligible lesion coverage, analyses were restricted to voxels
covered by at least three tumors (minimal overlap 7 = 3); this
is a voxel inclusion criterion and was not used as a cluster-ex-
tent threshold for inference. No cluster-extent threshold was
applied to define statistical significance (21,22). Voxelwise
analyses were performed using NiiStatGUI (MACI64; MAT-
LAB version 9.11.0.2358333 [R2021b] Update 7; Univer-
sity of South Carolina). Voxelwise statistical significance
was determined solely on the basis of multiple-comparison
correction at the whole-brain level. The multiple testing
problem was controlled for using nonparametric permuta-
tion testing (7 = 3000 permutations) with voxelwise false
discovery rate correction at ¢ = .05. Associations were as-
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sessed in both directions; NiiStat reports direction-specific
(one-tailed) permutation-derived thresholds for negative and
positive z values, with voxelwise false discovery rate correc-
tion at g = .05. The random number generator seed was fixed
and is reported, and the full analysis settings as well as scripts
and parameter files are provided (Appendices S3 and S4). To
mitigate lesion size confounding, all results of the voxelwise
analyses were adjusted for the total tumor volume. Sensitivity
analyses assessed robustness to exclusion-related missingness,
within-patient clustering, and surgical selection. The pri-
mary voxelwise analyses were repeated in cohorts restricted
to diagnoses from 2010 onward and from 2015 onward, and
in a “one tumor per patient” cohort excluding patients with
multiple meningiomas. Because WHO grade was available
only for resected tumors, grade mapping was also repeated
in a high-propensity surgical subset (predicted probability of
surgery > 0.70) derived from a multivariable logistic model
including age, sex, tumor volume, skull base location, brain
edema, and mass effect. Statistical analyses were performed
using JMP software (version 18.0.2; SAS Institute).

Results

Study Sample Characteristics

A total of 2826 patients with meningiomas were managed
at our institution during the study period. Among these pa-
tients, 74 patients were excluded because their tumors were
located in the spine, 812 because of missing clinical or fol-
low-up data, and 607 because of unavailable MRI data. The
final cohort comprised 1333 patients with 1676 intracranial
meningiomas (86.7% of patients presented with a single me-
ningioma) (Fig 2).

The mean age of the patients was 58 years + 13 (SD), and
1064 of the 1333 patients were female (79.8%) (Table). The
mean meningioma volume at discovery was 16.3 cm? + 26.0,
brain edema was present in 548 of 1676 tumors (32.6%),
and mass effect was present in 473 of 1676 tumors (28.2%)
(Table).

Segmentation Quality Was High

Voxelwise agreement between independent raters was excel-
lent (r=0.987; 95% CI: 0.98, 0.99). The Dice (0.90 + 0.05)
and Jaccard (0.82 + 0.08) indexes further confirmed substan-
tial spatial overlap. Lesion volumes were highly consistent,
with a strong linear correlation in terms of the number of
voxels (Fig 3). Agreement between raters was high across all
segmentation metrics.

Voxel Density Peaked in the Anterior and Middle Skull
Base

To characterize overall tumor distribution, we first generated
descriptive density maps.

Meningiomas were most frequently located at the lateral con-
vexity of the cerebral hemispheres (500 of 1676 tumors [29.8%)])
and lateral skull base (including the spheno-orbital region, clinoid
process, orbital roof, sphenoid wing, and petrous ridge; 471 of
1676 tumors [28.1%]), followed by the midline convexity (in-
cluding adjacent to the superior sagittal sinus and falcine sinus;

4
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Study Sample Characteristics

Characteristic Value

Clinical parameters*

Sex
Female 1064 (79.8)
Male 269 (20.2)
Age (y), mean + SD 58 +13
Symptom at diagnosis*'
Incidental discovery 663 (49.7)
Focal neurologic deficit 287 (21.5)
Epileptic seizure 202 (15.2)
Radioclinical signs of elevated intracranial pressure 234 (17.6)
Meningiomas per patient™
1 1158 (86.7)
2 106 (8.1)
>3 69 (5.1)
MRI characteristics at diagnosis*
Tumor volume (cm?), mean + SD 16.3 + 26.0
Regional location®
Lateral skull base 471 (28.1)
Midline convexity 362 (21.6)
Lateral convexity 500 (29.8)
Midline skull base 313 (18.7)
Other 30 (1.8)
Side
Left 698 (41.6)
Right 687 (41.0)
Midline 291 (17.4)
Meningioma-related brain edema
No 1128 (67.3)
Yes 548 (32.7)
Mass effect|
Yes 473 (28.2)
No 1203 (71.8)
Venous/sinus infiltration
Yes 177 (10.6)
No 1499 (89.4)
Therapeutic management?
Watch and wait 935 (55.8)
Surgery 677 (40.4)
Radiation therapy 64 (3.8)
Follow-up (mo), median (95% CI)* 51 (48, 60)
WHO grade of malignancy”
1 403 (56.1)
2 247 (34.4)
3 68 (9.5)

Note.—Except where indicated, data are numbers, with percentages in
parentheses. WHO = World Health Organization.

*Among all patients (7 = 1333).

"The presence of multiple symptoms at diagnosis was possible.

¥ Among all meningiomas (1 = 1676).

$ Lateral convexity (including cerebral hemispheres), lateral skull base
(including spheno-orbital region, clinoid process, orbital roof, sphenoid
wing, petrous ridge), midline convexity (including adjacent to superior
sagittal sinus and falcine), midline skull base (including olfactory groove,
planum and jugum sphenoidale, tuberculum sellae, cavernous sinus,
clivus, and foramen magnum), and other (including cerebellar convexity,
optic nerve, intraventricular).

I'Defined by compression, displacement, or deformation of the ventricu-
lar system = 0.5 mm.

*For the 718 operated tumors (first- or second-line treatment).
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362 of 1676 tumors [21.6%]) and midline skull base (in-
cluding the olfactory groove, planum and jugum sphenoi-
dale, tuberculum sellae, cavernous sinus, clivus, and fora-
men magnum; 313 of 1676 tumors [18.7%]).

Atlas-based density analysis (Fig 4) revealed a prin-
cipal voxel cluster along the anterior (olfactory groove,
planum and jugum sphenoidale, and orbital roof) and
middle (spheno-orbital region, clinoid process, sphe-
noid wing, tuberculum sellae, and cavernous sinus)
skull bases, comprising 11732 voxels with a predomi-
nantly bilateral distribution.

Overall, voxel density was highest in the anterior

and middle skull base.

Distinct Voxelwise Patterns Were Associated with
Clinical Presentation

To assess whether tumor location was associated with
clinical presentation, we performed voxelwise analyses for
symptomatic presentation and major symptom groups.

Incidental discovery was the most common presen-
tation (663 of 1333 patients [49.7%]), with several ad-
ditional meningiomas incidentally discovered at MRI
performed to diagnose a symptomatic meningioma.
Among symptomatic patients, 287 of 1333 (21.5%)
had focal neurologic deficits, 234 of 1333 (17.6%) had
radioclinical signs of elevated intracranial pressure, and
202 of 1333 (15.2%) had epileptic seizures. Voxelwise
analyses confirmed these associations, with voxel clus-
ters associated with a symptomatic presentation, mainly
in the convexity region, including the anteromedial
skull base, in the motor and premotor regions on both
sides, and in the deep frontobasal region (26 141 voxels;
maximum z score [max z] = 7.70; ¢ < .05) (Fig 5).

Distinct symptom-specific voxel clusters were identi-
fied according to clinical presentation (Fig 6). For focal
neurologic deficits (including cranial nerve palsy), two
voxel clusters were identified, one surrounding the left
precentral gyrus and another at the anteromedial junc-
tion of the skull base (sphenoid wing, planum and jugum
sphenoidale, tuberculum sellae, clinoid process, and cav-
ernous sinus) (3163 voxels; max z = 9.26; ¢ < .05). For
epileptic seizures, a frontal premotor cluster (supplemen-
tary motor area and middle frontal gyrus) was identified
bilaterally (predominantly left-sided) (929 voxels; max z
= 5.89; ¢ < .05). For radioclinical signs of elevated in-
tracranial pressure, two voxel clusters were identified: a
deep right frontal cluster (caudate nucleus/adjacent fron-
tal horn of the lateral ventricle) and a cluster along the
left cerebellar hemisphere adjacent to the convexity dura
(19066 voxels; max z = 7.62; g < .05).

Overall, symptom-related maps showed distinct
spatial patterns according to presentation type.

Surgical Management Clustered in Skull Base and
Frontal Motor Regions

To evaluate whether tumor location was associated
with initial management strategy, we analyzed voxel-
wise patterns of surgical resection.
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r=0.987 (IC95% 0.977-0.993)
p = 5.24e-36,n = 45

Investigator 1

Figure 3:

45 46 4.7

voxels

Investigator 2

Segmentation quality assessment. To ensure robusiness and assess interinvesfigator variability, a comparison was performed. Forty-five patients were inde-

pendently segmented by a second investigator [A.R.). Segmentation results are illustrated in the left panel for B.H. (investigator 1) and in the right panel for AR (invesfigator
2). Images are displayed in neurologic display convention. Agreement between the two raters was excellent (r=0.987; 95% Cl: 0.977,0.993). Dice and Jaccard indexes
demonstrated substantial spatial overlap, and lesion volumes were consistent across raters, with a strong linear correlation of voxel counts. These findings confirm the high reli-
ability of the segmentation and normalization procedures, supporting data validity and minimizing inferinvestigator bias.

Following discovery, 935 of 1676 meningiomas were
managed conservatively with a watch-and-wait strategy
(55.8%), while 677 of 1676 meningiomas underwent sur-
gical resection (40.4%). Atlas-based analysis (Fig 7) revealed
that surgical resection was clustered in the anterior skull base
(olfactory groove, planum and jugum sphenoidale, and or-
bital roof), the middle skull base (spheno-orbital region, cli-
noid process, sphenoid wing, tuberculum sellae, and cavern-
ous sinus), both frontal supplementary motor areas, the left
precentral gyrus, and the deep frontobasal cluster (adjacent
to the frontal horn of the lateral ventricle) (56 649 voxels;
max z = 9.50; ¢ < .05). The Simpson grade among surgical
patients is described in Table S6.

Overall, resection-associated voxels clustered in the skull
base and frontal motor regions.

Higher-Grade Tumors Localized to a Small Right Frontal
Cluster

To examine whether location varied according to tumor
grade, voxelwise grade analyses were restricted to resected
tumors with available histology.

The grade of malignancy was available only after surgical
resection; therefore, the voxelwise grade analyses were lim-
ited to resected tumors with available histologic analyses.
Among the 718 meningiomas with available grades obtained
after surgical resection (677 as first-line treatment, 41 after
tumor growth following the initial watch-and-wait strat-
egy), WHO grade 1 was most frequent (403 of 718 tumors
[56.1%]), followed by grade 2 (247 of 718 tumors [34.4%])
and grade 3 (68 of 718 tumors [9.5%]). Atlas-based density
maps of WHO grade 2 or 3 tumors versus grade 1 tumors
(Fig 8) revealed a right frontal predominance along the su-
perior and middle frontal gyri. Voxelwise analyses confirmed
these patterns, with a voxel cluster along the right superior
and middle frontal gyri that was significantly associated with
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WHO grades 2 or 3 tumors versus WHO grade 1 tumors (97
voxels; max z = 5.76; ¢ < .05).

However, because the malignancy grade can be determined
only for resected tumors, this association may be influenced
by surgical selection. In a sensitivity analysis restricted to a
high-propensity resection subset (propensity score > 0.70; 7
= 403), no voxels survived whole-brain corrected inference
(Appendix S5). Overall, higher-grade tumors localized to a
small right frontal cluster in the resected subset.

Discussion

Using a homogeneous MRI pipeline and voxelwise analy-
ses, we generated a high-resolution three-dimensional atlas
based on 1676 adult meningiomas. While meningiomas were
most often in convexity regions according to crude counts,
voxel-density mapping demonstrated their predominance in
anterior and middle skull base regions, with a principal clus-
ter comprising 11732 voxels. For symptomatic meningiomas,
voxels were distributed in the anteromedial skull base, the deep
frontal region, and the bilateral motor and premotor cortices
(26141 voxels; max z = 7.70; ¢ < .05). For focal neurologic
deficits, voxels were distributed in the left precentral cortex
and anteromedial junction of the skull base (3163 voxels; max
z=9.26; q < .05). For epilepsy, voxels were distributed bilater-
ally across the premotor and middle frontal cortices (929 vox-
els; max z = 5.89; g < .05). For radioclinical signs of elevated
intracranial pressure, voxels were distributed in the deep right
frontobasal region and left posterior fossa convexity (19066
voxels; max z = 7.62; ¢ < .05). Finally, for patients requiring
surgical resection, voxels were distributed in the anterior skull
base, the middle skull base, both frontal supplementary motor
areas, the left motor cortex, and the deep frontobasal cluster
(56 649 voxels; max z = 9.50; ¢ < .05). Regarding the malig-
nancy grade, voxels were distributed in the right frontal lobe
(97 voxels; max z = 5.76; g < .05), along the superior and mid-
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Location and frequency of meningiomas (n = 1676). Voxel density peaked in the anterior and middle skull base, with

a predominantly bilateral distribution. The color frequency map indicates the number of meningiomas per voxel. Images are dis-

played in neurologic display convention.

dle frontal gyri for WHO grade 2 or 3 meningiomas. Taken
together, these findings indicate that meningioma location is
not merely descriptive, but is closely associated with clinical
presentation and management, with a more exploratory signal
for tumor grade.

Our atlas confirms a relative enrichment of meningi-
oma voxels in the anterior and middle skull base and, more

Radiology: Imaging Cancer Volume 8: Number 4—2026 = radiology-ic.rsna.org

broadly, in frontal and parasagittal predilection sites. This pat-
tern is broadly consistent with previous atlas studies, which
also identified preferential involvement of the skull base,
parasagittal region, convexity, and frontal compartments
(9-11,23). Hirayama et al (10) mapped lesion frequency
and identified the middle third of the superior sagittal sinus,
perisylvian convexity, and skull base as common locations.
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Figure 5: Density and voxelwise analysis of meningiomas with symptomatic presentations. The left panels show the density map of meningiomas in patients with symp-
tomatic presentation. The center panels show the corresponding voxelwise map, with colored voxels (brown) indicating regions surviving whole-brain multiple-comparison
correction (q <.05). The three-dimensional rendering illustrates the spatial distribution of suprathreshold voxels. Images are displayed in Montreal Neurological Insfitute 152

space using neurologic convention.

In a larger surgical cohort, Sun et al (11) similarly found
frequent convexity and parasagittal locations and reported
associations between location, resection status, recurrence,
and histopathologic markers. Patel et al (9) also reported
spatial differences according to WHO grade, with grade 1
tumors predominating at the anterior skull base and grade
3 tumors more often located in the convexity and sphenoid
wing. Finally, Hosainey et al (23) reported population-level
predilection sites in the frontal parasagittal region and fron-
tal and middle skull base compartments. In our cohort, the
grade-related signal was more limited and confined to a small
right frontal convexity cluster, suggesting either cohort-spe-
cific differences or greater sensitivity of prior grade-related
analyses to surgical selection.

More generally, previous atlases mainly described spatial
distribution or biologic correlates, whereas the present study
extends this literature by jointly assessing symptom, manage-
ment, and grade associations within the same large voxelwise
framework. The discrepancy between crude tumor counts
and voxel-density concentration is also anatomically plau-
sible, for the convexity covers a much larger dural surface,
whereas skull base regions occupy smaller but proportionally
more concentrated compartments. Together, these findings
suggest that voxelwise atlases refine conventional site-based
classifications by identifying clinically meaningful spatial
subregions rather than broad anatomic labels alone.

To our knowledge, a voxelwise approach has not been ap-
plied to directly associate meningioma location with clinical
presentation in any prior study. Our VBLM patterns are con-
sistent with prior clinical series suggesting that meningioma-re-
lated symptoms are driven predominantly by mass effect and
peritumoral edema. In Bommakanti et al (24), cognitive defi-
cits were most frequent in frontal and temporal supratentorial
meningiomas and were associated with larger tumor volume,
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greater peritumoral edema, and raised intracranial pressure,
in keeping with our voxelwise findings. Focal motor deficits
were linked to voxels within the precentral and postcentral
areas, which is consistent with the described susceptibility of
the cortico-subcortical motor network to external compres-
sion and edema (25). A left predominance may reflect prox-
imity to language-related networks, although no voxels in the
perisylvian and fronto-opercular regions reached significance.
Skull base presentations are readily explained by cranial nerve
involvement, especially within the anterior and middle fossae.
Deep voxel-cluster localizations in our map were associated
with radioclinical signs of elevated intracranial pressure. By ex-
panding into deep compartments, large extra-axial masses de-
crease intracranial compliance, compress neurovascular struc-
tures, crowd basal cisterns, and increase intracranial pressure.
In the posterior fossa, even moderate lesions can compromise
the fourth ventricular outlets or the cerebral aqueduct, precip-
itating acute obstructive hydrocephalus (24). Consistent with
the literature, in the present study epilepsy was predominantly
associated with non-skull base regions, cortex-adjacent me-
ningiomas, and peritumoral edema (26). The localization of
meningiomas to bilateral, although predominantly left, frontal
voxels in our VBLM aligns with the voxelwise data, which in-
dicated that the premotor cortex was a key area associated with
epilepsy, and meta-analytic evidence, according to which non-
skull base regions are strongly associated with epilepsy (26,27).
Mechanistically, rather than parenchymal invasion, mass effects
and brain edema are likely to drive cortical irritability within
prefrontal networks (28-30). Overall, these findings support
the clinical relevance of voxelwise symptom maps for identify-
ing neuroanatomically vulnerable regions and for anticipating
meningioma-related presentation.

This grade-related signal should be interpreted with caution,
because no voxels survived whole-brain corrected inference in the
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Probability map of meningioma location according to clinical presentation. Separate voxelwise maps are shown for focal neurologic deficit (blue), epileptic

seizure (green), and radioclinical signs of elevated infracranial pressure (orange). Colored voxels indicate regions surviving whole-brain multiple-comparison correction (g <
.05). The color frequency map indicates the number of meningiomas involving each voxel. Images are displayed in Montreal Neurological Institute 152 space using neuro-

logic convention.

sensitivity analysis restricted to tumors with a high propensity for
surgery (propensity score = 0.70). The reason for this apparent
right frontal predominance remains unknown. Prior studies sug-
gest that brain tumors are generally not expected to show marked
hemispheric asymmetry. Several explanations may be considered,
including chance or sample-specific selection effects (31). How-
ever, evidence remains insufficient to support any firm explana-
tion, and thus, this observation should be interpreted cautiously.

The study limitations include the retrospective single-center
design, the exploratory nature of the analyses, the lack of an ex-
ternal validation set, and heterogeneity in MRI acquisition (se-
quences, scanners, and lower-quality earlier examinations). To
mitigate acquisition-related variability, we applied minimal im-
aging inclusion standards. Selection bias is also possible because
some patients were included based on imaging diagnosis without
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histopathologic confirmation. Although we used cost-function
masking during spatial normalization to reduce tumor-related
distortion, the clinically relevant mass effect may still have lim-
ited registration accuracy. While all the results of the voxelwise
analyses were adjusted for total tumor volume to mitigate lesion
size confounding, descriptive voxel-frequency maps remain in-
herently weighted by lesion size; thus, larger anterior skull base
tumors may appear overrepresented, despite the volume adjust-
ment, owing to collinearity between size and location. Accord-
ingly, frequency maps should be interpreted as voxel-level cov-
erage rather than tumor-level prevalence. Because tumors were
segmented only at diagnosis, we could not quantify longitudinal
growth rates, particularly for asymptomatic tumors that were
initially managed with observation. Thus, predictors of the tran-
sition from the watch-and-wait strategy to surgery could not be
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Density and voxelwise analysis of meningiomas for surgical management. The left panels show the density map of meningiomas managed surgically. The

center panels show the corresponding voxelwise map, with colored voxels (red) indicating regions surviving whole-brain multiple-comparison correction (g <.05). The

three-dimensional rendering illustrates the spatial distribution of suprathreshold voxels. Images are displayed in Montreal Neurological Institute 152 space using neurologic

convention.

robustly investigated. Finally, the gadolinium-based agent type
and injection-to-acquisition delay were not standardized and
were inconsistently retrievable; thus, we did not assess enhance-
ment timing or late-enhancement/contrast clearance patterns.
A formal patient-level random-effects voxelwise model was not
implemented; accordingly, within-patient dependence was ad-
dressed only partially through a “one tumor per patient” sensi-
tivity analysis. In the tumor-level inference, uncertainty may be
underestimated owing to within-patient dependencies. Because
the WHO grade was available only for resected tumors, grade—
location associations are subject to surgical selection and are re-
ported as descriptive/exploratory results for this subset. Grade
information is not available for tumors that were not managed
surgically, and propensity-weighted approaches rely on strong,
unverifiable assumptions; thus, we did not perform propensi-
ty-based reweighting.

To our knowledge, this study provides the largest voxel-based,
MRI-derived atlas of the intracranial meningioma distribution to
date, integrating detailed clinical and imaging data. Our results
highlight distinct spatial patterns according to clinical presenta-
tion and management strategy. Symptom-specific voxel patterns
suggest close anatomic relationships between tumor location and
symptoms. These findings underscore the importance of con-
sidering anatomic distribution in the clinical assessment of me-
ningiomas, both for anticipating symptoms and for informing
management decisions. The proposed atlas offers a standardized
spatial reference that may support future studies investigating lo-
cation-related biologic, clinical, and molecular determinants of
meningioma behavior.
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