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Isocitrate dehydrogenase (IDH) wild-type glioblastoma 
(World Health Organization grade IV astrocytoma) 

is the most common malignant primary brain tumor in 
adults (1). Tumor location is a key parameter in the care 
of patients with glioblastoma because it correlates with 
demographic characteristics, clinical presentation, histo-
molecular characteristics, surgical management, delivery 
of subsequent oncologic treatments, and, therefore, out-
comes (2–6). Improvements in imaging after treatment 
improves the accuracy of neuro-anatomic studies owing to 
a voxel-based analysis and enables correlation studies. Such 

probabilistic MRI-based brain atlases have been developed 
for diffuse low-grade gliomas, including a proposal of a 
resection probability map (7,8), and high-grade gliomas, 
including histomolecular findings (9–12), but is lacking 
for IDH wild-type glioblastomas.

Focusing on patients with supratentorial newly diag-
nosed IDH wild-type glioblastomas in adults in current 
practice and who received modern standard-of-care treat-
ment (13), we aimed to assess the correlation between tu-
mor location and (a) clinical presentation (age, symptoms, 
Karnofsky performance status), (b) surgical management 
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Background: Tumor location is a main prognostic parameter in patients with glioblastoma. Probabilistic MRI-based brain atlases 
specifying the probability of tumor location associated with important demographic, clinical, histomolecular, and management data 
are lacking for isocitrate dehydrogenase (IDH) wild-type glioblastomas.

Purpose: To correlate glioblastoma location with clinical phenotype, surgical management, and outcomes by using a probabilistic 
analysis in a three-dimensional (3D) MRI-based atlas.

Materials and Methods: This retrospective study included all adults surgically treated for newly diagnosed IDH wild-type supratento-
rial glioblastoma in a tertiary adult surgical neuro-oncology center (2006–2016). Semiautomated tumor segmentation and spatial 
normalization procedures to build a 3D MRI-based atlas were validated. The authors performed probabilistic analyses by using 
voxel-based lesion symptom mapping technology. The Liebermeister test was used for binary data, and the generalized linear model 
was used for continuous data.

Results: A total of 392 patients (mean age, 61 years 6 13; 233 men) were evaluated. The authors identified the preferential loca-
tion of glioblastomas according to subventricular zone, age, sex, clinical presentation, revised Radiation Therapy Oncology Group-
Recursive Partitioning Analysis class, Karnofsky performance status, O6-methylguanine DNA methyltransferase promoter methyla-
tion status, surgical management, and survival. The superficial location distant from the eloquent area was more likely associated 
with a preserved functional status at diagnosis (348 of 392 patients [89%], P , .05), a large surgical resection (173 of 392 patients 
[44%], P , .05), and prolonged overall survival (163 of 334 patients [49%], P , .05). In contrast, deep location and location 
within eloquent brain areas were more likely associated with an impaired functional status at diagnosis (44 of 392 patients [11%], 
P , .05), a neurologic deficit (282 of 392 patients [72%], P , .05), treatment with biopsy only (183 of 392 patients [47%], P , 
.05), and shortened overall survival (171 of 334 patients [51%], P , .05).

Conclusion: The authors identified the preferential location of isocitrate dehydrogenase wild-type glioblastomas according to param-
eters of interest and provided an image-based integration of multimodal information impacting survival results. This suggests the 
role of glioblastoma location as a surrogate and multimodal parameter integrating several known prognostic factors.
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(feasibility of a surgical resection, extent of resection), (c) imag-
ing and histomolecular findings (involvement of the subventric-
ular zone, O6-methylguanine DNA methyltransferase [MGMT] 
promoter methylation status), and (d) outcomes (progression-
free survival [PFS] and overall survival [OS]).

Materials and Methods
The authors had full control of the data and information pre-
sented for publication. The authors report no conflicts of inter-
est. We have not included any patients previously analyzed in 
another study on this topic.

This study was authorized by the French National Data In-
formation and Freedom Commission (CNIL, reference number: 
DE-2017–079) and the local ethics committee (CPP Ile-de-
France 6, reference number: n°2017-A02324–49, CPP/63–17). 
The requirement to obtain informed consent was waived for 
this observational retrospective study in accordance with French 
legislation.

Data Source
We identified consecutive patients treated for a glioblastoma 
in a tertiary adult surgical neuro-oncology center. Inclusion 
criteria were as follows: (a) patients at least 18 years of age; (b) 
newly diagnosed glioblastoma; (c) supratentorial location; (d) 
MRI performed in our institution; (e) diagnosis of IDH wild-
type glioblastoma on the basis of blinded neuropathologic reas-
sessment performed previously by one evaluator (E.L.Z., with 
15 years of experience) according to the 2016 World Health 
Organization classification (including the search for diffuse 
midline H3 K27M-mutant high-grade glioma by using immu-
nohistochemistry, and the IDH1/2 sequencing following nega-
tive R132H IDH1 immunohistochemistry in glioblastomas 

from patients younger than 55 years) (1); and (f ) postopera-
tive modern standard-of-care treatment (13). Between Janu-
ary 2006 and December 2016, 533 patients were screened; 392 
patients were included in our study (see patient flowchart in 
Fig 1).

Imaging Processing

MRI protocol.—We performed contrast material–enhanced 
three-dimensional (3D) T1-weighted fast spoiled gradient-re-
called acquisition (gadoterate meglumine [Dotarem; Guerbet, 
Aulnay-sous-Bois, France], 0.1 mmol/kg) with either a 1.5-T 
(Signa EchoSpeed; GE Healthcare, Milwaukee, Wis) or 3-T 
(MR 750, GE Healthcare) MRI scanner. The imaging param-
eters for 1.5-T imaging were as follows: repetition time msec/
echo time msec, 10.2/3.4; field of view, 24 cm; section thickness, 
1.2 mm; and section spacing, 0.5 mm. The imaging parameters 
for 3-T MRI were as follows: 10.2/3.4; field of view, 22 cm; sec-
tion thickness, 1.2 mm; and section spacing, 0.0 mm.

MRI database organization.—We anonymized all MRI files 
and converted them to Neuroimaging Informatics Technology 
Initiative format. We organized the imaging database accord-
ing to the Brain Imaging Data Structure international stan-
dard for organizing and describing MRI data sets (http://bids.
neuroimaging.io).

Glioblastoma segmentation.—One evaluator (A.R., with 4 
years of experience), who was blinded to clinical, histomo-
lecular, and follow-up data, segmented glioblastoma com-
ponents on preoperative images with use of open-source 
Multi-Image Analysis GUI software (2016, MANGO soft-
ware, version 4.0.1; Research Imaging Institute, University of 
Texas Health Science Center, San Antonio, http://ric.uthscsa.
edu/mango/) and designed several semiautomated scripts from 
the macro command. We summed enhancing and necrotic 
components to form the whole solid tumor component, 
which constituted the subsequent region of interest (Fig E1 
[online]). We established the extent of resection by quantify-
ing the volume of residual tumor on postoperative (within 48 
hours) 3D T1-weighted fast spoiled gradient-recalled images.

MRI coregistration and normalization.—We performed MRI 
registration by using open-source software (Statistical Paramet-
ric Mapping 12, 2014; Functional Imaging Laboratory, Well-
come Trust Centre for Neuroimaging–Institute of Neurology, 
University College London, England) running on MATLAB 
(R2018a; MathWorks, Natick, Mass). We registered MRI 
scans to a 1.0-mm isotropic brain atlas (Montreal Neurologic 
Institute, or MNI, 152 space) with the open-source Clinical 
Toolbox tool (2017, Department of Psychology, University of 
South Carolina, Columbia, SC) and the Diffeomorphic Ana-
tomic Registration Using Exponentiated Lie Algebra open-
source tool (2018, Wellcome Trust Centre for Neuroimaging) 
(14). We introduced a cost-function masking approach (15), 
which provides better and more reliable matching to the Mon-
treal Neurologic Institute template for lesioned brains (14). To 

Abbreviations
CI = confidence interval, IDH = isocitrate dehydrogenase, MGMT = 
O6-methylguanine DNA methyltransferase, OS = overall survival, PFS = 
progression-free survival, RTOG-RPA = revised Radiation Therapy On-
cology Group–Recursive Partitioning Analysis, 3D = three-dimensional

Summary
An MRI glioblastoma atlas provides integration of multimodal pa-
rameters impacting survival results and indicates preferential location 
according to parameters of interest, including subventricular zone, 
age, sex, and clinical presentation.

Key Results
 n We developed a three-dimensional atlas of glioblastoma location 

from a clinical, imaging, and histopathologic database of 392 
adults with newly diagnosed isocitrate dehydrogenase wild-type 
supratentorial glioblastomas.

 n Superficial tumor location (distant from the eloquent area) was 
associated with preserved functional status at diagnosis (11% of 
patients, P , .05), large surgical resection (44% of patients, P , 
.05), and prolonged survival (49% of patients, P , .05).

 n Deep tumor location and the location within eloquent brain 
areas were associated with impaired functional status at diag-
nosis (11% of patients, P , .05), neurologic deficit (72% of 
patients, P , .05), surgical treatment limited to biopsy (47% 
of patients, P , .05), and shortened survival (51% of patients, 
P , .05).
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subtotal, and gross total resection), PFS (median as the cut-off), 
and OS (median as the cut-off). Patient survival rates (PFS, OS) 
were calculated by using the Kaplan-Meier method.

Statistical Analysis
We analyzed the correlation between segmentations (initial 
evaluator vs external evaluator) by using the Pearson coef-
ficient. The statistical relationships between region of in-
terest and parameters of interest on a voxel-by-voxel basis 
were studied with a voxel-based lesion symptom mapping 
procedure. Each voxel was qualified as inside or outside the 
region of interest and correlated with a given parameter of 
interest. We used the Liebermeister statistical test for binary 
data and the generalized linear model for continuous data. 
Results of univariable analyses were further corrected by 
using a multiple comparison permutation test (n = 5000). 
Voxel t values that were greater than the t value in more than 
95% of permutations were retained in the voxel-based lesion 
symptom mapping results. P , .05 was considered indica-
tive of a statistically significant difference. Except for the 
Pearson coefficient, statistical analysis was performed with 
open-source software (NiiStat, version 9.0, 2018; Univer-
sity of South Carolina–Columbia, SC; http://www.nitrc.org/
projects/niistat). The Pearson coefficient was calculated by 
using commercially available software (JMP, version 14.1.0; 
SAS Institute, Cary, NC).

Results

Patient Characteristics
The characteristics of the 392 patients (mean age 6 standard 
deviation, 61 years 6 13; 233 men) are detailed in the Table.  
Of the 392 patients, 233 (59%) were men and 208 (53%) 
were older than 60 years. The mean Karnofsky performance 
status at diagnosis was 79.1% 6 13.1, and 197 of the 392 
patients (50%) had RTOG-RPA class 3–4 glioblastoma. 
The most common presenting symptom was neurologic fo-
cal deficit (206 of the 392 patients [52%]), followed by epi-
leptic seizure (102 patients [26%]) and signs of increased 
intracranial pressure (81 patients [21%]). The mean tumor 
volume was 37.1 cm3 6 34.4, and the main location was on 
the frontal lobe in 138 of the 392 patients (35%) and on 
the temporal lobe in 124 (32%). A cortical involvement was 
found in 306 of the 392 patients (78%) and a subventricu-
lar zone involvement was found in 248 (63%). A subtotal 
or gross total resection was performed in 173 of the 392 
patients (44%), partial resection was performed in 36 (9%), 
and biopsy was performed in 183 (47%). MGMT promoter 
methylation status was assessed in 160 of the 392 patients 
(41%); 74 glioblastomas (46%) had a methylation of the 
MGMT promoter.

Quality Assessment
No manual corrections had to be made in the segmentation and 
the spatial normalization procedures. We observed a strong intere-
valuator agreement for glioblastoma segmentation by number of 
voxels (enhancing component: r = 0.96, P , .001; necrotic com-

define the cost-function mask, we used a binary mask of the 
segmented glioblastoma.

Quality assessment.—We assessed the quality of the segmenta-
tion and of the spatial normalization by means of visual inspec-
tion. To check the standardization procedure, we introduced 
a quality control method (8,16). An external evaluator (K.S., 
with 8 years of experience), blinded to clinical, histomolecular, 
and follow-up data, performed another segmentation by using a 
random selection of 49 of the 392 patients (12%). We checked 
the quality of the spatial normalization by selecting nine pa-
renchymal points (Fig E2 [online]) on both the Montreal Neu-
rologic Institute template and target brains. We performed the 
clinical validation by comparing previously published maps of 
glioblastoma location by sex and Karnofsky performance status 
at diagnosis (11,17) with the maps we obtained.

Statistical Atlases
We superimposed all segmented regions of interest to obtain 
a 3D location and frequency map based on different param-
eters of interest. Each map computed the frequency occur-
rence at each voxel in the template space. We then color-coded 
the frequency for visualization using open-source MRIcroGL 
software (2018, University of South Carolina–Columbia, SC; 
https://www.mccauslandcenter.sc.edu/mricrogl/).

Group analyses included sex (women, men), age (median 
as the cut-off), clinical presentation (neurologic deficit, signs 
of increased intracranial pressure, epileptic seizures), Karnofsky 
performance status (70% as the cut-off), classification of glio-
blastoma according to the revised Radiation Therapy Oncology 
Group–Recursive Partitioning Analysis (RTOG-RPA) classifica-
tion system (3–6,18), subventricular zone involvement (yes, no), 
MGMT promoter methylation status (methylated, nonmeth-
ylated), extent of surgical resection (biopsy, partial resection, 

Figure 1: Flowchart shows details of patient selection process. IDH = isocitrate 
dehydrogenase.



MRI Atlas of IDH Wild-Type Supratentorial Glioblastoma

4 radiology.rsna.org  n  Radiology: Volume 00: Number 0— 2019

 Main Characteristics of the Study Sample

Parameter Value

Clinical characteristics at diagnosis
 Sex
  Women 159 (41)
  Men 233 (59)
 Age (y)
  Mean 6 standard deviation 61 6 13
  60 `184 (47)
  .60 208 (53)
 Karnofsky performance status at  
  diagnosis (%)
  Mean 6 standard deviation 79.1 6 13.1
  70 348 (89)
  ,70 44 (11)
 RTOG-RPA class
  3–4 197 (50)
  5–6 195 (49)
 Presenting symptom
  Incidental 3 (1)
  Epileptic seizure 102 (26)
  Signs of increased intracranial pressure 81 (21)
  Neurologic focal deficit 206 (52)
MRI characteristics at diagnosis
 Main lobar location
  Frontal 138 (35)
  Temporal 124 (32)
  Parietal 90 (23)
  Insular 8 (2.0)
  Other 32 (8)
 Cortex involvement
  No 86 (22)
  Yes 306 (78)
 Subventricular zone involvement
  No 144 (37)
  Yes 248 (63)
 Tumor volume of the contrast  
  enhancement (cm3)
  Mean 6 standard deviation 37.1 6 34.4
  ,40 248 (63)
  40 144 (37)
Molecular characteristics
 MGMT promoter status
 No 86 (22)
 Yes 74 (19)
 Not available 232 (59)
Treatment-related characteristics
 Surgical treatment
 Biopsy 183 (47)
 Partial resection 36 (9)
 Subtotal and gross total resection 173 (44)

Table 1 (continues)

ponent: r = 0.92, P , .001; whole lesion component: r = 0.96, P , 
.001). The mean distance of the parenchymal landmarks between 
the Montreal Neurologic Institute template and the normalized 
sequences was 3.8 mm 6 7.3 (range, 0.5–9.9 mm; median, 2.5 
mm; interquartile range, 2.0 mm) (Table E1 [online]). Regarding 
the clinical validation, location and frequency maps and statistical 
probabilistic maps of IDH wild-type glioblastomas according to 
sex (Figs E3–E5 [online]) and Karnofsky performance status at 
diagnosis (Figs E6–E8 [online]) were in line with those previously 
published (11,17,19).

Glioblastoma Location
We found the highest prevalence of IDH wild-type glioblasto-
mas in the subcortical white matter of the subventricular zones 
of both hemispheres (248 of 392 patients, 63%) (Fig 2).

We found differences in glioblastoma location accord-
ing to the subventricular zone involvement (P , .05) (Fig 
E11 [online]). In the 248 patients with subventricular zone 
involvement, glioblastomas had a higher probability of be-
ing located in the anterior horn (33 patients, 13%); right 
(56 patients, 23%) and left (41 patients, 16%) atrium; 
and right (38 patients, 15%) and left (26 patients, 10%) 
temporal horn of lateral ventricles (P , .05) (Figs E9, E11 
[online]). In the 144 patients with no subventricular zone 
involvement (37%), glioblastomas had a higher probability 
of being located in the right (16 patients, 11%) and left (15 
patients, 10%) inferior frontal gyri; right (13 patients, 9%) 
and left (10 patients, 7%) pre- and postcentral gyri; right 
(13 patients, 9%) and left (10 patients, 7%) superior pari-
etal lobules; and right superior temporal gyrus (14 patients, 
10%) (P , .05) (Figs E10, E11 [online]).

Table (continued): Main Characteristics of the Study Sample

Parameter Value
Survival characteristics
 Progression-free survival (mo)*
  Median 7.5 (7.0, 13.5)
  ,7.5 174 (44)
  7.5 177 (45)
 Overall survival (mo)†

  Median 14.4 (12.2, 24.9)
  ,14.4 171 (44)
  14.4 163 (42)

Note.—Except where indicated, data are numbers of patients  
(n = 392), with percentages in parentheses. MGMT = O6-meth-
ylguanine DNA methyltransferase methylation, RTOG-RPA = 
revised Radiation Therapy Oncology Group–Recursive Partition-
ing Analysis.
* Forty-one patients with an available follow-up of less than 
7.5 months and without observed tumor progression were not 
included in this analysis. Numbers in parentheses are the 95% 
confidence interval.
† Fifty-eight patients with an available follow-up of less than 14.4 
months and without observed death from oncologic cause were 
not included in this analysis. Numbers in parentheses are the 
95% confidence interval.
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ferior temporal gyrus (13 pa-
tients, 7.1%); right fusiform 
and parahippocampal gyri (20 
patients, 11%); right inferior 
(12 patients, 6%), middle (12 
patients, 6%), and superior 
(10 patients, 5%) frontal gyri; 
right insular lobe (20 patients, 
11%); left superior frontal gy-
rus (eight patients, 4%); right 
inferior parietal lobule (14 pa-
tients, 8%); and left postcentral 
gyrus (14 patients, 8%) (P , 
.05) (Figs E13, E14 [online]).

Clinical Presentation
We found differences in glio-
blastoma location according to 
the clinical presentation (P , 
.05) (Fig 3). In the 102 patients 
for whom the glioblastoma was 
revealed because of epileptic 
seizures (26%), glioblastomas 
had a greater probability of 
location in the right superior 
(13 patients, 13%), middle (10 
patients, 10%), and inferior 
(nine patients, 9%) temporal 
gyri; right fusiform and para-
hippocampal gyri (13 patients, 
13%); right pre- and postcen-
tral gyri (10 patients, 10%); 
right (seven patients, 7%) and 
left (five patients, 5%) cingu-
late gyri; left superior frontal 
gyrus (four patients, 4%); left 
postcentral gyrus (five patients, 
5%); and right middle frontal 
gyrus (five patients, 5%) (P 
, .05) (Figs 3, E15 [online]). 
In the 206 patients for whom 
the glioblastoma was revealed 
because of a focal neurologic 

deficit (52%), glioblastomas had a higher probability of being 
located in the right (26 patients, 13%) and left (22 patients, 
11%) pre- and postcentral gyri; right (50 patients, 24%) and 
left (42 patients, 20%) fronto-parieto-temporal areas; left su-
perior temporal gyrus (21 patients, 10%); left fusiform and 
parahippocampal gyri (24 patients, 12%); left insular lobe (21 
patients, 10%); posterior part of the right (31 patients, 15%) 
and left (27 patients, 13%) internal capsules; and right (41 
patients, 20%) and left (36 patients, 18%) deep gray nuclei (P 
, .05) (Figs 3, E16 [online]).

In the 81 patients for whom the glioblastoma was revealed 
by signs of increased intracranial pressure (21%), glioblastomas 
had a higher probability of being located in the right frontal 
lobes (21 patients, 26%), temporal lobes (23 patients, 28%), 

Figure 2: Location and frequency of isocitrate dehydrogenase (IDH) wild-type glioblastoma (n = 392). Color frequency 
map illustrates location of and number of patients with IDH wild-type glioblastoma. Images are displayed in neurologic 
display convention.

Age
We found differences in glioblastoma location according to the 
age at diagnosis (P , .05) (Fig E14 [online]). In the 208 pa-
tients older than 60 years (53%), glioblastomas had a higher 
probability of being located in the left inferior frontal gyrus (11 
patients, 5%), left insular lobe (14 patients, 7%), left temporal 
pole (11 patients, 5%), right medial orbital gyrus (10 patients, 
5%), right internal capsule (18 patients, 9%), right globus 
pallidus (16 patients, 8%), and right inferior parietal lobule 
(20 patients, 10%) (P , .05) (Figs E12, E14 [online]). In 
the 184 patients younger than 60 years (47%), glioblastomas 
had a higher probability of being located in the diencephalo-
mesencephalon (nine patients, 5%); left middle (11 patients, 
6%) and superior (15 patients, 8.2%) temporal gyri; right in-
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sum (23 patients, 12%); right 
(23 patients, 12%) and left (16 
patients, 8%) deep gray nuclei; 
right (11 patients, 6%) and left 
(10 patients, 5%) orbital gyri; 
left pre- and postcentral gyri (16 
patients, 8%); left superior (13 
patients, 7%) and middle (16 
patients, 8%) frontal gyri; right 
(19 patients, 10%) and left (22 
patients, 11%) cingulate gyri; 
fusiform and parahippocampal 
gyri (14 patients, 7%); left insu-
lar lobe (11 patients, 6%); left 
external capsule (11 patients, 
6%); and right superior frontal 
gyrus (six patients, 3%) (P , 
.05) (Figs E18, E20 [online]).

In the 197 patients with 
RTOG-RPA classes 3–4 (50%), 
glioblastomas had a higher 
probability of being located in 
the right inferior (13 patients, 
7%) and middle (14 patients, 
7%) frontal gyri; left middle 
temporal gyrus (11 patients, 
6%); right superior (23 patients, 
12%) and middle (19 patients, 
10%) temporal gyri; right pre-
central gyrus (15 patients, 8%); 
right (20 patients, 10%) and left 
(14 patients, 7%) postcentral 
gyri; right (15 patients, 8%) and 
left (11 patients, 6%) superior 
parietal lobules; and right infe-
rior parietal lobule (22 patients, 
11%) (P , .05) (Figs E19, E20 
[online]).

MGMT Promoter Methylation 
Status
We found no differences in 
glioblastoma location ac-
cording to MGMT promoter 
methylation status (P . .05) 
(Figs E21, E22 [online]).

Surgical Management
We found differences in glioblastoma location according to the 
surgical management (P , .05) (Fig E23 [online]). In the 183 
patients for whom a biopsy was performed (47%), glioblastomas 
had a higher probability of being located in the right (19 patients, 
10%) and left (29 patients, 16%) deep gray nuclei; corpus cal-
losum (21 patients, 12%); left internal capsule (13 patients, 7%); 
left pre- and postcentral gyri (15 patients, 8%); left insular lobe 
(12 patients, 7%); left superior frontal gyrus (11 patients, 6%); 
left orbital gyri (nine patients, 5%); right (18 patients, 10%) and 

occipital lobes (17 patients, 21%), right caudate nucleus (22 
patients, 27%), anterior part of the right internal capsule (12 
patients, 15%), corpus callosum (20 patients, 25%), and right 
temporo-occipital area (34 patients, 42%) (P , .05) (Figs 3, 
E17 [online]).

RTOG-RPA Classification System
We found differences in glioblastoma location according to the 
RTOG-RPA classes (P , .05) (Fig E20 [online]). In the 195 
patients with RTOG-RPA classes 5–6 (50%), glioblastomas 
had a higher probability of being located in the corpus callo-

Figure 3: Probability map of isocitrate dehydrogenase (IDH) wild-type glioblastoma location according to clinical 
presentation. IDH wild-type glioblastomas show a difference in location (P , .05) between patients with epileptic seizures 
at clinical presentation (102 of 392 patients [26%], in red), patients with a neurologic focal deficit at clinical presentation 
(206 of 392 patients [52%], in yellow), and patients with signs of increased intracranial pressure at clinical presentation (81 
of 392 patients [21%], in blue). The three patients (0.8%) with an incidental discovery of their IDH wild-type glioblastomas 
were not included. Images are displayed in neurologic display convention.
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left (22 patients, 12%) cingulate gyri; and right precentral gyrus 
(11 patients, 6%) (P , .05) (Figs E23, E24 [online]).

In the 36 patients for whom a partial surgical resection 
was performed (9%), glioblastomas had a higher probability 
of being located in the left middle (five patients, 14%) and 
superior (five patients, 14%) frontal gyri; right (five patients, 
14%) and left (four patients, 11%) precentral gyri; right in-
ternal capsule (seven patients, 19%); right (seven patients, 
19%) and left (five patients, 14%) lenticular nucleus; right 
external capsule (seven patients, 19%); right (seven patients, 
19%) and left (five patients, 14%) insular lobes; left orbital 
gyri (three patients, 8%); right (four patients, 11%) and left 
(five patients, 14%) cingulate gyri; left superior (five patients, 
14%) and middle (five patients, 14%) temporal gyri; right 
temporal pole (six patients, 17%); right hippocampal gyrus 
(six patients, 17%); right cuneus (three patients, 8%); and 
right superior parietal lobule (four patients, 11%) (P , .05) 
(Figs E23, E25 [online]).

In the 173 patients for whom a subtotal or a gross total surgi-
cal resection was performed (44%), glioblastomas had a higher 
probability of being located in the right temporal lobe (26 pa-
tients, 15%); right (17 patients, 10%) and left (10 patients, 6%) 
superior parietal lobules; right (20 patients, 12%) and left (12 
patients, 7%) inferior parietal lobules; right frontal lobe (14 
patients, 8%); left occipital lobe (10 patients, 6%); left lingual 
gyrus (10 patients, 6%); left inferior frontal gyrus (six patients, 
4%); and right (15 patients, 9%) and left (seven patients, 4%) 
inferior temporal gyri (P , .05) (Figs E23, E26 [online]).

Survival Analysis
During the follow-up (mean, 14.5 months 6 13.1), 332 of 
the 392 patients (85%) had tumor progression (60 censored 
patients) and 292 (74%) died (100 censored patients). The me-
dian PFS was 7.5 months (95% confidence interval [CI]: 7.0 
months, 13.5 months), and the median OS was 14.4 months 
(95% CI: 12.2 months, 16.5 months). Survival curves are pre-
sented in Figure 4. We observed similar results between statisti-
cal probabilistic maps of glioblastoma location by PFS and by 
OS as continuous data and as binary data.

We found differences in glioblastoma location according to 
the PFS (P , .05) (Fig 5). Subgroup analyses stratified accord-
ing to location (frontal, temporal) and extent of surgical resec-
tion (biopsy, surgical resection) are detailed in Figures E27–E30 
(online). In the 174 patients with a short PFS (50%), glioblas-
tomas had a higher probability of being located in the right (21 
patients, 12%) and left (13 patients, 8%) lenticular nuclei; right 
thalamic nucleus (22 patients, 13%); corpus callosum (22 pa-
tients, 13%); right insular lobe (17 patients, 10%); right supe-
rior temporal gyrus (19 patients, 11%); and right (15 patients, 
9%) and left (17 patients, 10%) frontal lobes (P , .05) (Figs 5, 
E31 [online]).

In the 177 patients with a long PFS (50%), glioblastomas 
had a higher probability of being located in the right superior 
(six patients, 3%) and middle (10 patients, 6%) frontal gyri; left 
middle temporal gyrus (nine patients, 5%); right precentral gy-
rus (13 patients, 7%); right inferior parietal lobule (17 patients, 
10%); right superior temporal gyrus (21 patients, 12%); right 

middle temporal gyrus (22 patients, 12%); and right occipital 
lobe (14 patients, 8%) (P , .05) (Figs 5, E32 [online]).

We found differences in glioblastoma location according to 
the OS (P , .05) (Fig 6). Subgroup analyses stratified according 
to location (frontal, temporal) and extent of surgical resection 
(biopsy, surgical resection) are detailed in Figures E33–E36 (on-
line). In the 171 patients with a short OS (44%), glioblastomas 
had a higher probability of being located in the right (22 pa-
tients, 13%) and left (13 patients, 8%) lenticular nuclei; right 
thalamic nucleus (24 patients, 14%); corpus callosum (21 pa-
tients, 12%); right insular lobe (18 patients, 9%); right superior 
temporal gyrus (17 patients, 10%); left superior frontal gyrus 
(10 patients, 6%); right middle frontal gyrus (10 patients, 6%); 
left postcentral gyrus (17 patients, 10%); and left fusiform gyrus 
(11 patients, 6%) (P , .05) (Figs 6, E37 [online]).

In the 163 patients with a long OS (42%), glioblastomas had 
a higher probability of being located in the right superior (seven 
patients, 4%) and middle (10 patients, 6%) frontal gyri; right 
(seven patients, 4%) and left (six patients, 4%) inferior frontal 
gyri; right pre- and postcentral gyri (14 patients, 9%); right in-
ferior parietal lobule (18 patients, 11%); left inferior temporal 
gyrus (10 patients, 6%); and right occipital lobe (12 patients, 
7%) (P , .05) (Figs 6, E38 [online]).

Discussion
We developed a three-dimensional (3D) atlas of glioblas-
toma location based on a homogeneous clinical, MRI, and 
histopathologic database of 392 newly diagnosed isocitrate 
dehydrogenase (IDH) wild-type supratentorial glioblastomas 
in adults. We built a convenient semiautomated process that 
can be reproduced, allowing probabilistic analyses to be per-
formed by using only a 3D T1-weighted fast spoiled gradi-
ent-recalled MRI sequence. This statistical probabilistic map 
approach illustrates that glioblastoma location recapitulates 
main prognostic factors, helps determine subsequent neuro-
surgical management, and correlates with patient survival. 
We showed that a superficial location distant from the elo-
quent area was associated with a preserved functional status 
at diagnosis (348 of 392 patients [89%], P , .05), a subtotal 
or gross total surgical resection (173 of 392 patients [44%], 
P , .05), and prolonged survival (177 of 332 patients [53%] 
for progression-free survival [PFS] and 163 of 334 patients 
[42%] for overall survival [OS]; P , .05). In comparison, 
deep tumor location and a location within eloquent brain ar-
eas were associated with an impaired functional status at diag-
nosis (44 of 392 patients [11%], P , .05), neurologic deficit 
(206 of 392 patients [52%], P , .05), surgical management 
with biopsy only (183 of 392 patients [47%], P , .05), and 
shortened survival (174 of 351 patients [44%] for PFS and 
171 of 334 patients [44%] for OS; P , .05).

In contrast to previous reports (10,20), which found a high 
prevalence of glioblastomas in the posterior part of the subven-
tricular zone, we identified three preferential clusters for glio-
blastoma location involving the lateral ventricles: anterior horn, 
atrium, and temporal horn, in line with the subventricular zone 
concept (21,22). Regarding the statistical probabilistic map of 
glioblastoma location according to Karnofsky performance 
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Figure 4: Kaplan-Meier estimates of overall survival (OS) and progression-free survival (PFS). (a) OS (left) and PFS (right) in the whole series (n = 
392). (b) OS (left) and PFS (right) according to surgical treatment (resection vs biopsy). The unadjusted hazard ratio for PFS with resection compared 
to biopsy was 0.51 (95% confidence interval [CI]: 0.41, 0.64; P , .001). The unadjusted hazard ratio for OS with resection compared to biopsy 
was 0.45 (95% CI: 0.35, 0.57; P , .001). (c) OS and PFS according to glioblastoma location (frontal vs temporal vs parietal and occipital [occ] vs 
deep-seated). The unadjusted hazard ratio for PFS in the frontal subgroup, as compared with the deep-seated subgroup, was 0.63 (95% CI: 0.41, 
0.99; P = .048). The unadjusted hazard ratio for PFS in the temporal subgroup, as compared with the deep-seated subgroup, was 0.55 (95% CI: 
0.34, 0.86; P = .009). The unadjusted hazard ratio for PFS in the parietal and occipital subgroup, as compared with the deep-seated subgroup, was 
0.52 (95% CI: 0.33, 0.83; P = .006). The unadjusted hazard ratio for OS in the frontal subgroup, as compared with the deep-seated subgroup, was 
0.56 (95% CI: 0.35, 0.87; P = .011). The unadjusted hazard ratio for OS in the temporal subgroup, as compared with the deep-seated subgroup, 
was 0.46 (95% CI: 0.29, 0.74; P = .001). The unadjusted hazard ratio for OS in the parietal and occipital subgroup, as compared with the deep-
seated subgroup, was 0.43 (95% CI: 0.27, 0.70; P , .001).
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Contrary to previous re-
ports (9,28,29), we found no 
preferential IDH wild-type 
glioblastoma location accord-
ing to MGMT promoter sta-
tus. This may be related to the 
small sample of patients with an 
available MGMT status or to 
the exclusion of IDH-mutant 
glioblastomas in our study but 
not in previous studies. Even 
if a difference in spatial distri-
bution according to MGMT 
promoter methylation status 
were to be confirmed in a larger 
size cohort, the spatial overlap 
would limit its diagnostic or 
prognostic value. This requires 
further validation. We observed 
that the surgical procedure and 
the extent of resection were in-
fluenced by the glioblastoma 
location, in accordance with 
the literature, where surgical 
decision making was reported 
to depend on tumor location 
(5), functional status, age, and 
patient expectations (30). We 
observed that both PFS and OS 
were impacted by tumor loca-
tion. Interestingly, the survival 
probability maps overlapped 
those of other prognostic pa-
rameters, including functional 
status at diagnosis, and extent 
of surgical resection, providing 
an integration of multimodal 
information impacting survival 
results, which could be helpful 
for daily practice.

Our study has some limita-
tions. The retrospective and 

monocentric design, without an external validation set, limits 
the generalizability of the proposed atlas. Patients with a putative 
glioblastoma without histopathologic confirmation, who consti-
tuted a subset of patients with a poorer prognosis, were excluded. 
In addition, the lack of tissue samples for further biomolecular 
analyses did not allow the determination of epidermal growth 
factor receptor variant III status and gene-based molecular clas-
sification (10,11,31) and explains why the MGMT promoter 
status was available in only approximately 41% of patients. We 
introduced a cost function masking approach in our spatial nor-
malization procedure to reduce the tumor-induced mass effect 
(15). The presence of a clinically relevant glioblastoma-induced 
mass effect may have limited the spatial normalization proce-
dure. To control for this bias, we used validated tumor nonlinear 
transformations methods to register MRI data into the Montreal 

status, we found that impaired Karnofsky performance status at 
diagnosis was associated with midline areas and involvement of 
left precentral areas. Similarly, Marina et al (23) found a thalamic 
location or corpus callosum involvement in 27% of patients 
with glioblastoma and impaired Karnofsky performance status 
at diagnosis, whereas Chaichana et al (24) found a midline loca-
tion in only 11% of patients with a Karnofsky performance sta-
tus at diagnosis of 70% or higher. We found that IDH wild-type 
glioblastomas more likely involved both hemispheres in patients 
aged 60 years and older, and we found a more likely midline 
involvement in younger patients and in women. These results 
suggest a particular histomolecular subtype for IDH wild-type 
glioblastomas involving the midline in younger patients, as for 
diffuse midline H3 K27M-mutant pediatric high-grade gliomas 
(26,26) and in women (27).

Figure 5: Probability map of isocitrate dehydrogenase (IDH) wild-type glioblastoma location according to progression-
free survival (PFS). The probability map of IDH wild-type glioblastoma location according to PFS shows a difference in loca-
tion (P , .05) between patients with a PFS shorter than 7.5 months (174 of 351 patients [44%], in red) and patients with a 
PFS longer than 7.5 months (177 of 351 patients [47%], in blue). Images are displayed in neurologic display convention.
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should refine clinical manage-
ment and treatment planning. 
For example, it may help tailor 
antiepileptic drug prophylaxis 
in patients at high risk of epi-
leptic seizures. Future develop-
ments will help radiomic analy-
ses to identify new theranostic 
markers and help decision mak-
ing by estimating preoperatively 
both resectability and the risks 
of postoperative neurologic def-
icits in a given patient.
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