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Abstract
Purpose Previous studies on the effect of tumor location on overall survival in glioblastoma have found conflicting results. Based
on statistical maps, we sought to explore the effect of tumor location on overall survival in a population-based cohort of patients
with glioblastoma and IDH wild-type astrocytoma WHO grade II–III with radiological necrosis.
Methods Patients were divided into three groups based on overall survival: < 6 months, 6–24 months, and > 24 months.
Statistical maps exploring differences in tumor location between these three groups were calculated from pre-treatment magnetic
resonance imaging scans. Based on the results, multivariable Cox regression analyses were performed to explore the possible
independent effect of centrally located tumors compared to known prognostic factors by use of distance from center of the third
ventricle to contrast-enhancing tumor border in centimeters as a continuous variable.
Results A total of 215 patients were included in the statistical maps. Central tumor location (corpus callosum, basal ganglia) was
associated with overall survival < 6 months. There was also a reduced overall survival in patients with tumors in the left temporal
lobe pole. Tumors in the dorsomedial right temporal lobe and the white matter region involving the left anterior paracentral gyrus/
dorsal supplementary motor area/medial precentral gyrus were associated with overall survival > 24 months. Increased distance
from center of the third ventricle to contrast-enhancing tumor border was a positive prognostic factor for survival in elderly
patients, but less so in younger patients.
Conclusions Central tumor location was associated with worse prognosis. Distance from center of the third ventricle to contrast-
enhancing tumor border may be a pragmatic prognostic factor in elderly patients.
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Introduction

Glioblastomas grow into surrounding brain tissue in a diffuse-
ly infiltrating pattern. Prognosis is poor with 5-year survival
around 5% [30], but with large inter-individual differences.
Accurate prognostication at the individual level is difficult,
but desirable to avoid both over-treatment and under-treat-
ment. In addition to functional level and age, tumor size and
location is usually a major part of the clinical decision-making
process prior to surgery. Surgical extent of resection is posi-
tively linked to survival, though surgery seemingly needs to
be extensive to have a meaningful independent impact on
survival [8].

Surgical operability and “safe” extent of resection in a giv-
en case is highly subjective and depends much on the anatom-
ical location [34, 47]. Although eloquence of tumor location
may be graded according to the Sawaya classification [35],
there is no common understanding on how to assess risks and
which regions to carefully avoid, resulting in high variability
in treatment strategies [4, 28]. It has previously been reported
that tumor location in glioblastoma is associated with several
important prognostic factors including age [10], extent of re-
section [41], and molecular markers such as isocitrate dehy-
drogenase 1 (IDH1) mutation and possibly O6-methylguanine
DNA methyltransferase (MGMT) promoter methylation [10,
23, 45]. However, studies exploring the importance of tumor
location in relation to overall survival (OS) have found in part
conflicting results [10, 24, 32].

Methods for three-dimensional (3D) volumetric segmenta-
tion of brain tumors based on magnetic resonance imaging
(MRI) scans are becoming increasingly available [26]. These
methods provide more accurate and precise measurements of
tumor volume and location, and allow for construction of
statistical tumor maps, i.e., voxel-based maps of tumors reg-
istered to a standardized brain model. Such maps enable ex-
ploration of effects on clinical endpoints, e.g., extent of resec-
tion, survival, morbidity, and quality of life (QoL) [10, 19, 24,
33].

The aim of this population-based cohort study was to ex-
plore the impact of tumor location on OS based on statistical
tumor maps constructed by segmentation of preoperative 3D
MRI scans in patients with histopathologically verified WHO
grade IV glioma (glioblastoma) and histopathologically veri-
fied IDH1 wild-type WHO grade II–III astrocytoma with ra-
diological necrosis.

Material and methods

Consecutive glioma patients with age ≥ 18 years eligible for
tumor resection or biopsy only between January 2007 and
December 2016 were identified from the surgery database at
the Department of Neurosurgery, St. Olavs Hospital,

Trondheim, Norway. This department exclusively serves a
defined geographical catchment region. Preoperative
contrast-enhanced (CE) 3D T1-weighted cerebral MRI scans
are routinely acquired in glioma patients < 72 h before sur-
gery. A tissue diagnosis is advocated in patients with
suspected glioma, ensuring a population-based case selection
of patients with histopathologically confirmed tumors.
Patients with histopathologically verified diffuse glioma grade
IV, and patients with histopathologically verified IDH1 wild-
type astrocytoma grade II–III with CE components and ne-
crotic cores on MRI scans were eligible for inclusion. IDH1
status in grade II–III tumors was assessed by IDH1 R132H
immunohistochemistry. The latter patient group was included
as there is a risk of non-representative biopsies in histopatho-
logical tumor verification, and surgery in these patients was
planned and performed as in glioblastoma patients.
Furthermore, IDH wild-type astrocytoma grade II–III has ex-
pected survival on par with glioblastoma [3]. These patients
are treated as grade IV glioma at our institution. IDHmutation
status was not available for approximately half the population
with histopathologically verified glioblastoma and therefore
not included as a variable in the analyses. Patients without
CE 3D T1 MRI scans prior to surgery, patients with non-
CE/poor and diffuse CE tumors, patients who had undergone
previous tumor resection, and patients with multifocal tumors
were excluded. Surgeries were performed under general anes-
thesia, and a neuronavigation system based on preoperative
MRI scans and intraoperative 3D ultrasound was routinely
used [46].

The Karnofsky Performance Status (KPS) score was re-
corded prospectively by the operating surgeon in the majority
of patients. In cases with missing data for KPS (n = 57, 27%),
a retrospective KPS dichotomized to < 70 (dependent) or ≥ 70
(functionally independent) was obtained based on preopera-
tive functional status description in the admission papers.

Patients were postoperatively referred to the oncology de-
partment for evaluation of radiochemotherapy in accordance
with the Stupp protocol [43]. Patients who started both radio-
therapy and temozolomide treatments within 3 months after
primary surgery were categorized as receiving radiochemo-
therapy. Patients who started but did not complete radioche-
motherapy were categorized as receiving radiochemotherapy
on an intention-to-treat basis. Patients only receiving either
radiotherapy or chemotherapy were categorized as not receiv-
ing radiochemotherapy. Any adjuvant chemotherapy treat-
ment received beyond the standard postoperative cycles of
temozolomide after surgery was not included in the study
variables. Patients were followed until death or censored
31.12.2018, whichever came first. Survival in days was cal-
culated from date of surgery/biopsy to date of death/censored.

Preoperative tumor volume was defined as the CE tumor
border plus the necrotic core on T1 MRI scans. Tumor seg-
mentation was performed on preoperative 1.5T or 3T CE 3D
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T1 MRI scans using two different software packages:
BrainVoyagerTM QX 1.2 [15] and 3D Slicer version 4.3.1.-
4.10.2 [7]. We have previously demonstrated high agreement
between these software packages [14]. The workflow has
been described in detail in other publications [7, 14, 40].
Residual tumor volume (RTV) was defined as CE compo-
nents only in resected patients, in accordance with previous
studies [8, 41]. In cases with biopsy only, RTV was set equal
to preoperative tumor volume (including necrotic core).
Segmentations were performed by two of the authors
(E.H.F, L.M.S), or trained medical students (A.L.S, J.S). All
segmentations were verified by a resident radiologist (E.H.F),
a neurosurgeon (O.S), or a neuroradiologist (E.M.B). Residual
tumor volumes were segmented by E.H.F or a resident neuro-
surgeon (P.M) and subsequently verified by E.H.F. In 10
cases who underwent surgery, there were no postoperative
3D MRI scans. These cases were included in the survival
maps but excluded from regression analyses that included
RTV.

Segmented images were registered to the standardized
frame of reference known as the Montreal Neurological
Institute (MNI) space, defined by the ICBM-152 brain tem-
plate [13]. Registration to MNI space is described in a previ-
ous publication [33]. The registered tumor segmentations
were combined into a tumor distribution map showing the
number of patients with tumor in each voxel.

Statistical maps were created to explore OS in relation to
tumor location. The procedure was partly based on the proce-
dure described by de Witt Hamer et al. [6]. Patients were
divided into groups with short OS (< 6 months), medium
OS (6 months to 24 months), and relatively long OS (> 24
months). Tumor odds maps were created for each OS group
by dividing the number of patients with tumor in each voxel
by the number of patients without tumor in the same voxel,
indicating the odds of a patient in a given group having a
tumor in a given voxel. To determine if the presence of a
tumor in an area of the brain was associated with OS of the
patient, the three tumor odds maps were compared in pairs
using a voxel-wise approach. First, the log odds ratio of each
voxel was computed by calculating the natural logarithm of
the ratio between the odds from the two maps, creating a log
odds ratio map. For any voxel in which no patients in an OS
group had a tumor, the number of cases for that group in that
voxel was set to 0.000001 for computational purposes. To
determine the significance of the difference between the two
odds, a 2×2 contingency table was created for each voxel, with
the OS group as one variable and the presence or absence of
tumor as the other. Fisher’s exact test was used to test the
significance of the association between the two variables,
resulting in three p-value maps (OS 6–24 months vs. < 6
months, OS > 24 months vs. 6–24 months, and OS > 24
months vs. < 6 months). The odds of having a tumor in a
voxel are related to the odds of having a tumor in the

neighboring voxels. This spatial dependency was accounted
for by randomly permuting the list of OS groups so that each
patient (and the corresponding tumor) was assigned a new,
randomOS group, and then calculating a new p-value for each
voxel based on this permutation. This was repeated 2000
times resulting in a null-distribution of 2000 random p-values
per voxel. The adjusted p-values were then calculated as the
proportion of p-values in the null-distribution that are smaller
than the original p-value. The significance level of adjusted p-
values was set to ≤ 0.01 due to multiple testing between
groups. A statistical map was created where all voxels with
a statistically significant adjusted p-value was set to one and
the rest were set to zero. This map was then used to mask the
log odds ratio map so that only voxels with adjusted p-value ≤
0.01 were visualized.

Based on the findings of the maps, the shortest distance
from the center of the third ventricle to contrast-enhancing
tumor border (TVTB) in centimeters emerged as a potential
prognostic factor and was calculated using the Hammersmith
atlas [17].

Cox proportional hazard regression was performed to as-
certain the effect of covariates on OS. Eligible covariates for
the multivariable Cox regression were age, sex, preoperative
KPS (< 70 or ≥ 70), biopsy only (yes/no), postoperative ra-
diochemotherapy (yes/no), preoperative tumor volume in mil-
liliters, RTV in milliliters, and TVTB in centimeters. Multiple
possible interaction terms were explored with significance
level for inclusion in the multivariable regression model set
to p ≤ 0.01 due to multiple testing. Likewise, binomial logistic
regression models were performed to explore predictive fac-
tors for adjuvant radiochemotherapy and biopsy only. Ordered
logistic regression models were performed to explore predic-
tors of RTV. For this analysis only, RTV was grouped into
interval groups of 5 mL in accordance with a previous study
[8]. Patients with biopsy only were not included in the ordered
logistic regression models exploring predictors of RTV.
Covariates with p ≤ 0.1 in the univariable analyses were in-
cluded in the multivariable models for all regression analyses.
Details of possible interaction terms and statistical specifica-
tions for the regression models are provided in Online
Resource 1.

Results

A total of 215 patients (84 women) were included in the tumor
map analyses. One patient (man) had IDH1 wild-type astro-
cytoma grade II with radiological necrosis, while 15 patients
(10 women) had IDH1 wild-type astrocytoma grade III with
radiological necrosis. The remaining 199 patients had histo-
pathologically verified glioblastoma. A total of 206 patients
were included in the Cox regression analyses. All nine
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patients alive at time of censoring had survival > 24months. A
flow chart of the inclusion process is presented in Fig. 1.

Descriptive statistics are presented in Table 1. Tumor re-
section was performed in 176 patients (82%). The majority of
patients were functionally independent with KPS ≥ 70 prior to
surgery (n = 150, 70%) and received adjuvant radiochemo-
therapy (n = 165, 77%). Median survival in the entire popu-
lation was 374 days.

Overview of the tumor distribution of the entire cohort is
presented in Fig. 2. Maps with statistically significant differ-
ences in tumor location between the three groups (OS < 6
months, OS 6–24 months and OS > 24 months) are presented
in Fig. 3. Tumor location in central structures including the
anterior half and splenium of corpus callosum and basal gan-
glia was associated with OS < 6 months. Furthermore, tumor
location in the left temporal lobe pole was association with OS
< 6 months. Contrarily, tumor location in the dorsomedial
right temporal lobe including ventral parts of the occipital
lobe, and white matter in the region of the left anterior
paracentral gyrus/dorsal supplementary motor area/medial
precentral gyrus, and small regions of the left centrum
semiovale, medial left temporal lobe and dorsolateral left tem-
poral lobe was associated with OS > 24 months.

As the maps showed reduced OS in centrally located tu-
mors, we hypothesized that TVTB could serve as a pragmatic
prognostic factor for survival. The results from the post-hoc
Cox regression are presented in Table 2. There was a statisti-
cally significant interaction between age and TVTB (age ×
TVTB), and this interaction term was included in the

multivariable model. In the multivariable model, increasing
age and RTV were negative predictors for OS with hazard
ratio (HR) 1.082 (95% CI 1.040 to 1.125) and 1.016 (95%
CI 1.006 to 1.027), respectively. Preoperative higher KPS and
adjuvant radiochemotherapy were positive predictors for OS
with HR 0.546 (95% CI 0.396 to 0.775) and 0.384 (95% CI
0.258 to 0.573), respectively. Due to the interaction between
age and TVTB, the HR for TVTB decreases with increasing
age in the multivariable analyses (HR for TVTB 2.406, 95%
CI 1.206 to 4.802 and HR for interaction term [age × TVTB]
0.983, 95% CI 0.972 to 0.994).

Results from the ordered and binomial logistic regression
analyses are presented in Online Resources 2–4. Preoperative
KPS, preoperative tumor volume, and TVTB were predictors
of RTV with OR 0.439 (95% CI 0.195 to 0.987), 1.015 (95%
CI 1.002 to 1.028), and 0.527 (95% CI 0.358 to 0.774), re-
spectively. Furthermore, increasing age and TVTB were pre-
dictors for treatment with biopsy only with OR 1.149 (95%CI
1.089 to 1.212) and 0.508 (95% CI 0.349 to 0.743), respec-
tively. Lastly, age, KPS, and TVTB were predictors for treat-
ment with adjuvant radiochemotherapy with OR 0.879 (95%
CI 0.830 to 0.930), 3.811 (95% CI 1.660 to 8.749), and 1.531
(95% CI 1.002 to 2.339), respectively.

Discussion

This is the first population-based study to explore OS of glio-
blastoma patients based on a statistical tumor atlas. Tumors

Fig. 1 Flow chart of the inclusion
process
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affecting central brain structures (corpus callosum, basal gan-
glia) and left temporal lobe pole were associated with survival
< 6 months. Tumors involving the dorsomedial right temporal
lobe, and the white matter region involving the left anterior
paracentral gyrus/dorsal supplementary motor area/medial
precentral gyrus were associated with survival > 24 months.
Our results indicate that TVTB as a proxy for centrally located
tumors is a prognostic factor for OS, but that this effect may be
age-dependent with increasing effect of TVTB with increas-
ing age.

Preoperative prognostication in glioblastoma is difficult
and several of the established prognostic markers may perhaps
be associated with treatment nihilism, and their clinical impact
may therefore in part represent self-fulfilling prophesies. The
impact of central tumor location may also be a marker of
treatment nihilism. Still, centrally located cancers have short
route to white matter tracts, and both tumor progression along
such tracts [11] and adverse effects from surgery may result in
reduced OS.

As glioblastoma surgery has a relatively high risk of com-
plications, sequelae, and loss of quality of life in a patient

population with poor long-term prognosis [16, 20], identify-
ing patients who are unlikely to benefit from surgery is imper-
ative. Previous studies on survival in relation to tumor location
have reported reduced survival with periventricular involve-
ment and a possible survival difference between left- and
right-sided tumors [1, 10, 24, 32]. One study found higher
number of patients with survival < 12 months in the right
temporal lobe and a higher number of patients with survival
> 36 months in the left temporal lobe. There were smaller
regions in the medial and posterior left temporal lobe associ-
ated with OS > 24 months in our study, but tumors in the left

Table 1 Descriptive statistics of the patient population (N = 215)

Sex, n (%)

Female 84 (39.1)

Male 131 (60.9)

Age in years, median (range) 65 (24 to 89)

Preoperative KPS, n (%)

≥ 70 150 (69.8)

Resection, n (%)

Yes 176 (81.9)

Preoperative tumor volume, median (range) 34.3 (0.4 to 243.5)

Residual tumor volume in mLa (n = 206), median (range)

Resection (n = 167) 1.63 (0 to 68.1)

Biopsy (n = 39) 35.99 (0.97 to 144.38)

Residual tumor volume groupeda (n = 206), n (%)

0–5 mL 120 (58.3)

5.1–10 mL 26 (12.6)

10.1–15 mL 15 (7.3)

15.1–20 mL 7 (3.4)

> 20 mL 38 (18.4)

Radiochemotherapy, n (%)

Yes 165 (76.7)

Survival in days, median (range) 374 (8 to 2924)

Survival grouped, n (%)

< 6 months 52 (24.2)

6–24 months 122 (56.7)

> 24 months 41 (19.1)

a Residual tumor volume was calculated as contrast enhancing compo-
nents only in patients treated with resection. Residual tumor volume was
set equal to preoperative tumor volume (including necrotic parts) in pa-
tients treated with biopsy only

Fig. 2 Left: overview of the Montreal Neurological Institute (MNI)
space. Right: distribution map of all patients (resection + biopsy, N =
215) with increasing number of cases in each voxel from light blue to
dark blue
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temporal lobe pole were associated with OS < 6 months.
Furthermore, tumors in the dorsomedial right temporal lobe
were associated with OS > 24 months. Another study found
reduced survival (< 11 months) in patients with tumor involv-
ing a small region of the occipitotemporal periventricular
white matter, but no differences between right- and left-
sided tumors [24]. A third study of IDH wild-type glioblasto-
ma found reduced OS (< 14.4 months) with involvement of
several structures, including periventricular white matter/
corpus callosum and deep structures (basal ganglia, thalami)
[32]. However, these studies may have limited generalizability

in that results are based on data from referral centers, with the
risk of selection bias. Our maps showed an association be-
tween OS > 24 months and white matter tumors in the region
of the left anterior paracentral gyrus/supplementary motor
area/medial precentral gyrus. This may reflect an earlier diag-
nosis due to detectable problems with fine motor deficits of
the dominant leg or hand. Compared to previous studies using
statistical maps, we used a different set of cut-offs for short-
and long-term survivors (< 6 months and > 24months, respec-
tively) [10, 24]. With median OS in unselected glioblastoma
patients of 10 months [21], we argue that identifying patients
with a clearly poor prognosis (< 6 months) provides more
useful information to neurosurgeons for when surgery is less
likely to be beneficial. Few patients live > 36 months, and >
24 months was therefore assessed to be a good outcome.

Differences in gene expressions between hemispheres have
been reported [44], with the potential of affecting survival
through location-dependent differences in biomarkers associ-
ated with OS. Our regression analyses do not include status of
IDH mutation, MGMT promoter methylation, or TERT muta-
tion, which are associated with survival [9, 37, 42]. IDH1-mut
tumors with a favorable prognosis have been reported to be
more common in the frontal lobes in proximity to the anterior
ventricles and involving the anterior corpus callosum, and
possibly also in the left insular region [23, 45]. These results
do not clearly correspond to our findings, with maps indicat-
ing reduced OS in tumors involving the corpus callosum. The
same studies did not find IDH1 wild-type tumors to have a
location predilection [23, 45]. However, only about 9% of
glioblastomas have IDH-mut [29]. Furthermore, IDH-mut
are hallmarks of secondary glioblastomas, and a large portion
of IDH-mut tumors are diagnosed and undergo first-time sur-
gery as grade II/III gliomas. In a previous study from our
institution on 106 glioblastoma patients with a partly overlap-
ping patient population, only two cases had IDH1 mutations
[39]. It is likely that our study population includes only a small
number of IDH-mut glioblastomas, and all included grade II
and III tumors were IDH1 wild-type. Previous studies on
MGMT status and tumor location are conflicting [10, 45].
However, the largest of these studies found that MGMT
unmethylated tumors with an unfavorable prognosis were
more common in the right hemisphere [10]. This does not
clearly correlate with our findings of an association between
tumors in the dorsolateral right temporal lobe and survival >
24 months. TERT mutation has not been associated with tu-
mor location [37, 45]. H3F3A K27M mutation is associated
with midline gliomas [27], but OS in K27M mutated com-
pared to K27Mwild-type high-grade gliomas in adults is sim-
ilar [27, 36], and is therefore less likely to explain location-
dependent differences in OS. Although previous studies on
location differences in known prognostic mutations do not
clearly align with our findings, we cannot exclude that
location-dependent mutations in part may explain the survival

Fig. 3 Log odds ratio maps for voxels with p ≤ 0.01 showing differences
in overall survival (OS) based on tumor location (resection + biopsy)
between (a) OS 6–24 months vs. OS < 6 months (n = 174), (b) OS >
24months vs. OS 6–24months (n = 163), and (c) OS > 24months vs. OS
< 6 months (n = 93). Green voxels have positive log odds ratios, which
imply higher tumor odds in the first of the two groups, and thus indicate
higher OS for patients with tumors in these areas. Red voxels have neg-
ative log odds ratios, which imply lower tumor odds in the first of the two
groups, and thus indicate lower OS for patients with tumors in these areas
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differences in our maps. However, molecular markers are not
available prior to first-time surgery and are therefore of limited
relevance in surgical decision-making.

Surgically acquired neurological deficits are associated
with reduced OS [25] and increased risk of not receiving
adjuvant radiochemotherapy [16]. Previous studies explor-
ing the risks of surgery involving central brain structures are
conflicting [5, 12, 35]. Prognostic factors for OS such as
KPS, preoperative neurological function, and RTV are likely
to be correlated with tumor location due to proximity to
eloquent structures and increased technical surgical difficul-
ties in central regions. The individual effect size of these
factors was not possible to explore in our map-based ap-
proach, as such analyses would require a very large dataset.
However, our post hoc regression analyses showed that in-
creasing TVTB was a prognostic factor for OS, indicating an
independent effect of central tumor location. Interestingly,
the association between TVTB and OS was dependent on
age (identified as a statistically significant interaction be-
tween age and TVTB), with increasing effect of tumor prox-
imity to central structures with increasing age. For example,
the HR of TVTB in a 60-year-old patient in our study was
0.86, while it was 0.61 in an 80-year-old patient. The brain
undergoes age-dependent atrophy with decline in function
[31], and elderly patients have reduced rehabilitation poten-
tial compared to younger patients after ischemic stroke [22].
IDH1 wild-type tumors are also more common in elderly
patients, partly explaining the age-dependent prognosis of
glioblastoma survival [18]. MGMT promoter methylation is
less clearly associated with age [2, 38]. Thus, the age-
dependent effect of TVTB in our study may result from

reduced potential of rehabilitation after surgery, age-
dependent nihilism of treatment at relapse, and possible
age-dependent differences in tumor biology.

Lower TVTB was a predictor for biopsy only, increased
RTV, and not receiving adjuvant radiochemotherapy. This
indicates that neurosurgeons at our institution pursue a less
aggressive surgical approach with more centrally located tu-
mors, and that TVTB may also influence the neuro-oncolo-
gists’ assessment of adjuvant treatment. Due to the known
association between OS and both RTV and radiochemothera-
py, a more aggressive surgical and oncological approach
could potentially increase OS also in patients with centrally
located tumors, though risk of neurological sequelae would
also likely increase. This illustrates the difficulties in weighing
the pros and cons of treatment in the individual patient.
However, the analyses did not include assessment of cognitive
function, which may correlate with central tumor location and
influence the decision-making process of both neurosurgeons
and neuro-oncologists.

This statistical atlas is constructed based on a total of
215 glioblastoma cases. As such, there are areas of the
brain with no or only a small number of tumors in each
voxel. For example, there were only 41 patients with sur-
vival > 24 months resulting in a low tumor count in each
voxel. Some differences between maps in Fig. 3 may there-
fore be a result of lower power in the OS > 24 months vs.
OS < 6 months map. Our results based on the statistical
atlas should therefore be repeated in larger data sets. By
use of segmentation, there is a risk of errors of the exact
contrast-enhancing borders of the tumors, and registration
to the standardized MNI space is associated with small

Table 2 Hazard ratio (HR) of patient characteristics, tumor characteristics, adjuvant treatment, and mortality in both resected in biopsied tumors (N =
206)

Univariable Multivariable

HR (95% CI) p HR (95% CI) p

Age (per year) 1.035 (1.020–1.050) < 0.001 1.082 (1.040–1.125) < 0.001

Sex (reference female)

Male 1.230 (0.918–1.649) 0.166 - -

Preoperative KPS (reference ≤ 70)

≥ 70 0.445 (0.327–0.606) < 0.001 0.546 (0.385–0.775) 0.001

Preoperative tumor volume (per mL) 1.008 (1.004–1.012) < 0.001 0.999 (0.992–1.005) 0.672

TVTBa (per cm) 0.770 (0.696–0.852) < 0.001 2.406 (1.206–4.802) 0.013

Biopsy only (reference no)

Yes 3.208 (2.222–4.633) < 0.001 1.242 (0.675–2.285) 0.485

Residual tumor volume (per mL) 1.025 (1.020–1.031) < 0.001 1.016 (1.006–1.027) 0.003

Adjuvant radiochemotherapy (reference no)

Yes 0.257 (0.180–0.368) < 0.001 0.384 (0.258–0.573) < 0.001

Age × TVTBb - - 0.983 (0.972–0.994) 0.002

a TVTB—shortest distance from center of 3. Ventricle to preoperative contrast-enhancing tumor border
b Interaction term between age and TVTB
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inaccuracies resulting in reduced accuracy of tumor loca-
tion between patient and atlas. Because glioblastomas
grow in a diffusely infiltrating pattern, there is also a po-
tential risk of different degrees of infiltration of brain struc-
tures between cases not being accounted for.

Conclusions

Our findings suggest that there are differences in OS in glio-
blastoma patients based on tumor location that are not limited
to eloquence. OS was short in patients with centrally located
tumors and tumors in the left temporal lobe pole, and higher in
patients with tumor location in the right dorsomedial temporal
lobe and white matter region involving the left anterior
paracentral gyrus/dorsal supplementary motor area/medial
precentral gyrus. TVTB may be an important prognostic fac-
tor that can support clinical decision-making, especially in the
elderly where low TVTB was associated with decreased sur-
vival, and the benefits of surgery must be carefully weighed
by the surgeon.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00701-021-04802-6.

Acknowledgements We would like to thank Anne Line Stensjøen
(A.L.S) and Joanna Sulkowska (J.S) for contributions with segmentation
of preoperative tumor volumes, and Paulina Majewska (P.M) for contri-
butions with segmentation of residual tumor volumes.

Author contribution Mr. Fyllingen had full access to all the data in the
study and takes responsibility for the integrity of the data and the accuracy
of the data analysis. Conceptualization: Ole Solheim, Even Hovig
Fyllingen, Ingerid Reinertsen. Methodology: Even Hovig Fyllingen,
Ole Solheim, Ingerid Reinertsen, Lars Eirik Bø. Formal analysis and
investigation: all authors. Writing—original draft preparation: Even
Hovig Fyllingen, Ole Solheim, Ingerid Reinertsen. Writing—review
and editing: all authors. Funding acquisition: Ole Solheim, Ingerid
Reinertsen. Supervision: Ole Solheim, Ingerid Reinertsen. All authors
read and approved the final manuscript.

Funding Open access funding provided by NTNU Norwegian
University of Science and Technology (incl St. Olavs Hospital -
Trondheim University Hospital). The presented study did not receive
any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors. The research work of Ole Solheim, Ingerid
Reinertsen, and Lars Eirik Bø is in part funded by the Norwegian
National Advisory Unit for Ultrasound and Image Guided Surgery, St.
Olavs Hospital, Trondheim University Hospital, Trondheim, Norway.
The research work of Asgeir S. Jakola is funded by the Swedish research
council. The sponsor had no role in the design or conduct of this research.

Declarations

Ethical approval The study was approved by the Regional Committee
for Medical Research Ethics (REC), Health Region IV in Norway (REC
reference 2013/1348), and was in accordance with the 1964 Helsinki

declaration and its later amendments. The study was approved with a
waiver of informed consent for patients who were deceased.
Furthermore, the study was approved with a waiver for informed consent
for patients whowere alive and had providedwritten, informed consent as
a part of a different intracranial tumor research project at our institution.
Patients who had declined participation in the previous research project
were excluded. For patients who were alive and had not previously been
asked for participation in any research project at our institution, the study
was approved with “silent” consent, where the patient and/or the patient’s
next of kin were to be informed of the study and could decline participa-
tion. However, there were no patients in the latter category.

Conflict of interest All authors certify that they have no affiliations with
or involvement in any organization or entity with any financial interest
(such as honoraria; educational grants; participation in speakers’ bureaus;
membership, employment, consultancies, stock ownership, or other eq-
uity interest; and expert testimony or patent-licensing arrangements), or
non-financial interest (such as personal or professional relationships, af-
filiations, knowledge or beliefs) in the subject matter or materials
discussed in this manuscript.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Adeberg S, Bostel T, Konig L, Welzel T, Debus J, Combs SE
(2014) A comparison of long-term survivors and short-term survi-
vors with glioblastoma, subventricular zone involvement: a predic-
tive factor for survival? Radiat Oncol 9:95–100. https://doi.org/10.
1186/1748-717X-9-95

2. Arora I, Gurav M, Rumde R, Dhanavade S, Kadam V, Kurani H,
Shetty O, Goda JS, Shetty P, Moiyadi A, Gupta T, Jalali R, Epari S
(2018) MGMT gene promoter methylation and its correlation with
clinicopathological parameters in glioblastomas. Neurol India 66:
1106–1114. https://doi.org/10.4103/0028-3886.236974

3. Network CGAR, Brat DJ, Verhaak RG, Aldape KD, Yung WK,
Salama SR, Cooper LA, Rheinbay E, Miller CR, Vitucci M,
Morozova O, Robertson AG, Noushmehr H, Laird PW,
Cherniack AD, Akbani R, Huse JT, Ciriello G, Poisson LM,
Barnholtz-Sloan JS, Berger MS, Brennan C, Colen RR, Colman
H, Flanders AE, Giannini C, Grifford M, Iavarone A, Jain R,
Joseph I, Kim J, Kasaian K, Mikkelsen T, Murray BA, O'Neill
BP, Pachter L, Parsons DW, Sougnez C, Sulman EP, Vandenberg
SR, Van Meir EG, von Deimling A, Zhang H, Crain D, Lau K,
Mallery D, Morris S, Paulauskis J, Penny R, Shelton T, Sherman
M, Yena P, Black A, Bowen J, Dicostanzo K, Gastier-Foster J,
Leraas KM, Lichtenberg TM, Pierson CR, Ramirez NC, Taylor
C, Weaver S, Wise L, Zmuda E, Davidsen T, Demchok JA, Eley
G, Ferguson ML, Hutter CM, Mills Shaw KR, Ozenberger BA,
Sheth M, Sofia HJ, Tarnuzzer R, Wang Z, Yang L, Zenklusen JC,
Ayala B, Baboud J, Chudamani S, Jensen MA, Liu J, Pihl T,
Raman R, Wan Y, Wu Y, Ally A, Auman JT, Balasundaram M,

1902 Acta Neurochir (2021) 163:1895–1905

https://doi.org/10.1007/s00701-021-04802-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1748-717X-9-95
https://doi.org/10.1186/1748-717X-9-95
https://doi.org/10.4103/0028-3886.236974


Balu S, Baylin SB, Beroukhim R, Bootwalla MS, Bowlby R,
Bristow CA, Brooks D, Butterfield Y, Carlsen R, Carter S, Chin
L, Chu A, Chuah E, Cibulskis K, Clarke A, Coetzee SG, Dhalla N,
Fennell T, Fisher S, Gabriel S, Getz G, Gibbs R, Guin R,
Hadjipanayis A, Hayes DN, Hinoue T, Hoadley K, Holt RA,
Hoyle AP, Jefferys SR, Jones S, Jones CD, Kucherlapati R, Lai
PH, Lander E, Lee S, Lichtenstein L, Ma Y, Maglinte DT,
Mahadeshwar HS, Marra MA, Mayo M, Meng S, Meyerson ML,
Mieczkowski PA, Moore RA, Mose LE, Mungall AJ, Pantazi A,
Parfenov M, Park PJ, Parker JS, Perou CM, Protopopov A, Ren X,
Roach J, Sabedot TS, Schein J, Schumacher SE, Seidman JG, Seth
S, Shen H, Simons JV, Sipahimalani P, SolowayMG, Song X, Sun
H, Tabak B, Tam A, Tan D, Tang J, Thiessen N, Triche T Jr, Van
Den Berg DJ, Veluvolu U, Waring S, Weisenberger DJ, Wilkerson
MD, Wong T, Wu J, Xi L, Xu AW, Yang L, Zack TI, Zhang J,
Aksoy BA, Arachchi H, Benz C, Bernard B, Carlin D, Cho J,
DiCara D, Frazer S, Fuller GN, Gao J, Gehlenborg N, Haussler
D, Heiman DI, Iype L, Jacobsen A, Ju Z, Katzman S, Kim H,
Knijnenburg T, Kreisberg RB, Lawrence MS, Lee W, Leinonen
K, Lin P, Ling S, Liu W, Liu Y, Liu Y, Lu Y, Mills G, Ng S,
Noble MS, Paull E, Rao A, Reynolds S, Saksena G, Sanborn Z,
Sander C, Schultz N, Senbabaoglu Y, Shen R, Shmulevich I, Sinha
R, Stuart J, Sumer SO, Sun Y, Tasman N, Taylor BS, Voet D,
Weinhold N, Weinstein JN, Yang D, Yoshihara K, Zheng S,
Zhang W, Zou L, Abel T, Sadeghi S, Cohen ML, Eschbacher J,
Hattab EM, Raghunathan A, Schniederjan MJ, Aziz D, Barnett G,
Barrett W, Bigner DD, Boice L, Brewer C, Calatozzolo C, Campos
B, Carlotti CG Jr, Chan TA, Cuppini L, Curley E, Cuzzubbo S,
Devine K, DiMeco F, Duell R, Elder JB, Fehrenbach A,
Finocchiaro G, Friedman W, Fulop J, Gardner J, Hermes B,
Herold-Mende C, Jungk C, Kendler A, Lehman NL, Lipp E, Liu
O, Mandt R, McGraw M, McLendon R, McPherson C, Neder L,
Nguyen P, Noss A, Nunziata R, Ostrom QT, Palmer C, Perin A,
Pollo B, Potapov A, Potapova O, Rathmell WK, Rotin D, Scarpace
L, Schilero C, Senecal K, Shimmel K, Shurkhay V, Sifri S, Singh
R, Sloan AE, Smolenski K, Staugaitis SM, Steele R, Thorne L,
Tirapelli DP, Unterberg A, Vallurupalli M, Wang Y, Warnick R,
Williams F, Wolinsky Y, Bell S, Rosenberg M, Stewart C, Huang
F, Grimsby JL, Radenbaugh AJ, Zhang J (2015) Comprehensive,
integrative genomic analysis of diffuse lower-grade gliomas. N
Engl J Med 372:2481–2498. https:/ /doi.org/10.1056/
NEJMoa1402121

4. Capellades J, Teixidor P, Villalba G, Hostalot C, Plans G,
Armengol R, Medrano S, Estival A, Luque R, Gonzalez S, Gil-
Gil M, Villa S, Sepulveda J, Garcia-Mosquera JJ, Balana C
(2017) Results of a multicenter survey showing interindividual var-
iability among neurosurgeons when deciding on the radicality of
surgical resection in glioblastoma highlight the need for more ob-
jective guidelines. Clin Transl Oncol 19:727–734. https://doi.org/
10.1007/s12094-016-1598-6

5. Chaichana KL, Jusue-Torres I, Lemos AM, Gokaslan A, Cabrera-
Aldana EE, Ashary A, Olivi A, Quinones-Hinojosa A (2014) The
butterfly effect on glioblastoma: is volumetric extent of resection
more effective than biopsy for these tumors? J Neuro-Oncol 120:
625–634. https://doi.org/10.1007/s11060-014-1597-9

6. de Witt Hamer PC, Hendriks EJ, Mandonnet E, Barkhof F,
Zwinderman AH, Duffau H (2013) Resection probability maps
for quality assessment of glioma surgery without brain location
bias. PLoS One 8:e73353. https://doi.org/10.1371/journal.pone.
0073353

7. Egger J, Kapur T, Fedorov A, Pieper S, Miller JV, Veeraraghavan
H, Freisleben B, Golby AJ, Nimsky C, Kikinis R (2013) GBM
volumetry using the 3D slicer medical image computing platform.
Sci Rep 3:1364–1370. https://doi.org/10.1038/srep01364

8. Ellingson BM, Abrey LE, Nelson SJ, Kaufmann TJ, Garcia J,
Chinot O, Saran F, Nishikawa R, Henriksson R, Mason WP,

Wick W, Butowski N, Ligon KL, Gerstner ER, Colman H, de
Groot J, Chang S, Mellinghoff I, Young RJ, Alexander BM,
Colen R, Taylor JW, Arrillaga-Romany I, Mehta A, Huang RY,
PopeWB, Reardon D, Batchelor T, PradosM, Galanis E, Wen PY,
Cloughesy TF (2018) Validation of postoperative residual contrast-
enhancing tumor volume as an independent prognostic factor for
overall survival in newly diagnosed glioblastoma. Neuro-Oncology
20:1240–1250. https://doi.org/10.1093/neuonc/noy053

9. Ellingson BM, Cloughesy TF, Pope WB, Zaw TM, Phillips H,
Lalezari S, Nghiemphu PL, Ibrahim H, Naeini KM, Harris RJ,
Lai A (2012) Anatomic localization of o6-methylguanine DNA
methyltransferase (MGMT) promoter methylated and
unmethylated tumors: a radiographic study in 358 de novo human
glioblastomas. Neuroimage 59:908–916. https://doi.org/10.1016/j.
neuroimage.2011.09.076

10. Ellingson BM, Lai A, Harris RJ, Selfridge JM, Yong WH, Das K,
Pope WB, Nghiemphu PL, Vinters HV, Liau LM, Mischel PS,
Cloughesy TF (2013) Probabilistic radiographic atlas of glioblasto-
ma phenotypes. AJNR Am J Neuroradiol 34:533–540. https://doi.
org/10.3174/ajnr.A3253

11. Esmaeili M, Stensjøen AL, Berntsen EM, Solheim O, Reinertsen I
(2018) The direction of tumour growth in glioblastoma patients. Sci
Rep 8:1199. https://doi.org/10.1038/s41598-018-19420-z

12. Ferroli P, Schiariti M, Finocchiaro G, Salmaggi A, Castiglione M,
Acerbi F, Tringali G, Farinotti M, Broggi M, Roberto C,
Maccagnano E, Broggi G (2013) Operability of glioblastomas:
“Sins of action” versus “sins of non-action”. Neurol Sci 34:2107–
2116. https://doi.org/10.1007/s10072-013-1345-5

13. Fonov V, Evans AC, Botteron K, Almli CR, McKinstry RC,
Collins DL, Brain Development Cooperative G (2011) Unbiased
average age-appropriate atlases for pediatric studies. Neuroimage
54:313–327. https://doi.org/10.1016/j.neuroimage.2010.07.033

14. Fyllingen EH, Stensjøen AL, Berntsen EM, Solheim O, Reinertsen
I (2016) Glioblastoma segmentation: comparison of three different
software packages. PLoS One 11:e0164891. https://doi.org/10.
1371/journal.pone.0164891

15. Goebel R, Esposito F, Formisano E (2006) Analysis of functional
image analysis contest (FIAC) data with brainvoyager QX: from
single-subject to cortically aligned group general linear model anal-
ysis and self-organizing group independent component analysis.
Hum Brain Mapp 27:392–401. https://doi.org/10.1002/hbm.20249

16. Gulati S, Jakola AS, Nerland US, Weber C, Solheim O (2011) The
risk of getting worse: surgically acquired deficits, perioperative
complications, and functional outcomes after primary resection of
glioblastoma. World Neurosurg 76:572–579. https://doi.org/10.
1016/j.wneu.2011.06.014

17. Hammers A, Allom R, Koepp MJ, Free SL, Myers R, Lemieux L,
Mitchell TN, Brooks DJ, Duncan JS (2003) Three-dimensional
maximum probability atlas of the human brain, with particular ref-
erence to the temporal lobe. Hum Brain Mapp 19:224–247. https://
doi.org/10.1002/hbm.10123

18. Hartmann C, Hentschel B, Wick W, Capper D, Felsberg J, Simon
M, Westphal M, Schackert G, Meyermann R, Pietsch T,
Reifenberger G, Weller M, Loeffler M, von Deimling A (2010)
Patients with IDH1wild type anaplastic astrocytomas exhibit worse
prognosis than IDH1-mutated glioblastomas, and IDH1 mutation
status accounts for the unfavorable prognostic effect of higher age:
Implications for classification of gliomas. Acta Neuropathol 120:
707–718. https://doi.org/10.1007/s00401-010-0781-z

19. Hendriks EJ, Idema S, Hervey-Jumper SL, Bernat AL,
Zwinderman AH, Barkhof F, Vandertop WP, Mandonnet E,
Duffau H, Berger MS, De Witt Hamer PC (2019) Preoperative
resectability estimates of nonenhancing glioma by neurosurgeons
and a resection probability map. Neurosurgery 85:E304–E313.
https://doi.org/10.1093/neuros/nyy487

1903Acta Neurochir (2021) 163:1895–1905

https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1007/s12094-016-1598-6
https://doi.org/10.1007/s12094-016-1598-6
https://doi.org/10.1007/s11060-014-1597-9
https://doi.org/10.1371/journal.pone.0073353
https://doi.org/10.1371/journal.pone.0073353
https://doi.org/10.1038/srep01364
https://doi.org/10.1093/neuonc/noy053
https://doi.org/10.1016/j.neuroimage.2011.09.076
https://doi.org/10.1016/j.neuroimage.2011.09.076
https://doi.org/10.3174/ajnr.A3253
https://doi.org/10.3174/ajnr.A3253
https://doi.org/10.1038/s41598-018-19420-z
https://doi.org/10.1007/s10072-013-1345-5
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1371/journal.pone.0164891
https://doi.org/10.1371/journal.pone.0164891
https://doi.org/10.1002/hbm.20249
https://doi.org/10.1016/j.wneu.2011.06.014
https://doi.org/10.1016/j.wneu.2011.06.014
https://doi.org/10.1002/hbm.10123
https://doi.org/10.1002/hbm.10123
https://doi.org/10.1007/s00401-010-0781-z
https://doi.org/10.1093/neuros/nyy487


20. Jakola AS, Unsgard G, Solheim O (2011) Quality of life in patients
with intracranial gliomas: the impact of modern image-guided sur-
gery. J Neurosurg 114:1622–1630. https://doi.org/10.3171/2011.1.
JNS101657

21. Johnson DR, O'Neill BP (2012) Glioblastoma survival in the
United States before and during the temozolomide era. J Neuro-
Oncol 107:359–364. https://doi.org/10.1007/s11060-011-0749-4

22. Knoflach M, Matosevic B, Rucker M, Furtner M, Mair A, Wille G,
Zangerle A, Werner P, Ferrari J, Schmidauer C, Seyfang L, Kiechl
S, Willeit J, Austrian Stroke Unit Registry C (2012) Functional
recovery after ischemic stroke–a matter of age: data from the
Austrian stroke unit registry. Neurology 78:279–285. https://doi.
org/10.1212/WNL.0b013e31824367ab

23. Lai A, Kharbanda S, Pope WB, Tran A, Solis OE, Peale F, Forrest
WF, Pujara K, Carrillo JA, Pandita A, Ellingson BM, Bowers CW,
Soriano RH, Schmidt NO, Mohan S, Yong WH, Seshagiri S,
Modrusan Z, Jiang Z, Aldape KD, Mischel PS, Liau LM,
Escovedo CJ, Chen W, Nghiemphu PL, James CD, Prados MD,
Westphal M, Lamszus K, Cloughesy T, Phillips HS (2011)
Evidence for sequenced molecular evolution of IDH1 mutant glio-
blastoma from a distinct cell of origin. J Clin Oncol 29:4482–4490.
https://doi.org/10.1200/JCO.2010.33.8715

24. Liu TT, Achrol AS, Mitchell LA, DuWA, Loya JJ, Rodriguez SA,
Feroze A,Westbroek EM, YeomKW, Stuart JM, Chang SD, Harsh
GR, Rubin DL (2016) Computational identification of tumor ana-
tomic location associated with survival in 2 large cohorts of human
primary glioblastomas. AJNR Am J Neuroradiol 37:621–628.
https://doi.org/10.3174/ajnr.A4631

25. McGirt MJ, Mukherjee D, Chaichana KL, Than KD, Weingart JD,
Quinones-Hinojosa A (2009) Association of surgically acquired
motor and language deficits on overall survival after resection of
glioblastoma multiforme. Neurosurgery 65:463–469. https://doi.
org/10.1227/01.NEU.0000349763.42238.E9

26. Menze BH, Jakab A, Bauer S, Kalpathy-Cramer J, Farahani K,
Kirby J, Burren Y, Porz N, Slotboom J, Wiest R, Lanczi L,
Gerstner E, Weber MA, Arbel T, Avants BB, Ayache N, Buendia
P, Collins DL, Cordier N, Corso JJ, Criminisi A, Das T, Delingette
H, Demiralp C, Durst CR, Dojat M, Doyle S, Festa J, Forbes F,
Geremia E, Glocker B, Golland P, Guo X, Hamamci A,
Iftekharuddin KM, Jena R, John NM, Konukoglu E, Lashkari D,
Mariz JA, Meier R, Pereira S, Precup D, Price SJ, Raviv TR, Reza
SM, Ryan M, Sarikaya D, Schwartz L, Shin HC, Shotton J, Silva
CA, Sousa N, Subbanna NK, Szekely G, Taylor TJ, Thomas OM,
Tustison NJ, Unal G, Vasseur F, Wintermark M, Ye DH, Zhao L,
Zhao B, Zikic D, Prastawa M, Reyes M, Van Leemput K (2015)
The multimodal brain tumor image segmentation benchmark
(BRATS). IEEE Trans Med Imaging 34:1993–2024. https://doi.
org/10.1109/TMI.2014.2377694

27. Meyronet D, Esteban-Mader M, Bonnet C, Joly MO, Uro-Coste E,
Amiel-Benouaich A, Forest F, Rousselot-Denis C, Burel-
Vandenbos F, Bourg V, Guyotat J, Fenouil T, Jouvet A,
Honnorat J, Ducray F (2017) Characteristics of H3 K27M-mutant
gliomas in adults. Neuro-Oncology 19:1127–1134. https://doi.org/
10.1093/neuonc/now274

28. Muller DMJ, Robe P, Eijgelaar RS,WitteMG,VisserM, deMunck
JC, Broekman MLD, Seute T, Hendrikse J, Noske DP, Vandertop
WP, Barkhof F, Kouwenhoven MCM, Mandonnet E, Berger MS,
De Witt Hamer PC (2019) Comparing glioblastoma surgery deci-
sions between teams using brain maps of tumor locations, biopsies,
and resections. JCO Clin Cancer Inform 3:1–12. https://doi.org/10.
1200/CCI.18.00089

29. Ohgaki H, Kleihues P (2013) The definition of primary and sec-
ondary glioblastoma. Clin Cancer Res 19:764–772. https://doi.org/
10.1158/1078-0432.CCR-12-3002

30. OstromQT,Gittleman H, Liao P, Vecchione-Koval T,Wolinsky Y,
Kruchko C, Barnholtz-Sloan JS (2017) CBTRUS statistical report:

Primary brain and other central nervous system tumors diagnosed in
the United States in 2010-2014. Neuro-Oncology 19:v1–v88.
https://doi.org/10.1093/neuonc/nox158

31. Park DC, Polk TA, Mikels JA, Taylor SF, Marshuetz C (2001)
Cerebral aging: integration of brain and behavioral models of cog-
nitive function. Dialogues Clin Neurosci 3:151–165

32. Roux A, Roca P, Edjlali M, Sato K, Zanello M, Dezamis E, Gori P,
Lion S, Fleury A, Dhermain F, Meder JF, Chretien F, Lechapt E,
Varlet P, Oppenheim C, Pallud J (2019) MRI atlas of IDH wild-
type supratentorial glioblastoma: probabilistic maps of phenotype,
management, and outcomes. Radiology 293:633–643. https://doi.
org/10.1148/radiol.2019190491

33. Sagberg LM, Iversen DH, Fyllingen EH, Jakola AS, Reinertsen I,
Solheim O (2019) Brain atlas for assessing the impact of tumor
location on perioperative quality of life in patients with high-
grade glioma: a prospective population-based cohort study.
Neuroimage Clin 21:101658. https://doi.org/10.1016/j.nicl.2019.
101658

34. Sanai N, Mirzadeh Z, Berger MS (2008) Functional outcome after
language mapping for glioma resection. N Engl J Med 358:18–27.
https://doi.org/10.1056/NEJMoa067819

35. Sawaya R, Hammoud M, Schoppa D, Hess KR, Wu SZ, Shi WM,
Wildrick DM (1998) Neurosurgical outcomes in a modern series of
400 craniotomies for treatment of parenchymal tumors.
Neurosurgery 42:1044–1055. https://doi.org/10.1097/00006123-
199805000-00054

36. Schreck KC, Ranjan S, Skorupan N, Bettegowda C, Eberhart CG,
Ames HM, Holdhoff M (2019) Incidence and clinicopathologic
features of H3 K27M mutations in adults with radiographically-
determined midline gliomas. J Neuro-Oncol 143:87–93. https://
doi.org/10.1007/s11060-019-03134-x

37. Simon M, Hosen I, Gousias K, Rachakonda S, Heidenreich B,
Gessi M, Schramm J, Hemminki K, Waha A, Kumar R (2015)
TERT promoter mutations: a novel independent prognostic factor
in primary glioblastomas. Neuro-Oncology 17:45–52. https://doi.
org/10.1093/neuonc/nou158

38. Skiriute D, Vaitkiene P, Saferis V, Asmoniene V, Skauminas K,
Deltuva VP, Tamasauskas A (2012) MGMT, GATA6, CD81,
DR4, and CASP8 gene promoter methylation in glioblastoma.
BMC Cancer 12:218–226. https://doi.org/10.1186/1471-2407-12-
218

39. Stensjøen AL, Berntsen EM, Mikkelsen VE, Torp SH, Jakola AS,
Salvesen O, Solheim O (2017) Does pretreatment tumor growth
hold prognostic information for patients with glioblastoma?
World Neurosurg 101:686–694. https://doi.org/10.1016/j.wneu.
2017.03.012

40. Stensjøen AL, Solheim O, Kvistad KA, Haberg AK, Salvesen O,
Berntsen EM (2015) Growth dynamics of untreated glioblastomas
in vivo. Neuro-Oncology 17:1402–1411. https://doi.org/10.1093/
neuonc/nov029

41. Stummer W, Reulen HJ, Meinel T, Pichlmeier U, Schumacher W,
Tonn JC, Rohde V,Oppel F, Turowski B,Woiciechowsky C, Franz
K, Pietsch T, Group AL-GS (2008) Extent of resection and survival
in glioblastoma multiforme: identification of and adjustment for
bias. Neurosurgery 62:564–576; discussion 564-576. https://doi.
org/10.1227/01.neu.0000317304.31579.17

42. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ,
Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger K, Hau P,
Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ, Mokhtari K,
Wesseling P, Villa S, Eisenhauer E, Gorlia T, Weller M,
Lacombe D, Cairncross JG, Mirimanoff RO, European
Organisation for R, Treatment of Cancer Brain T, Radiation
Oncology G, National Cancer Institute of Canada Clinical Trials
G (2009) Effects of radiotherapy with concomitant and adjuvant
temozolomide versus radiotherapy alone on survival in glioblasto-
ma in a randomised phase III study: 5-year analysis of the EORTC-

1904 Acta Neurochir (2021) 163:1895–1905

https://doi.org/10.3171/2011.1.JNS101657
https://doi.org/10.3171/2011.1.JNS101657
https://doi.org/10.1007/s11060-011-0749-4
https://doi.org/10.1212/WNL.0b013e31824367ab
https://doi.org/10.1212/WNL.0b013e31824367ab
https://doi.org/10.1200/JCO.2010.33.8715
https://doi.org/10.3174/ajnr.A4631
https://doi.org/10.1227/01.NEU.0000349763.42238.E9
https://doi.org/10.1227/01.NEU.0000349763.42238.E9
https://doi.org/10.1109/TMI.2014.2377694
https://doi.org/10.1109/TMI.2014.2377694
https://doi.org/10.1093/neuonc/now274
https://doi.org/10.1093/neuonc/now274
https://doi.org/10.1200/CCI.18.00089
https://doi.org/10.1200/CCI.18.00089
https://doi.org/10.1158/1078-0432.CCR-12-3002
https://doi.org/10.1158/1078-0432.CCR-12-3002
https://doi.org/10.1093/neuonc/nox158
https://doi.org/10.1148/radiol.2019190491
https://doi.org/10.1148/radiol.2019190491
https://doi.org/10.1016/j.nicl.2019.101658
https://doi.org/10.1016/j.nicl.2019.101658
https://doi.org/10.1056/NEJMoa067819
https://doi.org/10.1097/00006123-199805000-00054
https://doi.org/10.1097/00006123-199805000-00054
https://doi.org/10.1007/s11060-019-03134-x
https://doi.org/10.1007/s11060-019-03134-x
https://doi.org/10.1093/neuonc/nou158
https://doi.org/10.1093/neuonc/nou158
https://doi.org/10.1186/1471-2407-12-218
https://doi.org/10.1186/1471-2407-12-218
https://doi.org/10.1016/j.wneu.2017.03.012
https://doi.org/10.1016/j.wneu.2017.03.012
https://doi.org/10.1093/neuonc/nov029
https://doi.org/10.1093/neuonc/nov029
https://doi.org/10.1227/01.neu.0000317304.31579.17
https://doi.org/10.1227/01.neu.0000317304.31579.17


ncic trial. Lancet Oncol 10:459–466. https://doi.org/10.1016/
S1470-2045(09)70025-7

43. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B,
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, Bogdahn U,
Curschmann J, Janzer RC, Ludwin SK, Gorlia T, Allgeier A,
Lacombe D, Cairncross JG, Eisenhauer E, Mirimanoff RO,
European Organisation for R, Treatment of Cancer Brain T,
Radiotherapy G, National Cancer Institute of Canada Clinical
Trials G (2005) Radiotherapy plus concomitant and adjuvant tem-
ozolomide for glioblastoma. N Engl J Med 352:987–996. https://
doi.org/10.1056/NEJMoa043330

44. Sun T, Patoine C, Abu-Khalil A, Visvader J, Sum E, Cherry TJ,
Orkin SH, Geschwind DH, Walsh CA (2005) Early asymmetry of
gene transcription in embryonic human left and right cerebral cor-
tex. Science 308:1794–1798. https://doi.org/10.1126/science.
1110324

45. Tejada Neyra MA, Neuberger U, Reinhardt A, Brugnara G,
Bonekamp D, Sill M, Wick A, Jones DTW, Radbruch A,

Unterberg A, Debus J, Heiland S, Schlemmer HP, Herold-Mende
C, Pfister S, von Deimling A, Wick W, Capper D, Bendszus M,
Kickingereder P (2018) Voxel-wise radiogenomic mapping of tu-
mor location with key molecular alterations in patients with glioma.
Neuro-Oncology 20:1517–1524. https://doi.org/10.1093/neuonc/
noy134

46. Unsgaard G, Rygh OM, Selbekk T, Müller TB, Kolstad F, Lindseth
F, Hernes TAN (2006) Intra-operative 3D ultrasound in neurosur-
gery. Acta Neurochir 148:235–253. https://doi.org/10.1007/
s00701-005-0688-y

47. Yasargil MG, Kadri PA, Yasargil DC (2004) Microsurgery for
malignant gliomas. J Neuro-Oncol 69:67–81. https://doi.org/10.
1023/b:neon.0000041872.78927.d5

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1905Acta Neurochir (2021) 163:1895–1905

https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1126/science.1110324
https://doi.org/10.1126/science.1110324
https://doi.org/10.1093/neuonc/noy134
https://doi.org/10.1093/neuonc/noy134
https://doi.org/10.1007/s00701-005-0688-y
https://doi.org/10.1007/s00701-005-0688-y
https://doi.org/10.1023/b:neon.0000041872.78927.d5
https://doi.org/10.1023/b:neon.0000041872.78927.d5

	Survival of glioblastoma in relation to tumor location: a statistical tumor atlas of a population-based cohort
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Results
	Discussion
	Conclusions
	References


