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�
 ABSTRACT 

Purpose: Brain tumor location is known to affect survival, but 
there is a lack of methodologic tools for systematically studying 
the complex interplay between brain tumor location, prognostic 
variables, treatment schemes, and survival. 

Experimental Design: A total of 592 prospectively enrolled 
patients with newly diagnosed glioblastoma from the phase III 
AVAglio trial, randomized to postsurgical chemoradiation with 
or without bevacizumab, were retrospectively analyzed. Statistical 
parametric mapping was conducted with multivariate Cox pro-
portional hazards models at the voxel-wise level, incorporating 
dedicated interaction variables to evaluate the impact of baseline 
tumor volume and treatment arm on survival for different tumor 
locations from magnetic resonance imaging (MRI) scans, with 
subsequent cluster-based correction for multiple testing and 
mathematical estimation of regional survival curves. 

Results: Tumor location in the right prefrontal cortex was 
an independent favorable prognostic factor [median hazard 

ratio (HR) ¼ 0.57] for survival, whereas tumor involvement in 
left hemisphere eloquent areas with language and visual 
functions was unfavorable (median HR ¼ 1.69). Larger pre-
surgical tumor volumes were associated with shorter survival 
independent of tumor location (HR ¼ 1.005), but the effect 
was larger for tumor locations including eloquent structures 
(HR ranging 1.008–1.015), whereas nonsignificant for anterior 
frontal locations. Bevacizumab seemed to grant a survival 
benefit when specific brain regions were involved or spared by 
the tumor, but this result was not confirmed after correction 
for multiple testing. 

Conclusions: This workflow allows to map the survival 
effects of variables onto specific brain tumor locations, re-
vealing location dependency of prognostic variables such as 
tumor volume, and potentially of treatment schemes, with 
relevant implications in risk stratification and clinical 
management. 

Introduction 
Glioblastoma (GBM) is the most common primary malignant 

brain tumor (1) and has a poor prognosis despite intensive standard 

treatment of surgical resection and adjuvant chemoradiation, with a 
median overall survival (OS) ranging from 8 to 16 months across 
cohorts, as reported in the general population (1) and in clinical 
trials (2–4). Extensive research efforts are dedicated to developing 
novel therapeutics and treatment strategies, with more than 
250 trials worldwide (5), exploring therapies including immuno-
therapy, targeted therapy, gene therapy, and various combination 
regimens. Given the complexity of GBM and the diversity in patient 
medical histories, it is crucial to develop robust prognostication 
models, both for clinical management and for identifying responsive 
cohorts in clinical trials. 

The brain is a unique organ in terms of complexity and distri-
bution of functions. Since the early work by Paul Pierre Broca in the 
19th century (6), extensive evidence has demonstrated the concept 
of functional localization within specific brain regions, which has 
more recently been corroborated by the noninvasive mapping of 
neurocognitive deficits corresponding to specific stroke or tumor 
locations, using voxel-wise lesion–symptom mapping (7–9). In 
brain tumors, lesion location has been shown to be closely linked to 
functional impairment (9, 10) and psychologic changes (11, 12), 
with tumors involving eloquent areas known to be responsible for 
language, motor function, sensation, and visual function showing 
the largest measurable functional changes after surgery or tumor 
growth (13, 14). 

In addition to the influence on resulting brain function, tumor 
location has also been linked to different brain tumor biological 
features. As in breast tumors (15, 16), lung cancers (17, 18), and 
meningiomas (19, 20) with different genetic alterations showing 
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preferential anatomic distributions, evidence suggests that primary 
brain tumors also exhibit a preferential localization depending on 
clinically relevant genetic and epigenetic signatures, including 
H3K27M-mutant diffuse midline gliomas (21), isocitrate dehydro-
genase (IDH)–mutant gliomas (22, 23), EGFR-altered GBMs (23, 
24), and PDGFRA-amplified GBMs (24). Additionally, metastatic 
brain tumors with differing primary pathologies also seem to have a 
distinct and preferred neuroanatomic distribution (25, 26). 

Despite the critical relevance of tumor location, which not only is 
linked to neurologic function and tumor molecular signatures but 
also directly associated with patient survival (27–39), the current 
methodologic tools to investigate its role exhibit two main limita-
tions. First, previous studies evaluating GBM location in survival 
analyses have mainly adopted investigator-dependent general cate-
gorizations of tumor sites according to the cerebral lobe involved 
(28, 30, 33), and/or laterality (31, 38), and/or location depth (27, 37), 
which are inherently approximative and introduce inconsistencies 
across studies. Second, and most importantly, there is a lack of 
methodology for systematically studying the complex interplay be-
tween tumor location within the brain, genetic and prognostic 
variables, treatment response, and the impact on survival. 

In the current study, we present a framework for studying the 
influence of tumor location on survival with an unbiased 
investigator-independent approach while interrogating its interplay 
with prognostic variables and experimental treatment. Building on 
the concept of statistical parametric mapping (SPM; ref. 40), which 
conducts statistical tests at the voxel-wise level (23), we developed a 
methodology based on multivariate Cox regression statistical pa-
rameter mapping (SPM) at the voxel-wise level, similar to what 
other studies have proposed for Alzheimer disease (41), lung cancer 
(42), and substance abuse (43). Most importantly, we integrate the 
use of dedicated interaction terms, as well as a rigorous approach for 
multiple testing correction and for the modeling of regional survival 
curves associated with tumor locations in specific brain regions. By 
showcasing this framework in datasets from a large, multicenter, 
international phase III trial testing chemoradiation with or without 
bevacizumab in newly diagnosed GBM (ClinicalTrials.gov 
#NCT00943826; ref. 3), we demonstrate how this approach can be 

used to integrate the anatomic location of brain tumor involvement 
into the interpretation of the overall impact of experimental treat-
ments and prognostic variables on patient survival. 

Materials and Methods 
Clinical trial source 

Clinical information and imaging datasets from patients with 
pathologically confirmed, newly diagnosed supratentorial GBM 
enrolled in a prospective multicenter phase III clinical trial (AVA-
glio, ClinicalTrials.gov #NCT00943826; ref. 3) were retrospectively 
reviewed. In this clinical trial, all patients were treated with post-
surgical concurrent radiotherapy and temozolomide followed by 
adjuvant temozolomide according to the Stupp protocol (2). Pa-
tients were randomized (1:1), with a double-blinded design, to re-
ceive either placebo or bevacizumab starting during concomitant 
chemoradiation and until disease progression or unacceptable tox-
icity. Inclusion criteria for the present retrospective study were as 
follows: availability of postsurgical magnetic resonance imaging 
(MRI) images, O6-methylguanine-DNA methyltransferase (MGMT) 
methylation status from histopathology, and survival data. The 
sample size for this retrospective analysis was determined by in-
cluding all patients meeting these criteria; therefore, no power 
analysis was performed. All patients gave written informed consent 
to participate in the original AVAglio clinical trial (Clinical-
Trials.gov #NCT00943826), which adhered to the principles of the 
Declaration of Helsinki. 

MRI analysis 
Postsurgical images were acquired as part of a standardized 

protocol (44). T2-weighted (T2w), T2w fluid-attenuated inversion 
recovery (T2w-FLAIR), and pre- and postcontrast T1-weighted im-
ages were registered to the reference Montreal Neurological Insti-
tute (MNI) atlas and simultaneously resampled to 1-mm isotropic 
voxels, using the FMRIB Software Library (FSL, www.fsl.fmrib.ox. 
ac.uk, RRID: SCR_002823) built-in flirt function (12 degrees of 
freedom, mutual information algorithm, and trilinear interpola-
tion), as previously described (23). A previously described semi-
automated thresholding method (45) was used to obtain one 
segmentation of the contrast-enhancing tumor and another whole- 
tumor segmentation combining enhancing and nonenhancing T2- 
FLAIR hyperintense tumor, necrotic regions, and the surgical cavity. 
The whole-tumor segmentation (including the surgical cavity) 
represented the approximate extent and location of the presurgical 
tumor. The segmentations were performed by trained lab members 
and refined by a staff neuroradiologist (45). Readers curating the 
segmentations were blinded to clinical data, treatment arm, and OS. 

Statistical models 
Multivariate Cox proportional hazards models were used to study 

the association between several covariates and OS, first with models 
independent of tumor locations (models 1–2, non-voxel-wise) and 
then with voxel-wise models mapping the impact of different 
covariates for each brain region (SPM; model 3–6). Cox models 
were run using the MATLAB (R2021b Update 6, RRID: SCR 
001622) coxphfit function. For all models, all values (x) of the 
covariates (including both continuous and binary variables, for both 
voxel-wise and non–voxel-wise models) of each subject j were 
centralized to their mean value (x) across the cohort: xj – x. The 
overall integrated framework (Fig. 1) for voxel-wise models includes 
the analysis of tumor presence at each voxel, the adjustment for 

Translational Relevance 
Glioblastoma location is closely linked to neurologic function, 

tumor biology, surgical resectability, and, ultimately, patient 
survival. Here, we provide a robust framework to implement a 
data-driven unbiased methodology to map the survival impact of 
prognostic variables and treatment regimens onto different brain 
tumor locations. This novel and versatile tool can be used for the 
combined analysis of clinical and imaging datasets in clinical 
trials to test new hypotheses on the differential importance of 
prognostic variables for different brain tumor locations, as well 
as differential treatment efficacy. For robustness, we also illus-
trate how to incorporate corrections for multiple testing, as well 
as a mathematical approach to visualize regional survival prob-
ability curves. As a paradigmatic example on a large clinical trial 
cohort, we demonstrate how tumor location modulates the im-
pact of tumor volume on survival. This statistical tool has the 
potential to improve prognostication and location-based treat-
ment choices in the future. 
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other covariates, a methodology to test interaction terms, multiple 
comparison correction through permutation testing, and a mathe-
matical modeling of regional survival curves. 

Non–voxel-wise models 
First, a standard non–voxel-wise model with four covariates was 

run to assess the overall impact of age, MGMT promoter methyl-
ation status, baseline tumor volume, and treatment independent of 
tumor location (model 1, Eq. A): 

hjðtjAge; MGMT;Volume; TxÞ

¼ h0ðtÞexp
�

β1 � Agej þ β2 �MGMTj þ β3 � Volumej þ β4 � Txj

�

(A) 
Age was measured in years. MGMT promoter methylation status 

was coded as 1 for methylated and 0 for unmethylated. Baseline 

tumor volume was obtained from the segmentations and measured 
in cc. Treatment (Tx) was coded as 1 for chemoradiation + bev-
acizumab and 0 for chemoradiation + placebo. 

An additional non–voxel-wise model was run by adding an in-
teraction variable to assess the interplay between baseline volume 
and treatment (5 covariates; model 2, Eq. B): 

hjðtjAge; MGMT;Volume; Tx; Volume � TxÞ

¼ h0ðtÞexp
�

β1 � Agej þ β2 �MGMTj þ β3 � Volumej

þ β4 � Txj þ β5 � Volumej � Txj

�
(B) 

In this model, β4 + V � β5 represents the effect coefficient of 
treatment given a certain volume V (coefficient of Tx | volume ¼ V); 
β3 + β5 represents the coefficient of volume in case of treatment with 
chemoradiation + bevacizumab (coefficient of volume | Tx ¼ 1); and 
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A modeled survival curve Sj,i(t)
can be calculated from hj,i(t),
corresponding to the survival

probability of a patient for which

the covariates are set to the
desired hypothetical values.

Survival functions Sj,i(t) for
different brain regions

and/or different hypothetical
values of the covariates

covariate=1

(hypothetical value – mean valuecovariate,i)   )= h0,i (t) exp (   ∑  βcovariate,i ∙SPM corrected for
multiple testing

hj,i (t|covariatesj,i = hypothetical values)D
For any voxel, cluster, or region of interest:

E
Selecting clusters exceeding
the size of the 90th percentile

of null distributions:

Size of cluster Size of cluster

Size of 90th
percentile

Size of 90th
percentile

Unfavorable
regions

Favorable
regions

510.2

Unfavorable clustersFavorable clustersCHR for covariate of interest

Null distributions of the size of the largest spurious clusters with P < 0.05:Color coding HR values:

Repeating for 500 iterations

Random permutation of tumor segmentations (and appropriate covariates)Filtering voxels where β of interest

(or combined β) has P < 0.05

Permutation testing:Uncorrected SPM:

(if present)B
= h0,i (t) exp (β1,i ∙ agej + β2,i ∙ MGMTj  + β3,i ∙ volumej + β4,i ∙ Txj + β5,i ∙ tumor presencej,i + β6,i ∙ interaction variablej,i) 

hj,i (t|age, MGMT, volume, Tx, tumor presence at voxel i, interaction variable at voxel i)

(if present)Running voxel-wise Cox models, which all values of covariates are input as (xj − x):

Outcome, specific to patient jVariables specific to

patient j and voxel i
Variables specific to patient j

158301064157

OS:
event

OS:
time to event

Interaction variable i
(if present)

Tumor
presence i

TxVolumeMGMTAge

For each voxel i, compiling all covariates:A

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

-

- -

-

--

p

e.g., hypothetical value of tumor presencei = 1;

measured regional mean tumor presencei = 0.05

Figure 1. 
Workflow for SPM with voxel-wise multivariate Cox models. Voxel-wise multivariate models were run by including voxel-specific covariates (A), and the HR for 
the effect coefficient of the covariate of interest was mapped voxel-wise to visualize the uncorrected SPM (B). Permutation testing was used for multiple testing 
correction (C) to select the clusters more likely to represent true-positive results (D). Modeled survival curves were calculated using the regional effect 
coefficients estimated by the models by imposing the desired hypothetical values of the covariates of interest (E). 
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β3 represents the coefficient of volume in case of treatment with 
chemoradiation + placebo (coefficient of volume | Tx ¼ 0). The P 
values for combined coefficients can be calculated by adapting the 
procedure described by Rosner (Supplementary Appendix S1; 
ref. 46). 

Voxel-wise model with tumor location 
To include information about tumor location, we built a multi-

variate model (model 3, with no interaction terms) that includes the 
binary presence or absence of the tumor in each voxel i (tumor 
presence) for each patient j (model 3, Eq. C): 

hj;iðtjAge; MGMT;Volume; Tx; Tumor Presence at voxel iÞ

¼ h0;iðtÞexp
�

β1;i � Agej þ β2;i �MGMTj þ β3;i � Volumej

þ β4;i � Txj þ β5;i � Tumor Presencej;i

�
(C) 

This model was run voxel-wise (i.e., for each image voxel “ i ” 
of the reference MNI space, Fig. 1A). The tumor presence in a 
specific voxel i was obtained from the segmentations registered 
to the reference MNI space and coded as 1 for tumor presence and 
0 for tumor absence. Only voxels where tumor was present in at least 
1% of the cohort were included in this analysis (Supplementary Fig. S1). 
Voxel-wise parametric maps of P values and hazard ratios (HR) for β5,i 

were obtained, representing whether the tumor localization in a certain 
voxel (tumor presence in voxel i) was a predictor of OS after adjusting 
for the other covariates. 

Voxel-wise model with interaction of tumor presence and 
tumor volume 

To study the interplay between tumor location and baseline tu-
mor volume, we expanded the voxel-wise model to include a ded-
icated interaction term (model 4, with 6 covariates including the 
interaction term; Eq. D): 

hj;iðtjAge; MGMT;Volume; Tx; Tumor Presence at voxel i;
Volume � Tumor Presence at voxel iÞ

¼ h0ðtÞexp
�

β1;i � Agej þ β2;i �MGMTj þ β3;i � Volumej

þ β4;i � Txj þ β5;i � Tumor Presencej;i

þ β6;i � Volumej � Tumor Presencej;i

�

(D) 

The interaction term was included in the model run in each voxel 
(Fig. 1A). In this model, the combined coefficient β3,i + β6,i repre-
sents the effect for baseline volume in voxels where tumor is present 
(coefficient of volume | tumor presence; combined P value calcula-
tion in Supplementary Appendix S1). 

Voxel-wise model with interaction of tumor presence and 
treatment 

An alternative voxel-wise model was employed to evaluate the 
interplay between tumor location and treatment by including the 
dedicated interaction term (model 5, with 6 covariates including the 
interaction term; Eq. E): 

hj;iðtjAge; MGMT status;Volume; Tx; Tumor Presence at voxel i;
Tx � Tumor Presence at voxel iÞ

¼ h0ðtÞexp
�

β1;i � Agej þ β2;i �MGMTj þ β3;i � Volumej

þ β4;i � Txj þ β5;i � Tumor Presencej;i þ β6;i � Txj � Tumor Presencej;i

�

(E) 

In this model, the combined coefficient β4,i + β6,i corresponds to 
the effect of the bevacizumab treatment arm in case of tumor 
presence in voxel i (coefficient of Tx | tumor presence—i.e., the 
effect of Tx when tumor presencei ¼ 1; combined P value calcu-
lation in Supplementary Appendix 1). Additionally, the coefficient 
β4,i corresponds to the effect of bevacizumab experimental treat-
ment in case of tumor absence in voxel i (coefficient of Tx | tumor 
absence—i.e., the effect of Tx when tumor presencei ¼ 0). As β6,i in 
this model can yield extreme effect coefficients for the interaction 
term in voxels where Tx � tumor presence is equal to zero in most 
patients, only voxels where Tx � tumor presence equals 1 in at least 
1% of patients are included in this analysis. 

Sensitivity analysis 
Finally, a comprehensive voxel-wise model with both interaction 

terms for tumor presence and volume and for tumor presence and 
treatment was run (model 6, with 7 covariates including 2 interaction 
terms) as a sensitivity analysis to verify the robustness of interaction 
terms. 

Uncorrected parametric brain maps 
For each effect coefficient of interest βcovariate,i (including com-

bined coefficients, e.g., β4,i+β6,i), a voxel-wise map of HR was cal-
culated as exp(βcovariate,i). This map was filtered to include only 
voxels where P < 0.05 for βcovariate. Then, the built-in FSL function 
fsl-cluster was used to separate different clusters and to exclude 
clusters with size <1 cc (Fig. 1B). 

Correction for multiple testing using random permutations 
An inherent issue of SPM is the presence of false-positive sta-

tistical results due to multiple testing. With a number of statistical 
tests in the order of 106, traditional multiple comparison corrections 
such as the Bonferroni correction are not ideal, both due to type II 
errors and due to their dependency on image resolution, as reducing 
voxel size exponentially increases the number of statistical tests (47). 
Here, we implemented an approach based on size-based cluster 
correction following permutation testing (48). A dedicated set of 
500 permutations was run for each of these four uncorrected voxel- 
wise maps of interest: tumor presence from model 3, volume | tumor 
presence from model 4, Tx | tumor presence from model 5, and Tx | 
tumor absence from model 5. Permutations were performed by 
randomizing the association between the covariate of interest and 
OS, while maintaining the associations between the other covariates 
and OS, maintaining the interaction variables consistent (when 
present), and consistently adjusting for tumor size, as recommended 
for voxel-wise analyses (47). For each dedicated set of 500 permu-
tations, null distributions of the volumes of the 500 largest favorable 
(β < 0, P < 0.05) and unfavorable (β > 0, P < 0.05) false-positive 
clusters were analyzed separately (Fig. 1C). In the uncorrected 
voxel-wise map from the original nonpermutated model, favorable 
and unfavorable clusters were considered true positive 
(i.e., surviving multiple comparison correction) if their volume 
exceeded the 90th percentile of the distribution of volumes of false- 
positive favorable and unfavorable clusters, respectively, and 
therefore included in the corrected voxel-wise maps (Fig. 1D). The 
multiple comparison approach is described in more detail in Sup-
plementary Appendix S2. 

Modeling of regional survival curves 
As all covariates were treated as continuous variables and cen-

tered to the cohort mean value (xj – x), the baseline hazard function 
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h0(t) and corresponding baseline survival function S0(t) of all 
models had two valuable properties. First, h0(t) and S0(t) correspond 
to a theoretical patient with mean values of all covariates; therefore, 
the modeled S0(t) overlaps completely with the observed survival 
curve of the cohort (Supplementary Figure S2A). Although a patient 
with a “mean value” of dichotomous variables (e.g., treatment 
arm ¼ 0.4949) does not exist in the real world, treating these variables 
as continuous covariates guarantees the necessary mathematical 
properties of h0(t) and S0(t). Second, calculating h0(t) and S0(t) in this 
way also allows stability during the introduction of any additional 
covariates (including tumor presence and interaction variables). 
Therefore, h0(t) and S0(t) are the same in all models and in all voxels 
(Supplementary Figure S2), and h0,Model1(t) can be used to calculate 
the hazard function hj,i(t) for tumor involvement in voxel i in all 
voxel-wise models, without the need of extracting all voxel-specific 
h0,i(t) functions, which would be challenging from a computational 
standpoint and unnecessary. 

In model 3, the voxel-specific hazard function hj,i(t) for a patient 
with tumor presence in voxel i (and with all other covariates set to the 
mean value of the cohort) can be calculated from Eq. C using 
h0,Model1(t), the voxel-specific coefficient for tumor presence (β5,i), the 
desired hypothetical value of tumor presence (tumor presence ¼ 1), 
and the measured mean value of tumor presence in voxel i across 
patients (corresponding to the tumor frequency in the voxel, as in 
Supplementary Fig. S1): 

hj;i

�
tjAge; MGMT;Volume; Tx; Tumor Presencej;i ¼ 1

�

¼ h0;Model1ðtÞexp
h

β5;i �
�

1� Tumor Presencei

�i (F) 

where the overbar on a variable term denotes the mean value of the 
variable across the cohort (e.g., x to denote the mean of all xj values). 

In model 4, the presence of an interaction variable adds a degree 
of complexity for the voxel-specific hazard function hj,i(t), as it re-
quires the extraction of regional βcovariate,i coefficients for the vol-
ume covariate and for the interaction term, as well as the 
measured voxel-wise mean of tumor presence (tumor presencei 
with overbar) and voxel-wise mean of the interaction term across 
patients (volume � tumor presencei with overbar). The hazard 
function hj,i(t) for a patient with a tumor of a certain hypo-
thetical volume (Vhyp) involving voxel i (and all other covariates 
set to the mean value of the cohort) can be calculated from Eq. D 
and written as 

hj;i

�
tjAge; MGMT; Volumej ¼ Vhyp; Tx; Tumor Presencej;i ¼ 1;

Volumej � Tumor Presencej;i¼ Vhyp � 1
�

¼ h0;Model1ðtÞexp
h

β3;i �
�

Vhyp � Volume
�

þ β5;i �
�

1� Tumor Presencei

�

þ β6;i �
h�

Vhyp � 1
�
� ðVolume � Tumor PresenceiÞ

ii

(G) 
In model 5, similarly, a voxel-specific hazard function hj,i(t) can 

be calculated from Eq. E using the desired hypothetical values of 
treatment arm (Txhyp ¼ 1 to model the hazard function for bev-
acizumab; Txhyp ¼ 0 for placebo) and tumor presence (tumor 
presencehyp ¼ 1 to model the hazard function for tumor presence in 
the voxel; tumor presencehyp ¼ 0 for tumor absence), as well as the 
voxel-specific coefficients βcovariate,i, and the voxel-specific mean of 

tumor presence (tumor presencei with overbar) and interaction term 
(Tx � tumor presencei with overbar): 

hj;i

�
tjAge; MGMT; Volume; Txj ¼ Txhyp; Tumor Presencej;i

¼ Tumor Presencehyp; Txj � Tumor Presencej;i

¼ Txhyp�Tumor Presencehyp

�
¼ h0;Model1ðtÞexp

h
β4;i �

�
Txhyp � Tx

�

þ β5;i �
�

Tumor Presencehyp � Tumor Presencei

�

þ β6;i �
h�

Txhyp � Tumor Presencehyp
�
� ðTx � Tumor PresenceiÞ

ii

(H) 

Once the voxel-specific hazard function hj,i(t) is obtained, the 
corresponding voxel-specific survival function Sj,i(t) can be calcu-
lated as the exponential of the negative cumulative sum of hj,i(t), as 
in any traditional Cox model. Given that survival functions corre-
sponding to a single voxel may be of limited value, larger brain 
regions can be analyzed by extracting regional median coefficients 
βcovariate,region and regional median values of mean voxel-wise vari-
ables (i.e., the terms with the overbars), and then the regional sur-
vival function Sj,region(t) from the regional hazard function hj,region(t) 
is calculated. The calculation of regional survival curves is described 
in more detail in Supplementary Appendix S3; the curve plots were 
obtained using the Python (version 3.10.10) matplotlib library 
(RRID: SCR_008624). 

Results 
Patient characteristics 

A total of 592 patients from the original AVAglio trial (3) met 
the inclusion criteria for this retrospective analysis. The median 
OS for all patients in the trial was 536 days. Death was observed in 
513 (86.66%) patients, whereas 79 (13.34%) patients were alive 
at the end of the study and were considered censored for 
survival analysis. Age at the time of MRI data collection was 
55.85 ± 10.66 years [mean ± standard deviation (SD)], and tumor 
volume at baseline measured on MRI was 66.91 ± 52.41 cc. A total 
of 201 (33.95%) patients were diagnosed with GBM bearing 
MGMT promoter methylation and 391 (66.05%) patients without 
methylation. A total of 293 (49.49%) patients in the study received 
chemoradiation + bevacizumab, and 299 (50.51%) patients were 
assigned to the control group receiving chemoradiation + placebo. 
All tumors were supratentorial, with higher frequency in the 
subcortical and periventricular white matter and with right- 
hemispheric lesions slightly more prevalent than left-sided lesions 
(Supplementary Fig. S1). 

Predictors of survival, not accounting for tumor location 
As a first simple analysis, we evaluated the association between 

baseline variables and survival using a standard non–voxel-wise Cox 
model without tumor location or interaction terms (model 1). As 
expected, an older age (P < 0.0001; HR ¼ 1.02) and a larger baseline 
tumor volume (P < 0.0001; HR ¼ 1.005) were significant prognostic 
factors for shorter OS, whereas MGMT promoter methylation 
(P < 0.0001; HR ¼ 0.41) was predictive of longer OS (Table 1), 
likely due to the survival benefit associated with temozolomide in 
methylated tumors (49). No significant association between the 
treatment (Tx) group (chemoradiation with or without bev-
acizumab) and OS was seen (P ¼ 0.083, HR ¼ 0.86), consistent with 
previous reports from the original clinical trial (3). Notably, other 
prognostic variables may be potentially evaluated, such as Karnofsky 
Performance Status (KPS). In this cohort, KPS was not an inde-
pendent predictor factor in multivariate analysis, likely due to 
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collinearity with presurgical tumor volume (model 1B, Supple-
mentary Table S1), and was therefore not included in further 
models. 

When expanding the model to introduce an interaction term of 
baseline volume and treatment arm (model 2), the experimental 
treatment arm (chemoradiation + bevacizumab) was not associated 
with an OS benefit for any tumor size (Table 1, P ¼ 0.19) compared 
with the control treatment arm (chemoradiation + placebo), sug-
gesting no role for presurgical tumor volume in modulating a 
treatment-induced survival benefit. 

Impact of tumor location on survival with SPM 
To achieve an investigator-independent data-driven evalua-

tion of the association between tumor location and OS, we 
updated the survival model to incorporate a voxel-wise variable 
coding for tumor presence (model 3). After cluster-based cor-
rection for multiple testing, tumor presence was an independent 
predictor of OS in brain regions corresponding to two different 
clusters. Tumor involvement in the favorable cluster I was as-
sociated with longer OS (violet-blue in Fig. 2A and B; median 
HR ¼ 0.57; histograms in Fig. 2C) compared with no tumor 
involvement in cluster I. Cluster I mainly included brain regions 
with associative functions, such as the cortical and juxtacortical 
areas of the right superior and middle frontal gyri as well as the 
centrum semiovale in the right frontal lobe (violet-blue in 
Fig. 2A and B). Compared with eloquent regions, tumors in 
associative regions may safely receive a more radical surgical 
resection, which is associated with longer survival (28, 32, 
37–39, 50, 51), and are less likely to cause an abrupt impairment 
in neurologic and clinical functions, which is also linked to 
shorter survival (28, 37, 39, 52, 53), as also supported by pre-
vious reports on frontal tumors bearing longer survival com-
pared with deep-seated and surgically unfavorable locations (27, 
28, 31, 32, 37, 39, 54). In line with this interpretation, we also 
found that tumor presence was associated with shorter OS in 
several regions with eloquent functions and deep-seated areas, 
included in the unfavorable cluster II (red-yellow in Fig. 2A and 
B; median HR ¼ 1.69,; histograms in Fig. 2C), where tumor 
growth and invasion likely affected neurologic and clinical 
functions and compromised the feasibility of a safe resection. In 
more detail, cluster II (red–yellow in Fig. 2A and B) included 
eloquent regions such as the basal and medial occipitotemporal 
regions (which serve visual processing functions), large portions 
of the posterior and posterolateral temporal lobe and white 
matter areas belonging to the arcuate fasciculus (regions 

involved in auditory and language processing), and deep-seated 
regions such as the splenium of the corpus callosum, the left 
thalamus, and left parahippocampal gyrus. These findings show 
a remarkable concordance with previous reports from voxel- 
wise analyses, which highlighted an association between poor 
prognosis and tumor locations in deep-seated brain structures 
(corpus callosum and basal ganglia) or in left-hemisphere elo-
quent regions (territories belonging to the arcuate fasciculus, 
the inferior frontooccipital fasciculus, primary and supple-
mentary motor cortices, and parahippocampal gyrus; refs. 52, 
55, 56). 

The modeling of the regional survival curves allowed the visu-
alization of the survival probability for a hypothetical patient with 
tumor involvement in these clusters (Fig. 2D) or in some repre-
sentative regions of interest (Fig. 2E and F; assuming mean values 
for all other covariates). Based on the regional survival curves, the 
estimated median OS for patients with tumors involving cluster I 
was 729 days, and it was 433 days for tumor locations in cluster II 
(vs. 536 days of observed median OS in the cohort). 

Impact of baseline tumor volume on survival for different 
tumor locations 

As presurgical tumor size is associated with OS in untreated 
GBM, both in the current study (P < 0.0001; HR ¼ 1.005; Table 1) 
and in previous independent cohorts (55, 57–60), we explored 
whether tumor size showed an interplay with the tumor location in 
survival analysis, under the hypothesis that larger tumors would 
negatively affect survival predominantly in eloquent and deep- 
seated regions. To test this hypothesis, we expanded the voxel-wise 
Cox model to include a dedicated interaction term between volume 
and tumor presence (model 4). 

After correcting for multiple testing, SPM showed that a 
larger presurgical tumor volume is an independent unfavorable 
prognostic factor for OS in tumors involving most areas of the 
brain, comprised in a single large cluster (cluster III, orange- 
yellow in Fig. 3A) but with variability in regional effect sizes. 
Notably, the effect size of volume in cluster III (median 
HR ¼ 1.008 and up to HR∼1.015, corresponding to a 0.8% and a 
1.5% increased risk of death per cc of volume, respectively; 
histograms in Fig. 3B) was significantly larger than the effect size 
of tumor volume independent of location (HR ¼ 1.005 for vol-
ume independent of tumor location in model 1, corresponding to 
a 0.5% increased risk of death per cc of volume, dashed line in 
Fig. 3B). Additionally, for tumors with involvement in eloquent 
regions such as the motor and somatosensory areas (e.g., region 

Table 1. Survival analysis not accounting for tumor location (non–voxel-wise models). 

Variable coefficient Interpretation Variable coding P value HR 

β1 in model 1 Age Years <0.0001 1.02 
β2 in model 1 MGMT status 1 ¼ methylated; 0 ¼ unmethylated <0.0001 0.41 
β3 in model 1 Volume cc <0.0001 1.005 
β4 in model 1 Tx 1 ¼ ChemoRT + Bev; 0 ¼ ChemoRT + placebo 0.083 0.86 
β4 + V � β5 in model 2 Tx | volume ¼ V Tx: 1 ¼ ChemoRT + Bev; Tx: 0 ¼ ChemoRT + placebo 

Volume: V in cc 
0.19 for any 
0 cc < V < 100 cc 

0.83 � 1.0004V 

β3 + β5 in model 2 Volume | Tx ¼ 1 Volume in cc 
Tx: 1 ¼ ChemoRT + Bev 

<0.0001 1.005 

β3 in model 2 Volume | Tx ¼ 0 Volume in cc 
Tx: 0 ¼ ChemoRT + placebo 

<0.001 1.005 

Abbreviations: β, effect coefficient of the Cox models; Bev, bevacizumab; cc, cubic centimeters; ChemoRT, chemoradiation. 
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#1 in Fig. 3A), the impact of larger tumor volumes on shorter OS 
was particularly pronounced (HR ¼ 1.015). Conversely, in re-
gions outside cluster III, the baseline tumor volume was not a 
significant predictor of OS, and the estimated HR was lower 
than the HR independent of tumor location (median 
HR ¼ 1.003, corresponding to a 0.3% increased risk of death per 
cc of volume, which was not significant, P > 0.05, dotted line in 
Fig. 3B). Although baseline tumor size is a prognostic factor 
independent of tumor location (55, 57–60), these findings 
highlight that its impact on OS is location dependent, and each 
additional cc of disease may bear a deeper impact on neurologic 

functions and surgical resectability when the lesion is located in 
more sensitive brain regions. This novel finding may also par-
tially explain why some previous articles (28, 34, 61, 62) re-
ported no clear association between baseline pretreatment 
volume and OS, possibly due to the confounding interplay of 
tumor locations. 

The modeling of regional survival curves allowed to visualize 
the estimated survival for different hypothetical volumes of tu-
mors involving cluster III, showing a clear “dose-dependency” of 
tumor volume on shortening OS. The estimated median OS was 
551, 434, and 357 days for hypothetical tumor volumes of 67 cc 
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Impact of voxel-wise tumor location on survival (tumor presence in model 3). Anterior right frontal locations are associated with a longer survival (cluster I, 
violet-blue), whereas numerous other locations in the left hemisphere are associated with a shorter survival (cluster II, red-orange; A and B, only regions with 
P < 0.05 and surviving multiple testing correction). Prognostic differences can be visualized by plotting HR (C and E) and displaying modeled survival curves 
(D and F) corresponding to the clusters and to specific representative brain regions of interest, respectively. L, left; R, right; WM, white matter. 
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(mean of the cohort), 134 cc (2 � mean), and 201 cc (3 � mean), 
respectively (Fig. 3C). Conversely, in regions outside cluster III, 
the effect of tumor volume was less important and was considered 
not statistically significant in the model (modeled median OS: 
503 days for 67 cc, 459 days for 134 cc, and 420 days for 201 cc, 

Fig. 3D). As representative regions, tumor volume showed a clear 
impact on OS for tumor locations in the left precentral gyrus (region 
#1, belonging to cluster III, Fig. 3E) and in the right internal capsule 
(region #2, belonging to cluster III, Fig. 3F), whereas no depen-
dency was observed in the right middle frontal gyrus (region #3, 
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Impact of tumor volume on survival for different voxel-wise tumor locations (volume | tumor presence in model 4). In numerous bilateral hemispheric tumor 
locations (cluster III, orange-yellow in A), a larger tumor volume was associated with shorter survival, whereas it was not a significant predictor in other regions, 
such as bilateral anterior frontal areas. Notably, the effect size of tumor volume in cluster III (orange in B) was larger than tumor volume independent of tumor 
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outside cluster III, Fig. 3G), where the modeled survival curves 
overlap for all hypothetical volumes. 

Impact of tumor location on experimental treatment efficacy 
and survival 

Bevacizumab has not shown a survival benefit when compared 
with placebo, in combination with chemoradiation (3). To disentangle 
potential interaction effects between tumor location and experimental 
treatment on OS while accounting for prognostic variables, we ex-
panded the model to include a dedicated interaction term for tumor 
presence and treatment (model 5). 

The results of SPM (without multiple testing correction) suggest that 
specific brain tumor locations may be associated with a survival benefit 
when treated with adjuvant bevacizumab (violet-blue in Fig. 4) and 
others with a survival disadvantage (orange-red in Fig. 4). SPM (un-
corrected) also showed that experimental treatment was associated with 
longer survival when the tumor did not localize to brain regions in-
volving the right pyramidal tract and medial lemniscus in the fronto-
parietal areas and internal capsule, as well as the right thalamus and 
basal ganglia (purple regions in Fig. 5). These statistically uncorrected 
clusters did not survive the correction for multiple testing and may 
represent false-positive results. This highlights the importance of in-
cluding a correction method for multiple testing in voxel-wise studies to 
control for false-positive results. 

Sensitivity analyses and robustness of the results 
As a sensitivity analysis, we built a voxel-wise Cox model including 

both the interaction term of baseline tumor volume and the interaction 
term of treatment arm, which confirmed that the results of 
model 4 and model 5 were robust when additional interaction 
variables were included into a single comprehensive model 
(model 6; Supplementary Fig. S3). An additional sensitivity 
analysis verified that the significant clusters (clusters I and II 
from model 3 and cluster III from model 4) remained significant 
even when adopting a stricter percentile cutoff in the size-based 
cluster correction (95th percentile, instead of 90th). 

Discussion 
Voxel-wise multivariate Cox proportional hazard SPM represents 

an unbiased data-driven methodology to assess the prognostic value 
of tumor locations, which represents a substantial advancement 
compared with more approximative approaches based on qualitative 
categorizations assigned by the investigator. More importantly, in 
this work, we showcase a flexible framework to perform Cox-SPM 
with dedicated interaction terms to map the impact of other prog-
nostic variables for different brain regions involved or spared by the 
tumor. This approach represents an innovative tool for accurate 
prognostication, as mapping prognostic variables onto specific brain 
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regions may reveal a location-dependent impact, as we show for 
pretreatment tumor volume, with potential relevance for the 
understanding of the disease and with clinical implications for 
risk stratification and clinical management. Additionally, the 
models can also encode information about the treatment regi-
men, along with dedicated interaction variables, to investigate 
whether specific tumor locations may benefit from specific 
therapeutic agents. Although the results of this analysis were 
not significant after multiple testing correction for the specific 
treatment used in this clinical trial, this overall approach rep-
resents a valuable tool for post hoc analyses of clinical trial data 
to reveal potential relationships between treatment efficacy and 
tumor locations. This research direction is particularly ap-
pealing because of the inherent genetic and epigenetic differ-
ences in lesions arising in different brain regions (23, 63–66), 
which may be linked to a different susceptibility to specific 
experimental treatments. Finally, within the overall framework, 
we also present a methodology to generate modeled survival 
probability curves for patients with lesion locations in specific 
brain regions while setting the other covariates to any desired 
hypothetical value. Such survival curves greatly improve the 
overall understanding of the model results, allowing for a clear 
visualization of the estimated survival, as well as median OS 
computation, for any given variable in any brain region. 

Potential model variations 
This framework can be considered as a flexible tool that can be 

adapted to investigate the interplay of brain lesion locations in 
modulating the association between any variables of interest and 
any time-to-event outcome. Three main aspects can be object of 
variations in voxel-wise Cox-SPM: the lesion segmentations, the 
covariates and interaction terms, and the outcome. As an alternative 
to evaluating whole presurgical lesion, segmentations may outline 
specific tumor components (e.g., contrast-enhancing, metabolically 
active, or hyperperfused) at different time points (e.g., pre- or 
postsurgical, postradiation, or at recurrence). For instance, there is a 
growing interest in evaluating the survival impact of postsurgical 
contrast-enhancing residual, the volume of which is a strong pre-
dictor of OS (50). Cox-SPM may be adapted by using postsurgical 
residual segmentations for the variable tumor presence, which would 
yield maps reflecting residual locations associated with survival. 
However, this approach would require a very large sample size, as 
residuals are small and SPM requires a certain minimal number of 
observations per voxel. A different approach to incorporating 
postsurgical residuals is to simply adjust for the residual contrast- 
enhancing volume while maintaining whole-lesion presurgical 
segmentations (exploratory analyses in Supplementary Table S2; 
Supplementary Fig. S4). The resulting brain maps (Supplementary 
Fig. S4) display the presurgical tumor involvement regions that are 
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significantly associated with survival independent of postsurgical 
residual volume (but not accounting for the residual location). 
Similarly, other covariates of interest may be included in vari-
ations of the voxel-wise models (e.g., clinical/neurologic status, 
comorbidities, prior treatment history for recurrent tumors, and 
multifocal disease), as well as any desired interaction variables. 
Notably, some other voxel-wise covariates may be included, 
other than tumor presence (e.g., radiation dose and advanced 
imaging metrics). Finally, it is also possible to use a different 
time-to-event outcome (e.g., progression-free survival, time to 
neurologic deficit, and time to performance status deteriora-
tion). Notably, the applications of this framework extend be-
yond GBM research, as tumor locations may be substituted with 
the location of brain metastases or nontumoral lesions (e.g., 
multiple sclerosis), or even with voxel-wise quantitative metrics 
extracted from normal-appearing brain in neurology or psy-
chiatry studies, while also adapting covariates and time-to-event 
outcomes as desired. 

Limitations 
This cohort of patients was diagnosed and treated between 2009 and 

2011; therefore, the IDH mutation status of the studied lesions is un-
known. However, it is likely that almost the entirety of these cases 
represent IDH wild-type gliomas, as <1% of the AVAglio cohort was 
estimated as potentially “secondary GBM” by the pathologists (67) and 
as <4% of histopathology-defined GBM are IDH-mutant based on 
epidemiologic data (1). Clinical trial cohorts may not be fully repre-
sentative of the patient population (Supplementary Table S3). The 
presurgical tumor location was based on the segmentation of the tumor 
regions and surgical cavity on postsurgical T2w FLAIR images, which 
was an inevitable approximation due to the unavailability of presurgical 
images, acquired off-study before trial enrollment. Although segmen-
tations based on presurgical images may arguably be preferable, they 
would also bear some limitations, as tumor components with extensive 
mass effect may displace adjacent brain structures and may be prone to 
anatomic mismapping after registration (e.g., a right-hemisphere tumor 
crossing the midline without left-hemisphere tumor involvement may 
be mismapped onto left-hemisphere MNI regions). Therefore, the use 
of postsurgical images, less subject to mass effect, should be an ac-
ceptable estimate of the approximate anatomic mapping. If presurgical 
images are used to map tumor locations, the risk of anatomic mis-
mapping may be mitigated using nonlinear registrations (e.g., diffeo-
morphic) combined with dedicated strategies that maximize anatomic 
matching, such as cost-function masking (68). More in general, T2w 
FLAIR-hyperintense regions are an imperfect surrogate of tumor ex-
tension, due to both false-positive areas (i.e., nontumoral FLAIR- 
positive regions representing edema or postsurgical alterations) 
and false-negative areas (i.e., FLAIR-negative regions with mi-
croscopic tumor infiltration). Investigators should be aware of 
the biological significance of the segmentation of choice, when 
interpreting SPM-Cox results. Multiple testing correction used a 
size-based cluster correction, which may potentially label as false 
positive some real biological effects observed in smaller clusters 
(47). However, multiple testing correction for voxel-wise ana-
lyses is currently a complex statistical problem, for which each 
suggested approach has its own biases (47). Finally, our results 
from one single cohort cannot be considered conclusive for the 
ultimate identification of prognostic tumor locations and of 
brain regions where tumor volume is prognostic, and our SPM 
results should mainly be interpreted as a display of this novel 
statistical workflow. 

Conclusion 
This study showcases a novel framework to implement 

quantitative statistical maps of brain tumor locations associated 
with survival outcomes while also mapping the effect of treat-
ment regimens and prognostic variables for tumors located in 
different brain regions. This represents a robust methodologic 
tool to investigate the prognostic value of brain tumor loca-
tions, reveal novel location-dependent effects of prognostic 
variables, and potentially interrogate the location-dependent 
effectiveness of specific treatment schemes. The application of 
this framework has relevant implications in risk stratification, 
clinical management, and potentially patient selection for 
dedicated treatments. 
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