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Promoter methylation of O6-methylguanine DNA methyltransferase (MGMT) is associated with a favorable
prognosis in glioblastoma multiforme (GBM) and has been hypothesized to occur early in tumor transformation
of glial cells. Thus, a possible link exists between the site of malignant transformation and MGMT promoter
methylation status. Using the Analysis of Differential Involvement (ADIFFI) statistical mapping technique in a

total of 358 patients with GBM, we demonstrate that human de novo GBMs occur in a high frequency contiguous
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with the posterior subventricular zone (SVZ); MGMT promoter methylated GBMs are lateralized to the left
hemisphere, while MGMT unmethylated GBMs are lateralized to the right hemisphere; and tumors near the
left temporal lobe have a significantly longer overall survival compared with tumors occurring elsewhere, inde-
pendent of treatment or MGMT methylation status.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Glioblastoma multiforme (GBM) is the most common, and unfor-
tunately also the most lethal primary brain neoplasm. Despite ad-
vances in surgery, radiation and drug therapy, the median survival
remains relatively unchanged and ranges from 12 to 15 months
(Stupp et al., 2005). Although long-term survival is almost universally
poor, a handful of prognostic factors have been identified that confer
modest difference in survivability. These prognostic factors include
age, performance and neurological status, extent of surgical resection,
degree of necrosis and enhancement on preoperative magnetic

Abbreviations: GBM, glioblastoma multiforme; MGMT, O6-methylguanine DNA
methyltransferase; SVZ, subventricular zone; ADIFFI, Analysis of Differential Involvement;
MR/MRI, magnetic resonance imaging; IDH1, isocitrate dehydrogenase 1; TMZ, temozolo-
mide; MSP, methylation-specific PCR.
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resonance (MR) imaging, adjuvant therapy received, and tumor loca-
tion (Fontaine and Paquis, 2010; Gorlia et al., 2008; Lacroix et al.,
2001).

Although controversial, previous studies support tumor location
as playing a role in prognosis (Fontaine and Paquis, 2010; Simpson
et al, 1993), likely due to the genetic profile of tumor precursor
cells and the stage in the development cycle that these cells transform
(i.e. the glioma “cell of origin”) (Sanai et al., 2005). For example, an
association between brain tumor location, growth pattern and
tumor genetic signature has been shown with oligodendroliomas
(Zlatescu et al., 2001). As explained in this study, different types of
oligodendrogliomas may arise from different precursor cells that are
relatively region-specific at inception or during brain development.
In support of this hypothesis, germinal regions containing neural
stem cells, including the subventricular zone (SVZ), have been pro-
posed as a source for human gliomas (Globus and Kuhlenbeck,
1942). Also consistent with the hypothesis that tumor location
reflects the contributions of specific precursor cells is the observation
that medulloblastoma arises through abnormalities along a particular
developmental pathway in a distinct population of progenitor cells
(Marino et al., 2000; Pietsch et al., 1997). Additional evidence of iso-
citrate dehydrogenase 1 (IDH1) tumors originating from a distinct
cell of origin giving rise to their predominant localization within the
frontal lobe regions (Lai et al., in press) also supports this theory.
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MGMT promoter methylation and tumor localization

06-methylguanine DNA methyltransferase (MGMT) promoter
methylation is a favorable prognostic factor in patients treated with
temozolomide (TMZ), a chemotherapeutic agent shown to prolong
survival in patients with GBM (Stupp et al., 2005). The MGMT gene
is located on chromosome 10q26 and encodes a DNA-repair protein,
which removes alkyl groups from the O6 position of guanine. This is
thought to be the same alkylation target of TMZ that triggers cytotox-
icity. The MGMT gene is silenced by the methylation of its promoter,
resulting in loss of MGMT expression and subsequently decreased
DNA-repair activity. In other words, tumors with methylated MGMT
promoter are more sensitive to TMZ treatment. These findings under-
score the importance of MGMT promoter methylation status in prog-
nosis and therapeutic guidance.

Topographic distribution of MGMT promoter methylated tumors is
consistent with the hypothesis of a distinct “cell of origin”. Specifically,
MGMT promoter methylation is thought to occur as part of a genetic
signature that develops from lower-grade gliomas (Eoli et al., 2007),
and this transformation is thought to occur early in tumor development
within glial cells predestined for specific locations (Drabycz et al,,
2010). This appears plausible, especially in light of evidence supporting
GBM development from neural stem cells (Nicolis, 2007) and the fact
many gliomas are contiguous with the SVZ (Alvarez-Buylla and
Garcia-Verdugo, 2002), known to harbor neural stem cells. Two recent
studies examined the relationship between MGMT promoter methyla-
tion status and tumor location, but arrived at different conclusions. In
a2007 study by Eoli et al. (Eoli et al., 2007), MGMT promoter methylat-
ed tumors were found to occur more often in parietal and occipital
lobes, whereas tumors without MGMT promoter methylation were
more often in the temporal lobes. In a recent publication by Drabycz
et al, (2010), no significant difference between the locations of
MGMT methylated and unmethylated GBM tumors was found. Both
these studies, however, were limited by relatively small sample sizes
(n=286, 45 methylated, 41 unmethylated; and n=72, 36 methylated,
36 unmethylated patients, respectively).

Despite noting a general higher frequency in different regions of
the brain, no tools have been developed for voxel-wise statistical
comparison for testing tumor localization. The current study involves
a new technique called Analysis of Differential Involvement (ADIFFI)
maps and applies this technique to MGMT promoter methylated
versus non-methylated tumors in order to determine whether these
tumors are localized to a particular area of the brain more often
than chance. In addition, the current study examined 358 patients,
representing the largest and most comprehensive study examining
radiological difference between MGMT methylated versus non-
methylated GBMs.

Methods
Patients

All patients participating in this study signed institutional re-
view board-approved informed consent to have their data collected
and stored in our institution's neuro-oncology database. Data ac-
quisition and storage were performed in compliance with all appli-
cable Health Insurance Portability and Accountability Act (HIPAA)
regulations. The study spanned April 2000 through March 2011. A
total of n =358 patients with de novo GBM were enrolled in this
retrospective study who met the following criteria: 1) pathology
confirmed GBM with no previous history of primary CNS tumors,
2) pre-surgical T2/FLAIR images and/or post-contrast T1-weighted
images, and 3) tissue available for testing MGMT promoter methyl-
ation status. Additional patient characteristics are summarized in
Table 1.

Table 1

Patient characteristics. T2/FLAIR = number of patients with ad-
equate T2-weighted or fluid-attenuated inversion recovery
(FLAIR) images. T1+C = number of patients with adequate
post-contrast T1-weighted images. KPS = Karnofsky Perfor-
mance Status. * = Standard Deviation.

Total 358
T2/FLAIR 353
Methylated 128
Unmethylated 225
T1+C 323
Methylated 123
Unmethylated 200
Gender
Male 222
Female 136
Age 56.4+10.2"
KPS 72.4+10.1*

MGMT methylation analysis

MGMT methylation analysis was performed by methylation-specific
PCR (MSP) according to a previously published protocol (Hegi et al,
2005) with some slight modifications as described in another publication
(Lai et al., 2010). To generate bisulfite modified DNA, genomic DNA iso-
lated from formalin fixed, paraffin-embedded tissue using Recoverall
Total Nucleic Acid Isolation Kit (Ambion, Austin, TX) was modified
using the EZ DNA Methylation-Gold Kit (ZymoResearch, Orange,CA) fol-
lowing the manufacturer's protocol. Samples were subjected to a two-
stage nested PCR strategy using: first-stage primers (5-GGATATGTTGG-
GATAGTT-3' and 5’-CCAAAAACCCCAAACCC-3’) and second-stage
primers (unmethylated reaction: 5-TTTGTGTTITGATGTTTGTA-
GGTTTTTGT-3" and 5’-AACTCCACACTCTTCCAAAAACAAAACA-3’; meth-
ylated reaction: 5/-TTTCGACGTTCGTAGGTTTTCGC-3' and 5'-
GCACTCTTCCGAAAACGAA-ACG-3"). PCR products were analyzed on 3%
agarose gels. Positive and negative control samples for the MSP reaction
were U887MG DNA treated with SssI methyltransferase (New England
Biolabs, Ipswich, MA) and whole-genome amplification ofU87MGD-
NAusing the GenomiPhi V2 Amplification Kit (Amersham Biosciences,
Piscataway, NJ), respectively.

Magnetic Resonance Imaging

Data was collected on either a 1.5T (GE LX Echospeed or GE HDx
Excite; General Electric Medical Systems, Waukesha, WI; Siemens Avanto
TIM Class or Siemens Sonata Maestro Class; Siemens Medical Solutions,
Erlangen, Germany) or 3.0 T (Siemens Trio TIM Class or Siemens Allegra
TIM (lass; Siemens Medical Solutions, Erlangen Germany) using pulse
sequences supplied by the scanner manufacturer. Standard anatomical
MRI sequences consisted of axial T1 weighted, T2-weighted fast spin-
echo, and fluid attenuated inversion recovery (FLAIR). Additionally, gado-
pentate dimeglumine (Gd-DTPA, Magnevist®; Berlex, Wayne, NJ;
0.1 mmol/kg) or gadobenate dimeglumine (Gd-BOPTA, Multihance®;
Bracco S.p.A., Milano, Italy; 0.1 mmol/kg) enhanced axial and coronal
T1-weighted images (i.e. post-contrast, contrast-enhanced, T1-weighted
images). Axial images were used for ADIFFI analysis, which consisted of
slices 3-5 mm thick and 0-1 mm interslice gap. Echo and repetition
times (TE and TR) for MR acquisition differed from scanner to scanner
according to field strength and our specific clinical protocols.

Image registration

All images for each patient were registered to a high-resolution
(1.0 mm isotropic), T1-weighted brain atlas (MNI152; Montreal Neu-
rological Institute) using a mutual information algorithm and a 12-
degree of freedom transformation using FSL (FMRIB, Oxford, UK;
http://www.fmrib.ox.ac.uk/fsl/). Fine registration (1-2 and 1-2 vox-
els) was then performed using a Fourier transform-based, 6 degree



910 B.M. Ellingson et al. / Neurolmage 59 (2012) 908-916

of freedom, rigid body registration algorithm (Cox and Jesmanowicz,
1999) followed by visual inspection to ensure adequate alignment by
two investigators (T.Z. and B.M.E.). Manual adjustment, if necessary,
was performed using the tkregister2 routine available from Freesurfer
(surfer.nmr.mgh.harvard.edu; Massachusetts General Hospital —
Harvard Medical School, Boston, MA).

Regions of Interest (ROIs)

After image registration, T2/FLAIR images and post-contrast T1-
weighted images were segmented (Fig. 1A) using a semi-automated
procedure consisting of 1) manually defining the relative region of
tumor occurrence, 2) thresholding either the T2/FLAIR or post-
contrast images within these regions using an empirical threshold
combined with a region-growing algorithm, and then 3) manually
editing the resulting masks to exclude any obvious errors in segmen-
tation. Regions of central necrosis (hypointense regions on T1-
weighted images) were included in the study to outline the entire ex-
tent of the tumor. Note that tumor volume calculations (T2/FLAIR and
contrast-enhancing) were calculated with respect to pre-registered
tumor resolution and locations by taking into consideration the
affine transformation matrix. Regions containing both vasogenic
edema and infiltrating tumor were included in T2/FLAIR ROIs due to
the known difficulty separating these tissues. All but five patients
had T2/FLAIR images available (353/358, or 99%) and all but five
patients who had post-contrast T1-weighted images also had
T2/FLAIR images available (323/353, or 92%). Although T2/FLAIR and
post-contrast T1-weighted images were used for segmentation, it
should be noted that the visual tumor really only reflects the “tip of
the iceberg” with respect to the total underlying tumor burden
(Harpold et al., 2007; Swanson et al., 2003).

MGMT
A Methylated B

Non-Tumor

MGMT
Unmethylated

Frequency of Occurrence

E u
Low High

Analysis of Differential Involvement (ADIFFI)

Analysis of differential involvement (ADIFFI) analysis consisted of
implementing a two-tailed Fisher's exact test to evaluate a 2 x 2 con-
tingency table comparing MGMT methylated versus unmethylated
and tumor versus non-tumor for each image voxel, repeated once
for T2/FLAIR ROIs and once for contrast-enhancing tumor ROIs
(Fig. 1B). The use of Fisher's exact test on a voxel-wise basis has
been implemented to study spatial regions of the brain involved in
first-episode schizophrenia (Park et al., 2004) as well as to study lo-
calization of IDH1 mutant brain tumors (Lai et al., in press). This tech-
nique is similar to the voxel-based lesion-symptom mapping (VLSM)
technique that has been used to map symptom locations in stroke pa-
tients (Bates et al., 2003). The 2x2 contingency table is shown in
Fig. 1B and Table 2. According to Fisher's exact test, the probability
of obtaining the observed “pattern” in the 2x 2 contingency table is
given by the hypergeometric distribution:

pYo—t alp

which can be rewritten as

,, 81p bHEp dranp cHa p dA
4

alb!c!d!n! @p

p

To calculate the significance of the observed pattern in the contin-
gency table corresponding to the total probability of observing a pat-
tern in the contingency table as extreme or more extreme, the p-

Voxel-wise
Fisher's Exact Test
Level of Significance

ADIFFI Maps
(Cluster-Size Corrected
Using Random Permutations)

<0.001 0.05

Fig. 1. Analysis of differential involvement (ADIFFI) statistical mapping methodology. First, all images were registered to a high-resolution T1-weighted MNI brain atlas. A) Next,
contrast-enhancing and T2/FLAIR regions of interest were contoured for both MGMT promoter methylated and unmethylated tumors. B) All tumors for the methylated and
unmethylated groups were combined into a 2x2 contingency table (see Table 2), where each voxel is classified as either methylated vs. unmethylated and tumor vs. non-
tumor. C) Fisher's exact test was then performed on a voxel-wise basis throughout the brain. D) Lastly, permutation-based cluster-size correction was performed for statistically
significant (pb0.05) voxels to isolate cluster sizes that occur less than 5% by chance, resulting in the final ADIFFI maps.
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Table 2

ADIFFI contingency table evaluated for each image voxel. a = number of MGMT methyl-
ated tumor occurring at the current voxel location; b = number of MGMT methylated tu-
mors not occurring at the current voxel location; ¢ = number of MGMT unmethylated
tumors occurring at the current voxel location; d = number of MGMT unmethylated
tumors not occurring at the current voxel location; a + b = total number of MGMT meth-
ylated tumors; ¢ + d = total number of MGMT ummethylated tumors; a + c = total num-
ber of times tumor occurred at the current voxel location, regardless of MGMT status;
b + d = total number of times tumor did not occur at the current voxel location, regardless
of MGMT status; n = total number of tumors evaluated. Note: Independent contingency
tables were created for T2/FLAIR and contrast-enhancing tumors.

MGMT MGMT
methylated unmethylated
Tumor a [« a+c
Non-tumor b d b+d
a+b c+d n

value for each voxel needs to be recalculated for all cases where the
marginal totals are the same as the observed tables, and only cases
where the arrangement is as extreme as the observed pattern. Then,
for each iteration where values are incremented to calculate a more
extreme pattern, the previous p-value in each image voxel is added
to the current p-value until the most extreme pattern has been
reached (which may vary from voxel to voxel). The final p-value
represents the probability of observing the given pattern in the con-
tingency table, or simply the probability that this pattern of tumor oc-
currence happened by chance (Fig. 1C). A parametric surface showing
the relationship between the number of methylated and unmethy-
lated tumors and resulting p-value is shown in Supplemental Fig. 1.
For practical implementation purposes, only voxels containing at
least one tumor occurrence for both methylated and unmethylated
were analyzed.

Correction for cluster-size using random permutations

Multiple comparison corrections needed to be performed on the
resulting statistical maps because as many as two million voxel-wise
calculations were performed. Simple Bonferroni or false-discovery
rate correction would likely be too conservative to produce any effect,
and additionally we desired to isolate spatially distinct clusters associat-
ed with significant differences between MGMT promoter methylation
status. In order to accomplish this we performed a cluster-based per-
mutation correction, outlined by Bullmore et al. (Bullmore et al.,
1999) (Fig. 1D), where tumors were first assigned randomly to each cat-
egory, statistical testing was performed, and the size of statistically sig-
nificant clusters were documented many times to determine how likely
a specific cluster size would occur due to chance. More specifically, all
T2/FLAIR tumors were uncategorized and reassigned randomly to
either “methylated” or “unmethylated” groups according to the same
proportions (e.g. for T2/FLAIR tumors, 141 were assigned to “methylated”
and 238 were assigned to “unmethylated”). This process was permutated
a total of 500 times for T2/FLAIR tumors, because these clusters were
much larger than contrast-enhancing clusters, thus the resulting
cluster-size threshold will be more conservative than the cluster-size
threshold determined from contrast-enhancing clusters. ADIFFI analysis
was then performed as outlined above after each permutation. Voxels
showing pb0.05 according to ADIFFI analyses were maintained and the
images were clustered using the Analysis of Functional Neurolmaging
toolkit (AFNI; afni.nimh.nih.gov/afni). All contiguous clusters greater
than 2 voxels were stored, and cluster-size information was pooled
across all 500 permutations similar to previous methods (Bullmore et
al., 1999). Also, the largest cluster size was noted and used as a new inde-
pendent variable.

Results from the permutation analysis suggest a probability density
of all clusters resembled an exponential distribution (as noted else-
where (Bullmore et al., 1999)), with a 5% chance of obtaining cluster

sizes larger than 80 voxels for T2/FLAIR tumors (Supplemental Fig.
2A-B). When examining the largest cluster size as an independent
variable, results after 500 permutations suggest the average maximum
cluster size was approximately 5534 voxels with a standard deviation of
2767 voxels. Therefore, a cluster size threshold 12,335 voxels (or
12.3 cc) was used to ensure clusters larger than this threshold would
occur in less than 5% of all random permutations. This cluster-size
threshold (12.3 cc) resulted in two distinct clusters in T2/FLAIR tumors
(“a” and “b” in Fig. 4A corresponding to a cluster volume of 234.2 cc and
14.7 cc, respectively) and a single cluster on contrast-enhancing tumors
(“b” in Fig. 4B, corresponding to a cluster volume of 49.9 cc).

Survival analysis

Survival differences between MGMT promoter methylated and
unmethylated patients were evaluated using log-rank survival analy-
sis applied to Kaplan-Meier curves. Overall survival (0S) was defined
from the time of initial tissue diagnosis until expiration. Additionally,
survival differences between left and right hemispheric involvement
were evaluated using log-rank statistical analysis applied to Kaplan-
Meier curves. Patients having contrast-enhancing tumors confluent
with the ADIFFI defined cluster in the left temporal lobe were evalu-
ated using log-rank statistical analysis applied to Kaplan-Meier
curves. To define this cluster, illustrated in “b” within Fig. 4B, a mini-
mum cluster size of 20 cc of tissue was isolated in contiguous regions
with p-value less than 0.05 on ADIFFI maps. Patients were stratified
according to whether their contrast-enhancing tumor was connected
to this cluster. Multivariate Cox proportional hazard analysis was per-
formed to determine if age, Karnofsky performance status (KPS),
MGMT methylation status, and tumors confluent with the ADIFFI
cluster were significant predictors of OS.

Results

MGMT promoter methylated tumors have less T2/FLAIR hyperintense
volume than unmethylated tumors

A significant difference in T2/FLAIR hyperintense volume was ob-
served between MGMT methylated and unmethylated tumors
(Fig. 2A, t-test, p=0.0092); however, no difference in the volume of
contrast-enhancement was detected (Fig. 2B, t-test, p=0.1381).
These results suggest MGMT promoter methylated tumors have less
edema compared to MGMT unmethylated tumors.

T2/FLAIR hyperintense regions occur frequently in the posterior SVZ

Superimposing T2/FLAIR hyperintense regions of 353 GBM tumors
into the same image space suggested a high number of GBMs have
T2/FLAIR hyperintensity within the posterior aspect of the SVZ. Spe-
cifically, approximately 25% of all GBMs examined had T2/FLAIR
hyperintensity near the left SVZ, while approximately 25% had
T2/FLAIR hyperintensity near the right SVZ (Fig. 3A). Together, ap-
proximately 187 of 353 GBMs (approximately 50%) had T2/FLAIR
hyperintensity near either the right or left SVZ. Contrast-enhancing
regions were not localized to the posterior SVZ at such a high fre-
quency (Fig. 3D), suggesting the higher frequency of T2/FLAIR hyper-
intensity localized to the posterior SVZ may be reflecting largely the
presence of edema in these regions.

MGMT unmethylated tumors are lateralized to the right hemisphere

Qualitative examination of voxel-wise tumor probability maps
suggest MGMT unmethylated tumors have T2/FLAIR hyperintensity
lateralized to the right hemisphere (Fig. 3C). ADIFFI analysis (i.e.
voxel-wise Fisher’s exact test), after applying a permutation-based
cluster-size correction (Bullmore et al., 1999), confirmed these
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Fig. 2. Tumor volumes for A) T2/FLAIR hyperintense regions and B) contrast-enhancing
volumes for MGMT promoter methylated and unmethylated patients. Results suggest a
significantly higher volume of T2/FLAIR volumes in unmethylated tumors (t-test,
p=20.0092), but no difference in the volume of contrast-enhancing tumor (t-test,
p=0.1381).

qualitative observations (Fig. 3A), suggesting a low probability (low
p-value) that the particular combination of tumor frequency between
methylated and unmethylated tumors occurred by chance in the right
hemisphere (“a” in Fig. 4A). Since either a large number of methylat-
ed or unmethylated tumors can cause a low p-value on ADIFFI maps,
we examined the difference in tumor frequency between methylated
and unmethylated tumors within regions exhibiting pb0.05 on
ADIFFI maps. Results suggest as many as 50 more unmethylated tu-
mors occur on the right hemisphere compared with methylated tu-
mors (Fig. 4A). In particular, regions of the right temporal lobe,
right basal ganglia, and right SVZ demonstrated a significantly high
frequency of tumor occurrence, implying that patients having
T2/FLAIR hyperintensity on the right hemisphere are statistically
more likely to have MGMT unmethylated tumors.

MGMT promoter methylated tumors are lateralized to the left hemisphere

Complementary to the findings in unmethylated tumors, examina-
tion of voxel-wise tumor probability maps suggest MGMT methylated
tumors have both T2/FLAIR hyperintensity and contrast-enhancing re-
gions lateralized to the left hemisphere (Figs. 3B, E). ADIFFI analysis
after permutation-based cluster-size correction (Bullmore et al.,, 1999)
confirmed that there was a low probability (low p-value) the particular
combination of tumor frequency, as indicated by both T2/FLAIR hyper-
intensity (“b” in Fig. 4A) as well as contrast-enhancing regions (“b” in
Fig. 4B), between methylated and unmethylated tumors occurred by
chance in the left hemisphere. Interestingly, examination of the abso-
lute difference in number of MGMT methylated versus unmethylated
tumors within these regions on both ADIFFI maps generated from
T2/FLAIR hyperintense regions (“b” in Fig. 4C) and contrast-enhancing
regions (“b” in Fig. 4D) suggested MGMT promoter methylated tumors
occurred more frequently in these regions. Specifically, regions

proximal to the superior, middle, and inferior temporal gyrus, extend-
ing into white matter regions had a significantly high frequency of
tumor occurrence, implying patients having contrast enhancing or
T2/FLAIR hyperintense lesions in the left hemisphere near the temporal
lobe are statistically more likely to have MGMT methylated tumors.

GBM patients with tumors touching ADIFFI-classified regions in left temporal
lobe have significantly longer overall survival

As expected, overall survival (OS), regardless of extent of surgical re-
section or treatment, was significantly longer in GBM patients with
MGMT promoter methylated tumors compared with unmethylated
tumors (Fig. 5A; Log-rank, pb0.0001). Surprisingly, GBM patients
having contrast-enhancing tumors confluent with (connected to) the
ADIFFI cluster defined in region “b” in Fig. 4 had a significantly longer
0S than patients with contrast-enhancing tumors distal from this re-
gion, regardless of methylation status (Fig. 5B; Log-rank, p=0.0025).
No difference in OS was detected between GBM patients having
contrast-enhancing tumors on the left versus the right hemisphere
(Fig. 5C, Log-rank, p=0.9601), suggesting tumors that are localized to
regions detected by ADIFFI analysis are different than simply separating
patients by hemispheric involvement. Contrast-enhancing tumors that
were localized to ADIFFI regions, combined with MGMT status, were
able to further stratify patient survival (Fig. 5D), suggesting ADIFFI anal-
ysis may provide slightly more information than MGMT status alone.
Cox proportional hazard analysis confirmed this observation, indicating
KPS (pb0.0001), MGMT methylation status (pb0.0001), and tumors
localized to the ADIFFI cluster (p =0.0069) were independent prognos-
tic factors. Median survival was 368 days longer for MGMT promoter
methylated tumors localized to the left temporal lobe (median survi-
val =879 days) compared to unmethylated tumors localized elsewhere
(median survival =511 days).

Discussion

The current study examined the voxel-wise tumor frequency of
occurrence in both T2/FLAIR hyperintense and contrast-enhancing re-
gions in a total of 384 GBMs, representing the largest, most compre-
hensive pre-operative localization analysis of MGMT methylation
status in human de novo GBM. Using a statistical mapping technique
termed ADIFFI, which is similar in theory to the voxel-based lesion-
symptom mapping (VLSM) technique (Bates et al., 2003), along
with a permutation-based cluster-size correction (Bullmore et al.,
1999), we have demonstrated a statistically significant number of
MGMT promoter methylated tumors are localized to a distinct region
of the left temporal lobe, and patients having tumors within this re-
gion have a statistical survival advantage, regardless of treatment.

Our findings suggest a substantial lateralization of MGMT promot-
er methylated tumors to the left temporal lobe region, and lateraliza-
tion of MGMT unmethylated tumors to the right hemisphere, which
has not been previously documented in human GBM. Asymmetry in
human brain structure, function, and gene expression, in particular
near the temporal lobe, is a well-documented phenomenon (Sun
and Walsh, 2006) and may potentially explain this interesting obser-
vation. For example, anatomical differences have been observed be-
tween left and right hemispheres in the Sylvian fissures and the
planum temporale (Rubens et al., 1976; Shapleske et al., 1999; Toga
and Thompson, 2003). Paul Broca and Carl Wernicke documented lat-
eralization of language function as early as the late 1800s (Broca,
1861; Wernicke, 1874). Additionally, structural and functional asym-
metry has been documented in the motor cortex (e.g. handedness)
(Amunts et al., 1996), as well as in many higher order functions
(e.g. shape recognition, spatial attention, artistic skills, mathematical
reasoning, etc.) (Borod et al., 2002; Gazzaniga, 2005). Differences in
gene expression have also been documented between the two hemi-
spheres (Sun et al, 2005), including many genes that have
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Fig. 3. Voxel-wise frequency of tumor occurrence for both T2/FLAIR hyperintense regions (A-C) and contrast-enhancing regions (D-F). A) T2/FLAIR hyperintense tumor frequency
of occurrence for all GBM patients (n=379). B) T2/FLAIR hyperintense tumor frequency of occurrence for MGMT promoter methylated patients (n=141). C) T2/FLAIR hyperin-
tense tumor frequency of occurrence for MGMT unmethylated patients (n=238). D) Contrast-enhancing tumor frequency of occurrence for all GBMs (n=349). E) Contrast-
enhancing tumor frequency of occurrence for MGMT methylated tumors (n=136). F) Contrast-enhancing tumor frequency of occurrence for MGMT unmethylated tumors

(n=213).

implications in human brain cancer. For example, the SUFU gene in
the sonic hedgehog (SHH) pathway is over-expressed on the left
hemisphere (Sun et al., 2005) and has been shown to be involved in
regulation of brain tumor proliferation (Xu et al., 2008). This pathway
has also been shown to regulate insulin-like growth factor-1 (IGF1)
dependent malignant behaviors (Hsieh et al., 2011), is also over-
expressed in the left hemisphere (Sun et al., 2005), and has also
been shown to be involved in the control of cell proliferation
(Ambrose et al., 1994). Similarly, many other genes demonstrate
left-right hemisphere asymmetry and have been shown to play a
role in tumorigenesis (Sun and Walsh, 2006), suggesting that lateral-
ization of MGMT promoter methylation may be intimately involved
with some of these pathways.

Another noteworthy observation in the current study was the rela-
tively high frequency of occurrence of T2/FLAIR hyperintense regions
near the posterior SVZ. This observation has been previously documen-
ted in a smaller number of patients (Alvarez-Buylla and Garcia-
Verdugo, 2002; Barami et al., 2009); however, it may further support
the cancer “stem-like” cell hypothesis (Nicolis, 2007; Sanai et al.,
2005; Wechsler-Reya and Scott, 2001). Specifically, we observed
T2/FLAIR hyperintensity in nearly 50% of de novo GBMs (approximately

25% on the right and 25% on the left hemisphere), suggesting roughly
half of GBMs may originate from the posterior SVZ known to harbor
neural stem cells. This region has long been proposed as a possible
source of human gliomas (Globus and Kuhlenbeck, 1942). Animal expo-
sure to carcinogens and cancer-causing viruses further support this the-
ory, resulting in tumor formation within the SVZ (Copeland et al., 1975;
Lantos and Cox, 1976; Vick et al., 1977) and quickly migrating into deep
white matter regions, masking their ostensible source near the SVZ
(Vick et al., 1977). Since neural stem cells have similar properties to
glioma cells, including the ability to rapidly proliferate and migrate, it
is possible that neural stem cells play a critical role in GBM formation.
Alternatively, the observation of a relatively high frequency of occur-
rence of T2/FLAIR hyperintense regions may also have occurred due to
these regions being especially prone to spreading of edema. The mech-
anism of peritumoral edema clearance into the cerebrospinal fluid is
known to occur through the ventricles (Reulen, 2010), suggesting re-
gions near the SVZ may also be a normal location of edema formation
as it is transferred from tumoral regions, independent of the original
site of tumor formation.

Interestingly, we observed a significant survival benefit for patients
having tumors contiguous with the ADIFFI-classified cluster in the left
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Fig. 5. Survival analyses for GBM patients. A) A statistically significant difference in overall survival (OS) from time of diagnosis was observed between MGMT promoter methylated
and unmethylated tumors (Log-rank, pb0.0001). B) A significant survival advantage (Log-rank, p = 0.0049) was observed in patients having contrast-enhancing tumors connected
to the ADIFFI cluster, illustrated as “b” in Fig. 5B, compared to patients without enhacing tumor within this region, regardless of treatment or methylation status. C) No sigificant
difference was observed between left and right hemispheric involvement (Log-rank, p=0.9601), suggesting the effect shown in B) is isolated to the cluster in the left temporal lobe.
D) Combining information about methylation status and tumor location allowed for further stratification of patient survival. Patients with MGMT promoter methylation and
contrast-enhancing tumors localized near the ADIFFI cluster had a median survival advantage of 461 days compared to patients that were MGMT unmethylated and had
contrast-enhancing tumors distal from the ADIFFI cluster (Cox Proportional Hazard Analysis; KPS, pb0.0001; MGMT methylation status, pb0.0001; tumor localized to ADIFFI clus-

ter, p=0.0072).

temporal lobe found to be associated with a high frequency of MGMT
promoter methylation. Although this may appear to conflict with earlier
reports demonstrating a significant survival advantage for patients with
frontal lobe gliomas compared with other regions (Jeremic et al., 1994;
Simpson et al,, 1993), we did not specifically test whether there were
survival differences between different generalized brain regions. In-
stead, we tested whether a survival difference existed between GBMs
with contrast-enhancing lesions contiguous with a very specific region
within the left temporal lobe and those located elsewhere in the brain
(including but not limited to the frontal lobes). It is highly likely that tu-
mors localized to other areas of the brain may also show survival differ-
ences, such as the frontal lobe regions where ADIFFI analysis has
revealed the prognostically important IDH1 mutated tumors to be local-
ized (Lai et al,, in press).

Alternative approaches to the statistical analyses presented in the
current study exist for the purposes of voxel-based lesion-symptom
mapping (VLSM). For example, as an alternative to Fisher's exact
test, investigators involved in studying ischemic stroke have chosen
to implement Liebtermeister's quasi-exact method (Rorden et al.,
2007), both because it is less conservative than Fisher's test and it is
less computationally intensive. Additionally, some investigators

have chosen to examine the distribution of maximum test statistic
(¢t statistic, for example in (Kimberg et al., 2007)) during random per-
mutations as an alternative to cluster-based correction. Future studies
will focus on comparing these different techniques in the context of
brain tumor localization.

In summary, we have demonstrated that human de novo GBMs
occur in a high frequency within or contiguous with the posterior
SVZ; that MGMT promoter methylated GBMs are preferentially later-
alized to the left hemisphere, while MGMT unmethylated GBMs are
lateralized to the right hemisphere; and that tumors near the left
temporal lobe have a significantly longer overall survival compared
with tumor occurring elsewhere, regardless of treatment or MGMT
methylation status. Future studies will focus on validating these find-
ings in a prospective, multicenter environment.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.neuroimage.2011.09.076.
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Fig. 4. ADIFFI maps showing regional differences in statistical significance (p-value) and absolute difference in the number of MGMT methylated for the differences in tumor frequency
between MGMT methylated and unmethylated tumors. A) ADIFFI results for T2/FLAIR hyperintense regions illustrating a large region on the right hemisphere (labeled “a”) with low
p-value along with a cluster on the left temporal lobe (labeled “b”). B) ADIFFI results for contrast-enhancing tumor regions illustrating similar cluster in left temporal lobe as in A).
C) T2/FLAIR hyperintense tumor regions illustrate the large region on the right hemisphere (labeled “a”) largely consists of MGMT unmethylated tumors, whereas the cluster in the
left temporal lobe (labeled “b”) consists of a larger number of MGMT promoter methylated tumors. D) Contrast-enhancing tumor regions also show localization of MGMT promoter meth-
ylated tumors in the left temporal lobe (also labeled “b”).
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