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Abstract

Background: Invasion of tumor cells into adjacent brain parenchyma is a major cause of treatment failure in
glioblastoma. Furthermore, invasive tumors are shown to have a different genomic composition and metabolic
abnormalities that allow for a more aggressive GBM phenotype and resistance to therapy. We thus seek to identify
those genomic abnormalities associated with a highly aggressive and invasive GBM imaging-phenotype.

Methods: We retrospectively identified 104 treatment-naïve glioblastoma patients from The Cancer Genome Atlas
(TCGA) whom had gene expression profiles and corresponding MR imaging available in The Cancer Imaging Archive
(TCIA). The standardized VASARI feature-set criteria were used for the qualitative visual assessments of invasion. Patients
were assigned to classes based on the presence (Class A) or absence (Class B) of statistically significant invasion
parameters to create an invasive imaging signature; imaging genomic analysis was subsequently performed using
GenePattern Comparative Marker Selection module (Broad Institute).

Results: Our results show that patients with a combination of deep white matter tracts and ependymal invasion (Class A)
on imaging had a significant decrease in overall survival as compared to patients with absence of such invasive
imaging features (Class B) (8.7 versus 18.6 months, p < 0.001). Mitochondrial dysfunction was the top canonical
pathway associated with Class A gene expression signature. The MYC oncogene was predicted to be the top
activation regulator in Class A.

Conclusion: We demonstrate that MRI biomarker signatures can identify distinct GBM phenotypes associated with
highly significant survival differences and specific molecular pathways. This study identifies mitochondrial dysfunction
as the top canonical pathway in a very aggressive GBM phenotype. Thus, imaging-genomic analyses may prove
invaluable in detecting novel targetable genomic pathways.
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Background
Recent advances in high throughput whole-genome glio-
blastoma (GBM) analyses have led to an increase in the
understanding of gliomagenesis and elucidation of new
molecular pathways [1,2]. However, the dismal prognosis
of GBM remains largely unchanged with the median sur-
vival less than 2 years [3]. Heterogeneity in cellular com-
position, differential genomic expression profiles and
therapy-resistant cancer stem cells within a single tumor
(intra-tumor heterogeneity) and with the “same” tumor
across different individuals (inter-individual heterogen-
eity) contribute largely to the lack of advancement in
therapeutic approaches for these heterogeneous tumors
and lie central to the failure of significant progress in
the treatment of GBM [4,5]. Cellular invasion remains a
significant cause of therapy failure as diffuse dissemin-
ation of tumor cells throughout the entire GBM brain
including the normal appearing white matter precludes
clean surgical margins. Moreover, glioma stem-like
cells, thought to be involved in invasion, do not respond
to current chemotherapeutic agents which target the ac-
tive tumor core [6,7].
Magnetic resonance imaging (MRI) has been shown to

non-invasively reflect the underlying tumor biological
and pathological processes [7,8], tumor microenviron-
ment [9], and genomic cancer composition [10-13]. Mul-
tiple preoperative imaging characteristics consistent with
invasive tumor growth are documented [13,14]. Qualita-
tively, these include the 1) presence of either T1 contrast
enhancement or increase T2/FLAIR hyperintensity invol-
ving the internal capsule, corpus callosum (unilateral, bi-
lateral, or contralateral) or brainstem; 2) the presence of
ependymal enhancement; and 3) the presence of pial en-
hancement [14]. Quantitatively, 3D volumetry of the peri-
tumoral non-enhancing FLAIR hyperintensity has been
validated to reflect an increase in gene signatures promo-
ting cellular invasion and angiogenesis, as shown by our
group previously [13]. In this current study, we sought to
identify the invasive MRI characteristics in GBM and the
implicated genes and microRNAs associated with qualita-
tive invasive imaging signatures. Using our large-scale
genomic database provided by The Cancer Genome Atlas
(TCGA) and the imaging of the corresponding TCGA pa-
tients provided by The Cancer Imaging Archive (TCIA),
we performed an MRI radiophenotype screen to identify
key genes and molecular pathways associated with a very
aggressive GBM radiophenotype.
Methods
The collection of the original material and data of
TCGA and TCIA study was conducted in compliance
with all applicable laws, regulations and policies for the
protection of human subjects, and any necessary approvals,
authorizations, human subject assurances, informed con-
sent documents, and IRB approvals were obtained [2].

Patient population and TCGA and TCIA
We identified 104 (female 38: male 66; mean age
58 years; age range from 14 to 84 years) treatment-naïve
GBM patients from TCGA whom had gene expression
profiles and corresponding pretreatment MR imaging
available in the TCIA. The TCGA is a National Cancer
Institute (NCI) sponsored publicly available resource
which has produced a multi-dimensional genomic and
clinical data set of GBM and other cancers [2]. Image
data used in this research were obtained from TCIA
(http://cancerimagingarchive.net/) sponsored by the Can-
cer Imaging Program, DCTD/NCI/NIH [15]. The latter
archive repository contains the imaging corresponding to
the patients of the TCGA.

Image acquisition and analysis
All images were downloaded from the NCI’s TCIA
(http://cancerimagingarchive.net/) [15]. Image analysis
was performed as previously published by our group
[13,16]. Standard imaging parameters were used for each
of the sequences as noted in the TCIA database [15].

Image analysis
For each patient, three board-certified neuroradiologists
independently reviewed pre- and post- contrast axial
T1-weighted MR images as well as axial T2-weighted
FLAIR images. Images were analyzed using the Clear-
canvas platform (ClearCanvas, Toronto, Canada; http://
www.clearcanvas.ca/) and each physician entered speci-
fied imaging findings in an installed electronic case re-
port form that implemented the VASARI feature set for
human GBM [16-19]. Each board-certified neuroradiolo-
gist (C.H., 15 years of experience; A.F., 22 years; S.H., 5
years; M.W., 6 years; P.R., 4 years; R.R.C., 3 years; and
M.J., 3 years) recorded a set of mark-ups for 30 imaging
features describing the size, location, and morphology of
the tumor.
Included in the standardized VASARI feature-set cri-

teria are qualitative visual assessments for key features
of invasion: 1) deep white matter tract (DWMT) in-
volvement [presence of either T1 contrast enhancement
or increase T2/FLAIR hyperintensity involving the in-
ternal capsule, corpus callosum (unilateral, bilateral, or
contralateral), or brainstem]; 2) the presence of ependymal
enhancement; and 3) the presence of pial enhancement
(Figure 1). Other parameters also analyzed were enhan-
cing tumor crossing the midline, non-enhancing tumor
crossing the midline, tumor extension into cortex, defi-
nition of the enhancing margin, definition of the non-
enhancing tumor margin, proportion of edema, presence
and absence of cysts and hemorrhage.

http://cancerimagingarchive.net/
http://cancerimagingarchive.net/
http://www.clearcanvas.ca/
http://www.clearcanvas.ca/


Figure 1 Image example of qualitative invasive phenotype: ependymal extension. 33 year old female patient with right frontal GBM.
(a) Axial and (b) coronal post-contrast T1-weighted images demonstrate extension of enhancing tumor into the ependymal region of the frontal
horn of the right lateral ventricle. (c) Axial FLAIR image demonstrates non-enhancing tumor as well to extend to the ependymal region.
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Biostatistical image and survival analysis
Proportional hazards regression was performed with
each of the following qualitative invasive covariates as a
predictor of survival, taken individually: 1) DWMT in-
volvement: presence of either T1 contrast enhancement
or increase T2/FLAIR hyperintensity involving the in-
ternal capsule, corpus callosum (unilateral, bilateral, or
contralateral), or brainstem; 2) ependymal enhancement;
and 3) pial invasion. Proportional hazards regression was
similarly performed on other imaging parameters as
follows: enhancing tumor crossing the midline, non-
enhancing tumor crossing the midline, tumor extension
into cortex, definition of the enhancing margin, defin-
ition of the non-enhancing tumor margin, proportion of
edema, presence and absence of cysts and hemorrhage.
Bonferroni correction was performed. Kaplan-Meier meth-
od (log-rank test) was used to compute overall median
survival. Data table preparation was done in Microsoft
Excel 2010 and then loaded into the JMP Pro 9.01 (SAS
Institute, Cary NC) and R-project (Bioconductor platform)
software packages for statistical analysis.
Patients were subsequently classified based on pres-

ence or absence of the invasion MRI phenotypes that
were statistically significant. Class A patients demon-
strated the presence of all the independent statistically
significant parameters of invasion. Patients who had no in-
vasion phenotypes or presence of only one were assigned
to Class B.

Biostatistical image- genomic analysis
Affymetrix level 1 mRNA and Agilent level 1 microRNA
data were downloaded from the public TCGA data por-
tal (April 2013) (http://cancergenome.nih.gov/). Level 1
mRNA Affymetrix CEL file analysis was performed in R
project, a free statistical computing platform, (http://www.
r-project.org/) using the Bioconductor platform (http://
www.bioconductor.org/). Robust Multi-Array (RMA) al-
gorithm was used for normalization [20].
In each patient, a total of 13,628 genes (22,267
hybridization probes) were analyzed for significance and
differential fold regulation in Class A versus Class B groups
by Comparative Marker Selection (CMS) (Broad Institute,
MIT, Cambridge, MA, http://www.broadinstitute.org/
cancer/software/genepattern/). CMS is a statistical method
that uses permutation testing to identify differentially regu-
lated genomic events in one versus another predefined pa-
tient group [21].
The top 100 most positively and the top 100 most

negatively correlated mRNAs in the Class A group ver-
sus the Class B group were then analyzed with Ingenuity
Pathway Analysis (IPA) (www.ingenuity.com). IPA pro-
vides insight into the molecular and chemical inter-
actions, cellular phenotypes, and disease processes of a
predefined set of genes and microRNAs. By means of
IPA, our top molecular targets for the Class A group
were analyzed in a comprehensive way and thus pertinent
canonical pathways and functional networks accounting
for an invasion radiophenotype were uncovered. Upstream
transcriptional factor analysis was done using IPA.

Results
Univariate proportional hazards regression model fit for
11 potential predictors of survival
Univariate proportional hazards regression models with
each of the 11 predictors of survival was performed. Of
these 11 invasive imaging predictors, 3 imaging biomarkers
were statistically significant. [Unadjusted p-values: Epen-
dymal (EP) involvement, P = 0.005; deep white matter
tract (DWMT) involvement {presence of either T1 con-
trast enhancement or increase T2/FLAIR hyperintensity
involving the internal capsule, corpus callosum (unilateral,
bilateral, or contralateral), or brainstem}, P = 0.002; en-
hancement across the midline, P = 0.0003]. Bonferroni
adjustment was then performed. [Adjusted p-values:
Ependymal (EP) involvement, P = 0.058; Hazard Ratio
(HR) =1.812, Concordance = 0.593, 95% CI (1.19-2.77);

http://cancergenome.nih.gov/
http://www.r-project.org/
http://www.r-project.org/
http://www.bioconductor.org/
http://www.bioconductor.org/
http://www.broadinstitute.org/cancer/software/genepattern/
http://www.broadinstitute.org/cancer/software/genepattern/
http://www.ingenuity.com


Figure 3 Kaplan Meier survival curve: enhancing tumor across
midline/corpus callosum. Kaplan Meier method was used to
compute overall median survival. Those who had enhancement
across the midline versus those patients with absence of
enhancement across the midline demonstrated a median overall
survival of 9 months versus 14.3 months (p < 0.0003).
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deep white matter tract (DWMT) involvement {presence
of either T1 contrast enhancement or increase T2/FLAIR
hyperintensity involving the internal capsule, corpus
callosum (unilateral, bilateral, or contralateral) or brain-
stem}, p = 0.027; HR =1.926, Concordance = 0.6, 95% CI
(1.25-2.96); enhancement across the midline, P = 0.003;
Concordance = 0.546, HR =3.48, 95% CI (1.70-7.15)]. We
fit a final proportional hazards regression model including
these three predictors together. All of the regression coef-
ficients were statistically significant [P = 0.033, HR =
1.616, 95% CI (1.0-2.5); P = 0.015, HR = 1.738, 95% CI
(1.1-2.7); and P = 0.038, HR = 2.219, 95% CI (1.0-4.7), for
ependymal involvement, deep white matter tract involve-
ment and enhancement across the midline, respectively].
This analysis was performed using the 'survival' library
[22] in the R statistics package (http://www.R-project.org).

Invasive imaging phenotypes
Deep white matter tract (DWMT) involvement: En-
hancement across the midline and presence of either T1
contrast enhancement or increase T2/FLAIR hyperinten-
sity involving the internal capsule, corpus callosum (uni-
lateral, bilateral, or contralateral), or brainstem
Forty percent (42/104) of patients had involvement of

the internal capsule, corpus callosum (unilateral, bilateral,
or contralateral), or brainstem either by T1 contrast en-
hancement or increase T2/FLAIR hyperintensity. Sixty
percent (62/104) of patients had no involvement of these
structures. Twenty-six percent (9/35) demonstrated en-
hancement across the midline (across the corpus callo-
sum). Ninety-one percent (95/104) of patients did not
demonstrate enhancing tumor across the midline/corpus
callosum.
Those who had involvement of the DWMT demon-

strated a median overall survival of 10.9 months (95% CI:
Figure 2 Kaplan Meier survival curve: Deep white matter tract
[DWMT] involvement. Kaplan Meier method was used to compute
overall median survival. Those who had involvement versus no
involvement of the DWMT demonstrated a median overall survival
of 10.9 months versus 19.9 months (p < 0.0008).
7.5-13.3 months) versus 19.9 months (95% CI: 14.1-
24.9 months) (p < 0.0008) (Figure 2). Of those who had
enhancement across the midline, there was a statistically
significant difference in overall survival [5.9 (95% CI: 0.7-
13.3 months) versus 14.3 months (95% CI: 11.9-
18.6 months) (p < 0.0003)] in those patients with presence
versus absence of enhancement across the corpus callo-
sum (Figure 3).
Ependymal (EP) enhancement
Forty- three percent (45/104) of patient did not demon-
strate extension of enhancing or non-enhancing tumor to
the ependymal region. Fifty-seven percent (59/104) of pa-
tients had ependymal involvement by tumor. Involvement
Figure 4 Kaplan Meier survival curve: Ependymal [EP]
involvement. Kaplan Meier method was used to compute overall
median survival. Those who had ependymal tumor involvement versus
no ependymal tumor involvement demonstrated an overall survival of
10.6 versus 18.6 months (p = 0.0018).

http://www.R-project.org


Figure 5 Kaplan Meier survival curve: Class A versus Class B.
Kaplan Meier method was used to compute overall median survival.
Those patients in Class A (invasive phenotypes) versus those patients in
Class B (without invasive features or only one invasive feature)
demonstrated an overall survival of 8.7 versus 18.6 months (p<0.001).
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of the ependymal region was associated with a decrease in
overall survival of 10.6 (95% CI: 7.8-13.3 months) versus
18.6 (95% CI: 14.2-22.6 months) months (p = 0.0018)
(Figure 4).

Invasion classes and genomic signatures
A total of 92 patients had comprehensive clinical and
genomic annotation for creation of imaging genomic
signatures. Given that the DWMT and EP imaging radio-
phenotypes were significantly prognostic (p = 0.015 and
p = 0.033) in the proportional hazards model, we used
these two invasion parameters to develop our invasion im-
aging classes. The imaging parameter of tumor across the
Figure 6 Canonical pathways associated with Class A patients. Canon
pathway was mitochondrial dysfunction in Class A patients with invasive p
midline was disregarded for further analysis since it only
contained 9 patients that were also present in the DWMT
and EP groups. Patients with both ependymal and deep
white matter tract involvement tumor spread were then
grouped into a single class (Class A; invasive phenotype
group) and those without involvement or involvement of
only one of those parameters were assigned to a second
class (Class B). The patients with involvement of both var-
iables demonstrated a statistically significant worse prog-
nosis (8.9 months) than either variable alone (EP alone =
20 months; DWMT alone = 18.9 months) or no infiltra-
tion at all (18.6 months) which demonstrated similar
prognosis. Forty percent (36/92) of patients were catego-
rized into Class A and 60% (56/92) of patients into Class
B. Class A demonstrated a decrease in survival when com-
pared to Class B [8.9 (95% CI: 6.6-11.2 months) versus
19.6 (95% CI: 14.2-22.6 months) months, p < 0.001)]
(Figure 5). A proportional hazard ratio demonstrated that
the classification was a stronger predictor of survival
(p = 0.0003) than tumor size (p = 0.35) and patient age
(p = 0.93) (data not shown). The top canonical pathway
associated with Class A (invasive phenotype group) was
mitochondrial dysfunction (p = 2.59E-08) (Figures 6, 7
and 8). Transcription Factor Analysis (Figure 9) demon-
strated MYC oncogene activation and inhibition of NF-KB
inhibitor-alpha (NFKBIA) in class A.

Discussion
In this study, we demonstrate that those patients with
specific invasive imaging signatures have a highly signifi-
cant decrease in overall survival and an associated dis-
tinctive genomic expression signature. MR imaging has
ical pathway analysis was performed using IPA. The top canonical
henotypes.



Figure 7 The molecules associated with the mitochondrial dysfunctional canonical pathway. In the fold change column, highly up-regulated
genes (red color) and a single down-regulated gene (green color) were presented.
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been shown to predict patient survival and correlate
with underlying genomic events in GBM [12,13,16]. Spe-
cifically, the ependymal involvement, deep white matter
tract involvement and enhancement across the midline
were statistically significant in predicting overall survival;
and MYC oncogene activation and inhibition of NF-KB
inhibitor-alpha (NFKBIA) were seen in class A. These
findings are concordant with those published in the litera-
ture [14]. Furthermore, the location of tumor invasion was
more important than the size of the tumor in predicting
survival (p = 0.0003 versus p = 0.35).
Figure 8 Mitochondrial pathway demonstrating location of dysfunctio
with red color and down-regulated gene was labeled with green color.
The invasive imaging biomarker signature classes,
Class A (invasive phenotype) and Class B, demonstrated
a significant 9.9 months (8.7 versus 18.6 months, p < 0.0001,
Figure 5) survival disadvantage in Class A. Class A pa-
tients reflected tumor compositions which have genes
involved in invasion and oxidative stress/mitochondrial
biology. In patients in Class A, the top canonical path-
way was mitochondrial dysfunction (Figures 6 and 7).
Furthermore, our classification screen demonstrated
activation of MYC by upstream regulator analysis. The
results of mitochondrial dysfunction and upstream
nal molecules along its spectrum. Up-regulated genes were labeled



Figure 9 Transcriptional factor analysis. Transcriptional factor analysis was performed using IPA to predict the potential transcription factors
involved and their activation or inhibition states in Class A versus Class B groups. MYC and PPARA were predicted to be activated and NFKB1A
was predicted to be inhibited.
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transcription factor MYC activation are consistent with
the finding that MYC can activate the transcription of
target genes that increase mitochondrial biogenesis
[23,24]. The findings of altered metabolism in our GBM
patients is concordant with the literature [25,26]. Our
patients with an invasive imaging signature demonstrated
worse survival and altered metabolism. Altered metabol-
ism is one of the important hallmarks of tumor cells
[27,28]. Most cancer cells rely on aerobic glycolysis, a
phenomenon termed “the Warburg effect” [29], the most
well-known metabolic abnormality in cancer cells. This
is unlike that of normal cells which rely on mitochon-
drial oxidative phosphorylation to generate the energy
needed for cellular processes. In the Warburg effect [29],
cancer cells have defects in the mitochondria processes
and there is an increased glycolysis with lactate secretion
and mitochondrial respiration even in the presence of
oxygen [30]. This was also seen in our Class A patients
(Figures 6, 7 and 8). Furthermore, many of the metabolism
genes whose mutations can cause cancers are mitochon-
drial genes [31-33]. Energy metabolism associated genes
IDH1 and IDH2 mutations are seen in secondary GBM
[34,35]. The P53 tumor suppressor and MYC oncogene
Figure 10 Link between NFKBIA and EGFR pathway in Glioblastoma.
using IPA Path Designer tool. Solid line indicates direct biological relationsh
relationship between molecules were supported by IPA knowledge base. E
are well-documented master regulators of metabolism
[36]. The activation of MYC facilitates the Warburg effect
(aerobic glycolysis) and induces glycolysis and glutamino-
lysis, two typical metabolism alterations present in cancer
cells [37]. It has been well known that MYC target genes
are involved in the maintenance of stem cell self-renewal
ability and tumorigenesis [38,39]. Furthermore, aberrant
activation of MYC expression in cancers provide sufficient
energy and anabolic substrates for uncontrolled cell
growth and proliferation in the context of the tumor
microenvironment [36]. Thus, MYC-mediated altered
cancer cell energy metabolism can be a potential target
for the development of new anticancer therapies. Thus,
the literature supports our findings which demonstrated
activation of MYC in those patients with a high invasion
phenotype (Class A).
In our study, we found that NFKBIA was predicted to

be the top inhibited transcriptional factor in Class A by
transcription factor analysis. Nuclear factor of k-light poly-
peptide gene enhancer in B-cells (NF-kB) is a transcription
factor that is activated by the epidermal growth factor
receptor (EGFR) pathway [40] and shows aberrant con-
stitutive activation in GBM [41,42]. NFKBIA represses
The relationship between EGFR and NF-kB signaling was performed
ip. Dashed line indicates indirect biological relationship. The
GF signaling to NF-kB is affected by NFKBIA inhibition.
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the NF-kB and thus signaling from the EGFR and NF-kB
pathways [43]. The finding of NFKBIA inhibition in this
study suggests an interesting link between NF-kB path-
way and EGFR signaling in GBM (Figure 10). Mutations
in NFKBIA have been described in multiple cancers in-
cluding GBM cell lines suggesting its function as a
tumor suppressor [44]. Thus, its predicted inhibition is
associated with increased oncogenicity and resistance to
therapy, primarily mediated by its anti-apoptotic activity
[41,45]. This data supports our genomic transcription
factor signature identified by MRI; those patients in
Class A demonstrated a poor survival when compared to
Class B (8.7 versus 18.6 months, p < 0.0001) and had in-
hibition of the NFKBIA transcription factor. NF-kB in-
hibitors have been shown to induce cell death in GBM
[46] and support the possibility of NF-kB as a potential
target for cell death induction for GBM therapy. The de-
velopment of therapeutics targeted against the NF-kB
pathway can possibly address the chemo-resistance seen
in GBM therapy today.
In summary, our study demonstrates for the first time

imaging features that uncover and predict metabolic and
mitochondrial dysfunction in GBM. The effect of the
tumor microenvironment on cancer and the Warburg
effect is increasingly being recognized as important
modulators in genetics and epigenetics as well as facilita-
tors of cancer development [2]. It is now believed that a
better understanding of the mechanisms of the Warburg
effect and altered metabolism may ultimately lead to
more effective treatments for GBM and cancer, in ge-
neral. This study shows that the proposed classification
based on invasive GBM imaging biomarker signatures
yields significant differences in survival and distinct ge-
nomic signatures that identify mitochondrial dysfunction
as a possible driver for very aggressive GBM phenotypes
and resistance to therapy. Certain limitations exist and
are currently being addressed in new prospective clinical
trials and novel animal model experiments. The known
inherent limitation of the TCGA data is that surgical
samples obtained for genomic analysis were not done
using image-guidance and thus the location of biopsy is
unknown. Given tumor heterogeneity in GBM, tissue
sampling under image-guidance is needed to obtain
more accurate specimens. Currently, we are performing
a prospective image-guided biopsy study at our institu-
tion. Further, in-vitro and in-vivo testing in animal
models is also being done in our lab for subsequent va-
lidation of our findings and to identify potential thera-
peutic targets for GBM treatment.

Conclusion
Patients with specific invasive imaging signatures of
ependymal involvement, deep white matter tract involve-
ment and tumor extension across the midline have a
highly significant decrease in overall survival and an asso-
ciated distinctive genomic expression signature. MYC
oncogene activation and inhibition of NFKBIA was seen in
class A. This is a significant finding as these pathways can
have a possible role as a target of therapeutic intervention.

Abbreviations
GBM: Glioblastoma; TCGA: The cancer genome atlas; TCIA: The cancer
imaging archive; VASARI: Visually accessible rembrandt images;
MRI: Magnetic resonance imaging; IRB: Institutional review board;
NCI: National cancer institute; DCTD: Division of cancer treatment and
diagnosis; NIH: National institute of health; DWMT: Deep white matter tract
involvement; FLAIR: Fluid attenuated inversion recovery; CMS: Comparative
marker selection; IPA: Ingenuity pathway analysis; EP: Ependymal.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
RRC and POZ designed and coordinated the overall study. RRC, MV, JW
and POZ conducted the imaging genomics, bioinformatics and biostatistics
analysis. RRC, DAG, SNH, MW, RJ, MNJ, JYC, PR, CAD and AF were involved
in the image analysis. DR, EH, JK, JF, CCJ and AF collected and developed
pipeline for the imaging data for TCIA. All authors read and approved the
final manuscript.

Acknowledgments
This work was supported in part by the John S. Dunn Research Foundation
Center for Radiological Sciences (RRC). This work was supported in part by
MDACC startup funding (RRC). This project has been funded in whole or in
part with federal funds from the National Cancer Institute, National Institutes
of Health, under Contract No. HHSN261200800001E. The content of this
publication does not necessarily reflect the views or policies of the
Department of Health and Human Services, nor does mention of trade
names, commercial products, or organizations imply endorsement by the U.S.
Government (JK and JF).

Author details
1Department of Diagnostic Radiology, M. D. Anderson Cancer Center, 1400
Pressler St; Unit 1482, Rm # FCT 16.5037, Houston, TX 77030, USA.
2Massachussets General Hospital, Boston, MA, USA. 3Department of
Radiology, Emory University, Atlanta, GA, USA. 4University of Virginia,
Charlottesville, VA, USA. 5Department of Radiology, New York University
Medical Center, New York, NY, USA. 6University of California San Diego
Health System, San Diego, CA, USA. 7Department of Radiology, San Diego
Medical Center, San Diego, CA, USA. 8Stanford University, Stanford, CA, USA.
9Clinical Monitoring Research Program, Leidos Biomedical Research Inc.,
Frederick National Laboratory for Cancer Research, Frederick, MD 21702, USA.
10NCI/NIH, Rockville, MD, USA. 11Department of Radiology, Thomas Jefferson
University Hospital, Philadelphia, PA, USA. 12Department of Neurosurgery,
Baylor College of Medicine, 1 Baylor Plaza, Houston, TX 77030, USA.

Received: 24 January 2014 Accepted: 6 May 2014
Published: 2 June 2014

References
1. Quant EC, Wen PY: Novel medical therapeutics in glioblastomas,

including targeted molecular therapies, current and future clinical trials.
Neuroimaging Clin N Am 2010, 20:425–448.

2. (TCGA) TCGA: Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature 2008, 455:1061–1068.

3. 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: Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N Engl J Med 2005, 352:987–996.

4. Salk JJ, Fox EJ, Loeb LA: Mutational heterogeneity in human cancers:
Origin and consequences. Annu Rev Pathol 2010, 5:51–75.

5. Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E,
Martinez P, Matthews N, Stewart A, Tarpey P, Varela I, Phillimore B, Begum S,



Colen et al. BMC Medical Genomics 2014, 7:30 Page 9 of 9
http://www.biomedcentral.com/1755-8794/7/30
McDonald NQ, Butler A, Jones D, Raine K, Latimer C, Santos CR, Nohadani
M, Eklund AC, Spencer-Dene B, Clark G, Pickering L, Stamp G, Gore M,
Szallasi Z, Downward J, Futreal PA, Swanton C: Intratumor heterogeneity
and branched evolution revealed by multiregion sequencing. N Engl J
Med 2012, 366:883–892.

6. Hoelzinger DB, Mariani L, Weis J, Woyke T, Berens TJ, McDonough WS,
Sloan A, Coons SW, Berens ME: Gene expression profile of glioblastoma
multiforme invasive phenotype points to new therapeutic targets.
Neoplasia 2005, 7:7–16.

7. Burger PC, Dubois PJ, Schold SC Jr, Smith KR Jr, Odom GL, Crafts DC,
Giangaspero F: Computerized tomographic and pathologic studies of the
untreated, quiescent, and recurrent glioblastoma multiforme. J Neurosurg
1983, 58:159–169.

8. Kelly PJ, Daumas-Duport C, Kispert DB, Kall BA, Scheithauer BW, Illig JJ:
Imaging-based stereotaxic serial biopsies in untreated intracranial glial
neoplasms. J Neurosurg 1987, 66:865–874.

9. Raza SM, Fuller GN, Rhee CH, Huang S, Hess K, Zhang W, Sawaya R:
Identification of necrosis-associated genes in glioblastoma by cdna
microarray analysis. Clin Cancer Res 2004, 10:212–221.

10. Pope WB, Chen JH, Dong J, Carlson MR, Perlina A, Cloughesy TF, Liau LM,
Mischel PS, Nghiemphu P, Lai A, Nelson SF: Relationship between gene
expression and enhancement in glioblastoma multiforme: Exploratory
DNA microarray analysis. Radiology 2008, 249:268–277.

11. Diehn M, Nardini C, Wang DS, McGovern S, Jayaraman M, Liang Y, Aldape K,
Cha S, Kuo MD: Identification of noninvasive imaging surrogates for brain
tumor gene-expression modules. Proc Natl Acad Sci U S A 2008,
105:5213–5218.

12. Zinn PO, Sathyan P, Mahajan B, Bruyere J, Hegi M, Majumder S, Colen RR:
A novel volume-age-kps (vak) glioblastoma classification identifies a
prognostic cognate microrna-gene signature. PLoS ONE 2012, 7:e41522.

13. Zinn PO, Majadan B, Sathyan P, Singh SK, Majumder S, Jolesz FA, Colen RR:
Radiogenomic mapping of edema/cellular invasion mri-phenotypes in
glioblastoma multiforme. PLoS ONE 2011, 6:e25451.

14. Ramakrishna R, Barber J, Kennedy G, Rizvi A, Goodkin R, Winn RH, Ojemann
GA, Berger MS, Spence AM, Rostomily RC: Imaging features of invasion
and preoperative and postoperative tumor burden in previously
untreated glioblastoma: Correlation with survival. Surg Neurol Int 2010, 1.

15. The cancer imaging archive. [http://cancerimagingarchive.net]
16. Gutman DA, Cooper LA, Hwang SN, Holder CA, Gao J, Aurora TD, Dunn WD,

Scarpace L Jr, Mikkelsen T, Jain R, Wintermark M, Jilwan M, Raghavan P,
Huang E, Clifford RJ, Mongkolwat P, Kleper V, Freymann J, Kirby J, Zinn PO,
Moreno CS, Jaffe C, Colen R, Rubin DL, Saltz J, Flanders A, Brat DJ: Mr
imaging predictors of molecular profile and survival: Multi-institutional
study of the tcga glioblastoma data set. Radiology 2013, 267:560–569.

17. Channin DS, Mongkolwat P, Kleper V, Rubin DL: The annotation and image
mark-up project. Radiology 2009, 253:590–592.

18. Rubin DL, Mongkolwat P, Channin DS: A semantic image annotation
model to enable integrative translational research. Summit on Translat
Bioinforma 2009, 2009:106–110.

19. Channin DS, Mongkolwat P, Kleper V, Sepukar K, Rubin DL: The cabig
annotation and image markup project. J Digit Imaging 2010, 23:217–225.

20. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U,
Speed TP: Exploration, normalization, and summaries of high density
oligonucleotide array probe level data. Biostatistics 2003, 4:249–264.

21. Gould J, Getz G, Monti S, Reich M, Mesirov JP: Comparative gene marker
selection suite. Bioinformatics 2006, 22:1924–1925.

22. Terry M: Modeling survival data: Extending the cox model. New York: Springer;
2000.

23. Cairns RA, Harris IS, Mak TW: Regulation of cancer cell metabolism. Nat Rev
Cancer 2011, 11:85–95.

24. Li F, Wang Y, Zeller KI, Potter JJ, Wonsey DR, O'Donnell KA, Kim J-w, Yustein
JT, Lee LA, Dang CV: Myc stimulates nuclearly encoded mitochondrial
genes and mitochondrial biogenesis. Mol Cell Biol 2005, 25:6225–6234.

25. Koppenol WH, Bounds PL, Dang CV: Otto warburg's contributions to
current concepts of cancer metabolism. Nat Rev Cancer 2011, 11:325–337.

26. Wu W, Zhao S: Metabolic changes in cancer: Beyond the warburg effect.
Acta Biochim Biophys Sin (Shanghai) 2013, 45:18–26.

27. Cantor JR, Sabatini DM: Cancer cell metabolism: One hallmark, many
faces. Cancer Discov 2012, 2:881–898.

28. Hanahan D, Weinberg Robert A: Hallmarks of cancer: The next generation.
Cell 2011, 144:646–674.
29. Warburg O: On the origin of cancer cells. Science 1956, 123:309–314.
30. Gogvadze V, Orrenius S, Zhivotovsky B: Mitochondria in cancer cells:

What is so special about them? Trends Cell Biol 2008, 18:165–173.
31. King A, Selak MA, Gottlieb E: Succinate dehydrogenase and fumarate

hydratase: Linking mitochondrial dysfunction and cancer. Oncogene 2006,
25:4675–4682.

32. Dang CV: Links between metabolism and cancer. Genes Dev 2012, 26:877–890.
33. Wallace DC: Mitochondria and cancer. Nat Rev Cancer 2012, 12:685–698.
34. Parsons DW, Jones S, Zhang X, Lin JC-H, Leary RJ, Angenendt P, Mankoo P,

Carter H, Siu I-M, Gallia GL, Olivi A, McLendon R, Rasheed BA, Keir S,
Nikolskaya T, Nikolsky Y, Busam DA, Tekleab H, Diaz LA, Hartigan J, Smith
DR, Strausberg RL, Marie SKN, Shinjo SMO, Yan H, Riggins GJ, Bigner DD,
Karchin R, Papadopoulos N, Parmigiani G et al: An integrated genomic
analysis of human glioblastoma multiforme. Science 2008, 321:1807–1812.

35. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, Kos I, Batinic-
Haberle I, Jones S, Riggins GJ, Friedman H, Friedman A, Reardon D, Herndon
J, Kinzler KW, Velculescu VE, Vogelstein B, Bigner DD: Idh1 and idh2
mutations in gliomas. N Engl J Med 2009, 360:765–773.

36. Vander Heiden MG, Cantley LC, Thompson CB: Understanding the warburg
effect: The metabolic requirements of cell proliferation. Science 2009,
324:1029–1033.

37. Kaadige MR, Elgort MG, Ayer DE: Coordination of glucose and glutamine
utilization by an expanded myc network. Transcription 2010, 1:36–40.

38. Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, Aoi T, Okita K,
Mochiduki Y, Takizawa N, Yamanaka S: Generation of induced pluripotent
stem cells without myc from mouse and human fibroblasts. Nat
Biotechnol 2008, 26:101–106.

39. Dang CV: Myc on the path to cancer. Cell 2012, 149:22–35.
40. Habib AA, Chatterjee S, Park SK, Ratan RR, Lefebvre S, Vartanian T:

The epidermal growth factor receptor engages receptor interacting
protein and nuclear factor-kappa b (nf-kappa b)-inducing kinase to
activate nf-kappa b. Identification of a novel receptor-tyrosine kinase
signalosome. J Biol Chem 2001, 276:8865–8874.

41. Bredel M, Bredel C, Juric D, Duran GE, Yu RX, Harsh GR, Vogel H, Recht LD,
Scheck AC, Sikic BI: Tumor necrosis factor-alpha-induced protein 3 as a
putative regulator of nuclear factor-kappab-mediated resistance to
o6-alkylating agents in human glioblastomas. J Clin Oncol 2006, 24:274–287.

42. Raychaudhuri B, Han Y, Lu T, Vogelbaum MA: Aberrant constitutive
activation of nuclear factor kappab in glioblastoma multiforme drives
invasive phenotype. J Neurooncol 2007, 85:39–47.

43. Sethi G, Ahn KS, Chaturvedi MM, Aggarwal BB: Epidermal growth factor
(egf) activates nuclear factor-kappab through ikappabalpha kinase-
independent but egf receptor-kinase dependent tyrosine 42
phosphorylation of ikappabalpha. Oncogene 2007, 26:7324–7332.

44. Bredel M, Scholtens DM, Yadav AK, Alvarez AA, Renfrow JJ, Chandler JP,
Yu IL, Carro MS, Dai F, Tagge MJ, Ferrarese R, Bredel C, Phillips HS, Lukac PJ,
Robe PA, Weyerbrock A, Vogel H, Dubner S, Mobley B, He X, Scheck AC,
Sikic BI, Aldape KD, Chakravarti A, Harsh GR: Nfkbia deletion in
glioblastomas. N Engl J Med 2011, 364:627–637.

45. Wang CY, Cusack JC Jr, Liu R, Baldwin AS Jr: Control of inducible
chemoresistance: Enhanced anti-tumor therapy through increased
apoptosis by inhibition of nf-kappab. Nat Med 1999, 5:412–417.

46. Zanotto-Filho A, Braganhol E, Schroder R, de Souza LH, Dalmolin RJ,
Pasquali MA, Gelain DP, Battastini AM, Moreira JC: Nfkappab inhibitors
induce cell death in glioblastomas. Biochem Pharmacol 2011, 81:412–424.

doi:10.1186/1755-8794-7-30
Cite this article as: Colen et al.: Imaging genomic mapping of an
invasive MRI phenotype predicts patient outcome and metabolic
dysfunction: a TCGA glioma phenotype research group project. BMC
Medical Genomics 2014 7:30.

http://cancerimagingarchive.net

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Patient population and TCGA and TCIA
	Image acquisition and analysis
	Image analysis
	Biostatistical image and survival analysis
	Biostatistical image- genomic analysis

	Results
	Univariate proportional hazards regression model fit for 11 potential predictors of survival
	Invasive imaging phenotypes
	Ependymal (EP) enhancement
	Invasion classes and genomic signatures

	Discussion
	Conclusion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


