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Glioblastoma multiforme (GBM) is the most common and lethal
primary brain tumor in adults. We combined neuroimaging and
DNA microarray analysis to create a multidimensional map of
gene-expression patterns in GBM that provided clinically relevant
insights into tumor biology. Tumor contrast enhancement and
mass effect predicted activation of specific hypoxia and prolifer-
ation gene-expression programs, respectively. Overexpression of
EGFR, a receptor tyrosine kinase and potential therapeutic target,
was also directly inferred by neuroimaging and was validated in an
independent set of tumors by immunohistochemistry. Further-
more, imaging provided insights into the intratumoral distribution
of gene-expression patterns within GBM. Most notably, an “infil-
trative”” imaging phenotype was identified that predicted patient
outcome. Patients with this imaging phenotype had a greater
tendency toward having multiple tumor foci and demonstrated
significantly shorter survival than their counterparts. Our findings
provide an in vivo portrait of genome-wide gene expression in
GBM and offer a potential strategy for noninvasively selecting
patients who may be candidates for individualized therapies.

cancer | genomics | glioblastoma multiforme | radiogenomics

ecent advances in the molecular analysis of brain tumors

have led to an improved understanding of gliablastoma
multiforme (GBM) tumor biology and the genomic heteroge-
neity that typifies the disease (1-7). However, the diagnosis and
treatment of GBM is still largely guided by histopathology and
immunohistochemistry, approaches that group histologically
similar tumors that can often demonstrate markedly distinct
clinical behaviors. Overall survival remains poor, with most
patients succumbing to their disease within 15 months of diag-
nosis. Methods that assess molecular differences between GBMs
hold promise for improving outcome by potentially allowing for
individualized patient management.

Magnetic resonance imaging (MRI) is routinely used in the
diagnosis, characterization, and clinical management of GBM
(8). It is a powerful and noninvasive diagnostic imaging tool that
allows global assessment of GBMs and their interaction with
their local environment. In its ability to extract structural,
compositional, physiological, and functional information, MRI
captures multidimensional, in vivo portraits of GBMs. Interest-
ingly, histologically similar tumors often demonstrate highly
distinct imaging profiles on MRI (9). Recently, several studies
have attempted to correlate imaging findings with molecular
markers, but no consistent associations have emerged. and many
of the imaging features that characterize tumors currently lack
biological or molecular correlates (10-15). Much of the infor-
mation encoded within neuroimaging studies therefore remains
unaccounted for and incompletely characterized at the molec-
ular level. We reasoned that the phenotypic diversity of GBM
captured by neuroimaging reflects underlying inter- and intra-
tumoral gene-expression differences and that these relationships
could be uncovered by combining genome-scale gene expression
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and MRI. Here, we show that this approach reveals previously
unknown associations between molecular properties of tumors
and their appearance by radiologic imaging. Furthermore, we
identified an imaging phenotype that is associated with overall
survival of GBM patients.

Results

Identification of Imaging Surrogates for Gene-Expression Modules.
To test the hypothesis that phenotypic diversity of GBM cap-
tured by neuroimaging reflects underlying inter- and intratu-
moral gene-expression differences, we created a radiogenomic
map using an integrative analysis of microarray gene-expression
patterns and imaging profiles from pretreatment MR1 studies for
22 GBMs. Each MRI was evaluated by two expert radiologists
across 10 distinct radiophenotypes representing a spectrum of
imaging characteristics seen in GBM. These imaging phenotypes
captured aspects of tumor physiology, morphology, cellularity,
and composition as well as the interaction of the tumors with
their local environment [see supporting information (SI) Meth-
ods]. We then determined the relationship between each imaging
phenotype and the respective gene-expression profiles previ-
ously assessed by DNA microarray analysis (3) using a two-step
algorithm that accounted for multiple hypothesis testing. Be-
cause the imaging data were of significantly lower dimensionality
than the gene-expression data, we focused on seven previously
defined gene-expression modules related to known biologic
processes (see Methods).

A high-level view of the data revealed a dense and robust
association between radiophenotypes and GBM gene expres-
sion. Expression of 1,089 of the 2,188 cDNA clones previously
shown to be differentially expressed among these GBMs signif-
icantly correlated with at least 1 of the 10 imaging phenotypes.
Furthermore, 5 of the 10 imaging phenotypes were significantly
associated with at least one of the seven gene-expression mod-
ules (Fig. 14). The link between radiophenotype and gene
expression appeared relatively insensitive to gene-expression
module size, because we identified significant associations with
modules as small as 10 clones (EGFR) and as large as 224 clones
(immune cell infiltration). Most of the gene-expression signa-
tures were best captured by unique imaging traits, suggesting
specificity in the association between radiophenotypes and the
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Fig. 1. Gene-expression surrogates for MRI traits. (A) Unsupervised hierarchical clustering of 32 samples including GBMs and normal brain specimens was
performed as described (3). Gene clusters with common functional or biological themes were identified and are indicated to the left of the expression map. Rows
represent genes (unique cDNA elements), and columns represent experimental samples. By using a correlation-based approach, statistically significant positive
associations between MR imaging phenotypes and the gene clusters were identified (see Methods). The imaging trait displaying the best fit for each
gene-expression module is indicated to the right of the expression map. Permutation-based P values are shown by using colored bars. Statistical significance is
represented in terms of —log1o(p), and several cut-off values are indicated. (B) Expanded view of the association between the hypoxia gene-expression module
and contrast enhancement. Tumor arrays were clustered by using only cDNA clones contained within the gene module. The value of the imaging trait for each
tumor is indicated by the colored box above the expression map. Representative MR images are depicted on the left. A subset of named genes is labeled. (C)

Expanded view of the association between the proliferation gene-expression module and mass effect. Data are displayed as in B.

underlying gene-expression signatures. Moreover, when one
imaging trait was associated with more than one gene module,
the modules displayed very similar gene-expression patterns
(e.g., association of SVZ involvement with neuronal and glial
gene clusters.) Thus, a relatively large fraction of the molecular
heterogeneity of GBM could be captured by using only a small
number of MR imaging features.

A more detailed view of our map revealed biologically inter-
esting insights between the imaging phenotypes and gene-
expression modules. Activation or repression of specific gene-
expression programs in GBM could be inferred from their
characteristic radiophenotypes. For example, activity of the
hypoxia module, which contains genes implicated in angiogen-
esis and tumor hypoxia (e.g., VEGF, ADM, PLAUR, SERPINEI,
CA12) (16), was associated with the contrast enhancement (CE)
imaging phenotype (P = 0.012) (Fig. 1B). Given that hypoxia is
closely linked to angiogenesis and inadequate blood flow
through poorly formed tumor neovasculature (17), the correla-
tion of CE with the hypoxia module likely reflects the presence
of dysfunctional vasculature in hypoxic regions of tumors (18).
Given the emerging role of targeted antiangiogenic drugs in the
treatment of gliomas (19), this radiophenotype could potentially
be used as an imaging biomarker for selecting patients for
antiangiogenic therapy.

Similarly, a strong association between the mass effect
radiophenotype and the proliferation gene-expression signa-
ture (P = 0.0017) was uncovered. The proliferation cluster
contains genes involved in proliferation and cell-cycle pro-
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gression (e.g., TOP24, CDC2, and BUBIB) (20). As such, it
serves as a molecular marker of the proliferation rate of tumor
cells. As seen in Fig. 1C, hierarchical clustering of tumors
based solely on the expression of this module resulted in
segregation of the majority of low- and high-mass-effect
tumors to opposite branches of the dendrogram. Interestingly,
tumor size alone did not significantly correlate with the
proliferation cluster (data not shown). Mass effect may be a
better surrogate for tumor proliferation rate than tumor size
because it incorporates the response of surrounding brain
tissue to a rapidly growing tumor. Thus, clinically and biolog-
ically relevant gene-expression signatures can be assessed
noninvasively by using specific imaging phenotypes.

Analysis of Spatial Gene-Expression Differences Within Tumors. Al-
though intertumoral gene-expression differences among GBMs
are significantly greater than intratumoral differences, we aimed
to test whether we could image spatial differences in gene
expression within a tumor using MRI. We therefore evaluated
the imaging and gene-expression patterns from paired stereo-
tactic biopsy samples from several GBMs. Tissue sample selec-
tion was guided by imaging, with samples obtained from CE and
non-CE regions within the same tumor (3). Consistent with our
previous analyses, genes within the hypoxia cluster were differ-
entially expressed within the same tumor according to the
relative extent of CE within each region (Fig. 2). This indicates
that spatial gene-expression differences within tumors can be
visualized by radiologic imaging.

Diehn et al.
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Fig. 2. Intratumoral contrast enhancement variability reflects spatial ex-
pression of the hypoxia gene-expression module. For two tumors, stereotactic
biopsies were performed from contrast enhancing and nonenhancing re-
gions, and gene-expression profiles were generated separately for each bi-
opsy. The bar graphs (Lower) display the mean relative expression of the
hypoxia gene-expression signature in each of the biopsied regions. The ex-
pression differences between the two regions were statistically significant for
both tumors (P < 0.002). Representative MR images of the biopsied regions are
depicted (Upper).

Validation of the Association of EGFR Overexpression with Contrast-
to-Necrosis Ratio. Given the emerging role of targeted molecular
therapies in the treatment of GBM, we sought to determine
whether protein expression of a therapeutic target could be
predicted based on its imaging-gene-expression association. Be-
cause several drugs targeting EGFR are in clinical use, and
because these may produce reduction of tumor size in select
GBM patients (21, 22), we focused on the association between
the overexpression of EGFR and the ratio of the contrast-
enhancing volume to the necrotic tumor volume (C:N) found in
our initial analysis (P = 0.019). Specifically, a high C:N ratio
correlated with EGFR overexpression. To confirm this associ-
ation, we evaluated an independent set of 49 GBMs for EGFR
expression by immunohistochemistry. The C:N imaging trait
predicted EGFR protein overexpression with a sensitivity of 0.92
and specificity of 0.50 in the validation dataset (P < 0.002 by x?)
(Fig. 3). This finding confirms the link between the C:N imaging
trait and EGFR expression, indicates that this imaging pheno-
type is a surrogate for EGFR overexpression, and suggests that
it may be possible to develop imaging-based predictors of
treatment response.

Infiltrative Imaging Phenotype Predicts Patient Outcome. Having
demonstrated the ability of imaging phenotypes to reflect un-
derlying gene-expression programs, we next sought to identify
imaging surrogates for gene-expression profiles with prognostic
implications. Initial inspection of our radiogenomic map re-
vealed a significant overlap between a survival-associated gene
signature and an infiltrative pattern of T2 edema (P = 0.007).
The infiltrative pattern was differentiated from an edematous
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Fig. 3. C:N ratio is associated with EGFR protein expression in an indepen-
dent group of GBMs. EGFR protein levels were assessed by immunohistochem-
istry (IHC) in an independent set of 49 GBMs for which preoperative MRI scans
were available. C:N ratio was scored for each MRI and was found to be
significantly associated with EGFR expression (P < 0.004) (A) Representative
MRI depicting high C:N ratio. (B) EGFR IHC for the patient in A. (C) Represen-
tative MRI depicting low C:N ratio. (D) EGFR IHC for the patient in C.

pattern based on the appearance of hyperintense signal on
T2-weighted images and reflects the interface between a tumor
and the adjacent normal brain. To our knowledge, this radio-
phenotype has not been previously characterized in this manner
in the context of GBM. Gene Ontology term analysis of the
infiltrative radiophenotype-associated genes (Fig. 44) revealed a
significant enrichment of terms involved in CNS development,
including nervous system development (P < 0.003) and gliogen-
esis (P < 0.034). This finding suggests that tumors displaying the
infiltrative phenotype may share gene-expression programs with
glial progenitors or CNS stem cells.

To verify the prognostic association of the infiltrative radio-
phenotype suggested by the radiogenomic map, we performed
Kaplan-Meier analysis on the original set of tumors. This
demonstrated that patients with the infiltrative radiophenotype
had significantly worse survival than their edematous counter-
parts (P < 0.02). Other clinical parameters, including age,
performance status, and extent of resection, were not signifi-
cantly different between the groups (Table S1).

Given the potential clinical utility of this finding, we tested our
prognostic imaging marker on an independent set of 110 GBMs.
Survival analysis confirmed the association of the infiltrative
phenotype with poor prognosis (P < 3.1 X 1077, Fig. 4C), with
a median survival of 216 days for patients with the infiltrative
phenotype compared with 390 days for those with the edematous
phenotype. Further, tumors with the infiltrative phenotype were
more likely to have multiple tumor foci compared with their
edematous counterparts (P = 0.009). Our findings suggest that
overexpression of the infiltrative radiophenotype-associated
genes increases tumor cell invasion into the surrounding brain
parenchyma, which is reflected by an infiltrative pattern of T2
hyperintense signal on MR images.

Discussion

In summary, our results demonstrate that the integration of
functional genomic datasets and medical imaging produces in
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The infiltrative/edematous radiophenotype predicts survival of GBM patients. (A) Expression of the infiltrative radiophenotype-associated genes in the

initial set of GBMs. Data are displayed as in Fig. 1. (B) Kaplan-Meier analysis based on the infiltrative/edematous radiophenotype for the initial set of GBMs. (C)
Kaplan-Meier analysis based on the infiltrative/edematous radiophenotype for an independent cohort of 110 GBM patients. Median overall survival was 390

days for edematous tumors and 216 days for infiltrative tumors (P < 3.1 X 1077)

vivo portraits of the spatial distribution of gene expression within
tumors. Activation of specific gene-expression programs can be
inferred from imaging traits, thus providing insights into tumor
biology on a tumor-by-tumor basis. Using this information, we
were able to identify potential imaging biomarkers for different
classes of anti-GBM therapeutic agents, including antiangiogen-
esis and EGFR-based therapies. Additionally, our results suggest
that intratumoral heterogeneity of certain gene-expression pro-
grams can be spatially resolved by using imaging. Finally, we
identified an imaging phenotype characterized by an infiltrative
appearance that was associated with aggressive clinical behavior
and expression of genes involved in CNS development and
gliogenesis.

Over the past 20 years, there has been exponential growth in
the power and clinical utility of imaging modalities such as MRI
to noninvasively diagnose and characterize disease and to guide
clinical management. In parallel, the development of functional
genomic tools such as DNA microarrays has provided powerful
methods for dissecting the molecular basis of disease on a
genome-wide level. One of the current limitations of many
microarray-based studies continues to be the difficulty of trans-
lating molecular findings into clinically useful assays or inter-
ventions. As shown in this study, the fusion of imaging and
functional genomic datasets offers the potential for more rapid
clinical translation. This was highlighted by the identification of
the “infiltrative” imaging phenotype, whose prognostic value was
validated in a large independent dataset where it was shown to
be a strong predictor of survival. This noninvasive prognostic
biomarker may be useful in clinical management, particularly if
the infiltrative and edematous subgroups are shown to differ in
their susceptibility to therapies. Although these findings will
need to be further characterized and validated, they demonstrate
the power of the combined radiologic and genomic approach and
provide a paradigm for rapidly identifying testable hypotheses in
the clinical setting.

Other investigators have attempted to identify MRI charac-
teristics of GBMs that correlate with patient outcome (23-26).
Although no consistent association between imaging traits and
survival has been found, tumor properties such as the amount of
necrosis, the intensity of contrast enhancement, and the extent
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of peritumoral edema correlate with outcome in various data-
sets. The imperfect agreement among these studies is likely due
at least in part to the generally small number of tumors examined
and the use of differing selection criteria. The infiltrative phe-
notype that we describe here has not been previously examined
in the context of GBM, and we therefore validated its association
with survival in a large independent dataset. One of the strengths
of our approach is that we can examine the list of genes whose
expression correlates with the infiltrative phenotype to identify
possible molecular explanations for the apparently increased
invasiveness of these tumors. This list includes genes involved in
tumor cell migration such as brevican (BCAN), TRIO (27),
PTP4A43 (28), and ERF (29). Interestingly, BCAN has been
documented to specifically promote glioma cell aggressiveness
and invasion in an animal model (30). Enhanced invasion of
normal brain and associated disruption of neurological functions
caused by the expression of a subset of the infiltrative radiophe-
notype-associated genes may therefore explain the inferior sur-
vival of patients with infiltrative tumors and may suggest possible
therapeutic avenues.

The approach used in this study is easily generalizable, because
it could be applied to any disease for which both imaging and
functional genomic data are available. Indeed, we have previ-
ously demonstrated that global gene-expression patterns of
hepatocellular carcinoma are correlated with contrast-enhanced
computed tomography phenotypes using a module networks
algorithm (31), indicating that this approach can yield useful
information in multiple cancer types. To better approximate
potential clinical applications, we applied a more simplified and
targeted supervised approach in the current study, allowing the
direct association of imaging phenotypes with predefined gene-
expression signatures. This allowed us to directly address
whether known gene-expression programs are reflected by an
imaging phenotype. Extension of this method to other tumor
types and diseases will likely uncover associations between
molecular properties and imaging characteristics of human
diseases. Of note, once a link between an imaging phenotype and
a molecular signature has been uncovered, it should be possible
to reexamine imaging studies of previously treated patients (such

Diehn et al.
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as those on clinical trials) to assess whether the new biomarker
predicts outcome or treatment response.

Although our approach offers a number of inherent advan-
tages over current diagnostic molecular and imaging approaches,
there are a number of important caveats. First, the dimension-
ality of imaging, although rapidly increasing over time, is still
orders of magnitude lower than that of whole genome gene-
expression profiling. Thus, the molecular detail of this approach
will likely never match that of conventional molecular profiling
approaches. However, the ability of this technique to identify
imaging biomarkers for molecular features of tumors should
scale as a function of the resolving capability of imaging.
Although we uncovered a number of molecular associations with
conventional MR images, we expect that application of more
advanced imaging techniques (including new contrast agents,
pulse sequences, and molecular imaging tools) (8, 32) should
facilitate the identification of additional clinically relevant ra-
diophenotypic surrogates for molecular signatures within GBM.
Furthermore, the application of more quantitative image anal-
ysis tools should also allow for richer image feature extraction
and should facilitate the standardization and adoption of these
types of imaging biomarkers by decreasing the potential for
interobserver bias. A second caveat is that our study was
retrospective in nature and relied on previously acquired gene-
expression data in a relatively small patient cohort. Thus, our
findings will need to be further characterized and validated in
future studies, ideally with uniformly treated patients for which
gene-expression data are being prospectively generated.

In conclusion, this study demonstrates a simple, widely appli-
cable method for discovering imaging biomarkers that are
associated with underlying gene-expression signatures. Our ap-
proach facilitates the association of complex molecular signa-
tures with readily identifiable imaging characteristics. Given the
noninvasive nature of medical imaging and its wide use in clinical
practice, there are a wide range of human disease processes to
which this method could be applied. It is likely that identification
of imaging phenotypes tied to distinct molecular phenotypes will
help to advance individualized patient care.

Methods

Patient Samples and Gene-Expression Data. The details of the tissue samples
and GBM gene-expression data and their analysis have been reported (3). All
samples used for microarray analysis in the initial publication were from the
Brain Tumor Tissue Bank at the University of California (San Francisco). Briefly,
22 GBMs and 3 normal brain samples were analyzed on cDNA microarrays
containing =~23,000 elements (representing ~18,000 unique UniGene clus-
ters) by using standard methods. Array elements that varied at least 2-fold
from the median on at least five microarrays were included in Fig. 1 (2,188
cDNA elements representing ~1,800 UniGene clusters). Gene-expression clus-
ters were extracted from the hierarchical cluster as described (3).

Annotated Gene Modules. Gene-expression modules were curated from the
2,188-gene dataset as described (3). In total, seven annotated gene-expression
modules were used in this study: epidermal growth factor receptor (EGFR)
overexpression, hypoxia, extracellular matrix (ECM), immune cells, prolifera-
tion, glial, and neuronal.

MRI Image Analysis. All MRI exams were performed on a 1.5 T Signa Echospeed
scanner (GE Medical Systems). The following 10 binary imaging traits were
scored for each MRI study after IRB: contrast enhancement, necrosis, mass effect,

1. Nutt CL, et al. (2003) Gene-expression-based classification of malignant gliomas cor-
relates better with survival than histological classification. Cancer Res 63:1602-1607.

2. Freije WA, et al. (2004) Gene-expression profiling of gliomas strongly predicts survival.
Cancer Res 64:6503-6510.

3. Liang Y, et al. (2005) Gene-expression profiling reveals molecularly and clinically
distinct subtypes of glioblastoma multiforme. Proc Nat/ Acad Sci USA 102:5814-
5819.

4. Bredel M, et al. (2005) Functional network analysis reveals extended gliomagenesis
pathway maps and three novel MYC-interacting genes in human gliomas. Cancer Res
65:8679-8689.
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pattern of T2 edema (infiltrative/edematous), cortical involvement, SVZ involve-
ment, C:N ratio, contrast/T2 ratio, degree of T2 edema, and T2 heterogeneity. The
edematous T2 pattern was defined as classic vasogenic edema of the nonenhanc-
ing portion of the tumor where the T2 abnormality has a ““pseudopod” appear-
ance and a generally uniform T2 hyperintense signal. The infiltrative pattern was
defined as a diffuse, expansile, T2 abnormality beyond the solid enhancing
portion of the tumor that s slightly brighter than normal brain and does not have
the classic appearance of vasogenic edema. Complete definitions for each of the
traits can be found in S/ Methods. All images were evaluated by consensus in a
blinded fashion by two board-certified radiologists (S.C. and M.D.K.) across each
of the 10 imaging traits.

Bioinformatic Analyses. To assess the association between the imaging traits
and gene modules, we used a two-step algorithm. In the first step, we
identified sets of cDNA elements (i.e., genes) that were statistically signifi-
cantly correlated with each imaging trait (hereafter referred to as trait-
associated genes.) We thus evaluated the correlation of the log,(Cy5/Cy3)
expression ratio for every cDNA clone with each of the imaging traits using a
Spearman rank-correlation coefficient. To assess statistical significance and to
control for multiple hypothesis testing, we generated 1,000 random permu-
tations of the imaging trait values and recalculated the correlation coefficient
for each cDNA element. The distribution consisting of these values was used
to determine the correlation coefficient corresponding to a Pvalue of 0.05. All
cDNA elements with absolute real correlation coefficients greater than this
cut-off were included in the trait-associated gene sets. In the second step, we
determined the overlap of these trait-associated gene sets with the seven
previously identified gene-expression clusters (or modules) using the hyper-
geometric distribution. To evaluate for statistical significance and to control
for multiple hypothesis testing, we used the 1,000 random permutations from
the above and identified 1,000 “random’’ trait-associated gene sets for each
trait and permutation using the correlation coefficient cut-off identified in
the first step. We then generated a null distribution of hypergeometric scores
that was used to determine the final Pvalue for the association between each
of the seven gene modules and the trait-associated gene sets (Dataset S1).

Gene Ontology Enrichment Analysis. Gene Ontology enrichment analysis was
performed for each imaging trait-associated gene set by using GoMiner (33).

EGFR Immunohistochemistry Validation Analysis. Paraffin-embedded tissues
and MRI datasets were from the M. D. Anderson Cancer Center, University of
Texas and were obtained with informed consent after approval of the Human
Research Committee. To be included, tumors had to have preoperative,
diagnostic-quality MRI scans displaying appreciable contrast-enhancing and
necrotic components on postcontrast enhanced T1-weighted sequences. An-
tigen retrieval and immunostaining of EGFR in paraffin samples were per-
formed as described (34) by using the mouse monoclonal antibody clone 528
(1:50 dilution; Oncogene Science). Scoring was semiquantitative and was
performed by a single neuropathologist (K.D.A.).

Infiltrative/Edematous Validation Analysis. The independent validation data-
set consisted of 110 GBM patients from Stanford University and the M. D.
Anderson Cancer Center with clinical follow-up and appropriate MRI studies.
All data were obtained with approval of the relevant Institutional Review
Boards. MR images were scored for the infiltrative/edematous imaging trait as
described above. Kaplan-Meier survival analysis was carried out by using
WINSTAT (www.winstat.com).
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