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To determine whether magnetic resonance (MR) imaging
is influenced by genetic and cellular features of glioblas-
toma multiforme (GBM) aggressiveness.

In this HIPAA-compliant institutional review board-
approved study, multiple enhancing and peritumoral non-
enhancing stereotactic neurosurgical biopsy samples from
treatment-naive GBMs were collected prospectively, with
guidance from cerebral blood volume (CBV) MR imag-
ing measurements. By using monoclonal antibodies, tis-
sue specimens were examined for microvascular expres-
sion, hypoxia, tumor and overall cellular density, and
histopathologic features of GBM aggressiveness. Genetic
expression patterns were investigated with RNA microar-
rays. Imaging and histopathologic variables were com-
pared with the Welch ¢ test and Pearson correlations. Mi-
croarray analysis was performed by using false discovery
rate (FDR) statistics.

Tumor biopsy of 13 adult patients yielded 16 enhancing
and 14 peritumoral nonenhancing specimens. Enhancing
regions had elevated relative CBV and reduced relative
apparent diffusion coefficient (ADC) measurements com-
pared with peritumoral nonenhancing biopsy regions
(P < .01). A positive correlation was found between rela-
tive CBV and all histopathologic features of aggressiveness
(P < .04). An inverse correlation was found between rela-
tive ADC and all histopathologic features of aggressive-
ness (P < .05). RNA expression patterns between tumor
regions were found to be significantly different (FDR <
0.05), with hierarchical clustering by biopsy region only.

These findings suggest MR imaging is significantly influ-
enced by GBM genetic and cellular biologic features of
aggressiveness and imply physiologic MR imaging may be
useful in pinpointing regions of highest malignancy within
heterogeneous tissues, thus facilitating histologic grading
of primary glial brain tumors.

©RSNA, 2010

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol.09090663/-/DC1
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lioblastoma multiforme (GBM) is

known to depict regional varia-

tion in magnetic resonance (MR)
imaging characteristics, histopathologic
features of aggressiveness, and genetic
expression patterns. The heterogeneous
expression of aggressive cellular features
makes unguided surgical biopsy prone to
sampling error, resulting in undergrading
in up to 30% of cases (1-6). Assessment
of GBM is primarily performed with
contrast material-enhanced anatomic
MR imaging; however, this imaging
sequence has limited specificity in the
identification of features necessary for
glioma grading (6-9). The introduction
of physiology based MR imaging se-
quences, such as diffusion-weighted
(DW) imaging and T2* dynamic sus-
ceptibility weighted contrast-enhanced
(DSC) perfusion-weighted (PW) imag-
ing, hold promise in the quantitative
assessment of GBM features of aggres-
siveness (8-20).

Apparent diffusion coefficient (ADC)
is calculated to quantitatively measure
relative degrees of hydrogen motion
within the extracellular space (21-25).
The coexistence between increased
cellular nuclear-to-cytoplasmic ratio
and reduced ADC has been observed
in primary cerebral nervous system
lymphoma; however, similar studies

Advances in Knowledge

B [n this preliminary study, regional
physiologic MR imaging measure-
ments, genetic expression pat-
terns, and cellular features of
glioma aggressiveness were found
to differ significantly within glio-
blastoma multiforme (GBM) on
the basis of the presence or
absence of contrast
enhancement.

B Up-regulated cellular and genetic
expression of angiogenic and
mitotic signatures within GBM
contrast-enhancing regions cor-
relate with physiologic MR imag-
ing measurements.

B Anatomic and physiologic MR
imaging is significantly influenced
by GBM genetic and cellular bio-
logic features of aggressiveness.

involving mixed-grade glioma have yielded
varied results (25-29).

DSC PW MR imaging is used to
quantitatively measure cerebral he-
modynamic characteristics (9,30-33).
Cerebral blood volume (CBV), peak
height, and percentage of signal intensity
recovery are three imaging measure-
ments previously shown to be clinically
useful in predicting glioma histopatho-
logic grade and distinguishing recurrent
brain tumors from radiation necrosis
(6-16). Currently, DSC MR imaging
measurements are not considered a
valid biomarker of GBM angiogenesis
because a direct comparison with tis-
sue specimens obtained through image-
guided biopsy has yet to be extensively
reported (17-20).

Great strides have been made in
the characterization of regional GBM
genetic expression patterns. Vascular
endothelial growth factor, the target of
current therapeutic regimens, has been
found to be up-regulated within regions
of GBM angiogenesis; however, the de-
gree to which GBM genetic expression
patterns influence regional cellular fea-
tures of aggressiveness and physiologic
MR imaging remains poorly understood
(17,18,34-38). Guided by anatomic and
physiologic MR imaging characteristics,
we prospectively collected stereotactic
neurosurgical biopsy specimens from

Implications for Patient Care

B Physiologic MR imaging provides
useful information that comple-
ments contrast-enhanced MR
imaging in the noninvasive
identification of regions of glioma
aggressiveness prior to surgical
intervention.

B Physiologic MR imaging may
prove successful in providing
important information about the
stratification of grades of malig-
nancy within gliomas during
intraoperative biopsy collection,
allowing for selection of tumor
specimens of the highest aggres-
sive cellular features, thereby
reducing common sampling
errors.

multiple regions of GBM to determine
if the heterogeneous biology, as depicted
by MR imaging, is due to underlying
regional differences in intratumoral
cellular and genetic expression patterns.
The purpose of this preliminary study
was to determine whether MR imaging
is influenced by genetic and cellular fea-
tures of GBM aggressiveness.

Materials and Methods

Patient Population

Adult patients referred to the Univer-
sity of California, San Francisco, Neu-
rologic Surgery Service for resection of
newly diagnosed, treatment-naive, con-
trast material-enhancing lesions that
were seen on MR images and suspected
to be primary GBMs were prospectively
enrolled in this Health Insurance Porta-
bility and Accountability Act-compliant,
institutional review board- and com-
mittee on human research-approved

study between July 2007 and May 2008.

Published online
10.1148/radiol.09090663
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ADC = apparent diffusion coefficient

CBV = cerebral blood volume

DSC = dynamic susceptibility weighted contrast enhanced
DW = diffusion weighted

FDR = false discovery rate

GBM = glioblastoma multiforme

PW = perfusion weighted

rADC = relative ADC

rCBV = relative CBV

rPH = relative peak height

PSR = relative percentage of signal intensity recovery

Author contributions:

Guarantors of integrity of entire study, R.F.B., S.R.V,, S.C.;
study concepts/study design or data acquisition or data
analysis/interpretation, all authors; manuscript drafting

or manuscript revision for important intellectual content,
all authors; manuscript final version approval, all authors;
literature research, R.F.B., J.G.H., J.S.C., M.W.M.; clinical
studies, R.F.B., A.TP, M.W.M., M.S.B., W.P.D., S.C.; statisti-
cal analysis, R.F.B., R.F.Y.; and manuscript editing, R.F.B.,
J.G.H., J.S.C., S.RV, MWM., M.S.B., WPD., S.C.

Funding:

This research was supported by the National Institutes of
Health (grants NS045013, TL1 RR024129-01, and UL1
RR024131).

Authors stated no financial relationship to disclose.

Radiology: \'olume 254: Number 2—February 2010 = radiology.rsna.org

565



>
i

S
=

S
s

NEURORADIOLOGY: Glioblastoma Multiforme Regional Genetic and Cellular Expression Patterns

Barajas et al

Patients younger than 18 years of age or
with a medical history of a treated pri-
mary brain tumor or systemic primary
cancer were not enrolled in this study.
Two patients with suspected GBM were
unenrolled because of tumor nonen-
hancement on MR images. In total, 13
adult patients (mean age, 57.5 years =
11.0 [standard deviation|; age range,
41-74 years)—eight of whom were men
(mean age, 58.6 years = 9.0; age range,
48-74 years) and five of whom were
women (mean age, 55.6 years * 14.4;
age range, 41-72 years)—were included
in this study after written informed
consent was obtained.

MR Imaging Protocol

All patients underwent preoperative
anatomic and physiologic MR imaging
with a 1.5-T Signa Horizon MR imager
(GE Medical Systems, Milwaukee, Wis).
All DW and DSC MR images were ac-
quired by following the same imaging
protocols. For axial DW imaging, the
imaging parameters were as follows:
repetition time msec/echo time msec,
10000/99; 5-mm section thickness; no
intersection gap; 24-cm field of view;
and 1000 sec/mm? b value. For T2*
DSC PW gradient-echo echo-planar im-
aging, the parameters were as follows:
1250/54, 35° flip angle, and 5-mm sec-
tion thickness. Patients underwent DSC
PW MR imaging as previously described
by Lupo et al (12), Cha et al (13-14),
and Barajas et al (15-16). Contrast ma-
terial was not administered prior to the
start of the DSC PW MR imaging se-
quence. An echo time of 54 msec was
chosen for the gradient-echo technique
to maximize the effect of susceptibility
changes. A 35° flip angle was selected
to minimize the T1 effect during the
first pass of the contrast agent.

MR Imaging Analysis and Preoperative
Biopsy Site Planning

Image processing and biopsy site se-
lection were performed in a blinded
manner by one author (R.F.B., more
than 3 years of experience) using com-
mercially available software (Functool;
GE Medical Systems). MR images were
viewed at a standard picture archiving
and communication system and scored

for lesion location, presence of contrast
enhancement and central necrosis, and
degree of T2 edema and mass effect
(39). Postcontrast three-dimensional
spoiled gradient-recalled acquisition in
the steady state images, T2* DSC PW
images, and DW images were trans-
ferred to a commercially available im-
age processing workstation (Advantage;
GE Medical Systems). T2* DSC PW
images were used in the production of
CBV maps and T2* signal intensity-time
curves on a voxel-by-voxel basis. Regions
of signal intensity threshold values less
than 100 signal intensity units or greater
than 4200 signal intensity units were ex-
cluded from analysis. CBV was calculated
by integrating the negative enhancement
portion of the T2* signal intensity-time
curve. Diffusion-weighted images were
used to produce ADC maps.

Postcontrast  three-dimensional
spoiled gradient-recalled acquisition in
the steady state images were aligned
with the T2* DSC PW images, DW
images, and CBV and ADC maps. Up
to six enhancing and peritumoral non-
enhancing regions with the highest CBV
were preoperatively selected for biopsy
and loaded into image-guided surgi-
cal navigation systems (Vector Vision
Neuronavigation System, BrainLAB,
Westchester, Ill; Stealth Station Naviga-
tion System, Medtronic, Minneapolis,
Minn). We used the aligned image data
set to manually define a circular 75-mm?
region of interest for each planned bi-
opsy site, allowing for the corresponding
mean, minimum, and maximum CBV
and ADC values to be recorded. The
size of the region of interest was selected
to account for any possible inaccuracy
between MR imaging measurement
location, localization of biopsy sites, or
intraoperative shift in brain tissue.

The T2* signal intensity-time curves
generated from each region of inter-
est were used in the quantification of
peak height and percentage of signal in-
tensity recovery imaging values (Fig 1F)
(15,16). All PW and DW measure-
ments were standardized to a 50-mm?
region of interest placed on the contral-
ateral normal-appearing white matter
to yield the following relative imaging
values: rCBV, rPH, rPSR, and relative

ADC (rADC). Regions of interest were
approved by an attending neuroradiolo-
gist who was certified by the American
Board of Radiology with a certificate-
added qualification in neuroradiology
and who was blinded to all patient data
(S.C., more than 20 years of experience).

Image-guided Biopsy Specimen
Processing
All biopsy specimens were collected
with image-guided stereotactic biopsy
techniques by one of three authors
(A.T.P, M.W.M, M.S.B; each with more
than 20 years of experience). Screen
shots and MR imaging coordinates of
biopsy locations were recorded to con-
firm the accuracy of biopsy sampling
from preplanned locations. One half of
the biopsy specimen was used for RNA
microarray analysis. The second half
underwent histopathologic analysis.
Cellular density was quantified
on mindbomb homolog 1 monoclonal
antibody-stained tissue slices with a
standardized proliferation index (40-45).
Overall tumor cellular density was man-
ually quantified as the average of the
total number of cells within three high-
power fields at a magnification of X20
(1.0 mm?). Microvascular expression
and hypoxia were measured cualitatively
with factor VIII monoclonal antibody-
and carbonic anhydrase IX monoclonal
antibody-stained sections and use of a
four-tier ordinal scale (0, no immuno-
reactivity; 3, intense immunoreactivity)
within three high-power fields at a magni-
fication of X20. Microvascular morphol-
ogy was graded as delicate (resembling
normal), simple hyperplasia (hyperplas-
tic with definitive lumen), or glomeruloid
(complex hyperplasia) type. An attending
neuropathologist (S.R.V, more than 20
years of experience) who was blinded to
the results of MR imaging performed all
quantitative and qualitative assessments.

Microarray Analysis

Sample preparation, labeling, and array
hybridizations were performed in accor-
dance with standard protocols (46,47).
Total RNA quality was assessed with a
Pico Chip on an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, Calif).
Cyanine cytidine 3-triphosphate-labeled
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Figure 1:  Histopathologic correlation of MR imaging with stereotactic biopsy specimens in patient 10, a 51-year-old man with a left temporal GBM.
A, Axial three-dimensional spoiled gradient-recalled acquisition in the steady state T1-weighted contrast-enhanced image with, D, an aligned CBV map,
and, G, an ADC map show preoperatively selected nonenhancing (pink circle) and enhancing (green circle) biopsy regions. B, C, Tissue specimens
(corresponding to A) were stained with factor VIl monoclonal antibody and show normal delicate microvasculature (orown-stained cells) and complex
hyperplastic microvasculature within, B, nonenhancing and, C, enhancing biopsy samples. (Factor VIl monoclonal antibody stain; original magnification
x20.) E, F, T2* signal intensity time curves (corresponding to [) from, £, nonenhancing and, £, enhancing regions show increased relative CBV (rCBV)
and relative peak height (PH) with reduced relative percentage of signal intensity recovery (rPSR) within the enhancing region. Peak height (PH) was
calculated with the following equation: PH =S —S . Percentage of signal intensity recovery (PSR) was calculated with the following equation: PSR =
(S,—S,,M(S,—S,,,), where S; is the baseline precontrast signal intensity, S_, is the lowest signal intensity during the first passage of the intravascular
contrast bolus, and S, is the signal baseline during the recirculation steady-state phase after administration of the intravascular contrast material bolus.
H, I, Histopathologic slides (corresponding to G of, H, nonenhancing and, /, enhancing tissue samples stained for cellular mitosis show both biopsy
samples infiltrated with malignant cells associated with increased mitotic activity (brown-stained cells) and overall cellularity within, / enhancing regions
correlating to areas of reduced ADC. (Mindbomb homolog 1 monoclonal antibody stain; original magnification X<20.)
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Table 1

Patient Population Data and Clinical Outcome

No. of Biopsies

Patient No./ Age Contrast-enhancing ~ Nonenhancing Surgical

(v)/Sex Location Region Region Treatment Medical Treatment
1/45/F Temporal 1 0 ST T
2/50/F Frontal 1 1 GT T
3/70/F Frontal 1 1 GT T
4/67/M Temporal 1 1 GT T
5/41/F Frontal 1 1 GT Tand E
6/72/F Temporal 1 1 GT T
7/55/M Parietal 1 1 GT Tand E
8/74/M Parietal 1 1 ST Tand E
9/52/M Parietal 1 1 GT T
10/51/M Temporal 4 2 GT T
11/64/M Temporal 1 1 ST TandE
12/58/M Frontal 1 1 ST NA
13/48/M Temporal 1 2 ST NA

Note.—GBM was independently confirmed in all patients with clinical examination of separate biopsy specimens. E=
enzastaurin, GT= gross total surgical resection, NA= patient declined treatment or medical therapy not clinically indicated,

ST= subtotal surgical resection, T= temozolamide.

RNA was assessed with Nandrop
ND-100 (Nanodrop Technologies, Wilm-
ington, Del). Equal amounts of Cy3-
labeled target were hybridized to Agilent
whole mouse genome 4 X 44 K ink jet
arrays (Agilent Technologies). Arrays
were scanned with the microarray scan-
ner (Agilent Technologies), and raw sig-
nal intensities were extracted with Fea-
ture Extraction software (version 9.1;
Agilent Technologies). The microarray
data set was normalized with the quan-
tile normalization method (48) by using
the Linear Models for Microarray Data
(LIMMA) R package (Bioconductor,
Cambridge, England) (49). Additionally,
genetic expression patterns from six
samples of nonneoplastic human brain
gliosis, previously obtained in a separate
cohort of six adult patients, were exam-
ined to help differentiate gene expres-
sion due to astrocyte repair or scarring.

Statistical Analysis

Separate comparison of MR imaging
and histopathologic variables was in-
vestigated with a linear fit model, treat-
ing all ordinal variables as continuous
and taking into account subject effects.
Pearson correlation was used to analyze
the relationships between imaging and
histopathologic variables.

To compare gene expression between
contrast-enhancing and nonenhancing
biopsy sites, a linear model was fit to the
comparison to enable us to estimate the
mean fold change (M value) for each gene
and calculate the moderated t statistic,
B statistic (log,, posterior odds ratios),
false discovery rate (FDR), and adjusted
P value for each gene comparison of
interest (50-52). All gene expression
analysis was performed by using the
aforementioned LIMMA software (49,53).
Functional annotation of microarray ex-
pression data was performed with the
Database for Annotation, Visualization,
and Integrated Discovery (54,55).

Patient Population

Table 1 summarizes the patient popu-
lation included in this study. Thirty
biopsy specimens were obtained; 16
were from contrast-enhancing regions,
and 14 were from peritumoral nonen-
hancing regions (Table E1 [online]).
Malignant tumor cells infiltrated all tis-
sue specimens. In 85% of patients, all
lesions had contrast enhancement on
MR images that was associated with the
presence of central necrosis. In 77% of
patients, a moderate to severe degree

Regional PW and DW MR Imaging Findings

rADC

PSR

rPH

rCBV

Minimum*

Maximum

Mean

Maximum Minimum

Mean

Minimum

Maximum

Mean

Minimum

Mean Maximum

Biopsy Location

1.10 = 0.52 1.09 = 0.34

1.14 = 0.47

339+135 079+0.19 082=*045 0.72=*=0.14

415173 227191 3.62 =148 397 *1.81

3.75 £ 1.97

Contrast-

enhancing region

Nonenhancing

0.95+0.11 1.61+042 167 =065 1.45=0.60

1.21 = 0.81

1.45+060 0.96+0.10

1.60 =1.04 1.08=*=0.05 142=*=056 1.49*0.67

1.30 = 0.44

region

Data are means + standard deviations. Unless otherwise indicated, all P values were less than .01.

.02.

Note.
*p
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Table 3

Regional Immunohistochemical Pathologic Findings

Vascular Hyperplasia
Microvascular
Biopsy Location Expression* Delicate Simple Complex* Hypoxia Expression® Cellular Density'! Tumor Density*
Contrast-enhancing 4.00 = 1.21 0.88 = 1.20 2.31 £1.20 0.81 =1.17 1.56 = 1.09 25.5 + 4.83 1243 + 591
region
Nonenhancing region 1.93 £ 0.83 1.64 +0.74 0.29 = 0.73 0.00 = 0.00 0.00 = 0.00 17.7 £ 3.93 614 + 289

Note.—Data are means = standard deviations. Unless otherwise indicated, all P values were less than .01.
* Microvascular expression (factor VII) graded on a scale from 0 to 9.

T Vascular hyperplasia (factor VIll) graded on a scale from 0 to 3.

+P=.03.

§ Hypoxia (carbonic anhydrase IX monoclonal antibody) graded on a scale from 0 to 3.
I Cellular density is equal to a percentage of mindbomb homolog 1 expression.
#Tumor density is equal to the number of cells within four X 20 magnification fields.

of T2 prolongation was observed in the
setting of mild to absent mass effect.

Comparison of Regional PW and DW
Imaging Characteristics

Table 2 summarizes regional PW and
DW imaging measurements. Contrast-
enhancing regions had rCBV and rPH
values that were significantly elevated
(P < .01) compared with those in peri-
tumoral nonenhancing regions selected
for biopsy (Table 2). The rPSR and
rADC values within contrast-enhancing
regions were found to be significantly
lower (P < .01) than those in peritu-
moral nonenhancing regions (Table 2).
Correlation analysis revealed a strong
correlation between all physiologic MR
imaging measurements (P < .02), with
the exception of the rPH and rADC
comparison (P = .14, Fig E1 [online]).

Comparison of Regional Cellular Features
of GBM Aggressiveness

Table 3 summarizes the regional his-
topathologic findings of this study.
Contrast-enhancing biopsy sites had
significantly elevated factor VIII expres-
sion (P < .01), with increased expres-
sion of simple and complex hyperplastic
microvasculature (P < .01 and P = .03,
respectively; Table 3). Enhancing biopsy
sites were also found to have a signifi-
cantly higher expression of cellular mi-
tosis (mindbomb homolog 1 monoclo-
nal antibody), overall cellularity, and
hypoxia (carbonic anhydrase IX mono-

clonal antibody) compared with peri-
tumoral nonenhancing biopsy regions
(P < .01, Table 3).

Correlation of Physiologic MR

Imaging and Cellular Features of GBM
Aggressiveness

Table 4| lists the results of correlation
analysis between DSC PW and DW im-
aging values and the cellular histopatho-
logic features of GBM aggressiveness for
all biopsy sites. A positive correlation
between rCBV and microvascular expres-
sion, hypoxia, cellular mitosis, and overall
cellularity was observed (P = .04, Table 4,
Fig E2 [online]). In addition, rADC and
rPSR showed an inverse correlation with
microvascular expression, hypoxia, cellular
mitosis, and overall cellularity (P = .05,
Table 4, Fig E3 [online]).

MR Imaging Predictive of GBM Genetic
Expression Patterns

RNA from a patient in whom one contrast-
enhancing sample and one peritumoral
nonenhancing sample were obtained was
of insufficient quality to be hybridized
to the microarray platform. As a result,
RNA extracted from 12 of 13 patients
(28 of 30 biopsies) was of sufficient quality
to be included in the microarray analysis
of this study. RNA expression patterns
from six gliosis (previously obtained from
a separate cohort of adult patients), 15
enhancing, and 13 nonenhancing biopsy
sites were found to be significantly differ-
ent (FDR < 0.05, Table 3).

The largest degree of differential gene
expression occurred between contrast-
enhancing samples and gliosis samples
(11389 genes, FDR < 0.05). Hierarchi-
cal clustering of the 500 most variant
genes across arrays revealed clustering
only by biopsy sample (Fig 2). Cluster-
ing by array set, hybridization date, and
patients was not observed, suggesting
that the arrays were successful in depict-
ing a large degree of regional biologic
variability.

To further explore differential gene
expression between contrast-enhancing
and nonenhancing biopsy locations,
we compared the average expression
of 36866 probe sets (genes) between
enhancing and nonenhancing samples.
Overall, 6653 genes were differentially
expressed between contrast-enhancing
and nonenhancing biopsy sites (FDR <
0.05). A total of 359 genes (302 unique
UniGene identification numbers) were
significantly overexpressed at least two-
fold on average in contrast-enhancing
samples relative to peritumoral nonen-
hancing samples (M > 1, B > 0, FDR
< 0.05; Table E2 [online]). Conversely,
684 probe sets (544 unique UniGene
identification numbers) were significantly
overexpressed at least twofold on average
in peritumoral nonenhancing samples
relative to enhancing samples (M > 1,
B > 0, FDR < 0.05; Table E3 [online]).

To determine the biologic processes
associated with the observed genetic
expression patterns, we assessed their

Radiology: \'olume 254: Number 2—February 2010 = radiology.rsna.org
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Table 4

Correlation Analysis of Mean DSC PW and DW Imaging Values and Histopathologic Characteristics

rADC

PSR

rPH

rCBV

Tumor

Cellular

Microvascular
Expression

Tumor

Cellular

Microvascular
Expression

Tumor

Cellular

Microvascular
Expression

Tumor

Cellular

Microvascular
Expression

Density  Density

Hypoxia

Density  Density

Hypoxia

Density  Density

Hypoxia

Density  Density

Hypoxia

Statistic

-0.63 —057

—0.64

-041 —-040 -—0.37

—0.37

0.22 0.41 —0.45

0.31

0.39 0.45 0.70

0.42

0.71

Correlation

coefficient

Pvalue

<.01 <.01

<.01

.02 .03 .05

.04

.24 .02 .01

.10

<.01

.04 .01

.02

Note.—Correlation values were calculated by using measurements from all 30 biopsy locations.

Genes Differentially Expressed between Biopsy Locations

Biopsy Comparison Adjusted PValue < .05* FDR < 0.051 BValue > 0*
Contrast-enhancing site vs nonenhancing site 19 6653 1983
Contrast-enhancing site vs gliosis site 736 11389 4346
Nonenhancing site vs gliosis site 104 4096 1335

Note.—Data are numbers of genes. FDR is less stringent than adjusted P value in controlling the false-positive rates. B
statistics are more powerful in the detection of weak gene differential gene expression but are not comparable with the other

two methods in terms of the false-positive rate.

* An adjusted P value of .05 indicates that the declared differential gene expression set has a 5% chance to have at least one

false-positive finding for each gene comparison of interest.

T FDR is the percentage of falsely declared differential gene expression among the set of declared differentially expressed
genes. An FDR cutoff of 0.05 indicates that 5% of the declared differentially expressed genes are expected to be false-positive

findings.

* Bstatistic (log,, posterior odds ratios) greater than 0 indicates equal probability or better that a gene is differentially
expressed as opposed to nondifferentially expressed between sample groups.

gene ontology classifications with the
Database for Annotation, Visualization,
and Integrated Discovery (54,55). Con-
sistent with the significant increase in
mindbomb homolog 1 monoclonal an-
tibody staining in enhancing regions,
gene ontology classification revealed
highly significant enrichment (P < .01,
FDR < 0.01) for 30 genes associated
with mitosis within enhancing regions
(Tables E4, ES [online]). A total of 19
genes associated with angiogenesis
(P < .01, FDR = 3.58) and apoptosis (P =
.03, FDR = 46) also tended to be highly
expressed within enhancing regions; how-
ever, this tendency was not significant.

As a cohort, vascular endothelial
growth factor (UniGene identification
number, 73793) expression level was
found to be significantly elevated within
enhancing samples (average log, inten-
sity, 11.35 = 0.92) compared with that
within nonenhancing samples (average
log, intensity, 8.86 + 0.77; FDR < 0.03).
Eight patients had more than a threefold
increase (range, 3-34) in vascular en-
dothelial growth factor expression levels
within enhancing regions relative to that
within nonenhancing regions.

To further characterize the mitosis
gene signature associated with contrast-
enhancing tumor regions, we assessed
expression of 41 mitosis-related genes
overexpressed in GBM specimens pre-
viously propagated as subcutaneous xe-
nografts. This revealed that 33 of the 41
mitosis-related genes were significantly
overexpressed within contrast-enhancing

samples (FDR < 0.05, Table 6). All
33 genes were among the most highly
expressed genes (98th percentile) in
contrast-enhancing samples after rank
ordering all 36866 microarray probes
on the basis of differential gene expres-
sion between the two sample groups.

In Table 7, we compare and contrast
the findings of our study with findings
of previous MR-guided investigations
of GBM intra- and intertumoral genetic
expression patterns.

In this study, we collected tissue sam-
ples from prospectively defined intraop-
erative biopsy sites within multiple re-
gions of treatment-naive GBM and used
MR-guided stereotactic neurosurgical
techniques to investigate how inter-
and intratumoral regional differences in
genetic and cellular expression patterns
influence anatomic and physiologic MR
imaging. We found that DSC PW and
DW imaging measurements were signif-
icantly different between biopsy regions.
Additionally, DSC PW and DW imaging
measurements were found to corre-
late with GBM histopathologic features
of aggressiveness. Finally, a significant
difference in genetic expression pat-
terns was observed between biopsy
regions. Up-regulated genes were as-
sociated with similar cellular malignant
biologic processes observed to correlate
with anatomic- and physiologic-based
MR imaging measurements.
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Figure 2:  Presence of contrast enhancement is predictive of GBM genetic expression pattern. Right: Axial three-dimensional spoiled gradient-
recalled acquisition in the steady state T1-weighted contrast-enhanced MR image obtained in the same patient as in Figure 1. Purple and green
circles indicate nonenhancing and enhancing biopsy regions, respectively. Left: Genetic expression map of all biopsy samples with hierarchi-

cal clustering of the 500 most variant genes shows clustering only by biopsy sample. Purple indicates nonenhancing samples; blue, gliosis
samples; and green, enhancing samples. In the left column, biopsy location and sample number are provided for cross reference purposes with
Table E1 [online]. Gliosis samples 1 through 6 were included as control samples to enable us to differentiate between gene expression due to
astrocyte repair and scarring. These are not included in Table E1 [online]. RNA extracted from biopsy samples 1 and 5 was of insufficient quality
to be hybridized to the microarray platform; therefore, these samples were not included in this analysis. Separate distinct sample locations from

biopsies 24 and 25 were used twice in this genetic analysis. Bx = biopsy sample, G = gliosis sample.

In our study, we observed an inverse
correlation between rADC measure-
ments and the histopathologic features
of GBM aggressiveness. Previous studies
have yielded mixed findings, likely due
to the complex interactions of water dif-
fusivity within the heterogeneous inter-
and intracellular environment of gliomas
(17,26-29). Many factors—including

nuclear-to-cytoplasmic ratio, intra- and
extracellular edema, and cellular densi-
ty—have been proposed to influence the
degree to which water molecular mo-
tion is reduced (26-29). The results of
our study lend further evidence to the
theory that regions of low rADC within
GBM represent sites of neoplastic angio-
genesis and elevated cellular density.

Our results show that there is a
correlation between rCBV, rPH, and
the histopathologic features of glioma
aggressiveness. The correlation between
rCBV, rPH, and neoplastic angiogenesis
is likely due to regional variation in micro-
vascular morphologic expression within
GBM (17,56-60). The regions of highest
aggressiveness contain complex and
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Table 6

Mitotic Genetic Signatures Prospectively Identified as Significantly Overexpressed within Contrast-enhancing Regions

Expression Level*

Gene No. Gene Symbol UniGene Identification No. Contrast-enhancing Area Nonenhancing Area M Fold Change® FDR Value* B Value®
1 BIRC5 514527 12.70 10.86 4.44 0.01 1.93
2 UBE2C 93002 12.05 10.24 433 0.01 0.33
3 CCNB2 194698 1117 9.32 4.24 0.01 0.40
4 TOP2A 156 346 9.85 8.01 4.20 0.01 0.62
5 DLG7 77695 9.62 7.75 3.96 0.01 1.92
6 IGF2BP3 432616 10.96 9.36 3.87 0.01 1.69
7 HCAP-G 567567 10.80 9.13 3.86 0.01 1.14
8 PBK 104741 10.24 8.54 3.85 0.01 0.86
9 CENPF 497741 11.89 10.18 3.82 0.01 0.06
10 RRM2 226390 8.71 7.01 3.73 0.01 1.04
1 CDC45L 474217 10.65 9.17 3.49 0.01 0.51
12 coe2 334562 9.75 8.10 3.45 0.01 1.83
13 SPBC25 421956 9.76 8.21 3.44 0.01 0.78
14 ASPM 121028 9.59 8.01 3.40 0.01 1.39
15 KIF4A 438712 9.45 7.89 Bl 0.01 0.60
16 TPX2 244580 10.31 8.83 3.31 0.01 0.14
17 KIF20A 73625 8.79 7.20 3.15 0.01 1.38
18 MLF1IP 575032 10.12 8.72 3.12 0.01 1.54
19 KIF23 270845 10.08 8.57 3.03 0.01 1.76
20 CHEK1 24529 9.46 8.05 2.99 0.01 0.68
21 RRM2 226390 8.45 7.10 2.90 0.01 0.20
22 CDCA8 524571 10.75 9.43 2.90 0.01 0.56
23 BUBT 469649 8.54 7.29 2.70 0.01 0.06
24 WEET 249441 9.14 7.88 2.60 0.01 0.47
25 MELK 184339 8.47 7.20 2.56 0.01 0.74
26 LAMC1 497039 11.00 9.69 2.52 0.01 3.80
27 SMC4 58992 10.43 9.27 2.39 0.01 1.10
28 CENPE 75573 9.59 8.47 2.37 0.01 1.16
29 NEK2 153704 8.05 6.97 2.32 0.01 0.54
30 E2F8 523526 7.51 6.45 2.26 0.01 2.01
31 RAD51AP1 591046 8.73 7.75 2.25 0.01 0.32
32 KIF18A 301052 7.54 6.52 2.21 0.01 2.68
33 CDK2 19192 7.85 6.88 212 0.01 2.36

* Expression level is the average log,-based intensity of the same probe across all arrays and serves as a proxy for gene expression level.

M fold change is the log,-based fold change of contrast-enhancing lesion over non-contrast-enhancing lesion. If M is equal to 1, it means there is a twofold increase in contrast-enhancing lesion
compared with non-contrast-enhancing lesion. If M is equal to 2, it means there is a fourfold up-regulation.

*+FDR is the percentage of falsely declared genes among the set of declared genes. An FDR cutoff of 0.05 indicates that 5% of the declared genes are expected to be false-positive findings.
§ Bvalue (log,, posterior odds ratios) is the ratio between the probability that a given gene is differentially expressed over the probability that a given gene is not differentially expressed.

simple microvascular hyperplasia (58-60).
In our study, complex and simple mi-
crovascular hyperplasia were signifi-
cantly overexpressed within contrast-
enhancing regions and corresponded
to a significant increase in rCBV and
rPH measurements. Vascular prolif-
eration has long been recognized as
a biomarker of glioma aggressiveness
(1-3,59-62). Broadly elevated micro-
vascular density has been shown to
correlate with elevated tumor cellular-

ity, malignant progression, and exten-
sive tumor invasiveness, resulting in
poor prognostic outcomes (59-63).
Discrepancies between the presence of
contrast enhancement and regions of
GBM aggressiveness have been previ-
ously documented; however, the sam-
pling of contrast-enhancing tissues for
diagnostic specimens remains the cur-
rent standard of care (62-66). While
contrast-enhancing tissues on anatomic
MR images may appear homogeneous,

they are often found to be histopatho-
logically heterogeneous. The unguided
sampling of contrast-enhancing tissues
can result in undergrading. The results
of this and other studies indicate that
physiologic MR imaging measurements
may prove useful in supplementing ana-
tomic MR imaging when intraoperatively
selecting diagnostic biopsy regions.
Specifically, the sampling of contrast-
enhancing regions with the highest rCBV
may prove to reduce sampling error
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Table 7

Comparison of MR-guided Studies Performed to Investigate Intra- and Intertumoral Genetic Expression Patterns

Tumor No.of  No. and Location of
Study Sampled Biopsy Locations  Patients Biopsies Findings
Van Meter et al (38) Untreated Peripheral 6 8 in the contrast- A total of 643 genes deferentially expressed between biopsy locations with

GBM contrast- enhancing region, 8 up-regulation of cellular migration, angiogenesis, cell survival, and intergrin,
enhancing in the nonenhancing  signaling biologic processes within central nonenhancing tissues. Histopathologic
tissue and region features of aggressiveness were similar between contrast-enhancing and
central nonenhancing samples. Expression of vascular endothelial growth factor A, matrix
nonenhancing metalloproteinase-1, and serine-threonine protein kinase were verified with
tissue polymerase chain reaction and Western blot arrays. PW and DW MR imaging were

not investigated.
Diehn et al (37) Untreated Peripheral 4 4 in the contrast- Genes associated with angiogenesis and hypoxia biologic processes were up-

GBM contrast- enhancing region, 4  regulated within peripheral contrast-enhancing regions. Scoring of biopsy samples
enhancing in the nonenhancing  histopathologic features of aggressiveness was not reported. PW and DW MR
tissue and region imaging were not investigated. Additionally, genomic expression patterns from
central 32 non-image-guided GBM and normal brain biopsy samples were compared
nonenhancing with anatomic MR imaging phenotypes. Five of 10 imaging phenotypes were
tissue associated with at least one of seven gene-expression modules.

Pope et al (67) Untreated Completely or 52 32 in the completely ~ Tumor was classified as either completely contrast-enhancing or incompletely

GBM incompletely contrast-enhancing  contrast-enhancing on the basis of anatomic MR imaging findings; one biopsy
contrast- region, 20 in the sample was obtained in each tumor. A total of 79 genes were deferentially
enhancing incompletely expressed between tumor imaging phenotypes. Genes associated with hypoxia,
tumors contrast-enhancing  angiogenesis, and edema biologic processes were overexpressed within

region completely contrast-enhancing tumors. Genes associated with maintenance of the
blood-brain barrier were overexpressed within incompletely contrast-enhancing
tumors. Genes overexpressed within completely contrast-enhancing tumors
were correlated with poor outcome. Scoring of biopsy sample histopathologic
features of aggressiveness was not reported. PW and DW MR imaging were not
investigated.
Barajas et al Untreated Peripheral 13 16 in the contrast- PW and DW MR imaging measurements and histopathologic features of GBM

GBM contrast- enhancing region, 14  aggressiveness were found to be significantly different between biopsy regions.
enhancing and in the nonenhancing  Correlation between physiologic MR imaging and histopathologic measurements
peritumoral region was observed. 6653 genes were differentially expressed between contrast-
nonenhancing enhancing and nonenhancing biopsy locations with up-regulation of cellular
tissues with mitosis, angiogenesis, and apoptosis biologic processes within contrast-
highest rCBV enhancing regions. A total of 33 of 41 genes associated with cellular mitosis were

prospectively characterized, possibly suggesting that these genetic signatures are

highly preserved.

if only enhancing regions are to be
sampled (59-66).

In light of the finding that histologic
features of GBM aggressiveness were
overexpressed within biopsy specimens
obtained in the enhancing region, we
hypothesized that the genetic expression
patterns between enhancing and nonen-
hancing regions would be significantly
different. This hypothesis was confirmed
when we found that 359 genes signifi-
cantly overexpressed within contrast-
enhancing samples tended to cluster
into biologic processes associated with
regulation of mitosis, angiogenesis, and

apoptosis. Furthermore, the ability to
prospectively characterize mitotic gene
signatures previously propagated from
GBM subcutaneous xenografts may sug-
gest that these mitotic genes are highly
preserved. The findings of regional
variation in vascular endothelial growth
factor expression, correlation of cellu-
lar and genetic expression patterns with
physiologic MR imaging measures, and
ability to prospectively characterize mi-
totic gene signatures possibly highlights
therapeutic opportunities that could be
used to test targeted treatment strate-
gies—the effects of which, in light of our

findings—possibly could be monitored
with MR imaging.

The findings of our study are consis-
tent with the findings of previous MR-
guided investigations of GBM intra- and
intertumoral genetic expression patterns
(37,38,67). Similar to previous research-
ers, we found that contrast-enhancing
tissues have significant up-regulation
of genes associated with cellular prolif-
erative or infiltrative processes, hypoxia,
and angiogenesis biologic processes.
Validated up-regulation of these biologic
processes may further influence future
diagnostic and therapeutic strategies.
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Our study differed from previous in-
vestigations by Van Meter et al, Diehn
et al, and Pope et al (37,38,67) in sev-
eral aspects. First, recent investigations
have addressed correlations between
anatomic MR imaging and tumor genetic
expression patterns without exploring
associations with histopathology, which
is the reference standard for glioma di-
agnosis and staging. In our study, we
directly correlated MR imaging findings
with clinically important histopatho-
logic and molecular genetic markers of
cellular mitosis and angiogenesis, pos-
sibly providing biologic and molecular
correlates for much of the structural,
physiologic, and functional informa-
tion encoded within the MR images
of GBM. Second, previous research-
ers have reported genetic differential
expression between regions of central
nonenhancing and adjacent enhanc-
ing tissues (37,38). While knowledge
of genetic expression patterns of GBM
central nonenhancement is undoubt-
ably important, we believe investigat-
ing peritumoral nonenhancing tumor
regions with deranged DSC PW and
DW MR imaging is clinically pragmatic,
as these are the areas most at risk for
future tumor progression. Third, we
report the prospective validation of 33
mitotic gene signatures within enhanc-
ing tumors that may emphasize poten-
tial therapeutic opportunities which, in
light of our findings, may be spatially
resolved with MR imaging.

Our findings suggest that the hetero-
geneous genetic and cellular expression
patterns within GBM, in part, influence
anatomic and physiologic MR imaging.
These findings have several clinical im-
plications, if confirmed through further
prospective study. First, physiologic MR
imaging may provide useful information
that complements conventional contrast-
enhanced MR imaging, making it pos-
sible to noninvasively identify regions of
glioma aggressiveness and allowing for
the intraoperative collection of tumor
specimens of highest aggressive cellular
features. Second, the synthesis of MR
imaging, histopathologic, and functional
genetic analysis furthers the validation
of imaging biomarkers that in the future
may be used to noninvasively identify,

prognosticate, and monitor clinically
important features of GBM aggressive-
ness (37,38,67).

Our report was the result of a pre-
liminary exploratory analysis; there-
fore, it had several limitations. First,
given the limited sample size, we ad-
vocate further prospective investigation
to confirm the efficacy of the techniques
described in this study. Second, the po-
tential for a mismatch in registration
between the biopsy site and MR images
on the neurosurgical navigation system
because of intraoperative shifts in brain
tissues theoretically exists. We sought
to minimize substantial amounts of
brain shift by (a) performing accurate
intraoperative neuronavigational sys-
tem registration to the patient’s facial
anatomy, (b) avoiding substantial loss
of cerebrospinal fluid, (¢) watching for
intraoperative brain swelling, (d) test-
ing registration accuracy against visible
cortical landmarks immediately prior to
biopsy sampling, (e) obtaining biopsy
specimens from MR homogeneous tis-
sues (entirely enhancing or nonenhanc-
ing tissue) located 1 cm apart prior to
resection, and (f) using standardized
regions of interest of sufficient size to
compensate for any minimal shift in
brain location. We believe that any mini-
mal amount of brain shift that may have
occurred prior to biopsy sampling did
not result in significant sampling error or
adversely affect the results of this study;
however, in further prospective stud-
ies, researchers may consider the use of
closed brain biopsies, when clinically pru-
dent, to negate this potential limitation.
In conclusion, the results of our pre-
liminary study, albeit one with a small
sample size and in need of prospective
independent validation with a larger co-
hort of patients, suggest MR imaging is
significantly influenced by GBM genetic
and cellular biologic features of aggres-
siveness and imply physiologic-based
MR imaging may be useful to clinicians
by pinpointing regions of highest ma-
lignancy within a heterogeneous tumor
facilitating histologic grading of primary
glial brain tumors.
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