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Purpose:

Materials and
Methods:

Results:

Conclusion:

To correlate tumor blood volume, measured by using
dynamic susceptibility contrast material-enhanced T2*-
weighted magnetic resonance (MR) perfusion studies,
with patient survival and determine its association with
molecular subclasses of glioblastoma (GBM).

This HIPAA-compliant retrospective study was approved
by institutional review board. Fifty patients underwent dy-
namic susceptibility contrast-enhanced T2*-weighted MR
perfusion studies and had gene expression data available
from the Cancer Genome Atlas. Relative cerebral blood
volume (rCBV) (maximum rCBV [rCBV, ] and mean
rCBV [rCBV, 1) of the contrast-enhanced lesion as well
as rCBV of the nonenhanced lesion (rCBV, ) were mea-
sured. Patients were subclassified according to the Ver-
haak and Phillips classification schemas, which are based
on similarity to defined genomic expression signature. We
correlated rCBV measures with the molecular subclasses
as well as with patient overall survival by using Cox re-
gression analysis.

No statistically significant differences were noted for
rCBV,_, rCBV, __  of contrast-enhanced lesion or rCBV
between the four Verhaak classes or the three Phillips
classes. However, increased rCBV measures are associ-
ated with poor overall survival in GBM. The rCBV (P =
.0131) is the strongest predictor of overall survival regard-
less of potential confounders or molecular classification.
Interestingly, including the Verhaak molecular GBM
classification in the survival model clarifies the associa-
tion of rCBV,_ _ with patient overall survival (hazard ratio:
1.46, P = .0212) compared with rCBV _ alone (hazard
ratio: 1.25, P = .1918). Phillips subclasses are not pre-
dictive of overall survival nor do they affect the predictive
ability of rCBV measures on overall survival.

The rCBV _ measurements could be used to predict pa-
tient overall survival independent of the molecular sub-
classes of GBM; however, Verhaak classifiers provided
additional information, suggesting that molecular markers
could be used in combination with hemodynamic imaging
biomarkers in the future.

©RSNA, 2012
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lioblastoma (GBM) is the most
common primary malignant neo-
plasm in adults and is nearly uni-
formly fatal, with a median survival of
1 year (1). Recently, there has been
progress in understanding the molec-
ular basis of the tumor aggressiveness
and heterogeneity. Various molecular
subclassifications have been proposed
on the basis of the genetic makeup of
these tumors with the hope that a bet-
ter understanding of origin of tumor
cells and molecular pathogenesis may
predict response to targeted therapies
(2-4). Verhaak et al (4) subclassified
GBM into four subtypes-classic, mes-
enchymal, proneural, and neural-based
on similarity to defined genomic expres-
sion signature. Aberrations and gene
expression of endothelial growth fac-
tor receptor, NF1, and PDGFRA/IDH1
defined the classic, mesenchymal, and
proneural subtypes, respectively (4).
The neural subtype was typified by the
expression of neuron markers such as
NEFL, GABRA1, SYT1, and SLC12A5
(4). Phillips et al (3) subclassified high-
grade glioma into three subtypes—pro-
neural, proliferative, and mesenchymal.
However, whether this additional infor-
mation provides any prognostic infor-
mation is still an open question. Imag-
ing biomarkers, and particularly tumor
blood volume estimates (5-10), on the
other hand have been shown to provide
additional patient prognostic informa-
tion even independent of the histologic
grade in gliomas.
The Cancer Genome Atlas (TCGA)
researchers have recently cataloged

Advances in Knowledge

® No statistically significant differ-
ence was noted for relative cere-
bral blood volume (rCBV) mea-
surements between molecular
subclasses of glioblastoma
(GBM) employing the two com-
monly used schemas (Verhaak
and Phillips).

B Tumor rCBV measures enhance
patient survival models based on
molecular subclassification
systems of GBM.

recurrent genomic abnormalities in
GBM, providing a platform for better
understanding of the molecular basis
of these aggressive but heterogeneous
tumors (11-13). In parallel, the Cancer
Imaging Program is retrospectively ob-
taining radiologic imaging data for TCGA
patients and making it available via the
Cancer Imaging Archive (http://can-
cerimagingarchive.net) (14). Integration
of this vast genomic information with
imaging data (radiogenomics) may not
only strengthen this understanding but
also provide an opportunity to use some
of the noninvasive imaging features or
parameters as biomarkers. A limited
number of publications on this topic
have correlated presence or absence
of contrast material enhancement with
various gene expression pathways affect-
ing tumor cell mitosis, migration, angio-
genesis, hypoxia, edema, and apoptosis
(15-19). All of these studies except two
(18,19) focused on morphologic imaging
features. Although Barajas et al (18) cor-
related histologic features with apparent
diffusion coefficient and relative cerebral
blood volume (rCBV) estimates, they
did not directly correlate physiologic
measures with gene expression. Jain et
al (19) showed a promising correlation
of perfusion parameters (tumor blood
volume and permeability) with pro- and
antiangiogenic gene expression in GBM.
However, to our knowledge, no studies
to date have compared any of the quanti-
fiable hemodynamic or physiologic imag-
ing biomarkers and molecular markers
to patient prognosis.

The purpose of this study was to
correlate tumor blood volume, mea-
sured by using dynamic susceptibility

Implication for Patient Care

B Molecular mapping of GBM can
provide important therapy tar-
gets by providing insight into the
molecular basis for tumor cell
origin; however, in vivo imaging
biomarkers (such as rCBV
measures) can provide important
prognostic information that may
be used as an adjunct to genomic
markers in the future.

contrast material-enhanced T2*-
weighted magnetic resonance (MR)
perfusion studies, with patient survival
and to determine its association with
molecular subclasses of GBM.

Materials and Methods

Patient Characteristics

Our Health Insurance Portability and
Accountability Act-compliant retro-
spective study was approved by the
institutional review board (IRB no.
6381). Ninety-eight patients with
treatment-naive GBM who had imag-
ing data uploaded on the Cancer Im-
aging Archive’s TCGA-GBM collection
(https://wiki.cancerimagingarchive.
net/display/Public/TCGA-GBM)  (20)
were reviewed. Fifty-seven patients
(evaluated at two different institutions
between 1998 and 2007) who had
both dynamic susceptibility contrast-
enhanced T2*-weighted MR perfusion
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GBM = glioblastoma

HR = hazard ratio

1QR = interquartile range

KPS = Karnofsky performance score
rCBV = relative cerebral blood volume
rCBV_,, = maximum rCBV

rCBV_ .. = mean rCBV

ICBV,, = rCBV of nonenhanced lesion
TCGA = the Cancer Genome Atlas
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studies and gene expression data avail-
able from TCGA (11,12) were included
in the final analysis; 41 patients who
did not have dynamic susceptibility
contrast-enhanced T2*-weighted per-
fusion studies available were excluded.
Seven patients were also excluded due
to poor quality of imaging/perfusion
data. Of the 35 patients at the first in-
stitution, 14 underwent MR perfusion
with a 3.0-T imager; the 21 remain-
ing patients, and all 15 patients at the
second institution, were imaged with a
1.5-T MR imager. All 57 patients un-
derwent surgical resection, and tumor
specimens were collected as specified
by TCGA bio-specimen methodology
(11,12). According to those TCGA re-
quirements, the pathologic diagnosis
was confirmed as GBM by using ade-
quate frozen tissue 0.5 g or greater,
consisting of 70% or more tumor nu-
clei and less than 50% necrosis. Of the
35 patients at institution 1, eight un-
derwent gross total resection and 27
underwent subtotal resection. Infor-
mation on the extent of resection was
not available from institution 2.

For comparison, survival informa-
tion and molecular classification were
collected for the larger cohort of GBM
samples submitted to TCGA (n = 382).
Our present study sample (n = 50) is
the subset of this larger cohort, which
has available both MR perfusion imag-
ing and genomic expression data.

MR Perfusion: Image Acquisition

At institution 1 studies were obtained
with either 1.5-T (n = 21) or 3-T

(n = 14) MR imagers (Signa Excite;
GE Healthcare, Milwaukee, Wis).
Perfusion imaging was performed

during the injection of gadopentetate
dimeglumine (Magnevist, 0.1 mmol/
kg; Bayer Healthcare, Berlin, Germa-
ny). The contrast agent was infused by
means of a power injector at a constant
rate of 5 mlL/sec. A series of 95 phases
of T2*-weighted gradient-echo echo-
planar images were acquired (repetition
time msec/echo time msec, 1900/40;
flip angle, 90°). The acquisition matrix
was 128 X 128 with a 26-cm field of
view and 5-mm section thickness. The
temporal resolution was 2.0 seconds.

The number of sections varied depend-
ing on tumor size, with an effort to in-
clude the entire tumor in the acquisi-
tion. Routine unenhanced MR images
were obtained before obtaining a per-
fusion study, and T1-weighted contrast-
enhanced images were acquired after
the perfusion study.

In cases from institution 2, the stud-
ies were obtained by using a 1.5-T im-
ager (Genesis Signa; GE Healthcare).
Perfusion imaging was performed dur-
ing injection of gadopentetate dimeglu-
mine. The 0.1 mmol/kg gadolinium-
based contrast agent was infused at a
constant rate of 5 mL/sec by means of
power injector. A series of 60 phases
of T2*-weighted gradient-echo echo-
planar images were acquired (2000/54;
flip angle, 30°) with a temporal reso-
lution of 2.0 seconds. The acquisition
matrix was 128 X 128 with a 26-cm
field of view. The nominal section thick-
ness was 3-6 mm, depending on the
size and position of the tumor.

MR Perfusion: Image Postprocessing

Studies from both institutions were
processed by using NordicICE software
(Nordic Imaging Lab, Bergen, Norway)
using the U.S. Food and Drug Admin-
istration—approved DSCT2* perfusion
module. The module corrects for con-
trast agent leakage from the intravas-
cular to extracellular space by using the
method published by Boxerman et al
(21). rCBV maps with leakage correction
were produced by the software, which
normalizes the cerebral blood volume
relative to a globally determined mean
value. The postprocessed images were
subsequently uploaded to the Cancer
Imaging Archive and can be retrieved
from the TCGA-GBM image collection
(https://wiki.cancerimagingarchive.net/
display/Public/TCGA-GBM) (20).

MR Perfusion Parametric Map Analysis

All the regions of interest were drawn by
two authors in consensus (R.J., a board-
certified neuroradiologist with more than
9 years of experience with perfusion im-
aging, and J.N., a trained radiologist and
research fellow) who were blinded to the
genomic data on the rCBV maps fused
with postcontrast T1-weighted images

and fluid-attenuated inversion recovery
images. The mean rCBV (rCBV ),
maximum rCBV (rCBV, ), and rCBV
of nonenhanced lesion (rCBV,) were
measured from the rCBV maps. For mea-
suring rCBV__ . regions of interest were
drawn on the contrast-enhanced portion
of the tumor (excluding any areas of ne-
crosis and vessels) on all the sections that
contained the tumor defined as contrast-
enhanced lesion, and a mean of these
was obtained. For measuring rCBV __, a
region of interest of 10 X 10 voxels was
placed on the hottest-appearing part of
the tumor on the basis of the qualitative
perfusion maps. A region of interest of 10
X 10 voxels was placed on three spots on
the nonenhanced fluid-attenuated inver-
sion recovery study abnormality within 1
cm of the edge of the contrast-enhanced
lesion, defined as nonenhanced lesion,

to measure rCBV,; and obtain a mean

(Fig 1).
Statistical Analysis
For all tests, statistical significance

was determined at P < .05. Compar-
ison of average rCBV measures be-
tween groups was performed by using
two-sample t tests or one-way analysis
of variance. Kaplan-Meier estimation
was used to calculate median survival
and for some univariate testing. For
the Kaplan-Meier curves, the log-rank
statistic assesses group differences
equally across the full observation time,
whereas the Wilcoxon statistic weights
the early events more heavily, thus iden-
tifying early separation in the curves;
results from both tests are considered.
Survival analysis with Cox proportional
hazards models was used primarily to
estimate hazard ratios (HRs) and for
testing multivariable models. Patient
age at diagnosis (years, continuous),
Karnofsky performance score (KPS,
continuous), and level of resection
(gross-total, subtotal) are standard pre-
dictors of survival for GBM and were
considered as potential covariates in the
multivariable models along with the MR
imager type (1.5 T or 3 T) and molec-
ular classification. Verhaak and Phillips
molecular classification schema were
used, as determined in a recent pub-
lication by Huse et al (22). A stepwise
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model-fitting strategy was used begin-
ning with the rCBV measure, adding
age and MR imager followed by molec-
ular class (either Verhaak or Phillips).
Age and MR imager were not significant
predictors of survival and did not show
evidence of being confounders in the
models so they were excluded from the
presented models for the sake of par-
simony given the sample size. KPS and
extent of resection were only available
for samples from institution 1. Explor-
atory analysis of models including these
predictors of survival was conducted on
the patients from institution 1.

rCBV Analysis Using Molecular
Subclassification

No statistically significant differences
were noted for average rCBV _, rCB-
\% of contrast-enhanced lesion, or

f(;;ca;CBV between the four Verhaak

NEL
subclasses or the three Phillips sub-

classes (Table 1).

Survival Analysis Using Molecular
Subclassification

In the present study, the median over-
all survival was 1.14 years (interquar-
tile range, or IQR: 0.49, 2.11). When
the Verhaak classification scheme was
applied to these samples, the classic
subclass had the best survival, with
a median of 2.13 years (IQR: 1.33,
2.59), and the proneural subclass had
the worst survival, with median 0.41
years (IQR: 0.65, 1.19) (Fig 2a). The
difference in survival by means of Ver-
haak subclassification was significant
between groups, with the difference be-
ing more prominent earlier during fol-
low-up (Wilcoxon, P = .0445; log-rank,
P = .0696).

There was no evidence that the
Phillips classification was associated
with survival in our sample (log-rank,
P = .6432; Wilcoxon, P = .4548). Me-
dian survival times for the three clas-
ses are mesenchymal with 1.28 years
(IQR: 0.61, 2.22), proneural with 1.12
years (IQR: 0.33, 1.86), and prolifera-
tive with 0.54 year (IQR: 0.34, 3.96).
Note that the proliferative class was

Figure 1

Figure 1:

Axial (a) contrast-enhanced T1-weighted and (b) fluid-attenuated inversion recovery images in

a patient with right temporal GBM. Cerebral blood volume parametric maps at the same axial level show (c)
manually drawn region of interest including contrast-enhanced tumor avoiding any cystic necrotic part to

measure rCBV

mean

and (d) region of interest (arrow) drawn to measure rCBV  from the “hottest” part of the

tumor and three other regions of interest (arrowheads) drawn to measure CBV,, .

only represented by six patients (five
deaths), one of whom was still surviv-
ing at 3.96 years (Fig 2b).

Survival Analysis Using Only rCBV
Measures

When we looked at rCBV as the sole
predictor of survival, we observed
that each measure infers greater risk

of death as it increases. The HRs are
1.23 (P = .1918) for rCBV_ , 1.54 (P
= .0131) for rCBV , and 1.35 (P =
.0555) for rCBV,, (Tables 2-4, model
1). Adjusting for patient age at diagno-
sis and MR imager type used showed
no effect on the prediction of survival
and were dropped from subsequent
models for the sake of parsimony.
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Figure 2:  Kaplan-Meier survival curves for the (a) Verhaak (Wilcoxon, P = .0445; log-rank, P = .0696) and (b) Phillips (log-rank, P = .6432; Wilcoxon, P = .4548)

subclassification for the present study. C/ = classic, Mes = mesenchymal, Neu = neural, PN = proneural, Prolif = proliferative.

Table 1

rCBV Analysis with Molecular Subclasses Defined by Verhaak and Phillips

Classification rCBY ... rCBV ., rCBV,
Verhaak
Classic (n=10) 2.66 (0.78) 4.55(0.76) 0.66 (0.24)
Mesenchymal (n=17) 2.61(1.26) 4.80 (1.49) 0.88 (0.45)
Neural (n=11) 2.30(0.84) 4.68 (0.95) 0.81(0.27)
Proneural (n=12) 2.27 (0.68) 5.06 (3.61) 0.84 (0.26)
Pvalue .66 .95 43
Phillips
Mesenchymal (n = 24) 2.68 (1.16) 4.76 (1.33) 0.83 (0.40)
Proneural (n = 20) 2.32 (0.72) 5.03 (2.79) 0.83 (0.25)
Proliferative (n = 6) 2.15(0.59) 4.04 (0.65) 0.70 (0.30)
Pvalue .32 .57 .70

Note.—The mean rCBV measure per subclass is listed, with the global Ftest Pvalue listed for the one-way analysis of variance
across subclasses. Numbers in parentheses are standard deviation.

Survival Analysis Using rCBV and
Molecular Subclassification

When the Verhaak classification was
considered in conjunction with rCBV
measures, we observed that rCBV
becomes a significant predictor of sur-
vival (HR: 1.44; P = .0212), rCBV,_ re-
mains significant (HR: 1.53; P = .0062),
and rCBV, retains a trend toward in-

creased risk of death (HR: 1.37; P =

.0704). Verhaak classification is a signif-
icant predictor of survival in the models
with rCBV = (P = .0250) or rCBV,
(P = .0476) (Tables 2-4, model 2). The
Phillips classification had no effect on
the survival model with respect to the
estimated HRs of the rCBV measures
(rCBV ., HR: 1.26, P = .1670; rCBV-
e HR: 1.53, P = .0152; rCBV,, HR:

1.36, P = .0566). Likewise, it does not
provide any independent prediction of

survival (2 degrees of freedom x2, P =
.5892, P = .6888, and P = .6333, re-
spectively) (Tables 2-4, model 3).

Survival Analysis Using rCBV, Molecular
Subclassification, KPS, and Extent of
Resection

For the patient group (n = 35) at insti-
tution 1 we were able to include two
standard predictors of survival-extent
of tumor resection (gross total resec-
tion vs subtotal resection) and KPS.
As expected, patients who underwent
gross total resection had better over-
all survival (median, 4.74 years) than
those with subtotal resection (median,
0.98 year; log-rank, P = .0075). How-
ever, subtotal resection was associated
with higher rCBV = (2.59 = 1.14
[standard deviation] vs 1.96 = 0.38;
t test, P = .0192) and we saw a trend
toward higher rCBV  (4.66 * 1.32 vs
3.97 + 0.83; t test, P = .0904), sug-
gesting that rCBV association with sur-
vival could be confounded by extent of
resection in this particular group. Each
10-point increase in KPS showed a de-
creasing trend in the risk of death by a
factor of 0.53 (HR = 0.652; P = .052;
n = 29).
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Focusing only on those patients who
underwent subtotal resection and had
a KPS measure (n = 22; 20 deaths), we
found that none of the predictors alone
are significantly associated with sur-
vival (rCBV _ , rCBV __, rCBV_, , Ver-
haak class, Phillips class, and KPS); see
Table 5. However, the estimated HRs
for each rCBV measure were similar
to those of the full population (includ-
ing gross total resection and patients
from institution 2) with rCBV__ HR of

mean

1.28, rCBV _ HR of 1.44, and rCBV
HR of 1.35, suggesting that the loss of
significance is due to the low power of
the small sample size. Including KPS
status and Verhaak classification jointly
in a survival model demonstrated the
significant effect of KPS (P = .0482)
and near-significant association with
Verhaak class (P = .0701). This inter-
action effect was maintained with or
without an rCBV measure included in
the model.

Molecular subclassification of GBM
has partly laid the groundwork for a
deeper understanding of the molecu-
lar basis that probably is responsible
for the heterogeneity of aggressiveness
and prognosis seen in this subgroup.
Though often perceived as beneficial,
the proneural subclass had the worst
survival rate in our study. However, the
proneural subclass also had the worst
median survival rate in the publication
by Verhaak et al (4). In the expanded
TCGA sample set, the classic subclass
had the best median survival followed
closely by the proneural subclass (Fig 3a)
(22). In our study, the advantage of the
proneural subclass arises only for those
who survive beyond 1.5 years, suggest-
ing a possible interaction effect with
the treatment of progressive disease. In
our sample set, only one patient with
proneural classification survived be-
yond 1.5 years. It would be interesting
to look at time to progression rather
than overall survival time. We do not
currently have reliable data on time to
progression for all patients in the pre-
sent study.

Estimated HRs for rCBV___ Alone or Adjusted for a Molecular Signature

Model 1 Model 2* Model 31

Parameter HR PValue HR PValue HR PValue
1CBV . 1.23(0.90,1.69) .1918 1.44(1.06,1.95 .0212 1.26 (0.91,1.79) .1670
Verhaak

Classic - - 0.21 (0.088, 0.50) .0023 - -

Mesenchymal - - 0.43(0.18,1.02) .0557 - -

Neural - - 0.44(0.17,1.14)  .0899 - -

Proneural - - 1.0 Reference — -
Phillips

Mesenchymal - - - - 0.72(0.38,1.39) .3272

Proliferative  — - - - 0.98 (0.35,2.75) .9632

Proneural - - - - 1.0 Reference

Note.—rCBV is scaled so that the unit is 1 standard deviation. Numbers in parentheses are 95% confidence intervals.

*The global P value for the Verhaak classification is .0250.
T The global Pvalue for the Phillips classification is .5892.

Estimated HRs for rCBV _ Alone or Adjusted for a Molecular Signature

Model 1 Model 2* Model 3

Parameter HR PValue HR PValue HR PValue
rCBV 1.54 (1.09,2.15) .0131 1.53(1.13,2.07) .0062 1.53(1.08,2.15) .0152
Verhaak

Classic - - 0.26 (0.10,0.67) .0055 - -

Mesenchymal — - 0.48 (0.20,1.11) .0866 - -

Neural - - 0.41(0.16,1.08) .0707 - -

Proneural - - 1.0 Reference — -
Phillips

Mesenchymal — - - - 0.79(0.41,1.52) .4751

Proliferative ~ — - - - 1.11(0.39, 3.15) .8521

Proneural - - - - 1.0 Reference

Note.—rCBV is scaled so that the unit is 1 standard deviation. Numbers in parentheses are 95% confidence intervals.

*The global Pvalue for the Verhaak classification is .0476.
T The global Pvalue for the Phillips classification is .6888.

Phillips et al (3) showed that tumor
subtype had significant prognostic value
that was independent of the World
Health Organization tumor grade and/
or the presence of necrosis. However,
nearly all (89%) of their grade III gli-
omas were classified as proneural. This
finding follows closely to what is seen in
the broader TCGA population for the
Phillips classification (n = 382; log-rank,
P = .1748; Wilcoxon, P = .2152) (22).
The median survival times were 1.21
years for mesenchymal, 1.14 years for

proneural, and 1.05 years for prolifer-
ative subclass (Fig 3b). Again the pro-
neural subclass did not show the best
survival; however, we see from the Phil-
lips et al publication (3) that the long-
term survival of the proneural subclass
is bolstered by the inclusion of grade III
tumors in the analysis, where as in the
present analysis we included only GBM.

Even though these molecular stud-
ies provide important information
about the possibility of different cells of
origin for GBM and raise the question
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Table 4

Estimated HRs for rCBV,, Alone or Adjusted for a Molecular Signature

Model 1 Model 2* Model 3t

Parameter HR PValue HR PValue HR PValue
rCBV, 1.35(0.99,1.83) .0555 1.37(0.97,1.93) .0704 1.36 (0.99, 1.87) .0566
Verhaak

Classic — - 0.30(0.12,0.77) .0126 - -

Mesenchymal — - 0.48 (0.24,1.11) .0844 - -

Neural - - 0.55(0.21,1.43) .2225 - -

Proneural - - 1.0 Reference — -
Phillips

Mesenchymal - - - - 0.74(0.38,1.41) .3570

Proliferative =~ — - - - 0.87 (0.31,2.45) .7842

Proneural - - - - 1.0 Reference

Note.—rCBV is scaled so that the unit is 1 standard deviation. Numbers in parentheses are 95% confidence intervals.

* The global Pvalue for the Verhaak classification is .0917.
1 The global Pvalue for the Phillips classification is .6533.

Table 5

HR Estimates from Single-Predictor Cox Regression Models of Survival (22 Patients

with Subtotal Resection)

Parameter HR PValue
rCBV ... (per standard deviation) 1.28 (0.86, 1.89) 2252
rCBV_,, (per standard deviation) 1.44 (0.73,2.83) .2983
rCBV, (per standard deviation) 1.35(0.90, 2.02) 1521
KPS (per 10 points) 0.89 (0.55, 1.45) .6483
Verhaak*

Classic 0.092 (0.01,1.01) .0509
Mesenchymal 1.07 (0.31,3.71) .9188
Neural 0.63(0.15,2.73) .5382
Proneural 1.0 Reference
Phillips*
Mesenchymal 0.60 (0.23, 1.61) .3143
Proliferative 0.15(0.02,1.19) .0850
Proneural 1.0 Reference

Note.—Numbers in parentheses are 95% confidence intervals.
*The global Pvalue for the Verhaak classification is .2150.
1 The global Pvalue for the Phillips classification is .2014.

about specific therapies targeted to
different pathways for the future, they
fail to demonstrate any clear difference
in survival in these subtypes. Various
functional/physiologic ~ imaging  bio-
markers have been used in the past
to grade gliomas, predict survival, and
assess treatment response, as well as
correlate with immunohistologic or mo-
lecular markers. Perfusion parameters

and particularly tumor blood volume
estimates have been used in the past
as prognostic markers for time to pro-
gression or survival (5-10); however,
most of the studies either focused on
or included low-grade gliomas in their
analysis (5,6,8,23,24). Law et al (8)
showed that gliomas with rCBV of
greater than 1.75 had more rapid time
to progression than those with low

rCBV independent of pathologic find-
ings; however, these authors did not
perform a similar analysis for the high-
grade glioma group wherein grade III
and IV gliomas were separated. Hirai et
al (25) is the only study, to our knowl-
edge, about prognostic value of rCBV
in high-grade gliomas and showed that
high-grade gliomas with higher rCBV
(>2.3) had significantly lower 2-year
overall survival compared with those
with lower rCBV. In our study, we
did not find any significant difference
in various rCBV measures among the
various GBM subclasses whether using
the Verhaak or Phillips classification
scheme. But our results do show that
rCBV  _ measurements in this group
of highly aggressive tumors showed
statistically significant correlation with
overall survival independent of the mo-
lecular subclassification systems. Phil-
lips classifiers did not affect the asso-
ciation of rCBV measures with patient
survival. Verhaak classifiers also did not
have any effect on the rCBV, _and rCB-
V, measurements but did significantly

NEL
affect the association of rCBV mea-

surements with patient overalim;&rvival
(improved HR from 1.23 to 1.44, Table
2). This suggests that Verhaak sub-
classification provides additional infor-
mation. and hence molecular markers
could potentially be used as an adjunct
to hemodynamic imaging biomarkers in
the future, particularly with increasing
emphasis on individualized pathway
specific targeted therapy regimens.

There were some limitations to our
study. Subset analysis reduces the ef-
fective sample size and large models
are not supported. Future studies with
larger sample size must be conducted
to validate these model results. Lack
of clinical data (extent of surgical re-
section and KPS) regarding 15 patients
from institution 2 limits our ability to
generalize the results. The survival
models do not account for postsurgical
treatments received.

In summary, molecular subclassifica-
tion schema of GBM provide insight into
tumor cell origin and molecular basis for
tumor aggressiveness and heterogene-
ity that could lead to specific, pathway
targeted therapy; however, molecular
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Figure 3: Kaplan-Meier survival curves for the (a) Verhaak and (b) the Phillips subclassification from the expanded TCGA study (20) (n = 382). The samples

described in this study are subsets of the larger TCGA population for which MR perfusion images are available. C/ = classic, Mes = mesenchymal, Neu = neural, PN

= proneural, Prolif = proliferative.

information alone has not provided suf-
ficient data for patient prognosis and
part of the reason could be that current
treatment practices do not yet triage
patients for specific pathways. Hemo-
dynamic imaging biomarkers (rCBV
measures) did not show any significant
correlation with the various molecular
subclasses using the two most com-
monly accepted subclassification schema
of GBM but did provide important prog-
nostic information independent of the
molecular subclasses and patients with
higher rCBV showed worse prognosis
and poor survival. However, Verhaak
subclassification schema remained sig-
nificant in the survival models providing
additional survival information about
rCBV, . measurements. Although this
needs to be confirmed with a larger
sample size, it highlights the impor-
tance of in vivo hemodynamic imaging
biomarkers and their potential role as
adjuncts to molecular/genomic markers,
particularly in predicting patient survival
and prognosis.
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