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Purpose:

Materials and
Methods:

Results:

Conclusion:

To correlate patient survival with morphologic imaging features
and hemodynamic parameters obtained from the nonenhancing
region (NER) of glioblastoma (GBM), along with clinical and
genomic markers.

An institutional review board waiver was obtained for this
HIPAA-compliant retrospective study. Forty-five patients with
GBM underwent baseline imaging with contrast material-en-
hanced magnetic resonance (MR) imaging and dynamic suscep-
tibility contrast-enhanced T2*-weighted perfusion MR imaging.
Molecular and clinical predictors of survival were obtained. Sin-
gle and multivariable models of overall survival (OS) and pro-
gression-free survival (PFS) were explored with Kaplan-Meier
estimates, Cox regression, and random survival forests.

Worsening OS (log-rank test, P = .0103) and PFS (log-rank test,
P =.0223) were associated with increasing relative cerebral blood
volume of NER (rCBV ), which was higher with deep white mat-
ter involvement (¢ test, P = .0482) and poor NER margin definition
(t test, P=.0147). NER crossing the midline was the only morpho-
logic feature of NER associated with poor survival (log-rank test,
P =.01253). Preoperative Karnofsky performance score (KPS) and
resection extent (n = 30) were clinically significant OS predictors
(log-rank test, P =.0176 and P = .0038, respectively). No genomic
alterations were associated with survival, except patients with high
rCBV,,, and wild-type epidermal growth factor receptor (EGFR)
mutation had significantly poor survival (log-rank test, P = .0306;
area under the receiver operating characteristic curve = 0.62).
Combining resection extent with rCBV,,, marginally improved
prognostic ability (permutation, P = .084). Random forest models
of presurgical predictors indicated rCBV,, as the top predictor;
also important were KPS, age at diagnosis, and NER crossing the
midline. A multivariable model containing rCBV ., age at diagno-
sis, and KPS can be used to group patients with more than 1 year
of difference in observed median survival (0.49-1.79 years).

Patients with high rCBV ., and NER crossing the midline and
those with high rCBV . and wild-type EGFR mutation showed
poor survival. In multivariable survival models, however, rCBV ..
provided unique prognostic information that went above and be-
yond the assessment of all NER imaging features, as well as clin-
ical and genomic features.

©RSNA, 2014

Online supplemental material is available for this article.
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he contrast material-enhancing re-
gion (CER) in gliomas, particularly
in high-grade gliomas, is considered
to represent the most aggressive compo-
nent of the tumor. When present, it is
the target of most treatment regimens.
The surrounding nonenhancing region
(NER) in high-grade gliomas (excluding
CER and cystic or necrotic components)
usually consists of a mixture of infiltra-
tive tumor and edema (1-3), which is
difficult to differentiate with morpho-
logic imaging. The composition and ex-
tent of NER are probably a reflection of
the aggressiveness and invasiveness of
the tumor and, hence, could potentially
provide useful prognostic information.
Inclusion of assessment of fluid-
attenuated inversion-recovery (FLAIR)
signal intensity abnormality in the up-
dated response criteria in neuro-onco-
logic imaging (4) is a recognition of the
importance of the NER when monitor-
ing treatment response. Yet, the mor-
phologic features of the NER alone may
prove insufficient to fully predict sur-
vival or treatment response. Functional
imaging modalities, such as perfusion
imaging, provide information about the

Advances in Knowledge

® Morphologic and physiologic im-
aging features from the nonen-
hancing region (NER) of a glio-
blastoma (GBM) provide
important prognostic informa-
tion; patients with NER crossing
the midline and high relative
cerebral blood volume of NER
(rCBV,,;,) showed poor survival.

B rCBV ., of a GBM is not strongly
correlated with the maximum
relative cerebral blood volume of
the enhancing component (p =
0.19, P = .20), and in joint
models of survival it retains an
increased risk of death (hazard
ratio = 1.5 on a standardized
scale, P = .08), making it a
unique and independent prognos-
tic biomarker.

B Patients with high rCBV,, and
wild-type epidermal growth
factor receptor mutation also
showed poor survival.

vasculature and hemodynamic charac-
teristics of NER, which may provide
additional prognostic information about
the biology of the tumor. Since most of
the NER is left behind during surgical
resection and most recurrences occur
within the original treatment field (5-
7), it is imperative to identify methods
to study the remaining tissue noninva-
sively. Currently, imaging is the only
technique that meets this need. Imag-
ing biomarkers based on morphologic
features and/or physiologic phenotype,
such as relative cerebral blood volume
of NER (rCBV,,), can provide this
information preoperatively and nonin-
vasively. We hypothesize that altered
perfusion in the NER is associated with
survival and provides unique prognostic
information.

Previous studies based on the areas
surrounding CER or NER regions of the
tumor have focused on differentiating
gliomas from metastatic lesions (8-10)
or trying to delineate the exact tumor
boundaries for surgical planning (11,12).
Almost all extent-of-resection studies
have focused on using the proportion of

Implications for Patient Care

B [n vivo imaging biomarkers and
especially perfusion parameters
derived from the NER could pro-
vide noninvasive and unique prog-
nostic information about tumor
aggressiveness and biology that is
not accessible through conven-
tional histologic grading or with
clinical or genomic biomarkers.

® (Clinical focus on the NER of GBM
could potentially change how
patients are treated and may es-
pecially provide an impetus to
treat beyond surgical resection of
only the contrast-enhancing lesion
component, which is the current
standard of care, to provide a
better chance of tumor control
and treatment response.

® NER of GBMs has important im-
aging phenotypic features that
are complementary to clinical
and genomic features and can
improve models of patient
prognosis.

CER resection as the key prognostic fea-
ture (13-13). To our knowledge, there
are no studies that have focused exclu-
sively on NER to predict patient survival
or prognosis, except recent literature in
which fluorescence-guided surgery with
S-aminolevulinic acid was used (16).

The purpose of this study was to
correlate patient survival with vari-
ous morphologic imaging features and
hemodynamic parameters (rCBV,,)
obtained from the NER of GBM, with
clinical and genomic markers.

Materials and Methods

Patient Characteristics

All patients in this retrospective study
had been previously deidentified by
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The Cancer Genome Atlas (TCGA), a
publicly available data set that contains
no linkage to patient identifiers and is
compliant with the Health Insurance
Portability and Accountability Act;
therefore, an institutional review board
waiver was obtained. Ninety-eight pa-
tients with previously untreated GBM
with imaging data uploaded on The
Cancer Imaging Archive’s TCGA GBM
collection (17) were reviewed. Forty-
seven patients who did not undergo dy-
namic susceptibility contrast-enhanced
T2*-weighted perfusion studies, five
patients who were since excluded from
the TCGA project, and one patient with
a prior glioma diagnosis were excluded
from this study. This study included
45 patients with untreated primary
GBM who had the necessary preoper-
ative perfusion images (from dynamic
susceptibility contrast-enhanced T2*-
weighted perfusion MR imaging per-
formed at two different institutions be-
tween 1998 and 2007) and clinical and
molecular data from TCGA (17,18).
This is a subset of previously published
cohorts (19), excluding five patients
without necessary images for Visually
Accessible Rembrandt Images (VASA-
RI) feature assessment. All patients un-
derwent surgical resection, and tumor
specimens were collected as specified
by TCGA biologic specimen methods
(17,18). Seven of 30 patients at insti-
tution 1 underwent gross total resec-
tion (GTR), and 23 underwent subtotal
resection. Information on the extent
of resection was not available from in-
stitution 2. The exact imaging data set
used in the creation of this manuscript
can be obtained from The Cancer Im-
aging Archive by using a shared list. In-
structions for doing this are available at
http://cancerimagingarchive.net (17).

MR Imaging Morphologic Analysis

For each patient, three of four board-
certified neuroradiologists (C.A.H.,
with 15 years of experience; A.F.,
with 22 years of experience; S.N.H.,
with 5 years of experience; and M.W.,,
with 6 years of experience) indepen-
dently scored the MR imaging features
of the 45 GBM cases by using a con-
trolled vocabulary system for human

gliomas (VASARI) on a ClearCanvas
workstation (ClearCanvas, Toronto,
Ontario, Canada) and an electronic
case report form with methods de-
scribed previously (20-25). For this
study, the following seven cardinal
features from the VASARI MR imaging
feature set that describe the NER of
the tumor were included: proportion
of NER, proportion of edema, defini-
tion of NER margins, T1/FLAIR ratio,
deep white matter involvement, NER
crossing of the midline, and NER area
(26). Because of the sparseness of cat-
egories, some levels were combined,
as shown in Table 1.

MR Perfusion: Image Acquisition and
Postprocessing

At institution 1, studies were performed
with either 1.5-T (n = 16) or 3-T Sig-
na Excite (n = 14) units (GE Medical
Systems, Milwaukee, Wis). Studies
from institution 2 were performed with
a 1.5-T Genesis Signa unit (GE Med-
ical Systems) (19). All images were
processed by using NordicICE software
(NordicImagingl.ab, Bergen, Norway)
with the U.S. Food and Drug Admin-
istration—approved dynamic suscepti-
bility contrast-enhanced T2*-weighted
perfusion module, which corrects for
contrast agent leakage from the intra-
vascular to extracellular space with the
method published by Boxerman et al
(27). Leakage-corrected relative cere-
bral blood flow (rCBV) maps were nor-
malized to a globally determined mean
value. (Postprocessed images can be
retrieved from the TCGA GBM image
collection of The Cancer Imaging Ar-
chive [17]).

MR Perfusion Parametric Map Analysis

All regions of interest were drawn by
two authors (one a board-certified neu-
roradiologist with more than 9 years
of experience in perfusion imaging and
the other a trained radiologist and re-
search fellow) in consensus, who were
blinded to the morphologic data on the
rCBV maps fused with postcontrast T1-
weighted images and FLAIR images, as
published previously (19). Mean rCBV
of CER (rCBV,,), maximum rCBV_,,
and rCBV, were measured from

the rCBV maps and were used in the
analysis as continuous measures and
dichotomized into groups with high and
low values, by splitting at the respec-
tive median levels. For measuring mean
rCBV ., regions of interest were drawn
on the CER of the tumor (excluding any
areas of necrosis and vessels) on all of
the sections that contained the tumor
portion defined as CER, and a mean
of these values was obtained. For mea-
suring maximum rCBV .., a region of
interest of 10 X 10 voxels was placed
on the part of the tumor with the high-
est TCBY, on the basis of the qualita-
tive perfusion maps. Three regions of
interest of 10 X 10 voxels were placed
on areas of nonenhancing FLAIR abnor-
mality within 1 cm of the edge of the
enhancing region, defined as the NER;
the mean of these values constituted
the rCBV .

Molecular Data

Genomic alterations were obtained,
when available, for each of the 45
samples via the ¢BIO Genomics Portal
(http://www.cbioportal.org, accessed
November 21, 2012). Of these 45 sam-
ples, 41 had mutation information, 36
had copy number information, and 32
had both types of data. We gathered
information for endothelial growth
factor receptor (EGFR), phosphatase
and tensin homolog (PTEN), tumor
protein p33 (TP33), and platelet-de-
rived growth factor receptor, alpha
polypeptide (PDGFRA). Other genes
in which genomic alteration has been
found to be associated with GBM were
not well represented in our data. Ad-
ditionally, 43 of 45 samples had glio-
ma-CpG island methylator phenotype
classification, one of which was posi-
tive. Molecular classifications accord-
ing to Verhaak et al were obtained
from another publication (28, 29).

Clinical Parameters

Preoperative Karnofsky performance
score (KPS), as categorized in Table 1,
was obtained from the TCGA clinical
file, along with age at diagnosis, year of
diagnosis, and survival times. Because
treatment regimens are complex and
have evolved within the past decade,
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the year of diagnosis was used (in years
since 2000) as a proxy for the standard
of care.

Statistical Analysis

Associations between rCBV . and the
clinical, morphologic, and genomic pa-
rameters were tested by using analysis
of variance, with box plots drawn for
illustration. Survival analysis was con-
ducted by using Cox regression for
continuous and multivariable models,
with the significance of the model de-
termined by using the likelihood ratio
test. Hazard ratios and associated P
values were also reported. Kaplan-
Meier survival curves and log-rank
tests were used to compare curves
with categorical predictors. Overall
survival (OS) was defined as the time
from diagnosis until either death or
the time the patient was last known to
be alive (censored). Progression-free
survival (PFS) was defined as the time
from diagnosis until tumor progres-
sion, recurrence, death, or the time
the patient was last known to be alive.
The random survival forest method
was used to determine variable im-
portance in multivariable models of
survival (30-32). The forests were
composed of 50000 trees, with at least
three samples retained in a terminal
node. Relative importance scores were
used to rank prognostic variables, and
representative trees were constructed
from variables that showed the high-
est importance. The predictive value
of the parameters associated with sur-
vival was described by using the area
under a time-dependent receiver op-
erating characteristic curve (AUC) for
prediction of survival at 1 year (33).
Significance of change in AUC was de-
termined by comparison with the re-
sults from 1000 permutations of the
survival time. Analysis was performed
with the R statistical package (R Foun-
dation, Vienna, Austria) by using the
“survival” (v 2.37-4), “randomSurviv-
alForest” (v 3.6.3) (30,31), “rpart” (v
4.1-1), and “risksetROC” (v 1.04) (34)
packages. Significant differences were
determined by using a level of P < .03.
No adjustment was made for multiple
comparisons in this exploratory work.

Association of Predictors with Differences in Mean rCBV, . across Predictor Levels
Assessed with One-Way Analysis of Variance

Parameter No. of Patients Mean rCBV, ., PValue
VASARI feature
Proportion of NER .3570
0% 10 0.78 = 0.28
=5% 15 0.70 = 0.34
6%—-33% 13 0.81 = 0.27
>33% 7 0.99 + 0.52
Proportion of edema .0966
=33% 22 0.89 = 0.38
>33% 23 0.71 = 0.29
Definition of margins .0147
Well defined 32 0.72 = 0.25
Poorly defined 13 0.99 + 0.46
T1/FLAIR ratio .3230
Expansive 25 0.74 £ 0.30
Mixed 15 0.85 = 0.30
Infiltrative 5 0.97 = 0.63
Deep white matter involvement .0482
Present 26 0.88 = 0.40
Absent 19 0.68 = 0.21
NER crossing the midline .0727
Present 8 1.00 + 0.51
Absent 37 0.76 = 0.29
NER area (cm?) .2627
<33.56 23 0.74 = 0.30
=33.56 22 0.86 = 0.38
Clinical feature
Age at diagnosis (y) .6610
<60 23 0.78 = 0.28
=60 22 0.82 = 0.41
Patient sex 2929
Female 15 0.88 = 0.43
Male 30 0.76 = 0.29
Preoperative KPS 7048
100 6 0.68 = 0.28
<100 12 0.86 = 0.47
Unknown 27 0.80 = 0.30
Year of diagnosis 4963
<2005 22 0.76 = 0.25
=2005 23 0.83 = 0.41
Extent of resection 377
GTR 7 0.69 + 0.25
Subtotal resection 23 0.84 = 0.40

Table 1 (continues)

Prognostic Value of rCBV, . Relative to
Other Imaging Features
In this study, we observed that wors-

ening OS and PFS were each associated
with increasing rCBV,, (Fig 1, Table 2).

By considering rCBV,, as a continu-
ous predictor, we found that the risk
of death increased by 0.59% for ev-
ery l-standard deviation increase in
rCBV,, for OS (hazard ratio, 1.59;
P = .041). The risk of progression or

death was estimated to increase by
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Table 1 (continued)

Association of Predictors with Differences in Mean rCBV, . across Predictor Levels
Assessed with One-Way Analysis of Variance

Parameter No. of Patients Mean rCBV, ., PValue
Genomic determinants
Verhaak class .3506
Proneural 12 0.84 = 0.26
Neural 0.72 = 0.25
Classic 8 0.64 = 0.24
Mesenchymal 17 0.88 = 0.45
PTEN* .6613
Altered (mutated, deleted) 12 (10, 3) 0.81 =0.30
Wild type 20 0.76 = 0.30
EGFR* 4026
Altered (mutated, amplified) 19 (5, 19) 0.74 = 0.33
Wild type 13 0.83 = 0.24
TP53* 4185
Altered (mutated, deleted) 12(9,3) 0.83 £0.27
Wild type 20 0.74 = 0.31
PDGFRA* .9202
Altered (mutated, amplified) 6(2,5) 0.79 = 0.29
Wild type 26 0.77 = 0.30

Note.—Mean rCBV,

NER

is presented as mean value =+ standard deviation. Numbers in parentheses are the numbers of patients

with specific genomic alterations, respectively. PDGFRA = platelet-derived growth factor receptor, alpha polypeptide, PTEN =

phosphatase and tensin homolog, TP53 = tumor protein p53.

*n = 41 with copy number variation data, n = 36 with mutation data, n = 32 with both; associations with rCBV,_. were made

with n= 32 by comparing any alteration versus no alteration.

NER

1.0 —  Low rCBVien 1.0 — Low rCBVNeR
E’ 0.8- — — High rCBVngR E 0.8 — — High rCBVjer
= =
£ 0.6 g 0.6
w w
S 0.41 5 0.4
5 5
5 0.2 5 0.2+
o o
0.01 . . 0.01 . .
0 1 2 3 4 5 6 0 1 2 3 4
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a. b.
Figure 1:  Graphs of survival estimates demonstrate that rCBV, . is a significant predictor of (a) 0S

(log-rank test, P=.0103) and (b) PFS (log-rank test, P = .0223). rCBV, , is dichotomized at the median

observed value.

0.33% per 1-standard deviation in-
crease in rCBV,,, although the find-
ing is not significant (hazard ratio,
1.33; P =0.17).

rCBV,,, was not strongly corre-
lated with either mean rCBV_,, or
maximum rCBV ., (Table 3), which
suggests that it offers unique informa-

tion. Alone, maximum rCBV_, was

a significant predictor of OS (hazard
ratio, 1.54; P = .011), but mean rCB-
Ve Was not (hazard ratio, 1.28; P =
.14) (Table 2). In a joint model, max-
Imum I'CBVCRR (hazard ratio, 1.46; P
= .028) was significantly associated
with OS, and rCBV,, (hazard ratio,
1.50; P = .087) was marginally asso-
ciated with OS (likelihood ratio test,

P = .024). The joint model with mean
rCBV,,, (hazard ratio, 1.16; P = .37)
and rCBV,, (hazard ratio, 1.50; P =
.092) was marginally associated with
OS (likelihood ratio test, P = .106) (Fig
E1 [online]). Interestingly, rCBV,
maintained a hazard ratio of similar
magnitude to the single parameter
model (hazard ratio, 1.59), suggesting
it provides independent information
in the joint prognostic models. The
joint models did not show significant
association with PFS (P > .1, Fig El
[online]).

Of the VASARI NER features con-
sidered, tumors with deep white mat-
ter involvement tended to have higher
rCBV,, (Fig E2a [online]; t test, P =
.0482). Tumors with a poorly defined
NER margin tended to have higher
rCBV ., relative to that of well-de-
fined tumors (Fig E2b [online]; t test,
P = .0147). There was no association
between rCBV ., and the other mor-
phologic features (Table 1, P > .05).
The prognostic value of the VASARI
NER features was considered, and it
was found that only having the NER
crossing the midline was associated
with shorter OS and was marginally
associated with shorter PFS (log-rank
test, P = .0125 and P = .0661, respec-
tively; Fig E3a, E3b [online]). The
other VASARI NER features were not
associated (log-rank test, P > .1) with
OS or PFS (Table 2).

Information Provided by rCBV, in
Clinical and Molecular Models of
Prognosis

As expected, preoperative KPS and
extent of resection were associated
with OS (log-rank test, P < .05; Table
2). There was no association between
GTR and rCBV,, (t test, P = .3713),
and none of the gross total resec-
tions had tumor crossing the midline.
Gross total resection of the contrast-
enhancing portion of tumor was as-
sociated with a favorable prognosis
(OS AUC = 0.62) and correlated with
1-year survival (Fig 2). rCBV ,, alone
was less sensitive but more specific
than GTR (OS AUC = 0.61, n = 30).
Consideration of a joint model with
rCBV,,, and GTR combined these
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Table 2

Association of rCBV, VASARI, and Clinical and Genomic Predictors with Survival (0S and PFS) by Using Cox Regression (Hazard Ratio)

and Log-Rank Tests

0S PFS
Predictor Association AUC Association AuC
Blood volume
1CBV,cq LR, P=.0103 0.595 LR, P=.0223 0.575
Continuous variable (per SD) HR =1.59, P=.041 0.561 HR=1.33,P=.17 0.541
Mean rCBV., LR, P=.582 0.521 LR, P=.300 0.539
Continuous variable (per SD) HR=1.28, P=.14 0.545 HR=1.22,P=.16 0.533
Maximum rCBV ., LR, P=.145 0.558 LR, P=.0957 0.567
Continuous variable (per SD) HR =1.54, P=.011 0.550 HR =1.33, P=.062 0.538
VASARI feature
Proportion of NER (0%, <5%, 6%—33%, >33%) LR, P=.118 0.602 LR, P=.226 0.587
Proportion of edema (<33%, =33%) LR, P=.671 0.516 LR, P=.457 0.527
Definition of margins (well defined, poorly defined) LR, P=.467 0.528 LR, P=.990 0.500
T1/FLAIR ratio (expansive, mixed, infiltrative) LR, P=.335 0.535 LR, P=.609 0.539
Deep white matter involvement (present, absent) LR, P=.380 0.534 LR, P=.478 0.527
NER crossing the midline (present, absent) LR, P=.0125 0.555 LR, P=.0661 0.500
NER area (cm?) (<33.56, =33.56) LR, P=.302 0.538 LR, P=.733 0.513
Continuous variable (per SD) HR =1.24, P=.200 0.552 HR=1.09, P= .61 0.521
Clinical parameter
Age at diagnosis (<60 y, =60 y) LR, P=.142 0.546 LR, P=.0562 0.558
Continuous variable (per 10 y) HR=1.15, P=.350 0.540 HR=1.14,P=.35 0.535
Patient sex (female, male) LR, P=.753 0.511 LR, P=.753 0.512
Preoperative KPS (100, <100, unknown) LR, P=.0176 0.566 LR, P=.0498 0.610
Year of diagnosis (<2005, =2005) LR, P=.362 0.534 LR, P=.350 0.535
Continuous variable (per year) HR = 0.96, P=.500 0.528 HR =0.96, P=.590 0.521
Extent of resection (7 = 30) (GTR, subtotal resection) LR, P=.0038 0.618 LR, P=.0077 0.639
Genomic determinant
Verhaak class (proneural, neural, classic, mesenchymal) LR, P=.158 0.596 LR, P=.178 0.568
PTEN (altered [mutated/deleted], wild type) LR, P=.481 0.529 LR, P=.184 0.569
EGFR (altered [mutated/amplified], wild type) LR, P=.547 0.527 LR, P=.347 0.535
TP53 (altered [mutated/deleted], wild type) LR, P=.867 0.508 LR, P=.637 0.521
PDGFRA (altered [mutated/amplified], wild type) LR, P=.815 0.505 LR, P=.487 0.514

Note.—Time-dependent AUC is given for survival at 1 year. HR = hazard ratio, LR = log-rank test, PDGFRA = platelet-derived growth factor receptor, alpha polypeptide, PTEN = phosphatase
and tensin homolog, SD = standard deviation, TP53 = tumor protein p53.

complementary features and im-
proved the prognostic value (OS AUC
= 0.69). This difference was margin-
ally significant at P = .084.

In this study sample, we did not
find any significant association with
the four Verhaak molecular subclasses
of GBM (35) and survival. When look-
ing individually at genomic alterations
(phosphatase and tensin homolog al-
teration |[mutation or deletion]), tu-
mor protein p53 alteration (mutation
or deletion), PDGRFA alteration (mu-
tation or amplification), and EGFR
alteration (mutation or amplification),
having alterations in any one of these

sites was not associated with OS or
PES (Table 2). Combining EGFR with
rCBV,,,, we found a significant as-
sociation with OS (log-rank test, P =
.0306; AUC = 0.62), with worst sur-
vival in the high-rCBV,, wild-type
EGFR group (Fig E4a [online]). There
was marginal association with PFS
in the joint model of EGFR and rCB-
Vi (log-rank test, P = .0692; AUC
= 0.61), and Cox regression showed
that the difference was dominated by
the rCBV_. measure (Fig E4b [on-

NER

line]). Joint models with rCBV__, and

NER
the other genetic alterations were not

significant (Fig E4c, E4d [online]).

Contribution of rCBV, _, in Preoperative
Multivariable Models of Survival

Random survival forests were used
to rank preoperatively obtained fac-
tors for importance in prognostic
classification. We first considered
models with only the three rCBV
measures (dichotomized) and the mor-
phologic features of the NER, as de-
scribed earlier. For our study, r‘CBVNER
was found to be the most important
predictor of OS, with NER crossing the
midline and the T1/FLAIR ratio being
the other positive predictors, with un-
der 30% relative importance (Fig ESa
[online]). Generation of a single tree
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Figure 2:  Receiver operating characteristic curves
are shown for rCBV,, (dichotomous, likelihood ratio
test, P=.0122; AUC = 0.61), extent of resection
(GTR or subtotal resection, likelihood ratio test, P =
.002; AUC = 0.62), and the joint model (likelihood
ratio test, P =.0006; AUC = 0.69) (n = 30). AUC
was determined for 1-year survival. Sensitivity
and specificity for the single dichotomous variable
models can be read at the bend in the receiver
operating characteristic curve.

from this forest by using only these
top three predictors (rCBV ., NER
crossing the midline, and T1/FLAIR
ratio) caused rCBV .. to be selected
as the primary split and T1/FLAIR ra-
tio as a secondary split for those with
high rCBV,, (Fig 3a). There was a
difference in median survival between
the highest and lowest groups in strat-
ifications of 1.135 years (AUC = 0.59).
Use of NER crossing the midline as the
secondary split also caused the groups
to be separated, with a difference in
median survival of 1.10 years between
the low-rCBV,, group and the high-
rCBV,, group with crossing (AUC =
0.57) (Fig 3b). All but one person with
NER crossing the midline were also in
the mixed or infiltrative T1/FLAIR ratio
group, so these divisions were similar.
A random survival forest for PFS again
showed rCBV,, to be the most im-
portant predictor, with the proportion
of NER and presence of NER crossing
the midline being the other positive
predictors, each with less than 20%
relative importance as compared with
rCBV,;,. No improvement of PFS was
attained by joint models with rCBV

Spearman Correlation Coefficients for the rCBV Measures with P Values from a Test of

Nonzero Correlation

Blood Volume Correlation Coefficient PValue
rCBV, . vs mean rCBV,, 0.259 .0860
ICBV, g, Vs maximum rCBV 0.194 .2005
Mean rCBV__. vs maximum rCBV 0.732 1.125 X 108

CER CER

and either proportion of NER (AUC
= 0.553) or NER crossing the midline
(AUC = 0.564) beyond rCBV,, alone
(AUC = 0.575) (Fig E3d [online]).

We next considered variable im-
portance scores for the three rCBV
measures (dichotomized), the mor-
phologic features of the NER, and the
preoperatively obtained clinical fea-
tures described earlier. The rCBV,,
measure and having a KPS of 100 were
the top predictors of OS (Fig ESb [on-
line]). Presence of NER crossing the
midline and age tended to hold the
third and fourth ranks, with Verhaak
class and cohort also being infor-
mative, depending on the run of the
model. A tree constructed from these
six predictors caused rCBV, to be se-
lected as the primary split, and then
the low-rCBV ., group was further di-
vided by KPS status being known or
unknown, and the high-rCBV,, group
was divided by age of diagnosis (split
at 60 years). There was a 1.3-year dif-
ference in median survival between the
low-rCBV,, with known KPS group
(1.79 years) and high-rCBV,, with
age of 60 years and older at diagnosis
group (0.49 years) (Fig 3c). The trend
holds if we split the low-rCBV . group
at KPS of 100 versus KPS of less than
100 or unknown. In this case, the low-
rCBV,, with KPS of 100 group had
median survival estimated at 4.1 years,
but there were only five persons in this
group.

By using the random survival forest
model, rCBV .. was found to be the
most important predictor of PFS, fol-
lowed by KPS and year of diagnosis.
NER crossing the midline, Verhaak
subclassifiers, and deep white mat-
ter involvement were also important

predictors of PFS, depending on the
run of the model. By using these six
predictors to construct a represen-
tative tree, rCBV,,, was selected as
the primary split, and then the low-
rCBV,,, group was further divided by
KPS, as with OS, but the high-rCBV
group was divided by year of diagno-
sis being split at 2003 (AUC = 0.57).
There was a 6-month difference in
median PFS between the low-rCBV .
with known KPS group (0.77 years)
and the high-rCBV,, with diagnosis
prior to 2003 group (0.25 years) (Fig
E6 [online]).

In our previous work (19), we specif-
ically looked at the defined molecular
subclasses of GBM (28,29), focusing
on the hemodynamic assessment of
the enhancing component of GBM. We
found increased maximum rCBV,, to
be associated with increased risk of
death, as we also did here (log-rank
test, P = .011). In the current study,
we focused on the role of the NER
of GBMs and showed that there are
imaging phenotypic features related
specifically to the NER, most notably
NER crossing the midline and rCBV .,
which provide important prognostic in-
formation. These are complementary
to clinical and genomic features and
can improve models of patient prog-
nosis. rCBV ,, is unique (Table 2) and
independent (Fig E1 [online]|) with re-
spect to the rCBV . measures.

The hemodynamic parameter rCB-
Vg i8S an important prognostic imaging
biomarker that provides information in-
dependent of the morphologic features
of the NER. Joint models that include
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Figure 3:  Graphs depict survival classification after random survival forest ranking of potential predictors. (a) A representative tree to consider only rCBV and

VASARI features caused rCBV

NER

to be selected first and then the T1/FLAIR ratio to split the high-rCBV,
Allowing NER crossing of the midline to define the split of the high-rCBV,

NER
NER

subset (Kaplan-Meier curves, log-rank test, P = .0165). (b)
subset also provides a significant separation of survival curves (Kaplan-Meier curves, log-

rank test, P = .0067). (c) A representative tree to consider rCBV, VASARI features, and preoperative clinical parameters caused rCBV,, to be selected first and then
KPS to split the low-rCBV, ., subset and age to split the high-rCBV, . subsst (Kaplan-Meier curves, log-rank test, P =.0003).

rCBV,,,, and morphologic, clinical, and
even genomic markers appear to im-
prove the ability to predict OS and PFS,
as compared with assessing each param-
eter individually. Most notable is that
rCBV,, increases the predictive ability
of the treatment parameter extent of
resection to an AUC of 0.69, compared
with 0.62 for GTR alone. By considering
only preoperative predictors, rCBV,,
was found to be the top or second most
important predictor of both OS and PFS
according to our random survival forest
models. Preoperative KPS and presence
of NER crossing the midline were also
found to be important predictors for
both OS and PFS.

Most of the literature on imaging
assessment of NER in tumors has fo-
cused on differentiating gliomas from
metastatic tumors (8-10,35), since
gliomas infiltrate surrounding tissues
beyond the CER, unlike metastases
(9,10). A comprehensive imaging-ge-
nomic analysis of human GBM by using
quantitative MR imaging volumetrics
and large-scale genetic and microR-
NA expression profiles demonstrated
the potential for molecular subtyping
based on FLAIR (or NER) signal in-
tensity abnormality (36). In a study
of high-grade gliomas, Pope et al an-
alyzed 15 imaging variables obtained
from contrast-enhanced MR images
and showed that the presence of non-
contrast-enhancing tumor was one of

the three variables associated with sur-
vival (37). However, none of these in-
vestigators assessed the correlation of
NER imaging features exclusively with
patient survival, and, in particular,
none combined the morphologic and
hemodynamic imaging features with
clinical parameters and genomic fea-
tures to create a more refined prognos-
tic model, as was done in the current
study. Most of the prior investigations
involving extent of tumor resection also
concentrated on the role of the CER in
the prediction of survival.

Because conventional GBM treat-
ment plans concentrate on the suc-
cessful debulking of the tumor and
radiation treatment and response of
the CER, our new results that show
the importance of the NER could have
important therapeutic implications
in the future. A growing body of ev-
idence suggests that extent of tumor
resection plays a key prognostic role in
patients with GBM (13-15). Complete
resection, defined as the absence of
CER tumor at MR imaging, is the ideal
surgical result associated with better
outcome and patient survival. Given
the infiltrative nature of these tumors,
limitations of resection in or near el-
oquent brain regions, and difficulty in
achieving tumor-free surgical margins,
curative surgery is rarely achievable in
GBMs. The degree of tumor invasion is
variable, and postmortem studies have

shown that 20% and 27% of GBMs
have infiltrating cells less than 1 cm
from the edge of gross tumor; 20%
have invasion more than 3 cm from
the gross tumor, and 8% show dissem-
inated spread (1-3).

Fluorescence-guided surgery with
S-aminolevulinic acid is a method to
intraoperatively mark infiltrative tumor
extending beyond CER, and this tech-
nique has been helpful in improving the
extent of resection in GBM (38,39). It
has been shown with selective tissue
sampling that fluorescent signal inten-
sity can extend beyond the CER (40). A
recent study has in fact shown that pa-
tients with GBM who have undergone
complete resection of CER and have no
residual fluorescent tissue had longer
OS than patients with residual fluores-
cent tissue (16). This underscores the
fact that addressing the NER in addi-
tion to the CER has a role in improving
patient survival.

Typically, once the CER of a tumor
has been removed, recurrence mostly
develops at the site of primary CER or
in the remaining NER, particularly in
high-grade gliomas. Our results suggest
that routine surveillance of the NER is
paramount to prediction of recurrent
disease. Noninvasive evaluation of the
NER imaging biomarkers, especially
physiologic biomarkers, may aid treat-
ment decisions on aggressive resection
beyond CER margins, when feasible, or
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postoperative adjuvant radiation to tar-
get the remaining NER.

Although we had 45 samples, some
features were not well represented, and,
thus, comparisons of their prognostic
ability were limited. We additionally
found that preoperative KPS was not re-
corded for more than half of the cases.
However, we feel that absence of these
data is not random and may be a proxy
for enrollment in a clinical trial. Addi-
tionally, these findings are preliminary
on the basis of this single study and must
be validated in a larger clinical popula-
tion, where postsurgical treatment can
also be included directly.

In summary, assessment of the im-
aging phenotype of NER in GBM pro-
vides important prognostic information
that could be complementary to clinical
and genomic markers. In particular,
the perfusion parameter rCBV,, is a
unique prognostic marker that could
help refine existing conventional prog-
nostic models in patients with GBM.
This additional prognostic information
could affect how this group of highly ag-
gressive tumors is treated in the future.
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