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Abstract Tumor grade differentiation is often difficult
using routine neuroimaging alone. Computed tomography
perfusion imaging (CTP) provides quantitative information
on tumor vasculature that closely parallels the degree of
tumor malignancy. This study examined whether CTP is
useful for preoperatively predicting the grade of malig-
nancy in glioma showing no enhancement on contrast-
enhanced magnetic resonance imaging (MRI). Subjects
comprised 17 patients with supratentorial glioma without
enhancement on MRI. CTP was performed preoperatively,
and absolute values and normalized ratios of parameters
were calculated. Postoperatively, subjects were classified
into two groups according to histological diagnosis of
grade 3 (G3) glioma or grade 2 (G2) glioma. Absolute
values and normalized ratios for each parameter were
compared between G3 and G2. Accuracies of normalized
ratios for cerebral blood flow (nCBF) and cerebral blood
volume (nCBV) in predicting a diagnosis of G3 were
assessed. In addition, nCBV was compared between diffuse
astrocytoma, G2 oligodendroglial tumor (OT), and G3 OT.
Values for nCBF and nCBV differed significantly between
G3 and G2. Using nCBV of 1.6 as a cutoff, specificity and
sensitivity for distinguishing G3 were 83.3% and 90.9%,
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respectively. No significant difference in nCBV was seen
between diffuse astrocytoma and G2 OT, whereas differ-
ences were noted between G2 and G3 OTs, and between
diffuse astrocytoma and G3 OT. CTP offers a useful
method for differentiating between G3 and G2 in nonen-
hancing gliomas.

Keywords Computed tomography perfusion imaging -
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Introduction

Glioma is graded according to World Health Organization
(WHO) classification, with grade 1 or 2 graded as low-
grade glioma (LGG) and grade 3 or 4 commonly defined as
high-grade glioma (HGG) [1]. As treatment and prognosis
differ substantially between LGG and HGG, the ability to
differentiate between grade 2 (G2) glioma and grade 3
(G3) glioma, as the border between LGG and HGG, is very
important. On contrast-enhanced computed tomography
(CT) and magnetic resonance imaging (MRI), G2 gliomas
are nonenhanced due to preservation of blood—brain barrier
(BBB), whereas G3 gliomas are commonly enhanced due
to increased vascular permeability caused by disruption of
the BBB within the tumor [2-4]. However, the relationship
between histological grading and contrast enhancement on
CT and MRI is not always clear. Preoperatively differen-
tiating between G3 and G2 gliomas that are nonenhanced
on conventional neuroimaging is often difficult. When
patients with nonenhancing glioma are encountered, neu-
rooncologists may perform various examinations to dif-
ferentiate between G3 and G2 gliomas, such as positron
emission tomography (PET) for direct assessment of tumor
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metabolism, magnetic resonance spectroscopy to detect
magnetic resonance signals of metabolites, and diffusion-
weighted MRI to clarify structures within and surrounding
the tumor. Assessment of intratumoral vasculature is one
approach that may help to clarify the intratumoral biolog-
ical characteristics and malignancy of a tumor, as intratu-
moral angiogenesis and high vascularity, which are
regulated by hypoxia and various vascular endothelial
growth factors, are essential for tumor growth and pro-
gression [5-7].

Angiography enables direct observation of intratumoral
vessels, but is hazardous and remains limited for depiction
of intratumoral microvasculature. Magnetic resonance
perfusion imaging (MRP) and CT perfusion imaging (CTP)
provide reliable information on the intratumoral micro-
vasculature [8—12]. Numerous studies of perfusion imaging
have shown that increasing malignancy of the glioma is
associated with increased intratumoral blood volume and
vascular permeability [10, 13—15]. Quantitative evaluation
from perfusion imaging thus depends on both the micro-
vasculature (vascular density and diameter), and vascular
permeability due to disruption or absence of the BBB
within the tumor. Previous reports have shown good cor-
relations between findings on perfusion imaging and
malignancy grading in enhancing glioma. In contrast, the
BBB of vessels is preserved in nonenhancing glioma, since
extravasation of contrast medium through the BBB in
tumor vessels is considered to represent the main cause of
tumor contrast enhancement [4]. As MRI remains the
preferred technique for assessing brain tumors, studies
using MRP to thoroughly evaluate gliomas greatly out-
number those using CTP, and MRP has also been applied
to neurooncological applications for nonenhancing glio-
mas, such as determining biopsy targets and predicting
malignant progression [16—18]. In recent years, CTP has
gained acceptance as a valuable imaging technique for
assessing hemodynamics in brain tumors [13, 14, 19-22].
However, whether CTP is useful for grading malignancy of
nonenhancing gliomas remains unclear. CTP retains the
advantage of a linear relationship between attenuation
changes on CT and tissue concentration of contrast med-
ium, unlike MRP [8, 20]. We therefore hypothesized that
CTP should accurately provide quantitative information on
only the microvasculature within the tumor, excluding
extravasation due to permeability, when limited to patients
with nonenhancing glioma. In the present study, we per-
formed CTP on patients with nonenhancing glioma, and
compared cerebral blood volume (CBYV), cerebral blood
flow (CBF), and mean transit time (MTT), as quantitative
values provided from CTP, with postoperative histological
diagnosis. The present study aims to determine whether
CTP is useful for prediction of preoperative malignancy
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grading (WHO G2 or G3) in nonenhancing glioma on
contrast-enhanced MRI.

Patients and methods
Patients

The study protocol was approved by the Ethics Committee of
Iwate Medical University, Morioka, Japan. Consecutive
patients admitted to the Department of Neurosurgery at
Iwate Medical University between September 2006 and
January 2010 and meeting the entry criteria were recruited to
this study. Entry criteria for this study comprised: diagnosis
of supratentorial glioma; tumor bulk not clearly enhanced on
gadolinium-enhanced T1-weighted MRI (Gd-T1WI); tumor
bulk sited in the supratentorial cerebrum; no past history
relating to the brain, including surgical operation, irradia-
tion, administration of anticancer agents or steroids, stroke,
infection, or other disorders such as demyelinating disease;
and provision of written informed consent to participate.
Subjects comprised 17 patients (7 men, 10 women) with
mean age of 47.8 years. Patient data including age, tumor
site, operation method, postoperative histological diagnosis,
and malignancy grade are summarized in Table 1.

Table 1 Patient summary

No. Age Tumor site Surgery Histology =~ WHO
(years) grade

1 76 Temporal lobe  Biopsy AA 3

2 58 Frontal lobe Resection  AO 3

3 45 Frontal lobe Resection  AO 3

4 34 Frontal lobe Resection  AO 3

5 29 Frontal lobe Resection  AO 3

6 21 Frontal lobe Resection  AOA 3

7 78 Frontal lobe Biopsy DA 2

8 68 Frontal lobe Biopsy DA 2

9 68 Parietal lobe Biopsy DA 2

10 65 Frontal lobe Resection DA 2

11 58 Frontal lobe Resection DA 2

12 52 Frontal lobe Resection  Oli 2

13 46 Temporal lobe  Resection  Oli 2

14 42 Frontal lobe Resection  OA 2

15 30 Frontal lobe Resection  OA 2

16 27 Frontal lobe Resection DA 2

17 16 Temporal lobe  Resection OA 2

AA anaplastic astrocytoma, AQ anaplastic oligodendroglioma, AOA
anaplastic oligoastrocytoma, DA diffuse astrocytoma, Ol oligoden-
droglioma, OA oligoastrocytoma
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Conventional MRI and CTP

Conventional MRI was performed for all subjects within
7 days before surgery. Spin-echo Gd-T1WI was performed
approximately 2 min after intravenous injection of gado-
linijum (0.2 ml/kg, Magnevist; Bayer Schering Pharma,
Berlin, Germany), using a 3.0-T whole-body scanner
(GE Yokogawa Medical Systems, Tokyo, Japan) with a
standard head coil. We confirmed that the tumor in each
patient did not show clear enhancement with gadolinium
on Gd-T1WIL

CTP was also performed within 7 days before surgery
using a 16-row multidetector CT system (Aquillion 16;
Toshiba Medical Systems, Tokyo, Japan), in accordance
with the methods described by Sasaki et al. [23]. After
performing noncontrast CT to determine the location of the
tumor balk, a multislice scan targeting the tumor bulk was
performed (80 kV,; 40 mA; 1.5 s/rotation, 30 rotations
field of view, 240 x 240 mm?; four contiguous 8-mm-
thick sections; total scan time, 45 s). Five seconds after
intravenously injecting 40 ml (4 ml/s) nonionic iodine
contrast medium (Iopamiron 300; Bayer Schering Pharma)
using a power injector, dynamic scanning was started and
tissue attenuation of contrast medium was monitored on a
slice. Radiation doses for the scanning protocol were as
follows: volume CT dose index, 150 mGy; dose-length
product, 480 mGy cm; and effective dose, 1.34 mSv. Data
were transferred to a commercial workstation (M900
Quadra; Ziosoft, Tokyo, Japan), and scaled color maps for
CBF, CBV, and MTT were automatically created. All
mathematical analyses were performed by the deconvolu-
tion method [19, 24], using CTP analysis software supplied
with the workstation described above. Among the three
types of deconvolution algorithms implemented in this
software, we used the block-circulant singular value
decomposition method. Regions of interest (ROI) for
venous output and arterial input functions were manually
placed at the superior sagittal sinus and a single branch of
the insular segment of the middle cerebral artery on either
the pathological or nonpathological side, or A2 segment
of the anterior cerebral artery, respectively. ROI were also
placed over the entire tumor bulk and apparently normal
white matter (ANWM) on the nonpathological side, on
color maps for each parameter. Size of the ROI for ANWM
was established as 1.0 cm®. In the measurement of absolute
values, the vascular-pixel elimination (VPE) method was
used to exclude pixels from large vessels at the cerebral
surface, sulci, and cisterns [23, 25]. In the present study, we
established the VPE threshold as 6.0 ml/100 g for CBV,
since high-CBV areas suggesting large cortical vessels on
color map disappeared satisfactorily at 6.0 ml/100 g when
the threshold was varied between 5.0 and 8.0 ml/100 g
using our analysis software. Large vascular pixels were
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thus defined as pixels with CBV values >6.0 ml/100 g and
were automatically eliminated. Regional absolute values
(rCBF, rCBYV, and rMTT) were then calculated automati-
cally for all ROI. The measurements described above were
performed twice for each patient by two investigators
(M.S. and K.K.) who were blinded to all clinical data,
including individual patient information and histological
diagnosis. Absolute values of all parameters for each
patient were determined as the mean of four measured
values, as determined twice by each investigator. The
second test was performed 1 week after the first test, with a
different randomized order of measurements from the first
test. We also calculated normalized ratios (rCBF, nCBV,
and nMTT) as the absolute value for the tumor divided by
the absolute value for the ANWM for each parameter in all
patients. All patients underwent surgery, with tumor
resection for 13 patients and CT-guided stereotactic needle
biopsy for 4 patients (Table 1). The region targeted in
stereotactic biopsy was based on findings from the CBV
color map. If the color map showed heterogeneous perfu-
sion within the tumor, the targeted region corresponded to
the region with the highest perfusion area for CBV. In
cases with tumor resection, histological diagnosis was
determined by observation at the lesion showing the most
malignant histological features in all preparations. Post-
operatively, histological diagnosis using specimens
obtained from surgery was made by one of the investiga-
tors (A.K.) with no prior knowledge of CTP data.

Statistical analyses

All data were analyzed using PASW Statistics version 18
software (SPSS Japan, Tokyo, Japan). Inter- and intrarater
reliabilities for all absolute values were evaluated accord-
ing to classification of the intraclass correlation coefficient
(ICC) [26]. For ICC; 1y and ICC; 4, as interrater reliability,
agreement of all absolute values (CBF, CBV, and MTT)
between first and second tests was analyzed for tumor and
ANWM for each investigator, using one-factor analysis of
variance (ANOVA). For ICC, 1y and ICC(, 4, as intrarater
reliability, agreement of all absolute values between the
two investigators was analyzed for tumor and ANWM for
each test, using two-factor ANOVA. Patients were
assigned to one of two histological grading groups
according to histological classification: WHO G2 or WHO
G3. Frequency of biopsy was compared between G2 and
G3 groups using Fisher’s exact probability test. We com-
pared absolute values from the tumor lesion for each
parameter between G2 and G3 using the Mann—-Whitney
U test. Furthermore, the normalized ratio for each param-
eter was compared between these groups again using the
Mann-Whitney U test. The accuracy of rCBF and nCBV in
predicting a diagnosis of G3 was assessed using receiver
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operating characteristic (ROC) curves. ROC curves were
calculated in increments of 0.1. Absolute values and nor-
malized ratios for CBV were compared between diffuse
astrocytoma, G2 oligodendroglial tumor (OT), and G3 OT,
using the Mann—-Whitney U test. G2 OTs comprised oli-
godendroglioma or oligoastrocytoma, whereas G3 OTs
comprised anaplastic oligodendroglioma or anaplastic oli-
goastrocytoma. Statistical significance was established at
the P < 0.05 level in all analyses.

Results

Based on histological diagnosis after surgery, 6 patients
were assigned to the G3 group and 11 patients were
assigned to the G2 group (Table 1). Of these 17 patients, 4
patients underwent stereotactic biopsy. Frequency of
biopsy did not differ significantly between G3 and G2
groups (P = 0.25).

Interrater reliability was classified as “almost perfect”
for both tumor and ANWM for each investigator: 1CC(; 1,
and ICC, 4 for M.S. were 0.943 and 0.971 for tumor, and
0.961 and 0.980 for ANWM, respectively, and those for
K.K. were 0.966 and 0.983 for tumor, and 0.942 and 0.970
for ANWM, respectively. Intrarater reliability was also
classified as “almost perfect” for both tumor and ANWM
in each test: ICC; jy and ICC 3 4, in the first test were 0.987
and 0.993 for tumor, and 0.973 and 0.987 for ANWM,
respectively, and those in the second test were 0.971 and
0.985 for tumor, and 0.973 and 0.986 for ANWM,
respectively. Absolute values of tumor lesions for each
parameter in G3 and G2 groups are summarized in Table 2.
Absolute values for all parameters varied widely, with no
significant differences in any parameters identified between
G3 and G2 groups. Normalized ratios for each parameter
are summarized in Table 3. Significant differences between
G3 and G2 groups were identified for nCBF and nCBYV,
with no significant differences in nMTT.

The cutoff for accuracy was defined as the point lying
closest to the upper-left corner of the ROC curve.

Table 2 Absolute values for each parameter

rCBV (ml/100 g) rMTT (s)

rCBF (ml/100 g/min)

G3 (n =6)
Range 10.8-27.0 1.9-3.2 6.8-10.8
Mean + SD 18.3 £ 5.3 25+05 85+ 15
G2 (n=11)
Range 8.8-23.3 1.3-2.6 7.0-12.2
Mean + SD 155 £ 4.2 2.1+04 88+ 15
P 0.27 0.25 0.76

SD standard deviation
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Table 3 Normalized ratios for each parameter

nCBF nCBV nMTT
G3(n=26)
Range 1.34-3.00 1.54-2.39 0.76-1.06
Mean + SD 2.10 £+ 0.57 1.92 + 0.37 0.90 &+ 0.12
G2 (n=11)
Range 0.92-2.00 0.91-1.75 0.79-1.07
Mean =+ SD 1.41 4 0.38 1.26 £ 0.28 0.91 & 0.09
P 0.01 0.004 0.76
3.0 4 ¢ Sensitivity 83.3%
Specificity 81.8%
2.5+
\ 4

Nonmalized ratio for CBF

1.0 ' ‘

i ]
Grade 3 Grade 2

Fig. 1 Relationship between nCBF value and WHO grading. Using a
cutoff of 1.7 (dashed line), nCBV was >1.7 for 5 (83.3%) of 6
patients with G3, compared with <1.7 for 9 (63.6%) of 11 patients
with G2

Sensitivity and specificity in predicting a diagnosis of G3
were 83.3% and 81.8% for nCBF (cutoff 1.7), and 83.3%
and 90.9% for nCBYV (cutoff 1.6) (Figs. 1, 2). Accuracy for
predicting a diagnosis of G3 was higher with nCBV than
with nCBF.

A comparison of nCBV was made between G3 OT, G2
OT, and diffuse astrocytoma (Table 4). Significant differ-
ences in nCBV were identified between G3 and G2 OTs
(P = 0.009), and between G3 OT and diffuse astrocytoma
(P = 0.02), whereas no significant difference was seen
between G2 OT and diffuse astrocytoma (P = 0.36).

Illustrative cases

We now describe the cases of two patients for whom CTP
provided useful information for predicting tumor grading.
Gd-TIWI for case 6 showed glioma with no clear
enhancement in the right frontal lobe (Fig. 3a). Using the
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Fig. 2 Relationship between nCBV value and WHO grading. Using a

cutoff point of 1.6 (dashed line), nCBV was >1.6 for 5 (83.3%) of 6
patients with G3 and <1.6 for 10 (90.9%) of 11 patients with G2

Table 4 Normalized ratio (mean + SD) for CBV in G3 OT, G2 OT,
and diffuse astrocytoma

nCBV
G30T (n=15) 1.99 £ 0.36
G20T (n = 5) 1.16 £ 0.24
Diffuse astrocytoma (n = 6) 1.35 + 0.31

OT oligodendroglial tumors

VPE method, color mapping of CBV demonstrated large
vessels of the cerebral surface to be successfully excluded
(Fig. 3b). Color mapping of CBV depicted areas of hyper-
perfusion within the tumor. The nCBV for this case
(nCBV = 2.3) was higher than the cutoff point. Tissue
specimens obtained from gross total resection showed typ-
ical histological features of G3 anaplastic oligoastrocytoma.

Gd-T1WI for case 14 showed nonenhancing glioma of
the right frontal lobe (Fig. 4a). The VPE method satisfac-
torily eliminated large vessels of the cerebral surface
(Fig. 4b). On color mapping, areas of hyperperfusion
seemed to be minor compared with those in case 6. The
nCBYV in this case (nCBV = 1.2) was lower than the cutoff
point. After tumor resection, histological diagnosis was G2
oligoastrocytoma.

Discussion

Previous reports have documented that G3 gliomas make
up 40-46% of nonenhancing gliomas on conventional MRI
[3, 4]. Our finding of G3 tumors in 6 (35.2%) of 17 patients

Fig. 3 Gd-TIWI (a) and color map of CBV (b) for case 6. Circle
ROI covering the entire tumor bulk and ANWM localized on the
nonpathological side

was close to this level. Thus, preoperative differentiation
between G3 and G2 using MRI is often difficult. Biopsy or
resection allowing histological diagnosis currently remain
the basis for differentiation between G3 and G2 gliomas.
However, neuroimaging can provide useful information on
pathological diagnosis, particularly for patients who do not
undergo biopsy or resection allowing histological diagno-
sis. Novel neuroimaging procedures other than routine
MRI are thus desired. CTP and MRP provide reliable
information on tumor vasculature, which can help to
determine the extent of malignancy in glioma [8, 10, 22].
Although limitations of CTP include radiation dose and
limited area of coverage compared with MRP, the linear
relationship between attenuation changes on CT and tissue
concentration of contrast medium and the lack of con-
founding sensitivity to flow artifacts allow CTP to
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Fig. 4 Gd-T1WI (a) and color map of CBV (b) for case 14. Circle
ROI covering the entire tumor bulk and ANWM localized on the
nonpathological side

potentially offer a more accurate representation of tissue
microvasculature than similar MRP studies [8, 20]. Fur-
thermore, CTP offers advantages such as measurement of
quantitative absolute values, greater availability, fast
scanning time, high spatial resolution, low cost, and the
ability to use this technique for patients who cannot
undergo MRI due to the presence of metallic materials in
the body [14, 22, 27].

CBF derived from CTP has been suggested to show a
tendency toward overestimation, compared with that
derived from PET [28]. Since overestimation of CBF in
CTP was attributable to the presence of large vessels on the
cerebral surface, as contrast materials act as a nondiffusible

@ Springer

intravascular tracer in CTP unlike in PET, the VPE method
has been proposed to eliminate flow in large vessels [25].
Accurate measurement of CBV contributes to accurate
CBF and MTT, as these parameters are closely associated
in the central volume principle as CBF = CBV/MTT [29].
We therefore used the VPE method in the present study.
We think that optimal threshold differs according to the
specific analysis software used for CTP. While VPE
threshold was 8.0 ml/100 g in the report by Kudo et al.
[25], we established a threshold of 6.0 ml/100 g, since
high-CBV areas from cortical large vessels disappeared
satisfactorily at this threshold for the analysis software
used in our study. Another reason for using the VPE
method is that OTs are commonly seen as superficially
located tumors in the brain [30, 31]. Elimination of
superficial large vessels at the cerebral surface, sulci, and
cisterns thus seems warranted when CTP is performed for
OTs.

In previous reports of CTP, rCBV values ranged
from 2.3 to 8.87 ml/100 g for HGG and from 0.95 to
3.28 ml/100 g for LGG, differing significantly between
HGG and LGG [13, 14, 20]. The present mean rCBV
values in G3 and G2 (Table 2) agreed with previous find-
ings. In addition, mean rCBYV values in both G3 and G2
were less than half of 6.0 ml/100 g as VPE threshold.
These findings suggest that the VPE method used in this
study did not exclude tumor vessels along with other large
vessels from CBV maps. While rCBV for G3 tended to be
on the low side compared with previous reports, this could
have resulted from the exclusion of patients with enhancing
glioma as subjects in this study. Extravasation of contrast
medium through the BBB in enhanced glioma may directly
lead to increased CBV, due to the linear relationship
between attenuation changes on CT and tissue concentra-
tion of contrast medium. Jain et al. [20] documented that
rCBF and rCBV in nonenhancing G3 glioma do not differ
significantly from those in nonenhancing G2 glioma,
although sample size in that report was small. The present
study with more subjects suggested that even nonenhancing
G3 glioma retains more vascular density than G2, although
the difference in rCBV between the two groups was minor
(Table 2). However, this result might have been influenced
by the disproportionate number of OTs in the G2 (42%)
and G3 (83%) groups. If vascular density is significantly
higher in G3 OT than in anaplastic astrocytoma, the large
number of G3 OTs may have result in a high mean CBV
for the G3 group in this study. This issue represents a
definite limitation to the present study.

Concentration of contrast medium within the tumor
might be subtly influenced by individual parameters such
as body size and cardiac output volume, and differences in
analytical software among institutes. We must emphasize
the importance of estimation using normalized ratios, as

266



J Neurooncol (2011) 103:619-627

625

this allows us to ignore these differences. Ellika et al. [22]
reported findings for nCBV using CTP in 19 patients with
glioma, composed of a mixture of enhancing and nonen-
hancing WHO G1-G4 gliomas, and the utility of nCBF and
nCBV for distinguishing HGG from LGG. They also
documented nCBF and nCBV ranges of 0.78-3.75 and
1.5-3.7 in two patients with nonenhancing G3 glioma, and
ranges of 1.26-1.48 and 0.94-1.72 in three patients with
nonenhancing G2 glioma, respectively. Mean values of
nCBF and nCBV in G3 and G2 in this study (Table 3)
seemed close to the values reported by Ellika et al.
Radiographic grading of gliomas with conventional
MRI is not always accurate, with 85.7% sensitivity for
predicting HGG, even when including subjects with
enhancing glioma [22]. When subjects are limited to those
with nonenhancing gliomas, radiographic grading using
conventional MRI should be more difficult. A previous
report documented 85.7% sensitivity and 100% specificity
for identifying HGG using nCBV [22]. In the present study,
CTP could distinguish nonenhancing G3 glioma from
nonenhancing G2 glioma with 83.3% sensitivity and 90.9%
specificity using nCBV (Fig. 2). This was superior to the
results for nCBF. Accuracy for distinguishing G3 using
nCBYV in the present study was by no means inferior to that
reported by Ellika et al. [22], but subjects in this study
were limited to those with nonenhancing glioma. These
results suggest that nCBV in CTP is useful as an auxiliary
examination in addition to routine neuroimaging for pre-
dicting the grade of malignancy in nonenhancing gliomas.
Previous studies using MRP have documented higher
relative CBV in OT than in other gliomas [32-34]. Lev
et al. [33] suggested that OTs tend to appear as high blood
volume lesion on MRP, without respect to tumor grade.
Two reports using MRP documented that G2 OTs show
higher relative CBV than diffuse astrocytoma [32, 34].
Also in a report using CTP by Narang et al. [15], G2 OTs
showed a trend towards higher CBV than G2 astrocytic
tumors, although no significant difference was found, and
no significant difference in CBV between G3 OTs and G2
OTs was identified. Those reports explained the high rel-
ative CBV of OT by a hypothesis based on the specific
histological features of fine capillary networks [33]. Fur-
thermore, those reports suggested that grading malignancy
may be difficult when patients with OT are included, due to
a high relative CBV. In the present study, no significant
difference in nCBV was seen between diffuse astrocytoma
and G2 OT, whereas significant differences were found
between G3 OT and G2 OT. The difference between the
reports described above and the present investigation might
be explained by differences between MRP and CTP, and by
the use of the VPE method in this study. Signal changes in
dynamic susceptibility contrast (DSC) MRI for MRP do
not depend on only the concentration of contrast material,

but also on T2* or T2 relaxation rates, which are affected
by calcified foci and hemorrhage within tumor tissue.
These histological features are commonly seen in OTs.
DSC signals might thus be higher in OTs than in diffuse
astrocytoma, even when the microvascular densities are
comparable. The VPE method may have eliminated pixels
of high-CBV vessels in OTs, if vascular density in OTs is
significantly higher than that in diffuse astrocytoma.
However, exclusion of large vessels at the cerebral surface
and sulci from CTP maps is important, as OTs grow
superficially in the brain. Cha et al. [32] explained for
reason of high relative CBV for OTs in MRP by the pre-
dominant cortical location in addition to distinct vascular
pattern in OTs. We think that CTP with the VPE method is
useful for simple malignancy grading in subjects with OTs.
Conversely, MRP offers potential advantages for the
diagnosis of OTs. However, CTP should not be performed
additionally to MRP if the purpose in examination is
achieved by MRP, as CTP retains drawbacks such as
radiation dose and iodine contrast medium.

The present study possesses some limitations regarding
the interpretation of study results. First, the number of
patients in this study was small, with remarkably fewer
cases of anaplastic astrocytoma compared with OT in G3,
as mentioned above. Further investigation including a lar-
ger number of cases of anaplastic astrocytoma is needed. A
second limitation is the possible discrepancy between his-
tological diagnosis and the region of highest CBV within
the tumor. The region targeted for stereotactic biopsy was
not rigorously transferred from the region of highest ~CBV
(“hot spots™). However, risk of histological misdiagnosis
caused by sampling error during biopsy might be negligi-
ble, since the number of patients who underwent biopsy
was small in both G3 and G2, and no significant difference
in frequency of biopsy was seen between groups. In
patients who underwent tumor resection, histological
diagnosis was not made using tissue specimens rigorously
corresponding to “hot spots.” However, histological
diagnosis based on the most malignant histological features
should be closely associated with high CBYV, as increased
malignancy is associated with higher vascular density. CTP
with a 16-row multidetector CT scanner, covering only
four contiguous 8-mm-thick sections, did not cover the
entire tumor bulk in some patients. For those patients,
histological diagnosis was made using tumor tissues cor-
responding to the area depicted in CTP. A third limitation
was that data calculated from CTP in this study were not
the highest CBV values for a small ROI placed in “hot
spots” on a color map, but rather were mean values for a
large ROI covering the entire tumor bulk. This issue also
influences the second limitation. We thought that the
simple protocol in this study, combining absolute values as
a mean in a large ROI with histological diagnosis from the
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area of the most malignant features, is suitable for appli-
cation in clinical practice, as tissue sampling error of
regions corresponding to a small ROI can be avoided. High
ICC in inter- and intrarater reliabilities showed that the
protocol used in this study offers high reproducibility.

Conclusions

We performed CTP combined with the VPE method for 17
patients, to clarify whether CTP can accurately differenti-
ate between G3 and G2 nonenhancing glioma. Our results
showed that nCBV from CTP was highly accurate in dif-
ferentiating G3 from G2 nonenhancing gliomas. The most
important result was that CTP enabled differentiation
between G3 and G2 nonenhancing OTs. CTP combined
with the VPE method offers a useful technique for differ-
entiating between G3 and G2 in nonenhancing gliomas.
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Abstract

Purpose: The aim of this study was to clarify the reliability of positron emission tomography
(PET) using a new hypoxic cell tracer, 1-(2-['®F]fluoro-1-[hydroxymethyllethoxy)methyl-2-
nitroimidazole (*®F-FRP170).

Procedures: Twelve patients with glioblastoma underwent *®F-FRP170 PET before tumor
resection. Mean standardized uptake value (SUV) and normalized SUV were calculated at
regions within a tumor showing high (high-uptake area) and relatively low (low-uptake area)
accumulations of '®F-FRP170. In these areas, intratumoral oxygen pressure (tpO,) was
measured using microelectrodes during tumor resection.

Results: Mean tpO, was significantly lower in the high-uptake area than in the low-uptake area. A
significant negative correlation was evident between normalized SUV and tpO; in the high-uptake area.
Conclusion: The present findings suggest that high accumulation on '8F-FRP170 PET
represents viable hypoxic tissues in glioblastoma.

Key words: F-FRP170, PET, Hypoxia, Glioblastoma, Oxygen pressure, HIF1-a
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tomography; VEGF, Vascular endothelial growth factor
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Introduction

Imost all malignant solid tumors include hypoxic cells
due to both excessive consumption and insufficient
supply of oxygen within the tumor. Intratumoral hypoxia
induces various biological characteristics in tumors. For
instance, hypoxia in tumor activates the hypoxia-responsive
elements such as hypoxia-inducible factors (HIFs), leading
to transcription of target genes including vascular endothe-
lial growth factor (VEGF). VEGF induces angiogenesis, and
is also closely related to the proliferation and invasion of
tumor. Gene instability caused by hypoxia must affect the
differentiation of tumor cells. Intratumoral hypoxic condi-
tions are disadvantageous in term of the production of
peroxide radicals, which induces DNA damage under
irradiation. Cancer stem cells existing within hypoxic tumor
tissue have also been considered to represent a likely cause
of radioresistance [1-3]. In glioblastoma, hypoxic conditions
play a key role in the development of tumor characteristics.
Neuroimaging enabling minimally invasive, objective, and
quantitative evaluation of hypoxic conditions in glioblasto-
ma would offer many clinical benefits in terms of diagnosis,
selection of treatment, and prediction of prognosis.
Positron emission tomography (PET) using hypoxic cell

tracers offers an attractive method for detecting hypoxic cells ‘

because it is simple, low-invasive, repeatable, and not limited
in applicability to superficial tumors [4]. So far, hypoxic cells in
brain tumors have been detected using PET with hypoxic cell
tracers such as ['*F]fluoromisonidazole ('*F-FMISO) [5-7], 1-
a-p-(5-deoxy-5-5-['8F]-fluoroarabinofuranosyl)-2-
nitroimidazole (‘*F-FAZA) [8], and ®*Cu-diacetyl-bis(N4-
methylthiosemicarbazone) (Cu-ATSM) [9, 10]. A new hypoxic
cell tracer, 1-(2-['*F]fluoro- 1-[hydroxymethyl]ethoxy)methyl-
2-nitroimidazole ('*F-FRP170), has recently been identified
[I1, 12]. PET using '""F-FRP170 ('*F-FRP170 PET) has
already been performed for detecting hypoxic cells in
malignant brain tumors, and the potential of this new tracer
has been documented [13]. Several studies assessing
intratumoral oxygen condition using electrodes or other
methods have confirmed reliability of PET with various
hypoxic cell tracers other than '*F-FRP170 [14—17]. However,
whether areas of high accumulation on '®F-FRP170 PET really
represent tissues including hypoxic cells, and to what degree
areas of high accumulation represent regions under hypoxic
conditions have remained unclear. The aim of this study was to
confirm the reliability of 'F-FRP170 PET for detecting
hypoxic cells. We therefore compared standardized uptake
value (SUV) measured on '*F-FRP170 PET with intratumoral
oxygen pressure (tpO,) within glioblastoma measured using
oxygen microelectrodes during tumor resection. Furthermore,
we performed immunohistochemical detection HIF-1, a
heterodimeric nuclear transcription factor playing a critical
role in cellular response to low oxygen pressure [ | 8], in tissues
corresponding to the regions of interest (ROIs) on '*F-FRP170
PET images.

Materials and Methods

Patients

All study protocols were approved by the Ethics Committee of
Iwate Medical University, Morioka, Japan (No. H22-70). Patients
recruited to this study were admitted to Iwate Medical University
Hospital between April 2008 and December 2012. Entry criteria for
the study were: patients >20 years old with non-treated glioblas-
toma localized in cerebral white matter other than the brain stem or
cerebellum, performance of '*F-FRP170 PET and measurement of
absolute oxygen pressure within the tumor according to the study
protocol, and voluntary provision of written informed consent to
participate. Preoperative diagnosis was based on present history and
findings from conventional magnetic resonance imaging (MRI) on
admission, and final diagnosis of glioblastoma was made based on
histological features after surgery. Twelve patients (ten men, two
women, mean age, 63+13.7 years) were enrolled after excluding
patients who did not meet the entry criteria (Table 1).

ISF_FRP170 PET

Within 7 days (mean, 4.3£2.4 days) before surgery for tumor
resection, both conventional MRI including gadolinium-enhanced
Tl-weighted imaging (Gd-TIWI) and '*F-FRP170 PET were
performed. The '®F-FRP170 was synthesized using on-column
alkaline hydrolysis according to the methods described by Ishikawa
et al. [12]. The final formulation for injection was formed in normal
saline containing 2.5 %v/v ethanol using solid-phase extraction
techniques. At 60 min after intravenous injection of approximately
370 MBq (mean, 5.9+1.8 MBq/kg) of '*F-FRP170, PET was
performed using a PET/computed tomography (CT) system
(SET3000 GCT/M: Shimazu, Japan). On '®*F-FRP170 PET, ROls
of 10 mm in diameter were placed at areas of high accumulation
(high-uptake area) and relatively low accumulation (low-uptake
area) within the tumor bulk (Fig. la. b). These ROIs were placed at
regions as close to the brain surface as possible to allow easy and
safe insertion of microelectrodes for measuring oxygen pressure
during surgery. A ROI was also placed in apparent normal cerebral
white matter of the contralateral side. SUV for each ROI was
automatically determined. Although both mean and maximal values
of SUV in ROl were measured, we defined the mean value of SUV
as “SUV” in this study. The normalized SUV, defined as SUV for
each high- or low-uptake area divided by SUV for the apparent
normal cerebral white matter of the contralateral hemisphere, was
also calculated.

Immediately before surgery for each patient, we created a fusion
image that combined a three-dimensional '*F-FRP170 PET image
with Gd-TTWI using a surgical navigation system (Stealth Station
TRIA plus; Medtronics, Minneapolis, MN) in the operation room.
On the fusion image, both high- and low-uptake areas were
identified stereotactically for each patient (Fig. 2a-d).

Measurement of Intratumoral Oxygen Pressure
During Surgery

Measurement of tpO, was performed during surgery for aggressive
tumor resection. The tpO, level was measured using disposable
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Table 1. Paticnt characteristics and mcasurcment data

No. Scx Agc Location Suv Normalized SUV tpO, (mmHg) PaO, HIF-la
(ycar) (mmHg) staining

High Low ANWM High Low High Low
uptake uptake uptake uptake uptake uptake

1 M 76 Parictal lobe 0.99 0.54 0.54 1.83 1.00 23 44 157 -

2 M 81 Parictal lobe 2.22 1.39 1.04 2,13 1.34 16 45 128 -

3 M 59 Frontal lobe 1.46 1.16 0.87 1.69 1.33 28 56 176 -

4 F 61 Frontal Jobe 110 0.87 0.74 1.49 1.18 32 54 145 -

5 M 75 Parictal lobe 1.83 111 0.83 2.20 1.34 16 33 143 -

6 F 54 Parictal lobe 1.43 0.82 0.62 2.31 1.32 30 54 134 -

7 M 64 Temporal lobe 1.62 1.00 0.72 2.25 1.39 15 27 158 +

8 M 54 Occipital lobe 1.50 1.01 0.76 1.97 1.33 17 35 120 +

9 M 67 Frontal lobe 1.84 1.46 1.13 1.63 1.29 25 36 132 +

10 M 76 Temporal lobe 1.90 0.92 0.77 2.47 119 15 26 124 +

1 M 58 Frontal lobe 1.37 1.25 0.90 1.52 1.39 24 34 137 +

12 M 31 Frontal lobe 1.66 1.1t 0.87 1.91 1.28 20 37 148 +

ANWM apparent normal white matter, 1pO2 intratumoral oxygen pressure

Clark-type electrodes (UOE-04TS; Unique Medical, Tokyo, Japan)
at the tip of a sensor (Teflon-coated tube; diameter, 0.4 mm; length,
10 mm). Immediately before surgery, electrodes were sterilized by
immersion in a solution of 2.25w/v% glutaraldehyde and buffer for
2 h, then washed with sterilized physiological saline solution. The
electrode was then connected to a digital oxygen pressure monitor
(POG-203; Unique Medical) to calibrate the value of oxygen
pressure to 150 mmHg in a sterilized physiological saline solution
prior to insertion into the tumor. After craniotomy, we stereotac-
tically inserted a needle-shaped navigating marker of 2 mm in
diameter into the center region of the high-uptake area where the
ROI had been placed before surgery through the dura mater, while
we observed the localization of the tip of the marker in the tumor
on the monitor of the surgical navigation system (Fig. 2c. d). After
removal of the navigation marker, we immediately inserted the
electrode along the same trajectory through the dura mater, with the
tip of the electrode placed within tumor tissue of the high-uptake
area. A digital monitor was then used to measure tpO,. We
observed tpO, value gradually declined from 150 mmHg while
rising and falling on the digital monitor, and defined the minimum
value as the absolute tpO, value at the high-uptake area for each
patient. After completely washing and calibrating the value of
oxygen pressure to 150 mmHg in a sterilized physiological saline
solution, the same procedure described above was performed to
measure tpO, in the low-uptake area. During measurements of
tpO,, arterial oxygen pressure (PaO,) was measured using arterial
blood obtained from the radial artery. After measuring tpO, and
removing the electrode, we inserted a needle for biopsy along a
trajectory to obtain tumor tissues from the high- and low-uptake
areas in six patients. In all cases, the tumor was successfully
removed after completing the procedures described above.

HIF-1a Immunohistochemistry

Immunohistochemical staining of HIF-la was performed on
specimens obtained from tumor resection for six patients. From
all specimens in both high- and low-uptake areas, paraffin-
embedded tissue sections of 3-pm-thickness were collected onto
3-aminoprophyltriethoxylane-coated glass slides. The dewaxed
preparations were given microwave pretreatment for 30 min in
sodium citrate. The preparations were incubated for 60 min using
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rabbit anti-HIF-1a monoclonal antibody (clone, Hlalpha67; Novus
Biologicals, Littleton, CO) at 1:200 dilution. Preparations were
incubated using peroxidase-based EnVision kits (Dako Japan,
Tokyo, Japan) as the secondary antibody, then immersed in
diaminobenzidine/H,0, solution for colored visualization. Finally,
preparations were counterstained with hematoxylin.

We observed the staining attitude of HIF-1a in tumor cells for
all patients. We also evaluated the HIF-1a staining indices for each
high- or low-uptake area for each patient, defined as the percentage
of cells showing nuclear staining as determined by counting
approximately 1,000 cells under light microscopy (x400
magnification).

Statistical Analyses

In all patients, differences in SUV, normalized SUV, and HIF-1a
staining index were compared between high- and low-uptake areas
using the Mann—Whitney U test. Differences in intratumoral pO,
between high- and low-uptake areas were also compared in all
patients using the Mann—Whitney U test. Correlations between
Pa0O, and tpO, and between normalized SUV and tpO, for all
patients were analyzed in each high- and low-uptake area using
Pearson’s correlation coefficient test.

Results

Scanning at 60 min after intravenous injection of tracer
provided fine contrast images that enabled visual differenti-
ation between high- and low-uptake areas in all patients. In
eight patients with glioblastoma presenting a central necrotic
region, 'SF-FRP170 was partially accumulated in the
intermediate layer between the deep layer surrounding the
central necrotic region and the outer layer within the
peripheral region of tumor involved in lesion enhancement
on Gd-T1WI (Fig. la, b). Fusion images combining Gd-
TIWI and 'SF-FRP170 PET provided precise locations of
both high- and low-uptake regions during surgery, and
allowed us to successfully insert electrodes and obtain the
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Fig. 1.

Typical findings of "®F-FRP170 PET in glioblastoma with a large area of central necrosis in Case 1. High-uptake areas

are seen partially in the area between the outer peripheral region showing enhancement on Gd-T1WI and a deeper region
adjacent to the central necrotic region. ROls were placed on a high-uptake area (black circle) and a relatively low-uptake area
(white circle) within the tumor bulk showing enhancement on Gd-T1W, and also on apparent normal white matter of the
contralateral hemisphere (white circle). a Gd-T1WI, b'®F-FRP170 PET.

sampling tissues (Fig. 2a—d). No patient presented with any
complications due to '*F-FRP170 PET.

Mean SUYV for high-uptake areas, low-uptake areas, and
contralateral normal white matter regions were 1.58%0.35,
1.05+0.25, and 0.82%0.16, respectively. Significant differ-
ences in mean SUV were found between high- and low-
uptake areas (p=0.001), between high-uptake areas and
normal white matter (p<0.001), and between low-uptake

areas and normal white matter (p=0.01), although SUV
values in the three groups overlapped (Fig. 3a). Mean
normalized SUV for the high- and low-uptake areas were
calculated as 1.95+0.33 and 1.28+0.11, respectively. Mean
normalized SUV for the high-uptake area differed signifi-
cantly (p<0.001) and clearly from that of the low-uptake
area, with a cut-off level of around 1.4 (Fig. 3b). Mean tpO,
was significantly lower in high-uptake areas (21.7+

Fig. 2. High- and low-uptake areas were stereotactically localized on fusion images combining Gd-T1W! (a) and '®F-FRP170
PET (b) for Case 5, to identify tumor tissues corresponding to ROls. On fusion images, high- and low- uptake areas were
depicted as bluish regions (¢) and greenish regions (d), respectively.
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Fig. 3. a Differences in SUV among the high-uptake area, low-uptake area, and apparent normal white matter. b Difference in
normalized SUV between high- and low-uptake areas.

6.2 mmHg) than in low-uptake areas (40.1+10.4 mmHg; areas (Fig. 5a, b). No significant correlations between PaO, and
p<0.001, Fig. 4). In terms of the relationship between tpO, were found in either high- or low-uptake areas (not shown).
normalized SUV and tpO, in all patients, a significant negative On specimens obtained from high-uptake areas, HIF-1a was
correlation was found in high-uptake areas (»=-0.64, p=0.03), clearly detectable in nuclei in all six patients, with three patients
whereas no significant correlation was identified in low-uptake  also showing HIF-1a staining in cytoplasm. On the other hand,

tpO, (mmHtg)
80 A

60

40 A

> ® o o

20 A

L A X X 2
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Fig. 4. Difference in tpO, between high- and low-uptake areas.
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Fig. 5. Correlations between normalized SUV and tpO, in high-uptake areas (a) and low-uptake areas (b).

specimens from low-uptake areas showed three different
patterns, with HIF-1a staining only cytoplasm in three patients,
and both nuclei and cytoplasm in two patients. In the remaining
patient, few barely surviving cells with HIF-1a staining were
seen within a wide area of necrotic tissue (Fig. 6a~d). HIF-1a
staining indices ranged from 35.2 to 63.5 % in high-uptake

areas, and from 8.9 to 35.9 % in low-uptake areas. Mean HIF-
la staining index was significantly higher in high-uptake areas
(mean, 53.0£10.2 %) than in low-uptake areas (mean, 18.9+
9.5 %). Notably, HIF-la staining index was markedly low
(8.9 %) in necrotic tissue obtained from a low-uptake area in
one patient.

e

e

Fig. 6. Findings for HIF-1a immunostaining of tissues from high-uptake areas (a, b) and low-uptake areas (c, d). a HIF-1a was
strongly detected in nuclei in all patients. b HIF-1a was stained in both cytoplasms and nuclei in three patients. ¢ HIF-1a was
stained only in cytoplasm in three patients. d A few HIF-1a-stained cells were seen within a wide necrotic tissue in one patient.
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Discussion

The present study showed that mean values of both SUV
and normalized SUV were significantly higher in high-
uptake areas than in low-uptake areas. In particular,
normalized SUV values in high-uptake areas were absolutely
higher than those in low-uptake areas. In this study,
approximately 370 MBq of '*F-FRP170 was administered
intravenously for all patients, according to a report by
Shibahara et al. [13]. Absolute SUV might thus have been
subtly influenced by the delivered volume of tracer into the
tumor as determined by individual parameters, such as body
size, cardiac output volume, and blood pressure. As
normalization of absolute SUV can eliminate differences in
these factors, we emphasize the importance of estimation
using normalized SUV. In the present study, tpO, did not
correlate with PaO, at all. Two previous reports examining
both tpO, in brain tumors and PaO, could not find any
relationship between these measured values, although
correlations were not estimated statistically [19, 20]. Our
results support those previous reports and indicate that tpO,
was not influenced by PaO, during surgery. Values of tpO,
were significantly lower in high-uptake areas (21.7+
6.2 mmHg) than in low-uptake areas (40.1%10.4 mmHg).
Furthermore, a significant correlation was found between
normalized SUV and tpO; in high-uptake areas. These
results indicate that high-uptake areas where '*F-FRP170
accumulates show relatively more hypoxic conditions than
low-uptake areas, suggesting the reliability of findings from
'SF-FRP170 PET.

Selective accumulation of ®F-FRP170 in hypoxic cells
has been considered to proceed as follows. First, the
nitroimidazole moicty in '"*F-FRP170 is responsible for the
initial accumulation in hypoxic cells. After passive diffusion
inside the cells, enzymatic nitroreduction by nitroreductase
results in nitroimidazole changing to radical anions. Under
normoxic conditions, these radical anions are reoxidized and
diffuse out of the cells, whereas products comprising radical
anions covalently bound to intracellular macromolecules are
trapped within cells under hypoxic conditions [13, 21-23].
As a result, "®F-FRP170 can accumulate only within viable
and active hypoxic cells, but cannot accumulate within
normoxic cells or even hypoxic cells with low metabolism
such as apoptotic or necrotic cells. A previous report
assessing accumulation of '8F-FRP170 in a rat model of
ischemic myocardium using autoradiography documented
that '®F-FRP170 was observed only within viable hypoxic
myocardiac cells [11]. As absolute SUV must correlate with
the concentration of PET tracer within the tissue, SUV on
"E.FRP170 PET should increase with a higher density of
viable hypoxic cells within the tissues of the ROIL. We think
that such high-uptake areas represent glioblastoma tissue
comprising a high density of viable hypoxic cells. In
contrast, tissues of low-uptake areas might represent low
densities of viable hypoxic cells. In other words, a majority
of cells in low-uptake areas could not accumulate '*F-
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FRP170 because of the presence of either viable cells
containing relatively higher tpO, than high-uptake area or
low metabolic-hypoxic cells degenerating in apoptosis or
necrosis. The oxygen environment may thus differ substan-
tially among different regions in low-uptake areas, despite
the similar content of viable hypoxic cells. Indeed, tpO,
levels showed a wide range in low-uptake areas, with a large
standard deviation (Fig. 4). This might be one reason for the
lack of significant correlation between tpO, levels and
normalized SUV in low-uptake areas. As intratumoral
hypoxia is generally considered to result from insufficient
oxygen supply paralleling the distance from normal vessels
surrounding the tumor, intratumoral oxygen pressure should
be higher in more peripheral regions of glioblastoma that are
also supplied with blood from normal vessels surrounding
the tumor bulk [24, 25]. On PET in the present study,
interestingly, high-uptake areas were observed partially
within the intermediate layer of enhancing lesions on Gd-
T1WI, and low-uptake areas were seen not only in the
peripheral layer external to the intermediate layer containing
high-uptake areas but also in the inner core layer adjacent to
the central necrosis deep to the intermediate layer (Fig. Ib).
We assumed that low-uptake areas in both peripheral and
inner core layers might contain little '*F-FRP170-accumu-
lating hypoxic cells, but the peripheral layers included many
viable cells at relatively high oxygen pressure, while the
inner core comprises low metabolic-hypoxic cells undergo-
ing degenerative apoptosis or necrosis. Remaining low-
uptake areas in the intermediate layer probably represent
mixture of the two histological types described above.
Pistollato et al. [26] evaluated biological characteristics in
tissues isolated from three concentric layers (core, interme-
diate, and peripheral layers) in glioblastoma. The core and
intermediate layers showed expression of HIF-la as a
hypoxic cell marker, whereas the peripheral layer did not
express HIF-1a, but showed expressions of glial fibrillary
acidic protein and p-ll-tubulin as mature neural cell
markers. In addition, core and intermediate layers contained
more glioblastoma stem cells, which are well known to be
frequently seen in hypoxic niches. These results suggest that
inner core and peripheral layers depicted as low-uptake areas
on '"®F-FRP170 PET in the present study are likely to exhibit
hypoxic and relatively normoxic conditions, respectively.
Hypoxic condition rapidly induces overexpression of
HIF-la for transcripting target genes such as vascular
endothelial growth factor to induce angiogenesis, as coun-
termeasures against hypoxic conditions. Under normoxic
conditions, prolyl hydroxylation is induced in HIF-la,
allowing binding to the von-Hipple-Lindau protein, which
mediates ubiquitination of HIF-lo and subsequent
proteasomal degeneration in the cytoplasm. However, under
hypoxic conditions, the oxygen requiring prolyl hydroxylase
remains inactive, resulting in accumulation of the constitu-
tively expressed HIF-la protein in cytoplasm. This subunit
is phosphorylated and translocated to the nucleus, where it
dimerizes with the HIF-1pB subunit, binding to the hypoxia-
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response elements upstream of HIF-1-regulated target genes
[27]. Therefore, increasingly activated-HIF-la induced by
hypoxia accumulates in the nucleus. In this study, all
specimens obtained from high-uptake areas clearly showed
nuclear staining for HIF-1a, whereas this finding was seen in
low-uptake areas in only two patients. Furthermore, mean
HIF-1la staining index determined by the percentage of cells
showing nuclear staining was significantly higher in high-
uptake areas than in low-uptake areas. Necrotic tissue
obtained from a low-uptake area of one patient showed an
extremely low HIF-1a staining index. These findings might
support the concept that high-uptake areas represent more
hypoxic regions with a high density of viable and active
hypoxic cells. Tissues of low-uptake areas were not obtained
from deeper than high-uptake areas but rather from the same
depth or more externally during surgery in all six patients.
As a result, HIF-1a was also detected in the low-uptake
areas of all patients, but showed a greater variety of features
than high-uptake areas. These findings support the possibil-
ity that low-uptake areas comprised either numerous viable
cells under conditions of relatively higher oxygen pressure
or low metabolic hypoxic cells under degenerative apoptosis
Or necrosis.

In the present study, PET at 60 min after intravenous
injection of '"*F-FRP170 could provide visually fine-contrast
PET images. Shidehara et al. [{3] reported fine-contrast
color images provided by imaging at 120 min after injection
of '"F-FRP170 in patients with malignant brain tumor.
Kaneta et al. [21] reported that imaging results at 120 min
after injection of '*F-FRP170 for patients with lung cancer
contributed only a slightly higher tumor/blood ratio when
compared with that at 60 min, and concluded that imaging at
60 min after administration was clinically sufficient for
assessing hypoxic cells in tumors. The present study
supported these recommendations by Kaneta et al. In an
experimental study using mice bearing cultured cancer cells,
"8F.FAZA displayed significant higher tumor-to-background
ratios compared with '8F-FMISO and another azomycin-
based nucleoside, iodoazomycin arabinoside, labeled with
1241 ('"21_JAZA), when scanning for all tracer was fixed in
3 h post-injection [28]. Clinically, PET imaging with '*F-
FMISO and '®F-FAZA has usually been scanned at 120-140
[3-7] and 120-210 min [8] after administration, respective-
ly. Although no previous reports have directly compared
'"8F_.FRP170 PET and '*F-FMISO PET images, '*F-FRP170
PET has been considered superior in terms of fine contrast
and rapid clearance from blood [21]. The short duration for
imaging could represent an additional advantage to '*F-
FRP170 PET.

Some limitations regarding the interpretation of study
results must be considered for this study. First, the sample
size in this study was small. Additional studies of a larger
number of patients with glioblastoma are needed. Second,
use of smaller ROIs might provide more rigorous results in
comparisons among SUV, tpO,, and histological features.
However, in this study, we placed relatively huge ROIs of

10 mm in diameter to avoid misplacement of microelec-
trodes within the ROl and sampling error of tumor tissues
corresponding to the ROI. These issues could represent
factors contributing to make maximum SUV within the ROI
unsuitable for use in this study. In short, errors involving
differences between pinpoint regions for insertion of
electrode and maximum SUV could easily anticipated.
Third, direct tpO, measurements using microelectrodes
available differ in sensitivity, accuracy, ability to measure
oxygen availability among types of probe used, and
impossibility in differentiation between hypoxic and necrotic
tissues, although this technique is commonly considered a
gold standard [4]. Other techniques indirectly measuring
oxygen through reduced drug levels, hemoglobin saturation,
or perfusion have been proposed. However, indirect mea-
surements, although valuable, require a set of assumptions to
relate the measurement to tpO, or oxygen concentration [4].
Fourth, measurement of tpO, using electrodes in this study
did not strictly represent intracellular oxygen pressure, but
rather the oxygen pressure of tissue containing hypoxic cells.
However, tpO, as measured in this study would correlate
with intracellular oxygen pressure, as intracellular oxygen
pressure is regulated by extracellular conditions. Fifth,
measured tpO, values in this study were relatively higher
(21.7+6.2 mmHg in high-uptake areas and 40.1:£10.4 mmHg
in low-uptake areas) than in previous reports of direct
measurement using Eppendorf oxygen electrodes in malig-
nant brain tumors, where mean tpO, has been reported as
approximately <20 mmHg [20, 24, 29]. In particular, mean
value in low-uptake areas was significantly higher. However,
mean tpO, in low-uptake areas was lower that of brain tissue
around the tumor (59.8£6.5 mmHg) in a previous report
[20]. In previous reports regarding oxygen pressure at high-
uptake areas on '*F-FMISO PET in animal tumor models,
measurements using Eppendorf electrodes showed -a high
frequency of tpO, <10 mmHg [15, 30, 31]. Although the
reasons for this contradiction are not entirely clear, we
consider these results may have arisen from differences in
the electrodes used, or from the inflow of a small amount of
air into the trajectory when electrodes were inserted
immediately after removal of the navigation marker with a
larger diameter than the electrode. However, as this issue
applied to measurements of tpO, for all patients in this
study, the findings of higher tpO, in high-uptake areas
compared to low-uptake areas appear valid.

Conclusions

Findings of a significant correlation between normalized
SUV and tpO,, and strong nuclear immunostaining for HIF-
la in areas of high "®F-FRP170 accumulation, suggest that
high-uptake areas on '®F-FRP170 PET represent high
densities of viable hypoxic cells, at least in glioblastoma.
However, interpretation of low-uptake areas is more com-
plicated, given the likelihood that these lesions comprise
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various oxygen environments containing low densities of
viable hypoxic cells.
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Objective: This single-arm, open-label, Phase Il study evaluated the efficacy and safety of
single-agent bevacizumab, a monoclonal antibody against vascular endothelial growth factor,
in Japanese patients with recurrent malignant glioma.

Methods: Patients with histologically confirmed, measurable glioblastoma or World Health
Organization Grade IlI glioma, previously treated with temozolomide plus radiotherapy,
received 10 mg/kg bevacizumab intravenous infusion every 2 weeks. The primary endpoint
was 6-month progression-free survival in the patients with recurrent glioblastoma.

Results: Of the 31 patients enrolled, 29 (93.5%) had glioblastoma and 2 (6.5%) had Grade
Il glioma. Eleven (35.5%) patients were receiving corticosteroids at baseline; 17 (54.8%) and
14 (45.2%) patients had experienced one or two relapses, respectively. The 6-month progres-
sion-free survival rate in the 29 patients with recurrent glioblastoma was 33.9% (90% confi-
dence interval, 19.2-48.5) and the median progression-free survival was 3.3 months. The
1-year survival rate was 34.5% with a median overall survival of 10.5 months. There were
eight responders (all partial responses) giving an objective response rate of 27.6%. The
disease control rate was 79.3%. Eight of the 11 patients taking corticosteroids at baseline
reduced their dose or discontinued corticosteroids during the study. Bevacizumab was well-
tolerated and Grade >3 adverse events of special interest to bevacizumab were as follows:
hypertension [3 (9.7%) patients], congestive heart failure [1 (3.2%) patient] and venous
thromboembolism [1 (3.2%) patient]. One asymptomatic Grade 1 cerebral hemorrhage was
observed, which resolved without treatment.

Conclusion: Single-agent bevacizumab provides clinical benefit for Japanese patients with
recurrent glioblastoma.

©: The Author 2012, Published by Oxford University Press. All rights reserved.
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INTRODUCTION

Glioblastoma (GBM) is the most aggressive form of primary
malignant brain tumor and the prognosis for patients with
GBM is poor (1,2); the majority will relapse following initial
treatment and <10% are alive at 5 years (3). The standard
treatment for patients with newly diagnosed GBM is surgical
resection followed by temozolomide (TMZ) and radiotherapy
(RT), and then adjuvant TMZ alone (Stupp regimen) (4).
Treatment options for patients with recurrent GBM, however,
are limited and include repeat resection, RT and systemic
chemotherapy, such as TMZ, nitrosoureas, platinum-based
regimens (carboplatin, cisplatin), cyclophosphamide, irinote-
can and etoposide, and appropriate treatment will depend on
the patient and tumor characteristics (5). Currently there is no
standard therapy for recurrent GBM and the estimated

~ 6-month progression-free survival (PFS) rate for patients with
recurrent disease is 9—28% (6—11) with a 1-year survival rate
of 14-32% (6—8,10,11). Therefore, new treatment strategies
for recurrent GBM are needed.

An alternative therapeutic approach is the inhibition of
angiogenesis through the vascular endothelial growth factor
(VEGF), a key regulator of angiogenesis. High levels of
VEGF are expressed in GBM cells (12,13), and hypoxia
and acidosis, conditions commonly seen in solid tumors,
upregulate VEGF expression in glioma cells in vivo (14).
In a mouse model, monoclonal antibodies to VEGF have
been shown to inhibit the growth of the C6 glioma (15).
Bevacizumab (Avastin(@) is a monoclonal antibody that inhi-
bits VEGF and is currently approved for a range of meta-
static cancers (colorectal, non-small-cell lung, breast,
ovarian cancer and renal cancers) (16—19) as well as for
use in adults with recurrent GBM in many countries includ-
ing the USA (20,21). Early Phase Il studies in patients with
recurrent GBM showed the efficacy of bevacizumab in com-
bination with irinotecan (22,23). Subsequently, two Phase 11
studies (24—26) showed the efficacy of single-agent bevaci-
zumab with regard to response rates and 6-month PFS in
patients with recurrent GBM who had previously received
RT and TMZ. These two studies formed the basis of beva-
cizumab’s approval by the Food and Drug Administration
(FDA) in 2009. Moreover, other studics have shown the
efficacy of bevacizumab in recurrent GBM whether given as
a single agent (27) or combined with irinotecan (28,29) and
other chemotherapies, such as ectoposide, carboplatin
and fotemustine (30—33). Given the current evidence for
bevacizumab in recurrent GBM in Western patient popula-
tions, we investigated the efficacy and safety of single-agent
bevacizumab in a Phase II, single-arm, open-label study
(JO22506) in Japanese patients with recurrent malignant
glioma.

PATIENTS AND METHODS

The trial was carried out in accordance with the principles of
Good Clinical Practice and the Declaration of Helsinki; all
patients provided written informed consent prior to any
study-related procedure. The protocol was approved by the
institutional review boards of all participating centers. The
study was registered with the Japan Pharmaceutical
Information Center-Clinical Trials Information (JapicCTI),
trial number: JapicCTI1-090841.

EviGiBILITY

Eligible patients were aged >20 years with histologically
confirmed GBM or World Health Organization (WHO) Grade
[11 glioma, the latter being reconfirmed at the time of surgery
for recurrent glioma. Patients had magnetic resonance
imaging (MRI)-confirmed disease recurrence or progression
with measurable lesions within 2 weeks prior to the first study
treatment and no evidence of acute or subacute cerebral hem-
orrhage and had received prior TMZ and RT for malignant
glioma. Other key inclusion criteria were a Karnofsky per-
formance status (KPS) >70%, a life expectancy of >3
months and adequate hematologic, renal and hepatic function
(i.e. absolute neutrophil count >1500/mm?, platelet count
> 100 000/mm?>, hemoglobin >10 g/dl, bilirubin < 1.5 x the
upper limit of normal (ULN), aspartate aminotransferase and
alanine aminotransferase < 2.5 x ULN, scrum creatinine <
1.25 x ULN). The following minimum intervals of time must
have clapsed between the termination of therapies and the
start of bevacizumab treatment: RT 8 weeks; surgical therapy
and incisional biopsy 4 weeks; endocrine therapy and im-
munotherapy 3 weeks; post-traumatic intervention (except for
patients with non-healing wounds) 2 weeks; transfusion and
the use of hematopoictic growth factors 2 wecks; aspiration
cytology and needle biopsy | week; nitrosoureas 6 weeks,
procarbazine 3 weeks, vincristine 2 weeks and other che-
motherapies 4 weeks and other investigational new drugs and
unapproved drugs 4 weeks. Patients were excluded if they
had: prior treatment with bevacizumab; a history of treatment
with carmustine wafers, stereotactic radiotherapy, proton
therapy or ncutron capture therapy: >3 prior regimens for
malignant glioma and inadequately controlled hypertension,
heart disease, symptomatic cerebrovascular disorder, gastro-
intestinal (Gl) perforation, fistula or abdominal abscess within
6 months prior to enrollment.

Stupy DESIGN

This single-arm, open-label, Phase 1l study was conducted at
10 sites in Japan. One cycle of treatment was defined as one
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