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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-['#F]-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
[11, 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 [I3]. 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 [ 18], in tissues
corresponding to the regions of interest (ROIs) on '*F-FRP170
PET images.
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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 '8E_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).

'SF_FRPI70 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 'SF-FRP170 PET were
performed. The 'SF-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, ROIls
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. 1a. 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 ROI 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-T1WTI 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. Patient characteristics and measurement data

No. Sex Age Location SUvV Normalized SUV tpO, (mmHg) PaO, HIF-1a
(year) (mmHg) staining

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

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

2 M 81 Parietal lobe 222 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 lobe 1.10 0.87 0.74 1.49 1.18 32 54 145 -

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

6 F 54 Parietal 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 1.46 113 1.63 1.29 25 36 132 +

10 M 76 Temporal lobe 1.90 0.92 0.77 2.47 1.19 15 26 124 +

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

12 M 31 Frontal lobe 1.66 111 0.87 1.91 1.28 20 37 148 +

ANWM apparent normal white matter, 02 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-10 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 (%400
magnification).

Statistical Analyses

In all patients, differences in SUV, normalized SUV, and HIF-ia
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
PaO, 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-TIWI (Fig. la. b). Fusion images combining Gd-
TIWI and '"F-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 '8F_.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. ROIs 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*8F-FRP170 PET.

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

Mean SUV 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 (»<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-T1WI (a) and "®F-FRP170
PET (b) for Case 5, to identify tumor tissues corresponding to ROIs. 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;
p<0.001, Fig. 4). In terms of the relationship between
normalized SUV and tpO; in all patients, a significant negative
correlation was found in high-uptake areas (r=—0.64, p=0.03),
whereas no significant correlation was identified in low-uptake

Fig. 4. Difference in tpO, between high- and low-uptake areas.

tpO, (mmHg)

areas (Fig. 5a, b). No significant correlations between PaO, and
tpO, were found in either high- or low-uptake areas (not shown).

On specimens obtained from high-uptake areas, HIF-1o was
clearly detectable in nuclei in all six patients, with three patients
also showing HIF-1a staining in cytoplasm. On the other hand,
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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-la
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-1g staining index was markedly low
(8.9 %) in necrotic tissue obtained from a low-uptake area in
one patient.

f o

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 SF-FRP170 in hypoxic cells
has been considered to proceed as follows. First, the
nitroimidazole moiety 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, BE_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 '®F-FRP170 in a rat model of
ischemic myocardium using autoradiography documented
that '8F-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
'"8E_FRP170 PET should increase with a higher density of
viable hypoxic cells within the tissues of the ROI. 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-
TIWI, 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. 1b).
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. [20] 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 B-IIl-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-l1a 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-la 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-1a protein in cytoplasm. This subunit
is phosphorylated and translocated to the nucleus, where it
dimerizes with the HIF-1p subunit, binding to the hypoxia-
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response elements upstream of HIF-1-regulated target genes
[27]. Therefore, increasingly activated-HIF-lo induced by
hypoxia accumulates in the nucleus. In this study, all
specimens obtained from high-uptake areas clearly showed
nuclear staining for HIF-1e, whereas this finding was seen in
low-uptake areas in only two patients. Furthermore, mean
HIF-la 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. [13] 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,
""F_.FAZA displayed significant higher tumor-to-background
ratios compared with '*F-FMISO and another azomycin-
based nucleoside, iodoazomycin arabinoside, labeled with
241 ('**1-JAZA), when scanning for all tracer was fixed in
3 h post-injection [28]. Clinically, PET imaging with "SF-
FMISO and '*F-FAZA has usually been scanned at 120—140
[5-7] and 120-210 min [8] after administration, respective-
ly. Although no previous reports have directly compared
"F-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 'SF-
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
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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 'SF-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 'SF-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 if 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 il 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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This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/
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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 l-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 II 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 studies 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 etoposide, 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: JapicCTI-090841.

ELiGiBiLITY

Eligible patients were aged >20 years with histologically
confirmed GBM or World Health Organization (WHO) Grade
1I 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 O()()/mm3, hemoglobin >10 g/dl, bilirubin < 1.5 x the
upper limit of normal (ULN), aspartate aminotransferase and
alanine aminotransferase < 2.5 x ULN, serum creatinine <
1.25 x ULN). The following minimum intervals of time must
have elapsed 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 hematopoietic growth factors 2 weeks; 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 neutron capture therapy; >3 prior regimens for
malignant glioma and inadequately controlled hypertension,
heart disease, symptomatic cerebrovascular disorder, gastro-
intestinal (GI) perforation, fistula or abdominal abscess within
6 months prior to enrollment.

Stupy DESIGN

This single-arm, open-label, Phase II study was conducted at
10 sites in Japan. One cycle of treatment was defined as one
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bevacizumab infusion administered on Day 1 every 2 weeks.
Eligible patients received 10 mg/kg bevacizumab as an intra-
venous infusion administered over 90 (+ 15) min on Day 1
of each cycle, which could be reduced to 30 min by Cycle 3
if no infusion reactions occurred. Treatment continued
until disease progression (PD) or unacceptable toxicity.
Bevacizumab doses were adjusted only for changes of >10%
in body weight during the study. In the event of unacceptable
toxicity, bevacizumab treatment was delayed or discontinued
according to pre-specified criteria. Bevacizumab was discon-
tinued if multiple adverse events (AEs) fulfilling the pre-
specified delay or discontinuation criteria occurred in the
same cycle, if cerebral hemorrhage occurred and if delayed
treatment could not be restarted within 6 weeks of the last
bevacizumab infusion. Patients who discontinued bevacizu-
mab were followed for survival. Bevacizumab was provided
by Chugai Pharmaceutical Co. Ltd (Tokyo, Japan).

ASSESSMENT OF EFFicACcY

The primary endpoint was 6-month PFS in patients with re-
current GBM only. Six-month PFS was defined as the per-
centage of patients who remained alive and progression free
at 24 weeks and was chosen based on published evidence
demonstrating its extrapolation to the overall survival (OS)
(6,7). Secondary efficacy endpoints included the 1-year sur-
vival, PFS, objective response rate (ORR), duration of re-
sponse (DOR), OS and disease control rate (DCR).

Efficacy was assessed every third cycle (i.e. Cycles 3, 6, 9
etc.). Progression and objective response were determined by
comprehensive evaluation of the results from MRI scans,
corticosteroid dose assessment and neurocognitive function
assessment. They were assessed by an independent radiology
facility (IRF) by reference to Macdonald’s Criteria (34).
Response was classified according to the following categor-
ies: complete response (CR), partial response (PR), no
change (NC) and PD. Confirmation of the response was
determined on two consecutive assessments >4 weeks apart:
patients who were determined as having CR or PR were
defined as responders; patients who were determined as
having NC or PD were defined as non-responders.

Percentage tumor shrinkage was also assessed and was
calculated from the sum of the products of the diameters
(SPD) at baseline and the smallest SPD after baseline.

ASSESSMENT OF SAFETY

AEs were assessed throughout the study and were graded
according to the Common Terminology Criteria for AEs
version 3.0 (33). Body weight, vital signs and laboratory
tests were assessed prior to the start of each cycle.

STATISTICAL METHODS

The efficacy analysis population comprised all patients with
recurrent GBM. Patients with Grade Il glioma were also
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evaluated for efficacy, but were not included in the primary
analysis. All patients were evaluated for safety.

Statistical analysis to detect a 6-month PFS of 35% was
established based on data from previous studies [BRAIN
study [24] (42.6% with bevacizumab monotherapy) and the
NCI-06-C-0064E study [26] (29% with bevacizumab mono-
therapy)], in which a 15% threshold for 6-month PFS was
defined. Under these conditions, 28 patients with recurrent
GBM would provide at least 80% power to detect a 20% in-
crease in 6-month PFES from 15 to 35% at the 5% one-sided
significance level. Assuming that other WHO Grade III
glioma patients would be enrolled, the overall target sample
size was 32 patients.

The 6-month PFS, median PFS, OS and DOR were calcu-
lated by the Kaplan—Meier method and confidence intervals
(CIs) calculated by Greenwood’s formula (36). Exact bino-
mial Cls were used for estimated intervals for response rates.

RESULTS
PATIENTS

Between August 2009 and July 2010, 31 patients were en-
rolled, 29 of whom were included in the efficacy analysis
population. All enrolled patients received a median of 6 bev-
acizumab doses. Treatment was discontinued in a total of 25
patients: 23 (74.2%) due to PD; 2 (6.5%) due to AEs.
Efficacy and safety analyses, except for OS, were performed
after an observation period of >6 months (data cut-off 7
January 2011); the OS analyses, which included data col-
lected through to 22 August 2011, were performed after all
enrolled patients had been observed for >1 year.

DEMOGRAPHIC DATA

The majority of patients (29; 93.5%) had GBM; 2 (6.5%)
had Grade III glioma (Table 1). The median age was 54.0
years (range: 23—72); 10 (32.3%) patients were aged >65
years. The percentage of males to females was well
balanced. Patients were in relatively good health with 61.3%
having a KPS of 90—100, and 64.5% of patients not receiv-
ing corticosteroids at the start of the study. Similar numbers
of patients had experienced 1 [17 (54.8%)] or 2 [14
(45.2%)] relapses.

Erricacy Outcomes

At the time the PFS and OS analyses were performed, 22
PD events and 21 death events had been reported in the 29
patients with recurrent GBM. The 6-month PFS rate in the
29 patients with recurrent GBM (primary endpoint) was
33.9% (90% CI, 19.2—48.5), and this exceeded the 15%
threshold (P = 0.0170). Kaplan—Meier estimates of PFS
showed a steady decline over the initial 6 months with a
median PFS of 3.3 months (95% CI 2.8—6.0) (Fig. 1). The
I-year survival rate for these patients was 34.5% (90%
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Table 1. Demographic and baseline disease characteristics

Parameter All patients (n = 31) GBM (1 =129) WHO Grade Ul (n = 2)*
Median age, years (range) 54.0 (23-72) 57.0 (23-72) 32.5 (30--35)
Age groups in years, i (%)

<40 6(19.4) 4(13.8) 2(100)

41-64 15 (48.4) 15(51.7) 0 (0.0)

>65 10 (32.3) 10 (34.5) 0 (0.0)
Gender, n (%)

Male 16 (51.6) 14 (48.3) 2(100)

Female 15(48.4) 15(51.7) 0(0.0)
KPS, 11 (%) ‘ ,

70-80 12 (38.7) 12 (41.4) 0 (0.0)

90-100 19(61.3) 17 (58.6) 2 (100)
Relapse/progression status, # (%)

First 17 (54.8) 17 (58.6) 0 (0.0)

Second 14 (45.2) 12 (41.4) 2 (100)
Duration of malignant glioma®

Median, months (range) 15.2(5.6-213.3) [5.0(5.6-213.3) 46.8 (27.8—65.8)
Time from RT to bevacizumab®

Median, months (range) 13.2 (3.8--209.6) 13.1 (3.8-209.6) 44.8 (25.5—64.1)
Corticosteroid use at baseline, 1 (%)

Yes 11 (35.5) 10 (34.5) 1 (50.0)

No 20 (64.5) 19 (65.5) 1 (50.0)

GBM, glioblastoma: WHO, World Health Organization; KPS, Karnofsky performance status; RT. radiotherapy: 2w, every 2 weeks.

“One patient had anaplastic astrocytoma and one patient had anaplastic oligoastrocytoma.
®Time since the initial diagnosis of malignant glioma.
“Time from the last RT to the first dose of bevacizumab.

1.0q—y —~ Bevacizumab 10 mg/kg g2w
0.9 6-month PFS: 33.9% (90% Cl, 19.2-48.5)
08 Median PFS: 3.3 months (35% CI, 2.8-6.0)
0.7+
0.6
£ osg---h
.44 ' )
} e
0.3+ e -
el Ld /
0.2 ! g
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Figure 1. Progression-free survival determined by independent radiology facility in patients with recurrent glioblastoma (GBM).
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Figure 2. Overall survival in patients with recurrent GBM.
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Figure 3. Waterfall plot showing the change in tumor size from baseline.

CI 20.0—49.0) with a median OS of 10.5 months (95%
Cl 8.2—12.4) (Fig. 2).

There were eight responders (all PR) with an ORR of
27.6% (95% C1 12.7—47.2). The DCR (0 CR +8 PR 415
NC) was 79.3% (95% CI 60.3—-92.0). The two patients with
WHO Grade 111 glioma completed one and two cycles of
treatment, respectively; both experienced PD. Twenty-one
patients (72.4%) with recurrent GBM experienced tumor
shrinkage during the treatment period (Fig. 3), including 13
patients who were classified as non-responders. Of the 11
patients who were taking corticosteroids at baseline, dose
reductions or discontinuation of corticosteroids occurred in 8
patients.

Efficacy endpoints were investigated in different patient
subgroups (Table 2). Patients who were aged <50 years or
<65 years, male, with a high KPS (90—100), on their first

Patient index
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treatment relapse, not receiving corticosteroid therapy at
baseline, or having been diagnosed with GBM at the initial
diagnosis of malignant glioma, appeared to have a better re-
sponse to bevacizumab treatment than other patients.

SAFETY OUTCOMES

All 31 patients experienced AEs with a total of 220 AEs
reported during the study (Table 3). Serious AEs occurred in
11 (35.5%) patients, the most common being convulsion [2
(6.5%) patients]. Two (6.5%) patients discontinued the study
due to AEs: one patient experienced a Grade | cerebral hem-
orrhage, and one patient had Grade 2 neutropenia that meant
re-treatment within 6 weeks was not possible. A total of 13
(41.9%) patients experienced an AE of Grade >3, the most
common being hypertension [3 (9.7%) patients]. No
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Table 2. Six-month PFS and ORR by subgroup in patients with recurrent
GBM

Table 3. Adverse events >Grade 3 and adverse events ot special interest to
bevacizumab

Variable Bevacizumab 10 mg/kg, Q2w (n = 29)
Six-month PFS, % (95% Cl) ORR, %

Age, years

<65 (n=19) 42.1 (19.9-64.3) 36.8

>65 (n=10) 15.0 (0.0-40.2) 10.0
Age, years

<50 (n=11) 45.5(16.0-74.9) 45.5

>50 (n=18) 26.7 (5.7-417.6) 16.7
Gender

Female (n = 15) 24.0 (1.3-46.7) 20.0

Male (n = 14) 42.9 (16.9-68.8) 357
KPS

70-80 (n = 12) 16.7 (0.0-37.8) 8.3

90100 (n = 17) 47.1 (23.3-70.8) 41.2
Relapse/progression status

First (n=17) 46.3 (22.3-70.4) 353

Second (n=12) 16.7 (0.0-37.8) 16.7
Corticosteroid use at baseline

Yes (n=10) 20.0 (0.0-44.8) 10.0

No (n=19) 42,1 (19.9-64.3) 36.8
Initial diagnosis of malignant glioma by site

GBM (1 = 23) 43.0 (22.6~63.5) 34.8

Other (n = 6) 0.0 (0.0-0.0) 0.0

PFS. progression-free survival; ORR, objective response rate; Cl, confidence
interval.

incidence of Grade 4 or 5 hypertension was observed. One
patient died of brain edema (Grade 5 AE), which was con-
sidered by the investigator to be related to PD with no causal
relationship with bevacizumab treatment. '

A total of 22 (71.0%) patients experienced AEs of special
interest to bevacizumab, comprising proteinuria, hemorrhage,
hypertension, congestive heart failure and venous thrombo-
embolism (Table 3). One Grade 1 cerebral hemorrhage was
observed on MRI; this was asymptomatic and resolved
without treatment. Five (16.1%) patients had Grade 3 AEs
of special interest to bevacizumab, comprising congestive
heart failure [1 (3.2%) patient], venous thromboembolism
[1(3.2%) patient] and hypertension [3 (9.7%) patients]. No
patients reported the other AEs of special interest to bevaci-
zumab, i.e. reversible posterior leukoencephalopathy syn-
drome., wound-healing complications, Gl perforation or
fistulae.

Abnormal laboratory results were reported in 74.2% of
patients. The most common abnormal laboratory result was
proteinuria, which was reported in 41.9% of patients. Abnormal

Patients, n (%) Bevacizumab 10 mg/kg,

q2w (n = 31)

All grade Grade >3
Total patients with at least one AE 31 (100.0) 13 (41.9)
lrregular menstruation 3(9.7) 2(6.9)
Pyrexia 7 (22.6) 1(3.2)
Convulsion 3(9.7) 1(3.2)
Depressed level of consciousness 1(3.2) 1(3.2)
Hydrocephalus 1(3.2) 1(3.2)
Increased intracranial pressure 1(3.2) 1(3.2)
Brain edema 1(3.2) 1(3.2)
Hemiplegia 1(3.2) 1(3.2)
Appendicitis 1(3.2) 1(3.2)
Urinary tract infection 1(3.2) 1(3.2)
Delirium 1(3.2) 1(3.2)
Neutropenia 5(16.1) 1(3.2)
Leukopenia 5(16.1) 1(3.2)
AEs of special interest to bevacizumab 22 (71.0) 5(6.1)
Proteinuria 13 (41.9) —
Hcmorrlmge"‘b 10 (32.3) —_—
Hypertension 10 (32.3) 309.7)
Congestive heart failure 1(3.2) 1(3.2)
Venous thromboembolism 1(3.2) 1(3.2)

AE, adverse event.

*All events were Grade 1.

®Includes: epistaxis, gingival bleeding, conjunctival hemorrhage. infusion
site hemorrhage, blood urine present, cercbral hemorrhage, hemorrhage
subcutancous, metrorrhagia.

laboratory results classed as >Grade 3 were observed in two
patients, reported as neutropenia and leukopenia.

DISCUSSION

This is the first clinical trial to investigate the safety and effi-
cacy of single-agent bevacizumab in Japanese patients with
recurrent GBM. Our data demonstrated that single-agent bev-
acizumab 10 mg/kg was effective in terms of the 6-month
PFS, ORR, OS and I-year survival, and was well tolerated
in this Japanese population. In addition, the majority [21
(72.4%)] of patients with recurrent GBM experienced some
tumor shrinkage during the treatment period.

The observed 6-month PFS of 33.9% and ORR of 27.6%
seen in our study were more favorable than previous pub-
lished data. These data are numerically higher than those
reported for other studies with other chemotherapy and/or
RT regimens (6-month PFS 9-21% and ORR 4-9%)
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(6,7,10,11,37), and comparable with those reported for
single-agent bevacizumab (42.6 and 28.2% for 6-month PFS
and ORR, respectively) (24).

The use of Macdonald’s Criteria was standard when this
study was initiated; however, subsequently the Response
Assessment in Neuro-Oncology (RANO) Working Group
has recommended assessing MRI T2-weighted or fluid-
attenuated inversion recovery (FLAIR) of non-enhancing
lesions in addition to enhancing lesions (38). As the
Macdonald’s Criteria only assess contrast-enhancing lesions,
there are risks that pseudoprogression and pseudoresponses
may be considered real treatment effects. In our study an
IRF assessed the changes in the T2/FLAIR signal, which
was not included in the primary response evaluation based on
Macdonald’s Criteria. No significant increase in the T2/
FLAIR signal was confirmed in the eight responders for the
DOR, and seven out of eight responders exhibited >6 months’
DOR. Based on these results, we are convinced that the object-
ive response seen in our study is not a pseudoresponse.

Of the 29 GBM patients treated, 21 exhibited tumor
shrinkage, including 8 patients who had a PR and [3 ‘non-
responders’ who were determined as NC or PD but exhibited
some benefit with bevacizumab that was not captured by the
response criteria; the maximum percentage of tumor shrink-
age in 6 patients was >50%. The apparent discrepancy
between the number of responders and the number of
patients with tumor shrinkage is likely to be due to the ways
in which the endpoints are calculated. The percentage of
tumor shrinkage is calculated from the SPD at baseline and
the smallest SPD after baseline, whereas for a patient to be
classed as a responder, there had to be a decrease in tumor
volume by >50% in the product of two diameters according
to confirmation MRI performed >4 weeks after an observed
response, as well as no increase in corticosteroid dosage and
no neurologic deterioration. This leads to the difference
between the number of patients with tumor shrinkage and
the number of responders.

The 6-month PFS and ORR results were better for patients
who had experienced one relapse than for those who had
experienced two relapses, which is the same as a previously
published observation (24). In addition, in our study bevaci-
zumab improved the 6-month PFS and the ORR in the sub-
‘groups of patients who were aged <50 or <60 years
compared with older patients. Although neither our study
nor the previously published study (24) was powered to
detect a statistical difference in these subgroups, the results
could suggest that earlier administration of bevacizumab, or
treatment with bevacizumab in younger patients, may lead to
better tumor response and is something that requires investi-
gation in further clinical trials.

Regarding the survival endpoints, our study showed
results that were better than previously published data. The
median OS of 10.5 months in GBM patients and 9.4 months
in all patients was longer than that reported in other GBM
trials (5.0-7.3 months) (6—8,10,11) and comparable with
data with single-agent bevacizumab (9.3 months) (24.25). In
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addition, the 1-year survival rate for GBM patiénts (34.5%)
was as good as the published data (14—32%) (6—8,10,11).

In addition to the favorable efficacy measures, a trend was
also observed where 8 of the 11 patients who were taking
corticosteroids at baseline were able to reduce their dose or
discontinue corticosteroids altogether during the course of
the study. This is consistent with other findings that suggest
that bevacizumab may have corticosteroid-sparing effects in
patients with recurrent GBM (39). Corticosteroid reduction
may reduce infection rates and other related toxicities and
therefore is expected to improve the health-related quality of
life for patients.

Bevacizumab was well tolerated in our study and the inci-
dence of AEs of special interest to bevacizumab was similar
to that seen in other published studies with single-agent bev-
acizumab (24—26,40). No new bevacizumab safety signals
were seen in this Japanese population.

In our study, and in the other single-agent bevacizumab
studies (24-—26,40), bevacizumab was administered after
prior treatment with TMZ and RT. We observed an apparent-
ly greater benefit with bevacizumab in those patients with
one relapse compared with those who have had two relapses
following treatment with TMZ and RT. It is expected that
bevacizumab may also provide benefit when administered
concurrently with TMZ and RT rather than after TMZ/RT
therapy. Currently, two randomized, double blind, Phase III
studies are ongoing (AVAglio (41) and RTOG 0825 (42)) in
which the addition of bevacizumab to standard of care (con-
current RT plus TMZ followed by adjuvant TMZ) is being
evaluated in patients with newly diagnosed GBM.

There are many novel targeted agents under investigation
for the treatment of gliomas (43); however, results with
these new agents have been disappointing to date.
Single-target agents alone may not be able to prevent tumor
growth given the multiple pathways involved in many intra-
cellular processes of tumor development. A key to future
improvements in the treatment of gliomas will be the com-
bination of other chemotherapeutic agents or molecular tar-
geted therapies with bevacizumab to block these multiple
pathways. This potential approach needs to be explored in
future clinical trials.

In conclusion, the results of this study show that
single-agent bevacizumab could provide significant clinical
benefit for Japanese patients with recurrent GBM.
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Abstract

Background Recurrent glioblastoma after initial radio-
therapy plus concomitant and adjuvant temozolomide is
problematic. Here, patients with temozolomide-refractory
high-grade gliomas were treated with bevacizumab (BV)
and evaluated using apparent diffusion coefficient (ADC)
for response.

Methods Nine post-temozolomide recurrent or progres-
sive high-grade glioma patients (seven with glioblastoma
and two with anaplastic astrocytoma) were treated with BV
monotherapy. Average age was 57 years (range, 22-78),
median Karnofsky Performance Scale (KPS) was 70
(30-80) and median BV line number was 2 (2-5). Two had
additional stereotactic radiotherapy within 6 months prior
to BV. Magnetic resonance (MR) imaging after BV therapy
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was performed within 2 weeks with calculation of mean
ADC (mADC) values of enhancing tumor contours.
Results Post-BV treatment MR imaging showed decreased
tumor volumes in eight of nine cases (88.9 %). Partial
response was obtained in four cases (44.4 %), four cases had
stable disease, and one had progressive disease. Of 15
evaluable enhancing lesions, 11 shrank and four did not.
Pretreatment mADC values were above 1100 (10~ mm%/s)
in all responding tumors, while all non-responding lesions
scored below 1100 (p = 0.001). mADC decreased after the
first BV treatment in all lesions except one. KPS improved
in four cases (44.4 %). Median progression-free survival and
overall survival for those having all lesions with high
mADC (>1100) were significantly longer than those
with a low mADC (<1100} lesion (p = 0.018 and 0.046,
respectively).

Conclusions Bevacizumab monotherapy is effective in
patients with temozolomide-refractory recurrent gliomas
and tumor mean ADC value can be a useful marker for
prediction of BV response and survival.

Keywords Glioblastoma - Bevacizumab - Apparent
diffusion coefficient - Prediction of response and survival -
Recurrent high-grade glioma

Introduction

Standard care for glioblastoma (GBM) is radiation therapy
(RT) plus concomitant and adjuvant temozolomide (TMZ)
[1]. The median overall survival (OS) of patients with
GBM remains at 15 months from initial diagnosis [1], and
there are no standard therapies established for recurrent
GBMs.
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Glioblastoma is highly vascularized and vascular
endothelial growth factor (VEGF) has been identified as
the major promoting factor for glioma angiogenesis [2].
VEGF expression correlates with aggressiveness and his-
topathological grade of glioma [3]. VEGF induces an
increase in vascular permeability and disruption of the
blood-brain barrier (BBB) in tumors. High-grade gliomas
with abundant VEGF expression exhibit an increase in
interstitial fluids, causing peri- and intra-tumoral edema
[4], and further neurological deterioration. It would,
therefore, be reasonable to target VEGF as a potential
therapeutic strategy against intractable GBM [5].

Bevacizumab (BV) is a humanized monoclonal anti-
body that binds to and inhibits the activity of VEGF. The
efficacy of BV for recurrent GBM was demonstrated
in initial phase II clinical trials in combination with
irinotecan [6]. BV monotherapy for patients with TMZ-
pretreated, recurrent GBM achieved progression-free
survival (PFS) at 6 months (PFS-6 m) of 43 % and
median OS of 9.3 months [7]. This and another similar
phase II study [8] led to accelerated approval for use of
BV as a single-agent in adults with recurrent GBM in the
United States. However, a subset of GBM lesions do not
respond to BV, and this necessitates a way to differen-
tiate tumors that will respond from those that will not,
given the adverse effects of BV such as intracerebral
hemorrhage and deep venous thrombosis, and also the
high cost of the agent.

Bevacizumab decreases interstitial fluid load in the
brain and tumor tissue by normalizing the BBB, leading to
rapid tumor shrinkage with reduction of perifocal edema
[5, 7]. An imaging technique that specifically detects such
pathological conditions would be useful for prediction of
BV response. One physiological imaging biomarker that
might be associated with degradation of cellular integrity,
such as necrosis, is apparent diffusion coefficient (ADC)
obtained on diffusion-weighted magnetic resonance (MR)
imaging. The ADC value represents movement of water
molecules and tends to be low in tissues with high cellular
density (packed tumor) where extracellular space is
restricted [9]. Conversely, tissue edema and necrotic
components induced by tumor burden and cytotoxic
therapies may well increase the ADC value [10, 11]. The
ADC value has been shown to correlate with response to
radiation therapy (RT) and prognosis in patients with
glioma [12, 13], to predict progression-free survival (PFS)
after BV treatment in patients with recurrent GBM, and
the minimum ADC values were reportedly prognostic of
outcomes in glioma [12, 14]. This prompted us to inves-
tigate whether the ADC value in recurrent high-grade
glioma may predict rapid shrinking response or survival

after BV monotherapy, thereby facilitating selection of

patients who are likely responders.

_@_ Springer

Patients and methods
Patient eligibility

Patients (>20 years old) had histologically proven high-
grade glioma (HGG) for which they had received RT and
TMZ. All had experienced tumor progression determined by
the Macdonald criteria [15], had measurable enhancing
disease(s) on MR imaging, and had recovered from their
prior treatment. The minimum 4 weeks from surgical ther-
apy and 8 weeks after RT must have elapsed before the start
of BV treatment. The patients had to have adequate organ
functions and were excluded if they had experienced cere-
bral hemorrhage or stroke. Patients were required to have
provided written informed consent. The treatment protocol
including off-label use of BV at patients’ own cost was
reviewed and approved by the institutional review board.

Treatment

All patients received BV 10 mg/kg intravenously every
other week, until disease progression or discontinuation by
their withdrawal, grade 2 or more cerebral hemorrhage,
grade 4 non-hematological toxicities, or any other condi-
tion that would make the treatment unsafe.

Patient evaluation

The response to therapy was assessed using MR imaging
and neurological examination. The Macdonald criteria
were employed to evaluate the MR imaging [15]. The
criteria use the largest cross-sectional area of the post-
contrast T1-weighted images and also take into account the
steroid dose and clinical findings. We also evaluated non-
contrast T1-weighted images, T2-weighted images, FLAIR
images, and diffusion-weighted images. All MR examina-
tions were carried out at 1.5 T. MR imaging was performed
after the first and the third cycles of BV treatment, and
images were reviewed by a neuroradiologist (K.T.).

Measurement of mean apparent diffusion coefficient
ADC value of tumors

A mean ADC (mADC) value of the tumor was calculated on
a terminal of the Picture Archiving and Communication
System (PACS). Gadolinium-enhancing tumor contours
were manually segmented on sequential post-contrast
T1-weighted images, eliminating non-enhancing regions
within the tumor, and the same segmented areas were
selected on the corresponding ADC maps, thereby obtaining
amADC value (10™mm?/s) and an area (mm"‘) of the tumor
in each image (Fig. 1). The mADC value of the image slice
was multiplied by the area to produce a total ADC value of
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Fig. 1 Postcontrast
T1-weighted images aligned
side-by-side with the
corresponding ADC maps of
both pre- (left-hand column) and
post-treatment (right-hand
column) with BV in
representative patients who
achieved immediate response
after a single BV
administration. The mADC
values of the lesions of interest
are indicated at the right margin
of the ADC maps. Each mADC
value is calculated as described
in “Patients and methods.” Note
that all pretreatment mADC
values are above 1100

(107% mm%s), which
subsequently decrease after

BV treatment. a, b, ¢, d: case 1;
e, f, g, h: case 2; 1, j, k, I: case 8;
m, n, 0, p: case 9

the slice. The sum of the total ADC value of all slices for a
lesion was divided by the sum of areas of all slices to achieve
the net mADC value of the single enhancing lesion.

Immunohistochemistry

Immunohistochemistry analysis of surgical specimens of the
original tumors entailed: (1) fixation with 10 % buffered
formalin, and embedding in paraffin; (2) deparaffinizing
5-pm-thick sections of the tissues in xylene, and rehydration
in 90, 70, and 50 % ethanol; (3) antigen retrieval, by auto-
claving in buffered citrate (pH 7.0) at 120 °C for 10 min; (4)
incubation with the primary antibody, anti-VEGF antibody
(code SC-152, Santa Cruz, CA, USA) at room temperature
for approximately 12 h; and (5) detection of immunoreac-
tivity using the EnVision system (Dako, Carpinteria, CA,
USA), followed by hematoxylin counterstaining.

0°-methylguanine-DNA methyltransferase (MGMT)
status

Methylation status of the MGMT gene promoter region in
tumors was determined by the methylation-specific poly-
merase chain reaction as described elsewhere [16].

mADC

1,136

1,321

Statistical analysis

The correlation of the mADC value with response to BV
was evaluated by Fisher’s exact test and the Mann-Whit-
ney U test. The change of mADC values before and after
the first BV treatment was assessed by a paired ¢ test. PFS
and OS were calculated according to the Kaplan—Meier
method, and differences in progression and survival
according to mADC values were evaluated with the log-
rank test. All the probability values were two-sided, and all
statistical analyses were done at a significance level of
p = 0.05, using the statistical package SPSS 17.0J (SPSS,
Inc., Chicago, IL, USA).

Results

Bevacizumab treatment of patients with recurrent HGG
after TMZ failure

From August 2009 to December 2010, nine eligible
patients with recurrent or progressive HGGs (seven with
GBM and two with anaplastic astrocytoma) were treated
with BV monotherapy. The average patient age was 57
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