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Fig. 2 Progression-free survival in the intention-to-treat (ITT) pop-
ulation (a), the GBM subgroup (b), the AA subgroup (¢), and the
GBM subgroup with central pathology review (d). Overall survival in
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29.2) in arm B (n = 56) (Fig. 2e). The %2-year survival
in arms A and B was 51.9 % and 46.2 %, respectively.
There was no difference between the 2 arms (p = 0.75 and
pre-planned, one-sided p = 0.62, by stratified log-rank
test).
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The OS of GBM subgroup in arms A (n = 40, 28 death)
and B (n = 41, 27 death) was 19.0 (95 % CI 15.2-33.3)
and 19.5 months (95 % Cl 15.8-29.2), respectively
(p = 0.90) (Fig. 2f). The %2-year survival in arms A and
B was 48 and 41 %, respectively. The OS of AA subgroup
in arms A (n = 15, 7 death) and in arm B (n = 15, 8 death)
was 354 [95 % Cl 15.7-not estimated (NE)] and
27.4 months (95 % CI 17.8-NE), respectively (p = 0.88)
(Fig. 2g). There were no differences between the arms of
any subgroup.

In the subgroups defined by central pathology review,
the OS of GBM in arm A (n = 37, 28 death) and in arm B
(n = 40, 29 death) was 16.6 (95 % CI 13.3-29.5) and
18.7 months (95 % CI 15.4-23.4), respectively (p = 0.92)
(Fig. 2h). The %2-year survival in arms A and B was 38
and 34 %, respectively. The OS of AA and AOA in arm A
(n =9, 3 death) and B (n = 12, 4 death) was 33.3 months
(95 % CI 15.7-33.3) and NE, respectively (p = 0.83).

Among the 70 total deaths, 31/35 (88.6 %) patients in
arm A and 32/35 (91.4 %) in arm B experienced neuronal
death of an original tumor. One patient (2.9 %) in arm A
and 2 (5.7 %) patients in arm B contracted treatment-
related pneumonia and died from that illness. Other causes
of death were pulmonary embolism (1), pneumonia (2),
and unknown (1).

Toxicity

Toxicity was assessed in 110 patients receiving initial
therapy and in 73 patients receiving adjuvant chemother-
apy. The most frequent grade 3/4 toxicities, experienced by
more than 10 % of patients, were hematologic, neurologic,
gastrointestinal, and hepatic AEs (Table 4). Patients in
both arms frequently experienced leukopenia and neutro-
penia; more than half of the patients in arm B experienced
these AEs during adjuvant therapy as well as during initial
therapy. More than 40 % of patients in arm A also expe-
rienced these hematologic events even during adjuvant
therapy. Grade 4 neutropenia was observed in 5.6 and
39.3 % of patients in arms A and B during initial chemo-
radiotherapy and 11.1 and 15.6 % during adjuvant therapy.
Grade 3/4 nausea and anorexia were seen in 10.7 and
16.1 % of patients in initial therapy in arm B, but were rare
in the adjuvant-therapy subgroups in both arms. One
patient in arm B had cerebral infarction. Extrapyramidal
signs, including tremors or involuntary movements,
occurred in 2 patients in each arm.

Grade 3/4 pneumonitis occurred in 1 patient in arm A
and 2 in arm B during the entire treatment period.
Opportunistic infections—including 2 cases of Pneumo-
cystis jirovecii pneumonia (PCP), 1 case of oral candidia-
sis, and 2 case of herpes zoster—occurred in arm B. One
patient (1.8 %) in arm A and 2 (3.6 %) patients in arm B
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died from treatment-related pneumonia, and 1 of these
patients in arm B had PCP. One patient in arm B died from
sepsis and acute respiratory distress syndrome after initial
therapy. One patient in arm A died from pulmonary
embolism before starting chemoradiotherapy, and 1 patient
in arm A and 2 patients in arm B died from pneumonia
following tumor progression.

Radiation necrosis was observed in 2 out of 54 (3.7 %)
patients in arm A and 1 out of 56 (1.8 %) patients in arm B.
During surgery, 1 patient in arm A was found to have
radiation necrosis. Pseudo-progression within 3 months
after chemoradiotherapy was not suspected in any patient.

Discussion

This study aimed to evaluate the efficacy and safety of
treatment with ACNU 4 PCZ compared to ACNU alone
as concomitant chemoradiotherapy against AA and GBM.
We found no obvious differences in OS or PFS for AA and
GBM between the treatment groups, but patients treated
with ACNU + PCZ experienced more adverse effects than
those treated with ACNU alone. TMZ is an effective reg-
imen for malignant gliomas with less toxicity than our
ACNU regimens, but it was not approved in Japan when
this study began. At the end of the phase II part of this
study, TMZ became available even in Japan, so this study
was terminated at that point.

Methylguanine DNA methyltransferase is a major DNA
repair protein and is implicated in resistance of glioma
cells to alkylating agents [!3]. Transcriptional silencing by
MGMT promoter methylation results in inhibition of
MGMT expression [{4], and thus MGMT promoter
methylation is strongly associated with survival in glioma
patients treated with either nitrosourea or TMZ [i15-17].
The status of the promoter of MGMT in primary tumors
was frequently observed to change from methylated to
unmethylated in recurrent tumors following ACNU or
TMZ treatment [{8, [9], which constitutes one of the
mechanisms behind malignant gliomas’ resistance to
nitrosourea and TMZ. The rationale for treatment with
ACNU 4 PCZ is that daily application of PCZ depletes
MGMT activity, increasing sensitivity of AA and GBM to
ACNU. Dose-dense TMZ therapy based on the theory of
depletion of MGMT [20, 2], or BCNU or TMZ with direct
inhibition of MGMT by O°-benzylguanine [22, 23] has
been shown in previous studies to be effective for GBMs.
However, there was no difference in OS found between
standard and dose-dense TMZ for newly diagnosed GBMs
[20].

While we were conducting this study, the European
Organization for Research and Treatment of Cancer
(EORTC) Brain Tumor and Radiotherapy Groups and the
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Table 4 Toxicity

Grade 3/4 adverse events Initial therapy with ~ Adjuvant therapy

RT (n = 110) (%) (n=T73) (%)

ArmA  AmB  AmA AmB
Hematologic
Leukopenia 38.9 73.2 40.5 69.4
Neutropenia 38.9 76.8 44.4 56.3
Thrombocytopenia 5.6 50.0 40.5 50.0
Anemia 0 8.9 10.8 8.3
Neurologic
Seizure 9.3 7.1 5.4 8.8
Speech impairment 11.1 10.7 54 29
Neuropathy-motor 11.1 12.5 0 0
Extrapyramidal sign 0 0 5.4 2.7
Pulmonary (pneumonitis) 0 3.6 27 0
Gastrointestinal
Nausea 0 10.7 0 0
Anorexia 1.9 16.1 0 29
Hepatic
AST 37 12.5 29 29
ALT 37 16.1 29 8.8
Total bilirubin 1.9 54 0 0
Renal (creatinine) 0 0 0 0
Metabolic
Hyponatremia 1.9 8.9 5.9 2.9
Hypokalemia 1.9 7.1 29 29
Fever 0 3.6 0 0
Dermatologic: erythema 3.7 54 0 2.9

National Cancer Institute of Canada (NCIC) Clinical Trials
Group (EORTC/NCIC TMZ study) reported, in 2005, that
RT + TMZ significantly prolonged the survival of GBM
patients compared to RT alone [24]. The median PES, OS,
and 2-year survival for RT + TMZ were 6.9, 14.6 months,
and 26.5 %, respectively [24]. Although our results com-
pared favorably with the EORTC/NCIC TMZ study, the
PFS of RT + ACNU alone for GBMs in our ITT popula-
tion and in GBM subgroups in central pathology review
were 6.2 and 5.1 months, shorter than those from the
EORTC/NCIC TMZ study. Since more than half of the
patients in our study underwent TMZ treatment following
disease progression, it is possible that TMZ rescued these
patients with progression after ACNU regimens and pro-
longed the survival of these patients.

The incidence of grade 3/4 hematologic AEs—such as
leukopenia, neutropenia, and thrombocytopenia—were
reported to be 5, 4, and 11 %, respectively, in adjuvant
TMZ therapy in the EORTC/NCIC TMZ trial [24]. Com-
pared to TMZ, even ACNU alone caused severe hemato-
logic AEs in 40 % of the patients in our study, and most of
those patients in both arms discontinued the treatment

protocol due to AEs or patient refusal related to AEs. It is
noteworthy that approximately 30 % of patients in both
arms failed to start adjuvant chemotherapy. The low
completion rate of our protocol might explain the lack of
differences in PES and OS between the arms. After 2
patients in arm B experienced PCP, prophylactic use of
cotrimoxazole (trimethoprim-sulfamethoxazole) against
PCP was recommended in this study and was found to be
useful.

Radiation necrosis has been reported in 2.5-21 % of
patients undergoing chemoradiotherapy against malignant
gliomas [25]. This complication was observed in 2.7 % of
the patients in our study, but was tolerable. “Pseudo-pro-
gression” is the phenomenon of transient early disease
progression after treatment with chemoradiotherapy con-
sisting of TMZ for GBM progressive and enhancing
lesions, as shown on MRI images taken immediately after
treatment [25]. No patients in our study were suspected of
pseudo-progression within 6 months after beginning
chemoradiotherapy.

In general, the difference in histological diagnosis for
local versus central pathology review is a major problem in
the conduct of clinical trials on gliomas [26]. In our study,
the concordance of GBM and AA between local and cen-
tral diagnosis was low, but nearly identical to previous
reports. In the EORTC/NCIC TMZ trial, central pathology
review was performed in 85 % of cases, which confirmed
the diagnosis of GBM in 93 % of the reviewed cases; 3 %
had AA or AOA. In the phase III study of RT versus
RT + BCNU + dibromodulcitol (EORTC 26882), of the
193 cases of AA diagnosed by the local pathologist, 176
were reviewed by the central pathologist. At review, 61
patients (35 %) were diagnosed with AA, 13 (8 %) with
AOA, 4 (2 %) with AO, 44 (25 %) with GBM, 41 (23 %)
with low-grade gliomas, and 13 (7 %) with another diag-
nosis [27].

The WHO classification system reflects the prognoses
depending on grade I-IV tumors, or astrocytic or oligo-
dendroglial tumors. However, it is based on morphological
descriptions and contains subjective elements; thus, inter-
observer variation occurs. The boundaries between grades
I1, I, and IV in gliomas are unclear, and there is a trend
toward a more frequent diagnosis of oligodendroglial
tumors [28]. Central pathological review before inclusion
of a patient into clinical study is ideal, but it is very dif-
ficult to complete for aggressive grade III/IV tumors. Even
if central review before enrollment is difficult in a multi-
institutional setting, it is indispensable to perform post hoc
central review at least in order to appropriately interpret the
results of clinical studies of gliomas. A consensus meeting
might also be useful before commencing clinical studies in
order to gain concordance between local and central
diagnoses. More objective classification of tumors based on
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genotype, such the IDH1/2 mutation or 1p/19q codeletion,
should be included in at least the stratification factor and
subgroup analysis.

Conclusions

No significant differences in OS or PFS were found
between ACNU alone and ACNU + PCZ in either AA or
GBM. We found that ACNU + PCZ treatment was more
toxic in our treatment schedule. Therefore, we conclude
that the addition of PCZ to ACNU was not beneficial for
newly diagnosed, high-grade astrocytomas as compared to
ACNU alone. Considering the greater number of AEs
associated with ACNU regimens, RT + TMZ should serve
as a standard therapeutic regimen in the treatment of newly
diagnosed AA and GBM.
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Precise comparison of protoporphyrin IX fluorescence spectra
with pathological results for brain tumor tissue identification
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Abstract Photodynamic diagnosis is used during glioma
surgery. Although some studies have shown that the
spectrum of fluorescence was efficient for precise tumor
diagnosis, previous methods to characterize the spectrum
have been problematic, which can lead to misdiagnosis. In
this paper, we introduce a comparison technique to char-
acterize spectrum from pathology and results of pre-
liminary measurement using human brain tissues. We
developed a spectrum scanning system that enables spectra
measurement of raw tissues. Because tissue preparations
retain the shape of the device holder, spectra can be
compared precisely with pathological examination. As a
preliminary analysis, we measured 13 sample tissues from
five patients with brain tumors. The technique enabled us
to measure spectra and compare them with pathological
results. Some tissues exhibited a good relationship between
spectra and pathological results. Although there were some
false positive and false negative cases, false positive tissue
had different spectra in which intensity of short-wave-
length side was also high. The proposed technique provides
an accurate comparison of quantitative fluorescence spectra

T. Ando (X)) - E. Kobayashi - H. Liao - 1. Sakuma
Department of Bioengineering, Graduate School of Engineering,
The University of Tokyo, Engineering building No.14,

Room 722, Hongo 7-3-1, Bunkyo, Tokyo 113-8656, Japan
e-mail: take_and_o@bmpe.t.u-tokyo.ac.jp

T. Maruyama - H. Iseki - O. Kubo
Department of Neurosurgery, Neurological Institute, Tokyo
Women’s Medical University, Shinjuku, Tokyo 162-8666, Japan

Y. Muragaki - H. Iseki

Institute of Advanced Biomedical Engineering and Science,
Tokyo Women’s Medical University, Shinjuku,

Tokyo 162-8666, Japan

with pathological results. We found that spectrum analysis
may reduce false positive errors. These results will increase
the accuracy of tumor tissue identification.

Keywords 5-Aminolevulinic acid - Protoporphyrin IX -
Fluorescence spectra - Photodynamic diagnosis

Introduction

Over recent decades, photodynamic diagnosis (PDD) has
been studied for intraoperative tumor diagnosis, especially
glioma. PDD uses autofluorescence or endogenous fluo-
rescence materials [1—4], and the technique can be easily
applied for clinical practice because the system is simple.
In a number of clinical studies, 5-aminolevulinic acid
(5-ALA)-induced protoporphyrin IX (PpIX) fluorescence
has been used for intraoperative tumor diagnosis. Although
5-ALA and PpIX are natural substances produced by the
human body, orally administrated 5-ALA accumulates in
tumor cells and is converted to PpIX by heme biosynthesis.
Accumulation of 5-ALA in a tumor cell may be caused by
a damaged blood brain barrier (BBB) or iron (Fe)-meta-
bolic enzyme defect, such as ferrochelatase [5]. However,
the exact mechanism is still unknown.

Stummer et al. [{-3] introduced the use of the fluores-
cence surgical microscope to examine PpIX fluorescence
for intraoperative tumor detection. They reported that some
regions of brain and tumor tissue have different fluores-
cence characteristics (intensity and color) and assessed
these tissues pathologically. Although this approach was
appropriate for fluorescence-guided surgery, fluorescence
measurement was not quantitative. A recent study of
quantitative fluorescence measurement showed that PpIX
spectrum shape is important to precisely detect tumor and
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diagnose malignancy [6]. Another group reported that
ultraviolet (UV) laser and white light reveal differences in
the autofluorescence spectra between tumor and normal
brain tissue [7, 8]. Although these quantitative studies
found characteristic tumor tissue spectra when comparing
them with pathological results, the comparison methods
used have the following limitations. First, there is a pos-
sibility that a spectrum measurement point is different from
a pathology examination point. This means that a spectrum
characterization may not be correct. Second, because the
spectrum measurement was performed after staining or
fixation with formalin, the measured spectrum may be
different from that of the raw tissue. To use the result in
situ, raw tissue spectrum measurement is necessary.
Finally, although tumor margin characterization is neces-
sary for precise resection, these methods cannot determine
spatial changes in spectra.

To solve these problems, we developed a spectrum
scanning system that enables acquisition of raw tissue
spectra distribution. Furthermore, our novel protocol makes
it possible to precisely compare spectra with pathological
results. In this paper, we introduce the technique we
devised and present results of preliminary measurements.

Materials and methods
Measurement system

A spectrum-scanning system for 5-ALA-induced PpIX
fluorescence was especially designed for both fluorescence
measurement and fluorescence spectra comparison with
pathological results. The system consists of an excitation
laser (VLS405-SA3, Digital Stream), a spectrometer
(WTC-111E B&W, TEK Inc.), optics, and a computer
(Fig. !). The excitation laser emits 405 nm of UV light,
and the maximal output power is 15 mW. The spectrometer
wavelength range is 300-850 nm. The measurement probe
uses a coaxial optical system. All light paths are connected
with optical fibers (core diameter 365 pm, multimode), and
a dichroic mirror is used to separate excitation light and
fluorescence. To insert a dichroic mirror in the light path,
three collimator lenses are mounted to a cubic box. Angles
and positions of all collimator lenses and the dichroic
mirror angle can be adjusted to improve the coupling
efficiency of the light. It is also equipped with a long-pass
filter to separate strong reflected excitation light from the
fluorescence signal. There are two achromatic lenses at the
tip of the probe. The focal length of the fiber side lens is
19 mm, the object side is 30 mm, the working distance is
21.7 mm, and the lens diameter is 12.5 mm. The mea-
surement spot diameter is evaluated using a phantom, the
optical character of which is designed to match that of
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Fig. 1 Overall view of the measurement system

brain tissue. As a result, the system’s measuring diameter is
estimated as 0.8 mm.

To measure fluorescence spectra spatial changes, the
measurement probe is fixed under an XY stage (SGSP20-
35XY, Sigma Koki), and the sample tissues are then
moved. A removable tissue holder that has a square 5-mm
hole is set on the stage. One corner of the holder hole is cut
down to make a shape mark. Because the holder location is
registered to the XY stage coordinates, it is possible to
follow the measuring position. In this study, spectra of 58
points were acquired from each sample tissue.

Measurement protocol

To accurately compare spectra with pathological results,
we devised the following measurement protocol:

1. Resected tissue was gently put in the measurement
system tissue holder.

2. The spectrum of each point was measured by the
system, and data were processed automatically.

3. After measurement, the tissue and the holder were put
in liquid nitrogen to freeze the tissue.

4. The frozen tissue was taken out of the holder and
sectioned using conventional methods.

5. The sectioned tissue was stained with hematoxylin—
eosin (H&E).

Sectioning and staining were performed by a patholo-
gist. Spectrometer exposure time and the laser power were
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arbitrarily adjusted depending on each patient. Although
this protocol is relatively complicated, because the frozen
tissue retains the original shape of the holder and the
measured surface can be maintained, it is possible to make
a “holder-shaped” histological preparation. This prepara-
tion makes it possible to compare cell characteristics with
the corresponding measurement points from the tissue
shape and the XY-stage coordinates. Furthermore, because
the spectrum is measured before freezing or staining, this
method allows the use of raw brain tissue spectra for
comparison. This means that the results can be directly
applied to intraoperative measurement and resection.

Data processing

Because measured spectra contain some noise, data were
smoothed using the Savitzky—-Golay method (25-point
smoothing) [9]. After smoothing, spectra data were processed
to extract each PpIX peak intensity and wavelength from raw
data, which contain autofluorescence spectra. The procedure
is as follows: First, we empirically approximated a curve of a
background autofluorescence spectrum as a quartic function
using the least mean squares (LMS) method. To draw the LMS
curve, data sets of 590-610 and 747-913 nm were used
(Fig. 2). After LMS curve (background) subtraction from raw
data, PpIX peak intensity and wavelength were calculated as
maximal intensity and its wavelength. We recorded not only
the PpIX intensity but also intensity at 585 nm, which repre-
sents the intensity of short-wavelength side. These data were
plotted on a contour map.

Ex vivo measurement and pathological examination

Using the system we developed, we measured brain tissues
resected during brain tumor operations at Tokyo Women’s

Medical University Hospital. At 7:30 a.m. on the day of the
operation, 5-ALA at a dosage of 20 mg/kg body weight
was orally administered to patients who were suspected of
having a glioma. We targeted primary gliomas in five
patients whose magnetic resonance image MRI results
suggested that the tumors were grade III or IV. Measure-
ment was performed at about 2:00 p.m. on the same day.
Preparations for pathological examinations were made
using the method mentioned earlier. Spectrometer exposure
time was arbitrary set to 70-500 ms for each measurement
point. Measurement time, including processing time, was
approximately 10-40 s for each sample tissue. The path-
ological examinations were performed by a pathologist,
and examiners were blinded to fluorescence measurement.
All experimental protocols were approved by the Ethical
Committee of Tokyo Women’s Medical University.

Results

Tumor types of each patient in this study were as follows:

Case 1: Glioblastoma multiforme (GBM)

Case 2: Anaplastic oligodendro-astrocytoma (AOA)

Case 3: Anaplastic oligodendroglioma (AO)

Case 4: Oligodendroglioma (O)

Case 5: GBM

We obtained one tissue from case 1, four from case 2,
three from case 3, one from case 4, and four from case 5.
Each tissue is represented by a number (case number) and
alphabetic letters. Figures 3—5 show examples of the
results of tissue0 2D, 5A, and 5D, respectively. In 2D
(Fig. 3a), a tumor margin is visible from which the tumor
spread gradually from the upper to the lower side; intensity
distribution of PpIX corresponded to its tumor distribution
(Fig. 3b). Interestingly, intensity at 585 nm was in the
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opposite distribution (Fig. 3c), which means that the
intensity was higher in the normal area (585 nm was
determined from the property of a long-pass filter and
represents intensity of the short-wavelength side). The peak
wavelength seemed almost the same throughout the region
(Fig. 3d).

Although tissue 5A had no tumorous cells and seemed to
be the region close to the cortex, the tissue had evidence of
angiogenesis and gliosis, which can be identified by
increased reactive astrocytes (Fig. 4a). Although the tissue
was not a tumor, PpIX intensity was as high as that of
tumor fluorescence throughout the entire region (Fig. 4b).
Therefore, this was a false positive case of fluorescence
measurement. However, the 585 nm intensity (Fig. 4c) was
higher than that found in other tumor tissues from the same
patient. The peak wavelength seemed the same throughout
the region (the center region in Fig. 4d shows the error data
caused by spectrometer saturation. Because the PpIX
spectrum was saturated, the peak wavelength could not be
calculated). Tissue 5D was from a tumor margin that had
local accumulation of tumor cells (Fig. 5a). PpIX intensity
distribution was well correlated with pathological results
(Fig. 5b). The intensity of 585 nm had the opposite dis-
tribution to PpIX fluorescence (Fig. 5¢). Furthermore, the
peak wavelength also had a similar distribution (it shifted
to the short side at the nontumor region) (Fig. 5d).

Tissue 1 was a tumor margin; the left side was tumor
area and the right side the cortex. There was a blood vessel
visible at the bottom left corner of the image that emitted
strong PpIX fluorescence. However, the intensity at
585 nm was low in the vessel area but high around the
vessel. Tissues 2A and 2C showed tumors all over the
region, and PpIX intensity was high. Although pathological
results showed that tissue 2A was homogeneously tumor-
ous, varied PpIX intensity was observed. Tissue 2C had
many vessels on the upper side, and PpIX intensity was
relatively high in the region. Tissue 2B was tumorous over
the entire tissue area, but only a small portion emitted PpIX
fluorescence. Tissue 3A had a tumorous area, but PpIX
intensity distribution did not exactly correspond to its
tumor area. However, the intensity distribution of 585 nm,
which has an opposite distribution to PpIX, was similar to
pathological results. Although tissue 3B was not a tumor
with blood vessels, PpIX spectrum or any other charac-
teristic spectra were not acquired. Tissue 3C was not
tumorous, and PpIX fluorescence was not acquired.
Although tissue 4 was tumorous, with tumor cells distrib-
uted throughout the entire area, PpIX fluorescence could
not be detected over the entire region. Tissue 5B had a
nonuniform tumor distribution, including cell characteris-
tics implicating necrosis. This sample might be close to the
center of the tumor. PpIX intensity was also nonuniform
but showed low intensity around the necrotic area. Tissue
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5C was tumor tissue that had diffused astrocytoma cells.
PpIX intensity was high over the entire region.

Discussion

In this study, we introduced a novel technique to compare
fluorescence spectra distribution of raw tissues with
pathological results. We could confirm the necessity of a
precise comparison because pathological results showed
that cell characteristics varied with location, even when
cell size was 5 x 5Smm, as in tissues 2D and 5D.
Although we measured only 13 samples in this study, our
comparisons showed some trends between spectra and
pathological results, which can be divided into three
groups. The first group had good correlation between
spectra and pathological results, such as in tissues 2D and
5D. Furthermore, three tissues exhibited a relationship
between pathological results and intensity distributions at
585 nm and PpIX peak wavelength. As noted earlier,
intensity at 585 nm, which represents intensity of the
short-wavelength side, has the opposite distribution to
PpIX fluorescence. This light may come from an auto-
fluorescence substance such as nicotinamide adenine
dinucleotide (NADH), flavin, or lipofuscin [10]. In this
study, considering excitation laser wavelength and emis-
sion spectrum, lipofuscin and flavin are anticipated to be
the autofluorescence substances [11, [2]. Lipofuscin, in
particular, appears in neuronal cells of aged patients and
exhibits strong fluorescence, with a peak wavelength of
approximately 560 nm. These results showed that the
precise comparison of spectra with pathological results
may increase diagnostic accuracy.

Some specimens, such as tissues 1 and 2C, exhibited
high PpIX intensity around blood vessels. Because PpIX
accumulates at tumor cells because of BBB disruption,
PpIX is thought not to accumulate inside blood vessels.
Although the high intensity of PpIX fluorescence was
acquired at the blood vessel in tissue 1, the result was
thought to be caused by infiltrating tumor around the blood
vessel. Unfortunately, in this case, H&E preparation could
not reveal the existence of infiltrating tumor cells because
the measured point was very local, and preparation fixation
was not optimum. In the case of tissue 2C, PpIX fluores-
cence intensity was relatively high around blood vessels.
This result may demonstrate increased 5-ALA intake
around blood vessels in which BBB are disrupted, which
leads to considerable PpIX accumulation. Although we
cannot show conclusive cause, tissue that has blood vessels
should be investigated carefully.

The second group comprised false negative cases or
cases in which fluorescence distribution was not correlated
with pathological findings, such as tissues 2B and 4. There
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are two possible causes. First, adherent blood on the tissue
surface may prevent PpIX fluorescence measurement.
Because red blood cells efficiently absorb UV light, which
was used as the excitation laser, the light may not reach
tissue PpIX [13—15]. In order to avoid damaging cells and
changing there characteristics, we did not wash the tissue;
however, as much excessive blood as possible had to be
removed Second, not enough PpIX accumulated to emit
fluorescence. The intake of 5-ALA may depend on the state
of the BBB, and this influences the amount of PpIX.
Because the BBB was not damaged severely in the low-
grade tumor, PpIX may not emit fluorescence in such
patients. Actually, tissue 4 was considered an oligoden-
droglioma, which is classified as grade II according to the
World Health Organization classification [16]. Although
we cannot control 5-ALA intake, our method can reveal
limitations of 5-ALA-induced PpIX fluorescence.

The third group encompassed the false positive case of
tissue 5A, which included reactive astrocytes that appear
when brain tissue is injured. This false negative finding was
also reported by Utsuki et al. [17]. The original astrocyte
(not reactive), which is one of the glia cells, has many
functions in the brain, such as maintaining brain structure,
regulating ion concentration in the extracellular space, and
supporting metabolic activity. The most important function
of the astrocyte is that it controls the BBB [18, 19]. We
hypothesized that the astrocytes changed their character-
istics when they became reactive; subsequently, the BBB
did not function efficiently, resulting in a higher 5-ALA
intake. However, although PpIX fluorescence was detected
as false positive, our measurement showed that the spectra
of the tissue, including reactive astrocytes, were different
from those of the tumor (short-wavelength intensity was
high), which may reduce false positive error.

There are certain limitations to our technique. We
deliberately changed the exposure time of the spectrometer
because fluorescence intensity varied greatly with tissues
and exceeded the dynamic range of the spectrometer. This
problem prevents comparison among patients and results in
an undesirable variety of data. However, the issue can be
solved using exchangeable neutral-density filters and some
estimation calculations. We developed a modified system
that enables maintenance of the same measurement con-
ditions for all patients, and now we measure tissues from
various types of glioma using the modified system. Those
data will show accurate tumor discrimination and the
limitation of 5-ALA-induced PpIX fluorescence. Further-
more, we are working on a robotic system that uses
5-ALA-induced PpIX fluorescence for diagnosis and a
midinfrared laser for tumor ablation [2(]. The system
allows intraoperative tumor identification and ultraprecise
ablation. We expect that the method presented in this paper
will provide a more accurate intraoperative diagnosis.
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Conclusion

We developed a spectrum scanning system that enabled
precise comparison of tissue fluorescence spectra with
pathological examination. Using the system, we measured
13 brain tissues from five patients and compared fluores-
cence spectra with pathology. Results showed that there
was good correlation between fluorescence distribution and
pathological results in high-grade tumor, and there were
also false negative and false positive cases. We found that
the spectrum of the false positive case, which had reactive
astrocytes, was different from tumor spectrum. The results
may reduce false positive error and lead to more accurate
tumor discrimination PpIX fluorescence.
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Glioblastoma is a highly vascular tumor that expresses vascular endothelial growth factor, a
key regulator of angiogenesis and tumor blood vessel permeability. Bevacizumab is a mono-
clonal antibody that inhibits vascular endothelial growth factor and the growth of gliomas.
Bevacizumab monotherapy has proven effective for recurrent glioblastoma, and it extended
progression-free survival and improved patient quality of life in various clinical trials. Some
patients who receive bevacizumab experience improvements in neurological symptoms and
steroid dose reductions. Bevacizumab induces a dramatic and rapid radiological response,
but non-enhancing lesions are often detected on magnetic resonance imaging without enhan-
cing lesions. Rebound phenomena such as rapid tumor regrowth are occasionally observed
after the discontinuation of bevacizumab therapy. Therefore, Response Assessment in
Neuro-Oncology criteria were recently devised to evaluate the efficacy and radiological re-
sponse of bevacizumab treatment. Hypertension and proteinuria are characteristic adverse
events associated with bevacizumab therapy. In addition, many fatal adverse events such as
intracranial hemorrhage and venous thromboembolism are reported in patients treated with
bevacizumab. However, these events are also associated with glioma itself, and careful atten-
tion needs to be paid to these events. Bevacizumab is used to treat various diseases includ-
ing radiation necrosis and recurrent brain tumors such as brain metastases, schwannoma
and meningioma, but additional clinical trials are necessary. The efficacy and current prob-
lems associated with bevacizumab in the treatment of glioblastoma and other brain tumors
are reviewed.

Key words: bevacizumab — glioblastoma — glioma — brain metastases — rebound

INTRODUCTION

expression of VEGF correlates with the grade of gliomas

Glioblastoma (GBM), the most common malignant brain
tumor, is associated with a survival time of 1-2 years. The
standard therapy for a newly diagnosed GBM is maximum
resection in patients without neurological deficits and radio-
therapy (RT) plus the alkylating agent temozolomide
(TMZ) (1). GBM is a highly vascular tumor, and an alterna-
tive therapeutic approach that inhibits angiogenesis is
expected to inhibit the growth of GBM.

Vascular endothelial growth factor (VEGF), a key regula-
tor of angiogenesis, is highly expressed in GBM (2—4). The

(5), and VEGF expression is also observed in meningioma
and brain metastases (3). The molecular bases for the upre-
gulation of VEGF gene expression in gliomas are as follows:
(i) hypoxia or the hypoxia inducible factor (HIF)-related
mechanism, (ii) epidermal growth factor receptor signaling,
(iii) upregulation of the Forkhead box M1B (FoxM1B) tran-
scription factor in GBM but not in low-grade glioma, which
stimulates VEGF expression independently of HIF and (iv)
upregulation of HuR, a member of the Elav family of
RNA-binding proteins, in GBM, which suppresses the post-
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transcriptional degradation of VEGF mRNA under hypoxia
(6). VEGF signaling regulates angiogenesis and tumor blood
vessel permeability, which promote endothelial cell prolifer-
ation, survival and migration and cerebral edema (6).

Monoclonal antibodies against VEGF have been demon-
strated to inhibit the growth of GBM xenografts in an in vivo
mouse model (7,%). Bevacizumab (Avastin®), a monoclonal
antibody that inhibits the VEGF, is currently approved for
metastatic colorectal, non-small-cell lung, breast, ovarian
and renal cancers. Based on the results of many clinical
trials of bevacizumab for the treatment of GBM, bevacizu-
mab is currently recognized as a second-line chemotherapeu-
tic agent for GBM. The application of bevacizumab for
recurrent GBM is also described in the National
Comprehensive Cancer Network guideline (9), and it has
been approved in more than 41 countries. This article
reviews the efficacy and current problems of bevacizumab
therapy against GBM and other brain tumors.

RECURRENT GBM

Bevacizumab is a standard therapeutic agent for recurrent
GBM or WHO grade III malignant gliomas after treatment
with RT plus TMZ, and no other effective therapy is avail-
able. Single-agent bevacizumab after the failure of initial
treatment with mainly TMZ for malignant gliomas has a
reported objective response rate (ORR), progression-free sur-
vival (PFS), 6-month PFS rate and overall survival (OS) of
20.9-42.6%, 1.0—4.2 months, 20.9-42.6% and 7.1-12
months, respectively, as calculated from the initiation of bev-
acizumab treatment (10—14) (Table 1).

Bevacizumab alone or in combination with irinotecan was
similarly effective for recurrent GBM in the BRAIN study
(11). The PFS times were 4.2 and 5.6 months in the bevaci-
zumab alone (n = 85) and bevacizumab plus irinotecan
(n = 87) groups, respectively, and the OS times were 9.2 and
8.7 months, respectively, in the two groups. The 6-month
PFS rates for bevacizumab alone and bevacizumab plus iri-
notecan were 42.6 and 50.3%, respectively, and the ORRs
were 28.2 and 37.8%, respectively, for the two treatments.
Based on these results, the US Food and Drug

Table 1. Efficacy of single-agent bevacizumab for malignant gliomas

Study ORR (%) PFS 6-month 0S8 from
PFS rate (%) bevacizumab

BRAIN, 2009 282 4.2 42.6 9.2

J022506, 2012 27.6 33 33.9 10.5

Kreisl, 2009 35 3.7 29 7.1

Chamberlain, 2010 42 1.0 42 8.5

Kreisl, 2010 43 2.9 209 12

ORR; overall response rate, PFS; progression-free survival, OS; overall
survival.

Administration (FDA) first granted bevacizumab accelerated
approval for the treatment of recurrent GBM in 2009 (15).

The JO22506 study in Japan also revealed that
single-agent bevacizumab was effective for recurrent malig-
nant gliomas (n = 31) (14). The PFS and OS were 3.3 and
10.5 months, respectively, for this treatment. Additionally,
the 6-month PFS rate, ORR and disease control rate were
33.9, 27.6, and 79.3%, respectively, and these findings were
comparable with those of the BRAIN study. Approximately
70% of patients who received corticosteroids before treat-
ment were able to reduce their dose or discontinue cortico-
steroid therapy after bevacizumab treatment, and >70% of
patients displayed a lower tumor volume on magnetic reson-
ance imaging (MRI) 6 weeks after treatment in this study.

Combination therapy of bevacizumab and irinotecan
(11,12,16—18), carboplatin (19-21), erlotinib (22), etoposide
(23) and dose-intense daily TMZ (24,25) for malignant
gliomas was reported, and the treatment results were similar
to that of single-agent bevacizumab therapy.

Generally, the 6-month PFS rate and OS of recurrent
GBM are 10—20% and ~6 months, respectively (26—28).
Thus, single-agent bevacizumab has become the most
promising second-line agent for recurrent GBM in adult.
However, there are a few reports about the use of bevacizu-
mab to treat recurrent pediatric high-grade gliomas or brain-
stem gliomas, and the radiological response rate, response
duration and survival of children appeared to be inferior to
those of adult cases (29—32).

Marked decreases in enhancing lesions and surrounding
cerebral edema have been observed after the initiation of
therapy, and patients exhibited improvements in clinical
symptoms. Approximately 30—70% of patients who received
bevacizumab could reduce their steroid doses (14,33).
Steroids have been used to treat patients with brain tumors to
control brain edema, and bevacizumab is occasionally con-
sidered an ‘expensive super steroid’. Thus, patients treated
with bevacizumab display improved quality of life due to
improvements in clinical symptoms and reductions of steroid
doses, even if for a short time.

Wong et al. performed a meta-analysis of bevacizumab
for recurrent GBM in 548 patients from 15 studies and
reported that the 6-month PFS rate and OS were 45% and
9.3 months, respectively. The treatment doses of bevacizu-
mab in most clinical trials were 10 mg/kg every 2 weeks, but
they reported no difference in the bevacizumab dose re-
sponse benefit between doses of 5 mg/kg and 10—15 mg/kg
(34). The efficacy of superselective intra-arterial cerebral in-
fusion of bevacizumab to increase the local concentration of
the drug around the tumor has been reported (35).

MRI FINDINGS AFTER BEVACIZUMAB
TREATMENT

Bevacizumab exhibited a dramatic and rapid reducing effect
on enhancing lesions on MRI (36,37), and >70% patients
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displayed smaller enhancing lesions 6 weeks after the initi-
ation of treatment (14). However, this effect is not caused by
the antitumor effect of bevacizumab, but is attributable to the
normalization of abnormally permeable tumor vessels or re-
gional cerebral blood volume (38). Non-enhancing lesions on
T2 or fluid-attenuated inversion recovery MRI are often
detected without enhancing lesions, which are indicative of
progressive infiltrative tumors. Iwamoto et al. reported that
46% of patients had larger enhancing lesions at the initial
tumor site, 16% had a new enhancing lesion outside the
initial site, and 35% had progression of predominantly non-
enhancing tumors at the time of bevacizumab discontinuation
for recurrent GBM (36).

The Macdonald criteria have been used for response assess-
ment in glioma (39). These criteria are based on the two-
dimensional WHO response criteria, and they use the
enhancing tumor area on computed tomography (CT) or MRI
as the primary measure while considering the use of steroids
and changes in the neurologic status. However, these criteria
cannot evaluate the enlargement of the non-enhancing area
upon bevacizumab treatment or a pseudoresponse, which is
often visualized as a transient increase in the enhancing lesion
in patients receiving TMZ treatment. Thus, the Response
Assessment in Neuro-Oncology Working Group developed
new standardized response criteria for clinical trials of brain
tumor treatment to evaluate the clinical response to recent treat-
ment including antiangiogenic therapy (40).

REBOUND PHENOMENON AND
BEVACIZUMAB CONTINUATION BEYOND
PROGRESSION

No effective agent other than TMZ or bevacizumab is avail-
able to treat malignant gliomas, and TMZ or bevacizumab
therapy, with or without other chemotherapeutic agents, often
continues after progressive disease (PD) is observed.
Increased doses of TMZ were reported to be beneficial for
some patients (4 1—44). It is unclear whether continued beva-
cizumab treatment is effective in patients after PD is detected.

Two large observation studies showed that bevacizumab
continuation beyond the initial diagnosis of PD improved the
OS of patients with metastatic colorectal cancer (45,46). In
the BRITE study, patients with metastatic colorectal cancer
receiving first-line bevacizumab with or without chemother-
apy received further treatment after the first observation of
PD as directed by a physician, and they were observed there-
after. The OS times beyond the first instance of PD for the
no post-PD treatment (n = 253), post-PD treatment without
bevacizumab (n = 531) and post-PD treatment with bevaci-
zumab (n = 642) groups were 12.6, 19.9 and 31.8 months,
respectively. Multivariate analyses demonstrated that the
continuation of bevacizumab therapy was strongly and inde-
pendently associated with improved survival after PD
[hazard ratio (HR) = 0.48, P < 0.001] (45). Similar results
were obtained in the ARIES study (46).
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Reardon et al. analyzed the outcomes of patients who
received subsequent therapy after PD to evaluate the efficacy
of bevacizumab regimens against recurrent GBM in five
studies (47). In the studies, bevacizumab was used in com-
bination with irinotecan, daily TMZ, etoposide, bortezomib
and erlotinib. The OS times of patients in the no post-PD
treatment (n = 41), post-PD treatment without bevacizumab
(n = 44) and post-PD treatment with bevacizumab (n = 55)
groups were 1.5, 4.0 and 5.9 months, respectively (HR =
0.64, P = 0.04). The PFS times of patients in the post-PD
treatment without bevacizumab (n = 44) and post-PD treat-
ment with bevacizumab (n = 55) groups were 1.6 and 2.8
months, respectively (HR = 0.64, P < 0.0001). They con-
cluded that bevacizumab continuation beyond the initial
detection of PD modestly improves OS compared with avail-
able non-bevacizumab therapy for recurrent GBM.

Zuniga et al. (48) reported a rebound phenomenon after
the discontinuation of bevacizumab in patients with malig-
nant gliomas. Rebound PD was defined as an increase in the
largest cross-sectional area of enhancement on MRI of at
least 50% compared with that at the time of bevacizumab
failure. Among 40 patients who did not respond to bevacizu-
mab therapy, 11 patients (27.5%) displayed rebound PD, and
they had poor prognoses with an OS of 6.8 weeks. Of three
patients who were restarted on bevacizumab treatment after
rebound PD, two exhibited a partial response, and the OS
was extended to 21.3 weeks. Clark et al. (49) analyzed the
survival of patients who underwent reoperation and reported
that patients who received bevacizumab preoperatively had a
worse postoperative OS (HR = 3.1, P < 0.001) and PFS
than patients who did not receive bevacizumab.

Abrupt discontinuation of bevacizumab after PD may lead
to a rebound phenomenon and increased tumor-associated
cerebral edema, and therefore, continuation or slow tapering
of the bevacizumab dose after PD might be necessary to
prevent rebound PD.

NEWLY DIAGNOSED GBM

RT plus TMZ plus bevacizumab was applied for newly diag-
nosed GBM, and the OS and PFS times were 19.6—23 and
13-13.6 months, respectively (50,51). The efficacy of this
combination therapy was superior to that of RT plus TMZ
(OS = 14.6 months; PFS = 6.9 months) (1).

A Phase III trial of RT plus TMZ plus placebo vs. RT
plus TMZ plus bevacizumab was conducted for 921 patients
with newly diagnosed GBMs from 26 countries (52,53). The
primary endpoints were PFS and OS, and the final PFS and
interim OS results were presented at a Society of
Neuro-Oncology meeting at the end of 2012. The PFS times
of the placebo (n = 463) and bevacizumab groups (n = 458)
were 4.3 and 8.4 months (P < 0.0001, HR = 0.61), respect-
ively, and the addition of bevacizumab to RT plus TMZ sig-
nificantly extended PFS. The median lengths of time for
which patients maintained a Karnofsky performance status
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score of >70 in the placebo and bevacizumab groups were 6
and 9 months, respectively. The bevacizumab group exhib-
ited a significantly prolonged median duration of stability or
improvement from baseline for health-related quality of life
(HRQoL) as assessed by the EORTC QLQ-C30 and BN20
scores for global health status, physical functioning, social
functioning, motor functioning and communication deficit
compared with the placebo group. Considering that bevaci-
zumab in addition to TMZ improves PFS and HRQoL in
patients with newly diagnosed GBM, it is possible that RT
plus TMZ plus bevacizumab will be a new standard therapy
for a newly diagnosed GBM. The final results including OS
will be presented in 2013. )

BRAIN METASTASES

The standard therapy for brain metastases is RT or surgery
plus RT depending on the size and number of tumors (54).
The role of chemotherapy in the treatment of brain metasta-
ses has not been established. Because bevacizumab is
believed to induce ICH in patients with brain metastases
(55), patients with brain metastases have previously been
excluded from clinical trials of bevacizumab. The
PASSPORT study of patients with non-small lung cell car-
cinoma (NSCLC) and nonprogressive brain metastases after
RT demonstrated that bevacizumab in addition to chemother-
apeutic agents or erlotinib did not induce >grade 2 ICH and
that bevacizumab can be safely used in patients with brain
metastases (56).

A small series of patients with progressive brain metasta-
ses who failed on RT or surgery plus RT and received treat-
ment with bevacizumab with or without chemotherapeutic
agents were reported for breast cancer (57,58), NSCLC (59)
and colorectal cancer (60). The ORR of the studies was 33—
100%, and the PFS and OS of patients with breast cancer
and brain metastases were 2.8—9 and 7.8 months, respective-
ly. No >grade 2 ICH was reported in these studies. These
studies were very small, but they suggest that bevacizumab
can be effective in patients who fail to respond to RT. No ef-
fective chemotherapy for patients with radiation-naive brain
metastases is available, and further investigation of
bevacizumab-based therapies is necessary.

SCHWANNOMA AND MENINGIOMA

Surgery is the first choice for WHO grade I benign brain
tumors such as schwannomas and meningiomas, and no che-
motherapeutic agent is available for these tumors. These
benign tumors occasionally recur, and repeated surgery is
necessary, resulting in the deterioration of patient health.
Recent reports demonstrated that bevacizumab is effective
against these tumors. Neurofibromatosis type 2 (NF2) is an
autosomal-dominant syndrome characterized by bilateral ves-
tibular schwannomas, meningiomas and gliomas. The effect-
ive treatment options include surgery and stereotactic

radiosurgery, and these patients often lose hearing activity.
Bevacizumab was reported to be effective for schwannomas
in NF2 (61—65). Plotkin et al. reviewed 31 cases of vestibu-
lar schwannomas in NF2 and reported that the ORR was
55% and that 88% of patients had stable or decreased tumor
size after 1 year (63). Ninety percent of patients had stable
or improved hearing activity after 1 year of bevacizumab
treatment, and hearing was stable or improved in 61% of
patients after 3 years.

Most of meningiomas, the most common benign primary
brain tumors, are WHO grade I, but some of them are ag-
gressive WHO grade II or III malignant tumors. Some
patients with WHO grade I meningioma in the skull base
recur at the same tumor site, and repeated surgery or radio-
surgery is often performed. The VEGF is highly expressed
in meningiomas, and it plays a role in tumor angiogenesis
and peritumoral edema (66). Bevacizumab with or without
chemotherapeutic agents was reported to control recurrent
meningioma (67-—70). Lou et al. (68) reviewed 14 cases of
grade I-III progressive/recurrent meningioma and reported
that 1 patient had a partial response and 11 patients had
stable disease, and the PFS was 17.9 months. In their study,
bevacizumab was administered as a single agent to 4
patients, and 10 patients received bevacizumab with chemo-
therapy with etoposide or TMZ.

Bevacizumab is also reported to be effective for heman-
giopericytoma and malignant solitary fibrous tumors that
often arise in the brain and are highly angiogenic. Park et al.
reviewed 14 patients with these tumors including 6 brain
tumors who were treated with bevacizumab and TMZ and
reported that the ORR and PFS were 79% and 9.7 months,
respectively (71).

RADIATION NECROSIS AND RE-IRRADIATION
THERAPY

Radiation necrosis is the most severe delayed toxicity asso-
ciated with RT. The standard therapy for radiation necrosis
includes steroids, anticoagulation and the removal of necrotic
tissues. The pathophysiological mechanism of radiation ne-
crosis is RT-induced endothelial dysfunction with elevated
levels of cytokines such as VEGF, resulting in increased ca-
pillary permeability of the blood brain barrier, subsequent
extracellular edema, loss of the myelin covering of neurons,
and finally hypoxia and necrosis (72,73). Thus, the VEGF is
a target in the treatment of radiation necrosis, and bevacizu-
mab was demonstrated to be effective for radiation necrosis
via restoration of the blood brain barrier (74—30).

A Phase III study of patients with radiation necrosis and
progressive neurological symptoms was conducted (81). All
patients who received bevacizumab treatment (n = 7) at a
dose of 7.5 mg/kg every 3 weeks showed a decreased
volume of radiation necrotic lesions on FLAIR and
T1-weighted gadolinium-enhanced MRI and improved
neurological symptoms at 6 weeks after treatment; however,
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patients in the placebo group (saline treatment; n = 7) exhib-
ited no improvements. Five (71%) patients in the placebo
group experienced worsening of neurological symptoms, and
the other two patients showed progression on MRI.
Bevacizumab at a dose of 7.5 mg/kg every 3 weeks for 12
weeks can stop the progression of radiation necrosis in most
patients for least at 10 months after treatment. Levin et al.
concluded that the study provided class I evidence for the ef-
ficacy of bevacizumab in the treatment of radiation necrosis
secondary to the treatment of head-and-neck cancer and
brain tumor.

Approximately 80% of patients with GBM have local re-
currence at the original tumor site (82,832), and re-irradiation
is a salvage treatment option, although it is limited by the ra-
diation tolerance of surrounding normal brain tissue. Re-
irradiation with hypofractionated stereotactic RT (HFSRT) at
a dose of 20—36 Gy appears to be effective with acceptable
toxicity (84—&8). The OS after re-irradiation was reported to
range between 3 and 10 months. Because bevacizumab is ef-
fective for recurrent high-grade gliomas and reduces the tox-
icity associated with RT, re-irradiation with HFSRT or
radiosurgery combined with bevacizumab has been attempted
for recurrent high-grade gliomas (88—90). OS after
re-irradiation was reported to be 7.2—18 months in this
series, compared with 3.3—12 months in the absence of bev-
acizumab as per historical data. Re-irradiation with bevacizu-
mab is a promising therapeutic option, but further
randomized clinical trials are needed.

ADVERSE EVENTS

Major adverse events associated with treatment with bevaci-
zumab alone for recurrent gliomas include hypertension
(HT), ICH, venous thromboembolism (VTE), proteinuria,
and wound-healing complications, and the proportions of
these events that were all grades/>grade 3 (according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events version 3.0: NCI-CTCAE) were 12.6—
35.7%/4.2—16% (HT), 0—3%/0% (ICH), 3.2—16.0%/2.0—
12.6% (VTE), 2.1-41.9%/0-3.2% (proteinuria), and
0—6.0%/0—2.4% (wound-healing complications), respective-
ly (10—14) (Table 2). The rates of various types of hemor-
rhage including ICH, epistaxis, gingival bleeding,
conjunctival hemorrhage and infusion site hemorrhage and
the presence of blood urine were reported to range as high as
30% in previous studies (11,14). Arterial thromboembolism
was also reported (11), but gastrointestinal perforation is a
rare complication in the treatment for gliomas (10—14).

HT, the most common adverse event in patients treated
with bevacizumab, is a cause of ICH, cerebral ischemia, and
myocardial infarction. A recent meta-analysis revealed that
the incidences of all-grade and grade 3—4 HT in patients re-
ceiving bevacizumab were 23.6 and 7.9%, respectively, and
that the relative risk (RR) of high-grade HT is 5.3 (P <
0.001) (91). The mechanisms of bevacizumab-induced HT
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Table 2. Major adverse events of single-agent bevacizumab for malignant
gliomas (% All grades/% >grade 3)

Study BRAIN, JO22506, Kreisl, Kreisl, Chamberlain,
2009 2012 2009 2010 2010

Number of 85 31 48 31 50

patients

Hypertension 35.7/83 323/9.7 12.6/42 32.0/16.0 14.0/6.0

Intracranial 2.4/0 3.2/0 0/0 0/0 4.0/0
hemorrhage

Venous 3.6/3.6 3.2/32 12.6/12.6 6.4/6.4  8.0/2.0
thromboembolic

events

Proteinuria 4.8/0 41.9/0 2.1/0 28.8/3.2  10.0/2.0
Wound-healing  6.0/2.4  0/0 0/0 3.2/0 4.0/2.0
complications

Gastrointestinal ~ 0/0 0/0 2121 0/0 0/0

perforation

are renal thrombotic microangiopathy, glomerular damage,
and vascular effects. Bevacizumab decreases the production
of nitric oxide in the wall of arterioles, which induces endo-
thelial dysfunction and increases systemic vascular resistance
(92). Several reports suggest that very early HT is associated
with the tumor response to bevacizumab in patients with
colorectal cancer and non-small lung carcinoma (93,94), but
Wick et al. reported that there was no prognostic correlation
between HT and bevacizumab treatment in patients with
GBM (93).

Proteinuria is a characteristic adverse event of VEGF inhi-
bitors that may lead to renal failure, HT, and cardiovascular
complications. One of the mechanisms of proteinuria is the
injury of glomerular endothelium due to VEGF inhibition
mediated by bevacizumab (96). A recent meta-analysis
revealed that the incidence of grade 3—4 proteinuria in
patients treated with bevacizumab was 2.2%, and its RR was
4.8 (97). High-dose (5.0 mg-kg'week™') and low-dose
(2.5 mgkg ™ 'week ') bevacizumab treatment is associated
with increased risk of proteinuria, with RRs of 2.2 and 1.4,
respectively (98). Close monitoring of blood pressure, blood
pressure examination and urine tests are necessary because
patients who require dialysis or who have been diagnosed
with persistent nephrotic syndrome even after bevacizumab
discontinuation were reported. When grade 3—4 proteinuria
is observed, the dose of bevacizumab should be reduced or
discontinued.

ICH can be a life-threatening event for patients with ma-
lignant brain tumors. ICH occurs primarily via intratumoral
bleeding. Velander reviewed the incidence of ICH in patients
with cancer and reported that its incidence is as high as 10%
(99). ICH occurs in all cancers, and GBM, oligodendroglial
tumors, lung cancer, breast cancer, melanoma, renal cell car-
cinoma, hepatocellular carcinoma, choriocarcinoma and
thyroid cancer are the common malignancies in which ICH
occurs as part of the natural history of the lesion. Since the
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occurrence of fatal ICH in a patient in an early phase I study
of hepatocellular carcinoma, bevacizumab has been contrain-
dicated in Japan and Europe for use in patients with brain
metastases from systemic cancers. Besse et al. analyzed the
incidence of ICH in various clinical studies and reported that
its incidence was 0.8—3.3 or 1.0% in patients with brain
cancer who were treated with bevacizumab or were not
treated with bevacizumab, respectively (100). Khasraw et al.
(101) also reported that there was no difference in the inci-
dence of ICH between patients with malignant brain tumors
including GBM and brain metastases receiving bevacizumab
(3.7%) and those not receiving bevacizumab (3.6%). Based
on these findings, bevacizumab does not appear to increase
the incidence of ICH compared with its natural incidence in
gliomas or brain metastases, and bevacizumab is not contra-
indicated for malignant brain tumors.

Bevacizumab is reported to increase the risk of arterial
thromboembolic events including myocardial infarction and
angina with an RR of 2.1 (102) or a HR of 2.0 (103).
Whether it increases the risk of cerebral stroke is controver-
sial (102). Cerebral stroke is often observed in patients with
brain tumors. Kreisl et al. reported that the majority of
strokes are caused by surgery or RT and that the median
latency from RT to stroke was 3.2 years (104). Fraum et al.
reported that ischemic stroke occurred in 1.9 and 1.7% of
patients who were treated with and without bevacizumab, re-
spectively (103).

Patients treated with bevacizumab were reported to have a
significantly increased risk of VTE with an RR of 1.3 com-
pared with controls, and the risk was not different between
patients receiving bevacizumab doses of 2.5 and 5.0
mg-kg 'week™' (106). However, GBM and malignant
gliomas themselves are risk factors for VTE. The 2-year cu-
mulative incidence of VTE was reported to be 7.5% in
patients with malignant gliomas, and 55% of these patients
were diagnosed within 2 months after surgery (107). Risk
factors for VTE include older age (HR = 2.6), GBM hist-
ology (HR = 1.7), and chronic comorbidities (HR = 3.5)
(107). Another study showed that the cumulative incidence
of VTE was 21% at 3 months and 26% at 12 months after
surgery and that residual tumors represented a risk factor
(HR = 3.6) (108). Thus, VTE is often observed in patients
with malignant glioma; however, and importantly, anticoagu-
lation does not appear to increase the risk of ICH, and thera-
peutic anticoagulation for patients with malignant brain
tumors and arterial or venous thromboembolism should be
recommended (99). Treatment with bevacizumab concomi-
tant with anticoagulation for VTE possibly increases the risk
of ICH; however, these treatments did not necessarily cause
severe hemorrhages with clinical symptoms, and patients
treated with bevacizumab should be given low-molecular-
weight heparin or warfarin with close monitoring of blood
test examination whenever needed (109,110).

Posterior reversible encephalopathy syndrome (PRES) is a
syndrome clinically characterized by HT, headache, confu-
sion, visual disturbances and seizures. The causes of PRES

are severe HT, eclampsia, cerebrovascular events, immuno-
suppressive agents and chemotherapeutic agents, and PRES
was reported as an adverse effect of bevacizumab in the
treatment of systemic cancers (111—113). Most patients who
develop PRES during bevacizumab treatment had an in-
crease in blood pressure from baseline, and PRES resolved
after prompt withdrawal of bevacizumab and normalized
control of blood pressure (1132).

VEGEF plays an important role in the healing of surgical
wounds, and the preoperative and postoperative use of beva-
cizumab may increase the risk of wound-healing complica-
tions. Because the half-life of bevacizumab is approximately
3 weeks (20 days), patients should wait at least 6—8 weeks
to have surgery after the cessation of bevacizumab treatment
(114). Postoperative initiation of bevacizumab should be
delayed by 4 weeks to prevent an increased risk of wound-
healing complications. Clark et al. (115) analyzed 209
patients who underwent a second or third craniotomy and
showed that patients receiving preoperative bevacizumab
therapy developed wound-healing complications more com-
monly than those not receiving bevacizumab therapy (35 vs.
10.0%, P = 0.004). Patients with an interval of <28 days
between the last dose of bevacizumab and surgery tended to
have an increased risk of this complication compared with
those with an interval of >28 days (odds ratio = 6.5, P =
0.07), albeit without significance. In total, 1 of 18 patients
(6%) with a median of 43 days (range 22—65 days) between
surgery and postoperative bevacizumab initiation had
wound-healing complications, a rate that was not significant-
ly different from that for controls not receiving bevacizumab
treatment. The authors recommend performing repeated cra-
niotomy more than 28 days after the last administered dose
of bevacizumab whenever possible.

CONCLUSIONS

Single-agent bevacizumab is effective for recurrent GBM
and improves the quality of life of patients. HT and protein-
uria are characteristic adverse events associated with bevaci-
zumab treatment. Many fatal adverse events such as ICH
and VTE are reported in patients with gliomas. However,
these events are also associated with glioma itself, and these
events should receive due attention. Bevacizumab is used to
treat various diseases including brain tumors and radiation
necrosis, but further clinical trials are necessary.
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