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Background. Brain radiation necrosis (BRN) can be a complication of radiotherapy for primary and secondary brain tumors, as well as
head and neck tumors. Since vascular endothelial growth factor (VEGF) is also a vascular permeability factor in the brain, bevacizumab,
a humanized antibody that inhibits VEGF, would be expected to reduce perilesional edema that often accompanies BRN.

Methods. Patients with surgically untreatable, symptomatic BRN refractory to conventional medical treatments (eg, corticosteroid,
anticoagulants, or hyperbaric oxygen therapy) were enrolled. We judged that a major cause of perilesional edema with a lesion-to-
normal brain ratio≤1.8 on 11C-methionine or≤2.5 on 18F-boronophenylalanine PET was BRN, not tumor recurrence, and 6 cycles of
biweekly bevacizumab (5 mg/kg) were administered. The primary endpoint was a≥30% reduction from the patients’ registration for
perilesional edema continuing for≥1 month.

Results. Of the 41 patients enrolled, 38were fully eligible for the response assessment. The primary endpoint was achieved in 30 of the 38
(78.9%) patients at 3.0 months (median) after enrollment. Sixteen patients (42.1%) experienced improvement of their Karnofsy Perfor-
mance Score. Corticosteroid use could be reduced in 29 patients (76.3%). Adverse events at grade≥3 occurred in 10 patients (24.4%).

Conclusions. Bevacizumab treatment offers certain clinical benefits for patients with surgically untreatable, symptomatic BRN. The de-
termination of BRN using amino-acid PET, not biopsy, is adequate and less invasive for determining eligibility to receive bevacizumab.
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Radiotherapy contributes to the local control of brain tumors, but
high-dose radiotherapy or multiple radiotherapy sessions often
increase the incidence of severe radiation injury. Acute radiation
injuries can usually be controlled by corticosteroids, but the effi-
cacy of these drugs is limited for late-phase radiation injuries such
as brain radiation necrosis (BRN). BRN sometimes impairs pa-
tients’ clinical status, resulting in worsened quality of life even if
the brain tumor is stable. Since vascular endothelial growth factor
(VEGF) is also a vascular permeability factor in the brain,1 bevaci-
zumab, a humanized antibody that inhibits VEGF, would be ex-
pected to reduce perilesional edema that often accompanies
BRN.2–6 However, bevacizumab’s optimal dose, dosing interval,
and duration of efficacy have not been fully defined.

Symptomatic BRN is accompanied by progressive, perilesional
edema volume on T2-weighted MR images, and impairs patients’
quality of life. With the use of ordinary imagingmodalities such as
MRI, it is not easy to determine whether worsening perilesional
edema is caused mainly by BRN or by tumor progression; the his-
tological analysis of the lesion is the gold standard for diagnosis.
Pure BRN is rare in malignant brain tumors, and some tumor cells
usually remain somewhere in or around the BRN (Supplemental
material, Fig. S1).

There are a number of noninvasive neuroimaging techniques
to evaluate patients for BRN; these include CT, MRI, and PET.
The authors have experience with PET using amino acid tracers
for CNS lesions7–12 and believe that it is useful for distinguishing
BRN from tumor growth. The contrast between tumor and normal
tissue shown by PET using some types of amino acids is much
higher than that shown by 18F-fluorodeoxyglucose PET. We previ-
ously investigated the cut-off value for amino-acid PET that could
discriminate tumor progression from pure BRN or BRN with
remaining tumor cells.13

Here we conducted a prospective, multicenter, single-arm clin-
ical trial to evaluate bevacizumab’s safety and efficacy in patients
with surgically untreatable symptomatic BRN refractory to con-
ventional medical treatments. We used amino-acid PET to exam-
ine patients suspected of having BRN. For patient eligibility, we
classified BRN on the basis of the biological lesion activity as
an alternative to histopathological diagnosis requiring invasive
surgical procedures.

Patients and Methods

Patients

Patients were eligible if: (i) they had been treated for a brain tumor
or head/neck cancer with radiotherapy at least 3 months prior to
registration in this trial; (ii) they had progressive perilesional
edema that clinically seemed to be caused by BRN; (iii) they
had symptoms that were refractory to conventional medical
treatment such as corticosteroids and anticoagulants lasting 1
month or longer; (iv) the lesion was enhanced by contrast
media, was accompanied by perilesional edema, and was not re-
sectable for any reason; (v) they had a KPS score of 60 or higher;
and (vi) they had adequate hematologic, hematic, and renal
function. In the present BRN cases after radiotherapy for meta-
static brain tumors, systemically or locally active lesions were
not detected by radiographic examinations. Tumor markers
were within normal ranges otherwise. Further details of the inclu-
sion and exclusion criteria are provided in the Supplementary

Materials. The radiation modality and doses in individual cases
are listed in Supplementary material, Table S1.

The protocol was approved by the Institutional Review Board
at each participating institution. Written informed consent was
obtained from all patients.

Assessment of BRN by amino-acid PET

We classified BRN using the uptake of tracer on amino-acid PET,
and the lesions were examined by 11C-methionine (MET) or
18F-boronophenylalanine (BPA) PET. Circular regions of interest
(ROIs) were placed over the lesion and the contralateral white
matter. The lesion-to-normal tissue (L/N) ratio of tracer uptake
was calculated by dividing the lesion ROI by the contralateral
white matter ROI. A lesion with an L/N ratio less than or equal
to 1.8 on 11C-MET PET or greater than or equal to 2.5 on
18F-BPA-PET was classified as BRN, indicating that BRN was the
dominant cause of the perilesional edema. These cut-off values
were determined by the trial’s steering committee, based on pre-
vious findings.8,13,14

Treatment

All patients received intravenous bevacizumab at 5 mg/kg bi-
weekly as a cycle, until 6 cycles were completed. After 3 cycles,
MRI was conducted. If no negative change was detected by
MRI, the patient continued the bevacizumab. Treatment was dis-
continued if the patient experienced certain adverse events as
described in the Supplementary Materials.

Measurement on MRI

The radiological reduction of the perilesional edema was mea-
sured by MRI. A volumetric analysis was performed using U.S.
FDA-cleared imaging software (Osirix MD v.2.5.1, Pixmeo, Bernex,
Switzerland). In each slice, the area of hyperintensity was mea-
sured on T2-weighted or fluid-attenuated inversion recovery
(FLAIR) images. Hyperintense lesions were automatically traced
as ROIs by means of the lower threshold of perilesional edema,
and edema was defined referring to the upper limit of the 95%
confidence interval (CI) for the normal brain tissue value. Volume
was calculated as the sum of all areas of ROIs multiplied by the
slice interval.

MR images were obtained at baseline, after 3 cycles, 6 cycles
and then at 1 month and every 3 months after the completion of
treatment (see Fig. 3). Reductions in contrast-enhanced lesions
were also evaluated in the same way as described above. The di-
agnostic MRI central review was performed by two neurosur-
geons, as mentioned in the Acknowledgements.

Evaluation of Efficacy and Safety

The primary endpoint was remission of perilesional edema on
MRI. Response was defined as a ≥30% reduction in perilesional
edema from the baseline. Remission was defined as a response
lasting at least 4 weeks. Progression was defined as a 25% or
greater increase in perilesional edema from the minimal value.
Secondary endpoints were the reduction of corticosteroid use, im-
provement of KPS, recurrent radiation necrosis (progression), and
reduction in the contrast-enhanced lesion’s volume. Steroid
usage and KPS were recorded at the time of each scheduled as-
sessment. The incidence of adverse events was assessed until 1
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at each participating institution. Written informed consent was
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Assessment of BRN by amino-acid PET
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18F-boronophenylalanine (BPA) PET. Circular regions of interest
(ROIs) were placed over the lesion and the contralateral white
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was calculated by dividing the lesion ROI by the contralateral
white matter ROI. A lesion with an L/N ratio less than or equal
to 1.8 on 11C-MET PET or greater than or equal to 2.5 on
18F-BPA-PET was classified as BRN, indicating that BRN was the
dominant cause of the perilesional edema. These cut-off values
were determined by the trial’s steering committee, based on pre-
vious findings.8,13,14

Treatment

All patients received intravenous bevacizumab at 5 mg/kg bi-
weekly as a cycle, until 6 cycles were completed. After 3 cycles,
MRI was conducted. If no negative change was detected by
MRI, the patient continued the bevacizumab. Treatment was dis-
continued if the patient experienced certain adverse events as
described in the Supplementary Materials.

Measurement on MRI

The radiological reduction of the perilesional edema was mea-
sured by MRI. A volumetric analysis was performed using U.S.
FDA-cleared imaging software (Osirix MD v.2.5.1, Pixmeo, Bernex,
Switzerland). In each slice, the area of hyperintensity was mea-
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(FLAIR) images. Hyperintense lesions were automatically traced
as ROIs by means of the lower threshold of perilesional edema,
and edema was defined referring to the upper limit of the 95%
confidence interval (CI) for the normal brain tissue value. Volume
was calculated as the sum of all areas of ROIs multiplied by the
slice interval.

MR images were obtained at baseline, after 3 cycles, 6 cycles
and then at 1 month and every 3 months after the completion of
treatment (see Fig. 3). Reductions in contrast-enhanced lesions
were also evaluated in the same way as described above. The di-
agnostic MRI central review was performed by two neurosur-
geons, as mentioned in the Acknowledgements.

Evaluation of Efficacy and Safety

The primary endpoint was remission of perilesional edema on
MRI. Response was defined as a ≥30% reduction in perilesional
edema from the baseline. Remission was defined as a response
lasting at least 4 weeks. Progression was defined as a 25% or
greater increase in perilesional edema from the minimal value.
Secondary endpoints were the reduction of corticosteroid use, im-
provement of KPS, recurrent radiation necrosis (progression), and
reduction in the contrast-enhanced lesion’s volume. Steroid
usage and KPS were recorded at the time of each scheduled as-
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month after treatment completion, according to the Common
Terminology Criteria for Adverse Events (CTCAE), v.4.0.

Statistical Analysis

Our primary objective was to elucidate the reduction of perile-
sional edema by bevacizumab in terms of area measured using
MRI. In the 27 symptomatic BRN patients treated at Osaka Med-
ical College between June 2004 and July 2009, the response rate
to treatments other than bevacizumab was 14.8% (4/27).15 Thus,
the response rate under the null hypothesis was conservatively
assumed to be 20%. The response rate to bevacizumab treat-
ment was presumed to be approximately 45% (under the alter-
native hypothesis). With a type 1 error of≤5% in the two-sided
binomial test and a power of≥90%, the estimated required
number of patients was 37. Using a 7.5% drop-out rate, we set
a target sample size of 40.

The efficacy evaluation, which included the primary endpoint,
was based on the intent-to-treat principle using the full analysis
set (FAS) data. We used the Clopper-Pearson method to calculate
the CI of the response rate. The evaluation of adverse events was
based on a safety analysis set. The incidence of adverse events
is expressed as frequency and percentage. We also calculated
the geometric mean and standard error (SE) for the percent
changes from the baseline values of perilesional edema volume
and contrast-enhanced volume, the frequencies for each KPS cat-
egory (better, unchanged, worse compared with the baseline),

and the mean and SE of corticosteroid dose/day at each time
point.

For the time-to-remission and progression evaluations, we es-
timated the patients’ rate curves and median times using the
Kaplan-Meier method. As a sensitivity analysis comparing pairs
of groups, Fisher’s exact test for categorical variables and the Wil-
coxon rank sum test for continuous variables were performed.
Data were analyzed using SAS v.9.3 software (SAS Institute,
Cary, NC) and R v.3.1.2 software (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Patients and Treatment

Between April 2011 and February 2013, 41 patients from 16 insti-
tutions were enrolled in this trial (Fig. 1). All patients received bev-
acizumab and nonewere excluded before treatment. Three cycles
of bevacizumab administration were completed in 40 of the
patients. Thirty-six of these patients underwent 6 bevacizumab
cycles and completed the protocol treatment. Bevacizumab
was discontinued due to three adverse events (7.3%): 2 cases
of grade 2 intracranial hemorrhages and 1 case of deterioration
of neurological status. One patient developed a primary-disease
tumor recurrence and 1 patient withdrew consent. Three of the
41 patients were eventually excluded because it was found

Fig. 1. CONSORTdiagram. Of the 41 patients enrolled in this trial, 40 underwent 3 cycles of bevacizumab. One patient had an adverse event (AE) leading
to the discontinuation of bevacizumab. Thirty-eight patients were followed up as the full analysis set (FAS). Thirty-six patients underwent 6
administrations of bevacizumab. Of the 4 patients who discontinued bevacizumab, 2 had AEs. Primary organ tumor recurred in 1 patient and
consent was withdrawn by 1 patient. Thirty-eight patients were followed, and 20 patients were completely followed until 12 months after the last
administration of bevacizumab (the per protocol set [PPS]).
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after registration that they did not meet all of the inclusion crite-
ria. The remaining 38 cases were followed as the FAS.

Twenty patients completed the 12-month follow-up as the per
protocol set (PPS). Eighteen patients were followed but not as-
sessable for a 12-month follow-up due to relapse of brain
tumor (8 patients); tumor progression of another organ (1 pa-
tient); death (4 patients); and additional interventions (5 pa-
tients). The median follow-up period was 13.1 months for the
FAS and 12.9 months for the safety analysis set. Table 1 shows
the clinical characteristics of the patients.

Efficacy as Evaluated by MRI

Of the 38 patients in the FAS, 30 achieved remission of their
perilesional edema (78.9%; 95% CI, 62.7%–90.4%, P, .0001,
binomial test). The median time to remission (responses
lasting≥1 month) from enrollment was 3.03 months (95%
CI, 2.86–3.85 months) in the FAS (Fig. 2A). Twenty-seven patients
had progression of perilesional edema (71.1%; 95% CI, 54.1%–
84.6%). The median time to progression of perilesional edema
was 9.31 months (95% CI, 5.72–10.92 months) (Fig. 2B). The
average volume of perilesional edema reached the minimum
(63.0% decrease from the baseline) at 1 month after the last
treatment (Fig. 3A). Subsequently, the volume of perilesional
edema increased linearly, but the volume did not reach the
baseline value.

Regarding the contrast-enhanced lesions, the average volume
reached the minimum (92.8% decrease from baseline) at the last
treatment (Fig. 3B). Subgroup analyses revealed no significant
clinical factors associated with remission (Supplementary mate-
rial, Table S2). Fisher’s exact test revealed no significant differenc-
es in the remission rate related to the original tumor pathology
(primary vs metastasis, P¼ .655) or applied radiotherapeutic
modality groups (stereotactic radiosurgery vs others, P¼ .689;
high-dose radiotherapy vs others, P¼ .660). Likewise, the volume
of contrast-enhanced lesions subsequently increased and the
final volume of the contrast-enhanced lesions did not reach the
baseline volume at 12 months after the completion of treatment.

KPS and Corticosteroids

Among the 38 FAS patients, 16 achieved an improved KPS
score (42.1%; 95% CI, 21.8%–54%). Ten patients showed 10%
improvement and 6 patients showed 20% improvement in KPS,
compared with the baseline. The percentage of patients with
improved KPS scores increased gradually up to 1 month after
the treatment completion (Fig. 4A), but decreased from 6months
after treatment completion; at 12 months posttreatment, one-
half of the patients had worsened KPS scores compared with
their baseline scores.

Five patients (23.8%; 95%CI, 8.2%–47.2%) retained better
KPS scores at the last follow-up. A corticosteroid was being
used by 35 patients (92.1%) at their trial enrollment. The average
dexamethasone dose was 1.7 mg/day, and it was eventually
reduced in 29 patients (76.3%; 95% CI, 59.8%–88.6%). At
6 months posttreatment, the dose reached the minimum of
0.6 mg/day (Fig. 4B). The final dexamethasone dose (0.8 mg/day)
was still lower than the baseline dose.

Safety

Safety data until 1 month posttreatment were available for
41 patients. Adverse events occurred in 36 patients (87.8%,
Table 2). Ten patients (24.4%) experienced a grade 3 or greater

Table 1. Patient characteristics

Variable n¼ 38

Age (years), median (range) 54.5 (17.0–73.0)
Sex
Male 22 (57.9%)
Female 16 (42.1%)

Karnofsky Performance Status, median (range) 70 (60–100)
Tumors
Primary brain tumors 27 (71.1%)
Secondary brain tumors 10 (26.3%)
Adjacent organ 1 (2.6%)

Primary brain tumor
Glioblastoma (WHO grade IV) 11
Anaplastic glioma (WHO grade III) 7
Glioma (WHO grade II) 4
Others 5

Origin of metastatic brain tumor
Lung 5 (50%)
Non-lung 5 (50%)

Time from radiotherapy to diagnosis (months),
median (range)

24.1 (3.0–140.9)

Radiotherapy
SRS 26
EBRT 17
Hypofractionated IMRT 4
Proton beam 3
BNCT 1

Chemotherapy for tumor 30 (78.9%)
Temozolomide 20
Other chemotherapeutic agents 10

Treatment for BRN
Corticosteroids 38 (100.0%)
Vitamin E 20 (52.6%)
Anticoagulants/antiplatelets 18 (47.4%)
Surgical removal of necrosis 4 (10.5%)
Hyperbaric oxygen therapy 3 (7.9%)
Bevacizumab 1 (2.6%)
Osmotic diuretics 1 (2.6%)

Amino-acid PET
11C-methionine 30 (78.9%)
18F-boronophenylalanine 8 (21.1%)

Lesion-to-normal tissue ratio, median (range)
11C-methionine 1.5 (0.6–1.8)
18F-boronophenylalanine 1.9 (1.5–2.3)

Volume of BRN (mL), median (range)
Perilesional edema 134.7 (1.9–359.1)
Contrast-enhanced lesion 7.4 (1.6–40.3)

Abbreviations: BNCT, boron neutron capture therapy; BRN, brain radiation
necrosis; EBRT, external beam radiotherapy; IMRT, intensity-modulated
radiotherapy; LGG, low-grade glioma; SRS, stereotactic radiosurgery.
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month after treatment completion, according to the Common
Terminology Criteria for Adverse Events (CTCAE), v.4.0.

Statistical Analysis

Our primary objective was to elucidate the reduction of perile-
sional edema by bevacizumab in terms of area measured using
MRI. In the 27 symptomatic BRN patients treated at Osaka Med-
ical College between June 2004 and July 2009, the response rate
to treatments other than bevacizumab was 14.8% (4/27).15 Thus,
the response rate under the null hypothesis was conservatively
assumed to be 20%. The response rate to bevacizumab treat-
ment was presumed to be approximately 45% (under the alter-
native hypothesis). With a type 1 error of≤5% in the two-sided
binomial test and a power of≥90%, the estimated required
number of patients was 37. Using a 7.5% drop-out rate, we set
a target sample size of 40.

The efficacy evaluation, which included the primary endpoint,
was based on the intent-to-treat principle using the full analysis
set (FAS) data. We used the Clopper-Pearson method to calculate
the CI of the response rate. The evaluation of adverse events was
based on a safety analysis set. The incidence of adverse events
is expressed as frequency and percentage. We also calculated
the geometric mean and standard error (SE) for the percent
changes from the baseline values of perilesional edema volume
and contrast-enhanced volume, the frequencies for each KPS cat-
egory (better, unchanged, worse compared with the baseline),

and the mean and SE of corticosteroid dose/day at each time
point.

For the time-to-remission and progression evaluations, we es-
timated the patients’ rate curves and median times using the
Kaplan-Meier method. As a sensitivity analysis comparing pairs
of groups, Fisher’s exact test for categorical variables and the Wil-
coxon rank sum test for continuous variables were performed.
Data were analyzed using SAS v.9.3 software (SAS Institute,
Cary, NC) and R v.3.1.2 software (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Patients and Treatment

Between April 2011 and February 2013, 41 patients from 16 insti-
tutions were enrolled in this trial (Fig. 1). All patients received bev-
acizumab and nonewere excluded before treatment. Three cycles
of bevacizumab administration were completed in 40 of the
patients. Thirty-six of these patients underwent 6 bevacizumab
cycles and completed the protocol treatment. Bevacizumab
was discontinued due to three adverse events (7.3%): 2 cases
of grade 2 intracranial hemorrhages and 1 case of deterioration
of neurological status. One patient developed a primary-disease
tumor recurrence and 1 patient withdrew consent. Three of the
41 patients were eventually excluded because it was found

Fig. 1. CONSORTdiagram. Of the 41 patients enrolled in this trial, 40 underwent 3 cycles of bevacizumab. One patient had an adverse event (AE) leading
to the discontinuation of bevacizumab. Thirty-eight patients were followed up as the full analysis set (FAS). Thirty-six patients underwent 6
administrations of bevacizumab. Of the 4 patients who discontinued bevacizumab, 2 had AEs. Primary organ tumor recurred in 1 patient and
consent was withdrawn by 1 patient. Thirty-eight patients were followed, and 20 patients were completely followed until 12 months after the last
administration of bevacizumab (the per protocol set [PPS]).
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after registration that they did not meet all of the inclusion crite-
ria. The remaining 38 cases were followed as the FAS.

Twenty patients completed the 12-month follow-up as the per
protocol set (PPS). Eighteen patients were followed but not as-
sessable for a 12-month follow-up due to relapse of brain
tumor (8 patients); tumor progression of another organ (1 pa-
tient); death (4 patients); and additional interventions (5 pa-
tients). The median follow-up period was 13.1 months for the
FAS and 12.9 months for the safety analysis set. Table 1 shows
the clinical characteristics of the patients.

Efficacy as Evaluated by MRI

Of the 38 patients in the FAS, 30 achieved remission of their
perilesional edema (78.9%; 95% CI, 62.7%–90.4%, P, .0001,
binomial test). The median time to remission (responses
lasting≥1 month) from enrollment was 3.03 months (95%
CI, 2.86–3.85 months) in the FAS (Fig. 2A). Twenty-seven patients
had progression of perilesional edema (71.1%; 95% CI, 54.1%–
84.6%). The median time to progression of perilesional edema
was 9.31 months (95% CI, 5.72–10.92 months) (Fig. 2B). The
average volume of perilesional edema reached the minimum
(63.0% decrease from the baseline) at 1 month after the last
treatment (Fig. 3A). Subsequently, the volume of perilesional
edema increased linearly, but the volume did not reach the
baseline value.

Regarding the contrast-enhanced lesions, the average volume
reached the minimum (92.8% decrease from baseline) at the last
treatment (Fig. 3B). Subgroup analyses revealed no significant
clinical factors associated with remission (Supplementary mate-
rial, Table S2). Fisher’s exact test revealed no significant differenc-
es in the remission rate related to the original tumor pathology
(primary vs metastasis, P¼ .655) or applied radiotherapeutic
modality groups (stereotactic radiosurgery vs others, P¼ .689;
high-dose radiotherapy vs others, P¼ .660). Likewise, the volume
of contrast-enhanced lesions subsequently increased and the
final volume of the contrast-enhanced lesions did not reach the
baseline volume at 12 months after the completion of treatment.

KPS and Corticosteroids

Among the 38 FAS patients, 16 achieved an improved KPS
score (42.1%; 95% CI, 21.8%–54%). Ten patients showed 10%
improvement and 6 patients showed 20% improvement in KPS,
compared with the baseline. The percentage of patients with
improved KPS scores increased gradually up to 1 month after
the treatment completion (Fig. 4A), but decreased from 6months
after treatment completion; at 12 months posttreatment, one-
half of the patients had worsened KPS scores compared with
their baseline scores.

Five patients (23.8%; 95%CI, 8.2%–47.2%) retained better
KPS scores at the last follow-up. A corticosteroid was being
used by 35 patients (92.1%) at their trial enrollment. The average
dexamethasone dose was 1.7 mg/day, and it was eventually
reduced in 29 patients (76.3%; 95% CI, 59.8%–88.6%). At
6 months posttreatment, the dose reached the minimum of
0.6 mg/day (Fig. 4B). The final dexamethasone dose (0.8 mg/day)
was still lower than the baseline dose.

Safety

Safety data until 1 month posttreatment were available for
41 patients. Adverse events occurred in 36 patients (87.8%,
Table 2). Ten patients (24.4%) experienced a grade 3 or greater

Table 1. Patient characteristics

Variable n¼ 38

Age (years), median (range) 54.5 (17.0–73.0)
Sex
Male 22 (57.9%)
Female 16 (42.1%)

Karnofsky Performance Status, median (range) 70 (60–100)
Tumors
Primary brain tumors 27 (71.1%)
Secondary brain tumors 10 (26.3%)
Adjacent organ 1 (2.6%)

Primary brain tumor
Glioblastoma (WHO grade IV) 11
Anaplastic glioma (WHO grade III) 7
Glioma (WHO grade II) 4
Others 5

Origin of metastatic brain tumor
Lung 5 (50%)
Non-lung 5 (50%)

Time from radiotherapy to diagnosis (months),
median (range)

24.1 (3.0–140.9)

Radiotherapy
SRS 26
EBRT 17
Hypofractionated IMRT 4
Proton beam 3
BNCT 1

Chemotherapy for tumor 30 (78.9%)
Temozolomide 20
Other chemotherapeutic agents 10

Treatment for BRN
Corticosteroids 38 (100.0%)
Vitamin E 20 (52.6%)
Anticoagulants/antiplatelets 18 (47.4%)
Surgical removal of necrosis 4 (10.5%)
Hyperbaric oxygen therapy 3 (7.9%)
Bevacizumab 1 (2.6%)
Osmotic diuretics 1 (2.6%)

Amino-acid PET
11C-methionine 30 (78.9%)
18F-boronophenylalanine 8 (21.1%)

Lesion-to-normal tissue ratio, median (range)
11C-methionine 1.5 (0.6–1.8)
18F-boronophenylalanine 1.9 (1.5–2.3)

Volume of BRN (mL), median (range)
Perilesional edema 134.7 (1.9–359.1)
Contrast-enhanced lesion 7.4 (1.6–40.3)

Abbreviations: BNCT, boron neutron capture therapy; BRN, brain radiation
necrosis; EBRT, external beam radiotherapy; IMRT, intensity-modulated
radiotherapy; LGG, low-grade glioma; SRS, stereotactic radiosurgery.
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adverse event. Hypertension was the most common adverse
event, occurring in 14 patients (34.1%). Regarding adverse events
that are frequently reported following bevacizumab treatment,
there were 3 intracranial hemorrhages (7.3%) and 7 mucocuta-
neous hemorrhages (17.1%). Although 2 patients experienced a
venous thromboembolic event, no patient had an arterial throm-
boembolic event. There were no wound-healing complications.
The other grade≥3 and frequent adverse events are shown in
Supplementary material, Table S3.

During the 41 patients’ follow-up period (median 14.9
months), 6 patients died. The cause of death was related to the
CNS in 2 patients: 1 patient’s brain tumor progressed and it could
not be determined whether the other patient’s cerebral lesion
was a tumor recurrence or BRN. The other causes of death were
sepsis, malnutrition resulting in pneumonia, and pulmonary
embolism. These 3 events occurred more than 4 months after
the termination of bevacizumab treatments. The cause of death
was unknown in 1 patient.

The brain tumors of 8 patients relapsed at the median time of
7.1 months (range, 2.7–18.5 months) (Supplementary material,
Fig. S2), and themetastatic brain tumor of 1 patient progressed to
an original lesion in another organ.

Discussion
Although BRN is a well-known, radiation-induced disease, and
many reports have been published describing the effect of beva-
cizumab on BRN,3–5,16–19 no formal clinical guidelines regarding
BRN have been established. Our previous study’s findings15 are
thus quoted as the null hypothesis for the treatment response
rate. We undertook a systematic review of conventional medical
treatments for BRN, as described in the Supplementary Materials.
Our search did not turn up any randomized studies for corticoste-
roids, anticoagulants, or other medications for BRN, and thus the
evidence regarding conservative treatments for BRN is limited.20–25

We feel that our previous data for the treatment of 27 patients
with BRN15 are sufficient and appropriate as a reference for the
treatment response rate. The present study revealed a 79% re-
sponse to bevacizumab that is similar to other reports of bevaci-
zumab in BRN3–5,16–19 and is also much better compared with
our prior study’s 15% response rate.15

Most of the reports showing the efficacy of bevacizumab for
BRN were case studies or case reports. Only one randomized
trial of symptomatic BRN patients was reported (in 2011 by
Levin and colleagues).5 They established the first class I evidence
that bevacizumab effectively treats BRN, and their carefully con-
ducted study’s small patient series (n¼ 14) was sufficient to pro-
vide a P value of .0013, which justified the small series.5 Here we
enrolled the largest number of patients to date and had the lon-
gest follow-up period among the studies of BRN treated with
bevacizumab.

The optimal dose and number of cycles of bevacizumab treat-
ment for BRN are unknown, but many of the reported bevacizu-
mab doses for BRN were the same as those used for the tumors
(10 mg/kg, biweekly). As we reported earlier, we suspect that the
current dose of bevacizumab (5 mg/kg) is enough to shrink perile-
sional edema in BRN.2,6 From the viewpoint regarding the AUC,
the present bevacizumab administration regimen (5 mg/kg
every 2 weeks, 6 times) is equivalent to Levin’s study (7.5 mg/kg,
every 3 weeks, 4 times).26 The duration bevacizumab’s treatment
effect and the BRN relapse rate are not clear in previous reports.
The main purpose of the present trial was to elucidate the remis-
sion rate and safety after 6 cycles of a 5 mg/kg dose of bevacizu-
mab as the minimal treatment. The secondary purpose was to
clarify the posttreatment course of perilesional edema after bev-
acizumab treatment.

Our present data revealed that bevacizumab rapidly decreased
perilesional edema and achieved a high cumulative remission rate
(Fig. 2A and 3A). Bevacizumab could maintain the decrease in per-
ilesional edema for a certain period; however, progression of the

Fig. 2. Kaplan-Meier analysis of (A) the cumulative remission rate and (B) the cumulative progression rate of perilesional edema for the 38 patients in
the full analysis set (FAS). The median times to remission and progression from enrollment were 3.03 and 9.31 months, respectively.
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edema was observed in many cases at 9 months (median) after
enrollment (Fig. 2B). Sixteen patients of the 38 patients in the
FAS showed KPS improvement in the follow-up period, and the
dose of corticosteroids decreased in most of the patients
(76.3%). However, one-half of the patients did not achieve a
10% improvement in KPS score. Unfortunately, the symptomatic
amelioration eventually disappeared as the perilesional edema re-
curred after the treatment completion. In brief, bevacizumab’s
therapeutic effectiveness was transient in our dosing regimen (6
cycles of 5 mg/kg). The number of doses might thus need to be in-
creased to maintain bevacizumab’s therapeutic efficacy for longer
periods. Another possible option is the re-induction of bevacizu-
mab for recurrent BRN after precedent bevacizumab treatment.

In fact, as we and others reported, BRN can recur and require
an additional dose of bevacizumab; this re-challenge of bevacizu-
mab to recurred BRN usually works well.2,5 The efficacy of repeat-
ed bevacizumab against recurred BRN differed markedly from
that against bevacizumab-failed tumor progression.27,28

With regard to safety, in the present trial, the total incidence of
serious adverse events (grade≥3) was 24.4%. This value is similar
to the other report of bevacizumab for the treatment of BRN.26 In
previous phase II and III trials of glioblastomas treated with bev-
acizumab,29–31 the incidences of serious adverse events were
higher than those of the present trial. One of the possible reasons
may be that adverse events were monitored in the present study
until 1 month after treatment completion, and it is thus difficult to
evaluate whether our dosing schedule as the minimum treatment
reduced adverse events because there are no comparable data.

Another important problem related to the management of
BRN is its diagnosis. Not only the clinical course and MRI exami-
nations, but also objective diagnostic criteria are necessary to elu-
cidate the effects of bevacizumab on BRN. In clinical oncology,
the pathological diagnosis is definitive. Unless the case involves
pure BRN, however, residual tumor cells are usually mixed with
postirradiated changes in BRN. In such cases, a histological diag-
nosis based on a small specimen acquired by needle biopsy

Fig. 3. Chronological changes in the volumes of (A) the perilesional edema and (B) the contrast-enhanced lesions, compared to the baseline values. In
panels A and B, the values are plotted as the geometric mean and SE. MR images show representative chronological changes in perilesional edema on
FLAIR images (upper column) and contrast-enhanced lesions on gadolinium-enhanced, T1-weighted images (lower column). Images at baseline, after
3 cycles, 6 cycles, at 1 month, and every 3 months until 12 months after completion of the treatment are shown from left to right.
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adverse event. Hypertension was the most common adverse
event, occurring in 14 patients (34.1%). Regarding adverse events
that are frequently reported following bevacizumab treatment,
there were 3 intracranial hemorrhages (7.3%) and 7 mucocuta-
neous hemorrhages (17.1%). Although 2 patients experienced a
venous thromboembolic event, no patient had an arterial throm-
boembolic event. There were no wound-healing complications.
The other grade≥3 and frequent adverse events are shown in
Supplementary material, Table S3.

During the 41 patients’ follow-up period (median 14.9
months), 6 patients died. The cause of death was related to the
CNS in 2 patients: 1 patient’s brain tumor progressed and it could
not be determined whether the other patient’s cerebral lesion
was a tumor recurrence or BRN. The other causes of death were
sepsis, malnutrition resulting in pneumonia, and pulmonary
embolism. These 3 events occurred more than 4 months after
the termination of bevacizumab treatments. The cause of death
was unknown in 1 patient.

The brain tumors of 8 patients relapsed at the median time of
7.1 months (range, 2.7–18.5 months) (Supplementary material,
Fig. S2), and themetastatic brain tumor of 1 patient progressed to
an original lesion in another organ.

Discussion
Although BRN is a well-known, radiation-induced disease, and
many reports have been published describing the effect of beva-
cizumab on BRN,3–5,16–19 no formal clinical guidelines regarding
BRN have been established. Our previous study’s findings15 are
thus quoted as the null hypothesis for the treatment response
rate. We undertook a systematic review of conventional medical
treatments for BRN, as described in the Supplementary Materials.
Our search did not turn up any randomized studies for corticoste-
roids, anticoagulants, or other medications for BRN, and thus the
evidence regarding conservative treatments for BRN is limited.20–25

We feel that our previous data for the treatment of 27 patients
with BRN15 are sufficient and appropriate as a reference for the
treatment response rate. The present study revealed a 79% re-
sponse to bevacizumab that is similar to other reports of bevaci-
zumab in BRN3–5,16–19 and is also much better compared with
our prior study’s 15% response rate.15

Most of the reports showing the efficacy of bevacizumab for
BRN were case studies or case reports. Only one randomized
trial of symptomatic BRN patients was reported (in 2011 by
Levin and colleagues).5 They established the first class I evidence
that bevacizumab effectively treats BRN, and their carefully con-
ducted study’s small patient series (n¼ 14) was sufficient to pro-
vide a P value of .0013, which justified the small series.5 Here we
enrolled the largest number of patients to date and had the lon-
gest follow-up period among the studies of BRN treated with
bevacizumab.

The optimal dose and number of cycles of bevacizumab treat-
ment for BRN are unknown, but many of the reported bevacizu-
mab doses for BRN were the same as those used for the tumors
(10 mg/kg, biweekly). As we reported earlier, we suspect that the
current dose of bevacizumab (5 mg/kg) is enough to shrink perile-
sional edema in BRN.2,6 From the viewpoint regarding the AUC,
the present bevacizumab administration regimen (5 mg/kg
every 2 weeks, 6 times) is equivalent to Levin’s study (7.5 mg/kg,
every 3 weeks, 4 times).26 The duration bevacizumab’s treatment
effect and the BRN relapse rate are not clear in previous reports.
The main purpose of the present trial was to elucidate the remis-
sion rate and safety after 6 cycles of a 5 mg/kg dose of bevacizu-
mab as the minimal treatment. The secondary purpose was to
clarify the posttreatment course of perilesional edema after bev-
acizumab treatment.

Our present data revealed that bevacizumab rapidly decreased
perilesional edema and achieved a high cumulative remission rate
(Fig. 2A and 3A). Bevacizumab could maintain the decrease in per-
ilesional edema for a certain period; however, progression of the

Fig. 2. Kaplan-Meier analysis of (A) the cumulative remission rate and (B) the cumulative progression rate of perilesional edema for the 38 patients in
the full analysis set (FAS). The median times to remission and progression from enrollment were 3.03 and 9.31 months, respectively.
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edema was observed in many cases at 9 months (median) after
enrollment (Fig. 2B). Sixteen patients of the 38 patients in the
FAS showed KPS improvement in the follow-up period, and the
dose of corticosteroids decreased in most of the patients
(76.3%). However, one-half of the patients did not achieve a
10% improvement in KPS score. Unfortunately, the symptomatic
amelioration eventually disappeared as the perilesional edema re-
curred after the treatment completion. In brief, bevacizumab’s
therapeutic effectiveness was transient in our dosing regimen (6
cycles of 5 mg/kg). The number of doses might thus need to be in-
creased to maintain bevacizumab’s therapeutic efficacy for longer
periods. Another possible option is the re-induction of bevacizu-
mab for recurrent BRN after precedent bevacizumab treatment.

In fact, as we and others reported, BRN can recur and require
an additional dose of bevacizumab; this re-challenge of bevacizu-
mab to recurred BRN usually works well.2,5 The efficacy of repeat-
ed bevacizumab against recurred BRN differed markedly from
that against bevacizumab-failed tumor progression.27,28

With regard to safety, in the present trial, the total incidence of
serious adverse events (grade≥3) was 24.4%. This value is similar
to the other report of bevacizumab for the treatment of BRN.26 In
previous phase II and III trials of glioblastomas treated with bev-
acizumab,29–31 the incidences of serious adverse events were
higher than those of the present trial. One of the possible reasons
may be that adverse events were monitored in the present study
until 1 month after treatment completion, and it is thus difficult to
evaluate whether our dosing schedule as the minimum treatment
reduced adverse events because there are no comparable data.

Another important problem related to the management of
BRN is its diagnosis. Not only the clinical course and MRI exami-
nations, but also objective diagnostic criteria are necessary to elu-
cidate the effects of bevacizumab on BRN. In clinical oncology,
the pathological diagnosis is definitive. Unless the case involves
pure BRN, however, residual tumor cells are usually mixed with
postirradiated changes in BRN. In such cases, a histological diag-
nosis based on a small specimen acquired by needle biopsy

Fig. 3. Chronological changes in the volumes of (A) the perilesional edema and (B) the contrast-enhanced lesions, compared to the baseline values. In
panels A and B, the values are plotted as the geometric mean and SE. MR images show representative chronological changes in perilesional edema on
FLAIR images (upper column) and contrast-enhanced lesions on gadolinium-enhanced, T1-weighted images (lower column). Images at baseline, after
3 cycles, 6 cycles, at 1 month, and every 3 months until 12 months after completion of the treatment are shown from left to right.
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sometimes gives inadequate information about the lesion com-
pared with that obtained using a whole necrotomy specimen.

In unresectable BRN, it is expected that amino-acid PET can be
used to classify BRN by evaluating biological lesion activity. In this
situation, the classification of BRN indicates that the perilesional
edema is predominantly caused by BRN and does not refer to the
absence of tumor cells. 11C-MET is the most widely used amino-
acid tracer in the world and in patients with CNS tumors, including
gliomas and metastatic brain tumors, 11C-MET PETdemonstrated
high sensitivity (75%–93%) and high specificity (72.7%–100%)
for the differentiation of BRN from tumor recurrence.7–12,32 We
adopted 18F-BPA-PET in addition to 11C-MET-PET in the present
study. 18F-BPA-PET had shown an excellent diagnostic power for
malignant gliomas activity,33 and the tracer uptake in the normal
brain is less than that by 11C-MET-PET, which provides high

contrast in the L/N ratio between BRN and tumor progres-
sion.13,34–36 This helped us predict the effectiveness of bevacizu-
mab for BRN in our previous studies.2,6 In addition, the L/N ratios
of both of these types of PETexhibited a close linear relationship.37

While MRI is more widely used for the diagnosis of BRN than
PET, our experience with PET-classified BRN led to its use in the
present trial and the conclusion that the PET-based determina-
tion of BRN was an adequate predictor of bevacizumab treatment
benefit. The classification of BRN by the cut-off index of tracer up-
take is objective and unlikely to be influenced by inter-rater differ-
ences. Another clinical advantage of determining eligibility by
amino-acid PET is its less-invasive nature. An invasive diagnostic
method such as a biopsy may delay the start of bevacizumab ad-
ministration due to wound healing troubles. The delayed induc-
tion of bevacizumab could make it more difficult to improve the
quality of life of patients with symptomatic BRN.

In conclusion, the results obtained in this prospective
study with a long observation period indicate that bevacizumab
reduced perilesional edema at a high response rate, resulting
in the improvement of performance status in patients with surgi-
cally untreatable BRN classified by amino-acid PET, although the
efficacy of bevacizumab was transient in most of the patients.

Supplementary Material
Supplementary material is available online at Neuro-Oncology
Practice (http://neuro-oncology practice.oxfordjournals.org/).
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Fig. 4. Chronological changes in (A) Karnofsky performance status (KPS) and (B) corticosteroid dosage. The patients were categorized into 3 KPS groups
(better, unchanged, and worse compared with the baseline).

Table 2. Summary of adverse events

Event Any grade Grade≥3

No. of
Patients

Percent No. of
Patients

Percent

Any adverse event 36 87.8 10 24.4
Hypertension 14 34.1 2 4.9
Elevated ALT 13 31.7 2 4.9
Convulsion 5 12.2 2 4.9
Anemia 12 29.3 1 2.4
Mucocutaneous hemorrhage 7 17.1 0 0.0
Proteinuria 5 12.2 0 0.0
Intracranial hemorrhage 3 7.3 0 0.0
Venous thromboembolic event 2 4.9 0 0.0

Abbreviation: ALT, alanine aminotransferase.
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sometimes gives inadequate information about the lesion com-
pared with that obtained using a whole necrotomy specimen.

In unresectable BRN, it is expected that amino-acid PET can be
used to classify BRN by evaluating biological lesion activity. In this
situation, the classification of BRN indicates that the perilesional
edema is predominantly caused by BRN and does not refer to the
absence of tumor cells. 11C-MET is the most widely used amino-
acid tracer in the world and in patients with CNS tumors, including
gliomas and metastatic brain tumors, 11C-MET PETdemonstrated
high sensitivity (75%–93%) and high specificity (72.7%–100%)
for the differentiation of BRN from tumor recurrence.7–12,32 We
adopted 18F-BPA-PET in addition to 11C-MET-PET in the present
study. 18F-BPA-PET had shown an excellent diagnostic power for
malignant gliomas activity,33 and the tracer uptake in the normal
brain is less than that by 11C-MET-PET, which provides high

contrast in the L/N ratio between BRN and tumor progres-
sion.13,34–36 This helped us predict the effectiveness of bevacizu-
mab for BRN in our previous studies.2,6 In addition, the L/N ratios
of both of these types of PETexhibited a close linear relationship.37

While MRI is more widely used for the diagnosis of BRN than
PET, our experience with PET-classified BRN led to its use in the
present trial and the conclusion that the PET-based determina-
tion of BRN was an adequate predictor of bevacizumab treatment
benefit. The classification of BRN by the cut-off index of tracer up-
take is objective and unlikely to be influenced by inter-rater differ-
ences. Another clinical advantage of determining eligibility by
amino-acid PET is its less-invasive nature. An invasive diagnostic
method such as a biopsy may delay the start of bevacizumab ad-
ministration due to wound healing troubles. The delayed induc-
tion of bevacizumab could make it more difficult to improve the
quality of life of patients with symptomatic BRN.

In conclusion, the results obtained in this prospective
study with a long observation period indicate that bevacizumab
reduced perilesional edema at a high response rate, resulting
in the improvement of performance status in patients with surgi-
cally untreatable BRN classified by amino-acid PET, although the
efficacy of bevacizumab was transient in most of the patients.
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Fig. 4. Chronological changes in (A) Karnofsky performance status (KPS) and (B) corticosteroid dosage. The patients were categorized into 3 KPS groups
(better, unchanged, and worse compared with the baseline).

Table 2. Summary of adverse events

Event Any grade Grade≥3

No. of
Patients

Percent No. of
Patients

Percent

Any adverse event 36 87.8 10 24.4
Hypertension 14 34.1 2 4.9
Elevated ALT 13 31.7 2 4.9
Convulsion 5 12.2 2 4.9
Anemia 12 29.3 1 2.4
Mucocutaneous hemorrhage 7 17.1 0 0.0
Proteinuria 5 12.2 0 0.0
Intracranial hemorrhage 3 7.3 0 0.0
Venous thromboembolic event 2 4.9 0 0.0

Abbreviation: ALT, alanine aminotransferase.
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