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boronophenylalanine (BPA} is selectively and preferen-
tially accumulated into tumor cells via the augmented
metabolism of amino acids in comparison with normal
cells. We applied BNCT aggressively to newly diagnosed
and recurrent MGs.”~” We previously reported a high
incidence of psPD after BNCT, not only in MGs but
also in malignant meningiomas.” However, it is difficult
for us to estimate precisely the psPD occurrence rate
after BNCT, because many cases were followed up
after BNCT by physicians in charge in many towns in
Japan. Nevertheless, we have the impression that psPD
might occur more frequently by BNCT than by X-ray
treatment and that the rate of psPD after BNCT might
be higher in recurrent cases than in newly diagnosed
cases.

Bevacizumab, an anti-vascular endothelial growth
factor (VEGF) antibody, has been used for the treatment
of symptomatic radiation necrosis (RN).”0 It is difficult
to definitively distinguish RN from psPD. We therefore
applied intravenous administration of bevacizumab to
cases we highly suspected to be symptomatic psPD en-
countered after BNCT for recurrent MGs. Here we
report 2 successfully treated cases of symptomatic
psPD after BNCT with bevacizumab.

Case Presentation

Case 1

A 56-year-old male experienced speech disturbance and
consequently retired from his job. First he received a cra-
niotomy in April 2008 with a diagnosis of gemistocytic

astrocytoma followed by fractionated X-ray treatment
(total 50 Gy} and repetitive chemotherapy with nitro-
sourea. In April 2011, a recurrent lesion appeared with
gadolinium (Gd) enhancement on MRI. Re-craniotomy
revealed GBM histologically. After surgery, the enhanced
lesion gradually grew, and sensory aphasia was aggravat-
ed despite the repeated administration of TMZ. Also,
carbon 11-labeled methionine PET (C-Met-PET)
showed high uptake of the tracer beyond the Gd-en-
hanced lesion. The patient was then referred to our insti-
tute for BNCT. Upon referral, MRI showed a small
ringlike enhanced lesion having satellite-enhanced dots
in the left temporal lobe, with a relatively large volume
of fluid-attenuated inversion recovery (FLAIR} at high in-
tensity, as shown in Fig. 1A and D. A simultaneous fluo-
rine 18-labeled (F)-BPA-PET image showed marked
tracer uptake in the left temporo-parietal region, as
shown in Fig. 2A, with a 5.5 lesion/normal (L/N} brain
ratio of the tracer, indicating that the lesion was a
highly malignant tumor. ,

We administered BNCT to our patient according to
our recent protocol for recurrent MGs and malignant
meningiomas. Briefly, only BPA was administered in
the 2 h (200 mg/kg/h) just prior to neutron irradiation
and then during neutron irradiation (100 mg/kg/h).
The irradiation time was decided by simulation not to
exceed 12.0 Gy-Eq (Gray-equivalent}) for the peak
brain dose. Using BNCT, we estimated maximum
brain dose, maximum tumor dose, and minimum
tumor dose as 10.8, 110, and 82.3 Gy-Eq, respectively.
Here, Gy-Eq corresponds to the biologically equivalent
X-ray dose that would have equivalent effects on

Fig. 1. Periodic MRI changes in case 1. (A~C) Gd-enhanced T1-weighted MRI. (D-F) FLAIR MRI. (A and D) Just prior to BNCT; (B and E) 4
months after BNCT; (C and F) 7 months after BNCT (3 cycles after initial bevacizumab treatment).
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Fig. 2. F-BPA-PET in case 1, prior to BNCT and at aggravation as well as in follow-up with the patient in good condition. (A) Prior to BNCT;
(B) 4 months after BNCT (at aggravation); {C) 8 months after BNCT.

tumors and on the normal brain. The dose estimation
method was described previously.®

One week after BNCT, anticoagulant and vitamin E
were administered. This was for the prevention of RN,
as we reported previously.” Right hemiparesis and
aphasia occurred and became aggravated gradually
after BNCT, even with an escalated dose of corticoste-
roids. Then, 4 months after BNCT, follow-up MRI
and F-BPA-PET were applied simultaneously. In MRI,
the Gd-enhanced lesion and the high-intensity area in
FLAIR increased markedly (Fig. 1B and E). The second
F-BPA-PET, taken 4 months after BNCT, showed de-
creased uptake of the tracer, as shown in Fig. 2B (L/N
ratio, 4.7). Thereafter, the aggravation of clinical symp-
toms and MRlIs was attributed not to tumor progression
but to psPD.

We proposed bevacizumab treatment to the patient,
his family, and the physician in charge. Thereafter, he
was administered 5 mg/kg bevacizumab biweekly with
6 cycles. MRI taken after 3 cycles showed marked im-
provement in both Gd-enhanced and FLAIR images, as
shownin Fig. 1Cand F. The patient’s speech disturbance
and hemiparesis improved markedly by the treatment.
The third F-BPA-PET, undertaken 8 months after
BNCT with the patient in a stable state, showed a
further decrease of tracer uptake, with an L/N ratio of
1.8, as shown in Fig. 2C. This finding suggests no
tumor progression and good control of the tumor so
far. The follow-up MRI showed no tumor progression
(data not shown).
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Case 2

A 27-year-old female developed left hemiparesis. A right
frontal enhanced mass was removed gross totally in May
200S. The histological diagnosis was anaplastic oligoas-
trocytoma. She received fractionated X-ray treatment
(total 72 Gy) and repetitive chemotherapy with nitro-
sourea. The lesion recurred and re-craniotomy was
applied in November 2009 with the same pathological
diagnosis. This was followed by successive TMZ chemo-
therapy. Unfortunately, the recurrence was confirmed by
MRI and C-Met-PET, and the patient retired from her
job as a nurse due to progression of left hemiparesis
and seizures. She was referred to us for BNCT. Upon re-
ferral, MRI showed a Gd-enhanced lesion in the right
frontal lobe with moderate perifocal edema, as shown
in Fig. 3A and D.

For this case, BNCT was applied using the same pro-
tocol described in case 1. In BNCT, the maximum brain
dose, maximum tumor dose, and minimum tumor dose
were 11.5, 71.6, and 30.1 Gy-Eq, respectively. In this
case, anticoagulant and vitamin E were also adminis-
tered 1 week after BNCT to prevent RN. After BNCT,
her hemiparesis became aggravated gradually even
with an increasing dose of corticosteroids. MRI taken
2 months after BNCT showed an enlarged enhanced
lesion with increased perilesional edema (Fig. 3B and
E). The patient had no chance to receive further amino
acid PET, but we considered this aggravation as sympto-
matic of psPD based on the duration of aggravation after
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Fig. 3. Periodic MRI changes in case 2. (A-C) Gd-enhanced T1-weighted MRI. (D-F) T2-weighted MRI. {A and D) Just prior to BNCT; (B
and E) 2 months after BNCT; (C and F) 6 months after BNCT (4 cycles after initial bevacizumab treatment).

BNCT. This patient and her physician in charge also ac-
cepted our proposal of bevacizumab treatment on the
same schedule and dosage described in case 1. The
patient was bed-ridden just prior to bevacizumab treat-
ment, but her hemiparesis improved markedly and she
could walk after 2 cycles of the treatment. MRI taken
after 4 cycles, at 6 months after BNCT, showed
marked improvement not only in Gd enhancement but
also in the perilesional edema in FLAIR images, as
shown in Fig. 3C and F. Her clinical condition has re-
mained stable and good since the treatment ended.

Discussion

In our limited experience, there is no obvicus histologi-
cal difference between RN and psPD.>'! Necrosis is
the central histopathological feature of each, and prom-
inent angiogenesis is common at the boundary of central
necrosis and normal brain tissue in each clinicopatholog-
ical entity. Clinically, psPD usually occurs at a relatively
early stage after some intensive treatments and is self-
limiting. In most cases it improves over time without in-
tensive treatments. On the other hand, RN often shows
severe symptoms and occurs at least 6 months after ra-
diotherapy. It is often long-lasting and improves only
with intensive treatment, such as lesionectomy or beva-
cizumab administration. In human surgical specimens
of RN, we previously demonstrated that overproduction
of VEGF in reactive astrocytes in the perinecrotic area
caused leaky angiogenesis, and this is the cause of peri-
focal edema in RN.' So we speculated that
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bevacizumab might neutralize this overproduced VEGF
in the Perinecrotic area and subsequently reduce the
edema. ' This is why we used bevacizumab for sympto-
matic psPD.

Originally, F-BPA-PET was developed for the simula-
tion of absorbed dose in BNCT.*'>'* On the other
hand, the background uptake of the tracer F-BPA is
very low compared with that of fluorodeoxyglucose
and even with that of methionine as a tracer.
Thereafter, RN and psPD have been differentially diag-
nosed from tumor progression by F-BPA-PET.%™ On
the basis of our experience, an L/N ratio of <2.0 in
F-BPA-PET indicates a high possibility of RN and does
not indicate tumor progression. We are now performing
a nationwide multicenter clinical trial of bevacizumab
treatment for symptomatic RN in the brain with diagno-
sis made by amino acid tracer PET. F-BPA-PET and
C-Met-PET are equally useful for the differential diag-
nosis between RN and tumor progression. Both PETs
show the same tendencies of tracer uptake and distribu-
tion, as Nariai et al reported.™”

Both cases presented here were recurrent MGs and
had received fractionated X-ray treatment previously.
They showed aggravated clinical symptoms and MRI
results a couple of months after BNCT. Therefore, we
considered both cases to be symptomatic psPD.
Especially in case 1, repetitive F-BPA-PETs were
applied before BNCT and upon aggravation after
BNCT, as well as in a stable state during follow-up.
The second F-BPA-PET showed a lower L/N ratio
than the first, but it was still higher than our criterion
for RN at the aggravation. This may suggest that the
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pathology of case 1 was psPD and not RN. Akhough the
essential difference between them is still unclear, we
speculated that they may have similar pathophysiology.

Usually we can treat asymptomatic psPD only with
corticosteroids, or we can only observe the patient in
asymptomatic psPD without treatments. Unfortunately,
both cases presented here continued their clinical deteri-
oration despite the escalating doses of corticosteroids.
Fortunately, however, we used bevacizumab thereafter,
to which both cases responded well. The physicians in
charge decreased the corticosteroid dose for each
patient after bevacizumab treatment.

To improve the effectiveness of radiotherapy, one
study used bevacizumab with hypofractionated sr.erec—
tactic irradiation for the treatment of recurrent MGs.®
However, the literature contains no obvious reports
about bevacizumab’s effects on symptomatic psPD. We
applied bevacizumab treatment to symptomatlc RN in
some cases, and all the patients responded well.” Based
on these ﬁndmgs, as noted, we are performing a nation-
wide multicenter clinical trial of bevacizumab treatment
for symptomatic RN in the brain. We therefore treated
the present 2 cases with bevacizumab and confirmed
marked effects. Some of the literature supports this
concept.’”

We applied BNCT, a tumor-selective particle radia-
tion, aggressively even for recurrent MGs with satisfac-
tory results, as reported elsewhere 7 In that previous
report, we used Carson et al*® as our reference regarding
BNCT’s effectiveness for recurrent MGs; those authors
advocated, and we adopted, recursive portioning analysis
(RPA) classiﬁcation for recurrent MGs. In our previous
report,” we showed good effectiveness, especzally in
poor prognosis groups (RPA classes 3 and 7'%) in
BNCT in comparison with Carson’s original data sets.
Those authors reported that RPA classes 3 and 7
showed the poorest prognosis, with median survival
times (MSTs) of 3.8 monthsand 4.9 months, respectively,
after recurrence that followed some treatments. Both of
the cases presented here should be considered RPA class
3 because they showed poor performance status at
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recurrence and because the initial histological diagnosis
was not GBM. Carson’s data sets revealed an MST of
3.8 months in RPA class 3 after recurrence. Both cases
presented here survived more than 8 months after
BNCT without tumor progression, continuing up to the
writing of this manuscript. Although the 2 cases reported
here are the only 2 that we have experienced with symp-
tomatic psPD treated by bevacizumab after BNCT,
BNCT plus bevacizumab at psPD improves a patient’s
condition and may prolong survival more effectively for
recurrent MGs than we suggested in our previous report.
Bevacizumab treatment had no adverse effect in either
of the present cases. As we described for each case, we
routinely used anticoagulant after BNCT for recurrent
MGs. This was to prevent anticipated RN. This anticoag-
ulant administration probably decreases the possible
adverse effects of thromboembalitic comphcamons of
bevacizumab, as we and Levin et al have reported
As noted at the beginning of this paper, it is widely ac-
cepted that MGMT promoter methylation status plays a
significant role in the incidence of psPD in newly diag-
nosed GBM cases tleated by concomitant chemo
therapy and radiation.” So let us add finally some infor-
mation regarding MGMT in both cases presented here.
In case 1, MGMT protein expression was positive in im-
munohistochemistry, and in case 2, the MGMT promot-
er was methylated. These observations might suggest
that MGMT status is not so important for the incidence
of symptomatic psPD for recurrent MGs receiving
BNCT.
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Bevacizumab is effective in treating radiation necrosis; however, radiation necrosis was not
definitively diagnosed in most previous reports. Here we used amino acid positron emission
tomography to diagnose radiation necrosis for the application of bevacizumab in treating pro-
gressive radiation necrosis. Lesion/normal tissue ratios of <2.5 on "®fluoride-labeled borono-
phenylalanine-positron emission tomography were defined as an indication of efiective
bevacizumab treatment. Thirteen patients were treated with bevacizumab at a dose of 5 mg/
kg every 2 weeks. Two patients were excluded because of adverse events. The median re-
duction rate in perilesional edema was 65.5%. Karnotsky performance status improved in six
patients after bevacizumab treatment. Lesion/normal tissue ratios on "®fluoride-labeled boro-
nophenylalanine-positron emission tomography (P = 0.0084} and improvement in Karnoisky
performance status after bevacizumab ireatment {F = 0.0228} were significanily associaied
with reduced rates of perilesional edema. Thus, Biluoride-labeled boronophenylalanine-posi-
tron emission tomography could be usetul for diagnosing radiation necrosis and predicting the
eflicacy of bevacizumab in progressive radiation necrosis.

Key words: bevacizumab  brain edema

tomography  radiation necrosis

Karnofsky performance status  positron emission

INTRODUCTION

Radiation necrosis, a well-known late adverse effect of radio-
therapy, ig an intractable iatrogenic disease. Symptomatic ta-
diation necrosis negatively affects the patient’s quality of life
and can cause harmful lifelong effects, despite the possible
positive effects on life span that intensive radiotherapy can
provide. Recently, bevacizumab has been shown to dramatic-
ally decrease focal edema around the necrotic core, and thus,
be an effective treatment for symptematic radiation necrosis
(1 4). With this discovery, the outlock for radiation necrosis
has become hopeful, but accurate diagnosis of radiation
necrosis remains problematic. Radiation necrosis was not
definitively diagnosed in most reports to date, and some
patients were diagnosed by magnetic resonance (MR)

images alone. Differentiating tumor recurrence or progres-
sion from radiation necrosis remains difficult when the
enhanced lesion and/or perilesional edema are enlarged
on follow-up MR images, even if the tissue is surgically
resected for histopathological examination. Positron emission
tomography (PET) using an amine acid tracer is among the
most promising modalities for the non-invasive diagnosis of
radiation necrosis that causes radiographical worsening on
MR images. We previously reported that differentiation
between tumor progression and radiation necrosis can be
achieved with *fluoride-labeled boronophenylalanine-PET
(F-BPA)-PET (5). In the present study, we report the use of
bevacizumab to treat patients with progressive radiation ne-
crosis at our institution. Instead of using surgical biopsy, we
diagnosed radiation necrosis in these patients based on a
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review of MR images and clinical courses and by reference
to our cut-off index for M*F-BPA-PET. Our final goal is to
establish a non-invasive and effective method of managing
radiation necrosis from diagnosis to therapy.

PATIENTS AND METHODS
PaTiENTS

The protocel of this study was approved by our institutional
review boeard. Between January 2009 and October 2010,
13 patients with symptomatic radiation necrosis were treated
with bevacizumab at our institute. Radiation necrosis was
defined as an enhanced lesion that grew slowly, accompanied
by the massive perilesional edema on follow-up MR images.
All patients underwent ¥F_.BPA-PET and various first-line
medical treatments, including the treatment with corticoster-
oids, anticcagulants and vitamin E, but had been refractory
to these medications. Other inclusion criteria were as
follows: >3 months elapsed after the initial radiotherapy,
unresectable lesions; no systemically active lesion and life
expectancy >3 months.

1%p BPA-PET IMAGING

All "F-BPA-PET scans were performed at the Nishijin
Hospital, Kyoto, Japan. BPA was originally synthesized as
described previously (6,7), and the protocol for the PET mea-
surements using a HEADTOME III (Shimadzu Co., Kyoto,
Japan) has also been described elsewhere (8,9). Semi-quantita-
tive analysis was performed using the lesion/normal tissue
(L/N) ratio. Using Amide software (SourceForge, Inc.,
Mountain View, CA), regiong of interest of 1 cm diameter
were placed on the lesion with the maximal uptake of ¥F.BPA
on PET and on the contralateral brain area. L/N ratios were
generated by dividing the mean standardized uptake value
(SUV) of the lesion by the mean SUV of the contralateral
normal brain. We previously reported that an L/N ratio mea-
sured by *F_BPA-PET of <2.0 is indicative of radiation ne-
crosis in patients with glioblastoma treated with radiation
therapy (5). An L/N ratio >2.5 is strongly suggestive of tumor
progression. Therefore, with regard to ¥F_BPA-PET, the L/N
ratios of equal to or <{2.0 were an absohite indication for beva-
cizumab treatment in the present study. Patients with an L/N
ratic between 2.0 and 2.5 were alse included, provided they
had undergone 3r BPA-PET before tumor treatment and their
current L/N ratio was lower than the previous value.

BEVACIZUMAB TREATMENT

Patients were treated with bevacizumab at a dose of 5 mg/kg
every 2 weeks. Neurolegical status and MR images were
evaluated after three cycles of bevacizumab treatment.
Patients underwent three more cycles of bevacizumab treat-
ment when any clinical or radiclogical response was
obtained after the initial three cycles.

Bevacizumab treatment for radiation necrosis
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Figure 1. The area of hyperintensity was manually outlined on each FLAIR
MR image (black line).

DaTa ANALYSIS

The volume of the hyperintense area on FLAIR MR images
before and after bevacizumab treatment was measured in each
case using Imagel software (National Institutes of Health,
Bethesda, MD, USA). On each axial MR slice, the area of
hyperintensity was manually cutlined (Fig. 1), measured and
summed across slices. These sums were multiplied by the slice
interval. The reduction rate of perilesional edema was caleu-
lated by dividing the post-treatment volume by the pretreatment
volume. The outcomes were based on MR images,
¥F_BPA-PET and histopathological examination. Univariate
analyses were conducted using analysis of variance.

RESULTS

Of the 13 patients, 2 were excluded from the analysis
because of discontinuation of bevacizumab in response to
adverse events. One patient exhibited an asymptomatic intra-
cerebral hemorrhage after one dose of bevacizumab. Periodic
MR images revealed this hemorrhage in an area of radiation
necrosis without clinical aggravation. Another patient suf-
fered a sudden cardiopulmonary arrest after marked clinical
improvements had been observed following two doses of
bevacizumab. This patient had a peor Kamofsky perform-
ance status (KPS) (KPS 20) and was bedridden prior to treat-
ment. The cause of the cardiopulmonary arrest was not clear.
Thus, a total of 11 patients were included in this analysis.
The demographics of the patients are listed in Table 1.
The median duration between the final radiotherapy and the
start of bevacizumab treatment was 11 months. The median
L/N ratio on **F-BPA-PET was 1.8. The median volumes of
perilesional edema before and after bevacizumab treatment
were 65.0 and 23.6 cm®, respectively. The median reduction
ratio was 65.5%. KPS improved in six patients after bevaci-
zumab treatment and did not change in five patients.
Regarding original tumor pathology, the patients with meta-
static brain tumors (Cages 2, 5 and 6) had a good treatment
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Table 1. Patients’ demographics
Perilesional
edema

Case Age Gender Primary Location Size Radiotherapies Duration Cycles L/N Pre-Tx Post-Tx Reduction Pre- Post- TorN

tamors (em) (months) mtio (cm®)  (em?) rate (Y0) KPS KPS PFS

(months)
1 39 M GBM Parietal 61 BNCT,XRT 11 6 17 437 8.3 81.0 90 100 85
2 57 F Met Frontal 22 SRSx2 5 6 18 650 173 73.4 40 60 64
3 5¢ F GBM Parietal 6.0 Proton, XRT 37 5 L6 1510 778 48.4 60 70 156
4 55 F AM Parietal 2.6  XRT, SRS, 6 & 22 31.8 257 19.4 60 60 13.8
parasagittal BENCT :
5 74 F Met Frontal 23 SRS 47 6 1.5 12.9 3.3 T4.4 60 60 115
6 55 M Met Frontal 1.5 8RS 49 6 2.0 10L0 228 715 80 8¢ 103
7 38 M GBMO  Frontal 32 XRT & 4 1.8 1330 374 71.9 60 70 127
8 27 F A/ Frontal 4.6  BNCT, XRT 44 3 1.6 75.3 258 65.5 50 1060 175
9 65 M GBM Frontal 60 XRT 11 3 22 958 939 2.0 40 40 13
16 76 M AM Frontal 4.6  SRSx2, SRT 6 3 22 287 236 20.5 60 60 8.0
parasagittal X2

11 35 M AM Falco-tentorial 4.7  XRT, SRS 7 3 1.3 48.4 223 54.0 60 60 2.2

AA, anaplastic astrocytoma; AM, anaplastic meningioma; BNCT, boron nentron capture therapy; GBM, glioblastoma multiforme; GBMO, glioblastoma
multiforme with oligodendroglial component; KPS, Kamofsky performance statns; Met, metastatic brain tumor; SRS, stereotactic radiosargery; SRT,
stereotactic radiotherapy; T or N PFS, tumor or necrosis progression-free survival; Tx, treatment; XRT, X-ray radiotherapy.

response (>70% reduction, Fig. 2). The L/N ratio on
15F_BPA-PET (P — 0.0084) and the improvement of KPS
after bevacizumab treatment (P — 0.0228) were significantly
associated with the response rate of then perilesional edema
after bevacizumab freatment in univariate analysis (Table 2).
A case ig illustrated in Fig. 3.

During the median follow-up period of 14.4 months (range,
2.9 32.4), two patients were stable, radiation necrosis re-
curred in two patients and the tumor progressed or a new
tumor lesion appeared in seven patients. The 6é-month and
1-year tumor-progression-free survival rates from the PET
study were 90.9 and 63.6%, respectively. The 6-month and
1-year tumor or necrosis progression-free survival rates after
bevacizumab treatment were 81.8 and 36.4%, respectively.

DISCUSSION

Radiation necrosis has been treated with bevacizumab in an
exploratory fashion and several papers have already reported
its clinical effectiveness (1 4). In an animal model of radi-
ation injury, hypoxia induces the vascular endothelial growth
factor (VEGF) expression in reactive astrocytes (10). We
also demonstrated that VEGF is involved in angiogenesis
near the center of radiation necrosis in humans (11). In the
present study, there were only two clinical factors, improve-
ment of KPS and L/N ratios on '*F-BPA-PET, which
were significantly associated with the response rate of perile-
sional edema after bevacizumab treatment. Specifically, the
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Figure 2. Box plots demonsirating reduction rates of perilesional edema in
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reduction in perilesional edema contributed to the improve-
ment in KPS after bevacizumab treatment. Although bevaci-
zumab cannot induce functional recovery of necrotic tissue
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Table 2. Regression analysis of clinical factors affecting the reduction rate

of perilesional edema

P value

Age 0.1990
Gender 0.7785
Primary tomor

Malignant gliomas 0.9753

Metastatic brain tumors 0.1131

Malignant meningiomas 0.1053
Radiotherapy

X-ray radiotherapy 0.4957

Stereotactic radiosargery 1.9753
Times of radiation therapies 0.2460
Duration of bevacizamab 0.2293
Cycles of bevacizumab 0.1492
L/N ratio on '*F-BPA-PET 0.0084*
Pretreatment of perilesional edema 0.8426
Pretreatment of KPS 0.1222
Improvement in KPS 0.0228%*

*P values of <0.05 were considered statistically significant.

Bevacizumab treatment for radiation necrosis

per se, the improvement in perilesional edema around the
necrotic core is clinically beneficial for patients with symp-
tomatic radiation necrosis. High-dose radiation therapies and
repeated radiotherapies prolong patient survival, but they in-
evitably increase the incidence of radiation necrosis.
Therefore, bevacizumab is expected to produce further bene-
ficial effects of high-dose radiation therapies or repeated
radiotherapies in the treatment of central nervous system ma-
lignancies. However, it cannot be overlooked that 2 of the 13
patients in the present study experienced adverse events, al-
though it is unknown whether these events were due to
bevacizumab.

"8F_BPA is an amino acid tracer similar to ''carbon
(C)-labeled methionine. Initially, we used this type of PET to
determine when BNCT was indicated for treatment of
malignant gliomas (12). However, we recently used
*F BPA-PET to assist with the preliminary evaluation of bio-
logical tumor (lesion) activity, and we reported that there
were significant differences between histelogically proven
tumor progression and radiation necrosis in L/N ratios
observed on '*F-BPA-PET imaging in patients with glioblast-
oma (5,13). "'C-methionine PET has also been used to
provide quantitative values to aid in the differentiation
of tumor recurrence from radiation necrosis in patients
with central nervous system malignancies (14). One pharma-
cokinetic analysis demonstrated that the estimated tumor/

1

Figure 3. A 27-year-old woman (Case 8) with a left frontal anaplastic astrocytoma was treated with BNCT and X-ray radiotherapy after surgical resection.
The patient had a convulsion due to enlarged perilesional edema 4 years later. MR images showed a heterogeneous enhancement vwiith the massive perilesional
edema in the right frontal lobe (&, B). The L/N ratio was 1.6 on F-BPA-PET (C). The patient was treated with bevacizomab. MR images after six cycles
showed a remarkable reduction in perilesional edema and a weakening of the abnormal enhancement (D, E). The patient did not experience any further

convulsions.
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normal (T/N) ratio of tissue boron concentration, T/N ratio of
1Sp_BPA and T/N ratio of *'C-methionine showed significant
linear correlations among each other in glioma patients (15).
Pathological heterogeneity is the main reason for difficulty in
distinguishing between tumor progression and radiation ne-
crosis. Even if PET analysis suggests that a lesion is radiation
necrosis, it does not exclude the possible existence of a few
living tumor cells in or around the lesion. In other words,
amino acid PET is useful for assessing whether the predomin-
ant cause of increasing radiographical enhancement and peri-
lesional edema is tumor progression or radiation necrosis. The
6-month tumor-progression-free survival rates of 90.9%
clearly show that '8F_BPA-PET is a reliable tool that can be
used to judge the predominant cause of the progressive perile-
sional edema in patients with brain tamors previously treated
with radiotherapy.

In the present study, there was a statistically significant
negative correlation between the L/N ratios on *F-BPA-PET
and the reduction rates of perilesional edema. Although it is
not easy to interpret the data, we hypothesize that an
FLAIR-hyperintense area around a lesion with a high L/N
ratio consists of not only vasogenic edema but also tamor in-
vasion to some degree. This hypothesis is supported by the
finding that perilesional edema in radiation necrosis with
metastatic brain tumors responded much more strongly to
bevacizumab treatment than perilesional edema in radiation
necrosis with other tumors. Malignant gliomas and malig-
nant meningiomas are presumably more infiltrative than
metastatic brain tumors. Malignant gliomas showed varied
responses to bevacizomab, and malignant meningiomas gen-
erally had low responses to bevacizumab. Cases with malig-
nant meningiomas had long disease durations and underwent
multiple radiotherapies before bevacizumab treatment.
Therefore, FLAIR hyperintensity around the necrotic core
may not indicate purely vasogenic edema in malignant men-
ingiomas. Except for our previous case report (1), there have
been no reports on the use of bevacizamab in the treatment
of radiation necrosis occurring after radiotherapy for meta-
static brain tumors. In the present study, radiation necrosis
with metastatic brain tumors homogenously responded to
bevacizumab very well, although the study only included
three such cases. Bevacizumab treatment in patients with
metastatic brain tumors is controversial because the risk of
hemorrhagic complication is always a concern. However,
Besse et al. recently reported that patients with central
nervous system metastasis have a similar risk of developing
cerebral hemorrhage independent of bevacizumab therapy
(16). Thus, we believe patients with symptomatic radiation
necrosis treated for metastatic brain tumors are good candi-
dates for bevacizumab treatment. At present, our larger clin-
ical trial of bevacizumab treatment of symptomatic radiation
necrosis including patients with metastatic brain tumors
treated with radiotherapy is ongoing wnder the system of in-
vestigational medical care approved by the Ministry of
Health, Labour and Welfare.
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Fig. 1 Typical MRI findings of radiation necrosis. This radiation necrosis was derived from metastatic brain tumors treated by stereotactic radiosurgery (SRS). A, B: Preoperative
Gd-T1 MRI, C, D: Preoperative FLAIR MR, E, F: Postoperative Gd-T1 MRI, G, H: Postoperative FLAIR MRI.




Fig. 2 Typical H & E staining of the radiation necrosis in the brain. This
radiation necrosis was derived from recurrent glioblastoma multiforme
treated by BNCT. Black arrows show the leaky angiogenesis and white
arrows show the bleeding in the interstitial space. Blue arrows show the
cerebral edema caused by extravasations of the plasma from leaky vessels.
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Fig. 3 Histological and immunohistological analysis of radiation necrosis in the brain. The specimen was obtained from the
patient, depicted in Fig. 1. A: Typical H & E staining of the specimen. Marked angiogenesis and interstitial edema was recognized.
B: Immunohistochemical staining of the specimen with anti-VEGF antibody. Abundant expression of VEGF was recognized in
reactive astrocytes. C: Some of the H & E staining show the mixture of viable tumor cells in necrotic tissue.
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