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Abstract

Recurrent malignant gliomas (RMGs) are difficult to control, and no standard protocol has been  established 
for their treatment. At our institute, we have often treated RMGs by tumor-selective particle radiation called 
boron neutron capture therapy (BNCT). However, despite the cell-selectivity of BNCT, brain  radiation necrosis 
(BRN) may develop and cause severe neurological complications and  sometimes death. This is partly due 
to the full-dose X-ray treatments usually given earlier in the treatment course. To overcome BRN following 
BNCT, recent studies have used bevacizumab (BV). We herein used extended BV treatment beginning just after 
BNCT to confer protection against or ameliorate BRN, and evaluated; the feasibility, efficacy, and BRN con-
trol of this combination treatment. Seven patients with RMGs (grade 3 and 4 cases) were treated with BNCT 
between June 2013 and May 2014, followed by successive BV treatments. They were followed-up to December 
2017. Median overall survival (OS) and  progression-free  survival (PFS)  after combination treatment were 15.1 
and 5.4 months, respectively. In one case,  uncontrollable brain  edema occurred and ultimately led to death  
after BV was interrupted due to  meningitis. In two other  cases, symptomatic aggravation of BRN occurred after  
interruption of BV treatment. No BRN was  observed  during the observation period in the other cases. Common 
terminology criteria for adverse events grade 2 and 3 proteinuria occurred in two cases and necessitated the 
interruption of BV treatments. Boron  neutron capture therapy followed by BV treatments well-prevented or 
 well-controlled BRN with prolonged OS and acceptable incidence of adverse events in our patients with RMG.
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RMGs and observed favorable survival outcomes.2,3) 
BNCT is a biochemically targeted radiotherapy based 
on the nuclear capture and fission reactions that occur 
when non-radioactive boron-10, which is a constituent 
of natural elemental boron, is irradiated with low-
energy thermal neutrons to yield  high-linear-energy 
transfer alpha particles and recoiling lithium-7 nuclei. 
These particles are released within a very short range 
such as 9 µm, and therefore the cytotoxic effects 
are confined to within boron-10-containing cells.4)

Boron-10-containing compounds can be accumulated 
selectively in tumor cells by several mechanisms. 

Introduction

The prognosis of recurrent malignant gliomas (RMGs) is 
poor, and no standard treatment has been established.1) 
Since 2002 at our institute, we have applied a form 
of tumor-selective particle radiation called, boron 
neutron capture therapy (BNCT), for patients with 
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For example, boronophenylalanine (BPA) is selec-
tively and preferentially accumulated in tumor cells 
by amino acid transporters through their increased 
metabolism of amino acids compared to normal 
cells. Even with this novel and selective particle 
radiation therapy, radiation damage—chiefly brain 
radiation necrosis (BRN) and symptomatic pseu-
doprogression (psPD)—often occurs.5,6) Radiation 
damage is especially likely in RMG cases, because 
full-dose X-ray treatment (XRT) is generally part of 
the treatment history in such cases.

In a previous study analyzing human BRN surgical 
specimens, we discovered that the edema in BRN 
is caused by overexpression of vascular endothe-
lial growth factor (VEGF) in reactive astrocytes.7) 
Bevacizumab (BV), an anti-VEGF antibody, has 
recently been used for the treatment of symptomatic 
BRN.8–10) Based on these findings, we have recently 
used BV in an attempt to control the symptomatic 
BRN and the psPD encountered after BNCT for 
RMGs.5,11)

Recently, several reports have examined the use 
of re-irradiation for RMG with addition of BV to 
confer protection against radiation injury12,13) and to 
enhance the efficacy of irradiation by overcoming the 
hypoxia-mediated mechanisms of radio-resistance.14) 
Here, we introduce the preliminary results of our 
use of BNCT for re-irradiation of RMG with BV 
added just after BNCT and continued for as long as 
possible. In this study, we estimate the feasibility 
and efficacy of this treatment.

Materials and Methods

Patient background
From June 2013 to May 2014, we treated seven 

cases of RMG using reactor-based BNCT. All patients 
had undergone full-dose XRT at the initial treat-
ment. Patients’ demographics are documented in 
Table 1; these included WHO grade (histology), 
age, class of recursive portioning analysis (RPA) 
for RMG as advocated by Carson et al. in a 2007 
article in the Journal of Clinical Oncology.1) Patients 
were followed-up until the end of December 2017.

Clinical regimen of BNCT
This protocol was approved by the Ethical 

Committee of Osaka Medical College with the 
authorization number 1386. After confirmation of 
the recurrence of the original lesions on magnetic 
resonance imaging (MRI), the patients underwent 
BPA–positron emission tomography (PET) analysis 
to assess the distribution of BPA.15,16) The lesion/
normal brain (L/N) ratio of BPA uptake can be 
estimated from this BPA–PET, and dose  planning 

was performed according to the L/N ratio, as 
described previously.2,17) BPA was purchased from 
Interpharma Praha, a.s., (Prague, Czech Republic) 
and administered over a 2-h period (200 mg/kg/h) 
just prior to and during the neutron irradiation  
(100 mg/kg/h), as described previously.18) Based on 
the PET-based simulation described above and blood 
boron concentration in each patient, we selected a 
neutron irradiation time that would keep the peak 
brain dose below 11.0 Gy-equiv. (Gray-equivalent) 
in cases 1– 4. After confirmation of the safety of this 
approach in these four cases, the neutron  irradiation 
time was increased to keep the peak brain dose 
below 13.0 Gy-equiv. in cases 5–7. Here, Gy-equiv. 
corresponds to the biologically equivalent X-ray 
dose that would have equivalent effects on tumors 
and on the normal brain.

BV treatments
The BV treatments were initiated at 2–6 weeks after 

BNCT and continued until the tumor  progression 
or occurrence of several adverse events (AE) such 
as continuous grade 3 proteinuria (common termi-
nology criteria for adverse events: CTCAE ver. 4.0), 
or until discontinuation at the wish of the patient. 
The dose of BV was principally 10 mg/kg biweekly, 
but was decreased as appropriate due to AE.

Patient follow-up and study endpoints
Patients were followed-up by bimonthly Gd-enhanced 

and fluid-attenuated inversion recovery magnetic reso-
nance imaging (FLAIR MRI). When the lesions became 
enlarged or new lesions appeared on the follow-up 
MRI, we applied BPA–PET to evaluate the tumor 
activity in selected cases,11) if the PET machine time 
was available, to distinguish the pathology as tumor 
progression or BRN or psPD, as shown in Table 1. BRN 
was judged by repetitive PET or transient aggravation 
on MRI during interruption of BV treatment, together 
with recovery of the aggravation by resumption of BV 
treatment. Worsening of the FLAIR and/or T1-Gd image 
on MRI even with the continuation of BV treatments 
was judged as tumor progression. If the follow-up 
PET showed the increased L/N ratio in comparison 
with the baseline PET, the lesion was judged as tumor 
recurrence. If the L/N ratio in follow-up PET showed 
decreased activity in comparison with baseline L/N 
ratio, the lesion was judged as BRN.19)

The feasibility (occurrence of any AE), efficacy 
(overall survival (OS)) and progression free survival 
(PFS), and control of BRN were evaluated.

RPA classification
To objectively evaluate the survival benefit of this 

treatment, we classified our BNCT cases according 
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to Carson’s RPA classification as follows1): RPA class 
1, not GBM (initial histology), KPS  80, frontal 
only (tumor location); RPA class 2, not GBM, KPS 
 80, not frontal only; RPA class 3, not GBM, 60 
 KPS  70; RPA class 4, GBM, age < 50, KPS  
 90; RPA class 5, GBM, age < 50, 60  KPS  80;  
RPA class 6, GBM, age  50, no steroid use; RPA 
class 7, GBM, age  50, steroid use. Table 1 shows 
the RPA classification for each of our cases treated 
by BNCT.

Results

Each of the endpoints (OS, PFS, AE and control 
of BRN), the corresponding median OS (mOS) 
described in Carson’s RPA classification, the BNCT-
related minimum and maximum dose for tumor 
and maximum dose for normal brain tissue, and 
the courses of BV treatments and causes of death 
are summarized in Table 1.

Overall and progression free survival
Two of the seven patients were still alive at the 

end of the observation period (December 2017).  

mOS and PFS after the BNCT and BV treatments 
were 15.1 and 5.4 months, respectively. With regard 
to OS, only one case (Case 6) showed a shorter 
survival time in comparison with the reported mOS 
 classified with the corresponding Carson’s RPA. The 
other six cases showed longer survival times than 
those in the classification. Even with the application 
of RANO criteria, it is rather difficult to assess PFS 
due to the modification of MRI made to account 
for the influence of BV.20) We lost four cases due 
to tumor progression and one case (Case 6) due to 
uncontrollable brain edema.

Control of BRN
Brain radiation necrosis may have been present in 

three cases (Cases 4, 6 and 7). In cases 4 and 6, BV 
treatments were discontinued due to severe menin-
gitis (Table 1) and financial difficulties, respectively. 
Case 7 showed the aggravation of brain edema and 
slight enhancement during the discontinuance of 
BV treatments, which seemed to be BRN (see the 
detail in the case presentation below). Another case  
(Case 1) experienced transient aggravation  suggestive 
of psPD on MRI, 1 month after BNCT. In the other 

Table 1 Clinical data of individual patients in this series

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Age at BNCT 68 66 36 37 62 57 57

Gender Male Male Male Male Male Male Male

WHO grade 
(histology)

IV (GBM) IV (GBM) III (AOA) III (AO) IV (GBM) IV (GBM) III (AOA)

RPA class 7 3 2 1 7 7 3

BRN while BV 
treatment

No No No No No No No

Cause of death Tumor 
progression

Tumor 
progression

Tumor 
progression

Alive Tumor 
progression

Meningitis Alive

mOS in JCO# 
(Month)

4.9 3.8 17.2 25.7 4.9 4.9 3.8

OS (Month) 15.1 7.5 38 53 (Censored) 11.1 4.4 43 (Censored)

PFS (Month) 3.6 5.4 19.5 53 (No progression) 5 Not 
applicable

43 (No progression)

BNCT dose 
(Gy-equiv.)

 Tumor mini 36.8 29.9 42.6 60.4 27.6 43.8 63.9

 Tumor max 56.3 69.2 97.5 96.5 54.4 96.2 151

 Normal max 8.92 10.5 9.68 10.1 11.2 13 12

Courses of BV 19 9 55 32 20 2 65

Adverse events Proteinuria 
grade 1

No Proteinuria 
grade 2

Proteinuria  
grade 1

No Meningitis Proteinuria  
grade 3

BRN: brain radiation necrosis, BV: bevacizumab, OS: overall survival, PFS: progression free survival is determined by RANO 
criteria appeared in J Clin Oncol,20) RPA class: recursive portioning analysis class is determined by the criteria advocated by 
Carson et al.,1) #Median overall survival for the corresponding RPA class, described in J Clin Oncol 2007. See the detail in the 
text and reference number 1.
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three cases, there was no incidence of BRN or psPD, 
as judged by follow-up PET imaging or the clinical 
course, as defined above.

Adverse events
All cases showed CTCAE grade 2 alopecia which is 

usually observed in BNCT alone. As shown in Table 1,  
proteinuria was the most commonly observed AE 
during BV treatment. In the present study, CTCAE 
grade 2 and 3 proteinuria were observed in two indi-
vidual cases (Cases 3 and 7) and grade 1 proteinuria 
was observed in two cases (Cases 1 and 4).

Instructive case presentations
Case 3: A 36-year-old male with recurrent anaplastic 
oligo-astrocytoma. RPA was classified as class 2. 

Prior to BNCT and BV treatment, he complained of 
intractable seizure. After the treatment the seizure 
could be well-controlled and the patient exhibited 
improvement on MRI. Repeated BPA–PET analysis 
yielded L/N ratios of 5.0, 1.9 and 2.1 just prior 
to, 7 months after, and 13 months after BNCT, 
respectively, as shown in Fig. 1.21–23) Unfortunately, 
MRI was aggravated as shown in the Fig. 1A-4  
and B-4, and the patient died of tumor progression  
38 months after BNCT. The patient received a total 
of 55 courses of BV. The prominent AE were general 
fatigue and proteinuria (CTCAE grade 2).
Case 7: A 57-year-old male with re-recurrent 
anaplastic oligo-astrocytoma. RPA was classified as 
class 3, because he lost his job as a carpenter due 
to disease progression. He underwent 60 Gy XRT 

Fig. 1 Periodic change of MRI and BPA–PET in Case 3. The upper panel (A-1 to A-5) shows FLAIR MRI studies. 
The middle panel (B-1 to B-5) shows Gd-T1 MRI studies. The lower panel (C-1 to C-3) shows F-BPA–PET studies. 
The lesion to normal brain (L/N) ratio of the enhanced tumor is 5.0 (C-1), 2.2 (C-2), and 1.7 (C-3). A-1, B-1, and 
C-1; prior to BNCT. A-2, B-2, and C-2; 7 months after BNCT. A-3, B-3, and C-3; 13 months after BNCT. A-4 and 
B-4; 26.5 months after BNCT. A-5 and B-5; 33 months after BNCT. This is the representative tumor recurrence 
appeared in this treatment regimen. BV treatment can control the BRN but even after BNCT some tumor recurred. 
The tumor recurrence with the maintenance BV treatments seems to be aggressive as reported.41–43)

A-1

B-1

C-1 C-2 C-3

B-2 B-3 B-4 B-5

A-2 A-3 A-4 A-5
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at the first recurrence, but unfortunately this had 
no effect on the recurrent tumor. The L/N ratios of 
BPA–PET prior to XRT and BNCT were 2.9 and 3.7, 
respectively. BNCT was administered at 6 months 
after XRT. BNCT and subsequent BV well-controlled 
his tumor. The L/N ratios of BPA–PET studies at  
1, 3.5, and 12 months after BNCT were 2.2, 2.1 and 
1.8, respectively, as shown in Fig. 2. He returned 
to his job 3 months after BNCT. He underwent 58 
courses of BV. The prominent AE was proteinuria 
(CTCAE grade 3), which necessitated an occasional 
interruption of BV. When 5 months had passed after 
discontinuance of BV administration (38 months 
after BNCT) because of proteinuria, his right hemi-
paresis and dysarthria worsened and his convulsions 
increased. Based on MRI studies, we attributed these 
developments to symptomatic BRN (Fig. 3).

Discussion

Malignant gliomas still represent one of the most 
aggressive and devastating tumors in neuro-oncology. 
In spite of extensive research, the treatment outcome 
is still not satisfying. At primary diagnosis, treatment 
commonly consists of neurosurgical resection, as radical 
as possible without resulting in marked morbidity, 
followed by post-operative radiotherapy. With this 
combination, overall survival rates of 9–12 months 
have been obtained.24,25) Recently, novel chemotherapy 
regimens have been added to this treatment combi-
nation. Radiochemotherapy with temozolomide has 
achieved a significant increase in overall survival 
times up to 14.6 months.26) Concomitant administra-
tion of ACNU/VM26 to radiotherapy could extend 
overall survival to 16.5 months.27) However, almost 

Fig. 2 Periodic change of MRI in Case 7. The upper panel (A-1 to A-4) shows FLAIR MRI studies. The middle 
panel (B-1 to B-4) shows Gd-T1 MRI studies. The lower panel (C-1 to C-5) shows time course of BPA–PET imaging. 
A-1 and B-1 are prior to BNCT. A-2 and B-2 are 1 week after BNCT. A-3 and B-3 are 1 month after BNCT. A-4 
and B-4 are 24 months after BNCT. Each time of point and L/N ratio of PET imaging are stated in case pres-
entation in the text of Results. This is the illustrative case that BNCT can control tumor activity, while BV can 
control BRN successively and successfully for long time.

B-1

C-1 C-2 C-3 C-4 C-5

B-2 B-3 B-4

A-1 A-2 A-3 A-4
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all GBM recur, with local failure being the most 
common pattern of recurrence.28) Therefore, local 
control is the most critical issue to help improve 
overall survival for patients with GBM.

In most patients, treatment options at the time of 
recurrence are limited. Chemotherapy is the most 
frequently applied treatment for recurrent gliomas. 
Radiotherapy as a treatment for recurrent gliomas is 
controversial. Commonly, full doses of irradiation 
have been applied post-operatively after primary 
diagnosis, and re-irradiation is associated with a 
higher risk of BRN, with toxicity outweighing its 
benefits.29) Even with tumor-selective particle radia-
tion BNCT, BRN or symptomatic psPD are inevitable 
due to not only the preceding XRT but also BNCT 
which gives the peak dose of approximately 10–13 
Gy-equiv. to the normal brain by single fraction 
irradiation, as in the present series.

In this small-scale preliminary clinical study, 
only one case (Case 6) showed an OS shorter 
than the corresponding mOS in Carson’s RPA 
 classification. Two patients (Cases 4 and 7) are still 
alive without tumor progression. In these patients 
a rather high tumor minimum dose was prescribed 
(>60 Gy-equiv., as shown in Table 1), which 
may have been the reason for the excellent OS.  
The other six cases showed good control of BRN 
by this treatment protocol and showed an OS 
longer than the corresponding mOS in Carson’s 
RPA classification.

With regard to newly diagnosed GBM, BV was 
not found to contribute to the prolongation of OS 
in two large-scale phase 3 clinical trials.30,31) Also 
for recurrent GBM, BV showed no contribution  
to the prolongation of OS in the phase 3 EORTC 
26101 trial,32) although promising results were obtained 
in a phase 2 clinical trial.33) In comparison with 
these clinical results, our preliminary study showed 
several potentially conflicting findings in regard to OS 
prolongation. Based on our study, BV was expected 
to contribute to the prolongation of OS through its 
synergy with BNCT. However, although there have 
been several retrospective reports of the role of BV in 
re-irradiation for RMG,34–37) none of them showed any 

apparent benefit of BV in the prolongation of OS for 
RMG in a re-irradiation setting. Further clarification is 
expected to come from the RTOG 1205/NCT01730950 
trial, which was conducted to compare re-irradiation/
BV with BV alone. As discussed above, BRN was 
well-controlled in the present study, with only one 
patient dying from severe brain edema because he 
could not be kept on BV treatments. Therefore, the 
prolonged OS in this series should be attributed to 
the synergy of BNCT and the control of BRN by BV.

The most common and prominent additional 
AE in this treatment regimen, compared to BNCT 
alone, was proteinuria. In this series, the occur-
rence rate and the severity of proteinuria may have 
been related to the total BV dose. In the literature, 
there are only two reports about the relationship 
of the incidence of proteinuria to the total dose of 
BV. Hayman SR reported an apparent relationship 
between proteinuria and the cumulative dose of 
BV,38) while Slusarz39) did not recognize any relation-
ship. There have been several reports concerning 
the distinctive relationship between a single dose 
of BV and proteinuria.40–43) We and other investi-
gators reported that a regimen with smaller doses 
of BV (5 mg/kg, biweekly) still exhibited potent 
effects for BRN.9,10) Further clinical trials will thus 
be needed to examine the potential of such smaller 
doses to reduce the risk of proteinuria. In addition, 
the timing of the first BV treatment should start 
within a month, and hopefully within 2 weeks, after 
BNCT, because Case 1 showed symptomatic psPD 
at 1 month after BNCT, which was recovered with 
subsequent addition of BV.

Boron neutron capture therapy followed by BV 
treatments well-prevented or well-controlled BRN 
with prolonged OS and acceptable incidence of 
AE in our cohort of patients with RMG. Most 
interesting issue in this clinical study not only for 
authors but also for readers is BNCT with early 
 administration of BV can show the superior clinical 
results for RMG especially in OS in comparison with  
BNCT alone or not. In the previous work,3) we showed 
BNCT without early BV intervention showed mOS 
as 10.8M (95% confidence interval (CI): 7.3–12.8M) 

Fig. 3 Aggravation of BRN in case 7 
due to BV discontinuance. Five months 
after discontinuance of BV administration 
because of proteinuria (38 months after 
BNCT) in case 7. His right hemiparesis 
and dysarthria got worse and convulsions 
increased. We considered them as due 
to symptomatic BRN by follow-up MRI 
studies and clinical course.
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and 9.1M (95% CI: 4.4–11.0M) for all RMG (n = 22) 
and poor risk RMG (RPA class 3 and 7) (n = 11), 
respectively. While in this current study we showed 
BNCT with early BV administration showed mOS 
as 15.1M (95% CI: 6.5–42.7M) and 11.1M (95%  
CI: −3.0–35.5M) for all RMG (n = 7) and for poor 
risk RMG (RPA class 3 and 7) (n = 5), respectively. 
At a glance, there are differences in OS both in all 
RMG and in poor risk RMG cases between BNCT 
with and without early BV treatments. However, 
there is no statistical significance between them with 
statistical analyses. Possibly small patient numbers 
and large variations in OS in this current study may 
be the cause of the lack of statistical significance. 
Based on these preliminary results, now we are 
performing a prospective clinical trial using BNCT 
and simultaneous BV treatments for poor prognosis 
patients with recurrent malignant glioma.
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