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Abstract

Background. High-grade meningioma (HGM) is difficult to treat, and recurrent HGM after radiotherapy has an
especially poor prognosis. We retrospectively analyzed the cases of 44 consecutive patients with recurrent and re-
fractory HGM who were treated by reactor-based boron neutron capture therapy (BNCT).

Methods. In 2005-2019, we treated 44 recurrent and refractory HGMs by reactor-based BNCT. We analyzed the pa-
tients’ tumor shrinkage, overall survival (OS) after initial diagnosis, OS after BNCT, progression-free survival (PFS)
post-BNCT, and treatment failure patterns.

Results. The median OS (mOS) after BNCT and mOS after initial diagnosis were 29.6 (95% Cl: 16.1-40.4) and 98.4
(95% Cl: 68.7-169.4) months, respectively. The median follow-up after BNCT was 26 (6.4-103) months. The grade 2
(20 cases) and 3 (24 cases) post-BNCT mOS values were 44.4 (95% Cl: 27.4-not determined) and 21.55 (10.6-30.6)
months, respectively (P = .0009). Follow-up images were obtained from 36 cases at >3 months post-BNCT; 35
showed tumor shrinkage during the observation period. The post-BNCT median PFS (mPFS) of 36 cases was 13.7
(95% CI: 8.3-28.6) months. The post-BNCT mPFS values in patients with grade 2 and 3 disease were 24.3 (95% ClI:
9.8-not determined) and 9.4 (6.3-14.4) months, respectively (P = .0024). Local recurrence was observed in only
22.2% of cases. These results showed good local tumor control and prolonged survival for recurrent HGM cases.
Conclusions. Most of these cases had relatively large tumor volumes. The proportion of grade 3 patients was ex-
tremely high. Our patients thus seemed to have poor prognoses. Nevertheless, reactor-based BNCT exerted rela-
tively good local control and favorable survival for recurrent and refractory HGMs.

Key Point

Boron neutron capture therapy (BNCT) is a targeted radia-  deliver higher concentrations of '°B to the target tumor cells
tion approach that enables the selective killing of malignant  relative to the surrounding normal tissues. This is followed
cells and the sparing surrounding normal cells. BNCT is a by low-energy thermal neutron irradiation. When a neutron
binary approach: a boron-10 ('°B)-labeled compound must  collides with B, o and recoiling Li particles are released
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Importance of the Study

High-grade meningiomas (HGMs), especially recurrent
and refractory HGMs, are difficult to control and there is
no standard treatment for them. Boron neutron capture
therapy (BNCT)is anideal particle radiation modality that
can theoretically exert cytocidal effects selectively on
tumor cells and is biological cell-targeting radiotherapy.
We previously reported the effectiveness of BNCT for
HGMs by analyzing survival and tumor shrinkage, albeit
over a relatively short observation period. In this study
we retrospectively analyze 44 consecutive patients
with recurrent and refractory HGM who were treated

within a diameter equivalent to that of a tumor cell by the
°B(n, alpha)’Li neutron capture reaction."These particles are
high linear energy transfer (LET) radiation and can destroy
a sufficient amount of '°B-containing cells without exerting
hazardous effects on the adjacent normal cells. Accordingly,
if sufficient quantities of boron compounds can be made to
accumulate selectively in tumor cells with enough contrast
to surrounding normal cells, BNCT becomes an ideal par
ticle radiotherapy.

BNCT is suitable for tumors with a highly infiltrative na-
ture, such as malignant gliomas. As described below, we
also aggressively apply BNCT for refractory high-grade
meningiomas (HGMs, World Health Organization [WHO]
grade 2 or 3), since HGMs also tend to infiltrate the dura
matter and brain parenchyma.

It is difficult to treat HGMs, and HGMs that recur after
radiotherapy have a particularly poor prognosis. The re-
ported median overall survival (mOS) and the median
progression-free survival (mPFS) values of patients with
recurrent HGM after radiotherapy are 24.6 and 5.2 months,
respectively.? Although treatments for recurrent HGM
have been reported (including chemotherapeutic regi-
mens), no standard treatment has been established.® We
have applied reactor-based BNCT for refractory HGM cases
that recurred after intensive treatments, and we reported
its effects with special reference to tumor shrinkage.**We
also reported the survival benefit afforded by BNCT in 20
recurrent and refractory HGM cases with relatively short
observation periods; the median length of follow-up in
the previous report was 13.1 months (95% Cl: 9.4-40.4) for
all cases.® In the present study, we attempted to further
clarify the respective OS and PFS values of grade 2 and
grade 3 cases, the tumor shrinkage, the local control, and
the patterns of treatment failure after BNCT was applied
to refractory and recurrent HGMs, with a larger number of
patients and longer follow-up periods.

Patients and Methods
Patients

Forty-four patients with recurrent and refractory HGM were
treated with nuclear reactor-based BNCT from June 2005

with reactor-based BNCT and followed up for a longer
period of time. The cases had already been treated
with intensive treatments such as repetitive surgeries
and stereotactic radiosurgery (SRS). Nonetheless, we
demonstrate that BNCT achieved better survival, tumor
shrinkage, and local tumor control than other radia-
tion modalities. Based on these observations, we have
begun an investigator-lead, randomized, controlled trial
of accelerator-based BNCT for recurrent and refractory
HGM.

to February 2019 at our institution. Twenty cases were WHO
grade 2 (45.5%) and the other 24 cases were WHO grade
3 (54.5%). Prior to BNCT, each of the 44 patients under-
went a craniotomy. Among all of the patients, 114 surgeries
were performed (mean number of surgeries per case: 2.91,
range 1-6). Prior to BNCT, some radiotherapies (RT) were
applied in 40 cases (90.9%): stereotactic radiosurgery (SRS)
or stereotactic radiotherapy (SRT) was applied a total of 77
times (mean SRS or SRT: 1.75 times per case, range 1-8).
External beam fractionated radiotherapy (EBRT) was ap-
plied in 10 cases. In only 4 cases (9.1%), no RT was applied.
The patients’ characteristics (eg, age, gender, tumor loca-
tion, and Karnofsky Performance Status) are summarized
inTable 1. In Japan, SRS and SRT tend to be favored over
EBRT as the radiation therapy for refractory high-grade
meningiomas; this trend toward selecting SRS and SRT for
high-grade meningiomas appears to be more pronounced
in Japan than other countries. Many of the patients in the
present series were residents of other regions in Japan
and were referred to our institution for a final selection of
treatment(s) for recurrent and refractory HGM.

Clinical Regimen of BNCT for HGM

This protocol was approved by the Ethical Committee of
Osaka Medical College, and each candidate was also dis-
cussed and approved by the board of reviewers at the
Institute for Integrated Radiation and Nuclear Science,
Kyoto University. The clinical regimen of BNCT for HGMs
was modified slightly from that for malignant gliomas.’
Briefly, patients were typically administered 500 mg/kg
of boronophenylalanine (BPA; purchased mainly from
Interpharma Praha, Prague, Czech Republic). In a few
cases, the boron carrier sodium borocaptate (BSH) was si-
multaneously used. Further details of the clinical regimen
are reported elsewhere.?

BPA was administered in the 2 hours (200 mg/kg/h) just
prior to the neutron irradiation and then during the neu-
tron irradiation (100 mg/kg/h). The boron concentration in
the patient’s blood was monitored by sampling every 1
hour after the boron compound administration until the
neutron irradiation was completed. The boron concentra-
tions from BPA in the tumor and normal brain were esti-
mated from the tumor/normal brain (T/N) ratio of '8F-BPA
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Table1 Characteristics of the 44 Patients With Recurrent and Refractory HGM
Age, years Mean, SD 59.5 12.3
Median, range 62.5 29-79
n %
Sex Female 29 65.9%
Male 15 34.1%
Histology WHO 2 20 45.5%
WHO 3 24 54.5%
Location Convexity 14 31.8%
Falx/parasagittal 17 38.6%
Skull base 13 29.5%
KPS >80 32 72.7%
60<, <80 12 27.3%
Previous operation n %
Total 14 100%
No. of times
Mean, SD 2.9 1.4
Previous radiotherapy n %
Total 40 90.9%
No. of times
EBRT Mean, SD 0.23 0.42
SRS + SRT 1.75 1.64
Tumor volume at BNCT, Mean, SD 42.7 52.9
ml Median, range 245 1.5-299.2

Abbreviations: BNCT = boron neutron capture therapy; EBRT = external beam fractionated radiotherapy; HGM = High-grade meningioma;
KPS = Karnofsky Performance Status; SRS = stereotactic radiosurgery; SRT = stereotactic radiotherapy, WHO = World Health Organization.

on positron emission tomography (PET),® if this PET was
available. When the PET was not available, the putative T/N
ratio of 3.5 was adopted. In the current series, 32 patients
underwent F-BPA-PET for the estimation of T/N ratio. The
compound biological effectiveness and the relative biolog-
ical effectiveness of neutron beams and compounds have
been described previously.®

The neutron fluence rate was simulated by the dose-
planning system SERA (ldaho National Engineering and
Environmental Laboratory, Idaho Falls, ID), and the total
doses to the tumor and normal brain were estimated.
The neutron irradiation time was set to not exceed 15
Gy-Eq to the normal brain. Here, Gy-Eq (Gy: Gray) means
an X-ray dose that can exert effects that are biologically
equivalent to those of the total BNCT radiation. After
the treatment, the precise doses administered were
reestimated.

Assessment of Effectiveness

The radiologic best response was evaluated based on serial
brain magnetic resonance imaging (MRI) scans, according
to the two-dimensional Macdonald criteria.’® We used the
Macdonald criteria to evaluate the radiologic response as it
has typically been assessed in prospective clinical trials for
recurrent meningiomas.” "2 Briefly, a complete response

(CR) was defined as the complete disappearance of
enhancing tumor; a partial response (PR) was defined as a
>50% reduction in the product of perpendicular diameters
(including the longest diameter), and progressive disease
(PD) was defined as a >25% increase in the product of per-
pendicular diameters or clinical deterioration consistent
with progression. Patients whose responses did not fulfill
any of the CR, PR, or PD criteria were defined as having
stable disease (SD). Progression-free survival (PFS) was
defined as freedom from local tumor progression, distant
tumor progression, and death.

Since many of the patients had been referred to Osaka
Medical College from far away in Japan, follow-up images
were periodically sent to us from the referring physicians
(usually every 2-3 mo) for as long as possible. Follow-up
images >3 months after BNCT were obtained for 36 of the
44 patients (grade 2: n=17; grade 3: n=19), and these im-
ages were processed for the tumor shrinkage (radiological
best response) and PFS analyses.

Survival Analysis

The patients’ overall survival (OS) was defined in two
ways: according to the number of months they survived
after their initial diagnosis, and according to the number
of months they survived after the application of BNCT. In
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all cases, the survival information was obtained from the
patient or their family by phone inquiry or from documents
provided by the referring physicians. The cutoff date of this
survival analysis was the end of June 2020. The patients’
PFS was analyzed as described above, and the OS and PFS
data were processed for statistical analysis using the log-
rank test. Statistical significance was defined as a P-value
<.05.

Results
Prescribed Dose of BNCT for Tumor Tissue

The irradiation time was planned not to exceed 15 Gy-Eq in
the normal brain tissue, as noted above.The absorbed dose
to the tumor tissue was dependent on both the boron con-
centration in the tumor tissue and the neutron irradiation
time, which varied in each case. Therefore, the absorbed
dose to the tumor tissue in our protocol was not uniform
from case to case. The maximum and minimum absorbed

doses in the current series were 68.7 + 18.2 (mean + SD)
Gy-Eq and 36.7 + 16.4 Gy-Eq, respectively (Table 2). These
values are almost the same as those obtained in our earlier
study.®

Tumor Shrinkage

Tumor shrinkage analyses were applied for the 36 pa-
tients for whom follow-up MRI findings were available
>3 months after BNCT. The tumor shrinkage values of the
best response (waterfall plot) are shown in Figure 1. Thirty-
five of the 36 cases showed tumor shrinkage. Based on the
patients’ baseline images, CR (n =6), PR (n=17), and SD
(n=13) were observed.

OSs After BNCT and After the Initial Diagnosis

The median follow-up period (defined for all cases from
BNCT to the date of death or censorship) for OS was
26.0 months (range 6.4-103 mo).The Kaplan—-Meier survival

Table2 The BNCT Tumor Doses, 0S, PFS, Treatment Failure Rate, and CTCAE Data of HGM Patients

Tumor dose of BNCT, Gy-Eq:

Max Mean, SD 68.7 18.2
Median, range 72 22.7-111.5
Min Mean, SD 36.7 16.4
Median, range 33.7 9.5-71.4
OS from BNCT (44 cases), months:
WHO grade 2 + 3 Median, range 29.6 6.4-103
WHO grade 2 44.4 6.4-103
WHO grade 3 21.55 75-60.4
OS from diagnosis (44 cases), months:
WHO grade 2 + 3 Median, range 98.4 25.6-344.8
WHO grade 2 224.4 29.3-325.3
WHO grade 3 69.6 25.6-344.8
PFS (36 cases), months:
WHO grade 2 + 3 Median, range 13.7 1.4-90.5
WHO grade 2 24.3 5.1-90.5
WHO grade 3 9.4 1.4-39.4
Treatment failure (36 cases), n, % 36
Local 8 22.2%
Out of field 1 30.6%
Systemic metastasis 4 11.1%
Dissemination 8.3%
Others 2 5.6%
CNS necrosis (44 cases), n, %:
CTCAE grade
Grade 2 15 34.1%
Grade 3 6 13.6%

Abbreviations: BNCT = boron neutron capture therapy; CNS = central nervous system; CTCAE = Common Terminology Criteria for Adverse Events;
HGM = High-grade meningioma; 0S = overall survival; PFS = progression-free survival; WHO = World Health Organization.
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curves after the BNCT and after the initial diagnosis are
shown in Figure 2A and B.The mOS from the BNCT for the
sum of the grade 2 and 3 cases was 29.6 months (95% ClI:
16.1-40.4).The mOS from the BNCT of the grade 2 patients
was 44.4 months (95% Cl: 27.4-not determined), which was
significantly longer than that of the grade 3 patients at
21.6 months (95% ClI: 10.6-30.6) (P =.0009).

The mOS after diagnosis for the sum of the grade 2 and
3 patients was 98.4 months (95% Cl: 68.7-169.4). The mOS
after diagnosis for the grade 2 patients was 224.4 months
(95% CI: 75.9-325.3), which was significantly longer than
that of the grade 3 patients at 69.6 months (42.8-120.3)
(P=0.0111).

PFS After BNCT

Follow-up images >3 months after BNCT were obtained for
36 of the 44 patients. We analyzed the PFS of these 36 pa-
tients using Kaplan-Meier curves (Figure 3).The mPFS after
BNCT was 13.7 (95% CI: 8.3-28.6) months. The respective
mPFS after BNCT values of the grade 2 and 3 patients were
24.3 months (95% Cl: 9.8-not determined) and 9.4 months
(6.3-14.4), respectively, with significantly longer mPFS for
the grade 2 patients (P=.0024).

Treatment Failure Patterns

The patients’ treatment failure patterns are summarized
in Table 2. Treatment failure is defined in this study as the
cause of the classification of the patient’s status as PD.The
percentages of patients exhibiting each treatment failure
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pattern were as follows: local recurrence (22.2%), out-of-
field recurrence (30.6%), systemic metastasis (11.1%), and
cerebrospinal fluid (CSF) dissemination (8.3%). In com-
parison with our previous report,® the rate of local recur-
rence increased somewhat, which seemed to be due to the
longer-term follow-up in our present series. These results
showed good local tumor control.

Toxicity

All 44 cases were assessed for brain radiation necrosis
after BNCT, judging from follow-up images and clinical
follow-up not only from our database but also from the
referring physicians. Grade 2 toxicity was observed in 15
patients (34.1%), and these patients were treated with ster-
oids. Grade 3 toxicity was observed in 6 patients (13.6%),
who were treated temporarily with bevacizumab (Table 2).

Next, we analyzed the relationship between the total ra-
diation dose and the incidence of radiation necrosis. The
equivalent total dose in 2-Gy fractions (EQD2) of the pre-
ceding radiotherapy for the normal brain adjacent to the
lesions was available in 35 cases out of 44.The total EQD2
of the preceding radiotherapy and maximum brain dose
by BNCT and Common Terminology Criteria for Adverse
Events (CTCAE) grade of radiation necrosis of the brain
are summarized in Supplementary Table 1. Among the 35
cases for which the EQD2 was available, 4, 13, 13, and 5
patients had CTCAE grades of 0, 1, 2, and 3, respectively.
The total EQD2 of the preceding radiotherapy and BNCT
for the normal brain adjacent to the lesions was compared
between the patients with radiation necrosis grades 0 + 1
(treatment unnecessary) and radiation necrosis grades

OCR BPR ESD

Fig.1

Tumor shrinkage analysis using a waterfall plot. The best response was assessed from the baseline image and using the Macdonald cri-

teria. Ofthe 36 cases, 25 showed tumor shrinkage. Six cases (16.7%) achieved a CR, 17 (47.2%) showed a PR, and 13 (36.1%) had SD. Abbreviations:

CR = complete response; PR = partial response; SD = stable disease.
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Fig. 2 Survival analysis after BNCT and after HGM diagnosis. (A, B) Kaplan—Meier curves after BNCT and after diagnosis. (A) The m0S after
BNCT for the sum of the grade 2 and 3 cases with 95% Cl was 29.6 (35% Cl: 16.1-40.4) months. The mOS after BNCT for the grade 2 cases was
44.4 (95% Cl: 27.4-not determined) months, and that for the grade 3 cases was 21.6 (10.6-30.6) months (P = .0009, log-rank test). (B) The m0S
value for the sum of the grade 2 and 3 groups after the diagnosis was 98.4 (95% Cl: 68.7-169.4) months. The mOS after diagnosis for the grade 2
group was 224.4 (95% Cl: 75.9-325.3) months, and that for the grade 3 group was 69.6 (42.8-120.3) months (P=.0111, log-rank test). Abbreviations:

BNCT = boron neutron capture therapy; HGM = high-grade meningioma; m0S = median overall survival.

2 + 3 (treatment necessary). The mean EQD2 + SD values
for the two groups were 77.2 + 32.6 and 109.6 + 30.5, re-
spectively, and these values were significantly different by
Wilcoxon rank sum test (P =.0153).

Representative Case Presentation

A 68-year-old male had undergone three surgeries for
right frontal parasagittal meningioma since 2006. The his-
tological diagnosis after the first surgery was anaplastic
meningioma (WHO grade 3). He received EBRT in 2010,
SRS on two occasions in 2013 and 2014, and intensity-
modulated radiation therapy (IMRT) in 2015. Irrespective
of these aggressive treatments, the recurred mass pro-
gressed and the patient was referred to us as a candidate
for BNCT. He suffered from left hemiparesis and used a
wheelchair.

F-BPA-PET was not available for the patient, so the pu-
tative T/N ratio of 3.5 was adopted in BNCT administered
in October 2017 Figure 4 shows the good local control
of the mass. A follow-up MRI examination at 14 months
post-BNCT revealed the patient’s CR (Figure 4C). His hem-
iparesis recovered temporarily but became aggravated
14 months after BNCT.The MRI showed brain radiation ne-
crosis (Figure 4E and F). He was treated with two cycles of
bevacizumab, and his symptoms and MRI then showed a
response (Figure 4G and H). Unfortunately, 21 months after
the patient’s BNCT, fluorodeoxyglucose-positron emission
tomography (FDG-PET) showed a pleural lesion (Figure
4D), which was confirmed as anaplastic meningioma by
surgery. The PET scan also revealed other metastatic le-
sions. He is doing well at the time of this manuscript prep-
aration with no recurrence of tumor in the head and no
progressive aggravation of systemic metastasis.

Discussion

Our previous investigations revealed the effects of reactor-
based BNCT for recurrent and refractory HGM, chiefly with
respect to tumor shrinkage, local tumor control, and sur-
vival benefit.4- In the latest of these reports, the post-BNCT
mOS for 20 patients with HGM was 14.1 months, with a
median follow-up of 13.1 months.6The main purpose of the
present study was to determine the mOS after BNCT with
a much larger number of cases and longerterm follow-up.
As the present study was also a retrospective clinical study,
we obtained all of the patients’ survival data and collected
the patient follow-up MR images for as long a term as pos-
sible for the PFS analysis. The median follow-up of the 44
patients used for the OS analysis was 26.0 months, and
as a result, the post-BNCT mOS improved to 29.6 months
based on all 44 grade 2 and grade 3 cases. Our analyses
also gave an mPFS of 13.7 months based on the 36 avail-
able cases.The MRIs of these 36 cases were collected until
the date of PD, death, or censorship.

No standard medical treatments—and indeed, no effec-
tive treatments—have been established for recurrent and
refractory HGMSs,'® and the natural course of these cases
remains uncertain. Three recent phase Il clinical trials
using new medical agents (including octreotide analogues
and tyrosine kinase inhibitors) for HGM yielded approxi-
mately equivalent posttreatment mPFS and mOS values of
6 months and 2 years, respectively.2'*"These results thus
seem to be close to the natural course of recurrent and
refractory HGM. Compared to these prior studies” mOS
and mPFS values, the values in our present study were
far better. Kaley et al. proposed that new agents which
achieve a PFS of >6 months in >35% of patients should be
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considered to have clinical potential.’”® Our present data
also fulfill this requirement.

Moreover, our cases were treatment-refractory, and the
patients were extensively treated with repetitive surgeries
and repetitive RT.The proportion of grade 3 patients in our
series was thus much higher (54.5%) than the proportions
in the three reports on recurrent and refractory HGM men-
tioned above.?'% Qur patients tended to have poor prog-
noses, but despite their poor conditions, reactor-based
BNCT exerted good local control and achieved relatively
good survival rates for these patients with recurrent and
refractory HGM.

Regarding RT, EBRT was first used to treat HGM, but
with unsatisfactory results.'® Some investigators reported
the same tendency of limited clinical benefits of EBRT
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Fig. 3 Progression-free survival (PFS) analysis after boron neu-
tron capture therapy (BNCT). A Kaplan—Meier curve was applied
for the estimation of PFS.

for HGM."7-® SRS is the modality most often chosen for
HGM.29-22The mPFS after re-irradiation using SRS for recur-
rent and refractory HGM was reported as 8-12 months, 324
but SRS is generally used for small-sized HGM such as
those with a mean tumor volume of 4.8-7.4 ml.?526 |n the
present HGM series, the mean tumor volume was 42.2 ml.

Lin et al. reported very good PFS for HGM patients at
6 months after treatment (84%) with the use of mainly
SRS as re-irradiation.?” It is rather difficult to compare our
present findings regarding the efficacy of BNCT to the re-
port of Lin et al. because their grade 2 and 3 case numbers
were 24 and 5, respectively, and the median tumor volume
of their cases was only 3.8 ml. With regard to radiographic
response, they reported that 2 (8%) and 3 (12%) patients
achieved a CR and PR, respectively, among their 29 grade
2 and 3 cases; in our present series BNCT achieved a CR
in 6 (16.7%), PR in 17 (47.2%), and SD in 13 (36.1%) of the
total 36 cases with available follow-up images. This po-
tent tumor shrinkage may be ascribed to the higher level
of LET particles in BNCT compared to photon and proton
irradiation.28:2°

Our BNCT data should be compared with the data for
proton and carbon therapy in patients with refractory
and recurrent HGM, because not only proton and carbon
therapies but also BNCT is a particle radiation modality.
Unfortunately, only a few papers about proton or carbon
particle therapy for recurrent HGM have been published.
Among them, El Shafie et al. recently reported a very good
mPFS of 25.7 months in their analysis of grade 2 cases
(n =25) and grade 3 cases (n = 6) of HGM recurrence after
RT, however, the OS after treatment was not reported. In
their report, the majority (81%,; 34/42) of patients were
treated by carbon ion therapy, which is characterized by
a high LET and high relative biological effectiveness.3®
This may have been the reason for their quite good re-
sults. Regarding treatment failure, all recurrent cases were

Fig.4 Representative clinical course. The best response was judged as a CR. The treatment failure pattern was systemic metastasis. (A—C) The
Gd-MRI taken just prior to BNCT, 4.5 months after BNCT, and 14 months after BNCT, respectively. (E, F) Gd and FLAIR-MRI taken 14 months after
BNCT. (G, H) Gd-MRI and FLAIR-MRI taken 16 months after MRI, 2 cycles after bevacizumab treatment. (D) FDG-PET scan taken 21 months after
BNCT, demonstrating pleural metastasis of meningioma. Abbreviations: BNCT = boron neutron capture therapy; CR = complete response; Gd-MRI
= gadolinium-enhanced magnetic resonance imaging; FLAIR-MRI = fluid-attenuated inversion recovery-magnetic resonance imaging; FDG-PET =

fluid-attenuated inversion recovery-magnetic resonance imaging.
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locoregional in the report by El Shafie et al. Lin et al. re-
ported a similar trend in treatment failure using SRS as
the re-irradiation modality.?” Generally speaking, systemic
metastasis and CSF dissemination rarely occur even in
HGM.31,32

On the other hand, the treatment failure patterns in the
present series were local recurrence (22.2%), out-of-field
recurrence (30.6%), systemic metastasis (11.1%), and CSF
dissemination (8.3%). Our results showed good local
tumor control, which is the major difference between BNCT
and other radiation modalities. IMRT, SRS, SRT, and proton
and carbon radiation exert an excellent and strict spatial
focus of the radiation to the lesion, whereas BNCT is not
required to strictly focus neutrons, and thus infiltrative
tumor cells as well as the main tumor mass may be dam-
aged simultaneously.

Regarding adverse events (AEs), we lost 1 of our 44 pa-
tients with HGM due to disseminated intravascular co-
agulation syndrome, as reported previously.* This may
have been because this patient was given a long-term
overdose of steroids for the treatment of radiation injury-
induced edema. In the present series, 16 patients (36.4%)
were treated with steroids and 6 patients (13.6%) were
treated with bevacizumab for brain edema that was prob-
ably caused by radiation injury. Brain edema requiring
steroids would be classified as CTCAE grade 2, and that
requiring treatment with bevacizumab would be classi-
fied as CTCAE grade 3 (Table 2). However, bevacizumab
has not yet been approved for the treatment of radiation
necrosis in Japan under the national public health insur-
ance. In our series, therefore, only patients with economic
means were able to use bevacizumab. We thus analyzed
the EQD2 dose and CTCAE grade of radiation necrosis
by combining grades 0 + 1 and grades 2 + 3, as described
above.The rates of these grade 2 and 3 AEs seem relatively
high. This may be ascribed to the patients’ extensive pre-
ceding treatment with RT and large target volume. There
were 4 cases in the present study who received no RT prior
to BNCT. In 1 of these 4 cases, no brain radiation necrosis
appeared and a CR status was maintained throughout the
7-year-observation period. The other patients who had no
preceding RT showed no brain radiation necrosis. As de-
scribed above, there is a significant difference in the total
preceding radiotherapy and BNCT maximum dose for the
normal brain just adjacent to the tumor between those
patients who require treatment for radiation necrosis and
those patients who do not.

Bevacizumab can control brain edema due to radia-
tion injury after BNCT very well, as we reported else-
where.3334 We are currently negotiating to have this agent
approved for radiation injury under Japan’s public health
insurance system.

Several limitations of our study bear mention. This
study was retrospective in nature, with a heterogeneous
patient population and sometimes limited records (ie,
with some important data missing). A further prospec-
tive randomized controlled trial (RCT) is necessary, as
described below.

In Japan today, all BNCT activities are shifting from re-
actors to accelerators in hospital settings.® In June 2020,
approval was granted for the accelerator-based BNCT
treatment of refractory or advancing head and neck

cancers under public health insurance coverage.3%:37 We
are currently negotiating for public health insurance cov-
erage for the on-label use of accelerator-based BNCT for
recurrent malignant gliomas. Based on the experiences
with reactor-based BNCT for HGMs described herein, we
are now performing an investigator-lead, clinical RCT
using accelerator-based BNCT for radiation-refractory
and recurrent HGM for the on-label use of accelerator-
based BNCT.

Conclusion

Reactor-based BNCT achieved good local control, tumor
shrinkage, and favorable survival along with acceptable
safety for recurrent and refractory HGM patients in poor
condition.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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