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ABSTRACT

Since 1968, One-hundred seventy three patients with glioblastoma (n=81), anaplastic
astrocytoma(n=44), low grade astrocytoma(n=16) or other types of tumor (n=32) were treated
by boron-neutron capture therapy (BNCT) using a combination of thermal neutron and BSH
in 5 reactors (HTR n=13, JRR-3 n=l, MuITR n=98, KUR n=28, JRR-2 n=33).
Out of 101 patients with glioma treated by BNCT under the recent protocol, 33 ( 10
glioblastoma, 14 anaplastic astrocytoma, 9 low grade astrocytoma) patients lived or have
lived longer than 3 years. Nine of these 33 lived or have lived longer than 10 years. According
to the retrospective analysis, the important factors related to the clinical results were tumor
dose radiation dose and maximum radiation dose in the normal brain cortex.
The result was not satisfied as it was expected. Then, we decided to introduce mixed beams
which contain thermal neutron and epithermal neutron beams. KUR was reconstructed in 1996
and developed to be available to use mixed beams. Following the shutdown of the JRR-2,
JRR-4 was renewed for medical use in 1998. Both reactors have capacity to yield thermal
neutron beam, epithermal neutron beam and mixed beams. The development of the neutron
source lead us to make a new protocol.

INTRODUCTION

Glioblastoma is a most poorly differentiated glioma and considered as a carcinoma of the
brain. It usually grows in the white matter of the cerebrum and rapidly invades into the normal
brain tissue with multiple directions before the time of diagnosis. Most of the patients with
such an invasive glioma, not only glioblastoma but also anaplastic astrocytoma and low grade
astrocytoma are beyond the point of curative surgical removal of the tumor because of the risk
of damage to the surrounding normal brain tissue. Recent trials using high dose radiation (60-
70Gy) therapy shows constantly efficient results '\ However, whole brain radiotherapy
produced extensive radiation damage. On the other hand, adjuvant chemotherapy after
standard postoperative external beam radiation shown some statistically significant effect in
16 randomized clinical trials. From the viewpoint of the radiation effect and quality of life
after treatment, boron neutron capture therapy (BNCT) is an ideal treatment for malignant
brain tumors2 \
BNCT is considered as an intercellular internal radiation therapy. Alpha particles yielded from
the reaction between boron-10 and thermal neutron has high energy (2.4 MeV) and have a
short path length (5-10 nm) which is equal to approximately one tumor cell diameter. Because
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of the short path length of these heavy particles and selective accumulation of 10B in target
tissues, the great potential advantage of BNCT is its cell level selective destruction of tumor
tissue without significant damage to healthy brain tissue. It is well known that for a
successful brain tumor treatment, it is essential to secure a sufficient radiation dose (enough
alpha particles)3'. This depends on an adequate accumulation of boron in the tumor cells and a
satisfactory neutron fluence at the target area. Following the discontinuance of clinical trials
in USA, renewal of BNCT was started by H. Hatanaka using a new boron compound, BSH
(Na2B12HnSH) at HTR (Hitachi training reactor) in Japan, 19684>. Furthermore, Matsumoto
et al., Kanda et al. developed a less diluted and less contaminated thermal neutron beam that
was also introduced in the clinical trial.
Besides the boron compound and thermal neutron beam, we have considered other possible
evolutionary factors. One was the precision of the diagnostic procedures and the other was
dosimetry or radiation planning. The recent advancement of diagnostic procedures such as
CT scan and MRI made it possible to determine the size and the depth of the tumor with
greater accuracy. The safety of the thermal neutron beam is well known, however, it rapidly
attenuates in the brain tissue. Then it is important to monitor the attenuation of the thermal
neutron beam in the brain tumor. In accordance with the MRI findings, we insert gold wires in
the brain tumor or brain tissue around the tumor to detect the correct neutron flux at the target
areas. A simultaneous monitoring system was also developed by Hayakawa et al. using
acoustic pulse generation. This system made it easy to continuously check the neutron
flux in the areas which it was desirable to monitor .
The other ideal new instrument is prompt gamma ray spectrometry developed by Drs.
Kobayashi and Kanda. Since 1988, the utilization of prompt gamma ray spectrometry has
given us more accurate data on the boron concentration in tumor tissue and blood before a
decision on the radiation time is made. Using data from previous studies, we then make a plan
for the radiation and dosimetry. This paper reports the clinical results of the patients treated
between 1968 and 1995. We also analyzed the radiation planning, dosimetry, and other
basic data to find out the prognostic factors in the clinical trial in Japan.

RECENT STANDARD TECHNIQUE of BNCT

In order to improve the neutron penetration in the brain tissue , we debulk the brain tumor and
make a cavity at preliminary operation one to two weeks before BNCT. Partial excision of the
tumor also minimizes the bulk of future necrotized tissue after BNCT. The skin flap must be
large enough to allow a large aperture for the neutron beam (12 cm xl2 cm). According to the
MRI findings, we insert a few gold wires in the tumor or around the tumor for measurement
of neutron flux. The tip of the wire must be around the target point. After the operation, we
identify the location of the gold wires by CT and/or skull X-ray. The day before BNCT,
about fifteen hours before neutron irradiation, BSH diluted in 500 ml saline is intravenously
infused for 60 minutes by drip infusion. (60-80 mg BSH/kg body weight). The following
morning the patient is taken to the reactor. Under general anesthesia, the patient's skin flap
is reopened and the bone flap is removed. After the opening of the dura mater, a piece of the
tumor tissue is obtained for boron-10 analysis. We placed additional two or three gold
wires on the surface of the brain to measure the neutron fluence on the irradiation field. A thin
silastic rubber balloon filled with air is placed into the cavity. The procedure maintains the size
of the cavity during neutron irradiation and improves the neutron penetration. Following the

closure of the dura matter, a heat-malleable plate of a plastic material containing "Li-F is
applied to the patient's head to protect the skin from the neutron irradiation. This "helmet" has
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a hole in the center to allow the neutron beam into the tumor-harboring area of the brain. The
beam should be as free as possible from fast neutrons and gamma rays to avoid indiscriminate
radiation to the brain. The entire head is covered with sterile plastic drapes to prevent
infection. Simultaneous neutron beam monitoring devices are attached on the surface of
the brain. Gamma rays are measured by TLD at several points of the body. The patient is
moved into the irradiation chamber. Under remote-control general anesthesia , the head is
fixed towards the neutron port and neutrons are delivered. Blood is intermittently drawn
from the patient before and after neutron irradiation for boron-10 analysis. Boron
concentration in the brain tumor and blood is measured by prompt gamma ray spectrometry
during the irradiation. In order to measure the exact neutron flux at each point of interest,
gold wires inserted in the tumor tissue are pulled out at 15-30 minutes after the full power
operation of the reactor. It is possible to asses the exact neutron fluence at each point of
interest. The plan for the remainder of the irradiation is then based on this up-to-the-minute
data regarding boron concentration and neutron flux (Fig. 1, 2).
The timing of the neutron irradiation was designed according to the clinical analysis in our
series. T. Kageji et al45). reported detailed pharmacokinetics and boron uptake of BSH in the
recently report. The mean boron concentration in the tumor was 25.8 ppm and the tumor to
blood ratio (T/B) was 1.69 in our series. Neutron irradiation has been tried between 10 to 20
hours after a single infusion of BSH in our trial. The study showed a significant statistical
correlation between boron uptake and time interval from the start of BSH infusion. Within the
first 10 hours after BSH infusion, malignant glioma tissue contained high level of boron (30-

60 mg/g l^B), however, at that time, since boron concentration in blood was also about two
times higher, and the T/B ratio was below one. Following 15-20 hours after BSH infusion, the
boron concentration in tumor showed above 20 mg/g ^ B in 56% of malignant glioma patients
and the T/B ratio was above one in 69%, above two in 38% of them. Twenty or more hours
after infusion, boron was eliminated from the tumor and the concentration was below 10 mg/g

l^B in two-thirds of the patients. Initial tumor concentration stayed below blood
concentration within 10 hours after injection of BSH, and after 15-18 hours the T/B ratio was
above one since boron clearance from tumor was slower than from blood.
These data indicated that the neutron irradiation should be done around 15-20 hours after the
BSH infusion. A positive tumor-to-blood ratio and a uniform tumor concentration around 10-

40 mg/g IO3 are needed for successful BNCT .
On the other hand, subcellular boron-10 (BSH) localization in human glioblastoma was
studied using laser microprobe mass analysis, and immunohistochemical study. We reported
that Boron-10 is found intracellularly in the tumor tissue whereas in healthy brain, all boron
present is only in the blood vessels.
Absorption of the Boron in the tumor cells was revealed between 2 to 48 hours after BSH
injection. Especially the staining at 6, 8, 12, 16 hours after the injection of BSH was
significant. The other investigation using CR-39 and atomic force microscopy demonstrated
BSH as multiple ultra small etch pits in the cytoplasm and nucleus of the tumor cells 6).

CLINICAL TRIAL and RESULT

Since 1968, we have treated 173 patients and performed boron-neutron capture therapy
(BNCT) using 5 reactors (HTR ; Hitachi training reactor, JRR-3 ; Reactor of Japan
Atomic Energy Research Institute, MTIR ; Reactor of Musashi Institute of Technology,
KUR ; Research Reactor Institute of Kyoto University, JRR-2 ; Reactor of Japan Atomic
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Energy Research Institute) in Japan. There were 81 patients with glioblastoma, 44 patients
with anaplastic astrocytoma and 16 patients with low grade astrocytoma (grade 1 or 2). There
were 32 patients with other types of tumor (Table 1). To investigate the prognostic factors
which correlate to the result of BNCT, we divided the patients into two groups and analyzed
the data. One group (group 1) : the patients who lived more than 3 years. The other group
(group 2) : the patients who lived less than 3 years. We analyzed histology of the tumors,
age of the patients, radiation time, boron concentration in blood, neutron fluences on the
surface of the brain at target point target depth, tumor volume dose in each group.

RESULTS

The overall response rate demonstrated by CT or MRI in the patients with glioma was 60%.
Ten patients (12%) of glioblastoma, 22 patients (32% ) of anaplastic astrocytoma and 9
patients (56%) of low grade astrocytoma lived more than 3 years. Six patients (5 glioblastoma
and one anaplastic astrocytoma) died within 90 days after BNCT. Seven patients (three
glioblastomas and four anaplastic astrocytomas) lived more than 10 years. One patients out of
seven died in recent two years. The cause of his death was insenescence. There was no
abnormal findings demonstrated by follow up CT. The other patients died of recurrence of the
tumor 7 years afetr BNCT (Fig 2). The relapse of the tumor occurred outside the radiation
range. Out of 141 patients with glioma treated by BNCT, 33 lived or have lived longer than 3
years after BNCT. There are one patient with brain stem glioma and five patients with
meningioma, 3 AVM and 2 other kinds of tumor ( Table 1). As prognostic factors,
grading of the tumor, age of the patients and target depth were proved as important factors.
The most important factor was tumor volume radiation dose demonstrated by boron n-alpha
reaction. The tumor volume was calculated on CT or MRI findings. Twenty-eight patients
were treated before the induction of CT, therefore the patients were excluded in this study.
The tumor volume radiation dose in the patients with grade 2 glioma were 11.5Gy (group 1)
vs. 6.7Gy (group 2), 15.6Gy (group 1) vs. 11.8 (group 2) in grade 3 glioma and 18.2Gy
(group 1) vs. 9.8Gy (group 2) in glioblastoma patients (Table 2).
How to reduce the radiation dose of the normal brain tissue (maximum vascular radiation
dose in the normal cortex) is important to protect the normal brain function. About 10% of the
patients in our series showed brain damage which was demonstrated on MRI with or without
clinical symptoms after BNCT. Clinical analysis in our series demonstrated that the maximum
vascular radiation dose must be less than 15Gy (physical dose of boron n-alpha reaction).
The difficulty to achieve both of minimum target dose 18Gy and maximum vascular dose
(less than 15Gy) led us introduction of epithermal neutron in BNCT (Table 3).

Proposed protocol for malignant brain tumor in JAPAN 1998

- Patients with glioma grade 3-4
- Less than 70 years of age
- No serious systemic disease
-Good general condition (KPS>70)
-Minimum target volume dose:18Gy
-Maximum vascular dose: less than 15Gy
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Radiation field: 10x 12c

Fig. 2 Radiation Planning

18 yo. male Glioblastoma

Direction of neutron beam

4cm

6cm
Tumor volume dose : 15Gy at 4cm in depth
Target volume dose : lOGy at 6cm in depth

Table 1 Historical diagnosis and patients lived more than 3 years
treated by BNCT (1968 -1998)

Glioblastoma
Anaplastic astrocytoma
Lowgrade astrocytoma
Brain stem glioma
Meningioma
PNET
Metastatic brain tumor
AVM
Others

10/81*
14/44
9/16
1 / 8
5/ 6
0/ 6
0/ 5
3/ 4
2/ 3

Total 44 /173 cases

44 patients lived more than 3 years / No. of patients
* another 4 patients are stili alive
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Fig. 1 Timing of neutron irradiation and Theoretical Boron Concentration
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Table 2 Comparison of tumor volume radiation dose demonstration
by physical dose of Boron n-alpha reaction

Good outcome Poor outcome
(lived more than 3 years)

Grade

Grade

Grade

2

3

4

11.5 +
(n =

15.6 ±
(n =

18.2 ±
(n =

1
6
9
1;
9
7

.2
)
.3
3)
.4

)

6

11

9

.7±
(n =
.8±
(n =
.8±
(n =

3.
5
7.
2
7.
6

0
)
8
1 )
1 Gy
1 )

Table 3 Radiation necrosis and related factors

19 cases of radiation necrosis (19/174 cases ; 10.9%)
Clinical and radiographic : 14 cases
Radiography only : 5 cases

Necrosis (+) Necrosis (-)

( n = 19 cases) (n= 155 cases)

Age 38.5 ±19.0 41.8 ±18.6 (y.o.)

Radiation time 254 ± 99 218 ±103 (min)

B-10 in blood 28 ± 9 22 ± 10 (ppm)

Neutron fluence 2.1E13 ± 0.6E13* 1.7E13 ± 0.8E13

(n/cm2)

Vasculardose 21 ±8 .1* 9.4 ±5.1 (Gy)

( * p < 0.05 )
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