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ARTICLE INFO ABSTRACT

Background and purpose: To confirm the feasibility of accelerator-based BNCT (AB-BNCT) for treatment of
multiple liver tumors and malignant pleural mesothelioma (MPM), we compared dose distribution and
irradiation time between AB-BNCT and reactor-based BNCT (RB-BNCT).

Material and methods: We constructed treatment plans for AB-BNCT and RB-BNCT of four multiple liver
tumors and six MPM. The neutron beam data on RB-BNCT were those from the research reactor at Kyoto
University Research Reactor Institute (KURRI). The irradiation time and dose-volume histogram data
were assessed for each BNCT system.

Results: In BNCT for multiple liver tumors, when the 5 Gy-Eq dose was delivered as the mean dose to the
healthy liver tissues, the mean dose delivered to the liver tumors by AB-BNCT and RB-BNCT was 68.1 and
65.1 Gy-Eq, respectively. In BNCT for MPM, when the mean lung dose to the normal ipsilateral lung was
5 Gy-Eq, the mean dose delivered to the MPM tumor by AB-BNCT and RB-BNCT was 20.2 and 19.9 Gy-Eq,
respectively. Dose distribution analysis revealed that AB-BNCT is superior to RB-BNCT for treatment of
deep-seated tumors.

Conclusions: The feasibility of the AB-BNCT system constructed at our institute was confirmed from a
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clinical viewpoint in BNCT for multiple liver tumors and MPM.
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Boron neutron capture therapy (BNCT) is based on a nuclear
reaction: non-radioactive isotope '°B atoms that have absorbed
low energy (<0.5 eV) neutrons disintegrate into alpha (*He) parti-
cles and recoiled lithium nuclei (Li). These particles deposit large
energy along their very short paths (<10 pm), whose lengths are
equal to or shorter than a typical cell size [1,2]. Malignant cells
with '°B are thus destroyed following thermal neutron irradiation
by these high linear energy (LET) particles. If a sufficient number of
'%B atoms accumulate in the tumor cells and the gradient of the '°8
concentrations between the tumor and the surrounding normal
tissues is large, then boron neutron capture irradiation will be
selectively delivered to the tumor.

Selective high LET particle irradiation to cancer cells is a unique
property of BNCT, which is an advantage over other radiotherapy
modalities. For the use of this unique property, we have continued
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Research Reactor Institute, Kyoto University, 2-1010, Asashiro-nishi, Kumatori-cho,
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preclinical studies on application of BNCT to tumors located in
radiosensitive organs, such as liver and lung [3,4]. In our previous
studies, the feasibility of BNCT for treating multiple liver tumors
and inoperable malignant pleural mesothelioma (MPM) was con-
firmed from the viewpoint of dose distribution [5,6]. Based on
these preclinical studies, we have carried out clinical BNCT for
multiple liver tumors and MPM since 2005 at Kyoto University Re-
search Reactor Institute (KURRI). One patient with asbestos-in-
duced MPM and three cases of multiple liver tumors have
already been treated with BNCT [7,8].

To deal with the increasing number of candidates for BNCT,
development of an accelerator-based BNCT (AB-BNCT) system is
a prerequisite. Construction of an AB-BNCT system at KURRI was
started in June 2008 and was finished in December 2008. To pre-
pare the protocol for clinical studies using the AB-BNCT system,
comparison of the parameters for dose distribution and irradiation
time between Kyoto University reactor (KUR)-based BNCT (RB-
BNCT) and the AB-BNCT is needed. The aim of the present study
was to investigate the advantages of AB-BNCT over RB-BNCT for
multiple liver tumors and MPM.
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2 Impact of accelerator BNCT

Material and methods
Accelerator

Our AB-BNCT system consists of a cyclotron accelerator that
produces a proton beam of ~2 mA at 30 MeV, beam transport sys-
tem, beam scanning system on the beryllium target, target cooling
system, neutron-beam-shaping assembly (BSA), multileaf collima-
tor, and an irradiation bed for patients in both sitting and decubi-
tus positions. Fig. 1 shows a schematic layout of the BSA for
production of epi-thermal neutrons.

The Li(p,n) reaction at low proton energy is widely accepted as
the most promising for epi-thermal neutron generation [9]. How-
ever, we selected the Be(p,n) reaction with 30 MeV for our AB-
BNCT system because: (1) the system using Li(p,n) reaction needs
an accelerator with a current of >5 mA to yield an intensity of epi-
thermal neutron flux of 1 x 10° n/cm?/s. No accelerator is pres-
ently available to achieve such a high current; (2) it is difficult to
stably operate a lithium target with heat >10 kW because the
180 °C melting point of lithium is much lower than that of beryl-
lium, which is 1278 °C; and (3) the Be(p,n) reaction with 30 MeV
has a higher neutron yield compared with the Li(p,n) reaction.
The neutron yield of the Li(p,n) reaction with 1.9 MeV (near
threshold) is about 2.4 x 10~ (neutrons/proton) [9]. Whereas,
the neutron yield of the Be(p,n) reaction with 30 MeV is about
3.0 x 1072 (neutrons/proton) [10].

The reaction of a proton with the beryllium target emits high
energy neutrons at up to 28 MeV in the 0° direction. The 0° neutron
yield is the largest. The BSA consists of lead, iron, calcium fluoride,
and aluminum for reducing neutron energy and shaping an epi-
thermal neutron beam. The BSA is surrounded by polyethylene
material for shielding fast neutrons and for decreasing radiation
to the patient’s body. The y-ray dose contamination in the treat-
ment neutron beam increases because of y-rays coming from the
neutron capture in hydrogen materials such as polyethylene. How-

Proton beam

beryllium target

ever, the y-ray dose contamination per epi-thermal neutron in a
treatment beam under free-air conditions is 7.75 x 10~'* Gy cm?
(epi-thermal region is from 0.5 eV to 40 keV). This value is suffi-
ciently below than the IAEA-TECDOC-1223 target value of
2 x 1013 [11].

KUR

KUR is a light water-moderated, tank-type nuclear research
reactor, with a nominal power of 5 MW. The Heavy Water Neu-
tron Irradiation Facility (HWNIF) is a bio-medical facility at KUR-
RI. The facility has been previously described in detail [12,13].
The higher energy neutrons are moderated by the epi-thermal
neutron moderator, which is the mixture of aluminum and heavy
water (80%/20% in volume). The heavy-water spectrum shifter is
installed outside of the epi-thermal neutron moderator, for con-
trol of the neutron-energy spectrum. The total heavy-water thick-
ness can be changed from 0 to 90 cm in 10-cm increments. The
thermal neutron filters of cadmium and boral are installed out-
side of the spectrum shifter, to regulate the thermal neutron com-
ponent. The apertures of these filters are changed from 0 to
62 cm. Outside of the filters, the bismuth layer is placed for
y-ray elimination. In this facility, neutron beams with various
energy spectra from almost pure thermal to epi-thermal are avail-
able by controlling the heavy-water thickness in the spectrum
shifter, and by the opening and closing of the cadmium and boral
thermal neutron filters.

Comparison of neutron spectra

A comparison has been carried out between the neutron spectra
at the output port in air for AB-BNCT and RB-BNCT. For the KUR,
the neutron spectrum was measured by activation of gold foils.
For the accelerator-based neutron source, the neutron spectrum
was obtained by simulations from a calculated neutron source.

Lead

Polyethylene

calcium fluoride S5 H

Fig. 1. Schematic layout of BSA for production of epi-thermal neutrons based on beryllium (p,n) reaction using 30 MeV proton beam.
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Assumption and parameters for BNCT treatment planning

The conditions and parameters in BNCT treatment planning are
summarized in Table 1. The parameters were approximately the
same as those in our previous treatment planning studies on BNCT
for multiple liver tumors and MPM [5,6]. The details for determina-
tion of each parameter have been described in our previous reports
[5,6]. The compound biologic effectiveness (CBE) factors of the bor-
on compounds in Table 1 were requested to convert the physical
dose of BNCT to the photon-equivalent dose (Gy-Eq) and the rela-
tive biologic effectiveness (RBE) of each component of the beam.
The CBE factors were used as an alternative RBE in evaluating the
biologically equivalent absorbed dose by BNCT. This was because
the same or different boron compounds might yield variable ef-
fects on different tissues, as a result of variations in the microdis-
tribution of the boron compounds and the morphological
character of the target cells. The CBE factors and RBE values for
the tumors were the same as those used in clinical BNCT trials
[14,15]. The CBE factors and RBE values for liver and lung were
determined by experimental studies using rodents [16,17]. We
adopted the value of 3.0 as the RBE value of N (n, p) 'C radiations
and fast neutrons for liver. The value was greater than the RBE of
fast neutron for hepatocytes reported by Ono et al. [18]. Use of
the greater RBE for normal liver is expected to decrease the occur-
rence of radiation-induced liver disease in clinical situation.

The difference in the method between BNCT for multiple liver
tumors and MPM was the drug delivery system (DDS) for the boron
compounds. In BNCT for multiple liver tumors, borocaptate sodium
(BSH), which has been employed as a boron compound in clinical
BNCT trials for malignant glioma, was administered via the hepatic
artery with vessel occlusion materials (lipiodol), according to our
previous reports [3,5,7]. This DDS method is possible to deliver
198 to liver tumors, that are highly selective [3]. In the present
study, '°B tumor/liver concentration ratio was assumed to be 20
according to our present study (Table 1) [3]. In BNCT for MPM,
boronophenylalanine (BPA), another boron compound available
in clinical trials, was administered intravenously [8]. In the MPM
cases, '°B tumor/lung or liver concentration ratio was assumed to
be 3.5 (Table 1).

In BNCT for multiple liver tumors, the whole liver was defined
as the clinical target volume (CTV). Three-port irradiation by ante-
rior, right and posterior (ARP) beams was planned to deliver ther-
mal neutrons to whole liver as homogeneously as possible [5].
Because the CTV for MPM was defined as the hemithorax, including
the tumor and ipsilateral normal lung, the CTV was divided into
upper and lower portions because of the limit in circular collimator
size (maximum 25 cm). Each CTV was irradiated with anterior—

Table 1
'°B concentrations and RBE and CBE factors used for conversion of physical dose (Gy)
to photon-equivalent dose (Gy-Eq).

Liver tumor MPM Liver Lung
198 concentration 200.0 84.0 10.0 24.0
(ppm) (Liver tumor cases)
24.0 (MPM cases)
RBE, CBE
%8 (n,a) “Li 25 3.8 (CBEfor pra) 0.94 (CBEfor sn)” 2.3 (CBEgor ppa)'
(CBEor pst) 4.25 (CBEgor ppa)’
¥N(np)¥Cc 30 3.0 3.0 2.2f
Fast neutron 3.0 3.0 3.0 2.2t
Y-Ray 1.0 1.0 1.0 1.0

Abbreviations: RBE = relative biological effectiveness; CBE = compound biological
effectiveness; MPM = malignant pleural mesothelioma; BSH = borocaptate sodium;
BPA = boronophenylalanine.

" Data from Suzuki et al. [16].

' Data from Kiger et al. [17).

posterior (AP) beams or 20-30° anterior-oblique and posterior-ob-
lique beams. The oblique beams were used to deliver greater doses
to the tumors at mediastinal side compared to AP beams in some
cases. Four-port irradiation was needed for covering the whole
CTV.

Overview of BNCT treatment planning using the simulation
environment for radiotherapy applications (SERA) system

Computed tomography (CT) images of four patients with multi-
ple liver tumors and six with MPM were used in the present study.
Three patients had right MPM, and the other three had left MPM. In
four BNCT treatment plans for multiple liver tumors, a total of 11
liver tumors were evaluated.

We have already reported the treatment planning studies on
BNCT for multiple liver tumors and MPM using KUR epi-thermal
neutron beam data and the SERA system, a currently available
BNCT treatment planning system. Details of the procedures in
treatment planning using the SERA system have been described
in our previous reports [5,6].

Dose-volume histogram (DVH) analysis

The SERA system can provide DVH data for each tumor or for
the normal tissues as a whole. The maximum, minimum and mean
doses to the tumors and normal tissues were assessed for each
case. In radiotherapy for liver tumors and MPM, radiation-induced
liver injury and radiation pneumonitis are dose-limiting toxicities,
therefore, we set the doses delivered to normal liver and lung tis-
sues as constraint doses. In the present study, 5.0 Gy-Eq of the
mean liver and lung doses were set as the constraint doses. Under
these conditions, each DVH parameter and irradiation time was
compared between AB-BNCT and RB-BNCT. The doses delivered
to the tumors with AB-BNCT and RB-BNCT were compared by
means of Wilcoxon's signed-rank test.

Results
Neutron spectra comparison

Fig. 2 shows the neutron spectra at the output port produced by
the accelerator-based neutron beam (1 mA, 30 MeV proton beam
with the beryllium target) and epi-thermal neutron beam of
HWNIF in the KUR. The neutron beam produced by the accelerator
was harder compared with that of the KUR. In comparison of the
maximum numbers yielded per lethargy, the accelerator source
produced neutrons approximately four orders of magnitude higher
than KUR.

Comparison of dose distributions in BNCT for multiple liver tumors

Table 2 summarizes the DVH parameters for tumor and normal
liver and irradiation time for three-port irradiation in AB-BNCT and
RB-BNCT for multiple liver tumors. To compare irradiation time
and dose distribution in tumors between AB-BNCT and RB-BNCT,
all treatment plans were normalized to deliver mean doses of
5 Gy-Eq to the whole liver. The average irradiation time was 43.8
and 198.3 min in AB-BNCT and RB-BNCT, respectively. The aver-
ages of the maximum, mean and minimum doses delivered to all
11 tumors in the AB-BNCT were significantly higher than those
in RB-BNCT (78.7 vs. 77.4 Gy-Eq, 68.1 vs. 65.1 Gy-Eq and 57.7 vs.
53.7 Gy-Eq, p =0.0023, p = 0.0040, and p = 0.0022, respectively).

Fig. 3A shows the isodose distributions in the representative
case with deep-seated liver tumor provided by RB-BNCT and AB-
BNCT. AB-BNCT delivered higher dose to the tumor than RB-BNCT.
Fig. 3B shows the depth-dose distribution profiles along the right
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Fig. 2. Comparison of neutron spectrum between HWNIF and accelerator-based neutron source shaped with the BSA.

neutron beam axis which passed into the deep-seated liver tumor.
The depth-dose profiles in the tumor located at a depth of 9.0-
12.5 cm demonstrated that AB-BNCT delivered a higher dose than
RB-BNCT. Fig. 3C shows the depth-ratio of thermal neutron flu-
ence-rate (AB-BCNT to RB-BNCT) profiles along the same beam axis
as in Fig. 3B. The ratio of thermal neutron fluence-rate increased
from 3.9 to 6.3 at a depth of 1-12 cm, which was caused by the
property of the accelerator-based neutron source which has a peak
at higher energy in its neutron spectrum compared with that of the
KUR as shown in Fig. 2.

Comparison of treatment parameters in BNCT for MPM

Table 3 compares the DVH parameters for tumor and normal
lung and irradiation time for four-port irradiation in AB-BNCT
and RB-BNCT for MPM. To compare irradiation time and dose dis-
tribution in the tumor between AB-BNCT and RB-BNCT, all treat-
ment plans were normalized to deliver mean doses of 5 Gy-Eq to
the whole of the ipsilateral lung. The average irradiation time in
AB-BNCT and RB-BNCT were 29.9 and 134.7 min, respectively.
The mean doses delivered to the MPM tumors by AB-BNCT and
RBNCT were 20.2 and 19.9 Gy-Eq, respectively. The average of
the maximum doses delivered to the MPM tumors by AB-BNCT
was significantly lower than those with RB-BNCT (36.4 vs.
40.0 Gy-Eq, p=0.0253). On the other hand, the average of the
minimum doses delivered to the MPM tumors by AB-BNCT was
significantly higher than those with RB-BNCT (4.6 vs. 4.3 Gy-Eq,
p=0.0275).

Fig. 4A shows the isodose distributions for the tumor in the rep-
resentative case with MPM provided by RB-BNCT and AB-BNCT.
AB-BNCT delivered higher dose to the MPM tumor located in the
middle of the thorax compared to RB-BNCT. Fig. 4B shows the
depth-dose distribution profiles along the anterior epi-thermal
neutron beam axis in the case of MPM. The tumor located at a
depth of 9.0-12.5 cm received a greater dose with AB-BNCT com-
pared with RB-BNCT. On the other hand, RB-BNCT delivered a
greater dose to the tumor located at a depth of 3.5-5.0 cm.
Fig. 4C shows the depth-thermal neutron flux ratio (AB-BCNT to
RB-BNCT) profiles along the same beam axis as Fig. 4B. The thermal
neutron flux ratio increased from 4.0 to 5.8 within a depth of 1-
12 cm.

Discussion

In BNCT for multiple liver tumors and MPM, the most important
feature of the AB-BNCT system at our institute is capability to de-
liver three- or four-port irradiation within a reasonable treatment
time (<1 h), including the time required for changing patient posi-
tion. Shortening of irradiation time makes it possible to finish irra-
diation while maintaining a high '°B concentration in the tumor,
and to reduce the non-selective background dose. In addition,
shortening of irradiation time provides comfort to the patients dur-
ing irradiation and single or two-fractionated BNCT has economic
benefits.

Another important feature of the AB-BNCT system is its capabil-
ity of delivering greater doses to deep-seated tumors than RB-

Table 2
Irradiation time and DVH parameters showing averages (with range) for liver tumors and normal liver.
Neutron source Irradiation time (min) Tumor Liver

Dpmax (Gy-eq) Dinean (Gy-€q) Dpnin (Gy-€q) Dinax (Gy-eq) Dinean (Gy-€q) Dimin (Gy-€q)
KUR 198.3 (177.0-216.8) 77.4 (49.3-104.6) 65.1 (33.8-84.2) 53.7 (20.7-76.5) 6.9 (6.4-7.4) 5.0 1.9 (1.3-2.1)
Accelerator 43.8 (39.0-47.8) 78.7 (52.6-102.0 68.1 (37.7-87.1) 57.7 (23.6-76.7) 6.7 (6.3-7.2) 5.0° 1.7 (1.1-2.2)

Abbreviations: DVH = dose-volume histogram; KUR = Kyoto University Research Reactor.

' The mean dose to the liver normalized to 5.0 Gy-Eq.
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Depth-thermal neutron flux ratio (AB-BCNT to RB-BNCT) profiles along the same beam axis as that in (B).

BNCT, under conditions in which the mean doses delivered to nor-
mal liver or lung are equal. This advantage of AB-BNCT over RB-
BNCT was especially evident in BNCT for deep-seated multiple liver
tumors. As shown in Table 2, AB-BNCT delivered significantly
greater doses to liver tumors than RB-BNCT did. As shown in
Fig. 2, the AB-BNCT system provided a higher peak energy (near
10 keV) in its neutron spectrum compared with RB-BNCT. The

higher energy peak of the AB-BNCT system is well suited for gen-
erating a thermal neutron flux distribution suitable for deep-
seated tumors and provides a larger thermal neutron fluence to
areas deep within the body compared to the RB-BNCT system.
However, while the epi-thermal neutron beam of HWNIF in the
KUR has a softer spectrum and the near-10-keV component is
not SIgmﬁcant the hlgher epl thermal neutron component in-
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6 Impact of accelerator BNCT

Table 3

Irradiation time and DVH parameters showing averages (with range) for MPM tumors and normal lung.

Neutron Irradiation Tumor Ipsilateral lung Contralateral lung Liver’
ti .

2QHICE 05 (mm) Drmax Drmean Dimin Dmax Drmean Dpin Dinax Dimean Drmin Dmax Drmean Diin

(Gy-eq) (Gy-eq) (Gy-eq)  (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq)  (Gy-eq)

KUR 134.7 40.0 19.9 43 7. 5,00 22 53 14 0.4 104 5.0 09
(117.4-156.4) (35.0-42.3) (19.3-20.7) (3.0-6.1) (7.1-8.1) (1.8-2.5) (4.7-6.8) (1.2-1.9) (03-0.6) (10.0-10.8) (4.6-52) (0.8-1.0)

Accelerator 29.9 36.4 202 4.6 73 5.0° 23 49 13 03 9.7 5.0 0.8
(26.3-33.3) (33.0-383) (19.7-21.0) (3.4-64) (6.9-7.5) (1.8-2.6) (4.2-6.0) (1.1-1.8) (0.2-05) (9.2-10.2) (4.7-5.2) (0.7-0.8)

Abbreviations: DVH = dose-volume histogram; MPM = malignant pleural mesothelioma; KUR = Kyoto University Research Reactor.

" The average (range) of DVH data for liver was estimated
t The mean dose to the liver normalized to 5.0 Gy-Eq.
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Fig. 4. (A) Comparison of isodose distribution between RB:

00 10 2.0 3.0 40 50 6.0 7.0 80 9.0 10.011.0 12.013.0
Depth from surface (cm)

-BNCT and AB-BNCT. (B) Depth-dose distribution profile along the anterior-oblique neutron beam axis in the case

of BNCT for MPM. A yellow arrow on the CT image indicates the beam axis. (C) Depth-thermal neutron flux ratio (AB-BCNT to RB-BNCT) profiles along the same beam axis as

that in (B)
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