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2 Impoct 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 gpi-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 | » 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 >10kW 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 1.9MeV (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+ 10.? (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-

ever, the y-ray dose contamination per epi-thermal neutron in a
treatment beam under free-air conditions is 7,75 - 10 Gy em?
(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.x10,' [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-
RL 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-gnergy 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
v-ray elimination. In this facility, neutron beams with various
energy spectra from almost pure thermal to epi-thermal are avail-
able by gontrolling 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.

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 3l. [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 highly selectively [3]. In the present study,
198 tumarfliver concentration ratio was assumed to be 20 accord-
ing to our present study (Table 1) [3]. In BNCT for MPM, boron-
ophenylalanine (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
108 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 200.0 840 100 240
(ppm] (Liver tumor cases)
24.0 (MPM cases)
RBE, CBE
"°8 (n,a) 7L 25 3.8 (CBErey men) 0.94 (CBEpe psn)” 23 (CBEw wea)'
{ ) 4.25 (CBEfes wpal”
“N(npl ¢ 30 30 30 23
Fast neutron 30 30 3.0 22!
y-Ray 10 10 10 1.0
Abbreviations: RBE = relative biological effecti ; CBE=c I
effectiveness; MPM = malignant pleural theli BSH = borncaptate sodium;
BPA = boranophenylalanine.

* 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 obligue 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 gpi-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 dep:h—dose dlstnbutmn profiles along the right
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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 202 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 (364 vs.
30061{-&] 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).

1w0*
Faamgyitialf)

Fig. 2. Comparison of neutron spectrum between HWNIF and accelerator-based neutron source shaped with the BSA.

1w 1o’ 1of

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 gpi-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 3.5-5.0cm.
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-
12em.

Discussion

In BNCT for multiple liver tumors and MPM, the most important
feature of the AB-BNCT system under construction at our institute
is capability to deliver three- or four-port irradiation within a rea-
sonable treatment time (<1 h), including the time required for
changing patient position. Shortening of irradiation time makes it
possible to finish irradiation while maintaining a high '"°B concen-
tration in the tumeor, and to reduce the non-selective background
dose. In addition, shortening of irradiation time provides camfort
to the patients during 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-

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

Dinan (Gy-eq) Drnesn (Gy-2a) Drwin {Gy-ca) Diaa [ Gy-£0) Diwean (Gy-£0) D (Gy-e0)
KUR 1983 (177.0-216.8) 774 (49.3-104.6) 65.1(32.8-842) 53.7 (20.7-76.5) 6.9 (64-74) 50 19(1.3-21)
Accelerator 43.8 [39.0-478) 787 (526-102.0 68.1 (37.7-87.1) 57.7(23.6-76.7) 6.7 (63-72) 50° 1.7{1.1-2.2)
Abiy DVH = di hi KUR = Kyoto University Research Reactor.

'I"he mean dose to the liver ﬂaﬂmim.'d 0 5.0 Gy-Eq.
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Fig. 3. (A) Comparison of isodose distribution between RB-BNCT and AB-BNCT. The liver tumar Is contoured with a solid red line, (B) Depth~dose distribution profiles along
the right neutron beam axis, which passed into the deep-seated liver tumor located at a depth of 9.5-12.5 em. 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).

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 significant, the higher epi-thermal neutron component in-

Please citethis articie in press as: Suzuki M et al. Impact of accelerator-based boron neutron capture therapy (AB-BNCT) an the treatment of multiple liver
tumors and malignant pleural mesothelioma. Radiother Oncol (2009). doi:10.1016/j.radonc.2009.01,010
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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’
source time (min)
Dpmix Diean m {: Dieen  Dioin Do Dean Do Diasa Davan Diin
(Gy-2q) {Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq) (Gy-eq)  (Gy-eq)
KUR 1347 400 199 43 7.7 50 22 53 14 04 104 50 09
(1174-1564) (35.0-423) (193-207) (3.0-61) (7.1-8.1) (1.8-25) (47-68) (12-19) (03-06) (10.0-10.8) (46-52) (05-1.0)
Accelerator 299 364 02 45 73 50 23 448 13 03 9.7 50 08
(26.3-33.3) (33.0-383) (197-21.0) (34-64) (68-7.5) (1.83-26) (42-60) (1.1-1.8) (02-05) (92-102) (4.7-52} (07-08]

Abbreviarions: DVH = dose-volume histogram; MPM = malignant pleural mesothelioma; KUR = Kyoto University Research Reactor,
" The average (range) of DVH data for liver was estimated using the data for three cases with right MPM

* 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-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 Mlux ratio (AB-BCNT to RB-BNCT) profiles along the same beam axis as

that in {B).
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cluded in the KUR beam is effective for enlarging the thermal neu-
tron flux at parts deep within the body. This is because the RB-
BNCT system can maximize the dose sent to deep-seated tumors
near 10 cm, as well as the AB-BNCT system (Figs. 3B and 4B).

Some authors have already reported the advantage of AB-BNCT
for deep-seated brain tumors over RB- BNCT using a head phantom.
Burlon et al. have reported that AB-BNCT can treat brain tumors
that are ~-2.0 cm deeper than those treated with RB-BNCT [19]. Blue
et al. have reported that, for treatment of brain tumors, compared
with RB-BNCT, AB-BNCT can create a neutron field with a signifi-
cantly better field quality (by a factor of 1.2), which is judged by
the dose that can be delivered to a tumor at a depth of 6 cm [20].
The present study is believed to be the first to describe the advan-
tages of AB-BNCT over RB-BNCT in the treatment of body trunk tu-
mors, multiple liver tumors and MPM, apart from brain tumors.

We are preparing to undertake clinical trials with our AB-BNCT
system to get an approval as a medical device from the Pharmaceu-
ticals and Medical Devices Agency (PMDA), a Japanese regulatory
agency. This approval is a prerequisite before the AB-BNCT system
can be constructed at medical institutes. As revealed in the present
study, AB-BNCT has the potential to be applied to multiple liver
tumors and MPM. The patients with multiple liver tumors, includ-
ing metastatic tumors or hepatocellular carcinomas, are much
greater in number than malignant gliomas or melanomas, which
have been treated with BNCT in Japan, the United States and Eur-
ope. Selective high-LET irradiation to tumor cells by BNCT has
the potential to shed new light on the best way to treat multiple
metastatic tumors in lung or brain and pleuritis carcinomatosis.
Extending the application of BNCT to many malignancies will lead
to further progress in the field of BNCT. After approval of the AB-
BNCT system as a medical device, it will be on the market and in-
stalled in existing hospitals,

In conclusion, the AB-BNCT system under construction at our
institute has the ability to deliver three- or four-port irradiation
in the treatment of multiple liver tumors and MPM within a rea-
sonable trearment time (30-60 min). In addition, the AB-BNCT sys-
tem has advantages over RB-BNCT for the treatment of deep-seated
tumaors. AB-BNCT has the potential to be a promising treatment op-
tion for patients with multiple liver tumors and MPM.
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