1724 T. Andoh et al / Applied Radiation and Isotopes 69 (2011) 17211724

BPA-Fr in femorally tumor-bearing mice were 7.6 and 7.8,
respectively. Previous experimental and clinical studies suggested
that these ratios have to be at least 3 (Barth et al, 1996). The
values of T/B and T/S obtained in the present study fulfill the
therapeutic requirements.

H.E. staining data revealed that CCS tumor tissues were
histologically different from the surrounding normal tissues, as
evidenced from Fig. 3A. Fig. 3B-D shows the results of immunos-
taining with anti-BPA MAb. Here, the presence of BPA can be
detected by browny coloration of tissues. The accumulation of
BPA indicated by brownish color was predominant in the tumor
tissues over the surround normal tissues (Fig. 3B), and tumor
tissues obtained without BPA administration (negative control)
did not develop brownish color well (Fig. 3C), suggesting that BPA
is likely to be distributed in a CCS-selective manner. Interestingly,
BPA was detected mainly in intracellular regions of CCS as seen in
the magnified photograph (Fig. 3D). This can be a strong indica-
tion of cellular uptake of BPA taking place even in vivo CCS-
bearing animals. Further studies are warranted to determine
whether melanin synthesis is related to the high accumulation
of boron in CCS.

4. Conclusions

Biodistribution of boron after i.v. administration of BPA-Fr into
newly established CCS-bearing nude mice was studied. The peak
concentrations of boron in tumor varied from 45 to 74 ppm,
depending on the animal models. The T/B and T/S ratios were
9.2 and 4.5 in dorsally tumor bearing model, and 7.6 and 7.8 in
femorally tumor bearing model, respectively. Tumor-specific BPA
distribution was microscopically observed in the intravenously
BPA-Fr-given CCS-bearing mice through immunohistological
examination. A preclinical BNCT trial using a CCS-bearing mouse

will be a next issue to clarify whether BNCT using BPA-Fr can be a
promising therapeutic option for the CCS.

Acknowledgments

This work was supported in part by a Grant-in-Aid for
Scientific Research (No. 22591657) from Japan Society for the
Promotion of Science.

References

Barth, RF, Scloway, AH., Fairchild, R.G., Brugger, RM, 1992. BNCT for cancer-
realities and prospects. Cancer 70, 2995-3007.

Barth, RF., Soloway, A.H., Brugger, RM., 1996. Boron neutron capture therapy of
brain tumors: past history, current status and future potential. Cancer Invest.
14, 534-560.

Fujimoto, T., Andoh, T., Sudo, T., Fujita, I, Imabori, M., Moritake, H., Sugimoto, T.,
Sakuma, Y., Takeuchi, T. Sonobe, H., Epstein, A.L, Akisue, T., Kirihata, M.,
Kurosaka, M., Fukumori, Y., Ichikawa, H. Evaluation of BPA uptake in clear cell
sarcoma (CCS) in vitro and development of an in vivo model of CCS for BNCT
studies. Appl. Radiat. Isots., in press, doi: 10.1016/j.apradiso.2011.02.006.

Kirihata, M., Asano, T, 2008. JP Patent Pending 2008-94729.

Mishima, Y., Honda, C., Ichihashi, M. Obara, H., Hiratsuka, J., Fukuda, H,
Karashima, H, Kobayashi, T., Kanda, K, Yoshino, K, 1989. Treatment of
malignant-melanoma by single thermal-neutron capture therapy with mela-
noma-seeking B-10-compound. Lancet 12, 388-389.

Moritake, H.,, Sugimoto, T., Asada, Y., Yoshida, AM., Maehara, Y., Epstein, LA,
Kuroda, H., 2002. Newly established clear cell sarcoma (malignant melanoma
of soft parts) cell line expressing melanoma-associated Melan-A antigen and
overexpressing C-MYC oncogene. Cancer Genet. Cytogenet. 135, 48-56.

Nakagawa, N., 2006. Therapeutic effect of boron neutron capture therapy on
malignant glioma: fundamental studies using C6 rat glioma models. Med. J.
Kinki Univ. 31, 215-224.

Weiss, S.W., Goldblum, ].R., 2001. Enzinger and Weiss’s Soft Tissue Tumors, fourth
ed., pp. 1240-1250.

Yoshing, K, Suzuki, A., Morj, Y., Kakihana, H., Honda, C., Mishima, Y., Kobayashi, T.,
Kanda, K, 1989. Improvement of solubility of p-boronophenylalanine by
complex formation with monosaccharides. Strahlenther. Onkol 165, 127-129.

339



Applied Radiation and Isotopes 69(2011) 16421645

Experimental verification of beam characteristics for cyclotron-based

epithermal neutron source (C-BENS)

H. Tanaka?®*, Y, Sakurai?® M. Suzuki?,

S. Masunaga?, T, Mltsumoto , K. Fujita®, G, Kashino?,

Y. Kinashi?, Y Liu®, M. TakadaC K Ono A Maruhashl

2'Research Reéactor Institute; Kyoto University, Osaka-590-0494, japan
‘B Sumitomo Heavy Industries Ltd; Tokyo 14T-6025, Japan:
¢ National Institute of Radiological Sciences; Chiba 263-8555, Japan

ARTICLE INFO ABSTRACT

‘Available online 21 March 2011
Keywords:

Boron neufron capture thefapy
- Cyclotron-based neutrof: source
Epithermal beam

Multi-foil

A cyclotron-based epithermal neutron source has been developed. for boron neutron capture.therapy:

This system. consists of a cyclotron accelerator producmg 1.1-mA. proton beams :with an energy- of
30'MeV; d-bearn. transport. system coupled with a beryllitni neutron production target, and a‘beam-
shaping assembly (BSA) with a neutron collimator. In.our previous work, the BSA was: optimized
‘to-obtain sufficient epithermal neutron’fluxes.of ~ 10° cm7? 57! using'a Monte Carlo simulation code;
In order to'validate the'simulation results, irradiation tésts using niulti-foil activation at the'surface of a

gamma-ray shield located behind the collimator and water phantom experiments using a collimated
epithermal neutron beam were perforrned It-was: confirmed experimentally that the: intensity of the

epithérmial neutrons was 1.2 510% cm~%4™

1
©2011 Elsevier Ltd. All rights reserved.

1. Introduction

At: the: Kyote University Research Reactor Institute (KURRI),
‘clinical trials ‘of boron feutron capture therapy (BNCT) have been

performed using the Kyoto University” Research Reactor (KUR)_

{Sakurai and Kobayashi, 2002). The operation of KUR was stopped
from March 2006 to May 2010 beciuse of the change to low-
enriched nuclear fuel, Clinical trials were restarted in May 2016.

~ AtKURRLa cyclotron-based neutron source (C-BENS) has also
‘beeni’ déveloped for clinical use: In our previous work, a heam-
"shapmg assembly (BSA) was optlmlzed to obtain a -sufficient
‘intensity’ of epithermial neutroris, with reduction ‘of ‘gamma-ray
‘contamination and of fast neutron doses: (Tanaka et al, :2009). The
desngn—based 'C-BENS was manufactured and installed at KURRI in
December 2008, ‘We started neutron. production tests in March
2009; As of Decemnber 2010, various irradiation physnca] character-
istics, such as whele-body exposure and:measurements of BSA

activities: for- reduction of worker exposure, and also biological
'chara“cteriStics,vuSing’v cells arid: mice, ha’dmo‘stly beeri evaluated. It
pecidlly: important-to' confirm the influence: of high-energy.
‘ iergy of the C-BENS is higher than

is
' - be:
thatof KUR

In this paper, in order to validate:the: simulation results, irradia:

e the neutron &

tion tests using multi-foils for detecting high-energy neutrons over.

. Correspandmg author. Tel.: +81 7245 1 24(58
‘E-mail address; h-tanaka@m kyoto—u acjp (H. Tanaka).

0969-8043/5 - see front matter © 2011 :Elsevier Ltd: All ﬁg‘htS reserved.
“doii10.1016j.apradise.2071.03:020

‘beam was expanded’using scanner'magnets. Reactions
30-MeV protons and ‘the Beryllium target ‘emit hlgh -energy
neutrons, up to 28 MeV, in the 0 degree direction. The BSA.can

several MeV, and using a water phantom for detecting thermal
neutron distributions, were: performed.

.2.. Materials and miethods

21, 'Cyclo‘trdns,basqd epithe rmaI neutron source.

The C-BENS consists of a cyclotron accelerator, manufactured by

:Sumitombo Heavy Industries; Ltd: (Tokyo, Japan), which can produce
‘ali-mA proton beamwith an energy of 30 MeV, a: beam transport
.system, .a BSA, a collimator-assembly-(CA), and an irradiation bed:
-A'detailed déscription of the device features is given in' Mitsumoto

et-al. (2010). The schematic layout of the CA. and the BSA of the
C-BENS is shown in‘Fig: 1. The CA can move backward to:view: the
setting position of a patient through' the collimator window; this
backward movement is also used to measure the neutron spectrum

‘under free-in-air conditions in order to establish netitron sources

for treatment: planmng,
To reduce the heat input-at the beryllium: target, the proton
between

reditice theneuitron energy fiom arolind 28 MéV to the epithermial
energy region because lead and ifon*work as mioderators with

inelastic cross=sections, and aluminum and calcium fluoride: werk
as shapers, with a total cross-section, including the valley of
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<------l--------
Collimator ¥  Beam Shaping

Assembly

Assembly

LiF loaded
polyethylene

Gamma ray
shield

)

Target assembly

Proton beam

Beryllium target

Polysethylene

Fig. 1. Schematic layout of the beam-shaping assembly and collimator assembly of a cyclotron-based epithermal neutron source.

several tens of keV. Epithermal neutrons penetrating from the
BSA go through a gamma-ray shield.

2.2, Mulii-foil measurements

To measure the remaining high-energy neutrons over several
MeV, multi-foils such as aluminum, nickel, and iron, which have a
threshold energy, were placed at the center of the gamma-ray
shield. After irradiation, the activities of the multi-foils were
measured by a high-purity germanium detector (HP-Ge). To
compare the results with the simulation results obtained with a
MCNPX Monte Carlo code, the reaction rates for the multi-foils
were derived from the equation below, using corrections such as
cooling time: T., measuring time: Tr, and irradiation time: T; to
correct the irradiation time precisely, variations in the proton
current, expressed as Q;/At, were taken into consideration:

AC
eyNoe—Aie(1—e~4n) Z?— 1 (%_(1 _e—lAt)e—,l(n—i)At)

R= )

where the constants 1,&,, and C are the decay constant, detection
efficiency, gamma-ray emission ratio, and total photo-peak
counts, respectively.

2.3. Water phantom measurements

To measure the dose distributions of thermal neutrons and
gamma-rays in a water phantom, a 30 x 30 x 20 cm cubic water
phantom was set in front of a collimator of diameter 25 cm. Gold
wires and cadmium-covered gold wires were installed at the
central axis, to detect thermal neutron flux. TLDs were also set at
the central axis. To measure the thermal neutron flux in the
lateral direction, gold wires and cadmium-covered gold wires
were also installed at depths of 2 and 6 cm. After irradiation, the
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Fig. 2. Relationship between elapsed time and proton current detected at the
beryllium target.

activities of the gold wires were measured by the HP-Ge. The
cadmium ratio was used to estimate the thermal neutron flux.

3. Results and discussion
3.1 Multi’-foil measurements
Fig. 2 shows the typical relationship between elapsed time and

proton current at the beryllium target. It was confirmed that the
cyclotron can produce a stable proton current of up to ~1 mA for

~ about 1 h. This is enough for use in clinical trials because the
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epithermal neutron flux exceeds 10° cm~2s~!
of 1 mA.

Fig. 3 shows the ratio of measured reaction rate to calculated
reaction rate. Thermal/epithermal neutrons were measured by the
reaction of '*7Au(n, ¥)'°®Au. To detect high-energy neutrons of
the order of MeV, the reactions of >®Ni(n,p)*%Co, >%Fe(n,p)**Mn,
27AI(n, «®*Na, and >®Ni(n,2n)*’Ni with threshold energies of 2.8,
6.0,7.2, and 13.5 MeV, respectively, were used. It was found that the
ratio of the measured reaction rate to the calculated reaction rate
was around 0.7 for the thermal/epithermal and high-energy regions.

According to the reference (Takata, 2010), the neutron spectra for
a thick beryllium target using the cross-section data for ENDF/B-VI],
and those using experimental data (Brede et al., 1989; Waterman
et al, 1979), in the energy range from 17 to 35 MeV, were compared.
This revealed that the cross-section data for ENDF/B-VII were higher
than the experimental data. The overestimation of the cross-section
data for ENDF/B-VII was a factor in the difference between the
calculated and measured reaction rates.

Fig. 4 shows the relationship between the proton current at
the beryllium target and the measured intensity of the epithermal
neutron flux at the surface of a gamma-ray shield. This clearly
confirmed good linearity between the proton current and the
intensity of the epithermal neutron flux. Hence, the information
on the proton current can be used to monitor neutron flux to
decide on treatment times. The C-BENS can produce an epither-
mal flux intensity of up to 1.2x10°cm~2s~! with a proton
current of 1 mA. In this paper, the energy range from 0.5 to 40 keV
was defined as being the epithermal neutron range. The neutron
fluxes for the thermal and fast regions were 5.0x10° and
6.0x 107 ecm~2 s}, respectively. The dose contaminations per
epithermal neutron for fast neutrons and gamma-rays were
5.8 x 107" and 7.8 x 10~ !* Gy cm?, respectively.

per proton current

3.2. Water phantom experiments

Fig. 5 shows the measured thermal neutron distribution in a water
phantom compared with the calculated results. The collimator was
25 cm in diameter, which was the maximum size. The calculated

1 T T T T
08 T .
5 y ~ ’ -+
o] ‘ H i - -
3 o6 - ? ] ! .
T A
&
(]
5
a2 04 .
Q
=
02 ]
0 1 1 ] 1 1
@%‘?9 c,‘boo cg:@‘(\ ,‘y&@ A
SISO o
N D AN N A
S & & v S
Thermal- 2.8MeV 6.0MeV 7.2MeV 13.5MeV
Epithermal

Reaction

Fig. 3. Ratio of measured data from activities of multi-foils for detecting high-
energy neutrons fo calculated results using MCNPX.
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Fig. 4. Relationship between the proton current at the beryllium target and
epithermal neutron flux at the surface of the gamma-ray shield.
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Fig. 5. Thermal neutren distributions in a water phantom at the central axis.
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Fig. 6. Gamma-ray dose distributions in a water phantom at the central axis.

results were multiplied by the factor of 0.7 mentioned above. The
calculated results multiplied by this factor were in good agreement
with the measured data. The thermal neutron flux at a depth of 2 cm
was 1.7 x 10°cm™2s~ L

Fig. 6 shows the gamma-ray dose distribution in a water
phantom compared with the calculated results. The calculated
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Fig. 7. Thermal neutron distributions in a water phantom in the lateral direction
at depths of 2 and 6 cm.

results for the gamma-ray dose were also in good agreement with
the measured data, within TLDs errors of less than 15%.

Fig. 7 shows the measured thermal neutron distribution in the
lateral direction at depths of 2 and 6 cm. The measured data were
also compared with the calculated results multiplied by the factor
of 0.7. The calculated results were in good agreement with the
measured data, except for distances beyond 8 cm from the center.
It was thought that the difference between the measured data and
the calculated results beyond 8 cm was caused by the effects of
scattering from the walls, floor, and irradiation bed, which were
not included in this calculation.

4. Conclusions

Experiments using multi-foils and a water phantom to validate
the simulation results obtained with MCNPX code were performed.
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It was found that the simulation results for reaction rates caused by
high-energy neutron and thermal neutron distributions in a water
phantom were in good agreement with the measurement results.
Good linearity between the proton current and epithermal neutrons

. at the surface of the gamma-ray shield was confirmed. Hence, the

information on proton current can be used for measurements of
neutron fluence in the determination of treatment times.

It was found from the experimental results that the intensity
of the epithermal neutron flux at the center of the gamma-ray
shield was 1.2 x 10° cm~2 s~! under proton beam conditions of
1 mA. This value was about twice as large as that for the KUR
reactor-based epithermal neutron source, which was used in over
300 clinical trials. Furthermore, C-BENS can produce stable
operation with a proton current of 1 mA for 1h. The use of
C-BENS for clinical trials in the near future is desirable.
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system.

In order: to monitor stability of doses from the four components such.as thermal,.epi-thermal, fast
nedtron and ‘gamma-ray during BNCT -irradiation, we are developing: a- multiionization-chambet

This'system is consisted of four kinds of ionization chamber, which have:specific sensitivity foreach
-component, respectively: Since a suitable striicture for-each ¢hambér dépends-on the energy spectrum

of the irradiation field, the: optimization study of the chamber structures for the epi-thermal neutron
beam of cyclotron based epi-thermal neutron source’ (c- BENS) was performed by usinga Monte Carlo
sirmulation code “PHITS” and suitable chamber=structures were detefmined.

©'2011 Elsevier Ltd. All rights reserved.

1. Introduction

In irradiation fields of BNCT, many radiation compenents such
as thermal (—05 eV), epl—thermal (0.5 eV-40 keV) and fast
(40 keV-) neutron, and gamma-ray exist. Considering that the
bmloglcal effectiveness of those components are different, accu-
rate evaluation methods at real-time regarding the doses from
4-components have te be established for the quality assurance of
BNCT. Based on this backgrotind, we suggested a “multiioniza-
tion-chamber systemn” to nionitor the stability of ‘doses from the
4-components ‘at real time during the irradiation. In: this system,
four kinds of ionization chambers {IC) having specific response for
each comporient; are used in.current mode. They are preferred to
be small enough to have negligible effect on the beam, when
placed at'the edge of the beam collimator in. the BNCT facility.

To complete this system, the structural optimizations of each
IC for wall :material, wall thickness and .gas, are necessary for.
every: irradiation ﬁelds In this paper, the optimization study for
the episthermal neutron spectrum -of the cyciotron-based epi-
thermal neutron source {C-BENS)-in Kyoto: University Research
Reactor Institute (KURRI) is reported.

2. Material and methods

The optimization study was performed by using aMonte Carlo
simulation code PHITS “Particle Heavy lon Transport code Sys-
‘tem”. This code can treat: all ion transports and their deposit

* Corresponding author, Tel;/fax: +81 72'451 2604,

‘E-mail address: ftakaaki@ft7.ecs kyoto-u.acjp (T. Fujii).

0969-8043/5 - see front matter © 2011 Elsevier Ltd. All rights reserved.
‘d6i:10.1016/j.apradiso.2011.03.031

energy distribution (Iwase and Niita, 2002). The ionization cham-

‘bers were' modeled based on 2cc-chamber of the:IC-17 series
‘manufactured by Far West Technology (FWT), Combinations of

each IC considered in this study is shownin Table 1.
For the IC of gamma-ray component (Gamma-IC}, the surveys
wete performed for wall materials such as graphite (G), magne-

sitm (Mg) and aluminum (Al) and gases such’as argon (Ar) and

carbon dioxide (CO3). For'the IC of thermal component.in neutron
(Thermal-IC), the surveys 'were performed for silicon nitride wall
(5i3N4) and mitrogen gas {N2) to ‘enhance thermal response via
N(n,p) reaction. For the IC of epi-thermal component (Epi-IC);

‘polyethylene wall (Poly)was selected-as the effective nmoderatot
from epi-thermal to thermal, and N, gas was selected in the same

way as on Thermal-IC. In addition, the sensitization in case that
198 is coated at'1.8 jim thickness on inner wall was investigated

for Epi-IC. For the IC of fast component (Fast-IC); Poly wall and

methane gas (CHy} were selected to -enhance. fast response via

‘recoil proton generated in wall and: gas.

The optimization surveys for wall thickness were performed
from O to 10 mm in 1 mm increment, for Gamma-IC, Thermal-IC,
and Fast-IC. As for Epi-IC, the survey was performed from O to
100 mm in 10.mm increment: to: confirm the thermahzatlon of

-epi-thermal neutron in Poly-wall. The IC responses were evalu-

ated as the electriczcurrents: (hereinafter called the current)

‘generated from respective components.

In the PHITS—siinglatitm,, all 1ICs ‘were: handled in the same
manner. The energy -deposited in gas by charged particle (proton,

-electron; alpha etc.) is calculated with a tally called Deposit Tally

[T-deposit]. The unit of output obtained in a tally is Mevjem?,
which can be converted into number of electron-ion pairs by

. using the gas volume: in the:chamber and its W-value for mainly
-generated-particles needeéd to create suich a pair (ICRY, 1979).
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Table 1
Combinations of ionization chamber.

IC-type Wall (Gas) Wall thickness (mm;)
(Increment (mm))
Gamma-IC G/Mg/Al (Ar/CO5) 0-10 (1)
Thermal-IC SizsN4(N2) 0-10 (1)
Epi-IC Poly(N,)+ 1°B 0-100 (10)
Fast-IC Poly(CH,) 0-10 (1)
10° . T T T

—_
Q
=3

Flux per Lethargy [em?2s71]
5 3

1 05 1 1 1
108 106 104 102 10° 10%

Energy [MeV]

Fig. 1. Energy spectra of epi-thermal neutron beam (sclid line: neutron and dash
line: gamma-ray).

Epi-thermal Beam
Tonization Chamber{2ce)

Fig. 2. Geometry in PHITS calculation.

The number of electron per second, namely current, is finally
obtained using the beam intensity and the elementary charge in gas.
The energy spectrum data obtained at the collimator aperture of
C-BENS (Tanaka and Sakurai, 2009) were set as the source data of
neutron and gamma-ray. The energy spectra of the epi-thermal
neutron beam at C-BENS used in this study are shown in Fig. 1 (solid
line: neutron and dash line: gamma-ray). The neutron spectrum was
divided into three components {thermal, epi-thermal and fast}, and
each component was used as a neutron source for its energy range.
The geometry used in the PHITS is shown in Fig. 2. A chamber is
placed facing with the surface source for gamma-ray and neutron
from C-BENS. The directionality of the source is assumed to be
parallel The diameter of the surface source is the same as that of the
chamber outside-wall in order to reduce the calculation time.

3. Simulation results

The calculated currents for all ICs were in the pA-level, which
is a sufficiently measurable level using an ammeter.
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3.1. Gamma-IC

Chambers filled with argon gas showed higher sensitivity ratio
than that of CO, gas for gamma component by 20%, since deposited
energy from charged particles produced by reaction with fast
component is suppressed by the low cross section in argon.

This shows that a Graphite wall of 4-mm thickness and argon
gas is the best combination in the three wall materials. The ratio
of gamma-ray to all components is approximately 95% in the
electric current using this combination (see Fig. 3.)

3.2. Thermal-IC

It is difficult to obtain a higher current compared to the other
three components. Because, there is low thermal component at
C-BENS originally (see Fig. 4a)). The ratio of thermal to all compo-
nents did not depend on the wall thickness but mainly depend on gas
type. So the optimum thickness of SisN; wall is between 1 and
10mm in terms of this study, and the ratio of thermal to all
components at these thicknesses is approximately 20%.

3.3. Epi-IC

The 30 mm thick of Poly generates the peak electric-current
for epi-thermal component due to the reaction with N, gas and
neutron moderated in wall, and the '°B-coated chamber gener-
ates two order higher current than the no-coated one due to the
large energy-transfer by alpha and lithium particle from °B(n, o)
7Li reaction (see Fig. 4(b)). This means that the wall also plays a
role as epi-thermal moderator, and the thermalized epi-thermal
component reacts with the coating !°B and the N, gas. The ratio of
epi-thermal to all components at 30 mm is approximately 96%.

3.4, Fast-IC

The current derived from epi-thermal component is dominant
in smaller wall thickness, and it decreases with increases in wall
thickness (see Fig. 4(c}). The ratio of fast to all components at 10
mm is approximately 50%.

4. Experimental resulis

Experiments were performed at the C-BENS facility to verify
the PHITS simulations and currents calculation methods. As the
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Fig. 5. Experimental settings for the ionization chambers at C-BENS.
Table 2 disagreement compared with experiments. The differences

Comparison for the obtained currents at C-BENS between the experiments and
PHITS-simulations.

1C-type PHITS (pA) Exp (pA) PHITS/Exp
Fast-IC (1cc) 26.6+2.0 28+2 0.95 +£0.15
Gamma-IC (2¢cc) 301325 4243 0.71+0.13

Gamma-IC and Fast-IC, commercially available chambers (IC-
17G(2¢cc) and IC-17P(1cc) manufactured by FWT) were used.
Fig. 5 shows the experimental settings at the C-BENS facility.
The ionization chambers were placed at the center of the epi-
thermal beam collimator (Fig. 5). Neutron beam spectrum is the
same configuration of the simulation source.

Table 2 shows the results of current comparison between
experiments and calculation using PHITS. The experiment and the
simulation results were in good agreement for Fast-IC chambers
within 5%. For Gamma-IC, however, calculation showed 30%

between calculation and experiment seems to derive from charge
estimation methods or gamma-ray data we used.

5. Conclusions

The optimization surveys for wall and gas of ICs using multi-
ionization chamber system were performed for the C-BENS
facility. For Gamma-IC, it is concluded that graphite wall of
4 mm thickness and argon gas is the best combination. The ratio
of gamma-ray to all components is approximately 95% using this
combination.

For Thermal-IC, the optimum thickness of IC wall is 1-10 mm
of SisN4 in terms of this study due to independence from wall
thickness. The ratio of thermal to all components at these
thicknesses is approximately 20%. For Epi-IC, 30 mm of Poly
generates the peak of current for epi-thermal component. But,
this size of Poly increases thermal compenent at 9% in the
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neutron beam when the IC is placed at the edge of the collimator
aperture for the C-BENS side. The optimum thickness of Poly was
determined to 10 mm in this study, because the ratio of epi-
thermal to all components is large (approximately 90%) enough to
get the sufficient current and the increase of thermal components
is negligible by the Poly of this thickness. For Fast-IC, the
optimum thickness of Poly-wall is 10 mm, and the ratio of fast
to all components is approximately 50%.

As works in the near future, response factors for 4-components
of 4-ICs have to be determined, respectively, based on experi-
mental results from several fields having different neutron
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spectra, and we will finally make the optimized-ICs and complete
the multiionization-chamber system for C-BENS.

References

ICRU, 1979. Average energy required to produce an jon pair. ICRU Report 31,
Bethesdas, MD.

Iwase, H., Niita, K, 2002. Development of general-purpose particle and heavy ion
transport Monte Carlo code. J. Nucl. Sci. Technol. 39 (11), 1142-1151.

Tanaka, H., Sakurai, Y., 2009. Improvement of dose distribution in phantom by
using epithermal neutron source based on the Be(p,n) reaction using a 30 MeV
proton cyclotron accelerator. Appl. Radiat. Isotop. 67, 258-261.



Examination of 'C-Methionine Metabolism by the
Standardized Uptake Value in the Normal Brain

of Children
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The aim of this study was to determine the uptake of L-
[methyl-1'C]-methionine (''C-MET) in the normal brain of pa-
tients younger than 20y, to facilitate more accurate diagnoses
in young patients. Methods: Eighty-two patients were cate-
gorized into 4 groups according to their age. They underwent
1C-MET PET, and a standardized uptake value (SUV) was
determined for different brain regions including the frontal lobe,
parietal lobe, cerebellum, and brain stem. Results: Compared
with all other parts of the brain, the cerebellum had the highest
SUV. A tendency for a positive relationship between SUV and
age was found in all regions, and a significant relationship with
SUV was found in the frontal lobe and cerebellum. Conclusion:
The character of SUV in the normal brains of children is different
from that of adults, and these normal SUV data will play an
important role as a critical reference value.

Key Words: ''C-methionine PET; normal accumulation;
standardized uptake value; children

J Nucl Med 2011; 52:201-205
DOI: 10.2967/jnumed.110.082875

The tracer L-[methyl-11C]-methionine (!C-MET) is
useful for PET in neurooncology (I,2), making it possible
to assess the characteristics of lesions that could not be
diagnosed by other means (I,3-7). 1!C-MET uptake is also
informative about the malignancy of lesions, as is *¥F-FDG
PET (6,7). For younger patients, it is critical to get accurate
information about lesions, such as the degree of malignancy
and extent of lesions, as early as possible. Therefore, it is
essential to have an accurate understanding of C-MET
PET data. To date, 'C-MET PET has been interpreted
mainly using the lesion-to-normal (L/N) ratio—comparison
between !C-MET uptake in the lesion and that in the cor-
responding normal region in the contralateral hemisphere
(8-10). In cases of a highly malignant lesion, it would be
relatively easy to point out where the lesion is, but when the
disease has low malignancy, it may be difficult because
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interpretation of the result is semiquantitative. Thus, an
absolute index is desirable. Uda et al. determined the nor-
mal 1*C-MET uptake and extent of variation (11), but there
is no report about normal uptake among children. In the
current study, we evaluated normal 'C-MET uptake in
persons younger than 20 y.

MATERIALS AND METHODS

Patients

Between February 1994 and May 2008, 1,228 patients under-
went 11C-MET PET at Osaka City University Hospital. Of these
patients, 136 were 20 y or younger. Exclusion criteria included the
following: infiltrative grade I-IV neoplasm according to the
‘World Health Organization classification (/2), extramedullary or
midline tumors greater than 20 mm in diameter (3 patients), edem-
atous changes in the brain (3 patients), and history of radiation
therapy or chemotherapy (48 patients). The remaining 82 patients
(40 male and 42 female; mean age * SD, 12.4 £ 6.1 y; range, 0—
20 y), who were not taking any drugs that could influence brain
metabolism, were divided into 4 groups according to their age:
group 1, 0-5 y; group 2, 6-10 y; group 3, 11-15 y; and group 4,
16-20 y. The standardized uptake value (SUV) of normal brains
was examined according to age and each region, including the
frontal lobe, parietal lobe, cerebellum, and brain stem.

The Ethics Committee of Osaka City University Graduate
School of Medicine approved this PET study. Informed consent
was obtained from all patients or their parents.

PET

PET was performed with an Eminence B PET scanner
(Shimadzu); the spatial resolution was 4.5 mm (in full width at
half maximum), and slice thickness was 5.6 mm. Scans were
obtained parallel to the orbitomeatal line of the patients. After 4 h
of fasting, 1!C-MET (6 MBg/kg) was injected intravenously over
30 s. After a transmission scan was obtained, a static scan of
10 min was begun 20 min after injection.

Imaging Analysis

Two experienced nuclear medicine radiologists interpreted the
scans. The PET images were reconstructed by measured attenu-
ation correction. In both analyses, the region of interest (ROI) was
placed manually in the axial plane within the frontal cortex,
parietal cortex, cerebellum, and brain stem (Fig. 1). The ROIs of
these regions, except for the brain stem, were demarcated man-
ually within the lateral side of the gray matter by reference to the
MRI data. In the brain stem, the ROI was placed over the whole
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FIGURE 1. Sample of T'C-MET PET images. ROls were takenr
manudlly in axial plane. Coregistration between MR images and
PET scans is-adequate. B-= brain stem; C-= cerebellum; F =frontal
coitex;.P-= parietal cortex;

brain.stem at the ;nxiddicfpons‘flf:vel. Mean pixel counts inthe: ROIs
were normahzed 'to SUV usmg thc su'bject 3 body Wel,_,ht w1th the

[1nJected radlmsotope acuvny/body wezght]) X cahbranon factor.
Statistical Analysis-

The différences between each part of the brain were andlyzed in
every. group. The sample’cornsisted. of 54 patients: for whon- we
had all SUV data, including: the- right frontal lobe, right parietal
lobe, tight cerebellum, and brain: stem,. Statistical -analysis was
petformed by non-fepeated-measutes ANOVA, with 'post hoe tests
corrected using Bonferroni and Student-Newman—Keuls analysis.

The relationship between SUV and- ‘age was ana]yzed in-every
part of the brain with linear. regression-and Spearman. comélation
tests, The. samples used .in these -analyses were. 58 “frontal

hemispheres (79 right hemispheres and 79 Tleft hemispheres),

118 -parietal hemispheres (59 right hemispheres and 59 left
hcnuspheres) 156 cerebellar hemispheres o7 right- hemisphieres
and 79 left hemlsPheres) and 62. brain stems. In’ all statistical
analyses, significance was defined as a P value less than . 0.05.

RESULTS

Frontal Lobe A o
SUVs (mean + SDY in the: frontal lobe were 1.133 =

0.295 and 1.088 = 0.379 in group 1, 1:067 * 0.264 in

group 2, 1.101 * 0.268 in group 3, and 1.199 * 0.258 in

group 4 (Table 1). A significant linear regression between

SUV and age (P'= 0.0282) was found (Fig. 2).

Parietal Lobe

‘SUVs (mean = SD).in. the frontal lobe were 1.149 +

0:290 and 1.052 = 0.399 in group 1, 1.114 *= 0.209 in.

group2 L. 122 + ovzoin Zoup 3, and 123”5 + 0243ih
and 4 (P‘ < 001) were founcl bﬁt o mgmﬁcant hneatﬁ
regression between -SUV and age (P = 0.396) was found

(Fig. 2).

Cerebellum A ) ‘
SUVs (mean = SD) in the frontal lobe: were 1:312 =+

0:309 and 1.145 + 0.347 in group 1, 1.319 = 0345 in.

group 2, 1.327 + 0301 in group 3, and 1.394 % 0.251 in.

‘group 4 (Table 1. Significant differences betweer groups 1

and 2 (P < 0. 05), groups:1 and 3 (P <X 0:01); and. groups: 1
and 4 (P < 0.01) were found. A significant linear regression
between SUV and age (P = 0.00197) was:also found (Fig. 2).

Brain Stem
SUVS (mean * SDy in the frontal lobe were 1245 +
0.306 and 1.096 = 0:367 in group: 1, 1.222 = 0.165 in

group 2, 1.268 + 03422 in group 3; and 1.298 + 0.265

in group 4 {Table 1). No- stamstlcally significant difference.
between SUV and age was found (Fig. 2).

Comparison Between Each Part of Brain

szty—four of the 82 patients were" analyzcd, and: 31gn1ﬁ~
cant differences between the: frontal lobe and cerebellum
(P < 0.01), frontal Tobe and brain stem (P < 0.01), parietal
lobe and cerebellum (P < 0.05), and parietal lobe and brain.
stem (P < 0.05) were found (Fig. 3). In group 3, significant

TABLE 1. )
SUV in Each Part of Brain in Every.Group:
Frontal lobe Parietallobe Cerebéllum Brain stem
Group 0 Mean =8D n Mean £ SD T Mean=SD o  Mean + SD

1.067 = 0.264 12

1414 =0.209 12

1.319 = 0:345

6 1.222 + 0,165
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FIGURE 2. Regression and scatterplots for
analysis of age-associated SUV change in
frontal lobe, parietal lobs, cerebellum, and
prain stem. In all parts of brain, positive fin-
s o ear regression was found, but P value of
M M 10 - 2w 25 M s 10 = 20 2% regression coefficient was statistically sig-

nificant only in frontal Jobe and cerebelfum.

differences between the frontal lobe and cerebellum (P <
0.01) and frontal lobe and brain stem (P < 0.01) were
found. But in groups 1, 2, and 4, there was no significant
difference between each part of the brain (Fig. 4).

DISCUSSION

UC-MET PET has been used for the description of
lestons and for less invasive evaluation of malignancy.
Many papers show that PET is more sensitive and specific
than MRI in detecting intracranial tumors (6,9,/0), because
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FIGURE 3. SUV in different parts of brain amoryy patients aged 0~
20 y. Significant differences between frontal lobe and cerebellum,
frontal lobe and brain stem, parietal lobe and cerebellum, and pari-
etal jobe and brain stem were cbserved.

SUV or MMC-MET v Younc Normat Braiv ¢ Nagata et al.

PET can detect amino acid metabolism in various cells
directly. In general, amino acid metabolism is low in nor-
mal brain tissue and high in tumor tissue, According to this
difference in ""C-MET accumulation, "C-MET PET can
display clear contrast images for lesions. Therefore, 1'C-
MET PET would be an informative modality for detecting
the boundary between an active lesion and normal brain
tissue {6). Some reports have also described *SF-FDG
PET as being helpful in assessing the degree of malignancy
{3-6), and "C-MET PET is also associated with malig-
nancy and may provide valuable information on clinical
tumor aggressiveness and prognosis (6,7,13).

in general, ""C-MET PET images have been evaluated
mainly by using an L/N ratio that compares Y'C-MET
uptake in the lesion with that in the corresponding normal
region in the contralateral hemisphere {8—10). Because the
reference normal tissue will influence the resuit of the L/N
ratio as a denominator, it is important that an appropriate
location be chosen for the RO used to calculate the normal
reference value (74).

There are variations in normal 'C-MET accumulation
for each part of the brain and variation between different
ages {171). The reliability of the L/N ratio will, then, decline
when uptake in the lesion is not o high. In addition, in the
case of tumors near the midline or brain stem, it will be
difficult to set normal ROIs in the contralateral region.
Therefore, it is important to know the absolute amount of
SUVs in the normal brain.

In a previous study, Uda et al. reported the SUV in the
normal adult brain (/7), and such data are an important
indicator of amino acid metabolism. To date, there has been
no report about normal uptake of C-MET in brains
throughout development, including infancy, childhood, and
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young adulthood. If standard amino acid metabolism varies
by age, the SUV may be a more suitable indicator than the L/
N ratio in *!C-MET PET.

In previous reports, (" Tuama et al. showed a significant
age-dependent decline of 'C-MET uptake in maturing
adults (/5), and Uda et al. also reported a slightly negative
linear regression, although no statisticaily significant differ-
ence was observed (/7). The reason for this age-associated
decline in "'C-MET uptake was explained as a developmen-
tal decline in the activity of the neutral amino acid trans-
porter of the blood—brain barrier (/3). In the present study,
we found that uptake of HC-MET in all parts of the brain
we studied gradually increased with age until 20 y, possibly
reflecting high activity of the neutral amino acid transporter
and brain protein synthesis to meet the needs of brain
metabolism. These results suggest that the brains of younger
persons are immature and still developing.

On the other hand, 'F-FDG PET, the local cerebral met-
abolic rate for glucose, is higher in infants at 3-5 mo old
(16,17). This tendency is different from our result in ¥C-
MET PET because the metabolism of glucose represents
not only the activity of neurocytes but also the activity of
the neural network, including structures around synapses,
whereas amino acid metabolism indicates the extent of pro-
tein synthesis. 1'C-MET uptake also increases linearly as the
brain matures during young adulthood. After brain weight
reaches a plateau, the uptake begins to decrease, reflecting
developmental decline, as described in a previous report (/5.

In each part of the brain, SUV was highest in the
cerebeltum in this population, similar to results reported for
adult humans investigated by Uda et al. (7). The plasticity
of synapses is important for motor learning (/8), which is
criticaily governed by the cerebellum. Activity of the neural
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network will increase amino acid metabolism in neuro-
cytes, and this higher motor learning will continue for a
lifetime. In addition, there is higher cell density in the
cerebetlum, especially in the granular cell layer, than is
found in other brain regions. Therefore, total amino acid
metabolism will increase. These are possible reasons for
high accumulation in the cerebellum.

We obtained more reliable information about H'C-MET
SUV in normal brains, including age-associated and regional
changes. This study provides useful information for clinical
determinations such as operative indications, which are
affected by the malignancy of the lesion.

When continuous long-term follow-up is necessary in
some children and younger patients, information about
normatl metabolism variation associated with aging is useful
in making judgments regarding the effectiveness of treat-
ment, and thus it is essential to make accurate evaloations
according to a patient’s age and brain region.

CONCLUSION

The present study evaluated the accumulation of MC-
MET and SUVs in the normal brain among children and
young adults and found significant age-associated differen-
ces in some regions. To make more accurate evaluations in
NC-MET PET, age-associated criteria will be necessary in
children and young aduits.
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Convection enhanced delivery of carboranylporphyrins
for neutron capture therapy of brain tumors
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Abstract Boron:mneutron capture therapy (BNCT) is based
on the nuclear capture and fission reactions that occur when
non-radioactive '°B is irradiated with low energy thermal
‘neutrons to produce ¢-particles (IOB[n a)l"Li). Carboranyl-
porphyrins, are a class of substituted porphyrins containing:
-multiple. carborane clusters. Three of these compounds,
designated H, TBP, H;TCP, and H,DCP, have been evalu-
ated in the present study. The goals were two-fold. First, to

.determine their biodistribution following intracerebral (i.c.}
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administration by. short term: (30 min} convection enhanced
delivery (CED) or sustained delivery over 24 h by. Alzet™
osmotic. pumps to F98 glioma bearing rats. Secornd, to
determine the efficacy of H2TCP and HZTBP as boron
delivery agents for BNCT in F98 glioma bearing. rats.

Tumor boron. concentrations immediately after i.c. pump

delivery were high and they remained so at 24 h. The cor-

responding normal brain concentrations were low and the

blood and liver concentrations were undétectable. Based on
these: data, therapy studies- were:initiated at the Massachus
setts ]hsutute of T cchnology (MI’I‘) Research Reactor
(MITR) with: H;TCP and H,TBP 24 h-after CED or pump
delivery. Mean survival times (MST) = standard deviations
of animals that had received H,;TCP or H;TBP, followed by
BNCT, were of 35 + 4 and 44 £ 10 days, compared to
23 4+ 3 and 27 + 3 days; respectively,. for untreated and
irradiated controls: Howevcr, sinee the. tamor boron con-

centrations of the carboranylporphyrins were 3-5x higher

than intravenous {v.) boronophenylalamne (BPA), we had

‘expected that:the MSTs would have been ‘greater. Histo-
pathologic examination of brains of BNCT treated rats
revealed that there were:large numbers. of porphyrm-ladcn

macrophages as well as extracellular accumulations of

porphyrins, indicating that the seemingly high tarior boron
concentrations did not represent: the ‘true tumor cellular
uptake. Nevertheless, our data are the first to: show-that

carboranyl porphyring can be used as delivery agents for

BNCT of an experimental brain tumor. Based on these
results; we now. are in. the process of synthesizing: and

evaluating carboranylporphyrins that coiild have enhanced

cellular uptake and improved therapeutic efficacy.

Keywords Convection enhanced délivery -

Carboranylporphyrins - Boron neutron capture therapy -

«F98 rat glioma
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Introduction

Boron neutron capture therapy is based on the nuclear
capture and fission reactions that occur when non-radio-
active boron-10 is irradiated with neutrons of the appro-
priate energy to yield high energy alpha particles (*He) and
recoiling lithium-7 (7Li) nuclei. Since these particles have
pathlengths of approximately one cell diameter, their
lethality primarily is limited to boron containing cells.
BNCT, therefore, can be regarded as both a biologically
and a physically targeted type of radiation therapy. Its
success is dependent upon the selective delivery of suffi-
cient amounts of °B to cancer cells with only small
amounts localized in the surrounding normal tissues. A
wide variety of boron delivery agents have been synthe-
sized [1], but only two of these currently are being used in
clinically. The first, which has been used primarily in
Japan, is sodium borocaptate or BSH, and the second is a
dihydroxyboryl derivative of phenylalanine referred to as
boronophenylalanine or BPA [2]. The latter has been used
in clinical trials in Japan, Burope and the United States,
primarily for the treatment of high grade gliomas, and more
recently for recurrent tumors of the head and neck region.
Following i.v. administration of either BPA or BSH by i.v.
infusion, the tumor site is irradiated with neutrons, the
source of which is a nuclear reactor.

Several recent clinical studies on the treatment of
patients with glioblastomas (GBM) by means of BNCT
have reported encouraging results [3-6]. Careful analysis
of survival data from a study, carried out in Sweden [3] in
which BPA was administered at a higher dose over a longer
period of time [4], suggested that a subset of patients had
survival times that were at least as good as those obtained
with conventional therapy consisting of X-irradiation in
combination with temozolomide (TMZ) [7]. Similarly,
BNCT studies carried out by Miyatake and Kawabata and

A H,TBP

their co-workers [5, 6], in which BPA and BSH were
administered in combination, followed by an X-ray boost
[6] showed favorable responses in patients with newly
diagnosed GBM and especially those in high risk groups
[6]. However, a randomized Phase III clinical trial wulti-
mately will be necessary to unequivocally establish that
BNCT can produce equivalent or superior survival data
compared to the current standard treatment of surgery
followed by RT and TMZ. Interested readers are referred
to the recently published proceedings of the Thirteenth
International Congress on Neutron Capture Therapy for
more detailed information relating to BNCT [8].

There has been a long-standing interest on the part of a
number of research groups on the design, synthesis and
biological evaluation of boron-containing porphyrins as
delivery agents for BNCT [9-28]. Detailed information on
this subject is provided in two comprehensive reviews on
boronated porphyrins [21, 22]. The carboranylporphyrins
used in the present study belong to a class of meso-substi-
tuted porphyrins containing four mido-carborane clusters
and 36 boron atoms per molecule (37-31% boron by
weight), linked to the porphyrin macrocycle via hydrolyti-
cally-stable carbon-carbon bonds. These compounds
have been designated 5,10,15,20-tetra-(4-nido-carboranyl-
phenyl)tetrabenzoporphyrin  (H,TBP), 5,10,15,20-tetra-
(4-nido-carboranylphenyl)porphyrin (H,TCP) and 5,15-
di-[3,5-(nido-carboranylmethyl)phenyl]porphyrin (H,DCP)
and their structures are shown in Fig. 1. The synthesis and
preliminary biological evaluation of H,TCP [23-26],
H,DCP [26, 27] and H,TBP [28, 29], previously have been
reported. Barlier studies [23-235, 27-29] suggested that
H,TCP, H,DCP and H,TBP were promising boron delivery
agents due to their low toxicity and enhanced tumor uptake.

Based on the reports of Ozawa et al. [30, 31] and our
own experience with CED [32], we decided to focus on
direct i.c. delivery of the carboranylporphyrins rather than

C H,DCP

Fig. 1 Chemical structures of the carboranylporphyrins used in this study: A tetra(4-nido-carboranylphenyl)tetra-benzo-porphyrin, H,TBP;
B tetra(4-nido-carboranylphenyl) porphyrin (H,TCP); and C di[3,5-(nido-carboranylmethyl)phenyl]porphyrin (H,DCP)
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systemic administration. CED is an innovative method for
local drug delivery to brain tumors by which a pressure
gradient, or bulk flow, is used to drive an infusate through
the extracellular compartment [33]. It allows delivery of
the infusate to the tumor and surrounding brain at much
higher concentrations than could be achieved by systemic
administration. As demonstrated in both animal studies
[32, 34] and clinical trials [35, 36], CED not only increased
the delivery of both low and high molecular weight agents,
but also improved their therapeutic efficacy. Initially, we
carried out some preliminary studies with several carb-
oranylporphyrins using the F98 rat glioma model [37]. We
now present a more detailed evaluation of the biodistri-
bution and efficacy of H,TCP, H;DCP and H,TBP as
potential boron delivery agents for neutron capture therapy

(NCT).

Materials and methods
Synthesis of carboranylporphyrins

All nido-carboranylporphyrins were synthesized from
the corresponding closo-carboranylporphyrins via base-
induced degradation for H,TCP and H,DCP or fluoride-
induced degradation for HyTBP [38]. Therefore, all of them
were stereoisomers, as shown by 'H-NMR spectra and
ab initio calculations, which might contribute to their
therapeutic efficacy. The percent boron by weight was 27%
for H,TBP and 31% for H,TCP and H,DCP. Two of these
were converted to their zinc complexes, ZnDCP and
ZnTCP, for the biodistribution studies described below.
These were all stable for months at physiologic tempera-
tures, but they were light sensitive and, therefore, they
were shielded from light prior to their administration.

Biodistribution of ZnDCP and ZnTCP in glioma
bearing mice

Biodistribution studies were carried out in female C57B1/6
mice {(Animal Production Branch, National Cancer Insti-
tute, Frederick, MD), weighing 20-25 g, bearing the syn-
geneic murine GL261 glioma. This tumor was induced by
the i.c. implantation of methylcholanthrene pellets into the
brain of a C57Bl/6 mouse [39]. It is composed of poorly
differentiated cells histopathologically consistent with a
glioblastoma. Tumor cells were implanted subcutaneously
(s.c.) into the right dorsum with an inoculum of 1.8 x 10°
cells. Biodistribution studies were carried out 15 days after
implantation at which time the tumor volumes wer-
e ~ 80 mm®. The zinc(I) complexes of H,DCP and
H,TCP, ZnDCP and ZnTCP, respectively, were injected
intraperitoneally (i.p.) over 8 h in three doses totaling
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30 mg boron/kg body weight (b.w.). Since these com-
pounds are photosensitizers, the animals were shielded
from light during the course of the experiment. In order to
compare their biodistribution with that of BPA, another
group of mice received a single ip. injection of BPA at a
concentration of 300 mg/kg b.w. Mice were euthanized at
24 and 48 h following the first injection and tissue and
blood samples were taken for boron determinations by
means of direct current plasma-atomic emission spectros-
copy (DCP-AES), as previously described by us [40]. All
animal studies were done in accordance with the Guide for
the Care and Use of Laboratory Animals (National Acad-
emy Press, Washington, DC, 1996) and the protocol was
approved by the Instimtional Laboratory Animal Care and
Use Committee of The Ohio State University.

F98 rat glioma model

The F98 rat glioma (#CRL-2397, American Type Culture
Collection, Manasus, VA) was derived from an undiffer-
entiated neoplasm transplacentally induced in the progeny
of a pregnant CD Fischer rat by the i.v. administration of
N-ethyl-N-nitrosourea [41]. It has been propagated in vitro
and in vivo since 1971 and, as described in a recent review
[42], the F98 glioma has been used in a wide variety of
studies in experimental neuro-oncology. This tumor has an
infiltrative pattern of growth within the brain, and an i.c.
inoculum of as few as ten cells can be fatal. In the present
study, F98 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT),
100 units/ml penicillin, 100 pg/m! streptomycin and 2 mM
L-glutamine. Fischer rats (Animal Production Branch,
National Cancer Institute, Frederick, MD), weighing
220-240 g, were used in these studies. A stereotactic
implantation procedure, which has been described in detail
elsewhere, was employed [43]. Briefly, rats were sedated by
i.p. administration of a 1.2:1 mixture of ketamine/xylazine
at a dose of 120 mg of ketamine/20 mg xylazine/kg b.w.
Following this, a small burr hole was drilled into the
calvarium and a plastic screw with an entry port (Arrow
Machine Manufacturing, Inc., Richmond, VA) was
embedded into the skull. FO8 cells at a concentration of
either 10 for therapy studies or 10° cells for biodistribution
studies were injected stereotactically into the right caudate
nucleus over 10-15 s through a small entry port of the
plastic screw. Following this, the entry port was filled with
bone wax immediately after withdrawal of the needle, and
the operative field was flushed with betadine before the scalp
incision was closed with a single sterilized clip. Eleven to
thirteen days after tamor implantation of 10° cells, when
clinical signs of a progressively growing i.c. tumor were
evident, biodistribution studies were initiated.
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Biodistribution studies in F98 glioma bearing rats
following convection-enhanced delivery (CED)
of carboranylporphyrins

Since the zinc(IT) complexes of carboranylporphyrins had
lower cellular uptake than the free base porphyrins, studies
subsequently were carried out with H,DCP and H,TCP. In
order to increase tumor uptake and decrease uptake by
extracranial organs and tissues, these were administered i.c.
by means of CED or Alzet™ pump infusion to F98 glioma
bearing rats. Eleven to thirteen days after tamor implanta-
tion, when signs of a progressively growing i.c. tumor were
evident (weight loss, lethargy, hunching, and ataxia), bio-
distribution studies were initiated. In confrast to the bio-
distribution studies carried out in mice, which had received
the test porphyrins by i.p. injection, it was not necessary to
shield these rats from light. For short term CED of the
carboranylporphyrins, a 28 gauge needle was inserted into
the entry port of the plastic screw and then advanced 5 mm
below the dura into the tumor. The boronated porphyrins
were diluted with phosphate buffered saline (PBS), pH 7.4,
to yield a concentration of 0.1-0.2 mg of compound in
10 pl. They compounds were administered by CED at a flow
rate of 0.33 ul/min for 30 min using a syringe pump (Har-
vard Apparatus Co, Cambridge, MA). Biodistribution was
determined immediately after and 24 and 48 h after termi-
nation of CED. Animals were euthanized by an overdose of
halothane, following which tumors and normal tissues,
consisting of brain, blood, liver, kidney and muscle, were
removed and weighed. Uptake of boron was quantified by
means of DCP-AES [40].

Biodistribution of carboranylporphyrins following
i.c. infusion by osmotic pumps

Alzet osmotic pumps (model #2001 D) and brain infusion
kits (rigid stainless-steel cannula, 7 mm, 28 gauge) were
assembled and filled with 200 pl of the test carboranyl-
porphyrins. The pumps were stored in the dark in a sterile
solution of 0.9% saline at 37°C for 24 h prior to their use.
Fourteen days after tumor implantation, the rats were
anesthetized again and the scalp was reopened. The pumps
were implanted s.c. between the scapulae. The infusion
cannula and needle were inserted stereotactically into the
entry port of the plastic screw and the needle was advanced
5 mm below the dura into the tumors of glioma bearing
rats. H,DCP, H,TCP or H,TBP at varying doses, ranging
from 0.2 to 1.0 mg, were delivered in volume of 200 pl ata
constant flow rate of 8 pl/h over 24 h following which the
animals were euthanized immediately (t = 0) or 24 or 48 h
later. Boron concentrations were determined in samples of
tumor, brain, blood, liver, spleen, kidneys, lungs and heart
by means of DCP-AES.
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Therapy experiments

BNCT was performed 14 days following stereotactic
implantation of 10® F98 glioma cells. Rats were transported
to the Nuclear Reactor Laboratory at the Massachusetts
Institute of Technology (MIT). Based on the results of the
biodistribution study, a total of either 0.2 mg of the com-
pound was administered by CED for 30 min or 0.5 mg of
the compound was infused for 24 h by Alzet pumps. The
animals were then randomized on the basis of weight into
experimental groups of 9-10 animals each as follows:
Group 1, H,TCP, administered by Alzet pumps and BNCT;
Group 2, H,TBP by Alzet pumps and BNCT; Group 3,
H,TBC by CED and BNCT; Group 4, H,ITBP by
CED + i.v. BPA and BNCT; Group 5, i.v. BPA, followed
2.5 h later by BNCT; Group 6, CED of saline and neutron
irradiation; Group 7, unirradiated controls that received
H,TCP by CED. BNCT was initiated 24 h after termina-
tion of CED or infusion and 2.5 h after i.v. administration
of '°B enriched BPA at a dose of 500 mg/kg b.w. (Ryscor
Science, Inc., Raleigh, NC). All irradiated rats were anes-
thetized with a mixture of ketamine and xylazine. BNCT
was carried out at the MITR-II nuclear reactor in the MO11
irradiation facility. This produces a beam of thermal neu-
trons of high purity and intensity with no measurable fast
neutron component. Two rats at a time were positioned in a
®Li enriched polyethylene box that provided whole body
shielding from the thermal neutrons during an irradiation.
The animals’ heads were aligned in the middle of a
13 x 2 cm? aperture, which served as the beam collimator.
Four fission counters, located at the periphery of the 15 cm
circular field automatically controlled beam delivery and
provided real time data on the relative neutron fluence
during an irradiation.

Dosimetry

After completion of BNCT, the animals were held at MIT
for ~3 days to allow induced radioactivity to decay before
they were returned to The Ohio State University for clinical
monitoring. Dosimetric measurements were performed
using bare gold foils and a graphite walled ionization
chamber (V = 0.1 cm?) flushed with reagent grade CO, on
both dead rats and phantoms made from type 6 nylon [44].
The measured dose rates in brain (2.2% nitrogen by
weight), normalized to the reactor operating at a power of
5 MW, were 18.5 cGy/min for photons, 7.7 cGy/min for
thermal neutrons from the nitrogen capture reaction and
3.4 ¢cGy/min per pg '°B in tissues. For dosimetric calcu-
lations, boron concentrations were determined in tumor,
normal brain, liver and blood in a separate group of ani-
mals 24 h after CED of carboranylporphyrins and 2.5 h
after i.v. injection of BPA. Animal irradiations were



J Neurooncol (2011) 103:175-185

179

performed with the reactor operating at a power between
4.0 and 4.8 MW, and these took approximately 7 min to
deliver a thermal neutron fluence of 2.64 x 10? n.cm™ to
complement previous dose prescriptions [45].

Monitoring of clinical status and neuropathologic
evaluation

All animals were weighed three times per week and their
clinical status was evaluated at the same time. Once the
animals had progressively growing tumors, as evidenced
by the combination of sustained weight loss, ataxia and
peri-orbital hemorrhage, they were euthanized in order to
minimize discomfort. Survival times were determined by
adding 1 day to the time between tumor implantation and
euthanization. The brains of all animals in the therapy
studies were removed after death, fixed in 10% buffered

formalin, and then cut coronally at the level of the optic
chiasm and 2 mm anterior and posterior to it. Tissue sec-
tions through the tumor were embedded in paraffin, cut at
4 pm, stained with hematoxylin and eosin (H&E), and
examined microscopically to assess the histopathologic
changes.

Statistical evaluation

The means and standard deviations (SD) were computed
for boron concentrations in all the major organs of C57B1/
6 mice bearing s.c. implants of the GL261 murine glioma,
as described in Table 1, and for the tumor, brain, and blood
of the F98 glioma rats, as described in Table 2. Tumor:-
brain and tumor:blood boron concentration ratios were
calculated for each group. To study the effects of BNCT on
survival of F98 glioma bearing rats, the mean survival time

Table 1 Boron biodistribution in tumor and normal tissue following i.p. injection of either ZnDCP or ZnTCP in mice bearing s.c. implants of the

GL261 murine glioma

Agent® Time (h) Boron concentrations &= SD (ug/, g)b Ratios®
Tumor Brain Blood Liver Spleen Muscle T/Br T/BL
ZnDCP 24 83427 17+£038 45 + 126 947 £ 73 1094 £ 10.0 10.9 &+ 6.6 438 0.2
48 7.6+ 1.9 12+ 04 156 £35 154.9 4 284 138.5 £ 60.1 6.7+ 32 6.3 05
ZnTCP 24 20+0.1 07+06 255 £ 31.1 431+ 438 1155 + 73.6 1.5+ 02 2.6 0.1
48 52+03 05+0.1 113 +25 463 £ 115 1140 £ 691 3.0+ 0.1 104 0.5
BPA 25 125+ 4.1 10+02 26+ 08 11+£02 32419 1.1+ 0.6 125 4.8

* ZnDCP or ZnTCP was administered by 3 i.p. injections, administered over 8 h to C57BL/6 mice bearing s.c. implants of the GL.261 murine
glioma. Animals were euthanized at 24 and 48 h following the third injection and tissues and blood samples were removed for boron
determinations. BPA was administered i.p. at a dose of 25 mg b/kg b.w. and mice were euthanized 2.5 h later

® Boron concentrations were determined by DCP-AES. The mean boron values (ug/g wt of tissue) -+ the standard deviation are shown for
groups of four animals

¢ T:Br indicates the tumor to normal brain ratio and T:Bl indicates the tumor to blood ratio

Table 2 Boron biodistribution in F98 glioma bearing rats following administration of escalating doses of H,TCP by osmotic pumps

Dose (mg/200 uly Time (h) Boron concentration + SD (ug B/g)* Ratios®
Tumor Brain Blood T:Br T:BL
0.2 0 187 £ 87 13+1.0 03 +03 14.0 64.7
24 246 5.1 29 +27 0.5+ 07 3.5 541
48 5027 0.5+ 05 03 +0.1 18.0 319
0.5 0 88.4 + 20.2 20-£09 04 £02 452 207.6
24 102.9 £ 263 33441 05+01 31.3 196.0
48 168 + 84 03+£01 03 +£0.1 459 50.5
1.0 0 1233 £ 61.1 65+38 02+0.1 13.9 5933
24 149.6 + 55.5 101 & 126 02+0.1 14.8 708.8
48 34.8 + 10.8 30+£19 0301 115 105.5

* H,TCP (0.2-1.0 mg) was administered by means of Alzet osmotic pumps (#2001D) over 24 h to Fischer rats bearing i.c. implants of the F98
glioma. Animals were euthanized at different time point (0, 24, 48 h after termination) and tissues and blood samples were removed for boron
determinations by DCP-AES. The values indicated are means &+ SD for groups of four to five rats

® T:Br indicates the tumor to normal brain ratio of the ipsilateral cerebral hemisphere and T:Bl indicates the tumor to blood ratio
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(MST), SD, and median survival time (MeST) were cal-
culated for each group using the Kaplan—Meier estimate
[46]. Kaplan—Meier curves also were plotted for all groups.
An overall log rank test was performed to test for equality
of survival curves over the groups. Wald tests were used
for individual comparisons between two groups, with a
Bonferroni method of adjustment for multiple comparisons
[47]. Since there was no censoring of the survival data, a
two sample t test also was used to compare MSTs in order
to increase the power of the test. The percent increased life
span (% ILS) was determined from the following equation:

MeST(orMST),—MeST(orMST),

MeST(orMST), x 100

%ILS =

where “t” designates treated and “u” designates untreated
animals.

Results

Biodistribution after systemic injection
of carboranylporphyrins

Following ip. injection of either ZnDCP or ZnTCP
(30 mg B/kg b.w.) to GL261 tumor bearing mice, one of
five animals in each group died within the first 24 h and the
others demonstrated reduced activity, suggesting that these
doses of the zinc complexes were toxic. In contrast, H,DCP
and H,TCP previously were shown to have very low tox-
icity [27, 28]. The boron uptake in tamor and normal tis-
sues at 24 and 48 h following the third i.p. injection are
summarized in Table 1. The tumor boron concentrations
at 48 h were 7.6 = 1.9 and 5.2 + 0.3 pg/g of tissue for
ZnDCP and ZnTCP, respectively, compared to 1.2 + 0.4
and 0.5 £ 0.1 pg/g in normal brain. In contrast, the 48 h

boron concentrations in the liver were 154.9 + 28.4 and
46.3 £+ 11.5 pgl/g, respectively, and the spleen concentra-
tions were 138.5 £ 60.1 and 114.0 & 99.1 pg/g with
marked animal to animal variability. This possibly reflec-
ted differences in the excretion of the compounds and their
metabolites. The corresponding blood concentrations were
15.9 £ 3.5 and 11.3 £ 2.5 pg/ml, respectively. Based on
these data, a decision was made to administer the carb-
oranylporphyrins i.c. either by short term (30 min) CED or
by a 24 h infusion using Alzet osmotic pumps. In contrast
to the high extracranial tissue uptake of ZnDCP and
ZnTCP, BPA had very low concentrations in all organs
except for tumor (12.5 + 4.1 ug/g).

Biodistribution following delivery
of carboranylporphyrins by either CED or Alzet pumps

As shown in Tables 2 and 3, administration by either Alzet
pumps or CED resulted in higher tumor and lower normal
tissue boron concentrations, and improved tumor:brain
(T:Br) and tumor:blood (T:Bl) ratios compared to those
obtained following i.p. injection (Table 1). The boron
concentrations in tumor and selected normal tissues in F98
glioma bearing rats following Alzet pump delivery of
H,TCP at doses of 0.2, 0.5 or 1.0 mg/200 pl, delivered i.c.
into F98 glioma bearing rats are summarized in Table 2.
Tumor boron concentrations were clearly dose dependent
immediately following infusion and at 24 and 48 h later.
The highest tumor boron concentrations were observed at
24 h following administration of escalating doses of
H,TCP (24.6, 102.9 and 149.6 ug/g), but these were all
within 1 SD of the concentrations that were observed
immediately following infusion, indicating that there was
retention and possibly some accretion of boron within the
tumor. In contrast, the tumor concentrations had fallen

Table 3 Boron concentrations and physical radiation doses delivered in F98 glioma bearing rats 24 h following administration of carbora-

nylporphyrins by osmotic pumps or CED

Agent/route® Boron concentrations (ug/g)® Physical radiation dose®

Tumor Brain Blood Tumor Brain Blood
H, TCP/pump 102.9 & 26.3 33 +41 0.7 £ 0.9 254 2.5 1.9
H, TBP/pump 61.9 + 164 068 £ 09 02 +04 16.0 1.9 1.8
HzD(ZP/}')l.1It1p‘I 356+ 90 52+68 05+05 8.9 2.9 1.9
H,TBP/CED 140.3 &+ 70. 08+03 02 +0.1 34.0 1.9 1.8

# H,DCP, H,TCD and H,TBP at doses of 0.5 mg were administered to Fischer rats bearing i.c. implants of the F98 glioma by Alzet osmotic
pumps or at a dose of 0.2 mg by CED. The animals were euthanized 24 h after administration and tissues and blood samples were taken for boron

determinations

® Boron concentrations were determined in samples of tumor, brain, blood, liver, spleen, kidneys, lung and heart, by means of direct current
plasma-atomic emission spectroscopy. Except as indicated above, boron concentrations were at the undetectable level (<0.5 pg/g) in all other
tissues. The values indicated are means == standard deviation for groups of four to five rats

¢ Physical dose estimates include contributions from gamma photons, N (n,p), ¥ and ©°B (n,&) “Li reactions
4 Based on the low tumor boron values and the calculated physical radiation doses, BNCT was not carried out using H;DCP
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