TABLE lil.
Treatment Details.

With Local Without Local
Recurrence, Recurrence,
n=17 n=22 P

Energy

50Go (1.17 MV-1.33 MV) 7 3 129

4 MV 6 13

6 MV 4 6
Dose per fraction, Gy

2 (conventional fractionation) 14 15 .265

2.4 (accelerated fractionation) 3 7
Total dose, Gy (range)

T1 (conventional fractionation 66 (60-70) 66 44

T1 (accelerated fractionation 60 60

T2 (conventional fractionation 68 (60-70) 66

T2 (accelerated fractionation) 64.8 64.8 (60-64.8)
Wedge

15° wedge 13 21 297

30° wedge 1 0

No wedge 3 1
Bolus

5-mm bolus 1 0 436

No bolus 16 22

Total treatment time, d (range) 48 (34-55)
Radiation technique

Group 1 6 9 721

Group 2 11 13

47 (35-52) .37

patients was small. Additionally, this study was a retro-
spective study.

This study found that expression of EpCAM might
be associated with a poor radiation response, but
did not reveal the mechanism underlying radiosensitiv-
ity. Future research should therefore focus on under-
standing the biology of EpCAM in relation to
radiosensitivity.

TABLE IV.
Immunohistological Analyses.

With Local Without Local
Recurrence, n= 17 Recurrence, n=22 P
p53
With mutation 15 14 .083
Without mutation 2 8
pi6
HPV-infected pattern 0 1 .564
HPV-uninfected pattern 17 21
BerEP4
(-) 4 15 .01~
(+) 3 6
(+-+) 10 1

*A P value <.05 was considered statistically significant.
HPV = human papillomavirus.
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*p<0.001
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Fig. 2. Among tumors showing intense expression of BerEP4
(++), as many as 10 of 11 patients (91%) experienced local recur-
rence (P <.001).

CONCLUSION

A higher incidence of intense expression of EpCAM
was found in HNSCCs from the hypopharynx. A strong
relationship between expression of EpCAM and radia-
tion response was demonstrated in early-stage glottic
cancer. With longer follow-up, the relationship between
expression of EpCAM and radiosensitivity can be inves-
tigated for HNSCC patients, especially involving the
hypopharynx.
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Abstract

of BPA-fr in the tumor and normal tissues before BNCT.

Background: Boron neutron capture therapy (BNCT) is a molecular radiation treatment based on the 9B (n, @) “Li
nuclear reaction in cancer cells, in which delivery of '°B by 4-borono-phenylalanine conjugated with fructose
(BPA-fr) to the cancer cells is of critical importance. The PET tracer 4-borono-2-'® F-fluoro-phenylalanine (FBPA) has
been used to predict the accumulation of BPA-fr before BNCT. However, because of the difference in chemical
structure between BPA-fr and FBPA and the difference in the dose administered between BPA-fr (therapeutic dose)
and FBPA (tracer dose), the predictive value of FBPA PET for BPA-fr accumulation in the tumor and normal tissues is
not yet clearly proven. We conducted this study to validate FBPA PET as a useful test to predict the accumulation

Methods: RGC-6 rat glioma cells (1.9 x 107) were implanted subcutaneously in seven male F344 rats. On day 20 after
the tumor implantation, dynamic PET scan was performed on four rats after injection of FBPA for 1 h. Whole-body
PET/CT was performed 1 h after intravenous injection of the FBPA solution (30.5 + 0.7 MBg, 169+ 1.21 mg/kg). PET
accumulation of FBPA in the tumor tissue and various normal tissues was estimated as a percentage of the injected
dose per gram (%ID/g). One hour after the PET/CT scan, BPA-fructose (167.32 + 1865 mg/kg) was injected
intravenously, and the rats were dissected 1 h after the BPA-fr injection. The absolute concentration of '°B in the
autopsied tissues and blood was measured by inductively coupled plasma optical emission spectrometry (ICP-OES).

Results: The highest absolute concentration of '°B determined by ICP-OES was found in the kidney
(4.34 £ 0.84 %ID/q), followed by the pancreas (2.73 + 0.63 %ID/g), and the tumor (1.44 + 0.44 %ID/q). A significant
positive correlation was found between the accumulation levels of BPA-fr and FBPA (r=0.91, p < 0.05).

Conclusions: FBPA PET can reliably predict accumulation of BPA-fr in the tumor as well as normal tissues.

Keywords: Boron nuclear capture therapy; Boron concentration; FBPA; BPA-fr

Background

Boron neutron capture therapy (BNCT) is based on the
nuclear capture reaction of '°B (n, a) “Li by low-energy
neutrons produced by a nuclear reactor or more recently
accelerator. High-energy a particles and lithium ions have
been shown to exert a cell-killing effect. In the presence of
198 specifically in cancer cells, these particles have been
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demonstrated to exert a cancer-cell-specific killing effect,
because of the short track ranges of these particles (9 to
10 pm for « particles and 4 to 5 um for “Li nuclei) [1-3].
In BNCT, the requisite concentration of '°B in the
tumor has been estimated to be 15 ppm or more [2]. It
is also important to estimate the '°B concentration in
normal tissues/organs to avoid radiation injury to nor-
mal tissues [4-6].

In the present BNCT practice, L-paraboronopheny-
lalanine labeled with '°B and conjugated with fructose
(BPA-fr) is mainly used as the carrier of '°B into the

© 2014 Hanaoka et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.
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tumor cells. In order to evaluate BPA-fr accumulation in
the tumors, 4-borono-2-'* F-fluoro-phenylalanine (FBPA)
PET has been employed [4]. Imahori et al. demonstrated
that both BPA-fr and FBPA accumulated in high concen-
tration in high-grade gliomas [5]. In clinical practice, the
measurement of FBPA accumulation was made about 1 h
after FBPA administration [7-10]. However, there are sev-
eral limitations of FBPA PET in predicting BPA-fr accu-
mulation in the tumors and normal tissues. Firstly, the
chemical structure of FBPA differs from that of BPA-fr.
Secondly, FBPA PET provides tracer-dose pharmacokinet-
ics of FBPA, while therapeutic doses of 'BPA are admin-
istered (approximately 500 mg/kg) for BNCT. Thirdly,
BPA-fr is administered by slow bolus intravenous injection
followed by drip infusion during neutron irradiation, while
FBPA is administered by a single bolus injection. Because
of these differences, the predictive value of FBPA PET for
BPA-fr accumulation in the tumor and normal tissues re-
mains unclear.

In the preset experiment, we first measured the radio-
activity accumulation in transplanted tumors and normal
organs in rats by means of PET/CT carried out after ad-
ministration of a tracer dose of FBPA. We then adminis-
tered a therapeutic dose of BPA-fr and quantified the
absolute concentration of '°B in autopsy specimens by
means of inductively coupled plasma optical emission
spectrometry (ICP-OES). The correlations between the
198 concentrations after BPA-fr injection and the uptake
values of FBPA in FBPA PET were examined in the tu-
mors and normal organs.

Methods

Synthesis of L-['®F] FBPA

FBPA was prepared as described previously [4], although
with several modifications, using an F-1 synthesizer
(Sumitomo Heavy Industries, Tokyo, Japan). In brief, **
F-acetylhypofluorite was bubbled at a flow rate of
600 mL/min at room temperature into 5 mL of trifluor-
oacetic acid containing 30 mg of 4-borono-L-phenylala-
nine. Next, trifluoroacetic acid was removed by passing
N, under reduced pressure at a flow rate of 200 mL/min.
The residue was dissolved in 3 mL of 0.1% acetic acid,
and the solution was applied to YMC-Pack ODS-A, a
high-performance liquid chromatography column (20 mm
in inner diameter x 150 mm in length; YMC, Kyoto,
Japan), under the following conditions: mobile phase,
0.1% acetic acid; flow rate, 10 mL/min; ultraviolet detector
at 280 nm; and radioactivity detector. The FBPA fraction
(retention time = 19 to 21 min) was collected. After drying
of the FBPA fraction, the residue was dissolved in saline.
The radiochemical purity of FBPA was >98%, and the
specific activity at the end of the synthesis was 49.7 *
17.3 GBq/mmol as determined by HPLC.
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Preparation of the BPA-fructose complex

BPA was solubilized at neutral pH for intravenous infu-
sion by allowing it to form a complex with fructose. Injec-
tion solutions of the BPA-fructose complex (BPA-fr) were
prepared at a concentration of 10 mg BPA/0.43 mL using
a previously published procedure with modifications [6].

Glioma tumor model preparation

Seven male F344/Njcl-rnu/rnu rats (11 to 13 weeks;
241.7 + 28.0 g) obtained from CLEA Japan (Tokyo, Japan)
were used for this study. The RGC-6 rat glioma cell was
obtained from RIKEN BRC (Tsukuba, Japan) through the
National Bio-Resowrce Project of MEXT, Japan. RGC-6
cells (1.9 x 107) were implanted subcutaneously as a
cell/Matrigel mixture into the backs of F344 rats. On
day 20 after the tumor implantation, the rats were starved
for 8 h. The animal studies were conducted with the ap-
proval of the Animal Care and Use Committee of Osaka
University.

FBPA PET/CT procedure

Rats anesthetized by inhaled 2% isoflurane plus 100%
oxygen at 2 L/min were intravenously injected with
FBPA at a dose of 30.5+0.7 MBq (1.69 £1.21 mg/kg
body weight) [11]. To minimize the influence of BPA-fr
accumulation from FBPA, the dose of FBPA was set as tra-
cer dose. Then, the rats were imaged with micro PET/CT
(Inveon; Siemens Medical Solutions, Knoxville, TN, USA)
in a prone position. In four of seven rats, dynamic images
were obtained during 1 h (30 frames of 2 min) after the
injection. To measure FBPA in comparison with BPA-fr
quantification, static images were obtained in seven rats
1 h after the injection for 10 min (5 min/per bed position,
two bed positions). All PET images were reconstructed by
2D ordered-subset expectation maximization (16 subsets,
4 iterations) with a 128 x 128 pixel image matrix. The
spatial resolution at the center of the field of view (FOV)
was 1.62 mm [12]. The CT images were acquired at a tube
voltage of 80 kVp and tube current of 140 pA for scatter
and attenuation correction. The injected radioactivity of
FBPA was measured by a well-type scintillation counter
(BeWell; Molecular Imaging Labo, Osaka, Japan). Regions
of interest (ROIs) were placed over the tumor, brain, lung,
liver, spleen, pancreas, small intestine, large intestine, kid-
ney, and blood pool in the left ventricle on the decay-
corrected PET images with reference to CT images. The
maximum and average counts in the voxel were automat-
ically converted to radioactivity per milliliter (Bq/mL) by
the cross-calibration factor in the PET reconstruction
process. Time-activity curves were plotted for both the
tumor and the normal tissues, excluding the spleen and
intestine. Based on the assumption that tissue density is
1 g/mL, values were converted to radioactivity per gram
of tissue (Bq/g). The percentage of the injected dose per
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gram of tissue (%ID/g) was determined by dividing the
radioactivity per gram (Bq/g) by the injected amount of
radioactivity (Bg).

98 assay in RGC-6 glioma-bearing F344 rats after BPA-fr
injection

One hour after the PET/CT scan, 40 mg BPA-fr (167.32 +
18.65 BPA mg/kg body weight) was injected bolus through
the tail vein of each rat. The rats were sacrificed 1 h after
the BPA-fr injection, and the following tissue samples
were collected: tumor, brain, lung, liver, spleen, pancreas,
small intestine, large intestine, kidney, and blood. The ab-
solute '°B concentrations in the tissue samples were mea-
sured by ICP-OES (Vista-MPX ICP-OES spectrometer,
Seiko Instruments, Chiba, Japan) [13,14]. The concentra-
tions of '°B from BPA-fr in the normal tissues and tumor
tissues were normalized to %ID/g. A part of the tumor
tissue was stained with hematoxylin and eosin for light
microscopy examination.

Data analysis

The concentrations of FBPA and BPA-fr in the tissues,
which were measured by PET/CT and ICP-OES, respect-
ively, were shown as mean + SD. The Pearson product-
moment correction coefficients were calculated to evaluate
the correlations between the FBPA accumulations mea-
sured by PET/CT and BPA-fr accumulations measured by
ICP-OES. Wilcoxon's signed-rank test was performed to
compare the accumulation level of FBPA estimated by
PET/CT and accumulation level of BPA-fr measured by
ICP-OES in each of the tissues. All the statistical analyses
- were performed with the SPSS software (Version 17, SPSS
Inc., Chicago, IL, USA), and a p value of less than 0.05 in-
dicated a significant difference.

Results

Table 1 shows absolute values of boron concentrations
measured by ICP-OES in the tissues. The highest con-
centration was found in the kidney, followed by that in
the pancreas and the glioma tumor tissue.

Figure 1 shows the time-activity curves based on aver-
age count of the tumor and several organs in F344 rats
after administration of FBPA. Time-activity curves of
the tumor and normal tissues showed various patterns
of rapidly increasing FBPA uptake up to 20 min, which
stabilized or decreased thereafter gradually. Dynamic
PET data demonstrated the ratio of tumor to blood (1.24,
1.67, and 1.71) at 10, 30, and 60 min after administration
of FBPA, respectively.

The accumulation levels of FBPA measured by PET/CT
and expressed as %ID/g demonstrated significant positive
correlations with the accumulation levels of BPA-fr mea-
sured by ICP-OES and expressed as %ID/g; the regression
lines were as follows: y=121x-0.31 (r=0.92, p<0.05)
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Table 1 Absolute of boron concentration after injection
of 40 mg (167.32 + 18.65 mg/kg body weight) BPA by
ICP-OES (ppm)

Absolute of boron concentration (ppm)

Median Mean + SD
Tumor 24.31 27.56 £ 842
Brain 7.73 766+ 1.15
Lung 17.76 1512£383
Liver 13.80 14.93 £249
Spleen 19.04 2048 +4.59
Pancreas 5066 5225+12.06
Small intestine 1645 1646 £ 249
Large intestine 1297 1321£153
Kidney 7764 83.06 +16.08
Blood 1244 12.25+0.96

for FBPA accumulation based on the maximum count and
y=0.97x - 0.34 (r=0.91, p <0.05) for FBPA accumulation
based on the average count (Figures 2 and 3).

Figure 4 depicts the FBPA PET/CT images of a RGC-6
glioma-bearing F344 rat. Significant accumulation in the
tumor and high radioactivity contrast between the tumor
and normal tissues are observed. High uptakes of FBPA
in the kidneys and pancreas of the rats are seen.

Table 2 shows the accumulation levels of FBPA mea-
sured by PET/CT and accumulation levels of BPA-fr
measured by ICP-OES, expressed as %ID/g of tissue.
The estimated values by FBPA PET based on the max-
imum count in the blood, brain, liver, pancreas, and
tumor were similar to the values measured by ICP-OES.
The differences did not exceed 15% in any of these tis-
sues. In the lung, small intestine, and large intestine, the
FBPA accumulation measured by FBPA PET based on
the maximum count and average count was significantly
underestimated. In the tumor, the value based on the
average count was significantly underestimated. In the
kidney, the value based on the maximum count was sig-
nificantly overestimated.

Figure 5 shows a light microscopy image of a
hematoxylin-eosin-stained section (scale bars=100 pm)
of the glioma, showing the heterogeneity of the lesion.

Discussion

In this study, we demonstrated a significant correlation
between the concentrations of '°B and accumulation
levels of FBPA in tumors and various normal organs,
despite the differences in the chemical structure and
dose administered between BPA-fr and FBPA.

Kabalka et al. reported the optimal time for neutron
exposure after infusion of BPA-fr. They reported that
the tumor-to-blood activity ratio of humans appeared to
plateau after 60 mm [10]. In the present study, the time
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Figure 1 Time-activity curve. Based on average count of tumor and normal organs in F344 rats after administration of FBPA.

point of 1 h after administration for FBPA PET may be
considered appropriate because the tumor-to-blood ratio
becomes stable. More time points are needed for in-depth
dosimetric studies. Nevertheless, one time point of 1 his a
good compromise to obtain a quantitative value that can
be correlated with other variables.

Yoshimoto et al. recently reported that FBPA is predom-
inantly transported via the L-type amino acid transporter
in human glioblastoma cells [15]. They also demonstrated
that uptake of FBPA into human glioblastoma cells was
inhibited by high concentrations of BPA in the medium,
suggesting that FBPA and BPA share the same transporter
system. Imahori et al. also reported that the '°B concen-
trations in surgically removed specimens of glioblastoma
after administration of BPA-fr at therapeutic doses were
predicted by using the rate constants of FBPA PET [16].
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Figure 2 Correlation between accumulation levels based on
maximum count. Correlation between the accumulation level of
BPA-fr measured by ICP-OES and that of FBPA estimated by FBPA

PET/CT based on the maximum count in a rat model.

In this study, the injected dose of BPA-fr was about 100
times higher than that of FBPA. Notwithstanding, signifi-
cant correlations were observed between the amounts of
BPA-fr and FBPA accumulated in the tumors as well as
normal organs. Our results suggest that FBPA PET can be
used to estimate the amount of BPA accumulation in the
normal surrounding tissues during BNCT. The accumula-
tion levels of both BPA and FBPA in the pancreas were
remarkably high (2.73 and 2.42 %ID/g, respectively). This
finding suggests that radiation injury of the pancreas
should be anticipated when BNCT is employed for ab-
dominal cancers.

There are several reports suggesting similar pharma-
cokinetics between BPA-fr and FBPA in normal tissues/
organs. Wang et al. [17] measured the radioactivity in
glioma and normal tissues after injection of FBPA-fr by a
y-scintillation counter and compared the '°B concentra-
tions by ICP-MS after injection of BPA-fr as the tumor-
to-normal tissue ratio. The tumor-to-normal tissue uptake
ratio of FBPA-fr was parallel to that of BPA-fr. Yang et al.
[18,19] reported the pharmacokinetic analysis of FBPA
and BPA-fr after ultrasound-induced blood-brain barrier
disruption. Ishiwata et al. [20] reported that the ratios of
the concentrations of FBPA to those of BPA in the tumor,
blood, and muscle measured by a Nal(Tl) gamma counter
and ICP-AES, respectively, ranged from 0.70 to 1.00.
These reports lend support to our view that FBPA PET
can be used for the assessment of BPA accumulation in
normal tissues/organs during BNCT in an attempt to
avoid radiation injury.

In BNCT, the subcellular location of '°B is of critical im-
portance for the cell-killing effect, because the trace
ranges of « particles and “Li are very short. Chandra et al.
[21] reported that there was no significant difference in
the intracellular distribution between FBPA and BPA as
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Figure 3 Correlation between accumulation levels based on average count. Correlation between the accumulation level of BPA-fr measured
by ICP-OES and that of FBPA estimated by FBPA PET/CT based on the average count in a rat model.

Figure 4 PET/CT images of a RGC-6 glioma-bearing F344 rat. PET/CT fused images of F344 male rats with RGC-6 glioma xenografts 60 min
after injection of approximately 30 MBq of FBPA. (a) At the level of brain, (b) at the level of heart and transplanted tumor, {c) at the level of pancreas
and liver, (d) at the level of kidneys, and (e) at the level of bladder (all transaxial images). FBPA accumulation in the tumor was found in the plane
(b) indicated by an arrow. In the planes (c), (d), and (e), high accumulations were found in the pancreas, kidneys, and bladder, respectively.
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Table 2 Biodistribution of BPA-fr and ['®F] FBPA in various organs of RGC6 glioma-bearing Fischer 344 rats (n=7)

Accumulation of BPA-fr by
ICP-OES (2%ID/g)

Accumulation of FBPA by PET
based on maximum count (%ID/g)

Accumulation of FBPA by PET
based on average count (%ID/g)

Median Mean + SD Median Mean & SD Median Mean + SD
Tumor 1,27 144 £ 044 1.34 1364031 0.80 0.79+0.18%
Brain 040 0404006 041 0434007 0.26 0.27 £ 0.07*
Lung 093 079+ 0.20 039 0384 005% 0.23 0.25+005%
Liver 0.72 0784013 0.78 0.78+ 014 0.59 061+0.12
Spleen 099 107 £0.24 0.89 088+0.10 0.59 0.58+0.08"
Pancreas 265 2.73:£063 264 2424063 1.76 1.63 +0.36%
Small intestine 0.86 086013 048 05240.10% 036 0.36 +0.08*
Large intestine 0,68 0694008 044 046+ 009" 0.30 030+ 007
Kidney 4.06 434+ 0.84 552 570+ 089* 4.56 466 + 0.76
Blood 0.65 0.64 005 0.59 061+£0.14 0.45 047 +0.10%

*p < 0.05 compared to BPA-fr by ICP-OES.

assessed by ion microscopy. Therefore, it is expected that
FBPA PET would reflect the intracellular distribution of
BPA-fr and predict the therapeutic effect of « particles
and “Li which have short track ranges.

In our study, underestimations by FBPA PET were
observed in the lung and intestines. One of the reasons
for this may be the partial volume effect, because of the
limit of resolution of PET. The partial volume effect,
which occurs at sizes less than or equal to three times
the full width at half maximum, was not corrected
for this study [22,23]. The full width at half maxi-
mum of the PET system used in this study in axial
resolutions at the center of the FOV was 1.62 mm;
therefore, differences in the sizes of the tissues may
influence the %ID/g. Especially in the lung and intestines,
the influence of the partial volume effect is serious,

because the regions of interest on the PET images contain
air [24].

On the other hand, overestimation was noted in the
kidney. FBPA is metabolically stable. During the initial
1 h, about half of the injected amount of tracer was
passed into the urine [25]. In the kidney, contamin-
ation with the count from the urine contained in the
ureter or renal pelvis should be considered on FBPA
PET images.

In the tumor, there was a 40% difference between the
maximum count and average count on FBPA PET im-
ages. The slight overestimation of the accumulation level
in the tumor in this study is mainly because gliomas
consist of heterogeneous tissue components, including
viable portions, central necrosis areas, and peritumoral
infiltration areas [26] (Figure 5).

(b), indicating the heterogeneity of the tumor components.

Figure 5 Representative light microscopy images of the glioma (hematoxylin-eosin staining). Area (a) has a lower cell density than area
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Conventionally, BNCT has been used for the medical
treatment of malignant melanoma [27], malignant brain
tumors [5,16,28-30], and cancer of the neck [31]. In re-
cent years, adoption of BNCT has expanded to liver can-
cer [32], breast cancer, and lung cancer [33]. Therefore,
prediction of the absolute concentration of BPA in the
normal tissues in individual patients is very important
to minimize the radiotoxicity to normal healthy tissues
during BNCT.

Our study had some limitations. First, the method of
administration of BPA-fr for BNCT is different from the
infusion method adopted for administration of FBPA for
PET/CT, especially because PET examination requires
only a low dose of FBPA. BPA is administered via intra-
venous infusion. Therefore, determination of the offset
according to the infusion method of BPA-fr is required
to ensure the accuracy of the clinical data.

Second, the biodistribution of FBPA in animals differs
from that in humans [25]. Especially in the pancreas, the
expression levels of LAT1 between rats and humans are
different. The accumulation levels of FBPA and BPA-fr
determined in this research may therefore not be applic-
able to clinical cases. Further clinical FBPA PET study is
required to determine BPA-fr distribution in the cancer
patients.

Conclusions

In this study, we demonstrated the existence of clear
correlations between the accumulation levels of BPA-fr
and FBPA in the transplanted glioma cells and nor-
mal organs in rat xenograft models. This preclinical
study indicates the validity of FBPA PET for predicting
BPA-fr accumulation in tumors and normal tissues/or-
gans in BNCT. Further studies are required to estimate
the '°B concentrations in tissues following BPA-fr ad-
ministration according to a clinical protocol, such as
slow infusion and drip infusion of BPA during neutron
irradiation.
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Feasibility studies towards future self-sufficient supply

of the °Mo-2""T¢ isotopes with Japanese accelerators

By Kozi NAKAL*S! Naruto TAKAHASHI,* Jun HATAZAWA *3 Atsushi SHINOHARA,*?
Yoshihiko HAYASHI,*? Hayato IKEDA,*® Yasukazu KANAI*3 Tadashi WATABE,*
Mitsuhiro FUKUDA*! and Kichiji HATANAKA*

(Communicated by Toshimitsu YAMAZAKI, M.J.A.)

Abstract: In order to establish a self-sufficient supply of ¥™T¢, we studied feasibilities to
produce its parent nucleus, ¥Mo, using Japanese accelerators. The daughter nucleus, *™Tc, is
indispensable for medical diagnosis. Mo has so far been imported from abroad, which is separated
from fission products generated in nuclear reactors using enriched 235U fuel. We investigated %™ Tc
production possibilities based on the following three scenarios: (1) ¥Mo production by the (n,2n)
reaction by spallation neutrons at the J-PARC injector, LINAC; (2) *Mo production by the (p, pn)
reaction at E, = 50-80MeV proton at the RCNP cyclotron; (3) %™Tc direct production with a
20MeV proton beam from the PET cyclotron. Among these three scenarios, scenario (1) is for a
scheme on a global scale, scenario (2) works in a local area, and both cases take a long time for
negotiations. Scenario (3) is attractive because we can use nearly 50 PET cyclotrons in Japan for
MmTe production. We here consider both the advantages and disadvantages among the three
scenarios by taking account of the Japanese accelerator situation.

Keywords: “Mo-*"Tc, Accelerator production, J-PARC, PET-cyclotron, Tc generator

1. Introduction

The radioisotope **2Tc has long been used
for medical diagnostic imaging with the SPECT
(Single Photon Emission Computed Tomography) in
many hospitals and medical facilities (as many as
1,200). Throughout the long history of radio-medical
applications, various chemicals labeled by %®Tc
radioactive isotopes have been developed for medical
examination?) (e.g. blood flow, bone metastasis, etc.;
see Table 1).

The isotope supply in Japan is mostly from
abroad, which may possibly have -catastrophic
impacts on medical activities when some difficulties
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might occur concerning the import of **Mo isotopes
from abroad in the future. In this paper, we discuss
the feasibility for the self-sufficient supply of the
9mTe jsotope in Japan.

The short half-life of *™Tc¢ (Ty/ = 6.02hr)
makes a convenient delivering system impossible.
However, the %™Tc isotope is generated through
the radioactive decay of **Mo (Ty/, = 66.0hr), which
can be easily transported over long distances to
hospitals.

The Mo isotope has been mostly generated in
nuclear reactors using highly enriched #%U fuel
(HEU). However, presently, the use of HEU tends
to be prohibited due to PTBT (Partial Test Ban
Treaty, 1963) and NPT (Treaty on the Non-
Proliferation of Nuclear Weapons, 1968), so that
the only 5 HEU reactors are in operation world-wide.
All of them are more than 50 years old, and are now
suffering from various problems. Therefore, we are
now encountering a serious problem: that the supply
of %Mo isotopes may often become unstable, and
that any %Mo isotope shortage will reach a crisis
level in medical diagonosis.?
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Table 1. %™Tc Radioactive medicines (from Ref. 1)

[Vol. 90,

Brain
Thyroid gland

8 DYTPA, 99 Te0,, ¥ Te- IMPAO, %" TeBCD
Wm0,

Lungs 9mpe MAA*, P Te-colloid, *™Te-HAS (* added by present authors)
Heart 9T gestamibi, ™ Te-tetrofosmin, ™ e-pyrophostate, ™ Te-red blood cell
Vein e MAA

Liver BT phytate, 9" Te-Sn colloid, *™Te-HIDA, " e-PMT

Salivary gland WwTeO,

Meckel diverticle BmpeO,

Gastrointestinal tract 9miered blood cell

Kidney 9mre-DMSA, P Te-MAGS, Y Te-DTPA

Testicles W HSA

Placenta Wmpe [ISA

Spleen #me-Sn colloid

Bone 9w MDP, ¥ Te-HMDP

Lymph node

9mre Re colloid, ¥ Te-Sn colloid

Since the present *Mo production scheme using
HEU violates the regulations of PTBT and NPT,
we need to develop alternative methods.?) Together
with world-wide efforts, new methods to produce the
Mo isotopes have been explored and proposed using
Japanese accelerator facilities through photonuclear
reactions (7,n),” neutron-induced reactions (n,2n)%
and (n,7), as well as proton-incident reactions (p, pn)
and (p, 2n).

We started feasibility tests in generating neu-
trons® from the high-energy, high-intensity proton
beam of the injector LINAC (Linear Accelerator)
of J-PARC (Japan-Proton Accelerator Research
Complex). In this paper, we report on a series of
feasibility-test experiments at the Ring-Cyclotron
facility of RCNP (Research Center of Nuclear
Physics). While the J-PARC/injector LINAC could
provide a 400 MeV, 300 1A beam, a proton beam of
400MeV, 1pA is available at the RCNP/Ring-
Cyclotron. The latter has been a nice playground to
test the basic ideas and various feasibilities because
of easier access and convenience for experimental
designs. We also studied the possibilities of using
lower energy proton beams for %Mo production as
well as ®™Tc direct production by using the AVF
(Azimuthally Varying Field) cyclotron.

2. Production of ®*Mo isotopes
with spallation neutrons

In nuclear reactions using projectiles above
100 MeV /nucleon, the collision speed becomes faster
than the nucleon Fermi motion in nuclei, or above

the sound velocity of nuclear matter. Therefore, the
neutron yield increases dramatically through the
spallation process (see Fig. 1). We expect to increase
the *Mo yield via the **“Mo(n, 2n)**Mo reaction. For
producing medical isotopes, however, the specific
activity is an additional factor to optimize the proton
energy. We used a 400MeV proton beam on a
heavy-metal target to produce spallation neutrons,
so that the “Mo isotope would be produced via
the ®Mo(n, 2n) reaction on a natural Mo target.
A heavy-metal Mo, Ta, or W target was used to
generate fast neutrouns by the (n,xn) reaction. We
used the Monte-Carlo program ‘PHITS™) (Particle
and Heavy Ion Transport code System) for designing
the experiments. An example of the PHITS simu-
lation for neutron emission from 400 MeV protouns on
a thick Ta target is shown in Fig. 2. In contrast to
the forward-enhanced distribution at low incident
energies, lower than 100MeV, spallation neutrons
are emitted sideways. Hence, a cylindrical target
configuration is favorable when using neutrons for
the ®Mo(n,2n) reaction. Figure 3 shows a typical
spectrum of spallation neutrons. In this figure, the
production cross section for the “Mo(n,2n)*Mo
reaction is inserted. The neutron yields decrease
monotonically with increasing the neutron energy.
Thus, the overlaps between the neutron yields and
the °Mo(n, 2n)*Mo cross section is not ideally good.
However, there was almost no way to change the
neutron spectrum shape. The high-energy proton
beam allows us to use a thick target, as long as
15 cm.
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3. Feasibility studies at RCNP for proposing
the project at J-PARC

In order to propose a "Mo-*"T¢ production
project at J-PARC, we carried out a series of
experiments using the 400 MeV proton beam at the
Ring cyclotron of RCNP. With the target config-
uration set to use the cylindrically distributed
spallation neutrons, as shown in Fig. 2, experiments
were carried out to test ¥Mo production. A 400 MeV
35nA proton beam was incident on a neutron-
production target of a natural Mo rod with 15mm
diameter and 150 mm length. The range of 400 MeV
protons in a metallic Mo target was calculated to be
128 mm. Neutrons were emitted sideways along the
beam axis in the Mo target. For determining the
%Mo production rate, we used natural Mo pellets of
10mm diameter and 1mm thickness set along the
side of the neutron production target. The irradiation
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Fig. 2. PHITS simulation of spallation nentron emission from the

400 MeV proton used on a Ta rod of 1.5 cm® x 15 cm long. The
neutron distribution has eylindrical symmetry around the beam.
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Fig. 3. Spallation neutron spectrum by a 400 MeV proton beam.
The "Mo(n, 2n) cross section (from TAEA (Evaluated Nuclear
Data File)) is inserted.

time was 0.5hr with a beam intensity of 35nA, d.e.
1/10,000 of the J-PARC beam. The next day, after
cooling any background activities, ~-ray analyses
were performed to determine the yield. The result
showed that the “Mo yield obtained by bombarding
the 400MeV 35nA proton beam for 0.5hr on a
natural Mo target was at least 10kBq/g. As shown in
Fig. 4, the %Mo yield expected in the case of J-PARC
using the 400 MeV 330 pA proton beam for 10hr is
given by
(10kBq/g) x {330 A /35nA)(10hr /0.5 hr)
~ 2GBq/g/10hr

If a 500g natural Mo target is used, we expect to
obtain 1 TBq/10 hr. We propose to add this function
to the J-PARC/injector-LINAC as a parasite job to
be operated independently from the major activities
at the 3GeV and 50GeV synchrotron rings. As a
result, we expect to use nearly 100% of the operating
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Y Fig. 5. “Tc generator’ for the chemical separation of %™ T¢ from a
Beam : 400 MeV, 330pA' Scale-up MoOjy target. The MoOjy is desolved in 4nNaOH, and mixed with
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Fig. 4. Results of feasibility test experiments at the RCNP/
cyclotron, and an experimental estimation of the **Mo yields for
the proposed J-PARC mission.

time of the injector LINAC. We also expect that
J-PARC can operate for 50 weeks over one year,
and that the parasitic beam time for 10hours of
irradiation will be scheduled three times a week.
Then, the total production time would be (52 week x
3 x 10hr) = 156 x 10hr over one year. The total
production of ¥™Tc would amount to 150 TBq/year.
This is about the half of the total amounts of %™Tc
supply (314TBq in 2013, and 326 TBq in 2012).8)
Note that the yield estimation given here is based on
an experiment using natural Mo with a %Mo natural
abundance of 9.63%. Using a highly enriched Mo
(>90%), Mo yield is enhanced by almost a factor of
10, so that the **Mo yield will reach to cover the total
Japanese consumption.

4. Chemical separation and purification
of 9¥Mo-2"T¢ for ¥ Tc generation

Any chemical handling of *Mo-%™Tc isotopes at
the production target has to be done under an
extremely high radiation level with minimum dis-
turbance to the main J-PARC activities.

‘We use MoO3 powder as the target material. We
can dissolve it by infusing a 4 mol-NaOH solvent after
irradiation. Then, the %Mo isotopes are transferred
from the target vessel in the hot area to a carrier of
radioactive liquid located outside of the accelerator
room.

first product of extraction contains not only **"Te, but also
other Tc isopes as well as other elements, it is thrown away
from Exhaust-(I). Then, after waiting for about 10 hours for the
accumulation of *T¢, 2" and 3¢ extractions are repeated to
obtain #™Tc untill the %Mo in the NaOH aqueous solution
decays. In the case an enriched '“Mo is used for %Mo
production, the residue of '*Mo is recovered for later use.
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Fig. 6. Performance of chemical separation and purification
through the Tc-generator is monitored by -y-ray measurements.
Here is an example of y-ray measurements; (A) is before and (B)
is after the chemical process passing through the Tc generator.

‘We built a new chemical apparatus, named ‘Tc
generator’? (Fig. 5). Figure 6 shows -ray spectra
obtained both before and after separation through
the Tc generator.

A solvent-extraction method with MEK (methyl
ethyl keptone) is used for the separation of Tc¢ from
Mo. The Tc extracted from Mo was successfully used
for taking bone scintigrams.'0-11)
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The (MEK) extraction is carried out in two
stages:

(I) A NaOH solution of the Mo target includes
9mTe together with any impurities as well as
other Tc isotopes. Those are extracted in the
first extraction after production, and the MEK
solution is thrown away.

(II) After waiting for about the half-life necessary
for building up *™Tc in the NaOH solution, a
second (MEK) extraction generates “™Tc in
the MEK solution exclusively. Then, the %™T¢
are further purified by passing through an
aluminum clomn. This process (II) is repeated
several times with intervals of about the half-life
of 9 T¢ until the ¥Mo is phased out by decay.
In order to examine the performance of the

Ymre produced by (n,2n) reaction on a Mo target,

we compared the quality of the "™Tc samples using

the present "™ 7T¢ source from Mo target with that
using the conventional commercial source separated

i
o

FoMESE R ¢ WMBR B ¢ MO G ¥ MM ¢ ¥
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from fission products.'? The latter was made by
adding commercially available *™Tc¢ (60 MBq) into a
solution of **MoQ; (40g) dissolved in NaOH (4 mol
in 120ml). The *™Tc isotope was extracted with
15ml of MEK from a solution containing a macro
amount of natural Mo. After the evaporation of
MEK, the dried sample was dissolved in a few ml of
saline, and the solution was purified by passing
through a neutral aluminum column to remove any
possible residue of Mo. The amounts of impurities,
and the extraction efficiency, efc. were measured by
using inductivity coupled plasma mass spectroscopy
(ICP-MS) and ~-ray spectroscopy with a Ge detector.
The yield of ¥™T¢ was 75~90%. The impurities of Mo
and Al were less than 10 ppb.

The labeling efficiency of ¥ Te-MDP was higher
than 99%. All of these numbers were found to satisfy
the requirement of USP (United Statemacs Phar-
opeia). The requirement is to keep the impurity at
less than 0.01% of the 99mTc 18

Pb-Bi target

i

Fig. 7.

SRR RS

Proposed layout at the J-PARC injector LINAC. The proton beam line for the ADS/TEF-T project is used so that produced

neutrons are used parasitically. The MoGg target is used, which is soluble in 4nNaOH, so that any hot isotopes in the solution can be
transferred to a liquid RI botile outside the accelerator room. Chemical process for separation and purification can be done in local

hot-laboratories.
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5. Design and planning of the neutron source
at the J-PARC/TEF-T facility

We propose a parasitic use of spallation neutrons
from a target of the 400 MeV proton beam in the
ADS/TEP-T (Accelerator-Driven System/Transmu-
tation Experimental Facility-T) beam line with
minimum disturbance. Figure 7 shows a preliminary
proposal of a layout for %Mo-%™T¢ production,
which must be a subject to be improved in practical
use. The parasitic use of the beam was emphasized
because a radioisotope production for medical use
requires a stable supply independently of other
activities. Further detailed design work for construc-
tion must be completed in collaboration with J-
PARC staff members.

6. Test experiments at the RCNP AVF cyclotron
to produce "Mo isotopes through the (p, pn)
reaction with a 80 MeV proton beam

When we had completed the feasibility studies
discussed in the previous sections (Sections 2 to 4),
and had designed the preliminary scheme discussed
in Section 5, we learned that the ADS/TEF-T
project might take more time than we had expected.
We started to explore other possibilities of using
a proton beam with the RCNP AVF (Azimuthally
Varying Field) cyclotron.

Shown in Fig. 8 is the excitation function of the
%Mo production through the (p,pn) reaction.

We studied the contributions of the background
reactions, and concluded that the optimum beam
energy would be 50 to 80 MeV. Although the thick
target yield increases at higher energy, it is by not
more than 100 MeV because of background reactions,
such as (p,p2n), (p, p3n), increase.

The 80 MeV 1pA proton beam from the AVF-
cyclotron was used to bombard a Mo pellet of
10mmep, 8.6mm thick (the proton range is
8.55 mm) to test the “*Mo yield through the (p,pn)
reaction. The experimentally obtained %Mo yield
was 40 MBq/pA /hour. With a 10hours bombard-
ment of a 10 pA proton beam, we can produce 4 GBg
%Mo isotopes that are sufficient to satisfy the weekly
demand of Osaka University hospital.

7. Test of the direct production of %°™Tc
via the Mo(p, 2n) reaction with a 20-MeV
proton beam from the RCNP cyclotron

The direct production of ¥™T¢ isotopes via the
100Mo(p, 2n) reaction was beyond our scope when we
started the present project. We thought that the half-
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Fig. 8. Excitation functions of (a) '“Mo(p,pn)*Mo, and (b)
10Mo(p, 2n)?*™Tc reactions. Experimental data from Refs. 14
to 17 are plotted.

life of 9™T¢ (T, /2 = 6hours) is too short to make a
delivering system to cover a wide area. However, we
noticed that about 50 PET cyclotrons (E, =18 or
20MeV) are in operation at various locations in
Japan to produce isotopes for PET (see red marks
in Fig. 9). Each PET cyclotron can produce %®Tc
isotopes for in-hospital use.

In order to test the feasibility of the method using
the 20 MeV PET cyclotron for the direct production
of #™Tc isotopes via the Mo(p,2n) reaction, we
bombarded a 20 MeV 50 nA proton beam on a natural
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Fig. 9. Distribution of low-cnergy cyclotrons counstructed by
Japanese SHI (Sumitomo Heavy Industries). Among them, the
red marks indicate those that are usable for the direct generation
of 9T,

MoQy pellet target having a thickness of 0.4 g/cm?.
Although the irradiation time was only 10min, we
were able to obtain %™Tc¢ of about 5.6 x 10?Bq,
which led us to conclude that the ¥™T¢ production
yield is 21 MBq/pA /hour (at EOB).

The direct production of ™ Tc isotopes through
the " Mo(p,2n) reaction using a medical cyclotron
has been investigated since the early 1970°'® as an
alternative candidate of the HEU nuclear reactors.

Measurements of the excitation function of
the (p,2n) reaction have been reported by three
groups.’-17 Although the absolute cross sections are
not quite in good agreement, their proton energy
dependences are similar, showing a broad peak from
15 to 20MeV (see Fig. 8(b)).

‘We compared our data of yield measurements
with the calculated yield by integrating their
excitation data. Our data were in agreement with
a calculation based on data obtained by Scholten
et al.’®)

We estimated that by using a 1 pA proton beamn
on a 96% enriched Mo target with a thickness of
0.5g/cm? for 10hours, the yield of %™Tc¢ isotopes
would be 3.5 GBq. This amount should be sufficient
for typical hospitals. Through the test experiment
with only 10 minutes of proton bombardment on a
natural Mo target, we concluded that PET cyclo-
trons are useful for direct ™Te production. How-
ever, the ~v-ray spectra showed not only the *™T¢
isotope, but also many -rays from other Tc isotopes
(Fig. 10). The Tc isotope contaminations were *Tc
(Tl/z =2.8 h), gaTC (T1/2 =4.9 h), 95'”1?(3 (T]/g = 20 h)
and "Tc¢ (Ty=4.3d). Those are difficult to
separate through chemical processes. Obviously, we
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Fig. 10. Gamma-ray spectra from the 20 MeV proton beam on a
Mo target, taken 10 hours after EOB. The upper spectrum (A) is
with a natural target. The lower one (B) is with a 95% enriched
WMo target and after the chemical process passing through the
‘T'c generator’. All peaks in the spectrum (B) were assigned to be
gamma-rays from Te isotopes.

need to use highly enriched ""Mo (higher than
99.5%).18) In order to reduce the production cost,
we started to design a new target system for multiple
use of the expensive ""Mo.

8. Summary of feasibility research at RCNP,
and concluding remarks

Through the series of RCNP experiments
discussed above concerning the feasibility study of
the %Mo-"*Tc production by the J-PARC injector
beam, we were able to show that sufficient amounts
of ¥Mo isotopes could be produced to cover the total
Japanese consumption. Through this work, we are
convinced that the method of producing %™Tc
isotopes from a Mo target by the accelerator i good
despite the fact that the specific activity of ¥Mo is
very low. It makes a contrast to the method hitherto
well established for Mo chemical separation from
fission products generated in nuclear reactors using
enriched 29U fuel.

Hence, the alternative work would also contrib-
ute to reduce the use of enriched 29U fuel.

In Table 2, we summarize our efforts in three
scenarios.

We established a Japanese style solution using
the world top-level high-power accelerator facility,
J-PARC. Through the feasibility study using the
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Table 2. Summary of feasible experiments and future prospect

Scenario(1) [Section-3, 4, 5]
Production of Mo (for Milking)
1000o(n, 2n)*Mo with spallation neutron

Scenario(2) [Section-6]
Production of #Mo (for Milking)
1W0Mo(p, pn)*Mo

Scenario(3) [Section-7]
Direct Production of %mT¢
{OMo(p, 20)"Te

Feasibility studies at RCNP

Beam proton 400 MeV, 35nA proton 80 MeV, 1pA proton; 20 MeV, 50nA
Target natural Mo natural Mo 96% enriched *®Mo
Yield 10kBqg/g/0.5h 40 MBq/nA/h 21 MBq/pA/h
Proposal for production al any Japanese accelerator
Scenario(1) Scenario(2) Scenario(3)
Facility J-PARC, ADC/TEF-T (parasitic use) Tixisting eyclotrons PET eyclotrons
Beam proton; 400 MeV, 330 pA (Sendai, Takasaki, Saitama, proton; 15-20 MeV, 100 pA
Target natural Mo Chiba, Osaka, - --) >99.% enriched 19%Mo
_ 2GBa/g/10h 3.5GBq/pA/10h
Yield = 1TBq/500g/10h ~ 350 GBa/1003A/10h
= 150 TBq/year (52week:3times/wecek) [Local support for emergency/
e.g. Osaka-U. Hospital
Target >90% enriched Mo natural Mo
Yield 1,500 TBq/year ~4 GBq/10pA]/ 10k
Demand [Japanese consumption ~ 350 TBq/year] [3.7GBg/ week|

400MeV proton beam from the RCNP/RING-
cyclotron, it has been shown that a sufficient amount
of Mo can be produced at the J-PARC TEF-T
beam line.

We realized, however, that even though the total
amount of the isotope production is sufficient, there
still remain serious difficulties. For instance, after we
achieved full confidence about “Mo-*"Tc produc-
tion using the J-PARC, a serious question has arisen.
The question is: “what can we do during the period
while the J-PARC is not in operation?” The most
important factor in serving such medical radioactive
isotopes, like %Mo, is stable supply. The solution for
the requirement to assure stable supply of isotopes is
to have a plural number of production sources.

Among the three scenarios in Table 2, while
scenario (1) is a scheme of global scope, scenario (3)
would work in domestic hospitals.

Mo isotope production at the J-PARC
(Scenario (1)). In order to respond to the world-
wide crisis of the %Mo isotope supply with accel-
erators in lieu of nuclear reactors, the high-energy,
high-intensity accelerator, J-PARC 1is the most
suitable facility. Indeed, we have shown through
experiments at RCNP that a sufficient amount of
99Mo isotope production is feasible at J-PARC using
the spallation neutrons. Since we are considering to
use the ADS/TEF-T beam line, we have to wait a
few more years for the TEF-T facility.

9mPe direct production at the PET cyclo-
trons (Scenario (3)). We learned that in Japan
there exist 50 PET cyclotrons that cover the best
energy for the direct production of the %™ Tc¢ isotope.
A series of test experiments at the RCNP cyclotron
have shown the feasibility of direct production. We
thought this to be most promising and practical,
being an exclusive medical project.

We found, however, the following two weak
points: (1) An expensive enriched Mo target has
to be used; otherwise, contaminations due to other
Tc isotopes can not be separated. (2) In the case of
an emergency, the production of the *™Tc¢ isotope
takes at least a couple of hours for preparation before
an examination. Therefore, the conventional Mo
generation must be kept, and we must continue
efforts towards a self-sufficient supply of the Mo
isotopes in parallel.

The %Mo isotope production network
(Scenario (2)). As mentioned in Section 6, beside
J-PARC, we have powerful cyclotrons that accelerate
proton beams with an intensity of 100 to 300 pA, and
with an energy of up to 70 or 80MeV. Those
cyclotrons in Japan are all constructed by SHI
(Sumitomo Heavy Industry) at Sendai (CYRIC/
Tohoku U.), Takasaki (JAEA), and Chiba (NIRS).
If these machines provide 200pA beam on 90%
enriched %Mo targets for 10hours, each machine
could produce 400GBq *Mo. Total amounts of
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3 x 0.4 =1.2TBq of ¥Mo/day are expected to be
produced. If the production could be continued for 54
weeks in total during each year, the yield of 65 TBq
99Mo isotopes is available. This amount is sufficient
to cover the %T¢ direct production program at the
PET cyclotrons (discussed in Scenario (3)) to estab-
lish a self-sufficient supply. We will have to start
negotiation with the nuclear physics community.

The Tc-generator. In all of the cases using the
(n,2n), (n,%), (v, n), (p, pn) and (p, 2n) reactions on &
Mo target, the ‘T'c generator’ discussed in Section 4 is
useful for the separation of %™ Tc from %Mo isotopes
produced with very low specific activities. The new
method has overcome the difficulty in the chemical
separation of the **Mo radioactive isotopes. It is also
contributing greatly to stop using the highly enriched
50 (HEU).
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Introduction

Acetylcholinesterase (AChE) is one of the most crucial enzymes
in the nervous system. AChE is a tetrameric serine hydrolase that
rapidly degrades the neurotransmitter acetylcholine (ACh) into
choline and acetate [1]. It is mainly found at the neuromuscular
junctions and cholinergic synapses in the central nervous system,

PLOS ONE | www.plosone.org

where its activity serves to terminate synaptic transmission.
Progressive loss of cholinergic neurons is observed in Alzheimer’s
disease (AD) patients with severe memory loss and impairment of
cognitive function [2], and AChE inhibitors have been used for
such patients to protect against the reduction of acetylcholine in
the synapses and to enhance cholinergic activity in the affected
regions of the brain [3]. Recently, various types of AChE
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