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CYRIC Annual Report 2009 

PREFACE 

In this thirtieth issue of the CYRIC Annual Report, we summarize the activities in 

research and development, and in training of radioisotope safe-treatment at the Cyclotron 

and Radioisotope Center (CYRIC) during the calendar year 2009. 

Research at CYRIC was carried out in the fields of nuclear physics, nuclear 

chemistry, material sciences, nuclear medicine using PET (oncology, brain study, 

pharmacology), radiopharmaceutical chemistry, health physics, nuclear instrumentation, 

nuclear medical engineering (diagnosis and therapy technology), nuclear engineering and 

elemental analysis using PDIB. 

Developments and improvements on nuclear instruments and techniques have 

progressed; one of the 2009 highlights is the deveiopment of a disposable chip for 

electrochemical concentration of aqueous [18F]fluoride, which demonstrates a successful 

application to microfluidic radiosynthesis of several PET probes. 

Both the K= 110 Me V AVF cyclotron and K= 12 Me V AVF cyclotron were steady 

operated in this year. The standalone commissioning of new 10 GHz ECR ion source has 

started. A new project for producing a spin polarization of unstable nuclei has been 

launched aiming at the study of nuclear moments. The NMR signal of dynamically 

polarized protons was observed in a crystal of p-te叩henyldoped with pentacene. The 

beam line to produce the high intensity radioactive element of 21°Fr was constructed at 51 

course in the TR5 to search for the electric dipole moment of the electron. The newly 

developed thermal ionizer was installed and operated successfully in this course to achieve 

the Fr+ yield of 106 ions/s. 

Experimental studies of proton therapy combined with the novel vascular 

disrupting agent AVE8062 have been performed in a murine tumor model using the proton 

therapy system for small animals at CYRIC. An enhanced tumor-growth delay has been 

observed in the combined treatment compared to those in monotherapies. In order to 

assess therapeutic effects of the combined treatment, [ 18F]FDG-PET has been carried out 

using the high-resolution semiconductor small animal PET (Fine-PET). The 

high-resolution [18F]FDG-PET measurements have successfully revealed distributions of 



FDG uptake and their changes which are expected to be associated with vascular shutdown 

in the tumor and antitumor e妊ectsinduced by the combined甘・eatment.

[18F]FDG (19 preparations), [18F]FRP-170 (4), [18F]FACT (7), [11C]methionine (0), 

[11C]doxepin (18), [11C]raclopride (5), [11C]donepezil (11), [1℃］BF-227 (18) and [150]water 

(12) for clinical PET studies were routinely prepared for PET clinical studies in this year. 

Each number of their prep訂ationswas reduced nearly by half because the HM-12 cyclotron 

had worked only until the end of July and stopped for renewal of the facility building. Our 

research activities in new PET probe developments and evaluations, also considerably 

affected by this temporary but long-term shutdown, was focused on successive development 

of 2・deoxy・2-[18F]fluoro・D・mannoseas a promising tumor imaging agent and a disposable 

chip for electrochemical concentration of aqueous [18F]fluoride. The latter demonstrated 

successful application to microfluidic radiosynthesis of several PET probes and was 

presented at an international congress for the first time. 

In 2009, Molecular Imaging Educational Program of Tohoku University was 

further expanded with support from the Japanese Ministry of Education, Culture, Sports, 

Science and Technology. Important findings using [11C]BF・227 were obtained, 

demonstrating the superiority of [11C]BF-227 PET to MRI volumetry and [18F]FDG PET in 

diagnosis of Alzheimer’s disease (AD) and mild cognitive impairment (MCI). Using the 

[11C]BF-227, CYRIC contributed to a multicenter study project “Alzheimer’s Disease 

Neuroimaging Initiative-Japan (J-ADNI）”. New applications of conventional tracers such 

as [11C]doxepin and [11C]doxepin lead to several important publications regarding 

pathophysiology of anorexia nervosa and AD and clinical pharmacology. PET studies using 

[18F]FDG and [150]H20 were also active and resulted in new papers in orthopedic surgery 

and pharmacogenomics. 

The research program on PIXE analysis has been carried out by using electrostatic 

accelerator ( 4.5 MV Dynamitron) at the Fast Neutron Laboratory, Graduate School of 

Engineering, Tohoku University, under the scientific tip up between CYRIC and FNL. 

Research studies using submilli-PIXE camera, microbeam analysis system, and Micron-CT 

have been routinely carried out. A total of 902 hours of beam-time was served to this 

program without serious problems. A computer-aided beam transport control system was 

newly developed to achieve easy tuning and operation for both novices and experienced users. 

The beginners training for safe handling of radiation and radioisotopes was carried 

out as usual. In 2009, a total of 1028 staffs and students of Tohoku University took three 



courses: 1) Radioisotopes and radiation generators (503 trainees), 2) X-ray machines and 

electron microscope (437), and 3) Synchrotron Radiation (88). The number of trainees in 

this year was almost the same as that of出eprevious year ( 1031). The English classes for 

each course were practiced for 86 foreign students and scientists. 

Selective separation of Cs-137 and Sr-90, which are major heat-generating 

nuclides, from the high-level liquid waste (HLLW) generated from reprocessing of spent 

nuclear fuel by using macroporous silica-based supramolecular recognition absorbents 

(Calix[4]arene-Rl4/Si02-P, DtBuCH18C6/Si02-P) has been studied. Chromatographic 

separation of Cs and Sr from a simulated HLLW by the column containing with 

Calix[4]arene-R14/Si02-P and DtBuCH18C6/Si02-P adsorbents were carried out. Cs and 

Sr were separated selectively from other fission products. 

Thallium bromide (TlBr) has been investigated as a semiconductor material for 

fabrication of gamma-ray detectors exhibiting extremely high detection efficiency. Planar 

detectors, strip detectors and double-sided strip detectors were fabricated from TIBr crystals 

grown by the traveling molten zone method using zone-purified material. The detector 

performance including the leakage cu汀ent,energy resolutions and timing performance were 

evaluated in order to assess the capability of the detectors for the PET applications. The 

TIBr detectors exhibited excellent spectroscopic performance at room temperature. 

In addition to our above activities, we announce three items of news encouraging 

our center. First, the main building of our center was renewed which consists of 

accelerator rooms, target rooms, research rooms, meeting rooms, staff rooms, office rooms 

etc. Second, the program of“Breaking new ground in the research of atomic energy 

application”started under the suppo目ofthe Ministry of Education, Sports, Culture, Science 

and Technology and in collaboration with Hachinohe Institute of Technology and Aomori 

prefecture. In this program, the research study on useful applications of high level 

radioactive waste and training nuclear engineers is performed. To achieve this program, 

two research divisions were established in our center, which are the division of nuclear fuel 

chemistry and the division of advanced radiation application and a p児島cturalresearch 

center is planning to be built in Rokkasho village of Aomori prefecture. Third, the new 

scientific project on the search for the electron electric dipole moment to study the 

matter-antimatter asymme廿yin the universe has been started with the support by 

Grant-in-Aid for Scientific Research on Innovative Areas 、、Ex町emequantum world opened 

up by atoms”from the Ministry of Education, Culture, Sports, Science, and Technology. 



The construction of the high intensity laser cooled radioactive atom factory will be 

completed at the 51 course within 3 ye釘s,and the new phenomena beyond the standard 

model of the elementary particle physics will be investigated with this new facility. 

We are most gra也釦lto Tohoku University and to the Ministry of Education, 

Sports, Culture, Science and Technology for continuous suppo此．

January 2010 
Keizo ISHII 
Director 
Cyclotron and Radioisotope Center, Tohoku University 
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I. 1. Thermal-neutron Capture Cross-section by 151Eu Leading to 
the 9.27-hours Isomer 

Orihara H.1 ・2, Satoh Y人andUmeda K.1 

1Center for General Education, Tohoku Institute of Technology 
2Division of Instrumentation CYRIC, Tohoku Universiか

In the course to accumulate the data estimating activation of concrete in the nuclear 

power plant due to thermal neutron capture by 151Eu, the capture cross-section for 151Eu 

Leading to the 9 .27-hours isomer is discussed. Europium oxide powder in natural 

abundance and enriched samples are irradiated by thermal neutrons from the 12・MeVAVF 

cyclotron together with Sc, Co and Au samples. The latter have been used to determine 

the neutron flux used, by their known neu廿oncapture rates. The law of“clearance level" 

was enacted in 2007 as one of the law to regulate radiation safety of nuclear plants. The 

law excludes wastes from the regulation when their radiation level is smaller than the 

“clearance level”. The radiation level of concrete that composes a big part of the building 

struc印reof the nuclear installation is examined by measurements and calculations, and the 

results are compared with “clearance level”. For the effective and safety enforcement of 

the law, accumulation of the database of thermal-neutron capture-rate is essential as well as 

development of accurate and steady measurement-systems for low-level radiations. 

For evaluation of radiation level of concrete by calculation, important radioactive 

nuclides are 152Eu and 154Eu, the half-life for which are, respectively, 13.542 and 8.593 y, 

formed by thermal neutron capture by 151Eu and 153Eu with larger capture cross-sections 

over several thousand barns1). We have reported2) high-Resolution measurements of 

gamma-rays from thermal-neutron cap旬reby 151Eu and 153Eu. Europium oxide powder in 

natural abundance were bombarded by thermal neutrons. We concluded that by peak 

analysis, for the prominent peaks leading to the 121 keV state, thermal-neutron capture 

cross-section ratio has been determined to be a{154Eu）／σ（＇52Eu)= 55,923/721567=0.075. 

Further analyses of activated data for other nuclide 45Sc and 59Co could yield more precise 

neutron flux, by which we were able to deduce the absolute Cross-sections σ（＇54Eu ) and 



。(152Eu), separately. 
In this report, we discuss thermal neutron capture cross-section of 151Eu leading to 

the 9.27-hr isomer in 152Eu. Decay scheme of the he 9.27-hr isomer is illustrated in Fig. 1. 

There are seven gamma-ray decays3刈 inwhich four decays are prominent, and three decays 

may be week. Note that the lowest transition between r→o+ states is singlet since 

transition in l臼Gdthe 2＋→o+ transition is not observed in the short-lived transition . 

Thermal-neutron activation has been carried out by those from an AVF cyclotron 

used for RI-production for PET works at Cyclotron and Radioisotope Center, Tohoku 

University. Several samples, as listed in Table 1, have been simultaneously irradiated in 

order to estimate the neutron flux, since thermal neutron capture rates are much well known 

for these nuclides than those for 151'153Eu(n,y). The neutron flux thus obtained by 

Au-experiments is estimated to be in the order of 104 (n/s.cm2). 

Gamma rays from activated samples have been analyzes with high-resolution HPGe 

detector in low-background surroundings with the iron shield-box made of RI-free steel 

sheet, used in battleship“MUTSU”over 60-years ago. Figure 2 shows the simple electric 

diagram for the gamma ray analyzing system. 

A sample of gamma ray spectrum, taken from europium sample at the time of one 

hour after two-hours bombardment, is illustrated in Fig. 3. The seven transition pointed 

out in Fig. 1 are observed as the results of peak identification. Figure 4 shows time 

dependence of decay of the 9.27-hr isomeric state obtained by counting 121.78-, 344.3-, 

841.6-, 9643.4-keV gamma rays. The decay curve of seven decays is consistent with the 

life of 152mEu as shown in Fig. 4 by fitting. 

In the general theory of RI-decay, the number of radioactive nucleus at the time tis: 

ー持rdN(t) ( 0.693〕－学~，
N(t) = N0e-h = N0e ペア［Bq]=-N。｜で一le'1“ 

－~ ＼勺12 ノ

、‘．，，
咽

E
A，s・、

where !112 is the half life of the radioisotope. After bombardment of thermal neutron, the 

initial number of radioisotope is: 

N0 =/(number of terget atom)xn[(number of neutron)/ cm2]xSAA[barn 10-24 cm2] (2) 

where SAA is capture cross section for nucleus-AA measured by barn (10・M cm2), and N0 is 

obtained with the unit of n • SAA. For example, N0 of 151Eu203 is: 

l.03x0.48 ” 
No ＝×2x6.0xl023 x10-24nSEu 
352 

On the other hand, N0 is related ,to the activity: Act. (Bq) as following: 

(3) 
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46 Sc 83.79d (111.0斜4xl07)N0

60Co 5.21Iy (1/2.3988xl08)N0 

152 Eu 13.542y (1 /6.1625×108)N.。
•s2m Eu 9.214h (1/4.8176×104)No 

154 Eu 8.593y (1/3.9104×lOs)No 

198 Au 2.696d (1/3.3612xl05)N.。

=Act.(Bq) ＝玄[countsI sec] x ___!___ 
e(E1) 

(4) 

where E denotes energy dependent detector efficiency，組dsummation should be taken over 

transitions concerning the amount of N0・Measurementof gamma-ray counts gives us曲e

co町esponding152mEu-activity in Bq. Then, by inserting N0 in eq. (3) into eq. (4), we obtain 

n・S －～＝ 7.187×1010, where summation in eq.(4) is taken over 841.6-(13.lcounts/sec, E = 

0.0671）佃d963.4-keV(l0.8 counts/sec, E = 0.0609) gamma仕組sitions. On the other hand, 

by counting gamma ray for 197 Au target, which have been bombarded in the same 

experimental condition, we ob旬inn• ~u = 1.016×1010. Note由atthe amount of neu甘on

number is common for these two cases. Thus, by using ~u =200 (barn) we obtain 

s·~z日＝1.41 × 1ぴ（barn).

We have observed gamma-ray from the decay of 9 .27-hr isomer in 152Eu. 

Observation of activity by this transition gives prompt information about radiation level by 

neu位oncapture by Europium. Together with data for activation of 197 Au, we have 

concluded白紙 thethermal neu甘oncapture cross-section leading to白e9.27・hrisomer is 

1.41×1ぴbarn. This method to deduce thermal neutron capture cross-section may be 

applied to obtain capture cross-section e.g. to白e13.542・yground state in 152Eu. 

References 

1) JENDLE-3.2,JapanAtomic Energy Research Institute, Nuclear Data Center. 
2) Orihara H., Satoh Y., and Umeda K., CYRIC annual Report 2007, Pl. 
3) Table of Isotopes, Firestone RB. EIGHTH Edition 1998. 
4) Selen L., Friedlander H. N. and Turkel S. H. Phys. Rev. 77 (1947) 888. 

Table 1. Irradiated samples in the present experiment. 

Element Nuclide Half-life Amount 

Sc 46Sc 83.79d l.Og 

Co 60Co 5.271y l.Og 

Au 1卿＇Au 2.696d 0.2lg 

1s2Eu 13542y 
Eu 

i54Eu 
l.Og 

8.593y 
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I. 2. Measurement of Decay αParticles from the 15.1 MeV o+ State 
in 160 via the 12C(160,160＊［α＋ X])12C Reaction 

Itoh M., Takahashi T., Hayamizu T., Oikm仰 A.,Sakemi Y., and Yoshida H. 

Cyclotron and Radioisotope Center, Tohoku University 

The excited state of 15.1 MeV o+ in 160 is considered to be the 4・αcondensed

state1>. The concept of the αcondensed state was proposed by Tohsaki et a12>. They 

explained the 7 .65 Me V, 02 + state of 12C as the 3・αcondensedstate in which all constituent 

αclusters condensed into the lowest S-orbit, and loosely bound. As for the 4・αcondensed

state, it is not established. In this study, we measured decay αp訂tidesfrom the 15 .1 Me V 

o+ state in 160 via the 12C('60,160＊［α＋X])12C reaction in order to investigate the 4・α

condensed state. Since the wave function of 4－αcondensed state has a large overlap 

amplitude of the α＋12C(O/) channel, the branching ratio of this decay channel is 

considered to be large in comp訂isonwith the cascade statistical model. 

The experiment was performed at the CYRIC 41 course beam line by using the 

large scattering chamber. The 160 MeV 1605+ beam accelerated in the K=llO MeV AVF 

cyclotron was transported into the large scattering chamber in the experimental room TR-4 

and bombarded the self-supporting carbon target. The experimental setup was almost 

same as the test experiment reported previously3> and details were reported in Ref.4>. Here, 

we present the brief outline of the experiment and procedures specified to this experiment. 

The beam cu町・entwas typically 10 pnA. The target was the natural carbon foil of the 51.5 

μg/cm2 thick and rotated by 45° against the beam axis in order to keep the energy loss of白e

recoil carbon below 400 keV. The recoil 12C was catch in SSDs placed at 61° (SSDO), 

48.5° (SSDl). SSD2 placed at 73.5° was used for the beam position monitor. The kinetic 

energy of recoil 12C from elastic scattering of 160+12C changes drastically when the recoil 

angle changes. If the beam position shifts by 1 mm, the recoil energy changes about 600 

ke V. In this experiment, we used the position sensitive detector (PSD) of the 50 mm×50 

mm size and 994 μm thick, which is a double sided silicon strip type and has 16 strips in 

5 



each side, for the detector of decay particles. We measured decay particles in three angles 

of the PSD, 9°, 17 .5°, 26° to cover decay－αp紅ticlesfrom the 16ぴ→α＋12C(gふ） ch加 nel.

We installed two BGO detectors in order to estimate the con凶bution of the 

12cc60,16o*rα＋X])12C(2+) reaction. However, it was so small that it was neglected in this 

analysis. The detectors setup in the l訂gescattering chamber is shown in Fig. 1. 

The p訂tideidentifications for both SSD and PSD were done by the TOF method. 

The i2c(160,16ぴ） reaction was reconstructed by kinematical condition of白eangle and 

kinetic energy of the recoil 12C. The missing mass energy of the reaction was calculated as 

follows, 

M土＝M(160) + Ex(160)-Ec.m.（α） -Ec.m.(12C) 

where M('60) is the mass of the 160 nucleus, Ex(160) is the excitation energy of 160*, which 

was fixed at 15 .1 Me V. The energy of the decay p紅tidein the center of mass system, 

Ec.m.（αor 12C), which was not detected in the PSD, was calculated kinematically by using 

that of the detected particle. Obtained missing mass spectra were shown in Fig. 2. The 

peak釘oundMx = 0 MeV was co汀・espondingto the α＋12C(gふ）channel, on the other hand, 

that around Mx = 4.5 Me V was co汀espondingto the α＋12C(2+) channel. The 

branching ratio was obtained by multiplying this spectrum by the detection efficiency of the 

PSD. The detection e妊iciencieswere estimated by a simple simulation program. The 

branching ratio between the α＋ 12C(gふ） and the α＋ 12C(2+) channels was obtained to be 

about 7:3 from the missing mass spectrum of the decay 12C at 9° of the PSD by assuming 

that all decay 12C came from the 15.1 MeV o+ state in 160. It was consistent with the 

predicted number of Ref. 1). However, that obtained from decay αwas inconsistent with 

the result of the decay 12C due to the complicated loci of the decay α. Figure 3 shows the 

2-dimensional histograms on 0decay vs Edecay・。decayis the angle between the scattered 160* and 
the decay particle. Edecay means the kinetic energy of the decay particle. Upper figures 

(a), (b) of Fig. 3 show experimental results. Lower figures (c), (d) show results of the 

simple simulation. As shown in figures (b) and (d), loci below 5° were complicated. To 

understand these loci, more precise analysis is needed. 

References 

l) Funaki Y., et al., Phys. Rev. Lett. 101 (2008) 082502.; Funaki Y., et al., Phys. Rev. C80 F(2001) 
064326. 
2) Tohsaki A., et al., Phys. Rev. Lett. 87 (2001) 192501. 
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Itoh M. et al, Proceedings oflnternational conference Niigata2010, to be published. 
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I. 3. Present Statt凶 ofthe Search for Fr EDM 

Sakemi Y., Hayamizu Ti, ltoh M., Oikawa A., Ta初加shiT., andあshida.H. 

Cyclotron and Radioisotope Center, Tohoku Universi，砂

An Electric Dipole Moment (EDM) of the elementary particle is a good prove to 

仰の血.efundamental symme住yand observe the phenomena beyond the Standard Model 

(SM). A finite value of白eEDM means the evidence of the time reversal violation, and it 

suggests血eCP violation (ma悦：er-antima仕erぉymme佐y)based on血eCPT invariance. 

百ieSM predicts quite small EDM such as less血anlO・31e・cmfor the elec住on.A non-zero 

EDM is considered as a background 合田signalof CP violation beyond the SM. However 

血eEDM is considered to be qui旬 small,and many ideas to detect the tiny signal合om

EDM are considered. We decided to search for the EDM on the radioactive atoms with large 

atomic number, since in paramagnetic atoms an elec住onEDM results in an atomic EDM 

enhanced by the factor -Z3α21). ’The element which has largest enhancement factor is a 

heaviest alkali element and the 1radioactive atom企ancium(Fr). So we will search for the 

Fr EDM, although the EDM for the Fr have not yet been measured because it is difficult to 

make a concen位atedsample due to a short life time for the experiment. 

百ieoverview of血eexperimental app紅白isis shown in Fig. 1. 官iedevelopment 

and construction of the laser cooled Fr factory was started since 由esummer泊2009. 百ie

Fr is produced with the newly developed thermal ionizer, where the prim紅ybeam of 180 

合om白eAVF cyclo甘onis injected with 45 degree 白roughthe swinger magnet, which has 

been orig泊allyused for the charge exchange (p,n) reaction, and the produced 貯金om血e

fusion reaction with 197 Au t紅・getis ex住actedto白evertical direction. Based on the results 

of血eprototype of the thermal io凶zer，白iss住UC旬reis designed to avoid for the 197 Au t紅・get

material to be lost due to白e~elting and flowing down of由et紅・gethead. 百ieex住acted

Fr ion beam is bended 90 degree with the elec仕ostaticprism and住ansportedwith about 10 

m to血eneu住alizerand the MQT located at白eTOFroom.’This beam住ansportsystem is 
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effective to reduce the background such船出eneu住onsand gamma rays produced企om由e

fusion reaction toge・血erwith the Fr, which d紅nagea certain kind of the detectors. Also 

血es町uctureof the beam line is designed to achieve the high vacuum 10・9Torr泊由eend of 

the beam line with the differential pumping. 百ieFr is produced at由e51 course of血e

TR5, and produced Fr is仕組sported合om血.eTR5 to TOF room, and finally由eFr atoms 

are accumulated and its EDM is measured at TOF room. 百iegoal of血isproject is to 

establish血eexperimental technique to produce and collect血eFr atoms，甘・ansportto血e

位appingchamber with high transmission efficiency，組dto get more th組 107Fr atoms/s 

which is the highest production rate in the world. 

At present，出enew thermal ionizer is developed and the o旺linetest is in progress. 

官児島isproduced with a heavy-ion fusion reaction between an oxygen beam and a gold 

target (180+197 Au→ 210Fr +Sn etc.) wi白血eprim紅ybeam energy (E180,...,100 MeV) just 

above the coulomb barrier. 百iet紅getconsists of a lump of gold melted and flattened onto 

the end of a tungsten rod. ’The target is surrounded by the oven, which is heated by coil 

heater made by tungsten wire, and由e阻rgetitself is heated by血eradiant heat企om白e

oven up to 1500 degree in血edesign. 官ie旬rgetrod is also cooled by the cooled air from 

the bottom, and we can con佐'01由etemperature of出et紅getand oven wi白／wi血out由e

primary beam. 百1eembedded Fr企'Omfusion reaction diffuses rapidly to the surface and 

evaporates.官ie企anciumdesorbs企om由e旬rgetsurface as atoms and ions according to由e

Langmuir-Saha equation: 

n w ( E JUI:' - E ,D ¥ 
一一＝一一exp1 ・・・’ “ I 
n。Wo l IC ) 

where n+lllo is the ratio of ions to atoms desorbed, w +lw.。isthe ratio of the statistical weights 
and equals 1/2 for alkali atoms, Ewi: is the work function of the surface, and ~ is白e

io凶zationpo蜘削of血edesorbed atom. S泊cefor gold Ewi: is 5.1 eV and 4.08 eV for~. 

we have Ewp>Ew. and consequently白et紅getemits pnmarily Fr ions. While Fr isotopes 

can be produces in o血erfusion reaction, we choose to use gold as a t紅getsince it is a noble 

metal, naturally monoisotopic, and provides an io凶zingsurface for alkali atoms. Many 

o由erradioisotopes紅eproduced in血efusion reaction, but the ionization potential of白ose

Rls are large compared with the work function of血et紅・getmaterial gold, so only the Fr is 

emitted企om由esurface. 百ieproduced Fr ions紅eextracted企om由eelec甘odewhich is 

located to血eupper direction, and出efocusing elec位odes紅econfigured after the 
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extraction electrodes. We can achieve the small emittance Fr ion beam thanks to白e

curvature and shape of the electrode designed in detail by TOSCA simulation code. The 

struc加reof the surface ionizer is shown in Fig. 2. We also make a port to inject the Rb 

atomic beam to出etarget smface for the offline calibration and optimization of the 

operation parameters with Rb beam whose chemical properties are similar to the Fr atom. 

The offline test by the Rb beam was done to check the operation of the new thermal ionizer 

and the beam profile of the Rb ion beam was successfully observed as shown in Fig. 3. 

We are providing出eTR5 and TOF with the developed experimental apparatus, 

performing the repむrof the floor, and constructing the clean room. The construction of 

出e出ennalionizer, the beam transport system, and the neutralizer will be completed in 

20 I 0, and the Fr production and be創ntransport test will be done in the autumn in 2010. The 

MOT and laser cooling will be also completed in 2010 and tested with Rb. All the 

equipments will be shaken down unti I the summer of 2011. 

Reference 

l) Sandars P.G.H., Phys. Lett. 14 (l 965) 194. 

High Intensity Laser Cooled Francium Factory to search for electron EDM 
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Figure I. The overview of the laser cooled Fr factory at CYRIC. The Fr is produced by the fusion reaction 
and extract巴dfrom the thermal ionizer. The transported Fr is accumulated in the MOT in the final stage. 
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Figure 3. The left pictur巴showsthe developed thermal ionizer, and right picture shows the Rb beam profile 
which was observed from the thermal ionizer for the first time. 
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I. 4. Development of Thermal Ionizer for the Search of the Electron 
Electric Dipole Moment 

Hayamizu T., Oikawa A., Yoshida H., ltoh M., Takahashi T., and Sakemi Y. 

Cyclotron and Radioisotope center, Tohoku Unかersity

An existence of non-zero Elec凶cDipole Moment (EDM) on an elementary particle 

me組 sthe direct observation of the Time-reversal symme佐y(T) violation and also suggests 

出eCP violation assuming the CPT invariance. 百ieStandard Model (SM) predicts a q凶te

small EDM value (de< 10・31e・cm)nearly equal to zero. However, the Super Symmetric 

Model (SUSY), which is one of the candidate of the theoretical model beyond由eSM, 

predicts a large value (de = 10127,..., 10・29 e・cm)enough to which we C釦 observewith the 

modem 叫erime制 t印刷qu~. The EDM is V句泊port佃 tprove to search for白e
phenomena beyond the SM. In paramagnetic atoms，組electronEDM results泊 anatomic 

EDM enhanced by the factor ~ ,..., Z3α21>. For acc町atemeas町ementof血eelec町onEDM, 

we will use the Francium (Z=;87) which is血eheaviest alkali atom and has the largest 

enhancement factor K=llSO企om血eaccurate theoretical calculation with relativistic 

coupled cluster model or other detailed atomic白eory. So we set o町 challengeto白e

measurement accuracy of de,..., 10・23 e・cmusing Fr atom to overcome the world record of the 

elec住onEDM at present wi由de,..,10・21e・cmdetermined by the Tl atom2>. Unfortunately, 

血eFr is radioactive atom with the half-life 3 minutes, but we will get over白isproblem to 

develop a high intensity Fr source using白equantum optical techniques. 

Now we are constructing 1the high泊tensitylaser cooled Fr factory to be completed in 

2011. 官ieunique points of the factory are to realize the high intensity Fr production using 

the accelerator and to apply血elaser cool泊gand住appingtechnique to measure血eEDM 

by the beam仕組sportsystem consisting企om血eelec住ostaticprism, elec住ostaticlenses 

and the beam profile monitor with SSD and f紅adaycup and ZnS viewer. In the end of白e

beam line, the Fr is neutr叫izedin白isexperimental apparatus and the neutral Fr atom is 

produced. 百ieFr atom is cooled to almost ～μKand住appedin血eMagneto-Optical Trap 

12 



to produce cooled atoms vapor for the final stage to measure血eEDM. In出isreport, we 

describe the present status of the development of血epro toザpeof由e由ennalio凶zer,which 

is important to design白enext generation thermal io凶zer.

百iethermal Ionizer1> was developed to produces the high intensity姐 dsmall 

emittance Fr ion beam source. We used由.efusion reaction of 180 +197 Au→ 21°Fr +Sn 

with a prim釘ybeam 1805+ 100 MeV supplied仕om由eAVF cyclo住on. 百ieFr was 

produced in血egold target （φ10 mmxtSO仰n），組ddiffused and appe紅edon the surface of 

血e阻rgetby keeping it just before the melting point of血etarget ,.w1300K. Finally, the Fr 

ion was emitted企om血e阻rgetsurface with由esurface ionization and the ratio of the 

emitted Fr ions and neu住alatoms depended on the work function of the t釘getand血e

io凶zationpotential of白eFr with the Saha-Langmuier equation. 百iegold t紅getwas 

surrounded by the high temperature oven to collect all血eFr ions in the limited space2>. 

The ion stuck on血eoven wall was ionized ag泊nbecause the oven wall kept to血ehigh 

飽mperature(-1300K) ag泊n. 明iesize and shape of血eex甘actionelec住odehole （申1～mm

as an oven hole and φ4mm as a ground elec甘'Ode)was optimized and designed to achieve 

the small emittance beam. We performed a tracking simulation of血eFr ions with the 

realistic elec凶cfield, and estimated the beam enuttance with 15πmm mrad. We had 

already gotten the maximum yield as 4x 104 atoms/sec with the experiment at RCNP, Osaka 

University in previous year, also found the住oubleof出elow extraction efficiency up to 

0.3% because of an interruption of ionized at oven surface by the low oven tempera卸reand 

dirty condition. Another problem was difficulty-to perform the stable operation for a long 

time because of the gold旬rgetmelting down and flowing out. In由istime, we improved 

to concentrate血efirst po泊臼 of血eproblems. We changed the oven heater to more 

powerful one, took gold gilding （～1仰n)wi也也eio凶zerp訂ts,and widen ex甘actionhole 

out to 1.5阿n.

We performed白eexperiments at the beam course 34泊血etarget room 3 to meas町e

出eextraction efficiency of出eproduced Fr. 百ietypical prim紅ybeam size was about 10 

mm, and the beam energy is 100 MeV as mentioned before. 百ieFr produced in血e

血ermalionizer ex住actedand泊dec句da solid state detector (SSD) in the end of the beam 

line3>. We had wanted to obtain the maximum yield, however, we got low泊tensityFr ion 

to order of 10 for low temperature condition (-SOOK) due to the unstable heating condition, 

and also we could use也elowprim紅ybeam (-0.15 eμA）.百ieex甘actionefficiency of血e

Francium in experiment was 0.0023%. We interpreted由islow efficiency due to血e
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quality of the oven smface, which main reason was target temperature, and other reason 

was affection of changing work function from the change of the chemical property and loss 

of Fr attached to the oven. As a result, we found out some improvement points to modify 

the heating system to more powerful one like a metallic coil heater, and the material of the 

oven and target rod should be changed to the chemically stable material to keep the work 

function and higher temperature. Also, we will get high intensity primary beam since new 

10 GHz ECR ion source will be upgraded in 2010. After the experiments, we s値比edto 

develop new thermal ionizer to feedback these experimental data into the design work. 

We have aimed to get出eyield 106 atoms/sec and the efficiency 10%, and be able to operate 

and extract the Fr for stable long time. 

References 

I) Sanders P. G. H., Phys. Lett.14 (1965) 194. 
2) Regan et al, Phys. Rev. Lett. 88 (2002) 071805. 

Figure 1. The thermal ionizer. 
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Figure 2. The left figure shows <plOmm gold target for Fr production. The right figure shows出coven with 
gilding parts which were出eupper site hole for injected primary beam, and the side hole of山eoven for 
extracted Fr ion beam. 

Figure 3. The Fr spectrum detected by SSD. 
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I. S. Development 'pf the Beam Transport System for the Study on 
Ato凶cP剖 tyNon Conservation 

Oikawa A., Hayamizu T.，おshidaH., ltoh M., Ta初hashiT., and Sakemi Y. 

Cyclotron1 and Radioisotpoe Center, Tohoku University 

Francium is one of the best candidates for meぉurementsof atomic Parity Non 

Conservation (PNC) and in the search for permanent回ectricDipole Moment (EDM). 

官1eseprecise measurements to, study the fundamental symme住ies,such as p紅ityand time 

reversal can be achieved by the accurate atomic spec佐uscopywi白血eexperimental 

旬chniqueof the laser cooling and magneto-optical住ap(MOT)1>. At present, we紅e

cons佐UC也1g出ehigh intensity laser cooled仕組ciumfactory at CYRIC. It is important to 

get the high accumulation yield of Fr泊由eMOT, and也ekey point to realize it is to 

住佃sport曲eFr beam with ~gh transmission efficiency. ’The present sta佃sof the 

development of血eFr beam仕組sportsystem is reported here. 

Our goal is to study the atomic PNC wi白 thesearch for an anapole moment to 

understand the propagation m~chanism of weak interaction between the nucleons in血e

nucleus, PNC ingredient’s amplitude in nuclear force experimentally, and neutral current of 

neutral weak boson Z0. 百1ereason of studying the atomic PNC using Fr atom is白紙血e

PNC effect is e叫1ancedin proportion to atomic number Z3 as well as studying elec住on

EDMwi由Fratom2>. The Fr atom needs to be accumulated in由eMOT to reduce the error 

due to血eunu凶fon凶tyof由eexternal field, which is血edominant component of白e

systematic e町urs,by conf1凶ngthe atoms in the small region. However at the MOT, we 

have to realize the high vacuum with ,.., 10・9(To町＇） toob旬ina long life time of accumulated 

atoms, and the MOT should be placed at出eradiation企・ee釘easince the detector to 

meas町ethe number of由eFr atoms will be damaged due to白eneu甘uns姐 dgamm鎚. At 

the nuclear reaction point，出eneu佐＇ODSand g創nmaswith the energy of a few Me V紅e

produced toge血erwith Fr, so we need to仕組sport出eFr far from the reaction point. 

百1ereforewe designed白eFr be但n住anspo抗 systemwi白血etotal leng白－lOmat也e51 
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course企'Om血eτR5toTOF.百tlsbeam仕組sportsystem also has the function to realize the 

high vacuum with the differential pumping. It consists of Elec住・ostaticQuadrupole Triplet 

σnplet-Q), Elec住'OStaticPrism例ism)and Beam Diagnosis SystemのiagnosisSystem). 

Triplet-Q (Ql, Q2, Q3) has some unique features. 百1eTriplet-Q is segmented into 

two regions, which means the inner region where由ebeam is仕組sportedwith the high 

vacuum, and the outer region where the elec住odesand cables釘einstalled. 百iesetwo 

regions紅esep紅atedby the qu紅包pipewi白 thebaking heater. 百1eelec住・ostaticlenses 

consist of也reesets of electrodes with F(focus)D(defocus)F or DFD function. At the both 

ends of the Triplet-Q, we set由ee紅白plates，組d血eheater on the surface of血equ紅包pipe

is also used錨血ee紅白plates. We realize the definite effective field bound紅ywith earth 

plates. 百1es町uctureof由eTriplet-Q is shown in Fig. 1. 百1edevel由.oseopme凶 of血e

Prism is now in progress. It consists of main elec位'Odes,steering elec甘odes,e紅白plates

and movable silicon detector (SSD）.百ietwo holes are prep訂ed白血eouter main 

elec住'Ode,which are used for the alignment of the beam line and the measurement of血eFr 

ions and the temperature of血e官iem叫 Io凶zer.S飽eringelec住odesadjust出etracks of出e

Fr ion beam. 官1ee紅白platessuppress the turbulence of the elec住icfields. 百1emodel of 

these features is shown in Fig. 2. 百ieDiagnosis System is designed to enable us to select 

some kinds of detectors. First, SSD detects Fr alpha decay energy spec住um.Second, 

Faraday Cup counts Rb ion’s beam current. 百tlrd,ZnS Viewer shows us白eRb ion’s 

beam profile. 百1emodelof血esedetectors is shown in Fig. 3. 

In July 2009, we have performed由eexperiment to measure佐ansmissionefficiency 

with prototype Triplet-Q (QO) whose siz e is half of由eQl-3 and without qu但包 pipe.

Experimental se加pis shown in Fig. 4. At first, 100 MeV 1805+ beam accelerated by AVF 

cyclotron (Beam Intensity: 120-170 nA) was injected into 197 Au t紅・get泊百iermalIonizer 

and 210Fr was produced by fusion reaction {180 + 197 Au→ 210Fr +Sn). Produced Fr atoms 

were ionized泊toFr ion when Fr atom reached to the surface of Au target. 百ienFr ions 

were ex住actedby ex位actionelec住'Odeswi血 asmall beam emittance ( ,..,,40πmm mrad). 

百出 beamwas仕組sportedinto血eSSD by QO. So we measured alpha decay spec佐um

from 210Fr白紙adheredon the surface of the SSD. 百ieseexperimental results紅eshown in 

Fig. 5 and Fig. 6. As a result of血isexperiment, Q0 worked as well as we anticipated, and 

Fr yields on血eSSD were ,..,, 70 atoms/sec. The analysis of the beam甘釦sportefficiency is 

in progress. Until 2011, high intensity laser cooled企anciumfactory will be built at 

CYRIC. To住apa lot of Fr atom at MOT, we designed and are developing the Fr beam 
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住ansport system with high transmission efficiency (80-100%). 

l) Stancari G，巴tal., Eur. Phys. J. Special Topics 150 (2007) 389. 
2) Bouchiat M.A., Bouchiat C., Phys. 60 (1997) 1351. 
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Figure l. Sectional view ofTriplet-Q. 
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II. 1. Improvement in Cross-Polarization System for Radioisotope 
Polarization 

Izumi S.1, Wakui T人Shimadak人andShinozuka T.2 

1 Department.~！ Physics, Tohoku University 
2Cyclotron and Radioisotope Center, Tohoku University 

We have proposed a new technique to polarize unstable nuclei by a cross 

polarization methodl). The aim of this study is to find a possibility to produce a 

polarization of unstable nuclei better than 10%. The highly polarized unstable nuclei 

would be useful in the study of nuclear structure as well as material science. 

As the first step, we constructed a proton polarizing system'> which contains a 

permanent-magnet with variable field strength. The magnet can continuously change the 

field strength and polarity by rotating cylindrical permanent-magnet rods. The maximum 

field s汀engthwas 326 mT. The field uniformity, however, was a few percent over a 

volume of 10 mm diameter and was insu百icientto observe an NMR signal of polarized 

protons. We have thus performed a calculation of magnetic field to attain field uniformity 

better than 10・3over the volume. The magnetic field was calculated by changing a 

dimension of a shim using the Poisson/Superfish code. Based on the results of calculations, 

we have modified the magnet with the shim of 128×90x15 mm3. 

By using the modified magnet, we have performed an experiment to polarize 

protons by means of a cross polarization2.3>. The magnetic field was 58 mT, and the 

temperature was 305 K. To confirm an enhancement of proton polarization by the cross 

polarization, we are using a pulsed NMR technique with a quadrature detection. Figure 1 

shows a measured NMR signal of polarized protons. In the figure, we also plot a NMR 

signal observed before polarizing protons as a background. We have clearly succeeded in 

polarizing protons. 

We have also measured polarizations in a buildup and a relaxation processes to 

evaluate a polarization rate. The proton polarization, PP, in the buildup process can be 

wntten as 
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while that in the relaxation process can be written as 

PP= Pp(O)exp(-r't), (2) 

where Pe is an electron population difference in the photo-exci胞dtriplet state4.s>, A is the 

polarization rate of protons, G is a relaxation rate of protons, and σis a measured 

relaxation rate of protons. Figure 2 shows a result of the proton polarization as a function 

of time in the buildup process. By fitting the data with Eq. (1), the buildup time, ll(A+G), 

was derived as 3 .6(9) min. Figure 3 shows a decrease in proton polarization as a function of 

time. The measurement was performed after stopping the pol訂izationbuildup process. 

From the measurement, the relaxation rate, 1/G', was obtained as 4.0( 4) min by fitting the 

data using Eq. (2). The relaxation rate in the buildup process is now assumed to be almost 

same as the measured relaxation rate, i.e., G= G’. We then obtain A as 0.03(7). 

The evaluated value of polarization rate is very small to attain proton polarization of 

better than 109る. This small value is mainly caused by a reflection of laser light at a 

surface of the crystal. To avoid the reflection, we will irradiate the laser light onto a 

cleavage plane of the crystal. We are also planning to optimize the power and duty rate of 

the laser to increase the polarization rate. 

References 

I) Tateoka M., Wakui T., Hoshino S., Ishida T., Shimada K., Miyashita Y., Sato N., Nagano T., 
Ouchi H., Shinozuka T., CYRIC Annual Report 2007 (2008) 9. 
2) Henstra A., Lin T. S., Schmidt J., Wenckebech W. Th., Chem. Phys. Lett.165 (1990) 6. 
3) Henstra A., Dirksen P., Wenckebech W. Th., Phys. Lett. A 134 (1988) 134. 
4) Kim S.S., Weissman S.I., Rev. Chem. Intermed. 3 (1979) 107. 
5) Sloop DJ., Yu H.L., Lin T.S., Weissman S. I., J.Chem.Phys. 75 (1981) 3746. 
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II. 2. Present Status of曲eHigh Intensi旬FastNeutron Beam Fae出ty

Yoshida H., Itoh M., and Sakemi Y. 

Cyclotron and Radioisotope Center, Tohoku University 

官1eimprovements of the beam line to test the radiation damage of白e泊tegrated

circuits of血eCPU, FPGA (Field Programmable Gate Array），釦ddi日・erentkinds of 

memories such as由eS-RAM and D・RAMetc, were continued. 百1etwo beam lines紅e

ready for the radiation damage test of the semiconductors; one is the beam line (32 course) 

to supply the high intensity neu位onbeam，佃d釦 0血eris the beam line (33 course located 

at白eTR3) to supply the ion beam. 百1esebeam lines were used by many semiconductor 

developing comp組 ies,typically once or twice a mon白， sowe need to improve the beam 

quality and intensity, the experimental support s佐ucturesfor the users to be able to install 

由et紅getmaterials such as the semiconductors, CPU bo紅白，組dservers easily to realize 

the smooth experimental prep紅叫onand efficient註radiationexperiments. h白isreport, 

we will describe the present sta旬sof血eneu住onbeam line. 

百1equasi-monoenergetic n即位onbeam is produced with the charge exch組 ge

reaction such as (p,n) reaction using the thick 7Li t釘・get.We have already obtained the high 

intensity neu位onbeam with the energy over血姐 11MeV up to 66 MeV. 百1emaximum 

neu住onflux with lxl06 n/(cm2 • s • μA) was achieved at出eprim紅yproton energy of 70 

MeV. 百1eobtained typical neu佐onspec佐umis shown in Fig. 1. The Li旬rgetwi白出e

thickness of 8 mm is used in血es旬nd紅dexperiment. We can use the thicker target to 

increase the beam flux, although the neu住onbeam energy resolution becomes worse. In 

血isyear, we住iedto get血equasi-monoenergetic neu位onbeam with lowest energy such as 

11 MeV. ’The obtained neu甘onbeam energy distribution is shown in Fig. 2. We cans偲

血etwo peaks, where higher energy peak can be泊terpretedas the real neu位onfrom the 

7Li(p,n)7Be reaction, but another peak can not be understood still. We need to understand 

血isbeam energy dis凶butionto get血elow energy quasi-monoenergetic neu佐onbeam from 

930 A VF cyclo佐on,or ano白eroption is to use白eFNL. 
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官邸beamline is originally designed to supply the high intensity neu位onbeam, but 

由iscourse is also utilized to supply the high intensity proton beam to study the radiation 

damage of the silicon detector, since白isbeam course was configured with a s位aightline 

企omthe exit of白eAVF cyclo住on,and the ion optics for the prim釘ybe釘n仕組sportis 

simple and it is expec旬d白atthere is almost no beam loss along the beam line. However 

we need to be careful for the radiation in白eexperimental room when we ex住act白e

primary proton beam仕om血evacuum chamber to the external訂ea. 百ien,we also 

prepared白enew movable beam dump system consisting of the concrete blocks and irons to 

stop and collect the ex住actedproton beam efficiently by se凶ngthe dump ne紅白ebeam 

ex位actionwindow. By血isnew beam dump system, we can minimize for the air to be 

exposed to血eradiation in the nuclear reaction紅ea. Also we set血eozone monitor to 

protect the human heal由 whenthe people prep紅ethe experiment during and after曲e

proton irradiation experiment. 

’The data acquisition system (DAQ) was also upgraded. ’The measurement of由e

neu住onflux is important for the accurate determination of白ememory soft eπor. 百ie

e町orrate becomes decreased gradually, as白eproduction process加 dpackage s佐uctureof 

the integrated circuits and the semiconductor material itself紅emodified to protect血e

radiation damage. This means白紙白.elow dead time DAQ system is required, since it is 

necess紅yto know血eaccurate error rate wi白limitedbeam time. So we have upgraded 

白eDAQ system as shown in Fig. 3 to measure the high neu位onflux with the neu住on

counter consisting of白eliquid scintillaters, NE213. 百ienew system is based on白e

standard CAMAC readout system，組d白eDAQ softw釘eis prep紅・edby modifying血e

“nagiDAQ”system developed by K. Shouji at Kyoto Univ. To check the neu甘・onflux, we 

comp紅・edit with new DAQ system and also the existing system which have been used so 

f釘． It became clear白紙 thereis no difference on血emeasured flux between new and 

existing DAQ system, so we will move to the new system gradually. Also the slow 

con住olsystem is upgraded to realize the user企iendlyinterface to con佐olthe vacuum 

pumps, beam line slits, and other devices wi由LabVIEW. 

百ienew DAQ and con柱。lsystem are used wi白血estable opera首onduring the long 

irradiation experiment at present. In血enext step, we need to get the smaller sized 

neu住onbe創nto confine the irradiation紅・eamore precisely, and血.efurther user台iendly

interface to s旬武／stop由ebeam and con住ol由edevices need to be prepared. 
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Figure 1. Th巴typicalneutron energy spectrum with Figure 2. The energy distribution of the neutron 
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II. 3. Proton Irradiation E質ectsfor GaN Schottky Diode 

Narita S人IchinoseD人NishiboriY.1, Hitora T人均maguchiE.2・3, 
Sakemi Y.4, ltoh M人andYoshida H.4 

'Department of Electrical Engineering and Computer Science, Iwate University 
2ALGAN K.K. 
3Doshisha University 

4Cycrotron and Radioisotope Cente1：百7hokuUniversity 

III-N semiconductors have attracted much interest with their excellent electrical and 

optical properties. Among them, gallium nitride (GaN) has been applied optoelectronic 

and high power devices with the characteristics of thermal, mechanical and chemical 

stability1・2>. In addition, the GaN based devices are expected to have high radiation 

hardness due to its lower generation rate of charge carriers and higher atomic displacement 

energy. Thus, the GaN based devices are considered to be really useful in harsh radiation 

environments. The radiation hardness of the IIl-N materials has been investigated 

experimentally from the various points of view3-7>. We have examined the resistance for 

the radiation damage with the GaN Schottky diode, irradiating high energy electron and 

proton beams. We found that no serious degradation in the diode characteristics was 

observed even after irradiating 1014～1015 protons/cm2 s-to>. In this study, we have irradiated 

the GaN Schottky diodes with proton beam to verify the radiation tolerance suggested in 

our previous experiments. Then, we tried to understand the proton irradiation effects more 

precisely by mean of the measurement of some electrical properties. Moreover, we 

examined the relaxation process of the characteristics over a long time period after the 

irradiation. 

The epitaxial GaN layer was grown on n-type SiC substrate through the medium of 

buffer layer. The cross-sectional and top views of GaN Schottky barrier diode used in this 

study are shown in Fig. 1. The thickness of由eundoped GaN (u-GaN) layer was 1800 nm. 

The diode chip was mounted on the thin (t::0.6 or 1.2 mm) FR-4 universal board as shown 

in Fig. 2. We prepared several samples and each sample was irradiated with protons with 

different fluence. After the irradiation, the samples were kept in the room temperature and 
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the characteristics were measured with certain time intervals. 

The energy of the proton beam was 70 Me V in this experiment. The beam 

cu町・entwas set to be ,.., 100 nA. In prior to the irradiation to由esample, an aluminum foil 

was exposed to the beam, then, the radioactivity of meshed area on the foil was measured 

by a imaging plate to obtain the beam profile. Assuming that the beam condition was 

stable over the experiment periods, the profile measurement was employed just once in. 

The beam intensity profile obtained by this method is shown in Fig. 3. The target diode 

was placed at the center of the beam. The proton fluences on the diode were determined 

considering the beam cu町・entand the profile. The irradiated proton fluences for each 

sample are summarized in Table 1. 

Figure 4 shows the current-voltage (1-V) characteristics before and after irradiation 

for the samples 1 and 2. The high energy proton irradiation causes the atomic 

displacement in血ecrystal and the intrinsic defects affect the electric property of the 

devices such as increase of noise, change in electric conductivity, lowering the break down 

voltage and so on. We did not see obvious increase in the・ reverse dark cuπ・ents or change in 

the breakdown voltage for the fluence up to 1014 protons/cm2. Figure 5 shows the 1-V 

characteristics for the sample子5irradiated with the order of～1015 protons/cm2. Although 

the individual sample has a variety in the 1-V characteristics even before irradiation, the 

dark cu汀entsincreased by a factor of 103 -104. The proton irradiation can induce the trap 

states in the material which affect the electric conductivity. As the result, the dark cu汀ents 

can increase. In terms of the time variation of the characteristics, the dark cu町・entsseem 

to get smaller with lapse of time. This recovery may be associated with the defect 

annihilation process at low temperature. Unstable behaviors in the reverse cu汀entswere 

observed for the samples 4 and 5, and they almost disappeared 181 days after irradiation. 

These phenomena might indicate the forming and vanishing of the localized level at the 

metal-semiconductor interface. 

Figure 6 shows the capacitance-voltage (C-V) characteristics for the samples 3 and 

4. The capacitance decrease was observed significantly after irradiation and the change is 

likely to be larger with higher fluence. Formation of the trapping level was supposed to 

cause the change of the capacitance. Additionally, the fluctuations of由ecapacitance as a 

function of supplied biases were recognized at 50 days after irradiation, and such behavior 

disappeared at 82 days after irradiation. This fluctuation might be concerned with the 

unstable behavior in出e1-V plots. The effective density of the impurity carrier NJ can be 
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derived by the C-V characteristic by the following formula; 

-2 

where, q is elec佐oncharge mag凶tude,es is relative dielec凶cconstant of GaN, e0 is 

dielec凶cconstant in也evacuum組 dA is由e釘easize of血eelec甘ode. 百iecalculated 

densities are shown in Table 2. Note血atwe could not determine the density from也edata 

after 50 days of irradiation because the fluctuation of由eC-V curve was significantly 加・ge.

We have found由at曲edensity before irradiation was I紅ger血m 由atafter irradiation, and 

it seemed to decrease wi出increaseof the time after irradiation. 百iedensity is related to 

the number of defects induced by 血eradiation, in principle. Now it is assumed白紙

considerable defec臼 weregenerated by血eproton irradiation and the elec凶callyactive 

C紅吋esin the original sample were disappeared. 百ten,the remaining defects were 

vanished wi白 annealingeffect at room temperature so出at由ecapac抗佃cedecreased 

gradually. 百risassumption C組 beclarified by quantitative meお町・ementof血e住apping

level and the relaxation process, which is釦 importantissue泊白efu旬res旬dy.
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Table 1. Proton fluences for each sample. 

Fluence (protons/cm2) 

Sample 1 8.5×1012 

Sample 2 5.1 x 1013 

Sample 3 1.2 x 1015 

Sample4 3.1 x 1015 

Sample 5 6.1 x 1015 
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Eff1巴ctivedensity of impurity calculat巴dby 1/C2-V plots. 

Fluence (protons/cm2) 

Sample 1 8.5 x 1012 

Sample 2 5.1x1013 

Sample 3 1.2 x I 015 

Sample 4 3.1x1015 

Sam pl巴5 6.1 x 1015 

Table 2. 
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III. 1. High Temperature Helium Embrittlement of 316FR Steel 

Hasegawa A., Nogami S., and Imaseki K. 

Department of Quantum Science and Energy Engineering, Tohoku Universiザ，

Introduction 

Helium is produced in the structural materials of nuclear plants by the nuclear 

transmutation following the neu甘onirradiation. Since the solubility of helium in all the 

metals is extremely low, helium tends to be trapped at defects such as vacancies and 

dislocations and at the grain boundaries1>. Additionally, depending on the helium 

concentration, temperature history and stress loading condition, helium can accumulate at 

the grain boundary and possibly accelerate the nucleation and growth of voids and form the 

helium bubble2>. One possible mechanism of the helium accumulation at grain boundary 

is considered to be the diffusion of helium atoms from the matrix to the grain boundary at 

high temperature1・3>. As a result, a bubble denuded zone occurs near the grain boundary4.s>. 

Another one is considered to be dragging of helium atoms by dislocation6・1>. Because of 

the accumulation of the helium at grain boundary due to these mechanisms, the reduction of 

bonding strength of the grain boundary and the grain boundary embrittlement (helium 

embrittlement) would occur8>. From the viewpoint of material design and lifetime 

prediction of components, the helium emb1愉lementis a common and important issue for 

the structural materials of nuclear plants. 

Authors have reported the helium effects on the tensile property of 316FR austenitic 

stainless steel, which is one of the candidate structural materials of the fast breeder reactor 

in Japan9>, by the tensile test at 650 and 750°C after the helium implantation below 100°C 

up to 30 appm and the post-implantation annealing at 650 and 750°C for 100 hr in previous 

studyio>. The fracture mode of the helium-implanted specimen tested at 650°C was mainly 

transgranular and partially intergranular. While, the fracture mode of the 

helium-implanted specimen tested at 750°C was fully intergranular. The objective of this 

study is to investigate the e百ectof helium concentration and annealing time on the tensile 
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property of 316FR steel at 7 50°C and related phenomena such as the microstructural change 

and helium deso叩tionbehavior to clarify the helium embrittlement mechanism in the 

316FR steel at high temperature. 

Experimental Procedure 

The chemical composition of the 3 l 6FR in this study is shown in Table 1. This 

material was annealed at 1050°C for 30 min and then water-quenched. The average gr；泊n

size was about 90 μm, which co町espondedto白eASTM grain size number 411>. Miniature 

tensile specimen was fabricated by the electric discharge machining, in which tensile 

direction was parallel to the rolling direction of the material. ’The length, width and 

thickness of its gauge section of the specimen were 5 mm, 1.2 mm and 300±20 μm, 

respectively. 

Helium implantation was carried out using 50 Me V alpha particle (helium nucleus) 

beam of the cyclotron accelerator of Tohoku University. Energy degrader was used to 

obtain a uniform helium distribution along the specimen thickness. Figure 1 shows the 

distribution of helium concentration and displacement damage in the 316FR steel calculated 

by the SRIM 2006 code, when the helium concentration at the uniformly implanted region 

was 1 appm. Since the depth of the uniformly implanted region was about 380仰n,which 

exceeded the specimen thickness, helium ion was implanted to all the region of the 

specimen. The concentration of implanted helium was 5, 30 and 100 appm. The average 

ratio of helium concentration to displacement damage was about 5300 appm/dpa. The 

implantation temperature was below 100°C, which was monitored during the implantation 

test using a thermo couple directly attached to the specimen surface. 

After the helium implantation, some specimens were annealed at 750°C for 10 and 

100 hr in vacuum. Microstructural observation for the helium-implanted specimens with 

and without the post-implantation annealing was conducted using a transmission electron 

microscope (TEM, JEOL-2010). 

Tensile tests were C釘riedout at 750°C in vacuum using an electromotive testing 

machine with a 5 kN load cell fabricated by削TESCO,Japan. The strain 凶 ewas about 3 

x 10・4 s・1. The number of the helium atoms released from the helium-implanted tensile 

specimen during the tensile test was measured using a quadrupole mass spec町ometer

installed to the tensile testing machine. Calibration of this measurement was performed 

using a standard helium leak unit attached to the same system. After the tensile test, 

32 



fracture surf ace of the ruptured specimens was observed using a scanning elec甘on

microscope (SEM, Hπ'.ACHI Miniscope TMlOOO). 

Result and Discussion 

玲nsileproperties change 

Figure 2 (a) shows the tensile strength of the helium-implanted and annealed 

specimens. The tensile strength of the unimplanted specimen showed almost no change 

due to the annealing up to 100 hr. Almost no change of the tensile strength was observed 

after the helium implantation and the post-implantation annealing at 750°C reg釘dlessof the 

helium concentration and the annealing time. 

Figure 2 (b) shows the yield stress (0.2% proof stress) of the helium-implanted and 

annealed specimens. Though no change of白eyield stress due to the helium implantation 

up to 5 appm was observed without the post-implantation annealing, its increment occurred 

after the annealing at 7 50°C for 10 and 100 hr. After the helium implantation up to 30 

appm, the increment of the yield stress occurred regardless of the annealing time. The 

yield stress of the helium-implanted specimen up to 100 appm with the annealing for 100 hr 

was the same as the one up to 30 appm with the annealing for 100 hr. 

Figure 2 ( c) shows the total elongation of the helium-implanted and annealed 

specimens. Significant reduction of the total elongation was observed after the helium 

implantation. Approximately 53% reduction of the total elongation occurred after the 

helium implantation up to 5 appm, and the further reduction occurred due to the 

post-implantation annealing. Moreover, approximately 82% reduction of the total 

elongation occurred after the helium implantation up to 30 appm. The total elongation of 

the specimen helium-implanted up to 30 appm was about 10%, which was independent of 

the annealing time. The total elongation of the helium-implanted specimen up to 100 

appm with the annealing for 100 hr was the same as the one up to 30 appm with the 

annealing for 100 hr. 

Helium embrittlement behavior 

The fracture surfaces of the helium司implantedand annealed specimens observed 

using SEM are shown in Fig. 3. The fully transgranular fracture was observed in the 

unimplanted specimens reg訂dlessof the annealing time. On the other hand, the 

helium-implanted specimens showed fully intergranular frac加reregardless of the helium 
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concentration and the annealing time. Threshold helium concen回 tionfor the helium 

embrittlement in the 316FR steel was considered to be below 5 appm because the 

intergranular fracture occurred due to the helium implantation up to 5-100 appm without 

the annealing. 

The microstructures in the matrix and at由egrain boundary of the helium-implanted 

釦 dannealed specimens before tensile test釘eshown in Fig. 4. The helium concentration 

was 30 appm. No microstructural changes were observed at the grain boundary and the 

matrix of the as-implanted specimen without the annealing, which showed fully 

intergranular frac佃reby the tensile test. It is known that the helium bubble formation and 

growth is enhanced due to the tensile loading2>. The grain boundary cracking due to 

helium bubble could occur during the re-welding process in the neutron-irradiated stainless 

steel containing transmutant helium by the thermal heating and the transitional tensile stress 

loading during the welding, when the helium concentration and the heat input by the 

welding exceeded the particular values 12・16>. Thus, one possible mechanism for the helium 

embrittlement in the as-implanted 316FR steel without the annealing could be the helium 

bubble formation at the grain boundary due to the simultaneous heat input and tensile 

loading during the tensile test at 750°C. As another mechanism, it was considered that the 

helium embrittlement could occur without the helium bubble formation at the grain 

boundary. The accumulation of helium atoms and their clusters at the grain boundary, 

which were undetectable by the TEM, might induce the helium embrittlement of the 316FR 

steel. 

The helium bubble with diameter of a few nanometers was sparsely observed in the 

matrix of the specimen annealed for 10 and 100 hr and at the grain boundary of由e

specimen annealed for 100 hr. Therefore, the accumulation of helium atoms and bubbles, 

and the formation of the helium bubbles would be slightly induced by the post-implantation 

annealing above 10 hr. The relatively small change of the microstructure due to the 

post白implantationannealing would be attributed to the obstruction of migration of the 

helium atoms and their bubbles by small precipitates in the matrix, which might trap them 

during the implantation and the annealing17・19).

Figure 5 shows the stress田straincurves and helium release rate during tensile test in 

the helium-implanted and annealed specimens. The gradual release of the helium started 

after the yielding and the sharp peak of the helium release was detected in the final fracture 

phase excluding the helium-implanted specimen up to 5 appm without the 
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post-implantation annealing. The total number of the released helium per the unit area of 

the fracture surface is summarized in Fig. 6. Generally, the total number of the released 

helium was strongly dependent on白eimplanted helium concentration, rather than the 

annealing time. The total number of血ereleased helium slightly increased due to the 

post-implantation annealing at 750°C for 100 hours in the helium-implanted specimen up to 

5 appm. While, the effect of出epost-implantation annealing at 750°C for 100 hr on it 

could be small in the helium-implanted specimen up to 30 appm. Therefore, as mentioned 

above, relatively small enhancement of the accumulation of helium atoms and bubbles, and 

the formation of the helium bubbles at the grain boundary occurred by the 

post-implantation annealing below 100 hr. 

Conclusion 

The helium embrittlement behavior of 316FR austenitic stainless steel at high 

temperature was investigated by the tensile test at 7 50°C in vacuum using miniature tensile 

specimens, which were helium-implanted below 100°C up to 5, 30 and 100 appm using 

cyclotron accelerator, and were post-implantation annealed at 750°C for 10 and 100 hr in 

vacuum. The results of this work are summarized as follows: 

( 1) The fully tr如 sgranularfracture was observed in the unimplanted specimens regardless 

of the annealing time. On the other hand, the helium-implanted specimens showed fully 

intergranular fracture regardless of the helium concentration and the annealing time. 

(2) No microstructural changes in the as-implanted specimen up to 30 appm and formation 

of the small number of the helium bubbles due to the post-implantation annealing were 

observed by the TEM. The helium bubble with diameter of a few nanometers was 

sparsely observed in the matrix of the specimen annealed for 10 and 100 hr and at the 

grain boundary of the specimen annealed for 100 hr. 

(3) The gradual release of the helium during the tensile test started after the yielding and 

the sharp peak of the helium release was detected in the final frac回rephase. The total 

number of the released helium was strongly dependent on the implanted helium 

concentration, rather than出eannealing time. 
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Table 1. The chemical composition of 3 l 6FR austenitic stainless steel. 
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Figure 1. Calculated distribution of helium concentration and displacement damage in the 3 l 6FR steel 
implanted by 50 Me V alpha p訂ticlewith energy degrader. 
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III. 2. Proton Irradiation to Commercial Back-Thinned TDI-CCD 
for ASNARO Project 

Akiyama M.1, Miura M人Noguchik人SakashitaT人
Mitsuishi SんandIshiwa T.2 

1 Institute for Unmanned Space Experiment Free Flyer ( USEF) 
2NEC TOSHIBA Space Systems, Ltd. 

Introduction 

It is the time when quick space utilization is expected worldwide now. Under the 

background, USEF initiated ASNARO Project to realize small size and high performance 

earth observation satellite whose cost and manufacturing time will be drastically less than 

the cu町entconventional satellite development methodologies. The expected performance 

of the mission is better than 0.5 m of GSD from 504 km altitude which is the same level as 

the high performance spacecraft in the world. The total mass of the spacecraft is 450 kg. 

The development of出espacecraft will be completed by the end of JFY2010, and expected 

to be launched in the year of 2012. 

In order to use commercial parts for space , it is necessary to confirm the tolerance 

of radioation to meet with in orbit to use . We have completed the proton irradiated test 

for commercial Back-Thinned TDI-CCD which will be used for ASNARO spacecraft at 

Cyclotron and Radioisotope Center, Tohoku University. 

Explanations of ASNARO spacecraft performance and USEF are shown at the end. 

General 

The m司jorradiation damage for space use CCD and Optocouplers is generally 

displacement damage by proton (non-ionizing effect), rather than total ionizing dose 

(ionizing effect). Therefore, we irradiated proton to commercial Back-Thinned 

TDI-CCD (Time Delay integration-CCD: which is made in Japan, and manufactured by the 

same process as ASNARO project’s CCD) in order to evaluate the shift and degradation of 

dark output level and signal output level after irradiation and annealing(after irradiation). 
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Ater the evaluation, we confirmed that same process’s CCD is possible to use for ASNARO 

Project in the proton space environment. 

Evaluation Sample and Test Method & Condition 

Evaluation sample 

The evaluation sample is commercial Back-Thinned TDI-CCD which is made in 

Japan. 

Test Facility 

We used 3n1 t釘getroom of Cyclotron and Radioisotope Center, Tohoku University. 

Test Method 

The test configuration is shown in Fig. 1. The drive board is shown in Fig. 2, 

which drives CCD and measures function, electrical & electro-optical characteristics of 

CCD before & after irradiation or annealing(after irradiation) . We shielded the devices 

placed around CCD on the drive board from irradiated proton by the shield block, which is 

lead plate and aluminum block(50 mm thickness). The shield block is shown in Fig. 3. 

For the functional check of the CCD during proton irradiation, we monitored CCD’s 

output pictures (dark output level). CCD SIN 6 was biased during proton irradiation, the 

others were not biased. 

Test Condition 

( 1) Irradiated proton condition 

The test conditions and sample assignment are shown in Table 1. The applied 

maximum irradiated proton fluence (3E+ 10 p/cm2: Step-4 @70 Me V) is equivalent to two 

times of ASNARO pr吋ect’sproton space environment (Integral Fluence at 10 MeV). 

During ASNARO project’s application, CCD is used with no bias condition for most of the 

time, so we selected “not-applied bias”as primary condition . 

(2) Annealing (after irradiation) condition 

In order to evaluate the drift and degradation of electrical & electro-optical 

characteristics of CCD by annealing (after irradiation), we performed annealing (room temp, 

non-bias) during 60 days, and measured electrical & electro-optical characteristics at 
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suitable phase of intermediate periods. 

( 3) Measuredルnction,electrical & electro-optical characteristics 

We measured dark output level and signal output level (including function, used 

light source colors were blue, red, green and white) at each irradiated step of Table 1 and 

suitable intermediate phase of anneal periods, using light sources. 

Test Results and Consideration 

Test Results 

The trend of dark output level and signal output level by irradiation and annealing 

are shown in Figs. 4～6. Those trends are increased in almost proportion to fluence at 

irradiation phase. At annealing phase, those trends are not indicated complete saturation in 

60 days annealing, and a little increases紅eobserved. 

Consideration 

The test results were approximately within a supposition , except the dependence on 

proton energy. In our supposition, shift & degradation of electrical & electro-optical 

characteristics were larger by 30 Me V-proton than 70 Me V-proton, because NIEL 

(Non-Ionizing Energy Loss)was l紅・gerat 30 MeV-proton than 70 MeV-proton, therefore 

displacement damage was larger by 30Me V-proton than 70 Me V-proton. However test 

results showed smaller shift & degradation by 30 MeV-proton than 70 MeV-proton. If it is 

possible, we will evaluate the dependence on proton energy again by more samples. 

Explanations of ASNARO Spacecraft Performance and USEF 

ASNARO Spacecraft Performance 

ASNARO spacecraft performance and characteristics is shown in Table 2, and 

on-orbit configuration is shown in Fig 8. 

USEF 

USEF (Institute for Unmanned Space Experiment Free Flyer) was established on 

May 16, 1986 by 13 m吋oraerospace companies under the supervision of former MITI 

(now METI: Ministry of Economy, Trade and Industry) to promote industrialization , 

commercialization and utilization of the space, and has been developing and operated 
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spacecraft system with missions those are related to the articles of the USEF. 
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Table 1. Proton Irradiated Condition. 

S/No. Bias Proton Accumulated Auence 
(CCD) (During Irradiation) Energy (p/cm2) 

S/No.l Step同l IE+9 
Not Applied 70MeV Steo-2 3E+9 

Step-3 IE+IO 
SteP-4 3E+IO 

S/No.2 Steo-1 IE+9 
Not Applied 70MeV Stcp-2 3E+9 

Step回3 IE+IO 
SteP-4 3巴＋－10

S/No.6 Step-I IE+9 
Applied 70MeV Step回2 3E+9 

Step回3 IE+IO 
Stcp-4 3E+IO 

S/No.5 Step-I Not Performed 
Not Applied 30MeV Step回2

Step-3 IE+IO 
Steo-4 3E+IO 

Aux rage: IE+7～5E+ 7 p/cm2 ・sec 

Table 2. ASNARO spacecra白performanceand characteristics. 

Missのn
・OpllcalSensor I Pan/Multi 

I GSD < 0 5mf2m 
I iPan/MtJ!tt fr例岱41¥m)

-Data i Swath: 10km 
Transmission i X Band 1ぬAM.App.邸側ゆs
La山由 ! JFY2012 <Expected) 

ISAS/JAXA New Solid <Assum伺｝
<Cαnpa曲lew油“－llA.D問 pr,etc.l 

0削 ISun Synchl"CI'削 SPo泊rO制（日4km>
j lncfi間切n:97.4d句
: LST. of Descending Node: AM 11:00 

Ground Tracking IS Band: TBD 
Ne助。『1t I X Band Data；憎W説a以m

D飴ignLife I 3 Years 
Eゅ町t吋 i 3 Years 
Operation I 

S同cecraftMass I Bus 250kg 
I Mis割on 150 kg 
1 PropeO.剖t 却匂
I < T olJI> App 450 kg 

Size i句p.2.5m X 3 !>m X 3.2m (On orbit) 

E姶ctricalPower I SAP Power: App. t 300 WぽOLJ

一一一」巴旦竺竺盟旦し一一一一一
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Figure I . Test configuration. 

Figure 2. Drive Board 

Figure 3. Shield Block 
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ID. 3. Mitigation Techniques of Soft-Error Rates in Network Routers 
Validated in Accelerated Neutron Irradiation Test 

Toba T人ShimboK人Nishiik人！beE人andYahagi Y.1 

1 Production Engineering Research Laboratory, Hitachi, Ltd. 
2Telecom刷

Scaling down of semiconductor devices to sub-100 run technology encounters a 

wide variety of technical challenges like V白 V紅iation1＞釦dshort-ch創meleffect and so on. 

Te町郎副alneutron-induced single event upset (SEU) is one of such key issues白紙 can

result in major setbacks in scaling2>. MCU (Multi-Cell Upset) in memory devices紅e

currently reg紅白das one of血emost crucial issues, since由eycan result泊 MBU

(Multi-Bit Upset, defined as M~U in occurring within the same word), a m吋orcause of 

system downtimes泊 netwo*compone附 ormicroprocessors. TI 

even旬均 becomesystem-lev~l issues. For血isreas瓜 themethods of irradiation 

experiments at由esys旬mlevel紅esignificant. While full chip註radiationtests have been 

performed with microprocessors, servers, and routers，血isreport describes也efirst partial 

board irradiation test involv加grouters. 

CYRIC (No.3 TR32 line), a quasi-monoenergetic neu住onfacility, is used for 

irradiation tests with a neu住onpeak energy of 65 Me V. Figure 1 shows the neu甘on

energy spec町um. High energy protons are used to bombard a出inLi t紅・get,generating 

neu住・ons合omthe Li nuclei with energy ne紅lyequal to血atof由eprotons. Neu住on

beams are collimated by a concre旬collimatorinto a 10 cm×10 cm square cross section. 

In the quasi-monoenergetic neu甘ontest，血eSEU cross section O"seu (En) is generally 

measured as a function of neu住・onenergy. The measured data釘eapproximated by由e

Weibull fit釦nctionO'seu （瓦）：
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。00:saturation value of SEU cross section (cm2); 
£0: neutron energy at the flux maximum (MeV); 

Eth: threshold energy (MeV); W: width factor (MeV); S: shape factor （ー）．

Figure 2 shows a typical example of this type of excitation curve. The curve starts 

from Eth and increases gradually to saturation value oco. 

The SER at any location on E紅白 canbe obtained by integrating the Weibull fit 

function and differential flux over the energy range from Eth: 

roo aゆ（E)
SER= 109 x fσseu (En) n dEn 

JE,,, """ ,, iJEn ,, 
(3) 

where, 

SER: soft e町orrate (FIT); ゆ（£0):neutron flux (n/cm2/h). 

Neutron beams with other energy peaks are not utilized due to limit of machine time. 

The parameters in Eq. (2) are estimated from our test results carried out for SRAMs. 

Figure 3 illustrates the test equipment layout. The BUT (Board Under Test) is set 

up pe中endicularto the neutron beam, centered 125 cm above the floor surface and 40 cm 

from the aperture of the neutron collimator. The position on the table at which the BUT is 

set up is altered depending on the part to be irradiated. An FPGA chip, a CPU chip, and a 

memory chip (SRAMs and SRAMs p釘tiallyreplaced by DRAMs）紅echosen as partial 

irradiation components on the board, since白eyare regarded as白emost vulnerable to 

neutron-induced soft-errors, recognized by system reboot. Figure 4 shows two types (Set 

A and Set B) of memory architectures. In the memory chip, all 48 MB of memory cells 

are SRAMs for Set A; in Set B, 12.5 MB of memory cells for timer information that does 

not require high-speed operation釘ereplaced by DRAMs. The remaining 25.5 MB of 

SRAM memory cells are unchanged, since they are used to handle session information and 

the need for high-speed operation. Overall performance between Set A and Set Bis nearly 

equivalent. The actual sizes of the SRAMs in the test application are 14.5 MB and 2.7 

MB, respectively, for Set A and Set B. The contribution of DRAMs to overall failures is 

believed to be negligible compared to白atof the SRAMs and is disregarded3>. 

The system reboot procedure is repeated about 10 times to obtain the average cross 

section for each chip. Figure 5 illustrates the process of data acquisition. The neutron 

flux is roughly stable, as shown at the bottom. The neutron flux is roughly stable, as 
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shown at the bottom. The neutron beam is shut off when rebooting talces place-for 

example, due to parity e汀orsin SRAMs-and fluenceφI in the i-th irradiation period is 

estimated from the total proton charge directed toward the Li target in the i-th period. If 

root cause analysis determines rebooting to be attributable to other components-for 

example, FPGA bus e汀ors(as shown in Fig. 5) not caused by direct irradiation, the data is 

eliminated from the data analysis for the chip in question. 

Since each irradiation cycle co町espondsto a single failure, oiseu for the i-th cycle is 

given by 

.. ＝ーーーーー
- S(!l φ ． 

． 
(4) 

Or, 

I~、 t
一一一‘一一一seu ／.一一seun h戸 (5) 

where, 

n: total number of cycles for the chip in question. 

Table I summarizes test results for the estimated SER at Tokyo sea level for total, 

SRAM, CPU, and FPGA in Set A and Set B, respectively. The table also gives the 

incidence of system reboots measured at Tokyo sea level for about one year for Sets A and 

B in the table. The architectural mitigation method is effective and can reduce SERs in 

the BUT by a factor of about ,8 to 9. As Figure 6 also shows, this reduction ratio is 

consistent for field and accelerator tests. The most vulnerable of the three components 

types is SRAM (accounting for approximately 95% of all reboot events), based on p紅tial 

board irradiation tests. While CPU vulnerability appears to be low, care is required, since 

vulnerability depends on the CPU and the number of FPGAs actually operating. In the 

present BUT, the number and operating ratio of FPGAs are relatively small. The total 

time of irradiation during the accelerated test is a mere 18 hours, showing the efficacy of a 

partial irradiation test compared to a one-year field test. The results indicate the 

architectural mitigation method can reduce SERs in both field and accelerator tests by a 

factor of about 10. The absolute values, however, are not consistent with each other: 

SERs in the field are higher than in the accelerator test by a factor of 6 to 7. 

Three factors potentially giving rising to this discrepancy are evaluated below. 

(i) SER estimation e汀orsfrom the accelerator test due to potential oversimplification in 
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the Weibull fit methodology. Given the maximum e町orin the estimated SER of 

approximately 15%, this mechanism would not appear to explain the discrepancy. 

(ii) The application applied to the accelerator test is a simple write-once-read-many 

operation. The timing of the start of the irradiation may be premature relative to the 

timing whereby the critical data (leading to rebooting) in SRAMs is stabilized. 

Additionally, the number of SRAMs with critical data may be less than expected. 

(iii) The contributions of low energy neutrons (1-10 Me V) to SER are unexpectedly 

enhanced as device scaling proceeds from 90 nm to 22 nm2>. This would call for a 

revision of the Weibull fit. Experimental data for low energy protons and theoretical work 

supporting this prediction are accumulating rapidly4>. 

We introduced here a novel chip-level to board-level SER evaluation method for 

network routers using 65 Me V quasi-monoenergetic neutron beams and demonstrated an 

architectural mitigation technique against te汀estrialneutron SERs. Based on the 

replacement of SRAMs by DRAMs in a chip for which speed is not the first priority, in 

light of operating ratios, the method resulted in an approximately 10-fold reduction in 

board-level SERs. This reduction ratio is consistent with field data for commercial 

operation over a period of approximately one year. However, the absolute SER level 

estimated from the accelerated test is 6 to 7 times lower than the field data. This suggests 

that a study of the effects of low energy is in order as the first step in future investigations. 

We proposed herein a generic stra旬gyfor low-cost and low power consumption 

mitigation of chip and board-level SERs, based on stepwise upper bound reductions. The 

p釘tialirradiation method is a key technique within this strategy. 

References 

1) Sugii N., Tsuchiya R., Ishigaki T., Morita Y., Yoshimoto H., Torii K., Kimura S., IEDM, San 
Francisco, Dec. 15・17'(2008) 249. 
2) lbe E., Taniguchi H., Yahagi Y., Shimbo K., Toba T., IEEE Trans. Electron Device, in press (2010) 
3) Borucki. L., Schindlbeck. G., Slayman. C., IRPS 2008, Phoenix, Arizona, April 27・May1, 
Phoenix Convention Center No.5A.4 (2008). 
4) Heidel D.F., Marshall P.W., Pellish J.A., Rodbell K.P., LaBe K.A., Schwank J.R., Rauch S.E., 
Hakey M.C., Berg M.D., Castaneda C.M., Dodd P.E., Friendlich M.R., Phan A.D., Seidleck C.M., 
Shaneyfelt M.R., Xapsos M.A., Trans. Nucl. Sci. 56 (2009) 3499. 

49 
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III. 4. Study of Neutron-Induced Soft Error Rate 
on Advanced DRAM 

HayαkawaT人MatsumotoT人均hagiY人SαitoA人HidakaM人／beE人Itoh M人
Sake mi Y人αndBaba凡1.3

1 Elpida Memory, Inc. 

2Production Engineering Research Laboratory, Hitachi, Ltd. 
3Cyclotron and Radioisotope Center, Tohoku University 

Terrestrial neutron-induced soft-error or single event upset (SEU) in semiconductor 

devices is one of the most crucial reliability-issues in the cutting-edge memory devices＇引．

In the case of DRAM, Cell-data inversion from high-state to low-state mainly occurs. 

Designers of electronic systems such as high-end servers, therefore, need the soft-error rate 

(SER) data of the electronic components in order to architecht the system reliability 

securely. We have intensively developed the SER estimation method for memory devices 

mainly using monoenergetic and quasi-monoenergetic neutron beams generated by 

accelerators, which is well reflected also in JEDEC Standard/JESD89A 4> published in Dec. 

2006. The essential concept of the method is summarized as follows: the inherent 

excitation function of a device a(,E) is described as the Weibull-type如nction＇へ

a(E）寸はPH平ni・ 、‘，／
4

・・
・
a

〆
a

・、

where Ooo is the saturated value of the SEU cross section, E1h, the threshold neutron energy 

for SEU, W, the scale factor, and S, the shape factor of the Weibull function, respectively. 

The SER of the device is estimated in the unit of FIT (failure in time; a number of e町orsin 

109 hr) by the formula 

12 1'"00 a仇（E)
SER [FIT] = 3.6 x 10 f. a(E) dE, 

JE的。E ’
(2) 

where仇（E)means the flux of te町・estrialneutrons at a specific place on the ground, for 

example, at sea level (0 m) in New York City. 

Neutron irradiation expenments concerning DRAMs with stacked capacitors from 
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250-nm to 110・nmprocess were performed using monoenergetic and quasi-monoenergetic 

neu住onbeams of peak energy from 5 to 174 Me V at FNL (FぉtNeu仕onLab.) and CYRIC 

of Tohoku Univ. in Japan, and at TSL (The Svedberg Lab.) of Uppsala Univ. in Sweden 5・6>. 

Neu住onenergy dependence of SEU cross sections of each device is acquired by using 

monoenergetic and quasi-monoenergetic neu住・on be創ns7>. Neu住on 耐adiation

experiments of DRAM beyond 100 nm process were performed using quasi-monoenergitic 

neu住onbeams of peak energy 70 MeV at CYRIC of Tohoku U凶versity. ’Typicalneu位on

spec町a,which were used in由isexperiment，紅eshown in Fig. 1. ’The experiments were 

performed using a special evaluation tool. 百iesetup of evaluation tool in 32 neu甘on

course is shown in Fig. 2. 百ieestimated SER of each device from monoenergetic釦 d

quasi-monoenergetic neu住onirradiation tests is shown in Fig. 3. According to Fig. 3，由e

SER of出eDRAMs was e首ectivelysuppressed as its down-sizing 合om220 nm to 150 nm. 

百世sis estimated the effect of由eshrinking of junction-volumes and the securing of 

constant storage capacitance. However, the SER beyond 150 nm process was found 

constant. 百risis estimated血eoffset of the scaling effect and血egradual decreasing of 

storage capacitance by the lower voltage to capacitor. 百iesecuring of storage capacitance 

may be becoming difficult on advanced DRAM because of the reduction of the Cell紅白

and the lower voltage to capacitor. 百ieso負－e町orestimation of DRAM should be 

continued. A high intensity neu位onsource wi由aneu住onflux around 1.Sx 106 n/cm2/s is 

needed for estimating the soft-error on advanced DRAM. 
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III. 5. Improvement of Energy Resolutions for Planar TlBr Detectors 
Using the Digital Pulse Processing Method 

Tada T人TanakaT人KimS.-Y. 1, Wu Y. 1, Hitomi K.1，均mazakiH.1, and Ishii K. 3 

Introduction 

1Cyclotoron and Radioisotope Center, Tohoku University 
2Graduate School of Electronics, Tohoku Institute of Technology 
3Graduate School of Engineering, Tohoku University 

Thallium bromide (TIBr) is a new promising semiconductor material for X-and 

gamma-ray detectors. It has the wide band gap (2.68 eV), the high density (7.56 g/cm3) 

and the high atomic numbers (Tl: 81, Br: 35). Also, its low melting point (460。C)makes 

it easy to grow the crystal. 

Improvement of the energy resolution is one of the mam issues for researches on 

semiconductor detectors such as CdTe, CZT, Hgl2, and TIBr. Various methods including 

pulse shape discrimination, depth sensing technique, and co-planar grid structure have been 

applied to these detectors in the past decades 1・6>. In this paper, the digital pulse processing 

method is proposed to improve the energy resolution for planar TIBr detectors. The 

method is based on the fact that the energy resolution of TlBr detectors is limited by the 

drift properties of charge carriers 7 .s＞.百iemobilities for holes are veηsmall and it results 

in the long ca汀iertransit times in the detectors. Although a long time constant （～10 ms) is 

required for the pulse shaping in order to obtain sufficient energy resolutions from TlBr 

detectors, the low-frequency noise and the pulse pile-up problems are severe for such case. 

The proposed digital pulse processing is effective to minimize the problems and is a simple 

method without complex electronics used by other previous techniques. 

In this study, the digital pulse processing method was applied to the output pulses of 

planar TlBr detectors in order to improve the energy resolutions. The low-frequency noise 

was suppressed by using an optimum short shaping time and the effect of pulse height 

deficit due to incomplete charge collection was minimized by the depth correction. 
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TIBr detectors and experimental setup 

The TIBr detectors were fabricated from a crystal grown by the traveling molten 

zone (TMZ) method. The starting material for the crystal growth was commercially 

available TlBr powder with nominal purity of 99.999%. The material was zone-purified 

with a horizontal zone furnace. After the purification, single zone pass was performed to 

improve crystallinity. In order to fabricate planar TIBr detectors, the grown crystals were 

cut into wafers with a diamond wire saw. The two surfaces of the wafers were polished 

mechanically. 百1eresultant wafers had the dimensions of 5×5×0.5 mm3. Circular 

electrodes with a diameter of 3 mm were deposited on the polished surf aces by vacuum 

deposition of thallium through a shadow mask. Then, aluminum was deposited onto the 

thallium electrodes and出inpalladium electrodes were attached to the electrodes by using a 

carbon paste. The detector was encapsulated in an aluminum box with a BNC connector 

for connection to a charge-sensitive preamplifier (Clear Pulse 580K). The preamplifier 

output pulse was directly digitized by means of a digital oscilloscope (Tek町onixDP03032) 

with a sampling rate of 100 MS/s and 8 bit resolution. The pulses were transferred to a 

personal computer for analysis. The analysis was performed using a program written in 

Labview programming environment. All measurements in this study were performed at 

room temperature and the detectors were operated at 150 V. 

Digital pulse processing and results 

The height of output pulse obtained from a TlBr detector depends on the depth of 

interaction (DOI) of incident gamma-rays because holes are trapped within the detector due 

to its low mobility-lifetime product. In order to co町・ectthe pulse height deficit causing 

degradation of energy resolutions, the depth information (DOI parameter) was extracted 

from a ratio between pulse heights for fast-shaped and slow-shaped signals. The shaping 

time of 1 ms was used as the fast shaping to select the pulse height originating from an 

electron component. The sum of electron and hole components was obtained by using 2 

and 10 ms time constants (slow shaping). A digital version CR-(RC)4 filter was 

constructed and was used for the shaping. The calculated ratios were grouped into 100 

bins and the energy spectrum of signals associated with each bin was obtained to correct the 

depth effect. 

Figure l(a) shows 137Cs spec甘umobtained by using the time constant of 10 ms for 

the pulse shaping. The shaping time was determined to give the best energy resolution 
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without the depth correction. ’The energy resolution of 5.8% at 662 keV was obt泊ned.

官ierelationship between the pulse height and出eestimated dep白ofinteraction is shown in 

Fig. l(b）.百iephoto-peak position in白espec住umseems to be almost independent on由e

dep由 ofinteraction. 百ieresult indicates出atthe depth effect is enough small at血e

shaping time. However, the energy resolution is apparently res凶ctedby a l釘ge

low－台・equencynoise. 百ienoise C加 bereduced by using a short shaping time. 百ie

energy spec住umat the shaping time of 2 ms is shown in Figs. 2(a）組d2(b). In血is

spec佐um,although出elow－合equencynoise is appreciably suppressed, the depth effect is 

considerably large comp紅・edto白紙of10 ms shaping (Fig. 1) and is the dominant factor 

causing degradation of由eenergy resolution. 百iedepth effect was minimized by the 

depth correction. In order tom血血rizethe dep血effect,the photo-peak channel associated 

wi白 eachdep由 of血espec佐umwas aligned to form an overall energy spec住umwi由 m

improved energy resolution. 百ieresults紅eshown in Figs. 3(a) and 3(b）.百ieenergy 

resolution of 4.2% at 662 keV was obta血ed. ’Thespec甘awith distorted energy resolution 

can be rejected based on白edep白 informationto cons加 ct白eenergy spectrum with a 

better resolution. 官iebest energy resolution of 3 .1 % was recorded at血eDOI parameter 

between 95 and 99 (Fig. 4 ). 

Conclusion 

A digital pulse processing was applied to白eoutput pulses from plan紅 TIBr

detectors. 百iespec住awere considerably suffered 合oma low企＇equencynoise when an 

only conventional CR-(RC)4 filter wi血along time constant was applied to由epulses. In 

order to suppress the low企＇equencynoise, a short shaping time constant was applied to出e

output pulses. 百iedepth effect due to由euse of the short shaping time was coπ・ected 

based on白edepth information. The energy resolution of白espec町umwas appreciably 

improved by the method. 

Since the output pulses contain various information on the detector property，出e

digital pulse processing can be used not only ぬ凶prove由eenergy resolution but also to 

investigate the o血erdetector properties such as timing performance and carrier mobilities. 
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IV.1. High-Resolution [18F]FDG・PETMeasurement of a Morine 
Fibrosarcoma Treated With Proton Therapy Combined 
With the Vascular Disrupting Agent A VE8062 

Terakawa A.1ぺIshiiK.1・2, Matsuyama S.1, Kikuchi Y人AkiyamaH人Koyatak人ItoY.1, 
Tagawa A.1, Yasunaga S.1, Kawamura T.1, Takahashi Y.1, Yamazaki H人TashiroM人

Funaki Y人FurumotoS.3・4, Itoh N. 5, Wada S人andOrihara H.6 

1Department of Quantum Science and Energy Engineering, Tohoku Universiη 
2Graduate School of Biomedical Engineering, Tohoku Universiか
3Cyclotron and Radioisotope Center, Tohoku University 
4Tohoku University Graduate School of Medicine 

5School of Veterinary Medicine and Animal Sciences, Kitasato University 
6Department of Intelligent Electronics, Tohoku Institute of Technology 

Recently, therapeutic strategies targeting tumor vasculature have received a great 

×attention in cancer treatment. Although vascular disrupting agents (VDAs) cause a rapid 

vascular shutdown in solid tumors leading to extensive tumor necrosis as a result of oxygen 

and nutrient deprivation. However, tumor cells in the tumor periphery survive VDA 

treatment alone. It is suggested that the tumor cells in the tumor edge are expected to be 

nutritionally supported in part by normal vessels in the surrounding healthy tissue1>. In 

order to kill these surviving cells, VDA treatments are needed to be combined with 

conventional treatment such as radiotherapy or chemotherapy. 

In the previous CYRIC annual report2>, we demonstrated that tumor growth delay was 

significantly enhanced in NFSa fibrosarcoma tumors by the combined treatment of proton 

irradiation and the vascular disrupting agent A VE8062 in comparison to proton therapy 

alone or AVE8062 treatment alone, as shown in Fig. 1. It is expected that the proton 

irradiation may induce therapeutic effects on tumor cells at the tumor periphery which 

survive AVE8062 treatment alone. In this work, we performed a high-resolution PET 

study using a semiconductor animal PET scanner (Fine-PET)3> and 18F-labeled 

fluorodeoxyglucose (FDG) to evaluate therapeutic effects caused by the combined 

treatment. 

NFSa fibrosarcoma cells (5×106/SOμL) were transplanted into both hind legs of 
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C3H/HeSlc male mice aged around 12 weeks old. When each tumor diameter reached 

about 8 mm, the tumors of the right hind leg were locally irradiated (15 or 30 Gy) using a 

clinical proton beam provided from a horizontal proton irradiation system4> so that出e

tumor volume was covered by the maximum depth dose distribution, the so-called 

spread-out Bragg peak (SOBP). The size of SOBP was 20 mm in this work. The tumor 

of the left hind leg was not irradiated. A VE8062 was administered intraperitonealy to a 

part of the mice receiving 15 Gy at a dose of 40 mg/kg 2 hours after irradiation. As a 

result, we classified the tumors of the right and left hind legs into proton therapy (15 or 30 

Gy), A VE8062 treatment ( 40 mg/kg), combined treatment ( 15 Gy + 40 mg/kg ) and control 

groups. Therapeutic effects caused by each treatment in this work were evaluated 1 day and 

4 days after each single treatment on the basis of glucose uptake inside the tumor. FDG 

(37 MBq) was administered to the mice from the tail vein. The FDG-PET scan was 

performed using the Fine-PET scanner from 60 to 120 min after the FDG administration. 

Figure 2 shows results of the FDG-PET measurements. A significant difference was 

observed in the distribution of FDG uptake between the tumors treated with and without 

AVE8062. For control and 15-Gy proton therapy groups, FDG uptake was significantly 

high in the whole tumor region on both day 1 and day 4. On the other hand, FDG 

concentrated only in the tumor periphery on day 1 in the A VE8062 treatment alone and the 

combined treatment due to the shutdown of tumor vasculature. In addition, FDG 

accumulation in the tumor edge of the combined treatment decreased on day 4 in 

comparison to that of AVE8062 treatment alone. On the basis of these findings, it is 

expected that A VE8062 may give rise to necrosis in the central region of the tumor and that 

proton irradiation may cause therapeutic effects leading to reduction in FDG uptake on cells 

in the tumor periphery. 

This work was supported by Grants-in-Aid for Scientific Research (B) Nos. 

17300169 (A. Terakawa) and 20300174 (A. Terakawa), and by Exploratory Research No. 

19650128 (A. Terakawa) of the Ministry of Education, Culture, Science, Sports and 

Technology. 
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IV. 2. Tritium Measurement Using a Photo-Stimulable Phosphor 

In仕oduction

BaFBr(l):Eu2+ Plate 

Ohuchi H.1 and Hatano Y.2 

1Graduate School of Pharmaceutical Sciences, Tohoku University 

2的drogenIsotope Research Center, University o/Toyama 

Tritium measurement is indispensable for 血e fuel-processing systems of 

deuterium－凶tium(DT)-fusion facilities. Tritium emits beta particles wi由 amaximum 

energy of 18.6 keV and an average of 5.7 keV. 百esehave a r釦 geof about several 

micrometers in graphite and hence the technique is sensitive to凶tiumup to a depth of a 

few microns. 百首sme釦 S白at白e凶tiumIP technique based on detecting the beta p紅ticles

is unsuitable for use in regions deeper白組曲eescape depth of beta-rays合om甘itium. We 

have developed a new approach to detec血igtritium us泊g白ebremss位ahlunginduced by 

甘itiumbeta-rays wi白血eIP. 百iemeasurement principle of血isapproach to住itium

detection is to observe bremss凶 hlungX-rays generated by the interaction between the beta 

particles企om凶tiumand matter, on the basis出atX-rays pene甘atematerials much more 

easily than the weak beta-rays企om仕組um. h出isstudy, the characteristics of血eIP for 

measuring凶tiumby detecting bremss住ahlungX-rays it produces have been examined, in 

p紅白ul紅 afading effect and由eenergy dependence of photostimulated luminescence 

(PSL) sensitivities. 百iefading effect after irradiation with bremsstrahlung X-rays from 

tritium was comp紅edwi白血atobtained after irradiation wi血由ebeta particles emitted 

台。mtritium. 

Materials and Methods 

A BAS-MS type-IP was used to detect bremsstr油lungX-rays from凶tiumand a 

BAS-TR-type IP (FUJIFILM Co., Ltd.) to detect beta p訂ticles. 百iedifferences in 

S甘ucturesof these two are listed in Table 1. To read out由eIP, an image reader fabricated 

by FUJIFILM Co., Ltd. was used. We used four small borosilicate glass tubes with a wall 
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thickness of 0.088 mm, length of 6.36 mm, and diameter of 0.60 mm, filled with pure 

tritium gas of 12.5, 25, 50, and 100 MBq, respectively (manufactured by mb-microtec ag) 

as the tritium sources that generate bremsstrahlung X-rays. Ten strips of 

microscale-labelled polymer layers (manufactured by GE Healthcare) were used as the 

beta-ray radiation source. Each strip contained approximately 2.96 kBq of tritium. The 

temperature dependence of the fading effect of the latent image was measured for time 

periods from 0.05 to 380 h after 1 h irradiation with beta rays or bremsstrahlung X-rays 

from凶tium,at tempera加resof 0, 30, and 50°C. The IPs were kept in an aluminum IP 

cassette inside an incubator during irradiation and for the time prior to reading the latent 

image. The detection limit was obtained by irradiating the IP with a borosilicate glass tube 

filled with 12.5 MBq of gaseous tritium for an irradiation time from 1to24 h. The IP was 

placed inside a 10-cm-thick lead outer shield during irradiation to reduce the effect of 

natural radiation. The energy response of the BAS-MS-type IP was measured by using 8.0, 

10.0, 13.5, 16.0, and 18.6 keV monoenergetic X-ray beam sources. The experiments using 

the X-ray beam sources were performed on a beam line at the Photon Factory (PF) of the 

High Energy Accelerator Research Organization (KEK). The PSL sensitivities of the IPs 

covered with aluminum filters of three different thicknesses, 0.1, 0.3, and 0.5 mm, were 

measured in order to investigate the variation of the energy response with filters present. 

Results and discussion 

Figure 1 compares the experimental results for the measured PSL values after 

irradiation with the tritium source generating bremsstrahlung X-rays using the BAS-MS and 

the beta-ray source using the BAS-TR in the range 0 to 50。C. In Fig. 1, the BAS-MS-type 

IP shows a good fading characteristic, exhibiting only a small difference in the fading effect 

between 0°C and 30°C. In all the fading curves, however, the fading effect becomes 

stronger as the temperature increases. We found the relevant relation between the ambient 

temperature and PSL intensity1> and established a method to develop a functional equation 

to co町ectfor the fading effect2>. By fitting the experimental results to the Arrhenius’ 

equation, we developed a functional equation that includes two variables: elapsed time (t) 

and temperature (K). The fading equation after irradiation by bremsstrahlung X-rays using 

the BAS-MS is written as 

(PSL )t.k/ (PSL )o.k = 

0.348 • exp ｛・2.08×1012・t• exp（ー8.92×103/K)}
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+ 0.087 • exp ｛・9.89×1010・t• exp(-8 .69×103/K)} 

+ 0.374 • exp ｛・4.37×1010・t• exp(-9.31×103/K)} 

+ 0.150・exp{-2.41×1010・t• exp（・9.54xl03/K)}

+ 0.041・exp{-2.07×109・t• exp(-9.53×103/K)} (2) 

By using Eq. (2), we are able to co汀ectthe PSL values obtained at different elapsed 

times and/or at different temperatures and compare them. 

When the target is borosilicate glass, an energy yield fraction Yi for the maximum 

energy of monoenergetic electrons converted to bremsstrahlung is calculated to be 

approximately 10・43>. This rather low yield fraction can be compensated to some degree by 

irradiating the IP with the source for much longer, utilizing the good fading characteristic of 

the BAS-MS-type IP. Relationships among the PSL density of the background (BG) (left 

y-axis), the detection limit of tritium (right y-axis), and the irradiation time (h）釘eshown in 

Fig. 2. The detection limit was estimated from the equation obtained from the relationship 

between tritium radioactivity (Bq) and PSL intensity after irradiation with the glass tube 

filled with tritium gas of 12.5, 25, 50, and 100 MBq (not shown here) and three standard 

deviations from the mean PSL density of the background for each irradiation time. For 1 h 

of irradiation, the detection limit was estimated to be 970 kBq/cm2. Longer irradiation 

periods increase the PSL intensity attributed to the background as well. To reduce this 

background effect, the IP was kept inside a lead outer shield during irradiation. The 

detection limit obtained was improved to approximately 90 kBq/cm2 for a 24 h irradiation. 

PSL responses訂eaffected by the variation of the energy spectrum depending on the 

thickness of the target (or absorbing m剖erial)and the energy dependence of the PSL 

sensitivities. The measured IP sensitivity (PSL per arbitrary unit) with and without 

aluminum filters of different thicknesses is plotted against the X-ray energy (ke V) in Fig. 3. 

The result shows that the IP’s sensitivity depends greatly on the X-ray energy. By 

combining the sensitivity data measured using aluminum filters 0.1, 0.3 and 0.5・mmthick, 

and without a filter, a constant PSL sensitivity of an IP per arbitrary unit independent of the 

X-ray energy can be obtained. By taking the weighted sum, Ressum shown in Eq. (3) below, 

a response having a flat energy dependence can be obtained, as shown in Fig. 4: 

Ressum = 8 .00・Res fi1t r・8.76・ResA10.1mmno 1 

-2.00・ResAI0.3mm + 2 .45・ResAI0.5mm (3) 
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where Resno filten ResA10.1mm' ResAI0.3m附n

a filter, and with aluminum filters 0.1, 0.3, and 0.5-mm-thick, respectively. The IP 

sensitivity obtained was constant to within ± 14% deviation for X-rays with energies from 

8.0 to 18.6 keV except at 13.5 keV, where Ressum shows ±25% deviation. 

Figure 4 shows the results of measured PSL densities when different thicknesses of 

nickel (Ni) foil in the range 5 to 25 μm were sandwiched between the glass tube containing 

12.5 MBq of tritium and the IP, simulating migration of tritium into deeper regions of the 

nickel. PSL densities were measured with and without aluminum filters of different 

thicknesses in the range 0.1 to 0.5 mm. The relative PSL density was obtained by 

normalizing each PSL density to that without a nickel foil or aluminum filters (left y-axis). 

By combining the sensitivities measured using aluminum filters 0.1, 0.3 and 0.5 -mm thick, 

and those without filters, PSL densities were corrected by using Eq. (3). The corrected 

PSL values are shown in Fig. 4 (right y-axis). Error bars show 25% deviation for each 

corrected PSL value. Using Eq. (3), we can co町ectthe energy dependence of the PSL 

sensitivities as shown in Fig. 4. In combination with the energy spec汀uminformation 

(depth profiles), the amount of tritium in deeper regions can be quantified by this technique. 

These comprehensive results indicate that the tritium IP technique based on detecting 

bremsstrahlung X-rays can be a new method for the non-destructive monitoring of tritium 

migration into deeper layers. 

References 

1) Ohuchi H., Yamadera A., Nakamura T., Noel. Instr. and Meth. A450 (2000) 343. 
2) Ohuchi H., Yamadera A., Rad. Meas. 35 (2002) 135. 
3) Martin, J.E.: Physics for Radiation Protection, 2nd ed., Litges & Dopf Buchbinderei GmbH, 
Heppenheim (2006) 371. 

Table 1. Structures of the two types of imaging plates. 

IP BAS-MS BAS-TR 

Thickness of 
protective layer (μm) 9 0 
Thickness of 
phosphor layer (μm) 115 50 

Phosphor Baf(Br・o.ss+I0.15) BafBrI' 
Thickness of 
base (μm) 190 250 
Thickness of 
ferrite layer (μm) 160 160 
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Figure 2. Relationships between PSL density 
of background (left y-axis), detection limit of 
tritium (right y-axis), and irradiation time (h). 
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IV. 3. Deeply Trapped Electrons in Imaging Plates and Their Utilization 
for Extending the Dynamic Range 

Introduction 

Ohuchi H.1 and Kondo Y.2 

'Graduate School of Pharmaceutical Sciences, Tohoku University 
2/shinomaki Senshu Universiか

Despite of many excellent characteristics of imaging plates (IPs), unexpected effects 

have become known, i.e., the phenomena of unerasable and reappering latent images. In 

our previous study0, we obtained the following results: (1) unerasable latent images almost 

disappeared when the IP was held at a tempera同reof 120 C for 28 days; (2) ultraviolet light 

of wavelength around 290 nm promoted the reappearance of photostimulated luminescence 

(PSL) signals; and (3) the amount of PSL signal reappearance increased in proportion to the 

irradiation dose. These results indicate that electrons are trapped in deep centers，出eycan 

be excited optically by 290 nm ultraviolet light and transferred towards the longer 

wavelength of around 633 nm, producing F centers and they cause latent images to reappear. 

The number of deeply trapped electrons will increase in proportion to the irradiation dose. 

In this study, the absorption spectra of deep centers in an over-irradiated IP were studied in 

the ultraviolet region. By utilizing deeply trapped electrons, we have attempted to extend 

the dynamic range of an IP readout under a higher irradiation dose. 

Materials and methods 

Square pieces were cut from the PSL sheet (type BAS-MS2025: FUJIFILM Co., 

Ltd.) as samples. The BAS-MS samples were uniformly exposed to 150・kVX-ray beams 

合oman MBR・1520Runit (Hitachi Medico Coふ A fluorescent eraser (IP Erase 

3:FUJIFILM Co., Ltd.) was used to erase the IP samples with visible light. 

Diffracted ultraviolet light from a deep ultraviolet lamp (UXM500SX: USHIO 

INC.) was used as a light source for excitation of electrons in deep centers. Figure 1 

shows a schematic illustration of the diffracted ultraviolet light irradiation system. In order 
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to obtain an ultraviolet spectral distribution curve, a Si pin photodiode (Sl226-18BQ: 

Hamamatsu Photonics K.K.) was used. The curve was calibrated in wavelength by atomic 

lines emitted from a mercuη （Hg) lamp. The spectral distribution curve obtained over the 

range from 200 nm to 500 nm is exhibited in Fig. 2. IP samples were irradiated with an 

X-ray dose of 30 Gy and fully erased with visible light. These were used as the IP samples 

with unerasable latent images. The IP sample was irradiated with diffracted ultraviolet 

light for 10 min. Then, it was scanned by an IP reader FLA3000 (FUJIFILM Co., Ltd.) 

with a He-Ne laser and profiles were readout with 0.1-mm steps to obtain spectrum. These 

procedures訂edeveloped for this study and called measurements of luminescence inducing 

spectra in the following text. A luminescence inducing spectrum can be obtained by 

co汀ectingeach measured spectrum with the spectral distribution curve shown in Fig. 2. A 

luminescence inducing spectrum of non-irradiated IP samples was obtained in the same 

manner. 

For obtaining dose-response curves, two types of readout system were used; one 

was the imaging plate reader, FLA3000 and the other a PSL detection system. When an IP 

sample irradiated with X-ray doses higher than 100 μGy was read out with the FLA3000, 

the technique of using color cellophane2> was used to avoid saturation of the output cu汀・ents 

of a photomultiplier tube (PMT), installed in the IP reader. Using two color cellophanes, 

red and blue, the upper limit of the measurable dose of the IP reader, is extended to 1 Gy 

and further extended to 100 Gy by the combinations of three colors, red-red-blue2>. The 

homemade PSL detection system consists of a semi-conductor laser, LDU33・635-4.5(635 

nm, SIGMA KOKI CO., LTD.) and a photon counting detector, H7467 (Hamamatsu 

Photonics K.K.) and a schematic illustration of the PSL detection system is given in Fig. 3. 

This system was used to read out deeply trapped electrons by continuously stimulating an 

IP sample showing unerasable latent images with 635-nm light to the level at which the 

PSLs can no longer be detected. After irradiation with X-ray doses ranging from 8.07 

mGy to 80.7 Gy, IP samples were measured using the FLA3000 with the cellophane 

technique and fully erased with visible light, then measured again with the FLA3000. 

They were then read out by the PSL detection system. 

Results and discussion 

Luminescence inducing spectra from 200 nm to 500 nm of the IP sample irradiated 

with a 30 Gy dose and one not irradiated are shown in Fig. 4. In the irradiated IP sample, 
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a dominant peak is observed at around 320 nm, followed by two small peaks at around 345 

nm and 380 nm. However, no intense peak is seen in the non-irradiated sample. This 

result indicates that several deep centers were created in the irradiated IP sample in the 

ultraviolet region. 

The level scheme of the PSL material has been reported by Iwabuchi et aI3>. 

However, deep centers are not shown there. In Fig. 5, they are illustrated in the level 

scheme, presuming that they act as competitive trap centers to the F centers in the PSL 

material. A model of the excitation of deeply trapped electrons and PSL processes is 

exhibited in Fig. 5. Deeply trapped electrons are excited optically with a 320-nm 

ultraviolet light to the conduction band and produced F centers. Elec仕onstrapped by F 

centers, are then stimulated by a He-Ne laser light of 633 nm and emit PSL of 390 nm. 

The dose response curves measured by the FLA3000 using sheets of red-blue and 

red-red-blue cellophane are shown in Fig. 6. A dotted line demonstrates a linear 

relationship from 8 .07 mGy up to 0 .8 Gy. The dose response curves begin to decline 

above 0.8 Gy, indicating that the F centers become saturated. The dose response curve in 

the IP samples measured by the FLA3000 after fully erasing with visible light is shown in 

Fig. 7. The dotted line demonstrates a linear relationship from 8.07 mGy up to 2.4 Gy, 

after that the curve shows another linear relationship up to 80.7 Gy with a considerably 

smaller slope. The result of total photon counts read out by the PSL detection system from 

the IP samples are shown in a log-log expression as a function of the irradiated dose (Gy) in 

Fig. 8, giving a further two orders of magnitude extended the dynamic range up to 80 .7 Gy. 

The dose response curve shows a linear log-log relationship up to 40 Gy and increases 

steeply up to 80.7 Gy. The differences between Fig. 7 and Fig. 8, which were obtained 

from the same IPs by the FLA3000 and the PSL detection system, respectively, are 

explained by the difference in the two readout systems. The FLA3000 readout system 

scans a large area of an IP at high speed so that it has insufficient time to read out deeply 

trapped electrons. In contrast, the PSL detection system can read out them efficiently by 

continuously stimulating an over-irradiated IP sample with 635-nm light. 

Comprehensive results show the possibility of utilizing deeply trapped electrons for 

extending the dynamic range by stimulating over-irradiated IP samples with 635-nm light. 

In order to read out deeply trapped electrons more effectively, a method to stimulate them 

by a light with the proper wavelength, appropriate to the absorption peaks, is necess但γ．
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V.1. Progress of The Tohoku Microbeam System 

Matsuyama S人IshiiK人YamαzakiH人KikuchiY. lnomata K.1, ＇＂匂tanabeY人 I」~hizakiA.1 
Oyama R人Ka》vαmurαY人｝匂maguchiT. Momose G人NagakuraM.1 ， 

Takahashi凡1.1,and kαmiya T.2 

'Department of Quantum Science and Energy Engineering, Tohoku University 
2Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency 

Introduction 

High-energy ion microbeams are powerful analytical tools that combine various ion 

beam analysis techniques such as PIXE, RBS, STIM, and SEM＇引. They are also attractive 

as a direct lithographic technique. We have developed a microbeam analysis system for 

biological applications with sub-micrometer resolution. The primary purpose was to 

develop a 3D μ-CT, in which a microbeam is used as a monoenergetic point X-ray source. 

The second was to develop a microbeam analysis system for biological samples. The 

microbeam line was installed in July 2002; the system produced a beam spot size of 2x2 

μm2 with a beam cu汀entof 10 pA. Both the beam size and beam cu町entwere insufficient 

for ion beam analyses. Optimization and modification of the system were performed and 

the analysis system was re-developed. After optimization and modification of the system, 

the beam performance was remarkably improved and a multimodal analysis system was 

developed. This paper presents a description of recent progress of the microbeam system. 

Microbeam System 

The microbeam system was designed to achieve sub-micrometer beam sizes and was 

developed in collaboration with Tokin Machinery Corp4). The system is connected to the 

4.5 MV Dynamitron accelerator at Tohoku University. A high-resolution energy analysis 

system is installed upstream of the microbeam line to confine the energy variation so as to 

achieve sub-micrometer beam sizes. The microbeam line comprises a quadrupole doublet 

and three slit systems: micro-slit (MS), divergence-defining slit (DS), and baffle slit (BS). 

These components are mounted on a heavy rigid support with vibration isolation. We set 
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the working distance and the objective distance剖 26cm and 6 m, respectively. The 

demagnification factors are 9 .2 and 35 .4 for horizontal and vertical directions, respectively. 

The focused microbeam is scanned across a target two-dimensionally using an electrostatic 

beam sc創mer.The scanner is located downstream of the quadrupole doublet and the 

maximum scanning area is larger than 1×1 mm2 for 3 Me V proton beams. 

Analysis System Improvements 

The target chamber is a rectangul紅 boxand is applicable to either in-vacuum or 

in-air analysis without changing the main body. For multimodal加 alysis,two X-ray 

detectors and three charged particle detectors can be mounted simultaneously6剖. For 30 

μ-CT, an X-ray CCD C創nera(C8800X; Hamamatsu photonics), a rotating sample stage and 

a target to produce X-rays are also mounted on this chamber9・n>. In the present study, 

further improvements were introduced to the target chamber, as shown in Fig. 1. Two X-ray 

detectors訂eattached to both sides of the chamber and訂enot shown. 

For in-vacuum analysis, hydrogen is analyzed using off-axis STIM. In a previous 

study, a Si四PINphotodiode was used for both off-axis STIM and Direct STIM 

measurements. Superior energy resolution of the Si-PIN photodiode is efficient for direct 

STIM measurement8>. However, the small size of the detector occasionally restricted 

detection efficiency in hydrogen analyses. For that reason, an ion-implanted Si detector 

with a larger sensitive area of 50 mm2 was installed. Detection efficiency of the system is 

now three times higher than that of白eprevious system. The scattering angle is 28 degrees, 

which is sufficient to sep紅ateproton peaks that are scattered from hydrogen and from other 

elements, even in the thickness of 50 μm of organic films. 

For the in-air system, on/off axis STIM for simultaneous density mapping with 

PIXE and RBS is newly available. It will be useful for damage monitoring in biological 

cell analysis and for correction of X-ray self-absorption in samples. A thin scattering foil (C 

or Al) is placed～20 mm downstream of the sample. Scattered protons are detected by a 

Si-PIN photodiode which is set at 28 degrees with respect to the beam axis. The detector is 

well collimated to reduce energy broadening by kinematics. 

A compact secondary electron detector is new Iy installed for secondary electron 

imaging (see Fig. 1). In the previous system, secondary elec甘onswere detected by a plastic 

scintillator with a photomultiplier. The detector was not compact, and was therefore not 

able to cooperate with other detector systems. A compact ceramic channel electron 
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multiplier (CEM, MD・502;Amptek Inc.) is very compact (1.9 cm diameter×3.8 cm long) 

and is not obstructive to other detector systems. 

Microbeam system performance 

After the installation, performance of the system was tested by a micro-PIXE 

analysis for a Cu mesh (1000 lines/inch). The lower limit of the beam spot size was 2仰n,

which is much larger than the design value4>. The main reason for the limitation is parasitic 

field contamination from microbeam line components. Especially, the tungsten carbide slit 

chips cause strong field contamination. X-ray maps from Cu mesh (1000 lines/inch) 

measured with the baffle slit open and with the baffle slit closed紅eshown in Fig. 2. 

Although the mesh image was clearly apparent when the baffle slit was opened, the beam 

was defocused and was shifted when the baffle slit was closed.百tisis an effect of p紅asitic

field existing at the baffle slit. The baffle slit has no an elec凶cdriving mechanism which 

might cause electric or magnetic fields. Two of the slit chips used in the baffle slit were 

magnetized strongly and attracted paper clips. The field contamination was therefore 

ascribed to the tungsten carbide slit chips. This magnetism is caused by cobalt element that 

is used as a binder in the slit chip. Although the tungsten carbide itself is not magnetized, 

cobalt shows strong magnetism and is magnetized easily13>. The slit chip contains about 

10% cobalt. The magnetization arises from manufacturing processes and should be 

eliminated. Finally, the slit chips of the divergence-defining slit and the baffle slit, whose 

parasitic field strongly affects microbeam formation, were replaced by the other chips 

whose elemental concentration of cobalt is less than 10% that of previous chips. After 

replacement of the chips, defocusing and beam shifting do not occur in any slit position. 

Effects of parasitic field contamination was measured using the grid-shadow 

method5>. In the grid shadow method, the beam is focused on the image plane, where a fine 

mesh grid is placed, by a single quadrupole lens and casts shadow pattern on a scintillator 

downstream. The shadow pattern is influenced s廿onglyby lens aberrations and p訂asitic

field contaminations of the microbeam system. In the present study, a Au mesh (2000 

lines/inch) was placed on the image plane and a shadow pattern was obtained on a ZnS(Ag) 

scintillator located 53 mm downstream of the grid. The sensitivity of the grid shadow 

method is also increased by reducing the angle between the divergence axis of quadrupole 

and the grid bar. Smaller angles produce fewer grid bar shadows and higher sensitivity, 

especially for higher order field contamination. In白isstudy, we set the angle as 1.75 
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degrees. Figure 3 shows theoretical grid shadow patterns with 0-0 .2 % sex加polefield 

contamination superimposed onto the quadrupole field calculated by the beam optics 

computer codes, PRAM and OXTRACE3>, with identical beam conditions. The theoretical 

shadow pattern shows that the minimum detectable limit co汀espondsto approximately 

0.05% for sextupole field contamination. Figure 4 shows the measured grid shadow 

patterns for the two quadrupole lenses with a 3 Me V proton beam. The beam is screened by 

the beam scanner in the divergence plane. Therefore, the number of grid bars is fewer than 

the theoretical pattern. Although measured shadow patterns in the horizontal focus show 

slight deformation resulting from sextupole field contamination, shadow patterns in the 

vertical focus are not deformed. Both lenses show a similar trend. In comparison with the 

calculated results, sextupole field contamination in the horizontal focusing is estimated as 

less than 0.1 %. Contamination of the skew sextupole field is less than 0.1 %. Therefore, it 

is difficult to observe deformation in the measured pattern, which implies that sextupole 

field contamination in the horizontal plane (skew sextupole field contamination in the 

vertical plane) remains. This contamination source might be the lens itself or another part 

of the microbeam line. One possibility is that the cancellation of excitation cu汀・entof the 

quadrupole is not perfect. This lens was designed so that the excitation cu汀entfrom pole to 

pole is canceled by the return cu汀ent.However, no cancellation is made in the upper p訂t

of the lens where terminals exist. Because the coils consist of only 22 turns, such e百ects

might cause the problem. To reduce the effect of the contamination field, the 1st 

quadrupole uses horizontal focusing and the 2nd lens uses vertical focusing 

(divergence-convergence); the scanner is located downstream. 

Then, the beam spot size was measured by scanning the beam across mesh samples 

(Ni and Au mesh, 2000 lines/inch) and measuring X-rays. Horizontal and vertical line 

profiles were fitted by symmetric double Gaussian convolution and beam spot sizes were 

obtained. The line profiles were well reproduced using the symmetric double Gaussian 

convolution, which implies that the beam profile can be assumed to be of Gaussian shape. 

Figure 5 shows horizontal and vertical beam spot sizes versus object sizes. These 

measurements were carried out in the same beam divergence of 0.2 mrad which 

co汀espondedto our normal divergence in the high-current regime for ion beam analyses. 

Beam spot sizes diminished concomitant with the object slit sizes and were better than those 

that were predicted from the calculation. A spot size of 0 .4×0.4 μm2 was obtained at an 

object size of 30×10仰dwith a beam cuπ・ent of several tens of pA. Beam size estimations 
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using the deconvolution method are strongly dependent on the mesh quality and are 

sometimes overestimated in the range less than 1 μm because we assume the mesh edges to 

be very sharp. The cross sections of mesh grid bars are trapezoidal or round to some degree. 

Therefore, the beam spot size will be better than 0.4×0.4 μm2. Figure 6 shows secondary 

electron images of Ni mesh ( 1000 lines/inch) measured using an electron microscope and 

the microbeam system with object size of 25×10 μm2 and beam divergence of 0.2 mrad. 

The secondary electron image measured using the microbeam system clearly represents the 

steps of the bars and round shape of the comer, which co汀espondsto the image obtained 

using the electron microscope. This fact shows that resolution of better than 0.4 μm is 

obtained and is consistent with that obtained using deconvolution method. These 

measurements were carried out with the divergence of 0.2 mrad for the high-current regime. 

The result of the grid shadow implies that a better beam spot size will be obtained in a 

low-current regime where the object size and beam divergence are one-tenth lower. 

Even in the same beam condition mentioned above, the beam spot size of 1阿nis a 

lower limit in the actual experimental 印刷pwhere X-ray detectors, RBS detector, and other 

detectors are set in a chamber. The grid-shadow method revealed the source of this problem. 

The grid-shadow patterns in this situation are shown in Fig. 7. Strong sextupole or higher 

order field contamination are observed. By removing the annular Si surface barrier detector 

(TC・019-150-100;Ortec) positioned 40 mm upstream of the sample position, field 

contamination was eliminated. The grid-shadow pattern in Fig. 7 was measured without 

applying bias voltage to the annular detector. The holder of the annular detector is made of 

plastic, which adds no field. Therefore, the parasitic field was ascribed to the magnetic field 

of the annular Si surface barrier detector itself. In fact, the annular detector imparted a field 

strength of -10 μT, as measured using a magnetometer. Elements that show strong 

magnetism are used in the detector body. The RBS detector was replaced by another 

annular ion-implanted Si detector (ANPD 300・19・lOORM;Canberra). The detector gave a 

weaker magnetic field, which was also measured using a magnetome旬r.Following change, 

the field contamination of the system was reduced to a normal level and performance of the 

microbeam system was improved greatly, even in the actual analysis. Components that 

must be set ne訂 thebeam pa出 shouldhave their magnetism eliminated; the grid shadow 

method is very effective to clarify the source of parasitic field. 
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Conclusion 

A microbeam system was constructed at the Tohoku University Dynamitron 

laboratory and optimization of the system was undertaken. Minimum beam spot size of the 

microbeam was limited at 2×2 μm2 by parasitic field contamination. This parasitic field 

contamination was ascribed to the tungsten carbide slit chips and the annular Si surface 

barrier detector in the case of RBS analysis. The parasitic field contamination of the system 

was greatly reduced by replacing these components, as confirmed by the grid shadow 

method, and the microbeam system performance was improved. The minimum beam spot 

size of 0.4×0 .4 μm2 at a beam cuπ・ent of several tens of pA is obtained, which is the 

optimum expected from the accelerator performance. The results obtained using the 

grid-shadow method indicate that a beam spot size of less than 0.4 μmis obtainable in the 

low-current regime. 

While improving the microbeam system, simultaneous in-air/in-vacuum PIXE, RBS, 

SEM, and STIM analyses, in addition to 3D μ-CT, were developed and訂enow being 

applied to biological, environmental, and other fields. 
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Figure 3. Theoretical grid shadow patterns 
calculated by PRAM and OXTRACE. 
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V. 2. μ-CT Images of the Egg of Drosophila 
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Introduction 

'Department of Quantum Science and Energy Engineering, Tohoku University 
2Cyclotron Radioisotope Center, Tohoku University 

The technology to observe cells in a living body such as a cloning technology and a 

gene therapy is in progress in the field of biology and medicine. It is very important to 

develop a drug for a gene therapy and出eproduction of organs for transplant. To observe 

the cell, one needs a device that can enlarge a microscopic area in the cell (e. g., 

microscope). For this pu叩ose,we紅edeveloping a 3 dimensional micro compu旬d

tomography (30 μ-CT) which enables to observe the interior of living small insects 1-5>. 

The 30 μ-CT uses monoenergetic low-energy X-rays produced by bombarding a target with 

proton microbeam. Therefore, the contrast of the image for small insects is superior to 

that of other CT systems which uses continuous X-rays. Furthermore, our system can 

readily change the X-ray energy to obtain a better contrast depending on the elements 

contained in the insects 1・4>. In this study, we applied the μ-CT to the egg of drosophila, 

since the drosophila is used to various basic studies, such as gene research. 

μ-CT system using micro-PIXE 

The 30 μ-CT comprises a monoenergetic μ-X-ray source, a rotating sample stage 

and a high-speed X-ray CCD camera. Its technical details were written in Ref. 1. In this 

system, a sample is encapsulated in a polyimide tube with atmospheric pressure and placed 

on the rotating stage. This tube is rotated by a stepping motor. An X-ray producing 

target is set at 30～45 degrees with respect to the horizontal axis and produces a cone beam 

of X-ray by microbeam bombardment. In this study, 2.4 MeV proton microbeams were 

used. The exposure of CCD is begun by an outside trigger and stops when a total beam 
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charge reaches a constant value; readout of data finishes while the target rotates. A 100 

μm Mylar film is placed in front of CCD to prevent recoil protons from entering CCD. 

2D transmission data is obtained by the cone beam. 3D image is reconstructed on the 

basis of an iteration method (Maximum Likelihood-Expectation Maximization method) 5>. 

Results and discussion 

Figure 2 shows the photograph of imagoes and eggs of drosophila melanogaster 

(Oregon-R). The eggs of drosophila incubate in 24 hr. Considering breeding and 

measuring times, we used an egg, which was laid 12 hr ago, encapsulated in a polyimide 

tube (inside diameter of 500 μm and wall thickness of 25 μm). Figure 3 shows the 

photograph of the tube with the egg. To prevent the egg to dry out, the gelatin was 

inserted together. The inside is kept in atmospheric pressure with appropriate moisture. 

Under this treatment, we confirmed that the egg is alive and incubates in the tube3>. 

To obtain CT images with a good contrast, The X-ray producing target should be 

selected in consideration of absorption coefficient of the egg and detection efficiency of the 

CCD camera. Figure 4 shows the comparison of projection images of an egg for various 

X-ray targets. It is apparent that the result of Sc target shows the highest contrast. 

Figure 5 shows the cross sectional views of the egg; the left figure shows the 

longitudinal cross sectional view and the other is the vertical view. The experimental 

conditions are summarized in Table 1. The interior of the egg is uniform. It seems that 

the egg has grown during the measurement. To confirm this, the cross sectional images 

reconstructed from the first half and the latter half data in a series measurement are shown 

in Fig. 6. It is apparent that the shape of the egg changes because of the growth. 

CT images of a dried egg were obtained. The egg which was laid about 22 hr 

before was encapsulated in the tube and was kept for 4 months to dry. Figure 7 shows the 

cross sectional view and the 3D image of the dried egg. The shell and the interior 

structure訂eobserved. We recognize a large difference between the image of the dried 

egg and that of the living egg. It is considered that organs in the living egg have moved 

thus the interior of the living egg is uniformly seen. 

In the previous study, the images of the ant’s head fixed by formalin and the one of 

the living ant’s head were compared3>. There was a difference between them. In the case 

of the fixed ant, the brain shrank and something was washed out due to formalin-fixation. 

In the case of the living ant, the interior was uniform. The situation is similar to the 
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present result. 

Conclusion 

百1eCT images of也eegg of drosophila were obtained by using the μ-CT. 百1e

interior of the living egg was u凶form. In出ecase of血edried egg, the shell and the 

interior s加 cturewere confmned. It is considered血atthe living egg has grown dur担g出e

measurement. 百1emeasurement time of 3 .5 hr is long enough to change the shape of由e

liv泊gegg because the eggs of drosophila incubate泊24hr. 百1erefore，白eintensity of白e

X-ray has to be increased. 
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’Table 1. Experiment condition (li吋ngegg). 

X-ray阻rget Sc 
Target angle wi白respectto the horizontal axis 

Beam particles 

Beam spot size 

The number of projection images 

Measurement time 

45° 

2.4 Me V protons 

1.33 x 1.00 μ2m 
250 (250 images/rotation) 

12660 sec (about 3.5 ho町s)

Table 2. Experiment condition （世iedegg). 

X-ray target 

Target angle wi白respectto the horizontal砿 is

Beam particles 

Beam spot size 

百1enumber of projection images 

Measurement time 
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Sc 
30° 

2.4 Me V protons 

1.1x1.1 μ2m 
500 (500 images/rotation) 

9480 sec (about 2.6 ho町s)
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Figure 2. Imagoes of drosophila melanogaster (Oregon-R) (a) and, 
巴ggof drosophila (b) observed with an optical microscope. 

Figure 3. Sample assembly. 

Figure 4. Projection images of an egg for various targets. 
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Figure 5. Cross sectional views of the egg (left: longitudinal view, right: vertical view). 

Figure 6. Vertical cross sectional view of the egg (left image is reconstructed 
from the first half date, right image is reconstructed from the latter half date). 

Figyre 7. CT images of the dried egg (left: longitudinal cross sectional view. right: 30 image). 
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Introduction 

In a biological body, it is well known that甘aceelements including metallic elements 

play important roles such as component of hemprotein, detoxication, methabolism and so 

on. Therefore, knowing their spatial distribution and amounts, we can find out the relation 

among a physiological role of the trace element in vivo, the function, and the disease 

appearance. We have been analyzing the mouse brain in cell level by using micro-PIXE. 

In this research, we administered 5’ーbromodeoxyuridine(5-BrdU) that was the analogue of 

the thymidine as a marker to detect a new born cell. 5-BrdU is taken into new born cells 

in especially the dentate gyms of the hippocampus where the neuronal cell appears newly in 

the brain 1>. Because of this, we made mental disease model mice, and investigated the 

difference of the element distribution in comparison to control mice. We administered 

Methamphetamine (METH) to mice to make mental disease model. METH is a kind of a 

typical stimulant. A stimulant acts on a central nerve of a brain, and causes various 

impaired consciousness, hallucinatory disorder, and the deterioration of memory. The 

stimulant mental disease is assumed to be a model with animal’s schizophrenia 2 >. 

Averaged elemental concentrations of Ca, Fe and Zn over the brain of the mice to which 

Methamphetamine (METH) had been administrated were higher than those of control 

mouse. On the other hand, elemental concentration of Br of subject mouse was lower3>. 

Due to these facts we needed to investigate, not only the cell level but more 

wide-ranging images over the brain. In this s旬dy,we investigated a method to obtain 
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elemental dis凶butionsin whole brain slice taken企omthe subject mice, using in-air 

submilli-PIXE camera at a Dynami甘onlaboratory of Tohoku University4.s>. The 

submilli-PIXE camera is able to measure elemental distribution in the region of several cm2 

with a resolution of submilli-meters. 

Sample Preparation 

We prep紅edfour mice in this study. Seven weeks old male C57BL6 mice were 

obtained from the Japan SLC (Hamamatsu, Japan). METH was administered 

intraperitoneally at a dose of 1 mg/kg/day to the mice, following the schedule as shown in 

Fig. 1. Saline was injected intraperitoneally to the control mice. 5・BrdUwas 

administered 50 mg/kg to the mice intraperitoneally for 5 consecutive days, as shown in Fig. 

1, before the brain was taken out. 

After the brain was taken out, it was quickly frozen with dry ice, and it was sliced by 

a cryomicrotome. While the thickness of the slice is 16 μmin micro-PIXE analysis to get 

elemental distributions in a single cell, thicker slice is appropriate in this application. In 

this study, the slice thicknesses were 50, 100 and 200仰n.Thickness of 200仰nis the 

maximum in our cryomicrotome. The brain slices were put on a Myler film of 2 

μm-thickness and dry-fixated on it. 百1e2 μm-thickness Mylar film used in this study 

contains less amount of Br compared to the polycarbonate film which is used in the 

micro-PIXE analysis. 

Experiments 

Analysis was carried out by using in-air PIXE camera at Tohoku University. 

Proton beams of 3 MeV were extracted into air through a kapton film of 12.5仰n佃 d

irradiated on the target. Samples were fixed to the target holder, and set just after the 

beam exit window. X-rays were detected two Si(Li) detectors4.s 

lOxlO mm2 on a surface of samples, which covered whole brain slice. Average beam 

cu町entwas around 3 nA and total accumulated charge was around 20-40 μC. 

Figure 2 shows a typical photo and elemental images of mouse brain to which 

METH was administered. Figure 3 shows those of control. Figure 4 shows X-ray 

spectrum of a sample. Elemental images were produced by using GeoPIXEII software7>. 

Brain contains a lot of light elements, such as P, S, Cl and K, which were uniformly 

distributed over the brain. Brains also cont創nFe, Cu, and Zn as a indispensable element. 
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As shown in Fig. 4, Fe is accumulated in白especific area. Elemental concentration in the 

area was 10 times higher than that in the other. While some other samples from the 

subject mice showed similar tendency, accumulation of Fe was not observed in those of 

control mice. It is suspected that a p訂tof neuronal cells were poisoned by an excitatory 

action of METH. The similar symptom appears to Alzheimer's disease etc.4> Zn is 

accumulated in the vicinity in hippocampus and the side of the brain as shown in Figs. 2 

and 3. Other samples showed similar tendency too. Since Zn in neuronal cells of 

hippocampus is indispensable element to transmit information, it might be related to their 

activity5>. Cu is accumulated in the vicinity in third ventricle as shown in Fig. 3. 

Bromine is uniformly distributed over the brain in all samples. 

Conclusion 

In order to know the relation among a physiological role of the trace element in vivo, 

the function, and the disease appearance, investigation not only on the cellular level but also 

on the organ level was carried out. In this study, we investigated a method to obtain 

elemental distributions in whole brain slice taken from the subject and control mice, using 

in-air submilli-PIXE camera. Sample thickness more than 200 μm is appropriate in this 

study. We obtained the elemental distributions of the whole brain of the mice of mental 

disease model and control mice. Trace elements such as Fe and Zn are accumulated in the 

brain. Elemental concentration in the area where Fe was accumulated is 10 times higher 

than that in the other. The accumulation was not observed in the brain of the control mice. 

It is suspected that a part of neuronal cells were poisoned by an excitatory action of METH. 

Zn is accumulated in the vicinity in hippocampus. Br was uniformly distributed over the 

brain for both the administrated and the control mice. In this study, we could obtain the 

elemental distributions of whole brain slices. The submilli-PIXE camera will provide a 

po we泊IItool for this research. 

Acknowledgement 

We would like to thank Messrs. Sakamoto R. and Fujisawa M. for maintenance and 

operation of the Dynamitron accelerator. 

90 



References 

Luo C., Xu H., Li X.-M., Brain R巴s,I 063 (2005) 32. 
Kubota Y., Ito C., Sakurai E., Watanabe T., Ohtsu 1-1., I J. Neurochem, 83 (2002) 837. 
Sakurai E. et al., JAEA・review2008 (2009) 11 I. 
Lovell M.A. et al., J Neurol Sci, 158 ( 1998) 4 7 
Takeda A., Zinc and brain function, Clinical Examination, 53 (2009) 197. 

）
）
）
）
）
 

1
l
吋
〆
一

今

J

A

U

寸，、d

＼レ ＼レ 吋／ ψ 市
／｜＼ ／｜＼ ／｜＼ ／｜＼ 什ヘ

17 18 19 20 21 (day) po 

－
 

6
3

・
r
3
 

1
 
4
E

・

川内
い
円
い
ややや村

一0 methamphetamine (METH) (1mg/kg) 
×5-B叫 U(50mg/kg) 

Schedule of administration. Figure I. 

，．、
、． ，， 

、
‘ Br ‘ 守

Imm • ’伽nm
Maximum 

.¥7. ,・. ~~ 

~u 
Fe ‘ 

…悶山戸
…

hlpp。＂＂＇＇＂＇

Fe 

J 
Z》・ 4

－ 一一．．， 一 、，
’.  

. 81 

10mm •唱Omm
Maximum 

:::n ，、
’u 

Zer。
Z割。

Figure 3. Photo and elemental distributions 
of the brain of control mouse. 

Figure 2. Photo and elemental distributions of the 
brain of subject mouse. 

High en巴rgydetector 

100000 

10000 

1000 

100 

10 

のリ
F
E
コ0
0

Low energy detector 

1000000 

100000 

10000 

1000 

100 

10 

2－C
コ0
0

20 15 

Figure 4. Typical X-ray spectra from a mouse brain slice by the detector 
for Lowand High energy. Total accumulated charge was 38 μC. 

91 

10 

Energy(keV) 

5 14 12 6 8 10 
Energy(keV) 

4 2 



CYRIC Annual Report 2009 

V. 4. 3D Imaging of Human Cells by Using PIXE-μ-CT 
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'Department of Quantum Science and Energy Engineering, Tohoku Universiか
2Cyclotron Radioisotope Center, Tohoku Universi砂
3CNAB, CNRS Universite Bordeaux 1 

Introduction 

Numerous studies have shown that short-term exposure to p制 icul蹴 matter(PM) 

can adversely affect human health. For chromium compounds, the main route of exposure 

is via the respiratory tract by inhalation of dusts，向mesand mists. Human tissues and 

fluids normally contain low levels of chromium as essential element, but chromium 

abundance in lung tissues is increased as a result of environmental or occupational 

exposures and is highly carcinogenic. Some studies were carried out to know the 

interaction between these particles and human body at a cellular level by using the 

micro-PIXE/RBS and synchrotron X-ray fluorescence microprobe1・3>. While the 

mechanism was suggested in these studies, distribution of chromium particles in the cell is 

still uncertain because 2D imaging only gives a projection image of the distribution. The 

3D distribution of the chromium particles in the cell will give us crucial information on the 

suggested intracellular interaction mechanism between the particles and human cells. 

Only few imaging techniques exist that allow in-situ quantification and distribution of 

chromium pa抗idesin cel14>. We are developing a 3D PIXE-μ-CT to observe the interior of 

small samples with a spatial resolution of less than 10 μm5-10>. The 3D PIXE-μ-CT has a 

capability to measure intercellular dis凶butionof Cr particles and is one of the most 

powerful tools. However, our system has to be optimized to observe the small structures 

inside a single cell. In this study, we report the 3D μ-CT for intercellular imaging and 

obtained the intracellular distribution of chromium compound (PbCr04) 
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Improvement of 3D p-CT 

The PIXE-μ-CT consists of an accelerator, a proton microbeam system, and a target 

chamber system equipped with X-ray CCD camera5・10>. In the PIXE－μーCTconfiguration, 

the X-ray point source and the X-ray CCD are fixed while the sample is placed between 

them is rotated. In this system, 20 X-ray projection data are obtained for each rotation angle 

of the sample and therefore a 30 image can be reconstructed. X-ray generated with出is

system consists mainly of characteristic X-ray of target element which is 

quasi-monoenergetic11>. These properties allow getting a high-contrast imaging of cells 

which makes the system suitable for this biological samples analysis as exemplified in 

insect studies 7・10).

For intracellular imaging, higher contrast and higher spatial resolution釘erequired 

in the PIXE-μ-CT system. For this purpose, we have taken the following steps. First, to 

improve the contrast of CT images, we selected an appropriate X-ray producing t紅get.

Second, to obtain higher spatial resolution projection image, we investigated cone beam 

magnification geometry and also, the precision of sample rotation was improved. 

Improvement of the Contrast 

In order to visualize microscopic biological sample like cells using PIXE-μ-CT, high 

contrast X-ray transmission data is needed. Considering the X-ray transmission of the cell 

and detection efficiency of the CCD camera, X-ray energy of 3 to 5 keV is appropriate for 

this study. This can be achieved by employing scandium as target. 

Improvement of the CT image resolution 

In PIXE-μ-CT system, the projection data of the sample is taken by using cone beam 

magnification geometry. Therefore, the spatial resolution of the CT image is affected by 

the following two parameters, e首ectivepixel size and blur of the projection data. These 

parameters are strongly affected by the finite focal spot size and the magnification factor. 

For the ideal X-ray source that can be considered to be point source, we can obtain higher 

resolution images as the magnification increases. As shown in the following equation, the 

image resolution is improved by increasing the magnification: 

_ 2 x pixelsize 
’CCD -

m 
、‘，J
唱
E
A，，E
、

where r cco is the effective pixel size in the object plane and pixelsize is the CCD pixel size 

93 



(=8 μm) in the image plane and mis the magnification. The magnification was restricted 

to around 4 to 5 in previous studies1・10> because of finite sample size and the finite size of 

CCD. In this study, cell sample is smaller than those used in the previous studies, thus we 

can obtain better resolution by increasing magnification. However, actual projection data 

is affected by blurring that surrounds an object. This causes the edge to be reproduced 

with an optical density gradient by the imaging system. The extent of the blurring is 

related to the focus size and magnification: 

Blur=(m-1）×／ (2) 

where f is the focal spot size. The shape of sample is estimated by the image data 

projected to the detector screen. Therefore, the spatial resolution distorted by the finite 

focal spot is as follows: 

(m-1）×f 
rblur = Blur Im = 

m 
(3) 

Figure 1 shows the relationship between the detector sampling pitch and the image 

blurring with respect to the magnification. In general, at lower magnification the detector 

sampling pitch is a limiting factor of the resolution; at higher magnification the blurring 

caused by focal spot becomes critical for the resolution. In addition, there is an optimal 

magnification for each focal spot size. In previous study, we obtained the spatial resolution 

of 4 μm at a magnification of nine with a beam spot size of 1.5×1.5 μm. However, the 

resolution was worse than the calculated value. This was due to the fact that, in that 

calculation, the focal spot size was not considered. Thus the calculated resolution was less 

than the ac旬alone. The present estimation is quite consistent with the experimental 

results. It shows that resolution will improve as an increase of the magnification and will 

saturate down to the beam spot size. 

Figure 2 shows the CT image of a polyimide tube (inner diameter of 80 μm, wall 

thickness of 10 μm) and the intensity profile of CT-value, acquired in a condition 

corresponding to a proton beam energy of 3 MeV, proton beam spot size of 1.lxl .1 μm2 and 

magnification of 12.4. The measured profile was fitted by symmetric double Gaussian 

convolution to obtain the spatial resolution of the system. The resolution of the system 

was evaluated to be around 3 .4阿n,which is consistent with the estimation. 

Sample preparation 

In this study, we analyzed human epithelial cells exposed in vitro to PbCr04・
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Fixation of the cells on the rotating shaft is one of the biggest problems in this study. A 

micro polycarbonate tube (MicroLumen 030-I; 80 μm inside diameter and 10 μm thickness) 

was used to fix the cells. The tube is the smallest and thinnest commercially available. 

Since size of the cell is in the order of 10 to 20仰札制bethickness is almost same order and 

not deteriorates the contrast. The cells were fixed in the inner wall of the tube. Then the 

end of the削除 isinserted into the injection needle, and then fixed to rotation shaft. We 

adopted cryogenic methods to fix the cell in the tube, since they consist of immobilizing the 

intracellular components by cryofixation and later extraction of the water by freeze drying 

process. The protocol is almost the same as白atfor SXRF and PIXE analysis3>, except for 

encapsulate process. Capillary action was used to insert the cell into the tube. After that, 

the tube was sealed with form var and cryofixed at -164 °C into isopentane chilled with 

liquid nitrogen. Then the sample was freeze dried at・35°Cfor 1 week after removing the 

seal. 

Result and Discussion 

Human epithelial cells exposed in vitro to 1阿n/cm2PbCr04for 24 h were analyzed 

by using the PIXE-μ-CT. Measurement was carried out with 3 MeV proton beam, beam 

cu汀・ents of ca. 400 pA, beam spot size of 1.1x1.1仰n2. Geometric magnification was 12.4. 

X-ray target is Sc and target was set at 30 degrees with respect to the beam direction. 

Figure 3 shows the 2D cross sectional view of cell and line profile of pixel value. The 

image was reconstructed on the basis of image data in the vertical plane by using an 

iteration method (Maximum Likelihood-Expectation Maximization method). The pixel 

value of micro tube and cell is different showing a good contrast. While cell density will 

be similar to that of the tube, higher absorption of X-ray by PbCr04 paロidesincreased the 

absorption in the cell. Figure 4 shows the 3D imaging of human epithelial cells from the 

different angles. The size of the cells is around 20 μm and consistent with microscopic 

images. The region marked with訂rowin the right figure, could be a cell which did not 

absorb, or absorbed less PbCr04 than the others. The pixel value is almost same as that of 

the tube. The region which shows strong absorption means由ePbCr04 p紅ticles.τ'wo

kind of distribution are seen; one is distributed over the cell area, the o出eris concentrated 

in small structures within the cell. 
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Conclusion 

The CT images of the human epithelial cells were obtained by using the PIXE-μ-CT. 

To observe the microstructure of sample, we improved the existing system. For the image 

contrast, Sc was selected as加 X-raytarget and obtained a good contrast of cell projections. 

For the image resolution, the rotating stage was improved and the magnification geometry 

was optimized. Thus intracellular distributions of the lead chromate particles could be 

observed. The PIXE-μ-CT will give us the crucial information on the interaction between 

白eparticulate matter and human cells indicating that lead chromate is internalized and that 

is distribution is both diffused within the all cell volume, and located in small s町uctures

inside cells. This result is consistent with the suggested mechanism of action of lead 

chromate3 which can be partially soluble in cells, explaining the diffuse distribution, and 

partially insoluble, explaining the high local concentration within intracellular s甘uctures.
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Figure 4. Maximum Intensity Projection (30 imaging from different angles). 
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V. 5. Characterization of Corrosion Layer of Carbon Steel 
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Introduction 

1 Department of Quantum Science and Energy Engineering，おhokuUniversity 
2Cyclotron and Radioisotope Center, Tohoku University 

Piping, vessels and components of nuclear and thermal power plants are made of 

carbon steel or stainless steel. During plant operation, the protective oxide layer 

(magnetite or hematite) is formed on the surface of carbon steel where exposed to high 

temperature water flow and vapor. Wall thinning of piping made of carbon steel results from 

dissolution of the oxide layer. This phenomenon is a common problem in all types of 

these power plants and a仔ectstheir lifetime and safety. Many factors such as flow rate, 

temperature, pH, dissolved oxygen concentration and composition of carbon steel affect 

corrosion rate. Especially water flow rate strongly affects the corrosion rate. This 

phenomenon is known as flow-accelerated corrosion (FAC) 0. FAC rate depends on many 

parameters such as water chemistry, tempera回re,mass transfer coefficient and chromium 

content in steel. Especially, chromium content is known as an important parameter to 

reduce the FAC rate. Chromium content higher than 0.05 wt% greatly reduces FAC rate. 

However, the chromium content is not regulated in carbon steel, or chromium is considered 

as mere impurity, so far. While the mechanism of this phenomena is not known perfectly 

yet, the chromium content seems to affect formation and dissolution on the oxide layer. 

Considering welded part of carbon steel, for examples, in which the segregation of 

chromium carbide are occurred along grain boundary, the reduction of thickness due to the 

process of oxide formation and dissolution takes place in the localized area訂oundgrain 

boundary. Therefore, oxide formation and dissolution should be related to the mechanism 

of corrosion. In order to understand the mechanism of the phenomenon of co汀osion,

characterization of oxide layer in the localized area is indispensable from this point of view. 
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For surface analysis of the oxide layer, many techniques such as secondary electron 

microscopy, X-ray diffraction, and transmission electron microscopy are used. However, 

complete elemental information, which is important for characterization, is not obtained by 

these methods. In this study, the simultaneous micro-PIXE/RBS analysis was applied to 

obtaining elemental characterization on oxide layer formed on the carbon steel. 

Analysis system 

Analyses of samples were carried out with the microbeam system at Tohoku 

University. Technical details of the system were presented in previous papers2訓．

Simultaneous PIXE/RBS analysis was conducted with the proton beam energy of 2.4 Me V 

and 3 Me V, the beam spot size of 1×1 μm2 and beam cu汀・entsof around 50 pA. The beam 

scanning area was set to 20 x 20 μm2. The quantitative PIXE analysis was performed 

using the GeoPIXEII software5>. Light elements (C,N,0) were quantified by analyzing the 

extracted RBS spectra using the SIMNRA software6>. 

Results of analyses 

Samples are plates of carbon steel ( 1 mm thick) with various chromium contents 

ranging from 0 .003 wt% to 1.01 wt% (nominal). These samples were oxidized in water 

with and without flow in an autoclave. In dynamic oxidation condition, the water was 

conditioned at pH=9.07 and 9.36 by addition of ammonia under a flow rate of 3 m/sec. 

Under static condition, the water was conditioned at pH=7. 

In the RBS analysis, two layers which co汀・espondto oxide layer and base metal 

were considered. The co汀espondingcross sections for carbon, nitrogen, and oxygen were 

derived from the refs. 7 and 8. Rutherford cross section was used for iron. Figure 1 

shows number of atoms in the oxide layer as a function of chromium contents. Nominal 

chromium and iron ratios are consistent with those obtained by PIXE. Number of atoms in 

the oxide layer decrease with the increase of chromium content. Thickness of oxide layer 

is estimated to be 0.3 μm for chromium content of 1.01 wt%. The atomic ratios of O:Fe 

were around 1 :5 and 1.2: I, in the chromium content of 0.003・0.1wt% and 0.4-1.01 wt%, 

respectively. In chromium content higher than 0.4 %, the atomic ratio of O:Fe is close to 

that of Fe30 4・ Thelayer formed on the surface is mainly composed of magnetite. Number 

of oxygen of the oxide layer is lower than that of magnetite for chromium content lower 

than 0.1 wt%. 
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X-ray yield maps of chromium and iron are shown in Fig. 2 for carbon steel 

oxidized with water flow of 3 m/sec. X-ray yields are not uniform over the scanning area, 

which is related to the changes in the thickness of oxide layer. As well as self-absorption 

of X-rays in the layer, X-ray production cross section changes co汀・espondingto energy-loss 

in the oxide layer X-ray yield decreases around 10% co汀espondto the increase of the 

magnetite layer of 1 μm. X-ray intensities of iron and chromium vary from 50-100%, 

which means that thick oxide layer was formed nonuniformly on the surface. In con住ast,

oxide layer was formed uniformly in the non flow case as mentioned previously. When 

oxide layer thickness is not uniform over the region, analysis of RBS spectra is impossible. 

Position dependent oxide layer composition and thickness can be obtained by fitting the 

RBS spectra derived from each pixel. Considering low counting statistics for each pixel, 

spectrum fitting is impossible. Thus, we select the region where X-ray yield of iron is 

similar and obtained RBS spectra from the selected region. Typical RBS spectra are also 

shown in Fig. 2 together with the simulated result by the SIMNRA for the selected regions. 

The RBS spectra changes drastically co町espondto oxide layer thickness and compositions. 

In the simulation, three oxide layers have to be considered to fit the spectra. Oxide 

concentration is highest in the surface layer. Round shape of the edges corresponds to the 

decrease of oxide concentration toward the inside. While oxygen concentration is the 

same in the regions 1 and 2, carbon concentration in the region 1 is more than 2 times 

higher than that in the region 2. Since segregation of chromium carbide occurred along 

grain boundary, it will be suggested that the region 1 will be the oxide layer along the grain 

boundary. From the PIXE analysis, chromium and iron ratio is constant in these regions 

and same as the nominal value. Since PIXE analyze the elements in the ca. 10 μm from 

the surface when the substrate assumes to be iron for 2.4 MeV protons, it may be difficult to 

find changes in chromium concentration in the thin layer. 

On the other hand, the RBS spectra for chromium content of 1.01 wt% is quite 

different from the others. In region 1 , number of protons scattered from oxygen and iron is 

quite low, compared to those in region 2 and carbon content is highest. In this simulation, 

3 layers訂econsidered and hydrogen must be introduced to fit the spectra. In both regions, 

hydrous metal oxide layer might be formed. Chromium and iron ratio is more than two 

times higher than the nominal value. Since layer thickness is thicker than the other case, 

chromium is concentrated in the layer. In region 1 , chromium and iron ratio is 10% higher 

than that of region 2. It is apparent that chromium carbide is formed in the region 1 . 
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Conclusions 

In order to know the mechanism of co汀osionin the localized area, we applied the 

simultaneous micro-PIXE/RBS analysis to characterization of oxide layer. The 

simultaneous micro-PIXE/RBS system demonstrated the relation between chromium 

content and numbers of atoms of oxygen and of iron in the oxide layer for carbon steel 

oxidized under the static condition. T he oxide layer formed at dynamic condition is not 

uniform even in the narrow area of 20×20 μm2. In this case, it is difficult to characterize 

oxide layer by conventional RBS analysis. The simultaneous micro-PIXE/RBS system 

could characterize the layer by region analysis. By micro-PIXE analysis, a specific area 

was extracted as a region of interest to be analyzed by RBS. Then an RBS spectrum was 

extracted and analyzed by using the SIMNRA software so as to obtain the elemental 

composition of oxide layer. Under the dynamic condition, elemental composition of the 

oxide layer was strongly affected by chromium content. In the chromium content of 1 .01 

wt% , hydrous metal oxide layer was formed. Since chromium is concentrated in this layer, 

chromium carbide is formed and might be related to hydrous metal oxide. These results of 

this experiment obviously show the simultaneous micro-PIXE/RBS analysis system to be 

useful for better understanding of the corrosion mechanism. 
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Introduction 

Coal is the largest source of energy for the generation of electricity. Consumption 

of coal is increasing as an alternative for petroleum, since the depletion of petroleum has 

become world wide problem 1>. Coal is pulverized and then combusted in a furnace with a 

boiler for electricity generation in coal-fired power plants. During the process, waste 

products such as coal ash residue and flue gas desulfurization sludge are produced. There 

are two types of coal ash residues, the first is fly ash generated from the boiler, and the 

second is clinker ash that falls to the bottom of the boiler furnace. The proportion of fly 

ash is about 80 to 85% of coal ash residues. Although coal ash is p訂tlyreused as cement 

admixture and concrete aggregate, the residuals are disposed as an industrial waste2>. Coal 

fly ash contains mercury, arsenic, and other toxic heavy metals, which leads to a concern 

about the possibility of leakage into environment. While extraction tests of coal fly ash 

show that coal fly ash is environmentally safe under natural pH condition, some metals are 

soluble under aggressive pH conditions3>. Therefore, it could adversely affect humans, 

animals, plants and living environment. However, it is difficult to investigate a direct 

correlation between pH of coal fly ash and leakage of elements. The assessment of 

leakage of toxic elements into the environment and the e百ecton human beings and animals 

strongly depend on their spatial distribution in the p訂tidesand on their chemical form as 

well as elemental concentrations3・4 

fly ash should be investigated. For this purpose, analysis of individual fly ash particle by 

using mict油 eamanalysis will provide valuable information in this field5>. In this study, 

we analyzed coal fly ash from coal-fired power plants with 1 μm spatial resolution by using 
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the simultaneous micro-PIXE/RBS/off-axis STIM system at Tohoku University. The 

combination of PIXE, RBS and off-axis STIM methods enabled simultaneous analysis of 

hydrogen to metal elements and revealed the chemical composition of these particles. 

Experimental 

Sample preparation 

In order to analyze all elements contained in fly ash particles with spatial resolution 

of 1 μm, it is necessary to attach them on a thin polymer film without using any adhesive. 

Chemical treatment should not be done because chemical form might charige. For this 

pu叩osewe used an impactor which was developed in aerosol study6>. Fly ash pa抗icles

were suspended in a box and were sampled at a flow rate of 1.3 I/min for one hour. The 

effective 50% cutoff diameter is estimated as ca 2 μm. Fly ash particles were impacted on 

a 2 μm Mylar (H8C1004) film or a 4 μm Prolene (H6C3) film. Although particle size of coal 

fly ash particles ranges from 3 to 20 μm, those of collected particle were 3 to 5仰nin 

diameter. It was an effect of upper cut-off of the impactor. In order to analyze bigger 

particles than 5 μm, fly ash particles were put on the Mylar film and were attached by 

electrostatic force. Number of particles on the film was low, bigger particles than 5 μm 

could be collected. We analyzed six samples generated in coal-fired power plants in 

Japan. 

Analysis 

We performed individual pa口icleanalysis of the coal fly ash with a microbeam 

system at Tohoku University. Technical details of the system were presented in previous 

public剖ion7・8>. Simultaneous PIXE/RBS/off-axis STIM analysis was conducted with the 

proton beam energy of 3 Me V, beam spot size of 1×1 μm2 and beam cu汀・entsof 50 to 100 

pA. The beam scanning area was lOxlO to 100×100 μm2. 

Quantitative PIXE analyses were performed by using GeoPIXEII software9>. After 

generating the elemental maps, individual particles were selected from these maps and 

co汀・espondingPIXE, RBS, and off-axis STIM spectra were extracted. The elemental 

concentrations for elements heavier than carbon were then deduced from the fit of the 

extracted PIXE spectra. For quantitative analysis, yield correction of X-rays was 

performed for each particle considering the particle size, shape, the changes in X-ray 

production cross section and self absorption of X-rays. However, the effect of shape is 
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small even for light elements and is negligible for heavy elements, in particle sizes (<5 

μm)5.1°>. In this study, no shape correction did not apply and the changes in X-ray cross 

section and self absorption effects were considered assuming a flat homogeneous slab. 

Concentrations of carbon, oxygen, and hydrogen were derived from peak yields of extracted 

RBS and STIM spectra, which were calibrated by measuring the peak yields from Mylar 

films of known thickness. Quantitative analysis of hydrogen was carried out by analyzing 

the extracted off・axisSTIM spectra. 

Results and Discussion 

We analyzed about 80 coal fly ash pa口idesobtained from six coal-fired power 

plants in Japan and obtained elemental concentrations and elemental distribution images. 

The coal fly ash particles are mainly composed of 0, Si and Al. Sum of the masses of 0, 

Si and Al in each of the particles is 80-95% of the total mass. Figure 1 shows the 

correlation between number of oxygen atoms and that of metals for the particles. In this 

analysis, particles collected on the Mylar film and which were bigger than 5 μm were 

excluded from the analysis. The results on 50 particles are shown in the graph. Number 

of oxygen atoms increases with that of metals. Atomic ratio is around 2. It is apparent 

that these particles exist as dioxide. The pa口iclesalso contain Ca, Ti, Fe, Na, Mg and K. 

Hydrogen and carbon are not observed in these pa口icles,which implies that coal is 

completely burned and carbon dioxide and water vapor is dissipated. 

Examples of elemental distribution images are shown in Fig. 2 (a), (b) and (c). The 

oxygen image in Fig. 2 is obtained by RBS. As mentioned previously, Oxygen, silicon 

and aluminum show similar distributions. As for trace elements, the content of each 

element is quite different in each particle. Forty percent of the particles contain V and Zn. 

All of the pa口iclesfrom one of the power plants contain V and Zn. Five to ten percent of 

these particles contains Sr, Cu, Ni, Mn and Cr. A few particles contain arsenic. These 

elements distribute homogeneously as shown in Fig. 3 (a) and (b). One exception is 

shown in Fig. 3 (c). Since the size of the particle is around 20仰n,the yield map of Al and 

Si is strongly influenced by self absorption, and X-ray intensity of right side is low. While 

silicon distributes uniformly, Al, Ca, Fe, Zn, As and Zr are distributed on the surface of the 

p紅ticles. It is reported that the elements having boiling points lower than the combustion 

temperature of the白macein the power plant condense on the surface of the particle at the 

low temperature following combustion 4>. 
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Conclusions 

Coal fly ash particles contain mere町y，紅se凶c,and other toxic heavy metals, which 

might lead to leakage into environment. The spatial dis凶butionand chemical form as 

well as elemental concen住ationsof血e位aceelements釘eimportant factor in血e出sessment

of leakage into the environment. In血isstudy, we analyzed coal fly ash from coal-fired 

power plants with l仰nspatial resolution by us泊g血emicrobeam analysis system at 

Tohoku U:凶versity. Fly ash particles were attached on由eProlene film using impactor. 

Particle size range collected by the impactor was 3・5仰nin diameter which was smaller 

白組曲atof fly ash particle. Bigger p紅ticleswere attached on the Myl紅 filmby 

electrostatic force. We analyzed about 80 coal fly ash p紅白lesobtained企omsix 

coal-fired power plants in Japan. The coal ash p釘ticl es紅emainly composed of 0, Si and 

Al and estimated as dioxide. ’The particles also contain Ca, Ti, Fe, Na, Mg and K. As for 

trace elements, V, Zn, Sr, Cu, Ni, Mn, Cr and As釘econtained. Correlation between血ese

elements is not seen. 官ieseelements dis住ibutehomogeneously. As an exception, Al, Ca, 

Fe, Zn, As and Zr釘edis甘ibuteon the surface of由eparticles which might be related to出e

combustion process. Microbeam analysis of individual fly ash particle will provide 

valuable information in出isfield. 
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Introduction 

Yell ow sand dust particles from the Asian continent sometimes cause turbid 

conditions in Japan, especially in spring, which is known as a Kosa event. The particles 

are carried from the Yell ow River basin and deserts, which is known as a natural 

phenomenon. The particles are principally composed of minerals and their diameters are 

around 4 μm. Recently, it is regarded as an environmental problem due to forest reduction, 

soil degradation and desertification rather than a natural seasonal phenomenon. 

Furthermore, these pa口iclesare sometimes deformed by mixing with anthropogenic 

aerosols during transport and affects agricultural production, climate, living condition and 

human health. Therefore, physical and chemical changes during transport as well as 

mechanism of formation, growth and transport have to be known. For better 

understanding of these mechanisms, analysis of single particles is indispensable. For this 

purpose, we developed a microbeam analysis system with a spatial resolution better than 1 

μm. The combination of PIXE, RBS and off-axis STIM methods enabled simultaneous 

analysis for hydrogen to metal elements and revealed the chemical composition of these 

particles. In this study, we applied the system to analyze yellow sand dust p訂ticlesand 

investigated their properties. 

Sampling 

Aerosol particles were collected at the campus of Nagasaki University (32.78°N, 

129.87°E; 20 m) on 9,10 and 19 May 2005. Nagasaki University located at Kyusyu Island 

of western pa抗 ofJapan, where yellow sand dust particles largely affects the daily life. 
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Recently, fine particles whose sizes are in the range of 0 .3-1.0 μm in diameter occasionally 

cause significant turbid condition over the Nagasaki area. Since yellow sand dust particles 

are mostly larger than 1.0 μm, these fine particles are mainly anthropogenic aerosols and 

not the components of yellow sand dust particles 1・2>. To collect true yellow sand dust 

particles, sampling was carried out when concentration of coarse particles increases and that 

of fine pa口iclesshows usual atmospheric condition by using an optical particle counter 

(OPC). On 9 and 10 May, coarse particles showed higher concentration, indicated Kosa 

events and fine p訂ticleshowed as usual condition. On 19 May, concentrations of fine and 

coarse particles were low. Sampling times were 6 hr. In total 3 samples were collected. 

Aerosol particles were impacted on a thin polycarbonate film3> at flow rates of 1 I/min (face 

velocity: 530cm/sec). The effective 50% cut-off diameter is estimated to be ～2 μm and 

sufficient for collection of yellow sand dust particles. Elemental concentrations and ratios 

in the polycarbonate film were obtained by fitting the RBS spectrum with the SIMNRA 

software4>. Thickness of the film was estimated to be less than 1 μm which is thicker than 

the previous study. The thin polycarbonate film allows analyzing light elements of the 

particles. 

Analysis 

Analysis was carried out using the microbeam analysis system at Tohoku University. 

Technical details of the microbeam and analysis system were presented in previous ppers5-7> 

and further development was carried out for the efficient analysis of single aerosol paロicles.

For multimodal analysis, two X-ray detectors for PIXE analysis and three charged pa抗icle

detectors for RBS and STIM are mounted simultaneously8>. 

Results 

Simultaneous PIXE/RBS/off-axis STIM analysis employed for scanning areas of 

25×25 μm2 and 100×100 μm2. Yell ow sand dust particles were uniformly distributed, thus 

direct STIM measurements for defining the analysis area were not needed. Energy of the 

proton beam was 3 Me V and beam spot size was 1×1 μm2 with a beam cu汀entof 50～100 

pA. Total accumulated charge was around 0 .2 μC. 

Quantitative PIXE analysis was performed using the GeoPIXEII software9>. After 

generating the elemental maps, individual particles were selected from these maps and 

PIXE, RBS and off-axis STIM spectra were extracted. Elemental concentrations of these 
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particles for elements heavier than Na were deduced from fitting of the extracted PIXE 

spectra. Carbon and oxygen were quantified by analyzing the extracted RBS spectra. 

Concentration of carbon and oxygen were derived from peak yields which were calibrated 

by measuring peak yields from Mylar films of known thickness. Quantitative analysis of 

hydrogen was carried out by analyzing the extracted off-axis STIM spectra. For the 

quantitative analysis of hydrogen, intensities of hydrogen were calibrated by measuring 

hydrogen yields from Mylar films of different thickness. The relation between hydrogen 

peak yield and hydrogen quantity was linear and was used to calibrate the quantitative 

analysis of hydrogen. After quantification of these particles, the chemical composition of 

each particle was obtained. 

More than 100 particles were analyzed and Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, 

Mn, Fe, Ni, Cu, Zn and Br elements were quantified. Figure 1 shows typical elemental 

maps of yellow sand dust particles collected on 11 May, 2005, when high concentration of 

coarse particles was observed. The scanning area was 100×100 μm2 and total accumulated 

charge was 0.21 μC. Distribution of aluminum equals to the one of silicon. Chlorine, 

potassium, calcium, carbon and hydrogen also show similar distribution. Oxygen 

distributes on the same part of these particles. Aluminum, silicon, calcium, iron and light 

elements are m吋orcomponents. Numbers of oxygen atoms of these particles is around 

eight times higher than that of mineral elements. It is app訂entthat these particles manly 

existed as oxide and were mainly originated form soil dust. These particles also contained 

carbon and hydrogen and might be absorbed organic carbon during transportation. In the 

contrast, the particles collected on 19 May when atmosphere showed usual condition, two 

kinds of major elemental groups, which co汀espondto marine and soil aerosols, were 

observed. Half of the particles are estimated to be marine aerosols. 

Figure 2 shows the ternary diagram for calcium, silicon and aluminum. In this 

diagram, marine particles, which sodium and calcium are main components, were excluded. 

The distribution of the particles which were collected on 10 and 11 May were very similar, 

except for calcium-rich components. On the other hand, the particles collected on 19 May 

show lower calcium concentration. These facts co汀espondto the difference of the soil 

components of Asian continent and Japan Island. Correlation function between calcium 

and chlorine is shown in Fig. 3 for these particles. As calcium increases, chlorine also 

increases for the particles collected on 11 May. The pa口iclesare supposed to contain 

CaC12 particles. Backward trajectory analysis using NOAA HYSPLI1、10>indicated that the 
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p訂ticleswhich came on 11 May took almost the same route from Chinese coast to 

Nagasaki with a low velocity as the ones came on 10 May. Amount of sodium on 11 May 

is also larger than that of 10 May. It implies that the particles came on 11 May deformed 

by mixing with marine aerosols more than those came on 10 May. These particles 

collected on I 0 and 11 May contained more sulfur and heavier elements such as manganese 

and zinc than those collected on 19 May. These particles were transported from Asian 

continent over the industrial area to Japan and might absorb these elements by mixing with 

anthropogenic aerosols. 

Conclusions 

The microbeam system was applied to analysis of yellow sand dust pa口icles.

Simultaneous PIXE, RBS and STIM analysis enabled to measure the elements from 

hydrogen to metal elements and revealed the chemical composition of these particles. The 

major elements of yellow sand dust particles a問 siliconand calcium and exist as oxide. 

The ternary diagram of aluminum, silicon and calcium shows the difference of the origin of 

the soil components of Asian continent and Japan Island. Correlation of calcium and 

chlorine is different for each Kosa events, which supposed the difference of transport to 

Japan Island. Yellow sand dust particles contain more sulfur and heavier elements such as 

manganese and zinc. These particles were transported from Asian continent over the 

industrial area to Japan and might absorb these elements by mixing with anthropogenic 

aerosols. These results could be obtained by analyzing single aerosol pa口iclesand was not 

obtained by the bulk analysis which averages over many particles. Single particle analysis 

of yellow sand dust will lead to a better understanding of their deformation process during 

transport. 
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Introduction 

1Cyclotoron and Radioisotope Center, Tohoku University 
2Graduate School of Engineering, Tohoku University 
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Phytoremediation is a technology for cleaning metal-contaminated soils using plant 

physiology. Pteris vittata is the first plant to be an arsenic hyper-accumulator'>. It is 

reported that arsenate (As(V)) taken-up by the fern root is immediately reduced to arsenite 

(As(III) )2・3>. And arsenite is then transported to fern fronds by transpiration stream and 

accumulated in the fronds4>. It is also revealed that arsenate influx into fern roots is faster 

than that of arsenite5>. Different research groups, however, report that arsenate is dominant 

in the rachis of fern blade and both arsenate and arsenite are contained in xylem vessels of 

the fern even under the condition of very high concentration of arsenite in a町anspiration

stream6・1>. These findings indicate that arsenic is supplied to the fronds by xylem transport 

as a mixture of訂seniteand arsenate. 

To develop practical application of Pteris vittata to a phytoremediation technique, it is 

necessary to explicate how arsenic is distributed in fern frond tissues when either arsenite or 

訂senateis supplied to fern blades separately without an action of the fern root. It is also 

important to reveal what kinds of elements essential to the fern metabolism are translocated 

by accumulation of arsenic of either trivalent or pentavalent state in fern tissues. In this 

study, the distribution of arsenic of different oxidation states and other elements in fern 

frond tissues were examined in the procedure of separately feeding arsenate or arsenite to 

fronds through xylem vessels of the fern by using micro-PIXE analysis. 
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Material and methods 

P. vittata L., a perennial and pinnate fem, which grows naturally in the warm district 

in southern Japan with long sunshine duration, was used throughout the experiment. Fern 

with several fronds was cultivated for either one week or three months, and the young fems 

with not fully opened fronds and the mature fems with sporophyte were subjected to an 

arsenic uptake experiment. A piece of the fem fronds was cut from the stipe and dipped in 

a solution containing either arsenite or arsenate along with 0 .2 mM EDT A for preservation 

of arsenic species8>. Concentrations of arsenic in test solutions were 7 .5 ppm and 200 mM. 

After a desired period, a fem pinna was plucked and was sectioned around 25 μm in 

thickness by a microtome after inserted into a radish block. The sliced pinna section was 

mounted between tow polycarbonate films of 5 μm thickness and was glued on the sample 

holder for in-air micro-PIXE analysis. 

Analyses of samples were carried out with the in-air micro-PIXE system at Tohoku 

University. Technical details of the system were presented in our previous papers9・10).

The analysis was conducted with the proton beam energy of 3 Me V, the beam spot size of 

lxl μm2 and beam cu汀entsof around 50 pA. The beam scanning area was set to 20x20・

600×600 μm2>. X-ray detector was set in vacuum at 125 degrees with respect to the beam 

axis. A Mylar filter (250 μm出ick)was attached in front of the detector to reduce pile-up 

events and deformation of the spectrum by recoil protons. Quantitative PIXE analysis was 

performed using the GeoPIXEII software 11 >. In the quantification of elements, the m司jor

composition and density of the analyzed layer must be set, so the fem matrix was presumed 

to be uniform composition of 80% H20 + 209もC4H603with a density of 1.25 g/cm312>. 

Results and discussion 

Fern fronds with sporophyte (mature stage) were subjected to arsenite (7.5 ppm in 7 

hr) and arsen剖e(7.5 ppm in 2 hr) treatments. Although the results are not shown due to 

the lack of space, arsenic, irrespective of the oxidation state, was brought into a pinna in the 

concentration of around 800 ppm, indicating higher arsenic concentration in the sporophyte 

than in the other pinna regions. Arsenic concentration in the pinna veins was less than 200 

ppm. These findings suggest that arsenic of different oxidation states is transported to the 

sporophyte by甘anspirationstream for the accumulation. In addition to this, the elemental 

distribution was well correlated between arsenic, potassium and calcium. Hokura et al. 

reported that arsenic accumulation was well correlated with potassium but was 
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anti-correlated with calcium for mature fem pinna with sporophyte 13>. The difference in 

elemental distribution is ascribed to the inconsistency of growth stage. 

The young frond without sporophyte was subjec也dto7.5・ppmarsenate treatment for 

3 .5 hr. Arsenic concentrations over 35ρ00 ppm were detected in whole young pinnae. 

Figure 1 shows the elemental maps on the young pinna section at three positions as 

indicated ((a): near midrib, (b): between midrib and edge, (c): edge). The maximum value 

of colour bar was lined up for each element at three positions. In the region (a), arsenic and 

potassium show similar distribution and their concentrations are higher in the mesophyll. 

Phosphorus, sulfur, chlorine, and calcium are uniformly distributed over the whole pinna 

section. Arsenic concentration is considerably high in the region (b), which was consistent 

with our previous results12・14>. In the regions (b) and (c), phosphorus, potassium and 

arsenic show a tendency to distribute more in the mesophyll than in the epiden凶s. Since 

the chemical form between orthophosphate and arsenate is similar, the arsenic distribution 

is accompanied by transportation of elements needed for keeping cell metabolism. It is 

reported that arsenic and potassium are localized in pinna epiden凶sof the fem 15>, which is 

not consistent with the present result, while the correlation in distribution between arsenic 

and potassium are consistent. The rate of elemental transportation from mesophyll to 

epiden凶smight be limited at the initial uptake stage, so the time duration in the present 

study is considered to be shorter than that in ref .15. 

Figure 2 shows elemental distributions on the pinna section of young fem subjected to 

7 .5-ppm arsenite treatment for 3 .5 hr. Arsenic distribution is quite different from that of 

the other elements and only accumulated in the middle region of the pinna mesophyll. The 

concentration of arsenic decreased one hundredth of arsenate, indicating the slow uptake 

rate for arsenite by the fem fronds. These findings infer existence of a certain kind of 

transportation barrier for arsenite in pinna tissues of the fem. The young frond without 

sporophyte was treated with 200-mM arsenate solution for 60 hours. Figure 3 shows very 

different distributions of elements on the sliced pinna section from those shown in Fig. 1, 

which indicates that high arsenic concen甘ationand long transpiration time results in a fatal 

damage to the fem tissues. Arsenic of ca. 60ρ00 ppm is distributed in the upper epidermis 

and correlated with silicon and calcium that are translocated due to the metabolic change in 

the pinna tissues. Lombi, et al. reported the translocation of silicon in high concentration 

for the fem sample containing arsenic by EDXA technique15>. Calcium is also largely 

required for keeping a structure and a function of plant cell walls at intense growth phase. 
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Hence, it is highly probable that silicon and calcium are translocated to maintain the 

morphology of pinna tissues concentrating actively arsenic unnecessary for vital activity of 

a leaf. The high-concentration spots of sulfur, chlorine and potassium also indicate a 

metabolism change of the whole pinna tissues exposed to a transpiration flow of high 

arsenic concentration, although those elements are translocated differently from arsenic. 

Conclusion 

The micometer-scale area mapping of elements using the in-air micro PIXE system 

revealed the arsenic accumulation and translocation of elements essential to a plant 

metabolism in pinna tissues of living Pteris vittata that was supplied with arsenate and 

arsenite to the frond separately via xylem vessel using transpiration flow. The uptake rate 

was two orders higher for arsenate than for arsenite. Transportation from mesophyll to 

epidermis was a rather slow process for arsenite uptake. A high loading of arsenate at 

longer uptake-time caused the translocation of silicon and calcium accompanying by the 

arsenic accumulation in the epidermis of fem pinnae, and then the morphology of pinna 

tissue was maintained satisfactorily in discoloured epidermis with the arsenic-accumulation 

damage. Hence, the in-air micro-PIXE analysis is an effective measure for undertaking a 

phytoremediation research of hyper-accumulator plants. 
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Figure 2. Elemental distributions of pinna 
section of young frond subjected to 7 .5・ppm
arsenite treatment for 3.5 hours. 
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Cyclotron and Radioisotope Center, Tohoku Universiη 

Introduction 

In recent ye訂s,many soft-donor ligands have been developed for liquid-liquid 

solvent extraction separation of trivalent minor actinides (MA: Am and Cm) and/or rare 

earths (RE) from the other fission products (FP) in the high level radioactive liquid waste 

(HLL W), which is generated by spent fuel reprocessing. Especially, a new type of 

nitrogen-donor ligand, R-BTP (BTP: 2,6-B.is-(5 ,6-Dialkyl-1,2,4－主riazinふ yl)fyridine,R: 

alkyl group [C"H2n+1]), which was discovered by Kolarik et at.1・2>, shows high extraction 

selectivity for Am(Ill) over RE(Ill) and attracts a great deal of attention because its 

constituent elements are C, H, 0 and N which are combustible after use up. Figure 1 shows 

the chemical structure of the R-BTP. 

On the other hand, to overcome the demerits of solvent extraction method and to 

advantage the merits of R-BTP, another technology of extraction chromatography for 

separation of MA(III) has been proposed, which combines the selectivity of solvent 

extraction with the ease of operation of column chromatography. Kuraoka et al. have 

synthesized several R-BTP adsorbents with different alkyl groups for the extraction 

chromatography and investigated their fundamental prope口iessuch as adsorbability and 

stability3・9>, It was found that separation property and stability of the R-BTP adsorbents 

depended on the s住uctureof alkyls, i.e. number of carbons (length of chain) and different 

branched chain. Separation factors between Am(III) and Eu(Ill) are relatively high in the 

case of normal R-BTP adsorbents with straight 3～7 carbon chain6・1>, and the branched 

R-BTP {isobuthyl・BTP[C=4]) adsorbent is more stable than normal R-BTP adsorbents in 

s3 M HN03 solution5・1>. 

The final object of this work is, by synthesizing novel R-BTP adsorbents (i.e. 
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extraction resins), to establish a simplified MA direct separation process (see Fig. 2). In the 

fiscal year (FY) 2008, i) isohexyl-BTP [C=6] and isoheptyl-BTP [C=7] extraction resins 

were synthesized by impregnating the R-BTP ligands (i.e. ex甘actants)into the macroporous 

silica/polymer composite support (Si02-P particles), then, ii) adsorption properties of 

typical FP including RE(llI) with HN03 solution onto the resins, and iii) chemical and 

thermal stabilities of the resins were examined w.i I). In the FY 2009, ( 1) adsorption and 

desorption properties of Am(III) including typical FP elements and U with HN03 solution 

onto the resins, (2) radiolytic stabilities of the resins were examined, and (3) another type of 

novel R-BTP resins (Cyheptyl-BTP/Si02・P)was prepared and attempted to obtain its 

fundamental properties. 

Experimental 

As the novel R-BTP adsorbents, isohexyl-, isoheptyl-and Cyheptyl-BTP extraction 

resins were prepared by impregnating the respective R-BTP extractants into the 

macroporous silica/polymer composite support (Si02-P particles), according to the reported 

procedures9>. 

Adsorption and desorption properties were evaluated by batch experiment. The 

former was obtained by measuring distribution coefficient, Kd10・11). The concentration (or 

radioactivity) of 241 Am, which is one of typical MA nuclides, and simulated FP (Cs, Sr, Zr, 

Mo, Pa, etc.) including RE (Y, Ce, Nd, Eu, Dy, etc.) in solution was analyzed by y-ray 

spectrometer (well-type Nal(Tl) scintillation counter) and ICP-AES (inductively coupled 

plasma-atomic emission spectrometer), respectively. 

Radiolytic stabilities of the resins were examined under relatively low dose (about 

40 Gy/h) contacting with various concentration of HN03 concentration by irradiating y-rays 

from 6°Co. Leakage of R-BTP extractants, degradation evalution and thermal stabilities of 

the resins under y-ray irradiation were examined with TOC (total organic carbon analyzer), 

FT-IR (Fourier transform infrared spectrophotometer), and TG-DTA (thermogravimetry-

differential thermal analyzer). 

Results and Discussion 

( 1) Adsorption αnd desorption properties 

Figures 3 and 4 show dependence of Kd on HN03 concentration onto isohexyl-and 

isoheptyl-BTP resins, respectively, in 3 h剖 25°C. In 2～3 M (mol/m3) HN03 solution, 
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Am(Ill) seems to be possibly separated from main FP including even heavy RE(Ill). 

Separation factor between Am and heavy RE were ~too and more. It was found that Am 

was probably separated from U and Tc, and the separation of Am from Pd required further 

investigating. 

On the other hand, adsorption rate with 3M HN03 solution and desorption rate with 

H20 onto isohexyl-and isoheptyトBTPresins at 25°C were extremely slow. Consequently, it 

was difficult to separate Am from FP by column experiment at 25°C. As compared with 

two resins, the adsorption and desorption rates onto isohexyl-BTP resin were much higher 

than those onto isoheptyl-BTP resin. Therefore the column experiment using isohexyl-BTP 

resin at 50°C will be worth performing. 

(2) Radiolytic stabilities 

In relation to the radiolytic stability, i) effects of y-ray irradiation on adsorbability of 

RE onto isohexyl-and isoheptyl-BTP resins, ii) leakage of R-BTP extractants from出e

resins with TOC, iii) degradation of the resins with FT-IR, and iv) thermal decomposition of 

the resins with TG-DT A were investigated during 30～120 d. 

The adsorbability of RE (Eu, Gd and Dy) onto the both resins was evaluated by 

obtaining the Kd values. The values seriously decreased with increasing dose (30～120 kGy) 

and concentration of HN03 (0.01～3M) except for 0.01 M HN03, as compared with those 

by non-irradiation. As a result of TOC analysis of liquid phase, generally, but not always, 

increasing irradiation dose and concentration of HN03 (0 .1～3 M) tended to increase leakage 

of R・BTPextractants from R-BTP resins. Degradation of the resins examined with FT-IR 

was observed a little in 0.1 M HN03, and it increased with acid concentration. The 

phenomena seemed to be accelerated by y-ray irradiation. Concerning thermal stabilities, 

serious difference between irradiation and non-irradiation was not observed with TG-DTA. 

Blow about 120 kGy, the resins were decomposed by HN03 rather than y-ray irradiation. 

(3) Synthesis of another type of R-BTP resin 

Quite recently, similar types of ligands to the R-BTP extractants have been 

vigorously developed 12・16>, which contain plural-pyridine structure and/or plural phenyl 

groups, and are expected to be improved in hydrolysis (stability of HN03) and radiolysis. 

One of the authors has also designed and synthesized another type of ligand, Cyheptyl・BTP

( cyclic-hepty 1・BTP)ex甘actant,as shown in Fig. 5, and then prepared another novel 
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adsorbent, Cyheptyl・BTP/Si02-Presin, by impregnating the extractant into the macroporous 

Si02-P particles. Its fundamental properties, except for adsorbability and radiolytic 

stabilities, were investigated by analyzing the resin with Ff-IR, TG-DTA, etc. The 

chemical struc旬reof the resin was verified by analyzing the Cyheptyl-BTP extractant, 

Si02-P p紅ticlesand Cyheptyl-BTP/Si02-P resins with FT-IR and so on. Table 1 shows the 

TG-DTA results of Cyheptyl-BTP resin, comparing with isohexyl-and isoheptyl-BTP 

resins. It was found that thermal decomposition property of Cyheptyl-BTP resin was 

similar to出atof isohexyl-and isoheptyl-BTP resins. 

Conclusions 

Adsorbability of Am in 2～3 M HN03 solution onto isohexyl-and isoheptyl・BTP

adsorbents (i.e. extraction resins) showed excellent property for main FP including RE 

(separation factor注100),but adsorption rate with 3 M HN03 solution and desorption rate 

with H20 were considerably slow at 25°C. In addition, stabilities of the resins against トray

irradiation during 30～120 d showed the poor quality in adsorbability of RE, leakage of 

R-BTP extractants, degradation and thermal decomposition of the resins, as compared with 

the case of non-irradiation. Therefore, another type of R-BTP resin (Cyheptyl-BTP/Si02-P) 

was synthesized and its evaluation study has started. Batch and column experiments at not 

only 25°C but also 50°C will be necess訂yto accelerate the adsorption and desorption rates. 

This work has started from October, 2008, and will be over the end of FY2010. 

More detailed adsorption/desorption (or elution) prope口iesand hydrolytic/radiolytic 

stabilities will be examined by batch and column experiments in order to construct the 

simplified MA direct separation process. 
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Table I. Comparison with TG-DT A results of three R・BTP/Si02-Presins. 

R-BTP resins 
Weight 
(mg) 

Loss weight (%) 

<100。C 100～170 °C 170-234 °C 234-368 °C 368-600 °C く600°C
(Total) 

50.1 
49.2 

49.7 

Cyh巴ptyl-BTP 21.2 し08 2.18 3.88 25.8 17.2 
isohexyl-BTP 35.0 0.96 2.45 6.21 24.8 14.8 

isoheptyl-BTP 19.3 0.71 3.17 6.18 25.8 13.8 

Atmosphere gas: 02, gas flow rate: 30 mUmin, temperature el巴vatingrate: 1 °C/min. 

工J こ：x
R-BTP 

Figure 1. Chemical structure of R-BTP (BTP: 2,6-bis-{5,6・dialkyl-1,2,4-triazin・3・yl)pyridine,R: alkyl group 
[C.H2n叶］）．
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Figure 2. SimplifiedルlAdirect separation process by use of novel R-BTP adsorbent column (MA: Am, Cm, 
RE: Y, Nd, Eu, etc., FP: Cs, Sr, Zr, Mo, Tc, Ru, Rh, RE, etc.). 
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Figure 3. Dependence of Kd on HN03 concentration onto isohexyl・BTP/Si02-Presin in 3 h at 25。C.[Kd (U): 
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Figure 4. Dependence of Kd on HN03 concentration onto isoheptyl-BTP/Si02-P resin in 3 hat 25°C. [Kd 
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Figure 5. Ch巴micalstructure of Cyheptyl-BTP. 
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Silica-Based Supramolecular Recognition Absorbent 

Introduction 
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Kim S-Y. 2, Yamazaki H人andIshii K.1 

'Graduate School?! Engineering, Tohoku Universiη 
2Cyclotoron and Radioisotope Center, Tohoku University 

Recently, much attention has been given to the selective separation and recoveηof 

Cesium(Cs)-137 from high level liquid waste (HLL W) in relation to the partitioning of 

radioactive nuclides and their effective utilization 1-3>. Cs-137 having a relatively long 

half-life of about 30 ye訂sexhibits high radioactivity and heat generation. In the HLLW, 

large amounts of Cs group （～3.6 kg/ltHU, 45 GWd/t) are contained4>. Therefore, selective 

separation of Cs-137 from HLL W is an important environmental issue for nuclear waste 

management. In addition, the purified Cs is also expected for radiation and heat sources in 

the field of medicine and industry. 

Many methods for the separation of Cs(I) such as solvent extraction, ion exchange 

and co-precipitation have been studied5・8>.In the liquid-liquid solvent extraction process, 

supramolecular recognition agents are well known to have selective extraction ability to 

Cs(I). In order to utilize these extractants having high affinity for Cs(I), the impregnation 

methods have been proposed to fix the extractant on different supporting matrices9・12).

1,3・［（2,4・Diethylheptylethoxy)oxy］・2,4-crown-6・calix[4]arene(Calix[4]arene-Rl4),a kind 

of supramolecular recognition composite, which shows high selectivity toward Cs(I) and 

excellent radiation stability, can act as one of the most promising adsorbent for the uptake 

of Cs(I) 13>. In this study, we have attempted to loaded the Calix[4]arene-R14 extractant and 

a molecule modifier 1-dodecanol into the Si02 silica based polymer support (Si02-P) by 

using its high immobilizing ability for the selective separation of Cs(I) from HLL W. The 

present paper deals with the preparation of Calix[4] arene-R14 and dodecanol-loaded 
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Si02・P((Calix[4] + Dodecanol)/Si02・P), characterization and the evaluation of its uptake 

abilities. 

Experimental 
Materials 

The 1,3-[(2,4-Diethylheptylethoxy)oxy ]-2,4-crown-6-calix[ 4 ]arene 

(Calix[4]arene-R14, 97%) was purchased from Rikoh Kagaku co. ltd. and used without 

further purification. The Molecular structure of Calix[4]arene-R14 is shown in Fig. 1. 

1・dodecanolwas procured from Wako Pure Chemical Industries, Ltd. The Si02 silica based 

polymer support (Si02-P) was synthesized by following the literature method14>. Other 

chemicals such as CsN03, Sr(N03)2, RE(N03)3・6H20(RE = La, Nd, Sm, and Gd), 
Zr0(N03)2・2H20and (NH4)6Mo7024・4H20were reagent grade supplied by Kanto Chemical 

Co. Palladium nitrate solution (4.5wt%) and ruthenium nitrosyl nitrate solution (1.5wt%) 

were purchased from Sigma-Aldrich Chemical Co. 

Preparation of (Calix[4] + Dodecanol)!SiOi-P 

The Calix[4]arene-R14 and a molecule modifier 1・dodecanolimpregnated on Si02-P 

support ((Calix[4] + Dodecanol)/Si02-P) was prepared as follows. First, the 

Calix[4]arene-R14 and 1-dodecanol were dissolved in dichloromethane and then mixed 

with the Si02-P particles in a glass flask for approximately 0.5 h at 25°C. After that the 

mixture was stirred gently for 2 hat 40°C under reduced pressure by using rotary evaporator 

in order to enhance impregnating, and finally vacuum-dried for ld at 40°C. 

Characterization 

The surface morphology of (Calix[4] + Dodecanol)/Si02-P was observed by scanning 

electron microscopy (SEM, Hitachi TM・1000). Thermal stability of (Calix[4] + 

Dodecanol)/Si02-P was evaluated by thermal gravimetry and differential thermal analysis 

(TG-DTA, Shimadzu DTG-60) under the operation conditions of temper剖urerange: 25～ 

600°C and heating rate: 1°C/min. 

Determination of Distribution Coそがcient(Kd) 

The distribution of metal ions for (Calix[4] + Dodecanol)/Si02-P was estimated by 

batch method. An aqueous solution (4 cm3) containing 5mM metal ions was contacted with 

0.2 g of (Calix[4] + Dodecanol)/Si02-P at 25±1°C up to 5 h, which was found to be 
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sufficient for attaining equilibrium. The concentrations of Cs(I) and other metal ions were 

measured by atomic absorption spectrophotometη （AAS, Simadzu AA-660) and 

inductively coupled plasma atomic absorption spectrometry (ICP-AES, Simadzu 

ICPS-7510). The distribution coefficient (Kd, cm3/g) of a metal ion on (Calix[4] + 

Dodecanol)/Si02・Pis defined as : 

Kd =(( C0 -Cr) I Cr）×V/m 
(Eq. 1) 

where C0 and Cr are the concentration of metal ions at initial and at equilibrium, 

respectively; m (g) the weight of dry (Calix[4] + Dodecanol)/Si02-P composite, V (cm3) the 

volume of aqueous phase. 

Results and Discussion 

Surface Morphology and Thermal Stability 

The surface morphology of (Calix[4] + Dodecanol)/SiOrP was examined by SEM 

(Fig. 2). Obvious spherical and porous particles are obtained. The particle size of (Calix[4] 

+ Dodecanol)/Si02-P was estimated to be 50 μm in diameter by the SEM image. The 

thermal stability was evaluated by TG/DT A analyses within the temperature range 

25°～600°C (Fig. 3). The result of TG and DTA for (Calix[4] + Dodecanol)/Si02-P 

indicates three different weight loss ranges: 20・180°C,200-330°C and 330・5l0°C. The first 

weight loss is due to the desorption of water from Si02-P, the second and third weight loss 

are due to the thermal decomposition of styrene-divinylbenzene(SDB) copolymer and 

organic solvents( Calix[ 4] + Dodecanol), respectively. These findings suggest that the 

(Calix[4] + Dodecanol)/Si02-P is thermally stable up to 200℃ 

Uptake Rate 

In order to evaluate the equilibration time of Cs(I) and other metal ions for (Calix[4] 

+ Dodecanol)/Si02-P, the effect of shaking time on Kd value was examined in the presence 

of 3 M HN03 by batch method (Fig. 4). The uptake rate of Cs(I) for (Calix[ 4] + 

Dodecanol) /Si02-P in 3M HN03 attained equilibrium within 0.5 h, and relatively large Kd 

value above 70 cm3/g was obtained. On the other hand, almost no uptake for other metal 

ions were observed, indicating that (Calix[4] + Dodecanol)/Si02-P gel is effective for the 

selective separation of Cs(I). 
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Effect of HNO 3 Concentration 

As for Cs(I), the Kd value was considerably lowered in the range of 0.1～4M  HN03・

However, the Kd value tended to increase with increasing HN03 concentration of 1～4M  

HN03 and relatively large Kd value above 90 cm3/g were obtained around 4 M HN03 (Fig. 

5). This effect is due to the extraction of an ion-pair species according to the following 

related solvent extraction reaction reported earlier13＞・

cs+(aq・） + N03 -<aq・） +Calix[ 4]<0略） φ ［Cs・Calix[ 4] ・ N03 le叫＞ (Eq. 2) 

On the other hand , the Kd values for Sr(II), Pd(II), Ru(Ill), La(III), Nd(Ill), Sm(III), 

Gd(III), Zr(IV) and Mo(Vl))were lower than 10 cm3/g, indicating that the (Calix[4] + 

Dodecanol)/Si02-P had excellent selectivity for Cs(I). 

Uptake Isotherm 

In order to clarify the uptake mechanism, adso中tionisotherms were obtained in a 

wide range of initial Cs(I) concentrations. The equilibrium amounts of Cs(I) adsorbed on 

(Calix[ 4] + Dodecanol)/Si02-P approached a constant value with increasing Cs(I) 

concentration (Fig. 6), suggesting that the uptake of Cs(I) follows a Langmuir-type 

adsorption equation. A fairly linear relation between Cc/Qcq and Ccq was obtained from the 

Langmuir plots derived from Fig. 6 and the Qmax value for (Calix[4] + Dodecanol)/Si02-P 

was estimated to be 0.19 mmol/g. 

Conclutions 

The uptake properties of Cs(I), characterization and dynamic adsorption properties 

were investigated by using (Calix[4] + Dodecanol)/Si02-P. The uptake of Cs(I) for 

(Calix[4] + Dodecanol)/Si02-P was fairly fast in the initial stage and the uptake equilibrium 

attained within 0 .5 h. The Kd cs was increase with increasing HN03 concentration and 

relatively large Kd values above 90 cm3/g were obtained around 4 M HN03. The uptake 

isotherm of Cs(I) followed a Langmuir-type adso叩tion equation. Thus, the 

Calix[4]arene-R14 and a molecule modifier 1・dodecanolimpregnated on Si02-P support is 

effective for the selective separation and recovery of Cs(I). 
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Figure 2. SEM image of the surface of 

(Calix[4] + Dodecanol)/Si02・P.
Figure卜 Molecularstructure ofCalix[4]. 
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VII.1. Synthesis and Biological Evaluation of a New Fluorine-18 
LabeledMMP・2Inhibitor for Cancer Imaging by PET 

Introduction 

Furumoto S. 1 ・2, Sakai E人IshikawaY.人andIwata R. 2 

'Tohoku University School of Medicine 
2Cyc/otron and Radioisotope Center Tohoku University 

Matrix metalloproteinases (MMPs) consist of a large family of zinc-dependent 

endpeptidases that degrade specific components of the extracellular matrix. MMP-2, one of 

a member of the family, is deeply involved in degradation of type IV collagen (a major 

component of the basement membrane). Enzymatic activity of MMP-2 is generally low or 

undetectable in normal tissues but enhanced in pathological processes associated with tissue 

destruction, such as tumor growth and invasion. Therefore, in vivo evaluation of MMP-2 

activity would be helpful for assessing such disease malignancy if we can do that 

non-invasively. For that purpose, we have been working on the development of PET 

probes for MMP-2 imaging1・2). In this study we designed and synthesized a new F-18 

labeled MMP・2inhibitor and biologically examined the potential for imaging active 

MMP-2 by PET. 

Methods 

The newly designed MMP-2 inhibitor, SAV49, was synthesized according to the 

scheme indicated in Fig. 1. Inhibitory activity of SAV49 was examined by in vitro 

MMP・2activity assay. The IC50 value was determined from the dose-response curve. In 

addition to SAV49, its methyl ester derivative was also synthesized because such ester 

derivative can be a prodrug in vivo. As a precursor for synthesis of 18F-labeled SAV49M, 

a co町・espondingnitro pyridine derivative was also prepared according to the scheme 

indicated in Fig. 2. Radiosynthesis of [18F]SAV 49M was carried out by a conventional 

nucleophilic substitution with ['8F]KF/Kryptfix2.2.2. in DMSO at 150°C for 10 min (Fig. 3). 

The radiolabeled product was isolated by semi-preparative reverse-phase HPLC. 
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For in vivo evaluation of the utility of [18F]SAV49M, HT-1080 cell line was used 

for prep訂ingsubcutaneous tumor xenograft model mice. Hτ1080 cells form旬mormass 

subcutaneously within a short period, and MMP-2 expression is well enhanced in the tumor 

mass. Ten days after implantation of HT・1080the mice were used for biodistribution and 

metabolite analysis of [18F]SAV49M. Radioactivity uptakes (%1D/g) of major organs and 

tumor and Radioactive metabolites of were investigated. 

Results and Discussion 

MMP-2 inhibition assay clearly indicated that SAV49 inhibited MMP-2 activity in 

a dose-dependent manner (Fig. 4). The IC50 value calculated from the inhibition curve was 

0.61凶'1.Decay corrected radiochemical yield of [18F]SAV49M was about 60% on average 

with a radiochemical purity over 99% after HLC purification. 

Biodistribution study of [18F]SAV 49M exhibited no increase of radioactivity uptake 

in bone over time (Fig. 5). This result suggest th剖［18F]SAV49Mhas resistance to in vivo 

defluorination. Radioactivity uptakes of tumor and muscle showed similar change over time, 

suggesting non-specific uptake in tumor of [18F]SAV 49. Metabolites analysis of plasma 

samples revealed that 60 to 80 % of radioactive metabolite was identified as a form of 

SAV49 (Fig. 6). Meanwhile, examination of radioactivity distribution between 

erythrocytes and plasma clarified that nearly I 00 % of radioactivity existed in the fraction 

of erythrocytes (Fig. 7). These results suggest that the probe in erythrocyte fraction could 

not move to the旬mortissue through plasma fraction, resulting in low tumor uptake of 

[18F]SAV49. However, such unsymmetrical distribution of [18F]SAV49 in the blood of 

rabbit was not observed. In the case of rabbit, unlike mice, radioactivity of plasma was 

greater than that of erythrocytes throughout 120 min. These results imply that tumor 

bearing mouse could be an unsuitable animal model for evaluation of [18F]SAV49 in vivo 

and require further study to draw a conclusion of the utility as a probe for MMP-2 imaging. 

Conclusions 

In this study we newly designed and synthesized fluorine-18 labeled MMP-2 

i凶ibitor[18F]SAV49 for MMP-2 imaging by PET. Although the prodrug [18F]SAV49M 

showd biodistribution study using tumor bearing mice indicated that the purpose was 

satisfactorily accomplished, tumor specific uptake was not observed in the tumor model. 

Radioactivity analysis of the blood suggested that specific retention of SAV49 in the 
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ery由rocytefraction caused the low tumor uptake. Such specific retention was not observed 

in曲esame study using a rabbit, suggesting白紙0曲erspecies of animal would be necessary 

for evaluation of the utility of SAV49 as a MMP-2 imaging probe. 
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Introduction 

Tumor hypoxia arises in solid cancer tissues with inadequate supply of oxygen, 

and may be important in clinical diagnosis because hypoxia may determine tumor 

aggressiveness and treatment response1 .2>, which are both essential information for 

treatment selection. The presence of hypoxic condition within brain tumors was confirmed 

using tube-type p02 sensors3>. The mean intratumoral p02 value was 15.3±2.3 mmHg, and 

p02 in brain tissue around the tumor was 59.8±6.5 mmHg. However, these sensing 

methods are rather invasive, limiting the accessible tumor sites, and not easily applicable 

for routine clinical usage. A series of 2-nitroimidazoles have been developed as selective 

radiosensitizers of hypoxic cells, based on the property of selective accumulation and 

retention in hypoxic cells until the cells die4>. Therefore, radio labeled 2・nitroimidazoles

have been developed for the direct visualization of tissue hypoxia in tumor♂． 

18F-fluoromisonidazole ([18F]FMISO) was the 白rst such radiopharmaceutica I 

developed6・7 

hypoxic areas in glioblastoma8-10>. However, FMISO has failed to gain wider acceptance 

for routine clinical application because of various limitations, such as slow accumulation in 

hypoxic tumors, low t訂get-to・backgroundcontrast, and significant amounts of radioactive 

metabolic products. Misonidazole is rather lipophilic, whereas high hydrophilicity is 

thought to be better for imaging hypoxia because of rapid blood clearance and high 
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t訂get-to田backgroundratio. Many 2-nitroimidazole analogs have been developed by 

modifying the side chain, such as etanidazole with an octanol・waterpartition coefficient (p 

value) of0.04611). Fluoroetanidazole (FETA) also has a lowerp value (0.16)12> than FMISO 

(0.40), so the levels of retention of [18F]FETA in the liver and lung are significantly lower 

than those of [18F]FMISQ13>. [18F]fluoroerythronitroimidazole and [18F]fluoroazomycin 

arabinoside have also been developed as hydrophilic hypoxia markers, with lower p value 

and better tumor-to-blood ratio than [18F]FMIS014・15>. 

RP170，ト（2・hydroxy-I・［hydroxymethyl]ethoxy)methyl-2-nitroimidazole, a 

2-nitroimidazole analog with a hydrophilic side chain has a p value of 0.094, much lower 

than that of misonidazole16-18>. Recently, a new hypoxia imaging compound, 1-(2-fluoro-1-

[hydroxylmethyl]ethoxy)methyl-2-nitroimidazole or [18F]FRP-170, was developed for 

clinical PET imaging, which is expected to show improvements over [18F]FMISO with 

regard to higher image contrast and faster clearance19引＞.Hypoxic lesions of murine tumors, 

ischemic myocardium of rats, and hypoxic lesions in lung cancer patients have been 

visualized using this compound 19・20・22>. 

Here we describe the demonstration of hypoxic tissues in a patient with 

glioblastoma resistant to radiochemotherapy using [18F]FRP-170 PET, and confirmed the 

mechanism of radioresistance as the induction of hypoxia-inducible factor 1 (HIFl )-alpha. 

Materials and Methods 

This study was conducted with the approval of the Ethics Committee of Tohoku 

University School of Medicine, and written informed consent was obtained from all 

participants. Three patients, a 53・year-oldmale with glioblastoma, a 68-year-old male with 

glioblastoma, and a 53-year-old female with oligodendroglioma, underwent [18F]FRP-170 

PET imaging and tissue specimens were obtained by biopsy or surgery. 

[18F]FRP・170was prepared with an automated synthesizer using an on-column basic 

hydrolysis step as reported previously23>. The overall radiochemical yield was around 

20-30% (decay-corrected) with specific activity of >26 GBq/μmol within 60 minutes. The 

PET scans for patients were performed 120 minutes after intravenous bolus injection of 

about 370 MBq of [18F]FRP司 170using a PET scanner (ECAT EXACT HR+; Siemens). 

Maximum standardized uptake values (SUVmax) were obtained by drawing regions of 

interest on the PET images covering the tumor and reference tissue in the con町alateral

normal hemisphere and posterior cervical muscle region. 
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The tissue specimens were examined by the same neuropathologist (M .W .) and the 

diagnosis was based on the classification of the World Health Organization24>. All surgical 

specimens were examined for the detection of hypoxic tissues. Formalin-fixed, 

paraffin-embedded tumor tissue was cut into 2 μm sections and mounted on saline-coated 

slides. After deparaffinization, washing and blocking processes, the sections were 

incubated with goat polyclonal primary antibody of HIF・I・alpha(Santa Cruz Biotechnology, 

Santa Cruz, CA), which was diluted 1: 100, overnight at 4 degrees centigrade. Then 

sections were washed in phosphate buffered saline, and incubated with biotinylated 

anti-goat immunoglobulin G diluted 1: 100 for 30 minutes at room tempera加re.Positive 

immunostaining for HIF 1・alphawas judged as brown staining of the cytoplasm. 

Illustrative Case 

A 53-year-old male, who had previously been healthy, suddenly screamed 

meaningless words and lost consciousness for 5 minutes. A similar episode happened on 

the following night, so his family took him to a nearby emergency unit. On admission, he 

was slightly disoriented with motor aphasia. Computed tomography of the head revealed an 

edematous lesion in the left hemisphere with midline shift to the right (Fig. IA). Magnetic 

resonance (MR) imaging of the head with gadolinium revealed a hypointense lesion mainly 

in the left insula with spotty enhancement (Fig. lB). The episodes of the past two nights 

were diagnosed as symptomatic seizure, and 200 mg of zonisamide per day was prescribed. 

The patient underwent a stereotactic needle biopsy, and the histological diagnosis 

was glioblastoma. He was treated with 60 Gy of radiation therapy combined with 

intravenous administration of nimustine hydrochloride. However, the tumor kept growing 

(Fig. IC). Therefore, he underwent left osteoplastic fronto-temporal craniotomy and partial 

removal of the tumor. To avoid right hemiparesis, the medial part of tumor involving the 

left lateral lenticulostriate arteries was not resected (Fig. ID). Follow-up MR imaging with 

gadolinium obtained 4 weeks after the surgeηrevealed progression of the tumor, and 

C8F]FRP-170 PET showed a marked hypoxic lesion corresponding to the enhanced lesion 

on MR imaging (Fig. 2A, B). He underwent additional 27 Gy of booster irradiation 

localized to the enhanced lesion with oral administration of temozolomide. However, 

follow-up MR imaging revealed further progression of the tumor. Clinical examination 

showed right hemiparesis and aphasia. The patient was discharged for the best supportive 

care. 

141 



Results 

[18F]FRP-170 PET detected hypoxic lesion as high intensity areas, and the relative 

intensity was calculated by comparison with the control areas. In the illustrative case, the 

SUVmax values for tumor tissue and posterior cervical muscle were 1.6 and 1.0, 

respectively (Fig. 2B). The tumor/muscle (T爪'1)ratio was calculated as 1.6. This indicates 

that tumor cells were located in the hypoxic lesion. Immunostaining with HIFl-alpha 

antibody of the tissue obtained from the surgery showed many positive cells, with brown 

staining of the cytoplasm, indicating induction of HIFl-alpha protein and the presence of 

hypoxic condition within the tumor (Fig. 3B). Interestingly, the number of 

HIFl-alpha-positive cells increased in the second specimen obtained from the surgery after 

60 Gy of radiation therapy (Fig. 3B) compared to the first tissue specimen from the initial 

biopsy (Fig. 3A). 

In the second patient, a 68-year-old male with glioblastoma (Fig. 4A), SUVmax was 

2.3 and TIM ratio was 2.3 (Fig. 4B), indicating the presence of marked hypoxic tissue. In 

the third patient, a 53・year-oldfemale with oligodendroglioma (Fig. 4D), SUVmax was 1.3 

and TIM ratio was 1.2 (Fig. 4E), indicating almost no hypoxic condition within the tumor. 

In accordance with the PET findings, immunostaining for HIF・1-alphashowed many 

positive cells in the second patient with glioblastoma (Fig. 4C) and almost no positive cells 

in the third patient with oligodendroglioma (Fig. 4F). 

Discussion 

The present study showed that [18F]FRP-170 PET could visualize hypoxic lesions in 

two glioblastoma patients, which were histologically confirmed as hypoxia by upregulation 

of HIF・I・alphaprotein (Figs. 3B and 4C), and demonstrated the absence of hypoxia in a 

p剖ientwith oligodendroglioma (Fig. 4E, F). The illustrative case had strong resistance to 

radiochemotherapy, suggesting that the hypoxic condition might be involved. 

Assessment of the hypoxic condition within a tumor is useful to estimate the tumor 

aggressiveness25> and prognosis26> and select the optimum therapy. Pretreatment with 

nitroglycerin decreased hypoxia-induced resistance to anticancer drugs in lung 

adenocarcinoma patients27にandthe mechanism involved downregulation of HIFl-alpha28>. 

Moreover, inhibition of HIFl-alpha in combination with temozolomide had robust 

anti tumor efficacy in the in vivo glioma xenograft modef9>. Therefore, if the degree of 

hypoxia can be assessed noninvasively, we can take appropriate action to reduce the 
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hypoxia-induced resistance through downregulation of HIFI-alpha. We may be able to 

offer more aggressive therapy to patients with poor prognosis, which cannot be accepted for 

most patients due to the increased side eff ects26>. 

Expression of HIFl-alpha was strong in 12 of 51 cases of oligodendroglioma, 

moderate in 21 , weak in 8, and none in 1030>. Our case of oligodendroglioma showed no 

HIFl-alpha immunostaining, possibly because this case was categorized in weak or none 

subgroup. HIFI-alpha expression correlates to increased risk of treatment failure and death 

in patients with breast and cervical cancers, despite the low加morgrade26>. If this is also 

true in glioma, applying this imaging to glioma patients may be very important for 

treatment selection. 

A significant difference was detected in the positive rate of HIFI -alpha 

immunostaining between the first and second tumor tissues obtained in the illustrative case 

(Fig. 3A, B). The patient was treated with 60 Gy of radiation therapy with nimustine 

hydrochloride between these two time points. Radiosensitive cells and/or cells in normoxia 

may have been eradicated by such treatments, whereas unresponsive cells or cells in 

hypoxia may have survived. This finding suggests that both the histopathology and 

hypoxic condition are important factors for住eatmentsensitivity. 

Conclusion 

[18F]FRP-170 PET could visualize the hypoxic tissues within glioblastoma with 

relatively high T/M ratio, as confirmed by HIFl-alpha immunohistochemistry. Such 

findings can provide noninvasive indications of血eaggressiveness and prognosis of glioma. 
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Figur巴 l. llluslrative case. Axial compuled lomography scan (A) and Tトweightedmagnetic resonance 

(MR) image with gadolinium (B) on admission, showing a diffuse infiltrative tumor in the l巴ft

insulo-opercular region. Axial T 1・weightedMR imag巴 withgadolinium after 60 Gy of irradiation (C), 

d巴monslratinglumor progression. Axial T 1-w巴ightedMR image with gadolinium aft巴rsurgery (D), depicting 

partial resection of the tun巾or.
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A B 

Figure 2. Illustrative case. Axial Tl-weight巴dMR image with gadolinium obtained 4 weeks after山e
surgery (A), demonstrating further progression of出巴 tumor.(18F]FRP-l 70 positron emission tomography 
(PET) imag巴（B),depicting high uptake corresponding to出eenhanced lesion on MR imaging. 

A B 

Figure 3. Photomicrographs of the glioblastoma from出eillustrative case. HIFI ・alpha-positivecells can be 
seen as brown staining of cytoplasm. The first tissue合om出estereotactic biopsy contains fewer positive cells 
(A) compared to the second tissue from the surgery, which was performed after 60 Gy of irradiation with 
chemotherapy (B) (original magnificationx400). 

A B c 

D E F 

Figure 4. Axial Tl ・weightedMR image with gadolinium from a 68・year-oldmale with glioblastoma, 
showing an enhanced lesion in the left insula (A). (18町FRP-170PET image showing high uptak巴（B),
corresponding to山eenhanced lesion on MR imaging. Photomicrograph of the surgical specim巴nshowing 
many strongly HTF 1-alpha-positiv巴cells(original magnificationx400) (C). Axial T2・weightedMR image 
from a 53・year-oldfemale with oligodendroglioma, showing a diffus巴 infiltrativelesion in出eleft 
insulo・operculum(D). ['8F]FRP・170PET image showing no high uptake lesions (E). Photomicrograph 
showing no HTFl-alpha immunostaining (original magnificationx400) (F). 
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Introduction 

Prion dise錨esare a group of fa旬lneurodegenerative disorders, including 

Creutzfeldt-Jakob disease (CJD), Gerstmann・S凶.ussler-Scheinkerdisease (GSS), and 

1ruru1>. These diseases are characterized by progressive deposition of abnormal prion 

protein (PrP) in the brain. CJD is也emost common旬peof human prion disease. GSS is a 

familial neurodegenerative disorder associated with mutations of the PrP gene. Abnormal 

PrP deposition in the brain is sQggested to start before the occ町renceof clinical s戸nptoms.

百ms,preclinical diagnosis and early disease-specific therapeutic interventions C組 be

beneficial for people a任ectedby prion diseases. 

Several posi甘onemission tomographyσET) imaging agents have been recently 

developed and used for in vivo detection of brain amyloid-P (AP) plaques in p剖ientswith 

Alzheimer's disease (AD). Most of也esePET agents show high binding a任inityto PrP 

amyloid because PrP aggregates form P-pleated sheet structures and share a common 

secondary struc伽rewi白APdeposits in AD brain. Therefore, these agents would be useful 

for the in vivo detection of PrP amyloid m也ebrain. We have demonstrated in vi甘oand in 

vivo binding of benzoxazole derivatives to bo白 APand PrP amyloids2'3>. One of these 

derivatives, BF・227,w錨 usedfor a cl泊icalPET study where it successfully visualized 

amyloid deposits in the brain of AD patients in vivo. Therefore, [11C]BF・227appears to be 

a promising candidate for PET加agingof PrP deposits. The purpose of this study was to 
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evaluate the clinical utility of [11C]BF・227PET for the noninvasive detection of abnormal 

PrP deposits. 

Subject and R直ethods

Two sporadic CJD patients [ 63・year-oldfemale (CJD I) and 58・year-oldmale 

(CJD2)] and 3 GSS patients [69・year-oldfemale (GSS I), 61・year-oldmale (GSS2), and 

30-year-old female (GSS3)] underwent PET scans with [11C]BF・227. For comparison, 

[11C]BF・227PET studies were also performed in AD patients and aged normal controls. 

CJD I health was unremarkable until the manifestation of depressive symptoms at the age of 

62 years. The patient then developed subacutely progressive dementia, motor disturbances, 

and myoclonus. CJD2 showed subacutely progressive dementia and gait disturbance and 

then developed psychotic symptoms, dysarthria, and myoclonus. Both CJD patients had no 

mutations and showed methionine homozygosity at codon 129 of the PrP gene. PET 

studies in CJD I and CJD2 were performed when they reached grade 4 of the modified 

Rankin scale at a 3-and 4・monthafter onset of symptoms, respectively. Both patients 

showed periodic synchronous discharges in electroencephalograms and hyperintensity in 

the caudate, putamen, and cerebral cortex on diffusion-weighted magnetic resonance (MR) 

images. Diagnosis of probable CJD was made according to the WHO criteria. Each GSS 

patient was合oma different pedigree and had a family history of the same disease, caηying 

a proline-to-leucine mutation at codon I 02 and methionine homozygosity at codon 129 of 

the PrP gene. GSS I and GSS2, having a 9・and20・monthclinical duration企omthe onset, 

respectively, showed signs of moderate cerebellar ataxia, such as gait disturbance and 

slurred speech; however, they could walk unassisted and had slight or no cognitive 

impairment. GSSI and GSS2 scored 22 and 26 points, respectively, on the Mini-Mental 

State Examination. GSS3, having a 27・monthclinical duration, showed severe gait 

disturbance and slurred speech and was unable to walk unassisted; however, she had no 

cognitive impairment (30 points on the Mini-Mental State Examination) at the time of this 

study. This study was approved by the ethics committee on clinical investigations of 

Tohoku University School of Medicine and performed in accordance with the Declaration 

of Helsinki. Written informed consent was obtained after complete description of the study 

to the p剖ientsand subjects. 

PET scans were performed using a SET-2400W (Shimadzu Inc., Japan). After 

intravenous injection of 211-366 MBq of [11C]BF-227, dynamic PET images were 

obtained for 60 min with the subjects’eyes closed. Standardized uptake value (SUV) 
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images of [11C]BF・227were obtained by normalizing tissue concentration by i吋ecteddose 

and body weight. Average summations of SUV images were created from late frames 

( 40-60 min post injection) of dynamic PET images. Deposition of PrP plaques is reportedly 

仕equentin the cerebellum but scarce in the pons of GSS brain. Furthermore, BF・227

retention in the pons does not differ between AD patients and normal controls. Therefore, 

we used the pons as a reference region and calculated the regional to pons SUV ratio 

(SUVRp) as an index of BF・227retention. 

Results 

GSS patient showed obvious retention of [ 11 C]BF・227in the cerebellum, and lateral 

and medial temporal cortices. The three GSS patients showed significantly higher SUVRp 

in the lateral temporal cortex, thalamus, and cerebellum σigure) when compared to aged 

normal controls. Furthermore, when compared to the AD group, the GSS group showed 

significant elevation of SUVRp in the medial temporal cortex, thalamus, and cerebellum. 

Although 2 GSS patients showed retention of BF・227in most brain regions, the youngest 

GSS patient showed BF・227retention only in the cerebellum, thalamus, and medial 

temporal cortex, but not in the neocortex. Furthermore, 2 sporadic CJD patients showed no 

obvious BF・227retention in any of the brain regions examined4>. 

Discussion 

GSS is a rare form of prion disease occurring in only about 3% of prion disease 

cases in Japan. However, GSS is probably one of the prion diseases most likely to benefit 

企omearly therapeutic interventions because the disease can be confirmed earlier using PrP 

gene analysis and progression occurs much slower than th剖 insporadic CJD, which 

comprises the m吋orityof prion disease cases. Recently such compounds as pentosan 

polysulfate and doxycycline have been clinically used for experimental treatments for prion 

diseases to prevent deposition of abnormal PrP in the brain, because these compounds 

slowered the disease progression in animal disease models when administered in an earlier 

stage of the disease. Reliable su町ogatemarkers are also required to evaluate the efficacy of 

these experimental interventions. [11C]BF・227PET might be one of the best candidates to 

assess PrP amyloid deposition in GSS. 
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Figure I. Regional to pons standardized uptake value ratio (SUVRp) images between 40 and 60 min post 
i吋ectionof [11C]BF-227 in an aged normal subject (64・year-oldmale), a sporadic CJD patient (63・year-old
female), a GSS patient (61・year-oldmale). 
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To confirm初 vivovisualization ofα・S戸mcleindeposition in glial cytoplasmic 

inclusion (GCI)泊 multiplesystem a仕ophy(MSA), we comp紅edthe carbon-11-labeled 

2・0・［2-dimethylai凶no也iazol・5・yl]e・也enyl）・6・0・［fluoro]ethoxy) benzoxazole ([11C] 

BF・227)PET fmdings of eight MSA cases to those of age-matched normal co附 ols.百ie

PET data demonstrated significantly high dis仕ibutionvolumes in the GCI-rich brain areas 

in也eMSA. The [11 C]BF・227PET is a promising surrogate marker for monitoring 

in甘acellularα－synucleindeposition in the living brains1>. 

Multiple system a甘ophy(MSA) is a sporadic, progressive neurodegenerative 

disease characterized by variable severity of parkinso凶sm,cerebellar ataxia, autonomic 

failure, and pyramidal signs. MSA is curre凶lycl鎚siftedinto a single disease, which 

consists of MSA wi也 predominantp紅・kinsonism(MSA・P)and MSA with predominant 

cerebellar ataxia (MSA・C）勾.The histopathological hallm釘kofMSA is也eappe釘・anceof 

in甘acellularinclusion bodies, named glial cytoplasmic inclusions (GCis), which are mainly 

composed ofα・S戸ucleinfibrils3>. Previous neuropathological studies indicated that白e

appearance of GCis preceded也eclinical onset of MSA 4> and the amount of a・synuclein

deposition correlated with the disease progression5>. Therefore, it is plausible也at由e
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formation ofα－synuclein deposits plays a key role in the neurodegeneration and th剖

compounds that inhibit this process may be therapeutically useful for MSA and other 

synucleinopathies such as Parkinson’s disease and dementia with Lewy bodies. In fact, 

some compounds including antioxidants6> and non-steroidal anti-inflammatory drugs 7> 

were reported to have potent anti-fibrillogenic and fibril-destabilizing effects on aggregated 

α・synucleinsand received much attention as possible new therapeutic agents6・7). Detection 

ofα－synuclein deposition in vivo could theoretically allow early diagnosis even at the 

presymptomatic stage, as well as assess disease progression and possible therapeutic effects 

in the living brain of MSA patients. 

Although the Pittsburgh Compound B and other compounds were reported to be 

useful in detecting senile plaques in vivo, there were no imaging probes currently available 

for in vivo detection ofα－synuclein deposition. Recently, 

2・（2-[2-dimethylaminothiazo1-5・yl]ethenyl）・6-(2・［fluoro ]ethoxy )benzoxazole (BF・227),

known as a PET probe for in vivo detection of dense P-amyloid (AP) deposits in humans8＞’ 

was reported to bind with synthetic α－synuclein aggregates as well as AP fibrils in vitro9). 

To demonstrate that BF-227 could bind toαーsynuclein-containingGCis in 

postmortem tissues, we stained brain tissues taken合om3 autopsy cases with MSA, using 

BF・227and anti-phosphorylatedα－synuclein antibody. The above diagnosis was confirmed 

both clinically and histopathologically. Doubie-labeling experiments using BF・227and 

anti-phosphory latedαーsynucleinantibody demonstrated that BF・227fluorescent signal in 

the most of GCis in the pontine base (Fig. la, b). Not all GCis stained by 

anti-phosphorylatedα－synuclein antibody were always positive for BF staining (Fig. 1 a, b ). 

In the process of oligodendroglial pathology, it was believed thatαーsynucleindeposits as 

amorphous state and then forms fibrillar struc加res10・11>.In fact, part of GCis were reported 

to be ubiquitin-negative12> and therefore, it seems reasonable that some of GCis were not 

composed of P-sheet fibrils and were negative for BF・227staining. 

To confirm in vivo visualization of αーsynucleindeposits by carbon-11-labeled 

BF・227([11C]BF・227)PET in the living brains of patients with MSA, we compared the 

distribution volume (DV) of [11C] BF・227of eight MSA cases to those of age-matched 

con仕ols.All probable MSA patients were diagnosed on the second consensus criteria for 

probable MSA 13). The clinical features of these p剖ientsare summarized (Table 1 ). There 

were no significant differences in age, disease duration, and unified MSA rating scale score 

between MSA-P and MSA-C subgroups. The normal control group comprised volunteers 

without impairment of cognitive and motor functions who had no cerebrovascular lesions 
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on magnetic resonance images. Tissue time activity curves of [ 11 C]BF・227in the brain 

indicated more gradual clearance仕omthe brain in MSA patients compared to normal 

subjects following initial rapid uptake of radioactivity. Relatively high concentrations of 

[11C]BF・227radioactivity were observed in the subcortical white matter and lenticular 

nucleus in MSA, in which relatively intense α－synuclein deposits were found in the 

postmortem brain. [11C]BF・227exhibited linear regression curves on Logan plot analysis 

in all brain regions examined. Since the slopes of the regression lines represent the DV of 

the仕acer,these findings indicated a higher DV of [11C]BF・227in MSA than in normal 

control (Fig. 2). The regional DV values were significantly high in the subcortical white 

matter (p<0.001 ), putamen and posterior cingulate cortex (p<0.005), globus pallidus, 

primary motor cortex and anterior cingulate cortex (p<O.O 1 ), and substantia nigra (pく0.05)

in MSA patients compared to the normal con甘ols.The regional DV of [11C]BF・227was 

increased in the subcortical white ma仕erand lentiform nucleus, in which GCis were 

densely distributed in the postmortem brains5), suggesting specific binding of [11C]BF・227

to the αーsynucleindeposits in vivo. On the other hand, regional DV in other brain regions, 

such as the cerebellum and pons, did not show significant increases relative to the normal 

control group. Due to the remarkable cerebellar and pontine atrophy, the DV in these 

regions might be underestimated. Correction for partial volume loss is therefore needed to 

improve the accuracy of quantification in the cerebellum and brainstem of MSA. 

In conclusion, the BF・227could bind toαーsynuclein-containingGCis (Fig. 1 a, b) in 

the postmortem brain, and the [ 11 C]BF”227 PET demonstrated significantly high signals in 

the GCI-rich brain regions including subcortical white matter, putamen, globus pallidus, 

primary motor cortex, and anterior and posterior cingulate cortex. These results suggest 

th剖［11C]BF・227PET is a suitable su町ogatemaker for monitoring αーsynucleindeposits in 

living brains with MSA and could be a potential tool to develop neuroprotective therapy for 

MSA. Further studies are warranted to veriちf whether Lewy bodies in other 

synucleinopathies as well as GCis can be detected by [ 11 C]BF・227PET. 
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Table 1. Su対ectprofiles. 

Normal MSA 

con甘ol Total MSA-P MSA-C 

n 8 8 4 4 

Gender 
414 414 1/3 3/1 

(F/M) 

Age (years) 64.3土5.90 57.4土10.1 60.5土11.1 54.3土9.50

Duration 
1.50土0.54 1.75土0.50 1.25土0.50

(years) 

UMSARS 
36.1土8.87 41.5土9.39 30.8土4.27

score 

Data are mean土SD.
MSA: multiple system atrophy, UMSARS: unified MSA rating scale 
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Figure 1. Neuropathological findings of BF・227fluorostaining and anti-phosphorylatedα－synuclein antibody 
immunostaining (a quotation仕omreference 1 ). 

BF・227fluorostaining (a) and anti-phosphorylatedα－synuclein antibody immunostaining (b) were codetected 
in GCis in the pontine base of a patient with MSA. BF・227histofluorescence was observed in the most of 
GCis (arrows). Bars= 10 μm. 
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Figure 2. [11C]BF・227PET findings in MSA (a quotation合omreference l ). 

In a representative patient with MSA-C, the regional DVs were mapped to the subcortical white matter and 
lentiform nucleus compared to normal control. 
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Introduction 

In recent years several laboratories, including ours, have succeeded in visualizing 

Ab deposition in living patients’brains with AD using PET probes 1 ・2>. Ronald Petersen 

addressed the concept of mild cognitive impairment (MCI), which is an intermediate st蹴

between normal aging and AD3>. 

Regional cerebral glucose metabolism (rCMRglu) has been investigated by several 

investigators4> using 2-C8F]fluoro・deoxy-D-glucose(FDG) and PET in AD. We used 

［＇℃］BF-227-PET as well as FDG-PET on the same subjects (AN, MCI, and AD) and 

carefully analyzed and compared the results with these two kinds of PET. 

Method 

The diagnosis for MCI and probable AD followed the MCI clinical criteria 

presented by “Petersen et al.州 and“the National Institute of Neurological and 

Communicative Disorders and Stroke -Alzheimer’s Disease and Related Disorders 

Association”へ respectively. The study protocol was approved by the Committee on 
Clinical Investigation at Tohoku University School of Medicine and the Advisory 

Committee on Radioactive Substances at Tohoku University. After a complete description 

of the study to the patients and subjects, written informed consent was obtained. 

The PET procedu問 for[11C]BF-227 was described precisely before•>. [11C]BF・227

and its N-desmethylated derivative (a p陀cursorof [1℃］BF-227) we陀 custom-synthesized
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by Tanabe R&D Service Co. After intravenous injection of 211・366mBq of [11C]BF-227, 

dynamic PET images were obtained for 60 min with each subject’s eyes closed. 

Standardized uptake value (SUV) images of [11C]BF・227were obtained by normalizing 

tissue radioactivity concentration by injected dose and body weight. The FDG-PET 

procedure was described previously6>. Subjects were scanned in a quiet and dimly-lit room 

with their eyes closed after at least four hours of food restriction. The emission data were 

corrected for tissue attenuation using the transmission data. Regions of interest (ROls) were 

placed on individual axial magnetic resonance (MR) images. Because there were neither 

senile plaques nor glucose hypometabolism in the cerebellum of AD, ratios of regional 

SUV to cerebellar SUV (SUVR) were calculated as an index of [11C]BF・227retention and 

CMRglu. 

Results 

BF-227 retention in凡1Cl

First, we analyzed PET images with [' 'C]BF-227 among the three groups (AN, 

MCI, and AD), and representative brain PET images are shown in Fig. 1. As indicated in 

the figure, some MCI subjects showed strong retention of [' 'C]BF-227, but other MCI 

subjects did not. Most AD cases, however, indicated s甘ongaccumulation of [11C]BF・227

especially in frontal, temporal and parietal cortices. If the retention pattern of [11C]BF-227 

is compared to that of PIB, the accumulation of [1 'C]BF-227 in the frontal lobe looks much 

weaker than that of PIB. 

Figure 2 shows the mean neocortical and regional SUVRs of [11C]BF-227 for the 

three groups. Both the mean neocortical SUVRs for MCI and AD are significantly higher 

than that for AN. As we previously reported 1>, significantly higher SUVRs were observed 

in most cerebral regions in AD compared to AN except for the medial temporal lobe. A 

significantly lower SUVR in MCI was observed in the parietal cortex compared to AD. In 

the other neocortical regions, MCI subjects showed a tendency towards milder retention of 

[11C]BF-227 than that in AD. 

Cerebral glucose metabolism in AN, MCI and AD 

A significant reduction of neocortical SUVR was observed in both MCI and AD 

patients compared to AN in FDG-PET (Table I, Fig. 3). Neocortical SUVR of FDG-PET 

for each subject was plotted against neocortical SUVR of BF・227・PET(Fig. 4A). ROC 
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analysis was performed for the lateral temporal SUVR of BF・227and posterior cingulate 

SUVR ofFDGσ'ig. 4B）.百1eAUC for BF・227(0 .994) is much higher出組制forFOG 

(0.839). 

Discussion 

It W鎚 presented血atFDDNPC釦 detecta high signal in MCI by binding not only 

for amyloid plaques but also tau neurofibrillary tangles 7>, and the retention level for MCI is 

between AN and AD. On the other hand, several groups reported也atabout a half of血e

MCI subjects showed PIB up旬kein由eAD range, and o血erMCI subjects indicated 

retention levels lower白組出eAD r組ges＞.百1epresent study also revealed higher retention 

of BF・227in 60・70%of MCI subjects and in almost all血eAD patients.百1erefore，由e

amyloid PET technique is considered to be a highly useful and s佐ongmethod for early 

detection of AD patients in由eMCI stage. 

FDG-PET has been used in investigations for MCI, and low rCMRglu in the 

temporo・p紅白taland medial frontal cortices and hippocampus was reported as血emost 

prominent predictor of subsequent cognitive decline9>. Our results indicate, however，血at

amyloid retention detected by BF-227 is more sensitive and specific由加FOG-PETfor AD 

diagnosis.’Therefore it is re邸onable血atamyloid PET is more sensitive由anFDG-PET for 

detecting MCI, which is reg紅dedas a prodromal state of dementia or early AD. 

References 

1) KudoY.,Okam町aN., Furumoto S., et al., J. Nucl. Med. 48 (2007) 553. 
2) Klunk W .E., Engler H., Nordberg A., et al., Ann. Neurol. 55 (2004) 306. 
3) Petersen R.C., Smi出G.E.,Waring S.C., et al., Arch. Neurol. 56 (1999) 303. 
4) Herholz K., Carter SF., Jones M., Br. J. Radiol. 80 (2007) 8160. 
5) McKhann G., Drachman D., Folstein M., et al., Neurology 34 (1984) 939. 
6) Okamura N., Arai H., Higuchi M., et al., Prog. Neuropsychopharmacol. Biol. Psychia位y25 (2001) 

447. 
7) Small G.W., Kepe V., Ercoli L.M., Siddarth P., et al., N. Engl. J. Med. 355 (2006) 2652. 
8) Kemppainen N.M., Aalto S., Wilson I.A., et al., Neurology 68 (2007) 1603. 
9) Che臼latG., Desgranges B., Sayette V., Neurology 60 (2003) 1374. 

157 



Table I. Demographic details of the subjects in this study. AN aged normal, MCI mild cognitive impairment, 
AD Alzheimer’s disease. MMSE scores are significantly different between ”AN and MCI”，”AN and AD”， 
and ”MCI and AD’＼ 

N Gender Ag巴 MMSE 

N

C

D

 

A

M

A

 

内
J

－
F

、リ
w

F

町
一W

I

－

－

 

M/F=7/5 66 3 ± 3 3 29 9 ± 0 3 

M/F=8/7 783±38 255±25 

1泊／F=5/10 725±69 195±37 

Table 2. Box plots of SUVR values with BF・227PEf for AN, MCI and AD. Each dot indicates the mean 
SUVRfrom ”the mean neocortex”and "the eight regions”，that is, frontal, temporal, parietal, occipital, 
anterior cingulate, posterior cingulated, striatum and medial temporal cortex. Box indicates interquartile range. 

Vertical bars indicate minimum aximum range. 

Mee円 Frontal neocor1ex 
Lateral 
temporal Parietal 

P.nterror Posterror Occipit白I Striatum cingulate crngulate 
Medel al 
temporal 
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A PET study using 11C-labeled BF-227 successfully detected amyloid plaques in 

living Alzheimer’s disease (AD) patients. AD patients showed the preferential [11C]BF・227

retention in the posterior neocortical region of the brain, which corresponded with an area 

containing a high density of neuritic plaques. In the previous studies, data analysis has 

been mainly based on region of interest (ROI) analysis. To eliminate any a priori 

hypothesis about ROI selection, we performed a voxel・basedanalysis of whole brain 

regions for the comp紅白onbetween the groups. The purpose of this study is to understand 

the pa目emof neocortical BF-227 uptake for early diagnosis of AD. 

[11C]BF・227PET scans were performed in 12 normal healthy control subjects and 

19 probable AD patients. AD patients were recruited through the Tohoku University 

Hospital Dementia Patients Registry. The diagnosis of AD was made according to由e

National Institute of Neurological and Communicative Diseases and Stroke/Alzheim位、
Disease and Related Disorders Association (NINCDS-ADRDA) criteria. 

Voxel・by-voxelcomparisons between images from normal controls and AD patients 

were performed using SPM5 software. SUV summation images 20 to 40 min post injection 

were stereotaxically normalized using individual MR images into a standard space of 

Talairach and Toumoux. The normalized images were smoothed using a 12 mm×12 

mm×12 mm Gaussian filter. The count of each voxel was normalized to the cerebellar ROI 

value. Images of AD patients were compared with those of aged normal controls for 

between-group analysis (P < 0.05 with false discovery rate (FDR) correction). For the 
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group analysis, a two sample t-test was used to detect differences between the groups. 

We additionally created a Z score map by comp紅isonwith mean and standard 

deviation PET images of the aged normal controls for each voxel. A software program 

named the easy Z score imaging system (eZIS)0 was used for this analysis. Each PET SUV 

image of AD patients was compared with the mean and standard deviation (SD) of PET 

SUV images of 12 aged normal controls using voxel・by-voxelZ score analysis after voxel 

normalization to cerebel加 ROI values; Z score = ([control me加］一［individual

value])/(control SD）.百1eseZ score maps were displayed by projection with an averaged Z 

score of 14 mm thickness to surface rendering of the anatomically standardized MRI 

template. 

SPM analysis of [11C]BF・227PET images demonstrated that patients with AD had 

significantly higher [' 'C]BF・227uptake in the neocortical region than aged normal controls 

(Fig. 1). Bilateral temporop釘ietalBF-227 uptake was evident in AD group. Compared to 

the lateral temporoparietal region, difference in the lateral frontal cortex was less evident. 

The Z-score maps of PET images were created by comparison with aged normal con甘ols

(Fig. 2). Most patients with AD showed a Z-score greater than 2 in the bilateral temporal 

and posterior cingulate cortices2>. 

[11C]BF・227PET can detect early A~ load in the lateral temporal cortex of patients 

with AD. BF・227would be less subjective to amyloid pa血ologyduring the process of 

aging since this probe is considered to bind selectively to dense A~ plaques. Thus, 

[11C]BF-227 PET offers unique information concerning AD pathology that cannot be 

obtained by other PET tracers. 
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Figure 1. Brain regions showing significantly high巴ruptak巴of[11C]BF・227in pati巴ntswith AD. 

Figure 2. Voxel-by-voxel Z-score analysis by comparison of [11C]BF・227PET images for 19 patients with 

AD with the mean and SD of PET images of出e12 aged normal controls. 
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h仕oduction

In Japan, incidence of co伊itivedisorders has been inα・easing and clinical studies on 

dementia have been very import加 t.Functional neuroimag泊gof e釘lyAlzheimer's disease 

(AD) using PET and [18F]fluorodeoxyglucose ([18町FDG)has demons凶 ted血剖adecrease 

in the cerebral metabolic rate of glucose (CMR81c) often starts in the posterior cin思tlate

g戸usand further propagatesぬ由e包mpor1かparie旬lregions and others. But the regional 

metabolic reduction is not so obvious and widespread in the early stage of disease course 

including mild co郡itiveimpairment 仰Cl)1>. Neuronal damage is associated with high 

deposition of amyloid p (A~） prote泊祖師 brain,and massive neuronal loss is often 

preceded by high A~ deposition. An early dia郡osisof凶 dAD can be established if we use 

a propぽ臨ぽ白紙specifically-bindsto A~ proteins泊thebrain of抑制臼．

“A~ imaging" using PET has been recog凶zedas one of血emost加iportant

me血odsfor diagnosing early AD p創tlybecause of excellent sensitivity of PET technique2>. 

A large number of candidate compounds have already been tested in basic studies and 

several compounds were selected for clinical studies3>. Clinical PET studies have been 

conducted using several probes such as [18F]FDDNP4>, [11C]SB-135＞釦d[11C]Pi仕sburgh

compound-B ([11C]PIB) 6，創nongwhich [11C]PIB has been used由emost widely in由e

world6吹 Manystudies have clearly demons位ated血at出e[11C]PIB binds to A~ fibrils, 

enabling noninvasive assessment of A~ deposition in the brain of AD patients as a 

biomarker for AD。－
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Considering the importance of A~ imaging, our group also developed a novel PET 

tracer, 2-(2-[2・demethylaminothiazol・5-yl]ethenyl）・6・（2・［fluoro ]ethoxy )benzoxazole 

(BF-227), probably the first original compound used for human study in Japan9>. Our 

clinical study has demonstrated th侃 thiscompound is able to finely detect A~ deposition 

primarily in the posterior association area of AD patients and accumulation in the frontal 

area is not prominent. In contrast to [uC]PIB, interestingly, [11C]BF-227 seems to be able 

to detect senile plaques containing dense amyloid fibrils preferentially, providing unique 

and specific information問ga凶 ngthe A~ pathology in AD patients9>. In addition, we 

compared the [11C]BF・227PET to structural MRI and FDG PET for diagnosing and 

tracking the severity of AD, to demonstrate that [11C]BF-227 PET was more sensitive than 

MRI in diagnosing AD and detecting converters from MCI to AD10>. These studies have 

indicated血at[1℃］BF・227PET is a useful method for early diagnosis of AD and for 

predicting potential converters from MCI to AD10・11>. 

Though these above PET studies have succeeded in demonstrating [uC]BF-227 is 

a useful甘acer，出eyhave used standardized uptake values (SUV) as a tool for clinical 

evaluation, that is a semi-quantitative measure, simply corrected for the injected dose and 

the body size of the subject. Precise quantit瓜iveexamination may give a better rational to 

the use of such a simple method as a clinical tool, as experienced with [11C]PIB7・8>. 

However, we have not conducted the precise examination of pharmacokinetics of 

[11C]BF・227in the human brain using arterial sampling data. In this paper, quantification 

methods for A~ imaging with PET is briefly overviewed and p陀liminaryresults of 

[1 'C]BF-227 PET are discussed. 

Matrials and Methods 

For the present study, 6 AD patients (mean age: 73 years old) and 6 healthy 

volunteers (mean age: 61 years old) were recruited. PET scan was initiated simultaneously 

to the [uC]BF・227injection, in order to obtain dynamic data of 23 time frames. Serial 

arterial blood sampling was also done. Metabolite fraction was also examined using the 

blood data剖 5,15, 30 and 60 min post-injection and the fraction data were used for 

correction of input functions. The dynamic PET data were coregistered to the individual 

MRI Tl images for defining regions of interest (ROis) in the cortex and subcortical deep 

nuclei (Figs. la and lb). This study was approved by the ethics committee of Tohoku 

University Graduate School of Medicine, and informed consent was obtained from each 
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subject. In analysis, distribution volume (DV) and binding potential (BP) values of 

[11C]BF・227were estimated based on full kinetic compartmental model based on the 

1-tisssue (lTM) and 2-tissues models (2TM) (Fig. ld). Graphical analysis methods were 

also applied using 2 types of Logan graphical analysis methods; one using the time-activity 

curve (TAC) of arterial plasma data as an input function for analysis (LGA)12> and the other 

using the TAC of the reference brain tissue (cerebellum) (LGAR)13> (Fig. le). PMOD 

software ver. 3.0 (PMOD Technologies, Zurich, Switzerland) was used for calculation. The 

results of compartmental model加 alysisand graphical analysis were compared to the SUV 

and the SUV ratios to the cerebellar SUV (cerebellar SUVR). Correlations among these 

different methods were examined one another 14>. 

Results 

No clear difference was observed in the plasma TAC between AD patients and 

controls. But, clear difference was observed in the tissue TAC between AD patients and 

controls. [11C]BF・227accumulation was significantly higher in the cerebral cortex than in 

the cerebellum of AD patients, while there was no difference in Control. In the analysis 

results, it turned out that 2TM better described the ph紅macokineticsof [11C]BF-227 than 

1 TM (Fig. 2). The DV and BP values of [11C]BF・227showed significantly higher in AD 

patients than in controls, and the most prominent difference was observed in the 

temporo-occipital and lateral temporal regions14>. Next, both the DV values correlated well 

between the two methods such as 2TM and LGA {r2 >0.95 in all regions). In addition, 

results of LGA and LGAR also correlated well. The LGA values also correlated well to the 

SUV and SUVR (r2>0.94 in all regions) 14>. 

Discussion 

Nowadays, A~ imaging using PET has been recognized as one of the most 

effective methods for diagnosing early AD and for predicting potential converters from 

MCI to AD川.Several promisin5> and [11C]PJB6>, among which [11C]PIB has been regarded 

as the most successful A~ imaging probe. Though an initial sn吻 wasdone without 

arterial blood sampling and mainly used SUV for clinical evaluation6, the results of 

quantitative study was reported in the details8>. 

Initial studies using [11C]BF・227have been conducted in a similar manner. Kudo 

and colleagues陀portedthat this compound was able to finely detect A~ deposition 
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primarily in the posterior association area of AD patients, suggesting that [1℃］BF-227 

might be able to detect senile plaques containing dense amyloid fibrils preferentially, in 

contrast to [1 'C]PIB, providing unique and specific information regarding the A~ pathology 

in AD patients9>. In addition, we perfo口nedthe comparative study between [11C]BF・227

PET and structural MRI for the diagnosis and tracking the severity of AD. The results 

demonstrated that PET and [1 'C]BF・227was more sensitive than the result of MRI 

voxel-based morphometry (VBM)10>. Another study demonstrated that [1 'C]BF・227was 

more sensitive than FDG PET in diagnosing AD and detecting converters from MCI to 

An11>. Thus, these studies may suggest that A~ PET imaging is mo陀 sensitivethan the 

detection of hippocampal atrophy using MRI and the glucose metabolic reduction measured 

by PET, in diagnosing early AD and predicting potential converters from MCI to AD. 

The pharmacokinetics of [1℃］PIB has been thoroughly examined using various 

quantification methods such as full kinetic analysis and graphical analysis7・8>. In their向H

kinetic analyses, commonly-used compartmental models are the 3 compartmental model 

(2-tissue compartmental model: 2TM), where one blood compartment and 2 tissue 

compartments with specific and non-specific binding are assumed, and the 2 compartmental 

model (I-tissue compartmental model: lTM), where one tissue comp釘tmentrepresents 

both the specific and non叩 ecificbinding7・8>. When the tracer penetrates the blood-brain 

barrier (BBB) into the tissue compartment very rapidly, I-tissue compartmental model 

might better describe the kinetics of the tracer. In the analysis of [11C]PIB, it seems that the 

2TM better described the kinetics of甘acerbinding to the A~ in the human brain 7吹 Price

and colleagues reported that Logan graphical analysis (LGA) were more useful and robust 

than the result of analysis using 2TM. However, interesting point is that the cerebellum 

itself, the reference陀gionsthat is thought to be free of ma旬reA~ plaques, was better 

described based on the 2TM8>. Though many [11C]PIB papers employ the use of DVR 

values for clinical evaluation, the use of BP was also proposed in白epaper by Mintun and 

colleagues 7>. 

As for [11C]BF-227, the results of compartmental analysis indicated that 2TM 

showed better fitting than 1 TM likely in出ecase of [11C]PIB8>. Linearization by LGA 

method was also successful, likely in the case of [11C]PIB. Significant correlation between 

the DV values calculated by 2TM and LGA （釦dLGAR, as well) may suggest that Logan 

methods are fully applicable to the quantification of [11C]BF-227. Significant correlation of 

the results of Logan methods to the SUV (and SUVR) may suggest血atclinical evaluation 
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of A~ deposition using [11C]BF-227 PET can be done by using LGA (and LGAR, as well) 

and SUV and SUVR. These results can reconfirm the reliability of the results of our recent 

S加dies9・11>.

In summary, it is demonstrated that [11C]BF-227 is a promising tracer for A~ 

imaging; diagnosing AD patients and detecting potential converters from MCI to AD. In 

addition to the study on AD diagnosis, recently, further clinical applications of [11C]BF-227 

PET have been tried and successful, for instance, to visualize pathological prion protein in 

prion diseases15> and to imaging of a-synuclein deposition in multiple system atrophy16>. 

For future prospects, in order to obt泊nmore accurate examination, however, 

correction for p訂tialvolume effect should be considered. This partial volume correction 

(PVC) is important because of the following 2 reasons; one due to local a町ophyin AD 

patients, and the other reason due to relatively high accumulation of [11C]BF・227in the 

white matter, as experienced in the analysis of [11C]PIB PET8>. 
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Hosokai Y.4, Yamasaki H.4,. F.ザii.てA制 E.4, Yanai K. 2, and Watabe H. 5 
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2Department of Pharmacolog~， Tohoku University Graduate School of Medicine 
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The cholinergic system is one of the most crucial neurotransmitter systems in the 

brain, and it has very profound links with the manifestations of dementia. The activity of 

choline acetyl廿ansferase, the enzyme catalyzing acetylcholine synthesis, and of 

acetylcholinesterase (AChE), the enzyme degrading brain acetylcholine, are both reported 

to be decreased in the neocortex and the hippocampus of patients with Alzheimer’s disease 

(AD) and dementia with Lewy bodies (DLB), and this decreased activity correlates with the 

severity of cognitive impairment. Significant loss of cholinergic neurons in the nucleus 

basalis of Meynert has been reported in the brains of patients with both diseases. Based on 

these pathological findings, the rational use of reversible AChE inhibitors was proposed as 

means for potentiating cholinergic neurotransmission, with an aim to improve cognitive 

function. Currently, several AChE inhibitors are prescribed to improve the cognitive 

function of patients with dementia. Donepezil hydrochloride is an AChE inhibitor that has 

been proved to be effective in ameliorating the cognitive impairment of patients with AD 

and D LB, and it is widely prescribed for the treatment of the diseases. 

[ 5-11 C-metho.砂］Donepezil ([11C]donepezil) was developed for the in-vivo 

visualization of donepezil binding to AChE using posi廿onemission tomography (PET)l). 

We established the kinetic analysis of [11C]donepezil by a dynamic study involving 60・min

PET scans after intravenous i吋ectionof [11C]donepezil to six healthy subjects2>. The rank 

order of the mean total distribution volume (tDV) values of cerebral regions (cerebral 

cortices く hippocampusくthalamus< cerebellum < putamen) was consistent with that of 
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AChE activity reported in a previous post-mo口emstudy (Fig. 1). 

Logan graphical analysis3> generated voxel-wise images of tDV, revealing the overall 

distribution pattern of AChE in individual brains (Fig. 2). 

Subsequently, donepezil-PET imaging was applied to patients with AD4> and DLB. 

Compared with elderly normal subjects, patients with mild AD exhibited about 18-20% 

reduction of donepezil binding in the neocortex and hippocampus, while patients with 

moderate AD exhibited about 24-30% reduction of donepezil binding throughout the brain. 

Orally administered donepezil (5mg/day) induced 61.ι63.3% reduction of donepezil 

binding in AD brains. Patients with DLB exhibited about 19-26% reduction of donepezil 

binding throughout the brain compared with age-and sex-matched controls (Fig. 3). 

In conclusion, [11C]donepezil-PET enables pharmacokinetic study of donepezil 

and quantitative analysis of AChE in the human brain, which is useful in various situations 

for patients with dementia. 
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acetylcholinesterase (AChE) values in human brain obtained from the literature. Post-mortem AChE values 
are expressed as ratios to the mean AChE value of cerebral cortices. 
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Figure 2. Image of total distribution volumes (tDVs) derived with a Logan plot. tDV values were large in the 
thalamus, basal ganglia, and cerebellar hemispheres, and small in the cortices. 
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VIII. 8. Hangover Effect of Orally Administered Antihistamines 
Measured by Brain Histamine H1 Receptor Occupancy Using PET 
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In仕oduction

Most of us have, at least once, received antihistamine medication for住＇ea回 entof 

allergic diseases, common cold, cough, fever, or motion sickness. The most undesirable 

cen住alnervous system side-effect of an創出tar凶nesis sedation1>, which is considered to be 

at凶butedto出eirpenetration across白eblood-hr泊n-b紅rier(BBB) and blockage of血e

brain histamine H1 receptors (H1Rs) which promo飽swakefulness and co伊ition2>.To avoid 

daytime sedation, an出世Stam泊esare often adminis仕atedat night. However, the residual 

sedative effect of antihistamines, so-called "hangover effect", h錨 poorlybeen evaluated, 

although it can negatively affect d泊lyactivities as the actual acute effects do. Subjective 

questionn組esor psychomotor-task-based evaluations of an創出tar凶nes-inducedhangover 

effects3-5> have so f:釘悩ledto provide a quantitative index, making it difficult to comp釘e

inter-drugs differences obtained仕omdi首erentexperiments. 

Using posi住onemission tomography (PET），組副首S旬minesability to pene・住ate

across血eBBB and cause sedation could be evaluated in terms of brain H1R occupancy 

(H1R0)6>. In血isstudy, we evaluated the next-day hangover effect of two an儲山tar凶nes,

specifically, diphenhydrar凶neand bepotas出e，血efirst-and second-generation an 

Methods 

百risstudy was approved by the Committee on Clinical Investigation at Tohoku 
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University Graduate School of Medicine and was performed according to the criteria of the 

Declaration of Helsinki. All experiments were performed at the Cyclotron and 

Radioisotope Centre, Tohoku University. Eight healthy male volunteers (mean age土SD:

22.6±2.1 yrs old) received a single dose of diphenhydramine 50 mg (DREWELL⑧）， 

bepotastine 10 mg (TALIONR) or a placebo orally at bedtime (11 p.m.) in a double-blinded, 

crossover manner with minimum washout-time of 7 days. PET measurement was 

performed at 11 a.m. the next morning (12 hr post-drug). Blood samples were collected for 

measuring plasma drug concentration and individual subjective sleepiness is measured 

using Line Analogue Rating Scale (LARS) and Stanford Sleepiness Scale (SSS). PET 

brain images, after being corrected and reconstructed, was considered to reflect the 

distribution volume (DV) according to our previous investigation on static scan protocol7>. 

PET brain images obtained from each subject were then co・registeredusing their 

Tl-weighted magnetic resonance images (MRI) using Statistical Parametric Mapping 

software (SPM2). Regions of interest (ROls) were defined in the cortical regions and 

binding potential ratio (BPR) and H1R occupancy (H1RO) values were calculated using 

placebo data, and were compared between bepotastine and diphenhydramine. 

For visualization at a whole-brain level, DV brain images were also analyzed 

statistically on a voxel-by-voxel basis using SPM2. Differences in parameter values 

between bepotastine, diphenhydramine and placebo were statistically examined, and 

regional maxima of statistical significance (P<O .00 I) were projected onto the 

surface-rendered MRI-Tl standard brain images. 

Results 

11C-Doxepin radioactivity distribution patterns were similar in the subjects treated 

with bepotastine or placebo. However, in the subject treated with diphenhydramine, 

11C-doxepin radioactivity distribution appeared much lower than that in bepotastine or 

placebo, reflecting a much lower specific binding density at 12 hr post-dosing with 

diphenhydramine. Parametric brain BPR images following treatment with 

diphenhydramine or bepotastine were statistically compared with those obtained following 

佐・eatmentwith the placebo. Brain regions with statistically lower BPRs (P<0.001) are 

found in most brain regions, including ACG, PFC, TC and OC, on the other hand, the 

difference in BPRs between the subjects町eatedwith bepotastine and those treated with the 

placebo was negligible. Calculation of BPR in the different ROis revealed significantly 
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lower values in the case of diphenhydramine than in the case of bepotastine or the placebo 

(P<O .05) in all cortical regions studied, although no significant difference between 

bepotastine and the placebo was observed. Overall cortical mean H1RO of bepotastine and 

diphenhydramine were 16.6% and 44.7%, respectively. H1RO of bo白 antihistamines釘e

not correlated with their respective subjective sleepiness. 

Discussions 

Though the hangover effect of antihistamines has been noticed almost 

simultaneously as their acute sedative effect as established in some early papers showing 

that promethadine, diphenhydramine, and chlorpheniramine, induce after-morning 

drowsiness after single or repeated administration3・ B>, the Objective assessments are rare. 

Alford C. et al. reported that the hangover effect of hydroxyzine (50 mg) can be detected by 

continuous electroencephalography (C-EEG), which reveals increased total drowsiness 

scores4>. Boyle J. et al. clearly differentiated the hangover effect of first- and 

second-generation products, specifically, chlo中heniramineand fexofenadine, using 

polysomnography and performance tasks in a normal-volunteers-involved, 

placebo-controlled study5>. However, these assessments have so far failed to provide a 

quantitative index which can compare inter-drugs differences obtained from different 

experiments. In this study, the hangover effect of diphenhydramine and bepotastine are 

quantitatively evaluated in terms of H1RO at 12 hr post-dose (45% and 17%, respectively). 

Since we have previously confirmed that H1RO at Tmax of non-sedating antihistamines is 

less than 20%9>. Once H1RO reaches 50%, sedation is almost inevitable, as seen in many 

original products 10・12>.These results are agree with the results of proportional impairment 

ratios (PIRs)1> and psychomotor study. In this study, the relatively high H1RO of 

diphenhydramine, i.e. 45% at 12 hr post-dose suggests a predominant residual sedative 

effect and therefore increased possibility of sedation. On the other hand, the low H1RO of 

bepotastine (less than 20%) supports its non-sedative effect at standard oral dose (10 mg), 

suggesting白atsecond-generation antihistamine, being free of hangover, may be superior to 

the classical antihistamines in treating allergic diseases. 

In contrast to the highly sensitive PET measurement, it is widely accepted that 

subjective sleepiness is not a reliable mean for assessing the sedative effect of 

antihistamines because this parameter is affected by many internal and environmental 

factors. It is由usnot su中risingin this study that no inter-drug difference in subjective 
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sleepiness at 12 hr post-dose was observed. To that end, impairment of objective 

performance has in some cases been established in the absence of subjective sleepiness 

following treatment with antihistamines13・14). Therefore, those who believe that lack of 

sleepiness means a better response are probably mistaken and紅eprone to have a higher 

sedation-related detrimental risk than those who feel sleepy. The lack of correlation 

between H1RO and sleepiness scores in this study further suggests that assessment of 

antihistamines hangover effect should not be made based on subjective feelings alone. 

In summ訂y,we have demonstrated that nighttime-administrated diphenhydramine 

results in a hangover effect, whereas the non-sedative bepotastine is hangover free the next 

day. To the authors' knowledge, this is the first study evaluating the residual sedative 

effect of antihistamines using PET. It must be emphasized that sedating 

OTC-antihistamines, including diphenhydramine, are often self-administrated by active, 

healthy individuals during their important years of middle life. The clinical benefits of this 

treatment need to be weighed carefully against the risks, t紘inginto account drug hangover 

effect. Further work is encouraged to reaffirm the findings of the present study in repeated 

dose studies or in patients with chronic allergic conditions. 

References 

I) McDonald K., et al., Hum Psychopharmacol 23 (2008) 555. 
2) Haas H.L., et al., Physiol. Rev. 88 (2008) 1183. 
3) Hindmarch I., et al., Arzneimittelforschung 28 (1978) 483. 
4) Alford C., et al., Hum. Psychopharmacol. 7 ( 1992) 25. 
5) Boyle J., et al., Curr. Med. Res. Opin. 22 (2006) 1343. 
6) Yanai K., Tashiro M., Pharmacol. Ther. 113 (2007) I. 
7) Mochizuki H., et al., Nucl. Med. Biol. 31 (2004) 1005. 
8) Risberg A.M., et al., Psychopharmacologia 43 (1975) 279. 
9) Tashiro M., et al., Br. J. Clin. Pharmacol. 65 (2008) 811. 
10) Tashiro M., et al., J. Clin. Pharmacol. 44 (2004) 890. 
11) Yanai K., et al., Br. J. Pharmacol. 116 (1995) 1649. 
12) Tashiro M., et al., Br. J. Clin. Pharmacol. 61 (2006) 16. 
13) Weiler J., et al., Ann. Intern. Med. 132 (2000) 354. 
14) Okamura N., et al., Br. J. Pharmacol. 129 (2000) 115. 

177 



BEP 

DIP 

EヨH1 receptor occupancy 

~ 
＊ 

「寸「1

70 

＊門「「「寸「1「寸＊門「寸「1

0 
ACG PCG 

60 

50 

10 

40 

30 

20 

（ポ）

O
区
F
Z

SMC 

Figure 1. Region of interest (ROI) -based analyses of histamine H1 receptor occupancy (H1RO) in the cortex 
region. *P<0.01, paired-t test. Error bars represent inter-individual variability (S.E.MふACGand PCG, 
anterior and posterior cingulate gyri, respectively; PFC, prefron阻lcortex; OFC, orbitofrontal co目ex;IC, 
insular co目ex;TC, temporal co此.ex;PC, parietal cortex; OC, occipital co此ex;SMC, sensorimotor cortex. 

178 

OC PC TC IC SFC OFC IFC 



CYRIC Annual Report 2009 

Vffi. 9. Impact of Serotonin Transporter Gene Polymorphism on Brain 
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Visceral Perception and Cingulate Cortex 

Our previous study using posi甘onemission tomography (PET) demonstrated that 

colonic stimulation increases regional cerebral blood flow (rCBF) in the anterior cingulate 

cortex (ACC) and pre仕ontalcortex (PFC), showing correlation with increased anxietyり.In 

a functional magnetic resonance imaging （岱rfRI)study, patients with irritable bowel 

S戸1drome(JBS) showed stronger activation of the ACC in response to intense rectal 

distention than control subjects2>. Imaging data on depressive disorders suggest that one of 

the common regions of brain activation is the ACC3>. Subjects with m司ordepressive 

disorder compared with healthy con甘olshave also shown increased activation of the ACC 

during anticipation of pain relative to nonpainぬlstimuli. With regard to intrinsic 

functional connectivity, a significant difference for dorsal to rostral ACC connectivity 

between patients with depressive disorder and controls in terms of higher connectivity in 

patients has also been reported4>. Therefore, increased activity of the ACC is one of the key 

features of interoception・inducednegative emotion. 

Serotonin (5・hydroxytryptamine;5・HT)plays a crucial role in multiple brain 

function including negative emotion5>. Serotonin is released from serotonergic nerve 

terminals which distribute almost throughout the brain and mainly originate from the raphe 

nuclei in the brain stem. Among the brain regions, the limbic system (i.e., cingulate cortex, 

hippocampus, amygdala, orbitofrontal cortex (OFC), and hypothalamus) are densely 

innervated by serotonergic neurons. The human serotonin町ansporter ( 5・HTT)gene 
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(SLC6A4) is located on chromosome 17ql2, and a variant in出eupstream promoter region 

of the 5-HTI gene has been identified6>. The 5・HITlinked promoter region (5-HTTLPR) 

polymorphism with long (/, 528 bp) and short (s, 484 bp) forms affect the expression and 

function of 5-HTT. Those with the s allele of this polymorphism are associated with lower 

transcriptional efficiency of the promoter than the l allele, leading to a lower 5-HTT 

expression and a lower cellular uptake of serotonin in the presynaptic nerve terminals of 

serotonergic neurons. This results in a higher serotonin concentration in the synaptic cleft 

and increases susceptibility to negative mood in individuals with the s gene. Individuals 

with the s gene are at significantly greater risk for major depressive disorder following 

repeated adult stress or childhood trauma1>. Hariri et al.8> reported that individuals with the 

s allele show greater amygdala neuronal activity in response to fearful stimuli than 

individuals homozygous for the l allele. Functional analysis of the ACC and amygdala 

during perceptual processing of fearful stimuli demonstrated tight coupling as a feedback 

circuit implicated in the extinction of negative effect, and s allele carriers showed relative 

uncoupling of this circuit9>. These data suggest that 5・HTTLPRat least in part may predict 

the function of prefrontal-limbic circuits, especially of the ACC and amygdala, during 

emotional formation. 

Although interoception is the essential process of emotional formation, most 

previous studies used visual and cognitive tasks to demonstrate brain processing. No 

studies on the influence of 5・HTTLPRon brain processing of visceral perception have been 

reported. We therefore tested our hypothesis that 5・HT’TLPRdifferentially activates brain 

regions with colorectal distention in humans 10>. 

Serotonin Transporter Gene Polymorphism and Positron Emission Tomography 

Twenty-eight adult Japanese subjects without organic diseases or 

psychiatric disorders were enrolled in the study. Subjects were genotyped as described 

below. Individuals with the sis genotype (n = 14, s group) and those with the l allele 

(genotype l/s, n = 10; genotype Ill, n = 2; genotype l/extra-l, n = 2; total n = 14, l group) 
were compared. All subjects were right-handed. Age, sex, gas甘ointestinalsymptoms, and 

the stimulated site did not differ among groups (Table 1). Each group was composed of 11 

healthy subjects and 3 JBS subjects who fulfilled the Rome III criteria 11>. This study was 

approved by the Tohoku University Ethics Committee and subjects provided written 

informed consent. 
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Peripheral blood was sampled with a heparinized syringe. Genotyping of 

5-HTTLPR was performed using the same methods as in our previous report12>. Colorectal 

stimulation was performed using the same methods as previously described'・13>. On the 

experimental day, a catheter with a barostat bag (700 ml in volume) was inserted into the 

rectum or由eupper p紅tof the descending colon by colonoscopy. Colorectal distention 

stimuli were provided with a computerized barostat equipment (Medtronics Synectics, 

Shoreview, MN, USA), which inflated the bag at a rate of 38 ml/s. First, each subject 

underwent a baseline PET scan without bag stimulation. Thereafter, the colorectum was 

stimulated with bag pressures of 0, 20 and 40 mmHg for 80 s. The intensity of each 

stimulus was randomly chosen to avoid stimulation order effect, and the time interval 

between two stimuli was 15 min. After each stimulation, the subjects were asked to report 

the following 7 items of visceral perception or emotion: abdominal discomfort, abdominal 

distention, abdominal pain, urgency for defecation, perceived stress, sleepiness, and anxiety. 

Each sensation was evaluated on an ordinate scale from 0 (no sensation) to 10 (maximal 

sensation). 

Scans of the distribution of H2150 were obtained using a SET-2400W PET 

scanner (Shimadzu, Japan) operated on a high sensitivity three-dimensional mode with an 

average axial resolution of 4.5 mm at maximum strength and sensitivity for a 20-cm 

cylindrical phantom of 48.6 k.c.pふkBq・1m1・11・13>. For each scan, a subject received 

approximately 5 mCi ( 185 MBq) of H2150 intravenously through the forearm vein and 

underwent colorectal distention during rCBF measurement. The radioactivity peak to the 

scan onset was about 10 s after the start of colorectal distention at which both the 

radioactivity peak and peak pressure of the bag simultaneously reached a plateau. The PET 

scanning room was darkened and the subjects, while awake, were instructed to keep their 

eyes closed for the whole period of scanning (70 s). 

Statistical parametric mapping software (SPM2, Wellcome Department of 

Cognitive Neurology, London, UK) was used for PET image realignment, normalization, 

smoothing, and to create statistical maps of significant rCBF changes14'15>. All rCBF images 

were stereotaxically normalized into the standard space defined by Talairach & Toumoux 16> 

using an rCBF template image supplied with SPM2. The normalized images were smoothed 

using a 12×12×12-mm Gaussian filter, and the rCBF values were expressed in ml dl-1 min・1, 

adjusted for individual global CBF values using ANCOVA, and scaled to a mean of 50. 

The contribution of each parameter of interest to changes in rCBF was estimated by SPM2 
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according to the general linear model at the voxel level. Estimates were made using linear 

compounds of contrasts, and the resulting set of voxel values constituted a parametric map 

for each con住ast.To examine whether specific brain regions differ between the s group 

and the l group, we performed subtraction analysis between rCBF changes at stimulation. 

Brain regions with significant cluster level (p < 0.05) and significant voxel level (T> 4.0 

and p < 0.0001) were demonstrated. 

The brain image with 0 mmHg was sub甘actedfrom the brain image with 40 

mmHg.百1es group showed a significantly larger increase in rCBF in the left ACC (BA 32, 

X, y, Z = -8, 40，・2)by moderate colorectal distention than the l group (p < O.OOOl)(Fig. 1)10>. 

The spatial distribution of the more activated area in the s group than in the l group was 

mainly the perigenual ACC including the supragenual ACC and subgenual ACC. The s 

group also showed a significantly larger increase in rCBF in the right hippocampus (x, y, z 

= 32，ー42，・4)by mild colorectal distention than the l group (p < 0.0001) (Fig. 2)w>. The 

brain image with 0 mmHg was then subtracted from the brain image with 20 mmHg. The 

increase in rCBF by mild colorectal distention in the s group was significantly larger in the 

left OFC (BA 47, x, y, z = -38, 24，・20)than that in the l group (p < 0.0001) (Fig. 3)10>. 

Table 2 shows a summary of the significantly more activated brain regions in response to 

colorectal stimulation in the s group than in the l groupw>. There were no other regions 

which differentiate the brain response to colorectal distention between the s group and the l 

group. 

Colorectal distention significantly and intensity dependently increased the 

ordinate scale of abdominal discomfort, abdominal distention, abdominal pain, urgency for 

defecation, perceived stress, and anxiety, and significantly reduced sleepiness in both 

groups (data not shown). However, the effect of 5・HTTLPRgenotype on the changes in 

the ordinate scale was not significant. 

Serotonin, Cingulate and Negative Emotion 

Colorectal distention in individuals with the sis genotype activated the ACC, 

hippocampus, and OFC more than in individuals with the l allele10>. This study10> are in line 

with those of Hariri et aJ.8> and Pezawas et aJ.9> Therefore, our studyw>, together with earlier 

studies, suggests that the s allele and l allele of 5-HTTLPR exhibit dysfunction of the 

pre仕ontal-limbiccircuits in response to stimuli that usually evoke negative emotion. The 

advantage of this study is that the stimulus we used (visceral stimulation) is known to 
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directly activate the raphe nuclei in the brain stem11>. Serotonergic neurons originate合om

the dorsal raphe nucleus and innervate the limbic system (i.e., cingul剖ecortex, 

hippocampus, amygdala, OFC, and hypothalamus)5>. In our study of these brain regions, 

the differentially activated areas in individuals with the sis genotype from those with the l 

allele were the ACC, hippocampus, and OFC10>. This implies that our s加dy10>presents 

more reliable neuroanatomical evidence than earlier studies. 

Individuals with the s allele of 5-HTTLPR are associated with lower 

transcriptional efficiency of the promoter than those with the l allele, leading to a lower 

5-HTT expression and a lower cellular uptake of serotonin to presynaptic nerve terminals in 

serotonergic neurons6>. In our study10>, serotonin neurons in the dorsal raphe nucleus 

stimulated by colorectal distention would release serotonin from nerve terminals and 

consequently a higher serotonin concentration may remain in the synaptic cleft of the ACC, 

hippocampus, and OFC in individuals with the sis genotype. Endogenously released 

serotonin could therefore change the probability or duration (or both) of neuronal firing in 

human brain regions in different ways to produce excitatory, inhibitory, or mixed effects. 

The ACC, hippocampus, and OFC are more activated in individuals with the sis genotype 

than in those with the l allele in our study10>, which could therefore be attributed to the local 

serotonin action on conductance and the receptors. 

The ACC, hippocampus, and OFC are key areas of the emotional circuit as well as 

serotonergic neurotransmission. The perigenual pa口ofthe ACC is related to negative 

emotion and conflict monitoring3>. The perigenual ACC is divided into two parts, namely, 

the supragenual ACC and subgenual ACC. The function of the supragenual ACC 

negatively correlates with amygdala activity, while白atof the subgenual ACC positively 

correlates with amygdala function9>. 5-HTTLPR s allele carriers show less coupling 

between the amygdala and the perigenual ACC than Ill individuals, particularly in the 

subgenual ACC18>. The influence of 5-HTTLPR on coupling between the ACC and 

amygdala during visceral perception processing warrants future study. The hippocampus is 

the key region for explicit and implicit memory5>. In this case, the hippocampus may work 

to recall possible noxious visceral stimuli as a negative somatic marker. On the other hand, 

the OFC evaluates reward, punishment and unavoidable sensation 19>. It is also implicated in 

emotion and emotion-related learning. D1stmct areas of the OFC were shown to be 

activated by monetary rewards and punishments. Moreover, these areas are reported to be 

correlated with the magnitude of brain activation and the magnitude of rewards and 
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punishments received. Further, medial OFC activity is related to monitoring the reward 

value of many different reinforcers, whereas lateral OFC activity is related to the evaluation 

of punishers which may lead to a change in ongoing behavior0>. A posterior-anterior 

distinction exists with more complex or abstract reinforcers (such as monetary gain and 

loss) represented more anteriorly in the OFC than simpler reinforcers such as taste or pain. 

Our data showing more activation of the lateral and posterior OFCs suggest that individuals 

with the sis genotype tend to evaluate mild visceral activation as a punishment marker. 

In conclusion, the present data suggest that individuals with a weak function of 

serotonin transporter respond to gut signals more in emotion-regulating brain regions. 

Functional gene polymorphism may partially predict the individual effects of long-lasting 

neural processing from visceral organs. 
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Table 1. Subject characteristics of s group and I group10>. s group: individuals with the sis genotype; I group: 
individuals with the I allele (/Is, Ill, or //extra-/ genotype). 

Group s 

Number 14 14 
Age (Mean士SD) 23.9 +3.5 22.1 + 1.4 

Sex (Male/Female) 11/3 10/4 
Protocol (Col仰向ectum) 816 816 
Diagnosis (Normal/IBS) 11/3 11/3 

s匂 14 。
5・HTTLPR 鈎 。 10 
Gen。type

VI 。 2 
Vextra-1 。 2 

Table 2. Summary of di首erentialbrain activation betweens group and I group10>. Side: R: right, L: left; BA: 
Brodmann’s area: regions with p < 0.0001 were shown. 

Main Effect Region Side BA Cluster p x y z T 

s > I (40mmHg -O mmHg) 

Hippocampus R 215 0.012 32 -42 -4 5.05 

Anterior Clngulate c。rtex L 32 183 0.019 -8 40・24.93 
S> /(20mmHg -0 mmHg) 

Orbltofron畑IC。rtex L 47 215 0.012 ・3824 ・20 4.32 
l>S 

No Suprathreshold Brain Regions 
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Figure I. Moderate colorectal distention in the s group significantly activated more the left anterior cingulate 
cortex than that in the I group10l. The image with 40 mnぜlgwas sub仕actedby that with 0 mmHg. BA 32, x, 
y, z＝・8,40, -2, p < 0.000 I. 
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Figure 2. Moderate colorectal distention in the s group significantly activated more the right hippocampus 
than that in the I group10l. The image with 40 mmHg was sub甘actedby出atwith 0 mmHg. x, y, z = 32，・42,
・4,pく0.0001.
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Figure 3. Mild colorectal distention in the s group significantly activated more the left hippocampus than that 
in the I group10>. The image with 20 mmHg was sub甘actedby that with 0 mmHg. BA 47, x, y, z ＝・38,24, 
・20,p < 0.0001. 
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We previously reported a patient who exhibited a peculiar form of delusional 

misidentification 1>. She had a selective deficit in retrieving family relationships between 

herself and her daughters and husband (i.e., she misidentified her daughters as her sisters 

and her husband as her father) despite being able to retrieve their names and faces and some 

person-specific semantic information (e.g., occupation). Based on this finding, the present 

positron emission tomography study (PET) was designed to elucidate the brain mechanisms 

underlying the retrieval of family relationships in healthy individuals. 

Fifteen male volunteers who had no history of neurological or psychiatric disease 

were paid for their participation in this study. Before the analysis of imaging data, three 

participants were excluded due to excessive head motion during PET scanning 

(approximately 5 mm). Thus, the results of the present study are based on the data from the 

remaining 12 subjects (age range 20-24 years, mean age 21.6 years). There we問 no

pathological findings during magnetic resonance imaging (MRI) of any of the subjects’ 

brains. All of the subjects were right-handed. The subjects gave their written informed 

consent in accordance with the Declaration of Helsinki and the guidelines were approved 

by the Ethical Committee of Tohoku University. 

For each subject, we collected 6 photographs of the faces of the subject’s family 

members. These 6 photographs consisted of different family members, and each 

photograph of a face represented one of the following: mother, father, grandmo出er,

grandfather, elder brother, younger brother, elder sister, younger sister, aunt, uncle, niece, 

and nephew. All of the photographs had been taken within the past few years. During PET 
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imaging, the subjects performed three tasks: ( 1) a name task in which subjects were 

presented with photographs of the faces of family members and were asked to retrieve 

names and answer them orally; (2) an occupation task in which subjects were presented 

with photographs of the faces of family members and were asked to retrieve occupations 

and answer them orally; and (3) a relation task in which subjects were presented with 

photographs of the faces of family members and were asked to retrieve family relationships 

and answer them orally. In addition to these three tasks, subjects also performed two 

control tasks, a judgment of the gender of family members in one task and of unfamiliar 

people in the other task. 

Regional cerebral blood flow (rCBF) was measured using PET (SET2400W 

Shimadzu, FWHM 4.0 mm) and 150・labeledwater (approximately 180 MBq per injection). 

The transaxial sampling field of view (FOV) was 256 mm, and the axial FOV was 190 mm. 

The thickness of the slices measured was 3.125 mm. Before the PET experiments, a 

catheter was inserted into the subject’s right brachia] vein for tracer administration, and the 

subject’s head was fixed in an air-cushioned headrest apparatus. Each task started 1.5 s 

before PET data acquisition, and PET data acquisition lasted 60 s. A transmission scan was 

followed by the experiment, and the data were used to obtain corrected emission images. 

The PET data were analyzed with SPM8 (Wellcome Department of Imaging Neuroscience, 

London, UK). The threshold of significance was set at p<0.001 (uncorrected for multiple 

comparisons) with an extent threshold of 10 contiguous voxels. 

Behaviorally, all of the subjects were 100% co汀・ectin each task; they could 

completely retrieve names, occupations, and relations in response to each stimulus. As for 

the imaging data, to identify the neural activity specifically associated with the retrieval of 

names of family members, we performed a conjunction analysis of name vs. occupation and 

name vs. relation. We did not find a significant difference in the neural activity of any 

brain region. Then, to identify the neural activity specifically associated with the retrieval 

of the occupations of family members, we performed a conjunction analysis of occupation 

vs. name and occupation vs. relation. This analysis detected a significant activation in the 

left middle temporal gyrus. Next, to identify the neural activity specifically associated with 

the retrieval of family relationships, we performed a conjunction analysis of relation vs. 

name and relation vs. occupation. This analysis detected a significant activation in the right 

inferior temporal gyrus. These results are summarized in Table 1 and Fig. 1. 

In the present study, we used PET to identify the neural correlates of the retrieval of 
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family relationships in person identification. We found that the retrieval of family 

relationships was specifically associated with activity in the right inferior temporal gyrus. 

The right inferior temporal gyrus was one of the regions showing prominent hypoperfusion 

in our previously reported patient who showed a selective deficit in the retrieval of family 

relationships in person identification1>. The present findings, together with our case report, 

support the view that the retrieval of the relationships between oneself and family members 

may require a special cognitive process dissociated from the retrieval of names and other 

person-specific semantic information. 

Most importantly, we found由atright inferior temporal activation was specifically 

associated with the retrieval of family relationships. This finding is partially consistent 

with our a priori hypothesis that the activation relevant to the retrieval of family 

relationships could be found in the right fronto-temporal region. However, we did not find 

right frontal activation in this study, suggesting the possibility出atthe right frontal lobe is 

not associated with the retrieval of family relationships per se. It is difficult to say what 

roles the right inferior temporal gyrus plays in the retrieval of family relationships, but we 

should note the special na仰向 ofthe conceptual knowledge of family relationships. 

Basically, knowledge about family relationships is ‘relative’semantic information 

determined by the relationship between oneself and a p訂tner,whereas other knowledge, 

including names, faces, and some person-specific information (e.g., occupation), is 

‘absolute’semantic information, which does not depend on the relationship between oneself 

and a p紅tner. Thus, the process of retrieving family relationships between oneself and 

one’s partner is likely to require an additional cognitive process that monitors ‘relative’ 

semantic information, which might be associated with the right inferior temporal gyrus. 

Together with the findings of our case study1>, the present imaging findings support 

the view that the retrieval of the relationships between oneself and family members may 

require a special cognitive process dissociated from the retrieval of names and other 

person-specific semantic information. The present study also suggests that the right inferior 

temporal gyrus may play an important role in the retrieval of family relationships in person 

identification. One m司jorlimitation in the cu汀・entstudy is that we could not dissociate the 

brain activations in response to highly intimate family members (e.g., mother and father) 

and less intimate family members (e.g., aunt and uncle). The effect of familiarity feeling on 

brain activations during the retrieval of relations is an important issue to be pursued. 

Psychological data regarding由esubjective feeling of familiarity to family members, 
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combined with an event-related design using fMRI, could have been informative. It should 

be also noted血atthe present findings can be specified only in semantic representations of 

family members and cannot be generalized in person-related semantics including famous or 

newly learned people, since the family relationships for an individual exist only between 

the individual and his/her family members. Although more data collection concerning the 

neural mechanisms underlying the retrieval of family relationships (e.g., 

neuropsychological study of sizable series of patients) is required, the present findings 

provide further insight into the neural mechanisms underlying person identification and 

theoretically stimulate the updating of neurobiologically-based models of person 

identification. 

Reference 

1) Abe N ., Neuropsychologia 45 (2007) 2902. 

Table 1. Brain regions showing specific responses across name occupation and relation tasks. 

Regions (Brodmann’s area) Coordinates Z value Cluster 

x y z size 

Conjunction analysis of name vs. occupation and name vs. 
relation 
No suprathreshold activations 

Co吋unctionanalysis of occupation vs. name and occupation vs. 
relation -62 -28 -12 3.40 13 
Left middle temporal gyrus (21) 

Conjunction analysis of relation vs. n剖neand relation vs. 
occupation 
Right inferior temporal gyrus (20) 62 -26 ・20 3.72 21 
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Figure 1. Significant activations detected in SPM whole-brain analyses. The activations are superimposed 
onto the standard brain. The rCBF values of the following two regions are depicted (error bars represent 

S.E.M.). (A) The left middl巴temporalgyrus is activated during the retrieval of occupation compared with the 
retrieval of name and relation. (B) The right inferior temporal gyrus is activated during the retrieval of relation 
compared with th巴retrievalof name and occupation. 
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Emotional items are better recalled血anneu甘alones•>. Previous neuroscientif1c 

studies have reported由at白ee曲ancementof memory by emotion could be modulated by 

interaction between the amygdala and hippocampus2>. In addition, reward motivation also 

enhances le訂凶ng 卸 dmemory processes3>. Functional neuroimaging studies have 

demons住ated出atinteraction between reward-related regions including the orbitofrontal or 

ven甘altegmental紅・eas，組dmemory-related regions including the medial temporal lobe 

(MTL) s凶 ctures,could con住ibuteto白ememory enhancement by reward motivation4.s>. 

However, little is known about the neural mechanisms how bo血processesof emotion and 

reward affect encoding-related processes in episodic memories. In白isstudy6>, by using the 

posi位onemission tomography (PET), we investigated neural activations reflecting the 

effects of emotion and reward during the encoding of episodic memories. Healthy 

right-handed subjects (mean age: 21.2 ye釘s)recruited台om由.eTohoku U凶versity

community were req凶redto encode photographs under four conditions, which were 

categorized by two factors of emotion (negative or neu位al)and monet紅yreward value 

(high or low reward for subsequent re凶evalsuccess). Encoding-related activations were 

measured by H2150 PET scanning. Behaviorally, emotional valence (negative > neu町al)

and reward value (high-value> low-value) e油ancedre凶evalperformance of memory, but 

the interaction between the two factors wぉ notsignificant (see Fig. 1). In functional 

neuroimaging data, the left amygdala showed greater activity during the encoding of 

negative pictures血組曲atof neu住alpictures, whereas the left orbitofrontal cortex activity 

was greater for pictures encoded with high reward value由anwith low reward value. 
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Moreover, the conjunction analysis between血etwo factors of emotional valence and 

reward value demons位atedsignificant activations in也eright hippoc創npus(see Fig. 2). 

The present findings suggest that emotion, which is associated with the amygdala activity, 

and monetary reward, which is associated wi由自eorbitofrontal cortex activity, could 

independently affect encoding-related activations in the hippoc創npus,in which the 

information of bo出 processescould be integrated during the encoding of episodic 

memones. 

References 

1) s凶ttonG.M., Psychol. Rev. 26 (1919) 474. 
2) Cahill L., Haier RJ., Fallon J., Alkire M.T., Tang C., Keator D., Wu J., McGaugh J.L., Proc. Natl. 
Acad. Sci. U.S. A. 93 (1996) 8016. 
3) Stein L., Belluzzi JD., Fed. Proc. 38 (1979) 2468. 
4) Adcock RA., Th佃 gavelA., Whiぜ1eld-GabrieliS., Knutson B., Gabrieli JD., Neuron 50 (2006) 
507. 
5) Tsukiura T., Cabeza R., Neuropsychologia 46 (2008) 2310. 
6) Shigemune Y ., Abe N ., Suzuki M., Ueno A., Mori E., Tashiro M., Itoh M., P吋iiT ., Neurosci. Res. 
67 (2010) 72. 

Recognition Performance (%) 
100 

＊ 

70 

ド＼寸
l発

60 ~ 
ーーNegative 

so ー－Neutral

High Low 
* p <.OS 

Figme I Performance on recognition memory task. 
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A) Main effect of emotion 
[(Negative/High + Negative/Low) -(Neutral/High + Neutral/Low)] 

B) Main effect of reward 
[(Negative/High + Neutral/High) -(Negative/Low + Neutral/Low)] 

C) Common to emotion and reward 
Conjunction analysis of A and B 

Figure 2. Sagittal, coronal, and axial projections of the regions associated with negative emotion, high 
monetary reward, and both. 
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Introduction 

In human social interactions, there are many types of complex social behaviors that 

inevitably involve forgivability or moral judgments. Previous neuroimaging studies have 

shown that ventromedial pre合ontalcortex plays a key role in forgivablity judgrnents1> and 

moral judgrnents2>. Recently, Harada et al. assessed the unique hypothesis that the 

judgment of deception, a human immoral social behavior, is mediated by the neural 

substrates of mor叫judgrnent3>.However, they were not required to judge whether or not 

the deception was morally acceptable. It therefore remains to be determined whether 

deception has an effect on forgivability judgments at the behavioral and the neural levels. 

We used positron emission tomography (PET) to investigate the neural mechanisms 

underlying the willingness to forgive another person’s moral transgression involving 

deception4>. 

Experimental procedures 

a) Participants 

Twelve male volunteers with no history of neurological or psychiatric disease were 

paid for their participation in this study (age range 20・24years, mean age 21.9 years). 

b) Stimuli and tasks 

Stimuli consisted of four variants of eight scenarios (a total of 32 stories). A 2×2 

factorial design was used to make four variants for each scenario: (i) perpe廿atorsshowing 

either a dishonest or an honest attitude (dishonest or honest) and (ii) pe中e廿atorscausing 
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either serious or minor moral transgressions (serious or minor). Thus, during PET scanning, 

the subjects were asked to judge the forgivability of each scenario under the following four 

conditions: (a) a dishonest/serious (DS) condition, (b) a dishonest/minor (DM) condition, 

(c) an honest/serious (HS) condition, and (d) an honest/minor (HM) condition (Fig. 1). 

They made forgivability judgments on a 4・pointscale ranging合om1 (completely 

forgivable) to 4 (completely unforgivable) by pressing a button. Eight different stories 

were presented for each condition, lasting a total of 80 sec. Stories were presented in a 

randomized order, and the order of the conditions was counterbalanced across subjects. 

c) Image acquisition and data analysis 

Regional cerebral blood flow (rCBF) was measured using PET (SET2400W 

Shimadzu, Kyoto, Japan; FWHM = 4.0 mm) and 150・labeledwater. The PET data were 

analyzed with Statistical Parametric Mapping (SPM5) software (Wellcome Department of 

Imaging Neuroscience, London, UK). The threshold of significance was set at pく 0.001

(uncorrected for multiple comparisons) with an extent threshold of 30 contiguous voxels. 

Result 

a) Behavioral data 

The mean scores for forgivability were 3.65 (SD = 0.33) for the DS condition, 2.36 

(SD = 0.52) for the DM condition, 3.10 (SD = 0.44) for the HS condition, and 1.66 (SD = 

0.34) for the HM condition. A Friedman test revealed a significant difference (pく 0.001).

Behavioral data revealed that the perpetrator's dishonesty and the seriousness of the 

scenario decreased the subjects’forgiveness of the moral仕組sgression.

b) Brain activation 

First, to investigate the effect of deception on the neural correlates of forgivability 

judgments of moral violation, the functional imaging data were analyzed to determine the 

main effect of the attitude of the pe中e甘ator[(DS + DM) vs. (HS+ HM)]. This analysis 

revealed significant activation in the right ventromedial prefrontal cortex. The opposite 

contrast [(HS + HM) vs. (DS + DM)] did not reveal significant activation in any brain 

re gt on. 

Second, to investigate the effect of the seriousness of the scenarios on the neural 

correlates of forgivability judgments of moral violation, the functional imaging data we問

analyzed to gauge the effect of the severity of the moral violation [(DS +HS) vs. (DM + 

HM)]. Con仕aryto our hypothesis, this analysis revealed no significant activation in any 

brain region. Instead, the opposite contrast [(DM + HM) vs. (DS + HS)] revealed 
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significant activation in the right middle合ontalgyrus, the right caudate nucleus, the right 

middle occipital gyrus, the right cerebellum, and the left ventromedial pre仕ontalcortex. 

Third, to determine whether an interaction occurred in each of the activated regions, 

the regional cerebral blood flow (rCBF) values (averaged across all voxels in a given 

cluster) were analyzed using aれν0・wayrepeated-measures ANOV A using the attitude of 

the perpetrator (dishonest or honest) and the severity of the moral violation (serious or 

minor) as factors. This analysis revealed th剖 onlythe left ventromedial prefrontal cortex 

showed a significant interaction between the two factors. The results for the bilateral 

ventromedial pre合ontalcortex, the right dorsolateral pre仕ontalcortex, and the right caudate 

nucleus are illustrated in Fig. 2. 

Discussion 

The right ventromedial pre仕ontalactivity can be interpreted as the neural correlate 

of the subject’s identification of the perpe甘剖or'sdeception. In a previous fMRI study, 

Lissek et al. demonstrated that understanding the mental state of a character in a situation 

involving deception activates the orbito合ontaland medial pre合ontalregions5>. In a 

neuropsychological s旬dy,Stuss et al. showed that bilateral, particularly right, orbito仕ontal

lesions impair the ability to detect deception6>. Expanding on these findings, the present 

study demonstrates the relationship between the detection of another person’s lies and right 

ventromedial p閃frontalactivity in the context of forgivability judgments. 

Further analysis revealed that only the left ventromedial pre合ontalcortex had a 

significant interaction between the two factors, indicating that this region functions as a 

mediator of the two factors and modulates judgments regarding the forgivability of moral 

仕ansgress1ons.

In conclusion, the present study expands on previous studies1・7> and sheds additional 

light on the neural correlates underlying forgiveness. Our results have provided evidence 

that the right and left ventromedial pre企ontalcortices play important, but somewhat 

different, roles in the forgiveness of mor叫transgressionsinvolving deception. 

I) Farrow T.F., Woodruff P.W., In: Worthington E.L., Jr., (EdよHandbookof Forgiveness. 
Brunner-Routledge, New York (2005) 259. 

2) Moll J., Zahn R., de Oliveira-Souza R., Krueger F., Gra合nanJ. Nat. Rev. Neurosci. 6 (2005) 799. 
3) Harada T., Itakura S., Xu F., Lee K., Nakashita S., Saito D.N., Sadato N. Neurosci. Res. 63 (2009) 
24. 

4) Hayashi A., Abe N., Ueno A., Shigemune Y., Mori E., Tashiro M., Fujii T., Brain Res. 1332 
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Attitude of the perpetrator 

A butcher mixed cat meat with beef to cut A butcher mixed cat meat with beef to cut 

down the cost. down the cost. 

Arepo同erof the mass media: A reporter of the mass media: 

Is it true that you mixed cat meat with beef? Is it true that you mixed cat meat with beef? 

The butcher: Come on! I sell 100% beef. The butcher: Sorry, I did. 

A wife served dishes that she purchased A wife served dishes that she purchased 

in a supermarket to her husband. in a supermarket to her husband. 

The husband: The husband: 

Did you cook these dishes yourself? Did you cook these dishes yourself? 

The wife: 
The wife: Of course I cooked them. Sorry, I bought them at the supermarket. 
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Figure I. Schematic drawing of the four experimental conditions in the present study. 
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(A) (OS + DM) vs. (HS + HM) 

Right ventromedial prefrontal cortex 
Lム60

~ 50 
-g 40 
~ 30 

~ 20 
OS OM HS HM 

(B) (OM + HM) vs. (DS + HS) 
Left ventromedial prefrontal cortex 

lム 60

B so 
-g 40 
~ 30 

~ 20 
OS OM HS HM 

Right dorsolateral prefrontal cortex 

Right caudate nucl 

LL 60 

B so 
刀 40
ω 
~ 30 

~ 20 

Lム 60

B so 
ち 40
φ 

窃 30
コ
言20

DS DM HS HM 

OS OM HS HM 

Figure 2. Patterns of rCBF in each brain region for the four conditions. Histogram bars represent the 
rCBF values (mean土 s.e.m.）叫ustedby global normalization for the four conditions. DS, 
dishonest/serious; DM, dishonest/minor; HS, honest/serious; HM, honest/minor; rCBF, regional 
cerebral blood flow. 
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Introduction 

Gas住oesophagealreflux disease (GERD) causes reflux symptoms such as he紅白山n

and regurgi凶 ondue to abnormal acid reflux with or without mucosal damage. Although 

there is a correlation between血eseverity of macroscopic esophagitis and acid reflux, the 

severity of subjective symptoms is not necessarily correlated with也atof acid reflux. 

Therefore，出epossible involvement of esophageal hypersensitivity to acid泊 someGERD 

patients has at佐actedattention1＞.百iesusceptibility of afferent nerve terminals to luminal 

acid with the dilated intercellular space in由eesophageal mucosa is one of the causative 

factors for acid hypersensitivity2>. However, perceived acid reflux accounts for only a 

minority of reflux events, and the mechanism of symptom development remains to be 

elucidated. Recently, brain imaging analysis using PET and fMRI demons凶 ted由atsome 

key brain areas, such as the anterior cingulate cortex (ACC) or insula，紅einvolved加出e

processing of visceral sensation and pain. Abnormality or modulation of出osebrain 

activation have been shown in patients with irritable bowel syndrome (IBS）同，sugges也ig

血ep紅ticipationof abnormal symptom process泊g泊 visceralhypersensitivity. Until now, 

only a few studies have investigated brain activity after esophageal acid stimulation6・8）.τ'he

aim of血isstudy was to investigate induced symptoms and brain activity using PET泊

esophageal acid stimulation. 

Materials and Methods 

Subjects 

Fifteen right-handed healthy adult male volunteers (mean age: 26.7 ye紅s;r佃 ge:
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21-37 ye釘s),who had no typical reflux symptoms such as heartburn and regurgitation, 

were recruited for the study. A small-diameter catheter was transnasally indwelled in the 

mid esophagus. A wired pH glass electrode, pre-attached at its proximal side 3 cm from the 

infusion catheter, was connected to a pH meter. In order to obtain correction data for y-ray 

absorption in血ebody, subjects initially underwent a transmission scan using a 68Ge/68Ga 

radiation source. 

Esophageal acid infusion 

The procedures for esophageal infusion and PET scan are schematically shown in 

Fig. 1. Infusions of 50 mL HCI (pH 1 and 2) or distilled water (pH 7) were provided by a 

catheter using an automatic syringe pump in the supine position. In order to counterbalance 

the effects of the infusion order, the order was randomly selected from pH 1-7-2-7・1,pH 

2-1・7・7・1,and pH 7・ト1-7-2.Then 150-labeled water was administered intravenously in 

synchronization with the completion of each 5・mininfusion. After confirming that the 

brain activity could be detected, a PET emission scan of the head was pedormed for 60 s 

prior to the PET scan. Using a PET scanner in a 3D data acquisition mode, a total of 10 

scans were taken before and after each of the five infusions, to measure the regional 

cerebral blood flow in each subject. Subjects were asked to rate the severity of heartburn 

symptoms on an analog scale of 0-10 after each infusion. Symptoms were statistically 

analyzed by Fisher’s test and the Wilcoxon signed-ranks test. Differences were considered 

statistically significant when the P value was < 0 .05. 

PET data analysis 

The PET data were analyzed using statistical p紅ametricmapping (SPM) software 

(SPM2), and significantly different changes in regional cerebral blood flow were mapped. 

First, brain images taken following infusion with hydrochloric acid (pH 1 and 2) or distilled 

water (pH 7), as well as images taken at baseline (prior to all infusions) were subjected to 

subtraction analysis to investigate the brain regions that were activated by each infusion. 

Next, the effects of repeated infusion of acid or distilled water were assessed by subtraction 

analysis of images obtained following the first and second infusions with pH 1 and pH 7 

solutions. All statistical methods were evaluated using linear convolution and contrasts, 

and the voxel values for each image were constructed using a statistical parametric map of 

the t-statistic statistical parametric mapping. The location of statistical peaks was 

201 



determined in Talairach and Tournoux atlas. P (uncorrected) < 0.001 was defined as 

statistically significant for increased cerebral blood flow. 

Resulb写

Enhanced incidence and severiかofsymptoms following acid infusion 

As shown in Table 1, the incidence of heartburn symptoms following each infusion 

showed a step-wise increase with increasing acidity of the perfusate. The incidence of 

heartburn tended to be higher after the second pH 1 infusion白anafter the first, and these 

scores were significantly increased following the second pH 1 infusion. On the other hand, 

the heartburn incidence and scores in both pH 7 infusions were much lower compared to 

the pH 1 infusions. Heartburn incidence and scores following pH2 infusion were higher 

than that of the pH 7 infusions and lower than that of the pH 1 infusions. 

Activated brain areas following acid i11:,かsionComparison of brain images following each 

iゆsion:

The brain image obtained at rest prior to all infusions was defined as the baseline 

image. Differences between brain images at baseline and those taken after infusion with 

acid or distilled water were subjected to subtraction analysis. Brain regions with increased 

blood flow were defined as those neurologically activated by each infusion. Brain regions 

activated following each infusion are are summarized in Table 2. In the insula, activation 

was observed at the second pH 1 and 2 and first pH 7 infusions. Activation in the cingulate 

cortex was observed in nearly all infusions, with no particular trend observed for the 

topography of the activated sub-regions. At pH 1 and 2, activation was observed in the 

more anterior (rostral) part of the ACC (BA 24a) and, at pH 7, in the more posterior (dorsal) 

part of the ACC (BA 24a’） . After infusions at pH 1 and 2 but not pH 7, activation was 

observed in the temporal pole (BA 38). Activation was also observed in the cerebellum 

following infusions at pH 1 and 2, and in the parahippocampal gyrus after both pH 1 

infusions. The frontal area, precen甘algyrus, and thalamus were less activated after each 

infusion. 

Comparison of brain imaging with first and second infusion at pH 1 and 7: 

As shown in Table 3, the second pH 1 infusion minus the first showed that cerebral 

blood flow was increased in the right orbitofrontal cortex (Fig. 3a), right cuneus, left 

cerebellum, right superior temporal gyrus, right middle frontal gyrus(Fig. 3b), right pons, 
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right lingual gyrus, left putamen, and right caudate nucleus. On the other hand, the result of 

the second pH 7 infusion minus the first showed an increase in cerebral blood flow in the 

right middle frontal gyrus, left cerebellum, right midbrain, left PCC, and right superior 

frontal gyrus. 

Discussion 

In the present study, we found that brain activity was substantially increased in the 

cingulate co抗exand frontal lobe following esophageal acid infusion, with little activity 

observed in the thalamus and somatosensory areas. The insula was not consistently 

activated by acidic or non-acidic stimulations in this study. Activation of the ACC 

predominantly occurred in the anterior part (BA 24) at pH 1 and 2 with severer heartburn 

symptom, consistent with the more anterior p紅tof the ACC is involved in affective and 

emotional responses9>. 

The heartburn symptom scores following infusions at pH 1 and 2 were higher 

compared with those at pH 7. We found由atthe parahippocampal gyrus was activated only 

by pH 1 infusion. This area is an important part of the limbic system, which plays a major 

role in the processing of emotional reaction or memory10>. Therefore, activation of the 

parahippocampal gyrus is also compatible with induction of uncomfortable heartburn by 

acid infusion. In addition, activation was observed in the temporal pole (BA 38) following 

infusions at pH 1 and 2, but not at pH 7. This area is activated by distention in the proximal 

stomach 11>, and another report has described activation of the temporal pole by distention of 

the descending colon, with a feeling of anxiety12>. In a study using visual stimulation, the 

temporal pole was activated by emotions of comfort and discomfort, wakefulness, and 

attended stimulation 13>. Therefore, the activation of the temporal pole observed in our study 

could have been due to alterations in the level of arousal, attention and emotion following 

acid infusion. 

In this study, the heartburn scores were significantly higher after the second pH 1 

infusion compared to the first, which suggests that esophageal sensation was sensitized by 

repeated acid infusion. Visceral sensitization, which can occur at the prim紅yafferent 

nerve level (peripheral sensitization) and/or the spinal cord level (central sensitization), is 

considered as a very important phenomenon in the development of visceral sensation 14>. 

Recent studies using cortical evoked potentials or tMRI have reported that esophageal 

sensitization induced by acid stimulation results in alterations in the neural activity of the 

ACC and insula15-17). We found that, by subtraction analysis of the second pH 1 minus the 
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first, that the orbitofrontal cortex was strongly activated with the highest Z-score and cluster 

level. The orbitofrontal cortex, which is frequently observed to be activated following 

stimulation of the lower gastrointestinal tract, was less activated following esophageal 

stimulation in previous studies18・19>. As a higher center of sensory integration, this area is 

thought to participate in the assessment of reward, punishment, comfort, discomfort, and 

memory or its verification20>. The orbitofrontal cortex might also play a role in symptom 

processing with esophageal acid sensitization. 

In summary, this present study showed出atthe insula, cingulated gyrus, temporal 

gyrus, and cerebellum were activated in esophageal acid perception in healthy volunteers, 

and that involvement of由esomatosensory and prefrontal 訂easwas minimal. In particular, 

emotion-related brain regions such as the anterior p訂tof ACC, the parahippocampal gyrus 

and the temporal pole were activated under acidic conditions in the esophagus. It is also 

suggested that activation of the orbitofrontal area is involved in esophageal sensitization to 

repeated acid stimulation at the cerebral level. Dysfunction of these brain areas may be 

associated with the pathogenesis of functional heartburn or non-erosive reflux disease. 

Further studies are warranted to elucidate the mechanism of esophageal acid perception and 

sensitization 
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Table I. Incidence of heartburn symptoms and heartburn scores induced by each infusion. 

pH 7 (first infusion) 

Heartburn incidence 

5115 (33.3%) 

Mean heartburn scores (range) 

1.4 (0・7)

pH 7 (second infusion) 5/15 (33.3%) 1.0 (0・6)

pH 2 7/15 (46.7%) 1.9 (0・9)b

pH 1 (first infusion) 10/15 (66.7%) 3.2 (0・IO)c

pH 1 (second infusion) 12/15 (80.0%)8 5.0 (0・IO)d

a: P = 0.0253 vs. pH 7 (first infusion) and pH 7 (second infusion) 
b: P = 0.0269 vs. pH 7 (second infusion) 
c: P = 0.0464 vs. pH 7 （自rstinfusion), P = 0.0253 vs. pH 7 (second infusion) 
d: P = 0.0040 vs. pH 1 （白rstinfusion), P = 0.0075 vs. pH 2, P = 0.0041 vs. pH 7 (first infusion), P = 
0.0071 vs. pH 7 (second infusion) 

Table 2. Summary of brain activated regions by each infusion (comparison with baseline). 

Major brain 
Subregions BA 

First Second 
pH2 

First Second 
regions pH7 pH7 pHI pHI 

Superior frontal gyrus 10 R L 
Frontal lobe Middle frontal gyrus IO R 

Inferior frontal gyrus 47 L 

Superior temporal gyrus 38 L R L 

Temporal 
Superior temporal gyrus 42 L 
Middle temporal gyrus 21 L L 

lobe 
Middle temporal gyrus 42 L L 
Inferior temporal gyrus 45 R 

PMA 
Precentral gyrus 4 R 
Precentral gyrus 6 R 

PSA Postcentral gyrus 1,2,3 R 

ACC 
Anterior part 24 R L・4・R
Mid/posterior part 24’ L+R R 

PCC R L L 

Insula Anterior part R R R 

cerebellum C+L L 

thalamus R+L R+L 

PHG L R 

PMA, primary motor area; PSA, primary somatosensory area; ACC, anterior cingulate cortex; PCC, posterior 
cingulate cortex; PHO, parahippocampal gyrus; BA, Brodmann area; R, right; L, left; C, center 
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Table 3. Results of subtraction analysis of brain images after the first and second infusions at pH 1 and 7. 

Voxels 
in cluster 

Z-score z y x BA Side Region Condition 

167 

1
3
7
3
1
2
6
6
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2
3
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1
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Figure 1. This schema illustrates the procedure of esophageal infusion and brain PET scanning. The 
infusions were performed twice for pH 1 and 7 solutions (distilled water) and once for the pH 2 solution. In 

order to counterbalance the effects of the infusion order, the order was randomly selected per each subject 
from pH 1・7・2・7・l,pH 7・ト1・7・2and pH 2・1-7-7・las shown. First infusion, Second infusion, PET: 
Positron emission tomography. 
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Introduction 

Chiropractic is one of白emanipulative therapies initiated by Daniel David Palmer 

in 1895 in the United States, and its purpose has been thought to be“improving 

ne・町ophysiologicalfunctions白紙 leadto enhancing白eability of natural healing of血e

body by adjusting dysfunction of the joint called subluxation in出espine, pelvis，組d

ex住emity1＞”.Cu町・ently,chiropractic is legislated in血eU.S. and泊 over20 other coun住ies

of the world. Chiropractic spinal manipulation (CSM) is considered as one of血emain 

住・eatmenttechniques for neuro-muscular-skeletal problems, and its main compl泊ntsof也e

patient are neck p泊n,back pain and low back p泊n勾.The autonomic nervous system (ANS) 

is also由.oughtto be one of也e釘e鉛 influencedby CSM3・4>. 

Despite clinical evidences for benefits of the spinal m釦 ipulation釦 dapp釘・entwide 

usage of it, physiological me~hanisms underlying the e宜ectsof CSM釘enot clearly 

known5・6>. Al白oughmany studies on chiropractic have been performed all over the world, 

no study has been conducted to evaluate effects of one CSM住・eatmentutilizing MRI and 

PET analyses.百ie伺mof出epresent study is to investigate effects of one CSM in白e

悦 atedperipheral structures佃 din曲ecen住alnervous system (CNS)6>. 

Methods 

For血eMRI investigation, twenty low back pain patients (mean age: 28.0 y.o.) 

were divided into伽 eegroups, normal group, sacral base (SB) anterior group and SB 

208 



posterior group, by the pressure testing in Activator Methods (AM), one of chiropractic 

techniques, and the subjects received chiropractic t陀atmentdepending on the results of the 

pressure testing. T2 weighted sagittal Jumbo-sacral MRI images we問 takenon subjects 

before and after the treatment, and measurements on the images were compared. The 

measurements included angles of sacral base (SBA), L5-Sl disc (LSDA), and lumbar 

lordosis (LLA) (Fig. 1)7>. The values were statistically analyzed by paired t-test. The 

present MRI study was approved by the Ethics Committee of Sendai Welfare Hospital. 

For the present study, healthy male volunteers were recruited by putting up a 

poster in the campus of Tohoku University. Inclusion criterion was 1) men of 20 to 40 years 

old with the presence of cervical pain and shoulder stiffness, but without experience of 

receiving any types of manipulative treatment for at least one month prior to the experiment. 

Exclusion criteria were 1) the presence of disc problems such as disc herniation and 

significant disc degeneration, and 2) any other physical and mental disorders and 

medication that might affect brain function or pe爪ision.After giving informed consent, all 

15 candidates were first assigned for MRI examination of the cervical region, and 3 

subjects with disc problems were excluded from the study. Medical screening was also 

performed to confirm absence of any apparent disorders and medication that might affect 

brain function. In result, 12 male volunteers aged 21 to 40 (mean age ± S.D.: 28.0±6.8) 

were recruited into this study. 

The present study was conducted in cross-over study design, in which each subject 

was examined twice (once in the ”treatment”and the other time in the ”control”conditions) 

in purpose of comparing the resting regional brain activity in the two conditions. In the 

t陀atmentcondition, subjects received a single CSM intervention, taking for around 20 

minutes including a diagnostic procedure. And shortly after the CSM treatment, 

FOG-containing saline solution was injected to the subject through the left cubital vein (37 

MBq) in a quiet room with the dim light. Subjects were asked to sit in a relaxed mood with 

their eyes closed for 30 min before scanning. The brain scan of the subject was initiated 

after 30 min of FDG injection, using a PET scanner, SET2400W (Shimadzu Inc., Kyoto, 

Japan). The PET scanning covered the entire brain in one scan, taking 10 minutes for 

emission scan, and another 5 min or so for transmission scan for tissue attenuation 

correction. In the other scan in the control condition, FDG was injected to the subject after 

a 20-min-long resting phase instead of CSM intervention. The following procedure was 

identical to the treatment condition. The radiation exposure due to one PET scan in this 
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study was estimated to be approximately 0 .9 mSv6>. 

In addition, the order of these two scans, that is，“control -treatment" and 

“treatment -control”，was counter-balanced to minimize an“order effect”. The meaning of 

this order effect is出atthe study subjects tend to feel psychophysiological stress more in the 

first scan than in the second and following scans. Therefore, the protocol was prepared to 

minimize this order-associated effect. In result, the first scan was performed in the 

treatment condition in half of the subjects, and vice versa. And, the interval between the 

first and second scans was set to be at least 1 week in order to eliminate residual effect of 

treatment. The interval ranged from 1 to 6 weeks (mean interval± S.D.: 22.4土12.5days). 

CSM was performed by the same chiropractor, an advanced proficiency rated doctor of 

Activator Methods (AM)6>. 

PET brain images were analyzed to identify陀gionalchanges in glucose metabolic 

rate using a software package, Statistical Parametric Mapping (SPM2, Functional Imaging 

Laboratory, London, UK). Positional e汀orsbetween the 2 scans were corrected for each 

subject, using realignment function of SPM2. An FDG brain template distributed by 

Montreal Neurological Institute, McGill University, Canada, was used for anatomical 

standardization (spatial normalization) of the PET images by applying linear and non-linear 

transformations, by minimizing the inteトsubjectdifferences in gyral and functional 

anatomy. The normalized data were smoothed using isotropic Gaussian kernel of 12 mm 

(for x,y ,z axes) to increase the signal-to-noise ratio by suppressing high frequency noise in 

the images6>. 

Voxel・by-voxelanalysis such as SPM is the standard tool in detecting regional 

changes in radioactivity levels in certain brain regions. The most popular contrast in these 

studies has been to contrast “resting”with “task or stimulus”. For statistical analysis, all 

“voxel”values were normalized to an arbi甘aryglobal mean value of 50 mg/100 ml/min by 

ANCOVA to exclude the effects of inter-subject variability in global cerebral glucose 

metabolism. Paired t-test was applied to each voxel; only voxel clusters were maintained 

with voxels co町・espondingto p<O .001 in a single test and a cluster size of 10 voxel 

minimum in two ways. The statistical significance of a regional metabolic change was 

given in Z scores. The Z-value is the amount of difference between the target group mean 

value (the treatment condition, in this s旬dy)and the control mean value, divided by 

standard deviation of the control values [(Meantargct-Meanco附01)/SDcontro11.Empirically in 

SPM analysis, a Z score higher than 3.0 (approximately co汀・espondingto p<O .001) is 
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roughly considered as statistically significant. The location of each statistical peak was 

identified based on a co-planar stereotaxic atlas of the human brain. Statistically significant 

訂・easwere superimposed on the standard MRI brain template images (Fig. 2) 6>. 

Results 

In the MRI analysis, nine subjects were classified into the SB anterior group, and 

11 subjects were classified into the SB posterior group in this study. No subject was 

divided into the normal group in the present study. Apparent angle changes were observed 

between pre-and post-CSM MRI images in both groups. In the SB Anterior group, SBA 

was decreased in 8 subjects on出epost-CSM MRI images except for one subject who 

showed a slight increase in the angle (Table 1). Decrease in both LSDA and LLA were 

observed in all 9 subjects (Table 1). In SB Posterior group, increasing of SBA was seen in 

10 subjects, and no change was seen on one subject on the post-CSM MRI images (Table 1). 

Increased LSDA and LLA were observed in all 11 subjects (Table 1). 

FDG-PET analysis revealed significant changes in regional cerebral metabolism 

between resting and treatment conditions. Increased glucose metabolism was observed in 

the inferior pre合ontalco目ex(BA 47), perigenual anterior cingulate cortex (BA 32), and 

middle temporal gyms (BA 21) whereas decreased glucose metabolism was observed in the 

cerebellar vermis and visual association cortex (BA 19) in the treatment condition with 

comparison to resting condition (Fig. 2, Table 2)6>. 

Subjective and objective measu問 Sindicated significant differences. SRS・18scores 

were significantly lower in the treatment condition (p<0.01), and VAS was also lower after 

CSM (pく:0.001). Measurements of cervical muscle tone revealed significant differences 

after CSM (right: p<0.002, left: pくOβ01). Reduced salivary amylase values were also 

observed in treatment condition (p< 0.02)6>. 

Brain regions with metabolic increase in the甘eatmentcondition, and the regions 

with metabolic reduction in the treatment condition (Table 2 and Fig. 2). Both figures 

demonstrate results of voxel-by-voxel comp紅isonof regional brain glucose metabolic 

images using statistical parametric mapping (SPM) (height threshold: p<0.001, extent 

threshold: 10 voxel minimum) 6>. 

Discussion 

Results of the MRI study indicated app訂entchanges of measurements on the 
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post-CSM MRI images compared to pr・・e-CSMMRI images; however, two subjects did not 

show same kinds of changes on SBA measurement. One subject showed slightly increased 

angle in SB Anterior group, and the other indicated no change of the angle in SB Posterior 

group while measurements of LSDA and LLA on these two subjects showed same kinds of 

changes as others. It is clearly demonstrated that this phenomenon is caused by balancing 

effect of CSM on the alignment of the lumbar spine and the sacrum. 

The measurements of SBA and LLA after CSM in this study were lower relative to 

the average value (SBS: 41.0／主7.0 degree) or normal range (LLA: 50～60 degree) of出ose

angles in an article. These differences seem to be caused by recumbent position of the 

subject during imaging. Yochum and Rowe stated th剖 thevalue of average SBA increases 

from recumbent to the upright position by 8 to 12 degree7>. Additionally, Andreasen et al. 

indicated that it is possible to reproduce the lumbar lordosis in the supine position by 

positioning the patient supine with straightened lower extremities8>. Beattie et al. reported a 

mean difference between the flexed and straightened lower extremities in the supine 

position are 12.2 degree9>. Therefore, the mean values of LLA after CSM in this study are 

within or close to the normal ranges of SBA and LLA. 

In the present study, the most significant change was detected in the cerebellar 

vermis, which was deactivated in the甘・eatmentcondition compared to the resting condition. 

The cerebellar vermis is considered to be playing a role in pain perception. Neuroimaging 

studies revealed a pattern in the cerebellar activation during pain response10>. In addition, 

the cerebellar vermis is thought to be involved with the autonomic nervous system10>. Thus, 

deactivation of the cerebellar vermis may be related to pain reduction and reduced 

sympathetic tone in this study6>. The perigenual anterior cingulate cortex, inferior 

prefrontal cortex, and middle temporal gyrus were activated in the treatment condition in 

the present study. The cingulate cortex and inferior pre frontal co口exare known to be 

involved in the generation of autonomic responses11>. Thus, the results of the present study 

suggest that activation of the perigenual anterior cingulate cortex and inferior prefrontal 

cortex may arise from sympathetic relaxation. In conclusion, the present study might 

demonstrate effects of one CSM in the treated peripheral s甘ucturesand in CNS. Further 

neuroimaging studies are needed on effects of CSM6>. 
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Table 1. Comparisons of angles betweaen before and after CSM. 

Group Before After P Value 

Mean (SD) Mean (SD) 

SBA SBA 39.2 （＋／.・4.9) 35.3 (+/-4.9) p=0.001 

SBP 31.3 （＋／・3.8) 35.0 （＋／.・3.9) p=0.0001 

LSDA SBA 16.0 （＋／・3.5) 11.5 (+l・3.7) p=0.001 

SBP 12.7 （＋／・2.8) 16.0 （＋／・2.9) p=0.001 

LLA SBA 45.7 （＋／・4.9) 38.9 （＋／・5.2) p=0.001 

SBP 37.0 （＋／・3.7) 41.9 （＋／・5.2) p=0.000001 

Abbreviations: SBA=Sacral Base Angle, LSDA=L5・S1 Disc Angle, LLA=Lumbar 
Lordosis Angle, SB A=Sacral Base Anterior, SB P= Sacral Base Posterior, SD=Standard 
Deviation. 

Table 2. Activation/Deactivation areas after CSM. 

Anatomical coordinates Brodmann Z score 

Region x,y,z (mm) Area (BA) 

Activation IPC 54 24 -8 47 3.82 

MTG -48 -36 0 21 3.73 

Deactivation PACC 22 24 38 32 3.48 

CV 4 -42 -18 4.62 

VAC 4 -90 24 19 3.64 

Abbreviations: IPC=lnferior Pre合ontalCortex, MTG=Middle Temporal Gyms, 
PACC=PACC=Perigenual Anterior Cingulate Cortex, CV=Cerebellar 
Veロnis,VAC=VisualAssociation Cortex. 
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Figure l . Angle m巴asurementson MRI images. Sacral Base Angle (LEFT), LS・SlDiscAngle (MIDDLE), 

Lumbar Lordosis Angle (RIGHT) 

Figure 2. Results of FDG-PET Analysis Regional activation (Left) and deactivation (Right) due to 
chiropractic spinal manipulation. Brain regions showing a metabolic increase (Leれ）and a metabolic reduction 

(Right) in出巴treatmentcondition. Both figures d巴monstrateresults of voxel-by-voxel comparison of regional 
cer巴bra!glucose metabolic images using statistical parame凶cmapping (SPM) (height threshold: pく0.001, 

ext巴nt出reshold:IO voxel minimum). 
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Introduction 

Deficits in the neocortical cholinergic system are more pronounced in Dementia 

with Lewy bodies (DLB) than in Alzheimer’s disease (AD)1>, and are more severe in 

p剖ientswith hallucinations 1 ・2>. Treatment with cholinesterase inhibitor (ChEI) reduces the 

severity of hallucinations as well as improving general cognitive function 1ム4>. Using 

technetium-99m hexamethyl-propyleneamine oxine (99mTc-HMPAO) single photon 

emission tomography (SPECT), some authors showed the relationship between the 

improvement of visual hallucinations (VHs) and the increase of the occipital perfusion•.s>. 

Mori et al.5> reported serial cerebral blood flow (CBF) in DLB by 99mTc-HMPAO SPECT 

before and after dobepezil treatment. They showed an increased regional CBF (rCBF) in 

lateral surface of bilateral occipital lobes coη・esponded to visual association cortices5>. 

0’Brien et a1.1> compared how changes in brain perfusion over 1・yearperiod were related to 

changes in the severity of core features of DLB, and found a significant correlation between 

an increase in perfusion in midline posterior cingulate and decrease in the severity of VHs. 

In the O’Brien’s study, the duration of donepezil intake was not controlled, so the authors 

suggested that the effect of donepezil of the reduction in VHs was likely to be in part. 

In order to ascertain the functional alteration of occipital cortex by the treatment 

with ChEI, we performed the investigation of the metabolic and symptomatic changes 

during donepezil treatment in DLB with VHs using FDG-PET. 

215 



Methods 

Participants 

The study included 13 patients (age 80.0±4.0 years; 7 women) with DLB with VHs, 

who were living with a responsible caregiver. The diagnosis of DLB was established by 

consensus of 2 experienced clinicians according to consensus guidelines6>. All participants 

fulfilled diagnostic criteria for probable DLB, but, because of the nature of this s旬dy,a

history of VHs was a mandatory inclusion criterion5>. 

After the first PET scan, all patients were treated for 12 weeks with donepezil 

according to Japanese dosing guidelines5>. Donepezil was commenced at 3 mg/day. After 2 

weeks, patients were reassessed for adverse effects. Patients who were tolerating then had 

their dose titrated up to 5 mg/day for remaining 10 weeks. The second PET scan was 

performed approximately 3 months after the first one. 

For the neuropsychological assessment, the Mini-Mental State Examination 

(MMSE), and the category-B (Hallucination) of the Behavioral Pathology in Alzheimer’s 

Disease Rating Scale (BEHAVE-AD) were administered-at baseline and 12 weeks. MMSE 

was used for the assessment for global cognitive function. The category-B (Hallucination) 

of BEHAVE-AD was used for the assessment of VHs (VH score). 

PET data acquisition 

The PET study was performed using a model SET 2400W scanner (Shimadzu, 

Kyoto, Japan; axial) under resting condition with eyes opened. This scanner acquires 63 

image slices at a center-to-center interval of 3.125 mm and has a spatial resolution of 3.9 

mm白IIwidth at half maximum (FWHM）如da Z-axis resolution of 6.5 FWHM at center 

of field of view7>. The PET room was kept lighted and quiet. A short cannula was placed 

in a cubital median vein for blood sampling. Transmission scan (6 minutes (min)) was 

performed with a 68Ge/68Ga external rotating line source, approximately 30 min after an 

intravenous bolus injection of 185 MBq of 18F-FDG. 40 min after the injection, 2D 

emission scan ( 10 min) was performed for quantitative analysis followed by 3D emission 

scan (5 min). A blood sample was collected at 40 min after the i吋ectionand 18F 

radioactivity was measured with a well-type scintillation counter. The plasma glucose 

concentration was also measured 40 min after the injection. The time activity curve was 

estimated from the plasma radioactivity according to a simplified method8>. The same 

procedure was used in a post-treatment PET scan. 
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Image analyses 

RO/method 

Cerebral metabolic rates for glucose (CMRglc) parametric image were obtained 

from each 2D image by the autoradiographic method. Quantitative analyses were 

performed with conventional region of interest (ROI) settings using Dr. View/LINUX 

software (AJS, Japan). Circular ROis (10 mm diameter) were placed on the cortical ribbon 

of medial and lateral occipital region on the CMRglc images. Two ROis were placed on 

medial and lateral occipital lobe in each hemisphere on five serial slices (20 per each 

region). Regional CMRglc (rCMRglc) were obtained from mean values of ROis placed on 

each region. The post-treatment CMRglc image was coregisterd to the pre-treatment image 

by SPM2 (Wellcome Department of Cognitive Neurology, London, U.K.) in each 

participants, and was analyzed using common ROis to eliminate possible rater’s 

arbitrariness. The detailed methodology has been described previously9・10>. The changes of 

rCMRglc were analyzed by the paired t-test. The normalized rCMRglc values by the 

cerebellar CMRglc were also used on account of intersubject variability. 

Outcome 

The assessment of the change of VHs was performed usmg the score of category-B 

of BEHAVE-AD (VH score) at pre-and post-donepezil町eatment. The changes of 

neuropsychological tests were analyzed by the Wilcoxon signed-ranks test. Spearman’s 

rank correlation test was used to examine the correlation between change in VH score and 

that in occipital CMRglc. 

Results 

Clinical outcome and changes in neuropsychological tests 

VHs in 6 participants were completely disappeared after donepezil administration. 

Figures 2 and 3 show the results of MMSE and category-B of BEHAVE-AD (VH score）剖

pre圃 andpost-donepezil treatment, respectively. There were significant changes in VH 

score (p=0.009). Among 13 participants, 10 participants showed the decreasing VH score, 

namely improvement of VH, at the post-donepezil treatment, 2 no change, and only 1 

participant (Pt. 9) increasing score (worsening of VH). The change of MMSE was 

insignificant (p=O .579). 
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ROI: Changes in F・CMRglc

The rCMRglc in medial occipital cortex was significantly decreased (mean±S.D.: 

pre 7.86士1.90;post 6.72±1.09 mg/100 g/min., p=0.044) though the decrease in lateral 

occipital cortex was insignificant (pre 6.52±1.89; post 5.71±1.08 mg/100 g/min., p=0.15). 

As for the correlation between changes in VH and rCMRglc in medial and lateral occipital 

cortex, the scatter plot graphs show a positive correlation between VH score and rCMRglc 

in medal and lateral occipital cortex (medial: rs=0.783, p=0.002; lateral: rs=0.716, p=0.006). 

About the VH score change, no significance was detected between the patients with 

increased and decreased rCMRglc in medial and lateral occipital cortex by donepezil 

tre剖ment(medial: p=0.125, lateral: p=0.088). 

Discussion 

The present PET study demonstrated that the VH in DLB patients was improved 

by donepezil treatment, and that the improvement was significantly correlated with the 

metabolic change of occipital cortices. The results of the present study are different, in the 

following two points, from those of two SPECT studies which investigated the correlation 

between the donepezil treatment for VHs and cerebral perfusion change: brain regions 

within the occipital lobe, and the increase or decrease of its perfusion. First, about the 

difference of brain regions, previous studies showed the alteration of cerebral perfusion at 

lateral surface of bilateral occipital lobes5> and right posterior cingulate gyrus1>. The latter 

region was included in our study, and we also observed metabolic change at left medial 

occipital lobe (BA 18) which belonged to a primary visual area. Second, the functional 

change of the present study was quite contrary to that of reported literatures: by the 

donepezil treatment, occipital metabolism was decreased in our study and its perfusion was 

increased in the literatures i .s>. We紅esurprised at出eopposite result of cerebral 

metabolism/perfusion by the donepezil treatment between the present and previous two 

studies1.s>, but it is possible that this difference was caused by the analytic procedure. For 

the image analyses, Mori5> and O’Brien 1> used the SPECT, and the quantitative assessment 

was not c紅riedout. 

We found a significant positive correlation between change in VH score and 

metabolic change in medial and lateral occipital cortex. Pe汀yet al. 2> reported that the 

extensive loss of cholinergic cells correlated with VHs in DLB. Imamura et aI.11> revealed 

that the hypometabolim in the right posterior temporal and parietal areas was significantly 

218 



milder in DLB with VHs than in DLB without VH. They suggested that the 

hypometabolism in the primary visual cortex and the relatively preserved metabolism in the 

temporoparietal association cortices might be associated with the occu町・enceof VHs in 

DLB patients. A relatively higher glucose metabolism for the neuronal loss in occipital 

lobe may underlie the development of VH in DLB. Donepezil may be effective for VH by 

modifying this disproportion. 
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Introduction 

After a few days of consecutive exercise, people often feel positive psychological 

changes not only immediately but also the next day after exercise, despite their fatigue not 

recovering completely. Our purpose was to study a p訂tof the mechanism of this positive 

psychological change. We observed the change in regional brain activities 24 hr after four 

days consecutive exercise using positron emission tomography (PET) and 

18Fluorine-fluoro-deoxy-glucose ('8F-FDG）・

Methods 

Subjects we陀 ninehealthy male volunteers (age, 21.2±1.9 years, means ± SD). 

Subjects performed the intermittent exercise during four continuous days. PET scans were 

performed two times, before the exercise period and 24 hr after the exercise period. During 

the exercise period, subjects pedaled a bicycle ergometer for 90 min two times a day (total 

180 min) at workloads of 55% of maximum aerobic power (V 02max). All subjects refrained 

from eating and drinking at least 6 hr before PET scan. Before PET scans, all subjects were 

requested to rest on a bed for 30 min. After 18F-FDG (37 MBq) injection, subjects 

continued to rest for an additional 30 min. After the rest, a whole brain three-dimensional 

(3D) static emission scan was performed. The voxel-based statistical analysis of the 

relative parametric glucose metabolic rate images was conducted using the Statistical 

Parametric Mapping0 software version 2002 (SPM2) and Matlab 6.5.1 for Windows (Math 
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Works, Natick, MA, USA). For statistical analysis, all pixel values were normalized to佃

紅bitr紅yglobal mean value of 50 mg/100 ml/min by ANCOV A，泊 orderto exclude the 

effects of inter-subject variability in global cerebral glucose metabolism. A p泊redt-test 

was applied to each voxel; only voxel clusters were kept wi血 voxelscorresponding to 

p<O .001 in a single test and clustcr size of 50 voxel minimum, in two ways (before血e

exercise period -after exercise 24 hr later，組d24 hr after exercise-before the exercise 

period). Subjects results were recorded on也eMood checklist-short form 2 (MCL-S .2), 

visual analogue scales (VAS) as a subjective index and critical flicker fusion frequency 

(CFF). 

Res凶飽

18F-FDG uptake of the left anterior c泊gulatecortex (ACC) was sig凶fic姐 tlyhigher 

24 hr after exercise血anbefore the exercise period (uncorrected, p<0.001, Fig. 1）.百ie

fatigue VAS was significantly elevated on白.e3n1 and血.e4th exercise days comp紅・edwith 

the value before the exercise period (p<0.01 and p<0.05). Fatigue VAS, 24 hr after 

exercise recovered to the level before the exercise period. CFF of由e4血exerciseday was 

significantly lower白anbefore the exercise period (p<O .05), and CFF at 24 hr after exercise 

had declined more (Fig. 2). Pleasure score declined significantly合om2nd to 4th exercise 

day as comp釘・edwi白血atof before血eexercise period (p<O .05), and it recovered 24 hr 

after exercise. 

Discussion/Conclusion 

百ieseresults demons位ated血atsubjects would be tired at least neurophysiologically 

(CFF decrease), but they would not feel much fati思1eor s住・esspsychologically 24 hours 

after exercise. 百risdiscrepancy on recovery between the CFF，血eple邸urescore, and 

fatigue VAS level might be related to血eACC function. 
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Figure I. The t-statistics superimposed on the subject's average MR brain image. 
Increase in normalized 18F-FOG up take on left Anterior cingulate cortex (ACC) (Brodmann 32) 
after exercise 24 later in comparison with that of previous exercise period. Statistical threshold 
was set at P<0.001 (uncorrected) for height threshold and 50 voxels minimum for extent threshold. 
A:sagittal view, B:cornnal view, C:anxial view. 
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Figure 3. Change in MLC-S.2 
factor scores during experiment. 
A; Relax score, B; Pleasure and 
C; Anxiety score during 
exercise period. Values are 
expressed as means ±SO. 
本p<0.05vs. previous exercise 
period. Number of subjects are 
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Shoulder pain is a common symptom of patients with rotator cuff tears, which may 

need to be surgically repaired if the conservative treatment does not work. On the other 

hand, a considerable number of people are found to have rotator cu首tearswithout pain in 

general population 1・3>. However, differences between patients with symptomatic and 

asymptomatic rotator cuff tears have not yet been 白llyclarified. 

Recently, muscle activities during exercise were success向llyevaluated by positron 

emission tomography (PET) using fluorodeoxyglucose (FDG). PET is a nuclear medicine 

tool for quantification of regional blood flow and tissue glucose metabolism in vivo. Once 

18F-FDG is taken up by the muscle cells, it remains in the cells as FDG・6・phosphateafter 

phosphorylation; therefore, 18F-FDG accumulation in the muscle can be used as a parameter 

of glucose intake by the muscle or the muscle activity. 

Nowadays, FDG圃PETis widely used for the assessment of skeletal muscle activities, 

especially in the area of sports medicine4"6>. However, application of FDG-PET to shoulder 

muscles remains sparse7・8>. Omi et al. established the standardized experimental protocol 

for shoulder scaption exercise for FDG-PET measurement8>. 

We hypothesized that muscle activity pa抗emsduring arm elevation were different in 

patients with symptomatic and asymptomatic rotator cuff tears. The purpose of the present 

study was to compare the muscle activities detected by FDG-PET during shoulder scaption 

exercise between patients with symptomatic and asymptomatic rotator cuff tears. 
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Materials and Methods 

The experimental protocol of the present study was approved by the Institutional 

Ethics Committee, and a signed consent form was obtained合omeach patient prior to 

FDG-PET examination. 

Subjects 

Subjects evaluated in the present study were divided into three groups 

(asymptomatic, symptomatic, and control). Twelve shoulders in 11 patients (five males and 

six females) with full・thicknessrotator cuff tears were included in the present study. The 

average age of the patients was 69 years. In all patients, the presence of a full-thickness 

rot剖orcuff tear was confirmed by magnetic resonance imaging (MRI). To standardize 

patient conditions, we included rotator cuff tears involving the supraspinatus alone or 

involving the supraspina旬sand the infraspinatus. The tear size was categorized with its 

longest diameter as small (<1 cm) for two patients, medium (1-3 cm) for eight p剖ients,and 

large (3-5 cm) for two patients. Patients who had partial-thickness or massive rotator cuff 

tears (>5 cm) were excluded. Patients with any history of shoulder surgery, metabolic 

disease, or diabetes mellitus were also excluded. 

To divide patients with rotator cuff tears into symptomatic and asymptomatic groups, 

patients were asked to grade the pain at rest as well as at movement on a numerical rating 

scale (0・10).When the highest pain score in these scores was equal to or less than 1, the 

rotator cuff tear was defined as asymptomatic. When the highest pain score in these scores 

was greater than 3, the rotator cuff tear was defined as symptom剖ic.In the control group, 

six shoulders of six healthy, age-matched volunteers were analyzed (three males and three 

females, average age, 73.8). 

Experimental protocol 

Experimental protocols for both shoulder scaption exercise and FDG-PET 

examination were previously established by Omi et al.8) FDG was i吋ectedafter scaption 

exercise of bilateral arms (200 repetitions in 10 minutes) in the scapular plane using a 

weight of 0.25 kg (Steel Band; Tiger Medical Instruments, Osaka, Japan), which was fixed 

to the wrists. After FDG injection, the subjects were asked to repeat the same exercise (Fig. 

1). 
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PET examination 

Using a PET scanner (SET-2400W; Shimadzu Inc., Kyoto, Japan) with an intrinsic 

spatial resolution of 3.9 mm full width at half maximum, a set of emission scans in the 

three-dimensional data acquisition mode was obtained企omthe base of the neck to the 

middle of the upper a口n50 min after FDG injection. The axial field of the view of this 

scanner was 200 mm, and images were obtained by performing two incremental scans, 

which took 8 min each. Using a 68Gefa8Ga external rotating line source, transmission scans 

(lasted 5 min each) were obtained a食erthe emission scans (post-injection transmission) to 

coηect tissue attenuation. All data were corrected for dead time, decay, and measured 

photon attenuation. They were reconstructed into a 128×128×63 matrix for a set of 

three-dimensional volume images using Fourier rebinning9> and the ordered subset 

Expectation-Maximization 10> algorithm with the aid of a supercomputer SX-7 at the 

Information Synergy Center, Tohoku University. 

MRI exαminαti on 

MRI was performed on both shoulders of all subjects for the purpose of image白sion

using the FSE・XLSequence (Signa Horizon LX I.ST Ver.9.1; GE Healthcare, Milwaukee, 

Wisconsin, USA). Measurement conditions were as follows: repetition time/echo time was 

300(}185 ms, number of excitations was one, field of view was 46 cm, number of matrices 

was 512×512, slice thickness was 3 mm, and slice gap was 1.5 mm. 

Image analyses 

The PET images were白sedwith MR images at the same level using a specialized 

so抗wareDr. View/LINUX (AJS Inc., Tokyo, Japan), which enabled us to delineate the 

contour of each muscle (Fig. 3). Subsequently, the volume of interest (VOi) was placed on 

the MR image for each shoulder muscle. 

Then, SUV was calculated to quantify the activities for each VOi using the 

following equation: 

mean VOi count ( cps/g）× body weight (g) 
SUV= 
iniected dose (MBq）× calibration factor (cps/MBq) 

SUV is the ratio of the amount of FDG accumulated in a certain VOi compared to the 

situation, where FDG is distributed equally over the whole body. 
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Statistical analyses 

One-way factorial analysis of variance followed by the Tukey’s multiple 

comparison test was employed for multiple comparisons of SUV s in each portion of the 

shoulder muscle between the three groups. P<0.05 was considered statistically significant. 

Results 

The PET瓜lfRIfusion image in the coronal plane clearly exhibited an increased 

uptake of FDG in the trapezius of the symptomatic group. Interestingly, the uptake was 

rather decreased in the deltoid of the symptomatic group compared to the asymptomatic 

group (Fig. 4). In the axial plane, uptakes of FDG both in the trapezius and the levator 

scapulae were greater in the s戸nptomaticgroup than in the asymptomatic group (Fig. 5). 

SUV of the middle deltoid in the symptomatic group was significantly lower than 

that in the asymptomatic or control group (Table 1 ). The average SUV s of rotator cuff 

muscles are shown in Table 2. SUV of the supraspinatus in the symptomatic group was 

significantly lower than that in the control group. On the other hand, SUV s of other rotator 

cuff muscles did not show any significant differences among the three groups, although the 

symptomatic group represented lower muscle activities than the other two groups (Table 2). 

The average SUVs of the scapular muscles are shown in Table 3. In comparison 

among the scapular muscles, SUV of the superior portion of trapezius was significantly 

higher in the symptomatic group than the other two groups (Table 3). In the levator 

scapulae, SUV was significantly higher in the symptomatic group than in the asymptomatic 

group (Table 3). 

Discussion 

Results of the present study clearly demonstrated that the middle deltoid activities 

were significantly lower in the symptomatic group than in the other groups. The 

supraspinatus activities were significantly lower in the symptomatic group than in the 

con廿olgroup. The scapular muscle activities were significantly higher in the symptomatic 

group than in the other groups. 

A consensus exists that the deltoid is the most important elevator of the arm in the 

scapular plane11>. Several asymptomatic simulation studies were conducted to clari今the

cause of decreasing deltoid activity. ltoi et al. reported that abduction strength was 

significantly increased after pain block12>. Recently, Cordasco et al. supported that 

subacromial in ection of local anesthetics improved the deltoid firing in patients with 
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symptomatic rotator cuff tears13>. Furthennore, Scibek et al. reported也atglenohumeral 

elevation increased significantly with decreasing scapular upward rotation after pain 

block14>. On the basis of these previous studies, we assumed that the decreased deltoid 

activity observed in symptomatic p副entsmight be substituted by也eincreased activities of 

the superior甘apeziusand levator scapulae. 

In conclusion，世iemuscle activity pa仕emduring shoulder scaption di貸eredbetween 

rotator-cu年tearpatients with and without S戸nptoms. Dysfunction of the rotator cuff 

muscles caused by tendon tearing seemed to be compens剖ed by the deltoid in 

asymptomatic patients and by the scapular muscles in symptomatic patients. 
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Table 1. SUV泊each£2rtion of也edeltoid 

Deltoid slmetomatic asl!!!etomatic con甘ol

an tenor 
0.885土0.151 1.425土0.551 1.306土0.362

middle 
1.378土0.494事鳥.b 2.413土0.273寧民 2.196土0.540事b

postenor 1.108土0.201 1.462土0.341 1.397土0.155

Values are也emean土SD.匂：p<0.01，句：p< 0.05 When ANOVA resul旬din significance at 95%, 
也eTukey HSD post-hoc test W槌 applied.

Table 2. SUV of the cuff muscles. 

Supraspinatus 
Subscapularis 
superior 
middle 
inferior 
lnfrasplnatus 

symptomatic 

1.738土0.456・b

1.792土0.228
1.360土0.166
1.262土0.148

asymptomatic control 

1.895土0.426 2.479土0.542・b

2.589土1.118 2.411土0.502
2.030土0.933 1.888土0.442
1.528土0.434 1.502土0.190

ANOVA e value 
0.071 

0.0030 

0.0546 

ANOVA p value 

0.0402 

0.167 
0.163 
0.239 

superior 1.1 OS土0.240 1.348土0.398 1.426土0.266 0.206 
泊ferior 0.924土0.188 1.260土0.475 1.151土0.231 0.218 
Tere11 minor 0.364 1.194土0.125 1.338土0.298 1.352土0.150

Values are也emean土SD.*b : p < 0.05 When ANOVA res凶旬d担si伊ificanceat 95%，血eTukey HSD post-hoc test 
W錨 applied.
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Table 3. SUV in the scapular muscles. 

symptomatic 

Traoezius 

asymptomatic control ANOV A p value 

supe.rior 1.615 ± 0.441 ..,.b 0.791 土0.331・・ 1訓 9± 0.129・b 0.0016 
inferior 1.011 ± 0.135 0.784土0.I 76 0.867 ± 0.154 0.0665 
Leva tor scapulae I .449土0.290b 0.988土0.235b 1.21 l土0.192 0.0168 
Rb。mboids 1.181土0.132 0.979土0.153 1.064士0.122 0.0645 
Scrratus anterior 1.259 ± 0.172 1.602 ± 0.463 1.406土0.171 0.177 

Values釘e出emean土SD.吋 ：p< 0.01，句： p< 0.05 When ANOVA resulted in significance at 95%, the Tukey HSD 
post-hoc test was applied. 

・30
_20 Scaption cxc回isc(IOmin)

0 FDGi町民tion 

10 
S日ptioncxc印刷：（IOmin)

20 

SO(min) Pピr民anning

Figure I. PET examination protocol. Scaption 

exercises were performed for I 0 min before and after 

FDG injection. PET scanning was initiated 50 min 

after FDG i吋ection.

228 

Figure 2. Photographs of 

scaption exercise. The scapular 

plane was defined as a plane出at

inclines 30。anteriorly合omthe 
coronal plane. The exercise 

consisted of 200 repetitions of 

elevation in the scapular plane 

命om0 to 90。withweights of 
0.25 kg tied around the wrists. 

The exercise was performed at a 

constant speed of 90°/s 



(a) 内
V

(c) 

Figure 3. The MR image of axial view (a), the PET image at the same plane as the恥R image (b ), and the 
MR image fused to the PET image (c). A fusion image enabled to determine the exact location of each 
muscle precisely. High FDG upt北eswere observed in subscapularis and deltoid muscles. The color scales 
indicate the pa悦emof FDG uptake. Red indicates maximum FDG uptake (Right shoulder at the level of 
humeral head, H: humeral head, G: glenoid; D: deltoid, S: subscapularis). 

(a) (b) 

Figure 4. The typical muscle activity pa伐emobserved in as戸nptomaticand symptomatic patients (coronal 

view of PET＆侃Ifusion images) The symptomatic patient (b) showed an increased activity of trapezius 
(yellow arrow) and a decreased activity of the deltoid (red aπow) compared to the asymptomatic patient (a). 

(a) (b) 

Figure 5. The typical muscle activity pa仕emobserved in asymptomatic and symptomatic patients (axial view 

of PET/MRI fusion images) 
The symptomatic patient (b) showed an increased activity in both the levator scapulae (yellow a汀ow)and 

trapezius (red arrow) compared to the asymptomatic patient (a). 
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Vlll. 18. Evaluation of Skeletal Muscle Activity of Rower Limb Based 
on Surface and Deep Layers in Humans in vivo: A PET Study 

Masud MM. 1, Fujimoto TλWatanuki S人MiyakeM人andTashiro M.1 

1Division o/Cyclotro~ Nuclear Medicine, Cyclotron and Radioisotope Center, 
Tohoku University 

2Center for the Advancement of Higher Education, Tohoku Universi砂

h仕oduc値on

Nowadays, the physiological research加valvingskeletal muscle demons住atesa 

growing interest in sport medicine and rehabilitation science. Positron emission 

tomogr叩by(PET) is a useful imaging tool which elucidates individual skeletal muscle 

activity泊 humansin vivo. Reduction of radiation expos町eto the healthy human 

volunteers is an advantage 0f出isthree dimensional positron emission tomography 

technique (3・DPET). 2・Deoxy・2・［18町fluoro・D・glucose([18円FDG),an analogue of glucose, 

has been established as a valuable位acerfor glucose metabolism t .2>. After adminis位ationin 

由e body, [18町FDG is 住~pped inside the cell after phosphorylation up to 

[18F]FDG・6・phosphatein由epresence of hexokinase enzyme. 百ierefore，血e位apped

[18F]FDG・6・phosphateinside cell reflects glucose metabolism at rest and after any task. 

百iis位appingna同reof [18円FDGis beneficial for imaging evaluation of skeletal muscle 

activity. Previous investigators assessed individual skeletal muscle activity of lower l泊lb

after exercise task (running) using [18F]FDG and PET technique3・4>. However, until now, 

the imaging evaluation of lower limb skeletal muscle activity associated with surface and 

deep layers has not been done elaborately using [18F]FDG and PET旬ch凶que.

h 血epresent investig~tion, we凶edto elucidate the skeletal muscle activity of 

出ighin respect of surface and deep layers using PET imag泊gtechnique. 

Materials and methods 

Ten healthy male volunteers (average age, 21.2±1.6 ye紅s)were enrolled in出is

investigation. A written informed consent was taken from each subject before the 
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investigation was started. The study protocol was approved by the Ethics Review 

Committee of Tohoku University Graduate School of Medicine. All the subjects abstained 

from eating or drinking at least 5 h prior to the start of the investigation. Each subject was 

studied twice-at rest and after exercise (ergometer bicycle pedal at 55% V02m出 workload).

In task condition, each subject was studied on two separate days within 3-week-long 

period with an interval of at least 2 days. Subjects’V02m蹴 wasmeasured after an 

intermittent ergometer bicycle exercise task (Monark 818E, Monark, Varberg, Sweden). 

The oxygen consumption rate was determined by an automated metabolic unit machine 

(AE280・S,Minato, Osaka, Japan). The V02max was measured by the discontinuous method 

(5) and the power (watt) of the workload was determined at 55% V02max・ Before 

investigation, subjects rested for 20 min in a dimly lit and quiet room. A Teflon catheter 

was inserted into the antecubital veins of left hand to measure plasma radioactivity and 

glucose. Another Teflon catheter was inserted into the antecubital veins of opposite hand 

for [18F]FDG injection (dose, 1.15 ± 0.11) (mean± SD). The subjects performed 時 ometer

bicycle pedal for 30 min following after [18F]FDG injection to accomplish a total of 40 min 

exercise task. 

After exercise and urination at around 45 min following intravenous [18F]FDG 

injection, a set of whole-body emission scan was done with transaxial spatial resolutions of 

4.4, 5.4, and 3.9 mm at full width half maximum in the tangential, radial and axial 

directions, respectively. Whole-body emission scan (3 min×9 frames) was performed from 

the knee joint to the vertex followed by transmission scan (3 min×9 frames). The 

post-i吋ectiontransmission scan was performed with a 68Gef'8Ga external rotating line 

source (370 MBq剖purchase).

In addition, all the subjects were studied at resting control condition maintaining 

the similar study protocol with exercise task. In resting control study, subjects sat on chairs 

with eyes open following after intravenous [18F]FDG i吋ection(40.7±7.0 MBq) (mean土

standard deviation, SD) for 40 min in a dimly lit and quiet room. 

MRI measurement 

MRI scan was performed in the thigh region (from knee joint to the hip joint) using 

Spin Echo Sequence (MR Vectra, GE Yokogawa, Tokyo, Japan) at 0.5 or 1.0 Tesla. The 

measurement conditions are mentioned as following: 

Repetition time/Echo time was 330/20 ms, number of excitations was 3, the field of view 
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was 45 cm, number of matrix was 224×128, slice thickness was 10 mm and a gap between 

slices was 3 mm. 

Data analysis [ROI] 

PET image data was analyzed based on regions of interest analysis (ROls) on the 

skeletal muscles of thigh region. ROis were drawn on quadriceps group muscles of thigh 

region -vastus lateralis (VL), vastus intermedius (VI), VM (vastus medialis), based on 

surface and deep layers. Here, VM muscle was analyzed according to surface and deep 

layers by drawing an imaginary line between mid-points at transaxial direction, referring 

VMs (vastus medialis surface) and VMd (vastus medialis deep), respectively. The location 

of individual skeletal muscle was determined from their respected MRI images, as 

anatomical reference. Therefore, coregistration of PET data (thigh) to the MRI data (thigh) 

was performed using statistical parametric mapping software (SPMげ.ROis analysis was 

done by using image processing software, Dr. View (Asahikasei Joho System Co. Ltd. 

Tokyo, Japan). 

Semiquantification analysis (standardized uptake value, SUV) for individual skeletal 

muscle of thigh (surface and deep layers) was performed by using the following formula: 

Mean RO!cts (cps/ pxls）×Body weight(g) 
SUV= 
Injected dose (MBq）×Calibration factor (cps/ MBq) 

Statistical analysis 

For statistical analysis, nonparametric Wilcoxon signed rank test was performed for 

two conditions (resting control and exercise task), in terms of skeletal muscles of surface 

and deep layers. The significant difference was set at P < 0.05. 

Results 

SUV ([18F]FDG uptake) was shown significantly increased (pく0.50)in the skeletal 

muscles of both surface and deep layers (surface: VL, VMs, and deep: VI, VMd) after 

exercise (55% V02mwJ, when compared with the resting condition (Fig. 1). In another, 

SUV in thigh skeletal muscles based on surface and deep layers was shown in Fig. 2 and 

Fig. 3, respectively. In the resting condition and after exercise (55% V02max), SUV was 

significantly increased (p < 0β5) in the deep muscles (VI and VMd) than surface muscles 

(VL and VMs) (Fig. 2 and Fig. 3). In another, SUV ([18F]FDG uptake) of exercise to rest 
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ratio in the surface and deep skeletal muscles was shown in Fig. 4 and Fig. 5, respectively. 

It revealed that SUV of exercise to rest ratio was relatively higher in the surface muscles 

(VL and VMs) than deep muscles (VI and VMd) of thigh (Fig. 4 and Fig. 5). 

Discussions and Conclusion 

The present investigation evaluated glucose metabolic distributions in different 

skeletal muscles of thigh (quadriceps group) at two conditions -at rest and after exercise 

(ergometer bicycle pedal at an intensity of 55% V02max). [18F]FDG and PET imaging 

technique was applied for the evaluation of skeletal muscle activity, based on surface and 

deep layers. It was found that [18F]FDG uptake (SUV) by the thigh skeletal muscles of both 

surface (VL, vastus later is and VMs, vastus medialis surface) and deep layers (VI, vastus 

intermedius and VMd, vastus medialis deep) was significantly higher (p < 0.05) after 

ergometer bicycle exercise (55% V02rr 

another, [18F]FDG uptake (SUV) by the skeletal muscles of deep layer (VI and VMd) was 

higher (p < 0.05) than surface layer (VL and VMs) both at resting condition and after 

exercise. However, [18F]FDG uptake (SUV) of exercise to rest ratio by the surface muscles 

(VL and VMs) was higher than deep muscles (VI and VMd). 

Quadriceps group muscles of thigh has a dominant role in locomotion (walking, 

running, jogging or bicycle pedal). Therefore, it is noteworthy to assess the skeletal muscle 

activity of thigh (quadriceps group) based on layer ar・rangement(surface and deep), which 

would persuade the self-care of musculoskeletal system. Previous investigators already 

revealed the skeletal muscle activity of lower limb and pelvis after exercise task using 

[18F]FDG and PET imaging technique3・4>. They assessed energy metabolic changes (glucose 

metabolism) of lower limb skeletal muscles induced by exercise. However, to date, no 

studies have assessed the skeletal muscle activity of lower limb associated with surface and 

deep layers. 

Some, physiological factors such as blood flow distribution, glucose transporter and 

plasma metabolite affect the glucose uptake of working skeletal muscle during exercise 

task7り Presentstudy revealed that glucose uptake by the skeletal muscles of deep layer (VI 

and VMd) was higher than skeletal muscles of surface layer (VL and VMs) of thigh 

(quadriceps group) at rest and after exercise (55% V02max). This variation in glucose uptake 

of skeletal muscle of thigh associated with surface and deep layers might be caused by the 

effects of blood flow dis甘ibutionor nerve function. 
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In another, it was found.that [18F]FDG uptake (SUV) of exercise to rest ratio by the 

surface muscles (VL and VMs) was higher than deep muscles (VI and VMd), suggesting of 

higher glucose uptake of skeletal muscles of surface layer than skeletal muscles of deep 

layer of quadriceps group of thigh after exercise (55% V02max). We were able to confirm 

that the functional levels of skeletal muscles of surface and deep layers of thigh (quadriceps 

group) serve as dynamic homeostatic control, and exercise may adjust uniform energy 

distribution. 

[18F]FDG and PET is a useful imaging technique in evaluation of skeletal muscle 

activity of lower limb associated with surface and deep layers. The results of this 

investigation may contribute to rehabilitation science. 
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IX. 1. Beginners Training for Safe Handling of Radiation 
and Radioisotopes in Tohoku University 

｝匂mazakiH., Baba M., Miyata T., and Yuki H. 

Cyclotron and Rαdioisotope Center, Tohoku University 

During 2009, the beginners training for safe handling of radiation and radioisotopes 

in Tohoku University was conducted in three courses as usual: 

1) Radiation and Isotopes, 2) X-ray Machines and Electron Microscope, and 3) 

Synchrotron Radiation (SOR). The training was held twice a year, May and November, 

under the help for lectures and practice from various departments and research institutes of 

the university. 

Lectures in English which were started in November of 2002 were continued for 

students and/or researchers who are not so familiar with Japanese language, by using PC 

projector and text of copies of view graphs (English class). The membership of the 

English class is almost constant as shown later. 

The training for ”Radiation and Radioisotopes”is for persons who use unshielded 

radioisotopes and accelerators, and has been conducted from 1977. The contents of 

lectures and practices are shown in Table 1 . The order and content of the lecture was 

slightly modified from 2005 aiming at better understanding by trainees: the lecture on“the 

effect of radiation on human" was moved to the second to give stronger motivation for the 

training course and the following lectures. Along with the change, a new introductory 

lecture of “Introduction to radiation" was newly prepared as the first lecture to provide 

knowledge required to understand the lecture of“the effect of radiation on human”. In the 

fiscal year of 2009, the training was performed for 483 persons (20 persons in the English 

class). The departments or institutes to which they belong are given in Table 2. 

The training for ”X-ray machines and electron microscopes”started at the end of 

1983. The training is scheduled twice a year at the same time as that for ”Radiation and 

Radioisotopes11. In this course, only lectures are given with no practice. The contents of 

237 



the lectures and the distributions of trainees are shown in Table 3 and Table 4, respectively. 

The number of trainees was 341 (57 in the English class). 

The町ainingfor the ”Synchrotron Radiation”began at the end of 1995. The 

contents of the lectures are the same as those of the radiation and radioisotopes but no 

practice. In 2009, the number of trainees of白eSOR course was 80 (8 in出eEnglish 

class). 

Table 1. C of the I d oractices for safe handlinl! of radiati d radi ・ 2009 

Lectures (one day) Hours 

Introduction to radiation 0.5 

Effects of radiation on human 1.0 

Radiation physics and measurements 1.0 

Chemistry of radioisotopes 1.0 

Radiological protection ordinance including video 1.5 
Safe handling of radioisotopes 1.5 

町一

ω一ω一羽

Practices ( one day) 

Treatment of unsealed radioactive solution 

Measurement of surface contamination and decontamination 

Table 2. Distribution of trainees for “Radiati dRad・ !_ 2009 

Department Staff Student Total English class 

CYRIC 2 7 9 。
Medicine 62 18 80 
Dentistry 2 3 。
Pharmacy 81 82 2 
Science 5 67 72 2 
Engineering 7 85 92 7 
Agriculture 54 55 。
Research Institutes 12 78 90 8 
The others 。 。 。 。

Total 91 392 483 20 

Table 3. Contents of the lectures for “X-ray machines and Electron microscopes”in 2009. 
(same for both Japanese and English class) 

Lectu陀 S(one day) I Hours 

Radiological protection ordinance 

Video for safe handling of radiation and radioisotooes 

日一

ω一ω
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Table 4. Distribution of trainees for “X・ravmachines and Elec !_ 2009 

Department Staff Student Total English class 

Dentistry 。 6 6 。
Pharmacy 9 10 。
Science 4 45 49 3 
Engineering 4 154 158 13 

Arts and Letters 。 12 12 。
Research Institutes 26 92 118 41 

The others 。 。 。 。
Total 35 306 341 57 

Table 5. Distribution of trainees for “Synchrotron radiation" in 2009 
Department Staff Student Total English Class 

Science 8 9 

Engineering 2 25 27 3 

Research Institutes 13 31 44 4 

The others 。 。 。 。
Total 16 64 80 8 
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IX. 2. Radiation Protection and Management 

( 1) Overview 

Yuki H人MiyataT人均mazakiH人BabaM.1, and Nakae H.2 

'Cyclotron and Radioisotope Center, Tohoku University 
2Japan Radiation Protection Co., Ltd. 

During the fiscal year of 2009, research and education in the center were conducted 

as active as usual. 

The measurement of radioactivity concentration which was started along with the 

reorganization of national university in 2004 is continued periodically but the observed 

level was low enough generally. Devices and gas counters with automatic sample changer 

for radioactivity concentration measu陀ment(samplers ， α－~ automatic counters) were 

routinely used without serious problems by several radiation facilities in Tohoku University. 

(2) Unsealed radio nuclides used in CYRIC 

The species and amounts of unsealed radio nuclides handled in CYRIC during the 

fiscal year of 2009 are summarized in Table 1. The table includes the isotopes produced 

by the cyclotron as well as those purchased from the Japan Radio Isotope Association or 

taken over from other radioisotope institutes. 

(3) Radiation exposure dose of individual worker 

The exposure doses of the workers in CYRIC during 2009 are given in Table 2. 

The doses were sufficiently lower than the legal dose limits. 

( 4) Radiation monitoring of the workplace 

Radiation dose rates inside and outside of the controlled areas in CYRIC were 

monitored periodically and occasionally when needed. They were generally below the 

legal dose limits although there釘eseveral “hot spots”in mSv/hr range like slits or beam 

stopper of the 930 cyclotron and so on. Surface contamination levels of the floors inside 
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the controlled areas were also measured with a sme紅 methodand a survey meter method. 

They were under the legal regulation levels. 

(5) Wastes management 

The radioactive wastes were delivered to the Japan Radio Isotope Association twice 

in the fiscal ye訂 of2009. 

The concentration of radioisotopes in the air released from the stack after filtration 

was monitored with stack gas monitors. The values of concen町ationwere well below the 

legal regulation levels. The radioactive water was stocked in the tanks at least for 3 days 

and then released to the sewerage after confirming that the concentration was lower than the 

legal regulation levels. 

Radioactive organic scintillator waste was treated periodically by incinerator 

provided by Fuji-kogyo Co.Ltd. 

Table 1. Unsealed radioisotopes used in each building of CYRIC during the fiscal year of 2009. 
(a) Cyclotron Building (kBq) 

Grouo 1, 2 

Total 。 M
L
一凶o
 

T
 

生型~
210 ,715 ,000 .000 
210 ,715 ,000 .000 

可
一
凶
o
 

T
 

－AU－－nu j－AU－AU A『－nu一－nu
n工AU－－nunu一O一G
EAN－o 
G一切一一un
Qザ一QJV
ζJ一，hJ

A『一A守

Group 2 Group 3 Group4 
1251 133 ,499 .820 "C 407 .ooo .000 14c 22,416.000 

32p 1,337 ,789 .583 18p 222 ,333 ,000 .000 
99mTc 370,000.000 3H 16,544.500 

Total 133,499.820 Total 2,114,789.583 Total 222,371,960.500 

Total 。 ISO 

Total 
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2,220ρ00.000 
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Table 2. Occupational radiation exposures at CYRICー唖~fiscal year of 2009. 

生竺旦盟百並立一一一一一一一一一一一一~旦詮巴也生坦坐
No measurable exposure 36 
0.0 -1.0 10 
1.0 -2.0 1 
2.0・3.0 0 
3.0 - 0 
Total number of persons monitored 47 
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Michiko Kano, Masako Karahasi, Yuka Endo, Joe Morisita, Yasuhiro Sato, Masasi Adachi, 
Masatosi ltoh, Michiko Hongo. 
Biol. Psychiatry, 65 (2009) 329・335.
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Shoji, Y. Endo, M. Hongo, Y. Itoyama, K. Yanai, M. Tashiro, M. Aoki. 
Neurolmage, 47 (2009) 946-951. 

[766] Quantitative analysis of donepezil binding to acetylcholinesterase using positron 
emission tomography and [5-11C-metho.砂］donepezil.
Kot訂oHiraoka, Nobuyuki Okamuta, Yoshihito Fun紘i,Shoichi Watanuki, Manabu Tashiro, 
Motohisa Kato, Akiko Hayashi, Yoshiyuki Hosokai, Hiroshi Yamasaki, Toshikatsu Fujii, 
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XI. MEMBERS OF CO島IMITTEE (as of Jan. 1, 2010) 
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(Ch泊rman) Ke包o Ishii (Graduate School of Engineering) 

Toshio Iijima (Executive Vice President) 

Kazushige Maeda (Graduate School of Science) 

Kazu汰i Iwasa (Graduate School of Science) 
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Kazuhiko Sogawa (Graduate School of Life Science) 

Atuki Terakawa (Graduate School of Biomedical 

Engineering) 
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Syoki Takahashi (University Hospital) 
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Ren Iwata (CYRIC) 

Hiromichi Yamaz紘i (CYRIC) 
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Tsu to mu Shinozuka (CYRIC) 

Manabu Tashiro (CYRIC) 
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Tetsuya Ono (Radiation Safety Committee, Research 

Promotion Council) 

Michio Niwano (Radiation Safety Committee, Research 

Promotion Council) 

(Observer) Hideaki Ishida (Head of Administration Office, Graduate 

School of Information Science) 

Cyclotron 
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Y oshihiko Uehara 
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Nariyasu Mano (University Hospital) 

Yoshihiro Takai (College of Medical Sciences) 

Hiromichi Yamaz紘i (CYRIC) 
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Manabu Tashiro 

Y oshihito Funaki 

日・eventionof Radiation Hazards 

(Chairman) Hiromichi Yam位法i

Naohito Iwasa 

Yasushi Ki no 

Keizo Ishii 

Ren Iwata 

Yas凶世ro Sake mi 

Tsutomu Shinozuka 

Etusyu Kuraoka 

Manabu Tashiro 

Hideyuki Yuki 

Ka旬。 Aizawa 

Research Program 

(Chairman) Hiromichi Yanazaki 

Toshio Kobayashi 

Hirokazu Tamura 

Kazushige Maeda 

Kazuhiko Yan泊

Shin Fukudo 

Akira Takahashi 

Akira Hasegawa 

Atuki Terakawa 

lsamu Sato 

Hiroshi Fukuda 

Syoki Tak油ashi 

Jirohta Kasagi 

Tsu to mu Otsuki 
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(CYRIC) 

(CYRIC) 

(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School of Engineering) 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CY悶C)

(CYRIC) 

(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School of Medicine) 

(Graduate School of Medicine) 

(Graduate School of Medicine) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 

(Institute for Materials Research) 

(Institute for Development, Aging and 

Cancer) 

(University Hospital) 

(Laboratory of Nuclear Science) 

(Laboratory of Nuclear Science) 



(Center for the Advancement of Higher 

Education) 

Se kine Tsu to mu 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CYRIC) 

(CYRIC) 
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T部副ro

Itoh 

W政ui

Manabu 

Masatoshi 

Takぉ凶

(Observer) 

(Observer) 
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XII. STAFF (as of Jan. 1, 2010) 

Director Keizo Ishii 

Division of Accelerator 

Osamu Hashimoto1> 

Tsutomu Shinozuka 

Takashi W政ui

Kenji Shimada 

Shizuo Chiba1> 

Yasuaki Ohr凶ya?>

Naoto Takahashi7> 

Shigenaga Yokokawa7> 

Jyunya Suzuki7> 

Division of Instrumentations 

Sakemi 

Hirokazu 

Hikonojo 

A印刷

Masatoshi 

Hidetomo 

Yas叫1iro

Tanura1> 

Orih訂as>

Terakawa3> 

Itoh 

Yoshida 

Division of Radiopharmaceutical Chemis仕y

Ren Iwata 

Yukitsuka Kudo4> 

K位 utoshi Suzuki 

Shozo Furumoto4> 

Yoshihito Funaki 

Yohichi Ishikawa 
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Division of Cyclotron Nuclear Medicine 

Kazuhiko Yan泊2)

Masatoshi Itoh6> 

Keiichiro Y amaguchi5> 

Kohichiro Kawashima5> 

Manabu Tashiro 

Sho-ichi Watanuki 

Kazu紘i Kumagai 

Mehedi Mぉud

Xuclong Duan 

K位uko Takeda 

Division of Radiation Protection and Safety Con仕ol

Hiromichi Yamaz紘i

Takashi Nak創n町as>

Mぉayuki Hasegawa 

Mamoru Baba5> 

Shigekazu Usuda 

Liu Ruigin 

Yang Tinbo 

Hideyuki Yuki 

Takamoto Miyata 

K位uhiro Ootomo 

Hirokazu Nakae8> 

Division of Nuclear Fuel Science 

Etusyu 

Sonyun 

Ryoki 

Kuraoka 

kim 

Uejyo 
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Division of Advanced Radiation Application 

Kei旬ro Hitomi 

Masayasu Miyake 

Graduate Student and Researcher 

Hiroyuki 

Ayako 

Say aka 

Naoya 

Toshiya 

Yoshitaka 

Eita 

Mari 

Wong 

Ryo 

Akihiro 

Takeshi 

Katuhiko 

Ko taro 

Hauaki 

Hiroki 

Torn 

Yutaro 

Yasuki 

Daisuke 

Office Sta賞

Hideaki 

Katuo 

Nasashi 

Satoshi 

Ouchi 

Sasaki 

Izumi 

Sugimoto 

Takahashi 

Aono 

Sak泊

Satoh 

Rebecca 

Shinbo 

Sugawara 

Ogura 

Shibuya 

Nagatu 

Tokuda 

Nakamura 

Takayama 

Hashimoto 

Kimura 

Tozawa 

Ishida 

Aizawa 

Koide 

Arao 
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(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School of Science) 

(Graduate School Pharmaceutical Sciences) 

(Graduate School Pharmaceutical Sciences) 

(Graduate School Pharmaceutical Sciences) 

(Graduate School Pharmaceutical Sciences) 

(Graduate School Pharmaceutical Sciences) 

(Graduate School, Division of Medicine) 

(Graduate School, Division of Medicine) 

(Graduate School, Division of Medicine) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 

(Graduate School of Engineering) 



Yu-ko Yamashita 

Kyoko F吋isawa

Fumiko Mayama 

K加riko Abe 

Yumiko Matsubara 

Katuo Ibuka 

Chihiro ! Saeki 

Asami Sawada 

Yukie ~buta 

Yoshio Muroi 

1) Graduate School of Science 

2) Graduate School of Medicine 

3) Graduate School ofEn~ineering 
4) TUBERO 

5) Visiting Professor 

6) Specially-approved visiting professor 
7) SUMI-JU Accelerator Service Ltd. 

8) Japan Radiation Protection Co., Ltd. 
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