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In vitro Biological Effectiveness of JRR-4 Epithermal Neutron Beam
- Experiment under Free Air Beam and in Water Phantom -
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The surviving curve and the biological effectiveness factor of dose components generated in
boron neutron capture therapy (BNCT) were separately determined in neutron beams at Japan Research
Reactor No.4.  Surviving fraction of V79 Chinese hamster cell with or without '°B was obtained using an
epithermal neutron beam (ENB), a mixed thermal-epithermal neutron beam (TNB-1), and a thermal neutron
beam(TNB-2), which were used or planned to use for BNCT clinical trial. The cell killing effect of these
neutron beams with or without the presence of '°B depended highly on the neutron beam used, according to
the epithermal and fast neutron content in the beam. The biological effectiveness factor values of the
boron capture reaction for ENB, TNB-1 and TNB-2 were 3.99 + 0.24, 3.04 + 0.19 and 1.43 + 0.08,
respectively. The biological effectiveness factor values of the high-LET dose components based on the
hydrogen recoils and the nitrogen capture reaction were 2.50 £ 0.32, 2.34 + 0.30 and 2.17 + 0.28 for ENB,
TNB-1 and TNB-2, respectively. The biological effectiveness factor values of the neutron and photon
components were 1.22 +0.16, 1.23 £ 0.16, and 1.21 + 0.16, respectively. The depth function of biological
effectiveness factor in water phantom and the difference in biological effectiveness factor among boron
compounds were also determined. The experimental determination of biological effectiveness factor
outlined in this paper is applicable to the dose calculation for each dose component of the neutron beams
and contribute to an accurate biological effectiveness factor as comparison with a neutron beam at a
different facility employed in ongoing and planned BNCT clinical trials.

Keywords: Boron Neutron Capture Therapy, Biological Experiment, JRR4, in vitro, Water Phantom, Surviving
Fraction, Colony Formation Assay, Neutron Beam

This experiment was performed by cooperative research with the University of Tsukuba.
* University of Tsukuba



JAERI—Research 2002011

H X

o | R L LT T T T T P P L L LLITTTTLTTPLPTTPPILR: 1
1.1 BNCT DJFFH «ocereerncntanattiiiiiiititiritioicasstenietntanitticttottottasesestssstnscasssscass 1
1.1.1 BNCT EEKIIZE CRWS N A TR R G cveerererrerinsininiiiiiiiiiiiii. 2

12 BNCTEEERIZE TS 2 B Y R B Tl oveeerereerrreerersessssssrenssaaenas 3
121 BNCT 31T 2 B IEAKTEMEIBERHREL +oovvvreeerenmrnnniniiinniniiiicceneee 3
122 BNCT THW SN A MERRE(VD)E X(7 WA ERRE(WD) oeeoerreeerrereneasinnees 3
123 BNCT CREDFHIMZAV SNDRBTEL BOREFE oeoreereeserrssssssnesesnes 5

b T i DA R LT P PP PP PP PP P P TTITTTSTTIES 7
21 2 o e AN/ L < R T T P O P PP R TR LT PR AP LTI T IR L FOPRTRRIPRITD 7
211 JRR-4 q:ﬁ; L‘:‘-‘L\@% .................................................................... 7
212 KUR BE T AR <o eveveeeseereesensinteiiiiiiinii st 7

22 BUIFGR DB coooeerrreermemrrn ettt 7
23 YR D R /G HE coeevrertrrrermntiriiiiiiiiiitiiiiiiiiiiiitiicisiitisicniaee 8
231 CBE Rt UNRBE D BT H coverererrrnrtenetetntniiniiiiiiiiiiiicciiiiiiiioeticeninne 9
232 o KR EATREIER D ELR T +ooveereeeeesemnseesesssessessentesiestasiantesseessenssassansanss 10

7 1) = LARIIEBET X 2 in vitro LY EHIRERIL - eveeeerereesserersmreenitennnntecesnnneensseeens 11
31 TROEEE I IEER e eceeeentttrnnni e st 11
311 SBATEER DFZBRZA: ++ov00ereeesssrrsmssneennaetssssiniasssenisstttennns et s ese e eessaaeas 11
312 MOEAEAFERODIGEEHILIE «ovvveresersrrersmnreeenssnsireennnnnessssnnieesaeesssasneessans 12

32 FERIZHTE S RBE. CBE DFTEREER <+cecverersrorsrorctorsinmiiiiiiaii. 12
% LAY Compound factor FUSE +++++evesesserrenensssesestniiistsieinst st 14
41 SHRTHOE D IZBRIRME «oooovvressossssssnnsereronisiiniutttttsssittee st 14
4.2 T EILEYD Compound factor PUERE R & ZEf oevoveverororersrenanorsmrmtiniiiiaiiiainana, 15
T2 b BEEIICEIT D in vitro EYPEEBERI oo vrerereensrersnninerissinie e 17
5.1 77 b APIRIFEEBE DFZBRFGH v oveeeesrrrnmrreenieniiitiiiiiiiiiiiiiiii ... 17
5.1.1 B2 EI[i21 1) o R OO RS 17

52 772 N ABEICBHIT S invitro LY EHIN R DAEER oovveerrrrermrrrresrrresinnnannn 17
521 77V bLABEEICE AR BAPEFRRE. 7 REOE b eeereereeenees 17
522 HYPEHNRI DGRBS IAEE L v eeeeerererersreerinarsonartrcssreesassstttsienssnsenssnas 18

in vitro AL FRICE D v B EMEREIC K DFElI-ceeevrerreerrmrr i 20
6.1 FOL Bl a b7 R R T e P TR P LR R LT 20
6.1.1 L ) T T P PP P P PP T P e LT L PP EP PP PO P PP TIPS PPPPPPIIPIRLS 20
6.12 2 e R P T P T P T P PR PP RT TP O PP PP PITRPII T 20
6.1.3 STEZHAILEIR <+ seeennmnnnnnnneentttt et 20

62  invitro RURIEAFARICED < 7 MRFERR RO RUEHRTR UG «+oooeeeeeeemencnenseenees 20
6.2.1 ¥ AT & GIBAREIC L B5B reeereseeesrrnrrtsssssiitiit 21



JAERI—Research 2002—-011

622 BNCT TOEBRENITD v% R R oo voorerrrnesnnnsiniictiiiiitiiiitiiisisicnens 21
A7 3| oY, Y A 1 - ST T T R L R LY PP P LT Y EP LT PR TR 22
71 77 b LB EEREEED O AT BHER BNCT: «eeeeeereersrrrsnnmnntmennesinnine 22

72 C— LU EOYIREE L BN — LT & B IWE T AGDBE +-rrevererrseseerseees 2

8. %ﬁ ................................................................................................................. 24
8.1 7)) —E—LRETO RBE M UF CBE +rreeeteesctetastttotstisaictentoctstsststiostosncsines 24

82 ﬁﬁﬂ:ﬁﬁb o AR rjﬁﬂj{j-\%g) CBE teeseeterecccesssrsrccsttstotssssstssssssssrsssecsossens 24

83 AAVAS AV\]O) RBE K& TX CBE @&}Tﬁ ........................................................... 24

84 AAVA Alj;_lo) yﬁ%ﬁl(ﬁ@gs ............................................................. 25

85 mﬁib‘}}%‘%b) Bo)gjlzﬂﬁ ................................................................................. 25

86 i (‘:. &) .................................................................................................. 26

ﬁi ﬁ ................................................................................................................... 26
%Xm ........................................................................................................ 27
{q—ﬁ @ﬁﬂ@ﬁ‘lﬁﬁ@ﬂ-ﬂ?ﬁﬁﬁ‘é?ﬂﬂﬁ .......................................................................... 55



JAERI—Research 2002—011

Contents
1. IOLTOAUCHON ****++++sressssrteassorsannnaeresusssassssserutsssetosssetussiorssimsttristetistostntasserssunes 1
1.1Rationale Of BINCT tvceceteserosstsnssatatirsersseonsanstncssrtosrnansatssrtrsoransiststsstsssessionaasacacns 1
111 BOI'On COI'ﬂpOllndS for Chmcal Study Of BNCI‘ ................................................. 2
12 Radiobiological DOSlmetry on BNCI‘ Me(hcal Study ..... R T T T T RN T Y R R P R R TPre s 3
12.1 '°B_Independent Dose in BNCT ++++++++++essssteseestsutsasessessennsssestintsstontnteseene 3
122 Vascular Dose (VD) and Weighed Dose (WD) for BNCT ++++++sveseessssacssessesrusncsuenns 3
123 Importance of Measurement Methods for Dose Estimation of BNCT +es=seresesersecererenee 5
3 Dose ESHmation Methods «++++++++++++++srsresssnsrearssnssasstanmssnmmensmeatareetsstssersmiamssensssansares 7
2.1Characteristics of Neutron Beams:«+ «s s +v+ssreertrrtetaecstitontasteseiaioinietsrsarssatasantotsiensees 7
211 JRR_4 Nelltl'on Beams PCrmelaﬂCC ............................................................. ‘7
212 KUR Neutron Beam Performance -+ ++++#+==+s=sssteesssertstosmarisessattsmasissmssssassnns 7
22Physxcal DOSCS ................................................................................................. 7
23Relatlve Biological Effecﬁveness ............................................................................. 8
231 Relative Biological Effectiveness and Compounds Biological Effectiveness ===+ sreteceeees 9
232 Gamma Equivalent DOSC ......................................................................... 10
3. Relative Biological Effectiveness Derived from Free-in-air BNCT experiments «-cest= serererececeres 11
3.1 Experiments using V79 Cells in Boric Acid with Free Air Beam+++++++-+++seseessssesssssssusnarsrusnes 11
31.1 Materials and Methodss++++++++resstesssseesssasrnesssttersstussranmnasssssonessssoosnsrsassssnes 11
312 Statistics Analysis for SUrviving FTaction ++++++++++++sssessessssesssescassvensonsnsssnininas 12
3.2Results and Discussion on RBE and CBE for JRR4 Neutron Beams:« <+« «=se-scceceeseereesnnnersaneacees 12
4. Compound Factor of Boron COmpounds +++++++++++sssssssstsanesstsenscssrssrasssosssinnassisnesasens 14
4.1Materials and Methods:+++«+++sersssrerersnssssssanstanessrasteriusisosstssmssnmmmsrssisessstossssnnssssennanns 14
4 2Results and Discussion of Compound Factor for JRR4 Neutron Beams ==+ «-sseceeserseesnnsnnccncees 15
5. Relative Biological Effectiveness Derived from In-phantom BNCT Experiments ««=«-esesosecoresrreses 17
5.1Method of Irradiation Experimcnts With PRafitoris -« «e«e++*sesrrrsreresensssrensssonseresssssnsassnesaranes 17
511 Materials and Methods - s++==ss+s#sesesereosasssressssnmsernssesrssssrssstnntssanssrossssanansere 17
512 Stansuc AnalySlS .................................................................................. 17
5.2Results and Discussion of in vitro Relative Biological Effectiveness s «ssessererorrrersacecarsascsscnenes 17
521 Profile of Surviving Fraction, Neutron Dose and Gamma Dose «=+#+ees=smorerreoraresserenes 17
522 Profile of Relative Biological Effectiveness in the Phantom ===+ scsreseseorerrersreransacesaes 18
6. Esﬁmaﬁon OfGaInlna Equivalent DOSC by m Vitro Smmg Datﬂ ........................................ 20
61Matcﬂals and Med]ods ......................................................................................... 20
611 Neutl'on Beams ................................................................................... 20
6. 1 2 Matenals and MethOdS ............................................................................ 20
613 StaﬁSﬁC Analysis ................................................................................. 20
62Rﬂsults and DiSCUSSiOﬂ Of in Vifro Gamlna Equlvaleﬂt Dose ............................................... 20
6.2.1 Gamma Equivalent Dose of Different Cell Lines+++++++++++++++++¢sssseterssusssssesensanensisssnes 21

\



JAERI—Research 2002—011

6.2.2 Gamma Equivalent Dose for Each BNCT Dose Component s «««ceeesetessssssecassnriacircirancisnee 21

7.  Consideration of Epithermal Beam BNCT from Clinical Study +ecvrecerseenciieininniiiiiciieien. 22
7.1Clinical BNCT of Epithermal Neutron Beam s vvevessecssinsinsiniiinininiiiiisiinesee, 2
7.2Improvement of Dose Distribution on the Center by Epithermal Neutron Beam e.ceeeceiaiiiiiacnannne. 22

8. DiSCUSSION s+ vrtsrtettttrentsensesscesssntsrsssensssssossessosrssrsssssscsssssssssossosnerttssannnacasansscnsnsse 24
8.1RBE and CBE of JRR-4 Free-in-air Neutron Beams «ecooeeecoscesteccresinisancccssnsnrssssrsacosssss 24
8.2CBE and CF of Boron Compounds for Clinical Use seesrsessiivsniiniiiniiiiiiieciiies 24
8.3RBE and CBE of JRR-4 and KUR Neutron Beams in Phantom ceeeeeececscessecrssossannsnssssssssonsss 24
8.4Estimation of Gamma Equivalent Dose «-« ceveereiiiiiiiiiiiiiiiiiiiiiene, 25
8.5Estimation of JRR-4 Epithermal Neutron Beam on Clinical Study ««+ceeeeerenrreeseiiiniiiiiiiiiinii. 25
B.OCONCIUSIONS s+so0rrsrsasarersessssssessstsetecsesssssssesssocesssssestesossssssannnsnnsossssssssassssssasasssses 26
Acknowledgements .................................................................................................. 26
RELCICNCES +eeorretettnatiietiansoriessessretrecsnnsssessessstosessssssssassassanssssssscsssessesssesssssnsanssnsssnnns 27
Appendix JRR-4 Rotation Irradiation Facility .« .eeeeerereiiiuiiiiiiiiiiiiiniiiiiiiniciiine. 55

vi



JAERI—Research 2002—011

1. BLoic

B AEBIEIC X 9 5 R e 7% (BNCT: boron neutron capture therapy) 1 B UM
PRIZEE t OBEHRERCH 5o BNCT IXIEBEIER » RENIA °B DT 3L ¥ —dtE I ¢
DIRSUGE R L-IERTH Y. ORI > THIHE N = *He (akf) B0 "Li BT 2 1850 F]
T %0 affORIEHIYEN 28 B ZELDIAA MM & LML ORshRA KU, Hat. “B
RO AEROERHBOBELZ R T2 82 <, SRR ER LS 2, LhLEMS,
BNCT OZWRIZZDRED S, ToRIEAYOEEKANE YRR RUET RV X —ditk
FROSMN  (PFRERERYE) . ISP FE—LICEE NS, I3 T 2 IC AT
% "B IR BGIRR B B R 51T %,

HEE BNCT THOLS N TE#APHFE—L (LUF. BAE—L) ISFBESEIMEL . 2R
EHRIZBALIER RIS 1/ © D TH > Tz AFFED BN, BHEAHEBIEIC X 42 BNCTIZ BT 5.
BOVPEFE—L (LUF, #8LE—0) ORI 2 EEHRAEYFNTERICL DBEEYT 5 2 L TH %o
FHMEETIE. BNCT OBENREYZRGHEEIC DV TEE L, JRR4 B\ E— L OBEHEY 2
dHEZRO TS, 977 —E—LEBEHER Td. E—LfUWIBEDOZESH (7)) —E—L%MH) T
OYPERENE LA ERAEE © & ICAN Y — LOBERSEHO £ R 2B S 2T L.
ZOHYMREMOE—L L HET 2, TRy Z LAY T S compound factor I TIE. BRZ T UFH
LSV X DR ORRBEOEYERENRIEDENEZH LM L. REDITFOFECEYERAW:-FRT
—Y DHBEAFEICT 5, T7 72 b LABHER ITIE. k772 N ARTOYERERE LR
REZ b L ICBAE— LOEYIANSRILOEEZLERSIT U, Ty GRS I X 23l T
. #AE—LDKT 7 b ANTORERSED ¥ MEMHRREOREZLEB S 2IC U, FFHRE
WZOWTOMBERZHOMICT %, RIS, 815 UTHERMZEOR Ab 5 BB ROGHICHBIT 5
BHAE—LDOEMEICONTEET S,

11 BNCT ORHE
BNCT T b ERRBHRAE . SRR D A E N R RFNHA(B) L AHMEFICLD
BRINMREERTHINT NIRRT ANV F R FRTH S [71)o

B + 'ny—> ['B] E "Li + *He + 2.79MeV (6%)

Li (=>'Li+ 7 +0.48MeV) + ‘He + 2.31MeV (94%)  Eq.1

AP TSR FALICHINE S N A RERIE M IO T 2 OGN o) il R I D [S)o AW
WELEHETS H Ca. C N, 0 FOHIE "B LT oMl TNIW=8 (#1). Eql iR
SN RO RPUFHIRUNSHBAO T AT COAFRICERIN D, IBIZ. FOESP
HTHIRRIGTHINE NS ‘He (af) RUPLiKFORME (‘He:9um, 'Li:5um) &4
FICHLThEWES, Ch SO FRRIC L ZBEI RO RMEEWMEI D AA L 20 Z i
LB PR L CRET 2 EHFEIONTNWD (R 2)o COBYEPH FIIHEEIG TR T 2 5 linear
energy transfer (LET) K FARDIEHIADIGA(*He: 196 keVum™.  'Li: 162 keV 2em™)id 1936 £EIZ Locher
WL > THDTREINEHDTHD [42]o BNCT Df2DICFIHI N2 TR = X )V F—D g
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CHEPHEF (>10keV), BAAET (0.53eV-10keV). ZAHFHET (< 0.53eV) ZFLH, FoEPHTH
REIGZRGERICSI SR TEOT RN T —DEVATFIPROEETH 5,

#3177 &SI, BNCT TR OMBIT TIZ AT~/ (a) "B a)Li RIHIC X 2 F D EGE
(Boron dose) ZhX. (b) A T& 'Hn, n')p FIGIC & 2 HirP4E THR B (Fast neutron dose). (c) “N(n,
pHC Rt X b i & N B BRFIC D < ERMEE(Nitrogen dose.  Eq. 2). (d) 'H(n. 7 )'H RIEIZ &
% 2y ¥(Eq.3) MUFE—LHPITIRET 2 ¥y MR (core 7)2HERT DLENH D [59,69]

“N +'ng=> [N] = ¥C+'p(0.54MeV) Eq.2

'H+'ng—> [H] = H+ 7 (2.22MeV) Eq.3

YROS 5, 'Ho, vYH RIS E>TRET B ¥, v EBEED 0-80%% LHd L Eh
T3 [60] BPMTHE, BEME. v BEITYECEYOIHICIHRER T, HBOH TR
REGICHFET 2728 BNCT IC BT % B JHEEMEEHGR L2 b, A FLAYEEAYEN I FH
DIRARREICEID > TL %o 1990 FRFPE L THAIN TV AL — L TREFPHFERL ¥RoK
REITTT 2 HERMEL, Ihb B IHMEEHHEHGRII R BB R T2 b0 L LT, KEdt
BOHTIIEERINRP ol HHE, FERBEAORPMTAIHSEZ B & U TP THFI
MEh3E5i0kb, B MK BEHREEI NS S W BT 2 BRI DU T O FHIERLEE HS
kdohd LS5k TER,

111  BNCTEREMETHWShAKRUELAY

BNCT O#RIIFORMAWOL A, L b B OREE/MAL., MBS SR,
HREAm N, MBI EEMEIC A S5, “B(n, a)'Li KIS TR E h 2R AT AREIE
7z, BNCT TOHBEIREEE 2 DI TORESMITC B XA L T2 080 H 5, HIME
BAMOY I 1 L—ya tRICkhd. IESfaostRic B2 2 MlarsER) B Bt 10° @R
Bedh, “B HHIEOMIE C 4 ML M LIBAICI. LD BT HRISDHRINE S
hzLIhd[62335 TOD "B EEIXEROMRTIE 2035 ugB/g icHY L, ZDEE THRESHRE
EHDDIZ10%-10° nem® BEO#MAIMTF 7 VT Y ADNE L Th 5(3,33,69,72]0

AT D BNCT EERIZE Tl sodium borocaptate (AR, BSH) & p-boronophenylalanine (L F. BPA)
D 2EOTORAEHRANSEN TS, R4IZBSH & BPA D in vivo / in vitro BB UBRKT — 4
ISR DHBESREZT T, BPAIL. i EAS = ORERYE CTH S tyrosine iR L. BHEREAHEIC
19 % BNCT I 2 HEY TS S hizhs, FUHEISMREBIEIC A2 BNCT IZH AL ST,
BPA (dRUMAREF 288 U P R UMERICIZIIRARE O Mi %2 R (18], Bl6 AT/ —< il
%7 w b 9L gliosarcoma (LU, 9LGS) fa% A= invivo KBTX invitro DEBRTIZ BNCT IZ BT 3
BPA DEFMEDRE N TV B(1,12,13,14,15,17,25,26,51 |0 BPA I37\ BEIP °B BEEHYE & N 5 sihsk
BT, MEEHERAOTEE) B B N ERRFIED 2-4 & ShTV3(10,11,19,22,25,44,52],
CHICH U BSH X IES R BUMKBIPTIXEE L b ShTH b | RIS IEE X h /- i s
MZA L THITT5(68)e BIWIET IV ERAWZEETIX. BSH OEg/mwttix 051 L¥hTnb
[2,7,34]o glioblastoma iZ35() % BSH OsS/Mk EIX 0.56-2 & S . ERERGICIXBIPFRIC L~ E
DG TN TN5[2831,32)
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1.2 BNCT ERERFF 2T AW & N 5 RS A Py iR Bk 3

121 BNCTIZ B} 3 B Sk 5t

BNCT (289 2 4EYBHRSPAV SN A& AR, X (7) MEMEREICOWTIREMAERRTH
D[29). AHTIXLEERN L < AV SIS BER A AR EEHT LI DWW CBgE§ %, BNCT TidH
HF LRI R RO &L b, BABHEMEES NS, B a)Li It cEEENhS
RIFRIC L AREITIZ . M MFOMIBHOCE ERIGT 2 Lick b, B OFET 266 (E
RS, IEP) NUEE LWL (EICIESR) OWThicBnTd, “B JHkEIEBENREDS
BET 2, ASITHHFE—-LARICESEN2HE TS v 8 (core gamma).  KHRRN T 2 REVICH
KT BHEIFE vigd B IMKEE GRS BOEBERBRERE L 1D, Jh 5 "B IHKEFHBGIRRIXIE
FEHROM AR E & DR THRAREEDRERKI LS 3,

122 BNCT CHWAH W2 MEHRR(VD) L X(7)REEHR(WD)

1221 o EMEHR (Vascular boron dose: VDo)

BNCT 28§ 2 IEERMOMARERIC OV T, AR TOFE — LI X 555 BNCT CHENEIEE
&= LIRS BT & R RINERRE (Vascular boron dose: VDy,,) T 13Gy EHEIN TN
% [54]

W,,.. =GFxD, Eq.4

I T THWA R EMERE VDo, (&, MK B EEICL DB END T ZYIRE Dyrn &
geometric factor (GF=0.33) OB TRE N, “B(n, @)'Li I TERINS o R 'L Wi THRO > HEM
MEPIRRIRA I BE U CRER RIZTREIN 13 THELTEHY 12— ar RUERKERIC
HILKHTH5 (®1)[321,62] MEHRICHD BEFHENL. 1998 LI KUR KT JRR4 CIF
DU TWAHEMFREO 70 b -V THRAIN TS [54,83)0

o RIMERRE VDjorw 1. T BB DAICE D < FRN L RFIG R ORETH b BHGE,
A TFRE, 7RERY W S BRI & D BIINENRR S %% U TREFEZ1T 5,
FORMERER VD - & HRBFHTHIOFHENEETH b SR K ZWRTCOMIMET IV
ZMEIZ L > TABICHGHRRBEZRETE S, OFPH 1. BT ORAD BRI DR WY —
LTCIIBERGRBESEDAEYRIG L X —BT 3, LW LB o= L LEE, FYRMERE
VD orom \= & 2 FHIIIREBIC RE I WD DH 5. FOHHE LT, OfiET - B FESE—A

(UTRAE—L) FHRIBAC—LDEAHINS LS, ROEQBLUNORRIES DR T
ER{BOTETUND, QBEORR B Pt 1 U — LRI Cld R Y BB OBER > OBIE R
R FRRR I T DAY BRI DSR2 b ERERERE - IR — 4 OLLBH RS, OREARRD
BND=D, TTIHLI N TN —RYEEHRRERO TR BNCT TR T E R\ @ ROIBEHR
EFHEDERHIIN TS BNCT & /=13 BNCTHEOEHREHICHT 2 X (7) $EROBICASHRR D
BHWNE, REOEIBHITENS,

1222 X(y )k EA R WD (weighted dose)
Bk TN TR E » =80 E— L& AV 2 BNCT Tl WL DODORED B2, EYranshR
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& W X(7 ICEiRARE % 70 b I—)VOHTHNWTW S, BNCT THWS X(7 )M ERE
OBEHBEITOWTII, FECIC/AT RBE TN CBE ZHWS A Y. X(7 RIS & 2 il A Riigic
& D EHEEHE T 2 4855 b ICRU(International Commission on Radiation Units)2 S8 TSI T
3h, —EORBRMITITE > TWRV[29]0

B FEARFEMEAT EAREHEER WD juom (Weighted dose for beam) (& AWEF B —ArhDEHRMR,. it
TR, vREICBIT 2 BIER O Dyvar 2 FINT,

WD,..=RBE, xD, Eq.5

C ZC RBE oo 13F LWV ZRIZNRICHEIR X RRORRE Diray 2 Dperns TRRLTKODHN S0 &
MRS D S b Y ERZI RO B R SRR AN 7 70 —F 21750, P FRE L 2R
MEOE LET ERRIIHM 788 WD, (Weighted neutron dose) & U T—4 L CiHiich b2 &
NEUN(36,76)0 E— LR _RINRLET 2y HEKGROM WD, LHMEFHEBRUBHRGEIC K
BAERRE WD poron ORINCHINMEDSSH B ERET 2 & Eq5 IZRATERE NS,

WD.,... =WD, ... + WD, Eq.6
vVDnzurron = RBEneutmn x D neutron Eq' 7
WD, = DRF, xD, Eq.8

Z ZC RBE oo (S AE D YENR B RO D Dy % EIETHRE Droy & BHERE D isogen DY
FREMN Do CERLTROSNS, /=, BNCT CORSHBHNEBCHRET S vBIIEL2OT RN F—
EZZLM. SRR Tl —RICRERIIE  (51-10 Gy/min). Coy 5 250 kVp X MRZH A~
B REhRIMEN L F X SN D, DRF ., (dose reduction factor for ¥ ~rayNX RIS DEPEMBIRIC &
i 250 kVp X BOBR L O ER L. AERUEKRMNIFREZE S =% { OXHERTCOBRITHEE CIX
DRF, % 1 Lf0E UCEHERIT 5 TV 5(8,16,.27,64,76]o

Eq. 6 L[Fkk. "“BIEHFE TOIMFE—LEHTH 25 B IHEAMH ERGHE R WD,on & B(n,
a )7Li I X B TRE RV FERRE WDionn (Weighted boron dose) ORJICHINIM:Z{RKE LI-BEDOT O H
FHE T ORHERRR WD o (.

WD, =WD, . +WD,. Eq.9

total

B FREDOLEY AR ZE LOAERFRRICLER X BROME Dy, % 10 RYERE
Diorm THRL TR 505 05 HIRRABVNAHZII L L LR RMEAEMORMICEG I hS -9k
BT L o TROIBIEZ T L. B2 relative biological effectiveness (RBE) DOBEZ[701& 352723 1=
8 compound biologjcal effectiveness factor (CBE o) & L TR L THEAZIN TN 20



JAERI—Research 2002—011

D
Xory Eq. 10

CBE,, . =
ron Dbam"

TORCEDOEYNROIEIEL 125 CBE o HERFHNCRD &

(OFy (uptake factor) : % L\ B EEN S 1 s h iz L EDH OB COMNA B B L i h 3
L&Y TOMBEA B g L DT B OB TORE R &R T ; OF; (geometry factor) : HfEA
WA DBNER L. B Lk L QRS S ; QF, (LET factor) : ¥—72 B #ieRUWH
A RAE L 7=8 O LET ISk § % KK RBE ; @F; (sensitizing factor) : K F{LEWIDBEH
HEBMEREZE T2I58; D4 ODHITS5N2D, ZOHLHRYELAYWCD CBE o HDE N
T 2D Fy & Fo Tl F R FI2 W TIISHESWIRICER R —0Dfi & 72 % oBond et al. [4] 12
L. FOBKRUBSHICH LTOF, X 62, Fsid 1 TH 5.

123 BNCT CHRROFMEICAVWSHh I ERTLL 20K

BNCT OF I BENEOREEEZ AN OKEITEI DLW FICH %, ZDKE. BNCT
TIZ B B HRBEAHR U IE B4R 3 L TR SRR B BIA TS T 51 elrd. 2
NZNDOEYBHRIZFR > THE Y. BEHBRGRORHR 2K TREBHEIRHETH 5. EHRRET
ICHS R - D REROMITIC L Y ERBO Y — LAOBEEW S ML, SIS TEONE
T — 5 %38 LE W ZhOBERMFFHEREIBR T 2 -0, Hil LA CORABERINET
HD. ThFEFTHEINREMRAEL LT, 7)) —E— LR TOYIRREAE. 77 M A
MY EAIE. MCNP J— F2AWE=Y 2 2L —2 3 VAR, R R [27,59,77)
oD TOIRMT, in vitro EYIFHIFHM & LTl 0 =—JEakEk. DNA double strand break JllE.
quiescent cell assay, 771 b —3 ZHE R EOHE DR IN T B[57,58,84] L LELIZEA - & 51,
BNCT TOREARRZNBERIIAZE LICEH D | Sl E R OBREA OIS X S5 R
BREDPHHIASPIIIN TN, EYBHREHE T2 RE &k 2R ERETHBEOERICD
WTIRFEZBROMDPND LA TH S LIzh> TBNCT DEBEARIC BN THEFE—LD4Y
HRE BT BRI, HEEEMHCEN. BNICL AVWSNnD J0 = — s BNCT A
JRFAFEES CORAMERRIC BN TEAI N EEICDH [4,1627,76]c AHTTIZHBNTH, JRR4 B
— LB R UfRR Y — 4 & OOz a1 0 ——Epkk R £ & LTV, M9 2 25RO A
MREBRE IO A RIC DN TIX. FESHRICE > =0

AGMFE LS LRBROAE— LI L. 8T FE LD ERIIZHHOIENE—L L
MIhah, IhFTHRRERIIZINTOERN, BAE—LENS BRRNIERFHO R 2 BRI
RERTENZNICHHSINTE D ZOEYENSRUITYERAHIMLRE R R 2, TEOTM
FHEBREIC N 5 BNCT ERERMZE Tl SREBOZAIM:TF AN & 276 RONEE2HIEL.
=1 & UCH CIEEIBOIERER BNCT OF FitE 238 2 BHYC. S5 i F0sBHamic it Ah
LNTETNS, JRR4AIZBWTH, R E—2L 0605 BNCT DESKIBIRIATIC AV S . SHEIAHN
MENDOFAHIBES W DI —LITONTH T TR AR o T\ %, ThERITT, #5
E— LA EKITRAE—LIZDNT, ThETHF S RIS Y B3 EE, 3
BROBUEROBE— LI U TOES, =X OREARTH S PIS DT ORI O LB DS
X > T\5(83], BNCT OEYRIRITEGHGHI GRS b, MM B HHD0ESICL > TER
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SOLENFELT 228, 2L LTOBHRETTRERIE—LHMoLBIIEETH. M1
BNCT O Cith = ZEBE. (a) B, a)'Li KIHIZ L 3R HGR, ()& Hn, n)p RIHICE
ZHPHE-FHRER. () "N(n, p)'C RUBIC & 2 MR, (d) hydrogen capture SUGIC & 5 BIFE v R
—LHITIRET 2 vy BEADELZ vy BB, OZhZNICOVWTOFHENMNEL RS,
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2. HEOIM A B

21 i FE—LORHE

211 JRR4 TV —ADRHE _
MCNP FRICK D ERR LR E—AICH § 2FRERASMBECOMEF T AN F—IRT ML e Au
Ni 2= 7 7 v 2 AP RIIHMh—BL T3 (B2) , HE—LOAHPHF (< 053eV), #5
T (053eV-10keV), FHPMT (> 10keV) 7T w7 ARV y BEBER S IR Uik. BT/
#APETHIE, B —L T 6111, BAY—AT 0450, #AY—2L T 0049 THo =0 Fi-. HH
P /Bt LB E — L T 0305, IREE—LT 0038, BAE—LT0007 ThHol=o YRERK
AL —2L D186 cGymin®, BEE—LD 2.79 Gy min', #AY —LH 054 cGy min” TdH»> =0
7 1) —E—LRHFIZBIT 2 IRR4 A E— LOBAIHET, B G, FF7 5 v o 2d
MEIC 3.6x10° nemsec’. 2.2x10° nem?sec’, 1.1x10°ncmZsec! THH. BAEL—LTIZ20x10°n

cm’sec’. 9.0x 10° ncm’sect. 7.6x 10" ncmZsec! TdH B,

212 KUR PEFE—LDRHE

77 v b ATV F U — AL JRR4 DN E— L, BAE—LDITP, FEKER T
FEREH O KURBAE— LA TH 5. HAE— AMIFEGFEMA AN LN TS E—LTH D JRR4
AL — LR KUR A — LI DONWTUISERBADPBN I N TS E—LTH %, KUR B E—
AD7 ) —E— LR ONTIERTITR U2 KUR B E— AT 50 K I 9 ALUIHERIETSH
310 ZHNTWA 8, Bt F7 5 w2 0T 0 2o T\, JIKREEFZER O FHm-BE L Tid.
EROBBIERERICESW TP F 7 I v 7 2R L THW:,

22 BYHEBROFEN %

SRYFHEE LR RYIERE ORI F A — S REBDLETH 5. CThEh—2REK
Gyen’  (h FEGETIITR Y FEBEE 1ppm 7= D O Gyem’/ppm) (LA T DR TREDI=o MRUSKHT RS
34T —4 (ENDFB-VIET—#[61]) 15 36°CITAY T 3 0.0266eV DURIIT AT o % Pl L TEH
L72[77]o

Jy "EUN ._"ip..Na -e/10%

2
K = .11
Nk px107 fa

N w
N el "A£°Na ‘e/l()u

K iom = 2 P <10 Eq.12

ZZC Kvm Kpow SBAPHET (0.0253eV) 1IS0F % N, p)**C KT “B(n, a)'Li RIBD H1— 2
¥ (Gyem® . Gyem¥/ppm)., Jy E7-1 8 Jpn 3B FE Al a LiMIC 5 X W 5 E8T 3 )L X —(6.259178
x 10%eV, 2.342525x 10%V), e (FEBRER(1.6021892x 10" C ). N, I 7R A F 0¥(6.02 x 107 ff/mol),

On B Opyold 0.0266eV DWTTEIAE(0.075044barn Kz T 3846.343 bam)., A (355 1B B (14.0067 K. 1¥ 10),

-7 -
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WIS ERIC AT 2 N 213 °B OEEHN ORE 22%=0022, "B DIFH 1ppm=10°). oldEE
(104g/em) TH Do Eq. 11, Eq. 12 & D 570 RYFERE(D e R U BRI R D i)l E T ZN G
(APMF7NVEU X nem?) . Cp (medium H10 B B ugg) 2HWVT,

D =Ky, ¢ =1.49708x107" - ¢ Eq. 13

nitrogen

D,oon = Kpios  Cro * ¢ = 7-5054 %107 - Cp - 9 Eq. 14

ERIN, ChEHLITHYEYIBRR L SRYERELEN L. IhORBROSE M
FINEURfIFEINC L DPE Lize FEICITEE 025mm OERE=IFIEE 00lmm,. —i Smm
OEAESHAERN, BREMLEIC I DB U,

7 ) —E—LRHETICBIT 28 FHREIE. YEBRETHON T 2EAREMHH L THEL

o ZORAEIHNE— L, BAE—L, AE—LTENZN 403 x 10" Gy om’, 1.08x 10" Gy-
em?, 1.31x10™ Gy+cm® C#H 3([77]o
7 72 b AAOEMEHREITERZITD T, Yamamoto et al. [77]0O8E L@ FRED 7

7> b AR FEME O ERAE A L. B —LRTBAY— A TCORPFHEE D B

D2 oEFERIE 0.0158(mm”) THH. R5DT7 ) —E—LF—& il LD 7 7> b AERED

OB Z (mm) & R FFH S PMW)YE R W THRIBIICE] Lo

DE™ _ 2 44exp(-0.0158-Z )3_P5" Eq. 15
DR 2 0.773exp(- 0.0158- Z )% Eq. 16

7 MFUETIX. thermoluminescent dosimeter ZfEAFNTBLIE U CHEA L/Z[719]e /=, RFE—LADH
HF 2T PVORBIZIED Y ¥ a—% ETORFROBELETE T —HRICAV S5 MCNP 4CE
E:"‘ F E{fﬂi l/f;:o

23 LYMRLEDORRS &

BNCT CTHWS WA T E— L L Z ORERS & BGHRREYER T, YIBRECEIEO—
X o CEHITY 2 B, E95E2 TR T2 L Tdh b, Coderre etal [16)ICARI N2 HEZRD
HEEHIT factor out 12 & 3 Ak LIHENTH D | FRERS OWEGRIZ OV TORMED DUITEHEIC
Lo THI> T RIFNIR S0 ZOREKTIIRHERRBEHRETH D invitro ERFHOHEIE
TOBREPMBIZHZINDI TN D, —H. BRETRIFEILEHER - BNCT DE¥Bh R % T
27=9D AL LT, Bondetal [4)id & b BIENRFHEELGRE LT %, Bond DARTI, OFw
FBeY « RS OEERD HSIEHD ¥ MEHGRRR Z KD, @FTDER v TR FORREL LTH
WTBD (direct subtraction), MHERYIIRENH =X SHAUL RBE X713 CBE ICOWTH R TE
5 LT3, mRATTIE White et al [76] 5. 7 7> M APITO MIT (Massachusetts Institute of
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Technology) OFMN ¥ — L DR % 3 L T\ 205, EYBHRIC X 25HEliA® LT3 & LAaDS $,
HAr ROYIF AT R RLICRRENS D RBE Z5HH L T 3728, X (7) MEMREOF LT
STV, FIRTIRI NSO L EIEX 2. RBE %7213 CBE OBEHICIX factor out I X % 75l
HH L. Gabel et al DAERINHE U T DofliZ ANV 2o F 72, SIS SBER OB D ETZ 7
7 NLAADE—LDOEYIHIR (e.g X RFMiRE) DAR/NMIDWTIZ direct subtraction Z N2 Z &
&L%o

231 CBE RUFRBE DRBAH %

BNCT OFRICHA: 4 2 B RARAITN 2 4 ERIshRtid CBE &U* RBE ZF\\Jz, in vitro
BNCT (BT 2EBEDEHEIT Gabel et al DAHERTNCHEL., ()FREMNIMMMERR L, 2&D4Lt
FEREM R I EEHREE LR WEREENT & 2 EERE((AR0ror ARcutrons AR gomma) DIEI
L ORI N, (b) BNCT DIRAE—LBRBICEEFN S TRV F—DRR S v . KO DIZHN
5N 250 kVp X #E7=13 V'Cs 12 & B Y M RSO RE A T H(DRF,=1). L{RELTHT
27

R ARboran x Rbeam E‘l' 17

total =

Ryom = AR, ..., X AR, Eq. 18

neuiron

C TR UERBISNE T 5 EEFREIL AR 1T RR SRV SR OMIE —ERR
B L. RO RSB CHESNEEER R BIERGHTHEI N U— L BRI K 5477
H Ry THRLUCEM U7z (Eq17)o RORIREEHTOPETFE—LBHNTH =5 INLEEE Rar
(. P TRE L BRBEICHIET 2 EFRECAR v & 7 BRITHIG T 2 R ERE(LAR, OB
TH5(EQ18)0 LIzD$D T ARyoon I Roeam Z AR, THRTHZ L TR LTz AR,iE. W'Cs HEGIC
A9 BRI EH 5D LML, -~ XA E T )V(linear-quadratic model) [70]% W T
TLD &% y #FRAEE & LICHH Lz HRERNINET DA FEE(CARwmm « DRycirn ~ 4
Ricam TNFIUTINT D Do B (Dosorm ~ Doneutron « Dopoam) & HIBE Uy HBIZHIN T (CBE porons RBE nestrons
RBE.n) ZHHIT 5[27)0

Dy (I FHERORMMIR a OWET, LHFHRROBERT S CHEREZ LD 37% (=) THS
TOKETIMEDE (DrD;) L LTERINTH D, 250 kVp X $ETIE Dy fH (150 cGy)Di—H
RIZAWSN TS,

In(1/e) 1
-a a

D, =(D,-D,) Eq.19

Z D 250 kVp X RETIE Do xmy fiE(150 cGy) 2 IV 5 &\ Y1208 R H(CBE borons RBE peutrons RBE peam)
&,
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D
RBE,, =—22% Eq.20
Obeam
D
RBE e = ——2 Eq21
Oneutron
D
CBE,,, =—X2 Eq22
D Oboron

AN 250 kVp X MO Do, i Cs Ty KT B AP RN (B —RKET)V)
Ti3 1145 Gy TOMEICH S T 3 LMK AEERBOM TH 5o

232y WE(MHERO RS E

RO FRBEGREDEFE R NUIER SBEDEAFE Ry DBHRIL RO RZBTIMULIZC LITKD
S HERE(CARmm ZHWVWT. Eq17 (Ruw= ARipen X Roeam ) TEINDo v RUIHT 2 EFRIHR
EEHR- —RAETNMCK>TEAYTE D L T2 & TROKBE D, LAEFER, OBIRIRA TR O
%o

R, =exp(-aD, - ﬁDrz) : Eq.23

Eq.23 L v SIBHIEBR CEIRI N L% R, B B U GEREIE 2 KD 2 = L T, ol G1E
RHETHILNTED,

FRTHONDEFERRIIH UTEQ23 28 L. v RSB D, 2 EIEKOZ L NTES,
BEND D, IHEGE WD LRILL SISy BOBBLHEEY LAKED Lunit LTI LHTE
%o

—a+qJa’-4B-InR,
D = P ink,

€q; 2ﬂ

Chickh, ERCEHBEHREINHEEL R Ruean £ Eq. IR EQ 24 2N LT, 7
FREAHRRE D ogsoiat « Degborom ~ Degbean DRI N2,

Eq.24
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3. 7V —P—ALMIRHIC LS inviro LY R R

7 ) —E—-LHEHERT. ERAECYIERERNEDY L TV RN RIS IRBOFE F E
—ALfUTECHEE LTI ET D D TH Do PUFE—LIHBE -7 7> PLAICAD L, B
ALEBECL D PEFZRINF—DETEZARY PIT =L DREBDPBID., EYHROKRESDH
3 WIS EAE T %o 7 ) —E—LRATIE. EPHFE— LS CORBRNER (772 A,
) ORESDIARDBNC L ZERZR/INBICED D ZENTE D, AEBRTILIRRA Rk T
E—LEZAO, 7)) —E—LR%HFTO inviro MR EHFRIE (O 0 =—ERE) 2170, SRERS
IZDWTOEYIERENRIL 2 EOREEB S LT, BAE—LADERMEBRELT 3, BNCT D in
vitro BT B OMBBARU AT & D15 5N 2 A PrERshRhRR 3 1, HEX 2D RYFEb
BAYPRETH . COHNTROBIE—RIZHANSND[4,27, LT, FETIIFYBEZAN
FBRIZONTER, B DTROELEYIC L 2EW RO DOWTIN4. Ko LA
172 Compound factor PIE | THEABT 2,

31 FOBERAW-KBR

311 ARSI O RBRH:

AR RER I T E— L 2 AW ER TNV S, F—2 OB ESR R V79
Chinese hamster #IlYLL T, V79 MlfE)Z6EH L7z 9\ exponential growth FD V79 flif1%. 10% fetal
bovine serum % /il 2 /= Minimum Essential Medium (Sigma Chemical Co.)/{"C. 37 CH*D 5% CO, Dl
ZIF FTHEERREE Uz V79 M) O PEEERR(PBS) THiiRE. M) 7 VLTV, 5000 cell / mi
medium ¥ 7213 10000 cell / ml medium ORIFEFERE L L THFETF 2 — T (MS4501, fEKR—2 51 )
WCFHE UTze R IR SRECIIIET 6 FFRIATIC 5 £ /213 154¢"B /g medium & 72 3 L5 h ek
L. #BEETo /. TUERKGHTO "B EEL PBS TOHG. Y 7Y LA, Mk, tit+
MR ORI, WIS BICHER Uizo PHETIBENL IRR4 OB E—LE AV, F B RS T
EAE—LRUBE—-LBRHDOETIT o1z, FEHE, V79 it —&8%EE 60mm D75 XF v
78 dish I L. 7 HRPEERET o720 0%AFN TN A=) EAFL 2 TN—IZ L b RERT,
50 fELL tOflita% A 2 30 - —DBEGHR L (30 =—EARAR).

T OB medium ICHMNE T APPICHRL. 1 REE ISR medium HFOEEH—E
&2 %78, BSH % BPA EDMMOT RS E R D KEHERICRS LT FERIAEEL I h
TWB[43le COT & 2MART B8, TUMKU BSH £e518 24 i), 4 B, BERICBRE 21T,
FHRDEBRD1=DD FRIBREIT 212 TOFER. BREFTD S 24 RFHEHIE CORB TR OBRS
BRI X 2MIRAERCARRENASNARNC L 2R L1Z(® 3).

F-AFRTO B BEOREICIE. MRy BHTER (PGA : Prompt Gamma-ray Analysis) %
ANTH 52 L8 1500-3000 1 g/ml 12 L/-BEAIEED "B 8RR OB ("BB>0.9. FABAEH
PR AREFIF L 08y R EER L THA U, B TROMREERZ FE PGA I
LD PE U THERD b Ry RREOZFICHA U7z [78) B EERR VB ER ORI (*BBS
02) It FEEO "B 2850 0BRIAVMBEEIZI 5 LA TEL0T. KhoBOMEE
HICI 2 EEIR/NRERDARTH S,
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in vitro DY EER T, HERETT S BRI TH O RMEAYR SR OGRS OGRS RN E <
DORfE%E —EIC L, MIEOBRRIC I U T HBE  RRIAICER 1T S 720, EEON % AR
IS 2 BEHREL S,

AWM E— AHRGREDRHC AN 2 & BECHELIC Ko TRV F—aHHEE L. AR
FEEE THIMTHRLOEUAIMINT 0. COTRNVF—ETICL A bLOBAVIRESI O
AHOMEICE D RS, X e E—A7loi, SHROEBRINRIC & h #EOK N DR
IR —IC D $9 Vs Brookhaven National Laboratory {Z81F % in vitro DBHERTIL. FElskD Hi
THEJE—Y N L 5 NEERNRE MR XN TS [16,27], £ T B—REBSIZ X b il
FlE TG T 2R EHEL ERICIT S 728, BERIEGREZER L. AREZRICHA L.

ZE - IR EE L JRR4 OERBHAC—LFLICREBET 29 DT, 727 ) VBROTEE
OPICESBICBERE %2 & D)) LF L AR E R D FIFCRES BRH S SdinhIc BN 21T
(X 4)o BAEACIHEF 21— 7% 8ARIAT ZZ L HTE, RO LANCETI2RRIZFNZN
10 R TH 2 W RN ZHET 220, E—Lflbizifi % 4 K35 2 FUCEE L ¢, Rl
HEBREZ AV =R E— AICK 2R 2 TV flERR P TF 75 v 2 2 vy IRERERAE L 1o
FEEN RN 30 2 R U 60 3 & L. A UK OBLE € oGS & JERRREN CHE 21T o /o BT
77w o AL MEREETIE 5.02£0.04(x10° ncm? sec), V79 MRBOIBFHIC & 2 4RO HBIZ BN T
& RORIEFETTO 30 HFUFREZRRE. ORRGCARICHEEDES DEIININT L EREREL
W3 ((t#sm|) ,

312 MHfadERE oL

BAE—L | BEE—L, BAE—LEBW= in vitro BRBOMISEFEREZR S ISR L. T
FIFBEHDEER R DR E L. AL —LTRHAREL, DWTHRAEY—L, RAE—L OHET
&2 Iz (p<0.001)o F 7z, T RGBS EER Rl B BRI T L. 5. 10, 15 ¢g"B/ml
medium FEENWTHIZBNWTH, A E-LTRIMEHBKEL, DVWTRAE—L, RE—LOD
Wi Cd o J=(p<0.001),

32 FUBRIINT % RBE. CBE OfEfER

#% “BBETOLEROME (M 5) 2 LI2. "B HHEMIN=BEITEH SN 3 EERTE AR wrm
ICRERBAPHET VI 2% B BEIIHLTTOY FLE (B6) o RISOLEEREICLER
#MAVEF 7NV XiE B EEHINT 2R, 3 EORER S E—20TNICBWT H BRI
K F L7zo

7% V79 RO v BB (PC)ic X T 2 K, JRR4 FE—LICH T 55y RIS RN
DEHE Ry B — LHPOEPE T RUEFRRINS T 2 EFERE(LAR s B R L. K16 THE
AL R EREITST D EEREE ARy HHFFEL 720 Rowan D Dpflid, BN E—LTIEL1.23 ¢
0.16Gy. RAY—ATId1.22 + 0.17Gy, FAL—ATIL1.24 + 028Gy THh., ZhicLhEHIID
RBE . i3ZENEN B E—L 1222016, IRAE—L 1232016, AL — 1 1.21+0.16 TH > T
Riear WA LTy 5T AR, DREIE 24T 2 72 AR pstrem D Do il BHNE— LT 0.60 + 008Gy, BE
Y— AT 0.64 £0.09Gy, BAE—ALTIX0.69+0.15Gy THDH. SHIZX D BHAND RBE e i FH
ZREHE—LA 250+ 032, IBAY—A 234 +030, AE—A 217028 THol=o TORKBRIC
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L2 THE o TN EHERENARmn IS T ZHAE— L BEL—L, AC—LD D, {HIF 037+
0.02Gy. 050 +0.03Gy, 1.06 +0.05Gy TH Y. CBEpmm!dTHNEN. BIE—L 3.99+0.24, BEL—
L 3.04£0.19, BAE—L 1.4320.08 THo=,

BAE LAV V19 Il COEFEROMEZITRAE—LRUBME—LOBE LD HREN
CEHTINE S). VB HE - A TORTOMIUEARAEICBN T, ST EERICED
E— LAXEBENREVEALGRD SNz X7 OREY L TRV -EREEAPH® T 7V R

(<053eV) ICHIDGHRATH S o L L, RlEINEAPHET 7 VT U INEIRTH, AT b
VOBV, FHCHNME S TCOREFZIRY FUNSBNDH D &, EPBHIRICENE LS, BPT
BESIITT LS IC1keV B5 05MeVD RN F—HTDRANRY MVOENTHIEIT RIS
CHBIO ST, HYNRICHEENRE VW OEELEZ HND[4, 78], R5IITRINE B FIVLHRE
COZARNX—HERTIREICRD 20, EYIBREH<D L TEHEEDbN S,

E— LM TR KERENIRDON=DRTUERRET, BANE—LIZHT D CBEjmm Ml
(3.99) IFFAE—LIZLE LT 2.8 f5ICHIY Ulzoin vitro WEEC 20 =—J/i% endpoint & L /=EERTIL.
T RRBD CBE o I 23 ~ 33 ZFMEO RBE{HIZ 1.9 ~ 2 LWEIN T 5[16,20,24,27,73]0
B DKDIZRAE—LICH T 2 CBE o #(3.04) I& Davis et al. [20] H° HeLa fifid% = E5 T
B 37 LiHT—BT %o Davis DAWEE—LICBE L CGEHEARPHEF IR MUIZDWTOT—
ZiImENTOROD, BPHETFIHT 230 FORAK0.92 x 107 Gy em?) IHRAE — L TOfl
(108 x 10 Gy cm®) LIEVMETH D, PO M EHDHDEEZI SN, —H. BHAE—L
D CBE poron (3.9 I AR LA FBRD V79 MIFIEE U % IV /= Gabel er al. [27) O CBE 1#(2.3) &b
HEMEEL 12> T % oGabel DFXHFTRINTNS A R I DAL (~20) IZIRRAFAE—2 (1.15)
BILURAE—L (25) LHELTHLPCEVATSH D (3 S). EERCHH L 7= Brookhaven [H 3
KO T U — LD JRR-4 OB Y — LA L D% < OB T A2 S4T 2 = L HYEN CBE ffi
CBBRT 2 L EZ SN 5,

B DRDIZEE — LD RBE oo 18 (2.17) 13 Zamenhof et al [87] H* “N(n, p)**C KT¥ 'H(n, n’)p
BIMH U TR FRRIC £ 5 TRV F—HIHOMR{a % 2R L7z RBE 1 (2.0)%. Gabel et al. [27)
DEAPMEFE— L & V79 cell 20 “N(n, p)*C BRI DWW TS L7z RBE il 1.9 IZIEHE 8T %,
A — AT T B RBE puen HIZ DU T Coderre et al. [16]539LGS Cell & BNL DAY — L& RN T
K7 (3.7-3.8) & b DR DENDL XA S WO TR OE O LA DR HI
B & TR,

BNCT iZ () 3 B RR DL RILIZ O WTIER R AEOMEN R IR TV B D, %<
DFBEMNSNZHPHEFE—LDZARY MVOMRIC K > TEHIAaEEL % X 5N 5[30,74]c BNCT
DEYBIRDBNIZ DIz H. BEPTOVEFMOTI—-HPERIND invivo BBV in vitro
OHYFEBRRTOEREN OBV L > TRI 5 TL 30, FUELAYORSEMEE—EICL, B
BAREIRTAZ L CL D IERECEHETT 2 2 L BSEETH Do Tz, M E—L10THE—L &
W BRI T LA FE—LDLEYEIRERTHO TR, BMELLPTVED. BER
EBDVVETH D LEDND,
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4. T RLEEYD Compound factor FIE

B(n, ar)'Li RIBIC S B EBPERISNRLL CBE joren 1. % LV VEVIFIGIRE & 12 & TOICMER
FORRR L XEEQS0kVp) & DHIC & > TEFES M. MADF Y FE(LAYOBITOMERN B 3
INFTRDENCHDE, FTOREEWIC L > TRRBHEL 0 D[61686]0 LIz > THEYIENR % TEHF
& UTUBNCT OZIREZHE L. E— LADOFHIEPHE LT IBRCIE, MR EEERICHAW TV #b
BYDH D CBE e DIBNEAS IS LR TR SR Fiz, RIFRHFTORHIC LS CBEwwm &
ARDLIL T FURLAYROLEBET SBOBIEE 85,

AT R T O FIAYTH S R VB BNCT DEFRIEHREBR CHAI XN T2 BSH BRU
BPA ZHL.0MI, HPFEKFED Matsumura SHPHRZEDTNBEHRY 7 4 ) RO STA-BXI0.
STA-BX909, STA-BX929[45,46,47,48,49,50,65,66,67,80,81,84 i DT in vitro BNCT %17\, T3 7)) —
E— LIPS C K B in vitro EIERIRNRIL S TRz CBE o & FINTE T LA YIRO L)
ROENE BT S,

RKEDTINT 1) VU FEARIINBEFIME R T 5 EWRINTED., i ziIroH e L
FEOERPZH CRAWS T WS, RV T 4 ) VROHMIT A V2 L, I8 DTPA 2454
L7z ATN-10 (&, XEMEE S /-9 MRI TO T 1 FitiaiEiez A T2 R OB %777 Mn 1)V
714 ) THB[82)0 TD ATN-10 ZEHKEL LT Gd 2L 7%= GEATN-10 o, FUE B ##EAL
F2ROERINVT 4 ) (STA-BX900, STA-BX909, STA-BX929) 2% Z & C. BMEREEI
T 5 P F BRI A DG I DMRET X T 5 [45,46,47,48,49,50,65,66,67,80,81,84]

41 MfaRFOEREE

exponential growth T V79 Chinese hamster {ifld% 10% fetal bovine serum %H0Z 7= Minimum
Essential Medium (Sigma Chemical Co.)1C 37 °C. 5% CO, Di@HFM T CHEGIEE Lo V79 Mk
PBS T, M) 7Y VAT, 5000 cell/ ml medium 3 7={d 10000 cell / ml medium ORI E
e LORRET 12— T (MS4501, (EER—2 T4 MICFE Lz RORILAEMEL UTRUM, BSH.
BPA. Mn &R 7 141) 2 TdHD STA-BXH0 (CagHus 'B12NsOMnH,0, MW:871.8), STA-BX909
(CyHa *B1NsOsSMnH, 0, MW:894.8). STA-BX929 (CooHyis "B2MnN3Oy6S, . MW:1551)% v V= R
DFREAYIIREO 18RHEANCZSE L. 0. 10, 20, 30, 40ug'B /g medium & %2 % & 53R %
10705, [ERNKEEZAWTHAE—LICLS 35MW TO 30 SRIOFRH £21To /20 BRETOHR
DFREEIL PBS TOWHR. M) 7' AR, RRGEH. TR OB, BIC—BICHERE Uiz, BaGY
®, V79 fifidD—EBZEE 6Omm O 77 X F v 7§ dish I L. 7 HEEEEIT o0 O%AFNVT
WA= ERFV o TN—IC XD RERITV, 50 L LOMREEF T2 30— EFHR L=

BRVREEVEETORGIC L > THONEFERE RO RIEFE TOLEERDOLLE S LI,
ZhZNDEEYID AR ZRH UTzo AR, BV ERRICN LT D v b LTHSLNZERD
AENS Dopor % FiiH L. 250 kVp X $2D Dy, fHTdH S 150 cGy & LU U YRR CBE jorm
BEMUERT £/ BHRUFEILEYTO CBE jopm DHBUE. RIS TD CBE s ZHEEL LT
BT BEYID CBE pommtesr & DL compound factor(CF) ZHM L THro 7=,
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CF =%ﬂ Eq.25

CB E boronBA

42 FUHRILEYWD Compound factor HE RS R & FE

BHROEEAWIC LD V19 DA FRE R RBEE I LTZOY P LEZHDOER 9 IITT,
RO KEREFROME %7 LD STA-BX900 TH D HICBR OIS A NI VDX BSH TH o 70
FLEYTOREMEE D L1175 7ME (Wilcoxon’s signed rank sum test) CIZBSPRERE (p
<0.05) ZRTICZESRD D=,

FRUREMOLEGERE S LIZEH LTz CBEwom KU CF 2R 6 127590 R IED CBE jorm 1H
(3141 THYH, CFRIFAVEEZREL LTS8 1 THD. £/-. JRR4 TOBEKABRTHVW SN
TW% BSH, KU BPA @D CBEporon I Z T NE N 0.61(CF=0.41) & 1.6(CF=1.25) T3 > /=0 Mn &IV
74 )Tl BSH &H#B LT, STA-BX900 U STA-BX909 Til CBEy,, %L, FhZh
1.35(CF=0.97) & 238(CF=121) T&>7/=0 STA-BX929 O CBE o filild 0.83(CF=0.52) TH > /=,

INE TICBNCTOIEFE R A2 HE T % HTHRB S WEHHIA S Wz R FLEWII LI
DB, MIHIOERERFIREBIE E TICHT = ICERRIIRICEU) Ah sz RO #EA&YIE BSH &
BPA O 2 FEHOFAIBZ R 3,82) TYRLAVIORFKICBNTIE. {bastkH BN REE S
RCAIE DA & AR RBELERE, B BRI R —4. KRG PIsoet i . Bt
ERNEN. FAERGARONER EETHREL RS, TUREAYMAEORTHNVT 4 ) 3%
BAIHBNAETH S LI TED. BOPP[2. 4-bis{(. [-dihudroxylethyl deutero-porphyrin IX)}i
HIPRAABREIEIC 3 5[7)e S BV Mn SBHINV T 4 1) i, BOPP DRISTCH D@t rial, T
TICHRESIN TS Mo-TPPS & H# L TIEERAOBITIBD TORNENS M TR T\ %,
7= MBI T 1) VX ENBEKIC T1RREPEHERED S 2 728 MRUEREAI L L CTHIWS S LT E,
C OZWEREHA L U T ORI in vivo BEEE 5 )L % AV, ATN-10 © STA-BX900 THEERI LT
3[81]o

SEFEA L7z 3 O Mo &EAIV 7 1 )>OS5 bRgHEWEEFER L0 STA-BX909 TH
2720 STA-BX909 {3 BSH IZ T BNCT COAYBNENEV DI, Lt 74 —%4 L fiartT
PB5THLEZLOND[082) Xz, ¥RPLHHEFREN CROLNS ILGSHlED 7 b —2 2
FEEL, STA-BX909 2Lz BNCT TIHMET LTHh, MEEERT & EYshEOAE X & OB
HEHTBE N B [84]

STA-BX929MW: 1551)i&. 1 73FHIC STA-BX900(MW: 894.8)%> STA-BX90YMW: 871.8) D 2{i%
CHD UBD B EETIH. HFEOKEXD B O & 2Bk B LA REEEEI B
L. EPBNRMET LBz FORE Mo BERNVT 4 ) VT TR, F-cRah:
FORILEYDRA D) == T RIT IR, CBE o CF XA RIRIGRICR 2 L BN 2,

AIBE TR ONI2RDFED CBEporn 18 (141) 1&. 3.3 RUBRICHT % RBE, CBE RIEFRSRTHRL
7z CBE o fB(1.43) £ K —BL, 77— DfEHMEDRET &2 LT 5, Bond et al. [4] 2 &L 1id. BSH
KN LTDCFIZ 03 T, RERTOM (041) Lh HFHETHEVMATH S, BPA & BSH D CF %l
Ll U 7= B3 D05, Saverwein [63] 1 X, BIYIE 7V T O A U AR 92 CF i
BSH T 0.37 5. 1F 0.8, BPA TidWWT1hd 1.1 TH H . BPA TD CF 1 in vitro (KFERTIX 1.25) & invivo
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THEEDMETHZDIH L. BSH TILENWHD R E L EFERNEEFI OFFE D RFSEARE 1T 2K
HIETWE LB 5F4)[68. T8, BSH. BPA. STA-BX900. STA-BX909. STA-BX929 i
DNWTD CBEpomn «~ CF WL 51T LT RUBEBWHRT—F 6D R #6EW
DBREHTL D Do 5. HLEVRITRRAOFREIT . COMEEERGET 3 LhREL
BRHTHAD,
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5. 772 b LBREINIBIT S invitro EWERNYRE

FIHTIL. JRR-4 DBAL— L BAEE—L, RUKUR BAE—LZBNT, 77> kLS
TOMBIE, FHEY 2L —Yar, AEROAERTTD. ThICKD., 8 E—L0HEME 2K
iE L. BAEERIR CHAINTWDEAY —L L SHREADRAT N BN — LOESEHITD
Y ROBNEHSHIZT B,

51 77> b ARNKIRIRSN ORRA &

511 RifRHORE

exponential growth T V79 Chinese hamster fllfd% 10% fetal bovine serum %X /= Minimum
Essential Medium (Sigma Chemical Co.) H1°C 37 °C, 5% CO, DiEH &M T CHEfmhEE L= V79 Ml
PBS THPE. M) 7Y LALERAITUV. 100200 cell /120 41 medium OFARRERK & LT 384-well plate
(Nalge Nunc International Co.. Ltd # modify) D% well IZ7E L 7= 384-well plate i 4.5mm x 4.5mm O
EAREOEER2HDOAR140ul D= AV MrdiR b, 772 b AR DEHFREEM
D FRD = DIC—EBSGE U TR L7 (X 10),

T B 5EECIIIRET 6 BERERIC S £ /13 15 4¢"°B /ml medium & 72 % & 5 R UBEEMZ TR %
fToTHERELE ToREESHTO "B #EEIL PBS TOME. ) 7Y U ABE, fMRasHE. it
FHR O, WIS —BICHERF U7z R, V79 MIREREERK 100141 ZEE 60mm O 75 XF v I8
dish I L. 7 HRISEEZ T o0 OBAFNTZINVIA—=NERFL L TIN—IZL b BEET, 50
P EDOMilREE 220 - —DHESH LTz, BRKNEIXFRERT -2l EE—LTOD7
7> NLARFHT 7 5w 2 A -V 0B (JRR4 BN E—LT7 7 b LAKELD 20mm. JRR4
BEY—LT 7mm. KUR BAE—AT20mm) T30x10%nem?F /3 40x10%nem? 23 LD
A DA

(HA] L7288k 7 7 > b LAIIANE 186 mm. HE 3mm D Polymethylmethacrylate (PMMA) BDF
HRIC, SRR K ##7- UCHM L/=(Water phantom, X 10), Y—2AFLEREL 7 7 > b LAREOD
PEREE 10mm & L. EfE 10em R 15em D2 DI ) A—F ZRNTREERFT o720

512 #EHusE

777 LOBRIEST 5w 2R, EERIIMEEDOTFE] LIRERE TR Lz MPEFTI 5 v
A MEES S BHF R CRABERY isodose SOWRTT 7 2 b LRI S OFFEHI DOV THEE L,
Wilcoxon's signed rank sum test % FVVCHRGE ( p <001) OHEZIT- 1o HFRHBOBOREIC
BRROHEE AWz,

52 772 LRFICBITS inviro EMIERHREORER

521 77 FLAEREICLD24EEE, BhEFHE. vy REEOEL

JRRABAE—LIZX D7 7 b AAFEX AR T 3 EEREIL. °B O RKICED S &
£ D 20mm (HiFICREAZ OMEZR LU (X 11). JRR4 B E—LDE#RIL JRR-4 #HLE— A
ICK BARTHEGNT, BEAET7 72 b AREE FORERTH o= JRR4 AL —LIT B I
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FTIA 10mmd D FMIET (p=0.0010), F 7= °B JEFFAHE T TIEAT Smm & D FVMIET (p=0.0022)
BAE—LL D HENEFERER LIz,

KUR 35\ — LA AREbIZ, B #4E FCIIMAREZRL, "BIEFETCIIBERRE R o)
UB HEA T COLEERIILEDESIZBNTH IRRABA L —L LD HEEER LI (p=0.0004),

ArEH ORIC FARFCRlE I NPT o V) XM 12 IR T L SIS E—Z4E T, JRR-4
A —L 268x10%nem® BAE—L 269x10%nam®. KUR B E—L € 2.66 x 102 ncm® TH
h, FE—LRHTCHRBEEZRD Do/,

y 8RO, YEEE 10mm LIS CIE, IRA Y — AICHATIRR4 #4 E— 4 KU KUR A E—A
TREMERTH, JRR4 B E— L Y KUR 8L E— ADRICE 5 P BWERD o iz YRR
DERAHEIZEY —LTH 2Gy THo/zo JRR4 A E— L K KUR A E— LD v 5. #A
HFINT L ROL ST DEPPRERE R L. HE—ARITERELRRO R 2 =X 12)

RUfaBetsht & AN AT o f= E— Ll OB T 7 5 v 7 APERREZR 13 123 L7z B
51 (MW) H7= b O#AMT 7 5w 7 DB EVDIBEEE—LTH D, E—IHET1.60 x 10° n
cm? sec! MW ! Cdh oo T LTHRIVAY vy w ¥ —IZ L h BT 2E/D X BTV S JRR4 #
A — LM KUR B E— L CIIBPHEF 7 5 v 7 RFEL  E— VB TZ 2N 1.12 x 10° ncm?
sect MW J2T8 1.18 x 10° n cm? sec! MW Tdh o 7=, Water phantom KD 5 E— 7 {\iBF COEE

(0.5mm %I# ) 1% JRR-4 #A ' — AT 17.5mm, JRR-4 {4 £ — 2 C 7.5mm, KUR £S5 E— LT 22.5mm
THo7=o

77 ARy BESHER 14 IR L. Yy REROY— VI IRR4 #HE—ALT 3.13 Gy
h'MW, JRR-4 REE— LT 430 Gy h'MW', KUR #/\E— AT 031 Gy W'MW ' T o7z JRR-4
AL — LK KUR A E— L0 E—JEE, #PETF 7T v I X TCOE—I B 13) & AP
PHERTHREI NP KEBRCRAREIADRD» o/,

522 EWFNBHREOTEH AR

JRR4 B E— ATl B OHEIZEID & 3°, Water phantom PIRIRAE 72 OTARIZ ML 271 L
FIRAZRIE & Nl B ORAEF 7 )V » BTG U pattern 277 Le (K11, B 12) o F7z
B 774E F ORBHTIE Z QMDD E 5 1IC8i < RAMGHIBRI NG DT Lid. “BHEHFAET
TOEHERECOEBELBEES CH L ERMER Ty MR, “B #E T COLHERETORATH
BERVERBEONThGD, APETAHE T U TEMT 2208 EL 5 L BTEH 15),

L7=ho T, JRR4 BN E—LTO "B EATOEFRIIAOGND LDIC, AT LRES
A5 % T P F OREHDHRNIIC N S WISEITIIRAPE TR mirror image & 72 B MAEFAR
R, SO "B EAE T CHROERBIMDZ L T OIEEIIRD EEZ 505, BIERIC, KUR
A —LTO B HE T RUEE T TCOEERIHEOAROEBNE, FhEFRBICLoTH
LENZLHETHIEMNTED, B FFEE T CIHNNICEPE FHEBOEENKMOFE TR E
<. MROEFRIGH RS TE T L. 2K LTEBROYEEREICRD EEXHIENT
& 5 (X 16)0

17. X 18 ICEE—LOEERERP L LN Y PR IERBE oirn ~ RBEjan » CBEporen) D
77 b LREEIC L 2 EMETR U o BT D RBE i & KUR AL E— 1\ > JRRA4 #AE—
L >IRRABEE—LODIETH o0 JRR-4 FS Y — LD RBE i I3 30mm F Tl L. ZDHHY



JAERI—Research 2002—011

MU, KUR#HAE—LTIKERIICHED. JRR4EAE—LTRERIITHEML =,

RBEj.., 13 40mm ¥ TiZ KUR #/A P — L >JRRA4 #HE— L >JRR4IBEAE—LOETHD, &
DO — L HITFEFHR L= JRR4 #HE— L, IRR4 BEE—LHDEEAMTRERER
MPROVDIZH L. KUR A E— LDETHRED D0 CBEjomm 1375 E— 4 C 20mm {53 I viE %
FHoMAE R L KUR A E— L > JRR4 B E— A > IRR4IBAE—LDEI/NIWVMEE T Lz,

7 7 vt LWNEBEIZ X B R R L (RBE stron ~ RBEpeam « CBE o) DHEZALICDNWT O
HZDR< E—AILEBRNMIDNWTHFEROADPND L 2 AHTH S0 White et al [TO)IFH E— L
& HWTHT o TR FIEAEE FO A PR I(RBE it & RBE )\ S DWW T DB LR HE L
RBE  j \XZEEE L & BIZWD Uy RBE e IXETBEAEIC LD | BEICHN U THBRRELERIBWES
LHMERTIBADDH D & Lize AIHDHEBRTIE. RBEjm XZFE—L L HEEL EBHICHD L.
RBE e /3 JRRA BAE— L CIIEE & & HITHM L 205 KUR #5L E— L Cldasicwmid U, #s e
— L IR 30mm L E Tl L CUBEEN LU Tz0 RBE pwm WHEEL & HITMNT 2 H L LT
White (X, #FE 40mm {1 2 B R i F = ROV F—DUEIE— L ORE(L)ICEE U5 Z L 2 HiT /=,
EHME RV F . FERECBIT 2R RN F—hTF LET FNVF—pE L ORADED
BlZLoTHEL B LEZISNDD, E—LhOFEPM TRNE IRR4 (EA E— A <IRR4 #AS E— L
<KUR #H\E— L DMEICIENNT 5 728, EHTFIVF—DMRET AAIEICEDE Uz mTREtED H B,

RBE o DFEEIZ L BZEADE—LICLI D BRDZDITH Uy CBEjm (I E— LTl LU TVRY
DEALETR U0 CBEpomn Tl “B(n, a)'Li KItihs °B O TlilRMimiR o iz T 278 (K 8
BH), T RINVF—OFNEPEFOREI NS | THZFINVF—DHEIZ X D ZFE—LTREROM
Rickol=dDEHEEIN,
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6. invitro MIBBEAERICE S v RESME R & 2 0

6.1 XML A&

611 HEFE—A

EEBRTHEBET> M FE— A, JRR4 OHAC— LA, REC—LD2ETH D, ¥HSE
MR 2 RE T 2ERTIIIBITE — D DRETF & A% LT, Bond DHHEIZ L 2 v BFlifE: 7
7 N AROBEETHE Lo ZO-HFOE—IMBEOINT 2B FAZ 5 LS BHIER%EH
B LTHEEEZITOL. ZARTEEE—LABTOBERAA -

612 MifaES

FEERAR Y U CHRABRRMLE S v b ) — RO ILGS. C6 glioma (LT, C6). ¥ RmFLA
#& SCCVIL. Chinese hamster fiififzehisk v79 #ifig% Fy /o Exponential growth T O SZRIBE A% |
10% fetal bovine serum % .2 7= Minimum Essential Medium (Sigma Chemical Co.)FC, 37 ‘CH»D 5%
CO, Dl EME T THEfRISEE U/ i PBS THEAEE. M) 7S BB %171, 10000 cell / ml medium
DORRER & L QFREF 2 — 7 (MS4501, {E&~R—2 T4 MICFHE LTz, T REGEECIIES 18
RERSAC 5 F /213 154¢"°B /ml medium & %2 % & 5 BSH 2 L 7=oh o &% 5BEC D B it PBS
TOHFR. D) TV, MRS P TR, BIC—RICHER L=, FR. Mifeo—5
EEEOMMm D7 I ZAF v /¥ dish i L. 7 HREEEZT 270 OBAFNVTZNI=NVEAFLV
T—ic & hREEITV, SOEL LOMIIER § 530 =—DBEFH L.

HEEEENCIZ. TS 7 7 > b ABEHI BT D invitro EW2EEN R ) & F U Water phantom Z{# A L.
KARUVABOHEE 9mm, 24mm, 44mm, 64mm. 84mm, 104mm. 124mm O ZAR—Y—{TFHEF 1
—7RBE L THERTT> o FENRHEIX FORE LIZBAPEF 7 S v I 25 RIS, E—JhE
T5x10%nem” &5 &5, ME—LTHRELZ,

6.13 i3t

EHERIIEOETEEREZETERL. ARy §S MR EOHBREZDREIZIX Wilcoxon’s
signed rank sum test & V7= (p<0.05),

6.2 invitro MIFEETFRICETD < 7 MG HiRR B D 3 E RS SR By AT

¥ SREFRAE DB IV cell line TO v RS9 2 477 RihE. RUER- —RAETNVE
AWTEH L aRUBERR 19, R8IIRLE,

20 BRSO 7 b ANBFNC X 2 EFERE(LE R Lize BAE—LTOELFRIITY
FOARBIRR S MARER L, B TAIKEE 9mm £ 7/21d 24mm THoe THICHLIEAE—L
T V79 & SCCVI TR T ADEEE 9mm OMAEZ/R L. ILGS MU C6 TIXL W ERMMRTH o7z &
HBE T O AEROE Frldh R SHICIZN 0.1, 1548 B /ml TiZ# 0.001 THo=H5 V19
& SCCVII TOREN MEfIZ R U0 BAY—ATODILGS DEFEEREHNZ L D SCCVI, V79 LI
L1884, T #EIEE 5K (SCCVIE p=0.050, V79: p=0.050) . 154g"B /ml (SCCVIL p=0.046, V79:
p=0.037) WTNHERICEBEETR L.
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21 ICEDERHMEE TR U2 v SRR 2R 20 1278 U 2o Dappem CIREAE—LTOR

KIBIHAIREIZ L > CTHE 9mm X723 24mm T, BAE— L TIIEE 24mm TH D720 Dopporn 22
RELTRS . AFREICBOTIAE—LHANEEE— LT L THRICSHEE R L (9=0.0017)
Fis 15"°B fml [T D D poren 1 24mm & D EEMEBTIIBANE—LHEAE— LIS LTE
RICEE%R R U 7=A%p=0.0012). 9mm TiIHSPREIRD o0 VI9 & ILGS TLHBRITH L. M
E— 5D D gy poam TE V79 15 ILGS & LB L THRERE TRAETH 2 DITH LEA E—L: p=0.0431, &
B E—L4:p=0.0431). Dogsorm CIEZB S DIRZEEBDRDP 5 T20

22 1C V719 ZHWTAT 27215 7 7 > N LEEGHI BT B in vitro EYIERIENREL /O RIEEICE DS
SHERERT T, JRR4 BN E—LERAE—L 2B LBS. T 20mm L D Y MIBTO
TRRE Dot RUITTURBRE D ogporm (A — A CHBITED 2 72D apia: p=0.0026. D o porom
p=0.0309)c F 7=, KURBINE— LD Doprousr IZ JRR-4 FA E— L & HEBR U C il % 7R L (p=0.0026).
FHTRWES (<10mm) T Z DR DD - /=,

6.2.1 v Sk E Ml X R

Y HEHRFROFEE. BNCT I BT 2 YR & MO BERR L BT 2 - DIC BB TH D, L
L EDHFECDNTUL. BNCT DAY ROEM LB OB TH D Z &0, 1522 EYreEm
RO AME(L) Tm U RIL ORI L 2810, PHEGENEOTHEEME D
P FRERNE, SRESOENMER LW OO R TERIADPNTE D, —ED RIS
SNTWRW, AFRICK b HiikRE % T 2 Adid, #ili: BNCT SBla2RlEds2 R
SHEPTZDHERAETH D, COHEIH LD EERITIRCAYDOLLEICHER L. TEHRs
B JRFPH A E—EFREE UT, MIIEPH DRI AADBRNIC X 28R BEICHV S hz[4).
FEBRDOE I, 770 b LAE—V(IBOMIMNT T 5 v I ADFOHIPo>THE. 77 b4
I in vitro EFERIZ & B BARBRAO ¥ SEER OB AHETH 2,

—7. REEDSER y REMREL BT 2 A RIIENRKE. RO v DR
affio N RSN, M OREHOSR TRRZ RICHRBSBETH S, Lid->THE N
Y R R, £ OMENEIC K 2 PHMIEHT. F—ofIfaEE R AR LB RE T RET
HDo FERICBNTDH, ILGS TEM L= Do o1& VI9 TRO SN L b Bl L T2 o =0 il
FE—LHOGE LET NI T 2 ILGS & V719 ORESHEDEMNE L. v #IZH LT ILGS M V79
LD HERZUTHEILICL D, PHTFE—LICHT RSO ERBLIBHEINZIBEEDY
D ogebeam 1S ILGS THIAMICEAHIC R 2 H D LRSI N Do

622 BNCT TOABREDD v RS ik

FIETH UTE Dogpean 128 L. RIFNER CHEI N y BEORBIERITO > LICLD, 7
D ogbean & Degnestron & D gy EXTHT THHIIT 2 2 & DT E D JRRA BN E— L LIRAE— LR B L
72156 YRE 20mm £ D HTFEIE TCORBBRUT Y ZREIIMNE LTI EL, ¥ RS
BOFHIN 5 & FBTOMNE— LOFINEDTRRE N7z o F /o KUR FAAE — LD D gt 1 TRR4
PAC—LE B LU CREEEZT L. FHTROVES (<10mm)TZOMEI SN kid, 152772 A
BERIZ BT B in vitro LY FHINRIEOFER 1 T8 5N 72 CBE pirn DS KUR AL — LT L D EHETH
HRERZSFTDHDTH olco BFRDPS v RGFIHEZ BRI T2 A% K, PHRRNE
PEYrASIREOEE 2 N T — LRI LEASHIFETH D Z L HREN=H, BNCT BN
B O=0HICIE. Ml BREIC K2 GHEOENIE L TOFMBRRADLETH 5,

9 —
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7. ERKBIZED & A HRK

RERBE — LOFPRBAZ R S 7= DITHN SN T E/=FE BNCT FHoFIEC VTR,
H BRI L 2B OIMRENTES T, BAL—LRBAE—ACBWTHRTH 2. TROK
L& BARREIC L D ERENRZ R U T E— L7l BB 2SI ¥ 3 Z &I & b EEE N
I ERBERIHEIND, UKL, EBHHENEE ZERPHEARF O )L ik EOEEEYET
B9 2 FHCOFETREOEII P FEELIC X 2B LREARLES bDTH L0, hETH
LPIZINTWERW, KEROBHTH 2 DBERESNEIE Y 21707,

71 772 b ARHERERD S A=K BNCT .

I 7R v F# & (vascular boron dose)Z ¥ L | /=BHEA BNCT O 70 b 23—V Tid, B2k
WEORESHRIDAV S BIBEDH 5. LD L. JRR4 FAE—A, HEE—L KU KUR #A L —
LORBHRERIED, OETROEREIEL L CHRE—LOEIRIIRE L BRE -0, 1
ROYE — L TOIME R FGEREAE & UREEHB LR 13Gy)2 VW =188, E—L038Rick
S>TULBHRBR L RIEEDNH Do 58 in vivo T—F PBERT—F &b LICHHEBRMNN TS wD
(weighted dose) & FiWV= T 285 2 & T, B2 E— LI L TOFHE%Z EfEIZTTV. FhEFho
E— LS8 U= BEHEDTDON S LS L TR Sk,

Y — LA REG E— 0% VW /=55 BNCT i, FERF RO K USRS T Rk DR %
FICHE L 7= BRROREIZ L > TITDN B [53], AEROFRPSH S RE DI, BNE—L%FH
¥ BNCT ICHWEIBH. BT 7 5 v 7 20 E— 2 I EERESICERE h 3 7=8. SBRIET
ERRBURE BT 5 Z LIXTARETH 5 Z DL O Sz, BNCT TORHPLET 75 v o 2ADEX
HZ ERMTCOMARBORHACRE 217> L CEETH Y. BB 7 N RUN— RO T 7O
o, FHHROMBAEEOREDI BN C — LEAOFIRFMEIIRZ DL EZL LMD,

72 E—A0 EOYEGR Y BA Y — LI X EBPETFIEORE

A FE— LAV 2R REIRARIS. EBICBIT 2T IV ZOMINTH D,
AP HREEA CRES WA LT 5 2 & T, B S h - RE L D 2em TRMEFOE—
D&Y o Z OFtEEFIA LT, Brookhaven Medical Research Reactor (BNL) & U High Flux Reactor
(Petten), Finnish Research Reactor (VTT) "€ BNCT IR CIIIEBARGIC B C— LS h
72[9,63,64]0 #AH ' — L ORHEZ KA U 7= JEBREERE BNCT 755, ek OBETEREHC X 2 # Y — A BNCT
LB U TREBETHZORED EFTHRV—H B E—LIZHT D Monte Carlo FHERERTIZ.
EREEKI 2cm LURE T O BN HBIE DN IE T T2 C EARINTNB([75]0 LIzhs> T
ZROE T, FFBHIE BNCT TOMANE— LOFHD, KHMKRE, BHRE. void WEIZK BBE—L
BNCT TOREEBIONIDEDSDPIZONWTIIERHE S, HE Brookhaven Medical Research
Reactor Tfrh /= JEFIEREAN ' — 2 BNCT O phase 1l ERERER Tl —[EIFERIC X D @A RS
WL FEORGEDHE SN =S Ono[S6]%> Nakagawa et al.[S3| D L7=# ' — 1 BNCT DK%
ERTHHDTIah ol AERTHMESI N EERIUECHIM T T T v 7 2% LTI
JRR4 #HAE— LA KT KUR BAE—LIHEAE—LIZH L TR 2§ 10mm L EEES AlCHd
% gain HEHOHND (12, X 13) o EMKERERBRACL DB RPN 248 (kL) O
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R &3 20mm Fi L FUAE N 1=8, E— LHuLEl EDFFTTE T 5HTH JRR4 /=13 KUR #
AE—LiZ & b IEBIRRER 2T o - EUE L= 15A. SBMEBILRA Y —AICX W BB 2o 1=
%5 FRE R LA T 5 aTREEDS B .
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8. fd

81 7V —¥E—A%RHATODRBE XU CBE

JRR4 BE—LD7 ) —E—LFRHI LT, V19 g% AWTHRYBRYS. ISR ERE
It 2HEL. ThSEEREDDS D EEKD. RBEjwm RBE,cmm CBEporm ZYSE LTz0

1) JRR4#MNE—L 1 RBEu,,=1.22+0.16, RBE,apon=2.502%0.32, CBE;»=3.99+0.24

2) JRR4REEY—L © RBEp. =123 +0.16, RBEimn=2.34 2030, CBE},,n=3.04+0.19

3) IRR4#YE—L : RBEp=1.2120.16, RBE,ppn=2.17 +0.28, CBEjpm=1.43 +0.08

Y — LI T % RBE pern 18 (217) 13, “N(n, p)“C KU 'H(n, w')p SUGITH U CHRIEIC RS
5N RBE fili (209, Gabel etal [27) DEE— L & V79 cell % VN “Nn, p)"*C BURIZDUWTHE L
7= RBEf#i 1.9 iIZIFF—BLTW%, |

BN — LI TS CBE porn il (3.99) 13ZAE —LIZH LT 2.8 fEITHY L. in viro BGICOD
=—JER% endpoint & L7=FEERE LTIE. MICH SN TNWBTRIFEBRED CBEp -1l 23 ~ 33
L DEWMEERR LU BERAIRCHAVWTWZEEE—LICNT S CBEym ff(3.04) I Davis et al. [20]
D HeLa flfa% & HWERTHRE L 3.7 LIETI-BL . THid JRR-4 OFAHE T3 2
HFDIRAIE(1.08 x 10" Gy cm®) 7 Davis et al DW= FE—LDRAK (0.92 x 10 Gy emd)
W= EEZ SN,

Mt 7V U ADREETH > TH BRI N =AY PR E2 R T RBESNEZE—LIL L
TERZOIF. PR TOPEF IR MIVDBADPSELZHDEEI N5, 1keV D
0.5 MeV D3 )X —HTDINRY P VOBNIFEICKMENWENCHBID 5T YIRS
DREWHEETH D, B F I ARREANAMAEHEZ RIIRIC RS20, T8 LYhREH
~%ETHRAL R,

82 EBRERICAWShDZFURILSYD CBE

BRICHNWSN TV R REAMIIDONTYH, BE—LD7 ) —-E—LRHTT, Ko#E
&S, HBEOEEREILED S Dl KD, CBEpm R U CF ZHRE LT=0

1) BSH : CBE,..=0.61. CF=041
2) BPA : CBE,,.,=16. CF=1.25

K78, BSH, BPA A UM IR D STA-BX900, STA-BX909, STA-BX929 (X DV T D CBE jurem
CF S0l & T, RUBE%RF: invitoro 3BT —% S D H o ZAEEWOLH R %
HIIREWET D2 LA JREL I o fzo S, LY THREMED in vitoro FFRT —5 BT
COHEEEERGE L. in vivo ER - BRIRABRA~DORIFH L doEL RS,

83 77> FAR®D RBE KUK CBE D44

BE—=LICHRHTE7 7> b LAADEY R RILRBE citron ~ RBEpeam « CBE i) 7 7 > N TR
AP SDEEIZL>TET 5,
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RENMNETHELUES, UTOMERS,

RBE peuros - KURBAE—L > IRRA4 BAE—L > IRR4BEEE—L Q0mmbL )
RBE,., : KURZHNE—L >JRR4EBANE—L >IRR4BAE—2L (40mm LLF)
CBE;0n : KUREANE—L > JRR4 #AE— L > IRR4 RAEY— L (20mm IZH8/)MViE)

JRR-4 A E— LD RBE, i 13 30mm X TiIHED L. FOEML THAHDITH L. KUR #51
E—ATIERINTHD LT %6 RBE,,, & EOE—A L HITFERNIHR Lo IRR4 #51
E—24, JRR4 {EAE—LDEEAEITREREZMIRNDIIHN U, KUR #AE—LDETHKREH
9720 CBEpoon i&75 ¥ — L C 20mm IS MEZ R DMBE 7R L izo

BEEIBIT 283NV F—dib T L BT ANV X — i T ORDROZIC & > O+ 2
W =B L. E— A OEMN PRy RUNEP FRS OZhRHISEFASI N, JRR4 BAE—
L <IRR-4 BN — L <KUR B L — LOMEITEM L., #RE UTEIT RN F—OR T A8 1
EZDBEULEODEEZIOND, 77 b AABEIZ K 2 Y2 R (RBE ciron « RBE peam ~ CBE joren)
DOFEEZICONTOREIDVRL, SHROPHTIRY MVOELEEZR LIS BEE 25,

84 77> FAANDy BEHERRD Pl

PIERIEIC K S y REMMREZ AW Ty REHIEHRE. v RSP ARE.  y BEER D #
BE LT TGHRT 522 2B TED, JIRR4 BN E— L EREAY— LB B UIGA. v RS
BOFHE S & FBTCOMINE—LAOFIMEDIREI N0 /2. KUR B E— L O ¥ BT
2l JRR4 BAE—L L L TEERR L. FHIRWNES (<10mm) T Z OMEFAIDFE L . CBE o
HKUR BA L —ATLDEBETH -~

HEKEEZ WAL, BNCTIZBIT 2 AV R 2 ERBMICTHET = %55, BNCT DAYZEIR
DEHRRRBR S OBIMTH H 2 Lo, Y FHIghRILOEEIC X 2 21Mb. YIRS NE DR
& h birEPHFRRAE. SHERSORMMERZIZONWT, —EDORBIHFONTHRN, —F
Oy SEMRRIC K 234553 RYERR D EHEE T 5 LR K HBATHEICITA S5 &5
122 E— LBERUTH O RMAPRO EVFr ROERNRIEEBE L LTHAWS I LN TES, £
= 77V N LAAE—=IBEOBIMEF 7 5 v 7 ADBFHA > THNE. 772 NAK in vitro
FRIZL D BZREESO ¥ BEMREO B S nJiEL 18 50 BNCT SR OMHALEED =011k,
R, $REIC X 25Ut EDEANTEIL TO v EEHIRERIC L 2 §HEAED R Y TH 2P0
TH5%, HFRRBREILETH 2,

8.5 FRIKFIZED & ORFff

FERROBIFE BNCT O 70 h =)V CIXMB TR RGEEHEY LB, BRH2E—-LHATY
HBOKBEEDSANSN DTS, LH L. JRR4 B E— L BEE— LR KUR BAAE—L0
FEMERERLBD, MERYEERBRIELU CHBRE—L0EYBIRIIRE S B 57=0. ko
Y — L COMERY FRBERIIE L U BRI 13Gy) 2 AW =56, E—LDERICL > T
IBEE & R A BN D B0 5. invito KT invivo FBRT—H & L I BB 5 HHillifg
BOMF2ESD. Y — LN U GEVRRESTEDTRD S TUIR SRV, = IEBEMOMHA
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MEZREY 2 -OICIIRERBEIO ANZGREHEY 7 FPRETH D, ThE TCOBKT—F
2L AL, HEKRICOVWTTZO P - RTREELE X B,

PAPUFE— L EAV RO RERPAIL. FEBICBITDAPEF IV ZADWINTH D,
AP HRIBA CHE S WA LT 2 C & C, It = RE X D #9 2em TR TFOE—
D EEET2REEICH D, REFROIME—LITL D BNCT COPSRTFM CIIMRE. FRbRA
void ALBIZ X > THEBDHERTT>THE Y. Ono[56]%° Nakagawa et al[S3|DE LTV BHME—LA
BNCT OERBEIE Z 5 LBdho EICHILTH D 2 i E— LA OBBE OB T T
DORFGEEBZ SN DD, BEARIZHT LT i 5750, S BMRR Tfrb = JEBER#AAN ©—
2y BNCT O phase I/ EiRERERIE. AADEE— L BNCT BRI ZBI 2D Tidhb ol B
MRERBERRECL D RO BRI (=8ldEK) ORI 20mm fifg L RIAZ 05728,
E— L8l EOFHEGE 1T 65 AT JRR-4 ¥ 7213 KUR B E— LI & D FIEFHERRER 217 > 7= LR
EY DL FERRITES E— LI X DR 217 o 211G L FRE RV L) 3 2 AlRetED % %o

86 IL¥

INE TRz JRR4 F E— LAOREBHI NN T 2 EFER R UL PR, Y EAlE
RREOHMET -5 1 I5BOEBEERETS LT, Fl-tfERoht: TE— LR 2 BT 2R8ICH
FIHT A LB TCEDAERICK D BRI T 24P RIUIANW I E—AIC L o T
FEHEICL>TORT B LS E R o720 SRR NI IRR4 B E—LITH T 5497
IR, BEPK BNCT CHA E— L 2RI 2 ifesdh» > 0 T B e L file . ERlasiiuE
FIOWTEHHE L TB Y. MRREOBKEROBME L R ETHBICHEARERE 25,

X7z, JRR4 TORSGE—LZHVWZ BNCT o, SEFAINLIBNE-LEANWIHSORE
SHHOIRE R D 5 %, L L. IBEAESIEHNERO A4 M RIS A coyEga 21k
PART MNVEGIIHIGE L. @i EL LTS, LEN>TINSDOFHINIE in vivoe 77> b
LW in vitro 12 X TORSBEYZRBMEBIMHNSEIDELRDITH S S w2 BIRIERED
PR BNCT COEKRISD FRIL FHIICH 5 D5, o7 —F ZAWTHREREIEL. &5IiC
BRRT—% %7 4 — k8w 7 LTHEET % Z & T, BNCT ICBIT 2RBETHIS X7 LAOBI%E & #IE(L
RIDZ LI E NS,

K BNCT THWS N TEBME—LICHA JRR4 BN E—LITEWEYBIRZRLTED,
TG ATRER BUHAHT 10 mm FRMIE F THR T E S 2 &5 5. IERSED A _EICRET < ket dH
%o . PR JAERI Computational Dosimetry System (JCDS) [37,38,39,4041)i2 & . THET
DK BNCT FEFNC BT 2 Th S EWrPRIEIRICOWTREE L. Thb K W EERFITOENE—
LOEMMEEFRT & & i, BEK BNCT TOBR B U =@ e Rt &
HZET>TNERNWEEZ TS,

W o

RERADCHIZD., hEFE BHOUER, SHEKMK, sERER AN /N
RTER B BEMEUR. kB BHRET. AREFIT. NMEFEFIK R
BRF HHXAK, 5k K& BPESK, #lma—2 V7Y —ER KMTE-KOZEE
RSB LETS



10.

11.

12.

JAERI—Research 2002—011

3% 3R

Barth RF, Matalka KZ, Bailey MQ, Staubus AE, Soloway AH, Moeschberger ML, Coderre JA, Rofstad
EK: A nude rat model for neutron capture therapy of human intracerebral melanoma. Int J Radiat Oncol
Biol Phys 28: 1079-1088, 1994.

Barth RF, Yang W, Rotaru JH, Moeschberger ML, Joel DD, Nawrocky MM, Goodman JH, Soloway AH:
Boron neutron capturc therapy for brain tumors: enhanced survival following intracarotid injection of either
sodium borocaptate or boronophenylalanine with or without blood-brain barrier disruption. Cancer Res 57:

1129-1136, 1997.

Barth RF, Soloway AH, Goodman JH, Gahbauer RA, Gupta N, Blue TE, Yang W, Tjarks W: Boron
neutron capture therapy of brain tumors: An emerging therapeutic modality. Neurosurgery 44: 433-451,
1999.

Bond VP, Laster BH, Wielopolski L: The equal effectiveness ratio: A quantitative approach to the
evaluation of compounds for boron neutron capture therapy. Radiat Res 141: 287-293, 1995.

BNL 325 3™ edition, SF Mughab and DI Garber Ntis Eds, US department of Commerce Springfield, Voll,
1973.

Capala J,Maker MS,Coderre JA: Accumulation of boron in malignent and normal cells incubated in vitro
with boronophenylalanine, mercaptoborane or boric acid. Radiat Res 146: 554-560, 1996.

Ceberg CP, Brun A, Kahl SB, Koo MS, BRR Persson, LG Salford: A comparative study on the
pharmacokinetics and biodistribution of boronated porphyrin (BOPP) and sulthydryl boron hydride (BSH)
in the RG2 rat glioma model. J Neurosurg 83: 86-92, 1995.

Chanana AD: Boron neutron capture therapy of glioblastoma multiforme at the Brookhaven Medical
Research Reactor. A phase I/II study (FDA IND #43,317) Protocol #4, 1992.

Chanana AD, Capala J, Chadha M, Coderre JA, Diaz AZ, Elowitz EH, Iwai J, Joel DD, Liu HB, Ma R,
Pendzick N, Peress NS, Shady MS, Slatkin DN, Tyson GW, Wielopolski L: Boron neutron capture therapy
for glioblastoma multiforme: Interim results from the phase I/II dose-escalation studies. Neurosurgery 44:
1182-1193, 1999.

Coderre JA, Glass JD, Fairchild RG, Roy U, Cohen S, Fand I: Selective targeting of boronophenylalanine to
melanoma for neutron capture therapy. Cancer Res 47: 6377-6383, 1987.

Coderre JA, Glass JD, Fairchild RG, Micca PL, Fand |, Joel DD: Selective delivery of boron by the melanin
precursor analog p-boronophenylalanine to tumors other than melanoma. Cancer Res 50: 138-141, 1990.

Coderre JA, Slatkin DN, Micca PL, Ciallella JR: Boron neutron capture therapy of a murine melanoma with
p-boronophenylalanine: Dose-response analysis using a morbidity index. Radiat Res 128: 177-185, 1991.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

JAERI—Research 2002—011

Coderre JA, Joel DD, Micca PL, Nawrocky MM, Slatkin DN: Control of intracerebral gliosarcomas in rats
by boron neutron capture therapy with p-boronophenylalanine. Radiat Res 129: 290-296, 1992.

Coderre JA, Packer SG, Greenberg D, Micca PL, Joel DD, Saraf S: Boron neutron capture therapy of ocular
melanoma and intracranial glioma using p-boronophenylalanine. In: Progress in Neutron Capture
Therapy for cancer. Eds. Allen BJ, Moore DE and Harrington BV. Plenum Press, New York, 1992,
pp-463-468.

Coderre JA, A phase ] distribution study of p-boronophenylalanine. In: Boron neutron capture therapy:
Towards clinical trials of glioma with BNCT. DS. Moss R and Gabel D, Plenum Press, New York,
pp-111-121, 1992.

Coderre JA, Makar MS, Micca PL, Nawrocky MM, Liu HB, Joel DD, Slatkin DN, Amols HI: Derivations
of relative biological effectiveness for the high-LET radiations produced during boron neutron capture
irradiations of the 9L rat gliosarcoma in vitro and in vivo. Int.J.Radation Oncology Biol Phys 27,
1121-1129, 1993.

Coderre JA, Button TM, Micca PL, Fisher CD, Nawrocky MM, Liu HB: Neutron capture therapy of the 9L
rat gliosarcoma using the p-boronophenylalanine-fructose complex. Int J Radiat Oncol Biol Phys 30:
643-652, 1994.

Coderre JA, Elowitz EH, Chadha M, Bergland R, Capala J, Joel DD, Liu HB, Slatkin DN, Chanana AD:
Boron neutron capture therapy for glioblastoma multiforme using p-boronophenylalanine and epithermal
neutrons: trial design an early clinical results. J Neuro-Oncol 33:141-152, 1997.

Coderre JA, Chanana AD, Joel DD, Elowitz EH, Micca PL, Nawrocky MM, Chadha M, Gebbers J-O,
Shady M, Peress NS, Slatkin DN: Biodistribution of boronophenylalanine in patients with glioblastorna
multiforme: Boron concentration correlates with tumor cellularity. Radiat Res 149: 163-170, 1998.

Davis MA, Little JB, Ayyangar KMMS, Reddy AR: Relative biological effectiveness of the °B(n, a)7lj
reaction in HeLa cells. Radiat Res 43:534-553, 1970.

Deutsch OL, Murray BW: Monte Carlo dosimetry calculations for boron neutron capture therapy in the
treatment of brain tumors. Nucl Technol 26: 320-339, 1975.

Elowitz EH, Bergland RM, Coderre JA, Joel DD, Chadha M, Chanana AD: Biodistribution of
p-boronophenylalanine in patients with glioblastoma multiforme for use in boron neutron capture therapy.
Neurosurgery 42:463-469, 1998.

Fairchild RG, Bond VP: Current status of '®B-neutron capture therapy: Enhancement of tumor dose via
beam filtration and those rate, and the effects of these parameters on minimum boron content: A theoretical
evaluation. Int Radiat Oncol Biol Phys 11: 831-840, 1985.

Fukuda H, Kobayashi T, Matsuzawa T, Kanda K, Ichihashi M, Mishima Y: RBE of a thermal neutron
beam and the "B(n, & )"Li reaction on cultured B-16 melanoma cells. Int J Radiat Biol 51:167-175,1987.



26.

27.

. 28.

29.

30.

31.

32

33,

34,

3s.

36.

37.

JAERI—Research 2002—011

Fukuda H, Hiratsuka J, Honda C, Kobayashi T, Yoshino K, Karashima H, Takahashi J, Abe Y, Kanda K,
Ichihashi M, Mishima Y: Boron neutron capture therapy of malignant melanoma using
‘“B-paraboronophenylalanine with special reference to evaluation of radiation dose and damage to the
normal skin. Radiat Res 138:435-442, 1994.

Fukuda H, Mishima Y, Hiratsuka J, Honda C, Wadabayashi N, Kobayashi , Yoshino K, Takahashi HK,
Abe Y, Kanda K, Ichihashi M: BNCT of malignant melanoma: Radiobiological analysis and data
comparison with conventional radiotherapy. In: Cancer Neutron Capture Therapy, Ed. Mishima Y,
Plenum Press, New York, pp.663-671, 1996.

Gabel D, Fairchild RG, Larsson B, Bormner HG: The relative biological effectiveness in V79 Chinese
hamster cells of the neuron capture reactions in boron and nitrogen. Radiat Res: 98, 307-316, 1984.

Gabel D, Preusse D, Haritz D, Grochulla F, Haselsberger K, Frankhauser H, Ceberg C, Peters H-P, Klotz U:
Pharmacokinetics of Na,B,H;;SH (BSH) in patients with malignant brain tumours as prerequisite for a
phase I clinical trial of boron neutron capture. Acta Neurochir 139: 606-612, 1997.

Gahbauer R, Gupta N, Blue T, Carpenter D, Saverwein W, Wambersie A: Reporting a BNCT irradiation.
Application of the ICRU recommendations to the specific situation in BNCT. In: Frontiers in Neutron
Capture Therapy vol.2, Hawthorne, Shelly and Wiersema eds., Plenum, pp.565-569, 2001.

Hall EJ, Novak JK, Kellerer AM, Rossi HH, Marino S, Goodman LJ: RBE as a function of neutron energy:
1. Experimental observations. Radiat Res 64:245-255, 1975.

Hatanaka H, Nakagawa Y: Clinical results of long-surviving brain tumor patients whih underwent boron
neutron capture therapy. Int J Radiat Oncol Biol Phys 28: 1061-1066, 1994.

Horn V, Pharm D, Slansky J, Janku I, Strouf O, Sourek K, Tovarys F: Disposition and tissue distribution of
boron after infusion of borocaptate sodium in patients with malignant brain tumors. Int J Radiat Oncol
Biol Phys 41: 631-638, 1998.

Javid M, Brownell GL, Sweet WH: The possible use of neutron capture isotopes such as boron-10 in the
treatment of neoplasm: II-Computation of the radiation energy and estimates of effects in normal and
neoplastic brain. J Clin Invest 31:604-610, 1952.

Joel D, Slatkin D, Fairchild R, Micca P, Nawrocky M: Pharmacokinetics and tissue distribution of the
sulhydryl boranes (monomer and dimmer) in glioma-bearing rats. Strahlenther Onkol 165: 167-170, 1989.

Kobayashi T, Kanda K: Analytical calculation of boron-10 dosage in cell nucleus for neutron capture
therapy. Radiat Res 91:77-94, 1982.

Kota C, Maughan RL, Tattam D, Beynon D: Use of low pressure tissue equivalent proporsal counters for
the dosimetry of neutron beams used in BNCT and BNCEFNT. Med Phys 27: 535-548, 2000.

Kumada T, Torii Y, Yokoo K, Yamaguchi K, Saito K, Matsumura A, Nakagawa Y, Sakurai H: A



8.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

JAERI—Research 2002—011

Development of Computational Dosimetry System for BNCT at JRR-4. In: Hawhornw ed.., Frontiers in
Neutron Capture Therapy, pp.611-614, 2001.

REHIREE, BEFEt, (WO, kA, #EscE, IEE, BB BNCT OB RE
i 27 LDBAF, (#t) HEARFHFER, HERFIES 199 F (55 37 []) EOFELEHHE
55 11 5311, pp.347, 1999.

AE M {EHA: BNCT S8 3Hili > X 5 L DFEFE, JAERI-Conf 2000-013, pp.33-36, 2001.

Kumada T, Yamamoto K, Torii Y, Matsumura A, Yamamoto T, Nakagawa Y, Horiguchi Y: Development
of Computational Dosimetry System and Measurement of Dose Distribution in Water Head Phantom for
BNCT in JAERI, JAERI-Conf 2001-017, pp.357-362, 2001.

FEH 98T : BNCT HiiRE il > 2 7 L2 CB Y 2 BED 2 2 7 LR R EAMRNSHEE (FiEHA),
HEHIEHN (%) , JAERI-Tech 2001-004, pp.1-4, 2001.

Locher GL: Biological effects and therapeutic possibilities of neutrons. Am J Roentgenol/Radium Ther
36:1-13, 1936.

Maki H. Lethal effect and potentially lethal damage recovery in cultured mammalian cells irradiated by
neutron-capture meams. Int J Radiat Biol Oncol Phys 55:397-409, 1989.

Matalka KZ, Bailey MQ, Barth RF, Staubus AE, Soloway AH, Moeschberger ML, Coderre JA, Rofstad
EK: Boron neutron capture therapy of intracerebral melanoma using boronophenylalanine as a capture
agent. Cancer res 53: 3308-3313, 1993.

Matsumura A, Shibata Y, Nakagawa K, Yamamoto T, Yoshizawa T, Yoshii Y, Nose T, Sakata I, Nakajima
S, Miwa N: Boron-, Gadolinium-porphyrin derivatives for neutron capture therapy: MRI and ICP study. In:
Cancer Neutron Capture Therapy. Mishima ed., Plenum Press, New York, pp245-250, 1996.

Matsumura A, Shibata Nakagawa Y K, Yamamoto T, Yasuda S, Nakajima S, Sakata I, Yoshizawa T, Nose
T: Mn-metalloporphyrin conjugated with Gd-DTPA (Gd-ATN10): tumor enhancement agent for magnetic
resonance imaging. Neurol Med Chir (Tokyo) 37: 327-333, 1997.

Matsumura A, Shibata Y, Yamamoto T, Fujimori H, Nakai K, Sakata I, Miwa N, Nakajima S, Nose T:
Pharmacokinetic study of boronated metalloporphyrin (STA-BX900) and BSH in the 9L rat glioma model.
In: Advances in Neutron Capture Therapy -Vol. 2 Chemistry and Biology, Larsson, Crawford and
Weinreich ed., Elsevire, pp.158-162, 1997.

Matsumura A, Shibata Y, Yamamoto T, Yoshida F, Nakai K, Kiriya M, Shimojo N, Nose T, Nakajima S,
Sakata I, Miwa N, Ito Y: Radiobiological Effects of Boronated porphyrin (STA-BX909) as a compound for
neutron capture therapy. An in vitro study. Recent Progress of Photodynamic Therapy. In: Proceedings of
the 7th Annual Conference of JCIPA. Ionics, Tokyo, pp125-130, 1997.

Matsumura A, Shibata Y, Yamamoto T, Yoshida F, Nakai K, Nose T, Sakata I, Nakajima S, Miwa N:



50.

51.

52.

53.

4.

55.
56.

57.

58.

59.

JAERI—Research 2002—-011

Development of new boronated porphyrins for neutron capture therpay. Porphyrins 7: 150-157, 1998.

Matsumura A, Shibata Y, Yamamoto T, Yoshida F, Isobe T, Nakai K, Hayakawa Y, Kiriya S, Shimojo N,
Ono K, Sakata I, Nakajima S, Okumura M, Nose T: A new boronated porphyrin (STA-BX909) for neutron
capture therapy: An in vitro survival assay and in vivo tissue uptake study. Cancer Letters 141:203-209,
1999.

Mishima Y, Ichihashi M, Nakanishi N, Tsui M, Ueda M, Nakagawa T, Suzuki T. Cure of malignant
melanoma by single thermal neutron caplure treatment using melanoma seeking compounds:
"“B/melanogenesis interaction to in vitro/ in vivo radiobiological analysis to preclinical studies, In:
Proceedings of the First International Symposium on Neutron capture Therapy, Eds. Fairchild RG
and Brownell G, Brookhaven National Laboratory, Upton, New York, pp355-364, 1983.

Mishima Y, Ichihashi M, Honda C, Shiono M, Nakagawa T, Obara H, Shirakawa J, Hiratsuka J, Kanda K,
Kobayashi T, Nozaki T, Aizawa O, Sato T, Karashima H, Yoshimoto K, Fukuda H. Advances in the control
of cutaneous primary and metastatic melanoma by thermal neutron capture therapy. In: Progress in
Neutron Capture Therapy for cancer. Eds. Allen BJ, Moore DE and Harrington BV. Plenum Press, New
York, pp.577-583, 1992.

Nakagawa Y, Hatanaka H: Boron neutron capture therapy: Clinical brain tumor studies. J Neurooncol 33:
105-115, 1997.

Nakagawa Y, Pooh K, Kageji T, Kitamura K, Uyama S: Boron neutron capture therapy in
Japan-combination of surgical procedure and epithermal neutron, In: Proceedings of Ninth International
Symposium on Neutron capture therapy for Cancer, pp33-34, 2000.

WRE G AERRLE, BaE, 1976
NEPA A EAREBIE D 7 v T YRR (R FAPEE ), BB RIE 6: 429434, 19%.

Ono K, Masunaga S, Kinashi Y, Takagaki M, Akaboshi M, Kobayashi T, Akuta K: Radiobiological
evidence suggesting heterogeneous microdistribution of boron compound in tumors: Its relation to quiescent
cell population and tumor cure in neutron capture therapy. Int J Radiat Oncol Biol Phys 34: 1081-1086,
1996.

Poller F, Bauch W, Sauerwein W, Bocker W, Wittig A, Streffer C: DNA damage and repair in tumor cells
after boron neutron capture irradiation with d(14)+Be-neutrons. In: Advances in Neutron Capture
Therapy -Vol. 2 Chemistry and Biology, Larsson, Crawford and Weinreich ed. Elsevire, pp507-511,
1997.

Raaijmakers CPJ, Konijnenberg MW, Verhagen HW, Mijnheer BJ: Determination of dose components in
phantoms irradiated with an epithermal neutron beam for boron neutron capture therapy. Med Phys 22:
321-329, 1995.

Raaijmakers CPJ, Konijnenberg MW, Mijnheer BJ: Clinical dosimetry of an epithermal neutron beam for



61.

62.

65.

67.

69.

70.

71.

72.

73.

JAERI—Research 2002—011

neutron capture therapy: Dose distributions under reference conditions. Int J Radiat Oncol Biol Phys 4:
941-951, 1997.

Rose OF (ed.): ENDF-201; ENDF/B-VI summary documenation, BNL-NCS-17541, 4™ edition, 1991.

Rydin RA, Deutsch OL, Murray BW. The effect of geometry on capillary wall dose for boron neutron
capture therapy. Phys Med Biol 21: 134-138, 1976.

Sauerwein W: Pbstopetrative treatment of glioblastoma with BNCT at the Petten irradiation facility. Phase 1
clinical trial. Protocol 11961, 1997.

Sauerwein W: The clinical project at HFR Petten. A status report. In Larsson B, Crawford J, Weinreich R
(eds): In: Advances in Neutron capture Therapy: Medicine and physics. Amsterdam, Elsevier, vol 1, pp
77-84,1997.

Shibata Y, Matsumura A, Nakagawa K, Yamamoto T, Yoshii Y, Nose T, Sakata I, Nakajima S: The
measurement of gadolinium concentration in rat brain tumor with NMR analyzer for neutron capture
therapy. In: Cancer Neutron Capture Therapy. Mishima ed., Plenum Press, New York, pp251-255,
1996.

Shibata Y, Matsumura A, Yamamoto T, Nakagawa K, Yoshii Y, Nose T, Sakata I, Nakajima S, Hayakawa
Y, Ono K: Histlogic changes in the rat 9L glioma after BNCT with a BSH-porphyrin compound. In:
Advances in Neutron Capture Therapy -Vol. 2 Chemistry and Biology, Larsson, Crawford and
Weinreich ed. Elsevire, pp501-506, 1997.

Shibata Y, Matsumura A, Yamamoto T, Nakagawa K, Yoshii Y, Nose T, Sakata I, Nakajima S, Hayakawa
Y, Ono K: Neutron Capture Therapy with a new boron compound in the rat 9L glioma model. J Exp Clin
Cancer Res 17: 285-289, 1998.

Soloway AH, Hatanaka H, Davis MA: Penetration of brain and brain tumor. VII. Tumor-binding sulfhydryl
boron compounds. J Med Chem 10: 714-717, 1967.

Soloway AH, Barth RF, Gahbauer RA, Blue TE, Goodman JH: The rationale and requirements for the
development of boron neutron capthre therapy of brain tumors. J Neuroonchology 33: 9-18, 1997.

Steel GG: Basic Clinical Radiobiology: 2™ edition, Amold, 1997.

Taylor HJ and Goldhaber M: Detection of nuclear disintegration in a photographic emulsion. Nature 135:
341-348,1935..

Tolpin EI, Wellum GR, Dohan FC, Komblith PL, Zamenhf RG: Boron neutron capture therapy of cerebral
gliomas: II-Utilization of the blood-brain barrier and tumor-specific antigens for the selective concentrations
of boron in gliomas. Oncology 32: 223-246, 1975.

Vroegindeweij C, Wheeler FJ, Huiskanp R, Rasmussen FS: Theoretical estimation of the effectiveness
function and RBE values based on microdosimtric data, in Larsson B, Crawford J, Weinreich R (eds):



74.

75.

76.

77.

78.

79.

81.

82.

3.

JAERI — Research 2002—011

Advances in Neutron capture Therapy: Chemistry and Biology. Amsterdam, Elsevier, Vol 2, pp
599-603, 1997.

Watkins P, Moss RL, Stecher-Rasmussen F, Voorbraak W: Dosimetry for BNCT in theory and practice, in
Larsson B, Crawford J, Weinreich R (eds): In: Advances in Neutron capture Therapy: Medicine and
physics. Amsterdam, Elsevier, Vol 1, pp 141-146, 1997.

Wheeler FJ, Nigg DW, Capala J, Watkins PRD, Vroegindeweij C, Auterinen I, Seppild T, Bleuel D: Boron
neutron capture therapy (BNCT): Implication of neutron beam and boron compound characteristics. Med
Phys 26: 1237-1244, 1999.

White SM, Held KD, Palmer MR, Yanch JC: Biological dosimetry for epithermal neutron beams. Radiat
Res 155: 778-784, 2001.

Yamamoto K, Yamamoto T, Kumada H, Torii Y, Kishi T, Matsumura A, Nose T, Horiguchi Y: Evaluation
of JRR-4 Neutron Beam using Tumor Cells. JAERI-Tech 2001-017, 2001.

Yamamoto K, KishiT, Hori N, Kumada H, Torii Y, Horiguchi Y: Measurement of Boron-10 Concentration
in the Blood Sample for BNCT by Prompt Gamma-ray Analysis Equipment of JRR-4, JAERI-Tech
2001-016, 2001.

LA, SEHEE, BEEt, WBEE, SHEAR, KMTE— D ICX%K7 7 h ARNOH
UYBSESHOME, () HART ¥, HART S 2000 FRRORSEEEH 1 71,
pp.60, 2000.

Yamamoto T, Matsumura A, Shibata Y, Yoshida F, Nakai K, Nose T, Hayakawa Y, Horiguchi Y, Sakata I,
Nakajima S, Miwa N: Incidence of apoptosis in neutron capture therapy using boron-porphyrin compound
(STA-BX909). In: Recent Progress of Photodynamic Therapy. Proceedings of the 7th Annual
Conference of JCIPA. Ionics, Tokyo, pp131-135, 1997.

Yamamoto T, Matsumura A, Shibata Y, Yoshizawa T, Fujimori T, Nakagawa K, Nakai K, Yoshii Y, Nose
T, Sakata I, Nakajima S: MR imaging using boronated Mn-metalloporphyrin (STA-BX900) in BNCT. In:
Advances in Neutron Capture Therapy -Vol. 2 Chemistry and Biology, Larsson, Crawford and
Weinreich ed., Elsevire, pp267-270, 1997.

Yamamoto T, Matsumura A, Shibata Y, Fujimori H, Nakai K, Yoshida F, Nose T, Sakata I, Nakajima S,
Miwa N: Mn-Metalloporphyrin (ATN-10) as a Tumor-localizing agent-MRI and ICP-AES study in
experimental brain tumor, Neurosurgery 45: 1332-1338, 1998.

Yamamoto T, Matsumura A, Nose T, Shibata Y, Nakai K, Sakurai F, Kishi T, Kumada H, Yamamoto K,
Torii Y: Medical setup of boron neutron capture therapy (BNCT) for malignant glioma at the Japan
Research Reactor (JRR)-4, In: Current Status of Neutron Capture Therapy, IAEA, pp.233-239, 2001.

Yamamoto T, Matsurmura A, Shibata Y, Yoshida F, Nakai K, Nose T, Horiguchi Y, Aizawa M, Nakajima S,

Sakata I: Apoptosis of tumor cells in response to boron neutron capture therapy. In: Frontiers in Neutron



8s.

86.

87.

JAERI—Research 2002—011

Capture Therapy vol.2, Hawthorne, Shelly and Wiersema eds., Plenum, pp.1293-1297, 2001.

Yoshida D, Comell-Bell A, Piepmeie; JM: Selective antimitotic effects of estramustine correlate with its
antimicrotubule properties on glioblastoma and astrocytes. Neurosurgery 34: 863-867, 1994.

Yoshida F, Matsumura A, Shibata Y, Yamamoto T, Nose T, Okumura M: Cell cycle dependence of boron
uptake in various boron compounds used for neuron capture therapy, In: Proceedings of Ninth
International Symposium on Neutron capturc therapy for Cancer, pp57-58, 2000.

Zamenhof BW, Murray GL, Brownell GR, Wellum GR, Tolphin EI.  Boron neutron capture therapy for
the treatment of cerebral gliomas. I: Theoreticalevaluation of the efficacy of various neutron beams. Med

Phys 2: 47-60, 1975.



JAERI—Research 2002—011

# 1 Htk - SEEATROBBMET IO S ZRIGHER (0) 5]

Nuclide Cross section () Elements in tissue Cross section ( )
g 3837 'H 0.332
'B 55x10° ®Na 930x 10°
*Li 940 *K 1.96
5Gd 61000 Mg 0.052
Gd 254000 ¢ 34x10°
Begq 19910 “N 0.0750*
p 0.180
%0 0.178 x 10”

HATIE bamn at 2200ms™ (1 barn = 10%em?) 5 *(n, ¥)TDO0ETT,

72 Glioblastoma & R DR ZK 2 MfED K & X [55,85]

Cell Diameter (£(tm)
Glioblastoma 15-125
Oligodendroglia 10
Neuron 20-100
Erythrocyte 7.5-8
Astrocyte 30-50
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£ 4 BSH (sodium borocaptate) & BPA (p-boronophenylalanine) O H# [63]
BSH BPA
Invitro (cell culture)
Firm binding No No
Intracellular uptake Low High
Radiobiological Low High (due to intracellular uptake)
CBE factor 2834 6.7-9.8
In vivo (animals)
Tumor/blood ratio 0.5-1 3
Therapeutic effectiveness Yes Yes
Clinical data in patients
Tumor/blood ratio 0.56-2 1.6 24)
Blood "B level at 308" B/g 10-151¢"B/g
Brain '°B level at irradiation 5% of blood 50-100% of blood
Tumor B level at 130% (50-800%) of blood 210% (130-290%) of blood
Intracellular '°B uptake Yes Yes
Intranuclear uptake in tumor Yes Probably not
Projected  dose  ratio  1.3-2.5(concentration ratio 1-2.8) 1.5-2 (concentration ratio 2-4)
#£5 U—LIMNETOIRRABIMTFE—LDPEFT 5 v I 2BLUy BR%E
Items ENB TNB-1 TNB-2
HKY > VNDOEKE 8cm 12cm 33cm
AFIVLYYwH— on off off
EXYRX7 4 )5 —E 18 cm 18 cm 18 cm
Thermal < 0.53eV 3.6x10° 20x10° 6.5x10°
¥t Epithermal 0.53¢V-10keV 22x10° 9.0x10° 3.2x10
779D R (Epithermal / Thermal) (6.111) (0.450) 0.049
nem’sec’ Fast > 10keV 1.1x10° 7.6x 10’ 46x10°
(Fast / Thermal) (0.305) (0.038) (0.007)
A EIY AL 1.15 25 13.5
y MR 1.86 cGy/min 2.79 cGy/min 0.54 cGy/min

FHEB L UHEMIZHS 3.5MW TOfEi%7R" T, ENB (Epithermal neutron beam mode: #5\t
— /A1), TNB-1 (Thermal neutron beam mode 1: {&#& Y'— ), TNB-2 (Thermal neutron beam mode 2: #&

E—24)e
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£ 6 FHEBKEZRFFERNE—L0D(CO-0000) 7)) —Y— LR

Cadmium ratio 1.0
. Epithermal
Neutron energy Thermal <0.6eV 0.6eV-10keV Fast >10keV
Neutron fluence rate (n/cmzsec) - 80 x 10° 47x10
KERMA dose rate (cGy/hr) - : 238 168
7 -ray dose rate (cGy/hr) 70

R T BFRIRILEYIOD Do {i(cGy) BLUTEWFRIRRELL CBEboron

BA BSH BPA STA-BX900 STA-BX909 STA-BX929
D, f&* 106 248 9% 111 63 181
CBE boron 141 0.61 1.6 135 238 0.83

CF 1 0.41 1.25 0.97 1.21 052

*BNT Gy CF (3 BAGK Y EE)D CBEjo, 2 HHEX U THEH LT

%8 % Cellline TOYHRBHLQEFNVIE LS aBLULH

Cell line a B
9L Gliosarcoma 0.1443 0.0222
C6 glioma 0.1360 0.0209
SCCVII 0.268 0.0134
V79 0.0384 0.0256
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