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1. BEHEREAEE ISR BN DEFIEDIRE

1.1. fEFHIEED RBE L2 DIREFTHEICH 1+ 5HEERRE
1.1.1. T—REZBAEZRBOES
AABSHREZEZRTIE, i 29 EFELYERFARGIT OBEHRE R &R H 6
WHBRNHEESED—SEFZEBTAEN., ChiIS T 2B ELTIREHRY R
J-PhERNZERIZEREL. BETHREDRITICIYMBEATE -,
AEE(SH2EE)ICIE, AZBEOSLIHMGHEFZENTFICHITHMETRIE
X ERDEAEIZREE T HRELIRELOSWNICIETIRFEAM OER-BRRICEET S
BIN—RELT. BENEZEZDEMZMZNRL (RBE) EZ DR EFTHHICH (T 55
MREZIY LI, RFORZMMEDOIE - BEFTS52LELIz, RETTIEZ DR
BREUESIZTOVTHERT S,

1111, MSHRERRICA LSO ENTE

TSR LA AKIZE =0T HE T, TRRFBIISLTLLOMNIZHETESD,
FTT.RENBACBENSIDFRICENDIMNTI BRI E ILTEEEEE K
DEND IEBEDESHWEE L, LRAZEOHICENDIBEZE IERVERE
MZERETHENAIBFEEZE N TEIENTES, TLT, LEWMELLHIRE. T4
HLEILEZVREIVNALINEVHTIHEENEZE EBIRIS) 1ETHERRNZE S
(Tond, RERZEETHENZEGY . AREEFISNIZTRRZZE 1A 1
MBI EEIND, [HRMZE X, TEZEIONA-BFEENEENE
HEINEEND,

BEHRAMMEICAS T 5L ERFEHREEZA-DNARMNBIEER T, BEHD
BN, ZDEITHBITEESN TREXENGA, DNA HAEHTIEHEEZ
(THEMEETETICEDHMBEAEIZES . ENAR AR D Z DR TRIEIC
oHE, MBoMREICESTZL oL, THEMNZE ILLTRHINGD HIAE
REDEZE. REDMBEFIHRMENEEZRIE ARERTULAVESRS
DREL. ZOEHENRKEVEBRNIEICEDZLEH D BH. [BEAFZE 1LIF.
DNA DREBMRH>TEEIN ., TNHERELTRY. BREAEOTHLHAAPLER
MRELLTENDGZEEEKRT 5.

1.1.1.2. RBE DEELZTDEEER

Y IREPHFLE . BEOERLLIMEFRAEELIGTORIIIZHLTIE. ZD
REBIZEYVHRDEVNEEZELLEA N TEL-LTRIEEEFZMELT. 20D
FEFTAFTMTILELDHD, ChEXTRITERDLSIZHS,

Drotar = DX/y—rays + RBE X Dpgriicte  [GYEQ] (1)

1



CET Do (FHERAURIE . Do [EXIRP Y T EE LET BSTROMINRE
Doarticie | EFRES LET $IF. LT RBE [LEMFHIBN R L (Relative Biological
Effectiveness, RBE) T#h %, LET &l&, #RTRILF—1F5 (linear energy transfer) D
SETHFRIO B RS BHIE pm) S7Y IHABISH EENBT ALY —2E
B9 %o RBE (£, & LET HF DERE (Darice) DEHF T DFRBEL T—HEICEDN
HIERET. MRETHE LET HFH ., BELLGHMHR BRI v BIUIXEDI<>
LT RLEYDRELELHDICET SREDLLELTERSN S, RBE EOEKE
RTRRTHER 1.1.1.21.0K3(1245,

Dh Di. Dose [Gy]
1 -~ R
1
1
[
1
1
i) I
© I
= ] S N
2
g High-LET Low-LET
n particle particle with
high dose rate
0.01} RBE,, = D,,/D,,

1.1.1.21. BIFERELEZEDOR%R. RBE 35 LET fiI FEEERETHR
(& LET WEHR) D2 0 DMEHRICEWLWTRICA Y REZL-0T 1R
EDLLELTELNS.

CORMILHEESNDESIC, & LET HFOEFOEERSHR (K LET MEHR)
DREXENELGNE, AYHRORELEDH—THEDY., TNIZLO>TRBE D
ELEILT D T BFEETIERRLEEEDOLAILIZEL>TEH RBE DERFEL
T B, LI=AoT, a RO MHEFLEETHIILIZAITH T 2EZHINE O H#7I < fit
9% RBE fEMREEICHLTIL. ZDHIELDKIRE GRIFLLI-HHEBaF. BESh
BIER, I FDEE-IRIILF— REXF)ZEHEICIEELT. RUEYEZR
AYEIENEETHD,

— A EOLERENELGIBHOMSHR TEREOHWICERITIEROER
ARELEGEEIC, EOXSITHREL RBE EZEALTRREBRLSLIZEZ T
AT ONEVIRISOVTDEARMIGIEEH TR L=6H0, £ T, KERITEL

2



Tk, BREERIEDELE-0TFTELETEHNEZED RBE EICET &I DIEHRE UL
£-BETLHELELIC. MDD RBE EX#HIIKERTEAT 5ICH->THFAEIC
DNVTEETBHIEELT,

1.1.2. RFAMROIRES &

KEXTEH. KEE(TH2FE) . [HHRIR-HEEAZER(ZER . RE
BERRB) IOTICTHEEMEZEZDEMFHNRLLICET S NMNEESRI(LLTIRBE
INEBE1EWND, ) EHRIT. EEEEIZDIVTO RBE {EICDOLTOIEREZINEL
BIBFHEELIC, FNOZRIREDEADIFICHWSSIZATOHBBEEETNLD
fRICEIT-ARMERIELZENELT. REZDEREEICRYMBATE,
RBE NEEESNDEEARUMEZ. THPERLLFEAICR11.21ITFT,

#F1121.RBE/NERESZTENDRKREL. IBRUELHER L LT
(KZDE+4IE).

Z84 A& FLEREHEI D kel
=is BA | BHEXF B RbE
KE g3 | EFRFRINTHERR | - PR EES HFHEER
8
A A% | BERIEMKXZ EIMEERE - TRIRBIES
RE EE | [LEXF RBE #i5%. £AHE ZER
TH BAEE | HEXF REESE. HiLHRE
=.F0H
E K EFRFRINZREAEN | EEMERE. BREE
8

113 Bonf-HMRLEEER

RBE NEEATIE. BREW I B THENZZED RBE EICEET 5L
HERE. TEGEMEMIORRAULGEMBEERES. REREE. BHEEES.
PARMIRIEE ., A TEMEEREES . ANERUZOM) BIZEYE LD, 5D RBE fE
ZRIFERIZRY ANSEBORBICODNWTEREAA-. ULT. Bon-MR%%
PRI VURRAURT EIZEET S

1.1.3.1. RIEREEREE (HESD)
1.1.31.1. REEEDQAN=XL

ErDEREAREZESEEF. RTHEZEOLAEDH 1652 HDDIARTRKR
DHEEBEBRVEEZETIVEDUNVDERTH D KEIL. ARNENRDREE
RCAKDEEMEZHFTIEELGRIZRZLTEY. TNERTHIZTFES

3



FUHHAEZLE ., TNERRIA-ODEMGBEZAL TS (E 1.1.31.1),

1.1.3.1.1. REDIEE.

REIX. EEEMNCRE-ER-KTHRED 3 BEEZE TLD, ZUMUDE
THARKRITLRMEBTHY . RBREICEI-TEGLIMED AN BIRIZE
L. REHOD, BERE. ARE. BHURE. AERBD 4 DITHEIND EEEICIE
HHEATFELTEY. ChoMoRIBIELTHEL . AL TH R - FRHHA
[ZHgof=dp&. AIELTREELTL

MEHRICEYRDARELESTZRZ LD EEEMBTHY. |IE<THEMan R
AMEIEL ., HIFER 3~5 BLURICKREBEFENRIET 5. TOEEETIREIC
ERELTEY. " EOREUT T, MREBEENBRSN TEXLZEE X2 CRE
5. LA, HEMEZTHBALHE. IBIEBRFMNEEL. CO=0H . BB L RMRNH
b, FIBELKEIT DD ICHIR AR ABL DRV =OIZRE DA LR HON, UbA
VEBLGEDREEBELTEND, T AR, BROBIZHY. EOELL
SEFMRROBIEZIFT S, 4~10 Gy D—RIEHIT, —BERITKANGEE
PREENFLEL, DEIRGTIL 40 Gy TTEHFLTH 1 FLURICIXENBETS
A LIELBRBZHS, RENELIZEL EEMEARETRRELESE A—DFRIT T
BIEEIE, LRBABOEBENGWNEOHIZBAMDEREMRT S L1205, ER
[CHEAEYAMERARMAIEECHEI—2F—N\—DHY ., MEHRICEYRAKAE
BERREGETEZTHE. MREFTCOERENEIY . KEXIREIZHD, R
PEEIX. BE 26 BLRICELSN., Thbldk, K TFRABOLERMRNNDEDLES
MG ES—2A—N\—DEB N OEE T, BHM EHRE © K THB O RE
EIZ & HhEHS (3EE1L) L IRIREEMNH S, C3H/He YO RICRFIREBHLI-FRDE
FROBRBOHRFER 11312128 F . GHE. COFRICETHREFEHRDOAE L.



ABHIATo=3D T, MEHRICKDHE TE LN EITERES =L,

HIBE FLVE R B R R AR B R R

11312 REBZEELE-BOIOIAREDHKRF
(MEXREZ-THHEESEDIRE).

COFSIZKREFZ. ENENDOMBBOMIFTIRBEZ M, F—2F —/\—DFREITIK
FLT.HBLEEERN L. FRICOEDFTTEHELGRIREZTLHY . £DHIRE
HHERLGD (R 1.1.31.1), FRHEGHEEEL T RED 100 Gy ZHA D IG5
BICE, RERBEELCESNEDHTER(10~14 B) [Z£LD. Th(TIETEH
RMBTEFILLMETHSAN I IDLYT . MIENAERSRER T ICEEMRE (L
LW HEHIE) T =, RICEEMEE CRARERRAXONLSHT
Hdo

F 11311, BIEGREITKSDREEKREFKAERR (AEA, 1998).

FER wEEHE [(Gy] FAERFE] [B]

HIBE 3-10 14-21
A7 E >3 14-18
Rz 1% B 1S R 8-12 25-30
i 4 B RS R 15-20 20-28
KRR 15-25 15-25
B (RERN) > 20 14-21
1R (GFRER) > 25 > 21

HE. REDBEHESZEIZDULNTIL, ICRP A Publication 59 (ICRP, 1992)[Z#0Y
TR R E L THY . £1- Publication 85 (ICRP, 2000) X 1) Publication 118 (ICRP,



2012) IZTHEEHME SN TLVS,

1.1.31.2. FEEED RBE

EEDBHRBEZEICRIRELEEL SR FIE. REMEBICASLIZHF
DEMEETHY. INIE LET TSNS, FEEITIELMEEN DR EIRED RBE
[ElX. EIRILF—EEDMEF (42 MeVp+Be X [E 62 MeVp+Be) DIBE (L 3~4.
ETRILE—ERHEF(4 MeVp+Be)DIFE (T 8 THY . —EIEEEH 10 Gy 8
ZBIGEITIE 15~40 THAHAZEMNFRESNTULVS (Hopwell et al., 1988; Joiner &
Field, 1988) , 7 EIBBATIZE 115 RBE {EIC DL\ TIE, A M FEERA NI A EE
Mo, —ERENKELSBICTDONT RBE ENNSKLRBZTENRESATINS
(Denekamp,et al., 1976; Joiner MC., et al 1983) ., [BFFHRICH W TIE. BEAKR E X
ZIRIRA2 k&L T Spread Out Bragg Peak (SOBP)HI{ T® RBE f(%. ®Co £
HEREHRELI=BEIZ(X 1.1~1.15 (Raju et al., 1978; Nemoto et al., 1998; Tepper et
al, 1977), X #& 300 kV ZEEMGHREL-IZE A IZ1E 0.75 (Tatsuzaki et al., 1991), 240
KV D X$8ZEELLT-1BE121%0.90 (Sorensen et al., 2017) EFE SN TULVS, I,
NETICHRESIN TS in vivo EEEHNOBONT-REIZHEITSRFEHRHRD RBE B
[ZDULVTER 1.1.3.1.2127R 9 (Karger et al, 2018), Ando et al.(1998) DT—A M5,
LET A'&E<%5 & RBE [EANKELLGEHIEN DM D,

#: 11312 REIZBIT5REFD RBE {&.

iz IVRRAVE | BHE | 5 LET RBE SCRR
BEtER | Bl | [keV/pm] | {E
E
g
d—I)LT 1) | Average X & 1 | Modified 1.60 | Leith et
T2 INLARZ— | ventral 225 kV 2 | Bragg 1.80 | al., 1981
thoracic  skin 5 | peak 1.90
reaction
C3H/HeMsNrsf | JB 4% B Cs-137 1 14 145 | Ando et
K4PZS g 20 175 |al., 1998
42 2.15
77 2.50
2 14 1.35
20 1.40
42 1.50
77 2.40




4 14 1.40

20 1.60

42 1.85

77 3.20

8 14 1.60

20 1.90

42 2.25

77 3.20
CDF1 YD RX | EBH%ERE X 3 1 65 1.36 | Sorensen
240 kV et al.,

2015

1.1.3.2. HILBRR~DEE
1.1.32.1. JHIEEISDWLT

HIEEX. OFENrLRE, B, /Ma. Kia. B, IMEBETREIXRAEINEE
KDBETHS, FEICHFRBEZHEOSVESRZTHY. £2HBIITH L TIE,
HILERFFAFRERFD1D2ELTHLON TS, MEHRICKAHILEREED
RERCEEEL. MHARRE. BRZZT-EHFOKE. 7B 72—,
RUEIDERICKYERD, K 1.1.321ICEFDAMMBES RUBRAEHES
[2DWT, FEHRDEBRICETHMBEIREZ L= (Joiner & Kogel, 2018) . JH1E
BROKALGREICEITHRE—MFEDRICET H1EMICDOLITIEL, QUANTEC
(Quantitative Analysis of Normal Tissue Effects in the Clinic) 7 IL—FIZ&5&E%
SBINT=L\(Deasy et al., 2010; Kavanagh et al., 2010; Michalski et al., 2010; Rancati
et al,, 2010; Werner-Wasik et al., 2010) , &5 . CNETHIHRICKDEILEREETDE
B (XerMAe RIERMRRICE LA TR — AR EVO— R BHREDIEEIZD
ARTFTHEZZDNTUNA, CORBEIE, MSENFRL-MEEEDELL
ZLDZRMGTOEAD M REEORBEBEZMLERBRICKEKEFTET HE0
I TR o= (ICRP, 2012),




& 11321 MARAEICKDENEILHZR DS MEBRIES R ORI
PEEICEITOMBRE

figi 2% IVRERAUk ERMNIBNIETOHRE | MEKE
[Gy]

ey oy EBMERLE 2% B ST HAR (2~ 3 58) 20

g 7% AR ES il Y nd A ~E 60~70
— @M OKEEIEX | B ERG (2EB) 10~20
(OMNEZIRIE)
TIPS B RIS HD O k65 25
(OMNEZIRIE)

BE T EE St R & 40~45
ES ST & ~ 8h A 55

B Sth % HE 5T HARE A 20
E5 #HH 50

ING RIRF B HR gt HAR & 30
BEEE #HH 40

N THI. B BT~ T & 10~20
BEEE A ~HE 45

EY] [ENC P HR gt HAR & 50
1R REE. BB A ~E 60

FF i FRAREASHZR B 2~3 38 30

FEE R HRAEAE A ~HE 50~ 60

1.1.3.2.2. /NBB

INGFIEHIEE D P THFICERZELNSBRE (1 Gy) OBIEERIC. BB
M. THIEE DRIBRERLASND, EFDIZFEIZIE 6 Gy R HMEDHIFLE
(2. TSR 1% H 1L B E 1% B (gastrointestinal syndrome; GIS) MFEIET 5, FEIWUX
ORI N)TRED LREREN KD, RIRFEE . TH. HmIZNZ T, FENH
BOMBABAICHESBREEOCKMELVN -2 MHEENSIERIIN, I
®.BEI0BLA(FEAEN5~T BR)IZFETET S (Waselenko et al., 2004; Berger
et al., 2006; ICRP, 2012),

NGDOHBEIE—BOLEICE>TEOLNTEY., ERAICHUV-EREKOEE
FLI-WEELE. ZTOTEIZHIEADI)THFEE) TR 5SS (Potten et al., 2009)
(B 1.1.32.1) #EICITRIN L RMIENFEEICZHFETDHIEN HREEETD
HHRRATFEEL. RERIVOMIEBIINYT LWLV EE#EEFT] > TLVS, VY
ThIIEG L RBMREATFEELTEY., ERICEIE - MEEBYIRL TS, IkRELT:




IRARAE (R RL THE IR BIL TERBERM ML, &REMIZITHED Kimh o ERE
RANERET D, MNETIEZDESLG ERODEFHM 3~4 BEFMELTHRAT 170
nTtid,

S ~
e .
o -
( ] [ ]
[ ] (]
o BE e
[ ]
OETTAN
1.1.321. BFEDOHEE.

) TrDORG L RBHECRMARIEIERICHITREZENEL. PEEOHILLC
Tk BEDE/IMENEIHH ., BHIFENEIE T LHE. Kbl #isSh T,
MEFLEICRS LHL, KIREETIE, BHEANIFEAERRT 51O . BE~D
RN R R TLEL, ERBEN AL T GIS [ZMEd, #IE<ER. B0 AHS
WEHETENLIEMELLTIE. R LLERE . BEARVEER BN H S (ICRP,
1984) , R ENBHHCH T HHEEMEOKEFSL, FITEEHEETICREEZRIZTO
[CxLT. AEHEEIEHHEEEHOMA ORI RICEZICEEZRIET
(Langberg et al., 1994; Langberg et al.,1996) ,

1.1.3.2.3. FFig

gL E-MGFREZENS ENELERDOEREFRDIE. LEVVREN R
HEWNELDODI TS, T ABGARBURZRL. FED KB XIELAIHE
[FLLIBEDEEDOLEVMEE(XEL BED 2 Gy 2EITHRIRE 30 Gy AME
BRETHD, MFRIFESDS56. 12L3FETHLIF (L. 2EHA (BBETE 2~6
B)ICTHIRT 5, FE2EINBEDSENEET 30 Gy Z(F1-1Z3E . —HRIZ 5~10%D
KRNI ABZENHSNTLVS (Marks et al, 2010; Pan et al,, 2010) ., FF/NED il
FIRDIBELEH T, Mi2ERUVMIIRETTEEZFOELIL. FFEEETR £, FFIEX.
KD IKIEZETRL., FEIZEZZEMHS(ICRP, 1984) , F < 1d. SN X #£ 30 Gy &




LIFBHLT-154E . Baft# 20 SALLAIZ 60%DISVRMAETT A EEHELTINDS
(Imaeda et al., 2014) , FFHED ANB LY LB FEEL=O ., BEHRICES2EDRT
EEXHAEOBEDHEIZLSEEDTIEALY,

1.1.3.2.4. LB REE D RBE
RORBEV) T EREEZIVRRAVNELEREA S, BEDRRRIZHITS
RBE fE( LET [TIKFLTKRELGEHI L, BE S EIEKIIKFELTRELGHIED
D> TLVS (Yoshida et al., 2015) , CRETIZHE SN TS in vivo EEEHNLHFD
NIEIEBRRICHETHRFR | BIRE LS RBE EIZDNVTER 1.1.3.22(12FED
2o COEMN. EEIIRADBEI)INT v EAEIURRAVRELIIGFRD 1
EIRESTIZ&% RBE fil% 1.08~1.18 T#HA & (Gueulette et al., 2004) X0, APC'88V*
IVREAVEBRUKRBADESREZIURRAURELIZEERICE T, KA
14RFE(2H 175 RBE {ENERE SN TLVS (Suman et al, 2016; & 1.1.3.2.3.),

11322 HIEBEICHTHRFEHD RBE {E.

fifizs | YORFE | TURKR | BEK LET RBE {B AR
2> 548 | [keV/pm]
AF B | Bab/c | BF & & | X#R 50+7 186 | Tomizawa et
( &8 LD50/60 | 200 kV al., 2000
o B
o B
%)
7 Balb/c 91) T k| o 13.7 1.3 Gueulette et
NMRI Tyt | riR 40.9 1.6 al., 2004
C57 49.4 1.7
black 70.7 1.9
C3H/He |9 7k |%Co 42 1.44~ Uzawa et al,
Tyt | riR 1.47 2009
50 157~
1.63
74 1.80
C3H/He |[H) Tk | X% 20 1.01 Yoshida et al.,
T7ytA | 200 kV 77 1.72 2015
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< 1.1.3.2.3. APC1638N/+¥ O AZF L \-;HILZRE M RBE & ; ZERETR
£42T “'Cs— 7 #&.

figzs | TR | #RFE | RBE{E figias M5 | #R% | RBE{E
fa IR "2 15 Kz IR '2C 35
*Fe 2.3 *Fe 5.6
%gj 48 %gj 9.3
AR "2G 1.6 AR "2G 3.3
*Fe 2.4 *Fe 5.0
%gj 3.1 %gj 8.1

1.1.3.3. EMEREEERUVBRERNDEE
1.1.3.31. =R~ DEE
1.1.3.3.1.1. & M iAo AR FH - £ B ERHRE LD RIG

EMEREDORLZEESEFEERETHY . MRICIUIKANZREIRT SHEEMRRE
LTOmBkEEET S, = MEFHRE (hematopoietic stem cell: HSC) (& 5P B M EK
DEFETHY . ECEHELZ MEBEDO N A FF D, HSC (X ZEEMRIERHAI (multi
potent progenitor: MPP)IZ/EL CEH BB & GEEZ K o1-&. BHIKREV U /N\KROD
2 RIRICHET B, BREERR MPP [LERHIERR. E&XIKR. AFERRATEFHEE~D
MEERE T, IR=—RZ A HRE (colony forming unit: CFU) &Y RMEERRZ . TN T
MIRIMER, MM/ R, SFERER . SFIR BBk, IEIGHERE., 7P Bk, BERANERHRAL TH S,
BARIC. U /B MPP (X B RTEEMRE. R U THIBEMIRR THEZ#RZ . B2/ Bk,
T )2/ ERNK g~ AL TP, LEED S5 HSC, MPP, CFU A BBEICHFRET
A(ICRP, 2012),

MEHSRIEIZ &Y, MBKEE QOB MIBICHAEE T ST EBREI AL,
EMERENEEINSEMBREDMNES, BHEER T MR R0 ind—A%
[CHIRE SMEBEA S LY BEHR ISR MENBR GBI E LY BEET 50, F
BEE R (ISR R ZE A S P THLEMLEKR., HFITU D /N\ERORETRRZ M
DEW, ZDH . HIFITLIHENEZETIIAMEKR., M/MRFR. TDERICHK
MERRMNHELTEHMABEERICHRYEBRLTRIZES,

BN EMNSZELXZTEINZITHELN T, £EETIHMBROKIIKET . B
BEDY 0.5~1Gy DIILEZ(FHLEMEKFDERL. 2Gy THRIEE S D BHEIZH T
HEMBEEIEEZ XK T M., LEEDEEDHIETIEIFERIEIH R DHEEICL>TE
Rt RE I HSES NS, 5~6Gy DELERFEZ(THE 15 BUAIZMERAERT S
(IAEA. 1971), EFDEF#H(ELIZE T3 60 BHRE 50%4E 173 (LDso/eos) [E1E LET HET
#RT 25~5Gy &S, FHFERIFHEOHMT, /MNRIFBRANICEANTRERZELNS
W EAKIBHN TULVB(UNSCEAR, 1988; 2013),

11



1.1.3.3.1.2. ;&M2FEED RBE

BREICIRITHETESZED RBE EIX. EICEREFYIE THRETHRBHED R
InZextEBMATHR (X #R7° v HBETHRTSIETHAERRSINTE -, Z#(E 30
Al 50%4 77 22 [ZE D< RBE {iE (RBE-LDsg/304) DML LT AN, TRETHRLASHMZD
SHERFNRTICHET S0, RLICEBEIYOBHEMIEO RE%E CFU-S
(colony—forming units—spleen). GM—CSF (Granulocyte Macrophage colony—stimulating
Factor) . Meg—~CFC (megakaryocyte progenitor cells)ii&E £ 7FZEZ AL Vf- RBE {E
(RBEs: IO =—X#ifE M 50% £ FEMNSFONT- RBE {E. RBE: 10%4EFEMND
85N - RBE {E. RBE slope ratio: £ FZEEDEEMHFONS D,DLL) TREN
BE31THo 1=,

EAA4> D RBE {EIZDULVT, Ainsworth 5(1983)[&. 400MeV/u DR FER UV RF
VEE L BBELE-YIORXBHP D CFU-S £AFROT—RIZEIE REHTIE
RBE=1.5, RBEs=1.5. *A > #R Tl RBE(=1.6~1.7, RBE5x=2.3~2.5 THHEHREL
f=(Ainsworth et al., 1983), Leith 5(1983) &, £HBHFH TV X EREH®D CFU-SZT
VRIRAVNELT RISV E—VDRFRERT D “Co-r #2 (mid-peak
fE1) (T3t % RBE A~ . ZNZFh RBE=1.8 R U RBE;=2.4(ik%E#E). RBE,
=1.2 R RBEx=2.8 (R A U #R) EREL TLVS (Leith et al., 1983) , FEFH 5 (1993) (&,
RERELSBHFLETVAOEHPHEOEFREN S, kFHROD RBE EIZDL
T. RBE slope ratio T 1.68(CFU-S). 1.56 (GM-CFC) R\ 1.25(Meg-CFC) L& L
fzo Efz. IRFHR (135MeV/u) £ BRI LS T AD LDsg/a04| “ED< RBE {iE (RBE-
LDsosa0s) [& 1.32 EREL . RBE slope ratio DEIZIEWEIETH =R TS
(Tsuboi et al., 1995) ,

FEFD RBE EIZDWTH, LRRERABKRDFZEZAVHMENERIN TS,
Ainsworth 5(1983)[Z&kYLE a—&hf-, CFU-S #IURRA U rELI=HEFD IR
ILE—LAJLA| RBE EDQ WL DM ERFEL TR 1.1.33.1.11ZR T,

% 1.1.3.3.1. CFU-S M 10% 4 EZEEZ TV RRAVEL=0 1 F D RBE.

hEFOIRILF— RBE f& SCHK

X (T HRIR
Reactor 3.0 Davids (1972)
~2.5 MeV 20 Ainsworth et al. (1970)
~6 MeV 25 Silini et al. (1965)
14 MeV 1.4 Carsten et al. (1976)
15 MeV 1.2 Broerse et al. (1971)
67 MeV 1.7 Hanson et al. (1981)
600 MeV 15,20 Hendry et al. (1979)
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nszEN(E, PHEFHRD RBEs (X 1.0~5.6, RBE (& 1.0~3.0, RBE slope ratio
(¥ 0.8~3.2 MDfEZERLT=, RBEs. RBEyo [, FMEFMDIRILF—LARILIZEDT,
i o) RBE-LDso,304. RBE slope ratio FYUEETHT=,

thi4FERETHHRE & RBE EDBEFZR R U ZDHEERAFEIZDOULNT, Field 5(1979) 1.
R FHREBH LY VR CFU-S £EFRRUIVAMEEMNLFLMNT- RBE {EL
HMERSEZREBFADLEZITOTLND, TORER. —BRMICEAA D OPEFIRE
FZ kb EMIFRDESE RBE EIL. thDEZRD RBE {ELVYLIEETHIENHS
MMIEnT, £ OB/ EFRIC. PETFOREHNELGSLHIEE RBE ENVET
FTHIENTREINT=,

BERVEEERL RBE EQBERIZDULNT, Jones 5(1997) (&, 0.01 /5 45Gy D
HEOFHFRELT 1 .1 BEL. 1 B BRRVU 1 #BIZESTIIRIZ—HRIZ
BSLI-15E OREFENGHEEGRRRE A ICx 95 RBE BEX1&ET LTIz, T D
B, hEFREE L& MEHRE HSC 128 1+ 2 HIRRE 4> 0 By & 77 1% RBE {E(X 5.02
M5 022 DEFELTHEINT BELREEEICOVTIE., HITHREHNEBMT HIF
EXVBEEMEWNZIE,RBEENMETTHIEEFRLTLNS,

X $#20 RBE {EIZDUVT, Scott 5(2013) (& ''Cs D 1 #7 (662keV) ZXBBELT
320keV M X #RE TV RIZHEL T RBE fEZ#RETLT=. TDHER. 320keV D X HRD
R # RS (= # 1+ 5 RBE {E1& < 1 (RBE,=0.623, RBE;=0.763) . — /. B eI H 1+
% RBE {E[%>1(RBE,=1.026, RBE=1.305) T&HY ., BEH % 24 BEREILIN®D /in vivo [
HULTIE 320keV D X DA D v #R KLY BRI L TOOE VR MEEEEZRL
1=(Scott et al., 2013),

o #8D RBE fEIZDULNTIX. Lorimore 5(1993) MY U XA B REMIIRIC o iR EHRETL
T/EoMT= CFU-S D 10~50%%EFEMNLEMNNT- RBE % 2.0~3.5 &FELTLY
%(Lorimore SA et al. 1993), —AXHIICHER M E LLLE L THEMEZE TIEI/NEL
NBEN10FEULORIIZHI=Z0LT D Mayak EEBDHEIGEIL5~20&
KYUEL RBE {EZ R T 5 K518 E SN TLVSH(Scott B, 1995, USNRC/CEC, 1997),
HEEMFED RBE BIXREFHETHDIZENMDHLT BEDREFT MO IZE
TIXERICFDEMNALGNTLVS, Harrison 5(2007) [£. Alexander Litvinenko E5®
2o ERDOAIREMEIZERE LT, "Po MoDEBREVEBOKRELHTET 510
DERBEETILRTREAEET ILE AV THEERF LD50(50%MDETZEFIEIL
THHRE). BERARELFMUMENGEGEZITRITDICLEGREZHTEL
f=o TDMR. o $8D RBE {EEZEEICANT-HINIThHN, BEF S TEHROEEHE
¥ HIRET 5 RBE-weighted absorbed dose(ADT) T® 2.0 AN RBE {E&ELTHLb
fzo TLTERMN S HBERLAICRAE T HRCIRRAICH L TEHEREREENEELR
FEH 52 1-£LTULV5, (Harrison et al., 2007; IAEA, 2005; Kutkov et al., 2011) |
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1.1.3.3.1.3. EMEREED RBE [T HER

EERICHS M FRIICER. o ZBOARRNERGLEDBEDEHICE LTI,
EMREENBEOEMFRICKECEZLTVS, EMHREFTDODRRALLLIDIE
BHABOBEKEEZONS, BHMARIMOMABELE L THRITREZENS
{.RBE {EIZE <%, Z®D RBE {EIXFIIKMENERETHIIZERIETHD,
NETOREMNSITEAF ., HHEFICKSEMIFEZ D RBE fEILHEE 12 2.0 Filtke
ERIht-, EMEREEL RBE EOBFRMASER—BHLMNILEAHILET, LFEOMN
FRRICBTIBREFTFMEAAZEDHEICTF S TELAHRMENBVEEZ D,

1.1.3.3.2. fElRgs
1.1.3.3.2.1. fEIRSBDAEZIFR . £ F IR

BIREBR (I RoTELTODEE. B -HBCHRESALLEREEIGTL0E
RIZHEIND,

DD EGHEEIRBEREBRDBERTH D, > T DD BREHHRIZ K HHEEE
FEEFEHROHRGEBBOERMNEETRLZEL., HRMICKSRICKSZHE
FEZEODELGRERRERD—2IZ4HYS55,

MEDELGKRBNEIRERLBEZTORIGERTHY., BEOXFEBELTOERE
R BEOILEBNZR-TEEMRE., ME RO RSTREZEDR
RIIBREBICELD, HZIEEMEEICHWNTIE., BREERT 2 EHMEELEEL
T.XHABZRERT 20T RHAEOBET RS2 M (XX RIITIEL, > THET
RICKYEBERHENEICES>TH. MERNE>THBEIFITLENTRETHY.
TNHA RSN RERBEOERTZICEVTEHRBIEABENEUTHS—DODIR
BLiz->TINS, —A. Bl CHRARICSO T, BREER I 2EEMELE
LTHEROBEHERZEAERMIZE L =OMERDREHRICKSHEEEE A
BRTAEDRERFLEGYIDOFENLETHS,

BEHRIZKDIBIREZ (L. ZORERD T -HEBNEESEHRMIEEZDESL.
B DIRIBEFHEHIFI AT - A OEETED 2 DOMFICHETEL. B
RBIE. LEDERBELTORINKENO . TOEFIEHLPIHEFISHLT
BRLEBREETEELID,

1.1.3.3.2.2. fEIRERIEE D RBE

X80y 2 EDE LET SROHIEI K2 ENEEICEAT IR -#EIZDOL
T. Hopewell 5(1986) [ HRIBHZ DT AN EBZEIRKICE TR R MR DR
DEBOERERVBEAE. MFOBUIBRERIN, TALIEEBHEEHrAHOEH
FRIZBNBZEEZHE LT-(Hopewell et al., 1986), FDEIIEIZEY  EHDEZ
R THREHRBIELKIC KD ME R K E (CVD) DIEMAEFHE SN TS, Shimizu D
(2010) (X LSS [2FBLVT 05Gy U ETHIEEREXREFEEDIDNEREFRTDEMETRL
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1=(Shimizu Y et al. 2010), Darby 5 (2013) (XELAA B E I T D IREHSEE TARE
BOEMMEONEBERERDEMERLT-(Darby et al., 2013), ICRP Publication 103
[CEVWTIHEREHRIEORRFEEREENINEFTOFRIVELEFOEITR
SN KBERELT, DMERNOHMSREZICIIFITER I RETHLLEES
N TLA(UICRP, 2013),

—7 . Thomas 5(2007) (T2 R UL KEINRA KL #EZEFALVT 210Po D a #R%
RATL., MleEFE, SMiaHoR =R, FLER/KRES (LDH) ORE. 70—
AERFATEL, LREIVRRAUMIELz o O MEEEIZBE TS RBE E%X 1.6
~21 (HEREETFERT 21.2£45, £HEBORMADET 129227, iFHh~ 0D LDH KH
T 5304, 70— 4FET16x01)EEEH LI, V70— 4B EITEITS RBE
EAY 1.6 LIEWVERELT, BERETORNEMBED X EREAZEOZIHNFELTL
B EEELT=(Thomas et al., 2007),

= LET fRICKDHBRF|OETEMEZLEICDLNTIE, Delp 5(2016) [E. FHMRITE
DILMERERIRAVICETZHREDOR T, BFETEBLE-FERITLICET,
HERIEENE (LEO) DA TRITLI-FERITLTORITELLGELN > I-FERITL LR
LTHEIZ CVD IZ&BRTELNEL EFHEHIZLSD CVD DURINFENIEE
RLUT TOEHELT, FFHETIHEHEIZLLAT 56Fe HEDHIRILF—FA
7>/ (HZE ions : heavier high atomic number and high energy ions) DTEIELLEINEL.
FFEEBAOEAAUICKABIIADMERICEEERIZLTLSEEELTINS
(Delp et al., 2016; Ghosh et al., 2016), Young 5 (1982) (X9 A EF B IZRA . ik
FiRzRHGL. SBROEKICEALTIRAEZITL. HZE RICKSEENRTEHERK
@ RBE fBEIEA7%<EE 1 ULETIHELAEEZELTLVS(Yang et al., 1982), Grabham
5(2011) (X, FEHZERBICHKITORSTHREEEHERT S5O T ILIM) I XBDE
FARMIEZRAWTERSNT: 3D EFIEETILIZEKAA 4R (150keV) ZHESTL .
EFRMELHENEDEEEZHESEIREL LR LI, TLTHAMNLEDE
EERESES-OITHELRIREE 6.4Gy (v #R) -0.8Gy (k1A #8) LEHEBIL. ZD
EEMSHATARICEZBRAMEEED RBE {E% 8.0 LEHLT-, MoIEE-. #
AMED RBE EIXFRBAMEELLRTEH LI EZEEHREL TLVS (Grabham et al., 2011),

1.1.3323. BIRFEEICHTELIER

= LET M FABREBEZSEL-0T ADZXLIZDWTIIRE+2IZEEBEINT
WAL, — AT B EICKYBSHRIZEABIEBEEDIRINEELEIN DD
HY. ZTOMBEELED)RAVIZZENELSSINTWND, £z, SEOEAFEHERED
EEIZHEWD, FEBRBICBT3EIRILT—EAFUICEBHIELERS -0 D s
MR RDILENKRDONDIENFEEING, TO-HIZH, BIRHBEFT L
RBE QBEFREFHMICHLNCTE-ODHEDRENEENS,
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1.1.3.4. fBx-#iFEE
1.1.3.4.1. FFHIZRIC LS

th 4R 19 #% % (Central Nervous System, CNS) ~DERERIEIL. HDF/EICLE
RTHLEEEDARZVWEETZLH0TLINTVS, EFDBZE . SREDKRIHRIC
EEFREICHRIELIZEE . MBS ARAE 1% (acute radiation syndrome, ARS) &L T,
2~3 M ALINICIMRADE ., FE. RIEFOERNETEND, FREMH 100 Gy LI E
DBEICIE. MO ERDESZIZKYIEIZES (UNSCEAR, 1988) , £f-. SR
(FLEDEGFEHMIE, BEITKFETEIEILNN>TLS, BENLESTLLT. K
SHE ISR T M EECRMBEEEDIE TEZE=57 (Lumniczky et al,, 2017) , —A.
FREHZERANDEFICH T HABEIERIZEILSNTULEL,

LERUVRIBIZH TS0 FIREBRDONAICT T HEFHAETIE., BREET
METNICHEELGRERICERMNZRD5NT- (Preston et al., 2007) , -, R4ES
D—DTHAHMEHEZHIE (schwannoma) IZDWTHBREHEEMNRDOHLN ., ELIZEEEL
YL BHIZHEITH)RINEMERIN RSN (Preston et al, 2002), [RIFHEE
FIL/TA)RHBROEICHEBRLI-E ., SOICIEMGFHRABREZ (T EEIIHT
HEFMMRICKY . NEZICHITHMETHRRZ M. RAICEERTNHNREICE
WIEMNRESNTINVD, &2, BBE CT REDEOHWIFL(F. RAXYE/NBEID
EEYROEREICTEMESES (Brenner et al., 2001) , PIRHERIZHTIESD
HEIL. RATIEERICIHTHSH., MNETIEIHMEREIEDNFRODESHRED
RADEEHDHENREINTLVS (Vienne-Jumeau et al., 2019), FEER CT HREZZ
(F=/NRDEFHIFE TIL, 60 mGy LU TDLLLEMDVLEVMEEDHILCTE. KB
BIRIM IBIZHEEDEDHRENHS (Pearce et al, 2012) ,

1.1.3.4.2. RGHRO N - PAERBERICEZOHE

RATHR (TR - PRI R IR A LG EEERIZLED, HIA . BEHRBIEIZKY.,
R AIEE AT DIBTE LR R NFI SN S RTREME D H D (Monje et al., 2002) , v #§
(50 nSv/h) IZXBIFLIE ., HZEBIE (gioma) THDEINMRANED F A ZFIZHHE
MDA EMNREINTLVS (Justine et al, 2020) , In vitro DEERZR T, E~fEE
DEEMBICOVWT EREENHEBHICIYREE MM OIOOHRBELTE
HEDHENH S (Monje et al,, 2002) , £, BEIRERRSFTR OB HRGERIIL. 7
IWINAT—RIGEDHBREMRBDRKREBLITINREEADHIEN D, T
BORRDINRED-OT AIREHEDH D EMNRESN TS (Stefan et al,, 2016) ,
—AT.100 mGy FEEDEBEMHE X ) (&, K- #BRICKETHEBMESZE
BIER TN EEHESINTIVS (Wang et al, 2014)

BHHRICE D THERINOMBERIE L. RAHICHT5HEHELTHEIT S
MRIBENTULVS (Raber et al, 2016) , BE . HEFHEICITT)7HIEBO—ETH
5398517 (microglia) NEEGL. MERICI>TERRIIOT YT ALHE
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EZ25, /8T FIECNS IZEBWTREICEET SMlaThHY . RELEICEET
ARSI LT 12%7F1ET S (Gebicke—Haerter et al., 2001) , Z#Y IR
[ZHENTIE., BMEHREIEDMEADEFEN S XN BFERD—EBTHIEBEERIZHITS
SOAT)THEEREALERL,. FRHEZRDEEICEHE TS (Osman et al,
2020) , —AT. SEERBSHRICHIEL IO RBMEBIESWNTESIEL=ZS
AT )T, REE YA MAC DOBRBICKY R RSO MEEZIMGIL . #HEH
EHEIFIFTEHENRESNT- (Acharya et al, 2019) , #FFETAE QOHNHEIIZLELY, 18
BFEICEAOLIOEHFEDOEERE. FMHLKEOI/OJTUTHREOZELWLMENED
FIRHERICE T 5HM/NMNREDBELTE LA ELSMonje et al, 2002) ,
1B E 7L ROS (Reactive Oxygen Species (ROS) MDA KIZLAEBIEANC AN EIRE
RIGHEICE>THERIND (Ye et al, 2016) , HETHEHILEYEAD ROS £ Ik
PIEREEFZRT HED . MIREEFR TS (Kam et al., 2013; Limoli et al., 2004) ,
—AT.02 Gy DIRBERIRITBEICETS2=2—0OVDIFIAVRY T DFENE
=6, HIRMEOREICE ST HIEMNTREINT (Chien et al, 2015) , FaVKF
)7 DELETT/NSUREZHOT T DO RIGEH. BRERETHRIZH T 5 RIS EFE
FEHLETEETHSESND (Doss 2014) ,
MEDQEBGTFREBITFEDOHEILICKY., 7 FHRBEENLGZMENEZ TETL
%, BREHIEC (2Gy) BLLIFEZREH(EL (0.1 Gy) LE=YIRDINTIE., EIRE
BFICIESFTRENLIZD T FIVBED . . BRERFICIE TR D REHKICE
hAREHAEREEET-F (Lowe et al., 2009) , =i5[Z, 100 mGy D#H L TlI##ZHA
FEDREICHIDOLELTFOHRKENEET S (Yin et al, 2003) ,
FHEEOMGREBEENARIFTEEICODLVTOHRELH D, FEOWNEHNE
EHRL-ERBRELEKEBSHEOEEMNRICKY . TOROBIRIZE T 5HRETE
NEECHEZBIENEEINTIVD (Mao et al, 2018) , Fl=. M/INEHEERE
WEHRICLDEA AN RIE, BBIEARL RZLYEHL., INEBEESIEERITED
BESN TS (Mao et al, 2016) , Fi=. FERICBBLI-YIVATEH. BEOHK
BEEDIFI SN A LETITEEENRDON. VT TRADOEE | R X EHNRIME
#EL71= (Parihar et al,, 2016; Acharya et al.,, 2019) ,
—AT.BREREBARI’IHIEINL M- FIRAERERADEETIE, JVERE
DMSTHR X E R IR I DI EEBZRIBL . BRIE AN RZ RS S ATREMEA
HY. RO ZAMBEDO LS ICHBHBERICE T M DEBE O ESICEEEZRIZ
FEMTREBEINTLVS (Betlazar et al., 2016; Gori & Munzel 2011; Ma et al., 2013)
LOLGEAS, PR RICH T HEREMSFTROEZEICEAL TIETHERLTHEERLGE
AHEEBRERVERRERLOSAEOERICHRSIVEV Y RELRIZHEILLT
WEWLWDOMWIRIKTH S (Betlazar et al., 2016) ,
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1.1.3.4.3. fx-PiXs#ZRICEI9 4 RBE

b - AR IR R DBEREIZ XIS B LET HIF D RBE fEIZDWVTIL, 3R TS vIE
— I DRFRTIVMEBIFLEIEIBER (MR THARELFTFEL-EERIZH L
T.1.8~20 DENBLNTLVS (Karger et al, 2002), Yoshida et al.(2012) [%. k&
#£(18.3 MeV/amu, 108keV/pm) H K UPEEMGTHREL T 140 kV X REAWLTIVE
D EERBBIEEFV RZRAL., ABFRMETFMICKYRFRAAT D RBE EE 1.4~
15 EHELTLND, — A . Kaminuma et al. (2010) [, BRICHETHR (RFIEE UL XER)
DAEHLETIVLDBEENREEMR (KRR #RBHL, 7R I XETY
RARAbELT10.2 ELVSLEEBIE LY RBE {EZE 13 TULVA, F1=. Isono et al (2015)(%.
ErBRATERMRR DIEIEREF T U RRAUMEL T, IRFRE X FBDOLLET 2.0 &LNVS
RBE EZF T\, TN, I RILF—8AA > (1 GeV, LET: 148keV/um) [ZDLY
T, EFERFIERMRIE D 7 RE— REIURRAVRELT~34 D RBE EAHRES
T S (Guida et al, 2005) , CNLDFERIF. RFHE SO RKEILEAA 1L - PR
HERRTOMMEEELYFERLOT NI EEZTERLTREY. SEOAEIZKDEIT—4
DEELTOERNGHEBEEAN TN,

1.1.3.5. £FEREEEERUVIRE~NDEE
1.1.3.5.1. AFBRRICDOUNT

AT T HAMAHRBIEOMEMFEIL, FEL T, £EMEDOE - EBK
BE - REEE £BREOEERVRUVEBENDEETHD.

1.1.35.1.1. ZHEDEFER~ADHE

mED LML, HAERIZH 200 FEOEFEMBEZINEICELTLS, BNk
(. BASH (atresia) [CED T, 12~16 MDY 40 HEM D 40~44 FFIZ1E5 8 TE
FTRRITEDT D, F=. $9 35 FOEFELARB I, 45400 EDINFHEEAHEINE
N,

EFDOIN BRI RS REZEATNIETHON TSN, Z<LOINEMAEIL
HERENIZHEE 52 DT EH<KHNTLI (UNSCEAR, 1982; 1988),0.6 Gy E£T
DR LET MR5H#ROD BB RST T ETERAEICERGTEBLZEESITRISEVD, 1.5~
6Gy TIZHIIAMHISH, 3~8 Gy TIF. KMMLTITESIER T ARMD B,
FERNENBIZTONT, T—ILENTULSINEBMEOHA V<G E=0. 5L
FERD BN TS (ICRP, 2012), — A, R XSO IMBMMIE. EFKYEERZ M
THAHZEMNHBN TV (ICRP, 1989) ,

ERDENEIZDLNTO RBEED T —RIEFELLELY, TORIZTDNTIL, R
BHEOMEEEI RRAUMELIZIGEE . 043 MeV HEF D RBE fElX 1.7
(Straume et al., 1987) . ®°Cf oD HEF TIX 1.6 ~3.5(Satow et al., 1989a) & &
ENTLS, FJFILIKHTO)MHD B #RD RBE {E(E. 1.1~35 DEHETH>T-
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(Satow et al,, 1989a) , FRATHIFE L T ELREMAEIDB TOHILTIE. 0.4 MeV
BU 14 MeV OEEBHEFD RBE fEIX. ZhZh 1.0 & 1.3 TH-71= (ICRP, 2003)
ZHEMSMEFETORND 2 BRMICHIELLIZIGE (21X, HTO- B #80 RBE {E(X 1.6
~2.8 L7%>1=(Dobson & Kwan, 1987; Dobson & Kwan, 1976)

450 MeV/amu D RA> 570 MeV/amu D7 LI KB 670 MeV/amu D')a>
@ RBE fEI&. LW 0.4~0.6 DEFHIZH 7= (ICRP, 1989) , F£f=. IESNI=TIL
OV ERFUDE—IFED RBE {EIX. YO RADINEAD DL (ML) TF
NZE 22 &£ 3.0 TH-o1=(ICRP, 1989) , MRS Tz kK (THRILF—80 MeV/amu,
LET >31.3keV/um)® RBE {E(d. REAANBHBIZES TR BAEEDFHICD
VT, 1.32~2.49 DEEFEIZEH>T= (Zhang et al., 2006) ,

py oD a HIFD RBE {EIX. YTORDMD EFEREEE I DULVTH 2.5 &3k
E£INTLVA (Searle et al,, 1980) ,

1.1.35.12. BHQEFRER~ADHE

FBRICE. RAGHMEIREBIZHY . HRALGRGFHRBRZEEZF D BRALGEROM
fahEFEN TS, B HERMEIEIREEVRGTIREZEEZRL.0.1Gy D X #8T
B L ERBROMEIEICEI >THRFHENBILLES, ~4 Gy DRMERIEHE
TORIIIE—BHLETITESIERLIL. 6 Gy FBADEXRBGHLEBERTESIER
C 9 ATREME AV S (UNSCEAR, 1988)

EFDBEFICTEVWT. BEMERAREEOCLBAREEZECEBAKEGDFER
ZIVRRAURELIZIGE 2Cf N HRFMHEFD RBE I 1.6~3.9(Tateno et al,
1996) . HTO- 3 #20 RBE fE[& 1.04~3.0 T3 >1=(Kamiguchi et al., 1990) ,

Y IORTIE. EYMEMI VR RA ML THEFEBOEFREREZRAVIEE. 3.2~
8.8 MeV M a $I-F D RBE {EIL&K 7.4 THoT=(Rao et al,, 1989; Howell et al., 1994;
Howell et al., 1997) , TRILF—HY 1 MeV. 2.3 MeV, B 5.6 MeV D F14EF D RBE
B, BRMAEOHBEIVRRAULELEBA. FNEFN 57,46, RU 3 ThHo
f=(Gasinska et al., 1987), 55 MeV DI RILFXF—ZFDFHF D RBE fE(X. ¥R
HMIEORLEIIRBREDERERVEIRRAUNELIZGE . ENEN 457 &
425 T#Ho1=(Gasinska, 1985), £f=. YTORFEEDEEFMAPIZLSD ®°Cf FHEFD
RBE {El& 5.1 T&Ho1=(Hwanget al., 1984) , X512, A1) LD RBE {E (228 MeV/amu)
(X, RORDEEMEOMAAIEIZDULNT 1.15~1.3 TH>7= (Alpen & Powers-Risius,
1981 DT—ARIZE D),

BB 4T (085 MeV) D RBE fEIF. FHRHMEERVARBEHERICE THEE
KREBEDFREIVRRAUNELIZEE . 10~24 LB EETH>T-(Grahn et al.,
1983) , ZRAFBHIRICE TOEBAREEDFEREI R/ ELIZB A, 04
MeV B 1£F @ RBE fii|& 5.65 T&ho7= (Pacchierotti et al., 1987) , —#i%IZ. ¥5 A
[CHETHEBEEBREDFRIZOVT. B HPHEF R UL ~50 MeV D F4%F0D RBE

19



El% 2.0~7.0 DEEFIZ#H S (Matsuda et al., 1987; ICRP, 1989; Lee et al., 2008 ),

MEESN=REFEAT> (50 MeV/amu, LET >45 keV/um) D RBE {E(Z. EEMEE
FEEHEOLBAREEDFERICDONT, ENETN 1.67 £ 1.66 THoT=(Zhang et al,,
1998a) , R A A > (TR JLF—60 MeV/amu, LET > 70keV/um) D RBE fE (%, ¥ &
BEEORD . BFHROBL. . BEFOEREIZONT,. FhEFh 184,122,129 TH-
1= (Zhang et al., 1998b) ,

MESNFzikF. F1F 2 RETILT A4 (400~670 MeV/amu) D FEIR MR D
HREFEIZ{% 5 RBE fBEIX&K 3.0 T. LET A 100keV/pum ZHBZ TRELGEDER DL
e RDRADBRDBFEETIVRRAULELIZIGE . RERAF 2D RBE {E(X 2, 4
AF K22, TILTAAF (L 3.0 £4iof= (Alpen & Powers—Risius, 1981)

FEREERPOBRERSVINEMERIN-ERMFTRFALLESICEVNT, kFE
474> (290 MeV/amu, LET > 13keV/um) RURA 2 474> (400 MeV/amu, LET >40
keV/um)® RBE {E(&. REBHRICEIFET R —RADFEHKEIURRAUREL
T.ZEZNEFN 1.0~14 BV 1.0~13 THo1=, Ft=. LERENDIET (HAERTIZHE
FENF-HERFIN TGV ERE T S LTI >THRON-EHFRHET
URIRAUNELEEBA . REATERFT A2 D RBE BIEFNFN 09 £ 10 T
$>1-(Wang et al., 2007b) .

11352 BRUIBEDHEBICDOLNT
113521 ZREFORRVEE~DFE

FADPORERIRE. Mian 2 RGIEE. BE. MEDT=H. MERICHLTIE
BICRZHELIEV,, FEBOREE. R RORE. RERVKRER. BRRSE.
HEOEE. HISKEORERBLE . M REEFEOMAICEEL-ZLDER
[TIRFLTEILT S, ENMIDODWTHOELEICHAT HEETEST 2. EICERE
BIELTHELONIEDTH S,

EERUBREOREICH-0EINIEEMEZELLTIE. ERUKREDIE. EXMH
BEEE. FHER. NEBHOET. aETHEMSR. TONAKES.
RUBKEIEEMNSHSD (Brent, 2015)

ERMEEIREMRPICRET LS FEDHFTTOEERNIZIELELIDIE.
DEDE—INERISHFHATHL, PRHBBEROERE . —RIC. FEBHOEE
LHBHRBROERED 2 DO IL—TIZRTonb, BERROEE (X, EIZHEW
BERICHREL. BB OEZINRNAEDMMERUBEDBEETRET S,

SR RIES DI RV (T FZERFEICRAEL THEY . BRE R R UL IR #) 21 B g
NREEZEEZELOT, K LET BEHRICKAIHEMEZEDOLELVE=E(E 100 mGy
LULETHY. 100 mGy TRIDIFEAEDERE THBRHBZRICEHAELI-EDTHS,
T, FREEMBICEVWTELBEIRALGHEMZEDLEVMREIZDOLTIE.
ICRP [IZ&ALE1—%5 I =L (ICRP, 1986; ICRP, 2003; ICRP, 2007) ,
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113522 REFDK~ADELE

HERDRIEL, ZOBEDEHSERVFZLM., KOOI, #
BHEEEOMBOLERUBEICK T HIKFERE. kbhhiz—a—0 ZEEHRZ S
ENTELRNILEFDTO. BRUBEDOMOMABMICLE R THREHIRDOZEEZ(T0
T EHEIX. U THERV =1 —OVEEEHEOE R D HEEEZFKTHH.
AN EDELFRERE—1—O DOEEE SR aEeENH S,

LEERIBICR TSN RIBTHRIELEEBFEEIIOVTODEEMAETIE. EED
BEHES BROYAAD/IEX, 1Q RaA7DETICEAZLUTERENITHOIAT
Ef, INGDAITDONWTODT—RIE. 8 BEMNS 15 BB EFTHOHAMD#HIEL(ZDLN
T.EEQOEMERITRAILEVEEX 300 mGy UETHAIEEZIHELTLS
(ICRP, 2007)

1.1.35.23. BAICIHEOTHRET HENAMEE~NDEE

HARTOMEHREIEDRMGZEZARDIILIE. TDVRIEZELGRIET
B1=OIZEETHH A (Sreetharan et al., 2017), EFMZDWTIE, ¥—I v I/ILEEER
ZERRICLIEFREMARZETEFZAEICKY . HiR 4~11 BHS 30~33 &
DEIZEZMAEIZFERASNIBEDOMSRERELZTEHE, (KE)BRNED
FHR.AXEBNERVEEIIRE (truncus arteriosus) DRERNEFFTH5IEMN
RSN TLVS (Dekaban 1968; Gustavson et al., 1981; Nembhard et al., 2019) , T JL
YO RAZFFAW-EERMIAZE Tl DNEIFTD EIF (precleavage ovum) ~AMD$J 0.09 Gy
DIEHRE X REBEHT. MEAWICHEELANESZSROEMMNE SN TLVS (Rugh et
al., 1964; Rugh et al.,, 1971),

FEATHIFLERBHEBEEZRRICLEEZWARIZENT, EEHOUNHEEA
BIMEAEMT B EMNHESN TULVS (Nakashima et al,, 2007) , 25 LIz MMER
BOURIFARESLBESFTETHY . AR—FOEBHAENEITOA TS
(Tatsukawa et al, 2008), £f=. YO REZHAW-EEB T, REMRLBDHIE(ZL-
T YXIRQODMETOTA—LIZHE T EELLDEEEDEENBERIN TS
(Bakshi et al., 2016) ,

1.1.35.24. FRUREDFEEIZEEY % RBE

. BHEEE. ANE, DNEREOFEEICRS. FHEFREZFOHOS
LET #IF® RBE {EZRE T H1EHLES. EFDFERBILIZET 5@ ET—42
FRE=540L, LEA>T, EMIDNWTOERERM R VEZMABEDRON=T—
AEFEIBDOELT, BYERAWERNLEERAEILANLETHS, NG ELER
WTHELN=T—2IE. EMEDEZNIEFEETI2E0O0 . AEDORELRRE TEYL
TORIIZHSDTEREFTICEIZKY . EFMIBETIEELRAMR ., DEKELTEMER
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HHMRZERETHIENTED,

IOADRIREABPRIZE TS HTO-BIEADFERNEREZTIE. HAERD B HEH
ROEBAREEEIVRRAUMLIZEE . RBE fElX 1~2 TH>7=(Kozlowski et
al, 2001) , FOEBFEFRETURRAURELIBE ., TRILF—H 1~800 MeV Db
£ F0 RBE {ElX. AFHTIE 48.1 LB LMEMNE S T=(Kuhne et al, 2009), 150
MeV [5F® RBE {E(X. TT 574y 2 Tld 1.13-1.2 TH>1=(Szabo et al, 2018),
TOATI. ERATHABEOES FAHOHIEIIDOVT, FHIRIILF—HH 58~
6.0 MeV DY roOrOhEF0 RBE {EIL. HAERIFELTEIIHLT 2.3, lBIROF
FIZxtL T 2.0~3.67 Tdho7=(Pampfer & Streffer, 1988 ), 7 MeV D HEF(Z DL
TIE. BRIRDZH2121% 5 RBE {E[& 2.0~3.67 T#H 1= (Hillebrandt & Streffer, 2000) ,

BOEFEREIVFRAVMELIZGEE . IV ADBEKEIEERTIL., R HEFD
RBE fE [ 2.0~10 M EEE (Z& Y (Streffer & Molls, 1987; Streffer & Muller. 1996; ICRP,
2003) , HTO- B #2 RBE {EIX 1.0~1.7 T&H>7=(Yamada et al., 1982) , LB AR E
TE-15E.6 MeV £F D RBE fE(X 4.7~7.4(Weissenborn & Streffer, 1988) .
HTO- B ## Tl 1.6~2.0 T#H>1= (Matsuda et al., 1986),

IO EDOBEPKMEMATIE, MRBIE. 21E.DNA BIE. 23V NVEEFE
BEDIEFIFLIVRRAMIFLT, NI F O LA EFHMIZHESLIZEEY (AF
ILCH-FEOU) D B #2D RBE fE(E 4.6~8.7 Tho1=(Wang et al, 1996) , FER
BIRRIZB TS/ IEFEFRO Y o0bO %+ (7.0 MeV) D RBE {ElL. 25~35 TH
27z (Pampfer et al., 1992) , ¥ XAZ UL =EERMITFTRIZH LT, /IMERZ AL, BBETE.
TR RERL. REEOELEZESOCHLERNRUVEBEZOREREZTIZONVTOS
RAP4FD RBE fE(X 1.8~7.4 QEFHICHY . FHEIL 3.65 TH->7= (ICRP, 2003) ,
SYMMZDLTH, 043 MeV £ F D RBE {EIXZDEFIZADENRESNTLVS
(Solomon et al., 1994) , ¥V XD KD EEFIFHIRFEIZXTT S 6 MeV H1EFD RBE
Bl 3.0(FEH) TH-o1= (Konermann, 1986; ICRP, 2003) ,

kA A> (500 MeV/amu, LET > 200keV/um) CHREFBEAD AT HEBEL-E
ERTIE. BEPDRHBBEICBETET7HR—2ADEEH (Yasuda et al, 2011)EFITY
FRAh&ELT-5E . RBE {E(X 3.7~4.2 THoIz. FEF(E—VITHRILF—10 MeV)
® RBE fEIE. BRIV RDARBEEIZHITH=2—AV TR RADFEH TR
9.8 ThHo1=(Ishida et al, 2006) , HERIFE B LHERDOBIFEEFMEREZI R
RAURELT-5E . HTO-B 8D RBE {EIEYIRESYNEAHHE T 2.3~30 &io
t=(Zhou et al., 1989; Wang et al.,, 2007b) , [EFRDEEZF IR RS LELT #°Cf
$F @ RBE {El& 2.3~3.1 Tdo7T=(Satow et al., 1989b; Satow et al., 1989¢c) , N
L@ RBE {E (I RJLF—530 MeV/amu) . JFEFRANEAIZHIELI=S5VEDRBIR
DRTIZDONT 1.0~14 DEHEHEICHY . BERZE T TRELYELMEELLGE ST (Ward
et al, 1976) , /REFRIDSYIBREMESN-ERFCTREL-EERTIE., H
IR ZERVHAEZROMARBRAEEFMAERICEAL T, kFA1> (290 MeV/amu)
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BURA 4742 (400 MeV) D RBE fE[EZNEHN 1.0~2.04 RV 1.0~2.14 DEFH

T&H o= (Wang et al.,, 2005; Wang et al., 2007¢c; Wang et al, 2008 DT —24X(ZE D),
NoZET. AR ONERVER) RUK-FREOFEEICEEY S RBE {EICEET

HEMTIERICDOLTIE, RIADLE 21— (Wang & Yasuda, 2020) #S Bzl

1.1.3.6. AAE
1.1.36.1. HNELE

BRESE. RERDBALKBENEETLHILTHRADETEZEL-THORS
THd. RENATITIERDE. LOXDEDIEVNTHEDAATHERTILRLL T, 74
IWAIZEENEENTICEL R DESITR—yELE-BEIZRDIRETH S, K&
KoL EREZEVN WD, ZTORVIIRETEOLN., ZTO5MAIZE BEFABFTA D
BEAE, BAAZERE) EVSENKBARERENTEILOLSICBATNS (R
11.361.88) , KBEOBYDIFLAILIC. KARNE, REANE. #ETARNE
BEIZALT RTINS, MEICEDEWREBEED LENZEOON., HELNRKET
HAREMEN DY . BEDBILIBREIRADCENTED, COMBBARNEIL, E(2ikE
REIZXELS,

<> @>

ERE KEARE RETARE

1.1.36.1. RDO#EELAREDFELE.

— A . BEHRFEIE<TERRELRDHOND, BHRBRNEL., 1897 FIZEERE
¥IT. 1903 FICEFTELDIEMNTRESINTUIVD, 1949 FIZRBHIECE LY 10
PO EEE THREHEENELNRESNI=ZEMNET-H (T T, 1950 £, ICRP (FHKN
EEIEETREEZE |I2E8HTLVS(Hamada & Sato, 2016), SR E TlEEAHA T,
EREETIEAIELE S THERLIERENS, COMFRBEAEIL, EITERETEH
REZWNESNTND, ZFOHREANZ ALK, MERICE>TKRAEDFREE T
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AIZHRLTWS ERMBEAEMEL. RETICRFHLTELS. BAER. B
Shi-MRBEGEICERL. BENZELLTHESA TS,

1.1.3.6.2. HNFE®D RBE

BAEIL. fRETIEGEEEGNM L RBLTEY. thofEivEisTEan
RBE fEZRY . KRAIZIEMENGL RN DVLGVNO . BERET TLRFRICE
EBHFEETHE LET HIFITHLTIX. BAED RBE {ElXLYSHEEIENTES
N,

MEHHRENEEICEE T 52 <O FEIE. Fittic (20 HID) DLDMIEEALETH D,
BRPEFDIFE. 75 MeV O HEFREHEBREEZ T TOSEFOKIRARA
BOT—4hoHESNTEY. #1 3 @ RBE EAHE SN TLVS(Roth € et al.,, 1976;
Catterall & Bewley, 1979), 2 MeV D FEBI LIV REFE - MEHEBERNE
AREERTIL, 45 @ RBE {ENFESLNTULVA(Merriam et al., 1972), BIEERTIL.
RENH-YDBRENFVTHEMETHRAAED RBE EMEML. 2EIHI-Y 0.01
Gy TEK 20 O RBE {EA#RE SN TLVS(DiPaolo et al,, 1978) , 400 MeV/u A4
A& 570 MeV/u ZILAAF U ZRICEBHFLIzD Y X EE - RSHEBRNESH
EEBRDIFE. AT 14> T21 O RBEE. 7ILTU A4 T 33D RBE EAHES
NnTLS(Lett et al., 1984),

K LET BEHRDIGEE . CNETOERET L. LV XDREAFIZTDOVTHE mGy
Mo 1Gy OEIDETNILEVNVREN HDHEETRELTLVS(Shore, 2016), —A.
= LET HIFDIEE. MU/NEADOLEVVRENH IR ITEBELEEZ SN TLVD,
R, YORERN-RERIZEINT, 0.15 Gy D X 22X 3 0.4 MeV 4 F D RBE
&1 100 LL_E(Bateman et al., 1972)X (& 300 LL_E(Worgul et al., 1996)[Z7xY . LELY
E7ZL D RAERICEFRDTREMEMTRIZEN TLVS(Shore & Worgul, 1999), §1£. R
BREIRE. FIL/TA)DEHE . RUBEICISINTI-IEIELEADMHBRER
HEBHRAEICKY. BNEOLENVMEENKYERICHESNDIZENEFEINDS
(ICRP, 2003),

1.1.3.6.3. ZDMDIRDIESE

B E R (GEEF) DELTRBE ENELSHIELT. 1 GeV M 0.325 Gy Dk
AA = FE>T-BNEFFHEEIRD RBE Bl HFERDIVRAT5~15, ATM+/-D Y
DATEYB 5~24 [TIEHIEMNRE SN TLVS(Hall et al., 2006), Ffz. TIRAD
MIRICELDTRF—2REIURRAURELT-EERD RBE fElE. FHEOKEGET
PILF—BFARUEEEE LT 150 MeV/amu [GFT 1.6, RAIFHEFERL:
600 MeV/u BERA 74> T 2.28 LHRESIN TLVSH(Mao et al,, 2018),

HIRIBEFECAANDIYAVIZBMLEIRILE—BGFPEA(A LV EDFHER
SHREIZEBRESN-FERITLTIZIX. >8 mSv(F 45 mSv)D LLERYE R = D FEH ST
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BTH. BNEORAERIEMERIHHEMARDH 5N TLVS(Cucinotta et al., 2001),
LAL. FERTITOBRNETRERHETRETLHIENTEZ<(Jones et al,
2007; Chylack et al., 2009), R BEE (LIHNEDEL LERE MR~ DRTFE DA
EHhENERETHARREELHE-O. BRITSITENDETHD. ALYL. FH
RITEICRST . & LET fIFICRBINABOT—2HAFRELTEY. SEEBELN
BT —AE2EDLIIHEARAIRENMMBESINS-O . KBAFHEICRDIBE=E
REZHRTETARICHERTIEAREM. $74Hb RBE EELTEDLIGENIHE
SNBHRENIDONTIL, SHLLHEELREEANEFEND,

1.1.3.7. ZDthD A
1.1.3.7.1. FEIRSR X%

MEIRER RICIE. RIHEE, IHE. MREE. [E . REX. MNEFEND, MEHRAEIC
EETLMESE. SHPEICES M (B PR~ R TREEEE)ICRET
A aHiRImE R &, TNICE I EH<BRER (FBEHE T FE L) O SR ImARMEAE (S
SFEEN B (Abratt et al., 2002; Mehta, 2005) , EfE{L OBBE AL SR L72 H7L EBRER
RIIZFEREEEDE DL EIZHIEZE THY (Coggle et al.,, 1986; McDnald et al., 1995) . X
SHEMBRADLEVVEE (. MIHRABRIZKAMEARDKEMDOROON, At
B DIZEDIEIL 6.5 Gy, ZHREBEHZKBBIELDIZAIZ(E 18 Gy THA(CRP,
2007; ICRP, 2012), £MHZE, IHEE, MREE. [E . [REXITH W TIE. 2 Gy T 2D HE
HBETT 30 Gy KYELBIMREDIS A, HIER. BB, EE. MELREDEEZES
E=# 29 (ICRP, 1984),

BETHRMEZTOREMFICOVNT, B FIRERZ ~SCERM L. ManTL 1 &
fifife £ R fRAE DR, 1 BTG L R HIREES) . EHME OB B MEITE ., ZEMEY
AMNAVEEDEKRLEE  BRUAGEEIZESAGZVAHERATOELIZAES
TWAEHTHS SR~ HHARBREIZLSE. MERNKRMAEES., Vo /\Bk-TE
MG DREEMEOZEALEICKY., BRNEZEEIMBEIHHOME XD
FERNBDOOND, TDE. BHALIEIZHEZE, EHEORE. 35—V DE
[Z&BiMIEfREEDIREEMBIED LA D, R IEH TR T B (Hanania et al,
2019; Tsoutsou et al., 2006) , ¥Rt (L. [LEFHTI---URESNIEFTEEFEE
FTHRRERELTELDS, IO TOERIZIXL. platelet-derived growth factor
(PDGF)4> transforming growth factor- 8 (TGF- B )AMfifa~<oA77—40 11 Bfitifa
FRAANSEESN, R FMBIC T AEBEERFELTEC 452 TGF-B (&,
RS MRRICERLCZOBBERVEEZRESE ., S5, MiREFMEBNS
BB EFHRADNEZERFLLTHE. MRS LELOREICEVTEELRE
##B->TLVA (ICRP, 2012; Desmouliere et al., 1993) , NS (Katoh et al., 2010) (&,
Y IREFANEEER T, MEREBEHINEMIZEWT, 2o\ U BEREEHRICEL
Y TGF-B OHRBEMAET HEMEMEENIFIENDI L, TGF-B DHRIEE LMHER
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HACICHERALN®H S LTI,

BEHRMB X EBUMEDOREZRATED TIRVEELEF (L. BRELBHEZ
(=B DO HERETHLS, FRFROFBEICETHIRE—MABEDRICEAT H1FR
(. QUANTEC 7 JL—F 2K YRE SN TLVS (Marks et al.,, 2010; Rancati et al., 2010)
IORERANEERICKY ., DBREIELEI R RAUMELIZIBEDRFED RBE
&l 1 EIHBETTIL 1.62(Zhou et al, 2019a) . 5 AN EIBETTIX 2.75 THEHERES
N TULVS (Zhou et al., 2019b) , =, FEF (16 MeV d-Be) [CDWTIL, JARBRED
EFEIZHELTHD RBE BT EFBEOCRED RBE fELY /NS, 1 BIEEDEMIZE
L) RBE {EIF/NELAR B EFRE SN TS (Hornsey, 1982),

1.1.3.7.2. JhRERZR

WIRBRIE. B, RE. B, RENSLD, BETMBKRFRO D TREKST
BREZELIE BEIRHETHLIELEINTHEY. BEREBHICETLI2ED
TD5/5(5 T 5%IZEMERZAE T SR E) (X 23 Gy LHESN TLV S (Emami et al,
1991) , MAHRICK D BREET L. BEBORERUVERETHY . BETHEE X XIT T
MEEELMEEIEN TS, BRERMICIE. SRS HEE R SEER TR X OZBN
H5, 2EMRASHEE LRI, 6~12 »BRICREL. EMEFRH. DF2. FE. &
BR. IVRARIFUORZIZEDBMZEHT D, —SBITEBRMNEHIELLEE
FMENERLEFZICESL, BELGERI. BRI ESLEDHDIZELH D,
BHERAEERIE. SERSFEERNEELTEIS, 10 FLERZBLTBIEL
TEIDH, BERk. BRMAHIETICKSEMER. KRR, SREER. FKH Na FT|RA
BElY,. SERMAEZROBERENMET 5, MHHRE X, RREREELGES
BHTHLERKERBEDRRLLS, B BRNEROBEREDMARE L. FFBFH
KIFEHREBHLE-RABIOBREICE N THRIEME DA ROIEAMNRISIE
[Z&Y., £EBRBEHOBEIVENZYEL, COREMEDRICE ST, EEICHIEK
LEBBICBWTEXRGEELAHIIZEMMHhoT | REEELE BT
BIENTES (Kost et al, 2002) , YV RADFIZETS 51Cr-EDTA VTSV RET
VRIRARELT- RBE fEIE. H1EF (d(4)-Be) DIGE . X #£ 16 Gy FH MBS LI-&
Z 257, 1 E#R= 3.9 Gy T10 REEELI-EEIZIL 5.16 THY. 1 EREH /NS
BDIZ4ELY RBE BN KELEDIMERMNRINTLVS (Joiner et al, 1987), Ef=.
Stewart HOEETIL, SREETIEE D RBE fEILEE®D RBE fELYEH T HIZ
INELAY, B D RBE fE(X 1 EEEDFEA ICHE-TRZEITHEML., 1 [E4E= 3.9 Gy KL
TTIEREDRBE EX LELHIENFEEINT-, fiE T BIERETORBEEN L
RIX 20~26. SfRETOTRIE 1.2~14 THAZENFTBIESNT-(Stewart et al,
1984) ,

EROMSHRMEREL. BEELEBELTHEYE EELBIBHRIZE TS
FEBE D TD5/5 (& 65 Gy EERESINTULVS (Emami et al., 1991) , LALEA S, BiRE
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HLLELERDBEPMAEMEEIZIE. EEOVRIMNEZEITIENT 5, Chod
BEICIE, REMEER . BB, EFL. MHAE. NG, RIBFAELH D, FAEIC
(T, P ERSAEOKRDOYEICEL HBERTHEHR I H22ED—BERIGE. BE
% 6 hACHHL LETITHIRAHMNGERIEHNH D, BEHFEIRD RAELZFBD=HIZ.
BEODEOYEICHEREE QO—RMEEMNELS, TDH®R. 6 vAMNG 12 # BB
([ZHMF., PREE LR MAARIEE . BB CREDR K. BERFIED EMMENRELUS
A RUBEBLE QO ETHBHERRNRAEENHY . BB ED KRG DN E
L% (Jaal et al., 2006) , FRE LB LY EBSTHIRIEIRETHY . BH GRFEITHEET
HINEEYUEMGEYIRIELH D, 2 Gy DEIREI T, LR E 60~70 Gy ZRBFERD
FREFAIZEDRERL 5%KRETHS (Marks et al, 1995) , BEBED P IEFHRIZE TS
RBE fE (&, HERT T 3.2, 8 N EIRG TIX 5.4 LHEIN TL VS (Stewart et al,
1986) , Sullivan (. BEAWLT. REIZX T 5 EFD RBE fEZRHDI=ODH
BB EIT oz, REIXEHR TRBEEZROHDHENHE L. TDEBIRY
figzs (B, BEbt. FEEE0) OHBEILH DS RBE [ENEHEINT-, ZOHE. B
DIFEILEZIURRAUMELI-BAIZIE 434, BEIDRMEIEZTURRA M ELT
BEIZIE 6.73 LHEFE STz (Sullivan et al,, 1980) ,

1.1.3.8. #&:8

CZIZEHLIEHRMS ., FEFOEAAUFDE LET HIF0D RBE BN, RE
(RFBEE. IRILF— LET F)VOREER, X WHRETIEMEMIVRRAUb
(188 2. IR BEDOLARILE)IZE O TREEDLYBZZEN D NS, — i
[ZRBE {E(d. EERFHREDRER DD (R BIRBDIEM) LEHITKELGY, &Y
BELGLRILDOFEEICERTHFENSKGEHILEERDD. TOELDEEITERIKD
HRIZIECTEMEICEILT D, LIzh > T, KELEMTHIFLIZANDEZHL
BEHET B-ODHETMEETOIRIZIE., HWEDK RO REZELTE
BEEFIERICIEELESZ T, FALICHLERBE Y4 RBE [BEEEE T HENE
ETHDEEZD,

IE, REOMERFZFALTNEYOHaE D FOEA A TR T HER
RIS ERRMICIEITHONELSITEY . HROFFENLGT TO—FIC&HEFM@(F
T NARAVT =R PFREXEDRE. 5 LET MFHEOEMENRD
AN=XLOBREANERLTLNDS, CNLDFH T —REIKERUBERERET.
B DWKRICIH L TEHR#EA: RBE EZRRITRET 5= DN AN DOERML
TORILHFEILSNDZENHFEIND,

SEH (1.1, &)
1. Abratt RP, Morgan GW. Lung toxicity following chest ir—radiation in patients with

lung cancer. Lung Cancer. 2002; 35: 103—-109.
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The kerma, K, for ionizing uncharged particles, is the quotient
of dE,, by dm, where dE|, is the mean sum of the initial kinetic
energies of all the charged particles liberated in a mass dm of
a material by the uncharged particles incident on dm, thus

_ iz,

dm

Unit: J kg!
The special name for the unit of kerma is gray (Gy).

i T - :
[N i kinetic energy released per mass |
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mass dm, thus

Unit: J kg!

de
dm

D=

The absorbed dose, D, is the quotient of d€ by dm, where d€ is
the mean energy imparted by ionizing radiation to matter of

The special name for the unit of absorbed dose is gray (Gy).

The absorbed dose, D, is considered a point quantity, but it should be
recognized that the physical process does not allow dm to approach zero in
the mathematical sense.
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In ICRP Publication 9, para.17, the Commission recommended a
value of 1.7 as being appropriate Quality Factor for b*, b~ and e ...

...and concluded that a value of unity is appropriate within the
degree of precision required for the purpose of radiological
protection. (Health Phys. 17, 1969)
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.. It is suggested that when MADE is comparable to the maximum

permissible dose, an accuracy of £30% be achieved. (ICRU20,

1971)

.. If these quantities are of the order of the relevant annual limits,

the uncertainties should not exceed a factor of 1.5 at the 95%
confidence level. (ICRP35, 1982)
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.. However, the formulation given can be subject to various
interpretations including that in which H is considered to
represent risk and to be dimensionless. ... That publication
pointed out that the information on relative radiosensitivity of
the different parts of the body is limited and that a common
scale of hurt or suffering has not been developed.
1t is appropriate, therefore, that for present use, dose
equivalent should be considered to have the same dimension

as absorbed dose and ... (ICRU19, 1973)

UAD%ERY (BUEFEXIT) OTEBRLNEWSERBH O,
UN\U. HIBOWZEURBEFEESNTLRL.
T MEHEANERETHD (J-kg!) LEBXINE,

H*(

H (d Q), I::}
“EUHE
Ho(d,
aamw 2

3

£ ﬁlléh.ég
REHBOISE

KFTRLF—

<

23




pEERC=REONR | W

R AROB e
(ER20RTE) ety B S I O
= Asigha || L? () 8 1.§.‘( H )

MEE UMW W W

;mgl MEEE " AP PA  LAT RLAT ROT 150

EAE b
BIERILE % o 700
& s

@
SAIE - BEBO S us s
| =me | | e |
. 0.1 1 10
EHE HFIRILF— (MeV)
AEBIEE

ATELSHEEN | W

EMFIT 45

[T B R 7 1 LA ]
BER BHEBEBET S FEOFEEL, (P X -
THR LA R B,

- ANERHORRIC & B SR L 2R O RO IS B |
BB L AT 3 A MIC 3 1. SnSvAARR BBZN0D B B K
) [
ERE
(588%973) e
RIESE = prsE= RERELTTHS
B ;%E EEEEEEEN] :tﬁﬁ%ﬂ?é
IEAMBE 3
= (hoEs)

(E=B0) BhsE=E

a x A

2. BITHREOMER
BEDER
EHRENHER
RETDEE

GECETseE0ER | @

BRI DML IR EFHE A RIS 60—V avT
(BARFAREFREMBBERE)
(1)%5 121 (1995)

ICRPEOIZH T2 HMHEEDHAICBIT H5RIE (S L. EAL)
REEROERAELOBRFRRERBEMSTHRMERKOBR. 5)

(2)582[E (1996)
CERABICEOER. AKTFURADTHE—E ICRUBRERS T I7 kL)
(3)583[E (2002)

PEFREAICEY 2R -SFHRRRE

MEHRIGEICAVAIREMZOEFEMARRR
BARREYIEZS (200554 A ~20074%3H)
1) BRI EICAVSIREZITOVNT, ChETOEEBNSRITORRERLELTH
BEREHEL REOHIESEEBHRTD
2)ICRPEAEEDHETIZMA FLLDOMDRSTFIE (web L TR DRBLER
DxEES D (-IHPSTAURELTICRPARH)

DO RAGEEES ORI R RSO SIS #EE, 2007

EheRCET onEs | W«

-HEENREOLOHOEELL GEIY
Mgl IEAREICHI DIERN B EOFETICBITSRBEMEZERL T
W% (ICRP60) ]
[HENS B IIRBE < RNFECHI D]
RFIBEFMEBOTVS (ICRP103)

20074RBYED R T 7 MIRTHE, il T8 5)72RBE TN &
NI=#&, 7 radiation weighted dose” (HIGy) MPEEX
N, Z0%, £ DAL M ERFTIRY TiFbni,

c LW - BLAEA L THIRETITIZR 520

MR o THMIIC RS 0T, RAOM#RELE 85

 BUGHREDTTH RO TIZARND

« SIHfZ T LW

HRERE/BHFEECL TIISEREOFMIRE INF5OTUVS
—RTOFMBBEAEREINAL (R LREoTLS)
THE/ e IR0%(TitRE £ IAE (ICRP103)
—ROFA ) TEET

RASDHER a
PHEEEEREDITINAIVI—RTEROD (FREARREIEMIC
IBEITIFRVDY)
SAEDRHOETHZN, EBCETESE
SEITEN S SN BADEIZZIZHR

IEDIC(FAETERL

MEE
SRIFEEROL AR 2% AN RE EaR
(BIZIFAP)ADH B EFEK [=me || pus |
ON-JICEDENEFELVDTE A >
AV EHE

i ey
SHLVERREEALECLRE RS

AR ENEHEAAFELNEOXFFRETEIAVH
CEBRRZI7ONL (BREXTT) mMEDHNS
PHEEETZEAIGHML TRVSEENHD (PlF. BIRIE—HT)

24




RITRAEE CRRE

0
BRRIECT AN
[EFTESTY ] \
10
-
.
2t
" o
103} " 1
|

1012

[ EOHENE H(10) ::;

!
NP2 ]
| \

o i u LLAT

i RLAT

i a ROT

i 150

2Nev
1 10t 102 10° 10¢

kFrxLF¥— (MeV)

K15 BRITEAELEZDREL OBIR
(Akira Endo, “The Operational Quantities and New
Approach by ICRU”, The 3rd International Symposium
on the System of Radiological Protection ™ %t % & & (Z{F
)

ARLEZZANT o2 (@) Bl Y OEDHEE)

72 13 A0 MY i (H(10))(Sv em2)

| TR0 TN R TR (N REOWBEL L TORMRRCRIDMME) (P HELTRGS, 2019) |

SHENETDEIE 1
EE & K (JAEA) &RldD

"o T

EXENERS

REI7UNLRAR

SHEMEIIKRAE
DRESH

~ 2000
2001
2002
2003
2004

2005
2006
2007

*Em
SAERIE<FHEER
R R R KA
BE i eiEd2 ]
2008 ICRP103

2009 ICRP110 EAROREL-RE
= RIS MR IEC *Em
ez ERARTEHID

2013 ICRP116

2014

2015

2016

2017 ~ ICRP Publication’

ICRU Report

=mEaEIon=2 | W

ICRP103 (2007) TOZEERDIEERETDEDITIL
MEFRBOREL
HHEETrY NADEA (SEEOPDEL)
SRROBEFIROZE (BROBMBRN ST EERDD)
-ICRP116 TOREHREET —JOIIER
(4998, TV % —50sk, KERAOIRERE)

ICRUICHIFB1&ET (2009~)
-Report Committee No.26 (RC26) Oy 3> il RRAENIRE]

ERE0SEEORET

PhsEE L ORIFROEEIE

FIRRRIREFSEHEAOHE
AR : RTIEOEREOHEE
BR : FEdOEE —WRLVWIRIF—EEICHD—D0dTIEE
CR: MhESEZECUDAEEZ - B (B, 0BA)

S e ST —20l6HiE R L O T |

[(2F) BERBDESE

S HEO w, EMOEE
~ — pzaEm 3 1504
TPYLCEBEY (—fi) O
10 2 o
9 R P IS T vim
= o5 watmy ) | e
o8 7
£ W= oo | ) RBF W2
g 08 Voxel B AL — @ " = PA 2
g R i i HEOEE
S o 00
‘é o 107 10" 10° 10!
T]’ KFIFILE— (MeV) hgF
02 —~
] 8% 10°
I 13 APRAY 3
& [
00 8§ & o
e © ’§ : ICRP74
A —e
HFLHILE— (MeV) H £ 10" o e stammIININI —=— ICRP116
DL - £=+ew e
12 R wICRPLLE
10 Ex-ICRP74 ]
3 77 ABA-
osr O anors
0.6 \/ W 23 4
04 — -

U SR R R S 20 6HERRN L O T, 10” 10" 107 10° 10° 10" 10° 107 10" 10° 10" 10" 10’ 10°

EDDRBLE (Svcm?)

TINIDREE

SHENEINEE 3

BE (RednZE) ORF
hEF

FF

30cm Bt o T
D ahid E=HEE 5
DG &
"1
Eul
10" El
E
8
a2 S
5
o & 10em
S oo 25cm
" A 5
1o H ahadduiid 4 105cm
S v 285cm
10"

o
10° 10® 107 10° 10* 10 10° 107 10™ 10° 10" 10° 10° 10*
PHEFIRILF— (MeV)

10" 10° 10' 10° 10° 10°
HFLFILF— (MeV)

0.1 Mev 10 Mev 100 Mev

< \ 3

- U e S 206 R E 0T |

PHFIRILF— (MeV)

3. ICRU/ICRPIZ &L BIRE
Joint Report
JHPSEER R AR
SHDOR

25




ICRU/ICRPIC X DiE= w

“Operational Quantities for External Radiation Exposure”
(ICRU/ICRP Joint Report, Final Draft, July 2017)
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“The Use of Effective Dose as a Radiological Protection Quantity”
l (ICRP, TG79, 2018)

“The Use of Dose Quantities in Radiological Protection”, in press

(FmRE]

Equivalent dose is not required as a protection quantity. It will be
more appropriate for limits for the avoidance of tissue reactions for
the hands and feet, lens of the eye, and skin, to be set in terms of
absorbed dose (Gy) rather than equivalent dose (Sv).
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[EHiRE]

E (effective dose) may be used as an approximate indicator of
possible risk, recognising that this is a pragmatic, but unintended,
application of effective dose.
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FARE R & RARICAIT S Webinar (202141 A258)

4% Webinar on effective dose and operational quantities

HEE RIS & A% R (RBE)

Deterministic effects and relative
biological effectiveness (RBE)

—
TR &
Hiroshi Yasuda
-
JRESRAF SRR R A= RFSE T
Q_,ST Research Institute for Radiation Biology and Medicine  Hiroshima University
Hiroshima University

BRI IE < DHEE I

Deterministic effects of radiation exposure

BB AT ST 59

Effects of radiation exposure on human health
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Categorizing based on the presence of a threshold dose

BEHRASADREICREFETEEE. EFRN2I—20
EBULWMHLUTD2202KAlEh5:

- FEE IS (deterministic effects) : L E LVEEAS
HY. ThEVEFLEEENELLEL (RED
85, mMEKAE, FERE) ;

- FEER IS (stochastic effects) : L & LMREAERSH
S, PRVEIE THRECHA L TREN
KELBDEESNhD (RBALERHESE) .

BEREDO BT, BEMZEOREE
MhE. HRMZEORERZRLT L.

The aim of radiological protection is to prevent
deterministic effects and to limit the probability of
stochastic effects to acceptable levels.

THEE RS & TR 8

Deterministic and stochastic effects

FEEMTE RS
(Deterministic effect) (Stochastic effect)
Linear
)
2 c
= 5]
g z
] [
a I
Threlshold /'
! L-Q ./
i ” No threshold
Dose [Gy] Dose [Sv]

. EERRE(E) L RN EE) LRE L OBR.

(ARSI ] &R < TRV ?

Shouldn’t we use the term "tissue reaction"?

Er ST #RREEE S & (ICRP) [X. 2007&E&1& 1<
BT MEEMFE] ITRDHAEE LT MER
RG] AL, TOEAEHEELTELMS. B
BREDZ L FZRITHE CTLRL.

Though the Commission adopted the term ‘tissue
reactions’ to replace the term ‘deterministic effects’,
many of the interested parties have not responded
to their recommendation.
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Dose levels for deterministic effects

>20000 Gy
WE - T (T2

AVVREEEICRITES

6 Gy 14BEIC50%M0FE
4 Gy 308™IC50%NFEL
2 Gy BIMKOKRAED
1 Gy UYINEKRED

150 Gy Y+ 711 EDHRE

~70 Gy MEIRERHR

\ (BRfIE<)

—_—
41000 mSv=1 Gy

SR 50 mSv BEZADERBRE

10mSv

—— 27 mSv BOEBIRE

BN 5 4 Sy BRMSHEN SOERIEE
100uSv

Lo N005 mSv BIE X IB

1Sy

Courtesy of QST-NIRS

WEE R BDOLEUViE

Threshold doses of selected deterministic effects

xR, ERHEENTE ETDOUSVIRES LUK [ICRP, 2007%].

1A, s R LELiRE B
Bt EMEEEE ~0.5 Gy 3~78
- — BT (8B1%) ~0.15 Gy 3~9E

N KATIE (BH) 3~6 Gy ~3i

. RHNE (1) ~1.5Gy ~18

KA (l) 2~7 Gy ~ 18

— AR E 3 Gy 2~3i8
L] RSATHE 2~6 Gy 14
RREEME 5~10 Gy 2~38

AL Tl P

] 6~20 Gy

FEL= (100%) 1~2i8

g, ES =

R 20 Gy~ _

- (100%) HEL

frimR i D ARSI < ITHE 5 SR

Symptoms after a high-dose whole-body exposure

Nausea, emesis,
diarrhea, etc.

No symptoms

BIRE)

Qutbreak
(RREHR)

Recovery
or death
(E11&/%E )

Infection, bleeding,
dehydration, etc.

Fig. Typical time change of appearing symptoms following
a high-dose whole-body radiation exposure.

2B < OBl —BfEk A P —

Example of a whole-body exposure - Tokaimura criticality accident

On September 30, 1999, a serious criticality accident
occurred at the nuclear fuel processing facility of JCO
in Tokaimura, Ibaraki, Japan.

Ibaraki
Prefecture

Pacific
Ocean

Mito

Tokyo

Pacific
y Ocean
P

Courtesy of QST-NIRS

i R FH DA

Cause of the criticality accident

The cause of the accident was “human error and
serious breaches of safety principles” (by IAEA),
as the workers poured the solution containing
235 directly into the sedimentation tank, without
following the determined procedures/limitations.

Fig. A photo of the uranium sedimentation tank (left) and an illustration
of the situation of three workers when the accident occurred (right).

Courtesy of IAEA

SR SRCTEL S N T AT

Prodromal symptoms observed in the Tokaimura accident

Fig. Prodromal symptoms and those onset times observed
in three workers (A, B, C) who were highly exposed in
the Tokaimura criticality accident.

Major prodromal Time for
ymptoms onset
(E%4H X) (F%R £ T DFFRE)
A Nausea, vomiting <10 min
Diarrhoea <60 min

Loss of consciousness lasted for 10-20 sec.

High fever (38.5 °C)
B Nausea, vomiting About 1 hour
C Nausea Few hours

Courtesy of IAEA & QST-NIRS
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Blood cell counts

Table. Blood cell counts of three high-dose workers (A, B &
C) at few hours after the exposure in the Tokaimura
criticality accident.

Granulocytes Lymphocytes
(FERIER) (1) > /35K)
[cells/mm3] [cells/mm?3]
684
A 21,888 (3%)
127
B 12,446 (1%)
1,495
C 10,005 (13%)
Courtesy of QST-NIRS & IAEA 17

IfiL v B o3 DIRFRIAA

Time changes of blood cell components

Erythrocyte
(FRILER)

Granulocyte

(FEHIER)

Relative cell counts

Lympoh
[UBZ3¢: 3]

0 5 10 15

Time after exposure [days]

Fig. Typical changes of blood cell counts after
0.5~1 Gy whole-body exposure.

BT HTIT X B k- B D Sl

Neutron dosimetry using activation

= /.

—
™~

23Na(n,y)?*Na

=>

Neutrons

In measurement usig WBC, HpGe detector
is better than NaI(Tl) detector, because the
peaks of 2*Na (1369 keV) and 4°K (1461
keV) are overlapping [Momose, 2001].

changes to ?*Na (radioactive) ——

2Na (stable, 1.4 g/kg tissue)

through neutron capture. 1 Bq of 2*Na corresponds to
y-ray energy: 1369, 2754 keV exposure of 0.5 ~ 3 pGy from
Half life: 14 hours neutrons and y-rays.
[Ref. IAEA TRS-211, 1982]

Courtesy of QST-NIRS & JAEA 19

B < MR DOHEE

Estimated doses of three workers

Table. Radiation doses [GyEq] estimated for three JCO workers
(A, B & C) using different methods of dose reconstruction.

Method Worker A Worker B Worker C
Initially estimated doses
(VBORELHE) ke i 28
Prodromes
(GES=) > &9 34
Blood components, mainly
lymphocyte counts 16~23 6~8 1=5
(3R, E&LTY»/8K)
Specific activity of 2*Na in
the blood with RBE,=1.7 ® 00 20
(WWZ"Na) [N54,v¥99] | [n29,v4.1] |[n0.81, ¥ 1.5]
Finally estimated dose
(BROLETRE) 16~25 6~9 2=3)

1) Primarily based on the 2*Na activity in peripheral blood measured within 7 days.
2) Derived from all the results of the reconstruction analyses above.

Courtesy of IAEA 20

BRPR AR BL & o o

Comparison with clinical data

RBELAVICKE CTRESQ 2 0HES RS L CERRFHIER [AEA, 1998].

LRI B hEEE BE EhHTEE Hann
(1~2 Gy) (2~4 Gy) (4~6 Gy) (6~8 Gy) (8 Gy~)
BRI (B) 30~ 18~28 8~18 ~7 ~3
PIZ%¢: <4
X 10%mm) 0.8~15 05~08 0.3~05 01~03 0.0~0.1
BHIRE
(X 10%mm®) 20~ 1.5~2.0 1.0~15 ~0.5 ~0.1
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B BR | Mh BEE | M0 OBE | | REEE
Bis L hiRE FREN TS b b
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TR - 6~8HLIE | 4~8ELlE | 1~2EBlE | 1~28Llg

C B A

Courtesy of IAEA
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Health effects of the Tokaimura accident

> Persons exposed: 667

> Radiation-induced deaths: 2
- Worker A died in 3 months
- Worker B died in 7 months

Courtesy of QST-NIRS 23




TEP AR R EE (RBE)

Relative biological effectiveness (RBE)

Yt Y o ) VS ) B AT

Difference of energy deposition depending on the radiation quality

1 PARTICLE TRACK
Fe (z = 2
MANY CELLS/TRACK

10 mGy 10 mG,
1 MeV GAMMA RAY 1 Mev NEUTRON
~4 TRACKS/CELL ~1TRACK/20 CELLS

Fig. lllustration showing the difference of energy depositions to tissue cells
from photon (left), neutron (center) and heave ion (right).

Courtesy of NCRP

MR F—fH5 (LET) &%

Linear energy transfer (LET)

HMFRBPOEMES (BEEim) H=YITWE
ISfFEEhBIRILE—.

The energy transferred from a radiation to the material
per unit length of the track.

Pyrimidine Low-LET Medium- High-LET
dimerization particle LET particle particle

Hydration
"‘""‘I";":" Single strand v
crose-N breaks (SSB) Doutle-strand
breaks (DSB) el

Courtesy of NCRP
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Definition of RBE

EMFRZIRIE RBE) (£, ®ERE T DHHARD.
HE LG DBGHR GBREy X)X, B CEYH
RELELDDICETIREDOLL LTER SIS,
The relative biological effectiveness (RBE) is defined as
the ratio of the dose of a radiation in respect to that of a
reference radiation (usually y/X-rays) required by those
radiations to cause the same level of biological effect.

Dy /-
RBE = X/y-rays )

Particle

Drotar = DX/y—rays + RBE X Dpgricie [GYEq] (2)

PR R (RBE) — AR —

Relative biological effectiveness (RBE) — Survival ratio —

Dhw D Dose [Gy]
1 — -
! 1
! 1
! 1
! 1
! 1
2 i X
o \ h
TR O N VR
2
E High-LET Low_—LET )
@ particle p_amcle with
high dose rate
0.01F RBEHL = DLL/DHL

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

SR R (RBE) — 23R —

Relative biological effectiveness (RBE) — Survival ratio —

1 Di D Dose [Gy]
o
©
0 1 S N S
2
g I Low-LET
5 H;grt?é\LQET particle with
{ low dose rate
0.01} RBEHL - DLL/DHL

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (Dy,) to
the low-LET particle dose (D, ) at the same level of severity.

32




WA R (RBE) — B —

Relative biological effectiveness (RBE) — Severity —

High-LET LO‘Q{'L‘ET "
particle IT\]/\: Idcoes;w
rate
2
@
>
®
%]
__________________________ T EC e
1 1 —
I i RBEy =D /Dy
1 1
| 1
V2
Dy Dy, Dose [Gy]

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

R R (RBE) — RS —

Relative biological effectiveness (RBE) — Severity —

g LET peric with
rticl [ Wi
particle high dose
rate
2
5]
>
o
(2]
1 1 —
! 1 RBEHL - DLL/DHL
1 1
1
4 Y.
Dy Du Dose [Gy]

Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

2 ERR R (RBE) — R —

Relative biological effectiveness (RBE) — Severity —

High LET paricie it
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2
@
>
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1 1
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| ! RBE,, = Dy /Dyy
1
A2 2
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Fig. Relationship between dose and severity of a deterministic effect.
RBE is calculated as the ratio of the high-LET particle dose (D) to
the low-LET particle dose (D, ) at the same level of severity.

RBEfE D4 Bk

Variability of the RBE value

F LREOHEAEHETYH. UTOFUMNRLSH L
RBEfEIEIXECEDLYRS :

« XIRER/ R

« BB HER

- BREE

cREX %

Even for the same combination of two radiations, the
RBE value could considerably change due to the
following conditions:

* Tissue/Organ

* Biological endpoint

* lonization density

¢ Dose rate

il

Bone marrow

Table. The RBE values of neutrons for bone marrow
(effects on CFU-S of mice).

Particle Energvicy RBE value Reference
source

Neutron Reactor 3.0 Davids (1972)
Neutron ~2.5 MeV 20 Ainsworth et al. (1970)
Neutron ~6 MeV 2.5 Silini et al. (1965)
Neutron 14 MeV 1.4 Carsten et al. (1976)
Neutron 15 MeV 1.2 Broerse et al. (1971)
Neutron 67 MeV 1.7 Hanson et al. (1981)
Neutron 600 MeV 15,20 Hendry et al. (1979)

Courtesy of Dr. Arifumi Hasegawa (Fukushima Medical Univ)

]

Skin fl
Table. The RBE values of fractionated carbon ions for 1
moist desquamation of mice. W
Particle  Fraction LET R Reference
value
Carbon 1 14 keV/pm 1.45 Ando et al. (1998)
.Vs. Y-rays 20 keV/pym 1.75
42 keV/pm 2.15
77 keV/pym 2.50
Carbon 8 14 keV/pm 1.60 Ando et al. (1998)
.Vs. Y-rays 20 keV/pm 1.90
42 keV/pm 2.25
77 keV/pym 3.20
Carbon
77 keV/uym 1.36 Sorensen et al. (2015)
.vs. X-rays

Courtesy of Dr. Yukari Yoshida & Prof. Akihisa Takahashi (Gunma Univ.)
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Intestine
Table. The RBE values of fractionated carbon ions for
jejunum crypt survival of mice.
Particle LET RBE value Reference

Carbon 14 keV/pm 1.3 Gueulette et al. (1998)
41 keV/pm 1.6
49 keV/um 1.7
71 keV/pm 1.9

Carbon 42 keV/pm 14—15 Uzawa et al. (2009)
50 keV/pm 1.6
74 keV/um 1.8

Carbon 20 keV/um 1.01 Yoshida et al. (2015)
77 keV/um 1.72

Courtesy of Dr. Yukari Yoshida & Prof. Akihisa Takahashi (Gunma Univ.)

By —hiER—

Reproductive organs — Testis —

Table. The RBE values of neutrons and selected heavy ions for
spermatogorium killing in mice [Wang and Yasuda, 2020]. \

Particle Enslovie RBE value Reference
source

Neutron 1 MeV 5.7 Gasinska et al. (1985)
Neutron 5.5 MeV 4.6 Gasinska (1985)
Helium from 21°Po 6.7 Rao et al. (1991)
Carbon 400-670 MeV/u <3 Alpen et al. (1981)
Oxygen 400-670 MeV/u <3 Alpen et al. (1981)
Neon 400-670 MeV/u <3 Alpen et al. (1981)
Argon 400-670 MeV/u <3 Alpen et al. (1981)

Courtesy of Dr. Bing Wang (QST)

/

By —BNE—

Reproductive organs — Ovary —

Table. The RBE values of neutrons and selected heavy ions
for oocyte killing in mice [Wang and Yasuda, 2020].

Particle Energy or RBE value Reference
source

Neutron 0.43 MeV 1.7 Straume et al. (1987)
Neutron from 252Cf 16-35 Satow et al. (1989)
Carbon 80 MeV/u 18=1 Zhang et al. (2006)
Neon 450 MeV/u 0.4—0.6 ICRP (1989)

Silicon 670 MeV/u 0.4-3.0 ICRP (1989)

Argon 570 MeV/u 04-22 ICRP (1989)

Courtesy of Dr. Bing Wang (QST)

RO IR A

Lens of the eye

Table. The RBE values of neutrons and selected heavy ions
for lens opacification [Hamada and Sato, 2016].

Energy or

Particle e RBE value Reference
Neutron Thermal 8—15 Storer & Harris (1952)
Neutron 0.44 MeV 8—500 Worgul et al. (1996)
Proton 55 MeV =& Lett et al. (1991)

Carbon 400 MeV/u 1—2 Jose & Ainsworth (1983)
Neon 425 MeV/u 1-3 Jose & Ainsworth (1983)
Argon 570 MeV/u 4—200 Brenner et al. (1991)
Iron 450 MeV/u 2—200 Brenner et al. (1993)

Courtesy of Dr. Nobuyuki Hamada (CRIEPI) and Prof. Akihisa Takahashi (Gunma Univ.)

LETERBEDBAGR

Relationship between LET and RBE

RBE

N
I

0.1 1 10 100 1000
LET [keV/um]

Fig. A typical LET dependency of RBE.

JBCS IR AR 2

Radiation weighting factors

Table. Radiation weighting factors (wg) [ICRP, 2007].

Radiation type Radiation weighting factor, wg

Photons 1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, 20

heavy ions

2.5-20
Neutrons (continuous function of

neutron energy)

* All values relate to the radiation incident on the body or, for internal radiation
sources, emitted from the incorporated radionuclide(s).

34




JBCHREEE- 2 T DRt % F L —MEIZBAL T—

Investigation in JRRS Summary - in regard to dose —

BARGBEE$ETE. HIEERICHITZ irsunpers TN SHIEEATR (= [ — G (= 2
REEFEI-IE R0 5RO rEORRIA AL R eI R RR RG]
MEEICEYFLOHDERICRMYBATLS. .

i.lﬁggfﬁ§5$§fal+anrz IHEREEORBEICET 3 vVHEFOEFEBHFIRET IESICIE. &9

"‘J e . FRELE (RBE) ICKYEAFITLE-REE
TLAFELST za% R ' AVBRENSHS.

B - BB THMEE | BEAS
MR EallEE | BBRIERAY v RBED{EIX. MEHRDLET/ T RILF—VOHE
SoTTETIT PETFINL e p—— £ EBTHIEREFICKH>TELRTS.
RIS, WREE | Tk wa o VEHR T LE-RBOBRIZOWNT, RREOHS
BAREZ Oft: B BA BEXZ (Gy, GyE, GyEq, Gy(RBE)&)&#fi— <2 E
RBEMES:. % &% RE 5% LERAS z8E RKHb.

FUOENISE EEMEICBIT BWebinar (2021515258)
“HEREBNSSE & A M RUSIEREL (RBE)
REB & (LBAZ)

Thank you for your attention.

RE &S

Hiroshi YASUDA, Prof.
Department of Radiation Biophysics,
Hiroshima University

Email: hyasuda@hiroshima-u.ac.jp
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Relative Biological Effectiveness (RBE)
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MABEX., HEBF. WERERY AIRE EE5R, 20205
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- 19544F M The National Bureau of StandardsiZ&k %
EETIERBEIEZRD LS IZEZESINTULNS,

The RBE of some test radiation (r) compared with x-

ray is defined by the ratio D250/Dr, where D250 and

Dr are, respectively , the doses of x-rays and the test
radiation required for equal biologic effect.

- 250kVODXIRAEEMSHR E L TREN-EAI,
1954 LR D& L REM B IARICAL L
PWRETH =M THD,

Eric Hall, Amato Giaccia, Radiobiology for the Radiologist (5584k), 2018
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KRBV ETER DLET (Linear Energy Transfer)
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25MeV o g 1,000

Eric Hall, Amato Giaccia, Radiobiology for the Radiologist (5584k), 2018
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Average  E (mSv) reported reported in the
Examination E(mSv)  inthe literature References literature
Abdominal diagnostic 270 8.6-86.8 19.17.19.2331] 2-1719
angiography or aortography
Abdominal arterial interventions 44.0 27-166 19.19.23.30.31,34-38.50] 0.7-381
Biliary interventions 91 4.0-282 [9.23,27.30,31] 04-120.1
Percutaneous intestinal access 30 43 1 0256775
Head and/or neck diagnostic angiography 9.0 23-169 19.12.173031] 0.07-45.12
Head and/or neck vascular interventions 16.0 29-232 [9.12,19.3031] 23-1379
Hysterosalpingography 03 0.15-043 125261 0.07-8.17
Inferior vena cava filter placement 80 264 19] 3.03-90.76
Lower extremity diagnostic angiography L0 031-44 [9.17.31,59.62] 0.04-171.9
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Venous access 02 0.6 91 0.07-36.62
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e =:Quantity:
— RBE-weighted absorbed dose
— Equivalent dose

o Bi{i:Units:
— Gy(E)
— GyE
— CGE
— Gy-eq
— GyEq

— Gy (RBE)

XA EDIREDRIRDHI

REAC/TS, Medical-aspects-of-radiation-incidents, 2017
—->ARS; Gy

IAEA; EPR-MEDICAL 2005
-Gy
RBE-weighted absorbed dose; gray-equivalent (Gy-Eq)

IAEA; EPR-Internal Contamination 2018
SHEHKIES Gy
GSR Part 7 (2015), Generic Criteria;
éRBE weighted absorbed dose Gy
—ZHBITIZIE. Gy, Sv BEMA (élﬁﬁl &%)

European Consensus Conference (Gourmelon P, et al., 2010.)
SARS; fEIK

RBE 7ILI7#%

TABLE F1. RBE OF RADIATION FOR SEVERE DETERMINISTIC EFFECTS USED IN
THE MANUAL

RBE
Photons (gamma- and X rays) 1
Electrons and posi i ing B and B’ particles 1
Neutrons 3
Alpha particles irradiating i y lung 7
Alpha particles irradiating internally red marrow 2
Alpha particles i iating internally colon 0
lodine-131 irradiating internally thyroid gland 0.2
Alpha particles irradiating offspring 10

(IAEA, EPR-MEDICAL 2005, Generic procedures for medical response
during a nuclear or radiological emergency, p. 103.)

ICRU®D

RBE-weighted absorbed dose

ICRU report 78

=] S| o

» Prescribing, Recording, and
Reporting Proton-Beam
Therapy

= 2007 FI4T

n JAEALHFE]

ICRU REPORT 78

Prescribing, Recording, and Reporting
Proton-Beam Therapy

BLEuEE
RBE-weighted absorbed dose

(DRBE)
‘Dgge = 70 Gy (RBE)'
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Effective dose and cancer risk for radiation diagnosis
1

Effective dose Risk of cancer Term for dose  Examples of medical
(mSv) level exposure

<0.1 Inferred < 10°®
on LNT model

Negligible Radiographs of chest, etc.

0.1-1 Inferred < 10°° -

104 Minimal Radiographs of spine, abdomen, etc.
on LNT model
"
1-10 [Inl)fgrred MLUS Very low Barium meals; CT scans of head
on LNT model
. 3 40
10 - 100 zRISK el Low CT scans of chest, abdomen, and pelvis

on LNT model and

epidemiology

100s >102 basedon  Moderate

anidaminlam

Multiple procedures and follow-up 10
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