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SEXH

[1]1 i b, BEN A 7 0 b o figk OEAREL, AEE, pp. 8

21 5 m,iﬁ%ﬁiéb%wiiwf—ﬁﬁ®ﬁﬁﬁ BT B HESE, ASEE, pp. 26
[3] /NP i, B & ERBG AR (FLASH) (2361) 2 BETNROIZE, 4GS, pp. 42
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Production and Development of Radiopharmaceuticals Using Cyclotron in 2020

R F.RHF WM. BE BE. £2F =T, R BEH. DI HE. X
AR Rz, FE BE. E G, B Fth. B K@, 28 B,
R oz, KB IEBL JKiE BAKER, A& FiC. 5B BAR
Hisashi Suzuki, Makoto Takei, Hiroki Hashimoto, Katsuyuki Minegishi, Yusuke
Kurihara, Masanao Ogawa, Takayuki Ohkubo, Kaito Tsukagoe, Nobuki Nengaki,
Tomoya Fujishiro, Daisuke Arashi, Takahiro Togashi, Toshiyuki Sakai, Masatoshi Muto,

Kotaro Nagatsu, Kazunori Kawamura, Ming-Rong Zhang
EFRFRNTIRFAREEE BAREFREHRAN EEKEFEBRWRE

B

SEERZIE AR TR Tl BRIR2WT « TR AEIRBREE O F AN A T 7 U AL R AT dk
FEHRNOBAFE, EREAN G AU LB AR ST PR RZ R 00 5 K OMEER + o AT Bl DB AT R 217
STWD, FTo, FBGERAI 2B L, ZMERREWET VA2 S DB ERIC L
2 RN DA B & AEE RGN, EERLERIFEZ i L T\ b, S HIT, BRTHE MR
AREZTE N N2 - TR DR PSRRI A B U kgRE A A — 2 TBRIEER, A A —
U TR D A7 B QST RFERCAMEB O KT - WFFEHERS - (R FEDIFFEH 1TIA <
AL TV D,

YAFFEENC K o THRIE S 2 BEIRAFIEH O BURMESEANIE, 1) HIMAC Ro&E A A& Hve
JEIEE OTRIFN R ORISR DA 72 EOHE, 2) DS ABE~OBE - IFRATIE, 3) 8
JEZ XL LT 2BFOMZEBOZWT, T8RN RO & OYRREIE A A T = X L OfR AT
Fe7e EICHM STV D, A E T, HrBUTEREEA OB R DL OV AR - 3/
RER N RET D,

1. REHEAREIER O BRI R
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BERED BT, B R L OBFZESE D 12 00 1Tk 2 O IR 2 ik L T\ 5, £72,
ZID ORZHE R ORI 2 R L. 28oA el R 2 L. zohrs, A1
7R BASER 2 B R A N B T2 BB &2 17> T B, LU FIZAFEOBFFEIZ DV TRE
HI72 R E BT D,
D e B ARA—V U T ENEROZEBZEITRIC W TIE, 85 S M 3K A
[''CISL25. 1188 & ["F]SPAL-T-06 ORIRZ: i BEAR I 1T 7o Bt - ) AT Hifr & e U7z, £ 72,
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INDHOFEANZIE L S REMICHIETE 2 ABIGRIEEZRUE LT, & 512, 2HOHH
WSR2 AR L, £ 0 5 Ho 3FOA MM % IERERFEN CRaE Lz, Frlz, R
TNE I VSRR T2 A T2 (mGluR2) (2% T 5 2 FEOFTHL PET 7' —7 # % L, &)
MEBRIZE > TZNODOARMELZFEN L, BIRICHNHZNTEZATH D, o, A A
— VU TR RO EFIEREEA A=V U VR WREICT T/ 8RA 1L LB L, &
DA FANE 2 FEREARAHMIC £ 0 RAE LT, & BT, ATE SR & B3 {L C X 5 5JE PET 7' m —
TBHFEAY AMED A — v a w MRPUCERBK L7, —J7. 2&E 120 @ PET ftizk X 0 £ 400 {0
PET 3K #r &2 76 L, B QU ZNEFIC RS L7z,

2) B A A TN T2 IR S A TEIRIFZR I 35 T, BEME AR, AR E D0 A
RORENAFAET DALV 2 I Vg | RIS SR A AR & L7 2AC-ATTM 38 A 3 FE
P, BT VEM) TORNENRE L IERNRE DT 21T > 72, F7o, 226Ra X —F v b
WIEIZ LTz 225Ac DAEFERAMNT 2/ Uiz, X HIZ, RO TRT g & S s A4 —v =&
FIZER L, HiA— Y =B 2T 264 RT - 354 (191Pt-cisplatin) % Z2ERYIZ Y
WD BB Lo, — 07, (FEE~ BRI MEE 5 2 5BMIZH D 226Ra ¥ —4
v MR D XL, BRI FIEIC LV SRS — 7y NERRET 5o 0 BRI A
EBRL, 2250c FUERD R — T v FITET HRMERZBAFE LT, AEAITIC KV 2256Ac Y
EEDAT— VT TIRRNCHIFF S Tz,

2. MRS EROLEE - REHKR

ap SO, BUGA Y v 73 kkx WA R U, BRI O L ERS LRk a2 {T o TE T,
ERRSRAE R IATAEE X D RICE £ o7, L L7220 s, BipERZ Sicknw T, BaE
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MErel & ([SFIPMPBB3, ['CIBTA. [R]I[*FIPM-PBB3. [S]['*FIPM-PBB3. ["F]FE-PE2I,
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BRIE (BF 72 &) AR L7z, Fo, KAV A7 m ba 2R A L CEEZ1T o7z PMg K
FRHR, O'Cu ZKIERIR, 2VAL KSR 72 & 2 BOiiak OFFEREBICREIE LT, S BI2, TR O
BEBO A —LT v T aiEd, MCu 2 At A REICLEICHET S Z Lok L, EAN
MEFZ(Z O*Cu—-ATSM % 16 [A], 2MAt % 20 [AIffkfa L7z,

RAFBILRCIE, A 7 a b UBEE A v M I RETHBEE ZH72 128 A L, BRIZm
Tl B ERZIT, 2 < O RRCEAZROE Lz, £/, A 78 be UBEE—&
v M I RETIE, BEMCTHIE LEZHARNAREER B &), "CAHMEE 16), BEtik
et adEE (16) & "FAREREEE (16) ZEREL, F ARy NI RETIIZHEW
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PE « SRUEEEROHER A X 2 L X 3 ICENE IR LT,

K1 TH2EEICHEL-EHELEYELIVEESE

SEE PHERE BMEHGEE EE

¥%iE L& iRgtae | B st aE [EE A% | MratEe | B | MRatEe | EH
(GBq) ([ED) (GBaq) (E) (N) (GBq) [(E)] (GBq) (=)

PBB3 5.72 3 — — — 1.67 3 — —

BTA 268.72 88 170.47 84 111 0.37 0 — —

MTP38 3.77 1 — — — 0.37 1 — —
YQZ-2 11.62 12 — — — 2.48 8 — —

C08-01 8.33 5 — — — 1.48 4 — —

DCZ 47.75 22 — — — 8.03 22 — —
GW2580 11.49 4 — — — 1.48 4 - o
ABP688 24.69 9 7.78 5 5 1.48 4 — —
CPPC 13.64 5 — — — 1.85 5 — —

ng  [Via 10.57 17 — — — 407 12 — —
ITDM 21.76 13 — — — 4.81 13 — —
AC5216 38.86 14 — — — 4.44 12 — —
MAGL-2 31.25 16 — — — 5.92 16 — —
MAGL-8 10.80 13 — — — 426 12 — —
PK68-1 21.44 25 — — — 1.67 5 — —

MET 6.62 2 — — — 0.74 2 — —
SL25.1188 63.76 11 — — — 8.04 6 — —

DAC 87.59 28 — — —|  10.01 27 — —
CH3I 36.44 49 — — — 1.73 47 — —

Z D4 344.31 167 — — — 14.28 45 — —

1By [PNH, 0.46 7 — — — 0.38 6 — —
55 [H,0 16.49 4 — — —| 1050 2 — —
PMPBB3 303.60 114 162.97 88 157  13.60 32 — —
R-PMPBB3 2293 8 14.02 8 11 — — — -
S-PMPBB3 16.15 7 10.09 7 11 — — — -
FEtPE2I 19.42 10 13.45 9 9 — — — =
SPAL-T-6 31.04 37 — — — 0.81 4 — —

18 [005708 32.82 21 — — — 2.15 8 — —
FEDAC 11.39 13 — — — 4.44 12 — —

FETMP 7.37 8 — — — 2.89 8 — —
FMeNERd2 5.35 10 3.89 9 9 — — — =

FDG 113.43 12 56.17 11 23 — — — —

F- 29.06 9 — — —| 1440 7 — —

ZF Dt 39.97 59 — — — 9.82 31 — —
BMg  |kEE 003 3 — — — — — 0.03 3
by Zfigi& 224.45 24 — — —| 7493 76 — —
Cu-ATSM — — 104.75 16 16 — — — —

8Ga KBk 0.39 4 — — — 0.37 4 — —
“As |KE®E 0.13 4 — — — 0.12 4 — —
B7r  DkiEE 1.46 4 — — — 0.43 7 — —
Ype  kiEE& 0.10 19 — — — 0.10 19 — —
Mar |kE® 474 25 — — — 2.85 20 0.60 3
0. |kEi® 0.0025 5 — — —| 0.0001 6 — —
&t — 911 — 237 352 — 494 — 6
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R P FRBERAT T =R RSB #TORRHR

Imaging of Nuclear Reaction toward High Precision Proton Therapy

AR EA B AT AL MR BB K EES MR BAS 2@ &l
FL BREA 123 XBA W) LSS WA EEDA T 25— EE E°
ABRTREKRFPEIZME SEEIZHRR
| BEFRFRITHERERE BAREFR SRR

W=

B FRIEIR LR O R D X I IEfER IR DR AR CTh V| MRS EEFE 4 [A1E 5 & IEFHkICE T
BRI X A=k G200\, BT ofEe=%—L LT, ITFEIRT L ~ROA A= 0 TR
HENTWD, LNLARRE, JERICHN ST 3/ —(100MeV FRELL ) & RNeHE (B
FRFR L) OBBIRTILT LHRSEHMEINTE LT, L2 b—ra VORER EOGT & 725,
Fro. BRI 2 ) A= F RN TET D 2 IRENEPHEF 72 EIEEHmA L <. & <Icrardifbie
WMOELNEE > TN D, KFFETIL, BFHRIREO SR T o AHEA A — 2 v T HAT O EFERF
i Z4T > 72, 2020 FFREEIE (1) RS 7 FEB5 i 4 (Proton Boron Capture Therapy: pBCT)~%e 17 7=
a BAERROFHN(2) B HRIBE HIZRFE AR BAET S 2 kEmdE P ET O L 3) Bk & AN T
F# (12C, %0 %) THT HEBISKEMEIE Z1T o7, LT THE ZLICEFEM AR~ 5,

1. pBCT RRAEARITT= o $RE R R IG D RERMIIRET
1.1 B#

AT P A R OB T RA IR IT, DAMIBIC K X 28154 5 2 5 — 5 CIER Mg~ &%
B/NRICHIHT 5 2 E DO TE DA RMEREE L GIEER 2ED T\ 5, RIFETIE, BTRIeH%E
DAY FHIE A KIGIZm B S 2 Tk UGEFRE I pBCT(H 14 v F#eiE) IR
L7z, pBCT i% p+iB—3 a UG ZFIH LIIEHEIE T, DAMREIZ TR 7 5E UB #4EM I E Z 0
G RRE R T 5 2 L CRRIGESIER T, ZHICED | BFE OB FHIEHRIC X DIaEZRIC
Mz, BRISIZEVRELZ3OD a i L > THEFICE 22 BIE2 525 Z LR TE 5,

FEERZ, pBCT DAY EHIANEITMIRSEERIC L > TRIEDSTTOIL, BHE O FREH & TR
v FAER IR T O MR BTSN 23 fERE S 41TV (Cirrone et al. 2018, Nature Sci.Rep.), L7 L7235,
BEEN DG 1--78 7 B O o SAERBIEET — 2 IS O TIThb N st B IR 0 R 23509 5
TEBRTETWARY, ABETIE, ZHETROLN TN/ R —MITHEET D 3k
FOSLIAND o AERBSOSZ HER U, a BAEREESOGDRGEETT > 72,

1.2 5%

By 7R R THRAT S o MOBEBER 4T 7= Ao EEH
B M LICRT LS I 3 DT T AF v s v F L— S 28k mm
2 HEHWTEREZTo T2, PEICRTRUSZEZHY
FL—Z TERILT 375%DKKA T ENEGENT Fhobon, N
BY., 2O TanERINDS, aRAERG ) ;/(;J)t:’;(lJ/i-t_Zi'lm
IS TH DT, HETHISNE Z » 7256, %
BOvoFL—2TEEFNRRESND Z LN, L
Ao T, RITET L HICHEEN VETO LA25 L9 L
R UAEMEENT D LIk o T aBOmE AT
DT ENTE D, IKHRHZ, FBEDT o TF L—Z Tl
FOSHEL Z & 22 o 2551 703 % O £ £k
R A T T - b B
FA LN TESL. W, hEEOL L F L—& Tk Anticoincidence (@) O X off
FEH D PSDEIEF B AIRER Y F L —& L Coincidence 0] O O BT

STWATH PSDIZ L > THhifZiknl+ 52 &»n
HREL o TWND,

M1 EBRtEy N7y 7E MY SR
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1.3IBREER — Totalalpha
YU BEELEPSD Yy MIZLY a izl L, oz _ — Other channeks
a RIFE b RSB A G HE Le, vy &K 21 T
AT, ERICBNT, BRIZTALYSET va— Ry x 0F
T ) OHERFRIC K D 3 o SKISLAS D o BRAE RS B i
FaEnRL, RRIZ3a MR E G2 TORE R v EMO
o BRAERREESOGWTHFE O &5 2 RT, HROT m v M
TENDL 7 — & _X— 22 L 0 15 54072 3 o SRS fE O
FERT—F Lo TS, fkEaD 7T r Yy MIRT LI,
AREBR T DT o BRAERWT A L& = L — 5l
T10mb FRECTH Y AT D a MOWEIZ T TN T
HbD, Liehn-oT, ZHL0RTIE ERROMnESE o
WMOBM %S5 2 LS TEF, pBCT OBBERF LA
ZALNCONWTIA R E LR DR ETHD EEZ E
Sy

- Expaimental data

This work

Cross Section [mb]

» _]HH 11 L1111l 1 1 |IIII|| 1
AfiE, AR O ERET, Awrings 0 e 1 " e
28 pBCT D IMEIZSOWTRIEEITH & & bz, Fi-i FrermlfeV
ATyl 2 AT L 0 BN T
APD % FHNT o BAEREE RS DRRREEAT 9 ] o 260 B P 7 6

2. BFRARICET S ZRBRERICAITF=hEFA A—DVT

2.1 HHW

B FRREHRIL. IEHEHI A~ B A e/ MRS L OO ~RER R I A=V 2 52 52 LDOTE
LERNRBARIRIEE LT, EHFEEREZED TN D, — T, BRa ) A =2 B LOEEANRICEF
PRI SND Z LT, @mlHO ZRPVEFBRPREICHET 5, Zbid, MRS T Zkpkig 4
HIEOTZENBERINTND, LLRDB D ZOREIT, BUROIER CITIEMIZHHE - kS Tk
53 IRPREREE F CHMIC X 2FHli 21T o 72 B8 b W R EFEE L TRy,

Z 2 CARMIE TUE B 8 BRE T CH 4T 2% 20MeV F2EE £ TO R DFR T A A —T 0 7
B ELOEIIZ LD AR O R Rk L7z,

2.2 Bk

LR LIz AT (K 3) IXA1ED 2 I/, &8 T 1 ELL EBMERGEL L=k X b &
MERNGET D, 1oOByr—a=y MInyEERILTZ ZAF v 7 o FL—52 LN PMT 26
20, INERIEIZA BRBIZ12 2=y NERTRLO X I A A=V 7@ L L, BRI EME
JFEEE L Cid, X4 o X o, 23818 TRk L7 O = r v X — B X O E B TOF (Time Of
Flighty2» H EGELFMEF O = 3 L F— 2 ET S, 25 LV RSN DEELA & WE TORLEE b
. 4 OX)mMMmAER, ThEAXY NI EICERD Z LT, MmN B o LB
MHHFPEF ORI IF A ZREET H, X HITABFFE TIL, TOF & PSD (Pulse Shape Discrimination ; 357
BEGEH LCnly RHIZITV, S 5722 580 SIN ik Ea B L7z,

Wi - RREIRER IR 2 5 2 72, BUNRRE R AR B N T, 2 ) A =2 R L2 E iRk, B
MNEERELTZAKT 7> K A2 70MeV, 1nA ORS1-#R E— 5% FRE U72BRICRET 2 IR 20E L
Teo 77 R ANOBT#E Bragg £ — 2 235 A 7 OB F.LO0)BLOZED 0 HIK DL &7 7~
N BZOWTHEEEZ CHIEZIT> T2,

EHkiEF BELPHETF
—E, “TOF

-
— E,y

s PR

(ASteRiEF:E)
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3 PRETH A T DML [ 4 BHETH A T DR
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2.3 HEREBE
TOF & PSD (2 X 5 nly B %17 - 72D H 12 ML-EM i(iteration : 10 [0]) T FRERL & 7l A 7= FE R %
50277, ZORNEDLNH LT, WTNOEAE G EMIZA A—Y 0 7 TEDH T ENEIEINT,
X O FITURNLE TH Y . A ESFREEFWHM) T EER T 21°, K TER 19°THh - 7=,

51, GE)RIIEZFAT 2 Z & THIERS RIS T DBl 2 72, G(E)BIEkIE, Ad ik
FOZRNVF =27 MVEREAZRBE T, RGOS SM DR EZ BRI 2 51ETH 5,
ARFFETIE, PHITS 2 2 b—2 g U CIER L= A T OISERREE2 S S I GE)RKEZHEL, 2t
EBRTEI- AT MU OREEFET L, ThEX 5 OFERA A —JICERADE R, RED
DA A= TR LTz (K 6), KR E - 7R &I, Héi T 307 =51uSv/min, 7K T 88.1+14.7uSv/min
THY, VIa2alb—valilldREZNTN86%, 64ANDIEET—H Lz, 5%I1X, KLVIEAY %
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DRI T — 2 OEEN—JEEE > TS, LLARND, (EROMIE TIIBF= L X — KMt 2 E
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AW T, R E— A% IG5 U TGS 2 S B DR EICET 2 FIEEERL L, AFE
TIXGFDIEEF NS E AT A AL, BRDBF=R VX =047 672 —EICHET
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FBRIIHO YEE PR GRS AVF-930 A 71 ke o
70MeV [5G 1-#t % AW TITUV, B PRS2 — 7y R b 3 i F’E:;’:r’n"
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LRGN EFRD D, 24—y F & LTETF UL LTz H0 o { 10mms

BRELTC, 77 FARDBERL 14— HEL, FH
VHBARY M ADFESET S 2 T T R AE— DR T | HO

BN D REED =R VX —ICB T LR o~ Otz r  |HP-CGe 5206"1 ; 0~42mm
REE L7(X7), G L& AT Micxt LT, Geantd % Fu

VT E YR 2 b—ya X VER LSS 1T8 % H
W, BRI UEEIC X 5 unfolding 24TV, 7 7 > b A B
Y B BIIE AT o~ RO FE A AT DB & A 1= 2 7: HEESEREAE O e T

v

L.IER

HP-Ge IZL W EUfG L7z A7 LA 8 O, ZHIZKT 5 unfolding #5R 4 X 8 DARICRT, 22
TRONTCANRYT MUVETZ A5 —T A X b BEA R MR EICED A XL, Frx oo~
MOFENIELL Sz, fERE LT, BERAOIC 80-p SUSTHRAEL I DHIR T o ~#a2IE L X
Be L TRV, IEMERRAN ORI Lz,
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AQST/NIRS

BE

ETFMHETH 5 11C DA 4 > ZMEZRD» SEFE U, B FRRBIABFEICHWS Z ki
X, R P UYMEEICE>TY 724 LT ZMAES 2 Z 8D A[EEL 725, ZD VY 7R A
LAMGEEEDER UL, R oERBEICE D BFEOBAHIXER L, QOL(Quality of Life) (X[ L3 3.
BAFUC A A DER - IEEM O % B L T, "CILEW D T O BRRAE M, Yo+
LR RN EED =D ICT AR LA A U IREOBRE R ED TE . AFETIE, cheo
Fiffi - 2B ORI NS UCTH 4 A VAR AT ADOREZITV, Fhuc X h 1UCt 4 F A RGRER
BEIET ST, UCAF T DERM - IHEEHM O FEER M2 55 5.

1. 1FC®IC

JRAHHRRE ZEAR A FERAT D HIMAC fd#gs % W 7= R TR, 1994 FEDIRERIIA D & 54T 26
FEHZMZ, 11,000 A ED OBFIHRBEIHEH SN TEZ [1]. X ) ERBERIGERE 21T 5 &2,
HWRFEL — L THADHEZED DORT LI 21T S X & v = > FWEHEIC X 21D 2011 F
X DB NIz [2]. SR ZENEELDDIC, BIHEFE Y 7 XA LZIHEES 2 Bl EB D AR
TNTW3. BERRICHOTWAREMD 2C vt —20fRb DI, BETFHREZETHZ ICL—2A
ZHWS Z N TEIUX, KNTOEIENED SR XN 2HK v ##% PETZBICEDHET S 2L
T, BRI —2BZMH T2 2N TE, ZOMRELT, V7AXA LT LHEET 522 &
DRIREL 72 5. FRA X, ZOHENTRHGED 72D O RSB GEERM O EBLD 72912, Isotope Separation
On-Line (ISOL) %I & h 1IC v — A4 L, HIMAC THIE LIBEREA MG T3 2 e 2T LT\ 3.
C OFEOREZX % Fig. 1 1R, ZODISOL ¥ A7 41%, /MUY 4 Z7a ray, UCHTAR R E
(CMPS), 11flif A 25 (SCIS), MOfEHEIEHAD» ORI XS, HIMAC> > 7 r hr 2Bl 3 —E
DAG-IR-EHES — 7 > 212T, 100D UC A F v 2GR RIMHET 2 e 28ET 5 L, ISOL &~
2T A 5Z 1010 HOMERINE L 725, TDISOL AT AIZED, —EDAS-INE-HHHs — 7 >
2 TEREXNZ 10D IICA A 2BXZF2050 70 b VIEFHCEDEGEL, BE 1 ADRED
TeDIG T 5. SV REEEEITS v 7 b u UHBESEANUIC A A v B AT 21X, EREDRS
Nz NUCh FEEICT 22 DEVWE S I, —HEHELEVWS Y70 b oy ASRR (HIMAC 1
At ~100 ps) IZEDETHC A F > D UL 21t - REIEORHME AT 5 ED D 5. ZOMHEHD 5, CMPS
TIIHAE T 3 11C 0 F ORI Z 20 min— 10 ms [Z5GHE L, M@BEIESETIEA A D N5 v T2[RER
EBIS/ESIS £ 4 Y E%EH W2 Z 2T, 10 ms—100 us IZ5EHET 5.

To ISOL System for 1'C lon Production
HIMAC (11C molecule production/separation system)
. . Vacuum
. I Singl! P
Linacand Charge | Chal%gd Separator: Proton _] ';’e‘z‘n‘:z
Synchrotron Breedger | (Qns/ lon Source Eeop : Irradiati?n |
lon Source ! v (scis) ~0.6-0.8 A1I'ar~g]e0t‘.l !
L1 Esais =0.1 e
Eas1% Irradiation:
1Ca+/5+ ~ 1010 w, ¢+ or 11C mol.~ 103 Cmol.~ 1013 AT ~ 20 min
AT ~100 ps 1C02*~10"  AT~10ms AT ~20 min
1 Goal AT~10ms
Parameters

Figure 1: 1'1C £ & VAWM D R ¥ — 4. )
Figure 2: ARFETHEL 72 MCT 4 A VRS R T 4.
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Target Box
Faraday

—_—T————

o Experimental Results

CMPS X, ZD VLI TR, ZB—=Fv
ro7a b VG D EREIRE IC T 0sl — Fitted Function: f(x) = A exp(-In2/7,, ) + B
BEALLMYI T FO0MESITS. IBAT 204 L A =091 +- 0.01 (uCi)

WEZFREZRD KR 27201, Covmby = | 1., = 19.6 +/- 0.18 (min)
RS- RAI D 7 a2 F Bz TS, 2 22
D7z, CMPS NiCiE»i s 7a b Ytk — =z |
7y MIFERTH 208N H 2. ZNETDHOX— Z04r

7y b OHRERHEFEER T, BERD Ry ELEY i
R—4y b LTHWZ T b VRS (18 MeV, 02f
18 pA) % 20 73475 Z 2T, 1012103 fEo 11C } T et
DT ENRINER - INETE 2 Z LN ol v oy
70(/“3\?8 [3;]4;— %7z, fﬁﬁ]fﬁ{z’u‘@ 12‘C ZJ:X ZHW 0 Ela%ged time from ioioextraction (mine;0

/fiﬂ %ﬁgﬁbﬁ@%%f 3, A Z{Em L7 CH, Figure 4: 7 7 57 —=h v I THRLALWMOHLE -4
73?% IHJL\XJJZ%;‘ (Esep ~ 60— 70%) "CIE]LIY : HXHJ' L D EHRE DR 2.

TELZ LI o2 [4]. XBIT, fiE

RS G35 CF 8id COF 1 4 v R AERK

3% SCISICRHL T, MHEIZEA%E L /= Particle-in-Cell (PIC) 22— F & FWT, K&l - BIFEIT - 72 [5].

CNETIAT o T MERERFIEERTIE, COJ A A Y DEMITBIL T, eqor = 10%bDRHEEROND Z
EOHS TR o 72 [6].

P ED#EREITIC, ERCERINS MiiNC A 4> 2 EEILT 212K >TISOL ¥ AT LD
B MR T 272010, ZHETICEFEL M4 ORISR ERIERY 4 71 b a U HERD RI AR
A= IACBEL, IMiICAF B2 T4 o THERT Z2EREZRME L. AIETIX, 2020 FE D
BZiE S %,

2. HNCAF>EmESER

CHETICRAFR LU= 4 O EZE 2 ENTY 4 71 b VRO RIUAEE ARG R — AL B&L,
Ja b —aBEC LD Ui IC A AV EA Y T A4 U THERT 2EERE 2019 FERIG L2, 1ifitiC
A F ERS AT LADBRK % Fig. 2 1R, TOYATLEHWEFERTIE, SCIShH4EMEXN 3
AL REREINET, BAFVOBERET7 777 —Hy FWEDUEL, B4 A4 OBHELZENT
5. —HT, 7777 =y 7DAF VBEMEIE 7N IEBEEZED 1, ZOMATHE & % MfE
RIEBFCHET 5. DUEORRDS, UCHETEEDA 4> ZOM2CFHA 4 v 2 &L A MY A1 A
COEEIHEAL, 2 UCA AU OMWENEOND. X512, TNETIKR2CAHREHW A7 5
4 YFEBTOBBHIAL TV 3 LlIREA 4 > DA A+ bih# (6] Zotic, HIWD 1cof 44>, b
L ICH £ F v offuitiy iz B DB %475 . Figure 3 12 RIS R — Mok MR xh
72 Ui UC A A VRS R T %R T. WEEEOEBR T, Fig. 4R 3@b, 7 2 {EBEOBETEEHR
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E A IAY T
-\ ! \

Figure 5: RV R LEWTH % Bo0s X—7 v b (a) FEEHT; (b) — D WS SFEERTE; (c)3 [0l MRS FZER 4.

0.02 ———————————————————————————

0.01F With 1

wgobbler |

Intensity (arb.unit)

Position (mm)

Figure 6: VA ¥ —2F ¥ F =12k 2V 7V 27— 2 DHIE: FRIT 7V > 7% L, R 7V 2605
2 10 [A1°F3g, JREFIEZY 7V > ZH o 1 BEIE C(FE7% L) OFER.

ERERICEDBETIEZD 2 UC A A Y OERPHERINTNS. 7r b YIRFIC X bRz HC
DTD I BREZEHD CMPS ICEE DI HETWARWZ 2L TED [7], CMPS OAMY ~ F v
THREOREICE D, CA A Y DEREDM EE HIE L 2 EBE G L /2.

AEEDFEETIE, FEEHED 7L I EOREHERIEICT, 2019 FE BN TV RETHER 5 5 hi
WEHENE U/, EERICR—7 v b TH 3 BOs LEVDIREL IR T 2 &, FRYTET (Fig. 5(a), &
2 W —E DRGSR (Fig. 5(b)) £ LT, X—4"v MIAE#E - £ L (Fig. 5(¢)), /X7 =YD
DPHITNTVWEDIZTE b= ETNCIRN XN TP oz RIS, SEIOFEERT
X, 7o b UG A “BEEH LRI 3 X7y FHNORMPIORERIH->T, 2—% v MZ
R XN T IR 3 HORIN CTH -7z, MR EENLRS Z I, ME ZFBL-2—7 v MIF
DEDFTH, BREEAS 7 =2l holzEZIONS.

DR ERE BT 2 7-0121F, E—AalBIERICE D RABEREEZEBL, X—7 v ORI
R Z S Z e DR EE 1 5. 207012, BE S X T LIZEEN 5 wobbler Eighf [8] & FWTHA
Kb —21DFMERHE L. SMBRTIE e b E—24 (18 MeV, 10 pA) X —47 v + X257 — Iyt
L, Bfe 2724 b - 2=y b ERICHZ 3RV A Y —RF v F— 12X D=2 0HMEEIT-
72, ASTE — 2 DIE 0peam £ 7 7V Y ZDEEDOE —AF 7y b & roeet 1Z, BEDHSE [9] TH 3
Oheam=4 MM, Tomeer=5 mm % HI5 L TIT - 7=.

Figure 6 1 Z DEIEFERZRT. KEFIZ40Hz TOY 7YV ZHBEBOY — 4% 1 EDRF ¥ VI
EDHELZDDTHS. ZOFERDED, 2F v > DRI (~1Hz) ¥V 7T —DELEEIREDZ 5
ZHOIRWEGEEIE, V7)Y ZICEIDEL B 284 ZIRODHBHEINTLES. ZD7=DHIZ 10
BIED 2L, REROEREE-. BROV Y v rR L ety 3y, ¥—oEBRBEEORK
EIX 25%FREBHIR TV B Z e DR TE 5. EHIIE =LA 7y bR rogee ZINFAZ 212K 5T
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X —RLDITZBD, ZO—HT@30mm DX —% v MIYHFICHEEK 23— A4 2
TXWIhB. SHBOF Y IA4 VEBOBIC, UCAFVDAEREDEEL T, X525 M7 opeam,
Toffset OD*ﬁgﬂ‘%i&—@ %%ifﬁé
3. KR

1flilC A A2 ER(ILT B LICED ISOL ¥ A7 2ADHWREZ TS 272012, ZHETICHFEL
721 4 D ISOL BEMIS 2 MEMY 4 70 + a U fisk D RUEEHBRS R— AL BRL, 1fi1C A4
VEAVIA VTENRT ZEBRERM L. KEEDOERTIX, X—7 v bORf#R - ZERic kb UC 4
FUEREMET L. ZORREER 012, kY — 2B 0E A 2#ET Uitz FEiiL7-.
SHIFCOBREZRICLT, ¥okdIUCA AV EREOR EE2HIET.

BE X
[1] K. Noda et al., Nucl. Instrum. And Meth. B, 6 (2014) 331.
[2] T. Furukawa et al., Med. Phys., 37 (2010) 5672.
[3] K. Katagiri et al., Rev. Sci. Instrum., 85 (2014) 02C305.
[4] K. Katagiri et al., Rev. Sci. Instrum., 86 (2015) 123303-1-7.
[5] K. Katagiri, T. Wakui et al., Rev. Sci. Instrum., 89 (2018) 113302.
[6] K. Katagiri, T. Wakui ef al., Rev. Sci. Instrum., 90 (2019) 053303.

(7] A B, fill, “RI ¥ — 2B AIRED-HD ISOL ZOMF”, SHITEE MENY A4 7o b o U FHRE
#2020, pp. 53.

[8] Ken Katagiri et. al., “WOBBLED BEAM IRRADIATION SYSTEM FOR RADIOISOTOPE PRODUCTION IN
NIRS CYCLOTRON FACILITY” , Proceedings of Particle Accelerator Society, Tsuruga, Japan, 2015, pp. 1380.

[9] Ken Katagiri et. al., “Design of beam transport lines for radioisotope production systems in NIRS cyclotron facil-
ity” , Proceedings of Particle Accelerator Society, Aomori, Japan, 2014, pp 1360.
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TLK ETIL AW -EBFREN TOMBEFEEFA

Quantitative prediction of cell survival fraction induced
by proton irradiation using TLK model

WRE R, 8K KR ° FIL =—C A BERE, A ESE AR EZ " fEE R
Dousatsu Sakata,” Masao Suzuki,® Ryoichi Hirayama,® Yasushi Abe,*
Masayuki Muramatsu,” Shinji Sato,” and Inaniwa,”
A BFRIFRMTAIRRAREKE RGREFREWER MEIXE
P EFHFHMMRHARMEE MHREFLEMERR B EEMATRE
C EFHERMNMEAREEE MAREZREMRA ENFRAERRD

B

TR YRR AEIL, DNA @ —H {1 (Double-Strand Break: DSB)IZ {3 S #1125 DNA O ESEHIHE
BIZLoTHERINDEBZ LN TE T, L, BRI R S5 M3 B b AW iE 548
MBI THY, £7- DNA HIEOEENHEDOKRE TH 7o F0 b, L OGN RN RNEE TH -
Tmo ARMENRKRFZEORATHRICEY, ELT s Ialb—ra U ERAWTHEBICHER SN S DNA
BEOEEN 2 TN ARE L 7o T, EFRIZEET S L7 DNA 15 & 2 D% Ok 4 72 B 7o v
FRA V FEFEORDTHENRTENUL, P2 —a  ZHWTEWFRR A =X LOERE T X
HT RS, AT, BB ST HIIRESEIZ DWW T, ERR/T 2 = b— a3 Y OljmE )
HHELY FH A, HSGe-Chs Mz xt L C DNA 815 & A B3t 2 BlE-S1F 27 V24 LT, AR ORK
13 MDPI R MERE Cancers 12 fE TETH V. BIEEFEZED TV D,

1. [FCHIC

TR PR AEIL, DNA @ —H {1 (Double-Strand Break: DSB)IZ{t3 S #1125 DNA O ESEHIHE
B> THEREINDEEZLNTND, LU 5, DNA FBEOEBAHIE O REEMEIC L0 |
FRICFHETE 45 DNA HIEDEREILSZ O DNA HIEOFEMA ML ERRETH -7, Z OREEMEIZ X
ST, HEHRIZHEF S 1D DNA HH5°F O DNA BE OB | fb S BL2r0 8L 80O 13 b
LRI D S AR EAE T 2 FEARNEIC LTV, BT a2 b—ya rEHuvhiE, E
BREICBLAIN EE 7 DNA SO S ER&MICTRIT 2 FER AR THL2HENL, RET T IV EZHW
7-DNAHBEY I = L— 3 VOBREMTON CTE Tz, AFRICHAT L C, FVEREE L. 20194, ¥
PP E R P ERRAEEE L I a2l —y a7 Iy M7+ — L XL, EXKENEIC L
o CTHIE 4172 DSB # K% O DNA il i34 & & < BRBLT 23RS R A 572[1], T OWFRIZ LY | YR
LRSS DNA G5 E RIS 2 2 E N AfREL 7o Tn, WD AL LT, I al—va il
KXo TTPHIESND DNAHENED L 5 ICHRBIE LEET 202 o0 2ERFETONDE, OF
V. DNA 5 AR (EoTMiad ) 2 FRlT 257 VABE L, RICHER IS
DNA 155 Z O OMIa B £ COUFENRBRA G D AD T T v N7 4+ — LOPEREEN D,

DNA 15 & i BEERORERE I 52T 5 121L, DNA O X A 7', DNA 5% A 7okt Lz
DNA &1 HEHE, DNA [E1EHE, DNA B RHMEE, BEEZ KRIE LEBEOBME, 72 EAM PN KIS %
B LICETNVOBENLETHD, ZTNOOEMZENIGEEE L DSB 0> bHifla o &7 % R
LAHEEAREL T DV e ET IV E LT TLK 5 /L (Two-Lesion Kinetic Model) 232615 & 11 5 [2],
TLK E7 /v TlE, BVMEE L BVMEE O “RHEOBE Y A 72BE L, B L850 H % DNA 1
E LM AEFEREZ PR TE S, TLK BT /VDET NIRRT A —Z — TR T D72, ik
ICIRTET D2 MENH D, AHFFETIL, HSGe-C5s i & NBIRGB a2t LG 1-#i B S IRF O Al A 1728
& DNA FEAENZFAR)ZIEL, I alb—yar MlBabESHE T TLK 57 /L& AW CHliadt
FRTANCTEHET VR EHIET,

2. A&k

HHRaSRER

U7 7 —EEHOCTILT 72 70MeV D51 — A2 W TEBRZIT - 72, MlalRs BRI, = K
TR E T T v E— T HATORE CEBRAEIT O LI GMIEN S /LT E— A BRI 32mm @ PMMA
7y 7 ERE LIS AR T 5B O3 VX — 2 AT Lz, REBREITIEDT-D, Markus AR &
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atE HVE = —fEFIOKIESR L7z, HSGe-Cbs Ml & NBIRGB Mildic s L, am=—7 vt A
(2 Ko CTHIlaAEER, BARIKENEIC X - T Fraction of activity released (FAR) Z kb7, Z DR, HRERIT
an=—7 vtA OEAE~1Gy/min, FAR O4~100Gy/min & L CEBREIT/2 572,

YRalb—iay

FATUIFE TR Lo F & i/ VAL & 3% DNA il TSR S o fila 2 Na+ 2 /ide 70 (e
DSB ¥4 6.4Gbp) # MW\ T, ETH LRV I 2l —y 3V —/L Geantd-DNA (2L > T, BRI
FRINDDSBEAET I 2L —ra ko TER Lz, £72. DSB O#MM:ABE L, Hil’l DSB
& HE7: DSB(DSB+. DSBw)IZ0 38 %1172 > 7=,

TLK ETILERTA—E—DBE

TLK E7 /0TI, &5 tIZB W T, VWMER 2R 725 E L, BVMEE 2R T-BEEZ L., M
RESE 2 5% 3 2 HBEEE LOMUNEEZEELY, “IROBETER LI TO L IR T 5,

dL;t(t) = D(£)YZ — ALy () — gLy [Li(t) + La(8)],
d%ft) — D(t)YZz — )Lsz(t) — ULZ[Ll(t) + LZ(t)]/
de(t)

At - 181)\1L1(t> + ,32/\2L2(t) + ')’77[L1(t) 4+ Lz(t)]z,

Z 2T, D)t TORBERGYM)., Y IZHIIHANO DNA ##EE (Gbp). S IXEERINE(Gy1Gbpl). A
1% DNA MO RE S (hY). n 1T ZROFEERNTY)., BIZBSERER, vIZROBIHEERL 5, K
WFFE ik, HifliZe DSB 134 TRV MEM RS, M7 DSB 13 & CTREWVEERK 2R TR I D L IUE
L. A, n. B. yZZNETHOBERKICK LT, MlaEfFE s DNA BEHEEZFHIT 5 X 910K
WL EAT/R o7z, 7272 L, ZIROEOFE G & BEERERICH L TIEEREOENEZE Lo T,

3. BREER

UZal—>avizk-oTHFEIEN S DNA EEH

112 Geant4-DNA Z W\ T 2 2 L— 3 U&7/ > 72 DSB He a7 ~r9, PWMA ZBLE Lo b
VR AT DB TR 24T 70 o T2 B CEE ) L —68. 5 MeV) | Hifili DSB %1% 4. 09Gy 'Gbp . ¥4 DSB
H (DSB42DSB.) 1% 0. 72 Gy 'Gbp ' & 7257, 32 mm @ PMMA 7' & v 7 ZFR{E L 7= CEYB) = % L% —10. 8
MeV) . Bffi DSB #id 4. 69Gy 'Gbp ', FEHE DSB #4113 1. 04 Gy 'Gbp ! & 7257z,

— 10

Ny : |
ED ................................ Proton 70 MeV

_8' I _ — PMMA 0 mm

1 PMMA 32 mm

g 'F |

) r

I C SRS PR,
“— B ' I

s [

as | 1

€ 10" ' |

5 DSB DSB+ DSB++

3 Damage Type

1:Geantd-DNA IZ L > T I 2L —3 3 L7~ DSB#
HMARLETEE & FAR
2 | AKFZE CTHIE L 7= HSGe-C5s Al & NBIRGB il DI A FR E FAR, £7-v 21— g3
WL CTEE L2 DSB %A AT L CTENE ORISR U Chetiifb L7- TLK £ V&> TEHE L7
FRAEAER & FAR %77 ¢, HSGe-C5s MR U Cldfs R4 T+ T2 Lo ok 21T ) FHFn o
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7-. NBIRGB ARIZBE L TIEFEE72 3 5 FAR ICB U C L < Felifb 24T 9 FNTE 2o 7z, TLK 50
TILIRVMEE R L BVMEERIE O SO LNEE L TR0, NBIRGB #ilid Tix =2 EofE
BERBEEH->TWAHLEEZ NS,

g —®— Exp. PMMA 0 mm 5 B Exp. PMMA O mm
g 1¢ | -5~ Exp. PMMA 32 mm g 1% | = Exp. PMMA 32 mm
E {| —— Cal. PMMA 0 mm E F —— Cal. PMMA 0 mm
(R {-eeeee Cal. PMMA 32 mm L | Cal. PMMA 32 mm
o o)
£ £
= =
2 10 E e 10 F
S =]
2] (2]
© I ; ; © [ :
© -C Il Line: HSGc-C © -C Il Line: NB1R Bb‘
102 LGl Ling: c-C5 . 102 2L LINg: GB - 1
0 2 4 6 8 0 2 4 6 8
Dose (Gy) Dose (Gy)
9:: - ® Exp. PMMA O mm E B Exp. PMMA 0 mm
w1 —— Cal. PMMAOmm_|" TR L 0 IR S —— Cal. PMMAO mm_ '
[} ) -
2 >
I F © -
@ 08 @ 08
o F o -
0.6 C ™ 0.6 i
04 (Cell Line: HSGc-C5 04 Cell Line: NB1RGB
' 5 10 15 ’ 5 10 15
Time (h) Time (h)

X2 JIERRLYI 2 —2 g URERAADE L TREEE L TLK
TV E AW R R (BB MIRAFR, FE: FAR)

A7 LV . HSGe-C5s il & faifl L7 TLK &5 /L% T, DNA 4815 & IS 2 fE O 1) 5 H
NHE, ZofERICE-T, T hin I o b— g2 % H0T HSGe-C5s #ilia o a4 1751
HIMATRE & 7p o 72,

4. FEOH

RSB S 5 MR BOE 2 GFENCER T 2 FIIMO CTEECTH H, AR T, B IRsE
BREvIalb—yaraifliafibt T, HSGe-Cos M3 i AEFRE TR ZffEE T 5T L%
RESEL7-, NBIRGB Ml T XARI R EE RN —oU EH D L EZBND Z ED, TR -HODE
TR EZZET D TLK ET AV TIE 7R ET MEENTE R oTc, RFREEORIIL MDPI RS
Cancers [IZHFETETH Y . BIEHEHEED T D,

B35 X
[1] D. Sakata, et al., “Fully integrated Monte Carlo simulation for evaluating radiation induced DNA damage and
subsequent repair using Geant4-DNA”, Sci. Rep. 10, 20788 (2020).
[2] R.D. Stewart, “Two-lesion kinetics model of double-strand break rejoining and cell killing”, Rad. Res, 156,
365-378 (2001).
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ALO;:Cr BE MR EFFEN SRR EH DB FRICH T HEEDREKEN

[CRE9 58
LET dependent response of Al,O3:Cr thermoluminescence dosimeter and
radiophotoluminescence glass dosimeter in proton beam

3R %’EHFH FNETFE S%SE B@ESHEY Htt EE OIS AL 7(1‘& ¢
EFRPRTAEAREE RS BEEFREMER MBI
Bimﬂ4k%i%h Aﬁ&%ﬂ%ﬁnﬂcﬁxf+%Eﬁt/9—

BE

AWFFEIL. B =F I L DG RIBRO IR ERME S AT A& BT H 72012, EHHRIE SR AR
oW A 71a ha D C-8 a—ANBLIAE LT T0MeV Bt % T AlLOs: Cr ’f‘ﬂ dOCRR R el
T AR EF DI TR T 2 B ORVEARTFIEIC DWW TIRE 21T 72,

1. [XL®HIC

BB O R B GRREIC R E S B IND 720, 1R IR O)tljjj/f%%ﬁ) 2EH Lie
HRIZFE—KETHLIMNER DD, ZIET, EIZIKIV\?“C %, BT T ABEFHT L DR
MREDOE = FHAMEN TN TE 2, BTROGEe. EDOEIZ X 61‘9"5&%&®F§%§75§j§% <ELT 5
720, WERIZE =ZFICL 2B ESHI S AT ADHENL STV, Je THFSE Tlid. AlLOs:Cr 24
HSOEMREG L N T ARRERH 2 T RRE O “E Tl AT A0 EH E L THRERb -T2
[1][2]. & Z T, AWt AlOs:Cr BVE LR EF D RIS 2 I ERrE 2 & O ICFEMICEA L,
FERIZ, #E T T AR &R & ALOs:Cr Bt Lt EEt 28I H L <. BRI IC BT 2 KINAR & OH
ZHTM AT LEMSLT D TETH D,

2. Hi&

ATl LT OR(Q)E HWTHEIEY 7 AR EF & Mrep & KRR EZSHAEREL Npw 12 &L -
THIE RO 2 FH L7z,

Dreb = Mrep X Now (1)

—J5 . ALOzCr B\i YA Ertid LIl & O AT R[] 2 2 L TX(2) & HVW T, AlLOs:Cr dELE:
Mtip. Npw & HREFZ t FRERHL ;p;.},kﬁﬁlo T2 B Y BTk DA IEAREL F(O)IZ X - THIE SO IHR &%
B L7,

Dtio =Mro X Npw X F(t) (2)

Z 2T, F(t)i% =-0.362% Iog1o(t)+l 723 LT 5%,

B TR COEBRAEAT O B, Y T AREF L O ALOs:.Cr D E AR a5 572, 27391 |k
BIEZIT 5 T2, B FARO EBRIZNIRS O A 7 1 kv d C-8 a2 —ANB A4 L7z 7T0MeV B 1-#t % H
W, FESEF 10ecm X 10em TiTo 72, FREHREIX C8 = — A FIitlZ & 2 KEVEATEAREBERE O 7 ¥
Y MEIZKVFHIEITE 5720, BEIE COWIRE L Z OBEBEFOBBREHOICT N ERD D,
9. MREMLE IS Advanced Markus TEBERS 2 7% & LT, B —AERIE InA FREEICRE L CRE 217 -
Too WIS, ATV T 0% KEMO PMMAHR) ZFH LT, RGD ICAKNT H= R LF— OF
W LET, 2125, £ 1ICERTHA L7 BF OJE & K OUKZAlE (water equivalent thickness, WET)
A~

K1 BRI F =B OO L7z BF 2 S ROKSFAnE

BF )& [mm] 0 2 4 6 8 10 12 14 16
WET [mm] 0 232 467 699 931 1163 1398 163  18.64
BF/Z [mm] 18 20 22 24 25 26 27 275 28
WET [mm] 2096 2331 2563 2795 2913 3027 3145 3201 3262
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Formation of hydroxyl groups along ion tracks in etched track detectors
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Fig. 1. A repeat unit of PADC.
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Abstract

Proton therapy is a type of hadron radiotherapy used for treating solid tumors. Unlike heavy charged elements,
proton radiation is considered to be low LET (Linear Energy Transfer) radiation, like X-rays. However, the
clinical SOBP (Spread Out Bragg Peak) proton radiation is considered to be higher in relative biological
effectiveness (RBE) than both X-ray and their own entrance region. The RBE is estimated to be 1.1-1.2, which
can be attributed to the higher LET at the SOBP region than at the entrance region. In order to clarify the nature of
higher LET near the Bragg peak of proton radiation and its potential cytotoxic effects, we utilized a horizontal
irradiation system with CHO cells. Additionally, we examined DNA repair mutants, analyzed cytotoxicity with
colony formation, and assessed DNA damage and its repair with y-H2AX foci assay in a high-resolution
microscopic scale analysis along with the Bragg peak. Besides confirming that the most cytotoxic effects occurred
at the Bragg peak, extended cytotoxicity was observed a few millimeters after the Bragg peak. y-H2AX foci
numbers reached a maximum at the Bragg peak and reduced dramatically after the Bragg peak. However, in the
post-Bragg peak region, particle track-like structures were sporadically observed. This region contains foci that
are more difficult to repair. The peak and post Bragg peak regions contain rare high LET-like radiation tracks and
can cause cellular lethality. This may have caused unwanted side effects and complexities of outputs for the
proton therapy treatment.

1. Introduction

Proton therapy (PT) is a type of hadron radiotherapy for treating mainly solid tumors [1]. Accelerated protons
have a unique dose distribution along with their path due to the nature of hadron radiation. The initial radiation
dose is small at the entrance region. However, when protons reach the end of their path, all of the energy is
deposited in a region known as the Bragg peak [2]. In the post-Bragg peak region, a small amount of dose is
produced by the reaction products [2]. Therefore, protons can target tumors located in the body without harming
the surrounding normal tissues. In general, hadron radiation has a superior dose distribution than conventional
photon radiation therapy [3]. Among hadron radiation, proton radiation has less of a tail region than carbon-ion
radiotherapy and less uncertainty for side effects due to the higher biological effectiveness of carbon ion
radiotherapy [4]. Therefore, PT is the preferred modality for patients with younger ages to avoid potential
secondary tumors [5,6]. However, proton beam contains neutron contamination and scattered particles lead to
poorer beam profile [7]. unexpected side effects were recently reported after PT, such as brain injury [6,8-11].

The proton beam has less tail regions than carbon-ions[12,13], but utilizing a computer simulation by Monte
Carlo calculation suggested some dose distribution after the Bragg peak [14,15]. These tail regions in the proton
beam contain relatively high LET particles in a range up to 10 keV/um, but up to 30keV/um [16] or 40keV/um
[17] were also reported. The LET range around 30-40 keV/um is still not considered as high as the biological
maximum LET value of 100 keV/um, but it can cause a significant increase of relative biological effectiveness
(RBE). In our previous studies, carbon-ion monoenergetic beams with LET values between 13 and 30 keV/um
could produce RBE values of 1.1-1.5 [18,19]. Besides RBE, other important cellular responses such as the oxygen
enhancement ratio (OER) can also be slightly affected by radiation within this range of LET [18]. LET values in
the proton entrance region are approximately 1 keV/um and cannot result in high RBE or low OER [20].
Currently, the RBE of clinical proton beams in the proton SOBP region is estimated to be approximately 1.1 to 1.2
[7,21-23].

In order to clarify the true nature of the proton RBE from biological responses at the Bragg peak and the
surrounding area, a position dependent analysis was carried out with 0.5 mm to a few millimeter increments to
cover the proton beam paths [24-27]. We utilized a horizontal irradiation system, which we previously developed
[28]. This irradiation system can visually show cellular cytotoxic locations in the flasks. Additionally, we
combined it with a microscopic analysis to clarify DNA damage and distribution near the Bragg peak to detect
any specific changes in this narrow area. Interestingly, DNA damage with track structures produced by protons
and fragments can be a good indicator of energy deposition/LET of the fragments [29]. Without using expensive
deconvolution software or super high-resolution microscopy, clustered foci can be denoted as a particle track-like
structures by using this method [30,31]. Monoenergetic proton beams in this study will provide clear dose and
LET distribution along with their path. The findings in this study will provide micro-bio-dosimetry analysis for
the biological significance of the proton beam.

2. Materials and Methods
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2-1. Cell culture

CHO wild type (CHO 10B2) was kindly supplied by Dr. Joel Bedford of Colorado State University (Fort
Collins, CO, USA). DNA repair deficient CHO mutants, V3 (DNA-PKcs, non-homologous end joining repair
deficient)[32] and 51D1 (Rad51D, homologous recombination repair deficient)[33] were kindly supplied by Dr.
Larry Thompson at the Lawrence Livermore National Laboratory (Livermore, CA, USA). Cells were maintained
in Alpha-MEM (ThermoFisher, Waltham, MA) with 10% heat inactivated Fetal Bovine Serum (Sigma, St. Louis,
MO), antibiotics (Anti-Anti; Invitrogen, Grand Island, NY) and were cultured in 37°C incubators with 5% CO-
and humidity. We utilized CHO cells rather than human cells for the following reasons: (1) colony size and shape:
CHO cells produce dense, tightly packed colonies and the colony shape of CHO cells is very circular. On the
other hand, colonies of many cells of human origin often spread flat and large and form uneven shapes. In this
manuscript, the location of survival colonies has to be accurately recorded. Therefore, using CHO cells was of the
utmost importance.

2-2. Irradiation

Proton beam irradiation was conducted at the QST (National Institutes for the Quantum and Radiological
Sciences and Technology) in Chiba, Japan. Protons were accelerated to 70 MeV using the NIRS-930 cyclotron
[24]. Proton beam was delivered for the circular field of 7 cm diameter with 95% uniformity. Dose rate was set at
3 Gy/min. Monoenergetic 70 MeV protons have a LET value of 1 keV/um on entrance. Exponentially growing
cells were irradiated at room temperature. Dosimetry was carried out with a Markus ion chamber (PTW 23343,
PTW, Freiburg GmbH, Germany) with the container filled with water or complete cell culture media. The LET
values were calculated by SRIM (Stopping and Range of Ions in Matter) program from the range of the proton
beam [16].

Irradiation was carried out as previously described [28] (Figure 1). Prior to irradiation, cell culture flasks or
SlideFlasks were placed upright with the capped end opposite to the proton beam source. The thickness of the
flask and SlideFlask was 1 mm of polystyrene, which is equivalent to water thickness of 1.0368 mm [34].
Therefore, the analysis started 1 mm from the proton entrance for cell survival analysis. The geometric location of
the SlideFlask was matched with a micrometer and an M Processor (LASICO, Los Angeles, CA) geometric
recorder.

2-3. Colony formation and manual colony distribution analysis

Two hours before irradiation, 10,000 cells were plated onto a T25 flask, which has 25 cm? of growing area to
produce a density of an average of 4 cells per mm?. After irradiation, cells were disturbed minimally during
transportation from the irradiator to the incubator and kept in an incubator for 8 days to form colonies. Colonies
were fixed and stained 8 days later using 100% ethanol followed by 0.1% crystal violet. Macroscopic colonies
containing more than 50 cells were marked as survivors [35]. The cellular attachment was confirmed after testing
medium changes at different times. No colonies were observed at the highest dose Bragg peak region, which
supports that there were no-floating cells during the trip from irradiation to incubation.

For a rough geometrical analysis of colony distribution, locations of survivors were recorded with a ruler. The
flasks used have a wall that is 1 mm thick. From the end of the flask, the proton beam entry side for every 1 mm
of colony existence was judged and recorded from the entrance up to 50 mm. Five lines were analyzed per flask.
The survival score was defined as the presence of colonies at each distance. Five evenly different locations were
analyzed with a ruler for the presence or absence of colonies. The five sections indicated the representation of all
of the colonies that survived. The colony distribution was presented in graphs and in a heat map with Graphpad
Prism 8 software (GraphPad, La Jolla, CA, USA).

In order to evaluate the cytotoxic range of the proton beam and maintain a fine geometrical analysis of the
colony distribution, the reappearance of colony formation following the Bragg peak was recorded with a ruler.
Colony reappearance was defined as the average distance from the entrance for the first observable colonies after
the Bragg peak. Thirteen lines were analyzed for each flask to obtain a sensitive analysis of the extension of the
cytotoxic range.

To eliminate the risk of subjective analysis of manual counting, three-dimensional surface plots were created
using MATLAB software. Flasks were imaged with the BIO-RAD ChemiDoc chemiluminescent imager
(BIO-RAD, Hercules, CA) via ImageLab 2.0.1 software (BIO-RAD, Hercules, CA) under epi-white, trans-white
illumination utilizing a copper stain emission filter. These images were visualized using intense bands and
converted into black and white .JPG formats. The files were cropped to exclude ridges of the T-25 flasks and
narrowing neck of the bottle. These images were entered into an executable script created previously [28] via the
MATLAB software (MATHWORKS, Natick, MA). The script allows .JPG files to be analyzed by pixel shade to
create three-dimensional surface plots that can be adjusted to create virtual cell survival plots.

46



2-4. DNA damage and repair analysis

In order to estimate proton irradiation induced DNA damage and repair, y-H2AX foci were used for a DNA
double strand break marker [36-38]. CHO wild type cells were plated on a SlideFlask (ThermoFisher) the day
before irradiation. This did not change the cell cycle distribution compared to re-plating 2 hours before irradiation.
At 30 minutes and 24 hours after irradiation, cells were fixed in 4% paraformaldehyde for 15 minutes, washed
three times in PBS for 10 minutes each, permeabilized for 5 minutes in 0.2% Triton X-100, and blocked with 10%
goat serum in PBS overnight at 4°C. The cells were incubated with anti-y-H2AX mouse monoclonal antibody
(Upstate, Charlottesville, VA) for 1 hour, washed three times in PBS for 10 minutes each, and incubated with
Alexa Fluor-conjugated goat anti-mouse secondary antibody (Molecular Probes, Eugene, OR) for 1 hour at 37°C.
Cells were washed four times in PBS for 10 minutes each and mounted by using DAPI in Prolong Gold
(Molecular Probes). Multi-dimensional fluorescence images were captured by using a Zeiss Axioplan fluorescent
microscope (Zeiss, Jena, Germany) with a motorized z-stage and CoolSNAP HQ Cooled CCD camera
(Photometrics, Tucson, AZ) and Metamorph software (Molecular Devices, San Jose, CA). The microscope was
equipped with an M Processor (LASICO, Los Angels, CA) to record the geometric location of slides.

Images were captured every 3.69 mm from the entrance of the protons to near the Bragg peak and every 0.46
mm or 0.92 mm from the Bragg peak to the post Bragg peak. At each data point, the number of y-H2AX per cell
was manually obtained from at least 30 cells per experiment for the quantitative analysis. In order to investigate
the repair-ability of foci at the different depths, the initial foci number was divided by the residual foci number.
A track-like structure of DNA damage distribution was visually observed as a solid or dashed line of foci, which
was also obtained quantitatively, per cell to estimate intermediate-high LET radiation induced damage.

3. Results and Discussion Figure 1

The 70 MeV proton beam has ®
approximately 39 mm of range in
water (Figure 1A). At 39.4 mm, the
relative dose reached 4.12 Gy and the
mean LET values were calculated by ... =
SRIM software as 6.59
keV/um(Figure 1A). The horizontal
irradiation system visually presented
the cell death at the Bragg peak of the
proton beam as a gap devoid of | : iy
colonies with the colony formation — Cwernesmem  osmeotonenco e
assay (Figure 1B). The cell survival
score test and heat map analysis
presented that CHO wild type had
maximum cytotoxicity between 37 mm to 39 mm, where the lowest survival scores were found (Figure 1C and
1D). At 3 Gy of initial irradiation, elevated cytotoxicity was observed from 34 mm to 39 mm. There are no clear
signs of cellular cytotoxicity after 41 mm for the CHO wild type. Radiosensitive DNA repair deficient mutants V3
and 51D1 showed an even greater reduction of surviving colonies. Overall, they denoted the extension of the
cytotoxic range. At 40 mm, the survival scores decreased a statistically significant amount compared to the
un-irradiated control (P<0.01).

Additionally, the extension of the cytotoxic range was analyzed more precisely based on the reappearance of
colonies after the Bragg peak (Figure 1E). CHO wild type showed the reappearance of colonies at 38.5 mm for 1
Gy and 39.5 mm for 3 Gy. Statistically significant extension was observed between them (p<0.05). 51D1 also
showed reappearance of colonies at 3.93 mm for 1 Gy and 40 mm for 3 Gy and increased doses extended the
cytotoxic range with statistical significance (p<0.05). Additionally, the location of reappearance for 51D1 cells
was extended compared to the CHO wild type (p<0.05). V3 showed reappearance of colonies at 40 mm for 1 Gy
with statistically significant extension compared to the CHO wild type, but 3 Gy of initial irradiation did not
extend the reappearance of colony location. This geometric recording of the survival analysis data showed that
proton induced cellular lethality was produced beyond the Bragg peak. The additional lethality was observed in
the 39 mm to 40.5 mm region. Since double strand break repair deficient mutants showed additional cytotoxicity
compared to repair proficient wild type cells, involvement of DNA double strand break formation is suggested.
Since V3 did not show any additional cytotoxicity after 2Gy, it may suggest that the “dose” of fragments causing
DNA damage are rapidly decreased after the end of the Bragg peak.

The survival analysis was confirmed with a digital image analysis to avoid any subjective colony counting
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DNA damage, especially in the form of DNA
double strand break, is the most reasonable way
to cause cytotoxicity beyond the Bragg peak of ..
the proton beam. The fragments of targets
including proton, neutron and electrons can cause ionization and DNA
breaks [2] . Therefore, DNA damage was quantitatively or qualitatively
analyzed, with number and distribution of y-H2AX foci at the specific
location corresponding to the proton beam path (Figure 3A). Track-like
line alignments were sporadically in 10-30% of cells observed near the Bragg peak, especially between 39 to 42

mm, where clear line-like foci alignment was visible (Figure 3B).
For the initial DSB formation after 1 Gy, y-H2AX foci formation was analyzed s

30 minutes after irradiation (Figure 4A). From the entrance of the proton beam to ~ gep=ss=symms, ==t
34.2 mm, the number of y-H2AX foci was steady at approximately 30 foci per cell. §d [ i
At the Bragg peak region, 49 foci per cell at 37.9 mm and 64 foci per cell at 39.7 é:f“»..f i £ «'"/Vi!u
mm were observed and were statistically significant increases when compared to TTEEETeSY  ipEssEEaEe
entrance region (P<0.05). After the Bragg peak, the foci number-rapidly decreased ® ®
and returned close to the background level of 3.5 foci per cell. At 40.7 mm, 36 oo .
foci per cell and 15 foci at 41.6 mm was observed. Generally, not many foci were — §= 4
observed after the Bragg peak. § |

Twenty-four hours after irradiation, the number of residual foci was analyzed in ~ “tir5=e¥eus
the same manner (Figure 4B). Foci number was dramatically reduced at all points © ®

compared to initial number of damages. From the entrance to 34.2 mm,

approximately 2 foci per cell were observed and no statistically significant increase was observed compared to the
foci number of the control. At the Bragg peak region, 39.7 mm, a statistically significant greater number of foci
than the entrance was observed as 6.0 foci per cell (P<0.05). Beyond the Bragg peak, a noticeably greater number
of foci were seen compared to initial foci, which rapidly decreased after the Bragg peak. Track-like foci
alignments were not observed in the cells 24 hours after irradiation.

The greater number of residual foci may be simply attributed to the higher doses initially irradiated near the
Bragg peak. In order to normalize and obtain a fraction of residual foci, we divided the residual foci number by
the initial foci number (Figure 4C). These un-repaired residual foci are highly associated with complex or clusters
of DNA damage that can resemble HZE (High atomic number and energy) particle irradiations. The fraction of
residual foci was approximately 0.01 to 0.1 at the entrance region. The fraction of residual foci was increased near
the Bragg peak. In particular, a fraction of 0.05 and above was observed from 39.7 mm to 44.4 mm. It was similar
to the Bragg peak of the proton beam observed with initial damage at 39.7 mm but shifted beyond the Bragg peak.
This may be associated with DNA damage produced at the Bragg peak, while the slightly extended post-Bragg
peak contained complex DNA damage that is difficult to be repaired.

In order to understand unrepaired residual foci at the post-Bragg peak region, foci distribution was qualitatively
analyzed. Sporadically track-like structures of DNA damage were observed in 10-30% of cells near the Bragg
peak (Figure 4D). The track number per cell was obtained to estimate DNA damage with the track structure,
which may be associated with higher LET than regular 1 keV/um. The track structure was seen exclusively from
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37.9 mm to 42.5 mm with the highest fraction at 40.7 mm. The distribution of the tracks per cell was also shifted
to the post Bragg peak region. This suggests that track DNA damage should contribute to the stronger biological
effectiveness of protons. The distribution of unrepaired foci and track was seen up to 42.5 mm. This is matched
with the cellular toxicity observed in DNA repair deficient cells (Figure 1C).

Proton therapy (PT) is favorable when compared to photon therapy because PT uses the same low LET
radiation and focuses dose distribution to tumors more effectively [2]. For CIRT, (Carbon Ion Radiotherapy) it
may be dangerous to have high LET components with unexpected side effects, including secondary tumors and
stronger late effects with a longer tail range and uncertainty of biological effects [3]. The present work with
horizontal irradiation to a monolayer cell culture showed that the proton beam has minimal effects, but enough to
cause cytotoxicity in the post Bragg peak region (Figure 1). As previously shown, our results confirmed that an
LET increase occurs at a greater depth slightly beyond the Bragg peak, resulting in a small extension of the
biologically effective dose [12]. The nature of the post Bragg peak region of the proton seems interesting. It is
obviously much lower in dose than the entrance and the Bragg peak region. However, within a few millimeters
after the Bragg peak of a 70 MeV proton beam, it delivers relatively higher LET radiation and damage that
effectively causes lethality to cells. Using a clinical proton SOBP beam with stronger energy and longer paths of
protons, the post Bragg peak effect may be observed in a wider area than that currently studied. Horizontal
irradiation to the three-dimensional target systems such as phantom will provide more information in future.
Although the track-like structure of foci produced by proton radiation at the distal edge and the post Bragg peak
region was not as frequently observed as carbon ion or other HZE particles (Figure 3), some of them resembled
HZE induced dense track-like foci patterns [29], which may explained previously reported higher RBE along
distal edge of proton a Bragg peak [39,40]. In the clinically relevant doses of irradiation tested in this study, an
average of 6.59 keV/um of LET values were calculated at the Bragg peak (Figure 1A), but not all cells had tracks
and are relatively rare and sporadic events. This suggests that the cells at the Bragg peak and the post Bragg peak
regions would be irradiated with very heterogenic LET qualities of radiation and might respond differently
depending on the damages produced by low to high LET irradiation. It is not a surprise that researchers could not
find the significant biological effectiveness in the post-Bragg peak region with the standard colony formation
assay, that is unless the dose distribution profile of irradiation was conducted with at least a millimeter sensitivity
or horizontal irradiation [24,25], both of which were successfully achieved in this study. Heterogenic DNA
damage amount and distribution were observed by foci analysis near Bragg peak. These damage not only cause
cytotoxicity but also genotoxic effect, which may increase normal tissue complication probability. Further
analysis needs a low background and high induction assay such as reporter assays to confirm the biological effects
other than cytotoxicity at the post-Bragg peak. Moreover, the nature of fragments should be clarified because the
proton cannot be disintegrated into smaller fragments as heavy charged particles. The particles causing high LET
track-like structures at the post-Bragg peak region may be recoiled neutrons or scattered protons. This needs to be
confirmed with advanced physics instruments [41].

With slightly higher LET values, should PT be discouraged? The secondary tumor risk from this middle range
LET radiation may answer this [4]. However, this finding provides useful information for proton radiotherapy. If
the Bragg peak contains a significant fraction of intermediate range LET (10-30 keV/um) or higher LET as
observed foci patterns, this will answer why RBE values are 1.1-1.2 and slightly higher than the plateau region
and photon radiation [7,21,22]. From the foci patterns, the intermediately high LET portion of the proton beam is
limitedly distributed at the narrow region near the Bragg peak. Therefore, the distal portion of the SOBP should be
rich in high LET radiation and is expected to have higher RBE as previously shown [39,42]. However, within
the SOBP region getting wider, this high LET radiation would be diluted with abundant low LET protons. If
treatment can be conducted with multiple short SOBP from multiple directions, proton therapy could gain the
advantage over CIRT partially. It will have lower oxygen effects and higher RBE effects. Due to limited LET
value, it is hard to expect the same degree of advantage from CIRT. The degree of improvement is still unclear,
but it is worth investigating for the future. Additionally, in order to decrease the potential side effects, the distal
portion after the SOBP should be monitored with extra caution to determine the irradiation volume.

4. Conclusions

In conclusion, the horizontal irradiation confirmed that the Bragg peak and slightly shorter range of the post
Bragg peak region of proton radiation contain relatively high LET radiation and induce significant biological
effectiveness. This may be due to complex DNA damage produced with a track-like structure observed near the
Bragg peak. This finding may explain the partially unwanted side effect observations, but proton therapy can be
improved with a narrower SOBP treatment.
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