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RBE of Carbon Beam on Hematopoietic Injury

Atsushi Tsuboi, Eiichi Kojima",
Kaoru Tanaka" and Tatsuaki Kanai?

The inactivation of hematopoiesis and survival of mice
have been used in determining the relative biological effec-
tiveness (RBE) of heavy charged particles of carbon 12 gene-
rated by Riken ring-cyclotron. Whole bodies of anesthetized
mice were exposed to accelerator-generated carbon 12 of 135
MeV/u or X-rays of 200 kVp in graded doses. At about 5
hours after exposure, exogenous spleen colonies (CFU-S),
granulocyte-macrophage progenitor cells (GM-CFC) and
megakaryocyte progenitor cells (Meg-CFC) were assayed to
determine dose relationships, and then D, doses were deter-
mined. The inactivation of blood cells and lethality of mice
(LD50/30) were also monitored for 30 days after irradiation.
The RBE values of the 135 MeV/u carbon beam in terms of
CFU-S were 1.68 for marrow and 1.41 for spleen, for GM-CFC
they were 1.56 for marrow and 3.29 for spleen, for Meg-CFC
they were 1.25 for marrow and 3.73 for spleen, while they
were about 1.0 for erythrocytes, leukocytes and throm-
bocytes in mice irradiated with 2 Gy. However, the RBE
values of the carbon beam were 1.32 for LD50/30.

Research Code No. : 403. 1

Key words : Carbon beam, Relative biological effective-
ness (RBE), Hematopoietic system, Survival,
Mouse
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Fig.1 Depth dose curves for carbon beam with initial
energy of 135 MeV/u and a position of mouse organ
irradiated. Solid line: spread out Bragg peak of carbon
beam with a range modulator. Values for relative physical
dose were plotted against depth in mater (mm). Broken
line : theoretical LET of carbon beam. Values for dose
average LET (keV/um) of carbon beam were plotted
against depth in water (mm).
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B4 vz 213 ddY-SLC % (8 ~10 M)
ThHolz, =7 2AFFEHIH 571 2 81, conventional
TEREICBWTHRICHK B L FHEBKE S 2 THE L
7z,

SRS | RO IO ) > 7, 7o b o
CUHEESELZ1IBMeV/uDZ ALK —% L ORH#EA A
YE—sEMHW, ZOMEEIL I~5GY/HTH - 7.
135MeV/u D FEMIF S L > THELENP2L > U E
Pab—F—Il2kY), REBRDT T v TE— DR EF
WIZ% 5 & 92 3em Wiz ik L 72 spread out Bragg
peak (SOBP)# H\v7z, AT OBEREIZHK 10cm TH -
2. FOWEHEDAAIX Fig. LIicR/ L7z, WS HiEg <
TA%AT7 =) (0.05mg/g KE) TLEREEL, W
HE»LFN LWL T 7Y MICEEL, REtEIcHE
SEXNIz. SOBP 2B 2=7 20MEEEIL Fig. 112
ML72, =7 A%&BBET 5 EFEHRD LET i3 50~80keV/
rm THo, MEELTo X HEH L FEMC-7 2% 5
YT —ITHRBERL 727, BERBEXBEEELZHWT,
200kVp, 20mA, 0.5mmCu+0.5mmAl 7 4 ) % —,
HVL=116mm (Cu), #ii# 0.7Gy/5 D4 T4 5 st
FiTo172.
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CFU-$, GM-CFC, Meg-CFC MI&5E © R 3 v it
XMTe&EgRHE Lz 2 2 MEBERL, KIRSEL L
UM ETD L, 4 22378402 4°CTHRIEL 72, By
# 5 R TE, PfiB & OO & M IR0 0 & VR L,
CFU-5, GM-CFC X t* Meg-CFC m#iEic it = 7z,
CFU-S [k Till & McCulloch @ J5iEz 19, 76Gy % 4
S84 L 72 recipient =7 212 8% - F2 i TS S e
donor = %7 2 4 MM 3 & OB B & R R 1o i A
L, 9HZICET 2 Mo =——20ETI2LiIcL - THe
SE L7z, GM-CFC |z WEHI conditioned medium # &tp
IMDM- £ Fiv e Lo — 2 85z bt F 7213 X f T
L= 2 5000 ML 72 5X104cells/m] @ B & {0 i *
7213 1X10°cells/ml MBI 2 75 25w 7 2 % — 1Lz
Mz 37C 7T HMERRICET 2o =—-%HET 222
lZ & - TSz L 7z, Meg-CFCldspleen conditioned medi-
um FE 77 Aoy MIREESE 2 X B TmE L
fze g Ah b HY) WL 22 BRI 5 X 105cells/ml F 7213
MBI 2 1 X 10%cells/ml DL THESE L, 53 4 Hi%
T xFnal) 227 7—¥hEnao=—%ill+2
T ks THERINLY, BNl TN o
EEMHIE Y FEFLDS=1—(1—exp YP)nxk |z
H3¥, DyBL U nfi® ke,

ik S LU REFEORE | Kb o E i
BK, ARiiBk, M/SHOBYEEIX & > 77— VRRERE, B
H 52 X% 2Gy £ I L TRIFIIC =7 254 55
BhigeliA> 3R L 72 1% 2 EDTA-2K A0 o3RI 45 12
N, 30431 Sysmex K-1000 4 - TR~ L7, F 72,
FER B L ORIz v TRFEEBIE 253~ 5 7,
LD50/30 DiE ix FEEICRREL L o= A %, BEERMD B
Wi X HIBHEL T, 30 HMICERFE L e 20 LD
Ftllic & - TiFb e, 2B, LD50/30 D#REIC 72
P ADIL1IHE20 8 TH B,

& S

HERB LU X RE2FHH LIz~ 20 Ffio CFU
SSATHTY 2 X & OB B3 2 - ok el
I% Fig. 2 iz L 72, &Hitsko CFU-S iz 43 2 R EHuc
BI¥ 5 s RBR (@n+—7) BLUX#HIcET S
HAEZIRBR (AD>—7) BwInbiE#itEERL 7.
BeFEHIC & 2 ftidsko CFU-S @ Dyt 0.75Gy Th
N, Xz & 3 29 Dot titld 1.26Gy TH o172, Z D,
Mt e & itk CFU-S 12 B4 % it %4t RBE %
N nb &, 1.68 e 7z, MEH CFU-S 24 5 B
RSB T 2 M- Rl (@v—7) B LU X Mic
B9 5 it frglim (O-—7) 12 Fig. 31cR L 72,
bR iI vy 1~2Gy ik T &£ LD
ZHEEIR L, Lzd o T, FD Defitfitid 2~4Gy @
MORIRCIRD bz, BRI & B MEH A CFU-S ic
B4 5 Do it 12 0.82Gy T, X #ic L 3 # & Dofft & (2
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irradiated with carbon beam or X-rays.
X-rays. Different points denote surviving fractions of CFU-S
from separate experiments. Each point represents the mean of

Fig.2 Survival curves for CFU-S of marrow cells from mice

@, carbon beam ; A,

10 recipient mice. In each experiment, 3 - 8 donor mice were
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Fig. 4 Survival curves for GM-CFC of marrow cells from mice
irradiated with carbon beam or X-rays.
X-rays. Different points denote surviving fractions of GM-CFC
from separate dishes plated with cells and are pooled for 2 to 3
experiments. In each experiment, 3 - 8 mice were used.
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Fig.3 Survival curves for CFU-S of spleen cells from mice

irradiated with carbon beam or X-rays.

carbon bearn ; [],

X-rays. Different points denote surviving fractions of CFU-S

from separate experiments. The points given are the same as

described in the caption to Fig. 2.
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Fig. 5 Survival curves for GM-CFC of spleen cells from mice

irradiated with carbon beam or X-rays.

carbon beam ; [,

X-rays. The points given are the same as described in the

caption to Fig. 4. Broken line, X-rays without anesthetization,
fitting surviving fractions of GM-CFC from three dishes per

dose.
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1.16Gy 27k L, Migh#o CFU-S B4 % RBE 3 1.41
Ehrofz, MKIZL T, BIEMMETH B GM-CFC &
Meg-CFC B8 ¥ 2 X #ft & B #RE%hFBI6R 2 Mk
L7z, REREZLBBH L 2= 20 E P D GM-CFC
DOBE-EFEHBRBL U X RELHRBH L 22720 %
NEFNDHE- 4 FHRHE T Fig. 4 Ic;RL 72, Fig.4 0@
2—Z1ART L5, BiiBKD GM-CFC i2Bi¥ 5 k¥
D Do I3 1.02Gy TH ), XD, M3 1.59Gy
Thotz., 2L T, BHiHFRD GM-CFC 12T 5 i EH
HDRBE 3156 £ -7, Zhlcxtl, MiEdko GM-
CFC i FE#M B & U X Moo & -4 frE i 4713 Fig. 51
ARLIZESiC, BicO=— 72Tt X Hiowd 2 @
RERDWO 5 WHEROMAREIRL, DRI 5%
o7z, HERED GM-CFC @ D i RFEH T
12086Gy TH N, X TIZ283Gy Th-72. FOpRHE
#IZBI9 2 RBE (3 3.29 & W) Bl & % 5 72, Fig.5%
AR TR L 2 AR IZERBR T T X B L 2= 2
DS 5 MBI REL 72 & 2 0MBH% GM-CFC 4
HFEREMTH S, T Dfftitid 1.40Gy #/RL, WBrew
AEWBLT, $1/2Tho7z. ki, REK TSR
B 72— 2 0Bt Meg-CFC @ #- 4 f7 22 i 45
ix Fig.6 ic@~—7 TRL, XMIck 24 8B= 2
DERBERXD ZF LZRRICA=— 27 TR L 72. Meg-CFC
DD EIZRFMTO08GyY, XBTLOGy % »72, =

nbEoflEd b, FiitAkD Meg-CFC 12§ 2 e #E o
RBE 3 1.25 & % - 72, [E#kIC, MABEH#O Meg-CFC o
ARE-AEFEMEIE Fig. TR LA, 22Td, X &z k
2 gk D Meg-CFC g - iz~ —27 T
ARY LIS, WHEWHERZRL, B DoREZR L7,
ENLDDMEIZO@>— 7 TRLAZEEMRTIE 1L1Gy T
HN, XBTIRAIGY TH-72. 22T, Xick s
ARERZDRBIR S B BIETME & e~ 72, 2 LT, 0%
#IZB$ 2 RBE (3 3.73 & %o 7z,

b DFE MR AT B R IO BB R AR I
POEMBMEEIC EDL ) ICKMEN2 D25 720
I, MEBHIVIIXE% Gy L BRBE L 7= 2108
U B RiEREL, B mESs & o MR TS o) Bhie &
7z (Fig.8), 2Gy mRFEHEFRH L 2=7 2D
DEMIBEIIEMR TRL, Gy X e RE L=y 2
DENLIBEHTRLE, ZoEEFRTEIIC, Wi
DML B W THWFIXITEA LRI E LD 57—
Rl 7z, MEEMREOWEZES 5N 5 AlEkE Lo
AMRIZ DWW, B EEIMEE & 2 B2 3500 2 AT
(1~4Gy) #RBEFRICOWTRZ E (BRRENTWwE
W), Bk (BHEE1BH) @RFERE XBEoMicE
RHFRDH LN - 7205, BEE 9 B Bl MR ) EE
fRIZEHIE (4Gy) THIEZAE (F) Fa~>7 LT,
WERDB BRI RBH LN, KEH TIE19.3+38 (X
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Fig.6 Survival curves for Meg-CFC of marrow cells from
mice irradiated with carbon beam or X-rays. 4, carbon beam ;
A, Xerays. The points given are the same as described in the
caption to Fig. 4.
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Fig.7 Survival curves for Meg-CFC of spleen cells from mice
irradiated with carbon beam or X-rays. @, carbon beam; [,
X.rays. The points given are the same as described in the
caption to Fig. 4.
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Fig.9 Dose-response curves for the 30-day survival of
C mice following a single whole-body carbon beam or X-rays
22 o exposure. O, carbon beam; A, X-rays; broken line, X-
a E rays without anesthetization. Each point represents the per
_§ 'é N Y /;_._-_-,-.-_-_-—6 cent survival of mice on day 30 and is plotted on a probit
g x 11 —_— "-,6 ﬁ scale. 20 mice per point were used. Curves were fitted by
- pa—a eye.
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Fig.8 Kinetics of leukocytes (A), erythrocytes (B) and il =
thrombocytes (C) in the circulating blood following a single Ainsworth & (1983) |t 400MeV/u DT 2 4 >
wholebody exposure to carbon beam or X-rays with a dose e BmE L7 ey 20 BP0 CFU-SIc B 2
of 2 Gy. O, carbon beam ; £, X-rays. Day 0, unirradiated - ﬂ: ]; )
£, > 1 . o - 3 = £
control mice (n=23). Points on all the other days represent RBE & 8L % A T 15~16 TH o 7z, D%
the mean of 5 - 10 mice. Control values (mean *SE); A DWRFIRD LET 13 80keV/um TH -7z, ZL T, &
leukocytes 68.4+3.1 (x102), erythrocytes 932.8410.0 (x10%), 0o RBE 27759 LET i3 100keV/um & &L Tw 5,
thrombocytes 139.9+4.2 (x10%). BHETIIRERIC L 2= 2 FHb o CFU-S @ RBE
X 1.7 THY, ZOMIIETEMEZRL 22, Aok
#H O LET 12 50~80keV/um TH Y, Znmz2#2 5

10%), X#t Ti355.1+4.9(x 10¢) i (mean+SE) # 75 L 7z,
INGEMRDEEL BRI & L TET =7 ZDOFHIEX
Hi2B$ 2 RBEIZ 5w T LD50/30 1 & F v T~ 7>
(Fig.9). RERLHWHFICL 2 =7 2030 HAEBFEIL
O=—7TXRL, BREOWME & bic, B2 T3, —4,
X#oegRHicks=72030 HEBEIA>—7 T
KL, REBDEFNLIZITFITHRERLEZ. 2RbHD
SRR BRD & B EM & X oo LD50/30 iz, #h
Z 16.05Gy, 800Gy & %V, Z»RBEIX132% /% L
7z, Fig. 9 siig TR L 213 EMEr o = 7 212 X 8t

ZOMBIIREEL 227 2 X BEASSRE L2
=7 ADEREHEME (A=—27) ICHLT, FoEssss
o,

FHTHE3IA25H

b, CFU-SORBE iz ) LENWEHEL % 2ETHD
5. %72, Bt o GM-CFC 5 & tf Meg-CFC ¢ RBE
iz ZF 156 & 1.25 TH-7. ThbnEIcET 5
WD, MOWREDT—5 L DHBITTE VD,

Z b Dl Ainsworth & 2845 L 72 CFU-S @ RBE 1
IR WEZR Lz, L LA s, Z02 D0
2BV Tk 2D %, WMEROFE, REHOIALY
-=, SOBP Di§% ¥ OEBREMHICKE LMELI DD, &F
It 52 L TELR W, FoHr DT 5 — I3 RE
Llze 7 A% E&HRBH L SE0L0TH S, KiErE L2
AN XMBICHT ERIETHRLEFICRL A0
IgHIk D GM-CFC * Meg-CFC Th ), EME To <=7
2.7 GM-CFC @ D @iz b L T, BT o =7 27D D,
MEIIH2HEICHmML Tw 3 (Fig.5). Keizeric &k
I, =7 2% WBEs 2 &, —F#0 S A hypoxic 12 7%
HimEanTi, Xk s Migd o GM-CFC %
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Meg-CFC @ Do #it @ 513 BRI & - T gAY hypox-

icic»72Z biIcdB2bDTHAH., 2D & H M
@ GM-CFC, Meg-CFC D jr#E MDD RBE # k& L T
WRERIZL - TWwa EEZ NS, L L, RHFEHICE
5 R T oM 9 GM-CFC %> Meg-CFC M #t 5%
RBRPHETE LV, FEHLHERIITELW, —
%, FifidAk o GM-CFC B X f Meg-CFC @ Jit 3 #t
RBE #¥1.3~1.6 # R~ L 728 f i, X #ic & 5 GM-CFC
B & U Meg-CFC @i it sh i (DofitE) » HHEEEL T,
Btk D7 b DORTEMINA X A8 TS S N2 gae,
Iz e U TR b R % S22 C WIEIMERBE TH - 72D
b Lz, SOBP # w7z HkFiic & 2 Wit %
AN ME T, E— 7B TLET % b 5 728,
RBEM % X4 84, RBE/LET : L TRENTW
59, A#ETIE, Figlizmlizck iz, =7 20HE
FEE IR lem BB TE 395, BERBEBORMH S ERH
AUETH), SHOBEE L THREREN Y L THE
SN IUE D b7,

2Gy DRFEM A2 S HFE L 72 =7 20 KR 1 vp ok
B, AImERE, B & omAMREO R4 Y 5 RBE (2
FIF1 Tho7z, £2T, AL 72 2Gy H¥ M Bk H 21k
DEERHTIDICBRL LERETH > 2O TIE T L
Vo) B E R 72dic, AIMERSB L ORISR O IREF )
iz & AR 51T 5 MR RER 2 M2 b, Foks
L F e, M/MEODRFBERD AGy 125 B B % v T,
i MG 35 & OV RTBEAN B~ ) A i 4 L 55 A< AR i v o, 3
AMFEIC S N T Wi nwZ & &R L 72, o, AP
DMBEMIBE TIEIHRERE XBEOMICERD LD 72
PIZDOWTIE, WEDEZARETH S, EMRUSNDIE
WHETH 2RESLHEORERIC L 2EEICHET 5
RBE i3 14 LI TOEARENTW B, Li2dt->T, R#E
Mz L BIEHMMSIEENRBEIZ 2L EICH 2 L9 ek &
T3 b WwEEZ NS, ZZITRL MRS
GM-CFC %> Meg-CFC ok F#ti= B3 % RBE (3875 7
FHTHLNLLO LRI N LD, SHBBHI LT
b WHETH B,

1 MCREEEIRK L TS 2 =7 A0SR0 fsii©
& 5 LD50/30 # W T, kFEHD RBE # K> 12 512
1.32 £ %0, FHifxe CFU-S, GM-CFC, Meg-CFC
B LU MEHA D CFU-S @ RBE{E (1.3~1.7) i3
FrniER Lz, Lcd'=> T, Bt o im s o s
He7 AN LD50/30 iIc E L mHEEREZL TR EEZ L
na, &7z, Fig 9icmLizkJic, EERTO&MSETH
X #1z & 5 LD50/30 4 & (Fig. 9 sifl) & BRER T o & ff:
T X #iz & 5 LD50/30 itk (Fig. 9 EM, A=—7)
EDMICIZH 156Gy DEH DY), SHOMBEE & L T
SRR MIZ LR 5 2 B WRBSI OB L ETH B

I,

AL DEERITHEDE CFRK 4410 H) B L 08 36 [
(FRC5 4R 10 A) HABGHREES R SIT B T#E L 72,
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