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accelerated carbon ions and RBE deterlnination
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Abstract S11rvlval cllrve8 of Cl血e8e haInstcr V79(。ell8(、xpose(1㈨af(t、1I·mtI，r1

caYbon i帅s wi幽hne趴elleIgy transfcYs of 125 5 20【l and 7【1【1 hV／』儿l L wc¨m¨、一

剐】ll、dI rcspec“vel*Jnac“va“。n fr嬲s sec幻ons corrcspondIIjg Lf)t}】c h】admtⅢ】2川mv··

wt、rc(1e(11lced froIIl thc V79 ccll 8urvlval curvos．They are 7 86土O 17，1ll 44士1 1 1；ulE】

32 32士3．58，圳2 in turn Wirh the
surviviIlg resI'0Ilsc of V79州ls t(】60C(’7一r。WH．H

tL lcnr‘·11ce valuc．rclativc bio】o画cal e}№ctiveness at 11)％，20％，5【)％atld 8《J％蚍llvlv。ll

lpvcls wrre Eivcn fol¨le a(：(：elerated carbon ions Thc 1csults showP(1 t】1^t(：nrl)t)1l 1I】1Js

witli LET ol 125 5 kcv／肛IIl llad a higllcI vallle()f RBE at all tlle n)ur sIlrvivnl l E、vt，ls

t上1all t11c carl)oll ions with otllcr LETs．It was pH)I¨1)tcd that“1c lnaxinllllll v^11lI·tJ{

RBE f0I th V79 cell surviving as thc biolognal endpoint eIllerged at thc LET lWlt)w

20(1 kPV／f^m tor carboIl i咖s．
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1 TNTRoDUCTIoN

The impoTtance of the ra出obiology of heavy ions accelerated in laboratories is¨()w

getting mol e aIld mme underst。od not only for its theoretical signmcance，but als。fnr

its poten上ial appl记ation in practice． As we know，with theh marked trajt iIl pT1elgy

deposition，【1l hea7y ions provide the most proIIlising t。ol for tumor radlotherapy In“1is

strategy，the caIlcer celIs are kiⅡed by hi曲dose peak(Bragg pe“)at the end of tlLP

jon track，whjle the normal tjssues盯e sp"ed bec a11se of 10w dose phteau jn the n Ll】er

part through the track On the other hand，heavy i。ns are one of main compone¨ts ur

extraterrestrial irradiation矗eld，【2，3】so it becomes an impoTtant haz矾d factor for mallnc(1

space night．1n this paper，the bi0109ical eff色cts of accelerated carbon ions with djfreIeIn

LETs on chinese hamster 1ung V79 ce打s were investjgated ac HIRFL(Heavy h)Il R e—

search Fac订itv in Lanzhoul and the RBE of the caTb。n ions at diff色rent survival kvel s
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weIe evahlated TUB自tudyⅣoYided use“data for vetmcation and development 0{the

biophysic al model for the heavy ions，for the tumor therapy using heavy ions and for t}le

fadiation protection

2 MATERIALS AND METHoDS

2．1 CeU culture

chinese hamster 1ung V79 ceus(pwchased from Be玎ing T11mor Institute，the(㈨-
nese Academy of Medjcine Science)Ⅵrere cuhured血RMPI．1640 medium(Gibco T眦)

supplernented with 10％fetal calf ser恤，100u／mL peniciⅡ血and 100 pg／mL strepto·

mvcin The cultures were m越ntained iIl an incubator at 370 C in h11rnid墒ed atnlosullere

containing 5％C02．The ceus were_moclllated in 91ass Petri dishes(圣35 mm)wit}l a

density of 5×104 ceⅡs／mL one day before irradiation

2．2 Irradiat．0n

The irradiation was perfbrmed at the HIRFL in Institute of Modern Physics，tllP

Chinese Academy of Sciences，Lanzhou． F0r irradiation，14．54，8．18 and 0．86 MeV／u

carbon ions were suPpIied，whicll corresponded to the LET 0f 125．5，200 and 700 keV／印l，
respectively1 accord血g to the c越cIllations wi七h TRIM91 code 14J Before jrradiatjon，幽e

medium was removed and the ceUs were washed twice with PBS bunbr． The Petri

dishes were envelaped with 4“m Mylar fon under the Eerm．free condition The detajkd

description a五out the experinlental setup was presented in R，ef【5】 The dose rate was

k印t at about 3Gy／面n durlng the whole lrradlation proce8s．The 7一ray exposmes werc

performed with the斟’Co 7·ray source at Radiotherapy Department 0f恤e First Hosl)itaI

Attaclled to Lanzhou Me出cal CoUege．And the dose rate was about 0．7 Gy／r11in insLea(】

2．3 Cen analysis after irradiation

The irradiated ceⅡs were trypsiIIized aIId plated at appropriate dilutions in I’etr

dishes(垂60 mm)for s11rVival detern讧nation with the method 0f c010ny—forming tcsl

AfteT 8 days of fhrther incubation，the ceUs were最xed with CaTnoy and stailled witl

Giemsa(1：20，pH6．8)and then the colonies(>50 ceus)were counted．

2．4 Acquisitions of inactivation cross section and RBE

Inactivation cross sections盯were calctllated from the slopes of the survival curves

according to the foUowing expression：

sF(垂)=e一。士
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where SF is the survival fraction and庐is the ion丑uence Parameters were detenIⅡned

by 1iⅡear regression of the experimental data． The fouowing multi-target model was

applied to讯the 7一ray data because of its Vahdity to thjs experiment，

sF(D)=1一(1一e—D／D。)m

where D is tlle dose，Do and m are the extracted parameters throu曲ntting，respectively

By converting the ion nuence into the absorbed dose of the cells for 6tting the s11rViVal

curves，RBE were e、柚uated at 10％，20％，50％and 80％s11rvival 1evels，respectively

3 RESUl月S AND DISCUSSIoN

The pllysical characteristics and biological results of the carbon ion exposⅢes with

3 difFjrent LETs were listed in Table 1．

Table 1 P11ysical paraIIleters uf tIle carboIl ioIls aIld RBE8龇dim、1cIlt V79 ccU sItrvival lI、vI、k

(1)LET was caJclIlatcd by TRIM9l codc【哪；(2)Penunlbm r^dms was obt剐nefl Wj¨i^l』

metllod iIl Ref．【6]

The dose—response sujvival cIuve fbf the 7一ray irradiation，whicll was tdken as a

Teference，was Eiven in F堙．1．The reslllt shdwed a suTvival cur、陀with a clear shouldel

and the ntted parameters Do and m were 2．94土0 68 aIld 2．02士0．72，respectively．Fig．2

showed the丑uence．response curves of the V79 cells exposed to the carbon ions witll

LETs of 125．5，200 and 700keV／舯．It was clear that the survlval fraction decreascd

exDonentiallv with the increase of auence． Hence the inactivation cross sections were

extracted fjom the slopes of the st拉vival cttryes for the“lree LET jons and plo#￡ed

as a flmction of LET in Fig．3． Generally，the cross section of radiosensitive V70 ceU

nucleus is about 100—110“m2．Therefbre，the血activation cross sections obtajned fronl

t11is exDeriment were smaUer than the geometrical cross section of the ceU nucleus． n

inTpUed that not every hit on a ceU nucleus necessarily led to the 10ss of reproductiVe

abihtv of the ceU．Even fbr a肌clear penetration of an ion with LET of 700 keV／pln，

the probabmty of kiuing the ceU is oIlly 29％一32％．III addition，the inactivation cross

sections based on the model calculation of Sch01z e￡da 7 J exceeded those obtained in our

study，which were shawn in F培．3．Here the derivation in the measllred data is thouglIt

due to the excessiveb Bimple asBun巾tion abou上the geometrical stIuctuTe of the cTitical
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D。se(Gy)

“g．1 Tllt’sll rvivcLl clIrvc(’f V79 fel】s cxposP(1

t()thc rcfer州1cc 1一rav in cLdiati‘)Il

LET(kdV，um)

Fjg．3 T11e rclatioIlslliI)htwct：Il iIlac“vation

‘1()Hs sccLiull an(1 LET“”V79 cells c。posc(1

to carb01l ioIls

V“l 1

Flu甘1ce flOns忙m2、

Fig．2 TllP s11rvivalⅢ1ves ofV79(I、lls{-。l】¨州(

to Lllc calholl lo】ls

Fig．4 Tl嬷relationshiI，hetw E、Pn RBE tI『．f

dif乱rcIlt slIrvivallcv【·ls aIld LET n，I V70㈠

e。post、(i to c；lrb()11 iolls

Largets in the model calculation On the contrary，the asynchronous Chinese hamster ce¨s

were exposed to the carbon ions in this experiment．But a contradiction。ccurred w1】eIl

Llle experimental data obtained from Ref[3]were displayed in the same plot as sjlow儿

in F嘻3． with the saⅡle irradiation d。se，au the inactiVation cToss secti01ls iIl Reh3

exceeded those based on the model calculationl7 and our exDerilTlent So it indlcatefl

that a great divelgence existed between the model calculatioIL and experiment，eVen w川l

reg盯d to the simple problem about suTViVal endpoint This was tlle reason wIlV we

took up this jnvestjgatjon，whjch seemed￡o be a preHr耐nary study And much w(Jrk【h

1leeded to explain the difEbrence between the biophysical model about the biologica】effocL

of heavy ions and expeTiment It should be pointed out that the range of 0 86 MeV／11

farbon ioIls with LET of 700 keV／llm is only about 15pm，but for ma皿nallan cells，mosl

[】f thern are 10“m or so in diameters．So t11e detern血ation of inactivation cross scct】()11

fbr 700 keV／pIn ions had a gTeat哪biguity due to the non—track—segrnent lrradiati011

The values of RBE of V79 cells at 10％，20％，50％and 80％sufvival levels were ajs()

一$ooi—u。8巴=雪芒]∞
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determined and listed in Table 1 and shown in Fi94 In this experiment，the maxima王

RBE were obtained at the LET of 125。5keV／I锄at aU the fbur kvels．Consequently1 it

cIⅦbe deduced that the RBE maxim砌for V79 cells with regard to kilhng endpoiIlt

wolIld冲pear at the LET below 200keV／“m fbr the carbon ion exposllre Wllen t】le

LET exceeded this蛳t．the overkiU efFect wotlld occur so as to lead to the decreas8

of irradiation—induced biolo百cal emciency．with the same LET，the hjgher the surViVal

kvel，the 1arEeT the vahle of RBE．Far ex射nple，the RBE incTeased from 1．50 to 3．17

with increasin暖the survival levd from 10％to 80％． The 7．ray dose—response surviva王

curve wlth a shoulder was responsibk fbr this phenomenon．
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