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Abstract:Theseveraltheoreticalmodelsofcellinactivationorcellsurvivalfractionareintroduced.
Emphasisisplacedonanewmodel———IonizationIonizationClusteringClustermodel.Inorderto
understandsomeofthemechanismsofDNAdamagerelatedtocellkillingandtheirdependenceon
radiationquality,theyieldsofsingletracklethaleventsarecomparedwiththeestimatedyieldsof
differentclassesofcomplexDNAlesionscalculatedbyafastMonteCarlomethods.
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1暋Introduction
Ionizingradiationcaninducevariouskindsof

biologicaleffect,itsrelativebiologicaleffectiveness
(RBE)variesnotonlywiththetypeofradiation
anditsenergy,butalsowiththetypeofbiological
targetandthebiologicalendpointconcerned.The
cellsurvivalcurvedescribestherelationshipbe灢
tweenthefractionalsurvivalofapopulationofra灢
diatedcellsandthedoseofradiationtowhichthe
cellswereexposed.Theendpointforsurvivalin
experimentsisreferredtotheabilityofacelltore灢
produce(reproductivedeath).Itdoesnotdescribe
thecontinuedexistenceofasinglecell.Thetheo灢
reticalmodelsestimatingthefractionofsurviving
cellsareoftheutmostimportancetotheapplica灢
tionofionizingradiationinradiotherapy.Inthe
caseofhadronradiotherapythebiologicaleffectis
notgivenbyapplieddoseonly.Forexample,their
RBEhasbeenshowntovaryhugelywithkindsand
energyorlinearengerytransfer(LET)ofions.

Thetrackstructuremodelcansimulatethetrans灢
portofchargedparticlein medium andgivethe
spatialdistributionoftheenergydepositinthe
scaleofnanometer.Consideringthestochasticof
theenergydeposit,aconceptofionizationcluster灢
ingclustertomodelthemechanismoflethaldama灢
gesproductionisproposed.Awayisbeingtriedto
findto understandsomeofthe mechanismsof
DNAdamagerelatedtocellkillingandtheirde灢
pendenceonradiationquality.

2暋TheoreticalModelsofCellInacti灢
vation

暋暋Thetargettheoryisconsideredtobethefirst
basictheory of radiation biological effect[1,2].
Thereexistslocalregionorstructurecalled “tar灢
get暠incell,whichissensitivetoradiation.The
targetbeinghitbyradiationcanbeinducedsome
damage.Cellsurvivalislinkedtothenumberof
thehittargets.Iftargethasonehit,itissingle
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targetsinglehittheory (STSH model),thecell
survivalfractionS(D)is

S(D)=exp -D
D
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whereDistheabsorbeddose,D0istheaverage
doseofonehit.In multi灢targetsinglehittheory
(MTSH model),S(D)is

S(D)=1- 1-exp -D
D
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whereNisthenumberofthetarget.
暋暋Althoughthetargettheoryissupportedby
lotsofexperiments,thereexistsomeproblems.
WithSTSH modelinthesemi灢logarithmicplot,

thesurvivalcurverepresentsastraightline.How灢
ever,experimentallycellsurvivalcurvesexhibit
“shoulder暠shape.WithMTSH modelthereexists
zeroslopeatzerodosewhichhasneverbeenob灢
servedinexperiments.
暋暋Thelinear灢quadratic(LQ)model[3,4]isbeing
widelyusedinclinicalradiotherapy.Inthismodel
DNAisassumedtobethemostimportantandkey
targetfortheirradiation.Thedoublestrandbreaks
(DSB)ofDNAareconsideredtobethecrucialini灢
tialdamageresponsibleforsubsequentbiological
effects.Thecellsurvivalfractionis

S(D)=exp -(毩D+毬D2[ ]) . (3)

暋暋LQ modelprovidesasimpleparameterization
of cell survival characteristics, which roughly
agreeswithexperimentaldata.
暋暋Thegeneralizedlinear灢quadraticmodel[5]gives

S(D)=exp -(毩(D)D+毬D2[ ]) ,

毩(D)=毩r 1+ 毩s

毩r
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where毩r,毩s,andDc,togetherwith毬,arephe灢
nomenologicalparametersthathavetobedeter灢
minedbyanalyzingexperimentaldata.毩s repre灢
sentstheinitialslopeinthelow灢doseregionand毩r

describestheinitialslopeoftheparabolicapproxi灢
mationtothedatainthehigh灢doseregion.Withall
fourparametersthismodelenablesonetodescribe

thelow灢dosehypersensitivityphenomenon.
暋暋Forphotoandelectronbeams,LQ modelis
usedcommonly,asthebiologicaleffectsofthese

particlesaredeterminedbythedoseonly.Thepa灢
rameters(毩,毬)areestablishedforthegiventis灢
sue,usedforbeamsofvariousenergies.Onthe
contrary,largevariationshavebeenobservedbe灢
tweentheeffectsirradiatingbydiverseionsofdif灢
ferentLETvalues.
暋暋Localeffectmodel(LEM)[6,7]describesthe
differencesincellinactivationbydiverseparticles
relatedtotheirtrackstructures.Thebasicinputs
inLEMare:theradialdoseprofilearoundthepath
oftheprimaryparticle;thesizeofthecellnucleus;

thephotoncell灢survivalcurve.

Sion=exp曇V

lnSx(D(r))
V d3é
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whereV standsfortheaveragenuclearvolume,

theionandphotocharacteristicsareindicatedex灢
plicitly.
暋暋InLEMtheessentialpointisthat,the“local
dose暠isassumedtocausethesamelocaldamageto
cellnucleusasifthesamedoseweredepositedby
photon.Thetotalbiologicaldamageisobtainedby
integratingthelocaldamagesoverthenucleusand
allthetracks.The LEM doesnotaddressthe

problemofDNAdamageformationandrepairex灢
plicitly.Thenon灢linearnatureofthebiological
effectsistakenaccountbyreferringtophotonsur灢
vivalcureonly.Theassumptionofequaleffective灢
nessofphotonandiontrackrepresentsacertain
over灢simplification.Consequently,alsophotoncell
survivalcurvehastobeknownoveraverywide
doserange.
暋暋Theprobabilistictwo灢stagemodel[8]describes
thephysicalandbiologicalprocessesinvolvedin
thecorrespondingradiobiologicalmechanism and
establishedthetheoreticalframework.Themodel
representexperimentalcellsurvivalcurvesnotbet灢
terthantheLQmodel,itsparametersismorethan
ten.
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3暋TheIonizationClusteringCluster
Model

暋 暋 The mostimportanttheoretical modelfor
physicalprocessradiationdamageistrackstructure
model.Trackstructurecanprovidethespatialdis灢
tributionoftheenergydepositinthescaleofnano灢
meter(dosedistribution).Thedepositionofener灢
gyisastochasticquantum mechanicalprocessand
canformsuchasbloborspurstructure[9],Fig.1
givestheinteractionpointof1keVelectrontrack
inwatervaporintwodimensionsprojection.From
thepointviewoftrackstructuretheirreparablele灢
sionscorrespondtoclusteringclusters.Clustering
clustersaredefinedasthetrackentitythatconsists
twoormoreclusters(clustersize>3ionizations,

provedtobeabletocauseareparableDNAlesion,

orDSB)inasmallspaceof10nmscale,whichis
thecharacteristicscaleofnucleosome.

Fig.1 TheinteractionpointoflkeVelectrontrackinwater

vaporintwodimensions.

暋暋Motivatedbytheassumptionofinteractionof
sub灢lesions(clusters)inclosespatialproximity,

onthebasisoftrackstructurewehaveproposeda
conceptofionizationclusteringclustertomodelthe
mechanismoflethaldamagesproduction,whichis
calledICCmodel.Inthismodelthesurvivalfrac灢
tionis

S(D)=exp-煆N( )lethal ,
煆Nlethal=(毩1n1+毩2n2)D+毬n2

1D2, (6)

where毩1,毩2and毬arebiologicalspecificfactors.n1

andn2aredefinedastheaveragenumberoftrack
entitiesthatcancauseaninitialreparableandir灢
reparabledamagesinacellnucleusatunitab灢
sorbeddose.Fordeuteronionsattwocellcycle
phasesthesurvivalcurvesarecalculatedandshown
inFig.2.Theresultsareingoodagreementwith
theexperimentaldata[10].

Fig.2 Calculatedsurvivalcurvescomparedwiththosemea灢
suredbyexposingChinesehamsterV79cellstomono灢
LETchargedparticles.
曬Birdetal20keV/毺mdeuteron,書 Birdetal40keV/毺m

deuteron,—ICCmodel20keV/毺mdeuteron,…ICCmodel

40keV/毺mdeuteron.

4暋BiophysicalInterpretationofLe灢
thalDNALesions

暋暋Inordertounderstandsomeofthe mecha灢
nismsofDNAdamagerelatedtocellkillingand
theirdependenceonradiation quality,wehave
comparedtheyieldsofsingletracklethalevents[11]

withtheestimatedyieldsofdifferentclassesof
complexDNAlesionscalculatedusingfastMonte
Carlomethods[12].Fig.3givestheinitialyieldsof
DSBs,singlestrandbreaks(SSBs),andtotalle灢
sionswithLETofprotonswithenergiesfrom0.57
to5.01 MeV.Thelethaleventsaretakenfrom
Kundr昣tresult[11].Itshowsthatthemajorityof
theDNAdamageisrepairedinawaythatisnon灢
lethal.
暋暋Itisanextremelycomplexprocessfromradia灢
tioninducedDNAdamagetocellkilling.Sofar,
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allthetheoreticalmodelsareunsatisfactory.More
systematicworkbothontheoreticalandexperi灢
mentalsidesisneeded.Itisabigchallengeforus
toexploreanddevelopthecelldamagerepairtheo灢
rybasedoncellularresponsetotheradiationin灢
ducedDNAdamage.

Fig.3InitialyieldofDSBs,SSBsforprotonswithenergies

form0.57to5.01 MeV,yieldsoflethaleventsare

shownforcomparison.
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带电粒子致细胞失活的理论模型*
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摘 要:介绍了经辐射损伤后细胞失活或存活的理论模型及相关问题的一些研究工作。重点考虑了径迹结

构和能量沉积特点的新的细胞失活模型。在径迹结构模拟的基础上,计算并分析了 DNA 损伤谱,同时把

径迹结构得到的损伤谱与细胞存活联系起来,初步在分子水平上理解了细胞失活或存活的机制。

关键词:存活率;DNA损伤
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