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ABSTRACT 

This report is the final report of a research contract of RIVM in the 

framework of the Radiation Protection Programme of the Commission of the 

European Communities. 

The aim of the project was to investigate the nature of the dose-effect 

relationship for radiobiological effects after different types of ionizing 

radiation and UV. The results of the contract support the idea that the 

linear-quadratic dose relationship for radiobiological effects does reflect 

a two-hit or two-event type of radiation effect. 

The track structure calculations of the linear tern indicate that the DNA 

double-strand break could be the crucial lesion and that the two 

simultaneous events should occur close to each strand of the DNA molecule 

in a single track. 

The experimental data indicate that the quadratic term arises from the 

combination of two time independently induced events the role of which can 

be modified by repair but these data do not provide any information on the 

nature of the radiation induced lesions. 
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1. INTRODUCTION 

In the period 1985 to 1989, the project "Comparative risk assessment: of 

radiation and other Mutagenic agents * low dose relative risk of different 

ionizing, radiations and comparison with W radiation" was executed in the 

fraaework of the Radiation Protection Programme of the Commission of the 

European Cn—nil ties. 

The aim of the project was to develop a comprehensive conceptual approach 

to permit a comparative risk assessment of the cellular effectiveness of 

different radiations and other mutagenic agents on the basis of the 

mechanisms of action. To that purpose, calculations of the radiation 

quality dependence of the linear term of the dose relationship will be *' 

made, and both, experimentally and theoretically the similarities and 

differences between ionizing radiation and DV will be investigated in a 

consideration of the quadratic term of the dose relationship. 

To that purpose the following objectives were foreseen: 

- Development and improvement of a track structure model in liquid 

water to calculate radiation effectiveness of X rays, gamma rays, 

electrons, ions and neutrons. 

- Application of the track model to demonstrate the behaviour of the 

linear term of the radiobiological dose-effect relationship for 

different ionizing radiations. 

- Development of a stationary cellular system to directly compare the 

effects on survival of the repair of sublethal and potentially 

lethal damage following CV radiation and gamma rays. 

This report contains the major results of this project. 



2. THEORETICAL BACKGROUND 

< 

The assessment of risks from low doses of ionizing radiation relies on 

information fro» a number of different research areas including the 

understanding of the action of radiation at the cellular level, which can 

be gained froa the development of biophysical models. 

The model, developed In previous contracts (6), and studied here is based 

on the assumption that the crucial molecular lesions induced by radiation 

are DMA double strand breaks, and that these breaks are responsible for 

cell killing, chromosomal aberrations and mutations. The number N of DNA 

double strand breaks induced by a dose D of radiation can be derived as: 

N - «D + 0D2 (1) 

where a is the probability per cell per unit dose that a double strand 

break is induced by the passage of one ionizing particle, and fi is the 

probability per cell per unit dose squared that two independently induced 

single strand breaks are associated both spatially and temporally that they 

form a double strand break. 

The work presented here is concerned with the investigation of the two 

coefficients *o' and '/J' of the equation (1) to determine the validity of 

the dose-effect relationship defined by equation (1) taking into account 

the influence of radiation quality, dose fractionation and repair processes 

on the cellular response. The work has not been concerned with the actual 

correlation of the molecular damage, DNA double strand breaks, with the 

cellular effect, but recent work of Radford [1], Prise et al. |2], Murray 

et A1. [3] and Dikomey [4] do provide support for the association between 

DNA double strand breaks and cell killing, at least for sparsely ionizing 

radiation. 
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3. INVESTIGATION OF THE ct-COEFFICIENT THROUGH TRACK STRUCTURE CALCULATIONS 

The «-coefficient i* dependent on the induction of DMA double-strand breaks 

by one ionizing particle. The induction of IMA double strand breaks in the 

pssssge of one ionizing particle clearly depends on the spatial 

distribution of energy deposition events in the particle track. For an 

effect two events in the track aust occur close to each of the two strands 

of the DNA helix to cause a double strand break. Intuitively, store densely 

ionising radiation is expected to be «ore efficient In producing a double 

strand break than sparsely ionizing radiation. In fact the question can be 

posed whether sparsely ionizing radiation is at all capable of producing a 

DNA double-strand break in the passage of one ionizing particle, and this ,-

question is strongly related to the relative biological effectiveness (RBE) 

of different radiations at low doses. 

The calculation of the efficiencies of different types of ionizing 

radiation depends on the availability of a mathematical description of the 

spatial distribution of energy deposition events in a particle track at 

nanometer dimensions bearing in mind the nanoneter dimensions and double 

helix structure of the DNA molecule. In an earlier contract (MO-E-478-83-

NL) an attempt was made to calculate radiation efficiencies. In the present 

contract It has been necessary to improve the model considerably to make it 

more flexible and uniformly applicable for all types and energies of 

ionizing radiation. 

The model describes radiation track structure in water at the nanometer 

scale in three dimensions, which provides the possibility of calculating 

the probability that a track Interacts with a structured 'target' to 

produce an effect. A characteristic of the model is that it provides a 

uniform description of tracks for both electrons and ions of all energies, 

based on the physical principles of radiation interaction with matter, and 

thus permits the calculation of radiation effects for X-rays, 7-rays, 

electrons, ions and neutrons. 

In general, tracks are characterized by the stopping power, the radial 

dimension of energy deposition around a track and the mean energy lost In 

each interaction of the track with the water. These parameters are clearly 

dependent on the energy of the ionizing particle and have been calculated 

considering basic physical phenomena in the radiation interaction process. 

The calculated stopping power can be compared with experimental data for 
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liquid water. In fig. 1 experimental dat» for electrons and protons are 

shown and compared with the calculated «topping povers for electrons, 

protons and different ions, and in fig. 2 the average ««kgy l«*a per event 

and the average track radius are shown as a function of particle energy. 

These parameters provide a spatial description of primary radiation events 

caused by the passage of the ionizing particle. 
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Figure 1. The calculated stopping 

power for electrons, protons and 

ions in water compared with 

experimental data for electrons 

and protons. 
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Figure 2. The average energy loss 

per interaction event and the 

average track radius as a 

function of energy for electrons, 

protons and ions calculated from 

the crack structure model. 

The primary particle track and all the secondary particle tracks it 

generates are divided into small energy segments in which the stopping 

powers, the average energy loss per Interaction and the average track 

radius are assumed to be constant. Starting at the highest energy segment 

of the primary particle the spectrum of secondary particles and their 

contribution to dose is calculated using the excitation spectrum of water 

and this procedure is repeated for all lower energies of the primary 

particle. The same calculations are made for all the secondary particles 

generated, so that starting fro» a primary particle spectrum in a 

repetitive and cumulative calculation the total slowing down spectrum can 

be determined. 

The track model can be used to calculate radiation effectiveness by using 

the structure of the 'target' and the distribution of primary events in the 

particle track. For example, for a single hit detector it is assumed that a 
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radiation track contributes to the radiation efface with probability f. If 

a radiation event occurs in a sphere with radius r around the target. For 

a more structured * target', such as DMA, the calculation Is more 

coaplicated: a paLtide Is assumed to contribute to the a-coeff icient of 

DNA. double strand break Induction if the particle crosses the *first' 

strand at • distance r and produces an event with probability f- , and in 

addition crosses the 'second' strand at a distance rfc and produces another 

event with probability f. as well. The radiation effect is calculated for 

each energy segment of the primary and secondary tracks of the radiation 

type and finally, the effectiveness of the considered radiation is 

calculated as the dose weighted average of the effectiveness of all energy 

segments of the tracks involved. The interaction parameters f. and r can 

be determined by comparing experimental data with calculations. 
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Figure 3. The relative response of a single-hit detector predicted for 

different radiations m» a function of stopping power calculated 

using t - S m and f. • 0.068. 

Examples of calculations are shown In fig. 3 and 4 for single-hit detectors 

and DNA double-strand breaks, respectively. The calculations have been made 

for electrons and various ions with a wide range of energies and 

demonstrate a family of curves with a characteristic dependence on stopping 

power for each primary particle. This shows that the effectiveness of 
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adiation is not uniquely related to «topping power. The experimental data 

or the relative response of an alanine detector to different radiations is 

ncluded in figure 3 illustrating a good agreement with the calculations 

lade at the values of f. and r quoted in the figure. In fig. 4 the 

risngles indicate the calculated response expected for different ions with 

qual velocity (4 MeV per atoaic mass unit). These triangles forot an 

rive lope on the family of curves and «how the typical huaped fora of 

adiation effectiveness Which is found in cellular radiobiology and also 

'or the induction of DNA. double-strand breaks [5]. 

is ing the same set of parameters the response for X-rays and mono-energetic 

«utrons *s a function of energy has been calculated and reveals an 

ncreasing effectiveness with decreasing X-r«y energy below 10 keV down to 

70 eV and a maximum effectiveness for neutrons at approximately 300 keV. 

he results show that for each radiation typ* the effectiveness for the 

nductlon of MIA double-strand breaks is always greater than 2ero, which 

ndicates that, if DNA double-strand breaks are the crucial lesions in 

adiation biology, a positive o-coefficient is predicted even for sparsely 

onizing radiation so that at low doses the effect will be proportional to 

lose through the origin. 
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'igure 4. The relative radiation effect for Che induction of DNA double -

strand breaks for different radiations as a function of stopping 

power calculated using the track structure aodel with r - 0.65 nm 

and f-«- 0.08; the response of different ions having the sane 

velocity is indicated with triangles. 
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6. INVESTIGATION OP THE ^-COEFFICIENT 

The 0-coefficient was investigated by coopering the effects of 7-rays and 

UV radlatlcn on cell killing and by analysing 7-ray fractionation effects. 

4.1. Comparison of f-rav* and PV 

For -y-rays cell survival S can be derived as a function of dose 0 If ic is 

assumed that each DHA double-strand break has a probability p of causing 

cell death, as: 

S- exp(-pH) - exp[-p(oD • 0D2}\ (2) 

If stationary calls are allowed to repair after irradiation the timber of 

double-strand breaks will be reduced, but not all the breaks will be 

repaired perfectly so that after repair the number of double-strand breaks 

will be gK, where 0 < g < 1, and 'delayed' survival S. is: 

Stf- exp 1-pgHJ - exp [-pg(aD + JD
2)] (3) 

If stationary cells are treated with two equal doses, D. and D., with a 

tlae interval between fractions which allows conplete repair of single-

strand breaks than survival after fractionation S_ is: 

S f- exp i-vVS1 + H2)J - exp [-p(a(Dl + D ^ ^ 2 + Bj2))] (4> 

If D • D. 4- D», comparison of equations (2) and (4) reveals a sparing 

effect of fractionation and S f > S (see [6] for a»re detail). 

For UV radiation frank strand breaks are not induced, but single-strand 

lesions in the DMA are induced and in analogy with the model for ionizing 

radiation it is proposed that a combination of two single-strand lesions 

can form a potentially lethal lesion (see [7]). This model has been 

combined with a suggestion by Fark and Cleaver [8) that two pyrlaldlne 

diner lesions, one on either side of a replication terminus, could block 

the convergence of replication forks and form a potentially lethal lesion. 

Tht most important implication of this is that 'paired dimer' lesions are 

only recognized as such when DHA replication occurs. The individual dime» 

can be repaired during and efter irradiation up to the following S-phase. 



- 8 -

Thus, the number of paired diner lesions N. induced by an exposure X is: 

N d - t X2 (5) 

where c is the probability per cell per unit exposure squared that two 

independently induced diners fora a paired diner lesion. Cell survival is: 

S - exp [-pNd) - exp 1-peX
2] (6) 

If stationary cells are allowed to repair after exposure the nuzolsr of 

diners and thus the number of 'paired diner' lesions will be reduced. Diner 

repair can be complete and perfect, thus if f is the proportion of diners 

not repaired before DNA replication, 'delayed' survival S. is 

S d - exp[-pf
2€X2| (7) 

and as f -» 0 given sufficient tine, survival may eventually become 100 %, 

and the cells will not indicate any effect of UV exposure. 

If stationary cells are treated with two equal exposures, there will be 

more repair of the dimers induced by the first exposure than of those 

induced by the second exposure, i.e. i . < f_. Survival after fractionation 

Sf is: 

S f - expl-peCf^+f^)
2] 

- expf-pe^ 2 X 1
2 + 2f1f2X1X2 + f2

2 X2
2)J. (8) 

If X - X. + X„- 2 Xx then survival of cell* given an exposure X at the tin* 

of the first fraction and plated after the second fraction, i.e. with 

repair factor f1, is: 

S - exp(-pfL
2 «X2] - expl-p kf* «Xj2]. (9) 

Comparison of equations (8) and (9) reveals that in this case the survival 

after fractionation is less than the survival after the single exposure. 

Thus, the model predictions Indicate that both the ^-coefficient for 

ionizing radiation and the e-coefficlent for UV are basically two-hit 

components, but that because of the different nature of the lesions the 

consequence of post-irradiation repair and fractionation will be different 

for the two types of radiation. 

Tnese predictions of the model have been investigated experimentally. In 

all experiments CH0-K1 cells have been used either in stationary phase or 

in exponential growth. The cells have been cultured according to the 

methods described by Nelson et al. [9J. In general, the survival of CHO 
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c e l l s af ter 7-ray and OV exposure could be analysed according to equations 

(2) and (5 ) , respectively. For exaaple, figure 5 shows survival a f ter UV 

exposure analysed with equation (5) -

1 — 

Figure 5. The survival of CBO cells after UV exposure analysed using a pure 

quadratic dose-effect relationship. 

DON **, 

Fig. 6a. The effect of delayed plating 

of 24 and 48 h on the effect of -r-ray 

cell killing in stationary cells. 

Fig. 6b. The effect of delayed 

plating of 24, 48 and 72 h on the 

effect of UV exposure on cell 

killing in stationary cells 

desonstratlng continued repair. 
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Fig. 6a presents the survival of stationary CHO cells with inmediate and 

delayed platlig at 24 and 48 h after 7-irradiation demonstrating the repair 

of potentially lethal damage over the first 24 h, but no extra repair at 48 

h. This is contrasted with the case after UV exposure which is presented in 

fig 6b. The results show that, after UV, continuing repair of the 

potentially lethal lesions up to 72 h is evident. 

These figures demonstrate experimental results which are in accordance with 

the predictions of the model for the two-hit nature of the 7-ray and UV 

radiation interaction with the biological cell. 

4.2. T-rav fractionation 

Equation (3) predicts that survival S- after two equal dose fractions D. 

with complete repair between fractions is 

Sf - exp( -p 2(<*Df + 0Df
2)] (10) 

This equation can be generalized for survival Sf after n equal dose 

fractions D_ with complete repair between fractions as 

Sf - exp[ -p n(o» Df+ fi D£
2)] (11) 

As nD_-D, the total dose, this equation reduces to 

-In S-
£* - pa + p#>f (12) 

for all values of n and D,. Thus equation (12) provides a generalized 

analysis of dose fractionation experiments, so that all the data can be 

used to determine pet and p£, the coefficients governing cell survival. 

An alternative analysis which arizes from a comparison of equations (10) 

and (11) is that 

i.e. 

-£- - exp [ p 0 D f
2 (n2 - n)) (13) 

nTn^J ln <-!*->- P ' D/ <"> 
and this equation provides a generalized analysis of dose fractionation 

experiments so that all the data can be used to derive p0. The model 

equations assume that the radiation sensitivity of the cells does not 

change during the experiment. 
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Stationary CHO-Kl cells have been irradiated with 7-reys using different 

fractionation regimes, «here a fraction interval of 24 h allowed complete 

repair of sub-lethal damage between fractions and a delay of 24 h after the 

lest dose fraction was used to avoid any confusion of the results by 

different repair levels of potentially lethal damage. The results presented 

according to the analyses suggested by equations (12) and (14) are shown in 

figures 7a and b, respectively. The data all congregate along • straight 

line in accordance with the equations. 

Previous fractionation experiments using fraction Intervals of 3 and 5 h 

had indicated an incomplete repair of sub-lethal damage between fractions 

and had permitted an estimate of the repair rate of the sub-lethal damage 

of 0.30 h" . An independent experiment using two equal dose fractions with 

different times between fractions indicated a repair rate of 0.28 h" . 

All the data of the fractionation experiments, that have been designed 

specifically to Investigate the two bit component, satisfy the mathematical 

predictions made by the model. It can be concluded that the experiments 

support the assumption that the ^-coefficient of the linear-quadratic 

equation is a true two-hit component, at least for sparsely ionizing 

radiation, stationary CHO cells, doses up to 16 Gy and cell survival down 

to 0.01 %. It should be emphasized that the experiments do not provide any 

indication of the nature cf the lesions which are involved in the two-hit 

component of the equation, tut the calculations and the model used are 

compatible with DNA double-strand breaks as the crucial lesions. 
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Pig. 7a. The analysis of T-ray 

fractionation experiments in 

stationary CHO cells with a 24 h 

fraction Interval analysed according 

to equation (12). 

Fig. 7b. The analysis of the sane 

data analysed according to equation 

CI*). 
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5. DISCUSSION AND CONCLUSIONS 

It is veil known that a linear-quadratic dose relationship provides a good 

description of cellular radiobiology effects such as cell killing and 

chromosomal aberrations. What is less well known is whether the linear-

quadratic relationship represents a truly two-hit nature of the radiation 

effect or is merely an approximation of a more complicated process. In this 

contract the two-hit nature of the effect has been investigated using the 

assumption that the DNA double strand break is the crucial lesion for which 

there has recently been some experimental support {1-4). 

Calculations of the linear component, the a-coefficlent, of the dose-effect 

relationship using the track structure model and assuming that the DNA 

double-strand helix is the molecular target indicate that the well known 

humped response of cellular effects as a function of radiation quality can 

be qualitatively described by the model. This Implies that two simultaneous 

energy deposition events along the path of an ionizing particle and close 

to each of the strands of the DNA can cause a biological «ffect. The 

calculations also show that even for sparsely ionizing radiation this 

double energy deposition process is possible and this implies that sparsely 

ionizing radiation will have a linear component of the dose-effect 

relationship at low doses. 

The calculations also show that each specific primary radiation type has 

its own specific effectiveness versus stopping power relationship which 

implies that the biological effect is not only dependent on the stopping 

power but also on the radial distribution of energy deposition events 

around the particle.tracks, that is, different types of radiation with the 

same stopping power will have different biological effectiveness. 

The experimental data investigating the quadratic or ^-coefficient of the 

dose-effect relationship using fractionation, delayed plating and a 

comparison with 254 TUB UV radiation have been shown to be compatible with 

the theoretical predictions implying that the ̂ -coefficient is indeed a 

two-hit or two-event effect. The experiments and analyses indicate that 

repair between fractions and repair after Irradiation can modify the dose-

effect relationships but that these modifications are also in accordance 

with the theoretical predictions. The comparison with UV exposure 

illustrates that while the effect of both types of radiation can be 

described by a two-hit or two-event type of damage, the nature of the 
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lesions and the recognition of these lesions by the cell alter the way in 

which the cell responds to the lesions and how repair processes modify this 

response. 

In conclusion, the results of the contract support the idea that the 

linear-quadratic dose relationship does reflect a two-hit or two-event type 

of radiation effect. The track structure calculations of the linear term 

indicate that the Wh double-strand break could be the crucial lesion and 

that the two siaultaneous events should occur close to each strand of the 

DNA molecule in a single track. The experimental data indicate that the 

quadratic term arises from the combination of two time independently 

induced events the role of which can be modified by repair but these data 

do not provide any information on the nature of the radiation induced *-

lesions. Future research should concentrate on determining the sensitivity 

of the track structure model to changes in the parameters used in the 

fitting of the calculations to experimental data and to understanding the 

physical, chemical and biological Implications of these changes. Cellular 

experiments should aim to compare the different repair processes which 

modify the radiation effect with the effect of different wavelength UV 

exposures and to investigate the potential interaction between UV and 7-

rays and study how this might alter the low-dose response of cells to 

ionizing radiation. 
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