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Summary 

A model for cell survival after irradiation is derived 

based on the assumption that the damage leading to cell 

death is either a DNA double-strand break or a DNA single-strand 

break, and that the DNA double-strand break can be produced 

either by the same ionizing particle of radiation, · or by two 

independent ionizing particles. This model is approximat_ed 
. 2 

-<1D-RD 
to the quadratic model for cell survival S/S

0 
e P i 

but a new radiobiological interpretation is given to the · 

parameters. This interpretation is shown to be consistent 

with experimental data on the effects of oxygen and nitrogen 

postirradiation treatments on the mortality of drosophila eggs . 

l ; Introduction 

Several models have been propo~ed in radiation biology to re-

late survival with dose of radiation. The ones that have been most 

Key Words: Biological effect of radiation; Multi target model; Two-. 
component model; Qua~ratic model; Survival curves; Repair mechanism. 
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Th2 quadratic model for cell survival was derived in three dif­

{,ei-e;;t "-nays by Kellerer and Rossi (1972), Chadwick and Leenhouts (1973), 

Douglas ~iid Fowler (1976), and presented again with some corrections 

by Leenhouts and Chadwick (1978). Although the three derivations are 

based on different arguments, they produce the same interpretation for 

the parameters, which is as follows; 

a: induction of double-strand breaks in the DNA produced 

by the same ionizing particle, and 

f3: induction of double-strand breaks in the DNA produ~ed 

by two independent ioniz~ particles, one in each 

strand. 

Therefore the basic assumption of this model is that the only damage 

leading to cell death is the DNA double-strand break. This assumption 
: - -•·-:- - :- - . 

contradicts a considerable amount of evidence which says that cell 

}0] ]_.:!_!1_9_ ~a_y be caused by two independent processes, of which the first 
- -- . -= -.. •. - - -- - -- - :: -- . 

_re_qu_ires single-strand breaks, and the second requires double-strand 

breaks (Bender and Wolff, 1961; Bender and Gooch, 1962; and Tym and 

Todd, 1964). 

In this paper we derive an expression for cell survival in which 

_W.e.:.. :.co,n_s i der th_at -Se_l l ~i _l_l_i n_~ is _cau_se~d-_by_ t_he two _independent processes 

mentioned above, and we also consider that double-strand breaks can be 

_pr_~d-~C:ed_ ~i_t_her by a s_ i ngl E? _ioni z i n_g p_ar:_t_i c_l_e or_ b_y __ two independent 

..,..~o_ni_2:ing _particles. This new model can also be approximated to the 

quadratic model, but the parameters have a different interpretation 

from that given above. Following, by using data presented in 
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Sankaranarayanan (1969) and Sankaranarayanan and Volkers (1980), we 

show that the usual interpretation given to the parameters of the 

quadratic model is not consistent with the evidence that the repair 

of double-strand breaks is less efficient than that of single-strand 

break~ (R~snick and Martin, 1976). However the interpretation given 

in this paper is consistent. Finally we show that under certain con­

ditions the quadratic model derived here can be used for other bio~ 

logical effects. 

2. A Model of Cell Survival 

The survival model derived in this paper is based on the following 

assumptions: 

(a) Within the nucleus of the cell there are N sites such that when 

they are damaged can cause cell death. 

-
(b) In each site the damage leading to cell death is either a DNA 

double-strand break or a DNA single-strand break. 

- .. - .. 

(c) Although a small number of strand breaks may arise from direct 

- . 

action of ionizing particles on the DNA molecule itself, the lar ge 

- .. . 

majority of strand breaks arises from indirect action through 

- . 

water radicals which are created by the radiation in the close 

surroundings of the DNA molecule. 
-

(d) The DNA double~strand break can be produced by two modes of ra-

-
diation actic :1 ; 
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(i) both strands are broken by the passage of one ionizing par-

ti cl e very close to the DNA and 

(ii) the double strand is broken by the action of two independent 

(e) 

ionizing particles passing close to the DNA. 

The number of ionizing particles that passes close to a nucleo-

tide, which may or may not produce strand breaks in the DNA, follows 

a Poisson distribution with mean wD, where D is the dose of 

radiation and w is the probability by unit of dose that an 

ionizing particle passes close to the DNA. 

____ __ Let_js_ ___ b~ _tb~ _ _prob_ability that an ionizing particle passing 

close to a nucleotide leads to strand breakage. This parameter de­

_pends on the radiation quality and on the chemical situation in the 

nucleus of the ce)l (water content, etc.) . 

- Let :Q be -the probability ·that when the ionizing particle 

passing close to the first DNA strand it also passes close to the 

second one : This parameter depends on the radiation quality and 

also on the geometry of the DNA molecule. 

Therefore after dose D, ~he mean number of ionizing particles 

that passes close ~o one strand-without passing clpse to the other 

one is wD(l - n), and the mean number -of ionizing particles that 

passes close to both strands ·is wDn . .' By using Poisson distribution, 

the probability of having x ionizing particles close to the "first" 

strand only, y_-ionizing particles cl ose to the "second" strand only, 

and l:... ionizing particles close to both strands is given by 
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P _ = e-2wD(l-n)(wD(l _ n))x+ye-wDn(wDn)z 
x,y,z x'. y'. z'. 

If, after dose D, P2 is the probability per site of double-strand 

break and P1 is t he probability per site of single-strand break we 

have 

00 00 00 

P = I I I ·P [l - (1 - k)x+z][l - (1 - k)y+z] 2 x=O y=O z=O x,y,z 
and 

00 00 CX> 

P
1 = 2 I I IP [l (1 - k)x+z][(l - k)y+z] 

x=O y=O z=O x,y,z 

where P i~ given above . The resulting expressions are x,y, z _ 

and 

(2) 

Expression (1) is the same as that found by Neary (1965) for 

chromosome aberrations. However the parameters here have a different 

interpretation because Neary (1965) has used assumptions of the 

Target Theory which are based on the direct action of radiation on the DNA. 

Let f be the proportion of DNA double-strand breaks which are . . . : 0 ·- . . . . - . . . . 

-~-o~ _r~paired, let _f_1 be the proportion of DNA single-strand breaks 
which are not repaired before a second single-strand break converts it 



to a double-strand break, and let f* 
1 

7 

be the proportion of DNA single-

strand breaks related to cell death which are not repaired. Therefore, 

by introducing the parameters f
0

, f1 and fi in expressions (1) 

and (2), the mean number of sites with either double-strand breaks 

or single-strand breaks which are not repaired is given by 

Let p1 be the probability that ce 11 death is caused by single­

st rand breaks and p2 be the probability that cell death is caused by 

double-strand breaks. Hence the mean number of sites that causes cell 

death is given by 

-kwD(l-kn) 2 e ) 

2 
+ -kwD e-2kwD+k wDn)] 2p f*(e -1 1 (4) 

By assµmJng that the number of sites that causes cell death follows 
a_Potsson_distribution with mean 

expression for cell survival 

~ given above we obtain the following 

(5) 

For kwD _small _, expres~ion __ (4) can be approximated by taking 

the lowest order terms in the expansion of the exponentials and it 
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reduces to 

Therefore survival expression (5) can be approximated to the 

quadratic model 

where 

and 
a= N(2p1fikw(l - kn)+ p2f

0
k2

u.:(}) 

~ =. N(p2f
0

f 1k2w2(1 - kn) 2) 

The first term in a can be split into two parts as follows 

(6) 

The first part is the probability by unit of dose that an ionizing 

particle passing near a single DNA strand breaks it, and this single 

strand break is not repaired- and causes cell death. the second part 

is the probability by unit of . dose that the same ionizing particle 

passing near both DNA strands breaks one but does not break the other · 

one, and this single-strand break is not repaired and causes cell 

death. The term p2f
0

k2
u.:(} in a is the probability by unit of dose 

that a ionizing -particle passing near both DNA strands produces 
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a double-strand break, and .this double-strand break is not repaired and 

causes cell death. Therefore the parameter a gives the contribution 

to cell death of single-strand breaks and of double-strand breaks pro­

duced by mode (i) of radiation action (both breaks by the same 

ionizing particle). 

In the same way we cansee that the parameter f3 gives the contri­

bution to cell death of double-strand breaks produced by two independent 

ionizing particles. 

3. Discussion 

The parameters p1 , which relates single-strand breaks to cell 

death and which relates double-stand breaks to cell death, depend 

on the cell itself and on the biological system under study. Different 
- . 

irradiation conaiti6ns should n6t reflect any changes in these parameters. 

- If for- some experimental situation one can assume _that p1 = 0, that 

__ js, the on]y damage related to cell death is the double-strand break, 
- - .. - . . . . - -· . . . 

- -the parameters a and 13 will have the same structure as that . given by 

Leenhouts and Chadwick (1978). If, pn the other.hand, 

(6) will reduce to the exponential model 

.. ~ - -

- ":.:2p f*kw(l-kn)ND 
1 1 SIS = e 

0 

- . -

p = 0 model 
2 

Th~ parameter · n, as we have mentioned before, depends on the 

radiation quality. For very lo"w LET radiation (O = O) the parameter · 
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a is still different from zero because it contains the contribution 

of the single-strand break and survival curve (6) still has a slope 

different from zero at very low dose. This information is very important 

for radiation protection. 

The.parameters f
0

, f1 and fi are related to the repair mechanism, 

and therefore depend on the metabolic activity of the cell, the cell 

stage and the time available for repair. As we have mentioned before 

there is evidence that the repair of double-strand breaks is less ef­

ficient than that of single-strand breaks, hence we expect f > f 
0 1 

and f
0 

> fi. Although the parameters f1 and fi are related to 

single-strand breaks repair, we have assumed that they may have dif­

ferent values, because according to their definition they are different 

in essence. The parameters f
0

, f1 _and fi are very important to 

exp1ain the variation in the survival p~ob~bil~ty obtained from dose­

fractio'"!attor_:i regimes or from effects of po~tirradiation treatments. 

In the dose-fractionation studies a dose D is given in a certain 

number ~f _fractions with a period of time between them. This increases 

the repair capacity, and as a consequence the survival increases (see 
- -

Figure 1). By looking at expression (6), we may ~ave an increase in 

(Place Figure 1 Here) 

~urvival by de~reasing either i or~. or ~lio by deci~asing both 

a "a-nd fL Table 1 shows the estimates of a and ~ based on data pre-
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{Place Table l Here) 

sented in Sankaranarayanan and Volkers (1980). 

The estimates of the parameters were obtained by the non-linear 

least-squares procedure. Si nee the response variable (proportion of 

eggs hatched) is of the binomial type we have fitted the roodel by 

weighted and unweighted non-linear regression. The estimates and their 

variances obtained by unweighted and weighted regression are essentially 

equal. We present only the estimates obtained by unweighted non-1 i near 

regression using the Marquardt iterative method in double precision. By 

examining table l we conclude that both parameters a and S decrease with 

fractionation and the influence in a seems to be more effective than in 

s. This can be explained by the presence of the parameter fi in a, dif­

ferent from f 1 in s. We would like to point out that in the derivation 

of the quadratic model given by' Leenhouts and Chadwick (1978) the para­

meter a aoes not contain any parameter related to DNA single-strand 

breaks and therefore they conclude that we should expect the influence 

of dose fractionation be more effective in 8 than in a.~ This statement 

is not consistent with the results in Table l. 

In the postirradiation effect the comparison of several treatments 

is made through the changing in survival (see Figure 2, 3 and 4). According 

to 

(Place Figures 2, 3 and 4, Here f 
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the discussion presented in Leenhouts and Chadwick (1978), the post­

i rradiation modification of the biological effect reflects a modifica­

tion in the number of damaged sites. Then, under the assumption that 

the only damage related to cell death is the DNA double-strand break, 

the influence of postirradiation treatments on the parameters a and p 

would be through f
0

• Therefore the parameters a and~ should vary 

in the same proportion when we compare two postirradiation treatments 

(Leenhouts and · Chadwick, 1978). However Table 2 shows that estimates 

(Place Table 2 Here) 

of the parameters a and p, based on data on the effects of oxygen 

and nitrogen postirradiation treatments presented in Sankaranarayanan 

(1969), are not consistent with the . statement above. On the contrary, · 

Table 2 shows that when we compare nitrogen and oxygen posttreatments · 

in the first two situations and nitrogen and air in the third one, the 

.. variation in a is more significant than in ~- Again this can be 

explained by the presence of the parameter ' fi in a if we assume that 
·- . . - -

the damage related to cell death can be either DNA double-strand breaks 

or DNA single-strand breaks. · Here the estimates of the parameters were 

obtained by the same method as that of table 1. 

4. Conclusions 

In the derivation of survival models presented here, one can dis-
- -

tinquish two sets of parameters. Th·e first one is composed of 

w, k, f
0

, f1 , fi; n and N which are parameters related to the production 
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of DNA double-strand breaks and DNA single-strand breaks that may or 

may not cause cell death, that is, parameters related to the potential 

damage produced by radiation action . The second set is composed of 

p1 and p2, parameters which relate the potential damage to the final 

biological effect (in this case death of the cell). Hence model (6) 

may be used for any other biological effects if we can assume that it 

is produced from the same potential damage (DNA double- or single­

strand breaks). Thus, to generalize model (6) in order to be applied 

to several biological effects, we have to correct the definition of 

p1 and p2 by saying that the parameters p1 and p2 , besides de­

pending on cell type and biological system, depend also on the biologi­

cal effect under study. 

_ Sometimes it is convenient to express the model in terms of the 

yield of the effect instead of survival. For instance, suppose that 

Y(D) is the expected probability of cancer of dose D corrected by 

the control for certain types of cells, and suppose that the cell 

damag~ related to pr_oduct ion of ca~ce_r J s either DNA double-strand 

breaks or DNA single-strand breaks. Then from expression (6) we obtain 

(7) 

where ' a and- ~ are- given in (6). Model (7) is the two-stage model 

{A-r-m-i-tage--and -Doll, 1961). Our derivation takes in account the 

actio~- of radiation on the cell and- therefore may give us a better 

1nterpretation of the results. 

--= 
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Table 1 

2 
Estimated changes in the parameters of SIS = e-aD-~D with 

0 

different radiation regimes . (The model was fitted to data presented 

by Sankaranarayanan and Volkers, 1980). 

Radiation Regimes 

Unfractionated 

Two Fractions 

Three Fractions 

----- -------

Nonlinear Least Square Estimates 

a 
··- --~- ·-- -- - ..... . . 

. 1075 + . 0130 

.0625 + .0119 

.0371 + .0193 

.0470 + .0043 

.0374 + . 0033 

.0308 + .0050 

-------- ------ --- ------- ---- -- --



17 

Table 2 

2 
Estimated changes in the parameters of S/S = e-aD-~D with 

0 

different postirradiation treatments and different initial conditions. 

(Data from Sankaranarayanan, 1969). 

Experimental Conditions Nonlinear Least Square Estimates 

a 
·- · --- ·--·--- - --

N2 - R - N2 . 0964 + .0111 .0092 + . 0017 

N2 - R - 02 . 0452 + . 0092 .0094 + .0012 

02 - R - N2 .2062 + .0201 .0764 + .0079 

0 - R ----2 --- -
- 0 . ---- --- 2 ---- ----------- -- _ __ .1081!- ._0174 __ ---- · 0619 _+ .0059 -- --

Air - R - N2 .1656 + .0086 .0335 + .0023 

Air - R - Air .0891 + .0107 .0273 + .0024 



Exposure . (KR) 

Fig. 1 . - Relationship between X-ray expos·ures and survival 
'' 

of eggs irradiated JS stage-7 oocytes after acu.te and fractionated 

irradiation. The ·.:: urves represents the quadratic roode 1 S/S
0 

= 

,;; ·'e-•aD- ~02 
fitt:.- ·1 to data presented by Sarikaranarayanan anq Volkers. 

1980. 



,-
~ 

> 
,,-

> 
. S-
:, 
V) 

1.00 · -~ .. -···----------~------------ --

.90 

·I . 80 : 

• 70 

.60 

' • 50 

.40 

• 30 

.20· 

.10 

' ' 

··,.,··........ . ! ':<"• .. ,. . ..... ' . :-- ·----=- · ;--· -
: "" ···-<. -· .. -- : - -; 

. ' 

. I 
. . . ·:·--.... .. . . ........... j 

' . _··.>:,.< ... ! 
·,·l, ! 

·-'-... ;-. ....... 

> .... , , 
... .... ·.j .. -·.··•""''· "-" --+-'--'---

: _______ _ i-- - -
. ~::'\,,,.,. ··················:··· ·············-·:---::: ... · ... _ 

. - -..---

1 . 2 3 

'· ...... 
, .. ; !·- ~-

1- . . i:--· ... C>·-1-,'i-, __ 1 ___ : :_; __ :~ 

~ - ·-,· - ; -- +-- -~ ---
: ! ! : 

4 5 6 7 .-8_ ·9:_:_ ._lQ, . . ll - 12 . l.3- ---L4 -15 

Exposure (KR) 

Fig. 2 - Survival pf -s tage-7: oocytes after i rradi a ti on in N2 
followed by either· N2 or o2 

pos-tr~atrrent. The curves· represents 
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Sankarana ray a nan, 1969: · · - · 
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