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I. INTRODUCTION -·. •'' ~ .-.. 

The search for the dose-effect relationship began many years ago [ 1-8 ). How­
ever, the problem of possible .consequences of: radiation exposure· in humans, 
particulary by low doses, is far from its decision [9). The striking illustration of 
undecision of the problem is two mutually-exc)usive p_redictions of consequences 
of radiation exposure in :humans in the Chernobyl accident [I 0,1 I). One of th~m 
prophesies about. 300000 lethal outcomes from cancer in result of the Chernobyl 
acci&nt [ 10]; the' seco'nd informs abo~t pr~~eritiori of' 2ooc)o lelh~t outconlesfrdm 
cancer in the ex-fJSSR republics [II).· Anothet illustration is connected with 1990 
Recommendations of the International Commission on Radiological Protection. 
[ 12). The ICRP has considered the dose limits insufficiently low and 
recommended to reduce them, while a number of specialisis considers t)1is 
recor;-;rriendation as unjJstified and extravagant; furthermore the author [ 13] has 
considered ICRP recommendation as speculative because of danger' to the human 

r - ~ -

health .. These two illustrations are consequence of that the authors of the 
predictions~ opinions. and recommendations have used different dose-effect. 
relationships. In this connection. a seart:h _of new more effective dose7effect 
relationships may be justified and actual. 

This article presents such new dose-stochastic radiobiological effect 
relationship, demonstrated its possibility to fit some of the most striking control 
results and gives the.estimation of radiation risk at the Joint Institute for Nuclear 
Research ba<;ed on .the model of two defence reactions (TDR). 

2. MODEL BASE 

The main considerations and conditimis, assumed as basis of the TDR model, 
and formulas are following: 'I) Radiobiologi~al effects, which are the result of 
random events, are examined; 2) Biological objects may be any capable of self­
defence organisms; 3) A defence system is. realized in two types of organism 
reaction (response), which determine innate Jl. and adaptive Jl.. radiosensitivities;· n a 

4) The significances of Jl. are· determined by host (inner) ·factors; and the 
) n . . 

significanc,es of Jl.a' by .external factors; 5) The possibilities of adaptive reaction 

r 01.)\CJl~,i~ii}.iN!l ~~~~t!r ·j 
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are determined by the coefficient of capabilities of defence system v; 6) An 
ionizing radiation exposure decreases or .increases the frequency F or probability 
W of effect unsurely creating new species of it - radiation induced. The 
considerations 3--.,.-6 need in argumentation, which partly I]lay be adopted from the_ 
published studies with cells [15,16] and partly may be supported in success fitting 

. of experimental results and control. For higher organisms it is determined that 
response of immune system on t~e action of any dangerous factors sums up two 
compo~ents- innate and adaptive, ·divid~d by some tjme interval [17]. 

.,J 

''' ~:. 

3~ FORMU~AS OF;.TDA MODEL. 
. ' ··-. •,'.,· ....... ' ':' ' 

. . . 
::;,,;.,;;; 

"-~ ~-., :!'·<'--:~,, ~ .·: ~~- ;-~ ·. :·: ·~r. ; 1 - •• _:.; •r ·;: ,:.· . ,, _.-.. ~. 

.. , .·.We.: assuJlle a f~n<;tion f as a basis :()fd~se~e(fect ~elatio,nship and define)t 
· tql!s tb(lt the product. (1 -::We){ is the probability to .avoi9 stochasti.c effe9t at dose 

exposure H;:'here ·w ·is· the ·probability of the effect in control. (probability of 
..... , .... ·. --···i·c;>··.-. ,· ·.· .. '" ····· .. ··'"·· ... · .. " ... , 
spontaneous 'effect, back-ground). Then the probability 'ofth~:·effect is 

; • • I~ 7 ,. I' .. '; , '. I ::• ,- t • , • , ·~, , , •. , • :; . ; , • i . • ~ . '_: ~ ' ~"' . '::; 

·.··:: 
· w ~ r..:. ((-'w)}: 

'· . 1 , ·. C l·· 
t.!(_: '•' O) 

j.~. •:·•:;;_ •.• ~ -·: . ;'•. ; '. •. . . ~-: i~ ' ·. ,·_·- . ~;~ - -~ .• ·.' .. ;·", 

. The excess of the effectabove background is the difference of W and W: 
·;,_:'1 ~--~; •· '::, ,•·t ,;, I."~·'.:, ',. ,· ; -~. -.~ .-.~' ,;' : ', ; ·• C" 

'· f • <I! ''·l: . - ~ ,, 
',q! · .'· · ·. ··~W= w-.:...w~ =d.,... We)(l :-fk· . ; ~ :<(2) 

.... s, ., ,); 

·'The relative risk (RR)·is ·determined•as a· ratio ~ : t ! . 

1 :..:'(1 "-WJr· 
•· :.•:!. •::··\: ... :·:,,. ·.R~ = ~-~· We 

·' 
,.,, 

(3) 

·:The m~an•freqtiency'of expected effect in accordance to [8] and (1) is· '• 
"' ) • : . . ,1. ·. . : i . j • : :' 

' " ---- = In -- · 
F = In 1 _ W (1 - We){ (4) 

. A function f is found by solving the :following differential equations: 

dfii = -JljndH, 
;';. 

... '~,? ' 

(5) 

,· 

'df = (Jl vf · - Jl f)dH: 
a n n da . (6) 

~.1 '). ' ,. 

Here fn is the fraction avoide((effect (lesion): of .individuals because of the 

in net defence reaction at radiosensitivity Jln,Ja is. the addition~l fraction avoided 
../ ~ ....... , "-·.-.-.~ ... ~-

:.• ·z· 
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effect. of individuals because of the adaptive defence reaction at radiosensitivity 
P: • and v is the coefficient of capability ·of a defence system. The solution . is 

a . . . 
n;ceived for two particular cases that may help to describe control results adduced 
in part 4. In the first case significances of J1 • Jl , v are considered as independent 

. , .. n a. 

of. H. then _the solutions are [14] 

fn = exp (-f.!/1}. (7) 

VJl 
_ ____::,n,- [exp (-Jl H)- exp (-Jl H)}. 
Jln- lla. a n 

fa (8) 

Total fraction a~oided effect (lesion) of individual is considered as a sum of 
f. andf: n• a 

vp.n 
f = exp (-Jl H)+ [exp (-Jl H) .,- exp (-Jl H)]. 

n Jln- lla . a . . _n 
(9) 

In the second case. J1 is considered as indepe1u.Ient'of H; a~d Jla and v, as 
n . , . , 

dependent on H, then the solution for f is (7) and is described by the equation a . 
H H H 

J;, :;= exp (-J Jladll) {J.ln J [v exp (-JI/lJ exp ( J JladH)]}. (Hl) 
0 0 0 

.In all case.-. the significances J.l , Jl , v have to satisfy the condition 
n a 

I 
~~"~="we 0 

(II) 

The analysis (9). at the condition (II) shows the possibility of describing a 
hormesis [11,18,19], asfmay be more than I, and W < W at v:> I. At low doses, 

. . ' ' c . ,' 
when JlnH << I, we may get Eq.(J2) If r~strict the first two.terms of expansion in 

the row of exponen~s: 

1 = I + J.l/V - l)H ... 

. Substituting. this value f into (2), we have 

and for derivative 

·l 

·AW =(I -lV·1(I...:. V)Jl H 
fc' .n 

' -'~ 

wr = AW'.=(l.-.lVd(l. -.V)/ln. ·; 

3 

.(12) 

.. (13) . 

.... (14) . 



Formula;(l3) shows that absolute excess of ri~k is straightly pro.portion to" 
dose ;at ·low-dose and above-mentioned conditions. ·In this case for the derivative 

• A W' I CRP . recommends the naine. - «probability coefficient· for stochastic 
eff~;~;>. From (14) one can see that th~ significan:ces of AW' may vary in a wide 
r~n!£e, . that was ~oted in the study [9]. Negative .signifi.cances AW and 
AW'(v > 1) correspond to hormesis. · . ··· 

4 .. 'MODEL VERIFICATION 
•' 

At present time, a verification of right and effectiveness of considerations, 
assumed as the basis ·of the· TDR model, 'may . be only in. an ability of fitting 
different observed dose-effect relationships with the. help of, the formulas 
presented· in· part '3. Jri· the; capacity obseived''quantities. in 'the· epid~miological 
control, W and RR are selected, furthermore f and F - in the experiments with 
cells. 

4.1. Epidenlioiogicai Results' 
The relative risk of t;an(;er mortality for Japanese A-bomb. survivors in 

Horishima and Nagasaki is presented in Fig. I. · 

RR 
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'' Fig.l. Relative risk RR of A-bomb survivors: a) mortality from leukaemia; b) mortality 
from all cancer oth~r than l~ukaemia; e, ~, o - epidemiologogical studies results on all 
of survivors (• [18], ~ [iO]) and those who were less than 40 years old at the time of 
bombing (o- 95% confidence interval [18]):---- TDR model result 

The TDR model results are obtained by formula (3); which parameters have . 
'been ~determined at the consent condition of calculation and control results; they 
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Fig.2. Lung cancer mortality W vs. radon level (r0 ____:_ 37 Bq m\ WLM i:.. ; 
.• ' . ··'' " •' 

0.5 .cSv): •- in homes (Cohen B.L., 1995, from Ref.[l3]); 0-:- in mines 
(ICRP, 1993, from Ref.[l_3]); --- fit to data of TDR model 

are: h = 0.66 Sv-1, 11 = 1.022 Sv~l, v = 0.95 to solid cancer and 11. = 0.4 sv-1, 
t'"'n ra · .. ,rn 

Jl-
0

= 0.16 Sv-1
; v = l.02()72 to leukaemia. The signifiCari~e~ w: 'are assumed 

equal to 0.2 to solid cancer [20] and 0.0018 to leukaemia [18]. 
· Figure 2 ·· shows ·lung cancer mortality ·as function of radon level for two 

cohorts of human: ,the underground miners and the dwellers of the USA counties. 
An .effective dose HE of the dwellers is a cumulative dose over lifetime; an 

exposure of the miners at. 1 WLM approximately creates the effective dose 
0.5 cSv 113]. The TDR model results are calculated. under the next conditions: 
W = W /70, where 70 ·is the lifetime significance, and W is calculated in accord­
ance with (1) at W = 0.0056 [9,12,20]; the lower curve is calculated at c . 

Jl = 1 sv-1
, Jl = 0.5 sv-1

, v = 1.22, and the upper curve is. calculated: at n a , 

Jl~ = 1 Sv - 1
,. Jl-

0 
= 0.644 Sv - 1, v = 0.98. ·The significances of parameters reflect 

such a fact that the capability of the miners defence (immune) system is: lower 
than the dwellers ones. Apparently it ·is connected with additional danger factors 
of miners'.The epidemiologicaLresults:of the lung cancer of Swedish dwellers 
without a hormesis are pre~ented 'in [11]. 

4.2. Experimental· Results with Mammalian· Gells 
Figure· 3 presents the dicentric frequency in human-lymphocytes as function 

of photon dose: The data points are displayed according to the experimental 

5 
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Fig.3. Dicentric yield as a function of a photon dose: o, •. !:::. , o -
experimental results;·-· -·- ....:... fit to the data of TOR model; -· · · , 
·- - ---' - fit to the data of linear-quadratic model 
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Fig.4. Survival of cell line HT29: data points are mean.± standard error; 
..... -linear-quadratic model;---- induced repair model fit;_---. 
- TDR model fit 
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Fig.5. Survival of spermatogonia 'type B of mice after irradi~tion at peak dose in stooped 
negative pion, neutron and photon beams: data point ~-:- experiment, solid line. - TDR 
model fit · 

'• ,f 

results' of the next studies [22-25].' The extreiriJm of experimental. ~e~ufts: 'is . 
described better by TOR model, as can be seen in Fig.3; the values of TOR model 

parameters calculated with form~la (4)' are; Jl = 100 Gy-1, fl = 0.1 a/-1, 
· n a 

v ::::· 1.00193. 
\ ! ' ':-- - ~: ~· ;,,;r,, ,. ; 1' • 

Figure 4 shows the survival of human cell line HT29: the data • points are 
experimental results [26], the curves - the fitting of· defferent·models .to the di!ta. 
The. values of TJ:?R. model parameter fitting (formulas (7Land. '(lO))·.·are: 

fln =:="0.62s'Qy-1, Jla·=.0.606.Qy-1;the vah,1es ~fv are changed fr~m 0 to l.lclose, .. 
for the _dose of, 0.15 in_ accord~nce to sigmoid;shape·of curve. It can:meari the. 

putting into operation· of ·adaptive rea~tion · close to dos~ 0.1'5 Gy -I .. Such 
phenomenon was observed earlier. (see, for example, [27]). At the doses <L Gy the 
linear-quadratic model substantially underpnidicts the effect of X rays. 

. . . . 

The survival spermatogonia type B of mice after exposure with different types 
of radiation [28] is shown in Fig~5. The mice were .irradiated using l'u-Be 
neutrons, 14-MeV neutrons and high:energy neutrons up _to 600-MeV (data points 
are not indicated in Fig5). The parameter significances of TOR model fitting 

7' 



(formula (9)) are: J.1 = 10 Gy-1~ for all types of radiation. ·ll = 6.25 Gy.-1_, . n a 

v = 0.9 (photons), Jl =50 Gy -l, v = -0.9 (pions) and v = 0 (neutro~s{ Negative 
. a -

value of v indicates apparently. that .the {;ell ·defence systems :are .suppressed by. the 
action of pion nuclear reaction products. 

5. APPROXIMATION OF THE RESULTS TO RISK ESTIMATION 
.~' 

· The· presented and verified TDR model for describing dose-stochastic 
relationship permits one to realize the estimations of radiation risk R :at determined 
significances Jln' Jla' v for human cohorts with known dose distributions. Forthe 

'· •' 

simplest case R is estimated as a .product of derivative of effect probability 
W' (or .aw} at dose H on its signification . 

R= W~H. (15) 

For the cohort N0 of individuals with dose distribution dN / dH the risk is 
H 

R = Jm W'H dN dH {16) 
dH ~ · 

0 

where H is the maximum dose of the distribution. At low doses in accordance m 

with ( 13) risk is, a product of probability coefficient for stochastic effect (W ~) on H:' . . . .. . . .· . . ,, .. 

R = (l - W ){1 - V)J.1 H. . c , __ , n- -' (17) 

The application of the presented TDR model and formulas is illustrated by 
some ex,am~les. 

5.l •. Comparison of. Probability Coefficient of Cancer Mortality· W ~ 
m 

The most' important result· of epidemiologiCai ·control ot human exposure is 
the estimation of W 'm' which· is based on· extrapolation of risk from. higb ·to low 

doses studies. Such extrapolation on the base of TDR model formulas and the 
parameters. of part 4.1 gives the following. 

5.1.1. Comparison Results ofW' on Base of Cancer Mortality of Japande 
. ·.. m ·.. .. ., ..... 

A-Bomb Surv.ivors. The values of W' for lifetime risk are: 
m 

Solid cancer (without leukaemia). 

_:_according with (14) at w = 0.2 
. , -.' .. ' 'c . ' c 

.~according with IC~P [12] 

8 

·' 

w·; = 2.6-io-2 sv-• 
' ,· : : '.- .., 

W,' =4.5-10-:-2 Sv-1 •.. · 

All cancer '".: ·' : 

:_according 'with (14) . 

. -according with I(:RP [12]. 

... ; ~; . 

.· ·w, ·= 1.8,io-2 sv:-1, 

W'=4.S·I0-2 Sv:...1• 

5.1.2. Comparison Results of'W' on' B_ase oj Lung Can~er: Mortality of 
' •c . ; . . • m . '•' ,. ' '· ,, : .. ·, ·: ' ' 

Underground Miners. The values of lY 'm. wi!hout COIJ~ction for lifetime risk are: 

-~ a~cording with (14) . w; = 1.9·10-2 sv-1, ';; 

- according.with linear model '' w~ = I4.'w-2 sv-1. · 

5.2. Estimation of Radiaiion Risk at JINR 

The estimation of ~isk significance is calculated in accordance 'with (16):• The 
dose, distribution. of the Joint Institute for Nuclear 'Research (JINR/statf 'is 

. presented in .£29]·as typi~al for _the last ten_years. The relationship W' as'func.tion 
His found on the base of {I), (9) and 5.1.1 for workers. The calculation·result 
gives the next value of radiation risk level R of i500 workers of'JINR usirig 
radiation sources: · · · ' 

H 
't j•· 

R = r W'H ~~=~:I cancer deathlyr: 
0 .. 

' 
'· 

This value is more than 30% as compared with a product of collecti~e dose 
per y~~r of JINR workers (5 · S'v/yr) on W' calculat~d: with <i3J: ~The risk 
calculation on base quantity »'' re~~mmended by:ICRP[l2] gi~es its\;alue-0.2 
cancer deat per year, that exc~eds t~ic~ the 'risk;v~Iu'e o( TDR modeL . .. 

• .. ". . ·, .... ~ ,. •. ,.,.. ~ ' '- -. • :. l - ~ . 

-·~·· 
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