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PROPOSAL OF A PROBABILISTIC DOSE-RESPONSE MODEL

M. Barrachina *

Abstract A biologically updated dose-response model is presented as an alternative to the linear-
quadratic model currently in use for cancer risk assessment. The new model is based on the
probability fitnetions for misrepair and/or unrepair ofDNA lesions, in terms of the radiation damage
production-rate in the cell (supposedly, a stem cell) and its repair-rate constant. The model makes
use. interpreting it on the basis of misrepair probabilities, of the "dose and dose-rate effectiveness
factor" of ICRP. and provides the way for a continuous extrapolation between the high and low
dose and dose-rate regions, ratifying the "linear non-threshold hypothesis" as the main option.
Anyhow, the model throws some doubts about the additive property of the dose.

1. INTRODUCTION

Induction of long term effects (such as cancer) by low level ionizing radiation exposure remains a highly
controversial question, that cannot be answered at present time with any degree of certainty or scientific
consensus [ l '.
The reasons for such a disappointing situation may be the scarcity, heterogeneity, and poor quality of
the data on human carcinogenic effects of radiation, most of them collected from the atomic bomb
survivors of Hiroshima and Nagasaki (H & N), after long term follow up studies of their excess
leukemia and solid cancers (still in course), together with the best possible reconstruction of their
dosimetric histories [2 '. Obviously, the precarious accuracy and completeness of the data will become a
source of uncertainty of the lifetime cancer risk estimates Pi.
Furthermore, the use of the linear-quadratic (LQ) model for risk assessment may have even worsened
the uncertainty problem, as far as the LQ model only "aims to describe the observed data
mathematically, as simply and with as much fidelity as possible, but without necessarily subscribing to
an underlying biological model" [41, or "incorporating few, if any, of the advances in molecular biology
of the past decade or so" p l . And, what is more astonishing is the fact that the H & N response curves
for leukemia and solid cancers hardly fit into the LQ model, because their upwards curvatures are not
clear at all161.
Then we may ask why the LQ model stands up as the reference model for risk assessment. The answer
may be simple: "because it justifies, at low doses, the well-known paradigm of the linear non-threshold
hypothesis" (LNTH), on which the official radiation protection (RP) is built up all over the world.
Finally, we should notice that the use of a single dose response curve, instead of different curves for

different exposure regimes, is somewhat suspicious of paying an excessive tribute to the Paracelsus'
aphorism "dosis sola fecit venenum". In fact, we believe that the dose rate may be as important in RP as
it is dose itself.
We will see, later on, that facts and questions related to response curves may be looked at in quite a
different manner, if we introduce in the response model the recent advances in cell biology.

2. DAMAGE AND REPAIR

2.1 Damage

Oncogenesis arises from damage to a single cell. This damage (mutation) is a change (at a locus) in the
genomic code, that has to fulfill two subtle conditions, first, not to be detectable by the damage
surveillance system of the cell, and, second, not to prevent the viability of its mitotic reproduction.
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This "fixed", subtle and viable damage is the consequence, in tum, of a primary DNA damage (or
lesion) originated by the passage of ionizing radiation (or the action of other carcinogenic agents). Tins
primary DNA damage may consist of DNA single strand breaks (ssb), double strand breaks (dsb), loss
of bases, gene deletions, etc. The spectrum of these lesions depends on the linear energy transfer (LET)
of radiation, and a good picture of it can be obtained by computerizing the radition's energy deposition
"tracks". The main conclusion being, however, that the quantitative production of primary damage A (=
k-D) is linear with dose D, up to many tens of gray |T| ( or sievert, as numerically equivalent, for low
LET radiation).

2.2 Repair

Since Miiller's seminal discovery (1927), the primary damage has been considered to be something
"static", in the sense that lesions remained "alive" over the time, and that neighboring lesions could
cooperatively contribute to lethal damage formation. This "static" concept has been at the origin of the
multi-hit theories of radiation action, that have provided the foundations for the LQ model. Nowadays,
however, the concept of primary damage is much more "dynamic", as far as three short-term outset
pathways are foreseen:

• repair; the cell recovers normality. Notwithstanding, it is claimed that repair is not
hundred percent efficient, and a fraction of the damage is misrepaired (with introduction
of random errors).

• unrepair; the cell cannot repair the lesions because of unavailability of the repair system,
either by saturation or by genetic deficiencies. The unrepaired cells may probably die by
apoptosis, except those subtle lesions that overcoming the surveillance system may
remain unrepaired.

• apoptpsis; the cells with non-repairable lesions are condemned, by enzymatic means, to
follow the death pathway.

Therefore, repair, when successful (i.e., correct repair), together wit apoptosis, are the only two ways
to prevent the cancer initiation step, and the appropriate mechanisms used by the cell can be seen
elsewhere1*1 M ll0) [n] [u] ln] [n[ [Xi] [16l Thus, it seems very likely that minor DNA lesions may have
unexpectedly high biological effects (like cancer), due to their inefficient removal by DNA repair; and it
is quite obvious that these "minor lesions" can be identified with the residual damage left by the repair
system, either through its own error introduction (misrepair) or because its repair capacity is
overwhelmed by excessive damage (unrepair).
Actually, we do not know how to assess the probability attributable each to misrepair, or unrepair, in
the cancer initiation step, but we should notice that unrepair is the consequence of the limited capacity
of the repair system of the cell to cope with the damage production in it. Nevertheless, under stationary
exposure conditions (D' = constant, being D' the dose rate), we can see that the repair probability, p, of
one lesion is fairly predicted by an exponential function of the type

p = exp (-X • D') { E l } ,
where X , the repair rate constant of the cell, is

A. = l n 2 / 0 D \ {E-2}
being 0D' the dose rate whose 50 percent damage production is repairable by the cell. This function also
predicts that at high dose rates (D' » OD') no lesion will be repaired, and that at low dose rates
(D' « O D ' ) no lesion will be left unrepaired
Now, if we take into account the claim that repair is not hundred percent effective, we can predict the
probabilities of cancer induction by misrepair (pm), or unrepair (pu); and the cancer prevention by
correct repair (pc), as it is stated by the functions {E.3} to {E.6}, shown in Table I, where a is the
cancer risk (10 '' Sv ') recommended by ICRP (1991) for the high region (high doses and high dose
rates), and a0 / a is the fraction of cancers induced by misrepair in the low region. The conversion of
primary damage A ( = k • D lesions) to final effect E ( = a • D lifetime cancers) can be accomplished by
taking as a reference the high region of H & N, where no correct repair seems to be possible (pc = 0, or
w = I) and a lifetime cancers have been estimated per unit dose, what leads to the equivalence of k / a
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primary lesions per cancer. Likewise, in the low region, the lesions left misrepaired will contribute the
fraction a 0 / a to cancer induction.

Fig. 1
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Fig 1.- Probability of Misrepair and Unrepair, w, for several values of DDREF (briefly, F).

We should notice, on the other hand, that (a0 / a) "' is the "dose and dose rate effectiveness factor"
(DDREF) introduced by ICRP, and that w = pm + pu is the function that provides the way for the
continuous extrapolation from the high region to the low region. In fig. 1, the w function is represented,
{E-6}, for several DDREF values; among them, the value 2 selected by ICRP, that may be interpreted
as the misrepair at low doses of as much as 50% of the lesions produced.

Table 1. - Attributable probabilities of cancer induction by misrepair, or unrepair:
and of cancer prevention by correct repair.

{E-3}
{E-4}
{E-5}
{E-6}

Finally, with respect to the existence of a threshold in the cancer induction step, such a threshold should
not exist for positive values of a0, but it could exist for a0 = 0 , or a0 < 0. In this case, of negative
values of a0, not only the threshold exists, but, furthermore, it indicates that low doses stimulate
unknown biological mechanisms that prevent the cancer initiation step of other carcinogenic agents
(hormesis).

Probability Functions

Pm = (oV a ) ' exp (- X - D')
p. = 1- exp (- X • D')
pc = ( l -ao/a)-exp(-A.- D')

w = pm+jpu = H I - cto/ a) • exp (- X • D')

Limit Values
D ' » 0 D '
0
1
0
1

D' « OD'
oto/a
0
1-oco/a
ao/a
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3. CAPACITY OF THE CELLULAR REPAIR SYSTEM

The cornerstone of die response model proposed is the assumption that the cells - particularly, the stem
cells - have a certain repair-rate capacity for any type of lesion, either of internal origin (by endogenous
oxidative free-radicals) or external origin (by environmental toxicants, background radiation, etc.).
The number of spontaneous (internal and external) lesions repaired - per cell, per hour - amounts to
several thousands of ssb, adducts, and so forth, f I7 ' , what sums up a much greater quantity than the
total lesions produced, per cell, by a dose irradiation of 1 Gy of low LET radiation ( u | . Does it mean
that cells are able to cope with the damage of dose rates in the order of 1 Gy • hr "l? The answer is not
at all straightforward, because the damage spectrum may be different in either case (metabolic versus
radiation damage).
So, short of proof, let us assume that the cells, according to the definition of their repair rate constant
}E-2}, are able to repair 50 percent of the lesions produced by a dose rate of 0,2 Gy • hr "' , what is
equivalent to making the assignment of this value to oD'. With this provision at hand, the probability
functions of Table 1 become operative to explore the response curves of stationary irradiation regimes.

4. COMMENT ON "CELL KILLING"

It is well known that in the high region, the H & N cancer curves show a decline in slope, or even
downward curvature, for doses over 2,5 Gy, what is usually seen as the competing effect of "cell
killing" against cancer induction. This is quite true if cancer risk is referred to the survivors, as it is the
case for the studies of H & N, but it should not be so, in absolute terms, with respect to the population
"at the time of the bombings" (or population "at risk"), that it is that which really matters from the
predictive point of view.
Taking this into account, the term "cell killing" should be changed to "individual survival", what would
reduce dramatically the cancer risk in absolute terms, as for as an individual receiving 3,5 Gy (if this is
the lethal dose 50 percent,DM) has a 50 percent probability of dying from acute radiation syndrome,
without having the possibility of expressing any cancer at all. We have followed this criterion by using
the survival probability function :

s = exp(- ln2-(D/Dj 0 ) 1 1 ) , {E-7}
that is a kind of Weibull's function adapted to nuclear power plant accidents, with n as a parameter of
shape depending on medical treatment. In this context, the dose response in the high region ( over 1 Sv)
is shown in Fig. 2 (with preferred value n =3, over the recommended 6.6 (1?1).
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5. THE PROBABILISTIC DOSE- RESPONSE MODEL

The construction of a model to deal with the complexities of radiation cancer responses, under different
exposure regimes, forcefully has to make use of same framework of simplifying assumptions, that, in
our case, is as follows:

• Is', Linearity; the number of primary lesions per cell, A, produced by dose D, is
A = k D {E-8}

' 2nd, Clonality ; a cancer arises from a single cell with a primary misrepaired (or unrepaired)
lesion, that takes genetic advantage in its progress to a fatal tumor.

' 3r i, Reparability; primary lesions may be correctly repaired; the probability w, {E-6}, for one
lesion to be left misrepaired (or unrepaired) is assessable in terms of the dose rate (D') of
primary lesion production-rate, and the repair rate constant X of the cell {E-2}.

• 4th, Survivorship; for an individual dying from radiation cancer, its survival probability s,
{E-7}, should be taken into account for acute irradiation (as in H & N).

• 5th, Correlativeness; the misrepaired (or unrepaired) lesions are correlated to the carcinogenic
effect E,

E = <xD {E-9}
by assuming that a takes the value 10 ' Sv ' (as does ICRP) in the high region of H & N,
where the probabilities w and s are supposed to be 1.

Under this framework of assumptions, the carcinogenic risk effect E is
E = a D - w s {E10}

or, in its explicit form,
E = a • D • [ 1 - (1 - ao/ a) • exp(- X • D')] • [exp (- In 2 • (D / DM) °)] {El l}

where, a o / a is the cancer's fraction attributable to misrepair in the low dose region; and, its inverse
(a^ a) "' , the DDREF factor.
X , The repair rate constant of the cell, supposed to be 3,47 hr • Sv"' .
D50, the human lethal dose 50 percent (3,5 Sv).
n, a shape parameter of the survival curve (taken here as n = 3).

By the very nature of the model, the response curves can be split in three regions (and so can RP), as
follows:

• The low region ( D < 0.1 Sv; D' < 0.1 Sv hr ' ) , for which equation {E l l} becomes
EL = a o - D {E-12}

where a0, the "nominal cancer risk probability factor", takes the value 5- 10 '2 Sv "' [7!

according to ICRP (but smaller values are possible).
• The intermediate region ( 0,1 Sv < D < 1 Sv; D' > 0.1 Sv hr '' ), for which equation

{El l} becomes
E, = a D - [ 1 -(1 - O o / a ) e x p ( - X - D ' ) ] {E-13}

• The high region ( D > 1 Sv; D' > 1 Sv h r ' ' ) , for which equation {E l l} becomes
EH = a D [ e x p ( - l n 2 - ( D / D 5 O ) 3 ] {E-14}

6. INFLUENCE OF THE DOSE-RATE 1NTHE RESPONSE CURVES

The dose-rate effect is clearly manifested in the intermediate and low dose regions, in which equation
{E. 13} reduces to {E. 12}, for low values of D70D-. In Fig.3, four theoretical dose response curves are
shown, corresponding to the data of dose ( D/Sv), dose-rate (D7 SWhr), and exposure time (t//jr)
given in Table II.
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Fig. 3 - Influence of the Dose Rate in the Response
Curve
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Table H. Data for three series often dose-points, obtained as specified in E-1, E-2, and E-3

E-1

E-2

E-3

D
t-1
D'-1
t-2
D*-2
t-3
D'-3

0,1
0.1
1
10
0,001
100
0,001

0,2
0,2
1
7,743
0,026
59,948
0,003

0,3
0,3
1
5,995
0,050
35,938
0,008

0,4
0,4
1
4,642
0,086
21,544
0,019

0,5
0,5
1
3,594
0,139
12,916
0,039

0,6
0,6
1
2,783
0,216
7,743
0,077

0,7
0,7
1
2,155
0,325
4,642
0,151

0,8
0,8
1
1,669
0,479
2,783
0,288

0,9
0,9
1
1,292
0,697
1,668
0,540

1
1
1
1,000
1,000
1,000
1,000

The main conclusions drawn from Fig. 3 are :

a) for constant dose-rate irradiation, E-1, the response curve is linear; this has been recently
confirmed for dsb in human fibroblasts p0)

b) for variable dose-rate, in correspondence to a geometrical irradiation time distribution in the
interval (10-1) hr, curve E-2; or (100-1) hr, curve E-3, the dose-response curves are
different.

c) for variable dose-rate in curve E-4, identical to E-3, the response is most sensitive to the
value of a0, in this case equivalent to DDREF = 10 , while the previous curves where for
DDREF =2, as recommended by ICRP.

Finally, there are other important exposure regimes in which the dose rate will be time-dependent, D'(t),
during irradiation. The most outstanding case is that of H & N, with a very short time of exposure (30
seconds) and dose rate extremely variable, according to position. We do not know the repair kinetics
under these conditions, but, if we suppose a repair time of 24 hrs., we would roughly approach the
cancer effect by supposing that the D' w 5 - D (in Sv hr '), what would give the dose-response of Fig. 4.
Despite the uncertainty of this curve, it is clear that we do not need the quadratic term of the dose to
obtain the response curves observed for leukemia and solid cancers in H & N.
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