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Abstract

For solid tumors and for leukemia the excess cancer rate after a single radiation dose D is different.
The multiplicative model describes the excess solid tumor probability rate which is proportional to the
background rate of cancer and dependent on dose D. The additive model describes the excess
probability rate for leukemia which is proportional to the dose D but unrelated to the spontaneous rate
of cancer. A second great difference between the two models is the duration of the increased cancer
probability rate. The multiplicative model predicts that the additional cancer risk persist the whole
lifetime after exposure and the additive model predicts an excess risk over a period of time. With the
Single-hit model (SHM) which is a multistage cancer model both dose-response relationships can be
described. It will be shown that only small differences in the derivation will lead to the different
relationships. We then analyze the incidence data of leukemia (1950-1987) and of all solid tumors
(1958-1987) of the atomic bomb survivors.

1. THE MODEL FOR THE SPONTANEOUS CANCER RATE

The basis of both models is the multistage process of carcinogeneses which was already formulated by
Armitage and Doll [1] and later in advanced form by Fleck et.al. [2]. This multistage cancer model
supposes that at age t an individual has a population of Mo(t) completely normal cells. In each of these
cells are several DNA regions which are sensitive to the induction of cancer. These are for example
the proto-oncogenes, tumor-suppressor genes, or normal cellular genes. Bj (i=0,l,...) is the number of
these critical DNA bases (nucleotides) in critical codons of all tumor associated genes per cell which
has undergone the i-th transformation. The healthy (Mo(t)) cells acquire one mutation at a rate
BoMo(t)Ps. Ps is the mean spontaneous probability for a mutation per base. The generation and in
consequence the number of existing cells with one mutation is also dependent on the mutation-rate of
cells of the following stage M^t). The cells with one mutation acquire a second mutation at a rate
B,M,(t)Ps, and so on until full malignancy is reached.

(1)

Regarding the huge number of human cells and the fact that the probability of mutation is very low
(otherwise all human would die soon after birth on cancer), we may assume that Mx is several orders
of magnitude smaller than M<,. In consequence the sink in Eq. (1) is negligible and Mo(t) is constant.
We get a model which predicts the spontaneous tumor incidence rate per 105 persons and per year
proportional to t™"1, where n is the number of mutations to become fully malignant [3]:

n. n-1 (2)

BoB^B,... Bn.,M0

(n-1)!
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We consider the activity of the immune system with Xj. This is the probability that a cell is not
eliminated by the immuno surveillance (X<<1). For our calculations we assume a constant immune
system activity over lifetime.

2. THE SINGLE-HIT MODEL FOR THE CANCER RISK AFTER A SINGLE RADIATION
DOSE

At a certain age t*, M , ^ ) 1 cells are in the 1st transformation step, M ^ t * ) cells are in the 2nd

transformation step and so on. The radiation dose D leads to the transformation of AMQ, cells from the
0th step into the 1" step. AM]2 cells transforme from the 1st step into the 2nd step and so on. In theory
cells can be transformed from each transformation step into the next or in one of the following steps:

2

with AM12 (D,O = B, M, be(tx)PD = 8 0 8 , 1 ^ PSPD t* (6)

and so on.

The probability PD that cells transform from a stage into the next one can be written as a linear
quadratic dependence from dose D [3]:

Previous research indicates that a single radiation dose of the magnitude of a few Grays causes only
one mutation [3]. So we will only take into account the AMy transformed cells, where j :=i+1. After
an exposure the generation rate of cells that reach the 1st transformation step is defined as:

dM lM(t) / *
—~— = BOPSMO - B ^ M . a t ) + AM01(D)) (9)

Ps* is the mean spontaneous probability for a mutation per base after the first mutation. We assume
the initial condition M]be(0)=0. The condition of M ^ t J is given in Eq. (4). The AMQ, cells
change the size of the sink in the differential equation. Provided that the sink of Eq. (9)

/ is nevertheless negligible and P s ~ Ps* we get:

dM (t) t""1

I 2 BBjw^-jjf AM.B-.iwr-I T B . - B ^ j j f ^

In Eq. (10) is considered that the remaining transformations till full malignancy is reached, will be
caused by the spontaneous mutation probability Ps. As it needs some time for the occurence of the
remaining mutations there is a latency period between the time of exposure and the appearance of the
excess probability rate. For the cancer incidence rate after exposure c; „ we get [3]:

Ci«(D, t) = c, (t) + ec, (D, t) = ^ V " 1 + (n -1) ?sn
a-1, (H)

ec, is the excess cancer incidence rate. Note, that no age at time of exposure ^ occurs in Eq. (11), all
terms that include t^ have been reduced. This relationship has validity for the solid tumor rate
following a single hit of radiation exposure and it is called Single-hit model for solid tumors

1 The index be means before exposure, ae means after exposure and t, is the age at exposure.
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(SHM-S). Eq. (11) is similiar tg the multiplicative dose-effect relationship. The excess cancer rate ec,
contains the mutation probability,.P^ and the age t of the spontaneous cancer rate c, just with reduced
exponent. The proportional constants are the factor (n-1) and the dose-dependent mutation probability
.P^. If we derived the SHM-S only with the consideration of AMQ, cells and without AMU, AM23 and
so on, we would have to exchange f~2 in Eq. (11) with (t-tj"2 and the similarity to the multiplicative
model would be lost.

If Ps* » P S , the sink of Eq. (9) is not negligible. In consequence the additional cancer rate after
exposure again decreases after some time and we get an additive dose-effect relationship. Since
PS*»PS there are always only very few cells in higher transformation stages. This means
AM,2, AM23 and so on are very small and we therefore assume that they are negligible. The dose-
effect relationship for the leukemia rate following a single hit of radiation exposure becomes to:

(13)

with ,PDn = ( l 0 % B o B l ^ : 2
B

) ; - l M ° ) ( P ; r 1 ( ^ + q D 2 ) ^ ^ D + i q n D 2 (14)

Eq. (13) is called Single-hit model for leukemia (SHM-L) [4]. v is a mean constant which takes into
account that the total collective of additional cells in intermediate stages (caused by the radiation) will
be decreased by the cells that reach the n-th transformation step and rendered harmless by the immuno
surveillance. The constant v is dependent by BQ ... B,,., and Ps*.

3. APPLICATION TO THE INCIDENCE DATA OF THE ATOMIC BOMB SURVIVORS

We restrict our analysis to age at exposure tx<60 years and age t<75 years to avoid some of the
uncertainties of diagnosis. In addition we only use classes with shielded kerma < 4 Gy. The
spontaneous solid cancer incidence data [5] are stratified in 6 ATB (age at exposure) cohorts and 7
calendar-time cohorts. The dose-related solid cancer incidence data are stratified in 4 ATB cohorts, 5
calendar-time cohorts and 8 dose classes. The spontaneous leukemia incidence data [6] are stratified in
3 ATB cohorts and 5 calendar-time cohorts. The dose-related leukemia incidence data are stratified in
3 ATB cohorts, 5 calendar-time cohorts and 5 dose classes [4].

The solid cancer incidence data are related to the person-year weighted colon dose. The leukemia
incidence data are related to the person-year weighted bone marrow dose. The fit of the spontaneous
solid cancer incidence rate resulted in a mean number of 5 occuring mutations. The fit of the leukemia
incidence rate yields in only 3 transmutation stages. The fit of the SHM-S to the dose related solid
cancer incidence data was done with the values for n and jPSn from fit 2 and resulted in a best fit with an
assumed linear-quadratic dose dependence (fit3). However, the fit with fixed 1q5:=0 results in only a
little larger sum of squared deviations. The fit of the SHM-L to the dose related leukemia incidence
data was done with the values for n and jPSn from fit 6 and resulted in a best fit with an assumed linear-
quadratic dose dependence (fit7). However, the fit with fixed ; £ 3 :=0 also yields a little larger sum of
squared deviations. Fig. 1 and Fig. 2 show some fitted curves in relation to the observed cancer data.
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Tab. 1 Best estimates, 95% confidence interval and the sum of squared deviations of the fits of the
two models SHM-S and SHM-L to the atomic bomb survivor data. The regression analysis were done
with Nonlin © which uses a combination of Gauss-Newton and Levenberg-Marquardt methods.
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