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ABSTRACT 
Based on the carcinogenesis model as proposed by Moolgavkar et aL, time-dependent relative 
risk models were derived for projecting the time variation in excess relative risk. If it is 
assumed that each process is described by time-independent linear dose-response relationship, 
the time vaiia&cia £3 excess, relative risk is influenced by the parameter related with the 
promotion process. The risk model based carcinogenesis theory would play a marked role in 
estimating radiation-induced cancer risk in constructing a projection model or transfer model. : 

INTRODUCTION 
The ICRP adopted relative risk models 

for radiation-attributed lifetime cancer 
probability in the 1990 recommendations 
(ICRP 1991). This is mainly because the 
epidemiological data of A-bomb survivors in 
Hiroshima and Nagasaki indicate that the 
variation in relative risk with attained age is 
constant for a given age-at-exposure. In 
addition, an absolute risk model previously 
used would underestimate radiation-attributed 
lifetime cancer probability. The two risk 
models were proposed by the BEIR 
committee (BEIR.1980) for projecting the 
excess cancer mortality observed in the A-
b e e b oo&ort into lifetime. The main 
difference between the two risk models is 
whether the excess cancer mortality has 
relation with spontaneous cancer mortality. 
However, the ICRP distinguishes risk 
projection models with the risk transfer 
models used when the excess mortality is 
applied to other population having different 
spontaneous cancer mortality from the A-
bomb cohort. The BEIR V (NRC,1990) 
analyzed the A-bomb data and other cohort 
data by log-linear models taking the variation 
in relative risk with attained age into 
consideration. In order to estimate excess 
cancer mortality, therefore, it is important to 

examine a quantitative relation with 
spontaneous cancer mortality rates which 
markedly increase "with age. 

A malignant tumor develops through 
multistep processes. Armitage and 
Doll(1954) proposed the first multistage 
model of carcinogenesis. It assumed that the 
age-specific mortality rates of human adult 
carcinomas increase with age to a power k, 
which indicates the number of stages 
required for malignant alteration. In contrast 
to the Armitage and Doll model, 
Moolgavkar, Venzon and Knudson 
(1979,1981) proposed two-stage model for 
carcinogenesis, which will be referred to as 
MVK CTodel below* taking into account 
cellular kinetics. This carcinogenesis model 
can give a good fitting and interpretation for 
the age-dependent spontaneous cancer 
incidence rate of a specific population data 
(Moolgavkar,1981). 

In this paper, the time variation in excess 
mortality rate after exposure was examined 
by application of the MVK model into the A-
bomb data. Firstly, we derived a risk 
projection model from the MVK model as a 
carcinogenesis theory. Secondly, the A-bomb 
data were analyzed with our risk model. 
Lastly, the time variation in relative risk for 
age-at-exposure was compared with other 
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risk models proposed by ICRP and BEIR V. 
We limited the analysis of the effect of single 
exposure to radiation on the time variation in 
relative risk for the purpose of validating the 
risk rnodel based on< the A-bomb data.. 

METHODS 
(1) Carcinogenesis Models 

The MVK two-stage carcinogenesis 
model assumes that stem cells change to 
initiated cells by first mutation and 
ftrrtfacvuvore cmrsotr cells ace toioDtitl by 
second mutation. In addition, the MVK 
model is a stochastic model which deals with 
a homogeneous filtered Poisson process of 
initiated cells (Moolgavkar,1988). Let Y(t) 
and Z(t) be random variables representing the 
number of initiated cells and malignant cells, 
respectively. The probability generating 
function of Y(t) and Z(t) is: 

¥(y,z;t)=exp[Ws)X(s){<}>(y,z;t-s)-
l}ds]. (1) 

Using PGF the hazard function is obtained in 
the following equation.. 

X(t) = -*F'(l,0;t)/^(l,0;t) 
= U2Jui(s)X(s)3<l>/ay(l,0;t-s)ds 

(2) 
•where 

3<j>/dy(l,0;t-s) = (y2-yi)2exp[a2(y2-yi)(t-
s)]/{ (l-yi)+(y2- l)exp[a2(y2-yi)(t-
s)]}2 (3) 

where y2>yi are two real toots of 

a 2 x 2 - (a2+B2+H2)x + B2 = 0. 

The solutions of the MVK model are not 
usually available in closed form. In the case 
of epidemiological data, the approximation of 
the hazard rate as an expected value is: 

>X0=ttr(01 { Hi(s)X<s)exp( J (ai(u)+ 
B2(u)]du)}ds (4) 

The difference between the closed1 form and 
the approximate form is influenced by the 
second Tiratatkm Tate as shown in Appendix. 
Therefore, the approximate form should be 
carefully used in carcinogenesis analysis for 
epidemiology and animal experiment 
(Moolgavkar and Leubeck 1990). 

(2) Risk Modeling 
It is not clear about the effect of single 

exposure on the multistep process leading to 
cancer. However, single exposure to radiation 
would increase the first mutation \i\ from the 
viewpoints of the two-stage model for 
carcinogenesis. The minimum latent period 
following single exposure is about 10 years 
for nonleukemia according to the 
epidemiological data of the atomic bomb 
survivors in Hiroshima and Nagasaki. 
Therefore, the effect of single exposure on 
the second mutation p.2 may be less 
important. On these reasons, it can be 
assumed that a single exposure to radiation 
acts as an initiator. In addition, the dose-
response is assumed to be linear. If, for a 
brief period of time (to,ti), \L\ is increased by 
a fraction 5 depending on dose, the excess 
hazard function following a single exposure 
is: 

*."ex(0=a.l(t)-Xo(t) 
= Hi n2oJx(s)a<|>/ay(l ,0;t-s)ds. (5) 

where X i(t) and X. o(0 are the hazard 
functions following a single exposure and no 
exposure, respectively. If tj approaches to to, 
^ e*(0 reduces to: 

^ ex(0 = HiU25 X(to)3<l>/ay(l,0;t-to) (6) 

where to is age at exposure. The approximate 
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form of the excess hazard function is given 
by: 

XexOHi^iSXdo^xpKa^BzXMo))- O) 

When it is assumed that all the parameters 
are time-independent, the approximate form 
of the ha*nrd function of spontaneous cancer 
given by (4) is: 

*o(0=H2HiN/(arB2){exp[(arB2)t]-l} (8) 

where N is the number of stem cell 
population. The equations (7) and (8) will be 
used for analysis in this paper. Note that the 
value of OC2-B2 w"as called g in analysis of this 
paper. The difference between the 
approximate and closed form will be 
discussed in another paper. 

(3) Statistical Analysis 
The A-bomb data summarize the cancer 

mortality of the subcohort for the period 
from October 1,1950 through December 31, 
1985 for 75,991 members of the LSS-E85 
cohort (Shimizu.1988). This data include the 
gamma and neutron kerma based on the 
dosimetry system 86 (DS86). For variables 
analyzed, we used a person-year weighted 
average for the survivors at risk in a specific 
age group*. Average age-specific body 
transmission factors (Shimizu 1987) were 
used to estimate absorbed dose in each organ. 
The observed number of death in each cell 
follows a Poisson random variable. The 
latent period was assumed to be 10 years for 
nonleukemia. The SAS NLIN procedure was 
used for analyzing nonlinear models. The 
method of iteratively reweighted least squares 
was used for the Poisson regression analysis. 

RESULTS AND DISCUSSION 
(1) Result of Data Fitting 

The risk model derived from the MVK 

8 0 

Bg. t MVK model fitting to spontaneous stomach cancer 
mortality toe all age-at-exposure in A-bomb data. 

model predicts that the time variation in 
radiation-attributable excess mortality would 
depend approximately on the growth rate of 
an initiated cell. This parameter differs 
among cancers and consequently meeds no be 
obtained for each cancer. Figure 1 shows the 
age-specific mortality rate per person-year in 
a dose group less than 5 mSv for stomach 
cancer. The MVK model agreed well with 
the spontaneous cancer mortality rates in the 
A-bomb survivors. The estimates of the 
parameters for males were g=0.166 (±0.018) 
and Nuiii2=7.24xl0-7 (±5.77x10-7) in lung,, 
and g = 0.075 (±0.004) and NuiH2 = 9.62 x 
10-5 (±2.08x10-5) in stomach. The values in 
parentheses indicate standard errors. 

The MVK model for radiation-
attributable cancer was fitted to the excess 
mortality rates. This estimate of g parameter 
was compared with that of the spontaneous 
cancer mortality rates. The difference 
between two was not statistically significant. 
This result showed that the risk model 
following single exposure derived by the 
MVK carcinogenesis theory could be used 
for projecting the time variation in excess 
death rate with age after exposure. 

(2) Comparison with Other Risk Models 
The BEIR V obtained the reduction in 
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Fig. 2 Comparison of the excess death rate of lung 
cancer with age after exposure at age of 35 
in male among risk models 

excess relative risk with age after exposure 
by applying a log-linear model to the A-
bomb data, while die ICRP used a constant 
relative risk model. Figure 2 illustrates the 
excess death rate of lung cancer with age after 
exposure at age of 35. The excess death rates 
predicted by the MVK model were larger 
than those by the other risk models in higher 
ages more than 65. This would be caused by 
the assumption that the growth rate of 
initiated cells was time-independent. A better 
risk model could be constructed by taking 
into account a time-dependent growth rate. 
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