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Abstract 

Current radiation protection standards are based largely on the experience of the cohort 
of A-bomb survivors. An important question, however, is whether the risks estimated in a 
Japanese war-time population exposed to instantaneous radiation can be transported to 
contemporary western populations typically exposed to protracted radiation in the 
workplace or elsewhere. Additional complications arise when age- and time-related 
factors in radiation exposure must be considered. A recent analysis, using conventional 
epidemiologic methods, of a large Canadian cohort of workers occupationally exposed to 
low-LET radiation yielded estimates of excess relative risk that were an order of 
magnitude higher than those estimated from the A-bomb survivors' data. Can such 
inconsistencies be resolved? In this research we developed and used methods based on 
the biological principles of multistage carcinogenesis to analyze substantial data sets 
and to explore the consequences of measurement error on inferences regarding 
radiation carcinogenesis. These methods, which complement the traditional 
epidemiologic approaches to data analyses, can incorporate age- and time-dependent 
factors, including age at start, age at stop, and protraction of exposure in a transparent 
way. Analyses of lung cancer incidence in the Canadian cohort referred to above using 
these methods shows that discrepancy between the Canadian and A-bomb data 
disappears when protraction is properly addressed within the framework of multistage 
models. 

In epidemiologic studies, exposures are often measured with error. These errors in 
measurement of exposure often bias the estimates of risk. Broadly speaking, two distinct 
types of measurement error are recognized: classical error and Berkson error. In this 
research we developed methods for correction of biases resulting from both types of 
error and illustrated the methods by application to an epidemiologic data set on 
radiation-induced lung cancer. 

Finally, we investigated the consequences of gestational mutations on carcinogenesis. 
Specifically we examined the consequences of radiation-induced mutations during 
gestation on subsequent cancer risk, and concluded that radiation exposure to the fetus 
confers the largest risk of cancer when it occurs late during pregnancy. 

Highlights/Significant Findings 

The analyses conducted under the auspices of this grant funding confirm the results of 
earlier epidemiologic analyses using conventional methods that the radiation-induced 
cancer risk in the Canadian cohort is considerably higher than would be predicted from 
the A-bomb data. In terms of mechanism, this high risk is a consequence of a 
promotional effect of radiation. A promotional effect of high-LET radiation has been 
reported by us previously. This research extends this finding to low-LET radiation, and 
has important consequences for the prediction of risk of exposure to protracted low-LET 
radiation. 

Translation of Findings 

The promotional effect of low-LET radiation reported in these studies and supported by 
the experimental literature suggests strongly that risks from low-dose-rate protracted 
exposures may be higher than currently believed. The use of a constant DDREF (dose 



and dose-rate effectiveness factor) is also called into question. Further analyses of 
epidemiologic data and large animal studies would be needed to clarify the situation. 

Outcomes/Relevance/Impact 

Risks from low-dose protracted exposure to low-LET radiation may be higher than 
currently believed. 

Scientific Report 

Background 
The paradigm of multistage carcinogenesis is firmly established in the literature. 
However, conventional epidemiologic methods for data analyses do not acknowledge it. 
The goal of this research was to develop methods based on multistage carcinogenesis 
for analyses of data in radiation epidemiology. 

Specific Aims 
There were 5 specific aims proposed in this grant. 

1. Develop models based on ideas of multistage carcinogenesis for analyses of 
epidemiologic data on radiation carcinogenesis with particular emphasis on 
incorporation of age- and time-related factors . 

2. Develop methods for addressing inter-individual variations and exposure 
measurement errors. 

3. Develop methods for analyses of case-control data. 
4. Investigate the consequences of dose-protraction and dose-rate effects. 
5. To analyze substantial data sets. 

Procedures/Methods 
The two-stage clonal expansion model, which recognizes three phases - initiation, 
promotion, and malignant conversion - in the carcinogenic process, was used for 
analyses of cohort data. The appropriate software was developed for model fitting, 
parameter estimation via maximum likelihood and the construction of confidence 
intervals. The appropriate mathematical and software development was also carried out 
for the investigation of exposure measurement errors and the analyses of case-control 
studies. 

Results/Discussion/Conclusions 
We use a specific form of a multistage model for carcinogenesis for the analyses of 

epidemiologic data on radiation carcinogenesis. Although it is not realistic to expect that 
every radiation-induced biological process on the pathway to cancer would be included 
in a biologically-based model for radiation carcinogenesis, we believe that that the major 
factors that shape the time-dependence of evolution of risk can be identified and 
quantified to the point where reasonable estimations of risk can be made. Regarding 
carcinogenesis, the structure of the model itself plays a role in determining the relative 
importance of the various processes. We show, as we had done earlier for high-LET 
radiation, there is evidence of an 'inverse dose:-rate' or protraction effect. This result is of 
considerable practical importance because it suggests that protracted exposure to low­
LET radiation might be greater than from acute exposure, an opinion not currently held 
by the radiation protection community. 



This model allows also prediction of the evolution of risk over the life-time of an 
individual exposed to radiation. One inference is that radiation-induced initiation may not 
be the driving factor in the risk, but more important may be radiation-induced clonal 
expansion of already initiated cells. Although present throughout the length of exposure, 
radiation-induced initiation appears to play an important role only for cancers arising late 
in life, and only for those individuals who began exposure early in life. These conclusions 
are dependent, of course, on the hypothesis embodied in the initiation-promotion­
conversion paradigm of carcinogenesis. We believe, however, that recent experimental 
work supports the concept of promotion by low-LET radiation. 

Finally, we investigated the consequences of gestational mutations on carcinogenesis. 
Specifically we examined the consequences of radiation-induced mutations during 
gestation on subsequent cancer risk, and concluded that radiation exposure to the fetus 
confers the largest risk of cancer when it occurs late during pregnancy. We explored the 
consequences of ionizing radiation exposure during gestation on the subsequent 
development of colon cancer based on analysis of colon cancer incidence in the SEER 
data, which covers approximately 10% of the US population. 

With respect to each of the specific aims for this grant listed above, we accomplished 
what we set out to do. For aim 3, development of methods for analyses of case-control 
data, we do not yet have a publication. The work was completed about the time the grant 
expi(ed. We are writing up the work with support from other sources, but will 
acknowledge support from this grant. 
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