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(C) – USA (New York State) 

 

(D) – USA (San Francisco, whites) 

 

Data source: IARC (1965) – IARC (1997). 
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We see from Fig. 5-8 that estimates of parameters follow the same patterns for 
males and females in all data sets except for England and Wales: they exhibit nearly 
linear increases of additive period effects, a convex shape of cohort effects and an 

almost linear decline of iδ . There are also stable male/female differences in the 

parameters for all data sets except for England and Wales. First, it is the faster increase 
of additive period effects for males resulting in the intersection of male and female 

curves around the 1980s. Second, multiplicative period effects ( iδ ) decline faster in 

males. Third, female cohort effects almost exactly reproduce male cohort effect patterns 
but shifted upwards. All of these differences are related to the observed male/female 
differences in cancer incidence rate patterns. 

 

Figure 5: APC model (James and Segal 1982) with Armitage-Doll’s (1954) age 
effects applied to data on female and male cancer incidence rates in 
England and Wales 

(A) – additive period effects ( iα ) 
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(B) – multiplicative period effects ( iδ ) 

 
(C) – cohort effects ( kγ ) 

 
Data source: IARC (1965) – IARC (1997). 

 



Demographic Research: Volume 12, Article 11 

http://www.demographic-research.org 289 

Figure 6: APC model (James and Segal 1982) with Armitage-Doll’s (1954) age 
effects applied to data on female and male cancer incidence rates in 
Japan (Miyagi prefecture) 

A – additive period effects ( iα ) 

 

(B) – multiplicative period effects ( iδ ) 
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(C) – cohort effects ( kγ ) 

 
Data source: IARC (1965) – IARC (1997). 

 

Figure 7: APC model (James and Segal 1982) with Armitage-Doll’s (1954) age 
effects applied to data on female and male cancer incidence rates in 
the USA (New York State) 

(A) – additive period effects ( iα ) 
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(B) – multiplicative period effects ( iδ ) 

 
(C) – cohort effects ( kγ ) 

 
Data source: IARC (1965) – IARC (1997) 
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Figure 8: APC model (James and Segal 1982) with Armitage-Doll’s (1954) age 
effects applied to data on female and male cancer incidence rates in 
the USA (San Francisco, whites) 

(A) – additive period effects ( iα ) 

 
(B) – multiplicative period effects ( iδ ) 
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(C) – cohort effects ( kγ ) 

 
Data source: IARC (1965) – IARC (1997) 

 

4. Discussion 

This paper addressed the issue of declining cancer incidence rates at old ages in an age-
period-cohort context. We considered the age-trajectory of the cancer incidence rate 
within the Armitage-Doll framework with period- and cohort-dependent parameters. 
Changes associated with period and cohort effects impose changes on age-trajectories 
of period incidence rates. Hence, the model can produce both leveling-off and declining 
rates, whereas the original AD model can not.  

In general, period and cohort effects model the influence of events associated with 
specific time points. Period effects represent the factors that affect incidence rates in 
persons of all ages at a specific time point. For instance, an improvement in diagnostics, 
an elevated exposure to external carcinogens such as pollution due to car exhausts or 
some disasters like Chernobyl catastrophe can be considered as such factors. They 
produce an increase in incidence rates at all ages during some period of time. Cohort 
effects, in turn, represent the effects that influence persons born during the same period 
of time. Cohort effects modify incidence rates of groups of such individuals diagnosed 
at different ages in different time periods. An increased susceptibility of children to 
cancer due to thalidomide that their mothers used during pregnancies (Dinse et al. 1999) 
can be an example of such effects. Such children experienced a high rate of 
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malformations and, therefore, the respective cohorts have increased incidence rates. 
Similarly, a decrease in the proportion of smoking women can produce a decrease in the 
risk of smoking-related susceptibility to diseases in young generations compared to the 
older cohorts. Despite the clear distinction between these two effects (period and 
cohort) sometimes it is difficult to attribute some event to any of them exclusively.  For 
instance, some event or process (e.g., changing dietary habits) can affect all age groups 
but have more pronounced effect on some specific age group. Therefore, the same event 
can produce both period and cohort effects.  

A specific nature of period and cohort effects may differ for different cancer sites. 
Trends in site-specific incidence rates are usually explained by a combined influence of 
such factors as improved diagnostics, an increased exposure to external carcinogens, a 
changing life style (dietary habits, behavioral changes), etc. Overall cancer rates consist 
of all site-specific rates. Therefore, the same factors manifest themselves in forming the 
shape of the overall cancer incidence rates and the overall rates are the result of a 
combined influence of these factors on the site-specific incidence rates. 

Concerning our model (3), the period and cohort effects modifying incidence rates 
over time and age are related to the internal processes in an organism that lead to cancer 
development. That is, the events that are attributed to the period or cohort effects 
modify the intensities of transitions between the stages (hits) necessary to transform a 
normal stem cell into a malignant cell either for all age groups uniformly (period 
effects) or only for persons born in the same period of time (cohort effects). The 
changing multiplicative effects may also reflect changing decomposition of site-specific 
cancers in the overall cancer over time (resulting in the variability in the average 
number of hits necessary to develop a malignant cell). Thus, the increasing patterns of 
male and female period effects (except for England and Wales that can be possibly 
related to identifiability issues, see below) imply that the influence of the factors that 
affect all ages at some time point (e.g., exposure to external carcinogens) increases over 
time. All cohort effects (except for the special case of England and Wales) have a “bell-
like” shape with a peak around the 1900-1920s. This may reflect, on the one hand, a 
relatively poor health status of cohorts born around the World War I and, on the other 
hand, the continuing decrease in susceptibility to cancer in new generations afterwards. 
This decline in the cohort effects turns to stagnation during the late 1940s and the early 
1950s in the cohorts born after the World War II (Fig. 7-8) and it continues in the 
following generations.  

The interpretation of age-period-cohort effects in non-linear models is limited 
because of various factors related mostly to the identifiability issue. The non-linear 
models often have regions of parameter values giving nearly an identical fit to the data 
(Holford 1991). This results in unstable parameter estimates. Therefore, the 
interpretation of results based on these estimates can be misleading. In case of our 
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application, small values of multiplicative period effects in the last periods in all data 
sets except for England and Wales seem implausible. Moreover, if the original (linear) 
APC model fits data adequately, the non-linear model (1) is likely to degenerate to a 
linear model. This means that the identifiability issue appears again (Clayton and 
Schifflers 1987, Tango and Kurashina 1987, Holford 1992). Some other factors should 
also be taken into account. Cohort effects associated with old ages in the earliest 
periods and young ages in the latest periods are based on few observations. Therefore 
they can be unstable. The term “cohort” is ambiguous when the model is applied to age 
and/or period groups because of overlapping cohorts for different age groups (Holford 
1991). In addition, we estimate cohort effects using only a limited range of ages for 
each cohort. Nevertheless, the cohort effects are not restricted to these age groups and 
the analysis of the data on the entire cohort would change the results.  

Several approaches have been suggested to solve the problem of non-identifiability 
in APC models (see the recent reviews by Robertson and Boyle 1998, and Robertson et 
al. 1999). The methods based on various constraints (e.g., penalty functions) (Osmond 
and Gardner 1982, Decarli and La Vecchia 1987) lack a sound biological basis for the 
constraints (they are used to provide identifiability and there is no particular reason to 
prefer any arbitrary constraint). The availability of statistical software that incorporates 
APC models with linear constraints (GLIM, Francis et al. 1993) has lead to 
considerable popularity of this approach to resolve non-identifiability in APC models 
despite the absence of prior knowledge justifying any specific form of constraints. 
Another method proved to be “…recommended for use in all circumstances” 
(Robertson et al. 1999) is based on estimable functions such as curvatures (Holford 
1983, Clayton and Schifflers 1987, Tango and Kurashina 1987, Tarone and Chu 1996). 
Deviations from linearity can be estimated, whereas this does not apply to linear trends 
(Holford 1983). This method can provide valuable insights into age-period-cohort 
determinants underlying changes in incidence or mortality over age and time despite 
lacking information on linear period or cohort trends. For instance, patterns of cohort 
deviations that “open upward” typically could be viewed as unfavorable as they indicate 
a qualitative acceleration of incidence rates regardless whether the rates increase or 
decline on average (Dinse et al. 1999).  

A specific functional form of age effects (or, alternatively, period or cohort effects) 
also has been suggested as a method to resolve the problem of non-identifiability 
(Holford 1992). The method assumes that there is a plausible background in the 
respective functional specification of age or other effects. Otherwise there is, in 
essence, no difference between this method and the one based on arbitrary constraints. 
Applications of APC models to cancer incidence data are good illustrations of this 
approach. Various epidemiological studies confirm that some cancers increase as a 
power function of age and that there is a biological basis for such an increase (Peto 
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1977). This provides a solid background for using power functions to specify age 
effects in APC models. Holford (1992) discussed this approach in application to cancer 
incidence data. Holford et al. (1994) considered several non-linear APC models for 
cancers. They are based on the multistage model of carcinogenesis (Moolgavkar 1978). 
Here, the underlying biology of carcinogenesis dictates the functional forms of age 
effects that are consistent with the multistage theory. Lee and Lin (1995) also developed 
APC models for cancers, using the biologically plausible model of carcinogenesis in 
human populations.  

Various epidemiological and molecular-biological studies provide compelling 
evidence on the importance of cell proliferation and differentiation in the process of 
carcinogenesis (Moolgavkar et al. 1999). The two-stage model of carcinogenesis 
developed by Moolgavkar and colleagues (Moolgavkar and Venzon 1979, Moolgavkar 
and Knudson 1981, Moolgavkar et al. 1988, Moolgavkar and Luebeck 1990) 
incorporates cell proliferation and differentiation. Hanayama (2001) presented a model 
for projecting cancer death rates, viewing the two-stage model on the Lexis diagram. 
The model deduces the whole range of effects on the Lexis diagram (age, period, and 
cohort) from the cancer development process. The two-stage model of carcinogenesis 
can also be applied to cancer incidence data in the age-period-cohort context. The age-
period-cohort effects reflect the combined influence of various factors (e.g., social, 
behavioral, environmental, medical) on the dynamics of age-specific cancer incidence 
rates over time. All of these factors are interconnected with changes in internal 
(molecular-biological) factors responsible for cancer development. If a convincing 
rationale exists that represents a disease etiology in a specific mathematical model, then 
this possibility is not to be ignored in data analysis. Age-period-cohort analysis of 
cancer incidence data in relation to the two-stage model can help reveal the factors that 
are associated with the time period or birth cohort influence on the respective 
parameters of carcinogenesis in human populations. However, lack of available data on 
age- and time-specific trends in the intensities of cell transformations responsible for 
carcinogenesis (let alone the parameter estimation issues mentioned above in relation to 
non-linear models) can complicate the analysis. New extensive epidemiological and 
molecular-biological studies can be very useful for these purposes. 
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