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A: Estimating a population age distribution based on a single trait 

Let C denote the characteristic derived from a single trait. This can be one of several expressions of the trait, a quantitative measurement, or a score translating the expression of the trait into a staging system. 

A reference population can be used to obtain a formula to describe the distribution of the characteristic C given a specific age A. In the case of a continuous characteristic C, this may be a simple linear regression model. In the case of a discrete characteristic C, this may be a formula to compute the probability that C is equal to a possible value c given the age A. Both situations are covered by introducing the notation  for the conditional probability density function of C given A (which is often called a probability mass function in the case of a discrete characteristic ). The essential point is that we can derive an explicit formula for this from the reference population. 

In the target population we only observe the characteristic C, but not the age A.  However, we may express the distribution  of C as a mixture distribution regarding the unknown age as a latent variable, i.e.  



If we now choose a parametric family  for  (e.g., a normal distribution or a Gompertz-Makeham distribution), we immediately obtain a parametric family , as we may replace  by the estimate from the reference population.  Consequently, the parameter vector  characterizing the age distribution in the target population can be estimated by traditional statistical inference principles such as the Maximum Likelihood Principle. 

This approach has been exemplified by Konigsberg & Frankenberg (1992, 2002) considering a discrete distribution for after categorizing age into age groups. Müller et al. (2002) considered the general case allowing any parametric family of distributions. Konigsberg & Hermann (2002) considered the specific case of a Gompertz-Makeham distribution and used a Bayesian estimation approach instead of the Maximum Likelihood Principle. Caussinus & Courgeau (2010) and Seguy et al. (2013) combine the discrete distribution with a Bayesian approach. 


B: Estimating a population age distribution based on multiple traits 

The general approach described above also allows considering several characteristics simultaneously. In this case C denotes a vector of characteristics, i.e.,  
and   describes the multivariate distribution of all characteristics together. Examples for this are found in Konigsberg & Frankenberg (1992, 2002) and in Holman et al. (2002).

However, such a multivariate distribution can be only obtained if all characteristics are observed simultaneously in one reference population. If different reference populations are used for different characteristics, this is not possible. In this case it is necessary to assume that the characteristics are independent given the true age. This allows us to write  as 



with  denoting the values of the  different characteristics. This assumption is often referred to as conditional independence. 


C: Individual age estimation 

If the age distribution  of a population is known, the knowledge about the age of a single individual  with characteristic(s)  from this population can be expressed by the posterior distribution of the individual age , which is given by 

=  

From this posterior distribution we can obtain an estimate of the individual age by taking the mode (i.e., the value at which  becomes maximal) or by considering the mean of this distribution, which is given by 



Since  is unknown, it has to be replaced by a suitable assumption, reflecting the prior knowledge about the age of the individual. This distribution is called the prior distribution in the statistical literature. 

Boldsen et al. (2002) followed this approach and termed this type of analysis “Transition analysis”. They suggested to use the posterior mode as age estimate and discuss various choices of the prior distribution. 

In the case of individuals from a target population, the age distribution of this population can serve as a prior distribution. Then an estimate of this distribution derived following the principles outlined in A or B can be used as prior distribution. 








D: A note on conditional independence 

Conditional independence means that given the true age of an individual, the characteristics observed should be stochastically independent, i.e., knowledge of one characteristic should not help to predict any other characteristic. There is obviously one thread to this independence, namely individual differences in the biological aging. Such differences are well known and have led to the concept of the biological age of an individual (Borkan & Norris, 1980; Borkan et al., 1982; Jackson et al., 2003). If a subject is biologically younger/older than its calendar age, this will affect probably all characteristics, and hence the assumption of conditional independence is violated. However, the latent variable A can be regarded as the biological age of the individual, and then this issue vanishes. It just implies that individual and population age estimates refer to the biological and not the calendar age of the individual(s). And this is an issue immanent to the age estimation problem, and not to a particular statistical approach (cf. Kemkes-Grottenthaler, 2002).

However, there can be also functional dependences between characteristics, which still imply a statistical correlation between characteristics given the biological age. This has to be taken into account in selecting characteristics. In addition, the descriptions derived from the reference samples are based on calendar age and not on biological age. Consequently, they are only approximatively valid as descriptions of the ageing process with respect to the biological age. The impact of such issues on the whole framework is yet not completely understood. 
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