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Background 
 
Demographers have developed  models of the population-level burden of disease which 
typically include: a) intensity of incurring the disease; b) survival in sub-groups living with and 
without the disease; and c) intensities of dying from the disease and from other causes in these 
sub-groups. This approach allows assessing the importance of cancer as a part of the general 
population dynamics.. In particular, one can assess the amounts of time spent with and without 
cancer in the overall life expectancy (the total lifetime lived by the life table cohort).  
 
Demographic models of cancer may be based either on data on incidence, mortality, and 
lethality (IML models) or only on incidence and mortality. IM models). Technically, IML models 
are period increment-decrement life tables, which construct a stationary population consisting 
of the cancer and non-cancer sub-groups. These groups are being shaped by: 1) age-specific 
incidence of cancer and 2) age-specific mortality by cancer in the cancer sub-group (lethality) 
and age-specific mortality by other causes. The IML models are derived using conventional life 
table estimation methods that belong to the classic toolkit of demography (Chiang 1984, 245-
273; Egidi and Frova 2006). IM models have a similar structure, but lethality in the cancer sub-
group is estimated by balancing between numbers of individuals incurring cancer and death 
from cancer and from causes other than cancer over the life course  (Pollard, 1980; Duchêne, 
2002). 
A conventional multi-state model of cancer  mortality process in continuous notation can  be 
described by six functions: 

)(xl H  - survival in the cancer-free (“healthy”) sub-group as a function of age x ; 1)0( Hl ; 

)(xlC  - survival function in the cancer sub-group, 0)0( Cl ; 

)(xI  - the density of new cancer cases; 

)(xH - the density of deaths in the cancer-free sub-group; 

)(xC - the density of deaths from cancer in the cancer sub-group. It is assumed that deaths 

from cancer occur in the cancer sub-group only; 

)(| xCO - the density of deaths from causes other than cancer in the cancer sub-group. 

 
 
The Incidence-Mortality-Lethality model 
 
The general model of morbidity-mortality from a disease (Egidi and Frova 2006) does not 
consider one important peculiarity of cancer - strong dependence of the risk of death on the 
time elapsed after the first diagnosis (duration of the disease). The IML model addresses this 



peculiarity by defining the lethality as a function of the two variables ta,  where the first one is 

the age at incurring cancer and the second variable is the duration of the disease ),( talC , 

),( taC , and ),(| taCO . 

Four exogenous variables express intensities of cancer morbidity and mortality in the two sub-
groups: 

)(xH  - the force of incurring cancer in the cancer-free sub-group; 

)(xH  - the force of mortality (from all causes but cancer) in the cancer-free sub-group; 

),( taC - the force of mortality from cancer in the cancer sub-group ;  

),( taC  - the force of mortality from causes other than cancer in the cancer sub-group. 

The cancer-free survival to age x in the cancer-free sub-group is  
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The density distribution of new cancer cases by age is  

(2)  )()()( xxlxI HH  ,    

and the number of deaths at an age x in the cancer-free sub-group is 

(3)  )()()( xxlx HHH   .    

Individuals entering the cancer sub-group are exposed to hazards of death from cancer and 
from causes other than cancer. Thus, survival of those who contracted cancer at age a  to the 
duration of disease t  is 
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The total size of the cancer sub-group by age x is  

(5)  dtdatalxl
xta

CC  ),()( 


 . 

The size of the entire cohort is )()()( xlxlxl CH  .  

The number of deaths from cancer among individuals, who have contracted cancer 

 (6)  ),(),(),( tatalta CCC     

The corresponding number of deaths from causes other than cancer  is  

 (7)  ),(),(),(| tatalta CCCO   .  

Finally, the density of deaths at the age x  from cancer and from causes other than cancer in 
the cancer sub-group are:  
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respectively.

 



Equations (1)-(3), (5), (8)-(9) allow us to calculate six functions:  )(xl H , )(xlC , )(xI , )(xH , 

)(xC , )(| xCO . These functions fully determine the IML model.  

 
 
The Incidence-Mortality  model 
 
The Incidence-Mortality model is based on three exogenous variables: 

)(x  - the force of all-cause mortality in the entire population; 

)(xC - the force of mortality from cancer in the entire population; 

)(x  - the force of contracting cancer in the entire population. In contrast to the similar 

measure for the cancer-free sub-group, this indicator may be named unconditional1 force of 
contracting cancer. 
The number of survivors in the whole cohort is  

(10)  
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It is assumed that the force of mortality from causes other than cancer is the same as the force 

of mortality in the non-cancer sub-group and is equal to )()()( xxx CO   . 

The total size of the cancer-free sub-group by  age x is  

(11)  
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The total size of the cancer sub-group by  age x is 

(12)    
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The density function of new cancer cases at age x  is 
(13)   )()()( xlxxI  .  

The density of deaths in the non-cancer sub-group is  

(14)   )()()( xlxx HOH   . 

The density of deaths from cancer is  

(15)   )()()( xlxx CC   .  

The density of deaths from causes other than cancer in the cancer sub-group is  

(16)  ).()()(| xlxx COCO    

                                                           
1
 Unconditional forces or rates relate numbers of events in question (e.g. new disease cases, deaths from cancer or 

from other causes) to the overall population. Conditional forces or rates relate numbers of events in question to 
specific-population groups exposed to risks of these events. While the unconditional force of contracting cancer is 
offset the whole population, the conditional force of contracting cancer is offset the non-cancer sub-group. 
Similarly, the unconditional force of dying from cancer is offset the whole population and the respective 
conditional force is offset the cancer sub-group.   



Equations (11)-(16) allow us to obtain six functions  )(xl H , )(xlC , )(xI , )(xH , )(xC , 

)(| xCO . They fully determine the IM model.  

Unlike the IML model,  it is possible that set of functions )(x , )(xC , )(x  is self-repugnant 

and one of the six functions calculated according to (11)-(16) may have negative values or 
values exceeding 1. 
 
 
Summary indicators 
 
These indicators present cancer as a population phenomenon. The summary indicators are 

calculated from the six functions )(xl H , )(xlC , )(xI , )(xH , )(xC , )(| xCO (Table 1).   

 
Table 1. Length of life and morbidity indicators in the stationary population of the life table 

Name Formula 

Life expectancy at age 0 
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The expectation of cancer-free life at age 0 
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The expectation of life with cancer at age 0 
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Number of cancer cases 
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Average age at contracting cancer 
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Number of deaths from cancer in the 
stationary model population 
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Average age at death from cancer 
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Number of deaths from causes other than 
cancer in the cancer sub-group 
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Expected age at death from causes other than 
cancer in the non-cancer sub-group 
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Average age at death  in the cancer sub-group 
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Calculations using discrete data 
 
The Excel spreadsheet enclosed to this report can be used for calculations of IML and IM 
models and the summary indicators. The rules of transition from continuous notation given in 
the text above and the discrete notation are simple. 
Forces of incurring or mortality correspond to rates of incurring or mortality rates. In the 
spreadsheet, the incurring or mortality rates are calculated by the standard way as ratios of 
numbers of events to corresponding population exposure values (mid-year populations).  
Survival and density functions (functions of age or duration of disease) correspond to numbers 
of survivors to respective ages or duration values and numbers of deaths at respective ages or 

duration values, respectively. At the initial age 0 100000)0()0(  llH . 

Integrals should be replaced by sums of respective indicators over age or duration intervals.  
The formulas (11) - (12) are solutions of the linear differential equations of the first order: 
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In discrete form, the equations transform to finite-difference equations. We use these 

equations for a recurrent relation that enables calculation of )1( xl H and )1( xlC from )(xl H

and )(xlC . 

 
 
How to use the Excel spreadsheet 
 
For calculating the cancer models from an  empirical  data set, it is necessary to place the 
available data to the appropriate ranges of cells.  All other cells of the workbook are protected 
from changes.  
The IML model is given in the worksheet “IML Model”. 
 
The input data for the IML model. 
For the cancer-free (“Healthy”) sub-group:  

Population exposure by age B4:B105 

Number of deaths from all causes but cancer by age C4:C105 

Number of new cancer cases by age D4:D105 

Cancer sub-group  

Population exposure-to-risk by age G4:G105 

Number of deaths from cancer H4:H105 



Number of deaths from other causes I4:I105 

Population exposure by age at diagnosis a and by time after diagnosis t for t=0, 
…,10+ L4:V105 

Number of deaths from Ca by age at diagnosis a and by time after diagnosis 
t=0, …,10+ I4:AI105 

 
These input data are used in calculations of mortality rate at age  100,...,0x  in the non-

cancer sub-group in the range B111: B211, calculation of incidence rate by age in the non-

cancer sub-group in the range B111: B211,  calculation of probability dying from cancer among 

individuals, who contracted cancer at age  100,...,0a at the duration of disease  10,...,0t  in 

the range U111: AE222, and mortality rate from causes other than cancer in the cancer sub-

group at age x  in the range Q111: Q211. 

Formulas for calculation of characteristics of the cancer-free sub-group of the IML model are 
placed in the range A111:L2011. For characteristics of the cancer sub-group, the calculation 
formulas are given in the range N111:AZ211. For the entire population, the calculations’ range 
BC111:BF211. 
The summary indicators for the IML model are presented in the range BH4: BI13. 
 
The IM model 
The input data for the IM model include (All indicators for the whole population) 
 

Population exposure-to-risk by age B4:B105 

Number of deaths from all causes by age C4:C105 

Number of new incidents of cancer by age D4:D105 

Number of deaths from cancer E4:E105 

 
The three exogenous discrete variables of the IM model are unconditional rates of mortality 
(the first two) and morbidity (the last one). They are computed as conventional central event 
rates with the mid-year population being the denominator. 
 
The formulas for calculation of characteristics of the cancer morbidity and mortality in the 
entire population are given in the range A111:N211 and for the cancer sub-group in the range 
O111:T211, and for the summary indicators for the IM model in the range  X4: Y13. 
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