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PREFACE

Simulation models based on the multistate lifetable method are increasingly used to estimate the
effects over time and age of public health intervention programs (for example Weinstein et al., 1987;
Gunning-Schepers, 1988; Barendregt, Bonneux, 1998). These models describe several population risk
factors and disease categories simultaneously taking into account some main integrative aspects. The
models share the same mathematical methodology, but differ in the selection of risk factors, diseases,
model specification and data used. Also at the National Institute of Public Health and the
Environment (RIVM) we apply these types of models to illustrate the public health relevance of risk
factors and the health gains associated with interventions on them. The example model applications
are mainly presented in relatively small formats, such as scientific articles or paragraphs in books. So
far a thorough account of the structure and basic assumptions of the RIVM applications of the chronic
diseases model structure has lacked. This report is meant to fill this gap. This report addresses those
who are already working with these types of models and those that have plan to do so. This report
aims at: (1) giving a mathematical-methodological introduction to the chronic diseases modelling
approach, (2) showing how so-called integral public health aspects can be described formally, (3)
presenting a methodological basis upon which models for specific risk factors and diseases can and

will be developed.
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SUMMARY

A mathematical model structure is described that can be used to simulate the changes of the Dutch
public health state over time. The model is based on the concept of demographic and epidemiologic
processes (events) and is mathematically based on the lifetable method. The population is divided
over several states, over several risk factor classes and disease stadia. State transitions over time are
possible due to birth, aging, migration, mortality, transitions between risk factor classes, disease
incidence, progression and remission. The main model parameters are initial population numbers,
initial risk factor class and disease stadium prevalence rates, one-year transition rates between the risk

factor classes and disease stadia, and risk factor-cause-specific relative risks.

The model is used to describe the public health effects of possible intervention programs. These
effects can be defined in terms of classic epidemiologic morbidity and mortality figures, but also in
terms of life and health expectancy. The main model steering parameters are the one-year transition
rates between the risk factor classes (concerning primary prevention) and the disease progression,
remission and case fatality rates (concerning secundary prevention). Several examples of model
applications are described: comparing trend extrapolations and model predictions on cause-specific
mortality, and comparing the effects of different intervention programs on population smoking and
physical activity levels.

In appendices several aspects of the model structure are worked out. The model equations are
formally derived by expliciting the necessary assumptions. The central assumption is that of
conditional independence. It is described how integrative health measures can be calculated from the
model output. It is shown how competing death risks are taken account of. Extra attention is paid to
the use of relative risks in the model structure and the relation with comorbidity. Finally the main
model equation on the disease prevalence is described and how this equation can be used to estimate

the case fatality rate parameters.
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SAMENVATTING

Dit rapport geeft een beschrijving van een wiskundige modelstructuur, waarmee veranderingen van de
gezondheidstoestand van de Nederlandse bevolking gesimuleerd kunnen worden. Het model is
gebaseerd op het concept van demografische en epidemiologische processen (gebeurtenissen) en is

afgeleid van de overlevingstafel.

De bevolking wordt verdeeld over verschillende mogelijke toestanden, namelijk voor onderscheiden
risicofactoren in verschillende klassen en voor onderscheiden ziekten in één of meer stadia.
Toestandsveranderingen zijn mogelijk ten gevolge van geboorte, veroudering, migratie, sterfte,
verandering van risicofactor-klasse, incidentie, voortschrijding van de ziekte en remissie. De
belangrijkste modelparameters zijn initi€le bevolkingsaantallen, initi€le risicofactor en ziekte-
prevalentiefracties, éénjaars overgangskansen tussen de risicofactor-klassen en ziektestadia, en

risicofactor-oorzaak-specifieke relatieve risico’s.

Het model wordt gebruikt om de gezondheidseffecten door te rekenen van mogelijk
beleidsmaatregelen, interventies etc. De effecten kunnen gedefinieerd worden in termen van klassieke
epidemiologische ziekte- en sterftematen, maar ook in termen van levensverwachting en ziektelast.
De betreffende model-stuurparameters zijn met name de éénjaars overgangskansen tussen de
risicofactor-klassen (als het gaat om primaire preventie), en de ziekteprogressie, -remissie en case
fatality rates (als het gaat om secundaire preventie). Enkele voorbeelden worden beschreven van
verschillende modeltoepassingen: een vergelijking van trendextrapolaties en modelmatige vooruit-
berekeningen voor oorzaak-specifieke sterfte, en een vergelijking van de effectiviteit van

verschillende mogelijke anti-roken en meer-bewegen campagnes.

In bijlagen worden verschillende aspecten verder uitgewerkt. Aangegeven wordt onder welke
veronderstellingen de modelvergelijkingen afgeleid kunnen worden. Hierbij staat met name de
veronderstelling van conditionele onafhankelijkheid centraal. Beschreven wordt hoe integrale
gezondheidsmaten uit de modeluitvoer berekend worden. Toegelicht wordt hoe rekening gehouden
wordt met het aspect van concurrerende doodsoorzaken. Extra aandacht wordt geschonken aan het
gebruik van relatieve risico’s in de modelstructuur en de relatie met comorbiditeit. Tenslotte wordt
beschreven hoe de kern-modelvergelijking betreffende de ziekteprevalentie luidt en hoe deze gebruikt

kan worden om case fatality rates te schatten.
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1. INTRODUCTION

Several examples of simulation models on chronic diseases have been developed and used for public
health policy evaluations, for example Weinstein et al., 1987; Gunning-Schepers, 1988; Barendregt,
Bonneux, 1998. Also at the National Institute of Public Health and the Environment (RIVM) we are
applying these types of models as a tool to describe chronic diseases and their relations to population
risk factors. The tool can be used to describe the effects of intervention programs on public health

status. Some example scientific and policy questions that can be dealt with are:

- Predicting trends in the Dutch population structure, risk factor and disease prevalence
numbers taking into account the epidemiologic relationships. For example the trend in
coronary heart disease mortality resulting from trends in the smoking, hypertension and
hypercholesterolemia prevelence rates.

- Analyzing the effects of prevention and intervention programs in disease-specific terms and
in terms of the avoidable burden of disease.

- Analyzing the effects of competing morbidity and mortality risks.

- Performing scenario studies on trends in demography, risk factor and disease prevalence

resulting from autonomous trends or public health preveniion and intervention programs.

The model structure has been developed to integrate several public health aspects, i.e. to describe
several disease risk factors and their effects on several diseases and causes of death simultaneously.
The main model parameters are initial risk factor and disease prevalence rates, disease incidence and
case fatality rates, and relative risks. Public health intervention programs can be simulated by
changing the model steering parameters. The main steering parameters are the rates of change of the
risk factor prevalence rates and the disease progression and case fatality rates. The model output
variables are time series of disease incidence, prevalence and mortality numbers and public health
indicator variables. In this report the general model structure is described, together with some results

of specific model exercises.

Health Policy

v

Autonomous .
u — Determinants
Developments

Health Status

Figure 1: the VTV-conceptual model
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The model structure is related to the conceptual model strucure devised for the ‘Public Health Status
and Forecasts’ (PHSF) (RIVM, 1997) that is used to frame the different aspects of public health and
public health policy (see figure 1). The model shows that health status is defined by determinants that
are affected by health policy. Autonomous developments may affect these three public health aspects
and their relations. The health status can be thought of as forming several layers. These layers are
disease-specific indicators like disease incidence and prevalence figures, the consequences of diseases
and disorders for physical, mental and social functioning, mortality figures, and measures that
combine information on mortality and quality of life. The determinants can be split in two groups:
health care (somatic and mental) and prevention determinants. The prevention determinants can be
divided in exogenous determinants (i.e. physical environment, lifestyle, and social environment) and
endogenous determinants (both hereditary and acquired).

The model shows that health status is defined by determinants that are affected by health policy.
Autonomous developments may affect these three public health aspects and their relations. The health
status can be thought of as forming several layers. These layers are disease-specific indicators like
disease incidence and prevalence figures, the consequences of diseases and disorders for physical,
mental and social functioning, mortality figures, and measures that combine information on mortality
and quality of life. The determinants can be split in two groups: health care (somatic and mental) and
prevention determinants. The prevention determinants can be divided in exogenous determinants (i.e.
physical environment, lifestyle, and social environment) and endogenous determinants (both
hereditary and acquired).

The mathematical model structure chosen to describe these demographic and epidemiologic processes
simultaneously is the system-dynamic multistate model based on the life-table method. The general
model structure is presented in figure 2.

Population numbers in
Risk factors P risk factor classes

e

Stering parameters

Ww.r.t.
\ v

Disease-specific
Diseases $| patient numbers

Cause-specific
mortality numbers

Figure 2: the general chronic diseases model structure



Report 266750001 page 15 of 75

A demographic model describes the annual changes of the population numbers specified by gender,
age, and risk factor classes due to birth, mortality, aging and changes of risk factor levels within
individuals. For several chronic diseases modules can be developed that describe the annual changes
of the prevalence numbers due to disease incidence, progression, remission, and mortality. The

disease modules are linked to the demographic module.

Apart from demographic input data the main input data are: disease incidence and prevalence and
cause-specific mortality figures, risk factor prevalence figures and risk factor and disease-specific

relative risks. All figures are specified by gender and age, whenever possible.

The contents of the report are the following. In chapter 2 the chronic diseases model structure is
presented in more detail. The model structure can be divided in relatively separate modules, i.e. a
demographic module, and modules for each risk factor and disease category separately. The main
model characteristics are worked out. The main model parameters and steering parameters are
summarized. In chapter 3 some model analyses and exercises are presented. Some general methods
are described that can be used to validate the model. As an example the results are presented of
sensitivity analyses for some assumptions that are introduced to simplify the model structure. The
chapter is concluded with three example applications. One on comparing cause-specific mortality
time series extrapolations to model predictions. Two others on the public health effects of different
policies to reduce tobacco smoking or promote physical activity respectively. The main text is ended

with some general comments and conclusions.

In several appendices attention is paid to specific model aspects. In Appendix A the assumptions are
shown that are needed to derive the main mathematical model equations. In Appendix B the way is
described the aspect of competing death risks is taken account of. Appendix C presents the central rol
of relative risks in the model structure. For example, mortality selection and comorbidity as described
by the model structure are directly related to these relative risks. In Appendix D the main model
equation on disease prevalence is presented. It can be used to estimate cause-specific case fatality

rates. The report is concluded with a list of definitions, abbreviations and literature used.
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2. THE CHRONIC DISEASES MODEL STRUCTURE

2.1. The general structure

The model structure chosen to describe the relations between several risk factors and diseases
simultaneously is a system-dynamic multistate model based on the life table method, also known as

the mover-stayer / increment-decrement model. The main modelling characteristics are:
Process model

The model is based on the concept of demographic and epidemiologic processes. The demographic
processes being described are aging, birth, migration and mortality. The epidemiologic processes
being described are changing risk factors over time and age, disease incidence (partly depending on

the risk factors), disease progression and mortality.

Intended use for prediction and evaluation of intervention measures

The intended use of the model is to describe the future trends in morbidity and mortality related to
autonomous trends in the key risk factors, and to assess the public health effects of interventions on
these risk factors. In describing these trends and effects the model takes account of demographic and

epidemiologic aspects like aging, mortality selection, competing death risks and comorbidity.
Model maintenance

The model structure is simple and flexible to maintain and to work out for specific applications. The
processes related to specific risk factors and diseases are described by specific subsets of model
equations (modules) that can be handled separately. Introducing or omitting specific risk factors or

diseases does not mean that all model parameters have to be estimated again.
Internal consistency
The model structure satisfies several internal consistency conditions. For example consistent

dependency relation between the risk factors and diseases, no ‘double counts’ with respect to

mortality, consistent consequences when changing parameter values.
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Parameter identifiability

The model parameters have been defined in terms of demographic and epidemiologic figures for
which data are principally available. The initial population numbers are available from national
statistics, risk factor prevalence rates from national registrations and regional monitoring projects, and
disease incidence and prevalence rates from morbidity registration projects. Disease remission and
progression rates are available from literature. Case fatality rates are available from literature or can

be estimated (see Appendix D). Relative risks are available from literature or follow-up studies.

The main structure of the chronic diseases model has already been presented in figure 2. It shows the
main model states and state transitions. The state numbers are the population numbers in the model
states that have been defined according to the risk factor classes and disease states being
distinguished. Le. risk factor class population numbers, and disease prevalence numbers. The state
transition numbers are the population numbers that ‘flow” between the model states during successive
years. L.e. subgroups moving between risk factor classes, disease incidence and recovery numbers,

and mortality numbers.

The more detailed chronic diseases model structure is presented in figure 3. Several aspects of the

model structure are described in more detail in the following paragraphs.

to higher risk level > o incidence » disease progress

disease-free population

obesitas
[ 4
high cholesterol\ "
gh v &
\w
§ .
hypertension

A

¢ back to normal risk level ¢ remission

Figure 3: the detailed chronic diseases model structure
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2.2. The population and risk factor modules

The core of the chronic diseases model structure is a demographic module that describes the annual
changes of the population numbers specified by risk factor classes due to birth, mortality, migration,
aging and changes of risk factor levels within individuals (‘risk behaviour’). The population is
initially structured using demographic data from Statistics Netherlands (CBS). The risk factor
prevalence rates are estimated based on Dutch registration and monitoring projects, specified by
gender and age whenever possible. For every one-year time step the following changes of the

population numbers are calculated:

- The numbers of newborns following CBS forecasts.

- Increasing population numbers due to the net migration rate.

- Decreasing population numbers due to mortality, specified by gender, age and cause of death.
The disease modules describe the cause-specific mortality, the mortality due to all other
causes is generated externally.

- Transitions between the risk factor classes using one-year transition rates. The risk factor
class transition rates have been estimated from longitudinal studies or time series of cross-
sectional studies.

- New subpopulation numbers specified by age due to aging.
2.3. The disease modules describing morbidity and mortality

The demographic module can be linked to specific disease modules. Each disease module describes

the morbidity and mortality numbers over time for one specific disease category:

- Disease incidence using risk factor prevalence numbers and disease-specific relative
incidence risks.

- Cause-specific mortality using case fatality rates.

- Depending on the specific disease and the number of disease states being distinguished
disease remission and progression are described. The transition numbers are calculated using

one-year remission rates and disease progression rates.

Patients have a risk of dying due to the disease. They can also die of all other causes, whether causes
described by any other disease module or truly remaining causes. The ‘healthy’ persons, i.e. those
who are not in any disease module, can only die of the remaining causes. Note: the disease modules
describe the excess mortality for those having the disease compared to those without the disease.
Only for some highly fatal disease categories such as lung cancer the disease is the one primary cause

of this excess mortality (see also Appendix D).
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2.4. Main model characteristics

System-dynamic (multistate) model

The chronic diseases model structure is based on system-dynamic and multistate concepts. The model

describes parallel population cohorts over time. State variables are introduced with respect to:

- risk factor classes, for example with respect to gender, smoking, bloodpressure, cholesterol
level etc.,

- cause-specific disease states, for example with/without CHD, CVA etc.

We have assumed a discrete number of risk factor classes and disease states. This assumption is not
restrictive because the number of classes is unrestricted. However, in the model implementation most
risk factors and diseases are assumed dichotomous or trichotomous (normal/high risk, or
normal/medium/high risk, or without/with disease, without disease/in acute/chronic disease state

respectively). Model state transitions are described, due to:

- ‘risk behaviour’, i.e. transition between two risk factor classes,

- cause-specific disease incidence, i.e. from ‘healthy’ (=without specific disease) to ‘with
disease’,

- disease progression, i.e. between disease states,

- remission, i.e. from ‘with disease’ back to ‘healthy’,

- cause-specific mortality, i.e. from alive (maybe also ‘with disease’) to the absorbing state
‘dead’.

The state transitions are described using transition rates. Disease incidence and mortality rates are
available from national registrations or sentinel studies, risk group transition rates are estimated from

or longitudinal studies or time series of cross-sectional studies.

Deterministic/stochastic model

The underlying mathematical model is stochastic, i.e. the model equations describe the change over
time of the probability distribution function over the model states for any individual, conditional on
the initial distribution. However, the model is implemented deterministically, i.e. the model describes
the change of the mean population numbers in the model states. Setting the migration to zero the ratio
of the population numbers in the model states to the initial population numbers equals the probability
distribution function for any initial person. This equivalence is valid because all model equations are
linear with respect to the risk factor class and disease prevalence numbers (see Appendix A). In
comparison, this equivalence is not valid for infectious disease models that are based on the
Anderson-May model structure, because the number of newly infected persons is assumed to be

proportional to both the numbers of susceptible and infected persons.
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Markov-property

The model satisfies the Markov-property: conditional on the current model state (i.e. conditional on
gender, age, risk factor classes and disease states) the probability distribution of the model states one
time-step ahead is independent on the past model states. One consequence of this assumption is that
the residence time in a model state has no effect on the (outflow) state transition probabilities. For
example, conditional on gender, age etc, the survival probability of any stroke-patient is assumed

independent on his past disease period.
Assumption of conditional independence

The model state variables can be distinguished into two disjoint subgroups, those to be interpreted as
‘risk factors’ and those to be interpreted as ‘disease states’. According to the (in the context of public
health modelling common) conditional independence assumption, the disease transition rates are
assumed mutually independent, conditional on the risk factors. For example the survival probability
of any CHD-patient does not depend on its disease state with respect to COPD, conditional on
gender, age, and smoking. As a result of this conditional independence assumption the joint
probability function for all disease prevalences is equal to the product of the marginal probability
functions, conditional on the risk factors. The conditional independence assumption is empirically

valid for most combinations of specific risk factors and diseases (for counter-example, see below).
Comorbidity

Comorbidity is defined as the prevalence rate for one disease being dependent on the prevalence rate
for another disease. Due to the assumption of conditional independence the CDM model structure
describes comorbidity resulting from common risk factors, i.e. age and the epidemiologic risk factors
being distinguished. There may be dependency relations between diseases that cannot be explained by
the common risk factors. For example, DM is a risk factor for CHD independent from gender, age,
and Body Mass Index. This dependency relation can only be modeled by omitting the conditional

independence assumption resulting in a more complex model structure.
Competing death risks

Competing death risks are described explicitly by distinguishing different causes of death. Individuals
may die from any cause during their life. Due to the assumption of conditional independence the
cause-specific mortality rates are independent, conditional on age and the risk factors. Because any
individual may die from any cause during his life, being saved from any specific cause of death due
to a specific intervention program means he will die from the same cause or any other cause on a
higher age. Persons being saved are assumed to be identical to those already having survived,

conditional on the risk factors (see also Wong, 1977).
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Other assumptions with respect to morbidity and mortality

We assume that for any person his cause of death is unique. The cause-specific mortality is assumed
to be proportional to the related disease incidence and prevalence. Because of lack of good data and
to simplify the mathematical model equations it is also assumed that the disease progression and
cause-specific case fatality are independent on the risk factors. The last assumption is not essential.
Analoguous model equations can be derived assuming that the disease progression and mortality are

risk factor-dependent.
Costs and effects

Costs and effects are the concepts to characterize and compare different intervention programs. More
information on costs and effects in public health and health care research, on relating them in terms of
cost-effect measures, and on using these concepts in intervention program evaluations and scenario
studies can be found in the literature (for example Drummond et al., 1987; Rutten et al., 1993). In this

paragraph we only mention the way costs and effects can be related to some key model variables.

Several types of costs can be distinguished. We present two examples of possible cost calculations in
relation to the chronic diseases model, one for a risk factor prevention program, the other for a health
care intervention program. Of course the costs being distinguished and cost calculations being
performed are the consequences of the perspective chosen for the evaluation. The direct costs of
implementing both programs are generally fixed and variable. The variable costs of the prevention
program are related to changes in the risk factor class population numbers numbers. The direct costs
of the intervention program are related to the changes in the disease progression, remission and/or
case fatality numbers. However, due to competing death risks also indirect costs of the intervention
program can be defined. These costs are related to the changes in the future disease incidence and

prevalence numbers, both for the specific disease and other diseases.

The ‘simple’ effect measures are the model output morbidity and mortality numbers. Using the life
table method the output mortality rates can be used to calculate life expectancy figures. When
combining these mortality rates with output disease prevalence rates and DALY -coefficients it is also
possible to calculate healthy life expectancy and disabled life expectancy figures, aggregated or
specified by disease (see Appendix E).
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2.5. Risk factors and diseases being distinguished

The actual chronic diseases model version (4) describes the following causes of morbidity and

mortality together with the related risk factors and diseases.

Table 1: risk factors and diseases in the chronic diseases model

smoking bloodpressure cholesterol BMI
COPD X
CHD X X X X
stroke X X
diabetes X
lung cancer X

Apart from these classical epidemiologic risk factors the risk factor social-economic status (SES)
based on educational level is introduced in the chronic diseases model structure. A hierarchical
relationship is assumed between these risk factors: the three classical risk factors are assumed
independent, conditional on SES. This assumption is worked out in the following way: the initial
prevalence rates and the transition rates depend on the SES-status. The population distribution over
the SES-states being distinguished is externally given. More information over the model structure

related to SES can be found in (Hoogenveen et al., 1998b).
2.6. Main model parameters

The main model parameters are the initial population numbers in the model states, i.e. specified by
gender, age, risk factor classes and disease states, and the transition rates between these states. The
transition rates describe the relative changes over time of the population numbers in the model states
due to aging, change of risk factor class within individuals, disease incidence, progression and
remission, and mortality. A list of the main model parameters together with the main data sources is
presented below. All parameters are specified by gender and age. All parameters are assumed time-

constant (see also §4.1).
initial numbers and rates
initial population numbers

data from Statistics Netherlands (CBS)
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initial risk factor prevalence rates
smoking (never/smoker/former): data from Dutch Smoking Foundation (1986-1995)
serum cholesterol level (normal/high): Morgen (Blokstra, 1997), ERGO (Mennen, 1995)
bloodpressure level (normal/high): Morgen, ERGO
Body Mass Index (normal/high): Morgen, ERGO
initial disease prevalence rates (note 1)
coronary heart diseases (CHD) (myocard infarct (MI), angina pectoris (AP))
chronic obstructuve pulmonary diseases (COPD) (asthma (AST), chronic bronchitis (CB))
stroke (CVA)
lung cancer
diabetes mellitus
transition rates
with respect to risk factors:
transition rates between risk factor classes within individuals (note 2)
with respect to diseases:
disease incidence rates (note 1)
disease progression rates (if two or more disease states are distinguished)
disease remission rates (if existent)
case fatality rates (note 3)
relative risks
for all relevant combinations of risk factors and disease types

main steering parameters (note 4)

transition rates between risk factor classes within individuals

disease progression and case fatality rates
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Notes:

1 Initial disease prevalence and incidence rates

These rates are based on registrations in Dutch general practice (Gijsen et al., 1997; Hart et al., 1996;
RIVM, 1994; RIVM, 1997).

2 Transition rates between risk factor classes

The transition rates between risk factor classes are ideally estimated from data from longitudinal
studies. However, these data are rarely available. The transition rates can be estimated
approximatively from series of cross-sectional studies (Hoogenveen et al., 1998a). The estimated
transition rates have to be interpreted carefully, especially in case of absolutely large transition rates

and/or relatively large changes over time.

3 Case fatality rates

It is hard to find empirical data on the cause-specific case fatality rates for two reasons. (1) The rates
describe the excess hazard for persons with a specific diseases relative to those without the disease.
For highly fatal diseases such as lung cancer the excess hazard is almost equal to the registrated
mortality with the disease as the one primary cause of death. For other less fatal diseases the
registrated primary cause of death mortality is smaller. (2) Patients may be more susceptible to
mortality from other causes than persons without the disease (Zahl, 1997). However, under specific
assumptions the case fatality rates can be estimated from data on disease incidence, prevalence, and,

if existent, remission (see Appendix D).

4 Main steering parameters

The steering parameters are the model parameters that represent the ways the public health status can
be influenced by policy measures. Two types of intervention measures can be distinguished: those
aimed at reducing the public health risks (primary prevention), and those aimed at reducing the
disease progression or, if possible, at increasing the disease remission (secundary prevention). The
model parameters related to these intervention masures are the transition rates between the risk factor

classes and the disease progression, case fatality and remission rates respectively.
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3. SOME MODEL ANALYSES AND EXERCISES

3.1. Model validation

Model validation is defined as proving the reliability, accuracy and functionality of the model within
the specified domain of model applications (Giessen van der, 1997). Following this definition several

aspects of model validation can be distinguished:

- conceptual validation, i.e. with respect to the model assumptions and structure,
- functional validation, i.e. with respect to the functionality of the model and the model results,

- data validation, i.e. with respect to the data.

These three, especially the first two aspects of model validation may be overlapping. Many validation
methods have been described that deal with these three aspects of model validation (Hoogenveen,

Brouwer, 1989). We present some methods that are relevant and useful to chronic diseases modelling.

Face validity (expert judgement)

Expert judgement is given on the model assumptions, the selection of risk factors and disease

types, the data sources being used, and the future trend assumptions on the model parameters.

Sensitivity analysis

This means analyzing the sensitivity of the model output variables to changes in the model
parameters. Sensitivity analysis gives insight in the relevance of specific parameters and in

the uncertainty of the model results.

Historical validation

Model results are compared to historical data. Historical validation is related to the statistical
concept of cross-validation. The data available are divided in two parts: those to identify the
model parameters, and those to validate the model. Historical validation is often difficult in
the field of public health modelling, because detailed data may be hard to find and are used
for parameter identification only. However, some simple forms of historical validation may
be applicable, for example comparing the calculated future trends in the risk factor and

disease prevalence rates to past trends.
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Comparison with other models

The model results are compared to those of other models on the same public health aspect.
Different model results may be caused by different model assumptions/structures and/or

different data being used.
3.2. Some general model validation results

The chronic diseases model structure is complex: several risk factors and diseases are combined
within one model structure. Following the methodology of multistate modelling, model states have to
be defined for all risk factors and diseases simultaneously. Due to the assumption of conditional
independence the model structure can be simplified substantially: only model states have to be
defined for each disease separately together with the risk factors for that specific disease. Still the
model structure is complex and more model simplifications are needed. Several model exercises have
been performed to analyse the sensitivity of the model results to extra assumptions simplifying the

model structure.
Model results with respect to diseases

- Assuming a multiplicative or additive risk model, or omitting any number of risk factors or
other diseases has no effect on the disease prevalence rates on the population level. The
reason is that the risk factor class-specific disease incidence rates are defined conditional on

the mean rates.

- Not taking into account the higher mortality risks of persons having one disease for causes of
death with common risk factors (mortality effect of comorbidity) has almost no effect on the
disease prevalence rates on the population level. This allows us to simplify the complex
mortality calculation step within the disease modules and to apply the population cause-

specific mortality rates instead of the risk factor class specific ones (see also Appendix A).

- Changing the multiplicative to the additive risk model results in significantly smaller

comorbidity coefficients.
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Notes:

Univariate relative risks are mostly estimated in the context of (i.e. corrected for) other
confounding risk factors. The method of correction defines which risk model can be applied
to combine the univariate relative risks to (approximately) estimate the risk of combined
exposure. Mostly a multiplicative risk model is assumed. Estimating univariate relative risks
assuming an additive risk model will generally result in higher univariate risk levels.
Therefore the results on comorbidity described above overestimate the differences between

the model results for both risk models.

Model results with respect to risk factors

When changing the multiplicative to the additive risk model the risk factor prevalence rates
increase for higher ages. The explanation is simple: the mortality rates for persons with

combined risks decrease, and so the marginal prevalence rates increase.

Assuming a multiplicative risk model ommitting one or more diseases may result in
increasing prevalence rates for the high risk classes for higher ages. The explanation is again
simple: the mortality rates for persons with high risk levels decrease because the mortality

due to all remaining causes is assumed to be risk factor-independent.
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3.3. First example application: comparing cause-specific mortality time series
extrapolations to model predictions

The first example application of the chronic diseases model concerns comparing the model output
cause-specific mortality rates to estimations based on time series extrapolations (see also VTV, 1997,
theme 7, pp 128-135) The method of dynamic parametrization (Tabeau, 1995) has been used to
estimate the functional relationship of cause-specific mortality rates to time and age. Substituting
future time years results in future mortality rate estimations. The chronic diseases model has been
used to estimate future cause-specific mortality rates based on several assumptions on the future risk
factor values (scenarios). The causes of death being distinguished are coronary heart disease (CHD)
and lung cancer. The risk factors being distinguished are smoking, hypertension and
hypercholesterolemia. In the ‘reference smoking scenario’ the smoking transition rates are assumed to
be constant over time. In a ‘feasible anti-smoking scenario’ it is assumed that the start-smoking rates
decrease 20% in a period of three years and then remain constant. Combined with increasing stop-
smoking rates, this scenario results in a 14% decrease of smoking prevalence rates in the first year,
followed by a 1% annual decrease. In an ‘extreme anti-smoking scenario’ it is assumed that the start-
smoking rates decrease and the stop-smoking rates increase, both with a factor 5. In alternative
scenarios for the other risk factors it is assumed that the hypertension prevalence rate decreases from
5% to 2% in 2015 for males and from 3.5 to 1.4% for females, and for hypercholesterolemia from
10% to 4% for males and from 8% to 4% for females. In a ‘CHD scenario’ it is assumed that better
medical treatment results in further decreasing case fatality rates of both CHD incidence and

prevalence.
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Figure 4b: lung cancer mortality data and predictions
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Figure 4c: CHD mortality data and predictions

Figure 4: comparing cause-specific mortality time series extrapolation to model predictions (males)
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For lung cancer the reference scenario shows a much smaller decrease of mortality for males than the
time series extrapolation (see figure 4b). Only the extreme ‘anti-smoking scenario’ results in similar
results. For CHD the reference scenario shows a much smaller decrease of mortality than the time
series extrapolation (see figure 4c). Similar results can only be found when combining the ‘extreme
anti-smoking scenario’, the alternative scenarios for hypertension and hypercholesterolemia, and the

CHD scenario on increased survival.

Two important comments can be given on the differences between the time trend extrapolations and
the model results for the scenarios being distinguished. (1) The trend extrapolations are mostly
influenced by the decrease of smoking prevalence rates over the past decades, whereas the model
results are mostly influenced by the change over the past the past five years (see figure 4a). (2) For
CHD not only trends in risk factors are important to describe changing mortality rates, but also trends
in prognosis. Both trends can be distinguished better by the simulation model, than by time series

extrapolation.

3.4. Second model application: the effectiveness of different policies to reduce tobacco
smoking in terms of future smoking prevalence rates and burden of disease

As in most developed countries the smoking attributable burden of disease is substantial in the
Netherlands. For the Dutch government it is top priority to discourage tobacco smoking to prevent
smoking related morbidity. An assessment is made of the public health gain of different policy
measures to reduce smoking prevalence: campaigns aimed at keeping young people from starting;

campaigns aimed at smoking cessation; and price/tax measures.

The behavioral change related to smoking is modelled using starting and quitting transition rates. The
transition rates are fitted on the 1987-1995 time series of smoking prevalence data (see figures
5c&5d). The starting rates are highest for 15-19 years old, then they are declining to zero from age 35
years on. For males the decline is steeper than for females, which means that girls generally start
smoking at higher age. From Dutch registry data on morbidity (Gijsen et al., 1997) the number of
patients with lung cancer, CHD, stroke and COPD are known. Disease incidence rates for smokers
are higher than for former-smokers and never-smokers. Smoking related rate ratios are drawn from

international literature (Shopland et al., 1991).

Different scenarios on smoking intervention measures are described:

A Health promotion aimed at keeping young people from starting. A 20% decrease of the
starting rates can be reached in three years’ time and can also be maintained.

B Health promotion aimed at smoking cessation. Stopping rates are increased such that the
smoking prevalence rates decrease with 14% in the first year and continues to decrease with
1% annually.

C CA price increment of 50% results in decreasing starting rates and increasing stopping rates
using price elasticity figures (-1.2% for starters, .08% for male stoppers and .23% for female

stoppers). The effects diminish annually with 3%.
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Figure 5a: smoking prevalence data and predicted rates for males and females
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Figure 5b: smoking class prevalence rates and transition rates for males and females
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Figure 5: the effects of different scenarios on smoking behaviour (males and females)
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In the reference situation the smoking prevalence rate for males decreases from 36% in 1995 to 30%
in 2020 and 29% in 2050, for females it decreases from 29% in 1995 to 27% in 2020 and 25% in
2050 (see figures 5a&5b). The policy scenarios A and B result in slightly and significantly
respectively smaller smoking prevalence rates. The price scenario C result in reductions that are
initially larger than those in scenario B but in the end are smaller. The number of Disability Adjusted
Life Years (DALY’s) gained are initially largest for policy scenario B, but approximately after 50
years they are largest for scenario C (see figures Se&5f). For scenario A the DALY-effects are

smallest.

3.5. Third model application: the effectiveness of different policies on increasing
physical activity

Physical activity has positive effects on the prevention and treatment of several important chronic
diseases such as CHD, diabetes and osteoporosis. The normative level that distinguishes active from
inactive persons has been defined by doing ‘moderate-intensity activities during at least 30 minutes
every day’. In 1994 the (CHD, diabetes and colon cancer) mortality fraction attributable to physical
inactivity in the Netherlands is approx. 8000 persons. The public health effects have been estimated
of several scenarios on physical activity programs aimed at specific populaton subgroups and/or
activity levels. The physical activity classes being distinguished are: sedentary, light, moderate and

vigorous activity (see figure 6a). These scenarios are:

A Promoting physical activity at younger ages

B Promoting physical activity in the total population such that every person moves to next-
favourable class

C Promoting physical activity in the total population such that sedentary and light active
persons move to class ‘moderately active’

D Promoting physical activity at higher ages

As a first example the effects of the four scenarios are calculated in terms of DALY’s gained
compared to the reference scenario. It turns out the effects of the scenarios B and C do not differ

much.
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Figure 6a: physical activity class prevalence rates over age (males)
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Figure 6b: quality-adjusted life years gained for CHD and diabetes mellitus (males)

Figure 6¢: mortality numbers gained for CHD and diabetes mellitus (males)

Figure 6: the effects of different scenarios on physical activity (males)
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4. GENERAL COMMENTS AND CONCLUSIONS

4.1. Comments on the model characteristics

System-dynamic model structure

The system-dynamic multistate structure underlying the chronic diseases model is highly applicable
to the intended use of the model, i.e. future trend extrapolations and effect estimations of risk factor
intervention programs, taking explicitly into account some main demographic and epidemiologic
processes (high model ‘face validity’). It is also flexible with respect to changing submodules related

to specific risk factors or diseases, or introducing other risk new factors or diseases.

Internal (in)consistencies

The model structure is highly internally consistent. For example changing or omitting specific risk
factors or disease categories has almost no impact on disease related model outcome variables on the
population level. However, omitting disease categories does have effect on the risk factor prevalence
rates for higher ages. The reason is that it is assumed that the mortality due to all remaining causes is
independent on the risk factors. So omitting a disease results in decreasing risk factor-specific

mortality rates and consequently increasing prevalence rates, especially for the higher ages.

The choice of the model of combining relative risk values to describe the risk of ‘combined
exposure’, i.e. additive or multiplicative risk model, has no effect on the disease prevalence rates.
However, it does have effect on the high risk prevalence rates for higher ages. The reason is that
assuming an additive instead of multiplicative risk model will result in decreasing risk levels for
‘combined exposure’. Therefore also the marginal risk factor prevalence rates increase. This effect is
overestimated because assuming an additive instead of multiplicative risk model also results in higher

univariate relative risk values.

Assuming the cause-specific case fatality and mortality due to all remaining causes independent
on the risk factors

These assumptions have been made for several reasons. (1) They are common in the context of public
health modelling (Barendregt, Bonneux, 1998). (2) There are hardly data to reject these assumptions,
especially the first one. (3) They simplify the model equations. However, they are not essential to the
model structure meaning that releasing them does not violate the assumption of conditional
independence. These assumptions can be dealt with following the way comorbidity is described

within the model structure (see Appendix C).
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The assumption that the mortality to all remaining causes is independent on the risk factors results in
an internal model inconsistency. That is, omitting an important cause of death that is strongly
dependent on a risk factor such as CHD with respect to smoking, results in smaller mortality risks for
the high risk class and consequently in increasing prevalence rates (see also §3.2). Therefore, to
maintain the internal consistency of the model structure, the mortality to all other causes have to be

made dependent on the risk factors taking into account the causes of death being distinguished.
Comorbidity

The chronic diseases model structure describes comorbidity due to common risk factors, i.e. age and
the epidemiologic risk factors being distinguished. It turns out that the effects of comorbidity on the
disease prevalence rates on the population level are marginal. This allows us to simplify the complex
mortality calculation step within the disease modules and to apply the population cause-specific

mortality rates instead of the risk factor class specific ones.
Data availability

The main model parameters can be split in four groups. (1) Initial population numbers, and risk factor
and disease prevalence rates. (2) Disease-specific incidence, recovery and case fatality rates. (3)

Transition rates between risk factor classes. (4) Risk factor- and cause-specific relative risks.

Data on the group (1) parameters are principally available, although the data quality on disease
prevalence rates and risk factor prevalence rates for higher ages may be poor. (2) Disease incidence
rates are generally available, recovery rates may be hard to find, and cause-specific case fatality rates
are hard to estimate. However, the cause-specific case fatality rates can be estimated using disease
incidence and prevalence data (see Appendix D). (3) These data are hard to find because there have
been no representative longitudinal studies on risk factors for sufficient long time periods in the
Netherlands so far. However, these transition rates may be estimated from time-series of cross-
sectional studies (Hoogenveen et al., 1998a) or by assuming time-constant risk factor prevalence
rates. (4) Relative risks are generally available for most combinations of specific important risk
factors and disease categories. However, relative risks for all remaining causes of death and relative

risks for higher ages still need to be assessed.
Time trends

Almost all model parameters are assumed to be time-constant. One exception is the CHD case fatality
rate, that is assumed to decrease over time. This does not not mean that the output prevalence rates
are time-constant due to the system-dynamic model structure. The risk factor prevalence rates change
over time because the risk factor transition rates may have changed in the past. When the disease
prevalence rates change also the disease prevalence and mortality rates will change. Recognizing

trends apart from the system-dynamic effects needs more attention.
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Time horizon

The time horizon of the chronic diseases model structure is a complex issue. It depends on the use of
the model, i.e. whether for estimating public health trends or for estimating the effects of public
health intervention programs. In the case of trend estimations the main model results are absolute
disease prevalence and mortality figures. The time horizon may be 15 years at most and according to
general statistical extrapolation rules it has to be even smaller. In the case of effect estimations the
results are changes in these figures due to the intervention program and compared to the reference
situation. Due to time delays the effects of risk factor intervention programs may only become
apparent after long time periods such as 40 years. So in order to describe the full effects of

intervention programs the time horizon has to be chosen sufficiently large, often more than 15 years.
Aspects of time delay

Several aspects of time delay can be distinguished.

1 Between entering a high risk group and increasing risk level, for example between starting to
smoke and increased risk of lung cancer.

2 Between leaving a high risk group and decreasing risk level, for example between cessation
of smoking and decreased risk of lung cancer.

3 Between disease incidence and mortality.

The system-dynamic structure of the chronic diseases model results automatically in time delays with

respect to risk factor and disease prevalence. The risk factor and disease prevalence numbers can be

interpreted as volume variables that only respond with delay times to changes in the inflow and

outflow rates.

The standard methodology of implementing time delays in Markov-type models is introducing extra
model states for all duration times being distinguished. For example, in Prevent (Gunning-Schepers,
1988) the former smokers have been divided according the time since stopping. This way of
implementing time delays has several disadvantages: many extra model states and model parameters
are introduced. However, some alternative implementation forms are available, for example model
state parameters that depend on the mean time duration. The mean duration increases due to inflow of

new persons and decreases over time.

Time delays are important on the short run. For long time periods when all persons have reached the

same maximum time duration, the time delay is not important any more.
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Relative risks with respect to mortality or incidence

The relative risk parameters of the chronic diseases model structure refer to the outcome ‘disease
incidence’, whereas most relative risk data refer to the outcome mortality. There is not much known
about the relation between these relative risks, but some results have been found (see Appendix C.2).
These results are based on analyses on data from the Zutphen-study (Keys et al., 1967), simulation
results of the chronic diseases model, and on analyses on data from the Framingham-study (Kannel et
al., 1987) presented in literature. We conclude that there is some evidence that relative incidence risks
are smaller than relative mortality risks for several combinations of risk factors and disease types, but

that age-effects cross this relation.
4.2. Future model applications and development

Several aspects of future applications can be mentioned (see also RIVM, 1997).
Availability of data from longitudinal studies

The chronic diseases model structure is process-oriented: it describes the change of the public health
state over time as a function of demographic and epidemiologic processes. Data from longitudinal
studies are ideally used to estimate the model parameters and to validate the model. However, in
practice only data from time series of cross-sectional studies are available. An increase of the number
of Dutch longitudinal and follow-up studies encourages the further development and refinement of

system-dynamic simulation models on population risk factors and chronic diseases.

Statistical aspects of chronic disease modelling

Generally little attention is paid to the interpretation of chronic disease models and model results in
mathematical-statistical terms. A longer tradition on this model interpretation exists in the field of
trend extrapolations based on data time series, for example in demographics (Willekens, 1997).
However, the lack of attention in chronic disease modelling is not justified: they deal with stochastic
events, the model parameters have to be estimated, and the models produce predictions. Interpreting
the model in mathematical-statistical terms may be useful to select and estimate model parameters,
and to make quantitative judgements on the reliability of the model results.
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Costs and effects of intervention programs

The chronic diseases model structure has been developed to describe the effects of intervention
measures on disease prevalence and mortality taking into account several risk factors and disease
types simultaneously. The intervention measures are described as changing model parameters, i.e.
changing transition rates between risk factor classes and disease progression, case fatality or, if
existent, remission rates. However, this effect estimation is only part of the evalution of intervention
programs. Other important issues that have to be dealt with are: relating specific ‘real world
intervention measures’ to the changes in the model parameters, quantifying the costs of the
intervention programs and unifying the effects to make different intervention programs comparable.
One well-known unifying concept is the costs per (quality adjusted) life year gained. This concept has

already extensively been used in the field of health-economics (Drummond et al., 1987).
Model applications

The chronic diseases model structure based on the concepts of states and state transitions (flows) is
well developed to calculate the public health effects over time and age of intervention programs
taking into account aspects like postponement of and competition between events (morbidity and
mortality risks) and clustering and interaction of risk factors and diseases. Examples of applications
are estimating the future rise of heart failre, stroke trends in an aging population, and the health care
costs of smoking (Barendregt, Bonneux, 1998), effects on osteoporosis and CHD prevalence of
oestrogeen suppletion to postmenopausal women, and the public health effects of anti-smoking
campaigns (RIVM 1V, 1997). The consequence of using this type of state-transiton models is the

need of data on the transitions. These data have to come basically from longitudinal studies.

A general issue concerning model development and applications is model complexity. One general
rule of parsimonity is known that has been stated in several ways, for example: a model should be as
simple as possible. What is simple and what is possible depends on the reserach question and the data
available (see also Barendregt, Bonneux, 1998). Sensitivity analyses can be helpful in developing

models.
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APPENDIX A. THE MAIN MODEL EQUATIONS

A.1. The basic model variables

The basic model variables describe the state of any individual, i.e. with respect to its survival, the risk
factors and the disease states. They are stochastic indicator variables. Note: throughout the appendix

we present stochastic variables in bold capitals, realisation values are presented in regular capitals.

I(t) stochastic survival indicator variable
D(t)  stochastic disease state vector variable, for example with(1)/without(0) CHD, stroke etc.
Z(t)  stochastic risk factor state vector variable, for example never-smoker/smoker/former-smoker,

with(1)/without(0) hypertension etc.

Note: D(t) and Z(t) are only defined for persons being alive (I{t)=1).
A.2. The basic model equations

The state probability distribution function P is defined implicitly, i.e. conditionally dependent on its

latest value. For the initial time point the probability distribution function is given explicitly.

model state probability on time t+At  P(I(t+At)=1,D(t+At)=D,Z(t+At)=Z;t+At) =

P(D,Z;t+At) =
model state probability on time t P(D,Z;t)
inflow from other disease states + X, f(Den(D);Z;t) P(n(D),Z;t) At

inflow from other risk factor states + Zn(z) f(Z<n(Z);D;t) P(D,n(Z);t) At

outflow to other disease states -2, f(n(D)<=D;Z;t) P(D,Z;t) At
outflow to other risk factor states -2, f(n(Z)<Z;Dst) P(D,Z;t) At
mortality -f(D,Z;t) P(D,Z;t) At
with: D vector of disease state variables D, i.e. with(D=1)/without(D=0) CHD,
stroke, etc.
Z vector of risk factor class variables Z , ie. with(Z=1)/without(Z=0)

hypertension, etc.
P(D,Z;t) the probability of being in disease state D and in risk factor state Z on time t
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Den(D) transition to disease state D from one of the neighbour disease states n(D)

f disease and risk factor transition rates and mortality rates respectively
Notes:

- The model is a cohort model. So time may be interpreted as age.

- The model equations describe the change in the probability function for any individual. The
probability of being dead is the complement value.

- When the time interval At is sufficiently small, not more than one transition may take place.
So for any model state the neighbour states are those states that differ for only one state
variable.

- Initially I(t )=1. For the other model state variables the initial conditions are age-dependent.

A.3. The interpretation of the state transition rates

Depending on the specific state transitions the rates f have the following interpretation:

D— n(D) interpretation

0 1 disease i incidence; notation: inc,

1 0 disease i remission; notation: rem,

Z—> nZ)

0 1 risk factor j increase (from normal to high risk factor class)
1 0 risk factor j decrease (from high to normal risk factor class)

alive— dead
D=0 ‘acute’ mortality, assumed to be proportional to disease incidence

1 ‘chronic’ mortality, assumed to be proportional to disease prevalence
A.4. Distinguishing causes of death

With respect to mortality we distinguish several causes of death. These causes are the diseases being
described explicitly and the remaining causes. So the mortality rate is calculated as (cf. the model

characteristics):
mort(D,Z;t) = Z let(Z:t) ind(D(t)=1;D,z;t) + mort_(Z;t)
with:  ind(.) indicator function; ind(TRUE)=1, ind(FALSE)=0

let, the cause-specific case-fatality rate for disease i

mort  the mortality rate for all remaining causes
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Notes:

- In the computer model implementation let, and mort , are assumed independent on the risk
factors being distinguished in the model.

- It is assumed here that the cause-specific mortality is proportional to the disease prevalence.
For some diseases there is also cause-specific mortality related to the disease incidence.
Analoguous model equations can be derived for this situation.

- Both assumptions are not essential to the model structure meaning that releasing the

assumptions does not violate the conditional independence assumption.
A.5. Computer model implementation of basic model equations

With respect to the disease prevalence rate

- Making use of the specific notations for the state transition rates,

- specifying the cause of death,

- applying the conditional independence assumption,

- assuming the disease progression for any patient, the cause-specific case fatality and the
mortality due to all remaining causes being independent on the risk factors,

- assuming the cause-specific mortality to be proportional to the disease prevalence,

- assuming that the transitions between the risk factor classes are independent on the risk

factors,

the differential equations for the disease prevalence probability function are described by:

APREV (t)/ At =
incidence + 2 inc(Z;t) { POP(Z;t) - PREV(Z;t) }
remission - rem(t) PREV (1)
case-fatality - let(t) PREV (1)
other cause-specific mortality -2 X mort(Z;t) PREV (Z;t)
rest mortality - mort_(t) PREV (t)

with:  PREV, the probability of having at least disease i

inc the disease i incidence rate, related to the disease-free population

i

POP  the survival probability

mort  the cause (disease) j-specific mortality rate
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Notes:

- mort, = let, prev, with: prev: the disease i prevalence rate = the probability of having the

disease conditional on survival.
With respect to the risk group prevalence rate

- Again using the specific notations for the transition rates,

- specifying the cause of death

- applying the conditional independence assumption,

- assuming the mortality due to all remaining causes being independent on the risk factors,

- assuming that the transitions between the risk factor classes are independent on the risk

factors,

the differential equations for the risk group probability function are described by:

APOP(Z;t) / At =
cause-specific mortality X, mort(Z;t) POP(Z;t)
rest mortality - mort_(t) POP(Z;t)
risk factor change + Z"(Z) f(Zn(Z);t) POP(n(Z):t)

A.6. Some remarks

Fixed vs variable cohorts (dynamic populations)

The model equations describe the stochastic life course of one individual. The chronic disease model
structure describes total population numbers. Therefore the model equations described above are

extended in the deterministic population model version with:

- numbers of newborns during the simulation period (with age 0) or elder persons alive at the
start of the simulation period (with age greater than 0)
- ‘parallel’ birth-cohorts to describe the total population,

- inflow and outflow of persons due to migration.

Cohorts vs cross-sections

Three ‘time axes’ can be distinguished: calender time, age and year of birth (see Lexis-diagram).
Only two of them are independent because of the relationship:
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age = calender time - year of birth

The chronic diseases model structure is meant to describe the population within the rectangle defined
by age and simulation (calender) time period. At each time point the change of the cohort distribution
is computed conditional on the old one. Therefore, age increases parallel with time.

Marginal numbers compared to joint numbers

The original mathematical model structure has been defined in terms of the change of a joint
probability distribution function over time. ‘Joint’ means joint with respect to all risk factors and
diseases (causes of death) being distinguished. According to the conditional independence assumption
the joint probability distribution function for all diseases is uniquely defined by the marginal disease-
specific functions (prevalence rates), conditional on all risk factors. The prevalence rates describe the

probability of having at least the specific disease.

The dependency of the prevalence rates on the population risk factors is used in the model equations
to describe the disease incidence and mortality to all other causes of death being distinguished. This
dependency relation can be approximated by assuming that the risk factor probability function for the
persons having the disease (disease prevalence) or dying due to the disease (cause-specific mortality)
is equal to that for the persons getting the disease (disease incidence). Following this approximation it
is only necessary to describe the unconditional prevalence rates instead of the conditional ones for all

risk risk factor classes being distinguished.

Assuming independently distributed risk factors the joint probability function for all risk factor
classes is uniquely defined by the marginal risk factor prevalence rates. Introducing dependency

relations between risk factors results in more complex model structures.



page 48 of 75 Report 266750001




Report 266750001 page 49 of 75

APPENDIX B. DISTINGUISHING CAUSES OF DEATH AND COMPETING DEATH RISKS

B.1. The main model assumptions related to mortality

With respect to mortality we distinguish several causes of death. These causes are the disease
catagories being distinguished explicitly and the remaining causes. The main assumptions underlying

the chronic diseases modelling approach related to mortality are (see also §2.4):

One essential assumption:

- the assumption of conditional independence: the mortality rates for two different diseases are
independent conditional on the risk factor variables, for example the CHD and stroke
mortality rates are independent conditional on gender, age, smoking and bloodpressure status.

Other non-essential assumptions meaning that releasing them does not violate the conditional

independence assumption:

- The cause-specific case fatality rate is independent on the risk factors, for example the CHD
case fatality rate is independent on smoking and bloodpressure status.

- The mortality rate for all remaining causes is independent on the risk factors being
distinguished.

- The cause-specific mortality is proportional to the disease prevalence.
B.2. The main model equations

For every one-year time step during the simulation period the mortality is calculated in the following

way:

A The cause-specific mortality for those having the related disease

B The total mortality for all risk factor classes being distinguished

C The mortality for all other causes for all disease states being distinguished

Notes:

- The order of calculating the mortality numbers is imperative.

- All model variables and parameters, whenever data are available, are specified by gender and
age. To simplify the notation of the model equations we omit this specification as well as the
time parameter.

A The cause-specific mortality for those having the related disease

mort(Z) = let, prev(Z) mortality due to cause of death i

with: 1 index over all causes of death (diseases) being distinguished
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Z,z any risk factor class
mort(Z) cause-specific mortality rate for any person with risk factor Z
let, cause-specific case fatality rate for any person having the disease (patient)
prev(Z) risk factor class-specific disease prevalence rate
B The total mortality for all risk factor classes being distinguished

mort(Z) = X, mort(Z) + mort_,

with:  mort(Z)risk factor class-specific mortality rate
mort mortality rate for all remaining causes

ov

C The total mortality for all disease states being distinguished
let prev, + 2 X, mort(z) prev(z) f(z) + mort_ prev,

with: ] index over all other causes of death being distinguished,

f(z) risk factor prevalence rate

In the last equation the first term is the cause-specific mortality alread described in A. The second
term is the mortality due to all other causes of death being distinguished. The third term is the
mortality due to all truly remaining causes. For calculation of the variables mort(z) and prev(z), see
§C.3.

B.3. Some remarks

Three groups of causes of death being distinguished

In the formula under C three groups of causes of death are distinguished. (1) The specific disease as
cause of death. The related mortality rate (conditional on having the disease) is described by the case-
fatality rate let. This mortality rate is assumed independent on the risk factors. (2) The other causes of
death (diseases) being distinguished. The mortality is described by mortality rates that are risk factor-
dependent caused by the comorbidity due to the common risk factors. (3) The mortality due to all

truly remaining causes of death. This mortality is assumed independent on the risk factors.
Order of calculation steps

The model calculation steps related to disease incidence and mortality are summarized in figure 4.

Note that in this figure only transitions related to incidence and mortality are presented.



Report 266750001

page 51 of 75

time point t

time point t+At

POP(Z)

»| POP(Z)

MORT;

MORT(Z)

MORT(Z)

INCi(Z)

PREV;

Figure 7: the order of calculating disease incidence and mortality numbers

Integrative aspects being taken account of

This way of mathematically describing risk factor-specific, cause-specific and total mortality takes

account of the following aspects of integrating causes of death (see also §2.4):

- mortality selection: persons with high risk level have higher mortality risks,

- independent competing risks: all persons are ‘exposed’ during their lives to all causes of

death,

- dependent competing risks: persons having a disease have higher mortality risks for any other

cause compared to those not having the disease whenever both diseases (causes of death)

have common risk factors.
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APPENDIX C. RELATIVE RISKS IN THE MODEL STRUCTURE

C.1. The risk factor-specific incidence rates

Every person not having a disease has a probability of getting the disease. The disease incidence rate
is dependent on the risk factors being distinguished using relative risks. The two main formulas being
used to estimate the incidence rates are:

for starting time point t inc, = inc(t) / Z RR(z) f(z;t,)

for any time point t2t, inc(t) = X RR(z) inc, f(z;t)

with:  inc, inc, disease incidence rate and baseline incidence rate respectively,
1 index over diseases being distinguished,
RR(2) relative disease i incidence risk for risk factor class z
f(z;t) risk factor z prevalence rate

Notes:

- All model variables and parameters are specified by gender and age.

- The main model parameters used are the initial disease incidence rate inc(t), the relative
risks RR(z) and risk factor prevalence rates f(z;t). Note that the risk factor prevalence rates
for t>t, are model output and not input.

- The relative risks and baseline incidence rates are assumed time-constant. Therefore changes
in the total incidence numbers can only result from changes in total population numbers and
risk factor prevalence rates.

- The relative risks used are related to the event ‘disease incidence’. Most data on relative risks

refer to the event ‘cause-specific mortality’. Due to data restrictions both are assumed equal.

C.2. Comparing relative risks for the outcome disease incidence and mortality

Some analyses have been done on relative risks for the outcomes disease incidence and mortality. The
summary results are presented in this paragraph. The results refer to Cox proportional hazards
analyses on data from the Zutphen-study, computer model simulation results and some relative risks

from literature based on anaalyses on data from the Framingham-study.
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C.2.1. Zutphen-study

The Cox proportional hazards model has been fit on data from the Zutphen-study. The estimated
regression coefficients are presented in table 2. Coefficients have been estimated for the risk factors
systolic bloodpressure, serum cholesterol level, number of cigarette years, Body Mass Index, and age,
and for the causes of morbidity and mortality CHD, stroke, other heart diseases, lung cancer and other

cancer.

Table 2: regression parameters for outcome variables disease incidence and mortality

CHD CVA othHD lunge other c
syst 18;12 14ns;18 15;11
chol 2221 21ns;13ns ;19
cigyr] ;03ns ;06ns ;10 16;15 07ns;07
BMI| 10;06 13;08 09;
age 10;05 13;09 09ns;05 05.06 10,08

Notation: x;y: regression coefficient (*.01) for outcome mortality and incidence respectively; blank: no value

calculated; ns: not significant.

The differences in the estimated regresison coefficients depend on the risk factor and cause of death
selected. For bloodpressure, BMI, CHD and stroke the coefficients for the outcome incidence are
significantly smaller than those for outcome mortality, for cholesterol non-significantly smaller. For
cancer the differences are very small. Several reasons may explain these differences. (1) Different
case fatalities: the larger the case fatality, the smaller the differences for the two outcome types. (2)
Different patient structures. The more homogeneous the patient population, again the smaller the

differences. (3) Age at mortality is always higher than age at incidence.

C.2.2. Computer model simulations

Some simulation experiments have been performed on a simplified version of the chronic diseases

model that describes only one birth-cohort. The model results have been presented in table 3.
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Table 3: input disease incidence rates and model output prevalence rates

males females

age CHD lungcancer CHD lungcancer
0 2.8 * 224 * 3 * 119 *

10 2.8 * 224 % 3 * 119 *

20 2.8 * 224 % 3 * 11.9 *
30 2.8 243 224 114 3 257 119 178
40 2.8 252 224 163 3 263 119 96
50 2.8 267 224 195 3 289 119 109
60 2.8 253 224 167 3 275 119 103
70 1.6 1.92 224 221 1.6 195 119 118
80 1.6 1.65 224 223 1.6 1.60 119 119
90 1.6 1.60 224 224 1.6 .57 119 119
100 1.6 1.59 224 224 1.6 1.58 119 119

Notation: *: no relative risk calculated because mortality rate is too small.

The relative mortality risks converge over age to the relative incidence risks values, although changes

over age cross these trends. Therefore age-dependent relative mortality risks may result from age-

dependency of disease incidence, case fatality and/or mortality due to other causes.

C.2.3. Framingham Study

Based on data from the Framingham Study many relative risks, regression coefficients etc. have been

presented in reports, books and scientific articles. Without having the intention to present a complete

overview some results are presented related to the issue of relative incidence and mortality risks (see

table 4). Only those risk values are presented that have been published within the same article.
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Table 4: examples from disease incidence and mortality risks simultaneously presented in literature

Doyle et al. (1962): Incidence rates (/1000 py)
smokers non-smokers
AP adj 1.6 2.1
MI adj. 7.3 2.1
death from CHD 2.4 04

Framingham report section 30: coefficients of logistic regression model for outcome variable CHD

incidence mortality

univariate multivariate  univariate multivariate
SBP .017 012 .023 015
DBP .024 021 .032 .024
Chol .0058 .0058 .0060 .0061
Rel wght .01 .010 011 .008
Smoking A2 24 A8 32

Notes: SBP: systolic bloodpressure (mmHg), DBP: diastolic bloodpressure (mmHg), chol: serum cholesterol

level (mg/dl), rel wght: Metropolitan relative weight, smoking (number per day)

C.2.4 Some concluding remarks

The empirical results (Zutphen-study and Framingham-study) show that relative incidence risks are
generally smaller than relative mortality risks, especially for the outcome coronary heart diseases. For
cancer no significant differences have been found. These differences can be explained in terms of
different case fatalities, population heterogeneity and/or mortality to other causes, in relation to the

time difference between age at disease incidence and age at death.

The model gives conflicting results: larger relative incidence risks than mortality risks, assuming age-
constant risk values. This assumption may be too strict. In case of relative incidence risks, that
decrease over age, the relative mortality risks follow the incidence risks with a time-lag and so may

still be larger for given age values.
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C.3. Risk ratio and relative risk

The key model parameters that describe the dependency of the disease variables to the risk factor
variables are the relative risk and related risk multiplier. The risk multiplier is defined as follows. For

reasons of simplicity we omit the specification by gender and age:
RM(Z;t)=RR(Z)/ X RR(2) f(z;t)

with:  RM  risk multiplier

1

i index over diseases (causes of death) being distinguished
Z,z  specific and any risk factor class respectively
RR relative risk

() risk factor prevalence rate

The relative risk describes the risk relative to the baseline rate, the risk multiplier describes the risk

relative to the (mean) population rate. The time-dependent mean relative risk value is defined as:
RR(t) = mean(RR;t) = £ RR(z) f(z;t)
Using these parameters the relation between the total and risk factor-specific incidence rates becomes:
inc(Z;t) / inc(t) = RR(Z) inc, / Z RR(2) inc, f(z;t) = RR(Z) / £ RR(2) f(z;t) =
RM(Z;t)

Assuming that the risk factor distribution of the disease prevalence equals that of the disease

incidence the same ratio value applies to the disease prevalence and cause-specific mortality:
prev(Z;t) / prev(t) = mort(Z;t) / mort(t) = RM(Z;t)
PREV (Z;t) / PREV (1) = prev(Z;t) POP(Z;t) / X prev (z;t) POP(z;t) =
RR(Z) f(Z;t) / Z, RR(z) f(z;t) = RM(Z;t) f(Z;t)
Using these relationships the formula for the disease incidence number becomes:
INC(t) =X INC(z;t) =X inc(z) { POP(z;t) - PREV (z;t) } =

T, RR(2) inc, f(z;t) { POP - RM(Z;t) PREV (1)
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C.4. Comorbidity

The mathematical model structure based on the conditional independence assumption makes it
possible to quantify the comorbidity resulting from common risk factors. We define the comorbidity
coefficient (com_coeff) as the ratio of the prevalence rate for two diseases simultaneously to the
product of the marginal disease prevalence rates, i.e. the ‘empirical’ combined prevalence rate to the
one assuming independent separate disease rates. For reasons of simplicity the specification by

gender, age and time has been omitted.
com_coeff (t) = previ&j(t) / previ(t)*prev_i(t) =

X prev, (z;t) f(z;t) /{ Z prev(z;t) * Z prev(z;t) } =

i&j
X prev(z;t) prev(z;t) f(z;t) / { X, prev(z;t) * X, prev(zit) } =
2, RR(2) RR(2) f(z;t) / { £, RR(2) f(z;1) £, RR(2) f(z;t) } =
mean(RR*RR;;t) / { mean(RR ;t) mean(RR;t) }

with: 1] indices over diseases being distinguished

C.5. Multiplicative or additive risk model

So far we have only used relative risk values for risk factor classes that are defined on simultaneous
combinations of specific risk factor values (‘combined exposure’), for example persons who do not
smoke but have hypertension. In this paragraph we work out the functional relationship between the
relative risk values for combined exposures to those for single exposures assuming a multiplicative or

additive risk model.

multiplicative risk model RR(Z )= IT RR(Z)

additive risk model RR(Z, )=1+2X { RR(Z)-1}

We apply these risk models together with the assumption of independently distributed risk factors:
(@) =111(2)

with:  f(Z)  joint risk factor prevalence rate
j index over risk factors

f(Z)  marginal risk factor j prevalence rate

Combining both risk models with the assumption of independently distributed risk factors results in:
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multiplicative risk model

mean(RR) =2 2 Tl RR(z, )1 f(z, ) } = ILY { RR(z) f(z,) }

1.k(1)
RM(Z) =RR(Z)/RR =11 RR(Z) /T, z | RR(z,) f_i(zj.k) } =
IIJ. { RR(Z)/ | RR(z ) fj(zj_k) 1} = I"I_j RM(Z)
additive risk model

mean(RR) = Zj To{1+X[ RRi(sz(l))—l 11T, fI(ZI,k(l)) =

k()

1+X %, {RR(z,)-1} f(z,)

k()

RM(Z)=RR(Z)/RR = { 1 + % [RR(Z)-11} / { 1 + I T, [RR(z,)-11f(z,) }

with: i index over diseases (causes of death)
k index over classes for given specific risk factor (domain of k depends on
number of classes being distinguished for risk factor )
] index over risk factor classes for given indices k(j)
RR(z,) relative risk for class k of risk factor
f(z,) prevalence rate for class k of risk factor j
The disease incidence and mortality rates for both risk models are:
baseline incidence rate
inc, = inc(t,) / mean(RR ;t )
disease incidence number
INC, = inc, POP { mean(RR;t) - mean(RR *RR;t) / mean(RR ;t) }
with:  mean(RR*RR;t) =
multiplicative risk: ILL { RR(z) RR(z ) f(z,) }
additive risk: LE{1+Z[RR(z,)-11}21]f(z,, }

]

mortality for those having disease i due to diseases (cause of death) j=i
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X, mort(z) prev,(z) f(z) = mort, * prev, *
multiplicative risk: IT Z, RR(z,) RR(z) f(z, ) / { mean(RR) mean(RR) }

additive risk: LE{1+Z[RR(z, )11} {1+% [RR(z

i Lk(b)

)-11 1T £z, }/
{ mean(RR) mean(RR)) }

The last two terms are equal to the comorbidity coefficient that has been defined in §C 4.
C.6. Some remarks

Sensitivity of model results to relative risk values

The relative risks are used in the starting time point to disaggregate the disease incidence rate over the
risk factor classes. This disaggregation is internally consistent meaning that aggregating the risk
factor-specific incidence rates results in the original rate value. As a result of the disaggregation step
the model results on the population level (disease prevalence rates, mortality rates) are almost
insensitive to the relative risk values. However, for population subgroups the model results may be
sensitive, for example the life expectancies for different risk factor classes.
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D.

CHANGE OF DISEASE PREVALENCE OVER TIME AND AGE

D.1. The main model equation

So far only the change over time of the probability of having at least one specific disease has been

described (see §A.5). To describe the change of the disease prevalence rate one also has to take

account of the change of the survival probability. A simple differential equation for the disease

prevalence rate can be derived making two extra assumptions next to the assumption of conditional

independence: there are no risk factors, and there is no recovery. Then we find:

with:

Notes:

APREV. /At = inc (POP-PREV)

APOP / At = - let, PREV, - mort  POP

Aprev, / At = A(PREV/POP) / At = (inc, - let prev, ) (1 - prev, )
PREV, probability of having at least disease i

prev, disease prevalence rate

POP survival probability

inc, disease i incidence rate

let, cause-specific mortality rate for those having disease i
mort mortality rate for all remaining causes of death

The change of the disease prevalence rate over age is independent on the mortality due to all
other causes of death, under the assumptions being made.

The model equation has been derived for a birth cohort and prev describes the age-specific
prevalence rate. The model equation can also be interpreted in terms of following a general
cohort over time. Then the prevalence is stable (time-constant, Aprev=0) if prev, = inc, / let,
or, equivalently, if prevalence rate = incidence rate * mean disease duration.

The model equation has been used in the DisMod-exercise by Murray c.s. (1996) to get
internally consistent disease incidence, prevalence, and mortality data. The same exercise will
be done for the Dutch situation (Hoogenveen et al., 1998¢)

The cause-specific case fatality rate describes the excess hazard rate for patients compared to

persons without the disease. See also §2.6.
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D.2. Relating time trends in disease incidence, prevalence and case fatality rate

The differential equation can be used to relate changes (trends) in disease incidence or case fatality

rates to changes in disease prevalence and cause-specific mortality rates:

rates: disease incidence case fatality
reference situation inc mort
alternative situation (1+a) inc (1+8) mort

with: o, B: relative change parameters. Then the relative change in the disease prevalence and cause-
specific mortality rate over time are:

Aprev = (prev, -prev, J/prev = (1-prev,

i,ref 3,0

Yprev,

i0

(inc o - mort W prev, ) At

i,alt

Amort, = (mort_ -mort,_ )/prev, =B At + Aprev,

.
with:  prev , prev, —age-specific prevalence rate in reference and alternative situation
respecvtively
Aprev, relative change of age-specific prevalence rate when comparing alternative
situation to reference situation

At small time period
Notes:

- The relation between changes in the input parameters to those in the output variables can be
interpreted easily. For example, an increasing case fatality rate results in changing cause-
specific mortality rates along two lines, one directly resulting in increasing mortality rates
and one indirectly resulting in decreasing prevalence rates and therefore also decreasing
mortality rates.

- The term ( inc a- mort B prev, ) can be interpreted as the net growth. For small time periods

the net growth is proportional to the time length.
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APPENDIX E. HEALTH OUTCOME INDICATORS

The model outputs are risk factor prevalence rates, and cause-specific disease incidence, prevalence
and mortality rates. These model outputs can be transformed (integrated) to health outcome

indicators.

E.1. Life and remaining life expectancy

Standard life table method using total mortality rates.

E.2. Reduction of life expectancy ‘due to’ high risks

We can define the (remaining) life expectancy for specific population risk groups. However, there are
several problems here: (1) Individuals enter the high risk groups at different ages. (2) Individuals may
leave the high risk group at higher ages. (3) The number of life years is defined with respect to any
(one) individual, the chronic diseases model structure describes only dynamic population groups.
These problems can be dealt with by introducing a matching context in the life expectancy definition.
For any individual entering the high risk group (a ‘case’) his remaining life expectancy is computed
assuming he will stay in the high risk group until death. Also the remaining life expectancy is
calculated of a ‘control’ that stays in the normal risk group. The difference between both the mean of

the ‘cases’ and the ‘controls’ is defined as the reduction of life expectancy ‘due to’ the high risk.
The (time-continuous) formula for any risk factor Z is:

[, { POP (u) - POP (w)™" } { ]_ inc(t) P(Z=0;t) / POP,(t) dt } du/

[, inc(t) P(Z=0;t) dt

with:  POP, the survival fraction for the baseline risk group
RR the relative risk for the high risk group
inc the disease incidence rate

P(Z=0) the probability of normal risk given survival until age t

This implementation of differencies in life expectancy between risk factor classes is based on a
matching context over all ages. Of course it is also possible to define these differences only for one
age point. In this case it is also assumed that the ‘cases’ and ‘controls’ maintain their risk factor status

over life.
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E.3. Other versions of life expectancy

Potential years of life lost due to cause i specific mortality:
[, POP(t) mortt) e(t) dt

with:  mort, mortality rate on age t

e(t) rest life expectancy on age t
Quality (disability) adjusted life years
Survival and disease prevalence fractions may be weighted by their quality of life (QALY) values.
We work out the QALY (DALY)-calculation in more detail in relation to the comorbidity that is
described in the model structure based on the assumption of conditinally independent disease
prevalence rates. It is assumed that:
- the QALY (DALY) weight-value (the weighting of life years in terms of full health

equivalents) is independent on the population risk factors conditional on the disease states,
- ‘being dead’ has QALY weight-value 0, DALY weight-value 1 respectively.
Because QALYs and DALYs can be treated mathematically in the same way, we will present only
results in terms of QALYs. The QALY-value of the population can be computed under an additivity
or multiplicativity assumption of the disease-specific QALY-values:

Additivity assumption:

The disease-specific reductions of the QALY -value are additive.

2., QALY(D) P(D,Z;t) = (1 - X QALY prev(t) ) POP(t)
Multiplicativity assumption:
The disease-specific reductions of the QALY-values are multiplicative.

3., QALY(D) P(D,Z;t) =TI, ( 1 - QALY, prevt) ) POP(t)

with: QALY(D) the multivariate QALY -value,
QALY, the disease-specific QALY-value, QALY (D) =2 QALY ind( D=1).
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APPENDIX F. DEFINITIONS

analysis
sensitivity -
case fatality rate

clustering

comorbidity

analyzing the effects on the model output of changes in the model input
excess hazard rate of persons with a disease compared to those without the
disease

joint high risk prevalence rate is larger than is expected assuming
independent univariate high risk prevalence rates

joint disease prevalence rate is larger than is expected assuming independent

univariate disease prevalence rates

conditional independence assumption that disease rates are independent conditional on the risk factors

disease
- progression
- remission
incidence
- number
- rate
life
- expectancy
- table

Markov-property

mortality
rest -

- selection

prevalence
- number
- rate
prevention
primary -

secundary -

risk

- behaviour

transition to disease state with more serious health effects

transition of state ‘with the disease’ to state ‘without the disease’

number of persons getting the disease during time interval

fraction of population getting the disease during time interval

expected rest number of years to live for any individual; mostly estimated for
newborn

mathematical method using class-specific mortality rates to calculate life
expectancy figures

given the actual state the (probability distribution of the) future model states

are (is) independent on the past states

mortality due to other causes than those being described separately
population characteristics change over time due to different individual

mortality rates

number of persons with disease on time point (starting point of time interval)

fraction of population number with disease on time point
policy measures on reducing risk levels to reduce morbidity and mortality
policy measures on reducing disease progression or promoting disease

remission

change of risk factor values over time within individuals

competing death - distinguishing several causes of death simultaneously

- model

- multiplier

model that relates relative risk for combined exposure to those for single
exposures

event probability of exposed persons relative to population probability
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relative - event probability of exposed persons relative to that of non-exposed persons

scenario possible future developments implemented as possible future model input

model

values together with the related model output values

deterministic - given the mathematical model equations and model input values the model

output is fixed

multistate - model that describes persons that can be in different states

- parameter variable with fixed value

simulation -  model that mimics events over time

stochastic - given the mathematical model equations and model input values the model

output is stochastic
system-dynamic - model based on the concepts of states and state transitions
- validation proving the reliability, accuracy and functionality of the model within the

specified domain of model applications
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APPENDIX G. ABBREVIATIONS

o,B model parameters

BMI  Body Mass Index

CBS  Statistics Netherlands

CHD coronary heart diseases

COPD chronic obstructive pulmonary diseases

CVA cerebrovascular accident = stroke

CVD  cardiovascular diseases

D vector of states for all diseases being distinguished
DALY Disability Adjusted Life Year

DM  diabetes mellitus

f transition rate

f() risk factor prevalence rate

i index over diseases being distinguished; ov = remaining causes of death
inc disease incidence rate

J index over risk factors being distinguished

k index

let cause-specific case fatality rate

u,mort mortality rate for any individual

MORT mortality number

n(.) set of neighbouring states

P probability

POP  probability of survival / population number
prev  disease prevalence rate

PREV probability of disease prevalence / prevalence number
QALY Quality Adjusted Life Year

rem  disease remission rate

RM  risk multiplier

RR relative risk

S() age-dependent survival probability

SES  social-economic status

t,At time point, small time period

z,7. vector of states for all risk factors being distinguished
z summation
IT product

—

integral
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