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Zusammenfassung 

Anwendung des Illness-Death Modells zur Schätzung epidemiologischer 
Kennzahlen des Diabetes auf Basis aggregierter Daten 

Die Diabetesepidemie ist eine Bedrohung für die Gesundheit von Populationen 
weltweit. Diabetes Surveillance hat unter anderem zum Ziel, Informationen über 
die Diabeteshäufigkeit bezüglich Prävalenz und Inzidenz sowie über 
diabetesbedingte Komplikationen wie erhöhte Mortalität zu liefern. Um für die 
Zielgruppe von Nutzen zu sein, sollte Diabetes Surveillance Informationen auf 
Grundlage repräsentativer Daten zeitnah bereitstellen. Das übergeordnete Ziel 
dieser Arbeit ist es, eine Methode zur Schätzung epidemiologischer Maßzahlen 
zu veranschaulichen, die auf aggregierten Daten basiert. 

Die Methode verwendet ein Illness-Death Modell und eine damit assoziierte 
partielle Differentialgleichung (PDE). Zur Veranschaulichung der Methode 
werden drei Anwendungen vorgestellt. Die jeweiligen Ziele der Anwendungen 
waren, (i) die Validität der mit Hilfe der PDE und beobachteten Inzidenzraten 
geschätzten aktuellen altersspezifischen Prävalenz von Diabetes bei 
Jugendlichen in den USA zu bewerten, (ii) die Anzahl der Menschen mit Typ-2-
Diabetes in Deutschland zwischen 2015 und 2040 zu prognostizieren und (iii) 
die mit Typ-2-Diabetes assoziierte altersspezifische Exzess-Mortalität in 
Deutschland im Jahr 2012 zu schätzen. 

Die mit der PDE und Inzidenzraten geschätzte Prävalenz von Typ-1- und 
Typ-2-Diabetes bei Jugendlichen in den USA stimmte gut mit der beobachteten 
Prävalenz überein. Die prognostizierte Anzahl der Menschen mit Typ-2-
Diabetes in Deutschland im Jahr 2040 lag zwischen 10,7 und 12,3 Millionen. 
Gegenüber 2015 entspricht dies einem relativen Anstieg zwischen 54% und 
77%. Bezüglich der Exzess-Mortalität wurde geschätzt, dass Frauen und 
Männer mit Typ-2-Diabetes älter als 65 Jahre im Vergleich zu Personen ohne 
Typ-2-Diabetes eine um das 3,0-fache bzw. 2,3-fache erhöhte Mortalitätsrate 
aufweisen. 

Alle Anwendungen basieren auf publizierten und aggregierten Daten. Im 
Vergleich zu herkömmlichen Methoden, die auf Individualdaten basieren, birgt 
dies das Potenzial, die Diabetes Surveillance effizienter zu gestalten. Im 
Hinblick auf die Diabetesepidemie in Deutschland stellt diese Arbeit erstmals 
Schätzungen für die Anzahl der Menschen mit Typ-2-Diabetes im Jahr 2040 für 
die gesamte erwachsene Bevölkerung zur Verfügung. Im Vergleich zu 
einfacheren Methoden vorheriger Prognosen legen die Ergebnisse eine 
wesentlich höhere Anzahl Betroffener nahe. Die Ergebnisse zur 
altersspezifischen Exzess-Mortalität deuten auf eine deutlich erhöhte 
Mortalitätsrate bei Menschen mit Typ-2-Diabetes hin. Diese Ergebnisse 
stimmen mit der einzigen vorherigen deutschen, auf Individualdaten 
basierenden Studie zur altersspezifischen Exzess-Mortalität überein.  
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Summary 

Application of the illness-death model to estimate epidemiological 
measures for diabetes based on aggregated data 

The diabetes epidemic is a major threat to public health worldwide. Diabetes 
surveillance systems aim, among other things, to provide information on the 
frequency of diabetes in terms of prevalence and incidence as well as on 
diabetes-related complications, such as increased mortality. In order to be 
useful for the targeted audience, diabetes surveillance need to provide 
information based on representative data in a timely manner. The overarching 
aim of this work is to illustrate a method that estimates epidemiological 
measures based on aggregated data. 

The method uses an illness-death model and an associated partial differential 
equation (PDE). For the illustration of the method, three applications are 
presented. The particular aims of the applications were (i) to assess the validity 
of using the PDE to estimate current age-specific prevalence of diabetes in U.S. 
youth using incidence rates, (ii) to project the number of people with type 2 
diabetes in Germany between 2015 and 2040 and (iii) to estimate age-specific 
excess mortality associated with type 2 diabetes in Germany in 2012.  

In the first application, the prevalence of type 1 and type 2 diabetes in the U.S. 
youth estimated with the PDE and the observed incidence rates was in good 
agreement with observed prevalence estimates. In the second application, it 
was projected that between 10.7 million and 12.3 million people will be affected 
with type 2 diabetes in Germany in 2040. Compared to 2015, this corresponds 
to a relative increase between 54% and 77%. With regard to excess mortality, it 
was estimated that women and men above the age of 65 years with type 2 
diabetes compared to people without type 2 diabetes experience a 3.0-fold and 
2.3-fold increased mortality rate, respectively.  

All applications were based on published data on an aggregated level. Hence, 
the presented methodological approach bears the potential to conduct diabetes 
surveillance more efficiently, compared to traditional approaches based on 
primary data on the individual level. With regard to the diabetes epidemic in 
Germany, this work for the first time provided estimates for the number of 
people with type 2 diabetes in 2040 considering the whole adult population. The 
results suggest a substantially higher number of affected people, compared to 
results using simpler methods, often employed by previous projections. In 
addition, the results for age-specific excess mortality suggest a substantially 
increased mortality rate among people with type 2 diabetes. These findings are 
in line with the only previous German study reporting age-specific excess 
mortality based on individual data.  
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1 Introduction 

One of the main goals of epidemiology is to describe the frequency and 

distribution of diseases in populations (1,2:p.62). This branch of epidemiology is 

often referred to as descriptive epidemiology (2:p.62,3:p.73). In order to reach 

this goal, various quantitative measures are used and estimated, usually based 

on individual data from primary studies or secondary data sources. However, 

the collection of primary data is costly and time consuming, particularly if 

representativeness for various subgroups is required. As an alternative, 

secondary data often provides a cheaper opportunity, because the data has 

already been collected, albeit for another purpose. However, access to 

secondary data from individuals for research purposes is sometimes limited due 

to strict data protection and security regulations.  

This work illustrates practical applications of a method to estimate quantitative 

measures of descriptive epidemiology based on aggregated data. The method 

uses the well-known illness-death model (IDM) and an associated partial 

differential equation (PDE). The applications are exemplified in the context of 

diabetes in Germany and the U.S.  

As an introduction, this chapter provides a background on the global diabetes 

epidemic, in order to illustrate the public health relevance of the disease and the 

resulting need for diabetes surveillance. Furthermore, it gives definitions of 

descriptive epidemiology and disease surveillance as well as a short overview 

of the current diabetes surveillance systems in Germany and the U.S. For a 

methodological background, some technical details on the IDM and the 

associated PDE are provided.  

1.1 The diabetes epidemic 

Diabetes mellitus is defined as a “group of metabolic diseases characterized by 

hyperglycemia resulting from defects in insulin secretion, insulin action, or 

both.”(4). The most frequent forms of diabetes mellitus are type 1 and type 2 

diabetes. The former is characterized by an absolute deficiency of insulin due to 

autoimmune destruction of pancreatic β-cells. The latter is characterized by a 

relative insulin deficiency due to initial insulin resistance (4). Type 1 diabetes is 
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strongly related to genetic predisposition with a peak incidence between age 10 

and 14 years (5). Contrary, type 2 diabetes is mainly related to behavioral risk 

factors such as poor diet (6,7), with a peak incidence around age 85 years (8). 

The term “diabetes epidemic” usually refers to type 2 diabetes because 90% to 

95% of people with diabetes are affected by this type (4) and the risk of type 2 

diabetes is related to behavioral factors (6,7).  

The first unambiguous description of diabetes is attributed to the physician 

Aretaeus of Cappadocia more than 2000 years ago (9). Back then, diabetes 

was considered an uncommon disease, leading to death quickly (9). Despite 

major advances in treatment of diabetes, people with diabetes still experience a 

higher mortality than people without diabetes (10-15). Besides death, most 

common consequences of diabetes are macro- and microvascular 

complications such as stroke, myocardial infarction, diabetic nephropathy and 

retinopathy (16).  

Since its first description more than 2000 years ago, diabetes became one of 

the major public health threats worldwide (17,18). As a consequence, the 

International Diabetes Federation (IDF) was founded in 1950 with the aim to 

promote diabetes care, prevention and cure (19). In 2000, the IDF published its 

first estimate of the number of people with diabetes worldwide with 151 million 

cases in the age group 20 to 79 years (20). In the most recent IDF report, this 

number remarkably increased to 463 million in 2019 (21). Hence, within only 19 

years, the number of people affected by diabetes more than tripled. Similarly, it 

is estimated that between 1980 and 2014 the worldwide age-standardized 

prevalence almost doubled among men from 4.8% to 9.0%. The increase in 

prevalence among women was somewhat lower from 5.0% to 7.9% (22).  

Diabetes is associated with an increased risk of death (10-15), impaired quality 

of life (23) and severe disabilities. An example, diabetic kidney disease may 

require dialysis due to kidney failure (16). The rapid increase in the number of 

people with diabetes was accompanied by a substantial increase in disease 

burden due to diabetes. Table 1 shows results from the Global Burden of 

Disease Study, which quantifies disease burden in terms of years lived with 

disability (YLD) and years of life lost due to premature death (YLL). The sum of 
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these measures are the disability adjusted life years (DALY) (24). Between 

2000 and 2017 the number of YLD due to diabetes globally increased by 71%, 

from 23 million years to 39 million years. Similarly, YLL due to diabetes 

increased from 20 million years to 30 million years, resulting in a relative 

increase of 50%. Trends in YLD in Germany were similar, however the relative 

increase was somewhat lower. In contrast to global trends, YLL due to diabetes 

decreased by 6% in Germany between 2000 and 2017, perhaps reflecting 

advances in survival with diabetes that may not have taken place at the same 

level in other parts of the world, with presumably limited access to high quality 

health care. Overall, the disease burden due to diabetes in terms of DALYs 

increased globally and in Germany by 61% and 23%, respectively. 

Table 1: Disease Burden due to diabetes globally and in Germany in 2000 and 2017. 

 2000 2017 % change 

 Years lived with disability 

Global 22,511 38,575 71.4 

Germany 334 487 45.9 

 Years of life lost due to premature death 

Global 19,565 29,300 49.8 

Germany 271 256 -5.7 

 Disability adjusted life years 

Global 42,076 67,875 61.3 

Germany 606 744 22.8 

Numbers in 1,000s, taken from (25) 

Years lived with disability measures disease burden by years lived in less than ideal health 

based on the prevalence of the disease and the disability weight that quantifies the severity of 

the disease. Years of life lost due to premature death measures lost life years in a given year 

based on the number of deaths due to a disease as documented in death certificates and the 

remaining life expectancy at the age of death. Disability adjusted life years are the sum of years 

lived with disability and years of life lost due to premature death. See (24) for further details. 

Historically, the enormous increase in the number of people with diabetes and 

in the associated disease burden was strongly underestimated (20). For 

instance, in 2003 the IDF projected that in 2025, there would be 333 million 

cases of diabetes worldwide (26). However, this number was already surpassed 

in 2011 (20,27). And still, it is expected that current estimates of global 
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prevalence are probably an underestimation due to lack of data and poor quality 

of available data (17).  

With regard to the future of the diabetes epidemic, there are vague hints that 

the incidence of diabetes plateaus or decreases in some countries (28). 

However, the major rise of diabetes already experienced by most high income 

countries is still expected in many low and middle income countries (29). For 

instance, it is projected that in Africa, the number of people with diabetes 

between 2019 and 2045 will increase by 143%, whereas in Europe, the 

projected increase amounts to 15% (21). Globally, the IDF projects that the 

number of people with diabetes will increase by 51%; from 463 million cases in 

2019 to 700 million in 2045 (21). Given that the current global prevalence 

estimates are probably an underestimation (17) and that previous projections 

were proven far too low, one might expect that the future number of people with 

diabetes will be even higher. 

1.2 Descriptive epidemiology 

The numbers on the diabetes epidemic presented in the previous paragraph are 

examples of descriptive epidemiology. Although there are many definitions of 

epidemiology, many of them have in common that they distinguish two major 

branches of epidemiologic research (30). For instance, Greenland & Rothman’s 

(1) definition reads “Epidemiology is the study of the distribution and 

determinants of disease frequency in human populations”. Another definition 

from the International Epidemiological Association reads “[Epidemiology is] the 

study of the distribution and determinants of health-related states or events in 

specified populations, and the application of this study to control of health 

problems” (2:p.62). Both definitions have in common that they refer to the study 

of distributions and determinants. The study of the distribution of disease and 

health is often referred to as descriptive epidemiology whereas the study of 

determinants of disease is often called analytic epidemiology (2:p.62,3:p.73). 

Hence, descriptive epidemiology could be understood as one of two broad fields 

within epidemiology and the description of disease frequency in a population as 

one of the overarching aims of epidemiology. Although dichotomizing 

epidemiology this way is sometimes criticized (3:p.73), the remainder of this 
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work considers applications of descriptive epidemiology in the sense of the 

aforementioned definitions.  

1.2.1 Disease surveillance 

One application of the methods of descriptive epidemiology is disease 

surveillance. The aim of disease surveillance systems is to continuously monitor 

health and disease in defined populations and thereby inform about temporal 

changes of a health problem (31-35). The population under surveillance is 

mainly defined by person, place and time (36:pp.44,37). “Person” refers to the 

question which subgroups of a population are affected by a disease or health-

related state, for example with regard to age, sex or socioeconomic 

characteristics. “Place” and “time” refer to the location and time period the 

disease or health-related state occurs, respectively. To obtain this information, 

surveillance activities include the collection, analysis and interpretation of data, 

as well as the dissemination of the results (31-35). The results are for instance 

used to contribute to policy and public health programs in order to aid planning, 

implementation and evaluation of public health practice (31-35,37).  

In this regard, projections of disease frequency play a central role for planning 

and anticipating the future demand for health care resources and to quantify the 

future burden caused by the surveyed disease (32,34,37). This information 

might also be useful to inform about the need for preventive measures, in order 

to attenuate a projected increase in disease frequency (32,33,37). Besides 

describing current and projecting future disease frequency, surveillance may 

also identify potential risk factors for the disease and helps to identify high risk 

groups (32,33,37). Another aim is to describe the frequency of the outcomes of 

a disease, such as health-related quality of life, disease-specific complications 

and mortality (33,37).  

In order to be of use for the targeted audience of the results, a surveillance 

system needs to be fast, timely and representative (31,35,37). In analytic 

epidemiology, the need for representativeness is subject to debate (38-40), 

since identification of causal effects is sometimes conceived more valid in 

homogeneous study samples due to higher internal validity (39,41). However, in 

descriptive epidemiology and disease surveillance, the need for 
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representativeness is obvious, since the aim is the description of health and 

disease of the target population (31,37,38,41). These requirements of disease 

surveillance often make it costly, since it involves large sample sizes and is a 

continuous effort with regular updates on disease frequency (31-34). Hence, 

one major methodological challenge of disease surveillance is the balance 

between information needs, timely results and resources available for study 

design, data collection and analysis (31,37).  

In surveillance systems, data often comes from population-based registries, 

surveys and secondary data (33,42). Among these methods, surveys are 

particularly time consuming and expensive, since they involve interviews or self-

administered questionnaires as well as procedures to obtain clinical and 

laboratory measures of the participants. Secondary data, such as diagnoses 

data from health insurances, are more efficient, however often at the cost of 

information loss. 

1.2.2 Diabetes surveillance in the U.S. and Germany  

In the U.S. there is an established diabetes surveillance system, maintained by 

the Centers for Disease Control and Prevention (CDC). For the adult 

population, the data for diabetes surveillance mainly stems from the National 

Health and Nutrition Examination Survey (NHANES) and the National Health 

Interview Survey (NHIS). The NHANES survey was first conducted in the 1960s 

and is performed annually since 1999. It includes a nationally representative 

sample of approximately 5,000 people and provides information on a variety of 

diseases and associated risk factors (43). Data is obtained via personal 

interviews at the participants’ home as well as via physical examinations. The 

physical examinations take place in mobile centers and provide physiological, 

clinical and laboratory data.  

The NHIS survey is an annual household interview survey, first conducted in 

1957. During one year, a representative sample of about 90,000 people from 

35,000 households are interviewed (44). In contrast to NHANES, no physical 

examinations are accomplished in NHIS. However, because of the large sample 

size, NHIS enables to describe a wide range of health-related conditions by 

many demographic and socioeconomic strata with high precision. Both, 
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NHANES and NHIS can be linked to death certificates in the National Death 

Index, which allows the estimation of mortality rates. Based on these data 

sources, diabetes surveillance at the CDC provides long-term temporal trends 

for instance in age-specific diabetes prevalence and incidence (45), excess 

mortality (11,12) and rates of diabetes complications (46).  

The data described above focuses on the adult population. For youth aged less 

than 20 years, the SEARCH for Diabetes in Youth study is the primary source 

for diabetes surveillance. SEARCH is a population-based multi-centered study 

currently recruiting participants in five centers in five different states of the U.S. 

The study was initiated in the year 2000 with the aim to describe and 

understand diabetes in youth (47). Prevalent and incident cases of diagnosed 

diabetes in youth are identified through health care providers, electronic health 

records as well as administrative data systems (47). The geographic areas 

covered by the SEARCH centers results in approximately 3.5 million people 

under the age of 20 years under active surveillance with a completeness of 

case ascertainment larger than 90% (47). A subsample of incident cases is 

followed up prospectively, in order to provide information on the clinical course 

of diabetes in youth after diagnosis. Based on this data, SEARCH provides 

information on age-specific prevalence and incidence of diabetes in youth (47-

50). Furthermore, the frequency of complications, such as death, retinopathy or 

neuropathy, can be assessed (51,52). 

In contrast to the U.S., the German diabetes surveillance system is still under 

development and was initiated in 2015 at Robert Koch-Institute (RKI) (53). In 

2018, a final set of 40 indicators was published as a basis for a standardized 

and continuous reporting system for diabetes surveillance (54). Among these 

indicators are prevalence of diagnosed and undiagnosed diabetes, incidence of 

(diagnosed) diabetes as well as diabetes related mortality (54). Currently, these 

indicators are only reported in the context of single research projects with 

limited comparability due to different methodological approaches, different data 

bases and different time periods considered. These fragmented approaches 

hamper a timely and evidence-based policy guidance as well as evaluation of 

long-term trends in indicators of diabetes surveillance (53). For instance, in a 

comprehensive literature review, Heidemann et al. (55) found that there is no 
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data on long term trends of the age-specific incidence rate in Germany. 

Similarly, age and sex-specific excess mortality of people with vs. without 

diabetes was estimated for the first time on a national level only recently (56). 

As a comparison, in the U.S., data on age-specific incidence and excess 

mortality is available at least since 1997 (11).  

The German diabetes surveillance system will partly be based on primary data 

from the representative health surveys ‘German Health Interview and 

Examination Survey for Adults’ (DEGS) and ‘German Health Update’ (GEDA). 

DEGS is comparable to NHANES as it combines personal interviews, 

questionnaires and clinical and laboratory examinations performed by mobile 

study teams (57). Data for the first DEGS wave was collected between 2008 

and 2011 and included approximately 8,000 participants. Besides a 

representative cross-sectional sample, DEGS also has a longitudinal 

component (57). Data collection for the second DEGS wave is planned to begin 

in 2020 (58).  

Besides primary data from DEGS and GEDA, secondary data from different 

institutions of the German health care system is an important source for 

diabetes surveillance (42). Among these sources, data from all statutory health 

insurance companies provided by the German Institute for Medical 

Documentation (8) and data from the Central Research Institute of Ambulatory 

Health Care in Germany (59) are particularly valuable, since they include data 

from all people covered by the statutory health insurance, which results in a 

sample size of about 70 million people. This corresponds to approximately 90% 

of the German population. 

Overall, the U.S. and German diabetes surveillance systems have common 

aims with regard to quantification of epidemiological measures and approaches 

with regard to representative health surveys. A specialty of the German system 

is the explicit incorporation of routinely documented secondary data from the 

health care system. The largest difference however is the fact that, compared to 

the German system, the U.S. system is long established and provides long-term 

trends in basic epidemiological measures such as age-specific incidence rates 

(45) and excess mortality (11,12), whilst these are not available for Germany.  
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1.3 The illness-death model 

As mentioned above, timeliness and efficiency are two problems related to 

disease surveillance. In this work, applications of the IDM that may improve 

both of these aspects are presented. As a background, this chapter briefly 

provides details on the IDM and an associated PDE, which are both central to 

the methodological approach.  

The IDM is a special case of the broader class of multi-state models (60) and 

was described early by Fix & Neyman in 1951 (61). Multi-state models are a 

general framework to describe the movement of individuals between a finite 

number of states over time (62). As illustrated in fig. 1, the IDM divides the 

population into three mutually exclusive states, namely healthy, diseased and 

dead. The process of moving from one state to another is determined by the 

incidence rate �, the remission rate � and the mortality rates �� and ��. The 

prevalence � of a disease in a population is in general defined as the proportion 

of people with the disease at a given point in time among all people alive at that 

point in time (1).  

 

Fig. 1: Illness-death model with transitions rates �, �, 	
 and 	� depending on age � and 

calendar time  
All parameters in the IDM depend on the two time scales calendar time � and 

age �. In the terminology of multi-state models, the state dead is an absorbing 

state, because a transition from this state to any other state is not possible (60). 

Graphically, an absorbing state has no arrows pointing outward from the state. 

All other states (from which transitions are possible) are called transient states 

(60).  



10 
 

In epidemiology, rates are defined as the number of events, i.e. transitions from 

one state to another, during a specified time period divided by the person time 

at risk for the transition during that period (1). The person time is often given in 

person-years and summarizes the time lived by all people at risk for the event in 

the population. As an example, a mortality rate is the number of deaths divided 

by the person time at risk for death.  

One important feature of the IDM is that it accounts for competing risks. 

Competing risks remove people from the population at risk, such that they can 

no longer acquire the outcome under investigation (1). In the setting of fig. 1, 

dying without the disease is a competing risk for acquiring the disease. It follows 

that the prevalence of the disease partly depends on the mortality rate of the 

healthy population. Hence, ignoring competing risks may lead to biased results 

when estimating parameters of the IDM (63).  

The dependence of the parameters on the two time scales age and time in the 

IDM can be illustrated in a Lexis diagram (fig. 2). The red lines in the Lexis 

diagram are called life lines and illustrate the life course of individuals along the 

two time scales � and �. All life lines have a slope of 1 because age and 

calendar time grow with the same pace. The end of a life line indicates the time 

point at which an individual left the population, for instance because the 

individual died or migrated. Brinks & Landwehr (64) have shown that the 

dynamics of the IDM in dependence of the two time scales calendar time and 

age in the Lexis diagram are governed by a PDE: 

� �
�� +

�
��� � = �1 − �� ∙ �� − � ∙ ��� − ���� − � ∙ � (1) 

Equation 1 describes the temporal change in prevalence � along a life line in 

the Lexis diagram (65). All parameters of the IDM can be found on the right 

hand side of equation 1. Equation 1 is classified as a PDE because it includes 

partial derivatives with respect to two variables, namely � and � (65). In case of 

chronic diseases without remission, i.e. � = 0, equation 1 simplifies to: 

� �
�� +

�
��� � = �1 − �� ∙ �� − � ∙ ��� − ���� (2) 
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Fig. 2: Lexis diagram with life lines in red representing the life course of individuals 

along the time scales age and calendar time. 

The remainder of this work is mainly concerned with the following three tasks of 

disease surveillance using the IDM for chronic diseases (equation 2): 

(i)  Estimation of current prevalence of a chronic disease 

(ii)  Projection of future number of cases of a chronic disease 

(iii)  Estimation of excess mortality associated with a chronic disease 

For task (i), the age-specific prevalence is often of interest, since many chronic 

diseases are related to age. Formally, the prevalence � at a given point in time � 
at age � can be written as ���, �� = �� ,!�

"� ,!�, where # and $ denote the number of 

cases and people alive in the population, respectively. For task (ii), the target 

quantity is the number of cases #��, �� = ���, �� ∙ $��, ��, for values of � that lie 

in future. The third point (iii), refers to an outcome of a chronic disease, namely 
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death, and is based on the mortality rate of people with and without the disease. 

If the specified time period to which the mortality rate refers approaches the 

theoretical limit of zero, the mortality rate is also called hazard rate and can be 

interpreted as the instantaneous risk of death as opposed to the average 

mortality rate during the specified time period (60). One measure to quantify 

excess mortality due to a disease is the hazard ratio (%&), which is formally 

defined by %&��, �� = '(� ,!�
')� ,!�. Hence, the %& is a relative measure of 

association, quantifying the factor by which the hazard rate among people with 

the disease differs from those without the disease.  

Brinks & Landwehr (66) showed that equation 2 can be expressed in a 

mathematically equivalent way using the mortality rate of the general population 

� = � ∙ �� + �1 − �� ∙ �� and the %&:  

� �
�� +

�
��� � = �1 − �� ∙ *� − � ∙ � ∙ �%& − 1�

� ∙ �%& − 1� + 1+ (3) 

Hence, if the %& is the quantity if interest, equation 3 may be used instead of 

equation 2. For practical applications in general, equation 3 may be preferred 

over equation 2, because empirical estimates of � and %& are usually more 

often available than estimates for ��. The general procedure of the applications 

presented in this work follows three steps: 

1. Solving equation 3 for the quantity of interest 

2. Plugging in empirically motivated values for the remaining quantities 

3. Calculate the quantity of interest 

Hence, for estimating current prevalence and future case numbers, equation 3 

can be used. In this case the temporal change in prevalence - .
. + .

.!/ � needs 

to be integrated to yield the age-specific prevalence at a certain time �. For this, 

a starting value for � at some time �� smaller than � as well as input values for �, 
� and %& for time points between �� and � are needed.  

For the estimation of excess mortality, equation 3 needs to be solved for %&, 

which yields: 
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%& = 1 + 1
� ∙ �1 − �� ∙ � − - ��� + ���/�

�1 − �� ∙ �� − �� + - ��� + ���/�
 (4) 

In this case, input values for the temporal change in prevalence - .
. + .

.!/ �, �, � 

and � are needed in order to calculate %&.  

One important feature of these procedures is that all quantities in equation 3 are 

attributes of a population and not of individuals. This means, if all but one of the 

variables are known on an aggregated level, the remaining variable can be 

calculated without the need for individual data.  

1.4 Aims of this thesis 

As we have seen in the previous paragraphs, diabetes surveillance is of major 

importance to observe and project trends of the diabetes epidemic. However, 

efforts for a comprehensive surveillance system may be substantial and data 

availability is sometimes limited. The IDM and PDE introduced above may 

provide valuable opportunities to support efficiency and optimal use of available 

data in a diabetes surveillance system. Hence, the aim of this thesis is to 

illustrate three practical applications of the PDE that could be integrated into 

diabetes surveillance systems. These applications are illustrated in three 

papers. The specific aims of the papers are: 

1. To assess the validity of using the PDE to estimate current age-

specific prevalence of diabetes in U.S. youth using incidence rates 

(67) 

2. To project the number of people with type 2 diabetes in Germany 

between 2015 and 2040 (68) 

3. To estimate age-specific excess mortality associated with type 2 

diabetes in Germany in 2012 (10) 
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5 Discussion 

5.1 Main findings 

The prevalence of type 1 and type 2 diabetes in the U.S. youth estimated with 

the PDE and the observed incidence rates in SEARCH was in good agreement 

with observed prevalence estimates (67). By integrating this new approach into 

the SEARCH surveillance activities, costs could potentially be reduced, 

because updates on current prevalence of diabetes in youth would not require 

collection of primary prevalence data if incidence rates are available.  

In the context of projecting future case numbers of type 2 diabetes in Germany 

(68), it was shown that an increase between 54% and 77% between 2015 and 

2040 seems likely. Furthermore, it was shown that the main driver of this 

increase will be trends in the incidence rate. Prevalence based projection 

methods used by previous studies, seem to underestimate the future number of 

cases. 

With regard to estimating excess mortality, it was shown that women and men 

above the age of 65 years with type 2 diabetes compared to people without type 

2 diabetes experience a 3.0-fold and 2.3-fold increased mortality rate, 

respectively. The excess mortality was higher in younger age groups and 

consistently decreased with age (10). These results are in line with the only 

previous German study reporting age-specific excess mortality based on 

individual data (56). 

5.2 The methodological approach in the context of 

multi-state models 

In chronic disease epidemiology, multi-state models are usually considered in 

the context of analysing individual time to event or survival data (60,62,69,70). 

The simplest setting is survival analysis with the two states alive and dead (i.e. 

the IDM without the ill state). Further uses with individual data refer to 

competing risk models with different causes of death and recurrent event 

models (60,69,70). The general approach is to fit a regression model to 

individual data to estimate population parameters of interest. Parameters of 
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interest often are cumulative transition probabilities, such as cumulative 

incidence. Also the transition rates, such as the incidence rate, are commonly 

subject to statistical inference. These methods for analysing individual data are 

based on the theory of stochastic processes (65,71).  

Between these methods and the approach used in this work, there are 

important differences. For instance, in most cases multi-state models are 

considered with regard to one time scale, e.g. age or follow-up time. In contrast, 

the approach of this work includes the two time scales age and calendar time. 

Furthermore, we used the IDM in combination with a PDE and aggregated 

population parameters as input data. Using differential equations in the context 

of multi-state models is more in the tradition of infectious disease epidemiology 

(65,72). For instance, Kermack & McKendrick (72) used differential equations to 

characterize the dynamics of infectious disease epidemics in a model including 

the states susceptible, infected and recovered. With regard to the IDM, the 

differences between the approaches based on the theory of stochastic 

processes and on differential equations was formally investigated by Brinks & 

Hoyer (65). It was shown that both approaches are related by the theory of 

Markov processes.  

5.3 Implications for diabetes surveillance systems 

Overall, the papers showed that the IDM in combination with the PDE may 

provide useful tools to potentially supplement diabetes surveillance activities. All 

approaches solely relied on published data on an aggregated level, which has 

several advantages. Surveillance systems could be organized less costly if 

collection of primary data could be partly replaced by the applications illustrated, 

using data readily available. If routinely documented secondary data is used as 

input for the model, as for instance in (10), this could also improve the 

timeliness of the surveillance system, since collection of primary data not only is 

expensive, but also time consuming. 

Another advantage is that the data often includes large sample sizes and in the 

case of Germany almost the entire population with all age groups (8,59). This is 

a particularly important advantage because participation in health surveys 

declined in the past decades (73). In general, secondary data is considered a 
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useful approach to counteract non-response in health surveys (74). 

Furthermore, the DEGS health survey in Germany is restricted to the age range 

18 to 79 years (57). This is problematic because the projection of future 

prevalence showed that the peak in prevalence of type 2 diabetes in Germany 

will probably shift above the age of 79 years (68). Hence, excluding these age 

groups would ignore a highly relevant subgroup with regard to type 2 diabetes  

Of course, in order to profit from the advantages of secondary data, it needs to 

be available for research purposes in a timely manner. Hence, it is required that 

the data is archived in a standardized way such that it can be used for diabetes 

surveillance purposes (74). The Danish (14) and Swedish (13,75) diabetes 

registries are good examples of efficient use of secondary data for surveillance 

purposes. These registries provide temporal trends on prevalence, incidence 

and excess mortality and include data from more than 90% of the population 

with diabetes. However, since the data contains sensitive individually 

identifiable information, a high level of security and protection is required (74), 

which may hamper data access in general and timely access in particular. The 

approaches described in this thesis have the additional advantage that access 

to individual data is not needed. As an example, if the institution collecting the 

secondary data regularly publishes age-specific diabetes incidence and 

prevalence on an aggregated level, one could incorporate the approach 

presented in (10) into the surveillance system to timely update trends in excess 

mortality. Through this, time that is usually spent for anonymization and secure 

delivery of the data could be saved. In case the data is not available outside the 

collecting institution at all, using prevalence and incidence might be the only 

option to estimate excess mortality based on this data. 

The use of comparably cheap methods for disease surveillance could be 

particularly useful for surveillance systems in low and middle income countries, 

which often lack resources for primary data collection (33). Usually, estimating 

excess mortality in studies based on individual data requires long follow-up 

periods, which may lead to high costs. In the case of estimating excess 

mortality from incidence and prevalence (10,15), these costs could be avoided. 

Similarly, Brinks et al. (76) illustrated how the PDE could be used to estimate 

the incidence rate based on repeated prevalence studies in case of a poorly 
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funded disease surveillance system. Since it is projected that the increase in the 

number of people with diabetes is highest in low and middle income countries 

(29), the cost saving potential of the method presented here might be 

particularly important for future surveillance systems. 

Besides the applications shown in the papers above, there are several other 

potential uses for diabetes surveillance systems. In (10), the mortality burden 

associated with diabetes was quantified using the %&. Another way to quantify 

the mortality burden of diabetes is to estimate YLL associated with the disease. 

There are several definitions of YLL (77) and the approach used by the global 

burden of disease study probably is most widely known. This method is based 

on the number of deaths with diabetes as the documented cause of death in the 

death certificate and the remaining life expectancy at the age of death (24). 

Another approach is to define YLL as the difference in life expectancy of a 

person with diabetes compared to a same aged person without diabetes (78-

80). Formally, this quantity is defined by: 

122��, �� = 3 456�� + 7, � + 7�� − 458�� + 7, � + 7�d7:
�

 (5) 

where 456 and 458 are the survival functions of people without and with 

diabetes, respectively. The survival functions in equations 5 are based on the 

mortality rates �� and ��. In order to estimate a population-wide measure of 

YLL, one can sum up all individual YLL based on the prevalence of diabetes 

and the population size (79). It is also possible to project future trends in YLL 

using the projected prevalence, for instance from (68), and projected mortality 

rates (79).  

Another measure of interest for diabetes surveillance is the average life 

expectancy free of diabetes (healthy life years, HLY) (81,82). Sullivan provided 

a general formula for the lifetime free of a disease in 1971 (83): 

%21��, �� = 1
4��, ��3 �1 − ��� + 7, � + 7�� ∙ 4�� + 7, � + 7�d7:

�
 (6) 

where 4 is the survival function of the general population. Using equation 6, the 

projected prevalence from Tönnies et al. (68) and the projected mortality rate of 

the general population, one can estimate HLY for a person alive in a certain 
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year, while accounting for future trends in diabetes prevalence and general 

mortality. This might yield more valid results than using currently observed 

mortality and prevalence as has sometimes been done (81,82).  

5.4 Implications for the diabetes epidemic in Germany 

Besides the aforementioned advantages from a methodologic perspective, the 

presented applications also provide important information on the diabetes 

epidemic in Germany. In (68), it was estimated that in 2040 there will be 

between 10.7 million and 12.3 million people with type 2 diabetes. Based on 

approximately 6.9 million cases in 2015, this corresponds to an increase 

between 54% and 77%. The peak number of cases is expected approximately 

at age 75 (fig. 3). However, as can be seen from fig. 3, there is expected to be 

an increasingly large number of people with type 2 diabetes above the age of 

79 years.  

 

Fig. 3: Age-specific number of people with type 2 diabetes in Germany in 2015 and 2040. 

The results are based on Tönnies et al. (68) and refer to a scenario assuming excess mortality 

to decrease by 2% per year and no changes in the age-specific incidence rate. The projected 

population size was taken from variant 2 of the population projections of the Federal Statistical 

Office (84). See Tönnies et al. (68) for further details.  
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Accordingly, the number of people with type 2 diabetes in this age group is 

expected to increase 2.5-fold between 2015 and 2040, compared to a 1.7-fold 

increase in the whole adult German population (table 2). As a consequence, the 

proportion of people aged above 79 years among all people with type 2 

diabetes is expected to increase from 21% to 32%. The increasing number and 

proportion of people with type 2 diabetes above the age of 79 years has 

implications for current practice of diabetes surveillance, since 79 years is the 

upper age limit in the DEGS health survey (57) as well as in the reports by the 

IDF (29). In the case of Germany, this means that in future, one third of the 

population affected by type 2 diabetes will not be covered by the DEGS survey, 

if this age restriction remains.  

Table 2: Projected number of people with type 2 diabetes in 2015 and 2040 in different 

age groups. 

Year 2015 (million) 2040 (million) % change 

Age 18->100 6.9 11.5 65 

Age 80->100 1.5 3.7 154 

The results are based on Tönnies et al. (68) and refer to a scenario assuming excess mortality 

to decrease by 2% per year and no changes in the age-specific incidence rate. The projected 

population size was taken from variant 2 of the population projections of the Federal Statistical 

Office (84). See Tönnies et al. (68) for further details. 

These findings also have important implications for the future of diabetes care in 

Germany. It should be expected that health care costs will strongly increase 

since type 2 diabetes is associated with 1.7 fold higher direct health care costs 

compared to people without type 2 diabetes (85). In addition, the health care 

system should prepare to take care of more than twice as many people with 

type 2 diabetes patients above the age of 79 years. This might require an 

increased focus on diabetes specialists training, particularly for the elderly, 

since patients with type 2 diabetes often present with an increasing number of 

comorbidities with increasing age (46).  

Furthermore, we found in (10) that men and women with type 2 diabetes above 

the age of 65 years in Germany have a 2.3-fold and 3.0-fold increased mortality 

rate, respectively. Hence, one might expect that the number of deaths due to 

type 2 diabetes and the mortality burden in terms of YLL will also strongly 
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increase. However, the increasing number of people affected by excess 

mortality associated with type 2 diabetes could be partly offset by decreases in 

excess mortality, as shown in (79). Decreases in excess mortality were 

observed in several countries in past decades (11-14) and are probably due to 

improvements in diabetes care. As a consequence, changes in the occurrence 

and type of diabetes complications should be expected, since people with 

diabetes in the future will probably live longer than nowadays (46). Therefore, 

the disease burden due to type 2 diabetes will probably shift from mortality to 

morbidity.  

As mentioned above, the global rapid rise of diabetes was strongly 

underestimated by the projections of the IDF. It is argued that this 

underestimation might be caused by the lack of standardization of the 

diagnostic criteria for diabetes, by using rather insensitive definitions of diabetes 

(20) and by poor quality of data (17). 

However, the projections for Germany suggest that the projection method used 

by the IDF might be the main reason for the obvious gap between projected and 

observed case numbers. Basically, the IDF estimates age-specific prevalence in 

one year and applies this prevalence to the projected future age structure of a 

country or region. Using this method, the IDF projects that the number of people 

with diabetes in Europe in the age group 20-79 years will increase by 

approximately 19% between 2015 and 2040 (86). This increase is similar to the 

estimated increase of 21% in the German adult population between 2015 and 

2040 using the same method in this work (68). However, this increase was far 

lower than in all other scenarios based on the PDE approach, even than in 

scenarios assuming a decreasing incidence rate.  

The main reason probably is that the prevalence is influenced not only by the 

incidence rate, but also by the mortality rate of people with and without 

diabetes, as can be seen in the IDM and equation 2. In other words, the IDF 

method only yields valid projections, when temporal changes of the three rates 

in the IDM cancel each other out in a way that the age-specific prevalence 

remains constant. Given strong evidence of globally decreasing mortality rates 

(87), heterogeneous trends in the incidence rate (28) and decreasing excess 
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mortality associated with type 2 diabetes, this seems an unlikely scenario with 

no support from empirical studies. In contrast, the use of the PDE for 

projections allows to incorporate different trends for all rates in the IDM and also 

evaluating different scenarios to provide a plausible range of projected case 

numbers. In general, it has been noted that mathematical models are 

increasingly used to project the distribution of disease in the context of disease 

surveillance (35). Hence, while the problems regarding diagnostics and data 

quality most certainly also hamper valid projections, the main reason for the 

underestimation in the projections by the IDF is probably caused by using the 

oversimplified method of applying current age-specific prevalence to the future 

age structure of the population. Although one could argue that this simple 

method might serve as a good starting point (37), surveillance systems should 

aim to provide the highest quality evidence possible (32). This might hold 

particularly true for the projection of future case numbers, which are potentially 

used for future planning of health care resources and prioritizing disease 

prevention activities.  

5.5 Limitations 

The applications of the PDE illustrated above provide potentially useful tools for 

disease surveillance and empirical research. However, the method is also 

subject to limitations. The model assumed that a transition from the diabetic 

state to the healthy state is not possible. However, on the population level, no 

studies provide evidence of a relevant remission rate. Hence, for the estimation 

of current prevalence (67) and excess mortality (10), these simplification 

probably did not bias the results. With regard to projection of future case 

numbers, one might need the extended model including a remission rate 

(equation 1), as soon as new interventions result in remission rates relevantly 

different from zero. However, as long as there is no evidence for a relevant 

remission rate of diabetes on the population level, it seems reasonable to 

project the number of future cases assuming a remission rate equal to zero. 

Another concern is that all analyses only referred to diagnosed diabetes, 

although the prevalence of undiagnosed diabetes is substantial (86,88). The 

prevalence of undiagnosed diabetes is usually estimated in health surveys, 
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which collect laboratory data (88). A case of undiagnosed diabetes is defined as 

a participant, who states that he or she never received a diagnosis, but at the 

same time has laboratory results fulfilling the criteria for diabetes. Hence, when 

estimating prevalence in the SEARCH study, the results only referred to the 

prevalence of clinically diagnosed diabetes, which might underestimate the true 

prevalence. Similarly, the projected number of future cases in Germany could 

be underestimated since the input data only referred to cases with diabetes 

documented as diagnostic codes in data from the statutory health insurance. 

With regard to estimating excess mortality based on incidence and prevalence 

of diagnosed diabetes, the consequence of ignoring undiagnosed cases is 

unclear. Here, the problem arises that trends in diagnosed prevalence, which 

are needed for this approach, might be influenced by changes in the detection 

of diabetes (89,90). Since changes in detection of diabetes do not reflect 

changes in true prevalence, the estimates for excess mortality could be biased 

by using only diagnosed diabetes as input data. However, it is unclear whether 

this bias would lead to over- or underestimation of excess mortality. Of note, the 

problem of undiagnosed diabetes is not a limitation of the modelling approach 

per se, but rather a problem due to the lack of input data. Studying the 

population of undiagnosed diabetes, e.g. with regard to mortality, is notoriously 

difficult because as soon as an undiagnosed case of diabetes is identified, he or 

she cannot be regarded as an undiagnosed case anymore. ln order to deal with 

this problem, Brinks et al. (91) developed an extended model including a 

transient state of undiagnosed diabetes.  

One limitation that applies to all three applications of the PDE refers to 

migration of people into the population during the study periods. This limitation 

might be particularly relevant for the projection of future case numbers, since 

the model implicitly assumes that the prevalence of people migrating into the 

population have the same prevalence as the resident population. Since the 

observation period in the projection comprises 25 years, the number of people 

that will have migrated to Germany is probably substantial. This might bias the 

projected prevalence, if the assumption of equal prevalence is not met. 

However, as Brinks & Landwehr (64) showed in case of dementia, even in 
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extreme scenarios, this bias would be minor compared to the temporal trends 

projected by the PDE.  

6 Conclusions 

This work illustrated three applications of a PDE in the context of diabetes and 

provided evidence that the new methodological approach could be used to aid 

diabetes surveillance systems. All applications were based on publicly available 

data on an aggregated level. The use of aggregated data bears the potential to 

conduct diabetes surveillance more efficiently, compared to traditional 

approaches based on primary data on the individual level. Furthermore, results 

could potentially be delivered more timely.  

Besides these methodological aspects, this work also provides important 

information on the diabetes epidemic in Germany. It was projected that in 2040, 

there will be between 10.7 million and 12.3 million people with type 2 diabetes. 

These numbers are substantially higher compared to the use of simpler 

methods, often employed by previous projections. Furthermore, it was 

estimated that men and women with type 2 diabetes above 65 years of age 

experience a 2.3-fold and 3.0-fold increased mortality rate, respectively, 

compared to people without type 2 diabetes. 
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