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Abstract
Type 1 diabetes mellitus (T1DM) among children is of a particular importance in Finland, where its
incidence is the highest in the world and still increasing. However, the aetiology of T1DM is not fully
known. According to current knowledge, both genetic and environmental factors operate together,
leading to an attack by the immune system on the insulin-producing beta cells.

The purpose of this study was to investigate the geographical variation in the incidence of T1DM
among children aged up to 14 years in Finland. Geographical Information Systems (GIS) and
Bayesian spatial statistics were applied in a search for unusual spatial patterns and risk factor
associations.

The incidence of T1DM among children aged up to 14 years showed clear geographical variations
in Finland. Living in a rural environment increased the risk for T1DM, and the risk was particularly
high among children living in rural heartland areas. There was no association between the variation
in T1DM incidence and the zinc and nitrate concentrations of drinking water. A male excess in the
incidence of T1DM was seen in the low-incidence areas. The geographical variation in the risk of
T1DM was marked only among children aged up to 9 years.

Because genetics is a necessary but not a sufficient cause of T1DM, it could be hypothesized that
there are some thus far unknown environmental risk factors affecting particularly younger children
in Finland. Some of those factors may be related to a rural environment. The geographical variation
in the M/F ratio of T1DM was a challenging observation and warrants more analytical study.

Keywords: epidemiology, Finland, Geographical Information Systems, 
medical geography, spatial analysis, spatial statistics, type 1 diabetes mellitus
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Preface

As a second-year graduate student, I had my first glimpse of the fascinating world of
medical geography. At that time, I was doing my first geographical study on health,
which focused on cholera outbreaks and their patterns of diffusion. This first contact with
medical geography was infectious for me. Since then, I have been intrigued by
geographical studies of health and disease. During my trips to medical geography
conferences held in different parts of the world, I have been glad to notice that medical
geography or geography of health is a serious field of research with continuously growing
prominence. In many countries, the long-standing concerns of the geographer, i.e., place,
space and environment, have also become important in the field of health and medical
research and in the field of planning health care provision.

This doctoral dissertation comprises five (5) scientific papers focusing on the
application of geographical data and methods in research on childhood T1DM in Finland.
A mapping study (Study I) demonstrates the application of GIS (Geographical
Information Systems) along with Bayesian modelling methods in studying geographical
variation in the incidence of T1DM among children in Finland. The Bayesian
methodology used was based entirely on Ranta’s earlier work and his self-written
algorithm. The studies II–IV demonstrate the application of the Bayesian methodology to
ecological analyses. The Bayesian spatial conditional autoregressive model (CAR) was
applied to a search for associations between in the incidence of childhood T1DM and
urban/rural residence and trace elements (Zn and NO3) in drinking water. Bayesian
modelling was also used to gain information of sex and age differences in the incidence of
T1DM among children in Finland. The Bayesian ecological modelling applied in the
studies II–IV was based on the mathematical expertise of my co-authors, Elena
Molchanova and Olli Taskinen. Study V expands the scope of the thesis from the
geographical analysis of T1DM to methodological considerations. It is a review article
and provides a broad view of the use of GIS, disease mapping and spatial statistical
methods in geographical and epidemiological studies of disease occurrence. The potential
of GIS for epidemiology and epidemiologists is discussed critically.

I started this research on medical geography in March 1998 in the University of Oulu.
I took my first steps of postgraduate studies and research under the supervision of
Professor Arvo Naukkarinen, Ph.D., Head of the Department of Geography, and Marjatta



Karvonen, Ph.D., senior researcher in National Public Health Institute, Helsinki. At the
beginning of 1999, I was appointed full-time researcher at National Public Health
Institute and started my close collaboration with the SPAT Study Group and with Marjatta
Karvonen and Professor Jaakko Tuomilehto. In the year 2000, I left my position as a full-
time researcher and had to put this project on the back burner for a while. However,
during the summer 2002, I decided to continue my research, and in January 2003, I
started working full-time on my doctoral thesis at National Public Health Institute. During
my absence from research, Professor Arvo Naukkarinen had retired, and Professor Jussi
S. Jauhiainen took his place as my supervisor. Therefore, I have worked with several
people, and many institutes have provided me excellent research facilities.

I wish to express my gratitude to Professor Arvo Naukkarinen, my teacher in
geography and the first supervisor of this work. I am grateful to him for his
encouragement, support and advice over the years.

I owe my warmest thanks to Docent Marjatta Karvonen, my closest supervisor. Under
her professional and warm guidance, I have made a fascinating trip into the world of
epidemiology and medical geography. I have had an exceptional opportunity to work in
her research team. She was always willing to listen and to give advice when I needed it.
She patiently shared the ups and downs with me during these years.

I am very grateful to Professor Jaakko Tuomilehto, my supervisor, for his support,
encouragement, tutoring and constructive suggestions during these years. I feel myself
privileged to have had an opportunity to work under his guidance. His expertise was of a
great importance for me and for this work.

I am very grateful to Professor Jussi S. Jauhiainen for his constructive suggestions
during the final stage of this work.

The researchers in the SPAT Study Group (Jukka Ranta, Maarit Viik-Kajander, Elena
Moltchanova, Olli Taskinen, Anne Kousa) have shared this research process with me.
They have offered me intellectual and social support. Without their professional
proficiency and willingness to work as a close group, this work would never have been
completed. I address my warmest thanks to Jukka Ranta for his collaboration and
constructive suggestions over these years. My warmest thanks also go to Elena
Motchanova and Olli Taskinen, the Bayesian specialists, for giving me the best possible
help in spatial statistics and technical support.

I am grateful to Professor Markku Löytönen and Doctor Clive Sabel for their valuable
comments and suggestions on the manuscript of this thesis. I also wish to thank Sirkka-
Liisa Leinonen for linguistic revision of the thesis.

I have also been privileged to work with a number of other colleagues and friends at
the University of Oulu and at National Public Health Institute (Helsinki and Oulu),
geographers and non-geographers, who have offered support and help. Especially I am
very grateful to Professor Jarmo Rusanen, Katariina Ala-Rämi, M.Sc., and Doctor Alfred
Colpaert. I have also benefited a lot from the Nordic and international community of
health and medical geographers. Especially, I have been delighted to share ideas with the
members of the Nordic Medical Network, particularly colleagues from Sweden and
Denmark.

I wish to thank Professor Maija Leinonen for providing me an excellent research
environment at National Public Health Institute, Oulu.



Outside the academic world, I owe my dearest thanks to my family and friends for
supporting and caring for me in all sorts of ways during this process. Especially, I owe my
warmest thoughts to my children, Ville and Verna, who were able to take my attention
away from the academic world in the best possible manner.

This work was financially supported by National Public Health Institute, Academy of
Finland, University of Oulu, the Alma and K.A. Snellman Foundation and Wihuri
Foundation, Yrjö Jahnsson Foundation and the Graduate School of Circumpolar
Wellbeing, Health and Adaptation. The data was provided by the Diabetes and Genetic
Epidemiology Unit at National Public Health Institute, Finland.

Oulu, January 26th, 2004 Mika Rytkönen
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AIDS Acquired Immunodeficiency Syndrome
ADA American Diabetes Association
ARI Acute Respiratory Infections
CHD Coronary Heart Disease
CI Credible Intervals or Confidence Intervals
CVD Cardiovascular disease
GAD Glutamic Acid Decarboxylase
CAR Conditional Autoregressive Model
GDM Gestational Diabetes Mellitus 
GIS Geographical Information Systems
GPS Global Positioning Systems
HIV Human Immunodeficiency Virus
IAA Insulin Autoantibodies
IC Islet Cell
ICA Islet Cell Antibodies
Ig Immunoglobulins
LADA Latent Autoimmune Diabetes of Adulthood 
MODY Maturity-Onset Diabetes of the Young
MS Multiple Sclerosis
NOD Non-Obese Diabetic
NCD Non-Communicable Disease
SARS Severe Acute Respiratory Syndrome
T1DM Type 1 diabetes mellitus (insulin-dependent)
WHO World Health Organization
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1 Introduction

Medical geography, which is a sub-field of geography, and epidemiology are strongly
interrelated. Epidemiology and medical geography share similar interests in subject, data
and interdisciplinary communication (including co-operation), but their fundamental
objectives of study and purpose differ [1]. The focus of epidemiology is merely on the
population, while that of medical geography is on the areas or regions where disease
processes occur and on the spatial patterns of disease processes. Geographical studies on
disease can be defined as description of the spatial patterns of disease incidence, and they
are concerned with describing the occurrence of diseases with respect to demographic
characteristics, place and time [2]. Such investigations have used classical tools for
visualizations as well as methods of data exploration and modelling familiar to the
statistical and epidemiological sciences [3]. Historically, geographical studies have
provided some important clues as to the aetiology of disease. For example, Palm
suspected a lack of sunshine to be the major cause of rickets [2], and Lancaster’s [4]
finding was that excessive sunlight was a major causal agent of malignant melanoma.
Epidemiological studies of cancer have benefited from geographical approaches and
mapping studies [5]. Up to hundredfold differences in rates between registries have
provided cancer epidemiologists with many hypotheses about the aetiology of cancer [2].

Mapping remains one of the fields where the medical geographer contributes
substantially [6]. There are numerous examples of excellent mapping done in the recent
past [7]. However, before computer-assisted mapping tools were available, all kinds of
mapping had several limitations. One of the limitations was the lack of handling large
amounts of information. It was only in the 1960s, with the availability of the digital
computer, that quantitative thematic mapping started to flourish and made the emergence
of Geographical Information Systems (GIS) possible [8]. GIS are widely used computer-
based systems for inputting, storing, accessing, analyzing and presenting spatially
referenced data from various sources. Instead of being simply computerized mapping
systems, GIS applications are powerful analytical tools that can be applied to a variety of
problems in fields such as agriculture, natural resources, demography and urban and
regional planning. Not surprisingly, GIS have emerged as a useful tool in various public
health projects and epidemiological investigations [9]. 
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The aetiology of type 1 diabetes mellitus (T1DM) remains an unsolved mystery, and
the burden of T1DM is continuously increasing in the world. The high incidences,
associated with severe morbidity and mortality, and the high health care expenditure
make T1DM one of the prime targets of research and prevention. The fact that the
diagnosis of T1DM among children is quite “clear and easy” makes T1DM among
children a good target of epidemiological research. T1DM among children is of a
particular importance in Finland, where the incidence is the highest in the world and still
increasing [10–14]. In Finland, the availability of high-quality geo-referenced data on
population and diabetes cases makes T1DM among children a feasible target of
geographical investigation. Although T1DM is one of the most common diseases in
childhood in Finland, it is a rare and challenging disease (incidence <50/100 000/year)
from the viewpoint of geographical investigation. This study used the methods and
techniques of geography, such as GIS, and applied Bayesian spatial statistics in a search
for unusual spatial patterns of T1DM incidence and risk factor associations in Finland.
The role of GIS was fundamental at the beginning and at the end of the process, i.e. in
data manipulation and management, and finally, in the visualization of the results. The
results of this study may also be utilised in other mapping studies of non-communicable
diseases. The needs for knowledge of the principles of disease distribution and for spatial
analysis involve a variety of ways in the planning and management of health care
resources. Thus, a powerful relationship between this work and the geography of planning
is established. Also, the strengths of geographical analysis, e.g., ‘hypothesis mining’, may
help other studies, such as epidemiological and biomedical, to focus their own research
resources more efficiently.



2  Review of the literature

2.1 Health in transition

Achievements in life expectancy worldwide were greater during the past century than at
any other time in recorded history. The rate of increase in life expectancy has been
greatest in the Western World. The difference between the highest and lowest life
expectancies, women in Japan (84.3 years) and men in Sierra Leone (33.2 years), was
51.1 years at the end of the 1990s [15].

One quarter of all deaths and 30% of the global burden of disease are due to infectious
diseases, which are of special relevance to the poorest fifth of the world’s population [16].
As a result of the acquired immunodeficiency syndrome/human immunodeficiency virus
(AIDS/HIV) epidemic, for example, life expectancy at birth collapsed to less than 40
years in five African countries in 1999 [15]. But also in the United States and Europe,
HIV is now a leading cause of death among young adult males in most major cities [17].
Several factors facilitate the spread of infectious diseases, including the globalization of
travel and trade, the weakening of national and international public health infrastructure,
the deterioration of socioeconomic conditions and the heightened political and civil strife
in some developing countries. These conditions make populations more vulnerable to
infections and provide an environment conducive to the transmission of infectious
diseases. Historically, the spread of contagious disease followed the routes of commerce
and exploration. Now, imported infectious agents may be as close as the local
supermarket or among the next group of arrivals at any international airport [18]. Less
than six weeks after the first severe acute respiratory syndrome (SARS) cases were
officially reported in Guangdong Province, China, the world map was dotted with SARS
outbreaks in 27 countries. Not only are new infectious diseases emerging, but also ones
thought to be eradicated are re-emerging [17, 19]. However, with the potential to spread
rapidly and widely, infectious diseases are a significant risk to health and development
among all nations. Increased communication means that no country or population is
immune, and geographical and political barriers offer little or no protection. Is our future
task to develop novel passenger monitoring systems? Shall we soon see disease detectors
at airports? 



20
Although much of the global public health infrastructure has been designed to address
infectious diseases and undernourishment, coronary heart disease (CHD) is a leading
killer in the world today. Cardiovascular diseases cause one third of deaths, and 60% of
all mortality is attributable to non-communicable diseases (NCD) [20]. NCD are
estimated to cause over 70% of all deaths worldwide by 2020, compared with an
estimated 15% of deaths from communicable diseases [21]. Underlying this
epidemiological pattern, there are factors that have their roots in social and physical
environments. Over 80% of coronary heart disease and type 2 diabetes and 33% of
cancers could be prevented by changes in lifestyle factors, including diet, weight
maintenance and physical activity [20].

Until the 20th century, childhood mortality was dominated by acute infectious disease
[22]. At least one in four children died before the age of four, and those who survived
often died prematurely from chronic disease. In today's modern, industrialized and
affluent countries, the previous heavy burdens of infections and undernourishment have
been eliminated or can now be controlled or effectively treated [23]. In these countries,
child health standards are higher than ever, and life expectancy at birth is much higher
than in the past. The decline in childhood infectious disease has been followed by a rise in
the early detection of congenital abnormalities and inherited diseases. Chromosomal
disorders, biochemical defects and inborn errors of metabolism have also become more
common in the modern world [22]. 

The burden of disease is not equitably distributed. The shift from diseases of poverty
(maternal and childhood illnesses and infectious diseases) to diseases of affluence
(ischaemic heart disease, cancer, diabetes) has been explained in terms of the
epidemiologic transition [24]. At any given time, different countries in the world or even
different regions within a country are at different stages of the epidemiologic transition.
This transition may occur not only between different disease categories, but also within a
specific disease category [25]. The changing pattern due to improvements in nutrition and
environment, such as sanitation, water supply, housing and achievements in medicine,
medical technology and health care (antibiotics, immunization, disease surveillance
programs). The second and third transitions influencing people’s health are demographic
and behavioural transitions. In the modern world, the process of exporting and importing
various habits influential on health is increasing. Therefore, the health gap has narrowed,
and the spectrum of health issues today is largely the same for most nations, and
regardless of whether we live in the developed or developing parts of the world, the
problems will become even more alike over time [26].

Technological and social changes influence the types of risk factors to which
populations are exposed, typically shifting the major causes of death and disease from
infectious diseases to chronic, degenerative diseases. Furthermore, the increasing volume
of travel, recreational or occupational, and the growing demand for free and constant
movement of products and goods around the world have contributed to contagion and
diffusion patterns of infectious diseases and exposures and risk factors [26, 27]. Social
mobility through migration and urbanization have also altered people’s risk environment
related to both communicable and non-communicable diseases. 

Disease is a maladaptation to the environment, and the extent to which a person of any
age succeeds in achieving and maintaining health is a function of his or her genetic
endowment and environment. Some diseases are primarily ‘environmental’, while others
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are caused by genetic defects. However, many of the complex diseases are due to
disorders of more than one gene. The manifestation of these polygenic diseases involves
co-inheritance of several genetic determinants and their interaction with environmental
factors. It is estimated that 25–33% of the global burden of disease can be attributed to
environmental risk factors [28].

Children seem to bear the largest environmental burden: about 43% of the total burden
of disease due to environmental risks falls on children under five years of age, even
though they make up only 12% of the population [28]. The major diseases confronting
children in industrially developed countries today are chronic diseases of multifactorial
origins. Although genetic factors are thought to account for 10% to 20% of cases of
chronic disease in childhood, the aetiologies of these diseases are mostly unknown [29].
Today, there exist more than 80,000 synthetic chemicals, and children are especially at
risk for exposure to many of them [29]. The burden of disease in childhood due to
environmental risk factors varies drastically from one geographical area to another. The
underlying reason for the large variation is attributable to the poor countries due to the
two largest disease categories, acute respiratory infections (ARI) and diarrheal diseases.
Thus, poor air, food and water quality at the household level remain the biggest source of
environmental risk in many parts of the current world. Serious environmental health
problems are shared by both developed and developing countries [30]. For example,
hundreds of millions of people suffer from respiratory and other diseases caused or
exacerbated by biological and chemical agents.

The loss of health in the world is dominated on the one hand by risk factors that affect
the poorest regions and populations, such as undernourishment, poor water, sanitation,
hygiene and indoor air quality, and on the other hand by factors such as alcohol, tobacco,
high blood pressure and high cholesterol [31] Nowhere are the impacts of these factors so
relevant as in developing regions, where individuals are affected by both groups of risk
factors. The relative contribution of adult or non-communicable disease risk factors
increases as the childhood and communicable disease risk factors decrease along with
economic and demographic development [31]. Risk factors are also in transition. For
example, the increase in the global burden of disease due to tobacco, from 2.6% in 1990
to 4.1% in 2000, is most noticeable in developing countries.

Urbanization has encouraged the ‘westernization’ of dietary patterns and the
consequent long-term ‘lifestyle diseases’ in adults. Accidents, violence and drug abuse
are major problems in many parts of the world. Changes in the attitudes towards sexuality
and the spread of HIV/AIDS are pernicious problems, especially in Africa and Asia.
Increasing environmental pollution and the degradation of agricultural lands influence
people’s health. Standards of child health and life expectancy in developed countries are
better than ever before, but social and environmental changes are presenting children and
their carers with new and unanswered challenges as we enter the 21st century and the new
millennium [23]. 

The term ’Nordic model’ of welfare states is known to comprise a large public sector,
active labour market policies, high costs of social welfare and a general commitment to
social equality [32]. In terms of overall health, the Nordic welfare states compare
favourably with the rest of the world [33]. For example, the infant mortality rates in the
Nordic countries are the lowest in the world. Life expectancy has also developed
favourably in Norden. Also, control of infectious diseases has been successfully carried
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out during the past decades. Despite the many similarities between the Nordic countries,
differences and problems in health between and within the Nordic populations can be
found as well [34]. In the middle-aged population, the major causes of morbidity and
mortality are cardiovascular diseases (CVD), type 2 diabetes, cancer, traffic accidents and
suicides. Many of the NCD among the Nordic populations are associated with life-style
factors, such as diet. However, there is also much variability in the implementation of
health promotion and disease prevention programmes among the Nordic countries [33]. 

Social security systems as well as health care in the Nordic countries are likely to
buffer against adverse economic changes and their consequences in terms of health and its
distribution among the population [34, 35]. In the early 1990s, the Nordic welfare states
were hit by economic recession with variable degrees of strength and consequences [32].
The strength and consequences of the recession were probably most severe in Finland.
Despite the economic recession, both overall health and the social patterning of health by
major socioeconomic groups remained largely stable in the Nordic countries, including
Finland [34]. 

The health transition in Finland in the mid-1900s was rapid. The succesful control of
infectious diseases was followed by a rapid increase in the rates of CVD and many
cancers. In the early 1970s, the life expectancy of Finns was relatively low due to the
heavy NCD burden [36]. Finland seems to have the least favourable health profile for the
middle-aged population, especially men. Finns are known to have extraordinarily high
mortality from CVD, and the prevalence of type 2 diabetes is very high in Finland. Traffic
accidents and suicides are further particular threats for Finns [33]. Concerning children’s
health, municipalities are obliged to provide compherensive mother and child care
services, regardless the clients‘ area of residence or ability to pay [37], and therefore, at
least partly, the infant mortality rate in Finland is one of the lowest in the world.
According to the WHO statistics, infant mortality declined from 6.3 to 4.0 in Finland
from the mid-1980s to the mid-1990s. Vaccination coverage has also been very good in
international comparisons. The most common health problems in childhood in Finland
are asthma, mental disability, epilepsy and diabetes [38]. Also, the overall incidence of
T1DM among children aged 0–14 years is the highest in the world in Finland [14]. 

Regional differences in the population’s health have been shown to be large in Finland
[39]: those living in eastern and northern Finland have had poorer health and higher
mortality than those living in the southern or western parts of the country [40]. Regional
differences have emerged particularly in mortality from cardiovascular diseases [41, 42].
The rates of CHD morbidity and mortality in middle-aged men in eastern Finland are
amongst the highest in the world [43, 44]. In the 1980s, the CHD risk was 40% higher in
eastern Finland than in the western and southern parts of the country [45]. Regional
variations in CVD mortality have been studied in Finland since the 1970s [41, 46, 47],
and the studies were able to confirm an eastern excess in the rates. Although the marked
decline of the major CHD risk factors since the mid-1960s has been accompanied by a
decline in CHD mortality and morbidity, the geographical difference between eastern and
western Finland has remained almost unchanged. The high-risk area of CVD is still in
eastern Finland, and the risk is higher in rural than in urban areas [48]. Furthermore, there
is evidence of considerable regional variations in the occurrence of cancer [49] and
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multiple sclerosis (MS) [50]. There is also regional variation in the incidence of certain
childhood diseases, such as asthma, epilepsy, mental disability [37] and diabetes [51], in
Finland. 

The differences in genetic background between populations may contribute to some of
the differences in disease patterns. Although the evidence of eastern excess in mortality
from CHD might favour the explanation of genetic causation, the Finnish population has
been considered ethnically rather homogenous [52]. However, the question of genetic
differences between western and eastern Finns has not been conclusively solved yet [53].
Environmental conditions vary markedly in Finland, and this may also contribute to the
detected patterns of NCD. The diet-related risk factors of NCD are more prevalent in
Finland than elsewhere in the Nordic countries [33]. 

2.2 Medical geography

2.2.1 Historical perspectives

More than 2000 years ago, Hippocrates was aware of the importance of
cultural-environmental interactions for public health. His treatise ‘Of Airs, Waters and
Places’ is an argument for close observation of local characteristics based on the
assumption that disease is a product of specific locales. It treats elements of the
environment, including the overall climate of the area, as important factors underlying
human illness and well-being. Medical geographers appreciate his essay as one of the
most influential contributions to the development of historical medical-geographical
thought [54]. Also the scientific works of Thomas Sydenham in London during the period
1661–1675 were particularly important for the development of a quantitative approach to
the study of the environmental factors of illness [55]. His work encouraged physicians
and scientists to take a deeper insight into the relationships between climate, topography,
weather, geography and disease. Finke’s work 'Versuch einer allgemeinen
medicinisch-praktischen Geographie’ at the end of the 18th century has been suggested to
mark the beginning of the modern history of medical geography [56]. In the mid-19th

century, a number of new works were published that were about either medical
geography or geographical medicine. There was much hope that the geographical
approach would lead to a discovery of the causes of diseases. The simultaneous
emergence of the germ theory ultimately relegated the geographical approach to a
supportive rather than a primary role in the causal explanation of many diseases [57]. 

Medical geography was also shaped by the European territorial expansion and colonial
ventures as well as by the theories of race that were closely related to colonization.
Medical geography was practised primarily by military physicians and by people serving
in military-enforced settlements [55]. Thus, medical geography served to increase the
general understanding of places and peoples from the conquerors’ point of view during
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the period of intense colonial settlement by Europeans and North Americans. According
to Valencius [55], ‘a good map showed the bureaucracy of colonization, soldiers and the
settlers how to avoid disease, the key for Europeans operating in the colonies’. 

In the early 20th century, medical geographers were interested in studying infectious
and parasitic diseases in tropical ecosystems. As Valencius [55] stated, ‘tropical medicine
rather than medical geography became the rubric under which to investigate diseases of
“whites” in “dark” lands’. The concept of environment started to lose its holistic nature,
and scientific and medical practices shifted the focus away from medical
environmentalism. A shift was also seen in the scientific working sequence: laboratory
now came before fieldwork. 

The research priorities of medical geography were changed after the Second World
War. The shift was particularly evident in two major themes of the past half-century in
medical geography: disease ecology and health care delivery [55]. From its origin in the
late 18th century to its present state, medical geography has benefited from a number of
approaches that have contributed to its development [58]. The nature of medical
geography has been seen as an interdisciplinary bridge between the social, physical and
biological sciences. The development of medical geography may be seen as part of a
response to the inadequate theory and methodology of other disciplines to understand
health and disease in the modern world [59]. The emergence of systematic interest in
medical geography only started some decades ago. There are numerous statements
concerning the nature and content of medical geography, for example:

May (1950) stated [60]: “Today we recognize that disease is a multiple phenome-
non which occurs only if various factors coincide in time and space. The focus of
interest widens to encompass the relationship between various factors of this com-
plex and their respective geographical environments. This can be called medical
geography”.

McGlashan’s (1972) [61] definition of medical geography is a narrower specifica-
tion: “The field lies in local variations of those environmental conditions which are
causatively related to human health or ill-health”.

Hunter’s (1974) [54, 62] definition of medical geography is: “...the application of
geographical concepts and techniques to health-related problems”.

Pyle’s (1979) definition [63]: “The essence of medical geography remains in the
description, analysis, and explanation of spatial patterns of health, disease, medical
and health care as well as the application of normative concepts of location within
particular social, economic and institutional context”.

Gesler’s (1986) [64] boundaries for medical geography are: “1) The description of
spatial patterns of mortality and morbidity, factors associated with these patterns,
disease diffusion and disease aetiology; 2) the spatial distribution, location, diffu-
sion and regionalization of health care resources, access to and utilization of
resources and factors related to resource distribution and use; and 3) spatial aspects
of the interactions between disease and health care delivery”.

Meade’s (1988) [59] definition: “Medical geography uses the concepts and tech-
niques of the discipline of geography to investigate health-related topics “.
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Barrett (1996) [57] concluded that “The relationships between diseases and their
geographies can be studied from either a medical or a geographical perspective. In
the case of geographical medicine, the organizing principle is the disease with the
geographical associations being secondary. In the case of medical geography,
which is sub-discipline of geography, the organizing principle is the locational,
spatial and/or regional aspects of the distribution and associative occurrence of the
disease”.

2.2.2 Traditions and modern directions

The spatial tradition has been very important in the development to both approaches of
medical geography, i.e. the study of disease patterns and health care delivery. The
emphasis of the spatial tradition is on space, spatial form and spatial structure. The
techniques of spatial analysis are essential to the study of the patterns of spatial variations
in the incidence and prevalence rates of specific diseases [54, 65]. The identification of
spatial patterns should lead to the question of why that pattern is configured in a specific
manner. Another area of significant research in the spatial tradition of medical geography
is the application of diffusion theory to the spread of infectious diseases. The particular
strength of the disease diffusion approach is that it makes it possible to simultaneously
view time and space in relation to the disease of interest [58]. Disease diffusion studies
have tended to be either descriptive or theoretical [54].

The ’human-environment’ tradition interrelates human and environmental variables
and interprets their links [66]. People, country, culture and society are seen as parts of a
complex dynamic and interacting system or a set of hierarchical systems. Typical of this
general approach to medical geography is the view of disease as being one particular form
of environmental maladaptation [54, 59]. The human-environment approach is usually
referred to as ‘disease ecology’. May introduced in the 1950s the term ‘disease ecological
approach’ to medical geography. He emphasized the holistic-interactive nature of disease
systems and delineated the inter-relationships between living organisms, the physical and
biological environments within which they interact and the role of human cultural
behaviour in the success of the disease system [58]. The major task of disease ecology is
the identification of the factors which result in the coincidence in time and space of agent
and host. The principal goal of disease ecology is to understand the dynamics of the
disease, which vary according to environmental covariates, such as climate, vegetation,
mineral traces in water and bedrock minerals. The use of sophisticated statistical methods
and good knowledge of disease process/epidemiology may lead to successful hypotheses
of disease causation and to identification of the relationships that produce variable states
of ill-health and disease [54].

The regional tradition consists largely of place descriptions, and its purpose is to
‘characterize a place’ [54, 67]. The regional tradition includes the application of spatial
and ecological concepts and principles in particular regional settings. It seeks to provide
an integrated overall picture of a specific area. According to Mayer [54], ‘there are fewer
studies where the real focus of the study is on particular region, or on regionalism as a
general concept, and where the study concentrates on the region-specific characteristics of
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disease and medical care’. The regional tradition of medical geography suggests that the
nature of health and disease within a region is related integrally to the structure and
character of that region.

Climatology, geomorphology, hydrology and biogeography are part of this physical
tradition of geography [54]. This tradition is concerned with ‘the evolution of the earth’s
surface as a consequence of physical processes’ [68]. The argument that the physical
environment exerts a powerful influence on health and disease is fuelling the physical
tradition of medical geography research. The research tradition that considers physical
factors influential on health has recently concentrated on the role of geochemistry in the
causative process of many diseases. Recent attention has also focused more on
environmental toxins that are a consequence of human activity and are suggested to be
responsible for the genesis of many diseases [54].

Geographical concern with the provision of health services and medical care
developed historically after the ecological approach to studying disease patterns [65]. The
studies in the geographical aspects of the provision of medical care have been based on
the usual assumptions of location-allocation and optimal-location models and have used
concepts as diverse as spatial-interaction models and optimisation models to address such
important issues as the equity of and access to medical care, actual and optimal spatial
relationships between health care providers and the implications of these factors for
patient care and, ultimately, treatment outcome [54]. Geographical research on health
services has varied from intervention in chains of disease causation in developing
countries to application of optimal location models and regionalization schemes in
developed countries. Some of the work has been normative and has entailed the
application of normative spatial principles to health care systems [65]. 

In medical geography, disease ecology and health services research have tended to be
distinctive streams of works. Disease ecology continues to be an important field of
research in medical geography. Current trends are related to environmental change,
natural hazards and risk assessment. They aim to understand the mechanisms of the
relationships between risk factors and human beings from the perspective of prevention.
Examples are related to changing environmental conditions influencing the spread of
infectious diseases; to agricultural expansion involving deforestation and the setting up of
plantations and to movement of people causing health hazards; to the role of human
behaviour as a key element in the spatial relationship between man and disease; and to a
wide range of studies on the correlations between NCD and environmental,
socio-economic and occupational factors [6]. The current trends in the study of health
care delivery can be distinguished: health systems analysis; spatial distribution of health
services; planning and optimisation of health care resources; study of accessibility and
utilization of health services [6, 69].  Disease ecology and health service research use
similar methodologies derived from epidemiology, economics and behavioural research
and allow the conversion of all dimensions of health problems into measurable and
quantifiable ‘facts’. According to Moon [70], ‘disease and health care are still topics of
concern, but broader issues have become more relevant: macro-level policy and its local
implementation is the matter of current interest, there is a shift from quantitative methods
towards qualitative, there is the impact of the cultural turn in language and theoretical
base of research of medical geography’. They [70] continued that ’the study of disease
and the study of health care have, rightly, become facets of our subject matter which
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require integrated rather than separate attention’. Therefore, the dichotomy of disease
ecology and health care is vanishing step by step, and the twin streams of medical
geography are getting intertwined [70].

According to Learmonth (1950) [71], ‘the ecological side of medical geography
must always be important because it may play its part, with sister sciences, in
social, community, or preventive medicine. Prevention is better than cure, and
cheaper, but if cure must be, then the rational planning of health services is vital’.

Among the modern trends there are a few research directions to be underlined [6]:
– health issues related to global environmental change; natural hazards and risk assess-

ment;
– interactions between politics and health;
– consequences of economic crisis on health and health care delivery;
– quantitative approach in disease ecology and health care delivery.

Medical geography has changed in the recent past [72]. The change in emphasis and
orientation can be related to the emergence of new geography of health, often termed
‘post-medical geography’ [70, 73]. A concept of place as a socially constructed and
complex phenomenon became important for new health geography. The difference
between ‘old’ medical geography and ‘new’ health geography can be seen in orientation
and methods. In medical geography, place is part of the critique [72], and there is an
emphasis on a biomedical model of health and a focus on quantitative methods [74, 75].
In new health geography, in contrast, place is seen as an operational ‘living’ construct
that matters [72], and there is an emphasis on what is termed a ‘socioecological’ model of
health [74, 75]. The revitalization of the sub-discipline occurred during the 1990s, and
social and cultural theory is now implemented in the geography of health. Now, health is
a gendered and embodied construct [70]: ‘space is being made for difference [76] and
health is being (re)-placed [77]’.

The diverse set of topics presented in the Ninth International Symposium on Medical
Geography held in 2000 in Montreal may provide an outline of the current themes of
interests in medical geography research. The following topics cover the broad scope of
present-day medical geographic thought and research. [78]:

– application of telemedicine and medical geography;
– impact of migration on health and health care;
– GIS and spatial analysis;
– environment and population health;
– international perspectives in medical geography;
– health issues in developing countries;
– translating health care research into practice and policy;
– understanding determinants for children’s health;
– therapeutic landscapes;
– aging and health in world cities;
– health inequality: approaches and innovations;
– rural and regional health care restructuring;
– action-based initiatives of geographers in the health field.
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2.3 Disease mapping

2.3.1 GIS and spatial analysis in epidemiology

Disease mapping has played an important role in medical geography and epidemiology
since the late 18th century. Disease mapping methods were first applied to communicable
diseases in an attempt to identify the sources of infection and to describe the rate of
spreading [79]. The mapping of chronic diseases probably started with the recognition
that environmental factors play an essential role in their aetiology. One of the earliest and
best-known examples of the geographical analysis of disease was John Snow’s analysis
of cholera outbreaks in London in 1854. By mapping cholera deaths, he found out
exceptionally high rates close to the Broad Street water pump, which was a local source
of water supply. The pump was closed, and new outbreaks of cholera were avoided. Since
John Snow’s time, the mapping techniques have improved, and examples of the use of
geographical analysis of disease have tremendously increased [80]. The availability of
geographically indexed health and population data and the advances in computing,
geographical information systems, and statistical methodology have enabled realistic
investigation of spatial variation in disease risk, particularly at the small-area level [81].

Disease mapping and risk assessment have become an important focus of interest in
the field of public health. The aims and purposes of disease mapping are [82]:
1. to describe the spatial variation in disease incidence for the formulation of

aetiological hypotheses;
2. to identify areas of unusually high risk in order to take preventive action;
3. to provide a reliable map of disease risk in a region to allow better resource allocation

and risk assessment.
The development of Geographical Information Systems (GIS) has contributed to the
development of cartography. GIS is a tool for linking and visualizing geographically
referenced data from different sources, in which a geographical data element is used to
provide a reference for a statistical or non-locational data element. It consists of
topological and attribute databases together with procedures and techniques for data
collection, updating, query, spatial analysis and modelling [8, 83, 84]. With GIS, it is
possible to link together data on the topic of research and background variables (all forms
of geographically referenced information), such as census, socio-economic and
environmental data on the population, according to map coordinates.

GIS applications in public health, epidemiology or health planning were rare in the
1980s, but expanded rapidly during the 1990s. The growing interest in environmental
health, including risk assessment, was an early GIS application area in public health.
Also, the resurgence of infectious disease and the international efforts to address health
problems, such as Lyme disease, increased the interest of the public health community in
GIS [85]. Recently, GIS has emerged as an innovative and important component of many
projects in public health and epidemiology [9, 85]. GIS has proved to be useful for
epidemiological research purposes, decision-making, planning, management and
dissemination of information. With GIS, it is possible to show regional variation of health
problems, to identify environmental risks, to monitor the use of health services and to
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detect abnormal patterns. GIS is not the complete solution to understanding the
distribution of disease and the problems of public health, but it is an important way in
which to better illuminate how humans interact with their environment to promote or
deter health [86]. A GIS application of health has been introduced and used in, for
example, the surveillance and monitoring of vector-borne diseases [87–94] and
water-borne diseases [94], in environmental health [95–98], in modelling exposure to
electromagnetic fields [99, 100], in quantifying environmental hazards and their influence
on public health [101–104], in predicting traffic accidents and modelling traffic accident
risk estimates [105–107] and in policy and planning [108–112]. In Finland, for example,
the study of urban small-area variation in mortality employed high-resolution (1x1 km)
spatial data and GIS methods [113]. Remotely sensed data have increased dramatically in
the recent years. Remote sensing and GIS have increased their importance and usefulness
in health-related studies [114–122].

Spatial data are the backbone of GIS. The number of geo-referenced data sets that
contain information on the health status of individuals has increased tremendously during
the past few decades [123]. Geographic data are complex, and they are drawn from many
sources using various data collection techniques [85]. The types of data used in mapping
may vary from the locations (exact map co-ordinates or residential) of cases of disease to
counts of disease within small areas (e.g., census tracts) and could involve functions of
their distribution (e.g. rates or relative risks) [124]. When the exact geographic locations
of cases of disease are available, we are concerned about the analysis of the coordinate
locations of events. In the second type of data, the tract count, small areas of a region are
the basis for aggregating case events into counts. In this case, the exact locations of events
remain unknown. However, GIS provides access to additional information from a wide
variety of sources. For example, Global Positioning Systems (GPS) can be used to obtain
precise locations of point features on a map. Furthermore, GIS can process aerial or
satellite imageries to allow information on such factors as temperature, soil types and land
use to be easily integrated and spatial correlations between potential risk factors and the
occurrence of diseases to be determined. The use of GIS does by no means overcome two
major concerns of data: availability and quality. It is very important to understand the
nature of errors in spatial data and the effect they may have on the quality of the analyses
made with GIS. 

It is becoming increasingly clear in the field of public health that health information
(e.g. data) aggregated within political or other administrative areas is inadequate to
address many public health concerns [123]. Communicable and non-communicable
diseases do not recognize areas or borders that are defined for administrative or political
purposes, and therefore, a finer geographical scale of study is often more appropriate for
epidemiological purposes. In GIS, the spatial scale of analysis can be chosen freely,
though naturally with the limitations of the data. The scale of analysis or the level of
aggregation is a trade-off between specificity and precision: the smaller the areas, the
more specific and relevant are the findings to the local population, but the greater the
imprecision of statistical estimates and the potential for bias [125]. 

However, although there is a growing demand for a finer scale of geo-referenced
health data in epidemiological studies, the use of administratively organized spatial data
is still of importance. The availability of administratively organized spatial data is much
better than that of data of high spatial resolution. Health information is still and will long
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be generalized to administrative areas for use by public health authorities and politicians
and, naturally, by the general public. Any changes from generalized (municipalities,
provinces) towards specific (1 x 1 km grid cell) information – although justified from the
epidemiological point of view – may lead to misunderstanding. Also, the costs of data rise
along with the improving spatial resolution capacity and quality, and the high costs of
spatial data frequently become an obstacle in geographical health research. 

Still, whatever the choice of spatial resolution, it is always artificial and fails to fully
“capture” people’s everyday living environment. People do not live in a world of
“provinces” or “1 x 1 km grid cells”. Administrative and political areas are still important
from the viewpoint of national or regional health politics and administration.
Geographical data also highlight the conflict between individuals and administration. The
use of high-resolution spatial data may risk the demand for individual privacy protection.
Who wants to be identified on maps or in statistical tables by authorities or by fellow
citizens?

The representation of disease incidence data can vary from simple point maps for cases
and pictorial representations of counts within tracts to the mapping of estimates from
complex models aiming to represent the structure of disease events [124]. Disease maps,
including the description used and the presentation of spatial disease distribution, can be
divided into dot, diagram, choropleth and flow maps [95]. Dot maps are able to show
each health event with the resolution of a pair of coordinates, x and y. Choropleth maps
are used to display mortality or morbidity rates for defined geographical units by
colouring, shading or hatching, whereas flow maps are able to show the distribution
dynamics of health events in time and space, and diagram maps provide added value in
the presentation of quantitative data within a map.

Much of the “power of GIS” in health issues is based on its spatial analysis capabilities
[9]. Spatial analysis refers to the ability to manipulate spatial data into different forms and
to extract additional meaning as a result. It encompasses a variety of methods and
procedures developed in different disciplines. A quantitatively-based framework for
spatial analysis can be categorized into three broad classes [126]: visualization,
exploratory data analysis and model building. These vary in complexity from simple map
overlay operations to statistical models [9]. Animation, for instance, is an effective
method of visualization in depicting the spread or retreat of disease over space and time.
Animated maps, for example, were used to demonstrate the progression of the AIDS
epidemic in the United States. Advances in the computing and graphics technologies have
made exploratory methods one of the most active areas of spatial analysis research,
aiming to identify space-time clusters or ‘hot spots’ of disease [9]. A variety of methods
exist for analyzing spatial clusters of disease with point data [85, 127, 128]. Openshaw
used point-based data and exploratory methods especially to locate clusters of rare
diseases, such as childhood leukaemia [129], and Sabel et al. used kernel estimation to
estimate the relative risk for motor neurone disease in Finland [130]. In the use of GIS, it
is also important to differentiate between two almost opposite approaches: on one hand,
research with scientific aims and methods, and on the other, the practical requirements for
data processing and the visualization of spatial data [131].

However, depending on the quantity and quality of data and the methodology used, a
given map may be useful or misleading. But regardless of whether we use simple
mapping methods or advanced spatial models, the ultimate goal must be to screen the
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meaningful information from the spurious. The two main conventional approaches are
maps of standardised rates based on Poisson inference and maps of statistical significance
[132]. The former has the advantage of providing estimates of the parameters of interest
(disease rates), but raises two problems. When the area has a small and unevenly
distributed population, and when the number of cases is small, variation in the observed
number of events often exceeds that expected from the Poisson model. The problem is
exacerbated in the case of rare diseases, such uncommon cancers, and outcomes, and
when the method of presentation is a choropleth map. Maps of significance point out a
different problem. The more extreme levels tend to occur in the areas with the largest
populations, and this time, in contrast, more common cancers may show more
geographical variability than rare cancers [133].

Various smoothing methods are used to avoid the problem of rate instability. The
simple but unattractive form of smoothing is to choose larger geographical study units in
order to achieve greater stability of rates. It cannot be recommended, however, because it
implies the idea of discontinuity of geographical boundaries and conceals important
information of variation in rates on a smaller geographical scale. Precision can also be
improved by aggregating over time. There are numerous methods of smoothing that
provide more or less continuous depictions of rates across a map based on statistical
techniques, such as Bayesian smoothing [134–138], or GIS methods, such as local-area
averaging, or geostatistical smoothing methods, such as Kriging [139]. 

However, there are also other important issues related to the mapping of diseases,
which need to be discussed briefly. The choice of map colour or hatching is of great
importance in transforming numerical information into an informative map. It is also
important to decide about the number of categories and the choice of cut-off points [140].
In some cases, the first aim of classification is to provide to the reader the maximum
available information, and the choice will then depend on whether or not the scale is
data-dependent. In the case of several maps, the need for comparability may arise and the
scale may be the same for all maps (i.e., independent of the risk distribution). It is also
easy to intentionally give the reader incorrect or even false information with maps and
mapping techniques. Using appropriate colours and classification, the disease can be
either concealed or highlighted, depending on the current (political) intentions. In this
respect, disease maps may convey a politically hidden agenda and partly reflect the ideas
and values of society. Finally, many data sets exhibit different spatial patterns when
viewed on one spatial scale rather than another, which is known as a ‘scale’ effect [85,
141]. Although the analyses of disease distribution on multiple spatial scales are few
[142–144], the widespread adoption of GIS is likely to increase the number of disease
maps of multiple spatial scales, and this may cause problems in interpretation. 

There are also some specific problems related to the spatial analyses of health
phenomena and disease mapping. In the modern industrialized world, people of all ages
are very mobile. Children commute between home and day care or school, and the
working population commute between home and work every day. A considerable
proportion of the population move from one region to another within a municipality or
country, or from one country to another, every once in a while. Therefore, people expose
themselves to different risk factors in different locations, and the relationship between
catching a disease and the potential environmental risk factor is difficult to prove
conclusively [145]. This element of inaccuracy certainly has an effect on the
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interpretation of the results of geographical health research. In most of cases, however,
the person with a chronic disease has been exposed to the pathogens much earlier than the
first the appearance of typical symptoms become visible [131]. Thus, geographical
analyses of non-communicable diseases of a particular type may easily lead to erroneous
conclusions and aetiological hypotheses without individual-level information of the
exposure history [131, 145]. The effect of migration on health was demonstrated in, for
example, a study of the spatial clustering of Amyotrophic Lateral Sclerosis in Finland
[146].

Disease maps can reveal spatial variations and distributional patterns – with such
sources of bias as the likelihood of chance, variation in diagnostic practices and
differences in disease coding systems/rules – more effectively than the examination of
statistical tables [79]. However, the visual impression is conducive to
‘misunderstandings’, and we should be aware of the limitations implicit in the use of
mapping as a visualization tool for epidemiological research. Public health professionals
who are not very familiar with the statistical issues related to disease mapping
increasingly use GIS. They are prone to the ‘gee whiz’ mode of investigation [147]. It
means, for example, that spatial data are placed on GIS and thematic maps are produced
to visualize spatial relationships between health outcomes and several environmental
factors, and finally, striking patterns, if found on the map, are used to formulate
explanatory hypotheses. The ‘gee whiz’ mode of investigation formulates hypotheses to
explain an apparent pattern whose existence has not been confirmed.

Although visual analyses (mapped evidence) strengthened by exploratory analyses are
mostly sufficient for medical geographers or epidemiologists, we need quantitative
modelling of disease distribution to test formally certain hypotheses or to estimate
relationships between the measure of disease incidence and, for example, environmental
covariates. GIS can be useful in generating data for input into epidemiological models,
displaying the results of statistical analysis and modelling processes that occur over space
[9]. However, the capacity of GIS for statistical analysis and modelling tends to be rather
limited [148, 149]. Most often, the data must be processed with separate statistical
software for statistical analysis and model building, and the processed data must then be
returned to GIS for the design and production of cartographic outputs. However, GIS may
undoubtedly reveal great promises in the study of disease, but their full potential will not
be realized until environmental and disease surveillance systems are developed that
distribute data on the geography of environmental conditions, disease agents and health
outcomes over time based on user-defined queries for user-selected geographical areas
[150]. The rate of the desired development will also depend on the perceived needs of the
public health community for spatial analysis methods to provide decision support [151].

2.3.2 Bayesian disease mapping

Straightforward use of classical statistical modelling that assumes independence of events
may lead to less desirable results. Spatial statistical methods differ in certain respects
from conventional statistical analyses [152]. While the conventional statistical
approaches are based on an assumption of spatial independency, spatial statistical
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methods hold the presumption of spatial dependency, i.e. the tendency of geographically
adjacent areas to be more alike than geographically distant areas [126]. Without this
presumption of spatial dependency, there would not be any “spatiality”, and it would be
appropriate to show the results as a table (e.g. a list of all areas) without a topology of the
map [131]. Even if the areas are mutually distant, they may share many common features
and may be defined as “neighbours” on the basis of a common borderline, nodes of a
traffic network, connecting rivers, etc. Spatial dependency may be due to observed and/or
unobserved covariates. The purpose of spatial statistical analyses is to explain the
apparent spatial dependency by the observed covariates, so that in the end, there is no
spatial autocorrelation left. When only the unstructured random noise remains in the
residual errors, this goal is achieved. In a sense, the goal of spatial statistics is to make
spatial effects disappear. Spatial location as such is only a proxy of the remaining
unobserved covariates. Profound understanding of data and theories requires a high level
of statistical sophistication. A good statistical model is able to describe to “mechanism”
that produces observations (the mechanism behind the data).

The concept of probability and how we interpret it is fundamental to our understanding
and interpretation of occasional incidents [131]. Probability represents a subjective degree
of uncertainty in a Bayesian framework [153]. In the Bayesian approach, the observer
begins with a prior probability, which is then updated by any new observed data by using
probability calculus. Therefore, probability is not viewed as a fixed constant for each
phenomenon, but as the observer’s degree of uncertainty, which evolves in the light of
new data. The concept of probability in a Bayesian framework differs from that in the
frequentist approach. Frequentist methods regard the probability of the phenomenon of
interest as a fixed, unvarying (but unknown) quantity [154]. Then follows the calculation
of confidence intervals for this quantity or significance tests of hypotheses concerning it.
However, the frequentist approach, whereby the probability is seen as a limiting true
frequency in a set of repeatable experiments, is not well applicable to ecological research
problems, which may permit only one series of ‘experiments’ that cannot be repeated
[131]. What should we do if we wanted to make a reliable evaluation of the ‘true’ disease
risk in a certain area in a certain year in the past? The Bayesian solution is to quantify our
remaining subjective uncertainty, given the observed data, and our prior uncertainty.

Bayesian methods are based on the idea that unknown quantities, such as population
means and proportions, have subjective probability distributions as long as these
quantities are unknown [154]. Bayesian analysis allows us to make inferences from data
using probability models jointly for quantities we observe and for quantities we do not
observe, but wish to know [135]. Bayesian analysis starts with a prior probability
distribution (before data) for the value of interest (e.g., the true relative risk) based on
previous knowledge, after which new evidence is added into the model to produce a
posterior probability distribution (after data) [155]. The Bayesian approach takes into
account not only the raw data but also any prior knowledge available that supplements the
data. The prior information may include all possible objective or subjective evidence,
such as experience, results from previous studies and data. Whenever new evidence or
information is discovered, Bayesians update their probabilities.

The applications of Bayesian methods to disease mapping, risk assessment and
prediction within spatial epidemiological research are numerous [156–158]. There are
two dominant approaches. In the empirical Bayesian method, an attempt is made to
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estimate parameters of “prior” distributions using observed marginal distributions. The
second approach is the fully Bayesian approach, where the prior and “posterior”
distributions are obtained via Markov Chain Monte Carlo (MCMC) computations (after
assessing appropriate convergence) [159]. MCMC Simulation is the name given to a class
of methods that can be used to generate numerical approximations of a joint posterior
distribution that incorporates both data and a priori information on parameter values.

The Bayesian approach often relies on the Markov random field model, which defines
the prior probability structure of the underlying (theoretical) spatial disease intensities
[160–162]. As a result, the posterior mean intensities represent the plausible expected
values of disease intensities, i.e., they are a compromise between the observed incidence
value in an area and the observed values in the neighbourhood of that area (local). The
level of smoothing is controlled by a model parameter, which is also jointly estimated
from the data. When analysis is based on a large number of events or person-years of
exposure, Bayesian estimates are close to the standardised rates. In an opposite case, with
few events or person-years, prior information on the overall map becomes more
substantial, shrinking the standardised rates towards the overall mean rate [132]. The
Bayesian approach with prior information on the rates includes the presumption that
neighbouring areas are more likely to be similar than mutually remote areas. In other
words, a Bayesian estimate of the rate in an area is shrunk towards a local mean [132]. No
single map estimate is ‘correct’. However, there is a whole distribution of maps in a
Bayesian model, which is a much more flexible solution than a single map estimate
(average, median, mode, etc.) [163]. In Bayesian modelling, a map is based on the
posterior probability distribution, and it reflects our level of certainty about the correct
map. 

The development of very powerful computers has speeded up the use of Bayesian
methods and has given a new impetus to the Bayesians [131, 154]. Computer-intensive
methods of analysis are being developed, which allow new approaches to very difficult
statistical problems in health research. So far, however, there are not many software
packages suitable for Bayesian analysis, and the building of complex spatial models
therefore requires lots of specialist programming.

Regardless of how sophisticated the applied statistical methods are, or how good the
model fitness is, the geographical mode of investigation and disease mapping is always
highly problematic. In many instances, covariate effects are the central question in spatial
analyses, and the spatial structure in the residuals can be regarded as a proxy for many
unidentified covariates. However, ecological bias occurs when the background rate of
disease varies between populations because of differences in the distribution of other risk
factors, or when the effects of a particular ‘exposure’ are modified by other factors [125].
Using geographic analysis, it is possible to get only a suggestion that there might be a
connection between an environmental agent and disease occurrence. Ecological studies
are more useful for generating and testing hypotheses (i.e., qualitative identification of an
association) than quantitative estimations of the strength of exposure-response
relationships [164]. In particular, geographical analyses of the distribution of disease
frequency and risk factors can be beneficial, especially if the exposure-disease association
is specific, the latency is short, and the exposure is spatially defined.
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The descriptive stage of analysis is concerned with the description and mapping of
health-related phenomena. The analytical stage tries to step forward by searching for
explanations and seeking laws behind the observed spatial patterns. The predictive stage
uses a model-based approach to make predictions. It is promising that spatial statistics
and GIS technology have slowly started to merge [165]. However, whether GIS will be
useful in the model-based approach and the prediction in, for example, epidemiology
remains to be seen. The desired future development of GIS requires a switch in emphasis
from data and information to knowledge.

2.4 Type 1 diabetes mellitus (T1DM)

2.4.1 Classification of diabetes

There are two main and distinct types of primary diabetes [Table 1]. Nowadays, the term
‘T1DM’ refers to insulin-dependent diabetes, while the term ‘type 2 diabetes’ refers to
non-insulin-dependent diabetes. In the pre-insulin era, the prognosis of disease
development in each patient depended notably on the type of diabetes the person had
[166]. In that period, most children and some adults died of diabetes within months from
the onset of the disease, while the life expectancy of older patients with “fat diabetes”
was much more longer. Although diabetes mellitus has been recognized for many
centuries, and major advances have been accomplished since the discovery of insulin in
the understanding of diabetes and metabolism, there was no clear or widely accepted
definition of diabetic state until the early 1980s [167]. The newly suggested World Health
Organization (WHO) classification and the new American Diabetes Association (ADA)
classification include both clinical stages of hyperglycemia and etiological types [168]. 

The etiological types represent disorders which may result in diabetes mellitus [168],
and some of them are described in Table 1 [169]. The spectrum of diabetes in young
people has widened; it includes monogenic diseases, such as the various forms of
permanent and transient neonatal diabetes, as well as the obesity-associated type 2
diabetes in late childhood [170]. However, T1DM remains the main form of juvenile
diabetes in Europe.
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Table 1. Aetiological classification of diabetes mellitus [168, 169].

2.4.2 Autoimmune and clinical characteristics

T1DM is a condition characterized by high blood glucose levels caused by a total lack of
insulin. It occurs when T-lymphocytes infiltrate the islets of the pancreas and destroy the
insulin-producing beta cell population [173]. Beta cells, along with other types of cells,
are contained in small islands of endocrine cells called pancreatic islets. T1DM begins
with an asymptomatic stage of variable duration characterized by insulitis, i.e.
inflammatory infiltration of the islets [174]. The process is highly specific for beta cells,
as the other islet cells are spared. The progression of the autoimmune process varies
between individuals, but it may take several years before clinical diabetes is diagnosed.
As a result, the pancreas is not able to produce insulin at all or produces only a little
insulin, which is a fundamental prerequisite for metabolic balance. Insulin can be seen as
the key agent to allow glucose access into human cells. Symptoms of T1DM are caused
by excessive glucose in blood. The classic symptoms of T1DM are increased urination
(polyuria), increased thirst (polydipsia), increased eating (polyphagia), weight loss and
infections [168]. In its most severe forms, ketoacidosis or a non-ketotic hyperosmolar
state may develop and lead to stupor, coma and even death [167].

Type of diabetes Description and subtypes

I. Type 1 Type 1 involves processes of beta cell destruction that may ultimately lead to diabetes in
which insulin is required for survival in order to prevent the development of ketoacidosis,
coma and death. While the type 1 process is characterized by the presence of autoantibodies
to glutamic acid decarboxylase (GAD), islet cell (IC) and insulin (ICA, IAA), which
identify the autoimmune process associated with beta cell destruction, no signs of antibodies
are present in some cases, which are classified as ‘type 1 idiopathic’ [168].

a.  Immune-Mediated Diabetes Mellitus: This form of diabetes results from cellularly
mediated autoimmune destruction of the beta cells of the pancreas. The rate of
destruction is quite variable. It may be rapid in children, while a slowly progressive
form, known as LADA, is often seen in adults [168, 171, 172].

b.  Idiopathic: There are some forms of T1DM with no known aetiologies. Some of the
patients have permanent insulinopenia and are prone to ketoacidosis, but have no
evidence of autoimmunity [168].

II. Type 2 Type 2 is the most common form of diabetes, which is characterized by disorders of insulin
resistance and insulin secretion. Both are usually present at the time of diagnosis. The
specific reasons for the development of these disorders are not yet known [168]. The risk of
developing type 2 diabetes increases with age, obesity and lack of physical activity. It is
often associated with a strong familial, probably genetic predisposition.

III. Other specific
types

The other specific types are less common, but allow the underlying defect or disease process
to be identified in a relatively specific manner, particularly in cases where a monogenic
defect has been identified, e.g. in MODY.

IV. Gestational
diabetes mellitus
(GDM)

Gestational diabetes is a state of carbohydrate intolerance resulting in hyperglycaemia of
variable severity with onset or first recognition during pregnancy.
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There are indications that beta cell damage may be induced at any age, and that the
timing of the clinical presentation is highly variable. T1DM can be diagnosed at any age,
the youngest patients being infants and the oldest being seniors. Epidemiological data
suggest that 30–50% of the cases may develop clinical signs of T1DM after the age of 20
years [175]. It may be that beta cell destruction progresses more slowly in individuals
presenting with the disease after the age of 20 years [176]. Diabetes in children usually
presents with severe symptoms, very high blood glucose levels, marked glycosuria and
ketonuria. In most children, the diagnosis is confirmed without delay and treatment with
insulin injections is initiated immediately [168]. As the diagnosis of T1DM among
children is quite “clear and easy”, it makes T1DM among children a good target of
epidemiological research. In most epidemiological studies on childhood T1DM, the study
subjects are children aged up to 14 years.

2.4.3 Epidemiology

There is striking variation in the incidence of T1DM in children aged up to 14 years
between and within populations [14, 177]. Examples of populations with a low incidence
of T1DM are the Zunyi area in China and Caracas in Venezuela (0.1 case per
100,000/year) as well as Ukraine (1 case per 100,000/year). Populations with a high
incidence occur in Finland (49.0 per 100,000/year), Sardinia (37.0 per 100,000/year) and
Sweden (32.0 per 100,000/year). However, the populations of Sardinia and Finland live at
a distance 3,000 km from each other and have different environments and distinctive
genetic backgrounds. The EURODIAB Study Group reported representative data from 26
registries from 1989–1990, showing an exceptionally wide range of incidence rates for
T1DM within Europe [178]. More recent reviews and studies have confirmed the
variations in incidence detected in the previous study in Europe, with an indication that
there has been a rapid increase in the incidence of T1DM in many European countries in
the last few decades [12, 14, 179]. The most prominent increase in incidence occurred
among children under 5 years of age [13, 180]. A recent study based on a 10-year
analysis with standardized procedures showed that the range in the incidence rate of
T1DM within Europe is more than tenfold [181].

The incidence of T1DM is increasing in almost all populations [14, 177, 179]. The
average increase in incidence is approximately 3% per year. According to the DIAMOND
study (based on data from 100 populations in 50 countries), the increase in incidence has
been steeper among low-incidence population than populations already characterized as
high-incidence populations [14]. So far, no study has reported a statistically significant
decreasing trend in incidence anywhere in the world. The most noticeable feature in the
incidence of T1DM has been the age-related increase in incidence up till puberty, the
incidence being highest in children aged 10–14 years [14]. However, it seems that the age
of onset of T1DM has become lower during the 1990’s [180, 182–185]. 

In several countries all over the world, marked within-country variations in the
incidence of T1DM have been reported [177]. For example, there are nearly 50-fold
within-country variations in T1DM incidence in China. Marked geographic variations in
the incidence of T1DM have also been detected in Europe [51, 138, 186–197]. In Italy,
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the highest incidence rate (37.0/100,000/year) has been observed in Sardinia, which is
three to five times higher than the average in mainland Italy, where the incidence varies
from 5 in Campania to 11 per 100,000/year in Pavia [192, 195]. A lower incidence of
T1DM among children living in urban areas was reported in Scotland and Yorkshire, UK
[189, 193]. In Northern Ireland, too, a lower incidence was observed in the areas with the
highest population density and the most crowded households [191]. On the other hand,
studies carried out in Norway and Italy showed that children living in rural communities
had a lower risk for T1DM [187, 195].

The sex ratio in incidence, i.e. the male or female excess in the incidence of T1DM
among children aged up to 14 years, associates with the ethnic origin of the population
and also seems to follow the overall level of incidence. A minor male excess is found
primarily in Europe and populations of European origins, while a female excess is
detected in populations of South American, African or Oceanian origin [177, 198]. On the
North American continent, a female excess was found in 67% of the populations. Among
populations from Asia, Central America and the West Indies, only 20% showed a male
excess in incidence. Interestingly, all populations with an incidence higher than
23.0/100,000/year have a male excess, and all populations with an incidence lower than
4.5/100,000/year have a female excess [198]. Population-based family studies also show
evidence of a male excess in early adult life. T1DM seems to show a clear male
preponderance in all populations of European origin studied in early adult life [199].

The first report of seasonal variation in the incidence of T1DM was reported in the
1920s, when peaks in the rates were seen during the late autumn, winter and early spring
[200]. A Swedish study based on the data from 1938–1977 revealed two peaks in
incidence during the calendar year; one in the winter months and one during the late
summer [201]. Several other epidemiological studies have reported a higher occurrence of
T1DM during the autumn and winter months than during the spring and summer months
[201–207]. 

In Finland, the incidence of T1DM has been rising linearly since the early of 1950s,
and it is known to be the highest in the world [10, 11, 13, 14]. The average annual
increase in the incidence of T1DM among children aged up to 14 years from 1965 to
1996 was 0.67 per 100,000 person years [13]. This equals an annual incidence increase of
3.4%. The median age of diagnosis of T1DM decreased from 10 years in 1965 to 8 years
in 1996. In boys, the incidence has been increasing since the mid-1960s, but from 1985 to
1996, the increase seemed to level off in boys aged 5–9 years [182]. The overall increase
in T1DM incidence in the early 1990s was mainly caused by the increase in incidence in
girls aged 9 years or under. In Finland, a significant seasonal pattern in the incidence of
insulin-dependent diabetes was found for the sexes combined and for two age groups
(0–9 and 10–14 years) [208]. During a calendar year, one cycle with a decreased
incidence of insulin-dependent diabetes in June was found among younger boys. Among
older boys, there were two distinct cycles with a decreased incidence, the first in June and
the second during November–December. The most visible seasonal pattern was a lower
number of cases diagnosed in June, while during the rest of the year the incidence
remained relatively stable and high. Geographical variation in the incidence of T1DM has
also been detected in Finland [51]. 
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2.4.4 Genetic basis and environmental risk factors

It has been suggested that those who develop T1DM were born with a genetic
predisposition to it. Some genes are common to many autoimmune disorders, and some
other genes are responsible for vectoring the immune system towards specific target
tissues [209]. The HLA region on chromosome 6 is the most important determinant of
genetic susceptibility to T1DM. In most populations of European extraction, over 90% of
people with T1DM carry HLA DRB1*03 or HLA DRB1*04 [210]. Another, though
much weaker, susceptibility gene is the insulin gene, and there are a number of other loci
possibly associated with T1DM. It has been confirmed that the risk of T1DM in the
offspring of an affected father is two- to threefold compared to the offspring of an
affected mother [211–214]. Also, islet autoantibodies are more commonly found in the
offspring of diabetic fathers than diabetic mothers [215]. Preferential cross-sex
transmission was found in a Finnish study, which suggests that fathers are more likely to
transmit diabetes to their daughters and mothers to their sons [212]. Twin studies have
provided evidence for a strong genetic susceptibility to T1DM [216, 217].

The genetic susceptibility to T1DM does not automatically lead to onset of the disease,
but some of the genetically predisposed individuals who are exposed to environmental
triggers will become diabetic. Epidemiological evidence supports the role of
environmental factors in the development of human T1DM. The linear increase and
geographical differences in the incidence cannot be explained only by genetic differences.
Animal models have also shown that environmental factors modify the incidence and
prevalence of diabetes [218–222].

Epidemiological studies have reported variations in T1DM incidence attributable to
viral infections, parental age, birth weight, vaccinations and pre- and postnatal infections
[223–236]. The roles of several dietary factors, such as intake of nitrates (NO3) and zinc
(Zn) from drinking water and food and intake of vitamin D or early introduction of cow’s
milk supplements, have also been investigated [237–250]. Overall, the results of these
studies have been inconclusive.

Viruses have been frequently connected with the aetiology of T1DM [251–255]. For
example, the seasonal variation in the diagnosis of T1DM has been considered as indirect
evidence for infectious exposure [177]. Many different viruses belonging to several
genera, such as retrovirus, rotavirus, cytomegalovirus, enterovirus and mumps viruses,
have the potential to damage beta cells. Infection may result in either direct destruction of
islets and rapid insulin deficiency or a more gradual loss of functioning islets with
delayed onset of diabetes [252]. The well-known example of virus-induced beta cell
damage is congenital rubella, which leads to clinical diabetes in up to 20% of infected
individuals [256]. Nevertheless, the eradication of rubella has not reduced the risk of
T1DM. Enteroviruses have been associated with T1DM in a number of studies, and they
may hence be the most promising candidates for viral triggers of T1DM [255]. 

However, the frequency of childhood infections sometimes correlates inversely with
the incidence of T1DM [257–260]. Therefore, an alternative possibility is that there are
not enough protective factors in the childhood environment [261]. The hygiene
hypothesis suggests that the improved hygiene in developed countries has decreased the
number of childhood infections, and that this in turn could modify the immune response,
making the person more susceptible to immune disorders. Furthermore, the
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immunoglobulins (Ig) protecting from these infections become less abundant in maternal
serum, and this may result in more severe infection in the newborn that would have
occurred in the presence of normal Ig levels. The age of the affected individuals is of
major importance, and the question of whether the infection occurs during the perinatal
period or later must be addressed. Epidemiological evidence for the hygiene hypothesis is
inconsistent for T1DM [262], but the Non Obese Diabetic (NOD) mouse is less likely to
develop diabetes in the presence of pinworms and other infections [263]. Pinworm
infestation was common in the childhood populations of Europe and North America
around the mid-century, but this potential exposure has become rare in modern society
[264, 265].

There is accumulating evidence to show that the metabolism of several trace elements
is altered in diabetic patients, and that such nutrients might have a role in the pathogenesis
and progression of the disease [266]. The cells in the human body have a great need for
trace elements, particularly zinc, during the cell maturation process. Zinc, copper or
chromium take part in a variety of enzymatic processes on a molecular cellular level. Zinc
is also associated with immune functions [266, 267]. In Sweden, the neighbouring
country of Finland, a low level of zinc in drinking water was associated with an increased
incidence of T1DM [248].

Toxins have long been considered a trigger of diabetes, particularly N-nitroso
compounds [240, 242, 245, 268, 269]. These compounds may be toxic to beta cells, and
they thus comprise probably the best candidates for an environmental trigger of T1DM.
Diabetogenic toxins may also be produced by environmental microbes [270]. Thus,
certain microbes of soil or other physical environments may be a source of bioactive
exposures that potentially have importance but are thus far poorly known. 

Environmental factors are thought to act as initiators, accelerators or precipitators of
the pathogenic process in persons with a genetic predisposition to diabetes. Although the
role of environmental factors for the risk and development of T1DM has been extensively
studied, no specific environmental factor has been identified as a causative agent thus far
[271, 272]. Environmental triggers may only result in T1DM in genetically susceptible
individuals.



3 Aims of the study

The first aim of the study was to describe and compare the geographical distributions of
incidence of T1DM among Finnish children in two 5-year periods during 1987–1996 by
applying a full hierarchical Bayesian approach to geo-referenced data on the population
at risk and T1DM (Study I).

The second aim was to investigate the incidence of T1DM among children aged up to
14 years according to the level of urbanization of their place of residence (municipality)
at the time of diagnosis in Finland during 1987–1996 (Study II).

The third aim was to carry out an ecological analysis of the association between the
spatial variation of T1DM and its putative environmental risk factors: zinc and nitrates
(Study III).

The fourth aim was to analyse whether the spatial risk of T1DM shows any variation
between boys and girls and between the three age groups in Finland during 1987–2001
(Study IV). 

The fifth aim was to discuss of the use of GIS, spatial analysis and spatial statistics in
geographical studies of disease occurrence and to point out the problems and possibilities
of geographical studies of health (Study V).



4 Materials and methods

4.1 Study subjects

Since 1987, all Finnish hospitals treating diabetic children have participated in
prospective registration of childhood T1DM in Finland, and all newly diagnosed cases
have been registered in the Prospective Childhood Diabetes Registry coordinated by
National Public Health Institute in Helsinki [273]. Case ascertainment is nearly 100%
complete [11, 13, 273].

Data on the nation-wide incidence of T1DM among children aged up to14 years were
obtained from the Prospective Childhood Diabetes Registry for the period 1987–1996
(studies I–III) and for the period 1987–2001 (Study IV). The number of cases varied from
3564 (Study III) to 5917 (Study IV).

4.2 Study population

The population data were obtained from the National Population Registry, which is
updated continuously by Statistics Finland.

Study I: The mid-year population of children aged up to 14 years in the years 1987,
1989, 1991, 1993, 1995 and 1997 was used as the denominator. The population for the
study period 1987–1996 was estimated by doubling the population over the above listed
years.

Study II: The annual population data (1987–1996) of children aged up to14 years at the
end of each year was used as a denominator.

Study III: Population data of children aged up to 14 years were available for the years
1987, 1989, 1991, 1993 and 1995. The population for the study period 1987–1996 was
estimated by doubling the population over the above listed years.

Study IV: The annual population data (1987–2001) of children aged up to 14 years at
the end of each year was used as a denominator.
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4.3 Data on covariates

4.3.1 Classification of urban and rural areas

The National Rural Programme divides the Finnish countryside into three categories: 1)
urban-adjacent rural areas, 2) rural heartland areas and 3) remote/isolated areas. The
territorial units used for classification at the national level were the 455 municipalities
[Fig. 1]. A total of 30 variables were used in the classification process, and the following
principal factors were considered to be important: natural conditions, internal
differentiation, town-country interaction, rural development and local factors [274].
These sub-categories vary greatly in terms of child population density [Fig. 2].

Fig. 1. Map of Finland. Municipalities classified according to their rural-urban status: remote
areas, rural heartland, urban-adjacent rural areas and urban areas. 
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Urban-adjacent rural areas are mainly located in western and southern Finland. The
daily functions and social connections are dispersed into an area larger than a single
centre. The community structure resulting from this process differs from both traditional
countryside and town. In urban-adjacent rural areas, over 50 percent of the total
population live in areas from which more than 20% of the work force commute to a
centre (built-up area) of at least 15,000 inhabitants. The number of population is
increasing in urban-adjacent rural areas. The average population density is 22 persons/
km2. More than 20% of all active farms are situated in urban-adjacent rural areas [274,
275].

Rural heartland areas are dominated by primary production or have achieved
functional diversification. Most often, large city centres are relatively distant from the
people living in rural heartland areas. The number of population in rural heartland areas is
declining. The average population density is 10 persons/km2. More than 50% of all active
farms are situated in rural heartland areas [274, 275].

Remote areas suffer from accumulating problems. Remote areas are characterized by a
high share of primary sector activities, low intensity and profitability of farming, small
proportion of active farms, low population density, long distances from municipal centres,
high out-migration, skewed gender and age structure and harsh climate. The number of
population is declining very rapidly. The average population density is 3 persons/km2.
Less than 20% of all active farms are situated in remote rural areas [274, 275].

Urban areas are characterized by dense population and a high share of secondary and
tertiary sector activities. There are only a few or no sparsely populated areas in the
municipalities that belong to the urban category. The population of built-up areas must
exceed 15.000 inhabitants in urban municipalities. The number of urban population is
increasing. The average population density of urban municipalities was about 200
persons/km2 [274, 275].

Fig. 2. Density of child population aged up to 14 years according to urban-rural status in
Finland during 1987–1996. 
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4.3.2 Geochemical data

The data on total water hardness (ºdH), Ca, Mg, Fe, F, NO3 (mg/l) and Cu, Zn and Al
(µg/l) were obtained from the hydrogeochemical database of Geological Survey of
Finland (GSF). The original data consisted of 3621 to 12401 samples taken mainly from
dug wells and wells drilled in the bedrock.

The geochemical point data were interpolated into a regular grid by using the
ALKEMIA software package, developed at GSF for storing and interpreting data from
geochemical mapping programmes [276]. The value of a certain element is calculated
from the concentrations of that element in samples within a circular window of radius R.
If the specific minimum number of points is not reached in a window, the radius can be
temporarily increased in steps up to a given maximum or until the number of points is
sufficient. Each sample within the circle receives a weight, which is calculated using the
1st-order Butterworth function for the distance between the sample and the centre of the
grid cell. The nearest samples to the grid cell receive greater weight. The value
(concentration) of the cell is a weighted median of sample values. The same calculation
procedure is repeated for each cell of the grid. 

4.4 Spatial scale

When disease is approached from the geographical point of view, the question of spatial
scale or study unit is of great importance. GIS and the increasing availability of high-
quality spatial data that contain location identifiers at administrative, household or
individual levels provide several possibilities to carry out analyses. In a mapping study
(Study I), the spatial study unit was fixed at 100 km2. The choice was based on our aim to
describe the geographical pattern of T1DM incidence on as detailed a scale as possible
without jeopardizing the privacy of the individuals. The choice was also based on the
assumption that the scale of 10 x 10 kilometre grid cells will allow other kinds of
epidemiological studies to focus on particular small areas of interests. The ecological
analysis of study III was also carried out on a fine scale of geographic resolution (100
km2). The studies II and IV were based on administrative areas, e.g. municipalities. The
choice of administrative area unit was mainly data-dependent. For example, the
classification of urban and rural areas was fixed at the municipality level and, therefore,
the analysis could not be carried out on any smaller spatial scale.
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4.5 Statistical methods

4.5.1 Incidence rates

Study I: The incidence rates were calculated per 100,000 people per year. They were age-
standardized, assuming a uniform population distribution.

Study II: The observed incidence of T1DM was calculated per 100,000 persons-years
separately in urban areas, urban-adjacent rural areas, rural heartland areas and remote
areas. The 95% CI (Credible Intervals) were calculated with WinBUGS, assuming
Poisson distribution of the cases and vague Gamma prior Γ(0.001,0.001) for the
parameter of the Poisson distribution. 

Study III: The observed incidence of T1DM was calculated per 100,000 persons-years.
The 95% CI were calculated with WinBUGS, assuming Poisson distribution of the cases
and vague Gamma prior Γ(0.001,0.001) for the parameter of the Poisson distribution. 

Study IV: The incidence rates were calculated per 100 000 people per year. The
incidence rates were age-standardized, assuming uniform population distribution over the
three 5-year-old groups. The sex ratio in the incidence of T1DM was calculated as the
ratio of two incidence rates. If the value of sex ratio is equal to 1, it indicates equal
incidence for males and females; a value > 1 indicates a male excess, and a value <1
indicates a female excess in incidence. The 95% Bayesian credible intervals (CI) were
estimated by assuming binomial distribution of the cases and conjugate non-informative
Beta prior to the disease risk (p∝B(1,1)). 

4.5.2 Disease mapping

Study I: The geographical distribution of the incidence of T1DM was modelled separately
for two 5-year periods, 1987–1991 and 1992–1996, using a full hierarchical Bayesian
approach. Posterior mean incidence rates and posterior probabilities that the incidence
will exceed the overall mean were calculated for 10 km x 10 km grid cells. Thus,
assessments of risk levels were based on the posterior distribution instead of crude
maximum likelihood estimates. Bayesian analysis was based on the self-written algorithm
fully described by Ranta in an earlier publication [138].

Study II: A Bayesian spatial conditional autoregressive model (CAR) with covariates
was applied to evaluate the associations between the geographical variation in the
incidence of T1DM and the concentrations of trace elements in drinking water, and to
model the variations in the incidence of T1DM between urban/rural municipalities. The
covariate function was modelled using a step function with undetermined step length. The
result of such analysis is the posterior distribution of an intensity function with covariate
effects. 

Study III: A Bayesian spatial conditional autoregressive model (CAR) with covariates
was applied to evaluate the associations between the geographical variation in the
incidence of T1DM and the geochemical covariates. The covariates included in the model
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were age at onset, Zn and NO3 concentration in ground water and classification of the
area as urban or rural. In this analysis, the age axis was divided into three age groups 0–4,
5–9 and 10–14 years. The cases were not differentiated by sex.

Study IV: A Bayesian spatial conditional autoregressive model (CAR) was applied to
gain information on the sex difference in the incidence of T1DM among Finnish children.
The model incorporated parameters for municipality, time (calendar year of diagnosis),
sex, age (age groups 0–4 years, 5–9 years, 10–14 years) and the second-order interaction
terms of sex and age. The parameters of municipality and sex were defined to be spatially
autoregressive, and the posterior distribution of the autocorrelation parameters was
estimated simultaneously with the other parameters.

In CAR models, neighbourhood structure needs to be defined. Here, neighbours were
defined as cells adjacent to the cell in question through side or corner. Thus, each cell
could have at most eight (8) neighbours.

4.6 Software environment

Bayesian models were applied through MathLab (Study I) and BUGS 1.4 (studies II–IV).
Data conversion, linking, manipulation and outputs were done using the Arcview and

ArcInfo GIS softwares in PC and Unix environments. SAS statistical software was also
used together with GIS for data manipulation procedures and basic statistical operations.



5 Results

5.1 Incidence of T1DM in Finland

The age-adjusted incidence of T1DM was 41.0/100,000/year in Finland during 1987 to
2001 [Table 2]. The estimated annual increase in incidence was 3.6% (Exp βtime) from
1987 to 2001 [Study IV]. Age-specific incidence was 32.1/100,000/year among the
youngest children and 45.8/100,000/year and 45.3/100,000/year in the age groups of 5–9
years and 10–14 years, respectively [Table 2]. The age-adjusted incidence of T1DM was
42.5/100,000/year for boys and 39.5/100,000/year for girls. The highest incidence was
seen in children aged 5–14 years. Girls were more susceptible to the onset of T1DM at
the age of 5–9, while the disease risk among boys increased with age, being highest at
puberty.

The male-to-female (M/F) ratio was 1.076 (95% CI 1.02–1.13), indicating a
statistically significant male excess (8%) in the incidence of T1DM in Finland during
1987 to 2001 [Table 2]. The male bias in incidence was due entirely to the male
preponderance in the incidence of T1DM among children aged 10–14 years. There were
no differences in the M/F ratio among the younger children.
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Table 2. Age-standardized incidence of type 1 diabetes in children aged up to 14 years in
Finland during 1987 to 2001 by gender and by age group (0–4, 5–9, 10–14).

5.2 Geographical variation in the incidence of T1DM (Study I)

The first mapping study described and compared the geographical distributions of
incidence of T1DM among Finnish children in two 5-year periods during 1987–1996.
There was distinct geographic variation in the incidence of T1DM in Finland during

Years Age group INCIDENCE
Boys

(95% CI)
Girls

(95% CI)
All

(95% CI)
1987–1991  0–4 28.3 26.6 27.5

(24.8–32.2) (23.2–30.5) (25.0–30.2)
 5–9 39.9 37.8 38.9

(35.8–44.4) (33.7–42.3) (35.9–42.0)
10–14 45.0 36.6 40.9

(40.6–49.8) (32.6–41.1) (37.9–44.1)
 0–14 37.7 33.7 35.7

(33.8–42.1) (29.9–38.0) (32.9–38.8)
1992–1996  0–4 29.1 32.3 30.7

(25.6–33.0) (28.6–36.5) (28.1–33.5)
 5–9 42.1 45.8 43.9

(37.8–46.8) (41.3–50.8) (40.7–47.3)
 10–14 43.9 37.1 40.6

(39.7–48.6) (33.2–41.6) (37.6–43.8)
 0–14 38.4 38.4 38.4

(34.4–42.8) (34.3–43.0) (35.5–41.5)
1997–2001  0–4 39.0 37.7 38.4

(34.8–43.7) (33.5–42.4) (35.3–41.6)
 5–9 54.3 54.7 54.5

(49.5–59.5) (49.8–60.1) (51.0–58.2)
 10–14 61.4 47.4 54.5

(56.2–67.0) (42.8–52.4) (51.0–58.3)
 0–14 51.6 46.6 49.1

(46.8–56.7) (42.0–51.6) (45.8–52.7)
1987–2001  0–4 32.0 32.1 32.1

(29.8–34.3) (29.9–34.5) (30.5–33.7)
 5–9 45.5 46.1 45.8

(42.9–48.2) (43.3–48.9) (43.9–47.7)
 10–14 50.0 40.4 45.3

(47.3–52.9) (37.9–43.0) (43.3–47.2)
 0–14 42.5 39.5 41.0

(40.0–45.1) (37.1–42.1) (39.3–42.9)
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1987–1996 (Fig. 3A–B). The continuous high-risk area (posterior estimated intensity >
35.1/100,000/year) covered most of the central part of the country, reaching from the
western coast to the eastern border of Finland during 1987 to 1991 (Fig. 3A). However, a
narrow low-risk gap (posterior estimated intensity < 35.1/100,000/year) following the
southern coastal area and reaching up to northern Finland split the high-risk area into two
parts. In addition, another distinct high-risk area was found close to the north-eastern
border of Finland.

During 1992–1996, the overall mean incidence of T1DM was clearly higher than
during 1987–1991. The spatial pattern of the intensity of diabetes showed that the risk
increased in the central part of the country (Fig. 3B). The western high-risk area expanded
southward and eastward, creating a continuous belt across central Finland. The high-risk
area in the north-eastern part of the country vanished, and a new high-risk area emerged
in the north-western part of Finland. The high-risk areas of T1DM in Finland remained
approximately the same during these two 5-year periods. However, the gap between the
two high-risk areas in the central part of the country disappeared and was filled with areas
of elevated incidence.

Fig. 3. The posterior means of T1DM intensity among children aged up to 14 years in Finland
during A) 1987 to 1991 and B) 1992 to 1996 (Source: M. Rytkönen et al. Bayesian analysis of
geographical variation in the incidence of Type 1 diabetes in Finland. Diabetologia 2001;
44[Suppl 3]:B37–B44). 

A B
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The persistent high-risk areas of T1DM in Finland over this entire 10-year period were
found in the easternmost part of Finland, in mid-western Finland and in smaller pockets
in southern Finland (Study I, Fig. 4). There were also several persistent low risk-areas,
but they were scattered into different parts of the country.

5.3 Association of incidence with environmental risk factors

5.3.1 Rural-urban status of residential environment (Study II)

In Finland, municipalities vary greatly in terms of population and surface area, and a
single municipality may often have several built-up areas as well as scattered settlements.
Living in a rural environment seems to increase the risk of T1DM among Finnish
children. Finnish children living in rural heartland areas had an approximately 15%
higher risk for T1DM than children living urban adjacent areas. There was a clear
tendency towards a higher risk for T1DM in rural heartland areas compared to urban and
remote rural areas. The mean incidence was 8% higher in rural heartland areas than in
urban areas in Finland during 1987–1996. However, the urban-rural difference in the
incidence did not fully explain the spatial variation in the incidence of T1DM in Finland.

5.3.2 Elements in drinking water: Zn and NO3 (Study III)

The results showed that one unit (mg/l) increase in the concentration of NO3 in ground
water resulted in an average of 0.3% increase in the risk of T1DM. However, the compo-
sition of ground water in this study did not have any significant effect on the incidence
variation of T1DM and the spatial differences in incidence. Because the use of dwell
water is mostly limited to rural areas, while urban inhabitants generally use tap water, we
included rurality as a covariate in the model. Neither the child’s age at the onset of diabe-
tes nor the urban-rural status of the area were found to have an effect on the spatial distri-
bution of T1DM incidence.

5.4 Age and gender (Study IV)

On a global scale, there is accumulating evidence of a male bias in autoimmune and
possibly also non-autoimmune diabetes in western societies. The most noticeable feature
worlwide in the incidence of T1DM has been the increase in incidence with age up till
puberty, with the highest incidence in children aged 10–14 years. We studied whether the
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spatial risk of T1DM shows any variation between Finnish boys and girls and age groups.
We also investigated whether the age or sex of diabetic children could explain the spatial
variation in the incidence of diabetes in Finland.

The male-to-female ratio (M/F) in T1DM incidence in Finland during 1987–2001
showed an obvious south-north gradient (Fig. 4). The male excess was most prevalent in
the northern part of the country. The sex bias correlated slightly with the incidence level:
the male excess was especially obvious in low-incidence areas. Also, there were marked
regional variations in the risk of T1DM among children aged up to 9 years, while the risk
in older children was somewhat more uniformly distributed (Study IV, Fig. 4A–C). It
seems that geographical variation in the age-specific incidence of T1DM partly explains
the spatial variation in the overall incidence in Finland.

Fig. 4. M/F ratio of the incidence of childhood T1DM in Finland during 1987–2001 (Source: M.
Rytkönen et al. Sex bias in the incidence of T1DM related to the level of incidence in Finland.
XX vs. XY 2004, in press).



6 Discussion

The aims of this study were to investigate the temporal and geographical variations in the
incidence of T1DM among children aged up to 14 years in Finland, and to look for a
possible explanation for the detected variation, taking into account the exploratory
variables. This study included all T1DM cases among children aged up to 14 years during
the period 1987–2001. In Finland, all children with T1DM are hospitalized at the time of
diagnosis [273]. Since 1987, all Finnish hospitals treating diabetic children have
participated in prospective registration of T1DM in Finland, and all newly diagnosed
cases have been registered in the Prospective Childhood Diabetes Registry with a high
level of case ascertainment [11, 13, 273].

This study confirmed that the overall trend in incidence in Finland continues to rise.
The human environment of T1DM is undergoing continuous change, and it may be that
the potential factors predisposing to T1DM in Finland have radically altered or become
more prevalent in the childhood environment during the past decade. Several studies
worldwide suggest that T1DM showed a stable and relatively low incidence over the first
half of the 20th century, followed by a clear increase that began approximately halfway
through the century [265]. Since then, the incidence of T1DM has been increasing in
almost all populations [14, 177, 179]. The average increase in incidence is approximately
3% per year, and the increase in incidence has been steeper among low-incidence than
high-incidence populations [177]. The countries with a high incidence of T1DM have
typically shown temporal and geographical variation in incidence rates [14]. Based on
these findings, we suggest that different countries in the world, or even different regions
within a country, are at different stages in the epidemiologic development of T1DM (Fig.
5). The incidence of T1DM is the highest in affluent countries [14, 181].



54
Fig. 5. Epidemiologic transition model of T1DM.

The most noticeable feature worlwide in the incidence of T1DM has been the age-
related increase in incidence up until puberty, the incidence being highest in children aged
10–14 years [14, 177]. In this study, the onset of childhood T1DM occurred most
typically at the age of 5–14 years. Finnish girls were more susceptible to the onset of
T1DM at the age of 5–9, while among Finnish boys the risk of getting the disease
increased linearly with age, being highest at puberty. Furthermore, the incidence of
T1DM in males was significantly higher (8%) than that in females in Finland, which was
entirely due to the male preponderance in the incidence among children aged 10–14
years. It has been suggested that hormonal and metabolic changes prior to and related to
puberty or to other ages may contribute to the sex bias in the incidence and timing of the
onset of childhood T1DM. The onset of puberty take place earlier in modern societies.
Children who are obese tend to enter puberty at an earlier age than normal-weight
children [277]. This relationship, which has become more and more obvious in modern
societies, may partly explain the increased incidence of T1DM among younger children
[180, 182–185].

Sex hormones may interact directly with immunocompetent cells to modulate the
immune response system [278, 279]. At puberty, estrogen levels increase in females and
remain elevated during the periods of each menstrual cycle. In contrast, males have an
increase in estrogen until their spurt starts, usually in mid-puberty [277]. It is possible that
T1DM is precipitated directly by the hormonal changes and the associated increase in
insulin resistance occurring at puberty [199, 280]. The metabolic challenge of puberty
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may also be sufficient to precipitate beta cell loss in individuals at with the onset of
T1DM [199]. There are complex differences in immune reactivities between males and
females. There is evidence that increased immune responsiveness is associated with
female hormones and decreased responsiveness with male hormones [199, 278, 279, 281–
284].

T1DM in Finland is a relatively rare disease from the viewpoint of geographic health
research. A fine geographical scale, as used in the mapping study, exacerbated the
problem of a small number of cases. In this study, the maps of observed incidence rates
(per 100,000/year) were strongly influenced by random variations of the rates, the highest
extreme values being close to 8,000/100,000/year in a single grid cell. In an absolute
sense, the maps were correct, but in no circumstances should inferences not be made
based on those maps. More stable rates could be obtained by aggregation, but then we
would have lost the grid cell level information. Therefore, the Bayesian approach was
used to smooth the random variation of observed incidence.

The high-incidence areas were mainly in a wide belt crossing the central part of
Finland, while the low-incidence areas were found primarily in the southern and northern
parts of the country. However, our findings were somewhat parallel to the previous
regional study on T1DM in Finland [51], and the trend can be seen in the two 5-year
observation periods. The geographical pattern of T1DM changed over time in Finland.
The high-risk zone in the central part of the country widened, and the level of risk
simultanenously increased. This finding may be seen as an indication that the onset of
T1DM is associated with environmental risk factors. However, the changes of the
geographical pattern of risk in northern Finland may be more due to the inability of the
model to smooth the variation of the estimates since the population at risk was small in
the northern part of the country.

The high-incidence areas of T1DM in Finland seemed to coincide with the areas of
low population density, and respectively, the densely populated southern part of Finland
seemed to qualify as a low-incidence area. The model-based approach confirmed the
potential association between a high risk of T1DM and rural residence. The risk was
particularly high in the rural heartland areas, where primary production, agriculture and
farming, are the predominant means of livelihood. However, the rural-urban status of the
place of residence of diabetic children explains only part of the marked spatial variation
in the incidence of T1DM in Finland.

There was an increase in the incidence of T1DM in towns and cities during the first
half of the 1990s. It could be that the presumed etiological agents rapidly changed,
particularly in urban environments, in Finland during the first half of the 1990s. Also,
children’s socio-economic circumstances and/or living environment may have undergone
rapid changes, causing regional differences in incidence. In Finland, rural areas have been
suffering from high out-migration rates for several decades, and the magnitude and
direction of the migration correspond to the economic situation. Selective migration,
especially from remote areas to urban areas, may be attributable to the increased
incidence in urban areas.

European studies indicated that the difference in the risk of T1DM among children
living in areas with urban or rural status is not consistent and may due to different
classifications of urban and rural areas as well as genuine differences. The finding that the
risk of T1DM was higher in rural heartland areas in Finland was not consistent with the
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data from Norway and Italy, where children living in rural communities had a lower risk
for T1DM [187, 195]. Urbanization is a relatively new phenomenon in the Finnish
context. Different criteria and definitions of the characteristics of rural and urban areas
may explain the different findings on the risk of T1DM according to the urban-rural status
of the area in Finland and elsewhere in Europe. The results reported from Scotland,
Yorkshire and Northern Ireland [189, 191, 193] were partly consistent with our study.
Nevertheless, it should be noted that the problems, e.g. deprivation and over-crowding,
related to urban or rural areas in the UK may not be similar in Finland.

We carried out a population-based ecological study in which the exposure data in each
grid cell were measured indirectly by crude estimates of the trace element content of
ground water. The incidence of T1DM was not associated with the concentrations of
nitrate or zinc in drinking water at the population level in Finland. Studies on the role of
nitrate or zinc in the aetiology of T1DM are few [242, 248, 285, 286], but the results have
been widely discussed. Thus far, however, the results of the earlier studies have been
contradictory, possibly because of the complexity of the ecological analysis and the
difficulty of applying the results of ecological studies at the individual level. In theory, the
underlying mechanism could be associated with either a protective effect of zinc or a
cytotoxic effect induced by contaminants of water, such as nitrates, nitrites or
nitrosamines. It is also possible that zinc or other trace elements may turn on genes that
are associated with the risk of T1DM.

In Finland, the risk of T1DM as well as the M/F ratio in incidence varied
geographically. The male excess in the incidence was present throughout the country.
However, there was an increasing south-north gradient in the male predominance in
incidence, and this male bias was related to the areas of low incidence of T1DM.
Furthermore, there were marked regional variations in the risk of T1DM only among
children aged up to 9 years. Among older children, the geographical variation in the risk
was exiguous. It seems that the variation in the sex-specific risk of T1DM explains partly
the detected geographical variations in the risk of T1DM in Finland. The finding of a
regional gradient in the sex-specific incidence of T1DM in Finland is a challenging
observation, and on the basis of this study, it is only possible to make suggestions
concerning the reasons of the detected pattern.

Many observations support the theory of genetic susceptibility to T1DM [210–215,
287]. However, as a genetic predisposition is needed for the development of T1DM, and
as it may be of variable strength, also including the existence of genetic protection in
some other individuals, the final result in the aetiopathogenetic process depends on the
interaction between this genetic component and the aggressiveness of the environmental
factor(s) [288] [Fig. 6]. Our results showing dynamics in the geographical age- and sex-
specific occurence of T1DM allow us to suggest that exposure to certain environmental
risk factors at various stages of a child’s life from gestation through young adulthood may
convey differing opportunities for damage [Fig. 7]. The influence of each environmental
risk factor to the disease process may vary in magnitude according to the child’s
hormonal status related to each age [289]. There is an intra-uterine possibility that some
protective factors have been absent from the childhood environment, e.g., the hygiene
hypothesis [261].
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Fig. 6. Interaction of environmental factors and gene expression contributing to T1DM.

Fig. 7. Environmental risk factors and the risk of T1DM at various stages of a child’s life.
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In this study, Bayesian disease-mapping methods were used to demonstrate low- and
high-risk areas of T1DM in Finland. Also, a Bayesian ecological modelling approach was
applied to study the associations between incidence and covariates. One of the
methodological limitations of this study was the use of aggregated data and crude
environmental markers, such as urban-rural information. Furthermore, one difficulty of
this study was that T1DM is known to involve a variable period between the initiating
event and the first manifestation of hyperglycaemia. Therefore, the geographical
associations found in this study can be used only for a suggestion that there might be a
connection between an environmental agent and disease occurrence. However, it would
be interesting to expand the current spatio-epidemiological model of T1DM towards a
model more based on individual-level data than coarse spatial data. Such individual-level
data can be gathered by questionnaires or by using modern GPS and GIS technologies.
Such a database could function as an individual-level spatial exposure history and would
undoubtedly strengthen the spatial analyses searching for causality of T1DM in Finland.

Do geographical mapping methods and GIS provide any added value to studies on the
spatial patterning of diabetes? It is unquestionable that GIS offers epidemiologists a ‘new’
fascinating tool full of promises, but if poorly used, it may do more damage than good
[290]. Much of the added value of GIS depends on the availability of valid, accurate and
complete spatial data. At the small-area level, however, even relatively minor
inconsistencies might have a major impact on the findings. The mapping of geographical
variations in the risk for a given disease aimed at advancing the aetiological hypothesis is
probably a major task of health studies of geographic orientation, and GIS techniques and
methods may play a valuable role in many such studies.

What methodology should we use in spatial analyses of diseases? No methodology of
choice can be recommended in general. Methodology should be determined according to
the data and the hypothesis related to the research problem. In most cases, the first step is
to carry out a descriptive analysis, followed by more specific and problem-dependent
analyses involving parameter estimation and hypothesis testing. Traditional methods and
GIS, such as maps of standardized disease rates, are often appropriate for descriptive data
analysis and for investigating the first-level associations with disease and, for example,
environmental risk factors. However, the analytical capacity of GIS is mostly inadequate
even for the requirements of basic epidemiological spatial analyses, and when there is a
need for more sophisticated study designs that require multivariate techniques and
statistical modelling, we probably find GIS much less flexible [148, 149]. The use of
spatial statistical methods and modelling, including the Bayesian techniques, in
epidemiology may open up many possibilities and avoid many of the problems related to
the traditional methods and techniques of disease mapping.

Although the spatial analysis techniques of GIS can add a great deal to the research of
communicable and non-communicable diseases, they must be used with care and
statistical awareness. We should always ask which map is correct. In an absolute sense,
they all are. Or else, they all are wrong, but some of them are useful. Which one should
we use? If a map is evaluated to be statistically unusual, it is justified to infer a theory or
hypothesis to explain the spatial relationships. However, there is no proof of causation in
the information conveyed by maps [147]. GIS has undoubtedly a critical role in data
management and the visualization process, but spatial statistics are needed to determine
whether the pattern on these maps is, in some sense, unusual [147].
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This study used concepts and methods of geography in investigating geographical
variation in the incidence of T1DM and the risk factor associations among children aged
up to14 years in Finland. Using GIS and spatial statistics, the study was able to highlight
spatial patterns of T1DM incidence on a fine geographical scale. Although geographical
information has been used for a long time as evidence in the determination of disease
causation, only a few medical geographic studies have actually succeeded in identifying
the causes of diseases. Even the famous mapping study by John Snow was not able to
detect the actual cause of cholera, as he was only able to point out the location of the
possible putative source, the contaminated water pump. The real cause of the disease,
Cholera Vibrio bacteria, was found later and with another study design. However, his
finding made it possible to undertake successful intervention. Therefore, the processes of
finding abnormal spatial patterns of disease distribution and detecting possible putative
sources could be the main strengths of geographical analysis. For example, the results of
this study may lead to more analytical epidemiological or biomedical research, which in
turn may result in efficient preventive measures in the future. This study used spatial
methods and both incidence and covariate data, and it therefore provides critical inputs
for health care planning and management and to the geography of planning in general.



7 Conclusions

The incidence of T1DM among children aged up to 14 years showed a clear spatial
pattern in Finland. The incidence rates and the geographical variation in the risk
increased during 1987 to 1996. Rural residence increased the risk for T1DM, and the risk
was particularly high among children living in rural heartland areas. However, there was
no association between the suggested environmental risk factors, i.e. the zinc and nitrate
concentrations of drinking water. The sex- and age-specific risk of T1DM explains partly
the geographical variations in the risk of T1DM in Finland. There was a clear male
excess in the incidence of T1DM in Finland. The male excess was most obvious in the
low-incidence areas. The geographical variation in the risk of T1DM was marked only
among children aged up to 9 years. Boys aged 10 years or over had a higher susceptibility
to T1DM than other children without any particular geographical pattern.

Because genetics is a necessary but not a sufficient cause of T1DM, it could be
hypothesized that there would be some thus far unknown environmental risk factors
affecting particularly younger children in Finland. Some of these factors may be related to
the rural environment. The geographical variation in the M/F ratio of T1DM was a
challenging observation and warrants more analytical study.

The methods used in this study proved useful in detecting high- and low-risk areas at a
small-area level and in making suggestions concerning risk factors associations.
However, more sensitive indicators of environmental risk factors are needed to achieve
more detailed information about the associations between non-genetic risks factors and
the occurrence of T1DM in Finland. 

In the future, spatial studies of T1DM should employ more detailed data on the
environmental risk factors (socio-economic, behavioural, physical environment) related
to diabetic children and their families. Also, it may be beneficial to analyse the
geographical patterns of the incidences of T1DM and other non-communicable diseases
and to make inferences concerning underlying factors possibly related to the processes of
causation.
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