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part of the world, although reliable data are still unavailable in several
countries. Wide variations exist between the incidence rates of different

In most populations girls and boys are equally affected. In general, the
incidence increases with age, the incidence peak is at puberty. After the

remains relatively high in young adult males up to the age 29-35 years.
Prospective national and large international registries (DIAMOND and

Abstract: Type 1 diabetes is the most common form of diabetes in most

populations, incidence is lowest in China and Venezuela (0.1 per 100 000
per year) and highest in Finland and Sardinia (37 per 100 000 per year).

pubertal years, the incidence rate significantly drops in young women, but

G Soltesz?,

CC Patterson® and

G Dahlquist® on behalf of
EURODIAB Study Group

@Department of Pediatrics, University of
Pécs, Hungary; PDepartment of
Epidemiology and Public Health, The
Queen’s University of Belfast, United
Kingdom; and “Department of Clinical
Sciences, Pediatrics, Umea University,
Sweden

affected beta cell and thus accelerate the disease process.

Epidemiology was developed as a tool to understand
the cause of epidemic disease, but over the past 50 yr,
epidemiological approaches have been rewarding also
in the search for the ctiology of non-communicable
disease not least of complex diseases such as cancer,
cardiovascular diseases and diabetes. Indeed, it is now
well accepted that the population perspective is neces-
sary to understand the complex interaction between
genes and environment and for the identification of
risk determinants, which may be further assessed in
experimental studies to disclose the mechanism of
action. Thus, epidemiology has become an important
method for the ultimate aim of either primary
prevention or secondary intervention.

6

EURODIAB) demonstrated an increasing trend in incidence in most
regions of the world over the last few decades and increases seem to be the
highest in the youngest age group. Analytical epidemiological studies
have identified environmental risk factors operating early in life which
might have contributed to the increasing trend in incidence. These include
enteroviral infections in pregnant women, older maternal age (39-42
years), preeclampsia, cesarean section delivery, increased birthweight,
early introduction of cow’s milk proteins and an increased rate of
postnatal growth (weight and height). Optimal vitamin D supplementa-
tion during early life has been shown to be protective. Some of these
environmental risk factors such as viruses may initiate autoimmunity
toward the beta cell, other exposures may put on overload on the already
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Population-based disease registers are organized for
different purposes such as health-care planning,
quality assessment and epidemiological research. For
the latter purpose, incidence registers looking at the
dynamics of disease occurrence in the populations
would be the most efficient.

International childhood diabetes registries

Two major international type 1 childhood diabetes
registries (EURODIAB and DIAMOND) were estab-
lished in the 1980s.

The primary goal of both projects was to establish
a network for the prospective registration of newly



diagnosed children with type 1 diabetes in geographi-
cally well-defined regions using a standardized protocol.

By the end of the last millennium, 44 European
centers have contributed to the incidence registration
in EURODIAB. The corresponding population cov-
erage represents about 30 million children and most
European regions. At present, the registry comprises
47 000 children, 14 yr of age or younger, diagnosed
between 1989 and 2006.

The DIAMOND network includes 112 centers from
57 countries from around the world, representing
about 84 million children with the data set of 43 000
children diagnosed between the years 1990 and 1999
(1). Most European countries included in the
DIAMOND study are members of EURODIAB.

Methods

The national and regional registries participating in
the EURODIAB and DIAMOND network are using
a standardized protocol for data collection. The re-
gistries have to be able, first, to identify all new cases
of type | diabetes in which insulin treatment has
started before the 15 yr of age within a geographically
defined population for which reliable demographic
data are available and second, to validate the com-
pleteness of ascertainment by at least one independ-
ent, secondary source.

Primary ascertainment was in most registries based
on hospital records together with notification by family
doctors and pediatricians.

Assessment of the completeness of ascertainment
varies according to local conditions and is based on
independent notification from other sources such as
social insurance schemes, patient associations, summer
camps for diabetic children, and prescription data.
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In the EURODIAB network, study centers were
visited by a ‘site visitor’, who reviewed the local study
protocol and ascertainment procedures.

The incidence data center for DIAMOND is located
at the Diabetes and Genetic Epidemiology Unit,
National Public Health Institute, Helsinki, Finland
(Jaakoo Tuomilehto and Marietta Karvonen), and for
EURODIAB, the coordinating office was based at the
Odense University Hospital, Odense, Denmark until
1999 (Anders Green), and since then it has been located
at the Department of Pediatrics, University of Pécs,
Pécs, Hungary (G. S. and Eva Gyiiriis). Co-coordina-
tors are G. D. (Umea Sweden) and C. P. (Belfast, UK).

Type 1 diabetes was defined on the basis of a clinical
diagnosis of idiopathic diabetes by a doctor. Cases
meeting this criterion were included if insulin treat-
ment was started before the 15th birthday.

Age-specific and sex-specific incidence rates were
calculated from the numbers of new cases divided by
the estimated numbers of person-years ‘at risk’ in 5-yr
age groups for each sex, the denominators being
provided by the available demographic information
from each center. To adjust for differences in age and
sex between the study populations and to ensure
mutual comparability, directly standardized rates were
calculated; the common standard population assumes
equal numbers in each of the age groups 04, 5-9, and
10-14 yr for each sex.

Results from descriptive
epidemiological studies

Global variation in incidence

The first important result of the establishment of the
international (and national/regional) registries was

Fig. 1. Map of published incidence rates (per 100 000) of type 1 diabetes in children. Source: Soltész et al. (2).
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the recognition of the extremely wide global varia-
tion in the incidence of childhood type 1 diabetes.
The overall standardized incidence varies from 0.1/
100 000 per year in the Zunyi region within China to
more than 40/100 000 per year in Finland (1). This
represents an approximately 400-fold variation in
incidence in the over 100 populations/countries
studied (Fig. 1) (2).

The brief account of the incidence in the various
regions of the globe will follow the International
Diabetes Federation (IDF) regions.

Europe. Europe has by far the most complete and
reliable data. Many countries have registries that
either are nationwide or cover several different parts
of the country (Fig. 2). European countries show the
broadest range of incidence rates.

The incidence rate is highest in populations in
Europe or in populations of European origin (e.g.,
USA, Canada, Australia, and New Zealand) (1).

In Europe, a north-south gradient has been described
(3, 4), with Sardinia as an outlier being 3000 km south
of Finland and having a similarly high incidence rate.

A marked variation in incidence (from 6.0/100 000
per year to 36.9 per 100 000 per year) was found
among the five populations of the relatively small area
around the Baltic Sea ().

Finland (two regions)
Italy (Sardinia)
Sweden (Stockholm county)
United Kingdom (N. Ireland)
Norway (eight counties)
United Kingdom (Oxford)
United Kingdom (Leeds)
United Kingdom (Leicester)
Denmark (four counties)
Portugal (Algarve)
Iceland (whole nation)
Germany (Disseldorf)
Spain (Catalonia)
Italy (Eastern Sicily)
Germany (Baden Wirttemberg)
Luxembourg (whole nation)
Belgium (Antwerp)
Estonia (whole nation)
Bulgaria (Western)
Czech Republic (whole nation)
Greece (Attica)
Austria (whole nation)
Hungary (18 counties)
Slovakia (whole nation)
ltaly (Lazio)
Slovenia (whole nation)
Lithuania (whole nation)
Bulgaria (Eastern)
Latvia (whole nation)
Poland (three cities)
Portugal (Madeira)
Croatia (Zagreb)
Poland (Giliwice)
Greece (five northern regions)
Romania (Bucharest)
FYR of Macedonia (whole nation)

—~———

Africa (sub-Saharan). Published rates are available
in very few countries in this region. Some of the
studies were of prevalence rather than incidence, of
poor quality, and based on small numbers. Therefore,
the validity of estimates in many parts of this region is
questionable. Furthermore, tropical and malnutrition
diabetes may account for a proportion of cases. The
incidence in this region is generally low.

Eastern Mediterranean and Middle East. Reliable
data are available in a number of African Countries
bordering the Mediterranean Sea and in the Middle
East Region. The incidence varies between 1/100 000
per year (Pakistan) and 8/100 000 per year (Egypt) (2).

North America. Rates for only a few countries are
available, but these at least provide estimates for the
three largest countries. USA (16.1/100 000 per year)
and Canada (21 7/100 000 per year) have incidence
rates similar to Northern Europe, but the incidence in
Mexico is low (1.5/100 000 per year) (2).

South and Central America. The incidence in this re-
gion is generally low except for some South American
countries, e.g., Argentina (6.8/100 000 per year) and
Uruguay (8.3/100 000 per year) (2).

Southeast Asia. Only two countries, India and
Mauritius, have published rates. Two sources for
India are available, both from Urban Madras, and
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Fig. 2. Standardized incidence rates in 1989-1998 for 36 EURODIAB centers.
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therefore not representative of the country as a whole.
The first study showed an incidence rate of 4.2/
100 000 per year, and the rate in the second study
was more than double as compared with that in the
first (2). The incidence in Mauritius was low (1.4/
100 000 per year) (2).

Western Pacific. With the exception of Australia
and New Zealand, the incidence in this region appears
uniformly low. China, the world’s most populous
country, has one of the lowest incidence rates in the
world (1).

Detailed tabulation of the worldwide incidence rates
can be found in the recently published IDF ATLAS
(2) and DIAMOND Report (1).

The explanation for the wide disparities in incidence
between populations and ethnic groups could be the
differences in the distribution of genetic susceptibility
markers, differences in the distribution of environ-
mental disease determinants, or the combination of
both.

In Europe, the level of incidence was correlated with
the prevalence in the general population of genetic
susceptibility and protective markers encoded by the
human leukocyte antigen-DQ loci. A positive associa-
tion was found, suggesting that a substantial part of the
transnational variation in incidence is explained by
variation between populations in the distribution of
DQ genotypes conferring a high risk for diabetes (6).

On the other hand, ecological correlation between
incidence and various environmental, health, and eco-
nomic indicators suggested that differences in environ-
mental risk factors such as nutrition and lifestyle
may be important in determining a country’s incidence
rate (7).

Within-country variation in incidence

In many countries having data from more than two
registries, a marked within-country variation in
incidence has been reported. The variation in inci-
dence in the four Italian regions participating in
EURODIAB was more than fivefold (4). This large
difference was mainly because of the very high
incidence in the Mediterranean island of Sardinia as
opposed to other mainland Italian regions. The
question is that — like in the case of the extremely
wide global variation in incidence — to what extent this
variation in incidence reflects variation in genetic
susceptibility or environmental influences. Muntoni
et al. have tried to answer this question by studying
the incidence among children of Sardinian heritage,
born and living in Lazio, a region of mainland Italy
opposite to Sardinia across the Tyrrhenian Sea (8).
The incidence in children born in Lazio to parents of
Sardinian origin was fourfold higher than the
incidence in children born to parents from mainland
Italy. Children with one parent of Sardinian origin
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had intermediate risk. The finding supports genetic
factors being more important than environmental
factors in determining the high incidence in Sardinia,
but the numbers of children in the study are very
small, so the confidence limits are wide.

Important within-country differences in incidence
have been reported for other countries as well. These
may reflect ethnic differences (both genetic and
lifestyle factors) (9), differences in body mass index
(BMI) (10), area characteristics that are likely to be
associated with exposure to infections such as depri-
vation, child population density, urban-rural status
and remoteness (11).

Age-specific incidence

In most registries, the age-specific incidence rates are
calculated and presented using 5 yr age groups (0-4,
5-9 and 10-14 yr) separately for boys and girls.

In general, the incidence increases with age, the
incidence peak is at puberty with the associated
gender effect (12). The pooled data of the DIA-
MOND group have demonstrated that the 5 to 9-yr
olds had 1.62 (95% confidence intervals 1.57-1.66)
times higher risk, and the 10 to 14-yr olds had 1.94
(1.89-1.98) times higher risk as compared with the
0 to 4-yr olds (1).

The age-specific incidence rates did not differ
between the genders in most studies. However, if data
are tabulated in 1-yr classes, then a difference in the
age-specific incidence rates becomes apparent between
boys and girls at the oldest ages (Svensson et al.,
submitted).

After the pubertal years, the incidence rate signif-
icantly drops in young women but remains relatively
high in young adult males up to the 29-35 yr of age
(12, 13).

Sex-specific incidence

Unlike the other common autoimmune diseases of
childhood such as thyrotoxicosis and Hashimoto’s
thyroiditis, which affect mainly girls, type 1 childhood
diabetes does not show a female bias. The overall sex
ratio is roughly equal in children. A minor male excess
in incidence have been reported in Europe and in
populations of European origin and a slight female
excess in populations of African or Asian origin (3,
14). There is a weak association between male sex and
high incidence: populations with an incidence higher
than 23/100 000 year have a male excess and popu-
lations with an incidence lower than 4.5/100 000 per
year have a female excess.

In contrast to children, however, male excess is
a constant finding in type 1 diabetes populations of
European origin 1540 yr of age (12, 13, 15, 16).
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Fig. 3. Incidence rate changes (95% confidence intervals) by continent and age group. DIAMOND centers 1990-1999.

Temporal trends in incidence

Incidence trends in the 1990s have been summarized
in two publications (1, 17). The DIAMOND analysis
of trends by continent in 1990-1999 showed that
increases were observed in every region with the ex-
ception of Central America and West Indies (Fig. 3).
Only in Europe were numbers sufficient to enable
a useful comparison of incidence rates in the three
age groups, and here, there was clear evidence that
increases were highest in the youngest age groups.
Analysis of EURODIAB registration data for 1989-
1998 in regions within Europe indicated that rates
of increase were significantly different (p < 0.001)
and that the highest rates of increase were occurring
in Central Eastern European countries represented
by the Hungarian, Romanian, Polish, and Slovakian
centers.

Seasonality of onset

A seasonality of onset has been reported in many
Northern Hemisphere studies (18) and in some
Southern Hemisphere studies as well (19). Seasonality
of diagnosis conformed well to a cyclic, sinusoidal
model with a peak occurring in winter, a feature usually
observed in both sexes and in all age groups. It is more
pronounced in countries with marked differences
between summer and winter temperatures, the greater

10

the variation in temperature, the greater the variability
of incidence in different seasons. In the analysis of the
Swedish registry, a significant independent effect of
monthly temperature on the incidence was found (20).

The seasonal variation of onset can be interpreted as
an expression of the precipitating factors of the dis-
ease, such as infections and cold climate.

Seasonality of birth

It has been suggested that children who subsequently
develop type 1 diabetes have a different seasonality of
birth as compared with the background population
supporting the hypothesis that perinatal viral infection
is a trigger for the autoimmune process leading to type
1 diabetes. The literature is controversial. The analysis
of data from 19 EURODIAB regions provided no
consistent evidence that environmental factors, which
vary from season to season, have any influence on the
fetal and neonatal life to determine the onset of type 1
diabetes. Significant seasonality was confirmed only in
two of five regions of Great Britain (21).

The issue of clustering of birth date in space and
time remains to be resolved (22, 23).

Geographical variation of clinical presentation

Clinical and laboratory data of consecutive cases over
one full calendar year were analyzed in the EURODIAB

Pediatric Diabetes 2007: 8 (Suppl. 6): 6-14



network to study the possible geographical variation
of clinical presentation. It was found that the fre-
quency of presentation (onset) ketoacidosis defined as
a pH of <7.3 varied from 26 to 67%, and there was an
inverse correlation between the frequency of diabetic
ketoacidosis and the background incidence rate (24).
This suggests that the higher level of medical aware-
ness in countries with higher incidence increases the
chances of earlier diagnosis and reduces the risk of
‘onset ketoacidosis’.

Results from analytical
epidemiological studies

From descriptive epidemiological studies, we may
formulate hypotheses about environmental triggers of
disease in a population perspective. Based on patterns
of disease occurrence as described above, such hy-
potheses have been addressed in analytical epidemio-
logical studies, many of them directly connected to the
registers. Over the past 20 yr, an increasing number of
mainly case—control studies have thus been conducted
in childhood-onset diabetes and a number of environ-
mental risk factors have been associated with the
disease, some of them with a potential for primary
prevention.

From numerous animal experiments (see 25),
seasonality of diabetes incidence as well as time space
clustering and birth dates (21, 22) indicate infectious
diseases to be involved. Conflicting results have been
shown in retrospective studies, suggesting that unspec-
ified infections before disease onset (26-28) may
be associated with an increased risk whereas preschool
day-care attendance, a proxy for early infection load,
has been indicated to be protective (27, 29, 30).
Population-based collection of maternal sera during
pregnancy or at the time of delivery, however, clearly
indicated association with viruses from the enterovirus
group (31-33), and a large Finnish prospective cohort
on high-risk individuals indicated an association with
enteroviral exposure and diabetes onset (32, 34). Thus,
epidemics of certain viruses such as enteroviruses may
explain both some of the year to year temporal
variation of incidence and also part of the seasonality
of disease occurrence. The so-called polio hypothesis
expands the hygiene hypothesis arguing that diabetes
is increasing rapidly in countries like Finland and
Sweden where the frequency of enterovirus infections
has tended to decrease over the last decades (35).
Thus, because of efficient vaccination programs,
poliovirus, which is an enterovirus type, would
increase the susceptibility of young children to the
diabetogenic effect of different enteroviruses. Still, no
clear associations have yet been found with any
vaccination programs (26, 29, 36).

The findings of an association between fetal
rubella infection and diabetes (37) as well as the
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findings of increased enteroviral antibodies among
pregnant mothers whose children later became
diabetics stimulated the search for environmental
risk factors operating in the early period of life. A
number of population-based studies has identified
associations with maternal age (38-41), preeclamp-
sia (38, 41), cesarean section delivery (38, 40, 41),
increased birth weight (42), gestational age and birth
order (38, 39, 40). Moreover, an intriguing associ-
ation was found with blood group incompatibility
not clearly separated from treatment effects (38).
Many of these associations, i.e. old maternal age,
maternal preeclampsia, neonatal respiratory disease,
and blood group incompatibility, were confirmed in
the large EURODIAB multicenter study, where
blood group incompatibility was the strongest risk
factor (43).

Early exposure through feeding patterns was
highlighted by the epidemiological notion that dia-
betic children had been breastfed for a shorter time
than controls, and this has been confirmed in
a number of studies including a meta-analysis (44).
From this observation, a large number of epidemio-
logical and experimental studies started to analyze
whether early introduction of cow’s milk protein or
cereal products could be the explanation rather than
a protective effect from breast milk. It was early
thought that different protein residues that could
mimic antigens on the beta-cell surface were explain-
ing this association (review in 45), but more recently,
a new intriguing hypothesis was proposed by a Finnish
group, arguing that an early exposure to cow’s milk
formula results in an immune response to bovine
insulin present in minute amounts in such formulas
and that this could trigger an immune response to
insulin, a key beta-cell antigen (46). The cow’s milk
theory would also be compatible with the high
diabetes incidence in milk-consuming countries such
as Finland, Sweden, and Norway. A prospective
intervention study is ongoing (TRIGR), to give an
answer to the question of what harm early formula
feeding may do (47).

Other interesting hypothesis that have been
explored based on the north-south gradient and
seasonality pattern of diabetes incidence is that of
sunshine and vitamin D as a protector. In agreement
with a series of experimental animal studies, a large
European population-based case—control study clearly
indicated vitamin D to be protective also in children
(48).

Not only birth weight but also early child growth,
defined either as height, weight, and BMI, has been
associated with increasing risk for type 1 diabetes in
a number of population-based studies based on pro-
spectively recorded growth data (49-51). The largest
study was based on five EURODIAB centers and
involved almost 500 diabetic children and 1350 control

11



Soltesz et al.

subjects. Height and weight standard deviation score
(SDS) were significantly increased among patients from
1 month after birth, and the maximum risk difference
occurred between 1 and 2 yr of age. The increased risk
could be seen already with small increases in SDS when
adjusted for several potential confounders (52). The
increases in height and weight recorded in many
western countries during the last decades correlates
well with the linear increase in childhood diabetes
incidence over time, seen in most countries. Because
child growth is strongly associated with national GNP
estimates, it was interesting that an ecological study
covering 44 EURODIAB centers, showed correlations
between GNP and childhood diabetes incidence (7).
Thus, descriptive, analytical, and to some extent
ecological epidemiological studies have contributed
to the puzzle of the complex etiopathogenesis of
childhood-onset type 1 diabetes and to possible ex-
planations of the increasing trends in incidence with
time. Population-based studies have suggested that
some environmental risk factors such as viruses may
associate with the initiation of autoimmunity toward
the beta cell. Whereas not all children who show signs
of autoimmunity will develop diabetes (53), other
exposures associated with lifestyle habits that may put
an overload on the already attacked beta-cell acceler-
ate the disease process (54, 55, 56), offering a compre-
hensive potential explanation for the descriptive
findings of both the increasing trend seen in most
westernized countries and an earlier age at onset.

Type 2 diabetes in children

Compared with type 1 diabetes, there is little in-
formation available on the epidemiology of type 2
diabetes in children. This is, at least in part, because of
the fact that the symptoms and diagnosis of type 2
diabetes are less straightforward than those of type 1
diabetes. Only a few population-based studies have
examined the epidemiology on type 2 diabetes in
children. The currently available information comes
mainly from clinic-based studies, case data, and the
screening of groups of obese children and adolescents.

Type 2 diabetes affects mainly obese children and
children who belong to certain ethnic populations;
most children with type 2 diabetes are above 10 yr of
age. Ethnicity appears to be an important factor. In
USA, less than 5% of children of European origin in
diabetes clinics have type 2 diabetes, and this per-
centage is even lower in Europe. But as many as 80%
of children with diabetes of African, Hispanic, Asian,
and Native American origin have type 2 disease. (57).
These observations, in addition to the rising incidence
of childhood obesity observed in many countries
worldwide, call for population-based screening pro-
grams to monitor also the incidence of type 2 diabetes
in childhood.
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