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Preface

Diabetes mellitus is one of the most frequent chronic diseases affecting

children and adolescents. Next to obesity it is the most common metabolic

disorder in childhood and adolescence. The number of young children being

diagnosed with type 1 diabetes is increasing worldwide. An epidemic of type 2

diabetes already at a young age is being observed in most societies around the

world.

This book aims to increase physicians’ knowledge and understanding of

diabetes in childhood and adolescence as well as to summarize the most recent

scientific discoveries related to diabetes. Leading experts from the USA,

Europe and Israel have gathered to provide a state-of-the-art summary of

today’s knowledge in the field of pediatric and adolescent diabetes. Several

chapters deliver insight into the basic understanding of which factors contribute

to or prevent the development of diabetes in young people. For example,

Achenbach and colleagues outline the basic concepts underlying the auto-

immune pathogenesis of type 1 diabetes. Knip from Helsinki summarizes the

global knowledge on the etiopathogenesis of type 1 diabetes and reports on the

very extensive experience and scientific contributions from his group in

Finland. Other contributions provide tools for the clinician to manage the care

of the child and adolescent with diabetes. For instance, continuous subcuta-

neous insulin infusion regimens are nicely developed by the group of Phillip in

Tel Aviv and the management of diabetic ketoacidosis in a child or adolescent

is taught by Brink from Boston. Diabetes complications occur even at a young

age and may be prevented. This fact is acknowledged in a number of excellent

chapters such as the ones by Bittner and coworkers on retinopathy, Chiarelli and

VII



coworkers on nephropathy, Dahl-Jørgensen and coworkers on macrovascular

disease, or Donaghue on autonomic and peripheral neuropathy. In addition,

knowledge from the latest scientific studies on the molecular biology of

diabetes is also presented. For example, Cucca from Cagliari outlines the most

recent advances in the genetics of type 1 diabetes. The contribution by Polak’s

group from Paris reviews our knowledge on neonatal diabetes and the underly-

ing genetics. In addition, Falqui from Milan describes the potential implications

of gene therapy and islet transplantation for the future cure of diabetes.

The editors would like to extend their gratitude and appreciation to the

authors who are all world authorities in their field. To have worked with them has

made this project both a great joy and a success. In addition, the understanding,

patience, great care and enthusiasm with which the publisher, Dr. Thomas Karger

and his team have supported this book are gratefully acknowledged.

Francesco Chiarelli, Chieti

Knut Dahl-Jørgensen, Oslo

Wieland Kiess, Leipzig
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Chiarelli F, Dahl-Jørgensen K, Kiess W (eds): Diabetes in Childhood and Adolescence.
Pediatr Adolesc Med. Basel, Karger, 2005, vol 10, pp 1–27

Etiopathogenetic Aspects of 
Type 1 Diabetes

Mikael Knip

Hospital for Children and Adolescents, University of Helsinki, Helsinki, and
Department of Paediatrics, Tampere University Hospital, Tampere, Finland

Type 1 diabetes is perceived as a chronic immune-mediated disease with a
subclinical prodromal period characterized by selective loss of insulin-producing
�-cells in the pancreatic islets in genetically susceptible subjects. The most
important genes contributing to disease susceptibility are located in the HLA
class II locus on the short arm of chromosome 6 [1]. Nevertheless, only a rela-
tively small proportion, i.e. less than 10%, of genetically susceptible individuals
progress to clinical disease. This implies that additional factors are needed to
trigger and drive �-cell destruction in genetically predisposed subjects. Clinical
type 1 diabetes represents end-stage insulitis, and it has been estimated that at
the time of diagnosis only 10–20% of the insulin-producing �-cells are still func-
tioning. Environmental factors have been implicated in the pathogenesis of type
1 diabetes both as triggers and potentiators of �-cell destruction [2–4], although
the contribution of any individual exogenous factor has not been definitely
proven so far.

Natural History of Type 1 Diabetes

The clinical presentation of type 1 diabetes is preceded by an asympto-
matic period of variable duration [5]. Aggressive �-cell destruction may lead to
disease manifestation within a few months in young children, while in other
individuals the process will continue for years, in some cases even for more
than 10 years, before the eventual presentation of clinical disease.

The appearance of diabetes-associated autoantibodies is the first detect-
able sign of emerging �-cell autoimmunity. There are four disease-related
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autoantibodies that have been shown to predict overt type 1 diabetes [6]. These
include classical islet cell antibodies (ICA) detected by conventional immuno-
fluorescence, insulin autoantibodies (IAA), and autoantibodies to the 65-kDa
isoform of glutamic acid decarboxylase (GADA) and the tyrosine phosphatase-
related IA-2 molecule (IA-2A). The latter three autoantibodies are measured
with specific radiobinding assays. The number of detectable autoantibodies is
unequivocally related to the risk of progression to overt type 1 diabetes both in
family studies and also in surveys based on general population cohorts. In fam-
ily studies positivity for three to four autoantibodies is associated with a risk of
developing clinical type 1 diabetes in the range between 60–100% over the next
5–10 years. Preliminary studies in the general population indicate that the pre-
dictive value of multiple autoantibody positivity is approaching that observed
among first-degree relatives [7, 8].

Several studies have shown that �-cell autoimmunity may be induced early
in life [9, 10]. Figure 1 presents data from the Finnish Diabetes Prediction and
Prevention (DIPP) Study showing that the first antibodies appear already
before the age of 3 months, and that about 4% of these children with increased
HLA DQB1-conferred genetic risk develop at least one autoantibody by the age
of 2 years, whereas 2.2% seroconvert to positivity for multiple (�2) antibodies
by that age [11]. These figures suggest that a higher proportion of the popula-
tion develop signs of �-cell autoimmunity than that progressing to clinical type
1 diabetes. Data from the DIPP study indicate that the spreading of the humoral
autoimmune response from one epitope to another and from one antibody to

Fig. 1. The appearance of �-cell autoimmunity over the first 2 years of life in 1005
children with increased HLA DQB1 conferred susceptibility to type I diabetes identified
from the general population. Modified from [11]. Positivity for at least one autoanti-
body specificity, positivity for at least two autoantibodies out of four analyzed (islet
cell antibodies, insulin autoantibodies and autoantibodies to the 65-kDa isoform of glutamic
acid decarboxylase and the tyrosine phosphatase-related IA-2 antigen).
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another occurs in a relatively short window of time [5, 12]. If such a spreading
does not take place within a year after the appearance of the first autoantibod-
ies, it is rare that it would occur later. These and other observations imply that
positivity for a single autoantibody specificity represents in most cases harm-
less non-progressive �-cell autoimmunity, while the presence of two or more
autoantibodies reflect a progressive process that only rarely reverts [13].
Accordingly positivity for multiple autoantibodies can be used as a surrogate
marker of clinical type 1 diabetes in prospective studies, in young children in
particular, since the overwhelming majority of young children with multiple
autoantibodies will eventually present with overt diabetes [14]. The use of
meaningful surrogate markers shortens the time needed for prospective studies
on the pathogenesis of type 1 diabetes and for primary intervention studies
aimed at preventing genetically susceptible individuals from progressing to
preclinical diabetes. The new insights into the natural history of type 1 diabetes
have accordingly opened up new possibilities and strategies for assessing the
role of environmental factors in the development of diabetes.

There is a small male preponderance among children under the age of
15 years with newly diagnosed type 1 diabetes, but in those diagnosed after
puberty there is a clear male excess with a ratio of 2–3:1 [15]. The reasons for
such an abrupt switch in the sex ratio after puberty have remained unsettled.
Interestingly, Williams et al. [16] reported recently that there is also an appar-
ent male majority with signs of humoral �-cell autoimmunity among first-
degree relatives older than 10 years of age. Whether this change in sex ratio is
related in any way to environmental disease determinants remains open.

Genetic Disease Susceptibility

The HLA genes on the short arm of chromosome 6 are the major determi-
nant of the genetic predisposition to type 1 diabetes, and it has been estimated
that the contribution of HLA genes to the familial aggregation of the disease is
close to 50%, although figures ranging from 35 to 60% have been proposed
based on various series [17, 18]. Accordingly, non-HLA genes are assumed to
explain about half of the familial clustering of type 1 diabetes. It has, however,
turned out to be complicated to discern the non-HLA component of the genetic
predisposition, this being most likely due to the dominant effect of the HLA
genes. A series of genomewide scans have been performed, but so far only two
gene regions have consistently been observed to confer genetic disease suscep-
tibility, i.e. IDDM1 (the HLA region) and IDDM 2 [19–21], the latter represent-
ing the insulin gene region polymorphism on the short arm of chromosome 11.
A more recent consensus analysis of 767 multiplex families provided in addition
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four more loci showing suggestive linkage with type 1 diabetes [22]. These
included IDDM10 on the short arm of chromosome 10, IDDM7, 12 and 13 on
the long arm of chromosome 2, and IDDM 15 on the long arm of chromosome
6 as well as 1q42. IDDM 15 was also confirmed as a susceptibility locus in a
series comprising 408 Scandinavian families [23]. Ueda et al. reported recently
that the gene region encoding the cytotoxic T lymphocyte antigen 4 (CTLA4) on
the long arm of chromosome 2 comprises polymorphisms associated with
increased risk of common autoimmune disorders such as Grave’s disease,
autoimmune thyroiditis and type 1 diabetes [24].

The direct role of HLA genes in determining genetic diabetes susceptibil-
ity has been confirmed in vivo by showing the decisive impact of HLA genes in
the NOD mice model of autoimmune diabetes with humanized HLA class II
genes [25]. Nevertheless the mechanisms by which disease susceptibility and
protection is mediated have remained speculative. When considering the physi-
ological role of the molecules encoded by the HLA genes in mounting an
immune response by presenting processed antigens to the immune system, the
most tempting alternative is that diabetes susceptibility is related to the peptide
binding characteristics of the various HLA gene products. According to the
most straightforward model HLA molecules conferring disease susceptibility
would be prone to bind processed diabetogenic antigens and present them effi-
ciently to T lymphocytes, whereas protective gene products would bind dia-
betogenic peptides and present them to the immune system less effectively.
Another option would be a poor binding of diabetogenic antigens by suscepti-
ble gene products in the fetal thymus, resulting in an ineffective central deletion
of diabetogenic autoantigens. Even without knowing the exact mechanisms, one
might hypothesize that there would be specific associations between known dia-
betes-related autoantigens and given HLA genes, as long as the mechanisms are
related to the peptide binding characteristics of the HLA gene products. So far
no such specificity has been observed suggesting either that none of the present
autoantigens is the primary driving antigen in human type 1 diabetes or that
HLA-defined genetic diabetes predisposition is independent of the antigen-
binding characteristics of the susceptible and protective HLA molecules.

In vitro studies have demonstrated that the diabetes-associated polymor-
phism in the insulin gene region affects the transcriptional activity of the gene
[26], and that the protective genotype is associated with a substantially higher
level of insulin mRNA in thymus than the susceptibility genotype [27–29].
The presence of a higher level of thymic insulin mRNA expression in the sub-
jects carrying the protective genotype has been proposed as the mechanism
leading to a more efficient elimination of insulin-autoreactive T cells during
fetal development and, hence, reduced insulin-directed autoimmunity and pro-
tection against T1D [27, 28].
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Environmental Factors

Considerations in Favor of a Crucial Role of Environmental Factors

Several lines of evidence support a critical role of exogenous factors in the
pathogenesis of type 1 diabetes. Studies in monozygotic twins indicate that
only 13–33% are concordant pairwise for type 1 diabetes [30, 31], suggesting
that there is either acquired post-conceptional genetic discordance, or differen-
tial exposure to the putative environmental factor(s). The geographic variation
in the incidence of type 1 diabetes in children is conspicuous even among
Caucasians, with the lowest annual rate in Europe reported from Macedonia
amounting to 3.2/100,000 children under the age of 15 years [32] and the high-
est rate observed in Finland reaching 54 in 2003 [Reunanen, pers. commun.].
This more than 15-fold difference in incidence can hardly be explained by
genetic factors. A substantial increase in the incidence of type 1 diabetes among
children has been documented over the last decades particularly in Europe, and,
e.g., in Finland the incidence has increased 4.5-fold from the early 1950s [33].
Such an increase cannot be the consequence only of enhanced genetic disease
susceptibility in the population but must mostly be due to changes in life style
and environment. Migrant studies have been little utilized in epidemiological
surveys of type 1 diabetes. Data available indicate, however, that the incidence
of type 1 diabetes has increased in population groups who have moved from a
low incidence region to a high incidence area emphasizing the influence of
environmental conditions [3]. Environmental factors that have been implicated
as triggers and risk factors in human type 1 diabetes (table 1) will be discussed
below with an emphasis on dietary factors and viral infections.

Dietary Factors

The first reports on the effect of a dietary compound possibly affecting
the incidence of Type 1 diabetes were published in the early 1980s. Helgason and
Jonasson [34] made an interesting observation of a conspicuously high incidence
of type 1 diabetes among Icelandic boys born in October, and they proposed
N-nitroso compounds being the etiological factor, mediated via parental germ
cells. The finding was confirmed later in animal experiments [35]. Scott and
Trick [36] published the first study suggesting that dietary constituents may
markedly affect the expression of diabetes in BB rats in 1983. More recently,
data have accumulated suggesting that cow’s milk (CM) and its protein compo-
nents may be involved in the pathogenesis of type 1 diabetes [see 3].

CM Proteins
Experiments in BB rats and NOD mice have clearly demonstrated that the

exposure to CM proteins increases the incidence of diabetes. Prompted by
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anecdotal reports suggesting a low incidence of type 1 diabetes in people from
countries with a low protein intake, Elliott and Martin [37] were the first to
report that manipulation of the protein component in the diet of BB rats affects
the natural history of autoimmune diabetes: feeding rats a semi-synthetic amino
acid diet from the onset of weaning led to a considerable reduction in the inci-
dence of diabetes from 52% on milk protein supplementation to 15%.
Subsequent studies by the Toronto group confirmed that the effect of CM pro-
teins is established during a relatively narrow, early phase in the postnatal

Dietary factors

Cow’s milk proteins 
Casein
Bovine serum albumin
�-Lactoglobulin
Bovine insulin 

Gluten and other plant proteins
Fats
Nitrate and nitrite
Coffee, tea
Deficiency of zinc
Vitamin D deficiency
Frequent intake of solid foods rich in 
carbohydrate and protein

Viral infections

Mumps
Rubella
Cytomegalovirus
Enteroviruses
Retroviruses
Rotavirus
Ljunganvirus

Standard of hygiene and vaccinations

Toxins
Alloxan
Streptozotocin
N-nitroso compounds
Bafilomycin A1

Growth
Infant growth
Childhood growth

Psycosocial factors

Latitude and temperature

Antenatal and perinatal risk

Table 1. Environmental factors impli-
cated in the pathogenesis of type 1 diabetes
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(weaning) period [38]. The prevention of diabetes by a synthetic diet in which
CM proteins were replaced by a purified casein hydrolysate before weaning has
subsequently been confirmed in the NOD mouse [39, 40].

The main differences in protein composition between cow’s and human
milk are that (i) the protein concentration is higher in CM, principally due to
the larger casein content; (ii) the main whey protein component in CM is
�-lactoglobulin (BLG), which is not an endogenous component in human milk,
and (iii) the primary serum albumin amino acid sequence differs from that of
human and rodents in a small, circumscribed area [41]. An additional intrigu-
ing fact is that there is a three amino acid difference between bovine insulin
present in CM and human insulin.

The association between CM consumption and the incidence of type 1 dia-
betes in children has been dealt with in two ecological studies. Scott [42]
reported in 1990 a close correlation (r � 0.86) between the per capita con-
sumption of unfermented milk proteins in the whole population and the inci-
dence of diabetes, and Dahl-Jørgensen et al. [43] confirmed one year later the
same trend using incidence data from children aged 0–14 years and validated
registries from the Diabetes Epidemiology Research International Study Group
(1978–1985), the correlation coefficient being 0.96. Studies like these are
prone to various biases but can serve as background information to hypotheses
linking type 1 diabetes to exposure to CM. Data from three population-based
case-control studies on CM intake prior to diagnosis of type 1 diabetes are con-
flicting: Dahlquist et al. [44] found in a Swedish series a lower frequency of
milk intake among diabetic children, whereas in New South Wales, Australia
the CM intake had been higher in prediabetic children than in the controls [45].
In our Finnish nationwide ‘Childhood Diabetes in Finland’ (DiMe) study, we
observed that a high consumption of CM in childhood was associated with a
more frequent appearance of diabetes-associated autoantibodies in initially
unaffected siblings of children with type 1 diabetes [46]. There was also an
almost significant association between high CM consumption and progression
to clinical type 1 diabetes.

An inverse correlation between the duration of breastfeeding and type 1
diabetes in childhood was first observed in a Scandinavian study about 20 years
ago [47]. This association has been confirmed in several but not all studies
from various countries [3]. In a Finnish population-based study, the duration of
exclusive breastfeeding and age at start of supplementary feeding with regular
CM-based formulas were both related to an increased risk for type 1 diabetes
[48]. In comparison with controls matched for sex and age, young diabetic chil-
dren had been more often predominantly breast-fed for less than 6 months and
exclusively breastfed for less than 3 months. In addition, a greater proportion
of the affected children had received supplementary CM-based formula over
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the first 3 months of life. These findings have been confirmed subsequently in
a larger series of diabetic children [49]. A multivariate analysis of the total
series of Finnish children with type 1 diabetes indicated that early CM expo-
sure was a more important risk factor than short breastfeeding [50].

Two meta-analyses have been performed with the aim to critically review
and summarize the clinical evidence for the possible role of a short duration of
breastfeeding or early CM exposure in the pathogenesis of type 1 diabetes.
Gerstein [51] analyzed in 1994, 13 case-control studies and found that the risk
of diabetes was 1.4 times higher in children who were breast-fed for less than
3 months and 1.6 times higher in those exposed to CM before the age of
3 months. The author concluded that early CM exposure might be an important
determinant of subsequent type 1 diabetes. Norris and Scott [52] reported quite
similar risk ratios, 1.2 and 1.6, respectively, but stressed that the increased risk
of type 1 diabetes associated with any of the infant diet exposures is low. They
pointed out that retrospectively collected infant diet data might have their lim-
itations due to possible recall bias and different response rates for cases and
controls. The above-mentioned risk ratios most likely underestimate the associ-
ation between type 1 diabetes and early CM exposure, however. Firstly, the
breastfeeding data did not reflect exclusive breastfeeding in most studies.
Secondly, controls for these studies were drawn from the general population,
and such controls will include a majority of individuals not genetically suscep-
tible to type 1 diabetes.

Four birth cohort studies have reported preliminary findings on the relation-
ship between infant feeding patterns and emergence of type 1 diabetes-associated
autoantibodies [53–56]. The findings of these studies are consistent in showing
no association of breastfeeding or age at introduction of supplementary milk
feeding with emergence of up to three autoantibodies. However, the Finnish
DIPP study explored also the possible association between infant feeding and
emergence of all four predictive autoantibody reactivities [54]. Short exclusive
breastfeeding and early introduction of supplementary milk feeding were related
to an increased risk of developing all four autoantibodies and IA-2A, which rep-
resent the strongest predictive marker of clinical type 1 diabetes among the four
individual autoantibody reactivities [57]. It should be noted that all prospective
studies reported so far have been clearly underpowered to detect such low risk
ratios (about 1.5) that have been reported for early exposure to CM proteins in
case-control studies.

Immune Responses to CM Proteins in Patients with Newly Diagnosed
Type 1 Diabetes
Savilahti et al. [58] reported in 1988 that children with newly diagnosed

type 1 diabetes had significantly higher levels of serum IgA antibodies to CM
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and BLG, and IgG antibodies to BLG than age-matched controls. The authors
inferred that the pattern of CM consumption is altered in children who will
develop type 1 diabetes, the immunological reactivity to CM proteins is
enhanced, or the permeability of their intestines to CM proteins is increased.
The initial finding has been confirmed in the nationwide ‘Childhood Diabetes
in Finland’ study, comprising 706 children with newly diagnosed type 1 dia-
betes, 456 nondiabetic siblings and 105 unrelated age-matched controls below
7 years of age [59]. Dahlquist et al. [60] and Saukkonen et al. [61] reported
from the Swedish nationwide case-control study that most CM antibody lev-
els tended to be increased in diabetic children when compared with controls,
the difference being significant for IgA antibodies to CM, bovine serum albu-
min (BSA) and BLG. The differences in these antibodies were more pro-
nounced among young children. In a multiple logistic regression analysis, the
authors observed that IgA antibodies to BLG were significantly associated
with an increased risk of diabetes at young age independent of islet cell
antibody status and of early weaning to CM-based formula. The authors
concluded that in genetically susceptible children early exposure to BLG
might be one trigger of the autoimmune process leading to the development
of type 1 diabetes.

The humoral immunity to various CM proteins has subsequently been
studied in children and adults with type 1 diabetes by many groups as reviewed
by Åkerblom and Knip [3]. A majority of these studies have reported increased
antibody levels to one or more protein components in CM. An enhanced
humoral immune response to CM proteins seems to be specific for type 1 dia-
betes, since elevated levels have not been generally observed in other autoim-
mune diseases. The active immune response has been reported to be restricted
to CM proteins, since patients with newly diagnosed type 1 diabetes have not
been shown to have increased antibody levels to other dietary antigens, such as
ovalbumin or gliadin [58, 61].

Observations on the cellular immunity to CM proteins are of potential
interest, as all pathogenetic models of type 1 diabetes ascribe a crucial role to
T cells as actively involved in �-cell destruction. The published data on T cell
responses to CM proteins are controversial. Enhanced T cell responses have
been reported to BSA, the ABBOS fragment of BSA (amino acids 152–168),
BLG and �-casein [see 3]. These observations have not been consistently con-
firmed in other studies, however.

Possible Mechanisms Involved in the �-Cell Lesion Related to CM
Proteins
Several mechanisms have been proposed to explain how CM proteins may

be related to �-cell damage. The BSA hypothesis, according to which structural
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homology between BSA and an islet protein p69 leads to a misdirected immune
response against p69, was introduced in 1992 by Karjalainen et al. [62].
Another hypothesis is based on the observation that digestion of bovine
�-casein results in a bioactive peptide, �-casomorphin-7, with immunosup-
presive activity [63]. A third alternative is that subjects who develop type 1
diabetes have a dysregulated mucosal immune response predisposing to
autoimmune diabetes [64, 65].

Recently Vaarala et al. [66, 67] suggested that early feeding with CM-
based formulas leads to immunisation to bovine insulin that differs structurally
from human insulin in three amino acid positions (amino acids 8 and 10 in the
A-chain and amino acid 30 in the B-chain). Infants fed with CM-based for-
mulas had significantly higher IgG antibodies to bovine insulin than breast-fed
infants at the age of 3 months. No such difference was seen any more between
these two groups at the age of 12 and 18 months, but as a matter of fact the
antibody levels decreased in both groups reflecting the induction of oral toler-
ance to bovine insulin. There were, however, 11 deviant infants, who devel-
oped signs of �-cell autoimmunity over their first 2 years of life, and whose
IgG class antibodies to bovine insulin increased continuously during longitu-
dinal follow-up. Infants fed a CM-based formula have also been shown to have
a higher T cell response to bovine insulin at the age of 3 months than exclu-
sively breastfed infants [68]. These observations suggest that the immune
response initially induced by bovine insulin may later be diverted into autoag-
gressive immunity against the �-cells in a few unfortunate individuals. This
hypothesis goes along with other observations suggesting that immunization
to insulin plays a key role in the autoimmune process leading to the loss of
pancreatic �-cells and the development of type 1 diabetes. Insulin is the only
known �-cell-specific autoantigen in type 1 diabetes and insulin autoantibod-
ies are frequently detected in young children with newly diagnosed disease
[69, 70]. In prospective birth-cohort studies insulin autoantibodies appear
most frequently as the first sign of �-cell autoimmunity [10, 71], indicating
that insulin may be the primary or one of the primary autoantigens in human
type 1 diabetes.

Regardless of the mechanism the only strategy to definitely assess the
prevailing controversy whether early exposure to dietary complex proteins,
being CM proteins in more than two thirds of all infants, is a risk factor for
type 1 diabetes in man is to perform a dietary intervention trial [72]. Therefore
such a trial (Trial to Reduce IDDM in Genetically at Risk, TRIGR) has
been initiated in May 2003 as an international multicenter study after the
study design had been tested in two pilot series. The objective of the second
pilot study was to explore whether weaning to a highly hydrolyzed casein
hydrolysate over the first 6–8 months of life will decrease the cumulative
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incidence of diabetes-associated autoantibodies by the age of 2 years. The
intervention resulted in an almost significant reduction in the range of 40–60%
in the cumulative incidence of the various diabetes-associated autoantibodies
by the age of 2 years except for antibodies to glutamic acid decarboxylase
[73]. Subsequent observation up to a maximum age of 7 years has revealed a
significant difference in the seroconversion rate to ICA positivity or positivity
for at least one autoantibody reactivity between the casein hydrolysate group
and the control group [Akerblom et al., submitted].

Other Dietary Factors
Some experimental studies indicate that gluten may be diabetogenic [40,

74]. Two recent prospective studies have indicated that early exposure to cere-
als may increase the risk of seroconversion to positivity for diabetes-associated
autoantibodies [55, 56]. The American report suggested that both early (before
the age of 4 months) and late exposure (at the age of 7 months or later) to cere-
als were associated with an increased risk of �-cell autoimmunity, while the
German study implied that an increased risk was related to exposure to cereals
before the age of 3 months. In addition, the American survey indicated that
both gluten-containing and non-gluten-containing cereals conferred an
increased risk for �-cell autoimmunity. Neither of the studies reported any data
on the amount of cereals the infants were exposed to at various ages. Early
exposure to cereals is in conflict with the infant nutrition recommendations in
most developed countries and occurs only rarely. Accordingly, one may ask
whether early exposure to cereals is a proxy of other baby care practices pre-
disposing to type 1 diabetes.

Two small-scale pilot studies have been performed in family members
testing positive for diabetes-associated autoantibodies to assess whether gluten
elimination modifies the natural course of �-cell autoimmunity. In the German
trial seven autoantibody-positive first-degree relatives were placed on a gluten-
free diet for a period of 12 months followed by gluten re-exposure over the sub-
sequent 12 months [75]. The autoantibody titers did not change significantly
during the gluten-free intervention period or during the re-exposure period.
Seventeen family members testing positive for at least two diabetes-associated
autoantibodies were put on a gluten-free diet for 6 months in an Italian trial
[76] and then again on a normal diet for another 6 months. There were no
significant changes in the autoantibody titers during the intervention period or
during the subsequent 6 months. The first-phase insulin response to intravenous
glucose increased in 12 of 14 subjects tested during the gluten-free period and
decreased in 10 of 13 retested family members during the re-exposure period.
Accordingly, this trial indicated that a gluten-free diet has no effect on the signs
of �-cell autoimmunity in first-degree relatives of affected patients, but such
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a diet may increase the endogenous insulin secretion in family members at
increased risk of type 1 diabetes.

Studies in BB rats have suggested a diabetogenic effect of soy protein [77,
78], and Fort et al. [79] reported that children progressing to type 1 diabetes
had been given soy-based formulas in infancy more often than the controls.
Recently, a protein with a high amino acid sequence homology with a wheat
storage globulin was identified, and antibodies to this molecule were detected
both in diabetic BB rats and a few patients with newly diagnosed type 1 dia-
betes [80]. No consistent data are available on the possible role of dietary fats
in the development of autoimmune diabetes [3].

A significant correlation between the incidence of type 1 diabetes and the
national coffee consumption per person has been reported in an ecological
study [81]. Later surveys have indicated that the maternal coffee consumption
during pregnancy does not affect the risk of diabetes in the offspring [82, 83].
A Swedish study found that a high groundwater zinc concentration was associ-
ated with a significantly reduced risk for type 1 diabetes, and the authors con-
cluded that zinc deficiency may lead to type 1 diabetes [84].

A European multicenter study observed that vitamin D supplementation in
early childhood was associated with a decreased risk of type 1 diabetes [85]. A
Finnish birth cohort study reported subsequently that regular or irregular vita-
min D supplementation in infancy is associated with a reduced risk of type 1
diabetes later in childhood, while a suspicion of rickets was linked with an
increased disease risk [86]. These observations are theoretically interesting
from that point of view that vitamin D has been shown to prevent experimental
thyroiditis [87] and autoimmune diabetes in the NOD mouse [88].

Viral Infections

Viral infections have been implicated in the etiology of type 1 diabetes for
more than 100 years. More recently, several studies have been published show-
ing that certain viruses, such as enteroviruses are capable of inducing diabetes
in experimental animals, and seroepidemiological studies have indicated their
role in human Type 1 diabetes as well [3, 89]. Viruses may act by at least two
possible mechanisms, either via a direct cytolytic effect, or by triggering an
autoimmune process leading gradually to �-cell destruction [90]. The role of
molecular mimicry in diabetes-associated autoimmune responses has been
indicated by the observations of structural and functional homology between
viral structures and �-cell antigens. Persistent or slow virus infections, like in
the congenital rubella syndrome and cytomegalovirus infections (CMV), may
also be important in the induction of the autoimmune response. The role of
viral infections in the etiopathogenesis of human type 1 diabetes has been
elucidated by serological and epidemiological studies, and case histories [91].
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Enteroviruses
Enteroviruses (EV) belong to the picornavirus family comprising small,

naked icosahedral RNA viruses. The EV subfamily consists of four subgroups:
polioviruses, coxsackie B viruses (CBV), coxsackie A viruses (CAV) and
echoviruses, and includes more than 60 distinct serotypes. There are both epi-
demiological, serological and biological indications suggesting that EV may be
involved in the pathogenesis of type 1 diabetes [89, 92, 93]. Infections with dif-
ferent serotypes are common, starting in infancy. The virus frequently causes
viremia and spreads to many organs including the pancreas. Most of these
infections are mild and subclinical.

The role of EV in the pathogenesis of type 1 diabetes have been strength-
ened over the last 10–20 years, one reason being methodological developments
in the diagnosis of EV infections and an other the insight that the diabetic
disease process starts months and years before the clinical presentation of the
disease requiring prospective studies to identify potential triggers and boosters
of the process. Gamble and Taylor [94] reported in 1969 parallel changes in the
seasonal variation in the incidence of type 1 diabetes and in the frequency of
CBV infections. A series of serological case-control studies have shown an
increased prevalence of elevated levels of CBV antibodies in patients with
newly diagnosed type 1 diabetes [92, 93]. There are, however, also contradic-
tory results, since some other reports have been unable to find any difference
between patients with diabetes and controls [95, 96] or even demonstrated
decreased levels of CBV antibodies in patients [97].

The first serological studies measured neutralizing EV antibodies that are
good markers of infection immunity but poor indicators of a recent infection,
if the analyses do not include IgM antibodies. More recent studies have
assessed the occurrence of recent or current EV infections by quantifying IgM
antibodies with �-antibody capture methods based on enzyme or radioim-
munoassays. With such a methodology patients with newly diagnosed type 1
diabetes were found to have increased IgM class antibodies against EV
suggesting an excess of recent infections [see 98]. A Swedish group detected
IgM class antibodies to CBV in 40% of children with newly diagnosed type 1
diabetes and in none of the controls [99]. The majority of those, who had
IgM class antibodies at the diagnosis of diabetes, had experienced previously
an EV infection caused by a different serotype, indicated by IgG class antibod-
ies [100]. As increased IgM titres reflect an ongoing or recent infection,
Fohlman and Friman [100] concluded that these observations suggest that suc-
cessive infections by different CBV and other EV increase the risk of manifes-
tation of overt diabetes in genetically susceptible individuals. Such a process
fits well into the ‘Copenhagen model’ for the pathogenesis of type 1 diabetes,
i.e. the multiple hit hypothesis [101].
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The use of polymerase chain reaction (PCR) methodology has enabled
viruses to be detected by molecular methods from serum, whole blood or
mononuclear cells, thus circumventing the indirect approach through antibody-
based analyses. An additional advantage is that these methods can be extended
to delineate virus nucleotide sequences. There are studies from four different
countries, showing an increased frequency of EV detected with PCR from the
peripheral circulation in subjects with newly diagnosed type 1 diabetes
[102–107]. The prevalence of EV mRNA varied from 27 to 64% among the
patients and from 0 to 5% among the control subjects. Altogether 33% of the
patients with newly diagnosed type 1 diabetes had detectable EV mRNA com-
pared to 3% of the controls verifying an increased frequency of EV viremia at
the time of clinical presentation of type 1 diabetes.

Finnish prospective studies have repeatedly shown an increased frequency of
EV infections among prediabetic subjects compared to unaffected controls and an
unequivocal temporal association between EV infections and the appearance of
the first diabetes-associated autoantibodies [108–112]. The latter observation
strongly indicates that EV are capable of triggering �-cell autoimmunity. There
are two prospective studies from Germany and Colorado, USA, showing no asso-
ciation between EV infections and �-cell autoimmunity [113, 114]. Those studies
are, however, hampered by limitations due to long sampling intervals and a nar-
row methodological arsenal. Short sampling intervals (optimally 3 months or
less) are critical, when the aim is to assess the temporal association between EV
infections and seroconversion to positivity for diabetes-associated autoantibodies.

Two studies from Northern Europe have indicated that maternal enterovi-
ral infections during pregnancy may be associated with later development of
type 1 diabetes in the offspring. Dahlquist et al. [115] analyzed maternal sera
taken at delivery and observed the closest relation between IgM to CBV 3 and
type 1 diabetes in the children. A Finnish survey tested sera obtained at the end
of the first trimester and showed the strongest association between CBV 5 and
type 1 diabetes in offspring under the age of 3 years at diagnosis but not in those
older than 3 [108]. A more recent Finnish study in a larger cohort of pregnant
women did not, however, support the earlier observation that EV infections
during the first trimester is associated with an increased risk of type 1 diabetes
in the offspring [116].

Taken together, most cross-sectional studies in patients with newly diag-
nosed type 1 diabetes support the hypothesis that EV can precipitate clinical
disease in subjects with signs of �-cell autoimmunity. Data from prospective
studies suggest that EV may trigger �-cell autoimmunity and boost existing
�-cell autoimmunity.

The tropism phenomenon (the characteristics of a virus to infect a
particular tissue or cell type), in which the attachment of virus to the viral
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receptors on cell surface is a central feature, is thought to explain why some
variants of EV are diabetogenic and others are not [100]. It has been proposed
that pancreatic �-cell tropic variants of CBV are present in the general popu-
lation and that they are able to induce �-cell damage in susceptible individu-
als [117]. In vitro studies have shown that EV are capable of infecting �-cells
and inducing functional impairment and cell death [118, 119]. Such a capac-
ity seems to be shared by a wide range of serotypes, but the extent of the cel-
lular lesions appears to be characteristic of individual virus strains. Recent
studies have shown that EV mRNA can be detected in pancreatic islets of
patients affected by type 1 diabetes [120, 121]. These findings raise the pos-
sibility that patients with type 1 diabetes may have a chronic EV infection in
their pancreatic islets.

Other Viruses
Gundersen [122], in his classical study of 1927, reported an increase in

the number of cases with type 1 diabetes 2–4 years after a mumps epidemic.
Subsequently, there have been numerous case reports describing a temporal
relationship between mumps and clinical onset of diabetes [3]. In epidemio-
logical studies peaks in the incidence of childhood type 1 diabetes have been
observed 2–4 years after mumps epidemics. Serological evidence of an asso-
ciation between mumps infection and type 1 diabetes has been difficult to
obtain due to the long interval between the infection and the clinical manifes-
tation of type 1 diabetes. A Finnish study reported decreased IgG class mumps
antibody titers in children with newly diagnosed type 1 diabetes compared
with those in controls, the finding being interpreted as indicative of an abnor-
mal immunological response to mumps infection [123]. Interestingly, in
patient series collected earlier, when natural mumps was still common in
Finland, IgG class mumps virus antibodies were not decreased, and IgA anti-
bodies were elevated in diabetic children. This decline in mumps antibody lev-
els may reflect the elimination of cases with mumps-induced type 1 diabetes
by the MMR vaccine.

Diabetes has been observed in 10–20% of patients with the congenital
rubella syndrome (CRS) with a latent period of 5–25 years [see 3]. A recent
study showed, however, that signs of humoral �-cell autoimmunity are
extremely rare among patients with the CRS, indicating that CRS-associated
diabetes may be caused by other than autoimmune mechanisms [124].

The human cytomegalovirus (CMV) can be transmitted before birth, like
the rubella virus, either transplacentally or at conception from an infected par-
ent carrying the CMV genome in his or her genomic DNA. CMV infections
may also be transmitted prenatally or postnatally through close contact or breast
milk. CMV has been implicated in the development of type 1 diabetes by a case
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report of an infant with congenital CMV infection who presented with diabetes
at the age of 13 months [125]. In a Swedish prospective study 16,474 newborn
infants were screened for congenital CMV infections by virus isolation from
the urine, and 76 infants were found to be infected. Only 1 of 73 infected indi-
viduals (1.4%) manifested type 1 diabetes, when observed up to the age of 7
years or more, whereas 38 of 19,483 controls (0.2%) became affected by dia-
betes [126]. This observation suggests that congenital CMV infection is not a
major trigger of type 1 diabetes.

Hiltunen et al. [109] found comparable levels of CMV IgG and IgM anti-
bodies in children with newly diagnosed type 1 diabetes and in control chil-
dren, while the patients had higher IgA antibodies than the controls. The
latter observation may reflect reactivated or persistent CMV infections in
children with recent-onset diabetes. No association was observed between
ICA and CMV antibodies. Neither could any differences be seen in the CMV
antibodies in early pregnancy between mothers whose offspring later pre-
sented with clinical type 1 diabetes and control mothers. During prospective
follow-up of unaffected siblings of children with diabetes no seroconversions
could be detected in CMV antibodies, and no changes could be seen in CMV
antibodies in relation to seroconversion to positivity for ICA or progression
to clinical diabetes in the siblings. Accordingly no evidence was found in
favor of the hypothesis that primary CMV infections in utero or in childhood
could promote or precipitate type 1 diabetes. If CMV infections play a role in
the pathogenesis of this disease, it must be limited to a very small proportion
of cases.

The human genome contains numerous retroviral sequences, a majority
of which is non-infectious. Endogenous retroviruses exist as viral DNA inte-
grated into the genome of every cell in the host, and they are transmitted
vertically to the next generation via germ-line DNA. Retroviruses have been
associated with autoimmune diabetes in animal models such as the NOD
mouse [128]. Retroviruses have not been consistently shown to be involved
in the development of human type 1 diabetes, although insulin autoantibod-
ies (IAA) from patients with type 1 diabetes and unaffected first-degree
relatives have been observed to cross-react with the retroviral antigen p73
[129], indicating that IAA-positive sera contain antibodies that recognize both
insulin and p73.

Honeyman et al. [130] reported a few years ago molecular homology
between the VP7 protein of rotavirus and T cell epitopes in the protein tyrosine
phosphatase related IA-2 molecule and in the 65-kDa isoform of glutamic acid
decarboxylase. In a prospective study of infants genetically predisposed to
type 1 diabetes they observed that the appearance of diabetes-associated
autoantibodies was associated with significant rises in rotavirus antibodies,
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indicating that rotavirus infections may induce �-cell autoimmunity in geneti-
cally susceptible infants [131]. A Finnish prospective study showed that about
16% of infants and young children with HLA-conferred susceptibility to type 1
diabetes experienced a rotavirus infection during the 6-month window preced-
ing the detection of the first diabetes-associated autoantibodies, whereas 15%
of the control subjects matched for gender, birth date, delivery hospital and
HLA genotype had signs of a rotavirus infection during the corresponding time
period [132]. That observation does not support the role of rotavirus infections
as triggers of �-cell autoimmunity.

A Swedish group has recently reported that the development of autoim-
mune diabetes in captured wild bank voles is associated with the Ljungan
virus, a novel picornavirus isolated from bank voles [133]. The authors
reported also that young children with newly diagnosed type 1 diabetes had
increased titres of Ljungan virus antibodies and implicated that bank voles may
play a role as a zoonotic reservoir and vector for a potentially diabetogenic
virus in man.

Other Environmental Factors

As listed in table 1 there are a series of other environmental factors that
have been proposed to be involved in the pathogenesis of type 1 diabetes. Some
new developments in this area deserve to be mentioned. An Australian study
reported in 2001 that bafilomycin A1, a macrolide antibiotic produced by
Streptomyces species ubiquitous in soil, may induce glucose intolerance and
pancreatic islet disruption in mice [134]. Tuberous vegetables, potatoes and
beets in particular, may be infested by such Strepomyces species and thereby
humans could be exposed to high concentrations of bafilomycin A1. The poten-
tial diabetogenicity of this compound is open in man, however.

Increased weight gain in infancy has repeatedly been reported to be a risk
factor for type 1 diabetes later in childhood [3]. A Finnish study showed that
those children who presented with type 1 diabetes had been not only heavier
but also taller in infancy [135]. Increased height and weight later in childhood
turned as well out to be definite risk factors for type 1 diabetes [136].
Accelerated linear growth and weight gain results in an enhanced �-cell load
and increasing insulin resistance. It has been shown experimentally that active
�-cells are more prone to cytokine-induced damage than resting cells. This
suggests that rapid growth induces �-cell stress. According to the accelerator
hypothesis presented by Wilkin [137] a few years ago, insulin resistance is an
important factor affecting the rising incidence of both type 1 and type 2 dia-
betes, the only differences between these two forms of diabetes being the pace
of progression to overt disease and the fact that those who present with type 1
diabetes carry genetic susceptibility to autoimmunity.
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A Pathogenetic Model of Type 1 Diabetes

A series of observations suggest that �-cell autoimmunity may be trig-
gered by an environmental culprit at any age, although a majority of the
processes appear to start early in childhood [5]. Figure 2 presents a patho-
genetic model of type 1 diabetes according to which the genetic disease sus-
ceptibility allows the initiation of a �-cell destructive process resulting in the
presentation of clinical type 1 diabetes in some unfortunate individuals. What
might be the most likely environmental trigger of �-cell autoimmunity? Based
on present knowledge a critically timed diabetogenic EV infection is the most
likely candidate. Initiation of the process does not necessarily lead to progres-
sion to clinical disease, however. According to the hypothesis favored by this
author there is a need for a driving exogenous antigen playing the same role as
gluten in celiac disease. Bovine insulin present in most CM-based products
could be such a driving antigen, high exposure to the antigen resulting in a pro-
gressive destructive process. A Finnish study have shown that a high CM con-
sumption (more than two glasses of milk/day) is associated with an increased
risk of seroconversion to autoantibody positivity and progression to clinical
type 1 diabetes in initially non-diabetic siblings of affected children [46]

Fig. 2. Progression from genetic susceptibility to overt type 1 diabetes. The disease
process is triggered by an exogenous factor, driven by another environmental determinant,
and modified by a series of environmental factors in individuals with increased genetic dia-
betes susceptibility.
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supporting the idea that a CM component could be the driving dietary antigen
in type 1 diabetes. In addition there are most likely a series of environmental
factors modifying the fate and pace of the �-cell destructive process. Such fac-
tors may include e.g. non-specific infections, weight gain, linear growth, and
vitamin D deficiency. This hypothesis holds that progression to clinical dia-
betes requires the combination of genetic disease susceptibility, a critically
timed diabetogenic EV infection and high exposure to dietary bovine insulin. If
any of these determinants is missing or any of the exogenous factors inappro-
priately timed the risk of type 1 diabetes is minimal even in the presence of the
other predisposing elements. Such a model can also explain why only about
10% of those with HLA-conferred genetic susceptibility to type 1 diabetes do
progress to overt disease.

Conclusions

The identification of exogenous factors triggering and boosting �-cell
destruction offers potentially means for intervention aimed at the prevention
of type 1 diabetes. Therefore, it is important to pursue studies on the role of
environmental factors in the pathogenesis of type 1 diabetes. Environmental
modification offers likely the most powerful strategy for effective prevention
of this disease, since such an approach can target the whole population or at
least that proportion of the population carrying increased genetic disease sus-
ceptibility and would therefore prevent both sporadic and familial type 1 dia-
betes, if successful. This consideration is crucial, since the sporadic cases
comprise 83–98% of all children with newly diagnosed diabetes according to
a comparative European survey [138]. The preliminary results of the second
pilot study of the TRIGR project, suggesting that it is possible to manipulate
the spontaneous appearance of �-cell autoimmunity by dietary modification
early in life in high-risk individuals, represent the first indication that envi-
ronmental modification may affect the natural history of preclinical type 1
diabetes.

The scientific challenges in the near future are to define the most likely
environmental culprits and boosters of �-cell autoimmunity and to delineate
how exogenous factors affect the natural history of type 1 diabetes in the pre-
clinical phase. A new consortium comprising six prospective birth cohort stud-
ies, the German BABYDIAB Study, the American Diabetes Autoimmunity
Study in the Young (DAISY) and the Finnish DIPP Study among others, and
observing risk individuals from birth through signs of �-cell autoimmunity to
clinical disease provides an optimal setting for successful explorative work.
This TEDDY (Triggers and Environmental Determinants in Diabetes of the
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Young) consortium has been funded by the National Institute of Diabetes,
Digestive and Kidney Diseases (NIDDK) for a 5-year period (2003–2007), and
has started to recruit participating families in the fall 2004. We have also to
keep our eyes and minds open for potential protective environmental factors,
since family studies have shown that all high risk individuals do not progress to
clinical diabetes within a foreseeable period of time [139, 140].
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Autoimmune diabetes can occur in rare monogenic disorders such as

APECED (autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy)

and IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked)

[1], but it is more frequently inherited as a common multifactorial trait. The mol-

ecular bases of the two rare Mendelian forms of autoimmune diabetes, both char-

acterized by a severe autoimmune pathology of several organs and tissues, have

recently been clarified, providing key insights into some mechanisms leading to

autoimmunity in humans and in mice [2–8]. The elucidation of the common form

of type 1 diabetes (T1D) has been more complicated, although during the last few

years much has been learned about some important genetic, structural and func-

tional features of the disease. The two T1D loci that were first identified were

IDDM1, in the MHC/HLA region [9–11], and IDDM2, in the insulin promoter

region [12]. It also became evident that the IDDM1-IDDM2 variants do not com-

pletely explain the familial clustering and the inherited risk of this autoimmune

trait [13, 14]. However, the discovery of these non IDDM1-IDDM2 genes has

been complicated by many factors. These are mainly related to the small individ-

ual genetic effects of most of the disease-associated variants; that is, there are

small differences in the frequency of the disease-associated alleles in patients and

in healthy individuals. Consequently, despite the large body of studies from dif-

ferent populations, there are only a few examples of persuasive localization of

non-IDDM1, non-IDDM2 genes [15–17]. Even the full dissection of the major

disease superlocus IDDM1 remains a substantial challenge. Numerous studies

have convincingly indicated that the HLA-DQB1 and -DRB1 loci encode the

main components of IDDM1 but there is also evidence suggesting that there are

additional, largely unknown risk modifiers in the HLA/MHC region.
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The sequencing of the whole human genome has provided a formidable tool

in investigating the genetic bases of a complex disease like T1D. Nevertheless,

the identification of the T1D susceptibility alleles and understanding of their

consequence in the disease process remains difficult and will require a combi-

nation of genetic and functional approaches and very large sample sets.

Background Epidemiology

The incidence of T1D varies widely in different populations. In general,

the disease is more common in Europe and in European-derived populations

than in the other human groups. Furthermore, in Europe there is a north-south

gradient of T1D risk with a major exception: Sardinia (fig. 1) [18]. In fact, the

highest incidence of T1D in the world has been reported in Finns and in

Sardinians (�35 per 100,000 individuals per year in the age range 0–14 years)

and the lowest in the Venezuelans (0.1/100,000 in the same age range) [19].

Thus, there is more than a 350 times difference in the incidence rate between

the highest and lowest risk populations. Interestingly, children living on the

Italian mainland with Sardinian parents in the region of Lazio, where T1D is

about six times less frequent, were found to have about the same incidence of

T1D as the Sardinian children living on the island [20].

The disease risk not only depends on the population of origin of a given

individual, it is also dramatically affected by the presence of prior cases with

the disease in the family. The ‘global’ disease prevalence in European-derived

populations with any age-of-onset is 0.4–0.5%. The average disease risk is 6%

in a sibling of a patient and 34–70% in a monozygotic (MZ) twin [21, 22].

Penetrance of the whole complement of susceptibility loci is therefore incom-

plete since the empirical risk for a MZ twin of an affected patient is less than

100%. This identical twin disease discordance suggests that both genetic and

environmental factors are required to determine the overt T1D clinical onset.

Also, the increasing incidence of the disease in many industrialized countries

over the last 40 years indicates the overall importance, albeit ubiquitous nature,

of environmental factors and their key role in influencing penetrance of the

susceptibility alleles.

Key Concepts in the Genetic Analysis of Multifactorial Traits

In human genetics, the main goal is to detect the genes that are responsible

for various phenotypes. The primary tools for doing so are represented by linkage
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and association analyses. In linkage analysis we look at polymorphic loci and

try to establish whether these loci have alleles that tend to co-segregate with the

trait of interest in families with multiple-affected individuals. Linkage analysis

can be performed across the entire genome by using a map of evenly-distributed

polymorphic loci, ideally at a resolution of 1 marker every �2 cM [23], which

roughly correspond to �2 million bases (Mb) of DNA. There are two types of

linkage analysis: model-based and model-free. In model-based linkage analysis

we want to fully describe the mode of action of the disease gene, i.e. its pene-

trance as well as the way of inheritance and allele frequencies for each disease

locus genotype. Conversely, model-free analysis is not addressed to establish,

and does not require prior specification of these parameters, but simply tests for

allele sharing in affected relatives, more often sib-pairs (fig. 2). A significant

increase of allelic-sharing proportions in the affected sib-pairs compared with

the random Mendelian expectations represents evidence of linkage. Model-free

analysis is more robust and involves faster and simpler computations than
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Fig. 1. Map of the incidence of type 1 diabetes in Europe and in some Mediterranean

countries. The numbers reported in correspondence to the different geographic regions refer

to new cases per year per 100,000 newborns having 0–14 years at the disease onset. The inci-

dence data are from the Eurodiab study [18]. The medium grey color represents a low disease

incidence (less than 10 cases per year per 100,000), the light grey corresponds to intermedi-

ate disease incidence regions (�10 � 20 cases per year per 100,000) and finally the dark grey

color characterizes high disease incidence regions (�20 cases per year per 100,000).
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model-based analysis and for these reasons has been more commonly used in

the genetic analysis of complex traits. Unfortunately, linkage analysis which

was successfully used to map long series of single-gene Mendelian disorders,

has provided little success in the identification of genes involved in multifacto-

rial disorders.

The second widely used approach in human genetics is represented by asso-

ciation analysis. In general terms, association between two variables means that

the distribution of values of one variable is not independent with respect to the

distribution of values shown by the other. In genetic analysis, an association can

be searched at the level of the chromosome (by considering the distribution of

variants such as alleles or haplotypes) or at the level of the individual (by consid-

ering the distribution of genotypes representing the complete mating type at a

given locus). A variant is said to be positively associated with a disease, or pre-

disposing, when it occurs at a significantly higher frequency among affected than

in control individuals or in their chromosomes. A variant is negatively associated,

or protective, when it is found at a significantly lower frequency among affected

than in control individuals or in their chromosomes (fig. 3). The strength of asso-

ciation can be measured in different ways, more commonly in terms of odds

ratios, which contrast the risk of disease in the presence and in the absence of a

given variant, while its level of significance, assessing the probability that a given

observation is caused by random fluctuation, can be evaluated with a 2 � 2 con-

tingency table. Positive associations of genetic polymorphisms with disease can

arise for three different reasons (fig. 4): (1) the allelic marker is the variant directly

responsible for disease; (2) the association is due to the proximity of the test vari-

ant with the causal variant; that is, it is due to the linkage disequilibrium (LD) of

Father Mother

Affected 1 Affected 2

Family 1 Family 2

Father Mother

Affected 1 Affected 2

Family 3

Father Mother

Affected 1 Affected 2

Fig. 2. Schematic representation of linkage studies using the ‘Affected Sib Pair

Method’. In each of the three families reported in this illustration, parents are heterozygous

and fully informative and the affected sib-pairs share identical by descent alleles.
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linkage disequilibrium

Spurious association due to 

population stratification 

Fig. 4. Schematic representation of the main mechanisms underlining the association

of a given polymorphism with a given trait.
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the test variant with the primary-associated mutation. This underlines a key

concept: association on its own does not imply causation; (3) the association is

spurious in that it is due to confounding by population admixture or stratification.

In mixed populations, any trait present more frequently in a given ethnic group

will be apparently associated with any allele more common in that group. The

problem of population stratification in case-control analyses can be reduced to

some extent at the design stage by a careful selection of the control group or by

Cases Controls

Fig. 3. Schematic representation of association studies using a case-control design.

This method assesses for significant difference in the allelic frequencies between indepen-

dent patients and independent controls from the same source population. In this example, the

alleles indicated with black and diagonal patterned rectangles are positively associated with

the disease (because they are more common in the patients) while the alleles represented by

hatch and tinted rectangles are negatively associated (because they are more common in the

controls).
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using genetically isolated populations, for instance the Sardinian population [24].

However, this could be difficult and even in populations that are regarded as

‘homogenous’, such as the Finnish one, there is clear evidence of population sub-

structure [25]. In mixed populations it is advised to use family-association tests

like the haplotype relative risk, the family-based control, or the transmission

disequilibrium test (TDT) methods (fig. 5) [26–28]. Regardless of the tests used,

association analyses require a much denser map of marker variants but have

higher statistical power and provide a much higher mapping resolution than link-

age analysis (fig. 6). Association analyses could be applied using direct and indi-

rect experimental designs. The direct approach is named candidate gene-approach.

This strategy utilizes knowledge of the pathophysiology of the disorder and tests

variants of a gene which because of its function might be directly involved in the

etiology of the disease. The indirect approach is often referred to as LD mapping

and is used to infer the location of unknown disease genes simply by virtue of

their correlated appearance with surrounding markers. This latter design exploits

the LD, or non-random association of alleles at closely linked loci, in genomic

Fig. 5. Schematic representation of association studies using the Transmission

Disequilibrium Test (TDT). This test evaluates the observed transmission of a given allele from

heterozygous parents to affected children versus the random expectations of 50% in the absence

of disease association. In this example, the alleles indicated with black and light grey rectangles

are positively associated with the disease (because they are transmitted more often than 50% to

affected children) while the alleles represented by dark grey and medium grey rectangles are

negatively associated (because they are transmitted less often than 50% to affected children).



regions of interest. In effect, the LD affects gene mapping in two ways. While at

the initial detection level LD facilitates the localization effort, once a gene effect

has been identified within a chromosome interval, LD complicates precise reso-

lution by pointing out not only the etiological variant, but also everything else that

shows a correlated inheritance with it. Indeed, in this post-detection phase the

main task is the deconstruction of LD. As expected for both steps of this LD-based

approach, the allelic association in a chromosome region is heavily influenced by

the allele-specific LD patterns of the various marker alleles with the disease allele

[29]. Several factors make these LD patterns somewhat unpredictable. Indeed,

evidence exists that LD is influenced by chromosome region-specific variables,

notably by the presence of hot spots for recombination and by population-

demographic variables as well as by functional constraints and specific selective

forces [30]. For instance, it has been shown that small and demographically stable
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Fig. 6. Schematic representation of the main differences between linkage and associa-

tion studies. Both studies base their mapping capacity on the observed recombinations

whose numbers depend on the number of generations since the common ancestor of the

patients. In linkage analysis, the number of recombinations is relatively low because this

type of study is based on the analysis of contemporary meioses that have occurred in 1 or 2

generations. In association analysis, the number of recombinations is very high because this

type of study exploits the historical recombinations that have occurred in the history of the

assessed population. Consequently, linkage analysis has low resolving power and uses a

loosely-spaced map of markers while association analysis affords high resolving power and

utilizes a densely-spaced map of markers.
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populations tend to have higher degrees of LD than large, rapidly expanding pop-

ulations [30] and that across the genome there are areas of extensive LD, named

LD blocks, punctuated by intervening regions of equilibrium [31]. One additional,

critical issue in the LD-mapping approach appears to be the potential discrepancy

between marker and disease allele frequencies [32]. The current available data

supports the view that common markers should be preferred in order to optimize

the chances of finding both common disease alleles with small relative risks, as

well as rare ones with large relative risks. Irrespectively, by the frequency of the

marker alleles there is full agreement that the marker density in the critical region

must be very high [29, 32, 33]. This, on one hand would ensure initial detection

by virtue of the strong LD between the markers employed in the map and the

causal variant and, on the other hand, would provide the combinations of markers

essential to solve LD around the etiological variant itself. In this respect, marker

informativity, that is, the distribution of marker alleles on disease-associated

chromosomes, is the critical parameter. This distribution could vary considerably

between two populations. An allele at a marker locus could be in LD with the

causal allele at the disease locus in one population but not in another [29]. This

underscores the importance of performing and of cross-comparing the LD- map-

ping curves in different human groups; an approach named trans-racial analysis

[34]. Consistent results at the level of a given polymorphism reinforce evidence

for disease causality. Considering the unpredictable nature of the forces that

influence LD [30], the re-sequencing of the exons and of the functionally-relevant

regions of the genes of interest, further improves the chance of detecting disease

association and of finding the causal polymorphism [33].

Technical aspects aside, however, there are also potentially serious problems

in the interpretation of the results of association studies. These are represented

essentially by the low statistical power of many studies and by the multiple test-

ing issue.

The statistical power is the chance of detecting a given genetic effect

assuming that it exists. It should always be computed at the beginning of a

study. In effect, the power critically depends on the number of individuals stud-

ied as well as on the magnitude of the genetic effects and on the frequencies of

the causal alleles at the disease locus. In indirect LD mapping studies, one

should also consider the decrease in statistical power due to both the potentially

incomplete LD and discrepancy in the allele frequencies between marker and

disease alleles. Considering that the vast majority of susceptibility alleles

involved in T1D and in other complex traits carry small genetic effects (classi-

cally odds ratios lower than 2 and in many cases lower than 1.5), the chance of

success of such analyses essentially depends on the use of very large sample sets,

in the order of thousands of individuals and on the disease gene architecture in

the population examined.
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The second problem to be critically evaluated in interpreting the results of

association studies is represented by the multiple testing issue. This is becom-

ing increasingly important and arises because of the large number of genetic

markers typed in association studies. Classical procedures that correct the

inflation of false positive results due to the great number of tests performed

include the Bonferroni adjustment in which the observed p values are multi-

plied by the number of tests performed. However, considering that the number

of tests performed by researchers surmounts those carried out in a single study

and also taking into account the bias towards the publication of positive

results, genome-wide significance levels have been established and proposed

to reduce the false positive rate. A level of significance corresponding to a

p value of 10�8 would be necessary to be confident that the result is not a false

positive [35]. Prior evidence of linkage or strong functional evidence lowers

this threshold p value from 10�8 to 10�5 [35].

Finally, an emerging issue that will become of great relevance in the future,

when more disease loci will be identified, is represented by the analysis of the

gene-gene interactions. Two main statistical models of multilocus interaction,

named respectively multiplicative and additive, were originally described by

Risch [36] and subsequently discussed by Cordell [37, 38]. Briefly, in the mul-

tiplicative model the probability of developing disease due to genotypes at one

locus increases or decreases by a factor (the multiplicative factor) that is con-

stant (i.e. it does not vary according to genotype variation and relative risks

provided by the other locus). In the additive model, the probability of develop-

ing disease due to genotypes at one locus does not increase or decrease by a

constant factor but increases or decreases by a constant amount. The multiplica-

tive model was originally proposed by Risch [36] as an epistatic model, in which

loci and biological pathways are not independent in contrast with the additive

model that was described as a nonepistatic model in which the biological path-

ways involved in the disease are thought to be separate. However, it has been

pointed out that this interpretation may be unrealistically simplistic [37, 38]

and that both the current statistical models could be inadequate to illustrate the

underlying biological complexity of a multifactorial disease [39, 40].

Detection and Fine Mapping of IDDM1 within 

the MHC/HLA Region

Numerous studies have provided a convincing case that the MHC/HLA

region contains the major genetic component of T1D predisposition and

protection (IDDM1). The MHC region of human chromosome 6p21.31 contains

a densely-packed array of 224 genes in 3.6Mb of DNA (fig. 7) and the fine
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dissection of IDDM1 required a long series of allelic association mapping stud-

ies. These experiments, which began in 1973, have been hampered by technical

limitations related to the genetic maps available at the infancy of molecular

genetics and by the complex multiallelic and multilocus nature of IDDM1.

Indeed, it is now evident that IDDM1 is not one, but several polymorphisms

showing very strong LD between each other.

The earliest demonstration that genes in the HLA region are involved in

the inherited risk of T1D was detected more than thirty years ago by association

studies using a candidate gene approach and a case-control study design [9–11].

The first associations of T1D with HLA antigens involved the HLA class I alleles

B8 and B15 [9–11]. These observations were subsequently substantiated by

linkage analysis in families with multiple cases [41]. Further analyses revealed

that associations of the DR3 and DR4 alleles of the HLA-DRB1 locus were sig-

nificantly stronger than those at the class I loci. In addition, HLA-DR2 and -DR5

alleles were decreased in frequency in patients compared to controls, implying

that these alleles are associated with alleles of the disease loci that encode pro-

tection from or resistance to T1D [27, 42]. With the cloning of class II loci,

restriction fragment length polymorphism analysis revealed that the HLA-DQB1

locus was even more strongly associated with T1D than DRB1 [43–45]. In 1987,

Todd and colleagues identified within the second exon of the DQB1 locus a

critical polymorphism at position DQB57, splitting to some extent positively
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associated and negatively associated DQB1 alleles [46]. This was the first evi-

dence of a ‘single nucleotide polymorphism’ (SNP) detected in a complex mul-

tifactorial disease. In the same year, the HLA class I A2 allotype crystal

structure predicted the central structural role of � 57 in the peptide-binding site

[47]. However, the DQ�57 correlation was not complete [48] and a role for DR

was also indicated [49] and confirmed [50–52]. Furthermore, a trans-racial

analysis of Afro-Caribbean and European-derived samples suggested that poly-

morphism of exon 2 of HLA-DQA1 might also be implicated in susceptibil-

ity/resistance [34]. Contrast this long series of experiments providing

complicated results with the recent advances in the IDDM1 mapping strategies,

which allow demonstration in just a short space of time that the association of

the HLA region with T1D is in fact dominated by variation at the DRB1 and

DQB1 loci [29, 53]. It is also clear that these HLA class II loci do not fully

account for the association of the whole HLA/MHC region with the disease.

The presence of extended haplotypes identical at the DR, DQ loci but differ-

ently associated with the disease [54] indicated that other genes in the

HLA/MHC further influence the disease risk. For instance, it has been found

that specific variants of the HLA-DPB1 locus, or other variants in close LD

with them, are associated with T1D independently of DR-DQ variants [55–57].

Furthermore, additional polymorphisms as yet unidentified, outside the exon 2

sequences of the DR/DQ/DP loci but within the HLA region act as additional

risk modifiers. For example, it has been shown that distinct DR3 haplotypes,

defined by the presence of three HLA markers at the DMB and DOB genes and

the microsatellite locus TNFc in the first intron of the TNF-� gene, were asso-

ciated at a different extent in Sardinian type 1 diabetic families, leading to the

estimate that about 40% of DR3 haplotypes are in fact not predisposing to T1D

in the Sardinian population [30]. In another example, heterogeneity within

DRB1*04 haplotypes, using a case-control design, has been reported from

Finland, with the causative variant(s) in LD with HLA-B [58]. Also, the

microsatellite marker D6S2223 at the telomeric end of the HLA region marks

significant heterogeneity in the association of DR3 haplotypes with T1D in

Norwegian and UK families [59]. In all three of these examples, different HLA

haplotypes carry different degrees of disease predisposition despite having

identical HLA-DRB1 and -DQB1 exon 2 sequences. The strong albeit irregular

LD present in the HLA region has hampered the identification of the non-

DR/DQ etiological variants [30, 59]. Thus, these studies, while indicating the

presence of additional HLA risk modifiers, did not provide conclusive evidence

about their nature. In the future, it will be essential to compare the critical hap-

lotypes in different populations in order to define the sequence of mutational

events which decreased (or increased) the predisposition conferred by the ances-

tral HLA haplotypes.
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Association of the HLA Class II DRB1-DQA1-DQB1

Variants with Type 1 Diabetes

The genetic data demonstrate the existence of a continuum of association

from high-risk to low-risk DRB1-DQA1-DQB1 variants. In particular, the

three-locus DRB1-DQA1-DQB1 haplotypes can be ranked into four main

groups based on their association with the disease (table 1) [60]:

(1) Positively associated, e.g. DR4 (DRB1*0405/*0401-DQA1*0301-

DQB1*0302), DR3 (DRB1*0301-DQA1*0501-DQB1*0201). Note that

Table 1. Association of the DRB1-DQA1-DQB1 haplotypes with type 1

diabetes

DR DRB1 DQA1 DQB1 TID

serological type risk

High

DR4 0405 0301 0302 ������

DR4 0401 0301 0302 ������

DR3 0301 0501 0201 ����

DR4 0404 0301 0302 ����

DR4 0402 0301 0302 ����

Intermediate 

DR4 0405 0301 0201 �

DR8 08 0401 0402 �

DR6 1302 0102 0604 �

DR9 0901 0301 0303 �

DR1 01 0101 0501 �

DR2AZH 1601 0102 0502 �

Low

DR4 0401 0301 0301 �

DR7 0701 0201 0201 �

DR4 0405 0501 0301 �

DR4 0403 0301 0302 �

DR4 0406 0301 0302 �

DR6 1301 0103 0603 ��

DR10 1001 0101 0501 ��

DR6 1303–5 0501 0301 ��

Very low

DR5 11–12 0501 0301 ����

DR2 1501 0102 0602 �����

DR7 0701 0201 0303 �����

DR6 1401 01 0503 �����



0405

DQB1DQA1DRB1

S

S

P

S

P

0201

0501

03020301

0302

0301

0403

0301

0405

0402S

Fig. 8. Schematic representation of the different ‘splits’ of the DR4 haplotypes observed

in the Sardinian population. In the upper part of the figure: ‘Splits’ of the DRB1*0405. In the

lower part of the figure: ‘Splits’ of the DQA1*03, DQB1*0302 haplotypes. S 	 Susceptibility

haplotype; P 	 protective haplotype.

Contu/Cucca 40

within this grouping the DR4 (DRB1*0405 and *0401) haplotypes are

significantly more predisposing than the DR3 haplotype [60].

(2) Neutral, e.g. DR8 (DRB1*08-DQA1*0401-DQB1*0402), DR9 (DRB1*

0901-DQA1*0301-DQB1*0303), DR6 (DRB1*1302-DQA1* 0102-

DQB1*0604), DR2AZH (DRB1*1601-DQA1*0102-DQB1*0502). 

(3) Negatively associated with moderate significance, e.g. DR6 (DRB1*1301-

DQA1*0103-DQB1*0603), DR7 (DRB1*0701-DQA1*0201-DQB1*

0201).

(4) Strongly negatively associated, e.g. DR5 (DRB1*11/12-DQA1*0501-

DQB1*0301), DR2 (DRB1*1501-DQA1*0102-DQB1*0602), DR7

(DRB1*0701-DQA1*0201-DQB1*0303), DR14 (DRB1* 1401-QA1*01-

DQB1*0503), which were either never or hardly ever transmitted from the

parents to diabetic children.

The presence of DR4 haplotypes with several splits at the DQB1 and

DRB1 loci in the Sardinian population offered a valuable opportunity for an

unambiguous analysis of the effect of DRB1 and DQB1 loci in conferring T1D

risk [51, 52, 60] (fig. 8). Haplotype analysis suggests that whether a particular

DQB1 allele confers diabetes risk depends on the nature of the allele at the

DRB1 locus on the same haplotype and vice versa. In fact, among the various

DRB1-DQB1 allelic combinations a single dose of a protective DRB1 or

DQB1 allele (for example, DQB1*0301 or DRB1*0403) is sufficient to pro-

vide protection from T1D, while susceptibility requires a combination of
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DRB1 and DQB1 permissive alleles (for example, DQB1*0302 and DR1*0405).

Thus, the presence of only one protective allele at either locus results in a hap-

lotype that is not associated or protective overall. Interestingly, in the Japanese

the DQB1*0302 allele is not associated with T1D [61] simply because the vast

majority of the DR4-DQB1*0302 haplotypes of the background population

carry the DRB1*0403 or the DRB1*0406 protective alleles. These two alleles

are structurally and functionally related; they differ only at codon 37 of the

DRB1 second exon [62]. However, the DQB1*0302 variant is strongly and

significantly associated with T1D in the Japanese population when on a DR8

haplotype. The individual predisposing effect of DQB1*0302 is not apparent

because the associated DR8-DQB1*0302 haplotype is very rare (1%) while

DRB1*0403/06-DQB1*0302 protective haplotypes are quite frequent (18%)

in the general Japanese population [62]. The above illustrates the complexity

of disease association and of the difficulties created in genetic analysis of

multifactorial disease by interactions between different loci and modes of

transmission of disease susceptibility.

The complexity of the HLA class II association with T1D is further

underlined by the presence of important genotype effects. This implies that

the relative predisposition of an allele and haplotype is influenced by the

allele and haplotype present on the other chromosome and, therefore, by the

complete mating type. In general, the presence of only one protective haplo-

type on either chromosome results in a genotype that is neutrally or negatively

associated overall. More specifically, genotypes positive for protective haplo-

types like the (DR2) DRB1*1501-DQA1*0102-DQB1*0602 are negatively

associated with, and hence strongly protective against, the disease, no matter

what the haplotype present on the other chromosome is. Other haplotypes,

such as DR5 (DRB1*11–12-DQA1*0501-DQB1*0301) or DR7 (DRB1*

0701-DQA1*0201-DQB1*0201), which individually conferred less marked

degrees of protection (table 1), generate genotypes that are only protective in

the absence of the predisposing DR4-DQB1*0302 haplotype on the other

chromosome. Both DR5-DQB1*0301 and DR7-DQB1*0201 are neutrally

associated when the highly predisposing DR4-DQB1*0302 haplotype is pre-

sent on the other chromosome. Taken together, the available data support the

dominant-like effect of protection and suggest that the association of the HLA

class II molecules with T1D is largely determined by the whole HLA class II

genotype.

The genotype effects in T1D also include the presence of preferential

pairing of predisposing haplotypes as T1D risk factors. This means that

there is evidence that some combinations of haplotypes, for instance DR3

and DR4, form genotypes (DR3/4) that confer a higher risk than would be

expected under a multiplicative model (in which the genotype relative risk for
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an individual with a given genotype, in our case DR3/4, takes the form of the

product of the individual haplotype relative risks). Additionally, in T1D,

DR3/4 is increased in frequency in most patient populations over the fre-

quency expected by Hardy-Weinberg equilibrium [63]. Taken together, these

genetic data might suggest the presence of interactions between molecules

encoded within the DR3 and DR4 haplotypes. In fact, a possible explanation

for these interactions involves the formation of heterodimers in trans, for

instance DQA1*0501- DQB1*0302 (in which DQA1*0501 is carried by DR3

and DQB1*0302 is carried by DR4) with increased T1D risk [64]. This would

be due to peptide-binding properties of these particular DQ molecules and

their direct functional activity in the development of the disease. However,

the heterodimer model cannot be a fully adequate explanation because the

DR3/4 trans-effect in disease risk is more evident in some populations than in

others while the DQ heterodimers formed in DR3/4 are identical in different

populations.

Interestingly, some studies have attempted to analyze the association of

the various HLA class II haplotypes with the human T1D after removing the

main predisposing DR3/DR4 molecules [65]. In this sub-group of patients, the

neutral-permissive alleles were apparently the most predisposing. These analy-

ses mirror what happens in populations, such as the Japanese, in which the

highly predisposing European haplotypes are absent and the disease is

extremely rare. Haplotypes that appear predisposing in Asian populations are

only neutral in European populations, consistent with the overall risk they

bestow on Asian populations [61, 66]. Importantly, these data suggest that an

HLA-presenting molecule is a necessary factor for disease occurrence. This

molecule is most likely encoded by the alleles most positively associated with

the disease but in their absence other molecules, with a lower probability, can

invoke the same response. Indeed, the risk of developing the disease will be

different in the different HLA categories, as the disease prevalence is different

in diverse populations.

Amino Acids, Mechanisms and Lessons from Animal 

Models of Type 1 Diabetes

Binding of peptides is a complex property of the MHC class II molecules.

It involves the joint ability of particular peptide-binding pockets, formed by

specific amino-acids of the MHC class II exon 2-encoded domains, to accom-

modate and display to the T cell receptors (TCRs) of CD4-T lymphocytes linear

stretches of 12–20 amino acids derived from self and foreign peptides. Residue

variation of the various MHC alleles is critical to determine the specificity of
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such interactions. In order to pinpoint which amino acid residues in the peptide-

binding site of the MHC molecules are determining resistance and suscep-

tibility to T1D, we must first know the underlying relative associations of the

various DR-DQ haplotypes. Next, we have to compare haplotypes with signif-

icant differences in disease predisposition and differing only at one or few

residues. Finally, we need to assess the functional relevance of the putative

causal residues and evaluate in which mechanistic context they may act. Owing

to the difficulty of studying mechanisms in the immune system in humans, par-

ticularly in the generation and maintenance of tolerance, murine model systems

have been developed and provide important insights into these distal mecha-

nisms. There is a mouse strain, the non-obese diabetes (NOD) mouse, which

spontaneously develops a form of autoimmune diabetes closely resembling

human T1D. The NOD mouse possesses a unique MHC class II haplotype

(H2g7) [67, 68] which carries a null IEa gene (IE is the murine orthologue of

DR), and encodes an IA � chain (IA is the murine orthologue of DQ) carrying

serine at position 57 instead of the more common aspartic acid. Studies of con-

genic NOD mice expressing non-NOD MHC haplotypes and of NOD mice

expressing IE�d, modified IA�g7, IA�k/IA�k, or IA�d transgenes, have proved

that both isotypes of class II molecules are directly involved in disease predis-

position and protection [69–73].

The crystal structures of both the human DQ (�1*0301, �1*0302) and

murine IA�g7 allotypes have been resolved and revealed marked similarities in

critical positions of the peptide-binding pockets of these molecules [74–76].

These conserved inter-species structural features between T1D predisposing

class II molecules contrasted with equally conserved similarities between the

predicted structures of human and mouse protective molecules [60]. The data

provide evidence for a joint action of the first, fourth and ninth class II peptide-

binding pockets (P1, P4 and P9) in disease susceptibility and resistance with a

main role for P9. The peptide-binding pocket P9 of the predisposing DQ/IA

allotypes is more capacious than the corresponding predicted pocket of the pro-

tective/neutral allotypes. Consequently, in P9 the predisposing molecules might

have a preference for large acidic residues (Asp, Glu) although they could also

bind with lower affinity medium to large-sized hydrophobic residues [60]. It is

likely that in this position, all the protective molecules bind preferentially

medium-sized, non-charged residues such as Ser or Ala but also Gly, Thr, Gln.

DQ Asp�57 is the critical residue in P9. Its carboxylate group forms a salt bridge

with Arg�76 that stabilizes the heterodimer and determines the affinity of the

peptide binding [74–76].

This conservation of structure within and across species indicates that not

only is it likely that similar peptides are involved in T1D etiology in mice and

humans, but also that the mechanisms distal to class II-peptide-T cell receptor
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interaction are shared. In particular, the strong protective effect of specific

human HLA alleles and haplotypes mirrors that of certain mouse dominantly

protective H2-A molecules, such as H2-Ab. In NOD mice, T lymphocytes car-

rying a highly diabetogenic, H2-Ag7 restricted, transgenic TCR undergo nega-

tive selection in the thymus of class II heterozygous (H2g7/b, H2g7/q, H2g7/k,

H2g7/nbl) NOD mice, by engaging the non diabetogenic class II molecules on

thymic-bone-marrow-derived T cells [77]. These NOD mice carrying on one

chromosome the predisposing H-2g7 haplotype and on the other one, specific

class II haplotypes, were diabetes resistant. Moreover, the degree of insulitis

directly correlated with the degree of thymocyte deletion [77]. These results

suggest that the HLA/MHC-encoded protection is most likely related to an

active role of the MHC protective molecules in the pathway of peptide presen-

tation, probably via thymic clonal deletion of autoreactive T cells. This view is

also supported by the observation that the loss of the autoreactive phenotype,

observed in the NOD/ NOD.H2k-congenic F1 mice is not due to insufficient

H2-Ag7 expression, since (NOD.MHC-null/NOD) F1 mice, which were hem-

izygous for H2-Ag7, had the autoreactive T cell phenotype [78]. Thus, the

requirement for MHC homozygosity (or double heterozygosity for predispos-

ing variants) in autoimmune diabetes is not simply related to the need of

expressing a given number of predisposing molecules on the cell surface. The

disease resistance might be directly proportional to the efficiency in the bind-

ing of the same diabetogenic peptide by these HLA molecules in the thymus.

The HLA-predisposing molecules might determine a positive, but not a nega-

tive thymic selection of the diabetogenic T cell clones, possibly because of

intermediate affinity complexes with the diabetogenic peptide and the patho-

genetic TCRs. In the periphery, the T cell clones that escape the thymic deletion

could be able to recognize the diabetogenic peptide in specific conditions

such us those related to exposition of cryptic epitopes, high expression or post-

translational modification of the critical auto-antigens. It is also likely that, in

agreement with another mouse transgenic model [79], regulatory T cells posi-

tively selected in the thymus might also contribute to the protection conferred

by specific HLA class II haplotypes. The two mechanisms: negative selection

of diabetogenic T cells in the thymus and positive selection of T cells with

suppressive activity might not be mutually exclusive. For instance, it is possi-

ble that ‘appropriate’ MHC-controlled thymic selection, would also bias the

T cells that were not deleted in the thymus toward regulatory/suppressive

responses in the periphery, resulting in a more sophisticated, multipoint regula-

tory mechanism against autoimmunity. These events in the thymus could affect

both the CD4 and CD8 T cell repertoires [80, 81].

A major unsolved question remains the role and relative importance of

the DR and DQ molecules in the disease process. While in the case of the DQ
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alleles, the relationship between genetic association and structural features of

the molecules appears satisfactory, it is more difficult, DR4 subtypes aside, to

find a common structural denominator which differentiates the DR molecules

encoded within predisposing haplotypes from those detected in the protective

ones. As stated above, the clearest genetic evidence of the DRB1 effect in

human T1D comes from the analysis of the DR4 subtypes and from the pres-

ence of a DRB1 allele, DRB1*0403, which is able to override the predisposi-

tion conferred by the high risk DQA1*03-DQB1*0302 haplotype. How can the

DRB1*0403 allele confer protection from T1D? Interestingly, the predicted

structure of the protective molecules IAb, DR (�1*0101, �*0403) and DQ

(�1*0501, �1*0301) showed significant similarities, particularly in P4 and P9

[60]. It is, therefore, possible that in the thymus or in the periphery the protec-

tion bestowed by these DRB1 alleles is related to the same pathway of peptide

presentation involving the DQB1 alleles. It remains to be established if other

DRB1 alleles, such as the DRB1*0405, DRB1*0401 and DRB1*0301, might

have some direct role in the disease process, for instance, by promoting the

positive selection and the peripheral restriction of autoreactive T cell clones.

Also, from the available data it is not clear whether the decrease in risk of the

predisposing DQB1*0201 allele within the DR7 haplotype is related to the

DRB1 locus itself or to the DQA1*0201 allele present on this haplotype or to

another unknown component within the haplotype.

The Association of the VNTR (IDDM2) in the 

INS Promoter Region with Type 1 Diabetes

A second T1D disease locus, IDDM2, has been detected [12] and subse-

quently mapped [82–84] to a polymorphic minisatellite VNTR locus in the INS

promoter region on chromosome 11p15.5. Indeed, allelic association and func-

tional studies have shown that within IDDM2, the VNTR locus itself in the INS

promoter region is likely to represent the etiologic polymorphism [4, 7, 82,

84–88]. Differences in length occur in three discrete classes of VNTR alleles.

The shorter class of alleles, named class I, is positively associated with T1D,

while the longer class of alleles, named class III, is negatively associated. An

intermediate-sized class of alleles named class II has been detected in African

samples and is extremely rare in European-derived samples. A large body of

studies supports the direct involvement of INS-VNTR variation in T1D.

Experimental evidence suggests that the VNTR may bind transcriptional regu-

latory proteins depending on the sequence of the particular VNTR allele [89].

The INS-VNTR locus affects expression of the insulin gene and its precursors

in the thymus. This is consistent with a model in which either positive selection
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or negative selection of autoreactive T cell clones against epitopes from

preproinsulin (PPI) play a key role in the disease process [85–88]. A two- to

threefold decrease in the amount of the PPI in the thymus caused by INS-VNTR

class I alleles can explain their positive association with the disease [85, 86, 88].

This model was greatly strengthened by the discovery that mutations in the

transcription factor AIRE (autoimmune regulator) cause autoimmune disease

in humans, including T1D [4, 5] and in mice [7] by lowering the expression of

peripheral antigens such as PPI in the thymus. However, interpreting the bio-

logical mechanisms underlying the INS-IDDM2 associations with T1D only in

terms of the effects of the products of these genes in the thymus is oversim-

plistic. Indeed, the functional consequences of INS-VNTR variation in T1D

susceptibility and protection might include extra-thymic immunological and

metabolic effects.

IDDM1 and IDDM2: Gene-Gene Interactions

The two unequivocally-established disease loci, HLA-DRB1/DQB1

(IDDM1) and INS-VNTR(IDDM2) offer one of the few current opportunities

to evaluate gene-gene interactions in a complex, multifactorial disorder. In

fact, the interaction of the HLA and INS loci has been evaluated in different

studies but there has been uncertainty, both in the results obtained and the

nomenclature used. Julier et al. [82], using a French sample set initially

reported evidence of linkage and association of the disease with INS-VNTR

allelic variation only in HLA-DRB1*04-positive patients. This observation

supported an etiopathological pathway restricted to a specific HLA-class II

allotype/preproinsulin peptide complex. However, subsequent reports based

on the analysis of UK and German samples showed not only that the INS-

VNTR-encoded susceptibility was independent from HLA-DRB1*04 but also

that, consistent with the multiplicative model of gene-gene interaction, geno-

type variation at both loci occurred independently of each other [90, 91]. Still,

other studies, in Belgian [92] and Finnish sample sets [93], reported that the

predisposing INS class I alleles might have less [40, 93] or no effect [92] in

individuals with high-risk HLA genotypes, compared to intermediate and

low-risk HLA genotypes. The uncertainty present in the literature is illustrated

by the conflicting way in which the results of previous studies have been

reported; the joint action of HLA and INS has variously been described as

being multiplicative [94, 95], additive [96], providing evidence of interaction

[94, 97] and exhibiting no interaction [95, 96]. Two recent studies in Sardinian

and Finnish samples [39, 40] shed some light onto this controversial issue.

These studies, in agreement with some previous work [90, 91], proved that the
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INS genotype significantly influences T1D risk in all HLA genotype risk

categories. However, confirming earlier observations suggesting a hetero-

geneity in the relative effects of INS [92, 93] they also provided convincing

evidence that the INS-predisposing genotype is significantly less frequent in

high-risk HLA genotype positive patients than in those with HLA intermedi-

ate and low-risk categories. Thus, these results highlighted a particular feature

in the interactions between INS and HLA: the effects of INS on T1D risk are

detectable in all of the HLA genotype risk categories but at the same time

these effects are less pronounced in individuals carrying HLA high-risk geno-

types. When these data were evaluated in the context of the statistical models

of gene-gene interaction, the additive model was rejected. However, the mul-

tiplicative model is also inadequate in explaining the gene-gene interaction

and does not reflect the complexity of the molecular interaction of the protein

products of the INS and HLA class II genes [39]. Indeed, a powerful and robust

case-only analysis showed that the distribution of the IDDM2 genotypes was

significantly uneven, and not constant as expected under the multiplicative

model, in the different genotype categories at IDDM1 [39]. These fluctuations

from a pure mathematical model observed in Sardinia and in Finland are

not surprising if we consider that any statistical model tends to be inherently

oversimplistic and thus can capture only a small portion of the biological com-

plexity of a trait.

Taking the experimental functional/mechanistic observations into account,

the IDDM1-IDDM2 joint genetic data could be explained by a stepwise pro-

gression in the strength of binding of the MHC protein products with a self

peptide that determines different windows of T cell avidity for the MHC-self

peptide complexes in the thymus. More specifically, the observed genetic

results are consistent with an MHC-self peptide-TCR biological model. In this

model, the affinity and specificity of different MHC class II allotypes for a pre-

proinsulin-derived peptide and the levels of this peptide in the thymus during

the generation of self-tolerance, act jointly to influence positive selection,

T regulatory cell selection and negative selection. However, as highlighted by

several studies, the HLA-class II/peptide-preproinsulin interaction is only one

of many factors in the editing of T cell antigen receptor specificities in the

thymus. The overall avidity of the interaction might involve several additional

molecules such as CD80, CD86, CD54, CTLA-4, CD28 and LYP. Furthermore,

the HLA-INS interactions in T1D might include peripheral immunological and

metabolic effects and might also be influenced by environmental factors, which

could vary in different populations. The complex and unpredictable nature of

these variables might help to explain the contradictory results obtained in ana-

lyzing the IDDM1 and IDDM2 interactions in different studies from diverse

populations.



Contu/Cucca 48

Other Non IDDM1-IDDM2 Loci

The HLA (IDDM1) and INS (IDDM2) variants cannot completely explain

the familial clustering and the inherited risk of T1D [13, 14]. The existence of

non-HLA variants which regulate inflammation and which are involved in

T1D is consistent with experimental work in animal models of autoimmune

diabetes. Several quantitative trait loci influencing susceptibility to T1D have

been mapped in the NOD mouse [98–101]. The mode of inheritance of

the susceptibility to T1D observed in these mouse animal models suggests

that the MHC genes are important, as are the non-MHC genes, but neither

the MHC or the non-MHC genes alone are sufficient to cause the disease

[102–104].

A number of whole genome linkage scans have also been performed in

human T1D but they have given, overall, weak and conflicting results. For

instance, a combined analysis on 767 UK and USA affected sib-pair families

(ASP), showed that after HLA/IDDM1, the 2 loci exhibiting the highest

Maximum Likelihood Score (MLS) were IDDM2 on chromosome 11p15 and

the marker D16S3098 on chromosome 16q22-q24 [105]. Another whole-

genome scan of 408 Scandinavian ASP families subsequently reported no

significant evidence for sharing in the D16S3098 region. In this Scandinavian

study, even IDDM2, which is an unequivocally established disease locus, was

undetected on the unstratified data and only upon sub-grouping the data by

HLA was significant sharing at IDDM2 seen [106]. These results illustrate the

difficulties of detecting (or replicating the detection of ) linkage for genes of low

to moderate effects using affected sib-pair-based strategies. These limitations

are mainly related to the limited statistical power to detect disease genes with

small genetic effects using linkage strategies. In reality, the previous genome

scans have been of great importance to better define the disease model: they

indicated that IDDM1/MHC is the only locus with major genetic effects in T1D.

Other genes must be involved to explain the inheritance of T1D in humans and

in mouse experimental models but they provide modest individual contributions

to familial clustering and to the inherited disease risk. Further complications in

the detection of T1D genes might be caused by interlocus and allelic hetero-

geneity, interactions between different disease variants and interactions between

disease variants and environmental factors.

Some of these limitations, in particular those related to the statistical power

of the study, could be alleviated by further increasing the number of ASP

families. However, the detection of non-MHC genes using linkage strategies

appears problematic. It is becoming evident that association-based methods

both within gene regions of potential interest, because their protein products

could affect pathways relevant to T1D etiology, and at the genome-wide level
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must be employed. For instance, using a candidate gene-region approach,

polymorphisms of the cytotoxic T lymphocyte antigen CTLA-4 gene on chro-

mosome 2q33 have been found to be associated with T1D, Graves’ disease and

autoimmune hypothyroidism [15]. In humans, a change located in 279 base

pairs distal to the major polyadenylation cleavage site of the mRNA correlated

with the relative mRNA levels of the alternative full length and soluble splice

forms of CTLA-4 and with disease resistance. Likewise, in the mouse model of

T1D, a variant of CTLA-4 exon 2 has been discovered that correlated with

suppression of the splicing of the mRNA of a ligand-independent isoform and

protection from disease [15]. These data illustrate that subtle inherited variation

in negative regulation affects the fine balance between immunity and harmful

tissue destruction. These results also show the power of positional genetics,

especially when the human and mouse genes are pursued together. They sug-

gest that polymorphisms that affect transcript regulation could be a rich source

of the population variation underlying common disease. CTLA-4 is a crucial

negative regulatory molecule of the T cell antigen receptor-signalling pathway.

This is hardly surprising, since T1D is an autoimmune disorder caused by

autoreactive T cells. The involvement of this immune-pathway in T1D is also

indicated by the recent observation of an association of variation at the PTPN22

locus on chromosome 1p13. Indeed, PTPN22 encodes a lymphoid protein tyro-

sine kinase (LYP) that is important in negative control of T cell activation and

in T cell development. Bottini and colleagues first reported evidence that a non-

synonymous single nucleotide polymorphism (SNP) at nucleotide 1858 in

codon 620 (Arg620Trp) in PTPN22 was associated with T1D in two independent

case-control collections from North America and Sardinia [16]. These results

were subsequently replicated by Smyth and colleagues who provided massive

statistical support for the involvement of variation at the PTPN22 locus in two

large independent sets of T1D families and case-control samples, respectively

[17]. We can conclude that PTPN22 is an unequivocally established T1D locus.

Interestingly, there is also evidence for an association of Trp620 with Graves’

disease [17] as well as with rheumatoid arthritis [107] and systemic lupus

erythematosus [108]. Thus, taken together, these results indicate a more general

association of both the CTLA-4 and PTPN22 loci with autoimmune disease.

The existence of variants with a central role in general autoimmunity is consis-

tent with the observation that T1D occurs more frequently in the patients and in

the families of the patients with other autoimmune disorders, such as autoim-

mune thyroid disease, rheumatoid arthritis, celiac disease and multiple sclero-

sis (MS) [14, 109, 110]. Interestingly, it has been shown that shared disease

associations due to variants at the HLA class II DRB1-DQB1 loci provide only

a partial explanation for the observed increased prevalence of T1D in Sardinian

MS patients [110].



Contu/Cucca 50

Taken all together these data suggest that variation at other non-HLA

class II loci contribute significantly to the inheritance, and in some cases to

the co-inheritance, of T1D and other autoimmune disorders.

Conclusions

During the last few years, the identification of genetic variants involved

in the inherited risk of T1D has considerably improved our understanding of

the factors causing this autoimmune disease. Despite this progress, the genes

underlying T1D are still only partially known and the environmental compo-

nent that perforce must be involved in the disease process remains largely

speculative. A more comprehensive knowledge of the disease-causing variants

and of their functional consequences in immunity and in �-cell autoimmunity

will expand our understanding of the causal factors, lead to more accurate

estimates of the disease risk in unaffected people and underpin research into

new preventive treatments. Furthermore, identification of the major suscep-

tibility and protective variants should permit large prospective studies of

genetically-susceptible individuals and ultimately the identification of key

environmental factors. The sequencing of the human genome and subsequent

efforts to characterize genetic variation has created an unprecedented oppor-

tunity to relate genes with phenotypes via large-scale SNP association studies.

We anticipate that these studies performed in informative populations and in

large and statistically well-powered sample sets will have a major positive

impact in the quest to prevent this common multifactorial disease.
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Over the last three decades, evidence has accumulated that type 1 diabetes

mellitus is an autoimmune disease or at least has a major autoimmune compo-

nent [1, 2]. The presence of insulitis, a strong linkage between type 1 diabetes

development and certain alleles of the major histocompatibility complex

(MHC), autoantibodies that react with islet antigens, and the ability to prevent

the loss of residual �-cell function in recent-onset type 1 diabetes patients by

immunosuppression or immunomodulatory therapies support the autoimmune

nature of the disease [3–6].

Autoantibodies

Autoantibodies can be very reproducibly detected in autoimmune diseases

and are useful markers for diagnosis, pathogenesis and prediction. In 

type 1 diabetes, the best-studied autoantibodies (and, respectively, best charac-

terized major autoantigens) are antibodies to insulin [7], the 65-kDa isoform of

glutamic acid decarboxylase (GAD65) [8], and the protein tyrosine phos-

phatase (PTP)-related molecules IA-2 (ICA512) and IA-2� (phogrin) [9–12].

All of these major type 1 diabetes autoantigens are related to the secretory

apparatus of �-cells: insulin is stored in �-cell secretory granules, IA-2 and IA-2�

are intrinsic membrane proteins of �-cell secretory granules [10, 13], and

GAD65 is a membrane-associated protein of �-cell synaptic-like microvesicles

[14]. Apart from these, other autoantigens (GLIMA, Carboxypeptidase H,

ICA69, Jun B, SOX13, sulphatides, etc.) [reviewed in 15] have been suggested

to be involved in type 1 diabetes pathogenesis but their relevance has not been
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confirmed in large studies or in the case of GLIMA, the target molecule has

not been identified so that their measurement remains too cumbersome for

large-scale studies [16].

T Cells

T cell reactivity against islet autoantigens and their corresponding peptides

has been extensively studied in the nonobese diabetic (NOD) mouse [15, 17, 18].

T cell clones have been generated from islet infiltrates, pancreatic lymph nodes,

and spleen of prediabetic NOD mice, and shown to be either diabetogenic or

diabetes-protective in transfer experiments [19]. Moreover, transgenic NOD

mice expressing T cell receptors (TCRs) that target naturally occurring �-cell

autoantigens have become available during the last decade greatly facilitating

studies on the pathogenic mechanisms of autoimmune diabetes [20].

Furthermore, immune tolerance can be induced to some of the autoantigens

resulting in protection of NOD mice from �-cell destruction [21–25].

Human T cell responses, however, are far more difficult to detect

reproducibly due to the small number of �-cell-specific T lymphocytes in the

peripheral blood of type 1 diabetes patients or preclinical subjects [26]. Using

proliferation assays human T cell responses have been described to a long list

of target peptides on several molecules, including GAD65, IA-2, (pro)insulin

and others [15, 27–29], but these responses could often also be detected in

control subjects [30]. More recently, new methods such as ELISpot assay,

tetramer analysis, determination of supernatant cytokine production, and the

use of antibodies to block co-stimulation have been introduced to identify

qualitative differences between autoreactive T cell responses in patients versus

control subjects [31–33]. The results are promising and in some but not all

cases suggest that responses in control subjects are more likely to have a regu-

latory phenotype [32] or a non-memory phenotype [33]. Further efforts in

improving qualitative and quantitative measurement of T cell autoreactivity,

therefore, will be important if the cellular autoimmune response is to provide

useful markers of prediction and disease monitoring.

Autoantibodies and T Cells in Type 1 Diabetes Pathogenesis

An inflammatory cellular infiltrate (insulitis) consisting predominantly of

CD8� T and CD4� T lymphocytes and variable numbers of B lymphocytes,

macrophages, dendritic cells, and natural killer cells is present inside and

around the pancreatic islets at and prior to diabetes onset [34, 35]. In mouse
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models of autoimmune diabetes, it has been shown that both CD4� and

CD8� T lymphocytes are required for disease development and, therefore,

type 1 diabetes is generally considered to be a T cell-mediated disease [26].

B lymphocytes must also have a critical role in disease development in the mouse

since models of B lymphocyte-deficient mice do not develop diabetes or insuli-

tis [36]. In man, a pathogenetic role for T cells is likely but the evidence is

largely anecdotal. Convincing evidence comes from transplant studies in iden-

tical twins, in which the transplant of pancreas segments from the unaffected

twin to the diabetic twin resulted in a CD8� T cell predominant insulitis in the

graft and the rapid loss of graft function [37]. A role for B lymphocytes is less

convincing. A single case of type 1 diabetes in a child who lacked functional

B lymphocytes indicates that B lymphocytes are not strictly necessary for the

development of type 1 diabetes [38].

The influence of islet autoantibodies in the pathogenesis of type 1 diabetes

has also been examined. In the NOD mouse, removal of maternally transmitted

immunoglobulin prevented spontaneous diabetes in the offspring, suggesting

that fetal exposure to antibodies including islet autoantibodies increased

diabetes risk [39]. In contrast to the mouse, the BABYDIAB study has found

that offspring from mothers with type 1 diabetes have a decreased risk to

develop islet autoimmunity if they receive maternally transmitted GAD or 

IA-2 autoantibodies from their mothers during pregnancy, suggesting that fetal

exposure to GAD and/or IA-2 autoantibodies protects from the future develop-

ment of islet autoantibodies and diabetes [40]. Consistent with this observation

is the overall decreased risk to develop islet autoimmunity and diabetes in

offspring of mothers with type 1 diabetes compared with that of offspring of

fathers with type 1 diabetes and nondiabetic mothers also suggesting that

exposure to autoimmunity during pregnancy may be advantageous in type 1

diabetes [41–43].

Standardization of Autoantibody Measurements

The identification and molecular cloning of defined islet antigens resulted

in the rapid development of autoantibody assays that now have been established

in specialized laboratories worldwide, and that are validated in international

workshops organized by the Immunology of Diabetes Society (IDS) and the

Centers for Disease Control (CDC) [44]. For autoantibodies to GAD (GADA)

and IA-2 (IA-2A), there is high concordance between laboratories, and a WHO

standard for worldwide comparison of antibody levels is available. Radio-binding

assays and some ELISA can provide both high sensitivity and specificity.

The performance of assays in the IDS/CDC-based international workshops,
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however, should be ascertained prior to use. For autoantibodies to insulin

(IAA), there is less consensus between laboratories than for GADA and IA-2A.

This is due to the requirement of assays that can reproducibly detect low titers

of IAA. Only few assays, all radiobinding assays have sufficient sensitivity and

specificity to be considered useful for measuring IAA in preclinical type 1 dia-

betes. Again, performances in the international workshops should be checked.

New assays and assays that measure new antibodies can also be validated in

these workshops [44].

Diagnosis of Type 1 Diabetes through Islet 

Autoantibody Determination

The measurement of islet autoantibodies to help distinguish between type 1

and type 2 diabetes has become increasingly important in recent years. It is

now well established, first that type 2 diabetes is increasing in frequency in

childhood and adolescence, second that the typical type 1 diabetes phenotype

of acute onset and leanness is now a spectrum that includes an increasing

number of obese patients and patients with subacute presentation at diagnosis,

and third that a proportion of adults who present with diabetes have autoimmu-

nity and actually have type 1 diabetes. Ten percent of UKPDS patients who

were clinically diagnosed as having type 2 diabetes tested positive for GADA

[45] and 17% of women with insulin requiring gestational diabetes (White

class B) in the German Gestational Diabetes Study had GADA at delivery and

developed insulin-dependent diabetes postpartum [46]. Measurement of islet

autoantibodies at diabetes diagnosis, therefore, will be useful in overweight

children, lean adults and women with gestational diabetes who require insulin

during pregnancy. The most sensitive antibodies to be measured for purposes of

distinguishing between type 1 and type 2 diabetes are GADA in adults and a

combination of GADA and insulin antibodies in young children [47]. Over

80% of patients with newly diagnosed type 1 diabetes have GADA, 70% have

IA-2A, and around 60% have IAA [48, 49]. The prevalence of IAA is largely

age dependent and around 90% of children diagnosed before age 5 years are

IAA-positive [50]. It is unclear whether the lower frequency of IAA found after

adolescence is because these patients never developed insulin autoimmunity or

because IAA have been lost during the preclinical phase of the disease.

Testing of cytoplasmic islet cell antibodies (ICA) on frozen sections of

human pancreas tissue by immunofluorescence has largely been replaced by

radioimmunoassay or ELISA detection of antibodies to GAD and IA-2 but has

its relevance in rare cases as this method allows the detection of antibodies to

unidentified islet antigens which can be helpful for diagnosis in the few
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subjects who are negative for antibodies to the major islet antigens insulin,

GAD, and IA-2.

Natural History of Islet Autoantibody Appearance

Islet autoimmunity can precede the development of clinical type 1 diabetes

by many years [2]. Eisenbarth [51] has proposed a model of the natural history

of type 1 diabetes where the development of the disease is characterized in

stages, starting with genetic susceptibility (stage 1), the triggering event for the

initiation of �-cell autoimmunity (stage 2), the progressive loss of glucose-

stimulated insulin release (stage 3), and finally the clinical manifestation of

diabetes (stage 4). To test this model in patients developing type 1 diabetes

several groups have initiated prospective studies from birth to determine when

islet autoantibodies first appear, which genetic and environmental factors influ-

ence their development, and which characteristics of islet autoantibodies are

most associated with progression to diabetes. The German BABYDIAB study

[52] started in 1989 and follows the offspring of mothers and/or fathers with

type 1 diabetes up to the age of 15 years. The Finnish Type 1 Diabetes

Prediction and Prevention project (DIPP) [53] started in 1994 and follows

newborn infants with increased genetic risk in close intervals for up to 10 years.

The American Diabetes Autoimmunity Study in the Young (DAISY) [54]

follows newborns at genetically increased type 1 diabetes risk from the general

population and relatives of patients with type 1 diabetes since 1994, and the

Australian BabyDiab study [55] follows newborns that have a first-degree

relative with type 1 diabetes.

First Appearance and Spreading of Humoral 

Islet Autoimmunity

The BABYDIAB study has demonstrated that children developing type 1

diabetes in early childhood (less than 10 years of age) have the first signs of

islet autoimmunity very early in life, the majority by 2 years of age [56, 57].

Moreover, children who have islet autoantibodies by age 2 years have a 50%

risk of developing type 1 diabetes before puberty. Around 4% of the offspring

of parents with type 1 diabetes in the BABYDIAB study and around 6% of

genetically at risk infants from the general population in the Finnish DIPP

study developed islet autoantibodies by age 2 years (fig. 1) [57, 58]. IAA are

usually the first autoantibodies detected early in infancy. The early appearance

of IAA is usually followed by autoantibodies to other �-cell antigens such as
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GAD, IA-2 or IA-2� [56–60]. Autoantibodies do not exclusively develop

before age 2 years, but the characteristics of islet autoimmunity that develops

later in childhood are different to those of early appearance islet autoimmu-

nity. In general, children developing autoantibodies after age 2 years are 

less frequently IAA-positive and often GADA-positive, they infrequently

develop multiple islet autoantibodies, and do not progress rapidly to type 1

diabetes [57].

Spreading of autoimmunity is not only observed between antigens but also

within one antigen, indicating maturation of the autoimmune response during

the course of �-cell destruction. With respect to GADA, spreading of autoanti-

body reactivity against the middle region of GAD65 to other epitopes located

at the COOH-terminus or NH2-terminus is relatively frequent in young

children [61]. Initial IA-2A reactivity is directed against epitopes found on the

IA-2 molecule and spreading to IA-2� occurs together with an expansion of the

autoimmune response to IA-2 [62].

Once islet autoantibodies appear, they usually persist, although significant

fluctuations in antibody titer can be observed during the prediabetic phase [57,

58, 63–65]. Of the three islet antibodies discussed, IAA are reported to be the

least persistent [58, 66] and not all children who develop IAA subsequently

develop multiple islet autoantibodies and diabetes. The BABYDIAB study has

recently identified a ‘marker’ to distinguish type 1-diabetes-relevant IAA from

IAA which either do not persist or are not associated with progression to

multiple islet autoantibodies and diabetes [67]. The affinity of IAA has been
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Fig. 1. Life-table islet autoantibody frequencies for IAA, GADA, and IA-2A in offspring

of parents with type 1 diabetes. Autoantibody-positive events correspond to samples taken at

approximately 9 months and 2, 5 and 8 years of age. Adapted from Hummel et al. [57].
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found to vary considerably between IAA-positive children. IAA are persistent

and there is progression to multiple islet autoantibodies in children who

develop high-affinity IAA responses, whereas children who remain positive

only for IAA or become islet autoantibody negative usually have lower-affinity

IAA [67].

Another reason why IAA, and indeed GADA or IA-2A, may not persist is

because they are maternally transferred from the mother with type 1 diabetes.

Islet autoantibodies pass the placenta [59, 68]. Depending on the titer of

antibodies in the mother, maternal insulin antibodies persist in the circulation

of the child for 1 year and maternal GADA for up to 18 months [64, 69]. As a

consequence, if antibodies are detected in a child early in life, it is important –

for the correct assignment of diabetes risk – to distinguish whether these

antibodies are indeed de novo-produced antibodies of the child or rather anti-

bodies acquired from the mother. Antibody titer and different immunoglobulin

subclasses may help distinguishing between maternal and nonmaternal auto-

antibodies in some cases [64].

Progression to Diabetes – Predictive Value of 

Islet Autoantibodies

Predicting the risk for the development of type 1 diabetes is important for

the identification of individuals that might profit from inclusion in interven-

tional trials aiming to prevent the onset of disease.

In type 1 diabetes, disease development is associated with persistent, high-

titer, high-affinity autoantibodies to more than one antigen [67, 70]. Each of

these qualities increases the likelihood that the detection of autoantibodies in a

subject has identified preclinical disease. Transient autoantibody positivity is

rarely associated with the development of type 1 diabetes, and repeat positivity

in a second sample is therefore an essential part of risk assessment. The

magnitude of the autoimmune response is also likely to be an indicator of the

severity of �-cell destruction, and therefore type 1 diabetes risk (fig. 2).

Magnitude can be measured by titer and by the breadth or range of autoantigen

targets. It has been shown that diabetes risk is highest in individuals with more

than one islet autoantibody [56–58, 70–76] and in individuals with a high-titer

ICA [77, 78], or with high-titer IAA or IA-2A responses [70]. High-titer

responses are also often associated with reactivity against more than one epi-

tope or antigen and with more than one IgG subclass. In a recent analysis of

autoantibody-positive relatives followed for up to 15 years, the highest risks for

type 1 diabetes were associated with high-titer IAA and IA-2A responses, with

the appearance of antibody subclasses IgG2, IgG3, and/or IgG4 of IA-2A and
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IAA, and antibodies to the IA-2-related molecule IA-2� [70]. Using various

combinations of these islet autoantibody characteristics, it was possible to strat-

ify type 1 diabetes risk from less than 10% to around 90% within 5 years [70].

These data also indicate that there is a hierarchy in the diabetes risk associated

with the different islet autoantibodies. Autoantibodies to IA-2 are associated

with a higher type 1 diabetes risk than autoantibodies to GAD or IAA [70, 79,

80], and within IA-2A-positive subjects, those with  IA-2A reacting against

IA-2� have a higher diabetes risk than those who are IA-2� antibody negative

[70, 79].

The risk for developing type 1 diabetes can also be stratified on the basis

of how early islet autoantibodies developed [57]. Progression to diabetes is sig-

nificantly faster in individuals who have islet autoantibodies already within the

first year of life than in individuals with islet autoantibodies at age 2 or 5 years

[57]. Of interest from both the viewpoints of risk assessment and pathogenesis,

autoantibodies that appear very early can differ in their binding characteristics

as compared to autoantibodies that appear later. For example, IAA that appear

in the first 1 or 2 years of life are of higher affinity than IAA that first develop

later in childhood. Children with high-affinity IAA are more likely to progress

to type 1 diabetes than those who have lower affinity IAA [67]. High-affinity

IAA differ to lower affinity IAA in their insulin-binding characteristics in a

manner consistent with distinct epitope recognition, and in contrast to the

lower-affinity IAA (which often do not bind proinsulin), the epitope associated

with high-affinity IAA is also expressed on the proinsulin molecule [67]. In

summary, type 1 diabetes risk can be stratified using a variety of autoantibody
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characteristics which in turn can be used in different combinations to select

subjects of defined diabetes risk for intervention trials.

Genetic Control of Islet Autoantibodies

In Caucasians, type 1 diabetes is strongly associated with HLA DR3-DQ2

and DR4-DQ8 haplotypes [81–83]. Islet autoantibodies differ in their associa-

tion with these haplotypes. GADA are more frequent in patients with HLA

DR3-DQ2 [83, 84], whereas IAA and IA-2A are more frequent in patients with

HLA DR4-DQ8 [60, 83–86]. Patients without these haplotypes are often islet

autoantibody negative [58, 85, 86]. These haplotypes can also be used to iden-

tify children who are most likely to develop islet autoantibodies. Results from

the BABYDIAB study, the DIPP study, and the DAISY study consistently show

that children carrying high risk HLA genotypes have a higher risk for early and

more frequent development of islet autoantibodies in infancy [58, 85–87].

Among BABYDIAB offspring, risk of developing islet autoantibodies by age

2 years is 20% in those who have the high risk DR3-DQ2/DR4-DQ8 and 

DR4-DQ8/DR4-DQ8 genotypes compared with 2.7% in offspring without

these genotypes [85]. A second genetic susceptibility locus has been mapped

by a variable number of tandem repeat (VNTR) in the insulin gene (INS)

promotor region (IDDM2) [88]. Risk has been suggested to be conferred by

different expression of the insulin protein in the thymus leading to defective

central tolerance to the insulin molecule [89–91]. In accordance with this, IAA

are less frequent in patients or relatives who have the type 1 diabetes protective

INS VNTR class I/III or III/III genotypes [83, 87].

Future Aspects

Childhood type 1 diabetes mellitus is associated with autoimmunity that

initiates early in life. Using sophisticated measurements of islet autoantibodies

we are able to predict type 1 diabetes, and trace its natural history (fig. 3). We

have little idea, however, of the etiologic mechanisms that trigger autoimmunity

and promote progression to disease, nor do we have ready access to the autore-

active T cells within the pancreas that are responsible for disease or an ability to

quantify and characterize these cells. Advances in these areas are necessary if

we are to fully understand the autoimmune pathogenesis of type 1 diabetes. An

international initiative sponsored by the National Institutes of Health (NIH) has

recently commenced an ambitious study (The Environmental Determinants of
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Diabetes in the Young – TEDDY – study) to address the early pathogenetic

mechanisms operating in islet autoimmunity (www.teddystudy.org).

References

1 Bach JF: Insulin-dependent diabetes mellitus as an autoimmune disease. Endocr Rev 1994;15:

516–542.

2 Atkinson MA, Eisenbarth GS: Type 1 diabetes: New perspectives on disease pathogenesis and

treatment. Lancet 2001;358:221–229.

3 Notkins AL: Immunologic and genetic factors in type 1 diabetes. J Biol Chem 2002;277:

43545–43548.

4 Stiller CR, Dupre J, Gent M, Jenner MR, Keown PA, Laupacis A, Martell R, Rodger NW, von

Graffenried B, Wolfe BM: Effects of cyclosporine immunosuppression in insulin-dependent diabetes

mellitus of recent onset. Science 1984;223:1362–1367.

5 Silverstein J, Maclaren N, Riley W, Spillar R, Radjenovic D, Johnson S: Immunosuppression with

azathioprine and prednisone in recent-onset insulin-dependent diabetes mellitus. N Engl J Med

1988;319:599–604.

6 Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L, Donaldson D, Gitelman SE,

Harlan DM, Xu D, Zivin RA, Bluestone JA: Anti-CD3 monoclonal antibody in new-onset type 1

diabetes mellitus. N Engl J Med 2002;346:1692–1698.

B
e
ta

 c
e
ll 

m
a
s
s
 (
%

)

100

50

0

Inciting 

event(s)

Age (years)

Beta cell loss

Diabetes onset

Spreading to multiple autoantibodies 

(GADA and/or IA-2A)

High titre, multiple subclass 

response of IA-2A and/or IAA

Autoantibodies to IA-2�

Genetic susceptibility 

i.e. HLA DR3-DQ2 and DR4-DQ8 

INS VNTR class I/I

i.e. dietary factors? 

virus infection?

Diabetes-relevant immunologic abnormalities:

Birth

High affinity, proinsulin reactive IAA

Fig. 3. Model of the natural history of type 1 diabetes mellitus. Islet autoimmunity is

triggered in genetically at-risk subjects by a currently unknown event, and �-cell mass is lost

over an individually variable time period after the inciting event has occurred. First diabetes-

relevant immunologic abnormalities can be detected very early in the autoimmune process.

The magnitude of the autoimmune response to islet antigens – reflecting the severity of 

�-cell destruction – can predict rapid progression to clinical type 1 diabetes.



Autoimmunity in Type 1 Diabetes 67

7 Palmer JP, Asplin CM, Clemons P, Lyen K, Tatpati O, Raghu PK, Paquette TL: Insulin antibodies

in insulin-dependent diabetics before insulin treatment. Science 1983;222:1337–1339.

8 Baekkeskov S, Aanstoot HJ, Christgau S, Reetz A, Solimena M, Cascalho M, Folli F, Richter-

Olesen H, De Camilli P, Camilli PD: Identification of the 64K autoantigen in insulin-dependent

diabetes as the GABA-synthesizing enzyme glutamic acid decarboxylase. Nature 1990;347:

151–156.

9 Lan MS, Lu J, Goto Y, Notkins AL: Molecular cloning and identification of a receptor-type protein

tyrosine phosphatase, IA-2, from human insulinoma. DNA Cell Biol 1994;13:505–514.

10 Wasmeier C, Hutton JC: Molecular cloning of phogrin, a protein-tyrosine phosphatase homologue

localized to insulin secretory granule membranes. J Biol Chem 1996;271:18161–18170.

11 Rabin DU, Pleasic SM, Shapiro JA, Yoo-Warren H, Oles J, Hicks JM, Goldstein DE, Rae PM:

Islet cell antigen 512 is a diabetes-specific islet autoantigen related to protein tyrosine

phosphatases. J Immunol 1994;152:3183–3188.

12 Lu J, Li Q, Xie H, Chen ZJ, Borovitskaya AE, Maclaren NK, Notkins AL, Lan MS: Identification

of a second transmembrane protein tyrosine phosphatase, IA-2beta, as an autoantigen in insulin-

dependent diabetes mellitus: Precursor of the 37-kDa tryptic fragment. Proc Natl Acad Sci USA

1996;93:2307–2311.

13 Solimena M, Dirkx R Jr, Hermel JM, Pleasic-Williams S, Shapiro JA, Caron L, Rabin DU: ICA

512, an autoantigen of type I diabetes, is an intrinsic membrane protein of neurosecretory

granules. EMBO J 1996;15:2102–2114.

14 Reetz A, Solimena M, Matteoli M, Folli F, Takei K, De Camilli P: GABA and pancreatic beta-

cells: Colocalization of glutamic acid decarboxylase (GAD) and GABA with synaptic-like

microvesicles suggests their role in GABA storage and secretion. EMBO J 1991;10:1275–1284.

15 Lieberman SM, DiLorenzo TP: A comprehensive guide to antibody and T-cell responses in type 1

diabetes. Tissue Antigens 2003;62:359–377.

16 Roll U, Turck CW, Gitelman SE, Rosenthal SM, Nolte MS, Masharani U, Ziegler AG, Baekkeskov S:

Peptide mapping and characterisation of glycation patterns of the glima 38 antigen recognised by

autoantibodies in type I diabetic patients. Diabetologia 2000;43:598–608.

17 Tisch R, McDevitt H: Insulin-dependent diabetes mellitus. Cell 1996;85:291–297.

18 Achenbach P, Kelemen K, Wegmann DR, Hutton JC: Spontaneous peripheral T-cell responses to

the IA-2beta (Phogrin) autoantigen in young nonobese diabetic mice. J Autoimmun 2002;19:

111–116.

19 Bergman B, Haskins K: Autoreactive T-cell clones from the nonobese diabetic mouse. Proc Soc

Exp Biol Med 1997;214:41–48.

20 Yang Y, Santamaria P: Dissecting autoimmune diabetes through genetic manipulation of 

non-obese diabetic mice. Diabetologia 2003;46:1447–1464.

21 Daniel D, Wegmann DR: Protection of nonobese diabetic mice from diabetes by intranasal or sub-

cutaneous administration of insulin peptide B-(9–23). Proc Natl Acad Sci USA 1996;93:956–960.

22 Yoon JW, Yoon CS, Lim HW, Huang QQ, Kang Y, Pyun KH, Hirasawa K, Sherwin RS, Jun HS:

Control of autoimmune diabetes in NOD mice by GAD expression or suppression in beta cells.

Science 1999;284:1183–1187.

23 Zhang ZJ, Davidson L, Eisenbarth G, Weiner HL: Suppression of diabetes in nonobese diabetic

mice by oral administration of porcine insulin. Proc Natl Acad Sci USA 1991;88:10252–10256.

24 Tian J, Atkinson MA, Clare-Salzler M, Herschenfeld A, Forsthuber T, Lehmann PV, Kaufman DL:

Nasal administration of glutamate decarboxylase (GAD65) peptides induces Th2 responses and

prevents murine insulin-dependent diabetes. J Exp Med 1996;183:1561–1567.

25 Elias D, Markovits D, Reshef T, van der Zee R, Cohen IR: Induction and therapy of autoimmune

diabetes in the non-obese diabetic (NOD/Lt) mouse by a 65-kDa heat shock protein. Proc Natl

Acad Sci USA 1990;87:1576–1580.

26 Roep BO: The role of T-cells in the pathogenesis of type 1 diabetes: From cause to cure.

Diabetologia 2003;46:305–321.

27 Endl J, Otto H, Jung G, Dreisbusch B, Donie F, Stahl P, Elbracht R, Schmitz G, Meinl E, Hummel M,

Ziegler AG, Wank R, Schendel DJ: Identification of naturally processed T cell epitopes from

glutamic acid decarboxylase presented in the context of HLA-DR alleles by T lymphocytes of

recent onset IDDM patients. J Clin Invest 1997;99:2405–2415.



Achenbach/Ziegler 68

28 Peakman M, Stevens EJ, Lohmann T, Narendran P, Dromey J, Alexander A, Tomlinson AJ, Trucco M,

Gorga JC, Chicz RM: Naturally processed and presented epitopes of the islet cell autoantigen 

IA-2 eluted from HLA-DR4. J Clin Invest 1999;104:1449–1457.

29 Alleva DG, Crowe PD, Jin L, Kwok WW, Ling N, Gottschalk M, Conlon PJ, Gottlieb PA, Putnam

AL, Gaur A: A disease-associated cellular immune response in type 1 diabetics to an immun-

odominant epitope of insulin. J Clin Invest 2001;107:173–180.

30 Roep BO, Atkinson MA, van Endert PM, Gottlieb PA, Wilson SB, Sachs JA: Autoreactive T cell

responses in insulin-dependent (type 1) diabetes mellitus. Report of the first international workshop

for standardization of T cell assays. J Autoimmun 1999;13:267–282.

31 Schloot NC, Meierhoff G, Karlsson Faresjo M, Ott P, Putnam A, Lehmann P, Gottlieb P, Roep BO,

Peakman M, Tree T: Comparison of cytokine ELISpot assay formats for the detection of islet

antigen autoreactive T cells. Report of the third immunology of diabetes society T-cell workshop.

J Autoimmun 2003;21:365–376.

32 Arif S, Tree TI, Astill TP, Tremble JM, Bishop AJ, Dayan CM, Roep BO, Peakman M:

Autoreactive T cell responses show proinflammatory polarization in diabetes but a regulatory

phenotype in health. J Clin Invest 2004;113:451–463.

33 Viglietta V, Kent SC, Orban T, Hafler DA: GAD65-reactive T cells are activated in patients with

autoimmune type 1a diabetes. J Clin Invest 2002;109:895–903.

34 Bottazzo GF, Dean BM, McNally JM, MacKay EH, Swift PG, Gamble DR: In situ characterization

of autoimmune phenomena and expression of HLA molecules in the pancreas in diabetic insuli-

tis. N Engl J Med 1985;313:353–360.

35 Itoh N, Hanafusa T, Miyazaki A, Miyagawa J, Yamagata K, Yamamoto K, Waguri M, Imagawa A,

Tamura S, Inada M, et al: Mononuclear cell infiltration and its relation to the expression of

major histocompatibility complex antigens and adhesion molecules in pancreas biopsy specimens

from newly diagnosed insulin-dependent diabetes mellitus patients. J Clin Invest 1993;92:

2313–2322.

36 Serreze DV, Chapman HD, Varnum DS, Hanson MS, Reifsnyder PC, Richard SD, Fleming SA,

Leiter EH, Shultz LD: B lymphocytes are essential for the initiation of T cell-mediated autoim-

mune diabetes: Analysis of a new ‘speed congenic’ stock of NOD.Ig mu null mice. J Exp Med

1996;184:2049–2053.

37 Sibley RK, Sutherland DE, Goetz F, Michael AF: Recurrent diabetes mellitus in the pancreas 

iso- and allograft: A light and electron microscopic and immunohistochemical analysis of four

cases. Lab Invest 1985;53:132–144.

38 Martin S, Wolf-Eichbaum D, Duinkerken G, Scherbaum WA, Kolb H, Noordzij JG, Roep BO:

Development of type 1 diabetes despite severe hereditary B-lymphocyte deficiency. N Engl J Med

2001;345:1036–1040.

39 Greeley SA, Katsumata M, Yu L, Eisenbarth GS, Moore DJ, Goodarzi H, Barker CF, Naji A,

Noorchashm H: Elimination of maternally transmitted autoantibodies prevents diabetes in

nonobese diabetic mice. Nat Med 2002;8:399–402.

40 Koczwara K, Bonifacio E, Ziegler AG: Transmission of maternal islet antibodies and risk of

autoimmune diabetes in offspring of mothers with type 1 diabetes. Diabetes 2004;53:1–4.

41 Yu L, Chase HP, Falorni A, Rewers M, Lernmark A, Eisenbarth GS: Sexual dimorphism in trans-

mission of expression of islet autoantibodies to offspring. Diabetologia 1995;38:1353–1357.

42 Warram JH, Krolewski AS, Gottlieb MS, Kahn CR: Differences in risk of insulin-

dependent diabetes in offspring of diabetic mothers and diabetic fathers. N Engl J Med 1984;311:

149–152.

43 Pociot F, Norgaard K, Hobolth N, Andersen O, Nerup J: A nationwide population-based study of

the familial aggregation of type 1 (insulin-dependent) diabetes mellitus in Denmark. Danish

Study Group of Diabetes in Childhood. Diabetologia 1993;36:870–875.

44 Bingley PJ, Bonifacio E, Mueller PW: Diabetes antibody standardization program: First assay

proficiency evaluation. Diabetes 2003;52:1128–1136.

45 Turner R, Stratton I, Horton V, Manley S, Zimmet P, Mackay IR, Shattock M, Bottazzo GF,

Holman R: UKPDS 25: Autoantibodies to islet-cell cytoplasm and glutamic acid decarboxylase

for prediction of insulin requirement in type 2 diabetes. UK Prospective Diabetes Study Group.

Lancet 1997;350:1288–1293.



Autoimmunity in Type 1 Diabetes 69

46 Fuchtenbusch M, Ferber K, Standl E, Ziegler AG: Prediction of type 1 diabetes postpartum in

patients with gestational diabetes mellitus by combined islet cell autoantibody screening:

A prospective multicenter study. Diabetes 1997;46:1459–1467.

47 Bingley PJ, Bonifacio E, Ziegler AG, Schatz DA, Atkinson MA, Eisenbarth GS: Proposed guide-

lines on screening for risk of type 1 diabetes. Diabetes Care 2001;24:398.

48 Bonifacio E, Bingley PJ: Islet autoantibodies and their use in predicting insulin-dependent

diabetes. Acta Diabetol 1997;34:185–193.

49 Williams AJ, Bingley PJ, Bonifacio E, Palmer JP, Gale EA: A novel micro-assay for insulin

autoantibodies. J Autoimmun 1997;10:473–478.

50 Vardi P, Ziegler AG, Mathews JH, Dib S, Keller RJ, Ricker AT, Wolfsdorf JI, Herskowitz RD,

Rabizadeh A, Eisenbarth GS, et al: Concentration of insulin autoantibodies at onset of type I

diabetes. Inverse log-linear correlation with age. Diabetes Care 1988;11:736–739.

51 Eisenbarth GS: Type I diabetes mellitus. A chronic autoimmune disease. N Engl J Med 1986;

314:1360–1368.

52 Ziegler AG, Hillebrand B, Rabl W, Mayrhofer M, Hummel M, Mollenhauer U, Vordemann J, Lenz A,

Standl E: On the appearance of islet associated autoimmunity in offspring of diabetic mothers:

A prospective study from birth. Diabetologia 1993;36:402–408.

53 Kupila A, Muona P, Simell T, Arvilommi P, Savolainen H, Hamalainen AM, Korhonen S,

Kimpimaki T, Sjoroos M, Ilonen J, Knip M, Simell O: Feasibility of genetic and immunological

prediction of type I diabetes in a population-based birth cohort. Diabetologia 2001;44:290–297.

54 Rewers M, Norris JM, Eisenbarth GS, Erlich HA, Beaty B, Klingensmith G, Hoffman M, Yu L,

Bugawan TL, Blair A, Hamman RF, Groshek M, McDuffie RS Jr: Beta-cell autoantibodies in

infants and toddlers without IDDM relatives: Diabetes autoimmunity study in the young (DAISY).

J Autoimmun 1996;9:405–410.

55 Honeyman MC, Coulson BS, Stone NL, Gellert SA, Goldwater PN, Steele CE, Couper JJ, Tait

BD, Colman PG, Harrison LC: Association between rotavirus infection and pancreatic islet

autoimmunity in children at risk of developing type 1 diabetes. Diabetes 2000;49:1319–1324.

56 Ziegler AG, Hummel M, Schenker M, Bonifacio E: Autoantibody appearance and risk for devel-

opment of childhood diabetes in offspring of parents with type 1 diabetes: The 2-year analysis of

the German BABYDIAB Study. Diabetes 1999;48:460–468.

57 Hummel M, Bonifacio E, Schmid S, Walter M, Knopff A, Ziegler AG: Brief communication:

Early appearance of islet autoantibodies predicts childhood type 1 diabetes in offspring of diabetic

parents. Ann Intern Med 2004;140:882–886.

58 Kimpimaki T, Kulmala P, Savola K, Kupila A, Korhonen S, Simell T, Ilonen J, Simell O, Knip M:

Natural history of beta-cell autoimmunity in young children with increased genetic susceptibility

to type 1 diabetes recruited from the general population. J Clin Endocrinol Metab 2002;87:

4572–4579.

59 Roll U, Christie MR, Fuchtenbusch M, Payton MA, Hawkes CJ, Ziegler AG: Perinatal autoimmu-

nity in offspring of diabetic parents. The German Multicenter BABY-DIAB study: Detection of

humoral immune responses to islet antigens in early childhood. Diabetes 1996;45:967–973.

60 Kimpimaki T, Kupila A, Hamalainen AM, Kukko M, Kulmala P, Savola K, Simell T, Keskinen P,

Ilonen J, Simell O, Knip M: The first signs of beta-cell autoimmunity appear in infancy in genet-

ically susceptible children from the general population: The Finnish Type 1 Diabetes Prediction

and Prevention Study. J Clin Endocrinol Metab 2001;86:4782–4788.

61 Bonifacio E, Lampasona V, Bernasconi L, Ziegler AG: Maturation of the humoral autoimmune

response to epitopes of GAD in preclinical childhood type 1 diabetes. Diabetes 2000;49:202–208.

62 Naserke HE, Ziegler AG, Lampasona V, Bonifacio E: Early development and spreading of autoan-

tibodies to epitopes of IA-2 and their association with progression to type 1 diabetes. J Immunol

1998;161:6963–6969.

63 Savola K, Laara E, Vahasalo P, Kulmala P, Akerblom HK, Knip M: Dynamic pattern of disease-

associated autoantibodies in siblings of children with type 1 diabetes: A population-based study.

Diabetes 2001;50:2625–2632.

64 Naserke HE, Bonifacio E, Ziegler AG: Prevalence, characteristics and diabetes risk associated

with transient maternally acquired islet antibodies and persistent islet antibodies in offspring of

parents with type 1 diabetes. J Clin Endocrinol Metab 2001;86:4826–4833.



Achenbach/Ziegler 70

65 Bonifacio E, Scirpoli M, Kredel K, Fuchtenbusch M, Ziegler AG: Early autoantibody responses

in prediabetes are IgG1 dominated and suggest antigen-specific regulation. J Immunol 1999;

163:525–532.

66 Colman PG, Steele C, Couper JJ, Beresford SJ, Powell T, Kewming K, Pollard A, Gellert S, Tait B,

Honeyman M, Harrison LC: Islet autoimmunity in infants with a type I diabetic relative is com-

mon but is frequently restricted to one autoantibody. Diabetologia 2000;43:203–209.

67 Achenbach P, Koczwara K, Knopff A, Naserke H, Ziegler AG, Bonifacio E: Mature high affinity

immune responses to (pro)insulin anticipate the autoimmune cascade leading to type 1 diabetes.

J Clin Invest 2004;114:589–597.

68 Martikainen A, Saukkonen T, Kulmala PK, Reijonen H, Ilonen J, Teramo K, Koskela P, Knip M,

Akerblom HK: Disease-associated antibodies in offspring of mothers with IDDM. Diabetes

1996;45:1706–1710.

69 Hamalainen AM, Ronkainen MS, Akerblom HK, Knip M: Postnatal elimination of transplacentally

acquired disease-associated antibodies in infants born to families with type 1 diabetes. The

Finnish TRIGR Study Group. Trial to Reduce IDDM in the Genetically at Risk. J Clin Endocrinol

Metab 2000;85:4249–4253.

70 Achenbach P, Warncke K, Reiter J, Naserke HE, Williams AJ, Bingley PJ, Bonifacio E, Ziegler

AG: Stratification of type 1 diabetes risk on the basis of islet autoantibody characteristics.

Diabetes 2004;53:384–392.

71 Bingley PJ, Christie MR, Bonifacio E, Bonfanti R, Shattock M, Fonte MT, Bottazzo GF, Gale EA:

Combined analysis of autoantibodies improves prediction of IDDM in islet cell antibody-positive

relatives. Diabetes 1994;43:1304–1310.

72 Verge CF, Gianani R, Kawasaki E, Yu L, Pietropaolo M, Jackson RA, Chase HP, Eisenbarth GS:

Prediction of type I diabetes in first-degree relatives using a combination of insulin, GAD, and

ICA512bdc/IA-2 autoantibodies. Diabetes 1996;45:926–933.

73 Kulmala P, Savola K, Petersen JS, Vahasalo P, Karjalainen J, Lopponen T, Dyrberg T, Akerblom

HK, Knip M: Prediction of insulin-dependent diabetes mellitus in siblings of children with

diabetes. A population-based study. The Childhood Diabetes in Finland Study Group. J Clin

Invest 1998;101:327–336.

74 Krischer JP, Cuthbertson DD, Yu L, Orban T, Maclaren N, Jackson R, Winter WE, Schatz DA,

Palmer JP, Eisenbarth GS: Screening strategies for the identification of multiple antibody-positive

relatives of individuals with type 1 diabetes. J Clin Endocrinol Metab 2003;88:103–108.

75 LaGasse JM, Brantley MS, Leech NJ, Rowe RE, Monks S, Palmer JP, Nepom GT, McCulloch

DK, Hagopian WA: Successful prospective prediction of type 1 diabetes in schoolchildren through

multiple defined autoantibodies: An 8-year follow-up of the Washington State Diabetes Prediction

Study. Diabetes Care 2002;25:505–511.

76 Maclaren N, Lan M, Coutant R, Schatz D, Silverstein J, Muir A, Clare-Salzer M, She JX, Malone J,

Crockett S, Schwartz S, Quattrin T, DeSilva M, Vander Vegt P, Notkins A, Krischer J: Only

multiple autoantibodies to islet cells (ICA), insulin, GAD65, IA-2 and IA-2beta predict immune-

mediated (type 1) diabetes in relatives. J Autoimmun 1999;12:279–287.

77 Bonifacio E, Bingley PJ, Shattock M, Dean BM, Dunger D, Gale EA, Bottazzo GF: Quantification

of islet-cell antibodies and prediction of insulin-dependent diabetes. Lancet 1990;335:147–149.

78 Bingley PJ: Interactions of age, islet cell antibodies, insulin autoantibodies, and first-phase insulin

response in predicting risk of progression to IDDM in ICA� relatives: The ICARUS data set.

Islet Cell Antibody Register Users Study. Diabetes 1996;45:1720–1728.

79 Christie MR, Genovese S, Cassidy D, Bosi E, Brown TJ, Lai M, Bonifacio E, Bottazzo GF:

Antibodies to islet 37k antigen, but not to glutamate decarboxylase, discriminate rapid progres-

sion to IDDM in endocrine autoimmunity. Diabetes 1994;43:1254–1259.

80 Decochez K, De Leeuw IH, Keymeulen B, Mathieu C, Rottiers R, Weets I, Vandemeulebroucke E,

Truyen I, Kaufman L, Schuit FC, Pipeleers DG, Gorus FK: IA-2 autoantibodies predict impending

type I diabetes in siblings of patients. Diabetologia 2002;45:1658–1666.

81 Todd JA, Bell JI, McDevitt HO: HLA-DQ beta gene contributes to susceptibility and resistance to

insulin-dependent diabetes mellitus. Nature 1987;329:599–604.

82 Redondo MJ, Eisenbarth GS: Genetic control of autoimmunity in type I diabetes and associated

disorders. Diabetologia 2002;45:605–622.



Autoimmunity in Type 1 Diabetes 71

83 Graham J, Hagopian WA, Kockum I, Li LS, Sanjeevi CB, Lowe RM, Schaefer JB, Zarghami M,

Day HL, Landin-Olsson M, Palmer JP, Janer-Villanueva M, Hood L, Sundkvist G, Lernmark A,

Breslow N, Dahlquist G, Blohme G: Genetic effects on age-dependent onset and islet cell autoan-

tibody markers in type 1 diabetes. Diabetes 2002;51:1346–1355.

84 Sabbah E, Savola K, Kulmala P, Reijonen H, Veijola R, Vahasalo P, Karjalainen J, Ilonen J,

Akerblom HK, Knip M: Disease-associated autoantibodies and HLA-DQB1 genotypes in children

with newly diagnosed insulin-dependent diabetes mellitus (IDDM). The Childhood Diabetes in

Finland Study Group. Clin Exp Immunol 1999;116:78–83.

85 Schenker M, Hummel M, Ferber K, Walter M, Keller E, Albert ED, Janka HU, Kastendiek C,

Sorger M, Louwen F, Ziegler AG: Early expression and high prevalence of islet autoantibodies for

DR3/4 heterozygous and DR4/4 homozygous offspring of parents with type I diabetes: The

German BABYDIAB study. Diabetologia 1999;42:671–677.

86 Yu J, Yu L, Bugawan TL, Erlich HA, Barriga K, Hoffman M, Rewers M, Eisenbarth GS: Transient

anti-islet autoantibodies: Infrequent occurrence and lack of association with ‘genetic’ risk factors.

J Clin Endocrinol Metab 2000;85:2421–2428.

87 Walter M, Albert E, Conrad M, Keller E, Hummel M, Ferber K, Barratt BJ, Todd JA, Ziegler AG,

Bonifacio E: IDDM2/insulin VNTR modifies risk conferred by IDDM1/HLA for development of

type 1 diabetes and associated autoimmunity. Diabetologia 2003;46:712–720.

88 Bennett ST, Lucassen AM, Gough SC, Powell EE, Undlien DE, Pritchard LE, Merriman ME,

Kawaguchi Y, Dronsfield MJ, Pociot F, et al: Susceptibility to human type 1 diabetes at IDDM2 is

determined by tandem repeat variation at the insulin gene minisatellite locus. Nat Genet

1995;9:284–292.

89 Pugliese A, Zeller M, Fernandez A Jr, Zalcberg LJ, Bartlett RJ, Ricordi C, Pietropaolo M,

Eisenbarth GS, Bennett ST, Patel DD: The insulin gene is transcribed in the human thymus and

transcription levels correlated with allelic variation at the INS VNTR-IDDM2 susceptibility locus

for type 1 diabetes. Nat Genet 1997;15:293–297.

90 Vafiadis P, Bennett ST, Todd JA, Nadeau J, Grabs R, Goodyer CG, Wickramasinghe S, Colle E,

Polychronakos C: Insulin expression in human thymus is modulated by INS VNTR alleles at the

IDDM2 locus. Nat Genet 1997;15:289–292.

91 Mathis D, Benoist C: Back to central tolerance. Immunity 2004;20:509–516.

Dr. Anette-G. Ziegler, MD

Diabetes Research Institute, Koelner Platz 1

DE–80804 Munich (Germany)

Tel. �49 89 3079 3121, Fax �49 89 3081 733, E-Mail anziegler@lrz.uni-muenchen.de



Chiarelli F, Dahl-Jørgensen K, Kiess W (eds): Diabetes in Childhood and Adolescence.

Pediatr Adolesc Med. Basel, Karger, 2005, vol 10, pp 72–83

Neonatal Diabetes mellitus

Michel Polaka, Julian Shieldb

aPaediatric Endocrinology and INSERM EMI 0363, Hôpital Necker-Enfants 

Malades, Paris, France; bDepartment of Child Health, Royal Hospital for Children,

Bristol, UK

Neonatal diabetes mellitus (NDM) is a rare (1/400,000 newborns) but

potentially devastating condition. Two main groups have been recognized that

mainly differ in the duration of insulin dependence, transient NDM (TNDM)

and permanent NDM (PNDM). Advances have recently been made in the

understanding of the molecular mechanisms of pancreatic development that are

relevant to both PNDM and TNDM. This review focuses on the clinical

features, treatment and molecular biology of these varied conditions.

‘Transient’ Neonatal Diabetes mellitus

TNDM is a developmental insulin production disorder that resolves

postnatally. TNDM contributes to 50–60% of the cases of neonatal diabetes

[1, 2]. Intrauterine growth retardation is usually present. The high rate of IUGR is

in keeping with the crucial role of insulin in fetal growth, especially during the

last trimester of pregnancy. Hyperglycemia, failure to thrive and, in some cases,

dehydration occur after birth. Insulin production is inadequate, requiring exoge-

nous insulin therapy. Tests are negative for anti-islet antibodies and for HLA

class II haplotypes conferring susceptibility to type 1 diabetes [2]. A defect in

�-cell maturation has been suggested [3]. Interestingly, exocrine pancreatic

insufficiency is present in only a few patients [4]. However, the cellular basis of

TNDM remains unknown. Most patients go into remission within a year, but a

few have persisting intermittent glucose intolerance whilst many relapse with

diabetes in late childhood or adulthood. Although these recurrences are usually

consistent with non-autoimmune type 1 diabetes, whether they are ascribable

to insulin deficiency and/or insulin resistance remains unclear [1, 5]. Indeed
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permanent hyperglycemia requiring insulin therapy developed in 5 of the

7 TNDM patients who were older than 8 years of age in a French cohort [6].

Similarly, in another large cohort of TNDM patients, diabetes mellitus recurred

in 11 of 18 patients older than 4 years of age [7a]. Thus, the ‘transient’ form of

the disease is probably a permanent �-cell defect with variable expression during

growth and development. A major factor in the onset of recurrent diabetes is

probably puberty, which is associated with significant insulin resistance.

Recently, we examined derived indices of �-cell function, peripheral

insulin sensitivity and the pancreatic response to intravenous glucose loading in

children with a previous history of transient neonatal diabetes currently in

remission repeated after a period of 2 years to try and better understand the

apparent persisting �-cell defect. We used standard Intravenous glucose toler-

ance tests measuring the first phase insulin response cumulatively at 1 and

3min. The insulin measurements on all the cases were centralized. In addition,

fasting insulin and glucose values were used to estimate HOMA-B% and

insulinogenic indices (derived indices of �-cell function) and HOMA-S and

QUICKI (derived measures of insulin sensitivity). Six cases (median age

initially 7.5 years) with known previous TNDM currently in remission with

no exogenous insulin requirement were tested. Two cases had chromosome

6 uniparental disomy, 1 case had a 6q2.4 region methylation defect whereas in

3 cases no chromosome 6 genetic anomaly could be detected. Control data

from 16 children of a similar age was available for derived fasting indices of 

�-cell functional capacity and insulin sensitivity. One child had a subnormal

insulin secretory response to intravenous glucose that remained abnormal

2 years later. The other children had relatively normal or entirely normal

responses over 2 years. Measures of �-cell function and insulin sensitivity in

the fasting state showed comparable results to those obtained from normal

controls. The majority of children with TNDM in remission have no evidence

of �-cell dysfunction or insulin resistance in the fasting state. Measures of

insulin response to intravenous glucose loading are often normal but suggestive

of future recurrence if profoundly abnormal [7b].

TNDM is usually sporadic, but paternal transmission has been docu-

mented in about one-third of the reported patients, some of whom had non-

diabetic fathers [1, 8]. Paternal isodisomy of chromosome 6 has been

demonstrated in several unrelated patients with TNDM (fig. 1) [9, 10]. Other

patients had partial duplications of the long arm of the paternal chromosome

6 [10, 11]. These unbalanced duplications are inherited within families. Only

if the duplication is inherited from the father does TNDM result, suggesting a

disorder of imprinting. More recently, a region in which methylation differs

between the maternal and the paternal chromosome 6 has been identified [12].

Abnormal methylation patterns have been demonstrated in some TNDM
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patients without other chromosome 6 abnormalities (table 1) [12, 13]. These

observations strongly suggest that TNDM may result from overexpression of

an imprinted gene located on chromosome 6q24 and displaying paternal

expression. Two paternally expressed genes are located in the region and,

therefore, have been considered candidate genes for the disease: one is the

transcription factor ZAC that regulates cell cycle arrest and apoptosis and also

the pituitary adenylate cyclase-activating polypeptide receptor 1 (PACAP1

Normal Mendelian inheritance

Paternal Maternal Paternal Maternal

Paternal UPD 6

Fig. 1. Schematic representation of paternal uniparental disomy of chromosome 6.

Given the non-Gaussian distribution of age in the study population, the nonparametric

Mann-Whitney U test was used to compare age in the two groups.

Table 1. Etiologies of neonatal diabetes

Transient neonatal diabetes mellitus

Chromosome 6 anomalies detected

Paternal duplications

Paternal isodisomy

Methylation defect

No chromosome 6 anomaly detected

Permanent neonatal diabetes mellitus

IPEX syndrome: diffuse autoimmunity

Mitochondrial disease

Severe pancreatic hypoplasia associated with IPF1 (PDX1) 

mutation

Homozygous glucokinase mutation: insensitivity to 

glucose, parental MODY 2

Associated with epiphyseal dysplasia: Wolcott-Rallison 

syndrome

Possibly associated with enterovirus infection

Association with cerebellar hypoplasia
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being a potent insulin secretagogue) and the other the HYMAI gene, whose

function is unknown [13]. No other loci have been implicated in TNDM to

date.

Permanent Neonatal Diabetes

Permanent neonatal diabetes mellitus in our experience is less common

than the transient form of the condition. By definition, diabetes develops in the

neonatal period never to go into remission. There are no clinical features that

can predict whether a neonate with diabetes but no other dysmorphology will

eventually have permanent or transient disease although cases with the perma-

nent form do not always have intra-uterine growth retardation as is universally

seen in the transient 6q phenotype (table 2) [6, 7]. Diabetes in infancy is nearly

always unrelated to classical type 1 diabetes [14]. In an Italian study conducted

in all infants developing diabetes before the age of 1 year, a clear difference

was demonstrated between those getting diabetes before the age of 180 days

and those after. The children developing diabetes early had a very high pres-

ence of ‘protective’ HLA alleles to classical type 1 diabetes (76% with 0 or 1

susceptibility heterodimers) compared to only 12% in the late (�180 days)

onset group [15]. In addition, autoimmune markers were far less prevalent in

the early onset compared to late onset children (15 vs. 65%).

Table 2. Comparison of several features in PNDM and TNDM cases in

the French cohort (n � 50) (from Metz et al. [6], with permission)

PNDM TNDM p

(n � 21) (n � 29)

Gestational age, weeks 39.2 � 1.6 38.2 � 2.2 0.15

Birth weight, g 2,497 � 690 1,987 � 510 �0.006

Birth length, cm 47.5 � 2.4 44.3 � 3.4 �0.006

Head 33 � 1.9 31.5 � 1.8 �0.02

circumference, cm

Intrauterine growth n � 7/19 n � 20/27 �0.03

retardation 36% 74%

Median age at diagnosis, 27(1–127) 6(1–81) �0.01

days (range)*

Initial insulin dose, 1.4 � 1.2 0.6 � 0.25 �0.006

unit/kg/day
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A number of discrete clinical syndromes have been identified associated

with PNDM.

Insulin Promoter Factor-1

The first to be described was in a child with pancreatic agenesis and

marked endocrine and exocrine failure. Insulin promoter factor-1 appeared to

be a good candidate for pancreatic agenesis given its role as a master control of

exocrine and endocrine pancreatic development from studies of gene disruption

[16] and later as a regulator of insulin and somatostatin gene expression [17].

The child was homozygous for a single nucleotide deletion within codon

63 of IPF-1 (Pro63fsdelC) [18].

Furthermore, within the extended family there were 8 individuals in 6 gen-

erations with early-onset diabetes akin to type 2 diabetes. These were identified

as heterozygotes for the same mutation with the mutant truncated isoform of

IPF-1 acting as a dominant negative inhibitor of wild-type IPF-1 activity [19].

The illness resultant on heterozygosity was reassigned as maturity-onset

diabetes of the young (MODY) 4. Additional studies have also identified that

less-severe IPF-1 mutations can cause autosomal-dominant late-onset forms of

type 2 diabetes that account for around 6% of a French cohort of multiplex type 2

diabetic families [20].

Glucokinase

MODY 2 is caused by mutations in the glucokinase gene and usually leads

to mild hyperglycemia in affected individuals [21]. Glucokinase is a key regula-

tor of glucose metabolism in islet cells controlling the levels of insulin secretion.

However, within two families (one Norwegian, one Italian) with multiple forms

of diabetes in their pedigree, 2 infants with classical PNDM (presenting on day

one) have been identified who are homozygous for missense mutations within

the glucokinase gene rendering them completely deficient in glycolytic activity

whilst their apparently consanguineous and mild-to-moderately glucose-

intolerant parents were heterozygous for the same mutations [22]. A search for

further permanent neonatal diabetes cases caused by homozygosity in glu-

cokinase mutations both in British and French cohorts (total number 18) yielded

none, suggesting that this is unlikely to be a major cause of PNDM [23, 24].

However, we would recommend that if there is a history of gestational diabetes,

testing for fasting glucose levels in both parents is needed. If both parents have

mild glucose intolerance a screen for glucokinase mutations is then warranted.
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FOXP3 (IPEX)

A number of authors have reported an X-linked syndrome with a combi-

nation of exfoliative dermatitis, intractable diarrhea with villous atrophy,

hemolytic anemia, autoimmune thyroid disease and neonatal-onset diabetes.

Most children die in the first year of life of overwhelming sepsis [25]. In some

of these cases, agenesis of the islets of Langerhans has been described [26].

The idea of an autoimmune basis to this disease was strengthened by the appar-

ent success of cyclosporin A in improving the condition of 1 or 2 cases [27].

Identification of glutamic acid decarboxylase (GAD) antibodies in a patient

with this condition prior to bone marrow transplantation implies that this is a

form of neonatal diabetes with an autoimmune origin. Bone marrow transplan-

tation conditioning led to a resolution of the diabetes a week before transplan-

tation and subsequently the diarrhea resolved, as did the dermatitis. The patient

remained in remission for 2 years prior to the development of hemophagocytic

syndrome that proved fatal [28]. The mutation in this condition lies in the

FOXP3 gene that encodes a forkhead domain-containing protein [29]. The

scurfy mouse with a frame-shift mutation in Foxp3 is characterized by over-

proliferation of CD4�/CD8� T lymphocytes with multiorgan infiltration. The

males die 15–25 days after birth [30]. It has now been demonstrated that the

protein product ‘scurfin’, is essential for normal immune homeostasis.

EIF2AK3

Wolcott-Rallison syndrome is an autosomal-recessive disorder characterized

by infancy-onset (often within the neonatal period) diabetes associated with a

spondyloepiphyseal dysplasia. In addition, there is a constellation of others fea-

tures such as hepatomegaly, mental retardation, renal failure and early death

[31]. In 2000, Delepine et al. [32] used two consanguineous families to map the

condition to the locus 2p12. Within this locus lies the gene EIF2AK3 that is

highly expressed in islet cells acting as a regulator of protein synthesis. Proteins

and insulin are manufactured in the endoplasmic reticulum. In response to

environmental stresses, cells down-regulate protein synthesis by phosphorylation

of the alpha subunit of eukaryotic translation initiation factor-2 (eif2-alpha) by

eukaryotic translation initiation factor-2 kinase3 (EIF2AK3). Mal-folded

proteins in the ER inhibit further translation initiation mediated by increased

phosphorylation of eif2-alpha. A targeted mutation of the mouse Eif2ak3 gene

(PERK) led to an accumulation of mal-folded proteins in the endoplasmic retic-

ulum (ER) with resultant abnormally elevated protein synthesis and increased

stress on the ER-folding machinery [33]. PERK is highly expressed in mouse
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pancreas. The PERK knock-out mouse demonstrates normal pancreatic

endocrine and exocrine development. However, postnatally it develops endo-

plasmic reticulum distension accompanied by increased cell death and progres-

sive diabetes mellitus and pancreatic exocrine failure [34]. Further analysis

within the consanguineous Wolcott-Rallison families confirmed frameshift or

amino acid substitution mutations occurring in EIF2AK3 segregating with the

disorder in each family [32].

Other Permanent Neonatal Diabetes Syndromes

In 1992, Christen et al. [35] described two boys with X-linked phosphori-

bosyl-ATP pyrophosphatase hyperactivity who became diabetic on day one of

life. Glucose intolerance persisted throughout life although there were periods

off insulin as the children grew older. Both boys had other major problems

including mental retardation, ataxia and a progressive axonal neuropathy. The

mother also had hyperuricemia (gout) and glucose intolerance with a history of

gestational diabetes.

In 1994, Yorifuji et al. [36] described a condition of neonatal diabetes

associated with severe hypoplasia of the pancreas (only head and uncus present)

and congenital cyanotic heart disease (transposition of great arteries or tetral-

ogy of Fallot) in a single family of apparent autosomal-dominant inheritance.

Not all the cases developed diabetes as a neonate, and the timing is probably

related to the size of the remaining pancreatic tissue.

A further severe syndrome described more recently was that of three

members of a consanguineous family described with neonatal diabetes and

cerebellar hypoplasia with a suggested autosomal-recessive inheritance pattern.

The infants all died within a few months of birth from a combination of meta-

bolic dysfunction, respiratory compromise and apparent sepsis [37].

Interestingly, there are a number of specific transcriptional activators which

regulate gene expression shared in common by �-cells and neuronal tissues

[38]: dysfunction in any of these might explain both components of this

syndrome although genetic linkage analysis has so far proven unsuccessful.

A single case report has suggested that maternal enterovirus (echovirus 6)

infection in pregnancy (end of first trimester) can lead to autoimmune,

neonatal-onset diabetes with the presence of anti-insulin and glutamic acid

decarboxylase antibodies at or very soon after birth. In this female child (ruling

out IPEX), the pancreas was very hypoplastic and the authors suggested a

role for maternally transmitted enterovirus either by direct influence on

pancreatic organogenesis or through aggressive �-cell-targeted autoimmune

attack [39].
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It is worth mentioning that neonatal diabetes may exist in the context of a

mitochondrial disorder [6]. It is usually associated with other organ dysfunc-

tion which may be recognized after the diagnosis of diabetes mellitus.

Gene Knockout Studies in Mice that May Cause PNDM in Humans

Both Pax 4 and 6 are members of the paired box gene family. These are

developmental control genes that encode transcription factors expressed in

distinct spatially and temporally restricted patterns during embryogenesis. Pax 4

and Pax 6 knockout mice result in severe pancreatic anomalies [40, 41].

Although no human disease has yet been identified akin to these or other mice

knockouts with similar effects such as beta2/neuroD and Isl-1 they remain good

candidates for further unrecognized permanent diabetes syndromes, as will

other transcription genes identified to play a role in pancreatic development.

Management of Insulin Therapy in the Neonatal Period

Insulin therapy is crucial in NDM to obtain satisfactory weight gain and

growth in these infants with intra-uterine growth retardation. Sometimes

glucose and caloric deprivation has been instituted in these children in the face

of hyperglycemia to avoid insulin therapy. This leads to further difficulties in

weight gain. In fact, high caloric intake should be maintained in these newborns

and insulin therapy is given. Although pediatricians face numerous difficulties

in managing insulin therapy in the newborn period, very few data are available

on the methods of insulin delivery in neonatal diabetes. In infants with tran-

sient neonatal diabetes mellitus, control of the blood glucose concentration was

attained with ultralente insulin treatment, without any episodes of hypo-

glycemia [42]. The authors recommended subcutaneous injection of ultralente

insulin, rather than lente or isophane (NPH) insulin, to avoid hypoglycemia

during the treatment of transient neonatal diabetes mellitus. This has not been

our experience. Multiple injections of regular insulin are sometimes difficult to

manage. Short-acting insulins, both human and analogue, are best avoided

except when using intravenous soluble insulin infusions to initially stabilize the

infant. However, in the UK, isophane insulin on a once daily basis has afforded

reasonable control. Potentially, the insulin analogue (insulin glargine) with its

very steady, flat pharmacokinetic profile might prove useful in this condition

although there is currently no licence for children of this age.

In some centers in France, we have chosen the continuous subcutaneous

insulin infusion (CSII) in all the cases of neonatal diabetes requiring subcuta-

neous insulin therapy for more than 15 days (Drs N. Tubiana-Rufi, G. Munz-

Licha, Professors M. Polak and P. Czernichow, Department of Pediatric
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Endocrinology and Diabetology, Hôpital Robert Debre and Hôpital Necker

Enfants Malades, Paris). We have used this approach in 5 cases within our

departments. Four of the cases were TNDM (follow-up 7 months to 10 years).

The practical aspects of the treatment were as follows. During the first days, the

daily dose requirement was evaluated with intravenous insulin and glucose

infusions. When good glycemic control was obtained, CSII therapy was started.

Insulin was diluted to 4–10 units per milliliter. Insulin strategy to start CSII

depended on the feeding conditions. Under enteral continuous feeding, 100%

of the total daily dose was administered at a basal rate. Under bottle feeding, the

basal rate represented 30% of the total daily dose and boluses 70%, with the

same insulin dose before each feed (number of feeds 8, then 7, then 6). Blood

glucose was monitored every 3–4 h. Basal rate was adjusted on the night blood

glucose measurements and boluses on the postprandial ones. CSII therapy was

started between day 7 and 55, 1–13 days after the initiation of insulin therapy.

During the first month of CSII therapy (dose at day 15 of CSII: 0.3–1 unit per kg/

day), good glycemic control was achieved on a mean number of 240 blood glu-

cose measurements (5 patients). Mean blood glucose was 1.73 g/l (9.5mmol/l),

no severe episodes of hypoglycemia were noted, and the mean number of hypo-

glycemia episodes (blood glucose �0.6 g/l) (3.3mmol/l) was 4.2 per month.

Similar excellent results were achieved for the rest of the CSII in both the

TNDM and the PNDM cases. We did not observe any cutaneous side effects.

We conclude that during the neonatal period, CSII therapy is safe, more physi-

ological, more accurate and easier to manage than injections. CSII allows us to

match the insulin requirements of a newborn. However, CSII requires manage-

ment and supervision by an experienced team of physicians and nurses.

Summary and Conclusions

Current evidence from the literature and our personal data suggest that:

(1) patients with TNDM are more likely to have IUGR and less likely to develop

ketoacidosis than patients with PNDM; (2) TNDM patients are younger at the

diagnosis of diabetes and have lower initial insulin requirements; (3) considerable

overlap occurs between the two groups, so that TNDM cannot be distinguished

from PNDM based on clinical features; (4) very early onset diabetes mellitus

seems to be unrelated to autoimmunity in most instances; (5) recurrent diabetes

is common in patients with ‘transient’ neonatal diabetes mellitus and, conse-

quently, prolonged follow-up is imperative; (6) molecular diagnosis of chromo-

some 6 anomalies provide a tool to identify transient from permanent neonatal

diabetes mellitus in the neonatal period; (7) realizing how difficult it is to take

care of a child of this age with diabetes mellitus should prompt clinicians to
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transfer these children to specialized centers; (8) insulin therapy and high caloric

intake are the basis of the treatment; (9) insulin pump therapy may offer an inter-

esting therapeutic tool in this age group in experienced hands.

Neonatal diabetes is a very rare condition. However, it is probably of great

relevance to our understanding of the causation of type 2 diabetes within the

general population. We believe these rare single gene disorders are natural

models identifying new genes that might have relevance to type 2 diabetes. As

already illustrated, the IPF-1 mutation is important in MODY 4 and in some

familial forms of early-onset type 2 diabetes. In TNDM, Lindsay et al. [43]

have demonstrated a weak linkage of diabetes in Pima Indians to paternally

derived alleles at 6q24. We hope that elucidating the etiology of other forms of

neonatal diabetes will give information on normal pancreatic development and

the basis of the pathology underlying pancreatic dysfunction.
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In the pre-insulin era, German literature referred to mild diabetes in chil-

dren as ‘Diabetes innocens im jugendlichen Alter’ [1]. Joslin’s textbook from

1924 mentioned four patients with a strong family history of diabetes, diag-

nosed before age 20 years, who survived for 9–21 years on diet alone.

Dominant inheritance of a mild form of diabetes was proposed in 1928 [2].

Fajans and Conn [3] observed improved glucose tolerance by tolbutamide in

‘maturity-onset type diabetes of young people’, whereas Lestradet et al. [4]

reported that 20 of 61 children with ‘chemical diabetes’ were controlled on diet

alone for more than 5 years. In 1974, Tattersall [5] presented pedigrees of

familial diabetes which strongly suggested autosomal-dominant inheritance. In

a subsequent publication, Tattersall and Fajans [6] introduced the abbreviation

MODY for maturity-onset type diabetes of young people. Although some early

cases of dominantly inherited ‘diabetes’may have been renal glucosuria, which

is also inherited in a dominant fashion, it thus seems likely that early observa-

tions of what became known as MODY were made in Europe as well as the

United States.

The clinical heterogeneity of MODY was evident in the early reports [7, 8]

especially with regard to late complications [9]. The question of clinical

heterogeneity was largely resolved with clarification of the genetic background.

MODY can result from mutations in at least six genes. One of these genes

encodes the glycolytic enzyme glucokinase [10] and the other five encode tran-

scription factors [11–15]. A precise diagnosis of MODY may have important

impact for treatment, prognosis and genetic counseling. Since the age of

MODY typically is less than 25 years, and considerably lower with increased

awareness of disease [16], pediatric endocrinologists, at least in larger diabetes
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clinics, will be faced with this disease as a differential diagnosis in patients

with familial diabetes (fig. 1).

A problem with the definition of MODY appeared with the work of

Huopio and coworkers [17], describing a family with congenital hyperinsulin-

ism, due to a dominant mutation in the SUR1 gene of the pancreatic �-cell.

Patients with this defect were shown to develop type 2 diabetes in adult life.

This condition, which fulfills the criteria of MODY, except for the atypical

Fig. 1. Examples from our clinic of familial diabetes with different causes. The panel

to the left in the figure shows a pedigree where the boy and his father both had low insulin

requirement even after two years with diabetes. Clinically, the differential diagnosis was type 1

diabetes or MODY. Autoantibodies against GAD and IA-2 suggested type 1 diabetes. A similar

picture was seen in the pedigree in the middle except for the fact that the father had

temporarily used oral hypoglycemic agents and had coronary disease. DNA analysis revealed

MODY3. Several of the family members in the pedigree to the right had obesity and/or

diabetes, and acanthosis nigricans. The investigations were compatible with type 2 diabetes

and metabolic syndrome. NA � Not available.

Test Ref. range Proband Proband Proband

S-Insulin �20IU/l NA  9.8 �240

S-C-peptide 0.2–1nmol/l 0.76 NA �3.5

S-HbA1c 4.1–6.2%  6.6  6.2  9.8

S-IA-2 ab �1U/ml  6.4 NA �1

S-GAD ab �1U/ml 49 NA �1

HNF-1� gene Mutation? NA P291fsinsC NA

Diagnosis

Family 1 

Boy, 10 years 

Slim 

Low insulin doses 

Low HbA1c 

Parent’s disease: 

Debut as adult 

Low insulin doses 

Slow progression

Family 2

Girl,15 years 

Slim 

Low insulin doses 

Low HbA1c

Parent’s disease: 

Debut as adult 

Oral drugs, then insulin  

Slow progression  

Family 3

Boy,11 years 

Obesity 

No insulin 

Acanthosis nigricans 

Parent’s disease: 

Similar picture as son 

Diabetes and obesity 

Acanthosis nigricans 

Type 2 diabetesMODY3Type 1 diabetes
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age of onset, raises the question whether the designation MODY should be

abandoned, and replaced by ‘monogenic diabetes mellitus’.

Epidemiology

The prevalence of MODY is largely unknown. Among 40,927 diabetic

patients registered in the Erfurt district, Germany, Panzram and Adolph [18]

recorded 61 (0.15%) cases of non-insulin-dependent diabetes of early onset.

A much higher prevalence was reported by Ledermann [19]. The screening of

2,064 diabetic patients (1,798 with non-insulin-dependent diabetes and 266

with insulin-dependent diabetes) in the German district of Hesse revealed

38 patients (1.8%) who fulfilled the MODY criteria. Epidemiological MODY

data should of course be population-based, and require also a strict definition

of clinical MODY, which is in itself a problem. The relative frequency of

different MODY types is discussed below.

Molecular Epidemiology

MODY2 is caused by mutations in the glucokinase gene and seems to be

the most prevalent MODY type in Italy [20] and France [10]. Fifty-six percent

of French families with MODY carried a mutation in glucokinase. In the

Norwegian MODY Registry, however, MODY3 (caused by mutations in the

hepatocyte nuclear factor [HNF]-1� gene) is the most prevalent MODY sub-

type [21]. Thus, MODY3 accounts for some 75% and MODY2 for only about

17% of the cases. This is in line with data from the largest collection of MODY

cases in the UK [22]. The reasons for the differences between Mediterranean

and North-European countries are not clear. Both genetic factors as well as dif-

ferent strategies for patient recruitment are likely to be contributing causes.

In the HNF-1� gene, the insertion of an extra base in exon 4 (P291fsinsC)

is the most commonly observed genetic alteration. This so-called MODY3 hot-

spot mutation occurs in 20–30% of Caucasian MODY3 families [see ref. 23

and references therein]. It has also been found in a few MODY3 patients of

Asian ancestry [21]. When performing mutation screening it therefore seems

reasonable to first test suspected MODY3 patients for the hot-spot mutation

before examining the complete gene. However, one should be aware that in

some patient populations other mutations than P291fsinsC may reach a signif-

icant proportion due to founder effects.

More than 120 different disease-causing HNF-1� mutations are known thus

far, and they are spread over the whole gene including its promoter [24]. There

appears to be no system in the distribution, except that alterations that affect the
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DNA-binding properties of the protein tend to be substitution mutations and

those that impair transcriptional activation are likely to be frame-shift mutations

[25]. Moreover, some codons may be more prone to change than others as several

mutations have been identified independently in countries wide apart [21].

At least 230 different mutations are known for the glucokinase gene [26].

None of them occur at a high frequency, though, and they are positioned all

over the gene. Thus, for suspected MODY2 patients not known to be related to

families with identified mutations, complete sequencing of the glucokinase

gene needs to be performed.

So far, all reported subjects with MODY and a mutation in a MODY-

associated gene have had a heterozygous mutation. Six cases of permanent

neonatal diabetes due to homozygous or compound heterozygous mutations in

the genes causing MODY2 and MODY4 are known [27–29]. Homozygous

mutations in the other transcription factor genes (MODY1 and MODY3, 5 and 6)

are probably lethal for the fetus.

When to Suspect MODY?

An important step is to be aware that MODY exists! Our own experience

with the Norwegian MODY Registry suggests that there may be 2–3 patients

with MODY in a clinic with some 100 diabetic children. Since MODY is an

autosomal dominant disease, a careful family history is important. The penetrance

appears to be more than 90% for MODY3 [30, 31]. When a child is found to

have MODY2, however, the affected parent may not be diagnosed yet as the

disease often causes subtle symptoms only and can remain undiagnosed for

many years. Gestational diabetes or impaired glucose tolerance may be present.

As evident from the pedigrees in figure 1, other clinical signs besides the mode

of inheritance are needed. Obesity, which is typically present in children with

type 2 diabetes, is not a common feature in MODY. Still, as the prevalence of

obesity among children is dramatically increasing, in the near future children

with MODY may more often be obese. They will, however, not have signs of

insulin resistance as MODY is caused by a �-cell defect. Other suspicious signs

are a prolonged remission period or (paradoxical) low HbA1c values. In figure 2,

the diagnostic thinking is simplified and summarized.

The next step is to define the MODY subtype [31]. MODY4 and MODY6

are very rare. MODY5 should be considered only if the child also has extra-

pancreatic manifestations such as nondiabetic kidney disease and/or genital

abnormalities [32, 33]. The phenotype of MODY1 is quite similar to MODY3.

The latter is, however, far more prevalent. Therefore, in practical terms,

the pediatrician only needs to distinguish between MODY2 and MODY3.
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Fortunately, this is often simple (table 1). MODY2 characteristically includes a

moderately and stably elevated fasting glucose from birth (5.5–8.0mmol/l),

while MODY3 implies a normal fasting blood glucose in children but with

temporal progression so that adolescents may have an elevated fasting glucose

[34]. Moreover, in MODY2 the increment after an oral glucose load is typically

less than 3mmol/l, while it is more than 3mmol/l in MODY3 (fig. 3) [34].

As for treatment, only a minority of MODY2 patients require insulin (maybe none

as these patients may have had type 2 diabetes in addition), and the affected -

parent will not have diabetes-associated complications. Thus, fasting glucose, 

Fig. 2. Differential diagnostics of diabetes in children. Most often the patients will

present a clinical picture which is typical for type 1 diabetes. In some countries, all new

cases of diabetes mellitus will be screened for autoantibodies against GAD or IA-2, which

in most cases will confirm the diagnosis. When in doubt, especially if parents have diabetes

or the insulin requirement is low, MODY genotyping may be indicated. If the clinical picture

is not typical for type 1 diabetes, and the child is obese, type 2 diabetes may be present.

Investigations which may be indicated are serum c-peptide and insulin, lipids and blood

pressure. Rarely, diabetes may be associated with syndromes like Prader-Willi syndrome.

In these cases, the investigations will have to be aimed at the specific syndrome in question.
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Fig. 3. MODY2 and MODY3 patients respond differently to an oral glucose tolerance

test. Mean glucose concentrations at five time points are shown. The data are based on 245

MODY2 patients and 117 MODY3 patients. After Stride et al. [34].

4

6

8

10

12

14

0 30 60 90 120

Time (min)

P
la

s
m

a
 g

lu
c
o

s
e
 (
m

m
o

l/
l)

MODY3

MODY2

Table 1. MODY: phenotypes and genetic causes

Main cause Enzyme defect Impaired function of a transcription factor

Subtype MODY2 MODY3 MODY1 MODY4; MODY5; MODY6

Relative occurrence common common rare very rare

Mutated gene glucokinase HNF-1� HNF-4� IPF-1; HNF-1�; NeuroD1

Presentation impaired fasting glucose diabetes diabetes diabetes;

and glucose tolerance; often MODY5 only: renal cysts

detected by screening and genital malformations

Onset and at birth; mild adolescence/early adulthood;

nature of hyperglycemia; marked hyperglycaemia;

hyperglycaemia little progression with age becomes progressively severe with age

Blood glucose �3.0mmol/l after 2 h usually �3.0mmol/l after 2 h

increase during

oral glucose

tolerance test

Complications rare common

Treatment diet and exercise diet, oral hypoglycemic agents and, ultimately, nearly

always insulin
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2-hour glucose, insulin requirement and the affected parent’s status versus

treatment and complications is information that should help in discriminating

MODY2 and MODY3.

Treatment

In line with the progressive �-cell dysfunction in MODY3 patients, treat-

ment requirements increase with age. In childhood and adolescence, most

patients will do well on diet. As the �-cell defect becomes clinically evident,

oral drugs will be preferred first and later insulin. When to start medication?

There are no established guidelines. In our hands, we have initiated medical

treatment when fasting glucose exceeds 8mmol/l, 2-hour glucose is more than

12mmol/l, or the patients have glucosuria.

It has been known for a long time that tolbutamide improves glucose

tolerance in young patients with mild diabetes [3]. Care should be used to avoid

hyopoglycemia when treating patients with MODY3, since these patients have

a sensitivity to sulphonylurea, which equals that of healthy persons [9; Sagen

and unpubl. obs.]. Nevertheless, low doses of sulphonlyureas are the first-line

medication for MODY3 patients. Selected MODY3 patients may require insulin

therapy already in adolescence.

MODY2 is usually adequately controlled by physical exercise and a

moderate restriction of rapidly absorbable carbohydrates. If insulin is required,

the patient may suffer from another diabetes type in addition [35].

Complications

Steel et al. [36] observed 4 young patients with proliferative retinopathy

1–7 years after diagnosis of insulin-independent diabetes. Severe diabetic eye

disease was also noted in a Norwegian MODY family [9]. It now seems well

established that the range and severity of diabetic late complications in MODY3

is similar to that seen in type 1 diabetes [16, 37, 38]. Patients with MODY2

may be reassured about a very low, if any, risk of late complications.

Diagnostic and Predictive Genetic Testing

The importance of diagnostic genetic testing is unquestionable [39]. Most

people may want, or even require, a genetic confirmation for themselves or their

children, once there are clinical symptoms of MODY. Identification of a specific

MODY mutation has important therapeutic and prognostic implications, since
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glucokinase diabetes is a benign and nonprogressive disorder, whereas MODY3

needs careful follow-up. The distinction between MODY2 and MODY3 can be

done clinically, based on fasting blood glucose, or an oral glucose tolerance test,

but most reliably by DNA analysis. Predictive genetic testing is less straight-

forward, and the legal regulations may vary in different countries. Communicating

genetic information is inherently difficult and it is important to take into

account the individual’s understanding of genetics and diabetes. The basic fact

of a 50% chance for a child to carry the family’s mutation should be conveyed

to the parents. Likewise, the likelihood for the development of diabetes in the

presence of an HNF-1�mutation is estimated to be 93.5% (not 100%) [30]. The

variable and unpredictable age of onset of MODY3 should also be discussed. If

parents still request that their child be tested, a system for follow-up is required.

Periodic testing for glucose intolerance, e.g. once a year, may be recommended.

MODY is a type of diabetes that warrants genetic counseling because of

its known inheritance and high penetrance. Genetic counseling should also be

offered to families with a strong family history of presumed type 1 diabetes,

since some 10% of these families (without high-risk HLA group) may have

HNF-1�-related MODY [40].

Conclusion

MODY is caused by mutations in at least six genes and should be part

of the differential diagnostic work-up of familial diabetes also in a pediatric

setting. Only two of the MODY subtypes are relatively common, namely,

MODY2 due to mutations in glucokinase and MODY3 with mutations in the

transcription factor HNF-1�. These types can often be distinguished clinically.

MODY2 is characterized by a mildly elevated fasting glucose and only a small

increment in glucose levels after an oral glucose load, while MODY3 typically

implies a normal fasting glucose in childhood which increases with age, and a

larger increment by an oral glucose tolerance test. In MODY2, insulin is sel-

dom needed and late-diabetic complications are rare, while MODY3 shows the

same spectrum of complications as type 1 diabetes. Molecular genetic testing

is now available, allowing a precise diagnosis, which is important for treatment,

prognosis and genetic counseling.
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Diabetic ketoacidosis (DKA) is one of the two acute emergency situations

in those who have diabetes mellitus. Under most circumstances, DKA should

be identifiable and preventable so that any associated complications of DKA

should also be preventable with proper education and treatment. Sick day

guidelines taught to patient and family members should help minimize severe

episodes of DKA in those known to have diabetes. Awareness of presenting

signs and symptoms by the general public as well as by primary care providers

and emergency room personnel should help minimize the severity of DKA with

earlier diagnosis and focus on appropriate physiologic treatment and ongoing

monitoring to minimize potential lethal complications of DKA such as cerebral

edema. Late diagnosis, improper treatment, delayed treatment and improper

monitoring are usually associated with more morbidity and mortality as well as

increased hospital costs. Insulin treatment is only one part of DKA manage-

ment. Fluid and electrolyte monitoring and treatment is often a critical aspect

of such treatment. Recurrent DKA is often a manifestation of individual and/or

family psychosocial pathology. All aspects of DKA recognition, treatment and

prevention must be emphasized to decrease morbidity and mortality of DKA

around the world.

Diabetic ketoacidosis (DKA) is a severe metabolic derangement produced

as a result of insulin deficiency and concomitant fluid and electrolyte imbal-

ance. Unger originally proposed [1] an additional component of effects of coun-

terregulatory hormones outweighing the effects of (waning or absent) insulin

as requirements for DKA to occur. The potential life-threatening consequences

of DKA often reflect severe and/or unrecognized fluid, electrolyte and

acid-base disturbances not treated properly. Delay in entertaining the diagnosis

of DKA in those without a prior history of diabetes, in the very young whose
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diagnosis is not suspected because of the relative rarity of diabetes in infancy

or poor self-care management in those already known to have diabetes long-

standing poor glycemic control all increase morbidity and mortality just as

associated psychosocial problems are associated with poor outcomes under

such circumstances. A four year study in Denver showed an incidence of

ketoacidosis of 8 per 100 person years in a cohort of 1,243 children up to age

19 and already diagnosed with type 1 diabetes with higher risk of ketoacidosis

in younger children, those with higher A1c levels, those with known psychi-

atric disorders and those with underinsurance [2]. Incidence rates for DKA

vary according to age and sex ranging form 4.6 to 13.4 cases per 1,000 persons

with diabetes per year and the complications occurs more often in women and

young children [3]. In 1996, hospitalization costs in the United States for DKA

were more than USD 2.5 billion [4]. In adults in the US, DKA episodes repre-

sented more than USD 1 of every USD 4 spent on direct medical care for adult

patients with type 1 diabetes and USD 1 of every USD 2 in those patients expe-

riencing multiple episodes [5]. Where access to medical care or medical knowl-

edge and sophistication is less than ideal, DKA may be completely missed or

the patient with diabetic ketoacidosis may already present severely dehydrated

or comatose and die before any confirmatory diagnosis is established. Because

the general public is not very aware of the symptoms and signs of diabetes

(polyuria, polydipsia, unexplained weight loss, unexplained new onset enure-

sis), medical attention may also be delayed. In the very youngest infants and

toddlers, onset can be very rapid with fast progression to dehydration and meta-

bolic acidosis if saturated diapers are not recognized; many physicians do not

think about the possibility of DKA in such young children and therefore mis-

take early symptoms for common viral (respiratory or gastrointestinal) illnesses

[6, 7]. In those with known diagnosis, chronic insulin omission [4, 8] – made

acutely worse by miscalculation of when to take insulin or by lack of self-

monitoring – hinders early recognition of such decompensation. Misapplication

of sick day guidelines and the need for extra monitoring and extra insulin can

also lead to excessive episodes of DKA [9–13] just as lack of DKA treatment

protocols, lack of specialty consultation and lack of following established

protocols all contribute to preventable DKA morbidity and mortality [14]. The

goal of therapy of DKA is not returning glucose levels to absolutely normal

levels but rather the reversal of the underlying ketoacidosis itself.

A recent consensus meeting in June 2003 was sponsored by the Lawson

Wilkins Pediatric Endocrine Society (LWPES) and the European Society

for Pediatric Endocrinology (ESPE) with active participation by ISPAD

(International Society of Pediatric and Adolescent Diabetes) and produced a

statement of DKA treatment goals and problems as well as a summary of needed

academic research questions to be addressed by the pediatric diabetology
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community [15]. Effective therapy of DKA requires attention to the pathophys-

iologic changes caused by insulin deficiency and the secondary consequences

of such deficiencies: hyperglycemia, glycosuria and osmotic diuresis, sodium

and water losses, total body potassium deficit, glycogenolysis and also protein

and fat catabolism generating more hyperglycemia and ketonuria, ketonemia and

eventually ketoacidosis. Prompt institution of fluid and electrolyte replacement

along with appropriate insulin administration should produce slow but steady

corrections of such imbalances thereby preventing or minimizing complications

associated with DKA [16–24].

All stages of ketoacidosis from the earliest increases in blood glucose

through increasing generation of ketone bodies to ketonemia, acidemia and

eventually ketoacidosis may lead to coma and death. Despite appropriate use of

insulin and fluids and continuous clinical observation, the mortality rate of

DKA has not improved and has remained the same as that reported in the 1970s

[25, 26]. Diabetic ketoacidosis must be distinguished from a chronic state

of hyperglycemia whose diabetes is merely ‘out of control’. There is no uni-

form definition of what constitutes DKA. Many articles and many textbook

chapters use idiosyncratic definitions which may or may not be consistent with

others’ definitions. Diabetic ketoacidosis might be defined in reference to car-

bon dioxide levels (or serum bicarbonate) equal to or less than 10mEq/l [4].

When comparing what is written in textbooks and the literature, especially con-

cerning outcome and associated problems, it is very important to define pH,

acid-base status as well as level of glycemia. The exact level of hyperglycemia

or ketosis in DKA can be extremely variable. The term ‘diabetic coma’ in the

medical literature often is misleading since most patients with severe diabetic

ketoacidosis are not necessarily ‘unconscious’.

Proper early recognition and treatment by the patient and/or his or her

family before hospitalization is a necessity. Younger patients more often present

in DKA than older youth or adults [27]. This must be followed up by identifi-

cation of precipitating factors [28] and education to prevent recurrence.

Physicians and nurses should be taught how diabetes presents as well as how

subtle symptoms and signs might be in the very youngest babies in an effort to

prevent more serious metabolic decompensation. In many places around the

world, newly diagnosed diabetes in children and adolescents remains unrecog-

nized or is diagnosed only in its most severe manifestations [25, 29–31]. In one

study in New York [32], if the diagnosis of diabetes itself was missed, up to

68% of children presented in DKA compared to less than half if the diagnosis

was considered and made. In underprivileged adult communities, drug or alco-

hol abuse is commonly associated with diabetic ketoacidosis [33] so this should

be not forgotten when teenagers or young adults present to emergency facilities

or clinics. DKA is slightly more likely to occur in those patients treated with
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subcutaneous insulin infusion pumps compared to similarly aggressive

management with multidose insulin protocols [34] because interruption of the

pump insulin produces fat and absolute insulin deficiency and there is no long-

acting or intermediate-acting insulin depot (no NPH, lente or glargine being

used, for example).

Special efforts to educate and re-educate pump treated patients is needed

to sustain frequent blood glucose as well as urine or blood ketone monitoring

during any unexplained instances of hyperglycemia in pump-treated patients.

They should be taught, like all patients with diabetes, details of how to respond

early enough to prevent most episodes of full decompensation although some

catheter disconnections or insulin delivery problems (battery failure, alarm

failure, clogged catheters) will always be inevitable.

Sick Day Guidelines and at Home Management to 

Prevent DKA

As health care professionals, a main goal of learning about living with dia-

betes must remain teaching recognition of what happens with an intercurrent

illness and how to make adjustments in fluid intake and insulin administration

accordingly. Most illnesses can be managed at home with such adjustments and

with phone consultation available. DKA does not happen very quickly and

usually allows sufficient time to adjust insulin [35] – if one is aware of the pos-

sibility of DKA and metabolic decompensation as well as willing to take steps

(i.e. give extra insulin, provide extra salty fluids, monitor for possible dehydra-

tion, check ketone levels) to counterbalance such metabolic needs. Education is

a necessity but the ability and willingness to use such self-care education and

skills is also a requirement to prevent DKA from becoming a serious and life-

threatening event [36]. Studies in Germany [27] and Scotland [37] elegantly

document the importance of emphasis on teaching sick day rules (table 1) and

applying them satisfactorily to decrease emergency room visits and to increase

family home competence to manage illnesses, adjust insulin upwards if hyper-

glycemia and/or ketonuria/ketosis occur and also to occasionally adjust insulin

downwards with other illness. All this is based upon frequent home glucose

monitoring coupled with either urine or blood ketone monitoring as well. If a

patient or family does not monitor or is unable to monitor or keep records, they

obviously lose the ability to detect any subtle or changing patterns of glycemia

so that recognition of impending hyperglycemic crises is delayed or absent.

Urine glucose monitoring serves the same purpose in situation where blood

glucose testing is unavailable. The benefit of home or self blood glucose

monitoring is its ability to provide prompt recognition of a changing pattern
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especially when any illness occurs. Such monitoring can signal a changing pat-

tern of increasing glycemia as well as provide an increasing attention to accom-

panying other warning signs as increasing thirst, polyuria, nocturia, enuresis,

malaise, weight loss, nausea, vomiting and ketonuria. Home blood capillary

Table 1. Sick day guidelines 

Preventive measures include the following sick day guidelines. These should be taught to all

families and, as age-appropriate, to children and adolescents with type 1 diabetes mellitus.

Fathers and not just mothers should be taught such guidelines. Periodic (annual) review should

be documented in the medical record. These sick day guidelines should be started whenever

symptoms suggest the possibility of DKA, whenever blood sugars exceed 240–250mg/dl

(approximately 14mmol/l) or with any unexplained weight loss or evidence for an intercur-

rent illness (i.e. cough, fever, runny nose, GI upset, rash or similar exposure):

1. Home/self blood glucose monitoring (HBGM or SBGM) – with adult supervision even

in adolescents – at least every 3–4 h and occasionally every 1–2 h and with results

recorded in a log book

2. A minimum of urine ketone testing – or �-hydroxybutyric acid blood testing – every

2–4 h with results recorded in a log book

3. Continued monitoring in the middle of the night (no matter how tired the patient or

family)

4. Increased salty fluid (i.e. clear salty broth) to combat dehydration or sugar/salt solu-

tions such as Gatorade®, Lytren®, Pedialyte® if eating is also decreased and some

source of fast sugar is needed; decarbonated cola or ginger ale sodas may also provide

some electrolytes as well as added water and sucrose under such circumstances 

5. Weight obtained every 8–12 h each day at home to monitor for clinical dehydration

6. Treatment of underlying illnesses (appropriate antibiotics for bacterial infections) 

7. Antipyretics (usually acetominophen) if needed

8. Antiemetics (such as Pepto Bismol®) if severe vomiting prevents adequate fluid intake

9. Continue insulin and usually extra insulin ‘booster shots’ (10–20% extra based upon

previous total day’s insulin doses and repeated every 2–4 h) for as long as hyper-

glycemia and/or ketonuria persists

10. Recognize when insulin dose (rarely) needs to be temporarily decreased – based upon

documented hypoglycemia rather than hyperglycemia during illness; most often this

involves a gastrointestinal illness rather than a respiratory illness

11. Contact (telephone) with health care team if symptoms persist, worsen or resolution does

not occur (especially persistent and severe abdominal pains, persistent emesis, deeper

and/or more labored respirations, weight loss or change in neurologic status of any kind)

All too frequently a physician or nurse advises omission of insulin because the patient is ill

and not eating. Under no condition should this be routinely done since most episodes of

DKA require more insulin despite less food intake. There are some occasions when fast-

acting or even intermediate/long-acting insulin doses should be temporarily decreased or

discontinued but this should occur only when blood glucose levels are documented to be low.

The health care team may be able to recognize certain patterns of community epidemics and

use this information to advice patients and family members of what to expect.
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�-hydroxybutyric acid testing with readily available and inexpensive blood

testing strips may provide information for patients and/or their family members

to act earlier or more aggressively to head metabolic decompensation and

replace urinary acetone/acetoacetate test strips currently available [38–42].

Emphasis on identifying possible ‘metabolic stresses’ such as those occurring

during intercurrent illnesses (respiratory and/or gastrointestinal) is extremely

important to allow the patient and/or family members to increase blood glucose

and ketone monitoring. Intercurrent infections sometimes produce changes in

insulin effectiveness for 8–24 h prior to the onset of overt symptoms. Being

alert to metabolic parameters changing in such a fashion often allows sufficient

insulin and fluid compensation to altogether prevent further progression of the

ketoacidotic state. Ketoacidosis does not occur because of overeating or other

‘dietary indiscretions’.

Recurrent Diabetic Ketoacidosis

Ketoacidosis is not a sudden complication of having diabetes takes from

several hours to several days to develop in the vast majority of patients. Most

cases of DKA can be recognized by well-educated patients and their families.

Parents or another responsible adult should be taught and expected to directly

supervise or actually perform blood glucose testing, ketone testing and insulin

administration. Teens who are otherwise self-sufficient as well as adults when

they are ill may want to sleep and not take the time and effort to monitoring

appropriately. Other family members should be designated to follow sick day

guidelines and assist under such circumstances. Those with elevated hemoglo-

bin A1c values are, by definition, chronically decompensated and out of control

so may have less reserve of water and minerals so that dehydration may occur

more quickly. Telephone consultation with a member of the health care team is

extremely important to help decide what is occurring at home and whether or

not more detailed medical observation is necessary. A plan of action can be

outlined with the family members ‘serving as the eyes and ears’ for the health

care team. The extremely ‘brittle’ or ‘labile’ child or adolescent who presents

with recurring DKA, often from a tumultuous family environment, may be the

exception to this rule in approximately 2% of a general pediatric endocrinology

or pediatric/adolescent diabetes practice [3, 43]. A study in Leicester, UK, sug-

gested that 20% of pediatric patients accounted for 80% of all admissions for

DKA at the Leicester Royal Infirmary [44]. Such youngsters, usually around

adolescence [4, 32] but occasionally a few years younger, seems to be

enmeshed with parental and family issues that often demand that they ‘be sick’

in order to gain attention from other family members [45, 46]. DKA in children
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and adolescents appears to occur 14 times more commonly in boys than in

girls in one study [47] but just the opposite was found in other studies of DKA

[48, 49]. Many episodes of diabetic ketoacidosis occur when insulin doses are

‘forgotten’ [4, 47] although stress-related crises are frequently part of the his-

tory obtained. Sexual abuse, physical abuse, mental abuse, parents or family

members who are drug or alcohol abusers or those family situations in which

patients are neglected and left to care for themselves often are the true under-

lying factors to explain recurrent DKA.

Omitted Insulin – Usually the Explanation for 

Recurrent DKA

Since omitted insulin is usually suspected in such patients, prevention of

recurrent DKA involves recognition and acknowledgement of the problem in

those in the worst glucose control (highest hemoglobin A1c, for instance) and

working out specific arrangements to have responsible adults at home actually

administering insulin doses several times each day while psychological therapy

is begun. Such cases are more common than is generally acknowledged, are

difficult to diagnosis and often respond – in the midst of their DKA episodes –

more quickly than other cases to routine fluid, electrolyte, and insulin adminis-

tration because ongoing infections as a precipitant is not present. Recent phar-

macy computer studies in Scotland document that omitted insulin is very

common [5, 47]. Psychological intervention becomes mandatory under such

circumstances [4, 41, 50]. A novel approach to missed insulin injections as a

cause of recurrent diabetic ketoacidosis prescribed insulin pumps in an attempt

to decrease the amount of time when inadequate insulin was available and doc-

umented reduced emergency room episodes as well as significant reductions in

emergency room and hospitalization costs [51, 52] but this has not received

wide clinical acceptance.

Acute Hospital or Emergency Room DKA 

Management (table 2)

Fluid and Electrolyte Management

Initial Sodium and Water Management. The severity of mental status

changes is likely related to serum osmolarity [53]. The weight of the patient can

be used for initial estimation of replacement fluids on the assumption that

dehydration is mainly reflected by acute body weight loss. Surface area esti-

mations may be used to estimate fluid needs at all ages and are particularly
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Table 2. NEDEC DKA low-dose insulin infusion protocol for children and adolescents

[adapted from Brink, SJ: New England Diabetes and Endocrinology Center, 2004®]

1. Maintain airway, breathing and circulation. Consider low flow nasal oxygen

2. Confirm diagnosis of diabetic ketoacidosis at bedside and consider infections, surgical

emergencies and other possible precipitants

3. Start intravenous infusion with normal saline 10–20 cm3/kg to run over 1–2 h

4. Lead II EKG for potassium status (full EKG in adults to rule out myocardial infarc-

tion)

5. Start flow sheet: weight, height, surface area calculations, pulse, BP, respiratory rate

and effort, neurologic status including fundoscopy, baseline glucose, urine, elec-

trolytes, calcium, phosphate, acid-base data and renal functioning

6. Determine estimated maintenance and deficit for electrolyte and fluid orders and

assume correction over 36–48 h rather than 24 h in an effort to minimize cerebral

edema complications

7. Attach piggyback short-acting insulin infusion system to existing intravenous line:

a. Prepare 100 units regular insulin (1 cc) in 100 cc of normal saline

b. Preflush intravenous tubing to allow adherence of insulin to plastic; no need for

albumin

c. Set up piggyback system into existing intravenous line using available pump or

pediatric set

d. Give 0.1–0.2 units/kg of body weight as intravenous push (bolus) of fast-acting

regular insulin

e. Start 0.1 unit/kg body weight/hr intravenously by continuous infusion

f. F Expect initial drop from rehydration and then approximately 10% of blood sugar

hourly (50–70mg (or approximately 3–4mmol)/dl/h)

g. Monitor blood glucose at 1 h and then every 2–4 h to ensure expected response

h. Monitor urine for ketone bodies at least every 3–4 h or, alternatively and if avail-

able, monitor blood �-hydroxybutyric acid sequentially every 2–4 h

i. Double rate of infusion or switch to alternative insulin delivery protocol if no

response

j. Calculate estimated time when blood glucose will reach 250–300mg/dl (or approxi-

mately 14–17mmol/dl) to avoid hypoglycemia

k. Stop insulin infusion when blood glucose reaches 250mg/dl (or approximately

14mmol/dl) and change intravenous solution to contain 5% dextrose with electrolytes

8. After initial 1–2 h of normal saline infusion, change intravenous solution to 40mEq/l

of potassium using 20mEq/l KCl plus 20mEq/l K2HPO4 to avoid iatrogenic

hypokalemia in either 0.5 or 0.9 normal saline (see text)

9. Check electrolytes at 2–4 h and again as necessary according to clinical monitoring

requirements, patient status, etc. to adjust type of fluids and rate of administration;

evaluate abdominal pain appropriately

10. Must give subcutaneous insulin or intramuscular insulin 15 minutes before intravenous

insulin is discontinued or if line no longer operational because of short half life of intra-

venous insulin to avoid recurrent ketoacidosis; adjust dosage according to newness of

IDDM, degree of ketosis and/or acidosis, age of patient, known sensitivity or other fac-

tors which will affect amount of insulin needed (pregnancy, renal failure, infection, etc.)
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useful in infants and children but can also be used in adolescents and adults for

estimating maintenance needs. The severity of the signs and symptoms of dehy-

dration reflect extracellular fluid loss with minimal clinically detectable evi-

dence of dehydration approximately 3–5% loss of body weight. With 20% acute

volume depletion the patient is, by definition, in profound shock and often

moribund. (20% acute plus chronic weight loss is not all water loss so that

patients who are newly diagnosed and give a history of significant weight loss

are not necessarily 20% dehydrated since they have lost muscle and fat as well

as water weight.) Because extracellular fluid loss represents the loss of sodium

and water, immediate restitution of blood volume can be provided using esti-

mated 10–20 cc/kg of body weight with normal (0.9%) saline given over the

first 1–2 h of treatment. This effectively removes the patient from the immedi-

ate consequences of potential or overt shock and does not cause any delay

searching for special/expensive intravenous solutions (blood, Ringers lactate,

albumin, etc.). Because most young patients will not have pre-existing or seri-

ous cardiac or renal problems, there is not much danger in providing such ini-

tial hydration. In an adult or elderly patient, caution may be required vis-à-vis

such pre-existing cardiovascular or renal problems because of problems with

fluid overload and generalized vascular status, perfusion capability, etc.

Maintenance water, sodium and potassium can be estimated according to

standard pediatric guidelines based on surface area estimations: water: 2,000

(1,500–2,000 range) cm3/m2/24 h; sodium: 40 (30–60 range) mEq/m2/24 h; and

potassium: 40 (30–50 range) mEq/m2/24 h. Total body deficits can be enor-

mous and not always readily reflected via initial laboratory measurements. The

serum sodium may be high, normal or low but this is not an accurate measure

of the absolute sodium requirement especially if there has been technical arti-

fact because of concomitant hyperlipidemia. Most centers suggest the use of

normal saline (0.9%) intravenously for the first 1–4 h with a switch to half-

normal (0.45%) saline several hours into therapy. More recently, because of the

Table 2 (continued)

11. Identify and treat any underlying problem (i.e. continue antibiotics as needed for uri-

nary infection, streptococcal disease, etc.)

12. Keep flow sheet up to date and reassess frequently

13. Pay attention to vital signs, abdominal exam, neurologic status (including examination

of the optic disk) and electrolyte changes; detect and treat cerebral edema; consider

cerebral CT or MRI studies to rule out cerebral edema, cerebrovascular accidents and

cerebral venous thrombosis if abnormal neurologic findings occur

14. Educate patient and family to prevent recurrence: identify contributing psychosocial

problems



Diabetic Ketoacidosis 103

chance that cerebral edema is more common than appreciated [54], recommen-

dations to continue normal saline for a longer time period have been proposed

to allow osmotic re-equilibration in a more leisurely time frame [50, 55–59]. If

the total deficit of sodium is sufficiently excessive and if hypovolemia is great

enough, glomerular filtration may decrease and the patient may present with

oliguria or progress to acute tubular necrosis. Central venous catheters or dial-

ysis are rarely needed in children and adolescents although may be extremely

useful under specific circumstances.

Potassium. Because of the acidotic state, potassium is usually driven out of

the intracellular space while a state of kaliuresis exists as the kidney attempts

to save sodium (Bunge effect). Initially, serum potassium levels can be either

normal, elevated or low depending upon where in the dynamic state one obtains

potassium levels. With treatment as dehydration is corrected, lactic acid

production decreases and some potassium begins to shift back intracellularly

fostering peripheral hypokalemia. With insulin administration, ketoacid pro-

duction decreases also fostering entry of potassium intracellularly. Serum

potassium should be expected to decrease soon after appropriate DKA treat-

ment begins so an early finding of hypokalemia can be worrisome if it presages

further serious hypokalemia.

Sequential bedside EKG rhythm strips for T or U wave changes or cardiac

monitoring allows identification of potential dangerous hypokalemia necessi-

tating a change in potassium replacement (increasing potassium replenish-

ment). Occasionally, metabolic decompensation has progressed to the point

that hypokalemia is present initially; this has a more ominous prognosis

because of the cardiac arrhythmias that can coexist at that time or shortly after

the acidotic state begins to change. Potassium should be given immediately if

hypokalemia is suspected or documented. Usually, potassium is added in the

second to fourth hour of treatment. Early and vigorous treatment with potas-

sium replacement may decrease mortality and morbidity. It has been suggested,

therefore, that potassium be added to the initial intravenous solution as soon as

a reliable history of polyuria has been obtained in a child or once the first urine

is voided since young patients are not at high risk for cardiac or renal com-

promise from pre-existing abnormalities compared to adults or the elderly.

Potassium can be replaced at a rate of 40mEq/l of solution without danger of a

rapid rise in blood levels or of irritation at the intravenous site. Half could be

given as potassium chloride (20mEq/l KCl) and the other half as potassium

phosphate (20mEq/l K2HPO4) for the first 6–12 h of replacement therapy

although replacement only with KCl produces as good clinical outcomes in

published literature as when half phosphate and half chloride salts are used.

After several hours, only potassium chloride should be used so that iatrogenic

hypocalcemia does not occur (see phosphate treatment section below). On rare
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occasions, more potassium is needed and this requires closer cardiac monitor-

ing, more frequent serum potassium determinations and even nasogastric potas-

sium administration if intravenous access is problematic.

Bicarbonate (table 3). Since acetoacetate and �-hydroxybutyrate are

metabolizable anions, restoration of serum bicarbonate concentration usually

will follow insulin administration in the absence of treatment with alkali con-

taining solutions. Acidosis results from a combination of (1) release of fatty

acids secondary to insulin deficiency; (2) generation of ‘ketone bodies’;

(3) starvation from poor food intake and, in some instances (4) excessive

production of lactic acid because of plasma volume depletion, poor tissue

perfusion and an increase in anaerobic glycolysis in muscles. Concerns for con-

sequences of severe metabolic acidosis have been balanced by fears of cerebral

edema and respiratory arrest when bicarbonate is replaced ‘too quickly’ [55,

60]. Life-threatening hypokalemia (as potassium returns back into the cell) as

well as worsening tissue hypoxia affinity for oxygen can be added to the list of

possible bicarbonate treatment complications (table 3). Treatment with sodium

bicarbonate should be restricted to patients with a severe metabolic acidosis as

indicated by an arterial pH of 7.0–7.1 or less or a bicarbonate value of less than

5mEq/l. Rapid infusions or large amounts over a short time span should not be

routine and should be reserved for acute and life-threatening cardiorespiratory

arrest situations. If sodium bicarbonate is given, the amount of sodium should

be subtracted from that amount of sodium contained in the replacement fluids

to avoid exacerbation of the (already) hyperosmolar state. When sodium bicar-

bonate is used, it should be given by slow intravenous infusion over several

hours [55, 56, 61–63]. Frequent serial pH and/or bicarbonate determinations

should be obtained so that the administration of bicarbonate can be discontin-

ued when the pH reaches 7.2–7.25. If calculations of base deficit are utilized, a

practical approach would suggest giving approximately 50% of the calculated

deficit (0.3 � body weight in kg � base deficit) in mmol over 30min.

Favorable results are reported on low-dose insulin protocols [64] without rou-

tine bicarbonate administration. An increase in carbon dioxide (as respiratory

effort decreases with an abatement of Kussmaul respirations) and the more

slowly moving bicarbonate diffusion across the blood-brain barrier may explain

Table 3. Complications associated with bicarbonate administration in DKA

a. Abrupt osmotic changes

b. Precipitous potassium changes

c. Overshoot alkalosis

d. Potential hypoxia with shift of oxyhemoglobin dissociation curve

e. Cerebral edema, coma and death
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a paradoxical cerebrospinal acidosis associated with bicarbonate administra-

tion. Cerebral vasodilatation and an increase in cerebral blood volume may

contribute to an increase in cerebrospinal pressure and cerebral edema as well

as account for the changes in levels of consciousness in patients receiving

sodium bicarbonate.

Calcium, Phosphate and Oxygen. Patients with diabetic ketoacidosis sus-

tain intracellular phosphate depletion. Serum phosphate often follows a pattern

similar to that of potassium. Although initial serum phosphate values may be

normal or elevated, within 4–6 h after insulin treatment has begun, these values

often may fall dramatically as glycogen deposition resumes and phosphate

moves intracellularly. The consequences of hypophosphatemia may be reflected

in red blood cell levels of 2,3-diphosphoglycerate (2,3-DPG), an intermediary

metabolite of glycolysis. The role of red cell 2,3-DPG in diabetic ketoacidosis

is important because 2,3-DPG has the capacity to alter the affinity of the hemo-

globin molecule for oxygen and thus the delivery of oxygen to tissues. A fall in

2,3-DPG content may cause tissue and cerebral hypoxia in patients with dia-

betic ketoacidosis, hence the recommendation that most patients being treated

for DKA should receive oxygen at least for the first few hours of treatment. In

any patient with known or suspected cardiac, renal and/or cerebrovascular com-

promise, there is potential benefit in ensuring adequate oxygen supply and

minimal risk using nasal oxygen delivery under such circumstances.

If sodium bicarbonate is given in sufficient amounts to raise the pH of the

blood too rapidly, the protective Bohr effect which allows oxygen to be released

in the face of acidosis is reversed. Because of such theoretical concerns vis-

à-vis oxygen delivery and the acid-base status of the patient, reservations about

bicarbonate administration exist. The sudden rise in hemoglobin affinity for

oxygen might lead to tissue hypoxia and account for the sudden deterioration

of some patients receiving bicarbonate. This sequence of events following the

administration of sodium bicarbonate might contribute to cerebral edema. This

author [3] suggests replenishment of phosphate losses by providing 50% of the

needed potassium replacement and maintenance as phosphate salts and 50% as

chloride salts (see ‘Potassium’ section above). This is provided for the first

6–12 h of intravenous fluid therapy so that changes in calcium-phosphate ratios

are not excessive. Therefore, oxygen is also recommended at low flow rates and

usually delivered by nasal prongs.

Insulin: Bolus, Intramuscular, Continuous Intravenous Protocols

The best route of administration and the dose of insulin necessary for

treatment of diabetic ketoacidosis are unknown. Successful results have been

published with differing insulin regimes for several decades although most

experts currently recommend continuous low-dose infusion insulin. All patients



Brink 106

in ketoacidosis have an immediate need for insulin and, no matter which proto-

col is followed, fluid and electrolyte replacement as well as recognition of

underlying precipitating events must remain high on the list of priorities to

decrease morbidity and mortality. Close and repeated clinical as well as labo-

ratory observations are mandatory to enable the wisest and safest therapeutic

approaches and to allow for their modification once therapy begins since DKA

and its treatment require such vigilance to maximize safety and positive out-

comes (table 4).

The giving of ‘enough’ insulin (table 5) should be one’s aim. This should

be guided by initial and subsequent blood sugar levels as well as clinical follow-

up, duration of symptomatology, severity of dehydration etc. Blood acetoac-

etate and acetone levels may rise initially despite a much greater fall in

�-hydroxybutyric acid as a result of acid-base changes and insulin treatment

involved with fat metabolic effects. Blood and urine ketone determinations

(which only measure acetone and acetoacetate, and not �-hydroxybutyrate)

may RISE rather than fall as therapy starts to proceed. New strips for rapid

blood �-hydroxybutyric acid level determination [42] may help adjust treatment

needs more physiologically. Urine ketone determinations are far less useful as

an index of additional insulin requirement than is clinical response and blood

glucose changes. Physicians should be wary of increasing insulin dosage solely

because of worsening measures of only acetone and acetoacetate in blood and/or

urine. In fact, this should be expected over the first few hours of successful

treatment as �-hydroxybutyric acid is converted to acetoacetate and acetone

[65]. Too vigorous insulin administration may lead to too rapid decreases in

blood glucose and therefore excessive osmotic changes; the risks of cerebral

edema might increase if this crucial metabolic fact is ignored. Human regular

insulin, because it is less allergenic than other insulin preparations, should be

the regular insulin of choice unless it is unavailable (or the patient is known to

be using an alternative insulin product already). Rapid acting insulin analogs

like lispro insulin (Humalog®) and insulin aspart insulin (NovoRapid®) can also

be used under such circumstances intravenously, intramuscularly or subcuta-

neously. Both of these newer analogs (Humalog and NovoRapid) when given

subcutaneously may be needed closer to every 2–3 h rather than every 4–6 h

compared to human regular insulin (Humulin and Novolin) because of their

absorption characteristics.

Many factors determine the amounts of insulin required as summarized in

table 4. The largest doses are generally needed in older more overweight patients

who have had diabetes for some time, particularly when insulin has not been

administered regularly (i.e. chronically omitted) or when insulin has not been

given during the initial hours of an illness. Newly diagnosed patients who are

very acidotic may require very large amounts of insulin whereas others are
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exquisitely sensitive. The new ‘epidemic’ of overweight adolescents presenting in

DKA but who soon look more like type 2 Syndrome X/non-insulin-dependent

diabetes mellitus [66] has presented peculiar challenges to health care providers

because of the often enormous amounts of insulin required in the first few days

of DKA and subsequent treatment – until suddenly insulin resistance appears to

decrease and dramatic reductions of insulin are then needed with resolution

of initial ‘glucose toxicity’. Similarly, a recent review of deaths in African-

American youth considered to have died from DKA but actually dying from

hyperglycemic hyperosmolar states at the onset of type 2 diabetes poses major

problems for the diagnostician as well as the treatment team [67]. Smaller chil-

dren, infants and toddlers seem to be more sensitive to insulin than older children

and teenagers. At least one physician must at all times be in charge and know the

time of insulin administration, the relation of subsequent blood sugar determina-

tions to each dosage, and the time of starting as well as the rate of flow of fluids

and electrolytes. Keeping a flow sheet may be the single most important task

(once the diagnosis is established and treatment begun) because of the dynamic

state of affairs present in this condition and how much can change once treatment

begins. There is not substitute formula to replace close hour-to-hour observation

of the patient and supervision of treatment by the physician and hospital team.

Bolus Insulin. In the past, traditional insulin therapy has been given by a

combination of bolus intravenous as well as bolus subcutaneous regular insulin.

Table 5. When to modify insulin dose in DKA treatment [35]

A. Increase dose

1. Very high usual insulin dose

2. Longer duration of diabetes

3. Severe infection

4. Extreme obesity

5. Insulin resistance

6. Severe acidosis

B. Decrease dose

1. Newly diagnosed patient

2. Not unconscious

3. Blood sugar below 400mg/dl (approx. 22mmol/l)

4. Very thin person

5. Young infant or child

6. History of skipping insulin

7. History of insulin sensitivity (i.e. very low insulin dose)

8. Renal insufficiency

9. Hypokalemia

10. Extreme hyperosmolality
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Any possibility of decreased perfusion to a particular subcutaneous area, there-

fore, was eliminated because some insulin was available directly into the blood

stream. Insulin was given according to a variety of guidelines which were

related to body size, weight and/or habitus with numerous protocols described

in textbooks around the world. Multiple decisions regarding initial and subse-

quent dosage amounts were required but most patients recovered without

excess morbidity or mortality; in fact, with appropriate sequential blood sugar

and electrolyte monitoring, mortality figures drastically decreased over the

years that insulin has been available. Children were usually given less insulin

empirically than adults. It was not infrequent to have the initial doses of insulin

(given in this large bolus fashion) of sufficient magnitude so that no further

insulin was needed for many hours after treatment. Hyperglycemia was rapidly

corrected over a few hours and often there was an excess of subsequent hypo-

glycemia from all the insulin administered and accumulated in the body [40].

Intramuscular Insulin. The earliest reports advocating the use of intramus-

cular insulin in the treatment of diabetic ketoacidosis were published in the

German literature [43]. Because intramuscular insulin may produce a faster

absorption of insulin and a greater drop in blood glucose levels when compared

to subcutaneous doses, several investigators started to look at the use of fre-

quent but smaller doses of intramuscular insulin injections. British diabetolo-

gists [68] recommended hourly intramuscular insulin administration. For

youngsters, a loading dose of 0.25 units of regular insulin per kilogram fol-

lowed by 0.1 units per kilogram per hour intramuscularly. The benefits of intra-

muscular treatment over intravenous plus subcutaneous treatment with insulin

consist of the following: (1) ease of protocol comprehension by staff; (2) no

need for complex apparatus to deliver insulin; (3) no need for complicated cal-

culations of insulin dose; (4) little risk of late hypoglycemia because of the near

normal blood insulin levels achieved; (5) smooth fall in blood lactate; (6) no

major potassium fluxes, and (7) decreased potential for cerebral edema because

of the slower falls in blood glucose and slower osmotic changes. Potential prob-

lems utilizing intramuscular insulin protocols arise when rehydration and elec-

trolyte disturbances receive inadequate attention particularly if the patient is

already hypotensive at presentation. Another source of potential concern is the

choice of injection site for the insulin; if the buttocks are used, the injected

insulin may be deposited in the fat not the muscle tissues. In order to avoid this,

the recommendation has been to utilize a muscle such as the deltoid which is

readily and predictably accessible even in those patients who are overweight or

obese.

Intravenous Low-Dose Continuous Infusion. More so than with intramus-

cular protocols, intravenous low-dose regular insulin infusion has become the

standard method of treating diabetic ketoacidosis [14–21]. Although the original
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reports from Germany were in 1946 [69] and then again in 1960 [70], it was not

until 1972 when interest was stirred and enthusiasm generated for low-dose

insulin infusions for ketoacidosis based on studies [70] where such treatment

was ‘rediscovered’ [71]. The slow and predictable decrease in blood glucose has

been viewed as a marked improvement compared to larger bolus insulin treat-

ments previously used. Generally, blood sugar falls by approximately 10%

hourly once the initial ‘dehydrated’ blood glucose value is corrected (with the

first few hours of hydration). Correction of acidemia and restoration of elec-

trolyte status and lipid profiles presumably occurs at a slightly slower rate com-

pared to earlier intravenous insulin protocols because of the smaller amounts of

insulin being given; in some studies, no significant differences among the three

types of insulin dosing protocols could be found [71–73]. Early fears of insulin

resistance have not been confirmed nor has there been any noticeable increase

in mortality [74–77].

One protocol for use of low-dose continuous insulin infusion is presented

in table 1. Albumin is not needed to prevent insulin adsorption to glass and/or

plastic bottles and tubing. Infusing insulin at these rates allows for adequate

blood insulin levels to correct hyperglycemia, inhibit lipolysis, inhibit

glycogenolysis and correct abnormalities in counter-regulatory hormone levels

found in ketoacidosis. If blood sugars do not respond as expected, it should be

verified that insulin was actually administered and delivered. Medical errors

include unconnected catheters, non-transcribed medical orders, delivering flu-

ids and electrolyte solutions but forgetting to administer insulin all are varia-

tions of the theme of not actually administering or delivering insulin to the

patient in DKA. If insulin actually is being delivered and the blood sugars

remain elevated, the dose should either be doubled or an alternative protocol

utilized. As in all other treatment regimes, uncorrected severe dehydration

and resulting hypovolemic shock remains a potential cause for nonresponse

especially from underestimated ongoing losses. The presence of documented

infection seems to slow down return of all parameters of metabolic control

but is not significantly different clinically in low-dose vs. high-dose protocol

comparisons [78].

When blood sugar falls to approximately 250mg/dl (approximately

14mmol/l), 5% dextrose is added to the intravenous fluids and subcutaneous

insulin is started. Sometimes, the insulin infusion is then discontinued but no

order follows to give subcutaneous insulin and a state of ongoing insulin defi-

ciency then occurs! In order to avoid this type of error, it seems wise to specify

in hospital DKA protocols that subcutaneous insulin be given one half hour

before the continuous insulin infusion is terminated. Some authors recommend

continuing intravenous insulin but at half the initial ordered dose and rate if the

correction of hyperglycemia occurs more rapidly than the acidosis.
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The benefits of continuous intravenous insulin treatment for diabetic

ketoacidosis [15–18, 20, 64, 79] are the same as those for intramuscular treat-

ment: (1) more gentle osmotic correction of hyperosmolar state; (2) reduced

risk of hypoglycemia because the decrease is more predictable; (3) decreased

severe hypokalemia; (4) decreased theoretical risk of cerebral edema; (5) elim-

ination of guessing the dose required. Repeated intramuscular injections are

obviously not necessarily – an especially important benefit when dealing with

small children scared of needles anyway. The major drawback may be the need

to ensure a continuous intravenous route, especially a problem in the severely

dehydrated patient or in the child who is difficult to restrain and keep quiet.

Because of the very small amounts of insulin being given per hour, infusion

pumps are often required; searching for special apparatus should not cause

undue delays in beginning fluid and electrolyte therapy or in actually starting

insulin replacement. Often a pediatric infusion set can serve the same purposes

and not require specially trained personnel for monitoring.

One additional advantage of the low-dose continuous insulin infusion

method is that the infusion rate can be titrated against changes in the blood

sugar in an almost instantaneous fashion because of the very short plasma half-

life of insulin and the fact that no depot insulin is in use. This can also be a dis-

advantage if the infusion is inadvertently discontinued. As a precaution against

this occurring, the protocol used by this author stipulates that the insulin be

hung in piggyback fashion and that the rate of delivery of insulin be controlled

and ordered separately from that of the replacement fluids and electrolytes. In

addition, the infusion is continued for 15–30min after the dose of subcuta-

neous insulin is finally administered – as a safeguard to prevent omitting the

subcutaneous dose but still discontinuing infused insulin. As more people are

using faster acting insulin analogs like lispro insulin (Humalog) and aspart

insulin (NovoRapid), this preparatory time may not be as important as with

synthetic human or animal insulins.

With both the intramuscular and the continuous intravenous protocols,

physician and staff complacency must be avoided. The physician and ancillary

personnel thus should have more time to consider precipitating factors and ongo-

ing processes as well as to devote more attention to the fluid and electrolyte

abnormalities which may be more lethal to the patient. It would be difficult to

argue that low-dose treatment methods are MORE effective than others, but they

appear to be simpler to use, easier to teach, and for these reasons, better treat-

ment for diabetic ketoacidosis. A DKA treatment study in Tennessee [80] com-

paring fast-acting insulin analogs with more conventional therapy suggested

equivalent therapeutic results. A population based study comparing bolus insulin

injection versus continuous insulin infusion in the treatment of diabetic ketoaci-

dosis suggested decreased hypoglycemia with continuous insulin infusion [73].
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Carbohydrates

Carbohydrate is necessary as substrate for insulin action if fatty acid break-

down is to be rapidly halted [65]. Under many conditions of DKA presentation,

lack of appetite or lack of food and caloric intake is part of the presenting pic-

ture so that starvation ketosis may add to the dilemma of ketoacidosis (insulin

deficiency) and lactic acidosis (tissue dehydration). This author suggests that

glucose be added to the intravenous fluids when the blood glucose is in the

250–300mg/dl (approximately 14–17mmol/l) range. For some patients whose

problems of ketoacidosis are secondary to dehydration and vomiting, and who

enter with blood sugars in the low 300mg/dl (approximately 17mmol/l) range,

this means giving 5% dextrose with the initial fluid solution. For other patients,

this means adding 5–10% dextrose at 5–12 h after initiating treatment with flu-

ids, electrolytes and insulin. Deciding when to add glucose is facilitated with

the more predictable decreases in glycemia (�10% blood glucose drop per hour

after initial rehydration blood glucose is known) that occur using low-dose

insulin infusion protocols and the availability of accurate bedside capillary

blood glucose equipment.

Subsequent Treatment

Oral feeding should be reinstituted as soon as possible starting with clear

liquids and progressing to soft solids and then more complex foods. This ‘rule’

must be a flexible one and changed according to clinical consideration, state

of consciousness, presence or absence of bowel sounds, emesis or nausea, diar-

rhea, etc. Early refeeding can hasten recovery as it may allow increased potas-

sium replenishment in a safe manner in addition to avoiding the body’s need to

continue to breakdown fats and continue to make excess ketones. When young-

sters start complaining that they are hungry (‘starving’), it’s usually prudent to

begin refeeding!

Subsequent insulin dosage remains a clinical guess which takes into

account many factors such as age and weight of the patient, duration of

diabetes, prior usual dose of insulin (unless newly diagnosed), other potential

confounding factors (pregnancy, renal failure, use of other drugs, etc.). Since

average daily insulin doses are approximately 0.5–0.8 units per kilogram in the

prepubertal and postpubertal periods and approximately 0.8–1.2 units per kilo-

gram per day in the midst of the pubertal growth spurt; these values can be used

to arrive at an estimated insulin dosage and can then be divided into morning

and suppertime insulin. Adults generally require about 0.5–0.8 units per kilo-

gram as well although the more obese children, teens and adults may need sig-

nificantly more insulin because of insulin resistance. Newly diagnosed patients

may require much more insulin for several days to several weeks after diagno-

sis. In any individual patient, extra insulin may be needed for 24–48 h after
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resolution of the ketoacidotic crisis. Sequential blood sugar determinations are

the best guide to insulin dose and help determine when to change to intermedi-

ate acting insulin since there are no hard and fast, dogmatic rules in such cir-

cumstances and each patient must be treatment in an individualized fashion

based upon their actual blood glucose responses.

Philosophy of insulinization [81] dictates which protocols are to be con-

sidered for moving to twice, three or four times daily insulin subcutaneously

and home treatment. Urinary ketones are not very helpful in making insulin

dose decisions once clinical improvement is apparent but they should be

expected to slowly and steadily decrease and be eliminated over the subsequent

days after an episode of DKA. With availability of blood �-hydroxybutyric acid

strips, such monitoring data may help with such treatment decisions. Some

period of partial starvation is almost always part of the explanation for persis-

tent mild ketonuria in addition to the fact that the largest proportion of ketoacid,

�-hydroxybutyric acid, is cleared to acetone and acetoacetate and this clearance

takes place at a slow process for hours or days after the actual acute ketoaci-

dotic crisis [16, 65].

DKA Complications

Problems reflecting sodium, potassium, water, acid-base status, calcium/

phosphate balance and glucose as well as insulin orders all occur and are often

caused by errors in initial or subsequent orders compounded by lack of appro-

priate monitoring and attention to the fact that DKA is a dynamic state with its

treatment adding to changing circumstances (table 6). Emphasis on avoidance

of human errors and errors that occur systematically because of changing treat-

ment teams helps to minimize such errors. Missing the underlying precipitating

factors whether they are patient and family lack of knowledge concerning home

recognition of impending DKA, psychosocial turmoil at home (or at school) or

truly events such as pyelonephritis or appendicitis can certainly increase mor-

bidity and mortality significantly. Similarly, in an adult population, attention to

cardiovascular and cerebrovascular events as precipitants of DKA or co-existing

conditions deserves attention of the emergency room and medical care estab-

lishment. Gastric lavage should be considered for any patient truly unconscious

because of the frequent association of gastric atony with ketoacidosis especially

in adults and the elderly. Used judiciously, however, nasogastric tubes can cer-

tainly help to prevent aspiration in the patient who is critically ill (i.e. uncon-

scious or semi-conscious) at presentation. Abdominal pain can be diffuse and

severe and perhaps suggest the need for surgical intervention. Amylase eleva-

tion, usually of pancreatic origin, is common and sometimes extremely high

whereas serum lipase values are often not abnormal [14]. Leukocytosis also can

be extreme causing worry about underlying bacterial infection when most often
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both the hyperamylasemia and leukocytosis resolve spontaneously with cor-

rection of the metabolic acidosis and dehydration [14]. Antibiotics use, per se,

is not usually indicated in the treatment of DKA unless a specific infectious dis-

ease can be diagnosed.

Insulin Edema

The rapid appearance of edema, significant weight gain, abdominal bloat-

ing and blurred vision can occur shortly after treatment of DKA is begun. These

clinical events are most often noted during or after aggressive treatment of

patients with ketoacidosis or in patients in whom the diagnosis of diabetes has

been made recently but who have had symptomatic diabetes for a longer dura-

tion. Unless underlying cardiovascular or renal disease is present, not often the

case in pediatric or adolescent diabetes mellitus, these symptoms usually abate

spontaneously and have been called ‘insulin edema’ for lack of a better expla-

nation [57]. Occasionally the peripheral edema is severe enough that diuretic

treatment is needed for several days after the acute DKA event has terminated.

Cerebral Edema

Unexpected or unusual neurologic abnormalities including changes in

sensorium as well as abnormalities of vital signs (elevated temperature, hyper-

tension, for example) should warrant consideration of either cerebral edema

or cerebral venous thrombosis [82]. Imaging with computerized tomography

Table 6. Frequent errors and complications of DKA [35]

1. Delay in diagnosis

2. Delay in instituting therapy

3. Inadequate fluid replacement

4. Unrecognized hypokalemia

5. Overemphasis on insulin

6. Overzealous bicarbonate usage

7. Hypoglycemia (‘changing of the guard’ syndrome)

8. Recurrent ketoacidosis (‘changing of the guard’ syndrome)

9. Overzealous phosphate replacement with resultant hypocalcemia

10. Aspiration

11. Unrecognized cerebral edema

12. Unrecognized acute tubular necrosis

13. Unrecognized cerebral venous thrombosis

14. Peripheral or pulmonary edema: (Insulin edema vs. fluid overload)

15. Not treating precipitating etiology of ketoacidosis

16. Neurologic sequelae

17. Death
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or magnetic resonance may be the only way to confirm these diagnoses and tell

cerebral edema apart from cerebral venous thrombosis but table 7 presents

some symptoms and signs that should raise the index of suspicion and warrant

fundoscopy as well as closer medical attention so that appropriate treatment

can be instituted.

While major treatment errors in fluid, electrolyte or insulin administration

occur, most cases of cerebral edema remain unexplainable [50–56, 83].

An adult study from Malta [84] showed suggested cerebral dehydration on

CT scanning in all brains of those with diabetes and DKA but did not show any

evidence of cerebral edema in adults treated with isotonic vs. hypotonic fluids

during the study. Clinical and laboratory parameters often cannot be correlated

with the overall severity of the coma episode [85]. Cerebral edema in one

Canadian study occurred in 0.2–1% of all cases of DKA in children [86].

Table 7 lists a series of clinical events which should lead one to be suspicious

of the possibility of cerebral edema especially if the patient seems to be improv-

ing by laboratory parameters but worsening on clinical grounds. Rosenbloom

[84] indicated that approximately one half of cases of cerebral edema during

DKA, in retrospective analyses, had ‘a premonitory period when develop-

ment. . . could be suspected on the basis of. . . ’ clinical symptoms or signs.

Any delay in diagnosis, error in treatment or worsening of acid-base, fluid or

electrolyte status of the patient, if left unrecognized (or if treated incorrectly)

could be invoked as a possible explanation for inadequate delivery of oxygen to

Table 7. Cerebral edema symptoms and signs [35]

1. Progressive CNS deterioration despite improvement of laboratory parameters

a. Headache

b. Increasing lethargy

c. Failure to regain consciousness

d. Increased CSF pressure

e. Abnormal reflexes

2. Eye changes

a. Papilledema

b. Unequal intraocular pressure

c. Increasing intraocular pressure

d. Decreasing pupillary light reflex

3. Hyperpyrexia

4. Hypertension

5. Diabetes insipidus

6. Abnormal electroencephalogram

7. Abnormal computerized tomography or magnetic resonance imaging consistent with

cerebral edema
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the brain. Brain infarction can occur associated with or after cerebral edema

[87]. Those errors that might cause a cardiac arrhythmia or interfere with res-

piration would be obvious candidates yet such findings are rarely documented

as predisposing factors in the development of cerebral edema. Autopsy find-

ings thought to be similar to those seen in the brains of victims of asphyxia

and cerebral anoxia have been reported [54]. In a US multicentered study of 61

less than 18-year-old patients with DKA and cerebral edema (n � 61) over a

15-year time period, 28% died of cerebral edema or survived in a vegetative

state and another 13% had mild-to-moderate neurologic disabilities as a conse-

quence of the cerebral edema [88].

Other investigators have been able to show some contribution to these

changes by hyperosmolality as well as rate of change of osmotic factors (‘idio-

genic osmols) [89] per se and, because of these changes, recent recommenda-

tions have been to replace the overall fluid and electrolyte deficiencies in a

slightly slower fashion (i.e. 36 h to calculate replacement rather than 24 h) and

with fewer drastic changes (i.e. avoiding boluses of sodium bicarbonate which

might be associated with rapid pH changes, rapid movement of potassium and

phosphorus; low-dose insulin protocols rather than high-dose bolus insulin to

slow down the hyperglycemia-hyperosmotic changes over a somewhat more

prolonged recovery period). The assumption that hypoxia is somehow the com-

mon final pathway has led to renewed interest in preventing rather than treating

this problem. Studies demonstrating abnormalities of a nonspecific nature in

electroencephalograms during a variety of phases of diabetic ketoacidosis treat-

ment and more recently, documentation of cerebral edema via sensory evoked

potentials [90], with the use of transcranial Doppler ultrasonography [91], com-

puterized tomography or magnetic resonance imaging of the head [50] leads to

the conclusion that cerebral edema, in admittedly milder forms, may be present

in all patients with diabetic ketoacidosis [20]. Low flow oxygen delivery may

help decrease cerebral edema associated with DKA just as early recognition via

sequential neurologic examination (presence or absence of venous pulsations

and sharp disk margins on fundoscopy by the primary health care professional

supervising the DKA treatment is important. Fundoscopy must be done and

documented initially and at intervals during treatment to make sure that cere-

bral edema is recognized. Early consultation by a neurologist, neurosurgeon

and/or ophthalmologist might be indicated if early recognition will lead to

better treatment outcomes or if fundoscopy cannot be accomplished by the pri-

mary treating health care team. Treatment, once cerebral edema is recognized,

is supportive [91, 92] and includes measures to maintain cardiorespiratory

function [93] and normal body temperature. The possible benefits of cortico-

steroids to reduce intracranial pressure and the use of other measures (such as

mannitol usually felt to work through the induction of a therapeutic osmotic
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diuretic effect) have not been scientifically proven but are often added once

cerebral edema occurs. If cerebral edema is diagnosed, the intravenous fluid

rate should be reduced dramatically, mannitol should be considered at a dose of

1 g/kg intravenously (10–20 g/m2) while hyperventilation may all be helpful in

reducing intracranial pressure or its effects on the brain [14]. More recent

reviews of cerebral edema in childhood diabetic ketoacidosis [94–96] suggest

specific protocols which allow recognition of cerebral edema sufficiently early

for intervention while acknowledging that early computed tomograms were

often normal.

Conclusions

DKA is a true pediatric and adult metabolic medical emergency but, like

many other disease entities, prevention of DKA decreases morbidity and mor-

tality as well as saves enormous hospital and emergency room costs. Teaching

the patient and his/her family to recognize early symptoms and signs of

impending DKA should be a high priority. Teaching health care professionals

to understand the pathophysiology of DKA helps them provide better patient

education and better treatment when DKA occurs.
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People with type 1 diabetes mellitus are dependent on insulin for survival.

Therefore, insulin should be available for all patients with type 1 diabetes

mellitus (ISPAD guidelines). It should be pointed out to the patients and their

parents that there is no alternative treatment other than insulin. On the other

hand, insulin treatment regimens should always be individualized. Each child

and family should be informed about the possible treatment regimens and

their pros and cons. In principal, everything is allowed as long as it is conve-

nient and offers the best quality of life in combination with good metabolic

control.

Insulin Action and Types of Insulin

Insulin is the primary medication in treatment of type 1 diabetes. For many

years only regular and intermediate-acting neutral protamine Hagedorn (NPH)

insulin were used. Purified porcine and bovine insulin is now rarely used since

human insulin is readily available. Therefore, first-line therapy in children is

preferably human insulin. Porcine insulin is used especially in Germany as zinc

insulin Semilente® in adolescents with the dawn phenomenon. Other indica-

tions for porcine insulin include insulin resistance because of insulin antibod-

ies. New insulins were created in the 1990s with alteration of the amino acid

sequence in order to change absorption kinetics. Data provided by the manu-

facturers are available for each insulin preparation in respect to pharmacoki-

netics and pharmacodynamics (table 1). Despite these published data, we know

that there is a wide range of inter- and intra-individual variability in insulin

action [12].
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Insulin’s actions are mediated by binding to its receptor. This results in

multiple effects on carbohydrate, lipid, and protein metabolism. Some of the

effects are as follows:

• Utilization of glucose as an energy source

• Storage of glucose as glycogen

• Inhibition of liver enzymes for endogenous glucose release

• Inhibition of lipolysis

• Promotion of amino acid uptake and storage

• Stimulation of cell growth and multiplication

Rapid-Acting Insulin (Insulin Analogues)

Insulin tends to aggregate into dimers or hexamers when injected subcuta-

neously. This aggregation retards the absorption of regular insulin. Insulin lispro

and aspart have been modified from regular human insulin due to a change in

amino acid structure and do not form dimers or hexamers. The rapid-acting

insulin can be injected at the time of meals without an injection-meal interval.

Therefore, the most important indication for rapid-acting analogues is the child

or toddler with unpredictable eating habits [3]. Because of the very immediate

onset of action, high blood glucose levels can be corrected faster with rapid-

than with short-acting insulin. Therefore, in hyperglycemia, e.g. on sick days,

analogues would be an alternative. In CSII rapid-acting insulin is now more

Table 1. Insulins and their action profile after subcutaneous injection (mean of

manufacturers’ instructions)

Insulin type Start of action Peak of action Duration 

h h

Rapid-acting insulin

Analogue (Lispro, Aspart) 15–(30)min 1–(2) 3–4

Short-acting insulin

Regular (human) insulin 30–60min 2–4 4–6–(7)

Basal intermediate-/long-acting Insulin 

NPH – insulin (human isophane) 1–2 h 4–6–8 8–12–18

Amorphous zinc insulin (porcine) 1–2 h 6–8 12–18

(Semilente®)

Zinc insulin (human) (Monotard®) 1–2 h 6–8 12–18

Long-acting analogues

Glargine® 2–4h none 24

Detemir® 1–2h 6–12 20–24
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widely used in pediatric patients because of the benefit of short action. Colquitt

and coworkers report on a modest reduction of HbA1c of 0.26% in a meta-

analysis of 6 randomized controlled trials in pump treatment. Some authors

even report on lower risk of nocturnal hypoglycemia with the use of lispro as

evening mealtime insulin [7]. Recently, the benefit of rapid-acting insulin ana-

logues versus regular insulin was reviewed by a group of Cochrane reviewers

[23]. This analysis suggests only a minor benefit of rapid-acting insulin ana-

logues in the majority of patients. In the subgroup analysis of the pediatric stud-

ies there was a significant reduction of HbA1c. Some reviewed studies reported

a reduction of the overall rate of hypoglycemic episodes. Severe hypoglycemia

was not reduced in children and adolescents. The reviewers suggest a cautious

response of physicians to the vigorous promotion of insulin analogues by the

manufacturers until long-term safety data are available.

Short-Acting Insulin

Short-acting insulin or regular insulin is still the major insulin treatment

component; vast experience and a body of literature of its use is available.

Regular insulin is sold as a clear solution. Human regular insulin can also be

injected intravenously for example as medication during sick days, for ketoaci-

dosis or before and during operations. It is widely used in combination with

NPH insulin as a pre-meal bolus. For this purpose, it should be injected about

15–30min before mealtimes. Used as mealtime insulin, the action lasts for an

additional meal after about 2–3 h of injection and is used in our personal

experience to cover breakfast and second breakfast (in school) or lunch and 

tea-time. Sometimes a late meal is required before sleep to avoid nocturnal

hypoglycemia when regular insulin is used at dinner time.

Intermediate-Acting Insulin

Besides NPH insulin, zinc-delayed insulins are available for intermediate

basal insulin substitution. NPH insulin is widely used for basal bolus regimen

in combination with short-acting or rapid-acting insulin. It can also be mixed in

a syringe with regular insulin for a twice daily regimen. NPH insulin is a cloudy

suspension. Vials therefore have to be properly mixed prior to each use and

pens containing NPH need to be tipped at least 20 times to ensure adequate

mixing and concentration. Porcine zinc insulin (Semilente®) injected late at

night is frequently used in Europe by adolescents with dawn-phenomenon [16]

because of its later peak than NPH insulin. In our opinion, human zinc insulin



Diabetes in Childhood and Adolescence 125

(Monotard®) is only indicated if other regimens, e.g. for dawn phenomenon,

did not result in good metabolic control. Anyhow, this intermediate-acting

insulin tends to have a very variable peak of biological action and therefore is

hard to dose.

Long-Acting Insulin Analogues

Glargine was the first long-acting insulin analogue available for children

and adolescents. The clear acidic solution of insulin glargine precipitates after

injection and has a smooth, almost peakless 24-hour action profile. One should

be aware that glargine cannot be mixed with any other insulin. There are sev-

eral clinical trials with different end points that showed a reduction of hypo-

glycemic events especially at night time [2, 10, 20, 24]. However, glycemic

control with glargine was similar as compared with NPH in most studies.

Schober et al. [24] could show a slight but not significantly reduced number of

cases of severe hypoglycemia. In other published trials, definition of hypo-

glycemia varied and results are therefore hard to compare. Insulin detemir is

another basal insulin analogue. The amino acid threonine is removed at position

B30. Due to acetylation of a 14-carbon myristol fatty acid to lysine at position

B29 binding to albumin is enabled. This contributes to protracted release and

action. Large clinical trials with children have not yet been published.

Experience with adults shows a smoothened time action profile and reduced

risk of hypoglycemic events and nocturnal hypoglycemia. Variability of fasting

plasma glucose levels could also be reduced but metabolic control measured as

HbA1c was similar in comparison to NPH control group [13, 25]. Danne et al.

[4] recently published pharmacokinetic profiles of insulin detemir in children

and adolescents. They found similar profiles across all age groups with detemir

in comparison to a more age- and dose-related profile in NPH. The authors

concluded that detemir could be used in all age groups with the same titration

recommendations.

Premixed Insulin Preparations

There are several premixed combinations of short- and rapid-acting insulin

with NPH available in variable ratios. We only very rarely use premixed insulin

and prefer dose-adjusted mixing pre-injection in a syringe. This is because it is

easier to individualize insulin dosing and adapt the dose of the short-acting

insulin for correction of hyperglycemia or variable meals. However, in some

situations premixed combinations could be useful, especially in families where
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mixing insulin is difficult, e.g. for dyscalculia or other impairments or for

psychosocial reasons.

Free Mixing of Insulin

The short- or rapid-acting insulin should be drawn up in the syringe before

the intermediate insulin. This prevents contamination of the short- or rapid-

acting insulin vial and therefore prevents the conversion of the short-acting

insulin into a longer-acting form. NPH insulin can be mixed with rapid- and

short-acting insulin in the same syringe or vial without affecting the absorption

profile of the rapid- or short-acting insulin [11, 19].

Glargine cannot be mixed. Intermediate and long-acting insulins should

also not be mixed with each other. We do not recommend mixing with zinc-

containing insulin.

Storage

Unused insulin vials should be stored in the refrigerator (4–8�C). At room

temperature insulin is stable for several weeks. Our recommendation is to use

an opened vial for a maximum of 4 weeks when kept at room temperature. If

the vial is exposed to higher temperatures (i.e. in the tropics or left in the car in

summer) or direct sun or heat by ovens, the containing insulin may lose

potency. Expiry dates of the manufacturers should be adhered to. When going

on vacation, insulin should be stored in a cold bag or refrigerator in warm

countries. If patients go skiing insulin should be kept warm near the body and

freezing should be avoided.

Insulin Concentrations

Insulin is available in two different concentrations depending on the

country. One unit of insulin contains approximately 36�g or 6 nmol of insulin.

The most common concentration available all over the world is 100U/ml

(U100). In some European countries U40 (40U/ml) is still available. In these

countries suitable syringes for this concentration are available. Pen devices are

only filled with U100 insulin all over the world.

If very low doses are needed for the treatment of toddlers or babies,

dilutions of U10 can be processed by parents, caregivers or pharmacists. For

this purpose, diluents are available from the different manufacturers. Special
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care must be paid to the preparation and the use of standard syringes with such

diluted insulins to ensure correct dosing.

Insulin Absorption

Insulin absorption and action is dependent on various influences (table 2).

The injection site contributes to absorption kinetics. Insulin is absorbed fastest

if injected into the abdominal subcutis followed by the buttocks and slowest via

the thigh. Thus, the recommendation is to inject rapid- and short-acting insulins

into the abdominal wall. Long-acting insulins and evening doses of intermedi-

ate-acting insulins are recommended to be injected into the thigh to optimize

the overnight profile of insulin action. Some people use the upper arm as the

injection site; however, there is no general recommendation for this site because

of the very thin layer of subcutaneous fat especially in younger children. This

might increase the risk of an intramuscular injection with very fast absorption

and a high risk of hypoglycemia. If insulin is injected into the muscle instead

of the subcutaneous fat, the absorption is much faster and is not as consistent

as with subcutaneous injection. This difference is less obvious with rapid-acting

insulins. Therefore, a subcutaneous injection is preferred to obtain a slower and

predictable absorption profile. The depth of the injection on different injection

sites could contribute to the absorption due to accidental intramuscular injec-

tion. There is a significant risk for intramuscular injections in lean individuals

and especially in boys. Young boys have a mean subcutis thickness of 9–10mm

in the abdomen and thighs and 19mm in the buttocks. Girls have an abdominal

and thigh subcutis thickness of 13–15mm measured by ultrasound without

compression compared to 26mm in the buttocks [1]. Therefore, most children

should use 8-mm needles, for lean boys 5 or 6mm could be long enough

Table 2. Influences on insulin absorption and action

Influence factors Effect on absorption

Insulin preparation depending on the preparation longer or shorter action

Injection site abdomen � thigh � buttocks

Depth of injection intramuscular faster absorption than subcutaneous

Lipodystrophy worse absorption at lipohypertrophic or atrophic sites

Insulin dose the larger the dose the longer the absorption

Temperature higher temperature at injection site may accelerate absorption

Exercise higher blood flow may accelerate absorption
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especially if pen devices are used without a two-finger pitch. Intramuscular

injection can be minimized by using the two-finger pitch technique.

The presence of lipohypertrophy, a common problem in diabetes treatment,

also affects absorption. Lipohypertrophic sites have been found in 24% of adult

patients with type 1 diabetes [18]. Raile et al. [21] found lipohypertrophy of

injection sites in more than 50% of children. This can considerably affect the

absorption of the injected insulin. Rotation of injection sites can avoid devel-

opment of lipohypertrophic changes and is therefore recommended. Lipoatrophy

is less common with the use of human insulins. Raile et al. [21] found lipoat-

rophic changes in 4 of 112 children. Factors associated with the development of

lipodystrophy of injection sites are insulin antibodies.

Insulin absorption may be increased with higher body temperature or

higher temperature of the injection site related to an increased subcutaneous

blood flow. The surrounding temperature can also have an influence on body

temperature (especially if a person is not used to hot weather). Exercise can

also increase the subcutaneous blood flow. The thigh should therefore be

avoided as an injection site prior or immediately after exercise.

Insulin has dose-dependent absorption kinetics. Small doses are absorbed

faster than large doses. Very large doses (i.e. depending on age more than 20 IU)

should be divided and injected at different injection sites for better resorption.

Insulin Regimens

In addition to good metabolic control and near-normal glucose levels

individual treatment goals are different from patient to patient. Insulin treatment

should be individually adapted to the patients’ and families’ conditions. To reach

physiological insulin replacement with subcutaneous injections of insulin is by

definition very difficult. The more sophisticated the treatment regimen, the

more closely can physiological insulin release be mimicked. With new treatment

options like insulin analogues or insulin pump treatment, this goal can possibly

be reached in a better way. In any case, treatment has to be accepted and carried

out by the patient and the families and treatment adherence and compliance are

therefore crucial. In pediatric diabetology every strategy should be allowed to

get the best metabolic control with good adherence and optimal quality of life.

The selected insulin regimen for each patient is therefore dependent on a

variety of factors including the following:

• Patients’ and families’ skills

• Age

• Duration of diabetes

• Endogenous insulin production (honeymoon period),
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• Families’ and patients’ lifestyle

• Metabolic targets (of the diabetes team and the patient)

• Dietary management and preferences

• Psychosocial requirements (e.g. ethnical cultural beliefs)

• Physical activities

• Skills of patient and family

• Frequency of severe hypoglycemic events

• Associated conditions or complications (see chapter other complications)

• Experience of the pediatric diabetes team

Therefore, nowadays terms like conventional or intensive insulin treatment

should no longer be used but the individual and flexible treatment regimen

should be described for each patient under the given circumstances.

There is no doubt that intensified insulin treatment could reduce the risk

of the development of complications in type 1 diabetes [5, 6]. This can be

reached most easily by a basal-bolus regimen in adults. In the adolescent group

in the DDCT study, an intensified diabetes management with multiple glucose

measurements, insulin injections and dose adjustment also resulted in good

metabolic control and reduced diabetic complications. In addition, weight gain

and hypoglycemia were increased. Therefore, adolescents should preferably all

be treated with a basal-bolus regimen if they can manage this at all. On the

other hand, in the situation of partial remission one or two daily injections can

be suitable to introduce the patient and family in diabetes management rela-

tively easily. In summary, many individual regimens are in common use with

limited data from clinical trials.

One Injection Daily

This regimen is very rarely appropriate but may be indicated in patients

with a profound remission. We have used this in only a very few patients for a

short period of time.

Two Daily Injections

Free mixed or premixed rapid- or short-acting insulin with intermediate-

acting insulin is given before breakfast and before the evening meal. Dose

adjustment is possible with variability of the carbohydrate content of breakfast

and dinner. We use this regimen in younger children with relatively fixed

carbohydrate balance and partial remission. 60–75% of the total daily insulin

dose is given in the morning and 25–40% in the evening. Approximately 30%

of each dose is short-acting insulin.
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Three Daily Injections

Free mixed or premixed rapid- or short-acting insulin with inter-

mediate insulin is given before breakfast and before the evening meal. For

lunch or afternoon snack, a short- or rapid-acting insulin is injected. We use

this regimen when basal insulin supply is too short in the afternoon to maintain

normal blood glucose levels in the evening especially in younger children

and schoolchildren when a two-injection regimen was not able to lead to

normoglycemia.

Four or More Injections per Day

Short- or rapid-acting insulin given before the main meals with intermediate

insulin given in the morning and evening (or bedtime) or combined with once-

daily glargine. If treatment is sophisticated with dose adjustment for every

mealtime and a fixed basal insulin supply, the so-called basal-bolus regimen is

performed. This regimen is used in schoolchildren, adolescents and adults. To

some extent, we use a basal-bolus regimen in young children for more flexibility

or to adhere to a very variable daily lifestyle. 40–60% of the daily given insulin

dose is for the basal insulin supply, the remainder is divided up into pre-meal

boluses. Glargine may usually be injected once daily with a dose of about 40%

of daily insulin requirement.

Insulin Pump Therapy (Continuous Subcutaneous Insulin

Infusion � CSII)

This treatment regimen can supply insulin via the most physiologic

manner. The pump contains short- or rapid-acting insulin with a programmed

basal insulin delivery. For every meal (or snack) patients have to calculate the

required insulin dose and a bolus must be activated. For more details, see the

chapter by Phillip et al. [pp. 150–162].

Treatment Goals

Our diabetes clinic emphasizes the targets of glycemic control described

in the consensus guidelines of the International Society for Pediatric and

Adolescent Diabetes (ISPAD) like the German pediatric diabetes guidelines do

(AGPD) (table 3).
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It has to be emphasized that individual treatment goals have to be discussed

and agreed upon with the patient and his/her family under any circumstances.

Insulin Delivery Devices

Insulin Syringes

There are disposable plastic syringes designed for single use available for

U40 (in some European countries) and U100 in different sizes (20, 25, 30, 40,

50 and 100 units) Needle lengths are 8, 12 and 12.7mm. One should pay atten-

tion to the different concentrations and the adequate syringes. Our patients

usually use the same syringe for 1 day. Disposal of syringes and needles should

be managed in a safe and hygienic way (e.g. use of special, capped plastic

containers).

Insulin Pens

All manufacturers of insulin provide pen devices for their pre-filled

cartridges. Cartridges of rapid-acting, short-acting and intermediate-acting

insulin as well as for premixed formulations and for glargine and detemir are

available. Monotard® and Semilente® can only be injected by syringe. The pen-

insulin concentration is U100. Most pens are adjustable in 1-unit steps, one pen

is available that can be adjusted in 0.5-unit steps. Pen needles are available in

lengths of 5, 6, 8, 12 and 12.7mm. Some manufacturers provide disposable

pens. Attention has to be paid to the injection of NPH insulin: The pen has to

be tipped about 20 times before the suspension is injectable in order to secure

Table 3. Treatment goals (ISPAD Consensus Guidelines 2000)

Biochemical level  Ideal Optimal Suboptimal High-risk

of control (nondiabetic) (action

required)

Preprandial or fasting 3.6–6.1 4.0–7.0 �8.0 �9.0

blood glucose, mmol/l

Postprandial blood 4.4–7.0 5.0–11.0 11.0–14.0 �14.0

glucose, mmol/l

Nocturnal blood 3.6–6.0 Not �3.6 �3.6 or �9.0 �3.0 or

glucose, mmol/l �11.0

HbA1c, % (DCCT �6.05 �7.6 7.6–9.0 �9.0

standardized)
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uniform concentration of the insulin preparation. Before injection, the patient

should check that the needle is filled with insulin by injecting 1–2 units into the

air. The injection time should be minimal 10 s to ensure that the whole dose has

reached the subcutaneous space. Injections of insulin with a pen seem to be as

accurate as injections with an insulin syringe [8]. The use of pen devices is in

our opinion much easier even for children of age 8–10 years than the use of

syringes.

Automatic Injection Devices

There are attachments to some pens or syringes available that automatically

insert the needle into the skin. The needle is hidden in these devices until they

are activated. These devices may be of help in some cases of needle phobia.

Jet Injection Devices

Jet injectors use high pressure air to form a thin stream of injected solution

that penetrates the skin. There are no long-term data available for the systems.

Short-term metabolic control seems to be similar to that for needles as reported

in an old study with a system that is no longer available [15]. The German

working group for pediatric diabetes (AGPD) recommends avoiding the use

of jet injectors because of the lack of data available on the accuracy of the

systems.

Insulin Pumps

There are several pumps available now with different features and styling.

Management of insulin treatment with pumps is increasing all over the world

now. Even babies and toddlers are treated with CSII. We try to carefully evalu-

ate if a patient and the family is a candidate for pump therapy [see chapter by

Phillip et al., pp. 150–162]. One has to keep in mind that this regimen is almost

doubly cost intensive as a basis bolus regimen using pen/syringe injections. A

meta-analysis of pump therapy mainly in adolescents showed an improvement

in HbA1c of about 1.2% [27]! One randomized controlled cross-over designed

trial in children and adolescents was published recently by Weintrob et al. [26].

These authors reported a similar metabolic control (HbA1c) in the CSII and

basis-bolus group [26].
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Practical Aspects of Insulin Treatment

Independent of the regimen used, our patients and families are educated

that hyperglycemia should be corrected by rapid- or short-acting insulin.

Every patient gets an individual dose adjustment table fixed in their diabetes

diary (table 4). Dose adjustment varies depending on age, daytime and other

individual factors. An individual patient often has different daytime-dependent

dose adjustments.

All our patients are educated in carbohydrate counting. Depending on the

regimen when short- or rapid-acting insulin is injected, a dose adjustment for

more or less eaten carbohydrates can be made. In the following section personal

treatment experiences and strategies of our group are reported. Where available,

evidence-based recommendations have been added from the literature.

Treatment in the Remission Phase

Most patients will have a shorter or longer period of partial remission

(in the literature defined as insulin requirement less than 0.5 units/kg body

weight/day). For young and school-aged children, we usually try a two-

injections regimen in this phase. This is an easy way to achieve good metabolic

control and to get acquainted with diabetes management skills. However, in

adolescents and children with vigorous exercise (e.g. competitive sports) or

unusual eating habits, we tend to introduce a basis-bolus regimen already at

this early phase if at all possible.

Table 4. Dose adjustment tables used in the Hospital for Children and Adolescents,

University of Leipzig (examples dependent on age, daytime and other individual factors)

Blood glucose Dose for Dose for Dose for

level young schoolchildren, adolescents, 

children, U U U

�3.0mmol/l �0.5 �1.0 �2.0

3.0–4.9mmol/l �0.25 �0.5 �1.0

5.0–7.9mmol/l �0 �0 �0

8.0–9.9mmol/l �0.25 �0.5 �1.0

10.0–11.9mmol/l �0.5 �1.0 �2.0

12.0–13.9mmol/l �0.75 �1.5 �3.0

�14.0mmol/l �1.0 �2.0 �4.0

� � Decrease of dose adjustment; � � increase of dose adjustment.
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Toddlers and Preschool Children

In the preschool age one of the most important treatment goals is the

avoidance of severe hypoglycemic events because of the impact on psychomo-

tor development [9, 14]. Our strategy is therefore a minimal number of injec-

tions with minimal hypoglycemia and good metabolic control. Many of these

patients are on a two- to three-injection regimen. Daily insulin requirement is

about 0.6–1.0 units/kg/day beyond the remission phase.

Some toddlers tend to have very different carbohydrate consumption at

meals. In these cases, we recommend rapid-acting insulin and injection after

the meal [3]. If nocturnal hypoglycemia is a major problem CSII should be con-

sidered. When injections in kindergarten or school are needed, a home-care

nurse can be engaged to ensure this if the parents are not available.

Schoolchildren

The older the children, the more can the diabetes management be devised

independent from caretakers. However, there is no common age at which

children are considered able to inject their insulin independently. We have made

the experience that in diabetes camps independence from the parents can be

taught easily. Most schoolchildren in our clinic are on a four-injection regimen

adhering to a basal bolus principle. Dose adjustment is done at every mealtime.

In the German school system, it is common to have a second breakfast. This

can be covered by short-acting insulin in the morning. For lunch and dinner we

frequently use rapid-acting insulin.

Adolescents

One of the therapeutic challenges in this age group is the so-called dawn

phenomenon. Due to counterregulatory hormones (i.e. growth hormone, corti-

sol, adrenalin) fasting glucose levels are elevated. A first treatment option is to

inject more NPH insulin as late as possible at bedtime (22.00–23.00 h). If

nocturnal hypoglycemic episodes occur or fasting glucose levels are still too

high, the regimen must be changed. The use of Semilente as the nocturnal inter-

mediate insulin injected at late night has been recommended [16]. Dosage is

40–60% of prior evening dose of NPH. Some patients still have unsatisfactory

fasting blood glucose levels. Another option could be glargine injected in the

evening. When Semilente does not lead to good metabolic control, CSII to

maintain an individual basal nocturnal insulin supply is introduced. In addition,
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the common problem in some adolescents is noncompliance or adherence

difficulties. In this case, simplification of the insulin regimen can sometimes

avoid ketoacidosis and at least ensure minimal insulin supply. Insulin require-

ments during puberty are usually about 1.0–2.0 units/kg/day. Contra-insuline-

mic hormones and relative insulin resistance cause such relatively high insulin

requirements in adolescents. Especially adolescent girls and obese patients tend

to develop insulin resistance. Girls also seem to require more insulin during

their menses. Some authors recommend metformin as an adjunct therapy in

adolescents with type 1 diabetes and insulin resistance. Hamilton et al. [17]

studied 27 adolescents with poor metabolic control in a randomized placebo-

controlled design over 3 months. Adolescents treated with metformin twice

daily up to 2,000mg/day had a lower HbA1c (0.6%), a decreased insulin

requirement and no weight gain at the end of the study. Another trial showed a

decrease in HbA1c of 0.9% after 3 months of adjunct metformin treatment

[22]. No long-term follow-up of these groups is available yet.

Special Recommendations

Dose adjustment for days of physical activity and sports will be discussed

in the chapter on exercise [pp. 181–189].

Another situation where insulin dose adjustment is required is sick day

management. In the case of diarrhea and vomiting, the dose should be reduced.

Basal insulin supply is nearly the same in the basis-bolus regimen whereas in

the two-injections regimen the basal insulin in the morning should also be

reduced (about 30%). In case of nausea and vomiting short-acting insulin

should be injected with a longer time interval after food intake. Blood glucose

levels should be measured at least every 2 h. Interpretation of ketonuria is dif-

ficult in this situation because of fasting. If insulin was already injected before

recognizing the sickness, tea with sugar or coke could maintain an acceptable

blood glucose level. In case of vomiting and imminent hypoglycemia glucose

must be injected. Alternatively, small doses of glucagon could be repeatedly

injected subcutaneously. In case of concomitant disease or surgery, we have

developed a treatment scheme that is available in the emergency room and at

the pediatric surgery department (table 5).

In case of infectious disease with fever most patients require 20–40%

more insulin (basal and mealtime bolus). Some toddlers even have a higher

insulin requirement in case of viral infection with mild symptoms. Cautious

dose adjustment with correction of high blood glucose levels can be reached

with regular blood glucose measurements and additional rapid- or short-acting

insulin injections.
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Conclusion

The aim of insulin treatment strategies is to provide near physiological insulin

replacement and hence normoglycemia. Under different circumstances this can be

managed by individual regimens with insulins using different devices. The basic

treatment principle is an individualized treatment strategy that leads to good meta-

bolic control with good quality of life for the patients and their families.

‘Everything should be allowed that achieves these goals.’

References

1 Birkebaek NH, Johansen A, Solvig J: Cutis/subcutis thickness at insulin injection sites and

localization of simulated insulin boluses in children with type 1 diabetes mellitus: Need for

individualization of injection technique? Diabet Med 1998;15:965–971.

2 Chase PH, Dixon B, Pearson J, Fiallo-Sharer R, Walravens P, Klingensmith G, Rewers M,

Garg SK: Reduced hypoglycemic episodes and improved glycemic control in children with type 1

diabetes using insulin glargine and neutral protamin Hagedorn insulin. J Pediatr 2003;143:

737–740.

Table 5. Emergency treatment for sick day, concomitant disease or surgery (Hospital

for Children and Adolescents, University of Leipzig)

Infusion over two lines

(1) 2/3 electrolyte-glucose 5%

0–6 years: 50ml/kg/12 h (� 2.5g glucose/kg/12 h )

�6 years: 40ml/kg/12 h (� 2.0 g glucose/kg/12 h)

(2) Short-acting insulin bypass

0.5U insulin/kg/day in 50ml NaCl 0.9%

Regular dosage: 0.04U/kg/h

Insulin dose adjustment as follows:

Dose adjustment of insulin bypass after measurement of blood glucose level every hour

Blood glucose level Insulin dose Infusion

U/kg/h velocity

ml/h

�4.0mmol/l 0 0

4.0–5.9mmol/l 0.02 2.0

6.0–7.9mmol/l 0.04 4.0

8.0–9.9mmol/l 0.06 6.0

10.0–12.0mmol/l 0.08 8.0

�12.0mmol/l 0.1 10.0



Diabetes in Childhood and Adolescence 137

3 Danne T, Aman A, Schober E, Deiss D, Jacobsen JL, Friberg HH, Jensen LH: A comparison of

postprandial and preprandial administration of insulin Aspart in children and adolescents with

type 1 diabetes. Diabetes Care 2003;26:2359–2364.

4 Danne T, Lüpke K, Walte K, von Schütz W, Gall M-A: Insulin detemir is characterized by a

consistent pharmacokinetic profile across age groups in children, adolescents, and adults with

type 1 diabetes. Diabetes Care 2003;26:3087–3092.

5 Diabetes Control and Complications Trial Research Group: Effect of intensive diabetes treat-

ment on the development and progression of long-term complications in adolescents with insulin-

dependent diabetes mellitus: Diabetes Control and Complications Trial. J Pediatr 1994;125:

177–881.

6 The Diabetes Control and Complications Trial Research Group: The effect of intensive treatment

of diabetes on the development and progression of long-term complications in insulin-dependent

diabetes mellitus. N Engl J Med1993;329:977–986.

7 Ford-Adams ME, Murphy NP, Moore EJ, Edge JA, Ong KL, Watts AP, Acerini CL, Dunger DB:

Insulin lispro: A potential role in preventing nocturnal hypoglycemia in young children with dia-

betes mellitus. Diabet Med 2003;20:656–660.

8 Gnanalingham MG, Newland P, Smith CP: Accuracy and reproducibility of low dose insulin

administration using pen-injectors and syringes. Arch Dis Child 1998;79:59–62.

9 Hannonen R, Tupola S, Ahonen T, Riikonen R: Neurocognitive functioning in children with type-

1 diabetes with and without episodes of severe hypoglycaemia. Dev Med Child Neurol 2003;

45:262–268.

10 Hathout EH, Fujishige L, Geach J, Ischandar M, Marou S, Mace JW: Effect of therapy with

insulin glargine (Lantus) on glycemic control in toddlers, children, and adolescents with diabetes.

Diabetes Technol Ther 2003;5:801–806.

11 Heine RJ, Bilo HJ, Fonk T, van der Meer J, van der Veen EA: Absorption kinetics and action

profiles of mixtures of short- and intermediate-acting insulins. Diabetologie 1986;27:558–562.

12 Heinemann L: Variability of insulin absorption and insulin action. Diabetes Technol Ther

2002;4:673–682.

13 Hermansen K, Madsbad S, Perrild H, Kristensen A, Axelsen M: Comparison of the soluble basal

insulin analog insulin detemir with NPH insulin: A randomized open crossover trial in type 1

diabetic subjects on basal-bolus therapy. Diabetes Care 2001;24:296–301.

14 Hershey T, Lillie R, Sadler M, White NH: The effect of severe hypoglycaemia on cognition in

children and adolescents with type 1 diabetes mellitus. Diab Nutr Metab 2002;15:426–429.

15 Houtzagers CM, Visser AP, Berntzen PA, Heine RJ, van der Veen EA: The Medi-Jector2: Efficacy

and acceptability in insulin dependent diabetic patients with and without needle phobia. Diab

Med 1988;5:135–138.

16 Holl RW, Teller WM, Heinze E: Semilente at bedtime is superior to NPH-insulin for the suppression

of the dawn-phenomenon in adolescents with type 1 diabetes. Exp Clin Endocrinol Diab

1996;104:360–364.

17 Hamilton J, Cummings E, Zdravkovic V, Finegood D, Daneman D: Metformin as an adjunct therapy

in adolescents with type 1 diabetes and insulin resistance. Diabetes Care 2003;26:138–143.

18 Hauner H, Stockamp B, Haastert B: Prevalence of lipohypertrophy in insulin-treated diabetic

patients and predisposing factors. Exp Clin Endocrinol Diab 1996;104:106–110.

19 Joseph SE, Korzon-Burakowska A, Woodworth JR, Evans M, Hopkins D, Janes JM, Amiel SA:

The action profile of lispro is not blunted by mixing in the syringe with NPH insulin. Diabetes

Care 1998;21:2098–2102.

20 Murphy NP, Keane SM, Ong KK, Ford-Adams M, Edge JA, Acerini CL, Dunger DB: Randomized

cross-over trial of insulin glargine plus lispro or NPH insulin plus regular human insulin in ado-

lescents with type 1 diabetes on intensive insulin regimens. Diabetes Care 2003;26:799–804.

21 Raile K, Noelle V, Landgraf R, Schwarz HP: Insulin antibodies are associated with lipoatrophy

but also with lipohypertrophy in children and adolescents with type 1 diabetes. Exp Clin

Endocrinol Diab 2001;109:393–396.

22 Sarnblad S, Kroon M, Aman J: Metformin as an additional therapy in adolescents with poorly

controlled type 1 diabetes: Randomized placebo-controlled trial with aspects on insulin sensitivity.

Eur J Endocrinol 2003;149:232–329.



Kapellen/Galler/Kiess 138

23 Siebenhofer A, Plank J, Berghold A, Narath M, Gfrerer R, Pieber TR: Short acting insulin

analogues versus regular human insulin in patients with diabetes mellitus. The Cochrane Library,

Issue 2, 2004, Chichester, Wiley, 2004.

24 Schober E, Schoenle E, Van Dyk J, Wernicke-Panthen K: Comparative trial between insulin

glargine and NPH insulin in children and adolescents with type 1 diabetes mellitus. J Pediatr

Endocrinol Metab 2002;15:369–376.

25 Vague P, Selam J-L, Skeie S, De Leeuw I, Elte JWF, Haarh H, Kristensen A, Draeger E: Insulin

detemir is associated with more predictable glycemic control and reduced risk of hypoglycaemia

compared to NPH insulin in patients with type 1 diabetes on basal-bolus regimen with pre-meal

insulin aspart. Diabetes Care 2003;26:590–596.

26 Weintrob N, Benzaquen H, Galatzer A, Shalatin S, Lazar L, Fayman G, Lilos P, Dickerman Z,

Phillip M: Comparison of continuous subcutaneous insulin infusion and multiple daily injection

regimens in children with type 1 diabetes: A randomized open crossover trial. Pediatrics 2003;112:

559–564.

27 Weissberg-Benchell J, Antisdel-Lomaglio J, Seshadri R: Insulin pump therapy: A meta-analysis.

Diabetes Care 2003;26:1079–87.

Dr. Thomas M. Kapellen

Universitätsklinik und Poliklinik für Kinder und Jugendliche

Universität Leipzig, Oststrasse 21–25, DE–04317 Leipzig (Germany)

Tel. �49 341 97 972 60 00, Fax �49 341 97 972 60 09, E-Mail kapt@medizin.uni-leipzig.de



Chiarelli F, Dahl-Jørgensen K, Kiess W (eds): Diabetes in Childhood and Adolescence.
Pediatr Adolesc Med. Basel, Karger, 2005, vol 10, pp 139–149

Medical Nutrition Therapy 
of Children and Adolescents 
with Diabetes

Suvi M. Virtanen

Department of Epidemiology and Health Promotion, National Institute of 
Public Health and Research Unit, Tampere University Hospital, and 
School of Public Health, Tampere, Finland

During the insulin area the diet recommended for the subjects with dia-
betes has gradually changed from a very high fat (up to 60% of energy intake)
and low carbohydrate (from 20% of energy intake), sugar-restricted diet to a
flexible, nonrestricted diet (table 1). The recommendation for the amount of fat
has gone down and that of carbohydrate up finally resulting in the current situ-
ation, where large variation in the proportions of energy-yielding nutrients is
allowed (table 2). The diet recommended for the subject with diabetes today is
indeed nutritionally identical to the one recommended for the general popula-
tion and is applicable to the whole family. This development has been firmly
bound to the progress in other medical treatments of diabetes as well as to
advance in the field of nutrition science. The availability of blood glucose
home monitoring and the development of multiple insulin injection and insulin
pump therapies during the 1980s changed the treatment in a profound way.
With the more physiologic insulin therapies, the eating schedule can be more
flexible. The very short-acting insulin preparations further increase flexibility.
Along with the advances made in the understanding of the health effects of
dietary fatty acids, emphasis has shifted from total fat to the type of dietary
fatty acids in the medical nutrition therapy of diabetes.

Nutritional management is one of the cornerstones of diabetes care.
Achieving good glycemic control is usually not possible without good coordi-
nation between insulin treatment, nutrition therapy and exercise by means of
glucose self-monitoring. When giving dietary advice, it is important to take
into account cultural, ethnic and family traditions as well as individual dietary
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habits before the diagnosis of diabetes. The psychological meanings of foods
and eating should not be underestimated. Although the dietary recommenda-
tions for children and adolescents with diabetes do not anymore differ from
those given for the general population, they do differ from what the other chil-
dren and adolescents eat.

We are facing new challenges in the treatment of diabetes: type 2 diabetes
is increasing also among children and adolescents along with the increasing
prevalence of overweight and obesity and sedentary life style in these age
groups [5]. The increasing flexibility and alternatives in the treatment of dia-
betes give better possibilities to achieve good metabolic control, but this also
means that more knowledge and skills are needed to successfully coordinate
nutrition therapy with insulin therapy and exercise.

Aims of Medical Nutrition Therapy

The nutritional management of children and adolescents with diabetes
aims at [1]:

• providing appropriate energy and nutrient intake to ensure optimal growth,
development and health

• promoting healthy lifelong eating habits while preserving social, cultural
and psychological well-being

• achieving and maintaining the best possible glycemic control

• achieving and maintaining ideal body weight and taking regular physical
exercise

Table 1. Changes in the medical nutrition therapy of diabetes in children and adolescents
by time

Earlier Now

Doctor prescribed treatment Self-care with the help of multidisciplinary
diabetes team

Rigid diet Flexible diet
Some foods restricted No forbidden foods
Diet according to insulin Insulin according to diet and exercise
Amount of foods prescribed Eating according to hunger and blood

glucose self-monitoring taking into 
account exercise and growth

Cultural, social and psychological Variety of factors affecting food
values of foods and eating ignored choice better understood
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• preventing and treating acute complications of diabetes such as hypo-
glycemia, hypoglycemic crises, hyperglycemia, illness and exercise-related
problems

• preventing or delaying micro and macrovascular complications

Dietary Advice

The complexity of nutritional issues in the lifelong management of
diabetes is generally acknowledged. A registered dietitian who is experienced
in childhood diabetes and in implementing nutrition therapy into diabetes man-
agement and education should belong to the multidisciplinary diabetes care
team [1, 2]. Medical nutrition therapy provided by registered dietitians resulted
in better glycemic control in subjects with newly diagnosed type 1 diabetes [6].
A recent workshop report revealed, however, that of the 45 pediatric clinics par-
ticipating in the survey only 25 had a pediatric dietitian available for children
with diabetes [7].

The giving of dietary advice should start gradually: first the emphasis is
on establishing secure and supporting relationship with the family and only

Table 2. Nutritional recommendations for subjects with diabetes given by the International Society
for Pediatric and Adolescent Diabetes (ISPAD), the American Diabetes Association (ADA) and the
Diabetes and Nutrition Study Group (DNSG) of the European Association for the Study of Diabetes

ISPAD 2000 [1] ADA 2002 [2, 3] DNSG 2000 [4]

Carbohydrate, % energy �50 – 45–60
Dietary fiber, g/day 5� age (years)* ↑ ↑

Sucrose, % energy �10 – �10
Protein, % energy 10–15 15–20** 10–20**
Fat, % energy 30–35 – 25–35
SFA and trans-unsaturated �10 (for SFA) �10 (for SFA)*** �10***
fatty acids
MUFA �10 – 10–20
PUFA �10 10 �10

Carbohydrate � MUFA, % energy – 60–70 60–70
Dietary cholesterol, mg/day – �300 �300

* For children older than 2 years.
** If renal function is normal.
***If LDL cholesterol is elevated �7 and �8% are recommended by ADA and DNSG, respectively.
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simple instructions are given, later more detailed education is given. Interaction
in the diabetes care team is important: dietary advice given by different team
members should be consistent. Dietary advice also needs to be given to the
other caregivers: extended family, teachers, babysitters, etc.

Dietary advice should be based on the dietary history on the family’s and
child’s food habits and meal pattern before the diagnosis of diabetes. Also, the
child’s daily activities including exercise schedules need to be interv-
iewed. Additionally, 24-hour recalls and 3-day food diaries can be used to
assess child’s energy intake. Adequacy of energy intake should be evaluated
by following weight gain and growth patterns on a regular basis (every
3–6 months).

Main Dietary Recommendations

The dietary recommendations given by different diabetes expert groups
are very well in line with each other (table 2) and also with recommendations
given to the general population [8].

Nutrition therapy of children and adolescents with type 1 diabetes should
focus on achieving blood glucose goals without excessive hypoglycemia. It is
essential to provide adequate intake of energy to ensure normal growth and
development and to avoid obesity. Insulin regimens need to be integrated into
usual eating and physical activity habits. Varying eating and exercise patterns
can be managed with adjustment of insulin doses. Self blood glucose monitor-
ing and decision-making based on outcomes are necessary tools for achieving
the best possible glycemic control. Individuals treated with insulin also need
education in the management and prevention of hypoglycemia, acute illnesses,
and exercise-related blood glucose problems.

Nutrition therapy of youth (or children) with type 2 diabetes includes facil-
itating changes in eating and physical activity habits that reduce insulin resis-
tance and improve metabolic status. Attention should be paid to the cessation of
excessive weight gain with normal linear growth and to achievement of
glycemic control goals. The possible comorbidities, such as hypertension and
dyslipidemia are more frequent with type 2 than type 1 diabetes and need to be
addressed.

Dietary recommendations can be presented in a diagrammatic and practi-
cal way by the food pyramid: the top consists of fats, oils, sweets, and confec-
tionary (should be use sparingly); next downward come milk, cheese, meat,
fish, egg, and nuts (2–3 servings per day); then fruits and vegetables (5 serv-
ings per day), and lastly the base is formed by bread, cereals, rice, potato, and
pasta (6–11 servings per day) [1].
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Sociocultural Aspects of Food and Eating

Parents and siblings have an influence on a child’s food choices. The
child’s caretakers, teachers and friends, as well as the media, also play a role in
child’s food selection, their importance varying at different ages. It seems that
food habits are more strongly associated within the nuclear family than between
friends, even among adolescents [9]. The findings from the Framingham
Children Study demonstrated that both maternal and paternal intake of satu-
rated fatty acids was related to child’s intake [10].

There are critical periods when changes in food habits take place in fami-
lies. Parents seem to be more prone to change their food habits at the time the
children are born [11]. The concern over the health of a family member was
related to the quality of the diet of the parents [12].

Few studies have compared the diet within families with a child with dia-
betes. The siblings of Finnish children with diabetes changed their fat and milk
choices at the time of diagnosis according to dietary guidelines and these
changes persisted during the 2-year follow-up period [13]. Nondiabetic siblings
of farmers’ and lower socioeconomic families were less prone to change their
food habits. In another Finnish subject series of very young children with
diabetes, the family members (siblings, mothers, fathers) increased their con-
sumption of skim milk, low-fat cheese, low-fat cold meat cuts, fruits, vegetables
at the time of diagnosis [14].

It seems that the family members of a child with diabetes are willing to
change their own food habits towards the recommended diet. Similar food
choices among family members decrease the feeling of social isolation of the
child with diabetes. The diet recommended to children with diabetes also pro-
motes the health of other family members. It works well, for example, in the
prevention of cardiovascular diseases and of type 2 diabetes. In the other fields
of treatment of diabetes, there is evidence of the importance of family support.
Parental support in blood glucose home monitoring has been shown to increase
compliance, and the higher frequency of blood glucose monitoring was related
to better glycemic control among adolescents with diabetes [15].

Carbohydrates

The total amount of carbohydrates is more important for the glycemic
effect than the source or type. It has been shown that there is a strong relation-
ship between the insulin dosage before meal and the postprandial response to
the carbohydrate content of the meal [16].
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The insulin dose and action profile needs to be balanced to the expected
intake of carbohydrates. Carbohydrates can be counted in exchanges, grams,
portions/servings, as glycemic index, and in carbohydrates:insulin ratio. Some
families and young people may have difficulties in counting carbohydrates in
exchanges or grams and may use educational tools such as ‘plate model’. There
is a danger that carbohydrate counting leads to carbohydrate constraint as the
child grows.

Those individuals who receive intensive insulin therapy should adjust their
premeal insulin dosages according to the carbohydrate content of the meals. If
fixed daily insulin dosages are given then attention should be paid to a consis-
tent day-to-day carbohydrate intake. Twice-daily insulin regimens of short and
longer-acting insulins require also frequent carbohydrate intake to prevent
hypoglycemia during inevitable periods of hyperinsulinemia. Most insulin reg-
imens require carbohydrate intake before bed to prevent nocturnal hypo-
glycemia. During increased exercise and sport extra carbohydrates are needed
before, during and after exercise to balance the increased energy need and pre-
vent hypoglycemia [17].

Subjects with diabetes are encouraged to choose a variety of fiber-containing
foods, such as whole grains, fruits, and vegetables, because they provide vita-
mins, minerals, fiber, and other dietary factors important for good health. There
is, however, no reason to recommend a higher intake of dietary fiber for the
subjects with diabetes than for the rest of the population [3, 4]. For children
with and without diabetes older than 2 years, a daily fiber intake of 5 plus age
in years is recommended [1, 18].

Sucrose produces similar a glycemic response as isocaloric amounts of
other carbohydrates and need not be restricted in the diet of subjects with dia-
betes. Sucrose should be substituted for other carbohydrate sources in the meal
plan or if added to the meal plan, adequately covered with insulin. There are no
health reasons for eating sucrose or sucrose-containing foods either, apart from
treating hypoglycemia, so that it seems prudent for children and adolescents
with diabetes to have the same recommendation as other children, which is not
to receive more than 10% of their total energy from sucrose.

Fructose is a major sugar in fruits. It is somewhat sweeter than sucrose. In
excess it may have adverse effects on triglyceride levels. It is not recommended as
a sweetening agent, but natural sources, fruits and vegetables, are recommended.

Sugar alcohols are used in food as sweeteners and bulking agents. They
are hydrogenated monosaccharides (e.g. sorbitol), disaccharides (e.g. maltitol),
and mixtures of hydrogenated mono-, di- and oligosaccharides. Sugar alco-
hols have been designated as safe for use as food additives. They may cause
diarrhea, especially in children, and are not recommended as sweeteners in
children [1].
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Fructose, sugar alcohols and other nutritive sweeteners, all of which are
sources of energy, do not have substantial advantages over sucrose for subjects
with diabetes and should not be encouraged.

Protein

Protein intake decreases during childhood from about 2 g/kg per day in early
infancy to 1 g/kg per day for a 10-year-old, and to 0.8–0.9 g/kg per day in later
adolescence. Both the amount and sources of protein vary widely in different
countries. There is no evidence to suggest that usual protein intake (10–15% of
energy) should be modified if renal function is normal. It may be prudent to
avoid higher intakes. When persistent microalbuminuria, raised blood pressure
or established nephropathy occur, excessive protein intake may be harmful and
therefore the intake should be at the lower end of the recommended intake.
Protein restriction in adolescence requires expertise of a dietitian to ensure that
it does not interfere with normal growth.

Dietary Fat

The principal goal regarding dietary fat in subjects with diabetes is to
decrease the intake of saturated and trans-unsaturated fatty acids and choles-
terol. Saturated fatty acids occur mainly in animal products such as high-
fat milk, cheese, butter, and red meat. Trans-unsaturated fatty acids are formed
when unsaturated fats are hydrogenated and are found in manufactured confec-
tionery products (e.g. biscuits, cakes, chocolates) and some margarines. Both
saturated and trans-unsaturated fatty acids have adverse effects on lipoproteins
and are associated with coronary heart disease.

Saturated fat can be replaced either with carbohydrate or (cis-)monounsat-
urated fat, either of which can contribute to a reduction in plasma LDL choles-
terol. Monounsaturated fatty acids of cis configuration are found in olive,
sesame, rapeseed, and some nut oils.

Polyunsaturated fatty acids include the essential fatty acids linoleic acid and
�-linolenic acid. Polyunsaturated fatty acid intake is restricted to no more than
10% of the total energy intake because of the potential adverse consequences of
increased lipid oxidation and reduced levels of HDL associated with high intakes.
There is some evidence from the general population that foods containing n–3
polyunsaturated fatty acids, especially eicosapentaenoic and docosahexaenoic
acid, have cardioprotective properties [19]. Fish is a good source of these fatty
acids and therefore two or more servings of fish per week can be recommended.
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Vitamins and Minerals

Nutrient requirements of children and adolescents with type 1 and type 2
diabetes are apparently similar to those for same-aged nondiabetic children and
adolescents [8]. Children and adolescents with diabetes should be educated
how to receive the daily vitamin and mineral requirements from foods. The
potential toxicity of megadoses of vitamin and mineral supplements should be
stressed. In selected groups, such as strict vegetarians or in individuals with
energy-restricted diets, supplementation with a multivitamin preparation can be
advisable. In some countries supplementary vitamin D may be necessary to
children during the winter months. There is no clear evidence of benefit from
vitamin or mineral supplementation in subjects with diabetes who do not have
underlying deficiencies [3].

Salt

As in the general population, adult subjects with diabetes should be
advised to restrict salt intake (sodium chloride) to 6,000mg or sodium intake to
2,400mg (100mmol) per day [2]. Children aged 1–3 years have a reference
intake of 500mg of sodium, those aged 4–6 years 700mg and 7- to 10-year-olds
1,200mg [20]. In both normotensive and hypertensive individuals, a reduction
in sodium intake lowers blood pressure.

Non-Nutritive Sweeteners

Non-nutritive sweeteners, such as saccharin, aspartame, acesulfame potas-
sium and sucralose are safe when consumed within the acceptable daily intake
(ADI) levels and may be helpful when used in drinks.

Dietary Compliance among Children and 

Adolescents with Diabetes

Dietary compliance seems to be rather good among young children with
diabetes [21, 22]. In the Finnish study, for example, the consumption of roots,
vegetables, and high-fiber rye products was two to three times higher among
children with diabetes than among control children, and the intakes of carbo-
hydrate, total fat and saturated fat of the children with diabetes were well within
the recommended limits during the first 2 years of diabetes.
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The dietary compliance of Finnish children deteriorated during adoles-
cence, e.g. the intake of saturated fat increased and the diet changed towards
that of other adolescents [23–25]. Among adolescents with diabetes, a relatively
high prevalence of mismanagement has been observed: 25% had missed their
insulin injection, 29% made up blood test results, 34% had taken extra insulin
to cover inappropriate food, and 56% had missed meals and snacks during the
previous 10 days [26].

The comparison of dietary surveys of children and adolescents with dia-
betes published during the last decade [21, 22, 24, 25, 27–30] revealed that the
Italian children with their moderate intake of protein and saturated fatty acids
and high intake of monounsaturated fatty acids and carbohydrate were closest
to the recommended diet.

Obesity and Eating Disorders

Overweight and obesity in childhood and adolescence are increasing
rapidly worldwide [31, 32]. In addition, there are observations of increased
overweight and obesity among adolescents with diabetes compared to other
adolescents [25, 33]. Obesity seems to be related partly to multiple insulin
injections [34, 35] and/or higher insulin dose [25].

Eating disorders are about two times more prevalent among adolescent
girls and young women with diabetes than in the general population [36, 37].
Required dietary restraint and weight gain related to the treatment of diabetes
may play a role [38]. Eating disorders are related to noncompliance with dia-
betes treatment, impaired glycemic control and higher frequency of microvas-
cular complications [36].
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Evolution of Insulin Pump Therapy

Since the first clinical use of insulin therapy in 1923, physicians have

defined the goal of treatment of diabetes mellitus as the maintenance of the

glycemic status to ‘as close to normal’ as possible. This notion was reinforced

in 1993 by the finding of the Diabetes Control and Complications Trial

(DCCT), a 9-year study of 1,441 diabetic patients [1] that improving glycemic

control at an early age can help prevent the typical complications of the disease

later in life. With these data, diabetic patients, along with their care-givers,

faced the challenge of achieving near normal metabolic control without

compromising their quality of life. It is done by tailoring the treatment personally

to the patient’s individual lifestyle, taking into account his or her age, pubertal

status, physical activity, dietary needs, intelligence family support and socio-

economic status.

The failure of conventional treatments to normalize blood glucose levels

in diabetic patients prompted the development of mechanical infusion systems

that try to mimic the �-cell function. The first continuous insulin delivery

device was fashioned in 1960 by Kadish, but it was large, cumbersome and

impractical [2]. About 15 years later, several research groups [3, 4] suggested

that in patients with type 1 diabetes, the best way to improve metabolic control

was to administer insulin in a manner that simulates the physiological patterns

of insulin secretion, that is, continuous 24-hour ‘basal’ delivery with superim-

posed prandial-related boosts or ‘boluses’. Although this could be achieved

with multiple daily injections (MDI) [5], controlled insulin infusion by portable
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pump appeared to be more flexible and precise. Early trials in several countries,

using variable rates of intravenous insulin delivery, first for several days [2, 4, 6]

and then for some months [7], noted improved blood glucose control compared

to traditional methods. However, the clinical application of an intravenous

infusion system was limited by risks of infection, thrombosis, phlebitis, insulin

precipitation and aggregation, and difficulties in maintaining arm vein patency.

As a result, new efforts were invested in developing portable delivery systems

for continuous subcutaneous insulin infusion (CSII). The first report was

published by Pickup et al. [8] in 1978. Soon after, Tamborlane et al. [9] demon-

strated that CSII, when combined with self-monitoring of blood glucose

(‘intensive insulin therapy’), yielded glycosylated hemoglobin values in the

near-normal range. Their pump was designed to infuse small pulses of rapidly

absorbed insulin every few minutes, creating a small subcutaneous reservoir

from which insulin could be absorbed continuously at a predictable basal rate.

The pump could also be manually activated to inject a larger bolus of insulin

15–30min before meals, according to the blood glucose level and composition

of the planned meal. The metabolic improvement in the patients using the pump

was at least as good as with the intravenous route.

In view of these early successful results, different prototypes of smaller,

lighter, programmable pumps were introduced, with several different types of

open-loop systems. Roller pumps are operated by the rotary action of rollers

moving over a flexible tube which transfers insulin from a reservoir to a

catheter. Their major drawback is that pH changes in the relatively large reser-

voir or contact with the plastic materials can cause the insulin to precipitate or

aggregate, thereby obstructing the catheter. Solenoid-piston pumps move

insulin in one direction by means of inlet and outlet check valves. Although

small and precise, these devices also require insulin storage in a reservoir and

are thus subject to the same problems as roller pumps. Solenoid-piston pumps

were recently withdrawn from the market. In syringe pumps, currently the most

popular type, an actuator driven by a motor-powered lead depresses the plunger

of a small syringe. Basal and meal-time boluses are set electronically. The

reservoir holds short-acting insulin (regular insulin or insulin analogue).

Modern pump modifications that improve function and ease of use include

electronic memory, multiple basal rate programming, bolus options, and sus-

pension or temporary-rate preprogramming of insulin for set times throughout

the day. In addition, pumps now come in a variety of colors, and the informa-

tion screen is easier to read. The infusion sets have softened catheters which do

not require that the insertion needle be left in place, and ‘quick-release’ options

which permit the pump user to easily disconnect from the infusion tubing

during activities such as showering, swimming and sexual intimacy. Some of

the pumps have a safety lockout feature and a remote control, and alarms that
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signal the user to recharge the battery, fill the syringe, etc. Newer tapes have

been developed to better secure the needle or catheter on the skin while caus-

ing less local skin irritation. The use of local anesthetics, such as EMLA cream,

makes catheter insertion nearly painless.

Implantable Pumps

Buchwald and Rohde [10] developed the first constant-rate implantable

pump in the 1970s. The pumping mechanism was based on the equilibrium

between the positive-pressure Freon gas stored in the pump and the insulin in

the reservoir, separated by a diaphragm. The reservoir was filled by the physi-

cian with a particular insulin concentration. In the 1980s, researchers demon-

strated that variable-rate, patient-controlled implantable insulin pumps were

feasible for clinical use, but they were limited by the short battery life [11].

However, the programmable implantable insulin pump developed around the

same time at Johns Hopkins University [12], required less power and caused

less physical trauma to the implant site. Average duration of function of the

pump was 3 years.

The current generation of implantable insulin pumps is variable-rate,

patient-controlled devices. The pumps are implanted via an incision into a

‘pocket’ formed in the subcutaneous space of the abdomen; the tip of the

catheter is placed in the peritoneal cavity. Changes are made in the catheter or

pump by reoperation at the earlier incision. The pumps deliver insulin at a con-

stant pre-programmed basal rate between meals and overnight, with bolus doses

at meals. To make dose adjustments, the patient places a hand-held communi-

cator over the pump and presses a keyboard. Electronic problems are detected

by the pump’s failure to communicate properly; a warning message is displayed

or an alarm is delivered from the implant. The most common problems are

catheter block and precipitation of insulin within the pump. It should be noted

that the use of the implantable insulin pump has been studied only in a few

selected centers and is still not a common practice.

The Clinical Use of CSII

Insulin’s secretory responses to physiologic stimuli are complex and diffi-

cult to duplicate. At present, CSII appears to offer the most physiological way

of insulin delivery, by combining predetermined basal rates of insulin to meet

non-prandial requirements (between meals and during sleeping hours) and

bolus doses at mealtimes. The basal rate is set to the minimum insulin needed
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to suppress gluconeogenesis and ketogenesis while keeping blood glucose

levels within the normal range without inducing hypoglycemia. The mealtime

boluses are calculated with the use of an algorithm and depend on the caloric

and nutritive composition of the meal, the capillary glucose concentration

before the meal, and the anticipated level of physical activity after the meal. For

better prandial and postprandial glycemic control, according to the type of food

ingested and duration of the meal, current pump technology offers several bolus

options: normal, in which the programmed bolus is given immediately before

the meal; square-wave bolus, in which the bolus is distributed over a chosen

time; and dual-wave bolus which combines these two methods in a suitable

ratio selected by the patient (fig. 1). The rate of basal insulin infusion can vary

over the day to accommodate diurnal changes in insulin needs.

By using CSII, patients are spared both the need for multiple daily injec-

tions of insulin by syringe or pen and the peak-action profile that characterizes

intermediate- or long-acting insulin preparations, allowing them more flexibility

with meals and daily activity. In addition, the ability to set different basal pro-

files throughout the day – and thereby decrease or increase the insulin infusion

rate – prevents the dawn phenomenon; that is, the basal rate can be increased in

the early morning hours without the price of nocturnal hypoglycemia [13]. It

also decreases the risk of exercise-induced hypoglycemia [13]. The multi-step

adjustable basal rate is theoretically superior to the recently introduced long-

acting insulin-analog glargine, which offers a fixed basal dose [14].

Studies have shown that the use of only short-acting insulin significantly

decreases the variation in subcutaneous absorption of insulin compared to

Midnight

U
n

it
s

6

Midnight Noon

Boluses

1

2

3

4

5

Time of day

Breakfast

Lunch

Dinner
A

B

Basal rate

Fig. 1. Changing glucose needs throughout the day. The gray band at the bottom of the

figure represents the basal insulin infusion rate. It can be modified for various needs such as

the dawn phenomenon or physical activity. The dark columns represent the bolus insulin

injections, that is, spurts of insulin delivered quickly to bring the elevated blood glucose

levels associated with meals back to normal levels. A and B represent the ability of some

insulin pumps to deliver the boluses at different paces according to the carbohydrate content

and composition of the meal.
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Intermediate-acting insulin (�3% vs. �30–50% difference) [15, 16]. In addi-

tion, placement of the catheter in the same area for a few days overcame the

large difference in subcutaneous insulin absorption from different injection

sites [17], so that blood glucose profiles are more consistent, with smaller

fluctuations compared to multiple daily injections [18–20]. This has been even

further improved by using insulin analogues in the CSII therapy [21].

As CSII has grown in popularity, patients and physicians have begun

to recognize some of its limitations. The lack of a subcutaneous depot of

intermediate- or long-acting insulin and the short half-life of serum insulin during

CSII [15] increase patient susceptibility to diabetic ketoacidosis (DKA)

secondary to dislodgment or occlusion of the infusion-set or pump failure

[22–24]. Since the devices alarms, available today, do not warn against leakage

or dislodgment, frequent self-blood glucose monitoring is needed, with rapid,

appropriate action to correct high glucose levels.

Another disadvantage is the high risk of infection at the infusion-set site

[22, 25, 26]. In addition, some patients show local allergic reactions to compo-

nents of the infusion system [27]. These local complications can be prevented

by meticulous management of the insertion sit, changing the insulin delivery

catheter every 2–3 days, changing components of the infusion system and

applying of local antibiotic cream to the site, as necessary.

Recent technological advances have made the pump less liable to mechan-

ical failure and more user-friendly [28]. The pumps of the eighties were large

and heavy and often had a negative impact on body image [29]. Today, pumps

are pager size, easy to carry and, in our era of cellular phones, much more

socially acceptable. The development of electronic memory, several basal

profiles, enhanced safety alarms, a soft cannula, remote control and being

waterproof have dramatically improved the day-to-day use of insulin therapy [30].

Nevertheless, the pump is still a complex, sophisticated instrument and its

handling requires cognitive abilities, technical expertise, good understanding

and familiarity with the device, environmental support, and careful follow-up

by the health-care provider [31, 32]. Also, some patients still feel burdened by

the need to carry the pump and to leave the cannula in the subcutaneous tissue

24 h a day.

The transition from one mode of insulin therapy to another is usually the

result of a discussion between the child or adolescent, the parents and the med-

ical care-givers. Choosing the CSII as the mode of intensive therapy requires an

appropriate education and adjustment to the new therapeutic modality.

Adolescents with type 1 diabetes often find it hard to maintain good metabolic

control, possibly because of the unique emotional and hormonal changes asso-

ciated with this age group. Therefore, insulin pump therapy, which provides

greater lifestyle flexibility, may be better suited for this population. In a 1980
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study, Tamborlane et al. [33] reported that CSII is not only a feasible tool for

the management of blood glucose levels in diabetic adolescents; it actually

improves their metabolic control. A few years later, Schiffrin et al. [29] demon-

strated that in adolescents with type 1 diabetes, CSII was actually more effec-

tive in achieving metabolic control than intensive therapy with MDI.

The transition from MDI to CSII is usually achieved by decreasing the

average total insulin dosage per day, calculated based on the dose used over the

preceding 2 weeks, by about 20%. Of the total new daily dose, 50% is given as

the basal insulin and 50% as pre-meal boluses. At the first days, patients are

asked to perform frequent self blood glucose monitoring (before meals, after

meals, and during the night). The target glycemic range for children and

adolescents is 4.4–8.3mmol/l before meals and at midnight and 6.6–10mmol/l

2 h after meals. Different target glycemic range should be designed for infants,

toddlers and young children and insulin dose should be adjusted accordingly.

The use of CSII usually requires less insulin to achieve similar glycemic targets,

but the initial starting insulin dose should be adjusted according to age, puberty

and physical activity. Conrad et al. [34] recently showed that switching from

MDI to CSII was associated with the need to decrease the insulin dose by 18%

in pubertal patients, but only a small (1.7%) change was needed in prepubertal

children. They therefore suggested consideration of a smaller dose change dur-

ing transition from MDI to CSII in prepubertal children. They also demonstrated

that the maximal basal rate in pubertal patients occurred from 3 to 9 a.m. and

from 9 p.m. to 12 a.m. and in prepubertal children, from 9 p.m. to 12 a.m.

For many years pump users infused only regular insulin for both the basal

needs and the pre-meal boluses. Later it was shown that the use of rapid-acting

insulins results in better glycemic control [21, 35] and smoother glucose pro-

files [21]. Therefore, most clinicians recommend today the use of rapid-acting

insulins during CSII therapy: lispro (Humalog, Eli Lilli, Indianapolis, Ind.,

USA) or aspart (Novorapid, Novo Nordisk, Bagsvaerd, Denmark). Nevertheless,

it is noteworthy that some studies have shown similar glycemic control and

blood glucose profiles with the use of regular, lispro and aspart insulins [36].

In many diabetic centers, patients are taught carbohydrate counting and

insulin bolus dosing based on the insulin-to-carbohydrate ratio, before the initi-

ation of CSII therapy. Several ways how to calculate the starting bolus insulin

dose have been developed; we are using 1U of insulin per 10–20g of carbohydrate

in the anticipated meal. According to the post-meal SBGM and food diary,

additional insulin is added to the regimen to cover for elevated blood glucose

levels, as necessary. In addition, elevated blood glucose levels (above

8.3mmol/l) are corrected with additional insulin given in-between meals and

snacks, using 1U for every 2.8–5.5 above 8.3mmol/l. This, of course, can be done

without the need for additional needle pricks by the patient. Most clinicians
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will ask their patients to change the infusion site every 3 days in regular cir-

cumstances, but to do that earlier if blood glucose is �16.6mmol/l and the

urine is positive for ketones or when blood glucose is �16.6mmol/l and fails

to respond to corrective insulin doses as well as when any sign of infection in

the insertion site is apparent.

CSII vs. MDI

Studies comparing glycemic control and adverse events between CSII and

MDI have yielded contradictory results. Most of the studies so far were lacking

a control group, randomization, or crossover design, and were conducted retro-

spectively by paired-comparison (i.e. pre- vs. post-pump control). Furthermore,

the vast majority was done in the adult population.

A recent meta-analysis of 12 randomized control trials comparing CSII

with MDI in adults with type 1 diabetes found a decrease of �1mmol/l in

mean blood glucose concentration, �0.5% decrease in HbA1c and �14% in

insulin dose during CSII [37]. A second meta-analysis [38] of 52 studies of

patients of all ages, including 41 paired studies (same individuals assessed

before and after initiation of CSII) and 11 parallel studies (comparison of

subjects using conventional therapy with subjects using CSII) yielded slightly

better mean blood glucose levels and HbA1c with CSII. However, most of these

studies enrolled self-selected patients, and their samples included patients who

before CSII were treated by both ‘conventional’ therapy and intensive insulin

therapy with MDI. The main finding of the meta-analysis was the impact of the

duration of CSII therapy on the improvement in glycemic control. Specifically,

a significant improvement in glycohemoglobin (mean � SD, 8.68 � 0.06

before vs. 7.48 � 0.22 after, p � 0.001) was noted in the patients who used

pump therapy for at least one year, but not in those who did so for less time

(9.4 � 0.23 vs. 9.2 � 0.01, p � 0.3). Both meta-analyses failed to compare the

rate of adverse events, and the descriptive data were equivocal with regard to

the rates of DKA, severe hypoglycemia, catheter site infections, and psycho-

social functioning.

By contrast to the adult population with type 1 diabetes, data on CSII in

toddlers, children and adolescents are still sparse. The few studies already

conducted were mostly small and nonrandomized, with a short duration of CSII

use [39]. Those comparing conventional therapy to CSII generally showed bet-

ter glycemic control with CSII [40–44], but those comparing MDI to CSII had

contradictory results [28, 45–50]. Boland et al. [47], in a parallel nonrandom-

ized study of 1 year’s duration, noted significantly better glycemic control and

a decreased rate of severe hypoglycemia in adolescents using CSII, similar to
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the results of Kaufman et al. [48] who performed a short-term randomized

crossover study using pumps only during the night. However, in a paired

longitudinal study, Kaufman et al. [28] reported a decreased rate of severe

hypoglycemia in the CSII treated patients but, similar glycemic control, while

Maniatis et al. [49] and Raile et al. [50] failed to show any significant differ-

ences between the groups.

These discrepancies, combined with the lack of randomized crossover

studies comparing the two modes of intensive therapy in young patients and the

growing interest of patients and their families in pump therapy, prompted our

group to conduct two open, randomized, crossover studies in children [33] and

adolescents [51]. We evaluated CSII and MDI for glycemic control, incidence

of hypoglycemia and hyperglycemia, dose requirements, weight gain, quality of

life and satisfaction. In the children, glycemic control and rate of adverse events

were similar for the two modalities. However, body mass index increased dur-

ing MDI and did not change during CSII, while treatment satisfaction was

greater for CSII. Comparing glycemic patterns by mode of therapy using the

Continuous Subcutaneous Glucose Sensor (CGMS, MiniMed, Sylmar, Calif.,

USA) in the same group of patients, we found a smaller nocturnal area under

the curve for hypoglycemia and a longer duration of within-target glucose

tracings during CSII compared to MDI, with similar glycemic control [51]. In

the adolescents [52], HbA1c level decreased by 0.43% during CSII and

increased by 0.1% during MDI; this difference did not reach statistical signifi-

cance due to the small number of subjects. Again, treatment satisfaction was

greater for CSII. The rate of severe hypoglycemia was slightly lower during

CSII for similar levels of glycemic control. Despite the increased rate of

ketonuric events during CSII in both studies, DKA developed in only one

adolescent subject during CSII therapy. The results of our studies and previous

randomized crossover studies are summarized in table 1.

Recently, a new long-acting insulin analogue glargine, reportedly as peak-

less insulin, was introduced as better basal insulin for MDI regimen [14].

Studies comparing MDI with glargine with CSII have yielded contradictory

results. Lepore et al. [53] demonstrated in a paired study that both CSII with

lispro insulin and MDI with lispro plus glargine insulin, equally improve meta-

bolic control and reduce severe hypoglycemia in adults with type 1 diabetes

compared to MDI with NPH as it’s basal insulin. However, Boland et al. [54],

using a randomized parallel study design, found significantly better improve-

ment in glycemic control during CSII and rapid analogue compared to MDI

with glargine and aspart in children and adolescents with type 1 diabetes.

Recently CSII was shown to be a safe and effective mode of therapy in

toddlers and young children with type 1 diabetes [55] and even in infants with

congenital diabetes. It is our impression, too, that infants, toddlers and very
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Table 1. Summary of randomized open crossover studies comparing glycemic control, adverse events and satisfaction between CSII and

MDI in children and adolescents with type 1 diabetes

Author Age group, Arm Glycemic Severe DKA CSII Insulin dose Satisfaction Continued

years duration control CSII hypoglycemia (vs. MDI) CSII (vs. (CSII vs. MDI) CSII (%)

(no subjects) (vs. MDI) CSII vs. MDI (n events) MDI)

(n events)

Schiffrin et al., 14–41/(16) 6 months similar 1 vs. 0 not reported similar Similar 44

1982 [45]*

Schiffrin et al., adolescents 4 months better HbA1c 1 vs. 1 not reported decreased Similar 63

1984 [46]* (20)

Kaufman et al., 7–10 (10) 6 weeks better not reported, not reported decreased Better **

1999 [48]** fructosamine less mild adherence,

hypoglycemic diminished

events fear of 

hypoglycemia

Weintrob et al., 9–14 (23) 4 months similar 1 vs. 3 none decreased Increased 70

2003 [32]† satisfaction,

similar impact

and worry score

Cohen et al., 14.5 –17.9 6 months � HbA1c 0.5% 1 vs. 4 1 vs. 0 tendency to Increased 75

2003 [52]‡ (12) less (NS) decrease satisfaction,

similar impact 

and worry score

*Concrete values for HbA1c were not reported.

**Pumps used during the night only.
†BMI increased with MDI but not CSII.
‡Similar BMI for both arms.
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young children who have motivated and adherent parents benefit from CSII

therapy: their blood glucose profiles are smoother, parental fear of hypo-

glycemia is decreased and management of sick days is easier.

Cost Benefit

In most countries, the cost of the pump itself and the monthly supplies is

higher than the cost of conventional or MDI therapy. Therefore, health insur-

ance to cover pump costs is essential for most diabetic patients. In our era of

budget limitations and decreased health resources, this issue must be taken up

by health-care providers. Larger analyses of the long term cost-benefits of CSII

compared to other modalities of intensive control of both type 1 and type 2

diabetes in different age groups are still needed.

Closing the Loop

Current insulin pumps are based on an open-loop infusion system, wherein

the rate of insulin infusion is not automatically adjusted to blood glucose levels.

The patient has to decide on the basal infusion rate at different hours of the day

and the amount of bolus insulin that should be given before each meal. In the

future, with the development of accurate and fast-acting glucose sensors, we

expect that the system will change to a closed-loop mechanism. Efforts to

connect the CSII with a real-time glucose sensor have already been made in

animal models and even in some human trials [56]. Operating together, the

glucose sensors and insulin pumps will in effect serve as an artificial pancreas,

mimicking the role of the pancreatic �-cells and freeing the patient from the

need for constant daily calculations.
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Why Is Quality Management Important for 

Pediatric Diabetology?

The current therapy available for children and adolescents with diabetes is
by no means ideal. Current guidelines [1] define good control at HbA1c-levels
below 7.5%, and acceptable control at HbA1c levels between 7.6 and 9%.
However, in real life, the actual level of control achieved in children and
adolescents is considerably worse: While excellent metabolic control in the
majority of children is reported from few pediatric centers only (for example,
mean HbA1c in 144 children in Brussels: 6.6% [2]), multicenter studies in
most countries report considerably higher average HbA1c levels: Denmark:
9.7% in 339 pediatric patients [3], Scotland: 9.1% based on 1,755 patients [4],
Germany: mean 7.9% in 21,335 patients with T1-DM younger than 20 years,
with 66.5% of patients �7.5 and 35.9% above 9% [5], Australia: 8.2% in 1,190
children and adolescents (1.2–15.8 years of age) [6]. This fact is confirmed
by a multinational survey from 18 countries, including 2,873 children and
adolescents [7]. Even as HbA1c falls considerably above recommended targets
in most pediatric patients, at the same time the rate of severe hypogly-
cemic events is also unacceptably high, especially in the youngest age group
[7, 8]. In the short run, diabetes in children and adolescents causes a major bur-
den for affected families, psychological disturbances and financial costs for the
individual and the society [9]. In the long run, insufficient metabolic control
in diabetic patients is a major predictor for diabetic microvascular and



Holl/Grabert/Krause/Schweiggert 164

macrovascular complications, with hard end-points including blindness, 
end-stage kidney disease, cardiovascular disease and considerable morbidity
and mortality.

How can the outlook for children and adolescents with diabetes be
improved? Many patients and families, but also health care professionals caring
for pediatric patients hope for new technical developments (closed-loop systems,
implantable insulin pumps, continuous and/or noninvasive blood glucose mon-
itoring), for islet cell transplantation, genetically engineered cells or stem cell
technology, or just for pharmacological improvements like new insulin prepa-
rations or analogs, insulin-sensitizing drugs, co-therapy to reduce glycation and
subsequent organ damage, etc. However, even the most optimistic researchers
will admit that such developments are not likely to provide a cure for type 1
diabetes in the next 5–10 years for the majority of patients currently affected. It
is beyond the scope of this chapter to go into detail on all the chances and risks
of such potential developments. While the vision of a definitive cure provides
hope and spirit for the patient and family, small practical improvements are
much more likely to have a significant impact on the foreseeable future for
pediatric patients with diabetes.

Both health care professionals and affected patients/families will agree
that the situation for children and adolescents with diabetes has improved
considerably during the last 20 years. However, this improvement was not due
to a major technological breakthrough: While new insulin analogues beyond
doubt provide a certain advantage for some patients, and currently available
blood glucose meters are faster and more convenient, the major tools for mod-
ern diabetes therapy have been available for many years: insulin preparations
with different kinetics, blood-glucose self-monitoring, insulin dose adjustment,
education for patients and families, psychological and social support for
affected children and their families.

Therefore, the basic philosophy of quality management for childhood dia-
betes can be summarized in one sentence: Use the available tools for diabetes
care more and more efficiently. This is an evolutionary approach, in contrast to
a revolution in diabetes care based on hypothetical biotechnological break-
throughs.

An additional point has to be mentioned as a major force to justify quality
management: All healthcare systems in the world are currently under consider-
able financial pressure. This fact has to be accepted, and even the allocation of
more resources towards pediatrics, or towards diabetes care, will in itself not be
able to solve this problem. Given the vast number of equally important health
challenges for the future, it is very unlikely that any modern society will be
able to considerably increase the financing for pediatric diabetes care. In this
economic light the concept of outcome research will be necessary to convince
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politicians and society of the long-term cost-effectiveness of pediatric
diabetes care.

In view of these economic constraints, it is no surprise that modern
concepts like ‘evidence-based medicine’, ‘health technology assessment’ or
‘managed care’ have primarily been developed in the United Kingdom in
response to considerable under-financing of health care. Currently, many soci-
eties – in European and overseas – adopt similar approaches to make medicine
more efficient.

The Quality Control Cycle

Quality management is a continuous process, generally described as a
cycle: With every turn, some improvement is likely to be achieved; however,
the optimum, the ideal diabetes care, is probably never reaches. A common
visualization of the quality control cycle is the PDCA-approach: Plan – Do –
Check – Act (fig. 1), but other acronyms have been used as well.

Before quality improvement is feasible, the basic philosophy of quality
control has to be accepted wholeheartedly by an institution. In other words, a
health care team, a hospital or practice, or society as a whole has to be con-
vinced that quality management is a way to improve the results achieved [11].
This decision should be based on concrete shortcomings of present care, and
the step towards improvement should be as focused as possible: Improve meta-
bolic control, or reduce the number of severe hypoglycemic events, or make the
system more cost-effective.

The more precisely the problem is defined, the more efficient is the quality
management likely to be. If a concrete remedy for a perceived deficit is avail-
able, the next step of course would be to implement these changes. Did these

Plan

 PDCA  cycle

Act

Check

Do

Fig. 1. Visualization of the PDCA-
cycle. Adapted from Deming [10].



Holl/Grabert/Krause/Schweiggert 166

changes work? In order to get the answer, one of the basics of quality manage-
ment has to be implemented: objective documentation of the results, which are
then to be interpreted carefully. Further action can then be based upon the
results already achieved.

A practical example for such a cycle would follow-up the current insuffi-
cient level of metabolic control achieved in many pediatric patients with
diabetes: A diabetes team may decide to improve the situation by switching to
intensified insulin therapy [12], by using insulin pumps [13] or by intensifying
diabetes education [14]. Which approach is the most promising will depend on
the current therapeutic strategy at this institution, available evidence in the
literature, or personal experience reported by other diabetes teams. However,
the crucial point is objective documentation of changes in metabolic control
achieved in response to this intervention, and base subsequent actions on these
evaluations.

Where to Look: Structure, Process or Outcome of Care?

Based on a generally accepted suggestion by Donabedian [15], it is
common in the medical area to discriminate between structural aspects of
health care, the process of delivering care, and the final results or outcome. In
pediatric diabetology, structure of care relates to the personnel and training/
experience in a diabetes team, the availability of a 24-hour telephone hotline or
continuous presence of a diabetes specialist. Availability of a pediatric
psychologist, a diabetes nurse specialist, a dietician and/or a health care worker
are other aspects of structural quality. It is difficult to provide high-level
diabetes care without sufficient trained personnel. Consequently, in many quality
initiatives, the availability of a multi-professional diabetes team which is
dedicated full-time to the care of children and adolescents with diabetes is
considered as perhaps the most important component.

The availability and integration of inpatient and outpatient care is also an
important structural component – despite the fact that diabetes care is provided
more and more on an outpatient basis. Structured teaching courses for group or
individual education, the availability of teaching materials for children of
different age groups, a room dedicated entirely to education or psychosocial
support groups for parents and relatives are additional components. Medical
aspects related to the structure of diabetes care are for example the quality of
lab measurements (blood glucose readily available for the patient, precise meth-
ods for HbA1c, lipids and urine albumin), the availability of medical literature,
internet, current guidelines, etc. In contrast to adult diabetology, technical
devices for eye examinations, ultrasound, vascular diagnosis, etc. have a limited
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importance in pediatric diabetes care and are therefore not part of structural
requirements in this age group.

Many services expect progress primarily from structural improvements.
This view may actually be true for health services in underdeveloped areas of
the world, or when new facilities are initiated. However, it has to be realized
that investments into the structure and personnel alone – while invariably
expensive – will not necessarily guarantee an improvement in outcome.

The process of care is probably more important: How are available
resources utilized? Which standard operating procedures, guidelines, etc. are
implemented and how closely are they followed during everyday work? The
process of care is therefore probably the most import component of quality
management, therefore many current quality initiatives focus entirely on this
area:

• How is the patient’s history taken?

• Does every patient get the necessary control exams?

• Is diabetes education focussed on the problems of the patient?

• Is insulin therapy tailored to the needs of the family?

• How often are patients seen by the doctor or a diabetes nurse?

• Are patients screened for hypertension?

• Do patients with hypertension receive adequate treatment?

• Are there follow-up exams?

• How are patients and private physicians informed about the care provided
by the specialist diabetes team?
These are just some examples for questions relevant for the process of

diabetes care.
The philosophy to focus primarily on the process of diabetes care is based

on the assumption that optimization of patient care will invariably lead to better
long-term results. Is this true? Unfortunately, little data are available for the
pediatric age group: No studies comparable to the DCCT or the UKPDS
are currently available for pediatric patients. This becomes even more 
relevant when outcome indicators are considered, as few long-term, multicenter,
population-based studies with children or adolescents are available. This lack
of data has to be considered when pediatric quality initiatives are initiated.

What to Record: Standardized, Objective Documentation

To get an objective picture of the process and outcome of medical care at
an institution is an integral part of quality management. Questionnaires for
patients on their subjective view regarding the quality of care they received are
definitely an important approach reflecting the ‘consumer satisfaction’ aspect
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of diabetes care: Topics like accessibility of the diabetes team, time spent with
individual team members, the understandable advice given, etc. are best
recorded asking patients themselves. However, other areas of medical care,
especially long-term aspects, are not readily reflected by patient questionnaires:
Prevention of late complications by reduction of risk factors, or prevention of
rare events like DKA episodes, etc. are probably not accessible by patient ques-
tionnaire. For these aspects, a standardized medical documentation is required,
focussing on process of care, as well as long-term outcome. One possibility of
a standardized dataset adopted for pediatric patients with diabetes from the IDF
Europe/St. Vincent basic information sheet (BIS) is given in figure 2.

It is an inherent challenge for this approach that hard, medical facts and
endpoints (lab-values, examinations, complications, etc.) are relatively easy to
document in an objective way, while other, equally important areas, like
psychosocial adjustment or quality of life are much more difficult to record in
a valid and reproducible way in a multi-center, standard-care environment.

When initiatives for the initiation of quality management are started, the
discussion on the number of parameters to document, the exact definition of
these parameters (what is a severe hypoglycemia in a young child?) and the way
to analyze these data (subgroups? adjustment for differences in case-mix) is a
crucial, by very time-consuming step. Unfortunately, little standardization has
been reached so far, both in adult as well as in pediatric diabetology.

Paper or PC: How to Document?

On an agreement on quality indicators and parameters to document has
been reached, the next step is to set up a documentation system. The easiest
way is to design a paper form, where data are entered manually by the diabetes
team (fig. 2). This approach has undoubtedly the advantage that it is easy, that
no technology is required at the participating institutions, and that not only
doctors but also nurses and other members of a health-care team feel secure
with this approach. Paper documentation is probably the way to go when qual-
ity management for a rare disease is initiated. However, major disadvantages of
this approach have to be kept in mind, which become more and more relevant
with increasing numbers of patients included, which is equivalent to a higher
frequency of the disease: When documentation covers only a fragment of
patients, the risk for bias is high. Using the paper approach, a double docu-
mentation is necessary (patient chart plus quality sheet), which increases the
workload for the team. For analysis, including feedback and benchmarking,
data have to be available in electronic form. If this data entry is performed in a
central institution, additional workforce is required, increasing the overall cost
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Fig. 2. The St. Vincent basic information sheet (DiabCare BIS) for a standardized
documentation of relevant items in pediatric diabetes care.
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for documentation. And probably the most important point: If data are not readily
available at the institution, important functions like accounting, patient sum-
maries, research projects, etc. need separate data entry, thereby increasing the
overall workload and subsequently the costs. It is therefore no surprise that all
quality initiatives based on separate paper documentation (quality sheet
approach) suffer from the fact that health care teams do not participate in the
initiative continuously over several years, that the quality of documentation
(completeness of data and internal validity) is low, and that members of the
diabetes team often display a negative attitude towards quality management, as
they primarily see it as an additional work-load.

Therefore, several approaches on the documentation for quality management
use computer-based technology, integrating electronic patient records and the
quality indicators required [16]. Due to the IT hardware required, the necessary
training of personnel, but also the difficulties with data integration in heteroge-
neous IT environments is still present in many hospital settings as the initial
investment necessary to implement such a system is considerably higher [17].
However, once the system works satisfactorily, relevant data are documented
once and then made available for various tasks, many of them providing a direct
advantage for the health care team. Therefore, the long-term acceptance is
much better compared to the data-sheet approach [18]. In figure 3, this basic
concept is illustrated by the functionality of the DPV Software, an electronic
patient record developed in Germany primarily for pediatric patients with
diabetes, and subsequently adopted for adult diabetes care. 150 pediatric
centers, 250 adult clinics and 500 diabetes specialists in private practice
currently use this system.

Quantifying Success: Quality Indicators

How can we measure the effect of medical care? With acute diseases, quan-
tifying the percentage of patients successfully cured from their disease, together
with the rate of patients suffering from complications, seems quite easy. It is
somewhat more difficult with chronic disorders, where no cure is available so far.
One group of indicators assesses the process of care. We all agree that patient edu-
cation is a prerequisite for long-term success and we also agree that certain con-
trol exams (HbA1c, blood pressure, BMI, lipid levels, eye exams, urine albumin
excretion) have to be performed at regular intervals. The performance of a dia-
betes center in both areas can easily be quantified. The idea behind this approach
is that optimal therapy (education, insulin therapy, control exams, psychosocial
counselling, etc.) will invariably lead to optimal results. In the age of evidence-
based medicine, this should be based on randomized intervention studies.
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Outcome indicators, or hard endpoints, like survival, myocardial infarct,
blindness or end-stage kidney disease are the gold-standard to determine the
success of medical therapy. For pediatric patients, the interval until such
endpoints can be evaluated is well beyond 20 or 30 years. This is certainly one
reason why practically no intervention studies with hard endpoints are available
for children: For adults, the DCCT has unequivocally shown that intensive
insulin therapy results in lower HbA1c levels and lower rates of microvascular
complications [19]. However, in pediatric diabetology, no simple relationship
seems to exist between the intensity of insulin therapy and metabolic control
achieved [20]. While numerous observational studies indicate that early meta-
bolic control is important for subsequent micro- and macrovascular complica-
tions, so far no definitive intervention studies are available relating the mode of
insulin therapy – or any other aspect of long-term patient care – to such hard
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Fig. 3. One example of an electronic patient management system, including direct
support for the diabetes team, internal and external quality control, as well as anonymous
accumulation of data for research purposes. This system was originally developed in
Germany for pediatric diabetes patients only, it is now widely used both for pediatric and
adult diabetology [8, 22, 24].
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endpoints in young patients. However, intermediate indicators as well as some
outcome indicators could be evaluated for pediatric patients: final height
achieved, presence of microvascular changes (microaneurysms, miroalbumin-
uria) after a certain duration of diabetes, or long-term metabolic control, as
Hba1c correlates with nearly all hard endpoints in diabetology.

A difficult area, which has not been solved convincingly, is the objective
reflection of the psychosocial burden for patient and family, or in wider terms,
their ‘quality of life’ (QOL). While there is no doubt that QOL aspects should
be part of a quality management systems, psychosocial aspects are difficult of
document objectively during routine care. However, recent research has demon-
strated that QOL is positively related to HbA1c – indicating that this metabolic
parameter will reflect psychosocial adjustment as well [21, 22].

Which indicators should be chosen as a basis for quality control manage-
ment? The answer depends on the regional/national context, the preferences of
the group, but also on the financing of the health care system. Even if pediatri-
cians would like to be guided only by medical, psychological or social direc-
tives, one has to admit that all health care systems are currently under financial
pressure, and the question of cost-effectiveness has to be an integral part of all
quality management systems.

When a new quality initiative is initiated it is wise to start with a limited
number of relevant quality indicators, and step by step add new, additional indi-
cators. In table 1 some potential quality indicators relevant for pediatric
diabetology are listed together with the treatment goal they reflect. This list is
not comprehensive.

How to Compare: Benchmarking

Internal quality management alone will not be sufficient to achieve
optimal results in all areas. Every critical physician will ask the question how
his work compares to that of his colleagues in the same area. Usually, the results
from external comparisons are compiled as histograms for each quality indicator
(example in fig. 4), but other graphical forms for data visualization have also
been proposed.

Who should receive benchmarking reports? While some competition is
healthy to stimulate one’s potential, it is difficult to decide whether such exter-
nal comparisons should be discussed openly or anonymously, and who should
have access to the results (participating physicians only? insurance companies?
government agencies? individual patients and patient organizations?). Many
institutions are reluctant to publicize their results. Fears are based on insuffi-
cient results at an institution, on perceived disadvantages in the comparison



Quality Management in Pediatric Diabetology 173

Table 1. Examples for quality indicators reflecting the process and outcome of diabetes
care, relevant for paediatric services

Treatment goal Quality indicator

Normal growth percentage of patients with height �3rd percentile
Normal physical development average BMI in diabetic children compared to 

nondiabetic children
percentage of patients with BMI �97th percentile

Normal pubertal development mean age at menarche in girls with diabetes
Low rate of acute complications frequency of severe hypoglycaemia

(definition!) in all patients
frequency of severe hypoglycaemia
(definition!) in patients younger than 5 years 
of age
frequency of admission due to DKA
after onset of diabetes

Prevention of microvascular percentage of patients with eye 
complications exams during the last year

percentage of patients with urine 
albumin excretion rate determined 
during last year
mean HbA1c achieved in all patients
mean HbA1c achieved in adolescent patients
percentage of patients beyond 5 years of 
diabetes with diabetic retinopathy
percentage of patients beyond 5 years of 
diabetes with diabetic nephropathy
percentage of patients with persistent 
microalbuminuria not receiving 
ACE-inhibitors (or other interventions 
for microalbuminuria)

Prevention of cardiovascular percentage of patients with lipid levels 
complications available during the last year

percentage of patients with blood pressure 
recordings available during the last year
percentage of patients with hypertension
percentage of patients with hyperlipidemia
percentage of patients with hypertension not 
receiving antihypertensive therapy
percentage of patients with hyperlipidemia not 
receiving lipid-lowering therapy
mean HbA1c achieved in all patients
mean HbA1c achieved in adolescent patients
percentage of patients beyond 5 years of 
diabetes with diabetic
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based on the patient population (more adolescent patients, more patients
referred due to insufficient metabolic control, more patients from ethnic
minorities, etc.) or on the fear that future reimbursement might depend on the
presentation of ‘excellent’ results. While some inequalities in the case-mix can
be mathematically corrected (e.g. fig. 4), it has to be admitted that such
corrections may not be absolutely perfect for all quality indicators.

External comparisons require critical discussions among participating
centers in order to identify strengths and weaknesses, and give practical clues,
how improvements might be achieved [23].

Quality of care invariably has financial implications: health care officials,
insurance companies/managed care providers as well as patient organizations
have a legitimate interest in benchmarking results and will more and more

Optimal social adjustment average number of days spent in hospital
average number of days where school 
was missed due to diabetes
percentage of patients on flexible insulin 
regimen (beyond remission)
QOL in patients with diabetes
QOL in parents from patients with diabetes
percentage of patients missing appointments

Table 1 (continued)

Treatment goal Quality indicator
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Fig. 4. Benchmarking for metabolic control achieved beyond the remission phase,
adjusted for various influencing factors, for 159 pediatric institutions participating in the
German external quality control initiative. Color-coding (white � good, gray � acceptable,
dark gray � improvement urgently recommended) is used to render results more visible.
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force institutions to implement components of quality management. Therefore,
institutions who engage themselves early in this area will have considerable
advantages.

Repeating the Cycle:The Longitudinal Aspect

Quality of care is not static, both structural components and the process of
care change over time. Therefore, repeated analyses of relevant quality indica-
tors at quarterly, half-yearly or yearly intervals are necessary to document
improvements but also potential deteriorations over time [24]. Repeated bench-
marking also provides an overall picture of the current level of diabetes care
within the quality initiative. In figure 5, changes of 3 relevant indicators over
8 years are presented from the German pediatric quality control initiative
[25, 26].

Quality Circles: How to Discuss 

Strengths and Weaknesses

Benchmarking alone will most likely not improve the outcome of medical
services. The whole diabetes team has to critically discuss the feedback from
both internal quality control (for an example, compared the outcome achieved
last year to results from this year) as well as external comparisons (bench-
marking). The following questions have to be discussed: Why do other centers
achieve better results? Where are our weaknesses, where are our strengths?
How do patient characteristics (case-mix, referral practices, etc.) affect our
results?

A quality circle will only be successful if all members are motivated, open
to change and accept the methodology of quality assessment as a way to
improve results achieved. Due to the hierarchic structure, this is often difficult
in a university setting, where excellence is defined by academic achievements
or impact factors of publications, rather than outcome of patient care. As in
many other areas, the concept that every member of a diabetes team can
learn from their peers will gain ground and is currently supported by most
medical and professional associations. Specialized training for quality-circle
moderators is now offered by many medical associations or by external consul-
tants. Regular participation in quality circles is often a prerequisite for board-
certification of health-care professionals, or for accreditation of an institution.

A quality circle provides a bottom-up approach: Members of a diabetes
treatment team, who are in everyday contact with the patients, generate the
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information, and a non-hierarchical quality control circle allows them to draw
meaningful conclusions, leading to procedural changes, which will improve the
quality of care they provide. Thus, a quality circle differs fundamentally from
traditional, top-down, continuing medical education, where specialists pass on
knowledge to a predominantly passive audience, with often minimal effects on
patient outcome.

The exchange possible in quality circles can be further augmented by
extended visits (hospitalizations) at other centers providing a similar level of
care: individual members of a diabetes team passively observe and/or actively
participate for example in education courses at the hospital where the visit
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Fig. 5. Assessing quality indicators longitudinally (German pediatric diabetes quality
initiative, 1995 until 2002) top panel: percentage of pediatric patients (age �18 years) on
intensive insulin therapy (3 or more injections per day or insulin pump therapy) over the
years 1995 to 2002. Middle panel: average HbA1c achieved in all pediatric patients. Bottom
panel: percentage of pediatric patients (age �11 years or diabetes’ duration �5 years) with
a documented urine check for albumin excretion during the last year.
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takes place. A joint discussion of the observations of the visiting team member,
and sometimes also a written report, provide the basis of intensive exchange.
Such visits become more and more part of center certification and/or continu-
ous education for team members.

Quality Reports and Audits

Based on the EFQM (European Foundation for Quality Monitoring) quality
model, an institution aiming to improve the quality of products or services
starts by compiling a quality report: During this self-assessment step, all rele-
vant information, based on consumer (patient) interviews, internal quality
assessment, benchmarking etc is compiled. During this process, the institution
is forced to identify strengths as well as deficits of the present quality level
achieved.

The next step is often an external audit, either by peers from different
institution, or by specially trained auditors, who objectively confirm the facts
in the quality report. Based on their findings, if certain requirements are
fulfilled, the institution can apply for certification. Different institutions offer
such certification for medical institutions (in Germany for example DIN ISO
2000, KTQ, ProCumcert, medical communities, etc.). Primarily structural
requirements and process quality (guidelines, SOP � standard operational pro-
cedures) are evaluated during external audits as a basis for subsequent certifi-
cation. Following the example from industry, more and more medical
institutions seek such certifications, in part for marketing reasons, in part as a
prerequisite for financial reimbursement. It has to be critically acknowledged
that so far – in the medical area – it has not been shown that outcome is better
in certified institutions, and the certification process implies considerable costs –
both internally for the preparation of a quality report and for the reimbursement
of external audits.

The Future: Chances and Limitations

Is quality management just a passing trend or will it become an integral
part of all areas of health care? There are many facts supporting the latter
assumption: In industry, both production and consumer services, quality man-
agement is accepted as a valuable tool to improve competitiveness and to
reduce costs. As health care adopts more and more management components
from business and industry, it is likely that quality management will become



Holl/Grabert/Krause/Schweiggert 178

even more important for health care providers. Insurance companies follow the
concepts of ‘controlling’ and ‘cost-effectiveness’ and will pay only for those
medical services that can prove their quality. But the most important driving
force will be the patient in his/her new role as ‘health care consumer’, demand-
ing proofs for the quality of care provided [27]. While traditionally patients
judge the quality of care by aspects like hotel quality (food, rooms, friendliness
of staff) or the empathy of their doctor, more and more objective results of an
institution will become the basis of patient-doctor relationship: As some cardiac
patients in the US choose their surgeon based on operation frequency and rates
of bypass patency and complications [28], diabetes patients in the near future
will ask questions like ‘average metabolic control achieved’, hospitalization
rate or amputation frequency [29]. In order to guide the individual patient
in their search for the ‘best diabetes care available’, the impact of patient
organizations will dramatically increase during the next years. This may sound
unfamiliar or even frightening for some doctors and nurses, who are personally
convinced to provide the best advice available. However, we will all realize
that being personally convinced of our quality may not be enough, and quality
control methodology will help us to improve further, step by step [30].
Therefore, we should not be afraid and defensive against quality control, but
accept this approach as one way towards a better future for our children with
diabetes.
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Physical exercise has been one of the basic principles in the management

of diabetes, even before the introduction of insulin therapy. Nowadays, all levels

of exercise, including leisure activities, recreational sports and competitive per-

formance can be managed by people with type 1 diabetes. Any kind of physical

activity is to be highly valued, because exercise improves the known risk factors

for macrovascular disease, in particular lipoprotein profile, blood pressure,

obesity and cardiovascular fitness. This chapter focuses on first, the rating of

physical activity in children and adolescents with type 1 diabetes. Second, the

physiology and pathophysiology of muscular activity in type 1 diabetes. Third,

how sports and exercise interact with diabetes acute and late complications.

Finally, practical guidelines at any level of physical activity are provided.

Olympic Gold and Himalayas with Diabetes

Nowadays, all levels of physical activity can be performed by individuals

with type 1 diabetes [1]. Athletes with type 1 diabetes have managed to win

Olympic gold medals, like Steve Redgrave, British champion rower, or Karsten

Fischer, player in the national German hockey team. These two athletes and

many others are organized in the ‘Diabetes Exercise and Sports Association’

DESA (former IDAA). Their main targets are to educate people with diabetes,

to enhance self-care and self-management skills, and to provide a forum to

exchange information, experience, and resources (www.diabetes-exercise.org).
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Also, extreme altitude mountaineering on Himalayas’ summits has been

managed by climbers with type 1 diabetes. These extreme sports challenge

not only man but also the technique of glucose monitoring and insulin appli-

cation [2].

Knowing that people with type 1 diabetes manage these extreme physical

boundaries helps some children, adolescents and families with type 1 diabetes

to trust again in their own physical opportunities. Diabetes care teams should

support any kind of sports, especially if children are motivated to start a partic-

ular sport. Sports performed before diabetes manifestation should be continued

and treatment regimens to keep the performance level should be worked out. If

diabetic retinopathy or nephropathy is present, special monitoring is required

and exercise levels should be selected with care.

Physical Activity in Childhood and Youth

Some aspects on exercise in children and adolescents with diabetes shall

be reviewed here. In a cohort study, we interviewed 142 children with type 1

diabetes of school age (6–18 years) and 97 healthy siblings of similar age and

BMI as controls. We used a structured questionnaire and recorded time spent

on physical activity and sports at school, in competitive sports and in general.

We asked for favorite sports in general and in competitive sports. Age, weight,

height and body mass index were obtained from both groups. In the diabetes

group, duration of diabetes, average daily carbohydrate intake, number of

insulin injections and daily insulin dose was documented.

The groups did not differ in terms of time spent for sports at school and in

competitive sports. In their spare time, boys and girls with diabetes reported

significantly more physical activity (table 1). Interestingly, their favorite sports

in general did not differ between the diabetes and control groups, but it was

remarkably different between boys and girls (table 2).

Within the diabetes group (total n � 142), those boys and girls who regu-

larly participated in competitive sports (n � 42) were significantly more active

during the rest of their spare time, while the mean BMI, daily insulin dose and

HbA1c were only slightly higher in the group that reported no competitive

sports activity (n � 98; table 3) [3].

Thus, diabetes does not seem to restrict children and adolescents from

spending time with sports and to select their favorite sporting disciplines.

The higher sporting activity in girls and boys with diabetes is of special inter-

est as it might be a compensating social behavior and a help for assimilation

within their peer group. Also, the request for perceived physical fitness and
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Table 1. Time spent for sports in children with type 1 diabetes mellitus

and healthy siblings

Exercise and sports Diabetes mellitus Healthy siblings p value

h/week (n � 142) mean (n � 97) mean

(SD) (SD)

Spare time 6.80 (4.20) 4.60 (4.51) 0.001

Competitive sports 1.79 (2.47) 2.02 (2.47) 0.40

School 2.49 (0.88) 2.36 (0.78) 0.17

Table 2. Ranking list of the favorite sports of girls and boys with diabetes mellitus and

healthy siblings

Girls Boys

Diabetes Siblings Diabetes Siblings

Biking (28%) Biking (28%) Biking (27%) Biking (32%)

Swimming (16%) Swimming (15%) Soccer (20%) Soccer (24%)

Inline skating (13%) Inline skating (15%) Inline skating (13%) Inline skating (11%)

Sports are % of all nominated sports.

Table 3. Impact of competitive sports on diabetes treatment in children and adoles-

cents with type 1 diabetes mellitus

No competitive sports Competitive sports p value

(n � 98) (n � 44)

Age, years (average) 12.5 (3.3) 12.7 (2.7) NS

Duration of diabetes, years 5.1 (3.7) 5.3 (3.0) NS

BMI, kg/m2 19.8 (3.9) 19.7 (3.8) NS

Injections/day 3.2 (0.91) 3.1 (0.95) NS

Daily insulin dose, IU/kg/day 0.93 (0.34) 0.90 (0.36) NS

Carbohydrates per day, g 203.1 (45.6) 217.2 (49.2) NS

HbA1c 7.62 (1.40) 7.30 (1.05) NS

Sport in spare time, h/week 6.15 (4.15) 8.23 (4.00) 0.006

Data are means (SD). HbA1c represents the mean of HbA1c values within the preceding

year.
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health might explain the higher physical activity in children with diabetes

(fig. 1).

Physiology and Pathophysiology of Muscular Activity

Muscular activity increases insulin sensitivity. This principle was already

used as the first treatment in severely insulin-deficient patients with type 1

diabetes. With their poor insulin secretion, the increase of insulin sensitivity

even prolonged their survival. Nowadays, physical activity is an established

treatment for type 2 diabetes. Insulin sensitivity is increased and hyperinsu-

linemia is reduced. It is known for more than 30 years that contracting mus-

cle increases its own glucose uptake [4, 5]. More recent research highlighted

the biochemical aspects. As part of the increased muscular glucose uptake,

GLUT4 glucose transporters are up-regulated to the cell surface by insulin

but also independently by muscular contraction [6, 7]. In insulin-resistant

patients with type 2 diabetes only insulin-induced not exercise-induced

GLUT4 regulation is impaired [8]. There is increasing evidence that

AMP-activated protein kinase (AMPK) is stimulated by high AMP-to-ATP

and creatine-to-phosphocreatine ratios. Thus, muscular contraction, leading to

low intracellular phospho-energy stores, activates AMPK independently

of insulin. AMPK activation results in acute up-regulation of GLUT4 glu-

cose transporters and in an increased glucose uptake, in addition to insulin-

stimulated effects [9, 10].
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These new, biochemical aspects explain why insulin and physical activity

lower blood glucose independently and synergistically. Insulin has a much

stronger effect during and after muscular exercise and high insulin levels com-

bined with physical activity can lead to life-threatening hypoglycemia.

Acute Complications: Hypoglycemia and Ketoacidosis

Hypoglycemia is a classical complication during and after physical activ-

ity because insulin effects are enhanced and hypoglycemia awareness might be

reduced. Nevertheless, there is no link between either physical fitness or phys-

ical activity and the incidence of severe hypoglycemia [3, 11, 12]. The experi-

ence of an acute hypoglycemic attack might induce fear and anxiety in parents

of children with type 1 diabetes [13]. Fears of hypoglycemia might be a bur-

den to start sports even at school. Severe hypoglycemia is the most feared

acute complication of physical exercise by parents, teachers, or team coaches,

and education, information materials and in some severe cases psychological

intervention might be considered necessary to overcome these fears and enable

regular sports participation [14].

Severe ketoacidosis could develop if muscular activity starts at insulin

levels that are too low to block ketogenesis. So if glucose levels are high

before exercise, urine should be tested for ketone bodies [see chapter by

Brink, Management Recommendations, pp. 94–121]. In case of ketonuria,

severe activity should be avoided, short-acting insulin should be injected and

ketonuria tested until glucose levels and ketonuria decrease. The safest way

to avoid unexpected and severe hypoglycemia or ketoacidosis is frequent

blood testing, adjustment of insulin dose and intake of carbohydrates at short

intervals. Practical skills must be trained in diabetes education and diabetes

camps.

Late Complications: Sports and Risk Factors

Since the DCCT or other major studies investigating the development of

diabetic retinopathy and nephropathy, HbA1c levels are the dominant surrogate

marker to estimate an individual risk to develop late complications [15, 16].

Austin et al. [17] investigated VO2max levels by progressive bicycle ergometry

to assess physical fitness in 28 boys and 31 girls with type 1 diabetes. They

found an inverse correlation of VO2max and HbA1c, Lp(a), and LDL-cholesterol

and concluded that physical fitness might thus reduce the risk for cardiovascu-

lar disease. Furthermore, lower HbA1c levels might account for a lower risk
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for diabetes late complications. Similar results have already been found by

Huttunen et al. [11] in 1984 and by Campaigne et al. [12] 1984. Campaigne

et al. [12] evaluated a physical activity program in younger children and found

lower HbA1 levels and higher cardiovascular fitness in those attending a struc-

tured physical activity program. In contrast, we found no significant decrease

of HbA1c levels in those children, attending competitive sports [3]. But aver-

age HbA1c levels have been constantly lower than in the studies by Austin,

Huttunen and Campaigne. Nevertheless, until now no longitudinal study proved

a clear benefit of physical activity on the development of late complications in

type 1 diabetes.

Sports and Perceived Health

Among the most significant psychosocial issues affecting children with

chronic disease is sports participation next to self-esteem and school function-

ing [18]. Chronically ill children and adolescents struggle with their compe-

tence and desire to be accepted by their peers. Physical activity and successful

sports participation therefore is not only a desired goal but also has many direct

and indirect goods by itself.

To participate in any kind of physical activity improves perceived physical

fitness and reduces ‘negative’ feelings like depression and anxiety. In a recent

study, Pastor et al. [19] examined the direct and indirect effects of participation

in sports on perceived health in 528 girls and 510 boys aged between 15 and 18

years. They applied two different models investigating smoking, alcohol use, as

well as feelings of anxiety and depression. An extended model investigated the

effect of perceived physical fitness on these variables.

Most interestingly, they clearly found in both models that sport participation

affected perceived health directly and indirectly by less smoking, less alcohol

consumption and by decreasing feelings of depression and anxiety. In addition,

perceived physical fitness explained approximately 10% of the variance (fig. 1).

In children and adolescents with diabetes, a high-perceived health status

should be a leading goal. First, because the above-mentioned links act also vice

versa. High-perceived health and physical fitness reduce alcohol and tobacco

consumption as well as the negative feelings depression and anxiety. Tobacco

consumption is a major risk factor for diabetic cardiovascular and renal dis-

ease. Depression and anxiety contribute to a lower perceived health status and

a reduced adherence to medical recommendations and instructions of diabetes

care providers. Therefore, physical activity could improve emotional well-being

and contribute to disease-related perceived health in adolescents with type 1

diabetes. Second, perceived ‘diabetes health’ could determine the responses to
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diabetes in terms of diabetes treatment regimen, dietary self-care and glycemic

control (fig. 2) [20].

Physical Exercise – Management Recommendations

Physical exercise and insulin therapy has three main aspects. First, glucose

uptake into muscle is increased by exercise. Therefore, insulin must be reduced

or more carbohydrates should be given. Second, insulin absorption is increased

from injection site. This is further enhanced if the injection site is involved into

muscular activity, like the thigh in running. Third, during or after exercise,

hypoglycemia awareness might be decreased. Hypoglycemia might develop

rapidly and unexpected.

Diabetes education should focus on special characteristics of exercise and

insulin treatment. Insulin demands during and after exercise might differ sub-

stantially and first of all individual experience must be collected. Therefore,

detailed documentation in a diabetes log book is helpful and enables the diabetes

team to work out detailed regimens [21, 22]. The following recommendations

are made to start with:

• Insulin shots should be taken at least 1–2 h before starting exercise.

Otherwise the strongest glucose lowering effect of insulin might take place

within the start of exercise.

• Check blood glucose before exercise. If low (�5–6mmol/l), eat additional

fast acting carbohydrates (dextrose, juice, banana).

• If high (�15mmol/l) check urine for ketones. In case of ketonuria, wait

2 h, no sports, use rapid acting insulin to correct hyperglycemia. Retest

thereafter.

• If exercise is longer than 30min check blood glucose during exercise, eat

additional carbohydrates during exercise.

Motivation to follow

treatment regimens

Improved glycemic control

Perceived

diabetes health

Lower feelings

of depression

and anxiety

�

�

Fig. 2. Impact of perceived diabetes health status on responses to diabetes in terms of

following treatment regimens. Adapted from Skinner [20].
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• Reduce insulin: Decrease insulin dose prior to exercise (premeal and basal)

and following exercise (premeal, following night-time insulin).

• Reduce insulin dose dependently on increase and duration of activity com-

pared to normal.

• Document blood glucose values, meals and insulin adjustments. Work on

your individual ‘exercise rules’.

Insulin Pump Therapy

Insulin pump therapy is now being used increasingly in children and

adolescents. If insulin pump therapy is new, blood glucose levels should be

monitored carefully. A major difference to insulin injection therapy is the

danger of ketoacidosis, because subcutaneous insulin ‘deposits’ are small and

especially if the insulin pump is disconnected, ketoacidosis can rapidly

develop. For exercise up to 2 h, the insulin pump can be disconnected during

exercise. If some insulin deposit is needed, this should be given as a bolus

before disconnection. Disconnecting the pump is most practical for any kinds

of water sports like swimming or diving. If the duration of the sports exceeds

2 h, the insulin pump should not be disconnected to avoid insulin deficiency

and following ketoacidosis. The basal rate should be decreased by 20–80%,

depending on the level of exercise. Following sports, meal time boli should

be decreased by 30–50% and the following night-time basal rate by 10–40%.

The main advantage of insulin pump therapy is the continuous insulin deliv-

ery at exactly the rate insulin is needed during exercise. This plays an impor-

tant role during competitions or during long-distance exercise like bicycle

races. Finally, insulin pump therapy offers many opportunities to adapt insulin

to specific demands and therefore is frequently used among athletes at high

performance levels.
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Historical Background

‘If one wants to dose the insulin exactly, one must determine the blood

sugar level.’

Already in 1926, Richard Wagner of the University Hospital in Vienna

observed that the most important goal of every rational diabetes treatment to

achieve normal blood glucose levels is not easy to be obtained in everyday life,

due to the need for permanent blood glucose determination. At the same time,

the pediatrician Karl Stolte developed an ‘intensive insulin therapy’, which was

checked by means of metabolic self-control ‘three times per day via a urine test

which was performed directly prior to the insulin injection’. However, in the

following decades, this liberal viewpoint was suppressed by strict and conven-

tional principles of therapy and nutrition, caused, in part, by minimal possibil-

ities of metabolic self-control.

Up to the 1970s, one had to be satisfied with the indirect estimation of

blood glucose concentration by means of semiquantitative testing of urine glu-

cose. With the introduction of high specific and economic enzymatic methods

utilizing glucose dehydrogenase, hexokinase, or glucokinase in conjunction

with colormetric, photometric or electrochemical detection devices, the urine

glucose determination was gradually replaced by blood glucose measurements

[1]. Through small inexpensive hand-held meters, the era of home glucose

monitoring based on capillary blood had begun and ‘the path towards intensive

forms of insulin therapy was open’ [2].
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Means of Diabetes Self-Management

Urine Glucose Testing

Semiquantitative test-strip methods using specific reactions for glucose

are recommended for the limited application of urine glucose determination.

Most commercial strips are based on glucose oxidase reaction [3] and use a

color chart with which the test strip color is compared. The measurement of

urine glucose has become less important due to very different renal thresholds

for glucosuria and because the correlation between urinary and blood glucose

is subjected to considerable inter- and intraindividual fluctuations [4].

Furthermore, it is not possible to assess glucose concentration in the normo- or

hypoglycemic range by urine testing of glucose. Since the urine measurements

are not invasive and provide an overview of a certain time interval, they still

play a role in the self-monitoring of pediatric patients with non-insulin depen-

dent diabetes like dietary-treated type 2 diabetes or MODY [3, 5].

Blood Glucose Testing

Routine monitoring by blood glucose measurements firstly became possible

since 1975 by using strips impregnated with glucose oxidase to estimate the

blood glucose concentration by comparison with a color scale [6]. The disad-

vantages of this method are sources of error in improper application, changes

in hematocrit and possible interfering with drugs. In the meantime, these

methods have been almost completely replaced by electrochemical methods of

blood glucose measurements based on electrical signals generated by glucose

oxidase reaction. The advantages of these meter devices are small sample

volume requirements (minimal 0.3�l), rapid measurements even within 5s, and

the ability to store up to several hundred results that can be downloaded for

analysis.

An additional simplification of diabetes self-management is being initi-

ated with the development of a blood glucose monitor, which automatically

sends test results wireless by radio frequency to an insulin pump [7].

Ketone Testing

Due to the importance of testing ketone during hyperglycemia, urine tests

are still used. The principal ketone bodies, �-hydroxybutyrate and acetoacetate

are usually present in approximately equimolar amounts; however, in diabetic

ketoacidosis �-hydroxybutyrate increases more than 6-fold than acetoacetate.

The semiquantitative test of urine ketone bodies is basically a reaction with

acetoacetate, none of the tests detect �-hydroxybutyrate. Urine testing is very

unpopular in children and adolescents and is not performed even in impending



Deiss/Hartmann/Kordonouri 192

ketoacidosis. Recently, inexpensive quantitative tests for �-hydroxybutyrate 

(�-OHB) concentration have become available for use with small blood

samples in a hand-held meter which is also able to measure blood glucose

(MediSense Xtra®). The diagnosis of ketosis can be obtained with fingerstick

determinations of �-OHB levels more than 60min earlier than with urine test-

ing [8]. In this way, patients would have an earlier warning mechanism for

detecting the development of metabolic deterioration, for example by interrup-

tion of insulin infusion in pump therapy. Thus, they immediately can take self-

measures for adjustment in time in their home setting to prevent ketoacidosis

and hospital admission. On the other side, during recovery from ketoacidosis,

ketone bodies in urine may be persisting long after blood concentrations have

been normalized [8] leading to overdosed and prolonged insulin therapy.

Hemoglobin A1c Testing

Glycated hemoglobin (GHb) describes a series of stable minor hemoglobin

components formed slowly and nonenzymatically from hemoglobin and

glucose. In the late 1970s, it became clear that the minor hemoglobin fraction

HbA1c resulted from a posttranslational modification of HbA and that there

was a linear correlation with average glycemia of the proceeding 6–12 weeks

[9]. The different HbA1c assays can be divided into two major categories:

methods based on charge differences between GHb and non-GHb like cation-

exchange chromatography, electrophoresis, and isoelectric focusing and meth-

ods based on structural characteristics of glycogroups of hemoglobin like

affinity chromatography and immunoassay [10, 11]. The widely used method

for HbA1c determination is the high-performance liquid chromatography

(HPLC) method, which has been used since 1985 in important long-term stud-

ies like the Diabetes Control and Complications Trial (DCCT) [12] and in

routine patient care. The analysis is bound to a clinical laboratory and offers

only a delayed overview of glycemic control to patient and physician. With

the introduction of the DCA2000 Analyzer (Bayer Diagnostics, Germany),

the HbA1c value is available within 6min during the patient’s visit at the

outpatient clinic. Thus, therapy adjustments can be discussed directly and real-

ized faster. The most recent development is a potentially home self-monitoring

method with a single-use test for HbA1c (A1cNow®, Metrika, Sunnyvale,

Calif., USA) [13].

Up to now, there are many different commercial methods available for

measuring HbA1c, but without international standardization. However, national

initiatives for the harmonization of HbA1c results did important steps toward

improvement of methods comparability and the future basis for international

standardization may be a reference system developed by the IFCC Working

Group on HbA1c Standardization [14].
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Clinical Relevance of Means for Diabetes 

Self-Management

Capillary Blood Glucose Measurements

In the past years, it became increasingly apparent that glycemic control

before and during puberty is of great importance concerning the development

of microvascular complications in young patients with type 1 diabetes [15–17].

To achieve near-normoglycemia is considerably more difficult in children than

in adults. In addition to intensified insulin management, frequent blood glucose

self-measurements are required to improve metabolic control [12]. The frequ-

ency of self-monitoring blood glucose (SMBG) has been shown to be predictive

for HbA1c concentration. Increased frequency of SMBG testing corresponded

with lower HbA1c [18, 19]. Performing capillary finger sticks is for many

children and adolescents much more cumbersome than insulin injections.

Moreover, despite of frequent capillary blood glucose monitoring, a high

number and even prolonged hypo- and hyperglycemic episodes may remain

undetected, because information on blood glucose concentration between the

single-pointed self-measurements is lacking. Therefore, already in the 1970s

and 1980s, two parameters for the estimation of 24-hour glucose profiles by

means of repeated capillary self-measurements were proposed:

• MAGE (mean amplitude glycemic excursions) to determine within-day

blood glucose swings [20].

• MODD (mean of daily differences) to determine day-to-day variation as a

measure of diabetic instability [21].

HbA1c

Up to now, HbA1c has been the primary measure of diabetes treatment

efficacy and the best parameter to extrapolate the individual’s risk for the

development of late complications [22]. The relationship of glycemic expo-

sure (HbA1c) to the risk of development and progression of retinopathy

and nephropathy was clearly demonstrated in the DCCT [23]. In the

Berlin Retinopathy Study, the risk of background retinopathy has been

shown to be mainly influenced by long-term HbA1c in pediatric patients.

However, it remained unclear why, in individual cases, HbA1c was a poor

predictor [24].

During the past years, the limitations of HbA1c as the golden standard for

measuring glycemic control and diabetes treatment success became more and

more apparent. High and low glucose fluctuations are masked in a mean value

of HbA1c. Low HbA1c values can be achieved with frequent hypoglycemic

episodes despite of glycemic excursions.
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Means of Continuous Glucose Monitoring

The need of more sophisticated methods and parameters for the evaluation

of metabolic control was increasing. The concept of continuous glucose

monitoring was already developed in the mid-1970s [25]. However, even the

mobile version of the Biostator device (artificial pancreas) could hardly be

regarded as a glucose home-monitor.

In recent years, significant efforts have been directed toward the develop-

ment of technologies providing minimal invasive approaches for continuous

glucose monitoring which should allow ambulatory monitoring of patients.

The glucose sensors must fulfill the accuracy and safety conditions

required for any clinically usable device and the specific requirements of long-

term stability and high reactivity in glucose measurement [26]. Although

various approaches in glucose sensing have been and are still being investigated,

only a limited number can presently fulfill the requirements for clinical use.

Minimally Invasive Enzymatic Glucose Sensors

Enzymatic sensors using glucose oxidase still remain the most clinically

usable approach for glucose sensing. The generated electrical signal is propor-

tional to the glucose concentration in the sensor environment [26]. However,

altered stability of signal can impair sensor accuracy. Efforts to improve accu-

racy and stability of enzymatic sensors continue.

The Continuous Glucose Monitoring System (CGMS®, MedtronicMinimed,

Northridge, Calif., USA), is a needle-type sensor, implanted in the subcuta-

neous tissue, which has been approved by FDA for clinical use in 1999 and

received a CE marking in 2000. The sensor provides measurement of interstitial

glucose concentration between 40 and 400mg/dl. It is connected by a cable to

a portable pager-size monitor that records the sensor signals every 5min for at

least 3 days. Real-time data are not given, but downloaded to a computer for

retrospective analysis, presented as a continuous glucose curve and statistical

data. The sensor signal must be calibrated against capillary blood glucose at

least four times a day [27]. The delay between the blood glucose level and

sensor signal, which corresponds to glucose concentration in interstitial fluid, is

around 4min, indicating a good reactivity [28]. There is some literature to

suggest that CGMS suffers from accuracy problems in the hypoglycemic range

[29]. In recent studies, it could be demonstrated that subcutaneous sensor

glucose values are closely parallel to blood glucose during insulin-induced

hypoglycemia [30, 31]. In clinical practice, the quality of generated data

depends on the comprehensiveness of instructions given to the patient on

handling the CGMS [32].
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The Guardian®RT (MedtronicMinimed, Northridge, Calif., USA) repre-

senting a cableless version of the CGMS with real-time display and hyper-/

hypoglycemic alerts needs two capillary blood glucose measurements per day

for calibration. The device is CE marked since 2004.

The GlucoWatch G2 biographer® (Cygnus, Redwood City, Calif., USA) is

based upon the principle of reverse iontophoresis for glucose recovery. An

electric current of low intensity applied on intact skin extracts interstitial fluid,

in which glucose is measured by glucose oxidase reaction [33]. Several limita-

tions of the technique such as a warm-up phase for several hours, an average

time lag of sensor data behind blood glucose of 10minutes [34], local skin

irritations at the site of electrodes, and false low glucose readings have

been reported. The GlucoWatch is CE marked and FDA approved for children

since 2002.

The GlucoDay® (A. Menarini Diagnostics, Basel, Switzerland) uses a

microdialysis system with a subcutaneous probe. Calibration of sensor data is

performed against one capillary blood glucose measurement once the dialysis

system is in steady state [36]. However, sufficient data presented in real-time

are lacking so far, especially in children, for whom the system may be to large

and uncomfortable to use. The device is CE marked, but not yet FDA approved

for children.

Minimally-Invasive Non-Enzymatic Glucose Sensors

GlucOnline® (Roche Diagnostics, Basel, Switzerland) is also using micro-

dialysis with a viscometric method [37]. Reported clinical data are few and a

possible long-term side effect of the concanavalin A used in the glucose sensor

has still to be proven (pending FDA submission).

Noninvasive Nonenzymatic Glucose Sensors

Pendra® (Pendragon Medical, Florence, Italy) with an attractive appear-

ance of a wristwatch uses impedance spectroscopy and electrolytic changes

related to glucose fluctuations measured through the skin [38]. There are not yet

sufficient studies about data accuracy and reliability under usual life conditions

(CE marked, not yet FDA approved).

Clinical Relevance of Continuous Glucose Monitoring

Since CGMS and GlucoWatch G2 biographer were the first devices of

continuous glucose monitoring approved for children, most experiences about

feasibility and applicability of continuous glucose monitoring in children are

based on studies with these devices.
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Detection of Hypoglycemic Episodes

Asymptomatic and nocturnal hypoglycemia is a common problem in

pediatric patients with type 1 diabetes. Prevalence rates up to 70% in children

and 50% in adolescents are reported [39, 40]. Failure to recognize hypo-

glycemia may cause defective counter-regulatory responses resulting in hypo-

glycemia unawareness [40], which could then increase the risk of subsequent

prolonged and severe hypoglycemia. The results of the DCCT show that a

history of one or more episodes of severe hypoglycemia may predict further

hypoglycemic episodes [12]. Nocturnal hypoglycemia has been suggested to

contribute to fasting and post-meal hyperglycemia during the morning due to

long-lasting post-hypoglycemic insulin resistance [41].

The detection of hypoglycemic episodes may be difficult. Particularly in

children, asymptomatic and nocturnal hypoglycemia may often remain unde-

tected in spite of frequent blood glucose monitoring by finger pricks [35, 39,

42–44]. Moreover, the treatment of type 1 diabetes is often complicated by the

presence of the dawn phenomenon, i.e. early morning hyperglycemia, particu-

larly in children and adolescents during puberty [45]. Continuous glucose

monitoring is a useful tool to diagnose asymptomatic hypoglycemia, which

often remain undetected although lasting up to eight hours [39, 46]. With

CGMS, hypoglycemic events were diagnosed in more than 70% of toddlers and

preschool children with type 1 diabetes, but less than 30% were detected by fin-

ger pricks [39]. Many children and adolescents are not aware of hypoglycemia

and cannot react by adequate supply of carbohydrates – the consequence of

which is uncontrolled glucose fluctuations. Thus, continuous glucose monitor-

ing is a great help for patients with reduced awareness of hypoglycemia which

mostly can be improved by appropriate education. Furthermore, without per-

forming finger pricks, continuous glucose monitoring allows glucose measure-

ments and, thereby, changes in attitude and therapy adjustment in patients with

an increased risk of hypoglycemia under daily life conditions like during sport.

Monitoring of Postprandial Hyperglycemia

Rapid and marked glycemic excursions after the meals often remain unde-

tected. Despite excellent HbA1c and target preprandial glucose levels, profound

postprandial hyperglycemia could be detected in children using continuous glu-

cose monitoring [46]. Therefore, there are controversial discussions whether

fasting or postprandial glucose values have more impact on metabolic control

[47]. In a small number of children changing to insulin pump therapy (continu-

ous subcutaneous insulin infusion, CSII), an improvement of HbA1c could be

demonstrated as a result of reduced postprandial glycemic excursions according

to the evaluation of CGMS data [48]. Similarly, in 50 pediatric patients starting

with CSII in our center, the improvement of HbA1c was mainly related to an
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overall hyperglycemic decrease [49]. Not only bolus but also correction insulin

dose is assumed to be fitted more exactly and individually by the diagnostic pos-

sibilities of continuous glucose monitoring. Moreover, usage of continuous glu-

cose monitoring may provide more insight into different glycemic effects of

meals and kind of food in patients with type 1 diabetes.

Monitoring of Therapy Changes

Changing insulin therapy, it seems very helpful to evaluate a continuous

glucose curve over some days. Before changing from multiple daily injections

(MDI) to CSII, the primary bolus and basal doses can be individually determined

and tailored for CSII by means of CGMS measurements. During pump therapy,

CGMS facilitates to optimize the basal rate. Conventional basal tests are often

unpopular in adolescents and parents of younger children, whereas the applica-

tion of CGMS could be superior for realizing this monitoring. After change to

CSII, glycemic control improves for a short time period in most patients, but

HbA1c values increase up to previous levels after a few months. Possible causes

such as poor compliance concerning the performance of recommended blood

glucose measurements and omission of meal related insulin boluses could be

identified by using read-out memory from pumps and information of CGMS

[50]. Information from CGMS can be used to identify underlying problems and

may be helpful for the patient’s consulting and compliance.

Correlation between CGMS Data and HbA1c

HbA1c reflects the average glycemic control over a period up to 3 months,

while the current methods of continuous glucose monitoring provide informa-

tion about metabolic conditions over 12 h (GlucoWatch G2 biographer) or

3 days (CGMS). With continuous glucose monitoring, the association between

HbA1c and several new metabolic parameters, as measured by CGMS, can be

assessed. The area under the glucose curve (AUC) is a measure for hypo- and

hyperglycemic amount offering more extensive information than the number of

hypo- and hyperglycemic events documented by SMBG. In pediatric patients

with CSII, we found a strong correlation of HbA1c with AUC �180mg/dl and

AUC/24 h, particularly at day [49]. In another cohort of 145 children and ado-

lescents treated with MDI or CSII, the glucose AUC�180mg/dl was the most

predictive independent factor of HbA1c (fig. 1).

Conclusion

Intensive diabetes self-management, particularly by means of frequent

SMBG, is the condition to achieve good metabolic control in patients with type 1
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diabetes. For this purpose, glucose meter devices offering rapid measurements

and using very small amounts of capillary blood are available. However, fre-

quent SMBG is a painful procedure leading to a poor compliance, particularly

in young patients with diabetes. New systems enabling accurate continuous

measurement of interstitial glucose concentrations with good correlation to

blood glucose levels have been developed recently offering new possibilities

for diabetes management both in patients and diabetes specialists. Patients are

faced with devices which are able to continuously measure glucose levels, to

detect and assess rapid fluctuations and unmask otherwise undetected glycemic

situations. Furthermore, waiting for new systems with real-time display, they

are hoping to get better diabetes self-management with fewer invasive and

painful procedures like conventional finger sticks. On the other hand, diabetes

health care providers are getting the opportunity to better assess metabolic

control of their patients analyzing a variety of data retrospectively or even

prospectively with real-time devices. To our opinion, a great challenge will be

the use of continuous real-time glucose monitoring in clinical application of

new insulin preparations and treatment. These are all steps striking the goal that

the external and internal closed-loop system of continuous glucose monitoring

and insulin delivery systems will be available for daily use in diabetes patients

in the near future.
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Fig. 1. Relationship between glycemic control (HbA1c) and area under the curve

(AUC) of glucose values above 180mg/dl �24h as measured by CGMS (continuous glucose

monitoring system) in 145 children with type 1 diabetes. AUC values are represented by

box-and-whisker plots with median (line in the box), interquartile range (box), 95th

percentile range (whisker), and outlier (circle).
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Adolescence

David B. Dunger, Carlo L. Acerini, Marion L. Ahmed

Department of Paediatrics, University of Cambridge, 

Addenbrooke’s Hospital, Cambridge, UK

Adolescence is a period of transition from physical immaturity to maturity

and from parental dependency to independence. It is a period of rapid change,

and for the young person with type 1 diabetes mellitus (T1DM) striving for inde-

pendence, the daily ritual of injections, blood testing and awareness of diet rep-

resent additional burdens. Thus, although it may be frustrating for those trying

to care for these young people, their occasional disinterest and poor compliance

are predictable. However, whereas the focus is often on behaviour and issues of

compliance, the transition through puberty also poses considerable challenges

in providing appropriate insulin replacement, and improving glycaemic control

whilst avoiding hypoglycaemia and excess weight gain. These problems were

highlighted by the Diabetes Care and Complications Trial (DCCT), where for

the intensively treated adolescents, glycated haemoglobin indices (HbA1c)

were on average 1% higher than those in adults, and achieving similar benefits

from blood glucose control in terms of complications outcome came at the

expense of an increased frequency of hypoglycaemia and obesity [1]. It is

unlikely that these differences were related to poor compliance but rather reflect

the inherent difficulties in diabetes management during adolescence (table 1).

Pubertal Growth and Development

The age at onset of puberty is rarely delayed in subjects with T1DM and

the sequence of events is identical to that observed in normal children [2].

Some investigators have reported a degree of disassociation between adrenar-

che and gonadarche with reduced levels of adrenal androgens during early

puberty in boys [3]. In contrast, features of both ovarian hyperandrogenism and

polycystic ovarian syndrome may be evident during late puberty in girls [4].
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During puberty there is a rapid increase in statural growth and marked

changes in body composition. An adolescent will gain around 16% of their

mature height, around 45% of their adult weight and experience a near dou-

bling of lean body mass as they pass through puberty. Predictably, insulin

requirements increase during this time, but in addition, pubertal development is

characterised by increasing insulin resistance.

Insulin Resistance

In young people without diabetes, although plasma glucose levels are

maintained within a very narrow range through puberty, fasting insulin levels

increase, returning to pre-pubertal levels only in early adult life [5, 6]. Maximal

fasting plasma insulin levels are observed around Tanner Stage 3–4 and a

consistent finding has been that the fasting insulin levels tend to be slightly

higher in females than in males [6, 7]. There is a strong relationship between

fasting plasma insulin concentrations and height velocity in normal children

[8] and the higher levels in girls may reflect their earlier maturation and puber-

tal growth, although similar findings have been reported in prepubertal

subjects. Stimulated insulin concentrations following oral or intravenous

glucose are also greater during puberty and are accompanied by parallel

changes in C-peptide levels [9, 10]. Stephanie Amiel and colleagues were the

first to demonstrate that puberty was associated with alterations in insulin

stimulated glucose metabolism that could be reduced by 34 to 40% during mid-

puberty [11]. These changes largely relate to reduced peripheral glucose uptake

Table 1. Comparison of efficacy and safety of intensive treatment between

adolescents and adults

Adults Adolescents p

Mean HbA1c, %

Intensive 8.06 � 0.13 7.12 � 0.03 �0.001

Conventional 9.76 � 0.12 9.02 � 0.05 �0.001

Decreased risk, %

Retinopathy 61 63 0.802

Microalbuminuria 35 45 0.886

All severe

hypoglycaemia 

Rate/100 PYR 85.7 56.9 0.004

Coma/seizure

Rate/100 PYR 26.7 14.4 0.001

Adapted and reprinted from [99]. Copyright 1994, with permission from

Elsevier.
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rather than changes in hepatic glucose production [12]. Insulin resistance is

associated with compensatory hyperinsulinaemia that leads to progressive falls

in fasting free fatty acids and branch chain amino acids levels, suggesting an

inhibition of lipid and protein breakdown [13]. Furthermore, hyperinsulinaemia

also leads to consistent falls in levels of the inhibitory insulin-like growth factor

(IGF) binding protein-1 (IGFBP-1) through puberty suggesting that the insulin

resistance of puberty may play a physiological role in pubertal growth and

development [14]. Adolescents with T1DM show the same pattern of change in

insulin sensitivity during puberty, but at all stages they are more insulin resistant

than control subjects without diabetes [15] (fig. 1).

The Growth Hormone/IGF-I Axis

Amiel et al. [15] identified a correlation between insulin sensitivity dur-

ing puberty and mean 24-hour plasma growth hormone (GH) levels. The

insulin antagonistic effects of GH have been well characterised and have been

shown to be due to reductions in peripheral glucose metabolism and, to a

lesser extent, to enhancements in hepatic glucose production [12, 16, 17]. GH

may be acting directly through its own receptor (interacting with post receptor

insulin signalling), but may also be acting indirectly through mobilisation of

non-esterified free fatty acids (NEFAs) from adipose tissue. NEFAs have

suppressive effects on peripheral glucose metabolism [18, 19] and have been

implicated in regulating hepatic glucose metabolism [20, 21]. The characteris-

tics of the GH pulses produced overnight are thought to be important determi-

nants of the metabolic actions of GH, and increases in GH pulse amplitude
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lead to sustained changes in insulin sensitivity [12]. There is compelling

evidence to suggest that the accentuated insulin resistance in T1DM results

from GH hypersecretion; the overnight pattern of GH secretion leading to the

‘Dawn Phenomenon’ of increasing insulin requirements during the early hours

of the morning [22].

Abnormalities of the GH/ IGF-I axis have been consistently reported in

adolescents with T1DM. Compared to healthy controls they have increased

nocturnal GH concentrations and GH pulses are characterised by increases in

both pulse amplitude and baseline concentrations [23]; there is some evidence

that GH clearance may also be delayed [24] and deconvolution analysis suggest

that there may be decreases in GH pulse periodicity and increases in overall

GH secretion rate [25].

The GH hypersecretion seen in T1DM results from an increased feedback

drive at the level of hypothalamus/pituitary secondary to the presence of para-

doxically low circulating IGF-I levels. Circulating IGF-I levels are frequently

observed to be low, or in the low-normal range, as are those of the principal

IGF-binding protein, IGFBP-3 [26, 27]. These abnormalities are thought to arise

because of partial insensitivity to GH at the level of the hepatic GH receptor and

are largely explained by the central role of insulin in the regulation of the GH/

IGF-I axis. Insulin enhances IGF-I production either by direct regulation of

the hepatic GH receptor, or by way of permissive effects on post-GH receptor

signalling [28].

Insulin also has an important role in regulating IGF bioavailability and

bioactivity through regulation of circulating concentrations of IGFBP-1.

IGFBP-1 is a potent inhibitor of IGF-I action and its production by the liver is

inversely regulated by insulin [29]. Raised serum IGFBP-1 levels may, by

mopping up ‘free’ or ‘unbound’ IGF-I within the circulation, be directly impli-

cated in the development of the ‘Dawn Phenomenon’ [30]. Reduced IGF-I

levels and bioavailability may also have direct effects on insulin sensitivity.

IGF-I exhibits a high degree of structural homology (42–50%) with both proin-

sulin and insulin and has been shown to exert metabolic effects through its own

receptor that are distinct from those of insulin [31].

Therefore, insulin, or rather portal insulin, concentrations play a pivotal

role in the regulation of GH/IGF-I axis, and the low IGF-I levels in T1DM

reflect the peripheral rather than portal route of insulin delivery [32]. In T1DM,

the GH hypersecretion, reduced IGF-I bioactivity and increased IGFBP-1 levels

are linked to deteriorating glycaemic control [33].

Height and Weight Gain

Historically, T1DM was associated with quite considerable growth impair-

ment as exemplified by the case reports from Mauriac [34] in the 1930s.
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However, with improved insulin delivery the ‘Mauriac syndrome’ is rarely seen

and, generally, growth and pubertal development are reasonably normal in

subjects of T1DM [2, 35, 36, 37].

The onset of puberty and the timing of the peak in growth velocity are

rarely delayed, but the pubertal growth spurt may be blunted, particularly in

girls [2, 36, 38, 39]. The impact of any loss of pubertal growth on final height

is not especially marked, particularly as those children who developed diabetes

between the ages of 5 and 10 years tend to be relatively tall at the time of diag-

nosis [2, 40]. Nevertheless, the loss of pubertal growth can have a significant

impact on final height in some girls diagnosed under age 5 years [2].

The relatively normal pubertal growth observed in T1DM is perhaps

surprising given the low levels of circulating IGF-1. It suggests that direct

effects of GH on the growth plate or the modulating effects of oestrogen and

testosterone on IGF-I bioavailability may be more important in terms of puber-

tal growth than circulating IGF 1 levels. As well as gender, correlations can be

demonstrated between peak height velocity and the degree of glycaemic con-

trol [36], suggesting that other factors, such as insulin levels, may be important

in relation to pubertal growth (fig. 2a, b).

In longitudinal studies, gains in weight and body mass index (BMI) are

invariably greater in subjects with in T1DM than in controls [41–45]. In boys,

increases in BMI largely relate to increases in lean body mass, whereas in girls

there are progressive gains in fat mass [46–48]. The reason for this sexual

dimorphism is unclear. In both sexes there is evidence of apparent ‘resistance’

to the adipocyte-derived hormone leptin, which is known to have an important

role in the regulation of appetite and food intake in humans. Leptin levels are

much higher for the observed degree of fat mass or BMI in both sexes, but only

in girls are they associated with excess gains in fat mass [48]. In girls, both

gains in fat mass and increases in leptin levels seem to be associated with

increasing insulin dose [49]. The mechanisms underlying the high leptin levels

and weight gain are poorly understood, but it is likely they relate to the high

peripheral circulating insulin levels that are required to achieve good glycaemic

control. A number of large cross sectional studies and intervention trials have

demonstrated that intensification of insulin therapy will lead to excess weight

gain [1, 45, 50].

The high circulating insulin levels, GH hypersecretion and low IGF-1

levels may also have an impact on ovarian function. Polycystic ovarian changes

have been demonstrated on ultrasound in girls with in T1DM, and have been

associated with other evidence of ovarian hyperandrogenism [4, 51]. The preva-

lence of these changes is unclear, but may link to reports of an increased

frequency of menstrual irregularity, secondary amenorrhea and reduced fertility

in women with T1DM [52–54].
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Microangiopathic Complications

Evidence of early microangiopathic complications, such as the develop-

ment of microalbuminuria (MA) and background retinopathy, is rare before the

onset of puberty. However, recent data from epidemiological studies has shown

that pre-pubertal duration of diabetes is important [55–58]. Differences in the

rate of development of MA, an important early marker of diabetic nephropathy,

have been shown to be related to age of diagnosis, glycaemic control (HbA1c),

sex and puberty [58]. Puberty in particular is associated with a 3-fold increase

risk of MA, independent of any effect of glycaemic control. Furthermore, girls
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seemed to be at increased risk of MA during puberty, compared to boys,

suggesting that the hormonal changes of puberty may be an important for the

development of microvascular complications [59, 60] (fig. 3).

Although some early studies have suggested that increased circulating

IGF-1 levels might be associated with the development of proliferative

retinopathy [61], the majority of clinical studies to date have indicated that

microvascular complications develop in the presence of low circulating IGF-1

levels [62–64]. That is not to say that ‘free’ or easily dissociable IGF-1 may not

be playing a role in the development of these complications, as suggested by

clinical trials where administration of high, supraphysiological doses of recom-

binant human IGF-1 (rhIGF-I) to adult patients with T1DM was associated

with a worsening of retinopathy scores [65, 66].

GH hypersecretion has been consistently linked with the development

of microvascular complications [67] ever since the early studies showing that

pituitary ablation could retard the development of proliferative retinopathy

[68]. The role of GH, particularly in the pathogenesis of diabetic nephro-

pathy, has also been highlighted by recent studies in the NOD mouse where,

as in humans, low circulating IGF-1 levels are accompanied by GH hyper-

secretion [69]. As resistance to the effects of GH are specific to the hepatic

GH receptor and not to the GH receptor in other tissues, high circulating GH

levels have been shown to have direct effects in mediating both renal hyper-

trophy and hyperfiltration [70]. Furthermore, these changes are reversible

with the use of specific GH receptor antagonists [71]. Recent data indicate
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that similar mechanisms may be important in the development of MA during

puberty. Subjects developing MA have lower circulating IGF-1 levels and

increased GH secretion compared to control T1DM subjects without MA

[60, 72].

The gender differences in the risk for developing either severe retinopathy

or MA are harder to explain. Whereas the lifetime risk for the development of

MA is greatest in males [73], during puberty females show a 2-fold increased

risk compared with males for developing MA [58]. Two studies have demon-

strated that in females with T1DM low levels of the sex hormone binding

globulin (SHBG) and a raised free androgen index are associated with the

development of MA [59, 60]. This has raised speculation that a degree of

ovarian hyperandrogenism secondary to high GH and insulin levels may also be

contributing to complications risk in girls during puberty.

Psychological Problems

It has to be remembered that for many young people adolescence can be a

psychologically stressful time and the prevalence of psychological and psychi-

atric disorders is remarkably high. However, psychiatric disorders have been

shown to be more common in both adolescents and young adults with T1DM

than in non-diabetic populations [74, 75] and psychological problems may have

an important impact on outcome with respect of glycaemic control and risk of

complications [76, 77].

General Psychological Morbidity

A great number of cross-sectional studies have demonstrated increased

psychological problems during adolescents in children with diabetes [74, 75],

but there have been few longitudinal studies looking at the outcome with

respect to glycaemic control and complications [76–78]. In a recent longitudi-

nal study from Oxford, female adolescents tended to have more emotional

symptoms than male patients and this may be associated with lower self

esteem [79]. Anxiety and depression tend to be associated with slightly better

glycaemic control and it has been suggested by some authors that anxious

children may be more diligent in monitoring and may take more effective

action in response to poor glucose levels [80]. In contrast, adolescent behav-

ioural problems of aggression and anti-social conduct have been associated

with poor outcome with respect of HbA1c [79]. Overall, studies show high

levels of psychological morbidity and, with long term follow up, around 10%

of males and 23% of females require some degree of psychiatric support [81]

(table 2).
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Eating Disorders

Several studies have highlighted the importance of eating disorders as a risk

factor for later complications [75, 82–84]. In the study of Rydall et al. [78], out

of the 91 young women who had eating disorders at baseline, HbA1c levels and

rates of retinopathy were higher on follow-up compared to a non-eating disorder

group. However, studies reporting an increased frequency of eating disorders in

adolescents with T1DM have reported conflicting results, largely because of the

instruments used to detect eating disorders are difficult to apply in populations

with diabetes [83]. The prevalence of frank eating disorders is probably relatively

low and not much greater or different from that in the normal population.

However, anxiety about weight gain is common (and probably justified) and may

be associated with less overt evidence of eating disorder. In a recent long-term

follow-up study from Oxford, 30% of young women interviewed in their twenties

admitted to insulin misuse during the adolescent years [84]. The likelihood of

insulin misuse increased with baseline anxiety about weight gain and was present

in 69% of those who developed a frank eating disorder. Overall, covert eating dis-

order and insulin misuse could have a considerable impact on the risk of compli-

cations and may explain some of the increased risk observed in adolescent girls.

Brittle Diabetes

The term ‘brittle diabetes’was first applied to subjects with the problem of

recurrent admissions with diabetic ketoacidosis (DKA). Although rare cases

have been described, with the apparent problems in insulin absorption from

subcutaneous depots or the development of severe neutralising antibodies to

insulin, it is now generally accepted that the majority of cases of DKA result

from insulin omission [85, 86]. However, adolescence is a relatively high risk

period for the development of other conditions such as Crohn’s disease,

autoimmune hypothyroidism and Addison’s disease and these too can lead to

unstable diabetes. Overall, recurrent admissions with DKA are more common

in females than in males and usually reflect serious psychological problems or

Table 2. Multiple regression analysis with mean HbA1c as dependent variable

� SE(�) t p 95% CI

Sex 0.81 0.53 1.53 (�0.25, 1.87)

Baseline behavioural state 0.15 0.04 3.61 �0.001 (0.07, 0.24)

Baseline emotional state 0.06 0.03 1.96 �0.06 (�0.002, 0.13)

Baseline self-esteem 0.004 0.02 0.17 (�0.04, 0.05)

Copyright 2001 American Diabetes Association. From [79]. Reprinted with permission

from the American Diabetes Association.
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family dysfunction [87]. The degree to which eating disorders and insulin

misuse contributes to these problems is unclear, but it may be more common

than previously suspected. Many of these subjects with recurrent DKA become

profoundly insulin resistant as a consequence of recurrent chronic poor

glycaemic control, and the vicious cycle may prove difficult to break without

intensive monitoring and psychological support.

Management of Diabetes during Adolescence

The management of diabetes during adolescence is complex; reflecting the

rapid physiological changes and the emotional issues of puberty. It is a period

when the young person is trying to gain independence from the family; but the

demand for greater independence may not be equalled by the desire to take

greater responsibility for the diabetes. Often, considerable effort is required to

broker deals whereby families can reach appropriate compromise. Motivation

may also be difficult to engender as ‘risk taking’ is part of normal adolescent

development. Treatment goals may need to be continually reviewed and revised

so that if adolescents are motivated to change, the outcome in terms of

improved control can be tangible.

Insulin Therapy and Diet

The increasing insulin requirements of puberty are considerable and insulin

doses may need to be increased from the typical 0.25 to 0.5 units/kg/day required

in the pre-pubertal period, to 1 or 1.5 units/kg/day during puberty. Equally

important, insulin requirements decline after the peak height velocity of puberty

is achieved and will gradually fall back to prepubertal levels in the early to

mid-twenties. The major increase in insulin requirement during puberty is in the

background or basal insulin component and this can only be successfully

achieved with either basal-bolus or continuous subcutaneous insulin infusion

(CSII) pump therapy regimens. Many teenagers may need up to four or five

subcutaneous bolus injections of fast acting insulin a day as part of their basal

bolus or CSII insulin regimen, reflecting the variable and flexible eating habits

commonly seen in this age group. The use of short or rapid acting insulin ana-

logues such as insulin lispro or insulin aspart in this situation may provide some

advantage by offering a more physiological control of the post-prandial glucose

excursions. The relatively recently introduced long acting insulin analogue

preparations, such as insulin glargine and insulin detemir, also provide better

and more stable background basal insulin delivery [88, 89].

The short- and long-acting insulin analogue preparations given in combina-

tion may therefore be more advantageous to the teenager with T1DM, although
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in the clinical trials carried out to date this seems to have only been evident in

terms of reductions in hypoglycaemia frequency, and not in overall glycaemic

control [90–92]. Insulin pump therapy would seem ideal during adolescence

because of the flexibility it provides in terms of insulin delivery and convenience.

Open, non-randomised clinical trials of CSII therapy in adolescents suggest that

it can result in improvements in glycaemic control and overall quality of life [93,

94]; however, as yet only the minority of adolescents opt for this form of treat-

ment. However, as insulin pump and blood glucose monitoring technology con-

tinue to improve and become more readily available, this situation may change.

It is also increasingly recognised that successful diabetes management is

partly dependent on the need to be flexible with insulin dose adjustments,

particularly in relation to diet. Much interest has been generated recently in the

use of carbohydrate counting systems in the dietary management of T1DM and

utilising them for insulin dose adjustment allowing subjects to have a more

‘normal’ diet. In adults, these principles have been incorporated into a number

of patient education programmes and have been shown to improve quality of

life and glycaemic control without adversely affecting either hypoglycaemia

frequency or weight gain [95]. Regulating diet during adolescence may be par-

ticularly difficult given their exposure to a wide range of food products, yet the

need to introduce education programmes for insulin dose adjustment relating to

food intake are likely to be increasingly relevant and important for glycaemic

control during the adolescent years.

Finally, given that the insulin resistance of puberty is known to be a major

impediment to achieving good glycaemic control there has been some interest

in the use of insulin sensitising adjunct therapies. In recent years, there have

been a number of clinical trials with therapeutic agents, such as recombinant

human insulin-like growth factor-I (IGF-I) [66, 96] and metformin [97, 98].

Clinical trials have shown potential benefits with respect of improvements in

insulin sensitivity, overall glycaemic control and weight gain when these agents

are given in combination with subcutaneous insulin therapy. Nevertheless,

longer-term studies evaluating the safety and efficacy of these therapies are

needed before they become established.

Hypoglycaemia

Intensification of insulin therapy and attempts to achieve strict glycaemic

control are often at the expense of excessive hypoglycaemia, particularly dur-

ing adolescence. This was first highlighted by the DDCT, where adolescents

randomised to the intensified treatment arm of the study, showed an alarmingly

high rate of severe hypoglycaemia compared to those less intensively managed,

and to their older adult counterparts [99]. Subsequent studies have shown that

this high prevalence of hypoglycaemia can be reduced with careful management
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of insulin pump or multiple injection therapies [93, 100], emphasising the

importance of patient education and flexible insulin dose adjustment as integral

components of these regimens.

Nocturnal hypoglycaemia may be a particular problem during adolescence

and may occur in up to 40–60% of subjects on standard multiple insulin injec-

tion or insulin pump therapy regimens [101–106]. Problems with nocturnal

hypoglycaemia partly relate to the changing insulin requirements overnight

secondary to the effects of overnight GH secretion. Subjects tend to be rela-

tively insulin sensitive during the early part of the night; insulin requirements

then increase towards the dawn as insulin sensitivity declines [107]. The risk

for nocturnal hypoglycaemia relates to the over-insulinisation that occurs

during the early part of the night. This has been largely attributed to the phar-

macokinetic properties of basal insulin preparations such as NPH insulin [108],

although the prolonged duration of action of regular (soluble) insulin adminis-

tered with the evening meal may also contribute to this phenomenon [109]. The

new generation of insulin pump devices can be programmed to deliver variable

rates of insulin at different times and the use of insulin analogues preparations

has been shown to reduce the prevalence of nocturnal hypoglycaemia. The

over-insulinisation during the early part of the night can also potentially be

avoided by the use of insulin glargine or insulin detemir, as this leads to more

stable overnight insulin levels, particularly when administered in conjunction

with a rapid-acting analogue at meal times in basal bolus regimen [91, 92].

Recent data suggest that the counter-regulatory responses may be blunted

overnight and that is why many of the episodes of nocturnal hypoglycaemia are

asymptomatic [110]. There is no strong evidence that these episodes of

biochemical hypoglycaemia have any detrimental effect other than perhaps on

mood the following day [111]. However, the low blood sugars overnight do

increase the risk of severe symptomatic hypoglycaemia; a complication which

is greatly feared by adolescents and may lead to unhelpful behaviours such as

ensuring the sugars are high to prevent the embarrassment of a nocturnal fit

[112]. There are also concerns that severe nocturnal hypoglycaemia may be

linked to the ‘dead in bed’ syndrome; a rare phenomenon that increases in

prevalence during the pubertal years and is typified by finding of a young

person ‘dead in an undisturbed bed’ [113]. It is suspected that hypoglycaemia

may play a role in the pathogenesis of such events, but as nocturnal hypogly-

caemia is so common, another mediator must also be operating such as a

cardiac arrhythmia or the presence of autonomic neuropathy [114, 115].

Weight Control

Problems with excessive weight gain, particularly in girls, is another dis-

incentive to intensify therapy. Excessive weight gain may influence compliance
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and adherence with insulin therapy [86], and insulin omission is common in

many adolescent females in an attempt to control weight [84, 116]. Excessive

weight gain can be avoided by careful work between the diabetes health care

team, the patient and the diabetes dietician to achieve weight loss without loss

of glycaemic control, but this is only achievable if the problem is openly

discussed at the clinic and identified at an early stage.

Early Detection and Treatment of Complications

The onset of microangiopathic complications in adolescents with T1DM

has always been considered rare before teenage years. Puberty has been shown

to confer a 3- to 4-fold increased risk of MA and retinopathy, and thus screening

for the early detection of these microvascular complications becomes relevant

at this age. Screening for complications by way of regular retinal examination

and analysis of urine for the detection of MA is now generally recommended

from around the age of 10 years or at onset of puberty and throughout the

pubertal years.

Although background retinopathy will become evident in some adoles-

cents with T1DM, proliferative retinopathy is rare before the late teens. Its

early detection is important as improvements in glycaemic control and/or laser

therapy can halt progression. The management of MA during puberty (defined

as urinary albumin excretion rate between 20 and 200�g/min in 2 of 3 urine

collections) is more complex, as in up to 50% of cases, albumin excretion may

return to the normal range towards the end of adolescence [117] and there is no

consensus as to how MA should be treated during puberty. Some advocate

treatment with angiotensin converting enzyme (ACE) inhibitors if there is

concomitant hypertension, as demonstrated by ambulatory blood pressure

monitoring measurements, or, where there is a strong family history of hyper-

tension, cardiovascular disease or microvascular complications in a close

relative or sibling. However, the evidence for the efficacy of such interventions

is limited [118–120] and efficacy has never been confirmed in large-scale

clinical trials. Hyperlipidaemia is also relatively common during adolescence,

but again there is no consensus as to whether screening should be undertaken

or whether intervention with lipid lowering agents such as the ‘statin’ class of

drugs would be justified.

In adults with T1DM, treatment with ACE inhibitors or an angiotensin-II

receptor blocker and, increasingly, statins is becoming commonplace and prospec-

tive clinical trials are needed to address these issues during adolescence. ACE

inhibitor therapy can be associated with a troublesome cough in around 10% of

patients, and compliance with therapy has never been tested in the adolescent age

group. Furthermore, these drugs are potentially teratogenic and unwanted preg-

nancy would have to be avoided. Although often disregarded, transient MA may
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not be benign as there are data to indicate that it may reflect renal damage and

such individuals may re-present with renal and cardiovascular disease com-

plications later [119, 121]. ACE inhibition in subjects with transient MA may

theoretically prevent renal damage during puberty and thus alleviate any later

nephropathy and cardiovascular risk; but this hypothesis has yet to be tested.

Life Style and Diabetes

Many aspects of child’s lifestyle and behaviour will change as they

progress through adolescence, reflecting the prevailing culture and the current

peer group trends. Some of these changes may have significant interaction and

impact on the management of their diabetes and on glycaemic control.

Education and awareness of the risks that may be associated with these lifestyle

changes and how best to avoid and manage their adverse consequences is now

considered an integral part of the overall diabetes management strategy for the

adolescent attending the clinic. Many of the lifestyle changes will be regarded

as being ‘inadvisable’ or ‘undesirable’ from a healthcare professional point of

view, and a pragmatic approach that seeks to give sensible advise in the most

uncritical and engaging way will be required as any ‘complete ban’ that is

imposed is likely to be ignored.

Exposure to, and experimentation with, alcohol and recreational drugs is

as much commonplace in the adolescent with T1DM as it is in their non-

diabetic counterparts. Teenagers with psychological problems or from dysfunc-

tional families with a history of alcohol or drug abuse are more at risk. In the

long-term, regular consumption of alcohol can lead to problems to poor

glycaemic control; it also promotes excessive weight gain. In the short-term,

alcohol is a major cause of hypoglycaemia and can predispose to sudden,

asymptomatic nocturnal episodes. Alcohol is also a significant cause of DKA

in young males, largely through neglect of their insulin therapy. In recent stud-

ies up to 25% of young people with T1DM admitted to regular taking of ‘drugs’

[122, 123]. Recreational drug use has potential psychological and behavioural

effects which may adversely affect the diabetes management, but may also

influence glucose and insulin metabolism directly. Amphetamines will counter-

act the glucose lowering effects of insulin. ‘Ecstasy’ (3,4-methylenedioxymethy-

lamphetamine, or MDMA) also creates a syndrome of inappropriate anti-diuretic

hormone release. In the context of excessive water consumption, this places the

patient with diabetes in double jeopardy with the risk of DKA and cerebral

oedema secondary to hyponatraemia. Cocaine is a known powerful sympath-

omimetic drug and may cause hyperglycaemia. Cannabis or marijuana has little

or no direct effects on intermediary glucose or fatty acid metabolism; however,

the short-term psychogenic manifestations are akin to being drunk and

may mask symptoms of hypoglycaemia. Users of cannabis report food cravings
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and this may predispose to hyperglycaemia and poor long-term glycaemic

control.

Adolescents are sexually aware and active at an increasingly younger age.

Sex education is now part of the school curriculum in early teenage years.

Contraception and advice should be routinely discussed; given the potential

deleterious effects of poor glycaemic control on fetal development. Appropriate

contraceptive advice for the young female with diabetes is also important given

the wide choice of methods and agents available, and the potential for increased

cardiovascular disease risk associated with the use of some of the combined

oestrogen/progesterone oral contraceptive preparations. It is recommended that

patients starting oral contraceptive treatment should be prescribed a so-called

3rd-generation pill, preferably a preparation with the lowest dose of oestrogen

which is sufficient to control break-through bleeding. Caution should be taken

in prescribing these agents however, particularly when there is evidence of

obesity, hypertension or a positive family history of venous thromboembolism

or early (age �50 years) cardiovascular disease and premenopausal breast

cancer. In this situation, alternative means of contraception should be considered,

such as the progesterone-only pill or barrier methods.

Adolescence is also a period of life in which there is often an increasing

interest in sporting activities and in the taking of regular exercise, although

secular trends suggest that young people in general are becoming less active.

There are very few sports in which patients with diabetes are either prohibited

or restricted from participation, and given the potential benefits in terms of

insulin sensitivity [124] and cardiovascular health all patients with diabetes

should be encouraged to participate in some form of regular activity.

Transition of Care

Adolescence inevitably involves the transfer of responsibility for the care

of the diabetes from the parents to the child. However, for many adolescents,

accepting such responsibility at a time in their life when they still feel vulnera-

ble and insecure and where the diabetes is considered low in their priorities due

to other interests may prove difficult. The years when young people first move

away from home may be equally difficult and some studies indicate that the

worst HbA1c levels are seen around the age of 18–19 years [79]. Sadly, in some

countries a significant cause of morbidity and death is neglect of diabetes and

untreated DKA occurring at home, often in young men [125, 126] (fig. 4).

It has been increasingly realised that many young adults with T1DM share

a lot of the psychological problems seen in the adolescent. The prognosis and

psychological morbidity continues to be poor well into the young adult years

[79]. For the adolescent with T1DM, transition from the paediatric to the adult

clinic represents a major obstacle to future health care. Transitional health care
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is therefore important and has been ‘ideally’ defined as the ‘planned purposeful

movement of the adolescent from child-centered to adult-orientated care’. The

process of transition should ideally; be uninterrupted, well coordinated, and

comprehensive, yet sufficiently flexible to take into account the psychological

and social development of the adolescent; the complexity of the health prob-

lems for the family, and their readiness for change. The fact that in many coun-

tries, young people with diabetes are arbitrarily transferred from the paediatric

to the adult service in the middle of this period of high risk is unfortunate.

Adolescents clearly do not want to go on being part of the paediatric diabetes

clinic indefinitely, yet the optimal methods of transfer remain to be determined

and evaluated. Whatever the age of transfer from the paediatric clinic, patients

often have concerns over potential differences in approach to diabetes care.

Furthermore, while the change from the family-based paediatric clinic to the

larger-size adult clinic may promote independence, it can also lead to anxiety

and reduced attendance. In one study, as many as 30% of the young people have

dropped out the clinic system 2 years after transfer to the adult diabetes clinic

[127]. Many innovative methods of transfer are being proposed and several

strategies have been devised to address these problems. These include the estab-

lishment of ‘joint clinics’ staffed by both paediatric and adult physicians, or

‘young adult clinics’ staffed by adult physicians, but run separately from the

main adult clinic. Although some data suggest that the provision of young adult

clinics improves attendance [128], there has been little systematic evaluation of

the various methods of transitional care and the perceptions of the patients

themselves have not been determined. The success of any of these interventions

often depends on the individual commitment of the physicians or paediatri-

cians, to the overall aim of promoting good diabetes care during adolescence.
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Overt diabetes-related microvascular and macrovascular complications,

with particular reference to nephropathy, are almost unknown in younger chil-

dren and are extremely uncommon even in adolescents with fairly long disease

duration [1–4]. Nonetheless, their onset can be presumed to start very early in

the course of diabetes, perhaps at the disease onset, and the earliest stages can

be often detected as soon as 2 to 5 years after diagnosis [5–7]. Health care pro-

fessionals involved in the management of type 1 diabetes (T1DM) in children

and adolescents should be aware of these complications and must provide

appropriate education and surveillance.

Natural History of Nephropathy

The cumulative risk for diabetic nephropathy is approximately 30–40%

after 40 years of disease although the risk seems considerably greater in

patients in whom T1DM develops during childhood [8]; in recent studies, how-

ever, a declining incidence of diabetic nephropathy has been observed [9, 10].

Nephropathy is associated with a major portion of the excess morbidity and

mortality in patients with T1DM [11]. Overt nephropathy, which rarely occurs

in childhood or adolescence, accounts for the highest proportion of new

patients entering renal dialysis and transplantation programs in developed

countries [12].

Children and adolescents with T1DM might manifest microalbuminuria,

the first clinically identifiable sign of diabetic nephropathy, but the real incidence,

prevalence and prognostic significance are still unknown. In fact, most of the

studies performed so far have a cross-sectional design, and only limited data are
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available from longitudinal studies based on small clinical samples. In contrast,

the determination of microalbuminuria prevalence in relation to risk factors

requires a large prospective population-based study. From cross-sectional

studies, the microalbuminuria prevalence rate has been estimated to be bet-

ween 12 and 20% in patients between 15 and 20 years (table 1) [13–16]. In

Italy, a lower prevalence of 5.9% has been observed in a cross-sectional study

recruiting 977 children and adolescents with a mean age of 12.7 � 4.6 years

and with a mean diabetes duration of 5.1 years [17]. On the other hand, the

prevalence of microalbuminuria in longitudinal studies varies from 4.8 to

21% (table 2) [18–21], and this large variation in prevalence rate for microal-

buminuria might be explained by differences in glycemic control in the various

studies.

The Oxford Regional Prospective Study (ORPS) of childhood diabetes is

the only study providing accurate data concerning prevalence of microalbu-

minuria in a community cohort with patients recruited at diagnosis of T1DM

[21]. Of a total of 514 children followed longitudinally for more than 4.5 years,

12.8% developed microalbuminuria, which became persistent in 4.8%. The

cumulative risk for developing microalbuminuria in this cohort was around

40% after 11 years’ duration of T1DM. However, subjects diagnosed with dia-

betes before puberty showed a silent period followed by a more rapid develop-

ment of microalbuminuria during puberty, whereas the rate of development of

microalbuminuria in subjects diagnosed at puberty was relatively constant,

indicating that differences in pubertal stages have a profound effect on the

prevalence of microalbuminuria.

Table 1. Cross-sectional studies on microalbuminuria prevalence

Author Screening Population Microalbuminuria Mean duration

procedure % of diabetes

(methods and years

timing) 

Mathiesen et al. [7] AER, overnight 97 20 10

Dahlquist and AER, overnight 129 20 10

Rudberg [14]

Mortensen et al. [16] AER, overnight 957 4 6

Joner et al. [15] AER, overnight 371 12 10.5

Moore and Shield AER, overnight 1007 9.7 �1

(MIDAC study) [13]

AER � Albumin excretion rate.
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Diabetic nephropathy evolves through five stages as follows [22, 23]:

1. In the first stage, often at the time of diagnosis of diabetes, kidney size is

increased, and the glomerular filtration rate (GFR) is elevated. These

abnormalities are usually reversible with the establishment of good meta-

bolic control. Nevertheless, in some instances, nephromegaly and rai-

sed GFR persist, whereas in others these findings may return after a few

years.

2. The second stage develops in virtually all persons with T1DM in the 2nd

to 5th years after diagnosis. Although no functional impairment is detectable

other than the possibility of a raised GFR, pathologic features can be found

on biopsy and include mesangial matrix expansion and glomerular base-

ment membrane thickening. Progression to the later stages of nephropathy

can be prevented or delayed by the maintenance of excellent metabolic

control [6].

3. The third stage is determined by the presence of microalbuminuria,

defined by an albumin excretion rate (AER) in at least two to three timed

(either 24-hour or overnight) urine collections of greater than

Table 2. Longitudinal studies on MA prevalence

Author Screening Population Follow-up Microalbuminuria

procedure years

(methods and 

timing)

Norgaard et al. [18] AER, 24-hour 113 2 15%

urine

Jones et al., 1998 AER, morning spot 233 8 intermittent: 9%

urine permanent: 14%

Janner et al. AER, 12-hour 164 (83F, 81M) 8 20

urine; 3-monthly

Barkai et al. [19] AER, 24-hour 74 (20 prepubertal, 3 6/28 pubertal

urine, 6-month 28 pubertal,  subjects 

intervals 26 postpubertal) 2/26 postpubertal

subjects

Rudberg et al. [20] AER, 3-month 156 3–9 4.8%

intervals

Danne et al. [2] AER, overnight 249 9 intermittent: 3%

permanent: 5%

Schultz et al. [21] AER, overnight or 514 10 (�4.5 years permanent: 4.8%

morning in 287 children)

AER � Albumin excretion rate.
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15–20�g/min and less than 200�g/min. Typically, this stage develops

about 7–10 years after diagnosis [24, 25]. Pathology shows a progression

of the glomerular lesions. Increased AER is widely accepted as the first

clinical sign of DN. However, it is possible that some diabetic patients

could first manifest reduced GFR and hypertension. In fact, relatively

advanced diabetic renal lesions can be present in some long standing

normoalbuminuric patients. A recent finding showed that low GFR in

normoalbuminuric type 1 diabetic subjects may be an indicator of more

advanced glomerular lesions and probably, of increased risk of progression

[26]. In adults with T1DM, the presence of microalbuminuria in the second

decade of the disease is highly predictive of progression to overt nephropa-

thy or end-stage renal disease (ESRD) over the following 10–15 years. The

progression of nephropathy in adolescents with microalbuminuria detected

in the first decade of diabetes is somewhat less predictable than in adults

[27–29].

4. The fourth stage is marked by the onset of dipstick-positive albuminuria.

This stage is commonly associated with the presence of other microvascu-

lar complications, particularly retinopathy. Renal function begins to dete-

riorate during this stage, with initial normalization and then a decline in

the previously elevated GFR, plus the development of systemic hyperten-

sion. Stages 3 and 4 are amenable to intervention to achieve meticulous

diabetes control and amenable to the use of angiotensin-converting enzyme

(ACE) inhibitors and other antihypertensive agents [6, 30].

5. The final or fifth stage is ESRD, which usually takes 5–10 years to develop

after the appearance of overt proteinuria. The outcome of patients with

diabetes who enter dialysis and transplantation programs is poorer than the

outcome of their nondiabetic peers [11]. Most of the morbidity and mor-

tality at this stage is the result of associated macrovascular disease.

Pathogenesis of Diabetic Kidney Disease

Understanding the pathogenesis and pathophysiology of DN is crucial to

design strategies to prevent or arrest the development of such a devastating

long-term complication of diabetes.

There is no doubt that the diabetic milieu is necessary for diabetic

glomerular lesions to develop. Microangiopathic lesions can be observed in

chemically induced diabetes in the animal model, and these lesions can be pre-

vented or greatly reduced by near-normalization of blood glucose levels,

depending on the time of the start of intensified insulin treatment after the

induction of diabetes [31].
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Both retrospective and prospective studies have suggested a relationship

between blood glucose control and risk of diabetic nephropathy: the Diabetes

Control and Complication Trial (DCCT) and the United Kingdom Prospective

Diabetes Study (UKPDS) have precisely documented that the rate of develop-

ment and progression of DN is closely associated with glycemic control both in

type 1 and type 2 diabetic patients [6, 32], confirming previous results obtained

on smaller groups of patients. Nevertheless in many patients, despite several

years of poor metabolic control, no renal disease develops, as assessed by lev-

els of urinary AER and GFR. It thus appears that in humans hyperglycemia is

necessary, but not sufficient, to cause renal damage, and that other factors are

needed for the manifestation of the clinical syndrome [31].

Several biochemical mechanisms have been advocated to explain the dele-

terious effects of high glucose concentrations in the kidney.

Nonenzymatic Glycosylation

A possible link between elevated glucose levels and diabetic nephropathy

resides in nonenzymatic glycosylation of cellular proteins [33] with formation

of covalent products which can then participate in cross-linking between or

within proteins, producing advanced glycosylation end-products (AGEPs). The

new combination may impair the original function of the protein and affect nor-

mal processes of turnover and clearance, so that AGEPs accumulate in tissues

[31]. Direct proof that these AGEPs cause tissue injury in human diabetes is

still lacking, although correlative studies have been performed. The amount of

glycosylated products is related to the extent and severity of advanced compli-

cations of diabetes [33]. Studies have shown that AGEPs lead to synthesis and

secretion of cytokines [the antiadhesin, SPARC, adhesins such as VCAM-1, the

prosclerotic cytokine, transforming growth factor �-1 (TGF�-1), vascular

endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF)]

when bound to specific AGEPs receptors [34]. AGEPs can induce an excess

cross-linking of collagen molecules in the glomerular plasma membrane,

affecting the assembly and architecture of the glomerular basement membrane

and mesangial matrix, and can potentially act on mesangial cells through

PDGF, causing cells to synthesize more extracellular matrix [31]. All these

processes may lead to enhanced deposition of extracellular matrix proteins in

the mesangium, interfere with the mesangial clearance of macromolecules, and

alter macrophage function, therefore contributing to mesangial expansion

and glomerular occlusion. It is, therefore, of interest that circulating AGEPs and

VEGF are substantially increased in children and youngsters early in the course
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of diabetes [35, 36] and that persistently increased VEGF serum levels may

possibly predict later development of incipient DN [37].

The Polyol Pathway

Another possible mechanism of tissue injury involves excessive intracellular

production of sorbitol from glucose, a reaction catalyzed by aldose reductase.

Chronic hyperglycemia may lead to sorbitol accumulation in a variety of

tissues, including renal tubuli and glomeruli, which causes tissue damage

through a disruption of cellular osmoregulation along with depletion of

myoinositol. Some beneficial effect of aldose reductase inhibition has been

reported in diabetic animals [33]. In other studies it has been shown that cells

may counterregulate inositol depletion and that the histologic lesions of

glomerular disease were unaffected by the administration of an aldose reduc-

tase inhibitor in the streptozotocin-induced diabetic rat. Renal damage in the

diabetic kidney therefore is unlikely to occur through a mechanism involving

the polyol pathway.

Glucotoxicity

A further possibility is that glucose itself has a direct toxic effect on the

cells. It has been demonstrated that cultured human endothelial cells chroni-

cally exposed to high glucose concentrations exhibit important abnormalities in

cell function that could not be ascribed to alteration of the polyol pathway [38].

It is likely that glucose and its metabolites mediate their adverse effects by

altering the various signal transduction pathways, which are used by vascular

and mesangial cells to perform their function and to maintain cellular integrity.

It has been also shown that the activation of protein kinase C (PKC), especially

the �-isoforms, by diabetes and hyperglycemia through an increase in the de

novo synthesis of diacylglycerol through the glycolytic pathway [39] can

increase vascular permeability, extracellular matrix synthesis, contractility of

vascular smooth muscle cells, leukocyte attachment, cell growth, and angio-

genesis [39]. A specific inhibitor of PKC-� has been shown to normalize GFR

and ameliorate the increase in AER in diabetic rats, suggesting that PKC-�

activation by high glucose levels may cause the early hemodynamic and histo-

logic abnormalities that have been implicated in the initiation of diabetic

angiopathy [40]. It has recently been shown that in situ PKC activity is

increased in cultured fibroblast from type 1 diabetic patients with nephropathy

compared to both diabetic patients without nephropathy and healthy subjects,
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suggesting that differences in PKC activation could contribute to the individual

susceptibility to renal damage in type 1 diabetic patients [41]. Another possible

target in mesangial and vascular cells is p38 mitogen-activated protein (MAP)

kinase [42], which can affect gene expression by phosphorylating several tran-

scription factors, such as ATF-2, CHOP-1, MEF2C, and NFkB, resulting in

either apoptosis or cell growth [43].

Hemodynamic and Hypertrophic Pathways

Glomerular hemodynamic disturbances with elevations of blood flow and

filtration rate occur early in the course of diabetes. These alterations have been

suggested to be directly responsible for the development of glomerulosclerosis

and its attendant proteinuria. Several observations support the notion that renal

hyperperfusion and hyperfiltration contribute to renal damage (fig. 1). In several

animal models with spontaneous or induced diabetes both single-nephron GFR

and glomerular plasma flow are increased, whereas intrarenal vascular resis-

tances are reduced [33, 31]. Despite normal systemic blood pressures, trans-

mission of systemic pressures to the glomerular capillaries is facilitated by a

proportionally greater reduction in afferent versus efferent arteriolar resistance

[44]. Consequently, the glomerular capillary hydraulic pressure rises. Elevated

intraglomerular pressure through increased mechanical stress and shear forces

may damage the endothelial surface and disrupt the normal structure of the

glomerular barrier, eventually leading to mesangial proliferation, increased

extracellular matrix production, and thickening of the glomerular basement

membrane [44]. Both a low-protein diet and inhibition of angiotensin-converting

enzyme (ACE), which ameliorate glomerular hyperperfusion and hyperfiltra-

tion without affecting metabolic control, have been shown to prevent not only

the disturbed hemodynamics but the glomerular histologic lesions that are

found in untreated diabetic animals [31, 44]. In other studies, however, dissoci-

ation between the hemodynamic perturbations and subsequent sclerosis has

been reported [33].

The hemodynamic abnormalities so far described usually are associated

with hypertrophic changes in the glomerulus. Marked renal hypertrophy is a

very early event in diabetes and it has been argued that hyperplastic and hyper-

trophic changes in the diabetic kidney may precede the hemodynamic abnor-

malities through a number of distinct sequential steps [31, 44]. It has been

suggested that shear stress of the endothelium lining dilated capillaries near the

glomerular vascular pole may be the initial triggering event [45], resulting in

generation of active TGF-�1, PDGF, and altered extracellular matrix deposi-

tion. Furthermore, application of mechanical stretch to mimic a hemodynamic
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insult has been reported to induce not only mesangial cell matrix and TGF-�1

production in human mesangial cells, but also vascular permeability factor, one

of the most powerful promoters of vascular permeability [46].

Sodium-Lithium Countertransport and 

Sodium-Hydrogen Antiporter

It is well known that an increase in red blood cell sodium-lithium counter-

transport, a cell membrane cation transport system, is consistently associated

with essential hypertension and its vascular complications [33]. Increased rates
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Fig. 1. Possible sequence of events from intrarenal hemodynamic abnormalities to

onset of glomerular sclerosis in diabetic nephropathy. ERPF � Effective renal plasma flow;

GFR � glomerular filtration rate.



Diabetic Nephropathy in Children and Adolescents 233

of sodium-lithium countertransport activity have been reported by several,

although not all, authors in type 1 and type 2 diabetic with microalbuminuria or

macroalbuminuria [47, 48]. A significant correlation in the activity of this

transport system found between diabetic probands with nephropathy and their

parents strongly suggests heritability of elevated activities in DN, as confirmed

by the close association of sodium-lithium countertransport activities found in

diabetic identical twins [33, 48].

A physiologic cell membrane ion exchanger, the sodium-hydrogen

antiporter, has also received attention in DN. The Na�/H� antiporter is a mem-

brane transport system which plays an important role in sodium reabsorption.

An increased Na�/H� antiport activity has been reported in leukocytes and red

blood cells as well as in cultured fibroblasts of type 1 diabetic patients with

incipient and overt nephropathy [33, 49]. The importance of genetic factors was

confirmed by the close association of maximal velocities of antiport activities

found in long-term cultured skin fibroblasts of sibling pairs with T1DM [50].

Moreover, both for T1DM and T2DM, the activity of the red cell Na�/H�

antiporter has been found to be predictive, in prospective studies, of the devel-

opment of proteinuria [33, 51].

The abnormalities of Na�/H� antiport activity in DN do not seem to reflect

modifications in Na�/H� antiport genes [42, 44] but alterations in some of the

regulatory pathways of the Na�/H� exchange. Although the connection

between enhanced Na�/H� antiporter activity and diabetic glomerulosclerosis

remains speculative, it could involve increased tubular sodium reabsorption

and increased sodium concentration in vascular smooth muscle cells, hyper-

trophic/hyperplastic processes of mesangial and smooth muscle cells in the

vessel wall, as well as excessive matrix deposition.

Growth Factors

Some of the biologic effects of growth factors and cytokines that may be

relevant for DN include effects on renal hemodynamics, matrix metabolism,

cell hypertrophy, proliferation and survival, modulation of cells of the immune

system, enzymes involved in glucose metabolism, glucose transporters and

insulin receptor signalling [52, 53]. These effects may be mediated by autocrine

mechanisms, short loop paracrine effects or classic endocrine effects mediated

by circulating growth factors or cytokines [53].

Changes in the expression of Insulin-like growth factor (IGF)-I, IGF-II,

their binding proteins and IGF receptor may be involved in the pathogenesis of

altered renal haemodynamics and renal hypertrophy [52]. Since plasma IGF-I

levels in diabetic patients have been found to be similar or lower than non-diabetic
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subjects, the increased levels of IGF-I peptide in the kidney is most likely due

to accumulation of the peptide from the circulation trapped by increased levels

of IGF-binding proteins, particularly IGFBP-1, which is inversely related to

serum free insulin levels [54]. Infusion of recombinant IGF-I to normal human

volunteers results in increased creatinine and inulin clearance and a decrease in

serum creatinine, urea, and uric acid, with a return to baseline levels on cessa-

tion of the infusion [53]. Renal hypertrophy has also been shown to be related

to the increase in expression of other growth factors, mainly TGF� [55].

Diabetes can lead to elevated TGF� expression through different pathways:

hyperglycemia, increased intraglomerular pressure, glycated proteins, PKC

activation and mechanical strain [52]. Increases in gene expression and protein

synthesis of TGF-� were found in glomeruli from diabetic patients, suggesting

that overexpression of TGF-� might be responsible for the development of

mesangial expansion in diabetic nephropathy [56]. As a final consequence,

high glucose levels would determine alterations in cell cycle and proliferation

and lead to increased synthesis and gene expression of collagen, fibronectin,

and laminin, contributing to an increase in extracellular matrix production and

glomerulosclerosis [53].

Some studies have demonstrated a relevant role for VEGF in diabetic

kidney disease [52, 53, 57]. It is also relevant that angiotensin II increases

VEGF in human mesangial cells through the angiotensin I receptor [58]. In

addition to IGF-I, TGF� and VEGF, several other molecules such as fibroblast

growth factor (FGF), epidermal growth factor (EGF) and platelet-derived

growth factor (PDGF) may have a role in the pathophysiology of DN [53].

Increasing knowledge of the involvement of cytokines and growth factors in

DN opens the way to new therapeutic interventions aimed at blocking their

deleterious effects.

Candidate Genes for Diabetic Nephropathy

The search for genes potentially involved in susceptibility to the development

of diabetic nephropathy has generated intensive research activity and contrast-

ing reports; so far, there is no definite conclusion on the role of single genes in

acceleration of diabetic vascular disease.

There are a number of pathways implicated, by clinical and experimental

studies, in the predisposition to DN. Thus candidate genes have included DM

susceptibility genes, genes involved in the regulation of blood pressure,

glomerular structural genes, genes controlling insulin-mediated glucose metab-

olism, and genes affecting cardiovascular risk. The most common study design

is the examination of a candidate gene by means of association studies
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comparing allele frequencies between cases with nephropathy and normoalbu-

minuric controls [59].

Genes of the Renin-Angiotensin System

Polymorphisms in the components of renin-angiotensin system, which

plays a central role in the regulation of blood pressure, sodium metabolism, and

glomerular hemodynamics, have been actively investigated. The insertion (I)/

deletion (D) polymorphism of the ACE gene is responsible for a large proportion

of the genetic variation in serum ACE levels. In DN, some studies have reported

a significant association between DNA sequence differences at the locus of

ACE and DN [33, 60]. Other case-control studies, however, have been unable

to confirm an association between ACE polymorphism and nephropathy, but do

show a relationship with the cardiovascular complications of DN [61]. A mul-

ticenter study in type 1 diabetic patients with nephropathy and proliferative

retinopathy showed that the severity of renal involvement depended on ACE I/I

polymorphism with a dominant effect of the ACE D allele [62]. Meta-analyses

of published data have suggested a weak overall association of the D allele with

nephropathy, although the association seems to be stronger in the Japanese

population, with a much smaller effect of D allele in white patients [63]. Thus,

within the limitations of available data, these observations suggest that the

ACE/ID polymorphism does not play a major role in the initiation of DN in

white diabetic patients.

It has been reported that ACE I/D polymorphism can affect the course of

GFR once DN is established [64]. Moreover, it has been suggested that ACE

inhibition was less effective in preventing GFR decline or in decreasing

microalbuminuria in type 1 diabetic patients with the DD genotype [64, 65].

Studies of polymorphism in other genes in the renin-angiotensin system,

such as the angiotensinogen gene polymorphism and the angiotensin II type 1

receptor polymorphism did not yield significant results [33, 31]. However, a

significant interaction between long-term glycemic control and polymorphism

in the angiotensin II type 1 receptor gene has been reported.

By applying the discordant sib pairs strategy to test for linkage between

diabetic nephropathy and chromosomal regions containing loci that encode for

proteins of the renin-angiotensin system, a major susceptibility locus in region

3q containing the angiotensin 1 receptor gene was found, although none of

polymorphism in this gene was associated with DN [66].

Family-based association analysis with the transmission disequilibrium

test (TDT) can be used instead of linkage analysis. There was no evidence of

preferential transmission of the T allele of the AGT gene from parents to patients

with nephropathy [67]. However, on subgroup analysis, there was a preferential
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transmission of the T allele to male offspring with nephropathy, and to those

patients with end-stage renal failure. The validity of these data is uncertain

because the numbers of patients were small.

Aldose Reductase

Recent papers have lead to contrasting results on the association between

a microsatellite polymorphism located in the gene for aldose reductase and

DN: some studies have demonstrated a strong association between the aldose

reductase gene and diabetic kidney disease [68–70] while in other papers this

association has not been confirmed [71, 72]. Interestingly, the aldose reductase

expression is induced by hyperglycemia in type 1 diabetic patients with

nephropathy [73].

Extracellular Matrix Proteins

One study has shown a significant association with nephropathy of a

BamHl polymorphism of the gene encoding heparan sulfate core protein [74].

This observation has not been confirmed. Examination of a polymorphism in

the collagen IV �1 chain gene has shown no association with DN [75].

Genes Affecting Lipid Metabolism

A positive association of the �2 allele of the apolipoprotein E gene

polymorphism with nephropathy has been reported [76]. This finding is of

particular interest because a role of lipid abnormalities in the pathogenesis and

progression of DN has been suggested. Examination of this locus using the

TDT has confirmed this positive association [77]. The TDT method has also

shown a positive association for the apolipoprotein E �2 allele and the endothe-

lial nitric oxide synthase gene [77, 78].

Other Genes Involved in the Susceptibility to DN

Recently a novel putative genetic marker for early microvascular compli-

cations has been described. AER was assessed in 372 adolescents with T1DM

who were genotyped for the polymorphism of the paraoxonase 2 (PON 2) gene.

PON is a glycoprotein, bound to high density lipoproteins (HDL), which pre-

vents oxidative modification of low density lipoproteins (LDL) in vitro [79].

The PON2 Ser/Ser genotype was associated with a four-fold increased risk for

microalbuminuria in these patients.

On the other hand, genetic variation at the TGF�1 locus is unlikely to

confer significant susceptibility to advanced diabetic nephropathy in patients

with T1DM mellitus [80]. Similarly, using both a large case-control and follow-up
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study in T1DM, no evidence of a role for a methylenetetrahydropholate reduc-

tase gene polymorphism (associated with elevated plasma homocysteine levels)

in the development of DN was found [81].

Risk Factors for the Development of Diabetic Nephropathy

Certain factors may influence the onset or progression of DN. Some of

these factors, such as duration of disease, are clearly not modifiable, whereas

others, including smoking, the degree of metabolic control, or the presence of

systemic hypertension, may be amenable to highly effective interventions.

Duration of Disease

Abnormalities may be detectable at the time of diabetes diagnosis, such as

a raised GFR; however, most of these defects are reversible within the first

weeks to months after the initiation of insulin therapy. Although a single report

demonstrated that microalbuminuria is not rare (18%) before and even within

5 years of onset of diabetes [82], it is unusual for even the earliest evidence

of microvascular disease, such as microalbuminuria, to be present within the

first 2–5 years after diagnosis. Thereafter, there is a steady increase with time

in the prevalence of early complications such that by 7–10 years after diag-

nosis, 10–20% will have microalbuminuria [83]. The mean duration of pro-

gression from microalbuminuria to DN was found to be 8 years in patients with

T1DM [84].

In the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR),

a population-based cohort of individuals with T1DM, the 10-year cumulative

incidence of renal insufficiency or ESRD was 14.4% [85].

Metabolic Control

The Diabetes Control and Complications Trial (DCCT), other intervention

trials performed in Europe before the DCCT in smaller groups of patients, as

well as epidemiologic studies, have demonstrated unequivocally that there is a

close relationship between the degree of metabolic control achieved over the

long-term and both the onset and progression of microvascular complications

[6, 86, 87]. The DCCT, a large multicenter randomized trial that included both

adults and adolescents, compared microvascular complications in two groups

of subjects, one treated conventionally, and the other with intensive diabetes

management. Hemoglobin A1c (HbA1c) levels in the intensive treatment group

were, on average, �2% lower than the levels in subjects receiving conventional

therapy. HbA1c levels were significantly higher in adolescents (8.2% in the

intensive group versus 9.8% in the conventional group) when compared with
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adults (7.2 and 8.9%, respectively). Nonetheless, the two adolescent groups

showed a similar difference in complication onset and progression when

compared with the adults [86, 87]. In both the adults and adolescents treated

intensively, there was an approximately 50% decrease in the relative risk of the

onset or progression of major microvascular complications. The DCCT is the

only large-scale intervention trial to include an adolescent cohort, although

several small studies have confirmed that glycaemic control matters also in

adolescent patients with diabetes. No studies have evaluated the impact of

intensive diabetes management in prepubertal subjects on the later onset and

progression of complications. However, it seems likely that poor glycemic

control may accelerate DN also during prepubertal years.

Results from the succeeding observational follow-up of the DCCT cohort

in the Epidemiology of Diabetes Interventions and Complications (EDIC)

study, regarding the effects of intensive treatment on the microvascular

complications of T1DM mellitus, showed that the benefits of 6.5 years of

intensive treatment extend well beyond the period of its most intensive

implementation [88].

Hypertension

An association between the development of DN and the presence of hyper-

tension has long been described in both adolescents and adults. That the hyper-

tension associated with diabetic nephropathy is not merely a consequence of

the renal disease is confirmed by evidence implicating high blood pressure in

the progression of microalbuminuria to overt proteinuria [29], and in the onset

of microalbuminuria [89]. However, a recent matched case-control study sug-

gested that blood pressure rises concurrently with the onset of microalbumin-

uria [90]. Nevertheless, it is uncommon within the context of the diabetes clinic

or physician’s office to find blood pressure measurements greater than the 97th

percentile for age and gender in adolescents with T1DM prior to the onset

of persistent proteinuria [7]. Adolescents with microalbuminuria have, on aver-

age, slightly but significantly higher blood pressure than adolescents who are

normoalbuminuric, although the levels are most often within the normotensive

range [89]. In a pediatric prospective multicenter study [91], a casual systolic

blood pressure of more than 120mmHg, as well as a moderate proteinuria

(�50mg/kg body weight per day) proved to be significant risk factors for the

progression of renal failure, whereas the protein content of the diet had no

influence.

Given the known difficulties with clinical blood pressure measurements

and the presence of values that are often within the normal range, many inves-

tigators have turned to ambulatory blood pressure monitoring (ABPM) to better

understand the early phases in the development of hypertension in both adults
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and adolescents with diabetes. When compared with random measurements

made at clinic visits, ABPM offers a more representative assessment of blood

pressure during normal daily activities and correlates better with markers of

target organ damage [92]. When this tool is used, normotensive adults with

microalbuminuria show an increase in mean 24-hour systolic and diastolic

blood pressure and pressure burden with loss of diurnal rhythm (i.e. loss of

nocturnal dipping) when compared with normotensive normoalbuminuric

diabetic subjects or controls [93]. The use of 24-hour ABPM has also proved

helpful in elucidating the earliest changes in blood pressure in adolescents with

diabetes [94]. The first changes detectable in microalbuminuric adolescents

include loss of the diurnal systolic rhythm (nondippers), increased systolic and

diastolic pressure burden (defined by the frequency of blood pressure readings

above the 95th percentile for age and sex), and a subtle elevation in 24-hour

systolic pressure. Loss of the nocturnal fall in blood pressure may be present in

some adolescents with diabetes who are normoalbuminuric. These changes

may foreshadow the development of macrovascular or microvascular disease

[95]. In a recent study a relationship was noted between loss of the nocturnal

drop in diastolic blood pressure (nondippers) and diastolic cardiac dysfunction,

and an inverse correlation was found between the rise in systolic blood pressure

and an elevated AER [11].

The indications for ABPM in the clinical arena are ill-defined. None-

theless, many investigators recommend ABPM for patients with persistently

high clinic blood pressure measurements (�90th percentile for gender, age, and

height), persistent microalbuminuria, or overt nephropathy with or without

hypertension both prior to and after starting antihypertensive treatment.

Family History

The annual incidence of DN rises rapidly during the first 15–20 years of

diabetes and then declines sharply afterward. This leads to a cumulative inci-

dence that, after approximately 20 years of diabetes, plateaus at approximately

30–35% [31, 33]. As previously stated, this pattern of risk is compatible with an

individual susceptibility to renal damage partly independent by the environ-

mental perturbations caused by diabetes, and makes it necessary to identify

contributing factors other than glycemic control.

That there is an individual predisposition to DN is supported by the obser-

vation that this complication clusters in families [96]. In a large study of fami-

lies with multiple siblings with T1DM, the cumulative incidence of diabetic

kidney disease after 25 years of postpubertal diabetes was 71.5% if the T1DM

proband had persistent proteinuria, but only 25.4% if the proband had nor-

moalbuminuria [97]. In other studies it has been demonstrated that a family

history of cardiovascular disease greatly increases the risk of nephropathy in
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diabetic patients compared with that of patients without family history for

cardiovascular disease and enhances the likelihood of cardiovascular disease in

diabetic patients who have nephropathy [98]. This observation has been con-

firmed by studies that have revealed that first-degree nondiabetic relatives of

type 1 diabetic patients with albuminuria have reduced insulin sensitivity and

abnormal lipid profiles [99]. This familial aggregation of renal and cardiovas-

cular disease and their risk factors has led to the suggestion that these disorders

may share a common pathogenetic basis.

Family studies of blood pressure have provided further insights [44, 59].

Higher arterial pressure was measured in parents of diabetic patients with

proteinuria than in parents of patients without proteinuria. A higher prevalence

of arterial hypertension among the parents of type 1 diabetic patients with

nephropathy was also found by subsequent studies. A relative risk for develop-

ment of overt nephropathy of approximately 3.3 was found if at least one of

the parents had hypertension. All these studies suggest that hypertension or a

predisposition to it may be important components in determining the suscepti-

bility to renal disease in diabetes [44, 59].

Hyperlipidemia

There is a close correlation between metabolic control and disturbances in

lipid metabolism.

Despite experimental data implicating lipids in the pathogenesis of early

diabetic nephropathy, no association has been noted between abnormal lipids

and the development of microalbuminuria [2]. Although increased lipid levels

may contribute to the progression of microalbuminuria to overt nephropathy,

intervention studies are needed to evaluate the impact of lipid-lowering agents

on the progression of DN.

Smoking

Available data suggest that persons with diabetes are as likely as persons

without diabetes to start smoking [100]. Furthermore, people who choose to

smoke are at greater risk for the onset and progression of complications than

are persons who do not smoke or who quit smoking. Although most of the

studies to date address outcomes in older age groups, it is generally believed in

the teen years that smoking begins and when prevention programs may be most

likely to succeed. In the EURODIAB IDDM Complications Study of 3,250

men and women between 15 and 60 years of age, current smokers were more

likely to have poorer metabolic control and to get microalbuminuria and

retinopathy [101]. Ex-smokers had findings similar to nonsmokers, except for

the presence of more advanced complications. In a study of 241 patients with

T1DM and 5,876 controls, it has been found that smokers with diabetes
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reported morbidity three to ten times more frequently than nonsmoking

controls and two to three times more often than nonsmokers with diabetes

[102]. The smoking versus diabetes interaction was more than multiplicative

for all morbidity measures.

Smoking seems to enhance the progression of microalbuminuria to overt

nephropathy [103]. The frequency of smoking in adolescents with type 1 diabetes

is unclear, although one study has suggested that it may be lower when compared

with smoking among nondiabetic peers [104].

Puberty

Early manifestations of microvascular complications are rarely found in

prepubertal children with T1DM [2–4]. In contrast, both nephropathy and

retinopathy show an increasing prevalence during the pubertal and postpuber-

tal years [2–4, 105]. Investigators have sought to answer two important ques-

tions arising from these observations: (a) the contribution made by puberty to

the expression of these complications, and (b) the significance of the prepuber-

tal years to their development. Support for the idea that puberty accelerates the

development of DN comes from several sources. A significant relationship has

been found between pubertal duration and the prevalence of both microalbu-

minuria and nephromegaly (early markers of diabetic nephropathy) in a cohort

of prepubertal, pubertal, and postpubertal children and adolescents with simi-

lar durations of T1DM [105]. Thus, robust evidence suggests that puberty

enhances the development of microvascular disease. The mediators of this

effect have not been clearly delineated, but growth factors such as growth hor-

mone/IGF-1, TGF-�, and other hormonal factors such as androgens have been

implicated [52, 106].

The evidence is much less clear with regard to the contribution of the

prepubertal years to the onset of microvascular disease [107, 108]. However, as

previously stated, it seems likely that poor glycemic control may accelerate DN

also during prepubertal years and contributes to the long-term prognosis of child-

hood diabetes, although the risk may only become evident at puberty [16, 19]. In

a study of prepubertal, pubertal, and postpubertal subjects, all having a similar

diabetes duration (5–10 years), nephromegaly (an early indicator of diabetic

nephropathy) was observed in 14% of prepubertal subjects [105]. Similar obser-

vations have been made in the ORPS of T1DM, where children with an early

onset of diabetes were at risk of developing microalbuminuria before puberty

[21]. Recently, an increasing delay in onset of complications was found in ado-

lescents with longer prepubertal diabetes duration [109]. These findings imply

some effect of the prepubertal diabetic milieu on the nephropathic process.
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In conclusion, through much of the natural history of DN, renal disease

develops without detectable clinical expression, with normal AER and blood

pressure, and with GFR normal to elevated. Therefore, methods for early identi-

fication of diabetic patients at risk for development of DN are needed. Recently,

to investigate the contribution of several variables such as age, diabetes duration,

sex, puberty, glycemia, systemic blood pressure, hyperfiltration, lipids, genetic

susceptibility, on the development of the early lesions of DN, a longitudinal

study has been carried out by the International Diabetic Nephropathy Study

Group in a cohort of 243 almost entirely normoalbuminuric type 1 diabetic

patients (age 10–40 years, 50% 10–18 years) [110]. Using two renal biopsies

performed over 5 years, changes in renal structure have been assessed with

regard to the above mentioned variables. The main findings of this study are that

DN lesions occurring in young normoalbuminuric type 1 diabetic patients are

significantly related to disease duration, but are less closely related to glycemia

or renal hemodynamics than previously reported; and that systemic blood

pressure within the normal range may be a more important determinant of early

DN lesions than previously appreciated [111]. A succeeding report from the

International Diabetic Nephropathy Study examined the effects of disease dura-

tion and age at onset of T1DM on glomerular morphometry obtained from kid-

ney biopsy in 243 normoalbuminuric young diabetic subjects, with prepubertal,

pubertal or postpuberty onset. Glomerular abnormalities progressed slowly in

the first 14 or 15 years after disease onset but more rapidly thereafter, with no

statistically significant differences in the effect of duration among the three age-

at-onset subgroups, even with multivariate adjustment for sex, center, baseline

HbA1c, diastolic blood pressure, height and BMI [112].

Screening for Complications in Adolescents

Surveillance for complications requires that the basic components of a

screening program be met. A sensitive and specific method must be used to

detect the disorder before it becomes irreversible or causes serious morbidity,

the screening procedure should be cost-effective, and there should be effective

management of the disorder detected. Surveillance for nephropathy and hyper-

tension all meet these criteria because effective intervention can slow or stop

the progress of these conditions.

Table 3 details the specific screening processes recommended for adoles-

cents with diabetes. Regular measurement of HbA1c is an indispensable part of

routine diabetes care because it is the best surrogate marker of the risk for

microvascular, and probably also macrovascular, complications. HbA1c is

the best available marker of long-term diabetes control. Because excellent
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metabolic control is known to prevent or delay the onset and progression of

complications, this measurement also provides information about the effective-

ness of interventions aimed at improving metabolic control. Similarly, blood

pressure measurement on a twice-yearly basis is sufficient for detecting early

hypertension, the presence of which should signal the need for more frequent

assessments and appropriate intervention.

Microalbuminuria

The focus of screening for diabetic nephropathy needs to be on its prevention

or early detection and intervention. Microalbuminuria provides a sufficiently

reliable screening method for early nephropathy in children and adolescents

with type 1 diabetes [83, 113]. Prospective studies have clearly demonstrated

that microalbuminuria is highly predictive of subsequent proteinuria and overt

nephropathy in type 1 diabetes. Many different approaches have been used to

screen adolescents for microalbuminuria: the one yielding the most pathophysi-

ologic information is the AER measured in a 24-hour urine collection, although

this method is often inconvenient for the patients and is susceptible to the influ-

ences of posture and exercise [114, 115]. An acceptable and easier way is the use

of a timed overnight collection. Shorter timed specimens and determinations of

albumin to creatinine ratio in a spot urine sample are other possibilities but are

less sensitive and specific than longer timed specimens. The high day-to-day

variability in AER (up to 40%) makes it essential that more than one specimen

Table 3. Screening for diabetic nephropathy

Hemoglobin A1c: Every 3–4 months to assess and track

degree of metabolic control and to make changes to achieve

and maintain the best possible control from the very

beginning of diabetes

Blood pressure: Every 3–6 months to assess presence of

hypertension; no data available to determine when this

should be started; it seems reasonable to recommend

measurement at all clinic assessments

Nephropathy: Annual timed urine collections for albumin

excretion rate (AER) beginning at onset of puberty and

3–5 years’ diabetes duration; if positive, confirmation of

microalbuminuria requires repeat testing at three monthly

intervals over 6 months
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is collected at any time before a diagnosis of microalbuminuria is made [116].

The most accepted definition of persistent microalbuminuria is an albumin

excretion rate 	20�g/min in timed overnight urine collections in two out of

three consecutive urine specimens in 6 months. The cutoffs for AER of 15, 20,

or 30�g/min are all somewhat arbitrary because the upper limit of AER is

7.2�g/min as determined in nondiabetic adolescents [117]. Clearly, the predictive

value of a positive test increases as the cutoff increases.

In accordance with the guidelines proposed by the American Diabetes

Association (ADA) and the International Society for Pediatric and Adolescent

Diabetes (ISPAD) [118, 119], in patients with prebubertal onset of diabetes,

screening for microalbuminuria should be performed 5 years after onset, at age

11 years or at puberty (whichever is earlier), and annually thereafter; in patients

with pubertal onset of diabetes, microalbuminuria screening should be performed

2 years after onset, and annually thereafter.

In patients in whom initial screening tests are negative for microalbumin-

uria, it is safe to presume that the development of renal changes will take place

relatively slowly, and that annual screening will be sufficient. This presumption

is supported by the relatively slow accretion of new cases of microalbuminuria

seen in DCCT [6, 86]. In patients who are positive for microalbuminuria, repeat

testing over a 3- to 6-month period should be performed to determine the pres-

ence of persistent microalbuminuria. If the microalbuminuria is persistent,

appropriate intervention should be instituted. In patients in whom the micro-

albuminuria is intermittent, three monthly checks should continue because

these patients may be at risk for accelerated progression of nephropathy [117].

It has also been suggested that subjects at risk for diabetic nephropathy

can be identified during the first few years after diagnosis by sequential annual

measurements of the AER. In fact, the development of microalbuminuria seems

associated with AER levels lying within the second half of the normoalbuminuric

range, which can already be observed between 1 and 2.5 years after diagnosis

[120].

Recently, the rate of change of albuminuria over 1 year has been shown to

independently predict mortality and cardiovascular disease in both type 1 and

type 2 diabetic patients with DN [121] and may have clinical utility as a risk

marker in identifying a subgroup of patients at greater risk.

Primary Prevention and Secondary Intervention

Over the past 35 years, there has apparently been a highly significant

decrease in the prevalence of DN in T1DM [10]. Improved glycemic control,

lower blood pressure (in part due to early aggressive antihypertensive treatment),
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and reduced prevalence of smoking rates were associated with improved prog-

nosis [10].

Interventions can be divided into those that prevent onset of the complica-

tion (primary prevention) and those that slow or halt its progression (secondary

intervention). The major interventions include intensive diabetes management

to achieve and maintain excellent metabolic control and antihypertensive ther-

apy. Data are available to support the use of antihypertensives in general, and

ACE inhibitors in particular, in slowing the progression of both early (micro-

albuminuria) and advanced (macroalbuminuria) DN [122]. Other less well-

studied interventions may also hold the promise of decreasing complication

onset or progression [123].

Intensive Diabetes Management

The DCCT and other studies demonstrated the effectiveness of improved

metabolic control as both a primary prevention and secondary intervention for

all the three main microvascular complications [86, 87]. The level of HbA1c

that must be achieved to prevent the onset or slow the progression of compli-

cations remains uncertain. In the DCCT, there was a linear relationship between

HbA1c and the relative risk of complications, with decreasing risk into the

nondiabetic range. In contrast, in a recent study [124] it has been reported a

threshold effect for microalbuminuria at an HbA1c level of about 8.1%. The

risk for the development of DN has been quantitated in a recent prospective 

4-year study [125]. Although it is not commonly believed that the weight of

evidence supports a threshold effect, it is nevertheless a reasonable first step to

target HbA1c levels below 8% when managing adolescents [126, 127]. This

practice would provide a level of metabolic control somewhat tighter than that

achieved by the adolescents in the intensive treatment group in the DCCT and

significantly more so than the average metabolic control achieved by children

and adolescents with diabetes throughout the world [128, 129]. A European

study group documented that such a level of good control is not easily obtained

in children with T1DM. In fact, only 34% of 2,227 patients were able to achieve

the recommended HbA1c level below 8% [128]. The ability to achieve and

maintain this level of control is dependent on the allocation of sufficient

resources to provide experienced multidisciplinary health care team support to

these adolescents and their families. It is highly unlikely that such resources

will be made available on a worldwide basis.

In the DCCT, despite a significant reduction in the occurrence of micro-

albuminuria and albuminuria, 16% in the primary prevention cohort and 26%

in the secondary prevention cohort developed microalbuminuria during the
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nine years of intensified treatment. This clearly documents that additional treat-

ment modalities are needed to reduce or avoid the increasing burden of DN.

Reduction in the Dietary Protein Content

As mentioned earlier, arterial hypertension, albuminuria, and poor

glycaemic control are the most important risk factors for a progressive decline

in GFR in DN, while dietary protein intake generally has been found to play a

minor or no role. However, a meta-analysis based on five studies in patients

with T1DM and microalbuminuria or proteinuria showed that a low-protein diet

(	0.8 g/kg/day) significantly slowed the increase in urinary AER or the decline

in GFR or creatinine clearance (relative risk 0.56; 95% CI 0.40–0.77) [130].

Flaws in design (short-term, nonrandomized cross-over study and self-control

studies), methods (creatinine clearance), and insufficient adjustment for other

progression promoters, including antihypertensive treatment with ACE

inhibitors, have weakened the strength of that conclusion [131]. Given the indi-

vidual variability in the response of GFR following the introduction of a low

protein diet [132], it should be reserved only to ‘responders’.

Angiotensin-Converting Enzyme Inhibition/

Antihypertensive Therapy

ACE inhibition and angiotensin receptor blockade have been shown to

reduce the progression of both microalbuminuria and overt proteinuria in adults

with T1DM. Many studies have confirmed the effectiveness of these agents in

slowing the progression of DN at any stage after its onset (secondary interven-

tion) [25, 133].

A randomized placebo-controlled trial in normotensive type 1 diabetic

patients with normoalbuminuria has suggested a beneficial effect of ACE-

inhibitors on the development of microalbuminuria [134]. In a placebo-

controlled study performed in 12 normotensive adolescents with diabetes, a

3-month treatment with ACE inhibitors was able to reduce microalbuminuria in

10 of the 12 patients [135].

ACE inhibitors should be considered the agents of first choice in the man-

agement of both microalbuminuria and hypertension in patients with diabetes

[133]. Few studies of ACE inhibitor therapy have been reported in adolescents

with microalbuminuria: a significant decrease in AER has been obtained in a 

3-month crossover trial with the ACE inhibitor captopril when compared with

a placebo [136, 137].
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A meta-analysis of 12 trials in 698 type 1 diabetic patients with micro-

albuminuria who were followed for at least one year has revealed that ACE

inhibitors reduced the risk of progression to macroalbuminuria by 62%

compared to that of the placebo group [odds ratio 0.38 (95% CI 0.25–0.57)]

[138]. Regression to normoalbuminuria was three times greater than in

patients receiving a placebo. At 2 years, the urinary AER was 50% lower in the

patients taking ACE inhibitors than in those receiving placebo. Moreover, it

has been shown that the beneficial effect of ACE inhibitors on preventing

progression from microalbuminuria to overt nephropathy is long lasting

(8 years) and, more importantly, it is associated with preservation of normal

GFR [139]. Furthermore, the Captopril Collaborative Study Group demon-

strated a significant risk reduction for doubling of serum creatinine con-

centrations in patients with T1DM and nephropathy who received captopril

(48%; 95% CI 16–69%). The placebo-treated patients received conventional

antihypertensive treatment excluding calcium channel blockers. It has been

recently reported that long-term treatment (4 years) with an ACE inhibitor and

long-acting dihydropyridine calcium antagonist has similar beneficial effects

on progression of diabetic nephropathy in hypertensive patients with T1DM

[140].

There are no obvious contraindications to ACE inhibitor use in the

pediatric population, although there is concern that noncompliance or intermit-

tent compliance with therapy may provide a misguided sense of security. The

teratogenic effects of ACE inhibitors must be kept in mind when using these

drugs in adolescent girls.

Angiotensin II Receptor Antagonists

The recently introduced angiotensin II (ATII) receptor antagonists seem to

have further advantages in patients with early diabetic nephropathy [141].

A double-blind, randomized, cross-over study has been performed, com-

paring an ATII T1DM antagonist, losartan, with enalapril in patients with type 1

diabetes and nephropathy [142]: this study showed that losartan’s ability to

reduce albuminuria and blood pressure is similar to the effect of ACE inhibitors,

indicating that the reduction in albuminuria and blood pressure induced by ACE

inhibition is primarily caused by interference with the renin-angiotensin system

and that losartan represents a valuable new drug in the treatment of hypertension

and proteinuria in patients with T1DM and nephropathy.

Recently, an 8-week randomized double-blind placebo-controlled

crossover trial was performed to test the hypothesis that dual blockade of the

RAS with both an ACE inhibitor (benazepril) and an angiotensin receptor
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antagonist (valsartan) is superior to either drug alone in type 1 diabetic

patients with DN [143]. Dual blockade induced an additional reduction in

albuminuria (43%) and systolic blood pressure (6–7mmHg) compared to both

monotherapies.

Other Interventions

Other strategies have not been tested in adolescents with T1DM. Any new

interventions that become available should be rigorously tested in this age

group. The use of aldose reductase inhibitors has not proved effective in com-

plications intervention [66].

As previously stated, especially in children and adolescents, the natural

history of microalbuminuria is not necessary the progression to frank proteinuria

and overt nephropathy. In fact, there is increasing evidence that micro-

albuminuria can be non-progressive or even transient [27]. Some longitudinal

studies suggest that as many as 50% of subjects might revert to normoalbuminuria

at the end of the pubertal year [4, 21, 144]. However, these longitudinal data are

not sufficient to answer the question as to whether this observed regression will

be permanent or whether microalbuminuria during puberty might represent the

first sign of progressive nephropathy.

To investigate the reversibility of early renal abnormalities, a recent study

was aimed to determine the frequency of a significant reduction in urinary

AER and factors affecting such reduction in 386 patients with T1DM and

microalbuminuria. Regression of microalbuminuria was frequent, with a six-

year cumulative incidence of 58 percent. The use of ACE-inhibitors was not

associated with the regression of microalbuminuria, whereas microalbuminuria

of short duration, levels of HbA1c less than 8%, low systolic blood pressure

(less than 115mm Hg), and low levels of both cholesterol and triglycerides

were independently associated with the regression of microalbuminuria

(table 4) [145].

In conclusion, the decision to start a pharmacological treatment of

microalbuminuria in adolescents should always be made individually [146].

Until now, a general consensus within the pediatric population on who should

receive treatment with renoprotective drugs and when has not been achieved.

This may be due mainly to the lack of enough longitudinal data on the natural

history of microalbuminuria in children and adolescents with T1DM. On the

basis of available information on the risk factors, it may be possible to establish

some rules (fig. 2) in order to avoid unnecessary treatment or delay of poten-

tial beneficial therapy. It seems obvious that type 1 diabetic patients with

persistent microalbuminuria and hypertension should receive treatment with
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antihypertensive drugs. Patients with persistent microalbuminuria and other

signs of long-term complications, such as retinopathy, should be started with 

ACE-inhibitors or ATII receptor antagonists especially if raising GFR is

detected or if the AER exceeds 50�g/min. This cut-off point is justified by

previous longitudinal studies where patients with an AER �70�g/min at the

start of the study developed persistent microalbuminuria or even an AER

�200�g/min [147]. However, the presence of retinopathy might be a robust

Table 4. Clinical characteristics of patients with T1DM according to the presence or

absence of regression of microalbuminuria during follow-up

Characteristic Regression No regression p value

(n � 196) (n � 190)

Female sex, % 55 47 0.16

Age, years 29 � 8 31 � 8 0.02

Duration of diabetes, years 17 � 9 18 � 9 0.41

Albumin excretion rate, �g/min

Initial

Median 59 57

Interquartile range 41 – 122 37 – 110

At the end of the study

Median 17 87

Interquartile range 11 – 34 38 – 262

Microalbuminuria of short 26 25 0.86

duration (incidence cohort), %

Use of non-ACE inhibitor 

antihypertensive drugs

Initial 8 10 0.52

At the end of the study 15 16 0.68

Use of ACE inhibitors, %

Initial 23 28 0.22

At the end of the study 41 53 0.02

Systolic blood pressure, mmHg 121 � 16 124 � 14 0.07

Diastolic blood pressure, mmHg 74 � 9 76 � 8 0.11

Glycosylated hemoglobin, % 8.8 � 1.5 9.3 � 1.6 0.001

Total cholesterol, mg/dl 193 � 40 203 � 40 0.01

HDL cholesterol, mg/dl 53 � 13 53 � 16 0.59

Triglycerides, mg/dl 109 � 57 146 �134 	0.001

Current smoking, % 33 34 0.25

Mean follow-up time, years 4.3 � 1.7 4.6 � 1.5 0.12

Data are means � SD or %.



Chiarelli/Santilli 250

indication of treatment, especially if the independent effect of ACE inhibitors

on retinopathy is confirmed in other studies.

Patients with microalbuminuria and family history of hypertension and/or

family dyslipidemia constitute a special group, as both might be an inheritable

trait, and both are well-known risk factors for progressive renal and cardiovas-

cular damage: in these patients treatment with renoprotective drugs may be indi-

cated, especially during puberty and in the case of worsening microalbuminuria.

In normotensive patients with persistent microalbuminuria, it might be

reasonable to first try to optimize glycemic control, to reduce dietary protein

intake and discourage smoking. In case of persistent microalbuminuria or ris-

ing AER despite these measurements, it can be worthwhile to start treatment in

order to avoid further injury.

As previously stated, microalbuminuria might be transient and only strictly

related to puberty. Therefore, treatment should be stopped in all those patients

at the end of puberty that never presented hypertension and reverted micro-

albuminuria. During this period, repeated AER and blood pressure measurements

will help to detect promptly the reappearance of raising AER.

In the few prepubertal children with persistent microalbuminuria as the

only risk factor, it seems reasonable to wait until puberty to start treatment

unless during a careful follow-up rising AER or blood pressure occur.

Persistent microalbuminuria

Hypertension Retinopathy FH: hypertension

      dyslipidemia

Normotension

ACE inhibitors

�Raising (30%/year) AER

�AER �50�g/min

Improve glycaemic

control (6–12 months)

Reassessment after puberty

ACE, inhibitors

�Raising (30%/year) AER

�AER �50�g/min

ACE inhibitors

Reduce dietary protein

intake (0.8–1g/kg/day)

Fig. 2. Flow-chart of treatment intervention in diabetic patients with persistent

microalbuminuria.
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Conclusion

Although children and adolescents with T1DM are faced with the treatment

of the acute complications of hypoglycemia and ketoacidosis on a day-to-day

basis, in the long-term, the microvascular complications of the disease with

particular reference to nephropathy place them at greatest risk for serious mor-

bidity and earlier than expected mortality. The families of children with diabetes

should be provided with information about the complications of diabetes begin-

ning at the time of diagnosis, and this information needs to be reinforced

throughout the follow-up period. Appropriate surveillance for the earliest evi-

dence of nephropathy should be performed following the recommendations of

the ISPAD. Therapeutic interventions, particularly excellent metabolic control

and timely blood pressure control may be exceedingly effective in preventing

nephropathy onset or significantly retarding the rate of progression.
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Sensitive techniques can demonstrate abnormal nerve function in the

diabetic child and adolescent. Whilst this may represent subclinical neuropathy,

clinical neuropathy is uncommon during childhood. Neuropathy needs to be

considered in such situations as a child with recurrent vomiting (possibly due

to autonomic neuropathy) or persistent pain syndromes (possibly due to periph-

eral neuropathy). The prepubertal child is not necessarily protected from risk

[1]. Peripheral neuropathy predisposes to foot ulceration and amputation.

Painful peripheral neuropathy can be disabling in young adults with childhood-

onset diabetes [2]. Autonomic neuropathy has been associated with an increased

risk of sudden death (due to hypoglycemic unawareness or arrhythmia) and

increased mortality [3].

Pirart’s classic longitudinal study from 1947 to 1973 showed that patients

with better diabetes control had less clinical diabetic neuropathy [4].

Neuropathy had developed in 45% of individuals after 20–25 years of type 1

diabetes. However, shorter term studies have not always been able to link

neuropathy with degree of glycemic control. In the primary prevention cohort

of the DCCT intensive therapy caused a 69% reduction in the development of

clinical neuropathy and in the secondary intervention cohort a 56% reduction

[5]. Clinical neuropathy was not sufficiently common for a significant effect to

be seen in the combined adolescent cohort (7/103 in the conventional group

and 3/92 in the intensive group) [6].
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Pathogenesis

The predominant cause of neuropathy has been considered metabolic

but vascular factors are also involved. The important metabolic factors

include: increased activity of the polyol pathway, reduced activity of Na/K

ATPase, reduced nerve growth factor activity, reduced production of various

vasodilatory effectors causing tissue hypoxia, increased free oxygen radicals as

well as increased levels of glycated proteins [7].

Clinical studies have identified other risk factors for subclinical and clinical

neuropathy in addition to the risk factors of poor glycemic control and longer

diabetes duration: these are taller stature, smoking, abnormal lipids [8] and

higher blood pressure [9].

Autoimmune mechanisms have also been implicated because of lymphocytic

infiltrates in sympathetic ganglia and antibodies to autonomic nerves being

documented in patients with autonomic neuropathy [10]. Antibodies to non-

neural tissue have also been implicated: patients with high antibodies to

GAD54 at diagnosis and followed over three years were more likely to have

abnormal autonomic tests and peripheral nerve function [11].

Autonomic Neuropathy

Diabetic autonomic neuropathy is a complication that is clinically evident

in adult patients with diabetes mellitus but only rarely seen in pediatric diabetes

practice. Common symptoms of autonomic neuropathy are postural hypotension,

vomiting, diarrhea, bladder paresis, impotence, sweating abnormalities and

gastric fullness. When the parasympathetic nerves to the pupil are affected, the

resulting high dazzling sensitivity in darkness (due to an impaired light reflex)

makes night driving more dangerous.

Symptomatic autonomic neuropathy with abnormal cardiovascular

autonomic tests is associated with increased mortality due to vascular disease

and increased risk of sudden death. It has also been implicated as a cause of

hypoglycaemic unawareness, but hypoglycemic unawareness is not invariably

associated with cardiac autonomic neuropathy [12].

Diagnostic Evaluation of Autonomic Function

By the time the symptoms of autonomic neuropathy appear, there are often

marked abnormalities of autonomic function, involving the cardiovascular,

gastrointestinal and urogenital systems.
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The most frequently used tests to evaluate the autonomic nervous system

are the cardiovascular and the pupillary tests (table 1).

Cardiovascular Tests

Conventional Tests

A battery of six conventional tests, described by Ewing and Clarke that are

‘bed side’, simple and noninvasive, has been used in the assessment of cardiac

autonomic neuropathy [13]. Heart rate during quiet respiration, heart rate

response to deep breathing and heart rate response to standing, are indices

Table 1. Tests of autonomic nerve function 

Cardiovascular tests

Conventional tests

Tests of heart rate (HR)

Heart rate variation (during quiet respiration and during deep breathing (DBHRV))

Heart rate during Valsalva ratio (VR)

Heart rate during standing from a lying position (30/15 ratio)

Tests of blood pressure (BP)

Blood pressure response to standing (BPS)

Blood pressure response to sustained handgrip

Time domain (heart rate at rest)

Standard deviation of all the R-R intervals (SDNN)

Square root of the mean squared differences of successive R-R intervals (RMSSD)

Total spectral power analysis uses direct Fourier transformation of the R-R series during

rest and standing

Very low frequency peak �0.04Hz (sympathetic dysfunction)

Low frequency peak (0.04–0.15Hz) (sympathetic dysfunction)

High frequency peak  (0.15–0.4Hz) (parasympathetic dysfunction)

Electrocardiogram QT/QTc interval

QT

QTc

QT dispersion

Pupillary responses tests

Pupillary response to light reflex using infrared computerized pupillometer

Mean constriction velocity

Resting pupil diameter (sometimes determined as ‘horizontal’)

Reflex amplitude

Size of dark-adapted pupil using a polaroid camera
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of parasympathetic function. Heart rate responses to the Valsalva maneuver

incorporate both parasympathetic and sympathetic nervous system activity.

Systolic BP response to standing or sustained handgrip is an index of sympa-

thetic function.

QTc Interval Prolongation and QTc Dispersion

This is a simple, noninvasive and inexpensive method for evaluating the

alteration in cardiac sympathetic innervation using a standard 12-lead ECG and

analyzing several QT intervals [14]. The QT interval is taken from the begin-

ning of the QRS complex to the end of the downslope of the T wave (crossing

of the isoelectric line). The QT interval is corrected for the previous cardiac 

R-R cycle length (QTc) by the following calculation: QTc � QT/√(R-R)

24-Hour Blood Pressure Monitoring

The ambulatory blood pressure recorded over 24 h often does not have the

normal diurnal variation present in nondiabetic individuals. This loss of the

nocturnal ‘dip’ in blood pressure may be due to early autonomic dysfunction

and may be the first indication of hypertension.

Time Domain and Power Spectral Analysis of Heart Rate Variability

Power spectral analysis (PSA) of heart rate variability is now well estab-

lished as a sensitive measure of autonomic function.

A resting supine electrocardiogram (ECG) is recorded for a short period of

time (8–10min after a period of rest and acclimatization) or alternatively an

ambulatory trace may be recorded for 24 h. R-R interval data are stored on

computer and provide the basis for all subsequent calculations.

Time domain analysis derives the following parameters: the resting heart

rate, the coefficient of variation (CV), the standard deviation of all the R-R

intervals (SDNN), and the square root of the mean squared differences of

successive R-R intervals (RMSSD.)

Frequency domain analysis uses fast Fourier transformation to obtain the

power spectra:

1. ultra low frequencies �0.003Hz

2. very low frequency 0.003–0.04Hz

3. low frequency (LF) 0.04–0.15Hz

4. high frequency (HF) 0.15–0.4Hz

In addition, a measure of total power and the ratio of LF to HF are also

derived.

The low- and high-frequency components of total spectral power are consi-

dered reciprocal indices of sympathovagal and vagal interactions, respectively.
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Pupillary Tests

The two most striking abnormalities are a small pupil and an attenuated

phasic light reflex. The smaller pupil size is due to sympathetic dysfunction,

and the light reflex reduction is due to parasympathetic dysfunction.

The simplest technique was first described by Smith and Dewhirst [15] in

1986. A simple Polaroid pupillometer takes a photo of the dark-adapted pupil

and the ratio of pupillary diameter to iris diameter can then be calculated.

Infrared computerized pupillometry measures the pupil size before and for

three seconds after a light stimulus at a rate of 20 scans/s [16]. Thus, constric-

tion and subsequent dilation are measured, and velocity and latency can be

calculated.

Clinical Studies of Autonomic Neuropathy in Adults

An increased mortality in relation to autonomic neuropathy was first

described in 1980 [13]. The 5-year mortality of 40 patients with three of four

test abnormalities using the Ewing and Clarke ‘battery’ was 53% compared to

15% in 33 patients with all normal tests. The mean age of patients was 46 years

with a mean duration of 17 years. Both groups of patients had symptoms of

autonomic neuropathy, though impotence and diarrhea were not found to be

good discriminators of autonomic neuropathy. Half the deaths were due to

nephropathy and the rest due to sudden death, stroke, myocardial infarct or

hypoglycemia.

The confounding effect of vascular disease was reduced when a similar

group without renal disease and with normal ECGs was studied longitudinally.

The 8-year mortality was again significantly higher in those with cardiac auto-

nomic neuropathy compared with those with normal tests (23 vs. 3%) [17].

The classification of cardiac autonomic neuropathy (CAN) was based on both

coefficients of variation of heart rate at rest and during deep breathing being

abnormal. Symptoms of autonomic neuropathy were more common in the non-

survivors. However, when an isolated test abnormality was used as the

discriminator in asymptomatic patients, there was no difference in mortality

found over 10–15 years [18]. Again the survival was significantly shorter in the

symptomatic group with abnormal tests. Others have not found the increased

mortality associated with autonomic abnormality to be independent of diabetic

nephropathy [19].

Maser et al. [20] found symptomatic autonomic neuropathy in 5% of a

group of 168 type 1 diabetes patients aged 25–34 years with mean duration 20

years. In the prospective Epidemiology of Diabetes Complications Study, cardiac
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autonomic neuropathy (defined as an abnormal expiratory to inspiratory heart

rate) developed in 104 patients from the 373 subjects who were normal at

baseline over a mean of 4.5 years [21]. Independent risk factors were age,

HbA1 and nephropathy. Hypertension was an independent risk factor when

nephropathy was excluded from the model.

Using power spectral and vector analysis of heart rate variation and the

‘conventional battery’, Ziegler et al. [22] reported the prevalence of cardiac

autonomic neuropathy to be 13% of patients without peripheral neuropathy,

34% of those with subclinical neuropathy, 49% of those with symptomatic

peripheral neuropathy, and 100% of patients with peripheral and autonomic

symptoms. The addition of spectral analysis increased the prevalence of abnor-

malities to 47% from 39% with the standard Ewing Clarke battery.

A high level of reproducibility of the spectral analysis of 24-hour measures

has been shown in adults with diabetic nephropathy based on intrain-

dividual correlations at 3, 6 and 12 months [23]. These patients had a mean age

of 37 years and a minimum duration of 24 years. The least variation was seen

in parasympathetic parameters (HF and LF). Furthermore abnormalities

predicted subsequent decline in creatinine clearance [24]. The same level of

reproducibility has not been found in adolescents who do not have renal

disease.

In nondiabetic patients, the 24-hour heart rate variation (CV) predicts

mortality following myocardial infarcts: patients with abnormal heart rate

variation have a fivefold greater chance of death than if heart rate variation was

within the normal range [25]. Longer-term studies of the more sensitive tests in

diabetic patients without vascular disease need to be performed to determine

their prognostic significance in asymptomatic patients.

Other studies indicate that QTc prolongation is predictive of an increased

mortality rate in adults with type 1 diabetes. In a UK study of 71 diabetic men

(mean age 46 years and mean duration 17 years), the 3-year survival was asso-

ciated with a shorter QT interval [26]. Lengthening of the QT interval over

time paralleled changes in patients’ standard bedside battery of cardiovascular

tests. In a more recent multicenter Italian study of 371 individuals, the 5-year

survival was also significantly related to shorter QT length and blood pressure

was not an independent risk factor for survival [27].

At what stage are nerve test abnormalities reversible? In the DCCT,

improved glycemic control due to intensive therapy (IT) slowed the 8 years

deterioration in heart rate response to deep breathing compared with conven-

tional therapy (CT) in the primary prevention cohort, but did not have a demon-

strable effect on Valsalva maneuver [28] or on this variable in the secondary

intervention cohort. The combined IT group had significantly less abnormali-

ties than the conventionally treated group at 4–6 years (5 vs. 9%), which was
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conversely more pronounced in the secondary intervention arm (7 vs. 14%)

[29, 30]. Successful pancreatic transplantation did not improve autonomic neu-

ropathy but did improve peripheral neuropathy over 12 months [31].

The same group that has documented a high level of reproducibility has

also found improvement in the high frequency index of spectral power analysis

in patients with CAN [32]. All patients had retinopathy and nephropathy but

creatinine clearance was �30ml/min. For the other frequency and time domain

parameters significant differences developed between the early and advanced

autonomic neuropathy groups with the intensive therapy. There were no

changes in the ‘instantaneous’measures of heart rate variation or 24-hour blood

pressure measurements, confirming a greater sensitivity of the more compli-

cated analysis.

Clinical Studies of Autonomic Neuropathy in 

Children and Adolescents

Conventional Tests

The first adolescent report of cardiac autonomic nerve function in diabetes

was from Edinburgh in 1983 [33]. The study group was 71 adolescents aged

16–19 years of whom 31% had abnormalities on the Ewing Clark battery in the

parasympathetic tests (heart rate variation). Nineteen had one abnormality, 4

had two and 1 had three abnormal tests. In the same group, 72% had abnormal

nerve conduction tests. At follow-up 2–3 years later, the number of abnormalities

had increased, but there had also been resolution of some of the abnormalities

[34]. Progression was twice as common as improvement.

At the Children’s Hospital Westmead (CHW), we found 28% of 181

adolescents had at least one abnormal autonomic test: 4 girls had two and 1 girl

had three abnormal tests [35]. We used the same tests as Ewing and Clarke but

a slightly lower cut-off for abnormality defining this as greater than the 95%

reference limit derived form 122 nondiabetic adolescents compared with 2 SDs

above in the Edinburgh study. Those with abnormalities had higher HbA1c as

in their study but the association with longer diabetes duration was not found.

However, our longitudinal analysis did not show any increase in abnor-

malities in 102 adolescents over a median of 3 years [36], 60 adolescents over

5 years [37] or 150 adolescents up to 10 years [38]. These data are compared to

abnormalities for pupillary tests which did increase significantly in the same

patients (fig. 1).

Other pediatric studies are shown in table 2.

Twenty-four-hour heart rate and blood pressure have been assessed in

adolescents who were normoalbuminuric and normotensive [39]. Nearly half of
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the diabetic group (15/36) failed to show the normal circadian fall in blood

pressure during sleep (nondippers) compared with controls. The mean heart

rate variation was also higher in the diabetic group compared with controls

(daytime: 86 vs. 77 beats/min). In another Australian study, adolescents with

intermittent and persistent microalbuminuria exhibited higher mean heart

rate and mean blood pressure during the day as well as night [40]. These two

cross-sectional findings are in agreement with adult studies supporting the

hypothesis that the blood pressure burden of nondipping at night predates

microalbuminuria [41].

Time Domain and Power Spectral Analysis

Adolescents with diabetes showed less heart rate variation than nondia-

betic adolescents on the conventional CVS tests, (response to standing) and

time domain parameters (CV and SDNN) monitored for 8–10min [42]. Using

power spectral analysis, the diabetic subjects also had a marked reduction in LF

and HF but no change in the ratio compared to the controls. There was a

strong correlation between total spectral power and heart rate response to

deep breathing and to mean heart rate after allowing for age. Retesting a sample

2–3 months later found the coefficient of variation for PSA to be comparable

to standard cardiovascular responses: 11–24% for CVS, 11–17% for PSA, and

30–40% for time domain. The greatest variation was observed for the blood

pressure response to standing.
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Fig. 1. Longitudinal study of autonomic nerve tests in 150 adolescents studied at The

Children’s Hospital at Westmead (1990–2001): comparison of percentage with abnormal pupil-

lary and cardiovascular autonomic tests. � � Pupil test (GEE: p � 0.005); � � CVS test.
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A subsequent pediatric study also did not find the power spectral analysis

of heart rate to be more sensitive than conventional tests [43]. Whilst PSA of

the heart beat was not different, the beat to beat variability of blood pressure

was abnormally low compared to nondiabetic children. The authors found poor

reproducibility of PSA of the heart rate.

More recently, using a 24-hour record of the heart rate, a much higher rate

of abnormalities was found [44]. Most time and frequency domain parameters

of the heart rate were reduced for age with an elevated LF:HF ratio. Interestingly,

microalbuminuria was associated with other abnormalities, independent of meta-

bolic control.

Table 2. Studies of subclinical autonomic neuropathy in adolescents

Authors, n Age Duration HbA1c % % Method

year years years abnormal

Donaghue et al., 181 15.0 � 1.9 7.5 8.2 28 CVS reflexes 

1993 [56] (5�10.3) (5.7–12.3) �5th PC

Barkai et al., 110 13.0 � 2.4 6.0�3.8 10.0 42 at least one abnormal

1995 [78] ‘conventional’ test

Wawryk et al., 130 12.8 � 3.2 4.8 8.3 � 0.2 15 spectral

1997 [42] [1.9–7.7] power analysis

�5th PC

Holder et al., 204 16.5 � 4.3 7.9 � 5.3 34 at least one abnormal

1997 [79] ‘conventional’ test

Tanaka et al., 58 15.8 8.6 � 3.4 7 12 BP fluctuation

1998 [43] (7–22) 12 CVS reflexes

�2nd PC

Massin et al., 73 12.1 4.6 7.9 � 1.2 54 at least 1 abnormal

1999 [44] (3–18) time domain measure

(�11-year-old gp)

Suys et al., 60 15 6 8.1 23 QTc �440ms

2002 [45] (5–19) (1–13) (6.4–11.5)

Schwingshandl 142 15.5 7.7 8.2 10 resting pupil diameter

et al., 1993 [16] (10.4–19.8) (0.7–18.3) (5.3–11.0) 7 PLR (reflex

10 amplitude) PLR

(constriction 

velocity) 

Karavanaki et al., 101 13.5 4.0 10.9* 8 pupil dilation 

1994 [49] (6–17.2) (0.4–13.9) (7–18) in darkness �5th PC

*HbA1, range in parentheses, interquartile range in square brackets; PLR � pupillary light reflex.
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A recent study found QT, QTc and QTc dispersion intervals to be signifi-

cantly longer in the young patients with diabetes compared with the control

subjects, matched for age and sex [45].

Longitudinal studies are needed to determine the true position of continu-

ous ECG recording in relation to autonomic neuropathy and long-term out-

comes. Whether autonomic neuropathy has a prognostic indicator independent

of renal disease needs to be clarified. The instantaneous battery of CVS tests

has not proven to be sensitive or persistent over time in more recent studies of

adolescents in reasonable metabolic control.

Pupillary Tests

Pittasch et al. [46] found more patients had abnormally small pupils than

had abnormalities using power spectral analysis of the heart rate. The observation

that the pupil was actually larger in patients with abnormal high frequency

power on the PSA in this cross sectional study suggests a time course for auto-

nomic dysfunction. Initial dysfunction of the sympathetic nervous system

observed in the pupil may be followed by parasympathetic dysfunction of the

heart rate and pupil. However, Ziegler et al. [47] did not find pupillometry as

sensitive as cardiovascular tests in young patients followed prospectively for

5 years from diabetes diagnosis, but only used the pupil diameter.

Clarke et al. [48] found pupillary abnormalities (a reduced dark-adapted

pupil) to be more common than abnormalities on the conventional CVS battery

in adolescents. A smaller number of abnormalities was found in another English

study [49], but after four years the authors found an increase and persistence of

abnormalities in the pupil size: from 8 to 14% [50].

At CHW we also tested the phasic light reflex with computerized infrared

pupillometry in adolescents with and without diabetes. We found the pupil

demonstrated smaller reflex amplitude (difference between maximum and min-

imum pupil diameter) and slower constriction velocity: thus identifying more

abnormalities (21%) than the dark-adapted pupil size alone (10%) [16].

Reassessment in 150 adolescents 1.5 years later suggested that pupillometry

was a more reliable and sensitive test than standard cardiovascular reflexes

[51]. There was a significant decrease in maximum constriction velocity and

resting pupil diameter. At reassessment, pupillary abnormalities increased from

21 to 30% with 17 (54%) of the initial abnormalities persisting. This greater

sensitivity persisted over time (fig. 1): with abnormalities on one of three

analyzed pupillary parameters increasing from 21 to 63% (general estimates

equation, p � 0.005).

Unfortunately the greater sensitivity of pupillary tests for detecting early

autonomic neuropathy has not been evaluated in longer-term studies to deter-

mine its significance for prognosis. Only one study to date has found good
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correlation of pupillary size with other potentially prognostic parameters:

nocturnal blood pressure and persistent microalbuminuria [40].

Peripheral Neuropathy

Peripheral neuropathy most commonly presents in a chronic insidious

fashion and affects sensory modalities in a symmetrical distribution. Acute pre-

sentations of neuropathy are much less common and are often focal. They

include proximal motor neuropathies (amyotrophy), ophthalmoplegias and

painful sensory neuropathies.

Diagnostic Evaluation

The American Diabetes Association has sponsored conferences in 1988

and 1992 to generate Consensus Statements for diagnosis of neuropathy. They

recommend using a measurement from each of the following categories:

clinical symptoms, clinical examination, electrodiagnostic studies, quantitative

sensory testing and autonomic function testing [52, 53].

The most commonly reported symptoms are dys-, para-, hypo- or hyperes-

thesia, burning and superficial or deep pain. The mechanism of pain may be

sprouting regenerating small nerve fibers. Pain is usually worse at night.

Hyperglycemia and/or rapid fluxes in plasma glucose may be important in per-

petuating this symptom [54, 55]. The small unmyelinated C fibers are probably

first affected. Sural nerve biopsies show fiber loss and atrophy of myelinated

and unmyelinated fibers as well as regeneration of fibers.

Physical examination typically shows sensory loss in a glove and stocking

distribution and loss of deep tendon reflexes. Muscle weakness occurs later in

the disease and usually involves the intrinsic foot muscles and ankle dorsiflexors.

Nerve conduction studies primarily reflect the function of large myelinated

motor and sensory nerves. Improvement in velocity and amplitude has been

shown with reduction in blood glucose levels after onset of disease and with

intensive treatment [28].

Quantitative sensory tests are noninvasive and less aversive, so have poten-

tial advantages in adolescents and for repeated studies. Large myelinated fibers

are tested by vibration discrimination and small unmyelinated and thinly myeli-

nated fibers are tested by temperature discrimination.

Biothesiometry measures the ability to discriminate vibration. It is an

easily used method for which reference ranges have been clearly determined

for age [56, 57] and height [58].
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Thermal threshold discrimination can be tested with automated machines

using the ‘forced choice’ principle, whereby the individual must fulfil an algo-

rithm of correct responses at a given level in order to progress to the next

(lower) level. Loss of heat detection can cause burns if the individual walks on

hot surfaces without wearing shoes. Heat pain thresholds can also be measured.

Studies of Clinical Neuropathy in Adults

The Rochester Diabetic Neuropathy Study studied a population-based sam-

ple in which the minimal criteria for polyneuropathy were two abnormalities from

among neuropathic symptoms, nerve conduction, quantitative sensory examina-

tion (vibration or heat discrimination) or quantitative autonomic examination,

with at least one being from nerve conduction or autonomic testing [59]. In the

group aged 20–39 years, 42% had subclinical polyneuropathy and 2% mild symp-

tomatic neuropathy. A further 6% of patients had motor involvement displayed by

weakness of ankle dorsiflexion so that they could not walk on their heels.

The EURODIAB IDDM study examined prevalence of diabetic neuropa-

thy in 3,250 randomly selected patients from 16 countries [8]. Neuropathy was

defined as two of four abnormal measures on physical examination, symptoms,

autonomic tests or vibration perception. In the age group 15–29 years, 19% had

neuropathy and in the age group 30–44 years, 28% had neuropathy.

In the Pittsburgh Epidemiology of Diabetes Complications Study, poor

vibration discrimination increased the risk fivefold for developing clinical neu-

ropathy at two-year follow-up, but nerve conduction and thermal threshold

abnormalities were not predictive [60]. Regression of abnormalities occurred

in 16% for thermal threshold, 9% for vibration threshold and 9% for peroneal

motor nerve conduction.

Even at a later stage of neurological involvement, ‘confirmed clinical

neuropathy’, there can be resolution. In the Feasibility Phase of the DCCT, 39%

had clinical neuropathy diagnosed by abnormalities of at least two of the fol-

lowing: physical symptoms, peripheral sensation, or decreased or absent reflexes

[61]. The DCCT defined this category as abnormal physical examination and or

history with abnormal neurophysiological tests. Only 43 of 84 with this diagno-

sis were still confirmed as such 5 years later: 54% in IT and 76% in CT. This

lack of persistence was due to resolution of symptoms and neurological signs

rather than improvement in nerve conduction or autonomic nerve testing.

Peripheral neuropathy predisposes to foot ulceration. Poor vibration dis-

crimination has been found a predictor for foot ulceration 4 years later [62];

and for ulceration and amputation over a 12-year period in patients without a

previous history of ulceration [63]. The sensitivity of vibration discrimination
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was 70% compared with 50% for clinical testing, with both modalities having

a specificity of 72–79%.

However not all patients with neuropathy develop plantar ulceration. Other

contributors are limited joint mobility, callus formation and high plantar pres-

sure. High plantar pressure is a major determinant of ulceration [64]. High

plantar pressure in patients with neuropathy is uncommon in the absence of

limited joint mobility [65]. At CHW, we found that 35% of adolescents had

reduced range of motion at the subtalar joint [66]. In a later study using pedar

analysis of gait, 10% of adolescents were found to have elevated plantar pres-

sure [67], which was associated with limited foot joint mobility, confirming the

association reported in adults.

Studies of Peripheral Nerve Function in Children 

and Adolescents

Even adolescents in very good metabolic control were found to have

abnormal nerve conduction: 19% with a single abnormal parameter, 23% with

2 abnormal, 29 with 3–5 abnormal parameters (a total of 7 parameters were

measured) [68]. The most common abnormality was motor nerve conduction,

especially in the peroneal nerve. The diabetic group had lower motor (median

and peroneal nerves) and sensory nerve conduction and lower sensory action

potential (median and sural nerves) compared to healthy age-matched controls.

A recent study has linked abnormal nerve conduction (motor NCV 

H-reflex and sensory nerve action potential) to higher pubertal staging and

worse metabolic control [69]. On neurophysiological criterion 10 of 138 had

distal diabetic polyneuropathy, three of whom had signs or symptoms.

Other studies have utilized the quantitative sensory tests in children and

adolescents (table 3). Some have found their diabetic adolescent group to have

poorer vibration discrimination than controls [58, 70] but not universally [56,

71]. Abnormal biothesiometry in diabetic children has been found to have high

specificity (75%) and sensitivity (82%) for nerve conduction abnormalities [58].

Heimans et al. [71] found diabetic children had significantly worse ther-

mal discrimination than controls, and they had more thermal than vibratory

discrimination abnormalities. Thermal abnormalities were also more frequent

in a group of 60 diabetic men with subclinical neuropathy, (98% for cold

discrimination and 58% for heat) than vibration abnormalities (33%) [72].

However others, using different techniques, have not found this to be so (44%

vibratory vs. 35% thermal abnormalities) [73].

More recently, cold and warm thresholds were found significantly higher

as a group in children and adolescents with diabetes (aged 8–16 years)
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compared to controls [74]. Heat-induced pain thresholds were not different

from controls. However, 43% showed abnormality on one of 5 thresholds.

In our institution, after establishing normal ranges we found heat discrim-

ination was more frequently abnormal than vibration in the foot (12 vs. 5%)

[56]. However, our coefficient of variation was higher for heat discrimination

in the foot compared with vibration (40–60 vs. 19–20%). When we subse-

quently followed a subgroup of our adolescents for up to 10 years, heat dis-

crimination in the foot was the most consistently abnormal test which increased

significantly over time [38] (GEE, p � 0.005, from 4% to 20%) (fig. 2).

Vibration perception abnormalities did not increase.

More longitudinal studies are required in adolescents and young adults to

determine the significance of abnormalities and the natural history of neuropathy.

Table 3. Summary of recent studies of peripheral neuropathy and subclinical neuropathy

Authors, n Age Duration HbA1c % % Method

year years years abnormal

Heimans et al., 55 11.3 � 3.9 5.1 � 3.8 2 biothesiometry

1987 [71] 15 thermal threshold

DCCT, 1988 [61] 278 13–39 1–15 9.0 � 2 39 clinical neuropathy

Maser et al., 400 28.4 � 7.8 19.9 � 7.4 10.1* 34 clinical neuropathy

1989 [9]

Donaghue et al., 181 15.0 � 1.9 7.5 8.2 20 biothesiometry

1993 [56] (5–10.3) (5.7–12.3) 7 thermal 

threshold

�95th PC

Dyck et al.,  50 41 � 15.4 14.5 54 polyneuropathy

1993 [59] (1.7–64) 15 symptomatic

Olsen et al.,  61 15.5 (10–21) 6.9 20 biothesiometry

1994 [70] (1–19) �95th PC

Hyllienmark et al., 75 15.4 � 3.6 8.2 � 3.5 7.0 � 1.1 57 nerve conduction 

1995 [68] �95th PC

EURODIAB,  1,348 15–29 19 ‘neuropathy’

1996 [8]

Davis et al.,  307 13.3 � 4.6 5.1 � 4.9 10.7 � 3.5 9 biothesiometry

1997 [58] �97th PC

Riihimaa et al.,  100 13.7 � 2.0 7.0 � 3.5 8.5 � 1.7 10 nerve conduction

2001 [69] �1st �99th PC

Abad et al.,  35 8–16 5.8 � 3.2 8.7 � 1.6 43 thermal threshold

2002 [74]

*HbA1: Normal range: 4.9–7.3%, range in parentheses.
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Acute Painful Neuropathy

Diabetic patients are at risk of acute and disabling pain at any stage of

their diabetes [75]. It can occur in a stocking distribution, in the thighs (femoral

neuropathy) or in the trunk as a radiculopathy. Correlation with physical

examination and electrophysiological abnormalities may be poor. The pain is

protracted and unremitting lasting on average 10 months till complete recovery,

when return of lost tendon reflexes may occur. Exquisite contact discomfort is

characteristic. It is unrelated to other complications of diabetes and can be

precipitated by a period of improved glycemic control. It has been associated

with eating disorders in young women [76].

Symptomatic improvement has been shown for tricyclic antidepressants,

serotonin reuptake inhibitors, carbamazepine and topical capsaicin. Mexiletine,

the oral analogue of lignocaine, has more recently been shown effective in

reducing pain and dysesthesia, presumably due to its capacity to block sodium

channels.

Treatment of Neuropathy

Aldose reductase inhibitors have been successful in rodents as primary

prevention of neuropathy. In type 2 diabetic patients with subclinical or mild
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Fig. 2. Longitudinal study of peripheral nerve tests in 150 adolescents studied at The

Children’s Hospital at Westmead (1990–2001): comparison of percentage with abnormal

heat threshold and abnormal vibration perception. � � Heat threshold feet (GEE:

p � 0.005); � � vibration threshold.
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peripheral neuropathy, three pupillary light reflex parameters improved, as did

one CVS ‘instantaneous’ test and minimum latencies of F wave in median and

tibial motor nerves during a 12 month trial of placebo-controlled trial of aldose

reductase inhibitors [77].

Conclusions

For the adolescent with diabetes in reasonable glycemic control, there

appears to be a low rate of progression or persistence of abnormal nerve tests.

Power spectral analysis of the 24-hour heart rate, 24-hour blood pressure and

pupillary tests have promise for detecting autonomic neuropathy but have not

yet been shown to have prognostic significance for the young person without

renal disease. Nerve conduction is the most sensitive for detecting abnormali-

ties of the peripheral nerves but only vibration discrimination has been shown

to predict foot ulceration. Young adults with childhood onset of diabetes are at

risk of disability due to diabetic neuropathy. Primary prevention of neuropathy

during childhood is not yet a consideration.
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Epidemiology

Several studies have shown that mortality and morbidity is increased 2- to
4-fold compared to nondiabetics in type 1 diabetes [1, 2]. A Finnish study
showed a 3.8-fold increased mortality in men and 4.5 in women who did not
have diabetic nephropathy. This increased to 58-fold in men and 126-fold in
women who had diabetic nephropathy. [3]. The British Diabetic Association
Cohort Study reported a standardized mortality ratio of 2.7 in men and 4.0 in
women [4]. For comparison, a standardized mortality ratio of 3.3 was reported
in familial hypercholesterolemia [5]. Also in that disease the relative risk is
increased especially in young patients.

In 16 European countries, the prevalence of cardiovascular disease in
cross-sectional studies varied from 3 to 19% [6, 7]. Similar rates were reported
in the USA [2, 8]. The Diabetes UK Cohort of 23,000 insulin-treated patients
diagnosed before 30 years of age between 1972 and 1993 has been followed
until 2000 [9]. 34 men and 34 females died of ischemic heart disease before
the age of 40 years. The comparable number in the general population was
10 males and 2 females. The death rate in males per 100,000 person-years
compared to the general population was 12 vs. 1 between 20 and 29 years and
69 vs. 9 between 30 and 39 years, and in females 14 vs. 0 and 84 vs. 2, respec-
tively. Thus, the risk of mortality from ischemic heart disease is exceptionally
high in young women with type 1 diabetes, with rates similar to those in men
with diabetes. They have lost the cardioprotection enjoyed by young women
without diabetes. This agrees with the similar incidence of new coronary events
before 40 years of age in men and women with type 1 diabetes in Pittsburgh,
Pa., USA [10].
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Also, the prognosis of myocardial infarction is clearly impaired in dia-
betics; however, most studies do not distinguish between type 1 and type 2
diabetes [11].

Atherosclerosis Starts in Childhood and Adolescence

The epidemiological studies are based on evidence of clinical disease with
specific symptoms. The symptoms of coronary vascular disease is seldom
before the age of 40 years in nondiabetic individuals, but necropsy studies have
demonstrated that atherosclerotic changes in the vessel wall begin early in life
[12–14].

The Pathobiological Determinants of Atherosclerosis in Youth Research
Group (PDAY) has reported the prevalence and extent of atherosclerosis from
autopsies of 2,876 adolescents and young adults who died of external causes
from 1987 to 1994 [15]. The first intimal lesions (fatty streaks) appeared in
all the aortas and in half of the right coronary arteries of the youngest age
group (15–19 years) and increased in prevalence and extent with age through
the oldest age group (30–34 years). Fibrous plaques evolving more than 5%
of the vessel surface area were found in 13% of the aortas and 23% of the
right coronaries in the youngest age group. They concluded that primary
prevention of atherosclerosis must begin in childhood and adolescence. The
PDAY investigators have shown that very-low-density lipoproteins (VLDL)
and low-density lipoprotein (LDL) cholesterol concentrations were positively
and high-density lipoprotein (HDL) cholesterol were negatively associated
with both fatty streaks and raised intimal lesions [16, 17]. Smoking was asso-
ciated with both fatty streaks and raised lesions [16]. Elevated glycohe-
moglobin values were associated with a substantial excess of fatty streaks
and raised lesions in the right coronary artery and a lesser excess of raised
lesions in the aorta [18]. Associations with hypertension and body mass index
were also described [19]. Thus, not only does atherosclerosis begin in child-
hood, the risk factors for adult coronary heart disease and the other clinical
syndromes resulting from atherosclerosis determine to a large degree its rate
of progression.

Such necropsy studies have some limitations, particularly the presence of
non-physiological conditions (arteries are not distended by blood pressure) and
fixation artifacts, which may overestimate lesions. New development of very
small high-frequency transducers has made it possible to perform direct
intravascular ultrasound imaging (IVUS) of the vessel wall in living humans.
Due to ethical reasons it is not possible to collect normal reference values by
cardiac catheterization of young healthy subjects. However, healthy hearts that
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have been used for heart transplantations have to be examined for vessel func-
tion some weeks after the transplantation. In a recent IVUS study of 262 heart
transplant recipients, the prevalence of atherosclerosis was 17% in hearts from
individuals below 20 years of age [20].

Long-term prospective studies of more than 20 years’ follow-up have
demonstrated the association of traditional cardiovascular risk factors in
healthy children and carotid vascular changes in adulthood [21, 22]. This calls
for intensive efforts at coronary disease prevention at an early age, also in
nondiabetics.

Pathophysiology of Atherosclerosis

The fatty streaks are local accumulation of foam cells, i.e. macrophages
loaded with lipids. The causal relationship between blood cholesterol and
atherosclerosis is no longer in doubt [22, 24], but inflammation in the vessel
wall is of major importance [25, 26]. The sequence of events leading to the for-
mation of fatty streaks seems to be [27, 28]: (1) Circulating monocytes attach
to endothelial cells by cell adhesion molecules that are induced in response to
inflammatory signals. Plasma and endothelial-derived selectin mediate low-
affinity binding, and integrins (VCAM-1 and ICAM-1) mediate firm attach-
ment of the monocytes. (2) The monocytes migrate through the endothelial
layer into the intima, where they differentiate further into macrophages in
response to locally produced factors such as monocyte colony-stimulating
factor (M-CSF). This differentiation includes upregulation of scavenger recep-
tor A, CD36 and other receptors for oxidized LDL. (3) Serum LDL penetrates
through the artery wall where it can adhere to matrix proteoglycans. These
interactions are thought to trap the LDL particles and increase their suscepti-
bility to oxidation. Enzymes contributing to LDL oxidation include lipoxyge-
nases, myeloperoxidase and nitric oxide synthetase (iNOS) and NADPH
oxidases. VLDL particles are subject to modification by lipoprotein lipase. The
resulting remnant particles are also subject to trapping by proteoglycans, oxida-
tive modification and uptake by the macrophages. The digested lipids are due
to modifications, but decreased cholesterol efflux results in lipid accumulation
and formation of foam cells. (4) Stimulated by inflammation and several
growth factors, smooth muscle cells migrate into the area from underlying cell
layers. (5) Platelets adhere to the endothelial cells. Specific adhesive substrates
(as von Willebrand factor and P-selectin) exposed on the abnormal endothelial
cell promote the adhesion of platelets. Adherent platelets facilitate further adhe-
sion of leukocytes. They also release mitogenic factors such as platelet-derived
growth factor (PDGF) that stimulates plaque growth. Thus, platelets may also
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be important in the early phase of atherogenesis, although it is of major impor-
tance later in the process by thrombus formation. (6) By further accumulation
of foam cells, smooth muscle cells, leukocyte infiltration and collagen formation,
the plaques increase in size. (7) By further growth, the plaque core becomes
necrotic due to cell apoptosis and necrosis, increased lipolytic activity and lipid
accumulation. (8) A fibrous cap, still with an endothelium cell layer, covers the
plaque. (9) The fibrous cap may rupture, and expose the plaque core to the
coagulation system, forming a thrombus. Plaques at risk for future thrombotic
events are characterized by a large lipid core of more than 50% of the plaque
volume, a thin fibrous cap, a low density of smooth muscle cells and high den-
sity of macrophages that produce metalloproteinases which destruct connective
tissue and collagen [29]. (10) Many plaques disrupt without producing a throm-
bus that totally occludes the vessel. Fibrinolysis, either spontaneous or due to
treatment, may effectively prevent that. Series of angiographies or intravascular
ultrasound in the same patients have shown that this is a rather dynamic process
and that remodeling of vessels occurs. However, a large acute thrombus may be
catastrophic.

Influence of Diabetes on Atherosclerosis

The most important metabolic abnormality in type 1 diabetes is hyper-
glycemia, but also dyslipidemia and a variable degree of insulin resistance is
present, although to a lesser degree than in type 2 diabetes. King et al. [30, 31]
have proposed theoretical mechanisms by which hyperglycemia and insulin
resistance could cause cardiovascular diseases in diabetes. They propose that
hyperglycemia, directly and via oxidants and glycated proteins, activates intra-
cellular signal transduction systems, such as diacylglycerol (DAG) and protein
kinase C levels (PKC). The activation of the PKC pathway can in vascular cells
regulate permeability, contractility, extracellular matrix, cell growth, angiogen-
esis, cytokine actions, and leukocyte adhesions, all of which are abnormal in
diabetes.

Formation of advanced glycation end-products (AGEs) may be one of the
mechanisms by which hyperglycemia may induce cardiovascular disease [30].
AGE, as well as AGE receptors, has been demonstrated in atherosclerotic
plaques and myocardium in patients with diabetes [33, 34]. The cross-linking
abilities of AGEs may contribute to the increased stiffening of collagen and
possibly to vascular hypertrophy [35, 36]. AGEs are also, through interaction
with receptors, able to increase the level of nuclear factor (NF)-�B, a tran-
scription factor suggested to be involved in the development of atherosclerosis
and in apoptosis [35]. AGEs can quench nitric oxide (NO) and may impair
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endothelial function [38, 39]. Modifications of LDL as a result of glycation
(glucoxidation) may contribute to foam cell formation [40]. Serum levels of
AGEs are increased in type 2 diabetes patients with coronary heart disease
[41]. Increased levels of serum AGEs has also been demonstrated in children
with type 1 diabetes [42, 43].

Diabetes alters function of many different cell types, including endothelial
cells, smooth muscle cells, blood cells and platelets. The single layer of
endothelial cells lines the inner surface of all blood vessels, providing a meta-
bolically active interface between blood and tissue that modulates nutrient
delivery, blood flow, leukocyte migration, coagulation and fibrinolysis [44]. It
synthesizes important bioactive substances, including NO and other reactive
oxygen species, prostaglandins, endothelin and angiotensin II, which regulate
blood vessel function and structure. NO is most importantly a potent vasodila-
tor, but also inhibits platelet activation, limits inflammation by reducing leuko-
cyte adhesion to the endothelium and migration into the vessel wall, and
diminishes vascular smooth muscle cell proliferation and migration [45, 46].
Diabetes impairs NO-mediated endothelium-dependent vasodilation before the
formation of atheromas [47]. A number of mechanisms, including hyper-
glycemia, contribute to the decreased bioavailability of endothelium-derived
NO in diabetes, which at the same time increases the formation of reactive
oxygen species (increased oxidative stress) [48]. Diabetes not only impairs
vasodilation capacity, but increases the production of vasoconstrictors as
endothelin-1 and angiotensin II [49]. The vasoconstriction may lead to hyper-
tension and vascular smooth muscle cell growth.

Migration of monocytes and T lymphocytes into the intima is an impor-
tant step in atherogenesis. T cells secrete cytokines that modulate lesion for-
mation [50]. When monocytes reach the subendothelial space, they ingest
oxidized LDL via specific scavenger receptors and become ‘foam cells’.
Accumulation of foam cells leads to fatty streaks. Diabetes augments these
processes. Hyperglycemia via decreased NO, increased oxidative stress and
activation of receptor for advanced glycation end-products (RAGE) increases
the activation of transcription factors (NF-�B and activator protein 1). These
transcription factors regulate the expression of genes encoding a number of
mediators of atherogenesis, for example leukocyte adhesion molecules on
the endothelial cell surface, leukocyte-attracting chemokines, such as mono-
cyte chemoatractant proteins that recruit lymphocytes into the vascular wall,
and proinflammatory mediators including interleukin 1 and tumor necrosis
factor. All these factors are important for the initiation of atheromatosis
[51, 52].

Diabetes is important later in the process as well. It promotes plaque insta-
bility. The diabetic endothelial cells produce cytokines that decrease the
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synthesis of collagen by vascular smooth muscle cells [53]. Diabetes also
increases the production of metalloproteinases that destruct collagen [54].
Decreased production and increased destruction of collagen may lead to
disruption of the fibrous cap of the plaque.

Platelet function is also impaired in diabetes. This may both exacerbate the
progression of atherosclerosis and the consequences of plaque rupture. In the
platelets as in the endothelial cells, elevated glucose levels lead to activation of
proteinkinase C, decreased production of platelet derived NO, and increased
formation of reactive oxygen species [55]. Platelets have disturbed calcium
homeostasis in diabetes [56]. This may significantly contribute to abnormal
activity, since intracellular Ca regulates platelets shape change, secretion, and
aggregation. Diabetes both influences intrinsic platelet activation and decreases
endogenous inhibitors of platelet activity. These mechanisms may in part
explain the enhanced thrombotic potential in diabetics.

Following plaque rupture, the extent of thrombus formation is important
for the prognosis. Increased blood viscosity and disturbed blood rheology in
diabetes favors thrombosis. Increased levels of fibrinogen and increased levels
of plasma coagulation factors such as factor VII are described [57, 58].
Decreased levels of endogenous anticoagulants such as antithrombin III and
protein C have been found in diabetic patients [59, 60]. In diabetes, endothelial
cells increase the production of tissue factor, the major procoagulant found in
atherosclerotic plaques [61]. Increased levels of plasminogen activator inhibitor
1 (PAI-1) is also described [62]. Many of these abnormalities correlate to
hyperglycemia [63], and are preventable. In total, increased coagulation and
impaired fibrinolysis [62, 63] that favor formation and persistence of thrombi
are demonstrated in diabetes.

Early and More Severe Atherosclerosis in 

Type 1 Diabetes

In a recent study, we demonstrated a high prevalence of silent coronary
atheromatosis in young patients [64]. The patients were mean 43 years of age
and had type 1 diabetes for a mean of 30 years and no clinical symptoms or
signs of coronary heart disease. 90% of the patients had diabetes from childhood
and adolescence. By IVUS examination of the coronaries all patients had sig-
nificant atheromatosis. In an age-matched control group of newly transplanted
hearts the expected prevalence in nondiabetics would be 65% [20]. By coro-
nary angiography 34% had more than 50% vessel stenosis, but only 15% had
pathological exercise ECG. In the same patients, a significant increased intima-
media thickness of the carotid arteries was demonstrated [65]. Intima-media
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thickness was similar to that in nondiabetic persons who where 20–30 years
older.

Increased intima-media thickness has also been shown in diabetic children.
In patients with mean age 11 years and mean diabetes duration of only 4 years,
a significantly increased intima-media thickness of the carotids and aorta was
demonstrated compared to age-matched healthy controls [66]. The thickness
was similar to that in children with hypercholesterolemia, and was more promi-
nent in aorta than in the carotids. They concluded that aortic intima-media
thickness was the best noninvasive marker of preclinical atherosclerosis in
children.

Several studies have documented the increased prevalence of symptomatic
clinical cardiovascular disease in type 1 diabetes patients [67]. The more severe
coronary atherosclerosis was demonstrated in an angiography study of young
type 1 diabetic patients and age- and sex-matched nondiabetic controls [68].
The diabetic patients were more likely to have severe narrowings, to have them
in all three major coronary arteries, and to have them in distal segments.
Involvement of distal segments makes the patients less suitable for bypass
surgery.

Risk Factors

Impaired Blood Glucose Control

We have clearly demonstrated that long-term blood glucose control pre-
dicts coronary atherosclerosis [65]. Coronary artery plaque formation, as
judged by IVUS, was significantly associated to mean HbA1c obtained
prospectively during 18 years’ follow-up, after adjustment for total cholesterol
and age. Regression analysis showed that a 1% increase in mean HbA1c over
18 years implied a 6.4% rise in vessel area stenosis on IVUS. A 1-mmol
increase in total cholesterol implied a 10% rise in mean area stenosis. For
comparison, a 10-years increase in age implied a 16.2% rise in vessel area
stenosis. The increase in intima-media thickness of the carotid artery was cor-
related to 18 years mean HbA1c in women, but not in men [66]. In another
study, the development of atherosclerosis, as judged indirectly by endothelial
function and carotid artery stiffness, has been related to HbA1c, and a positive
effect of tight blood glucose control over 10 years has been shown [69].

In the Diabetes Control and Complication Trial, the number of macrovas-
cular events was fewer in the intensively treated group, but the difference
between the intensively and conventionally treated group was not statistically
significant. However, the patients were rather young, and the follow-up period
only 6 years [70]. In the EDIC Study, a 6-years nonrandomized follow-up of
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the DCCT, increased intima-media thickness of the carotid artery was reported
in the diabetic patients compared to controls, and it was related to HbA1c levels
obtained during the DCCT. The patients that had been intensively insulin
treated 6 years earlier had less progression of intima-media thickness than the
conventionally treated patients [71].

In a prospective study of 177 type 1 diabetic patients diagnosed after
30 years of age, the incidence of coronary events in a 7-year follow-up was
significantly related to HbA1c at the time of inclusion in the study [67]. All
these findings underline the relation between glycemia and atherosclerosis, and
the potential of tighter blood glucose control in slowing down the development
and progression of atherosclerosis.

Also, the survival of myocardial infarction is impaired in diabetic patients
[72]. In the DIGAMI study intensive insulin treatment during the acute
phase and the following years improved 1 and 3 years survival [73], indicat-
ing the importance of good blood glucose control also in the late stages of
atherosclerosis.

Family History

A family history for early cardiovascular disease (usually before age
55 years) is considered a risk factor for atherosclerosis in the general popula-
tion [74]. In the literature not much attention has been given to this parameter
in diabetes. In prospective studies of childhood-onset type 1 diabetics, the most
important factor for cardiovascular disease was a family history of type 2
diabetes [75, 76] and hypertension [76]. In diabetic children with type 1 dia-
betes, the insulin requirement was higher in patients who had a family history
of type 2 diabetes [77], indicating inherited insulin resistance in these patients,
which is considered an independent risk factor for cardiovascular disease.

In addition to the family history of type 2 diabetes, special attention to
other CVD risk factors should be made in patients with (1) parents or grand-
parents with signs of CVD at �55 years of age; (2) parents with elevated total
cholesterol above 240mg/dl or treated for dyslipidemia; (3) parents or grand-
parents treated for hypertension [78].

Hypertension and Increased Urinary Albumin Excretion

In type 1 diabetes hypertension can be essential or related to diabetes
kidney disease. Both are major risk factors for atherosclerosis, and may be
difficult to differ in risk calculations in clinical trials. Risk for CVD increases
significantly when hypertension coexists with diabetes [79]. Moreover, hyper-
tension has a greater impact on CVD in diabetics compared with nondiabetics
[80]. Diabetic patients have a higher incidence of coronary artery disease,
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congestive heart failure, left ventricular hypertrophy, stroke and peripheral
vascular disease when hypertension is present. Moreover, hypertension acceler-
ates the risk for nephropathy [81], retinopathy [82] and neuropathy [83].

Several factors are involved in the pathogenesis of hypertension in
diabetes. Genetic factors are important. Patients with diabetes and hypertension
are reported to have a high frequency of family history of hypertension [84, 85].
Alterations in the renin-angiotensin-aldosterone system may contribute to
sodium retention and hypertension in diabetes [86].

However, the most important cause of hypertension is secondary to the
progression of diabetes kidney disease, which is preventable by optimal blood
glucose control [87, 88]. Microalbuminuria itself is a well-established marker
of increased risk for CVD [89]. If microalbuminuria develops, even without
hypertension, the progression of diabetes nephropathy is much retarded by
optimal blood pressure treatment [90], and the first choice of drug is ACE
inhibitors, followed by angiotensin-receptor blockers, eventually in combination.
ACE inhibitors have been shown to reduce CVD (i.e. myocardial infarction,
stroke, death), thus further supporting the use of these agents in patients with
microalbuminuria [91].

But hypertension is important to treat even if microalbuminuria is not
present. Control of blood pressure (less than 140/80mmHg in adults) is shown in
randomized trials to be effective in decreasing cardiovascular morbidity and mor-
tality in diabetes [92, 93]. Epidemiological analyses show that blood pressures
�120/80mmHg are associated with increased cardiovascular event rates and
mortality in persons with diabetes [94]. The American Diabetes Association rec-
ommends a target blood pressure goal of �130/80mmHg in adult patients if it
can be achieved safely [95]. Some drug classes are recommended as first choice:
ACE inhibitors, beta-blockers and diuretics. If ACE inhibitors are not well toler-
ated angiotensin-receptor blockers are recommended [95].

The issue may be more complex in diabetic children and adolescents.
Yearly screening for microalbuminuria in children that got diabetes before
puberty should start 5 years after onset of the disease or at age 11 years of age
(whichever is earlier). In children with pubertal onset screening should start
2 years after onset of disease [96]. Blood pressure measurement should be
performed by auscultation [97]. Automated devices by oscillometric methods
are less reliable, and should be used only in newborns and young infants in
whom auscultation is difficult [97]. BP should be measured at every visit (or at
least annually), in a relaxed setting after at least 3–5min rest, and in a seated
position with the cubital fossa supported at heart level. A technique to establish
an appropriate cuff size is to choose a cuff having a bladder width that is
approximately 40% of the arm circumference midway between the olecranon
and the acromion. This will usually be a cuff bladder that will cover 80–100%
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of the circumference of the arm. Systolic blood pressure is determined by the
onset of the ‘tapping’ Korotkoff sound (1st phase) and diastolic BP is deter-
mined by the disappearance of the sound (5th Korotkoff phase). Some contro-
versy existed whether to use the 4th Korotkoff phase in children, but the 5th
phase is now standard [97]. BP should be recorded at least twice on each occa-
sion, and the average of each of the systolic and diastolic BP measurement
should be used to estimate the BP level. This level should be compared with
reference values by age, gender and height [97]. If blood pressure is above the
90th percentile, recheck on at least two other occasions separated by at least
1 week. Hypertension is defined as BP levels at or above the 95th percentile.
Blood pressure in diabetic children should be kept below the 90th percentile for
kidney protection [97, 98]. This level corresponds approximately to 130/80mm
Hg in adults.

ACE inhibitors are recommended for use in children with hypertension
[97]. Persistent and progressive microalbuminuria has been found to be
improved by the use of ACE inhibitors. Progression to overt nephropathy may
be delayed but their place in protecting long-term renal function in young
people has not yet been established. There is early evidence that, even without
hypertension, ACE inhibitors should be considered when persistent microalbu-
minuria has been confirmed [96]. Considering the lifelong glycemic exposure
in childhood-onset diabetes and the early development of atherosclerosis, it
seems reasonable to have an aggressive attitude, if treatment can be performed
safely. ACE inhibitors have been effective and safe in children in short-term
studies [99, 100]. Care has to be taken to prevent pregnancy in adolescent
female patients when using ACE inhibitors.

Lipid Disturbances

Well-controlled type 1 diabetes is not associated with gross blood lipid
disturbances when examined by conventional fasting blood sampling and
analysis. However, these patients have the same variety of lipid values as non-
diabetics based on genetic and diet differences, putting many of these patients
at increased risk for CVD. In the DCCT patients poor glycemic control was
associated with a potentially more atherogenic lipoprotein profile as measured
by nuclear magnetic resonance [101]. The increased glycosylation and oxida-
tion of LDL cholesterol may increase binding to scavenger macrophage recep-
tors in the endothelium, giving increased foam cell formation [25]. This may
be important at only moderately increased HbA1c levels. Poorly controlled
type 1 diabetes is associated with abnormalities in postprandial lipid metabo-
lism [102].

There are several studies showing the importance of cholesterol for the
initiation and progression of atheromatosis [27]. Statements of the American
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Academy of Pediatrics and American Heart Association recommend that in
healthy children the acceptable level of LDL-cholesterol levels is 110mg/dl,
borderline 110–129mg/dl and high risk �130mg/dl [103, 104]. By higher
levels repeated screening are recommended and by levels higher than 130mg/dl
(3.3mmol/l) dietary intervention is highly recommended. The diet should
have saturated fatty acids �10% of total calories, total fat over several days no
more than 30% of total calories and no less than 20% of total calories, and
dietary cholesterol �300mg per day. A ‘step 2’ diet is recommended if the
above diet is unsuccessful. Then the saturated fat should be less then 7%,
polyunsaturated fat less then 10% of total calories and dietary cholesterol
�200mg per day.

The American Diabetes Association’s recommendations for children and
adolescents with both type 1 and type 2 diabetes [105] are similar to the estab-
lished pediatric guidelines [103, 104] with modifications in response to the
higher cardiovascular risk status. The goals are LDL �100mg/dl (2.6mmol/l),
HDL �35mg/dl (1.0mmol/l), and triglycerides �150mg/dl (1.7mmol/l).
Medication should be considered in children above ten years of age with LDL
�160mg/dl. If a high cardiovascular risk factor was present this limit was
lowered to 130mg/dl (3.3mmol/l).The goal for treatment should be LDL
�100mg/dl (2.6mmol/l). Resins (bile acid sequestrants) or statins (HMG CoA
reductase inhibitors) may be used, but resins are associated with low compli-
ance. Short-term trials show that the use of of statins in children and adoles-
cents seems effective and safe [106, 107].

Screening for fasting blood lipids should be made at diagnosis after
glycemic control is achieved, and then if normal every 5 years in type 1 dia-
betes, every 2nd year in type 2 diabetes. Screening should begin at the latest at
12 years of age, earlier (�2 years of age) if a positive family history of CVD is
present. Suggestions are made that screening with other lipoproteins may be
more suitable. The ratio of apolipoprotein B/apolipoprotein A1 may be a better
predictor of CVD, and practically fasting values are not necessary [108].
However, better standardization of the assays and better reference values are
needed before the recommendations for screening can be changed from LDL
cholesterol to apolipoprotein ratio, especially in children.

Statins are effective in the primary prevention of major cardiovascular
events in diabetics. The Heart Protection Study (HPS) included 5,963 patients
with diabetes, of whom 10% had type 1 diabetes [109]. In this 5-years
randomized, double-blind, controlled trial there was a risk reduction of one
quarter of first events of myocardial infarction, stroke and limb revasculariza-
tion. The effect was similar for type 1 and type 2 diabetes, and also independent
of glycemic control and cholesterol levels. Mean LDL cholesterol was
2.3mmol/l in the simvastatin group and 3.3mmol/l in the placebo group.
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ADA recommends that adult type 1 diabetics exceeding the acceptable
lipid levels should be aggressively treated to prevent cardiovascular events
[110]. Whether all diabetic patients, independent of type of diabetes, age and
cholesterol levels, based on the results of the HPS, should be treated with
statins needs to be settled. Primary prevention in diabetic children and what age
to start needs to be studied. In this review several arguments for early preven-
tive measures have been given.

Disturbances of Platelet Function, Coagulation 

and Fibrinolysis

Increased coagulation and impaired fibrinolysis [62, 63] favor formation
and persistence of thrombi in diabetes. Primary prevention of cardiovascular
events by the use of aspirin is well studied in the general population. In a meta-
analysis of 55,580 randomized participants (11,466 women) aspirin treatment
was associated with a statistically significant 32% reduction in the risk of a
first myocardial infarction and a 15% reduction in all important vascular
events, but had no significant effects on nonfatal stroke or vascular death [111].
In a position statement of the American Diabetes Association [112] aspirin
therapy is recommended for primary prevention in diabetic subjects with the
following risk factors: a family history of CHD, smoking, hypertension, obe-
sity, microalbuminuria, and dyslipidemia. Use of aspirin has not been studied
in diabetic individuals under the age of 30 years, and should not be recom-
mended for patients under the age of 21 years because of the increased risk of
Reye’s syndrome [112].

Lack of Exercise

Physical exercise may improve the prognosis of type 1 diabetes patients.
Prevalence of complications and mortality were followed in a large prospective
study over 7 years [113]. The occurrence of microvascular complications var-
ied inversely with the activity level. Sedentary males were three times more
likely to die than the active ones. A similar although not statistically significant
relationship was seen in females. The inverse association between mortality
and physical activity in men remained significant when allowance was made
for other mortality risk factors, such as age, BMI, smoking and diabetic com-
plications. The study was not randomized and did not exclude a possibility of
natural selection. However, the data indicate that type 1 diabetes patients
actively involved in physical exercise live longer and have a better prognosis
than their sedentary counterparts. Like healthy subjects, type 1 diabetes
patients show a fall in total cholesterol and a rise in HDL cholesterol during
physical training [114], as well as increased insulin sensitivity. These metabolic
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changes, and perhaps the psychological benefits of regular exercise [115], may
contribute to the improved prognosis.

Obesity and Insulin Resistance

Obesity is a risk factor for CVD in the general population. In the Bogalusa
Cohort of nearly 10,000 children between 5 and 17 years of age, the presence
of cardiovascular risk factors were compared in the obese children (weight
�95th percentile) and the normal weight children (�85th percentile) with
significantly higher risk ratios in the obese children [116]. In the EURODIAB
IDDM Complication Study, a cross-sectional study of 3,250 type 1 diabetes
patients, waist-to-hip ratio in men, and BMI in women was associated with
increased prevalence of CVD [7]. Also, in the Pittsburgh Epidemiology of
Diabetes Complications Study waist-hip ratio correlated to CVD both in men
and women [10]. Thus, the prevention of obesity in children and adolescents
with diabetes is important to prevent atherosclerosis.

Obesity may result from the treatment of type 1 diabetes. It is well known
that intensive insulin treatment and improved blood glucose control may induce
a weight gain as a result of reduced glycosuria and increased food intake. Thus,
special care has to be taken to minimize this effect, usually by decreasing
caloric intake, when multiple injection or insulin pump treatment is initiated.

Smoking

Smoking is one of the main independent risk factors for atherosclerosis.
Type 1 diabetes and smoking interact to produce excess morbidity and mortal-
ity of CVD [117, 118]. The age-adjusted prevalence of smoking was similar
amongst people with or without diabetes in large surveys in the US [119] and
in UK [120]. This is a big problem in teenagers with diabetes, and it is difficult
to handle [121, 122]. Many teenagers use smoking as a tool to prevent weight
gain. Better strategies for prevention of smoking in children with diabetes
must be developed, as well as more effective smoking cessation programs in
adolescents.

Conclusion

There is increasing evidence from epidemiological, autopsy and clinical
studies that atherosclerosis starts in childhood, and it is advocated to start ear-
lier prevention of heart disease in the general population [123]. There is strong
evidence that the development of atherosclerosis starts even earlier and that the
progression of cardiovascular disease is much more aggressive in type 1 dia-
betes. The atherosclerotic process is a ‘circulus vitiosus’ and early intervention
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would be most effective. The development and progression of atherosclerosis is
associated with poor glycemic control. Treatment of type 1 diabetes in childhood
and adolescence is complex and a substantial part of the patients still do not
reach the recommended targets of blood glucose control. It is a major challenge
to improve the management of childhood diabetes by individualized intensified
insulin treatment, preserving the physical and psychological well-being of the
patient and the family, and ensure compliance into adulthood. Better strategies
to both improve mean blood glucose and reduce the frequency of severe hypo-
glycemia are needed. As the development of cardiovascular disease starts in
childhood, pediatric diabetologists need to focus earlier on preventive
measures. Physical activity and healthy diet should actively be encouraged, and
smoking abandoned. Hypercholesterolemia and hypertension should be
actively screened and treated. More information is needed to decide the optimal
age to start such pharmaceutical interventions in children and adolescents with
diabetes.
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Definition and Epidemiology

Hypoglycemia is the most common acute complication of type 1 diabetes

mellitus [1]. The severity of an episode of hypoglycemia is defined by the

individual’s ability to self-treat a low blood glucose level: in fact, mild episodes

are generally self-treated whereas severe hypoglycemia is defined as requiring

external help for recovery. Severity is not determined by the intensity or nature

of the symptomatic response, the resulting conscious level of the individual

during hypoglycemia or by the nature of the treatment required. Thus, a severe

episode does not imply the development of coma or parenteral treatment and it

can include a conscious individual who can be treated effectively with oral

glucose, but who has developed neuroglycopenia of such a magnitude that self-

treatment has been impossible.

The Diabetes Control and Complications Trial (DCCT) demonstrated that

long-term improved metabolic control avoided the occurrence of diabetic

microvascular complications or their progression, which has made intensive

insulin treatment widespread in the last decade [2]. As lower HbA1c and

glucose levels are targeted, increased hypoglycemia frequency and severity

have become major problems particularly in pediatric and adolescent patients.

The results of DCCT indicated a three times higher hypoglycemia incidence in

adolescents when compared to adults [3]. A common finding in incidence studies

is the fact that the lower the child’s age is, the more frequent and severe are the

episodes of hypoglycemia [4, 5].

A large number of papers have addressed the epidemiology of hypo-

glycemia in both children and adults with diabetes [6–8]. The prevalence of

severe hypoglycemia in an unselected population of people with type 1 diabetes
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mellitus (T1DM) is consistently around 30% per annum; this means that

approximately 1 of 3 patients with diabetes people experiences one or more

episodes of severe hypoglycemia each year. This prevalence has been reported

in several studies [9–11]. In a recent study, the prevalence of hypoglycemia in

prepubertal children has been evaluated using the continuous glucose monitoring

system: the authors have demonstrated a high frequency of nocturnal hypo-

glycemia (18%), mainly asymptomatic (91% of episodes).

Nocturnal hypoglycemia was associated with decreasing age, increased

insulin dose, insulin regimen, and increased weight standard deviation score [12].

Moreover, in diabetic populations in Northen Europe the estimated

incidence of severe hypoglycemia ranged from 1.1 to 1.7 episodes/patient/year

[10, 11, 13, 14]. In a recent paper, the overall incidence of severe events was

4.8/100 patient-years and of moderate hypoglycemia was 13.1/100 patient-

years [6]; in particular, significant hypoglycemia was rare in the first 12 months

after the diagnosis and rates of hypoglycemia were increased in children

younger than 6 years of age when compared to these older than 6 years. This

and other epidemiological studies are very useful to detect the risk of hypo-

glycemia; a summary of the main risk factors for hypoglycemia in type 1

diabetic patients is reported in table 1.

It is relevant that in the DCCT study a low incidence of severe hypo-

glycemia was reported (strict control group 0.62; conventional control group

0.19 episodes per patient year [15, 16]. The participants in the DCCT were

highly selected and excluded people who had experienced hypoglycemic coma

without symptoms. This almost certainly excluded most people who had

impaired hypoglycemia awareness. The DCCT studied young patients with

short duration of T1DM, who had a relatively high level of motivation, above

average intelligence and who had the benefit of extensive clinical resources to

support their management. They are therefore not representative of the typical

population of people with T1DM who attend the average diabetic clinic.

Strict glycemic control

Impaired awareness of hypoglycemia

History of previous severe hypoglycemia

Sleep

Duration of diabetes mellitus

Adolescence

C-peptide negativity

Low social class

Diabetic neuropathy

From Frier [9], modified.

Table 1. Principal risk factors for

severe hypoglycemia in patients with type 1

diabetes mellitus
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Restriction of the definition of severe hypoglycemia to coma requiring parental

therapy with i.v. dextrose or i.m. glucagon reduced the prevalence to about 10%

per annum with an incidence of 0.4 episodes/patient/year [17] and records

about one third of the episodes of severe hypoglycemia that are determined

using the wider definition of inability to self-treat. This may partly explain the

much lower frequencies of severe hypoglycemia recorded in Düsseldorf and

9 other hospitals in Germany [18, 19] in which the definition of severe hypo-

glycemia used was the ‘assistance of another person and injection of glucose

and glucagon [19] implying that coma or severe incapacity had developed to

require this level of resuscitation.

The experience was reported of 697 patients with T1DM, aged 15–40

years with no diabetic complications, who participated in a structured 5-day

inpatient training programme prior to intensification of insulin therapy. This

was a prospective study performed over 6 years, during which the mean HbA1c

declined from 8.3 to 7.6% (n � 636) and the incidence of severe hypoglycemia

was reduced from 0.28 to 0.17 episodes/patient/year (n � 538), based on the

above definition. It would appear that the patients’ education programme had

provided a significant benefit in substantially reducing the overall frequency of

severe hypoglycemia. However, if it is assumed that these rates represent

approximately one third of episodes that are defined by inability to self-treat,

the adjusted incidence of severe hypoglycemia would be approximately equiv-

alent to that observed in the intensively treated group in the DCCT [15]. While

the benefits of intensive patient education to avoid hypoglycemia are not

disputed, the claim that this can almost eradicate severe hypoglycemia may be

exaggerated by the use of a much stricter definition of what constitutes severe

hypoglycemia, and may possibly be compounded by a degree of selection bias

in the recruitment of patients for these studies [9].

Physiopathology

It is clearly established that the counterregulatory response to hypo-

glycemia is based on glucagon and epinephrine secretion [19]. Other anti-

insulin hormones, such as cortisol and growth hormone, do not play a role in

defense against acute, insulin-induced hypoglycemia [20]. In healthy overnight

fasted volunteers, the only sources for glucose release are liver and kidney

(which accounts for 18–25% of all glucose release) [21, 22]. Hepatic and renal

glucose release are inhibited by insulin [23] and are stimulated in the liver

essentially by glucagon [24], while in the kidney mainly by catecholamines

[25]. In animal studies acidosis stimulates renal glucose release and inhibits

hepatic glucose release [26, 27]. The gluconeogenetic substrates utilized by
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liver and kidney are lactate, glycerol (in both), alanine (liver), and glutamine

(kidney) [28, 29]. The primary structures involved in hypoglycemia detection

and initiation of symptomatic and counterregulatory response are posed in the

brain, ventromedial [30] and lateral [31–33] hypothalamus. There is growing

evidence of the existence of neurones expressing the �-cell glucose transporter

GLUT 2 [34] and the same glucose sensor seems to be expressed in the cells of

the hepatic portal vein [35]. The lateral hypothalamus, in animal models, con-

tains neurones that are stimulated by falling glucose and inhibited by rising

glucose in the portal circulation [31–33]: it is possible to hypothesize that the

portal signal may influence the hypothalamic function during hypoglycemia

[36]. After activation of the aforementioned glucose sensor, the counterregula-

tory response began: (1) suppression of insulin secretion; (2) release of coun-

terregulatory hormones, and (3) generation of autonomic symptoms [37].

In the response to insulin-induced hypoglycemia, glucagon plays the major

counterregulatory role, the catecholamine response being not critical, but

becoming important only when the secretion of glucagon is suppressed [20, 38].

The modality of glucagon response to hypoglycemia is still debated: effect

of low glucose as direct stimulus on the �-cell [39], disinhibition of the �-cell,

secondary to the suppression of endogenous insulin [40], or activation of

autonomic nervous system which in turn stimulates the �-cell [41, 42]. As

previously reported, the role of adrenergic mechanism in counterregulatory

response to hypoglycemia is not critical when the glucagon response is intact:

pharmacological blockade do not influence plasma glucose recovery from hypo-

glycemia [20, 43, 44]. In the prolonged, not acute, hypoglycemia model, the role

of catecholamines becomes more important: when the catecholamines are

blocked pharmacologically, plasma glucose decreases more than in control

experiment despite larger response of glucagon [45]. Thus, in prolonged hypo-

glycemia, glucagon and catecholamines are essential; in addition, the response

of both cortisol and GH also plays an important counterregulatory role [46, 47].

The counterregulation in T1DM is constantly, to various degrees, impaired.

First of all, the glucagon response to hypoglycemia is lost in the early stages of

the disease [42,48], amplifying the importance of epinephrine in the counter-

regulatory response. Unfortunately, many T1DM patients also have a blunted

epinephrine response [49]. The response of epinephrine may be normal or

reduced in the short term [50], but becomes defective in long-term diabetes

[51]. The pathogenesis of loss of adrenaline response to hypoglycemia in

T1DM remains largely unknown, but it is demonstrated that the glycemic

threshold for epinephrine secretion is often shifted to lower plasma glucose

levels [51]. These characteristics contribute to cause the syndrome of defective

counterregulation. The hypoglycemia-associated autonomic failure (HAAF) is

related to a defective counterregulatory response [52, 53], and consists of a
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shift in glycemic thresholds for the autonomic response to lower plama glucose

concentrations [52]. Some authors have hypothesized the involvement of cortisol

due to the experimental evidences of reduced adrenomedullary and sympathetic

response to hypoglycemia after cortisol infusion [54].

These reports are confirmed by an interesting study that shows a reduced

response to hypoglycemia after physical exercise, a condition that releases

endogenous cortisol [55]. Sleep also seems to impair the plasma epinephrine

response to hypoglycemia: an interesting study [56] shows a decrease of

counterregulatory response in T1DM subjects, as well as in normal controls;

this impaired response affects epinephrine, cortisol and GH. The catecholamine

response seems to be impaired mainly in stages 3 and 4 of non-REM sleep that

predominates in the first third of the nighttime-sleep cycle, the time when

patients with diabetes are most prone to severe hypoglycemia. The defective

response of adrenaline to hypoglycemia in T1DM is further reduced in the

presence of clinically overt autonomic neuropathy, also in the stage of predom-

inant parasympathetic involvement [57].

Thus, counterregulation in diabetes is also defective in T1DM of short

duration, but mainly in patients with long-term diabetes.

Hypoglycemia Unawareness

Failure to respond to early hypoglycemia can be an important problem for

diabetic patients, increasing the risk of severe hypoglycemia with cognitive

impairment [58], and leading to hypoglycemia unawareness. Hypoglycemia

unawareness occurs when appropriate autonomic warning symptoms (anxiety,

palpitations, hunger, sweating tremor and irritability) do not prevent neurogly-

copenia (confusion, dizziness, blurred vision, weakness). Risk factors for

developing unawareness are the following: diabetes duration [59], autonomic

neuropathy [60], decreased �-adrenergic sensitivity [61], degree of glycemic

control [62, 63], and hypoglycemia itself [64]. A reduction of �-adrenergic

sensitivity without a reduction of catecholamine response has been postulated;

furthermore, a restored �-adrenergic sensitivity after the avoidance of hypo-

glycemic episodes has been demonstrated [65]. These authors studied the

response to hypoglycemia comparing 10 T1DM patients without unawareness

and 10 healthy controls, demonstrating a reduction of �-adrenergic sensitivity

in diabetic patients, while in nondiabetic controls an increase of �-adrenergic

sensitivity after a single hypoglycemic episode was shown [66]. This hypothesis

was also tested by other authors [67], who studied the catecholamine response

to hypoglycemia and �-adrenergic sensitivity with isoproterenol testing, in

unaware and aware diabetic subjects and in normal controls: in the unaware
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group they showed a reduced �-adrenergic sensitivity during an isoproterenol

stimulation test, together with a decrease in counterregulatory hormone

response that may contribute to reduced warning symptoms during hypo-

glycemia. These findings were also supported by experimental animal studies:

a decreased number of cardiac �-adrenergic receptors was demonstrated in

streptozotocin-diabetic rats, suggesting a downregulation of catecholamine

receptors as a consequence of diabetes [68]. A reversibility of impaired 

�-adrenergic sensitivity (by avoiding hypoglycemic episodes), but not of the

counterregulatory response has also been demonstrated [53]. It is assumed that

the decreased �-adrenergic sensitivity contributes to unawareness, but it is not

the only determinant of this situation. In fact, while the response to hypo-

glycemia may be normal or reduced in T1DM of short duration [69, 50], it

becomes blunted in long-term T1DM [31].

Diabetic autonomic neuropathy plays an important role in determining this

blunted response. An interesting study [70] has demonstrated that in the presence

of autonomic neuropathy, the response of adrenaline to hypoglycemia is further

reduced despite the meticulous prevention of recent antecedent hypoglycemia,

and that this defect seems to be nonselective. It has also been demonstrated that

avoiding or retarding the onset of autonomic neuropathy by obtaining a tight

metabolic control, makes it possible to avoid loss of adrenaline response to

hypoglycemia [69].

Unawareness represents a problem especially for the brain, and for brain

functions, as well as the pathogenesis of unawareness depends also from

the brain, since the central nervous system seems to act as a hypoglycemia

sensor and coordinator of the counterregulatory response. Some experimental

animal studies [71, 72] demonstrated an activation of neuronal networks by 

de-oxyglucose-induced glucoprivation in the brain of rats with connections to

centers in the hypothalamus and medulla. Other authors describe a population

of neurones using glucose as a signalling molecule rather than a metabolic

substrate, altering their firing rate in response to changes in ambient glucose

supply [73]; these populations of neurones seem to respond to decreasing blood

glucose concentrations (glucose-sensitive neurones), or to increasing blood

glucose concentrations (glucose-responsive neurones). Changes in glucose

concentration have been shown to influence the release of several neurotrans-

mitters, dopamine, GABA [74, 75], neuropeptide Y and catecholamines [72] in

studies in animals.

These studies have also shown that severe prolonged hypoglycemia can

enhance glucose uptake into the brain, and the expression of both GLUT-1 and

GLUT-3 are increased in response to glucose deprivation [76, 77]. The studies

in humans performed with the arteriovenous difference technique have shown

enhanced brain glucose uptake during hypoglycemia in healthy volunteers, and
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in hypoglycemia-unaware subjects with counterregulatory failure [78, 79]. On

the other hand, PET studies failed to demonstrate any change of brain glucose

uptake and metabolism in different groups of diabetic subjects with different

counterregulatory response [80]. Regarding the sensitivity of the brain to

hypoglycemia, it is possible that brain areas can have different sensitivity to

hypoglycemia: different part of cortex shows detectable evidence of dysfunction

at different glucose concentrations during progressive hypoglycemia [78, 79],

and have a different ability to alter their sensitivity to hypoglycemia in the

hypoglycemia unaware state. Finally, it is possible to conclude that hypo-

glycemia unawareness is a problem of the brain and for the brain, so it is demon-

strated that the brain, and especially the hypothalamus, plays an important role

in initiating the protective counterregulatory response [81] to hypoglycemia.

Prevention

Although substantial progress has been made in understanding the patho-

physiology and the mechanisms of hypoglycemic signs and symptoms, hypo-

glycemia must be prevented in order to really improve the quality of life of

children with diabetes. An interesting cost-of-illness study regarding short-

term effects of severe hypoglycemia in children and adolescents with T1DM

has shown an average cost at EUR 239 per event of severe hypoglycemia with

unconsciousness and EUR 63 per event of severe hypoglycemia without uncon-

sciousness, but needing assistance from another person. Moreover, of all events,

20–30% had effects on school absence, parents’ absence at work, increased worry

for parents and poor sleep. Patients with severe hypoglycemia indicated a lower

global quality of life [82].

The predictors of severe hypoglycemia have been also evaluated: in

younger children the risk increased with disease duration and underinsurance;

in older children the risk increased with duration, underinsurance, lower HbA1c

levels, and psychiatric disorder, with 80% of episodes occurring among the

20% of children who had recurrent episodes [83].

The hypothesis of a genetic determinant for severe hypoglycemia has been

also postulated by some authors that studied serum ACE levels in children and

adolescents; the results of the study shown a positive correlation between serum

ACE levels, and number of severe hypoglycemia levels. This study suggests that,

among other factors, a genetic determinant for severe hypoglycemia exists [84].

In the last years, many authors have suggested different measures to prevent

hypoglycemia with different results [85–87]. From these studies, it is clear that

adequate insulin regimen, motivation among the children and their parents to

follow recommendations combined with knowledge how to adjust insulin therapy
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in different situations are crucial components of a successful prevention; also a

correct injection technique and a precise self-monitoring of blood glucose are

important to avoid mistakes in the insulin therapy. About self-monitoring of

blood glucose, it is essential that the patient learns the importance of these deter-

minations, in particular in the evening and at bedtime. In fact, hypoglycemia

during the night is probably more common than we thought and, of course,

nocturnal hypoglycemia can profoundly affect brain function [88]. A correct

adjustment of insulin doses on the basis of actual blood glucose is essential for

prevention of hypoglycemia, particularly during the night.

However, the cornerstone of hypoglycemia prevention is education: without

knowledge of how to use insulin and self-monitoring of blood glucose, no

insulin regimen will be successful [82]. Of course, learning becomes effective

when it gives answers to relevant questions which are experienced as real prob-

lems for the one who is learning. A recent study has analyzed the reasons for

severe hypoglycemia [89]. Although mistakes seem to be the most common

cause of hypoglycemic episodes, there are certain steps that can be taken:

• Different pens for different types of insulin to prevent mixing;

• No pen on the night table;

• Adequate individual interval between insulin injection and the following

meal;

• Late spring-early summer is accompanied by increased physical activity,

and risk for hypoglycemia;

• When school starts after the summer holidays the risk of hypoglycemia is

increased;

• Unusually heavy exercise may need not only a reduction of insulin dose

just before the exercise, but sometimes also reduction the following night;

• Alcohol can cause dangerous hypoglycemia.

Beside the regular information and education on these matters, the authors

have produced a pamphlet on hypoglycemia which was sent to all patients and

families and also 2 video films on how to prevent hypoglycemia and how to use

the tools (mainly self-monitoring of blood glucose and adjustment of insulin

doses) to get a stable blood glucose. All patients get these video films for free

3 months after diagnosis and the other 9 months after diagnosis, in connection

with a special education day at the hospital. A positive effect of these films has

been found in a controlled study [90].

The main practical measures to prevent hypoglycemia are reported in table 2.

Moreover, it has been shown that continuous subcutaneous insulin infusion

(CSII) may significantly reduce the risk for severe hypoglycemia, especially at

night, when hypoglycemia is common and insidious, and decrease the Hb1c

levels [91, 92]. An interesting study performed on 100 children and adolescents

treated with CSII showed a reduction of hypoglycemic episodes [93]. Several
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reports in children underline the safety of the CSII, and the reduction of

hypoglycemia despite improved glycemic control [94, 95]. Treatment with CSII

of course requires at least the same knowledge and motivation as the use of

multiple insulin therapy.

Evidence is now accumulating on the effect of insulin analogues on hypo-

glycemia. The impact of DCCT and lispro insulin on glycemic control and

severe hypoglycemia was studied: the number of severe hypoglycemic episodes

did not increase after the introduction of lispro, despite a further decrease

in HbA1c levels [96]. A recent study on insulin lispro in children focused

attention on nocturnal hypoglycemia, demonstrating the efficacy of lispro given

before the evening meal in reducing early nocturnal hypoglycemia without

compromising HbA1c [97]. The long-acting analog insulin glargine may also

reduce nocturnal hypoglycemia [98].

Diabetic patients more often have EEG changes which have usually been

contributed to previous hypoglycemic episodes [92], but it has been shown that

there is a correlation between primary changes of EEG already at the diagnosis

of diabetes and later severe hypoglycemia [99]. Thus, a low threshold for

seizures may sometimes be a cause of convulsions rather than a consequence of

Table 2. Main measures to prevent hypoglycemia

Near-physiological insulin regimen, with adaptation of 

insulin doses to meals, meals plans and exercise

Enlightening of the patients on good injection technique, 

including adequate time interval between injection 

and meal

Self-monitoring of blood glucose, including regular 

blood glucose determinations during the night

Adjustments of treatment based on blood glucose 

patterns/profiles and what is going to happen, 

but not based on the actual blood glucose value

Strive for near-normal blood glucose with less wide 

fluctuations, which gives better counterregulation

Education to make the patients and people in their 

surroundings aware of symptoms/signs

Information about the influence of seasonal variation 

effect of holidays and sport days psychological 

support to increase confidence.

Psychological support to increase confidence.

Increase general awareness of hypoglycemia through 

education.

From Ludvigsson and Nordfeldt [90], modified.
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them. Patients with epilepsy or abnormal EEG should be treated with adequate

drugs. The interactions between hypoglycemia and sleep architecture were

recently reported by Pillar el al. [100], demonstrating that profound nocturnal

hypoglycemia increased slow wave sleep and delta power in spectral analysis of

the EEG.

Finally, the incidence of moderate and severe hypoglycemia can and

should be reduced parallel to near-normal HbA1c by active education and

psychosocial support in combination with insulin treatment as physiological as

possible. It has been suggested that, in adults, meticulous attention to the pre-

vention of hypoglycemia can abolish the hypoglycemia unawareness syndrome.

Hypoglycemia in children, with their erratic activity and eating behavior, is

much more difficult to predict and therefore prevent. Yet the consequences of

hypoglycemia are the greatest in this youngest age group, where these problems

are paramount. In order to obtain an improving glucose control and to identify

asymptomatic hypoglycemia, the continuous subcutaneous glucose monitoring

(CSGM) seems to be very useful. In fact, some recent studies [101, 102]

demonstrate that CSGM might be helpful in detecting unrecognized nocturnal

hypoglycemia and in lowering HbA1c values in children with type 1 diabetes

and poor glucose control, obtaining a drop in insulin requirement as well. This

monitoring method will be useful to reduce the frequency of hypoglycemic

episodes in children with diabetes.

In conclusion, hypoglycemia remains one of the most important problems

in the management of insulin therapy in children and adolescents with diabetes;

however, the advances in knowledge on the risk factors for hypoglycemia, and

the new therapeutic and diagnostic approach, will be useful to prevent hypo-

glycemia and its consequences and to allow patients to achieve better metabolic

control without increasing the risk of hypoglycemia.
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In the western hemisphere diabetic retinopathy counts for most cases of

loss of vision; the risk to suffer visual impairment is up to 20-fold higher for

diabetic subjects compared to healthy controls. The clinical stages of nonpro-

liferative and sight-threatening proliferative retinopathy stages are well classi-

fied [1]. Since proliferative changes are rare during adolescence, there has been

some controversy in the past whether retinal screening is necessary during

pediatric care. Initial investigations on the frequency of retinopathy in patients

with juvenile-onset type 1 diabetes gave conflicting results as they were

performed by ophthalmoscopy known to have a high inter- and intraobserver

variation. Yet, they indicated the severity of the problem as at least more than

half of the patients had visible retinal changes after 20 years of diabetes dura-

tion [2, 3]. Stereophotographic ophthalmophotography via a dilated pupil

improved the reproducibility of the examination and indicated that the

frequency of retinal changes was between 67 and 78% after 16 years of diabetes

and more than 90% in long-standing diabetes [4, 5]. Only few population-based

studies are available [6–8]. The recent population-based Swedish survey of

557 children with an average age of 14 years and diabetes duration of 8 years

indicated a prevalence of 14.5% for any retinopathy and 2.3% for proliferative

and preproliferative changes [7]. Females are known to be more at risk as males

[9]. Since diabetic retinopathy is thus seriously present already in childhood,



Retinopathy in Childhood and Adolescence 315

there is in fact a necessity of a proper follow-up of the retinal status by the

pediatric diabetologist [10, 11].

Pathoanatomy and Pathohistology in Diabetic 

Retinopathy

The opportunity of direct ophthalmological observation allows the classi-

fication of retinal changes not only by structural but also by functional aspects.

Retinal blood vessels do not have autonomic nervous system innervation and

attempt to maintain constant blood flow through an autoregulative mechanism.

Hyperglycemia by itself impairs this autoregulation [12]. Initially, this leads to

a phase of increased retinal blood flow [13] and venous dilatation. The two

major characteristics of early retinopathy are increased capillary permeability

and progressive vascular closure. At the cellular level, there is loss of pericytes

and thickening of the basement membrane followed by proliferation and

degeneration of endothelial cells. An increase of programmed cell death

(apoptosis) could be identified as a central mechanism leading to a loss of not

only pericytes but also endothelial cells, indicating that the latter may have a

strong proliferative capacity under circumstances of hyperglycemia [14]. The

changes of the extracellular matrix together with the impaired interaction

between pericytes and endothelial cells eventually lead to a disturbed blood-

retinal barrier. It has to be kept in mind that recent results indicate that not

only vascular cells but also other cells such as Müller cells, the principal glia

of the retina, are altered in diabetes and may contribute to these changes [15].

The resulting predominance of vasoconstricting mechanisms including

hemorheological abnormalities finally results in focal thrombosis and vascu-

lar closure.

The first morphological lesions are microaneurysms which evolve in areas

of capillary hypoperfusion and they first appear in the peripheral temporal

region [16]. Those microaneurysms are no longer thought to be areas of local

weaknesses of the vessel wall in areas of pericyte loss but rather abortive

attempts at intraretinal neovascularization. Local factors of the retina contribute

to the localization of these lesions [17]. Using the sensitive fluorescence

angiography technique, microaneurysms were detected in all adolescents and

young adults after 18 years of diabetes duration in the Berlin Retinopathy Study

[18] (fig. 1). Although this rate was slightly lower in two other studies [19, 20],

it is generally well accepted that all patients with diabetes will develop minimal

retinopathy after more than 20 years of diabetes duration. While micro-

aneurysms are initially hypercellular and perfused they may hyalinize and

become occluded and are falsely thought to disappear. In a more advanced
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Fig. 1. Development of retinopathy in children and adolescents with diabetes detected

by fluorescein angiography. Data from the Berlin Retinopathy study [11].

stage of retinopathy, the impairment of the blood-retinal barrier leads to the

deposition of hard exudates (extracellular accumulation of lipids) and soft exu-

dates (‘cotton-wool spots’, nerve fiber layer infarctions caused by obstruction

of terminal retinal arterioles) and hemorrhages (fig. 2a, b). This stage is called

background retinopathy and can be seen by fluorescein angiography on average

after 14.6 (median age: 23.3) years. At this time retinal changes can also be

seen by ophthalmoscopy although the diagnosis of background retinopathy by

ophthalmoscopy is delayed (median expectancy: 21.1 years of diabetes) [11].

In a report of a cohort of well-controlled adolescents using mydriatic fundus

photography, the median expectancy for mild nonproliferative retinopathy was

found to be 16.6 years [21]. Thus, in comparing such data the method for reti-

nal detection and the average glycemic control of the study population has to be

taken into consideration.

Retinopathy may progress from this stage to vision-threatening prolifera-

tive retinopathy when the partial ischemia stimulates neovascularization 

(fig. 2c). These structurally and functionally deficient new vessels tend to

rupture and lead to intraretinal and vitreous hemorrhages that eventually lead

to loss of sight and tractional retinal detachment resulting in blindness. Vision-

threatening proliferative retinopathy may develop in up to 70% of youth-onset

patients after 30 years of diabetes [20]. After a latency period of approxi-

mately 5 years, the incidence rate of proliferative retinopathy rises steadily to

a plateau of 0.3–0.4% new cases per year after 10–15 years of diabetes
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a b

c

Fig. 2. Examples of diabetic retinopathy detected with non-mydriatic ultra-wide-field,

laser-panoramic fundus photography (courtesy of D. Anderson, www.optos.com).

a Nonproliferative diabetic retinopathy with venous occlusion and retinal bleeding. 

b Nonproliferative diabetic retinopathy with cotton-wool-spots and hard exudates. 

c Proliferative diabetic retinopathy with peripheral neovascularization.

and remains stable thereafter [22]. Although the prognosis has improved

considerably in recent years due to the advances in laser therapy and vitroretinal

surgery, early detection and treatment appears important to yield best

results [23].
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Pathogenesis and Pathophysiology of Diabetic 

Retinopathy

Hyperglycemia is found to be the superior pathogenetic factor either for

microangiopathy in general and consequently also for retinopathy. The patho-

genetic concepts by which high glucose leads to retinal changes include genetic

conditions like variants of the glycoprotein 1a subunit of the platelet-collagen

receptor (C807T, Glu 505 Lys) leading to a more serious risk to reach advanced

stages of retinopathy after a long diabetes duration [24] as well as metabolic

concepts such as activation of the polyol pathway [25], activation of protein-

kinase C through de novo synthesis of diacylglycerol [26], nonenzymatic gly-

cation and formation of advanced glycation end-products (AGEs) [27] as well

as increased oxidative stress [28] and induction of interleukin-6 release [29, 30].

The measurement of urinary 8-OhdG is a biomarker that indicates the level of

oxidative stress and correlates to the incidence and severity of diabetic retinopa-

thy; nevertheless, it is still an experimental laboratory assessment [31]. As a

parameter for the destabilized control over cell growth regulation mechanisms,

the so-called somatostatin-like immunoreactivity is reduced [32].

While inhibition of the polyol pathway by means of an aldose reductase

inhibitor was successful in preventing basement membrane thickening in

galactosemic animals [33], studies in human diabetes have not been successful

so far [34]. Treatment with oral inhibitors of the beta-isoform of protein kinase

C has been successful to suppress the growth factor-induced increased retinal

permeability [35, 36]. Regarding the well-known additional adverse effects of

dyslipidemia like alteration of the coagulation-fibrinolytic system, changes in

membrane permeability, damage to endothelial cells and increased atheroscle-

rosis [37], the use of pyridoxamine was found to have membrane-stabilizing

lipid-lowering effects [38]. Similarly, treatment of diabetic animals with

aminoguanidine, an inhibitor of AGE formation, prevented the accumulation of

retinal changes of the AGE [39]. Successful human studies with both

compounds have not yet been reported and recent approaches aim more at direct

inhibition of the receptors for AGEs (RAGE) or reducing increased oxidative

stress induced by AGE formation [40, 41]. Lately, the various mechanisms

leading to diabetic angiopathy were joined into one unifying hypothesis by

Brownlee [42]. All seem to reflect a single hyperglycemia-induced process of

overproduction of superoxide by the mitochondrial electron-transport chain.

Three of the major biochemical pathways implicated in the pathogenesis of

hyperglycemia-induced vascular damage (the hexosamine pathway, the advanced

glycation end-product (AGE) formation pathway and the diacylglycerol (DAG)-

protein kinase C (PKC) pathway) are activated by increased availability of the

glycolytic metabolites glyceraldehyde-3-phosphate and fructose-6-phosphate.
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In experimental diabetic retinopathy, the lipid-soluble thiamine derivative ben-

fotiamine can inhibit these three pathways, as well as hyperglycemia-associated

NF-�B activation, by activating the pentose phosphate pathway enzyme trans-

ketolase, which converts glyceraldehyde-3-phosphate and fructose-6-phosphate

into pentose-5-phosphates and other sugars [43].

Of particular interest is that the retinal removal systems for AGEs appear

to be saturable and a threshold of glycemia exists above which a sharp increase

in retinal AGE formation is observed [44]. In the Berlin Retinopathy Study

(fig. 3) [45], the presence of a threshold HbA1c level (long-term, i.e. from

diabetes onset until this analysis) at 9% corresponds approximately to 8.1% of

the DCCT [46] for the development of background retinopathy in adolescents.

Although the possibility of a threshold model is supported by some other

studies [47–49] even the most recent additional analyses from the DCCT group

argued against its presence [50]. Nevertheless, the nonlinear relationship

between complications and long-term HbA1c indicates that the magnitude of

the absolute risk reduction declines exponentially with decreasing HbA1c (fig. 4).

The concomitant findings of increased capillary leakage and focal

endothelial cell proliferation as hallmarks of early diabetic retinopathy indi-

cated that these mechanisms could be induced by a growth factor that is able to

regulate both [51]. Indeed, the vascular endothelial growth factor (VEGF) is

induced by ischemia and has been found in increased concentrations in the

ocular fluid probably mediating active intraocular neovascularization [52].

Both AGEs [53] and reactive oxygen intermediates [54] are able to induce
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VEGF in endothelial cells and there is evidence that many of the effects of

AGEs are actually mediated by increased oxidative stress [55]. Thus, an insuf-

ficient antioxidative defence leading to increased growth factor expression may

be a common endpoint of the various mechanisms leading to diabetic retinopa-

thy. However, the effect of antioxidants on the development of experimental

diabetic retinopathy has been disappointing so far [56, 57].

Regarding the pharmacological treatment of retinopathy supplementing

the best possible glycemic control, two studies primarily aimed at the improve-

ment of nephropathy led to novel therapeutic approaches. Danaproid sodium as

a mixture of sulfated glycosaminoglycans consisting mainly of heparan sulfate

was presumed to have improving effects on nonproliferative retinal findings

[58, 59] and the treatment was said to may be worth considering for foveal

edema and hard exudates in diabetic maculopathy.

The EUCLID study [60] was designed to investigate the effects of ACE

inhibitors on normotensive patients with type 1 diabetes normo- and microal-

buminuria. The effect of lisinopril on diabetic retinopathy was studied in a

subset of 354 patients (aged 20–59 years) in whom retinal photographs were

obtained at baseline and at 24 months [61]. The placebo group had a slightly

higher prevalence of retinopathy at baseline (65 vs. 59%, p � 0.20) and signif-

icantly poorer glycemic control (HbA1c: 7.3 vs. 6.9%, p � 0.05). Retinopathy

progressed by at least one level in 21 of 159 (13.2%) patients on lisinopril and

39 of 166 (23.4%) on placebo giving an odds ratio after adjustment for center

and glycemic control of 0.55 [0.30–1.03] (p � 0.06). Lisinopril was associated

with a delayed progression to proliferative retinopathy (0.18 [0.04–0.82],

p � 0.03). The authors suggest that ACE inhibition may decrease retinopathy
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progression in nonhypertensive patients who have type 1 diabetes with little or

no nephropathy, but stated that their assumption needs to be confirmed before

using the therapy in clinical practice.

Practical Advice for the Detection of Retinopathy

The Consensus Guidelines from ISPAD (www.ispad.org) recommend that

retinal examinations should always be performed in mydriasis and more elabo-

rate diagnostic procedures with photographic documentation (conventional

fundus photography or fluorescein angiography) should be pursued when even

minimal retinal changes are apparent by fundoscopy. This photographic

documentation may also be important as a measure of quality control. Several

methods for classification have been developed for the conventional fundus

photography that covers approximately only 30–60� of the peripheral retina

[62–64] and controversy also exists on the number of visual fields that are

necessary for classification [65]. Nevertheless, one has to be aware of a high

intra- and interobserver variability [66]. Non-mydriatic fundus photography

has been proposed as a simple and cost-efficient way to screen for diabetes-

related eye disease, but interpretation of results are often difficult and reflexes

and other artefacts resulting in photographs of unacceptable quality are particu-

lar frequent in adolescents [67]. Fluorescein angiography allows not only

studying the structural changes with a high reproducibility, but also gives

information on functional abnormalities such as fluorescein leakages [1].

Recently, a new technique has been invented to simplify and optimize the

retinal screening: non-mydriatic ultra-wide-field, laser-panoramic fundus photo-

graphy offers a handsome, quick and easily performable method to obtain

digital pictures covering 200� of the peripheral retina without the need of

mydriasis by scanning two different layers of the retina with two lasers of

distinct wavelengths, that even can be sent to an external ophthalmologist

(www.optos.com) (fig. 2a–c). The opportunity to perform the retinal screening

at the diabetologists office could be an advantage with regard to the still unac-

ceptable low rate of annually performed eye examinations in eligible patients

[68] and ameliorates the documentation for follow-up investigations; whether

the technique is superior to the conventional screening methods or not has still

to be proven in clinical trials. The hitherto existing minimal recommended

standard is a stereoscopic slit-lamp biomicroscopic examination by an experi-

enced ophthalmologist, because outstanding experience is needed to correctly

identify those early changes. Thus, it is strongly recommended that each

pediatric diabetes centre should seek collaboration with an ophthalmologist

demonstrating special interest in pediatric diabetes patients. This leads to the



Bittner/Kordonouri/Danne 322

following recommendations [69] for the onset of periodic retinal examinations,

as no clinically relevant changes were found before: after 5 years of diabetes

duration in patients with prepubertal onset, but not before 11 years of age, and

above age 15 in all others. Although minimal retinal changes can already be

observed in prepubertal children [7], the youngest children to have developed

preproliferative retinopathy was an 11-year-old boy in pubertal Tanner stage

2 and a 13-year-old girl (Tanner 3) in the Swedish study. This is in agreement

with the results from a Swedish survey [7]. The youngest age at which prolif-

erative changes were observed was age 17 in the Berlin study and age 21 in

the Swedish survey. One has to bear in mind that for children who had no

permanent access to standard medical care (for example due to insufficient

insulin availability), an earlier examination may be advisable. In addition, an

initial eye examination at onset may be recommended to rule out concomitant

eye disease [70].

Risk Factors for Retinopathy

Glycated hemoglobin is presently the best parameter to extrapolate the

individuals risk for the development of late complications [71]. An analysis of

the adolescent subgroup of the DCCT cohort [72] showed a reduction of the

risk to develop retinopathy by 53% following intensified treatment and care

and achieving better glycemic control compared to subjects on routine care.

The risk of progression of pre-existing retinal changes was reduced by 70%

[71, 73]. In an ongoing trial that investigates the feasibility of non-mydriatic

ultra-wide-field, laser-panoramic fundus photography, the first results seem to

indicate a decrease in the incidence of retinopathy in diabetic children and

adolescents [unpubl. data]. Possibly these findings could be related to the

continuing efforts to achieve the best possible metabolic control showing lower

HbA1c during the last years. However, additional factors are likely to modify

the individual child’s risk to develop microangiopathy [74] (fig. 4).

The first evidence for the importance of pubertal hormones for the devel-

opment of late complications resulted from the virtual absence of severe fundus

changes in growth hormone-deficient patients with type 1 diabetes [75, 76]. An

influence of sex steroids on neovascularization could also be demonstrated in

animal experiments [77]. Furthermore, as described above, clinically relevant

retinal changes or diabetes-related microproteinuria are rarely found before

puberty [78, 79] and it was suggested that the prepubertal duration of diabetes

might be of little importance for the later development of retinopathy [80]. This

observation has not been substantiated in other studies [11, 21, 81, 82, 83], but

there was some evidence that children who manifested their diabetes before the
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age of 5 years possibly do have protective factors [84]. However, in agreement

with other studies [85–87] puberty led to an acceleration of retinal changes in

the Berlin Retinopathy Study [11].

Other studies have demonstrated that the presence of high-normal dias-

tolic blood pressure results in a higher incidence of retinopathy [88, 89].

Therefore, tracking of blood pressure measurements is important to closely fol-

low patients who exhibit a blood pressure rise above their previous level.

Abnormal lipid profiles have been found to be related to the development

of retinopathy also in young patients with type I diabetes [90]. In long-standing

childhood-onset diabetes progression of retinopathy was associated with higher

triglyceride and LDL-cholesterol levels [91]. Little information is available in

pediatric patients. The Berlin Retinopathy Study found some evidence for the

contribution of elevated triglycerides [92] and lower HDL-cholesterol levels

[90] in adolescents developing retinopathy. The diagnostic relevance of lipopro-

tein(a) and other lipid markers is controversial at this time [93].

There is some evidence elucidated by the DCCT that severe retinopathy is

also determined by familial factors [94], possibly mediated by an association of

microangiopathy with one of the genes that are associated with the develop-

ment of type I diabetes, i.e. for the HLA-DR4 region [95], or being caused by

a relationship to genes regulating major factors influencing the development of

angiopathy such as arterial hypertension. However, presently none of the

genetic markers has proven to be clinically useful in identifying high risk

patients sufficiently. Cigarette smoking has been demonstrated as an important

independent variable for the development and progression of retinopathy [96]

in adults with diabetes. Although there is evidence that addictive behavior may

be less frequent in adolescents with diabetes than in their peers [97], tobacco

consumption is prevalent in a substantial number of young adults with diabetes

[98] and should be addressed and discouraged as early as possible.

In conclusion, it should be stressed that the diabetic retinopathy is still a

frequent complication also in pediatric patients despite the current efforts

improving glycaemic control from the onset of the disease. As an effective

treatment of diabetic retinopathy is not yet available, any effort to prevent the

development of retinopathy through improved glycemic control is of utmost

importance.
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With modern diabetes management growth and development in children

and adolescents with diabetes should be undistinguishable from those in

healthy subjects. However, comorbidity including autoimmune disorders like

autoimmune thyroiditis, adrenal insufficiency, celiac disease or eating disor-

ders could lead to disturbance of growth and pubertal development. Such

comorbidity could also have a negative impact on metabolic control. Awareness

of these possible complications and monitoring therefore are mandatory for

good clinical diabetes management.

Growth and Development

Over the last decades the prognosis with regard to growth and pubertal

development in children and adolescents with type 1 diabetes mellitus has

improved considerably with better disease management. The introduction of

frequent insulin injections, glucose monitoring and better caloric intake has

achieved near-normal glucose levels. The latter is thought to be responsible for

good growth perspectives in children with diabetes.

In 1930, Mauriac first described a condition of poorly controlled diabetes

with short stature and hepatomegaly. Some of these patients could have been

misdiagnosed as having celiac disease. Although Mauriac syndrome is fortu-

nately rare, subtle abnormalities in growth and above normal weight gain are

still frequently observed in children and adolescents with type 1 diabetes.

Published data on height at diagnosis and height development in children

and adolescents with diabetes are quite controversial. Many data show an

increased growth velocity before diabetes onset. Hypponen et al. [34] and the
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Eurodiab Study group found increased height and early growth in children with

type 1 diabetes before disease manifestation. There is no doubt that metabolic

control affects height development. Children with prepubertal onset of diabetes

had an even more pronounced loss of final height than patients with poor

metabolic control but later onset of diabetes [31]. Other authors report on

reduced final height, especially in girls, which is related to advanced bone age

before puberty [4]. Puberty seems not to be delayed in some study populations

[4] but has been reported to be late-normal in others [54].

Disturbances in the IGF-axis with lower IGF1 levels and IGFBP3 levels in

diabetic children are obvious [74]. In contrast, both spontaneous and stimulated

growth hormone secretion is elevated in pediatric and adolescent diabetics.

This paradox can be explained by a reduced rate of hepatic growth hormone

receptors reflected by low IGFBP 3 levels [20].

Major attention should be paid to weight development and body composition

in patients with diabetes. Recent studies have reported greater BMI increase in

adolescents with diabetes than in nondiabetic adolescents. This was shown

especially in girls [14, 77].

Thyroid Disease

The most frequent autoimmune disease in type 1 diabetes affects the thyroid.

The etiology of autoimmunity in pancreas and thyroid is a T-cell-mediated

disease and seems to be due to a common genetic susceptibility. Two immune-

regulatory genes (HLA � human leukocyte antigen and CTLA-4 � cytotoxic

T-lymphocyte-associated protein 4) contribute to the susceptibility for both

diseases [47].

Positivity for thyroid autoantibodies in children with type 1 diabetes shows

considerable variability in different countries. Incidence and prevalence

numbers vary between 3 and 50% [10, 45, 65] compared to a suggested rate of

3–10% in nondiabetic children and adolescents [40, 50, 84]. The largest cohort

analysis was published by Kordonouri et al. [45] reporting a rate of 21.6% of

thyroid antibodies in a group of 7,097 children and adolescents with type 1

diabetes. In this study, patients with antibody positivity were older, had a longer

duration of diabetes and had developed diabetes later in life. 63% of patients

with positive thyroid antibodies were girls. Increasing rates of thyroid antibodies

with age were also seen in adults [37].

The majority of patients with positive thyroid antibodies have normal

thyroid function. Elevated TSH levels as a marker for subclinical hypothy-

roidism are found in about 15% in the antibody-positive patient group. Overt
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primary hypothyroidism due to autoimmune thyroiditis is seen in 3–5% of the

patients [10, 23, 44]. Clinical findings of hypothyroidism like goiter, weight

gain, fatigue, cold intolerance and bradycardia are rare because of screening for

TSH and autoantibodies in patients with type 1 diabetes.

Since screening is both efficient and cost effective there is no longer any

controversy about thyroid antibody screening in diabetic patients with type 1

diabetes. Screening is performed in our institution once a year. In case of

significant antibody levels (especially thyroperoxidase antibodies), a longitudinal

survey of diabetic children over 5 years showed a higher risk of later development

of TSH elevation and subclinical or clinical hypothyroidism [44]. Therefore, in

patients with elevated TPO/TGA antibodies thyroid function (TSH and free T4)

should be measured routinely. Ultrasound of the thyroid gland could provide

further information on the development of Hashimoto’s disease with typical

patterns like increased volume of the gland and areas of lower echogenicity

within the thyroid. There is no consensus on the time point of introduction of

treatment with thyroxin! In our opinion, only in the case of subclinical or

clinical hypothyroidism or significant antibody levels plus ultrasound findings

should treatment with thyroxin be introduced.

The impact of subclinical hypothyroidism on metabolic control in children

and adolescents with type 1 diabetes mellitus was studied by Mohn et al. [55].

In this retrospective case-control study, 13 patients with subclinical hypothy-

roidism had significantly more symptomatic and severe hypoglycemic events

during the 12 months prior to diagnosis. There was no difference in HbA1c,

insulin requirement or growth between the two groups as in the cohort of

Kordonouri et al. [45]. After introduction of thyroxin substitution, the rate of

hypoglycemia decreased rapidly and after 6 months there was no longer any

difference between the groups.

Hyperthyroidism is less common than hypothyroidism in association with

diabetes but still more common than in the general population. There are less

published data available with a frequency of subclinical disease in about 2–3%

and overt hyperthyroidism or thyrotoxicosis in only a few patients [49, 67, 79].

Hyperthyroidism may be due to Grave’s disease or the hyperthyroid phase of

Hashimoto’s thyroiditis, and should be considered if there is unexplained

weight loss with normal appetite, agitation, sweating, tachycardia, tremor or

unexplained problems with metabolic control.

There should be no difference in treatment strategies between patients

with diabetes and the nondiabetic population. Therefore, antithyroid drugs still

remain the initial treatment of choice. However, in the non-European countries

(especially the US) radioactive iodine is used more frequently. There are no

long-term safety data available until now and radioactive iodine has not been

shown to be superior to antithyroid drug treatment at the moment.
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Other Endocrine Disorders

In addition to thyroid autoimmune diseases, diabetes is occasionally associ-

ated with Addison’s disease (primary adrenal insufficiency). This rare condition

has been described even in children [32]. Often a combination of Addison’s

disease, autoimmune thyroiditis or Graves’ disease and type 1 diabetes is seen as

a so-called polyglandular autoimmune syndrome (PAS). There are clinical,

epidemiological and genetic differences between PAS type I (also known as

autoimmune polyendocrinopathy, candidiasis and ectodermal dystrophy �

APDEAC or MEDAC � multiple endocrine deficiency autoimmune candidiasis

syndrome) and PAS type II (table 1).

Besides these major three components patients can develop vitiligo,

hypogonadism and alopecia to variable degrees. In most patients (48%) type 1

diabetes is the first manifestation of PAS.

Addison’s disease must be considered if unsuspected hypoglycemic

episodes, especially in the early morning, are combined with decreasing insulin

Table 1. Incidence, onset, genetics and clinical characteristics of polyendocrine

autoimmune syndromes type I compared to type II (according to Dittmar and Kahaly [18])

Type I Type II

Incidence �1:100,000/year 1–2/100,000/year

Male:female ratio 3:4 1:3

Age at onset childhood, age 3–5 adults 4th or 5th decade

Genetics monogenic autosomal- polygenic dominant inheritance

recessive AIRE gene on chromosome 6 HLA-association

chromosome 21 

HLA-association

Concomitant mucocutaneous none

disease candidiasis

Autoimmune endo- hypoparathyroidism (80–85%) thyroid disease (70–75%) 

crinopathies Addison’s disease (60–70%) type 1 diabetes (50–60%)

type 1 diabetes (�20%) Addison’s disease (40–50%)

hypogonadism (12%) hypoparathyroidism (0–5%)

thyroid disease (10%)

hypopituitarism (0–2%)

Nonendocrine vitiligo, alopecia areata, auto-

autoimmune immune gastritis, pernicious

diseases anemia, autoimmune

hepatitis, Sjögrens

syndrome, myasthenia 

gravis
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requirement. If a patient then shows clinical signs such as increased skin

pigmentation, fatigue, weight loss or hyponatremia and hyperkalemia further

diagnostics should be introduced.

High ACTH levels and anti-adrenal antibodies are argumentative for

Addison’s disease. However, up to 2% of all patients with type 1 diabetes

mellitus have detectable anti-adrenal antibodies without being diagnosed as

having adrenal insufficiency [61]. Jaeger et al. [37] found anti-adrenal antibodies

in about 0.7% of the general population and 1.0–1.1% in diabetes patients and

their first-degree relatives. Therefore, screening for anti-adrenal antibodies

seems to be neither effective, specific, nor cost effective.

If ACTH is still within normal levels diagnosis is confirmed by a low

cortisol response to a Synacthen® test.

Treatment of adrenal insufficiency with glucocorticoids and mineralocor-

ticoids is lifelong. In these patients, insulin requirement, especially in the morning,

could exceed the amounts usually required by patients with normal adrenal

function. A comprehensive education of dose adjustment in case of stress,

infections or sports activities should be performed for patients and their

relatives. For emergency cases like accidents, surgery or sick days an emer-

gency passport with information about glucocorticoid dose adjustment should

be handed out (table 2).

In patients with more than two confirmed autoimmune diseases (espe-

cially including Addison’s disease) a screening for further antibodies of PAS is

recommended in regular intervals. However, the clinical relevance and benefit

for an individual patient has not been shown in systematic studies.

Celiac Disease

Celiac disease (CD), also known as gluten-sensitive enteropathy, is

characterized by chronic small intestinal inflammation as a result of inappro-

priate T cell-mediated immune response to ingested gluten proteins of wheat.

In addition to screening using the measurement of specific antibodies to glia-

dine, endomysium (EMA) and tissue transglutaminase (tTGA), the diagnosis

of CD should be verified by jejunal biopsy. Typical findings in the small bowel

mucosa are villous atrophy, lymphocytic infiltration and hypertrophy of the

crypts. Sensitivity and specificity for EMA and tTGA reach almost 100% [17].

Clinical symptoms should disappear after introduction of a gluten-free diet as

antibody titers also decrease. Subsequent jejunal biopsy would show healing of

the mucosa with avoidance of gluten [69].

The typical clinical picture of CD is malabsorption, chronic diarrhea, and

failure to thrive presenting in early childhood. Such typical presentations seem
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to disappear, and silent or latent CD are becoming more prevalent with subse-

quent screening of persons at risk (table 3).

In the normal population, the prevalence of celiac disease is estimated

as 0.1 to 0.3% with two thirds of diagnoses in adulthood [39, 51]. Anti-

body screening in children showed silent CD in 0.5–1% in Sweden and the US

[11, 30]. In contrast, screening for endomysium antibodies or tissue transgluta-

minase antibodies in patients with type 1 diabetes mellitus was positive in

6–12% in different countries (table 4). Celiac disease was confirmed by jejunal

biopsy in 60–100% of positive screening (i.e. 4.6–10.4% of all children and

adolescents).

The frequency of celiac disease in patients with diabetes is 6–10 times

higher than in the normal population. Comorbidity of both diseases may be

explained by a similar genetic background associated with HLA DQ2 and 8 and

similar triggers for autoimmune disease. Dieterich et al. [17] demonstrated that

most CD-specific antibodies are directed to the enzyme tissue transglutaminase.

The activity of this enzyme creates gliadine peptides that bind to HLA DQ2

molecules expressed on the surface of intestinal antigen-presenting cells. These

are recognized by CD-specific intestinal T cells.

Table 2. Emergency plan for surgery and severe infec-

tions (Hospital for Children and Adolescents, University of

Leipzig)

Surgery day

Initial bolus injection of hydrocortisone

Infants 25mg

Toddlers 50mg

School-age 100mg

Adolescents 200mg

Continuous infusion of 200mg/m2 body surface for 24 h

1/3 glucose 20% 2/3 isotonic solution

Insulin bypass

Measurement of glucose levels every hour

Measurement of sodium and potassium every 4–6 h

1st and 2nd postoperative days

Hydrocortisone 4- to 6-fold dose of prior dosage

Fludrocortisone dosage as prior to surgery

3rd and 4th postoperative days

Hydrocortisone 2- to 3-fold dose of prior dosage

Fludrocortisone dosage as prior to surgery

5th postoperative day

Hydrocortisone and fludrocortisone as prior to surgery
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Screening for celiac disease – when and how?

There is no consensus on these questions. It seems to be reasonable to treat

patients with diabetes and celiac disease as early as possible because the risk of

developing further autoimmune disease [59, 80] and lymphomas may then be

reduced [48]. The development of those diseases is proportional to the time of

exposure to gluten in clinically diagnosed patients with CD [81]. Intestinal

lymphomas have been described in up to 4% of patients with adult disease.

Undiagnosed and untreated CD could double the mortality due to the develop-

ment of malignancies [21]. Corrao et al. [12] reported a significant excess of

mortality during the first 3 years after the diagnosis of celiac disease in those

patients with malabsorption symptoms, but not in those diagnosed by antibody

Table 3. Different clinical manifestations of celiac disease

Form of manifestation Symptoms Estimated prevalence

(Book [9])

Typical CD malabsorption, �1%

failure to thrive

chronic diarrhea

Silent CD short stature, iron 10–20%

deficiency,

possible mild abdominal

symptoms

Latent CD no clinical symptoms 80–90%

Table 4. Prevalence of positive antibody screening and celiac disease proven by biopsy

in children and adolescents with type 1 diabetes mellitus in different countries

Reference Country Patients Prevalence of Biopsy-proven

positive celiac disease, %

EMA/TGA, %

Aktay et al. [2] USA 218 7.7 4.6

Arato et al. [5] Hungary 205 11.7 8.4

Al-Ashwal et al. [1] Saudi Arabia 123 8.1 4.9

Crone et al. [13] Austria 157 10.2 5.7

Gillet et al. [25] Canada 233 8.2 6.0

Hanokoglu et al. [27] Israel 109 8.3 –

Hansen et al. [26] Denmark 106 10.4 10.4

Speikerkoetter et al. [72] Germany 205 6.3 3.4
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screening alone (latent CD). The mortality rate increased with the delay of

diagnosis and with poor compliance to a gluten-free diet. Anyway, it still

remains uncertain whether malignancies will develop in subjects with silent or

latent CD over a longer period of time.

There is evidence that introduction of a gluten-free diet has an impact on

glycemic control and weight gain in patients with diabetes. Amin et al. [4]

report on a 12-months’ follow-up in 11 children and adolescents with diabetes

and celiac disease and case-by-case control subjects. They found a significant

improvement in HbA1c in the group of celiac patients after the introduction of

a gluten-free diet. BMI SDS improved also and was equal to that of the control

subjects after the follow-up period. In this study, only 1 patient demonstrated

typical clinical signs of the disease, and 4 subjects had mild abdominal symp-

toms categorized as silent disease. Other authors did not find an effect of the

gluten-free diet on metabolic control [42].

Another aspect is the possible development of osteoporosis in patients

with CD. Gluten withdrawal for 1 year in children with CD shows normaliza-

tion of bone mineralization. In adult patients, bone mineral density values

will no longer reach normal values after diet introduction [6, 71]. There is

agreement that antibody screening should be done at the onset of diabetes.

Some authors report on transient antibody positivity at the time of diabetes

manifestation.

Eating Disorders

In young women in westernized countries disorders of eating behavior are

common. Thinness is en vogue and dietary restraint is pursued. With the

increasing rate of overweight and obese adolescents borderline eating disorders

including binge eating are seen more frequently. The management of type 1

diabetes in children and adolescents is focused on food regimen and insulin

treatment in order to achieve good metabolic control. In this context, control of

food consumption is critical. On the other hand, food has to be used to treat

hypoglycemic events. Extra food has to be taken during sports activities to

avoid low blood sugar levels.

The rates of eating disorders in the general population compared to

patients with diabetes are given in table 5. In addition to these specified disor-

ders, there is a wide field of borderline disorders (subthreshold disorders) with

dieting behaviors, body imaging behaviors or purging and binge-eating behav-

iors not meeting the full criteria for DMS-IV. These are addressed by the

Diagnostic and Statistical Manual for Primary Care (DSM-PC) which provides

diagnostic codes for these disorders. Prevalence is quoted to be even higher
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than that of the specific diseases with rates of 7.1% of boys and 8.9% of girls

in a large cohort of schoolchildren from grades 5 to 12 [22].

The frequency of eating disorders or subthreshold disorders seems to be

more frequent in females and males with type 1 diabetes than in nondiabetic

individuals. In a cross-sectional study, Jones et al. [38] found eating disorders

meeting DMS-IV criteria in about 10% of females with diabetes (age 12–19

years) and in only about 4% of controls. None of the females met criteria for

anorexia nervosa but 1% had bulimia nervosa and another 9% binge-eating

disorder. There seems to be no special association with anorexia nervosa and

type 1 diabetes mellitus but with eating disorders including binging [66].

Subthreshold disorders were even more common (diabetes 14%, controls 8%).

Even more adolescents with diabetes reported unhealthy weight control prac-

tices. Neumark-Szainer et al. [57] found about 38% of females and 16% of

males to report about fasting, skipping meals, eating very little, or even using

diet pills, vomiting, skipping insulin or using less insulin. In this study there

was unfortunately no control group. Correlations with HbA1c showed poor

metabolic control in the groups with more unhealthy behaviors. Other authors

found a correlation of BMI with greater body dissatisfaction [53]. This greater

body dissatisfaction may trigger a cycle of dieting and binge-eating especially

in young women for whom body weight and shape are central to their self-

image. There is a clear association of eating disturbance and metabolic control

and diabetes-related complications. In addition to impaired metabolic control

[38, 53, 57, 66], acute complications like diabetic ketoacidosis are more

frequent [63]. Microvascular diabetic complications seem to occur even earlier

and more frequently in young patients with diabetes. In a 4-year follow-up,

Rodin et al. [66] reported on a group of 91 girls (age 12–18 years). In this

group of adolescent girls, the authors found dieting in 38%, binge eating in

45%, insulin omission in 14% and self-induced vomiting in 8%. These behav-

iors were even more frequent at follow-up after 4 years. HbA1c was signifi-

cantly higher in the group of girls with highly disordered eating (11.1%)

compared to girls with moderate disorder (8.9%) and nondisordered behaviors

(8.7%). Prevalence of retinopathy was fourfold higher at follow-up in the highly

disordered group (86%) compared to the nondisordered group (24%).

Disordered eating status in this study was in fact even more predictive for

retinopathy than duration of diabetes.

Besides the weight gain problem with consecutive self-image dissatisfaction,

patients with diabetes have a unique opportunity to control weight by insulin

omission. This induces hyperglycemia and glucosuria. Practice of insulin omis-

sion is frequently used in girls of mid-teen age (11–14%) and even more often

seen in adolescence and young adulthood (34%) [68]. Other risk factors for the

development of eating disorders in adolescents with diabetes can be found in
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Table 5. Rates of eating disorders in a stringent manner of diagnostic criteria

(Diagnostic and statistical manual of mental disorders IV � DSM-IV) in the general popu-

lation compared to patients with diabetes (according to Hoek et al. [29] and Jones et al. [38])

Disorder Definition (based on DSM-IV) Epidemiology

Anorexia nervosa 1. Refusal to maintain body Prevalence: 0.3–0.5% of

weight greater than young women

normal weight (less than  Female:male ratio 10:1

85%) for age and height. In adolescents up to 14:6

2. Intense fear of weight gain Incidence: 8/100,000/year

3. Disturbance in the way in Diabetics: 0–0.2%

which one’s body weight 

or shape is experienced:

– undue influence of body 

weight or shape on self-

evaluation

– denial of seriousness of the 

current low body weight

4. In postmenarchal age:

amenorrhoea

Bulimia nervosa 1. Recurrent episodes of  Prevalence: 0.5–1% of

binge-eating characterized young women,

by both: 0.1% of young men

– eating in a discrete period Incidence: 12/100,000/year

of time an amount of Diabetes: females

food that is definitely larger 1% (vs. 0.5%)

than most people would 

eat during a similar period 

of time and under similar 

circumstances.

– a sense of lack of control

during the episode

2. Recurrent inappropriate 

compensatory behavior to 

prevent weight gain:  

self-induced vomiting,  

misuse of laxatives or  

diuretics, fasting, excessive

exercise

3. Recurrent episodes of  

binge-eating at least twice  

a week for 3 months



Complications and Consequences 339

the family function. Girls with diabetes report less support, poorer communi-

cation and less trust in the relationships with their parents [52].

Pediatric diabetes teams should therefore be aware of eating disorders

especially in the group of adolescent girls. Intervention can be made in ambu-

latory settings with specialized psychologists who have experience with both

eating disorders and diabetes. In life-threatening weight loss, patients have to

be stabilized with parenteral nutrition. In these cases, collaboration with spe-

cialized psychiatrists is essential. Further research is needed in order to develop

preventive strategies for eating disorders in the high-risk group of adolescent

girls with diabetes.

Skin and Joints

Patients with diabetes are at higher risk than nondiabetic subjects to

develop several skin disorders. In children, only few data exist on the development

of skin problems.

Lipodystrophy expressed as lipoatrophy and lipohypertrophy is a typical

cutaneous manifestation at the injection sites of patients with diabetes. The

reduction of subcutaneous adipose tissue is now seen less frequently with the

use of human insulin. The etiopathogenesis and specialness of both conditions

seems to be controversial [64]. Local trophic effects could explain tissue

growth. Raile et al. [64] showed a strong association of lipoatrophy and lipohy-

pertrophy with insulin antibodies. Not changing the injections site has been

Table 5 (continued)

Disorder Definition (based on DSM-IV) Epidemiology

Binge-eating 1. Recurrent episodes of Prevalence suggested

disorder binge-eating 1–4% in women

2. at least 3 of the following: Male:female 2:3

– rapid eating Up to 30% of individuals 

– eating until becoming in weight-control programs

uncomfortable Diabetes: females 9%

– eating large amounts when (vs. 4%)

not hungry

– eating alone because of 

embarrassment

– disgust, depression or guilt 

because of eating

patterns
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reported to be an independent risk factor for lipohypertrophy [28]. Raile et al.

[65] found lipohypertrophy in almost half of all children and adolescents with

diabetes whereas lipoatrophy was seen in only 5% of the pediatric patients.

Clinical experience and experimental data suggest that insulin absorption

from lipodystrophic injection sites is disturbed and therefore those sites should

be avoided for the injection of insulin [78]. Rotation of the injection sites

should help avoid lipodystrophy.

The development of scleroderma-like changes of the hand and limited

joint mobility (LJM) has been described in diabetes [19, 24, 35, 83]. LJM is

another common complication in patients with diabetes affecting about up to

35% of children and adolescents. Infante et al. [36] describe a decreasing rate

of LJM in the hands and fingers over the last 20 years (from 31 to 7%) that is

most likely the result of better glycemic control during these two decades. Also,

LJM not only affects the fingers and hands but also the feet, elbows, neck and

spine. Typical is a positive praying sign expressing a limited interphalangeal

joint extension when putting the palms in opposition. There are reports on the

association of LJM with microvascular complications in children and adults

[19, 24].

There is an association with scleroderma-like skin syndrome and LJM in

patients with diabetes. Scleroderma-like changes of the fingers and hands are

seen in up to 39% of diabetes patients [83]. Ichthyosiform skin changes were

seen even more frequently in the study of Yosipovitch et al. [83] (48%).

Necrobiosis lipoidica diabeticorum (NLD) is a less common skin change

in patients with diabetes. The prevalence in children is reported to be 0.06%

in a population-based setting and up to 10% in an older hospital-based survey

[16, 82]. Typically, a well-circumscribed reddish lesion can be found with

sometimes central ulceration as usually found in the pretibial region. O’Toole

et al. [60] reported that only a minority of the patients with NLD attending their

dermatology outpatient clinic suffered from diabetes (11%). The etiology of

NLD remains unclear but successful treatment with immunomodulating drugs

could suggest an underlying immune process. Treatment of this rare condition

also remains controversial. There are no well-conducted clinical trials. Most

frequently reported are topical, systemic or intralesional corticosteroids. Newer

reports recommend immunomodulative or immunosuppressive therapy strategies

or PUVA [15, 58, 73, 75]. As limited joint mobility NLD is also associated with

a higher frequency of microvascular complications [82].

Our group found a higher frequency of paronychia in adolescents with

diabetes and particularly girls than in controls (34.4 vs. 23%; p � 0.01).

Patients with paronychia were older and had a longer duration of diabetes while

there was no difference in long-term HbA1c between the groups. Vibration per-

ception in all measured regions was impaired, compared to healthy adolescents.
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Subclinical neuropathy and microalbuminuria was found to be more frequent in

patients with paronychia than in those without [41].

Other Consequences

There are various other consequences regarding psychosocial development,

education, partnership, and choice of profession.

Psychosocial development in our experience could be disturbed especially

in families with minor psychosocial problems before the manifestation of

diabetes. Therefore, in a multidisciplinary pediatric diabetes team a psychologist

with experience with the care of pediatric patients and diabetes should be avail-

able. Diagnostic tools for the assessment of diabetes treatment satisfaction,

lifestyle satisfaction and childhood development should be available and used

in these conditions. Interventions should be carried out in an ambulatory

setting. An experienced pediatric psychiatrist should also be accessible in

cooperation with the diabetes team in the in-patient setting.

The psychopathology of adolescents with diabetes includes, besides eating

disorders, especially noncompliance with medical treatment. This condition is a

challenge for every pediatric diabetes team and can last for years in some cases.

Diagnosable psychiatric disorders can be hidden and have to be searched for.

Normal psychosocial development depends on normal integration in social

life. Therefore, toddlers should have access to kindergarten. Nursery school

teams should be educated on diabetes management especially regarding

hypoglycemia. In our experience, education by our diabetes nurse in the kinder-

garten is always welcome. Some nursery school teams even inject insulin and

adjust doses. If insulin injection is needed while the child is staying in kinder-

garten another alternative is management by a pediatric community nurse.

In addition, diabetes education should be readily available in all schools.

Teachers and classmates should be informed about diabetes in an age-dependent

manner. Some children tend to withhold the diagnosis and management of dia-

betes from their classmates. This should be carefully evaluated and discussed

before reintegration of the patient with diabetes into daily routine. If children

and adolescents with diabetes take part in sports activities, the coach and team

should be aware of possible hypoglycemic events and prevention and treatment

of them. Children and adolescents with diabetes should have access to all the

activities their classmates might have. With this concept, psychosocial devel-

opment should be secured.

Another major step in life is choice of career. In several countries, legal

regulations restrict a free choice of career. In Germany, for example, military

service and use of weapons is prohibited for people suffering from diabetes.
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There are several jobs where a diabetes patient could put himself at risk in case

of a hypoglycemic attack. This is particularly so in jobs with conveyance of

persons. Other possible problems are from metabolic disturbances due to shift

working. Therefore, a job-seeking adolescent with diabetes should have access

to comprehensive professional counseling.

Transition from pediatric into adult care should be handled in a well-

planned and structured manner. The importance of a good transition was

studied by several groups in the past few years. Kipps et al. [43] showed that

the differences of quality of transition depend on the process. This process

could significantly influence the future of metabolic control and diabetes com-

plications in every patient. The cooperation with an adult diabetes clinic could

provide a bridge for patients and pediatric diabetologists to manage the transi-

tion period successfully.

Peer groups and partnerships play a major role in adolescence. The way of

dealing with the chronic disease can be positively and negatively influenced by

peers depending also on the self-esteem and self-management of each individ-

ual diabetes patient. In discussions with adolescents, one can recognize the

wish to not be different from their peers. Self-esteem and self-image could be

boosted by group work, for example in diabetes camps. In our group, these

camps are also used to bring up discussions on contraception and family planning.

This approach is well accepted and welcomed by the adolescents.

Conclusion

Pediatricians dealing with children and adolescents with diabetes should

be aware of concomitant diseases and their complications. The frequency of

these conditions is often underestimated. In addition, an accumulation of these

complications in adolescence together with psychosocial problems could criti-

cally affect metabolic control and diabetes management of the adolescent

patient with diabetes. Screening for different conditions should be a matter of

fact. Evaluation of the psychosocial situation should be provided at certain

intervals. Computed quality management programs or paper data sheets could

help deal with this in a comprehensive way.
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In the past, type 2 diabetes mellitus (T2DM) was considered a disease of

adults and older individuals, not a pediatric condition. Over the last decade,

however, in the USA and the rest of the world there has been a disturbing trend

of increasing cases of T2DM in children and adolescents, mirroring the increasing

rates of obesity. This emerging epidemic of T2DM in youth has alerted health

care providers to increase awareness in the scientific community [1].

T2DM is a serious condition that can have a detrimental impact on health,

quality of life and life expectancy. Due to its chronic nature, which necessitates

lifelong maintenance, it is also a tremendous economic burden on the health

care system.

Epidemiology

Although T2DM has historically been characterized as adult-onset

diabetes, it has been shown to be on the rise in young people in recent years,

comprising some 30% of new cases of diabetes in the second decade of life [2].

The mean age at diagnosis of T2DM in young people is 12–14 years. The

recent increase in the incidence of T2DM is thought to be related to the increas-

ing prevalence of obesity in young people, which has reached epidemic pro-

portions in the US and is disproportionately high in young people of a

particular ethnic background [3, 4]. In 1988–1994, The Third National Health

and Nutrition Examination Survey (NHANES III) recruited a representative
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sample of US adolescents aged 12–19 years, and showed that the prevalence

of T2DM and type 1 diabetes in the US pediatric population is 0.41%

(4/1,000) [5].

The incidence of T2DM in young people is particularly high in minority

populations. Pima Indians have the highest documented prevalence of T2DM in

the world. Pima youth in the age range 5–14 years have an incidence rate of

T2DM of 1 in 1,000 person-years. T2DM has also been documented in first

Nation Youth in Manitoba, with a prevalence of at last 0.53 per 1,000 in the age

range 7–14 years [6–8]. Among Japanese’s youth T2DM is seven times more

frequent than type 1 diabetes, showing a 30-fold increase in incidence over the

past 20 years concomitant with changing food patterns and increasing obesity

[9, 10]. Similar alarming statistics have also been obtained recently in other

parts of the world [11]. Recent studies have demonstrated that 21% of diabetic

patients of Mexican-American descent had T2DM, compared with only 3% of

their white counterparts [3]. In another study, 69% of pediatric diabetics with

T2DM in the Greater Cincinnati area were African-American, although this

ethnicity constituted only 14.5% of the general population. The odds ratio for

the development of T2DM in African-American compared with white youths

was 3.5 in boys and 6.1 in girls; African-American girls have been shown to be

at particularly high risk for obesity, compared with boys and white girls [4]. In

San Antonio, Tex., USA, 123 youths with T2DM were diagnosed between 1990

and 1998, accounting for 18% of all new diabetes cases [12].

New papers are reporting cases of T2DM also in Europe: in the year 2000,

a retrospective epidemiological study has investigated the prevalence of T2DM

in children in Birmingham (UK); in 12 months 67 children presented with

diabetes, of whom 4 were new presentations of T2DM. The prevalence of

T2DM in those aged under 18 is 0.038 per 1,000, with an annual incidence of

1.52 per 100,000 [13].

In a recent Italian study, the prevalence of glucose intolerance and its deter-

minants with levels of glycemia were studied in 710 grossly obese Italian chil-

dren of European origin aged 6–18 years. In these grossly obese children, the

prevalence of impaired glucose tolerance was 4.5%, and both insulin resistance

and impaired insulin secretion contribute to the elevation of glycemia [14].

Pathophysiology

Ethnic and geographic differences in the incidence of T2DM indicate that

the disease is a complex metabolic disorder of heterogeneous etiology, with

social, behavioral and environmental risk factors unmasking the underlying

genetic susceptibility of individuals.



Type 2 Diabetes mellitus in Childhood 349

There is clearly a strong hereditary component to the disease, which is

likely to be multigenic in nature. In adults, the concordance rate of T2DM in

monozygotic twins is approximately 90%, and the lifetime risk of developing

T2DM in a first-degree relative is approximately 40%. The important role of

genetic determinants is well illustrated when differences in the prevalence of

T2DM in various racial groups are considered. However, even though genetic

susceptibility to T2DM is important, the rapid increase observed in the preva-

lence of this disorder has occurred too quickly to be the result of increased gene

frequency and altered genetic pool.

Although the pathogenesis of T2DM is controversial, it is generally agreed

that: (1) the disease has strong genetic and environmental components; (2) its

inheritance is polygenic; (3) impaired insulin sensitivity and secretion, each of

which is under genetic control, are both important elements in its pathogenesis;

(4) most patients are obese; (5) obesity, especially intra-abdominal obesity,

causes insulin resistance and is under genetic control [15].

As we know, glucose homeostasis depends on the balance between insulin

secretion by pancreatic �-cells and insulin action. Insulin resistance alone is

not sufficient for hyperglycemia to develop, and inadequate �-cell insulin

secretion is necessary. There has been considerable debate about whether

insulin resistance or insulin hyposecretion is the primary defect in T2DM in

adults. The constellation of clinical characteristics in children with T2DM

suggests that the initial abnormality is impaired insulin action, later compounded

with �-cell failure.

Familiar trends in diabetes risk might be transmitted across generations

by environmental as well as genetic factors. Marked increases in body mass

index (BMI) in pubertal and young adult woman predispose to glucose

intolerance and overt diabetes during pregnancy [16]. Gestational diabetes

promotes fetal overgrowth, and children born large for gestational age in dia-

betic pregnancies are themselves at higher risk of childhood obesity and

T2DM. Though this vicious cycle of glucose intolerance has been demon-

strated most convincingly in PIMA Indians, we are likely to witness in the not

too distant future a surge in the incidence of gestational diabetes in other

high-risk groups [17].

It is well recognized that resistance to insulin-stimulated glucose uptake is

a characteristic finding in patients with T2DM and impaired glucose tolerance.

Cross-sectional and longitudinal studies in populations at high risk for develop-

ing T2DM demonstrate that hyperinsulinemia and insulin resistance are present

in the prediabetic normoglycemic state. The evolution from normal to impaired

glucose tolerance is associated with worsening of insulin resistance. In patients

with T2DM, impaired insulin action and insulin secretory failure are both

present. The failure of the �-cell to continue to hypersecrete insulin underlines
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the transition from insulin resistance, with compensatory hyperinsulinemia and

normoglycemia, to clinical diabetes, with overt fasting hyperglycemia and

increased hepatic glucose production.

It has been proposed that hyperglycemia may worsen both insulin resis-

tance and insulin secretory abnormalities, thus enhancing the transition from

impaired glucose tolerance to diabetes or aggravating diabetes. In this way,

hyperglycemia may beget more hyperglycemia, a concept called glucose toxicity.

Glucose toxicity-induced abnormalities of insulin secretion and action can be

ameliorated by correction of hyperglycemia [18].

Risk Factors

Obesity and Lifestyle

Obesity seems to precede T2DM and may cause diabetes in genetically

predisposed individuals.

Cross-sectional and longitudinal studies have shown that excessive body

weight and increased abdominal fat distribution are major risk factors for adult-

onset T2DM in virtually all populations.

In healthy young people, increased adiposity is directly correlated with

insulinemia and negatively with insulin sensitivity, suggesting that body fat

may be related to risk of T2DM. The negative impact of obesity in the patho-

genesis of glucose metabolism disturbances is evident early in childhood in

both white and black children.

In addition to the degree of obesity, the duration of obesity and location of

body fat are also important risk factors for T2DM. Maximum lifetime BMI is

associated cross-sectionally with T2DM, independent of current BMI. The risk

of T2DM is positively related to the number of years of being obese. Further-

more, the site of body fat, particularly central fat, is a predictor of T2DM, inde-

pendent of the presence of obesity. In children, the relative roles of different

compartments of adiposity are less clear, and their relation to T2DM still needs

to be investigated further [19–21].

Family History

One of the most consistent findings in youth with T2DM is the presence

of a first- or second-degree relative with T2DM [22]. Of Mexican-American

children with T2DM, 80% have an affected first-degree relative. Among black

children with T2DM, 95% have a family history of T2DM, often with multiple

affected family members in more than one generation. In healthy black chil-

dren, a family history of T2DM is a risk factor for insulin resistance. These
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children manifest around a 25% decrease in insulin sensitivity compared with

black children who have no family history of T2DM [23].

Ethnic Factors

The emerging epidemic of T2DM in youth appears to be mostly affecting

children from minority ethnic groups. Among Pima Indian children, who have

the highest reported rates of T2DM, genetic predisposition to insulin resistance

appears to play a major role. This genetic predisposition to insulin resistance is

manifested early in life by the presence of hyperinsulinemia in nondiabetic

Pima Indian children compared with Caucasian children [24]. T2DM is more

common in African-American children than in Caucasian children. African-

American children are more hyperinsulinemic and insulin resistant than

Caucasian children. It is possible that children of certain ethnic groups have a

genetic predisposition to insulin resistance, which in the presence of environ-

mental modifiers could increase their risk of T2DM and result in disease

expression during physiological states of insulin resistance [25]. The ‘thrifty’

genotype hypothesis represents one attempt to explain the high prevalence of

obesity and T2DM in these ethnic populations. This hypothesis postulates that,

in a hunter-gatherer society, the thrifty genotype promoted fat deposition and

conferred a survival advantage when food supplies were unpredictable and

scarce. However, with the adoption of the more sedentary lifestyle typical of

today’s society and increased energy intake from abundant food supplies, such

a metabolic phenotype has become a disadvantage predisposing to obesity and

T2DM [26].

Fetal Origins of T2DM and Maternal Influences

Growth retardation in the intrauterine environment may predispose

individuals to be at increase risk for obesity, hypertension, metabolic syndrome,

T2DM, and cardiovascular disease later on in life. Fetal malnutrition is thought

to relate to metabolic syndrome via negative effects on functioning of kidney,

pancreas, hypothalamic-pituitary-adrenal axis, sympathetic system, and muscle,

liver and adipose tissue.

The relation of the prevalence of T2DM to birth weight is U-shaped.

Multiple epidemiological studies developed in North America and Europe

appear to broadly confirm the association of low birth weight in babies born at

term, with the glucose metabolism impairment in the adult life. The prevalence

of T2DM has been reported at 13–25% for low birth weight (�2,500 g).

Exposure to maternal gestational diabetes has also been noted as a predictor
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for childhood obesity and T2DM. Gestational diabetes, in fact, creates a

hyperglycemic intrauterine environment and may alter glucose and insulin

metabolism in the offspring. In over nutrition conditions (birth weight

�4,000 g), the prevalence of T2DM has been reported to be 8–18% [27].

Growth of tissues has critical periods at different times and the intrauter-

ine environment can be one mechanism which may cause permanent changes

in pancreas structure and hormone secretion pattern [28].

Recently, emerging evidence suggests that several maternal factors may be

associated with childhood obesity, including maternal smoking during

pregnancy, breastfeeding behavior, and parental dietary behavior and control

feeding.

Maternal smoking may be related to poor diet during pregnancy, and a

suboptimal nutritional environment in utero could result in fetal growth

retardation [29].

Recent studies have shown that low birth weight is associated with a high

prevalence of T2DM in British adults. Similar results have been discussed in a

population-based study of 3.061 Pima Indians aged 5–29 years; in Pima Indian

children and young adults, lower birth weight is associated with higher serum

insulin concentration (and presumably lower insulin sensitivity), especially

when related to their smaller body size. In conclusion, low-birth-weight Pima

Indians are more insulin resistant than those with normal birth weight and this

may explain their increased risk for T2DM [24].

Puberty

Puberty appears to play a major role in the development of T2DM in chil-

dren. The majority of youth with T2DM are diagnosed at puberty. During

puberty, there is increased resistance to the action of insulin, resulting in hyper-

insulinemia [16]. Insulin responses during an oral glucose tolerance test (OGTT)

increase significantly from toddler age to adolescence. After puberty, basal and

stimulated insulin responses decline. Hyperinsulinemic-euglycemic clamp

studies demonstrate that insulin-mediated glucose disposal is on average 30%

lower in adolescents between Tanner stages II and IV compared with prepubertal

children in Tanner stage I and compared with young adults [30–32]. In the pres-

ence of normal pancreatic �-cell function, puberty-related insulin resistance is

compensated by increased insulin secretion [33].

The causes of insulin resistance during puberty have been under investi-

gation. Both growth hormone (GH) and sex steroids are likely candidates;

however, the transient nature of pubertal insulin resistance is out of tempo

with the increasing levels of sex steroids, which remain elevated in young
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adults while insulin resistance subsides. On the other hand, GH secretion

increases during puberty simultaneously with the decrease in insulin action

[34]. Studies have demonstrated that insulin-stimulated glucose metabolism

correlates inversely with GH and/or insulin-like growth factor I level [31].

Administering GH to adolescents who are not GH deficient is associated with

a deterioration in insulin action, whereas testosterone or dihydrotestosterone

administration has no such effect. Thus, increased GH secretion during

normal puberty is most probably responsible for the insulin resistance that

evolves during puberty, and both these changes subside with the completion of

puberty [35].

Given this information, it is not surprising that the peak age for T2DM

is in mid-puberty. In an individual who has a genetic predisposition for

insulin resistance, compounded with environmental risk exposure, the addi-

tional burden of insulin resistance during puberty may tip the balance from a

state of compensated hyperinsulinemia with normal glucose tolerance to

inadequate insulin secretion and glucose intolerance that continues beyond

puberty.

Polycystic Ovary Syndrome

Polycystic ovarian syndrome (PCOS) is another condition associated with

insulin resistance. Women with PCOS are at increased risk of T2DM because

they have profound insulin resistance, independent of obesity, and they have

abnormalities in �-cell function. In women with PCOS, 31% have impaired

glucose tolerance and 7.5–16% have T2DM [37]. Adolescents with PCOS have

evidence of skeletal muscle insulin resistance with 40% reduction in insulin-

stimulated glucose disposal, compared with body composition-matched 

non-hyperandrogenic control subjects. Those adolescents with PCOS who

have impaired glucose tolerance have a 50% decrement in first-phase insulin

secretion [38].

Acanthosis nigricans

Acanthosis nigricans, a marker of insulin resistance, is a frequently

associated finding in up to 90% of youth with T2DM. This skin lesion is

characterized by velvety hyperpigmented patches in intertriginous areas. The

medical importance of acanthosis nigricans is its association with insulin

resistance/hyperinsulinism and features of syndrome X. The prevalence of this

skin lesion is reported to be highest in black children (13.3%), followed by
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Hispanics (5.5%) and Caucasian (0.5%). The presence of acanthosis nigricans

during routine physical examination should alert health care providers to the

presence of insulin resistance/hyperinsulinemia and may prove a useful guide

for screening individuals at risk for T2DM [39].

Diagnosis

The differential diagnosis of children and adolescents with excessive

weight gain and obesity includes insulin resistance with or without diabetes

mellitus, hypercortisolemia, hypothyroidism, excessive caloric consumption,

and chromosomal disorders (e.g. Prader-Labhart-Willi syndrome). T2DM is

diagnosed when fasting plasma glucose exceeds 126mg/dl or if checked

randomly glucose is �20mg/dl or at 2 h after eating a meal or during a glucose

tolerance test confirmed on different days. When obesity is present along with

evidence of insulin resistance (acanthosis nigricans and/or insulin-to-glucose

ratio �0.20) with no islet autoantibodies, then the child has T2DM. The pres-

ence of autoantibodies, with or without obesity, indicates type 1A (autoim-

mune) diabetes. It should be remembered that there is evidence of the presence

of �-cell autoimmunity in adults with T2DM (4–15%); this situation is called

latent autoimmune diabetes of the adult (LADA) and has also been described

in children with clinical features of T2DM [36].

If the patient is African-American and has a family history of diabetes, the

presentation is more acute, insulin sensitivity is normal, acanthosis and autoan-

tibodies are absent, and the obesity is not marked, then the patient most likely

has atypical diabetes [16, 40].

Normal insulin sensitivity and absence of obesity, acanthosis nigricans,

and autoantibodies in a Caucasian patient with a family history of diabetes

(autosomal-dominant in three or more generations) is consistent with maturity-

onset diabetes of youth (MODY). The absence of autoantibodies in a patient

who is not markedly obese and who does not have a family history is typical of

type 1B (idiopathic) diabetes.

In newly diagnosed children and adolescents, T2DM accounts for about

10–20%, atypical diabetes 5–10%, type 1B 5–7%, and MODY is rare.

Because T2DM may remain asymptomatic for a prolonged period, the

American Diabetes Association now recommends the screening of overweight

children (BMI �85th percentile for age and sex) who have 2 or more of the

following risk factors: family history of diabetes in a first- or second-degree

relative; American Indian, black, Hispanic, or Asian/Pacific Islander ethnicity;

signs of insulin resistance (acanthosis nigricans, hypertension, dyslipidemia,

polycystic ovary syndrome).
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Screening should be initiated at age 10 years (or at puberty) and performed

every 2 years. Acceptable screening methods include fasting blood glucose or

a 2-hour OGTT, but not glycosylated hemoglobin because of its low clinical

sensitivity [41, 16].

Prevention

As noted previously, the recent surge in T2DM in adolescents is related at

least in part to increased prevalence of obesity among populations at risk for

the disease. Therefore, preventive measures among pediatric patients should

focus on obese subjects with a family history of T2DM.

No established guidelines are available to differentiate safe and low-risk

obesity from dangerous and high-risk obesity in pediatric patients. A recent

report documents high rates of glucose intolerance and unsuspected T2DM

among obese subjects with BMI above the 95th percentile for age and gender.

Consequently, subjects with BMI exceeding the 95th percentile for age and

gender must be considered at risk. Nevertheless, some (particular pubertal)

obese patients may have no apparent defects in insulin production or action and

display no evidence of fasting hyperglycemia or glucose intolerance [41].

Glucose tolerance in obese patients is best assessed using a standard OGTT,

which is reproducible and reliable in obese adolescents. Those with IGT (2 h

glucose, 140–199mg/100ml) or IFG (fasting glucose, 111–125mg/100ml) are

at the greatest risk of developing T2DM.

Such patients require immediate intervention to prevent further deteriora-

tion in blood glucose control. In adults with IGT, intensive lifestyle intervention

has been shown in long-term studies to significantly reduce (by 31–58%) the

rate of development of T2DM. In theory, intensive lifestyle intervention should

also benefit pediatric patients who are at risk for developing T2DM [42].

However, lifestyle intervention is difficult, time-consuming, and, in many

cases of childhood obesity, ineffective. Treatment failure may exacerbate

insulin resistance, dyslipidemia, and glucose intolerance, leading to irreversible

�-cell dysfunction and overt T2DM. Insulin resistance, dyslipidemia, and

glucose intolerance in adolescents may also predispose to steatohepatitis and

the development of arterial fatty plaques [40].

Recent investigations suggest that pharmacological agents may comple-

ment the effects of lifestyle intervention and reduce the risk of diabetes in

selected patients. Metformin, trioglitazone, and acarbose reduce the risk of

T2DM development in adults with IGT (Diabetes Prevention Program,

TRIPOD, STOP-NIDDM). This is probably also true in adolescents with IGT.
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Therapy

The ideal goal of treatment is normalization of blood glucose values and

HbA1c. Successful control of the associated comorbidities, such as hypertension

and hyperlipidemia, is also important.

The ultimate goal of treatment is to decrease the risk of the acute and

chronic complications associated with diabetes. There is strong evidence from a

UK Prospective Diabetes Study that normalization of blood glucose decreases

the frequency of microvascular complications of T2DM in adults. Macrovascular

outcomes were not significantly decreased [43].

The early age of onset of T2DM in children may particularly increase the

risk of microvascular complications, which are known to be directly related to

duration of hyperglycemia and diabetes.

The initial treatment of T2DM will vary depending on the clinical presen-

tation. The spectrum of the disease at diagnosis ranges from asymptomatic

hyperglycemia to diabetic ketoacidosis and hyperglycemic hyperosmolar

nonketotic states.

Clinical features suggesting initial treatment with insulin include dehydra-

tion, presence of ketosis, and acidosis. Patients who are not ill at diagnosis can

be managed initially with medical nutrition therapy and exercise, but most will

require drug therapy [44].

There are five types of glucose-lowering oral agents available for the treat-

ment of type 2 diabetes:

1. Biguanides: decrease hepatic glucose output and enhance primarily

hepatic and also muscle insulin sensitivity without a direct effect on �-cell

function (metformin)

2. Sulfonylureas: promote insulin secretion (acetohexamide, chlorpropramide,

gliclazide, glimepiride, glipizide, glyburide, tolazamide, and tolbutamide)

3. Meglitinide: short-term promotion of glucose-stimulated insulin secretion

(repaglinide)

4. Glucosidase inhibitors: slow hydrolysis of complex carbohydrase and slow

carbohydrate absorption (acarbose and miglitol)

5. Thiazolidenediones: improve peripheral insulin sensitivity (troglitazone,

rosiglitazone, and pioglitazone) [45].

All children with T2DM should receive comprehensive self-management

education.

Referral to a dietician with knowledge and experience in the nutritional

management of children with diabetes is necessary. Dietary recommendation

should be culturally appropriate, sensitive to family resources, and provided

to all caregivers. Encouraging healthy eating habits by the entire family is very

important.
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Daily physical activity increasing caloric expenditure, is an important

component of therapy. Exercise can decrease insulin resistance and is an impor-

tant component of weight management. Decreasing sedentary activity, such as

television watching and computer use, has been shown to be an effective way

to increase daily physical activity in children. Involvement of family members

can provide positive reinforcement and make overall family health a higher

priority [41, 42].

Successful treatment with diet and exercise is defined as cessation of

excessive weight gain with normal linear growth, near-normal fasting blood

glucose values (�126mg/dl), and near-normal HbA1c (less than 7%). Successful

diabetes management without oral medication or insulin occurs in fewer than

10% of adult patients with diabetes over time [42].

If treatment goals with nutrition education and exercise are not met, phar-

macological therapy is initiated. The first oral agent used should be metformin.

Metformin has the advantage over sulfonylureas of having a similar reduction

in HbA1c and overall glucose levels without the risk of hypoglycemia. In addi-

tion, weight is either decreased or remains stable, and LDL cholesterol and

triglyceride levels decrease.

Treatment with metformin also may normalize ovulatory abnormalities in

girls with PCOS and increase the risk of unplanned pregnancy. Therefore,

preconception and pregnancy counseling should be part of the treatment regi-

men for all girls and women of childbearing age with T2DM. No oral agent

should be used during pregnancy, highlighting the importance of counseling

adolescents with T2DM about sexuality and pregnancy.

Due to the concern about lactic acidosis, metformin is contraindicated

in patients with impaired renal function and should be discontinued with the

administration of radiocontrast material. Metformin should not be used in

patients with known hepatic disease, hypoxemic conditions, severe infections or

alcohol abuse [45].

A recent study evaluated the safety and efficacy of metformin at doses to

1,000mg twice daily in 82 subjects aged 10–16 years for up to 16 weeks in a

randomized double-blinded placebo-controlled trial. Metformin significantly

improved glycemic control (42mg/dl) and reduced HbA1c (7.5 vs. 8.6mg/dl).

Improvement was seen in both sexes and in all race subgroups. The drug did

not have a negative impact on body weight or lipid profile, adverse events were

similar to those reported in adults treated with metformin (abdominal pain,

diarrhea, nausea and headache). No cases of clinical hypoglycemia or lactic

acidosis [46] have been reported.

If monotherapy with metformin is not successful over a reasonable

period of time (3–6 months), several alternatives can be considered. Some clin-

icians would add sulfonylurea, whereas others might add insulin. Other insulin
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secretogogues are acceptable as well as glucosidase inhibitors, but these are

used less frequently in children. With greatly elevated blood glucose levels or

in very symptomatic patients, starting treatment with insulin (bedtime insulin

alone, twice-a-day insulin or multidose insulin regimens) may most effectively

bring hyperglycemia and symptoms under control. When glucose control

is established, adding metformin while decreasing insulin is a therapeutic

option [47].

Monitoring for Complications

All types of diabetes increase the risk for microvascular and macrovascular

complications, including myocardial infarction, stroke, renal failure, blindness,

and neuropathy. However, risk for developing these complications may be sub-

stantially greater in T2DM than in type 1 [41].

The cumulative incidence of nephropathy after 30 years of postpubertal

diabetes is significantly higher in T2DM (44.4%) than in type 1 diabetic patients

(20.2%). Moreover, the incidence of nephropathy among type 1 diabetic patients

has declined in the past two decades, whereas it is has not among T2DM

patients.

Elevated blood glucose, common to both types of diabetes, affects the

blood vessels through several mechanisms. Acutely, hyperglycemia increases

blood pressure, promotes blood clot formation, and reduces endothelium-

dependent blood flow, effects that appear to be mediated by oxidative stress. In

the long-term, hyperglycemia induces formation of advanced glycosylation end

products that damage the vascular endothelium. For these reasons, good

glycemic control reduces diabetes complication rates. However, unlike type 1,

T2DM is strongly associated with two additional cardiovascular disease risk

factors: obesity and hyperinsulinemia [48].

Dilated eye examination should be performed in adolescents with T2DM

according to the ADA’s standards of medical care. Screening for micro-

albuminuria should also be performed yearly. It is unclear whether foot exami-

nations are important in this age group; however, these examinations are

painless, inexpensive, and provide an opportunity for education about foot care.

We suggest tests for elevated blood pressure and lipid abnormalities. However,

studies to detect macrovascular disease are probably not indicated. It is

important to carefully control hypertension and in this case ACE inhibitors are

the agents of choice in children with microalbuminuria. Children with T2DM

may be hyperlipidemic. In this case weight loss, increased activity, and

improvement in glycemic control often results in improvement of lipid levels

[49, 50].
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Conclusion

The progression of disease from childhood to adulthood is often silent; by

the time of diagnosis, many adults with T2DM already have microvascular and

macrovascular complications. Intergenerational cycles and social/cultural

factors perpetuate the familial and ethnic patterns of chronic illness. These

facts underscore the central importance of reproductive and pediatric medicine

in the prevention of adult disease.

The prevalence of T2DM in the US may increase by as much as 65%

during the next 50 years, and if societal trends in obesity are not controlled, we

can expect further increases in the prevalence of childhood disease and gesta-

tional diabetes. Such changes will place enormous burdens on the medical,

financial, and social communities [16].

As pediatric endocrinologists caring for individual patients, we must

aggressively manage hyperglycemia, dyslipidemia, and hypertension to prevent

long-term complications. However, we must also define the metabolic, genetic,

and lifestyle factors that increase the risk of chronic metabolic and cardiovas-

cular disease more precisely and identify, at an early age, those families and

children at highest risk. We will then, in collaboration with representatives of

the lay community, be able to implement individual and societal measures that

will prevent diabetes.
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Replacing the Lost �-Cell Function: An Unsolved Issue

The concept of replacing exogenous insulin therapy with an endogenous,

novel cellular source of insulin emerged over 30 years ago, when chemical dia-

betes in rodents was reverted by syngeneic islet transplantation [1]. It was only

in 1986, however, that the development of a method for human islet isolation

[2] led to the first attempts at islet transplants in man [3, 4]. In the following

years, several international centers started clinical programs of islet transplan-

tation, with variable results [5, 6]. Only since 2000 has the introduction of a

new immunosuppressive regimen, now known as the ‘Edmonton protocol’ [7],

and of several refinements of the entire procedure led to consistent success.

Despite this improvement, chronic immunosuppression and scarcity of trans-

plantable islets make islet transplantation a treatment for a niche of diabetic

patients. Therefore, alternative cellular replacement therapies, including gene

therapy and �-cell development from stem cells, have been intensively sought.

The Procedure for Islet Isolation and Transplant

The islets are obtained from pancreas retrieved from brain-dead multiorgan

donors. A careful surgical procedure and correct preservation of the pancreatic

gland before the isolation are crucial for islet yield and viability. In 1986,

Ricordi et al. [2] devised a method that enables a controlled mechanical and

enzymatic dissociation of the pancreatic gland. Through a series of improvements
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and modifications to meet the cGMP requirements, this method has evolved

over these years to become the ‘standard procedure’ currently used by the

majority of centers involved in clinical islet transplants. The process is based

on the injection of a blend of proteolytic enzymes (mostly collagenase) into the

pancreatic duct, the gland is then loaded into a chamber where the enzymatic

digestion is accelerated by a controlled mechanical shaking. Depending on the

activity of that specific collagenase lot, and on some characteristic of the pan-

creas itself (i.e. donor age, amount of fibrotic tissue and fat), the process may

approximately require 10–30min. A key feature of the method is that as soon

as islets are liberated from the pancreatic tissue, they are eluted into a separated

section of the circuit where rapid cooling stops enzyme action; thus, islets are

preserved from further digestion and possible damage. At the end of the diges-

tion phase, islets are separated from exocrine fragments on density gradients of

human albumin, performed on and automated system (COBE centrifuge),

rinsed and finally collected in specifically designed plastic bags.

The clinical procedure of islet transplantation consists of an infusion of

the suspension of islets into a distal branch of the portal vein. By a percuta-

neous transhepatic puncture, in local anesthesia and under ultrasonography

visualization, the vessel is cannulated, and islets are slowly infused by gravity.

Islets lodge in pre-terminal or terminal branches of the portal tree, depending

on size. The portal vein pressure is monitored, and the infusion rate is reduced

or temporarily interrupted if an increase is detected. At the end of the proce-

dure, the catheter is retracted and a fibrin plug is left in the vein wall to prevent

bleeding.

Clinical Results

The overall clinical outcome of islet transplantation in type 1 diabetic

patients is documented in the International Registry [8]. In a series of more

than 450 transplants performed from 1990 to 2000 in many centers, only 8% of

patients achieved or maintained insulin independence. A careful look at these

data reveals, however, that they are influenced by the ‘center effect’. Indeed, the

Milan and Giessen groups were able to report a success rate of 50% of insulin

independence at 1 year. Careful surgical harvest of pancreas pre-isolation, an

experienced team performing the isolation procedure and a dedicated post-

transplant management of patients and of immune suppressive therapy are key

elements to success. Several immunosuppressive regimens have been devel-

oped to prevent islet rejection with acceptable adverse effects. These regimens

are based on the combination of drugs with different effects on the immune

system. A short course of anti-thymocyte globulin, or OKT3, followed by an
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anticalcineurin drug, cyclosporin or tacrolimus, plus azatioprine and predisone

(at high dose, tapered over time) had been employed in a large majority of islet

transplants performed at different centers up to 2000.

In 2000, the Edmonton group reported of a series of seven islets trans-

plants in which a dramatic 100% success rate at 1 year was obtained [7].

Subsequent reports from the same group in a larger series of patients con-

firmed a 80% insulin independence at 1 year, and 2 of the initial 3 patients

remaining insulin-free beyond 4 years [9]. These results have been achieved

introducing a series of refinements in several aspects of islet isolation and

transplant procedures. Among many, two factors may represent the key to suc-

cess: the first, the use of a new immunosuppressive regimen, where a mono-

clonal antibody against IL-2 receptor was used as induction therapy, and

rapamycin (sirolimus) plus low-dose FK-506 (tacrolimus) for maintenance

therapy. Steroid was excluded from the scheme. A second factor, likely of sim-

ilar relevance, has been the larger number of islets implanted into each patient

(fig. 1). This islet mass has been obtained from 2 or 3 pancreases, and was

implanted into patients in two or three procedures, approximately at monthly

intervals. The complete procedure consolidated in the so-called ‘Edmonton

Protocol’ has been progressively adopted by many centers with comparable

result [10].

Complications and Adverse Effects of the Procedure

The complications may occur during the implantation phase or

develop as adverse effects of the immunosuppressive treatment. A transient

Protocol

Standard vs Edmonton protocol

‘Standard’ ATG

IL2R-

moAb

FK506

L-d
Rapa

CsA

H-d
Pred

5,000 Islet/Kg/Bw

in 1 infusion

�9,000 Islet/Kg/Bw

in 1–3 infusions

Aza/

MMF

‘Edmonton’

Immuno-suppression Islet mass

Fig. 1. A comparison of the most important differences between the Standard Islet

Transplantation Procedure and the Edmonton Protocol is reported. ATG � Antitymocyte glob-

ulin; CSA � cyclosporine; H-d � high dosage; AZA � azathioprine; MMF � mycophenolate

mofetil; Pred � prednisone; Il-2R Ab � monoclonal antibody against IL-2 receptor;

FK506 � tacrolimus; L-d � low dosage; Rapa � rapamycin.
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increase (�3–5) of liver enzymes has been reported in most cases in the 

peri-transplant period. Infrequent complications include peritoneal bleeding,

development of arteriovenous fistula and thrombosis of a peripheral portal

branch. All these events appeared to be of mild or moderate entity, and resolved

spontaneously without specific treatment. Frequent adverse effects of the

immunosuppressive therapy were mouth ulcer, amenorrhea, hyperlipidemia,

and arthritis. More important, in a very few cases an impairment of renal

function occurred which required a modification of the immunosuppressive

regimen [11].

Impact of Islet Transplantation of Diabetes Complications

Recent studies have shown that islet transplantation can provide excellent

glycemic control over many years with normal HbA1c levels. These results

raise the possibility that islet transplantation may affect the outcome of diabetic

complications provided that rejection and recurrence of autoimmunity can be

prevented by non-toxic immunosuppressive drugs. Long-term studies in non-

uremic diabetic recipients of whole pancreas transplantation have shown that

many years (up to 10) of near-normal glycemic control were needed to arrest

the progression or to reverse diabetic lesions in the native kidney [12]. The cur-

rent survival time of islet transplants in non-uremic diabetic patients is insuffi-

cient to provide the information. However, Fiorina et al. [13] have recently

reported a significant improved survival of renal transplants in uremic diabetic

patients after islet-kidney transplants, compared to intensified insulin treatment

(83 vs. 51% at 7 years). Remarkably, HbA1c levels were similar in both groups,

pointing to an additional advantage provided by the transplant, beyond meta-

bolic control. Among the possible factors, the authors pointed to a positive

association between persistent C-peptide secretion (�0.5 ng/ml) and renal sur-

vival and reduced albumin excretion, even in the patients who had returned to

insulin therapy. This suggestion is supported by a study that demonstrated

improved renal function after administration of C-peptide in type 1 diabetes

[14] making the association more convincing. However, additional studies in

larger groups are needed to confirm this finding.

Gene Therapy

A potentially unlimited source for cellular replacement therapy of type I

diabetes may be obtained by conferring the property to synthesize insulin to
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non-endocrine cells. Several non-endocrine cells – skin, muscle and liver cells –

can be engineered to synthesize proinsulin by a relatively simple gene transfer

procedure [15–17]. These cells, however, release the intact pro-hormone since

they lack the �-cell specific convertases for proinsulin conversion to mature

insulin. To circumvent this obstacle, the proinsulin DNA sequence has been

genetically modified at the A-chain/C-peptide and C-peptide/B-chain junctions

to generate cleavage motifs recognized by the ubiquitous protease furin [18].

This enables non-endocrine cells to convert and release the ‘fur in-sensitive

human proInsulin’ (FurHPI) mostly (60–80%) in a mature insulin form, which

retains all the biological activity of wild-type insulin [19]. The implantation of

insulin-producing human fibroblasts into the peritoneum of diabetic rodents

frankly reduced blood glucose levels. However, since these cells released

insulin in a non-regulated manner, cell overgrowth and lack of regulation led to

uncontrolled, irreversible hypoglycemia [20].

Gene Therapy for Glucose-Regulated Insulin Release

To be proposed for clinical application, any ‘surrogate �-cell’ should be

capable of releasing insulin in response to blood glucose variations in a prop-

erly regulated manner [21]. Ideally, a ‘surrogate �-cell’ should reproduce the

dynamics of insulin secretion of the endocrine pancreas, which responds to

acute elevations in blood glucose with a burst of insulin release within 15–30 s.

This response relies on the endocrine cell machinery of granule formation,

storage and regulated exocytotic secretion that is absent in non-endocrine cells,

which therefore release insulin through the constitutive, non-regulated pathway.

To maintain circulating insulin levels in the narrow therapeutic range,

several authors have attempted to develop a glucose-responsive regulation of

the synthesis of transgeneic insulin in cells that are naturally responsive to

glucose. Liver cells have been extensively studied because, similarly to �-cells,

they possess the property of ‘sensing’ extracellular glucose variations, due to

the expression of the glucose transporter 2 (Glut-2) and glucokinase [22] and

because the expression of several genes is modulated in response to carbohy-

drates levels [23]. This property is mediated by the binding of a liver-specific

transcription factor, named carbohydrate responsive element binding protein

(ChREBP), to short DNA elements named carbohydrate-responsive e lements

(ChoREs) or glucose responsive elements (GlREs). ChoREs/GlREs were

first identified in the liver-type pyruvate kinase (L-PK) gene promoter and,

subsequently, in the regulatory regions of several other genes, including spot

14, fatty acid synthase, acetyl-CoA carboxylase and glucose-6-phosphatase

[reviewed in 24]. This property has prompted several authors to use 
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glucose-responsive promoters or selected sequences to control the expression

of the insulin transgene in liver cells (fig. 2). An expression cassette was gen-

erated in which the glucose-responsive DNA sequence from the above-

mentioned genes was functionally linked to the FurHPI cDNA. In some cases,

regulatory elements from other mammalian or viral genes have been added to

modulate insulin expression. The ‘cassette’ was inserted into an adenoviral

vector, which was amplified in packaging cells to obtain high titer prepara-

tions. Finally, the vector suspension was injected into diabetic rodents, in the

general circulation or directly into the portal vein. This insulin-gene therapy

approach resulted in the synthesis, processing and release of human insulin

from rodent livers and in the consequent reduction of blood glucose levels.

Insulin levels depended on the amount of vector particles injected; with appro-

priate dosage, within 1 week after gene therapy, normal or near-normal fasting

glycemia was achieved and non-fasting hyperglycemia was largely reduced.

After glucose load, treated animals normalized blood glucose within 2–4 h, and

very importantly, tolerated a 16–24 hour fast without hypoglycemia. Since liver

cells progressively eliminate the Adenoviral vectors, insulin expression

persisted for up to 3 months after a single injection [25–26]. The most conclu-

sive results have been obtained by Lee et al. [27] who used a parvovirus-derived

vector (adeno-associated virus) as a gene delivery vehicle. They used the 

1. Modified-Insulin 

 cDNA & DNA 

 sequences for 

 Glucose- 

 responsiveness

2. Viral vector for 

 efficient and safe

 in vivo gene transfer

3. Liver, adequate 

 target for insulin 

 synthesis, regulation

 conversion, release

G-resp promoter Furin-Proinsulin Enhancer

Experimental plan for insulin-gene therapy

Fig. 2. Experimental plan for insulin gene therapy. The general scheme of insulin-gene

therapy is outlined. An ‘expression cassette’, coding for a modified insulin protein (FurHPI)

under the transcriptional control of a glucose-responsive promoter is inserted into a vector (a

genetically modified virus). Once injected intravenously, the vector delivers the therapeutic

DNA to liver cells.
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full-length (3.1 kb) L-PK promoter to regulate the synthesis of a short-chain

insulin analogue which does not require processing. This approach resulted in

the long-term correction of diabetes in NOD mice and diabetic rats, both in the

fasting and in the fed state. No spontaneous hypoglycemia was reported.

However, during a glucose tolerance test, the kinetics of insulin levels dis-

played a time to peak of 4 h and a return to basal level after 6 h, which is delayed

when compared to insulin kinetics in normal animals. Consequently, late mild

hypoglycemia occurred. Overall, these results demonstrate that a simple proce-

dure of insulin gene therapy to the liver is capable to replace basal insuliniza-

tion in rodents, and that a certain degree of glucose responsiveness is achieved.

No side effects were observed and only minimal hypoglycemia was induced

under a provocative test. This represents a strong proof of principle of the

potential of insulin gene therapy, but in the view of a future clinical translation,

it raises the question of a possible need for a faster activation and repression of

insulin synthesis.

Drug-Induced Insulin Release in Engineered Cells

Ideally, glucose should control insulin release from a ‘surrogate �-cell’. In

alternative, the insulin release could respond to a drug, so as to mimic the

condition of type 2 diabetes. Such a pharmacological control of insulin release

was developed by Rivera et al. [28], who engineered insulin protein so that it

accumulated as aggregates in the endoplasmic reticulum of a candidate ‘surro-

gate �-cell’. Insulin release was then stimulated by a synthetic small-molecule

drug that induces protein disaggregation. Experiments in vitro and in vivo

demonstrated rapid and transient secretion insulin. However, a major limitation

to this approach was that that small molecule has to be administrated by injec-

tion. More recently, the same group [29] proposed a different pharmacological

control system, based on the oral administration of the immunosuppressive

drug rapamycin. To obtain regulated expression, they placed expression of the

FurHPI under the control of a transcription system inducible by rapamycin and

performed experiments of hepatic gene transfer in rodents by adenoviral

vectors. Insulin release from mouse liver was negligible in the absence of

rapamycin, was inducible in a dose-dependent manner upon its administration,

and reversible following drug withdrawal. The response of the inducible system

was rather slow, requiring hours to be activated; moreover, rapamycin is a

powerful immunosuppressant. These results indicate however that a pharmaco-

logical regulation may constitute a possible alternative to self-regulated,

glucose-responsive insulin release from a ‘surrogate �-cell’, provided a 

non-toxic, oral compound with fast activity is found.
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Islet Neogenesis in the Liver by Gene Transfer

In search of a ‘surrogate �-cell’ capable of timely regulated insulin secre-

tion, an intriguing new possibility has emerged from embryogenesis studies

that have identified in the gut endoderm the common origin for the pancreas

and the liver. This common origin has suggested the possibility to redirect liver

cells into �-cells by inducing the expression of key transcription factor(s) of

�-cells development with a gene transfer approach. In the first study [30],

insulin promoter factor 1 (Ipf1, also known as Pdx-1) was expressed in the liver

by an early generation Adenoviral vector. Ipf1 is required for the development

of the pancreas, and in mature �-cells, for fully competent insulin secretion

[31]. The hepatic expression of Ipf1 produced reduction of glucose levels in

diabetic mice for approximately 10 days. Later on, Kojima et al. [32] demon-

strated that since Ipf1 also regulates exocrine cell gene expression, Ipf1 gene

transfer induced the co-expression of insulin and trypsin. Trypsin production

was associated with fatal liver inflammation. Therefore, these Authors turned

to a transcription factor, Neurod1, that is expressed only in developing and

adult �-cells, and to betacellulin, a �-cell growth factor. Using an adenoviral

constructs of recent generation as gene transfer vehicle, which led to prolonged

expression of both genes, they detected in the liver clusters of cells that con-

tained the hormones, insulin, glucagon, pancreatic polypeptide and somato-

statin, normally expressed in pancreatic endocrine cells. More strikingly, this

gene-transfer procedure led to normalization of glucose levels in diabetic mice,

and to normal insulin secretion under glucose challenge. Clearly, many issues

remain unsolved, i.e. which is the origin and the long term fate of these cells;

in addition these findings need to be confirmed by other studies in different

animal models. There is no doubt, however, that this study opens new exciting

perspectives towards the development of fully competent ‘surrogate �-cells’ for

the treatment of diabetes.

The Autoimmunity Issue

A critical aspect for any cell or gene replacement therapy of type 1 diabetes

is the possibility of autoimmune recurrence against new insulin-producing

cells. It is well known that a pancreas transplant from an HLA identical twin or

sibling is susceptible to immune recognition that leads to selective �-cell

destruction [33]. The key autoantigen(s) that triggers immune response is still

unknown. Insulin, or its precursor proinsulin, has been proposed as one of the

candidates because of the presence of anti-insulin antibodies and insulin-

reactive T cell clones, both in human and in the non-obese diabetic (NOD)
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mouse [reviewed in 34]. It is, however, possible that insulin-producing cells,

different from � cells, may escape autoimmune recognition or attack. This sub-

ject has been initially addressed by Lipes et al. [35], who demonstrated that

transgenic insulin-producing pituitary cells were not destroyed by the autoim-

mune system when transplanted into syngeneic NOD mice, which were

perfectly capable to eliminate a simultaneous islet graft. More recently, Olson

et al. [26] and Lee et al. [27] did not observe autoimmune reactivity against

insulin-producing liver cells in the BB rat or in the NOD mouse. However,

whether ‘substitutive insulin-producing cells’ could be susceptible to autoim-

mune recurrence in man remains to be established.

Conclusions and Perspectives

The results recently obtained in the islet transplantation clinical trials

demonstrate that this �-cell replacement strategy is capable of normalizing

blood glucose levels and to free IDDM patients from insulin injection for a

long time. A positive impact on diabetic complications is also observed.

Despite its efficacy, the treatment is conditioned by the small number of organ

donors, the high-cost procedure, and by the strict requirement for a chronic

immunosuppression. For these reasons, the procedure is currently indicated to

limited number of adult type 1 diabetic subjects, with severe autonomic neu-

ropathy and hypoglycemia unawareness.

Among the potential alternative sources of transplantable insulin-secreting

cells there are islets from xenogeneic donors, genetically engineered rodent 

�-cell lines and human allogeneic stem cells cultured or engineered to become

�-cells. All these approaches, however, rely on immunosuppressive treatments

or on the development of safe and biocompatible devices for containment and

immune isolation of immortalized cells of non-human sources [36]. Currently,

unsolved issues in the delivery vehicle efficiency and safety preclude a clinical

application of gene therapy. However, if the safety issue is solved, a liver-

directed gene therapy approach may provide diabetic subjects with the level of

functional correction sufficient to restore blood glucose values in the near-

normal range needed to prevent complications, in the absence of demanding

insulin treatment, surgical risks and immunosuppression.
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