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1 | INTRODUCTION e Research has been conducted worldwide over the last several
years combining genetic, clinical, and pathophysiological character-

This chapter serves as an update and replaces the 2018 ISPAD istics to better define the different types of diabetes in childhood

consensus guideline on definition, epidemiology, and classification and better understand the subtypes that are currently clustered

of diabetes in children and adolescents.! It provides an evidence- into two most common types, type 1 diabetes (T1D) and type 2

based summary of current recommendations for defining and clas- diabetes (T2D).

sifying diabetes in youth, as well as a description of the current e The goal of accurately defining the type of diabetes is to optimize

knowledge about the epidemiology of this disease, emphasizing its personalized treatment approaches.

heterogeneity. o Significant geographical variation in the incidence and prevalence

of childhood T1D and T2D continues to be observed.

2 | WHATIS NEW OR DIFFERENT
3 | EXECUTIVE SUMMARY AND
¢ Diabetes in youth is a heterogeneous disorder in which clinical pre- RECOMMENDATIONS
sentation and disease progression may vary considerably.
e Classification is important for determining therapy, but some indi- e Diagnostic criteria for all types of diabetes in children and adoles-

viduals cannot be clearly classified at the time of diagnosis. cents are based on laboratory measurement of blood glucose levels

1160 | © 2022 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.  wileyonlinelibrary.com/journal/pedi Pediatr Diabetes. 2022;23:1160-1174.


https://orcid.org/0000-0001-6004-576X
mailto:ingrid.libman@chp.edu
http://wileyonlinelibrary.com/journal/pedi

LIBMAN ET AL.

(BGL) and the presence or absence of symptoms. BGL testing with
a glucometer should not be used to diagnose diabetes. E

e A marked elevation of the plasma glucose concentration confirms
the diagnosis of diabetes, including a random plasma glucose
>11.1 mmol/L (200 mg/dl) or fasting plasma glucose >7.0 mmol/L

(2126 mg/dl) in the presence of overt symptoms. B

o If blood or urine ketone levels are significantly increased, treatment
is urgent and the child should be referred to a diabetes specialist
on the same day to avoid the development of diabetic ketoacidosis

(DKA). A

e The diagnosis of diabetes should not be based on a single BGL in
the absence of overt symptoms. If the diagnosis is in doubt, contin-
ued observation with fasting and/or 2-h postprandial plasma glu-
coses and/or an oral glucose tolerance test (OGTT) may be
required. E However, an OGTT is not needed and should not be
performed if diabetes can be diagnosed using fasting, random, or

postprandial criteria. E

o Hyperglycemia detected under conditions of stress, such as acute
infection, trauma, surgery, respiratory distress, circulatory, rare
metabolic conditions or other stress may be transitory and requires
treatment but should not in itself be regarded as diagnostic of dia-

betes. E

e The differentiation between T1D, T2D, monogenic, and other
forms of diabetes have important implications for both treatment

and education. E

e Diagnostic tools, which may assist in confirming the diabetes type
if the diagnosis is unclear, include:

o diabetes-associated autoantibodies: glutamic acid decarboxylase
65 autoantibodies (GAD); tyrosine phosphatase-like insulinoma
antigen 2 (IA2); insulin autoantibodies (IAA); and p-cell specific
zinc transporter 8 autoantibodies (ZnT8). The presence of one
of more of these antibodies confirms the diagnosis of T1D in
children. A

e The possibility of other types of diabetes should be considered in
the child who has negative diabetes-associated autoantibodies

and: B

o an autosomal dominant family history of diabetes (maturity
onset diabetes of the young [MODY])

o age less than 12 months and especially in first 6 months of life
(neonatal diabetes mellitus [NDM])

o mild-fasting hyperglycemia (5.5-8.5 mmol/L [100-150 mg/dl]),
especially if young, non-obese, and asymptomatic (MODY)

o a prolonged honeymoon period lasting more than 1 year or an
unusually low requirement for insulin of <0.5 U/kg/day after
1 year of diabetes (MODY)

o associated conditions such as deafness, optic atrophy, or syn-
dromic features (mitochondrial disease)

o a history of exposure to drugs known to be toxic to p-cells or cause
insulin resistance (e.g., immunosuppressive drugs such as tacroli-
mus or cyclosporin; glucocorticoids or some antidepressants).

e Molecular genetic testing can help define the specific cause of dia-
betes and inform the appropriate treatment of children with sus-

pected monogenic diabetes. C While certain clinical characteristics

should alert clinicians to the possibility of monogenic diabetes, the
absence of these characteristics does not exclude monogenic
diabetes.

4 | DEFINITION AND DESCRIPTION

The term “diabetes mellitus” describes a complex metabolic disorder
characterized by chronic hyperglycemia resulting from defects in insu-
lin secretion, insulin action, or both. Inadequate insulin secretion
and/or diminished tissue responses to insulin result in deficient insulin
action on target tissues, which leads to abnormalities of carbohydrate,
fat, and protein metabolism. Impaired insulin secretion and deficient
insulin action may coexist in the same individual.>® While the etiology
of diabetes is heterogeneous, most cases of diabetes can be classified
into two broad etiopathogenetic categories (discussed later in further
detail): T1D, characterized by the destruction of the R-cells, usually by
an autoimmune process, resulting in loss of endogenous insulin pro-
duction, or T2D, characterized by the lack of an adequate insulin
response in the presence of increasing insulin resistance. While T1D
remains the most common form of youth-onset diabetes in many
populations, especially those of European ancestry, T2D is an increas-
ingly important global public health concern among youth, in particu-
lar adolescents, in high-risk ethnic populations as well as in those with
obesity*® (See ISPAD 2022 Consensus Guidelines Chapter 3 on Type
2 diabetes in children and adolescents). In addition, it is now recog-
nized that people with monogenic diabetes, an autosomal dominant
diabetes pattern first termed MODY, may make up 1%-6% of autoan-
tibody negative individuals who may, initially, be considered to have

either T1D or T2D with decreased insulin secretion.®”

5 | DIAGNOSTIC CRITERIA FOR DIABETES
IN CHILDHOOD AND ADOLESCENCE

Diagnostic criteria for diabetes are based on BGL measurements and
the presence or absence of symptoms.1~® Different strategies can be
used to measure BGL, including using a fasting plasma glucose (FPG)
value, the 2-h plasma glucose (2-h PG) value during an OGTT, or
hemoglobin Alc (HbA1lc) criteria (Table 1) and in the absence of
unequivocal hyperglycemia, diagnosis must be confirmed by repeat
testing.

e Youth-onset diabetes usually presents with characteristic symp-
toms such as polyuria, polydipsia, nocturia, enuresis, and weight
loss—which may be accompanied by polyphagia, fatigue, behavioral
disturbance, including reduced school performance, and blurred
vision. Impairment of growth and susceptibility to perineal candidi-
asis may also accompany chronic hyperglycemia. However, this is
not always the case, particularly in youth with T2D.

e In its most severe form, DKA or (rarer) non-ketotic hyperosmolar
syndrome may develop and lead to stupor, coma and, in the
absence of effective treatment, death.
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TABLE 1

Criteria for the diagnosis of diabetes mellitus

1. Classic symptoms of diabetes or hyperglycemic crisis with plasma
glucose concentration 211.1 mmol/L (200 mg/dl).

Or

2. Fasting plasma glucose 27.0 mmol/L (2126 mg/dl). Fasting is
defined as no caloric intake for at least 8 h.?

or

3. Two-hour postload glucose 211.1 mmol/L (2200 mg/dl) during an
oral glucose tolerance test (OGTT).?

The OGTT should be performed using a glucose load containing the
equivalent of 75 g of anhydrous glucose dissolved in water or
1.75 g/kg of body weight to a maximum of 75 g.

Or
4. HbAlc 26.5%.°

The test should be performed in a laboratory using a method that is
National Glycohemoglobin Standardized Program (NGSP) certified
and standardized to the Diabetes Control and Complications Trial
(DCCT) assay.

?In the absence of unequivocal hyperglycemia, the diagnosis of diabetes
requires two abnormal test results from the same sample or in two
separate test samples.

bA value less than 6.5% does not exclude diabetes diagnosed using
glucose tests. The role of HbA1c alone in diagnosis of T1D in children is
unclear.

e |f symptoms are present, point-of-care measurement of BGL and
ketones using a meter, or urinary “dipstick” testing for glycosuria
and ketonuria (if the former is not available) provides a simple and
sensitive screening tool. If the BGL is elevated, then prompt refer-
ral to a center or facility with experience in managing children with
diabetes is essential. Waiting another day, specifically to confirm
the hyperglycemia, is unnecessary and if ketones are present in
blood or urine, treatment is urgent, because DKA can evolve
rapidly.

e A formal plasma glucose measurement is required to confirm the
diagnosis. This should be obtained in a laboratory using an analytic
instrument rather than a capillary glucose monitor. See Table 1 for
fasting versus non-fasting BGL diagnostic cut-points.

e Scenarios where the diagnosis of diabetes may be unclear include:

e Absence of symptoms, for example, hyperglycemia detected inci-
dentally or in children participating in screening studies

e Presence of mild/atypical symptoms of diabetes

o Hyperglycemia detected under conditions of acute infectious, trau-
matic, circulatory, or other stress, which may be transitory and
should not be regarded as diagnostic of diabetes.

¢ In these situations, the diagnosis of diabetes should not be based
on a single plasma glucose concentration and continued observa-
tion with fasting and 2-h postprandial BGL and/or an OGTT may
be required to confirm the diagnosis.

e An OGTT is usually not required and should not be performed if
diabetes can be diagnosed using fasting, random, or postprandial
criteria. It is rarely indicated for making the diagnosis of T1D in

childhood and adolescence but may be useful in diagnosing other

forms such as T2D, monogenic diabetes, or cystic fibrosis-related
diabetes (CFRD). If doubt remains, periodic OGTT retesting should
be undertaken until the diagnosis is established. It is important that
people consume a mixed diet with at least 150 g of carbohydrate
on the 3 days prior to oral glucose tolerance testing.>® Fasting and
carbohydrate restriction can falsely elevate BGL with an oral glu-
cose challenge.

o HbA1c can be used as a diagnostic test for diabetes, in particular
to test for prediabetes or T2D in youth*; providing that stringent
quality assurance tests are in place and assays are standardized to
criteria aligned to the international reference values, and there are
no conditions present, which preclude its accurate measurement.>*

Moreover, the validity of HbAlc as a measure of average BGLs is
affected by hemoglobinopathies, certain forms of anemia, or any
other condition that affects normal red blood cell turnover. These
conditions may follow specific ethnic and geographic distributions
and thus is a critical consideration in areas of iron deficiency and
anemia. For conditions with abnormal red cell turnover, such as
anemias from hemolysis and iron deficiency, as well as cystic fibro-
sis, the diagnosis of diabetes must exclusively employ BGL cri-
teria® See ISPAD 2022 Consensus Guidelines Chapter 5 on
Management of Cystic Fibrosis-Related Diabetes in children and

adolescents.

In at-risk cohort studies, however, a rise in HbAlc within the nor-
mal range is frequently observed among individuals who subsequently
progress to T1D.? Data from four separate prospective studies of
high-risk subjects <21 years of age (the Diabetes Prevention Trial-
Type 1 (DPT-1), The Environmental Determinants of Diabetes in the
Young (TEDDY), Trial to Reduce IDDM in the Genetically at Risk
(TRIGR), and T1D TrialNet Natural History Study (HbA1C) measured
within 90 days of a diagnostic OGTT or fasting PG 2126 mg/dl) show
that HbA1C 26.5% is a highly specific but not a sensitive early indica-
tor of T1D diagnosed by OGTT or asymptomatic hyperglycemia.’®
HbAlc when monitored in individuals longitudinally, even if within
the normal range, maybe have added value in T1D prediction.!!
Point-of-care assays for HbA1lc are not recommended for diagnostic

purposes.

6 | IMPAIRED GLUCOSE TOLERANCE AND
IMPAIRED FASTING GLUCOSE

Impaired glucose tolerance (IGT) and impaired fasting glucose (IFG)
are intermediate stages in the natural history of disordered carbohy-
drate metabolism between normal glucose homeostasis and diabetes.
IFG and IGT are not interchangeable and represent different abnor-
malities of glucose regulation or different stages in the progression of
dysglycemia.® IFG is a measure of disturbed carbohydrate metabolism
in the basal state, whereas IGT is a dynamic measure of carbohydrate
intolerance after a standardized glucose load. IFG and IGT are not
clinical entities in their own right; individuals with IFG and/or IGT are

referred to as having “prediabetes,” indicating their relatively high risk
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for development of diabetes and cardiovascular disease, especially
in the context of obesity.’? Diagnostic criteria for prediabetes and
diabetes in children, including FPG, OGTT, and HbAlc 5.7%-6.4%
(39-47 mmol/mol) are the same for the pediatric and adult population
(Table 1). These criteria are extrapolated from adults, and the epidemi-
ological studies that formed the basis for these definitions did not
include pediatric populations. Therefore, the exact relevance of these
definitions for pediatric populations remains unclear until more data
become available.* Individuals who meet criteria for IGT or IFG may
be euglycemic in their daily lives as shown by normal or near-normal
HbA1c levels, and those with IGT may manifest hyperglycemia only
when challenged with an OGTT. Screening with fasting glucose,
OGTT, or HbA1C is an acceptable approach but the interpretation of
the results should be based on sound clinical judgment, recognition of
the strengths and weaknesses of each test, and the facilities and
resources available.

Each of the tests mentioned has some variability, so it is possible
that a test yielding an abnormal result (i.e., above the diagnostic
threshold), when repeated, will produce a value below the diagnostic
cut point.>*2 One of the possibilities could be that the BGL samples
are kept at room temperature and not centrifuged promptly. Because
of the potential for pre-analytic variability, it is critical that samples for
plasma glucose be spun and separated immediately after they are
drawn. If individuals have test results near the margins of the diagnos-
tic threshold, the health care professional should discuss signs and
symptoms with them and repeat the test in 3-6 months.

7 | STAGING OF TYPE 1 DIABETES
Characterization of the underlying pathophysiology of T1D from pro-
spective studies around the world has given rise to what is described
as the staging of type 1 diabetes. Three distinct stages of T1D can be
identified and serve as a framework for future research and regulatory
decision-making.}* This staging is based on the presence of B-cell
autoantibodies and dysglycemia as predictors of clinical diabetes
(stage one characterized by multiple p-cell autoantibody positivity
with normal glucose, stage 2 multiple p-cell autoantibody positivity
with dysglycaemia, and stage 3 meeting criteria for clinical diagnosis
of T1D) and is described in detail in the ISPAD 2022 Consensus
guidelines Chapter 2 on Stages of Diabetes.

8 | CONFIRMING THE DIAGNOSIS

Unless there is a clear clinical diagnosis (e.g., symptomatic individ-
uals with clear hyperglycemia) diagnosis requires two abnormal
screening test results, either from the same sample (two different
tests) or in two separate test samples.® If using two separate test
samples, it is recommended that the second test, which may either
be a repeat of the initial test or a different test, be performed
without delay. If two different tests (such as HbA1c and FPG) are
both above the diagnostic threshold when analyzed from the same

sample or in two different test samples, this also confirms the
diagnosis. On the other hand, if an individual has discordant results
from two different tests, then the test result that is above the diag-
nostic cut point should be repeated, with careful consideration of
the possibility of HbAlc assay interference. The diagnosis is made
based on the confirmatory screening test.

9 | CLASSIFICATION OF DIABETES AND
OTHER CATEGORIES OF GLUCOSE
REGULATION

It was at the end of the 1970s that the scientific community estab-
lished formal diabetes classifications, which could be used to guide
therapy. The first, introduced in 1976 by the United States National
Diabetes Data Group'® and endorsed by the World Health Organi-
zation Expert Committee on Diabetes Mellitus,'® was based on the
need for insulin therapy for survival. The juvenile onset, usually
ketotic type, was renamed insulin dependent diabetes mellitus
(IDDM), while the adult onset, usually non-ketotic type, was termed
non-insulin dependent diabetes (NIDDM). The classification was
revised in 1997 based upon pathophysiology rather than insulin
requirements, facilitated by the distinction between the autoimmu-
nity driving insulin deficiency in IDDM and insulin resistance con-
tributing to NIDDM. Absolute insulin deficient states became
known as T1D, with NIDDM, usually associated with insulin resis-
tance, renamed T2D.

The current etiological classification of diabetes is shown in
Table 2, which is based on the ADA classification.® Today, most peo-
ple with diabetes are grouped into two main types: T1D, characterized
by the destruction of the R-cells, usually by an autoimmune process
resulting in loss of endogenous insulin production, or T2D, character-
ized by the lack of an adequate insulin response in the presence of
increasing insulin resistance. The type of diabetes assigned to a young
person at diagnosis is typically based on their characteristics at pre-
sentation; however, increasingly, the ability to make a clinical diagno-
sis has been hampered by factors including the increasing prevalence

of overweight in young people with T1D”18

and the presence of
DKA in some young people at diagnosis of T2D.1%2?° In addition, the
presentation of a familial form of mild diabetes during adolescence
should raise the suspicion of monogenic diabetes, which accounts for
1% to 6% of pediatric diabetes cases.>”?1723

Using the etiologic approach to classification of diabetes types in
youth based on the 1997 ADA framework, the majority of youth in
the US-based SEARCH for Diabetes in Youth Study fell into either the
autoimmune plus insulin sensitivity (54.5%) or non-autoimmune plus
insulin resistance categories (15.9%) consistent with traditional
descriptions of type 1 or T2D.?* The remaining groups represented
obesity superimposed on T1D (autoimmune plus insulin resistance,
19.5%) or atypical forms of diabetes (non-autoimmune plus insulin
sensitivity, 10.1%), which require further characterization, including
genetic testing for specific monogenic defects.?®> As the prevalence of

childhood obesity continues to increase in the general population and
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TABLE 2 Etiological classification of diabetes

I. Type 1

B-cell destruction, usually leading to absolute insulin deficiency

Immune mediated (characterized by presence of one or more

autoimmune markers)
Idiopathic
II. Type 2

Insulin resistance with relative insulin deficiency and subsequent

hyperglycemia
IIl. Other specific types

A. Common forms of monogenic diabetes®

MODY

¢ HNF4-A MODY

¢ GCKMODY

¢ HNF1A MODY

e HNF1B MODY

Neonatal diabetes

e KCNJ11

e INS

e ABCCB

e 6q24 (PLAGL1, HYMA1)

o GATA6

e EIF2AK3

e FOXP3

B. Genetic defects in insulin action
INSR

Congenital generalized lipodystrophy
Familial partial lipodystrophy
PIK3R1 (Short Syndrome)

C. Diseases of the exocrine pancreas
Pancreatitis
Trauma/pancreatectomy
Neoplasia

Cystic fibrosis-related diabetes
Hemochromatosis
Transfusion-related iron overload
D. Endocrinopathies

Acromegaly

Cushing's syndrome
Hyperthyroidism
Pheochromocytoma
Glucagonoma

Somatostatinoma

E. Drug- or chemical-induced
Insulin resistance and deficiency
e Glucocorticoids

o Nicotinic acid

e Atypical antipsychotics

LIBMAN ET AL.

TABLE 2 (Continued)

e Protease inhibitors (first generation)

e Statins

Insulin deficiency

o p-blockers

e Calcineurin inhibitors

o Diazoxide

e Phenytoin

e L-asparaginase

e Pentamidine

o Thiazide diuretics

Insulin resistance

e f-adrenergic agonists

e Growth hormone

F. Infections

Congenital rubella

Enterovirus

Cytomegalovirus

G. Uncommon forms of immune-mediated diabetes
Anti-insulin receptor antibodies

Polyendocrine autoimmune deficiencies APS | and Il
H. Other genetic syndromes sometimes associated with diabetes
Down syndrome

Klinefelter syndrome

Turner syndrome

Friedreich's ataxia

Myotonic dystrophia

Porphyria

Prader-Willi syndrome

IV. Gestational diabetes mellitus (GDM)

Abbreviations: HNF, hepatic nuclear factor; GCK, glucokinase.
3See also ISPAD 2022 Guideline on Monogenic Diabetes.

in youth with diabetes, great care must be taken to correctly differen-
tiate diabetes type in the setting of obesity,?® particularly with regards
to youth with T1D and antibody negative diabetes who show clinical
signs of T2D such as obesity and insulin resistance.?”-28

After the initial step of diagnosing diabetes, the differentiation
between type 1, type 2, monogenic, and other forms of diabetes has
important implications for both therapeutic decisions and educational
approaches. Individuals with any form of diabetes may or may not
require insulin treatment at various stages of their disease. Such use of
insulin does not, of itself, classify the diabetes type. Diabetes-associated
autoantibodies are an important diagnostic tool. The presence of GAD,
IA2, IAA, and/or ZnT8 confirms the diagnosis of T1D in children.?® Mea-
surements of autoimmune markers are useful in confirming T1D in those
where presentation is not clear, in particular obese adolescents.

The possibility of other types of diabetes should be considered in

the child who does not have diabetes-specific autoantibodies and:
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e an autosomal dominant family history of diabetes in three genera-
tions with onset before age 35 years.

o diabetes diagnosed in the first 12 months of life, especially the first
6 months (NDM).

¢ mild-fasting hyperglycemia (5.5-8.5 mmol [100-150 mg/dl]); that
is, IFG, especially if young, non-obese, and asymptomatic.

e associated conditions such as deafness, optic atrophy, or syndro-
mic features (mitochondrial disease).

e a history of exposure to drugs known to be toxic to B-cells (cyclo-
sporine or tacrolimus)?? or cause insulin resistance (glucocorticoids

and certain antidepressants).%%!

T2D and monogenic diabetes are more completely discussed in
the ISPAD guidelines on these conditions. See the ISPAD 2022
Consensus Guidelines Chapter 3 on Type 2 diabetes in children and
adolescents and Chapter 4 on The diagnosis and management of
monogenic diabetes in children and adolescents. Regardless of the
type of diabetes, however, the child who presents with severe hyper-
glycemia, ketonemia, and metabolic derangements will initially require
insulin therapy to reverse the metabolic abnormalities.

Some forms, including specific drug-, hormone-, or toxin-induced
forms of diabetes, are less commonly observed in young people.
Atypical forms of diabetes may occur in older children, adolescents, and
young adults including ketosis-prone atypical diabetes, malnutrition-

related diabetes, and fibro-calculous pancreatic disease.>2°3

10 | PATHOGENESISOFT1D

T1D is characterized by chronic immune-mediated destruction of pan-
creatic p-cells, leading to partial, or in most cases, absolute insulin
deficiency. In the majority of cases, autoimmune-mediated pancreatic
B-cell destruction occurs at a variable rate and is influenced by differ-
ent factors, including genes, age, and ethnicity.>*>> New insights into
youth at risk for developing T1D suggest that early disease is a contin-
uum that progresses through distinct identifiable stages prior to the
appearance of clinical symptoms.!* Youth progress through three
stages at variable rates: stage 1, which can last for months to many
years, is characterized by the presence of f-cell autoimmunity with
normoglycemia and a lack of clinical symptoms; stage 2 progresses to
dysglycemia but remains asymptomatic, and stage 3 is defined as the
onset of symptomatic disease.'* The phases of diabetes are discussed
in ISPAD 2022 Consensus Guidelines Chapter 2 on Stages of Type
1 Diabetes in Children and Adolescents.

The etiology of T1D is multifactorial; however, the specific roles
for genetic susceptibility, environmental factors, the immune system,
and p-cells in the pathogenic processes underlying T1D remain unclear.

The overall risk of T1D in the general population is 0.4%. Relatives
of persons with T1D have a higher risk. In siblings, the lifetime risk is
6%-7%; 1.3%-4% in children of a mother with T1D, and 6%-9% in
those with a father with T1D.24%” While the risk of T1D in non-
identical twins is similar to that of siblings, it exceeds 70% in identical

twins with long-term follow-up.%8%” Additional evidence for the

contribution of genetic factors to the etiology of T1D is the rare occur-
rence of autoimmune diabetes in association with mutations affecting
key genes that regulate immune function. An example of this is the
autoimmune polyglandular syndrome type 1 (APS1) caused by muta-
tions in the autoimmune regulator (AIRE) gene, which is critical for the
establishment of immunological self-tolerance.*%#

Studies predominantly from European ancestry populations have
shown that susceptibility to T1D is determined by multiple genes.
The HLA region on chromosome 6p21 accounts for approximately
30%-50% of the familial aggregation of T1D, and its association with
T1D has been known for over 40 years.*?*3 The strongest association
is with HLA DR and DQ. HLA DR and DQ are cell surface receptors
that present antigens to T-lymphocytes. Both DR and DQ are alpha-
beta heterodimers. The DR alpha chain is encoded by the DRA locus,
and the DR beta chain is encoded by DRB loci. Similarly, DQA1 and
DQB1 loci encode the alpha and beta chains, respectively, of the DQ
molecule. The DR and DQ loci are highly linked to each other and, to
a lesser degree, to other HLA loci.*4*°

The highest-risk haplotypes are DRB1*03:01-DQA1*05:01-
DQB1*02:01 and DRB1*04-DQA1*03:01-DQB1*03:02 (also expressed
as DR3/DR4 or DQ2/DQ8 using the former serological designation). For
individuals who are heterozygotes for the two highest risk HLA haplo-
types (DR3/4), the odds ratio is 30 for development of islet autoimmunity
and T1D*; however, <10% of those with HLA-conferred diabetes sus-
ceptibility genes progress to clinical disease.* As the highest risk HLA
allele combination is relatively rare (<5%) in European populations, the
majority of T1D cases are associated with other combinations of these
alleles that confer more moderate risk but in aggregate are more common
than %4.%” For example, DRB3, DRB4, and DRB5 alleles modify the
risk conferred by DRB1.*® Although the strength of the association
is lower than with HLA DR and DQ, HLA-DPB1 and DPA1 are also
associated to T1D.%’

The remaining genetic risk for T1D can be attributed to the other
non-HLA genes or loci identified that contribute smaller effects to dis-
ease risk. Genome-wide association studies (GWAS) have identified more
than 60 risk loci** Of these, the highest non-HLA genetic contribution

5,505 protein

arises from the insulin gene (INS) on chromosome 11p1
tyrosine phosphatase, non-receptor type 22 (PTPN22), on chromosome
1p13,32 cytotoxic T-lymphocyte associated protein (CTLA-4),>% which is a
negative regulator of cytotoxic T cells, and IL2RA genes,>* all of which
are involved in, or contribute to, immune regulation in various immune
cell populations and/or the pancreatic p-cell.

Other genes not directly involved in immune function have been
shown to possibly contribute to diabetogenesis in a subset of individ-
uals with islet autoimmunity. Genetic variants in the transcription fac-
tor 7 like-2 (TCF7L2) locus are the strongest genetic factor in T2D.%°
Although this locus is not associated with T1D overall, persons with
T1D with milder autoimmunity, as suggested by the expression of
a single islet autoantibody and/or absence of high-risk HLA types,
are more likely to carry the T2D-associated TCF7L2 genetic variant
compared to persons with T1D with stronger autoimmunity.>®

One of the current challenges is how to integrate the wealth of

knowledge about T1D genetics and apply it meaningfully for diagnosis
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and risk assessment. Recent work has studied the use of T1D genetic
risk scores for distinguishing persons with T1D from other forms of
diabetes®”*® among them the DAISY Study,>¢* the BABYDIAB
study®?®® and, more recently, the Exeter group have developed a
T1D Genetic Score to identify individuals who became insulin depen-
dent among young adults with diabetes?® and discriminate T1D from
monogenic diabetes.>” This score was developed studying participants
in the Wellcome Trust Case Control Consortium (n = 3887), in which
it was highly discriminative of T2D. This score was validated in the
South West England Cohort, where it predicted insulin deficiency in
a group of 20-40-year-old adults with diabetes (n = 223, excluded
monogenic and secondary diabetes). A more recently developed
T1D GRS2°® has shown improved prediction of type 1 diabetes®®%*
and also demonstrated improved discrimination of type 1 from type
2 diabetes in USA youth self-reporting as either Black or Hispanic.®®

As more genetic association data emerges from non-European
ancestries,®® there is an outstanding question as whether ancestry
specific scores, or combined transancestry scores potentially with
adjustable score thresholds per ancestry, will be the optimal method
to aggregate genetic risk for clinical applications.

The environmental triggers (infectious, nutritional, obesity,
changes in the microbiome, chemical) which are thought to be associ-
ated to T1D and pancreatic f-cell destruction remain largely unknown,
but the process of p-cell destruction usually begins months to
years before the manifestation of clinical symptoms.®”’ =72 Enterovirus
infection during pregnancy, infancy, childhood, and adulthood has
been associated with development of both islet autoimmunity and

7475 particularly when infection occurs early in

many populations,
childhood,”® and enteroviruses have been detected in the islets of

persons with diabetes.””~”? Congenital rubella syndrome has been
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linked to the subsequent development of T1D.2° There is a paucity of
data to support the role of other viruses, such as CMV, mumps, Influ-

enza, rotavirus, and HIN1 in the development of T1D.”*

11 | EPIDEMIOLOGY OF TYPE 1 DIABETES
T1D is the most common form of diabetes in children and adoles-
cents, accounting for >90% of childhood diabetes in most westernized
countries, but other types of diabetes, including T2D and monogenic
diabetes, also occur.8! Worldwide, T1D is also one of the commonest
chronic diseases of childhood. In 2021, there were an estimated
108,300 children and adolescents aged less than 15 years newly
diagnosed with type 1 diabetes, and 651,700 children and adolescents
living with the condition worldwide 8283

Significant geographical variation in the incidence of childhood

82-85

T1D continues to be observed (Figure 1), ranging from 1.9 to 2.2

per 100,000 person years in China®® and Japan,2*®” respectively, to
52.2 per 100,000 in Finland,®® where the highest incidence has been
observed for several decades.®? Notably, four of the top 10 countries
with the highest incidence for childhood T1D listed in the latest edi-
tion of the International Diabetes Federation Global Atlas of Diabetes
include the non-European populations of Kuwait, Qatar, Saudi Arabia,
and Algeria.2® While considering global patterns in childhood T1D, it
is important to note that despite recent improvements in data avail-

7091 most of the available

ability from low-middle income countries,
global T1D incidence data is from highly developed countries,®® and
the relatively low incidence of T1D in low-middle income countries
needs to be evaluated in the context of their higher mortality and
lower case ascertainment rates.®72

In addition to large differences in incidence between countries, sig-
nificant geographic variation has also been observed within countries
themselves.”®>"%” Studies in heterogenous populations have observed
significant differences in incidence by race/ethnicity, which could con-
tribute to geographical variation within and between countries. For
example, in the United States SEARCH study, a higher incidence of
T1D has been consistently observed in non-Hispanic white compared
to Hispanic, Black, and American Indian youth aged <20 years.”%?

However, a study of genetically similar populations living in countries
with different environments found that these populations had different
incidence rates of childhood T1D?*® suggesting that a combination of
both environmental and 21eneticc differences are more likely to explain
the geographical variation. Inconsistent findings have been reported on
the association between higher childhood T1D incidence and environ-
mental characteristics such as degree of urbanicity, population density,
neighborhood socioeconomic status, higher latitude, or distance from the
equator.?*"771% Factors underlying geographical differences in the inci-
dence of childhood T1D remain poorly understood. 01192

Overall, there is no significant difference in the incidence of child-
hood T1D by sex,'°3715 although a slightly higher incidence has been
reported in boys in some moderate-high incidence populations.”®:10¢
However, above the age of 15 years, there is a male preponderance in

T1D incidence.*®”

The incidence of childhood T1D varies by age, with many popula-
tions reporting a peak age of onset in 10-14-year olds.”19%105.106
However, in Finland, the peak age of onset is 5-9 years, and in some
countries, a decreasing peak age of incidence has been observed in
recent years.52

Despite wide global variation in the incidence of childhood onset
T1D, increasing trends in incidence have been observed in most popu-
lations, with incidence increasing by an average of 3%-4% per
year.8291.97:108 However, more recently, a slowing of this increasing
trend and a plateauing of incidence has been reported by several
moderate-high incidence countries including Finland,®® Austria,**?
Germany,*1° Ireland,*®® Australia,®> New Zealand,*** Sweden.1°7:1%8
Intriguingly, a sinusoidal pattern with 4-6-year intervals between
peak incidence years has been reported in some European countries

and Australia 17108112113

with no explanation for this non-linear pat-
tern. Of note, the cyclical pattern in incidence observed in these coun-
tries is distinct from the well-established seasonality of incidence of
childhood T1D, with annual peaks in incidence having long been
observed in the cooler autumn and winter months.10¢:114-117

Further analysis of temporal trends in the incidence of childhood
T1D by sex, age group at diagnosis and race/ethnicity show additional
complexity to the changing epidemiology of childhood T1D. In many
populations a similar increasing trend has been observed in both boys
and girls and across all age groups.®? However, a higher rate of
increase has been reported in girls compared to boys in Ireland, espe-
cially in 10-14-year olds, compared to younger age groups.’®® Since
early reports in the late 1990s of a higher rate of increase being

observed in those under 5 years old,'®11?

a decreasing incidence
rate in the youngest age group has recently been reported in
Finland,® Austria,'®” and Australia.'°®> The decreasing incidence trend
in 0-4-year olds has been suggested to account for the levelling off in
the overall incidence of childhood T1D being observed in Finland®®
and Austria.'°? Interestingly, the United States SEARCH study, one of
the few global studies to examine incidence rate trends of youth-
onset T1D by race/ethnicity, recently showed that the rate of
increase is highest in Black and Hispanic youth, compared to non-
Hispanic White youth.”® Differences in incidence by ethnicity have
also been observed in New Zealand.*!!

The epidemiology of childhood T1D continues to change and
evolve, with marked differences continuing to be observed between
different countries and demographic groups within countries. The
systematic, harmonized collection of robust, population-based data
is vital for the ongoing monitoring of global patterns and trends in
childhood T1D.

For example, recent epidemiological studies conducted during the
COVID-19 pandemic have optimized the use of well-established
robust data collection methods and enabled rapid reporting of con-
temporary changes in T1D epidemiology. An increased incidence of
pediatric onset T1D occurring concurrent with the COVID-19 pan-
demic has been reported in Germany and the United States, 129122
providing novel biologically plausible mechanistic insights into the eti-
ology and/or clinical presentation of the condition.*?® It is possible

that the increase in incidence might be due to concurrent illness
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precipitating clinical diagnosis of T1D rather than a change in the risk
of developing T1D as this often take years.

These data and analysis of incidence trends and patterns is essen-
tial for informing local health service planning and models of care in
each country, and for providing contemporary population-specific
clues to help further the understanding of potentially modifiable envi-
ronmental determinants of childhood T1D and inform efforts to
reduce its incidence. Recently, a new model, the Type 1 Diabetes
Index, was developed based on available data to estimate T1D preva-
lence, incidence, associated mortality and life expectancy. Predictions
for 2040, based on findings in 2021, include an increase in prevalent
cases from 8.4 million individuals worldwide to 13.5-17.4 million,
with the largest relative increase in low-income and lower-middle-
income countries. This tool could play a critical role to support health
delivery, advocacy, and funding decisions for T1D.12*

Future research into the epidemiology of early life factors and their

association with childhood T1D incidence!?”

and the application of
new methods and technologies'?® will provide novel knowledge and

complement the ongoing surveillance of childhood T1D incidence.

12 | PATHOGENESIS OF T2D

T2D is characterized by hyperglycemia caused by insulin resistance,
and relative impairment in insulin secretion due to p-cell dysfunction
either as inborn genetic defect of acquired from glucose toxicity, lipo-
toxicity, or other mechanisms. The etiology includes contribution by
genetic and physicologic components, lifestyle factors such as excess
energy intake, insufficient physical activity, and increased sedentary
behavior.* The pathogenesis of type 2 diabetes is variable between
individuals and complicated by heterogeneity in the degree of insulin
resistance and deficiency, genetic, and environmental influences, and
comorbidities including hypertension, hyperlipidemia, and obesity.?”
Peripheral insulin resistance is a key feature that occurs early in
the disease course, and initially is compensated by increased insulin
secretion reflected in hyperinsulinemia.'?” Sustained hyperglycemia
over time results in B-cell exhaustion and declining insulin secretion
(glucose toxicity). Type 2 diabetes in youth is typically clinically char-
acterized by insulin resistance, as well as other features of metabolic
syndrome, which are commonly present, including hypertension,
hyperlipidemia, acanthosis nigricans, fatty liver disease, and polycystic
ovary disease.'?® Further details on the pathogeneis, and management
are discussed in ISPAD 2022 Consensus Guidelines Chapter 3 on
Type 2 Diabetes in Children and Adolescents.

13 | EPIDEMIOLOGY OF T2D

Once a rare disease in youth, T2D is becoming more common and
accounts for a significant proportion of youth onset diabetes in cer-
tain at-risk populations. Worldwide incidence and prevalence of
T2D in children and adolescents vary substantially among coun-

tries, age categories and ethnic groups.*?? %4 The incidence and

prevalence of T2D are highest among youth from a minority race/
ethnicity,”? likely because of many factors, including genetics, met-
abolic characteristics, cultural/environmental influences, and qual-

ity of and access to health care.t3>13¢

14 | MONOGENIC DIABETES

A familial form of mild, non-ketotic diabetes presenting during adoles-
cence or early adulthood®®”:*%8 originally termed MODY, is now rec-
ognized as a group of disorders which result from dominantly acting
heterozygous mutations in genes important for the development or
function of p-cells.’®®13? Despite the classical description of MODY
as a disorder with onset before 25 years of age, autosomal dominant

189.140 it s clear that

inheritance, and non-ketotic diabetes mellitus,
there is considerable overlap in the presentations of T1D, T2D, and
monogenic diabetes. As a result, monogenic diabetes may be misdiag-
nosed and treated incorrectly. The etiology, diagnosis and manage-
ment of monogenic diabetes are described in detail in the ISPAD
2022 Consensus Guidelines Chapter 5 on The diagnosis and manage-

ment of monogenic diabetes in children and adolescents.

15 | NEONATALDIABETES MELLITUS

T1D rarely presents in the first year of life, particularly before age
6 months.2*1%2 |n in very young infants, under the age of 6 months,
it is likely that over 80% have a monogenic cause,**® with the most
common one being B cell/potassium channel mutations. A small
minority of NDM is accounted for by rate genetic mutations in
immune system genes including mutations in the transcription factor
FOXP3 as part of the immune-dysregulation poly-endocrinopathy
enteropathy X-linked (IPEX) syndrome.}** Genetic testing in those
diagnosed under age 6 months is indicated, likely to find the cause,
and may change treatment.***~'*” Further details of the genetic basis
of NDM are provided in the ISPAD 2022 Consensus Guidelines Chap-
ter 5 on The diagnosis and management of monogenic diabetes in

children and adolescents.

16 | MITOCHONDRIAL DIABETES

Mitochondrial diabetes is commonly associated with sensorineural
deafness and is characterized by progressive non-autoimmune
p-cell failure.2*®14? Transmission of maternal mutated mitochon-
drial DNA (mtDNA) can result in maternally inherited diabetes. The
most common mutation occurs at position 3243 in the tRNA leu-
cine gene, leading to an A-to-G transition.>%*>* Mitochondrial dia-
betes may present with variable phenotypes, ranging from acute
onset with or without DKA, to a more gradual onset resembling
T2D. The disease typically presents in young adults, but can occur
in children and adolescents, who have a lower prevalence of hear-

ing loss compared with adults.*>?
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17 | CYSTIC FIBROSIS-RELATED
DIABETES

Cystic fibrosis-related diabetes (CFRD) is the most common comor-
bidity associated with cystic fibrosis (CF). The pathophysiology
of CFRD is primarily due to insulin deficiency, along with glucagon
deficiency and variable insulin resistance (particularly during acute
iliness, secondary to infections and medications such as bronchodila-
tors and glucocorticoids). Other contributory factors include the
need for high caloric intake, delayed gastric emptying, altered intesti-
nal motility, and liver disease.'>3 CF is associated with a progressive
deterioration in glucose tolerance as individuals grow older, includ-
ing indeterminate glycemia followed by IGT and finally diabetes.
Early CFRD is characterized by normal fasting BGL, but over time
fasting hyperglycemia develops. CFRD typically presents in adoles-
cence and early adulthood>* but may occur at any age. The presen-
tation may be asymptomatic, insidious, associated with poor weight
gain®>® or precipitated by insulin resistance associated with infec-
tion/use of glucocorticoids. Detection rates for CFRD vary with
screening practices.>® The onset of CFRD is defined as the date a
person with CF first meets diagnostic criteria for diabetes, even if
hyperglycemia subsequently abates. The onset of CFRD is a poor
prognostic sign and is associated with increased morbidity and mor-
tality reported prior to implementation of routine screening for
CFRD and early use of insulin therapy.'®” Poorly controlled CFRD
interferes with immune responses to infection and promotes protein
catabolism.'>¢1%8 Annual screening for CFRD should commence at
least by age 10 years in all persons with CF who do not have CFRD.
Screening should be performed using the 2-h 75g (1.75 g/kg)
OGTT.% A more comprehensive discussion on CFRD can be found in
ISPAD 2022 Consensus guidelines Chapter 5 on Cystic Fibrosis
Related Diabetes in Children and Adolescents.

18 | HEMOCHROMATOSIS AND DIABETES
Hemochromatosis is an inherited or secondary disorder caused by
excessive iron storage leading to multiple organ damage.'®® Primary
hemochromatosis is an autosomal recessive disease presenting as liver
cirrhosis, cardiac dysfunction, hypothyroidism, diabetes, and hypogo-
nadism. Secondary hemochromatosis may develop in individuals
who have received multiple red blood cell transfusions.*® Diabetes
associated with hemochromatosis is primarily due to loss of insulin
secretory capacity by damaged p-cells with insulin resistance playing a
secondary role. The prevalence of diabetes in this population is not

well characterized and has likely been underestimated.¢*

19 | DIABETES INDUCED BY DRUGS AND
TOXINS

A range of pharmacological agents impair insulin secretion

(e.g., propranolol), and/or action (e.g., glucocorticoids, antipsychotic

agents), while others (e.g., calcineurin inhibitors, pentamidine) can
cause permanent p-cell damage 31627164

In neurosurgery, large doses of dexamethasone are frequently
used to prevent cerebral edema. The additional stress of surgery may
add to the drug-induced insulin resistance and cause a relative insulin
deficiency, sufficient to cause transient diabetes. Hyperglycemia may
be exacerbated if large volumes of intravenous dextrose are given for
management of diabetes insipidus. An intravenous insulin infusion is
the optimal method to control the hyperglycemia, which is usually
transient. In oncology, protocols which employ L-asparaginase, high
dose glucocorticoids, cyclosporin, or tacrolimus (FK506) may be asso-
ciated with secondary or transient diabetes. L-asparaginase usually
causes a reversible form of diabetes.’®> Tacrolimus and cyclosporin
may cause a permanent form of diabetes possibly due to islet cell
destruction.?? Often the diabetes is cyclical and associated with the
chemotherapy cycles, especially if associated with large doses of
glucocorticoids. Immune checkpoint inhibitors can cause a special
form of autoimmune diabetes characterized by a rapid loss of 3-cell
function.2®® Following organ transplantation, diabetes most frequently
occurs with the use of high dose glucocorticoids and tacrolimus; the
risk is increased in individuals with preexisting obesity.'¢”~1%? Diabe-
tes can also be induced by the use of atypical antipsychotics including
olanzapine, risperidone, quetiapine, and ziprasidone, which may
be associated with weight gain. In children and adolescents, use of
antipsychotics was associated with a more than 3-fold increased risk
of non-autoimmune diabetes, and the risk was significantly higher
with increasing cumulative dose.r’® Among Canadian youth with
medication-induced diabetes, risk factors for T2D (family history of
T2D, obesity, non-Caucasian ethnicity, acanthosis nigricans) were less

commonly observed than in youth with T2D.1”*

20 | STRESSHYPERGLYCEMIA
Hyperglycemia that occurs as a response to stress is transient in
individuals without known diabetes. Stress hyperglycemia has been
reported in up to 5% of children presenting to an emergency
department, in association with acute illness or sepsis; traumatic
injuries, febrile seizures, burns, and elevated body temperature
(>39°C).172’175

However, the incidence of severe hyperglycemia (>16.7 mmol/L
or 300 mg/dl) was <1% and almost two-thirds of individuals had
received interventions influencing glucose metabolism before evalua-
tion, suggesting the etiology may at least in part be iatrogenic.1”¢

The reported incidence of progression to overt diabetes varies
from 0% to 32%.1777183 Children with incidental hyperglycemia
without a serious concomitant illness were more likely to
develop diabetes than those with a serious illness.*®* As would be
expected, testing for diabetes-associated autoantibodies had a
high positive and negative predictive value for the development of
T1D in children with stress hyperglycemia.*®? In children who have
sustained severe burns, insulin resistance may persist for up to

3 years later.1’4
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21 | CONCLUSION

Diabetes in youth is a heterogeneous disorder in which clinical pre-
sentation and disease progression may vary considerably. Classifica-
tion is important for determining therapy, but in some individuals,
overlapping clinical characteristics do not allow for diabetes type to
be determined at the time of diagnosis. Progress has been made in
understanding the pathophysiology as well as genetic characteristics
of the different types of diabetes in childhood and markers are avail-
able to facilitate this task. Research has been conducted worldwide
over the last several years combining genetic, clinical, and pathophysi-
ological characteristics to better define the different types of diabetes
in childhood, which is getting us closer to the goal of optimizing per-
sonalized treatment approaches. The challenge in the years ahead is

to ensure that these advances reach all youth across the world.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ORCID

Maria E. Craig "> https://orcid.org/0000-0001-6004-576X

REFERENCES

1. Mayer-Davis EJ, Kahkoska AR, Jefferies C, et al. Chapter 1: defini-
tion, epidemiology, diagnosis and classification of Diabetes in Chil-
dren and Adolescents. Pediatr Diabetes. 2018;19(suppl 27):7-19.

2. World Health Organization. Definition and diagnosis of diabetes melli-
tus and intermediate hyperglycaemia: report of a WHO/IDF consulta-
tion. Switzerland; 2006.

3. American Diabetes Association. Classification and diagnosis of dia-
betes: standards of medical care in diabetes—2022. Diabetes Care.
2022;45(suppl 1):517-S38.

4. Arslanian S, Bacha F, Grey M, Marcus MD, White NH, Zeitler P.
Evaluation and management of youth-onset type 2 diabetes: a posi-
tion statement by the American Diabetes Association. Diabetes Care.
2018;41(12):2648-2668.

5. Dabelea D, Sauder K, Jensen E, et al. Twenty years of pediatric
diabetes surveillance: what do we known and why it matters. Ann N
Y Acad Sci. 2021;1495(1):99-120.

6. Tosur M, Philipson LH. Precision diabetes: lessons learned from
maturity-onset diabetes of the young (MODY). J Diabetes Investig.
2022;13:1465-1471.

7. Todd JN, Kleinberger JW, Zhang H, et al. Monogenic diabetes in
Youth with presumed type 2 diabetes: results from the Progress in
Diabetes Genetics in Youth (ProDiGY) Collaboration. Diabetes Care.
2021;44(10):2312-2319.

8. Klein KR, Walker CP, McFerren AL, et al. Carbohydrate intake
prior to oral glucose tolerance testing. J Endocr Soc. 2021;29(5):
bvab049.

9. Helminen O, Aspholm S, Pokka T, et al. HbA1c predicts time to diag-
nosis of type 1 diabetes in children at risk. Diabetes. 2015;64(5):
1719-1727.

10. Ludvigsson J, Cuthbertson D, Becker DJ, et al. Increasing plasma glu-
cose before the development of type 1 diabetes-the TRIGR study.
Pediatr Diabetes. 2021;22(7):974-981.

11. Vehik K, Boulware D, Killian M, et al. Rising hemoglobin Alc in
the nondiabetic range predicts progression of type 1 diabetes as
well as oral glucose tolerance test. Diabetes Care. 2022;45(10):
2342-2349.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

Hagman E, Reinehr T, Kowalski J, Ekbom A, Marcus C, Holl RW.
Impaired fasting glucose prevalence in two nationwide cohorts of
obese children and adolescents. Int J Obes (Lond). 2014;38(1):40-45.
Libman I, Barinas-Mitchell E, Bartucci A, et al. Reproducibility of the
oral glucose tolerance test in overweight children. J Clin Endocrinol
Metab. 2008;93(11):4231-4237.

Insel RA, Dunne JL, Atkinson MA, et al. Staging presymptomatic type
1 diabetes: a scientific statement of JDRF, the Endocrine Society,
and the American Diabetes Association. Diabetes Care. 2015;38(10):
1964-1974.

Classification and diagnosis of diabetes mellitus and other categories
of glucose intolerance. National Diabetes Data Group. Diabetes.
1979;28(12):1039-1057.

WHO Expert Committee on Diabetes Mellitus. Second report. World
Health Organ Tech Rep Ser. 1980;646:1-80.

Libman |, Pietropaolo M, Arslanian S, et al. Changing prevalence of
overweight in children and adolescent with insulin treated diabetes.
Diabetes Care. 2003;26(10):2871-2875.

Kapellen TM, Gausche R, Dost A, et al. Children and adolescents
with type 1 diabetes in Germany are more overweight than healthy
controls: results comparing DPV database and CrescNet database.
J Pediatr Endocrinol Metab. 2014;27(3-4):209-214.

Rewers A, Klingensmith G, Davis C, et al. Presence of diabetic ketoa-
cidosis at diagnosis of diabetes mellitus in youth: the search for dia-
betes in youth study. Pediatrics. 2008;121(5):e1258-e1266.

Dabelea D, Rewers A, Stafford JM, et al. Trends in the prevalence of
ketoacidosis at diabetes diagnosis: the SEARCH for diabetes in
youth study. Pediatrics. 2014;133(4):€938-e945.

Fendler W, Borowiec M, Baranowska-Jazwiecka A, et al. Prevalence
of monogenic diabetes amongst Polish children after a nationwide
genetic screening campaign. Diabetologia. 2012;55(10):2631-2635.
Irgens HU, Molnes J, Johansson BB, et al. Prevalence of monogenic
diabetes in the population-based Norwegian Childhood Diabetes
Registry. Diabetologia. 2013;56(7):1512-1519.

Pihoker C, Gilliam LK, Ellard S, et al. Prevalence, characteristics and clin-
ical diagnosis of maturity onset diabetes of the young due to mutations
in HNF1A, HNF4A, and glucokinase: results from the SEARCH for dia-
betes in youth. J Clin Endocrinol Metab. 2013;98(10):4055-4062.
Dabelea D, Pihoker C, Talton JW, et al. Etiological approach to char-
acterization of diabetes type: the SEARCH for diabetes in youth
study. Diabetes Care. 2011;34(7):1628-1633.

Oram RA, Patel K, Hill A, et al. A type 1 diabetes genetic risk score
can aid discrimination between type 1 and type 2 diabetes in young
adults. Diabetes Care. 2016;39(3):337-344.

Mottalib A, Kasetty M, Mar JY, Elseaidy T, Ashrafzadeh S, Hamdy O.
Weight management in patients with type 1 diabetes and obesity.
Curr Diab Rep. 2017;17(10):92.

Libman |, Pietropaolo M, Aslanian S, et al. Evidence for heteroge-
neous pathogenesis of insulin-treated diabetes in black and white
children. Diabetes Care. 2003;26(10):2876-2882.

Genuth S, Palmer J, Nathan DM. Classification and diagnosis of dia-
betes. In: Cowie CC, Casagrande SS, Menke A, Cissell MA, Eberhardt
MS, Meigs JB, Gregg EW, Knowler WC, Barrett-Connor E, Becker
DJ, Brancati FL, Boyko EJ, Herman WH, HOward BV, Narayan
KMV, Rewers M, Fradkin JE, eds. Diabetes in America. 3rd ed.
Bethesda, MD: National Institutes of Health; 2018.

Drachenberg CB, Klassen DK, Weir MR, et al. Islet cell damage asso-
ciated with tacrolimus and cyclosporine: morphological features in
pancreas allograft biopsies and clinical correlation. Transplantation.
1999,68(3):396-402.

Andrews RC, Walker BR. Glucocorticoids and insulin resistance: old
hormones, new targets. Clin Sci. 1999;96(5):513-523.

Ferris HA, Kahn CR. New mechanisms of glucocorticoid-induced
insulin resistance: make no bones about it. J Clin Invest. 2012;
122(11):3854-3857.


https://orcid.org/0000-0001-6004-576X
https://orcid.org/0000-0001-6004-576X

LIBMAN ET AL.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Gill GV, Mbanya JC, Ramaiya KL, et al. A sub-Saharan African per-
spective of diabetes. Diabetologia. 2009;52(1):8-16.

Barman KK, Premalatha G, Mohan V. Tropical chronic pancreatitis.
Postgrad Med J. 2003;79(937):606-615.

Leete P, Mallone R, Richardson SJ, Sosenko JM, Redondo MJ,
Evans-Molina C. The effect of age on the progression and severity
of type 1 diabetes: potential effects on disease mechanisms. Curr
Diab Rep. 2018;18(11):115.

Oram RA, Redondo MJ. New insights on the genetics of type 1 dia-
betes. Curr Opin Endocrinol Diabetes Obes. 2019;26(4):181-187.
Mrena S, Virtanen SM, Laippala P, et al. Models for predicting type
1 diabetes in siblings of affected children. Diabetes Care. 2006;29:
662-667.

Dorman JS, Steenkiste AR, O'Leary LA, McCarthy B, Lorenzen T,
Foley TP. Type 1 diabetes in offspring of parents with type 1 diabetes:
the tip of an autoimmune iceberg? Pediatr Diabetes. 2000;1:17-22.
Redondo MJ, Jeffrey J, Fain PR, Eisenbarth GS, Orban T. Concor-
dance for islet autoimmunity among monozygotic twins. N Engl J
Med. 2008;359:2849-2850.

Redondo MJ, Rewers M, Yu L, et al. Genetic determination of islet
cell autoimmunity in monozygotic twin, dizygotic twin, and non-twin
siblings of patients with type 1 diabetes: prospective twin study.
BMJ. 1999;318:698-702.

Nagamine K, Peterson P, Scott HS, et al. Positional cloning of the
APECED gene. Nat Genet. 1997;17:393-398.

Finnish-German AC. An autoimmune disease, APECED, caused by
mutations in a novel gene featuring two PHD-type zinc-finger
domains. Nat Genet. 1997;17:399-403.

Noble JA, Valdes AM, Cook M, Klitz W, Thomson G, Erlich HA. The
role of HLA class Il genes in insulin-dependent diabetes mellitus:
molecular analysis of 180 Caucasian, multiplex families. Am J Hum
Genet. 1996;59(5):1134-1148.

Cudworth AG, Woodrow JC. Letter: HL-A antigens and diabetes
mellitus. Lancet. 1974;2:1153.

Redondo M, Steck A, Pugliese A. Genetics of type 1 diabetes. Pediatr
Diabetes. 2018;19(3):346-353.

Erlich H, Valdes AM, Noble J, et al. HLA DR-DQ haplotypes and
genotypes and type 1 diabetes risk: analysis of the type 1 diabetes
genetics consortium families. Diabetes. 2008;57(4):1084-1092.

Knip M. Pathogenesis of type 1 diabetes: implications for incidence
trends. Horm Res Paediatr. 2011;76(suppl 1):57-64.

Rose G. Sick individuals and sick populations. Int J Epidemiol. 1985;
14(1):32-38.

Zhao LP, Alshiekh S, Zhao M, et al. Next-Generation Sequencing
Reveals That HLA-DRB3, -DRB4, and -DRB5 May Be Associated
With Islet Autoantibodies and Risk for Childhood Type 1 Diabetes.
Diabetes. 2016;65:710-718.

Noble JA, Valdes AM, Thomson G, Erlich HA. The HLA class Il locus
DPB1 can influence susceptibility to type 1 diabetes. Diabetes.
2000;49:121-125.

Vafiadis P, Bennett ST, Todd JA, et al. Insulin expression in human
thymus is modulated by INS VNTR alleles at the IDDM2 locus. Nat
Genet. 1997;15:289-292.

Pugliese A, Zeller M, Fernandez A, et al. The insulin gene is tran-
scribed 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.

Onengut-Gumuscu S, Ewens KG, Spielman RS, Concannon P. A
functional polymorphism (1858C/T) in the PTPN22 gene is linked
and associated with type | diabetes in multiplex families. Genes
Immun. 2004;5:678-680.

Nistico L, Buzzetti R, Pritchard LE, et al. The CTLA-4 gene region
of chromosome 2g33 is linked to, and associated with, type 1 diabe-
tes Belgian Diabetes Registry. Human Molecular Genetics. 1996;5:
1075-1080.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

IntermationalSocety for Pediatc
i Adlescet Disbetes

Todd JA, Walker NM, Cooper JD, et al. Robust associations of four
new chromosome regions from genome-wide analyses of type 1 dia-
betes. Nat Genet. 2007;39:857-864.

Grant SF, Thorleifsson G, Reynisdottir I, et al. Variant of transcrip-
tion factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes.
Nat Genet. 2006;38:320-323.

Redondo MJ, Muniz J, Rodriguez LM, et al. Association of TCF7L2
variation with single islet autoantibody expression in children with
type 1 diabetes. BMJ Open Diabetes Res Care. 2014;2:eé000008.

Patel KA, Oram RA, Flanagan SE, et al. Type 1 diabetes genetic risk
score: a novel tool to discriminate monogenic and type 1 diabetes.
Diabetes. 2016;65(7):2094-2099.

Sharp S, Rich S, Wood A, et al. Development and standardization of
an improved type 1 diabetes genetic risk score for use in newborn
screening and incident diagnosis. Diabetes Care. 2019;42(2):200-207.
Norris JM, Beaty B, Klingensmith G, et al. Lack of association
between early exposure to cow's milk protein and beta-cell autoim-
munity. Diabetes Autoimmunity Study in the Young (DAISY). JAMA.
1996;276:609-614.

Steck AK, Dong F, Wong R, et al. Improving prediction of type 1 dia-
betes by testing non-HLA genetic variants in addition to HLA
markers. Pediatr Diabetes. 2014;15:355-362.

Frohnert BI, Laimighofer M, Krumsiek J, et al. Prediction of type
1 diabetes using a genetic risk model in the Diabetes Autoimmunity
Study in the Young. Pediatr Diabetes. 2018;19(2):277-283.

Winkler C, Krumsiek J, Lempainen J, et al. A strategy for combining
minor genetic susceptibility genes to improve prediction of disease
in type 1 diabetes. Genes Immun. 2012;13:549-555.

Winkler C, Krumsiek J, Buettner F, et al. Feature ranking of type
1 diabetes susceptibility genes improves prediction of type 1 diabe-
tes. Diabetologia. 2014;57:2521-2529.

Ferrat L, Vehik K, Sharp S, et al. A combined risk score enhances pre-
diction of type 1 diabetes among susceptible children. Nat Med.
2020;26(8):1247-1255.

Oram R, Sharp S, Pihoker C, et al. Utility of diabetes type-specific
genetic risk scores for the classification of diabetes type among mul-
tiethnic youth. Diabetes Care. 2022;45(5):1124-1131.
Onengut-Gumuscu S, Chen WM, Robertson CC, et al. Type 1 diabe-
tes risk in African-Ancestry participants and utility of an ancestry-
specific genetic risk score. Diabetes Care. 2019;42(3):406-415.
Rewers M, Hyoty H, Lernmark A, et al. The environmental determi-
nants of diabetes in the Young (TEDDY) Study: 2018 update. Curr
Diab Rep. 2018;18(12):136.

Verge CF, Gianani R, Kawasaki E, et al. Prediction of type | diabetes
in first-degree relatives using a combination of insulin, GAD, and
ICA512bdc/IA-2 autoantibodies. Diabetes. 1996,45(7):926-933.
Ziegler AG, Rewers M, Simell O, et al. Seroconversion to multiple
islet autoantibodies and risk of progression to diabetes in children.
JAMA. 2013;309(23):2473-2479.

Craig M, Wook Kim K, Isaacs SR, et al. Early-life factors contributing
to type 1 diabetes. Diabetologia. 2019;62(10):1823-1834.

Rewers M, Stene LC, Norris JM. Risk factors for type 1 diabetes.
Diabetes in America. 3rd ed. National Institute of Diabetes and
Digestive and Kidney Diseases (US); 2018.

March C, Becker D, Libman I. Nutrition and obesity in the pathogen-
esis of youth-onset type 1 diabetes and its complications. Front
Endocrinol. 2021;12:622901.

Silijander H, Honkanen J, Knip M. Microbiome and type 1 diabetes.
EBioMedicine. 2019;46:512-521.

Yeung G, Rawlinson WD, Craig ME. Enterovirus infection and type
1 diabetes mellitus—a systematic review of molecular studies. BMJ.
2011;342:d35.

Laitinen OH, Honkanen H, Pakkanen O, et al. Coxsackievirus B1 is
associated with induction of beta-cell autoimmunity that portends
type 1 diabetes. Diabetes. 2014;63(2):446-455.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

LIBMAN ET AL.

Mustonen N, Siljander H, Peet A, et al. Early childhood infections
precede development of beta-cell autoimmunity and type 1 diabetes
in children with HLA-conferred disease risk. Pediatr Diabetes. 2018;
19(2):293-299.

Richardson SJ, Willcox A, Bone AJ, Foulis AK, Morgan NG. The
prevalence of enteroviral capsid protein vp1 immunostaining in pan-
creatic islets in human type 1 diabetes. Diabetologia. 2009;52(6):
1143-1151.

Dotta F, Censini S, van Halteren AG, et al. Coxsackie B4 virus infec-
tion of beta cells and natural killer cell insulitis in recent-onset
type 1 diabetic patients. Proc Natl Acad Sci U S A. 2007;104(12):
5115-5120.

Richardson SJ, Leete P, Bone AJ, Foulis AK, Morgan NG. Expression
of the enteroviral capsid protein VP1 in the islet cells of patients
with type 1 diabetes is associated with induction of protein kinase R
and downregulation of Mcl-1. Diabetologia. 2013;56(1):185-193.
Gale EA. Congenital rubella: citation virus or viral cause of type 1 dia-
betes? Diabetologia. 2008;51(9):1559-1566.

Shah AS, Nadeau KJ. The changing face of paediatric diabetes.
Diabetologia. 2020;63(4):683-691.

Ogle GD, James S, Dabelea D, et al. Global estimates of incidence of
type 1 diabetes in children and adolescents: results from the Interna-
tional Diabetes Federation Atlas, 10(th) Edition. Diabetes Res Clin
Pract. 2021;183:109083.

International Diabetes Federation (IDF). IDF Diabetes Atlas. 10th ed.;
2021 www.diabetesatlas.org (Accessed January 14, 2022)

Diabetes Epidemiology Research International Group. Geographic
patterns of childhood insulin-dependent diabetes mellitus. Diabetes.
1988;37:1113-1119.

Lévy-Marchal C, Patterson CC, Green A. Geographical variation
of presentation at diagnosis of type | diabetes in children: the
EURODIAB study European and Diabetes. Diabetologia. 2001;44-
(suppl 3):B75-B80.

Weng J, Zhou Z, Guo L, et al. Incidence of type 1 diabetes in China,
2010-13: population-based study. BMJ. 2018;360:j5295.

Karvonen M, Viik-Kajander M, Moltchanova E, Libman |, LaPorte R,
Tuomilehto J. Incidence of childhood type 1 diabetes worldwide.
Diabetes Mondiales (DiaMond) Project Group. Diabetes Care. 2000;
23(10):1516-1526.

Parviainen A, But A, Siljander H, Knip M, Register TFPD. Decreased
incidence of type 1 diabetes in young finnish children. Diabetes Care.
2020;43(12):2953-2958.

Knip M. Type 1 diabetes in Finland: past, present, and future. Lancet
Diab Endocrinol. 2021:9(5):259-260.

Ahmadov GA, Govender D, Atkinson MA, et al. Epidemiology of
childhood-onset type 1 diabetes in Azerbaijan: incidence, clinical
features, biochemistry, and HLA-DRB1 status. Diabetes Res Clin
Pract. 2018;144:252-259.

Tuomilehto J, Ogle GD, Lund-Blix NA, Stene LC. Update on world-
wide trends in occurrence of childhood type 1 diabetes in 2020.
Pediatr Endocrinol Rev. 2020;17(suppl 1):198-209.

Jasem D, Majaliwa ES, Ramaiya K, Najem S, Swai ABM,
Ludvigsson J. Incidence, prevalence and clinical manifestations at
onset of juvenile diabetes in Tanzania. Diabetes Res Clin Pract. 2019;
156:107817.

Kondrashova A, Reunanen A, Romanov A, et al. A six-fold gradient
in the incidence of type 1 diabetes at the eastern border of Finland.
Ann Med. 2005;37(1):67-72.

Skrivarhaug T, Stene L, Drivvoll A, et al. Incidence of type 1 diabetes
in Norway among children aged 0-14 years between 1989 and
2012: has the incidence stopped rising? Results from the Norwegian
Childhood Diabetes Registry. Diabetologia. 2014;57(1):57-62.
Szalecki M, Wysocka-Mincewicz M, Ramotowska A, et al. Epidemiol-
ogy of type 1 diabetes in polish children: a multicentre cohort study.
Diabetes Metab Res Rev. 2018;34(2):e2962.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Castillo-Reinado K, Maier W, Holle R, et al. Associations of area
deprivation and urban/rural traits with the incidence of type 1 diabe-
tes: analysis at the municipality level in North Rhine-Westphalia,
Germany. Diabet Med. 2020;37(12):2089-2097.

Willis J, Cunningham-Tisdall C, Griffin C, et al. Type 1 diabetes
diagnosed before age 15 years in Canterbury, New Zealand: a fifty-
year record of increasing incidence. Pediatr Diabetes. 2022;23(3):
301-309.

Divers J, Mayer-Davis EJ, Lawrence JM, et al. Trends in incidence of
type 1 and type 2 diabetes among youths—Selected counties and
indian reservations, United States, 2002-2015. MMWR Morb Mortal
Wkly Rep. 2020;69:161-165.

Lawrence JM, Divers J, Isom S, et al. Trends in prevalence of type
1 and type 2 diabetes in children and adolescents in the US,
2001-2017. JAMA. 2021;326(8):717-727.

Samuelsson U, Westerberg L, Aakesson K, et al. Geographical varia-
tion in the incidence of type 1 diabetes in the Nordic countries: a
study within NordicDiabKids. Pediatr Diabetes. 2020;21(2):259-265.
Xia Y, Xie Z, Huang G, Zhou Z. Incidence and trend of type 1 diabe-
tes and the underlying environmental determinants. Diabetes Metab
Res Rev. 2019;35(1):e3075.

Sheehan A, Freni Sterrantino A, Fecht D, Elliott P, Hodgson S. Child-
hood type 1 diabetes: an environment-wide association study across
England. Diabetologia. 2020;63(5):964-976.

Gale EAM, Gillespie K. Diabetes and gender. Diabetologia. 2001;44:
3-15.

Forga L, Chueca MJ, Tamayo |, Oyarzabal M, Toni M, Goii MJ.
Cyclical variation in the incidence of childhood-onset type 1 diabetes
during 40 years in Navarra (Spain). Pediatr Diabetes. 2018;19(8):
1416-1421.

Haynes A, Bulsara MK, Bergman P, et al. Incidence of type 1 diabetes
in O to 14 year olds in Australia from 2002 to 2017. Pediatr Diabetes.
2020;21(5):707-712.

McKenna A, O'Regan M, Ryder K, Fitzgerald H, Hoey H, Roche E.
Incidence of childhood type 1 diabetes mellitus in Ireland remains
high but no longer rising. Acta Paediatr. 2021;110(7):2142-2148.
Wandell PE, Carlsson AC. Time trends and gender differences in
incidence and prevalence of type 1 diabetes in Sweden. Curr Diabe-
tes Rev. 2013;9(4):342-349.

Patterson CC, Harjutsalo V, Rosenbauer J, et al. Trends and cyclical
variation in the incidence of childhood type 1 diabetes in 26 Euro-
pean centres in the 25-year period 1989-2013: a multicenter pro-
spective registration study. Diabetologia. 2019;62(3):408-417.
Rami-Merhar B, Hofer SE, Frohlich-Reiterer E, Waldhoer T,
Fritsch M, for the Austrian Diabetes Incidence Study Group. Time
trends in incidence of diabetes mellitus in Austrian children and ado-
lescents <15 years (1989-2017). Pediatr Diabetes. 2020;21(5):
720-726.

Manuwald U, Schoffer O, Kugler J, et al. Trends in incidence and
prevalence of type 1 diabetes between 1999 and 2019 based on
the Childhood Diabetes Registry of Saxony, Germany. PLoS One.
2021;16(12):e0262171.

Flint SA, Gunn AJ, Hofman PL, et al. Evidence of a plateau in the
incidence of type 1 diabetes in children 0-4 years of age from a
regional pediatric diabetes center; Auckland, New Zealand:
1977-2019. Pediatr Diabetes. 2021;22(6):854-860.

Haynes A, Bulsara M, Bower C, et al. Regular peaks and troughs in
the Australian incidence of childhood type 1 diabetes mellitus
(2000-2011). Diabetologia. 2015;58(11):2513-2516.

McNally RJQ, Court S, James PW, et al. Cyclical variation in type
1 childhood diabetes. Epidemiology. 2010;21(6):914-915.
Siemiatycki J, Colle E, Aubert D, et al. The distribution of type
1 (insulin-dependent) diabetes mellitus by age, sex, secular trend,
seasonality, time clusters, and space-time clusters: evidence from
Montreal, 1971-1983. Am J Epidemiol. 1986;124:545-560.


http://www.diabetesatlas.org

LIBMAN ET AL.

115.

116.

117.

118.

119.

120.

121

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

Karvonen M, Tuomilehto J, Virtala E, et al. Seasonality in the clinical
onset of insulin-dependent diabetes mellitus in finnish children.
Am J Epidemiol. 1996;143:167-176.

Szypowska A, Ramotowska A, Wysocka-Mincewicz M, et al. Sea-
sonal variation in month of diagnosis of polish children with type
1 diabetes—a multicenter study. Exp Clin Endocrinol Diabetes. 2019;
127(5):331-335.

Gerasimidi Vazeou A, Kordonouri O, Witsch M, et al. Seasonality at
the clinical onset of type 1 diabetes—Lessons from the SWEET data-
base. Pediatr Diabetes. 2016;17:32-37.

Gardner SG, Bingley PJ, Sawtell PA, Weeks S, Gale EA, the Bart's-
Oxford Study Group. Rising incidence of insulin dependent diabetes
in children aged under 5 years in the Oxford region: time trend anal-
ysis. Br Med J. 1997;315:713-717.

Berhan Y, Waernbaum |, Lind T, Mollsten A, Dahlquist G, for the
Swedish Childhood Diabetes Study Group. Thirty years of prospec-
tive nationwide incidence of childhood type 1 diabetes: the acceler-
ating increase by time tends to level off in Sweden. Diabetes. 2011;
60(2):577-581.

Kamrath C, Rosenbauer J, Eckert AJ, et al. Incidence of type 1 diabetes in
children and adolescents during the COVID-19 pandemic in Germany:
results from the DPV registry. Diabetes Care. 2022;45:1762-1771.

Barrett CE, Koyama AK, Alvarez P, et al. Risk for newly diagnosed dia-
betes >30 days after SARS-CoV-2 infection among persons aged
<18 years - United States, March 1, 2020-June 28, 2021. https://www.
cdc.gov/mmwr/volumes/71/wr/mm7102e2.htm (Accessed January
14, 2022). MMWR Morb Mortal Wkly Rep. 2022;71(2):59-65.

Unsworth R, Wallace S, Oliver NS, et al. New-onset type 1 diabetes
in children during COVID-19: multicenter regional findings in the
UK. Diabetes Care. 2020;43(11):e170-e171.

Accili D. Can COVID-19 cause diabetes? Nat Metab. 2021;3(2):
123-125.

Gregory G, Robinson T, Linklater S, et al. Global incidence, preva-
lence, and mortality of type 1 diabetes in 2021 with projections to
2040: a modelling study. Lancet. 2022;10:741-760.

Norris JM, Johnson RK, Stene LC. Type 1 diabetes-early life origins
and changing epidemiology. Lancet Diabetes Endocrinol. 2020;8(3):
226-238.

Franks PW, Pomares-Millan H. Next-generation epidemiology: the
role of high-resolution molecular phenotyping in diabetes research.
Diabetologia. 2020;63(12):2521-2532.

Kahn SE, Cooper ME, Del Prato S. Pathophysiology and treatment
of type 2 diabetes: perspectives on the past, present, and future.
Lancet. 2014;383(9922):1068-1083.

American Diabetes Association. Children and adolescents: standards
of medical care. Diabetes Care. 2022;45(suppl 1):5208-5231.

Farsani SF, Van Der Aa M, Van Der Vorst M, et al. Global trends in
the incidence and prevalence of type 2 diabetes in children and ado-
lescents: a systematic review and evaluation of methodological
approaches. Diabetologia. 2013;56(7):1471-1488.

Haynes A, Kalic R, Cooper M, Hewitt JK, Davis EA. Increasing inci-
dence of type 2 diabetes in Indigenous and non-Indigenous children
in Western Australia, 1990-2012. Med J Aust. 2016;204:303.
Shulman R, Slater M, Khan S, et al. Prevalence, incidence and out-
comes of diabetes in Ontario First Nations children: a longitudinal
population-based cohort study. CMAJ Open. 2020;8:E48-E55.
Candler TP, Mahmoud O, Lynn RM, Majbar AA, Barrett TG,
Shield JPH. Continuing rise of Type 2 diabetes incidence in children
and young people in the UK. Diabet Med. 2018;35:737-744.

Wang J, Wu W, Dong G, Huang K, Fu J. Pediatric diabetes in China:
challenges and actions. Pediatr Diabetes. 2022;23(5):545-550.
Baechle C, Stahl-Pehe A, Prinz N, et al. Prevalence trends of type
1 and type 2 diabetes in children and adolescents in North Rhine-
Westphalia, the most populous federal state in Germany, 2002-2020.
Diabetes Res Clin Pract. 2022;16(190):109995.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

IntermationalSocety for Pediatc
i Adlescet Disbetes

Bacha F, Gungor N, Lee S, Arslanian SA. Type 2 diabetes in youth:
are there racial differences in p-cell responsiveness relative to insulin
sensitivity? Pediatr Diabetes. 2012;13:259-265.

Malik FS, Liese AD, REboussin BA, et al. Prevalence and predictors
of household food insecurity and supplemental nutrition assistance
program use in youth and young adults with diabetes. The SEARCH
for Diabetes in Youth Study. Diabetes Care. 2021;19:dc210790. doi:
10.2337/dc21-0790

Tattersall R. Maturity-onset diabetes of the young: a clinical history.
Diabet Med. 1998;15(1):11-14.

Fajans SS, Bell GIl. MODY: history, genetics, pathophysiology, and
clinical decision making. Diabetes Care. 2011;34(8):1878-1884.
Fajans SS, Bell GI, Polonsky KS. Molecular mechanisms and clinical
pathophysiology of maturity-onset diabetes of the young. N Engl J
Med. 2001;345(13):971-980.

Tattersall RB, Fajans SS. A difference between the inheritance of
classical juvenile-onset and maturity-onset type diabetes of young
people. Diabetes. 1975;24(1):44-53.

Edghill EL, Dix RJ, Flanagan SE, et al. HLA genotyping supports a
nonautoimmune etiology in patients diagnosed with diabetes under
the age of 6 months. Diabetes. 2006;55(6):1895-1898.

lafusco D, Stazi MA, Cotichini R, et al. Permanent diabetes mellitus
in the first year of life. Diabetologia. 2002;45(6):798-804.

De Franco E, Flanagan SE, Houghton JA, et al. The effect of early,
comprehensive genomic testing on clinical care in neonatal diabe-
tes: an international cohort study. Lancet. 2015;386(9997):
957-963.

Rubio-Cabezas O, Minton JA, Caswell R, et al. Clinical heterogeneity
in patients with FOXP3 mutations presenting with permanent neo-
natal diabetes. Diabetes Care. 2009;32(1):111-116.

Rubio-Cabezas O, Flanagan SE, Damhuis A, Hattersley AT, Ellard S.
KATP channel mutations in infants with permanent diabetes diag-
nosed after 6 months of life. Pediatr Diabetes. 2012;13(4):322-325.
Rubio-Cabezas O, Edghill EL, Argente J, Hattersley AT. Testing for
monogenic diabetes among children and adolescents with antibody—
negative clinically defined type 1 diabetes. Diabet Med. 2009;26(10):
1070-1074.

Mohamadi A, Clark LM, Lipkin PH, Mahone EM, Wodka EL,
Plotnick LP. Medical and developmental impact of transition from
subcutaneous insulin to oral glyburide in a 15-yr-old boy with
neonatal diabetes mellitus and intermediate DEND syndrome:
extending the age of KCNJ11 mutation testing in neonatal DM.
Pediatr Diabetes. 2010;11(3):203-207.

Yang M, Xu L, Xu C, et al. The mutations and clinical variability in
maternally inherited diabetes and deafness: an analysis of
161 patients. Front Endocrinol. 2021;12:728043.

Laloi-Michelin M, Meas T, Ambonville C, et al. The clinical variability
of maternally inherited diabetes and deafness is associated with the
degree of heteroplasmy in blood leukocytes. J Clin Endocrinol Metab.
2009;94(8):3025-3030.

Reardon W, Ross RJ, Sweeney MG, et al. Diabetes mellitus
associated with a pathogenic point mutation in mitochondrial DNA.
Lancet. 1992;340(8832):1376-1379.

van den Ouweland JM, Lemkes HH, Ruitenbeek W, et al. Mutation
in mitochondrial tRNA(Leu) (UUR) gene in a large pedigree with
maternally transmitted type Il diabetes mellitus and deafness. Nat
Genet. 1992;1(5):368-371.

Mazzaccara C, lafusco D, Liguori R, et al. Mitochondrial diabetes in
children: seek and you will find it. PLoS One. 2012;7(4):e34956.

Rana M, Munns CF, Selvadurai H, Donaghue KC, Craig ME. Cystic
fibrosis-related diabetes in children-gaps in the evidence? Nat Rev
Endocrinol. 2010;6(7):371-378.

Khare S, Desimone M, Kasim N, et al. Cystic fibrosis-related diabe-
tes: prevalence, screening and diagnosis. J Clin Transl Endocrinol.
2021;27:100290.


https://www.cdc.gov/mmwr/volumes/71/wr/mm7102e2.htm
https://www.cdc.gov/mmwr/volumes/71/wr/mm7102e2.htm
info:doi/10.2337/dc21-0790

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

LIBMAN ET AL.

Hameed S, Morton JR, Jaffe A, et al. Early glucose abnormalities in
cystic fibrosis are preceded by poor weight gain. Diabetes Care.
2010;33(2):221-226.

Waugh N, Royle P, Craigie |, et al. Screening for cystic fibrosis-
related diabetes: a systematic review. Health Technol Assess. 2012;
16(24):1-179.

Moran A, Dunitz J, Nathan B, Saeed A, Holme B, Thomas W. Cystic
fibrosis-related diabetes: current trends in prevalence, incidence,
and mortality. Diabetes Care. 2009;32(9):1626-1631.

Moran A, Milla C, Ducret R, Nair KS. Protein metabolism in clinically
stable adult cystic fibrosis patients with abnormal glucose tolerance.
Diabetes. 2001;50(6):1336-1343.

Fowler C. Hereditary hemochromatosis: pathophysiology, diagnosis,
and management. Crit Care Nurs Clin North Am. 2008;20(2):191-201.
Toumba M, Sergis A, Kanaris C, Skordis N. Endocrine complications
in patients with Thalassaemia major. Pediatr Endocrinol Rev. 2007;
5(2):642-648.

Mitchell TC, McClain DA. Diabetes and hemochromatosis. Curr Diab
Rep. 2014;14(5):488.

Berne C, Pollare T, Lithell H. Effects of antihypertensive treatment
on insulin sensitivity with special reference to ACE inhibitors.
Diabetes Care. 1991;14(suppl 4):39-47.

Galling B, Roldan A, Nielsen RE, et al. Type 2 diabetes mellitus in
youth exposed to antipsychotics. A systematic review and meta-
analysis. JAMA Psychiatry. 2016;73(3):247-259.

Tosur M, Vlau-Colindres J, Astudillo M, Redondo MJ, Lyons SK.
Medication-induced hyperglycemia: pediatric perspective. BMJ Open
Diab Res Care. 2020;8(1):e000801.

Pui CH, Burghen GA, Bowman WP, Aur RJ. Risk factors for hyper-
glycemia in children with leukemia receiving L-asparaginase and
prednisone. J Pediatr. 1981;99(1):46-50.

Akturk HK, Kahramangil D, Sarwal A, Hoffecker L, Murad MH,
Michels AW. Immune checkpoint inhibitor-induced type 1 diabetes:
a systematic review and meta-analysis. Diabet Med. 2019;36(9):
1075-1081.

Al Uzri A, Stablein DM, Cohn A. Posttransplant diabetes mellitus in
pediatric renal transplant recipients: a report of the North American
Pediatric Renal Transplant Cooperative Study (NAPRTCS). Trans-
plantation. 2001;72(6):1020-1024.

Maes BD, Kuypers D, Messiaen T, et al. Post-transplantation diabe-
tes mellitus in FK-506-treated renal transplant recipients: analysis of
incidence and risk factors. Transplantation. 2001;72(10):1655-1661.
First MR, Gerber DA, Hariharan S, Kaufman DB, Shapiro R. Post-
transplant diabetes mellitus in kidney allograft recipients: incidence,
risk factors, and management. Transplantation. 2002;73(3):379-386.
Bobo WV, Cooper WO, Stein CM, et al. Antipsychotics and the risk
of type 2 diabetes mellitus in children and youth. JAMA Psychiat.
2013;70(10):1067-1075.

Amed S, Dean H, Sellers EA, et al. Risk factors for medication-
induced diabetes and type 2 diabetes. J Pediatr. 2011;159(2):
291-296.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Bhisitkul DM, Morrow AL, Vinik Al, Shults J, Layland JC, Rohn R.
Prevalence of stress hyperglycemia among patients attending a
pediatric emergency department. J Pediatr. 1994;124(4):547-551.
Fattoruso V, Nugnes R, Casertano A, et al. Non-diabetic hyperglyce-
mia in the pediatric age: why how and when to treat? Curr Diab Rep.
2018;29:140.

Gauglitz GG, Herndon DN, Kulp GA, Meyer WJ 3rd, Jeschke MG.
Abnormal insulin sensitivity persists up to three years in pediatric
patients post-burn. J Clin Endocrinol Metab. 2009;94(5):1656-1664.
Saz EU, Ozen S, Simsek Goksen D, Darcan S. Stress hyperglycemia
in febrile children: relationship to prediabetes. Minerva Endocrinol.
2011;36(2):99-105.

Weiss SL, Alexander J, Agus MS. Extreme stress hyperglycemia
during acute illness in a pediatric emergency department. Pediatr
Emerg Care. 2010;26(9):626-632.

Herskowitz RD, Wolfsdorf JI, Ricker AT, et al. Transient hyperglyce-
mia in childhood: identification of a subgroup with imminent
diabetes mellitus. Diabetes Res. 1988;9(4):161-167.

Schatz DA, Kowa H, Winter WE, Riley WJ. Natural history of
incidental hyperglycemia and glycosuria of childhood. J Pediatr.
1989;115(5 Pt 1):676-680.

Vardi P, Shehade N, Etzioni A, et al. Stress hyperglycemia in
childhood: a very high-risk group for the development of type |
diabetes. J Pediatr. 1990;117(1 Pt 1):75-77.

Herskowitz-Dumont R, Wolfsdorf JI, Jackson RA, Eisenbarth GS.
Distinction between transient hyperglycemia and early insulin-
dependent diabetes mellitus in childhood: a prospective study of
incidence and prognostic factors. J Pediatr. 1993;123(3):347-354.
Bhisitkul DM, Vinik Al, Morrow AL, et al. Prediabetic markers in
children with stress hyperglycemia. Arch Pediatr Adolesc Med. 1996;
150(9):936-941.

Shehadeh N, On A, Kessel |, et al. Stress hyperglycemia and the risk
for the development of type 1 diabetes. J Pediatr Endocrinol Metab.
1997;10(3):283-286.

Lorini R, Alibrandi A, Vitali L, et al. Risk of type 1 diabetes develop-
ment in children with incidental hyperglycemia: a multicenter Italian
study. Diabetes Care. 2001;24(7):1210-1216.

Argyropoulos T, Korakas E, Gikas A, et al. Stress hyperglycemia in
children and adolescents as a prognostic indicator for the develop-
ment of type 1 diabetes. Front Pediatr. 2021;9:670976.

How to cite this article: Libman |, Haynes A, Lyons S, et al.
ISPAD Clinical Practice Consensus Guidelines 2022:
Definition, epidemiology, and classification of diabetes in
children and adolescents. Pediatr Diabetes. 2022;23(8):
1160-1174. doi:10.1111/pedi. 13454


info:doi/10.1111/pedi.13454

	ISPAD Clinical Practice Consensus Guidelines 2022: Definition, epidemiology, and classification of diabetes in children and...
	1  INTRODUCTION
	2  WHAT IS NEW OR DIFFERENT
	3  EXECUTIVE SUMMARY AND RECOMMENDATIONS
	4  DEFINITION AND DESCRIPTION
	5  DIAGNOSTIC CRITERIA FOR DIABETES IN CHILDHOOD AND ADOLESCENCE
	6  IMPAIRED GLUCOSE TOLERANCE AND IMPAIRED FASTING GLUCOSE
	7  STAGING OF TYPE 1 DIABETES
	8  CONFIRMING THE DIAGNOSIS
	9  CLASSIFICATION OF DIABETES AND OTHER CATEGORIES OF GLUCOSE REGULATION
	10  PATHOGENESIS OF T1D
	11  EPIDEMIOLOGY OF TYPE 1 DIABETES
	12  PATHOGENESIS OF T2D
	13  EPIDEMIOLOGY OF T2D
	14  MONOGENIC DIABETES
	15  NEONATAL DIABETES MELLITUS
	16  MITOCHONDRIAL DIABETES
	17  CYSTIC FIBROSIS-RELATED DIABETES
	18  HEMOCHROMATOSIS AND DIABETES
	19  DIABETES INDUCED BY DRUGS AND TOXINS
	20  STRESS HYPERGLYCEMIA
	21  CONCLUSION
	CONFLICT OF INTEREST
	REFERENCES


