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ARTICLE INFO ABSTRACT

Keywords: Aims: To evaluate access to screening tools for monogenic diabetes in paediatric diabetes centres across the world
Paediatric and its impact on diagnosis and clinical outcomes of children and youth with genetic forms of diabetes.
Diabetes

Methods: 79 centres from the SWEET diabetes registry including 53,207 children with diabetes participated in a
survey on accessibility and use of diabetes related antibodies, c-peptide and genetic testing.

Results: 73, 63 and 62 participating centres had access to c-peptide, antibody and genetic testing, respectively.
Access to antibody testing was associated with higher proportion of patients with rare forms of diabetes iden-
tified with monogenic diabetes (54 % versus 17 %, p = 0.01), lower average whole clinic HbAlc (7.7[Q1,Q2:
7.3-8.01%/61[56-64]mmol/mol versus 9.2[8.6-10.0]1%,/77[70-86]mmol/mol, p < 0.001) and younger age at
onset (8.3 [7.3-8.8] versus 9.7 [8.6-12.7] years p < 0.001). Additional access to c-peptide or genetic testing was
not related to differences in age at onset or HbAlc outcome.

Conclusions: Clinical suspicion and antibody testing are related to identification of different types of diabetes.
Implementing access to comprehensive antibody screening may provide important information for selecting
individuals for further genetic evaluation. In addition, worse overall clinical outcomes in centers with limited
diagnostic capabilities indicate they may also need support for individualized diabetes management.

Trial Registration: NCT04427189.

Monogenic
Diagnosis

1. Introduction (1) Maturity Onset Diabetes of the Young (MODY), (2) Neonatal diabetes
(NDM) presenting before 6 months of life and (3) other subtypes that

Monogenic forms of diabetes are caused by a pathogenic variant of a include multisystem syndromes (eg. Wolfram or Alstrom syndrome),
single gene which is inherited in an autosomal dominant or recessive mitochondrial diabetes caused by mutations in maternal mitochondrial
manner. Monogenic diabetes is clinically classified in three main groups DNA, severe insulin resistance and lipodystrophy [1]. Epidemiologic
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studies report a frequency of 1-6,5% of MODYs in paediatric diabetes
populations [2-7], which is similar [3] or even higher than the fre-
quency of type 2 diabetes (T2D) [2,4]. Nevertheless, monogenic forms of
diabetes are frequently underdiagnosed in most diabetic centres prob-
ably because clinical and laboratory findings may overlap with other
types of diabetes [7,8] and genetic testing is not available. In several
monogenic diabetes, a precise diagnosis and subsequent etiology-based
treatment has a drastic impact on patient care with improvement of
glycemic control and better quality of life [9-11]. The switch from in-
sulin to oral agents (sulphonylureas) is indicated in HNFla / HNF4A-
MODY and in neonatal diabetes due to ABCC8 and KCNJ11 mutations,
which affect the K-ATP channel components [9]. Indeed, early treatment
with sulfonylurea may induce long -lasting remission of diabetes in
patients with K-ATP channel mutations associated with PND [12].
Furthermore, remission of transient neonatal diabetes without adopting
hypoglycemic therapy should not preclude genetic analysis. In patients
with GCK- mutation diagnosis, no pharmacological treatment is indi-
cated [13].

Referral to specialized centres for the diagnosis of rare forms of
diabetes varies across regions, mainly because of differences in aware-
ness and differences in access to appropriate screening testing [5,14].
Inequalities in access to antibodies or genetic testing are particularly
evident between the industrialized world and certain regions in South
America, Asia and Africa where testing is not offered by the state health
system and not covered by private insurance companies.

Registries such as the worldwide SWEET project and networks such
as eNDO-ERN aim to harmonize care and promote knowledge sharing
and research on rare forms of diabetes [15,16]. In this study, our aim is
to assess the screening tests available for the diagnosis of monogenic
diabetes in a large number of paediatric diabetes centres across the
world and to examine the relationship between access to c-peptide,
antibody and genetic testing on diagnosis and clinical outcomes of
children and youth with genetic forms of diabetes.

2. Material and methods

This analysis was based on data from the international, prospective,
multicentre diabetes SWEET registry [16,17]. SWEET (NCT04427189)
was approved by the ethical committee of Hannover Medical School and
is associated with the AUF DER BULT Diabetes Centre for Children and
Adolescents, Hannover, Germany, which coordinates the SWEET
collaboration. The local institutional review boards of the participating
centres approved the pseudonymized data collection.

As of 2020, SWEET included 105 participating centres (65 % from
Europe) with 806,599 visits in 74,613 people with diabetes. Criteria for
inclusion in the analysis were centres with data from individuals diag-
nosed with T1D, T2D and monogenic forms of diabetes that included
MODY and neonatal diabetes, other genetic defects of p-cell function and
genetic defects of insulin action, aged < 18 years. Within the database,
type and subtypes of diabetes are determined by their treating physician
and reported in the database according to the ISPAD classification [17].
Excluded were patients with diabetes associated with cystic fibrosis
(CFRD), other disease of the exocrine pancreas, endocrinopathies, drug
or chemically induced, infections, uncommon forms of immune-
mediated disease and other genetic syndromes sometimes associated
with diabetes as well as individuals with no data entered in the past 5
years, missing gender, age, diabetes duration or diabetes type, diag-
nosed after the age of 18 years, and patients with glucose intolerance not
yet diagnosed with diabetes. In total, 53,207 youth with diabetes
remained. Data from visits of the last year of observation were aggre-
gated so that every individual was represented only once. For centre
level data, aggregated results for centres were provided.

The clinical information available for this paper include age at onset
(years), gender, type and, for non T1D and T2D, subtype of diabetes and
from their last recorded visit height (cm), weight (kg), body mass index
(BMI, kg/mz), BMI z-scores (according to the WHO growth charts [18],
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hemoglobin Alc (HbAlc, % and mmol/mol), use of insulin (yes/no),
and total daily insulin dose (units per kg). In order to adjust for differ-
ences between laboratories for HbAlc measurements, multiple of the
mean (MOM) method [19] was used to mathematically standardize A1C
values to the reference range of the Diabetes Control and Complications
Trial (DCCT, 4.0-6.0 %).

A survey was developed to assess access to, and clinical practice use
of diabetes related antibody, c-peptide, HLA typing and monogenic
diabetes genetic testing. The initial version was first circulated for feed-
back to all co-authors as content experts. It was then piloted in a group
10 of paediatric endocrinologists for comments on clarity and ability to
be completed in an acceptable time frame. It was approved by the
SWEET Data, Presentation and Publication Committee and was distrib-
uted to the SWEET members attending the SWEET meeting in October
2019 and through an email link for online completion to all centres. Two
further reminders were sent over the next 3 months.

2.1. Statistical analysis

Results are presented as median with lower and upper quartile for
continuous variables or as number and percentage for binary or cate-
gorical variables. Wilcoxon test was used to compare continuous vari-
ables between groups and chi-square test for categorical variables.
Linear regression models compared differences between patients from
centres with access to AB testing at diagnosis and those without access
for aged at onset, HbAlc, BMI-SDS and insulin daily dose per kilogram.
Age at onset was adjusted for sex; while HbAlc, BMI-SDS and insulin
daily dose per kilogram were adjusted for sex, age group, and diabetes
duration. Results are presented as adjusted mean and standard error
(SE).

All analyses were performed with Statistical Analysis Software 9.4
(SAS, SAS Institute Inc., Cary, North Carolina). Two-sided p-value <
0.05 was considered as significant.

3. Results

A total of 79 of 105 SWEET centres responded to the survey and
contributed valid data to the database. The centres came from all con-
tinents and can be grouped according to the World bank list of econo-
mies as 71 % high income countries, 11 % upper middle, 15 % lower
middle income, and 3 % low-income countries. The participating centres
take care of 53,207 individuals with paediatric diabetes and the prev-
alence of genetic defects of p-cell function resemble the data that was
recently published [16] for the total SWEET database (Suppl Table).
Table 1 presents the main results of the survey demonstrating that 92 %
of the centres had access to c-peptide levels, 84 % to any pancreatic
antibody determination and 78 % genetic testing for monogenic dia-
betes, respectively. The clinical characteristics of the 53,207 individuals
with type 1, type 2 or diagnosed having monogenic diabetes (MODY,
neonatal diabetes, genetic defects of insulin action) are presented in
Table 2.

3.1. Access to testing: Survey analysis

Sixty-six centres had access to diabetes-related antibody testing (66
to GAD, 29 to ZnT8, 23 to islet cell, 15 to insulin (IAA) and 13 to IA-2A
antibodies). Fifty-six centres routinely tested all newly diagnosed pa-
tients for diabetes related antibodies. The other 10 (15 %) centres tested
patients’ antibodies based on clinical suspicion of type 2 or other forms
of diabetes. Seventy-three centres had access to c-peptide testing, but
only 44 centres measured c-peptide on all newly diagnosed patients.
From the 45 centres having access to HLA typing, only 11 centres
routinely performed HLA typing in newly diagnosed patients. Sixty-two
centres had access to genetic testing for monogenic forms of diabetes
(either locally or through send-out nationally or internationally)
(Table 1). Genetic testing for monogenic diabetes is done based on
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Table 1
Survey results.
Total number of Yes
responses N
(percentages)

Do you have access to diabetes related 79 66 (84 %)
antibody testing in your centre?

When do you test for diabetes related
antibody in your patients?
On all children with new onset diabetes 66 56 (85 %)
Only if clinical suspicion of type 2 65 13 (20 %)
diabetes
Only if clinical suspicion of rare forms of 66 14 (21 %)
diabetes

Do you have access to C-peptide 79 73 (92 %)
measurement?

When do you have access to C-peptide
measurement?
On all children with new onset diabetes 73 44 (60 %)
Only if clinical suspicion of type 2 73 29 (40 %)
diabetes
Only if clinical suspicion of rare forms of 73 25 (34 %)
diabetes

Do you have access to genetic testing for 79 45 (57 %)
HLA typing?

When do you test for HLA susceptibility
typing?
On all children with new onset diabetes 45 11 (24 %)
Only if clinical suspicion of type 2 45 2 (4 %)
diabetes
Only if clinical suspicion of rare forms of 45 18 (40 %)
diabetes

Do you have access to genetic testing for 79 62 (78 %)
monogenic forms of diabetes?

When do you test for monogenic diabetes?
According to clinical suspicion 61 61 (100 %)
According to family history 61 55 (90 %)
According to laboratory results 61 47 (77 %)

*Percentages were calculated based on the number of responses to each question
listed.

clinical suspicion, family history and/or laboratory findings. Funding for
genetic testing is a diverse mix of public/private funds and with about
20 % of costs covered by research funds. Eighteen centres from upper
middle to low-income countries have used one of the international
reference laboratories offering testing free of charge (Table 1).

3.2. Centres comparison: Survey and data base analysis
Although the proportion of type 1, type 2 and other forms of diabetes
did not differ between centres based on access to antibody testing, there

was a difference in the subcategorization of other rare forms of diabetes
with 17 % of patients being identified as monogenic diabetes in those

Table 2
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Table 3
Association between testing availability and diagnosis of different types of
diabetes and metabolic outcomes.

Centers with ~ Centers with  Centers with P
Access to AB Access to AB No access
+Access GT No access to to AB and No

GT access to GT
N=61 N=5 N=13

Type 1 % 94 96 95 NS

Type 2 % 3 2 3 NS

Rare forms of 3 2 2 NS
diabetes %

Monogenic 71 58 35
genetically
confirmed %

Clinical suspicion 29 42 65
of Monogenic
diabetes %

Whole Center 7.7 7.9 9.2 AB + GT vs
Median HbAlc [7.3-8.0]1% [7.5-8.81% [8.6-10.0]1% No access
[Q1-Q3] 61[56-64] 63[58-73] 77(70-86] P = 0.0006

mmol/mol mmol/mol mmol/mol

Patients with 6.3 6.3 7.4 Wilcoxon
monogenic [6.0-6.71% [5.8-7.61% [6.1-9.8]% test
diabetes*: 63[42-50] 63[40-60] 57[43-73] P < 0.0001
Median HbAlc mmol/mol mmol/mol mmol/mol
[Q1-Q3] *

Patients age at 9.2 10.5 11.1 Wilcoxon
onset [Q1-Q3] [5.0-12.4] [6.6-14.4] [9.1-13.6] test
of monogenic year year year P = 0.0006
diabetes *

AB: antibody, GT: genetic testing.
*Includes only those with confirmed genetic testing monogenic diabetes.

without access to antibody testing versus 54 % in centres with access to
antibody testing (Wilcoxon test, p = 0.01).

There was no difference between centres with (n = 62) or without (n
= 17) access to genetic testing for the proportion of type 1, 2 or rare
forms of diabetes. Furthermore, access to genetic testing was not asso-
ciated with a difference in proportion of patients subcategorized with
specific rare forms of diabetes (Wilcoxon test, p = 0.21). However,
centres without access to genetic testing reported patients with a
monogenic diabetes diagnosis based on clinician diagnosis and without
genetic confirmation in 54 % of cases while this proportion was 29 % in
centres with access to genetic testing.

Similarly, there was no difference between centres with (n = 47) and
without (n = 6) access to c-peptide testing for the proportion of type 1, 2
or rare forms of diabetes. Those centres without access to c-peptide
testing reported patients with a monogenic diabetes diagnosis based on
clinical information without genetic confirmation in 97 % of cases while
this proportion was 30 % in centres with access to c-peptide (statistical
analysis not performed due to small numbers).

Clinical characteristics (median [Q1-Q3]) presented as aggregated data per centres based on the type of diabetes*.

Whole clinic population

Type 1 diabetes

Type 2 diabetes Monogenic diabetes
(MODY, neonatal diabetes and

insulin action defects)

Sex (male %) 51

Age at onset 8.4 [7.7-9.2]
Diabetes duration 4.8 [3.8-5.7]

BMI SD 0.5 [0.3-0.7]

HbAlc (%) 7.8 [7.3-8.6]1%

mmol/mol 62[56-70]mmol/mol

Proportion with HbAlc < 7.5 %/58 mmol/mol 41

Daily insulin dose per kg 0.8 [0.8-0.8]
Proportion on pump therapy (%) 34

51 41 53

8.2 [7.6-9.0] 13.8 [12.8-14.6] 9.1 [6.7-11.3]
5.0 [3.8-5.8] 2.0 [1.4-3.2] 3.7 [2.0-5.7]

0.5 [0.3-0.7] 2.3 [2.0-2.8] 0.3 [-0.1-0.7]

7.8 [7.4-8.6]%
62[57-70]mmol/mol
40

0.8 [0.8-0.9]

35

6.9 [6.3-7.8]%
52[45-62]mmol/mol
64

0.5 [0.4-0.7]

5

6.4 [6.2-7.31%
46[44-56]mmol/mol
69

0.7 [0.6-0.8]

21

Data reported as median with lower and upper quartile or percentage.
*Reported by clinicians using the ISPAD classification.
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Percentage of patients presenting with DKA at onset was identical
(51 %) in centres with access and those without access to antibody, c-
peptide or genetic testing.

At a center level, those institutions with better availability of testing
also appear to have better overall clinical outcomes in children and
youth with and without monogenic diabetes (Table 3).

On the patient level, clinical characteristics differences between
patients from centres with access to AB testing at diagnosis and those
without access were found. First, age at onset adjusted for sex was
significantly associated with access to AB testing: centres with access to
AB 8.3 [95 %CI: 0.8] years versus 9.5 [0.4] years in centres without
access to AB (p < 0.001). In a linear regression adjusted for sex, age and
diabetes duration, average whole clinic HbAlc was significantly higher
in centres without access to antibody testing: 9.3 [0.03]%/78[0.25]
mmol/mol versus 8.2 [0.01]%/66[0.08|mmol/mol; p < 0.0001. BMI-
SDS was significantly higher in centres with access to AB testing
compared to those without access: adjusted for sex, age and diabetes
duration (0.65 [0.01] versus 0.15 [0.02]; p < 0.0001). A regression of
insulin daily dose adjusted for sex, age group and diabetes duration also
found similar results with dosages being lower in centres with access to
AB testing: (0.80 [0.00] units/kg/day versus 0.93 [0.00] units/kg/day;
p < 0.001).

4. Discussion

In world-wide specialized paediatric diabetes centres member of the
SWEET registry, the majority have access to antibodies testing (84 %), C-
peptide determination (73 %), and genetic testing (57 %). Access to
antibody testing was associated with a higher proportion of rare forms of
diabetes subclassified as monogenic diabetes by clinicians: 54 %
compared to 17 % of cases in centres without access to antibody testing.
The survey showed that clinical suspicion and antibody testing are
related to the identification of the different sub-types of diabetes in the
SWEET database. Access to genetic testing increases the percentage of
genetic confirmation of monogenic diabetes in SWEET centers. Thus,
availability of screening parameters and particularly testing of new-
onset cases for diabetes-related antibodies improved identification of
different types of diabetes in children allowing better implementation of
international guidelines for children and adolescents with diabetes [20].

Indeed, according to the International Society for Paediatric and
Adolescents Diabetes (ISPAD) recommendations [20], genetic testing is
mandatory immediately after NDM diagnosis. In children and youth,
monogenic diabetes testing should be performed in cases of diabetes
with a positive family history of diabetes, absence of pancreatic anti-
bodies or evidence of preserved beta cell- function. The present study
reveals varying worldwide screening practices used for the diagnosis of
diabetes among large paediatric centres. There was a difference between
access to screen tests and routine use in all newly diagnosed patients
with diabetes. From 66 centres with access to antibody testing, 15 % use
antibody testing only in case of suspicion of non-type 1 diabetes. In
addition, most centers will only test for one diabetes related auto-
antibody, mostly GAD antibodies. This approach may erroneously lead
to a non-type 1 diabetes diagnosis, especially in younger children in
which IA-2A and IAA are more common [21,22]. Close to half of the
centres with access to C-peptide, do not measure it at new-onset dia-
betes. C-peptide reflects insulin secretion capacity and can be used at
diagnosis to differentiate between insulin insufficiency and insulin
resistance. Finally, 76 % of centres with access to HLA genotyping, do
not routinely evaluate this gene in newly diagnosed children. Identifi-
cation of HLA and non-HLA risk loci allow for calculation of diabetes
genetic risk score (GRS), which has been considered of help to
discriminate diabetes subtypes, including monogenic diabetes [23,24].
From our data, however, in real-world diabetes care the use of GRS is
still not implemented among pediatric diabetes centres of SWEET.

Such distinct diagnostic approaches among SWEET centres may be
due to differences in the incidence of diabetes in each country, number
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of patients per centre, economic resources of each centre and degree of
clinicians’ knowledge on testing rationales [25,26]. Diagnosis of T1D in
the paediatric age group is usually based on typical clinical features and
glycemic levels. (17, 27) While genetic screening is universally recom-
mended in neonatal diabetes forms, comparable recommendations on
minimal or mandatory screening parameters to rule out monogenic
diabetes by antibodies or genetic testing are not available, which
certainly contributes to heterogeneous approaches among centres.

The latest analysis of the SWEET registry classifying 2789 patients as
rare forms of diabetes indicate that this category includes 22 % of MODY
patients and 18 % with neonatal diabetes [16], which corresponds well
to the current survey data. In all participating centres in the survey,
genetic testing for monogenic diabetes is performed based on clinical
suspicion, family history and/or laboratory findings, which is in line
with the current international guidelines [20,27]. The percentage of
DKA at onset in centres with and without access to genetic or antibody
testing does not change, which indirectly reflects a similar level of
clinical suspicion of other forms of diabetes among SWEET centres,
independently of the available screening diagnostic tools.

When evaluating the access to screening tools for diagnosis of sub-
types of diabetes, genetic testing does not seem to influence the diag-
nosis rate of monogenic diabetes in paediatric centres differently from a
recent study suggesting that genetic screening has an impact on the
prevalence of monogenic forms [11]. Our results may be due to the low
prevalence of monogenic diabetes in the studied centres and the high
level of clinical suspicion required to perform genetic testing even in
centres with access to molecular diagnosis. In an ideal world, all sus-
pected cases of rare forms of diabetes should be confirmed with genetic
testing for proper diagnosis. However, in the SWEET registry, the clas-
sification of monogenic forms of diabetes does not require a mandatory
genetic confirmation, in accordance with existing pediatric diabetes
guidelines.

Access to antibody testing seems to contribute to a higher rate of
identification of monogenic diabetes in the participating centres. Five to
10 % of individuals with T1D are expected to be antibody negative
before the era of molecular diagnosis [27]. Conversely, in monogenic
forms of diabetes, pancreatic antibodies are normally negative [20,28].
Thus, a negative antibody testing at diabetes onset should prompt sus-
picion of other types of diabetes rather than being interpreted as anti-
body negative T1D.

Inequities in access to antibody testing are related to clinical out-
comes among centres of SWEET. From the 79 centres participating in our
study, 23 are middle- and low-income countries according to the World
Bank list. The link between higher mean A1C and no access to antibody
testing may reflect overall gaps in technology, education, or basic re-
sources in diabetes management and consequently worse diabetes out-
comes [29-31]. The older age at onset, higher insulin requirements, and
lower BMI in centres without access to AB testing also suggest a shortage
of human and technological resources in diabetes management.

Interestingly, in a previous report of SWEET registry on type 2 and
other non-type 1 diabetes, MODY 2 also accounted for the most frequent
monogenic diabetes form reported in the database [15]. Of the 53,207
individuals registered in SWEET, 27,013 (50.8 %) are from Europe.
Because European centres represent a large percentage of centres among
SWEET it is unclear if the high proportion of MODY 2 identified in this
population of mainly European descent would be found once more data
becomes available from other continents.

There are several limitations to this study. First, the lack of genetic
confirmation for all patients with diagnosis of monogenic diabetes
included in the study is certainly a limitation of our results. It highlights
the issue that, worldwide, several pediatric diabetes centers of reference
still rely only on clinical diagnosis for the diagnosis of monogenic dia-
betes. A second limitation is the predominance of European centres in
SWEET which may not reflect clinical practices in other parts of the
world. Third, the relatively low number of centers from low-income
countries limits their input to better understand the influence of
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access to screening tools/genetic testing in the prevalence of different
forms of monogenic diabetes.

5. Conclusions

This real-world analysis provides evidence that different screening
and diagnostic practices and diverse genetic backgrounds may have an
impact on the prevalence of genetically confirmed monogenic diabetes.
The 100,000 Genomes Pilot project on rare disease diagnosis in the U.K.
demonstrates how such advanced approaches help to elucidate previ-
ously unknown disease entities [32] leading to personalized therapeutic
intervention. Implementing access to comprehensive antibody screening
evaluation in children and youth with new-onset diabetes may provide
important information for further genetic evaluation [33] and represent
a major step towards an approach using precision medicine to improve
paediatric diabetes outcomes.
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