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Conclusion « We validated the DIAMODIA criteria for identifying patients with monogenic diabetes and distinguishing them

from those with T1DM.

« This study introduces a new tool to facilitate the characterization and therapeutic management of patients with

atypical diabetes, facilitating prompt referrals for genetic testing

Highlights

* The new tool DIAMODIA effectively detects monogenic diabetes.
* DIAMODIA criteria consist of four strong and five weak indicators.

* Validation of DIAMODIA ensures complete MODY detection and distinguishes it from T1D.
* Discriminating factors include IDAA1c <9, GTAA1c < 4.5, and absence of autoantibodies.
« Clinically, this implies a more accurate diagnosis leading to enhanced care.
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Background: Recent diabetes subclassifications have improved the differentiation between patients with type 1 diabetes mellitus
(T1DM) and type 2 diabetes mellitus despite several overlapping features, yet without considering genetic forms of diabetes. We
sought to facilitate the identification of monogenic diabetes by creating a new tool that we validated in a pediatric maturity-onset
diabetes of the young (MODY) cohort.

Methods: We first created the DIAgnose MOnogenic DIAbetes (DIAMODIA) criteria based on the pre-existing, but incomplete,
MODY calculator. This new score is composed of four strong and five weak criteria, with patients having to display at least one
weak and one strong criterion.

Results: The effectiveness of the DIAMODIA criteria was evaluated in two patient cohorts, the first consisting of patients with
confirmed MODY diabetes (n=34) and the second of patients with TIDM (n=390). These DIAMODIA criteria successfully de-
tected 100% of MODY patients. Multiple correspondence analysis performed on the MODY and T1DM cohorts enabled us to
differentiate MODY patients from T1DM. The three most relevant variables to distinguish a MODY from T1DM profile were:
lower insulin-dose adjusted Alc score <9, glycemic target-adjusted Alc score <4.5, and absence of three anti-islet cell autoanti-
bodies.

Conclusion: We validated the DIAMODIA criteria, as it effectively identified all monogenic diabetes patients (MODY cohort)
and succeeded to differentiate TIDM from MODY patients. The creation of this new and effective tool is likely to facilitate the
characterization and therapeutic management of patients with atypical diabetes, and promptly referring them for genetic testing
which would markedly improve clinical care and counseling, as well.
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INTRODUCTION

Diabetes mellitus is characterized by a state of chronic hypergly-
cemia and refers to a heterogeneous disease group in terms of
etiologies and therapeutic options [1]. Although type 1 diabetes
mellitus (T1DM) diagnosis is confirmed by the detection of

specific antibodies [2], TIDM and type 2 diabetes mellitus
(T2DM) are clinically characterized by their phenotype and
evolution, without precise etiological or pathognomonic crite-
ria. Several overlapping features and the overarching term dia-
betes mellitus have led to the introduction of novel clustering
approaches helping the clinicians choose the best therapeutic
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interventions. A diabetes subclassification (ANDIS; the Ahlqvist
classification) was recently established [3]. Although it has im-
proved the differentiation between T1DM and T2DM, its de-
construction of the disease heterogeneity was based on pheno-
typic criteria without considering genetic diabetes forms.

Monogenic diabetes result from genetic mutations altering
either insulin production or insulin action. Less common (<5%
of cases) and often confused with T1DM [4,5] or T2DM [6,7],
these forms can be divided into two groups: maturity-onset di-
abetes of the young (MODY) and permanent or transient neo-
natal diabetes. Despite the relevance of appropriate etiology-
based diagnosis, monogenic diabetes forms remain largely un-
derdiagnosed [8,9], given that 2% to 3% of diabetic patients
suffer from undetected genetic forms [10]. Diabetes of genetic
origin has multiple consequences, for instance, at the therapeu-
tic levels, some forms do not require treatment (i.e., glucoki-
nase [GCK]-MODY diabetes), while others respond to oral
agents (i.e., HNF1 homeobox A [HNF1A]-MODY diabetes) or
require specific medical follow-up due to extra-pancreatic
manifestations (i.e., HNF1 homeobox B [HNFIB] diabetes).
Furthermore, a dominant or recessive mutation may imply dis-
ease transmission to the offspring and presence of the gene mu-
tation in family relatives [11].

To our knowledge, there is no clear criterion or algorithm
diagnosing monogenic diabetes in pediatrics. The only avail-
able tool, the MODY calculator [12], provides the probability
for a given patient to present monogenic diabetes based on
clinical variables, without taking into consideration different
critical parameters, including anti-islet cell autoantibodies, C-
peptide secretion, or glycemic variability indices. Therefore,
multicenter screening study of GENEtic forms of PEDiatric
DIABetes (GENEPEDIAB) study, sought to create and validate
the DIAgnose MOnogenic DIAbetes (DIAMODIA) criteria, as
an effective screening tool for monogenic diabetes.

METHODS

Study context

The GENEPEDIAB study is a multicenter, retro- and prospec-
tive, interventional, and diagnostic study aiming to screen for
monogenic diabetes patients and propose a new atypical dia-
betes detection approach based on the creation of a new tool.
For this study, Cliniques Universitaires Saint-Luc (CUSL) col-
laborated with four Belgian hospitals: University Hospital UCL
Namur, Godinne site (Yvoir) and Saint Elisabeth site (Namur);
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CHU Liége and ND-des Bruyéres site (Liege); Cliniques CHC
Mont-Légia (Liege). The GENEPEDIAB study is a sub-part of
the DiaType project (multidisciplinary consortium of three
Belgian universities [UCLouvain, Université Libre de Brux-
elles, and Vrije Universiteit Brussel]). The protocol was ap-
proved by the CUSL central ethics committee and different lo-
cal ethics committees (EC study number: 2018/23JAN/023).
The study was performed in accordance with the Declaration
of Helsinki. All children and their parents signed an assent or
informed consent form.

Patient selection

Patients eligible to participate in the GENEPEDIAB study were
between 6 months and 18 years of age and diagnosed with dia-
betes according to American Diabetes Association (ADA) cri-
teria [1]: fasting blood glucose =126 mg/dL, blood glucose
>200 mg/dL at the 120th minute of oral glucose tolerance test,
glycosylated hemoglobin (HbA1lc) >6.5%, or symptoms of hy-
perglycemia/hyperglycemic crisis with random glucose >200
mg/dL. Participating patients had been treated for TIDM or
monogenic diabetes for at least 18 months before the start of
the study. All monogenic diabetes were confirmed by next-gen-
eration sequencing on an Illumina MiSeq sequencer after mul-
tiplex polymerase chain reaction enrichment with the MODY
MASTR kit (Multiplicom N.V,, Niel, Belgium). Patients with
T1DM were diagnosed on the basis of their initial clinical pre-
sentation.

Creation of the DIAMODIA criteria

To screen patients with monogenic diabetes, the most repre-
sentative clinical features of monogenic diabetes were com-
piled into a new diagnostic tool, the DIAMODIA criteria. The
criteria were chosen arbitrarily on basis of our clinical experi-
ence, data from the scientific literature and parameters of the
MODY calculator. The MODY calculator is a well-known on-
line resource (available on www.diabetesgenes.org) that uses
clinical information to estimate the probability of occurring
MODY diabetes. Criteria were classified as follows: (1) strong
criteria: absence of anti-islet antibodies (anti-glutamate decar-
boxylase 65 [GAD65], islet cell antigen 2 [IA2], insulin), lower
insulin-dose adjusted Alc (IDAAlc) <9 (18 months after di-
agnosis), glycemic target-adjusted Alc (GTAAlc) <4.5 (18
months after diagnosis), and age at diagnosis <6 months; (2)
weak criteria: first-degree relative with diabetes, C-peptide
positivity, extra-pancreatic manifestations, absence of diabetic
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ketoacidosis at diagnosis, and history of neonatal hypoglyce-
mia. Patients presenting at least one strong and one weak crite-
rion were considered to have atypical diabetes. DIAMODIA
criteria are available online.

Study design

Patient data were collected and managed using Research Elec-
tronic Data Capture (REDCap) tools [13,14] provided by the
Vanderbilt University (Nashville, TN, USA) and hosted at
CUSL: (1) patient information: gender, date of birth, country
of origin; (2) patient history: birth height, weight, history of
gestational diabetes, neonatal hypoglycemia history, autoim-
mune disease, diabetes family history; (3) anthropometric data
at diabetes diagnosis: diagnosis date, age, weight, height, body
mass index (BMI), Tanner stage; (4) diabetes diagnosis testing:
glycemia, HbAlc, islet autoantibodies (anti-GAD65, IA2, in-
sulin percentage, and zinc transporter 8 [ZnT8]), human leu-
kocyte antigen (HLA) genotype, basal C-peptide levels, residu-
al insulin secretion, ketoacidosis defined by a venous pH <7.35
or bicarbonate <22 mmol/L [15]; (5) diabetes management:
treatment start date, treatment types; and (6) glycemic vari-
ability represented by three measures of IDAAlc and GTAAIc.
Z-scores for height, weight, and BMI were adjusted for age and
gender according to Belgian reference standards [16]. BMI
score evaluation was based on the international BMI cut-offs
(International Obesity Task Force) for thinness, overweight,
and obesity in children and adolescents [17]. The IDAAlc
score has been commonly used, in conjunction with the GTA-
Alc score to determine glycemic variability in terms of “daily
insulin requirements” and “time in normoglycemic range” for
adjusting standard HbA1c levels as described by Mortensen et
al. [18] and Nielens et al. [19], as follows: IDAAlc=HbAlc
(%)+[4xinsulin-dose (IU/kg body weight/day)]; GTAAlc=
HbA1c (%)-[3x % of normoglycemic values (70-180 mg/dL)].
For each patient, we selected three consultation dates, at least
18 months after diabetes diagnosis to avoid the influence of
partial remission; we collected information about HbAlc, dai-
ly insulin requirement (dose in IU/kg body weight/day), and
normoglycemia percentage (blood glycemic value ranging
from 70 to 180 mg/dL). We calculated three different values of
IDAAlcand GTAAIc to obtain a mean score.

Statistical analyses
All statistical analyses were performed using R version 4.2.2 (R

Foundation for Statistical Computing, Vienna, Austria) [20]. A
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P<0.05 was considered statistically significant, all P values be-
ing two-tailed. Categorial variables were expressed as numbers
and percentages, and continuous variables as means and stan-
dard deviation. The Wilcoxon rank sum test was used to com-
pare continuous variables between T1DM and MODY groups,
and Pearson’s chi-square test and Fisher’s exact test to compare
categorical variables between T1DM and MODY groups. An
exploratory multivariate analysis (multiple correspondence
analysis [MCA]) was performed with DIAMODIA criteria
(categorial data) of TIDM and MODY cohorts using the Fac-
toMineR package [21]. Univariate logistic regressions were
performed to compare TIDM and MODY patients based on
each DIAMODIA criterion, with all resulting P values adjusted
by false discovery rate for multiple comparisons. With a simi-
lar purpose, a randomForest (R package randomForest [22])
was employed to rank the DIAMODIA criteria based on the
classification of TIDM versus MODY patients. Finally, a mul-
tinominal lasso regression analysis was conducted using the
glmnet package [23] to explain the class of patients (TIDM
and MODY) based on the DIAMODIA criteria. Prior to this
multinominal lasso regression, some patients were filtered out
to avoid too many missing values, the few remaining missing
values being imputed by a K-nearest neighbors’ algorithm with
the VIM package [24].

RESULTS

Overall, 424 children and adolescents treated for diabetes were
included and classified as follows: 34 patients with confirmed
monogenic diabetes (MODY cohort) and 390 patients with
T1DM (baseline TIDM cohort). To assess the effectiveness of
the DIAMODIA criteria, we applied them first to the MODY
cohort and then to the baseline TIDM cohort. Finally, we
compared the data collected to assess the importance of each
of the criteria used.

Characterization of MODY patients

Of the 34 MODY patients, all were under the age of 18 years at
diabetes diagnosis (mean age, 6.98+4.9 years) and 58.8% were
male. Furthermore, only one patient (HNFIA) was of North
African origin (Morocco), the other patients being of European
origin (27/34, Central Europe; 5/34, Eastern Europe; 1/34, Ibe-
rian Region; and 1/34, British Isles). Most MODY patients pre-
sented a mutation in HNFIA (10/34) and GCK (13/34). Most
MODY patients presented a mutation in hepatocyte nuclear
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factor 4 alpha (HNF4A; MODY1, 4/34), ATP binding cassette  mutation that was not listed in the MODY gene panel; none
subfamily C member 8 (ABCCS; neonatal diabetes mellitus,  presented positive anti-islet cell autoantibodies. Almost half of
rectifying channel subfamily ] member 11 (KCNJ11; neonatal ~MODY patients required treatment for diabetes (15/34), of
diabetes mellitus, 2/34). One patient presented a SLCI9A2gene ~ whom six used antidiabetic drugs (biguanides, n=3; sulfonyl-

Table 1. Clinical data of baseline T1DM and MODY cohorts

Variable Total (n=424)" Baseline TIDM (n=390) MODY (n=34) Pvalue
Patient data
Gender (girls), % 49 50 41 0.32%
Neonatal history
Birth weight, kg 333406 335406 315406 0.04°f
Birht height, cm 49.92+2.9 49.97+2.8 49.47+3.9 0.24°*
Term, %
Pre-term 7.3 7.3 7.7 0.97"#
Term 84.8 84.8 84.6 0.97°¢
Post-term 7.9 7.9 7.7 0.97°¢
Neonatal hypoglycemia, % 5.1 31 259 <0.001°
Gestationnal diabetes, % 39 3.0 14.3 0.003¢
Diabetes diagnosis
Age, yr 8.09+3.9 8.19+3.8 6.98+4.9 0.08""
Height-SDS 0.02+1.2 0.05x1.1 -0.31£1.3 0.07>f
Weight-SDS -0.43+1.3 -0.46x1.3 -0.07£1.2 0.04f
BMI-SDS -0.72£1.6 -0.78x1.6 0.07x£1.6 0.002%f
Glycemia, mg/dL 446.36+£224.9 465.84+215.8 203.38+£194.7 <0.001¢f
HbAlc, % 11.05+2.5 11.36+2.2 7.14£2.2 <0.001°
Diabetic ketoacidosis, % 345 36.3 12.1 0.005%8
Autoimmune disease (yes), % 124 13.2 29 <0.001°%¢
Glycemic parameters
HbAlc, % 7.25+1.1 7.34£1.1 6.18+0.9 <0.001°"
TIR70-180, % 46.66+14.8 44.64+12.1 76.70+£17.3 <0.001°f
IDAAIlc score 10.78+1.8 11.06£1.5 7.09+1.9 <0.001°f
GTAAIlc score 589+1.3 6.04+1.1 3.79+1.3 <0.001°f
Chronic treatment
Insulin treatment, % 93.9 99.5 26.6 NA
Antidiabetic drugs, %
Biguanide 4.0 3.6 8.8 NA
Sulfonylureas 04 5.8 NA
Glinides 0.2 2.9 NA

Values are presented as mean+standard deviation. Percentages may not total 100 due to rounding. Differences between T1DM cohort and
MODY cohort were considered as significant when P value was under 0.05.

T1DM, type 1 diabetes mellitus; MODY, maturity-onset diabetes of the young; SDS, standard deviation score; BMI, body mass index; HbAlc,
glycosylated hemoglobin; TIRzo-1s0, time in range (70 to 180 mg/dL); IDAAIc, insulin-dose adjusted Alc; GTAAlc, glycemic target-adjusted
Alc; NA, not applicable.

“Total, all diabetic patients in our study, the level of significance is represented as follows: "nonsignificant, P<0.05, ‘P<0.01, °P<0.001, ‘Wilcoxon
rank, #Chi-square (or their respective non-parametric tests).
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ureas, n=2; glinides, n=1). The other nine patients, bearing
mostly the mutated HNFI1A (4/9), were treated with insulin.
Some MODY patients presented extra-pancreatic manifesta-

Table 2. Clinical data of Tdia, Adia, and MODY cohorts

dmj

tions (13/34), mainly affecting the kidneys (n=4), and liver
(n=2) (Table 1). The MODY cohort is described according to
genetic mutation in Supplementary Table 1.

Variable Tdia (n=337) Adia(n=53)  MODY (n=34) Pralue
Tdia vs. Adia Tdia vs. MODY
Patient data
Gender (girls), % 51.6 4.7 412 0.26% 0.84%
Neonatal history
Birth weight, kg 3.35+0.6 3.37+0.5 3.15+0.6 0.81%* 0.06™
Birht height, cm 49.81+2.8 50.68+2.8 49.47+3.9 0.04%¢ 0.62*¢
Term, %
Pre-term 8.3 1.9 7.7 0.10* 0.92f
Term 83.7 90.7 84.6 0.20* 0.81°f
Post-term 8.0 7.4 7.7 091 0.87%
Neonatal hypoglycemia, % 2.9 3.9 259 0.75* <0.001%
Gestationnal diabetes, % 2.9 3.6 14.3 0.75% <0.001%f
Diabetes diagnosis
Age, yr 8.18+3.8 8.24£3.8 6.98+4.9 0.91*¢ 0.16*
Height-SDS 0.03x1.1 0.12+1.4 -031+1.3 0.64* 0.14*
Weight-SDS -0.49+1.2 -0.30+1.3 -0.07£1.2 0.32%¢ 0.06%
BMI-SDS -0.82+1.6 -0.61£1.8 0.07x1.6 0.51% 0.002%
Glycemia, mg/dL 478.95+£215.2 405.28£209.9 203.38+194.7 0.02°¢ <0.001%
HbAlc, % 11.47+2.2 10.88+2.4 7.14£2.2 0.09*¢ <0.001%
Diabetic ketoacidosis, % 38.1 284 12.1 0.17 0.002¢
Autoimmune disease (yes), % 14.6 6.8 2.9 0.17% 0.04>
Glycemic parameters
HbAlc, % 7.49+1.1 6.59+0.7 6.18+0.9 <0.001% <0.001%
TIR70-150, % 43.12+10.9 51.62+15.2 76.70+17.3 0.003% <0.001%
IDAAIlc score 11.34+14 9.71+1.4 7.09+1.9 <0.001% <0.001%
GTAAIc score 6.25+1.0 4.97+0.8 3.79+1.3 <0.001% <0.001%
Chronic treatment
Insulin treatment, % 100 96 26.5 NA NA
Antidiabetic drugs, %
Biguanide 3.3 6.7 8.8 NA NA
Sulfonylureas 5.8 NA NA
Glinides 2.9 NA NA

Values are presented as mean +standard deviation. Percentages may not total 100 due to rounding. Differences between the three cohorts were

considered as significant when P value was under 0.05.

Tdia, cohort of type 1 diabetes mellitus patients; Adia, cohort of patients with atypical diabetes; MODY, maturity-onset diabetes of the young;
SDS, standard deviation score; BMI, body mass index; HbA ¢, glycosylated hemoglobin; TIR7o.1s0, time in range (70 to 180 mg/dL); IDAA1g, in-
sulin-dose adjusted Alc; GTAA G, glycemic target-adjusted Alc; NA, not applicable.
The level of significance is represented as follows: “non-significant, "P<0.05, P<0.01, ‘P<0.001, *Kruskal-Wallis test, ‘Chi-square (or their respec-

tive non-parametric tests).
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Evaluation of DIAMODIA criteria in the MODY cohort

All MODY patients who were subjected to the DIAMODIA cri-
teria met at least one weak and one strong criterion of atypical
diabetes and 28 out of these 34 patients met five criteria regard-
less the mutation. MODY patients did not present any anti-islet
cell autoantibodies, with 82% of the MODY cohort presenting
values <9 for IDAAlc and <4.5 for GTAAlc scores. Three
MODY patients were younger than 6 months at diabetes onset,
carrying the mutated genes ABCC8, HNFI1B, and KCNJ11.
More than 85% of our MODY cohort displayed residual C-pep-
tide secretion (29/32) and had a family member with diabetes
(29/34), mainly the mother (19/29). Two of the three patients
without residual C-peptide secretion carried mutated KCNJ11,
and the third one mutated HNFIA. Four patients (12.1%) with
mutated KCNJ11 (n=2), HNFIA (n=1), and GCK (n=1) dis-
played ketoacidosis at diagnosis. Approximatively 40% exhibit-
ed an extra-pancreatic manifestation (12/31), mainly affecting
the kidneys (n=4) and liver (n=2), whilst 20% (7/33) displayed
neonatal hypoglycemia (Tables 2 and 3). In contrast, the MODY
calculator positively identified 27 of the 34 genetically confirmed
monogenic patients. For the remaining seven patients, this score
recommended a more extensive biological evaluation (autoan-
tibodies/residual C-peptide secretion) before carrying out the
various genetic tests, depending on the biological results. As a

result, the DIAMODIA criteria were statistically superior to the
MODY calculator (34/34 vs. 27/34, P<0.001).

Characterization of baseline T1IDM cohort

The baseline TIDM cohort comprised as many boys than girls
(50% vs. 50%) and all the cohort patients were under 18 years
of age at diabetes diagnosis. At diagnosis, the glycemia level
and the HbA1lc were above the values recommended by the
ADA guidelines. In addition, 36.3% of patients also suffered
from diabetic ketoacidosis at the time of diagnosis. Subse-
quently, all T1IDM patients were treated with insulin therapy,
and 13.2% also suffered from another autoimmune disease.
The whole cohort is described and compared with the MODY
cohort in Table 1.

Evaluation of DIAMODIA criteria in the baseline T1IDM
cohort

Among the 390 patients in our baseline T1IDM cohort, 337
tested negative according to our DIAMODIA criteria (cohort
of T1DM patients [Tdia] cohort). However, 53 patients from
our initial cohort tested positive. These 53 patients will be clas-
sified as having atypical diabetes (cohort of patients with atypi-
cal diabetes [Adia] cohort). The two cohorts are described and
compared with the MODY cohort in Table 2. When examining

Table 3. Variables of DIAMODIA score for Tdia, Adia, and MODY cohorts

DIAMODIA criteria Tdia(n=337)  Adia(n=53)  MODY (n=34) Pralue
Tdia vs. Adia Tdia vs. MODY
Strong criteria
Absence of anti-islet antibodies, % 0.6 59.4 100 <0.001¢ <0.001¢
IDAAIC <9,% 0.6 23.5 80.0 <0.001¢ <0.001¢
GTAAlc <4.5,% 0.9 28.6 81.5 <0.001¢ <0.001¢
Age at diagnosis <6 months, % 0 0 8.8 NA <0.001
Weak criteria
First-degree relative with diabetes, % 41.0 56.8 85.3 0.02° <0.001¢
C-peptide secretion positive, % 239 59.4 90.6 <0.001¢ <0.001¢
Extra-pancreatic manifestations, % 8.5 13.3 38.7 0.27¢ 0.002¢
Absence of ketoacidosis at diagnosis, % 61.8 71.6 87.9 0.14* 0.001¢
History of neonatal hypoglycemia, % 29 3.9 25.9 0.69° <0.001¢

Percentages may not total 100 due to rounding. Differences between the three groups were considered as significant when P value was under
0.05. All P values have been calculated using the chi-square test (or their respective non-parametric tests).

DIAMODIA, DIAgnose MOnogenic DIAbetes; Tdia, cohort of type 1 diabetes mellitus patients; Adia, cohort of patients with atypical diabetes;
MODY, maturity-onset diabetes of the young; IDAA1c, insulin-dose adjusted Alc; GTAALlG, glycemic target-adjusted Alc; NA, not applicable.
The level of significance is represented as follows: *non-significant, ®P<0.05,°P<0.01,‘P<0.001.
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the responses to the DIAMODIA criteria, we observed signifi-
cant differences for all major criteria between the two cohorts,
except for age at diagnosis less than 6 months. Conversely, we
found no significant differences for the minor criteria between
the two cohorts, except for residual C-peptide secretion (Table
3). The Adia cohort will undergo various genetic analyses to
broaden the screening of monogenic diabetes. Results of ge-
netic analysis will be discussed in an upcoming article. On the
other hand, we compared the cohorts MODY and Tdia to as-
sess the importance of the DIAMODIA criteria.

Evaluation of DIAMODIA variables
To evaluate the DIAMODIA criteria, variables of MODY and
Tdia cohorts were first analyzed using exploratory multivariate
analysis (MCA). Fig. 1 shows the formation of two distinct
clusters suggesting that, based only on DIAMODIA variables,
the two cohorts behaved differently with individualization of
MODY and Tdia cohorts. Therefore, our DIAMODIA vari-
ables enabled us to differentiate MODY patients from Tdia.
One patient bearing a KCNJ11 mutation presented character-
istics and a phenotype as Tdia patients. This patient displayed
IDAAIlc and GTAAIlc scores above the recommended values,
had one family member with diabetes, lacked C-peptide secre-
tion, and was treated with insulin (0.65 IU/kg body weight/
day). At diagnosis, the patient was 8 months old and presented
ketoacidosis.

The independently performed tests (Table 3) that compared

Individuals - MCA

J

2 2t : r o Groups
& ! o MODY
1 . ° ® TIDM
£ : § :
A 1r ie I

! i * e o --’: -4 ':

: 1 1 ’ 1

0.0 0.5 1.0 1.5

Dim1 (10.6%)

Fig. 1. Multiple correspondence analysis (MCA) of DIAgnose
MOnogenic DIAbetes (DIAMODIA) variables between the
maturity-onset diabetes of the young (MODY) and type 1 dia-
betes mellitus (T1DM) cohorts.
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variables between MODY and Tdia cohorts revealed that the
MODY cohort presented significantly higher DIAMODIA cri-
teria (P<0.001) than the Tdia cohort. In addition, univariate
logistic regressions, adjusted for multiple comparisons, were
performed to compare Tdia and MODY patients based on each
DIAMODIA variable. Fig. 2 illustrates the significant differenc-
es (P<0.05) between MODY and Tdia cohorts for the following
criteria: IDAAlc score <9; GTAAIc score <4.5; presence of a
familial diabetes and more specifically if carried by the mother
or maternal grand-father; persistence of C-peptide secretion;
extra-pancreatic manifestations affecting especially the kid-
neys; absence of ketoacidosis at diabetes diagnostic; history of
neonatal hypoglycemia. These results suggested that the pres-
ence of all cited variables, independent of each other, enabled
us to differentiate a MODY profile from a Tdia. Of note, for the
“diabetes diagnostic before 6 months old” criterion, logistic re-

IDAAlc <9

GTAAlc <45

Diabetes_Mother

Residual C-peptide secretion
Presence of extrapancreatic disease
Presence of neonatal hypoglycemia
Diabetes in the family
Diabetes_maternal grandfather
Kidney

Absence of ketoacidosis

Thyroid

Heart

Diabetes_Sister

Diabetes_Father

Lungs

Diabetes_Brother
Diabetes_maternal grandmother
Diabetes_paternal grandmother

Intestine

Stomach

Liver

Diabetes_paternal grandfather
Age <6 months

Absence of aab_insulin
Absence of aab_IA2

Absence of aab_GAD65

—— P<0.05
= DP<0.2
" Weak criterion
“  Strong criterion
[ T T 1
0 5 10 15

Brain |

Fig. 2. Univariate logistic regression between DIAgnose MOno-
genic DIAbetes (DIAMODIA) variables of maturity-onset dia-
betes of the young and type 1 diabetes mellitus cohorts. IDAA1c,
insulin-dose adjusted Alc; GTAAlc, glycemic target-adjusted
Alg; aab, autoantibody; [A2, islet cell antigen 2; GADG65, gluta-
mate decarboxylase 65.
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Fig. 3. Random Forest ranks variables of the DIAgnose MOnogenic DIAbetes (DIAMODIA) criteria according to their importance
in distinguishing type 1 diabetes mellitus profile from maturity-onset diabetes of the young profile. IDAA1c, insulin-dose adjusted
Alc; GTAAIG, glycemic target-adjusted Alc; aab, autoantibody; GAD65, glutamate decarboxylase 65; IA2, islet cell antigen 2.

gression was impossible due to its absence in the T1IDM co-
hort, although present in three MODY patients. Similar obser-
vations were made for the “absence of three anti-islet cell auto-
antibodies” criterion, which was positive in all MODY patients,
whilst being negative in Tdia patients.

A random Forest analysis ranked the DIAMODIA variables
from the most relevant to the least relevant one to distinguish
between MODY and Tdia profiles. As illustrated in Fig. 3, the
ranking of DIAMODIA variables was in decreasing order:
IDAAIlc score <9, GTAAIc score <4.5, absence of three anti-
islet cell autoantibodies, residual C-peptide secretion, having a
member family with diabetes, neonatal hypoglycemia, absence
of ketoacidosis at diagnosis, extra-pancreatic manifestations,
and age of diabetes diagnosis under the age of 6 months. Vari-
ables 1 to 4 were associated with a higher average accuracy
than variables 5 to 9, suggesting they were the most relevant in
effectively differentiating a MODY profile from a Tdia.

DISCUSSION

Diabetes mellitus is a common metabolic disease characterized
by chronic hyperglycemia, which occurs in several forms (i.e.,
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T1DM, T2DM, monogenic diabetes, rare forms of diabetes).
More rarely, a genetic disorder is responsible for diabetes in 1%
to 4% of patients. These disorders are characterized by either
impaired B-cell function or insulin action dysfunction; more
rarely, they are of mitochondrial origin [25,26]. In addition to
being of different etiology, monogenic diabetes is more easily
controllable and theoretically less severe than T1DM, both at
time of diagnosis and over its course [1,27]. We clearly ob-
served these differences between the different diabetes forms
in our study. Indeed, the clinical presentation, glycemic mean,
HbA1Ic, and time spent in normoglycemia were revealed to be
significantly better in our MODY versus Tdia cohorts.
Monogenetic diabetes occurrence is often underestimated.
Several studies reported monogenic diabetes to be often con-
founded with T1DM or T2DM, owing to insufficient diagnos-
tic investigations (etiology-based diagnosis) [11]. Therefore,
our team has created the DIAMODIA criteria, which were ini-
tially based on the incomplete MODY probability calculator,
while including additional clinical parameters to better distin-
guish atypical diabetes from T1DM, and thereby improving the
screening of atypical diabetes forms. These additional criteria
were chosen arbitrarily based on our clinical experience and
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the scientific literature. Conventionally, IDAAlc and GTAAlc
represent two formulas used to ascertain whether a patient is
under partial remission or not. In T1DM, following the initia-
tion of insulin therapy, most patients (occurrence rate, 40% to
75%) experience a phase of partial remission characterized by
the coexistence of low levels of glycemic variability and a reduc-
tion in exogenous insulin requirements. This transient phase
typically lasts for less than a year. Furthermore, guidelines rec-
ommend reconsidering the diagnosis of TIDM in the event of
prolonged partial remission. In this context, we have incorpo-
rated the IDAA1c and GTAAIc parameters into our DIAMO-
DIA criteria to target patients experiencing extended partial re-
mission [18,19,25,26]. Conversely, the other criteria are explic-
itly defined in the literature as parameters capable of distin-
guishing between T1DM and monogenic diabetes [25-27].

The genetically confirmed MODY cohort clearly demonstrat-
ed the effectiveness of the newly created tool, DIAMODIA cri-
teria, and validated its relevance with 100% efficiency in screen-
ing monogenic diabetes. Subsequently, the use of the DIAMO-
DIA criteria in our T1DM cohort have allowed us to identify
atypical forms of diabetes. The criteria that distinguished atypi-
cal diabetes from T1DM were the absence of anti-islet cell auto-
antibodies, high residual C-peptide secretion, and IDAAlc <9.
The absence of anti-islet cell autoantibodies and residual C-pep-
tide secretion were the two markers already known to target pa-
tients with atypical diabetes. Of note, several studies have previ-
ously recommended genetic analysis in all TIDM diagnosed
patients that present no anti-islet cell autoantibodies at diagno-
sis [28-30].

Our study displays several limitations, which must be men-
tioned. First, numerous data were missing owing to the retro-
spective study design. Second, all the patients were pediatric
and under 18 years of age; clinical features occurring only after
several decades of diabetes (e.g., as in HNFIB mutations) were
thus not be considered. Finally, we did not test for the ZnT8
autoantibodies due to their rare occurrence.

Finally, we believe it would also be useful to evaluate these
clinical parameters in a larger cohort of patients with diabetes
to confirm our results, especially among patients with mono-
genic diabetes. Indeed, these criteria could be studied in co-
horts of adult patients or in a cohort of patient from a wider
range of ethnic backgrounds.

In conclusion, the GENEPEDIAB study demonstrated the ef-
fectiveness of our new tool, DIAMODIA criteria, in the screen-
ing of monogenic diabetes with an efficiency of 100% in the
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MODY cohort. The DIAMODIA criteria revealed a clinical po-
larization of TIDM and MODY diabetes. This new tool repre-
sents an asset to screen for monogenic diabetes, promptly refer-
ring them for genetic analyses, as necessary, and thus improving
therapeutic management, clinical care, and counseling.

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found
online at https://doi.org/10.4093/dmj.2023.0166.
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Supplementary Table 1. Characteristics of mutated genes of MODY cohort

Characteristic GCK HNFI1A KCNJ11 ABCC8 HNF1B HNF4A SLC19A2
(n=13) (n=10) (n=2) (n=2) (n=2) (n=4) (n=1)
Clinical data
Gender, boys 10 3 2 2 0 2 1
Age at diagnosis, yr 5.7+4.1 10.7+4.5 0.5+0.4 6.1+8.5 4.2+5.7 54+24 13.0
Glycemia at diagnosis, mg/dL 133+56 199+186 635+248 100+34 108+NA 180+210 615
HbA1c at diagnosis, % 6.3£0.6 7.9+2.7 10.8+2.2 6.0£1.6 54+NA 6.5%£3.0 7.9
IDAA]lc score 7.0+1.7 7.6+2.1 8.3+2.8 6.0£1.5 6.7£1.9 63£2.3 8.15
GTAAIlc score 42+1.2 4.2+1.8 50+1.6 22+NA 2.7+0 29+1.2 5.27
TIR70-180, % 80.7+8.0 70.5+23.2 69.1+£18.5 90.0£NA 88.3+2.3 83.6+£16.8 NA
Antidiabetic treatment
Insulin 1 4 1 0 1 1 1
Oral antidiabetic 1 2 1 1 0 1 0
DIAMODIA criteria
Strong criteria 13/13 9/9 2/2 2/2 1/1 4/4 1/1
Absence of anti-islet antibodies 12/13 7/10 1/2 2/2 2/2 3/4 1/1
IDAAlc <9 8/9 719 1/2 1/1 2/2 0/4 0/1
GTAAlc <45 0/13 0/10 172 1/2 1/2 4/4 0/1
Age at diagnosis <6 mo
Weak criteria 11/13 9/10 172 1/2 2/2 4/4 171
First-degree relative with diabetes
C-peptide
Positivity 13/13 9/10 0/2 2/2 2/2 4/4 1/1
Extra-pancreatic manifestations 3/12 5/10 0/2 0/1 2/2 1/3 171
Absence of
KA at diagnosis 12/13 9/10 0/2 2/2 2/2 4/4 1/1
Neonatal hypoglycemia 0/12 2/10 12 12 0/2 2/4 1/1

Values are presented as mean +standard deviation.

MODY, maturity-onset diabetes of the young; GCK, glucokinase; HNF1A, HNF1 homeobox A; KCNJ11, potassium inwardly rectifying channel
subfamily ] member 11; ABCC8, ATP binding cassette subfamily C member 8; HNF1B, HNF1 homeobox B; HNF4A, hepatocyte nuclear factor
4 alpha; SLC19A2, solute carrier family 19 member 2; NA, not applicable; HbA 1¢, glycosylated hemoglobin; IDAA1c, insulin-dose adjusted Alc;
GTAAIC, glycemic target-adjusted Alc; TIRz.150, time in range (70-180 mg/dL); DIAMODIA, DIAgnose MOnogenic DIAbetes; KA, ketoacido-
sis.
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