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Abstract
Aims/hypothesis  Type 1 diabetes is an heterogenous condition. Characterising factors explaining differences in an individu-
al’s clinical course and treatment response will have important clinical and research implications. Our aim was to explore type 
1 diabetes heterogeneity, as assessed by clinical characteristics, autoantibodies, beta cell function and glycaemic outcomes, 
during the first 12 months from diagnosis, and how it relates to age at diagnosis.
Methods  Data were collected from the large INNODIA cohort of individuals (aged 1.0–45.0 years) newly diagnosed with 
type 1 diabetes, followed 3 monthly, to assess clinical characteristics, C-peptide, HbA1c and diabetes-associated antibodies, 
and their changes, during the first 12 months from diagnosis, across three age groups: <10 years; 10–17 years; and ≥18 years.
Results  The study population included 649 individuals (57.3% male; age 12.1±8.3 years), 96.9% of whom were positive 
for one or more diabetes-related antibodies. Baseline (IQR) fasting C-peptide was 242.0 (139.0–382.0) pmol/l (AUC 749.3 
[466.2–1106.1] pmol/l × min), with levels increasing with age (p<0.001). Over time, C-peptide remained lower in partici-
pants aged <10 years but it declined in all age groups. In parallel, glucose levels progressively increased. Lower baseline 
fasting C-peptide, BMI SD score and presence of diabetic ketoacidosis at diagnosis were associated with lower stimulated 
C-peptide over time. HbA1c decreased during the first 3 months (p<0.001), whereas insulin requirement increased from 3 
months post diagnosis (p<0.001).
Conclusions/interpretation  In this large cohort with newly diagnosed type 1 diabetes, we identified age-related differences 
in clinical and biochemical variables. Of note, C-peptide was lower in younger children but there were no main age differ-
ences in its rate of decline.
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Introduction

Type 1 diabetes results from an autoimmune response that 
leads to destruction of the pancreatic beta cells, conse-
quent insulin deficiency and life-long need for exogenous 
insulin [1, 2].

Growing evidence supports the existence of heterogeneity 
in type 1 diabetes genetic background, pathogenesis, clini-
cal course, susceptibility to complications and response to 
immune-based therapies [1, 3–5]. This has led to the concept 
that type 1 diabetes is not a single disease but that distinct 
subtypes (so called endotypes) exist, and that these subtypes 
tend to be age-related [1, 6–8]. Recognising such heterogene-
ity and a detailed characterisation of individuals’ subgroups 
could provide critical information for the design of future 
immunotherapy interventions aimed at arresting disease pro-
gression and moving towards precision medicine [1, 9].

Longitudinal cohorts of individuals newly diagnosed 
with type 1 diabetes represent an invaluable resource 
for characterising people close to diagnosis and gaining 
insights into the changes occurring in clinical and bio-
chemical characteristics over time and how they might dif-
fer according to type 1 diabetes being diagnosed during 
childhood, adolescence or adulthood.

The Innovative approach towards understanding and 
arresting type 1 diabetes (INNODIA) consortium was 

established with the purpose of developing a European infra-
structure for the recruitment, detailed clinical phenotyping 
and biosampling of a large cohort of newly diagnosed indi-
viduals with type 1 diabetes and unaffected family members 
using the INNODIA Master protocol [10]. The overall aim 
of INNODIA is to advance how to predict, stage, evaluate 
and prevent the onset and progression of type 1 diabetes.

Using the INNODIA infrastructure, we set out to 
explore the heterogeneity of type 1 diabetes, as assessed by 
clinical characteristics, autoantibodies, measures of beta 
cell function and glycaemic outcomes, and how it relates 
to age at diagnosis, in a large cohort of children, adoles-
cents and adults during the first 12 months from diagnosis.

Methods

Study design

The INNODIA Natural History Study is a multicentre 
study involving 18 main diabetes clinical centres across 
Europe. These academic centres work with regional net-
works and there are 47 active clinical sites overall (https://​
www.​innod​ia.​eu/) [10].

The study protocol conformed to the Declaration of Hel-
sinki and was initially approved by the London–City & East 

https://www.innodia.eu/
https://www.innodia.eu/
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Research Ethics Committee (REC 16/lO/1750; IRAS Project 
ID 210497). Subsequently, after translation of the participants’ 
documentation, approval was obtained from other local Ethic 
authorities. Parents of participants provided written informed 
consent, and participants were asked to provide their assent, 
until they reached an age when they could consent themselves.

Study population

Participants were identified through adult and paediatric 
diabetes clinics at participating sites and recruited between 
November 2016 and November 2021. Here, we report data 
collected up to October 2022. Inclusion criteria were as fol-
lows: (1) age 1–45 years; (2) diagnosed with type 1 diabetes 
within 6 weeks; and (3) written informed consent. Exclusion 
criteria were as follows: (1) non-type 1 diabetes; (2) use of 
long-term immunosuppressive agents including oral steroids 
or medications likely to confound the interpretation of study 
results; and (3) any other condition that might compromise 
study participation or confound interpretation of the results.

Assessments

All participants had a baseline assessment within 6 weeks 
from diagnosis of type 1 diabetes (based on the ADA cri-
teria [11], defined as the time at which insulin therapy was 
started), including collection of medical and family history, 
self-reported sex, and assessment of height, weight and 
BMI. Blood samples were collected for HbA1c, DNA extrac-
tion, type 1 diabetes-associated antibodies (GAD 65 autoan-
tibodies [GAD65A], insulinoma-2 antigen autoantibodies 
[IA-2A], ZnT8A, antibodies to exogenous insulin [IA]/IAA), 
fasting C-peptide and peripheral blood mononuclear cells. 
Urine was collected for biomarker discovery and stool sam-
ples were collected for microbiome analysis.

Follow‑up

Participants had follow-up visits at 3, 6, 12 and 24 months. 
At each visit, height and weight were measured and BMI 
was calculated. Data on insulin doses over the previous 3 
days were recorded. Blood, urine and stool samples were 
collected for the same assessments described for the baseline 
visit. Diabetes-associated antibodies were reassessed at 12 
and 24 months only.

Participants aged ≥5 years had a mixed-meal tolerance 
test (MMTT) undertaken at each visit, with the first MMTT 
performed at the 3 month visit. Participants aged <5 years 
had only a fasting C-peptide assessed at any follow-up visit 
instead of the MMTT.

Information collected at each study visit was recorded 
into the electronic case report form (eCRF) in the INNODIA 
Data Warehouse [10].

Laboratory methods

C‑peptide, glucose and HbA1c  Fasting plasma C-peptide and 
serial C-peptide samples taken during MMTT were assayed 
in singleton on a DiaSorin Liaison XL automated immuno-
assay analyser with a sandwich chemiluminescence immu-
noassay (DiaSorin, Saluggia, Italy). Between-batch impreci-
sion for the assay is 6.6% at 584 pmol/l, 5.6% at 2629 pmol/l 
and 5.4% at 5793 pmol/l (in-house data). HbA1c and glucose 
were analysed using local laboratory methods using interna-
tional standardisation.

Autoantibodies  Three autoantibodies, GAD65A, IA-2A and 
ZnT8A, were analysed in the PEDIA laboratory (University 
of Helsinki) and were quantified with the use of specific 
radiobinding assays as described earlier [12]. Insulin anti-
bodies were also measured by a specific radiobinding assay 
[12]. Since the baseline sample was taken up to 6 weeks 
after the start of insulin treatment, and the method applied 
is unable to discriminate between IAA and IA, the baseline 
result represents an individual mix of IAA and IA depend-
ing on how soon the sample was collected after the initiation 
of insulin and the participant’s ability to mount a humoral 
immune response to exogenous insulin. The results from the 
samples taken during follow-up represent true IAs.

HLA  Genotyping of DNA extracted from peripheral blood 
was performed using Affymetrix UK Biobank Axiom Array 
(Affymetrix CytoScan 750k). SNP variant quality control 
was performed before imputation, and SNPs were filtered on 
SNP genotype missingness (<1%), Hardy–Weinberg equi-
librium (p<1×10−6) and minor allele frequency (<1%). The 
genotyping data were then imputed to the HRC (GRCh37) 
reference panel. The imputation quality score (INFO>0.4) 
was used to filter poor quality SNPs. The highest risk het-
erozygous genotypes were identified based on the two 
SNPs (rs2187668 and rs7454108) that capture the DR3/
DR4-DQ8 haplotypes [13] and from imputed HLA alleles 
using SNP2HLA with T1DGC reference panel [14]. For 
HLA stratification, three groups were identified as follows: 
Group 1 (DR3/DR4; DR4/DR4; DR3/DR3); Group 2 (DR3/
DRX, DR4/DRX); and Group 3 (DRX/DRX).

MMTT  A 2 h MMTT was performed under fasting condi-
tions. Participants were instructed not to administer short-
acting insulin within 6 h prior to the test. The test was only 
performed if the fasting glucose was between 4 and 11.1 
mmol/l. Participants were given 6 ml/kg of Ensure Plus 
(Abbott Nutrition, UK) meal solution (up to a maximum 
of 360 ml) and blood samples for C-peptide and glucose 
measurements were collected 10 min prior to the meal (−10 
min), at the time of ingestion (0 min) and at 15, 30, 60, 90 
and 120 min thereafter.
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Calculations

Age- and sex-appropriate SD scores (SDS) were calculated 
for height, weight and BMI using WHO 2006/2007 data [15]. 
The AUC for glucose and C-peptide were computed using a 
trapezoidal rule, which is a weighted sum of the C-peptide 
values over 120 min. The insulin-dose-adjusted A1c (IDAA1c) 
was calculated as HbA1c (%) + (4×insulin dose/kg) and an 
IDAA1c ≤9 was used to define partial remission, as previously 
reported [16].

Statistical analyses

Descriptive summaries for baseline measurements are pre-
sented as median (IQR) or mean ± SD unless otherwise speci-
fied. Baseline characteristics were compared across three age 
groups (1–9.9 years [childhood], 10–17.9 years [adolescence] 
and 18–45 years adulthood]) using ANOVA for continuous 
variables and χ2 test for categorical/dichotomised variables. 
Tukey adjusted p values for pairwise post hoc t tests are 
reported following statistically significant main effects for 
continuous variables. False discovery rate (FDR)-adjusted p 
values for pairwise post hoc Fisher’s exact tests are reported 
following statistically significant main effects for categorical/
dichotomised variables. Linear mixed-effects models, with 
a random intercept for each participant, were used to model 
the longitudinal trajectories of glucose metabolism variables 
across age groups during the first 12 months post diagnosis. 
For each outcome, four different models were tested: (1) an 
intercept-only model; (2) adding time; (3) adding age group 
and a time × age group interaction term; and (4) adding base-
line characteristics as covariates (weeks from diagnosis, eth-
nicity [Europe vs non-Europe], sex, HLA group, BMI SDS, 
diabetic ketoacidosis [DKA], HbA1c, insulin dose, fasting 
glucose, fasting C-peptide, number of autoantibodies). Model 
fit was evaluated using χ2 tests. Type II Wald F tests with Ken-
ward–Roger approximation for df- and FDR-adjusted p values 
were used to test for significant main effects for the best-fitting 
model for each outcome.

Statistical significance threshold was p≤0.05. All analyses 
were performed using R version 4.0.0 (R Project for Statistical 
Computing, R Core Team, Vienna, Austria).

Results

Six-hundred and seventy-three children, adolescents and 
young adults newly diagnosed with type 1 diabetes consented 
to the study. Fourteen withdrew before the first study visit and 
were excluded; an additional four had a missed baseline visit 
and six were later excluded following diagnosis reassessment 
due to lack of autoantibodies (four had a monogenic diabetes 
[genetically confirmed] and two had their diabetes reclassified 

as type 2) (electronic supplementary material [ESM] Fig. 1). 
Thus, the reported analysis is based on 649 participants with 
at least one study visit. Participants were recruited across 11 
European countries, with the first baseline assessment tak-
ing place after a median of 4.9 (IQR 3.3–5.7) weeks from 
diagnosis.

Retention of participants in the study was 86% at 3 months, 
82% at 6 months and 74% at 12 months.

Clinical characteristics at baseline across age groups

Baseline characteristics of the study population are summa-
rised in Table 1. Participants were grouped by age at diagnosis: 
1.0–9.9 years (n=279, 43.0%), 10.0–17.9 years (n=270, 41.6%), 
18.0–45.0 years (n=100, 15.4%). There were no significant dif-
ferences in sex distribution across age groups. There were small 
differences in recruitment rates across countries due to only pae-
diatric or adult sites being involved in some countries.

Overall, the prevalence of DKA at diagnosis was 36%, 
with the highest rate in the group aged 10–17 years (44%) and 
the lowest rate in the group aged 18–45 years (23%). Mean 
BMI SDS at baseline was 0.32, with the lowest BMI SDS in 
the 10–17 years old group. Median HbA1c at diagnosis was 
103.0 (IQR 84.8–122.0) mmol/mol (11.6 [9.9–13.3]%), with 
the highest values in the 10–17 years age group. At baseline, 
median HbA1c levels decreased to 72.7 (IQR 61.0–83.6) 
mmol/mol (8.8 [7.7–9.8]%). Baseline total daily insulin dose 
was 0.55±0.34 U/kg, with the lowest dose in the ≥18 years 
old group. The mean ± SD IDAA1c was 11.2±2.6, with the 
highest value in the age group 10–17 years old.

Median (IQR) C-peptide at baseline was 242.0 
(139.0–382.0) pmol/l, with levels progressively increasing 
across age groups: <10 years 163.0 (94.8–254.8) pmol/l; 
10–17 years 299.5 (184.8–477.5) pmol/l; and 18–45 years 
342.0 (251.5–488.0) pmol/l (p<0.001).

For HLA risk as defined by Groups 1–3, there was no sta-
tistically significant difference between age groups (Table 1).

Islet antibody positivity at baseline

Twenty participants (3.1%) tested negative for all diabetes-
associated antibodies at baseline, with a progressive increase 
in the proportion of antibody-negative participants from the 
youngest to the oldest age group (Table 2). When excluding 
IAA/IA, the proportion of participants who tested negative 
for the three autoantibodies increased to 6%.

The order of detection of autoantibodies was IAA/IA 
(78%), GAD65A (74%), IA-2A (70%) and then ZnT8A (67%) 
(ESM Table 1). GAD65A was the most frequent autoanti-
body type in participants older than 18 years (78%), whereas 
IAA/IA (87%) and IA-2A (76%) were the predominant 
autoantibodies in those younger than 10 years, and GAD65A 
(78%) and IAA/IA (78%) in those 10–17 years-old.
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Table 1   Baseline clinical and biochemical characteristics by age

Characteristic Overall Age at baseline p for trend p value
(1–9 vs 
10–17 
years)

p value
(10–17 
vs 18–45 
years)

p value
(1–9 vs 
18–45 
years)

1–9 years 10–17 years 18–45 years

Number 649 279 (43.0) 270 (41.6) 100 (15.4)
Age at baseline, 

years
12.1±8.3 5.7±2.5 12.8±2.1 28.0±7.2

Sex: male, n (%) 372 (57.3) 150 (53.8) 163 (60.4) 59 (59.0) 0.199
Ethnicity, n (%) <0.001 <0.001 <0.001 <0.001

  European 524 (80.7) 214 (76.7) 221 (81.9) 89 (89.0)
  Asian 11 (1.7) 3 (1.1) 4 (1.5) 4 (4.0)
  African 21 (3.2) 9 (3.2) 10 (3.7) 2 (2.0)
  North  

American
2 (0.3) 1 (0.4) 1 (0.4) 0 (0.0)

  South Ameri-
can

2 (0.3) 1 (0.4) 0 (0.0) 1 (1.0)

  Mixed 17 (2.6) 7 (2.5) 9 (3.3) 1 (1.0)
  Not stated/

available
72 (11.1) 44 (15.8) 25 (9.3) 3 (3.0)

Country, n (%) 0.049 0.58 0.004 0.026
  Austria 52 (8.0) 12 (4.3) 20 (7.4) 20 (20.0)
  Belgium 45 (6.9) 4 (1.4) 15 (5.6) 27 (27.0)
  Denmark 51 (7.9) 11 (3.9) 39 (14.4) 1 (1.0)
  Finland 195 (30.0) 124 (44.4) 69 (25.6) 2 (2.0)
  Germany 22 (3.4) 11 (3.9) 4 (1.5) 7 (7.0)
  Italy 65 (10.0) 21 (7.5) 32 (11.9) 12 (12.0)
  Luxembourg 37 (5.7) 18 (6.5) 15 (5.6) 3 (3.0)
  Poland 48 (7.4) 26 (9.3) 20 (7.4) 2 (2.0)
  Slovenia 50 (7.7) 20 (7.2) 30 (11.1) 0 (0.0)
  UK 84 (12.9) 32 (11.5) 26 (9.6) 26 (6.0)

HLA, n (%) 0.190
  DR3/DR3 38 (6.7) 12 (5.1) 15 (6.3) 11 (12.0)
  DR3/DR4 121 (21.5) 57 (24.3) 49 (20.7) 15 (16.3)
  DR3/DRX 95 (16.8) 38 (16.2) 44 (18.6) 13 (14.1)
  DR4/DR4 29 (5.1) 13 (5.5) 10 (4.2) 6 (6.5)
  DR4/DRX 187 (33.2) 80 (34.0) 82 (34.6) 25 (27.2)
  DRX/DRX 94 (16.7) 35 (14.9) 37 (15.6) 22 (23.9)

HLA group, n 
(%)a,b

0.165

  Group 1 188 (33.3) 82 (34.9) 74 (31.2) 32 (34.7)
  Group 2 282 (50.0) 118 (50.2) 126 (53.1) 38 (41.3)
  Group 3 94 (16.7) 35 (14.9) 37 (15.6) 22 (23.9)

Height, m 1.45±0.28 1.18±0.18 1.61±0.13 1.76±0.10 <0.001 <0.001 <0.001 <0.001
Weight, kg 43.2±22.4 24.1±8.6 51.5±14.0 74.0±19.1 <0.001 <0.001 <0.001 <0.001
BMI at baseline, 

kg/m2
19.1±4.3 16.7±2.3 19.7±3.5 23.9±5.5 <0.001 <0.001 <0.001 <0.001

BMI SDS 0.32±1.65 0.36±1.86 0.17±1.38 0.65±1.68 0.042 0.355 0.302 0.037
Duration of type 

1 diabetes, 
weeks

4.9 (3.3–5.7) 4.7 (3.1–5.9) 4.9 (3.4–5.7) 4.9 (3.6–5.7) 0.21

DKA at diagno-
sis, n (%)

233 (36) 91 (32.8) 119 (43.9) 23 (23.0) <0.001 0.027 0.058 0.001
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Time course of glucose metabolism variables 
during the first 12 months post diagnosis

Fasting C-peptide showed a progressive decline during the 
first 12 months post diagnosis, particularly from 3 months 
onwards (Fig. 1a). A similar decline was observed across 

the three age groups and overall levels remained lower in 
the youngest age group (1–9 years old). The decline in fast-
ing C-peptide was associated with a progressive increase in 
fasting glucose (Fig. 1b).

The AUC for C-peptide during the MMTT showed a 
decline over time in all three age groups, with values con-
sistently lower in participants aged 1–9 years (Fig. 1c). The 
trend in AUC for glucose during the MMTT (Fig. 1d) was 
similar to that for fasting glucose.

HbA1c decreased significantly during the first 3 months 
post diagnosis (Fig. 1e). The proportion of participants 
with an HbA1c<53 mmol/l (<7%) was 11% at baseline and 
increased to 53% at 12 months (Fig. 2a,b). There were small 
changes in insulin requirements over time, with a decrease 
during the first 3–6 months and a later increase at 12 months 
(Fig. 1f). IDAA1c mirrored the patterns in HbA1c and insu-
lin requirement (Fig. 1g), with an increase in the proportion 
of participants with values ≤9 during the first 3 months 
(from 17% to 66%) and then a gradual decrease (44% at 
12 months) in all age groups (Fig 2c). The proportion of 
participants with an IDAA1c ≤9 from 3 months post diag-
nosis onwards was consistently lower in the younger age 
groups compared with the group of participants aged ≥18 
years (Fig. 2d).

Data are presented as n (%), mean ± SD or median (IQR)
a HLA groups: group 1, DR3/DR4, DR4/DR4, DR3/DR3; group 2, DR3/DRX, DR4/DRX; group 3, DRX/DRX
b HLA results are based on 564 participants with available data at the time of the analysis

Table 1   (continued)

Characteristic Overall Age at baseline p for trend p value
(1–9 vs 
10–17 
years)

p value
(10–17 
vs 18–45 
years)

p value
(1–9 vs 
18–45 
years)

1–9 years 10–17 years 18–45 years

HbA1c at diagno-
sis, mmol/mol

103.0 (84.8–
122.0)

95.0 (76.0–
114.0)

110 (95.0–128.3) 99.0 (82.3–
124.8)

<0.001 <0.001 0.217 0.06

HbA1c at diagno-
sis, %

11.6 (9.9–13.3) 10.8 (9.1–12.6) 12.2 (10.8–13.9) 11.2 (9.7–13.6) <0.001 <0.001 0.217 0.06

HbA1c at base-
line, mmol/mol

72.7 (61.0–83.6) 70.0 (61.0–81.0) 75.0 (62.9–87.0) 71.8 (60.8–86.2) 0.002 0.003 0.527 0.373

HbA1c at base-
line, %

8.8 (7.7 −9.8) 8.6 (7.7–9.6) 9.0 (7.9–10.1) 8.7 (7.7–10.0) 0.002 0.003 0.527 0.373

Insulin dose (U/
kg per day)

0.55±0.34 0.55±0.32 0.62±0.38 0.40±0.23 <0.001 0.053 0.001 <0.001

IDAA1c 11.2±2.6 10.9±2.3 11.7±2.9 10.7±2.1 <0.001 0.001 0.83 0.004
Fasting glucose, 

mmol/l
8.9±13.4 9.5±17.8 7.9±7.3 9.9±11.6 0.309

Fasting C-pep-
tide, pmol/l

242.0 (139.0–
382.0)

163.0 (94.8–
254.8)

299.5 (184.8–
477.5)

342.0 (251.5–
488.0)

<0.001 <0.001 <0.001 0.015

AUC C-peptide, 
pmol/l × min

749.3 (466.2–
1106.1)

511.4 (309.6–
730.1)

956.2 (591.0–
1254.5)

887.3 (609.8–
1240.9)

<0.001 0.014 0.012 0.675

AUC glucose, 
mmol/l × min

13.2±3.1 14.2±3.1 12.8±3.1 12.6±2.9 <0.001 <0.001 0.001 0.867

Table 2   Diabetes-associated antibody status at baseline and 12-month 
follow-up

No. of 
antibodies

Overall 1–9 years 10–17 years 18–45 years

Antibody positive at baseline, n (%)
  0 20 (3.1) 3 (1.1) 9 (3.3) 8 (8.0)
  1 49 (7.5) 13 (4.7) 22 (8.1) 14 (14.0)
  2 132 (20.2) 71 (25.5) 37 (13.7) 24 (24.0)
  3 220 (33.6) 84 (30.2) 104 (38.4) 32 (32.0)
  4 214 (32.7) 103 (37.1) 96 (35.4) 15 (15.0)

Antibody positive at 12 months, n (%)
  0 3 (0.5) 1 (0.6) 0 (0.0) 3 (3.8)
  1 37 (5.7) 17 (9.7) 11 (5.0) 9 (11.5)
  2 91 (13.9) 42 (24.0) 40 (18.3) 9 (11.5)
  3 145 (22.2) 56 (32.0) 54 (24.7) 35 (44.9)
  4 157 (24.0) 43 (24.6) 94 (42.9) 20 (25.6)
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There were no differences between male and female par-
ticipants (ESM Fig. 2) or across HLA risk groups (ESM 
Fig. 3), in baseline and changes over time, for C-peptide, 
glucose, HbA1c, insulin dose and IDAA1c.

To further assess the time course of glucose metabolism 
variables and the potential effect of baseline variables, a 
multivariate linear mixed model analysis was performed 
including time (months of follow-up), age groups, time × 
age group interaction and baseline clinical characteristics. 
In this model, the age group category 10–17 years old was 
significantly associated with higher AUC C-peptide, HbA1c 
and IDAA1c, and non-significantly associated with higher 
fasting C-peptide (p=0.08) compared with the group aged 

1–9 years old (Table 3). When considering the age × time 
interaction, fasting C-peptide was significantly higher in the 
10–17 years group than in the 1–9 years group at each time 
point (3, 6 and 12 months) compared with baseline. Differ-
ences were also found for HbA1c, insulin and IDAA1c: all 
significantly lower in the 10–17 years old group. HbA1c was 
also lower in the 18–45 years group than the 1–9 years group 
at each follow-up visit compared with baseline. In contrast, 
there were no significant differences in AUC C-peptide when 
comparing age groups at 6 and 12 months vs 3 months (time 
of first MMTT).
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lism variables over time, DKA at diagnosis was associated 
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Fig. 1   Time course of glucose metabolism variables during the first 
12 months post diagnosis by age group. Data are shown as median 
and IQR for fasting C-peptide (a), fasting glucose (b), AUC C-pep-
tide (c), AUC glucose (d), HbA1c (e), insulin dose (f) and IDAA1c 
(g). Number of participants with completed data at baseline by age 

group (1–9; 10–17; 18–45 years): fasting C-peptide (246; 244; 92), 
fasting glucose (246; 244; 92), AUC C-peptide (134; 188; 69), AUC 
glucose (140; 205; 75), HbA1c (249; 253; 92), insulin dose (264; 256; 
93) and IDAA1c (242; 241; 86)
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with lower AUC C-peptide (p<0.001). Lower BMI SDS was 
associated with higher fasting (p=0.017) and AUC C-pep-
tide (p<0.001) over time. A higher number of autoantibod-
ies at baseline was associated with lower AUC C-peptide 
over time. Fasting C-peptide at baseline was associated with 
higher fasting and AUC C-peptide and lower AUC glucose 
over time. Duration of diabetes at baseline was positively 
associated with HbA1c, insulin dose and IDAA1c levels.

Diabetes‑associated antibodies: changes 
between baseline and 12 months

There were no significant changes in antibody positivity 
for IA-2A (p=0.482) or GAD65A (p=0.157) between base-
line and 12 months post diagnosis. ZnT8A showed a small 
decrease, from 67% to 61% positive (p=0.049), whereas 
IAA/IA showed a strong increase, from 78% to 98% posi-
tive (p<0.001) (Table 2 and ESM Table 1).

Discussion

This study reports clinical and biochemical outcomes dur-
ing the first 12 months from the clinical diagnosis of type 1 
diabetes in a large European cohort of children, adolescents 
and adults recruited within 6 weeks of diagnosis.

The INNODIA cohort covers a wide age range, from 1 
up to 45 years, providing a unique opportunity to identify 
potential age-related differences. Previous studies have high-
lighted the heterogeneity of type 1 diabetes and introduced 
the concept of ‘endotypes’, representing subtypes defined by 
distinct pathophysiological mechanisms [3, 4, 6–8]. Of inter-
est these endotypes appear to be strongly associated with 
age at clinical diagnosis [3, 6–8]. Significant differences in 
islet pathology and genetic susceptibility were previously 
identified between children diagnosed before the age of 7 
years vs ≥13 years [5, 7, 8].

In the present study, age groups were defined using dif-
ferent cutoffs to identify three main lifetime periods, namely 
childhood, adolescence and adulthood; these cutoffs resem-
bled those used in some previous studies [17–19]. In our 
cohort, although overall there was a slightly higher preva-
lence of male participants (57.4%), confirming findings from 
previous studies [6, 17, 20], there were no significant differ-
ences in sex distribution across the three age groups. The 

prevalence of DKA at diagnosis was around 36% and was 
particularly high (44%) among adolescents. Recruitment to 
the INNODIA study started before the COVID-19 pandemic 
and continued during the pandemic. Therefore, the high rates 
of DKA likely reflect the reported higher prevalence of this 
acute complication at the time of clinical type 1 diabetes 
manifestation during the pandemic [21–24]. A recent mul-
ticentre study in 104,290 children and young people clearly 
showed that the prevalence of DKA at type 1 diabetes pres-
entation increased from 27% during 2006–2019 to around 
39% in 2020–2021, percentages that were higher than the 
predicted yearly rise [22]. These findings highlighted how 
the pandemic exacerbated an already increasing trend in 
DKA prevalence, likely due to delays in seeking medical 
attention, due to restrictions in place, and fear of contracting 
COVID-19 infection. The role of additional factors, such as a 
potential direct beta cell damage due to SARS-CoV-2, or the 
more general role of a viral infection in triggering clinically 
manifested type 1 diabetes in susceptible individuals should 
also be considered [25].

Although recent data confirm that a diagnosis of type 1 
diabetes during early childhood is generally associated with 
the highest prevalence of DKA [26], in the INNODIA cohort 
DKA was particularly frequent among adolescents. This 
might reflect more severe presentations in this age group 
and longer duration of symptoms before seeking medical 
advice, often due to the reluctance of adolescents to bring 
their symptoms to parental attention. The high rates of DKA 
in the INNODIA cohort reinforce previous findings and 
highlight the need for further efforts to improve recognition 
of the presenting signs/symptoms by individuals, caregivers 
and healthcare professional by awareness campaigns [27]. 
Our results also support the ongoing discussion on the value 
of population screening for type 1 diabetes, associated with 
ad hoc education, continuous follow-up and support for indi-
viduals identified at risk and their families [28].

Of note, the present study showed age-related differences 
in C-peptide. Fasting and stimulated C-peptide levels were 
lowest in children younger than 10 years old, both at base-
line and during the first 12 months post diagnosis. These 
age-related differences are similar to those reported in other 
multicentre studies such as TrialNet and Hvidoere, as well 
as national studies [17, 29, 30]. This finding might reflect a 
more aggressive disease pathogenesis/higher genetic risk or 
the role of other environmental factors in younger children 
[5, 29, 31–34]. It is, however, interesting to see that the evo-
lution of C-peptide over the first 12 months of follow-up in 
the INNODIA cohort was similar in all age groups. Previ-
ous studies have either reported a more marked decline in 
younger children or no differences between age groups; these 
discrepancies might relate to duration of follow-up as well 
as differences in age distribution/age groups between stud-
ies [17, 19, 34]. As expected, and in line with previous data 

Fig. 2   Participants with HbA1c <53 mmol/mol and IDAA1c ≤9 at 
baseline and follow-up. (a, b) Proportion of all study participants 
with HbA1c <53 mmol/mol (orange bars)  or HbA1c ≥53 mmol/mol 
(green bars) at baseline and follow-up visits (3, 6, 12 months) (a), and 
divided by age groups (1–9, 10–17 and 18–45 years) (b). (c, d) Pro-
portion of all participants with IDAA1c ≤9 (green bars) or IDAA1c 
>9 (orange bars) at baseline and follow-up visits (3, 6, 12 months) (c) 
and divided by age groups (1–9, 10–17 and 18–45 years) (d)
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[17, 29, 32, 35], there was a progressive decline over time 
in C-peptide, which was affected by the presence of DKA 
and a lower BMI at baseline. DKA at the time of diagnosis 
was previously found to be associated with lower residual 
beta cell function over time [29], whereas data on the effect 
of BMI are discordant between previous studies [34, 36, 37].

The clinical benefits of preserving C-peptide in individu-
als newly diagnosed with type 1 diabetes are well known 
[38–40]. Residual beta cell function has been associated 
with better glycaemic outcomes and reduced complications 
risk [38, 40].

Along with changes in C-peptide, this study provides 
information on temporal changes in glycaemic metrics. 
HbA1c levels, which at baseline were particularly high in the 
adolescent group, fell substantially during the first 3 months 
following diagnosis, in line with findings from previous 
studies [29, 35]. Only 47% of study participants achieved 
the recommended HbA1c target of <53 mmol/mol (7%) [41] 
at 12 months post diagnosis.

Overall insulin requirement during the 12 months of 
follow-up was relatively low in the study population. This 
likely reflects the honeymoon phase and residual beta cell 
production. Insulin requirement was higher in children and 
adolescents than in adults and this might reflect differences 
in residual beta cell function as shown by C-peptide levels. 
The high doses in the age group 10–17 years old might also 
reflect pubertal insulin resistance [42] and/or more severe 
presentation. Indeed, this group showed higher prevalence 
of DKA at diagnosis as well as a lower BMI SDS, likely 
reflecting greater weight loss related to insulin deficiency 
and related metabolic abnormalities.

Trends in HbA1c and insulin requirements were mirrored 
by the IDAA1c index, with a higher proportion of partici-
pants being in partial remission at 3 and 6 months post diag-
nosis, particularly among those older than 18 years.

Overall, a combination of IAA/IA, GAD65A, IA-2A and 
ZnT8A was found in around 97% of the study participants, 
with the highest frequency in children younger than 10 years 
old. As expected [43, 44], GAD65A were the most common 
autoantibody type in those aged ≥18 years, whereas IA-2A 
were the most frequent type in younger children. The prev-
alence of most autoantibodies remained unchanged when 
reassessed at 12 months, apart from a higher prevalence of 
IA, as expected following insulin therapy [29].

There were no HLA differences between age groups, in con-
trast with the findings of some previous studies [5]. This could 
be due to a lower sample size in the INNODIA cohort, limiting 
the ability to detect significant differences. However, the previ-
ously reported shift to fewer HLA-high risk genotypes in newly 
diagnosed type 1 diabetes [45, 46] could also explain our results.

Recruitment to the study was excellent and followed a 
stable pattern over time. Retention of participants was also 
very good, being around 74% at 12 months. These positive 

conclusions on recruitment and retention are even stronger 
when considering that the study was conducted during the 
COVID-19 pandemic.

Overall, the major study strength was the availability of 
a large cohort, including children, adolescents and adults, 
assessed very close to the clinical diagnosis of type 1 diabe-
tes, and with data allowing the evaluation of early changes in 
clinical and biochemical variables during the first 12 months 
post diagnosis. INNODIA is a large European consortium 
with a particular interest in type 1 diabetes, based on a col-
laboration not only between academia and pharma but also 
with a strong contribution from people living with type 1 
diabetes, represented by the INNODIA Patient Advisory 
Committee (PAC) [10]. This advisory committee reviewed 
and commented on study protocols and specific documents 
and constantly interacted with the INNODIA investigators to 
provide their views and suggestions to improve study design 
and its acceptability and feasibility.

This study provides data collected across many European 
centres following standardised procedures for data collection 
and processing, as per the INNODIA Master protocol [10]. 
Analysis of the major study endpoints (C-peptide, autoanti-
bodies) were performed in centralised validated laboratories.

As with any large multicentre longitudinal study, there are 
limitations in the original design and choice of samples to be 
collected. One study limitation was lack of an MMTT within 
6 weeks of diagnosis. However, in most previous clinical tri-
als the first MMTT was performed within 100 days of diag-
nosis rather than anywhere close to 6 weeks. Data on MMTT 
were available for only 50% of the younger age group and 
around 70% of the older age groups. Differences in sample 
size across age groups, with a lower number of participants 
older than 18 years, and a potential floor effect for C-peptide 
levels in younger children could also have affected the study 
findings. Lack of ethnic heterogeneity, with most study par-
ticipants being white European, limits the generalisability 
of the findings to other ethnic groups. However, the eth-
nic composition of the INNODIA cohort mirrors the ethnic 
characteristics of people with type 1 diabetes in Europe [29]. 
Another limitation is the lack of serum samples collected 
within 2 weeks after the start of insulin treatment, exclud-
ing the possibility of assessing the true frequency of IAA.

Conclusions

Our study confirms that age-related differences in demograph-
ics, clinical features, beta cell function, glucose variables and 
autoimmune characteristics can be identified soon after diag-
nosis of type 1 diabetes and that these differences persist over 
time. Further understanding of the course of beta cell destruc-
tion in these age groups is essential to inform the design of 
future trials aimed at halting type 1 diabetes progression.
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