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Abstract

Aims/hypothesis Prognostic factors and characteristics of children diagnosed with type 1 diabetes before 6 years of age were
compared with those diagnosed at 6-13 years of age in the TEDDY study.

Methods Genetically high-risk children (n=8502) were followed from birth for a median of 9.9 years; 328 (3.9%) were
diagnosed with type 1 diabetes. Cox proportional hazard model was used to assess the association of prognostic factors with
the risk of type 1 diabetes in the two age groups.

Results Children in the younger group tended to develop autoantibodies earlier than those in the older group did (mean age 1.5 vs
3.5 years), especially insulin autoantibodies (IAA), which developed earlier than GAD autoantibodies (GADA). Children in the
younger group also progressed to diabetes more rapidly than the children in the older group did (mean duration 1.9 vs 5.4 years).
Children with autoantibodies first appearing against insulinoma antigen-2 (IA-2A) were found only in the older group. The
significant diabetes risk associated with the country of origin in the younger group was no longer significant in the older group.
Conversely, the diabetes risk associated with HLA genotypes was statistically significant also in the older group. Initial sero-
conversion after and before 2 years of age was associated with decreased risk for diabetes diagnosis in children positive for
multiple autoantibodies, but the diabetes risk did not decrease further with increasing age if initial seroconversion occurred after
age 2. Diabetes risk associated with the minor alleles of rs1004446 (INS) was decreased in both the younger and older groups
compared with other genotypes (HR 0.67). Diabetes risk was significantly increased with the minor alleles of rs2476601
(PTPN22) (HR 2.04 and 1.72), rs428595 (PPIL2) (HR 2.13 and 2.10), rs113306148 (PLEKHAI) (HR 2.34 and 2.21) and
1573043122 (RNASET2) (HR 2.31 and 2.54) (HR values represent the younger and older groups, respectively).
Conclusions/interpretations Diabetes at an early age is likely to be preceded by IAA autoantibodies and is a more aggressive
form of the disease. Among older children, once multiple autoantibodies have been observed there does not seem to be any
association between progression to diabetes and the age of the child or family history.

Trial registration ClinicalTrials.gov identifier: NCT00279318.
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What is already known about this subject?

e Diabetes-related insulin autoantibodies (IAA) appear first in very young children whereas GAD autoantibodies
(GADA) usually only appear after the age of 5 years. After the age of 5 years, IAA is rarely the first autoantibody to

appear

What is the key question?

e Inaddition to differences in the way that diabetes-related autoimmunity arises as children grow older, are there
also different risk factors and rates of progression for diabetes that are associated with age?

What are the new findings?

e  The association of country of origin on diabetes risk found in the younger group declined in the older age group,

while the genotypic association significantly increased

e  After age 2 years at seroconversion there was no longer a decreasing risk for diabetes in children positive for
multiple autoantibodies associated with the age of initial seroconversion

e After multiple autoantibodies were observed, there was not a discernible difference in risk by family history of type

1 diabetes

How might this impact on clinical practice in the foreseeable future?

e This study adds to the growing body of evidence that type 1 diabetes is not a single, homogeneous disease. It
differs in its presentation and, perhaps, aetiology. Much of the observed difference in the relationships between
genes and exposures is explained by the age at appearance of autoantibodies, establishing that factors associated
with diabetes risk need to be conditioned on age to be properly understood

Abbreviations

FDR First-degree relative
GADA  GAD autoantibodies
IAA Insulin autoantibodies
IA-2A Insulinoma antigen-2

PH Proportional hazard

TEDDY The Environmental Determinants
of Diabetes in the Young
Introduction

The Environmental Determinants of Diabetes in the Young
(TEDDY) study has enrolled and followed a cohort of 8676
infants at elevated genetic risk for autoimmune type 1 diabetes
from 3 months of age [1-3]. TEDDY is designed to follow
children for 15 years. The characteristics of children
progressing to type 1 diabetes during the first 6 years of age
(the first third of the planned follow-up period) has been
published [4], and there is now additional follow-up for the
middle third of the planned follow-up period, i.e., through to
12 years of age. This paper describes the characteristics of
children developing autoimmunity and type 1 diabetes during
their second 6 years of life and seeks to identify differences in
the pattern of islet autoantibody development and the chang-
ing relationship between previously identified risk factors for
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autoantibodies and type 1 diabetes endpoints. The aim is to
explore whether the younger cohort developing type 1 diabe-
tes differs from the older cohort, suggesting the emergence of
a different form of type 1 diabetes in children as they get older.

The age at the first appearance of islet autoantibodies has
been shown to be related to which autoantibody appears first,
which has, in turn, been linked to specific genotypic subtypes
and associated environmental exposures [4]. It was also noted
that the incidence of insulin autoantibodies (IAA) as the first-
appearing autoantibody during the first 6 years of life,
declined with age, almost disappearing, while the incidence
of GAD autoantibodies (GADA), as the first-appearing auto-
antibody, increased and remained stable throughout follow-up
[5]. The changing incidence of the first-appearing autoanti-
body, as children age, signifies a possible difference in both
the aetiology and the pathogenesis of type 1 diabetes.
Therefore, this study explores differences in characteristics
of children who progressed to diabetes among the younger
<6 years of age cohort, presumably arising from those who
predominantly developed IAA first and compares them with
the characteristics of children who progressed to diabetes
among the 612 years of age cohort, presumably arising from
those who predominantly developed GADA first, with partic-
ular emphasis on factors that were prognostic for disease initi-
ation (aetiology) and progression (pathogenesis) specific to
these age intervals.
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Methods
Participants

TEDDY is a prospective cohort study funded by the National
Institutes of Health with the primary goal of identifying environ-
mental causes of type 1 diabetes. It includes six clinical research
centres — three in the US (Colorado, Georgia/Florida and
Washington State) and three in Europe (Finland, Germany and
Sweden). Detailed study design and methods have been previ-
ously published [1-3]. Written informed consents was obtained
for all study participants from a parent or primary caretaker,
separately, for genetic screening and participation in the prospec-
tive follow-up. The high-risk genotypes for participants screened
from the general population were as follows: DRBI*04-
DQAI1*#03-DOB1*03:02/DRB1*03-DQA1*05-DQOB1%02:01
(DR3/4), DRB1*04-DQA1*03-DQBI1*03:02/DRB1*04-
DQAI1*#03-DQOBI1%03:02 (DR4/4), DRB1*04-DQA1%*03-
DQOBI1#03:02/DRB1*08-DQA1%04-DQB1%04:02 (DR4/8) and
DRBI1*#03-DQA1*05-DOBI1*02:01/DRB1*03-DQA1%*05-
DQOBI1*02:01 (DR3/3). Additional genotypes were included for
first-degree relatives (FDRs) of an individual with type 1 diabe-
tes: DRBI1%04-DQA1*03-DQOBI1*03:02/DRB1%*04- DQOAI*03-
DQBI%#02:02 (DR4/4b), DRBI*04-DQA1*03-DOBI1%*03:02/
DRBI1*01- DQAI*01-DQBI1*05:01 (DR4/1), DRBI*04-
DQAI1*03-DOB1*03:02/DRB1*13-DQA1*01-DOB1*06:04
(DR4/13), DRB1*04-DQA1*03-DQB1*03:02/DRB1*09-
DQA1#%03-DOBI1*03:03 (DR4/9) and DRB1*03-DQAI*05-
DQOBI1#02:01/DRBI1*09- DQAI1*03-DOB1%03:03 (DR3/9).
The HLA-DR-DQ genotype abbreviations shown in parentheses
will be used throughout this paper. Genotyping was confirmed
by reverse blot hybridisation at the central HLA Reference
Laboratory at Roche Molecular Systems, Oakland, CA [3], along
with the /NS-23Hphl (rs689), CTLA4 T17A (rs231775) and
PTPN22 R620W (1s2476601) SNP primer pairs. The study
was approved by local institutional review or ethics boards and
is being monitored by an external evaluation committee formed
by the National Institutes of Health.

SNP genotyping was performed by the Center for Public
Health Genomics at the University of Virginia using the
[lumina Immunochip, which is a custom array for genotyping
SNPs selected from regions of the human genome firmly asso-
ciated with autoimmune diseases [6]. The final selection
containing approximately 186,000 SNPs in 186 regions for
12 autoimmune diseases was decided by the Immunochip
Consortium. TEDDY previously examined whether any of
41 non-HLA SNPs previously shown to be associated with
type 1 diabetes conferred risk for islet autoimmunity [7].

Islet autoantibodies

Islet autoantibodies to insulin (IAA), GAD (GADA) or
insulinoma antigen-2 (IA-2A) were measured in two laboratories

by radiobinding assays. In the USA, all sera were assayed at the
Barbara Davis Center for Childhood Diabetes at the University
of Colorado Denver; in Europe, all sera were assayed at the
University of Bristol, UK. Both laboratories demonstrated high
sensitivity and specificity as well as concordance [8]. All positive
islet autoantibody samples and 5% of the negative samples were
re-tested in the other reference laboratory and deemed confirmed
if concordant. Persistent islet autoimmunity was defined as
confirmed positive IAA, GADA or IA-2A in at least two consec-
utive samples. Zinc transporter autoantibodies (ZnT8A) were
measured in samples positive for one of the other autoantibodies.

Statistical methods

Characteristics of <6 year olds who progressed to diabetes
diagnosis were compared with those of children between 6
and 12 years of age who progressed to diabetes diagnosis by
non-parametric (Wilcoxon rank sum) tests for continuous
variables and Pearson’s x2 tests for categorical variables.
Multiple Cox proportional hazard (PH) models were applied
to examine factors related to the risk of diabetes previously
published in the TEDDY study [5, 7, 9-12] with and without
the adjustment of age at onset of multiple autoantibodies as a
time-dependent covariate. The associations between the
factors and the risk of type 1 diabetes during the first 6 years
of'age and in the range of 612 years of age were examined, as
was the interaction between the factors and the dichotomised
time variable (the two age intervals) treated as time-dependent
covariates [13]. The magnitudes of the associations were
described by HRs with 95% Cls. Comparisons between the
younger and older HRs were conducted by testing whether
the ratio of the two HRs differed from 1 based on Wald tests.
Adjustments for population stratification were made by using
the top two principal components from the Immunochip SNP
data as covariates in the Cox PH models [14]. Hazard rates of
progression to type 1 diabetes since the onset of multiple auto-
antibodies stratified by the age at initial seroconversion were
calculated assuming exponential survival distribution. Data
were analysed using the Statistical Analysis System software
(version 9.4; SAS Institute, Cary, NC). Two-tailed p values less
than 0.05 were considered to be statistically significant. No
adjustment for type 1 error was made for multiple comparisons
except in the context of the multiple Cox regression model.

Results

From September 2004 until February 2010, TEDDY enrolled
8676 children at birth, of whom 174 were excluded because of
HLA ineligibility or indeterminate autoantibody status, leav-
ing 8502 in the analysis. Children were followed quarterly for
progression to diagnosis of diabetes. Follow-up of children
with one or more islet autoantibodies continued on this
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schedule, whereas children who were autoantibody negative
were followed semi-annually after 4 years of age. The median
(IQR) age at last follow-up was 9.9 (8.1-11.5) years and the
age range was 8—14 years.

As of 30 November 2018, 328 children (3.9%) had devel-
oped type 1 diabetes; 168 (2.0%) before 6 years of age and
160 (1.9%) at or after 6 years of age (Table 1). The incidence
of type 1 diabetes remained fairly stable (Fig. 1), but the
cumulative incidence differed by enrolment site (p = 0.0009,
Fig. 2). However, the excess risk associated with enrolment
from Germany may be the consequence of the high proportion
of FDRs enrolled (36.1%) compared with all the other
TEDDY sites (9.2%). By 10 years of age, children from
Germany and Finland had a comparable cumulative diabetes
risk, as did children from Sweden and the US, but the risk in
Germany and Finland remained higher than in the other two
countries. The difference in geographic distribution of new
type 1 diabetes patients reflects a drop in the proportion from
Finland and Germany and an increase in the US while the
proportion remained unchanged in Sweden (p = 0.001).

The HLA distribution of diabetes patients was also differ-
ent with an increase among those who were DR4/4 in the older
age group and a corresponding decrease among those who
were DR3/3 or had FDR-specific HLA genotypes (p =
0.005). Those who were diagnosed with diabetes at 6 years
of'age or older developed a persistent confirmed autoantibody
at an older mean age than those who became autoantibody
positive before the age of 6 (3.5 vs 1.5 years, p<0.001).
The mean duration of time between the first-appearing auto-
antibody and the diabetes diagnosis was also much longer
(5.4 years vs 1.9 years, p <0.001) in older than in younger
children. Similar patterns were observed when considering the
appearance of multiple persistent confirmed autoantibodies
(3.9 years and 1.8 years) and time until progression to diabetes
(4.9 years vs 1.6 years) (p <0.001 for both).

The pattern of first-appearing autoantibody was also signif-
icantly different between those who were diagnosed with
diabetes before 6 years of age and those who were diagnosed
older (»p=0.001). As might be expected, the percentage of
those with GADA as the first-appearing autoantibody was
higher in the older group (26.9% vs 18.5%) and the percent-
age of those presenting with IAA first was much higher in the
younger group (44.6% vs 28.1%). Interestingly, no children in
the younger group presented with IA-2A as the first-appearing
autoantibody, but 10 (6.3%) among the older children did. In
six of these individuals, ZnT8 A autoantibodies were also pres-
ent when IA-2A autoantibodies were detected.

No autoantibodies were detected in 36 (11.0%) of the children
diagnosed with diabetes. The median (IQR) interval between the
last autoantibody testing and the diabetes diagnosis in the 22
children from the older age group was 8.6 years (7.0-8.9)
suggesting that autoantibody positivity at diagnosis, or long
before it, was unknown because of lack of testing and poor
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protocol compliance. Among the 14 who developed type 1
diabetes in the younger age group without detected autoanti-
bodies, the median (IQR) interval was 2.3 years (0.85-2.86).
There were six children under 6 years of age whose last autoan-
tibody test was negative within 2 years preceding their diabetes
diagnosis. Whole genome sequencing was available for three,
one of whom had a variant in the HNFIA gene (rs762703502)
associated with maturity-onset diabetes of the young, type 3.

Autoantibodies at the time of diabetes diagnosis showed
that a higher per cent were IAA negative prior to diagnosis
among the older group (28.8%) compared with the younger
group (13.1%), p<0.001. A lower per cent were ZnT8A
negative in the older group (34.4%) compared with in the
younger group (61.9%) (p < 0.001).

The incidence of diabetic ketoacidosis (DKA) at diagnosis
was marginally lower (p =0.046) in the older age group
compared with in the younger group, but the proportion who
were symptomatic or not at diagnosis was not different.

The HRs from a multivariate PH model of risk factors
published by the TEDDY study also revealed some differences
in their association with diabetes comparing the two age groups
(Table 2). The risk of type 1 diabetes in families with a mother
who had type 1 diabetes significantly increased compared with
families without an affected relative, in the older age group (HR
2.64,95% CI 1.36, 5.12, p =0.004) whereas it was not a signif-
icant risk factor in the younger age group (HR 1.51, 95% CI
0.75, 3.05, p =0.249). However, this difference in HRs was not
statistically significant, reflecting the wide confidence intervals of
the individual HRs. Also, the risk of diabetes associated with
DR4/4 vs DR3/3 was significant in the older (HR 4.16, 95%
CI 1.99, 8.69, p<0.001), but not in the younger (HR 1.26,
95% CI 0.65, 2.44, p =0.496) age group. This increase in HRs
was statistically significant at p = 0.018, suggesting that the DR4/
4 genotype has a larger role in development of type 1 diabetes in
older than in younger individuals. Conversely, in the older age
group, the type 1 diabetes risk associated with children from
Finland and Germany significantly declined (HR 3.20, 95% CI
1.88, 5.45, p<0.001 to HR 1.26, 95% C1 0.73, 2.18, p=0.416
and HR 2.19, 95% CI 1.27, 3.78, p = 0.005 to HR 0.56, 95% CI
0.25, 1.27, p=0.167, respectively) (p=0.005 and p=0.007,
respectively) compared with children from the US. Other risk
factors were, or were not, statistically significant in both age
groups. However, the HRs comparing the two groups were not
significantly different.

Once multiple autoantibodies were observed, the rate of
progression to type 1 diabetes decreased as the age at initial
seroconversion increased (p =0.0003, Fig. 3a). Children
under 2 years of age at initial seroconversion progressed much
more rapidly to type 1 diabetes once multiple autoantibodies
were detected (hazard rate of 0.19) through 6 years of follow-
up. If diabetes did not develop during this interval of time, the
rate of progression from multiple autoantibodies to type 1
diabetes (hazard rate 0.115) was approximately the same as



Diabetologia

Table 1 Characteristics of
TEDDY children

Characteristic No type 1 Type 1 diabetes before Type 1 diabetes P
diabetes 6 years >6 years value®
(n=8174) of age (n=168) of age (n=160)
Country
USA 3515 (43.0) 47 (28.0) 65 (40.6) 0.001
Finland 1711 (20.9) 54 (32.1) 38(23.8)
Germany 542 (6.6) 25(14.9) 7 (4.4)
Sweden 2406 (29.4) 42 (25.0) 50 (31.3)
Family history
FDR: Mother 315(3.9) 10 (6.0) 13 (8.1) 0.106
FDR: Father 408 (5.0) 30(17.9) 14 (8.8)
FDR: Sibling 123 (1.5) 11 (6.5) 12 (7.5)
General 7328 (89.7) 117 (69.6) 121 (75.6)
population
Sex
Male 4142 (50.7) 85 (50.6) 84 (52.5) 0.730
Female 4032 (49.3) 83 (49.4) 76 (47.5)
HLA genotype
DR3/4 3140 (38.4) 96 (57.1) 82 (51.3) 0.005
DR4/4 1601 (19.6) 20 (11.9) 40 (25.0)
DR4/8 1423 (17.4) 21 (12.5) 24 (15.0)
DR3/3 1754 (21.5) 18 (10.7) 10 (6.3)
FDR-specific” 256 (3.1) 13(7.7) 42.5)
Probiotics introduction age
>28 days 7615 (93.2) 153 (91.1) 151 (94.4) 0.251
<28 days 559 (6.8) 15 (8.9) 9(5.6)
Weight z score at 12 months
n 7460 161 149
Mean (SD) 0.1 (1.0) —0.0 (1.1) 0.0 (1.0)
Median (IQR) —0.1 (-0.8-0.6) 0.0 (-0.8-0.7) —0.0 (-0.6-0.7) 0.582
rs1004446_A (INS)
No 2946 (39.5) 84 (52.5) 73 (49.0) 0.538
Yes 4521 (60.5) 76 (47.5) 76 (51.0)
s2476601 A (PTPN22)
No 5979 (80.1) 102 (63.8) 102 (68.5) 0.383
Yes 1488 (19.9) 58 (36.3) 47 (31.5)
rs10517086_A
No 3839 (51.4) 62 (38.8) 73 (49.0) 0.070
Yes 3628 (48.6) 98 (61.3) 76 (51.0)
1s2292239 T (ERBB3)
No 3438 (46.0) 52(32.5) 67 (45.0) 0.024
Yes 4028 (54.0) 108 (67.5) 82 (55.0)
rs3184504 T (SH2B3)
No 2314 (31.0) 41 (25.6) 43 (28.9) 0.523
Yes 5153 (69.0) 119 (74.4) 106 (71.1)
1512708716_G (CLEC16A)
No 3278 (44.0) 78 (48.8) 82 (55.0) 0.269
Yes 4170 (56.0) 82 (51.3) 67 (45.0)
153825932 T (CTSH)
No 3079 (41.2) 80 (50.0) 75 (50.3) 0.953
Yes 4387 (58.8) 80 (50.0) 74 (49.7)
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Table 1 (continued)

Characteristic No type 1 Type 1 diabetes before Type 1 diabetes P
diabetes 6 years >6 years value®
(n=8174) of age (n=168) of age (n=160)

rs7111341 T (INS)

@ Springer

No 4031 (54.0) 104 (65.0) 91 (61.1) 0.475
Yes 3436 (46.0) 56 (35.0) 58 (38.9)
rs11711054 G (CCR5)
No 3694 (49.5) 65 (40.6) 69 (46.3) 0314
Yes 3765 (50.5) 95 (59.4) 80 (53.7)
1rs428595_A (PPIL2)
No 7134 (96.4) 145 (91.8) 133 (92.4) 0.850
Yes 266 (3.6) 13 (8.2) 11 (7.6)
rs113306148 T (PLEKHAI)
No 7277 (97.5) 149 (93.1) 140 (94.0) 0.766
Yes 190 (2.5) 11(6.9) 9 (6.0)
1s73043122_C (RNASET2)
No 7263 (97.3) 151 (95.0) 139 (93.3) 0.530
Yes 202 (2.7) 8(5.0) 10 (6.7)
Age at type 1 diabetes diagnosis (years)
n 168 160
Mean (SD) 3.3 (1.5 8.9 (1.8)
Median (IQR) 3.1 (2.04.6) 8.7 (7.5-10.1) <0.001
Age at persistent confirmed autoantibody (years)
n 499 154 138
Mean (SD) 513.1) 1.5(0.8) 3524
Median (IQR) 4.6 (2.3-7.7) 1.2 (0.8-1.8) 2.6 (1.94.5) <0.001
Duration of time between first-appearing autoantibody and diagnosis (years)
n 154 138
Mean (SD) 1.9 (1.4) 54(2.5)
Median (IQR) 1.6 (0.6-2.9) 5.4 (3.9-6.8) <0.001
Age at multiple persistent confirmed autoantibodies (years)
n 208 133 121
Mean (SD) 5.7 (3.0) 1.8 (0.9) 3921
Median (IQR) 5.53.1-8.4) 1.5(1.1-2.2) 3.3(2.3-5.1) <0.001
Duration of time between multiple appearing autoantibodies and diagnosis (years)
n 133 121
Mean (SD) 1.6 (1.3) 49 (2.3)
Median (IQR) 1.3 (0.6-2.7) 5.1(3.3-6.3) <0.001
Autoantibody status at seroconversion
None 7675 (93.9) 14 (8.3) 22 (13.8) 0.001
GADA only 272 (3.3) 31(18.5) 43 (26.9)
IA2A only 11(0.1) 0 (0.0) 10 (6.3)
IAA only 174 (2.1) 75 (44.6) 45 (28.1)
GADA, IA2A 5(0.1) 1 (0.6) 3(1.9)
GADA, IAA 29 (0.4) 36 (21.4) 29 (18.1)
1A2A, IAA 4 (0.0) 1 (0.6) 2 (1.3)
GADA, IA2A, 4 (0.0) 10 (6.0) 6(3.8)
T1AA
Persistent confirmed GADA before or at type 1 diabetes diagnosis
No 50 (29.8) 45 (28.1) 0.744
Yes 118 (70.2) 115 (71.9)
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Table 1 (continued)
Characteristic No type 1

diabetes

(n=8174)

Type 1 diabetes before
6 years
of age (n=168)

Type 1 diabetes P
>6 years value®
of age (n=160)

Persistent confirmed IAA before or at type 1 diabetes diagnosis

No 22 (13.1) 46 (28.8) <0.001
Yes 146 (86.9) 114 (71.3)

Persistent confirmed IA2A before or at type 1 diabetes diagnosis
No 64 (38.1) 46 (28.8) 0.073
Yes 104 (61.9) 114 (71.3)

Persistent confirmed ZnT8A before or at type 1 diabetes diagnosis
No 104 (61.9) 55(34.4) <0.001
Yes 64 (38.1) 105 (65.6)

DKA at type 1 diabetes diagnosis
No 151 (89.9) 153 (95.6) 0.046
Yes 17 (10.1) 7(4.4)

Symptomatic at type 1 diabetes diagnosis
No 68 (40.5) 76 (47.5) 0.200
Yes 100 (59.5) 84 (52.5)

Data are presented as number (percentage) unless otherwise indicated

For each SNP, the minor allele is indicated and data are divided by children with (yes) and without this allele (no)

#p value of comparing each characteristic between individuals with type 1 diabetes before 6 years of age and
individuals with type 1 diabetes >6 years of age. Wilcoxon’s rank tests were performed for continuous variables
and x* tests were performed for categorical variables

b FDR-specific HLA-DR-DQ genotypes are DR4/4b, DR4/1, DR4/13, DR4/9, and DR3/9

the rate of progression to type 1 diabetes in the group who
initially developed autoantibodies at an older age (hazard rate
range from 0.072 to 0.116) irrespective of the age of serocon-
version. Additionally, the rate of progression from multiple
autoantibodies to type 1 diabetes was statistically associated
with a family history of type 1 diabetes in the younger age
group, but not in the older age group (p =0.25, Fig. 3b).

Age at the onset of multiple autoantibodies, as a continuous
variable, was also included in the analysis to explore whether
the age groupings introduced artificial associations when
comparing risk factors for early type 1 diabetes onset compared
with later type 1 diabetes onset. Age at the onset of multiple
autoantibodies was a highly significant factor in each age group
(HR 0.56, 95% C10.45, 0.70, p < 0.001 and HR 0.83, 95% CI
0.75, 0.91, p < 0.001) showing decreasing risk with increasing
age in both. After adjusting for the age at the development of
multiple autoantibodies, the only remaining type 1 diabetes risk
factors were family history of type 1 diabetes (father with type 1
diabetes vs those without family history of type 1 diabetes in the
younger age group and mother or sibling with type 1 diabetes
vs those without this type 1 diabetes family history in the older
age group), and rs1004446_A (INS) (HR 0.55, p=0.001),
13428595 A (PPIL2) (HR 1.88, p = 0.043) and 1510517086 A
(HR 1.45, p=0.033) in the younger age group and 1s3825932 T
(CTSH) (HR 0.57, p = 0.002), rs428595 A (PPIL2) (HR 1.97,p

=0.044) and 1s73043122_C (RNASET2) (HR 2.70, p = 0.008) in
the older age group.

Discussion

The proportion of children who were diagnosed with type 1
diabetes differed by geography between the younger and older
age groups, despite the commonality of the high-risk geno-
types across the TEDDY sites. Life-table analysis revealed
that, over time, diabetes risk among the younger children
residing in Finland was greatest, but declined proportionally
as the children got older. Diabetes risk in the other sites
remained relatively constant; the USA together with Sweden
and Finland together with Germany were comparable, but the
two country pairs were different. Older children more often
presented with GADA as the first-appearing autoantibody and
had a different HLA genotype (significantly less HLA DR3/3)
than those who developed type 1 diabetes at an earlier age
who predominantly presented with TAA as the first-
appearing autoantibody. The number of children presenting
with IAA as the first-appearing autoantibody declined with
increasing age, whereas the incidence of GADA as the first-
appearing autoantibody remained relatively constant over the
age range. These results confirm earlier findings [e.g., the
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German BABYDIAB study [15], and the Finnish DIPP study
[16, 17]] even in this HLA-defined high-risk population.

A new finding was that diabetes risk after the appearance of
multiple autoantibodies did not differ between type 1 diabetes-
affected and unaffected families, nor did the relationship of the
affected family member to the TEDDY child. Initial serocon-
version before 2 years of age was accompanied by higher
diabetes risk after the appearance of multiple autoantibodies,
but in children whose initial seroconversion to autoantibody
positive was after 2 years of age, the risk did not decrease with
increasing age of initial seroconversion. To complete the
picture, the risk of initial seroconversion and progression to
multiple autoantibodies decreased with increasing age, but
once multiple autoantibodies were detected, the risk of

progression did not decline with increasing age at seroconver-
sion. Coupled with the changing picture of autoantibody
presentation, it appears that autoimmunity at an early age is
a more aggressive form of the disease.

These results underline the importance of taking into
account the age at development of multiple autoantibodies
when evaluating risk factors for progression to diabetes diag-
nosis. The HLA genotype, most SNPs, and family history
were not significantly associated with early vs late diabetes
diagnosis when taking into account the age at seroconversion
to multiple autoantibodies. The implication is that they are risk
factors for islet autoimmunity, but not necessarily for progres-
sion to diabetes once multiple autoantibodies have been
observed.

Fig. 2 Kaplan—Meier curve of 1.00 4
type 1 diabetes (across all ages)
by country of origin (p = 0.0009
from logrank test). T1D, type 1
diabetes 0.95 4
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Table2 HR, adjusted for covariates from the multiple PH analysis, of TEDDY published risk factors for type 1 diabetes

Type 1 diabetes before 6

Type 1 diabetes >6 years

years of age of age
Factor Comparison HR (95% CI) pvalue HR (95%CI) p value p value®
Sex Male vs female 1.06 (0.77,1.46) 0.715  1.12(0.80,1.57) 0.507  0.819
Family history of type 1 FDR mother vs GP 1.51(0.75,3.05) 0.249 2.64 (1.36,5.12) 0.004 0.256
Diabetes FDR father vs GP 324 (1.99,5.26) <0.001 2.41(1.31,4.41) 0.005 0452
FDR sibling vs GP 4.55(2.40, 8.62) <0.001 5.13 (2.69,9.80) <0.001 0.795
HLA genotype DR4/4 vs DR3/3 1.26 (0.65,2.44) 0496 4.16(1.99, 8.69) <0.001 0.018
DR3/4 vs DR3/3 2.79 (1.63,4.77) <0.001 4.40 (2.19, 8.82) <0.001 0.311
DR4/8 vs DR3/3 1.50 (0.77,2.93) 0237 3.36(1.52,7.45) 0.003 0.127
FDR-specific® vs DR3/3  1.60 (0.69, 3.70) 0.269  1.29 (0.38,4.44) 0.683  0.777
Country Finland vs USA 3.20 (1.88,5.45) <0.001 1.26(0.73,2.18) 0.416 0.005
Germany vs USA 2.19(1.27,3.78) 0.005  0.56 (0.25,1.27) 0.167 0.007
Sweden vs USA 1.20 (0.76, 1.89) 0.436  0.72(0.47,1.09) 0.123  0.098

Probiotics introduction age
Weight at 12 months z-score

Child conditions before first clinical visit (age 3 months) Upper resp. (Yes vs No) 1.43 (1.00, 2.04) 0.053
Lower resp. (Yes vs No) 0.85 (0.49, 1.45) 0.545

Diarrhoea

Rash (Yes vs No)
rs1004446_A (INS) Yes vs No
152476601 A (PTPN22) Yes vs No
rs10517086_A Yes vs No
1s2292239 T (ERBB3) Yes vs No
rs3184504 T(SH2B3) Yes vs No
rs12708716_G (CLEC16A) Yes vs No
rs3825932 T (CTSH) Yes vs No
rs7111341 T (INS) Yes vs No
rs11711054_G (CCRS) Yes vs No
rs428595 A (PPIL2) Yes vs No
1113306148 T (PLEKHAI) Yes vs No
rs73043122 C (RNASET2) Yes vs No

<28 days vs >28 days

0.86 (0.49, 1.51) 0.606  0.94 (0.46,1.94) 0.871 0.852
1.10 (0.94,1.30) 0223  1.21(1.03,1.44) 0.024 0.426
1.00 (0.67, 1.50) 0.999  0.198
1.24 (0.75,2.04) 0408 0.314
1.01 (0.57,1.80) 0.973  0.87(0.45,1.67) 0.672  0.733
0.66 (0.42,1.04) 0.076  0.93 (0.62, 1.41) 0.747  0.275
0.67(0.48,0.92) 0.014 0.67(0.48,0.95) 0.022  0.964
2.04 (1.46,2.84) <0.001 1.72(1.20,2.47) 0.003  0.503
1.48 (1.07,2.05) 0.019  1.04 (0.75,1.45) 0.808 0.141
1.67 (1.19,2.34) 0.003  1.06 (0.76, 1.48) 0.740  0.063
1.23 (0.85,1.77) 0275 1.07 (0.74,1.55) 0.731  0.599
0.82(0.60,1.13) 0.222  0.64 (0.46, 0.89) 0.009  0.287
0.76 (0.55,1.04) 0.087  0.66 (0.47,0.93) 0.017 0.581
0.68 (0.48,0.96) 0.026  0.77 (0.54,1.09) 0.142  0.616
1.46 (1.06,2.02) 0.021  1.15(0.83,1.61) 0404 0315
2.13(1.20,3.80) 0.010  2.10(1.13,3.92) 0.019 0972
2.34(1.25,4.38) 0.008 2.21(1.07,4.57) 0.032 0.908
231(1.12,4.76) 0.023  2.54(1.27,5.06) 0.008 0.856

7433 individuals with 296 type 1 diabetes events (155 in the first 6 years and 141 after 6 years of age) were included in the analysis because values of
SNPs and/or weight at 12 months of age were missing. For each SNP, the minor allele is indicated and children with this allele (yes) were compared with

children without it (no)

The top two principal components from the Immunochip SNP were included as covariates in the Cox PH model

? p value for comparing the HR in the first 6 years vs the HR after 6 years of age
b FDR-specific HLA-DR-DQ genotypes are DR4/4b, DR4/1, DR4/13, DR4/9, and DR3/9
Lower resp. lower respiratory tract infection; Upper resp. upper respiratory tract infection

Type 1 diabetes risk factors were relatively consistent across
the two age groups. Some reached statistical significance in one
age group but not in the other, but the difference in HRs between
the age groups was not statistically significant. This could be an
artifact caused by the age groupings. Nonetheless, it showcases
the caution that should be exercised when trying to generalise
findings beyond the population actually studied. The other
important consideration is that the strength (i.e., the magnitude
of the estimate of the HR along with its statistical significance) is

derived from a multivariate analysis, which, by definition, adjusts
for all the variables considered in the model. Hence, the results
reflect the additive or independent contribution of each variable
considered after the contribution of all the other variables have
been considered. Hence, findings that are nonsignificant, or only
marginally significant, might be completely different if all the
variables in the model were independent (uncorrelated).

This study is not without limitations. The characteristics of
children who develop type 1 diabetes in the TEDDY study
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might not be generalisable to other HLA-defined populations.
Despite this study’s size of 8502 children, there are still rela-
tively few type 1 diabetes cases. Yet, the before and after age 6
groups consist of nearly exactly the same number of children.
This suggest that differences between the two age-defined
cohorts were not due to an imbalance in the numbers.

The predominance of IAA first as the single presenting auto-
antibody in the very young age group compared with the
predominance of GADA first as the single presenting autoanti-
body in the older age groups is entirely consistent with the
observed age-related association of exposures and both HLA
and non-HLA genotypes. However, caution should be exercised
in generalising the results presented here beyond the age range in
which they have been discovered and the selected high-risk HLA
subgroups that make up the TEDDY population. Yet, the
TEDDY children represent, depending on country, about 40—
50% of children expected to develop diabetes before 18 years
of age [3]. The age at screening for the presence of islet autoan-
tibodies in both the general population or among FDRs and its
associated heterogeneity with respect to diabetes risk factors [18,
19] should be taken into account when individuals are
randomised in secondary prevention studies of type 1 diabetes.

Finally, the report of study findings in a large epidemiological
study, like TEDDY, involves many statistical comparisons,
increasing the chance of spurious findings. In our opinion, using
multivariate analyses to incorporate adjustments is a practical
approach to this issue, whereas adjusting the significance thresh-
old for multiple comparisons is not. There are arguments to be
made for and against these approaches [20-22]. We have chosen
to not make adjustments for multiple comparisons and advise
readers to consider these findings in the context of the published
literature on similar populations.

@ Springer

Supplementary Information The online version contains peer-reviewed
but unedited supplementary material available at https://doi.org/10.1007/
s00125-021-05514-3.

Acknowledgements The authors thank Sarah Austin-Gonzalez with the
Health Informatics Institute at the University of South Florida for assis-
tance with preparing the figures.

A special acknowledgement to the TEDDY families for their contin-
ued participation in this wonderful study.

Data availability =~ The datasets generated and analysed during the
current study will be made available in the NIDDK Central Repository
at https://www.niddkrepository.org/studies/teddy.

Funding  Funded by U0l DK63829, U01 DK63861, UO1 DK63821,
U01 DK63865, U01 DK63863, U0l DK63836, UO1 DK63790, UC4
DK 63829, UC4 DK63861, UC4 DK63821, UC4 DK63865, UC4
DK63863, UC4 DK63836, UC4 DK95300, UC4 DK100238, UC4
DK106955, UC4 DK112243, UC4 DK117483, U0l DK124166 and
Contract No. HHSN267200700014C from the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK), National
Institute of Allergy and Infectious Diseases (NIAID), Eunice Kennedy
Shriver National Institute of Child Health and Human Development
(NICHD), National Institute of Environmental Health Sciences
(NIEHS), JDRF, and Centers for Disease Control and Prevention
(CDC). This work supported in part by the NIH/NCATS Clinical and
Translational Science Awards to the University of Florida (UL1
TR000064) and the University of Colorado (UL1 TR002535).

Duality of interest There are no conflicts of interest.

Contribution statement All authors attest to meeting ICMJE uniform
requirements for authorship by making substantial contributions to concep-
tion and design of this paper; acquisition, analysis and interpretation of the
data; drafting or revising the article for intellectual content; and giving final
approval of the published version. JK designed the study, proposed the anal-
ysis, interpreted the findings, and wrote the manuscript. XL performed the
analysis and contributed to writing the manuscript. AL, WH, MR, J-XS, JT,


https://doi.org/10.1007/s00125-021-05514-3
https://doi.org/10.1007/s00125-021-05514-3
https://www.niddkrepository.org/studies/teddy

Diabetologia

AZ, and BA designed the study and reviewed/edited the manuscript. JK and
XL are the guarantors of this work and, as such, had full access to all the data
in the study and take responsibility for the integrity of the data and the
accuracy of the data analysis. The authors declare that there are no relation-
ships or activities that might bias, or be perceived to bias, their work.

References

10.

TEDDY Study Group (2007) The Environmental Determinants of
Diabetes in the Young (TEDDY) study: study design. Pediatr
Diabetes 8:286-298. https://doi.org/10.1111/j.1399-5448.2007.
00269.x

TEDDY Study Group (2008) The Environmental Determinants of
Diabetes in the Young (TEDDY) study. Ann N Y Acad Sci 1150:
1-13

Hagopian WA, Erlich H, Lernmark A, TEDDY Study Group et al
(2011) The Environmental Determinants of Diabetes in the Young
(TEDDY): genetic criteria and international diabetes risk screening
0f421 000 infants. Pediatr Diabetes 12:733—743. https://doi.org/10.
1111/5.1399-5448.2011.00774.x

Krischer JP, Lynch KF, Schatz DA, TEDDY Study Group et al
(2015) The 6 year incidence of diabetes-associated autoantibodies
in genetically at-risk children: the TEDDY study. Diabetologia 58:
980-987. https://doi.org/10.1007/s00125-015-3514-y

Krischer JP, Lynch KF, Lernmark A, TEDDY Study Group et al
(2017) Genetic and environmental interactions modify the risk of
diabetes-related autoimmunity by 6 years of age: the TEDDY
study. Diabetes Care 40:1194—1202. https://doi.org/10.2337/dc17-
0238

Parkes M, Cortes A, van Heel DA, Brown MA (2013) Genetic
insights into common pathways and complex relationships among
immune-mediated diseases. Nat Rev Genet 14:661-673. https://
doi.org/10.1038/nrg3502

To6rn C, Hadley D, Lee HS, TEDDY Study Group et al (2015) Role
of type 1 diabetes associated SNPs on risk of autoantibody positiv-
ity in the TEDDY study. Diabetes 64:1818-1829. https://doi.org/
10.2337/db14-1497

Bonifacio E, Yu L, Williams AK et al (2010) Harmonization of
glutamic acid decarboxylase and islet antigen-2 autoantibody
assays for national institute of diabetes and digestive and kidney
diseases consortia. J Clin Endocrinol Metab 95:3360-3367. https://
doi.org/10.1210/jc.2010-0293

Lee HS, Burkhardt BR, McLeod W, the TEDDY Study Group et al
(2014) Biomarker discovery study design for type 1 diabetes in the
Environmental Determinants of Diabetes in the Young (TEDDY)
study. Diabetes Metab Res Rev 30(5):424-434. https://doi.org/10.
1002/dmrr.2510

Uusitalo U, Lee HS, Andren Aronsson C, TEDDY Study Group
etal (2018) Early infant diet and islet autoimmunity in the TEDDY
study. Diabetes Care 41:522-530. https://doi.org/10.2337/dc17-
1983

11.

12.

13.

15.

16.

17.

18.

20.

21.

22.

Elding Larsson H, Vehik K, Haller MJ, TEDDY Study Group et al
(2016) Growth and risk for islet autoimmunity and progression to
type 1 diabetes in early childhood: the Environmental Determinants
of Diabetes in the Young Study. Diabetes 65:1988—1995. https://
doi.org/10.2337/db15-1180

Sharma A, Liu X, Hadley D, TEDDY Study Group et al (2018)
Identification of non-HLA genes associated with development of
islet autoimmunity and type 1 diabetes in the prospective TEDDY
cohort. J Autoimmun 89:90-100. https://doi.org/10.1016/j.jaut.
2017.12.008

Cantor AB (2003) Extending SAS survival analysis techniques for
medical research, 2nd ed. SAS Institute

Concannon P, Chen WM, Julier C et al (2009) Genome-wide scan
for linkage to type 1 diabetes in 2,496 multiplex families from the
Type 1 diabetes Genetics Consortium. Diabetes 58:1018—1022.
https://doi.org/10.2337/db08-1551

Hummel M, Bonifacio E, Schmid S et al (2004) Brief communica-
tion: early appearance of islet autoantibodies predicts childhood
type 1 diabetes in offspring of diabetic parents. Ann Intern Med
140:882—-886. https://doi.org/10.7326/0003-4819-140-11-
200406010-00009

Bauer W, Veijola R, Lempainen J et al (2019) Age at seroconver-
sion, HLA genotype and specificity of autoantibodies in progres-
sion of islet autoimmunity in childhood. J Clin Endocrinol Metab
104:4521-4530. https://doi.org/10.1210/jc.2019-00421

Ilonen J, Hammais A, Laine AP et al (2013) Patterns of 3-cell
autoantibody appearance and genetic associations during the first
years of life. Diabetes 62:3636-3640. https://doi.org/10.2337/
db13-0300

Frederiksen BN, Kroehl M, Baron A et al (2015) Assessing age-
related etiologic heterogeneity in the onset of islet autoimmunity.
Biomed Res Int 2015:708289. https://doi.org/10.1155/2015/
708289

Xu P, Krischer JP, Type 1 Diabetes TrialNet Study Group (2016)
Prognostic classification factors associated with development of
multiple autoantibodies, dysglycemia, and type 1 diabetes-a recur-
sive partitioning analysis. Diabetes Care 39:1036—1044. https://doi.
org/10.2337/dc15-2292

Thompson JR (1998) Invited commentary: Re: “Multiple compar-
isons and related issues in the interpretation of epidemiologic
data.”. Am J Epidemiol 147:801-806. https://doi.org/10.1093/
oxfordjournals.aje.a009530

Savitz DA, Olshan AF (1995) Multiple comparisons and related
issues in the interpretation of epidemiologic data. Am J Epidemiol
142:904-908. https://doi.org/10.1093/oxfordjournals.aje.al 17737
Savitz DA, Olshan AF (1998) Describing data requires no adjust-
ment for multiple comparisons: a reply from Savitz and Olshan. Am
J Epidemiol 147:813-814. https://doi.org/10.1093/oxfordjournals.
aje.a009532

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/j.1399-5448.2007.00269.x
https://doi.org/10.1111/j.1399-5448.2007.00269.x
https://doi.org/10.1111/j.1399-5448.2011.00774.x
https://doi.org/10.1111/j.1399-5448.2011.00774.x
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.2337/dc17-0238
https://doi.org/10.2337/dc17-0238
https://doi.org/10.1038/nrg3502
https://doi.org/10.1038/nrg3502
https://doi.org/10.2337/db14-1497
https://doi.org/10.2337/db14-1497
https://doi.org/10.1210/jc.2010-0293
https://doi.org/10.1210/jc.2010-0293
https://doi.org/10.1002/dmrr.2510
https://doi.org/10.1002/dmrr.2510
https://doi.org/10.2337/dc17-1983
https://doi.org/10.2337/dc17-1983
https://doi.org/10.2337/db15-1180
https://doi.org/10.2337/db15-1180
https://doi.org/10.1016/j.jaut.2017.12.008
https://doi.org/10.1016/j.jaut.2017.12.008
https://doi.org/10.2337/db08-1551
https://doi.org/10.7326/0003-4819-140-11-200406010-00009
https://doi.org/10.7326/0003-4819-140-11-200406010-00009
https://doi.org/10.1210/jc.2019-00421
https://doi.org/10.2337/db13-0300
https://doi.org/10.2337/db13-0300
https://doi.org/10.1155/2015/708289
https://doi.org/10.1155/2015/708289
https://doi.org/10.2337/dc15-2292
https://doi.org/10.2337/dc15-2292
https://doi.org/10.1093/oxfordjournals.aje.a009530
https://doi.org/10.1093/oxfordjournals.aje.a009530
https://doi.org/10.1093/oxfordjournals.aje.a117737
https://doi.org/10.1093/oxfordjournals.aje.a009532
https://doi.org/10.1093/oxfordjournals.aje.a009532

The TEDDY Study Group

Colorado Clinical Center: Marian Rewers, M.D., Ph.D., PI14:>6:5.10 Agron Barbour,
Kimberly Bautista!!, Judith Baxter®°!!, Daniel Felipe-Morales, Kimberly Driscoll, Ph.D.8,
Brigitte I. Frohnert, M.D.?'3, Marisa Stahl, M.D.'?, Patricia Gesualdo®®11:13, Michelle
Hoffman!!1213, Rachel Karban'!, Edwin Liu, M.D.*?, Jill Norris, Ph.D.?31! Stesha Peacock,
Hanan Shorrosh, Andrea Steck, M.D.313, Megan Stern, Erica Villegas?, Kathleen Waugh®7:1t,
University of Colorado, Anschutz Medical Campus, Barbara Davis Center for Childhood
Diabetes.

Finland Clinical Center: Jorma Toppari, M.D., Ph.D., PI¥"t410.13 QJli G. Simell, M.D.,
Ph.D., Annika Adamsson, Ph.D."!!, Suvi Ahonen**§, Mari Akerlund**§, Leena Hakola*, Anne
Hekkala, M.D.**, Henna Holappa**, Heikki Hyo6ty, M.D., Ph.D.**6, Anni Ikonen**, Jorma
Ilonen, M.D., Ph.D.¥13, Sinikka Jaminki**, Sanna Jokipuu”, Leena Karlsson”, Jukka Kero
M.D., Ph.D.¥", Miia Kédhonen+*11.13 Mikael Knip, M.D., Ph.D.**5, Minna-Liisa Koivikko"*, Merja
Koskinen**, Mirva Koreasalo**82, Kalle Kurppa, M.D., Ph.D.**12, Jarita Kytola**, Tiina
Latva-aho**, Katri Lindfors, Ph.D.*!2, Maria Lénnrot, M.D., Ph.D.**¢, Elina Mantymaki”,
Markus Mattila*, Maija Miettinen3?, Katja Multasuo"®, Teija Mykkanen¥*, Tiina Niininen**11,
Sari Niinist6*82, Mia Nyblom**, Sami Oikarinen, Ph.D.**, Paula Ollikainen**, Zhian
Othmani®, Sirpa Pohjola **, Petra Rajala”, Jenna Rautanen*$, Anne Riikonen**52, Eija Riski”,
Miia Pekkola®*, Minna Romo”, Satu Ruohonen”, Satu Simell, M.D., Ph.D.¥!2, Maija Sjoberg”,
Aino Steniust*!!, Paivi Tossavainen, M.D.*, Mari Vaha-Makila¥, Sini Vainionp&a”, Eeva
Varjonen”!!, Riitta Veijola, M.D., Ph.D.**13, Irene Viinikangas"®, Suvi M. Virtanen, M.D.,
Ph.D.*%82 ¥University of Turku, *Tampere University, “University of Oulu, “Turku University
Hospital, Hospital District of Southwest Finland, *Tampere University Hospital, *Oulu
University Hospital, §National Institute for Health and Welfare, Finland, TUniversity of
Kuopio.

Georgia/Florida Clinical Center: Jin-Xiong She, Ph.D., PI13410 Desmond Schatz,
M.D.*457:38 Diane Hopkins'!, Leigh Steed!!.1%!3, Jennifer Bryant!!, Katherine Silvis?, Michael
Haller, M.D.*13, Melissa Gardiner!!, Richard McIndoe, Ph.D., Ashok Sharma, Stephen W.
Anderson, M.D.”, Laura Jacobsen, M.D.*!3, John Marks, DHSc.*11.13 P.D. Towe*. Center for
Biotechnology and Genomic Medicine, Augusta University. *University of Florida, "Pediatric
Endocrine Associates, Atlanta.

Germany Clinical Center: Anette G. Ziegler, M.D., PI3410 Ezio Bonifacio Ph.D.*>, Cigdem
Gezginci, Anja Heublein, Eva Hohoff¥?2, Sandra Hummel, Ph.D.2, Annette Knopff’, Charlotte
Koch, Sibylle Koletzko, M.D."2, Claudia Ramminger'!, Roswith Roth, Ph.D.8, Jennifer
Schmidt, Marlon Scholz, Joanna Stock®1'1.13, Katharina Warncke, M.D.!3, Lorena Wendel,
Christiane Winkler, Ph.D.211, Forschergruppe Diabetes e.V. and Institute of Diabetes
Research, Helmholtz Zentrum Minchen, Forschergruppe Diabetes, and Klinikum rechts der
Isar, Technische Universitat Miinchen. *Center for Regenerative Therapies, TU Dresden, Dr.
von Hauner Children’s Hospital, Department of Gastroenterology, Ludwig Maximillians
University Munich, *University of Bonn, Department of Nutritional Epidemiology.

Sweden Clinical Center: Ake Lernmark, Ph.D., PI}34568910 Daniel Agardh, M.D.,
Ph.D.%'2, Carin Andrén Aronsson, Ph.D.2112 Maria Ask, Rasmus Bennet, Corrado Cilio,
Ph.D., M.D.>®, Susanne Dahlberg, Helene Engqvist, Emelie Ericson-Hallstrom, Annika Bjérne
Fors, Lina Fransson, Thomas Gard, Monika Hansen, Hanna Jisser, Fredrik Johansen, Berglind
Jonsdottir, M.D., Ph.D.!, Helena Elding Larsson, M.D., Ph.D.%13, Marielle Lindstrom, Markus
Lundgren, M.D., Ph.D.!3, Marlena Maziarz, Ph.D., Maria Ma8nsson-Martinez, Jessica Melint,
Zeliha Mestan, Caroline Nilsson, Karin Ottosson, Kobra Rahmati, Anita Ramelius, Falastin
Salami, Anette Sjdberg, Birgitta Sjéberg, Carina Térn, Ph.D.3, Asa Wimar!3. Lund University.



Washington Clinical Center: William A. Hagopian, M.D., Ph.D., PI*345/671012,13 Michael
Killian®7:11.12 " Claire Cowen Crouch!!13, Jennifer Skidmore?, Masumeh Chavoshi, Arlene
Meyer, Jocelyn Meyer, Denise Mulenga!!, Nole Powell, Jared Radtke, Matei Romancik,
Shreya Roy, Davey Schmitt, Sarah Zink. Pacific Northwest Research Institute.

Pennsylvania Satellite Center: Dorothy Becker, M.D., Margaret Franciscus, MaryEllen
Dalmagro-Elias Smith?, Ashi Daftary, M.D., Mary Beth Klein, Chrystal Yates. Children’s
Hospital of Pittsburgh of UPMC.

Data Coordinating Center: Jeffrey P. Krischer, Ph.D.,PI%45210 Sarah Austin-Gonzalez,
Maryouri Avendano, Sandra Baethke, Brant Burkhardt, Ph.D.>¢, Martha Butterworth?,
Joanna Clasen, David Cuthbertson, Christopher Eberhard, Steven Fiske®, Jennifer
Garmeson, Veena Gowda, Kathleen Heyman, Belinda Hsiao, Christina Karges, Francisco
Perez Laras, Qian Li, Ph.D.%3, Shu Liu, Xiang Liu, Ph.D.23:813, Kristian Lynch, Ph.D. >68,
Colleen Maguire, Jamie Malloy, Cristina McCarthy'!, Hemang Parikh, Ph.D.3, Cassandra
Remedios, Chris Shaffer, Laura Smith, Ph.D.8!!, Susan Smith!!, Noah Sulman, Ph.D., Roy
Tamura, Ph.D.12111213 Dena Tewey, Michael Toth, Ulla Uusitalo, Ph.D.2, Kendra Vehik,
Ph.D.4>6813 Pponni Vijayakandipan, Jimin Yang, Ph.D., R.D.2. Past staff: Michael
Abbondondolo, Lori Ballard, Rasheedah Brown, Stephen Dankyi, David Hadley, Ph.D., Hye-
Seung Lee, Ph.D., Wendy McLeod, Aubrie Merrell, Steven Meulemans, Ryan Quigley.
University of South Florida.

Project scientist: Beena Akolkar, Ph.D.1:34:56,7:9.10 National Institutes of Diabetes and
Digestive and Kidney Diseases.

Autoantibody Reference Laboratories: Liping Yu, M.D.”>, Dongmei Miao, M.D.”, Polly
Bingley, M.D., FRCP*>, Alistair Williams*, Kyla Chandler*, Ilana Kelland*, Yassin Ben
Khoud*, Huma Zahid*, Matthew Randell *. "Barbara Davis Center for Childhood Diabetes,
University of Colorado Denver, *Bristol Medical School, University of Bristol, UK.

HLA Reference Laboratory: William Hagopian3, MD, PhD, Masumeh Chavoshi, Jared
Radtke, Sarah Zink. Pacific Northwest Research Institute, Seattle WA. (Previously Henry
Erlich, Ph.D.3, Steven J. Mack, Ph.D., Anna Lisa Fear. Center for Genetics, Children’s
Hospital Oakland Research Institute.)

SNP Laboratory: Stephen S. Rich, Ph.D.3, Wei-Min Chen, Ph.D.3, Suna Onengut-Gumuscu,
Ph.D.3, Emily Farber, Rebecca Roche Pickin, Ph.D., Jonathan Davis, Jordan Davis, Dan Gallo,
Jessica Bonnie, Paul Campolieto. Center for Public Health Genomics, University of Virginia.

Repository: Sandra Ke, Niveen Mulholland, Ph.D. NIDDK Biosample Repository at Fisher
BioServices.

Other contributors: Kasia Bourcier, Ph.D.>, National Institutes of Allergy and Infectious
Diseases. Thomas Briese, Ph.D.?, Columbia University. Suzanne Bennett Johnson, Ph.D.811,
Florida State University. Eric Triplett, Ph.D.6, University of Florida.

Committees:

!Ancillary Studies, ?Diet, 3Genetics, “‘Human Subjects/Publicity/Publications, >*Immune
Markers, ®Infectious Agents, “Laboratory Implementation, 8Psychosocial, °Quality Assurance,
10Gteering, ''Study Coordinators, '?Celiac Disease, '3Clinical Implementation.



	Characteristics of children diagnosed with type 1 diabetes before vs after 6&newnbsp;years of age in the TEDDY cohort study
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Participants
	Islet autoantibodies
	Statistical methods

	Results
	Discussion
	References


