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ABSTRACT 

OBJECTIVE: To combine prospective cohort studies, by including HLA harmonization, 

and to estimate risk of islet autoimmunity and progression to clinical diabetes. 

RESEARCH DESIGN AND METHODS: Prospective cohorts in Finland, Germany, 

Sweden and the US have followed 24,662 children at increased genetic risk for 

development of islet autoantibodies and type 1 diabetes. Following harmonization, the 

outcomes were analyzed in 16,709 infants-toddlers enrolled by age 2.5 years. 

RESULTS: In the infant-toddler cohort, 1413 (8.5%) developed at least one autoantibody 

confirmed at two or more consecutive visits (seroconversion), 865 (5%) developed 

multiple autoantibodies, and 655 (4%) progressed to diabetes. The 15-year cumulative 

incidence of diabetes varied in children with one, two or three autoantibodies at 

seroconversion: 45% (95% CI 40-52%), 85% (78-90%), and 92% (85-97%), respectively. 

Among those with single autoantibody, their status two years after seroconversion 

predicted diabetes risk: 12% (10-25%) if reverting to autoantibody negative, 30% (20-

40%) if retaining single autoantibody, and 82% (80-95%) if developing multiple 

autoantibodies. HLA-DR-DQ affected the risk of confirmed seroconversion and 

progression to diabetes in children with stable single autoantibody. Their 15-year diabetes 

incidence for higher vs. lower risk genotypes was 40% (28-50%) vs. 12% (5-38%). The 

rate of progression to diabetes was inversely related to age at development of multiple 

autoantibodies ranging from 20%/year to 6%/year in children developing multi-positivity 

≤2 years or >7.4 years, respectively.  
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CONCLUSIONS: The number of islet autoantibodies at seroconversion reliably predicts 

15-year type 1 diabetes risk. In children retaining single autoantibody, HLA-DR-DQ 

genotypes can further refine risk of progression. 

Keywords: Type 1 Diabetes, Autoantibodies, Prospective-cohort, Child  

Abbreviations: HLA: human leukocyte antigen; IA: islet autoimmunity; GADA: glutamic 

acid decarboxylase autoantibody; IA-2A: insulinoma antigen-2 autoantibody; IAA: insulin 

autoantibody; ZnT8A: zinc transporter 8 autoantibody, T1DI Study Group: Type 1 

Diabetes Intelligence Study Group. 
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Type 1 diabetes is a chronic autoimmune endocrine disease that affects an estimated 1 

in 300 children and up to 1 in 120 adults in the U.S. (1) and more in high-risk Nordic 

countries (2,3). The causes of the underlying islet autoimmunity (IA) are poorly 

understood, and no durable prevention or cure is available. The genetic and 

environmental determinants of type 1 diabetes have been extensively investigated in 

cohort studies that followed children at increased genetic risk for development of IA and 

progression to diabetes (4–8). Observations from these cohorts (9) led to the staging of 

the natural history of type 1 diabetes into: stage 1 - normoglycemia with presence of 

multiple islet autoantibodies, stage 2 – dysglycemia,  and stage 3 - clinical (symptomatic) 

diabetes (10).  

While the average annual rate of progression from stage 1 to stage 3 is ~11% (11), the 

individual risk is difficult to predict due to large variability in the progression rate  (5,8,12–

14). To overcome this limitation, the five active cohort studies in Finland (DIPP) (6), 

Germany (BABYDIAB and BABYDIET) (5), Sweden (DiPiS) (8), and the U.S. (DAISY (4) 

and DEWIT (7)) harmonized and combined their data for joint analyses in collaboration 

with IBM Research and JDRF, known as the T1DI study group. We are reporting the risk 

estimates for development of IA and progression to clinical diabetes stratified by the 

number of autoantibodies and HLA-DR-DQ genotype in children followed from infancy.  

Additionally, we are reporting the subsequent risk of progression to clinical diabetes 

stratified by age at seroconversion. In contrast to an earlier report (9) that stratified the 

risk by the maximum number of antibodies ever expressed over an extended period of 

time, here the risk is stratified by the number of autoantibodies observed at the time of 
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initial seroconversion. This approach better reflects information available to a screening 

program.   

RESEARCH DESIGN AND METHODS 

Study Populations in the Combined Dataset 

The prospective cohort studies included in this report enrolled: 1) infants from the general 

population identified through newborn screening as carrying increased risk HLA-DR-DQ 

genotypes (4,6–8) and first-degree relatives of people with type 1 diabetes (regardless of 

their HLA genotype (4,5)). All study participants underwent HLA screening, however, the 

eligibility criteria varied (see the Supplementary Appendix - Study Sites, Newborn 

Screening and Recruitment). Age at the initial follow-up visit ranged from 2 months to 

21.6 years; participants were followed at 3 to 36 months intervals for development of islet 

autoantibodies, according to the study specific protocols, for up to 26 years. Type 1 

diabetes was diagnosed according to the ADA criteria (15).  

All individual study protocols were approved by local Institutional Review Boards and the 

sites submitted de-identified data to IBM in accordance with HIPAA and GDPR 

regulations. IBM Research aggregated and harmonized the data and performed the 

analyses.  

T1DI study cohorts 

Overall harmonized cohort: The visits with positive autoantibody measurements deemed 

to be maternally transferred were excluded. Children lacking evidence of positivity for any 

of the islet autoantibodies prior to diagnosis of diabetes were excluded (n=54); most were 

lost to follow-up early, only to be found diagnosed with type 1 diabetes years after their 

last study visit. The overall harmonized cohort for analyses included 24,662 subjects with 
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285,217 study visits, median 10 visits and 8.7 years of follow up per subject. Of those, 

4165 (17%) subjects reported family history of type 1 diabetes. Further characteristics of 

this cohort are shown in Table 1 and Supplemental Tables S1 and S2.    

Infant-toddler cohort: For key analyses presented in this report, we selected a more 

homogeneous sub-cohort from the overall cohort, referred to hereafter as the infant-

toddler cohort (see supplemental Figure S1 for summary of cohort selection). The infant-

toddler cohort only includes subjects who were initially tested for islet autoantibodies to 

insulin, insulinoma antigen-2, and GAD at or before 2.5 years of age. DIPP participants 

who were born prior to 2003 were excluded (n=4,297) as they were only screened using 

islet cell antibodies (ICA) assay. The infant-toddler cohort includes 16,709 subjects with 

215,757 study visits, median 12 visits per subject, and 10.4 years of follow up (Table 1).  

Data variables and HLA harmonization 

A minimal set of common features were extracted and standardized from the submitted 

datasets (Supplemental Table S1). The HLA genotypes were harmonized across these 

studies (see HLA Risk Groups below). Subject-level (static) features included: date of 

birth month and year, sex, family history and relationship to type 1 diabetes proband, 

HLA-DR-DQ genotype, breast feeding (ever), and age at diagnosis of type 1 diabetes. 

The visit-level (dynamic) variables included age at each visit, autoantibodies (titer level 

and positive/negative outcome) to insulin (IAA), glutamic acid decarboxylase (GADA), 

insulinoma antigen-2 (IA-2A), and zinc transporter 8 (ZnT8A) as well as height, weight, 

plasma glucose levels and HbA1c.  The individual titer levels for antibody assays were 

not harmonized for this study and will be presented in our future work. Instead, the binary 

outcomes, i.e. (positive/negative) of autoantibody measurement, submitted by each study 
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site were used for this study. Similarly, data for standardized height (to centimeters), 

weight (to kilograms), HbA1c (to NGSP, US standard), and glucose levels (to mg/dL) will 

be presented in our future work. Socio-demographics, breastfeeding and family history 

(and relationship) where known are described in Supplemental Table S2 by the individual 

study site.  

HLA Risk Groups. Genotypes from individual studies were harmonized into four risk 

groups – A, B, C, D, ordered by decreasing risk (A = DR4-DQ8/DR3-DQ2.5 represents 

the highest risk). This harmonization was performed based on prior risk information (16) 

of HLA-DRB1, DQA1 and DQB1 alleles (17–19). Five broad “haplotype groups” were 

defined as follows - DR3-DQ2 included DQB1*02 positivity together with DQA1*05. All 

DQB1*03:02 positive subjects were defined to be positive for DR4-DQ8, and all other 

haplotypes were grouped as either neutral (X), protective (Y) or highly protective (Z) 

(16,20,21). Please see Supplemental Table S3 for haplotype groups. For each subject, 

two haplotypes were individually assigned to one of the five haplotype groups, and then 

together mapped to one of the four HLA Risk Groups as described in Supplemental Table 

S4. In the infant-toddler cohort, 2212 (14%) subjects were assigned to HLA risk group A, 

6632 (40%) to group B, 2508 (15%) to group C, and 5179 (31%) to group D. A total of 

178 subjects (<1%) could not be assigned to any HLA risk group because of missing 

genotype information (missing at least one haplotype or both and/or a missing allele) and 

were excluded for analyses. In the infant-toddler cohort, the proportion of subjects with 

the highest risk genotypes (HLA Group A) were higher in the U.S cohorts: 22% in DAISY 

and 28% in DEWIT than in the European cohorts: 13% in DIPP, 12% in DiPiS, and 6% in 

BABYDIAB. BABYDIAB enrolled only first-degree relatives and did not use HLA 
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genotypes as eligibility criteria, albeit HLA typing was performed. Please see 

Supplemental Table S5 for details of HLA risk group assignment. Furthermore, please 

note, of the 3525 (21%) subjects with family history of type 1 diabetes in the infant-toddler 

cohort, 254 (7%) were assigned to HLA Group A, 801 (23%) to Group B, 739 (21%) to 

Group C, 1577 (45%) to Group D and 154 (4%) subjects remained unassigned. 

Islet autoantibodies: Methods used by each study to measure islet autoantibodies to 

insulin, IA-2, and GAD are summarized in the Supplementary Appendix in measurement 

of islet autoantibodies section. These assays have evolved greatly over the past 26 years. 

Each of the studies employed rigorous quality control procedures to control for a drift in 

the assays and their laboratories have participated with satisfactory results in all 

concurrent Diabetes Autoantibody Standardization program (DASP) (22) and its 

successor, the Islet Autoantibody Standardization program (IASP) (23) proficiency 

workshops. For this study, a binary result (positive/negative) was produced for each islet 

autoantibody measurement. 

Study endpoints and Islet Autoimmunity (IA) definitions  

The primary study endpoints in the infant-toddler cohort were: 

• confirmed seroconversion, defined as positivity for the same islet autoantibody at 

two or more consecutive visits regardless of the interval between the visits. 

Confirmed seroconversion age was defined as the age at the first of the 

consecutive positive visits; 

• positivity for multiple islet autoantibodies at confirmed seroconversion or 

subsequently; the age at multiple was defined as the age when the second 

autoantibody was first detected; and 
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• clinical diabetes. 

Islet autoimmunity (IA) was primarily defined by the number of positive autoantibodies 

(i.e. 1, 2, or 3) at confirmed seroconversion. Separately, for children with a single 

autoantibody at seroconversion, we examined their autoantibody status two years post 

seroconversion based on a recent report (24) of persistence or reversion. Therefore, we 

report on development of IA at analytic timepoint of 2 years past confirmed 

seroconversion as follows:  

S-0 - single autoantibody at confirmed seroconversion with reversion to no antibodies 

2 years later 

S-0 - single autoantibody at confirmed seroconversion with no subsequent 

development of any additional antibody, referred to as stable single;  

S-M - single autoantibody at confirmed seroconversion with development of multiple 

antibodies within 2 years 

While all five cohort studies measured zinc transporter 8 autoantibodies (ZnT8A), these 

were not included in the analyses, as they were generally measured only if the subject 

tested positive for one or more of the other three autoantibodies or had developed 

diabetes. Inclusion of ZnT8A did not change the overall results (data not shown).  

Statistical Analyses: 

Survival analyses were performed to generate cumulative risk estimates by number 

of autoantibodies at seroconversion (and 2 years later if single autoantibody positive) and 

compare those by age and HLA risk groups. Age at development of multiple islet 

autoantibodies was stratified into quartiles for comparisons of the annual incidence rates 

of progression to diabetes (11). For all analyses of progression to diabetes, event time 

was defined as the age at diagnosis of clinical diabetes or the age at last follow-up visit 
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for those who did not progress. Kaplan-Meier curves were plotted with 95% confidence 

intervals and the log-rank test was used to test for statistical differences. When stratifying 

by HLA risk groups, or by number of islet autoantibodies, pairwise statistical comparisons 

were made. We calculated positive predictive value (PPV) and sensitivity (SENS) of 

number of islet autoantibodies to development of type 1 diabetes by using inverse probability 

of censoring weighting (25) to handle censored observations. Significance was tested at P 

< 0.05 and analyses were conducted using python v3.6 and statistical package R.  

RESULTS 

In the infant-toddler cohort of 16,709 subjects, 1413 (8.4%) had confirmed 

seroconversion and 865 (5.2%) developed multiple autoantibodies (stage 1 type 1 

diabetes) (Table 1). The median age at confirmed seroconversion was 4.0 years and it 

was 3.8 years for development of multiple autoantibodies in children who developed 

multiple autoantibodies at seroconversion or thereafter. Overall, 655 (3.9%) children were 

diagnosed with clinical stage 3 type 1 diabetes.   

Incidence of islet autoimmunity and clinical diabetes by the HLA risk group 

In the infant-toddler cohort, the risk of confirmed seroconversion to a single autoantibody, 

multiple autoantibodies and clinical diabetes differed by the HLA risk groups (P < 0.0001 

for all three comparisons). By the age of 15 years, confirmed seroconversion to a single 

autoantibody occurred in 14% (95% CI 12.5-17.5%) of children in HLA Group A (DR3-

DQ2.5/DR4-DQ8.1), 9% (8.0-10.0%) in Group B, 8% (7.0-9.0%) in Group C, and 7.5% 

(7.5-11.0%) in Group D (Figure 1A). A large proportion (45%) of children in Group D, were 

first-degree relatives. Confirmed seroconversion to multiple autoantibodies by age 15 
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occurred in 7% (6.0-9.0%) of children in the HLA risk Group A, 2.5% (2.0-3.0%) in Group 

B, 1% (0.5-1.5%) in Group C, and 1% (0.5-2.0%) in Group D (Figure 1B). 

Clinical diabetes developed by age 15 in 16% (95% CI 14.0-18.0%) of children in the HLA 

risk Group A, 6% (5.0-7.0%) with Group B, 4% (3.0-5.0%) with Group C, and in 2.5% (2.0-

3.0%) in Group D (Figure 1C).  

Type 1 diabetes incidence by the number of autoantibodies 

Among children with confirmed seroconversion in the infant-toddler cohort (N=1413), 

majority (N=1047, 75%) were single autoantibody positive at seroconversion. The 15-

year cumulative incidence of diabetes from seroconversion varied (P < 0.0001) in those 

with one (N=1047), two (N=281), or three autoantibodies (N=85) at confirmed 

seroconversion: 45% (95% CI 40-52%), 85% (78-90%), and 92% (85-97%), respectively 

(Figure 2A).  

The PPV of one, two or three autoantibodies to develop type 1 diabetes in 15 years since 

seroconversion were 0.53 (95% CI: 0.47-0.59), 0.67 (0.60-0.73), 0.71 (0.63-0.79) 

respectively.  Similarly, the SENS of one, two or three autoantibodies to develop type 1 

diabetes in 15 years since seroconversion were 0.35 (0.33-0.38), 0.40 (0.38-0.42), and 

0.42 (0.39-0.44) respectively. 

The 15-year cumulative incidence of diabetes in children seroconverting with single 

autoantibody varied significantly (P < 0.0001) when 2 years follow-up post seroconversion 

was considered (Figure 2B). The 15-year cumulative incidence among those reverting to 

autoantibody negativity (S-0), retaining stable single autoantibody (S-S) and developing 
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multiple autoantibodies (S-M) by 2 years past seroconversion were: 12% (10-25%), 30% 

(20-40%), and 82% (80-95%) respectively.  

The PPV of single autoantibody status at 2 years post seroconversion, i.e. (S-0), (S-S), 

and (S-M), to develop type 1 diabetes in 15 years were 0.21 (95% CI: 0.11-0.31), 0.31 

(0.21-0.41), and 0.67 (0.55-0.79) respectively. Similarly, the SENS of (S-0), (S-S), and 

(S-M) to develop type 1 diabetes in 15 years were 0.18 (0.11-0.25), 0.25 (0.19-0.30), and 

0.40 (0.36-0.44) respectively. 

Furthermore, among children positive with stable single autoantibody (S-S) in the infant-

toddler cohort, the 15-year cumulative incidence of diabetes varied significantly (P < 

0.0001) by the higher vs. lower risk HLA genotypes: 40% (28.0-50.0%) for HLA Group A 

or B vs. 12% (5.0-38.0%) for HLA Group C or D genotypes (Figure 2C).  Please also see 

Supplemental Figure S4(b) for stratification by individual HLA risk groups A to D in the 

infant-toddler cohort.   

A summary of the cumulative incidence of diabetes in the overall cohort stratified by HLA 

risk groups and the number of islet autoantibodies at seroconversion (and 2 years post 

seroconversion) is given in Supplemental Table S6.  

Type 1 diabetes incidence by the age at development of multiple islet 

autoantibodies 

Of the 865 subjects who developed multiple autoantibodies in the infant-toddler cohort, 

812 had confirmed seroconversion (at least 2 consecutive positive visits). To analyze the 

effect of age on the rate of progression to clinical diabetes, the age at development of 

multiple autoantibodies was divided in quartiles: 1Q: <2.0 years (n=202, of which 177 
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have developed diabetes), 2Q: 2.0-3.8 years (n=205, 151 with diabetes), 3Q: 3.8-7.4 

years (n=202, 126 with diabetes), and 4Q: 7.4-18 years (n=203, 59 with diabetes). During 

the initial 10 years of follow-up since development of multiple autoantibodies, the overall 

incidence of diabetes was 12 per 100-person-years. This rate decreased (P < 0.0001) 

with increasing age quartile to 20, 12, 11 and 6 per 100 person-years, 1Q through 4Q, 

respectively (Table 2, and Supplemental Figure S5). However, the annual incidence rate 

was stable within each age quartile over time.  In the infant-toddler cohort, the 10-year 

cumulative incidence of diabetes in children with multiple autoantibodies was double in 

≤2 years age group when compared to >7.4 years age group (87% vs. 44%, Table 2). 

CONCLUSIONS 

We combined and harmonized data from five prospective cohorts of type 1 diabetes 

in the US and Europe in a single dataset. From these we generate robust risk 

estimates for development of islet autoimmunity and progression to clinical diabetes 

by number of islet autoantibodies and HLA-DR-DQ genotypes for up to 15 years of 

follow-up.  In contrast to the earlier report (9), that retrospectively defined IA based on 

the maximum number of antibodies ever expressed between birth and age 15 years, 

our analysis is based on the number of autoantibodies observed at the time of initial 

seroconversion and 2 years later. The baseline for the estimated risk of progression 

to diabetes in the previous report (9) was the age when study subjects achieved 

maximum autoantibodies, while in the current report it is the age at initial 

seroconversion. The latter more closely represents the risk from the perspective of a 

screening program, where risk prediction cannot include information that is not yet 

available. The two reports defined risk by number of islet autoantibodies and the 
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baseline for follow up in a different way and yielded different risk estimates, an 

important consideration in the context of diabetes risk counseling.   

While this previous work also analyzed a combined dataset from three of the same 

studies (DIPP, BABYDIAB and DAISY) as in our combined cohort, the analyses 

presented here go beyond in several important ways. We include two additional 

cohorts (DiPiS and DEW-IT), and up to 6 more years of follow-up of the study 

participants from the previous studies. To our knowledge, the TIDI study cohort is the 

largest dataset of prospectively collected information concerning predictors of 

childhood type 1 diabetes, with 24,662 children followed for up to 26 years, and a sub-

cohort of 16,709 children followed since infancy.  

Three major findings are shown herein. First, children who initially seroconvert to 

multiple autoantibodies had greater cumulative risk of type 1 diabetes than those who 

initially develop a single autoantibody, despite that many in the latter group have 

subsequently developed multiple autoantibodies. While this is consistent with previous 

observations that stratified the risk by the maximum number of autoantibodies ever 

expressed (9,11,26), our findings highlight the importance of the earliest biomarkers in 

the evolution of islet autoimmunity. We have estimated positive predictive value and 

sensitivity of number of autoantibodies at seroconversion for developing type 1 diabetes 

in 15 years while accounting for censoring in the past observational studies. These 

highlight the importance of risk evaluation based on single vs. multiple autoantibody 

development at the earliest time point in course of islet autoimmunity development.  

Second, the younger the age of multiple autoantibody appearance, the greater the 

rate of progression to clinical type 1 diabetes consistent with previous studies (9,27). 
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However, this was found both in the infant-toddler cohort as well as in the overall cohort 

(please see Table S7 for overall cohort). 

Third, the HLA-DR-DQ genotype significantly influences progression to diabetes 

among children seroconverting and remaining stable positive for single autoantibody at 

least 2 years past seroconversion. Previous reports (28,29) have missed this effect, by 

not sub-dividing initially single autoantibody positive children according to their status 2 

years later. However, we confirmed previous reports that the HLA effect was negligible in 

those with multiple autoantibodies at seroconversion.  

A concern when screening for childhood risk of type 1 diabetes is the uncertainty 

of single autoantibody at seroconversion.  Their overall rate of developing type 1 

diabetes during childhood is substantial (30%) but much less than those with multiple 

autoantibodies (>80%). Our findings suggest that addition of genetic markers and a 

repeat islet autoantibody test 2 years later may improve individual risk assessment in 

the single autoantibody group. Here we showed that HLA-DR-DQ genotypes may be 

useful in this regard. Interestingly, our analyses also suggest that single autoantibody 

positive children in HLA risk Groups C or D develop diabetes at a later age than 

Groups A or B.  Thus, our findings emphasize that at confirmed seroconversion, the 

single autoantibody positive subjects (75% in this large cohort) have a substantially 

lower rate of progression to diabetes compared to multiple autoantibodies subjects. 

Among those remaining positive for single autoantibody, the risk can be stratified 

based on HLA-DR-DQ genotypes. Among those with multiple autoantibodies, the risk 

can be stratified by age at development of islet autoimmunity. We believe these 
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findings can positively inform recruitment in prevention trials and pave way for 

screening protocols. 

     Advantages of this report include the large dataset representing populations at 

moderate (Germany and the US) to high risk of type 1 diabetes (Finland and Sweden) 

and children followed from birth for up to 26 years. Substantial input from multiple 

investigators representing these studies made it possible to harmonize and jointly 

analyze the data. Harmonization of the HLA-DRB1-DQA1-DQB1 genotypes across 

the five cohorts was an unprecedented challenge. In the populations studied, a limited 

number of stable haplotypes was expected (30), so that even when not all three loci 

were typed, it was usually possible to infer the specific haplotypes. Then, using 

disease odds ratios from large collections of cases like the Type 1 Diabetes genetics 

consortium (16), we have shown it is readily possible to assign HLA genotype risk 

groups. For islet autoantibody tests, laboratories serving each study have long 

participated in the Diabetes Autoantibody Standardization program (DASP) (22) and 

its successor, the Islet Autoantibody Standardization program (IASP) (23).  Consistent 

participation in the proficiency workshops at 18-month intervals has allowed the 

laboratories to adhere to standardized quality control procedures and monitor the 

accuracy of the assays, leading to broadly comparable islet autoantibody data.  

Our study has some limitations. The study population is predominantly Caucasian, 

the harmonized dataset does not contain information on non-HLA genotypes though 

some of the participating studies submitted these data and this may expand. Subjects 

eligible for prospective follow-up had increased HLA-conferred genetic susceptibility 

but subjects were also included on the basis of positive family history of type 1 
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diabetes. The latter may carry non-HLA susceptibility genes more often than observed 

in the population. The majority of our HLA risk Group D subjects were positive for 

family history and that is probably reflected in their diabetes risk that was clearly higher 

than in the general population. Since the HLA genotyping in the original studies was 

crude (circa 2000), there is also a far broader representation of HLA genotypes in our 

cohort than can be found in a typical pre-selected type 1 diabetes study (31), and in 

that regard our cohort is a bit more like general background population. We did not 

evaluate the type or order of appearance of autoantibodies or specific autoantibody 

combinations in this study. Understanding relation of various IA profiles to genetic 

background will be a focus for our future work. The order of appearance of 

autoantibodies has been shown to be related to HLA-DR-DQ genotype, at least in one 

study (32). The T1DI study group agreed to use binary outcomes of autoantibody titers 

for the current analyses and the titer values are being harmonized for forthcoming 

manuscripts. The original study protocols included somewhat different eligibility 

criteria and follow-up visits frequency. Longer intervals between study visits hamper 

identification of the true seroconversion time. The TEDDY study (31), will overcome 

this limitation by following 8,676 high-risk children recruited at 3-4 months of age with 

islet autoantibody assessment every 3 months in the initial 4 years of life and every 6 

months thereafter, until age 15. When the entire TEDDY cohort passes the 15-year 

mark, in late 2024, its dataset will provide higher resolution answers regarding 

seroconversion and risk of clinical diabetes. The T1DI study illustrates the variability 

in approaches to screening and follow-up for childhood diabetes in diverse settings in 

the U.S. and Europe.  However, it also provides a proof of principle that such diverse 
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dataset can be harmonized and jointly analyzed to generate robust risk estimates for 

children and adolescents. In contrast, very few data on islet autoimmunity and genetic 

markers are currently available in the adult population.  

Our results are generally consistent with the published literature. In the past, it has 

been difficult to generalize results from specific birth-cohort studies due to marked 

differences in study populations, eligibility criteria, and follow-up protocols.  Our large 

and HLA harmonized dataset is already being used to explore more granular patterns 

of the development of islet autoantibodies (type, timing, and titer) and dysglycemia in 

relation to HLA and family history background, sex, growth, geography, and diet. 

Future application of novel analytical methods (33) such as machine learning and 

data-driven approaches, should increase our understanding of type 1 diabetes 

pathogenesis and prediction. This may include the application of tools already 

developed in other settings to visualize data-driven clusters (34) and disease 

progression models (35,36).  These approaches require large and diverse datasets 

such as the T1DI cohort that we hope will pave the way to a more precise approach 

to prediction and prevention of type 1 diabetes. 
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Table1ꟷT1DI study cohorts 

Study, Site, 

Enrollment 
period, age at 

enrollment 

  Age range, 

[Median 
age] in 

cohort at 

follow-up 

visits 

Cohort 

Type 

Cohort 

Subjects 
N (# 

visits) 

Confirmed 

sero-
conversion† N 

(% of cohort)  

Multiple auto 

antibodies 
ever || N (% 

of cohort) 

T1D 

cases N 
(% of 

cohort) 

T1D cases 

excluded‡ 
N  

BABYDIAB, 
Germany, 

1989-2000, 
9 m 

0.0-28.5 y, 
[2.1 y] 

Overall 2364 
(27,179) 

220 (9.0%) 123 (5.0%) 95 
(4.0%) 

12  

BABYDIAB, 
Germany, 

1989-2000, 
9 m 

 0.0-28.5 y, 
[2.1 y] 

Infant-
toddler 

2346 
(27,130) 

220 (9.0%) 123 (5.0%) 95 
(4.0%) 

0 

DAISY, 
Colorado, 

1993-2006, 
9 m* 

0.6-29.8 y, 
[7.4 y] 

Overall 2539 
(26,803) 

199 (8.0%) 129 (5.0%) 101 
(4.0%) 

5  

DAISY, 
Colorado, 

1993-2006, 
9 m* 

 0.6-25.1 y, 
[7.0 y] 

Infant-
toddler 

2170 
(23,402) 

165 (8.0%) 105 (5.0%) 81 
(3.7%)  

0 

DEWIT, 
Washington,
1995-2001, 
2008-2012  

0.4-45.2 y, 
[8.1 y] 

Overall  3748 
(9,196) 

173 (5.0%) 170 (5.0%)  56 
(1.5%) 

8  

DEWIT, 
Washington,
1995-2001, 
2008-2012  

0.4-16.5 y, 
[2.2 y] 

Infant-
toddler 

559 
(1,490) 

17 (3.0%) 18 (3.0%) 8 (1.4%) 0 

DiPiS, 
Sweden, 

2000-2004, 
24 m 

0.0-13.0 y, [ 
4.0 y] 

Overall 4359 
(34,298) 

184 (4.0%) 100 (2.0%) 75 
(1.7%) 

1  

DiPiS, 
Sweden, 

2000-2004, 
24 m 

0.0-13.0 y, [ 
4.0 y] 

Infant-
toddler 

4353 
(34,280) 

184 (4.0%)  100 (2.0%) 75 
(1.7%) 

0 
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 * FDRs were eligible to enroll if younger then 8y (1993-1995) or younger than 4 y (1996-2004) 
† Seroconversion per T1DI study cohort definition in Methods section, without using ZnT8 positivity 
‡ T1D cases without autoantibody measurement or seropositivity in the follow up period  
§ DIPP subjects born before 2003 were screened with only ICA (N=4,297) 
|| Without ZnT8 in the autoantibody count  

  

DIPP§, 
Finland, 

1994-2009, 
2-6 m 

0.0-22.9 y, 
[4.9 y] 

Overall 11,652 
(187,741) 

837 (7.0%) 526 (5.0%) 399 
(3.4%) 

28  

DIPP§, 
Finland, 

1994-2009, 
2-6 m 

0.0-22.9 y, 
[5.0 y] 

Infant-
toddler 

7281 
(129,455 

827 (11.0%)  519 (7.0%) 396 
(5.4%) 

0 

All 0.0-45.2 y, 
[4.9 y] 

Overall 24,662 
(285,217) 

1613 (7.0%) 1048 (4.2%) 726 
(2.9%) 

54  

All 0.0-28.5 y, 
[4.6 y] 

Infant-
toddler 

16,709 
(215,757) 

1413 (8.4%)  865 (5.2%) 655 
(3.9%) 

0 
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Table2ꟷRisk of progression to type 1 diabetes among children positive for multiple 
islet autoantibodies in infant-toddler cohort (N=812) 

 

  

Quartiles of age 
distribution at 

development of multiple 
islet autoantibodies 

N  Cumulative 5-
year 

incidence of 
diabetes 

Cumulative 10-
year incidence 

of diabetes  

Cumulative 
15-year 

incidence of 
diabetes 

Average annual 
incidence of diabetes 

over 10 years (per 
100 per year) 

≤ 2.0 years 202 64% [57-70%] 87% [80-91%] 95% [89-

98%] 

19.9 

>2.0 and ≤ 3.8 years 205 42% [35-49%] 72% [64-77%] 82% [74-
88%] 

12.4 

>3.8 and ≤ 7.4 years 202 35% [28-42%] 67% [58-74%] 83% [72-

90%] 

10.8 

>7.4 and ≤ 18.1 years 203 28% [20-35%] 44% [32-54%] 54% [36-

67%] 

5.6 

Total 812    12.2 
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Figure captions 

Figure 1A ꟷ Cumulative incidence of confirmed seroconversion to single islet 

autoantibody from birth by HLA risk group from birth in the infant-toddler 

cohort.    

Figure 1B ꟷ Cumulative incidence of confirmed seroconversion to multiple islet 

autoantibodies from birth by HLA risk group from birth in the infant-toddler 

cohort.      

Figure 1C ꟷ Cumulative incidence of type 1 diabetes from birth by HLA risk group in the 

infant-toddler cohort.  

 

Figure 2A ꟷ Cumulative incidence of type 1 diabetes by the number of positive islet 

autoantibodies (IA=1, IA=2 or IA=3) at confirmed seroconversion in the 

infant-toddler cohort.       

Figure 2B ꟷ Cumulative incidence of type 1 diabetes among subjects with single 

autoantibody at confirmed seroconversion in the infant-toddler cohort.   

S-0: single autoantibody at seroconversion with reversion to autoantibody 

negativity 2 years post seroconversion 

S-S: single autoantibody at seroconversion and at 2 years post 

seroconversion   

S-M: single autoantibody at seroconversion progressed to multiple 

autoantibodies 2 years post seroconversion    

 

Figure 2C ꟷ Cumulative incidence of type 1 diabetes by HLA risk group among subjects 

with stable single autoantibody (S-S) 2 years post seroconversion in the 

infant-toddler cohort.
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                                                    (A)                                                             (B)                                                               (C) 
 

 
Figure 1: Cumulative incidence of confirmed seroconversion from birth by HLA risk group in the infant-toddler cohort (A) to 
single islet autoantibody, (B) to multiple islet autoantibodies; (C) Cumulative incidence of type 1 diabetes from birth by HLA risk 
group in the infant-toddler cohort. 
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(A)                                                    (B)                                                               (C) 

 

     

 

Figure 2: Cumulative incidence of type 1 diabetes in the infant-toddler cohort (A) by the number of positive autoantibodies (IA=1, 
IA=2 or IA=3) at confirmed seroconversion, (B) among subjects with single autoantibody at confirmed seroconversion (IA=1) by 
sub-types (S-0, S-S, S-M 2 years post seroconversion), (C) among stable single (S-S) autoantibody positive subjects by HLA risk 
group (A or B) vs. (C or D). 

 

IA = Islet autoantibodies 

S-0: single autoantibody with subsequent reversion to autoantibody negativity 2 years post seroconversion 

S-S: single autoantibody at seroconversion and 2 years post seroconversion 

S-M: single autoantibody at seroconversion subsequently progressed to multiple autoantibodies 2 years post seroconversion 
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