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TYPE 1 DIABETES IS A CHRONIC AU-
toimmune disease that often
manifests during childhood
and adolescence.1 The life-

long requirement for insulin injec-
tions and the many complications that
follow the diagnosis can be difficult for
those affected.2 Type 1 diabetes usu-
ally has a preclinical phase that can be
identified by the presence of autoanti-
bodies to antigens of the pancreatic �
cells.

Several studies that have performed
cross-sectional screening of individu-
als genetically at risk of islet autoanti-
bodies have demonstrated that the
presence of circulating islet autoanti-
bodies is associated with an increased
risk of developing type 1 diabetes.3

These studies have also shown that
risk is dependent on �-cell function

and the diversity and titer of these
autoantibodies, with greatest risk
associated with the presence of 2 or
more autoantibodies and impaired
glucose tolerance.For editorial comment see p 2491.
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Importance Type 1 diabetes usually has a preclinical phase identified by circulating
islet autoantibodies, but the rate of progression to diabetes after seroconversion to
islet autoantibodies is uncertain.

Objective To determine the rate of progression to diabetes after islet autoantibody
seroconversion.

Design, Setting, and Participants Data were pooled from prospective cohort stud-
ies performed in Colorado (recruitment, 1993-2006), Finland (recruitment, 1994-
2009), and Germany (recruitment, 1989-2006) examining children genetically at risk
for type 1 diabetes for the development of insulin autoantibodies, glutamic acid de-
carboxylase 65 (GAD65) autoantibodies, insulinoma antigen 2 (IA2) autoantibodies,
and diabetes. Participants were all children recruited and followed up in the 3 studies
(Colorado, 1962; Finland, 8597; Germany, 2818). Follow-up assessment in each study
was concluded by July 2012.

Main Outcomes and Measures The primary analysis was the diagnosis of type 1
diabetes in children with 2 or more autoantibodies. The secondary analysis was the
diagnosis of type 1 diabetes in children with 1 autoantibody or no autoantibodies.

Results Progression to type 1 diabetes at 10-year follow-up after islet autoantibody
seroconversion in 585 children with multiple islet autoantibodies was 69.7% (95%
CI, 65.1%-74.3%), and in 474 children with a single islet autoantibody was 14.5%
(95% CI, 10.3%-18.7%). Risk of diabetes in children who had no islet autoantibodies
was 0.4% (95% CI, 0.2%-0.6%) by the age of 15 years. Progression to type 1 dia-
betes in the children with multiple islet autoantibodies was faster for children who had
islet autoantibody seroconversion younger than age 3 years (hazard ratio [HR], 1.65
[95% CI, 1.30-2.09; P � .001]; 10-year risk, 74.9% [95% CI, 69.7%-80.1%]) vs chil-
dren 3 years or older (60.9% [95% CI, 51.5%-70.3%]); for children with the human
leukocyte antigen (HLA) genotype DR3/DR4-DQ8 (HR, 1.35 [95% CI, 1.09-1.68;
P=.007]; 10-year risk, 76.6% [95% CI, 69.2%-84%]) vs other HLA genotypes (66.2%
[95% CI, 60.2%-72.2%]); and for girls (HR, 1.28 [95% CI, 1.04-1.58; P=.02];10-
year risk, 74.8% [95% CI, 68.0%-81.6%]) vs boys (65.7% [95% CI, 59.3%-
72.1%]).

Conclusions and Relevance The majority of children at risk of type 1 diabetes who
had multiple islet autoantibody seroconversion progressed to diabetes over the next
15 years. Future prevention studies should focus on this high-risk population.
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Several intervention studies have
been undertaken in which eligibility
is based on these markers.4-7 How-
ever, follow-up studies of individuals
identified by cross-sectional screen-
ing cannot determine a true progres-
sion rate because they do not identify
when a patient develops islet autoan-
tibodies. Importantly, patients who
progress rapidly from initial serocon-
version to type 1 diabetes are missed
in these studies.

Recently, 3 long-term studies in Ger-
many, Finland, and Colorado have fol-
lowed up children from birth and have
an opportunity to determine both the
age of seroconversion and the age at dia-
betes onset.7-9 These studies have shown
that islet autoantibody seroconver-
sion is relatively common in the first
years of life. However, information
about diabetes progression rates after
seroconversion and the factors that
affect the rate of progression is still lim-
ited. In this study, we pooled data from
these 3 studies to estimate rates of dis-
ease progression and associated char-
acteristics based on islet autoantibody
status.

METHODS
Study Populations

All 3 studies were approved by insti-
tutional review boards. Written in-
formed consent was obtained from par-
ents or legal guardians for each
participant.

Data from prospective birth cohort
studies were combined for this analy-
sis. The Colorado Diabetes Autoimmu-
nity Study in the Young (DAISY) study,8

the Finnish Type 1 Diabetes Predic-
tion and Prevention (DIPP) study,7 and
the German BABYDIAB 9 and
BABYDIET10 studies were undertaken
to investigate the natural history of is-
let autoimmunity and type 1 diabetes
in children with increased genetic risk
of type 1 diabetes. The studies were ho-
mogeneous in the definition of islet au-
toantibody seroconversion and type 1
diabetes and were similar in the inclu-
sion of at-risk populations and fol-
low-up design. Additionally, the DIPP
study included an intervention to evalu-

ate efficacy of intranasally adminis-
tered insulin to reduce progression to
diabetes in children with multiple is-
let autoantibodies, and the high-risk
study, BABYDIET, included investiga-
tion of whether delay of exposure to
gluten could reduce the risk of devel-
oping islet autoantibodies in children
who are genetically at risk. These in-
terventions failed to show an effect on
the progression rate to diabetes and is-
let autoimmunity,7,10 and all children
underwent follow-up after comple-
tion of the intervention within a natu-
ral history protocol.

The DAISY study recruited new-
borns and infants at risk of type 1 dia-
betes with human leukocyte antigen
(HLA) DR/DQ genotypes born at St Jo-
seph’s Hospital (Denver) from 1993
through 2006 and also children who
had a first-degree relative with type 1
diabetes who was treated at the Bar-
bara Davis Center, as previously de-
scribed.8 Children enrolled in the study
were scheduled for follow-up and islet
autoantibody measurement at age 9, 15,
and 24 months and yearly thereafter or
every 3 to 6 months if autoantibody
positive.

The DIPP study recruited new-
borns and infants at risk of type 1 dia-
betes with HLA DR/DQ genotypes from
3 clinical centers in Oulu, Tampere, and
Turku from 1994 through 2009, as pre-
viously described.7 Children recruited
from Oulu and Tampere were sched-
uled for follow-up and islet autoanti-
body measurement at age 3, 6, 12, 18,
and 24 months and yearly thereafter,
and children recruited in Turku were
scheduled for the same follow-up pro-
cedures every 3 months until 2 years
of age and every 6 months thereafter.

The BABYDIAB study recruited new-
borns and infants who had a mother or
father with type 1 diabetes (1989-
2000), and the BABYDIET study re-
cruited newborns who had a first-
degree relative with type 1 diabetes
(2000-2006), as previously de-
scribed.9,10 Children recruited into the
BABYDIAB or BABYDIET studies were
scheduled for follow-up and islet au-
toantibody measurement at age 9

months, 2 years, and every 3 years
thereafter. BABYDIET scheduled 150
high-risk children participating in di-
etary intervention for follow-up and is-
let autoantibody measurements every
3 months until 3 years of age and yearly
thereafter.10 Children considered to be
at high risk were those with the HLA
genotypes DR3/4-DQ8, DR4-DQ8/DR4-
DQ8, or DR3/3 and children who had
2 or more first-degree relatives with type
1 diabetes.

All 3 studies measured autoantibod-
ies against insulin, glutamic acid
decarboxylase 65 (GAD65), and insu-
linoma antigen 2 (IA2) from multiple
samples taken throughout childhood
to identify the age of islet autoanti-
body seroconversion. Outcome in the
prospective studies was the develop-
ment of islet autoantibodies with sub-
sequent follow-up for type 1 diabetes.
Islet autoantibody seroconversion was
defined as a positive test result for 1 or
more islet autoantibodies in at least 2
serial samples or in 1 sample followed
by the development of diabetes before
the next follow-up visit. All children
with islet autoantibody seroconversion
(2 positive samples) were included in
our study analyses. Children who did
not reach islet autoantibody serocon-
version but had at least 1 sample
tested from scheduled visits in either
Colorado or Germany or at least 3
samples tested in the Finnish study
(which had more scheduled visits)
were included in our study analyses
and were identified as islet autoanti-
body negative. The primary analysis
included those who developed mul-
tiple autoantibodies. The secondary
analysis included children with only 1
autoantibody or no autoantibodies.
Autoantibodies against insulin,
GAD65, and IA2 were determined in
all follow-up samples with previously
described methods.9,11,12 Zinc trans-
porter 8 autoantibodies were addition-
ally measured in children with islet
autoantibodies from the Colorado and
Germany cohorts and progression to
diabetes in children with 2 or more of
the 4 islet autoantibodies reported
separately.13
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The primary analysis was diabetes di-
agnosed using World Health Organi-
zation and American Diabetes Associa-
tion criteria.14 Children participated in
follow-up visits until July 2012 or un-
til the development of diabetes. Fami-
lies were asked to report the occur-
rence of diabetes symptoms. In children
with islet autoantibodies, an annual oral
glucose tolerance test was performed.
Diabetes onset was defined as unequivo-
cal hyperglycemia with acute meta-
bolic decompensation; the observa-
tion on at least 2 occasions of a 2-hour
plasma glucose greater than 200 mg/dL
(to convert to millimoles per liter, mul-
tiply by 0.0555) after an oral glucose
test; or a random blood glucose con-
centration greater than 200 mg/dL ac-
companied by unequivocal symp-
toms. Since 1997, fasting blood glucose
greater than 126 mg/dL on 2 occa-
sions was added to the diabetes diag-
nosis criteria.14 Families of children who
dropped out of the study or refused to
provide blood samples or perform oral
glucose tolerance tests were regularly
contacted by telephone and were asked
if the child had developed diabetes. In
case of loss to follow-up, local diabe-
tes registries or cohort studies were used
as a second source to obtain informa-
tion on diabetes development of for-
mer study participants. Children who
had not developed diabetes and could
not be contacted for 3 or more years
were considered lost to follow-up.

Statistical Analysis

Time-to-event analysis was used to ex-
amine progression from seroconver-
sion to diabetes. Kaplan-Meier esti-
mates were used to calculate risk and
to compare probabilities of type 1 dia-
betes in children stratified by country.
The time-to-event was calculated from
the age at seroconversion to the age at
diagnosis of diabetes or the age at last
follow-up. For children who did not de-
velop islet autoantibodies, the median
age of seroconversion in children with
multiple islet autoantibodies (2.1 years)
was used as a proxy for seroconver-
sion age. Risk was presented at 5-, 10-,
and 15-year follow-up visits after sero-

conversion (or proxy), and by 15 years
of age. The log-rank test was used to
compare categories in the Kaplan-
Meier estimates.

Associations between age at sero-
conversion, sex, HLA genotype, num-
ber of islet autoantibodies, and type 1
diabetes risk were analyzed by the
Cox proportional hazards regression
model, assessing hazard ratios (HRs)
with corresponding 95% confidence
intervals. Children with missing data
were not included in the model. Pro-
portionality in the model was tested
by generating time-dependent covari-
ates through creating and including
interactions of the predictors and the
logarithm of survival time. If any of
the time-dependent covariates were
significant, those predictors were not
considered proportional. In order to
account for potential heterogeneity
among the 3 cohorts, we included
random effects for the different stud-
ies in the Cox model, thus using a
meta-analytical approach for indi-
vidual part ic ipant data , which
accounts for the variance both within
and between studies. Specifically, a
shared frailty model for clustered data
with normally distributed random
effects was calculated with residual
maximum likelihood estimation of
the variance parameter.

The age at islet autoantibody serocon-
version and the follow-up time after sero-
conversion were compared between co-
horts using the Mann-Whitney U test.
Comparisons of islet autoantibody sta-
tus, HLA genotype, and sex among chil-
dren who developed diabetes within 10
years and those who did not develop dia-
betes for more than 10 years was per-
formed by the Fisher exact test. For all
analyses, a 2-tailed P value of .05 was
considered significant. All statistical
analyses were performed using SAS, ver-
sion 9.2 (SAS Institute).

RESULTS
Altogether, 13 377 children enrolled
into the prospective studies in Colo-
rado (n=1962), Finland (n=8597),
and Germany (n=2818) were tested
for autoantibodies against insulin,

GAD65, and IA2 at scheduled visits. A
total of 1059 children (7.9%) serocon-
verted to islet autoantibody–positive
(460; 43.4% girls), and 12 318 chil-
d r e n ( 9 2 . 1 % ) r e m a i n e d i s l e t
autoantibody–negative (5807; 47.1%
girls) (TABLE 1). Of the 1059 children
with islet autoantibodies, 585 chil-
dren (4.4%) developed multiple islet
autoantibodies (249; 42.6% girls),
including 69 (3.5%) from Colorado,
399 (4.6%) from Finland, and 117
from (4.2%) Germany. The remaining
474 children (3.5%) were single islet
autoantibody–positive; 71 (3.6%) in
Colorado, 293 (3.4%) in Finland,
110 (3.9%) in Germany. A total of
428 children developed diabetes,
including 25 children who progressed
to diabetes without an islet auto-
antibody–positive sample prior to dia-
betes onset (8 in Colorado, 13 in Fin-
land, and 4 in Germany). Diabetes
risk by 15 years of age was 0.4% (95%
CI, 0.2%-0.6%) in children with no
autoantibodies, 12.7% (95% CI, 8.9%-
16.5%) in children with a single islet
autoantibody, 61.6% (95% CI, 53%-
70.2%) in children with 2 islet auto-
antibodies, and 79.1% (95% CI,
73.3%-85%) in children with 3 islet
autoantibodies (FIGURE 1).

Children With Multiple Islet
Autoantibodies

The median age at seroconversion in the
585 children with multiple islet auto-
antibodies was 2.1 years (range, 0.5-16
years; interquartile range [IQR], 1.3-
4.1 years), and was slightly higher in
children from Colorado (3.1 years) than
in children from Finland (2.0 years) and
Germany (2.1 years) (P=.003).

Median follow-up time after sero-
conversion in children with multiple is-
let autoantibodies was 4.5 years (range,
0-19.6 years; IQR, 2.3-7.2 years; 3021
total follow-up years), and was slightly
shorter in children from Finland (3.9
years) than in children from Colorado
(5.6 years) and Germany (5.3 years)
(P=.04).

A total of 355 children (60.7%) with
multiple islet autoantibodies pro-
gressed to diabetes (HR compared with
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children with no autoantibodies, 395.6
[95% CI, 263.2-594.4], P� .001) at a
median follow-up time after serocon-
version of 3.5 years (IQR, 1.7-6.0 years),
and a median age of 6.1 years (IQR, 3.5-
9.2 years). Progression to diabetes af-
ter seroconversion was 43.5% (95% CI,
39.4%-47.8%) at 5-year follow-up,
69.7% (95% CI, 65.1%-74.3%) at the
10-year follow-up, and 84.2% (95% CI,
77.7%-89.7%) at the 15-year fol-
low-up (FIGURE 2). Ten-year risks were
not significantly different (P=.08 for the
log-rank test) across the 3 cohorts:
Colorado, 70.8% (95% CI, 57.3%-
83.2%); Finland, 71.9% (95% CI,
66.2%-77.3%); and Germany, 61.7%
(95% CI, 51.3%-72.2%).

After 10 years of follow-up, 331 chil-
dren with multiple autoantibodies had
developed diabetes, 70 did not de-
velop diabetes, and 184 had not reached
10 years of follow-up. Girls were more
frequent among the children who de-
veloped diabetes within 10 years (151
of 331) than children who did not de-
velop diabetes (21 of 70, P=.02). In the

multivariable Cox proportional haz-
ards regression model (TABLE 2), faster
progression to diabetes after serocon-
version was associated with younger age
at seroconversion (�3 years vs �3
years; HR,1.65 [95% CI, 1.30-2.09],
P� .001; 10-year risk of 74.9% [95% CI,
69.7%-80.1%] at age �3 years vs 60.9%
[95% CI, 51.5%-70.3%] at age �3
years); HLA DR3/DR4-DQ8 genotype
(HR, 1.35 [95% CI, 1.09-1.68], P=.007;
10-year risk of 76.6% [95% CI, 69.2%-
84.0%] for HLA DR3/4-DQ8 vs 66.2%
[95% CI, 60.2%-72.2%] for other HLA
genotypes); and female sex (HR,1.28
[95% CI, 1.04-1.58], P=.02; 10-year
risk of 74.8% [95% CI, 68.0%-81.6%]
for girls vs 65.7% [95% CI, 59.3%-
72.1%] for boys). Within the sub-
group of children with 2 islet autoan-
tibodies, progression to diabetes within
10 years after seroconversion was in-
creased in children with the combina-
tion of autoantibodies against insulin
and IA2 (83.6% [95% CI, 70.1%-
97.1%]) than in children with autoan-
tibodies against insulin and GAD65

(55.1% [95% CI, 41.4%-68.8%],
P=.006) and children with autoanti-
bodies against GAD65 and IA2 (62.0%
[95% CI, 43.3%-90.7%], P = .002)
(FIGURE 3A). In the Colorado and Ger-
man cohorts, the addition of zinc trans-
porter 8 autoantibodies identified 7
more children (6%) who progressed to
diabetes but did not substantially alter
the estimates of diabetes progression:
10-year risk of 68.9% (95% CI, 55.5%-
82.3%) in Colorado and 65.3% (95%
CI, 54.9%-75.7%) in Germany.

Children With a Single Islet
Autoantibody

The median age of seroconversion in
the 474 children with a single islet au-
toantibody was 4.8 years (range, 0.5-
18.4 years; IQR, 2.1-7.7 years). Of these,
206 had insulin autoantibodies; 231,
GAD65 autoantibodies; and 37, IA2 au-
toantibodies. The median follow-up
time after seroconversion in children
with a single islet autoantibody was 5.5
years (range, 0.1-16.5 years; IQR, 2.6-
8.5 years; 2779 total follow-up years).

Table 1. Description of Study Population

No. /Total (%) of Participants

All Colorado Finland Germany

Multiple islet autoantibody–positive 585/13 377 (4.4) 69/1962 (3.5) 399/8597 (4.6) 117/2818 (4.2)

Girls 249/585 (42.6) 34/69 (49.3) 164/399 (41.1) 51/117 (43.6)

Family history of type 1 diabetes 201/585 (34.4) 39/69 (56.5) 45/399 (11.3) 117/117 (100)

HLA DR3/DR4-DQ8 185/577 (32.1)a 31/69 (44.9) 119/399 (29.8) 35/109 (32.1)a

Follow-up time, median (IQR), yb 4.5 (2.3-7.2) 5.6 (3.5-7.7) 3.9 (2.2-6.9) 5.3 (2.9-7.7)

Seroconversion age, median (IQR), y 2.1 (1.3-4.1) 3.1 (1.6-5.4) 2.0 (1.3-4.0) 2.1 (1.1-5.0)

Nonwhite race/ethnicity 8/585 (1.4) 6/69 (8.7) 0/399 (0) 2/117 (1.7)

Single islet autoantibody–positive 474/13 377 (3.5) 71/1962 (3.6) 293/8597 (3.4) 110/2818 (3.9)

Girls 211/474 (44.5) 34/71 (47.9) 115/293 (39.2) 62/110 (56.4)

Family history of type 1 diabetes 161/474 (34.0) 35/71 (49.3) 17/293 (5.8) 110/110 (100)

HLA DR3/DR4-DQ8 79/450 (17.5)a 20/71 (28.2) 51/276 (18.5)a 8/103 (7.8)a

Follow-up time, median (IQR), yb 5.5 (2.6-8.5) 5.5 (2.9-7.8) 5.5 (2.4-8.2) 5.9 (2.8-10)

Seroconversion age, median (IQR), y 4.8 (2.1-7.7) 5.4 (2.6-9.2) 3.9 (2.0-6.5) 7.3 (3.3-9.8)

Nonwhite race/ethnicity 9/474 (1.9) 7/71 (9.9) 0/293 (0) 2/110 (1.8)

Autoantibody negative 12 318/13 377 (92.1) 1822/1962 (92.8) 7905/8597 (91.9) 2591/2818 (91.9)

Girls 5807/12 318 (47.1) 882/1822 (48.4) 3662/7905 (46.3) 1263/2591 (48.7)

Family history of type 1 diabetes NA 629/1822 (34.5) NA 2591/2591 (100)

HLA DR3/DR4-DQ8 1200/7298 (16.4)a 404/1822 (22.2) 613/4488 (13.7)a 183/2188 (8.4)a

Follow-up time, median (IQR), yb 8.9 (4.1-12.6) 9.0 (3.3-14) 8.9 (4.3-12.1) 8.2 (4.8-13.5)

Nonwhite race/ethnicity 204/13 377 (1.5) 164/1822 (9.0) 0/7905 (0) 40/2591 (1.5)
Abbreviations: HLA, human leukocyte antigen; IQR, interquartile range; NA, not available.
aFull HLA DR-DQ genotype was unavailable in 8 children with multiple islet antibodies, 7 children with a single islet autoantibody, and 403 children with no islet autoantibodies from

Germany; 17 children with a single islet autoantibody, and 3417 children with no islet autoantibodies from Finland.
bFollow-up time from the age of seroconversion to the age at diabetes or last contact.
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In total, 48 children (10%) progressed
to diabetes (HR compared with chil-
dren with no autoantibodies, 52.7 [95%
CI, 32.4-85.7], P� .001) at a median
follow-up time after seroconversion of
2.6 years (IQR, 0.6-4.1 years), and a me-
dian age of 5.2 years (IQR, 2.9-10
years). Progression to diabetes within
10 years after seroconversion was 14.5%
(95% CI, 10.3%-18.7%). Ten-year risks
were not significantly different (log-
rank test, P=.69) across the 3 cohorts:
Colorado, 17.7% (95% CI, 4.1%-
31.3%); Finland, 13.3% (95% CI, 9.9%-
17.7%); Germany, 14.7% (95% CI,
5.1%-25.3%). Progression to diabetes
within 10 years was higher in children
with IA2 autoantibodies (40.5% [95%
CI, 17.7%-63.3%]) than in children
with GAD65 autoantibodies (12.9%
[95% CI, 5.1%-20.7%], P� .001) and
children with insulin autoantibodies
(13.1% [95% CI, 8.0%-18.2%], P=.005)
(Figure 3B).

DISCUSSION
These data show that the detection of
multiple islet autoantibodies in chil-
dren who are genetically at risk marks
a preclinical stage of type 1 diabetes.
Only a minority of these children did
not develop diabetes for more than a de-
cade regardless of whether they had a
family history of type 1 diabetes or a
high-risk HLA genotype. Thus, the de-
velopment of multiple islet autoanti-
bodies in children predicts type 1 dia-

betes. While most children with
multiple islet autoantibodies pro-
gressed to diabetes, progression time to
diabetes after seroconversion was
heterogeneous. In our study, it ranged
from weeks to 18 years and has been
reported to take more than 2 decades
in some individuals.15 Variation in pro-
gression time was associated with the
age of seroconversion, genetic mark-
ers, sex, and the type of islet autoanti-
body. A faster rate of progression in
children with early seroconversion was
previously reported in a subset of the
German cohort.16 Variation in risk de-
pending on islet autoantibody type is
consistent with findings in studies using
cross-sectional screening to identify pa-
tients with islet autoantibodies.17-21

Islet autoantibodies are generally
considered markers, rather than me-
diators, of �-cell dysfunction. Expo-
sure to islet autoantibodies is insuffi-
cient to cause disease because maternal
transfer of autoantibodies to the fetus
does not increase the risk of type 1 dia-
betes in offspring.22 Moreover, none of
the known islet autoantigens are ex-
pressed on the �-cell surface, and no
direct effect of islet autoantibodies on
�-cell function has been reproducibly
observed.23 However, a pathogenetic
role of the autoantibodies cannot be ex-
cluded. The observation made in this
study that multiple islet autoantibod-
ies are associated with highest risk of
type 1 diabetes, together with previ-
ous indications that risk is associated

Figure 1. Development of Diabetes in Children Stratified for Islet Autoantibody Outcome
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Figure 2. Progression to Diabetes From the Time of Seroconversion in Children With Multiple Islet Autoantibodies
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with the titer of some islet autoanti-
bodies, is consistent with a role in
pathogenesis.19,20,24 Autoantigens are re-
leased as a consequence of �-cell death,
permitting islet autoantibodies to bind
and form immune complexes that are
likely to promote islet inflammation.
Specific islet autoantibody–antigen
complexes may also accelerate the
spread of autoimmunity to multiple tar-
gets via an opsonization-like process.
IA2 autoantibodies, which were asso-
ciated with a higher risk than GAD65
autoantibodies or insulin autoantibod-
ies, may be particularly effective in epi-
tope spreading because they not only
bind to IA2 but also to IA2-�, which is

also expressed in the � cell and a tar-
get autoantigen.25

Our study has important limita-
tions. Data on potentially relevant
socioeconomic, environmental, and
clinical factors were not collected in
all 3 studies and could not be included
in prediction analyses. It is possible
that seroconversions were missed in
children who may have had transient
circulating autoantibodies between
visits. This would mainly have affected
estimates from the subset of children
in the German study with visit inter-
vals of up to 3 years. Relevant to this
limitation, around 10% of children
with islet autoantibodies who were

screened at intervals of 12 months or
less had transient antibodies, and,
consistent with a previous report,26

almost all had single islet autoantibod-
ies. The cohort enrolled only children
who were genetically susceptible into
follow-up, and entry criteria for islet
autoantibody screening differed
among the 3 studies. A sizeable por-
tion of type 1 diabetes diagnoses will
occur among children with lower
genetic risk than those included in the
cohort, and a relatively large number
of patients with type 1 diabetes are
diagnosed in adulthood. Thus, it is
possible that the findings may not be
generalizable to all presentations of
childhood type 1 diabetes and type 1
diabetes in adults.

Type 1 diabetes is currently not
preventable in children who develop
multiple islet autoantibodies. Our
findings highlight the need for
research into finding interventions to
stop the development of multiple islet
autoantibodies and to stop or delay
progression to type 1 diabetes. Chil-
dren with islet autoantibodies who do
not develop diabetes for more than 15
years and the factors associated with
slower progression (such as sex and
age at seroconversion) should also be
studied, because it may be helpful for
understanding natural protective
mechanisms.

Table 2. Predictors of Type 1 Diabetes After Seroconversion in Children With Multiple Islet
Autoantibodies

Variable
10-Year Risk, %

(95% CI)

Bivariable
Hazard Ratio

(95% CI)
P

Value

Multivariable
Hazard Ratio

(95% CI)a
P

Value

Serocoversion age, y
�3 74.9 (69.7-80.1) 1.72 (1.36-2.17)

�.001
1.65 (1.30-2.09)

�.001
�3 60.9 (51.5-70.3) 1 [Reference] 1 [Reference]

HLA genotype
DR3/DR4-DQ8 76.6 (69.2-84.0) 1.40 (1.12-1.73)

.003
1.35 (1.09-1.68)

.007
Other 66.2 (60.2-72.2) 1 [Reference] 1 [Reference]

Sex
Girls 74.8 (68.0-81.6) 1.30 (1.05-1.60)

.02
1.28 (1.04-1.58)

.02
Boys 65.7 (59.3-72.1) 1 [Reference] 1 [Reference]

No. of autoantibodies
3 72.1 (66.5-77.7) 1.27 (1.02-1.59)

.04
1.19 (0.95-1.49)

.14
2 65.1 (56.3-73.9) 1 [Reference] 1 [Reference]

aMultivariable hazard ratio includes all listed variables (seroconversion age, human leukocyte antigen genotype, sex, num-
ber of autoantibodies).

Figure 3. Progression to Diabetes in Children From the Time of Seroconversion According to Islet Autoantibody Type
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IAA indicates insulin autoantibodies; IA2, insulinoma antigen 2 autoantibodies; and GAD65, glutamic acid decarboxylase 65 autoantibodies. The numbers at risk rep-
resent the children receiving follow-up at year 0, 5, 10, and 15.
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