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OBJECTIVE

To use islet autoantibody titers to improve the estimation of future type 1 diabe-
tes risk in children.

RESEARCH DESIGN AND METHODS

Prospective cohort studies in Finland, Germany, Sweden, and the U.S. followed
24,662 children at increased genetic or familial risk to develop islet autoimmunity

and diabetes. For 1,604 children with confirmed positivity, titers of autoantibod-
ies against insulin (IAA), GAD antibodies (GADA), and insulinoma-associated anti-
gen 2 (IA-2A) were harmonized for diabetes risk analyses.

RESULTS

Survival analysis from time of confirmed positivity revealed markedly different
5-year diabetes risks associated with IAA (n 5 909), GADA (n 5 1076), and IA-2A
(n 5 714), when stratified by quartiles of titer, ranging from 19% (GADA 1st quar-
tile) to 60% (IA-2A 4th quartile). The minimum titer associated with a maximum
difference in 5-year risk differed for each autoantibody, corresponding to the
58.6th, 52.4th, and 10.2nd percentile of children specifically positive for each of
IAA, GADA, and IA-2A, respectively. Using these autoantibody type-specific titer
thresholds in the 1,481 children with all autoantibodies tested, the 5-year risk
conferred by single (n 5 954) and multiple (n 5 527) autoantibodies could be 
stratified from 6 to 75% (P < 0.0001). The thresholds effectively identified chil-
dren with a ‡50% 5-year risk when considering age-specific autoantibody screen-
ing (57–65% positive predictive value and 56–74% sensitivity for ages 1–5 years).
Multivariable analysis confirmed the significance of associations between the
three autoantibody titers and diabetes risk, informing a childhood risk surveil-
lance strategy.

CONCLUSIONS

This study defined islet autoantibody type-specific titer thresholds that signifi-
cantly improved type 1 diabetes risk stratification in children.

The development of islet autoantibodies is known to precede onset of clinical type
1 diabetes (diabetes). However, the time interval from initial seroconversion to the
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onset of clinical symptoms varies among
individuals from weeks to many years,
creating uncertainty in how to monitor
for metabolic instability as well as when
to potentially intervene with immuno-
therapy. The age at seroconversion and
the number and combination of specific
islet autoantibodies present are known
to be associated with the duration of
progression from seroconversion to
onset of diabetes (1). However, the
association between islet autoantibody
titers and progression to diabetes is less
well understood, and the results of
prior studies are partly inconsistent.
One of the earliest such studies showed
an association between higher peak
titer of islet cell antibodies (ICA) and
higher risk of developing diabetes (2).
In more recent studies, associations
between higher titers of autoantibodies
to insulin (IAA) and insulinoma-associ-
ated antigen 2 (IA-2A) have been
observed to be associated with faster
progression to diabetes (3–8). However,
one study found these associations for
IAA but not for IA-2A (9), and another
reported that lower initial IAA titers pre-
dicted slower progression to diabetes
(10). Yet another recent study estimated
that the association between autoanti-
body titers and progression to diabetes
was time-constant for IA-2A but decreased
over time for IAA (11). For autoantibody
titers of GAD antibodies (GADA), the
results have also been mixed. Some stud-
ies have found no significant association
between the risk of developing diabetes
and GADA titers (3,8,9). Notably, one study
reported that higher initial GADA titers
were associated with more rapid progres-
sion to diabetes (6); another found an
association between GADA titers and pro-
gression to diabetes that decreased over
time (11). Despite the varying results, all
evidence seems to suggest that antibody
titers may be informative for stratification
of diabetes risk in islet autoantibody-posi-
tive individuals. Although other autoan-
tibody characteristics, such as IgG
subclass, epitope specificity, and bind-
ing affinity may also be useful in strati-
fying diabetes risk, they require
additional testing (12). Autoantibody
titer is a simple marker and only needs
one quantitative assay. However, titer
measurements are not standardized
between most of the currently used
islet autoantibody assays; harmonization
of quantitative results is thus required.

In this study, we assessed and quanti-
fied the association between the titers
of different islet autoantibodies (IAA,
GADA, IA-2A) and the risk of progression
to diabetes by using harmonized titer val-
ues from our large prospective T1DI
(Type 1 Diabetes Intelligence) study
cohort (13). We focused our analysis on
the time point of seroconversion; more
specifically, the time at which newly
detected islet autoantibody positivity was
confirmed in a second consecutive sam-
ple. Our goal was to leverage islet auto-
antibody titers to refine diabetes risk
stratification for children who developed
confirmed-positive islet autoantibodies.

RESEARCH DESIGN AND METHODS

Study Population
Prospective cohort studies in Finland
(Diabetes Prediction and Prevention
[DIPP] [14]), Germany (BABYDIAB [15]),
Sweden (Swedish Diabetes Prediction in
Skåne [DiPiS] [16]), and the U.S. (Diabe-
tes Autoimmunity Study in the Young
[DAISY] [17] and Diabetes Evaluation in
Washington [DEW-IT] [18]) have fol-
lowed 24,662 children at increased
genetic and familial risk for develop-
ment of islet autoantibodies and diabe-
tes from close to birth for a period of
15 years or until their diagnosis. Data
from these studies were combined and
harmonized in the T1DI study cohort
(13). Only those children with con-
firmed positivity to IAA, GADA, or IA-2A
and with autoantibody titer measure-
ments before diagnosis of diabetes or the
end of study follow-up period were
selected for analysis (Supplementary
Fig. 1). This cohort (study cohort 1) had
1,604 children, of whom 600 (37.4%)
developed diabetes (Supplementary
Table 1). There were a total of 32,660 vis-
its, with a mean time interval between
successive visits of 0.53 (SD 0.71) years. A
more constrained second cohort, consist-
ing of children with complete autoanti-
body titer measurements for all three
autoantibodies, in the first overall islet
autoantibody-positive and in the second
consecutive positive serum sample, were
selected for additional analysis
(Supplementary Fig. 1). This second
cohort (study cohort 2) had 1,481 children,
of whom 570 (38.5%) developed diabetes
(Supplementary Table 2). All T1DI constitu-
ent studies were approved by their
respective ethics review boards.

Islet Autoantibody Measurements
The methods used by each study to
measure IAA, GADA, and IA-2A have
been previously described and are sum-
marized in the supplement of Anand
et al. (13). Each of the studies and
their laboratories have participated—
with satisfactory results—in both the
Diabetes Autoantibody Standardization
program (DASP) (19–21) and the Islet
Autoantibody Standardization Program
(22) proficiency workshops. Because in
the T1DI study cohort titer values for
the same autoantibody may originate
from different assays with different
units, they are not directly comparable.
Therefore, as described in Supplemen-
tary Section S1 and Supplementary Fig.
2, all autoantibody titer measurements
for IAA, GADA, and IA-2A were con-
verted to multiples of the upper limit of
normal (mULN) to facilitate compari-
sons and combined for analysis.
Autoantibodies to zinc transporter

8 (ZnT8A) were not consistently mea-
sured across all constituent T1DI
studies. Several of the studies only
measured ZnT8A if the child tested
positive for one or more of the other
three autoantibodies or had devel-
oped diabetes; as a result, ZnT8A was
not included in our analyses.
Confirmed autoantibody positivity

was defined as a positive test result (for
the same autoantibody type) in at least
two consecutive samples, regardless of
the time interval between the visits.
The first and second of these two con-
secutive visits will be hereby referred to
as the initial visit and confirmatory visit,
respectively (Supplementary Fig. 3). The
mean (SD) time intervals, in years,
between the initial and confirmatory
visits were 0.4 (0.5), 0.5 (0.5), and 0.4
(0.7) for IAA, GADA, and IA-2A, respec-
tively. The mean (SD) age, in years, at
the confirmatory visit were 5.4 (4.1),
6.1 (4.1), and 5.7 (3.9) for positivity
to IAA, GADA, and IA-2A, respectively
(Supplementary Table 1).
In our analyses, we focused on the

autoantibody data from the confirma-
tory visit (when autoantibody positivity
was first confirmed) rather than the ini-
tial visit (when autoantibody positivity
was first detected) because we assumed
that the autoantibody response would
be more robust and mature in confir-
matory testing and would better reflect
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the situation in practice in a screening
scenario.

Outcome Definition
Type 1 diabetes diagnosis was based on
the World Health Organization and
American Diabetes Association criteria
(23).The main outcome of interest was
the time to diabetes from the time of
the confirmatory visit for positivity to
IAA, GADA, or IA-2A. Specifically, the
outcome was defined as the time, in
years, from the confirmatory visit for
one of the three specific autoantibod-
ies, to the time of diagnosis of diabetes
for events, or the time of last follow-up
(censoring time) for nonevents.

Statistical Analyses
Five different analyses were performed,
each focused on addressing a different
question.

1. How well can islet autoantibody
titers stratify diabetes risk? Children
in study cohort 1 were stratified
based on autoantibody-specific titer
quartiles from their confirmatory visit
for autoantibody positivity. Time-to-
event analysis was then used to
examine whether progression from
the confirmatory visit to clinical dia-
betes was associated with the auto-
antibody titer. Kaplan-Meier (KM)
estimates with 95% CIs were used to
estimate diabetes risk from the confir-
matory visit. Log-rank tests were used
to establish statistical differences
between the strata in the KM analysis.

2. What islet autoantibody type-specific
titer threshold maximizes 5-year dia-
betes risk stratification? Study cohort
1 was used to identify the lowest
autoantibody type-specific titer thresh-
old at the confirmatory visit that
maximized the difference in 5-year
diabetes risk between two groups
(i.e., those with titers at or above the
threshold vs. those with titers below
the threshold). To do this, all possible
threshold values between 1.0 and T
(where T is the titer value corre-
sponding to the 75th percentile of
the respective autoantibody-positive
cohort) were considered separately
for IAA, GADA, and IA-2A. For each
threshold value, the cohort was parti-
tioned into two groups, as described
above, and KM analysis was performed

to estimate diabetes risk for both
groups from the confirmatory visit.
Next, the 5-year diabetes risk for each
group was extracted, and the differ-
ence between them computed. Finally,
the lowest titer threshold value result-
ing in the maximum risk difference was
selected.

3. How well can the autoantibody
type-specific titer thresholds stratify
diabetes risk for single and multiple
islet autoantibody-positive children?
The autoantibody type-specific titer
thresholds were then used in a KM
survival analysis using study cohort 2
to stratify diabetes risk for children
with single and multiple islet autoan-
tibody-positive status. Information
from the earliest confirmatory visit in
the child’s history was used to deter-
mine the single and multiple islet
autoantibody status. Single autoanti-
body-positive children were stratified
into two groups: those with titers at
or above the autoantibody type-spe-
cific threshold and those with titers
below the threshold. Multiple auto-
antibody-positive children were strat-
ified into four groups: those with
zero, one, two, or three titers at or
above the autoantibody type-specific
thresholds. Log-rank tests were used
to establish statistical differences
between the strata.

4. How significant are the associations
between autoantibody titers and
diabetes? Next, a series of multivari-
able analyses were performed using
cohort 2 to quantify the significance
of autoantibody titers from the earli-
est confirmed autoantibody positivity.
Hazard ratios (HRs) and correspond-
ing 95% CIs of association between
titers and diabetes were estimated,
using Cox proportional hazards
regression. An initial model analyzed
the association between autoanti-
body positivity (present or absent) at
the earliest confirmatory visit and
diabetes risk. The model was adjusted
for HLA risk group, sex, and age at
the earliest confirmatory visit and
stratified by study site. As described
in the supplement of Anand et al.
(13), genotypes from individual stud-
ies were harmonized into four HLA
risk groups (A, B, C, and D), ordered
by decreasing risk. Autoantibody posi-
tivity indicators for IAA, GADA, and
IA-2A, at the earliest confirmatory

visit were the primary predictors. A
second model analyzed the associa-
tion between autoantibody titers and
diabetes risk. In this model, the log-
transformed autoantibody titers (log
mULN) for IAA, GADA, and IA-2A, at
the earliest confirmatory visit, were
added to the initial model as the pri-
mary predictors. The proportional haz-
ards assumption was tested using the
Schoenfeld test (24). For covariates
that did not satisfy the proportional
hazards assumption at the 0.05 signifi-
cance level, time-varying coefficients
were used with time modeled linearly
(25,26). P values corrected for multiple
comparisons using the Benjamini-
Hochberg method were reported (27).

5. How well can the autoantibody type-
specific titer thresholds identify chil-
dren with high diabetes risk based
on autoantibody screening at differ-
ent ages? Finally, an application of
the autoantibody type-specific titer
thresholds to identify children at high
risk of developing diabetes in the
next 5 years was explored for poten-
tial clinical trial recruitment. Specifi-
cally, the ability to use these titer
thresholds to stratify diabetes risk
(based on results from autoantibody
screening at different age ranges)
was assessed. The following age
ranges were explored: 1–2.0, 2–3.0,
3–4.0, 4–5.0, 5–10.0, and $10 years.
For each age range, children in study
cohort 1 with at least one autoanti-
body titer measurement, and without
already being diagnosed with diabe-
tes, were included for analysis. These
children were stratified based only
on the observed autoantibody titers
in that age range (when multiple
measurements of the same autoanti-
body were available for a child within
the age range, the earliest one was
used). Each child was placed into 1
of 12 possible strata defined by
single or multiple autoantibody
positivity and the combination of
IAA, GADA, and IA-2A titers at or
above the autoantibody type-spe-
cific threshold. KM survival analysis
was then performed to estimate
the risk of diabetes from the time
of the autoantibody measurement,
for each age range and each stra-
tum. Children belonging to strata
that have an estimated 5-year dia-
betes risk $50% were labeled as
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“high-risk.” Prediction performance
was measured using inverse proba-
bility of censoring weighted (28,29)
positive predictive value (PPV), nega-
tive predictive value (NPV), sensitivity,
and specificity.

Analyses were performed using
Python (scikit-learn, scikit-survival) and
R (survival, survminer) software (30,31).

RESULTS

Stratification of Diabetes Risk by Islet
Autoantibody Titer Quartiles
Survival analysis from time of confirmed
positivity revealed markedly different 5-
year diabetes risks associated with IAA
(n 5 909), GADA (n 5 1076), or IA-2A
(n 5 714) when stratified by quartiles
of titer, ranging from 19% (GADA 1st
quartile) to 60% (IA-2A 4th quartile)
(Supplementary Fig. 4). Histogram distri-
butions and quartile thresholds of auto-
antibody titers at the confirmatory visit
for positivity to IAA, GADA, and IA-2A
are shown in Supplementary Fig. 5.

Determination of Autoantibody
Type-Specific Titer Thresholds That
Maximize 5-Year Diabetes Risk
Discrimination
The results of this analysis for IAA,
GADA, and IA-2A are shown in Fig. 1 A,

B, and C, respectively. The minimum titer
value associated with a maximum differ-
ence in 5-year diabetes risk differed for
each autoantibody type: TIAA 5 3.6
mULN, TGADA 5 5.4 mULN, and TIA-2A 5
2.5 mULN. These titer threshold levels
corresponded to 58.6th, 52.4th, and
10.2nd percentile of children positive for
IAA, GADA, and IA-2A, respectively.
These thresholds were used to strat-

ify children positive to each autoanti-
body type into two groups: those with
titers at or above threshold and those
with titers below threshold. This stratifi-
cation resulted in significantly different
5-year diabetes risks for all three auto-
antibody types (all P < 0.0001) (Supple-
mentary Fig. 6).

Improved Stratification of Diabetes
Risk by Autoantibody Type-Specific
Titer Thresholds
Stratifying single and multiple islet auto-
antibody-positive children (determined at
time of the earliest confirmatory visit)
using the autoantibody type-specific
thresholds resulted in significantly differ-
ent 5-year diabetes risks. For single auto-
antibody-positive children (n 5 954),
those with antibody titers at or above the
autoantibody type-specific threshold (n 5
364) had a 5-year diabetes risk of 21.9%

(95% CI 17.0–26.4) compared with 6.1%
(3.9–8.3) for those with titers below the
threshold (n5 590) (Fig. 2A). For multiple
autoantibody-positive children (n 5 527),
those with zero (n 5 49), one (n 5 202),
two (n 5 216), and three (n 5 60) anti-
body titers at or above the autoantibody
type-specific thresholds had a 5-year dia-
betes risk of 24.7% (95% CI, 10.1–36.9),
41.2% (33.7–47.9), 55.7% (48.2–62.1),
and 75.1% (61.0–84.1), respectively (Fig.
2B). The corresponding follow-up times
from the earliest confirmatory visit to
50% cumulative progression to diabetes
were 8.5 years (95% CI, 7.1–15.0), 5.8
years (5.3–6.8), 4.0 years (3.3–5.1), and
2.3 years (1.6–3.3), respectively. A total of
276 children had a $50% risk of develop-
ing diabetes within 4 years of the first
confirmed autoantibody positivity.

Association Between Islet
Autoantibody Titer and Diabetes Risk
in Multivariable Analysis
The multivariable regression models
that analyzed the association between
autoantibodies at the earliest confirma-
tory visit and diabetes risk are shown in
Supplementary Table 3. Model 1 used
the autoantibody positivity indicators as
predictors. Time-dependent covariates
were used for both GADA and IA-2A

Figure 1—Identifying autoantibody type-specific titer thresholds for IAA (A), GADA (B), and IA-2A (C). Top panel: The size of the red cohort (t $ T)
and the green cohort (t < T) for each autoantibody titer threshold level. Middle panel: The 5-year risk of diabetes (diabetes mellitus [DM]) and
95% CIs from the time of the confirmatory visit for autoantibody positivity for the red and green cohorts for each titer threshold level. Bottom
panel: The difference in the 5-year diabetes risk between the red and green cohorts for each titer threshold level. An arrow marks the lowest titer
threshold level where there is a maximum risk difference between the cohorts and the threshold covers up to 75% of the cohort (TIAA 5 3.6
mULN, TGADA 5 5.4 mULN, and TIA-2A 5 2.5 mULN). The percentile of children who tested positive for the respective autoantibody corresponding
to the final titer threshold is highlighted in the top panel (TIAA ! 58.6%, TGADA ! 52.4%, and TIA-2A ! 10.2%).
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positivity since they did not satisfy the
proportional hazards assumption. At the
earliest confirmatory visit, the adjusted
HR for GADA positivity was significant
(HR 1.43; 95% CI 1.05–1.95; P 5 0.02)
and increased over time (HR 1.06 per
year; 95% CI 1.01–1.12; P 5 0.02). The
adjusted HR for IA-2A positivity was sig-
nificant (HR 3.93; 95% CI 2.95–5.23;
P < 0.0001) but decreased over time
(HR 0.95 per year; 95% CI 0.90–0.99;
P 5 0.02). The adjusted HR for IAA posi-
tivity was also significant (HR 2.10; 95%
CI 1.74–2.55; P < 0.0001). Age at the
earliest confirmatory visit and HLA risk
group were also significant. Model 2
added the corresponding autoantibody
titers as predictors. Note that all three
of the autoantibody positivity indicators
were no longer significant once the
autoantibody titers were added. Time
dependent covariates were used for IAA
titer, since it was the only significant
covariate that did not satisfy the pro-
portional hazards assumption. At the
earliest confirmatory visit, the adjusted
HR for IAA titer was significant (HR
1.37; 95% CI 1.24–1.51; P < 0.001) and
decreased over time (HR 0.98 per year;
95% CI 0.97–1.0; P 5 0.01). The
adjusted HR for GADA titer (HR 1.18;
95% CI 1.11–1.25; P < 0.001) and IA-2A
titer (HR 1.17; 95% CI 1.10–1.24; P <
0.001) were also significant. Age at
the earliest confirmatory visit and
HLA risk group remained significant.
Finally, model 2 showed higher con-
cordance (SE) than model 1: 0.78
(0.01) vs. 0.75 (0.01).

Effectiveness of Identifying Islet
Autoantibody-Positive Children at
High Risk for Diabetes at Different
Ages by Using Autoantibody Type-
Specific Titer Thresholds
The 12 strata, resulting from all possible
groupings of single or multiple autoanti-
body positivity and the combinations of
IAA, GADA, IA-2A titers above threshold,
and their estimated 5-year diabetes
risks are shown in Fig. 3 for each age
range (the underlying KM analyses are
shown in Supplementary Fig. 7). Strata
that have a 5-year diabetes risk $50%
are considered high-risk and are shaded
in red. Supplementary Table 4 lists, for
each age range, the individual high-risk
strata, the “composite high-risk criteria”
defined by forming a union of the indi-
vidual high-risk strata, the total number

Figure 2—Progression to diabetes from the time of the earliest confirmatory visit in children
with single and multiple autoantibody positivity. Stratification is based on the autoantibody
titer measured at the earliest confirmatory visit and the identified autoantibody type-specific
titer thresholds (TIAA 5 3.6 mULN, TGADA 5 5.4 mULN, TIA-2A 5 2.5 mULN). A: Single autoanti-
body-positive children are partitioned into two groups: those with autoantibody titer below
threshold (t < T) and those with titer at or above threshold (t $ T). B: Multiple autoantibody-
positive children are partitioned into four mutually exclusive groups: those with no autoanti-
body titer at or above threshold (0IAb $ T), those with one autoantibody titer at or above
threshold (1IAb$ T), those with two autoantibody titers at or above threshold (2IAb$ T), and
those with all three autoantibody titers at or above threshold (3IAb $ T). The dashed vertical
line marks the 5-year follow-up time point.
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of children, the number that progressed
to diabetes within 5 years, the number
of high-risk children identified using the
composite high-risk criteria, and the
associated PPV, NPV, sensitivity, and
specificity performance metrics. There

were 167, 289, 231, 283, 60, and 35
high-risk children identified for the age
ranges 1–2.0, 2–3.0, 3–4.0, 4–5.0, 5–
10.0, and $10 years, respectively. The
PPV was consistent across the age
groups, ranging from 55 to 65%.

Sensitivity ranged from 56% and 74%
between ages 1 and 5 years but
dropped significantly to 12% and 14%
for ages 5–10 and $10 years, respec-
tively. As the age of the child being
screened increased, not only were more

A B

C D

E F

Figure 3—The 5-year risk of type 1 diabetes and 95% CIs in subjects who developed confirmed-positive islet autoantibodies, stratified by single or
multiple autoantibody positivity and the combination of IAA, GADA, and IA-2A titers above thresholds (TIAA 5 3.6 mULN, TGADA 5 5.4, mULN, and
TIA-2A 5 2.5 mULN) for screening at different age ranges: 1–2.0 years (A), 2–3.0 years (B), 3–4.0 years (C), 4–5.0 years (D), 5–10.0 years (E), and
101 y (F). The 12 strata are: S:0T:–5 single positive, no autoantibodies above titer threshold; S:1T:GADA5 single positive, one (GADA) above titer
threshold; S:1T:IAA 5 single positive, one (IAA) above titer threshold; S:1T:IA-2A 5 single positive, one (IA-2A) above titer threshold; M:0T:– 5
multiple positive, no autoantibodies above titer threshold; M:1T:GADA5multiple positive, one (GADA) above titer threshold; M:1T:IAA5multiple
positive, one (IAA) above titer threshold; M:1T:IA-2A 5 multiple positive, one (IA-2A) above titer threshold; M:2T:GADA,IAA 5 multiple positive,
two (GADA, IAA) above titer threshold; M:2T:GADA,IA-2A5 multiple positive, two (GADA, IA-2A) above titer threshold; M:2T:IA-2A,IAA5multiple
positive, two (IA-2A, IAA) above titer threshold; M:3T:GADA,IA-2A,IAA 5 multiple positive, all three above titer threshold. The number of subjects
in each stratum is shown at the base of each bar. The dashed vertical red lines mark the 50% 5-year risk of diabetes level. Strata that exceed that
risk level are classified as “high-risk” and shaded red.
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stringent autoantibody criteria needed
to identify those with high diabetes risk,
but it also became more difficult to reli-
ably identify them. A summary of the
process to identify high diabetes risk
children is illustrated in the decision
flowchart in Fig. 4.

CONCLUSIONS

This study showed that islet autoanti-
body titers can stratify risk of progres-
sion to diabetes in children beyond
information about the number and type
of islet autoantibodies present. Further-
more, these titers matter in different
ways for different autoantibodies, and
customized islet autoantibody type-spe-
cific titer thresholds could be defined
that maximized discrimination of the 5-
year diabetes risk. The combination of
these titer thresholds effectively identi-
fied among islet autoantibody-positive
children those with a 5-year risk of dia-
betes of $50% who could be potential
candidates for participation in interven-
tion trials.
The study used data from a large

cohort of children prospectively fol-
lowed in five different birth cohorts,
harmonized autoantibody titers across
these five studies, and combined them
for analysis. Stratification of diabetes
risk based on islet autoantibody titer
quartiles showed for each of IAA,
GADA, and IA-2A that higher titers were
associated with higher diabetes risk,
complementing findings from prior
studies (1,3–8). Islet autoantibodies
with high titers usually involve multi-
ple IgG subclasses and are directed
against multiple epitopes on the tar-
get antigen, likely reflecting a more
intense and prolonged autoimmune
response and associated with the
progression of diabetes development
(12). The current analysis also revealed
that different autoantibody types exhib-
ited different patterns (Supplementary
Fig. 4). On the basis of the 5-year diabe-
tes risk, there was no significant separa-
tion between neighboring quartiles for
IAA, indicating a relatively smooth risk
distribution as a function of titer. For
GADA, the only significant separation
was between the second and third
quartiles, indicating a bimodal risk dis-
tribution with a gap around the median.
For IA-2A, there was only separation
between the first and second quartiles,

indicating a bimodal risk distribution
with a gap around the first quartile.
Plots of the cohort percentile as a func-
tion of titer threshold at confirmed pos-
itivity (Fig. 1, top panel) also revealed
different distributional behaviors. For
IAA, the concave-shaped plot indicated
that there were more IAA-positive chil-
dren with lower IAA titers. The linear-
shaped GADA plot indicated an even
GADA titer distribution. For IA-2A, the
convex-shaped plot indicated that
IA-2A–positive children tended to have
higher IA-2A titers.
To identify islet autoantibody type-

specific titer thresholds, we used a
novel analytical approach that has

potential advantages. Specifically, our
method was a data-driven approach to
automatically identify thresholds that
maximize a given outcome. It does this
by scanning over the possible threshold
values (e.g., increasing autoantibody
titers), splitting the cohort based on each
threshold value, performing survival anal-
yses on the two resulting groups, and
computing the outcome. Using the differ-
ence in the 5-year risk of diabetes as an
illustrative outcome of interest, we iden-
tified the islet autoantibody type-specific
titer thresholds. Furthermore, transla-
tion of the islet autoantibody type-spe-
cific titer thresholds into percentiles of
autoantibody-positive children is important

Figure 4—A proposed flowchart to discover islet autoantibody-positive children and then eval-
uate their antibody titer to identify those at high risk ($50%) of developing type 1 diabetes
within 5 years. A child can enter the flowchart by autoantibody testing at any age via a blue
arrow and appropriate blue box. Those with antibodies fulfilling the titer criteria shown in the
corresponding gray box are at high risk and could be considered for intervention therapy trials
or close glycemic monitoring. Islet autoantibodies tested include IAA, GADA, and IA-2A.
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because it allows the thresholds to be
applied to external data sets that may
have different assay characteristics and
normalization methods. The appropriate
threshold will depend on the applica-
tion; notably, the method developed
to identify the thresholds is flexible
and generalizable. It can be easily
reconfigured to accommodate differ-
ent outcomes, and it may even be
adapted for use with other quantified
biomarkers such as plasma glucose or
glycated hemoglobin. To demonstrate
this, we selected a different outcome
(e.g., difference in 3-year diabetes
risk) and reran the analysis. A differ-
ent set of autoantibody type-specific
thresholds were identified that maxi-
mized the stratification of 3-year dia-
betes risk (Supplementary Fig. 8) and
selected smaller groups of children
with higher risk of fast progression to
diabetes (Supplementary Figs. 9 and
10). It should be noted, however, that
because the thresholds were deter-
mined based on our study cohort,
there may be some uncertainty when
extrapolating to other data sets, and
they may not be as predictive when
applied to other cohorts.
The multivariable regression analysis

found that the autoantibody positivity
indicators for IAA, GADA, and IA-2A at
the earliest confirmatory visit were all
significantly associated with diabetes
risk. However, when the corresponding
autoantibody titers were added, these
indicator variables were no longer sig-
nificant. Instead, all three of the titer
variables became significant, indicating
that the titers contain more information
than the indicators. The HR was time-
constant for GADA and IA-2A but
decreased over time for IAA. Prior work
has found associations between titers
and progression to diabetes that were
time-constant for IA-2A but decreased
over time for GADA and IAA (11).
The age-based autoantibody screen-

ing simulation analysis was able to
identify children with a high risk of
developing diabetes by using autoanti-
body positivity and the islet autoanti-
body type-specific titer thresholds. Of
note, the presence of IA-2A above titer
threshold alone was sufficient to iden-
tify high diabetes risk in children aged
2–5 years, even in the absence of IAA
or GADA. It is known that IA-2A usually
occurs together with autoantibodies

against other b-cell antigens and is
therefore highly specific and predictive
for progression to clinical diabetes
(3,32).
Overall, the results of this study may

contribute to improved risk counseling
for families of affected children and
improved screening for participants for
intervention therapy trials aimed at pre-
venting or delaying progression to clini-
cal disease. Since titers add value
beyond autoantibody type and number,
islet autoantibody standardization pro-
grams (e.g., Islet Autoantibody Stan-
dardization Program) should continue
to focus on improving titer standardiza-
tion, to facilitate quantitative compari-
sons across assays and study sites.
This study has some limitations. First,

the autoantibody titers were measured
using different assays across the study
sites. Although the titers were harmo-
nized, some residual biases may remain.
In addition, the current data are based
on radio binding assay results. Islet auto-
antibody type-specific titer thresholds
and respective percentiles of positives
may need to be adjusted for other assay
formats, such as those based on electro-
chemiluminescence (33), the luciferase
immunoprecipitation system (34), or
agglutination-PCR (35) technology.
Second, due to differences in the visit

intervals of the study protocols, it is
possible that the actual time of the ear-
liest autoantibody positivity was missed,
with the consequence that the mea-
sured time is biased. Off-schedule visits
may also impact the timing of the con-
firmatory visit.
Third, only children with increased

genetic and familial risk for develop-
ment of islet autoimmunity and diabe-
tes were enrolled into the studies, and
the study populations were predomi-
nantly Caucasian, which may limit gen-
eralizability of the results.
Fourth, the analyses have not been

validated on an independent cohort.
There are several possible directions

for future work. First, the analyses
should be replicated in higher time res-
olution datasets with more frequent
prospective follow-up (e.g., The Environ-
mental Determinants of Diabetes in the
Young [TEDDY] [36]).
Second, validation in independent

cohorts with broader population inclu-
sion criteria (e.g., Fr1da (37) or

Autoimmunity Screening for Kids [ASK]
studies [38]) should be undertaken.
Third, the age-based risk stratification

performance should be validated in a
cross-sectional study.
Fourth, the utility of islet autoanti-

body titers as a continuous variable
should be further explored in diabetes
risk prediction (39) and disease progres-
sion modeling (40).
In summary, this study harmonized

islet autoantibody titers across multiple
birth cohorts, combined them for analy-
sis, and defined autoantibody type-spe-
cific titer thresholds that significantly
improved type 1 diabetes risk stratifica-
tion in children.

Acknowledgments. The authors thank the
participants of the DAISY, DiPiS, DIPP, DEW-IT
and BABYDIAB studies.
Funding. This work was supported by funding
fromJDRF (IBM: 1-RSC-2017-368-I-X, 1-IND-
2019-717-I-X; DAISY: 1-SRA-2019-722-I-X, 1-RSC-
2017-517-I-X, 5-ECR-2017-388-A-N; DiPiS: 1-SRA-
2019-720-I-X, 1-RSC-2017-526-I-X; DIPP: 1-RSC-
2018-555-I-X, 1-SRA-2016-342-M-R, 1-SRA-2019-
732-M-B; and DEW-IT: 1-SRA-2019-719-I-X,
1-RSC-2017-516-I-X) as well as National Institutes
of Health National Institute of Diabetes and
Digestive and Kidney Diseases (DAISY: DK032493,
DK032083, DK104351, and DK116073; DiPiS:
DK26190) and the Centers for Disease Control
and Prevention (DEW-IT: UR6/CCU017247). The
DIPP study was also funded by European Union
(grant BMH4-CT98-3314), Novo Nordisk Founda-
tion, Academy of Finland (Decision No. 292538
and Centre of Excellence in Molecular Systems
Immunology and Physiology Research 2012-
2017, Decision No. 250114), Special Research
Funds for University Hospitals in Finland,
Diabetes Research Foundation, Finland, and
Sigrid Juselius Foundation, Finland. The
BABYDIAB study was funded by the German
Federal Ministry of Education and Research
to the German Center for Diabetes Research.
The DiPiS study was funded by Swedish
Research Council (grant no. 14064), Swedish
Childhood Diabetes Foundation, Swedish Dia-
betes Association, Nordisk Insulin Fund, Skåne
University Hospital Fund, Lions Club Interna-
tional, district 101-S, The Royal Physiographic
Society, Skåne County Council Foundation for
Research and Development, as well as Lund
University Diabetes Centre Industrial Research
Centre/EXODIAB funding from the Swedish
Foundation for Strategic Research (DNR IRC15-
0067) and the Stiftelsen f€or Strategisk For-
skning (DNR 2009-1039). Additional funding for
DEW-IT was provided by the Hussman Founda-
tion and by the Washington State Life Science
Discovery Fund.
Duality of Interest. K.N., H.S., and V.A. are
employed by IBM Research. No other potential
conflicts of interest relevant to this article were
reported.

8 Autoantibody Titers Stratify Diabetes Risk Diabetes Care 

https://doi.org/10.2337/figshare.16826560
https://doi.org/10.2337/figshare.16826560
https://doi.org/10.2337/figshare.16826560


Author Contributions. K.N., H.S., V.A., R.V.,
J.T., M.M., M.L., K.W., B.I.F., F.M., W.H., and
P.A. critically revised the manuscript for
important intellectual content. K.N., H.S., V.A.,
R.V., J.T., M.M., K.W., W.H., and P.A. acquired,
analyzed, and interpreted the data. K.N.,
W.H., and P.A., conceived and designed the
study. K.N. and P.A. drafted the manuscript.
All authors gave final approval of the version
to be submitted. K.N. is the guarantor of this
work and, as such, had full access to all the
data in the study and takes responsibility for
the integrity of the data and the accuracy of
the data analysis.

References
1. Ziegler AG, Rewers M, Simell O, et al.
Seroconversion to multiple islet autoantibodies
and risk of progression to diabetes in children.
JAMA 2013;309:2473–2479
2. Bonifacio E, Bingley PJ, Shattock M, et al.
Quantification of islet-cell antibodies and
prediction of insulin-dependent diabetes.
Lancet 1990;335:147–149
3. Achenbach P, Warncke K, Reiter J, et al.
Stratification of type 1 diabetes risk on the basis
of islet autoantibody characteristics. Diabetes
2004;53:384–392
4. Parikka V, N€ant€o-Salonen K, Saarinen M, et al.
Early seroconversion and rapidly increasing
autoantibody concentrations predict prepubertal
manifestation of type 1 diabetes in children at
genetic risk. Diabetologia 2012;55:1926–1936
5. Barker JM, Barriga KJ, Yu L, et al.; Diabetes
Autoimmunity Study in the Young. Prediction
of autoantibody positivity and progression to
type 1 diabetes: Diabetes Autoimmunity Study
in the Young (DAISY). J Clin Endocrinol Metab
2004;89:3896–3902
6. P€oll€anen PM, Lempainen J, Laine A-P, et al.
Characterisation of rapid progressors to type 1
diabetes among children with HLA-conferred
disease susceptibility. Diabetologia 2017;60:
1284–1293
7. Steck AK, Vehik K, Bonifacio E, et al.; TEDDY
Study Group. Predictors of progression from the
appearance of islet autoantibodies to early
childhood diabetes: The Environmental
Determinants of Diabetes in the Young (TEDDY).
Diabetes Care 2015;38:808–813
8. Kulmala P, Savola K, Petersen JS, et al.; The
Childhood Diabetes in Finland Study Group.
Prediction of insulin-dependent diabetes mellitus
in siblings of children with diabetes. A popu-
lation-based study. J Clin Invest 1998;101:
327–336
9. Steck AK, Johnson K, Barriga KJ, et al. Age of
islet autoantibody appearance and mean levels
of insulin, but not GAD or IA-2 autoantibodies,
predict age of diagnosis of type 1 diabetes:
diabetes autoimmunity study in the young.
Diabetes Care 2011;34:1397–1399
10. Steck AK, Dong F,Waugh K, et al. Predictors
of slow progression to diabetes in children with
multiple islet autoantibodies. J Autoimmun
2016;72:113–117
11. K€ohler M, Beyerlein A, Vehik K, et al.; TEDDY
study group. Joint modeling of longitudinal
autoantibody patterns and progression to type 1
diabetes: results from the TEDDY study. Acta
Diabetol 2017;54:1009–1017

12. Bonifacio E, Achenbach P. Birth and coming
of age of islet autoantibodies. Clin Exp Immunol
2019;198:294–305
13. Anand V, Li Y, Liu B, et al.; T1DI Study Group.
Islet autoimmunity and HLA markers of
presymptomatic and clinical type 1 diabetes:
joint analyses of prospective cohort studies in
Finland, Germany, Sweden, and the U.S. Diabetes
Care. 23 June 2021 [Epub ahead of print]. DOI:
https://doi.org/10.2337/dc20-1836
14. Kupila A, Muona P, Simell T, et al.; Juvenile
Diabetes Research Foundation Centre for the
Prevention of Type I Diabetes in Finland.
Feasibility of genetic and immunological
prediction of type I diabetes in a population-
based birth cohort. Diabetologia 2001;44:
290–297
15. Ziegler AG, Hummel M, Schenker M,
Bonifacio E. Autoantibody appearance and risk
for development of childhood diabetes in
offspring of parents with type 1 diabetes: the 2-
year analysis of the German BABYDIAB Study.
Diabetes 1999;48:460–468
16. Larsson HE, Lynch K, Lernmark B, et al.; DiPiS
Study Group. Diabetes-associated HLA genotypes
affect birthweight in the general population.
Diabetologia 2005;48:1484–1491
17. Rewers M, Bugawan TL, Norris JM, et al.
Newborn screening for HLA markers associated
with IDDM: Diabetes Autoimmunity Study in the
Young (DAISY). Diabetologia 1996;39:807–812
18. Wion E, Brantley M, Stevens J, et al.
Population-wide infant screening for HLA-based
type 1 diabetes risk via dried blood spots from
the public health infrastructure. Ann N Y Acad Sci
2003;1005:400–403
19. Bingley PJ, Bonifacio E, Mueller PW.
Diabetes Antibody Standardization Program: first
assay proficiency evaluation. Diabetes 2003;52:
1128–1136
20. T€orn C, Mueller PW, Schlosser M, Bonifacio E;
Participating Laboratories. Diabetes Antibody
Standardization Program: evaluation of assays for
autoantibodies to glutamic acid decarboxylase and
islet antigen-2. Diabetologia 2008;51:846–852
21. Schlosser M, Mueller PW, T€orn C, Bonifacio
E; Participating Laboratories. Diabetes Antibody
Standardization Program: evaluation of assays for
insulin autoantibodies. Diabetologia 2010;53:
2611–2620
22. Lampasona V, Pittman DL,Williams AJ, et al.;
Participating Laboratories. Islet Autoantibody
Standardization Program 2018 Workshop:
interlaboratory comparison of glutamic acid
decarboxylase autoantibody assay performance.
Clin Chem 2019;65:1141–1152
23. Puavilai G, Chanprasertyotin S; World
Health Organization. Diagnostic criteria for
diabetes mellitus and other categories of
glucose intolerance: 1997 criteria by the
Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus (ADA), 1998
WHO consultation criteria, and 1985 WHO
criteria. Diabetes Res Clin Pract 1999;44:21–26
24. Grambsch PM, Therneau TM. Proportional
hazards tests and diagnostics based on weighted
residuals. Biometrika 1994;81:515–526
25. Bellera CA, MacGrogan G, DebledM, de Lara
CT, Brouste V, Mathoulin-P�elissier S. Variables
with time-varying effects and the Cox model:
some statistical concepts illustrated with a

prognostic factor study in breast cancer. BMC
Med ResMethodol 2010;10:20
26. Zhang Z, Reinikainen J, Adeleke KA, Pieterse
ME, Groothuis-Oudshoorn CGM. Time-varying
covariates and coefficients in Cox regression
models. Ann TranslMed 2018;6:121
27. Benjamini Y, Hochberg Y. Controlling the
false discovery rate: a practical and powerful
approach to multiple testing. J R Stat Soc Series B
Stat Methodol 1995;57:289–300
28. Vock DM, Wolfson J, Bandyopadhyay S, et al.
Adapting machine learning techniques to censored
time-to-event health record data: a general-
purpose approach using inverse probability of
censoring weighting. J Biomed Inform 2016;61:
119–131
29. Bang H, Tsiatis AA. Estimating medical costs
with censored data. Biometrika 2000;87:
329–343. DOI: https://doi.org/10.1093/biomet/
87.2.329
30. Pedregosa F, Varoquaux G, Gramfort A, et al.
Scikit-learn: machine learning in Python. J Mach
Learn Res 2011;12:2825–2830
31. R Development Core Team. R: A language
and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical
Computing 2008. Accessed 22 April 2021.
Available from https://www.R-project.org
32. Decochez K, De Leeuw IH, Keymeulen B,
et al.; Belgian Diabetes Registry. IA-2
autoantibodies predict impending type I
diabetes in siblings of patients. Diabetologia
2002;45:
1658–1666
33. Fouts A, Pyle L, Yu L, et al.; Type 1
Diabetes TrialNet Study Group. Do
electrochemiluminescence assays improve
prediction of time to type 1 diabetes in
autoantibody-positive TrialNet subjects?
Diabetes Care 2016;39:1738–1744
34. Liberati D,Wyatt RC, Brigatti C, et al. A novel
LIPS assay for insulin autoantibodies. Acta
Diabetol 2018;55:263–270
35. Cortez FJ, Gebhart D, Robinson PV, et al.
Sensitive detection of multiple islet auto-
antibodies in type 1 diabetes using small sample
volumes by agglutination-PCR. PLoS One 2020;
15:e0242049
36. TEDDY Study Group. The Environmental
Determinants of Diabetes in the Young (TEDDY)
Study. Ann N Y Acad Sci 2008;1150:1–13
37. Ziegler A-G, Kick K, Bonifacio E, et al.; Fr1da
Study Group. Yield of a public health screening of
children for islet autoantibodies in Bavaria,
Germany. JAMA 2020;323:339–351
38. McQueen RB, Geno Rasmussen C,Waugh K,
et al. Cost and cost-effectiveness of large-scale
screening for type 1 diabetes in Colorado.
Diabetes Care 2020;43:1496–1503
39. Sosenko JM, Skyler JS, Palmer JP, et al.; Type
1 Diabetes TrialNet Study Group; Diabetes
Prevention Trial-Type 1 Study Group. The
prediction of type 1 diabetes by multiple auto-
antibody levels and their incorporation into an
autoantibody risk score in relatives of type
1 diabetic patients. Diabetes Care 2013;36:
2615–2620
40. Kwon BC, Achenbach P, Dunne JL, et al.; T1DI
Study Group. Modeling disease progression
trajectories from longitudinal observational data.
AMIA Annu Symp Proc 2021;2020:668–676

care.diabetesjournals.org Ng and Associates 9

https://doi.org/10.2337/dc20-1836
https://doi.org/10.1093/biomet/87.2.329
https://doi.org/10.1093/biomet/87.2.329
https://www.R-project.org

