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OBJECTIVE

To explore whether electrochemiluminescence (ECL) assays can help improve
prediction of time to type 1 diabetes in the TrialNet autoantibody-positive
population.
RESEARCH DESIGN AND METHODS

TrialNet subjects who were positive for one or more autoantibodies (microinsulin
autoantibody, GAD65 autoantibody [GADA], IA-2A, and ZnT8A) with available ECLinsulin autoantibody (IAA) and ECL-GADA data at their initial visit were analyzed;
after a median follow-up of 24 months, 177 of these 1,287 subjects developed
diabetes.
RESULTS

Univariate analyses showed that autoantibodies by radioimmunoassays (RIAs),
ECL-IAA, ECL-GADA, age, sex, number of positive autoantibodies, presence of HLA
DR3/4-DQ8 genotype, HbA1c, and oral glucose tolerance test (OGTT) measurements were all signiﬁcantly associated with progression to diabetes. Subjects
who were ECL positive had a risk of progression to diabetes within 6 years of
58% compared with 5% for the ECL-negative subjects (P < 0.0001). Multivariate
Cox proportional hazards models were compared, with the base model including
age, sex, OGTT measurements, and number of positive autoantibodies by RIAs.
The model with positivity for ECL-GADA and/or ECL-IAA was the best, and factors
that remained signiﬁcantly associated with time to diabetes were area under the
curve (AUC) C-peptide, fasting C-peptide, AUC glucose, number of positive autoantibodies by RIAs, and ECL positivity. Adding ECL to the Diabetes Prevention Trial
risk score (DPTRS) improved the receiver operating characteristic curves with AUC
of 0.83 (P < 0.0001).
CONCLUSIONS

ECL assays improved the ability to predict time to diabetes in these autoantibodypositive relatives at risk for developing diabetes. These ﬁndings might be helpful
in the design and eligibility criteria for prevention trials in the future.
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Relatives of those with type 1 diabetes
have an increased risk of developing
type 1 diabetes, especially once they become positive for multiple pancreatic islet autoantibodies (1–3). These relatives
are eligible to be screened for islet autoantibodies through the TrialNet Pathway to Prevention Study (4,5). TrialNet
is an international consortium of investigators dedicated to studying the etiology of type 1 diabetes with the goal of
preventing or reversing the progression of type 1 diabetes. TrialNet follows
these subjects with serial longitudinal
autoantibody testing for the development of islet autoantibodies to insulin
(6), GAD65 (7), IA-2 (8), and ZnT8 (9)
and type 1 diabetes and offers close
monitoring for autoantibody-positive
subjects through HbA 1c testing and
oral glucose tolerance test (OGTT) (10).
Autoantibody-positive subjects may
also be eligible for prevention trials within
TrialNet. Factors involved in risk of progression to diabetes have been previously
shown to include young age at seroconversion, positivity for multiple autoantibodies, high autoantibody levels,
persistent positivity for insulin autoantibody (IAA), and high autoantibody
afﬁnity (1,11–13). Although multiple
autoantibody–positive subjects have an
80% risk of developing diabetes within
15 years, the rate of progression of these
high-risk individuals varies signiﬁcantly,
from a few months to .10 years (2,14),
and factors involved in the rate of progression are not yet well understood.
Over the past couple of years, the Barbara Davis Center for Childhood Diabetes (BDC) has been developing new
electrochemiluminescence (ECL) assays
for islet autoantibodies. These new assays have been shown to be more disease speciﬁc and more sensitive than
current gold standard radioassays, especially for IAA (15–17). The goal of this
study was to explore whether ECL assays can help improve prediction of
time to type 1 diabetes in the TrialNet
autoantibody-positive population.
RESEARCH DESIGN AND METHODS
Study Population

The TrialNet Pathway to Prevention
Study screens relatives of patients with
type 1 diabetes for the presence of islet
autoantibodies and offers close monitoring and/or prevention trials. TrialNet
subjects (n = 1,287) positive for one or
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more autoantibodies by radioimmunoassays (RIAs) (microinsulin autoantibody [mIAA], GAD65 autoantibody
[GADA], IA-2A, and ZnT8A) with available
ECL-IAA and ECL-GADA at their initial
visit were analyzed. All TrialNet subjects
are tested for RIA autoantibodies. However, only subjects with at least one positive islet autoantibody undergo HbA1c
testing and OGTT. Subjects with negative
islet autoantibodies are eligible for
yearly rescreening of islet autoantibodies if ,18 years of age; only a minority of these “control” subjects undergo
yearly HbA1c and OGTT (n = 89). Because
of the small number of autoantibodynegative subjects with available metabolic markers, this study only included
subjects with at least one positive islet
autoantibody by RIA. OGTT measurements (area under the curve [AUC] glucose, fasting glucose, fasting C-peptide,
and AUC C-peptide) were available on a
subset of these subjects (n = 759) who
are included in multivariate analyses. All
subjects provided written informed consent, and assent when applicable, and
the study was approved by the ethical
boards of all participating institutions.
Islet Autoantibodies

Measurement of islet autoantibodies
to insulin, GAD65, IA-2, and ZnT8 was performed in the Clinical Immunology Laboratory at the BDC, the core immunology
laboratory for antibody testing for the
TrialNet study, using RIAs as previously described (9,18,19). In the 2015 Islet Autoantibody Standardization Program (IASP)
Workshop, sensitivities and speciﬁcities
were 52 and 100% respectively for mIAA,
82 and 99% respectively for GADA, 72 and
100% respectively for IA-2A, and 70 and
97% respectively for ZnT8A.
The ECL assays for both mIAA and GADA
have been previously described (16,20). In
brief, serum samples were mixed with
both sulfo-tag and biotin-labeled antigen
proteins (either proinsulin or GAD65) for
overnight incubation at 48C. The antigenantibody complexes with biotin were captured by a streptavidin-coated plate and
sulfo-tag gave the signals with ECL. The
results were expressed as an index against
internal standard–positive controls of either insulin or GAD65 monoclonal antibody. The ECL assay cutoff indexes of
0.006 for mIAA or 0.023 for GADA were
set at the 99th percentile over 100 healthy
control subjects and the ECL interassay

coefﬁcients of variation were 4.8% (n =
20) for mIAA and 8.8% (n = 10) for GADA,
respectively. In the 2015 IASP Workshop,
sensitivities and speciﬁcities for the ECL assays were 60 and 98% respectively for
mIAA, and 78 and 96% respectively for
GADA, among patients with newly diagnosed type 1 diabetes.
Statistical Analysis

Statistical analyses were performed using PRISM (GraphPad Software, Inc., La
Jolla, CA) and SAS version 9.4 (SAS Institute, Cary, NC). Proportions were
compared using x2 or Fisher exact test.
Follow-up time was deﬁned as time
from the initial visit to development of
diabetes or most recent visit for those
subjects who did not develop diabetes.
Cox proportional hazards regression
was used to obtain hazard ratios (HRs)
with 95% CIs. The proportional hazards
assumption was tested for all variables,
with only HbA1c showing an interaction
with time. Six multivariable Cox proportional hazards models predicting time to
develop diabetes were compared using
Akaike information criterion (AIC). The
base model contained age, sex, AUC
C-peptide, fasting C-peptide, AUC glucose, and number of positive autoantibodies by RIAs. Other models included
the covariates in the base model and
added autoantibodies by RIAs or ECL results: continuous RIA (titers), categorical
RIA (pos/neg), continuous ECL (titers),
categorical ECL (pos/neg for ECL-IAA;
pos/neg for ECL-GADA), categorical
combined ECL (positivity for ECL-GADA
and/or ECL-IAA). These six models were
repeated with the addition of HbA1c and
HLA DR3/4-DQ8 genotype.
Survival analysis was performed for
the development of diabetes according
to ECL positivity using the log-rank test.
Receiver operating characteristic (ROC)
curves were generated to examine the
addition of ECL positivity to the Diabetes
Prevention Trial risk score (DPTRS) (21).
The DPTRS, developed in order to predict risk for diabetes (22), includes age,
log BMI, log fasting C-peptide, the glucose sums of 30-, 60-, 90-, and 120-min
values, and the C-peptide sums of 30-,
60-, 90-, and 120-min values.
An antibody risk score (ABRS) was
previously developed from a proportional hazards model that included
both RIA positivity and autoantibody
levels according to the following (23):
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Table 1—Characteristics of TrialNet autoantibody-positive subjects (n = 1,287)
Ab+ subjects without diabetes
(n = 1,110)

Ab+ subjects with diabetes
(n = 177)

P value

Age at initial visit (years)

16 (9–37)

10 (7–14)

<0.0001

Age at last visit (years)

<0.0001

Characteristics

19 (12–39)

11 (8–17)

Sex, female

669 (60)

88 (50)

0.02

Multiple ($2) Ab+ at initial visit

249 (22)

136 (77)

<0.0001

71 (15)

33 (25)

0.007

1/57/22/20

2/62/18/18

0.35

HLA DR3/4-DQ8 (yes)
BMI at initial visit (% underweight/normal/overweight/obese)

Data are median (IQR) or n (%), unless speciﬁed otherwise. Boldface type indicates P , 0.05. Ab , autoantibody positive.
+

½0:837 ðGADA PositivityÞþ
½53:244 ðGADA LevelÞþ
½ 2 53:396 ðGADA Positivity 3 GADA LevelÞ
½ 2 0:139 ðIA-2A PositivityÞþ
½ 2 0:433 ðIA-2A LevelÞþ
½1:982 ðIA-2A Positivity 3 IA-2A LevelÞ
½0:840 ðmIAA PositivityÞþ
½113:151 ðmIAA LevelÞþ
½ 2 112:496 ðmIAA Positivity 3 mIAA LevelÞ
½0:711 ðZnT8A PositivityÞþ
½ 2 32:821 ðZnT8A LevelÞþ
½32:817 ðZnT8A Positivity 3 ZnT8A LevelÞ:

In a subgroup of subjects who had
complete DPTRS, ABRS, and ECL information (n = 606), Cox proportional hazards
models predicting time to develop
diabetes were performed to compare
the three following models: DPTRS
and ABRS; DPTRS and ECL; and DPTRS,
ABRS, and ECL (ECL positivity deﬁned
as positivity for ECL-GADA and/or
ECL-IAA).

the initial and most recent visits (P =
0.34 and 0.55, respectively).
Univariate analyses of TrialNet
autoantibody-positive subjects are shown
in Supplementary Table 1. Univariate
analyses conﬁrmed that age, HLA-DR3/
4*0302 genotype, number of positive
autoantibodies by RIAs, ECL autoantibodies, RIA autoantibodies (except
GADA), and metabolic factors (HbA1c,
AUC C-peptide, fasting C-peptide, and
AUC glucose but not fasting glucose)
are all associated with progression to diabetes in these autoantibody-positive
subjects. Missing information in subjects who did not complete a monitoring visit includes OGTT measurements,
HbA1c, and HLA testing, and therefore
these subjects were not included in
multivariate analyses. Univariate analyses limited to the 759 subjects included
in multivariate analyses were similar except for sex, which was no longer a signiﬁcant factor (P = 0.07), and GADA,
which became signiﬁcant (HR 1.6 [95%
CI 1.1–2.5], P = 0.02; data not shown). A

total of 150 out of the 759 subjects progressed to diabetes.
Characteristics of TrialNet autoantibodypositive subjects by ECL status are shown
in Supplementary Table 2. Compared
with ECL-negative subjects, subjects positive for both ECL-IAA and ECL-GADA are
more likely to have a higher frequency of
the HLA DR3/4-DQ8 genotype, lower fasting C-peptide, lower AUC C-peptide, and
higher AUC glucose; they are also more
likely to be younger at baseline visit
and have multiple positive autoantibodies with a higher frequency of all
RIA autoantibodies.
Six multivariable Cox proportional
hazards models predicting time to develop diabetes were compared using
AIC. The base model contained age,
sex, AUC C-peptide, fasting C-peptide,
AUC glucose, and number of positive
autoantibodies by RIAs. Other models
included the covariates in the base
model and added autoantibodies by
RIAs or ECL results (as continuous or
categorical values). The model with

RESULTS

After a median follow-up of 24 months
(IQR 8–57), 177 of the 1,287 subjects
developed type 1 diabetes. Characteristics of TrialNet autoantibody-positive
subjects are shown in Table 1. The
autoantibody-positive subjects without
diabetes had a median age of 16 years
(IQR 9–37) at initial visit compared
with 10 years (IQR 7–14) for those
autoantibody-positive subjects who developed diabetes (P , 0.0001). The majority (n = 136 [77%]) of those who
developed diabetes had multiple positive autoantibodies, whereas only 22%
(n = 249) of the subjects without diabetes had multiple positive autoantibodies
(P , 0.0001). BMI assessed by categories
(underweight/normal/overweight/obese)
was similar between groups at both

Table 2—Multivariate Cox proportional hazards models in TrialNet subjects
(n = 759)
Covariate

HR (95% CI)

P value

Age

0.99 (0.97–1.01)

0.354

Sex (female)

0.94 (0.67–1.32)

0.736

AUC glucose (units = 100)

1.02 (1.01–1.03)

<0.0001

AUC C-peptide (units = 100)

0.76 (0.69–0.82)

<0.0001

Fasting C-peptide

1.45 (1.12–1.87)

0.004

2 vs. 1: 2.80 (1.66–4.73)
3 vs. 1: 3.33 (2.04–5.46)
4 vs. 1: 3.81 (2.15–6.74)

<0.0001

6.90 (2.46–19.32)

0.0002

Number of positive antibodies by RIAs

ECL (GADA or IAA): positive vs. negative

Six multivariate Cox proportional hazards models were compared with base model. Association
with progression to type 1 diabetes was analyzed. Only results of best multivariate model are
shown. The base model contained age, sex, AUC C-peptide, fasting C-peptide, AUC glucose, and
number of positive antibodies by RIAs. Other models included base model and adding antibodies
by RIAs or ECL results (as continuous or categorical value). The model with ECL-IAA and ECLGADA combined had the lowest AIC and thus was the best model. A total of 150 out of the
759 subjects developed diabetes. Boldface type indicates P , 0.05.

care.diabetesjournals.org

positivity for ECL-GADA and/or ECLIAA was best and had the lowest AIC
score of 1,516 (Table 2). Factors that remained signiﬁcantly associated with
time to diabetes were AUC glucose,
AUC C-peptide, fasting C-peptide, number of positive autoantibodies by RIAs,
and ECL positivity. The base model had
an AIC of 1,536, whereas the other four
models had AIC values similar to the base
model.
The six models were repeated with
the addition of HbA1c and HLA DR3/4DQ8 in all subjects with available information (n = 581); a total of 125 out of
the 581 subjects developed diabetes.
Again, the model with positivity for
ECL-GADA and/or ECL-IAA had the
lowest AIC (1,211) and thus was the
best model (Supplementary Table 3).
The base model had an AIC of 1,235,
whereas the other four models had AIC
values similar to the base model.
When survival curves were generated
by ECL status, it was apparent that the
combined ECL positivity (i.e., positivity
for ECL-GADA and ECL-IAA) was associated with much higher risk of the development of diabetes overall (Fig. 1A)
(P , 0.0001). By year 6 after the participant’s initial visit, 58% of those positive
for both ECL-IAA and ECL-GADA developed diabetes. Risk for development of
diabetes by 6 years was 40% for those
positive for ECL-IAA only and 34% for
those positive for ECL-GADA only. Only
5% of the subjects who were negative
for either ECL assay developed diabetes by the 6-year follow-up after their
initial visit.
Survival curves analyzing only subjects positive for one autoantibody by
RIAs (n = 902) showed a much higher
risk for development of diabetes by
year 6 after the participant’s initial visit
for subjects who were ECL positive (23%
if both ECL-IAA and ECL-GADA positive,
18% if only ECL-IAA positive, and 21% if
only ECL-GADA positive) compared with
those subjects who were ECL negative
(4%, P , 0.0001) (Fig. 1B). When looking
at subjects positive for two or more autoantibodies by RIAs (n = 385), the risk
for development of diabetes was again
much higher for those subjects who
were ECL positive: 61% by 6 years if
both ECL-IAA and ECL-GADA positive,
69% by 4 years if only ECL-IAA positive,
and 51% by 6 years if only ECL-GADA
positive compared with 22% for those
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Figure 1—Development of diabetes by ECL status. A: All subjects (n = 1,287). B: Subjects positive
for one autoantibody by RIAs (n = 902). C: Subjects positive for two or more autoantibodies by
RIAs (n = 385). Survival analysis was performed for the development of diabetes since initial visit
according to ECL positivity using the log-rank test. ECL-GADA/ECL-IAA pos, positive for both ECLGADA and ECL-IAA; ECL-GADA pos, positive for ECL-GADA only; ECL-IAA pos, positive for ECL-IAA
only; ECL-GADA/ECL-IAA neg, negative for both ECL-GADA and ECL-IAA.

subjects who were ECL negative (Fig.
1C) (P = 0.02); follow-up for the only
ECL-IAA–positive group was by 4 years
as the number of subjects in that group
over time was small.
Adding the ECL categorical assay status (positive for one or more ECL assay)
to the DPTRS helped improve the prediction accuracy of type 1 diabetes (Fig.
2). The AUC for DPTRS was 0.78, which
improved to 0.83 when adding ECL to
DPTRS (P , 0.0001).

In a subgroup of subjects who had
complete DPTRS, ABRS, and ECL information (n = 606), Cox proportional hazards
models predicting time to develop diabetes with either DPTRS/ABRS or
DPTRS/ECL had a similar AIC (1,248 and
1,252, respectively), while the best model
was the one which included DPTRS,
ABRS, and ECL (AIC 1,223). Type 1 diabetes was strongly related to all of the variables in the model (DPTRS: P , 0.0001;
ABRS: P , 0.0001; ECL: P = 0.0004).
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Figure 2—ROC curves comparing DPTRS alone vs. DPTRS and ECL. ROC curves were generated to
examine the addition of ECL positivity to the DPTRS. DPTRS, DPTRS alone; model, includes ECL
positivity in addition to DPTRS.

CONCLUSIONS

Data from prospective, longitudinal
studies of individuals at risk for developing type 1 diabetes have contributed to
the understanding of presymptomatic
type 1 diabetes. Recently, a scientiﬁc
statement from the JDRF, the Endocrine
Society, and the American Diabetes Association was published with three deﬁned stages (14): stage 1 is deﬁned as
the presence of b-cell autoimmunity (as
evidenced by the presence of two or
more islet autoantibodies) with normoglycemia, stage 2 as the presence of
b-cell autoimmunity with dysglycemia
(still presymptomatic), and stage 3 as
onset of symptomatic disease. Although
the risk for diabetes for these subjects is
very high, the rate of progression from
onset of b-cell autoimmunity to onset of
diabetes is variable, lasting from months
to decades (24). This study found that
ECL assays improved the ability to predict time to diabetes in the TrialNet
autoantibody-positive relatives at risk
for developing type 1 diabetes. Furthermore, the addition of ECL assays to the
DPTRS improved the accuracy of risk

classiﬁcation with a better AUC than
DPTRS alone.
Overall, 167 of the 177 (94%) subjects
who developed diabetes were positive
for at least one ECL assay, i.e., the majority of subjects who developed diabetes were picked up by either ECL-IAA or
ECL-GADA. Of note, all TrialNet subjects
had RIA measurements for mIAA, GADA,
IA-2A, and ZnT8A, whereas only IAA and
GADA were measured by ECL assays.
As all TrialNet subjects are tested for
RIA autoantibodies, this study tested
whether the addition of ECL autoantibody data can improve diabetes prediction. Previous studies have shown that
ECL assays are more sensitive and more
disease speciﬁc than RIA assays (15–17).
Several risk scores for diabetes have
been developed, including the DPTRS
(22,25) and an ABRS (23); a total
of 672 out of the current 1,287 (52%)
subjects were included in the latter
paper by Sosenko et al. (23). The ABRS
described in that paper included both
positivity and titers of all four RIA autoantibodies as in the current paper,
but no ECL results. In this paper, six

multivariable Cox proportional hazards
models predicting time to develop diabetes were compared; the best model
was the one including positivity for
ECL-GADA and/or ECL-IAA.
In a subgroup of subjects who had
complete DPTRS, ABRS, and ECL information (n = 606), the DPTRS/ECL model
gave similar results to the DPTRS/ABRS
model. The DPTRS/ECL model was based
on only two autoantibodies (ECL-IAA
and ECL-GADA), whereas the DPTRS/
ABRS model included all four RIA autoantibodies. However, the best model
was the one that included the DPTRS,
the ABRS, and ECL positivity; type 1 diabetes was strongly associated with all
of the variables in the model. Thus, it
appears that autoantibody afﬁnity, as
indicated by ECL, contributes to the prediction of type 1 diabetes independently
of metabolic status, autoantibody type,
and autoantibody titer. As ECL assays
are developed for other islet autoantibodies (ECL-IA2 and ECL-ZnT8), the prediction of time to diabetes may be
further reﬁned.
TrialNet is currently using the DPTRS
as one of the criteria for more intense
monitoring with OGTTs every 6 months
instead of yearly. In this study, the
DPTRS was improved by adding baseline
ECL assays to the risk score. On the other
hand, subjects negative for both ECL-IAA
and ECL-GADA have a much lower risk
for diabetes (5%) and could beneﬁt from
less intensive monitoring. A more accurate risk score for diabetes would help in
further stratifying risk and surveillance
for subjects in studies such as TrialNet.
Among subjects positive for single
GADA or single mIAA by RIA, those subjects who were also positive for ECL
assay (ECL-IAA or ECL-GADA) showed
higher autoantibody afﬁnity (26). The
higher afﬁnity of these autoantibodies
detected by ECL assay may be explained by the fact that the ECL assay
is a bivalent assay designed to capture
all immunoglobulins.
Factors involved in rate of progression to diabetes are only partially
known. Other prospective studies, such
as the Diabetes Autoimmunity Study in
the Young (DAISY), the Type 1 Diabetes
Prediction and Prevention Project
(DIPP), and The Environmental Determinants of Diabetes in the Young (TEDDY)
have shown that higher IAA and IA-2A
levels (but not GADA levels) are associated
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with time to diabetes, after adjusting for
ﬁrst-degree relative status, number of
autoantibodies, age at ﬁrst persistent
conﬁrmed autoantibodies, and HLA genotypes (12,13,27). In TrialNet at-risk subjects, positivity for ECL-IAA or ECL-GADA
was a signiﬁcant predictor for time to diabetes (with HR 7), while adding ECL titers
to the base model did not improve prediction of time to diabetes compared with the
base model alone. Eligibility for current
prevention trials typically requires the
presence of at least two positive islet autoantibodies. In both single and multiple RIA autoantibody groups, the risk
for development of diabetes was much
higher for those subjects who were ECL
positive compared with those who were
ECL negative: 20 vs. 4% respectively for
those subjects with single autoantibody
by RIAs and 50–70 vs. 20% respectively
for those subjects with multiple autoantibodies by RIAs. Adding ECL testing at
baseline visit in studies such as TrialNet
might allow for better stratiﬁcation into
eligibility trials, as autoantibody-positive
subjects also positive for ECL have a
much higher risk for diabetes than ECLnegative subjects (26).
The limitations of this study include
that only ECL-IAA and ECL-GADA have
been measured in a subset of subjects
followed in TrialNet as ECL assays are
not routinely performed in TrialNet subjects. In addition, ECL assays were only
measured at baseline with no longitudinal results available for ECL assays.
In conclusion, ECL assays improved the
ability to predict time to diabetes in these
antibody-positive relatives at risk for developing diabetes. These ﬁndings might
be helpful in both the monitoring of subjects at risk for diabetes and the design of
prevention trials in the future.
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27. Parikka V, Näntö-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

