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OBJECTIVE

There are variable reports of risk of concordance for progression to islet
autoantibodies and type 1 diabetes in identical twins after one twin is diagnosed.
We examined development of positive autoantibodies and type 1 diabetes and
the effects of genetic factors and common environment on autoantibody positivity
in identical twins, nonidentical twins, and full siblings.
RESEARCH DESIGN AND METHODS

Subjects from the TrialNet Pathway to Prevention Study (N = 48,026) were
screened from 2004 to 2015 for islet autoantibodies (GAD antibody [GADA],
insulinoma-associated antigen 2 [IA-2A], and autoantibodies against insulin
[IAA]). Of these subjects, 17,226 (157 identical twins, 283 nonidentical twins,
and 16,786 full siblings) were followed for autoantibody positivity or type 1
diabetes for a median of 2.1 years.
RESULTS

At screening, identical twins were more likely to have positive GADA, IA-2A, and IAA
than nonidentical twins or full siblings (all P < 0.0001). Younger age, male sex, and
genetic factors were signiﬁcant factors for expression of IA-2A, IAA, one or more
positive autoantibodies, and two or more positive autoantibodies (all P £ 0.03).
Initially autoantibody-positive identical twins had a 69% risk of diabetes by 3 years
compared with 1.5% for initially autoantibody-negative identical twins. In nonidentical twins, type 1 diabetes risk by 3 years was 72% for initially multiple
autoantibody–positive, 13% for single autoantibody–positive, and 0% for initially
autoantibody-negative nonidentical twins. Full siblings had a 3-year type 1 diabetes
risk of 47% for multiple autoantibody–positive, 12% for single autoantibody–
positive, and 0.5% for initially autoantibody-negative subjects.
CONCLUSIONS

Risk of type 1 diabetes at 3 years is high for initially multiple and single
autoantibody–positive identical twins and multiple autoantibody–positive nonidentical twins. Genetic predisposition, age, and male sex are signiﬁcant risk factors for
development of positive autoantibodies in twins.
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nonidentical twins, and full siblings
screened in the TrialNet Pathway to
Prevention Study. In addition, this study
analyzed the presence of islet autoantibodies (GADA, IA-2A, and IAA) and risk
of type 1 diabetes over time in identical
twins, nonidentical twins, and full siblings
followed in the TrialNet Pathway to Prevention Study.
RESEARCH DESIGN AND METHODS
Study Population

Siblings without diabetes of patients
with type 1 diabetes were recruited to
the TrialNet Pathway to Prevention Study
(ClinicalTrials.gov identiﬁer: NCT00097292),
as previously described (16). TrialNet
subjects (N = 50,700) were screened in
the Pathway to Prevention Study between 2004 and 2015. Race/ethnicity
and zygosity of participants were selfreported. All study participants gave
informed consent, and the ethics committee responsible for each clinical site
approved the study. Participants who
were single autoantibody positive at
the screening visit were required to
have a conﬁrmatory positive result. Individuals with single conﬁrmed autoantibody positive or multiple islet
autoantibodies were offered baseline
assessment of OGTTs and monitored
every 6–12 months with autoantibody
testing, HbA 1c, and OGTTs at 6- or
12-month intervals depending on estimated risk (16). In the TrialNet Pathway to Prevention Study, siblings who
are initially autoantibody negative are
annually retested for islet autoantibodies until 18 years of age, whereas
autoantibody-positive subjects are monitored every 6–12 months. The exceptions
are identical twins who remain eligible
for annual autoantibody rescreening until 45 years of age (new Pathway to Prevention protocol as of November 2017).
Type 1 diabetes was diagnosed according to the TrialNet deﬁnitions of development of diabetes, which include
the American Diabetes Association criteria (17) as well as the following criteria
if subjects are not unequivocally symptomatic: two diabetic OGTTs, not on the
same day; diabetic OGTT plus fasting
plasma glucose $126 mg/dL, not on
the same day; diabetic OGTT plus HbA1c
$6.5% (these may be on the same day);
and fasting plasma glucose $126 mg/dL
plus HbA1c $6.5% (these may be on the
same day).

A total of 48,051 sibling subjects were
initially screened (288 identical twins,
630 nonidentical twins, and 47,133 full
siblings). Of these, 48,026 had an initial
screening visit with GADA, IA2A, and IAA
results (287 identical twins, 630 nonidentical twins, and 47,109 full siblings).
A total of 17,226 participants (157 identical twins, 283 nonidentical twins and
16,786 full siblings) were followed for a
median of 2.1 years (25th percentile 1.1
year and 75th percentile 4.0 years), with
follow-up deﬁned as at least $12 months
follow-up after initial screening visit.
These subjects were analyzed in the longitudinal analysis (Supplementary Fig. 1).
Zygosity was self-reported, which is
less accurate than questionnaire or
DNA-based determination of zygosity (18).
However, to measure the uncertainty
of self-reported twin zygosity, we have
previously determined zygosity for 88
affected and unaffected cotwins. This
was based on sex differences and DNA
testing using a panel of tetranucleotide
polymorphisms with .99% accuracy for
zygosity diagnosis. These unpublished results indicated 2.5% of identical twins
are misclassiﬁed nonidentical, and 14.6%
of nonidentical twins are misclassiﬁed
identical. Thus, on average, unaffected
identical twins share 99% of genetic
material with their affected cotwin,
and unaffected nonidentical twins share
57% of genetic material with their
affected cotwin (P. Fain, L.P., A.K.S., unpublished observations). We therefore
designed our logistic regression model
outlined below, taking this information
into account.
IAA

All participants were screened for GADA,
IA-2A, and IAA. If any of these were positive, autoantibodies to ZnT8 and islet cell
antibodies were also tested. As ZnT8 and
islet cell antibody measurements were
not consistently performed in this cohort,
these were not included in this analysis.
GADA, IA-2A, and IAA were measured by
radioimmunoassay in the TrialNet Core
Laboratory at the Barbara Davis Center
for Diabetes, Aurora, CO, as previously
described (2,3). In the 2015 Islet Autoantibody Standardization Program Workshop, sensitivities and speciﬁcities were
52% and 100%, respectively, for IAA,
82% and 99%, respectively, for GADA,
and 72% and 100%, respectively, for
IA-2A.
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Type 1 diabetes is preceded by the
presence of preclinical, persistent islet autoantibodies (1). Autoantibodies
against insulin (IAA) (2), GAD (GADA),
insulinoma-associated antigen 2 (IA-2A)
(3), and/or zinc transporter 8 (ZnT8A)
(4) are typically present prior to development of symptomatic hyperglycemia and progression to clinical disease.
These autoantibodies may develop many
years before onset of type 1 diabetes,
and increasing autoantibody number
and titers have been associated with
increased risk of progression to disease
(5–7).
Identical twins have an increased risk
of progression of islet autoimmunity and
type 1 diabetes after one twin is diagnosed, although reported rates have
been highly variable (30–70%) (8–11).
This risk is increased if the proband twin
develops diabetes at a young age (12).
Concordance rates for type 1 diabetes
in monozygotic twins with long-term
follow-up is .50% (13). Risk for development of islet autoimmunity and
type 1 diabetes for nonidentical twins
is thought to be similar to nontwin siblings (risk of 6–10% for diabetes) (14).
Full siblings who inherit both high-risk
HLA (HLA DQA1*05:01 DR3/4*0302)
haplotypes identical to their proband
sibling with type 1 diabetes have a much
higher risk for development of diabetes
than those who share only one or zero
haplotypes (55% vs. 5% by 12 years of
age, respectively; P = 0.03) (15). Despite sharing both HLA haplotypes with
their proband, siblings without the HLA
DQA1*05:01 DR3/4*0302 genotype had
only a 25% risk for type 1 diabetes by
12 years of age (15).
The TrialNet Pathway to Prevention
Study (previously the TrialNet Natural
History Study; 16) has been screening
relatives of patients with type 1 diabetes
since 2004 and follows these subjects
with serial autoantibody testing for the
development of islet autoantibodies
and type 1 diabetes. The study offers longitudinal monitoring for autoantibodypositive subjects through HbA1c testing
and oral glucose tolerance tests (OGTTs).
The purpose of this study was to
evaluate the prevalence of islet autoantibodies and analyze a logistic regression model to test the effects of genetic
factors and common twin environment on the presence or absence of islet autoantibodies in identical twins,
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Statistical Analysis

results was classiﬁed as multiple autoantibody positive. A participant who had
any follow-up visit with a single positive
autoantibody but no follow-up visit with
multiple positive autoantibodies was
classiﬁed as single autoantibody positive. For time-to-event analyses, subjects
who have the event at time 0 (screening)
were excluded, as we do not know when
they had the event because TrialNet is
not a birth cohort.
Presence of autoantibodies and development of type 1 diabetes by sibling
status (full siblings, identical twins, and
nonidentical twins) were also analyzed
by Cox proportional hazard models, adjusted for age.
RESULTS

A total of 48,051 sibling subjects were
initially screened (288 identical twins,
630 nonidentical twins, and 47,133 full
siblings). Of these, 48,026 had an initial
screening visit with GADA, IA-2A, and IAA
results (287 identical twins, 630 nonidentical twins, and 47,109 full siblings).
Characteristics of the study population at
screening are shown in Supplementary
Table 1. Identical twins were more likely
to be female, 158 out of 287 (55.0%),
compared with nonidentical twins, 296
out of 630 (47.1%), and full siblings, 24,525
out of 47,109 (52.4%) (P = 0.019). The
median age at screening was 11 years
old in identical and full siblings and 10
years old in nonidentical twins (P =
0.002). There was a slight difference in
self-reported race/ethnicity with 84%
of identical twins, 81% of nonidentical
twins, and 79% of full siblings identifying as non-Hispanic white (P = 0.043).
For those for whom HLA genotyping was
available, the presence of the high-risk
HLA haplotypes DR4*0302 or DQA1*
05:01(DR3) was not signiﬁcantly different between groups. The high-risk HLA
genotype DQA1*05:01 DR3/4*0302 was

present in 4% of identical twins, 1%
of nonidentical twins, and ,1% of full
siblings (,0.001). The protective HLA
haplotype DR2*0602 was not signiﬁcantly different between groups (Supplementary Table 1).
Prevalence of autoantibodies at initial
screening visit by sibling status (N =
48,026) is shown in Table 1. Overall,
identical twins were more likely to
have positive GADA, IA-2A, and/or IAA
than either nonidentical twins or full
siblings (all P # 0.0001). The highest
proportion of participants with at least
one positive autoantibody were identical twins, whereas full siblings had the
lowest proportion and nonidentical twins
were intermediate. A similar pattern was
seen in the proportion of participants with
two or more autoantibodies. Interestingly, nonidentical twins were more likely
to have at least one positive autoantibody
and be positive for IAA and the combination of IA-2A and IAA but not GADA
when compared with full siblings. At
the initial screening visit, GADA was
present in 20.2% of identical twins
(58 out of 287), 5.6% of nonidentical
twins (35 out of 630), and 4.7% of full
siblings (2,205 out of 47,109) (P ,
0.0001). Additionally, IA-2A was present primarily in identical twins (9.4%;
27 out of 287) and less so in nonidentical twins (3.3%; 21 out of 630) and
full siblings (2.2%; 1,042 out of 47,109)
(P = 0.0001). Nearly 12% of identical twins
(34 out of 287) were positive for IAA at
initial screen, whereas 4.6% of nonidentical twins (29 out of 630) and 2.5% of
full siblings (1,152 out of 47,109) were
initially IAA positive (P , 0.0001). Odds
ratios (ORs) with 95% CIs comparing
autoantibody outcomes by sibling status are summarized in Table 1.
Logistic regression was used to assess
the inﬂuence of genes (G) and shared
uterine environment (E) on autoantibody

Table 1—Prevalence and autoantibody outcomes at screening by sibling status (N = 48,026)
IT (%)

NT (%)

FS (%)

IT vs. NT OR
(95% CI)

P value
(IT vs. NT)

NT vs. FS OR
(95% CI)

P value
(NT vs. FS)
0.302

GADA

20.2

5.6

4.7

4.31 (2.76–6.73)

,0.0001

0.84 (0.59–1.18)

IA-2A

9.4

3.3

2.2

3.01 (1.67–5.42)

0.0001

1.52 (0.98–2.36)

0.06

IAA

11.9

4.6

2.5

2.78 (1.66–4.67)

,0.0001

1.92 (1.32–2.81)

0.0005

$1 positive Ab

23.3

8.3

6.2

3.39 (2.28–5.02)

,0.0001

1.36 (1.02–1.80)

0.0365

$2 positive Ab
Both IA-2A and IAA positive

12.9
5.9

4.0
2.1

2.4
0.9

3.58 (2.11–6.08)
2.99 (1.43–6.24)

,0.0001
0.0023

1.72 (1.15–2.58)
2.23 (1.28–3.89)

0.0079
0.0038

Ab, islet autoantibody; FS, full siblings; IT, identical twins; NT, nonidentical twins.
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Statistical analyses were performed using Prism (GraphPad Software, Inc., La
Jolla, CA) and SAS version 9.4 (SAS Institute, Cary, NC). Follow-up time was
deﬁned as the time from initial visit to
development of autoantibodies/type 1
diabetes or most recent visit.
Logistic regression was used to test the
association of autoantibody outcomes, G
(average fraction of genes shared identical
by descent with affected proband), and E
(environmental factors unique to twins
[i.e., shared uterine environment]) in
models adjusted for age and sex. Given
our ﬁndings on misclassiﬁcation of selfreported twin zygosity, the term for the
average proportion of genes shared for
each type of sibling (G) was deﬁned as 50%
for nontwins, 57% for nonidentical twins,
and 99% for identical twins. The model’s
second variable, E, was assigned a value of
1 for both identical twins and nonidentical
twins and a value of 0 for siblings. Due to
the nature of the TrialNet Pathway to Prevention Study, which follows ﬁrst-degree
relatives of patients with type 1 diabetes
for development of autoantibodies and
diabetes, we are unable to study the
probands/twins with type 1 diabetes for
whom we only have onset of diabetes.
Survival analysis was performed for
development of IAA and/or type 1 diabetes using the log-rank test. Participants were classiﬁed as autoantibody
negative, single autoantibody positive,
or multiple autoantibody positive based
on initial screening. Single antibody–
positive subjects had to have conﬁrmed
results to be classiﬁed as single antibody
positive. Participants were also classiﬁed
as autoantibody negative, single autoantibody positive, or multiple autoantibody
positive at follow-up by combining the
autoantibody results at all follow-up
visits. A participant who had any follow-up
visit with multiple autoantibody–positive
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Table 2—Effects of genetic and environmental factors on autoantibody outcomes
(N = 47,729)
Covariate
OR (95% CI)
P value
1.00 (0.995–1.005)
33.89 (11.54–99.48)
0.922 (0.614–1.385)
0.97 (0.89–1.05)

0.9664
,0.0001
0.697
0.453

IA-2A as outcome
Age
Genetic factors (G)
Environmental factors (E)
Sex (female)

0.97
16.82
1.19
0.79

(0.96–0.98)
(4.10–69.72)
(0.71–2.00)
(0.70–0.89)

,0.0001
0.0001
0.521
0.0001

IAA as outcome
Age
Genetic factors (G)
Environmental factors (E)
Sex (female)

0.95
15.28
1.48
0.75

(0.94–0.96)
(4.37–53.49)
(0.95–2.32)
(0.67–0.84)

,0.0001
,0.0001
0.085
,0.0001

$1 positive autoantibody as outcome
Age
Genetic factors (G)
Environmental factors (E)
Sex (female)
$2 positive autoantibodies as outcome
Age
Genetic factors (G)
Environmental factors (E)
Sex (female)

1.00
19.78
1.07
0.89

(0.99–1.00)
(7.64–51.21)
(0.77–1.51)
(0.83–0.96)

0.033
,0.0001
0.681
0.002

0.96
26.68
1.28
0.82

(0.95–0.97)
(7.43–95.84)
(0.80–2.07)
(0.73–0.92)

,0.0001
,0.0001
0.307
0.0008

Both IA-2A and IAA positive as outcome
Age
Genetic factors (G)
Environmental factors (E)
Sex (female)

0.92 (0.91–0.94)
19.61 (3.29–116.87)
1.67 (0.86–3.23)
0.67 (0.57–0.83)

,0.0001
0.0011
0.1286
,0.0001

Logistic regression models testing the association of autoantibody outcomes, G (average fraction
of genes shared identical by descent with affected proband), and E (environmental factors unique
to twins [i.e., shared uterine environment]) adjusted for age and sex.

outcomes in models adjusted for age and
sex: G was deﬁned as the average fraction of genes shared identical by descent with the affected proband, and E
was deﬁned as the environmental factors unique to twins (i.e., shared uterine environment) (Table 2). Younger
age, male sex, and genetic factors were
signiﬁcantly associated with one or more
positive autoantibody, two or more positive autoantibodies, IA-2A, and IAA
(separately or combined), whereas only
genetic factors were signiﬁcant for
GADA. An inﬂuence of common twin environment (E) was not seen.
Survival analyses were performed
for the development of antibodies
or type 1 diabetes in those subjects
who were followed in the monitoring
phase of TrialNet Pathway to Prevention Study. A total of 17,226 subjects
(157 identical twins, 283 nonidentical
twins, and 16,786 full siblings) were
followed over time with a median followup of 2.1 years (25th percentile 1.1 year

and 75th percentile 4.0 years). Characteristics of these participants are shown
in Supplementary Table 2.
At 3 years of follow-up, the risk for
development of GADA was 16% for identical twins, 5% for nonidentical twins,
and 4% for full siblings (P , 0.0001)
(Fig. 1A). The risk for development of
IA-2A by 3 years of follow-up was 7%
for identical twins, 4% for nonidentical twins, and 2% for full siblings (P =
0.0005) (Fig. 1B). At 3 years of followup, the risk of development of IAA was
10% for identical twins, 5% for nonidentical twins, and 4% for full siblings (P =
0.006) (Fig. 1C). For time-to-event analyses, it is important to note that subjects
who had the event at time 0 (screening)
were excluded, as we do not know when
they had the event because TrialNet is
not a birth cohort.
Survival analyses for development of
type 1 diabetes by antibody positivity at
screening are shown in Fig. 2. In initially
autoantibody-negative subjects, 1.5%

CONCLUSIONS

This study of .48,000 siblings of patients
with type 1 diabetes shows that at initial
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GADA as outcome
Age
Genetic factors (G)
Environmental factors (E)
Sex (female)

of identical twins, 0% of nonidentical
twins, and 0.5% of full siblings progressed
to diabetes at 3 years of follow-up (P =
0.18) (Fig. 2A). For initially single autoantibody–positive subjects, at 3 years of
follow-up, 69% of identical twins, 13%
of nonidentical twins, and 12% of full
siblings developed type 1 diabetes (P ,
0.0001) (Fig. 2B). Subjects who were
positive for multiple autoantibodies at
screening had a higher risk of developing
type 1 diabetes at 3 years of follow-up
with 69% of identical twins, 72% of nonidentical twins, and 47% of full siblings
developing type 1 diabetes (P = 0.079)
(Fig. 2C). Onset of type 1 diabetes in the
proband twin was more closely correlated in identical twins (r = 0.89; P ,
0.0001) (Supplementary Fig. 2A) versus
nonidentical twins (r = 0.62; P = 0.01)
(Supplementary Fig. 2B). For initially
single antibody–positive twins, a total
of nine identical twins progressed to
diabetes, with three of them progressing through the intermediate stage of
multiple antibody positive. A total of
four nonidentical twins who initially
were positive for one autoantibody developed type 1 diabetes, with two of
them progressing through the intermediate stage of multiple antibodies.
Because TrialNet is not a birth cohort
and the median age at screening visit
was 11 years overall, this study would
not capture subjects who had initial
seroconversion at a young age and then
progressed through the intermediate
stage of multiple antibody positivity before developing diabetes.
Development of autoantibodies and
type 1 diabetes by sibling status was
also analyzed by Cox proportional
hazard models, adjusted for age (Supplementary Table 3). Younger age was a
signiﬁcant factor, with identical twins
still having signiﬁcantly higher hazard
ratios (HRs) compared with full siblings
for all autoantibody outcomes (GADA,
IA-2A, and IAA). Nonidentical twins did
not have a signiﬁcantly higher HR compared with full siblings for all autoantibody outcomes (IAA, GADA, or IA-2A).
For the type 1 diabetes outcome, age
was a signiﬁcant factor for identical twins
and full siblings, but not in nonidentical
twins (Supplementary Table 4).
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screening, identical twins were more
likely to have at least one positive autoantibody and be positive for GADA,
IA-2A, and IAA than either nonidentical
twins or full siblings. Interestingly, nonidentical twins were more likely to have
at least one positive autoantibody and
be positive for IAA but not GADA when
compared with full siblings. In addition,
risk for development of type 1 diabetes
at 3 years of follow-up was high for
both single and multiple autoantibody–
positive identical twins (62–69%) and
multiple autoantibody–positive nonidentical twins (72%) compared with
47% for initially multiple autoantibody–
positive full siblings and 12–13% for
initially single autoantibody–positive nonidentical twins and full siblings. To our
knowledge, this is the largest prediagnosis study to evaluate the effects of
genetic factors and common twin environment on the presence or absence of
islet autoantibodies.

In this study, younger age, male sex,
and genetic factors were signiﬁcantly
associated with expression of IA-2A,
IAA, more than one autoantibody, and
more than two autoantibodies, whereas
only genetic factors were signiﬁcant for
GADA. An inﬂuence of common twin
environment (E) was not seen. In those
subjects monitored in the TrialNet
Pathway to Prevention Study (N =
17,226), risk of development of autoantibodies at 3 years follow-up was higher
in identical twins than nonidentical
twins or siblings, with the highest increase seen in development of GADA. As
the median age of this cohort is 11 years
old at initial visit, it is not surprising that
the highest risk for development of autoantibodies is seen for GADA. Besides
younger age and genetic factors, our
study also revealed an effect of male sex
on expression of islet autoimmunity, consistent with other studies that report a
similar increased risk for males (19–21).

Previous studies have shown that
identical twin siblings of patients with
type 1 diabetes have a higher concordance rate for development of type 1
diabetes compared with nonidentical
twins, although reported rates for identical
twins have been highly variable (30–
70%) (13,14,21–24). Studies from various
countries (Australia, Denmark, Finland,
Great Britain, and U.S.) have reported
concordance rates for nonidentical
twins ;5–15% (8,13,22,23). Concordance rates have been higher when
the proband was diagnosed at a younger age (8), which may explain the variability in these reported rates. In this
study, autoantibody-negative nonidentical and identical twins had a low risk
of type 1 diabetes by 3 years of followup. In contrast, once twins developed
autoantibodies, risk for type 1 diabetes
was high for multiple autoantibody nonidentical twins and both single and
multiple autoantibody identical twins.
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Figure 1—Development of autoantibodies by sibling status: development of GADA (A), development of IA-2A (B), and development of IAA (C). FS, full
siblings; IT, identical twins; NT, nonidentical twins.

care.diabetesjournals.org

Triolo and Associates

In addition, nonidentical twins at
screening were more likely to have at
least one positive autoantibody and be
positive for IAA and the combination of
IA-2A and IAA when compared with full
siblings. These ﬁndings may suggest that
early postnatal factors such as exposure
to illnesses and timing of these factors
may be important in the development of
type 1 diabetes. Both identical and nonidentical twins share a common in utero
environment (E, which was not signiﬁcant in this study) as well as experience
environmental exposures at the same
time and age (early shared postnatal
environment), whereas full siblings are
not necessarily exposed to environmental factors at the same time/age. Other
studies have found an inﬂuence of environmental factors in addition to genetic risk in twin type 1 diabetes studies
(25,26). This early shared postnatal environment could not be evaluated in this

study, as the proband sibling with diabetes is not followed in the TrialNet
Pathway to Prevention Study. The Environmental Determinants of Diabetes in
the Young (TEDDY birth cohort) study
has demonstrated differences in autoimmunity initiation according to genetic
factors and environmental exposures
(19,20).
Risk for development of type 1 diabetes is increased if the proband twin
is diagnosed at a young age (8). Previous reports have shown a low rate of
concordance in twins diagnosed after
25 years of age (12). However, if identical
twin pairs are followed over time, autoantibody positivity and type 1 diabetes
frequently develop in twins who are
initially discordant for diabetes (13). In
Cox proportional hazard models adjusted
for age, younger age was a signiﬁcant
factor, with identical twins still having
signiﬁcantly higher HRs compared with

full siblings for all autoantibody outcomes. For development of type 1 diabetes, age was a signiﬁcant factor for
identical twins and full siblings but not
in nonidentical twins. However, it is
important to note that the HR was
the same for nonidentical twins as for
full siblings (HR 0.97), but the number
of nonidentical twins who developed
type 1 diabetes over a median follow-up
of 2 years was relatively small (N = 17),
which likely explains why age did not
reach statistical signiﬁcance in this group.
Limitations of this study include selfreported zygosity, older age at initial
screening (overall median 11 years), and
small numbers of subjects in some of the
groups (in particular in the longitudinal
analysis). Additionally, there is limited
information for the proband sibling with
diabetes other than onset of type 1 diabetes. As this is not a birth cohort, initial
seroconversion of these subjects is not
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Figure 2—Development of type 1 diabetes (T1D) by initial autoantibody status: autoantibody negative (A), single autoantibody positive (B), and multiple
autoantibody positive (C). FS, full siblings; IT, identical twins; NT, nonidentical twins.

197

198

Islet Autoimmunity and Diabetes in Twins

Acknowledgments. The authors thank the sub-

jects and families.

Funding. T.M.T. is supported by the National
Institute of Diabetes and Digestive and Kidney Diseases T32 training fellowship (5T32-DK063687-14). A.K.S. is supported by American
Diabetes Association grant 1-14-CD-17. The
Type 1 Diabetes TrialNet Pathway to Prevention
Study Group is a clinical trials network funded
by the National Institutes of Health through the
National Institute of Diabetes and Digestive and
Kidney Diseases, the National Institute of Allergy
and Infectious Diseases, and the Eunice Kennedy
Shriver National Institute of Child Health and
Human Development through cooperative agreements U01-DK-061010, U01-DK-061034, U01DK-061042, U01-DK-061058, U01-DK-085465,
U01-DK-085453, U01-DK-085461, U01-DK-085463,
U01-DK-085466, U01-DK-085499, U01-DK-085504,
U01-DK-085505, U01-DK-085509, U01-DK-103180,
U01-DK-103153, U01-DK-085476, and U01-DK103266 and by JDRF International.
The contents of this article are solely the
responsibility of the authors and do not necessarily represent the ofﬁcial views of the National
Institutes of Health or JDRF.
Duality of Interest. No potential conﬂicts of
interest relevant to this article were reported.
Author Contributions. T.M.T. researched data
and wrote the manuscript. A.F., L.P., and L.Y.
researched data and reviewed and edited the
manuscript. P.A.G. contributed to discussion and
reviewed and edited the manuscript. A.K.S. designed the study, contributed to discussion, and
reviewed and edited the manuscript. T.M.T. is
the guarantor of this work and, as such, had full
access to all of the data in the study and takes
responsibility for the integrity of the data and
the accuracy of the data analysis.
Prior Presentation. Parts of this study were
presented in abstract form at the 77th Scientiﬁc
Sessions of the American Diabetes Association,
San Diego, CA, 9–13 June 2017, and the 43rd
Annual Conference of the International Society
for Pediatric and Adolescent Diabetes, Innsbruck,
Austria, 18–21 October 2017.

References
1. Bonifacio E. Predicting type 1 diabetes using
biomarkers. Diabetes Care 2015;38:989–996
2. Yu L, Rewers M, Gianani R, et al. Antiislet
autoantibodies usually develop sequentially
rather than simultaneously. J Clin Endocrinol
Metab 1996;81:4264–4267
3. Bonifacio E, Yu L, Williams AK, et al. Harmonization of glutamic acid decarboxylase and islet
antigen-2 autoantibody assays for National Institute of Diabetes and Digestive and Kidney Diseases consortia. J Clin Endocrinol Metab 2010;95:
3360–3367
4. Wenzlau JM, Juhl K, Yu L, et al. The cation
efﬂux transporter ZnT8 (Slc30A8) is a major
autoantigen in human type 1 diabetes. Proc Natl
Acad Sci U S A 2007;104:17040–17045
5. 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
6. Bingley PJ, Boulware DC, Krischer JP; Type
1 Diabetes TrialNet Study Group. The implications
of autoantibodies to a single islet antigen in
relatives with normal glucose tolerance: development of other autoantibodies and progression
to type 1 diabetes. Diabetologia 2016;59:542–549

7. Bosi E, Boulware DC, Becker DJ, et al. Impact
of age and antibody type on progression from
single to multiple autoantibodies in type 1 diabetes relatives. J Clin Endocrinol Metab 2017;
102:2881–2886
8. Hyttinen V, Kaprio J, Kinnunen L, Koskenvuo
M, Tuomilehto J. Genetic liability of type 1 diabetes and the onset age among 22,650 young
Finnish twin pairs: a nationwide follow-up study.
Diabetes 2003;52:1052–1055
9. Metcalfe KA, Hitman GA, Rowe RE, et al.
Concordance for type 1 diabetes in identical
twins is affected by insulin genotype. Diabetes
Care 2001;24:838–842
10. Fava D, Gardner S, Pyke D, Leslie RD. Evidence
that the age at diagnosis of IDDM is genetically
determined. Diabetes Care 1998;21:925–929
11. Verge CF, Gianani R, Yu L, et al. Late progression to diabetes and evidence for chronic
b-cell autoimmunity in identical twins of patients with type I diabetes. Diabetes 1995;44:
1176–1179
12. Redondo MJ, Yu L, Hawa M, et al. Heterogeneity of type I diabetes: analysis of monozygotic twins in Great Britain and the United
States. Diabetologia 2001;44:354–362
13. Redondo MJ, Jeffrey J, Fain PR, Eisenbarth
GS, Orban T. Concordance for islet autoimmunity
among monozygotic twins. N Engl J Med 2008;
359:2849–2850
14. Redondo MJ, Rewers M, Yu L, et al. Genetic
determination of islet cell autoimmunity in
monozygotic twin, dizygotic twin, and non-twin
siblings of patients with type 1 diabetes: prospective twin study. BMJ 1999;318:698–702
15. Aly TA, Ide A, Jahromi MM, et al. Extreme
genetic risk for type 1A diabetes. Proc Natl Acad
Sci U S A 2006;103:14074–14079
16. Mahon JL, Sosenko JM, Rafkin-Mervis L,
et al.; TrialNet Natural History Committee;
Type 1 Diabetes TrialNet Study Group. The
TrialNet Natural History Study of the Development of Type 1 Diabetes: objectives, design, and
initial results. Pediatr Diabetes 2009;10:97–104
17. American Diabetes Association. Classiﬁcation and diagnosis of diabetes. Sec. 2. In Standards of Medical Care in Diabetesd2017. Diabetes
Care 2017;40(Suppl. 1):S11–S24
18. Cohen DJ, Dibble E, Grawe JM, Pollin W.
Reliably separating identical from fraternal
twins. Arch Gen Psychiatry 1975;32:1371–1375
19. Krischer JP, Lynch KF, Lernmark A, et al.
Genetic and environmental interactions modify
the risk of diabetes-related autoimmunity by
6 years of age: the TEDDY study. Diabetes Care
2017;40:1194–1202
20. Krischer JP, Lynch KF, Schatz DA, et al. The
6 year incidence of diabetes-associated autoantibodies in genetically at-risk children: the
TEDDY study. Diabetologia 2015;58:980–987
21. Kumar D, Gemayel NS, Deapen D, et al.
North-American twins with IDDM. Genetic, etiological, and clinical signiﬁcance of disease concordance according to age, zygosity, and the
interval after diagnosis in ﬁrst twin. Diabetes
1993;42:1351–1363
22. Kyvik KO, Green A, Beck-Nielsen H. Concordance rates of insulin dependent diabetes mellitus: a population based study of young Danish
twins. BMJ 1995;311:913–917
23. Condon J, Shaw JE, Luciano M, Kyvik KO,
Martin NG, Duffy DL. A study of diabetes

Downloaded from http://diabetesjournals.org/care/article-pdf/42/2/192/527348/dc180288.pdf by guest on 03 October 2022

known for younger subjects. Furthermore, this study cannot evaluate overall rates of progression to type 1 diabetes
as autoantibody-negative subjects have
not been followed in the TrialNet Pathway to Prevention Study after the
age of 18 years. It is possible that the
higher risk of development of diabetes
in nonidentical twins is inﬂuenced by
self-reported zygosity, and inaccurate
self-report of zygosity may have inﬂuenced (decreased) the risk of diabetes
development in identical twins. In regard to the uncertainty of self-reported
twin zygosity, we have previously determined zygosity for 88 affected and
unaffected cotwins based on sex differences and DNA testing, with unpublished results indicating 2.5% of
identical twins are misclassiﬁed nonidentical and 14.6% of nonidentical
twins are misclassiﬁed identical; we
have therefore included these variables
in the logistic regression models to try
to adjust for the misclassiﬁcation in selfreported zygosity. Additionally, this model
only accounts for shared intrauterine
environment, and identical twins may
have a greater early postnatal shared
environment than nonidentical twins or
full siblings. Another limitation is the
relatively short period of follow-up in
this study and the fact that siblings
who are initially antibody negative are
annually retested in TrialNet only until
18 years of age. This could underestimate the concordance rate for islet
autoimmunity over time. Additional follow-up of this cohort over time will be
beneﬁcial to determine if the risk of
development of type 1 diabetes of multiple autoantibody–positive nonidentical twins remains similar to identical
twins.
This study shows that risk for development of type 1 diabetes at 3 years of
follow-up is high for both initially multiple and single autoantibody–positive
identical twins and multiple autoantibody–
positive nonidentical twins. Although genetic predisposition is an important risk
factor in development of autoantibodies in twins of patients with type 1 diabetes, age and male sex also seem to
play a role in the development of islet
autoimmunity and type 1 diabetes.

Diabetes Care Volume 42, February 2019

care.diabetesjournals.org

mellitus within a large sample of Australian
twins. Twin Res Hum Genet 2008;11:28–40
24. Bogdanos DP, Smyk DS, Rigopoulou EI, et al.
Twin studies in autoimmune disease: genetics,
gender and environment. J Autoimmun 2012;
38:J156–J169

Triolo and Associates

25. Beyan H, Riese H, Hawa MI, et al. Glycotoxin and
autoantibodies are additive environmentally determined predictors of type 1 diabetes: a twin and
population study. Diabetes 2012;61:1192–1198
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