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Identical and Nonidentical Twins:
Risk and Factors Involved
in Development of Islet
Autoimmunity and Type 1
Diabetes
Diabetes Care 2019;42:192–199 | https://doi.org/10.2337/dc18-0288

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 non-
identical 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 andmultiple autoantibody–positive noniden-
tical twins. Genetic predisposition, age, and male sex are significant risk factors for
development of positive autoantibodies in twins.
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Type 1 diabetes is preceded by the
presence of preclinical, persistent is-
let 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 de-
velopment of symptomatic hyperglyce-
mia 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 diag-
nosed, 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 devel-
opment of islet autoimmunity and
type 1 diabetes for nonidentical twins
is thought to be similar to nontwin sib-
lings (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). De-
spite 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 lon-
gitudinal monitoring for autoantibody-
positive subjects through HbA1c testing
and oral glucose tolerance tests (OGTTs).
The purpose of this study was to

evaluate the prevalence of islet auto-
antibodies and analyze a logistic regres-
sion model to test the effects of genetic
factors and common twin environ-
ment on the presence or absence of is-
let autoantibodies in identical twins,

nonidentical twins, and full siblings
screened in the TrialNet Pathway to
Prevention Study. In addition, this study
analyzed the presence of islet autoan-
tibodies (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 Pre-
vention 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 be-
tween 2004 and 2015. Race/ethnicity
and zygosity of participants were self-
reported. All study participants gave
informed consent, and the ethics com-
mittee 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. In-
dividuals with single confirmed auto-
antibody positive or multiple islet
autoantibodies were offered baseline
assessment of OGTTs and monitored
every 6–12 months with autoantibody
testing, HbA1c, and OGTTs at 6- or
12-month intervals depending on es-
timated risk (16). In the TrialNet Path-
way to Prevention Study, siblings who
are initially autoantibody negative are
annually retested for islet autoanti-
bodies until 18 years of age, whereas
autoantibody-positive subjects are moni-
tored every 6–12 months. The exceptions
are identical twins who remain eligible
for annual autoantibody rescreening un-
til 45 years of age (new Pathway to Pre-
vention protocol as of November 2017).
Type 1 diabetes was diagnosed accord-
ing to the TrialNet definitions of devel-
opment of diabetes, which include
the American Diabetes Association crite-
ria (17) as well as the following criteria
if subjects are not unequivocally symp-
tomatic: 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 non-
identical twins, and 47,109 full siblings).
A total of 17,226 participants (157 identi-
cal 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$12months
follow-up after initial screening visit.
These subjects were analyzed in the lon-
gitudinal 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 re-
sults 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., un-
published 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 pos-
itive, 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 Auto-
antibody Standardization ProgramWork-
shop, 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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Statistical Analysis
Statistical analyses were performed us-
ing Prism (GraphPad Software, Inc., La
Jolla, CA) and SAS version 9.4 (SAS In-
stitute, 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 self-
reported 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 Pre-
vention 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 di-
abetes using the log-rank test. Partic-
ipants 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 autoan-
tibody 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

results was classified as multiple auto-
antibody 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 posi-
tive. 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 de-
velopment of type 1 diabetes by sibling
status (full siblings, identical twins, and
nonidentical twins) were also analyzed
by Cox proportional hazard models, ad-
justed 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 withGADA, IA-2A, and IAA
results (287 identical twins, 630 non-
identical 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 identi-
fying 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 differ-
ent 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 signifi-
cantly different between groups (Supple-
mentary 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 identi-
cal 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. Interest-
ingly, nonidentical twins were more likely
to have at least one positive autoantibody
and be positive for IAA and the combi-
nation 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 pres-
ent primarily in identical twins (9.4%;
27 out of 287) and less so in noniden-
tical 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 noniden-
tical 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 sta-
tus 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)

GADA 20.2 5.6 4.7 4.31 (2.76–6.73) ,0.0001 0.84 (0.59–1.18) 0.302

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 12.9 4.0 2.4 3.58 (2.11–6.08) ,0.0001 1.72 (1.15–2.58) 0.0079

Both IA-2A and IAA positive 5.9 2.1 0.9 2.99 (1.43–6.24) 0.0023 2.23 (1.28–3.89) 0.0038

Ab, islet autoantibody; FS, full siblings; IT, identical twins; NT, nonidentical twins.
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outcomes in models adjusted for age and
sex: G was defined as the average frac-
tion of genes shared identical by de-
scent with the affected proband, and E
was defined as the environmental fac-
tors unique to twins (i.e., shared uter-
ine environment) (Table 2). Younger
age, male sex, and genetic factors were
significantly associated with one or more
positive autoantibody, two or more pos-
itive autoantibodies, IA-2A, and IAA
(separately or combined), whereas only
genetic factors were significant for
GADA. An influence of common twin en-
vironment (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 Preven-
tion 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 follow-
up of 2.1 years (25th percentile 1.1 year

and 75th percentile 4.0 years). Charac-
teristics of these participants are shown
in Supplementary Table 2.

At 3 years of follow-up, the risk for
development of GADA was 16% for iden-
tical 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 nonidenti-
cal twins, and 2% for full siblings (P =
0.0005) (Fig. 1B). At 3 years of follow-
up, the risk of development of IAA was
10% for identical twins, 5% for noniden-
tical twins, and 4% for full siblings (P =
0.006) (Fig. 1C). For time-to-event anal-
yses, 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%

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 auto-
antibody–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 non-
identical 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 corre-
lated 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 progress-
ing through the intermediate stage of
multiple antibody positive. A total of
four nonidentical twins who initially
were positive for one autoantibody de-
veloped type 1 diabetes, with two of
them progressing through the inter-
mediate 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 be-
fore developing diabetes.

Development of autoantibodies and
type 1 diabetes by sibling status was
also analyzed by Cox proportional
hazard models, adjusted for age (Supple-
mentary 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 com-
pared with full siblings for all autoanti-
body 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).

CONCLUSIONS

This study of .48,000 siblings of patients
with type 1 diabetes shows that at initial

Table 2—Effects of genetic and environmental factors on autoantibody outcomes
(N = 47,729)

Covariate OR (95% CI) P value

GADA as outcome
Age 1.00 (0.995–1.005) 0.9664
Genetic factors (G) 33.89 (11.54–99.48) ,0.0001
Environmental factors (E) 0.922 (0.614–1.385) 0.697
Sex (female) 0.97 (0.89–1.05) 0.453

IA-2A as outcome
Age 0.97 (0.96–0.98) ,0.0001
Genetic factors (G) 16.82 (4.10–69.72) 0.0001
Environmental factors (E) 1.19 (0.71–2.00) 0.521
Sex (female) 0.79 (0.70–0.89) 0.0001

IAA as outcome
Age 0.95 (0.94–0.96) ,0.0001
Genetic factors (G) 15.28 (4.37–53.49) ,0.0001
Environmental factors (E) 1.48 (0.95–2.32) 0.085
Sex (female) 0.75 (0.67–0.84) ,0.0001

$1 positive autoantibody as outcome
Age 1.00 (0.99–1.00) 0.033
Genetic factors (G) 19.78 (7.64–51.21) ,0.0001
Environmental factors (E) 1.07 (0.77–1.51) 0.681
Sex (female) 0.89 (0.83–0.96) 0.002

$2 positive autoantibodies as outcome
Age 0.96 (0.95–0.97) ,0.0001
Genetic factors (G) 26.68 (7.43–95.84) ,0.0001
Environmental factors (E) 1.28 (0.80–2.07) 0.307
Sex (female) 0.82 (0.73–0.92) 0.0008

Both IA-2A and IAA positive as outcome
Age 0.92 (0.91–0.94) ,0.0001
Genetic factors (G) 19.61 (3.29–116.87) 0.0011
Environmental factors (E) 1.67 (0.86–3.23) 0.1286
Sex (female) 0.67 (0.57–0.83) ,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.
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screening, identical twins were more
likely to have at least one positive au-
toantibody and be positive for GADA,
IA-2A, and IAA than either nonidentical
twins or full siblings. Interestingly, non-
identical 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 non-
identical twins (72%) compared with
47% for initially multiple autoantibody–
positive full siblings and 12–13% for
initially single autoantibody–positive non-
identical twins and full siblings. To our
knowledge, this is the largest prediag-
nosis study to evaluate the effects of
genetic factors and common twin envi-
ronment 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 autoanti-
bodies at 3 years follow-up was higher
in identical twins than nonidentical
twins or siblings, with the highest in-
crease 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 auto-
antibodies is seen for GADA. Besides
younger age and genetic factors, our
study also revealed an effect of male sex
on expression of islet autoimmunity, con-
sistent 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 concor-
dance 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). Concor-
dance rates have been higher when
the proband was diagnosed at a youn-
ger age (8), which may explain the var-
iability in these reported rates. In this
study, autoantibody-negative noniden-
tical and identical twins had a low risk
of type 1 diabetes by 3 years of follow-
up. In contrast, once twins developed
autoantibodies, risk for type 1 diabetes
was high for multiple autoantibody non-
identical twins and both single and
multiple autoantibody identical twins.

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.
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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 non-
identical twins share a common in utero
environment (E, which was not signifi-
cant 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 environmen-
tal factors at the same time/age. Other
studies have found an influence of en-
vironmental factors in addition to ge-
netic risk in twin type 1 diabetes studies
(25,26). This early shared postnatal en-
vironment could not be evaluated in this

study, as the proband sibling with di-
abetes is not followed in the TrialNet
Pathway to Prevention Study. The Envi-
ronmental Determinants of Diabetes in
the Young (TEDDY birth cohort) study
has demonstrated differences in auto-
immunity initiation according to genetic
factors and environmental exposures
(19,20).

Risk for development of type 1 di-
abetes is increased if the proband twin
is diagnosed at a young age (8). Previ-
ous 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, auto-
antibody 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 out-
comes. For development of type 1 di-
abetes, 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 self-
reported 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 di-
abetes. As this is not a birth cohort, initial
seroconversion of these subjects is not

Figure2—Developmentof type1diabetes (T1D)by initial autoantibody status: autoantibodynegative (A), single autoantibodypositive (B), andmultiple
autoantibody positive (C). FS, full siblings; IT, identical twins; NT, nonidentical twins.
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known for younger subjects. Further-
more, this study cannot evaluate over-
all rates of progression to type 1 diabetes
as autoantibody-negative subjects have
not been followed in the TrialNet Path-
way 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 influ-
enced (decreased) the risk of diabetes
development in identical twins. In re-
gard to the uncertainty of self-reported
twin zygosity, we have previously de-
termined zygosity for 88 affected and
unaffected cotwins based on sex dif-
ferences and DNA testing, with un-
published results indicating 2.5% of
identical twins are misclassified non-
identical 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 self-
reported 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 underesti-
mate the concordance rate for islet
autoimmunity over time. Additional fol-
low-up of this cohort over time will be
beneficial to determine if the risk of
development of type 1 diabetes of mul-
tiple autoantibody–positive nonidenti-
cal twins remains similar to identical
twins.
This study shows that risk for devel-

opment of type 1 diabetes at 3 years of
follow-up is high for both initially mul-
tiple and single autoantibody–positive
identical twins and multiple autoantibody–
positive nonidentical twins. Although ge-
netic predisposition is an important risk
factor in development of autoantibod-
ies in twins of patients with type 1 di-
abetes, age and male sex also seem to
play a role in the development of islet
autoimmunity and type 1 diabetes.
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