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OBJECTIVE

Assessment of the predictive power of The Environmental Determinants of Diabetes
in the Young (TEDDY)-identified risk factors for islet autoimmunity (lA), the type
of autoantibody appearing first, and type 1 diabetes (T1D).

RESEARCH DESIGN AND METHODS

A total of 7,777 children were followed from birth to a median of 9.1 years of age for
the development of islet autoantibodies and progression to T1D. Time-dependent
sensitivity, specificity, and receiver operating characteristic (ROC) curves were
calculated to provide estimates of their individual and collective ability to predict IA
and T1D.

RESULTS

HLA genotype (DR3/4 vs. others) was the best predictor for IA (Youden’s index J = 0.117)
and single nucleotide polymorphism rs2476601, in PTPN22, was the best predictor for
insulin autoantibodies (IAA) appearing first (IAA-first) (/ = 0.123). For GAD autoanti-
bodies (GADA)-first, weight at 1 year was the best predictor (J=0.114). In a multivariate
model, the area under the ROC curve (AUC) was 0.678 (95% Cl 0.655, 0.701), 0.707 (95%
Cl 0.676, 0.739), and 0.686 (95% Cl 0.651, 0.722) for IA, IAA-first, and GADA-first,
respectively, at 6 years. The AUC of the prediction model for T1D at 3 years after the
appearance of multiple autoantibodies reached 0.706 (95% Cl 0.649, 0.762).

CONCLUSIONS

Prediction modeling statistics are valuable tools, when applied in a time-until-event
setting, to evaluate the ability of risk factors to discriminate between those who will
and those who will not get disease. Although significantly associated with IA and
T1D, the TEDDY risk factors individually contribute little to prediction. However, in
combination, these factors increased IA and T1D prediction substantially.

The Environmental Determinants of Diabetes in the Young (TEDDY) study is a large
(N = 8,676) prospective cohort study designed to identify environmental factors
influencing or protecting against development of islet autoimmunity (IA) and onset
of type 1 diabetes (T1D) (1). This ongoing international study began in 2004.
Published work to date has examined IA/T1D risk factors including HLA DR-DQ
genotypes, sex, T1D-related single nucleotide polymorphisms (SNPs) (2,3), dietary
factors (soluble fiber, probiotics, and infant formula type) (4—6), growth in early life
(7), age at autoantibody seroconversion, and the first appearing autoantibody (3).
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Prediction of Islet Cell Autoimmunity and T1D

TEDDY-identified risk factors are those
factors with statistical significance in time-
to-event analyses. However, statistically
significant risk factors are not automat-
ically good predictors of disease (8). For
example, a risk factor may be associated
with or cause a disease but be a poor
predictor because it is only one of many
causal mechanisms. Conversely, a risk
factor may predict a disease and yet
not be a component of its pathogenesis.
Therefore, quantifying (9) the individual
and cumulative/incremental predictive
utility of the identified risk factors for
IA and T1D is an important part of the
investigative focus of the TEDDY study, as
it should be in other similarly constructed
prospective cohort studies.

The aim of this work is to evaluate
the individual and combined ability of
TEDDY-identified genetic and environ-
mental risk factors to predict IA and
progression to T1D. Specificity, sensitiv-
ity and receiver operating characteristic
(ROC) curves are fundamental tools for
diagnostic test evaluation. Since TEDDY
is a prospective cohort study, the status
of disease outcome (development of IA
or onset of T1D) changes over time and
the analysis of the cohort at any given
point in time is subject to censoring.
Hence, time dependency needs to be
incorporated in an assessment of the
predictive assessment of these risk fac-
tors, which may result in different values
of sensitivity and specificity over the
course of the study (10,11). In this
work, time-dependent analysis of sensi-
tivity, specificity, and ROC curve was
constructed to evaluate the identified
risk factor for predicting disease out-
come at several time points of interest.

RESEARCH DESIGN AND METHODS

Participants

TEDDY includes six clinical research cen-
ters: Colorado, Georgia/Florida, Wash-
ington, Finland, Germany, and Sweden.
Written informed consent was obtained
for all study participants from a parent or
primary caretaker, separately, for genetic
screening and participation in the prospec-
tive follow-up, beginning at birth. The high-
risk genotypes selected for inclusion for
participants screened from the general pop-
ulation (GP) were as follows: DRB1*04-DQA1*
03-DQB1*03:02/DRB1*03-DQA1*05-DQB1*
02:01 (DR3/4), DRB1*04-DQA1*03-
DQB1*03:02/DRB1*04-DQA1*03-DQB1*
03:02 (DR4/4), DRB1*04-DQA1*03-DQB1*03:02/

DRB1*08-DQA1*04-DQB1*04:02 (DR4/8),
and DRB1*03-DQA1*05-DQB1*02:01/
DRB1*03-DQA1*05-DQB1*02:01 (DR3/3).
Additional study inclusion genotypes for
first-degree relatives (FDRs) of a subject
with T1D were DRB1*04-DQA1*03-
DQB1*03:02/DRB1*04-DQA1*03-DQB1*
02:02 (DR4/4b), DRB1*04-DQA1*03-
DQB1*03:02/DRB1*01-DQA1*01-DQB1*
05:01 (DR4/1), DRB1*04-DQA1*03-
DQB1*03:02/DRB1*13-DQA1*01-DQB1*
06:04 (DR4/13), DRB1*04-DQA1*03-DQB1*
03:02/DRB1*09-DQA1*03-DQB1*03:03
(DR4/9), and DRB1*03-DQA1*05-DQB1*
02:01/DRB1*09-DQA1*03-DQB1*03:03
(DR3/9). The HLA DR-DQ genotype ab-
breviations shown in parentheses will
be used throughout this article. Genotyp-
ing was confirmed by reverse blot hy-
bridization at the central HLA Reference
Laboratory at Roche Molecular Systems,
Oakland, CA (12), along with the INS-23
Hph1 (rs689), CTLA4T17A (rs231775), and
PTPN22 R620 W (rs2476601) SNP primer
pairs. Children enrolled are followed pro-
spectively from 3 months to 15 years, with
study visits every 3 months until 4 years
of age and every 3 or 6 months thereafter
depending on autoantibody positivity. All
children who are persistent positive for
any autoantibody are followed every
3 months until the age of 15 years or
onset of T1D. T1D was defined according
to the American Diabetes Association’s
criteria for diagnosis. Detailed study de-
sign and methods have previously been
published (1,13). The study was ap-
proved by local institutional review or
ethics boards and is monitored by an
external evaluation committee formed
by the National Institutes of Health.

SNP analysis was performed by the
Center for Public Health Genomics at
University of Virginia, using the lllumina
Immunochip, which is a custom array for
genotyping of SNPs selected from re-
gions of the human genome firmly as-
sociated with autoimmune diseases (14).
The final selection of SNPs containing
~186,000 SNPs in 186 regions, for 12 au-
toimmune diseases, was decided by the
Immunochip Consortium. TEDDY previously
examined whether any of 41 non-HLA
SNPs previously shown to be associated
with T1D conferred risk for IA (2).

Islet Autoantibodies and Identified Risk
Factors

Autoantibodies to insulin (IAA), GAD
(GADA), or insulinoma antigen-2 (IA-2A)
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were measured in two laboratories by
radiobinding assays (1,13). In the U.S., all
sera were assayed at the Barbara Davis
Center for Childhood Diabetes at the
University of Colorado Denver; in Europe,
all sera were assayed at the University of
Bristol, U.K. Both laboratories demon-
strated high sensitivity and specificity
as well as concordance (15). All positive
islet autoantibodies and 5% of negative
samples were retested in the other ref-
erence laboratory and deemed confirmed
if concordant. Persistent IA was defined as
confirmed positive autoantibodies to I1AA,
GADA, or IA-2Ain at least two consecutive
samples.

For the development of IA, the TEDDY
study group has examined HLA DR-DQ
genotypes, sex, family history of T1D,
T1D-associated non-HLA SNPs presented
by the Type 1 Diabetes Genetics Consor-
tium (T1DGC) meta-analysis (2,14), com-
plement genes (16), dietary factors
(soluble fiber, probiotic, and infant for-
mula type) (4-6), and growth in early life
(6,7).

TEDDY has previously published that
diabetes-related persistent confirmed
islet autoantibodies first appear singly,
and autoantibodies to IAA appear at an
earlier age than those to GADA (17). The
order of appearance was shown to be
related to HLA DR-DQ genotypes. There-
fore, TEDDY also examined all of the
aforementioned |A-associated risk fac-
tors, along with early infection-related
conditions, on the risks of developing IAA
or GADA as the first appearing indication
of autoimmunity (IAA appearing first
[IAA-first] or GADA-first, respectively)
using multivariate cause-specific propor-
tional hazards modeling (18).

T1D and Identified Risk Factors

For T1D, the analysis included age at
multiple autoantibodies, more than a
single autoantibody as the first appear-
ing indication of seroconversion, and fe-
male sex along with SNPs rs10517086,
rs1534422, and rs2327832 in TNFAIP3,
which were associated with an increased
risk of progression to T1D, and SNP
rs1004446 in INS, which was associated
with decreased risk (3).

Statistical Methods

For each outcome (lA, IAA-first, GADA-
first, or progression to T1D), we eval-
uated individual predictive ability of
the TEDDY-identified risk factors by
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Table 1—Characteristics of the TEDDY study population

Multiple 1As
without Multiple 1As
IA negative Any IA IAA-first  GADA-first  progression to  with progression to
Category (n = 7,041) (n=736) (n=281) (n=316) T1D (n = 215) T1D (n = 219)
Country u.s. 2,972 (42.2) 246(33.4) 83 (29.5) 123 (38.9) 80 (37.2) 65 (29.7)
Finland 1,525 (21.7) 187(25.4) 92 (32.7) 62 (19.6) 47 (21.9) 67 (30.6)
Germany 475 (6.7) 53 (7.2) 20 (7.1) 14 (4.4) 16 (7.4) 21 (9.6)
Sweden 2,069 (29.4) 250(34.0) 86 (30.6) 117 (37.0) 72 (33.5) 66 (30.1)
Family history FDR: mother 284 (4.0) 35 (4.8) 11 (3.9) 14 (4.4) 13 (6.0) 12 (5.5)
FDR: father 346 (4.9) 74 (10.1) 29 (10.3) 32 (10.1) 26 (12.1) 30 (13.7)
FDR: sibling 103 (1.5) 33 (4.5) 20 (7.1) 7 (2.2) 10 (4.7) 14 (6.4)
GP 6,308 (89.6) 594(80.7) 221 (78.6) 263 (83.2) 166 (77.2) 163 (74.4)
Sex Male 3,562 (50.6) 404(54.9) 160 (56.9) 167 (52.8) 136 (63.3) 109 (49.8)
Female 3,479 (49.4) 332(45.1) 121 (43.1) 149 (47.2) 79 (36.7) 110 (50.2)
HLA genotype DR3/4 2,668 (37.9) 362(49.2) 137 (48.8) 155 (49.1) 116 (54.0) 123 (56.2)
DR4/4 1,396 (19.8) 139(18.9) 51 (18.1) 52 (16.5) 49 (22.8) 37 (16.9)
DR4/8 1,226 (17.4) 113(15.4) 59 (21.0) 38 (12.0) 27 (12.6) 30 (13.7)
DR3/3 1,523 (21.6) 96 (13.0) 21 (7.5) 68 (21.5) 15 (7.0) 17 (7.8)
FDR specific* 228 (3.2) 26 (3.5) 13 (4.6) 3 (0.9) 8 (3.7) 12 (5.5)
Probiotics introduction age =28 days 6,522 (92.6) 694(94.3) 267 (95.0) 300 (94.9)
<28 days 519 (7.4) 42 (5.7) 14 (5.0) 16 (5.1)
Weight z score at —0.132 —0.008 —0.033 0.045
12 months, mean (SD) (1.022) (1.033) (1.055) (1.038)
First infant formula type Noformula,nocow’s 4,442 (63.1) 473(64.3) 177 (63.0) 205 (64.9)
during the first 7 days milk
of life No formula, only 1 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
cow’s milk
Nonhydrolyzed 2,237 (31.8) 211(28.7) 79 (28.1) 94 (29.7)
formula
Partially hydrolyzed 89 (1.3) 10 (1.4) 3(1.1) 4 (1.3)
formula
Extensively 169 (2.4) 32 (4.3) 16 (5.7) 11 (3.5)
hydrolyzed formula
Other formula 103 (1.5) 10 (1.4) 6 (2.1) 2 (0.6)
First infant formula type Noformula,nocow’s 1,880 (26.7) 213(28.9) 87 (31.0) 88 (27.8)
during the first 3 milk
months of life No formula, only 17 (0.2) 5 (0.7) 0 (0.0) 3 (0.9)
cow’s milk
Nonhydrolyzed 4,523 (64.2) 450(61.1) 163 (58.0) 202 (63.9)
formula
Partially hydrolyzed 220 (3.1) 18 (2.4) 6(2.1) 7 (2.2)
formula
Extensively 218 (3.1) 36 (4.9) 17 (6.0) 12 (3.8)
hydrolyzed formula
Other formula 183 (2.6) 14 (1.9) 8(2.8) 4 (1.3)
Age at multiple persistent
confirmed autoantibodies
(months), mean (SD) 60.4 (31.5) 30.2 (21.3)
Type of first autoantibody GADA only 87 (40.5) 53 (24.2)
IAA only 80 (37.2) 85 (38.8)
IA-2A only 3 (1.4) 4 (1.8)
Two or more 45 (20.9) 77 (35.2)
autoantibodies
rs1004446 (INS) GG 2,771 (39.4) 332(45.1) 135 (48.0) 130 (41.1) 100 (46.5) 110 (50.2)
AG 3,287 (46.7) 331(45.0) 118 (42.0) 152 (48.1) 95 (44.2) 88 (40.2)

Continued on p. 1054
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Multiple 1As
without Multiple 1As
IA negative Any 1A IAA-first  GADA-first  progression to  with progression to
Category (n = 7,041) (n=736) (n=281) (n=316) T1D (n = 215) T1D (n = 219)
AA 983 (14.0) 73 (9.9) 28 (10.0) 34 (10.8) 20 (9.3) 21 (9.6)
rs10517086 GG 3,612 (51.3) 363(49.3) 137 (48.8) 164 (51.9) 101 (47.0) 97 (44.3)
AG 2,878 (40.9) 308(41.8) 114 (40.6) 128 (40.5) 96 (44.7) 99 (45.2)
AA 551 (7.8) 65 (8.8) 30 (10.7) 24 (7.6) 18 (8.4) 23 (10.5)
rs1534422 AA 76 (35.3) 50 (22.8)
AG 106 (49.3) 115 (52.5)
GG 33 (15.3) 54 (24.7)
rs2327832 (TNFAIP3) AA 144 (67.0) 134 (61.2)
AG 66 (30.7) 70 (32.0)
GG 5(2.3) 15 (6.8)
rs1143678 (ITGAM) cc 5,162 (73.3) 545(74.0) 206 (73.3) 234 (74.1)
CT 1,708 (24.3) 174(23.6) 69 (24.6) 72 (22.8)
T 171 (2.4) 17 (2.3) 6 (2.1) 10 (3.2)
rs12708716 (CLEC16A) AA 3,086 (43.9) 352(47.9) 125 (44.5) 157 (49.8)
AG 3,100 (44.1) 322(43.8) 130 (46.3) 136 (43.2)
GG 837 (11.9) 61 (8.3) 26 (9.3) 22 (7.0)
rs2292239 (ERBB3) GG 3,266 (46.4) 291(39.5) 112 (39.9) 125 (39.6)
TG 3,070 (43.6) 359(48.8) 141 (50.2) 152 (48.1)
T 704 (10.0) 86 (11.7) 28 (10.0) 39 (12.3)
rs2476601 (PTPN22) GG 5,665 (80.5) 518(70.4) 194 (69.0) 225 (71.2)
AG 1,292 (18.3) 205(27.9) 79 (28.1) 87 (27.5)
AA 84 (1.2) 13 (1.8) 8 (2.8) 4 (1.3)
rs2816316 (RGS1) AA 4,693 (66.7) 485(65.9) 188 (66.9) 210 (66.5)
AC 2,111 (30.0) 223(30.3) 81 (28.8) 95 (30.1)
cc 237 (3.4) 28 (3.8) 12 (43) 11 (3.5)
rs3184504 (SH2B3) cC 2,224 (31.6) 175(23.8) 71 (25.3) 70 (22.2)
CcT 3,446 (48.9) 365(49.6) 133 (47.3) 158 (50.0)
T 1,371 (19.5) 196(26.6) 77 (27.4) 88 (27.8)
rs4597342 (ITGAM) cC 3,135 (44.5) 311(42.3) 132 (47.0) 128 (40.5)
CcT 3,091 (43.9) 341(46.3) 116 (41.3) 153 (48.4)
T 812 (11.5) 84 (11.4) 33 (11.7) 35 (11.1)
rs4948088 (COBL) cc 6,401 (90.9) 689(93.6) 265 (94.3) 293 (92.7)
AC 619 (8.8) 45 (6.1) 16 (5.7) 22 (7.0)
AA 21 (0.3) 2 (0.3) 0 (0.0) 1(0.3)

Data are presented as number (percentage) unless otherwise indicated. *FDR-specific HLA DR-DQ genotypes are DR4/4b, DR4/1, DR4/13, DR4/9, and

DR3/9.

calculating time-dependent sensitivity
(Se) and specificity (Sp) at 6 years of
age (see Supplementary Data for 2 and
10vyears follow-up). Family history of T1D
was categorized as FDR versus GP, HLA
genotypes were categorized as DR3/4
versus others, type of formula was cat-
egorized as extensively hydrolyzed cow’s
milk—based formula versus others, each
of the SNPs was categorized as major (no
copy of minor allele) versus minor/
heterogeneous (one or two copies of
minor alleles), and first appearing indi-
cation of seroconversion was categorized
as more than a single autoantibody ver-
sus others. Continuous risk factors, e.g.,

the weight z score at 1 year and age at
multiple autoantibodies onset, were
evaluated using median value as the
cutoff.

Since we were also interested in the
incremental predictive ability of each risk
factor, we performed a forward selection
procedure, with an entry level (P < 0.1)
to order and include risk factors from all
of the identified risk factors by Cox pro-
portional hazards regression. Then, we
fitted Cox models by adding one risk
factor at a time according to the order
determined by the forward selection. For
each of the fitted Cox models, a risk score
was defined as the estimated linear

predictor in the log hazard function. A
time-dependent ROC curve at each of the
specified time points was calculated for
each of the risk scores (prediction mod-
els). The Youden’s index (J), Se + Sp — 1
(9), and area under the curve of the time-
dependent ROC (AUC) were calculated.
For the analyses presented herein, J is
defined at its maximum. The AUC quan-
tifies the probability that the risk scores
from a randomly selected pair of dis-
eased and nondiseased individuals are
correctly ordered.

The forward selection procedure was
performed using the SAS software (ver-
sion 9.4; SAS Institute, Cary, NC). The
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package “survival” (19) was used to fit
Cox models and the package “timeROC”
(20) was used to calculate time-dependent
sensitivity, specificity,and ROCinR 3.4.2
(R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

As of 31 July 2017, 7,777 of 8,676 (89.6%)
enrolled children who were HLA DR-DQ
genotype eligible and had Immunochip
data available were included in the anal-
yses. The median age of follow-up for the
7,777 children was 9.1 years (interquar-
tile range 7.9-10.4). As summarized in
Table 1, a total of 736 (9.5%) children
developed one or more persistent auto-
antibodies (GADA, IAA, or IA-2A), and
among them 281 (38%) children had IAA
only as the first appearing autoantibody
(IAA-first), 316 (43%) children had GADA
only as the first appearing autoantibody
(GADA-first), 17 (2%) children had 1A-2A

only as the first appearing autoantibody
(IA-2A-first), and 104 (14%) children had
two autoantibodies and 18 (2%) children
had three autoantibodies appearing si-
multaneously. Altogether, 434 subjects
developed two or more autoantibodies,
and of these, 219 (50.5%) children de-
veloped T1D.

Predicting Development of IA

The sensitivity (Se), specificity (Sp), and
Youden’s index (J) of each risk factor for
predicting IA, IAA-first, and GADA-first at
6 years are presented in Table 2. Among
all the identified risk factors, HLA geno-
type (DR3/4 vs. others) is the best pre-
dictorforlA(J=0.117) and SNP rs2476601
(PTPN22) is the best predictor for IAA-first
(/ = 0.123), whereas family history of
TiD (/ = 0.100 and 0.111) for both,
SNP rs2476601 for IA (J = 0.112), and
HLA genotype for IAA-first (J/ = 0.104)
achieved at least 0.10 in Youden'’s index.

Krischer and Associates

For GADA-first, weight at 1 year is the best
predictor (J = 0.114), followed by HLA
genotype (/= 0.103) and SNP rs2292239
in ERBB3 (J = 0.112). SNP rs3184504 in
SH2B3 also achieved >0.10 in Youden’s
index (/ = 0.105). Similar results have been
observed in predicting IA and IAA-first,
while SNP rs2476601 is the best pre-
dictor for GADA-first (J = 0.191) at 2
years (Supplementary Table 1). For pre-
diction of IA, IAA-first, and GADA-first at
10 years (Supplementary Table 2), HLA
genotype is the best predictor, with
Youden’s index of J = 0.105, 0.113,
and 0.09, respectively. No other risk
factor achieved >0.10 in Youden’s in-
dex. From the plots of (Se, 1 — Sp) in Fig.
1, itis easy to see that these risk factors
individually lie close to the diagonal line,
which is interpreted as providing little
predictive value for IA (IA, IAA-first, or
GADA-first) or progression to T1D.

Table 2—Se, Sp, and J for each risk factor to predict any IA, IAA-first, or GADA-first at age of 6 years or progression to T1D at 3 years
from the appearance of multiple autoantibodies

At age of 6 years

Progression to T1D

Any IA IAA-first GADA-first at year 3

Risk factor Se Sp J Se Sp J Se Sp J Se Sp J
Family history (FDR vs. GP) 0.214 0.886 0.100 0.226 0.886 0.112 0.193 0.886 0.079
Sex (female vs. male) 0.547 0.491 0.038 0.564 0.491 0.055 0.532 0.491 0.023 0.517 0.598 0.115
HLA genotype (DR3/4 vs. others) 0.498 0.619 0.117 0.485 0.619 0.104 0.484 0.619 0.103
Probiotics introduction age (<28 days vs.

=28 days) 0.943 0.078 0.020 0.945 0.078 0.023 0.959 0.078 0.036
Weight z score at 12 months (=median vs.

<median) 0.550 0.509 0.059 0.511 0.509 0.020 0.605 0.509 0.114
First infant formula type during the first

7 days of life (extensively hydrolyzed vs. other) 0.045 0.972 0.017 0.056 0.972 0.028 0.037 0.972 0.009
First infant formula type during the first

3 months of life (extensively hydrolyzed vs. other) 0.050 0.966 0.015 0.060 0.966 0.025 0.041 0.966 0.006
Age at multiple persistent confirmed

autoantibodies (months) (=median vs. <median) 0.732 0.496 0.228
Type of first autoantibody (=2

autoantibodies vs. 1 autoantibody) 0.370 0.756 0.127
rs1004446 (INS) 0.463 0.606 0.069 0.488 0.606 0.093 0.416 0.606 0.022 0.538 0.551 0.089
rs10517086 0.511 0.514 0.025 0.511 0.514 0.025 0.508 0.486 —0.006 0.545 0.457 0.002
rs1534422 0.796 0.295 0.091
rs2327832 (TNFAIP3) 0.391 0.658 0.049
rs1143678 (ITGAM) 0.746 0.268 0.014 0.726 0.268 —0.006 0.762 0.268 0.030
rs12708716 (CLEC16A) 0.475 0.561 0.036 0.442 0.561 0.003 0.480 0.561 0.042
rs2292239 (ERBB3) 0.624 0.472 0.096 0.621 0.472 0.093 0.640 0.472 0.112
rs2476601 (PTPN22) 0.309 0.802 0.111 0.321 0.802 0.123 0.294 0.802 0.095
rs2816316 (RGS1) 0.344 0.673 0.016 0.328 0.673 0.000 0.337 0.673 0.010
rs3184504 (SH2B3) 0.755 0.315 0.069 0.725 0.315 0.040 0.791 0.315 0.105
rs4597342 (ITGAM) 0.582 0.436 0.018 0.456 0.564 0.020 0.595 0.436 0.031
rs4948088 (COBL) 0.936 0.086 0.022 0.951 0.086 0.037 0.921 0.086 0.008
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Figure 1—Sevs. 1 — Sp of each TEDDY-identified risk factor to predict IA, IAA-first, and GADA-first (A—C) at age 6 years and to predict progression to T1D
at 3 years from the appearance of multiple autoantibodies (D).

In the forward selection for IA, a total
of 12 risk factors were added into the
prediction models in the order of fam-
ily history of T1D, HLA DR-DQ geno-
type, rs2476601 (PTPN22), rs3184504
(SH2B3), rs1004446 (INS), weight z score
at 1 year of age, rs2292239 (ERBB3),
rs1270876 (CLEC16A), sex, rs4948088
(COBL), probiotics exposure before 28
days, and type of first formula introduced
before 3 months of age. The AUC and the
Youden’s index (J) of each prediction
model for predicting IA at 6 years are
givenin Table 3. The AUC was 0.552 (95%
Cl 0.534, 0.569) with the inclusion of
family history of T1D and increased to
0.678 (95% Cl 0.655, 0.701) with the full
model at 6 years. Both AUC and Youden'’s
index increased when additional risk
factors were added into the prediction
models. The incremental AUC (AAUC)
and Youden’s index (AJ) introduced by
each newly added risk factor are also
given in Table 3. The first four risk factors

(family history of T1D, HLA genotype,
SNP rs2476601 in PTPN22, and SNP
rs3184504 in SH2B3) contributed the
most. Similar results have been ob-
served in predicting |A at 2 and 10 years
(Supplementary Tables 3 and 4 and Fig.
1A). The ROC curves to predict IAat 2, 6,
and 10 years using the prediction model
with all of the 12 risk factors are plotted
in Fig. 2A. As we can see, the ability to
predict IA gets worse as the time frame
gets lengthened.

For |AA-first, the AUCs at years 2, 6,
and 10 reached 0.704 (95% CI 0.665,
0.744), 0.707 (95% CI 0.676, 0.739),
and 0.683 (95% Cl 0.647, 0.719), respec-
tively, when all eight identified risk fac-
tors were combined into the prediction
model (Table 3, Supplementary Tables 3
and 4, and Fig. 2B). The first five added
risk factors (family history of T1D, HLA
DR-DQ genotype, SNP rs2476601 in
PTPN22, SNP rs1004446 in INS, and
SNP rs3184504 in SH2B3) contributed

the most in terms of the AUC. For
GADA-first, the AUCs at years 2, 6, and
10 reached 0.683 (95% Cl 0.618, 0.747),
0.686 (95% CI 0.651, 0.722), and 0.639
(95% CI 0.603, 0.674), respectively, when
all risk factors were combined into the
prediction model (Table 3, Fig. 2C, and
Supplementary Tables 3 and 4).

Predicting Progression to T1D From
Multiple Autoantibodies

The sensitivity and specificity of each risk
factor for predicting progression to T1D
at 3 years after onset of multiple auto-
antibodies are presented in Table 2 and
are plotted in Fig. 1D. Among all iden-
tified risk factors, age at onset of multiple
autoantibodies is the best predictor for
progression to T1D at 3 years in terms of
Youden’s index (J = 0.228). First appear-
ing indication of seroconversion ranked
second in terms of Youden’s index (J =
0.127). Similar results have been ob-
served in predicting T1D at 1 and 5 years
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Table 3—AUC and J of each prediction model, together with AAUC and AJ introduced by the newly added risk factor in each prediction model factor to predict any IA, IAA-first, or
GADA-first at age of 6 years or progression to T1D at 3 years from the appearance of multiple autoantibodies

At age of 6 years

# of risk
f Any |IA IAA-first GADA-first Progression to T1D at year 3
actors
in Newly added
the risk Newly added Newly added Newly added
model factor AUC AAUC J A risk factor AUC AAUC J Ay risk factor AUC AAUC J AY) risk factor AUC AAUC J A
1 Family history 0.552 0.100 Family history 0.560 0.115 rs3184504  0.587 0.129 Age at multiple 0.668 0.321
(SH2B3) 1As
2 HLA genotype 0.605 0.054 0.161 0.062 HLA genotype 0.639 0.080 0.191 0.076 rs2476601 0.606 0.019 0.183 0.054 Type of first 0.672 0.004 0.310 —0.011
(PTPN22) autoantibody
3 rs2476601 0.627 0.022 0.189 0.028 rs2476601 0.668 0.029 0.231 0.040 HLA 0.631 0.025 0.183 —0.001 rs1534422 0.690 0.018 0.314 0.004
(PTPN22) (PTPN22) genotype
4 rs3184504 0.646 0.018 0.207 0.018 rs1004446 (INS) 0.679 0.011 0.276 0.045 Family 0.655 0.024 0.236 0.053 Sex 0.704 0.014 0.364 0.050
(SH2B3) history
5 rs1004446 (INS) 0.656 0.010 0.231 0.024 rs3184504 0.694 0.015 0.316 0.040 Weight z 0.674 0.018 0.253 0.017 rs2327832 0.702 —0.002 0.346 —0.018
(SH2B3) score (TNFAIP3)
at 12 months
6 Weight z score  0.665 0.009 0.250 0.018 Sex 0.698 0.004 0.313 —0.002 rs12708716 0.677 0.003 0.280 0.027 rs1004446 0.707 0.005 0.355 0.009
at 12 months (CLEC16A) (INS)
7 rs2292239 0.671 0.006 0.250 0.001 Weight z score 0.702 0.004 0.322 0.009 rs2292239 0.686 0.009 0.287 0.007 rs10517086 0.706 —0.002 0.352 —0.003
(ERBB3) at 12 months (ERBB3)
8 rs12708716  0.673 0.002 0.252 0.002 rs4948088 0.706 0.004 0.326 0.004
(CLEC16A) (COBL)
9 Sex 0.675 0.002 0.250 —0.002 Probiotics 0.707 0.002 0.316 —0.010
introduction
age
10 rs4948088 0.675 0.000 0.248 —0.002
(COBL)
11 Probiotics 0.676 0.002 0.251 0.003
introduction
age
12 First infant 0.678 0.002 0.256 0.006
formula
type during the
first

3 months of life
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Figure 2—ROC curves with associated AUC of prediction models with TEDDY-identified risk factors selected by forward selection to predict IA, IAA-first,
and GADA-first (A-C) at ages 2, 6, and 10 years and predict T1D at 1, 3, and 5 years from the appearance of multiple autoantibodies (D).

(Supplementary Tables 1 and 2 and
Supplementary Figs. 1D and 2D).

In the forward selection, all seven risk
factors were added into the predictive
model in the order of age at onset of
multiple antibodies, first appearing indica-
tion of seroconversion, SNP rs1534422,
sex,and SNPsrs2327832,rs1004446, and
rs10517086. The AUC and Youden’s index
of each prediction model for predicting
progression to T1D at 3 years are given
in Table 3 and at 1 and 5 years are given in
Supplementary Tables 1 and 2. Age at onset

of multiple antibodies is a strong predic-
tor for progression to T1D, and other risk
factors contributed only a little in additional
predictive value. The AUCs of the prediction
model combining all identified risk factors
reached 0.781 (95% Cl 0.716, 0.845), 0.706
(95% Cl 0.649, 0.762), and 0.660 (95% Cl
0.600, 0.720), respectively, to predict pro-
gressionto T1D atyears 1, 3, and 5 (Fig. 2D).
As to the ability to predict IA, the prediction
models gave a better prediction of pro-
gression to T1D at an earlier time point
compared with a later time point.

CONCLUSIONS

While TEDDY has identified genetic and
environmental markers significantly as-
sociated with the risk of IA and T1D, this
work has evaluated their individual and
combined contribution to predicting
IA and progression to T1D based on time-
dependent specificity, sensitivity, and
the corresponding ROC curve. Despite
the strong statistical associations, the re-
sults described herein show that these
associations are relatively weak predic-
tors. The Youden indices are generally
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<0.4 and the AUC <0.8, which put the
predictors no better than fair. Interest-
ingly, the ability to predict IA or T1D
decreases with an increasing time hori-
zon. In addition, the ability to predict IAA-
first and GADA-first is no better than IA,
suggesting the strong influence of age
(most IAA-first occurs at an early age
compared with GADA-first, which is con-
sistent with our previous results [17,18]).

With respect to prediction of IAA-first,
HLA genotype contributed the most to-
ward prediction after family history of
T1D. The contribution of three other
genetic factors (rs2476601 in PTPN22,
rs1004446 in INS, and rs3184504 in
SH2B3) contributed equally, raising the
J index from 0.115 to 0.316 with the
others contributing little improvement.
With respect to predicting GADA-first,
rs3184504 in SH2B3_T contributed the
most followed by rs2476601 in PTPN22
and family history of T1D contributing
equally. After consideration of these
risk factors, additional contribution to
prediction from the others was really
nominal. Age at onset of multiple auto-
antibodies was the most significant pre-
dictor of T1D, with the other risk factors
also making a very nominal contribution.
Of note, the TEDDY cohort is young, and
these results may be affected by the
early seroconversion to IAA-first autoan-
tibody positivity, which diminishes as age
increases. Additional follow-up may in-
crease the ability to predict T1D following
GADA-first seroconversion.

The ability to estimate sensitivity and
specificity, in a time-until-event setting,
provides a means by which to evaluate
the contribution of statistically signifi-
cant risk factors identified by using
Cox proportional hazards models. Those
models describe contributions to risk
estimates (hazard rates) that are only
the positive predictive value. The meth-
ods included herein provide an ability to
assess the extent to which risk factors can
discriminate between those who will and
will not get disease.

The incorporation of significant risk
factors identified from TEDDY’s nested
case-control study, such as the observa-
tion of lower IA odds ratio associated
with higher average 25(OH)D concentra-
tion over all time points using conditional
logistic regression analysis (21), into the
prediction modeling requires analytic
methods that extend the results to the
entire cohort. The matched concordance

index (C-index) (22) of 0.56 (95% Cl 0.53—
0.59) suggests that it adds little to the data
presented herein.

The factors identified and the analysis
presented in this article are not without
their limitations. The TEDDY cohort is
relatively young, with a selected high-risk
HLA from selected geographic settings.
The results reported herein may not
remain the same when the cohort
ages or if applied to other cohorts.
But this point speaks to generalizability
of each of the risk factors, not to the
methods described here, which provide a
means to assess their relative contribu-
tion to prediction in the same cohort
from which they were identified. It is
important to have a validation data set,
and we accept this limitation in TEDDY
overall. Finally, the analytic methodology
that we used to combine the risk factors
has its own limitations, yet follows ac-
cepted practice for such an analysis (23).

As additional risk factors are identified
and prediction improves, the results can
provide insights into causal mechanisms.
TEDDY is uniquely poised to make this
contribution as it adds environmental
exposures, pathogens, and extensive ge-
nomics to the risk factors identified thus
far. Going forward, the presented eval-
uation framework will serve as a sum-
mary tool to evaluate these new risk
factors as they are identified in TEDDY.
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