© 2011 John Wiley & Sons A/S

Pediatric Diabetes 2011
doi: 10.1111/j.1399-5448.2011.00774.x
All rights reserved

Pediatric Diabetes

Original Article

The Environmental Determinants of Diabetes
in the Young (TEDDY): genetic criteria and
international diabetes risk screening of 421 000
infants
Hagopian WA, Erlich H, Lernmark Å, Rewers M, Ziegler AG, Simell O,
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Aims: The Environmental Determinants of Diabetes in the Young (TEDDY)
study seeks to identify environmental factors influencing the development of
type 1 diabetes (T1D) using intensive follow-up of children at elevated genetic
risk. This study requires a cost-effective yet accurate screening strategy to
identify the high-risk cohort.
Methods: The TEDDY cohort was identified through newborn screening
using human leukocyte antigen (HLA) class II genes based on criteria
established with pre-TEDDY data. HLA typing was completed at six
international centers using different genotyping methods that can achieve
>98% accuracy.
Results: TEDDY developed separate inclusion criteria for the general
population (GP) and first-degree relatives (FDRs) of T1D patients. The FDR
eligibility includes nine haplogenotypes (DR3/4, DR4/4, DR4/8, DR3/3,
DR4/4b, DR4/1, DR4/13, DR4/9, and DR3/9) for broad HLA diversity,
whereas the GP eligibility includes only the first four haplogenotypes with
DRB1*0403 as an exclusion allele. TEDDY has screened 414 714 GP infants,
of which 19 906 (4.8%) were eligible, whereas 1415 of the 6333 screened FDR
infants (22.2%) were eligible. High-resolution confirmation testing of the
eligible subjects indicated that the low-cost and low-resolution genotyping
techniques employed at the screening centers yielded an accuracy of 99%.
There were considerable variations in eligibility rates among the centers for
GP (3.5–7.4%) and FDR (19–32%) subjects. The eligibility rates among US
ethnic groups were 0.9, 1.3, 5.0, and 6.9% for Asians, Black, Caucasians, and
Hispanics, respectively.
Conclusions: Different low-cost and low-resolution genotyping methods are
useful for the efficient and accurate identification of a high-risk cohort for
follow-up based on the TEDDY HLA inclusion criteria (ClinicalTrials.gov
NCT00279318).
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Type 1 diabetes (T1D) results from poorly defined
interactions between susceptibility genes and environmental determinants. T1D susceptibility is primarily defined by genetic factors within the human
leukocyte antigen (HLA) complex on chromosome 6.
The main disease factors are the HLA-DQ molecule
encoded by DQA1 and DQB1 genes and the HLADR molecule defined by DRB1 alleles (1). In addition,
recent genome-wide association studies have identified
40 other association intervals that may harbor T1D
susceptibility/protection genes (2–5). In contrast to the
rapid progress in finding T1D genes, identification and
confirmation of environmental determinants remain a
formidable challenge. The reasons underlying the lack
of progress are multi-faceted. First, different categories
and large numbers of environmental determinants
could contribute to the triggering or protection of
T1D. Although many candidates have been suggested
by previous studies (6, 7), few have been definitively
proven beyond reasonable doubt. Second, exposures
may occur any time before the onset of disease, from
in utero to disease onset. Third, environmental determinants may differ in different populations, partly
depending on the genetic architecture. Fourth, the individual risk of developing T1D in the general population
(GP) is not very high and quite variable in different
populations. Therefore, large study populations with
elevated T1D risk must be identified. Although firstdegree relatives (FDRs) of T1D patients certainly have
elevated risk, subjects from the GP must be included
as well because 85–90% of diagnosed patients do not
have an FDR with the disease.
Identification of environmental determinants requires frequent follow-up studies of large number of
subjects from early in life until disease onset for a variety of exposures using both epidemiological and laboratory methodologies. To accomplish such ambitious
goals, long-term multicenter prospective studies on a
cohort at high risk of developing the disease are necessary. The Environmental Determinants of Diabetes
in the Young (TEDDY), an NIH-funded prospective
observational study, was designed to accomplish this
goal. The TEDDY design addresses the main concerns
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related to the studies of environmental exposures (8).
TEDDY has identified a large cohort of infants
that have increased genetic risk for developing islet
autoantibodies and T1D by screening several hundred
thousand newborns. The high-risk cohort is closely
monitored beginning at approximately 3 months of
age for the development of islet autoantibodies and
T1D for 15 yr, during which environmental exposures are extensively and intensively measured. These
exposures include diet, infectious agents, psychosocial
stress, and other lifestyle and location-based factors.
Exposures are captured via frequent biological samples from the participating children as well as extensive
questionnaire-acquired data (8).
For the TEDDY study to be cost-effective, the
intention was to apply the long and intense followup protocol only to children at elevated risk of T1D.
Development of a high-risk study cohort of sufficient
size required multiple strategies including an international consortium of large clinical centers, screening
of both FDR and GP infants, and study inclusion
criteria based on genetic risk screening applicable in
this diverse setting. Despite the available information
on multiple T1D susceptibility genes, the only genes
useful for screening purpose were, and still are, the
HLA class II genes (DRB1, DQA1, and DQB1), which
account for some 50% of the total genetic contribution to T1D. Therefore, these genes were chosen for
TEDDY screening. Here, we describe the development
of the TEDDY HLA strategy, its successful implementation in the screening centers, the overall results as the
screening nears completion, and the associated quality
control programs and outcomes.

Methods
Pre-TEDDY data collection
To develop an HLA screening strategy for TEDDY,
HLA data on the healthy background population,
T1D patients and their FDRs were assembled from
the six TEDDY clinical centers based in Colorado
(COL), Washington State (WAS), Georgia/Florida
(GEO), Finland (FIN), Germany (GER), and Sweden
Pediatric Diabetes 2011
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(SWE). All centers provided historical data on their
background populations that were used to develop the
TEDDY HLA strategy for GP subjects. Two centers
(GER and SWE) also provided FDR data. Some of the
pre-TEDDY data from this study have been published
previously (9–14).

TEDDY genotyping methods
Samples were in all cases obtained from subjects under
informed consent of parents and with IRB/Ethics
Board approval. Each center was allowed to develop
its own genotyping methods as long as a minimum
accuracy of 98% was achieved. Five HLA screening laboratories were chosen for TEDDY screening
and they employed four different genotyping strategies. Screening genotyping results were expected to be
available by the time the infant was 2 months of age.
Low-cost genotyping was achieved by adopting a twostage screening strategy in four laboratories. In the first
stage, approximately 90% of the ineligible subjects are
excluded by the presence of specific alleles that can be
detected inexpensively. In the second stage, detailed
genotyping of DQB1 and DQA1 or DQB1 and DRB1
alleles is determined. For the GP, the DRB1*0403
allele is usually determined by a restriction digest of
the exon 2 amplicon. The first-stage strategy used by
the Finnish and Swedish screening laboratories was to
exclude certain resistant alleles while requiring certain
susceptible alleles, and was previously described (15).
The WAS laboratory used a first-stage strategy of
exclusion of DQB1*05, DQB1*06, DQB1*0301, and
DQA1*02 followed by direct exon 2 sequencing of
specific DQB1 and DQA1 alleles in the second-stage
genotyping. The GEO screening laboratory excluded
subjects with DQB1*05, DQB1*06, and DQB1*0301
using allele-specific amplifications in the first stage.
The potentially eligible subjects were further genotyped
for DQB1 by denaturing gradient gel electrophoresis

using a previously published protocol (9) and DRB1
by Luminex beads. Samples from the COL center were
genotyped in the laboratory of Dr Erlich using a reverse
line blot technique with a panel of immobilized oligonucleotide probes for DRB1 and DQB1 alleles (11). The
same laboratory also served as the TEDDY HLA Reference Laboratory to carry out confirmatory tests of
enrolled subjects from all six clinical centers using separate DRB1, DQA1, and DQB1 reverse line blots, each
with a much higher resolution panel of immobilized
probes (16).

Results
Development of the TEDDY HLA strategy
To design a study-wide TEDDY HLA strategy, the
TEDDY investigators assembled HLA genotyping
data from all six TEDDY clinical centers. These data
represent the populations near the three US centers
and three European centers. All six data sets consisted
primarily of Caucasian subjects from the study areas.
Odds ratios (ORs) for association with T1D were calculated for each haplogenotype in each population.
Genotypes were then ranked by the OR in each of the
study populations. Interestingly, the rank order for the
top five high-risk haplogenotypes was identical for all
six data sets. From the combined data set, we were
able to identify nine high-risk haplogenotypes which
had an estimated relative risk of >3 in all six data sets
(Table 1). Although several other haplogenotypes had
increased OR in one or several data sets, their ORs
were not consistent in all study populations and thus
were excluded from further consideration.
During the TEDDY design stage, consensus favored
the adoption of inclusion of specific HLA haplogenotypes eligible for TEDDY follow-up with specific
exclusion of dominantly protective alleles. The data
in Table S1 (Supporting information) summarize the
cumulative frequencies of the top two, four, or nine

Table 1. Human leukocyte antigen eligibility for FDR and GP newborns*
Code
A
B
C
D
E
F
G
H
I

Haplotype genotypes

Abbreviation

FDR

GP†

DR4-DQA1*030X-DQB1*0302/DR3-DQA1*0501-DQB1*0201
DR4-DQA1*030X-DQB1*0302/DR4-DQA1*030X-DQB1*0302
DR4-DQA1*030X-DQB1*0302/DR8-DQA1*0401-DQB1*0402
DR3-DQA1*0501-DQB1*0201/DR3-DQA1*0501-DQB1*0201
DR4-DQA1*030X-DQB1*0302/DR4- DQA1*030X-DQB1*020X
DR4-DQA1*030X-DQB1*0302/DR1- DQA1*0101-DQB1*0501
DR4-DQA1*030X-DQB1*0302/DR13-DQA1*0102-DQB1*0604
DR4-DQA1*030X-DQB1*0302/DR9- DQA1*030X-DQB1*0303
DR3-DQA1*0501-DQB1*0201/DR9- DQA1*030X-DQB1*0303

DR3/4
DR4/4
DR4/8
DR3/3
DR4/4b
DR4/1
DR4/13
DR4/9
DR3/9

Y
Y
Y
Y
Y
Y
Y
Y
Y

Y
Y
Y
Y
N
N
N
N
N

FDR, first-degree relative; GP, general population; TEDDY, the Environmental Determinants of Diabetes in the Young.
*Although DQB1*0302 is shown above, DQB1*0304 is acceptable in its place for TEDDY inclusion. Subtyping was not
required for further characterization of DQB1*020X and DQA1*030X genotypes. Y = eligible and N = Not eligible for TEDDY
inclusion.
†DR4 subtyping was required to exclude GP newborns with DRB1*0403, but no other DRB1 subtyping was required.
Pediatric Diabetes 2011
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haplogenotypes in T1D and control populations, the
estimated odds ratio and absolute risk in each of the
six clinical centers, and the combined data for all
populations. As expected, inclusion of the top two
haplogenotypes (DR3/4 and DR4/4, denoted A and B,
respectively) is a strategy that yields the highest specificity (96.7%) and good AR (5.5%), but only 39.3% of
the future T1D cases can be identified by these two
haplogenotypes. In contrast, inclusion of nine genotypes (A–I) would increase the average sensitivity to
63% while decreasing the specificity to 90% and the
AR to 2.4%. By consensus, the TEDDY adopted the
compromise strategy that included four high-risk haplogenotypes (A–D) for the GP infants (Table 1). The
GP inclusion criteria were expected to yield a sensitivity of 50%, a specificity of 94%, an average OR
of 10, and an average AR of 3.4%, assuming equal
screening numbers of Caucasians in all six clinical centers. Using these inclusion criteria, 5.7% of the GP
infants were expected to be eligible for follow-up studies. It should be noted that the pre-TEDDY estimates
included all DR4 subtypes in the calculation, while haplotypes with a DRB1*0403 subtype are excluded from
the actual TEDDY follow-up, which should decrease
the observed eligibility rate below the 5.7% estimate.
Because FDR subjects had higher risk compared to
GP subjects, it was agreed to expand the inclusion criteria to include all nine haplogenotypes in Table 1 for
FDR infants. It should be noted that DRB1*0403 was
not used as an exclusion criteria for FDR subjects. An
estimated 31% of the FDR population would be eligible for follow-up and an estimated 69% of future T1D
cases from the FDR population would be included in
the eligible population with an estimated AR of 13%.

Screening results
From September 2004 to February 2010, TEDDY
screened a total of 414 714 GP newborns. Of these
newborns, 19 906 were found to be eligible for followup, representing 4.8% of the screened GP subjects
(Table 2). The overall eligibility rate was lower than
the eligibility rate estimated using pre-TEDDY data.
More than one third (39.5%) of the eligible GP infants
were DR3/4 (haplogenotype A), while each of the other
three eligible genotypes accounted for approximately
20% of the entire cohort of eligible infants (Fig. 1).
There was considerable variability in the total eligibility rate as well as the frequencies of the eligible
genotypes across the six clinical centers (Table 2).
Most notably, the SWE center had the highest eligibility rate (7.4%; p < 0.0001) compared to all other
centers, which ranged from 3.5 to 5.6%. This was primarily because of the high frequency of the DR3/4
haplogenotype at the SWE center (p < 0.0001 vs. the
other centers). The overall eligibility rates for the FIN
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and COL clinical centers (5.6 and 5.5%, respectively)
were also higher than the GER (4.0%), WAS (4.0%),
and GEO (3.5%) clinical centers (Table 2).
TEDDY also screened 6333 FDR subjects, of which
1415 were eligible for the follow-up studies based on
the nine eligible haplogenotypes (Table 2). The mean
eligibility rate for all six major clinical centers and
two small centers was 22.2%. The eligibility rates were
quite similar in five of the six large clinical centers
(19.1–23.2%), whereas the FIN center had a higher
eligibility rate for FDRs (31.2%) compared to the other
centers (p < 0.0001). As expected, the DR3/4 genotype
was the most common haplogenotype in five of the six
major clinical centers; however, DR4/1 (haplogenotype
F) was the most common eligible haplogenotype in the
FIN center (29.2% of the Finnish eligible genotypes).
Interestingly, the greater overall eligibility rate for
FDRs in the FIN center is primarily because of this
greater DR4/1 frequency among eligible Finnish FDRs,
compared to the other centers (p < 0.0001). The DR4/9
(haplogenotype H) is also significantly more common
among eligible Finnish FDRs vs. the other centers (p <
0.0001). DR4/1 and DR4/4 (haplogenotype B) are the
second and third most common haplogenotypes in the
overall study population (20.1 and 15.6%, respectively).
DR3/3 (haplogenotype D) and DR4/8 (haplogenotype
C) represent 12.7 and 8.5% of the overall FDR eligible
population, respectively. The other three genotypes are
less common, together representing only 9.2% of the
overall eligible population (Table 2 and Fig. 1).

Ethnic differences in eligibility rate
Although the newborns screened in the three European centers are primarily Caucasians, the screened
newborns in the USA included all minority populations reflecting the increasingly diverse characteristics of these screening centers. Overall, the screened
US cohort includes Asian-Americans (6%), Hispanics
(10%), African-Americans (14%), Caucasians (58%),
and other ethnic groups (13%). Although Caucasians
represent 56–60% of the screened cohort in all three
US TEDDY centers, each center has a different predominant minority group, Hispanics in the COL center
(27%), African-Americans in the GEO center (26%),
and Asian-Americans in the WAS center (10%). The
entire GP cohort screened in the US centers was
analyzed for the distribution of eligible genotypes
according to race/ethnicity (Table 3). The DR3/3 genotype is the most common (∼50%) eligible genotype in
both Asian-American and African-American groups.
In contrast, the DR3/4 genotype is common in both
Hispanics and Caucasians. Surprisingly, the DR4/4
and DR4/8 genotypes are very common in the Hispanic group and these two genotypes are primarily
Pediatric Diabetes 2011
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945
973
898
924
1518
1019
31
25
6333

Screened (n)

75 213
85 358
113 056
59 754
34 218
47 115
414 714

Screened (n)

210
186
208
288
297
215
3
8
1415

Eligible (n)

4170
2995
4510
3370
1353
3508
19 906

Eligible (n)

22.2
19.1
23.2
31.2
19.6
21.1
9.7
32.0
22.2

Eligible (%)

5.5
3.5
4.0
5.6
4.0
7.4
4.8

Eligible (%)

29.5
39.2
37.0
20.8
31.6
33.5
33.3
50.0
31.5

A

2.0
1.5
1.6
1.9
1.7
3.2
1.9

A

17.1
14.5
16.3
14.2
15.2
20.5
33.3
0.0
15.6

B

1.4
0.6
0.7
1.0
0.7
1.6
1.0

B

C
9.5
4.8
5.8
13.9
6.7
7.9
0.0
12.5
8.5

1.2
0.4
0.6
1.8
0.4
1.0
0.9

C

Percent of screened GP

35.2
44.2
41.0
33.6
43.8
42.5
39.5

A

15.7
16.7
15.9
5.6
12.8
11.6
33.3
25.0
12.7

D

0.5
0.5
1.4
0.0
0.3
0.5
0.0
0.0
0.5

E

F
17.1
15.1
14.9
29.2
22.6
16.7
0.0
12.5
20.1

Percent of eligible FDR

1.0
0.9
1.0
0.9
1.1
1.7
1.1

D

24.6
18.1
18.0
17.7
18.8
21.7
20.0

B

6.2
4.3
5.3
5.9
7.1
7.0
0.0
0.0
6.0

G

H
0.5
1.1
1.9
6.9
1.3
1.4
0.0
0.0
2.4

21.3
11.0
14.7
32.7
10.6
13.6
18.1

C

Percent of eligible GP

3.8
3.8
1.4
3.5
2.4
0.9
0.0
0.0
2.6

I

18.9
26.7
26.3
16.0
26.9
22.2
22.4

D

CHP, Children’s Hospital of Philadelphia; FDR, first-degree relative; GP, general population; NBD, Naomi Berrie Diabetes Center; TEDDY, the Environmental Determinants of
Diabetes in the Young.
These two small centers joined TEDDY and contributed a small number of FDRs to this study.

COL
GEO
WAS
FIN
GER
SWE
NBD
CHP
Total

Clinical center

COL
GEO
WAS
FIN
GER
SWE
Total

Clinical center

Table 2. TEDDY human leukocyte antigen screening and eligibility results for GP (top) and FDR (bottom) newborns
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Fig. 1. Distribution of human leukocyte antigen (HLA) haplogenotypes in the eligible first-degree relatives (left) and general populations (right). HLA letter abbreviations are as follows: A, DR3/4; B,
DR4/4; C, DR4/8; D, DR3/3; E, DR4/4b; F, DR4/1; G, DR4/13; H,
DR4/9; and I, DR3/9. Full haplogenotypes are specified in Table 1.

responsible for the high eligibility rate for the Hispanic
group in Colorado. Overall, the eligibility rates are
significantly lower for Asian-American (0.9%) and
African-American (1.3%) infants than for Hispanic
(6.9%) and Caucasian (5.0%) infants (Table 3).
Because the annual incidence of T1D varies greatly
among these ethnic groups, it is important to view the
HLA eligibility rates in the context of the annual
incidences to determine whether the eligibility is
proportional to the incidence in each ethnic group.
For this purpose, we used the annual incidence of
T1D in each of the ethnic groups from the SEARCH
study, which includes regions identical or highly
similar to each of the three US TEDDY centers (17).
For comparative purposes, we calculated the relative
eligibility rates observed in TEDDY and the relative
incidence rates based on published SEARCH data,
both normalized relative to Caucasians. Finally, we
determined the ratio of these two relative rates, which
is denoted as the weighted eligibility rate. As shown
in Table 3, relative eligibility based on the TEDDY

inclusion criteria differed significantly among ethnic
groups, ranging from 18% in Asian-Americans to
138% in Hispanics. The relative incidence rates also
differed significantly among ethnic groups, being 22%
in Asian-Americans and in the 50% range for Hispanics
and African-Americans, relative to Caucasians
(Table 3). Importantly, the derived weighted eligibility
rates clearly show that: (i) African-Americans are
underrepresented by the eligibility criteria (47%); (ii)
Hispanics are overrepresented (266%); and (iii) AsianAmericans are represented nearly proportionally to
their incidence (81%). A similar analysis was not made
for the FDR eligibility criteria at this time because of
the much smaller number of subjects.

Quality control programs for HLA genotyping
TEDDY developed two quality control programs to
ensure the quality and accuracy of the HLA screening
data. The first component is an annual HLA proficiency test administered by the Newborn Screening
Branch of the National Center for Environmental
Health at the Centers for Disease Control (CDC).
For each test, a set of 50 coded blood samples (40 designated as GP and 10 as FDRs) are genotyped by the
participating laboratories using their genotyping methods. The typing results (eligibility status and eligible
genotype code) are returned to the CDC within 30 d of
receiving the test samples. A minimum accuracy of 98%
is deemed acceptable. Failure to meet this requirement
calls for an immediate repeat test with a different set
of samples. The genotyping laboratory is suspended if
it fails both consecutive tests. Four separate tests were
carried out in 2004, 2005, 2006, and 2008, respectively.
Each laboratory passed all tests with 100% accuracy

Table 3. Screening results in different ethnic groups in the three US centers
Race/ethnicity
Screened (n)
Percentage of screened: COL
Percentage of screened: GEO
Percentage of screened: WAS
Percentage of screened: average
Eligible (%)
Genotype A (DR3/4)
Genotype B (DR/4/4)
Genotype C (DR4/8)
Genotype D (DR3/3)
All genotypes
Incidence of T1D§
Relative incidence (vs. Caucasians) (%)
Relative eligibility (vs. Caucasians) (%)
Weighted eligibility rate (%)

Asian-Americans Hispanic Americans African-Americans
3715
2.0
4.7
10.0
6
0.2
0.1
0.1
0.5‡
0.9‡
6
22
18
81

6611
27.1
0.8
7.1
10
1.9
1.9‡
2.2‡
0.8
6.9
14
52
138
266

9231
6.2
26.0
4.9
14
0.5
0.2
0.1
0.6‡
1.3‡
15
56
26
47

Caucasian

Other*

38 240
55.8
60.1
56.4
58

8409
9.0
8.4
21.6
13

2.3†
0.9
0.5
1.3
5.0
27
100
100
100

0.9
0.5
0.6
0.6
2.5
NA
NA
NA
NA

*Native Americans, Pacific Islanders, multiracial, or unknown.
†Uncorrected p < 0.01 (chi-square test) vs. total for all ethnicities.
‡Uncorrected p < 0.001 (chi-square test) vs. total for all ethnicities.
§Incidence per 100 000/yr.
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with the exception that one laboratory scored 98% once
and one laboratory scored 96% once. On the basis of
the established TEDDY quality control procedures,
the latter necessitated a repeat test, which was passed
with 100% accuracy.
The second quality control program consists of
confirmatory repeat genotyping of all eligible subjects by the central HLA reference laboratory. The
confirmatory genotyping serves three primary purposes: (i) identify genotyping errors or inaccuracies
that occurred in the screening laboratories; (ii) identify
potential sample mislabeling that occurred anywhere
from hospitals to clinical centers to genotyping laboratories; and (iii) perform high-resolution genotyping for
three HLA class II loci, DRB1, DQA1, and DQB1. To
achieve these goals, a blood sample is collected at the
9-month or 12-month follow-up visit for each enrolled
infant. Genotyping results on the new sample from
the HLA reference laboratory are considered the gold
standard, and are compared with the initial screening
results from the clinical centers. A minimum agreement
of 98% must be achieved by each clinical center. This
requirement is more stringent than the proficiency test
because all errors including genotyping mistakes, sample contaminations, errors in inferred haplotypes, and
sample labeling mistakes can contribute to the overall discordance rate. Despite the multiple sources of
potential errors, the screening laboratories using lowcost and low-resolution genotyping methods yielded
remarkably accurate data, as shown by the 98–100%
accuracies in all screening laboratories and the 99%
accuracy for the overall cohort (Table S2). The confirmatory test ensures that genotyping results are 100%
correct for all infants who continue enrollment in the
long-term follow-up phase of the TEDDY study.

Discussion
HLA class II genes are the most important susceptibility genes for T1D, accounting for approximately
50% of the genetic contribution to the disease. The
HLA criteria used to select a high-risk population are
not trivial, because of the extremely high degree of
polymorphism in these genes, ethnic variability (18,
19), and the hierarchical nature of the risks conferred
by the large number of distinct haplogenotypes. These
selection criteria are also compromises between considerations of sensitivity, specificity, and typing costs (11,
20–25). Investigators may exclude specific alleles or
haplotypes, include specific haplotypes, or use a combination of inclusion and exclusion criteria. For example,
the US DAISY study required the susceptibility haplotypes DRB1*03 and/or DRB1*04-DQB1*0302 for
inclusion, whereas DRB1*15/16 was used as an exclusion criterion (25). The Finnish DIPP study used
DQB1*0302/X, where X was either DQB1*02 or any
Pediatric Diabetes 2011

allele other than DQB1*0602 or DQB1*0301 (13).
The Trial to Reduce IDDM in the Genetically at
Risk study of FDRs required susceptibility haplotypes
DQB1*0302, DQA1*05-DQB1*02, and/or DQA1*03DQB1*02, excluded all subjects with DQB1*0602 or
DQB1*0301, and conditionally excluded DQB1*0603
or DQA1*0201-DQB1*02 depending on the susceptibility haplotype (26).
Others, like TEDDY, have used strategies with
detailed inclusion haplogenotypes. For example,
the Belgian Diabetes Registry defined a list of
four susceptibility genotypes including DQA1*0301DQB1*0302/DQA1*0501-DQB1*0201, DQA1*0301DQB1*0302/DQA1*0301-DQB1*0302, DQA1*0501DQB1*0201/DQA1*0501-DQB1*0201, and DQA1*
0301-DQB1*0302/X, where X is any one of the 11 generally disease-neutral DQA1-DQB1 haplotypes (27).
The TEDDY strategy includes the first three of these
susceptibility genotypes, but limits the fourth for GP
subjects to X = DQA1*0401-DQB1*0402. The latter
choice increased the overall risk level of the TEDDY
cohort by limiting the size of the moderate risk portion
of the included subjects. For GP screening, TEDDY
also excluded DRB1*0403 from eligible DR4 haplotypes because these haplotypes are generally disease
resistant (28). Neither limitation was necessary for
FDRs because of their higher absolute disease risk.
For TEDDY, the HLA screening strategy had to
meet many requirements: (i) identify an eligible cohort
with high risk for developing islet autoantibodies and
T1D, the primary and secondary end-points of the
TEDDY study; (ii) minimize the number of subjects
requiring screening to accumulate the cohort; (iii) select
a relatively genetically homogenous cohort to achieve
sufficient power to identify environmental determinants; (iv) include a sufficiently diverse set of HLA
genotypes to determine whether there are different
environmental determinants for different HLA genotypes; (v) employ laboratory methods that are both
accurate and highly cost-effective; (vi) allow efficient
risk stratification for both GP and FDR populations;
(vii) be applicable to an international multi-site study
that studies multiple ethnic groups; and (viii) provide
screening results quickly enough to recruit subjects to
follow-up by the deadline of 4.5 months of age per the
TEDDY protocol (8). The TEDDY HLA strategy was
a successful compromise to fulfill all these requirements
under many constraints.
The TEDDY screening laboratories utilized a variety of genotyping strategies to accomplish the goal.
These methods were usually simple, low-cost, and
could efficiently handle tens of thousands of samples
a year. These strategies worked exceptionally well as
shown by the near-perfect score on proficiency tests,
as well as the 99% confirmation rate for retyping of
eligible subjects. This level of performance over 421 000
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screened subjects is remarkable given the demand for
low genotyping cost, the large numbers of samples to
be collected, and the rapid turnaround time required.
In fact, the median time to completion of screening typing was 41 d of age, and 95% of infants had complete
TEDDY genotyping by 74 d of age.
Of the 414 714 GP newborns screened by TEDDY,
4.8% were genetically eligible for the follow-up study.
This observed eligibility rate is significantly less than
the 5.7% eligibility rate estimated using the preTEDDY data from all six clinical centers. The lesser
overall eligibility rate is primarily because of overestimates in the COL center (8.5% estimated vs. 5.6%
observed) and the WAS center (6.0% estimated vs. 4.0%
observed). For the four other major TEDDY centers
(GER, SWE, FIN, and GEO centers), observed rates
were similar to estimated rates. The lower observed eligibility rate in Washington was partly explained by the
44% non-Caucasian infants in their screened cohort,
which is much greater than that in pre-TEDDY sample
because of increasing ethnic diversity in the region. The
overestimated eligibility rate in the Colorado population may be because of a combination of factors such
as inclusion of DRB1*0403 subjects in the pre-TEDDY
data and other differences in genotyping methodologies between pre-TEDDY and TEDDY. In fact, for
all centers, the eligibility estimates using pre-TEDDY
data did not exclude DRB1*0403, which is excluded
for the TEDDY GP cohort.
The TEDDY strategy may not appear to be easy
to implement for genotyping purpose because it
includes very specific haplogenotypes and excludes
the protective DRB1*0403 allele for GP infants.
However, the TEDDY strategy actually does promote economic and accurate genotyping because
the four GP genotypes consist of only three haplotypes: DR4 (DRB1*04-DQA1*0301-DQB1*0302),
DR3 (DRB1*03-DQA1*0501-DQB1*0201), and DR8
(DRB1*08-DQA1*0401-DQB1*0402).
The TEDDY data on different ethnic groups in the
USA provided valuable information for future population screening for T1D. For various reasons discussed
earlier, TEDDY elected to adopt a uniform HLA
strategy for all ethnic groups. It was not surprising that
different ethnic groups had highly different eligibility
rates. We indeed observed very low eligibility rates for
two populations (0.9 and 1.3% for Asian-American
and African-American, respectively) and high eligibility rate for the Hispanic group (6.9%). As these ethnic
groups also have lower T1D incidence, the lower eligibility rates may be appropriate if the eligibility rates
are proportional to the annual disease incidence in
the corresponding populations. This is indeed true for
the Asian-American population. However, AfricanAmericans are underrepresented even after correction
for the disease incidence (Table 3). As for Africans in
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general, many African-American T1D patients have a
greater diversity of HLA haplotypes. Additional T1D
risk haplogenotypes would therefore be required to
increase the sensitivity of screening for this group.
On the other hand, the Hispanic group is overrepresented by the TEDDY inclusion criteria (Table 3).
These results suggest that ethnic-specific criteria, while
more difficult to implement, should be considered
for population-wide screening to maximize sensitivity and specificity. Nevertheless, efficient and accurate
TEDDY HLA screening of more than 421 000 infants
from multiple international sites, diverse ethnic groups,
and different risk strata (FDR vs. GP) was successfully
completed. This experience supports the notion that
population-wide genetic screening for T1D risk may
ultimately be a practical goal for public health infrastructures as a part of population-wide T1D prediction
and prevention in the future.
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