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The autoimmune disease process leading to childhood-onset
type 1 diabetes appears to start in infancy, and decisions on
treatment to prevent initiation of autoimmunity will need to
be based on genetic susceptibility alone. We set out to quantify
the absolute risk associated with human leukocyte antigen
(HLA) DRB1-DQAI1-DQ@BI class II genotypes and to develop
strategies for recruitment into primary prevention trials.
HLA class IT haplotype- and genotype-specific risks were de-
rived from 753 United Kingdom families from the Bart’s-
Oxford population-based study of type 1 diabetes and com-
bined with incidence data from the region to calculate the
absolute risk of development of diabetes. A hierarchy of
susceptibility was established for both HLA class II haplo-

types and genotypes, and the sensitivity and specificity of
each genotype was established relative to age at disease onset.
Highest risk was conferred by the genotype DRB1%03-
DQA1*0501-DQB1%0201/DRB1%0401-DQA1%0301-DQB1%0302
(5% absolute risk of diabetes by age 15 yr), although sensitivity
was only 22.6%. Combining the six highest risk genotypes con-
ferred similar risk but increased sensitivity to 36.6% and was
most sensitive for diagnosis of diabetes before age 5 yr (48.4%),
whereas inclusion of 11 genotypes achieved the same sensi-
tivity for diagnosis for ages 10-14 yr. Analysis of genotype-
specific risk should form the basis for design of future primary
prevention trialsin the general population. (J Clin Endocrinol
Metab 89: 4037-4043, 2004)

HE AUTOIMMUNE DISEASE process that culminates
in childhood-onset type 1 diabetes appears to start in
infancy (1). Therefore, primary prevention should be at-
tempted as soon after birth as possible, before immune re-
sponses directed against pancreatic B-cells are detectable.
This implies that treatment decisions will be based on genetic
susceptibility alone. Family history of type 1 diabetes is a
useful starting point for identification of children at high
genetic risk but identifies only 10-15% of future cases of
childhood diabetes (2, 3). We need to develop robust means
of assessing absolute genetic risk of diabetes including chil-
dren with no family history of type 1 diabetes—means that
will discriminate accurately between differing levels of risk
and will permit appropriate recruitment into future inter-
vention trials.

Type 1 diabetes is a multigenic disorder in which human
leukocyte antigen (HLA) class II alleles make the greatest
contribution to susceptibility. The effects of HLA-DRB1 and
-DQBI alleles are modified by alleles at other loci making up
the DRB1-DQA1-DQB1 haplotype (4-6), and the risk con-
ferred by a class II genotype may differ from that predicted
from the two haplotypes expressed, for example in the syn-

Abbreviations: AFBAC, Affected family-based control; AUC, area
under the curve; BOX, Bart’s-Oxford; HLA, human leukocyte antigen;
PC, ratio of haplotype and genotype frequencies in patients and controls;
ROC, receiver-operator characteristic.
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ergistic effect of DRB1*03 and 04 in the highest risk het-
erozygous genotypes. Therefore, assessment of class II-
associated risk is most appropriately based on genotype, and
the most suitable measure for clinical studies is absolute risk
rather than relative risk. We set out to quantify the absolute
risk associated with three-locus (DRB1-DQA1-DQB1) HLA
class II genotypes in the Oxford region of the United King-
dom and to develop strategies for recruitment into primary
prevention trials.

The absolute risk associated with each genotype can be
derived from knowledge of the relative risk related to the
background risk of disease. We used a population-based
study with high levels of case ascertainment, which allowed
risk to be defined for genotypes conferring low and high
susceptibility, permitted comparison of the sensitivity of
these genotypes, and provided accurate data on diabetes
incidence.

Patients and Methods
Patients

Families were identified from the Bart’s-Oxford (BOX) study of child-
hood diabetes. This is a prospective, population-based family study that
since 1985 has recruited more than 95% of the families of children who
have developed type 1 diabetes before age 21 yr in the former Oxford
Health Authority Region, United Kingdom (7, 8). By March 2002, 1746
families had been recruited into the study with 89% under regular
follow-up. The study population is 95% white European, and the re-
mainder originate mainly from the Indian subcontinent (data from Of-
fice of Population Censuses and Surveys for 1991). The classification of
type 1 diabetes was based on assignment by the referring clinician and
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was made on the basis of World Health Organization criteria (9) and a
clinical requirement for insulin treatment from diagnosis. Patients with
secondary diabetes, known genetic subtypes including Maturity Onset
Diabetes of the Young, or clinical type 2 diabetes were not included in
the study. The study was approved by the research ethics committees
in all centers involved.

HLA class II typing

HLA class II typing for DRB1, DQA1, and DQB1 was carried out on
DNA from blood or mouth swab samples collected between 1998 and
2001 from 753 families remaining under follow-up in the study. Details
of DNA extraction methods and HLA class II analysis have been pub-
lished (10). Low-yield DNA samples from mouth swabs underwent
whole-genome amplification by primer extension preamplification. HLA
analysis was carried out by PCR using sequence-specific primers (11).

Statistical methods

For multiplex families in which type 1 diabetes was diagnosed in
more than one child during the study period, only the first eligible child
in the family was included in the analysis. In the absence of an inde-
pendent control population, we used two analytical methods to define
genotype frequency within the background population and compared
results obtained from affected family-based controls (AFBACs) analyzed
with homogeneity testing vs. pseudocontrols analyzed using a condi-
tional logistic regression method.

AFBAC method. Data from family-based samples allowed unambiguous
assignment of alleles to three-locus haplotypes (DRB1-DQAI-DQBI) in
all but 34 families. In these 34 families, haplotypes were inferred using
observed patterns of linkage disequilibrium. HLA haplotypes never
transmitted to the affected individual were identified in all families (12).
This AFBAC population provides an unbiased estimate of the overall
population (control) HLA allele and haplotype frequencies, under the
reasonable assumption of zero recombination between the marker
(HLA) and disease, and random mating assumptions, i.e. no population
stratification, admixture, or migration effects (12). Control genotypes
were derived from the two nontransmitted AFBAC haplotypes in each
family. Parental-transmitted vs. never-transmitted haplotypes were
tested for differences using a x* contingency table test for heterogeneity
(12). The Bonferroni correction for multiple comparisons was deemed
overly conservative for these data and was not applied in any of our
tests. Tests for differences in predispositional and protective effects of
HLA haplotypes and genotypes were performed using the odds ratio
method for haplotypes and genotypes (13) and the relative predispo-
sitional effects method (14). For the relative predispositional effects
method, the x* contingency table test was performed at each round of
analysis, rather than recalculation of expected values as in the original
method, preventing bias toward positive associations. The ratio of hap-
lotype and genotype frequencies in patients and controls (PC ratio) was
calculated and used to provide a measure of susceptibility.

Conditional logistic regression method. Using genotype data on trios, the
conditional logistic regression method generates between one and three
pseudocontrols consisting of the alternative genotypes that could have
been transmitted to the case (15). These are analyzed together with the
case in a matched case-control design. Conditional logistic regression is
used to fit models for the genotype relative risks. The 34 families in
which unambiguous assignment of haplotypes was not possible were
excluded from this analysis. This approach does not require assump-
tions of random mating, Hardy-Weinberg equilibrium, or absence of
population stratification.

Sensitivity, specificity, and absolute risk of HLA
class II genotypes

The sensitivity and specificity associated with each genotype were
calculated according to age at onset of diabetes. Receiver-operator char-
acteristic (ROC) curve analysis was used to evaluate the performance of
genotype combinations in discriminating disease from nondisease (16).
Successive genotypes were added in descending order of PC ratio. The
area under the curve (AUC) with 95% confidence intervals was calcu-
lated assuming a nonparametric distribution. An AUC of 1.00 would
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indicate that a strategy achieved 100% accuracy in identifying disease,
whereas an AUC of 0.00 would indicate that all individuals were mis-
classified on the basis of the test, and an area of 0.5 would indicate that
the test achieved random assignment of disease/nondisease status. The
absolute risk of diabetes associated with each genetic marker was cal-
culated for each age band based on the cumulative incidence of diabetes
in the region over the period 1985-1996 (8) using the formula:

Absolute risk =
CI X (genotype frequency in cases/genotype frequency in controls)

where CI is the cumulative incidence of diabetes within the age band.
The confidence interval around the estimated risk was calculated ac-
cording to the methods of Miettinen (17).

Results
Patient characteristics

The analysis was based on 753 family trios (both parents
and affected child) from the 1746 families in the BOX study
cohort. Families were included in the analysis if full HLA-
DRB1-DQA1-DQB1 genotype data were available on all
members of the trio. Of 753 probands, 426 (57%) were male,
97 (12.9%) had an affected first-degree relative at the time of
diagnosis (the father was affected in 5.3% of families, the
mother in 2.9%, and a sibling in 4.7%), and the median age
at diagnosis was 10.5 yr (range 0.7-20.9 yr); 161 were diag-
nosed before age 5 yr, 195 at 5-9 yr, 285 at 10-14 yr, and 112
at 15-20 yr. These characteristics were similar to those of the
whole BOX study cohort, which consists of 1816 individuals
with type 1 diabetes from 1746 families, of which 1018 (56%)
are male, 214 (12.3%) had an affected first degree relative at
the time of diagnosis (the father was affected in 5.2% of
families, the mother in 3.0%, and a sibling in 3.9%), and the
median age at diagnosis was 10.3 yr (range 0.4-20.9 yr).

DRB1-DQA1-DQBI haplotype associations with
type 1 diabetes

The three-locus (DRB1-DQA1-DQBI) haplotypes from
PCR using sequence-specific primer typing of 753 families
with type 1 diabetes are listed in Table 1 and are ranked by
PC ratio. These data show a strong predisposing effect for the
DRB1*03-DQA1*0501-DQB1*0201 and DRB1*04-DQA1*0301-
DQB1*0302 haplotypes. The relative susceptibility effect as-
sociated with each haplotype can be estimated by compar-
ison of the PC ratios (Table 1). The conditional logistic
regression model shows a similar hierarchy of susceptibility
effects from the most predisposing to the most protective.
The relative risks and z scores allow comparison of effects by
haplotype.

Significant heterogeneity of haplotype effects was dem-
onstrated among six DRB1*04-based haplotypes (0401, 0402,
0403, 0404, 0405, and 0408) (overall x> 42.8 on 5 df, P = 4 X
107®) in a model incorporating additional haplotype effects
for DRB1*X-DQA1*0301-DQB1*0302 (X is not 04) and X-Y (Y
is any haplotype at DQA1-DQBI1 other than 0301-0302). The
DRB1*0401-DQ8, DRB1*0405-DQ8, and DRB1*0402-DQ8
haplotypes were found to be predisposing, with odds ratios
of 6.5 (5.0-8.6), 3.51 (1.8-6.9), and 1.8 (0.3-2.4), respectively,
although the DRB1*0405-DQ8 was only present at low fre-
quency (0.025). DRB1*0403 was protective (odds ratio of 0.2,
0.04-0.9).
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TABLE 1. Three-locus haplotypes of 753 families with type 1 diabetes
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No. No. . .
DRB1-DQAI- g . . 5 . Relative risk P value
DQBI haplotype t(r;n:snll%tgg;i no?;rinlsggged PC ratio X Odds ratio (95% CI) (95% CI) z score (z score)
0401-0301-0302 360 69 5.217 197.392 6.54 (5.00-8.56) 1.0 (Reference)
0405-0301-0302 38 11 3.455 14.878 3.52(1.79-6.91) 0.73 (0.29-1.89) —0.64 0.522
03-0501-0201 525 205 2.561 140.274 3.40 (2.83-4.07) 0.42 (0.29-0.62) —4.41 0.0001
0402-0301-0302 18 10 1.8 2.286 1.81(0.83-3.93) 0.23 (0.07-0.82) —2.26 0.024
0404-0301-0302 121 71 1.704 13.021 1.77 (1.31-2.39) 0.3(0.18-0.5) —4.69 0.0001
09-0301-0303 23 15 1.533 1.684 1.54 (0.80-2.97) 0.23 (0.09-0.55) —3.26 0.001
08-NT-04 25 28 0.893 0.17 0.89 (0.52-1.54) 0.17 (0.08-0.36) —4.64 0.0001
01-NT-0501 133 166 0.801 3.642 0.78 (0.61-0.99) 0.13 (0.08-0.21) —8.60 0.0001
0401-0301-0301 82 130 0.631 10.868 0.61 (0.46-0.81) 0.09 (0.06-0.16) -9.06 0.0001
02-NT-0502 8 18 0.444 3.846 0.44 (0.19-1.02) 0.04 (0.01-0.15) —5.13 0.0001
07-0201-02 64 155 0.413 37.813 0.39 (0.29-0.52) 0.06 (0.04-0.1) -10.96 0.0001
06-NT-0603 47 118 0.398 30.551 0.38 (0.27-0.54) 0.06 (0.04-0.11) —-9.44 0.0001
0403-0301-0302 2 10 0.2 5.333 0.20 (0.04-0.91) 0.07 (0.01-0.33) —-3.32 0.001
10-0501-0501 2 10 0.2 5.333 0.20 (0.04-0.91) NA
11-0501-0301 17 110 0.155 68.102 0.14 (0.09-0.24) 0.03 (0.01-0.06) -9.99 0.0001
12-0501-0301 5 33 0.152 20.632 0.15 (0.06-0.38) 0.02 (0.006-0.07) —6.30 0.0001
07-0201-0303 6 58 0.103 42.25 0.10 (0.04-0.23) 0.02 (0.006-0.05) -7.15 0.0001
0407-0301-0301 1 11 0.091 8.333 0.09 (0.01-0.70) 0.01 (0.002-0.12) —3.89 0.0001
02-NT-0602 3 204 0.015 195.174 0.01 (0-0.04) 0.005 (0.002-0.01) -9.87 0.0001
Others 26 74
CI, Confidence interval.
TABLE 2. Genotypes ranked by PC ratio
Genotype: DRBI-DQALDQBI Prol:)ands PC ratio X Odds ratio (95% CI) Relative risk Z score P value
Haplotype 1 Haplotype 2 (n = 1753) (z score)
1 03-0501-0201 0401-0301-0302 163 17.35 11.21  21.87(11.23-426) 1.0
2 0401-0301-0302  0401-0301-0302 27 17.08 597 17.68(3.54-88.2) 0.77 (0.34-1.77) —-0.61 0.544
3  03-0501-0201 0405-0301-0302 24 16.03 8.73 16.52(3.16-86.39) 0.52(0.18-1.5) -1.21 0.224
4 0401-0301-0302  08-NT-04 13 10.13 8.26  10.29 (1.67-63.3) 0.57 (0.19-1.70) —-1.01 0.312
5 0401-0301-0302  09-0301-0303 6 8.73 0.05 8.79 (0.72-106.9) 0.87 (0.18-4.14) -0.17 0.865
6 03-0501-0201 0402-0301-0302 11 8.08 3.56 8.19(1.38-48.72)  0.22(0.05-0.99) —1.98 0.048
7 03-0501-0201 0404-0301-0302 72 7.45 21.08 8.13 (4.12-16.04) 0.39 (0.2-0.76) —2.74 0.006
8 03-0501-0201 09-0301-0303 13 6.37 3.10 6.46 (1.47-28.35) 0.19 (0.06-0.62) —2.77 0.006
9 01-NT-0501 0401-0301-0302 47 6.18 7.27 6.52 (3.01-14.13) 0.48 (0.25-0.91) —-2.24 0.025
10 0401-0301-0302  0405-0301-0302 3 5.95 4.07 5.97 (0.3-118.23) 0.47 (0.04-5.13) —0.62 0.537
11 03-0501-0201 03-0501-0201 71 5.09 4.60 5.51(3.08-9.88) 0.22 (0.12-0.4) —4.87 0.0001
12 0401-0301-0302  0404-0301-0302 12 3.69 9.90 3.73(1.09-12.76)  0.13 (0.05-0.39) -3.71 0.0001
13 0401-0301-0302  06-NT-0603 19 3.51 5.37 3.58 (1.37-9.36) 0.2 (0.08-0.49) —3.54 0.0001
14 0401-0301-0302  07-0201-02 22 3.10 2.94 3.16 (1.35-7.41) 0.14 (0.07-0.3) —5.27 0.0001
15  0404-0301-0302  0404-0301-0302 5 2.99 0 3.00 (0.52-17.32) 0.07 (0.02-0.29) —3.78 0.0001
16  0405-0301-0302  07-0201-02 3 2.65 1.19 2.66 (0.31-23.13) 0.08 (0.01-0.45) —2.86 0.004
17  01-NT-0501 0405-0301-0302 3 2.47 0.04 2.48 (0.3—20.49) 0.12 (0.02-0.92) —2.05 0.041
18 07-0201-02 08-NT-04 6 2.08 22.95 2.09 (0.51-8.55) 0.08 (0.02-0.3) —3.68 0.0001
19 0401-0301-0302  11-0501-0301 9 1.79 6.00 1.80 (0.6-5.37) 0.05 (0.02-0.14) —5.56 0.0001
20 01-NT-0501 03-0501-0201 38 1.68 1.51 1.72 (1.01-2.92) 0.1 (0.05-0.2) —6.62 0.0001
21  0401-0301-0301  0401-0301-0301 8 1.43 14.90 1.43 (0.48-4.23) 0.1 (0.03-0.37) —3.48 0.001
22 0401-0301-0301 0401-0301-0302 8 1.34 6.87 1.35(0.46-3.91) 0.07 (0.02-0.22) —4.45 0.0001
23  01-NT-0501 08-NT-04 4 1.30 1.45 1.30 (0.29-5.75) 0.09 (0.02-0.47) —2.88 0.0004
24 03-0501-0201 06-NT-0603 17 1.06 0.02 1.06 (0.53-2.11) 0.07 (0.03-0.16) —6.32 0.0001
25  0401-0301-0301  07-0201-02 13 0.97 25.98 0.97 (0.45-2.10) 0.04 (0.02-0.11) —6.86 0.0001
26 01-NT-0501 0401-0301-0301 13 091 4.58 0.91 (0.42-1.93) 0.05 (0.02-0.14) —5.92 0.0001
27  01-NT-0501 0404-0301-0302 7 0.89 1.27 0.89 (0.32-2.49) 0.05 (0.01-0.15) —5.02 0.0001
28  03-0501-0201 0401-0301-0301 12 0.68 9.62 0.67 (0.32-1.41) 0.03 (0.01-0.07) —17.89 0.0001
29  03-0501-0201 12-0501-0301 3 0.67 0.91 0.67 (0.15-2.88) 0.03 (0.007-0.17) —-4.11 0.0001
30 0404-0301-0302  07-0201-02 4 0.55 0.25 0.54 (0.16-1.85) 0.05 (0.01-0.19) —4.24 0.0001
31 03-0501-0201 07-0201-02 9 0.43 7.94 0.42 (0.19-0.92) 0.04 (0.02-0.09) —17.20 0.0001
32 01-NT-0501 07-0201-02 3 0.18 1.24 0.17 (0.05-0.59) 0.01 (0.002-0.04) —-6.71 0.0001
Others 85

Genotype effects

Table 2 shows genotypes ranked by PC ratio. The genotype
with the greatest predisposing effect was the DRBI*
03-DQA1*0501-DQB1*0201/DRB1*0401-DQA1*0301-DQB1*

0302 (odds ratio of 21.9, 11.2-42.6). The genotypes DRB1*0401-
DQAT1*0301-DQB1*0302/ DRB1*0401-DQA1*0301-DQB1*0302
and DRB1*03- DQA1*0501-DQB1*0201/DRB1*0405-DQA1*
0301-DQB1*0302 were also strongly predisposing with odds
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ratios of 17.7 (3.5-88.8) and 16.5 (3.2—-86.4), respectively, and
relative risks (relative to most predisposing) of 0.8 (0.3-1.8)
and 0.5 (0.2-1.7). However, these three accounted for only
214 of 753 cases (28%).

Sensitivity and specificity of HLA class II genotypes

The sensitivity of individual genotypes is shown in Table
3, subdivided by age at diagnosis. The DRB1*03-DQA1*0501-
DQB1*0201/DRB1*0401-DQA1*0301-DQB1*0302 genotype
achieved an overall sensitivity of 22.6% (19.4-25.9) for those
diagnosed up to age 14 yr. The specificity for the DRB1*
03-DQA1*0501-DQB1*0201/DRB1*0401-DQA1*0301-DQB1*
0302 genotype was, however, only 24.7% (21.2-28.1). The
next ranked genotype (DRB1*03-DQA1*0501-DQB1*0201/
DRB1*0405-DQA1*0301-DQB1*0302) achieved 3.4% sensitiv-
ity (2.0-4.8).

ROC curves for these HLA class II genotypes are shown
in Fig. 1. The AUC for the children aged 0-4 yr was 0.93
(0.91-0.96), for the 5- to 9-yr curve 0.87 (0.83-0.9), for the 10-
to 14-yr curve 0.86 (0.83-0.89), and for the 0- to 14-yr curve
0.88 (0.86-0.9), indicating that HLA class II genotype anal-
ysis achieved significantly better discrimination of disease
from nondisease in the youngest age group. This difference

TABLE 3. Sensitivity of individual genotypes
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was attributable to the high sensitivity achieved by the high-
est risk genotypes in the 0- to 4-yr age group. If assignment
of risk was based only on the DRB1*03-DQA1*0501-
DQB1*0201/ DRB1*0401-DQA1*0301-DQB1*0302 genotype,
the sensitivity in the 0- to 4-yr age group was 33.5% (26.2—
40.8) compared with 19.9% (14.3-25.5) and 18.3% (13.8-22.8)
in the older age bands. If the six highest genotypes were
taken into consideration, the sensitivity rose to 48.4% (40.7—
56.1) in the 0- to 4-yr age group, 32.7% (26.1-39.2) in the 5-
to 9-yr age group, and 28.96% (23.6-34.1) in those aged 10-14
yr. The increase in sensitivity associated with inclusion of the
remaining 26 genotypes shown in Table 3 was similar in all
of the three age bands.

The absolute risk of diabetes associated with each geno-
type calculated using incidence data for the study population
for the period 1985-1996 (8) is shown in Fig. 2. The absolute
risk of diabetes for the DRB1*03-DQA1*0501-DQB1*0201/
DRB1*0401-DQA1*0301-DQB1*0302 genotype was 17 (7—40)
cases per 1000 population by age 5 and 51 yr (31-82) cases
per 1000 population by age 15 yr. The cumulative incidence
of diabetes for the whole population, irrespective of geno-
type, was 0.6 cases per 1000 by age 5 yr and three cases per
1000 by age 15 yr.

Genotype: DRB1-DQAI1-DQB1

Age at Diagnosis

0-4 yr 0-14 yr
Haplotype 1 Haplotype 2 Probands Sensitivity Absolute risk Probands Sensitivity Absolute risk
(n = 161) (%, 95% CI) (%, 95% CI) (n = 641) (%, 95% CI) (%, 95% CI)
1 03-0501-0201 0401-0301-0302 54 33.5(26.2-40.8) 1.7 (0.7-4) 145  22.6(19.4-25.9) 5.1(3.1-8.2)
2 0401-0301-0302 0401-0301-0302 6 3.7(0.8-6.7)  1.1(0.1-13.5) 23 3.6 (2.1-5) 4.8 (1.4-16.7)
3 03-0501-0201 0405-0301-0302 6 3.7(0.8-6.7)  1.2(0.1-14.8) 22 3.4 (2-4.8) 4.8 (1.3-17.45)
4 0401-0301-0302 08-NT-04 4 2.5(0.1-4.9) 0.9 (0.05-16.8) 10 1.6(0.6-2.5)  2.6(0.5-12.8)
5 0401-0301-0302 09-NT-0303 0 5 0.8 (0.1-1.5) 2.4 (0.3-22.5)
6 03-0501-0201 0402-0301-0302 2 1.2 (0-3) 0.4 (0.01-12.2) 10 1.6(0.6-2.5)  2.4(0.5-11.8)
7 03-0501-0201  0404-0301-0302 16 9.9 (5.3-14.6) 0.5 (0.1-1.6) 62 9.7 (7.4-12) 2.1(1.2-3.8)
8 03-0501-0201  09-NT-0303 7 4.3 (1.2-7.5) 1.0 (0.1-9.5) 13 2(0.9-3.1) 2.1(0.5-7.9)
9 01-NT-0501 0401-0301-0302 8 5(1.6-8.3) 0.3 (0.07-1.4) 40 6.2 (4.4-8.1) 1.7 (0.8-3.5)
10 0401-0301-0302 0405-0301-0302 1 0.6 (0-1.8) 0.6 (0.003-100) 3 0.5 (0-1) 2.0 (0.1-30.3)
11 03-0501-0201  03-0501-0201 11 6.8(2.9-10.7) 0.2 (0.07-0.8) 55 8.6(6.4-10.7) 1.3(0.7-2.2)
12 0401-0301-0302 0404-0301-0302 3 1.9 (0-4) 0.3 (0.03-2.9) 10 1.6 (0.6-2.5) 1.0 (0.3-3.5)
13  0401-0301-0302 06-NT-0603 5 3.1(0.4-5.8)  0.3(0.04-1.7) 15 2.3 (1.7-3.5) 0.9 (0.3-2.4)
14 0401-0301-0302 07-0201-02 5 3.1(0.4-5.8)  0.2(0.04-1.1) 18 2.8(1.5-4.1)  0.8(0.3-2.0)
15 0404-0301-0302 0404-0301-0302 0 5 0.8 (0.1-1.5) 1.0 (0.2-5.6)
16 0405-0301-0302 07-0201-02 1 0.6 (0-1.8) 0.3 (0.004-15.5) 3 0.5 (0-1) 0.9 (0.1-7.6)
17 01-NT-0501 0405-0301-0302 1 0.6 (0-1.8) 0.2 (0.004-13.4) 2 0.3 (0-0.7) 0.5 (0.05-5.6)
18 07-0201-02 08-NT-04 1 0.6 (0-1.8) 0.1(0.004-2.4) 4 0.6 (0-1.2) 0.5 (0.09-2.2)
19 0401-0301-0302 11-0501-0301 2 1.2 (0-3) 0.1(0.01-1.2) 7 1.1 (0.3-1.9) 0.5 (0.1-1.5)
20 01-NT-0501 03-0501-0201 7 4.3(1.2-7.5) 0.09 (0.03-0.3) 35 5.5 (3.7-7.2) 0.5 (0.3-0.9)
21 0401-0301-0301 0401-0301-0301 0 7 1.1(0.3-1.9) 0.4 (0.1-1.3)
22 0401-0301-0301 0401-0301-0302 1 0.6 (0-1.8) 0.05 (0.004—0.7) 7 1.1(0.3-1.9) 0.4 (0.1-1.2)
23 01-NT-0501 08-NT-04 0 2 0.3 (0-0.7) 0.2 (0.03-1.3)
24 03-0501-0201  06-NT-0603 2 1.2 (0-3) 0.04 (0.007-0.2) 14 2.2 (1.1-3.3) 0.3 (0.1-0.6)
25 0401-0301-0301 07-0201-02 2 1.2 (0-3) 0.2 (0.02-4.1) 11 1.7 (0.7-2.7) 0.3 (0.1-0.6)
26 01-NT-0501 0401-0301-0301 3 1.9 (0-4) 0.06 (0.01-0.3) 12 1.9(0.8-2.9)  0.3(0.1-0.6)
27 01-NT-0501 0404-0301-0302 1 0.6 (0-1.8) 0.04 (0.003-0.4) 6 0.9 (0.2-1.7) 0.3 (0.08-0.8)
28 03-0501-0201  0401-0301-0301 2 1.2 (0-3) 0.03 (0.006—0.2) 10 1.6 (0.6-2.5)  0.2(0.08-0.4)
29 03-0501-0201 12-0501-0301 0 3 0.5 (0-1) 0.2 (0.05-1.0)
30 0404-0301-0302 07-0201-02 0 4 0.6 (0-1.2) 0.2 (0.05-0.6)
31 03-0501-0201  07-0201-02 2 1.2 (0-3) 0.03 (0.006—0.14) 7 1.1(0.3-1.9) 0.1 (0.05-0.3)
32 01-NT-0501 07-0201-02 1 0.6 (0-1.8) 0.02 (0.002—0.14) 2 0.3 (0-1.7) 0.04 (0.01-0.1)
Others 7 4.3 (1.2-7.5) 0.004 (0.0002-0.006) 69 10.8 (8.4-13.2)  0.044 (0.04-0.05)

CI, Confidence interval.
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Discussion

Allelic variations of the HLA class II genes DRB1 and DQB1
on chromosome 6 make the major contribution to type 1 dia-
betes genetic susceptibility in Caucasian populations, and cor-
relations have been reported between their allele frequencies
and the incidence of type 1 diabetes in different countries (18,
19). However, this genetic locus, termed IDDM]1, is complex,
with epistasis between DRB1 and DQBI manifested by partic-
ular DRB1-DQBT1 haplotype disease associations, trans or geno-
type effects probably involving DRB1, DQB1, and DQA1, and
other as yet unidentified genes near the class II region modi-
fying class II risk. We observed a hierarchy of susceptibility
effects for HLA class II haplotypes, ranging across a 200-fold
risk gradient (Table 1). Analysis of the risk associated with
DRB1*04 subtypes in the presence of the DQB1*0302 allele
showed that, even within this high-risk group, there is 20-fold
difference between the strongly predisposing 0401 allele and
the protective 0403 allele. Genotype-specific risk cannot be in-
ferred from haplotype-associated risk, and we were able to
assign positions within a hierarchy of risk to genotypes occur-
ring at lower frequency, albeit with wider confidence intervals,
as well as to the common high-risk genotypes (Table 2).

Recruitment to our family study was based on ascertainment
of sporadic cases from the general population and had no bias
toward familial diabetes. Although we did not obtain genetic
samples from all families, the demographic characteristics of
the large subset we studied are closely matched to those of the
whole study population and are therefore likely to be repre-
sentative. Because our study is population-based with vali-
dated incidence data, we were able to determine the absolute

risk of diabetes associated with individual genotypes, with the
caveat that some high-ranking genotypes were found in only a
small number of cases so that the confidence intervals around
the absolute risk were wide. The overall cumulative incidence
of type 1 diabetes by age 15 yr within the Oxford region was
three cases per 1000, but the risk rose to 44 cases per 1000 for
individuals carrying any one of the six highest risk genotypes.
This approximates to the level of risk conferred by a first degree
family history of diabetes but applies to a much greater pro-
portion of future cases (32%) because only 12.9% of the children
with diabetes in the study had an affected parent or sibling (8).
Practical application of a predictive marker requires consider-
ation of sensitivity as well as absolute risk and also of any
potential variation in the genetic associations of different dis-
ease phenotypes, for example according to age of onset (20). The
highest risk DRB1*03-DQA1*0501-DQB1*0201/DRB1*0401-
DQA1*0301-DQB1*0302 genotype was strongly associated with
diabetes onset before the age of 5 yr, but the proportion of cases
carrying this genotype declined sharply above this age. Equally,
the sensitivity of all DRB1*03/DRB1*04 genotypes in children
diagnosed below the age of 5 yr was almost 50% but fell to 23%
in those diagnosed aged 10-14 yr. The ROC curve shown in Fig.
1 portrays the balance of sensitivity and specificity achieved by
sequential addition of genotypes over the 0- to 14-yr age range
and within each 5-yr band.

Accurate definition of genotype frequency within the back-
ground population is fundamental to the approach we have
used. In the absence of a large control population from the same
region, we elected to use family-based controls. Two indepen-
dent approaches are available, AFBAC methods and condi-
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Fia. 2. Absolute risks associated with HLA class II genotypes for diagnosis of type 1 diabetes. Absolute risk by age 5 yr is shown by black bars,
and absolute risk by age 15 yr is shown by hatched bars. The background cumulative incidence of type 1 diabetes was 0.6 per 1000 by age 5
yr and three per 1000 by age 15 yr (9). Genotypes are numbered as in Table 3.

tional logistic regression. Because AFBAC methods for analyz-
ing such data rely on a number of assumptions that are not
required by the conditional logistic regression method, we
opted to use both approaches and to compare the results. Spe-
cifically, the AFBAC method assumes random mating in both
the parental and grandparental population to satisfy the con-
dition of Hardy-Weinberg equilibrium in the overall popula-
tion from which the parental pool of this sample belongs and
also assumes unambiguous determination of transmitted and
nontransmitted haplotypes. Discarding families in which these
haplotypes cannot be determined can potentially produce a bias
in AFBAC-estimated haplotype frequencies. In the event, it was
reassuring to find that both methods produce highly concor-
dant results for both haplotype and genotype susceptibility
effects (Tables 1 and 2).

On the basis of our findings, we are able to calculate the
sample size potentially required for future controlled trials of
primary interventions in our region. We might, for example, be
willing to use a relatively safe intervention in children who had
a 10 in 1000 risk of diabetes within the study period. If we
consider a 50% reduction in progression to disease to be clin-
ically relevant and want 80% power to detect this effect with 5%
significance, 1468 children with this risk would need to be
included in each treatment group. One option would be to
include only neonates with the three highest risk genotypes
(numbers 1-3) and study them for 5 yr. This would require

around 300,000 children to be screened and would identify
some 41% of future cases. Another option would be to include
neonates with any of the first 13 highest risk genotypes and
study them for 15 yr. This would require 60,000 children to be
screened and would identify some 63% of future cases. Using
a surrogate measure, such as the appearance of strongly pre-
dictive islet antibody combinations, as the trial endpoint could
reduce the length of follow-up, but the logistics of primary
prevention trials in type 1 diabetes remain formidable.
Although the role of the HLA class Il region in determining
genetic susceptibility to type 1 diabetes is well established,
surprisingly few large studies have attempted to optimize
the use of genetic information for screening in the general
population. In 1992, the Childhood Diabetes in Finland study
analyzed 757 families and assigned absolute levels of risk on
the basis of extended HLA class I and I haplotype, showing
that three haplotypes, including a novel Finnish susceptibil-
ity haplotype, accounted for 26% of the cases in their pop-
ulation (21). The absolute risk associated with HLA-DQA1
and -DQBI alleles has been reported for the Belgian popu-
lation based on 1866 islet autoantibody-positive type 1 dia-
betes patients and 750 controls (22). Four genotypes were
identified as conferring a highly significant disease risk (P <
107°). These were carried by 9% of controls and 60% of
patients diagnosed before 40 yr (70% of those diagnosed
under 5 yr) and, as a group, these four genotypes conferred
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an absolute risk of developing diabetes before age 40 yr of
2.6%. The prospective Finnish Type 1 Diabetes Prediction
and Prevention project proposed a two-step strategy for
identification of neonates at high risk and has also under-
taken some prospective evaluation. This strategy is based on
initial screening for any of the five DQB1 alleles 02, 0301,
0302, 0602, and 0603, followed by testing for low risk DQA1
alleles on a DQB1*02 background and DRB1*04 subtypes in
individuals with DQB1*0302 (23). This would be expected to
identify 50% of the future cases of type 1 diabetes in the
Finnish population using a combination of the two-step
screening process with follow-up for immune markers (24).
Screening of 31,526 children born between 1994 and 1999
identified 14% in the high genetic risk category, and 17 (77%)
of the 22 children from the cohort who have developed type
1 diabetes carried the high-risk genetic susceptibility alleles.
The feasibility of newborn population screening by testing
cord blood for selected DRB1 and DQBI1 alleles has also been
demonstrated in 5045 babies from the Denver general pop-
ulation (25).

We have optimized genetic risk assessment by genotype
analysis within a large well-characterized population, using
family-based controls. This has allowed us to assign absolute
risk of progression to diabetes for a given genotype. Consid-
eration of the extended haplotype incorporating the HLA class
I and III regions could extend the power of this approach,
although it remains to be seen whether this will modify the risk
estimates given here to any substantial extent. As recently il-
lustrated for the insulin gene IDDM?2 locus in a German pop-
ulation, susceptibility loci elsewhere in the genome may also aid
risk assessment (26). Empirical data such as these can be applied
to natural history studies, allowing environmental risk factors
to be evaluated in subgroups at differing levels of genetic sus-
ceptibility. They also provide an improved basis for design of
future primary prevention studies in the general population.
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